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Editorial on the Research Topic 


Plasticity of monocytes/macrophages: phenotypic changes during disease progression


Monocytes and macrophages, with their inherent heterogeneity, manifest a spectrum of phenotypes and functions finely tuned by their surrounding microenvironments. These versatile immune sentinels exhibit a remarkable capacity to adapt their responses within distinct pathological contexts, thus positioning them as central characters in various medical conditions. In summarizing the recent advances in our understanding of monocyte and macrophage heterogeneity in regulating disease progression and maintaining tissue homeostasis, we have compiled research articles encompassing various aspects of macrophage polarization and its impact within this specific Research Topic.

A more comprehensive understanding of the molecular mechanisms governing the generation, activation, and polarization of macrophages is imperative as a fundamental requirement for devising innovative therapeutic approaches to modulate macrophage functions within pathological contexts. Our Research Topic includes three reviews, each approaching this subject from distinct angles, focusing on autoimmune diseases (Yang et al.), adult hippocampal neurogenesis (Fang et al.), and human malignancies (Chaintreuil et al.). Additionally, it is noteworthy that advancements in cutting-edge technologies, such as single-cell RNA sequencing, which has also been utilized by papers under this topic as well, have paved the way for significant breakthroughs in the field of monocytes and macrophages.

Cong et al. summarized the advanced awareness of the multifaceted roles played by macrophages in the regulation of aseptic loosening (AL) pathogenesis. AL, the most common complication of total joint arthroplasty, is associated with activated macrophages that produce proinflammatory mediators, subsequently triggering the activation of osteoclasts, leading to bone breakdown. Additionally, macrophages, present in both homeostatic and injured skeletal muscle tissues, encompass heterogeneous functional subtypes that perform diverse roles in maintaining homeostasis and facilitating injury repair. Li et al. identified five distinct monocyte/macrophage subpopulations during intervertebral disk degeneration (IDD) using a single-cell RNAseq dataset spanning early to late degenerative stages of the intervertebral disk (IVD). The authors suggested that selectively removing regulatory macrophages in the early stage and oxidative stress (OS)-related macrophages in the late stage could alleviate angiogenesis and promote IDD recovery. Furthermore, genetic engineering of macrophages has been highly appreciated in numerous therapeutic approaches. Liang et al. utilized engineered L-M2a macrophages displaying a typical anti-inflammatory phenotype akin to M2 macrophages in vitro, resulting in markedly enhanced therapeutic outcomes for osteoarthritis (OA) by effectively addressing inflammation, reinstating tissue homeostasis, and promoting cartilage regeneration. Garabuczi et al. unveiled the pivotal roles of PPARg and Nur77 in shaping distinct macrophage subsets during skeletal muscle injury in a cardiotoxin–induced injury model.

The role of non-coding RNAs (ncRNAs), including long non-coding RNAs (lncRNAs) and microRNAs (miRNAs), in the regulation of macrophage polarization is an emerging field of interest, as comprehensively reviewed by Qiao et al. and Yu et al. The potential of lncRNAs as both biomarkers and therapeutic targets for modulating macrophage polarization during disease development is increasingly recognized. For example, Erdem et al. demonstrated the pivotal role of these small RNA molecules in finely tuning macrophage responses, particularly in inducing epigenetic modifications and miRNA levels changes upon exposure to cellulose nanocrystals (CNF) and multiwalled carbon nanotubes (MWCNT). Inhalation of nanomaterials has been associated with the induction of inflammation in the lungs. These nanomaterials prompt phenotypic alterations in alveolar macrophages, with CNF exposure enhancing the M1 phenotype and MWCNT promoting the M2 phenotype. The manipulation of ncRNA expression emerges as a novel approach to regulate macrophage polarization, thus influencing inflammation, fibrosis, immune responses, and even tumorigenesis.

Macrophages play a pivotal role in the delicate balance of immune regulation in the context of Inflammatory Bowel Disease (IBD), and their dysregulation can lead to inflammation and tissue damage. Wang et al. summarized updated therapeutic approaches targeting macrophage polarization in Ulcerative Colitis, and concurrently, Chauvin et al. conducted original research demonstrating that NOD2 negatively regulates a macrophage developmental program through a feed-forward loop. This finding offers promise for addressing resistance to anti-TNF therapy in Crohn’s Disease.

Although monocytes and macrophages that migrate to sites of injury or inflammation have received significant attention in research, it’s equally important to acknowledge that tissue-resident macrophages like Kupffer cells, microglia, and Hofbauer cells are subjected to environment-mediated polarization as well. These resident macrophages are intricately involved in local inflammation and reparative processes within their respective tissues. Mercnik et al. showed that the inflammatory environment of preeclampsia (PE) causes the phenotypic changes observed between early and late PE Hofbauer cells (HBCs). Furthermore, the role of Kupffer cells in Non-alcoholic fatty liver disease (NAFLD) was also well documented in reviews by Xiao et al. and Yu et al. Microglia, the sole macrophage population within the central nervous system, holds the remarkable capability to modulate adult hippocampal neurogenesis in the context of depression. The findings summarized by Fang et al. underscore the potential for pharmaceutical interventions to specifically target microglia as a promising strategy for the treatment of depression.

As highlighted in this discussion, this Research Topic encompasses a wide array of seminal articles delving into the intricate mechanisms governing the shift of macrophage phenotypes at various stages of disease progression. It offers a comprehensive overview of potential therapeutic targets and approaches for modulating macrophage behavior in the treatment of these conditions.
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Background

Macrophage is a central regulator of innate immunity. Its M2 subsets, such as interstitial synovial macrophages, have been found to play critical roles in suppressing chronic inflammation and maintaining homeostasis within the joint. These macrophages have great potential as a disease-modifying cell therapy for osteoarthritis (OA). However, this has not yet been studied.



Methods

Macrophages were isolated from the bone marrow of rats. We constructed a stable macrophage that “locked” in anti-inflammatory and pro-regenerative M2a polarity (L-M2a) by simultaneously knocking out tumor necrosis factor receptor 1 (TNFR1) and overexpressing IL-4 using Cas9-ribonuclear proteins (Cas9-RNP) and electroporation. In vitro, these L-M2a macrophages were treated with OA synovial fluid or co-cultured with OA chondrocytes or fibroblast-like synoviocytes (FLS). In vivo, L-M2a macrophages were injected intra-articularly to evaluate their homing and engrafting abilities and therapeutic effects on OA progression using a rat model.



Results

L-M2a macrophages displayed a typical anti-inflammatory phenotype similar to that of M2 macrophages in vitro. In OA microenvironment, L-M2a macrophages maintained a stable anti-inflammatory phenotype, whereas unmodified M2 macrophages lost their phenotype and switched to M1 polarity. L-M2a macrophages demonstrated a potent anti-inflammatory effect in crosstalk with OA-FLSs and an anti-degenerative effect in crosstalk with senescent OA chondrocytes. In vivo, compared with M2 macrophages and exosomes, L-M2a macrophages exhibited significantly superior therapeutic effects in OA by successfully resolving inflammation, restoring tissue homeostasis, and promoting cartilage regeneration.



Conclusion

The engineered L-M2a macrophages maintained a superior anti-inflammatory and pro-regenerative capacity in the inflammatory OA microenvironment and represents an ideal new strategy for the disease-modifying therapy of OA.





Keywords: macrophages, Cas9-ribonuclear proteins, cell therapy, tumor necrosis factor receptor 1, osteoarthritis



Introduction

Osteoarthritis (OA) is viewed as a multifactorial disorder affecting the entire joint, in which persistent low-grade inflammation plays a central role. Due to the interaction between immune system and various factors (including damage associated molecules and metabolic dysfunction), this long-term inflammation is initiated in the early stage of OA, leading to cartilage loss and progressive joint degeneration (1). Although disease-modifying OA drugs targeting this pathomechanism have been developed in recent years, no drug has yet achieved satisfactory results capable of delaying the clinical progression of OA (2).

Macrophage (Mφ) is a primary immunomodulator of the innate immune system and critical regulator of chronic inflammation and tissue homeostasis. Based on the activation pattern, Mφs have been typically dichotomized into two phenotypes: M1-polarized Mφs (‘classically’ activated) are pro-inflammatory with the release of interleukin (IL)-1β, IL-6, IL-12, IL-23, and TNF-α, while M2-polarized Mφs (‘alternatively’ activated) are anti-inflammatory and pro-regenerative, secreting IL-4, IL-10, and TGF-β, etc (3). Specific Mφ phenotypes differentially modulate the inflammation and regeneration responses of multiple cell types during the onset or progression of OA (4). M1 Mφs stimulate the production of inflammatory cytokines and matrix-degrading enzymes, promoting hypertrophic differentiation of chondrocytes and cartilage destruction (5). In contrast, M2 Mφs are characterized by pro-chondrogenic genes expression, which improves cartilage health (6). Recently, studies have observed a subpopulation of RELMα+ interstitial synovial macrophages (ISMφ) with a stable M2a phenotype in the sub-lining layer of synovium (7). These M2a ISMφs release resolvins to switch fibroblasts from a proinflammatory to a reparative state to restore homeostasis, and were proposed to act as critical cellular checkpoints and off switches for intra-articular inflammation (8). In OA, an increase in M1 and a corresponding decrease in M2 Mφ have been observed to be directly related to OA severity (5, 9).

M2 Mφ possesses potent anti-inflammatory and pro-regenerative properties, and intrinsic ‘homing’ ability to migrate to sites of injury or inflammation (10). Therefore, it has great potential as an ideal seed cell for disease-modifying cell therapy for OA. However, to our knowledge, transplantation of M2 Mφ has not been studied in the treatment of OA. A major obstacle hindering the application of exogenous Mφ in regenerative medicine lies in the plasticity of its polarity. The polarization of Mφs is not fixed and characterized by high adaptability and plasticity in the microenvironment (11). Studies have found that the new environment is sufficient to reprogram well-polarized Mφs after transplantation (12, 13). This may lead to the loss of phenotype and expected function of the delivered Mφs. For example, Qi et al. observed the polarization loss of M2 Mφs in the inflammatory environment after transplantation, which impaired their protective effect against renal inflammatory injury (12). Thus, constructing M2 Mφs with a stable or ‘locked’ phenotype will provide a great opportunity for the treatment of inflammatory diseases including OA.

As tumor necrosis factor (TNF) is a major anti-M2 (pro-M1) factor in the chronic inflammatory microenvironment, such as OA, and IL-4 is a major pro-M2a factor (3), we proposed a stable Mφ that, like ISMφ, is ‘locked’ in M2a phenotype by knocking out TNFR1 and overexpressing IL-4 using Cas9-ribonuclear protein (Cas9-RNP) complexes and electroporation. In this study, we attempted to treat OA by intra-articular delivery of exogenous M2a Mφs for the first time and investigated the effect of this ‘locked M2a-like Mφ’ (L-M2a Mφ) on restoring the homeostasis of OA cartilage and synovium. We concluded that this L-M2a Mφ successfully maintained a stable phenotype in OA environment and significantly alleviated inflammation, promoted regeneration and delayed progression of OA in animal models.



Materials and methods

All experiments involving human tissues and animals were performed in accordance with guidelines approved by the Institutional Review Board (IRB). The source and identifier of reagents in this study are showed in Supplementary Table S1.


Isolation and polarization of bone marrow derived Mφ

All the Sprague-Dawley (SD) rats used in this study were provided by the Department of Laboratory Animals of the Central South University (Changsha, China). The bone marrow was harvested from the tibia and femurs of the rats. Red blood cells were lysed with ammonium-chloride-potassium lysis buffer. The remaining bone marrow cells were plated in RPMI-1640 medium with 10% FCS and 100 U/100 µg/ml penicillin/streptomycin supplemented with 50 ng/ml M-CSF at a density of 1 × 106 cells/ml for 5 days to obtain M0 Mφs. Subsequently, the Mφ cells were treated with IFNγ (20 ng/ml) and LPS (100 ng/ml), or IL-4/IL-13 (each 10 ng/ml) for 24 h to obtain M1 and M2 Mφ, and the cytokine secretion of M0, M1, and M2 were examined.



Construction of LM2a Mφ

EasyEdit sgTNFR1 and NLS-Cas9-EGFP nuclease proteins were purchased from GenScript (Nanjing, China). The pCDNA-IL-4 plasmid was purchased from Tsingke Biotechnology Co. Ltd (Shanghai, China). LM2a Mφ with nucleofection was constructed according to the manufacturers and a previous study’s instructions (14). Briefly, day 4 BMDMs were resuspended in 100 µL nucleofection solutions at a density of 1 × 106 cells per reaction in and mixed with 1 Cas9-RNP (25 µM Cas9 protein premixed with 100 µM sgRNA at a ratio of 1:3 for 10 min) and 2 µg IL-4 plasmid. The suspension was transferred into a certified cuvette and inserted into Nucleofector® Cuvette Holder using the Nucleofector® Program Y-001.

Nucleofected Mφs were cultured in prewarmed RPMI medium supplemented with 10% FBS for 48 h and treated with IL-4/IL-13 (each 10 ng/ml) for 24 h. LM2a Mφs were assessed using flow cytometry, DNA cleavage assay, and western blotting.



DNA cleavage assay

gDNA was extracted from LM2a and M2 Mφs using QuickExtract solution, following the manufacturer’s instructions. DNA primers were generated upstream and downstream of the sgRNA target editing site (sequences are presented in Supplementary Table S2). PCR was run for 30 cycles following the manufacturer’s instructions, and the products were determined with 1% agarose gel electrophoresis and analyzed using Gelation imaging system (ImageQuant350, GE, USA).



Flow cytometry analysis

Polarized and constructed Mφs were suspended in flow cytometry staining buffer (phosphate-buffered saline with 1% fetal calf serum). Cells were treated with CD86 (1:100) rabbit, CD206 (1:100) mouse, and IgG isotype control (1:100) primary antibody, and then stained with Alexa Fluor 488 anti-Rabbit IgG antibody (1: 500) and Alexa Fluor 405 anti-Mouse IgG antibody (1: 500) respectively. All samples were detected by Becton Dickinson FACScan (BD Biosciences) and analyzed with FlowJo10. The gating strategy was showed in Supplementary Figure S1B.



In vitro stimulation assay

Human OA synovial fluid (OASF) was aspirated from the knee joints of five patients with OA at the Third Xiangya Hospital of the Central South University and used to mimic the joint microenvironment of OA. Detailed clinical information and Kellgren–Lawrence gradation of all participants was presented in Supplementary Table S3. OASF was further purified by centrifugation at 3000 rpm for 15 min, and the supernatants were harvested. M2, and L-M2a Mφs were cultured in RPMI1640 or diluted OASF (50%) for 3 days. Polarized and inflammatory phenotypes were detected by RNA-sequencing, western blotting, RT-qPCR, immunofluorescence, and flow cytometry.



Co-culture assay

A co-culture system was established using six-well transwell plates. OA chondrocytes and FLS were isolated and cultured using a previously described method from a rat OA model (15), which was established by Hulth’s surgery. FLS (1 × 106) or chondrocytes (1 × 106) were cultured in the lower compartments, and 1 × 106 M2a or LM2a Mφs were cultured in the upper compartments in RPMI 1640 with 10% FBS. FLS, chondrocytes, M2a, or LM2a Mφs were cultured alone as controls. Co-cultures were maintained for 1 or 7 days before evaluation. The anti-inflammatory factors and polarization markers of M2a and LM2a were analyzed using western blotting and RT-qPCR. The inflammatory factors and invasion ability of FLS were evaluated using western blotting, RT-qPCR, and invasion assays. The degenerative indicators of chondrocytes were determined using western blotting and RT-qPCR. The number of senescent chondrocytes was evaluated by RT-qPCR using p16INK4a and p21Cip1 and SA-β-gal staining kits. Chondrocyte apoptosis rates were analyzed by annexin V-FITC/propidium iodide (PI) double staining according to the manufacturer’s instructions. Co-cultures were conducted in technical triplicate for each assay, and five random fields of each well were selected for evaluation.



Mφ tracing in vivo

Hulth’s surgery was performed on the right joints of 12-week-old male rats to establish an OA model (16). Overall, 20 μl 1× 106/ml M2 or LM2a (n= 6 for each group) were labelled with CellTracker CM-Dil according to the manufacturer’s protocol and then injected intra-articularly at 4 weeks after surgery. Mφ viability was examined using an in vivo imaging system (IVIS Lumina II, Caliper Life Science, USA) at 1, 2, and 4 weeks after injection. At 1 and 4 weeks after the injection, the rats were sacrificed. The samples were decalcified in JYBL I for 48 h, cut into frozen sections, and stained by immunofluorescence for CD206, which was detected by fluorescence microscopy (Leica TCS-SP5, DM6000-CFS).



Histological evaluation

For the histological evaluation, 20μl PBS (OA group), 1× 106/ml M2a, LM2a, or M2a exosomes derived from equal Mφs (n= 5 for each group) were injected intra-articularly 4 weeks after the Hulth’s surgery. The sham operation group was used as control. After 8 weeks, the rats were sacrificed. Joint samples were collected and fixed in 4% paraformaldehyde for 48 h. The samples derived from the rats were detected using magnetic resonance imaging (7.0T MRI Biospoin GmbH, BRUKER) and graded using the MOAKS score. Synovial samples were collected from each group for western blot analysis. All samples were decalcified in 0.5M EDTA for 4 weeks, embedded in paraffin, and cut into sections (6 μm). Immunohistochemistry and immunofluorescence were performed using anti-MMP13, anti-IL-6, and anti-Col I antibodies. Secondary antibodies were detected using a fluorescent secondary antibody or rabbit streptavidin-biotin detection system kit according to the manufacturer’s protocol. Slices of rat knee joints were stained with safranin O/fast green. The Osteoarthritis Research Society International (OARSI) scoring system was used to evaluate OA cartilage pathology.



Western blot analysis

Total proteins obtained from the cells and tissues were subjected to SDS–PAGE, transferred to PVDF membranes, and blocked in 5% skimmed milk for 30 min. The membranes were incubated overnight at 4°C with primary antibodies against CD206 (1:1000), CD86 (1:1000), iNOS (1:1000), TNFR1 (1:1000), IL-4 (1:1000), MMP13 (1:1000), IL-6 (1:1000), Col I (1:1000), Col II (1:1000), Col X (1:1000), ACAN (1:1000), p-STAT6 (1:500), STAT6 (1:1000), N-cadherin (1:1000), and GAPDH (1:8000). The membranes were incubated with HRP-conjugated secondary antibodies (1:10000) at temperature for 1 h and developed using electrochemiluminescence western blot reagents. Then the membranes were analyzed using a UVP Chem studio PLUS 815 (Analytik Jena, Germany).



RT-qPCR

Total RNA was isolated from the synovium or cells using TRIzol reagent and the consentration was measured by a NanoPhotometer spectrophotometer (IMPLEN, CA). RNA was then converted to cDNA according to the manufacturer’s instructions. ChamQ Universal SYBR qPCR Master Mix was used for qPCR. Gene transcription levels were normalized to those of GAPDH. The primer design is shown in Supplementary Table S2.



Immunofluorescence assay

Mφ or slices were fixed in 4% paraformaldehyde. BSA (4%) was used to block non-specific binding. The cells were then incubated with CD86, CD206, and CD4 primary antibodies overnight. Fluorescent secondary antibodies were used, and the samples were subsequently stained with 4,6-diamidino-2-phenylindole (DAPI) for 5 min. The cells or slices were observed under a confocal fluorescence microscope.



RNA sequencing

Total RNA was extracted using Trizol reagent (thermofisher, 15596018) following the manufacturer’s procedure. After total RNA was extracted, mRNA was purified from total RNA (5ug) using Dynabeads Oligo (dT) (Thermo Fisher, CA, USA) with two rounds of purification. Following purification, the mRNA was fragmented into short fragments using divalent cations under elevated temperature (Magnesium RNA Fragmentation Module (NEB, cat.e6150, USA) under 94°C 5-7min). Then the cleaved RNA fragments were reverse-transcribed to create the cDNA by SuperScript™ II Reverse Transcriptase (Invitrogen, cat.1896649, USA), which were next used to synthesise U-labeled second-stranded DNAs with E. coli DNA polymerase I (NEB, cat.m0209, USA), RNase H (NEB, cat.m0297, USA) and dUTP Solution (Thermo Fisher, cat.R0133, USA). An A-base was then added to the blunt ends of each strand, preparing them for ligation to the indexed adapters. Each adapter contained a T-base overhang for ligating the adapter to the A-tailed fragmented DNA. Dual-index adapters were ligated to the fragments, and size selection was performed with AMPureXP beads. After the heat-labile UDG enzyme (NEB, cat.m0280, USA) treatment of the U-labeled second-stranded DNAs, the ligated products were amplified with PCR. At last, we performed the 2×150bp paired-end sequencing (PE150) on an Illumina Novaseq™ 6000 following the vendor’s recommended protocol.

Genes differential expression analysis was performed by DESeq2 software between two different groups (and by edgeR between two samples). The genes with the parameter of false discovery rate (FDR) below 0.05 and absolute fold change ≥ 2 were considered differentially expressed genes. Differentially expressed genes were then subjected to enrichment analysis of GO functions and KEGG pathways. Principal component analysis (PCA) and correlation analysis were performed with princomp function of R (http://www.r-project.org/).



Statistical analysis

All experiments were repeated at least three times, and the data are presented mean with 95% confidence intervals (CI) by individual dot plots. A one-way analysis of variance (ANOVA) was used for comparisons across multiple groups including phenotypic identification and in vivo experiments, while Dunnett’s test was used for post-hoc multiple comparisons. Comparisons of M2 and L-M2a Mφs in vitro were calculated using a two-way ANOVA followed by Tukey’s multiple comparisons test. All data analyses were performed using the GraphPad Prism 8.




Results


Construction and phenotypic evaluation of genome edited L-M2a Mφ

Our CRISPR-Cas9 genome editing strategy for Mφ is outlined in Figure 1A. The knockout efficiency of TNFR1 was shown to be more than 60% by flow cytometry (Figure 1B), DNA cleavage assay (Figure 1C), and western blot (Figure 1D), while the overexpression efficiency of IL-4 is shown in Figure 1D. The feasibility of this editing strategy was also verified with human-derived primary Mφs (Supplementary Figure S1A). We examined the phenotype of Mφs in vitro using immunofluorescence and flow cytometry. In contrast to M0 and M1 Mφ, which variably express the M1 marker CD86, both M2 and genome-edited L-M2a Mφs were characterized by low expression of CD86 and high expression of the M2 marker CD206 in vitro (Figures 1E, F). From the aspect of morphology, M1 Mφ showed the characteristic changes of flattening and a lot of pseudopodia (Figure 1F). Western blotting suggested lower CD86 levels in L-M2a Mφs than in M2 Mφs (Figure 1G). L-M2a Mφs displayed a typical anti-inflammatory phenotype similar to that of M2 Mφs in vitro, with high expression of IL-4, IL-10, TGF-β, and Arginase-1, and low expression of IL-1β, IL-6, TNFα, iNOS, NF-κB, and VEGF (Figures 1G, H). In addition, the same gene editing strategy in M1 Mφs can not be sufficient to reverse the M1 phenotype (Figure S3B).




Figure 1 | Construction and identification of L-M2a Mφ. (A) Illustration of the polarization of M0, M1, M2 Mφ and construction of L-M2a Mφ. (B-D) Validation of knockout efficiency of sgTNFR1-EGFP-Cas9-RNP and overexpression of pCDNA -IL-4 using flow cytometry (B), DNA cleavage assay (C) and western blot (D). (E-H) Polarized phenotype, inflammatory phenotype and morphological differences among M0, M1, M2a, L-M2a Mφ by western blot (E, n=3), immunofluorescence (F, upper part, bar= 100 μm), confocal (F, bottom part, bar=10 μm), flow cytometry (G) and RT-qPCR (H, n=5). ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001. ns, no significance; Mφ, macrophage; L-M2a Mφ, locked M2a macrophage.





L-M2a Mφ maintains a stable polarized phenotype in the OA microenvironment

To investigate whether L-M2a Mφs had a more stable phenotype in the OA microenvironment, we analyzed the transcriptome changes of M2 and L-M2a Mφs treated with OA synovial fluid (OASF) by RNA-sequencing ( 2A, B, S1C). We found that under the treatment of OASF, M2 Mφs exhibited up-regulation of a variety of pro-inflammatory cytokines and chemokines (Il1b, Il6, Tnfa, Ccl5, Ccl2, Ccl9, Cxcl2), while down-regulation of M2 polarization markers (Mrc1, Arg1) and anti-inflammatory cytokines (Il10, Il4). In contrast, L-M2a Mφs showed obvious resistance to OASF and remained a more stable expression of M2 polarization markers and anti-inflammatory cytokines (Figure 2A). Meanwhile, we used the number of differentially expressed genes (DEGs) in macrophages to reflect the extent to which they were affected by OASF. Compared with the 3419 DEGs of M2 Mφs, L-M2a Mφs only had 865 DEGs after OASF treatment, which indicated a more stable phenotype of L-M2a Mφs in OA microenvironment (Figure 2B). Western blot and RT-qPCR verified that the expression of CD86 and CD206 in L-M2a Mφs was almost unaffected, whereas it was significantly changed in M2 Mφs (Figures 2C, D, S3F). Similarly, the ratio of CD206hi cells remained stable in L-M2a Mφs (from 40.5%−32.6%), whereas it decreased dramatically in M2 (from 43.1%−4.7%) Mφs (Figures 2E, F). OA-SF induced the expression of pro-inflammatory factors (IL-1β, IL-6, TNF-α and iNOS) and inhibited the activation of anti-inflammatory IL-4/STAT6 signaling in M2 Mφs. In contrast, L-M2a Mφs were less affected and maintained an anti-inflammatory phenotype (Figure 2). However, L-M2a Mφs didn’t show the same stability against the stimulation of LPS+IFNγ (Figure S3C).




Figure 2 | L-M2a Mφs maintained a more stable polarization in the presence of OASF in vitro. (A, B) A heatmap about inflammatory related transcriptome changes (A) and number of differentially expressed genes (B) among M2 and L-M2a macrophages treated with or without OASF by RNA sequencing (n=3). (C, D) Validation of expression level of saveral typical genes in (A) using western blot (C, n=3) and RT-qPCR (D, n=5). (E, F) Expression of M2 maker CD206 in M2, and L-M2a Mφ when stimulated with or without OASF by immunofluorescence (E, bar= 100μm) and flow cytometry (F). ∗p < 0.05; ∗∗∗p < 0.001. ns, no significance; Mφ, macrophage; L-M2a Mφ, locked M2a macrophage; OASF, OA synovial fluid.





L-M2a Mφs have potent anti-inflammatory effects in crosstalk with OA-FLS

We established a transwell co-culture system in vitro for M2/L-M2a Mφs and OA-FLS (Figure 3A). After co-culture with OA-FLS, M2 Mφs showed a trend of transition to the M1 phenotype, with decreased polarization markers of M2 (CD206, ARG1). This trend was more pronounced with prolonged coculture. On day 7, M2 Mφ shifted to an obvious pro-inflammatory state (TNFα and IL-β expression) and M1-polarized phenotype (CD86 and CD206 expression). In contrast, L-M2a Mφs showed a more stable anti-inflammatory state and polarization marker expression in co-culture with OA-FLS (Figures 3B, C). Moreover, M2 Mφs exhibited a limited ameliorative effect on the pro-inflammatory and destructive phenotype of OA-FLS, with only mild inhibition of IL-1β and N-cadherin expression and FLS invasion at day 7. In contrast, L-M2a Mφ significantly inhibited the pro-inflammatory factors (IL-1β, IL-6 and TNFα) expression and invasive activity (MMP1 and transwell invasion) of OA-FLS (Figures 3D–F).




Figure 3 | L-M2a Mφ had potent anti-inflammatory effects in crosstalk with OA-FLS. (A) Illustration of transwell co-culture system of Mφs and OA FLSs. (B, C) Polarized phenotype and inflammatory phenotype of M2 and L-M2a Mφ co-cultured with or without OA FLS for 1 or 7 days using RT-qPCR (B, n=5) and Western blot (C, n=3). (D, F) Assessment of EMT markers (D), inflammation factors (D, E) and invasion activity (F, bar= 100μm) in OA-FLS co-cultured with control, M2 or L-M2a Mφ. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001. ns, no significance; Mφ, macrophage; L-M2a Mφ, locked M2a macrophage; FLS, fibroblast-like synoviocyte.





L-M2a Mφ exhibits anti-degenerative effects through crosstalk with OA chondrocytes

We established an in vitro transwell co-culture system for M2/L-M2a Mφs and OA-derived chondrocytes (OA-Cho) (Figure 4A). The changing trend in the phenotype of Mφs was similar to that observed in the OA-FLS co-culture described above (Supplementary Figures S2A, B). For OA-Chos, M2 Mφs exhibited only a slight ameliorative effect on several degenerative indicators (Col I, Col X, and ACAN). In contrast, L-M2a Mφs markedly improved the degenerative phenotype of OA-Chos (increased hyaline cartilage marker Col II and ACAN, and decreased fibrocartilage marker Col I and hypertrophic marker Col X) and alleviated cellular senescence (decreased p16INK4a and p21Cip1 expression and SA-β-Gal staining) (Figures 4B,– D) and apoptosis (decreased Annexin V positive cells) (Figure 4E) in the co-culture system.




Figure 4 | L-M2a Mφs exhibited anti-degenerative effects in crosstalk with OA-chondrocytes. (A) Illustration of transwell co-culture system of Mφs and OA chondrocytes. (B, C) Assessment of collagen synthesis ability (B), inflammation factors and senescence markers (C) in OA chondrocytes co-cultured with control, M2 or L-M2 cells for 1 and 7 days. (D) Staining of SA-β-Gal (green, bar= 100μm) in OA chondrocytes co-cultured with control, M2 or L-M2a Mφs for 1 and 7 days. (E) Apoptosis rates for different Mφ-stimulated OA chondrocytes after 7 days coculture were analyzed by flow cytometry using annexin V-FITC/PI apoptosis analysis. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001. ns, no significance; Mφ, macrophage; L-M2a Mφ, locked M2a macrophage; Cho, chondrocyte.





L-M2a Mφ restored tissue homeostasis and promoted cartilage regeneration in a rat OA model

We used the Hulth’s method to establish an OA model in SD rats. M2 or L-M2a Mφ (labelled with CM-Dil) was injected intra-articularly 4 weeks after surgery. In vivo imaging systems (IVIS) showed strong fluorescence intensity in the knee joints 4 weeks after injection, whereas there was no statistical difference between M2 and L-M2a Mφs (Figure 5A). At week 1 after injection, Mφs in both groups homed to the OA synovium and maintained the M2 phenotype (CD206). However, M2 Mφs rapidly lost their M2 phenotype within 4 weeks, while L-M2a Mφs maintained a high positivity for CD206 (Figure 5B).




Figure 5 | Tracing of L-M2a Mφ in vivo. (A) The fluorescence intensity of CM-Dil labelled M2 or L-M2a Mφ at 1, 2, and 4 weeks after intra-articular injection by IVIS. (B) The bright light, DAPI staining (blue), CM-Dil labelled M2 or L-M2a Mφ (red), CD206 immunofluorescence (green) and merge vision of joints at 1 and 4 weeks after intra-articular injection. bar= 100μm. ns, no significance; Mφ, macrophage; L-M2a Mφ, locked M2a macrophage.



Histological evaluation of OA was performed 8 weeks after surgery. OA modeling induced immune cell (CD4+ T cells and CD86+ M1 Mφs) infiltration (Figure 6A) and MMP13 and IL-6 expression in the OA synovium (Figure 6B). Typical cartilage degeneration (Col I expression, cartilage thinning, and proteoglycan loss) was evident 8 weeks after surgery (Figures 6C-F). Overall, M2 Mφs failed to alleviate degenerative progression, with only slight improvement in synovial inflammation. In contrast L-M2a Mφs significantly reduced immune cell infiltration and MMP13/IL-6 expression in the OA synovium (Figures 6B, C), reduced Col I expression (Figure 6D), and restored tissue integrity, joint space width (Figure 6F), and safranin O staining in the cartilage (Figure 6E).




Figure 6 | L-M2a Mφs promoted OA repair in a rat OA model. (A) Immunofluorescence of CD4+ (red) and CD86+ (green) cells and DAPI staining (blue) in Sham, OA, M2, L-M2a, and M2-exo groups at 4 weeks after injection (n=3, bar= 100μm). (B, C) Immunohistochemical staining (B, bar= 100μm) and western blot (C) of IL-6, MMP13, and iNOS in synovium of rat joints. (D) Immunohistochemical staining of Col I in cartilage of rat joints. bar= 100μm. (E) Safranin O/fast green staining of cartilage (left) and OARSI score (right) (n=5, bar=500μm). (F) Medial joint space (left, red arrow between two dotted lines) in coronal position of total knee and MOAKS score (right) by magnetic resonance imaging. (n=5, bar=1000μm). ∗p < 0.05; ∗∗∗p < 0.001. ns, no significance; Mφ, macrophage; L-M2a Mφ, locked M2a macrophage; M2-exo, M2 macrophage exosomes.



We also extracted exosomes from the same number of M2 Mφs (Supplementary Figure 2C) to treat OA. However, the overall therapeutic effect was not as obvious as that of L-M2a Mφs (Figure 6).




Discussion

In the past decades, studies on stem cell therapy for OA have been performed globally to evaluate their safety and efficacy and have yielded positive results. They improved the pain, physical function, stability of cartilage defect, and thickening of articular cartilage of OA patients (17). The desired mode of cell therapy in OA involves engraftment of injected stem cells on the chondral defect and repair of cartilage by direct chondrogenic differentiation (18, 19). However, accurate homing and directional differentiation of stem cells are challenging (20). In addition, injected stem cells usually perish rapidly in the joint cavity and are undetectable 14–50 days post-infusion (21, 22). Other studies have shown that the positive effects of therapies involving stem cells are mediated by the secretion of molecules that act in a paracrine manner to restore tissue homeostasis and regulate local immunity (23). It has been proved that the existence of stem cells leads to the production of anti-inflammatory cytokines (such as IL-10 and TGFβ) and TNFα-stimulated gene/protein 6 (TSG-6), which leads to the inhibition of the toll-like receptors-2 (TLR2)/nuclear factor κ-light-chain-enhancer of activated B cells (NFκB) signaling pathway, followed by the downregulation of inflammatory mediators, such as nitric oxide, TNFα, and IL-1β (24, 25). Similarly, upregulation of prostaglandin E2 (PGE-2) and (2,3-dioxygenase) IDO by MSCs leads to the inhibition of IFN-γ, inducing the differentiation of M1-type Mφs to M2-type Mφs (26, 27). However, the immune and inflammatory regulation of stem cells is not as strong as that of immune cells, which makes them insufficient to counteract the long-term chronic inflammatory environment of OA. Moreover, aging and tumorigenicity caused by excessive proliferation and difficulties in obtaining primary stem cells are challenging problems (28, 29).

Recently, Mφs which is a key cell composition of innate immunity and have a powerful role in regulating immunity and maintaining tissue homeostasis have emerged as a novel candidate for cell-based therapy in cancer and regenerative medicine (30). Mφs exhibit numerous potential advantages in the treatment of inflammatory diseases, including OA. First, unlike tissue-resident Mφs, Mφs for therapeutic purposes are based on differentiating a collection of monocytes from blood or extracted bone marrow, which means a stable acquisition method and a sufficient number. Moreover, Mφs, as terminally differentiated and non-proliferative cells, do not have the possibility of reproductive senescence and tumorigenesis during treatment. Furthermore, as a major immunoregulatory cell, Mφs are characterized by an intrinsic and powerful immune and inflammatory regulatory capacity (31). Thus, Mφs are promising seed cells for OA treatment. Based on this, we used Mφ in this study for the first time for OA treatment and obtained encouraging preliminary results, although there are still some limitations and problems that need to be addressed by further studies.

In contrast to M1-based therapy, which is commonly used in antitumor fields, M2-based cell therapy is used in anti-inflammatory and regenerative fields. M2 Mφs show diverse gene expression signatures, and distinct M2a, M2b, M2c, and M2d Mφs subpopulations have been identified using transcriptome analysis (Figures S3D, E). It is recognized that M2a Mφs, which are stimulated by IL-4 and characterized by the expression of CD206 and arginase (ARG)-1, present a potent anti-inflammatory function by producing IL-10, IL-1Rα, CCL18, and TGF-β, and pro-regenerative factors such as TGF-β, IGF, and FGF (32, 33). Therefore, in recent years, cell transplantation of M2a Mφ has been used to treat several inflammatory and traumatic conditions with satisfactory results. In a phase 2B clinical trial of 125 patients with dilated cardiomyopathy, compared with the placebo group, intracardiac administration of the mixture of M2 Mφs and mesenchymal stem cells resulted in a decrease in cardiac adverse events (34). Lu et al. also showed that in the mouse model of chronic nephropathy induced by adriamycin, M2a Mφs was injected into tail vein once after 5 days, which prevented kidney injury after 28 days, but inactivated Mφs had no effect. They also revealed that M2a Mφs inhibited effector T cells through the anti-inflammatory effects of cytokines IL-10 and TGF-β, resulting in less tissue damage and inflammation and less fibrosis (35). Although promising results have been observed in other studies, Mφ transplantation did not produce a sufficient therapeutic effect or even aggravated the damage in vivo. In an independent study of patients who received the following treatment, intramyocardial delivery of unamplified autologous bone marrow mononuclear Mφs did not show clinical improvement of ischemic cardiomyopathy (36). Moreover, wound administration of mouse Mφs activated IL-4 or IL-10 in vitro into the M2-like phenotype damaged skin wound healing in a diabetic mouse model (37). Additionally, adoptive metastasis-inhibitory BM-M2 Mφs could not prevent inflammatory kidney injury (12). It is believed that the poor curative effect in these studies is more likely due to the plasticity of Mφs, leading to a short M2 anti-inflammatory phenotype maintenance in vivo. In this study, we observed that unmodified M2 Mφs could not maintain its anti-inflammatory phenotype in vivo and even transformed into pro-inflammatory M1 Mφs in an OA environment, which largely compromised its therapeutic effects for OA. Therefore, it is essential to modify Mφs to obtain a stable in vivo phenotype.

Based on this, reprogramming of Mφ polarization has become the focus of research. Reprogramming intra-articular Mφs from M1 to M2 by local or systemic delivery of bioactive factors was confirmed to be able to improve the microenvironment of OA to some extent (38, 39). The traditional method of Mφ reprogramming involves changing the polarity of signaling molecules (such as cytokines, receptor agonists, and inhibitory antibodies). For example, Mφ pretreated with LPS + IFN-γ can reduce fibrosis formation after trauma or ischemic injury (40). However, such reprogramming is often transient and insufficient to resist the chronic inflammatory environment in vivo. In contrast, genome editing can achieve the long-term effect of complete or partial inhibition of a specific gene by forming stable modifications. Ad5f35, a chimeric adenoviral vector, synergizes with chimeric antigen receptor (CAR) activity, activates the Mφ inflammasome, and provided a beneficial proinflammatory priming signal, which renders CAR-Mφ locked into an M1 phenotype (41). Using this strategy, the selection of target genes is the first step in gene editing. A network typing based on the Mφ phenotype transcriptome found that, unlike the classic M1 Mφ phenotype activated by LPS or IFNγ signaling in acute inflammation, TNF is the key signal that induces Mφs to polarize towards M1 in a chronic inflammatory environment (42). Moreover, TNF is recognized as the most potent factor against the M2 phenotype because of its direct effects on Mφs and the indirect inhibitory effects of TNF on IL-4 and IL-13 production by other innate cell types. Furthermore, IL-4/STAT6 is considered the most important pathway of M2a polarization, and the absence of IL-4, IL-4R, and STAT6 leads to the complete loss of the M2a phenotype (3). In addition, in this study, we also compared TNFR knock-out with IL-4 over-expression and their synergy in pre-experiment, and found that the combination of these two editing was more resistant to OASF (Figure S3A). Therefore, it is reasonable to ‘lock’ Mφ in an M2a phenotype in a chronic inflammatory environment by simultaneously knocking-out TNFR1 and up-regulating IL-4.

Appropriate editing method is an important factor in gene editing. Primary immune cells such as monocytes and Mφs have low replication ability and high sensitivity to foreign nucleic acids and viruses. This makes conventional editing methods, such as transfection or lentivirus infection difficult (43). The direct delivery of Cas9 protein and its related single instruction RNA (sgRNA, together comprising the CRISPR-Cas9-RNP) complex provides an attractive alternative method for genome editing based on CRISPR. Protein-mediated strategies are short-lived, thus limiting genome exposure to editing mechanisms, which may lead to unnecessary off-target editing. Transient protein delivery also reduces the risk of immunogenicity in the host due to the continuous expression of active Cas9 (44, 45). Recent studies showed that the efficiency of the Cas9-RNP editing strategy was far superior to that of the traditional method in myeloid cells. They proved that the delivery of Cas9-RNP complex usually produces single or multiple target genes with > 90% KO, so that it is possible to quickly evaluate the functionally deficient genes of donors or cells from a predetermined genetic background without damaging the normal cell function. This process produces genetically edited Mφs, which retains transcripts and protein markers of myeloid differentiation and phagocytic function (14, 46).

In conclusion, in this study, we constructed locked M2a Mφs with TNFR1 knockout and IL-4 overexpression for OA treatment. We found that it maintained a more stable M2a polarization and anti-inflammatory phenotypes in an inflammatory environment in vitro and in a rat OA model. Moreover, an intra-articular injection of L-M2a Mφ delayed the process of OA (Figure 7). This study provides insights into the treatment of inflammatory joint diseases including OA.




Figure 7 | Diagram of construction of L-M2a Mφs and mechanism of its function in joints.
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Supplementary Figure 1 | (A) Validation of knockout efficiency of sgTNFR1-EGFP-Cas9-RNP and overexpression of pCDNA -IL-4 in human-derived macrophages by flow cytometry, DNA cleavage assay and Western blot. (B) The isotype controls and gating strategy of flow cytometry in Fig 1E. (C) The PCA plot (left) and Pearson correlation (right) among M2 (A group), M2+OASF (B group), L-M2a (C group), L-M2a+OASF (D group). Mφ: macrophage; L-M2a Mφ: locked M2a macrophage; OASF: OA synovial fluid.

Supplementary Figure 2 | (A-B) Polarized phenotype and inflammatory phenotype of M2 and L-M2a Mφ co-cultured with or without OA chondrocytes for 1 or 7 days using western bolt (A, n=3) and RT-qPCR (B, n=5). (C) Nanoparticle Analysis of M2 macrophage exosomes.

Supplementary Figure 3 | (A) Comparison of polarized phenotype and inflammatory phenotype among M2 Mφs constructed with Tnfrsf1a knockout and Il4 stimulation (Tnfrsf1aKO group), Il4 overexpression (Il4OE) or Tnfrsf1a knockout and Il4 overexpression (Tnfrsf1aKOIl4OE) when stimulated with or without OASF by RT-qPCR. (B) Comparison of polarized phenotype among M1, M2 and Tnfrsf1aKOIl4OE M1 Mφs by Western blot. (C) Expression of CD86 and CD206 in M0, M2, and L-M2a Mφ when stimulated with or without LPS+IFNγ by Western blot. (D) A heatmap of anti-inflammatory and pro-regenerative cytokines expression of M0, M1, M2a, M2b, M2c Mφs by RT-qPCR. (E) Expression of inflammatory factors of chondrocytes co-cultured among with M0, M1, M2a, M2b, M2c Mφs. (F) The expression of CD86 and CD206 in M1, M2 and macrophages treated with OASF. KO: knockout; OE: overexpression; Mφ: macrophage; OASF: OA synovial fluid.

Supplementary Table 1 | The source and identifier of reagents used in this study.

Supplementary Table 2 | The rat primer sequence for RT-PCR.

Supplementary Table 3 | Basic information (gender, age, K/L grade) of 5 OA patients for OASF. K/L grade: Kellgren & Lawrence grade.
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Macrophages play an essential role in maintaining the normal function of the innate and adaptive immune responses during host defence. Macrophages acquire diverse functional phenotypes in response to various microenvironmental stimuli, and are mainly classified into classically activated macrophages (M1) and alternatively activated macrophages (M2). Macrophage polarization participates in the inflammatory, fibrotic, and oncogenic processes of diverse respiratory diseases by changing phenotype and function. In recent decades, with the advent of broad-range profiling methods such as microarrays and next-generation sequencing, the discovery of RNA transcripts that do not encode proteins termed “noncoding RNAs (ncRNAs)” has become more easily accessible. As one major member of the regulatory ncRNA family, long noncoding RNAs (lncRNAs, transcripts >200 nucleotides) participate in multiple pathophysiological processes, including cell proliferation, differentiation, and apoptosis, and vary with different stimulants and cell types. Emerging evidence suggests that lncRNAs account for the regulation of macrophage polarization and subsequent effects on respiratory diseases. In this review, we summarize the current published literature from the PubMed database concerning lncRNAs relevant to macrophage polarization and the underlying molecular mechanisms during the occurrence and development of respiratory diseases. These differentially expressed lncRNAs are expected to be biomarkers and targets for the therapeutic regulation of macrophage polarization during disease development.
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1 Introduction

Respiratory diseases are responsible for a significant proportion of serious morbidity and premature death worldwide (1). The Global Burden of Diseases (GBD) Study 2017 data showed that there were 3.2 million deaths due to COPD and 495,000 deaths due to asthma (2). Lung cancer is the deadliest of nearly all cancers, with 5-year survival rates of 4-17% depending on stage and regional differences (3). In addition, the COVID-19 pandemic has claimed more than 5.7 million lives within a year, mostly from respiratory causes (4). A number of other conditions, including interstitial disease diagnosed as IPF, noninfectious granulomatous lung diseases such as sarcoidosis, and infectious lung diseases such as tuberculosis, also contribute to a significant global burden. Therefore, early diagnosis and precise therapy are especially crucial. Despite considerable advancements in fundamental research and clinical practice that have shed light on the pathophysiology of these diseases in recent decades, challenges remain in exploring molecular mechanisms.

Macrophages play an essential role in maintaining the normal function of the innate and adaptive immune responses during host defence (5). Macrophages acquire diverse functional phenotypes in response to various microenvironmental stimuli, which are mainly classified into classically activated macrophages (M1) and alternatively activated macrophages (M2) (6). Exposure to interferon-γ (IFN-γ) or lipopolysaccharide (LPS) stimulates M1 macrophage polarization with the ability to produce proinflammatory cytokines such as IL-1β, IL-6, IL-12, and TNFα, leading to pathogen clearance and tissue damage (7). In contrast, M2-polarized macrophages are further classified into four subsets based on their in vitro responses to stimuli: M2a macrophages (characterized by the expression of CD206 receptors on the cell surface and that can be induced by IL-4 and IL-13), which promote type II immune responses and fibrogenesis; M2b macrophages (characterized by the expression of CD86 receptors on the cell surface and that can be induced by immune complexes), which are immunoregulatory; M2c macrophages (characterized by the expression of CD163 receptors on the cell surface and that can be induced by IL-10 and transforming growth factor-β (TGF-β), which are anti-inflammatory and initiators of tissue remodelling; and M2d macrophages, also known as tumour-associated macrophages (TAMs), which are the major inflammatory component of the tumour microenvironment (TME) (7–11). The pathogenic process of most respiratory diseases has been proposed to be regulated by macrophage plasticity (M1/M2 polarization) (12). For example, the activation of M1 macrophage polarization is important for inflammation formation, while the activation of M2 macrophage polarization is important for fibrosis, inflammation solution and tumorigenesis (12, 13). In this scenario, targeting the balance of macrophage phenotypes may be a key step in respiratory disease management.

In recent decades, with the advent of broad-range profiling methods such as microarrays and next-generation sequencing, the discovery of RNA transcripts that do not encode proteins termed “noncoding RNAs (ncRNAs)” has become more easily accessible. NcRNAs are generally classified into two groups, housekeeping and regulatory ncRNAs, according to their regulatory effects. As one major member of the regulatory ncRNA family, long noncoding RNAs (transcripts >200 nucleotides) participate in multiple pathophysiological processes, including cell proliferation, differentiation and apoptosis, which vary with different stimulants and cell types (14, 15). Many studies have reported that the lncRNA profiles in patients with respiratory disease differ from those in healthy people (16–18). In addition, emerging evidence suggests that dysregulated lncRNAs account for the pathogenesis and progression of several lung diseases, including COPD, asthma, and ALI, due to their roles in regulating macrophage polarization (19–21). In this review, we will summarize recent findings regarding lncRNA-mediated macrophage polarization in four categories of respiratory conditions: chronic airway disease (asthma, COPD, and cystic fibrosis), interstitial lung disease (IPF, CTD-ILD, and sarcoidosis), infectious lung disease (TB, pneumonia, and acute lung injury/acute respiratory distress syndrome), and lung cancer, providing a theoretical basis for the use of lncRNAs as noninvasive diagnostic biomarkers and therapeutic targets for respiratory diseases.



2 LncRNA expression profiles in M1/M2 macrophage polarization

A number of studies have analysed the expression profiles of lncRNAs in human- and murine-derived macrophages under various polarized conditions. Zhang et al. (22) used murine bone marrow-derived macrophages (BMDMs) to determine lncRNA expression in M1 and M2 polarizing conditions. In this study, M1-polarised conditions in BMDMs were induced by LPS plus IFN-γ treatment, whereas M2 polarization was stimulated by IL-4. The lncRNA-microarray results identified 33,231 lncRNAs, of which 627 lncRNAs were enriched in M1 macrophages and 624 lncRNAs were enriched in M2 macrophages with the selection criteria of >2-fold differentially expressed changes and FDR adjusted P values < 0.05 (22). Using qRT−PCR, they confirmed that in M1 polarized macrophages, lncAK048798 and lncAK153212 were downregulated, whereas lncAK085865 and lncAK083884 were upregulated in comparison to levels in M2 polarized conditions (22). Luo and his colleague (23) used microarray analyses to analyse the expression of lncRNAs in the process of M2 to M1 macrophage polarization in human monocytic U937 cells. Specifically, stimulation of U937 cell cultures with PMA, IL-4, and IL-13 induced the M2 phenotype, while a switch from the M2 to the M1 phenotype was promoted by LPS and IFN-γ stimulation. They uncovered 26,276 differentially expressed lncRNAs between M1 and M2 phenotypes of U937 macrophages. Pearson correlation analysis was used to verify the agreement between microarray data and qRT−PCR examination. Although the qRT−PCR results of some lncRNAs were inconsistent with the microarray results, the majority of lncRNAs analysed were congruent in both assays. On the other hand, Ito et al. (24) stimulated mouse BMDMs into various phenotypes with IFN-γ (M1), IL-4 (M2a), LPS and immobilized IgG (M2b), and IL-10 (M2c). The qRT−PCR results showed that lncRNA growth arrest specific 5 (GAS5) is not expressed by M2b cells, but M0, M1, M2a, and M2c cells express it. Additionally, BMDMs overexpressing GAS5 RNA after GAS5 gene transduction did not switch to the M2b phenotype after stimulation with LPS and IC in combination.

In summary, profiling lncRNA expression in polarized macrophages with techniques such as microarray and RT−qPCR arrays yields large amounts of dysregulated lncRNAs. For the most part, the therapeutic potential of such dysregulated lncRNAs through regulating macrophage polarization is worth exploring. In the following sections, we summarize the broad spectrum of lncRNAs involved in macrophage polarization along with their target proteins and their possible roles in the regulation of respiratory diseases. An overview of these lncRNAs is given in Table 1 and Figure 1.


Table 1 | LncRNAs regulate M1/M2 polarization through targeting various adaptor proteins and transcription factors in respiratory diseases.






Figure 1 | A schematic summary of the role of various long non-coding RNAs in modulating macrophage polarization involved in respiratory diseases.





3 LncRNA-based regulation of macrophage polarization in chronic airway disease

Chronic airway diseases, characterized by airway inflammation and airway remodelling, are increasing as a cause of morbidity and mortality for all age groups and races across the world. The underlying molecular mechanisms involved in chronic inflammatory airway diseases have not been fully explored. Recently, accumulative evidence has shown that the novel regulatory mechanism underlying the action between lncRNAs and polarized macrophages plays a critical role in the pathophysiological processes of chronic airway diseases, particularly chronic obstructive pulmonary disease (COPD) and asthma.


3.1 Asthma

Asthma, characterized by reversible airflow limitation, airway inflammation and airway hyperresponsiveness, is mainly divided into two phenotypes: Th2 and non-Th2 (36, 37). Th2-asthma (i.e., eosinophilic asthma) is well established to play a leading role in asthma development, as more than half of asthma cases have a Th2 phenotype, where M2 macrophages predominantly secrete high levels of IL-13 and chemokines (e.g., CCL-17 and CCL-18), inducing airway eosinophil infiltration and mucus hypersecretion and contributing to lung function impairment and airway remodelling (38, 39). Non-Th2 asthma (i.e., neutrophilic asthma), by contrast, is characterized by neutrophil dominance airway inflammation that can be driven by M1 macrophages or Th1/Th17 lymphocytes and by the production of high levels of proinflammatory Th1 cytokines (e.g., IL-6, IL-1β, and TNF-α) and chemokines (e.g., CCL2 and CCL5) (36, 38, 40). Thus, patients with neutrophilic asthma have a poor response to corticosteroids and tend to develop severe or refractory asthma (41, 42). These results indicate that regulating the M1 and M2 macrophage phenotype balance would guide individualized therapy for different types of asthma. To date, several lncRNAs have been proven to play an important role in the pathogenesis of asthma by regulating M1/M2 macrophage polarization balance (Figure 2). We discuss them below.




Figure 2 | The role of macrophages and associated lncRNAs in allergic asthma. Antigen-presenting cells (APCs) identify allergens and initiate the allergic response. Under this condition, naïve CD4+ T cells differentiate into Th2 cells. Th2 cells secreting IL-4 induce M2 macrophage polarization. Lnc-BAZ2B promotes M2 macrophage activation by stabilizing BAZ2B pre-mRNA, thereby promoting IRF4 expression and chemokines secretion, leading to mucus hypersecretion and eosinophil infiltration in allergic children. PTPRE-AS1 is selectively expressed in IL-4–stimulated M2 macrophages. PTPRE-AS1 binds WDR5 directly, modulating H3K4me3 of the PTPRE promoter to regulate PTPRE-dependent signaling during M2 macrophage activation and protects against pulmonary allergic inflammation. LncRNA AK085865 promotes M2 macrophages activation and M2 macrophages promote the differentiation of innate lymphoid cells progenitor (ILCP) into type II innate lymphoid cells (ILC2s), thus aggravate Type 2 immune response. Non-Th2 asthma (i.e., neutrophilic asthma), by contrast, is driven by M1 macrophages or Th1/Th17 lymphocytes through the production of high levels of proinflammatory Th1 cytokines (e.g., IL-6, IL-1β, and TNF-α) and chemokines (e.g., CCL2 and CCL5), contributing to neutrophilic infiltration and airway inflammation.



Pei and his colleagues (20) found that there was high expression of lncRNA AK085865 in BAL cells and lung tissues from dermatophagoides farinae protein 1 (Der f1)-induced asthmatic mice compared with PBS-induced mice. LncRNA AK085865 expression was upregulated during the M1 to M2 transition (20). Upon AK085865 knockdown, IgE-mediated eosinophilic airway inflammation and M2 macrophages were both decreased in asthmatic mice, which proved that AK085865 knockout protected against allergic inflammation in mice by inhibiting M2 polarization. Furthermore, AK085865 could promote the differentiation of innate lymphoid cells progenitor (ILCP) into type II innate immune lymphoid cells (ILC2s) and then augment type 2 inflammation (20). Therefore, knockout of the lncRNA AK085865 may guide novel treatment for type 2 asthma. Xia et al. (17) conducted a differential lncRNA expression profile and found that lnc-BAZ2B was upregulated and that its expression was correlated with BAZ2B expression in the PBMCs of children with asthma. In addition, lnc-BAZ2B knockdown significantly inhibited the M2-specific marker expression of THP1-derived macrophages in vitro. Further mechanistic investigation showed that lnc-BAZ2B was an upstream regulator of BAZ2B and positively regulated the expression of BAZ2B by stabilizing its pre-mRNA, which promoted the transcription of IRF4 by binding H3K14ac-modified sites within the IRF4 gene and thus influenced the activation of M2 macrophages (17). This observation was consistent with a cockroach allergen extract (CRE)-induced asthma model, where BAZ2B knockdown inhibited pulmonary inflammation and mucus secretion by inhibiting M2 macrophage polarization via IRF4 (17). Taken together, we speculate that inactivation of lnc-BAZ2B could help prevent Th2 asthma aggravation. Another lncRNA reported to be upregulated during IL-4–induced M2 macrophage activation is PTPRE-AS1 (25). Knockdown of PTPRE-AS1 expression promoted transcription of M2 marker genes by targeting receptor-type tyrosine protein phosphatase (PTPRE), which promoted IL-4–induced activation of MAPK/ERK 1/2 signalling (25). Moreover, PTPRE-AS1 plays a positive role in the regulation of PTPRE expression and protects against allergic inflammation by inhibiting M2 macrophage polarization, whether in a mouse model or in PBMCs from asthmatic patients, whereas it promotes M1-associated colitis functionally (25). Additionally, PTPRE-AS1 can be used to distinguish asthma patients from normal individuals by receiver operating curve (ROC) analysis, implying that PTPRE-AS1 exhibits potential as a biomarker in childhood asthma (25). During M2 macrophage activation, PTPRE-AS1 directly bound to WDR5, regulating PTPRE-dependent signalling by modulating the PTPRE promoter’s H3K4me3. These results provide evidence to support the potential of lncRNA PTPRE-AS1 to serve as a biomarker for type 2 inflammation remission.

Taken together, these data show that lncRNAs possess wonderful capability as biomarkers and therapeutic targets for asthma. This potential, however, remains far from being completely assessed. For example, most published lncRNAs are focused on regulating M2 macrophage-mediated type 2 inflammation, and identifying those lncRNA profiles that can regulate M1 macrophages is essential for confirming the potential of lncRNAs to identify asthma phenotype and determine the optimal treatment for each patient. Therefore, there are many opportunities for further research.



3.2 COPD

COPD is a preventable and treatable condition characterized by persistent airflow restriction and chronic airway inflammation (43). Cigarette smoking (CS) is the largest known risk factor for COPD (43). The phenotypic transformation of macrophages induced by CS or cigarette smoking extract (CSE) has been demonstrated in in vivo and in vitro studies of COPD (44–47). In addition to CS exposure, biomass ambient particulate matter (PM) has been indicated to be crucial for COPD pathogenesis by numerous epidemiological studies. Recent studies have shown that biomass fuel smoke (BMF) and PM2.5 facilitate macrophage polarization and activation in vitro (48, 49). Consistently, M1 and M2 macrophages have been detected in the lungs of COPD patients (46). Functionally, M1 macrophage-induced iNOS, IL-1β, IL-6, IL-8, and TNF-α contribute to oxidative stress and airway inflammation, while M2 macrophage-induced TGF-β facilitates epithelial–mesenchymal transition (EMT)-based small airway remodelling in COPD (46, 47, 50). In addition, M2 macrophage-induced TGF-β, Fizz1 and Ym1 are both involved in extracellular matrix dynamics, and arginine accelerates collagen synthesis, which leads to fibrosis (51). Therefore, the functional differentiation of macrophages is important for the specific pathology observed in COPD (Figure 3).




Figure 3 | The role of macrophages and MIR155HG in chronic obstructive pulmonary disease (COPD). Tobacco smoke or toxic particles cause airway inflammation and airway remodelling. Macrophage polarization plays a key role. M1 macrophages secrete inflammatory cytokines and chemokines, promoting neutrophil recruitment and augmenting airway inflammation. MIR155HG indirectly regulate NF-κB signaling activity by interacting with the p65-p50 complex, resulting in M1 macrophages activation accompanied by enhanced proinflammatory cytokine release (TNF-α, IL-1β and IL-12). M2 macrophage-induced TGF-β, Fizz1 and Ym1 are involved in epithelial mesenchymal transformation (EMT) and extracellular matrix dynamics, and arginine accelerates collagen synthesis, which leads to fibrosis.



The MIR155 host gene (MIR155HG), an endogenous lncRNA located at chromosome 21q2 within a 13-kb length, is upregulated in M1 macrophages (52, 53), but MIR155HG promoter activity could be inhibited by M2 macrophage-secreted IL-10 in a STAT3-dependent manner (signal transducer and activator of transcription 3) via its Ets1 transcription factor-binding site (54). Li and his colleagues (19) recently found that MIR155HG was highly expressed in peripheral blood mononuclear cells of COPD patients compared with normal controls, and MIR155HG overexpression resulted in a significantly increased percentage of M1 macrophages accompanied by enhanced proinflammatory cytokine release (TNF-α, IL-1β and IL-12) as well as decreased M2 macrophage levels, whereas interference with MIR155HG expression reduced the ratio of M1/M2 macrophages (19). Mechanistically, the NF-κB protein p65 could combine with the upstream transcription site of MIR155HG, suggesting that MIR155HG was a direct NF-κB target gene contributing to airway inflammation in COPD (Figure 3). Another report also showed increased expression of MIR155HG in lung tissues of smokers with non-COPD or COPD compared to healthy controls, particularly in COPD patients (55). Therefore, targeting MIR155HG to reduce M1 differentiation may be beneficial for COPD relief. On the other hand, MIR155HG is also known for promoting cell migration, proliferation, and invasion in multiple cancers, including non-small cell lung cancer (NSCLC), where M2d macrophages (TAMs) play a key role in tumorigenesis (56, 57). This might contradict the regulatory role of MIR155HG in COPD. The exact effect of targeting MIR155HG to shift the macrophage phenotype in COPD complicated with lung cancer should be considered. Indeed, macrophage polarization is a complex and dynamic evolutionary process that is affected by various environmental stimuli. These findings offer multiple chances to further explore the role of MIR155HG in respiratory diseases.



3.3 Cystic fibrosis

CF is a major disease associated with bronchiectasis and is caused by a mutation in a gene called cystic fibrosis transmembrane conduction regulator (CFTR), whose dysfunction gives rise to mucus retention, chronic infection, and airway inflammation (58). Human monocytes, alveolar macrophages, and monocyte-derived macrophages (MDMs) express CFTR protein, and CFTR dysfunction in macrophages is related to augmented airway inflammation, increased mucus cells and mucus blockage, and increased lethal pneumonia, emphasizing the critical role of macrophages in promoting CF (59–61). Most importantly, Tarique et al. (62) reported that the polarization of anti-inflammatory, alternately activated M2 macrophages is CFTR dependent. In addition, MDMs from healthy controls treated with a CFTR inhibitor (CFTRInh-172) were incapable of polarizing into anti-inflammatory M2 macrophages, suggesting that understanding the link between CFTR dysfunction and M2 polarization may provide new therapeutic targets for CF (62). On the other hand, growing evidence supports that lncRNAs regulate CF. For example, McKiernan et al. (63) found that X inactivation-specific transcript (XIST) and MALAT1 are differentially expressed in bronchial brushings of CF patients. Balloy et al. (64) also found that in Pseudomonas aeruginosa (PA)-infected CF bronchial epithelial cells, the expression of several lncRNAs, such as maternal expression gene 9 (MEG9) and bladder cancer-associated transcription 1 (BLACAT1), was downregulated. In addition, lncRNA BGas has been shown to be associated with CF by targeting and regulating CFTR directly (65). Unfortunately, current studies on the roles of lncRNA-mediated macrophage polarization in CF are limited and require further investigation. If macrophage function can be recovered by rectifying CFTR dysfunction via lncRNAs, lncRNAs will be promising in the control of the onset and progression of CF.




4 LncRNA-based regulation of macrophage polarization in interstitial lung disease


4.1 Idiopathic pulmonary fibrosis

IPF is a lethal, chronic, progressive interstitial lung disease characterized by the deposition of fibroblasts and collagen in the lung interstitum, resulting in destruction and fibrotic remodelling of lung tissue (66). M2 macrophages induce the differentiation of the myofibroblast phenotype by releasing the fibrogenic cytokine TGF-β1, contributing to the deposition of extracellular matrix, suggesting a key role in IPF (51, 67). A recent study showed that decreased M2 macrophage infiltration in the lung significantly protected mice from bleomycin-induced lung injury and fibrosis. These IPF pathogenic factors were further reported to be related to lncRNAs. For instance, Xiao et al. (26) found elevated H19 expression levels and decreased let-7a expression levels in lung tissues from arsenite-induced pulmonary fibrosis mice. Mechanistically, H19 acts as a ceRNA for let-7a regulating c-Myc, resulting in lower expression of M2 macrophage markers (CD206, Arg1, and TGF-β1) and lower fibrosis-related markers (p-SMAD2/3, SMAD4, α-SMA and collagen I) (26). Similarly, in the sera of arseniasis patients, H19 levels were higher and let-7a levels were lower than those in healthy controls (26). These observations elucidate the possible mechanism of pulmonary fibrosis induced by arsenic exposure and provide a theoretical basis for its treatment. In addition to the TGF-β/Smad pathways, the macrophage-based pathways implicated in fibrosis also include Wnt/beta-catenin and PI3K-AKT-mTOR, which can be regulated by a number of lncRNAs, such as GAS5 and LOC102551149 (68–70), in other fibrosis-related diseases. Obviously, more investigations are required to understand whether these lncRNAs are pivotal regarding the regulation of macrophage polarization in IPF.



4.2 Sarcoidosis

Sarcoidosis is a granulomatous disease of unknown aetiology. Macrophages and CD4+ T cells play a key role in granuloma formation (71). A previous study showed that the proportion of M1 macrophages (defined as CD40 cell surface expression) in the pulmonary lumen of patients with sarcoidosis is significantly increased, while the proportion of M2 macrophages (defined as CD163 cell surface expression) tends to increase in nonspecific interstitial pneumonia (NSIP), IPF, and hypersensitivity pneumonia (HP) (72). In contrast, Shamaei and his colleagues reported enhanced CD163 staining in granulomas of patients with sarcoidosis compared with tuberculous granulomas (73). Using a one-sided M2 phenotype marker and different sample types may explain the contradiction between the above two studies. The mechanism of transition from acute inflammation (granuloma) to the fibrotic stage is particularly complex. Increasing evidence suggests that granuloma formation is supported by Th1/M1 immune polarization due to exaggerated TNF-α and INF-γ. In contrast to the acute phase of sarcoidosis, the chronic fibrotic disease state is associated with M2/Th2 polarization (74, 75). Thus, a key point in sarcoidosis therapeutics is restoring the M1/Th1 (inflammation) and M2/Th2 (fibrosis) balance. To date, the expression profile and functional studies of lncRNAs in sarcoidosis remain unknown. Considering the ability of lncRNAs to regulate macrophage polarization and participate in immune regulation, the diagnostic and therapeutic role of lncRNAs in sarcoidosis might be an important area of research.



4.3 Connective tissue disease-associated ILD

Approximately one-third of individuals with ILD have associated connective tissue disease (CTD) (76). The CTD demonstrating features of ILD include rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), dermatomyositis (DM) and polymyositis (PM), systemic sclerosis (SSc), Sjogren’s syndrome (SS), and mixed connective tissue disease (MCTD) (77). RA-ILD is the most common type (78). RA is a chronic inflammatory autoimmune disease characterized by massive immune cell infiltration, pannus formation and destruction of cartilage and bone. Macrophages play a crucial role in the pathogenesis of RA, and the degree of synovial macrophage infiltration, particularly elevated M1 macrophages, correlates with clinical disease activity and severity in RA patients (79–81). Zhu et al. (82) found that lncRNA H19 is upregulated in RA patients and arthritic mice. Additionally, H19 overexpression promoted M1 macrophage polarization along with increased expression of M1 macrophage-related factors and aggravated arthritis in mice by upregulating KDM6A expression (82). Therefore, targeting H19 may develop into a novel therapy for RA by inhibiting M1 macrophage polarization. As described previously, H19 promotes myofibroblast differentiation in PF by regulating M2 polarization (26). It remains to be known whether H19 is involved in the progression of pulmonary manifestations in RA by altering the macrophage phenotype.

In addition, the role of macrophage polarization and plasticity in SLE and DM/PM development has also been explored in several studies (83–85). Despite the emerging role of lncRNAs in autoimmune diseases, whether their regulatory role in these diseases is through the induction of macrophage polarization remains less understood and requires further exploration.




5 LncRNA-based regulation of macrophage polarization in infectious lung disease


5.1 Tuberculosis

Tuberculosis (TB) continues to be a major public health problem, with over 10 million new cases and 1.5 million deaths annually (86). Mycobacterium tuberculosis (MTB) is the most common pathogen causing TB and has high drug resistance (87). Macrophages play a crucial role in the host immune response and infection outcome post-TB infection (88). In addition, antibacterial activity and cytokine production during the formation of tuberculosis granuloma are usually concomitant with the transformation of the macrophage phenotype from M1 to M2 (88). Accordingly, MTB inhibit the development of the M1 phenotype and reprogram macrophages towards the M2 phenotype for better survival in the host, resulting in increased occurrence and development of pulmonary TB (89). It was proven that the fusion of lysosomes with TB-containing phagosomes and the upregulation of iNOS were caused by M1 polarization (90). Additionally, the TLR2/MyD88 signalling pathway associated with M1 macrophage activation plays a key role in host defence during MTB infection (91). Thus, inhibition of the intracellular survival of MTB may be orchestrated by M1 macrophage activation, which would facilitate pathogen clearance. Additionally, the protective effect of proinflammatory/M1 macrophages on MTB infection has been confirmed in many clinical studies (92). Although the administration of antibiotics has been widely used to prevent and treat TB, the persistence of latent infections and the emergence of resistance urgently require the development of new drugs and treatments. Therefore, controlling macrophage polarization is expected to improve TB progression.

Recent studies have identified ncRNA profiles and explored the functional role of lncRNAs such as MEG3 and NEAT1 during MTB infection, further implicating their potential in the immune response (93–95). Two lncRNAs are functionally related to polarized macrophages during MTB infection. For example, Luo et al. (27) discovered that XIST expression was upregulated in RAW264.7 cells and human monocyte-derived macrophages (hMDMs) after MTB infection and that its expression was regulated by ESAT-6, an important determinant of MTB virulence. Functionally, XIST serves as a competing endogenous RNA targeting miR-125b-5p, a miRNA that promotes M1 macrophage polarization by modulating A20/NF-κB signalling. A previous study also supported the conclusion that the expression of A20 was upregulated in MTB-infected macrophages, thereby inhibiting the NF-κB pathway and regulating the immune response after MTB infection (96). The regulatory network of the XIST/miR-125b-5p/A20/NF-κB axis has also been proven to be a molecular mechanism of negative pressure treatment for MTB infection (27). Another recent study reported that MIR99AHG is upregulated in M2 (IL-4/IL-13)-polarized mouse and human macrophages but downregulated after clinical MTB HN878 strain infection and in PBMCs from active TB patients (97). Knockdown of MIR99AHG using antisense oligonucleotides (ASOs) significantly reduced intracellular MTB growth, necrosis, and proinflammatory cytokine production in mouse and human macrophages, as well as reduced mycobacterial burden in the lungs of mice (28). Thus, as an addition to existing antibiotics, MIR99AHG may be a potential target for host-directed TB drug therapy.



5.2 Pneumonia

Pneumonia is the leading cause of death for children under the age of 5 (98). Particularly, after the outbreak of severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) in Wuhan in December 2019, approximately 20-30% of patients hospitalized for COVID-19-associated pneumonia required intensive care for respiratory support (99, 100). At present, there are still difficulties in clinical treatment. Given that morbidity and mortality are associated with excessive inflammation, it is necessary to better understand the immunological basis of pneumonia in patients to better identify therapeutic targets. It has been shown that macrophages play an important role in pneumonia and polarize into different phenotypes when responding to various pathogens. For instance, macrophages are polarized towards an M1 phenotype in the early stage of bacterial infection and serve as a prompt to eliminate pathogens (101). As described by Li et al. (102), the M1 phenotype (iNOS+) was increased and the M2 phenotype (CD206+) was decreased after Klebsiella pneumoniae-induced pneumonia. High expression of IL-10 and a high population of M2-polarized macrophages play important roles in the production of lung consolidation in Mycoplasma hyopneumoniae infection (103). In SARS-CoV-2 infection, M1 macrophage-derived inflammatory cytokines, such as TNF-α and IL-1β, have been confirmed in the respiratory tract and are closely correlated with increased disease severity. M2 macrophages are thought to play an important role in the process of fibrosis (104–106). In addition, Shibata et al. reported that alveolar macrophages could acquire the M2 phenotype at Day 8 after RSV infection (107). During cryptococcal infection, the polarization status of pulmonary macrophages changed with time: at 1 week after infection, the pulmonary M2 macrophages were strongly polarized, but at 3 and 4 weeks after infection, the overall polarization of the macrophages shifted to M1. These studies suggest that the polarization of macrophages is phenotypic and functional plasticity shifts in response to changes in external stimuli. Targeting macrophage polarization and reinforcing phenotypic adaptation to the microenvironment may hold great promise for the treatment of pneumonia.

lncRNAs that regulate macrophage polarization may affect pneumonia. As an example, Chi et al. (29) found that GAS5 mRNA expression was significantly decreased in hMDMs from children with pneumonia and this is accompanied by increased M2 phenotype macrophages compared with the control group, and GAS5 overexpression promoted macrophage polarization from M2 to M1 in children with pneumonia via the miR-455-5p/SOCS3/JAK2/STAT3 axis, indicating its protective role in pneumonia in children. Indeed, the role of GAS5 in the pathogenesis of pneumonia has been confirmed by emerging evidence (108–110). In addition, downregulation of lncRNA GAS5 can decrease ACE2 expression by increasing miR-200c-3p and promote apoptosis of A549 cells, thus promoting the progression of acute respiratory distress syndrome (ARDS) (28, 111). It would be exciting if overexpressing lncRNA GAS5 reduces the chance of death in severe viral pneumonia patients caused by ARDS.



5.3 ALI/ARDS

Acute lung injury (ALI) is a typical pathological feature of ARDS, and is characterized by the secretion of high levels of proinflammatory factors and the triggering of the inflammatory cascade, where alveolar macrophages (AMs), especially M1 macrophages, have been shown to be the major component (112, 113). Pulmonary fibrosis is the advanced stage of ALI/ARDS and is caused by fibroblast proliferation and excessive collagen deposition (12). In this phase, M2 phenotype macrophage-derived TGF-β and IL-10 play a leading role. Therefore, controlling macrophage polarization is expected to ameliorate the progression of ALI/ARDS. Several lncRNAs have been shown to be involved in inflammation-triggered ALI (Figure 4). For example, lincRNA-p21 levels were highly expressed in AMs from LPS-induced ARDS mice in a time-independent manner, and lincRNA-p21 inhibition reversed LPS-induced M1 activation and attenuated LPS-induced lung injury (21). Further experiments showed that lincRNA-p21 overexpression promoted p65 nuclear translocation and NF-κB activity, indicating the underlying application of lncRNA-p21 for ADRS therapy via NF-κB/p65-mediated pathways. Similar to lincRNA-p21, lncRNA MALAT1 has the capacity to promote proinflammatory M1 activation and inhibit alternative M2 activation (30). Knocking out MALAT1 reduced LPS-induced systemic and pulmonary inflammation and injury, but more severe bleomycin-induced pulmonary fibrosis and M2 alveolar macrophage augmentation were observed in mice (30). Mechanistically, MALAT1 knockdown may promote mitochondrial pyruvate carriers (MPCs) and their mediated glucose-derived oxidative phosphorylation (OxPhos) induced by IL-4, thereby enhancing the M2 macrophage phenotype (114). This finding supports the role of MALAT1 in promoting the progression of ALI. In addition, the silencing of MALAT1 can reduce the inflammatory response in lung injury as well as the prevalence of cytokine storms in SARS-CoV-2 patients (115). It would be promising if targeting lncRNA MALAT1 expression lowers the risk of COVID-19-related ARDS.




Figure 4 | The role of macrophages and associated lncRNAs in ALI/ARDS. In response to various physicochemical stimuli, M1 macrophages release various proinflammatory cytokines at the site of inflammation and then recruit neutrophils from the circulation into the lung and alveolar spaces. Excess accumulation of proinflammatory factors and neutrophils promotes the progression of inflammation and lung injury. LincRNA-p21 contributes to LPS-induced M1 activation by promoting the ubiquitination of IκBα, activating NF-κB as well as promoting p65 nuclear translocation. MALAT1 promotes the expression of C-type lectin domain family 16, member A (Clec16a) in nucleus, which is required for the proinflammatory activation of M1 macrophages. After the elimination of the trigger, macrophages changed from the M1 to the M2 phenotype, and ALI/ARDS entered the recovery stage. M2 macrophages play an important role in inflammation resolution and lung tissue repair by limiting the levels of proinflammatory cytokines and enhancing the production of anti-inflammatory cytokines. MALAT1 regulation of M2 activation of macrophages is dependent on glucose metabolism. Both mitochondrial pyruvate carriers (MPC)1 and MPC2 are upregulated by IL-4. IL-4 downregulates MALAT1 expression, and MALAT1 knockdown enhances the expression of MPC1 and MPC2, therefore regulating glucose-derived mitochondrial oxidative phosphorylation (OxPhos), which is essential to M2 macrophage polarization.






6 LncRNA-based regulation of macrophage polarization in lung cancer

Lung cancer, the most common cancer and the leading cause of cancer-related deaths, is mainly divided into two types: non-small cell lung cancer (NSCLC) and small cell lung cancer (SCLC) (116). NSCLC accounts for approximately 85% of lung cancer and is classified by histopathology as adenocarcinoma, squamous cell carcinoma and large cell carcinoma (117). Although molecular targeted therapies and immunotherapies are available for lung cancer patients, recurrence and progression due to drug resistance remain persistent problems (118). Currently, the modulation of immune responses in lung cancer has not been fully elucidated. Tumour-associated macrophages (TAMs), which are most likely of the M2 phenotype and have anti-inflammatory properties, play an important role in stimulating tumour cell proliferation and invasion as well as inducing tumour angiogenesis and lymphangiogenesis (119). Furthermore, M1 macrophages also play a key role in tumorigenesis. In the chronic inflammatory environment, M1 macrophages can not only induce the carcinogenic process by secreting proinflammatory mediators for a long time but also directly kill tumour cells and antagonize the growth of established tumours by stimulating the antitumour immune response (120). In this context, driving TAM polarization to modulate immune responses could be a novel therapeutic approach for lung cancer. A recent study discovered the functional relevance of lncRNAs in cancer immune regulation and TME, contributing to the progression and clinical outcome of a variety of cancers, including lung cancer (121, 122). Here, we discuss specific lncRNAs that regulate polarized TAMs in lung cancer.

Li et al. (31) reported that lncRNA GNAS-AS1 was highly expressed in TAMs, human NSCLC cell lines and tumour tissues. Moreover, high GNAS-AS1 expression predicts lower overall survival and metastasis-free survival of NSCLC patients (31). The oncogenic effect of GNAS-AS1 is achieved by promotion of M2 polarization via directly inhibiting miR-4319, which can target the expression of N-terminal EF-hand calcium binding protein 3 (NECAB3) (31). Downregulation of NECAB3 in tumour cells has been shown to suppress tumorigenicity and play a crucial role in cancer development (123).

LncRNA SNHG7 was highly expressed in docetaxel-resistant cells, and exosomal SNHG7 enhanced docetaxel resistance in lung adenocarcinoma (LUAD) cells by inducing autophagy and promoting M2 macrophage polarization (35). It was shown that lncRNA SNHG7 activated the PI3K/AKT pathway by recruiting CUL4A to promote PTEN ubiquitination and thereby mediating macrophage M2 polarization (35). These discoveries implied that SNHG7 may be a promising target for alleviating docetaxel resistance in LUAD.

Chen et al. (34) observed a higher expression of lncRNA PCAT6 in human NSCLC cells, and siRNA-mediated knockdown of PCAT6 inhibited the viability, migration, and invasion of NSCLC cells. A direct interaction was revealed by luciferase reporter assays between miR-326 and PCAT6. Kruppel-like Factor 1 (KLF1), an important participant in the process of macrophage polarization (124), is a direct target of miR-326. Consequently, PCAT6 can activate KLF1 by sponging miR-326, induce macrophage M2 polarization and further promoting metastasis and EMT in NSCLC cells.

Wu et al. (33) demonstrated that CCL7 was abundantly expressed in LUAD and was associated with increased TAM infiltration. Additionally, CCL7 knockdown suppresses chemotactic migration and M2 macrophage polarization. Employing RNA immunoprecipitation and RNA pull-down assays, we found that LINC01094 binds to SPI1 and promotes its nuclear translocation and that a luciferase reporter assay revealed an interaction between SPI1 and CCL7 (33). Therefore, LINC01094 may be the cause of the aggregation of M2 macrophages and the spread of tumour cells caused by the upregulation of CCL7 in LUAD. However, the exact role of LINC01094 in macrophage infiltration and LUAD development requires further investigation.

Another assessed lncRNA in lung cancer is lncRNA LARRPM. Li et al. (32) reported lower expression of LARRPM in LUAD tissues, which was negatively associated with poor survival and advanced stage in patients with LUAD. Further experiments showed that LARRPM could inhibit the proliferation, migration and invasion of LUAD cells, promote cell apoptosis, and inhibit M2 polarization and infiltration of macrophages by epigenetically regulating LINC00240 and CSF1 (32). These results provide evidence of the potential utility of LARRPM as a prognostic biomarker and a therapeutic target for LUAD.

Collectively, these studies not only underscore the role of lncRNA-based TAM polarization in the pathogenesis of lung cancer but also identify lncRNAs as biomarkers for designing individualized treatment for patients with lung cancer.



7 Discussion

Macrophage polarization has functional significance in respiratory diseases, including nonneoplastic conditions and neoplastic conditions, by regulating inflammation, fibrosis, immune response, and tumorigenesis. Targeting macrophage phenotypic transformation may be a potential therapeutic strategy for respiratory diseases. With the rapid development of bioinformatics and high-throughput sequencing, diverse significant functional roles of lncRNAs in human diseases have been gradually revealed. A large number of studies have illustrated that lncRNAs are fundamental factors in genomic imprinting, chromatin modification, posttranscriptional regulation and transcription, splicing and modification and are involved in gene expression regulation at almost every stage in various diseases (125, 126). Recently, different lncRNAs have emerged as key regulators in the regulation of M1/M2 polarization. Given the important role of macrophage polarization in the development of respiratory diseases, the use of lncRNA-mediated M1/M2 polarization opens up new possibilities for the control of respiratory diseases.

Macrophage polarization plays a significant role in respiratory diseases, which are heterogeneous and dynamically evolving. For instance, M1 macrophages cause pulmonary inflammation in the early stages of ALI/ARDS, and M2 macrophages induce tissue repair and pulmonary fibrosis in the late stages. Th2-asthma is related to augmented M2 macrophages, while non-Th2 asthma is related to M1 macrophages. As described above, differentially expressed lncRNAs have the potential to serve as diagnostic or prognostic biomarkers of various respiratory diseases due to their abilities to regulate macrophage polarization. For example, several lncRNAs, including AK085865, PTPRE-AS1, and lnc-BAZ2B, have been demonstrated to be biomarkers for M2 macrophage-mediated Th2-asthma. LARRPM expression in lung tissues is negatively associated with advanced stage and poor survival in patients with lung cancer due to its ability to inhibit M2 polarization. Thus, lncRNAs that regulate macrophage polarization may be helpful indicators of respiratory disease stage and progression.

M1/M2 macrophage polarization is mediated by lncRNAs which directly target or sponge miRNAs to affect identified macrophage regulators and mediate respiratory disease development; therefore, targeting lncRNAs may become an effective therapeutic tool. For instance, the use of siRNA targeting MIR155HG reduced proinflammatory cytokines by shifting PBMCs of COPD patients from the M1 to the M2 phenotype. CRISPR/Cas9-mediated deletion of lncRNA AK085865 ameliorates airway inflammation in asthmatic mice by inhibiting M2 macrophage polarization. The use of ASOs to knock out MIR99AHG inhibited the activation of M2 macrophages and significantly reduced the growth of MTB as well as the production of proinflammatory cytokines in the lungs of mice. In lung cancer, exosomal SNHG7 enhances docetaxel resistance in LUAD cells by inducing autophagy and promoting the polarization of M2 macrophages, which may provide clues for ways to reduce the likelihood of chemotherapy failure in lung cancer. In other words, using siRNA to downregulate SNHG7 expression in exosomes that promote drug resistance is conducive to maintaining or recovering the sensitivity of cancer cells to chemotherapy drugs. To date, the role of lncRNA-mediated macrophage polarization in CF, sarcoidosis and CTD-ILD has not been explored. This could be a promising target for future exploration and verification.

Currently, RNA-based drugs have been approved for a variety of disease conditions, and many miRNA drug candidates are in clinical trials (i.e., TargomiR, an miR-16 mimic tested in mesothelioma, and Miravirsen, an miR-122 antagonist tested in HCV infection) (127–129). However, lncRNA-based therapy is still in its infancy, whether in animal studies or clinical trials. Direct delivery of lncRNA drugs to the lungs by inhalation is the most effective way to reduce systemic adverse effects. Gu et al. (126) demonstrated that intranasal delivery of shRNA lentivirus against TUG1 blocks CS-induced inflammation and remodelling in a COPD mouse model. However, the stability of lncRNAs and delivery systems continues to present clinical challenges (130). In addition, the same lncRNA may mediate various biological processes by regulating multiple genes concurrently in response to different stimuli. The worry is that such indirect and complicated regulatory mechanisms make it difficult to target lncRNAs for therapeutic purposes. As an example, lncRNA H19 promotes M1 macrophage polarization and aggravates arthritis by upregulating KDM6A expression (82), which contradicts the role of H19 in promoting M2 polarization through the H19-miR let-7a/c-Myc axis in IPF. But for patients with rheumatoid arthritis complicated with IPF, targeting H19 seems beneficial for disease progression. Therefore, compared with strategies targeting macrophage regulators or miRNAs, lncRNA-targeted therapy acting on polarization seems to be more difficult to implement and requires special precautions to minimize off-target adverse effects. Applying lncRNAs to drive effective reprogramming of macrophage polarization under specific disease conditions requires more effort. Most importantly, altering macrophage polarization might benefit a particular disease but exacerbate other coexisting diseases due to its heterogeneity and plasticity. For instance, MALAT1‐mediated M1 polarization is involved in different pulmonary processes and plays opposite roles in lung injury and pulmonary fibrosis. PTPRE-AS1 deficiency exacerbates CRE allergen–induced lung inflammation and attenuates colitis in an acute DSS model by promoting M2 macrophages.

Despite promising in indicating the diagnosis, prognosis, or treatment of respiratory diseases, there are several obstacles to overcome regarding the clinical application. First, some lncRNAs such as MIR155HG, lnc-BAZ2B, and LARRPM studied in asthma, COPD, and lung cancer studies are based on a small sample size at present. Validation studies on larger sample numbers from multi-centers are required to identify those lncRNAs that could identify different disease stages and phenotypes of diseases, which might improve current disease diagnostic strategies and achieve individualized treatment. Furthermore, lncRNAs with therapeutic potential for certain respiratory diseases such as MTB, ALI/ARDS, and IPF are only being studied in animal models or cell lines. Further research is required to determine whether lncRNA can be effectively used in clinical settings. Second, as the disease progresses, the polarization of macrophages changes dynamically. For example, M1 macrophages cause pulmonary inflammation in the early stages of ALI/ARDS, and M2 macrophages induce tissue repair and pulmonary fibrosis in the late stages. Currently, we have only a very limited understanding of the regulation mechanisms between lncRNAs and highly heterogeneous macrophages. More studies should be done to clarify the role of lncRNAs in the progression of respiratory diseases via macrophage polarization. Third, the stability of lncRNAs in specimens needs more attention as it may be affected by the detection environment and specimen quality, storage time, and temperature. Besides the stability of lncRNAs, it is also imperative to address off-target adverse effects in order to optimize their efficacy. Finally, lncRNAs’ economic benefits and broad applicability should also be considered.



Conclusion

The present study suggests that manipulation of lncRNA expression can be used as a novel modality to regulate macrophage polarization, thereby regulating inflammation, fibrosis, immune response, and tumorigenesis in the respiratory system. Accumulating evidence has demonstrated that lncRNAs have the potential to become diagnostic or prognostic biomarkers and therapeutic targets in COPD, asthma, lung cancer, IPF, pneumonia, and ALI/ARDS. However, explorations of the roles of lncRNAs related to macrophage polarization in CF, sarcoidosis, and CTD-ILD are still lacking. Further confirmatory studies are essential to broaden the lncRNA horizon for the proper elucidation of novel lncRNAs that are likely to emerge as important regulators of macrophage polarization in broad respiratory diseases. Hopefully, lncRNA discovery will complement macrophage-centered diagnostic and therapeutic strategies allowing them to be used in the clinic more quickly.
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Hofbauer cells (HBCs) are resident macrophages of the human placenta, regulating immune tolerance and tissue homeostasis. HBCs of a normal placenta (CTR) exhibit mainly an anti-inflammatory M2 phenotype. Under exaggerated chronic inflammation during pregnancy, as in preeclampsia (PE), a phenotypic switch towards M1 polarization has been proposed. PE, defined as maternally derived syndrome can be distinguished into two different entities: early-onset (EO) preeclampsia and late-onset (LO) preeclampsia. Although the clinical presenting characteristics overlap, both can be identified by biochemical markers, heritability, and different maternal and fetal outcomes. To date, no study has specifically investigated polarization and phenotype of EO- and LO-PE HBCs and looked at possible changes in HBC functionality. Primary HBCs were isolated from CTR and PE placentae. First, in vitro morphological differences were observed between CTR and PE HBCs, with both PE groups exhibiting features of M1 macrophages alongside M2 forms. Interestingly, a different polarization pattern was observed between EO- and LO-PE HBCs. EO-PE HBCs develop a tissue remodeling M2 phenotype that is strongly shifted toward M1 polarization and showed a significant upregulation of CD86, TLR4, and HLA-DR. Furthermore, this pro-inflammatory signature is corroborated by higher expression of IRF5 and of NOS2 (p ≤ 0.05). However, their M2 characteristics is reflected by significant TGF-β secretion and ARG1 expression. In contrast, LO-PE HBCs developed a phagocytic CD209-low M2 phenotype in which the M1 pattern was not as pronounced as they downregulated the NOS2 gene, but expressed increased levels of pro-inflammatory CD80 and TLR1 (p ≤ 0.05). The enhanced phagocytosis and MMP-9 secretion alongside the increased secretion of anti-inflammatory IL -4, IL -13 and TGF-β in both EO- and LO-PE HBCs suggests their adaptive role and plasticity in resolving inflammation and tissue homeostasis.
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1  Introduction


Preeclampsia is a maternally derived inflammatory syndrome, affecting 4-5% of pregnancies worldwide. It is a leading cause of preterm delivery and intrauterine growth restriction, mainly due to the insufficient nutrient supply across the placenta and chronic hypoxia exposure of the fetus (1, 2). PE is clinically defined as de novo onset of hypertension (≥140/90 mmHg) accompanied by one or more of the following new-onset conditions: proteinuria, thrombocytopenia, renal failure, impaired liver function, pulmonary edema, neurological complications, or uteroplacental dysfunction, occurring after 20 weeks of gestation (1–3). Depending on the time of diagnosis, this syndrome can be divided into two subgroups, namely before (early-onset, EO) or after (late-onset, LO) 34 weeks of gestation (4–6). PE is a complex and heterogeneous disorder whose pathophysiological mechanisms are still not fully understood (7). Of note, different aetiology of EO- and LO-PE has been suggested. Briefly, EO-PE is associated with placental dysfunction and is more likely to affect the fetus (8, 9), whereas LO-PE is mediated by maternal factors, therefore more favourable for successful fetal outcome (10). The placenta in PE is characterized by profound morphological and functional alterations (11), due to poor placentation and placental ischemia (12, 13). In addition, placental dysfunction has been associated with an imbalanced immune function, excessive inflammation accompanied with increased production of pro-inflammatory factors, and simultaneously a decrease in the number of regulatory immune cells and anti-inflammatory cytokines, all together contributing to the development and progress of PE (14–16).


Both the maternal and feto-placental immune system play a crucial role in the development of pregnancy (16). Hence, in contrast to normal pregnancy, where the immune systems contribute to the maintenance of feto-maternal tolerance and placental development, a pro-inflammatory environment leads to excessive activation of innate immune cells and consequently to placental dysfunction and/or poor maternal vascular adaptation (16–19). Macrophages represent a diverse group of innate immune cells, vital for the regulation of inflammation, tissue homeostasis, and defence (20). Due to their remarkable plasticity that allows them fast and direct response to the stimuli and to the adaptive capability of their micro-environmental milieu (21), they are important key players in the progression of pregnancy and could be involved in the development and progression of PE (16, 19). Macrophages are keen to develop a broad spectrum of phenotypes along the M1 and M2 axis, which allows to divide the cells into defined classical M1 and M2 polarized groups (22, 23) The balance between the different polarization states often plays an important role in the resolution or progression of inflammation (24, 25). Their phenotypic heterogeneity is also reflected in their effector functions. In general, M1 macrophages are thought to be pro-inflammatory, while M2 macrophages limit inflammation and promote tissue repair, angiogenesis and homeostasis (26, 27).


Hofbauer cells (HBCs) are placental macrophages residing from day 18 after conception (28) in the chorionic villi of the human placenta (29). In a normal pregnancy HBCs are M2 polarized (26, 30–33) long spindled cells with large vacuoles (34). Due to their phenotypic heterogeneity, HBCs fulfil a variety of functions (35). As placental immune cells, they exhibit micro-biocidal activity (36, 37) and promote maternal tolerance towards the fetus (38). They are known to engage in tight and specific interactions with surrounding placental cells, therefore promoting trophoblast function (39, 40), tissue remodeling (36) and angiogenesis (26, 36, 41, 42). Perturbations in the homeostatic functions of HBCs are often associated with inflammation (43–46) and infection (47). Despite their crucial role in placental tissue, knowledge about the role of HBCs in PE is still lacking. A deeper understanding of HBC function offers the potential for therapeutical immune manipulation during compromised pregnancies in relation to gestational age, which determines both maternal and perinatal outcomes.


This study aimed to investigate polarization and phenotypic differences of primary human HBCs isolated from normal and PE placentae. In addition, we tested whether changes of the HBC phenotype might be linked to altered functionality, specifically to phagocytosis, tissue remodeling and the ability of macrophages to activate feto-placental endothelial cells (fpEC). Further, as gestational age has been identified as the most important clinical variable, we hypothesized that stratification of PE (EO-PE vs LO-PE) may account for the observed functional changes of HBCs within each group. These findings, while somewhat preliminary (due to case numbers), demonstrate that the inflammatory placental environment of EO-PE alters the immunoregulatory phenotype of HBCs with an increased pro-inflammatory M1 signature. Interestingly, LO-PE HBCs remained M2 polarized cells, but with a different polarization pattern as controls.





2  Materials and methods




2.1  Study population


In this study preeclampsia was defined according to the guidelines of the American College of Obstetricians and Gynaecologists as already mentioned above (1, 2). The institutional ethics committee of the Medical University of Graz (29-319 ex 16/17) approved the study. Subjects included in the study signed an informed consent form before participation, the characteristics of which are shown in the Table 1. Included placentae from singleton pregnancies were used within 30 minutes of caesarean section or vaginal delivery. PE was defined as a sustained blood pressure of 140/90 mm Hg or greater (on two occasions at least 4 hours apart) occurring after 20 weeks of gestation in a woman with previously normal blood pressure, accompanied by one or more of the following new onset conditions: proteinuria, thrombocytopenia, renal insufficiency, impaired liver function, pulmonary edema, neurological complications or uteroplacental dysfunction. Onset of PE was defined as early (EO, delivered and detected before 34 weeks of gestation) or late (LO, delivered and detected after 34 weeks of gestation) (1). Placentae from normal pregnancies served as controls.



Table 1 | 
Subject characteristics of women and their offspring included in the study.









2.2  Isolation of HBCs


Primary HBCs were isolated according to a modified protocol as described by Tang et al. (48). To avoid contamination with decidual macrophages, the decidual membrane was removed before isolating HBCs. The villous tissue was dissected, washed in 0.4% saline solution (Fresenius, Cat #C924228), and finely minced. Between 60 and 100 g of the minced tissue was stored overnight at 4°C in 1 x phosphate buffered saline (PBS, Medicado, Cat #09-9400-100). On the next day, the tissue was digested with trypsin (0.25%, Sigma Aldrich, Cat #T4549) and DNase I (0.08 mg/ml; Roche, Cat #10104159001), followed by digestion with collagenase A (1 mg/ml; Roche, Cat #10103586001) and DNase I (0.08 mg/ml, Roche, Cat #10104159001). The cell suspension containing the HBCs was applied to a Percoll gradient (20-40%, Sigma Aldrich, Cat #P4937) and centrifuged unrestrained at 1000 g for 30 min. At this point, the HBCs appearing as bands between 30 and 35% gradient layers were aspirated and purified by negative selection using Dynabeads (Invitrogen, Cat #11033) coated with antibodies against epithelial growth factor receptor (EGFR, Santa Cruz, Cat #sc-120) and CD10 (Sigma Aldrich, Cat #SAB4700440). After immunopurification, cells were seeded in macrophage medium (MaM, ScienCell, Cat #SC1921) containing 5% FBS (ScienCell, Cat #SC1921), PenStrep (ScienCell, Cat #SC1921) and macrophage growth supplements (ScienCell, Cat #SC1921) at a cell density of 1x106 cells/ml. Cells were cultured at 21% oxygen and 37°C. Quality control of the isolated HBCs was performed on the fixed cells after 6 days by immunocytochemistry for CD163 (Thermo Fischer Scientific, Cat #MA1-82342), CD90 (Dianova, Cat # DIA100), CD80 (Abcam, Cat #ab86473), CD68 (Dako, Cat #GA613), CD86 (Abcam, Cat #ab270719), CD206 (Novus, Cat #H00004360), CD209 (R&D Systems, Cat #MAB1621), and isotype control (Dako, Cat #X0931) as previously described by Schliefsteiner et al. (31). Cell culture images were obtained using brightfield microscope with a SC50 Olympus camera and CellSens software.





2.3  Immunohistochemistry


Tissue sections were taken from four different areas of placenta (reaching from chorionic plate to the decidual side and a central region of the placental disk) and fixed overnight in 4% neutral buffered paraformaldehyde solution. After paraffin embedding, tissue sections with a thickness of 5μm were mounted on glass slides. The paraffin was then removed with xylene and rehydrated in an ethanol dilution series. Antigen retrieval was performed using a citrate buffer (Gatt, Cat #403139070) adjusted to pH 6.0. UltraVision LP detection system (Thermo Fischer Scientific, Cat #TL125HL) was used for histochemical immunostaining. Tissue was incubated with Hydrogen Peroxide Block (Thermo Fischer Scientific, Cat #TL125HL) for 15 minutes and washed in TBE buffer (Gatt, Cat #403211370), followed by a 5-minute incubation with Ultra V protein block (Thermo Fischer Scientific, Cat #TL125HL). The primary antibody isotype control (1:200, Dako, Cat #X0931) and CD163 (1:200, Thermo Fischer Scientific, Cat #MA1-82342) were diluted in antibody diluent (Agilent, Dako, Cat #S0809) and incubated overnight at 4°C in a humidified chamber. After washing step, primary antibody enhancer (Thermo Fischer Scientific, Cat #TL125HL) was applied for 20 minutes. After another washing step samples were incubated with Large HRP Polymer (Thermo Fischer Scientific, Cat #TL125HL) solution for 30 minutes, followed by intensive washing and incubation with AEC Chromogen Solution (Abcam, Cat #64252) for 10 minutes. The tissue was counterstained with Haematoxylin (Gatt-Koller Cat #401296170) for 1 minute and mounted with embedding medium. Images were acquired using CellSens Standard software and an Olympus BX53 light microscope with an Olympus UC90 camera. Per slide, images of 5-10 different areas were taken and quantified with Qupath software (49).





2.4  Fluorescence assisted cell sorting (FACS)


FACS was performed to quantify the cell populations expressing M1 and M2 polarization markers of HBCs. On the fifth day after isolation, cells were harvested using accutase (Thermo Fischer Scientific, Cat #00-4555-56) and gentle scraping. Viability and number of cells after scraping was determined using a CASY cell counter model TT (Innovatis, Bielefeld). At least 1x105 viable cells per tube were used for the experiment. Cells were resuspended in 3% FCS - HBSS solution for 10 min at room temperature to block Fc-receptors and reduce non-specific binding. For surface staining, cells were incubated with a fluorochrome-conjugated antibody in the amount indicated in the Supplementary Table 1 for 20 minutes at 4°C in the dark. Cells were washed with staining buffer [PBS containing 0.1% BSA (Sigma Aldrich, Cat #A2153) and 2mM EDTA (Thermo Fischer Scientific, Cat #15575020)], centrifuged at 300 g for 5 minutes and resuspended in 200 µL staining buffer. For detection of surface molecules, a minimum of 10000 live events per sample were counted. In order to identify expression of surface markers, cells were separated by size using forward and size scatter (FSC and SSC, respectively), followed by doublet discrimination. In the next step, cells were discriminated into live and dead cells using the 7-AAD dye (BD Biosciences, Cat #559925) by plotting it against the SSC area. In the fourth step cells were plotted for the respective marker against the SSC area. For staining of intracellular molecules, cells were fixed and permeabilized with BD Cytofix/Cytoperm kit (BD Biosciences, Cat #554714). Staining was performed according to the manufacturer’s instructions. A minimum of 10000 events per sample were counted. To investigate the expression of intracellular polarization markers cells were separated by size using forward and size scatter (FSC and SSC, respectively), followed by doublet discrimination and gating against SSC-area and respective marker. The same gating strategy was employed on CTR and PE macrophages. Surface molecules were compensated by individual staining on OneComp eBeadsTM Compensation Beads (Thermo Fischer Scientific, Cat #01-1111-42). Isotype controls corresponding to each fluorochrome in the experiment were used to detect non-specific positive signals. Antibodies used for FACS analysis and their corresponding dilutions are listed in the Supplementary Table 1. Cell sorting was performed using a CytoFLEX flow cytometer (Beckman Coulter, Brea, CA, USA) and analysed with FlowJoTM v10.8 software for gate setting and data analysis.





2.5  Multiplex ELISA-on-bead Assay


Inflammation 20-Plex Human ProcartaPlex™ Panel (Invitrogen, Thermo Fischer Scientific, Cat #EPX200-12185-901) was used to quantify the secretion of pro- and anti-inflammatory molecules. Human TIMP Magnetic Luminex Performance Assay 4- Plex Kit (R&D Systems, Cat #LKTM003) was used to analyse TIMP secretion. HBCs were cultured in MaM for 5-6 days before supernatants were collected and centrifuged at 4000 rpm, 4°C for 15 minutes. MaM medium processed under the same conditions as the samples served as a blank. Multiplex assays were performed according to the manufacturer’s instructions. Cytokines reaching the detection limits were normalized to total protein content in the supernatant using the Pierce BCA kit (Thermo Fischer Scientific, Cat #23225).





2.6  Enzyme- linked immunosorbent assay (ELISA)


TGF-beta 1 Quantikine ELISA kit for human/mouse/rat/porcine/rabbit (R&D Systems, Cat #DB100B) was used for the detection of TGF-β1. Next, to quantify secretion of IL-8, human IL -8/CXCL8 Quantikine ELISA kit (R&D Systems, Cat #D8000C) was used. Both ELISA kits were performed according to the manufacturers’ instructions. To quantify the amount of secreted TGF-β1 and IL-8, cells were cultured in MaM for 5-6 days before collection of the supernatants. MaM medium processed under the same conditions as the samples, but without cells served as a blank. Cytokine levels were normalized to the total protein content in the supernatant measured with the Pierce BCA kit (Thermo Fischer Scientific, Cat #23225), in order to account for deviating volume concentrations.





2.7  Quantitative Real-Time PCR (RT-qPCR)


HBCs were washed twice with ice cold Hanks’ salt balanced solution (HBSS, Thermo Fischer Scientific, Cat #14175-053) and harvested in 700 µL QIazol Lysis Reagent (Quiagen, Cat #79306). Total RNA content was isolated using miRNeasy Mini Kit (Quiagen, Cat #217004). Reverse transcription was performed using 1 µg of RNA and Luna Script RT SuperMix Kit (New England BioLabs, Cat #M3010). For qPCR analysis, SYBR Green Luna Universal qPCR Master Mix (New England BioLabs, Cat #M3003) and CFX-384 Touch Real time PCR detection system (Bio-Rad) were used. Expression of target genes was normalized to the following housekeeping genes (18S, RPL30 and HPRT) using 2^(ΔΔCt) method. Primer sequences used for qPCR analysis are listed in the Supplementary Table 2.





2.8  Phagocytosis assay measured with FACS


Phagocytosis Assay Kit (Abcam, Cat #ab234053) was used according to the manufacturer’s instructions. For detection of phagocytic activity 1 x 106 cells/ml were used. On the fifth day post isolation HBCs were treated with zymosan slurry and incubated for 3 hours at 21% oxygen and 37°C. After washing steps, cells were detached using accutase (Thermo Fischer Scientific, Cat #00-4555-56) and careful scraping, followed by a washing step with staining buffer containing PBS with 0.1% BSA (Sigma Aldrich, Cat #A2153) and 2mM EDTA (Thermo Fischer Scientific, Cat #15575020). Afterwards measurements were performed in the FITC channel. Untreated cells served as controls. Cells were separated by size using FSC-A and SSC-A, followed by doublet discrimination gating the area and height of FSC. Lastly, the FITC fluorescent signal was determined using histograms. Cell sorting was performed on a CytoFLEX flow cytometer (Beckman Coulter, Brea, CA, USA) using FlowJoTM v10.8software for gate setting and data analysis.





2.9  Phagocytosis assay with high-content confocal screening microscope


Phagocytosis Assay Kit (Abcam, Cat #ab234053) was used according to the manufacturer’s instructions. HBCs were seeded at the density of 0.5 x 106 cells/ml in 24-well black/clear bottom plates. 5 µL of zymosan slurry was added to the cells and incubated at 21% oxygen and 37°C for 3 hours, followed by a washing step. Next, cells were fixed in a plate containing 4% neutral buffered paraformaldehyde solution, followed by an intensive wash step with TBE buffer containing 1x TBE and 0.1% Tween (Thermo Fischer Scientific, Cat #003005). HBCs were incubated with Protein Block (Thermo Fischer Scientific, Cat #TL125HL) for 20 minutes. Cells were then counterstained with CD163 (1:100, Thermo Fischer Scientific, Cat #MA1-82342), diluted to working concentration in Antibody diluent (Agilent, Dako, Cat #S0809) and incubated overnight at 4°C. After serial washing steps, the plate was incubated with the secondary antibody Dylight633 (goat versus mouse 1:200, Thermo Fischer Scientific, Cat #35512) for 2 h at room temperature. To stain the nuclei, the plate was counterstained with DAPI (1:1000, Sigma Aldrich, Cat #D9542) diluted in antibody diluent for 10 min. After intensive washing, 300 µL of PBS was added to each well and stored at 4°C. Image acquisition was performed using a Nikon microscope with the Zyla sCMON camera. All statistical analysis was carried out on 25 different locations per well using 20x magnification. For better visualization of phagocytosis shown images in the Figures 4C–E were taken with 40x magnification. The number of FITC labelled beads was counted within the cells positive for CD163 and DAPI staining using Nis Elements viewer version 5.20.01 software. Cell surface area was measured using the measuring tool provided within the software.





2.10  Gelatin zymography


HBCs supernatants were collected on the fifth day post isolation. The supernatants were centrifuged at 4000 rpm for 15 minutes at 4°C. Total protein concentration was determined using Pierce BCA kit (Thermo Fischer Scientific, Cat #23225) according to the manufacturer’s guidelines. A total of 15 µg of protein sample was diluted with Tris-Glycine SDS sample buffer (Thermo Fisher Scientific, Cat # LC2676) and loaded onto 10% Tris-Glycine gels containing 0.1% gelatin (Thermo Fisher Scientific, Cat #ZY00105BOX) and separated for 135 min at 125 V, 35 mA. After electrophoresis, the gels were incubated in 1x Zymogram Renaturating buffer (Thermo Fisher Scientific, Cat #LC2670) at room temperature with gentle agitation. Followed by 30 minutes incubation with 1x Zymogram developing buffer (Thermo Fisher Scientific, Cat #LC2671). Fresh developing buffer was added and the gels were stored overnight at 37°C. Next day, gels were stained with Coomassie Brilliant Blue (Sigma Aldrich, Cat #1.15444) for 50 minutes and decolorized in 50% distilled water (Fresenius, Cat #C920928): 40% methanol (Sigma Aldrich, Cat #322415): 10% acetic acid (Roth, Cat #3738.5) solution for 10 minutes. Protease activity appearing as a clear band on the dark background was visualized with the ChemiDoc™Touch Imaging System (Bio-Rad). Band densitometry was determined using Image Lab Software Version 6.1 (Bio-Rad).





2.11  Statistical analysis


SPSS (IBM SPSS Statistics version 26) was used for statistical calculations. Next, graphs were generated using Graph Pad Prism 9.3.1 software (GraphPad Software Inc.). To test normal distribution Shapiro-Wilk test was used. Skewed data were transformed using natural logarithm (ln) before applied to statistical analysis and re-transformed for the graphical presentation. To assess statistical significance of the patient characteristics (Table 1) one-way ANOVA with Tukey’s post-hoc test was used. If normality testing failed, Kruskal-Wallis test with Dunn’s post-hoc test was performed. Next, to compare differences between three groups (CTR; EO-PE and LO-PE) ANCOVA with adjustment for gestational age and Sidak’s post-hoc test was used. Equal variances of variables were verified by Levene´s test. When comparing the effect of HBCs conditioned medium on fpECs without adjustment for gestational age (Supplementary Figure 5) two-way ANOVA with Sidak’s post-hoc test was used. All values are given as mean ± S.E.M. p-values ≤ 0.05 were considered statistically significant.






3  Results




3.1  The number and morphology of HBCs is affected by PE


The characteristics of the study population are shown in Table 1. Women who developed early (EO, n=8) and late onset (LO, n=6) PE were included in this pilot study. Advanced maternal age, high pre-pregnancy BMI, nulliparity, gestational diabetes, chronic hypertension are some of the risk factors for the development of PE (1). Women in PE groups were significantly older as those in CTR group and their pre-pregnancy BMI ranged from 19.6 to 25.4 kg/m2. As expected, systolic and diastolic blood pressure levels differed significantly between the CTR and PE groups. Gestational age of EO-PE group was significantly lower than of CTR and LO-PE group. Consequently, early gestational age of the EO-PE group is directly related to placental- and fetal weight, both of which were significantly lower than in CTRs. Since development of the placenta depends on gestational age (50), we adjusted the (normally distributed) data for that respective factor. We found a significant difference in the levels of sFlt between EO- and LO-PE group, while there were no significant differences between other clinical parameters (PlGF, platelets, uric acid, AST and ALT).


To study polarization, we first examined the distribution and number of HBCs in placental tissue using immunohistochemistry approach. Since HBCs have been shown to be strongly positive for CD163, we stained 5 µm serial sections of CTR (n=5), EO-PE (n=6) and LO-PE (n=6) placental tissue, mouse IgG served as a negative control. CD163 is used as a marker used for placenta resident macrophages, and if combined with other markers (e.g. Folate receptor-β, CD206, CD209) is often associated with M2 polarization (26, 30, 31, 51). HBCs positive for CD163 were found in the villous stroma, moreover in stem, intermediate and terminal villi of CTR, EO- and LO- PE placentae (Figure 1A). Furthermore, quantification of CD163-positive cells revealed a significantly decreased number of stained (Figure 1B) cells per mm2 in both PE groups, indicating reduced number of HBCs in respective groups. Next, we adjusted the number of isolated HBCs to the wet weight (grams) of placental tissue used for isolation. Consistent with immunohistochemical analysis, we found significantly reduced number of primary LO-PE HBCs. Reduction of HBCs was also observed in the EO-PE group, however, did not reach significance compared to the CTRs (Figure 1C).





Figure 1 | 
Immunohistochemical assessment of CD163 in placental tissue. (A) Representative images of serial sections of CTR (n=5), EO- (n=6) and LO-PE (n=6) are shown. Insert in the top right corner of CTR image depicts negative control stainings (blue). Images were taken at 20x magnification, scale bar represents 50µm. (B) Quantification of cells positive for CD163 in CTR, EO- and LO-PE group. Cells were quantified by using Quapath software. (C) Average yield of HBCs, adjusted to the wet weight (in grams) of minced tissue for each respective isolation, CTR (n=22), EO-PE (n=8), LO-PE (n=6). Data on (B) in (C) graphs are presented as mean ± S.E.M, ANCOVA with adjustment for gestational age, followed by Sidak’s post-hoc test to examine statistical significance, *p ≤ 0.05.






In vitro, cell morphology of HBCs isolated from CTR, EO- and LO-PE placentae showed substantial differences (Supplementary Figure S1). Normally, directly after isolation, HBCs are round shaped cells with many vacuoles in the cytosol. Within 48-72 hours after isolation, cells differentiate and develop different shapes. Usually, M2 characterized macrophages exhibit an elongated, spindle-shaped morphology, whereas M1 polarized cells form a round, dendritic cell-like morphology with large filopodia (52, 53). CTR HBCs developed typical M2 features (Supplementary Figure 1A), whereas within isolations of EO- and LO-PE HBCs more of round shaped cells with larger filopodia next to M2 morphologies were found (Supplementary Figures 1B, C).






3.2  EO- and LO-PE HBCs are characterized by different expression of polarization markers


Basal expression of surface and intracellular M1 and M2 markers was determined by FACS (Tables 2 and 3) on primary isolated CTR (n=12), EO-PE (n=6) and LO-PE (n=5) HBCs. The gating strategy is shown in Supplementary Figure 2. FACS analysis revealed distinct expression of M1 and M2 markers in EO- and LO- PE HBCs (Table 2). EO-PE HBCs tend to express higher levels of pro-inflammatory CD11b, CD11c, CD40 (p=0.09) and TLR4 (p ≤ 0.05), whereas expression of listed markers was similarly distributed between LO-PE and CTR HBCs, except for CD209 (p ≤ 0.001). Furthermore, we found significant increase of the major histocompatibility class (MHC) II molecule HLA-DR within the EO-PE group compared to the CTR group (p≤ 0.001). Interestingly, the HLA-DR expression was significantly different between EO- and LO-PE HBCs (p≤ 0.01) as well. Among the M1 markers only expression of CD80 (p=0.05) and TLR1 (p ≤ 0.05) were elevated in LO-PE group. Notably, expression of CD80 and TLR1 was elevated in EO-PE group as well, but only by trend. Interestingly, surface expression of TLR2 was reduced in both EO- (p ≤ 0.05) and LO-PE group. Next, we investigated the expression levels of CD86. Since CD86 can serve as M1 or M2b marker (54, 55), the secretion profile and expression of other markers should be taken into account when interpreting its expression. We found significant induction of the expression of the respective marker in EO-PE HBCs (p ≤ 0.05) compared to the CTR (p ≤ 0.05) or LO-PE (p ≤ 0.05) group. In LO-PE HBCs the expression of CD86 did not differ from the control. In contrast to the increase of pro-inflammatory markers in EO-PE HBCs, a slight decrease in the anti-inflammatory markers CD206 and folate receptor β (FR-β) was observed. Expression pattern of CD206 and FR-β was similar in LO-PE HBCs as well. Expression of CD163 on primary isolated HBCs was evenly distributed between all investigated groups, confirming that CD163 can be used rather as a reliable tissue resident marker (Figures 1A, B) than a direct indicator of M2 phenotype. Next, M2 marker CD209 was suppressed in the LO-PE group (p ≤ 0.001). Its expression was only minimally decreased by 10% in EO-PE HBCs group. Interestingly, we found a significant difference in the expression of CD209 between EO- and LO-PE HBCs (p ≤ 0.01).



Table 2 | 
Percentage of live cells positive for respective surface polarization markers within the CTR (n=12), EO- (n=6) and LO-PE (n=5) groups.







Table 3 | 
Percentage of positive CTR (n=12), EO-PE (n=5) and LO-PE (n=4) HBCs for respective intracellular polarization markers.






In addition to the investigation of surface polarization markers, we studied intracellular markers (Table 3). Next to the pan-macrophage marker CD68, two important regulators of TLR-Myd88 signaling (56, 57), IRF4 and IRF5 were investigated. Noteworthy, IRF4/IRF5 axis is involved in the initiation control of a specific M1/M2 polarization program. IRF5 as a positive regulator of Myd88 induces the expression of pro-inflammatory genes and establishment of M1 phenotype (58). Whereas IRF4, as a negative regulator of Myd88, leads to the activation of anti-inflammatory genes and initiation of M2 polarization (56, 59).We found the highest expression of IRF5 in EO-PE group and the lowest in CTRs. Expression of IRF4 the regulator of M2 polarization was evenly distributed between CTR and LO-PE group. Importantly, expression of IRF4 in EO-PE HBCs was reduced. Moreover, balance in favour of IRF5 together with higher expression of other surface M1 markers (Table 2) indicates possible phenotypic switch towards M1 polarization of EO-PE HBCs.





3.3  HBC secretion profile of cytokines and adhesion molecules differs in PE


Polarized macrophages are known to secrete specific patterns of cytokines, chemokines, and growth factors, allowing us to characterize polarization states (60). Using multiplex ELISA-on-bead technology, we determined the secretion profile of cytokines and chemokines secreted by CTR (n=8), EO-PE (n=6) and LO-PE (n=4) HBCs (Figure 2, Supplementary Figure 3). Moreover, secretion of IL-8 was determined using ELISA, since its secretion excided the detection limit of the multiplex ELISA (CTR n=10, EO-PE n=5, LO-PE n= 5; Figure 2J). Notably, TGF-β1 was measured with ELISA (CTR n=12, EO-PE n=6, LO-PE n=6, Figure 2K) since the sample preparation requires acidification of the samples for binding of TGF-β epitopes.





Figure 2 | 
Secretion of cytokines and adhesion molecules by CTR (n=8), EO- (n=6) and LO-PE (n=4) HBCs. Multiplex-ELISA-on-beads assay for followed pro-inflammatory and anti-inflammatory cytokines (A) IL-6, (B) IL-12p-70, (C) TNF-α, (D) ICAM, (E) IL-17a, (F) E-selectin, (G) IL-4, (H) IL-10 and (I) IL-13, respectively. Multiplex was performed in duplicates. (J) ELISA against IL-8 performed in duplicates (CTR n=10, EO-PE n=5 and LO-PE n=5). (K) ELISA assay against TGF-β1 performed in duplicates (CTR n=12, EO-PE n=6 and LO-PE n=6). Secretion of respective cytokines was normalized to the total protein content measured in the cell culture supernatants. Statistical significance was tested using ANCOVA with adjustment for gestational age followed by Sidak’s post-hoc test. *p ≤ 0.05, **p ≤0.01.






Secretion profile of EO- and LO-PE HBCs differs from the CTR group. First, among pro-inflammatory cytokines, we discovered a trend of an increased secretion of IL-6, IL-12p70 and P-Selectin by EO-PE HBCs (Figures 2A, B; Supplementary Figure 3A). Contrary, to the EO-PE HBCs where secretion of TNF-α was unchanged, LO-PE released higher amounts of TNF-α as CTRs or EO-PE HBCs (p ≤ 0.05) (Figure 2C). LO-PE HBCs secreted higher amounts of ICAM, but only by trend (Figure 2D). Moreover, both PE groups secreted less IL-17a compared to CTRs (Figure 2E). Although, release of E-Selectin was higher in both PE groups, we did not find any differences in the production of other pro-inflammatory cytokines, such as: IL-1α, IL-1 β, CCL-3, CCL-4, IFN- α, and IFN-γ between investigated groups (Figure 2F, Supplementary Figures 3B–H). A decrease of IL-8, measured by ELISA was detected in LO-PE HBC group, whereas unchanged between CTR HBCs and EO-PE group. Interestingly, we found a significant difference in the release of IL-8 between EO- and LO-PE HBCs (p ≤ 0.05) (Figure 2J).


Next, we examined the secretion of anti-inflammatory cytokines namely, IL-4, IL-10, IL-13, and TGF-β1, which serve as important drivers of M2 polarization (53, 61). We did not find any differences in the secretion of IL-13; however, secretion of IL-4 and IL-10 was increased, but only by trend in EO-PE HBCs. LO-PE HBCs secreted significantly higher levels of IL-4 (p ≤ 0.05) and IL-13 (p ≤ 0.05) compared to CTR HBCs (Figures 2G–I). Interestingly, both PE groups released significantly higher amounts of anti-inflammatory TGF-β1, which was even more pronounced in the LO-PE group (p ≤ 0.01) (Figure 2K).


Noteworthy, some of the secreted pro-inflammatory cytokines are not reliable identifiers of a specific phenotype, since they are expressed by both M1 and M2 macrophages. E.g. IL-6 is a pro-inflammatory cytokine produced by both M1- and M2a-polarized macrophages (62). In addition, secretion of ICAM is mediated by NF-κB, but can serve as both an M1 and M2 cytokine due to its pro-angiogenic nature (63). The observed changes in the secretion profile indicate a switch in the phenotype and possible protective mechanisms of PE HBCs in an attempt to reduce the extent of inflammation by increasing the production of anti-inflammatory cytokines.





3.4  Preeclampsia triggers transcriptional changes of HBC-genes involved in inflammation


Macrophages are capable of responding to the local stimuli and acquiring different phenotypes and functions to meet changing physiological needs (64). Next, we examined transcriptional changes in HBCs that may be triggered by PE. Basal gene expression of CTR (n=12), EO- (n=5) and LO-PE (n=5) HBCs was determined on the fifth day after isolation. We analysed selected genes associated with phenotype and functionality of macrophages undergoing inflammation (Figure 3). Dynamic changes in gene expression were observed between the PE subgroups EO and LO. First, we found -as expected - an upregulation of NFKB1 in both EO- and LO-PE groups (p ≤ 0.05) (Figure 3A). Among the inflammatory pathways involved in M1 polarization, NF-κB plays an important role and regulates the expression of pro-inflammatory genes such as cytokines, adhesion molecules and growth factors (65). Next, the expression of HIF1, another M1-associated gene was upregulated in the LO-PE group (p ≤ 0.05), whereas its expression was surprisingly decreased in EO-PE group (p ≤ 0.05) (Supplementary Figure 4). In line with the increased secretion of ICAM (Figure 2H), mRNA of the respective gene was upregulated in the both PE groups (Supplementary Figure 4). In contrast to the expression of ICAM, VCAM was downregulated in EO-PE, whereas in LO-PE group remained on the level of CTRs (Supplementary Figure 4). Consistent with secretion of IL-8 (Figure 2J), higher fold change of IL8 was detected in CTR group (Supplementary Figure 4). The expression of TGFB1, which acts as important M2 inducer (66), was significantly elevated in both, EO- and LO-PE HBCs (p ≤ 0.05) (Figure 3B). Although, the differences in the secretion of CCL-4 (Supplementary Figure 3H) were not noticeable, higher expression was detected in the CTR group by RT-qPCR. In contrast to the secretion profile of IL -6 and IL -10, which was higher in the PE group (Figures 2A, H), qPCR analysis revealed downregulation of respective cytokines in the EO- and LO-PE groups (Supplementary Figure 4), possibly due to the tight post-transcriptional gene regulation of these cytokines in particular (67). As polarized macrophages metabolise L-arginine differently, M2 via arginase-1 and M1 macrophages via nitric oxide synthase (iNOS) (68), we looked at expression of ARG1 gene, encoding arginase-1, and NOS2, encoding iNOS (68). Interestingly, ARG1 expression was increased in both PE groups (Figure 3C). However, expression of NOS2 was strongly upregulated in EO-PE (p ≤ 0.05); whereas expression of the respective gene in LO-PE HBCs was even lower as in CTR HBCs (Figure 3D). In addition to the metabolism of L-arginine, regulation of reactive oxygen species (ROS), represents an important link between M1 and M2 polarization (69). M1 macrophages produce higher amounts of ROS and consequently downregulate antioxidant enzymes such as CAT encoding catalase, or SOD encoding superoxide dismutase (70), whereas, M2 macrophages are thought to produce lower levels of ROS and express higher levels of CAT or SOD (71). The expression of the genes CAT and SOD, was significantly attenuated in both, EO- and LO-PE groups (Figure 3E, F). Next in respect to observed TGF-β1 differences, we looked at the expression of genes involved in tissue remodeling and adhesion. Importantly, we found upregulation of MMP9 in both PE groups (Figure 3G). The expression of other genes involved in tissue remodeling (MMP2, MMP12, TIMP1, TIMP2), did not differ between groups (Supplementary Figure 4). Adhesion molecules, such as CDH2 has been downregulated in both EO-PE (p ≤ 0.05) and LO-PE HBCs (Figure 3H). Similarly, as CDH2 we identified reduced expression of CDH5 in both, EO- and LO- PE HBCs (Figure 3I).





Figure 3 | 
Preeclampsia alters inflammatory related gene expression in HBCs. (A) Total RNA of cultivated HBCs was harvested on the fifth day post isolation and analysed by RT-qPCR. (A) NFKB1, (B) TGFB1, (C) ARG1, (D) NOS2, (E) CAT, (F) SOD, (G) MMP9, (H) CDH2, (I) CDH5. In total 12 CTR, 5 EO-PE and 5 LO-PE HBCs isolations in three technical replicates were used. Expression of target genes was normalized to the following housekeeping genes (18S, RPL30 and HPRT1) using 2ΔΔCt method. Statistical significance was tested using ANCOVA with adjustment for gestational age followed by Sidak’s post-hoc test. *p ≤ 0.05 and **p ≤ 0.01.






In the healthy placenta, HBCs are often found in close proximity to feto-placental endothelial cells (fpEC), and M2 macrophages have the ability to regulate placental angiogenesis by secretion of pro-angiogenic factors (26). To gain insight into their role in angiogenesis, HBCs were examined for the expression of FLT, VEGFA, KDR, and EGFR; which were all downregulated in EO- and LO-PE group (Supplementary Figure 4).


Furthermore, EO-PE and CTR fpECs were treated with conditioned medium (CM) collected from CTR and EO-PE HBCs. In order to further investigate the influence of HBCs on the fpEC, metabolic activity of fpECs using the MTS assay (Supplementary Figure 5A) and the proliferation of the fpEC by incorporation of BrDU (Supplementary Figure 5B) were measured. CM of CTR HBCs increased the NAD(P)H dehydrogenase activity of CTR fpEC, whereas PE CM had no effect on the activity of PE fpEC (Supplementary Figure 5A). A similar effect was observed when the proliferation of CTR fpEC was measured (Supplementary Figure 5B).





3.5  Phagocytosis of HBCs is altered in PE


Macrophages, as professional phagocytes eliminate pathogens and apoptotic cells. The elimination of apoptotic cells plays an important regulatory role regarding the reduction of the inflammatory burden (72). Phagocytosis was measured and visualised using two different approaches. First, it was assessed by FACS (CTR n=10, EO-PE n=5, LO-PE n=5), where median fluorescence intensity (MFI) was used to quantify the phagocytic activity. PE HBC showed significantly higher phagocytic activity (p ≤ 0.01) than CTRs (Figures 4A, B). Second, we analysed phagocytic activity using HCS (Figures 4C–E). For better visualisation cells were stained with HBCs tissue resident marker CD163. Analysis of CTR (n=7) and PE (n=5, EO n=3, LO n=2) confirmed higher (though not significant) phagocytosis of PE HBCs (Figure 4F). Furthermore, visualisation of phagocytosis allowed us to analyse morphology of the cells, calculating cell size - surface area (µM2), which was lower in EO- and LO-PE groups, when compared to the surface area (µM2) of CTRs (Supplementary Figure 6) confirming in vitro observations of smaller round cell morphologies of PE HBC (Supplementary Figures 1A–C).





Figure 4 | 
PE HBCs possess a higher phagocytic capacity. (A) Gating strategy cells for the measurement of phagocytosis. Cells were separated by size using forward and size scatter (FSC and SSC, respectively), followed by doublet discrimination and gating against SSC-area and FITC -A fluorescent signal. Histograms of one representative experiment are shown, in total 10 CTR, 5 EO-PE and 5 LO-PE HBCs were used. (B) Quantification of median fluorescence intensity (MFI) of phagocytosis measured with FACS. (C) Visualization of phagocytosis with high content screening microscopy (HCS). HBCs were treated with zymosan beads (green) and co-stained with CD163 (red), DAPI was used to stain nuclei. Representative images of individual experiments are shown. To visualize phagocytosis CTR (C, n=7), EO-PE (D, n=3) and LO-PE (E, n=2) isolations were used. Scale bar represents 20µM. (F) Quantification of the phagocytosis measured with high content screening. Analysis was carried out with NisViewer Software, analyzing the number of beads within the CD163 positive HBC cell. All data in (B, F) are presented as mean ± S.E.M, ANCOVA with adjustment for gestational age with Sidak’s post-hoc test was used for to test statistical significance. *p ≤ 0.05.









3.6  PE attenuates MMP-9 activity of HBCs


In a normal placenta M2-polarized HBCs contribute to tissue remodeling and repair (73). To confirm strong upregulation of MMP9 (Figure 3G), we additionally performed gelatin zymography to assess the activity of MMP-2 and MMP-9 (Figure 5A). As shown with MMP2 mRNA expression (Supplementary Figure 4), detectable MMP-2 activity (Figure 5A) did not differ between studied groups (Figure 5B). In line with upregulation of MMP9, EO-PE HBCs displayed significantly (p ≤ 0.05) higher MMP-9 activity as CTR. LO-PE HBCs MMP-9 activity was increased, but only by trend (Figure 5C).





Figure 5 | 
Gelatin zymography demonstrating gelatinolytic activity of HBCs. (A) A representative zymogram gel showing MMP-9 and MMP-2 activity of CTR (n=5), EO- (n=4) and LO-PE (n=5) HBCs. Activity was examined in the supernatants collected from CTR and PE HBCs on the 5th day post isolation. In total 15µg of protein measured in supernatants were loaded onto gelatin gels, respectively. To generate the comparable gelatinolytic bands, gelatin zymography was repeated twice. White bands of gelatinase activity observed at 92 and 82kDa are pro- and active form of MMP-9. Moreover, white bands at the size of 72 and 62kDa represents pro- and active form of MMP-2. Quantification of total (pro and active) form of MMP-9 (B) and MMP-2 (C) was performed as densitometric analysis of respective bands. (D) TIMP-1, TIMP-2, TIMP-3 and TIMP-4 levels measured in the cell culture supernatants using multiplex assay. In total CTR (n=10), EO- (n=4) and LO-PE (n=3) HBCs were used in technical duplicates. Secretion of respective TIMPs was normalized to the total protein content measured in the cell culture supernatants. (E) mRNA ratio between MMP2 and TIMP1 and TIMP2. (F) mRNA ratio between MMP9 and TIMP1 and TIMP2. mRNA ratio was calculated from the -ddCT values normalized to the corresponding housekeeping genes (18S, RPL30 and HRPT1). The results are showed as a mean ± S.E.M of technical triplicates. Statistical significance was assessed using ANCOVA with adjustment for gestational age followed by Sidak’s post-hoc test. *p ≤ 0.05. **p ≤ 0.01.






Expression and production of MMPs are usually tightly regulated within the complex network of their four different tissue inhibitors of metalloproteinases 1-4 (TIMP). HBCs secretion of TIMP- (1, 2, 74, 75) was assessed using a multiplex ELISA-on-bead assay (Figure 5D). Production of TIMP-1, TIMP-2, TIMP-3 was unchanged in EO-PE group, we noticed a decreased production of TIMP-4 in the respective group. Furthermore, LO-PE HBCs secretion of TIMP-1 was significantly decreased, followed by trend in the reduced production of TIMP-2. Interestingly, release of TIMP-3 in LO-PE group was similar as in CTR. LO-PE HBCs production of TIMP-4 was elevated, but only by trend. To further explore the gelatinolytic activity of HBCs, the ratio between mRNA expression of MMP2/TIMP1, MMP2/TIMP2, MMP9/TIMP1, and MMP9/TIMP2 was calculated. Normally, TIMPs regulate inhibition of MMPs by binding in 1:1 reversible complex with the MMPs (76, 77). The shift in MMP/TIMP balance in favor of MMPs reflects as increased extracellular matrix (ECM) proteolysis, or if in favor of TIMP as decreased proteolysis and protection of the ECM (78–80). In CTR, EO- and LO- PE HBCs the ratio between MMP2 and TIMP1 or TIMP2 (Figure 5E) stayed unchanged. Similar MMP9/TIMP1 ratio of investigated groups, was favoring the gelatinolytic activity, indicating that MMP-9 is the main gelatinase produced by HBCs. However, significant differences were demonstrated in MMP-9/TIMP-2 of EO- and LO-PE HBCs, confirming higher gelatinolytic activity shown with gelatin zymography (Figures 5A, C, F).





Figure 6 | 
Different polarization patterns of CTR, EO - and LO-PE HBCs. HBCs isolated from CTR placenta develop a specific placental phenotype and express both M1 and M2 polarization markers. In CTR placenta, their M2 nature is reflected by increased expression of ARG1, CAT, and SOD, where HBCs promote tissue repair, angiogenesis, and homeostasis. Our results suggest that EO-PE HBCs develop an M2 phenotype that is strongly shifted toward M1 polarization. Their M2 phenotype is reflected in the upregulation of ARG1, secretion of TGF-β, and tissue remodeling function, whereas features of M1 polarization are seen in the increased expression of TLR4, HLA-DR, IRF5, and NOS2. In contrast, LO-PE HBCs tend to develop a phagocytic CD209low M2 phenotype with increased production of IL-4, IL-13, and TGF-β. However, the higher expression of TLR1 and increased production of TNF-α indicate a specific pro-inflammatory pattern that differs from the typical M2 polarization. The figure was generated using BioRender. Differences that were significant different between the groups studied are printed in bold.










4  Discussion


Hofbauer cells, play a pivotal but also a diverse role in placental physiology by maintaining tissue homeostasis and the tolerogenic environment (26, 36, 41, 81). HBCs plasticity is well characterized by an unique phenotype expressing both, M2 and M1 polarization markers (26, 30, 31). Preeclampsia is an inflammatory condition, accompanied by activation of both the innate and adaptive immune system. These alterations may directly influence the phenotype of HBCs and contribute to placental dysfunction (82). Due to the presumed distinct pathophysiological origins of EO- and LO-PE and the resulting different inflammatory burden within the PE placenta (5, 8, 9, 83), we aimed to determine the phenotypic and functional alterations between different HBCs. One of the more significant findings to emerge from this study is that both, EO- and LO-PE HBCs maintain a profound anti-inflammatory phenotype in the human placenta. In addition to HBCs general adaptive response to inflammatory stimuli, EO-PE HBCs cope differently with signals from their microenvironment.


The EO-PE placenta has been linked to placental malperfusion (84), leading to oxygen deficiency, increased inflammation and oxidative stress which all together deteriorate the mechanisms of placentation early in pregnancy. In contrast, LO-PE placenta has been linked to changes of systemic blood pressure in the mother leading to maternal endothelial dysfunction and oxidative stress, resulting in placental dysfunction (85, 86). Consequently, both subtypes of PE are characterized by excessive inflammation caused by oxidative stress and a hypoxic microenvironment, which affects the appearance and phenotypic composition of immune cells, particularly macrophages (87). To investigate whether the number of HBCs differs between CTR and PE placenta, we first quantified the cells in situ using specific markers for tissue-resident macrophages. In agreement, with the findings of Tang et al., where they investigated CD163 positive HBCs in PE placentae (51), we found a decreased number of CD163 - positive macrophages in both EO- and LO-PE placentae. Similarly, Yang et al. observed a significantly reduced number of CD14-positive HBCs in PE (87). In addition, Broekhuizen et al., used combined staining for CD68 and CD163 and observed a significant decrease in double-positive HBCs in EO-PE, whereas the number of double-positive HBCs in LO-PE remained unchanged (18). We verified our immunohistochemical findings by analyzing the yield of primary isolated HBCs in vitro. Similar to in situ, we obtained a decreased number of primary HBCs isolated from EO- and LO-PE placental tissues. As PE placenta is characterized by an increased number of apoptotic trophoblasts (88, 89), it is likely that HBCs may undergo a similar apoptosis cascade, leading to a decreased number of vital HBCs in culture. According to our results, PE may exacerbate the participation of initial stages of apoptosis in placental tissue which in turn leads to a reduced anti-inflammatory and immunoregulatory capability of remaining HBCs.


Macrophage polarization is a complex process controlled by several factors and mechanisms (90). It is noteworthy that a subpopulation identified with the same markers may have different functions in different tissues and pathologies, adding to the complexity of defining phenotypes (27). At baseline, HBCs express M1 and M2 polarization markers (30, 31). Moreover, HBCs retain alternative M2 polarization in inflammatory complications such as in gestational diabetes mellitus (31), chorioamnionitis (91), or upon in vitro stimulation (30). Contrary to expectations, we observed differences in the expression pattern of polarization markers between EO- and LO-PE HBCs. In EO- HBC markers involved in M1 polarization such as TLR4, HLA-DR, CD40, CD80 and CD86 were upregulated, suggesting M1 phenotype. In contrast, in LO-PE HBCs the expression of before mentioned markers was either reduced or similar to CTRs. The anti-inflammatory phenotype of LO-PE HBCs is strongly underpinned by high expression of IRF4, which exerts important function in controlling local cytokine milieu thereby polarization (92). TLR signaling has been proposed as an important link between activation of innate immune system and PE, known to modulate the inflammatory responses (18, 93). Interestingly, Young et al. demonstrated the maintenance of the M2 phenotype of HBCs despite pro-inflammatory treatment and upregulation of TLR4 and increased secretion of pro-inflammatory cytokines (IL-6, IL-8) (37). We demonstrated an upregulation of TLR4 and its downstream mediators NFKB1 and TNF-α in EO-PE, implying they give up M2 polarization and a shift towards M1. A change of phenotype toward M1 polarization is also suggested by increased expression of IRF5 and NOS2. IRF4 and IRF5, both regulators of the Myd88 pathway are crucial for the expression of M1/M2 genes (94). In particular, IRF5 regulates the expression of pro-inflammatory factors such as: TNF-α, IL-6, IL-12p70, CD86 (58). IRF4, on the other hand, is known to compete with IRF5 for interaction with Myd88 to activate the M2 program (56, 92). Its expression has been shown to be induced by anti-inflammatory IL-4 (92, 95). Interestingly, EO-PE HBCs, although favoring IRF5 activation, express IRF4 and consequently secrete both pro- and anti-inflammatory cytokines. A dysbalance of intracellular IRF4 and IRF5 regulating factors may control different phenotypes and the associated contributions to tissue inflammation.


It has been reported that in PE placentae CD163 and FR–β, expression is decreased (51). Although a reduction of CD163 on tissue levels could be confirmed, no differences of CD163 and FR-β expression on the primary isolated HBCs were detected. This inconsistency can be explained because CD163 is used as a tissue-resident marker for placental macrophages rather than only as an M2 marker. Among anti-inflammatory M2 markers, CD209 serves as one of the major M2 markers, moreover, CD209-positive HBCs have been shown to produce IL -10 an immunosuppressive cytokine one of the drivers of immunoregulatory M2 polarization (96). Our results suggest differential expression patterns of CD209 between EO- and LO-PE HBCs. Interestingly, the expression of CD209 was unchanged in CTRs and in the EO-PE group, whereas it was significantly reduced in the LO-PE group. In line, LO-PE HBCs tend to secrete lower levels of IL-10 supporting the notion that this polarization pattern favors regulatory properties of these cells. Yang et al. also reported lower numbers of CD209-positive HBCs in PE placental tissues, but they did not distinguish between onsets of PE (96)


Cytokines are important coordinators that likely promote phenotypic and functional changes of immune cells in inflammation (90, 97). We have shown that both, EO- and LO-PE HBCs produce different regulators of M2 polarization: IL-4, IL-10, IL-13 and TGF-β. Interestingly, whereas in EO-PE an increased production of TGF-β and IL-10 was observed, LO-PE HBCs secreted higher amounts of IL-4, IL-13, and TGF-β. IL-10 and IL-4, have been recognized as inducers of ARG1, which represents a hallmark of M2 polarization (97–100) IL-10 is a cytokine produced mainly by M2 macrophages (58) and its anti-inflammatory effect has been demonstrated by reduced production of pro-inflammatory cytokines such as TNF-α, IL-6, and IL-12 (101, 102). Moreover, although pro-inflammatory M1 marker - IRF5 has been shown to inhibit transcription of IL-10 and TGF-β (58, 103), this regulation may be impaired in EO-PE, where basal secretion of IL-10 and TGF-β levels were increased. Enhanced expression of M1 polarization markers, upregulation of both M1 NOS2 and M2 ARG1, accompanied by secretion of anti-inflammatory cytokines, indicate a development of a specific M1 and M2 phenotype of EO-PE HBCs. On the other hand, LO-PE HBCs downregulate NOS2 and express ARG1 at the same level as CTRs HBCs, suggesting their anti-inflammatory phenotype.


Phenotypic plasticity enables macrophages to perform a variety of functions required for maintenance of homeostasis and rapid termination of inflammation in their microenvironment (66). The resolution of acute inflammation is a well-orchestrated synergistic process and can be divided into three phases on the way back to cell homeostasis. First, inflammation is downregulated by the temporal switching of secreted lipid mediators, then the clearance of debris and apoptotic cells by phagocytically active macrophages, and finally, tissue repair and angiogenesis are stimulated by the pro-resolving phenotype of macrophages (20, 24, 54, 104). We demonstrated a higher phagocytic capacity of EO- and LO-PE compared to normal HBCs, with concomitantly significantly higher levels of TGF-β produced by both groups. Interestingly, TGF-β in monocytes and macrophages is known for its role in maintaining the resolution of inflammation by increasing phagocytosis and restoring tissue integrity (105–107). The increased phagocytosis and production of anti-inflammatory cytokines (90) may indicate one of the regulatory mechanisms that determine M2 phenotype of EO- and LO-PE HBCs by preventing a direct switch to M1 polarization.


Following clearance of cell-debris, M2 macrophages initiate events that are critical for tissue repair. These include the production of extracellular matrix (ECM), MMPs and the promotion of angiogenesis (108). Furthermore, MMPs make an important contribution to ECM repair (108), and macrophages require active MMP-9 for migration during an inflammatory response (109). TGF-β acts as a regulator of ECM production, reflecting its role in the tissue remodeling (110). We have shown compared to normal HBCs that both EO- and LO-PE HBCs secrete higher levels of MMP-9 and TGF-β. Interestingly, one of the many functions of MMP-9 is also to activate the inactive form of TGF-β (111), suggesting a possible mechanism driving polarization toward M2. MMP-9 is regulated by the expression of TIMPs, which has been shown to have pro-angiogenic features and is unique to M2 macrophages (112). Although the MMP9/TIMP2 ratio of EO- and LO-PE HBCs favors M2 polarization, we have shown that EO-PE HBCs were unable to stimulate proliferation of endothelial cells. Ability to enhance endothelial proliferation and consequently angiogenesis is one of the traits of M2 macrophages in the process of resolution of inflammation (104). The unsuccessful activation of proliferation of endothelial cells reveals another aspect of the pro-inflammatory M1 signature of EO-PE HBCs. It is more likely that they contribute to endothelial dysfunction instead of positive pro-angiogenic endothelial activation, but further investigation is needed.


Knowledge about the function of macrophages in PE is still insufficient. Our study focused on the in vitro polarization and functionality of EO- and LO-PE HBCs. Our results suggest that EO-PE HBCs develop a strong M1 signature, but despite the M1 features and PE inflammatory microenvironment, they still attempt to resolve inflammation by upregulating M2 anti-inflammatory factors and functions. Based on the fact that the expression of CD209 in EO-PE HBCs is at basal levels as in CTR HBCs, and expression of CD86 and secretion of TGF-β are increased, they might develop an immunoregulatory M2b and a tissue remodeling M2a phenotype with features of M1 polarization based on the increased expression of TLR4, HLA-DR, and IRF5. In contrast, LO-PE HBCs tend to develop a phagocytic M2 phenotype with increased production of IL-4, IL-13, and TGF-β. However, the higher expression of TLR1, TLR4, and CD80 and increased production of TNF-α indicate a specific pro-inflammatory pattern distinct from typical M2 polarization (Figure 6). Given the strength of our study, namely the use of a large number of clinically well-characterized samples from EO- and LO-PE placenta, there are some apparent limitations. First, macrophage polarization is a dynamic process, and therefore the choice of polarization markers included may vary among investigators. Because characterization of macrophage phenotype using polarization markers and cytokine release is rather descriptive, we chose to use functional assays to determine the relevant physiological functions of macrophages in addition to their phenotype. Second, primary HBCs might develop a different polarization pattern than in vivo because of the sensitivity of primary HBCs to the in vitro environment. However, we and others have shown that Hofbauer cells have a very stable phenotype in vitro that is difficult to alter and correlates with the phenotype in tissue in vivo (30, 37).


In conclusion, to the best of our knowledge, this is the first study to show a pivotal difference of the polarization pattern between EO - and LO-PE HBCs in vitro. We demonstrated that the inflammatory environment of PE causes the phenotypic changes observed between early and late PE HBCs. The changes in polarization patterns indicate different etiologies of PE, as EO-PE is associated with inflammation on the placental side, whereas LO-PE results from a maternal inflammatory response. Furthermore, since placental immune cells responds differently to the source of inflammation, PE could be identified as different entities with a common phenotype rather than a single disorder.
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  Non-alcoholic fatty liver disease (NAFLD) has now become the leading chronic liver disease worldwide with lifestyle changes. This may lead to NAFLD becoming the leading cause of end-stage liver disease in the future. To date, there are still no effective therapeutic drugs for NAFLD. An in-depth exploration of the pathogenesis of NAFLD can help to provide a basis for new therapeutic agents or strategies. As the most important immune cells of the liver, macrophages play an important role in the occurrence and development of liver inflammation and are expected to become effective targets for NAFLD treatment. Programmed cell death (PCD) of macrophages plays a regulatory role in phenotypic transformation, and there is also a certain connection between different types of PCD. However, how PCD regulates macrophage polarization has still not been systematically elucidated. Based on the role of lipid metabolic reprogramming in macrophage polarization, PCD may alter the phenotype by regulating lipid metabolism. We reviewed the effects of macrophages on inflammation in NAFLD and changes in their lipid metabolism, as well as the relationship between different types of PCD and lipid metabolism in macrophages. Furthermore, interactions between different types of PCD and potential therapeutic agents targeting of macrophages PCD are also explored.
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  1. Introduction.

Non-alcoholic fatty liver disease (NAFLD) is currently the most common liver disease, and affects approximately one-third of the world’s population (1). According to the severity and the pathological phase, NAFLD can be divided into non-alcoholic fatty liver (NAFL), non-alcoholic fat hepatitis (NASH), liver fibrosis and cirrhosis. Although NAFL has no clinically significant, there is evidence suggests that approximately 25% of patients with NAFL progress to NASH (2). The presence of NASH promotes the progression of liver pathology and increases the incidence of adverse outcomes compared to NAFL. In recent years, the global proportion of NAFLD-associated hepatocellular carcinoma (HCC) has increased year by year and may gradually become the main cause of HCC (3). Therefore, it is important to find effective therapeutic agents to block the pathological progression of NAFLD, especially NASH. The transition from NAFL to NASH is the result of a complex multifactorial effect, which involves a complex liver cell population (both parenchymal and non-parenchymal cells) as well as pathological signals from visceral fat and intestine. The pathogenesis of NAFLD was considered to be the “two-hit hypothesis” (4). Lipid accumulation in hepatocytes represents the “first hit”, while other factors such as oxidative stress are referred to as the “second hit”. However, recent studies have suggested that NAFLD progression may be influenced by various factors such as environment, metabolism, gut microbiota, and genetic factors (5, 6). The simultaneous changes of insulin resistance, genetic and epigenetic factors, mitochondrial dysfunction, endoplasmic reticulum stress, microbiota, chronic low-grade inflammation, etc. led to the progress of NAFLD, which was named “multiple parallel hits hypothesis” (7).

The main sources of lipid deposition in the liver include adipose tissue lipolysis, hepatic de novo lipogenesis (DNL), and diet, with the former accounting for the majority (8). Excess fatty acids are taken up and intracellularly transported in the liver by hepatocytes, macrophages, and other liver cells. When excess free fatty acids (FFAs) exceed the antioxidant capacity of the body, inflammation occurs. These mechanisms have been well summarized in previous reviews (9, 10). Macrophages are an important component of innate immunity. Macrophages in the liver mainly include tissue-resident Kupffer cells (KCs), monocyte-derived macrophages (MoMFs) and subcapsular macrophages discovered in recent years (11). Subcapsular macrophages play a major role in the defense against infectious agents from the abdominal cavity and are not the topic of this article. KCs are the most abundant tissue-resident macrophages in the mammalian body, accounting for 80-90% of all tissue-resident macrophages (12). KCs are mainly localized in the reticuloendothelial system and sense risk factors from the intestine and adipose tissue as well as multiple signals from the liver microenvironment. KCs constitute the hepatic immune homeostasis and alert when the balance is disturbed. When inflammation is induced, numerous monocytes are recruited to the liver (13). This may contribute to the chronic low-grade inflammation in NAFLD. Considering the important impact of macrophages on hepatic inflammation and their ability to process lipids, they play an important role in the pathological progression of NAFLD. Programmed cell death (PCD) of macrophages is closely associated with the development of inflammation (14). This paper mainly focuses on the effects of lipid metabolism and PCD on the phenotype of macrophages in NAFLD and the relationship between them. The possibility of targeting PCD of macrophages in the treatment of NAFLD has also been explored.


 2. Effect of macrophages on the inflammatory response in NAFLD.

Inflammation is a major pathological factor in the progression of NAFLD, and hepatocyte death is one of the crucial triggers of liver inflammation (15). Macrophages play an important role in the inflammatory response in NAFLD due to their ability to clear pathogens and recruit circulating inflammatory cells (2). Typically, macrophages can be classified into two phenotypes, the classically activated M1 type and the alternatively activated M2 type ( Figure 1 ). M1 macrophages are induced by lipopolysaccharide (LPS) and Th1 cytokines such as interferon-γ (IFN-γ) and granulocyte-macrophage colony-stimulating factor (GM-CSF) alone or in combination to secrete pro-inflammatory factors such as interleukin 1β (IL-1β), IL-6 and tumor necrosis factor-α (TNF-α), while M2 macrophages are induced by Th2 cytokines such as IL-4 and IL-13 to secrete anti-inflammatory factors such as IL-10 and transforming growth factor-β (TGF-β) (16). The balance of M1 and M2 macrophages is an important determinant of the pathological changes in the liver under inflammatory conditions. However, the M1 and M2 classification cannot describe macrophages accurately due to the heterogeneity and functional diversity of macrophages. More specific markers of different macrophage phenotypes are needed.

 

Figure 1 | Phenotype and function of liver macrophages. KCs and monocyte-derived macrophages can be polarized by different factors into two distinct phenotypes, classically activated M1 and alternatively activated M2. M2 macrophages can be further classified into multiple phenotypes. Overall, M1 exhibits pro-inflammatory properties and M2 exhibits anti-inflammatory properties. The balance between the two determines the direction of liver inflammation. GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN-γ, interferon-γ; IL, interleukin; LPS, lipopolysaccharide; MHC-II, major histocompatibility complex class IITGF-β, transforming growth factor-β; TLR4, toll-like receptor 4; TNF-α, tumor necrosis factor-α. 



KCs are liver-resident macrophages and account for 15% of all liver cells (17). It is now clear that KCs originate from yolk-sac-derived erythro-myeloid progenitors expressing colony stimulating factor 1 receptor (CSF1R) (18). In the context of NAFLD, KCs are the major source of cytokines and chemokines (19). For example, KCs promote steatosis and insulin resistance by secreting IL-1β to downregulate peroxisome proliferative activated receptor α (PPARα) expression in hepatocytes (20). A previous study has demonstrated that consumption of KCs attenuates high fat or high sucrose diet-induced NASH in rats (21). On the one hand, portal vein-derived LPS can bind to toll-like receptor 4 (TLR4) on the surface of KCs to induce their polarization toward M1 pro-inflammatory phenotype and enhance pro-inflammatory cytokines including monocyte chemoattractant protein-1 (MCP1, also known as C-C motif chemokine ligand 2, CCL2), TNF-α and IL-6 expression via yes-associated Protein (YAP) (22). On the other hand, KCs can also promote hepatocyte apoptosis and inflammatory progression by producing TNF, TNF-related apoptosis-inducing ligand (TRAIL) and factor associated suicide (Fas) ligand through phagocytosis of apoptotic bodies (23). In addition, lipotoxic hepatocytes can release mitochondrial DNA (mtDNA) to induce nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) dependent inflammation by binding to transmembrane protein 173 (TMEM173 or STING) on the surface of KCs (24), while KCs themselves can activate the NOD-like receptor thermal protein domain associated protein 3 (NLRP3) inflammasome via mtDNA released from mitochondria thereby promoting the progression of NASH (25).

MoMFs are recruited to the liver under inflammatory conditions and transformed to different phenotypes in response to stimulation by complex cytokines. Recent studies have confirmed that lipotoxic hepatocytes can secrete extracellular vesicles rich in MicroRNA 192-5p (26), C-X-C Motif Chemokine Ligand 10 (CXCL10) (27), ceramide (28) to promote M1 polarization of MoMFs and secrete pro-inflammatory cytokines. Meanwhile, extracellular vesicles can also promote the recruitment of MoMFs through an integrin β1 (ITGβ1)-dependent pathway (29). Except for CXCL10, various chemokines including CCL2 played important roles in the infiltration of MoMFs and M1 polarization, while inhibition or knockdown of CXCL10 and CCL2 showed inhibition of liver macrophage infiltration and improvement of inflammation in the mouse model of NASH (30, 31). Lymphocyte antigen 6C (Ly6C) is a marker of mouse monocytes, which divides circulating monocytes into two major subpopulations, Ly6Chi and Ly6Clo (32). The Ly6Clo subgroup shows anti-inflammatory properties, while the Ly6Chi subgroup exhibits pro-inflammatory properties and constitutes the main pathological mechanism of NASH progression. Ly6Chi MoMFs can be converted to Ly6Clo MoMFs after the clearance of apoptotic hepatocytes (33). A dual C-C Motif Chemokine Receptor 2 (CCR2)/CCR5 antagonist, cenicriviroc (CVC), demonstrated improvement in NASH-related liver fibrosis and inhibition of steatohepatitis progression in a completed phase II clinical trial enrolling 289 patients with NASH (34). A study in a mouse model of NASH showed that CVC inhibited Ly6Chi MoMFs infiltration and fibrosis progression, but had no direct effect on macrophage polarization (35).

Due to the immune tolerance characteristic of the liver, KCs are mainly involved in maintaining inflammatory homeostasis, while MoMFs play a major role in acute and chronic liver inflammation (32). Under homeostatic conditions, the hepatic macrophage population contains only a small amount of MoMFs. KCs could directly inhibit the inflammatory response of MoMFs by secreting miR-690-containing exosomes, whereas miR-690 of KCs showed low expression during the progression of NASH (36), which might promote the recruitment and pro-inflammatory transformation of MoMFs. In addition, activated KCs can promote the recruitment of Ly6Chi MoMFs by secreting CCL2 (31). KCs proliferate for self-renewal in the liver, but the mechanism of renewal is impaired during NASH. When KCs are depleted, some Ly6Chi MoMFs are even able to convert to KCs to replenish the hepatic KCs pool under specific factors (37). However, compared with embryo-derived KCs, monocyte-derived KCs do not effectively promote hepatic triglyceride storage and exhibit pro-inflammatory properties in the liver, thereby exacerbating liver injury in NASH (38).


 3. Lipid metabolism in macrophages.

Macrophages require a lot of energy to maintain their function in inflammation. Metabolic reprogramming has an important role in regulating the function of immune cells, and macrophages of different phenotypes usually exhibit different metabolic profiles (39). Macrophages possess lipid-processing function and play an important role in lipid metabolism. Intracellular lipid metabolism involves a series of complex enzymatic reactions ( Figure 2 ). FFAs taken up by fatty acid transport proteins (e.g. CD36) and fatty acid binding proteins (FABPs) are transformed to acyl-coenzyme A (acyl-CoA) by the action of acyl-CoA synthase (ACS). Acyl-CoA can not only participate in the synthesis of triglycerides, but also converted to acyl-carnitine by carnitine palmitoyltransferase-1 (CPT1). Subsequently, acyl-carnitine is transported into the mitochondria via carnitine-acylcarnitine translocase (CACT) and CPT2 for fatty acid oxidation (FAO) and increases the production of nicotinamide adenine dinucleotide (NADH)/1,5-dihydroflavin adenine dinucleotide (FADH2) thereby promoting oxidative phosphorylation (OXPHOS). The acetyl-CoA produced during this process participates in the TCA cycle and ultimately promotes the production of citrate. Glucose can be converted to pyruvate through glycolysis and then also participate in the TCA cycle through conversion to acetyl-CoA (40). Citrate can be converted back to acetyl-CoA by the action of ATP-citrate lyase (ACLY). Acetyl-CoA is not only involved in de novo lipogenesis (DNL), but also in cholesterol synthesis. The excess fatty acids are used for the synthesis of triglycerides and other complex lipids (41), while cholesterol is transported out of the cell under the regulation of ATP-binding cassette sub-family A member 1 (ABCA1) and ATP-binding cassette sub-family G member 1 (ABCG1) (42).

 

Figure 2 | Lipid metabolism in macrophages. FFAs are catabolized to acyl-CoA by the action of ACS and thus participate in triglyceride synthesis and FAO. FAO can participate in the TCA cycle by producing acetyl-CoA and also promote OXPHOS by increasing NADH/FADH2 production. In addition, glucose can also produce acetyl-CoA through glycolysis. The citrate generated by the TCA cycle is reconverted to acetyl-CoA in the cytoplasm by ACL, thus participating in DNL and cholesterol synthesis. ABCA1, ATP-binding cassette sub-family A member 1; ABCG1, ATP-binding cassette sub-family G member 1; ACC, acetyl-CoA carboxylase; ACLY, ATP-citrate lyase; ACS, acyl-CoA synthetase; CACT, carnitine-acylcarnitine translocase; CoA, coenzyme A; CPT1, carnitine palmitoyl transferase 1; DNL, de novo lipogenesis; ETC, electron transport chain; FAO, fatty acid oxidation; FAS, fatty acid synthase; FFAs, free fatty acids; Glut1, glucose transporterisoform 1; MUFA, monounsaturated fatty acid; OXPHOS, oxidative phosphorylation; PPP pathway, pentose phosphate pathway; SCD, stearoyl-coenzyme A desaturase; TCA, tricarboxylic acid. 



In M1 macrophages, increased glycolysis not only provides ATP more rapidly, but also promotes the TCA cycle and acetyl-CoA production (43). Sterol regulatory element-binding proteins (SREBPs) and fatty acid synthase (FAS), both key regulators of fatty acid synthesis, not only promote lipid biosynthesis in macrophages, but have also been shown to be critical for the induction of M1 polarization of macrophages (44–46). Different from M1, M2 macrophages possess an intact TCA cycle and enhanced mitochondrial OXPHOS, which depends on fatty acid uptake and FAO (43). CPT1 is involved in the production and mitochondrial transport of fatty acid-derived acyl-carnitine. Inhibition of CPT1 blocks mitochondrial FAO and has been shown to inhibit IL-4-mediated M2 polarization of macrophages (47). Thus, classical LPS/IFN-γ-activated pro-inflammatory M1 macrophages in vitro exhibit enhanced glucose uptake and anaerobic glycolysis, whereas anti-inflammatory M2 macrophages induced by IL-4/IL-13 exhibit enhanced FAO and OXPHOS ( Figure 3 ). Lipid metabolism in M1 macrophages favors lipid synthesis and proinflammatory factor expression, whereas M2 macrophages receive their energy supply through FAO (48, 49). It has been shown that inhibition of FAO inhibits M2 polarization in macrophages (50), while LPS in combination with IFNγ inhibits IL-4-induced M2 repolarization by suppressing OXPHOS in macrophages (51). Due to the high plasticity, macrophages can be phenotypically “repolarized” or “reprogrammed” when induced by the corresponding signals (16). Thus, metabolic regulation may be central to the functional plasticity of macrophages, and FAO plays an essential role in inflammatory and metabolism-mediated phenotypic changes in immune cells.

 

Figure 3 | The relationship between lipid metabolism and phenotype of macrophages. Activation of the TLR signaling pathway induced by LPS promotes M1 polarization of macrophages, which is manifested by increased glucose uptake, glycolysis, lipid biosynthesis and decreased OXPHOS. The IL-4 induced M2 polarization of macrophages is manifested as the increase in lipid intake, FAO, and OXPHOS. IL-4, interleukin-4; IL-4R, interleukin-4 receptor; I-κB, inhibitor of NF-κB; LPS, lipopolysaccharide; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; PPAR, peroxisome proliferative activated receptor; SREBP, sterol-regulatory element binding protein; STAT6, signal transducer and activator of transcription 6; TLR4, toll-like receptor 4; UCP2, uncoupling protein 2. 




 4. Effect of lipid metabolic reprogramming of macrophages on NAFLD.

The liver is an important organ of lipid metabolism. Based on the close relationship between macrophage lipid metabolism and inflammation, dysregulated lipid metabolism in NAFLD may promote the progression of inflammation by affecting macrophage function. Modulation of lipid metabolism may have potential therapeutic implications for the progression of inflammation in NAFLD by reshaping the M1/M2 balance. Therefore, it is necessary to further clarify the changes in lipid metabolism of macrophages in NAFLD. KCs express receptors such as MSR1, CD36, and TIM4, which recognize and remove membrane lipid components of apoptotic cells and circulating oxidized low-density lipoproteins (ox-LDL). Subsequently, these lipids are degraded to FFAs and cholesterol by lysosomal acid lipase (LAL), which is involved in HDL synthesis (52). This function of KCs is highly conserved in several species (53), and their expression of genes related to lipid metabolism are more abundant than in other tissue-resident macrophages (54). Given the role of KCs in hepatic immune homeostasis, they may maintain specific functions, particularly tissue-specific functions, dependent on certain metabolites or nutrients (55). Imbalance of lipid homeostasis may lead to pro-inflammatory polarization of KCs thereby inducing inflammation in NAFLD. Improvement of NASH by KCs elimination provides evidence for its driving effect on early NASH (20). CD11c+ macrophages may be an important subset driving hepatocyte death-induced inflammation and fibrosis, which promotes disease progression from steatosis to NASH, while KCs are a major source of CD11c+ macrophages (56). Macrophage scavenger receptor 1 (MSR1, CD204) mediates lipid uptake and accumulation in KCs and correlates with the degree of steatosis and steatohepatitis in patients with NAFLD. In a fatty acid-rich environment, MSR1 induces a pro-inflammatory response through the JNK signaling pathway, and its blockade inhibits lipid accumulation in KCs, thereby suppressing their pro-inflammatory polarization and the release of cytokines such as TNF-α (57). Similarly, the knockdown of myeloid forkhead box O1 (FoxO1) induced a shift in macrophage polarization from a pro-inflammatory M1 to an anti-inflammatory M2 phenotype and reduced liver macrophage infiltration in a mouse model of high-fat diet-induced NASH (58). At least for now, it seems that lipid overload may promote M1 polarization of KCs and MoMFs through MSR1 and FoxO1, respectively.

Nuclear receptors, including PPARs and liver X receptor (LXR), are ligand-dependent transcription factors and involved in the regulation of lipid and glucose metabolism genes and inflammation-regulated genes (59). This provides another link between macrophage lipid metabolism and inflammation. The three isoforms of PPARs, PPARα, β/δ, and γ, play different but complementary regulatory roles in lipid metabolism and inflammation in the liver (48). The current studies have confirmed the promotion and necessity of PPARγ and PPARβ/δ on M2 polarization of macrophages (60, 61). And LXR can also induce the anti-inflammatory phenotype of MoMFs by inhibiting TLR2, TLR4 and TLR9 and related pathways (62). Interestingly, although LXR was expressed in both hepatocytes and macrophages, an LXRα agonist, DMHCA, selectively activated LXRα in macrophages (63), suggesting the feasibility of targeting LXR in macrophages. In addition, retinoic acid-related orphan nuclear receptor alpha (RORα) is also thought to regulate M2 polarization in macrophages in NAFLD (64). However, the significance of RORα-specific deletion in macrophages for NASH progression remains controversial (65). In addition to regulating lipid metabolism and inflammation, nuclear receptors can also act as redox sensors to sense metabolic stress and thus prevent oxidative damage (66). Due to the important role of oxidative stress in promoting lipid metabolism disorders and inflammation, targeting nuclear receptors may improve NASH progression by regulating macrophage phenotype through antioxidant, anti-inflammatory, and regulating lipid metabolism.

Although the current study confirms the importance of lipid metabolism reprogramming on the pro-inflammatory phenotype of macrophages, changes in the phenotype and lipid metabolism of hepatic macrophage subsets need to be further explored. A recent study showed that depletion of a subset of CD206hi ESAM+ KCs or silencing of their fatty acid transporter protein CD36 reversed obesity and steatosis in mice (67). CD36 and CD206 are both commonly considered to be M2 markers (68). These conflicting results further demonstrate the complexity of macrophage function. Furthermore, the role of lipid metabolism in macrophage polarization remains controversial, although it is now generally accepted that glycolysis defines M1 macrophages and FAO defines M2 (43). Glycolysis, OXPHOS and FAO may determine phenotypic shifts through complex interactions rather than a single pathway, which remains to be elucidated.


 5. Different types of PCD and lipid metabolism in macrophages.

Cells may die from accidental cell death (ACD) or regulatory cell death (RCD). RCD is a strictly regulated form of cell death induced by complex molecular mechanisms, and it is also known as PCD when it occurs in the absence of external environmental interference (69). PCD plays an important role in host defense against pathogens and maintenance of body homeostasis, while its over-activation or tolerance leads to the development of disease. Several types of PCD have been identified including autophagy, apoptosis, necroptosis, pyroptosis, and ferroptosis ( Figure 4 ). We focused on these types of PCD in macrophages in the NASH phase of NAFLD.

 

Figure 4 | Features of different types of PCD. Normal cells are induced to different forms of death by different stimuli or signals, including autophagy, apoptosis, necroptosis, pyroptosis, and ferroptosis. Different PCD types exhibit different morphological features and play an important regulatory role in the progression of inflammation. BECN1, beclin 1; AMPK, adenosine 5’-monophosphate (AMP)-activated protein kinase; RIPK, receptor-interacting protein kinase; MLKL, mixed lineage kinase domain-like; GSDMD, gasderminD; DAMPs, damage associated molecular patterns; GPX4, glutathione peroxidases 4; TFRC, transferrin receptor; SLC7A11, solute carrier family 7 member 11. 



 5.1. Autophagy.

Autophagy is a catabolic process that degrades damaged organelles and abnormally accumulated proteins via lysosomes (70). Autophagy can be classified as macroautophagy, chaperone-mediated autophagy (CMA), and microautophagy according to the pathways of cytoplasmic materials into lysosomes (71). In addition, autophagy can be further classified into selective and non-selective autophagy according to the specificity of degradation substrates. Physiological autophagy is essential for maintaining cellular homeostasis, and its regulation of macrophage function is widely recognized (72). It has been demonstrated that autophagy is impaired in human livers with steatosis or NASH and that promoting autophagy inhibits the pro-inflammatory activation of human macrophage cell lines (73). Typically, autophagy of macrophages in most NAFLD-related studies refers to macroautophagy, the lack of which amplifies hepatic steatosis and/or liver injury through overactivation of the innate immune response. Macrophage-specific deletion of macroautophagy-dependent autophagy-associated proteins such as autophagy protein 5 (ATG5) was shown to increase IL1α and IL1β secretion thereby exacerbating liver inflammation and fibrosis in mice (74). It is suggested that autophagy contributes to the down-regulation of macrophage-induced inflammatory responses, whereas insufficient autophagy may lead to macrophage polarization toward pro-inflammatory M1. Dysbiosis of intestinal flora and increased intestinal permeability in NAFLD patients lead to elevated serum LPS levels, which induce increased secretion of pro-inflammatory factors and reactive oxygen species (ROS) through binding to TLR4, a pattern recognition receptor on the membrane surface of macrophages (75). High concentrations of ROS activated the oxidative stress regulatory switch nuclear factor erythroid 2-related factor 2 (Nrf2) and further induced transcription of antioxidant genes and sequestosome 1 (SQSTM1, also known as p62), thereby inducing p62-dependent selective autophagy in macrophages (76). In contrast, autophagy-deficient hepatic macrophages promoted liver inflammation and fibrosis by enhancing the mitochondrial ROS (mtROS)/NF-κB/IL-1α/β pathway (77).

As a cellular energy sensor, adenosine 5’-monophosphate (AMP)-activated protein kinase (AMPK) can promote macrophage M2 polarization through mitochondrial autophagy (78). However, both free fatty acids and hyperglycemia can lead to autophagy deficiency through the inhibition of AMPK, thereby inhibiting macrophage M2 polarization (79, 80). A study based on liver-specific SQSTM1 knockout mice showed that SQSTM1 induces hepatocyte autophagy by promoting the interaction between AMPK and unc-51 Like Autophagy Activating Kinase 1 (ULK1) and further activates the kelch-1ike ECH- associated protein 1 (Keap1)-Nrf2 signaling pathway to protect the liver from lipotoxicity in mice (81). As an important regulator of nutrient perception, growth, and metabolism, the mammalian target of rapamycin complex (mTORC) phosphorylates ULK1 to inhibit the interaction between AMPK and ULK1 (82), exhibiting a regulatory role in autophagy in contrast to SQSTM1. In addition, AMPK can also inhibit mTORC1 function by phosphorylating Raptor in the mTORC1 complex (83). These studies suggest an antagonism between AMPK and mTORC1 on the regulatory function of autophagy. However, previous studies have demonstrated that SQSTM1 also interacts with Raptor to activate mTORC1 (84). Persistent deficiency of mTORC1 in macrophages has also been shown to inhibit their M2 polarization by inducing lysosomal dysfunction (85). The role of mTORC1 in the regulation of macrophage autophagy and phenotype remains puzzling.

Lipid deposition in the liver impairs local oxygen homeostasis, followed by tissue hypoxia-induced adaptive responses that ultimately affect the homeostasis of hepatic lipid metabolism (86). Since oxygen is transported through the blood, hypoxia means impaired blood microcirculation. Therefore, hypoxia and nutritional disorders occur simultaneously. Nutrient depletion caused by hypoxia activates AMPK and simultaneously inactivates mTORC1 thereby inducing autophagy to maintain cell survival. As a key regulator of hypoxia, Hypoxia-inducible factor 1 subunit alpha (HIF-1α) can broadly regulate the expression of hypoxia-inducible genes and the activation of various signaling pathways (87). A study based on methionine and choline-deficient L-amino acid diet (MCD)-fed mice and NASH patients showed that HIF-1α expression in hepatic macrophages was induced by palmitic acid, thereby reducing autophagic flux and targeting inflammasomes to increase IL-1β production (88). Although HIF-1α and AMPK/mTORC1 regulate macrophage autophagy and phenotypic transformation as important links of hypoxia and energy regulation, respectively, their interactions are still not systematically elucidated.

Currently, studies on HIF-1α and AMPK regulation of lipid metabolism in NAFLD are mainly carried out in hepatocytes (89, 90). The mechanisms by which lipid metabolism reprogramming in macrophages regulates autophagy are still poorly understood. Monoacylglycerol lipase (MAGL), the rate-limiting enzyme in the degradation of monoacylglycerols, not only degrades triacylglycerols to free fatty acids and glycerol, but also metabolizes endogenous cannabinoid receptor ligand 2-arachidonyl acid glycerol to arachidonic acid (91). During chronic liver injury, MAGL inhibited macrophage autophagy to promote inflammation and fibrosis, whereas inhibition of MAGL reduced the number of Ly-6Chi macrophages and increased the number of Ly-6Clo macrophages in an autophagy-dependent manner (92). In high-fat diet-induced obese mice, MAGL deletion also exhibited improved inflammation and insulin resistance in adipose tissue and reduced triglyceride levels in the liver (93). This provides evidence for a link between macrophage autophagy and lipid metabolism reprogramming. In addition, macrophage autophagy reduces programmed death ligand 1 (PD-L1) expression and thus inhibits hepatocellular carcinogenesis, while defective autophagy induces its immunosuppressive phenotype and thus promotes hepatocellular carcinoma progression (94). Given the increased incidence of NAFLD-associated HCC, regulation of macrophage autophagy may be valuable in reducing NAFLD-associated HCC.


 5.2. Apoptosis.

Apoptosis is a Caspase-dependent cell death that includes intrinsic pathways induced by DNA damage, ROS accumulation, and endoplasmic reticulum stress (also known as the mitochondrial pathway) as well as exogenous apoptotic pathways initiated by the binding of other cellular soluble or cell surface ligands including TNF, FasL, or TRAIL to death receptors (95). The Caspase family is a family of evolutionarily conserved cysteine-dependent endonucleases that are primarily involved in cell death and inflammatory responses. Caspases involved in apoptosis are divided into two main categories: initiating Caspases (Caspases-2, 8, 9 and 10) and effector Caspases (Caspases-3, 6 and 7) (96). Current studies have amply demonstrated that Caspases-3, 6, 7, 8, and 9 promote the progression of NASH (97). Among them, Caspases-8 is mainly involved in the exogenous apoptotic pathway, while Caspases-9 is mainly involved in the endogenous apoptotic pathway. Increased positivity of the terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay in liver tissue of NASH patients demonstrates the involvement of apoptosis in the progression of NASH (98). Most of the current studies on apoptosis have been conducted on hepatocytes and few on macrophages. A study based on a high-fat diet-induced mouse model of NAFLD and primary KCs demonstrated that IL-4-activated M2 KCs could release IL-10 to promote apoptosis of M1 KCs thereby reducing liver inflammation and hepatocyte injury in NAFLD (99). This study suggests an intrinsic regulatory mechanism for the balance of M1 and M2 macrophages, i.e., M2 macrophages induce protective apoptosis of M1 macrophages and their dysfunction leads to the accumulation of M1 macrophages in the liver and the progression of inflammation.

Endoplasmic reticulum stress is significantly associated with lipotoxicity and NASH (100). C/EBP homologous protein (CHOP) is a transcription factor downstream of protein kinase RNA-activated-like ER kinase. CHOP is induced by endoplasmic reticulum stress and its deletion prevents apoptosis induced by endoplasmic reticulum stress (101). As endoplasmic reticulum stress can induce TRAIL receptors and activate Caspase-8 (102), this may string endogenous apoptotic and exogenous apoptotic pathways together. Early studies demonstrated that CHOP deficiency promotes macrophage resistance to lipotoxicity and the progression of inflammation in NAFLD (103). Therefore, CHOP may have the effect of inducing apoptosis of M1 macrophages and thus regulating hepatic macrophage homeostasis to protect the liver from steatohepatitis. The role of LXRα in promoting M2 polarization in hepatic macrophages has been discussed above. Paradoxically, a peritoneal macrophage-based study demonstrated that LXRα can inhibit the CHOP pathway induced by endoplasmic reticulum stress and thus inhibit macrophage apoptosis (104). The relationship between CHOP and LXRα in M1 macrophages in the liver obviously needs to be further explored.

The suppressor of cytokine signaling (SOCS) family is a class of proteins with negative feedback regulation on cytokine signaling pathways, including eight members of SOCS1 to SOCS7 and cytokine-inducible SH2-containing protein (CIS) (105). Currently, SOCS1, SOCS2 and SOCS3 are the most studied in macrophages. IL-4-induces SOCS2 expression, IFN-γ induces SOCS3 expression, while SOCS1 can be induced by both (106). Differently, induction of SOCS1 by IL-4 is signal transducer and activator of transcription 6 (STAT6) dependent, whereas induction of SOCS1 by IFN-γ is STAT1 dependent. At the same time, IL-4 induced SOCS1 can inhibit the expression of STAT6 and form a negative feedback signal. A recent study showed that SOCS2 expression in macrophages was negatively correlated with the degree of NASH (107). The study also found that SOCS2 plays a role in inhibiting inflammation and apoptosis via NF-κB and inflammasome signaling pathway in macrophages during NASH. In addition, SOCS1 and SOCS3 have been shown to inhibit the exogenous apoptotic pathway in other cell lines such as renal tubular epithelial cells and prostate cancer cells, respectively (108, 109). Overall, SOCS2 may promote M2 polarization and inhibit apoptosis in macrophages, while SOCS1 and SOCS3 may promote M1 polarization and inhibit apoptosis. The three are induced by different signals to inhibit exogenous apoptosis in macrophages of the corresponding phenotype thereby regulating the progression of NASH. Notably, both SOCS1 and SOCS3 have been shown to have inhibitory effects on FAO (110–112). Although these studies were not performed in macrophages, the mechanisms all involved inhibition of the Janus kinase (JAK)/STAT pathway. Different from SOCS1 and SOCS3, the effect of SOCS2 on lipid metabolism has received rarely attention. Although it has been shown to prevent hepatic steatosis due to high-fat diet (113), some studies suggest that it does not promote the increase of FAO in the liver (114). In conclusion, it remains to be clarified whether the SOCS family is involved in the regulation of macrophage polarization and apoptosis by inhibiting FAO through the JAK/STAT pathway.


 5.3. Necroptosis.

Necroptosis is a caspase-independent necrotic cell death program regulated by receptor interacting serine/threonine kinase 1 (RIPK1) and RIPK3. It can be triggered by extracellular stimuli that activate inflammation and cell death. Various innate immune signaling pathways such as TNFR, TLR and interferon receptors (IFNRs) can induce the binding of RIPK1 and RIPK3, which then leads to phosphorylation and translocation of mixed lineage kinase domain-like pseudokinase (MLKL) to the cell membrane, ultimately leading to necroptosis and release of damage-associated molecular patterns (DAMPs) (115). Precisely, RIPK1 induces apoptosis rather than necroptosis when Caspase-8 is present. When Caspase-8 is inhibited, deubiquitinated RIPK1 does not bind to complex 2, but to RIPK3, forming a necrosome complex and subsequently recruiting and activating MLKL (116). Thus, inhibition of Caspase-8 is as important as activation of RIPK3 for necroptosis. In contrast, RIPK1, although involved in the induction of necroptosis, may not be necessary for necroptosis. Depletion of nicotinamide adenine dinucleotide (NAD+) is sufficient to trigger necroptosis in a RIPK3- and MLKL-dependent manner (117), which provides a non-classical necroptotic pathway.

Necroptosis plays an important role in macrophage polarization and inflammation. A study based on aged mice showed that aging led to increased necroptosis in liver macrophages and release of pro-inflammatory factors including TNFα, IL-6 and IL-1β, while necrostatin-1s, a necroptosis inhibitor, significantly reduced M1 macrophages and improved inflammation (118). This study suggests that necroptosis promotes M1 polarization of macrophages. O-acetylglucosamine glycosylation modification (O-GlcNAcylation) is a specific glycosylation modification of intracellular proteins that can affect the localization, function and stability of substrate proteins (119). LPS-activated M1 macrophages exhibit attenuated hexose biosynthetic pathway and protein O-GlcNAcylation, while O-GlcNAc transferase (OGT) mediated O-GlcNAcyclization of RIPK3 prevented the hetero interaction and homo interaction of RIPK3-RIPK1, thereby inhibiting macrophage necroptosis (120). A study based on patients with NASH and choline-deficient L-amino acid-defined diet (CDAA)-induced NAFLD models in mice showed that hepatic RIPK3 correlated with NAFLD severity in humans and mice and RIPK3 deficiency ameliorated CDAA-induced inflammation, fibrosis and carcinogenesis in mice (121). Even though RIPK3 has now emerged as one of the promising targets for the treatment of NASH, the mechanism by which necroptosis regulates macrophage polarization has not been systematically elucidated. Studies based on the RIP3-deficient mouse model demonstrated that RIPK3 promotes the TLR4-NF-κB pathway via Rho-associated coiled-coil-containing protein kinase (ROCK)1 and thereby induces M1 polarization of macrophages in the liver (122). The effect of necroptosis on M1 macrophage activation and pro-inflammation may also be paracrine-related. Interestingly, M1 but not M2 macrophages exhibited higher RIPK3 and MLKL expression when BMDMs were intervened with necroptosis inducers (123). In contrast, another study expressed a different result. Blockade of TAK1, the RIPK1 inhibitor, induced more intense necroptosis in M2 but not M1 peripheral blood monocyte-derived macrophages in the context of Caspase inhibition (124). The mechanisms underlying these different results are still unclear. Necroptosis may be involved in both depletion of M2 macrophages and activation of M1 to promote the progression of inflammation in NASH.

There may be a correlation between the necroptosis of macrophages and their lipid metabolism reprogramming. RIPK3 was downregulated in macrophages in HCC and promoted FAO via the ROS-Caspase1-PPAR pathway, which induced the reprogramming of fatty acid metabolism and ultimately induced M2 polarization in tumor-associated macrophages (125). An atherosclerosis-based study found that MLKL deficiency exacerbated lipid accumulation despite reducing the occurrence of necroptosis in macrophages (126). Another study based on the high-fat diet-induced NAFLD model in mice also showed that RIPK3 deficiency inhibited inflammation while exacerbating hepatic steatosis (127). These studies suggest that the inhibition of necroptosis may promote increased lipid uptake or de novo synthesis of fatty acids. Therefore, the relationship between necroptosis and the reprogramming of lipid metabolism in macrophages remains to be further clarified.


 5.4. Pyroptosis.

Pyroptosis is a form of PCD mediated by inflammasome activation, which is manifested by continuous cellular distension until the cell membrane ruptures, thereby releasing cellular contents to activate an intense inflammatory response. Classical pyroptosis is regulated by the inflammasome composed of NLRP3, apoptosis-associated speck-like protein containing a CARD (ASC), pro-Caspase-1 and gasdermin D (GSDMD) (128). Various exogenous and endogenous signals including LPS and ATP can induce inflammasome formation followed by activation of Caspase-1. Activated Caspase-1 cleaves pro-IL-1β and pro-IL-18 to mature IL-1β and IL-18, while cleaving the pyroptotic substrate GSDMD and forming membrane pores to induce pyroptosis and releasing IL-1β and IL-18 (129). The non-classical pyroptosis pathways are cytoplasmic LPS-mediated activation of Caspase-4/5/11 and cleavage by GSDMD (130). Xu et al. (131) showed that GSDMD and its fragment GSDMD-N protein expression, which induce pyroptosis, were significantly increased in liver tissues of NAFLD/NASH patients and correlated with NAFLD activity score and fibrosis. In contrast, MCD-fed GSDMD-/- mice were free from steatohepatitis and fibrosis, demonstrating the role of GSDMD-mediated pyroptosis in promoting NASH. In addition to GSDMD, most members of the gasdermin family can also induce pyroptosis (132), but their role in NAFLD still needs further evaluation.

Most studies on pyroptosis have focused on hepatocytes, but inflammasomes are mainly expressed in immune cells, especially macrophages (133). As an important regulator of anti-inflammation and antioxidant, Nrf2 is downregulated in the liver of NASH patients (134). Macrophage-specific Nrf2 knockdown promotes ROS and IL-1β production via a YAP-NLRP3-dependent manner thereby exacerbating NASH progression (135), suggesting the promotion of macrophage pyroptosis on NASH progression. Meanwhile, the gasdermin family may also induce mtROS release by targeting the mitochondrial membrane, thereby triggering NLRP3 inflammasome activation (136, 137). These studies suggest that pyroptosis may promote NASH progression by inducing ROS release and thus amplifying the cascade of pyroptosis and inflammation. Given the regulation of pyroptosis by the NLRP3 inflammasome, inhibition of the NLRP3 inflammasome may attenuate the inflammatory response of liver tissue by inhibiting macrophage pyroptosis (138). NLRP3 blockade also shows improvement in liver inflammation and fibrosis in atherogenic diet-fed foz/foz mice with NASH (139). In addition to the NLRP3 inflammasome, other inflammasome complexes, such as the NLR family CARD domain containing 4 (NLRC4) inflammasome, can also be involved in NAFLD inflammatory progression by promoting macrophage pyroptosis (140). In conclusion, inflammasome activation induces macrophage pyroptosis on the one hand and mediates macrophage polarization on the other. This provides evidence for a close relationship between liver macrophage pyroptosis and pro-inflammatory polarization in NASH.

As mentioned above, macrophage polarization is regulated by disorders of lipid metabolism. Previous studies have demonstrated that lipids released from dead hepatocytes in NASH activate macrophages to overexpress NLRP3 inflammasome and Caspase-1 (141). Therefore, macrophage pyroptosis may be associated with lipid metabolism. Bile acids are endogenous ligands for nuclear receptors that regulate lipid and energy metabolism (142). As a bile acid receptor, G protein-coupled bile acid receptor 1 (GPBAR1, also known as TGR5)-mediated bile acid signaling plays a key role in integrating glucose, lipid and energy metabolism (143). TGR5 activates PPARα and PPAR-γ coactivator 1 alpha (PGC-1α) to increase mitochondrial oxidative phosphorylation and energy metabolism and inhibit NF-κB-mediated pro-inflammatory cytokine production (144, 145), which is important for the metabolic reprogramming of M2 macrophages. Shi et al. (146) found that TGR5 expression was significantly reduced in the liver tissue of NASH patients and mouse models, while TGR5 knockdown exacerbated liver injury and inflammation and promoted macrophage M1 polarization in mice. Mechanistically, TGR5 signaling inhibits NLRP3-mediated macrophage M1 polarization thereby ameliorating hepatic steatosis and inflammation. Although the available evidence suggests an association between macrophage pyroptosis and lipid metabolism, the regulatory mechanisms are still poorly understood.


 5.5. Ferroptosis.

Ferroptosis is a form of iron-dependent cell death mediated by lipid peroxidation, whose main biochemical features are iron deposition and lipid peroxidation (147). Both increased iron uptake and decreased iron excretion may lead to iron overload, which in turn leads to excessive ROS production and lipid peroxidation through Fenton reaction and enzymatic oxygenation, subsequently triggering ferroptosis. The liver is one of the most important organs for iron storage and metabolism. Due to the abnormal lipid deposition in the liver of NASH patients, this may promote the development of ferroptosis. The correlation between disease progression and liver iron overload in NAFLD patients has been demonstrated (148). A bioinformatics study showed that the grading of liver steatosis was associated with 8 iron death-related genes including ACSL3, ACSL4, AKR1C1, AKR1C2, CS, FADS2, GSS and PGD (149). Another study also showed that the expression of SLC11A2, CP, SLC40A1, and ACSL5 was downregulated in the livers of NASH patients compared to healthy livers, while the expression of FTL, FTH1, ACSL4, and ACSL6 was upregulated (150). Actually, targeted ferroptosis has been shown to improve inflammation in both MCD and choline-deficient, ethionine-supplemented (CDE) diet-induced NASH models in mice (151, 152). Current studies on the role of ferroptosis in NAFLD progression have focused on hepatocytes and HSCs (153). Since liver iron is mainly distributed in hepatocytes and reticuloendothelial system (macrophages), iron deposition in macrophages may play a role in NASH. An earlier multicenter study that included 849 patients with NAFLD has also demonstrated that iron deposition in macrophages is associated with severe NASH and advanced liver histological features (154).

Previous studies have confirmed that iron chelation in M1 macrophages may contribute to the development of chronic inflammation, while iron export from M2 macrophages may promote the growth of adjacent cells in the microenvironment (155), suggesting that macrophage polarization is associated with altered iron metabolism. A study based on BMDMs showed that iron overload increased the levels of M1 products (e.g. IL-6, TNF-α and IL-1β), promoting their polarization to the M1 type while exacerbating steatohepatitis and liver fibrosis (156). This study also showed that iron overload inhibited M2 polarization in BMDMs in the presence of IL-4. This differential performance may be associated with higher expression of Hamp and ferritin heavy chain (FTH)/ferritin light chain (FTL) and lower expression of ferroportin (FPN1, also known as SLC40A1) and iron regulatory proteins 1/2 (IRP1/2) in M1 macrophages compared to M2 (157). Moreover, the stronger antioxidant capacity of M1 macrophages enhanced their resistance to iron overload (158). Thus, under the same conditions, M2 macrophages may be induced to die, while the M1 type survives. As iron may be involved in the regulation of energy production and amino acid catabolism, the regulation of iron metabolism in polarized macrophages may alter the macrophage phenotype. For example, anti-inflammatory M2 macrophages in the tumor microenvironment can be converted to pro-inflammatory M1 macrophages via ferroptosis (159, 160). However, whether macrophages have this property in NASH remains to be elucidated. Notably, a study based on human monocytic leukemia THP-1 cell-derived macrophages showed that macrophages exhibit M2 polarization rather than M1 in response to chronic iron overload (161), but this may be related to metabolic changes in tumor-associated macrophages.

There is also a connection between ferroptosis and lipid metabolism, which has been well summarized in a recent review (162). Ferroptosis is characterized by iron-dependent peroxidation with phospholipids containing polyunsaturated fatty acyl (PUFA) chains as substrates. Monounsaturated fatty acids (MUFAs), as inhibitor of iron death (163), can be synthesized de novo in cells and participate in membrane lipid composition. Lipid metabolism may control the composition of membrane lipid by regulating the balance of PUFAs and MUFAs.Interestingly, sterol-regulatory element binding protein 1 (SREBP-1), which regulates MUFAs synthesis, is upregulated in M1 macrophages. One possible explanation is that ferroptosis signaling induces M1 polarization in macrophages, while reprogramming of lipid metabolism increases their resistance to ferroptosis. Similarly, not only fatty acid β-oxidation is increased in M2 macrophages, but also lipid transport proteins such as CD36 are upregulated. Given that fatty acid β-oxidation reduces the accumulation of PUFAs and thus inhibits lipid peroxidation (164), and that CD36-mediated lipid uptake increases susceptibility to ferroptosis (165), the ferroptosis-mediated shift in macrophage phenotype may ultimately depend on the disruption of the balance between PUFAs and MUFAs.



 6. Interaction of signals of different types of PCD in macrophages.

Due to the complex signal environment in the body, there is significant crosstalk between different types of PCD ( Figure 5 ). As one of the main inducing pathways of exogenous apoptosis, the TNF signaling pathway also induces necroptosis. The difference is that necroptosis is RIPK3-dependent MLKL activation, while apoptosis is manifested as activation of Caspase-8. A study based on the mouse NASH model induced by MCD showed that Caspase-8 could balance the over-activation of RIPK3-dependent necroptosis, suggesting the mutual inhibition of RIPK3 and Caspase-8 (166). However, the study was performed based on hepatocytes rather than macrophages. Increased autophagy inhibits necroptosis by upregulating ATG16L1 (167) and inhibits apoptosis by inhibiting Caspase-8 activity (168). MLKL, another key regulator of necrotic apoptosis, has been demonstrated to participate in autophagy inhibition in a RIPK3-independent manner in FFC diet (high in fat, fructose and cholesterol) induced NASH mice and palmitic acid treated primary mouse hepatocytes (169). These studies suggest that Caspase-8 is a key node in balancing apoptosis and necroptosis, while MLKL may be an essential node in balancing autophagy and necroptosis. In addition to Caspase-8, Caspase-6 has also been shown to be involved in the interaction between autophagy and apoptosis. As an important participant in autophagy, AMPK can also inhibit apoptosis by phosphorylating Caspase-6 to inhibit its function (170), suggesting an antagonistic mechanism between autophagy and endogenous apoptosis. Notably, the relationship between autophagy and necroptosis is not merely antagonistic. For example, a recent study showed that RIPK3 can directly bind and activate AMPK (171). Considering the mutual inhibition of AMPK and mTOR to regulate autophagic signaling in the downstream, this may be an important link in the balance of autophagy and necroptosis. As an upstream regulator of RIPK3, RIPK1 regulates apoptosis and necroptosis through Caspase-8 and RIPK3, respectively (115). Caspase-8 has been shown to cleave GSDMD to induce pyroptosis (172). These studies all illustrate the complex interaction network among pyroptosis, apoptosis and necroptosis. In experimental and clinical NASH, RIPK1 is phosphorylated and activated mainly in liver macrophages, especially in BMDMs (173). As mentioned above, palmitic acid-induced a decrease in autophagic flux of macrophages (88). However, palmitic acid also induced the activation of RIPK1 (173). Thus, fatty acid-induced inflammatory activation of macrophages was accompanied by an inhibition of autophagy and an increase in apoptosis, necroptosis, and pyroptosis, while the predominant PCD type may be associated with different inducing factors and cytokine expression.

 

Figure 5 | Association of different types of PCD in macrophages. The interaction between different PCD constitutes a complex regulatory network for survival or death of macrophages. AMPK, mTOR, Casp-8, RIPK3, Bcl-2 and p62 may be important nodes in the interaction of autophagy, apoptosis, necroptosis, pyroptosis and ferroptosis in this cell death network. ASC, apoptosis-associated speck-like protein; Casp, Caspase; CHOP, C/EBP homologous protein; cIAP, cellular inhibitor of apoptosis protein; COX-2, cyclooxygenase-2; FADD, Fas-associating protein with a novel death domain; FASL, Fas Ligand; FPN, ferroportin; GSDME, gasdermin E; GSH, glutathione; GSSG, glutathiol; IFN, interferon; Jak, janus kinase; KEAP1, kelch-1ike ECH-associated protein 1; LDs, lipid droplets; mTOR, mammalian target of rapamycin; Myd88, myeloid differentiation primary response 88; NCOA4, nuclear receptor coactivator 4; NLRP3, NOD-like receptor thermal protein domain associated protein 3; NRF2, nuclear factor erythroid 2-related factor 2; ROS, reactive oxygen species; SLC3A2, solute carrier family 3 member 2; TFR1, transferrin receptor 1; TNFR1, tumor necrosis factor receptor 1; TRADD, TNFR1-associated death domain protein; TRAF, TNF-receptor associated factor. 



Activation of the NLRP3 inflammasome is not only the initiating link of classical scorch death, but also leads to other types of PCD, including apoptosis, necroptosis, and ferroptosis (132). Prostaglandin-endoperoxide synthase 2 (PTGS2), one of the markers of iron death, regulates the synthesis of cyclooxygenase-2 (COX-2). However, COX-2 increases pro-IL-1β and NLRP3 expression through NF-κB activation and mediates NLRP3 inflammasome activation by enhancing Caspase-1 activation through promoting mitochondrial damage and ROS production (174), which may lead to an increase in pyroptosis. As a major member of the antioxidant system and an important regulator of ferroptosis, glutathione peroxidases 4 (GPX4) also showed the function of inhibiting macrophage pyroptosis (175). Therefore, pyroptosis and ferroptosis may promote each other and thus regulate macrophage pro-inflammatory polarization. The relationship between selective autophagy and ferroptosis has also been widely demonstrated (176). Autophagy promotes ferroptosis through selective degradation of ferritin (177), GPX4 (178), SLC40A1 (179), aryl hydrocarbon receptor nuclear translocator-like (ARNTL) (180), and lipid droplets (181). As a widely recognized inhibitor of autophagy, mTORC1 has also been shown to inhibit ferroptosis by regulating GPX4 synthesis (182). Since DAMPs including proteoglycan decorin (DCN) secreted by ferroptotic cells can bind to advanced glycosylation end-product-specific receptor (AGER) on macrophages and further trigger the production of pro-inflammatory cytokines in an NF-κB-dependent manner. Macrophage-selective autophagy and ferroptosis may promote each other and induce the formation of the NASH inflammatory microenvironment (183). Interestingly, although both pyroptosis and selective autophagy can promote the occurrence of ferroptosis, they do not promote each other. The inhibition of macrophage autophagy has been previously mentioned to be associated with increased pyroptosis. The inhibition of macrophage autophagy has been previously mentioned to be associated with increased pyroptosis. A recent study also confirmed that Tim-4, a phosphatidylserine (PS) receptor, activates liver kinase B1 (LKB1)/AMPKα-mediated autophagy to inhibit NLRP3 inflammasome activation, thereby improving the release of IL-1β and IL-18 from macrophages (184), suggesting that Tim-4+ macrophages may inhibit the onset of pyroptosis through autophagy. On the other hand, peritoneal Tim-4 macrophages could inhibit CD8+ T proliferation (185), while activated CD8+ T cells could release granzyme B to induce increased macrophage pyroptosis and promote NAFLD progression (186). Thus, Tim-4-mediated macrophage autophagy not only directly inhibits pyroptosis, but also indirectly inhibits macrophage pyroptosis by suppressing CD8+ T cell activation, suggesting an antagonistic relationship between autophagy and pyroptosis.

It is now generally accepted that the progression of NAFLD is caused by liver lipotoxicity. Possible mediators of lipotoxicity include free cholesterol, saturated free fatty acids, diacylglycerol, lysophosphatidylcholine, sphingolipids, and ceramides (187). Lipotoxic mediators not only induce damage and death of hepatocytes thereby recruiting macrophages, but also directly induce M1 polarization of macrophages. Mitochondria serve as important sites of energy metabolism and regulate liver lipid metabolism and oxidative stress. Changes in mitochondrial metabolism and physiology may underlie the corresponding phenotypes of macrophage activation induced by various signals, including alterations in oxidative metabolism, mitochondrial membrane potential and tricarboxylic acid cycle, as well as the release of mtROS and mtDNA and alterations in mitochondrial ultrastructure (188). Excess ROS attacks biological membranes leading to lipid peroxidation, which not only direct damages phospholipids but also acts as a cell death signal to induce PCD. Numerous studies have confirmed that mitochondrial ROS can induce a variety of PCD in macrophages including pyroptosis (189), autophagy (190), apoptosis (191), necroptosis (192), and ferroptosis (193), suggesting that macrophage polarization and death are closely related to disturbed energy metabolism and oxidative stress. However, it is poorly understood that how dysregulated lipid metabolism in the complex in vivo environment leads to different types of PCD in macrophages. Mitochondria play an important role as the energy center in different types of PCD (164), and the development of single cell omics and mitochondriomics may provide valuable information. This aspect is still poorly understood and requires continuous and intensive research.


 7. Potential drugs targeting PCD of macrophages.

As drivers of hepatic steatosis, inflammation, fibrosis and important players in hepatic lipid metabolism, macrophages are attractive therapeutic targets for the treatment of NAFLD. The main strategies currently used to target macrophages include inhibition of monocyte infiltration and inhibition of pro-inflammatory macrophage polarization (194). The improvement of liver inflammation by inhibition of MoMFs infiltration has been well supported by evidence in preclinical studies. A randomized, double-blind, multinational phase 2b study showed that canicriviroc, a dual chemokine receptor CCR2/CCR5 inhibitor, doubled the proportion of patients with at least 1 stage of fibrosis improvement after 1 year despite no improvement in liver inflammation (34). The nuclear receptor family mediates anti-inflammatory polarization of macrophages, thus providing a link between inflammation and lipid metabolism and may be a promising target for NAFLD treatment. Drugs targeting nuclear receptors for the treatment of NAFLD including pan-PPAR agonist (Lanifibranor), PPAR-α/δ agonists (elafibranor), PPAR-α/γ agonist (Saroglitazar) and FXR agonist (Obecholic acid) have been well summarised (48). These drugs may have the effect of modulating both lipid metabolism and phenotypes of macrophages, but more evidence is needed.

PCD is involved in the regulation of the pro-inflammatory polarization of macrophages. Although apoptosis does not induce intense inflammation, apoptosis inhibition has also been considered a therapeutic strategy for NAFLD. As mentioned above, the Caspase family plays an important role in M1 polarization and apoptosis of macrophages. A double-blind, placebo-controlled clinical trial demonstrated that 28 days of treatment with the pan-Caspase inhibitor emricasan significantly reduced ALT and Caspase-3/7 activation in patients with NAFLD (195). However, another clinical study showed that 72 weeks of emricasan treatment did not improve liver histology in patients with NASH fibrosis and may have worsened fibrosis and ballooning (196). Similarly, apoptosis signal-regulated kinase 1 (ASK1) promotes the mitochondrial apoptotic pathway. A multicenter phase 2 clinical trial showed that 24 weeks of treatment with Selonsertib, an ASK1 inhibitor, had no effect on histological inflammation or ballooning despite a reduction in liver fibrosis (197). As the pro-inflammatory properties of hepatocytes and hepatic stellate cells are also regulated by PCD, it is difficult to identify which type or types of liver cells are targeted by these drugs in vivo. Multiple types of PCD may act in combination to induce the pro-inflammatory polarization of macrophages. These targeted drugs may have induced other types of PCD and thus failed to improve liver inflammation. Inhibition of Caspases, particularly Caspase-8, may lead to a bias towards necroptosis. Necroptosis of monocytes induced by LPS and pan-Caspase inhibitors increased CXCL1/2, TNF-α and IL-6 expression, whereas inhibition of RIPK3 resulted in a decrease in CXCL1 and CXCL2 and an increase in TNF-α (127). This result suggests that inhibition of a single type of PCD does not resolve inflammation completely. In addition, some natural drugs and their active ingredients have extremely strong anti-inflammation and anti-oxidation capabilities (198), which help regulate the death of macrophages, and are also potential therapeutic drugs for NAFLD. Licochalcone B (LicoB), a main component of the traditional medicinal herb licorice, is a specific inhibitor of the NLRP3 inflammasome which directly binds to never in mitosis A-related kinase 7 (NEK7) and inhibits the interaction between NLRP3 and NEK7 (199). Glycyrrhetinic acid, another active ingredient of licorice, can also improve the damaged autophagy flux and reduce the excessive production of inflammatory cytokines such as TNF-α, IL-6 and IL-1β by regulating the STAT3-HIF-1 pathway of macrophages (200). Curcumin and berberine, two of the most studied natural products for the treatment of NAFLD, have shown positive results in several clinical trials (201, 202). Mechanistic studies have also demonstrated the effect of both on macrophage polarization (203, 204). However, whether regulation of PCD is involved remains unclear.

Given the possible relationship between PCD-regulated macrophage polarization and lipid metabolism, drugs that regulate lipid metabolism may also improve NAFLD by modulating PCD of macrophages and thereby inhibiting the pro-inflammatory polarization. For example, Ezetimibe blocks the NLRP3 inflammasome-IL-1β pathway in macrophages in an autophagy dependent manner, and regulates the interaction between hepatocytes and macrophages through extracellular vesicles (73). In addition, sodium dependent glucose transporters 2 (SGLT2) inhibitors not only control blood glucose by inhibiting the reabsorption of glucose by the proximal tubules of the kidney, but also show regulatory effects on lipid metabolism, such as lipid synthesis and FAO (205). Empagliflozin, one of the SGLT2 inhibitors, also shows the role of regulating the AMPK/mTOR signal pathway to enhance autophagy of liver macrophages in T2DM mouse models with NAFLD (206). The therapeutic strategy of targeting lipid metabolism and PCD for the treatment of NAFLD is gradually being emphasized, and the research progress and clinical trials of inhibitors of the relevant targets are well summarized in a recent review (207). However, it is unclear whether these inhibitors target hepatic macrophages. In  Table 1 , we briefly summarize potential small molecule drugs that may improve NAFLD by regulating PCD of macrophages. The safety and efficacy of these small molecule drugs still need to be supported by more clinical evidence.

 Table 1 | Potential small molecule drugs that regulate macrophage death to improve NAFLD. 




 8. Discussion.

Lipid metabolism disorders are an important factor in the development of NAFLD. Lipid deposition is not the main inducement of cell damage, but it makes cells more vulnerable to the influence of internal and external environments and aggravates cell damage (211). Once the fuse is ignited, disordered lipid metabolism can rapidly exacerbate the hepatic inflammatory cascade. Compared to other liver disease, NAFLD is more likely to be susceptible to severe damage from lipid peroxidation. This may be part of the reason that NAFLD can progress to HCC without the stage of liver cirrhosis. As an important regulator of hepatic inflammatory homeostasis, the M1/M2 imbalance in macrophages leads to the development and progression of inflammation. Based on the important role and huge number of macrophages in liver immune cells, targeting macrophages is of great significance to improve the development and progression of inflammation in NAFLD. Lipids, as key metabolites in macrophage polarization, are closely associated with macrophage function. Conventional opinion suggests that M1 macrophages are dependent on glycolysis for energy while M2 macrophages are dependent on FAO. However, this view has been challenged by some data in recent years, which demonstrate the complexity of macrophage metabolism. Therefore, it remains difficult to answer whether intervention in the lipid metabolic reprogramming of macrophages can improve NASH, and the metabolic profile of different phenotypes of macrophages still needs to be further clarified.

PCD is closely related to the polarization of macrophages. Compared with M2 macrophages, M1 macrophages may be more tolerant to various types of PCD, which leads to its survival in inflammation. At present, most studies targeting macrophages to treat NAFLD only focus on different types of PCD. As mentioned above, various types of PCD crosstalk with each other, which makes it difficult to obtain satisfactory results by blocking a single type of PCD. Other types of PCD can continue to promote the progress of inflammation as a complementary or alternative way. Therefore, elucidating the relationship between different types of PCD and the main regulatory factors will help to effectively regulate the proinflammatory polarization of macrophages. Regulation of macrophage polarization by targeting key regulators of specific macrophage populations to inhibit the pro-inflammatory PCD may be a promising therapeutic strategy for NAFLD. Most studies only provided preliminary evidence for the correlation between PCD and lipid metabolism of macrophages. Based on the regulation of lipid metabolism reprogramming on macrophage polarization, exploring the relationship between PCD and lipid metabolism may help to clarify how PCD regulates the phenotypic transformation of macrophages, and provide a basis for the strategy of targeting macrophages in the treatment of NAFLD.

A suitable animal model is important for mechanistic studies and pre-clinical evaluation of drugs. The pathology of NAFLD is extremely complex. Animal models of NAFLD, whether induced by high-fat, MCD, CDAA diets or specific gene deletions, are only partially reflect the characteristics of NAFLD in humans. This may have led to frustration in clinical trials of numerous drugs that performed well in pre-clinical studies. In addition, the majority of pre-clinical studies were conducted on mice. Species differences lead to inconsistent expression of phenotypic, inflammation, and metabolism-related genes in human and mouse macrophages. The elucidation of the epigenetic and metabolic characteristics of human macrophages is particularly important for the translation from pre-clinical studies to clinical applications. Further exploration of the links between various types of PCD in macrophages and the links between PCD and lipid metabolism may help to identify specific markers of macrophages. This will not only contribute to the development of drugs targeting macrophages for the treatment of NAFLD, but will also be important for the non-invasive diagnosis and assessment of the degree of liver inflammation and disease progression.
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Introduction

Inhalation of nanomaterials may induce inflammation in the lung which if left unresolved can manifest in pulmonary fibrosis. In these processes, alveolar macrophages have an essential role and timely modulation of the macrophage phenotype is imperative in the onset and resolution of inflammatory responses. This study  aimed to investigate, the immunomodulating properties of two industrially relevant high aspect ratio nanomaterials, namely nanocellulose and multiwalled carbon nanotubes (MWCNT), in an alveolar macrophage model. 



Methods

MH-S alveolar macrophages were exposed at air-liquid interface to cellulose nanocrystals (CNC), cellulose nanofibers (CNF) and two MWCNT (NM-400 and NM-401). Following exposure, changes in macrophage polarization markers and secretion of inflammatory cytokines were analyzed. Furthermore, the potential contribution of epigenetic regulation in nanomaterial-induced macrophage polarization was investigated by assessing changes in epigenetic regulatory enzymes, miRNAs, and rRNA modifications.



Results

Our data illustrate that the investigated nanomaterials trigger phenotypic changes in alveolar macrophages, where CNF exposure leads to enhanced M1 phenotype and MWCNT promotes M2 phenotype. Furthermore, MWCNT exposure induced more prominent epigenetic regulatory events with changes in the expression of histone modification and DNA methylation enzymes as well as in miRNA transcript levels. MWCNT-enhanced changes in the macrophage phenotype were correlated with prominent downregulation of the histone methyltransferases Kmt2a and Smyd5 and histone deacetylases Hdac4, Hdac9 and Sirt1 indicating that both histone methylation and acetylation events may be critical in the Th2 responses to MWCNT. Furthermore, MWCNT as well as CNF exposure led to altered miRNA levels, where miR-155-5p, miR-16-1-3p, miR-25-3p, and miR-27a-5p were significantly regulated by both materials. PANTHER pathway analysis of the identified miRNA targets showed that both materials affected growth factor (PDGF, EGF and FGF), Ras/MAPKs, CCKR, GnRH-R, integrin, and endothelin signaling pathways. These pathways are important in inflammation or in the activation, polarization, migration, and regulation of phagocytic capacity of macrophages. In addition, pathways involved in interleukin, WNT and TGFB signaling were highly enriched following MWCNT exposure.



Conclusion

Together, these data support the importance of macrophage phenotypic changes in the onset and resolution of inflammation and identify epigenetic patterns in macrophages which may be critical in nanomaterial-induced inflammation and fibrosis.
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1 Introduction

Environmental and occupational pulmonary exposures may lead to inflammation and fibrosis in the lung. Understanding the cellular and molecular mechanisms regulating the onset of acute inflammatory responses and development of chronic inflammation and fibrosis is important. In these processes macrophages play pivotal roles as they are involved not only in the onset but also the resolution of inflammatory responses. The macrophage population is highly heterogeneous and has a high phenotypic plasticity in response to environmental cues. The intricate population of macrophages cannot be easily characterized, and while it is generally accepted that the phenotype is dynamic, the traditional M1/M2 phenotype classification is still commonly used as an outline to assess inflammatory responses (1). Similar to environmental pollutants, inhaled nanomaterials may lead to inflammatory responses in the lung and if left unresolved, poorly soluble and biopersistent materials, e.g., high aspect ratio nanofibers, may bioaccumulate and induce chronic inflammation and fibrosis in the lung and pleura (2, 3). In the resolution and transition of immune responses, a timely alteration of macrophage phenotypes is imperative. Albeit various nanomaterials have been shown to possess immunomodulating properties, the involvement of macrophage polarization in nanomaterial-induced pulmonary inflammation and fibrosis is not well understood. The transition of macrophage phenotypes is tightly controlled by transcriptional and metabolic changes and is fine-tuned by epigenetic regulation (1, 4, 5). The epigenetic regulation occurs through histone modifications (e.g., methylation and acetylation mostly at lysine residues), DNA (5mC) and RNA modifications (e.g., m6A, m5C, m1A, 2’-O-Me, and Y), and non-coding RNAs. Together these epigenetic events allow alterations in gene transcription and translation by changing the promoter accessibility and destabilizing target transcripts important for macrophage functions. In the reprogramming of macrophages in response to external stimuli, histone modifications have been most extensively studied, and histone modifications at enhancers or promoters of inflammation-related genes are heavily altered by epigenetic enzymes (6). These enzymes, i.e., histone methyltransferases (HMTs) and demethylases (HDMs), acetyltransferases (HATs) and deacetylases (HDACs), are responsible for adding and removing histone modifications and therefore dictate the magnitude and type of immune response. Methylation of histones can result in either gene activation or repression depending on the site. Methylation of histones H3K4, H3K36, and H3K79 are commonly associated with gene activation while H3K9, H3K27, and H4K20 marks indicate gene silencing. HMTs are commonly associated with M2 macrophage activation by repressing M1 genes and promoting M2 gene transcription, while HDMs are generally linked to induction of M1 phenotype (5). Furthermore, certain histone acetylation marks have been shown to contribute to macrophage phenotypes. H3 acetylation, specifically H3K9 and H3K14, is important for M1 phenotypes. These sites are modified by HAT and HDAC activity, and while the role of HATs has not been thoroughly investigated, extensive evidence suggest a role of HDACs in macrophage polarization (7, 8).

There is also compelling evidence that non-coding RNAs play pivotal roles in the fine-tuning of macrophage phenotypes and resolution of inflammation. Non-coding RNAs e.g., miRNAs exert transcriptional and post-transcriptional regulation of inflammatory pathways. Several studies have confirmed that many different miRNAs affect macrophage polarization (reviewed in 9, 10). Furthermore, recent RNome work by Ma et al. identified several miRNAs differentially expressed during M1 and M2 polarization (9). Although, the regulation is complex and affected by many factors such as species differences, macrophage population and surrounding microenvironment, miR-21, miR-26a, miR-27a and b, miR-155 as well as miR-125a, miR-146a and b, and let-7c have been identified as critical regulators of M1 and M2 polarization (9–11). The involvement of DNA and RNA modifications in the regulation of macrophage polarization is less well known. While DNA methylation may influence macrophage activity and the DNA methyltransferases DNMT1 and DNMT3b, are important in the regulation of macrophage polarization (12–14), the role of RNA modifications is unstudied. As the biologic roles of RNA modifications are starting to emerge, it is however becoming increasingly evident that these dynamic modifications represent a new layer of control of genetic information.

Although changes in macrophage polarization have been implicated in the inflammatory and fibrotic responses to nanomaterials, the regulation of their immunomodulating properties needs further investigation. As such nanocellulose (NC) materials are both inflammogenic and immunomodulating, and NC exposure induces inflammation in the lung (15–21), increases the secretion of proinflammatory cytokines and chemokines, e.g., IL1B, IL1RA, IL6, IL8, TNFA, MCP1, CCL3, CCL4, CSF2, and GCF3 (22–26), and enhances M1 macrophage phenotype (27). However, the inflammatory response is timely resolved, and NC exposure does not result in pulmonary fibrosis (17, 28). In contrast, multi-walled carbon nanotubes (MWCNT) may, like asbestos fibers, induce pulmonary fibrosis and mesothelioma in exposed animals (2, 3). The onset of MWCNT-induced fibrosis is characterized by Th2-type responses following the initial acute inflammation, which is manifested as an induction in e.g., IL4, IL5 and IL13 in the BAL and the lung of exposed animals (29–33) as well as elevated levels of IL4 and IL5 in sputum of MWCNT-exposed workers (34), and is suggested to involve macrophage phenotypic changes (35–38). To evaluate the immunomodulatory effects of these two classes of industrially relevant nanomaterials, we here utilized a murine alveolar macrophage model which was exposed to cellulose nanocrystals (CNC), cellulose nanofibers (CNF) and two MWCNT under air-liquid interphase conditions. Furthermore, the potential contribution of epigenetic regulation in nanofiber-induced macrophage polarization was investigated by assessing the regulation of epigenetic regulatory enzymes, miRNAs, and rRNA modifications following exposure.



2 Materials and methods


2.1 Particle preparation and characterization


CNC (12.1%) was purchased from University of Maine Process Development Centre, ME, USA. CNF (1.0%) produced at Aalto University, Finland, was a kind gift from Prof. H. Norppa, Finnish Institute of Occupational Health, Finland. In addition, the two JRC MWCNT materials NM-400 (JRCNM04000a) and NM-401 (JRCNM04001a) were used. NC dispersions were prepared in sterile ultrapure water and the MWCNT were dispersed in 0.05% Bovine Serum Albumin (BSA; m/v in H2O). CNC dispersions were vortexed for 30 s and CNF and MWCNT dispersions were sonicated using a probe sonicator at 10% amplitude (Sonifier 450S, Branson Ultrasonics, Danbury, CT, USA) for 16 min. Prior to nebulization, MWCNT dispersions were passed through a 40 µm filter to remove large agglomerates. Endotoxin levels were assessed by kinetic chromogenic limulus amebocyte lysate (LAL) assay according to the manufacturer’s instructions (Lonza, Basel, Switzerland). Endotoxin levels of CNC and MWCNT particles were below the detection limit of 0.005 EU/ml. Endotoxin content in CNF was measured to 0.14 EU/ml. Hydrodynamic diameter was measure for the crystalline particle (CNC) by dynamic light scattering (DLS) (ZetaSizer Nano ZS, Malvern Instruments Ltd, Malvern, UK). Scanning electron microscope (SEM) specimens of nebulized samples were prepared on newly cleaved poly-L-lysine-coated mica, essentially as previously described (27). In brief, the specimens were sputter-coated with 2.4 nm platinum in a Cressington 208HR (Cressington Scientific Instruments, Watford, UK) sputter coater and analyzed with a Hitachi SU 6600 (Hitachi High-Technologies Corporation, Tokyo, Japan) field emission scanning electron microscope (FE-SEM). The instrument was operated under the following conditions: accelerating voltage of 15-20 kV and a working distance of 10 mm. High resolution images of the particles were obtained by acquiring at slow scanning speed. Length and diameter of the nanomaterials were measured using ImageJ software (39). At least 150 fibers/particles were measured for each material. Curved nanofibers were measured using the Simple Neurite Tracer plugin in Image J (40).



2.2 Air-liquid interface cell exposure


Murine alveolar macrophages, MH-S (CRL-2019, ATCC, Rockville, MD, USA) were maintained in ATCC-formulated RPMI-1640 medium (Gibco, ThermoFisher Scientific, MA, USA) supplemented with 10% ultra-low endotoxin FBS (Biowest, Nuaillé - France), and 50 μM β-mercaptoethanol (Gibco, ThermoFisher Scientific) in 5% CO2 at 37°C. MH-S cells were seeded in Falcon cell culture inserts (PET membranes, 4.2 cm2 growth area, 0.4 μm pore size, 1.6 × 106 pores/cm²; Corning, NY, USA) at a concentration of 1.0E6 cells/well. The cells were allowed to attach overnight and were air-lifted immediately prior to exposure. Air-lifted cell cultures were exposed at air-liquid interface (ALI) using Cloud 6 (Vitrocell, Waldkirch, Germany) to nanoparticles at concentrations C1: 0.15 μg/cm2 and C2: 2.7 μg/cm2. Cells exposed to the dispersant were used as controls. Exposure experiments were performed in duplicates and repeated three times. Aerosol generation was performed by Aeroneb 4.0 - 6.0 μm nebulizers for CNC and Aeroneb 10 μm nebulizers for CNF and MWCNT dispersions. Shortly, the dispersions were adjusted with 0.01% NaCl to optimize nebulization efficiency, and 200-1000 μl dispersion was nebulized to obtain the desired deposited doses measured by the Quartz Crystal Microbalance (QCM). The measured deposited doses were 0.20 ± 0.04 μg/cm2 and 2.4 ± 0.3 μg/cm2 for CNC, 0.19 ± 0.04 μg/cm2 and 2.5 ± 0.1 μg/cm2 for CNF, 0.14 ± 0.03 μg/cm2 and 2.8 ± 0.3 μg/cm2 for NM-400, and 0.14 ± 0.03 μg/cm2 and 2.8 ± 0.4 μg/cm2 for NM-401. After exposure, cells were transferred to i) culture media (M0), ii) media with IFNG (20 ng/ml; PeproTech, NJ, USA), or iii) media with IL4 and IL13 (20 ng/ml each; PeproTech). IFNG-stimulated and IL4/IL13 stimulated cells are hereafter denoted as M1 and M2 cells, respectively. Polarized MH-S macrophages have been previously thoroughly characterized (27). M1 (IFNG) and M2 (IL4/L13) polarization was confirmed on air-lifted MH-S cells, 
Supplementary Figure 1
. A simplified classification of macrophage M1 and M2 phenotype was performed by analyzing the expression of classical M1 and M2 makers by qPCR. The classical M1 markers assessed included the proinflammatory cytokine (Il6), nitric oxide synthase (Nos2), and Th1-cell attracting chemokines (Cxcl9 and Cxcl10). The M2 phenotype was characterized by assessing the expression of receptors required for phagocytosis and scavenging of mannose (Mrc1, encoding CD206), markers involved in the arginase pathway (Arg1), as well as Th-2 cell response chemokines (Ear11). Four and 24h post-exposure, aliquots of cell media were collected for analysis of cytokine/chemokine and LDH release, and 24h post-exposure cells were collected for nanoparticle uptake, viability analysis and RNA extraction.



2.3 Uptake and cell viability


Uptake of nanomaterials was analyzed by transmission electron microscopy (TEM) at the Electron Microscopy Lab, Oslo University, Norway. In short, 24h after exposure cells were fixed with double strength PHEM fix (41), postfixed in 1% OsO4 (Electron Microscopy Sciences, PA, USA) and stained with 1% UA (Electron Microscopy Sciences). The specimens were dehydrated in an ethanol series, embedded in EPON (Sigma Aldrich, MO, USA) which was polymerized at 60°C and ultrathin sections (80 nm) were made with a Leica ultramicrotome (Leica Microsystems, Wetzlar, Germany). For visualization of NC materials, the sections were labeled with a biotinylated carbohydrate binding module (CBM) of β-1,4-glycanase (EXG : CBM) which was a kind gift from Dr H. Wolff (Finnish Institute of Occupational Health, Finland) and Prof. U. Vogel (National Research Centre for Work Environment, Denmark) (42). In brief, the sections were incubated with 1% fish skin gelatin for 30 min and washed twice with 0.1% BSA-PBS. The NC materials were stained using the biotinylated EXG : CBM protein at 1:500 dilution in 1% BSA-PBS for 30 min. Samples incubated with 1% BSA-PBS for 30 min instead of the EXG : CBM protein were used as negative controls. The EXG : CBM protein was visualized by immunogold labeling. Accordingly, the washed sections were incubated with a rabbit anti-biotin antibody (ab53494, Abcam, Cambridge, UK) at 1:300 dilution in 1% BSA-PBS for 30 min, followed by repeated washing in 0.1% BSA-PBS and incubation with 10 nm protein A gold (Cell Microscopy Core, UMC Utrecht, the Netherlands) at 1:50 dilution for 30 min. The stained sections were washed and allowed to air dry. All incubations were performed at room temperature. Images were taken in a JEOL 1400plus TEM equipped with a Ruby camera at 120 kV (JEOL Ltd., Tokyo, Japan). Cell viability and proliferation were assessed by acridine orange DAPI live dead discrimination using Via1-Cassette on a NucleoCounter NC-200 instrument (ChemoMetec, Allerod, Denmark), and cell membrane leakage was analyzed by CyQUANT™ LDH Cytotoxicity Assay (ThermoFisher Scientific), according to the manufacturer’s instructions. In the LDH analysis, lysed cells were included as a positive control indicating the maximum LDH release (100% LDH release), furthermore, a negative control for the spontaneous release of LDH was included corresponding to 0% LDH release. These controls were utilized in the calculation of LDH release according to the manufacturer’s recommendations.



2.4 RNA extraction and RT-qPCR analysis


Total RNA was extracted using RNA/DNA Purification Kit and RNase-Free DNase I Kit (Norgen Biotek Corp., Ontario, Canada). Purity and concentration were assessed by Nanodrop 2000 spectrophotometer and Qubit fluorometric measurement (ThermoFisher Scientific). Gene expression was analyzed by RT-qPCR using SYBR Green I technology on a QuantStudio 5 Real-Time PCR System (Applied Biosystems, ThermoFisher Scientific). For assessment of macrophage polarization, RNA was reverse transcribed using qScript cDNA synthesis kit, according to the manufacturer’s instructions (Quanta BioSciences, MA, USA). Primer sequences (KiCqStart™ Primers, Sigma Aldrich) are available in 
Supplementary Table 1
. Expression of genes encoding epigenetic modification enzymes was assessed by a custom RT2 array (Qiagen, Hilden, Germany), order information is available upon request. Expression was normalized to the geometric mean of Ubc and Hprt (for individual assays) and Hprt, Tbp and Ubc (for the RT2 array). Expression was assessed using the ddCt method.



2.5 Analysis of cytokine and chemokine secretion


Concentrations of mouse cytokines/chemokines were measured in culture media by Bio-Plex Pro™ Mouse Cytokine 23-plex, according to manufacturer’s instructions (Bio-Rad Laboratories Ltd, CA, USA). CCL3 was excluded from the analysis as the samples fell outside of the standard curve.



2.6 miRNA sequencing and differential expression analysis


miRNA libraries were prepared using QIAseq miRNA library kit (Qiagen) and QIAseq miRNA NGS 96 Index IL according to the manufacturer’s instructions. Library concentrations were measured by Qubit 4.0 fluorometer using dsDNA HS assay kit (Invitrogen, ThermoFisher Scientific). The size and purity of the libraries were evaluated on Agilent 5200 Fragment Analyzer System using HS NGS Fragment Kit (1–6000 bp) (Agilent Technologies, CA, USA). For sequencing, the libraries were pooled at an equimolar concentration and denatured according to the standard Illumina NextSeq Library pooling guide. Sequencing was performed on Illumina NextSeq 550 system using NextSeq™ 500/550 High Output Kit v2.5 (75 cycles) (Illumina, CA, USA) following the manufacturer’s instructions. For detection and quantification of miRNAs in sequencing data the miARma-Seq v1.7.2 toolset was used (43). Specifically, adapters were trimmed from raw reads using CutAdapt and sequences between 18-26 bp and average quality >25 Phread score were included in further analysis. The sequences were mapped to the mouse reference genome (GRCm38) using Bowtie1 with the following parameters: –seedlen 19 –seedmms 0 –best –nomaqround. Reads mapped to miRNA regions annotated in miRBase Release 22.1 were counted using the featureCounts tool (44). Differential expression analysis of detected miRNAs was performed with the DEseq2 v1.36.0 tool using default parameters (45). miRNAs with less than 10 reads in total across all samples were excluded. CNF and NM-401-treated samples were compared to control groups for M1 and M2 cells respectively. Differentially expressed miRNAs with False Discovery Rate, FDR < 0.1 were considered as statistically significant. Variance stabilizing transformation was performed on raw count data prior Principal Component Analysis. Heatmaps were generated using a heatmap tool included in NMF v0.17.6 R package. Before plotting, raw count data were RPKM-normalized and log-transformed. Color scale in heatmaps represents row-normalized Z-scores. Volcano plots were generated using the EnhancedVolcano v1.14.0 R package (46). In the volcano plots a cutoff of FDR ==0.1 were utilized, this corresponds to the plotted uncorrected p-values of -log10(p-value)==2.5 and to -log10(p-value)==2.0 in M1 and M2 cells, respectively. mRNA targets of differentially expressed known miRNAs were estimated using miRDB v6 web service (47, 48). Only validated sets of functional miRNAs (the FuncMir Collection in miRDB) were considered. Genes with target prediction score <60 or more than 2000 predictions were excluded. Predicted target genes of significantly differentially expressed miRNAs were then used for statistical overrepresentation test in PANTHER Pathways v17.0 (49). It should be noted that the results obtained from the pathway analysis relies both on the prediction of differentially expressed miRNAs, and on the consequent miRNA target prediction. To minimize potential accumulative error effects, previously outlined filtering thresholds were applied in each step. Whole set of mouse genes was used as a reference set for Fisher’s Exact test. Results with False discovery rate < 0.05 were plotted using the ggplot2 R package.



2.7 Quantification of RNA modifications by LC-MS/MS

rRNA was extracted from total RNA using an Agilent 1260 Infinity II Analytical-Scale LC-UV Purification System with a Bio SEC-3 300 Å, 2.1 x 300 mm column (Agilent Technologies) chromatographed isocratically with 100 mM ammonium acetate pH 7 at 0.280 ml/min and 40°C for 20 min. Chromatograms were recorded at 260 nm and peaks corresponding to 18S and 28S rRNA were collected, lyophilized and solved in 30 μl of water. The rRNA was enzymatically hydrolyzed to ribonucleosides by 20 U benzonase (Santa Cruz Biotech, TX, USA) and 0.2 U nuclease P1 (Sigma Aldrich) in 10 mM ammonium acetate pH 6.0 and 1 mM magnesium chloride at 40 °C for 1h, then added ammonium bicarbonate to 50 mM, 0.002 U phoshodiesterase I and 0.1 U alkaline phosphatase (Sigma Aldrich) and incubated further at 37 °C for 1h. The hydrolysates were added 3 volumes of acetonitrile and centrifuged (16,000 g, 30 min, 4 °C). The supernatants were lyophilized and dissolved in 50 µl water for LC-MS/MS analysis of modified and canonical ribonucleosides. Chromatographic separation was performed using an Agilent 1290 Infinity II UHPLC system with an ZORBAX RRHD Eclipse Plus C18 150 x 2.1 mm ID (1.8 μm) column protected with an ZORBAX RRHD Eclipse Plus C18 5 x 2.1 mm ID (1.8 µm) guard column (Agilent Technologies). The mobile phase consisted of water and methanol (both added 0.1% formic acid) run at 0.23 ml/min, for modifications starting with 5% methanol for 0.5 min followed by a 2.5 min gradient of 5-15% methanol, a 3 min gradient of 15-95% methanol and 4 min re-equilibration with 5% methanol. A portion of each sample was diluted for the analysis of unmodified ribonucleosides which was chromatographed isocratically with 20% methanol. Mass spectrometric detection was performed using an Agilent 6495 Triple Quadrupole system with electrospray ionization, monitoring the mass transitions 268.1-136.1 (A), 284.1-152.1 (G), 244.1-112.1 (C), 245.1-113.1 (U), 282.1-150.1 (m6A and m1A), 282.1-136.1 (Am), 258.1-126.1 (m5C), 286.1-154.1 (ac4C), 298.1-166.1 (m7G and m2G), 296.1-164.1 (m6,6A), 259.1-127.1 (m3U), 258.1-112-1 (Cm), 298.1-152.1 (Gm), 259.1-113.1 (Um), and 245.1-155.1 (Y) in positive ionization mode.



2.8 Statistics


Gene expression and cytokine/chemokine secretion data were analyzed by linear mixed effects models using the lmer function in the lme4 package for R 4.0.3. For analysis of gene expression, observations, where the standardized residual was larger than 3 in absolute values, were considered outliers and excluded from the analysis. Nested random effects were included for treatment (i.e., nanomaterial), concentration and experiment number, (concentration was nested in treatment, and treatment was nested in experiment number). For statistical analysis of cytokine secretion, treatment and experiment number were combined in to one variable and then included as a random effect. For assessment of the combined inflammatory potential, random effects were included for exposure (i.e., treatment and experiment number combined) and protein level, with protein level nested in exposure. p-values were adjusted with the Benjamini & Hochberg (BH) step-up FDR-controlling procedure. Cell viability data was analyzed by one-way ANOVA and Dunnett’s test. p-values <0.05 were considered significant. Venn diagrams were created using http://bioinformatics.psb.ugent.be/webtools/Venn/. If not stated otherwise, graphs were created using GraphPad Prism 9.4.1 and multipaneled figures were created in GIMP 2.10.4.




3 Results


3.1 Characterization of nanomaterials


Physicochemical characterization of NC and MWCNT materials is presented in 
Figure 1
. Size distribution of nebulized nanomaterials was determined by SEM analysis, with averages of 202 ± 73 nm in length and 15 ± 3 nm in width for CNC, 
Figure 1A
, and long fibers of 2.63 ± 1.39 µm in length and 20 ± 10 nm in width for CNF, 
Figure 1B
. Nebulized NM-400 fibers had an average length of 0.77 ± 0.50 µm and a width of 18 ± 4 nm, 
Figure 1C
, and NM-401 had longer fibers of an average length of 4.10 ± 2.90 µm and a width of 93 ± 26 nm, 
Figure 1D
. DLS measurements showed that CNC was well dispersed and had a hydrodynamic diameter of 119 ± 1 nm (polydispersity index: 0.14). The materials had calculated aspect ratios of 13.5 (CNC), 131.5 (CNF), 42.8 (NM-400), and 44.1 (NM-401), indicating that the fibrous particles included in this study are high aspect ratio nanomaterials.




Figure 1 | 
Characterization of nanomaterials. Representative SEM images and length measurements in µm of (A) CNC, (B) CNF, (C) NM-400, and (D) NM-401.





3.2 Cellular uptake and effects on cell viability


Cellular uptake of nanomaterials was investigated by TEM or immuno-TEM. Cellular uptake 24h post-exposure was not affected by polarization status, 
Supplementary Figure 2
. Representative images of cellular uptake of nanomaterials in M1 macrophages are shown in 
Figure 2
. M1 macrophages exposed to dispersion media only (control cells), 
Figure 2A
. CNC was highly taken up by all three macrophage phenotypes and was found predominantly within endosomes, as exemplified in M1 cells, 
Figure 2B
. It should be noted that the uptake of nanocellulose materials were identified using immuno-TEM. Thus, the signal emanates from the gold labelled antibody used to detect the EXG-CNC complex and does not give any information to the size or shape of the particles taken up. CNF particles were not observed within exposed cells, 
Figure 2C
. However, while CNF was not taken up, exposed cells had a high prevalence of lysosomal structures in the cytoplasm compared to controls, 
Figure 2C
. In NM-400-exposed cells, fibers were found both within endosomes and in the extracellular space between adjacent cells, 
Figure 2D
. NM-401-exposed cells showed fibers within endosomal structures but also partially in the cytoplasm, 
Figure 2E
. Acridine orange staining, showed that nanomaterial exposure did not induce cytotoxicity at the investigated doses, 
Supplementary Figure 3
. Altogether, these data show that CNC, NM-400 and NM-401 particles were taken up, whereas CNF particles were not phagocytosed by MH-S macrophages. Moreover, cells exposed to NM-401 had an increased dose-dependent leakage of LDH to the medium after 24h of exposure suggesting that NM-401 fibers may penetrate the cell membrane leading to LDH leakage, 
Figure 2F
. This increase was not evident after 4h of NM-401 exposure nor in cells exposed to NC and NM-400, data not shown.




Figure 2 | 
Cellular uptake and effects on membrane permeability at 24h post-exposure. Uptake of nanomaterials was investigated by TEM or immuno-TEM in M1 macrophages. Representative images of (A) Control, (B) CNC, (C) CNF, (D) NM-400, and (E) NM-401-exposed cells. C1: 0.15 μg/cm2 and C2: 2.7 μg/cm2. The experiment was repeated twice. Black arrows indicate endosomal structures with nanomaterials. White arrows indicate fibers in cell cytoplasm. L indicates lysosomal structures. (F) Membrane leakage as measured by medium lactate dehydrogenase (LDH) release following NM-401 exposure. Data indicate mean ± SD, (n=3-5), *p<0.05, **p<0.01.





3.3 Effects of nanomaterial exposure on macrophage polarization markers


Effects of nanomaterial exposure on macrophage phenotype were assessed based on the expression of classical M1 and M2 markers. CNF exposure led to an enhanced M1 polarization with increased expression of Cxcl9, Cxcl10, Il6 and Nos2 in M1 cells, 
Figure 3A
. On contrary, MWCNT exposure led to an increase in M2 markers. Both NM-400 and NM-401 induced the expression of the Ear11 independent of dose, 
Figure 3B
. Furthermore, NM-401 increased the expression of Arg1 and Mrc1 independent of dose, while NM-400 increased Mrc1 expression only at the high dose (C2) in M2 macrophages, 
Figure 3B
. Similarly, NM-400 (C1) treatment gave a 2.3-fold increase in Mrc1 expression as well as a 0.4-fold decrease in Cxcl10 expression in unpolarized M0 cells (p=0.010 and p=0.012, respectively), 
Supplementary Table 2
. Exposure with CNC at the assessed doses did not affect the expression of macrophage polarization markers, 
Figures 3A, B
. These data indicate that CNF induces the expression of common M1 markers, whereas NM-400 and NM-401 induce the expression of M2 macrophage markers at the tested doses.




Figure 3 | 
Effects of nanomaterial exposure on the expression of common macrophage polarization markers. Changes in gene expression were assessed by qPCR following exposure to CNC, CNF, NM-400 and NM-401 in (A) M1 and (B) M2 macrophages. C1: 0.15 μg/cm2 and C2: 2.7 μg/cm2. Expression was related to the mean expression in unexposed control cells which was set to 1. Data represent mean ± SE, (n=5), *p<0.05, ***p<0.001.





3.4 Effects of nanomaterial exposure on cytokine and chemokine levels


Secretion of a panel of predominantly pro-inflammatory cytokines and chemokines were quantified after 4h and 24h of nanomaterial exposure at the high dose (C2). Nanomaterial exposure led to an induction in the secretion of several cytokines and chemokines. This effect was especially prominent for M0 but also M1 cells, which both had similar response patterns at 4h, 
Supplementary Figure 4
. Furthermore, NC materials induced stronger effects than MWCNT. At 4h, NC exposure induced the secretion of CCL2, CCL5, IL10 and IL1A independent of polarization phenotypes, while IL5, IL12p70 and TNF secretion was induced only in M0 cells. Interestingly, in M1 cells, the largest effects of exposure was observed at 4h, while in M2 cells the number of proteins affected were higher at 24h, 
Figure 4A
. Analysis of the effects of treatment on the total cytokine release rather than on each individual cytokine separately (used as an estimation of inflammatory potential) showed that CNF exposure had the most pronounced overall effect on cytokine release in M1 macrophages at both 4 and 24h of exposure, whereas responses in M2 cells by both CNF and CNC exposure was delayed and evident only after 24h, 
Figure 4B
. In M1 cells the largest effect of CNF exposure was observed in CCL2 (3.4-fold, p=0.017) and CCL5 (7.0-fold, p<0.001) at 4h, and in IL6 (14.3-fold, p<0.001) at 24h, 
Figure 4C
. While MWCNT gave overall lower changes in the measured cytokine levels, an early response to MWCNT were observed in M2 cells, 
Figure 4B
, where CCL5 levels were induced (2.4-fold, p=0.049) and IFNG levels reduced (0.4-fold, p=0.047) following 4h of NM-401 exposure, 
Figure 4C
. Notably, CCL5 secretion was uniformly increased in both phenotypes and by both NC and MWCNT materials.




Figure 4 | 
Effects on the secretion of cytokines and chemokines following exposure to CNC, CNF, NM-400 and NM-401 (high C2 dose). (A) Venn diagram illustrates the temporal differences in affected cytokines and chemokines in exposed M1 and M2 cells. (B) The combined inflammatory potential of nanomaterial exposure was illustrated by the p−values (−log10) of treatment effects for the deregulated proteins. The cutoff line indicates the significance level corrected for multiple testing. Filled symbols indicate values above the cutoff line where the exposure significantly affected the total secretion of cytokines in the specified macrophage subclass. (C) Cytokines and chemokines with significant changes in their secretion in M1 cells and M2 cells at 4 and 24h of exposure compared to controls. Data indicate mean ± CI, (n=4), *p<0.05, **p<0.01, ***p<0.001.





3.5 Epigenetic regulation of nanomaterial-modulated macrophage polarization



3.5.1 Genes regulating epigenetic modifications


The expression of genes regulating histone methylation (Prt1, Smyd2, Smyd3, Smyd5, Kmt2a, Ezh1, Ezh2, Suv39h2, Dot1l, Wdr5, Ash1l, Setd7, Kdm1a, and Kdm6b), histone acetylation (Hdac2, Hdac3, Hdac4, Hdac9, Sirt1, Sirt2, Kat3a, Kat3b/Ep300, Kat5, Kat6a, and Kat6b), and DNA methylation (Dnmt1, Dnmt3a, and Dnmt3b), was assessed in M0, M1 and M2 macrophages exposed to nanomaterials for 24h, 
Figure 5A
, 
Supplementary Table 3
. MWCNT exposure resulted in more alterations in the analyzed markers compared to NC, which only showed trends to an increase in Kdm6b and a reduction in Hdac9 expression, 
Figure 5A
. MWCNT exposure reduced the expression of several genes regulating DNA methylation and histone modifications. Although the overall effects of nanomaterial exposure on the expression of epigenetic regulators were moderate, the most prominent effect was observed in M2 cells exposed to NM-401 high dose (C2), where 12 genes were found to be differentially regulated, 
Figure 5B
. Of these, 7 genes (Dnmt1, Dnmt3a, Ezh1, Dot1l, Hdac4, Hdac9, and Sirt1) were exclusively regulated by NM-401, whereas 5 genes (Dnmt3b, Kdm6b, Kmt2a, Smyd5, and Ep300) were regulated by both MWCNT materials, 
Figures 5C, D
. Only Kmt2a and Smyd5 were regulated by both MWCNT in both cell types, 
Figures 5C, D
. Exposure at the low dose resulted in similar trend in effect as the high doses for each nanomaterial, 
Figure 5A
, 
Supplementary Table 3
.




Figure 5 | 
Effects on the expression of genes regulating epigenetic modifications. Changes in gene expression were assessed by qPCR following exposure to CNC, CNF, NM-400 and NM-401. C1: 0.15 μg/cm2 and C2: 2.7 μg/cm2. (A) Heatmap of the mean fold changes in regulated genes following 24h of nanomaterial exposure in M0, M1 and M2 macrophages. (B) Venn diagram illustrates commonly regulated genes in M1 and M2 cells after NM-400 and NM-401 exposure. (C) Genes significantly regulated following exposure to NM-400. (D) Genes significantly regulated following exposure to NM-401. Data represent mean ± SD, (n=5), p<0.05.





3.5.2 miRNAs


The involvement of miRNA regulation in CNF and NM-401-induced macrophage polarization was assessed by miRNA NGS. CNF and NM-401 were selected based on their observed ability to enhance M1 polarization (CNF) and M2 polarization (NM-401). Nanomaterial exposure altered the expression (FDR < 0.1) of 11 and 52 miRNA in CNF-exposed M1 macrophages and NM-401-exposed M2 macrophages, respectively. Of these, 4 miRNAs were significantly regulated in CNF-exposed M1 cells and 11 miRNAs were significantly regulated in NM-401 exposed M2 cells, (FDR < 0.1, p<0.05), 
Figures 6A, B
. 
Figure 6C
 shows heatmap and clustering analysis of the identified miRNAs. Moreover, six miRNAs (miR-26a-2-3p, miR-26a-1-3p, miR16-1-3p, miR155-5p, miR-27a-5p and miR-25-3p) were regulated by both nanomaterials indicating that these miRNAs may be common regulators of macrophage phenotypic alterations following nanofiber exposure, 
Figure 6D
. CNF led to a >2-fold increase in the expression of miR-122-5p and >2-fold reduction in miR-16-1-3p and miR-27a-5p expression in M1 macrophages. Of the 52 miRNAs regulated following NM-401 exposure, miR-511-3p, miR-677-3p, miR-5121 and the unverified miRNAs miR-6238, miR-6239 and miR-6240 were >2-fold upregulated whereas let-7c-1-3p, miR-708-5p, miR-26a-2-3p and miR27a-5p were >2-fold downregulated. Fold changes and adjusted p-values are available in 
Supplementary Data Sheet 1
. Predicted mRNA targets for the differentially expressed miRNAs, 
Figure 6E
, 
Supplementary Data Sheet 2
, were used for statistical overrepresentation test in PANTHER Pathways. Pathway analysis showed that targets of the regulated miRNAs were enriched in growth factor (PDGF, EGF and FGF), RAS/MAPK, CCKR, GNRHR, integrin, and endothelin signaling pathways, 
Figures 6F, G
. These pathways are important in inflammation or in the activation, polarization, migration, and regulation of the phagocytic capacity of macrophages. In addition, pathways involved in interleukin, WNT and TGFB signaling were highly enriched for the NM-401 differentially expressed miRNAs, 
Figure 6G
.




Figure 6 | 
CNF and NM-401 exposure induced changes in miRNA expression. (A) Volcano plot of differentially expressed known miRNAs in CNF-exposed M1 cells. (B) Volcano plot of differentially expressed known miRNAs in NM-401-exposed M2 cells. Y-axes show negative decadic logarithm of uncorrected p-values (-log10 P), x-axes show the binary logarithm of fold changes (log2 fold change). Log2 fold change cutoff = 1, and FDR cutoff = 0.1 are indicated. (C) Clustering heat map of differentially expressed miRNAs -log10(CPM). (D) Venn diagrams of differentially expressed miRNAs and (E) their predicted target genes. PANTHER analyzes of the target genes of differentially expressed miRNA in (F) CNF- and (G) NM-401-exposed macrophages, (n=5-6).





3.5.3 rRNA modifications


To assess the potential involvement of epitranscriptomic regulation on nanomaterial-induced macrophage polarization, posttranscriptional base modifications of rRNA were assessed. CNF and NM-401 were selected based on their observed ability to enhance M1 polarization (CNF) and M2 polarization (NM-401). The confirmed rRNA modifications (50): m1A, m6A, m6,6A, m5C, ac4C, m7G, m2G, Y, m3U, and the 2’-O-Me (Am, Cm, Gm, and Um) were analyzed. Exposure to CNF and NM-401 did not induce changes in the analyzed rRNA modifications, 
Supplementary Table 4
.





4 Discussion

Inhalation of high aspect ratio nanomaterials evokes inflammatory responses in the lung, which if left unresolved may evolve into pulmonary fibrosis and cancer (18, 29, 51–54). It is well documented that the inhalation of persistent NC leads to acute pulmonary inflammation which is gradually time-dependently alleviated and does not result in fibrosis (15, 17–20, 28). In accordance with previous studies (23, 26, 27), we here show that NC materials trigger proinflammatory responses and enhance macrophage M1 phenotype. CNF alone did not alter the expression of the analyzed macrophage polarization markers in M0 cells, however induced the secretion of the proinflammatory cytokines IL5, IL12 and TNF. Furthermore, CNF exposure enhanced the expression of the M1 markers Cxcl9, Cxcl10, Il6, and Nos2 in IFNG-activated M1 macrophages, and resulted in a marked increased secretion of e.g., CCL5 and IL6 after 4h exposure. Thus, CNF exposure highly induced the expression of IL6 both on mRNA and protein level. Similarly, NC exposure enhances both CXCL9 mRNA and protein expression (27). CNC did not affect the expression of macrophage polarization markers at the doses investigated. We have previously shown that CNC enhanced M1 phenotype and trigged secretion of proinflammatory cytokines at higher doses (15 ug/cm2) (27). Interestingly, CNC materials typically induce more pronounced inflammation than CNF materials in exposed animals. Concurrently, CNC is rapidly internalized by macrophages and found within endosomes in the cell cytoplasm at 24h of exposure. We have previously demonstrated that CNC particles are taken up through phagocytosis/micropinocytosis via actin and PI3K-dependent mechanisms already after 2h of exposure (27). CNF on contrary, is not effectively internalized by alveolar macrophages in vitro as demonstrated here by immuno-TEM analysis, however exposed cells showed an increased presence of lysosomal structures. These findings are supported by previous studies showing increased presence of vacuoles in the cytoplasm of CNF exposed cells despite low or no particle uptake (24, 55). Previous studies also suggest that CNF may absorb to the plasma membrane resulting in limited uptake and that its effects may involve receptor-mediated mechanisms (23, 56, 57). Thus, these findings indicate that the pulmonary inflammation induced by CNC and CNF materials may involve different cellular mechanisms. Furthermore, the different shape and physical characteristics of these two materials likely influence their effects and the fiber shape of CNF may contribute to the stronger pro-inflammatory effects observed. Indeed, it is well acknowledged that fibers and high aspect nanomaterials may induce prominent sustained inflammation upon inhalation and may even result in pulmonary fibrosis or cancer (58).

Despite the high aspect ratio of CNF materials, their toxic pulmonary responses differ from that caused by MWCNT and asbestos (18, 28). Contrary to NC, MWCNT, similarly to asbestos, are inefficient cleared and retained in the lung resulting in chronic inflammation, fibrotic lesions, lung cancer and mesothelioma in long-term exposed animals (51, 59–64). In addition to differences in chemical composition, CNF particles are also highly coiled and branched, affecting their uptake. It is generally acknowledged that high rigidity of particles highly influences their clearance and the physiological responses upon inhalation, as they may induce damage to endosomes and phagosomes or directly pierce the cells leading to prolonged and more prominent inflammatory responses (65–68). For MWCNT, a progression from acute inflammation to chronic fibrotic changes suggests that a resolution of inflammation involving Th2 responses may underlie the fibrotic events (38). It is also evident that long and rigid MWCNT typically induce more prominent inflammation and fibrotic responses than shorter coiled MWCNT (61, 64, 69). In agreement, this study showed that the long and rigid NM-401 fibers gave more severe effects on macrophage markers, as illustrated by increased M2 markers Arg1, Ear11, and Mrc1, and cytokine secretion, compared to the shorter and more coiled NM-400 fibers. As both materials have similar aspect ratios (NM-400: 42.8 and NM-401: 44.1), these differences could possibly to some extent be attributed to the rigidity of the materials. It is well described that rod-like CNT may induce more severe fibrotic responses (61, 64) and may disrupt macrophage function due to unsuccessful uptake resulting in frustrated phagocytoses and damage of surrounding tissues (58, 67). Analyzes of cellular uptake showed that although both NM-400 and NM-401 were internalized and found within endosomes in alveolar macrophages, NM-401 fibers were also found in the cytoplasm after 24h of exposure. Previous studies have demonstrated that MWCNT may be taken up by macrophages already after 1h of exposure (70). Further analyzes indicated that NM-401-exposed cells showed signs of membrane leakage at the sub-toxic concentrations tested. This may suggest that the more rigid NM-401 fibers induce cellular membrane damage which may contribute to the enhanced effects observed by these fibers. In agreement with our findings, a grouping effort of MWCNT for risk assessment (69) conclude that NM-400 occurs as tangled agglomerates which are not able to induce frustrated phagocytosis (65), while NM-401 cause lysosomal disruption, intracellular ‘vesicle escape’ (66) and frustrated phagocytosis in macrophages both in vitro and in vivo (65). As several studies have demonstrated that MWCNT-induced fibrosis is Th2-type response mediated (reviewed in 38), the involvement of M2 polarization events has been suggested (35–37). Our data confirm an enhanced M2 phenotype following MWCNT exposure, which is more prominent for long rigid fibers. This further supports the involvement of M2 macrophage phenotype in the onset of MWCNT-induced lung fibrosis.

The involvement of epigenetic events in the observed fine-tuning of macrophage phenotype in response to nanofiber exposure has not been clarified. Here we demonstrate that the enhanced M1 phenotype observed after CNF exposure did not involve histone or DNA modification events. However, the MWCNT-induced M2 phenotype showed regulation of several histone and DNA modifying enzymes which may be of importance in fibrosis onset following MWCNT exposure. The epigenetic regulation of M1 macrophage phenotypes has been extensively studied and involves KDM6B (previously known as JMJD3), KMT6, several HDACs and DNMT1 (6). However, fever studies have focused on the role of histone and DNA modifying enzymes in M2 macrophage polarization (71–74). In murine macrophages, alternative M2 phenotype is mediated by the histone H3K27 demethylase Kdm6b which may regulate the expression of e.g., Irf4, Chi3l3, Retn1a, and Arg1 (71, 74). Furthermore, Kdm6a deficient mice show enhanced M2 macrophage polarization (75). These findings indicate that the KDM6 family is important in regulating the M2 phenotype. Interestingly, in this study, both MWCNT decreased the expression of Kdm6b in M2 cells, supporting a potential role of H3K27 methylation in the regulation of macrophage phenotype associated with increased expression of Arg1, Mrc1, and Ear11 following MWCNT exposure. Furthermore, the expression of the H3K4 methyltransferases Kmt2a (previously known as Mll) and Smyd5 mRNA was reduced by MWCNT in both M1 and M2 macrophages, while the Ezh1 and Dot1l mRNA were downregulated exclusively by NM-401 in M2 macrophages. The HMT family members hold diverse roles in macrophage polarization as they regulate the expression of inflammatory genes. In general, HMTs promote M2 phenotype by repressing the expression of pro-inflammatory cytokines e.g., Tnf, Il1b, Il6, and Cxcl10 (76, 77). On the other hand, KMT2A is required for M1 macrophage polarization as it leads to enhanced Cxcl10 expression (72). In addition to alterations in HMT expression, we also observed a reduction in the expression of Hdac4, Hdac9 and Sirt1 as well as the HAT Kat3b (Ep300) in M2 cells following NM-401 exposure. HDACs are recognized as important regulators of polarization as their inhibition results in altered levels of cytokines, chemokines and macrophage activation markers (5, 78). Accordingly, Hdac9 deficiency has been shown to exaggerate M2 macrophage polarization in mouse and human macrophages by upregulating M2 markers e.g., Mrc1 (also known as Cd206) and Pparg and repressing markers involved in M1 polarization e.g., TNF, IL6 and CXCL10 (79, 80). Similarly, HDAC4 inhibits NFKB signaling and increase Tnf and Il6 expression in M1 cells (81). On contrary, SIRT1 represses M1 phenotype by reducing the expression of IKK/NFKB and JNK regulated inflammatory target genes e.g., Tnf, Il1b, Il6, Il12, Nos2, and Mcp1 (82, 83).

While histone modifications are important in the regulation of macrophage polarization and their involvement in nanomaterial-induced pulmonary effects is evident (84, 85), the role of histone modifications during macrophage phenotypic changes in response to nanomaterial exposure has not been previously explored. Thus, while it is difficult to infer the direct effects the epigenetic regulatory enzymes have on the genetic profiles of activated macrophages it is evident that they are important in the fine-tuning of macrophages’ responses to MWCNT exposure. For the MWCNT-enhanced changes in macrophage phenotype our data emphasize the role of the HMTs Kmt2a and Smyd5 as their expression is universally downregulated by both MWCNT and shows the largest effect of all modifying enzymes investigated in this study. In support of our data, it is well known that KMT2A is essential for M1 polarization and its downregulation by MWCNT may be important for the triggering of an enhanced M2 phenotype. SMYD5 is a relatively unknown member of the SMYD family proteins. To date, there is only one study proposing a role of SMYD5 and H4K20me3 in the repression of TLR4 target genes in macrophages (76). However, our data indicate that SMYD5 may also have a role in the regulation of the alternative M2 phenotype. Thus, the downregulation of HMTs observed in our study suggests that their activity is important in MWCNT-induced macrophage polarization and that methylation of H3K4, H3K27 and H3K79 may be critical in modifying macrophage phenotypes in response to nanomaterial exposure. Furthermore, our data support a role of HDACs in nanomaterial-induced inflammation and more specifically our findings indicate that histone acetylation events regulated by HDAC4, HDAC9 and SIRT1 may be critical in the Th2 responses to MWCNT.

The interplay between histone modifications and other epigenetic mechanisms such as nucleotide modifications may add further complexity and may be critical for macrophages’ ability to adjust and reprogram to changes in their environment. It has been shown that MWCNT induce changes in DNA methylation in the lungs of exposed animals (86–88), as well as in MWCNT-exposed workers (89). Furthermore, NM-400-exposure of monocytes induces DNA hypomethylation of inflammation-related genes and genes involved in macrophage polarization, e.g., the JAK-STAT pathway (90). In this study changes in DNA methylation were not directly measured, however, a deregulation of the expression of DNA methyltransferases was observed following MWCNT exposure, where MWCNT induced Dnmt1 and reduced Dnmt3a and Dnmt3b expression in M2 macrophages. DNMT1 and DNMT3B are important in the regulation of macrophage polarization as their overexpression usually results in induced expression of proinflammatory cytokines and concurrent M1 polarization, whereas their depletion leads to enhanced M2 macrophage polarization (12–14). Altogether, these finding support a potential role of DNA methylation events in MWCNT induced M2 polarization.

A well-recognized level of epigenetic regulation is exerted by non-coding RNAs, which affect the expression of various genes involved in macrophage polarization. In this study, both CNF and NM-401 exposure induced changes in miRNA transcript levels. The target genes of the differentially expressed miRNA were involved in several different signaling pathways, e.g., growth factor, Ras/MAPK, CCKR, GnRH-R, and integrin signaling, which are important for inflammation and for the activation, polarization, and function of macrophages. More specifically, CNF exposure resulted in a 2-fold upregulation of miR-122-5p and downregulation of miR-16-1-3p, and miR-27a-5p expression in M1 cells. Recent studies suggest a role of miR-122-5p in pulmonary inflammation and in the regulation of pro-inflammatory cytokine expression e.g., TNF, IL1B, IL6, and MCP1 (91, 92). Furthermore, miR-122-5p may induce M1 polarization (93). While the role of miR-16-1-3p in macrophage polarization has not been investigated, it is suggested to modulate the IL6-JAK-STAT3 signaling pathway (94). On contrary, more targets are described for miR-16-5p which has been suggested as a promotor of M2 polarization (95). These finding are consistent with our data showing that miR-122-5p is highly upregulated and miR-16-1-3p downregulated following CNF exposure, which is associated with increased secretion of IL6, CCL2, and CCL5 and an enhanced M1 phenotype. Interestingly, a 0.4-fold change in miR-27a-5p expression levels was observed for both CNF and NM-401. The role of miR-27a-5p in macrophage polarization is not well understood, as different studies have demonstrated induced expression of miR-27a-5p in both M1 and M2 polarization (96, 97). Furthermore, miR-27a is suggested to suppress PPARG signaling which is involved in the control of inflammatory responses by repressing pro-inflammatory signaling pathways such as JUN (previously known as AP-1), NFKB and STAT3, consequently enhancing M1 polarization (98). Thus, while it is evident that this miRNA is important in macrophage polarization more studies are needed to understand the exact regulation it exerts. Moreover, while the role of miR27-a has not been previously demonstrated in nanofiber-induced macrophage polarization, TiO2 exposure decreases the expression of miR-27a-5p in murine macrophages (99). Furthermore, miR-155-5p and miR-25-3p were also regulated by both CNF and NM-401 exposure in this study. Especially, miR-155 is recognized as a major regulator of inflammation and macrophage polarization and has several known target mRNAs involved in cytokine signaling. miR-155 alters macrophage phenotype through various signaling pathways including the STAT6 and JNK pathways (100–102). In addition, CEBPB is a direct target of miR-155 (103). MWCNT exposure has previously been shown to reduce the expression of miR-155-5p in BEAS-2B cells (104). Moreover, both polystyrene and TiO2 nanomaterials reduce the expression of miR-155-5p in THP1 monocytes (105). Together these data indicate that miR-27a-5p and miR-155-5p may be common regulators of macrophage phenotypes in response to various nanomaterial exposures.

NM-401 exposure also led to a prominent upregulation of miR-511-3p and miR-677-3p and a downregulation of miR-708-5p, miR-26a-2-3p and let-7c-1-3p. While very little information is available on the function of miR-677-3p, miR-708-5p, miR-26a-2-3p and let-7c-1-3p in macrophage polarization, they have been indicated roles in immune responses. Accordingly, miR-708 has been suggested as a suppressor of TNF/IL1B signaling leading to reduced IL6 levels in pulmonary cells (106). Furthermore, let-7c-1-3p is induced in M2 macrophages and both let-7c-1-3p and miR-26a-2-3p are involved in cytokine-cytokine receptor interactions (97). Accordingly, let-7c-1-3p targets immune response genes e.g., Ccr9, Il15, Cxcl10 and Ccl2, whereas miR-26a-2-3p targets e.g., Il15ra, Ccl7, Cx3cl1, Cxcl11 and Il1b (97). On contrary, miR-511-3p is acknowledged as regulator of M2 polarization. miR-511 is a putative positive regulator of Toll-like receptor 4 in macrophages and is involved in the Th cell polarization through modulation of MRC1 expression (107, 108). Moreover, downregulation of miR-511-3p alters PPARG activity leading to downregulation of pro-inflammatory cytokine production in dendritic cells (109). In accordance, MRC1 has been shown to regulate macrophage polarization through miR-511-3p in mice. MRC1 depletion resulted in reduced miR-511-5p levels and enhanced M1 polarization whereas, enhanced miR-511-3p levels resulted in M2-driven anti-inflammatory responses (110). Furthermore, miR-511 has been shown to be highly expressed in IL4-stimulated (M2a) macrophages (111). Thus, while the contribution of miR-677-3p, miR-708-5p, miR-26a-2-3p and let-7c-1-3p on MWCNT-enhanced M2 polarization need further investigation, the increased miR-511-3p expression levels observed in this study could suggest a role of miR-511-3p in the enhanced M2 macrophage phenotype observed following MWCNT exposure.

Finally, RNA modifications have been recently suggested as an additional level of epigenetic regulation in response to various environmental stimuli. For instance, air pollution and PM2.5 exposure has been shown to affect the global N6-methyladenosine (m6A) and mRNA 5-methylcytidine (m5C) levels (112, 113). Moreover, RNA modifications, specifically m6A, have critical roles in immune cell function and immune responses, and have been implicated in various aspects of macrophage biology, including macrophage polarization (114–116). Considering this, RNA modifications could contribute to adjustment of macrophage responses to various nanomaterials. However, our data show that CNF and MWCNT did not induce any changes in the levels of known rRNA modifications.

Altogether, this study demonstrates that CNF exposure enhances M1 macrophage, while MWCNT exposure enhances M2 macrophage polarization, congruent with the observed effects of these materials in triggering inflammation and fibrosis, respectively, in exposed animals. These data support the importance of macrophage phenotypic changes in the onset and resolution of nanofiber-induced inflammation and fibrosis and emphasize the importance of epigenetic regulation in the fine-tuning of macrophages. In correspondence with its stronger immunogenic effects, the MWCNT-induced changes in macrophage polarization involved more prominent epigenetic regulatory events i.e., histone modifications, DNA methylation and miRNAs. Whilst, epigenetic modifications are often investigated separately, there is substantial cross talk between mechanisms to establish the epigenetic landscape. In light of this, our study provides important novel evidence illustrating the intricacy of the epigenetic regulation in macrophages in response to environmental changes. Further, identifying epigenetic patterns in macrophages which may be important in nanofiber-induced inflammation and fibrosis.
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Intervertebral disk degeneration (IDD) is a chronic inflammatory disease with intricate connections between immune infiltration and oxidative stress (OS). Complex cell niches exist in degenerative intervertebral disk (IVD) and interact with each other and regulate the disk homeostasis together. However, few studies have used longitudinal approach to describe the immune response of IDD progression. Here, we conducted conjoint analysis of bulk-RNA sequencing and single-cell sequencing, together with a series of techniques like weighted gene co-expression network analysis (WGCNA), immune infiltration analysis, and differential analysis, to systematically decipher the difference in OS-related functions of different cell populations within degenerative IVD tissues, and further depicted the longitudinal alterations of immune cells, especially monocytes/macrophages in the progression of IDD. The OS-related genes CYP1A1, MMP1, CCND1, and NQO1 are highly expressed and might be diagnostic biomarkers for the progression of IDD. Further landscape of IVD microenvironment showed distinct changes in cell proportions and characteristics at late degeneration compared to early degeneration of IDD. Monocytes/macrophages were classified into five distinct subpopulations with different roles. The trajectory lineage analysis revealed transcriptome alterations from effector monocytes/macrophages and regulatory macrophages to other subtypes during the evolution process and identified monocytes/macrophage subpopulations that had rapidly experienced the activation of inflammatory or anti-inflammatory responses. This study further proposed that personalized therapeutic strategies are needed to be formulated based on specific monocyte/macrophage subtypes and degenerative stages of IDD.




Keywords: intervertebral disk degeneration, monocytes/macrophage subtypes evolution, oxidative stress, trajectory lineage analysis, single-cell transcriptome landscape, longitudinal approach



Introduction

Low back pain (LBP) has continuously been the major cause of disability in human adults, affecting almost 80% of the population worldwide, leading to heavy socioeconomic burden (1, 2). There are lots of triggers of LBP, and intervertebral disk degeneration (IDD) is considered as one of the common reasons (3). IDD progression is a commonly seen musculoskeletal disorder, accompanied by gradual structure alteration with several metabolic homeostasis process, spinal stenosis, disk herniation, lumbar spondylolisthesis, spinal segmental instability, nerve root compression, etc. (4, 5). Consequently, a better understanding of the potential pathological mechanisms has continuously been a research hotspot, which may help to promote the knowledge of IDD progression and finally find novel biological treatments.

Increasing evidence has reported that despite multifactorial etiology like loading changes, smoking, senescence, and poor nutrient supply, genetic factor is the essential risk of IDD, which accounts for more than 70% of the risks (2). Meanwhile, as the largest avascular organ within body, IVD consists of the middle nucleus pulposus (NP), surrounding annulus fibrosis (AF), and cartilage endplate (CEP) on the inferior and superior sides. This special structure makes it an immune-privilege organ and avoids infiltration by immune and inflammatory factors (6, 7). When IDD occurs, the blood vessels infiltrate and inflammatory factors aggregate at the IVD tissue, destroying the homeostasis of IVD (8).

Redox homeostasis is a pivotal process for the physiological maintenance of many cellular activities; the dysregulation of redox homeostasis is tightly related to diversity pathological conditions that influence human health, including different kinds of neoplasms and degenerative skeletal disease (9–13). Oxidative stress (OS) is regarded as the imbalanced state of redox homeostasis with higher reactive oxygen species (ROS) production; OS also plays essential roles in the progression of IDD (12, 14). It has been elucidated that OS could induce autophagy, apoptosis, and calcification of CEP chondrocytes (15–17). Existing studies also reported that the excessive accumulation of ROS would cause OS reaction and injure the normal functions and integrity of NP cells, thereby triggering inflammatory reactions and promoting IDD progression (18, 19).

Recent advanced techniques in single-cell RNA sequencing (scRNA-seq) have provided powerful algorithm for exploring and analyzing the interactive roles and functional heterogeneity of different cell populations (20–22). These methods have been widely performed in different fields like transcriptomic atlas construction and novel populations identification, which have revolutionized studies of gene expression (23, 24). Existing studies have already depicted the transcriptomic atlas for the IVD tissue based on scRNA-seq, which discovered and defined different or new cell subpopulations, providing comprehensive interpretations and novel insights in cellular heterogeneity of IVD, including physiological and degenerative states (25–29).

Immune cells, especially monocytes/macrophages, are reported to produce ROS and promote the onset of OS, causing severe metabolic disorders and even cell death; ROS could also activate transcriptional factors and pro-inflammatory factors and further accelerate inflammation reactions (30). Consequently, identifying functional OS-related immune cells can increase our understanding of OS mechanisms and provide novel antioxidative avenues in the treatment of IDD. However, due to the intrinsic limitations that most scRNA studies have in providing cell atlas in a specific tissue without lucubrating the cell subtypes, the current available transcriptomic analyses of immune cells are from cross-sectional studies, with rare longitudinal description of the immune response. This study performed conjoint analysis of bulk RNA-seq and scRNA-seq to analyze OS functions in different cell populations from early to late degenerative IDD patients. This is the first such landscape to depict the longitudinal alterations of NP cells and monocytes/macrophages heterogeneity in the progression of IDD. Importantly, we revealed the evolution process of monocytes/macrophages, identified different subtypes based on their unique gene expression patterns, and described their temporal transcriptome changes from early to late degenerative IVD tissue. Intriguingly, the highly dynamic populations, effector monocyte/macrophages, and regulatory macrophages were mainly enriched in early degenerative stage, while the homeostatic and activated tissue macrophages were more like terminal differentiated populations that increased during disease progression, which could provide reference for monocyte/macrophage targeted therapy at different stages of IDD.



Materials and methods


Data collection and preprocessing

Microarray datasets were retrieved and downloaded from Gene Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/) database. Bulk RNA-seq data GSE70362 was obtained for OS functional analysis between different degenerative stages, which contained 48 IDD patients with Pfirrmann grade from I to V; grade <3 was considered as early degenerative, and grade ≥3 was late degenerative stage (31). GSE147383 was applied to evaluate OS functional levels and immune infiltration situation and construct weighted gene co-expression network analysis (WGCNA) of degenerative IVD tissues (32). Then, GSE165722 series data were used for scRNA-seq analysis to analyze the OS functional levels between different cell populations and depict transcriptome atlas during different degenerative stages, which included eight patients with degenerative stages from II to V. Only NP tissues were harvested, following a standard surgical protocol. No AF tissues and blood were contaminated the into NP tissue upon collection (25). This study included multiple datasets for analysis to avoid the bias from the same dataset and make the results more convincing.



Identification of differentially expressed OS genes

According to Pfirrmann grade, bulk RNA-seq data (GSE70362) totally contained 16 early degenerative samples and 32 late degenerative samples. This study divided patients into two groups and further screened differentially expressed genes (DEGs) with “limma” package (3.50.0) in R, followed by a cutoff threshold with adjusted p-value < 0.05 and |FC| (fold change) > 1.5, which was considered as statistically significant. To identify DEOSGs, we further extracted 824 OS-associated protein domains from GeneCards database (https://www.genecards.org/) with a relevance score ≥ 7 (see in Supplementary Table S1); then, DEOSGs were screened by taking the intersection of DEGs and OS-related genes to generate a more accurate result, based on Venn plot analysis (“VennDiagram” package in R, 1.7.1).



Immune infiltration analysis

The proportions of the 22 types of immune cells in IVD tissues were estimated using “CIBERSORT” algorithm (33). The proportions and contents of immune cell members from mixed IVD tissues were assessed through gene expression profiles, followed by correlation heatmap and differential expression patterns between different groups. Immune infiltration analysis demands strict requirements on data; only high contents of estimated immune cells are appropriate for analysis. After evaluation of the immune cells components, GSE147383 possessed the highest quality, which was conducted for immune infiltration to analyze the potential existing immune cells, which contained eight samples.



Construction of weighted gene co-expression network and immune-related DEOSGs identification

The top 5,000 most variable genes were included for WGCNA (“WGCNA” package in R, 1.71) construction, based on their median absolute deviation (MAD) values according to official introduction (34). Hierarchical clustering analysis was performed to detect outliers of these tissues, and the soft threshold power (β) was calculated to build a scale-free network. Weighted gene co-expression network was constructed based on β-value; then, co-expression modules were identified according to the heterogeneity of different genes. The relationships between each module and differentially infiltrating immune cells were then calculated and visualized. As Li et al. described, the module with the highest correlation coefficient was considered as the candidate module, which was compared horizontally to discover the most essential genes targeting specific immune cell (35). The intersection of DEGs, OS-related genes, and genes in the interested module was considered as the most related genes (hub genes) for the progression of IDD.



Hub genes validation by principal component analysis and gene expression detection

Principal component analysis (PCA) was used to reduce the dimension of these hub genes from high dimension into three dimensions (PC1, PC2, and PC3), to observe the separating ability between early and late degenerative IVD tissues, based on “prcomp” and “princomp” functions in R. The results were visualized in three-dimensional coordinate system (“scatterplot3d,” “ggplot2,” and “rgl” packages in R, 3.3.5). Human primary NP cells were obtained from iCellbioscience (HUM-iCell-s012) and were maintained in Dulbecco’s modified Eagle’s medium (DMEM)/F12 (1:1) (DF12; Gibco, Grand Island, NY, United States) with 10 fetal bovine serum (FBS; Invitrogen, Carlsbad, CA, United States) and 1% antibiotics (penicillin/streptomycin) (Gibco) in an incubator at 5% CO2 and 37°C (36, 37). Tert-butyl hydroperoxide (TBHP) was purchased from Sigma-Aldrich (St. Louis, MO, United States), to trigger oxidative stress and thus simulate high-ROS environment, which is a stable form of hydrogen peroxide and widely used as an in vitro model to induce extracellular matrix (ECM) degeneration and the apoptosis of NP cells (38). To establish the apoptosis and degenerative model of NP cells, complete culture media with different concentrations (0, 50, and 100 μM) of TBHP were added for 24 h (38). Then, the expression levels of those hub genes under different conditions of degenerative NP cells were detected by quantitative real-time PCR (qRT-PCR). The primers of corresponding genes were listed as follows (5–3′): CCND1, (F) GATGCCAACCTCCTCAACGA and (R) ACTTCTGTTCCTCGCAGACC; CYP1A1, (F) CAAGGGGCGTTGTGTCTTTG and (R) GTCGATAGCACCATCAGGGG; MMP1, (F) TGTGGTGTCTCACAGCTTCC and (R) CGCTTTTCAACTTGCCTCCC; and NQO1, (F) TTTGGAGTCCCTGCCATTCT and (R) TTGCAGAGAGTACATGGAGCC.



Single-cell RNA data integration and processing

The raw scRNA-seq data of NP tissues (Pfirrmann grade II–V) stages were retrieved and obtained (based on GSE165722). After the whole data were read and presented in R, filtering criteria were followed by rigorous procedure, and low-quality cells were removed as follows: cells had fewer than 200 expressed genes and mitochondria UMI counts rate >20%.

After quality control, we created Seurat objects from scRNA-seq data based on each tissue according to “Seurat” package in R (4.1.0) (39). Then, RPCA algorithm wrapped in “Seurat” package was applied to integrate the expression matrix of each tissue and correct batch effects among different tissues; “FindIntegrationAnchors” function was used to merge samples with common anchors among variables (dims = 1:30, k.anchors=10). Then, the integrated matrix was followed by cell normalization and scale. In brief, the top 2,000 highly variable features were analyzed after normalization, which were selected for downstream analysis. Then, PCA was constructed using “RunPCA” function based on the scaled data with the top 2,000 highly variable genes, and the top 30 principles were further chosen for uniform manifold approximation and projection (UMAP) and t-distributed stochastic neighbor embedding (tSNE) dimensional reduction. The unsupervised cells were clustered together by “FindClusters” and “FindNeighbors” functions based on the top 30 PCA principles, to cluster the similar types of cell populations together, with resolution setting as 0.3. The marker genes of each cell cluster were detected by “FindAllMarkers” function with the following criteria: min.pct > 0.1, logfc.threshold > 0.25 and p-value < 0.01. Immune cells were further extracted out and conducted for subsets subdivided, followed by re-tSNE and re-UMAP dimensional reduction.



GSVA algorithm assessed the OS functional levels

To evaluate the differences in OS-related functions in different degenerative grade samples, we retrieved and downloaded GO BP terms from the MsigDB database (Molecular Signatures Database, https://www.gsea-msigdb.org/gsea/msigdb/) to screen the required OS-related functional items (40). “Single sample GSEA (ssGSEA)” algorithm was conducted in R (“GSVA” package, 1.42.0) to calculate functional scores in each sample. Higher scores indicated higher levels of the functional item in each sample. We obtained the following items to fully assess the OS-related functions in IVD tissues: “GO_RESPONSE_TO_OXIDATIVE STRESS,” “GO_REGULATION_OF_RESPONSE_TO_OXIDATIVE_STRESS,” “GO_CELL_DEATH_IN_RESPONSE_TO_OXIDATIVE_STRESS,” and “GO_CELLULAR_OXIDANT_DETOXIFICATION,” as Yu et al. described (41). OS-related scores of different cell populations were calculated to evaluate these OS functions.



Differentially gene expression analysis

“FindMarkers” function was applied to detect DEGs among different groups or cell populations within scRNA-seq data, followed by the following criteria: Wilcox rank sum test algorithm, min.pct > 0.1, logfc.threshold > 0.25, p-value < 0.01, and only.pos = TRUE.



Functional and pathway enrichment analysis of DEGs and sub-populations

DEGs and marker genes of each cell population were analyzed by R (“clusterProfiler” package, 4.2.1) and DAVID database (https://david.ncifcrf.gov/ ) to get understanding of functional annotations and interpretations, including Gene Ontology (GO) and Kyoto Encyclopedia Genes and Genomes (KEGG) results. p-value < 0.05 and false discovery rate (FDR) < 0.25 were considered as significantly enriched. For each cell population, the top 50 genes (prioritized by fold change when comparing each cluster with the rest) were conducted to the enrichment analysis, and ontology terms with near-duplicated terms were eliminated using custom script. The exclusion criteria of GO terms were “POSITIVE,” “NEGATIVE,” “EOSINOPHIL,” “T_HELPER,” or “T_CELL,” as Lee described (42).



Monocytes/macrophages evolvement analysis

To analyze the evolvement procedure of monocytes/macrophages, this study applied CytoTRACE analysis to decode the relative evolutionary states of different subtypes, which was one of the computational methods for depicting the states of cell fate without any prior information (43). The monocytes/macrophages evolvement process was thus analyzed by CytoTRACE with the default parameter.



Differentiation trajectory of monocytes/macrophages by pseudotime analysis

The trajectory analysis of monocytes/macrophages was performed by Monocle2 algorithm (44). After the calculation of size factor and dispersions estimation, DEGs along the trajectory branch were further identified. Seurat clustering results and raw expression counts matrix of cells were prepared before monocle analysis, followed by “DDR-Tree” method and other default parameters to reduce dimensions. Based on pseudotime results, evolvement procedure of monocytes/macrophages were conducted by branch expression analysis modeling (BEAM) analysis.



Cell–cell interaction analysis

To investigate cellular interactive communications among different cell populations, this study conducted CellPhoneDB (based on Python 3.7) and CellChat to get a systematic understanding for cell–cell communication molecules (45, 46). CellPhoneDB and CellChat were public databases for ligands, receptors, and their interactions, where the membrane and secreted and peripheral proteins of the clusters were annotated. The normalized cell expression matrix was prepared by Seurat normalization; the significant mean and cell communication significance were calculated based on each interactive role, setting as p-value < 0.05.



Transcription factor network inference

To further decode the gene regulatory network of different monocyte/macrophage subtypes, we performed single cell regulatory network inference and clustering (SCENIC) algorithm to identify specific regulons involved in different cell subpopulations (based on pySCENIC and R-SCENIC) (47). After extraction of count expression matrix, the transcription factor (TF) activities (AUCell) for each cell were calculated through motif library (version “mc9nr”), and the TF regulation strength was assessed using the 20,000 motifs database according to RcisTarget and GRNboost.



Statistical analysis

Data statistical analysis and visualization in this study was achieved by R (version 4.1.3, based on different packages and algorithms mentioned above) and GraphPad Prism (version 8.3.0). One-way ANOVA analysis was chosen flexibly to compare three or more groups, and Student’s t-test was used for statistical analysis between two groups. The difference of p< 0.05 was considered as statistically significant.




Results


Oxidative stress levels increased gradually with degenerative stages

The human body is always within a balanced state between the oxidant and antioxidant system. The imbalance refers to overexpression of ROS and reduction in antioxidant capacity. Thus, we compared and analyzed the OS functional levels of IVD tissues under different degenerative stages, based on GSE70362 and GSE147383.

According to the relevant functional items retrieved from MsigDB database, we performed GSVA algorithm to score each different degenerative IVD tissue from Pfirrmann grades I–V. We evaluated the OS-related functions like “GO_RESPONSE_TO_OXIDATIVE STRESS,” “GO_REGULATION_OF_RESPONSE_TO_OXIDATIVE_STRESS,” and “GO_CELL_DEATH_IN_RESPNSE_TO_OXIDATIVE_STRESS.” Results illustrated that the OS-related levels in severe degenerative IVD tissues were significantly higher than that in early degenerative tissues among different datasets (Figure 1A). Then, we analyzed the OS-related scores in each degenerative stage. Results revealed that the OS levels elevated with the degenerative stage, and OS levels in grades IV and V were significantly higher than that in grade I, which demonstrated the close correlations of OS reactions with the progression of IDD, as shown in Figure 1B.




Figure 1 | (A) Differences in cellular oxidative stress response in GSE70362 and GSE147383, respectively. (B) OS-related functional scores in each degenerative stage. The higher the score, the more active function. (C) Volcano plot of the identified DEGs. (D) Venn diagram indicating 31 genes were commonly expressed as DEOSGs. (E) The expression situations of these 31 DEOSGs in CON and IDD groups. (F, G) Representative analysis of GO, KEGG categories showing different functions of the screened 31 DEOSGs. “CON” group represented “early degenerative patients,” and “IDD” group represented “late degenerative patients”, *p < 0.05, **p < 0.01, ***p < 0.0001, ns: none significance, which were the same as below.





Identifying DEOSGs related with the OS functions during IDD progression

This study divided the total gene expression matrix of GSE70362 into two groups (early and late degenerative group), followed by linear model fitting and Bayes detection. With cutoff criteria setting as adjusted p < 0.05 and |FC| > 1.5, 259 DEGs were totally screened, with 124 upregulated and 135 downregulated genes. The volcano plot visualized the distribution of these DEGs between early and late degenerative IVD tissues (Figure 1C). Then, the DEOSGs were further identified by the intersection of 259 DEGs and 824 OS-related genes. Altogether, 31 genes were filtered as DEOSGs, which were associated with the progression of IDD (Figure 1D). We further analyzed the gene expression values of each DEOSG, as shown in Figure 1E.

Functional enrichment analysis was further applied to understand the roles in the progression of IDD. GO analysis suggested that the upregulated DEOSGs were primarily correlated with biological functions like “response to oxidative stress,” “response to xenobiotic stimulus,” “response to toxic substance,” “peroxidase activity,” “oxidoreductase activity,” and “aging”; besides, the cellular components were mainly located in the endoplasmic reticulum lumen (Figure 1F). These results indicated the essential roles of OS in the progression of IDD. The KEGG pathway illustrated that these DEOSGs were mainly involved in “chemical carcinogenesis production-ROS,” “DNA adducts,” “receptor activation,” “ferroptosis,” “tryptophan and tyrosine metabolism,” and “metabolism of xenobiotics by cytochrome P450” (Figure 1G).



Immune-infiltrating cell analysis

To understand the compositions of immune cells between normal and degenerative IVD tissues, this study applied “CIBERSORT” method from GSE147383 to discover the correlated immune cells involved in the progression of IDD. The “CIBERSORT” method was designed to estimate the relative proportion of different types of immune cells via deconvolution algorithm. Figure 2A and Supplementary Figures S1E, F displayed the enrichment fraction of immune-infiltrating cells in IVD tissue. Results illustrated that T-cells regulatory (Tregs), plasma cells, and monocytes/macrophages were significantly activated and T-cell follicular helper (Tfhs) were significantly inhibited in late degenerative IVD tissues, as shown in Figure 2B, which suggested the potential regulatory roles of these immune cells in the progression of IDD.




Figure 2 | (A) Heatmap displaying the distribution of 22 types of immune cells in different groups. (B) The relationships of immune infiltration levels between different groups. (C) Cluster dendrogram of samples to detect outliers. The color is from white to red; the redder color represented higher contents of immune cells. (D) Selection of the soft threshold power value. The left panel represents scale-free model fit index; the right panel represents the mean connectivity of these values. (E) Cluster dendrogram of genes enriched based on dissimilarity measure and assignment modules.





Construction of co-expression network and identification of interested modules

After samples heterogeneity detection, all samples were included in the WGCNA workflow, together with their immune cells’ information (Figure 2C). Soft threshold power was determined as 18 based on the scale-free network construction (Figure 2D). Then, hierarchical clustering tree analysis was performed based on the mutual genes’ co-expression; altogether, 20 modules were generated, and each module had unique gene expression patterns (Figure 2E). Furthermore, the relationships between modules and clinical traits (infiltrating immune cells) was demonstrated in Figure 3A. The genes in these generated modules are associated with the progression of IDD, the color depth, and correlation coefficient, and the p-value is correlated with the weights of IDD occurrence. Since the immune infiltration analysis algorithm was developed based on gene expression, the real monocytes/macrophages subtypes could not be analyzed accurately. Results discovered several interested modules like pink, yellow, and green yellow modules targeting macrophages M0 (Cor = 0.89, p = 0.003), monocytes (Cor = 0.88, p = 0.004), plasma cells (Cor = 0.91, p = 0.002), and Tregs (Cor = 0.93, p = 9e−04), respectively. Pink and yellow modules were further merged together as essential modules of monocytes/macrophages and conducted for further analysis to avoid the loss of gene information.




Figure 3 | (A) Module–trait relationships between different clustered modules and immune infiltration cells. Green represents negative correlation, and red represents positive correlation; the darker colors indicated higher weights. Each square also contained corresponding correlation (first line) and p-value (second line), which were consistent with the shade of the color. (B) Venn diagram showing the hub genes among three parts. (C) 3D scatter plot after PCA dimensional reduction in these hub genes in different datasets. (D) ROC curve analysis for predicting IDD in different datasets; qRT-PCR was used to detect the mRNA expression of CCND1, CYP1A1, MMP1, NQO1 in human NP cells treated with TBHP for different concentrations.





Identification of differentially expressed immune-related oxidative stress genes and hub genes validation

The differentially expressed immune-related OS genes, namely, hub genes, were finally identified by Venn plot analysis; the intersection of the three parts included screened 259 DEGs, 824 OS-related genes, and genes in pink and yellow modules. Totally, four genes were obtained: CYP1A1, MMP1, CCND1, and NQO1 (Figure 3B).

Then, the robustness of these four genes was validated by PCA dimensional reduction analysis among different databases. PCA was performed to reduce the dimension of these hub genes into three principal components PC1, PC2, and PC3, where each dot plot indicated each sample in the three-dimensional coordinate system. Based on the gene expression matrix of each database, these dot plots showed significantly distinguishment ability in spatial distribution (Figure 3C).

Based on the four genes identified in this study, we further conducted ROC curve analysis to assess the predictive ability of each feature to observe their diagnostic ability of IDD. As shown in Figure 3D, results indicated high area under curve (AUC) value of each gene among different datasets. The AUC of CYP1A1 was 0.63, 0.66; AUC of MMP1 was 0.73, 0.66; AUC of CCND1 was 1.00, 0.89, 0.82; and AUC of NQO1 was 0.75, 0.76, respectively. Meanwhile, the PCR results further validated that these four hub genes were significantly upregulated in degenerative NP cells with the concentration of TBHP, which further proved the essential roles of these genes in the progression of IDD. Consequently, these four genes were determined as hub genes in this study, which had the most connections with the progression of IDD.



Single-cell profiles landscape revealed the immune cellular heterogeneity within different degenerative stages of IVD tissues

In the above analysis, we found that some immune cells like Tregs, plasma cells, and monocytes/macrophages were upregulated aberrantly in IDD groups. Therefore, we further depicted immune cells heterogeneity atlas within IVD tissues at single-cell level (based on GSE165722). After rigorous quality control workflow to eliminate cells with low gene detection (<200 genes) and high mitochondrial gene content (>20%), a total of 42,960 cells with 18,142 expressed genes were included for subsequent analysis (Figure 4A). The number of the detected genes was significantly correlated with the sequencing depth, and mitochondria UMI rate of each cell was lower than 20% (Figure 4B). The variance analysis revealed the top 2,000 highly variable genes of each sample, and PCA method was performed to identify available dimensions based on these principals; dot plots and heatmap also displayed the significant correlated genes for cell clustering (Supplementary Figures S1A–C). After elimination of different samples by RPCA integration algorithm, PCA and UMAP scatter plot suggested a high overlap of these cells, whether by grades or patients, indicating good integration result (Figure 4C and Supplementary Figure S1D). Then, the top 50 PCs were calculated based on the top 2,000 genes, and the top 30 PCs with the lowest p-values were chosen for subsequent dimensional reduction analysis.




Figure 4 | (A) Scatter plot after quality control and filtering of cells. (B) The left panel indicates that the mitochondria were the same with sequencing depth; the right panel suggests that the numbers of the detected genes were significantly related to the sequencing depth. (C) PCA scatter plot displayed the dot distribution after sample integration. (D) UMAP visualization of degenerative IVD, which identified 17 cell clusters. (E) The heatmap displays the top 5 genes of the identified markers genes of each cluster. (F) The violin plot shows the mean expression of the selected marker genes used for annotation in each cell cluster. (G) UMAP visualization after annotation for each cell cluster. (H) UMAP visualization of cell populations distribution between early and late degeneration stage. (I) The numbers of each cell type in different degeneration stage.



Unsupervised dimensional reduction method was performed for cell subtype clustering by UMAP algorithm; totally, 18 cell clusters were generated in the NP tissue, and according to marker genes detection of each cluster, different cell populations showed high heterogeneity with each other (Figure 4D). The detailed types of cell clusters were referenced by singleR, combined with the existing literatures and databases (48). The heterogeneity of different cell clusters was classified by gene expression (Figure 4E), and 11 clear separations of cell subtypes were annotated, including six types of immune cells and the rest types of NP-related cells. The representative gene expression patterns of specific markers are shown in Figures 4F, G: the core genes encoding anabolic metabolism like COL2A1 and ACAN were highly expressed in NP cells, together with highly expressed SOX9 gene (25, 29); PDGFRA and PRRX1 were mainly expressed in NP progenitor cells (NPPCs), which were the two mesenchymal progenitor markers (28); stromal cells highly expressed COL1A1 and COL3A1 genes (27); endothelial cells mainly included specific marker genes of CDH5 and PECAM1 (49); erythroblast cells consist of CA1, HBB, GYPA, ALAS2, and AHSP; in terms of immune cells, monocytes/macrophages were identified by CD14, CD163, CD86 and MRC1 (50); B cells were identified with MS4A1 and IGKC (49); NK/T cells were identified with TRAC, TRBC2 and SPOCK2; neutrophils mainly expressed FCGR3B and CXCL8 (51); granulocytic myeloid-derived suppressor cells (G-MDSC) highly expressed marker genes of ITGAM and ARG1 (52, 53); and granulocyte macrophage progenitor (GMP) cells were identified by marker genes of ELANE, MPO, and MS4A3 (54, 55). The distribution of distinct cell populations between different degenerative stages is shown in Figures 4H, I.



Oxidative stress levels among different cell populations of IDD

Based on the classified cell populations, we also performed “GSVA” algorithm to calculate the scores of OS-related functions for each single cell and observed the OS levels in real IVD microenvironment. The results of single cells in IDD were consistent with the bulk-RNA seq, in that the OS-related functions in late degenerative IVD tissues were significantly higher than that in early degenerative tissues (Figure 5A). Moreover, we evaluated the OS-related functions for each cell subtype. Results illustrated that the NP and NPPC cells had the highest OS-related scores. As for immune cells, monocytes/macrophages were shown as the most correlated immune cells with OS-related functions. Intriguingly, we also observed high OS levels in endothelial cells (Figures 5B, C). We next observed the OS-related functions among different cell subtypes between early and late degenerative IDD. Results suggested that most cell populations had higher OS-related levels in late degenerative IVD tissues except GMP and G-MDSC, as shown in Figure 5D and Supplementary Figure S2, which may behave protective roles to ameliorate IDD progression, at least by reducing OS levels.




Figure 5 | (A) Differences in cellular oxidative stress response of different groups at the single-cell level. (B) The OS-related functions among different cell populations. (C) The heatmap shows each OS-related function among different cell populations. (D) Comparison of OS-related functions between early and late stage in G-MDSC and GMP.





Sequential alterations of monocyte/macrophage populations during IDD

In immune cells, monocytes/macrophages possessed the highest OS-related functions in degenerative IVD tissues, whether by bulk-RNA-seq or scRNA-seq analysis. We next analyzed monocyte/macrophage-specific features that dynamically changed during IDD. Therefore, we extracted and performed re-clustering analysis of the monocyte/macrophage population through UMAP dimensional reduction method. Totally, we analyzed 1,824 monocyte/macrophage cells based on variable genes and identified six different sub-clusters (Supplementary Figure S3A). Based on the distinct gene signatures, we identified the following five monocyte/macrophage subtypes with distinct biological significance for downstream analysis: OS related macrophages (EREG+ IL1A+ macrophages), activated tissue macrophages (APOC1+ CLU− macrophages), effector monocytes/macrophages (CTGF+ COL3A1+ monocytes/macrophages), regulatory macrophages (AZU1+ ELANE+ macrophages), and homeostatic macrophages (CTSL+ MRC1+ macrophages) (shown in Figures 6A, B; Supplementary Figure S3B). Supplementary Figure S3D also displayed the normalized expression levels of representative marker genes for each subtype.




Figure 6 | (A) The distribution of macrophages among all cell populations and the further re-clustering of macrophages with UMAP visualization. (B) Five different macrophage subtypes and their specific marker gene expression levels, with brightness indicating log-normalized average expression, and circle size representing the percent expressed. (C) The number cells of macrophage subtypes in different degeneration stage. (D) UMAP visualization of macrophage subtypes in different degeneration stage. (E) Heatmap of the top 5 of cluster-specific DEGs for each macrophage subtype; the color indicated the relative gene expression. (F) Bar plots showing the −log10 (p-value) from enrichment analysis of representative GO biological functions among different macrophage subtypes.



Although there were no significant number changes in monocytes/macrophages as a whole during early and late stages, we observed an interesting trend of subtypes after monocytes/macrophages re-clustering. The proportion of each subtype underwent distinct changes during IDD: the subpopulation of effector monocytes/macrophages and regulatory macrophages was dominant at grade II but was drastically decreased from grade III; with the progression of degenerative grade, we observed increased proportions of OS related macrophages, activated tissue macrophages, and homeostatic macrophages, while effector monocytes/macrophages and regulatory macrophages barely existed (Figures 6C, D). Dynamic changes in the proportions of the subtypes are summarized on UMAP plot in Supplementary Figure S3C.

To characterize the subtypes of monocytes/macrophages in detail, we identified DEGs for each subtype, and the top 50 DEGs of each subtype were analyzed by GO biological functions (Figure 6E). DEGs of OS-related macrophages (the dominant population in late degenerative IVD tissues) were enriched in functions like “acute inflammatory response,” “ROS metabolic process,” and “response to oxidative stress”; besides, they mainly expressed markers of M1 (IL1A, IL1B, TLR4, and IL6), which were considered to act roles like M1. Activated tissue macrophages had DEGs that were mainly associated with activated inflammatory response like “response to lipopolysaccharide” and “regulation of inflammatory response.” As expected, DEGs of homeostatic macrophages and effector monocytes/macrophages were chiefly enriched in protective functions like “tissue remodeling” and “collagen binding;” meanwhile, both two subtypes highly expressed M2 markers (CSF1R, MRC1, C1QB, and C1QC), which may behave roles like M2, and effector monocytes/macrophages also highly expressed monocytes marker (CD14) and proliferative markers (CTGF and PCNA) (56, 57). As for regulatory macrophages, they were mainly involved in functions of regulating effects, such as “cytoplasmic translation” and “humoral immune response” (Figure 6F; Supplementary Figure S3D). Overall, we totally defined five distinct subtypes of monocytes/macrophages, which suggested extensive heterogeneity with each other in different degenerative stages of IDD.



Evolution lineage trajectory of different monocyte/macrophage subtypes in IDD

We next performed the CytoTRACE analysis to further evaluate the evolutionary dynamics of the monocyte/macrophage subtypes, which could reveal the direction of evolution and predict cell lineage trajectories using gene counts and expression (43). Few kinetics were observed in activated tissue macrophages, while regulatory and effector monocytes/macrophages formed complex kinetics during IDD (Figure 7A). To quantify the kinetic dynamics of CytoTRACE results, we calculated the scores of each cell in Figure 7B, which represent the evolutionary ability. Regulatory macrophages had the highest levels of dynamics. In contrast, activated tissue macrophages and homeostatic macrophages both had low levels of dynamics, which were consistent with the findings from UMAP embedding (shown in Figure 7A). The results suggested that regulatory and effector monocytes/macrophages contributed to the formation of the rest macrophages during IDD.




Figure 7 | (A) Plot of the CytoTRACE pseudo-time order for the macrophage subtypes. (B) Calculation of CytoTRACE scores of each macrophage cell according to predicted order. (C) Monocle pseudo-time analysis revealed the macrophage subtypes lineage progression. The left panel displays the different macrophage subtypes along lineage progression; the right panel indicates the pseudo-time results of these subtypes. (D) Tree branch diagram of the macrophage subtypes; the legend of macrophage subtypes is the same as in panel (C). (E) The detailed location of different macrophage subtypes along the lineage progression. (F) Pseudo-time trajectory initiated from regulatory macrophages toward OS-related macrophages. (G) The left panel shows the alterations of relative expression patterns of representative genes along the pseudo time. The right panel analyzed the GO biological functions in clusters 1–3, as defined in the left panel.



To investigated the dynamic transcriptome changes of these subtypes, we next constructed monocle pseudo-time trajectory analysis. The trace displayed that effector monocytes/macrophages that accumulated at the root of the trajectory, homeostatic, and activated tissue macrophages were distributed alongside different branches from the root, while regulatory and OS-related macrophages accumulated together at the tail end of the track (Figures 7C, E). The pseudo-time tree branch diagram further demonstrated the detailed evolution process of these monocyte/macrophage subtypes (Figure 7D). Results illustrated that effector monocytes/macrophages were located at the father node, which further divided into homeostatic and activated tissue macrophages. Regulatory and OS-related macrophages clustered together at the end of child nodes, which were consistent with the trajectory evolution results. These data indicated that separate trajectories of these subtypes were useful to depict their distinct evolution pathways; effector monocytes/macrophages could evolve into homeostatic and activated tissue macrophages, while regulatory macrophages could evolve into OS-related macrophages.

For the trajectory towards OS-related macrophages (OS route) (Figure 7F), we defined three distinctive clusters showing different modular gene expression alterations. We summarized the top 5 GO biological functions in Figure 7G; notably, clusters 1 and 2 of the OS-related macrophages route (which was exclusively expressed in highly activated OS-related macrophages) suggested increased expression of IL1B and IFN. In addition, highly activated OS-related macrophage clusters displayed predominant enrichment of pro-inflammatory mediators like IL1A, IL1B, CXCL8, and TNF (Supplementary Table S2). These findings pointed that the specific subpopulation that derived from regulatory macrophages had experienced IDD-dependent activation of macrophage inflammatory responses.

As for the trajectory from effector monocytes/macrophages, we performed BEAM analysis for branch fate-determined gene analysis according to node 1, branch heatmap visualized significant gene expression alterations in different subtypes, cell type I represented the smaller state ID (namely activated tissue macrophages), and cell type II indicated bigger state ID (namely, homeostatic macrophages), as shown in Figures 8A, B. We totally defined six distinct clusters and analyzed their biological functions. Results suggested that genes in cluster 4 became highly expressed in activated tissue macrophages, with their biological functions associating with immune response, including cellular response to oxidative response and inflammatory response. In contrast, genes in the rest clusters were mainly overexpressed in homeostatic macrophages, with their biological enrichment with protective functions like regulation of cell proliferation, collagen fibril organization, and extracellular matrix organization; they also showed increased expression of C1QA and TGFB2, which were known to be key genes of well-differentiated M2 macrophages (42).




Figure 8 | (A) Pseudo-time trajectory initiated from effector monocytes/macrophages toward activated tissue and homeostatic macrophages. (B) Branch trajectory heatmap of the DEGs revealed gene expression alterations under different lineage progression directions, together with the main functions of these genes in each cluster displayed. (C–E) Overview of the cellular inter-regulatory network and the correlation among different cell populations. (F) The bubble plot shows each statistically significant ligand–receptor pair between NPPC and macrophage subtypes.



In brief, the monocyte/macrophage subpopulations experienced time-dependent and subtypes-specific alterations during IDD progression. These subpopulations exhibited a continuous spectrum changes at the transcriptome level, which mainly began with effector monocyte/macrophages and regulatory macrophages from early degenerative stage.



Signaling network for the intercellular crosstalk regulating the homeostasis of NP Cells

To seek further insights about the critical factors and the pathways that contribute to the activation or homeostasis of NP cells, especially between different monocyte/macrophage subtypes and NP cells, we investigated the signaling network in the whole cell populations based on CellphoneDB and Cellchat analysis. Results displayed highly regulated cellular communications from the bidirectional interactions among those cell populations; the more and thicker lines indicated more participated signaling pathways and more interaction weights, and the size of circles represented the numbers of each cell population (Figure 8C). Communication correlation heatmap quantified the numbers or weights among different cell populations, which demonstrated that the NPPC, NPs, and monocytes/macrophages had actively regulated roles (Figure 8D); thus, monocytes/macrophages were determined as the essential immune niche components in degenerative IVD tissues. We further divided monocytes/macrophages into distinct subtypes, and regulatory network indicated that each subtype had distinct active interactions with other cell populations (Figure 8E). The detailed signaling communication results between different subtypes and other cell populations are shown in Figure 8F.

Notably, only regulatory and OS-related macrophages were involved in vascular endothelial growth factor (VEGF) signaling pathway through autocrine, which also served as receiver of VEGF signals, while NPs and NPPC functioned as the main regulators of the communication (Figure 9A). The SPP1 pathway had significant changes in NPPC, NP cells, NK/T cells, and endothelial cells, which were especially participated by monocytes/macrophages (except regulatory and OS-related macrophages subtypes) (Figure 9B). Moreover, the tumor growth factor beta (TGF-β) pathway was modulated by regulatory macrophages and NPPC, mainly through autocrine or paracrine mediation by TGFB1-TGFBR1 or TGFB1-ACVR1 interactions. Intriguingly, the OSM signaling pathway was mainly observed in regulatory and OS-related macrophages through paracrine, targeting NPPC. In the platelet-derived growth factor (PDGF) signaling network, the effector monocytes/macrophages acted as critical contributions by secreting PDGFA, PDGFB, and PDGFC ligands, leading to the paracrine from effector monocytes/macrophages to NPPC and NP cells. In addition, the TWEAK signaling pathway was mainly mediated by effector monocytes/macrophages and homeostatic macrophages through paracrine targeting NPPC and NP cells; the detailed information of these activated signaling pathways is shown in Figures 9C–F. These findings could also advance the intervention targeting potential signaling pathways to ameliorate IDD.




Figure 9 | The enrichment situation of VEGF (A), SPP1 (B), TGFβ (C), OSM (D), TWEAK (E) and PDGF (F) signaling pathways respectively.





Transcription factors regulatory network among monocytes/macrophage subtypes

To explore the gene regulatory networks that determined cell fate in the monocyte/macrophage subtypes, we performed SCENIC analysis to decipher the regulatory activity (regulons) from the co-expression of transcription factors (TFs). Totally, we discovered 357 regulons that were used to discriminate the different monocytes/macrophage subtypes (Figure 10A). After the calculation of regulon specificity score (RSS), totally, 25 regulons were further determined as the core regulons that modulate the downstream functions. As shown in Figures 10B, C, results illustrated that different subtypes upregulated the expression of different TF regulatory networks. The highly enriched regulons in activated macrophages included RXRB, HOXA3, ZNF559, ZNF285 and MGA. The SIX4, SOX8, SOX9, ZIC1, and TEF TFs were specific to effector monocytes/macrophages. Homeostatic macrophages exhibited strong enrichment of MTA3, GTF3C2, MYC, ZNF567, and peroxisome proliferator- activated receptor gamma (PPARG) TFs. OS-related macrophages were enriched in regulons such as ERG, GATA2, HOXA9, TAL1, and SOHLH2. As for regulatory macrophages, they mainly overexpressed MZF1, HES6 CEBPE, FLI1, and POU3F1 TFs. The representative motifs of each monocyte/macrophage subtype are illustrated in Figure 10C. These identified TFs helped researchers further realize the gene regulatory network by monocytes/macrophages and made it possible for cell therapies to mitigate the IDD.




Figure 10 | (A) The heatmap reveals binary regulon activities analyzed with SCENIC in each subtype of macrophage; “ON” indicated active regulons and “OFF” indicated inactive regulons. (B) Hub TFs calculated by calcRSS algorithm. (C) The heatmap displays the identified regulon modules for each macrophage subtype, along with representative transcription factors, corresponding binding motifs, and associated cell types.






Discussion

The cellular heterogeneity of IVD tissues has been a long-debated controversy due to the complexity of IDD (28). Although recent studies have reported several single-cell transcriptomes of physiological or degenerative IVD tissues, none have used a longitudinal approach along with the natural disease course. Inflammatory responses are closely related to oxidative stress and immune processes (58), while few studies have focused on the aberrantly expressed biomarkers associated with immune infiltration and oxidative stress in degenerative IVD tissues.

Herein, based on the differential analysis, WGCNA, and immune infiltration results, we finally determined four hub genes, namely, CYP1A1, MMP1, CCND1, and NQO1, which suggested tight associations with the progression of IDD. The functional enrichment annotations of DEOSGs further helped us realize the potential mechanisms of IDD that oxidative stress responses, xenobiotic stimulus, ferroptosis, and metabolism of cytochrome P450 were mainly involved in the pathological processes of IDD. We previously discovered that lipid-metabolism gene CYP1B1 from blood tissues could promote the development of IDD through immune infiltration (59); this study further found that CYP1A1 behaved OS-related functions in IDD. The characteristic feature of cytochrome P450 (CYPs) enzyme could produce H2O2 directly or indirectly via superoxide anions, which were also known as “NADPH oxidase” activity. H2O2 produced by CYPs could lead to the accumulation of cytotoxic ROS, which thereby impairs cell functions and causes tissue damage (60). This is the first time that the essential roles of CYPs family with oxidative stress and immune responses were connected with the pathological process of IDD, which were worth of subsequent in-depth research. Existed studies have reported the essential roles of MMPs family and their inhibitors screening in the progression of IDD, among which MMP1 may participate partially through OS-related functions and inflammatory reactions (61, 62). NQO1 served as antioxidant genes and played essential roles in ameliorating inflammatory responses, reticulum stress, and apoptosis of degenerative NP cells, which were partially regulated by the antioxidant transcription factor Nrf2 (14, 63).

According to the immune infiltration analysis based on bluk-RNA seq, Tregs, plasma cells, and monocytes/macrophages were aberrantly activated in the progression of IDD. The results of the significant changes in immune cells by immune infiltration analysis could give us evidence in the following focused research by scRNA-seq. The immune infiltration analysis is a developed algorithm based on gene expression. The 22 immune cell types have already been determined since the algorithm was developed. Thus, single-cell results further verified the above findings that different immune cell infiltrations occurred in the early stage of IDD.

The number of neutrophils increased with the degenerative stages, which also played essential roles in OS-related functions. This study further intuitively demonstrated the importance of neutrophils infiltration in mediating the development of IDD from the single-cell level, which confirmed our previous deduction that neutrophils could arrive and accumulate in degenerative IVD through blood vessels and acted directly on NP cells by releasing inflammatory factors, thereby undermining the immune privilege of IVD (59). G-MDSC was widely defined as immature neutrophils, with immunosuppressive functions that inhibit T-cell activation and ROS production, which has been widely studied in neoplasms, acting as a suppressor of anti-tumor immune response (64–67). The numbers of G-MDSC were found to be decreased in late degenerative IVD, and the potential protective roles of G-MDSC have been reported by Tu et al. in IDD (25). This study further determined that this protective process may be achieved by reducing the levels of oxidative stress. In addition, GMP also possessed low levels of OS-related functions, and the numbers were found to be decreased in late degenerative IVD, which may behave similar protective roles with immunosuppressive functions to ameliorate IDD as G-MDSC did. Moreover, we observed that endothelial cells also possessed high OS scores except monocytes/macrophages in IDD. Endothelial cells are vascular, non-conventional immune cells that participated in angiogenesis, homeostasis, and the regulation of vascular tone; they are also essential and active components of immune responses (68, 69). Existing studies have reported the OS functions of endothelial cells in different diseases like sepsis, acute inflammation, and neurovascular defects of the retina, and that OS activated endothelial cells, changed multiple endothelial cells functions, and promoted pro-inflammatory, pro-coagulant, and pro-adhesive phenotype (70, 71). Our findings further indicated the essential connections between endothelial cells and the progression of IDD on OS levels.

The inaccurate classification of monocytes/macrophages subtypes by immune infiltration analysis resulted in the module difference in WGCNA network. Based on the high levels of OS-related functions of monocytes/macrophages in degenerative IVD, we further extracted monocytes/macrophages to explore the longitudinal alterations of distinct phenotypes during the different degenerative stages. Monocytes/macrophages are heterogeneous, and their phenotypes and functions are regulated by the surrounding microenvironment. The detailed classification of monocytes/macrophages could help better understand the different roles in the progression of diseases. Lee et al. have conducted longitudinal approach based on scRNA-seq to reveal the sequential changes of macrophages during severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, which classified nine distinct macrophage subtypes and exhibited exciting results in the progression of SARS-CoV-2 infection (42). In our study, we have provided the evidence that monocytes/macrophages infiltration occurred in the early degenerative stage of IVD. Importantly, we depicted the longitudinal alterations of monocytes/macrophages and NP cells heterogeneity within degenerative IVD tissue based on single-cell level. We discovered and annotated five different subpopulations among monocytes/macrophages, with their sequential and subtypes alterations from early to late degenerative IVD. There remained complex monocyte/macrophage subtypes in early degenerative IVD, with different pro- or anti-inflammation functions. We also observed distinctive and stepwise evolution lineage among those subtypes. The predominant dynamic changes in the transcriptome mainly involved effector monocytes/macrophages and regulatory macrophages, which drastically decreased at degenerative grade III, suggesting that these populations experienced shift of transcriptome features towards other populations. Based on the CytoTRACE and pseudo-time trajectory analysis, we could infer that OS-related macrophage clusters were derived from regulatory macrophage clusters, which also indicated that OS-related macrophages increased with degenerative stages, while with insufficient infiltration at early stage. The effector monocytes/macrophages could further shift into two subtypes of homeostatic and activated tissue macrophages with distinctive functions, demonstrating that although inflammation-related macrophages increased in severe degenerative IVD, protective macrophages also existed against inflammation.

Increasing studies have reported not only that blood cells are composed of endothelial cells but also that vascular-like structures could be generated by non-endothelial cells (18, 72). Macrophages are reported to regulate blood vessels growth, the new blood vessels could serve as passage for macrophages into ECM, and the interactions between macrophages and NP cells are potentially proangiogenic in degenerative IVD (73–76). Notably, Barnett et al. have demonstrated the significant finding that macrophages could form vascular mimicry channels in tumors or other hypoxic environments the same as cancer stem cells did (77). In intercellular crosstalk signaling network, we found that regulatory and OS-related macrophages mainly participated in VEGF signaling pathway, which may behave similar functions in degenerative IVD tissues, to form vascular mimicry channels themselves. The identification of this novel type of channels may help understand the development of IDD. Targeted clearance of regulatory macrophages from early stage and OS-related macrophages from late stage could reduce the angiogenesis. In addition, we also analyzed and reported other regulatory pathways between different monocyte/macrophage subtypes and NPPC or NP cells. These potential signaling pathways may provide personalized treatment targeting different subtypes through certain interactions.

Finally, a group of specific TFs were identified with distinct functions in different monocyte/macrophage subtypes, together with their corresponding binding motifs. Some TFs were reported to behave different functions to modulate the homeostasis of NP cells. SOX9 played essential roles in chondrocytes differentiation. Existing study demonstrated that the deletion of SOX9 could cause severe IDD characterized by apoptosis and matrix remodeling (78, 79). PPARG was reported to regulate osteoclast and osteoblast differentiation. Baroi et al. have already reported its essential roles in the treatment of osteoporosis (80). MTA3 is a latest identified member in the MTA family. It usually downregulates the expression of SNAIL, a major regulator of epithelium–mesenchymal transition, and subsequently inhibits the invasion and migration of tumor cells (81). More relationships between MTA3 and IDD are worth discovering. Zhang et al. have confirmed the negative correlations of HOXA9 and IDD, in which HOXA9 played pivotal roles in FAS-mediated apoptosis of NP cells and HOXA9 could serve as potential therapeutic target in the treatment of IDD (82). FLI1 belongs to the Ets transcription factor family and is highly expressed in activated immune cells, which modulates the development of monocytes/macrophages by the C-terminal transcriptional activation domain. In addition, FLI1 also participated in affecting the function of immune cells by regulating cytokines and chemokines (83, 84). These identified TFs made it possible for cell therapies to mitigate the IDD. Through the TFs, we can definitely advance the development of NP cell homeostasis by combining the potential TFs and downstream therapeutic targets in specific monocyte/macrophage subtypes, within the degenerative IVD microenvironment.

Collectively, this study combined transcriptome and single-cell sequencing results to systematically decipher the difference in OS-related functions of different cell populations within degenerative IVD tissues and further depicted the longitudinal alterations of immune cells, especially monocytes/macrophages in different degenerative stages of IDD. These findings further enhanced the understanding of the distinct functions of monocyte/macrophage subtypes during IDD progression. This study proposed that specific therapy strategies need to be formulated on different stages of IDD, thereby providing personalized treatment based on specific monocyte/macrophage subtypes.
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  The macrophage is an essential part of the innate immune system and also serves as the bridge between innate immunity and adaptive immune response. As the initiator and executor of the adaptive immune response, macrophage plays an important role in various physiological processes such as immune tolerance, fibrosis, inflammatory response, angiogenesis and phagocytosis of apoptotic cells. Consequently, macrophage dysfunction is a vital cause of the occurrence and development of autoimmune diseases. In this review, we mainly discuss the functions of macrophages in autoimmune diseases, especially in systemic lupus erythematosus (SLE), rheumatic arthritis (RA), systemic sclerosis (SSc) and type 1 diabetes (T1D), providing references for the treatment and prevention of autoimmune diseases.
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  1. Introduction.

According to whether tissues and organs are targeted by the damaging immune response, autoimmune diseases classified into systemic autoimmune disease, such as systemic lupus erythematosus (SLE) and systemic sclerosis (SSc) and rheumatoid arthritis (RA), or organ-specific autoimmune diseases, such as thyroid disease, type 1 diabetes (T1D), myasthenia gravis and multiple sclerosis (1, 2). The autoimmune diseases are clinically diverse but share a fundamental etiology: the form of self-reactive antibodies, presence of self-reactive T cells, and activation of the innate immune system (3). Although the exact pathogenesis remains unclear, it is interesting to note that genetic, immunological, hormonal and environmental factors are important triggers for autoimmune diseases (4).

However, it is difficult to precisely inhibit the abnormal immunity activation triggered by pathogenic factors. The current treatment of autoimmune diseases is limited and relatively conservative, which mainly depends on the overall inhibition of the immune response. However, blindly suppressing the immune response can cause inevitable side effects such as infection. Therefore, there is an urgent need to understand the pathological mechanism that causes the initiation and development of autoimmune diseases so as to provide new ideas for the prevention and treatment of autoimmune diseases.

The innate immune system exerts immune function independently of antigens, which form the body’s immune defense system interacting with the adaptive immune system. Abnormal innate immune response is a significant reason for the breakdown of autoimmune tolerance, which is closely related to the occurrence and development of autoimmune diseases (5). Macrophage is a crucial part of the innate immune system and participates in almost every biological process such as tissue homeostasis, resisting infection, repairing after infection, metabolism and inflammation, affecting the body’s development and immune response (6, 7). This review summarizes the impaired functions and abnormal macrophage activation and their roles in the pathogenesis of autoimmune diseases showed in  Figure 1 , especially in SLE, RA, SSc and T1D. In addition, the potential value of macrophages in the treatment and prevention of autoimmune diseases is also summarized.

 

Figure 1 | The possible abnormal macrophage activation in autoimmune diseases. The phagocytic function of macrophages is weakened in autoimmune diseases, which inhibits the clearance of apoptotic cells. Increased apoptotic cells promotes the production of autoimmune antigens and antibody, and further exacerbates inflammatory inflammation. In addition, macrophages promote the migration and abnormal activation of T cells including increased Th1/Th17 differentiation and downregulated Treg differentiation, and ultimately cause abnormal activation of B cells. Besides, the imbalance of M1/M2 macrophages also involved in autoimmune. Abnormal M1 macrophage activation promotes the production of proinflammatory cytokines such as IL-6, iNOS, TNF-α and IL-1β, which promote inflammation in targeted organs. Decreased M2 polarization inhibited the production of anti-inflammatory cytokines and the immune tolerance. Besides, abnormal M2 macrophage polarization also affects vascular proliferation, fibrosis in autoimmune disease such as SSc. 




 2. Macrophage.

 2.1. The origin of macrophages.

It has been universally accepted that macrophages in tissues are differentiated from monocytes that originate in bone marrow (8). However, studies in recent years have found that monocytes are not the only source of macrophages. Tissue macrophages are also derived from the yolk sac and fetal liver, which have self-renewal properties independent of monocyte recruitment (9, 10). According to the tissue distribution, macrophages can be divided into alveolar macrophages, intestinal macrophages, osteoclasts in bone, microglia in the brain, Kupffer cells in the liver, Langerhans cells in the epidermis (10). Secondary lymphoid organs also have distinct macrophages, including marginal zone macrophages (MZMs) and metallophilic macrophages in the spleen, which involved in clearance of apoptotic cell and tolerance to auto-antigens (11). It is worth noting that microglia and partial Langerhans cells are derived from yolk sac progenitor cells as shown by pedigree tracing experiments. In contrast, macrophages in other tissues, such as intestinal lamina propria and dermis, are mainly derived from hematopoietic stem cells (12–16). Macrophages are, therefore, key tissue sentinel cells that react to tissue-specific signals, while retaining the ability to execute physiological functions such as phagocytes. During chronic inflammation such as autoimmune diseases, tissue-resident macrophages fail to solve aggravated inflammation that leads to immune system abnormal activation and damage. And peripheral monocytes are recruited and differentiated into macrophages non-homeostatically in combination with injury-associated signals including pro-inflammatory cytokines, which are further activated and participated in the body’s immune responses (17, 18). The tissue-resident macrophages participate jointly in protecting tissue homeostasis, and form the first line of defense against invading pathogens. Miriam. et al. considered that embryonically derived and monocyte-derived tissue-resident macrophages are likely to promote the development of the disease through the maintenance of tissue homeostasis through phagocytosis of cell fragments, resistance to pathogen invasion, while recruited monocyte-derived macrophages by disease-associated signals drives disease progression (19). Similarly, recruited monocyte-derived macrophage also plays an important role in autoimmune related diseases. For example, infiltrated macrophages, especially proliferating macrophages was seen in glomerulonephritis from patients with lupus, which may be a potential diagnostic and prognostic indicator for renal injury (20). Ly6C is a marker for circulating monocytes in mice. Different monocyte subpopulations Ly6Chi and Ly6Clo exist in mice, which express different adhesion molecule and chemokine receptor and gene expression profile. Response to inflammatory signals Ly6Chi monocytes could rapidly infiltrate in inflamed tissues mostly dependent on chemokine receptors C-C motif chemokine receptor 2 (CCR2), CCR6 and CCR8 and results in enhanced liver fibrosis (21). Inhibiting migration of blood monocyte into liver alleviated macrophage infiltration in liver, and decreased pro-inflammatory cytokines such as interferon gamma (IFNγ), IL-6 expression in chronic hepatic injury (22). Besides, inhibiting monocyte recruitment by blocking C-C motif chemokine ligand 24 (CCL24) or CCL2 may be an appealing novel therapy to limit fibrotic manifestations of SSc (23).

The complex origin of macrophages has caused great difficulties in the study of macrophage functions in autoimmune diseases. Although the construction of mice with myeloid knockout has brought a lot of convenience for the study of macrophages in vivo, it also has certain limitations. On one hand, there are many kinds of myeloid cells, and it is difficult to accurately study the function of a single macrophage. On the other hand, macrophages in different tissue are heterogeneous and plastic, showing different morphologies and surface molecules. With the development of scientific research, especially in flow cytometry and single cell sequencing technology, the macrophage markers in different tissues are gradually discovered, and the research of macrophages ushers in new opportunities and challenges. At present, the studies about macrophage from different sources is limited, and mostly current studies focus on the abnormal function and mechanism of macrophages infiltrated in targeted organs and tissues. How to specifically distinguish unbalanced macrophages, specially manufacture macrophages that promote disease, and supplement and maintain tissue stable macrophages are the key and difficult points in autoimmune disease research.


 2.2. Regulation in innate and adaptive immunity.

Macrophages are vital participant of innate immunity, which recognize and effectively respond to invading pathogens, thus providing an early defense against external attack. Pattern recognition receptors (PRRs) on the surfaces of macrophage including toll-like receptors (TLRs) and the NOD-like receptors (NLRs) recognize pathogen-associated molecular patterns (PAMPs) and endogenous danger-associated molecular patterns (DAMPs) presented in the invaders and promote macrophage activation. Macrophages further release antimicrobial mediators to target the invading pathogen, chemokines to recruit immune cells to the inflammatory site, and pro-inflammatory cytokines to aggravate further inflammation, and even induce the adaptive immune response for the particular invading pathogen. Besides, macrophage forms a bridge connecting innate and adaptive immunity by presenting endogenous or exogenous antigen. It has been well known that antigen cross-presentation is crucial for initiating of adaptive immune responses against cancer, infection and immune tolerance. During this process, antigen-presenting cells (APCs) present intracellular and extracellular peptides derived from ingested antigens on primary histocompatibility complex class I (MHCI) protein complex to T lymphocytes (24). Although the cross-presentation of antigens by macrophages is not understood as well as that by dendritic cells (DCs), it is becoming clear that the cross-presentation by macrophages especially in spleen, liver and lymph nodes may help activate CD8+ T lymphocytes (25).

Macrophage can participate in antigen presentation to Th1 cells and proliferation of T cells by surface co-expression molecules CD86 and MHCII, which indicate the significant role of the macrophage in the development of cancer, autoimmunity and viral infections (26–29). The CD8+ T cells in mice with spontaneous autoimmune peripheral neuropathy (APN) exhibit an effector/memory phenotype required for the disease initiation. However, only effector/memory CD8+ T (CD8+ TEM) cells are not sufficient to induce autoimmune-mediated peripheral neuropathy and macrophages are additionally required (30). The early depletion of regulatory T cells (Tregs) in mice with acute cardiac injury enhances the inflammatory activation of macrophages by increasing the production of IFN-γ, which restrains muscle regeneration (31). Human macrophages activated by C1q can inhibit the T helper (Th)17 and Th1 but promote Treg proliferation, orchestrating the adaptive immune system to avoid autoimmunity (32). Hence, the role of macrophage in connecting innate/adaptive immunity provides opportunities to prevent disease onset, reduce relapses and develop new therapeutic strategies. Intervening macrophage-T cell communication signals to prevent excessive activation of T cells may be an important research direction in the treatment of autoimmune diseases


 2.3. Phagocytic, efferocytosis and secretory functions.

Phagocytosis is an essential process for the uptake of particulate matter, including microbes and dying cells. Dying cells can expose and secrete signals that attract phagocytes and promote their phagocytosis. Several studies have shown that macrophage phagocytosis is affected by a variety of signaling pathways including TLRs (26). Reactive oxygen species (ROS) generated by the nicotinamide adenine dinucleotide phosphate oxidases (NADPH oxidase-2, also known as NOX2) in macrophages is dispensable for phagocytosis (33). The liver X receptors (LXRs) and the peroxisome proliferator-activated receptors (PPARs), nuclear receptor families that regulate genes involved in lipid metabolism and transport are important components of macrophage phagocytosis (34). The phagocytosis of dead and dying cells is a process known as efferocytosis, which is performed by macrophages, other immune phagocytes such as monocyte and DCs and non-phagocytes including epithelial cells. Efficient efferocytosis limits the release of intracellular PAMPs that drive inflammation and disrupting homeostatic efferocytosis can also lead to accumulation of uncleared apoptotic cells in autoimmune diseases. Efferocytosis mechanisms depends on the signaling programs depicted: chemoattractant-mediated recruitment of phagocytes, receptor-mediated recognition such as PtdSer receptor cell immunoglobulin mucin receptor 4 (TIM4), TAM family receptor tyrosine kinase receptor, engulfment of apoptotic cells, and the processing of engulfed cellular material (35). Disrupted efferocytosis of macrophage promoted the accumulation of uncleared apoptotic or necroptosis cells in autoimmune, which is a universal feature of damaged tissues (36).

In response to exogenous danger signals or exogenous signals recognized by pattern-recognition receptors (PRRs), macrophages undergo physiological changes to initiate signal transduction cascades and result in abnormal production of chemokines, cytokines and toxic mediators, which can further enhance inflammation and contribute to autoimmune pathologies (37). The anti-inflammatory mediators by macrophages contribute to the dissolution of the inflammatory response. Cytokines such as tumor necrosis factor (TNF)-α, Interleukin (IL)-6, IL-1β, IL-12, IL-18, IL-23 and chemokines such as CXC chemokine ligands (CXCL)1, CXCL3 are secreted by macrophages, which are essential mediators and drivers of chronic inflammation and autoimmune diseases (38–40). Besides, macrophages contribute to angiogenesis by secreting proangiogenic proteases such as matrix metalloproteinases (MMP)-9 and MMP-12 (41–43). TNF-α occupies a pivotal position in RA pathogenesis. The TNF blockade reduced stromal cell activation, angiogenesis, and sustain regulatory pathways by mediating cytokine and chemokine and MMPs expression. And IL-6 signaling pathway promotes T cell activation and migration by regulating chemokine expression (44). In addition to clearing dead cells, macrophages significantly mediate wound healing and tissue homeostasis by producing anti-inflammatory molecules and tissue remodeling growth factors like IL-10 and transforming growth factor beta(TGF-β) (45). Cytokines including IL-6, IL-23, IL-10 and TGF-β all shaped Th17 cell differentiation placed at the center of autoimmune inflammation (46). IL-18 contributes to Th1/2 differentiation, participate in cytotoxic T cells (CTLs) and natural killer (NK) cells activation, and ultimately IgE production from B cells (47). Besides, tissue macrophages synthesize chemokines CXCL1/CXCL2 to increase neutrophil recruitment, which is an important early step in controlling tissue infections or injury (48). Islet-resident and islet-infiltrating macrophages can exacerbate β-cell destruction by synthesizing TNF-α, IL-12, IL-1β, and NOX2-derived ROS, which mature autoreactive CD4 and CD8 T cell effector responses (49).


 2.4. Regulation in metabolic processes.

Macrophages are also involved in a variety of metabolic processes, including arginine metabolism and glucose metabolism, which was indicated in  Figure 2 . The M1 macrophages express nitric oxide synthase (NOS) to metabolize arginine into NO and citrulline, which further promotes the synthesis of downstream active nitrogen, finally facilitating inflammatory response (50, 51). In addition, M2 macrophages regulate arginine metabolism and thus regulate cell proliferation, tissue repair and inhibited inflammation by medicating polyamine/proline synthesis (52). Macrophages maintain adaptive responses to oxygen gradients and hypoxia by regulating their glucose oxidative phosphorylation, glycolysis and fatty acid oxidation (53). Based on the demands for energy and the production of specific functional-associated factors, pro-inflammatory macrophages and anti-inflammatory macrophages opt for distinct metabolic pathways upon activation. Instead of M2 macrophage, M1 macrophages carry out glycolysis and rely on fatty acid biosynthesis, and increased glycolysis causes succinate accumulation and promote inflammation by ROS/(hypoxia-inducible factor-1α) HIF-1α/IL1β pathway (54, 55). On the other hand, M2 macrophages possess a high basal mitochondrial oxygen consumption rate (OCR), carry out oxidative phosphorylation (OXPHOS), and require the induction of fatty acid oxidation (55, 56). Different fatty acid metabolism, particularly mitochondrial fatty acid oxidation in macrophage modulates inflammatory signatures and macrophage phenotype, which indicated the vital function of macrophage in hyperlipidemia-associated autoimmune diseases include psoriasis, RA, and SLE. Programmed macrophages by setting metabolic commitment for OXPHOS increased programmed death ligand 1 (PD-L1) expression, decreased IL-1β after pro-inflammatory activation in macrophage, and promoted Treg differentiation to increase the regulatory function in immune system (57). Moreover, macrophages resist parasite infection by regulating glutathione and redox metabolism and participate in tissue repair, tumor growth and anti-inflammatory response by regulating iron metabolism (58–60). Furthermore, the metabolites, in turn, mediate the macrophage response to inflammation. Recent study has found that citrulline levels in lipopolysaccharide (LPS) and IFNγ-stimulated macrophages are significantly reduced, which promotes inflammatory signals by activating Janus kinase 2 (JAK2)- signal transducer and activator of transcription 1 (STAT1) pathway (61). Citrulline can inhibit bacterial load in the spleen and liver of Listeria monocytogenes-infected mice by impeding pro-inflammatory macrophage activation (61).

 

Figure 2 | Macrophages polarization and function in metabolism processes. Macrophage are also involved in a variety of metabolic processes, including arginine metabolism glucose metabolism and fatty acid metabolism, to exert different immunological functions. The M1 macrophages express nitric oxide synthase (NOS) to metabolize arginine into NO and citrulline, which further promotes inflammatory response. Instead, M2 macrophages inhibited inflammation by medicating polyamine/proline synthesis. M1 macrophages carry out glycolysis, and causes succinate accumulation and promote inflammation by ROS/HIF-1α/IL1β pathway. And M2 macrophages carry out oxidative phosphorylation (OXPHOS) could decrease IL-1β after pro-inflammatory activation in macrophage, and promoted Treg differentiation to increase the regulatory function in immune system. M1 macrophage rely on fatty acid biosynthesis and M2 macrophage require fatty acid oxidation. The function of macrophage on fatty acid metabolism modulates inflammatory signatures and involved in hyperlipidemia-associated autoimmune diseases include psoriasis, RA, and SLE. 




 2.5. Macrophage polarization.

Macrophages display specific phenotypes and rapidly change their functions under the local microenvironment, called macrophage polarization (62). The phenotypes of macrophage polarization are generally divided into two types: one is classically activated macrophages (M1), which are pro-inflammatory and involved in the elimination of pathogens and resist infection. The other is alternative activation macrophages (M2) that are anti-inflammatory and involved in tissue repair and reconstruction (63). The Th1 cytokine, such as IFNγ or LPS, can induce M1 polarization, while Th2 cytokines, such as IL-4, can induce M2 polarization. Intracellular metabolite profiles of each macrophage activation state presented a unique metabolic signature. The 1D 1H NMR-based metabolomics identified increased adenosine triphosphate (ATP) and decreased intracellular nicotinamide adenine dinucleotide (NAD+) in M1 macrophage, and increased adenosine diphosphate (ADP), guanosine triphosphate (GTP), adenosine monophosphate (AMP) in M2 macrophage (64). The M1 macrophages express high levels of pro-inflammatory cytokines, active nitrogen and oxygen intermediates, promote the responses of Th1 and Th17 by secreting IL12 and IL23, and have strong bactericidal and tumor-killing activity (63, 65). However, the M2 macrophages indicate high phagocytic activity and high expression of scavenger receptor (SR), macrophage mannose receptor (MMR), arginase-1(Arg-1), IL10, TGF-β, which are mainly involved in parasite containment, phagocytosis, promote tissue repair, wound healing, angiogenesis, fibrosis and immune regulation (66, 67). In fact, depending on induced agents, expressed markers, secreted mediators and functions, M2 macrophages are further classified as M2a, M2b, M2c, as well as M2d macrophages. The M2a macrophages induced by IL-4 or IL-13, also known as wound healing macrophages, can increase endocytosis activity and have immunity to parasites, tissue repair, collagen formation and fibrogenesis (68). M2b macrophages stimulated by immune complexes, TLR ligands or IL-1β, also known as regulatory macrophages, have strong anti-inflammatory and immunosuppressive effects (69). M2c macrophages induced by glucocorticoids, IL-10 or TGF-β promote phagocytosis and clearance of dead cells (70). M2d macrophages induced mainly by TLR antagonists, also known as tumor associated macrophages (TAM), can promote angiogenesis and tumor progression (71). However, M1 and M2 macrophages are the two extremes of the activation state of macrophages which cannot fully represent macrophages in the complex microenvironment in vivo. The dynamic balance of M1/M2 is crucial to maintain homeostasis. Response to foreign stimulation such as microbial infection or tumor, M1 macrophage is activated and promote inflammation to perform robust antimicrobial and anti-tumoral function. And to protect against the chronic inflammatory response, M1 macrophage is inhibited by regulatory mechanisms driven by anti-inflammatory function of enhanced M2 macrophages differentiation and promote tissue regeneration, angiogenesis and wound healing (72). And the imbalance contributes to the occurrence and development of many diseases including infection, tumor and autoimmune diseases (73–75). Fortunately, the high degree of plasticity allows macrophage switch from one phenotype to another depending on encountered micro-environment signals in each specific tissue, which providing a potential treatment target for autoimmune disease.



 3. Macrophages in SLE.

SLE is a chronic systemic autoimmune disease with diverse clinical manifestations characterized by immune system infiltration and inflammation in damaged organs covering skin, lungs, joints, kidneys and central nervous system (76). The abnormalities in the activation state of circulating and tissue macrophages in patients with SLE are crucial factors in the occurrence and development of the disease (77, 78). Depleting macrophage attenuated skin and kidney disease severity, which suggested the vital function in SLE pathogenesis (79, 80). The pro-inflammatory patrolling monocytes (PMOS) accumulated in the glomeruli in SLE patients and lupus mice are the main components of lupus glomerular or kidney inflammation (81). Emerging evidence has demonstrated that macrophage infiltration is associated with lupus nephritis in mice and humans (82, 83). Renal macrophage infiltration appears in spontaneous NZB/W nephritis and IFN-accelerated models of lupus nephritis (84). The function and numbers of MZMs are also reduced in autoimmune BXD2 mice (85). The absence of MZMs results in retention of apoptotic cell debris within the marginal zone and drives follicular Ag-transportation by marginal zone B (MZB) cells to stimulate an autoimmune response (85). The abnormal functions of macrophage in SLE are indicated in  Figure 3 .

 

Figure 3 | The abnormal activation of macrophage in SLE. The abnormal microenvironment in SLE patients, such as the high expressed IFN-I, promotes monocyte to recruit and differentiate into macrophages. In addition, increased antigen presentation of macrophage promotes B cell activation assisted with Th cells and further promotes the production of autoantibodies. Macrophages can also cause cardiovascular risk by promoting foam cell formation with increased SR-A and decreased ABCA1 expression. The dysfunction of macrophage phagocytosis may increase the gathered apoptotic cells and results in retention of apoptotic cell debris in SLE patients. Increased macrophage apoptosis and autophagy could contribute to autoantibody formation and organ damage by increased apoptotic load and impaired clearance of apoptotic material, finally exacerbated the production of autoantigens. Besides, macrophage infiltration the kidney promoted glomerular cell proliferation and early fibrosis by IL-10, MMP, osteopontin and growth factors. Besides, increased apoptotic cells serves as autoantigen to aggravate autoimmune reaction and may cause multiple targeted organs such as skin, joint, or blood. 



The phagocytic ability of macrophages from SLE patients is weakened, which results in the production of autoantibodies and SLE-like autoimmune nephropahy (78, 85). Hence the dysfunction of macrophage phagocytosis may partly explain the gathering of apoptotic cells in the germinal center of lymph nodes in SLE patients (86). The mechanism response to the reduced clearance rate of macrophages has been widely demonstrated. It has been shown that the absence of PPARγ in macrophage cannot obtain an anti-inflammatory phenotype in the presence of apoptotic cells, finally resulting in glomerulonephritis and the autoantibodies production of nuclear Ags (87). The transcription factors Kruppel-like factor 2 (KLF2) and KLF4 also control apoptotic cells clearance program in tissue macrophage and maintain the homeostasis (88). Moreover, the increased autophagy and apoptosis in macrophage also contribute to the pathogenesis of SLE. The autophagy-related genes (Atg5, Atg12 and Beclin 1) were significantly upregulated in the splenic and renal macrophages in activated lymphocytes-derived DNA (ALD-DNA) induced lupus mice and in the peripheral blood mononuclear cells from SLE patients. And adoptive transfer of autophagy-suppressed macrophages alleviated lupus symptoms in SLE mice (89). Increased monocyte/macrophage apoptosis could contribute to autoantibody formation and organ damage by increased apoptotic load and impaired clearance of apoptotic material, finally exacerbated the autoimmune phenotype in NZB x SWR lupus-prone mice (90). Besides, research about lupus nephritis in NZB/W mice suggested that macrophage infiltration in the kidney promoted glomerular cell proliferation and early fibrosis by IL-10, MMP, osteopontin and growth factors (91).

SLE is a prototype autoimmune disease in which genetics play a major role. Researchers have identified many new loci which are attributed to the pathogenesis of SLE by genome­wide association studies (GWAS). SLE susceptibility loci related to macrophages are mainly concentrated in genes that affect type I interferon (IFN­I) signaling, NF­κB activation, TLR signaling, phagocytosis and immune tolerance. Currently, more than 100 genetic risk sites related to SLE and more than half of them are closely related to the production or response of IFN­I (92). IFN­I promotes monocyte differentiation and the expression of MHCII and costimulatory molecules (such as CD40, CD80 and CD86) of macrophages to promote T cell activation (93, 94). Besides, increased IFN­I levels in SLE patients can further promote the recruitment and adhesion of monocytes, and accumulation of macrophages in kidney and vascular lesions of SLE patients (95–97). In addition, IFN­I enhances scavenger receptor SR-A and reduces ATP binding cassette subfamily A 1 (ABCA1) expression to promote cholesterol efflux, oxidation low lipoprotein (ox-LDL) uptake in macrophage and foam cell formation, which increasing the risk of cardiovascular diseases (96). Abnormal increased IFN­I promotes the translocation of MZB cells to the follicular region of the spleen and disrupts the interaction between MZBs and MZMs, preventing clearance of apoptotic cells debris and follicular entry deterrence of apoptotic cells by MZMs (98, 99). The amplified TLR7 signaling in macrophage activation during antiviral responses and autoimmune diseases can occur product IFN­I in turn by promoting phosphorylation and activation of MAP kinase p38 and transcription factor STAT1 (100). TNIP1(TNFAIP3-interacting protein 1, also known as ABIN1), a characteristic susceptibility gene for SLE identified by GWAS can regulate IFN-I production in DCs and macrophages through the TLR7 pathway (101). Large numbers of renal myeloid cells in patients with lupus nephritis, including macrophages, are activated. Almost all known susceptibility genes that affect innate immune signals may potentially affect the progression of lupus nephritis by activating myeloid cells in the kidney (102). Some genes such as ITGAM and FCR can potentially affect the recruitment of myeloid cells to the glomerular matrix by binding to the immune complexes in the glomerulus (103). DCs, macrophages and endothelial cells engulf C1q-coated apoptotic cells, and deficient in the complement protein C1q inhibit the clearance of apoptotic material and intensify lupus-like skin manifestations in mice and humans (100). ITGAM is an established SLE susceptibility locus, which impairs phagocytosis of complement-opsonized targets in monocytes, neutrophils and macrophages. In conclusion, these susceptible genes promote SLE pathogenesis through IFN-I-macrophage immune axis, and rebalancing macrophage functions may resist the damage of highly expressed IFN-I.

Abnormal macrophage polarization also has been identified in the occurrence and development of SLE. The overwhelming M1 macrophages promote the exposure of autoantigens and the occurrence of autoimmune reactions (104, 105). The gene expression profiles of myeloid cells from active SLE patients expressed higher M1-related genes and tend to promote inflammation. In comparison, myeloid cells from inactive SLE patients expressed higher M2-related genes and participated in immune repair (106). Aberrantly expanding M1 macrophages were dominating in MRL-Fas(Lpr) mice, hastened the onset of lupus nephritis, mediated defective renal repair and non-resolving inflammation (107). In the early stage of apoptosis, M2 macrophages can promote the production of anti-inflammatory factors and phagocytize apoptotic cells in an anti-inflammatory way called “bubble drink” (108, 109). Increased M2 macrophages reduced pro-inflammatory cytokines expression and increased the secretion of anti-inflammatory cytokines, which could be used for anti-inflammatory therapy in SLE (110). TIPE2 overexpression by AAV-TIPE2 induced M2 macrophage polarization, induced serum anti-dsDNA autoantibody and pathological renal damage, increased urine protein levels in the ALD-induced SLE mice (111). Adoptive transplantation of M2 macrophages or stimulating monocytes to differentiate into M2-like macrophages significantly reduced the severity of SLE, while M1 macrophage metastasis aggravated the development of SLE (112, 113). Virgin olive oil and its phenolic components have been shown to prevent various inflammatory and immune diseases, which may be related to inhibiting M1 and promoting M2 macrophage polarization (114, 115). The above studies show that the abnormal polarization of macrophages plays a vital role in SLE, which will be a potential target for SLE therapy.

Current therapies for SLE are designed to resolve inflammation with the goal of preventing permanent organ injury, and reduce clinical symptoms. Mycophenolate mofetil (MMF), an inhibitor of purine synthesis, inhibits the recruitment of monocytes and the production of nitric oxide and superoxide in activated macrophages to restrain tissue damage (116). The heterogeneity of disease mechanisms in SLE suggests that cell- and cytokine- or pathway-specific therapies for macrophage would be effective in treatment for SLE.


 4. Macrophages in RA.

RA is an autoimmune disease characterized by chronic inflammation that eventually results in joint damage and even joint dysfunction. It has been found that macrophage infiltration is positively correlated with the degree of joint erosion, and increased synovial macrophage infiltration in synovial tissue is an early sign of RA (117–119). Clodronate could reduce knee swelling, inflammation and joint destruction by eliminating synovial macrophages in rats with antigen-induced arthritis (AIA) (120). Various mechanisms generally lead to increased macrophage infiltration in inflammatory sites, such as facilitating the expression of chemokines and pro-inflammatory cytokines, local survival rate/reducing apoptosis (121). Inhibited macrophage infiltration in synovial tissue may be a protential target for RA treatment. Increased apoptosis of Ly6C+ monocyte derived macrophages, reduced monocyte migration into the ankles and enhanced macrophage migration from the inflamed synovial tissue to the draining lymph nodes are responsible for the reduction of macrophages in synovial tissue after infliximab treatment alleviated disease progress in hTNF-Tg mice (122).

The infiltrated macrophage further mediated various inflammatory cell states, significantly contributing to the initiation and perpetuation of synovitis in RA by orchestrating cytokine network (123), as shown in  Figure 4 . Macrophages expedite inflammation by promoting the production of Th17 cells and stimulating osteoclast differentiation by secreting cytokines including IL-26 (124, 125). Besides, macrophages in synovial tissue and synovial fluid mediate the chemotaxis and proliferation of endothelial cells, promote the formation of pannus and infiltration of inflammatory cells, and further expand the inflammatory response in RA by producing vascular endothelial growth factor (VEGF) (126, 127). And macrophage-derived IL-8 also promote angiogenesis disorder in RA (128). The mechanism of abnormal activation of macrophages is not clear at present. Burbano. et al. found that increased circulating microparticles (MP) forming immune complexes in SLE and RA patients favored the polarization of monocyte-derived macrophages into a proinflammatory profile, which promoted T and B cell activation, and B-cell survival (129). Transcriptome profiles of highly inflamed RA synovial tissue (RA-ST) also demonstrated that monocytes/macrophages show similar gene patterns induced by bacterial and fungal, and activated B or T cells also activate monocytes/macrophages (130).

 

Figure 4 | The function of macrophage in RA. The infiltrated macrophage further mediated various inflammatory cell states in synovitis by orchestrating cytokine network. Macrophages promote inflammation by promoting Th17 cell differentiation and stimulating osteoclast differentiation by secreting cytokines including IL-26. Besides, macrophages in synovial tissue and fluid mediate the chemotaxis and proliferation of endothelial cells, promote the formation of pannus and infiltration of inflammatory cells, and further expand the inflammation in RA by producing endothelial growth factor (VEGF). And macrophage-derived IL-8 also promote angiogenesis disorder in RA. The abnormally activated macrophage in RA patients show a proinflammatory profile, which may be supported by activated B or T cells. 



Current conventional synthetic and biologic disease-modifying anti-rheumatic drugs (DMARDs) used in the clinic to treat of RA are related to adjusting macrophage activation and reducing synovial macrophage infiltration. Methotrexate, leflunomide or sulfasalazine reduces macrophage accumulation by promoting apoptosis and inhibiting Th1 response (123). Besides, the anti-TNF biological anti-rheumatic drugs such as etanercept, adalimumab decreased inflammatory cytokines production and increased phagocytosis in monocyte derived macrophages, which all alleviated inflammatory reactions (131). In addition, various monoclonal antibodies targeting biomolecules produced by macrophages are available for the therapeutic options of RA. The therapeutic efficacy of blocking granulocyte-macrophage colony stimulating factor receptor (GM-CSF) pathway like anti-GM-CSFR monoclonal antibody mavrilimumab is linked to inhibited production of pro-inflammatory mediators such as VICM (citrullinated and MMP degraded vimentin fragment) biomarker released by activated macrophages (132, 133). A monoclonal antibody to folate receptor β (FR-β) produced by macrophages specifically accumulates in inflamed lesions of murine RA and peritonitis disease models, facilitating immune cells, including T cells, B cells, neutrophils and DCs, to exit from the inflamed lesions and allative disease processes (134).

The imbalance of macrophage polarization also occurs in RA. The blood monocytes from RA patients had a propensity for preferential differentiate toward M1-like macrophages that contributed to synovial inflammation (135). Transcriptional omics study showed that synovial macrophages facilitate the expression of pro-inflammatory genes (INHBA, FCER1A, SLC2A1, MMP12, EGLN3, NOS and CCR2) but restrain anti-inflammatory genes (IGF1, HTR2B, FOLR2 and CD36) expression (136, 137). Besides, M1 macrophages are characterized by decreased heme uptake and iron output but increased iron storage, which could partly explain the phenomenon of anemia in RA patients (138). The M1-to-M2 macrophage re-polarization can also serve as a promising treatment for RA. Targeted biologics that selectively regulate the function of macrophages have broad research prospects for the treatment of RA and also could solve the adverse effects of non-targeted drugs to a certain extent. Interfering with glycolytic pathways activated in M1 macrophages can reduce pro-inflammatory factors production and IgG antibodies, finally alleviating joint inflammation and damage in CIA mice (139). The administration of Wilforlide A reduced clinical scores, joint swelling and histological damage of collagen-induced RA mice by inhibiting the secretion of pro-inflammatory factors (MCP1, GM-CSF and M-CSF) and iNOS in the synovium (140). Angiotensin II type 2 receptor (AT2R) activation and a developed triamcinolone-gold nanoparticle (Triam-AuNP) complex promotes proinflammatory synovial macrophages to differentiate into the tolerogenic macrophage, finally attenuating the joint pathology in a rat model of collagen-induced RA (141, 142). The above studies have shown that M1 macrophages are dominant in RA synovium, regulating abnormal macrophage polarization is one of the important therapies of RA. Many new drug vectors and targets have been found to regulate macrophage function selectively. Encapsulated plasmid DNA encoding IL-10 and the chemotherapeutic drug betamethasone sodium phosphate (BSP) in biomimetic vector M2 exosomes derived from M2 macrophages, folate-modified triptolide liposomes (FA-TP-Lips) and folic acid modified silver nanoparticles(FA-AgNPs) all serve as a promising biocompatible drug to facilitate M2 macrophages polarization selectively, thereby treating RA safely and effectively (143–145). However, macrophages are incredibly heterogeneous. The focus and difficulty of RA drug development will be how to distinguish, identify and act on specific activated pathogenic macrophages.


 5. Macrophages in SSc.

Systemic sclerosis (SSc) is a chronic multi-system disease characterized by autoimmunity, immune cell infiltration and activation, fibrosis and vascular lesions, often accompanied by skin involvement and visceral dysfunction including heart and lungs caused by fibrosis (146, 147). Vascular complications such as pulmonary hypertension and scleroderma renal crisis have become the leading causes of disability and death of SSc (148, 149). The infiltrating inflammatory leukocytes in the new affected skin from SSc patients are mainly CD14+ monocytes/macrophages (150). Transcriptomics analysis found that monocytes continuously migrated and differentiated into alveolar macrophages to promote fibrosis during pulmonary fibrosis and selectively targeting the differentiation of alveolar macrophages in the lung may improve fibrosis (151). These researches suggested that monocytes/macrophages play an essential role in the early pathogenesis of SSc, which was displayed in  Figure 5 .

 

Figure 5 | The abnormal functions of macrophage in SSc. The efferocytosis capacities of macrophage in SSc patients are significantly reduced, which cause the emergence of circulating nuclear antigens and promote proinflammatory fibroblasts. Activated macrophages produced a variety of cytokines, such as high levels of CCL18, CCL2, and CXCL8 but low IL-10 expression, which enriched in perivascular regions of highly fibrotic SSc skin to favor pro-inflammatory fibroblasts. Additionally, the excessive production of CXCL13, elevated profibrotic fibronectin and VEGF by macrophages can also promote tissue fibrosis, immune activation and abnormal vascular morphology in SSc. The fibrotic macrophage might be activated by a dysfunctional B cell or dysregulation of TGF-β and IL-4. 



Apoptotic cell clearance (efferocytosis) capacities of monocyte-induced macrophage from SSc patients are significantly lower than those in healthy donors, which partly explains the emergence of circulating nuclear antigens (152). Besides, macrophage is a main contributor for fibirosis. The CD14+ monocytes and CD14+ pulmonary macrophages in SSc patients have elevated profibrotic fibronectin production and are considered extracellular matrix producers (153). Activated macrophages produced a variety of cytokines, such as high levels of CCL18, CCL2, and CXCL8 but low IL-10 expression, which enriched in perivascular regions of highly fibrotic SSc skin to favor pro-inflammatory fibroblasts (154, 155). Additionally, the excessive production of CXCL13 and vascular VEGF by macrophages can also promote tissue fibrosis, immune activation and abnormal vascular morphology in SSc (156, 157). The formation mechanism of fibrogenic macrophages is still unclear. It has been demonstrated that fibrotic macrophage might be activated by a dysfunctional B cell in mice with bleomycin-induced SSc, and correlated with the severity of fibrosis in SSc patients (158). Besides, Dysregulation of TGF-β and IL-4 signaling may also be responsible for the pro-fibrotic function in SSc macrophages (159).

The abnormal polarization of macrophages in SSc is relatively complex. Studies have found that crystalline silica SiO or response gene to complement 32 (RGC32) can promote macrophages to form an M1-like phenotype and reduce M2 polarization, which caused the reduction of macrophages efferocytosis in SSc (160, 161). However, the gene expression profiles of affected skin, lung, esophagus and peripheral blood in patients with SSc showed that the expression of M2-related genes was significantly up-regulated in macrophages with pronounced fibrogenic effect (162). Infiltrated macrophages in skin lesions from SSc and local scleroderma were found to highly express CD163 (163–165), indicating that M2 macrophage may also involve in skin fibrosis. Besides, studies have found that some biological agents can inhibit the process of SSc by reversing the polarization of M2 macrophages. The PDE4 inhibition induced by nintedanib, rolipram and apremilast and glycyrrhizin all ameliorate the fibroblast activation by impeding M2 macrophage function in SSc-related mice (166–168). All the above studies indicate that M2 macrophage infiltration may be a target for SSc treatment. However, researchers had found the number of M1 and M2 macrophages in the skin of SSc patients was significantly increased, indicating that macrophages in different polarized states might synergistically promote the pathogenesis of SSc (169). Skin biopsy RNA examined by next-generation RNA sequencing suggested that most early diffuse SSc patients had a concomitant M1 and/or M2 macrophage signature, suggesting co-occurrence of dysregulated fibroblast and macrophage polarization (169). Studies about TLR signaling in fibrosis in SSC and other fibrotic diseases hinted that the conflicting results may be related to long-term inflammatory stimulation (170). Furthermore, macrophages can acquire memory-like characteristics to copy with antigen exposure, protection against re-infection and more efficient vaccine strategies. Recent research found that trained macrophage acquired memory-like characteristics in response to antigen exposure can be targeted to SSc treatment. Low-dose LPS training and adoptive transfer alleviated fibrosis and inflammation in SSc mice, while BCG-training aggravated disease in this model (171). The long-term and complex in vivo microenvironment may be an essential promoter of macrophage activation that is unique to SSc patients. However, the function and mechanism need to be further explored.


 6. Macrophages in T1D.

T1D is an autoimmune disease characterized by the continuous destruction of islet cells caused by islet leukocyte infiltration (172). The loss of pancreatic β cells can lead to uncontrolled blood glucose and various complications such as cardiovascular disease, nephropathy, retinopathy, heart attack and stroke, which require lifelong dependence on exogenous insulin (173). Islet inflammation is one of the main mechanisms of pancreatic β-cell injury and the development of T1D. In diabetes-prone biological breeding rats (DP-BB), it has been demonstrated that macrophages are the first immune cells to infiltrate into islets (174). Furthermore, there were no lymphocytes in the islets when macrophage infiltration was prevented (175), suggesting that lymphocyte recruitment in islets depends on the macrophage. In addition, the immunohistochemical results of pancreatic specimens from newly diagnosed T1D patients confirmed the presence of macrophages in early and advanced inflammation (176). Various research about spontaneous T1D animal models has shown that specific clearance of macrophages in vivo can significantly inhibit Th1 but increase Th2 immune response induced mainly by IL-12, and inhibited cytotoxic effector of CD8+ T, even remaining selective acceleration of the recruitment of CD8+ T cells into the islets (177–179). Depleting macrophage by liposomes containing clodronate also selectly abolished diabetogenic CD4+ T cells induced diabetes even with inflammation existence (180).

The microenvironment in T1D pancreas promote the recruitment of macrophages and abnormal functions. It was found that islet resident macrophages of non-autoimmune mice had immunomodulatory phenotype and could promote Treg cell differentiation in vitro (181). Deficiency of immunomodulatory function in macrophages may be an essential mechanism of pathogenesis of T1D (181). In addition, the migration and phagocytosis to target inflammatory cells of macrophage in the streptozotocin (STZ) -induced T1D model weakened islet cell immune defense (182). Diabetgenic CD4 T cells produce a variety of inflammatory cytokines and chemokines such as CCL1, resulting in the recruitment of macrophages into pancreas (183). Reduced integrin-associated surface factor CD47 on islet cells promoted macrophage migration and phagocytosis of endogenous cells (182). Instead of clearing apoptotic cells silently without production of pro-inflammatory cytokines, macrophages in T1D secret inappropriately high amounts of IL-1β and TNF-α to contribute to the initiation or continuation of an immune attack towards the pancreatic beta-cells (184). Besides, previously research also showed that macrophages from non-obese diabetic (NOD) mice are activated and engulf apoptotic cells at a lower rate, which might result in secondary necrosis, inflammation and self-antigen presentation in T1D (185).

And increased macrophage-derived cytokines including IL-12, TNF-α and IL-1β selectively in spleen lymphocytes and pancreatic islet are responsible for the inflammatory cascade of events leading to the destruction of pancreatic β cells (186). Macrophages are involved in regulating the infiltration and functions of immune cells in T1D. Recruited macrophages in the pancreas by diabetes-derived T cell produce IL-1β, TNF-α and NO, and express chemokine receptors CCR5, CXCR3 and CCR8 to further recruit and active other inflammatory cells (183). The interaction between inflammatory macrophages and β-cells promote the production of CXCR2 ligands (CXCL1 and CXCL2) in the pancreas of T1D mice, which further recruit diabetogenic CXCR2+ neutrophils from the blood into the pancreatic islets (187). Autoreactive CD4+ T cells destroyed β cells through a Fas-dependent mechanism that was assisted by cytokines IL-1α, IL-1β, and IFN-γ (188). Besides, macrophge derived IL-12 might contribute to the development and activation of β cell–cytotoxic Th1 and CD8 cells in NOD mice (189). And macrophages selectively traffick autoimmune cytotoxic T cells into the islets via IFN-I signaling even without entering the islets, and ablation of IFN-I signaling on macrophages limits the onset of T1D (190). The role of macrophage on the pathological process of T1D was shown in  Figure 6 .

 

Figure 6 | The role of macrophages in the pathogenesis of T1D. The microenvironment in T1D pancreas promote the recruitment of macrophages and abnormal functions. Islet resident macrophages in T1D had defected immunomodulatory phenotype and might inhibit Treg cell differentiation. In addition, the migration and phagocytosis to target inflammatory cells such as apoptotic cells of macrophage in T1D are decrease. And macrophage secret inappropriately high amounts of IL1β and TNFα to contribute to the initiation of an immune attack towards the pancreatic beta-cells. The unengulfed apoptotic cells might result in secondary necrosis, inflammation and self-antigen presentation in islet. And increased macrophage-derived cytokines including IL-12, TNF-α and IL-1β are responsible for the inflammatory cascade of events leading to the destruction of pancreatic β cells. The interaction between inflammatory macrophages and β-cells promote the production of CXCR2 ligands (CXCL1 and CXCL2), which further recruit diabetogenic CXCR2+ neutrophils. Autoreactive CD4+ T cells destroyed β cells assisted by cytokines IL-1α, IL-1β, and IFN-γ. Besides, macrophage derived IL-12 and IFN-I signaling might contribute to the development and activation of β cell–cytotoxic Th1 and CD8 cells. 



Macrophage polarization may act as a potential therapeutic agent for T1D. M2 macrophages explicitly located in the inflammatory pancreas could significantly inhibit the proliferation of T cells and promote the survival of β cells after adoptive transfer into spontaneous T1D mice, resulting in resistance to T1D in non-obese resistant (NOR) mice (191). In addition, the survival of transplanted islets was partly dependent on the content of M2 macrophages (192, 193). The early glycosylation products (EGPs) produced in the first step of Maillard reaction/glycosylation alleviated insulin resistance and pancreatic immune infiltration by increasing the M2/M1 ratio (194). Macrophage-specific knockout ubiquitin coupling enzyme E2 can weaken the energy metabolism and M2 type polarization of macrophages, thus increasing the risk of diabetes T1D induced by STZ (195). Hence, promoting M2 but inhibiting M1 macrophage polarization may be an important target for preventing and treating T1D.

Macrophage-derived proinflammatory cytokines, chemokines and their receptors were identified the suitable targets for the therapeutic interventions of T1D. The TNF-α inhibitor infliximab could alleviate T1D, which might be related with the reduced presentation of islet antigen to both effector CD4+ and CD8+ T cells (196, 197). And IL-6 has also been suggested as a target for T1D treatment (198). Multiple strategies blocking the CXCR1/2 pathway main expressed in macrophage inhibited leucocyte recruitment and prevent inflammation and autoimmune mediated islet damage, which was new interventional approach for T1D (199).


 7. Discussion.

The possible functions of macrophages in autoimmune diseases as described in  Table 1 . In brief, the scavenging ability of macrophages was destroyed, leading to the accumulation of autoimmune complexes in local tissues. Besides, the abnormal macrophage activation induced a series of irrepressible pro-inflammatory responses, and promoted the activation and recruitment of lymphocytes in local tissues, resulting in tissue damage. In addition, the aberrant polarization of macrophages has been identified to contribute to the pathogenesis of autoimmune diseases. However, due to the significant heterogeneity of macrophages, the polarization of macrophages varies significantly in different tissues and even in different phases of the same disease. Systematically and comprehensively understanding the polarization of macrophages in autoimmune diseases will conduce to the prevention and treatment of autoimmune diseases.

 Table 1 | Possible function of macrophages in autoimmune diseases. 



Currently anti-macrophage therapy in autoimmune diseases mainly focuses on down-regulation the production of abnormal macrophage-derived pro-inflammatory cytokines production, elimination of dysfunctional macrophage from the inflammatory regions such as inhibiting monocyte recruitment and differentiation, and upregulation of anti-inflammatory cytokines. In recent years, macrophage-derived extracellular vesicles composed of microvesicles and exosomes have aroused increased interest in the treatment for autoimmune disease. The macrophage-derived extracellular vesicles are considered as optimal delivery vehicles for the minimal toxicity and specific target effect. Macrophage-derived microvesicle-coated poly (lactic-co-glycolic acid) (PLGA) nanoparticles to encapsulate tacrolimus significant suppress the progression of RA in mice, which is an efficient biomimetic vehicle for RA targeted treatment (200). Besides, macrophage-derived extracellular vesicles efficiently delivered dexamethasone into inflamed kidney and effectively suppress inflammation and fibrosis in kidney (201).

Various new techniques such as single-cell sequencing, metabolomics and other multi-omics research methods have been applied in autoimmune diseases research and have achieved considerable achievements. A single-cell sequencing result of a mixed lung cell sample from bleomycin-induced lung injury mice found a group of disease-related transitional macrophages that specifically express CX3CR1 and PDGF-AA and are located in fibrotic scars to promote fibrosis (202). This study provides an effective target for preventing and treating pulmonary fibrosis-related diseases. In addition, single-cell pseudo-time analysis infer the transcription trajectory of macrophages when they gradually change their gene expression profile during autoimmunity, suggesting that we can find the molecular changes in the early stage of the disease and the most decisive target. The application of multi-omics methods at the single-cell level will provide an effective means for exploring the potential mechanisms of abnormal macrophage phenotypes and offer a solid theoretical basis for preventing and treating autoimmune diseases.
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Macrophage polarization is a process whereby macrophages develop a specific phenotype and functional response to different pathophysiological stimuli and tissue environments. In general, two main macrophage phenotypes have been identified: inflammatory (M1) and alternatively activated (M2) macrophages characterized specifically by IL-1β and IL-10 production, respectively. In the cardiotoxin-induced skeletal muscle injury model bone marrow-derived macrophages (BMDMs) play the central role in regulating tissue repair. Bone marrow-derived monocytes arriving at the site of injury differentiate first to M1 BMDMs that clear cell debris and trigger proliferation and differentiation of the muscle stem cells, while during the process of efferocytosis they change their phenotype to M2 to drive resolution of inflammation and tissue repair. The M2 population is formed from at least three distinct subsets: antigen presenting, resolution-related and growth factor producing macrophages, the latest ones expressing the transcription factor PPARγ. Nuclear receptor subfamily 4 group A member 1 (NR4A1; also termed Nur77) transcription factor is expressed as an early response gene, and has been shown to suppress the expression of pro-inflammatory genes during efferocytosis. Here we demonstrate that (1) Nur77 null BMDMs are characterized by elevated expression of PPARγ  resulting in enhanced efferocytosis capacity; (2) Nur77 and PPARγ regulate transcription in different subsets of M2 skeletal muscle macrophages during muscle repair; (3) the loss of Nur77 prolongs M1 polarization characterized by increased and prolonged production of IL-1β by the resolution-related macrophages normally expressing Nur77; whereas, in contrast, (4) it promotes M2 polarization detected via the increased number of IL-10 producing CD206+ macrophages generated from the PPARγ-expressing subset.
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Introduction

Clearance of apoptotic cells (efferocytosis) by macrophages plays a central role in maintaining tissue homeostasis. During the efferocytosis process macrophages not only clear apoptotic cells and degrade them, but also release various biologically active signaling molecules the release of which is triggered by the apoptotic cell uptake itself. If these molecules are released in resting tissues, they provide local trophic support, as some of them are growth factors (1). In the thymus they contribute to the thymic selection processes by directing the formation of regulatory T cells (2), and by regulating the signalling threshold of negative selection (3). Following tissue injury, however, they drive the resolution of inflammation and tissue repair (4). Proper efferocytosis regulates the proper production of these engulfing macrophage-derived regulatory molecules. The efferocytosis process in vivo is initiated by finding the apoptotic cells by macrophages via the help of ‘find me’ signals released from the apoptotic cells (5). Macrophages then recognize the apoptotic cells via their characteristic cell surface changes. The most well-known cell surface change is the exposure of phosphatidylserine (PS), a key ‘eat me’ signal, on the surface of dying cells (6). Multiple receptors on the surface of macrophages such as Tim4, stabilin-2, or BAI1, recognize and bind to PS directly, whereas other receptors use bridging molecules to link the phagocytic receptor to PS (7). Bridging molecules are present in the serum but are also actively produced by the macrophages. One of them is milk fat globule-EGF-factor 8 (MFG-E8) which uses its RGD motif within its EGF-like domain to bind to various integrin receptors, such as β3 and β5 participating in the phagocytosis process, but also contains gamma carboxylated glutamate side chains to link the protein to PS (8, 9). In addition to using bridging molecules, integrin receptors also require coreceptors, such as Tim4 by integrin β1 (10) or transglutaminase 2 (TG2) and CD36 (11–13) by integrin β3, for their proper phagocytic function. Phagocytes in different tissues express different combinations of the various efferocytosis receptors, but all of the expressed ones assemble and function together in the phagocytic synapse to mediate tethering, and to initiate sufficient engulfment signaling once macrophages interact with the apoptotic cells (14). So far two efferocytosis signaling pathways have been identified that trigger the apoptotic cell uptake, and both lead to the activation of the small GTPase Rac1 (15). Nur77 (NR4a) is a transcription factor, which belongs to the steroid/thyroid hormone receptor superfamily, and is an orphan receptor for which no ligand is known (16). Besides forming a heterodimer with the retinoid X receptor to mediate retinoic acid-dependent transcription to reporters containing the DR5 regulatory element, it can also bind in monomeric form to promoters containing the Nur77 binding response element (17), as well as a homodimer to the Nur77 response element carrying ones (18). In addition, similar to other members of this transcription family, it is able to interact with other transcription factors, such as nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) (19), and regulate their transcriptional activity. The activity of Nur77 was shown to be controlled through transcriptional regulation, posttranslational modifications, protein-protein interactions and subcellular localization (20, 21). Nur77 is abundantly expressed in various tissues including myeloid cells. Loss of Nur77 in macrophages has been reported to result in enhanced pro-inflammatory cytokine release following Toll like receptor 4 stimulation, and in an M1 type pro-inflammatory polarization in various atherosclerosis models. The effect has been linked to uncontrolled NF-κB activation leading to enhanced transcription of various inflammation-related genes (22). Recently the transcriptome of bone marrow-derived macrophages (BMDMs) from wild-type (WT) and Nur77-knockout (Nur77 KO) mice has been analyzed (23). In addition to the enhanced expression of a group of inflammation-related genes, IPA Upstream Regulator Analysis revealed Rac1 as an activated upstream regulator possibly mediating changes in gene expression induced by the loss of Nur77. Since enhanced Rac1 activity of BMDMs is known to be associated with enhanced efferocytosis capability, we decided to investigate phagocytosis of apoptotic cells mediated by the Nur77 KO macrophages. As phagocytosis of apoptotic cells plays a crucial role also in promoting formation of M2-like reparative macrophages which guide tissue repair during regenerative inflammation (24), we also followed the formation of reparative macrophages in the absence of Nur77 in the cardiotoxin–induced injury model of skeletal muscle.



Results



Nur77 KO bone marrow derived macrophages have enhanced efferocytosis capacity due to an increased integrin β3 and β5 signaling

Since previous studies indicated that Nur77 KO BMDMs have an enhanced Rac1 gene signature (23), and Rac1 is known to play a determining role also in efferocytosis by regulating lamellopodia formation (25), we checked whether Nur77 KO BMDMs have an altered efferocytosis capacity. As seen in Figure 1A, in line with the enhanced Rac1 gene signature, we also observed an increased efferocytosis capacity of BMDMs after a 45 min exposure to apoptotic cells. Loss of Nur77 resulted not only in an increase in the percentage of engulfing macrophages but also an increase in the number of engulfed apoptotic cells (Figure 1B) detected as an increased mean fluorescence within the engulfing macrophage population (415 ± 18 versus 482 ± 18 in the wild-type and knock out macrophages, respectively. Significantly different p<0.05). This enhancement was more pronounced, if macrophages engulfed apoptotic cells first for 6 h, and their efferocytosis capacity was determined 18 h later (Figure 1A). To check whether the observed difference in the efferocytosis capacity is related to a bridging molecule-driven efferocytosis pathway in Nur77 KO macrophages, their phagocytosis was also determined after washing the cultured medium away (Figure 1C). As compared to the efferocytosis capacity determined after 24 h in culture, the efferocytosis capacity of both types of macrophages decreased, if the culture medium was washed away (removal of the macrophage-produced bridging molecules), and phagocytosis was determined in the absence of fetal bovine serum (FBS) (removal of the serum-derived bridging molecules). What is more, the difference between the two types of macrophages completely disappeared. These data indicate that the enhanced efferocytic capacity of Nur77 KO macrophages is related either to enhanced production of a bridging molecule or to increased expression of a bridging molecule-dependent efferocytosis receptor. To determine, whether enhanced production of a bridging molecule is responsible for the observed effect, we compared the mRNA expression of each bridging molecule in the wild-type and Nur77 KO macrophages, and found that only that of MFG-E8 was increased, whereas no change in the mRNA expression of protein S, Gas6, C1qb or thrombospondin (THBS)-1 was found (Figure 1D). Next, we checked whether gene expression of the target efferocytosis receptors of the various bridging molecules is altered. However, we have not found a change in the expression of Axl, MerTK, or CD91, targets of Protein S, Gas6 or C1qb (Figure 1E). Since previous studies have shown that MFG-E8 binds to various integrin receptors via its RGD domain (8, 9), we also checked the mRNA expression of the various integrins and their coreceptors. While the mRNA expression of integrin β1 and β3, and that of Tim4 was not altered by the loss of Nur77 (Figure 1E), the basal gene expression of both CD36 and TG2 was significantly higher in the Nur77 KO macrophages, and we found a moderate increase in the expression of integrin β5 as well. Altogether, these data indicate that an enhanced integrin β3 and β5 signaling might be responsible for the enhanced efferocytosis capacity of Nur77 KO macrophages.




Figure 1 | Loss of Nur77 in BMDMs leads to enhanced efferocytosis due to an increased integrin β3 and β5 signaling. (A) In vitro uptake of fluorescently-labeled apoptotic thymocytes by WT and Nur77 KO BMDMs following 24 h incubation after seeding the BMDMs or after 6h co-culture with non-labeled apoptotic thymocytes followed by additional 18 h incubation. The percentage of engulfing macrophages was determined by flow cytometry analysis. A representative histogram of each experimental setting is also shown. (B) One representative confocal image showing efferocytosis by wild-type and Nur77 KO BMDMs following 24h in culture. Alexa Fluor 488 conjugated anti-F4/80 antibody -labelled macrophages appear as green cells, while Deep Red dye-labelled apoptotic thymocytes appear as red cells. (C) Efferocytosis by WT or Nur77 KO BMDMs following 24h culture in 10% FBS containing DMEM or washing the culture medium away and using a fresh DMEM without FBS during the 45 min efferocytosis. A representative histogram of each experimental setting is also shown. (D, E) mRNA expressions of various bridging molecules and phagocytic receptors determined by qRT-PCR in WT and Nur77 KO BMDMs following 24 h in culture. β-actin was used as a reference gene. All the results are expressed as mean ± SEM (n = 3). Asterisks indicate statistical significance (*P < 0.05, **P < 0.01, *** p < 0.001).





Increased expression of PPARγ drives the enhanced phagocytic capacity of Nur77 KO BMDMs

How can the loss of Nur77 affect the expression of genes related to the integrin β3 and β5 signaling pathways? Previous studies have shown that engulfing macrophages are capable of increasing their efferocytosis capacity via activation of their lipid-sensing nuclear receptors (liver X receptor (LXR)α/β, PPARγ and δ). These transcription factors, in turn, induce the expression of various phagocytic receptors or bridging molecules (26–28).  Since the difference in the efferocytosis capacity between WT and Nur77 KO macrophages was more pronounced, if macrophages have already engulfed apoptotic cells (Figure 1A) when the content of the engulfed apoptotic material triggers activation of these nuclear receptors, we checked their mRNA expression. While the mRNA expression of PPARδ and that of LXRα  did not change (Figure 2A), the mRNA expression of PPARγ significantly increased in Nur77 KO macrophages. Enhanced PPARγ levels were detected in the Nur77 KO macrophages at the protein level as well (Figure 2B). In addition, the mRNA level of its known target gene, fatty acid binding protein (FABP) 4 (29), was also significantly elevated in the Nur77 KO cells (Figure 2C). Accordingly, inhibition of PPARγ transcriptional activity by GW9662 for 24 h decreased the efferocytic capacity of Nur77 KO macrophages (Figure 2D). What is more, in the presence of the inhibitor the difference in the efferocytosis capacity of the two types of macrophages disappeared. Altogether these data indicate that the difference in the efferocytic capacity of the Nur77 KO macrophages is related to an enhanced PPARγ transcriptional activity.




Figure 2 | Loss of Nur77 leads to enhanced efferocytosis by BMDMs via upregulation of the PPARγ transcription factor. (A) mRNA expression levels of PPARδ, LXRα and PPARy in WT and Nur77 KO BMDMs following 24h in culture determined by qRT-PCR. β-actin was used as a reference gene. (B) Protein levels of PPARy in WT and Nur77 KO BMDMs under the same conditions determined by Western blot analysis. β-actin was used as a loading control. (C) mRNA expression levels of FABP4, a direct target gene of PPARγ, in WT and Nur77 KO BMDMs following 24h in culture detected by by qRT-PCR. β-actin was used as a reference gene. (D) Phagocytic capacity of WT and Nur77 KO BMDMs with or without pre-culture with non-labeled apoptotic thymocytes for 6 h, in the absence (DMSO control) or presence of PPARy antagonist GW9662 (5μM) for 24 h determined by flow cytometry. All results are expressed as mean ± SEM (n = 3). Asterisks indicate statistical significance (*P < 0.05, **P < 0.01, ***p < 0.001).





PPARγ induces the synthesis of retinoic acid to upregulate integrin signaling

Previous studies from our laboratory have demonstrated that engulfing macrophages produce retinoids that upregulate the expression of various phagocytic receptors (30, 31). This enhancement in the phagocytosis gene expressions was partially mediated via an LXR-dependent induction of retinaldehyde dehydrogenases (RALDHs), enzymes that are specifically involved in the synthesis of retinoic acids, and that of retinoic acid receptor (RAR)α, a nuclear receptor for which retinoic acids serve as ligands  (31, 32). Since we have shown previously that rosiglitazone, a PPARγ agonist, was also capable of inducing RALDHs (30), we checked the mRNA and protein expression of RALDH2, the dominant RALDH in macrophages, and that of RARα. As seen Figures 3A, B, the expression of both RALDH2 and RARα was increased in Nur77 KO macrophages as compared to their wild-type counterparts at both mRNA and protein levels. Accordingly, Nur77 KO macrophages responded to all-trans retinoic acid (ATRA) treatment with a more significant increase in the efferocytosis capacity (Figure 3C). To determine whether PPARγ-regulated retinoid synthesis mediates the effect of the loss of Nur77 on the efferocytosis of macrophages, both WT and Nur77 KO macrophages were pre-treated for 24 h with the PPARγ antagonist GW9662, the RALDH inhibitor N,N-diethylaminobenzaldehyde (DEAB) or the pan-RAR antagonist AGN109, and their efferocytosis capacity was measured at the end of the treatments. These treatments decreased the efferocytosis capacity of both WT and Nur77 KO macrophages, and the efferocytosis capacity of Nur77 KO cells decreased to that of the WT ones (Figures 3D, E). Next we checked, how the above treatments affect the mRNA expression of those three phagocytosis genes, which we found to be significantly altered by the loss of Nur77 (Figures 4A–C). The most dramatic change was seen in the gene expression of TG2, in accordance with the observation that its expression was enhanced most by the loss of Nur77. While these treatments hardly affected the basal levels of TG2 in the WT macrophages, each treatment reduced the TG2 mRNA expression of Nur77 KO cells to the wild-type level. CD36 mRNA expressions, on the other hand, were only partially dependent on the PPARγ/retinoid signaling pathway, despite of the fact that CD36 expression was shown to be affected by both PPARγ and retinoids (33). Finally, the elevated MFG-E8 expression was independent of PPARγ indicating that Nur77 must suppress the expression MFG-E8 in WT cells via a different mechanism. Altogether, our data suggest that the enhanced PPARγ-dependent phagocytic capacity is largely dependent on the enhanced TG2 expression. TG2 was shown to facilitate integrin signaling and to promote efferocytosis added as a recombinant protein (11, 34). To determine whether addition of recombinant TG2 to WT macrophages could enhance their phagocytosis efficiency to the level of Nur77 KO cells, efferocytosis capacity of both cell types was determined after 24h in culture in the presence and absence of mouse recombinant TG2. As seen in Figures 4D, E, the addition of recombinant TG2 enhanced the phagocytic capacity of WT macrophages, but not that of the Nur77 KO cells. In addition, their phagocytic capacity was similar in the presence of recombinant TG2. These data provide further evidence for the TG2-dependence of the observed enhanced efferocytosis efficiency in Nur77 KO macrophages.




Figure 3 | Elevated PPARγ expression leads to enhanced efferocytosis by Nur77 KO BMDMs via upregulating retinoic acid synthesis. (A) mRNA expression levels of RALDH2 and RARα of WT and Nur77 KO BMDMs following 24 h in culture determined by qRT-PCR. β-actin was used as a reference gene. (B) RALDH2 and RARα protein expression of WT and Nur77 KO BMDMs under the same conditions detected by Western blot analysis. β- actin was used as a loading control. (C) WT or Nur77 KO BMDMs were exposed to 300 nM ATRA or DMSO (vehicle) for 24 h, then the percentage of engulfing macrophages was determined by flow cytometry. A representative histogram of each experimental setting is also shown. (D) Wild-type and Nur77 KO BMDMs were exposed to GW9662 (5μM), a PPARγ antagonist, to DEAB (15 μM), an RALDH inhibitor, or to DMSO (vehicle) for 24h prior to determining their phagocytic capacity. The percentage of engulfing macrophages was detected by flow cytometry. A representative histogram of each experimental setting is also shown. (E) Wild-type or Nur77KO BMDMs were first exposed to non-fluorescent apoptotic thymocytes for 6 h together with GW9662 (5μM), with DEAB (15μM), or with the pan-RAR antagonist AGN193109 (1μM), then apoptotic cells were washed away and inhibitors was added again to BMDMs for additional 18 h prior to determining the percentage of macrophages engulfing apoptotic cells by flow cytometry. A representative histogram of each experimental setting is also shown. All results are expressed as mean ± SEM (n = 3). Asterisks indicate statistical significance (*P < 0.05, **P < 0.01, *** p < 0.001).






Figure 4 | Increased efferocytosis capacity of Nur77 KO macrophages is strongly related to the enhanced TG2 expression. (A-C) mRNA expression levels of TG2, CD36 and MFG-E8 in wild-type and Nur77 KO BMDMs determined by qRT-PCR following a 24 h exposure to GW9662 (5 μM), DEAB (15 μM), AGN193109 (1 μM), or DMSO (vehicle). β-actin was used as a reference gene. (D) In vitro uptake of fluorescently-labeled apoptotic thymocytes by WT and Nur77 KO BMDMs after a 1 h exposure to recombinant mouse TG2 (rTG2) (10 μg/ml).The percentage of engulfing macrophages was determined by flow cytometry. (E) Mean fluorescence values of the engulfing macrophages in the above experiments indicating enhanced individual apoptotic cell uptake by the rTG2-exposed cells. Results are expressed as mean ± SEM (n = 3). Asterisks indicate statistical significance (*P < 0.05, **P < 0.01, ***p< 0.001).





Nur77 and PPARγ are expressed by distinct groups of M2 macrophages which drive skeletal muscle tissue repair following cardiotoxin injury

If Nur77 inhibits the expression of PPARγ, how is it possible that apoptotic cell uptake was shown to activate both transcription factors in BMDMs (27, 35)? Increasing evidence indicate that macrophages do not form one single group of cells, and even within their two main groups there is a big heterogeneity. The first group, the tissue resident macrophages are mainly derived from the yolk sac during embryogenesis (1, 36). They act as sentinels in the tissues, and play an essential role in tissue homeostasis by removing apoptotic cells generated during the normal tissue turnover, and by producing growth factors and other mediators that provide trophic support to the tissues in which they reside. The second group, the BMDMs are recruited to the tissues in response to tissue injury induced by infection, autoimmune disorders, or by various injuries, and are crucial drivers and regulators of inflammatory and tissue regenerative responses (4, 37). One model, in which the differentiation, phenotype change (polarization) and function of BMDMs can be studied in vivo, is the cardiotoxin-induced injury model of the tibialis anterior skeletal muscle (7). Cardiotoxin injection triggers apoptotic and necrotic skeletal muscle cell death (38). Within this model, one day after the cardiotoxin injury monocytes arrive at the injury site and differentiate into M1 macrophages, which clear dead cells and, additionally, trigger muscle stem cell proliferation via the pro-inflammatory cytokines formed by them. As a result of the interaction with apoptotic cells during efferocytosis, these M1 macrophages start their conversion into M2-like reparative macrophages from day 3, and they drive angiogenesis, myotube formation from myoblasts, and the resolution of inflammation. Recent work by Patsalos et al. revealed the generation of three functionally distinct (growth factor producing, resolution-related and antigen presenting) populations of these M2-like reparative macrophages by analyzing their mRNA expressions using single-cell RNA sequencing at day 4 following cardiotoxin-induced injury (39). Using these data, we demonstrate in Figure 5 that on a single cell level Nur77 and PPARγ are expressed by different groups of M2-like reparative macrophages, and even when they are co-expressed, the PPARγ levels are low. PPARγ-dominant expression characterizes the growth factor producing macrophage population, while Nur77 is mainly expressed by the resolution-related and antigen presenting cells. What is more, nearly all the PPARγ-expressing cells express TG2 or CD36 in the growth factor producing population (cluster 2), where the majority of high PPARγ-expressing macrophages were found, underlying our finding that PPARγ regulates their expression. However, only 24% of the PPARγ expressing macrophages express MFG-E8 (Figure 5), and only 11.2% of the MFG-E8-expressing cells express PPARγ (data not shown) in accordance with our in vitro finding that the increase in the MFG-E8 mRNA expression in Nur77 KO cells is largely PPARγ-independent.




Figure 5 | Immune single-cell transcriptomic map of regenerating murine skeletal muscle. (A) Workflow used for the isolation and analysis of previously published (39) single-cell RNAseq datasets from CD45+ cells isolated at day 4 following cardiotoxin-induced injury (see also “Methods”). (B) Upper left panel: unsupervised clustering and t-SNE representation of CD45+ myeloid cells isolated from Day 4 post CTX injury (colored by 12 clusters defined using cluster resolution 0.4; dotted line indicates the four macrophage clusters 1-4; 1: Resolution-related, 2: Growth Factor-Expressing, 3: Pro-inflammatory, 4: Antigen-presenting macrophages). The rest of the panels indicate Tgm2, Cd36, Mfge8, Pparg, Mrc1, Il10, Il1b, Nr4a1, and Gdf3 mRNA expression in the single-cell dataset. (C) Alluvial plots that simultaneously define the number of cells with single and double positive expression for indicated genes and for each macrophage cluster. Red indicates cells with double positive/detectable gene expression in the third layer).





Loss of Nur77 leads to enhanced PPARγ and TG2 expressions, and to an accelerated CD206+ macrophage formation in day 4 skeletal muscle macrophages following cardiotoxin-induced injury

Our previous studies have demonstrated by studying macrophage polarization in the cardiotoxin-induced injury model of skeletal muscle that loss of TG2 not only affects the efficiency of the phagocytosis of dead cells, but also influences the expression levels of PPARγ, and the M1/M2 conversion of macrophages by significantly delaying the appearance of CD206+ M2-like reparative macrophage subset (40). Using the same model, we tested how the loss of Nur77 affects the expression of PPARγ, and TG2, and the appearance of CD206+ skeletal muscle macrophages following cardiotoxin-induced skeletal muscle injury. Simultaneously we also detected the disappearance of Ly6C, a marker, the disappearance of which allows us to follow the rate of M1/M2 macrophage conversion. As shown in Figures 6A, B, in Nur77 KO skeletal muscle-derived CD45+ cells the expression of both PPARγ and TG2 was significantly higher. Accordingly, the number of CD206+ macrophages was also significantly enhanced (Figure 6C). However, in line with a previous report (41), we did not find a difference in the rate of M1/M2 conversion of Nur77 KO skeletal muscle macrophages, if we followed it by the disappearance of the cell surface Ly6C molecule (Figure 6D). Interestingly, in TG2 null M2 macrophages the PPARγ expressions were found to be lower (40) indicating with the present data the existence of a positive autoregulatory loop that controls the expression of PPARγ or the number of PPARγ-expressing cells. PPARγ upregulates TG2, while the produced TG2 protein promotes either the stable expression of PPARγ mRNA or the better survival of the PPARγ-expressing macrophages. Altogether, our data indicate that the Ly6C- PPARγ+ TG2high macrophages are the origin of at least one group of the Ly6C- CD206+ macrophage population. Since TG2 acts as a coreceptor for integrins, our observations confirm that of others, who have demonstrated the involvement of integrin signaling in the PPARγ-driven M2 conversion of macrophages (42, 43).




Figure 6 | Contradicting M2 polarization of Nur77 KO skeletal muscle macrophages in the cardiotoxin-induced model of skeletal muscle injury. (A) Workflow used for the isolation and analysis of CD45+ cells isolated at the indicated days following cardiotoxin-induced injury in the tibialis anterior muscle. (B, C, F-H) Time-dependent alterations in the mRNA expressions of PPARγ, TG2, IL-10, IL-1β and GDF3 of CD45+ cells isolated from the tibialis anterior muscles determined by qRT-PCR at day 2, 3, and 4 post-injury (n= 4). β-actin was used as a reference gene. (D) Percent of CD206+cells within the Ly6C- F4/80+ macrophages and (E) representative scatter plots of CD206+ and Ly6C+ cells within the muscle-derived F4/80+population determined at the indicated days following cardiotoxin-induced injury in the tibialis anterior muscles of wild-type and Nur77 KO mice (n= 3). Results are expressed as mean ± SEM. Asterisks indicate statistical significance (*P < 0.05, **P < 0.01, ***p< 0.001).





Loss of Nur77 results in conflicting production of pro- and anti-inflammatory cytokines by skeletal muscle macrophages following cardiotoxin-induced injury

M1 and M2 macrophages are characterized by the production of a different set of cytokines. While M1 macrophages produce pro-inflammatory cytokines, such as TNF-α, IL-1α, IL-1β, IL-6, IL-12, CXCL9, and CXCL10, M2 macrophages produce IL-10, TGF-β, CCL1, CCL17, CCL18, CCL22, and CCL24 (44). During M1/M2 conversion the production of pro-inflammatory cytokines gradually decreases, while that of anti-inflammatory cytokines or growth factors increases. Since Nur77 was shown to suppress the expression of IL-1β  (45), while PPARγ to induce IL-10 production (46), both contributing this way to the M2-like polarization, we decided to follow the mRNA expression of these cytokines in the skeletal muscle CD45+ cells following cardiotoxin-induced injury. As seen in Figure 6E, loss of Nur77 resulted in enhanced IL-10 production, a cytokine that plays a dominant role in promoting M2 conversion of the macrophages (47). Interestingly, we found that the producers of IL-10 are dominantly the CD206+ macrophages (Figure 5) suggesting that the observed enhanced IL-10 production is the consequence of an enhanced conversion of Nur77 KO M1 macrophages into the CD206+ direction by day 4. Altogether, these data demonstrate that PPARγ promotes IL-10 production by facilitating the formation of the IL-10-secreting CD206+ macrophages. Surprisingly, while the IL-10 production increased indicating an enhanced M2 polarization of Nur77 KO macrophages in the cardiotoxin model of skeletal muscle injury, the IL-1β mRNA levels were also enhanced (Figure 6F). This later indicates a prolonged inflammatory M1 state. However, as shown in Figure 5, IL-1β is produced by separate populations of macrophages, which express dominantly Nur77. This observation supports the view that Nur77 acts as a suppressor of IL-1β production.



Loss of Nur77 results in decreased production of the growth differentiation factor 3

The way M2 macrophages are able to promote myoblast differentiation, myoblast fusion and myotube growth is that they produce various growth factors (39, 48, 49). Among them GDF3 was shown to be produced in a PPARγ-dependent manner (48). That is why we tested the expression of GDF3 in Nur77 KO skeletal muscle macrophages following cardiotoxin injury (Figure 6G). To our surprise, despite the higher expression of PPARγ, the expression of GDF3 was lower in Nur77 KO skeletal muscle macrophages (Figure 6G). Since the GDF3- and the PPARγ-expressing macrophage populations only partially overlap (Figure 5) (with 33% PPARγ-expressing cells expressing GDF3, and only 22.2% GDF3-expressing macrophages expressing PPARγ), our data indicate that Nur77 might contribute to the GDF3 expression in those Nur77+ macrophages, which do not express PPARγ. Accordingly, Nur77 KO BMDMs also showed about a 55% decrease in the GDF3 mRNA expression (data not shown), as reported by others as well (23).




Discussion

In the present paper the effect of the loss of Nur77 transcription factor was investigated on the in vitro efferocytosis function, and on the in vivo polarization of BMDMs in the cardiotoxin-induced skeletal muscle injury model. Using this model, we have shown previously that efferocytosis and polarization of macrophages are strongly associated phenomena (40, 50). Previous studies have indicated that in macrophages the expression and the transcriptional activity of both PPARγ and Nur77 are increased following apoptotic cell uptake (27, 35). Here we found that Nur77 KO BMDMs express increased amount of PPARγ leading to enhanced efferocytosis capacity. Increasing evidence indicates that Nur77 can repress the expression of PPARγ  (51), while PPARγ that of the Nur77 (52). These observations might explain why Nur77 KO BMDMs express more PPARγ, and why these two transcription factors are expressed in distinct M2-like reparative skeletal muscle macrophage subsets following cardiotoxin injury. While PPARγ was known to promote phagocytosis of apoptotic cells (27, 53) and to facilitate M1/M2 conversion of macrophages (42, 43, 54), here we have demonstrated for the first time that its efferocytosis-related effects are mediated partly by upregulating retinoid signaling. Nur77 is known to act as a negative regulator of the inflammatory response (19, 21, 45). This effect of Nur77 is mediated partly by controlling the mitochondrial metabolism (45), but also by interfering with the NF-κB-mediated pro-inflammatory signaling (19). Our data confirm these observations by demonstrating enhanced IL-1β production by the normally Nur77-expessing macrophage subset. In addition, our data also demonstrate that Nur77 contributes to M2 polarization not only by inhibiting pro-inflammatory cytokine production but also by promoting GDF3 expression, since GDF3 is not only a growth factor, but also acts as a suppressor of the pro-inflammatory macrophage phenotype (55). Thus, we should expect an enhanced M1 polarization in the absence of Nur77. However, the polarization detected in the absence of Nur77 is conflicting which is related to the upregulation of PPARγ which drives enhanced M2 polarization in a different reparative macrophage subset. These contradictory effects might explain why some investigators found that loss of Nur77 promotes M1 polarization (22), while others have not (56). Our data also questions, how well the disappearance of Ly6C reflects the true nature of macrophage M2 polarization, since it was not affected in the absence of Nur77. The novelty of our findings is that we demonstrate for the first time that PPARγand Nur77 function in different subsets of macrophages, they appear in simultaneously differentiating macrophages in the cardiotoxin-induced skeletal muscle injury model, and their mutual antagonism makes sure that in one subtype the PPARγ-, while in the other subtype the Nur77-mediated transcriptional events dominate. We also demonstrate for the first time that PPARγ-expressing cells are the precursors of at least one of the CD206+ macrophage population, that dominantly the CD206+ macrophages are responsible for the IL-10 production, and that the production of GDF3 is controlled by both Nur77 and PPARγ.  What we did not investigate was whether the loss of Nur77 also alters the size of the different subsets within the M2-like reparative population. Thus, increased PPARγ expression could also mean an increase in the size of the PPARγ expressing macrophage subset. The increase in the size of CD206+ macrophage population produced in a PPARγ-dependent manner indicates such a possibility. Still our data provide novel information about the heterogeneity of the bone marrow-derived macrophages, and about their polarization in a model of regenerative inflammation. Our results are summarized in Figure 7.




Figure 7 | Schematic view of the events during conversion of M1 Ly6C+ pro-inflammatory macrophages to M2-like reparative macrophages following cardiotoxin induced skeletal muscle injury.





Materials and methods



Reagents

All reagents were obtained from Sigma-Aldrich (Budapest, Hungary) except when indicated otherwise.



Experimental animals

The experiments were carried out with 4-week-old C57BL/6 or 2- to 4-month-old Nur77+/+ mice and their Nur77 deficient (57) littermates. Mice were maintained in specific pathogen-free condition in the Central Animal Facility, and all animal experiments were approved by the Animal Care and Use Committee of University of Debrecen (DEMÁB).



Generation of apoptotic cells

Thymi from 4-week-old C57BL/6 mice were collected, and thymocytes were separated and incubated for 20 h (107 cells/ml) in RPMI 1640 media supplemented with 2 mM glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin. This treatment results in approximately 80% annexin V positive cells (58). Apoptotic thymocytes were then stained by 0.5 μM CellTrackerTM Deep Red dye (Invitrogen, Carlsbad, CA, USA) for 30 min in the absence of serum to be used later as target cells to detect efferocytosis by BMDMs.



BMDM cell culture and treatments

2- to 4-month-old Nur77+/+ and Nur77-/- mice were sacrificed by isoflurane overdose. Bone marrow progenitors were isolated from the femurs and tibiae by lavage with sterile physiological saline. Progenitor cells were differentiated to BMDMs in DMEM medium supplemented with 10% heat inactivated FBS, 20% conditioned medium derived from L929 cells, as a source for macrophage colony stimulating factor, 2 mM glutamine, 100 U/ml penicillin and 100μg/ml streptomycin for 5 days at 37°C in 5% CO2. On the third day, non-adherent cells were washed away. Following the 5-day culturing period macrophages were plated on cell culture plates for various treatments. For long-term apoptotic cell phagocytosis experiments non-labeled apoptotic thymocytes in 5:1 (apoptotic cells: macrophage) ratio were added to BMDMs for 6 h, then apoptotic cells were washed away and efferocytosis was determined 18 h later. In some experiments BMDMs were treated for 24 h with 5 μM GW9662 (Tocris Bioscience, Bristol, UK), a selective PPARγ antagonist, 1 μM AGN193109 (Tocris Bioscience, Bristol, UK), a pan-RAR antagonist, 15 μM DEAB to block aldehyde dehydrogenase enzyme activities or for 1 h with 10 μg/ml mouse recombinant TG2 protein prior to determining the phagocytic capacity. The dose of these compounds was the same used for BMDMs in the literature. None of these compounds affected the viability of macrophages tested by the appearance of cell surface PS detected by Annexin V-FITC binding.



Western blot analysis

BMDMs were homogenized in ice-cold lysis buffer (10% v/v glycerol, 1% v/v Triton X-100, 1 mM EGTA, 20 mM Tris, pH 7.9, 100 μM β-glycerophosphate, 137 mM NaCl, 5 mM EDTA, 1.04 mM AEBSF, 0.8 μM aprotinin, 40 μM bestatin, 14 μM E-64, 20 μM leupeptin, and 15 μM pepstatin A). The protein content of the samples was determined by Bio-Rad Protein Assay Dye (Bio-Rad, Budapest, Hungary), and was diluted to 2 mg/ml, then the samples were boiled with an equal volume of Laemmli buffer. Electrophoresis was performed in 12% SDS-polyacrylamide gel. Separated proteins were transferred to an Immobilion-P transfer membrane (Millipore, Budapest, Hungary) and were probed overnight at 4°C with anti-mouse PPARy (81B8) (cat. #: 2443 Cell Signaling Technology, Beverly, MA, USA), RARα (sc-515796, Santa Cruz Biotechnology, Dallas, USA), RALDH2 (sc-393204, Santa Cruz Biotechnology, Dallas, USA) monoclonal antibodies in 1:1000 dilution, or monoclonal anti-β-actin antibody (A5441) in 1:5000 dilutions. After three washes with TBS-T, the membrane was incubated for 1 h with anti-mouse IgG (whole molecule)-peroxidase antibody produced in sheep or with goat-anti-rabbit IgG(H+L) HRP conjugate secondary antibody in 1:10000 dilutions followed by enhanced chemiluminescence (Advansta Inc., San Jose, CA, USA).



In vitro apoptotic cell phagocytosis

Stained apoptotic thymocytes were added to the BMDMs in 5:1 (apoptotic cells/macrophage) ratio for 45 min for flow cytometry analysis or for 120 min for confocal microscopy. After co-culture, non-engulfed cells were washed away extensively, and macrophages were detached by trypsinization. The percentage of engulfing cells was determined on a Becton Dickinson FACSCalibur flow cytometer (Becton Dickinson Company, Franklin Lakes, NJ, USA).



Confocal microscopy

For confocal microscopy, differentiated BMDMs were plated in 8-well chamber slides (8×105/well) (IBIDI GmbH, Gräfelfing, Germany).). Phagocytosis assays were carried out as described above. After coculture, apoptotic cells were washed away and macrophages were stained with Alexa Fluor 488 conjugated anti-F4/80 antibody (MF48020, Invitrogen, Carlsbad, USA) for confocal microscopy analysis. Macrophages were then washed and fixed in 1% paraformaldehyde. Fluorescence confocal images were taken by a Zeiss fluorescent microscope (Zeiss LSM 880 confocal microscope Göttingen, Germany). Images were analyzed with ZEN 2012 v.1.1.0.0 software (Carl Zeiss Microscopy GmbH, Göttingen, Germany).



Production of mouse recombinant TG2 protein

To obtain full-length recombinant N-terminally HIS6-tagged mTg2 protein, the coding part of mouse transglutaminase 2 cDNA (BC016492, Dharmacon, GE, Boston, MA, USA) was amplified and cloned into pET-30 Ek/LIC vector (Merck, Darmstadt, Germany) based on the manufacturer instructions using HPLC-purified 5’-GAC GAC GAC AAG ATG AGA ATT CAG ACC ATG GCA GAG GAG CTG C-3’ forward and 5’-GAG GAG AAG CCC GGT TGA ATT CGG TTA GGC CGG GCC GAT GAT AAC-3’ reverse primers. The cloning was confirmed by restriction digestion and Sanger sequencing (Eurofins Genomics, Ebersberg, Germany). Recombinant mTG2 protein was expressed in Rosetta 2(DE3) bacterial cells (Novagen, Merck, Germany) and purified as described previously using the improved protocol (59).



Isolation of muscle-derived CD45+ leukocytes from the tibialis anterior muscle following cardiotoxin-induced injury

WT or Nur77 KO mice were anesthetized with 2.5% isoflurane using a SomnoSuite device. After anesthesia, muscle damage was induced in the tibialis anterior (TA) muscle by injecting 50 µL of 12 µM cardiotoxin (Latoxan, Valence, France) in phosphate-buffered saline (PBS). Mice were sacrificed and muscles were collected on days 2, 3, and 4 post-injury and processed for cell and mRNA analysis. TA muscles were dissociated in RPMI containing 0.2% collagenase II (Thermo Fisher Scientific, Waltham, MA, USA) at 37°C for 1 h and filtered through a 100 µm and then a 40 µm filter. Muscle-derived CD45+ cell isolation was carried out as described earlier (50). CD45+ cells were separated using magnetic sorting (Miltenyi Biotec, Gladbach, Germany).



Single-cell RNA sequencing and analysis of muscle-derived CD45+ cells

Single-cell gene expression barcode, feature, and count matrices from CD45+ cells isolated on day 4 following cardiotoxin-induced muscle injury were used from dataset GSE161467 (39). Downstream analysis was carried out with R version 4.2.2 (2022–10–31). Quality control, filtering, data clustering, marker gene analysis, and visualization were carried out using Seurat (v4.0.3) R package with some custom modifications to the standard pipeline (see below) (60).Genes expressed in less than 5 cells and cells with a number of detected genes within the lower quantile (q0.975) were removed from the gene expression matrix. We removed any single cell with > 5% UMIs mapped to mitochondrial genes as well as doublets and outliers with UMI counts in the upper quantile (q97.5). After log-normalizing the data, the expression of each gene was scaled, and PCA was performed on the top 1000 most variable genes. Unsupervised shared nearest neighbor (SNN) clustering was performed with a resolution of 0.35, and visualization was done using t-distributed stochastic neighbor embedding (t-SNE) from SCpubr (61). Feature plots were generated using the Nebulosa package (62). The alluvial plots were generated using the ggalluvial package (a ggplot2 extension) (63).



Quantification of intramuscular immune cells by flow cytometry

The muscle-derived CD45+ cells, separated from Nur77+/+ or Nur77-/- mice, were stained with a combination of Alexa Fluor 488-conjugated anti-F4/80 (MF48020, Invitrogen, Carlsbad, USA), PerCP-Cy5.5-conjugated anti-Ly6C (128012, BioLegend, San Diego, USA) and PE-conjugated anti-CD206 (141705, BioLegend, San Diego, USA) antibodies at room temperature for 15 minutes. Fluorescent intensity was detected with a Becton Dickinson FACSCalibur. Cells were gated based on their forward- and side-scatter characteristics. Macrophages were gated as F4/80+ cells. Fluorescent intensity was detected with a Becton Dickinson FACSCalibur.



Analysis of mRNA expression

Total RNA was isolated from BMDMs or muscle-derived CD45+ cells by TRIzol (Invitrogen, Carlsbad, CA, USA) reagent according to the manufacturer’s guidelines. Total RNA was reverse transcribed into cDNA using High Capacity cDNA Reverse Transcription Kit (Life Technologies, Budapest, Hungary)according to the manufacturer’s instructions. Quantitative RT-PCR was carried out in triplicate using pre-designed FAM-labeled MGB assays (Life Technologies, Budapest, Hungary) on a Roche LightCycler LC 480 real-time PCR instrument. Relative mRNA levels were calculated using the comparative CT method and were normalized to β-actin mRNA. Catalog numbers of the TaqMan assays used were the following: Actb Mm02619580_g1, integrin β1 Mm01253230_m1, integrin β3 Mm00443980_m1, integrin β5 Mm00439825_m1, CD36 Mm00432403_m1, MFG-E8 Mm00437836_m1, Protein S Mm01343426_m1, CD91 Mm00464608_m1, MERTK Mm00437221_m1, AXL Mm00500549_m1, transglutaminase 2 Mm00434920_m1, Thrombospondin-1 Mm00436979_m1, Tim4 Mm00449032_g1, CD14 Mm00432403_m1, PPARδ Mm00803184_m1, PPARγ Mm00440940_m1, LXRα Mm00443451_m1, RARα Mm01296312_m1, FABP4 Mm00445878_m1, RALDH2 Mm00501306_m1, GDF3 Mm00433563_m1, IL1 β Mm00434228_m1, and IL10 Mm01288386_m1.



Statistical analysis

All the data are representative of at least three independent experiments carried out with BMDMs originated from three different mice or with mice exposed to cardiotoxin-induced injury. Values are expressed as mean ± SEM. For differences between 2 groups two-tailed unpaired Student’s t-test, for comparisons n > 2 groups one-way ANOVA (with Tukey’s multiple comparisons test) was used. The equal variance of the samples was tested by F-test. All statistical analyses were performed using GraphPad Prism 6.01 and a P value <0.05 was considered as significant, and is indicated by asterisk (*).
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Aseptic loosening (AL) is the most common complication of total joint arthroplasty (TJA). Both local inflammatory response and subsequent osteolysis around the prosthesis are the fundamental causes of disease pathology. As the earliest change of cell behavior, polarizations of macrophages play an essential role in the pathogenesis of AL, including regulating inflammatory responses and related pathological bone remodeling. The direction of macrophage polarization is closely dependent on the microenvironment of the periprosthetic tissue. When the classically activated macrophages (M1) are characterized by the augmented ability to produce proinflammatory cytokines, the primary functions of alternatively activated macrophages (M2) are related to inflammatory relief and tissue repair. Yet, both M1 macrophages and M2 macrophages are involved in the occurrence and development of AL, and a comprehensive understanding of polarized behaviors and inducing factors would help in identifying specific therapies. In recent years, studies have witnessed novel discoveries regarding the role of macrophages in AL pathology, the shifts between polarized phenotype during disease progression, as well as local mediators and signaling pathways responsible for regulations in macrophages and subsequent osteoclasts (OCs). In this review, we summarize recent progress on macrophage polarization and related mechanisms during the development of AL and discuss new findings and concepts in the context of existing work.
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1 Introduction

Total joint arthroplasty (TJA) is an extensive and successful surgical therapy, which has been used in the treatment of severely traumatic or arthritic joint diseases. It helps in relieving arthralgia, rebuilding locomotor function, and improving living quality (1). Even so, the long-term survival of joint prosthesis reduces over time, which leads to implant failure, reduced locomotor ability, and heavy financial burden.

The main reason for the failure of TJA is that the joint interface continuously produces debris particles which induce a complex inflammatory response and leads to osteolysis and aseptic loosening (AL) (2–4). At present, the major pathogenesis of AL is the production of wear debris due to the mechanical strength of joints and biological interactions over time. On one hand, the debris induces functional changes in macrophages and promotes the release of cytokines to regulate the immune microenvironment in the bone-implant interface. On the other hand, by further affecting the bone remodeling process, the debris increases bone resorption, eventually resulting in AL (3–6).

Macrophages, the major population of tissue-resident mononuclear phagocytes, are a critical class of cells that have an effect on bacterial recognition and elimination, as well as in the process of innate and adaptive immunity (7). Macrophages have a variety of functions, exhibiting different phenotypes based on practical conditions and responding to microenvironmental signals. Two major phenotypes of macrophages include classically activated macrophages (M1) and alternatively activated macrophages (M2) (8–10). M1 macrophages have proinflammatory properties and are involved in initiating and maintaining the inflammatory state, whereas M2 macrophages have anti-inflammatory properties and take part in tissue homeostasis and repair (8–13).

During the development of inflammation, the polarized state of macrophage is in a dynamic equilibrium. In this regard, macrophages can distinctively adapt to the microenvironment, respectively (9). For example, the increased count of proinflammatory M1 macrophages induced by pathological stimulus leads to periprosthetic osteolysis, whereas anti-inflammatory M2 is favorable to shape an immunomodulatory environment towards osseointegration (14, 15). Therefore, it is essential to figure out the polarization of macrophages and associated regulatory mechanisms during the pathogenesis of AL.

At present, the understanding of macrophages is still limited to some extent. For the past few years, advancing awareness of the impact of macrophage polarization on the pathogenesis of AL has been recognized. This article reviewed interactions between the various receptors, ligands, signal transductions, and other factors related to functional changes of macrophage around the prosthesis. In addition, it cited the research conclusions and reviews regarding other macrophage-related inflammatory regulations, and also emphasized the importance of the functional changes and regulatory mechanisms of macrophages in the bone-implant interface microenvironment.



2 Overview of aseptic loosening



2.1 Clinical features

Harris et al. (16) described a phenomenon of extensive bone resorption leading to loosening without infection in four patients after receiving hip arthroplasty surgery, and this is the first detailed description of AL (16). In definition, AL can be generally described as a failure of the fixation of one or more prosthetic components without any infection (17). It may probably originate from inadequate initial fixation, mechanical loss of fixation over time, or biological loss of fixation, all of which are the leading causes of particles-induced osteolysis around the prosthesis (4, 17). Joint pain is the typical symptom of patients with AL, which always become worse when the affected joint carries out physical activity or bears weight. Impaired gait and restricted range of motion are often discovered in the physical exam of these patients (17).

As one of the major reasons for the failure of artificial joint implants, AL is the main cause of revision surgery (18–20). Due to the high complication rate, the requirement for complex technology, and the heavy economic burden brought by revision surgery (18), extensive studies have focused on the pathogenesis of AL in order to develop diagnostic and therapeutic avenues with more sensitivity and efficacy. The majority of published works reported that AL is mainly caused by wear particles-induced periprosthetic osteolysis (PPOL) (2–4).



2.2 Pathogenesis

Loosening of the prosthesis is a very complex process, involving many mechanical and biological aspects (21, 22). The main biological factor is the biological response of cells to a variety of wear particles (21), for example, wear particles can promote macrophage polarization to M1, and release proinflammatory cytokines and chemokines (23, 24). These cellular responses and subsequent activities are determined by many factors, such as the physical and chemical properties of the material, including the size, morphology, and composition of the material (23, 25–29). Moreover, the presence of endotoxin can also affect these cellular responses and activities (30–32). From the aspects of the disease host, patient-related risk factors, such as age, sex, obesity, smoking, and genetic variation, also play a role in AL pathogenesis (33–38). However, comorbidities affect the occurrence of AL even larger. Patients with hemophilia are reported to have a higher risk of AL (39). Elevated inflammatory activity will increase the risk of loosening after TJA in patients with rheumatoid arthritis (RA), thus the indication of arthroplasty for RA patients should be more strictly controlled (40).



2.3 Pathological feature

The chronic inflammation at the bone-implant interface, accompanied by osteolytic destruction in the surrounding bone, is the major pathological feature of AL (5, 6, 41, 42). Based on histopathological findings, there are numerous infiltrating CD68-positive mononuclear/macrophages, foreign body giant cells (sometimes organized as foreign body granulomas), and wear particles in the periprosthetic connective tissue (42, 43). Scattered fibroblasts and T cells can be observed in the surrounding area of infiltrating macrophage (42). In addition, endotoxin contamination is also present around the prosthesis (44, 45). Regarding the cytokines, there is a significant increase in the expression of proinflammatory factors in the tissue, including interleukin-1β (IL-1β), IL-2, IL-8, interferon-γ (IFN-γ), and tumor necrosis factor-α (TNF-α) (41). It was found that in the mice skull implanted with titanium (Ti) particles, macrophages polarized into M1 macrophages in the early phase of the inflammatory responses, and partial tissue restoration was observed in the resolution of inflammation after 6 to 8 weeks (46). However, long-term chronic inflammation eventually leads to osteolytic destruction (6). Studies on the various polarization phenotypes of macrophages may help in further explaining the pathogenesis of AL.




3 Overview of macrophages in aseptic loosening



3.1 Origin of macrophages and wear particles

Monocytes/macrophages originally come from the hematopoietic stem cell (HSC) in the bone marrow and subsequently enter the peripheral blood. In responding to the local inflammation, circulating monocytes leave the bloodstream and mobilize into the local tissues. Upon stimulation by several growth factors, proinflammatory cytokines, or microbial products, circulating monocytes further differentiate into macrophages (11, 12). In addition to that, resident tissue macrophages recruited from the bone marrow are necessary drivers of inflammatory and tissue regenerative responses (47). The initial recruitment of inflammatory cells results from chemotactic factors produced by macrophages (48). When circulating macrophage or monocyte recruitment or activation is disrupted, the early inflammatory response is often diminished (49). Conclusively, the number of tissue-resident macrophages can increase exponentially, including locally proliferating macrophages and monocytes recruited from the bone marrow (50–52).

Due to the detection of ultra-high molecular weight polyethylene (UHMWPE) and various kinds of high-density material debris in tissue samples from patients, submicron-sized wear particles are usually considered potential causes of AL pathogenesis (53). During disease progress, macrophages play a crucial role in recognizing wear particles and releasing a large number of proinflammatory cytokines and chemokines, such as IL-1β, TNF-α, IL-6 (15, 23, 24, 26, 54–58). Diverse cytokines individually modulate the function of cells located at the interface between the prosthesis and the surrounding bone, and collectively affect other cells through diverse signaling mechanisms, ultimately leading to particles-induced inflammatory osteolysis. Detailed interactions between cytokines and cells are to be reviewed in section 4.



3.2 PAMPs and subclinical infection

Common pathogen-associated molecular patterns (PAMPs) include lipopolysaccharide (LPS) and lipoteichoic acid (LTA). LPS is a typical endotoxin and a major component of the outer cell wall of Gram-negative bacteria, whereas LTA is a cell wall polymer discovered in Gram-positive bacteria (59, 60). PAMPs regulate macrophage polarization through toll-like receptors (TLRs) and further promote the release of cytokines (61–63).

Previous studies have reported that some active bacteria or its structural components could be found in the tissues surrounding the loosened implant, even in the absence of any clinical or microbial evidence of infection (44, 45). In fact, subclinical infection is difficult to identify, and the probable cause of this is the growth pattern of biofilm. By firmly anchoring to the surface of the implanted prosthesis, biofilm may have protected inside microorganisms that are being infected from elimination, therefore it is reasonable to suspect these bacterial biofilms anchoring on the surface of the loosened implant as the latent source of endotoxin (45, 64). In addition, PAMPs may also originate from bacterial colonies residing in the gastrointestinal tract, the oral cavity, or even the wounds in the skin, where these bacteria and PAMPs are occasionally transferred to the circulating blood, in turn reaching the implant (65, 66). Evidenced by an in vivo experiment based on mouse balloon models, endotoxin in blood circulation could adhere to Ti particles and consequently induce macrophage aggregation (67).



3.3 Functional changes of macrophages

Macrophages are activated and alter their functions to defend against infections and present antigens to other immune cells, thereby regulating the immune responses (Figure 1) (68).




Figure 1 | Origin and functional changes of macrophages. The number of tissue-resident macrophages can increase exponentially, including locally proliferating macrophages and monocytes recruited from the circulating peripheral blood. Stimulated by various factors, such as cytokines, PAMPs, and wear particles, the macrophages with different origins could be activated and further polarize into M1 or M2 phenotype. According to cellular phenotypes, activated macrophages show diverse functions, including phagocytosis, autophagy, apoptosis, and pyroptosis, to defend against infections and present antigens to other immune cells, thereby regulating the immune responses. IFN, interferon; IL, interleukin; M1, classically activated macrophages; M2, alternatively activated macrophages; PAMPs, pathogen-associated molecular patterns; TNF-α, tumor necrosis factor-alpha.





3.3.1 Proinflammatory and anti-inflammatory functions

Macrophages amplify the inflammatory process by releasing proinflammatory factors to remove pathogens or other foreign bodies (9, 47). During tissue injury, the local cells which are infected by pathogens and undergo necrosis or pyroptosis could release PAMPs or damage-associated molecular patterns (DAMPs) that activate inflammatory signaling in macrophages and other resident cell populations. Activated cells recruit neutrophils, monocytes, and other inflammation-related cells into the tissue by a release series of cytokines. Once the acute injury is under control, macrophages supply nutrition to the tissues where they are located by decomposing remnants and secreting growth factors and mediators, exerting their function effectively in inhibiting inflammation (47). Some macrophages, characterized by producing of growth factors, including platelet-derived growth factor (PDGF), insulin-like growth factor 1 (IGF-1), and vascular endothelial growth factor-α (VEGF-α), are associated with tissue repair and help in promoting cell proliferation and vascular development and thus alleviating local hypoxia that occurs after injury (47). They also produce soluble mediators, such as transforming growth factor-β1 (TGF-β1) that induce local and recruited fibroblasts to differentiate into myofibroblasts, thereby synthesizing extracellular matrix components and promoting wound closure (69). In the final phase of tissue repairment, monocytes and macrophages present an anti-inflammatory phenotype (47, 70). It was found that these macrophages responded to inhibitory mediators such as IL-10 in the local microenvironment, eventually leading to relieving inflammation (71, 72).

Phagocytosis mainly belongs to the function of M1 macrophages, which goes along with the proinflammatory process, although M2 macrophages also demonstrate a weak function in phagocytosis (73, 74). Stimulated by the serum from Behçet’s disease (BD) patients, monocyte-derived macrophages (MDMs) could differentiate into M1 macrophages with enhanced phagocytic capacity (75). Subsequently, M1 macrophages display an enhanced capacity for the elimination of pathogens, which largely results from their increased production of superoxide, NO, and their derivatives (76). M2 MDMs also demonstrate the ability to phagocytose escherichia coli and cancer cells. Further research found that the phagocytosis in M2 macrophages mainly owes to their surface markers, such as CD14, CD206, and CD163 (77). However, compared with M0 and M2 macrophages, LPS-treated M1 macrophages exhibited an obviously higher ability for phagocytic activity (78).



3.3.2 Autophagy

Both autophagy and phagocytosis in macrophages are lysosomal-dependent catabolic processes, by which cells can engulf and deliver cargo to the lysosomes for digestion via forming transient vesicular structures (autophagosome and phagosome) (79). Acting as scavenger cells, macrophages could phagocytize cellular debris, invading pathogens, and other apoptotic cells (80, 81). Phagocytizing dead cells in macrophages contribute to diverse immune and inflammatory signals that could also trigger intracellular autophagy in macrophages (82, 83). Other studies have revealed more relations between autophagy and phagocytosis. Autophagy promotes phagocytosis and the clearance of pathogens via the NOD-like receptor family pyrin domain containing 3 (NLRP3) inflammasome in macrophages (84). As a novel function for autophagy proteins, the LC3-associated phagocytosis pathway (LAP) is closely associated with phagocytosis in macrophages, which exerts its role in blocking proinflammatory signals upon phagocytosis of dying cells and preventing the presentation of autoantigen to other cells (85, 86). Interestingly, autophagy-deficient macrophages may boost phagocytosis through increased scavenger receptor expression (87).

Regarding the functional changes in activated macrophages, vitamin D could restore anti-inflammatory M2 macrophages in an autophagy-dependent manner (88). Similarly, ubiquitin-specific protease 19 (USP19) could inhibit inflammatory responses and promote M2 polarization by increasing autophagy flux (89). Controversially, another study reported that inhibition of autophagy could drive macrophages to the M2 phenotype (90). In AL, a recent study revealed that by activating LAP, aluminum oxide nanoscale particles (Al-n) attenuated the macrophage M1 polarization and inhibited the secretion of inflammatory factors, leading to the prevention of the AL pathogenesis induced by particles in vivo (26). Although autophagy has been shown to be involved in the regulation of macrophage polarization, evidence regarding the regulatory mechanisms is underdeveloped.



3.3.3 Apoptosis

Apoptosis is the sequential death of cells via the mechanisms called programmed cell death (PCD) (91), which is characterized by morphological changes in the cellular structures together with a series of enzyme-dependent biochemical processing (92). In the resolution phase of inflammation, the infiltrating leukocytes execute the acute innate response and undergo apoptosis, subsequently cleared by phagocytic macrophages. In this course, macrophages undergo reprogramming from inflammatory to anti-inflammatory, leading to the relief of inflammation (93).

Efficient clearance of early apoptotic cells requires macrophages polarizing into the M2c phenotype (94). The capacity of M2 macrophages to uptake apoptotic cells depends on several necessary molecules, such as Mer tyrosine kinase, Axl receptor tyrosine kinase, growth arrest-specific 6 (Gas-6) (94, 95). In addition, the macrophage itself could also undergo apoptosis induced by wear particles (96). Consequently, the increase in macrophage apoptosis limits the proinflammatory function of macrophages (97, 98), seemly to be another important mechanism regarding the delayed inflammatory response in AL. The caspase-3, a key mediator related to apoptosis, was detected in periprosthetic tissues in a mouse osteolysis model induced by UHMWPE particles (99, 100). Furthermore, apoptosis is associated with phenotypic changes in macrophages. Transcription factor Zhx2 deficiency could enrich the expression of M2 phenotype markers and as well promote the apoptosis of macrophages (101). Likewise, through the inhibition of M2-specific gene expression and apoptotic cell death, Delta-like-ligand 4 (DLL4) may prevent macrophage from polarizing into the M2 phenotype (102).



3.3.4 Pyroptosis

Different from apoptosis, pyroptosis is a proinflammatory type of PCD mediated by the gasdermin family, which usually leads to cell swelling and rapid rupture of plasma membranes, as well as the release of immunogenic cell contents, thereby exaggerating inflammatory status (103). In the aspect of the immune response, pyroptosis induced by the activation of pattern recognition receptors (PRRs) can stimulate inflammatory responses, independent of its effect in promoting cytokine induction (104). Pyroptosis is undoubtedly related to macrophage polarization. On one hand, by secreting exosomal cathepsin S, M1 macrophages induce pyroptosis in pancreatic acinar cells via the caspase1-mediated classical pyrolysis pathway, resulting in inflammation and pancreatic tissue damage (105). On the other hand, exosomal Mir-30D-5p of polymorphonuclear neutrophils (PMNs) is reported to induce M1 polarization by upregulating TNF-α, IL-1β, IL-6 and triggering pyroptosis in macrophages, leading to sepsis-associated acute lung injury (106).

Moreover, some mutual signals could mediate both M1 polarization and pyroptosis in macrophage, such as the caspase-1/GSDMD signaling pathway (107) and METTL3/MALAT1/PTBP1/USP8/TAK1 axis (108). The overexpression of brain and muscle Arnt-like protein 1 (BMAL1) also reduces the production of inflammasomes and pyroptosis in macrophages, as well as decreases the proportion of M1 phenotype via the TLR2/NF-κB pathway (109). A recent study has found that macrophages can activate the NLRP3 inflammasome and initiate subsequent pyroptosis to affect AL pathogenesis in mice model of cobalt-chromium-molybdenum (CoCrMo) alloy particles-induced osteolysis (110). As a result, wear particles not only induce M1 polarization and production of proinflammatory cytokines, but also boost inflammation by increasing pyroptosis in macrophages and inducing local tissue impairment.




3.4 Bone remodeling and osteoclastogenesis

Bone remodeling is a dynamic and balanced process maintained by osteoblasts (OBs) and osteoclasts (OCs), which is deeply affected by the receptor activator of nuclear factor NF-κB ligand/osteoprotegerin (RANKL/OPG) ratio. Disruption of this homeostasis leads to severe skeletal disorders (111). OBs are a type of bone-forming cells that are derived from bone marrow mesenchymal stem cells (BMSCs) and could respond to anabolic factors, such as bone morphogenic proteins (BMPs) (112). On the other hand, OCs are the unique cells known to absorb bone at or near the bone surface, which originate from bone marrow-derived monocytes/macrophages (BMMs) (113, 114).

Osteoclastogenesis is a complex process involving events of proliferation, differentiation, cell fusion, and multinucleation (111). The primary osteoclastogenic factor is RANKL which triggers a complex network of signaling pathways including NF-κB and mitogen-activated protein kinases (MAPK), via the receptor RANK on OC progenitors. By further activating the nuclear factor of activated T cells c1 (NFATc1), the master transcriptional factor of osteoclastogenesis, the fate of OC progenitors is decided by the controlling of key osteoclastogenic genes, such as tartrate-resistant acid phosphatase (TRAP) and cathepsin K (CTSK) (113–115). Calcineurin, a powerful mediator of transcriptional activity of NFATc1, is regulated by cytosolic calcium (Ca2+) downstream of the TEC kinases and phospholipase Cγ (PLCγ), all of which are governed by both RANK and immunoreceptor tyrosine-based activation motif (ITAM)-based signaling. In addition, sustained intracellular Ca2+ oscillations are required for OC formation and functions, which will be introduced in the following section 5.5.3 (116). On the opposite side, OPG, as a decoy receptor, blocks RANKL binding to its cellular receptor RANK. An active OC is a highly polarized cell with a distinctive cytoskeletal organization and has the ability to create the sealing zone which is a site of tight membrane apposition to the bone surface, thereby executing its function as a bone-resorbing machine (116).




4 Polarization and phenotype of macrophages

Two major phenotypes of macrophages in response to environmental stimuli are M1 and M2. Usually, the phenotype of macrophages can be transformed by reprogramming (117, 118). Moreover, a recent study based on a spectrum of activated human macrophages revealed that there are continuous intermediate phenotypes between two opposite terminal phenotypes (119). Under such background, researchers use the term “polarization” to define the preference pattern of gene expression and protein synthesis in macrophages after different stimuli (120). “Naive” M0 macrophages, the prototype of M1 and M2 macrophages, are characterized by the expression of CD11b and F4/80, and emerge from committed myeloid progenitors in the presence of macrophage colony-stimulating factor (M-CSF). Although lacking the expression of antigen-presenting molecules (MHC-II) and co-stimulatory molecules (B7), M0 macrophages could readily phagocytose cellular debris or pathogens (78, 121).

The polarization to M1 macrophages has two main inducible sources, either microbial products or the cytokines secreted by TH1 lymphocytes. By recognizing pathogens and presenting antigens to T lymphocytes, M1 macrophages play a critical role in triggering adaptive immunity in the body. During immunization, M1 macrophages produce high amounts of proinflammatory factors (IL-1 β, IL-6, TNF-α, IL-12, and IL-23, among others), which in turn promote Th1 proinflammatory response (8, 10, 12, 122, 123). In contrast, M2 macrophages are mainly responsible for inflammatory relief and tissular repairs. Discovered in the early 1990s, the polarization to M2 macrophages is related to IL-4, IL-10, or IL-13 which are produced by innate and adaptive immune cells, such as mast cells, basophils, and Th2 lymphocytes (9, 122–124). By producing multiple growth factors and cytokines, such as TGF-β, IGF-1, PDGF, VEGF, IL-8, and endothelial growth factor (EGF), M2 macrophages are aided in the suppression of local inflammation and thus beneficial for tissue repairs (8, 10, 12, 122).



4.1 M1 macrophage in AL



4.1.1 Stimulus from wear particles and endotoxin

In the bone-implant interface, macrophage polarized to the M1 phenotype is mainly stimulated by wear particles and endotoxin (55). Upon continuous stimulation, M1 macrophages cause tissue damage by strengthening local inflammation via the secretion of TNF-α, IL-1β, IL-6, and IL-8 and the reduction of IL-10 expression (15, 23, 24, 26, 54–58). Besides, other cytokines such as IFN-β (15) and various chemokines, including chemokine (C-X-C motif) ligand 9 (CXCL9), CXCL10, and CXCL11 (56) secreted by M1 macrophages also play a role in AL pathogenesis. These biological reactions are largely affected by the size and type of wear particles (23, 26). Endotoxin also contributes to macrophage differentiation into the M1 phenotype by stimulating TLRs on the cell surface. Particles with PAMPs adhering, such as LTA and LPS, could induce more production of the proinflammatory cytokine than those without endotoxin (30, 32). On the contrary, the removal of endotoxins from particles significantly reduces the cellular activity of macrophages (30) and inhibits OC differentiation (31).



4.1.2 Surface receptor and DAMPs

It is well-established that both polyethylene (PE) and Ti particles can promote the expression of TLRs and various proinflammatory factors in macrophages (43, 125). A recent in vivo experiment also confirmed that alloy particles could induce significantly higher numbers of TLR-1, -4, and -6 positive cells in the synovial layer of joints (126). In the downstream of TLRs, NLRP3, ASC, caspase-1, and TNF-α and IL-1β were found to be positive through the colocalization with CD68 in the tissues around the revised prosthesis (43). The NF-κB, MAPK, and TAK1 pathways are involved in mediating signaling transduction downstream of TLRs (61–63, 127–129). In addition to TLRs, macrophages can engulf PMMA debris through macrophage receptors with collagenous structure (MARCO), which is a key pathogenic factor in promoting the phagocytosis of polymethyl methacrylate (PMMA) debris in aging macrophages (130).

As the main alternative hypothesis to PAMPs, DAMPs also activate TLRs during AL. The term “DAMPs” refer to self-molecules released by dying or damaged cells, which are defined as endogenous danger molecules due to they could activate the innate immune system by interacting with pattern recognition receptors (PRRs) (131). DAMPs are recognized by various membrane-bound receptors, including PRRs and non-PRRs, and also by intracellular sensors, notably through inflammasome (132, 133). Through binding to specific receptors, DAMPs activate the inflammatory process and recruit immune cells like neutrophils and monocytes. Therefore, after the clearance of DAMPs, the recruited leukocytes will change from a proinflammatory into a reparative program (133). Cobalt alloy particles could induce macrophage-associated inflammatory responses and bone loss through DAMPs rather than activated TLR4, due to the partially absent of metal-binding histidines in TLR4 (134). However, it has also been thought that the DAMPs generated in response to particles are insufficient to activate TLR2 or TLR4 in these cells (32).

Although DAMPs contribute to the host’s immune defense, they also promote pathological inflammatory responses. The DAMPs, such as high-mobility group box 1 (HMGB1), S100 proteins, and heat shock proteins (HSPs), are commonly known as regulatory molecules of inflammatory responses (131). HMGB1 is an ancient DNA-binding nucleoprotein. It can be passively released from dying cells or actively secreted by monocytes, macrophages, and myeloid dendritic cells (135, 136). HMGB1 could induce M1 polarization via TLR2, TLR4, and RAGE/NF−κB signaling pathways, leading to LPS−induced acute lung injury (124), meanwhile, it significantly yielded the expression of the M1 marker inducible nitric oxide synthase (iNOS) while decreasing the M2 marker IL-10 in macrophages (137). In vitro, HMGB1 silencing down-regulated the secretion of inflammatory cytokines in macrophages, which cannot be reversed by the exogenous HMGB1 (138). Interestingly, HMGB1 could also trigger M2 macrophage polarization via the TLR2/NOX2/autophagy axis (139). In the same aspect, loss of HMGB1 in macrophages can increase the differentiation of proinflammatory macrophages and enhance inflammatory response under specific conditions, not the otherwise (140). In this regard, HMGB1 may induce distinct macrophage phenotypes probably due to different redox isoforms (141). Besides HMGB1, the expression level of several members of HSPs is closely related to distinct stages of polarization in macrophages (142). Compared with unpolarized macrophages, a significant up-regulation of members of the HSP70 family (HSPA2 and HSPA8), as well as the HSP90 family (HSP90AA1) can be observed in M1 macrophages. On the other hand, changes in HSP expression were also observed in macrophages during the M2 polarization, although with only five transcripts being significantly modulated. Among them, DNAJB5, HSPA13, HSPBAP1 were upregulated, whereas HSPH1 and HSPB1 were down-regulated (142).



4.1.3 Particles-induced inflammation conduce to osteolysis

Recent studies have found that Ti, CoCrMo particles, and LPS could strongly induce inflammatory responses in macrophages, significantly increasing the production of TNF-α and IL-1β, rising RANKL/OPG ratio, and enhancing the OC activity (143–146). The current paradigm holds the view that the induction of OC differentiation by inflammatory cytokines is indirectly yielded under RANKL stimulation (147). Proinflammatory cytokines, such as IL-1β, TNF-α, IL-6, soluble IL-6 receptor, and IL-17, could all increase the production of RANKL from OBs. The effects of proinflammatory cytokines could be balanced by anti-inflammatory cytokines, such as IL-4 and IL-13, which could inhibit RANKL expression (147). In addition, a variety of wear particles could conduce to osteolysis via elevating M1 polarization (15, 24, 57, 58), since M1 macrophages are an important source of TNF-α production (11).

Although the concrete mechanism of TNF-α on OC differentiation is not fully understood, TNF-α signals promote OC differentiation by upregulating several proinflammatory target genes through the activation and nuclear translocation of NF-κB. One such target is RANK, which increases OC activity by mediating RANKL signaling (148). Interestingly, TNF-α produced by LPS/TLR4 signals can regulate OC generation in LPS-treated macrophages through the activation of RANKL signaling, whereas TNF-α in a RAW264.7 cells-based experiment demonstrates it may act as an autocrine/paracrine factor in promoting osteoclastogenesis, independent of RANKL signaling (149). In addition, the co-culture experiments of macrophages and MSCs (or OBs) revealed that PE and Ti particles could inhibit OB function, meanwhile promoting M1 polarization and osteoclastogenesis (150–152), proposing another mechanism for inflammation-induced osteolysis.




4.2 M2 macrophage in AL



4.2.1 Subtypes of M2 macrophage

The classical M1/M2 system was based on experiments in vitro with different stimulation approaches. Subsequent studies revealed that the process of macrophage activation and polarization is much more complex and needed an additional subdivision of the M2 population (153). As a result, the M2 macrophages is further classified into four subtypes: alternative activated macrophages (M2a), type 2 macrophages (M2b), deactivated macrophages (M2c), and M2-like macrophages (M2d) (154). Among them, applied stimuli and the achieved transcriptional changes correspond to particular subtypes: 1) M2a macrophage induced by IL-4 or IL-13 is a profibrotic phenotype, 2) M2b macrophage is stimulated by immune complexes combined with Toll-like receptor or IL-1 receptor agonists, and 3) M2c macrophage is exposure to IL-10, TGF-β, or glucocorticoids, 4) M2d, activated by adenosines or IL-6 (154, 155). For the pathological study, although M2a/c macrophage is found to be beneficial in early inflammatory stages, they have been uncovered to impair tissue remodeling (156). Similarly, M2b macrophages have been thought to be relieving immune responses with minor damage to local tissue (157).



4.2.2 M2 macrophage conduces to inflammatory relief

M2 macrophage has the effect of alleviating inflammation induced by wear particles, through increased expression of IL-10 and decreasing expression of IL-6 and TNF-α (24, 57, 58). In the presence of large amounts of TLR2 ligands, the anti-inflammatory activity of M2 macrophage is inhibited but without evident changes in cell surface markers (158). On the contrary, inhibition of TLR4 caused a shift from inflammatory M1 macrophages toward M2-dominant macrophages (159), suggesting that TLRs act as a switch that plays a role in the regulation of inflammation. In the downstream of TLRs, interleukin-1 receptor-associated kinase (IRAK) -m has been identified as an inhibitor of TLR signaling (160). One study found that knockdown of IRAK-m promoted M1 polarization and inhibited M2 polarization during the mycobacterium tuberculosis infection (161). But the discovery of IRAK-m-mediated local immunosuppression in periprosthetic tissues hints that macrophages have a self-protective mechanism, wherein the wear debris-mediated stimulation is inhibited to prevent overproduction of NK-κB-dependent proinflammatory cytokines and thus suppressing the deleterious host response in AL (162). However, the drawback is that the induction of IRAK-m overexpression triggered by wear debris also appears to conduce to the inhibition of LPS-induced TLR signaling, which leads to low-level biofilm-associated infection and chronic inflammation (162). Therefore, activation of IRAK-m is somehow affected by the local immune environment.

In addition, M2 polarization is regulated by cytokines in the surrounding, especially IL-10 and IL-4. IL-10 is an important anti-inflammatory cytokine (163). Recent studies have verified that IL-10 treatment significantly reduces iNOS expression and promotes CD163 overexpression, suggesting that IL-10 treatment could reprogram bone marrow-derived macrophages (BMDMs) to an M2 phenotype and regulate the process of M1/M2 polarization (164). In vivo experiments revealed that the extra addition of IL-10 partially reversed the inhibitory effect of PE particles on bone ingrowth (165). In the aspect of gene regulation, IL-10 not only decreased the activation of signal transducer and activator of transcription 1 (STAT1), NF-κB p65, and c-Jun N-terminal kinase 1 (JNK1) genes but also increased the expression of STAT3 (164). In addition to IL-10, IL-4 also has the ability to switch the M1 phenotype induced by Ti particles into the M2 phenotype (55, 166). Compared with non-activated macrophages, upon IL-4 stimulation, the shift from M1 to the anti-inflammatory M2 phenotype is more thorough (55).



4.2.3 M2 Macrophage in bone remodeling

Macrophages stimulated by cytokines, such as IL-4 and IL-13, have been confirmed to prevent the OC differentiation and inhibit the function of mature OCs (11, 147). In addition, M2 macrophages may promote OB differentiation by producing cytokines that are critical for osteogenesis, including BMP-2, TGF-β, and IGF-1 (11, 167, 168). Also, by interacting with MSCs, M2 macrophages create an anti-inflammatory environment that is conducive to osseointegration (14). A recent study revealed that preconditioning of murine MSCs with IFN-γ and IL-1β highly significant reduction of CD86 and iNOS protein in macrophages under M1 inducers (LPS + IFN-γ) and diminished TNF-α secretion (169). Additionally, CD86 and iNOS protein expression as well as NO and IL-10 secretion were markedly increased under M2a inducers (IL-4) (169). On the other hand, under the stimulation of IL-4, reduced expression of CD86 and iNOS, as well as increased secretion of nitric oxide (NO) and IL-10 could be discovered in macrophages (169). The secretion of IL-10 could be attributed to the phenotype of M2b macrophages which are generally suggested to be the main subtype of macrophages for inflammatory relief (170). In addition, macrophages stimulated by a conditioned medium from preconditioned MSCs (pre-MSC-CM) may display an overall increased phagocytic capacity (171, 172). Also, M2a macrophages are found to undergo reprogramming to an M2b/M2c phenotype after treatment with the pre-MSC-CM (171, 172), indicating an influence of MSCs behavior on the induction of macrophage polarization.





5 Regulatory mechanisms of macrophages in AL

Several signaling pathways are involved in the process of macrophage polarization (8, 173–179). Various ligands, receptors, transcription factors, and other factors cooperate closely to ensure the precise regulatory capacity of macrophages (8). New research has found that several cytokines can influence M1/M2 polarization through NF-κB, MAPK, and JAK/STAT pathways which are involved in AL (55, 166, 180). Furthermore, depending on the amounts and ratios, molecules in the microenvironment can antagonize or synergistically act, thus in favor of certain macrophage phenotypes (181). Some regulatory mechanisms related to macrophage polarization in the microenvironment of the bone-implant interface are described below (Figure 2).




Figure 2 | Polarization-related signaling transduction in macrophages. The binding of growth factors or cytokines to their receptors activates STATs through JAKs or PI3K/AKT pathway signaling. Activated TLRs and IL-1βR trigger downstream signaling, including the NF-κB and the MAPK signaling pathways. Several transcription factors, such as AP-1, STATs, and p65, are regulated by the upstream signaling pathways and further promote the assembly of NLRP3 inflammasome. Then, the activated NLRP3 inflammasome promotes the maturation of pro-IL-1β and pro-IL-18. ASC, apoptosis-associated speck-like protein containing a CARD; IFN, interferon; IL, interleukin; LPS, lipopolysaccharide; IRAK, Interleukin-1 receptor-associated kinase; LTA, lipoteichoic acid; MyD88, myeloid differentiation primary response protein 88; NLRP3 NOD-like receptor family pyrin domain containing 3; PAMPs, pathogen-associated molecular patterns; RTK, Receptor Tyrosine Kinases; STATs, signal transducers and activators of transcription; TLR, toll-like receptor; TNF-α, tumor necrosis factor-alpha; TRIF, TIR-domain-containing adapter-inducing interferon-beta.





5.1 Toll-like receptors



5.1.1 Overview of toll-like receptors

TLRs have been intensively studied in innate immunity regarding the recognition of PAMPs (182). It has been reported that TLR2 or TLR4 can recruit MyD88 and further bind to the IRAK to form a signal complex called Myddosome. The Myddosome-complex recruits the ubiquitin ligase TNF receptor-associated factor 6 (TRAF6), which triggers the TAK1 kinase signaling cascade pathway and ultimately leads to NF-κB nuclear translocation through the phosphorylation and activation of IκB kinase α/β (IKKα/β) (63, 183, 184).



5.1.2 Toll-like receptors in macrophage polarization

TLRs are closely related to macrophage polarization (63). HMGB1 is an important mediator that induces M1 polarization through the activation of absent in melanoma 2 (AIM2) inflammasome, TLR2/4 and RAGE/NF-κB signaling pathways in macrophages (124). In addition, LPS can activate downstream TAK1, NF-κB, and MAPK signals through the TLR4/MyD88 pathway, which increases the expression of cyclooxygenase-2 (COX-2) and iNOS, promotes M1 polarization and leads to the up-regulated expression of cytokines TNF-α, IL-1β, IL-6, and PGE2 (61, 63). The particles with LTA adhering could increase the expression of proinflammatory factors by the activation of TLR2/NF-κB and MAPK pathways (32, 185). Previous studies have shown that a variety of TLRs, such as TLR2, which participate in local inflammatory and immune responses, are present in periprosthetic tissues after the revision of total hip arthroplasty (rTHA) (43).



5.1.3 NLRP3 inflammasome

NLRP3 inflammasome widely exists in macrophages, granulocytes, antigen-presenting cells (APC), and other immune cells. It consists of the NLRP3 (sensor protein), ASC (adapter protein), and caspase-1 (186). The initiation of NLRP3 inflammasome could be induced by multiple inflammatory stimuli, such as PAMPs. As the core protein of the NLRP3 inflammasome complex, NLRP3 senses endogenous DAMPs and microbial ligands. The production of ROS, low level of intracellular potassium (K+), and the release of lysosomal protease into the cytoplasm are all upstream mechanisms that trigger the activation of NLRP3 inflammasome in several conditions (187–189). NLRP3 inflammasome which is activated by pathologically stimulated macrophages could regulate the production of IL-18, IL-1β, and cleavage of caspase-1 (186, 188, 189).

On the other hand, studies have also found that NLRP3 inflammasome participates in macrophage polarization (89, 175, 190, 191). In a co-culture experiment, force-pre-treated human periodontal ligament cells (hPDLCs) promote M1 polarization and increase the secretion of IL-1β in macrophages via the activation of NLRP3 inflammasome (191). On the contrary, by inhibiting the activation of NLRP3 inflammasome, metformin induces M2 polarization in macrophages and promotes wound healing in rat dorsal skin (175). Moreover, USP19 could directly promote M2 polarization by suppressing the activation of NLRP3 inflammasome to interferon regulatory factor-4 (IRF-4) (89). Bruton’s tyrosine kinase (BTK) is a key factor in TLR4-related pathways, which could activate NF-κB signaling and promote p65 phosphorylation, ASC oligomerization, and caspase-1 activation (192). It has been recently found that BTK could promote TiAl6V4 alloy particles (TiPs)-induced inflammation in BMDMs by positively regulating NF-κB activation, NLRP3 inflammasome formation, and M1 polarization (193). On the contrary, NLRP3 silencing attenuates the promotive effect of conditioned exosomes on M1 polarization in a particles-induced osteolysis model (194).



5.1.4 Syk

Syk is a key component of TLRs in recognizing PAMPs and activating immune responses (195–199). Moreover, Syk plays a critical role in LPS-induced M1 polarization (200). In monocytes, pharmacological inhibition of Syk prevents LPS-induced TLR4 phosphorylation (199), suggesting that Syk may be involved in tyrosine phosphorylation of the TIR domain in TLR4. Recently, PMMA and HA particles were confirmed to augment the expression of CD86, and secretion of cytokines, such as TNF-α and IL-6, in a Syk- and MAPK-dependent (phosphorylation of ERK and p38) manner (56). Also, Syk is reported to be closely associated with the NLRP3 inflammasome-mediated proinflammatory cytokine release (201). In addition, Syk could control NLRP3 activation and IL-1β synthesis in macrophages in response to fungal infections (202).




5.2 NF-κB Signaling Pathway



5.2.1 Overview of NF-κB signaling

In the resting state, NF-κB dimers are sequestered in the cytoplasm in an inactive state by the IκB family of proteins, including IκBα, IκBβ, IκBϵ, and the NF-κB precursors, p105 and p100. The IκB kinase (IKK) complex consists of kinases IKKα, IKKβ, and IKKγ. Upon receiving the activation signals, IκB protein is phosphorylated by IKK complexes, leading to proteasomal degradation of IκB. The released NF-κB dimers are then translocating into the nucleus, where they can bind to specific sites on DNA to regulate gene transcription (75).



5.2.2 NF-κB signaling in macrophage polarization

LPS-induced M1 polarization is dependent on NF-κB p65 activation, and the treatment with IKKβ inhibitors reduces the mRNA expression of M1 markers in macrophages (203). Therefore, IKK inhibitors reduce LPS-induced expressions of IL-1, IL-6, IL-10, TNF-α, and IFN (204). Recent studies have revealed that diverse wear particles (e.g., Ti, TiPs, HA, PE, PMMA) could induce the macrophage to release proinflammatory cytokines and chemokines, which are accomplished by the activation of NF-κB signaling pathways and associated macrophage polarization (15, 26, 54, 205). Qiu et al. found that stimulation of LPS or Ti particles could up-regulate p-IKKβ, p-IκBα, and p-p65 and significantly increase the translocation of p65 into the nucleus in BMDMs. Meanwhile, these particles-induced inflammatory infiltrations increase the number of OCs (TRAP-positive cells) and thereby decrease bone mineral density, eventually leading to PPOL (15). Similarly, Gao et al. found that PMMA particles could up-regulate iNOS and decrease the production of Arginase-1 (Arg-1) and IL-10 by the activation of p65 nuclear translocation in macrophages (54).



5.2.3 NF-κB signaling in osteoclastogenesis

Under the same settings, NF-κB can be activated by RANKL or LPS to augment particles-induced bone loss via the enhancement of osteoclastogenesis (206, 207). Upstream stimuli-triggered NF-κB signaling could act on transcription factors (c-fos and NFATc1) and regulate the expression of osteoclastogenesis-related genes, thus promoting OC differentiation and functions (206, 208, 209).




5.3 MAPK signaling pathway



5.3.1 Overview of MAPK signaling

The MAPK signaling pathway takes part in cell differentiation, proliferation, and apoptosis (210). MAPK pathways are organized into three-tiered cascades consisting of three factors: MAPK, MAPK kinase, and MAPKK kinase. During the phosphorelay process, MAPKKKs which are serine/threonine protein kinases, phosphorylate and activate MAPKKs, and then dually phosphorylate the threonine and tyrosine residues of the conserved TXY motif that belongs to the activation loop of MAPKs, including extracellular signal-regulated kinase (ERK), JNK, and p38 (210, 211).



5.3.2 MAPK signaling in macrophage polarization

MAPK signaling pathway is closely associated with macrophage polarization (61, 212–214). The activation of the MAPK signaling pathway promotes polarization of M1 macrophages, expression of iNOS, and down-regulation of CD206, thereby mediating the secretion of cytokines, such as TNF-α, IL-1β, and IL-6 (214). On the other hand, inhibiting the phosphorylation of JNK, ERK, and p38 in MAPK pathways may switch repolarized M1 to reprogrammed M2 phenotype (213, 214). Studies elucidate that the MAPK signaling pathway is located downstream of TLRs, wherein LPS could activate the MAPK pathway through TLR4/MyD88 pathway to induce M1 polarization and participate in the inflammatory response (61, 62, 215). Further, PMMA and hydroxyapatite (HA) particles are reported to result in M1 polarization by increasing phosphorylation of ERK and p38 (56). Similar to NF-κB signaling, MAPK also mediates wear particles-induced OC differentiation and the following osteolysis (206).




5.4 JAK/STAT Signaling Pathway



5.4.1 Overview of JAK/STAT signaling

STAT proteins are potent cytoplasmic transcription factors wherein several family members have participated in macrophage polarization and OC formation, including STAT1, STAT3, and STAT6 (216, 217). Growing studies reveal the involvement of the JAK/STAT pathway in regulating multiple biological events, such as innate and adaptive immunity, cell growth and differentiation, and programmed cell death (217). In the aspect of functioning, phosphorylated STATs promote monomeric dimerization through their SH2 domains and further translocation into the nucleus, where STATs regulate the transcription of target genes (216, 217).



5.4.2 JAK/STAT signaling in macrophage polarization

Several studies have revealed the mediating role of STATs in macrophage polarization. PARP14 silencing or RBM4 knockdown can promote IFN-γ-induced signaling transduction via STAT1 activation, which leads to M1 polarization in macrophages (218, 219). Also, STAT1/6 pathway mediates M1/M2 polarization in macrophages after physalin D stimulation (220). By phosphorylating STAT6, protocatechuic acid (PCA) decreases the activation of NF-κB signaling and gives a bias towards M2 polarization over M1 polarization in macrophages (173). Conclusively, an obvious antagonism between STAT1 and STAT6 has been described to promote M1 and M2 cell polarization, respectively (220). In addition, the activation of JAK/STAT3 signaling facilitates macrophage transformation to M2c polarization (180). In an AL mouse model, compared with the pure stimulation of UHMWPE particles, the extra addition of IL-10 significantly decreases iNOS-positive cells and increases CD163-positive cells via reducing the transcription of STAT1, NF-κB p65, and JNK1, and promoting the expression of STAT6 (164).



5.4.3 JAK/STAT signaling in osteoclastogenesis

Compared with STAT1 and STAT6, STAT3 is closely related to osteoclastogenesis. Therefore, inhibition of STAT3 can negatively affect RANKL-mediated OC formation and functions (221). An in vivo experiment demonstrated that treatment with TiPs pellet could promote the expression of STAT3 and production of RANKL in OBs, thereby stimulating OCs formation in particles-induced osteolysis models, whereas the activation of STAT3 also mediates nano-particles-induced IL-6-dependent inflammatory response in OBs (222).




5.5 Calcium (Ca2+) signaling



5.5.1 Overview of Ca2+ signaling

The centration of Ca2+ in the cytoplasm ([Ca2+]c) is 20, 000 times lower than that outside the cell. This is achieved by the Ca2+-related transportation and exchange under the dependence on specific proteins. When activated by a variety of external stimuli, cells respond by an increase in the [Ca2+]c and trigger downstream signaling, in the form of Ca2+ spikes or oscillations (223). Ca2+ signaling participates in various biological processes, resulting from a complex switch between the activation and inactivation of Ca2+-permeable channels (224). The excitability of Ca2+ signaling is determined by intracellular Ca2+ oscillations, which are attributed by the extracellular Ca2+ influx, the effect of ITAM/PLCγ/IP3 signaling on the release of Ca2+ from ER, and the capacity of collecting Ca2+ from the cytosol by SERCA. In addition, depending on the depletion of ER Ca2+ storage, extracellular Ca2+ entry could also be accomplished by the activation of STIM-mediated TRPC channels and Orai1 channels, which is the so-called SOCE mechanism (225, 226) (Figure 3).




Figure 3 | RANKL and calcium (Ca2+) signaling in macrophage polarization and osteoclastogenesis. The transcriptional factors responsible for macrophage polarization and osteoclastogenesis are regulated by the NF-κB and MAPK signaling pathways, as well as the Ca2+ signaling pathways. The excitability of Ca2+ signaling is determined by intracellular Ca2+ oscillations, which are attributed by the extracellular Ca2+ influx, the effect of ITAM/PLCγ/IP3 signaling on the release of Ca2+ from ER, and the capacity of collecting Ca2+ from the cytosol by SERCA. In addition, depending on the depletion of ER Ca2+ storage, extracellular Ca2+ entry could also be accomplished by the activation of STIM-mediated TRPC channels and Orai1 channels, which is the so-called SOCE mechanism. Ca2+, calcium ions; DAP12, DNAX-activation protein of 12 kDa; ER, endoplasmic reticulum; FcRγ, Fc receptor gamma-chain; IP3, inositol 1,4,5-trisphosphate; IP3R, inositol 1,4,5-trisphosphate receptor; ITAM, immunoreceptor tyrosine-based activation motif; MAPK, mitogen-activated protein kinases; NFATc1, nuclear factor of activated T cells c1; PLCγ, phospholipase C-gamma; RANK, receptor activator of nuclear factor-kappa B; RANKL, receptor activator of nuclear factor-kappa B ligand; SERCA, Sarco/endoplasmic reticulum Ca(2+)-ATPase; SOCE, store-operated Ca2+ entry; STATs, signal transducers and activators of transcription; STIM, stromal interaction molecule; TRAF6, tumor necrosis factor receptor-associated factor 6; TRPC channels, transient receptor potential canonical channels.





5.5.2 Ca2+ signaling in macrophage polarization

Ca2+ signaling is related to behavior changes in macrophages, such as polarization and phagocytosis, largely depending on Ca2+ uptake in mitochondria (227). Many studies have implicated that distinct Ca2+ entry channels determine the IFN-induced M1 polarization or IL-4-induced M2 polarization. Naive or M2 macrophages exhibit a robust Ca2+ entry that is dependent on the activity of Orai1 channels (228). As a result, blockade of Ca2+ entry inhibits NF-κB/STAT1 or STAT6 signaling events and consequently lowers cytokine production that is essential for M1 or M2 polarization in macrophages (228). In detail, Ca2+ influx facilitates M1 polarization, enabling the high productivity of proinflammatory mediators, such as cytokines and chemokines (229). Transient receptor canonical ion channel 1 (TRPC1)-mediated calcium entry seems to play a crucial role in M1 polarization, due to a non-selective TRPC1 current is found in macrophages with M1 phenotype (228, 230). Therefore, knockdown or blockade of the Kir2.1 channel significantly suppresses M1 polarization and promotes M2 polarization (231). Of note, a study found that transient receptor potential vanilloid 1 (TRPV1)-induced Ca2+ influx could promote the phosphorylation of Ca2+/calmodulin-dependent protein kinase II (CaMKII), but leads to the inhibition of M1 polarization (232), bringing uncertainty in elucidating regulatory mechanism between Ca2+ signaling and macrophage polarization.



5.5.3 Ca2+ signaling in osteoclastogenesis

Except for macrophage polarization, Ca2+ oscillations are the well-known mechanism in triggering RANKL-induced osteoclastogenesis and bone resorption (233, 234). The increase in the [Ca2+]c is a fundamental process for mediating OC biology, involving in OC proliferation, differentiation, and resorptive function. At the molecular level, cytosolic Ca2+ binds to calmodulin and subsequently activates calcineurin, leading to the activation of NFATc1 which is required for OC differentiation (235). Therefore, by blocking the Ca2+ entry channels, inhibition of the activity of Ca2+/calmodulin‐dependent protein kinase IV (CaMKIV) and calcineurin will lead to a reduction in the nuclear translocation of c-Fos and NFATc1, ultimately resulting in the suppression of osteoclastogenesis (236). Similarly, directly interfering with intracellular Ca2+ oscillations would also have the same negative impact on osteoclastogenesis (237). More content associated with Ca2+ oscillations in OC biology has been reviewed in the article by Okada H, et al. (234).





6 Future directions

Functional changes of macrophages reflect the intricate and constant regulation of the local environment by the network of cells and cytokines. While macrophage phenotypes have been roughly classified into representative M1 and M2 subtypes, investigating the concrete mechanism for the shift between proinflammatory phenotype and anti-inflammatory state is still challenging, especially in identifying responsible genes and proteins. In this regard, Ca2+ signaling based on different stimuli shows bidirectional effects on both macrophage polarization and osteoclast activation, which may be worth further investigation. While it seems clear that the behavior changes of macrophages, such as phagocytosis, pyroptosis, and apoptosis, are closely related to AL pathology, the triggered conditions and signaling events involved have not been fully elucidated. While PAMPs and DAMPs contribute to the response of macrophages to wear particles via TLRs, the main reason for the associated activation of TLRs is still controversial. Likewise, DAMPs affect macrophage programming is also unclear. Therefore, the role of PAMPs and DAMPs in AL still needs to be further elucidated. In addition, the local environment in periprosthetic tissue is complex due to the diversity of involved immune cells, such as dendritic cells and lymphocytes, thus highlighting the importance of intercellular communications via different signals. To address unresolved issues, applying CRISPR/Cas9 technology which enables accurate and efficient genome editing, would help in effectively elucidating the underlying mechanisms of macrophages in AL (238).

For the therapeutic strategy of AL, we believe the relief of inflammation and inhibition of bone resorption are keys to success. Through an in-depth study into the mechanisms of interaction between cytokines and macrophages, we may instruct a more accurate regulation of the inflammatory process in order to maintain a balance between immune defense and tissue homeostasis.
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Backgrounds

Alcoholic hepatitis (AH) is a major health problem worldwide. There is increasing evidence that immune cells, iron metabolism and copper metabolism play important roles in the development of AH. We aimed to explore biomarkers that are co-associated with M1 macrophages, ferroptosis and cuproptosis in AH patients.





Methods

GSE28619 and GSE103580 datasets were integrated, CIBERSORT algorithm was used to analyze the infiltration of 22 types of immune cells and GSVA algorithm was used to calculate ferroptosis and cuproptosis scores. Using the “WGCNA” R package, we established a gene co-expression network and analyzed the correlation between M1 macrophages, ferroptosis and cuproptosis scores and module characteristic genes. Subsequently, candidate genes were screened by WGCNA and differential expression gene analysis. The LASSO-SVM analysis was used to identify biomarkers co-associated with M1 macrophages, ferroptosis and cuproptosis. Finally, we validated these potential biomarkers using GEO datasets (GSE155907, GSE142530 and GSE97234) and a mouse model of AH.





Results

The infiltration level of M1 macrophages was significantly increased in AH patients. Ferroptosis and cuproptosis scores were also increased in AH patients. In addition, M1 macrophages, ferroptosis and cuproptosis were positively correlated with each other. Combining bioinformatics analysis with a mouse model of AH, we found that ALDOA, COL3A1, LUM, THBS2 and TIMP1 may be potential biomarkers co-associated with M1 macrophages, ferroptosis and cuproptosis in AH patients.





Conclusion

We identified 5 potential biomarkers that are promising new targets for the treatment and diagnosis of AH patients.





Keywords: alcoholic hepatitis, M1 macrophage, ferroptosis, cuproptosis, WGCNA





Introduction

Alcohol-associated liver disease (ALD) is a serious public health problem worldwide (1). Alcoholic hepatitis (AH) is one of the phenotypes of ALD, which is mainly caused by a long history of excessive alcohol consumption and a recent history of severe alcohol abuse (2). AH presents a clinical syndrome characterized by jaundice and liver injury. In the past 50 years, corticosteroids are still the main therapeutic drugs, and no effective new drugs have been successfully developed (3). Although corticosteroids increase short-term survival in AH patients, approximately 40% of patients do not respond to treatment (4, 5). In recent years, the rapid development of high-throughput sequencing technology has promoted the understanding of AH (6, 7). Therefore, it is urgently needed to identify new biomarkers in AH patients by bioinformatics analysis, which will facilitate the development of new treatment strategies.

The liver plays a major regulatory role in alcohol metabolism and immune monitoring. Hepatocytes exposed to alcohol cause damage and death due to oxidative stress, which in turn produces a variety of inflammatory factors to activate the inflammatory response and immune cells (8). Macrophages are important cells of innate immune system. The complex functional variability and adaptability of macrophages to different infection situations are based on their extensive phenotypic plasticity. naive macrophages (M0) can be polarized into classically activated macrophages (M1 macrophages) and alternately activated macrophages (M2 macrophages), which perform proinflammatory or anti-inflammatory functions, respectively (9). Previous studies have shown that damaged hepatocytes activate the NF-κB signaling pathway under alcohol metabolism, which releases a series of chemokines and inflammatory mediators, ultimately promoting macrophage M1 polarization (10, 11). In addition, Cho et al. revealed that G-CSF improved liver function by promoting macrophage M2 polarization in alcohol-fed mice (12).

Ferroptosis is a unique type of cell death regulation, which is caused by iron accumulation, excessive production of reactive oxygen species (ROS) and excessive lipid peroxidation (13). Cuproptosis is a recently discovered type of cell death caused by the direct binding of copper to the lipidized proteins of the mitochondrial tricarboxylic acid cycle (TCA) (14). Alcohol metabolism in hepatocytes affects mitochondrial function and produces a large number of ROS, leading to elevated lipid peroxidation. Thus, the progression of AH is closely related to ferroptosis and cuproptosis. As recently reported, intestinal sirtuin1 (SIRT1) deficiency protects mice from alcohol-induced inflammation by mitigating hepatic ferroptosis (15). Melatonin inhibits ferroptosis by activating Nrf2-ARE signaling pathway, thus alleviating alcohol-induced liver injury (16). Copper metabolism in the liver is still being explored. Cuproptosis regulates immune cell infiltration and is used to construct risk assessment models for hepatocellular carcinoma (HCC) (17, 18). However, the role of ferroptosis and cuproptosis in AH patients needs to be further explored.

In this study, we downloaded and integrated transcriptome data from AH patients. Potential biomarkers of AH patients were identified based on the M1 macrophages, ferroptosis and cuproptosis scores, and these biomarkers were validated using public datasets and a mouse model of AH. Finally, we identified 5 potential biomarkers: aldolase A (ALDOA), Collagen type III alpha 1 (COL3A1), lumican (LUM), thrombospondin-2 (THBS2) and tissue inhibitor of metalloproteinase-1 (TIMP1). These potential biomarkers could provide new targets for the diagnosis and treatment of AH patients.





Materials and methods




Data set download and evaluation

Gene expression data were downloaded from the Gene Expression Integrated Database (GEO)(http://www.ncbi.nlm.nih.gov/geo/) with accession numbers GSE28619 (19), GSE103580 (20), GSE155907 (21), GSE142530 (7) and GSE97234 (22), the basic information of our selected samples is shown in Supplementary Table S1. The batch effect between GSE28619 and GSE103580 was corrected using the “sva” R package (23). The intersected genes between GSE28619 and GSE103580 were obtained via online Venn Diagram analysis (jvenn, http://jvenn.toulouse.inra.fr/app/index.html).





Analysis of immune cells

The CIBERSORT algorithm was used to calculate the proportion of 22 types of immune cells with normalized gene expression data (24). Correlations between immune cells were evaluated using the “corrplot” R package. Based on the characteristics of immune cells, principal component analysis (PCA) was to cluster the normal liver samples and AH samples. Specifically, the “stats” R package was used for PCA analysis. Firstly, z-score was performed on the expression profile, and then prcomp function was used for dimension reduction analysis to obtain the matrix after dimension reduction.





Gene set variation analysis

The “GSVA” R package (25) was used to calculate the scores of ferroptosis gene set and cuproptosis gene set. A total of 64 ferroptosis-related genes were obtained from MigDB (Supplementary Table S2). The 16 cuproptosis-related genes were collected from previous literature (26) (Supplementary Table S3).





Weighted gene co-expression network analysis

WGCNA is an algorithm for constructing gene clustering modules based on similar gene expression patterns. We used the “WGCNA” R package (27) to construct a co-expression network of genes from normal liver samples and AH samples. The concrete steps are as follows: First, the optimal soft-thresholding power was calculated and selected. Second, the adjacency matrix was constructed based on the selected soft-thresholding power and transformed into a topological overlap matrix. Third, hierarchical clustering tree was established to cluster high-coexpression genes into the same module. Finally, M1 macrophages, ferroptosis and cuproptosis scores were used as characteristics to calculate the correlation between module genes and traits. In this study, we screened hub genes based on threshold weight > 0.2, and Cytoscape software (version 3.9.1) was used to visualize the gene networks.





Functional enrichment analysis

To further clarify biological functions and signaling pathways of candidate genes, we used the “clusterProfiler” R package (28) for functional enrichment analysis, including gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis. The result of functional enrichment analysis was visualized using the “GOplot” R package (29).





Analysis of differentially expressed genes

We used the “limma” R package (30) to calculate differentially expressed genes (DEGs) between normal liver samples and AH samples. DEGs were obtained by threshold standard |log2(FC)| > 1, p-value < 0.05. The volcano and heatmap plots were visualized via the “ggplot2” and “pheatmap” R packages.





Machine learning

By intersecting DEGs and WGCNA hub genes, 27 candidate genes associated with AH patients were identified. For these 27 candidate genes, two machine-learning techniques were used to further screen potential genes in AH patients. The least absolute shrinkage and selection operator (LASSO) is an algorithm used for regularization to improve prediction accuracy and model comprehensibility, and to select variables. We utilized the LASSO algorithm to screen potential biomarkers in AH patients by “glmnet” R package (31). Support vector machines (SVM) is a powerful method whose goal is to establish a threshold between two classes that allows label prediction based on single or multiple feature vectors. We used SVM method to screen potential biomarkers in AH patients by “kernlab” R package (32). The intersection of the results between the two methods were obtained via online Venn Diagram analysis (jvenn, http://jvenn.toulouse.inra.fr/app/index.html). To further assess the ability of biomarkers to distinguish AH samples from normal liver samples, we performed receiver operating characteristic (ROC) analysis using the “pROC” R package (33).





A mouse model of AH

As previously mentioned, a mouse model of chronic alcohol plus single binge drinking was established (34). The alcoholic diet was purchased from TROPHIC (Nantong, China). Ten male mice aged 6-8 weeks were fed a liquid control diet for 5 days, then mice were randomly divided into two groups (ethanol-fed group and pair-fed group, n = 5 per group). The ethanol-fed group was fed a Lieber DeCarli liquid diet containing 5% ethanol for 10 days. Then mice were given a single dose of 20% ethanol (5g/kg body weight) by gavage. The pair-fed group was fed with ethanol-free, isocaloric control liquid diet for 10 days. Then mice were given a single dose of dextrin maltose (5g/kg body weight) by gavage. Euthanasia was performed 9 hours after gavage. All animal experiments were performed with the approval of the Experimental Animal Ethics Committee of Mudanjiang Medical University.





Blood biochemical assays

Blood samples of mice were centrifuged at 1000×g for 10 min to obtain serum. Serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels were detected by kits of Nanjing Jiancheng Bioengineering Institute (Nanjing, China).





Content analysis of malondialdehyde (MDA) and glutathione

Liver tissues were homogenized according to the instructions, and MDA and GSH levels were detected by kits of Nanjing Jiancheng Bioengineering Institute (Nanjing, China).





Histology and immunofluorescence

Paraffin or cryostat sections were prepared as described previously (35). Paraffin sections were stained with hematoxylin and eosin (H&E). For fluorescence double staining, cryostat sections were incubated with anti-iNOS antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and anti-F4/80 antibodies (BioLegend, San Diego, CA, USA), followed by incubation with Alexa Fluor 488- or 594-conjugated secondary antibodies (Jackson ImmunoResearch, West Grove, PA, USA). Sections were evaluated under a microscope (DP71, OLYMPUS) of both bright-field and fluorescence microscopy (200 × magnification).





Real-time quantitative PCR

Total RNA was isolated from liver tissues using TRIzol reagent (TransGen Biotech, Beijing, China), and cDNAs were synthesized using FastKing RT Kit (TIANGEN, Beijing, China). RT-qPCR analysis was performed using SuperReal PreMix Plus (TIANGEN, Beijing, China). The primer sequences were listed in Supplementary Table S4. Data were analyzed using the 2-ΔΔCT method and normalized to β-actin (Actb) expression.





Western blot

Total protein from liver tissue was extracted using RIPA lysis buffer (Solarbio, Beijing, China) containing protease inhibitor cocktail (MedChemExpress, Princeton, NJ, USA). The samples were incubated at 99°C for 5 min and separated at 115 V by SDS-PAGE for 1 h. The proteins were transferred to PVDF membranes and incubated at 200 mA for 1 h. The membrane was plugged with 5% milk powder for 1 hour and incubated overnight at 4°C with the following primary antibody: anti-FDX1 (Absin, Shanghai, China), anti-GPX4, anti-ACSL4, anti-SLC31A1 and anti-β-actin (Affinity, Cincinnati, OH, USA). HRP-conjugated goat anti-rabbit IgG was used as secondary antibodies. All bands were quantified with an automated digitizing system (ImageJ).





Statistical analysis

All data were presented as mean ± SD and analyzed using GraphPad Prism (version 8.3.0) and R (version 4.2.1). Significant differences in animal experiments were determined by three independent experiments. Differences of continuous variables between two groups were compared using Student’s t-test analysis. P<0.05 was considered statistically significant.






Results




Overview of study design

The overall design scheme of our current study is shown in Figure 1. First, we combined and normalized data of GSE28619 and GSE103580. Secondly, CIBERSORT method was used to analyze immune cells, GSVA algorithm was used to calculate scores of ferroptosis and cuproptosis, and WGCNA was used to screen hub genes related to M1 macrophages, ferroptosis and cuproptosis. Third, we analyzed DEGs using the “limma” package and intersected DEGs with hub genes. Fourth, we identified biomarkers of AH based on LASSO-SVM algorithm. Finally, we used GEO data (GSE155907, GSE142530 and GSE97234) and a mouse model of AH to validate potential biomarkers.




Figure 1 | Overall schematic diagram of the study design. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.







Normalization of dataset

Both GSE28619 and GSE103580 datasets are chip data. The GSE28619 dataset was based on the GPL570 platform (Affymetrix Human Genome U133 Plus 2.0 Array) and included 7 normal liver samples and 15 AH samples. The GSE103580 dataset was based on the GPL13667 platform (Affymetrix Human Genome U219 Array) from which 13 AH samples were selected. The two datasets were merged and batch removed. The results before and after normalization are shown in Supplementary Figure S1A. As shown in the Venn Diagram (Supplementary Figure S1B), 22,878 and 19,469 probes were identified in GSE28619 and GSE103580, respectively, and 16,510 intersected genes were selected from two datasets for subsequent bioinformatics analysis.





Analysis of immune infiltration in normal liver and AH samples

CIBERSORT, the deconvolution algorithm reported by Newman et al., characterizes cell composition in complex tissues based on normalized gene expression profiles (24). Based on this algorithm, we calculated the infiltration of 22 types of immune cells in normal liver samples and AH samples. The bar chart shows the abundance of different immune cell subsets in each sample (Figure 2A). We further analyzed the correlation between 22 immune cell subsets. As shown in the correlation heatmap (Figure 2B), activated mast cells showed the most significant positive correlation with eosinophils (r = 0.75), while CD8 T cells showed the most significant negative correlation with CD4 memory resting T cells (r = -0.61). Next, we analyzed the difference in immune cells between normal liver samples (control group) and AH samples (AH group). Compared with control group, M0 macrophages, M1 macrophages and resting mast cells were significantly increased in AH group, while plasma cells, helper follicular T cells, gamma delta T cells, activated mast cells and eosinophils were significantly decreased in AH group (Figure 2C). PCA analysis of control group and AH group and performed based on 22 types of immune cells. As shown in Figure 2D, AH group was completely separated from control group, suggesting that activation of immune cells could be a significant feature of AH patients.




Figure 2 | Immune infiltration in control group and AH group. (A) Bar charts of 22 types of immune cells in selected samples. Green name is normal liver sample, red name is AH sample. (B) Correlation heatmap of 22 types of immune cells, blue is positive correlation, red is negative correlation, color intensity represents the degree of correlation. (C) Boxplot of difference analysis of immune cells between control group (Con) and AH group (AH). (D) Scatter plot of PCA results. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.







Co-expression modules of M1 macrophages, ferroptosis and cuproptosis in AH patients

We found that M1 macrophages were the most differentiated immune cells between control and AH groups (Figure 2C). At the same time, the GSVA algorithm was used to calculate scores of ferroptosis and cuproptosis. Compared with the control group, ferroptosis scores of the AH group were significantly increased. Although there was no statistical difference in GSVA scores of cuproptosis, there was a increasing trend (Figure 3A). In addition, correlation analysis showed that M1 macrophages, ferroptosis and cuproptosis were positively correlated with each other (Figure 3B). To further explore the role of genes co-associated with M1 macrophages, ferroptosis and cuproptosis in AH patients, we used CIBERSORT’s M1 macrophage results, ferroptosis and cuproptosis scores as characteristic data for WGCNA analysis. The power value is set as β value when the correlation coefficient between connectivity K and logarithm logarithm (P(k)) reaches 0.83. A scale-free topological network (β = 6) was established (Figure 4A). Based on selected soft-thresholding power, a hierarchical clustering tree was established to cluster high-coexpression genes into same module and color code them (Figure 4B). Next, Spearman correlation analysis was used to draw module-trait relationship heatmap for 13 transcription modules identified and evaluate relationship between modules (Figure 4C). We found that red module was closely correlated with M1 macrophages, ferroptosis and cuproptosis, and was also highly correlated with AH traits. Therefore, this module was identified as hub module (Figures 4C, D). The module contains 834 genes, including 33 genes and 41 edges with threshold weight > 0.2 (Figure 4E). These genes are considered as hub genes.




Figure 3 | M1 macrophages, ferroptosis and cuproptosis were positively correlated with each other. (A) Boxplot of difference analysis of ferroptosis and cuproptosis GSVA scores between control group (Con) and AH group (AH). (B) Correlation analysis of M1 macrophage, ferroptosis and cuproptosis. *p < 0.05.






Figure 4 | Hub gene screening based on WGCNA. (A) Scale-free fitting index analysis of soft-thresholding powers. (B) Cluster dendrogram. (C) Module-trait correlation heatmap, red is positive correlation, blue is negative correlation. (D) Scatter plot of red module. Horizontal axis (MM) represented the correlation between genes and modules, and vertical axis (GS) represented the absolute value of correlation between genes and phenotypic characteristics. (E) The network of hub genes.







Candidate genes co-associated with M1 macrophages, ferroptosis and cuproptosis in AH patients

To further identify biomarkers associated with AH patients, DEGs analysis was performed on gene expression data from control and AH groups. There were a total of 877 DEGs, including 519 up-regulated genes and 358 down-regulated genes (Figure 5A) (Supplementary Table S5). The intersection of DEGs with hub genes related to M1 macrophages, ferroptosis and cuproptosis was performed to obtain 27 candidate genes (Figure 5B). The heatmap shows expression of these candidate genes in each sample (Figure 5C). Functional enrichment analysis was conducted for the above 27 candidate genes. The top 10 significantly enriched GO terms and KEGG pathways are shown separately in Figures 5D, E (see Supplementary Table S6 for details). AGE-RAGE and PI3K-AKT signaling pathway are associated with inflammation and oxidative stress. This suggests that M1 macrophages, ferroptosis and cuproptosis may be related to each other through the above signaling pathways. In addition, the results of functional enrichment analysis showed that the common high expression of M1 macrophages, ferroptosis and cuproptosis may activate extracellular matrix (ECM)-related signaling pathways.




Figure 5 | Identification of biomarkers co-associated with M1 macrophages, ferroptosis and cuproptosis. (A) Volcano plot of DEGs between control and AH groups. (B) Venn diagram of intersection genes between DEGs and hub genes. (C) The heatmap of 27 candidate genes. (D) GO enrichment analysis. (E) KEGG enrichment analysis.







Identification of biomarkers co-associated with M1 macrophages, ferroptosis and cuproptosis via machine learning

For the above 27 candidate genes, SVM and LASSO regression algorithms were used to screen potential biomarkers co-associated with M1 macrophages, ferroptosis and cuproptosis. According to the results of ten fold cross-validation in SVM algorithm, 22 feature genes were identified (Figure 6A, Table 1). The coefficients of LASSO versus log (λ) are shown in Figure 6B that 5 feature genes were obtained (Table 1 and Supplementary Table S7). Finally, 5 genes selected by two machine learning algorithms were overlapped, including ALDOA, COL3A1, LUM, THBS2 and TIMP1 (Figure 6C). To assess predictive accuracy of these biomarkers, ROC curves of 5 genes were analyzed (Figure 6D). The AUC values indicated that 5 biomarkers co-associated with M1 macrophages, ferroptosis and cuproptosis had excellent diagnostic values. Next, we analyzed the correlation between 5 potential biomarkers and M1 macrophage, ferroptosis and cuproptosis. The analysis results showed that 5 potential biomarkers were positively correlated with M1 macrophage, ferroptosis and cuproptosis (Figures 7A–C), and 5 potential biomarkers were also positively correlated with each other (Supplementary Figure S2). In addition, we validated 5 potential biomarkers using GSE155907 and GSE142530 datasets. In two validation datasets, consistent with training dataset, all 5 genes in AH group were up-regulated, with statistical significance (Figures 7D, E). Combined with the above results, 5 genes co-associated with M1 macrophages, ferroptosis and cuproptosis can be used as potential biomarkers in AH patients.




Figure 6 | Machine learning identifies potential biomarkers. (A, B) Biomarkers were analyzed using LASSO regression and SVM algorithm. (C) Venn diagram of overlapping biomarkers between LASSO regression and SVM algorithm. (D) ROC curve of 5 potential biomarkers.




Table 1 | Feature genes obtained by machine learning.






Figure 7 | 5 potential biomarkers were positively correlated with M1 macrophage, ferroptosis and cuproptosis. (A–C) Correlation analysis of 5 potential biomarkers with M1 macrophage, ferroptosis and cuproptosis. (D) Expression levels of 5 potential biomarkers in GSE155907 dataset. (E) Expression levels of 5 potential biomarkers in GSE142530 dataset. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.







Potential biomarkers were validated in a mouse model of AH

To verify 5 potential biomarkers, we first analyzed mouse dataset (GSE97234) and found that the expression levels of 5 genes were significantly up-regulated in AH group (Figure 8A). Based on the above analysis, we conducted experimental verification in mice. We established a chronic plus single binge alcohol model, which has been widely used to study the pathogenesis of AH (Figure 8B). Compared with pair-fed mice, ethanol-fed mice had a significant decrease in body weight (Figure 8C) and a significant increase in liver weight/body weight ratio (mean, 0.056 vs. 0.048, P = 0.028) (Figure 8D). ALT and AST, important indicators of liver injury, were significantly elevated in ethanol-fed mice than in pair-fed mice (ALT, mean, 112.7 vs. 69.1, P = 0.001) (AST, mean, 464.0 vs. 269.7, P = 0.0003) (Figures 8E, F). H&E staining showed that ethanol feeding resulted in necrosis of hepatocytes and morphological changes of liver tissues, suggesting more severe liver injury in ethanol-fed mice than in pair-fed mice (Figure 8G).




Figure 8 | Alcohol exposure promotes infiltration of M1 macrophages. (A) Expression levels of 5 potential biomarkers in GSE97234 dataset. (B–H) Groups of C57BL/6 mice (n = 5 per group) were fed ethanol liquid diet or ethanol free control liquid diet. (B) Schematic diagram of a chronic binge eating model. (C) Changes in body weight. (D) Liver weight/body weight change ratio. (E, F) Serum ALT and AST levels. (G) Representative H&E staining of liver tissues. Scale bar, 50 μm. (H) Double immunofluorescence staining of F4/80 and iNOS in liver tissues. Nuclei were stained with DAPI. Scale bar, 50 μm. *P < 0.05, **P < 0.01.



Macrophages play a crucial role in regulating liver homeostasis and hepatic injury. By double immunofluorescence staining of liver tissues with F4/80 (a marker of macrophage) and iNOS (a marker of M1 macrophage), we found that M1 macrophages (F4/80 and iNOS double positive cells) were almost not expressed in pair-fed mice, while the expression of M1 macrophage marker protein was increased in ethanol-fed mice, suggesting the infiltration of more M1 macrophages (Figure 8H). Lipid peroxide and GSH are crucial markers of ferroptosis. MDA is considered to be the end product of the lipid peroxidation process. The MDA and GSH levels of liver tissues were detected by kits. Compared with pair-fed mice, MDA levels (mean, 2.26 vs. 1.17, P = 0.021) were significantly increased and GSH levels (mean, 2.24 vs. 5.41, P = 0.014) were significantly decreased in ethanol-fed mice (Figures 9A, B). In addition, the well-identified markers of ferroptosis, GPX4 and ACSL4, were detected in liver tissues by western blot. As shown in Figure 9C, the protein expression levels of GPX4 (mean, 0.40 vs. 0.85, P = 0.048) were significantly down-regulated and the protein expression levels of ACSL4 (mean, 2.29 vs. 0.50, P = 0.004) were significantly up-regulated in ethanol-fed mice compared with pair-fed mice. Known biomarkers of cuproptosis, including FDX1 and SLC31A1 were determined. We also detected the expression levels of FDX1 and SLC31A1 in liver tissues by western blot. the protein expression levels of FDX1 (mean, 0.45 vs. 1.25, P = 0.031) were significantly down-regulated and the protein expression levels of SLC31A1 (mean, 2.68 vs. 0.75, P = 0.022) were significantly up-regulated in ethanol-fed mice compared with pair-fed mice (Figure 9D). Combined with the above results, alcohol consumption significantly promoted the infiltration of M1 macrophages, the expression of ferroptosis and cuproptosis.




Figure 9 | Alcohol exposure promotes the expression of ferroptosis, cuproptosis and potential biomarkers. (A–E) Groups of C57BL/6 mice (n = 5 per group) were fed ethanol liquid diet or ethanol free control liquid diet. (A) Content of MDA in liver tissues. (B) Content of GSH in liver tissues. (C) The protein expression levels of GPX4 and ACSL4 in liver tissues were determined using western blot analysis. The densities of protein were quantified using densitometry. GPX4 and ACSL4 were normalized to β-actin. (D) The protein expression levels of FDX1 and SLC31A1 in liver tissues were determined using western blot analysis. The densities of protein were quantified using densitometry. FDX1 and SLC31A1 were normalized to β-actin. (E) The mRNA levels of Aldoa, Col3a1, Lum, Thbs2 and Timp1 in liver tissues were measured using RT-qPCR analysis. The results were normalized to Actb. *P < 0.05, **P < 0.01.



The expression levels of Aldoa, Col3a1, Lum, Thbs2 and Timp1 mRNA were detected by RT-qPCR. As shown in Figure 9E, compared with pair-fed mice, the expression levels of Aldoa (mean, 2.12 vs. 1.00, P = 0.027), Col3a1 (mean, 1.92 vs. 1.00, P = 0.007), Lum (mean, 2.92 vs. 1.00, P = 0.005), Thbs2 (mean, 3.79 vs. 1.00, P = 0.002) and Timp1 (mean, 2.62 vs. 1.00, P = 0.021) in liver tissues of ethanol-fed mice were significantly increased. These experimental results further support that 5 genes as potential biomarkers for AH patients.






Discussion

In this study, biomarkers co-associated with M1 macrophages, ferroptosis and cuproptosis were identified in AH patients. The CIBERSORT algorithm was used to calculate infiltration of 22 types of immune cells. Ferroptosis and cuproptosis scores were calculated using GSVA algorithm. By WGCNA and LASSO-SVM analysis, we found that ALDOA, COL3A1, LUM, THBS2 and TIMP1 were potential biomarkers in AH patients. These biomarkers were validated in GEO datasets and a mouse model of AH.

Excessive alcohol consumption directly damages hepatocytes, which in turn induces immune cell infiltration and secretion of inflammatory factors, ultimately leading to overactivation of inflammatory cascade (36, 37). For example, neutrophil infiltration and high expression of pro-inflammatory factors (TNF-α and IL-1β) promote the progression of alcohol-related inflammatory response (38). In addition, chronic alcohol consumption leads to upregulation of M1 macrophage-related markers (39). In this study, we used the CIBERSORT algorithm to assess the difference in immune cells between normal liver and AH samples. We found that M1 macrophages were significantly increased in AH patients. These findings provide new insights into immune cell infiltration in AH patients based on transcriptomic analysis.

Clinical calculators such as the Model of End-stage Liver Disease (MELD) score can predict patient mortality and guide clinical treatment strategies (40). However, MELD score is not specifically designed to predict AH. Clinically, biomarkers for AH prediction have not been identified. Therefore, the discovery of new biomarkers for AH prediction is an urgent area of research. In recent years, with the development of high-throughput sequencing technology, the identification of disease-related biomarkers based on transcriptomic analysis has been widely studied. In previous studies, a prognostic model of hepatocellular carcinoma was established using WGCNA analysis of macrophage-related genes (41). The prognostic model based on ferroptosis and epithelial-mesenchymal transition state helps predict overall survival of hepatocellular carcinoma (42). Cuproptosis-related subtypes predict tumor microenvironments and drug candidates in hepatocellular carcinoma (43). However, biomarkers for AH prediction still need further analysis. In this study, we used WGCAN and LASSO-SVM analysis to identify 5 AH biomarkers co-associated with M1 macrophages, ferroptosis and cuproptosis in AH patients.

ALDOA is a key metabolic enzyme in glycolysis pathway. High expression of ALDOA is associated with poor prognosis in hepatocellular carcinoma (44). COL3A1 is a fibrous collagen found in connective tissue. Previous studies have shown that COL3A1 is involved in the progression of liver fibrosis (45). The levels of type III collagen formation and degradation were significantly increased in ALD patients compared to healthy individuals (46). In addition, LUM has been identified as a biomarker for advanced fibrosis in non-alcoholic fatty liver disease (47). THBS2 is a novel biomarker for predicting the prognosis of metastatic pancreatic ductal adenocarcinoma (48). Manzardo et al. analyzed miRNA expression in alcoholics to further characterize the genetic influence of alcoholism and the influence of alcohol consumption on predicted target mRNA expression, which involved THBS2 (49). In mice treated with ethanol and CCl4, down-regulation of TIMP1 effectively inhibited hepatic fibrosis and activation of hepatic stellate cell (50). Clinical studies have found that alcohol consumption in adolescents leads to elevated serum TIMP1 concentrations (51). We first reported that ALDOA, COL3A1, LUM, THBS2 and TIMP1 were highly expressed in AH and associated with M1 macrophages, ferroptosis and cuproptosis. Further studies with larger clinical cohorts and basic studies are needed to confirm these biomarkers.





Conclusion

In summary, we used CIBERSORT algorithm to analyze 22 types of immune cells, and M1 macrophages were the most significantly increased immune cells in AH patients. By combining bioinformatics analysis with a mouse model of AH, we identified 5 potential biomarkers co-associated with M1 macrophages, ferroptosis and cuproptosis. Further study of these biomarkers can provide new ideas and basis for understanding the disease progression and targeted therapy of AH patients.
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Macrophages, as central components of innate immunity, feature significant heterogeneity. Numerus studies have revealed the pivotal roles of macrophages in the pathogenesis of liver fibrosis induced by various factors. Hepatic macrophages function to trigger inflammation in response to injury. They induce liver fibrosis by activating hepatic stellate cells (HSCs), and then inflammation and fibrosis are alleviated by the degradation of the extracellular matrix and release of anti-inflammatory cytokines. MicroRNAs (miRNAs), a class of small non-coding endogenous RNA molecules that regulate gene expression through translation repression or mRNA degradation, have distinct roles in modulating macrophage activation, polarization, tissue infiltration, and inflammation regression. Considering the complex etiology and pathogenesis of liver diseases, the role and mechanism of miRNAs and macrophages in liver fibrosis need to be further clarified. We first summarized the origin, phenotypes and functions of hepatic macrophages, then clarified the role of miRNAs in the polarization of macrophages. Finally, we comprehensively discussed the role of miRNAs and macrophages in the pathogenesis of liver fibrotic disease. Understanding the mechanism of hepatic macrophage heterogeneity in various types of liver fibrosis and the role of miRNAs on macrophage polarization provides a useful reference for further research on miRNA-mediated macrophage polarization in liver fibrosis, and also contributes to the development of new therapies targeting miRNA and macrophage subsets for liver fibrosis.
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1 Introduction

Liver fibrosis is an abnormal wound-healing response that develops in response to liver injury caused by various factors. The activation of hepatic stellate cells (HSCs) is recognized as a central event in liver fibrosis, in which activated HSCs transdifferentiate into myofibroblasts and secrete large amounts of extracellular matrix (ECM) that is deposited among the cells, leading to liver fibrosis (1). Liver fibrosis is among the common sequelae of chronic damage induced by toxic agents, viral infections, autoimmune diseases, metabolic and genetic diseases (2). Without effective intervention and treatment, it can progress into cirrhosis, hepatocellular carcinoma (HCC), liver failure, and concurrent infection leading to death (3). Although HSCs are major contributors to the pathogenesis of liver fibrosis, certain immune cells such as T and B lymphocytes, NK cells, and macrophages also play important roles (4). Among them, macrophages are the most abundant liver immune cells and are critical in the process of liver injury and subsequent liver fibrosis (5). MicroRNAs (miRNAs) are about 22-26 nucleotides long endogenous non-coding RNAs expressed in animals, plants and some viruses. They participate in post-transcriptional gene regulation through a combination of translational repression and mRNA destabilization (6). Some studies have shown that miRNAs can regulate the activation of HSCs and are involved in various types of chronic liver diseases, such as viral hepatitis, nonalcoholic fatty liver disease and autoimmune liver disease, and play an indispensable role in the occurrence and development of liver fibrosis (7). Furthermore, in the pathological process of liver fibrosis, miRNAs may serve as key regulators of macrophage polarization, where macrophages can differentiate into the M1 phenotype with pro-inflammatory and anti-infective functions or the M2 phenotype with pro-fibrogenic and tissue remodeling roles (8). In this review, we summarize the characteristics of hepatic macrophages and their roles in liver fibrosis. Importantly, we focus on how miRNAs regulate the polarization of macrophages, thus affecting the eventual progression of liver fibrosis. Our study aims to provide new therapeutic ideas for improving liver fibrosis based on miRNAs and macrophages.




2 MicroRNAs

MicroRNAs (miRNAs) are endogenous, small non-coding RNA molecules widely expressed in all types of human cells. They predominantly function to negatively regulate gene expression at the post-transcriptional level and play important roles in various biological functions, such as immune response, cell proliferation and apoptosis (9–11). MicroRNAs are first transcribed in the nucleus by RNA polymerase II to generate primary miRNAs (pri-miRNAs), which are then cleaved by RNase III enzyme Drosha to generate precursor miRNAs (pre-miRNAs). These are translocated from the nucleus to the cytoplasm and then further processed by Dicer to produce double-stranded miRNAs containing mature miRNAs (11, 12). Mature miRNAs are directed to the 3’ end of the untranslated region (UTR) of their specific target mRNAs by base-pairing, which represses protein expression by destabilizing the mRNA and translational silencing (10, 13). However, in some cases, miRNAs can also upregulate gene expression by activating the translation of target mRNAs. Generally, a single miRNA can regulate multiple mRNAs simultaneously, and one mRNA can also be regulated by several miRNAs (13). MiRNA dysregulation has been implicated in the pathogenesis of a variety of human diseases, including cancer, cardiovascular disease, metabolic disease, diabetes, and virus-induced diseases (14). Due to their stable presence in body fluids such as blood, urine and saliva, miRNAs might be promising biomarkers for the early diagnosis and potential therapeutic targets of some diseases (15).




3 Liver fibrosis and macrophages



3.1 The origin, phenotype and function of hepatic macrophages

Macrophages are an important component of innate immunity and act as the host’s first line of defense against external infection or internal damage (16). According to their origin, intrahepatic macrophages are mainly divided into two types: resident Kupffer cells (KCs) and monocyte-derived macrophages (MoMϕs). KCs originate from yolk sac-derived colony-stimulating factor 1 receptor (CSF1R)+ erythroid progenitors (EMPs), and develop further from EMPs into fetal liver mononuclear cells, which give rise to KCs (17). Kupffer cells, as the liver-resident macrophages, are located only in the intravascular compartment and are mainly located in the hepatic sinusoids. KCs function to remove cellular debris and metabolic waste (18, 19), maintain liver homeostasis, promote tissue repair and regeneration, and initiate the innate and adaptive immune responses (20). During homeostasis, KC replenishment is independent of BM-derived progenitors, and occurs predominantly by the self-renewal of resident stem cells (21, 22). Various pattern recognition receptors (PRRs) are highly expressed on the surface of KCs including Toll-like receptors (TLRs) and nucleotide binding oligomerization domain-like receptors (NLRs), which leads to the rapid response of KCs to various stimuli and activation signals during liver injury (23). The main stimuli recognized by KCs include reactive oxygen species (ROS); damage-associated molecular patterns (DAMPs) such as high mobility group box protein 1 (HMGB1), mitochondrial DNA and ATP; pathogen-associated molecular patterns (PAMPs) such as lipopolysaccharide (LPS), lipoteichoic acid (LTA) and β-glucan (24); hypoxia inducible factor 1α (HIF-1α); multiple metabolites; cell extracellular vesicles and microRNAs (25). KCs and MoMϕs in the liver can be distinguished from each other by their cell surface markers; however, no single marker is available to discriminate these populations. In mouse models, the main surface markers of KCs are CD11blow, F4/80high, Clec4F+and CX3CR1− (5, 26). The surface markers of MoMϕs in mice are CD11b+, F4/80int, Ly6C+, and CX3CR1hi (5). MoMϕs develop from lineage-negative (LIN−) hematopoietic stem cells in the bone marrow, can be mainly found at the portal triad in the healthy liver, and function to maintain the iron and cholesterol homeostasis (27). Under pathological conditions, KCs secrete cytokines and chemokines, including TNF-α, IL-1β and CCL2, to recruit circulating monocytes migrating and infiltrating into the liver (28). The liver-infiltrating monocytes then differentiate into MoMϕs. MoMϕs in the murine liver can be further divided into two subgroups according to the expression level of Ly6C: Ly6Chi and Ly6Clo monocyte/macrophages (25). CD11bhiF4/80intLy6Chi macrophages (Ly6Chi macrophages in short) are derived from recruited CCR2+CX3CR1loLy6Chi monocytes and exert proinflammatory and profibrotic functions, while CD11bhiF4/80hiLy6Clo macrophages (Ly6Clo macrophages in short) are converted from Ly6Chi macrophages induced by phagocytosis and are involved in anti-inflammatory and antifibrotic processes (29, 30). It should be noted that the Ly6Chi and Ly6Clo phenotypes comprise a new system for macrophage classification based on cell origin and surface makers. Conventionally, macrophages with different functions are classified as M1 and M2 macrophage subsets. M1 macrophages are known as classically activated macrophages with pro-inflammatory properties and participate in tissue damage and inflammation, whereas M2 macrophages are known as alternatively activated macrophages with anti-inflammatory properties and function to promote tissue repair and regeneration. M1 macrophages are mainly stimulated by IFN-γ or LPS, characterized by high expression of CD80, CD86, major histocompatibility complex II (MHC II), Toll-like receptor 4 (TLR4), and inducible nitric oxide synthase (iNOS) (31). Meanwhile, M2 macrophages can be stimulated by T helper 2 (Th2) cytokines such as interleukin 4 (IL-4) and IL-13 (32), with high expression of mannose receptor 1 (MRC1/CD206), CD163, arginase-1 (Arg1), chitinase 3-like 3 (Chil3/Ym1), found in inflammatory zone 1 (FIZZ1) (33). Among them, Chil3 and Fizz1 are the markers only expressed by M2 macrophages in mouse. In addition, M2 macrophages can be further subdivided into M2a, M2b, M2c, and M2d subtypes by distinct stimuli. M2a is induced by IL-4 and IL-13, M2b is induced by immune complex (IC), the M2c type is stimulated by IL-10, transforming growth factor-β (TGF-β) and glucocorticoids, and the M2d type is activated by IL-6, TLR ligands and adenosine (34). Macrophages can be polarized into different subsets in response to different local microenvironments and play essential roles in the initiation, progression and resolution of tissue inflammation and injury in various liver diseases (35).




3.2 The regulatory role of intrahepatic macrophages in liver fibrosis

In hepatic fibrosis, the activated macrophages secrete pro-inflammatory cytokines and chemokines and stimulate HSCs to transdifferentiate into myofibroblasts, which proliferate and produce ECM proteins (36). Although the activation of HSCs is thought to be a central driver of hepatic fibrogenesis (37, 38), hepatic macrophages have emerged as essential in the pathogenesis of liver fibrosis. Moreover, due to their heterogeneity and plasticity, macrophages can exert both pro- or anti-fibrotic effects by regulating the activation or the cell death of HSCs and the formation and degradation of matrix collagen (39, 40). In human and mouse models of diet-induced nonalcoholic steatohepatitis (NASH), the impaired macrophage-mediated clearance of necroptotic hepatocytes (necHCs) and increased activation of HSCs are responsible for liver fibrogenesis; hence, the reduced accumulation of necHCs in NASH liver could be a therapeutic strategy to treat hepatic fibrosis (41). Cai et al. further reported that c-mer tyrosine kinase (MerTK) signaling in macrophages activates HSCs to promote collagen synthesis and induces liver fibrosis through the ERK-TGFβ1 pathway (40). In bile duct ligation (BDL)-induced and carbon tetrachloride (CCl4)-induced liver fibrosis mouse models, the FGF12-mediated proinflammatory activation of hepatic macrophages could induce HSC activation mainly through the monocyte chemoattractant protein-1/chemokine (C-C motif) receptor 2 axis (42). The roles of MoMϕs in liver fibrosis were also investigated. For instance, the proportion of resident macrophages decreases during the process of inflammation and fibrogenesis, while that of the recruited MoMϕs (CD11bhighF4/80mid subsets) gradually increases during fibrogenesis (9), suggesting an important function of MoMϕs in liver fibrosis. De Souza et al. further demonstrated that the transplantation of bone marrow-derived CD11b+CD14+ monocytes caused the significant improvement of liver fibrosis by inhibiting oxidative stress and inflammation in a murine model of CCl4-induced chronic liver damage (43). In addition, liver fibrosis was attenuated by the transplantation of bone marrow-derived MSCs (BM-MSCs), and the therapeutic effect of BM-MSCs was attributed to promoting the Ly6Chi/Ly6Clo subset conversion and Ly6Clo macrophage restoration through activating the antifibrogenic cytokine and apoptotic pathways (44). Similarly, prepolarized BMDMs also exhibit a therapeutic effect on liver fibrosis. For example, M1 BMDMs significantly ameliorated liver fibrosis by modulating the hepatic microenvironment to recruit endogenous macrophages into fibrotic liver, which showed the phenotype of Ly6Clo restorative macrophages (39). Compared with Ly6Clo macrophages, Ly6Chi macrophages exerted a pro-fibrogenic effect by activating HSCs through secreting various cytokines including TGF-β, platelet-derived growth factor (PDGF), TNF-α, IL-1β, monocyte chemotactic protein 1 (MCP1), CCL3, and CCL5 (36).

Taken together, hepatic macrophages play an important role in the initiation and progression of liver fibrosis. During this process, however, the function, metabolism and polarization of macrophages are regulated by various factors such as miRNAs, which ultimately affect the onset of liver disease. For instance, exosomal miR-690 derived from KCs inhibited inflammation in recruited hepatic macrophages in a mouse model of NASH (45). MiR-206 drove KCs toward M1 polarization, and promoted the recruitment of CD8+ T cells in HCC (46). In addition, miR-26a overexpression extensively inhibited the inflammation in both hepatocytes and KCs therefore attenuated HCC (47). MiR-155 knockdown in KCs could positively regulate the immunosuppressive function of KCs and prolong the survival of liver allografts. MiR-148a-enriched mesenchymal stem cell-derived exosomes (MSC-EXOs) modulated macrophages towards the anti-inflammatory phenotype and exerted ameliorative effects on liver fibrosis (48). In a mouse model of Schistosomiasis japonicum, miR-130a-3p promoted the differentiation of macrophages toward the Ly6Clo phenotype and alleviated liver granulomatous inflammation (49). The above studies demonstrate the diverse roles of miRNAs in hepatic macrophages, influencing the pathology of liver diseases. The regulatory effect of miRNAs on macrophage polarization in other models and tissues will be discussed in more detail below.





4 The regulatory effect of miRNAs on macrophages



4.1 MiRNAs regulate the M1 phenotype polarization of macrophages

Extracellular vesicles (EVs) such as exosomes are cell-derived, membrane-bound organelles involved in intercellular communication. Exosomes play an important regulatory role in the progression of various liver diseases, delivering various biological components such as miRNAs, proteins and lipids to neighboring or distant cells (50). In a rat model of nonalcoholic fatty liver disease (NAFLD) induced by high-fat and high-cholesterol diet, the lipotoxic injury-induced release of miR-192-5p-enriched hepatocyte exosomes played a critical role in M1 macrophage activation; miR-192-5p drove macrophages to polarize towards the proinflammatory M1 phenotype through modulating the Rictor/Akt/FoxO1 signaling pathway, which resulted in hepatic inflammatory response, demonstrating that exosomal miR-192-5p is a key player in the NAFLD-mediated activation of M1 macrophages (51). However, miR-192-5p exhibited an inhibitory role in M1 macrophage polarization in a monosodium urate (MSU) crystal-induced mouse gouty arthritis (GA) model (52). Under the IFN-γ plus LPS-stimulated M1 polarization condition, the MiR-192-5p mimic stimulated RAW264.7 macrophages and resulted in a reduced expression of inflammatory cytokines TNF-α and IL-1β, decreased iNOS expression, and inhibited CD16/32 (M1 marker) expression; miR-192-5p blocked M1 macrophage activation by inhibiting epiregulin, thereby improving GA inflammatory response (52). It is highly likely that the opposite effect of miR-192-5p on the macrophage program in the two disease models is due to the difference in the origin of miRNA and the macrophages. MiR-199a-5p derived from EVs from human serum albumin (HSA)-induced HK-2 cells promoted M1 phenotype polarization by targeting the Klotho/TLR4 pathway, and contributed to the progression of diabetic nephropathy (53). Similarly, in high-fat diet-induced mouse models of NALFD, miR-9-5p was upregulated in lipotoxic extracellular vesicles and promoted M1 polarization by targeting glutaminyl transferase 2 (TGM2) (54). In addition, Ma et al. found that miR-9-5p promotes M1-type polarization by targeting NAD-dependent deacetylase sirtuin-1 (SIRT1) in a cecal ligation and puncture (CLP)-induced sepsis mouse model (55). Likewise, in a mouse model of osteoarthritis (OA), miR-9-5p could promote the progression of OA and M1 polarization by inhibiting SIRT1 expression via the NF-κB and AMPK signaling pathways (56). Recently, miR-146a-5p has been recognized as a key player in the field of cardiovascular research. Exosomes enriched with miR-146a-5p obtained from newborn mouse cardiomyocytes were used to treat macrophages, and the results showed that exosomal miR-146a-5p encouraged M1 macrophage polarization, while it inhibited M2 macrophage polarization by targeting TNF receptor-associated factor 6 (TRAF6) (57). In a mouse model of sepsis-related acute lung injury, exosomal miR-30d-5p of TNF-α-stimulated neutrophils promoted M1 macrophage polarization and induced macrophage pyroptosis through activating NF-κB signaling by targeting the suppressor of cytokine signaling (SOCS-1) and SIRT1 both in vivo and in vitro (58). However, miR-30d-5p-enriched exosomes from adipose-derived stem cells reversed acute ischemic stroke-induced, autophagy-mediated brain injury by suppressing M1 microglial polarization (59). EVs from adipose tissue-derived stem cells were found to attenuate LPS induced inflammation and sepsis by inhibiting M1 macrophage polarization, accompanied by the reduced expression of miR-148a-3p (60). MiR-148a-3p, as a novel downstream molecule of Notch signaling, could enhance M1 polarization through the PTEN/AKT pathway and thus induce pro-inflammatory responses via the activation of NF-κB signaling (60). MiR-33a is a lipid regulator of cholesterol and fatty acid metabolism in the cell. MiR-33 enriched in exosomes secreted by endothelin 1-stimulated human umbilical cord vein endothelial cells is transported to macrophages and directly targets NR4A transcription factors to activate M1 macrophages, which has therapeutic implications for atherosclerosis (61). In addition, miR-34a expression in lung macrophages was increased in a model of LPS-induced acute lung injury (ALI); miR-34a overexpression could promote the polarization of pro-inflammatory M1 phenotype and exacerbated ALI and inflammation by targeting kruppel-like factor 4 (KLF4) (62). MiR-34a expression was increased in mice treated with PD-1 inhibitor along with enhanced M1 polarization and cardiac injury, whereas treatment with miR-34a inhibitor reversed M1 polarization and cardiac injury through modulating the miR-34a/KLF4-signaling pathway (63). Similarly, in the context of cardiometabolic diseases, miR-34a could promote the development of atherosclerosis by stimulating M1 polarization via liver X receptor α (LXRα), while the inhibition of miR-34a could help the regression of atherosclerosis and reversed the diet-induced metabolic disorder (64). However, miR-34a exhibits different roles by inhibiting M1 polarization in some other diseases. For instance, miR-34a derived from adipocyte exosomes reduced the polarization of M1-type macrophages by inhibiting NLRP3 in a Ti particle-induced osteolysis mouse model (65). In addition, in a rat model of liver injury induced by long term co-exposure to DBP and BaP, miR-34a could inhibit the M1 phenotype and attenuate the disorder of inflammatory factors through the Notch signaling pathway (66). MiR-130b-3p has also been shown to block M1 polarization by blocking interferon regulatory factor 1 (IRF1), thus alleviating the inflammation of lung tissues in LPS-treated mice (67).

MiRNAs present in exosomes derived from tumors have also been shown to modulate M1 macrophage polarization, thereby influencing tumorigenesis. Moradiet al. found that overexpression of miR-130 and miR-33 in exosomes can inhibit tumor progression by promoting M2 to M1 macrophage polarization (68). In a co-culture of breast cancer cells and macrophages, treatment with exosomal miR-33 and miR-130 could significantly reduce the proliferation, invasion and migration of cancer cells, thus suppressing breast cancer progression (69, 70). In addition, miR-200c could enhance granulocyte-macrophage colony-stimulating factor (GM-CSF)-mediated M1 macrophage polarization to inhibit the growth of mouse breast cancer Met-1 cells (71). MiR-125b showed the ability to reprogram tumor-associated macrophages (TAMs) into an antitumor/pro-inflammatory (M1) phenotype in non-small-cell lung cancer (NSCLC) model (72), which has significant implications for anticancer immunotherapy. MiR-125b also exhibited good anti-tumor effects in murine orthotopic breast cancer, which was attributed to its promotive effect on M1 polarization by targeting interferon regulatory factor 4 (IRF4) in macrophages, and suppressed tumor cells by targeting ETS proto-oncogene 1 and cyclin-J (73). The ability of some other miRNAs to regulate the polarization of M1 in other neoplastic diseases has also been shown, such as miR-9 (74), which was enriched in exosomes derived from human papillomavirus (HPV) positive head and neck squamous cell carcinoma (HNSCC). It could be transported into macrophages and induce the polarization of macrophages into the M1 phenotype by inhibiting the expression of PPARδ (74).

To sum up, a variety of miRNAs can regulate M1 polarization. Notably, a specific miRNA may play distinct roles in the polarization of macrophages in different diseases. As summarized in Table 1, miR-199a-5p, miR-9-5p, miR-146a-5p, miR-148a-3p, miR-33, miR-34a, miR-130, miR-200c, and miR-125b have been shown to promote M1, and miR-130b-3p to suppress M1 through inhibiting various factors. However, such as with miR-192-5p, miR-30d-5p, and miR-34a, the effects of miRNAs on macrophage polarization can be contrasting depending on the disease model, the source of miRNAs, and macrophages from different tissues.


Table 1 | M1 macrophage polarization by miRNAs in various diseases.






4.2 MiRNAs regulate the M2 phenotype polarization of macrophages

It has been previously noted that some miRNAs are involved in modulating the pathogenesis of certain diseases, primarily by affecting the polarization of M1 macrophages. However, there are also miRNAs with a function in modulating disease pathogenesis by regulating the polarization of macrophages into the M2 phenotype. As previously mentioned, miR-192-5p drives M1 phenotype polarization to exacerbate the hepatic inflammatory response in NAFLD (51). However, miR-192-5p could effectively rescue mice from coxsackievirus B3 (CVB3)-induced viral lethal myocarditis through switching myocardial-infiltrating macrophages to a predominant M2 phenotype by targeting interleukin-1 receptor-associated kinase 1 (IRAK1) (75). In addition, miR-146a was highly expressed in the M2 rather than the M1 macrophage phenotype. The overexpression of miR-146a resulted in decreased production of pro-inflammatory cytokines and increased expression of M2 marker genes (76, 77), which was different from the effects of miR-146a on M1 polarization induced by PM2.5 (78). Similarly, miR-146a acted as an anti-inflammatory miRNA in the pathogenesis of diabetic nephropathy (DN) by promoting the expression of M2 markers (79), while it exerted a protective role via regulating the differentiation of macrophages into M2 cells in some other disease models, such as murine hepatic schistosomiasis (80), a cecal ligation and puncture-induced sepsis model (81), or experimental autoimmune encephalomyelitis (EAE) (82). In addition, miR-99a could promote M2 polarization and inhibit allergic airway inflammation by targeting TNF-α (83), and could also be used as a therapeutic agent to reduce adipose tissue inflammation and improve insulin sensitivity in diabetic mice (84). MiR-511-3p, encoded by the Mrc1/CD206 gene, has also been proven to reduce cockroach allergen-induced lung inflammation and promote M2 macrophage polarization by targeting CCL2 via the RhoA/ROCK axis or prostaglandin D2 synthase (Ptgds) (85, 86). MiR-93-5p, which is upregulated in M2 macrophage exosomes, exerts a renoprotective effect on LPS-induced podocyte injury by targeting TLR4 (87). MiR-93 has been shown to promote angiogenesis and reduce tissue loss in experimental models of peripheral arterial disease (PAD), which is because it promotes and sustains M2-like polarization even under M1-like polarizing settings by targeting interferon regulatory factor-9 to diminish IRG1-itaconic acid synthesis (88). MiR-21-5p, originating from MSC-EXOs, enhances macrophage polarization to the M2 phenotype, thereby reducing inflammation and preventing myocardial ischemia-reperfusion (I/R) injury (89). Likewise, MSC-EXOs were also conferred cardioprotective efficacy via shuttling miR-182 that modifies the polarization of M1 macrophages to M2 macrophages by targeting TLR4 (90). In addition, miR-21a could enhance miR-200c methylation and inhibit the expression of two tumor suppressor genes, miR-200c and phosphatase and angiotensin homologue (PTEN), thereby promoting M2 macrophage transformation in the tumor microenvironment (91). In a NASH-associated model of hepatic steatosis, the deficiency of miR-141 and miR-200c resulted in reduced hepatic inflammation, as macrophages polarized toward an M2 anti-inflammatory state with increased Arg1 and IL-10 levels and reduced M1 marker iNOS (92).

Similar to the aforementioned miRNAs that regulate M1 phenotype polarization and thus influence tumorigenesis, some miRNAs influence tumorigenesis primarily by affecting M2 macrophage polarization. MiR-195-5p, functioning as an anticancer agent, could inhibit M2-like TAM polarization in colorectal cancer (CRC) by regulating NOTCH2-mediated tumor cell epithelial-mesenchymal transition (EMT) and suppressing GATA3-mediated IL-4 secretion in CRC cells (93). Furthermore, MiR-770 derived from an exosome of NSCLC cell inhibited the migration of NSCLC by blocking M2 macrophage polarization through targeting MAP3K1 (94). MiR-935 also downregulated M2-like TAM by inhibiting C/EBPβ (95). Tumor-derived exosomal miR-934 induced macrophage M2 polarization by regulating PTEN expression and activating the PI3K/AKT signaling pathway, and the polarized M2 macrophages could further induce premetastatic niche formation and CXCL13 secretion, leading to colorectal cancer liver metastasis (CRLM) and secondary hepatocellular carcinoma (96). Similar to miR-934, the miR-25-3p, miR-130b-3p and miR-425-5p, derived from exosomes of CRC cells and upregulated by CXCL12/CXCR4 axis activation, also regulated the M2 polarization of macrophages through the PTEN/PI3K/Akt signaling pathway, and the serum levels of these miRNAs correlated with the progression and metastasis of CRLM (97). MiR-21-5p and miR-200a derived from small extracellular vesicles (sEVs) synergistically induced M2-like TAM polarization through the PTEN/AKT and SCOS1/STAT1 pathways leading to decreased CD8+ T cell activity, and thus contributed to immune escape and CRC tumor growth (98). In addition, miR-21-5p in EVs secreted in esophageal squamous cell carcinoma (ESCC) promoted the activation of M2 macrophages and exacerbated ESCC through the PTEN/AKT/STAT6 pathway (99). MiR-1246 has been detected to be highly expressed in the serum exosomes of colon cancer patients (100); miR-1246-enriched exosomes from TP53 mutant (mutp53) colon cancer cells could trigger the reprogramming of neighboring macrophages to a tumor-supporting and anti-inflammatory state, which was associated with poor survival in colon cancer patients (101). MiR-1246, as the most enriched miRNA in hypoxic glioma-derived exosomes (H-GDEs), induced M2 macrophage polarization by targeting telomeric repeat sequence binding factor 2 interaction protein (TERF2IP) via the STAT3 and NF-κB pathways, and the polarized M2 macrophages subsequently promoted glioma proliferation, migration and invasion. Therefore, miR-1246 may be used as a target in anti-glioma immunotherapy (102). Similarly, miR-182 in macrophages induced the M2 polarization of TAMs through the TGFβ/miR-182/TLR4 axis, and the conditional knockout of miR-182 in macrophages impaired M2-like TAMs and breast tumor development (103). Alternatively, the breast cancer cell-derived exosome miR-138-5p was delivered to TAMs in a mouse breast cancer model to stimulate M2 polarization and inhibit M1 polarization, which could also be used as a target for breast cancer therapy (104). Hypoxia-induced lung cancer cell-derived EV miR-103a increased M2-type polarization, which was associated with reduced PTEN and increased activation of STAT3 and AKT. In contrast, the inhibition of miR-103a could effectively block hypoxic cancer-mediated M2-type polarization, suggesting the potential of EV inhibition in lung cancer immunotherapy (105, 106). Similarly, high miR-301a-3p expression in exosomes from pancreatic cancer cells resulting from a hypoxic microenvironment induced macrophage M2 polarization through the activation of PTEN/PI3Kγ signaling pathway to promote pancreatic cancer progression (107). It has also been reported that endometriosis (EMS)-derived exosomal miR-301a-3p promoted the M2 polarization of macrophages via regulating the PTEN-PI3K axis (108).

As discussed above, many types of miRNAs were demonstrated to have the ability to regulate M2 polarization. As summarized in Table 2, the miRNAs with a promotive effect include miR-192-5p, miR-146a, miR-93-5p, miR-146a, miR-99a, miR-511-3p, miR-93, miR-21-5p, miR-182, miR-25-3p, miR-130b-3p, miR-425-5p, miR-21-5p, miR-200a, miR-934, miR-1246, miR-138-5p, miR-103a, and miR-301a, while those with the ability to suppress M2 through inhibiting various factors are miR-141/200c, miR-195-5p, miR-770, miR-935.


Table 2 | M2 macrophage polarization by miRNAs in various diseases.







5 The role of miRNAs and macrophages in liver fibrosis

In recent years, the involvement of miRNAs in liver disease has received extensive attention. A large number of studies have shown that the expression level of miRNAs in the serum and liver tissue of patients with liver fibrosis is significantly changed. MiRNAs are implicated in the liver fibrosis process by affecting the proliferation, apoptosis and activation of HSCs, immune cells and hepatocytes (109). EVs such as exosomes represent an important mode of intercellular communication, serving as cargo carriers between cell membranes and cytoplasmic proteins, lipids and RNA. MiRNAs can be packaged into exosomes and secreted from macrophages to affect the process of liver fibrosis. The macrophage-derived exosomal miRNAs regulate the activation and apoptosis of HSCs involved in the pathology of liver fibrosis are summarized in Figure 1. It was reported that the microRNA Csi-let-7a-5p delivered by EVs from Clonorchis sinensis can promote the activation of M1-like macrophages and contribute to the biliary injuries and fibrosis by targeting the Socs1- and Clec7a- modulated NF-κB signaling pathway (110). Chen et al. used a mouse model of CCl4-induced liver fibrosis to demonstrate that the expression of exosomal miR-500 was upregulated in LPS-induced macrophages, and exosomal miR-500 overexpression could promote the proliferation and activation of HSCs and accelerate liver fibrosis by inhibiting mitochondrial fusion protein 2 (MFN2) (111). MiR-103-3p in exosomes secreted by LPS-treated THP-1 macrophages can promote the activation and proliferation of HSCs by targeting KLF4, and is involved in the crosstalk between macrophages and HSCs during the progression of liver fibrosis (112). In patients with NAFLD, myeloid-specific IL-6 signaling enhanced the release of miR-223-enriched exosomes from macrophages, which transferred antifibrotic miR-223 to hepatocytes to reduce the expression of pro-fibrotic transcriptional activator with PDZ-binding motifs (TAZ) in hepatocytes to inhibit liver fibrosis (113). During the development of NASH, miR-690 expression was significantly lower in mouse and human NASH livers compared to controls; the KC-specific KO of miR-690 increased NASH development, whereas miR-690 therapy restored specific KC functions by targeting NADK and led to reduced fibrosis and steatosis (45). Similarly, it was found that serum exosomes from NASH patients contained decreased levels of miRNA-411-5p. Further investigation revealed that exosomal miR-411-5p from M2 macrophages could inhibit the activation of HSCs. Additionally, miR-411-5p was found to directly downregulate the expression of Calmodulin-Regulated Spectrin-Associated Protein 1 (CAMSAP1) to inactivate HSCs (114). CCl4-induced liver fibrosis model, exosomes derived from relaxin-treated macrophages exhibited a potent antifibrogenic effect, which was primarily attributed to miR-30a-5p (115). MiR-30a-5p suppressed the activity of the ASK1, which is known to be involved in the activation of HSCs. This in turn led to the restoration of PPAR-γ activity in the activated HSCs (115). Furthermore, restorative Ly6Clo macrophages showed a higher expression of miR-30a-5p compared to Ly6Chi macrophages, and miR-30a-5p synergized with relaxin gene therapy to achieve an enhanced antifibrosis effect (115).




Figure 1 | Macrophage-derived exosomal miRNAs regulate the activation and apoptosis of HSCs involved in the pathology of liver fibrosis.



In addition to miRNAs in macrophage-derived exosomes that are involved in liver fibrosis, some miRNAs may mediate the pathology of liver fibrosis by regulating macrophage polarization (summarized in Figure 2). MiR-155 was reported to be involved in high fat-high cholesterol-high sugar (HF-HC-HS) diet-induced steatosis and liver fibrosis, as miR-155 knockout mice showed significantly less liver injury, decreased steatosis, and attenuation in fibrosis under HF-HC-HS diet or CCl4 treatment, and KCs isolated from miR-155 KO mice displayed the M2 phenotype when exposed to even M1 priming conditions (116, 117). In addition, serum exosomal miR-155 levels in patients with hepatic fibrosis and a hepatic fibrosis rat model were positively correlated with the severity of liver fibrosis, and miR-155 could be used as a biomarker for the diagnosis and progression of liver fibrosis (118). In a murine model of arsenic-induced liver fibrosis, the level of miR-21 and Arg-1 were increased; however, miR-21 deficiency in mice showed attenuated liver fibrosis and M2 polarization compared with WT mice exposed to arsenite (119). MiR-20a-5p was downregulated during liver fibrosis in human and CCl4-induced mouse model samples. Moreover, miR-20a-5p downregulation in liver fibrosis led to the activation of TGF-β signaling pathway by targeting TGFBR2, accompanied by the activation of hepatic macrophages and the production of ECM by HSCs. The reintroduction of miR-20a-5p may be a therapeutic regimen for clinical intervention in hepatic fibrosis (9). MSC-EXOs have been demonstrated to exhibit a protective effect against liver fibrosis. In the CCl4-induced liver fibrosis mouse model, miR-148a enriched MSC-EXOs have been shown to regulate intrahepatic macrophage through KLF6/STAT3 signaling (48). MiR-148a showed the ability to suppress pro-inflammatory macrophages and promote anti-inflammatory macrophages, ultimately helping to reduce the severity of liver fibrosis (48). MiR-130a-3p is an antifibrotic miRNA with decreased expression in the serum of patients with cirrhosis and the liver of mice with schistosomiasis. Overexpression of miR-130a-3p by the lentivirus vector (LV-miR-130a-3p) could alleviate liver granulomatous inflammation and liver fibrosis; moreover, LV-miR-130a-3p promoted the polarization of macrophages towards the restorative Ly6Clo phenotype, inhibited the activation and proliferation of HSCs and also induced the apoptosis of HSCs by inhibiting MAPK1 expression (49). MiR-130a-3p also cooperated with miR-142-5p to control macrophage polarization. The transduction of miR-130a-3p mimics and miR-142-5p anti-sense oligonucleotides (ASO) in IL-4-treated mouse macrophages synergistically inhibited M2 polarization and their profibrogenic activities in both humans and mice, and miR-142-5p and miR-130a-3p mediated M2 macrophages by targeting SOCS1 and PPARγ, respectively (120). During the spontaneous resolution of liver inflammation (SRLI), neutrophil-derived miR-223 downregulated Nlrp3 expression in hepatic proinflammatory macrophages and induced their alternative activation into a restorative phenotype, which released IL-10 thus mitigating fibrogenesis by reducing the activation of HSCs and collagen formation (121). Similarly, in fibrotic NASH induced by long-term administration of a high-fat, fructose and cholesterol (FFC) diet, treatment with synthetic miR-223 analog miR-223-3p significantly alleviated the fibrosis development and activation of HSCs by disrupting the activation of the NLRP3 inflammasome (122).




Figure 2 | miRNAs modulate the macrophage polarization and participate in the liver fibrosis through different signaling pathway.






6 Conclusions

Searching the PubMed database using miRNAs and liver fibrosis as keywords yielded more than 1600 publications, while this number was nearly 3600 when using ‘macrophages’ and ‘liver fibrosis’. Therefore, both miRNAs and macrophages are research hotpots in the field of liver fibrosis. The pathogenesis of liver fibrosis is considered to be a complex, multifactorial process. For instance, activated HSCs are a major contributor to liver fibrosis because they produce excessive amounts of ECM as a result of long-term liver injury. In addition to HSCs, macrophages are also considered a ‘double-edged sword’ in the development of fibrosis. Hepatic macrophages are composed of several heterogeneous subpopulations, which can be classified as ‘pro-inflammatory’ M1 or ‘immunoregulatory’ M2 macrophages according to their function and phenotype. Given that miRNAs epigenetically fine-tune the expression of hundreds of target mRNA, there is growing interest in the regulatory role of miRNAs in macrophage activation, polarization, tissue infiltration, and the mitigation of inflammation. MiRNAs play different roles in the pathogenesis of multiple diseases; They have the potential as promising biomarkers and therapeutic targets in the treatment of various illnesses. However, the same miRNA may play different or even opposite roles in different pathological processes. For example, miR-192-5p-enriched hepatocyte exosomes promoted M1 phenotype polarization in NAFLD (51); however, miR-192-5p suppressed M1 macrophage polarization in a MSU crystal-induced mouse GA model (52). The exosomal miR-30d-5p of TNF-α-stimulated neutrophils promoted M1 macrophage polarization in a mouse model of sepsis-related acute lung injury (58), whereas miR-30d-5p-enriched exosome from the adipose-derived stem cell suppressed M1 microglial polarization in acute ischemic stroke-induced brain injury (59). These disease-specific functions of miR-192-5p and miR-30d-5p on macrophage polarization may be attributed to the difference in the origin of miRNA-enriched exosome and the disease microenvironment. Although numerous studies have shown that both miRNAs and macrophages are involved in the pathogenesis of liver diseases, the regulatory role of miRNAs in macrophage polarization has also been the focus of research. However, the mechanism of how miRNAs mediate the activation and polarization of macrophages and thus affect the progression of liver fibrosis remains unclear. Some miRNAs (i.e., miR-155, miR-21, miR-20a-5p, miR-148a, miR-130a-3p, and miR-223) can regulate macrophage polarization in liver fibrosis, while relevant studies are mainly limited to animal experiments, so further research is needed to test whether these miRNAs can be applied in clinical liver fibrosis-associated diseases. Due to the dual complexity of macrophage polarization and the pathogenesis of liver fibrosis, it is not feasible to study the pathology of liver fibrosis only based on miRNA or macrophages. A more comprehensive understanding of the cell-specific functions of miRNAs in liver fibrosis through the modulation of macrophage polarization is necessary, which can help identify novel diagnostic targets and design feasible miRNA-based therapies for liver fibrosis.
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Macrophages are immune cells that originate from embryogenesis or from the differentiation of monocytes. They can adopt numerous phenotypes depending on their origin, tissue distribution and in response to different stimuli and tissue environment. Thus, in vivo, macrophages are endowed with a continuum of phenotypes that are rarely strictly pro-inflammatory or anti-inflammatory and exhibit a broad expression profile that sweeps over the whole polarization spectrum. Schematically, three main macrophage subpopulations coexist in human tissues: naïve macrophages also called M0, pro-inflammatory macrophages referred as M1 macrophages, and anti-inflammatory macrophages also known as M2 macrophages. Naïve macrophages display phagocytic functions, recognize pathogenic agents, and rapidly undergo polarization towards pro or anti-inflammatory macrophages to acquire their full panel of functions. Pro-inflammatory macrophages are widely involved in inflammatory response, during which they exert anti-microbial and anti-tumoral functions. By contrast, anti-inflammatory macrophages are implicated in the resolution of inflammation, the phagocytosis of cell debris and tissue reparation following injuries. Macrophages also play important deleterious or beneficial roles in the initiation and progression of different pathophysiological settings including solid and hematopoietic cancers. A better understanding of the molecular mechanisms involved in the generation, activation and polarization of macrophages is a prerequisite for the development of new therapeutic strategies to modulate macrophages functions in pathological situations.
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1 Introduction

Monocytes are circulating immune cells produced in the bone marrow (BM) during hematopoiesis. This process is responsible for the generation of all blood cells in the bloodstream and ensures their continuous renewal. Hematopoietic stem cells differentiate first into myeloid progenitors that ultimately generate erythrocytes, thrombocytes, granulocytes, and monocytes. Myeloid progenitors give rise to granulomonocytic progenitors and then monoblasts in response to IL-3, GM-CSF (Granulocyte Macrophage Colony Stimulating Factor) or G-CSF (Granulocyte Colony Stimulating Factor). The continuous presence of these cytokines leads to the differentiation of monoblasts into promonocytes and promotes their differentiation into mature monocytes, that leave the BM to enter the bloodstream. The half-life of monocytes in blood circulation is only three days, due to their rapid migration into tissues, their differentiation into macrophages or dendritic cells and their rate of cell death. Detailed analysis of the markers present on the surface of monocytes has revealed different populations of monocytes, mainly characterized by the level of expression of CD14 and CD16 (1, 2). Three distinct monocyte populations coexist in the bloodstream: classical CD14++ CD16- monocytes, representing 85% of circulating monocytes, intermediate CD14+ CD16+ monocytes, accounting for 5% of circulating monocytes, and non-classical CD14+ CD16++ monocytes, corresponding to the 10% remaining monocytes. Intermediate and non-classical monocytes are derived from classical monocytes and each population is unique in its migration ability, adhesion molecule, cytokine/chemokine, and receptor expression (3, 4). Thus, classical monocytes express CCR2 and CD64, conversely to intermediate and non-classical monocytes, which strongly express CD32 and MHC-II. All these specificities confer these monocyte populations different functions (5–8). Despite these discrepancies, the different monocyte populations share certain functions in common. Monocytes are primarily involved in phagocytosis of cellular debris and circulating pathogens in the blood (9). They all express scavenger receptors that allow them to detect many pathogen-associated molecular patterns (PAMPs) and damaged-associated molecular patterns (DAMPs), including CD14 that recognizes LPS. When a PAMP or DAMP binds to one of these receptors, monocytes become activated and produce various cytokines such as IL-1β, CXCL8 (IL-8) and TNFα as well as reactive oxygen species such as NO (nitric oxide) to eliminate the pathogen or defective self-cells. Monocytes are also capable of presenting antigenic peptides on their surface, although they are much less efficient than specialized antigen-presenting cells such as dendritic cells. Because intermediate and nonclassical monocytes express MHC-II, they can present antigenic peptides more efficiently than classical monocytes and can activate lymphocytes in the bloodstream. One notable difference is that CD16+ monocytes express more pro-inflammatory cytokines, such as TNFα, than conventional CD16- monocytes (10). An increase in the CD16+ monocyte population at the expense of CD16- monocytes has also been observed during inflammatory episodes and in pathologies such as atherosclerosis or asthma (11, 12). Conversely, in CMML (Chronic Myelomonocytic Leukemia), classical monocytes accumulate in the blood, show severe activation defects in response to infection or stress and are characterized by alterations in their differentiation into macrophages (13). In addition to their immune functions, monocytes also differentiate into other cell types (macrophages or dendritic cells) in response to different stimuli during their passage through tissues.

Depending on their tissue location, macrophages may endorse a wide heterogeneity of names and functions. Thus, macrophages are called microglia in the brain, osteoclasts and chondroblasts in the bone, Langerhans cells in the skin, Kupffer cells in the liver, alveolar and interstitial macrophages in the lungs (5, 14). However, two types of macrophages are found in the body depending on their origin: resident macrophages derived from embryogenesis such as microglia and macrophages produced from the differentiation of blood monocytes, called monocyte-derived macrophages. Importantly, as the body grows and ages, resident macrophages of embryonic origin are gradually replaced by monocyte-derived macrophages in several tissues, such as in the intestines, kidneys, or the heart (15–17). In addition, resident macrophages can also be replaced, temporarily or permanently, by monocyte-derived macrophages during an inflammatory episode such as a microbial infection (18). This ability of monocyte-derived macrophages to replace and mimic resident macrophages of embryonic origin depends not only on cytokines and growth factors present in the local environment but also on the spatial availability of niches present within the tissue itself. These niches control the number of macrophages present in the tissue and the tissue-specific activity of these macrophages. By regulating the number and functions of resident macrophages, whatever their origins, embryonic and monocyte-derived, these niches play a cardinal function in the regulation of tissue homeostasis of diverse organs (19, 20). Thus, resident macrophages are present in virtually every tissue in the body, where they perform an immune surveillance function and help maintain tissue homeostasis by phagocytosing apoptotic buds and cellular debris. They also perform non-inflammatory functions such as protection of neuronal synapses for microglia or bone destruction by osteoclasts during bone remodeling (21–23). Overall, the role of macrophages, whether of embryonic origin or derived from monocytes, is first to ensure homeostasis in tissues by eliminating dying cells and repairing tissue damage. They also serve to defend the body against pathogens by secreting pro-inflammatory cytokines and by presenting antigenic peptides on their surface.




2 The process of differentiation of monocytes into macrophages



2.1 From blood circulation to tissues

The differentiation of monocytes into macrophages required signals triggered by cytokines and chemokines secreted by both the injured tissue and the endothelial cells of the blood vessels located in the vicinity of the lesion. The main cytokines and chemokines that allow the recruitment of monocytes are MCP-1 (or CCL2) and MCP-3 (or CCL7), that both recognized the CCR2 receptor expressed on the surface of monocytes. When MCP-1 and/or MCP-3 bind to CCR2, interactions between monocytes and endothelial cells lead to monocyte diapedesis, a process during which monocytes differentiate into macrophages (24). When monocytes are about endothelial cells of blood vessels, they engage interactions through cell surface glycoproteins and selectins expressed on the surface of endothelial cells. Interactions of glycoproteins with E-selectin and P-selectin allow the slowing down of monocytes in the bloodstream. This interaction is strengthened during the process of diapedesis thanks to the expression by monocytes of the integrin receptors LFA-1, Mac-1, or VLA-4. Integrin receptors can strongly bind ICAM1 and VCAM1 integrins, present on the surface of endothelial cells. This interaction eventually leads to the immobilization of the monocyte on the endothelial cells, which consequently remodel their cytoskeleton resulting in the creation of a space between the endothelial cells consecutive to the opening of the cellular junctions. Monocytes thus transit through the blood vessel wall to the tissue via the newly created inter-cellular space (25). It is during diapedesis that monocytes differentiate into macrophages. Indeed, in response to stimuli generated by injured tissue, endothelial cells secrete several cytokines promoting the differentiation of monocytes into macrophages or dendritic cells. Among these cytokines, CSF-1 (M-CSF), CSF-2 (GM-CSF), and IL-34 are all able to induce the differentiation of monocytes into macrophages ex vivo, each of them generating macrophages with different functions (26–28). In vivo, monocyte differentiation cannot be restricted to the action of these cytokines because the microenvironment around monocytes includes many other cytokines generating monocyte differentiation into different types of macrophages.




2.2 Signaling pathways activated downstream of the CSF-1 receptor

CSF-1 produced by endothelial cells can bind to the CSF1R. CSF1R is a transmembrane receptor with tyrosine kinase activity, expressed weakly in hematopoietic stem cells but much more strongly in monocytes and cells of monocytic origin (macrophages, dendritic cells) (29). It should be noted that the CSF1R can also bind IL-34, another cytokine able to induce the differentiation of monocytes into macrophages (28, 30). CSF-1 binding to its receptor, triggers dimerization and auto-phosphorylation of its intracellular tyrosine residues, resulting in several signaling cascades. Among the activated signaling pathways, some will ensure the survival of the monocyte/macrophage by inducing proliferation and/or inhibiting apoptosis, while others will allow monocytes to differentiate into macrophages (31) (Figure 1).




Figure 1 | Signaling pathways downstream of CSF1R. Binding of CSF-1 to its receptor CSF1R leads to dimerization and subsequent auto-phosphorylation of several tyrosine residues in the intracellular domain. These phosphorylation reactions are then responsible for the activation of multiple signaling pathways that promote cell differentiation and monocyte survival.





2.2.1 The MAPK/ERK pathway

Activation of the MAPK/ERK pathway occurs via the phosphorylation of tyrosine 697 of the CSF1R (32). This phosphorylation allows the recruitment of two adaptor molecules, Grb2 which recruits RAS and SOS which increases the activity of RAS and then RAF, leading to the activation of the MAPK/ERK pathway (33). This activation which is effective only a few seconds after the binding of CSF-1 to its receptor results in a first phase of transient activation followed by a second phase of continuous activation of ERK (34). However, this second phase is independent of Grb2-SOS and the signaling leading to the activation of the MAPK/ERK pathway under these settings is currently unknown (35). The MAPK/ERK pathway is required for the expression of several proteins including CD33 (Siglec-3), a membrane receptor expressed in cells of myeloid origin that also regulates the expression of Dusp5, a natural inhibitor of the MAPK/ERK pathway that acts as a negative feedback loop of the activation of this pathway (36). CSF-1 also induced expression of VEGF mRNA and protein expression through the MAPK/ERK signaling pathway. Furthermore, CSF-1 triggered nuclear translocation of the transcription factor Sp1 and inhibition of ERK1/2 led to sequestration of Sp1 in the cytoplasm (37). In addition, inhibition of either ERK1/2 or Sp1 leads to a decrease in transcription of the gene encoding VEGF, demonstrating the importance of the MAPK/ERK/Sp1 axis in CSF-1-mediated increase in VEGF expression. Nevertheless, the activation of the MAPK/ERK pathway and its consequences upon CSF-1 binding to its receptor are still largely unknown. Although necessary for monocyte/macrophage survival the roles and cellular targets of the MAPK/ERK pathway during monocyte to macrophage differentiation remains elusive.




2.2.2 The SRC kinase pathway

Activation of the SRC kinase pathway occurs via phosphorylation of tyrosine 559 of the CSF1R (38). This phosphorylation allows the recruitment and direct activation of SRC kinases, that next phosphorylate and activate the kinase PYK2 (39). Following phosphorylation by SRC kinases, Pyk2 is relocated to focal adhesion complexes to phosphorylate paxillin (40). SRC kinases also regulate integrins, particularly the α5 and β1 subunits. Inhibition of SRC kinases results in a significant loss of macrophage motility through their inability to form filipodia, which are required for movement. This loss of movement capacity is partly related to the inactivation of paxillin, which no longer form focal adhesion complexes (41). SRC kinases also activate phospholipase Cγ2 (PLCγ2) and the MAPK pathway in a delayed manner. Indeed, both PLCγ2 and MAPKs exhibit a first transient activation phase quickly after CSF1R activation and then a second persistent activation phase several hours later. Inhibition of SRC kinases at the onset of CSF1R activation leads to a loss of PLCγ2 and MAPK phosphorylation only during the persistent activation phase but does not affect the phosphorylation that occurs during the transient phase. SRC kinase inhibition next leads to an abrogation of the differentiation of monocytes into macrophages (42). Furthermore, Lyn and Hck, two members of the SRC kinase family, are involved in caspase activation during differentiation, their inhibition leading to a decrease in Nucleophosmin (NPM) substrate protein cleavage (please refer to the caspase activation cascade below). However, the mechanism of action of Lyn and Hck during caspase activation is not yet determined, although it is hypothesized that Hck regulates the activation of the PI3K/AKT waves (43).




2.2.3 The PI3K/AKT pathway

Activation of the PI3K/AKT pathway occurs via the phosphorylation of tyrosine 721 of the CSF1R (44). This phosphorylation allows the recruitment and direct activation of PI3K, which then associates with and activates PLCγ2 (45). At the same time, PI3K triggers AKT activation and downstream signaling pathways (46). Inhibition of the PI3K/AKT pathway leads to death of differentiating monocytes by apoptosis, suggesting that the PI3K/AKT pathway is responsible for cell survival during macrophage differentiation. This cell death pathway, which is also dependent on caspases-8, -3 and -9, is blocked during differentiation by the increased expression of anti-apoptotic proteins such as Bcl-xL and Mcl-1 (47). Increased expression of Bcl-xl and Mcl-1 depends on PI3K/AKT activity as its inhibition reduces Bcl-xL and Mcl-1 levels and increases expression of the pro-apoptotic protein Bax. Similarly, inhibition of NF-κB leads to a reduction in Bcl-xL expression and death by apoptosis of differentiating monocytes. The induction of NF-κB, and in turn of Bcl-xL during differentiation is dependent on the ability of PI3K/AKT to degrade IκB, the natural inhibitor of NF-κB. Indeed, when PI3K/AKT is inhibited, IκB is no longer degraded and thus can repress NF-κB, leading to cell apoptosis. Thus, the PI3K/AKT/NF-κB axis ensures cell differentiation by protecting monocytes from apoptosis partly through Bcl-xL (48). AKT activation occurs in successive waves and is concomitant with the phosphorylation/dephosphorylation process of the CSF1R tyrosine 721. These waves of activation, which increase in duration and strength with each wave, are necessary for the differentiation of monocytes into macrophages and promote the activation of non-apoptotic caspases, another major pathway of macrophage differentiation (43).




2.2.4 The caspase cascade pathway

The activation of non-apoptotic caspases during the differentiation of monocytes into macrophages was first demonstrated in primary human monocytes. Indeed, in response to CSF-1, caspases-3 and -9 are activated without inducing apoptosis. Using the human cell line U937 as a model, and phorbol esters as a differentiating agent, it was reported that caspase inhibition impaired monocyte differentiation and triggered caspase-independent cell death (49). Later, caspase-8 was shown to be important for differentiation using caspase-8 deficient mice. Indeed, ex vivo stimulation of myeloid progenitors from caspase 8 knock-out mice with CSF-1 resulted in a significant decrease in the number of differentiated macrophages compared to the one of wild-type mice (50). These results highlighted the important role played by caspases during the differentiation of monocytes into macrophages, but their mechanisms of activation and action has remained unknown for a long time. Only recently, data from our group underscored an original mode of caspase activation during the differentiation of monocytes into macrophages. Indeed, in response to CSF-1, caspase-8 is activated, generating a 34 kDa cleavage fragment, different from the fragments detected following induction of apoptosis suggesting different functions for caspase-8 during differentiation and apoptosis. During monocyte differentiation, activation of caspase-8 occurs within a multimolecular complex, we called Non-Apoptotic Differentiation Inducing Complex (NADIC) composed of the long isoform of FLIP (FLIP-L), FADD and RIP1. This complex is reminiscent of the DISC that assembles during apoptosis but unlike the later does not include a death receptor (Figure 2). In NADIC complex, caspase-8 cleaves FLIP and RIP1, generating cleavage fragments of 43 kDa (found in other contexts) and 42 kDa (only found during the differentiation of monocytes into macrophages) respectively, giving them new functions. The cleavage fragment of FLIP allows a more efficient recruitment of RIP1 into the complex while the cleavage fragment of RIP1 negatively regulates the activation of NF-κB, which is transient during the differentiation of monocytes into macrophages. Caspase-8 activation leads to the cleavage of caspase-3 in an original 26 kDa fragment that is absent during the completion of apoptosis. The importance of caspase-8 in the cleavage of caspase-3 has been demonstrated using siRNAs directed against this protease (43, 51). Next, to identify the substrates of caspases during the differentiation of monocytes into macrophages, U937 cells were stably transfected with an empty vector or with a vector containing the p35 protein a natural and irreversible inhibitor of caspases. Following phorbol ester stimulation of U937 cells to induce differentiation, 2D-gel electrophoresis and mass spectrometry analyses were performed. By comparing the proteomes of control and phorbol ester-treated cells, dozen proteins were identified as potential targets of caspases. Among these proteins, some were cytoplasmic, such as RIP1, while others were nuclear, such as (NPM). Most of these proteins are cleaved by caspase-3 but some of them are cleaved by caspase-8 (RIP1, FLIP) (52).




Figure 2 | Comparison of the Death Inducing Signaling Complex (DISC) and the complex formed during differentiation of monocytes (NADIC). During induction of extrinsic apoptosis, caspase-8 interacts with a death receptor (FAS, TRAIL) and FADD to form the DISC (Death-inducing signaling complex) at the cell membrane. The FLIP protein may also be present in the DISC to inhibit caspase-8 activity. Activation of caspase-8 leads to the cleavage of caspases-3 and -7 and then to the cleavage of numerous substrate proteins, ultimately inducing apoptosis of the cell. During the differentiation of monocytes into macrophages, CSF1R triggering leads to the activation of the AKT pathway, which is involved in the formation of an intracellular multimolecular complex including caspase-8, FLIP, FADD and RIP1 called non-apoptotic differentiation-inducing complex (NADIC). Within this complex, caspase-8 is activated and then cleaves caspases-3 and -7 to allow the cleavage of substrate proteins that are required for differentiation of monocytes into macrophages.



Although the function of the cleavage fragments of RIP1, FLIP and NPM during the differentiation of monocytes into macrophages has been investigated, the role of other caspase substrate proteins is still under investigation. The function of RIP1 and FLIP having been discussed previously, we will only mention here the role of the NPM protein. NPM is a protein expressed ubiquitously in the body and has several functions, including centrosome duplication and ribosome regulation. NPM is also a chaperone protein belonging to the NF-κB complex where it plays a co-activator or co-repressor role depending on the transcriptional targets. During differentiation, NPM is cleaved by caspases, generating a 30 kDa cleavage fragment and then by cathepsins to yield a 20 kDa cleavage fragment. Our recent data established that the cleavage site of NPM by caspases during differentiation of monocytes occurs in a specific sequence, different from the apoptotic consensus sites of apoptotic caspases (Chaintreuil et al., unpublished observation). NPM cleavage is not necessary for the differentiation of monocytes into macrophages but is required for the functionality of the generated macrophages. Indeed, overexpression of NPM cleavage fragments results in a reduction of the phagocytic capacity and motility of macrophages (53). P47PHOX is another substrate of caspases during differentiation of human macrophages. Our recent results established that P47PHOX cleavage by caspase-7 promotes the formation of the NAPDH complex NOX2 and the production of cytosolic superoxide anions (54).




2.2.5 The autophagy pathway

In monocytes stimulated with CSF-1, electron microscopy analysis has revealed a drastic increased in the number of phagosomes and auto-phagolysosomes and characteristic images of mitophagy in differentiating monocytes. Accordingly, we found that LC3-I was lipidated, and cleaved to LC3-II, a hallmark of autophagy induction, while cathepsin B activity and LAMP2 protein expression were drastically increased. In addition, ULK1, a kinase involved in the initiation phase of autophagy, was phosphorylated by CAMKK2, leading to an increase in its activity. Accordingly, pharmacological, or genetic inhibition of CAMKK2 and ULK1 resulted in a defect of monocyte differentiation into macrophages. Moreover, pharmacological inhibition of cathepsins or genetic inhibition of different ATG genes including Beclin-1 (ATG6) or ATG7 also impaired macrophage differentiation, demonstrating the essential role of autophagy in this process (55). Interestingly, in CMML, monocytes exhibit significant differentiation defects, due in part to the presence of α-defensins in the blood of patients. This observation led to the identification of the receptor responsible for autophagy induction in CSF-1-stimulated monocytes. Indeed, the purinergic receptor P2RY6 is inhibited by α-defensins, leading to a defect in the differentiation of monocytes into macrophages. We established that CSF-1 increased P2RY6 expression and activity at the cell surface, leading to activation of a PLCβ3 - CAMKK2β - AMPK - ULK1 signaling pathway responsible for the induction of autophagy. Accordingly, genetic inhibition of each of these proteins individually results in an impairment of autophagy induction and macrophage differentiation (55, 56)(Figure 3).




Figure 3 | Activation of autophagy during macrophage differentiation. Activation of CSF1R leads to an increase in level of the purinergic receptor P2RY6 at the surface of differentiating monocytes. P2RY6 triggers PLCβ activation, increase in calcium level and a cascade of kinase activation CAMKK2>ULK1 that culminate in the induction of autophagy.








3 The process of macrophage polarization

Ex vivo, macrophages stimulated with CSF-1 are considered naïve (also called M0 macrophages) and, although they possess phagocytic activity and pathogen detection ability, they must undergo a polarization process to acquire their full functions, whether pro- or anti-inflammatory. In vivo, the recruited monocytes are differentiated and polarized simultaneously according to the extracellular environment and the secretion of cytokines by the different cell types present at the site of monocyte recruitment. This cytokine environment controls the functions of macrophages, whatever their origin, so that they can respond spatially and temporally to the tissue conditions they are confronted with. Thus, in vivo, macrophages encompassed a broad diversity of cells with different roles (anti-inflammatory or pro-inflammatory) and functional states that are determined by microenvironmental signals (14, 57, 58). This balanced phenotype applies to both resident and monocyte-derived macrophages. However, ex vivo, it is difficult to mimic the complex extracellular environment that allows monocyte-derived macrophages to exhibit a large spectrum of profiles between pro- and anti-inflammatory and a plethora of different functions. Thus, to specifically study monocyte/macrophage differentiation or polarization, it is possible ex vivo to dissociate monocyte differentiation from macrophage polarization by sequentially adding the cytokine(s) that promote differentiation of monocytes into macrophages and the ones that trigger specialization/polarization of macrophages. Thus, the polarization of macrophages ex vivo allows the generation of macrophages with a pro-inflammatory profile (M1 macrophages) or, conversely, with an anti-inflammatory profile (M2 macrophages) depending on the cytokines used (Figure 4). Although the dichotomy between pro- and anti-inflammatory macrophages is increasingly being challenged in vivo, ex vivo experiments that use simplified models of pro- or anti-inflammatory macrophage polarization, remain pertinent at least to decipher the molecular mechanisms involved in macrophage polarization. The following sub-sections, therefore, encompass the knowledge acquired on macrophage polarization ex vivo and in vivo.




Figure 4 | Macrophage polarization. Monocyte-derived-macrophages can be polarized ex vivo and in vivo into pro- or anti-inflammatory macrophages in response to different stimuli. Pro-inflammatory macrophages are involved in the anti-microbial and anti-tumor response and are implicated in the evolution of several pathologies such as atherosclerosis or type 2 diabetes. Anti-inflammatory macrophages exhibit an immunosuppressive activity, are involved in tissue repair, and promote angiogenesis. They are also involved in the evolution of various pathologies including fibrosis and tumor progression.





3.1 Pro-inflammatory polarization

Several stimuli allow naïve macrophages to display a pro-inflammatory climate, among which the co-stimulation with LPS and IFNγ or TNFα. In vivo, IFNγ and TNFα are mostly secreted by Th1 T cells that condition a pro-inflammatory environment. Pro-inflammatory macrophages also express and secrete numerous pro-inflammatory cytokines including TNFα, IL-1β, IL-6, IL-12, GM-CSF, which amplify inflammation. Secretion of CCL20, CXCL10 and CXCL11 by pro-inflammatory macrophages increases the recruitment of certain immune cells including Th1 T cells, neutrophils, and NK cells (59). Pro-inflammatory macrophages also express on their surface specific markers such as MHC-II or CD80 and CD86, which are co-stimulatory proteins that participate in T cell activation. Pro-inflammatory macrophages have mainly bactericidal, virucidal and anti-tumor activity. In addition to their ability to secrete various cytokines and chemokines, they also generate ROS via activation of the NADPH oxidase complex and phagocytose pathogenic organisms via the complement cascade. Phagocytosis removes bacteria and viruses from the extracellular environment, while ROS generation leads to tissue degradation. This is an extremely efficient process that allows the elimination of infectious elements (bacteria, viruses) or cancerous cells present at the expense of tissue integrity. To prevent too much tissue damage, the pro-inflammatory response is inhibited by specific immune cells, including Th2 T cells and anti-inflammatory macrophages (60).




3.2 Anti-inflammatory polarization

Anti-inflammatory macrophages are subdivided into four main subtypes: M2a, M2b, M2c, and M2d. Each expresses specific markers, produces distinct cytokines, and exerts different functions. Their polarization status is heavily dependent on different cytokines secreted by Th2 T cells (Figure 5).




Figure 5 | Anti-inflammatory macrophage polarization. Anti-inflammatory macrophages are divided into four subpopulations, each of which is generated by different stimuli.





3.2.1 M2a macrophages

M2a macrophages are generated following the stimulation of naive macrophages with IL-4 and/or IL-13. These macrophages express on their surface receptors such as CD163, CD206 or CD209 which bind cellular debris, giving them a strong phagocytic potential. They express and secrete anti-inflammatory cytokines and chemokines such as IL-10, TGF-β, CCL17, CCL24 and CSF-1 which limit inflammation by inhibiting pro-inflammatory immune cells and recruiting more anti-inflammatory cells such as Th2 and Treg (regulatory T lymphocytes) (61). During the generation of M2a anti-inflammatory macrophages, IL-33 potentiates IL-13-induced polarization by increasing the expression of arginase-1, CCL17 and CCL24 (62). M2a macrophages have mainly immunosuppressive activity and are involved in tissue repair. Their phagocytic potential allows them to remove cellular debris following inflammation, thus favoring injured tissue repair. Arginase-1 plays an important role in this process as it catalyzes the modification of L-arginine to L-ornithine, which then yields polyamines and proline, two compounds necessary for tissue healing and repair (63). They also secrete proteases (mainly MMPs) that degrade necrotic tissue before replacement with healthy tissue (64).




3.2.2 M2b macrophages

M2b macrophages are derived from naive macrophages co-stimulated with an immune complex (a complex formed by an immunogenic epitope and an antibody) and an agonist of TLRs (LPS) or IL-1 receptor (IL-1β) (65). M2b macrophages exhibits a balanced profile between pro- and anti-inflammatory and express various pro-inflammatory (TNFα, IL-6, IL-1β…) and anti-inflammatory (IL-10, CCL1, CCL17….) cytokines. They express CD86 and participate in T cell activation (66). Despite a strong phagocytic activity, M2b macrophages are not involved in bacterial clearance, this role going to M1 macrophages. By contrast, they can inhibit the polarization of naive macrophages into pro-inflammatory macrophages, thus promoting the survival of bacteria, viruses, or cancer cells (67). CCL1 expression by M2b macrophages is essential because it not only maintains M2b macrophage functions but also preferentially recruits Th2 and Treg T cells over Th1 T cells to mediate an anti-inflammatory response (68, 69).




3.2.3 M2c macrophages

When naive macrophages are stimulated with IL-10, they polarize into M2c macrophages and express extracellular receptors such as CD206, CD163 or MerTK (Mer Tyrosine Kinase) on their surface. They secrete anti-inflammatory cytokines and chemokines (IL-10, CCL18, CXCL13, TGFβ, etc.) that help limit the development of inflammation (70). M2c macrophages are primarily involved in tissue homeostasis. They have a strong anti-inflammatory activity mediated by cytokines and chemokines as well as the ability to phagocytose apoptotic cells via the MerTK receptor. This receptor can bind two ligands: Gas6 and Protein S. Gas6 and Protein S bind to negatively charged phospholipids such as phosphatidylserine which is exposed at the level of the outer leaflet of the plasma membrane of the cell during apoptosis. Thus, when the cell enters apoptosis, Gas6 and protein S are exposed outside of the cell and bind to MerTK, leading to phagocytosis of the apoptotic cell by the M2c macrophage (71, 72). This phagocytic ability is important to maintain cellular homeostasis by rapidly removing apoptotic buds (73).




3.2.4 M2d macrophages

M2d macrophages have been identified recently and correspond to the population of immunosuppressive macrophages found in cancers. They are more generally known as TAM (Tumor-Associated Macrophages) or LAM (Leukemia-Associated Macrophages) (74–76). However, this designation is not perfectly accurate as TAMs and LAMs does not define a homogeneous macrophage population, some of them exhibiting pro-inflammatory functions, although the majority corresponds to anti-inflammatory macrophages (77, 78). M2d macrophages are induced by stimulation of naive macrophages with IL-6 or by co-stimulation with an agonist of TLRs and of adenosine receptors (79, 80). M2d macrophages secrete significant amounts of anti-inflammatory cytokines and chemokines (IL-10, CCL18, CCL22…) that participate in shaping an anti-inflammatory environment. M2d macrophages bear the strongest immunosuppressive ability and promote angiogenesis and tumor progression. Indeed, activation of the adenosine receptor impairs the expression of pro-inflammatory and strongly increases the expression of anti-inflammatory cytokines such as CCL18 and CCL22 that induce the recruitment of naive T cells and Treg and the activation of T cells into Treg (81). M2d macrophages also express the ILT3 receptor on their surface, that can dimerize with a stimulatory receptor such as MHC-II or CD16 and thus acts as a natural inhibitor of these receptors (82). Ultimately, ILT3 expression strongly reduces the ability of macrophage to adopt a pro-inflammatory profile despite the presence of pro-inflammatory signals. In addition, M2d macrophages express VEGF, conferring pro-angiogenic properties that promote cancer cell growth (83).





3.3 The plasticity of macrophages

Once polarized, macrophages can still undergo profound adaptation of their phenotype. Thus, polarized macrophages can be reprogrammed ex vivo in response to different stimuli. For instance, repolarization of anti-inflammatory macrophages by LPS+INFγ increases the expression of pro-inflammatory markers and cytokines, while decreasing the expression of their anti-inflammatory counterparts. Conversely, repolarization of pro-inflammatory macrophages using IL-4 increases the expression of anti-inflammatory markers and cytokines (84, 85). In vivo, most studies have focused on the repolarization of TAMs into pro-inflammatory macrophages. For example, in a mouse model of breast cancer, metformin triggers repolarization of TAMs into pro-inflammatory macrophages (86). Therefore, the plasticity of polarized macrophages has paved the way for therapeutic intervention aiming at modifying their phenotype and function in different pathological settings. While a given subtype of anti-inflammatory macrophages can be repolarized into another type of macrophage, M2b macrophages cannot be repolarized into M1 macrophages under any conditions. The molecular mechanism blocking this repolarization is, at present, unknown (66).




3.4 Role of macrophages in cancer

In many, if not all, solid cancers and in hematological malignancies, pro-tumor macrophages (TAMs and LAMs respectively) play a deleterious role for the organism and contribute strongly to tumor growth via different processes (Figure 6). In contrast, macrophages with a rather pro-inflammatory profile represent major players in the elimination of cancer cells. CD169+ macrophages (Siglec-1) can phagocytose dead cancer cells during the initial phases of tumor progression. They also present tumor antigens on their surface that activate CD8+ T cells involved in the mediation of an anti-tumor response by targeting and killing cancer cells. When the CD169+ macrophage population is depleted, CD8+ T cell activation is greatly reduced, as is the overall anti-tumor response. Thus, these CD169+ specific macrophages act as antigen-presenting cells and are of paramount importance to the CD8+ T cell anti-tumor response (87). More generally, pro-inflammatory macrophages, by producing nitric oxide or TRAIL, a ligand for DR4 and DR5 may induce tumor cell death. This anti-tumor effect mainly occurs during the early stages of tumor development, as pro-inflammatory macrophages are rapidly reprogrammed by cancer cells to promote their growth and expansion (88). For a long time, it was accepted that pro-tumor macrophages were exclusively derived from monocytes following their recruitment by cancer cells. However, over the last decade, a growing number of evidence have pointed to the role played by resident macrophages in tumor growth. Thus, in cancers, TAMs and LAMs constitute a highly heterogeneous population, with different functions and origins (89). Using mouse models, it has been established that the proportion of resident macrophages in TAMs and LAMs can be different depending on the cancer location. In a mouse model of glioma, microglia which are the resident macrophages in the brain was the main source of TAMs (90). In humans, the proportion of microglia composing TAMs population differs according to the type of glioma and seems less deleterious than monocyte-derived TAMs which display a greater immunosuppressive signature and are associated with higher mortality (91). The same picture could be drawn in pancreatic cancer, where most TAMs derived from resident macrophages of embryonic origin. These TAMs can proliferate, thus ensuring a constant increase in their number as well as their renewal. Their profile is also different from that of monocyte-derived TAMs, with a strong capacity to remodel the extracellular matrix, suggesting a role for these embryonic-derived TAMs in the metastatic capabilities of cancer cells. Furthermore, in a CCR2-deficient mouse model, inhibition of monocyte-derived macrophage recruitment is not sufficient to inhibit tumor progression while deletion of resident macrophages significantly reduces tumor progression, demonstrating the impact of resident macrophages in pancreatic cancer progression (92). In a mouse model of lung cancer, it was reported that monocyte-derived TAMs as well as interstitial macrophages of embryonic origin were present in the tumor while alveolar macrophages (the resident macrophages of the lung), were absent, suggesting either their progressive elimination during tumor development or a drastic change in their phenotype. It has been suggested that the various macrophage subpopulations found in the tumor displayed different functions, with monocyte-derived TAMs impacting cancer cell dissemination while TAMs of embryonic origin being involved in tumor growth (93). In a mouse model of breast cancer, characterization of TAM populations as well as their spatial localization demonstrated that TAM niches present within the tumor are modified throughout tumor development, exhibiting different macrophage populations depending on the stage of tumor evolution. For example, ductal macrophages, present in the ductal epithelium, accumulate in the tumor at the expense of stromal macrophages, which are confined to the healthy tissues surrounding the tumor. This contributes to the establishment of different macrophage niches within the breast tumor and surrounding tissue that support the generation of specific subpopulations of macrophages, with different functions and polarization status. In a model where the macrophage niches show little diversity, the profile of macrophages tends to be the same, indicating the importance of niches in the establishment of the heterogeneity of macrophages. Finally, it has been shown that in humans, TAMs also exhibit some heterogeneity suggesting the establishment of different macrophage niches during human breast cancer development (94).




Figure 6 | Role of macrophages in cancer progression. TAMs have a very diverse activity profile to promote cancer cells. They promote the growth and metastatic potential of cancer cells by secreting numerous molecules (cytokines, chemokines, growth factors, etc.) that act directly or indirectly on them. Thus, TAMs disrupt the anti-tumor response and promote angiogenesis, tumor growth and metastatic potential.



Anti-inflammatory macrophages are likely the most represented immune cells in the extracellular environment of solid tumors. They are recruited by cancer cells and the environment of the tumor shapes their functions. Indeed, co-culture of macrophages with ovarian tumor cells leads to their polarization into TAMs and is accompanied by overexpression of anti-inflammatory cytokines and chemokines and angiogenesis-promoting growth factors like VEGF (95). In the TME, exosomes are produced by a wide variety of cell types including tumor cells, whose components cause the differentiation and polarization of monocytes into TAMs (96). These exosomes also block the differentiation of monocytes into dendritic cells to ensure a significant presence of anti-inflammatory macrophages and to limit immune response. These TAMs are strongly immunosuppressive and secrete high amounts of IL-10 and TGFβ and fail to express MHC-II, thus preventing the activation of T lymphocytes. In addition, they dampen T cell proliferation in a TGF-β-dependent manner (97). CSF-1 is a poor prognostic marker in multiple cancers, including pancreatic cancer and breast cancer. Indeed, CSF-1 primes the differentiation of monocytes into macrophages with an anti-inflammatory profile and favors the anti-inflammatory polarization of macrophages (98–100). MCP-1 which is involved in monocyte recruitment to the tumor is secreted by cancer cells and leads to the massive recruitment of monocytes that, once in the tumor microenvironment can differentiate and polarize into TAMs. Once polarized, TAMs are also able to secrete MCP-1 to amplify the recruitment of new monocytes, thus forming a permanent recruitment loop (101, 102). Finally, VEGF or Placental Growth Factor (PlGF) are also able to induce the recruitment and survival of monocytes in the tumor micro-environment (103, 104).




3.5 Functions of TAMs

TAMs exert numerous pro-tumoral effects among which immunosuppression, tumor growth, angiogenesis, and improvement of the metastatic potential of cancerous cells.



3.5.1 Immunosuppressive functions

TAMs secrete huge amounts of IL-10 and TGFβ that promote the activation of T cells into Th2 or Treg at the expense of pro-inflammatory Th1 T cells (105). Within the tumor, Tregs inhibit other types of T cells and in particular cytotoxic T cells whose main function is to eliminate cancer cells. TAMs also secrete various chemokines allowing the recruitment of immune cells with immunosuppressive functions. Thus, CCL17 and CCL22 induce the recruitment of Th2 and Treg lymphocytes while CCL18 promotes the recruitment of naive T lymphocytes. Naïve T lymphocytes, while being able to be activated as Th2 or Treg, promote cell anergy when they are in a particularly anti-inflammatory and immunosuppressive environment as is the case within a tumor (106). In ovarian cancers, Tregs are recruited by TAMs via CCL22 and presence of Tregs is a marker of poor prognosis (107). The secretion of IL-10 by TAMs inhibits the expression of pro-inflammatory cytokines such as IL-12 or TNFα by macrophages and dendritic cells and reduces IFNγ expression by NK cells, thus contributing to make the tumor microenvironment anti-inflammatory and to limit the pro-tumor response of the immune cells. IL-10 also reduces the expression of CD80 and CD86 co-stimulatory receptors on the surface of macrophages and dendritic cells, decreasing their ability to activate cytotoxic T cells (108). Finally, TAMs express co-inhibitory molecules such as PD-L1 (b7-h1) or b7-h4 on their surface, which function to block T cell activation. PD-L1 is known to bind to the PD-1 receptor of active T cells, resulting in the abolition of their activity by suppressing the pro-inflammatory action of T cells. The co-inhibitory molecule b7-h4 has a similar mechanism of action to PD-L1 but, unlike PD-L1, the receptor for b7-h4 has not yet been identified. However, it has been determined that b7-h4 can block cytotoxic T-cell activity, like PD-L1. The expression of b7-h4 by TAMs is increased by IL-10 secreted by Treg lymphocytes (109–112).




3.5.2 Function as promoter of tumor growth

TAMs express and secrete numerous factors that promote tumor growth, such as EGF (Epithelial Growth Factor), PDGF (Platelet-Derived Growth Factor), FGF (Fibroblast Growth Factor) or HGF (Hepatocyte Growth Factor) (113). In ovarian cancers, expression by TAMs of the EGF-R triggers cancer cell proliferation and promotes their migration (114). In phyllodes tumors, a rare form of breast cancer, a positive feedback loop is established between TAMs and myofibroblasts and promotes tumor progression. Myofibroblasts secrete the chemokine CCL5 which binds to the CCR5 receptor expressed on the surface of macrophages, stimulates the AKT pathway and induces the polarization of macrophages into TAMs. TAMs then secrete the chemokine CCL18, which promotes phyllodes tumor proliferation by inducing the differentiation of fibroblasts into myofibroblasts, which in turn secrete CCL5 (115).




3.5.3 Functions in neo-angiogenesis

One of the main characteristics of solid tumors is the generation of new blood vessels to sustain their development according to increased supply of nutrients. TAMs promote angiogenesis by expressing numerous pro-angiogenic factors such as VEGF, BFGF (Basic Fibroblast Growth Factor), TNFα or metalloproteinases such as MMP2 and MMP9. The expression of these different molecules leads to the proliferation of endothelial cells, the remodeling of the extracellular matrix and the neo-vascularization of tissues in cancers (116, 117). Moreover, VEGF production is greatly increased when TAMs are stimulated with CSF-1 or CCL2, inducing increased angiogenesis when these two cytokines/chemokines are present in large amounts within the tumor (118). CCL18 secretion by TAMs, in association with VEGF, also promotes angiogenesis. Nevertheless, the mode of action of the chemokine CCL18 on VEGF production, and more generally on the induction of angiogenesis, has not yet been determined (119).




3.5.4 Functions in promoting metastatic potential

The dissemination of cancer cells in the body (metastasis) is a marker of very poor prognosis in all types of cancers. An epithelial-mesenchymal transition (EMT) stage is necessary for cancer cells to spread in the body. During this step, cancer cells lose their cell-cell adhesion, acquire migratory properties, invade the extracellular matrix before transiting through blood vessels to form metastases (120, 121). TAMs are important players in the dissemination of cancer cells as they contribute to the degradation of the extracellular matrix by secreting proteases into the extracellular environment, including cathepsins or metalloproteinases (122). For example, the production of MMP9 by TAMs contributes to the metastatic potential of melanoma by restructuring the extracellular matrix (123). In lung cancers, TAMs secrete IL-6 and TNFα in response to TLR2 activation by versicane, a proteoglycan produced by cancer cells. Both cytokines are required for cancer cell dissemination by inducing low-grade inflammation that promotes extracellular matrix destruction (124). Excessive production of CCL18 by TAMs is correlated with increased aggressiveness of cancer cells. Indeed, CCL18 can bind to the PITPNM3 receptor of cancer cells to induce integrin clustering that enhances the invasion of the extracellular matrix by cancer cells leading to their migration and metastasis (125). Finally, TAMs can directly promote EMT by secreting EGF. EGF binds to the EGFR, resulting in activation of the ERK1/2 pathway and expression of various markers of EMT including vimentin and Slug (126).





3.6 LAMs in leukemia

The presence of macrophages within hematopoietic stem cell niches in the BM has only been recently documented (127–129). In this line, the presence of leukemia-associated macrophages (LAMs) within the BM was demonstrated in a mouse model of T-ALL (T Acute Lymphoblastic Leukemia). In this model, LAMs display unique characteristics that differ significantly from TAMs, including both a pro- and anti-inflammatory gene expression profile. LAMs produce lower amounts of CSF-1, TGFβ, and VEGF than TAMs but exhibit higher amounts of IL-1β, IL-6, and CXCL11 (76). Despite these differences, LAMs share the same functions and mechanism of action as TAMs, i.e., pro-tumor effects such as immunosuppression or cancer cell proliferation. Nevertheless, the role of LAMs in the metastatic potential of hematologic cancer cells is still poorly established (80). In Acute Myeloid Leukemia (AML), cancer cells induce the differentiation and polarization of monocytes into LAMs via Gfi1, a transcription factor involved in macrophage development (130). Moreover, it was established that LAMs are associated with an unfavorable prognosis in AML patients (131). In T-ALL and chronic lymphocytic leukemia (CLL), the generation of LAMs is dependent on M-CSF. Indeed, inhibition of CSF1R leads to a defect in anti-inflammatory macrophage infiltration in BM as well as reduced leukemia progression (132–135). In CLL, LAMs, also known as CLL-nurse like cells (NLCs), promote the survival and proliferation of cancer cells via the expression of the chemokines CXCL12 and CXCL13 and impairs treatment-mediated apoptosis (136).





4 Targeting macrophages in cancer



4.1 In solid tumors

The identification of the deleterious role of TAMs in cancer has paved the way for the development of therapeutic strategies to modulate their functions. These strategies aim at limiting their recruitment or/and depleting, modulating, or reprogramming them within the tumor (Figure 7). In this section, we will essentially present the different results obtained in recent years in pre-clinical models and in clinical studies.




Figure 7 | Therapeutic strategies targeting macrophages in cancer. Several therapeutic strategies targeting TAMs/LAMs are being developed to treat cancers. i) Blockade of monocyte recruitment by inhibiting the CCL2/CCR2 and CSF-1/CSFR1 axes, ii) Depletion of TAMs/LAMs using apoptosis inducers and CAR-T cells, iii) Activation of macrophages through the inhibition of the SIRPα/CD47 axis to induce phagocytosis of cancer cells and iv) reprogramming of TAMs/LAMs by activation of the CD40/CD40L axis and TLRs.





4.1.1 Recruitment, generation, and depletion of TAMs

The CCL2-CCR2 axis is the main pathway for the recruitment of TAMs within the tumor. Targeting this pathway allows to reduce the number of TAMs recruited and to promote a pro-inflammatory response and a reduction of tumor growth. CCL2 deletion in many types of cancers (lung, endometrial, breast, etc.) leads to a drastic decrease in the number of TAMs infiltrating the tumors because of defects in monocyte recruitment (137–139). The use of CCL2 neutralizing antibodies in a mouse model of xenografted human renal cancer strongly reduces the presence of TAMs, xenograft growth and blood vessel density (140). In parallel to the pre-clinical trials, clinical studies were conducted targeting either CCL2 or CCR2 and CCR5 receptors. For example, a phase II study in prostate cancer patients was managed to investigate the efficacy of Carlumab, an antibody directed against CCL2. Although Carlumab was well tolerated by patients, it only resulted in transient suppression of chemokine effects, did not block the CCL2/CCR2 pathway, and exhibit no anti-tumor effect (141). Two phase 1b/2 studies in patients with pancreatic cancer were launched to test the tolerability and efficacy of a CCR2 antagonist, PF-04136309. The first one showed that PF-04136309, in combination with Folforinox chemotherapy, was well tolerated by patients and induced a decrease in the number of TAMs in tumors (142). The second study established first that PF-04136309 in combination with nab-paclitaxel and gemcitabine exhibits some lung toxicity in patients. In addition, the decrease in the number of TAMs in tumors was observed in only 2 of the 21 patients enrolled in the study (143), two observations that preclude further utilization of this combo in the clinic. By contrast, the PF-04136309/Folforinox combination which shows acceptable results in phase 1b/2 would warrant further investigation. Finally, a recent phase I study in patients with colorectal cancer showed no benefit of the anti-PD-1 drug Pembrolizumab and the CCR5 antagonist Maraviroc combination (144). Nevertheless, additional phase I and II studies involving blockade of the CCL2/CCR2 pathway are underway in various types of cancers (145).

CSF-1 is another cytokine that allows the recruitment of TAMs to the tumor and several therapeutic strategies aiming at blocking the activation of the CSF-1/CSF1R pathway are currently investigated. For instance, CSF1R inhibition was shown to exhibit anti-tumor activity in AML by blocking paracrine signals from support cells (146) and disruption of CSF-1 receptor signaling by BLZ945 inhibits growth of AML cells with inversion of the chromosome 16 (147). Emactuzumab is a human monoclonal antibody to CSF1R that blocks its dimerization and activation that was found to trigger the specific depletion of anti-inflammatory CSF1R+ macrophages in vitro and in vivo in the primate Macaca Fascicularis. However, macrophages generated following stimulation with CSF-2, which exhibit a global pro-inflammatory profile, are not affected by Emactuzumab. In mice, a murine antibody against CSF1R, named 2G2, was generated to mimic the action of Emactuzumab. In colorectal cancer and fibrosarcoma models, 2G2 induced a drastic reduction in the number of TAMs in the tumors associated to a greater infiltration of neutrophils and cytotoxic T lymphocytes, impeding tumor development. Finally, a phase I study was conducted in patients with pigmented villonodular synovitis (SVN or diffuse-type giant cell tumor (Dt-GCT)), a rare type of tumor. The administration of Emactuzumab improves the clinical status of patients inducing partial responses. This study was completed by administering Emactuzumab to patients with various other types of solid tumors (lung cancer, liver cancer, …) with similar results. Thus, targeting the CSF-1/CSF1R pathway appears to represent an attractive therapeutic strategy in the treatment of cancers (148, 149). A phase I study in glioblastoma patients evaluated the toxicity and efficacy of BLZ945, in combination with PDR001, an anti-PD1 antibody. A good tolerance of the combination was established combined with encouraging anti-tumor activity, which led to the initiation of a phase II study that is currently underway (150). In a mouse model of lung cancer, BLZ945 fails to induce depletion of CSF1R+ TAMs but causes remodeling of the tumor microenvironment in which immune cells present within the tumor, such as NK or T cells, secrete large amounts of IFN-γ. In addition, dendritic cells were found to express high level of IL-12, together promoting an effective anti-tumor response (151). PLX3397 is a CSF1R inhibitor that induces TAMs depletion in a mouse model of osteosarcoma. This depletion results in a slowdown of tumor growth and a decrease in the number of metastases, while reducing the number of Treg and improving tumor infiltration by cytotoxic T lymphocytes (152). A phase I study in patients with sarcoma established that PLX3397 in combination with Sirolimus an mTOR pathway inhibitor, was well-tolerated. In these patients, the number of TAMs was decreased in the tumors, supporting an advancement of this combination into phase II (153). In a phase II study, the combination of AMG820, an antibody to CSF1R and Pembrolizumab showed no significant effect since no treated patients exceeded the predefined efficacy threshold and only one-third of patients experienced stable disease progression or partial response (154). Other phase I and II studies involving blockade of the CSF-1/CSF1R pathway are underway in different types of cancers (145). Trabectedin, a pro-apoptotic molecule, is currently used in many clinical trials because it specifically induces apoptotic death in macrophages, including TAMs. This apoptotic effect is due to the activation of the TRAIL signaling pathway which leads to the activation of caspase-8 and ultimately to macrophage apoptosis. This apoptosis is necessary for the anti-tumor activity of trabectedin (155). Recently, a CAR-T cell (Chimeric Antigen Receptor T cell) possessing a CAR recognizing the folate receptor in mouse models of ovarian, colon or melanoma cancers showed promising results. Indeed, the folate receptor is mainly expressed by anti-inflammatory TAMs and its targeting via CAR-T cells allows to specifically suppress this macrophage population and increase the infiltration of immune cells such as cytotoxic T lymphocytes and pro-inflammatory monocytes. In addition, tumor progression was significantly slowed down, and survival of mice was improved. In conclusion, this new type of treatment could be very effective in specifically targeting TAMs while preserving other macrophage populations (156).




4.1.2 Activation/inactivation and reprogramming of TAMs

The CD40/CD40L axis is a pathway involved in the activation of pro-inflammatory macrophages. When CD40L, expressed on the surface of activated T cells, binds to the CD40 receptor, it triggers the production of various factors such as TNFα or ROS. Thus, the CD40/CD40L pathway participates in the anti-microbial and anti-tumor activity of macrophages. In addition, it also stimulates T-cell induced immunity, thus initiating a positive feedback loop. Different strategies have been developed to trigger the activation of this pathway and to force macrophages to exert anti-tumor activity. A first phase I study with a CD40 agonist monoclonal antibody (CP-870,893) in patients with pancreatic cancer in combination with gemcitabine gave appreciable results. Indeed, the combination was well tolerated by the patients and showed promising anti-tumor effects, justifying its progression to phase II (157). In a mouse model of pancreatic cancer, the use of a CD40 agonist, FGK.45, induces T-cell infiltration into the tumor. In combination with an anti-PD1, the tumor even shows regression, dependent on the infiltration of CD8+ and CD4+ T cells. CD40 activation leads to an increase in CCL5 expression by TAMs allowing the recruitment of CD4+ T cells into the tumor, which are essential for tumor regression. In addition, macrophages transiently express CD86 and MHC-II after treatment with a CD40 agonist, promoting pro-inflammatory T cell activation (158). The combination of 2G2 and FGK.45 not only efficiently depletes TAMs, but also induces their pro-inflammatory activation prior to their death. These results, obtained in a mouse model of colon cancer, highlighted the transient hyperactivation of TAMs that leads to the recruitment and activation of cytotoxic T cells and ultimately to tumor regression (159). In addition, a phase I clinical trial was conducted combining Emactuzumab with the CD40 agonist antibody Selicrelumab. This treatment administered to patients with various types of solid tumors showed an acceptable safety profile and an increase in the number of cytotoxic T lymphocytes in the tumors. However, no strong clinical response was achieved, 40% of patients showing stabilization of the pathology but no patient exhibiting improvement (160). In patients with metastatic pancreatic cancer, the combination of APX005M, a CD40 agonist antibody, with the reference treatment gemcitabine + nab-paclitaxel, with or without immunotherapy (using nivolumab, an anti-PD1), was well tolerated by patients. This treatment induced a clinical response in more than half of the patients (14 of 24). A phase II study is underway and if the results observed in phase I are confirmed in phase II and III assays, this combination could replace the current chemotherapy used for patients with metastatic pancreatic cancer (161). In addition, numerous phase I studies are underway in a variety of solid tumor types to determine the effects of CD40 agonists on tumor growth progression (145).

Another way to activate macrophages is to target TLRs, which, upon activation, promote the pro-inflammatory activity of macrophages and suppress their immunosuppressive activities. The gold standard treatment for bladder cancer patients is BCG (bacillus Calmette-Guérin) which stimulates TLR2 and TLR4 to induce a pro-inflammatory response in macrophages. Nevertheless, relapses are frequent, and some patients do not respond to BCG treatment. Therefore, there is a need to improve this treatment to trigger a better response in patients (162). Recently, a phase I study tested the efficacy of a percutaneous BCG primo-injection 21 days prior to intravesicular injection, with the goal of “priming” TAMs. The primary injection was well tolerated but some patients failed to respond to treatment, suggesting a mechanism of resistance to BCG (163). In a mouse model of breast cancer, the combination of IFN-γ and MPLA (Monophosphoryl Lipid A), a TLR4 ligand, results in the reduction of tumor growth and metastatic potential of cancer cells via reprogramming of TAMs into pro-inflammatory macrophages expressing TNFα and IL-12. The secretion of these two factors by the reprogrammed macrophages activates cytotoxic T lymphocytes that participate in the elimination of cancer cells. Furthermore, in a mouse model of ovarian cancer, the combination of IFN-γ and MPLA increases the sensitivity of cancer cells to chemotherapies. Currently, IFN-γ and MPLA are used separately in clinical studies and their combination could lead to a new therapeutic approach to induce reprogramming of TAMs in cancers (164). Another pre-clinical study shows an anti-tumor effect after treatment of mice with lung cancer or fibrosarcoma with the combination of a TLR3 agonist poly(I:C) and TLR8 agonists, R837 or R848. This study was motivated by the fact that these agonists are used in clinical studies individually. The combination of a TLR3 and TLR8 agonist repolarizes TAMs into pro-inflammatory macrophages, reduces tumor growth and increases T cell infiltration into tumors. Thus, combining these two agonists represents a new therapeutic opportunity and a phase I study would be interesting to conduct (165). A phase I study in patients with various types of cancers including melanoma and kidney cancer refractory to anti-PD1 showed that a nanoplexed form of poly(I:C), BO-112, in combination with an anti-PD resulted in an anti-tumor response with partial responses in 10% of patients and stabilization of the pathology in more than one third of patients. BO-112, in combination with an anti-PD1, could therefore represent a new therapeutic strategy to combat anti-PD1 resistance (165). Similarly, the use of a TLR9 agonist, CMP-001, in combination with an anti-PD1 in patients with metastatic melanoma overcomes resistance to anti-PD1. The TAMs are reprogrammed and secrete IFN-γ which allows the recruitment of T lymphocytes and a reduction of the tumor in 25% of the patients in this study. Considering these promising results, a phase II study is underway (166). Numerous other phase I to III studies involving TLR agonists are underway as monotherapy or in combination with other molecules. Overall, these treatments are well tolerated by patients and show interesting clinical effects, in particular stabilization of diverse pathologies. Currently, none of these treatments has been approved to treat cancer, but it is not excluded that some of them will complete the arsenal of cancer treatment in the coming years (145, 167–169).

Specific markers can be expressed on the cell surface that are referred to as “don’t eat me” signals. One of these signals is CD47, which is overexpressed in many cancers. Expression of CD47 prevents cancer cells from being phagocytosed and thus promotes tumor growth. CD47 is recognized by the SIRPα protein expressed on the surface of monocytes/macrophages and neutrophils and multiple pre-clinical and clinical trials are underway to overcome the inhibition of phagocytosis induced by the CD47/SIRPα axis. The use of an anti-CD47 antibody not only enhances phagocytosis of cancer cells by macrophages but also facilitates antigen presentation by macrophages to ultimately activate cytotoxic T cells (170). In vitro, the use of an anti-CD47 antibody, Hu5F9-G4, increases the phagocytic capacities of pro-inflammatory as well as anti-inflammatory macrophages. In vivo, CD47 blockade results in significant pro-inflammatory polarization of macrophages in mice xenografted with human glioblastoma and enhanced phagocytosis of tumor cells. A clinical study is underway regarding the use of Hu5F9-G4 in colorectal cancer patients (171). Two other preclinical studies in mouse models of lung cancer and breast cancer show similar results. In the lung cancer model, Hu5F9-G4 inhibited tumor growth by promoting the phagocytic abilities of macrophages (172). In the breast cancer model, Hu5F9-G4 was used in combination with trastuzumab, an anti-HER2 antibody. Indeed, nearly 30% of breast cancer patients have HER2 overexpression, and trastuzumab is one of the gold standard treatments for HER2-overexpressing breast cancers. However, relapses are frequent and new therapeutic strategies must be developed to fight these relapses more effectively. The combination of Hu5F9-G4 and trastuzumab was shown to reduce tumor growth and overcome the resistance of cancer cells to trastuzumab. This combination holds great promise, particularly for patients with trastuzumab resistance (173). Currently, results of phase I and II studies investigating the efficacy of anti-CD47 in different types of cancer show promising results, particularly in combination with reference treatments where they lead to a decrease in toxicity (145).




4.1.3 Chimeric antigen receptor macrophages

CAR-M represents a new weapon in the armamentarium of therapeutic strategies available to fight solid and hematopoietic cancers. Based on the principle of CAR-T cells, it is assumed that CAR-M cells would be more effective than CAR-T cells in patients with solid tumors. Indeed, CAR-T cells are very effective in hematological cancers but show limited results in solid tumors. In a mouse model of breast cancer, the administration of CAR-M cells expressing an anti-HER2 antibody and the transmembrane and intracellular domain of CD147 allows to specifically target cancer cells expressing HER2. The presence of CAR-M cells inhibits tumor growth and is associated with a massive infiltration of T cells in the tumor. Activation of CD147 also promotes the production of MMPs that degrade the extracellular matrix and participate in the destabilization of the tumor microenvironment (174). Injection of another CAR-M targeting HER2 into mice carrying lung metastases significantly reduced tumor burden and increased mouse survival. In addition, CAR-M can remodel the tumor microenvironment to create a pro-inflammatory climate that promotes T cell recruitment and activity. In vitro, CAR-M modify the phenotype of anti-inflammatory macrophages by reprogramming them into pro-inflammatory macrophages. This observation suggests that the same phenomenon takes place in vivo, with TAMs reprogrammed into pro-inflammatory macrophages (175). A clinical study is underway to test the efficacy of this CAR-M in patients. This new strategy seems promising and, although the number of pre-clinical and clinical studies is still very low, it would be of cardinal interest if CAR-M cells prove to be as effective in solid tumors as CAR-T cells in hematopoietic malignancies (176).





4.2 In leukemia

Many of the treatments targeting LAMs in leukemia involve the use of an anti-CD47 antibody. Bispecific antibodies have been developed to be more effective against cancer cells. RTX-CD47 is a bispecific antibody targeting CD20, a molecule overexpressed on the surface of leukemic B lymphocytes, and CD47. In vitro, RTX-CD47 induces phagocytosis by macrophages of B lymphocytes from different malignant B lymphocyte cell lines in a co-culture system. Moreover, the use of this bi-specific antibody on healthy donor cells does induce their phagocytosis by macrophages, demonstrating a strict specificity of this antibody for CD20 overexpressing cells. In combination with three anti-cancer therapies, daratumumab (anti-CD38), alemtuzumab (anti-CD54), and obinutuzumab (anti-CD20), TRX-CD47 synergistically increases the phagocytic potential of macrophages and allows for more efficient elimination of malignant B cells (177). CD33 is expressed on the surface of all myeloid cells but its expression significantly increased in leukemic blasts. This is why MBD004, a CD33/CD47 bi-specific antibody was used in a mouse model of AML. This bispecific antibody was shown to induce a reduction in the number of blasts. HMBDOO4 in addition to acting at the level of blasts, also reduced the hemagglutination of erythrocytes observed when using an anti-CD47 alone and therefore increases tolerability in patients. HMBD004 facilitates the specific phagocytosis of blasts by macrophages, thus leading to a decrease in tumor mass. A phase I clinical trial is underway to determine the toxicity of HMBD004 in patients with AML (178). The development of a bi-specific B-cell-targeting antibody, NI-1701, was conducted to allow targeting of CD20-resistant malignant B cells in B-CLL (B-Chronic Lymphocytic Leukemia) and B-ALL (B-Acute Lymphoblastic Leukemia). NI-1701 combines an anti-CD47 and an anti-CD19 antibody (specific marker for B lymphocytes). The use of NI-1701 in several mouse models of B-cell lymphoma and leukemia significantly reduced the growth of blasts by facilitating their phagocytosis by macrophages. Furthermore, in a primate model, NI-1701 was found to be well tolerated and could therefore entered clinical trials (179). In a phase I study, the lack of efficacy of CC-90002, an anti-CD47 antibody led to the discontinuation of the clinical trial that targeted patients with refractory or relapsed AML or high-risk myelodysplastic syndromes. Indeed, although treatment was well-tolerated, CC-90002 failed to induce a strong and durable response (180). Nevertheless, the use of anti-CD47 antibodies in combination with standard of care for different diseases has shown globally promising results. A phase I-b study combining Magrolimab, an anti-CD47, with azacitidine in patients with myelodysplastic syndromes or AML shows very promising results with a percentage objective response rate of 100% in MDS and 69% in AML. The treatment was also well tolerated by patients and was characterized by the complete loss of blast cells in the BM, particularly in TP53-mutated patients (181, 182). A phase III study is currently enrolling patients to investigate the efficacy of Magrolimab + azacitidine treatment in patients with high-risk MDS (183). A phase Ib study in patients with mutated TP53 MDS treated with Magrolimab + Azacitidine has also been initiated and preliminary results show a durable response and increased overall survival (184). A phase III study comparing this treatment to the current standard of care is also underway (181). Other phase I, II or III clinical trials have been initiated to test the efficacy and toxicity of different anti-CD47 antibodies as a single agent or in combination with different reference treatments (185). Finally, a phase I study in patients with pediatric leukemia showed that GNKG168, a TLR9 agonist, could be an interesting therapeutic approach. Indeed, the expression of genes involved in the regulation of blasts was decreased, suggesting a beneficial role of GNKG168 in tumor progression. However, further research needs to be conducted to determine whether TLR9 activation is beneficial for pediatric leukemia patients (186).





5 Future perspectives

The versatility of macrophages can be envisioned as a promising opportunity to design novel therapies. In this line, targeting and/or reprogramming immunosuppressive macrophages during cancer progression could be of utmost importance to improve current treatments and in particular immunotherapies. To achieve this goal, a better knowledge of the molecular mechanisms of macrophage generation, activation and polarization will undoubtedly help identifying signaling pathways and vulnerabilities for TAMs or LAMs targeting and elimination/reprogramming in solid and hematopoietic tumors. In this context, several strategies to prevent anti-inflammatory macrophage-mediated immunosuppression are currently being tested in different clinical trials. These clinical strategies aimed at limiting TAMs or LAMs recruitment and/or depleting, modulating, or reprogramming them within the tumor. Finally, the identification by our group of a protease cascade CTSB>Caspase-8>Caspase-3/7>Substrates required for the differentiation of monocytes and the persistence of this pathway during M2 macrophage polarization may open new avenues to manipulate macrophage plasticity to promote solid and hematopoietic tumor elimination.
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Ulcerative colitis (UC), a type of inflammatory bowel disease characterized by recurring and incurable symptoms, causes immense suffering and economic burden for patients due to the limited treatment options available. Therefore, it is imperative to develop novel and promising strategies, as well as safe and effective drugs, for the clinical management of UC. Macrophages play a critical role as the initial line of defense in maintaining intestinal immune homeostasis, and their phenotypic transformation significantly influences the progression of UC. Scientific studies have demonstrated that directing macrophage polarization toward the M2 phenotype is an effective strategy for the prevention and treatment of UC. Phytochemicals derived from botanical sources have garnered the interest of the scientific community owing to their distinct bioactivity and nutritional value, which have been shown to confer beneficial protective effects against colonic inflammation. In this review, we explicated the influence of macrophage polarization on the development of UC and collated data on the significant potential of natural substances that can target the macrophage phenotype and elucidate the possible mechanism of action for its treatment. These findings may provide novel directions and references for the clinical management of UC.
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1 Introduction

Ulcerative colitis (UC) is a chronic, idiopathic inflammatory disorder that affects the mucosa of the colon and rectum consecutively. It is listed by the World Health Organization as a modern refractory disease, with typical clinical symptoms including recurrent abdominal pain, diarrhea, and hematochezia. Over recent decades, the incidence rate of UC has surged globally, ranging from 0.5 to 31.5 per 100,000 individuals annually across various populations, according to relevant statistics. An escalating body of evidence has indicated that UC typically manifests in individuals aged 30 to 40 years, with no sex predominance (1–3). Despite significant advancements made in the past decades, the precise etiology of UC largely remains an enigma. Pathogenic factors, including genetic predisposition, environmental factors, intestinal dysbiosis, and immune dysregulation, are widely acknowledged as being involved in the development of UC (3, 4).

Lifelong treatment is almost imperative for patients diagnosed with UC due to the dearth of known preventive or fundamentally curative interventions. The current therapeutic goal is persistent remission, mucosal healing, and mitigation of the risk of colorectal neoplasia. As the major treatment option for UC, typical drugs used in the clinic mainly include aminosalicylates, corticosteroids, immunosuppressants, biological agents, and microecologics (5, 6), which have not achieved satisfactory results on account of the various adverse effects, drug tolerance, and the high rate of recrudescence, among others (7, 8). Hence, there is an urgent need to explore and develop novel safe and effective medications for UC.

Macrophages, as the sentinels of intestinal immune homeostasis, can manifest diverse functional phenotypes in response to various environmental cues and stimuli, thereby either promoting or resolving intestinal inflammation, which play an essential role in the development of UC. Based on the in vitro model of monocyte-derived macrophages, the macrophage population can be divided into the classically activated M1 macrophages with pro-inflammatory activity and the alternatively activated M2 macrophages with anti-inflammatory characteristics. In intestinal homeostasis, resident macrophages usually present an M2 phenotype with low reactivity to Toll-like receptor (TLR) ligands to maintain tolerance to the different antigens from food and symbiotic microflora (9). On the contrary, in the colon of patients with UC, M1 macrophages play a dominant role with the excessive accumulation of pro-inflammatory factors, leading to the damage of the intestinal epithelial barrier and the imbalance of immune homeostasis (10, 11). Furthermore, there is compelling evidence that macrophage polarization tends to be a severe imbalanced condition in the intestinal tissues of patients with UC who are non-responsive to conventional treatments (12, 13). Therefore, targeting macrophage polarization is often an attractive aspect for UC therapy.




2 Macrophage

Evidence indicates that intestinal resident cells are derived from embryonic precursors that undergo continuous in situ proliferation during the neonatal period and are subsequently replaced by macrophages originating from peripheral blood with advancing age (14, 15). Due to their constant exposure to gut pathogens and their high energy consumption, lamina propria (LP) macrophages have a short life span and necessitate continuous replenishment by bone marrow-derived peripheral blood monocytes, which subsequently differentiate into mature macrophages in the gut (16). The most abundant macrophage population in the body is distributed in the gastrointestinal mucosa, especially in the LP near the epithelium, while a small proportion exists in the smooth muscle layer of the intestinal wall (16). Maintaining gut immune homeostasis is a cooperative and an elaborately dynamic process that requires moderate tolerance for the beneficial commensal microorganisms colonizing the gastrointestinal tract and the innocuous antigens from food substances. At the same time, it is vital to respond promptly to invading pathogens for host protection (17). As a crucial component of innate immunity, intestinal macrophages are polarized to different phenotypes by environmental cues, with the heterogeneous functions of identifying pathogens, phagocytosing microorganisms and debris, remodeling impaired tissues, supporting regulatory T cells, and regulating inflammation, which are considered as the main factors contributing to and maintaining intestinal homeostasis (18–20). Throughout the construction of monocyte-derived macrophage models in vitro, the macrophage population can be classified into two categories with opposing functions: the classically activated macrophages (M1 macrophages) that represent pro-inflammatory conditions and the alternatively activated macrophages (M2 macrophages) that represent anti-inflammatory conditions (21–25). Once the balance of macrophage polarization is broken, dysfunction will occur, impairing the ability to maintain homeostasis and sense signals of tissue damage in the body, which may lead to inflammatory diseases (26). It is worth noting that, while this taxonomic approach substantially contributes to the comprehension of the metabolic programming of the different macrophage functions, it may not fully reflect the in vivo condition of macrophages, which are influenced by complex environmental cues and may display features of both phenotypes (9, 16). Research in this area has shown that when this occurs to certain cytokines or complexes such as transforming growth factor beta (TGF-β), glucocorticoids, or the immune complex, macrophages become a continuum of activation forms alongside the M1/M2 axis, with similar but different transcription and functions (9, 27). However, categorization into either M1 or M2 brings benefits in macrophage polarization to understand their heterogeneous functions and their transformation.



2.1 M1 macrophages

Generally, M1 macrophages could be activated by tumor necrosis factor alpha (TNF-α) and TLR ligands such as lipopolysaccharides (LPS) or interferon gamma (IFN-γ); overexpress CD64, CD86, and CD16/32; and secrete high levels of the pro-inflammatory cytokines TNF-α, IL-1α, IL-1β, IL-6, IL-12, and IL-23, among others. In terms of function, the M1 phenotype possesses antigen presentation, pathogen elimination, and antitumor abilities. These macrophages synthesize nitric oxide (NO), which can mediate protection against infection and reactive oxygen species (ROS)-induced tissue damage, as well as impair tissue regeneration and wound healing. Moreover, a large amount of inducible nitric oxide synthase (iNOS) is excreted by M1 macrophages, which is regarded as an antimicrobial cytokine (28, 29).




2.2 M2 macrophages

Representing anti-inflammatory activity, M2 macrophages are identified by distinct markers including IL-10, CD206, and CD163 (30) and are polarized by stimulating the Th2 cytokines IL-4 and IL-13 via the activation of STAT6 through IL-4 receptor alpha (IL-4Rα). In addition, IL-10 can also induce the M2 phenotype by activating STAT3 via the IL-10 receptor (IL-10R). Functionally, M2 macrophages have the potent capacity of phagocytosis, obliterate the debris of apoptotic cells, accelerate tissue repair and wound healing, and possess pro-angiogenic and pro-fibrotic properties. In addition, these macrophages produce higher levels of IL-10 and arginase 1 (Arg-1), an effector enzyme in urea metabolism that inhibits immune responses (29, 31).





3 The origination of intestinal macrophages

Intestinal resident macrophages are mainly supplemented by circulating monocytes recruited to the mucosa, which express lymphocyte antigen 6C-high (LY6Chi), CC-chemokine receptor 2-high (CCR2hi), and CX3C-chemokine receptor 1-low (CX3CR1low) in a mouse model. Subsequently, after entering the intestinal mucosa and encountering special intestinal signals such as TGF-β, macrophage colony-stimulating factor 1 (CSF-1 or M-CSF), and IL-10, as well as some environmental cues including short-chain fatty acids (SCFAs) produced by the gut microbiota (32), LY6Chi monocytes begin to differentiate locally to mature resident macrophages. During this process, the monocyte population first occurs in major histocompatibility complex class II (MHCII) before increasing F4/80 with a decline in LY6C throughout a series of short-lived CX3CR1int intermediates (33). Mature intestinal macrophages can be distinguished by F4/80+, CD11b+, CD11c+, and CD64+ with a high expression of CX3CR1 (34). Previous research has shown that, in intestinal homeostasis, the majority of resident macrophages exhibit weak reactivity for the stimulation of TLR, increased production of anti-inflammatory cytokines such as IL-10, and suppression of pro-inflammatory cytokines such as iNOS and IL-6 (32), which express CD163 and CD206 (35), characterized more like an M2 macrophage. These macrophages play a pivotal role in the regulation of gut homeostasis via the clearance of harmful bacteria and adventive substances, IL-10, and the excretion of prostaglandin E2 to stimulate epithelial stem cell renewal and survival to promote the integrity of the epithelial barrier (36).

Circulating monocyte differentiation in the context of inflammation occurrence has been changed and disrupted compared with the above description, which is switched to polarize into a pro-inflammatory condition, M1 macrophage. During this period, the terminal differentiation process of LY6Chi monocytes into mature intestinal macrophages is disrupted, leading to the accumulation of LY6Chi monocytes, LY6Cint population, MHCII-positive and CX3CR1int immature macrophages. LY6CintCX3CR1int cells retain their pro-inflammatory capacity through the secretion of inflammatory cytokines, including IL-12, IL-23, and IL-1β, thereby promoting type 1 T helper (Th1) and Th17 immune responses and aggravating tissue damage (32). There is evidence that the proportion and the number of CX3CR1int macrophages obviously increase in mice after management with dextran sulfate sodium (DSS) (35).

Consequently, to some degree, Ly6Clo monocytes could be regarded as the macrophages of the circulatory system. Monocytes gradually undergo differentiation into resident macrophages in intestinal homeostasis. When the colon is inflamed, resident macrophages are still replenished from monocytes in blood circulation. However, the phenotype changes from tolerant to sensitive to ambient and pro-inflammatory, with high TLR expression, and the balance of macrophage polarization is deflected to M1 macrophages. More interestingly, research has revealed that Ly6Chi monocytes can also be transformed into Ly6Clo monocytes and subsequently returned to the bone marrow to replenish the local macrophage population (9, 37). Nevertheless, the reasons underlying the dysregulation of macrophage polarization are not yet fully understood and may be related to the exceptional accumulation of monocytes and their response to local alterations or repolarization between M1 and M2 macrophages. Of course, it cannot be ruled out that both scenarios may act in concert (9, 35).




4 Macrophage polarization affects the development of UC

The origination of macrophages posits that M1 and M2 macrophages are distinct subsets polarized from a common precursor, displaying diversity in phenotype and function, which can be polarized into various phenotypes in response to multiple environmental cues, consequently acquiring different abilities and transforming into each other under specific conditions (19, 35). CCR2+L6Cyhi monocytes can replenish macrophages in all phenotypes during intestinal homeostasis and inflammation, which differentiate as a continuum of CX3CR1int pool. UC is a chronic inflammatory disease driven initially by the disruption of the epithelial barrier, which is composed of a single layer of intestinal cells that connect with adjacent cells to form a continuous physical barrier, controlling the permeability of the luminal content (38). When foreign pathogens invade intestinal by crossing the injured epithelial layer, the balance of macrophages is deflected as M1 macrophages presenting a pro-inflammatory condition to engulf foreign materials and secrete pro-inflammatory cytokines such as TNF-α, IL-6, IL12, and IL-23, which promote immune responses mediated via Th1 and Th17 cells to protect the host from invasion (26). Under ideal conditions, the protective inflammatory response is self-limited and would completely resolve after the pathogens were eliminated, without causing tissue damage or impairment of wound healing due to excessive immune response. Generally, it is an active process controlled by the recruitment of M1 macrophages and the accumulation of M2 macrophages (32). However, the balance of macrophage polarization is destroyed gradually by the infiltration of more and more M1 macrophages, inflammatory cytokines are overexpressed, and a high level of iNOS is induced, which directly or indirectly affect intestinal epithelial cells, leading to their injury or necrosis, which elevates the occurrence and development of UC (9). The alteration of macrophage polarization in inflammation and homeostasis is shown in Figure 1. Furthermore, Lissner et al. revealed that M1 macrophages invaded intestinal deregulated tight junction proteins and induced epithelial cell apoptosis to disrupt the epithelial barrier directly (39). Correspondingly, there is evidence that the polarization of macrophages gives priority to the M1 phenotype in the intestinal mucosa of patients with inflammatory bowel disease (IBD) and in experimental colitis mice (11, 39, 40). It should be noted that, although colonic M1 macrophages predominate during colitis, M2-like resident macrophages are also present to combat inflammation and to facilitate wound healing, which helps resolve the inflammation (36). Indeed, promoting the phenotype of anti-inflammatory M2 macrophages has been considered a promising treatment for IBD. M2 macrophages play an important role in the alleviation of colitis.




Figure 1 | Alteration of macrophage polarization in inflammation and homeostasis.






5 Targeting macrophage polarization as an effective strategy for UC treatment

Given the significant impact of macrophage polarization on the development of UC, targeting the skewed axis represents a promising strategy for its prevention and treatment and has spurred extensive research. In recent years, studies have revealed that M1 macrophage enrichment in the colon biopsies of patients with IBD was positively correlated with disease severity (41). In addition, there is evidence that vedolizumab-induced reduction in the ratio of M1/M2 macrophages does contribute to the resolution of intestinal inflammation (42). It has been demonstrated that intraperitoneal or intravenous injection of exogenous bone marrow-derived M2 macrophages could effectively reduce the severity of colitis in mice caused by dinitrobenzene sulfonic acid (DNBS) (43, 44). Furthermore, it was evidenced that mice with deficient M2 macrophage polarization were more vulnerable to colitis induced by DSS (45). Caprioli et al. demonstrated that the downregulation of M1 macrophage pathway genes was connected to the mucosal healing of patients with IBD through treatment with infliximab, and M1 macrophages were significantly decreased, which was associated with the increased rate of macrophage apoptosis, representing a key mechanism for the therapeutic success of antitumor necrosis factor antibodies (46). Parallel results exist showing a prominent increase of the proportion of M2 macrophages in patients with IBD responding to infliximab therapy, but not in non-responders (30, 47). Eissa et al. have provided proof that the intestinal mucosa of patients diagnosed with UC is characterized by abundant infiltration of pro-inflammatory macrophages, producing a significant number of inflammatory mediators (e.g., TNF-α, IL-1β, and IL-6) through the activation of the nuclear factor kappa B (NF-κB) signaling pathway, which is negatively correlated with chromofungin (CHR), a short peptide with antimicrobial effects encoded from chromogranin A exon IV that is downregulated in UC. Moreover, exogenous CHR administration significantly mitigates colitis associated with a reduction of M1 macrophage markers (48). In addition, it has been revealed that intracolonic administration of CHR can increase M2 macrophage polarization, which decrease colonic collagen deposition and sustain the homeostasis of intestinal epithelial cells, thus protecting against colitis induced by DSS (49). Follistatin-like protein 1 (FSTL1), a pleiotropic cytokine that participates in a comprehensive spectrum of physiological and pathogenic processes, exhibits a highly expressional acitivity in human and mouse UC. It facilitates pro-inflammatory M1 phenotype macrophages and inhibits the M2 anti-inflammatory phenotype, leading to the excessive production of various inflammatory cytokines in vitro and in vivo. Li et al. found that the inhibition of FSTL1 could lead to UC remission, and the phenomenon disappears with the depletion of macrophages (50). Park et al. showed that adipose tissue-derived mesenchymal stem cells (ASCs) reduced the large amount of macrophages and the M1 macrophage population to mitigate UC in a model of DSS-induced mice. In the cell culture experiment, it was indicated that ASCs take effect by promoting the phenotype transition from M1 to M2, leading to anti-inflammatory cytokine proliferation (51). Cao et al. also reported that extracellular vesicles (EVs) secreted by bone marrow mesenchymal stem cells (BMSCs) could reinforce M2 macrophage polarization, supported by increased level of CD163 as the M2 marker, to effectively lessen the severity of UC. This result appeared to be associated with the JAK1/STAT1/STAT6 signaling pathway (52). These discoveries presume that the polarization of macrophages may be connected to mucosal healing in patients with IBD and could be an effective therapy for this disease.




6 Multiple phytochemicals show therapeutic prospects in UC treatment by targeting macrophage polarization

The first-line therapy currently used in the clinic for mild to moderate UC is mainly 5-aminosalicylic acid (5-ASA) drugs, which can be administered as suppositories, enemas, or oral preparations (53). Patients who do not respond to or do not achieve remission with 5-ASA drugs can be treated with corticosteroids (54), but glucocorticoids should not be used to maintain remission because of their lack of long-term efficacy and the risk of side effects (55). Thiopurines or biologic drugs, or both, should be used in patients with moderate to severe colitis, but long-term use must be carefully monitored for associated adverse effects, such as lymphoproliferative disorders (56, 57). Surgical treatment is usually indicated for uncontrollable massive bleeding, perforation, or endoscopically unresectable UC-associated adverse lesions (58). Phytochemicals, which are extracted from nature and with widely available sources, have been confirmed to possess abundant biological activities, as well as relatively low toxicity and high efficacy, which are particularly prominent in antitumor applications (59–61). The utilization of natural products in the management and prevention of various ailments can be traced back to ancient times, owing to their remarkable and indisputable effectiveness. The wealth of active compounds and diverse agent functions in natural products has always been an appealing prospect for researchers to explore and investigate novel phytochemical entity drugs with fewer adverse effects, thereby leading to more effective clinical application. In recent decades, a wealth of data has emerged indicating that numerous active ingredients sourced from plants and natural products hold immense potential in the management of IBD. This article aimed to present recent research focused on the treatment of UC using natural product-derived drugs that have been experimentally confirmed to be beneficial in vitro or in vivo based on online search protocols including PubMed, Web of Science, and Elsevier SD. The following key search terms were used: ‘ulcerative colitis,’ ‘Inflammatory bowel disease,’ ‘colitis,’ ‘Intestinal inflammation,’ ‘macrophage,’ ‘polarization,’ and ‘natural products,’ ‘compound,’ ‘phytochemical.’ The phytochemicals targeting macrophage polarization in UC treatment are listed in Table 1.


Table 1 | Phytochemicals targeting macrophage polarization in ulcerative colitis (UC) treatment.






Dictyophora indusiata polysaccharide (DIP)

Dictyophora indusiata polysaccharide (DIP) isolated from dictyophora indusiate one of the most popular edible mushrooms due to its daintiness and multi-nutrition, was reported to possess potent antioxidant and anti-inflammatory activities in vitro (74, 75). Recent evidence has shown that DIP could conspicuously alleviate the severity of colitis in DSS-induced mice, and this mitigation is associated with the restoration of gut microbiota function and gut epithelial integrity, improvement of oxidative stress, and regulation of macrophage polarization balance (62, 76, 77). Wang et al. found that treatment with DIP significantly reduced M1 macrophage polarization and promoted the M2 phenotype in the spleen of mice orally administered DSS, and the macrophages marked by CD86 in the colon were also inhibited, which were consistent with the deregulation of the expression of TNF-α, IL-6, and IL-1β and the high secretion of IL-10 after DIP administration. In addition, DIP downregulated the activation of the NF-κB, STAT3, and NLRP3 signaling pathways in the colon of mice treated with DSS, which may be associated with the mechanism of macrophage polarization balance (62). Significantly, the biological activity of polysaccharides is highly correlated to their conformation of space, which means that their efficacy would greatly weaken or even vanish once they are degraded into monosaccharides or oligosaccharides.





Didymin

Didymin, a dietary glycoside widely distributed in citrus fruits such as mandarin, bergamot, orange, Origanum, and Vulgare Duanxueliu, has attracted attention due to its antioxidant capacity (63). Recently, Lv et al. have found that didymin can effectively reduce colitis in mice by targeting macrophage polarization to the M2 phenotype. Their experiment results showed that didymin decreased the proportion of M1 and increased M2 in the colon of mice induced by DSS, and mice injected with exogenous M1 macrophages after being administered with clodronate liposomes to deplete autologous macrophages exhibited more sensitivity to DSS; however, the severity of colitis was declined by didymin management before exogenous M1 macrophages injection. Interestingly, didymin resisted M1 macrophage polarization, but there was no alteration on M2 macrophages and on the expression of Arg-1, Chil3, and Retnla, indicating that the effect of didymin on ameliorating colitis is dependent on the transformation of M1 macrophages toward M2. A further study suggested that the macrophage phenotype modulation of didymin is presented through the improvement of fatty acid oxidation (FAO) by fortifying the expression of Hadhb (60).





Genistein

Genistein, an isoflavonoid compound widely distributed in soy-based products (78), also called phytoestrogen owing to a pattern resembling estradiol, shows high anti-inflammatory, anticancer, antioxidant, and antidiabetic properties and has attracted interest in medical research (64, 79, 80). Recently, it has been revealed that genistein could conspicuously mitigate experimental colitis, which is associated with targeting macrophage polarization. The results of the experiment indicated that the administration of genistein resulted in the decline of M1 and the elevation of M2 macrophages in the spleen, mesenteric lymph nodes (MLNs), and colon lamina propria (cLP) of DSS-induced mice. Apart from this, the M2 macrophages sorted from colitis mice induced by genistein highly expressed Arg-1 and IL-10 compared with those managed using phosphate-buffered saline (PBS). However, the detailed mechanism of how genistein shifts M1 macrophages toward the M2 phenotype still remains unclear (81).





Loganin

Loganin, a type of bioactive iridoid glycoside extracted from traditional Chinese medicine, commonly called Cornus officinalis, was established to have potent anti-depression, neuropathic protection, and anti-inflammation effects (82–84). Yuan et al. reported that loganin could prominently alleviate the pathologic alterations of DSS-induced colitis, increase the tight junction proteins to protect the intestinal epithelial barrier, and inhibit the expression of colonic pro-inflammatory cytokines such as IL-1β, IL-6, and TNF-α (85). Another study demonstrated the high expression of Sirt1, inhibition of the acetylation of NF-κB p65, and the suppression of loganin in the M1 macrophages of colitis mice, which was counteracted after using the Sirt1 inhibitor Ex527. These findings suggest that the therapeutic potential may have involved the inhibition of M1 macrophages regulated by the Sirt1/NF-κB pathway (65).





Dioscin

Dioscin is a steroid saponin isolated from Dioscorea nipponica (86), which has been reported to be a potential therapeutic component for colitis. It showed high availability in suppressing glycolysis and promoting FAO to predispose macrophage polarization from M1 toward M2. Interestingly, the agonist of the mTORC1 signal could reverse the effects of dioscin on the downregulation of glycolysis and the counteraction of the HIF-1α protein expression, which is indispensable for the transcription of the inflammatory cytokines and metabolic genes associated with glycolysis, resulting in the abortion of M1 macrophage decline. In addition, after administration of the mammalian target of rapamycin complex 2 (mTORC2) inhibitor, the enhancement of dioscin on the peroxisome proliferator-activated receptor gamma (PPAR-γ) protein and FAO-related enzymes was prominently impaired, and the promotion of M2 macrophages was counteracted as well. These findings demonstrated that dioscin modulated the polarization and metabolism of macrophages by regulating the mTORC1/HIF-1α and mTORC2/PPAR-γ signaling pathways to mitigate the severity of colitis, which was further confirmed in experimental colitis mice (87). Similarly, Shi et al. showed that dioscin catalyzed the expression of miR-125a-5p to shift macrophages toward the M2 phenotype, thereby restoring the intestinal epithelial barrier function and facilitating experimental colitis (88).





Lupeol

Lupeol is a triterpenoid compound with exclusive bioactivity found in numerous natural plants including Albizia lebbeck and Alnus glutinosa (89). It has been reported that lupeol exhibited protective effects against colitis in experimental animals, and this involved blocking the NF-κB signaling of intestinal epithelial cells and modulating macrophages leaning toward the M2 phenotype to relieve inflammatory responses (66, 90). Zhu et al. observed that IRF5, a key transcription factor associated with M1 macrophages, was remarkably reduced after lupeol incubation of M1 macrophages induced by LPS and IFN-γ with exposure to granulocyte-macrophage colony-stimulating factor (GM-CSF), but the same results were not detected in M2 macrophages, which were inferred to be bound with the modulation of a specific signaling pathway. This hypothesis was subsequently confirmed as studies showed that the p38 mitogen-activated protein kinase (MAPK) phosphorylation of M1 macrophages was reduced by lupeol, which was counteracted by the use of the p38 MAPK inhibitor (90). Therefore, lupeol possibly inhibits IRF5 through a specific receptor and downstream signaling pathway, such as p38 MAPK, to switch M1 macrophages toward M2.






Berberine

Berberine, a plant isoquinoline alkaloid largely found in the root of Coptis chinensis (91), has been proven to be beneficial in colitis treatment through various mechanisms, such as inhibiting the IFN-γ and JAK2/STAT3 signaling pathways to attenuate inflammatory responses (67, 92), regulating the intestinal mucosal immune homeostasis through the Wnt/β-catenin pathway (93), and reducing the activation of the MAPK and NF-κB signaling pathways to decrease pro-inflammatory cytokine production (68). Recently, Yunxin et al. have reported that berberine could correct macrophage polarization imbalance by inhibiting differentiation of the M1 phenotype to prevent colitis development directly by upregulating the AKT1 pathway and the protein expression of SOCS1, one of the target genes of AKT1, and decreasing the level of NF-κB phosphorylation. In addition, it was observed that knocking out the AKT1 gene reversed the effect of berberine on the modulation of SOCS1 and NF-κB phosphorylation protein expression. The downregulation of berberine on M1 macrophage polarization and related pro-inflammatory cytokines, such as IL-6 and TNF-α, was also neutralized on account of AKT1 small interfering RNA (siRNA) transfection, suggesting that the inhibitory activity of berberine on M1 polarization is dependent on the AKT1/SOCS1/NF-κB signaling pathway (94).






Ginsenoside Rg1

Ginsenoside Rg1 is a major active constituent of Panax ginseng and has been reported to be an anti-inflammatory treatment for various diseases (69). Recent evidence has shown that ginsenoside Rg1 could conspicuously ameliorate the severity of symptoms and reduce the inflammatory response by downregulating the expression of TNF-α, IL-33, IL-6, and CCL-2 in a DSS-induced colitis mouse model (40, 95). Ginsenoside Rg1 has been reported to be a good regulator of macrophage polarization, which increased the M2 phenotype and inhibited the M1 phenotype, similar to Y27632, a specific inhibitor of Rock1. Furthermore, it is worth noting that the increase in the expression of the Rock1, RhoA, and Nogo-B proteins in the colonic tissues of colitis mice was attenuated by ginsenoside Rg1 and Y27632, demonstrating that the trends of Nogo signaling in the regulation of the macrophage phenotype in colitis mice were largely consistent with ginsenoside Rg1. These results may imply that regulation by ginsenoside Rg1 of the phenotype of macrophages in colitis mice may be associated with the Nogo-B signaling pathway (40).






Baicalin

Baicalin, one of the active ingredients of Scutellaria baicalensis Georgi, was proven to be therapeutic in IBD (70, 96). Zhu et al. investigated the anti-inflammatory effect of baicalin against LPS-induced mouse peritoneal macrophages and found that it could effectively inhibit the LPS-induced promotion of the inflammatory macrophage subset of M1, reducing the ratio of M1/M2. Consistently, they found that baicalin treatment obviously mitigated the severity of DSS-induced colitis in mice (97). The related mechanism may involve the regulation of the IRF4/IRF5 protein expression of baicalin, as the results showed that baicalin could directly facilitate the protein expression of IRF4 and block that of IRF5, and the decline of the M1/M2 of baicalin was reversed after IRF4 siRNA transfection (97).






Toosendanin (TSN)

Toosendanin (TSN) is a triterpenoid distributed in the bark or fruits of a type of commonly used Chinese herbal medicine, known as Melia toosendan Sieb et Zucc (59). Fan et al. determined that TSN could alleviate the symptoms of DSS-induced mice by reducing the inflammatory responses and macrophage polarization, as the experiment results showed that TSN could downregulate the percentage of the M1 phenotype and the expression of pro-inflammatory cytokines such as TNF-α, IL-6, and IL-1β, but promoted M2 macrophages. A further study revealed that the activation of NLRP3 induced by DSS in the colonic macrophage of colitis mice was reversed by TSN, which influenced the composition of IL-1β. Interestingly, TSN acted as an activator of the NFE-related factor 2 (Nrf2) signaling pathway, a key transcription factor facilitating the antioxidant response via the synthesis of heme oxygenase-1 (HO-1), which modulated IL-10 production to affect the macrophage phenotype (71). The results showed that the decline of the colonic expression of Nrf2 and HO-1 in mice induced by DSS was counteracted by TSN management (98). This evidence implied that TSN regulation of macrophage alteration attenuating DSS-induced colitis is associated with the NLRP3 and Nrf2/HO-1 pathways, but the specificity of the relationship needs further validation.






Artemisinin

Artemisinin is the main active compound isolated from Artemisia annua L, which was initially popular for its strong antimalarial properties, but which has also been revealed in recent years to exert various activities such as antivirus, anti-parasite, tumor suppression, and inflammation prevention (72). Previous evidence showed the protective function of artemisinin against DSS-induced colitis in mice, which involved the induction of CYP3A expression through the activation of the pregnane X receptor (PXR) (99). A study by Huai et al. provided proof that the inflammatory colonic tissues of patients with Crohn’s disease (CD) presented significantly increased M2 macrophages marked by CD11b+CD206+ and reduction of the pro-inflammatory cytokine expression after the administration of artemisinin in vitro. In addition, it has been suggested that artemisinin could mitigate the symptoms of colitis via upregulating the macrophages of murine colitis tissues polarized to the M2 phenotype, which may be associated with inhibiting the MYD88 and ERK signaling pathways owing to evidence showing that artemisinin significantly suppressed MyD88 activation and ERK phosphorylation in the colon tissue of a DSS-induced mouse model (100). However, the specific mechanism of artemisinin on the MYD88 and ERK signaling pathways affecting the regulation of macrophage phenotype remains to be further studied.






Tiliroside

Tiliroside, a natural flavonoid derived from several medicinal and dietary plants, such as linden, rosehip, and strawberry, was revealed to exhibit anti-inflammatory, antioxidant, anticarcinogenic, and hepatoprotective activities (73). Zhuang et al. reported that the protective function of tiliroside in UC was related to the blocking of M1 macrophage polarization, and this effect was mainly achieved by accelerating the proteasomal degradation of HIF-1α, consequently attenuating glycolysis. This was validated in the experiments showing that tiliroside could significantly decrease the extraction of 2-NBDG, a fluorescent deoxyglucose analog widely used in detecting cellular glucose uptake; the gene expression of glycolytic enzymes such as glucose transporter 1 (Glut1), enolase 1 (Eno1), and pyruvate kinase M (Pkm); and the production of lactate in bone marrow-derived macrophages (BMDMs) induced by LPS and IFN-γ. Another evidence exhibited tiliroside prominently downregulating the protein level of HIF-1α, but had no effect on the mRNA expression. In addition, tiliroside ceased to be effective after using clodronate liposomes, which can significantly deplete macrophages in vivo, suggesting that tiliroside inhibited colitis through a macrophage-dependent mechanism (101). In a word, the findings above showed the potential of tiliroside as a therapeutic strategy for UC through targeting the HIF-1a/glycolysis pathway to mediate M1 macrophage reduction.






Platycodin D (PLD)

Platycodin D (PLD) is a triterpenoid saponin extracted from the root of the Platycodon grandiflorum plant (102). Guo et al. studied the anti-inflammatory effects of PLD on DSS-induced colitis in mice, as well as on LPS-induced RAW264.7, and found that PLD was effective in mitigating colitis through shifting macrophage polarization to deflect the M2 phenotype. Further examination showed that the property of PLD on the regulation of macrophage polarization involved the activation of the PI3K/Akt pathway and the inhibition of the NF-κB pathway, as data revealed the upregulation of p-PI3K and p-Akt proteins with a decline of the nuclear translocation of the p65 subunit after PLD administration in LPS-stimulated RAW264.7 cells, which was further confirmed to be or at least partly dependent on adenosine 5′-monophosphate-activated protein kinase (AMPK) due to the effect of PLD on PI3K/Akt and NF-κB pathway modulation being reduced after the knockdown of AMPK. It is noteworthy that a higher dose of PLD exerted a lower anti-inflammatory effect on the macrophages managed by LPS compared to a lower dose, which may be associated with the modest suppression of cell activity (103).






Sulforaphane

Sulforaphane is a dietary isothiocyanate widely distributed in cruciferous vegetables such as broccoli, cabbage, and Brussels sprouts. It possesses great antioxidant and anti-inflammatory activities (104). Studies on DSS-induced colitis in mice found that management with sulforaphane could conspicuously improve the clinical symptoms of colitis and the damaged epithelial integrity (105). Sun et al. reported that sulforaphane elevated the IL-10 production of LPS- and IFN-γ-induced BMDMs and switched the macrophages from the M1 to the M2 phenotype with the activation of STAT3. Moreover, after the neutralization of IL-10, the effect of sulforaphane on the M2 phenotype priority was suppressed, as well as the level of STAT3 phosphorylation, implying the modulation of sulforaphane on macrophage polarization mediating the phenotype switch from M1 to M2 in murine colitis caused by DSS, and this effect was closely related to the activation of the IL-10/STAT3 signaling pathways (106).






Rhein

Rhein is a natural flavonoid compound derived from rhubarb that is widely used as a traditional Chinese medicine to treat edema, constipation, and inflammation (107). It has been reported that rhein has potential in alleviating DSS-induced colitis through regulating macrophage polarization toward the M2 phenotype, i.e., toward the anti-inflammatory condition. Experimental data from RAW264.7 cells showed that the relative expression of M1 markers and pro-inflammation mediators were significantly inhibited after the administration of rhein, but the results for M2 were totally reversed. In addition, researchers found that rhein could prevent the activation of the Nox2 redox-mediated NLRP3 inflammasome and modulate the Nrf2-dependent redox balance to block the maturation and secretion of IL-1β in macrophages, one of the key pro-inflammatory cytokines (108).






Rosmarinic acid (RA)

Rosmarinic acid (RA) is a natural compound extracted from plants of the Lamiaceae family, including rosemary, lemon balm, and mint (109). Some studies have investigated the protective effects of RA against colitis in mice induced by DSS and found that it is a potential anti-inflammatory candidate for UC treatment (110, 111). Mai et al. reported that RA could inhibit M1 macrophages with the promotion of M2 in both the colonic tissues of DSS-induced mice and in peripheral blood macrophages cultured in vitro and upregulate the protein level of HO-1. In addition, the inhibition of RA of the LPS-mediated NF-κB p65 translocation into the nucleus was shortened by interdicting HO-1; moreover, the administration of the NF-κB inhibitor BAY11-7082 had no significant effect on the modulation of macrophage differentiation by RA. These results indicated that RA dampened M1 macrophage polarization via promoting HO-1 to impede the NF-κB pathway in ameliorating experimental colitis (111).





7 Conclusion and future perspectives

As a modern refractory disease, UC has negatively impacted the quality of life of patients due to its recurrence and obstinacy, with intolerable symptoms such as frequent hematochezia and abdominal pain (58). A series of studies have demonstrated the great importance of the imbalance of macrophage polarization in the development of UC; therefore, targeting macrophage polarization tendency to the anti-inflammatory phenotype, i.e., of M2, is a potential therapeutic option for UC (21, 30, 36, 112). As the hotspot of new drug development, natural products exhibit abundant bioactivities and nutritional value. In this paper, we summarized more than a dozen investigated phytochemicals extracted from diverse plants, including didymin, genistein, loganin, etc., which could ameliorate experimental colitis by modulating macrophage polarization (60, 65, 81). Their chemical structures include flavonoid, polyphenol, alkaloid, and terpenoid derivatives, and the related modulatory mechanisms involved regulating Hadhb-mediated FAO, the Sirt1/NF-κB signaling pathway, and mTORC2/PPAR-γ signaling, among others (60, 65, 87). The aforementioned findings demonstrated that phytochemicals have promising prospects in mitigating the symptoms of UC by modulating macrophage polarization. However, investigations pertaining to their therapeutic efficacy in patients with UC are yet to be conducted, as all current research has been limited to experimental animal models. Furthermore, the underlying regulatory mechanisms and the potential toxicity of these phytochemicals, which act as regulators of macrophage polarization, require further elucidation. Consequently, further research should concentrate on the toxicity and safety of phytochemicals with effects on the regulation of macrophage polarization, as well as on particular mechanisms that are needed to promote natural regulators of macrophage polarization as UC therapy.
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Objective

It is believed that intestinal recruitment of monocytes from Crohn’s Disease (CD) patients who carry NOD2 risk alleles may repeatedly give rise to recruitment of pathogenic macrophages. We investigated an alternative possibility that NOD2 may rather inhibit their differentiation from intravasating monocytes.





Design

The monocyte fate decision was examined by using germ-free mice, mixed bone marrow chimeras and a culture system yielding macrophages and monocyte-derived dendritic cells (mo-DCs).





Results

We observed a decrease in the frequency of mo-DCs in the colon of Nod2-deficient mice, despite a similar abundance of monocytes. This decrease was independent of the changes in the gut microbiota and dysbiosis caused by Nod2 deficiency. Similarly, the pool of mo-DCs was poorly reconstituted in a Nod2-deficient mixed bone marrow (BM) chimera. The use of pharmacological inhibitors revealed that activation of NOD2 during monocyte-derived cell development, dominantly inhibits mTOR-mediated macrophage differentiation in a TNFα-dependent manner. These observations were supported by the identification of a TNFα-dependent response to muramyl dipeptide (MDP) that is specifically lost when CD14-expressing blood cells bear a frameshift mutation in NOD2.





Conclusion

NOD2 negatively regulates a macrophage developmental program through a feed-forward loop that could be exploited for overcoming resistance to anti-TNF therapy in CD.
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Introduction

Monocytes and macrophages play an essential role in the immune system due to their ability to convert from a homeostatic to a pro-inflammatory phenotype in response to immune invasion. Circulating monocytes continuously replenish the intestinal populations of macrophages during homeostasis. The intestine is particularly enriched in phagocytes that ensure robustness in the steady state and play a role in processes of remodeling upon tissue injury. Among those, some macrophages have been seeded embryonically and self-renewed from yolk sac-derived precursor cells in mice. Under healthy conditions, intestinal macrophages have an estimated half-life of three weeks. In human and mouse, subsets of macrophages have been characterized based on a differential expression of CD11c (1, 2). In mice, the pool of Ly6Clow CX3CR1int macrophages that share some features of monocyte-derived dendritic cells (mo-DCs) is then continually replenished by the emigration of short-lived Ly6Chigh monocytes from the bloodstream (3). Activation of the C-C chemokine receptor type 2 (CCR2) is a prerequisite for such leukocytes to exit from the bone marrow  at steady state (4). Along a continuum of differentiation stages, Ly6Chigh monocytes may then give rise to nascent phagocytes with ascribed different functions and distinct bioenergetic programs (5). Whereas mature macrophages are largely immotile with phagocytic capacity (6), mo-DCs are believed to migrate for presenting protein antigens on major histocompatibility complexes class I and II (MHCI and MHCII) molecules to T cells (7–9). The community of circulating Ly6Chigh monocytes that are rapidly mobilized upon injury is then thought to seemingly serve as a reservoir of mo-DCs that can be distinguished from CD11c-expressing macrophages on the basis of ontogenetic, morphological, and gene expression criteria (10).

In humans, the equivalent of inflammatory monocytes is classical monocytes CD14+CD16- which represent up to 80-95% of the large reservoir of monocytes. They can be distinguished from intermediate and non-classical subsets by their expression of well-characterized surface proteins, including CD16 (also referred as Fc gamma receptor IIIa) and the glycoprotein CD14 that acts as a co-receptor for toll-like receptor 4. While the intermediate monocytes CD14+CD16+ regulate angiogenesis and modulate effector T cell activity (11), the nonclassical monocytes CD14-CD16+ are mobile and involved in the maintenance of vascular homeostasis (12). Recent studies demonstrated that the molecular ontogeny of human monocyte-derived cells is orchestrated by distinct transcription factors that are specifically activated by environmental cues. Comparative transcriptomic analysis revealed that the monocyte fate specification into mo-DC and monocyte-derived macrophages (mo-Mac) is at least partially coordinated by Interferon Regulatory Factor 4 (IRF4) and MAF BZIP Transcription Factor B (MAFB) (8) respectively.

As monocyte-derived cells display high plasticity to their environment, they can express high susceptibility to the chronic inflammatory stimulations arising in the intestine during inflammatory bowel diseases (IBD). The inflammatory microenvironment, including increasing levels of CCL2 and IL-8, promotes the recruitment of monocytes in the intestine of IBD patients (13, 14). While an increase of immature macrophages has been correlated with the endoscopic severity score of the disease (15), a defect of  mo-DCs function, including a decrease in TH17 activation and IL-12 production in response to NOD2 stimulation has been observed in Crohn’s disease (CD) patients (16, 17). In IBD, macrophages have been associated with inflammation and fibrosis while (cDCs) express a more pro-inflammatory phenotype (18). Of particular importance, it has now been elegantly demonstrated that the monocyte fate toward mo-DCs is orchestrated by the aryl hydrocarbon receptor (8), which defect is associated with a susceptibility to several common diseases, including CD (19). Likewise, monocytes may give rise to mo-DCs upon inhibition of the mammalian target of rapamycin (mTOR) pathway (20) for which the sustained activation in CD is likely a consequence of a genetically predisposed defect in autophagy (21). Interestingly, an increased number of inflammatory macrophages is observed within the intestinal mucosa of CD patients at the expense of their pro-resolving counterpart (22). Those data were supported by a recent single-cell analysis of inflamed tissues from CD, which revealed the presence of a discrete subset of pathogenic macrophages within the diseased intestine of CD patients that fail to respond to anti-TNF therapy (23). It is thereby tempting to speculate that a defect in the development of monocyte-derived phagocytes may allow the expansion of pathogenic macrophages that maintain a TH1-biased CD4 T cell response through the production of inflammatory and fibrogenic effectors.

Genetic variants in the NOD2 gene confer an increased susceptibility to CD, likely due to the loss of NOD2 function. Furthermore, patients who carry NOD2 risk alleles are at greater risk of developing stricturing disease, that corresponds to a narrowing of the intestine due to continued inflammation (23). The Nucleotide-binding Oligomerization Domain (NOD)-like receptor NOD2 is a cytosolic sensor of bacterial muramyl dipeptide (MDP). MDP is an active component in Freund’s complete adjuvant and derivatives have been synthesized for improving their pharmacological properties. The recognition of MDP by NOD2 has been associated with autophagy induction, bacterial destruction, and antigen presentation in DC. Indeed, while NOD2-mediated autophagosome formation was necessary for MHC II upregulation, mo-DCs from CD–variant NOD2 patients were unable to kill and localize intact Escherichia coli into the lysosomal compartment; however, this defect was reversible with rapamycin (24). Furthermore, probiotics induce an anti-inflammatory phenotype on bone marrow-derived DC with an increase of IL-10 production in a Nod2- and a strain-specific manner in a mouse model of TNBS-mediated colon inflammation (25). While peptidoglycan derived from the L. salivarius Ls33 strain only partially activated DC in vitro, it induced protection associated with an increase of IL-10 production and of regulatory CD11c+CD103+ DCs and CD4+FoxP3+ Treg cells in the mesenteric lymph nodes of colitic mice.

Despite substantial efforts that were made in studying how the homeostatic trafficking of monocytes is controlled by NOD2, it remains unclear whether NOD2 may orchestrate their differentiation into a developmentally distinct subset of cells that are specialized for the maintenance of immune surveillance. After stimulating their exit from the bone marrow, classical monocytes have the capacity of being converted into non-classical cells in a NOD2-dependent manner (26). It has been proposed that MDP might increase the exit of monocytes from bone marrow and the yield of Ly6Clo in the blood of WT but not Nod2-/- mice (26). In addition, NOD2 has been involved in the CCL2 production by colonic stromal cells in Citrobacter rodentium infection (27). Besides this phenomenon, it is now well established that sensing of bacterial endotoxin promotes the mobilization of inflammatory monocytes, which can develop into cells with a typical probing morphology and with critical features of mo-DCs including cross-priming capacities of cell-associated antigens to CD8+ T cells (7). It suggests the likelihood that loss of NOD2 may directly inhibit the development of potentially reprogrammable cells of monocytic origin into inflammatory macrophages. NOD2 has been involved in the induction of immune tolerance via the generation of immature CD103+ classical dendritic cells (cDC1) associated with tolerogenic DC, in a GM-CSF-dependent manner in mice (28). In addition, the cross-tolerization to multiple TLRs has been observed after chronic stimulation of NOD2 with MDP (29), and as a result, increased activation of TLR signaling has been proposed in the process of NOD2 deficiency-induced intestinal epithelium inflammation. In parallel, this concept reminds the one of “trained immunity” upon parasite infection where chromatin remodeling leads to the induction of instructed immune responses by monocytes or macrophages (30). The context-dependence of differentiation has already been observed in monocytic cells. In another setting, programmable cells of monocytic origin (PCMOs) with plastic properties have been described to give rise to two subsets of DC in the presence of IL-3 or TNF-α (31). While mo-DCs are markedly less abundant within the healthy intestine than macrophages, it does not exclude the possibility that mo-DCs may play an essential role in intestinal homeostasis. Indeed, DCs have been shown to play a crucial role in gut homeostasis by interacting with the gut microbiome and by regulating the balance between TH1/TH17 and Tregs (32). Mononuclear phagocytes (MNPs), including monocytes, macrophages, and dendritic cells (DCs), are present in large numbers in the colonic lamina propria and fulfill a variety of overlapping functions that are critical to the maintenance of gut homeostasis. Disruption of the intestinal MNP system leads to infection and inflammation (33–39). In general, mo-DCs can enhance the ability of classical DCs to elicit adaptive responses by presenting antigens to T cells directly in tissues to increase their effector functions (40–42). Distinct tolerogenic DCs have been identified in different anatomic parts of the intestine suggesting region-specific mechanisms of homeostasis (32). It is yet unclear whether mo-DCs and conventional DCs are complementary or redundant in the maintenance of gut homeostasis (43). The recognition of Pattern Recognition Receptors (PRR) and C-type lectin receptors by DCs has been shown to influence their metabolic reprogramming toward glycolysis, and eventually to shape their contribution to immune responses or tolerance (43). MDP has been reported to induce rapid metabolic reprogramming in human macrophages (44). Murabutide, a NOD2 ligand, and TNF-α have been reported to promote the differentiation of mo-DCs while the TLR2 agonist Pam3Csk4 assisted mo-Macs development in a culture of human monocytes with M-CSF, IL-4, and TNF-α, and in mouse skin in vivo (9). The involvement of the mTOR pathway has been described in the differentiation of mo-DCs. However, while the differentiation and the survival of human mo-DCs are conditioned by mTORC1 and are specifically inhibited by the mTOR inhibitor, rapamycin (45), another study reported that the mTORC1 inhibitor, temsirolimus, increased the differentiation of mo-DCs (20). Given these findings, one may then consider that NOD2 might influence the differentiation of bone marrow precursors into tissue phagocytes in a context-dependent manner.

In this study, we provide experimental evidence that NOD2-dependent bacterial sensing by monocytes inhibits their differentiation in macrophages. Indeed, monocytes' fate can be influenced by the context. Such developmental switch occurs even in a context where their development from circulating monocytes is promoted into macrophages, upon activation of the metabolic signaling node mTORC1, which controls terminal differentiation of myeloid progenitors (46). We observed that this transition in the early steps of phenotypic developmental stages relied on the glycolytic-mediated control of monocytes/macrophages by the bacterial sensor NOD2 (47). We demonstrated that recognition of the gut microbiota by NOD2 is required for de novo reconstitution of mo-DCs that occupy the lamina propria of the murine intestine while having minimal effect on the mobilization of their precursors to the intestinal mucosa. Given that MDP is physiologically present in high concentrations within the intestinal lumen, our study set the stage to modulate NOD2-dependent signaling at the monocytic stage to avoid the activation of default developmental pathways, including mTORC1. These alternative developmental switches are probably leading to anti-TNF failure through an accumulation of inflammatory macrophages in the intestine of CD patients.





Results




Lack of NOD2 results in a competitive disadvantage for the mo-DCs pool within the colon and the peritoneal cavity in mice at steady-state that re-equilibrates during inflammation

Since Nod2 has been shown to regulate monocyte-derived cell differentiation in different contexts, we aimed to investigate whether in the colon this phenomenon is additionally a consequence of an impaired mobilization of monocytes from the BM as it was observed in C3H/HeJ Tlr4 mutant mice (7). Alternatively, maturation of Ly6Chigh monocytes can follow different paths such as mo-DCs or CD11c+ macrophages which are considered as an intermediate between monocytes and macrophages (1). If NOD2 is intrinsically required for the development of Ly6Chigh monocytes into mo-DCs in mice, inappropriate conversion of Ly6Chigh monocytes into mo-DCs would be expected to promote the accumulation of macrophages. To this end, we realized mixed BM chimera mice. Nod2-deficient animals were lethally irradiated, and 24h later reconstituted with equal amounts (eg. 50:50) of BM cells from wild-type (WT) (CD45.1) and Nod2-deficient mice (CD45.2) (Figure 1A). CCL2 production and subsequent CD11b+Gr1+F4/80+ phagocytic cells’ recruitment to the colon have been shown to be reduced during C. rodentium infection in Nod2-/- mice (27), however, we did not expect a defect in monocyte recruitment in Nod2-/- mice at steady state. Peritoneal content of mo-DCs and mo-Macs within the peritoneum (8) and colonic tissue were analyzed 8 weeks after BM reconstitution as previously described (48) (Figure 1). Peritoneal cells express both CD115 and CD11b, they can be further subdivided into large MHC II- CD102+ (ICAM2+) F4/80+ macrophages and MHC II+ CD226+ F4/80lo subsets that differ in function and origin. The MHC II+ CD226+ F4/80lo subset is Irf4-dependent and is continuously renewed by blood monocytes (49). These cells selectively express CD226, which is a marker of human mo-DCs, both in vitro and in ascites, and display a typical DC morphology profile (8). In our model, while the total numbers of mo-DCs and mo-Macs were increased in the Nod2-deficient competitive BM chimeras, no differences in frequencies were observed as compared to WT cells. However, within the peritoneum of these Nod2-deficient competitive BM chimeras, we observed a lowered relative proportion of mo-DCs when compared to mo-Macs in the CD45.2 cells as compared to the CD45.1 cells (Figures 1B, C; Supplementary Figures 1A, B). At steady-state, resident macrophage subsets have been shown to arise from Ly6Chi monocytes in the intestine (10). In the colon, macrophages can be segregated into CD11c+CD11b+MHCII+Ly6C+ macrophages related to the CX3CR1int inflammatory macrophages, and CD11c-CD11b+Ly6CloMHCII+ monocyte-derived macrophages corresponding to the CX3CR1hi tissue-resident macrophages (10, 50). Likewise what was observed in the peritoneal cavity, similar results were obtained in their colon in which the number of macrophages was significantly heightened (Supplementary Figures 1A, B) (Supplementary Figures 2A, B (gating strategy)). As Nod2-deficient mice are known to develop dysbiosis, we next assessed whether the capacity of blood monocytes to be recruited, to survive, and to expand into the colon may depend on the recognition of the gut microbiota by NOD2. Gut dysbiosis is responsible for decreased numbers of Ly6Chigh monocytes in the spleen of mice at steady-state, however, MDP stimulation could restore splenic Ly6Chigh cell frequency (51). In our settings, monocytes from either WT or Nod2-/- BM were similarly recruited in the colon of Nod2-deficient mice at steady-state (Figure 1D). We next assessed how inflammation may differentially alter the proportion of BM-derived phagocytes in the colon of Nod2-deficient chimeras. Colonic recruitment of CD11b+Ly6C+CD11c-MHCII- monocytes has been shown to be a feature of murine colitis (52). While the segregation between CD11b+ DCs and macrophages could be arduous due to the appearance of a CD64-expressing population of mo-DCs, a subset of CD11c+ monocytes/macrophages has been shown to be involved in intestinal inflammation (39). Dextran sodium sulfate (DSS) was then administered in the drinking water of mixed-BM chimera mice to induce acute colitis (Figures 1E–G; Supplementary Figure 2A, B (gating strategy)). Such an established preclinical model of colitis is characterized by epithelial erosion, crypt loss, ulceration, and infiltration of immune cells. Similar reconstitution of WT and Nod2-/- Ly6Chigh monocytes was observed in the blood and in the colon under DSS, as compared to untreated BM chimeras (Figure 1E). In agreement, the ratios of colonic and blood monocytes were equivalent between WT and Nod2-/-(Figure 1F). Likewise, the number of colonic Ly6Chigh MHCII+ activated monocytes was not affected by Nod2 deficiency in response to inflammation (Supplementary Figure 2C). Furthermore, no difference in body weight loss was noticed at the time of the autopsy (data not shown). Upon inflammation, while the numbers of Ly6Chigh monocytes, cDC, and the mo-DCs/mo-Macs ratio were equivalent in the colon of mixed BM chimera mice, CD11c-expressing macrophages were present in a greater number in Nod2-/- as compared to WT donor cells (p=0.05) (Figure 1G). These results show that NOD2 does not regulate the proportion of colonic mo-Macs at steady state in vivo, whereas it did alter mo-Mac and mo-DC ratios upon inflammation.




Figure 1 | Nod2 signaling is required in BM cells to reconstitute the mo-DCs pool in the peritoneal cavity despite similar monocyte recruitment. (A) Experimental protocol. Mixed BM chimeras were generated by transferring WT (expressing CD45.1)(blue) and Nod2-/- (expressing CD45.2) (red) cells in a 1:1 ratio into lethally irradiated Nod2-deficient recipients. Cells were isolated from the blood and the peritoneum 8 weeks after reconstitution. (B) Peritoneal cells were harvested and the proportion of mo-Mac (MHCII-ICAM2+) and mo-DCs (MHCII+CD226+) was determined by flow cytometry by gating within the CD115+CD11b+ cells. The frequency of the CD226+ DC is calculated within the CD115+ CD11b+ cells. (C) The ratio of mo-DCs/mo-Macs from frequencies obtained in B (n=4 mice). (D) Reconstitution index of Ly6C+ monocytes in the colon (CD11c-CD11b+Ly6C+CCR2+ gate) divided by the same ratio in the blood (n=6 mice). (E) 8 weeks after reconstitution, mixed chimera mice were treated with a 5-day course of 2% DSS (n=7 mice)(E-G). (E) Monocytes content (in the blood: CD11b+ Ly6hi+, in the colon: CD11c-CD11b+Ly6C+CCR2+MHCII-) in the blood (CD11b+ Ly6hi+) of untreated and blood and colonic lamina propria cells (cLP) in DSS-treated mice. (F) Ratio of WT and Nod2-/- monocyte frequencies (colon/blood). (G) Colonic cells were analyzed as described in Supplementary Figure 2A. Numbers per million of monocytes MHCII+ (CD11c-CD11b+Ly6C+CCR2+MHCII+), mo-DCs (CD11c+CD11b+Ly6C+CCR2+MHCII+), mo-Macs (CD11c-CD11b+Ly6C-CCR2-MHCII+), monocytes MHCII- (CD11c-CD11b+Ly6C+CCR2+MHCII-), CD11c+Macs (CD11c+CD11b+Ly6C+CCR2-MHCII+), DC1 (CD11c+CD11b-) and DC2 (CD11c+CD11b+Ly6C-CCR2-MHCII+) in the cLP (number of cells per million of live cells). The ratio of mo-DCs/mo-Mac from total cell number. Bars indicate mean ± SEM. Statistical significance was assessed by the non-parametric Mann-Whitney U test. ns, non significant.







Recognition of the gut microbiota by NOD2 regulates the reconstitution of intestinal mo-DCs from mobilized monocytes

As the recognition of gut microbiota by NOD2 has been shown to be essential for the homeostasis of immune cells, we investigated more precisely whether it may impact the mononuclear phagocyte composition of the colonic lamina propria. The phagocytes composition was analyzed by flow cytometry in the colon of WT and Nod2-/- specific pathogen-free (SPF) and germ-free (GF) mice at steady-state using the markers CD11c, CD11b, CCR2, Ly6C, and MHCII (Figure 2A; Supplementary Figure 3). In the WT mice, the frequency of activated MHCII+ monocytes (Figure 2B) and of the proportion of mature tissue macrophages (Figure 2C) were reduced within the lamina propria of the colon of GF as compared to SPF WT mice, as observed in a series of studies (3, 53). By contrast, the expression level of MHCII on the classical subset of monocytes was similar within the colon of SPF Nod2-deficient mice as what was observed in the GF condition (Figure 2B, lower part). However, while the mo-DCs-like cells (CD11b+CD11c+Ly6C+CCR2+MHCII+) (54) proportions were decreased in GF WT mice as compared to SPF mice (Figure 2C), this difference was lost in Nod2-/- mice, highlighting the role of microbiota recognition and NOD2 in the accumulation of mo-DCs in the colon. As NOD2 has been shown to shape the recruitment of CD103+ DCs in the gut lamina propria (28), we reasoned that the loss of NOD2 signaling may have impaired either the trafficking or the development of some discrete subsets of cDC. To our surprise, only minor fluctuations were detected in the proportions of cDC1 and cDC2 that co-express or not CD11b respectively (Figure 2D). These results could be explained by the fact that cDC arise from a specific precursor. In addition, these cells were used as a control and we did not expect them to be affected in this context. Given that the gut microbiota does not regulate the abundance of cDC1, the decreased abundance of mo-DCs was not likely due to competition with cDC1 to occupy the colonic niche under homeostatic conditions. In addition, the moderate increase in cDC2 frequency observed in GF Nod2-/- mice was not observed in bone marrow chimera mice (Figure 1). This said, the number of CD11c-expressing macrophages was too low to conclusively apprehend potential differences in our experimental setting. Altogether, our data indicate that the Nod2-dependent recognition of the gut microbiota by monocytes when entering the colon from the blood is an important means by which NOD2 could facilitate the on-demand accumulation of intestinal mo-DCs from mobilized monocytes and subsequently may prevent the replenishment of macrophages. To exclude the potential influence of opportunistic pathobionts that may have been present in Nod2-deficient mice, the faecal microbiota from WT SPF mice was transplanted in GF recipients that are either deficient for NOD2 or not (Supplementary Figure 4A). The composition of mononuclear phagocytes was analyzed in the colon four weeks after transplantation such that their gut microbiota becomes similar to the one of the control mice (Supplementary Figure 4B). The frequency and absolute numbers of CD11c+MHCII+ and CD11c-MHCII+ mononuclear phagocytes were not significantly different in the GF Nod2-/- recipients as compared to GF WT recipients when exposed to WT microbiota (Supplementary Figure 4B). These results suggest that changes in the gut microbiota composition, that are pre-existing in the Nod2-deficient mice, could not be sufficient to influence the frequency of mononuclear phagocytes within the colonic lamina propria in mice. Altogether, our results indicate that recognition of the gut microbiota by Nod2 regulates the reconstitution of intestinal mo-DCs from mobilized monocytes.




Figure 2 | Default of conventional DCs and monocytes-derived cells recruitment in NOD2-/- mice under microbiota deprivation. Colon Lamina Propria Mononuclear Cells (LPMC) frequency analysis in Wild-type (WT) (blue) and NOD2-/- (red) mice raised under Specific-Pathogen Free (SPF)(sharp color) and Germ-Free (GF)(light color) conditions. (A) Gating strategy to determine the frequency of conventional DC1 (CD11c+CD11b-), of mo-DCs (CD11c+CD11b+Ly6C+CCR2+MHCII+), of CD11c+ Macs (CD11c+CD11b+Ly6C+CCR2-MHCII+), of conventional DC2 (CD11c+CD11b+Ly6C-CCR2-MHCII+), and the frequencies of mo-Macs (CD11c-CD11b+Ly6C-CCR2-MHCII+), and Mo-MHCII+ (CD11c-CD11b+Ly6C+CCR2+MHCII+), based on their CCR2, Ly6C and MHC levels, after exclusion of Lineage and doublet cells. (B) The frequency and MHCII GeoMean of CCR2+Ly6C+MHCII+ activated monocytes were evaluated in the monocyte-derived cells CD11c-CD11b+. (C) The frequency of mo-DCs was evaluated in the Ly6C+ cells. The frequency of CCR2-Ly6C- mo-Macs was evaluated in the CD11c-CD11b+ monocyte-derived cells. (D) Frequency of DC1 cells (CD11c+CD11b- gate) and DC2 cells (Ly6C- gate). Bars indicate mean ± SEM (n=4-6/group). Statistical significance was assessed by two-way ANOVA. *P<0.05; ***P<0.001.







NOD2 signaling enhances the yield of mo-DCs from monocytes by inhibiting their differentiation in macrophages

In order to establish whether activation of NOD2 signaling may regulate mo-DCs development and therefore inhibit the differentiation of recruited monocytes toward macrophages, MDP was added at the start of the culture of mouse BM cells with a conditioning medium containing GM-CSF. When monocytes were cultured with murabutide, a NOD2 agonist, they exhibited enhanced TNF-α secretion as early as 6hours post-induction, which diminished at 24hours (9), suggesting that the effect of NOD2 stimulation is observable over a narrow window of time. The culture of mouse BM cells with the growth factor GM-CSF is a widely used protocol to generate either mo-Macs or mo-DCs within the CD11c+MHCII+ fraction (Figure 3A) (55). The percentage of CD115+CD64+ mo-Macs was significantly diminished while the frequency of mo-DCs significantly increased when BM cells were cultured in the presence of MDP as compared with the medium alone (Figures 3B, C). We then verified if similar results could be observed in in vitro culture of human monocytes. To this end, CD14+ monocytes were differentiated for 5 days in the presence of GM-CSF and interleukin-4 (IL-4), a well-established cocktail of conditioning soluble factors (56, 57), giving rise to both mo-DCs and mo-Macs (58). Light microscopy revealed that monocytes acquired an elongated shape as early as 24 hours after being exposed to MDP (Figure 3D). After 5 days of stimulation, we noticed the formation of a homotypic cluster of adherent cells with a probing morphology (Figure 3D). To support this, both adherent and non-adherent cells were harvested and stained at their surface for CD14, CD16, CD1a, and HLA-DR. Live and singlet cells were gated on HLA-DR-expressing cells and were systematically analyzed on day 6 (Figures 3E–G). Similarly to what is observed in in vitro cultures with M-CSF, TNF-α and IL-4 (9), early presence of MDP into such a culture system reduced the frequency of mo-Macs and their CD16 expression by five-fold (Figures 3F, G, lower part), while enhancing the yield of mo-DCs and their expression of CD1a (Figure 3G, upper part). Conversely, addition of LPS drastically diminished the frequency of mo-DCs in favor of mo-Macs that are expressing higher levels of CD16 (Figures 3E–G, lower part). By contrast, the yield of mo-Macs was similar between GM-CSF and IL-4 culture of monocytes that are treated or not with MDP for the last two days of culture (data not shown), suggesting an early involvement of NOD2 in shaping the development of mo-DCs in the disadvantage of mo-Macs in vitro. This observation is in agreement with the time-restricted ability of soluble factors such as IL-4 or TNF-α to induce the monocyte differentiation process toward mo-DCs in the first 72h of development (59, 60). This result is consistent with the steadily decline of NOD2 expression during the first 72h of the monocyte culture in the presence of GM-CSF and IL-4 (60). Indeed, monocytes differentiated for 72h with M-CSF, GM-CSF or GM-CSF+IL-4 have been described to exhibit transcriptomic, phenotypic, and functional divergences (60). While highly expressed in CD14+ monocytes, transcriptomic analysis determined that NOD2 expression was maintained only by monocytes differentiated with GM-CSF but was rather decreased in monocytes differentiated with M-CSF and GM-CSF+IL-4. Accordingly, qRT-PCR analysis revealed a lowered expression of NOD2 in terminally differentiated mo-DCs when compared to naïve monocytes (Supplementary Figure 5), indicating that the expression of NOD2 is temporally regulated during monocyte differentiation. These results suggest that early NOD2 signaling conditions the differentiation of nascent phagocytes into mo-DCs that promote inflammatory responses. Consequently, those findings suggested that early NOD2 signaling may progressively promote the differentiation of rapidly mobilized monocytes into ontogenetically related cells with specific features of mo-DCs by inhibiting their conversion into mo-Macs within the lamina propria (61). Overall, our data indicate that MDP sensing by monocytes promotes in vitro their conversion into mo-DCs.




Figure 3 | NOD2 stimulation is responsible for a mo-Macs/mo-DCs switch. (A) Experimental protocol. (B) Gating strategy for flow cytometry analysis of BMDCs upon MDP treatment. Mouse BM-derived cells were generated in vitro for 7 days in GM-CSF in the presence or not of MDP (10ug/ml). Mo-DCs were gated as CD11c+ MHCII+ CD115- CD135+ CD64+ (green) and mo-Macs were gated as CD11c+ MHCII+ CD115+ (purple). Frequencies are calculated from the CD11c+ gate. (C) Frequencies of mo-DCs and mo-Macs in the mouse BMDC culture stimulated or not with MDP at the start of the culture. (D) Mo-DCs were generated by culturing CD14+ circulating human monocytes with GM-CSF and IL-4. MDP was added at the beginning of the 5 day-culture. Morphology of the differentiating cells at day 1 and day 5 of culture in the presence or not of MDP. (E) The impact of MDP or LPS stimulation at the start of the culture on mo-Macs (CD16+CD1a-) and mo-DCs (CD16-CD1a+) differentiation was evaluated by flow cytometry at day 6, after gating on live HLA-DR+ cells. (F) mo-DCs and mo-Macs frequencies. (G) CD1a and CD16 fluorescent mean intensity (GeoMeans) (n=5). These data are representative of at least 4 independent experiments with different mice (B-C) or donors (D-G). Bars indicate mean ± SEM. Statistical significance was assessed by the non-parametric Mann-Whitney test. *P<0.05; **P<0.01.







NOD2 signaling acts through the mTORC1 pathway to license bifurcation of monocytes commitment

We next asked how NOD2 signaling in monocytes modulates the unique property of monocytes to differentiate into macrophages or mo-DCs that are phenotypically and functionally different. To this end, we investigated the signaling events after NOD2 stimulation with a focus on the components of the mechanistic target of rapamycin (mTOR), mTORC1, and mTORC2, signaling pathways that are both involved in the generation and activity of tissue-resident peritoneal macrophages in vivo (62, 63), and of human mo-Macs in vitro (9). As we have previously shown with human monocytes (Figures 3E, F), the addition of MDP increased the yield of mo-DCs while decreasing the mo-Macs frequency (Figures 4A, B). However, the proportion of macrophages increased after the addition of MHY1485, which is a cell permeable activator that targets the ATP domain of mTORC1 but not mTORC2, used to promote the activation of mTORC1 (Figures 4A, B). These results highlighting the role of mTORC1 in the conversion of monocytes in macrophages are in agreement with what was observed with GM-CSF culture of mouse myeloid progenitors (64). Interestingly, MDP addition led to a significant decrease in macrophage frequency and an increase of mo-DCs yield, during the MHY1485 treatment, suggesting that NOD2 may act through mTORC1 during monocyte differentiation (Figures 4A, B). In line with our hypothesis, the proportion of mo-DCs was enhanced upon treatment of monocytes with wortmannin that acts upstream of the mTOR pathway similarly to what was observed with MDP alone (Figures 4A, B). Wortmannin is a selective inhibitor of phosphoinositide 3-kinases (PI3K), that can also block autophagy and has been described to irreversibly inhibit the serine-specific auto-kinase activity of mTOR (65). The PI3K/AKT pathway has been shown to negatively regulate the NOD2-mediated NF-κB pathway (66). As a result, the mo-Macs differentiation was completely inhibited. The addition of MDP to wortmannin, which is a non-specific, covalent inhibitor of PI3K that is also used for suppressing autophagy by interfering with autophagosome formation, did not increase mo-DCs frequencies. Cell toxicity was avoided as much as possible by treating cells for only 24 hours (data not shown). Similar results were obtained with rapamycin, the prototypic mTORC1 inhibitor, able to induce autophagy by potentiating LC3 lipidation (Figures 4A, B). These data are in agreement with the greater proportion of mo-DCs that is observed upon treatment with the mTORC1 inhibitor temsirolimus (20). These results suggest that NOD2 activation might negatively regulate the ability of the PI3K pathway to licensing the metabolic reprogramming of monocytes at an early stage of development.




Figure 4 | MDP enhances the differentiation of Mo-DCs in a mTORC1 independent manner. As described in Figure 3D, human CD14+ monocytes were treated or not with MDP, the mTOR activator MHY1485, the PI3K inhibitor wortmannin, or the mTOR inhibitor Rapamycin for 5 days at the same timepoint. Mo-DCs (CD1a+) and mo-Macs (CD16+) frequencies were assessed by flow cytometry using the HLA-DR, CD16 and CD1a markers. (A) Contour representing the mo-DCs (green) and mo-Macs (purple). (B) The frequency of mo-Macs and mo-DCs in the four conditions are depicted. Representative of 2 experiments with at least 3 biological replicates. Bars indicate mean ± SEM. Statistical significance was assessed by the non-parametric Mann-Whitney test. *P<0.05; **P<0.01.







NOD2 activates mTORC2 pathway and promotes anaerobic glycolysis

In an effort to further understand how NOD2 activation may impair mTORC1-dependent macrophage differentiation, we cultured the human monocytic cell line THP1 that express NOD2 (67), which has been extensively used to study the development and function of human monocyte-derived phagocytes. THP1 cells were stimulated for 30 minutes with MDP, and the phosphorylation state of the Regulatory-associated protein of mTOR (also known as RAPTOR) at serine 792 (S792), which is mediated by AMP-activated protein kinase (AMPK), was quantified. This S792-phosphorylation of RAPTOR has been shown to reduce mTORC1 activity (68) and to act as a metabolic checkpoint that coordinates the energy status of each cell (68). In this experimental setting, activation of NOD2 signaling seemed to induce S792 phosphorylation of RAPTOR (Supplementary Figure 6A), suggesting that NOD2 could inhibit lipid uptake and foam cell formation through negative feedback on mTORC1 activity. At a time point of 24hours of stimulation, immunoblot analysis expectedly revealed that treatment with MDP did not increase the phosphorylation of S6K, which is a surrogate marker of mTORC1 activation (Supplementary Figure 6B). We next measured the phosphorylation of AKT at serine 473, as a surrogate marker of mTORC2 activation (64). In agreement with our hypothesis, we observed that a short treatment for 24 hours of THP1 cells with MDP increased this specific phosphorylation of the residue S473 (Supplementary Figure 6B). This phosphorylation was not observed in THP1 cells that lack the expression of NOD2. LPS also induced S473 phosphorylation, however, the phosphorylation of S473 was reduced when MDP treatment was followed by LPS stimulation (Supplementary Figure 6B). Consistent with that observation, MDP-treated THP1 monocytic cells were characterized by a NOD2-dependent upregulation of IRF4 expression (Supplementary Figure 6C), which is a target gene of mTORC2 (69). Interestingly, LPS and Pam3 stimulations have been reported to decrease IRF4 expression in monocytes in a mTORC1-independent manner (9), suggesting that NOD2-mediated induction of IRF4 may be independent of this phenomenon. In line with the ability of NOD2 signaling to activate the Signal transducer and activator of transcription 5 (STAT5) (70), the treatment of THP1 cells with MDP significantly lowered the expression of IRF8 that is inhibited by STAT5 (71) (Supplementary Figure 6C). These results suggest that stimulation of monocytes with MDP induces mTORC2 activation and may act as a negative feedback loop on mTORC1, via the phosphorylation of AKTS473 and RAPTORS792 respectively. It has been postulated that GM-CSF may regulate irf4 expression via STAT5 expression in monocytes and in macrophages (72). We could speculate that Nod2 may act in the same way and control IRF4 and IRF8 expression in monocytes via STAT5 activation. Metabolism changes, including in glycolysis and oxidative phosphorylation sustains energy needs of macrophages and dendritic cells, but also rewires their activation, polarization and differentiation as pro-inflammatory and anti-inflammatory cells (73–75). As the mTORC2 pathway plays a key role in the glycolytic reprogramming of monocytes that are rapidly mobilized on demand (76, 77), we next investigated if MDP treatment of monocytes is associated with changes in mTORC2-mediated metabolic cascade. To this end, previously published RNAseq data for MDP-treated vs untreated Ly6Chi mouse monocytes (GEO accession number GSE101496) were mined for candidate genes encoding for enzymes involved in glycolysis. We observed an MDP-induced upregulation of several glycolytic genes such as the enzyme Gapdh that regulates the conversion of D-glyceraldehyde 3-phosphate into 1,3-bisphosphoglycerate (Supplementary Figure 7A) (26). To get further insights on how NOD2 may provide energy for monocytes, we next quantified the glycolytic capacity and reserve of THP1 cells that were deficient or not for NOD2. As THP1 cells mainly rely on glycolysis as a source of ATP for survival (78), these cells represent a suitable model. The oxygen consumption rate (OCR) was measured in NOD2-deficient and WT THP1 cells. We could observe that the lack of NOD2 could affect the OCR, a measurement of oxidative phosphorylation (OXPHOS) and extracellular acidification rate (ECAR), a surrogate measurement of glycolytic activity. Indeed, the extracellular acidification rate (ECAR) was measured by using a Seahorse bioanalyser. During the first step of glycolysis, we noticed a similar basal glycolytic rate between NOD2-deficient and parental THP1 cells (Supplementary Figure 7B). Upon blockade of oxidative phosphorylation of ADP to ATP by oligomycin, the basal glycolytic capacity of WT cells was similar to the one of THP1 NOD2-/- cells. By contrast, the inhibition of glycolytic H+ production by the competitive inhibitor of glycolysis, 2-Deoxy-D-glucose (2-DG), revealed a trend to a lower glycolytic reserve in the absence of NOD2. These results suggest that NOD2 may promote a lower pH, by sustaining a higher glycolytic demand, which is required for mo-DCs differentiation (20). TNF-α or IFNγ stimulations have been shown to induce a metabolic reprogramming of macrophages toward a pro-inflammatory M1 phenotype (79). NOD2 triggering may favor a switch in glycolysis to influence monocyte differentiation via cytokine production. Altogether, these results indicate that NOD2 signaling of monocytes may interfere with the PI3K/mTORC1 pathway through the mTORC2/AKT complex, which might inhibit the diversion of monocyte differentiation to macrophages via metabolic reprogramming (76). In other words, these data suggest that MDP may induce a transient negative regulation of the mTOR pathway to limit the accumulation of macrophages, leading to an unrepressed generation of mo-DCs.





The inhibition of the mTORC1 pathway by NOD2 promotes the secretion of TNF-α

We previously observed that early MDP treatment can condition and activate the metabolic pathways of monocyte-derived cells and also promote the differentiation of mo-DCs to the detriment of mo-Macs. Since bacteria are able to stimulate multiple PRRs, and chronic stimulation with MDP has been shown to down-regulate TLR4-induced TNF-α secretion by human monocyte-derived macrophages (80), we next experimentally addressed the functional impact of early NOD2 signaling on the ability of nascent phagocytes to respond to LPS when synergizing with MDP (81). Of note, while a short pre-incubation with MDP has been shown to act synergistically with LPS to induce the synthesis of TNF-α in monocytes (82), a decrease of TNF-α secretion and other pro-inflammatory cytokines, referred to as tolerance to TLR4 restimulation, appears after 24hours of pre-treatment with MDP in human monocyte-derived macrophages (80). Furthermore, mice injected with MDP were protected against TNBS- or DSS-induced colitis by the suppression of multiple TLR pathways (29) suggesting a cross-tolerization of TLRs by chronic NOD2 stimulation (83). To evaluate the LPS responsiveness of MDP-treated cells, THP1 and THP1 cells that do not express NOD2 (THP1 NOD2-/-) were incubated sequentially with MDP and then LPS or LPS alone. As expected, the cells pre-treated with MDP enhanced their subsequent cytokine response upon LPS treatment (Figure 5A, left upper part). This synergistic effect on the production of TNF-α to subsequent treatment with LPS was blunted with THP1 NOD2-/- (Figure 5A, lower part). In order to confirm our data with primary cells, mouse BM monocytes were cultured in the presence of MDP. The responsiveness to LPS was next analyzed by measuring the release of Tnf-α by specific ELISA. An apparent synergistic effect on the secretion of Tnf-α was retained in those cells that were primed with MDP (Supplementary Figure 8A). This synergistic effect on the production of Tnf-α to subsequent treatment with LPS was absent in monocytes that were isolated from the BM of Nod2-deficient mice (Supplementary Figure 8B). Such a functional model of hierarchy could be of particular importance in the context of loss of bacterial tolerance or the need for the replenishment of tissue mo-DCs following injury or infection. We then hypothesized that activation of NOD2 signaling may influence the bioenergetic needs of nascent mo-DCs by interfering with the mTOR pathway. In agreement with the autocrine role of NOD2-mediated TNF-α secretion on the development of mo-DCs (9), the PI3K inhibitor wortmannin increased by 3-fold the secretion of TNF-α upon stimulation of MDP-primed THP1 cells with LPS when compared to control cells (Figure 5A, blue, upper part). This effect of wortmannin on the monocyte responsiveness to LPS is lost with MDP-primed THP1 cells that do not express NOD2 (Figure 5A, red, lower part). In agreement with what was observed with wortmannin, rapamycin treatment, which inhibits mTOR, did not impair the secretion of TNF-α by THP1 cells when stimulated with MDP (Figure 5A). On another hand, bafilomycin treatment, which inhibits autophagy at the final step of fusion of lysosome with autophagosome, blunted the synergistic effect of MDP (data not shown). Interestingly, we found that the activation of mTORC1 with MHY1485, which is supposed to promote a macrophage phenotype (Figure 4B), inhibited the MDP-induced secretion of TNF-α by THP1 cells (Figure 5B). However, no TNF-α secretion was observed in NOD2-deficient THP1 even in the presence of MHY1485, suggesting that in our settings, MDP was not able to impair the effect of the macrophage prone drug MHY1485 on TNF-α production. Altogether, these results suggest that MDP, in synergy with LPS, can induce TNF-α secretion that may influence the differentiation of monocyte-derived cells toward mo-DCs. Given the effect of mTOR pathway inhibition on TNF-α secretion, we can speculate that NOD2 signaling influences monocyte fate decision over the activation of mTORC1 for conditioning their differentiation into mo-DCs via TNF-α induction.




Figure 5 | NOD2 signaling is hierarchically dominant over mTORC1 activation to condition monocyte differentiation into mo-DCs. (A) THP1 (blue) and THP1 NOD2-deficient cells (red) were treated as described in the material and method section to evaluate the LPS responsiveness of MDP-treated cells. In addition, the PI3K inhibitor wortmannin or the mTOR inhibitor rapamycin were added or not for 24h. TNF-α production was measured by ELISA. (B) LPS responsiveness was evaluated by measuring TNF-α production in THP1 WT or Nod2-/- cells treated with MDP, MHY1485, or both for 24h. Bars indicate mean ± SEM at least three biological replicates and data are representative of 2 independent experiments. Statistical significance was assessed by ordinary one-way multiple comparisons. ***P<0.005 ****P<0.001.







NOD2 loss-of-function mutation impairs the phenotypic switch of monocytes in CD patients in a TNF-α dependent manner

To evaluate the importance of a monocyte phenotypic switch in CD patients with NOD2 mutations, we used a published RNA-seq data set from an exploratory cohort that is deposited in the GEO database (GSE69446) (84). Given that CD14-expressing cells are obligate precursors of discrete subsets of phagocytes that play a role in CD pathogenesis, the monocytes were isolated from peripheral blood of healthy controls (n=2) and CD patients in complete remission for at least 4 weeks prior to inclusion. Among those five patients, three carried the loss-of-function mutation in the NOD2 gene, referred to as 1007fs mutation. As depicted in the Venn-diagram (Figure 6A), MDP treatment of monocytes from healthy donors and CD patients significantly modified the expression of up to 362 and 1,660 genes, respectively. Among those, a list of 306 genes was commonly regulated by MDP in blood monocytes from both control and CD patients. Geneset enrichment analysis (GSEA) indicated that the pathway “TNF-alpha signaling via NF-kB” (24/200)(adjusted p-value 3.12E-20) was significantly induced among the 156 commonly differentially upregulated genes that are induced by MDP in CD14-expressing cells from either control or CD patients (Figure 6B; Supplementary Data Set 1). In addition, the “mTORC1 signaling” pathway (4/200)(adjusted p-value 0.13) tended to be upregulated by MDP. The pathway “Wnt-beta Catenin Signalling” (3/42)(adjusted p-value 0.019) was also significantly induced among the 156 common genes induced by MDP in control and CD cells (Supplementary Data Set 1). Moreover, we noticed an enrichment of up-regulated genes related to dendritic cells (9/199)(adjusted p-value 7.8E-3) (Supplementary Data Set 2), among those NR4A3 is involved in the proper differentiation of Mo-DCs (85). Furthermore, a list of down-regulated genes that are related to diverse subsets of tissue macrophages was identified by using GSEA (11/204)(adjusted p-value 1.1E-5) (Supplementary Data Set 3). Among the CD patients, we next assessed whether cells bearing an unfunctional NOD2 (n=3), as homozygous for the 1007fs NOD2 mutation, may differentially respond to MDP. This led us to identify a specific loss of MDP-induced expression of 10 genes, including IL12B and miR-155 in mutated patients as compared to the patients who did not bear this mutation (n=2) (Supplementary Data Set 4). Inhibition of miR-155 in human monocytes by an antagomir during 6h increased significantly MAFB (9), a transcription factor implicated in the molecular control of monocyte-macrophage differentiation (86). Pathway enrichment analysis identified a set of genes among the 17 that were implicated in TNF-α signaling via NF-kB (5/200)(adjusted p-value 2.53E-7) (Supplementary Data Set 5) and TNF-α effects on cytokine activity, cell motility, and apoptosis (4/135) (adjusted p-value 1.75E-4) (Supplementary Data Set 6). Accordingly, the Kyoto Encyclopedia of Genes and Genomes (KEGG) database analysis of the 941 up-regulated genes in CD cells which are not present in control cells after MDP treatment identified a set of genes related to “TNF signaling pathway” (28/112)(adjusted p-value 5.6E-11) (Supplementary Data Set 7). These results extracted from transcriptomic data suggest that MDP might regulate and affect the differentiation of monocytes into the macrophage pathway by the induction of DC-inducing soluble factors, such as TNF-α. We then evaluated whether the formation of mo-DCs, which is initiated by NOD2 signaling, is inhibited upon neutralization of TNF-α with adalimumab, which is a fully human anti-TNF-α monoclonal antibody. Interestingly, it has been shown that the percentage of classical monocytes was higher in patients responding to adalimumab than in patients not responding to the same drug (87). CD14-expressing cells have been cultured for 5 days in a medium with GM-CSF, IL-4, MDP, and/or adalimumab (Figures 6C, D) and/or isotype control (data not shown). In contrast with the isotype control, the addition of adalimumab in the medium together with GM-CSF and IL-4 significantly increased the frequency of mo-Macs (Figures 6C, D). Among those, it has been noticed that some co-express the macrophage marker CD14 (88). Interestingly, in the presence of MDP, mo-DCs did not express the marker CD14 (Figure 6C). Monocytes in the presence of MDP produced higher levels of TNF-α (Supplementary Figure 9). In conclusion, NOD2 may molecularly define an education process that subsequently prevents the accumulation of monocyte-derived macrophages.




Figure 6 | NOD2-induced decrease of macrophages is dependent on TNF-α production. Public RNA-seq data set of untreated or MDP-stimulated monocytes isolated from peripheral blood of healthy controls (n=2) and CD patients in complete remission were analyzed. Among the CD patients, 3 are bearing and 2 are not bearing the loss of function mutation in the NOD2 gene. (A) Venn diagram comparing the Differentially Expressed Genes (DEG) between MDP-treated and untreated in healthy controls and CD patients. (B) Geneset enrichment analysis (GSEA) among the 156 commonly differentially upregulated genes that are induced by MDP in CD14-expressing cells from either control or CD patients. (C) Monocytes were treated or not with MDP, anti-TNFα (Adalimumab), or both during GM/IL4 cultures. Isotype was used as a control. Mo-DCs and mo-Macs frequencies were assessed by flow cytometry using the CD14, CD16 and CD1a markers on day 6 of the culture. Contour plot representing the mo-DCs (green) and mo-Macs (purple). Representative of at least 2 independent experiments with different donors and with at least 4 biological replicates. (D) The frequency of mo-Macs upon anti-TNFα and MDP treatment is depicted. Bars indicate mean ± SEM. Statistical significance was assessed by the non-parametric Mann-Whitney. **, P<0.001.








Discussion

We report herein experimental evidence that monocytes fail to differentiate into mo-Macs when the NOD2-mediated signaling is activated. By using competitive BM chimera, we did not observe a lack of recruitment of Ly6Chi monocytes in the colon, suggesting that systemic MDP does not affect the number of recruited colonic monocytic cells at baseline, but may rather trigger early changes in epigenetic regulation of mo-DCs development (89). Besides the Nod2-dependent regulation of GM-CSF secretion by stromal cells in mice (28), our data highlighted a Nod2-dependent regulation of a developmental process of mo-DCs by the gut microbiota that is likely solicited when the DCs population must be replenished after fecal transplantation. This is particularly true within the first years of life, in which the immunological tolerance is not yet fully operational. One may anticipate that such demand-driven generation of mo-DCs is likely dependent on several mechanisms governing tolerance to MDP that are programmed in time for keeping a fine balance between each discrete subsets of phagocytes with context-dependent functions. Overall, our data suggest that MDP sensing by monocytes could promote in vivo their early conversion into mo-DCs for the maintenance of intestinal homeostasis at the expense of inflammatory macrophages.

Chronic stimulation of monocytes with MDP causes what is often called NOD2-induced tolerance which consists of tolerance to MDP and other bacterial signals such as LPS (90). On another hand, MDP can restore cytokine production, including TNF-α production, in LPS-tolerized macrophages (91). Proteosomal degradation of NOD2 protein confers rapid induction of refractoriness to MDP that protects the host from tissue damage or even death (90, 92). Such negative feedback regulatory mechanism fails to occur when human primary monocytes or transfected cell lines are defective in either the E3 Ubiquitin ligase ZNRF4 or the protein NLRP12 (48, 93). Consequently, treatment with MDP of monocyte-derived cells that are deficient for the aforementioned molecules led to an excessive inflammation with a sustained NF-κB activation. We have observed NOD2-mediated induction of IRF4. A proteo-analysis of HEK response to MDP highlighted that the Crk-like protein and the phosphoglycerate kinase 1 (PGK1) are upregulated in the NOD2-WT as compared to controls. Crk-like protein is an oncogene and an adaptor protein that has been shown to associate with STAT5, while PGK1 protein has been shown to be an enzyme of the glycolytic pathway (94). According to the ability of NOD2 signaling to activate STAT5, we observed a decrease in IRF8 expression with MDP (Supplementary Figure 6C).

One may infer that blood monocytes deficient for Nod2 may develop into inflammatory macrophages in the gut and lead to an increased inflammatory response in colitis for instance. Different studies have shown that most of the immune cells, particularly myeloid cells, may actually have dual activity, pro-inflammatory or immunosuppressive, depending on the signals received from the microenvironment (95). As this dual display of antagonizing functions exists also in conventional dendritic cells (96), we anticipated that similar dual properties of mo-DCs would likely exist and be influenced by microbial-derived products in their microenvironment.

The notion that metabolic control is upstream of inflammatory function has been proposed recently (97). Indeed, circulating monocytes and monocyte-derived macrophages from patients with fibroinflammatory vasculopathy are highly efficient in glucose import and are expressing higher glycolysis-associated genes (GLUT1, HK2, PKM2, LDH, c-myc, and HIF-1α) in comparison to healthy individuals. Consistently, the expression of the Aldoa and Aldoc that are converting F1,6BP into GADP and of the Gadph that is converting GADP into 1,3BPG were significantly upregulated in Ly6Chi mouse monocytes that were treated by MDP as compared to untreated (Supplementary Figure 7A) (26). Similarly, MDP stimulation enhanced the expression of the Pgk1 converting 1,3BPG into 3-P-G and the Pagm1 that is involved in the conversion of the latter into 2PG. Aside from these enzymes, the Ldhb which is converting the Lactate into Pyruvate was downregulated, as well as the HK-II which is converting the glucose into glucose 6-phosphate (G6P). In addition, to confirm in human the MDP-mediated metabolic switch toward glycolysis observed in mouse monocytes, we analyzed the RNA-seq data set from an exploratory cohort of CD patients carrying a loss-of-function mutation in the NOD2 gene and in complete remission vs healthy controls (as described in Figure 6B). Among the common 156 up-regulated genes induced by MDP either in control and CD monocytes as compared to untreated, analysis of MSigDB database indicated also the pathway “mTORC1 signaling” and containing SLC7A5, XBP1, HSPA5, PPA1, AK4, and CFP (Supplementary Data Set 1). Further studies will be needed to better understand the MDP-induced regulation of glycolysis enzymes and their regulation of mTORC1 signaling (98). Additionally, among the genes having a loss of MDP-induced expression in monocytes from SNP13 CD patients, AK4 is involved in the positive regulation of mouse myeloid cells glycolysis and inflammatory cytokine production such as Tnf-α and Il-6 (99). In addition, we observed a decline of oxidative phosphorylation and glycolytic activity in NOD2-deficient THP1 cells suggesting a metabolic switch after NOD2 stimulation. As the induction of metabolic enzymes seems to appear rapidly after MDP stimulation (Supplementary Figure 7), glycolysis may precede the production of inflammatory cytokines during mo-DCs/mo-Macs differentiation (97). MDP has been shown to induce a metabolic reprogramming of human Monocyte-derived Macrophages (MDM) and a lower level of glycolysis than MDM, but comparable OXPHOS in MoDC at basal conditions (44). Moreover, a NOD2 agonist injected in vivo increased both glucose consumption and lactate release in mouse peritoneal macrophages and increased TNF and IL-6 production. While the effect of the addition of MDP can be detected very rapidly on glycolysis and OXPHOS (e.g. 10min), cytokine production can be detected after 3h of culture of human mo-Macs or mo-DCs (44). In addition, it has been suggested that the increase of glycolysis may take place without de novo gene synthesis in MDM upon treatment with NOD1 or NOD2 agonists due to the fact that it occurs after 1h of stimulation (44). However, while IRF5 has been shown to be necessary for NOD2-induced glycolysis, TNF-α, IL-1β or IL-12 could promote glycolytic gene expression and glycolysis in an IRF5-dependent manner in macrophages (47). Moreover, the autocrine pro-inflammatory cytokines were required for glycolysis suggesting a positive regulation of TNF-α and IL-1β on NOD2-mediated glycolysis in polarized and unpolarized macrophages. Of note, the knock-down of glycolytic genes induced the decrease of cytokine release, highlighting the double feedback regulation of cytokines and glycolytic genes. It has been mentioned that 2-DG partially prevented mo-DC differentiation, without affecting cell viability (20). Moreover, 2-DG appeared to block NOD1 agonist– or LPS-induced elevation of ECAR in mo-Macs and to inhibit LPS-induced TNF-α, IL-6, and IL-12 production by mo-DCs (44). Treatment with 2-DG has also been shown to inhibit Flt3L-induced proliferation of mouse precursors in a dose-dependent manner, indicating that aerobic glycolysis is involved in DC development (75). The NOD2/Ataxin-3 axis has been described in the regulation of myeloid cell metabolism (100). Indeed, ataxin-3 depletion led to a significant reduction in the oxidative phosphorylation of THP1. 2DG treatment has also been involved in the decrease of TNF, IL-1β, and IL-10 secretion and the reduction of the expression of genes involved in innate immune signaling pathways, cytokines secretion, and ROS production in LPS-stimulated human monocytes (101) suggesting a rewiring of monocyte function after glycolysis blockade. In addition, 2-DG treatment increased IL-23 secretion in GM-DCs in vitro and in vivo after imiquimod stimulation and promoted an increase of Ddit3 and Xbp1s expression in imiquimod-treated GM-DCs (102). XBP1s, a transcription factor that has been associated with CD (103), is proposed to play a major role in the development, differentiation, survival, and immune responses of various immune cells, including dendritic cells and macrophages (104), suggesting that glycolysis inhibition by 2-DG could affect monocyte-derived cell differentiation after PRR activation. As microbiota-derived circulating peptidoglycan is found in the mouse blood (105), one can propose that MDP can induce a metabolic reprogramming of circulating monocytes leading to a higher glucose consumption which regulates their mitochondrial activity, such as ROS production and effector molecules expression such as TNF-α. Here, we demonstrated that blocking TNF-α with adalimumab, which has been described to bind to membrane TNF-α with relatively higher affinity than etanercept (106), limits the development of MDP-induced mo-DCs. Similarly to our observations with the in vitro generated human mo-DCs with GM-CSF and IL-4, it was recently shown that MDP stimulation of human monocytes in in vitro culture with IL-4, M-CSF, and TNF-α promotes the generation of mo-DCs and limits the one of macrophages. In addition, intradermal injection of TNF-α into the ear of mice increases mo-DC numbers (9).

Interestingly, DC obtained from either Tnfr1−/− mice or patients treated with anti-TNF-α showed an unusual mixed immature/mature phenotype (107, 108) suggesting the development of macrophages in these cultures (55, 109). While TNF-α is a weak stimulator of CCR7 expression (110), it counterbalances the emergence of M2-like tumor macrophages (111). Such cytokine is sharply induced by microbiota, in Nod2-dependent and –independent pathways, during weaning for lowering the risk of developing colorectal cancer later in life (112). Conversely, an impaired dendritic cell function has been reported in most CD patients with NOD2 1007fs mutation (113). While TNF-α can upregulate NOD2 expression in myelomonocytic cell lines (67), anti-TNF therapy could alter the Nod2-induced equilibrium between discrete subsets of intestinal phagocytes with different properties. Additional analysis of published RNAseq data of the CD patients’ cohort in remission and healthy controls, while comparing to untreated, indicated that the pathway “Wnt-beta Catenin Signalling” was also significantly induced among the 156 common genes induced by MDP either in CD14-expressing control and CD cells including MYC, HEY1, JAG1 and A Disintegrin And Metalloproteinase 17 (ADAM17) (Supplementary Data Set 1). Wnt-beta catenin signaling pathway limits the differentiation into macrophages of BM cells cultured with GM-CSF (69). It is worth noting that A Disintegrin And Metalloproteinase 17 (ADAM17 (also known as TNF-alpha converting enzyme (TACE)) is a sheddase with a broad range of substrates such as membrane-bound TNF-α (114) and M-CSF receptor (59). ADAM17-dependent cleavage of M-CSF receptor is the mechanism by which GM-CSF and IL-4 block M-CSF- and RANKL-induced osteoclast differentiation from monocytes (59). Modulating the NOD2/TNF-α signaling axis to balance the induction of mo-DCs and repression of mo-Macs appears to be a promising new target for immunotherapy of colorectal cancer and to treat stricturing complications of CD patients.

Additionally, among the 17 genes losing MDP-induced expression in monocytes from CD patients with the homozygous SNP13 mutation, NR4A3 is involved in the proper differentiation of Mo-DCs (FC 1.72, adjusted p-value 0.00206) (Supplementary Data Set 4) (85). One may suggest that inhibition of M-CSF receptor signaling by MDP on monocytes is required to impair macrophage differentiation in certain circumstances. For instance, type 1 cysteinyl leukotriene receptor (CYSLTR1) was significantly down-regulated from healthy controls or CD patients under MDP treatment (84). Inhibition of CYSLTR1 prevents M-CSF- and RANKL-induced osteoclast differentiation of BM precursors (115). Additionally, the ETS variant transcription factor 3 (ETV3) was significantly up-regulated within the MDP-treated monocytes from healthy controls or CD patients. It is induced by the anti-inflammatory cytokine IL-10 (116), and blocks M-CSF-induced macrophage proliferation (117). In CD patients, a unique response to MDP was observed with 941 and 413 up-regulated and down-regulated genes respectively (84). Analysis of Azimuth Cell Type database showed enrichment of up-regulated genes that are related to “Myeloid Dendritic Type 1” among which CCR7 is a hallmark of DC as it is critically required for their migration to lymph nodes (118). Equally of importance, the transcription factor NRA43, which is involved in the proper differentiation of mo-DCs (85), is less induced by MDP treatment in monocytes from CD patients than in cells from healthy controls (FC 1.6 and FC 1.71, respectively) as compared to untreated.

Thus, by using BM chimera and fecal transplantation models, our study highlights the role of NOD2 and the microbiota in the reconstitution of monocyte-derived cells in the colon of mice at steady state while not affecting mo-Macs during colitis. NOD2 promotes mo-DCs development by interfering with mouse BM and human monocyte differentiation in macrophages. In addition, we observed that NOD2 impacts mo-DCs/mo-Macs differentiation through activation of the mTORC2 pathway and a metabolic switch in NOD2 transfected THP1 involving TNF-α. The involvement of TNF-α signaling pathway has been confirmed in transcriptomic data of CD patients. Here, we provided a better understanding of macrophage-differentiation inhibition by NOD2-mediated signaling, which may offer new therapeutic strategies aiming at limiting the detrimental effects of pathogenic macrophages in gut pathologies such as CD.





Materials and methods




Mice

All animal studies were approved by the local investigational review board of the Institut Pasteur of Lille (N°28010-2016012820187595). Animal experiments were performed in an accredited establishment (N° B59-108) according to governmental guidelines N°86/609/CEE. Age-matched and gender-matched C57BL/6J WT, Nod2-deficient mice (Nod2-/-), have free access to a standard laboratory chow diet in a temperature-controlled SPF environment and a half-daylight cycle exposure. C57BL/6J WT GF, Nod2-/- GF mice were bred at TAAM-CNRS and were transferred into autoclaved sterile micro-isolator cages. C57BL/6J WT mice were purchased from Janvier Laboratories, France. Ly5.1 WT mice (CD45.1) were purchased from Charles Rivers Laboratories, France. Nod2–/– mice were provided by R.A. Flavell (Yale University School of Medicine, Howard Hughes Medical Institute).





Induction of acute colitis

A single cycle of acute colitis was induced by giving mice 2% (wt/vol) DSS (TdB Consultancy) for a period of 4 to 5 days followed by normal drinking water for the indicated period of time with a threshold of the maximal lost weight of 20% of the initial weight. DSS was dissolved in drinking water and changed every 3 days. Signs of morbidity, including body weight, stool consistency, occult blood, or the presence of macroscopic rectal bleeding, were checked daily. At specific time points throughout the course of the challenge, mice were autopsied to assess the severity of the disease by measurement of colon lengths and cell composition by flow cytometry.





Bone marrow transplantation experiments

Recipient mice underwent a lethal total-body irradiation (2X 5.5Gy, 4h between each dose). Twenty-four hours post-irradiation, mice received intravenously 2 × 106 fresh BM cells. Nod2-deficient animals were irradiated and reconstituted in a 1:1 ratio with bone marrow cells from WT (CD45.1) and Nod2-deficient mice (CD45.2). Blood was collected in heparin-containing tubes 7–8 weeks after BM transplantation and reconstitution efficiency was checked by flow cytometry (119). Cellular content within the colon, the blood, and the peritoneum of chimeric mice were analyzed 8 weeks after BM reconstitution by flow cytometry. In some experiments, DSS was administered for 5 days in the drinking water of mixed-BM chimera mice to induce acute colitis.





Fecal transplantation

Fecal microbiota from WT mice was transplanted by gavage in GF mice that are deficient or not for Nod2 (120). The mice were used after four weeks of colonization with feces from WT mice.





Isolation of mouse colonic lamina propria cells

Lamina Propria Mononuclear Cells (LPMC) were prepared from murine intestines by enzymatic digestion as previously described (3). Briefly, cells were isolated from colons, after removal of epithelial cells, by enzymatic digestion with 1.25 mg/ml collagenase D (Roche Diagnostics), 0.85 mg/ml collagenase V (Sigma-Aldrich), 1 mg/ml dispase (Life Technologies), and 30 U/ml DNaseI (Roche Diagnostics) in complete RPMI 1640 for 30–40 min in a shaking incubator until complete digestion of the tissue. After isolation, cells were passed through a 40μm cell strainer before use (BD biosciences). Colonic cell numbers were determined by counting beads and following the manufacturer’s instructions (AccuCheck counting beads, Invitrogen).





Generation of bone marrow-derived dendritic cells

Bone marrow cells were flushed out of the mouse bones with complete RPMI 1640 (Gibco). A single-cell suspension was then prepared by repeated pipetting. Bone marrow-derived dendritic cells (BMDCs) were generated for 7 days in respectively RPMI-1640 medium (Gibco), supplemented with glutamine, penicillin, streptomycin, 2-mercaptoethanol (all from Gibco), and 10% heat-inactivated fetal calf serum (GE Healthcare). The medium was supplemented with 20 ng/ml GM-CSF of J558 cells (GM-CSF-producing cells). Half of the medium was removed at day 3 and new medium supplemented with GM-CSF supernatant (2x, 40 ng/ml) was added (55). When mentioned, muramyl dipeptide (MDP) (10μg/ml; Invitrogen) was added from the beginning of a 6-day culture with GM-CSF (day 0).





Human monocyte-derived dendritic cell generation

Human Peripheral Blood Mononuclear Cells were prepared from buffy coats (Etablissement Francais du Sang (EFS), Lille, France) using Ficoll Paque (Lymphoprep, StemCell). The use of human samples was approved by the French Ministry of Education and Research under the agreement DC 2013-2575. According to French Public Health Law (art L 1121–1-1, art L 1121–1-2), Institutional Review Board and written consent approval are not required for human non-interventional studies. Monocytes were positively isolated using CD14+ microbeads (Miltenyi Biotec) according to the manufacturer’s recommendations. Cells were cultured for 6 days with rhGM-CSF (20ng/ml; Peprotech) and rhIL-4 (5ng/ml; Peprotech). When mentioned, muramyl dipeptide (MDP) (10μg/ml; Invitrogen) was added from the beginning of a 5-day culture with GM-CSF and IL-4 (day 0). The mTOR activator MYH1485 (2μM, Sigma), wortmannin (1μM, Sigma) or rapamycin (100nM, Sigma) were added at the start of the culture (day 0). Adalimumab (Humira M02‐497) was a gift from Abbott (Abbott Park, IL, USA).





Cytokine measurement

Cytokine levels were determined by ELISA kits (DuoSet), according to protocols provided by R&D Systems.





Western blot

Protein extraction was performed using RIPA buffer in the presence of a complete Mini EDTA-free protease inhibitor (Roche) and PhosSTOPTM phosphatase inhibitor (Roche). Protein separation was performed by SDS-page using Bolt 4 to 12% Bis-Tris protein gels (Invitrogen). Transferences were done in an iBlot 2 gel transfer device using iBlot 2 transfer nitrocellulose stacks (Invitrogen). Membranes were blotted against phospho-AKT (Ser473) (Cell Signaling), phospho-RAPTOR (Ser792) (Cell Signaling), phospho-p70 S6 Kinase (Thr389) (Cell Signaling), β-ACTIN (Cell Signaling) and their correspondent HRP-conjugated secondary antibodies. The revelation was performed using the SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Scientific) and images were acquired using an ImageQuant LAS 4000 (GE Healthcare).





Flow cytometry

Single-cell suspensions were stained and analyzed using a FACS LSR Fortessa™ system (BD Biosciences). Dead cells were excluded with the LIVE/DEAD Fixable Violet Dead Cell staining kit (Life technologies). The cells were then incubated for 10 minutes with purified rat anti-mouse CD16/CD32 (Biolegend, 93 clone)(only for mouse cells) and normal mouse serum (Interchim) before being stained with various monoclonal antibodies for 20 minutes in the dark on ice. For mouse cells, lineage-positive cells were excluded using the PerCP5.5-conjugated anti-CD3 (17A2), anti-NK1.1 (PK136), anti-CD19 (6D5), anti-Ly6G (1A8) (Biolegend). PerCP-conjugated anti-CCR3 (83103) added to the lineage staining to exclude eosinophils was from R&D. Alexa Fluor 700-conjugated anti-Ly6C (AL21) was from BD Pharmingen. PECF594-conjugated anti-CD11c (HL3) was from BD Horizon. Allophycocyanin-Cy7-conjugated anti-CD11b (M1/70), Brilliant violet 510-conjugated anti-MHC Class II (I-A/I-E) (M5/114.15.2), Brilliant violet 650-conjugated anti-CD45.2 (104), Brilliant violet 711-conjugated anti-CD45.1 (A20), PE-conjugated anti-CD135 (A2F10), APC-conjugated anti-CD115 (AFS98), PE-conjugated anti-CD226 (10E5), FITC-conjugated anti-CD102 (3C4) were all from Biolegend. PE-conjugated anti-CCR2 (475301) was from R&D systems. The data were analyzed with Flowjo software V10.1 (TreeStar). For human cells, a similar procedure was used with anti-HLA-DR FITC (eBioscience, clone LN3), anti-CD1a APC (Biolegend, clone HI149), anti-CD16 PE-Cy7 (BD Pharmingen, clone 3G8), anti-CD14 PE (Miltenyi Biotec, clone REA599).





THP1 cell culture and stimulation

The THP1 monocytic cell line was cultured in RPMI 1640 medium (Gibco) supplemented with 10% heat-inactivated FBS (Gibco), L-glutamine (Thermo Fisher), Penicillin and Streptomycin (Thermo Fisher), MEM non-essential amino acids (Thermo Fisher), sodium pyruvate (Thermo Fisher), HEPES (Thermo Fisher) and 0.05mM of 2-mercaptoethanol (Thermo Fisher). Cells were kept in the culture at cell concentrations ranging from 2x105 cells/mL to 8x105 cells/mL and routinely verified negatively for mycoplasma contamination by PCR analysis. THP1 stimulation was performed in 96-well flat bottom plates at 1x105 cells per well in a final volume of 200 μl. Cells were stimulated with two sequential treatments of 24 hours each. For the first 24 hours of treatment, cells were cultured in RPMI complete medium or RPMI medium with MDP at 100μg/ml. The second 24-hour treatment consisted of LPS (Invivogen) at 50ng/ml or RPMI medium. In selected experiments, the first treatment was MHY1485 (Sigma) at 2μM, rapamycin (Sigma) at 100nM, or wortmannin (Sigma) at 1μM. In some conditions, THP-1 macrophages were generated by adding PMA (5ng/ml) for 48h, followed by at least 2 days without PMA (121, 122). Culture supernatants were collected after the second treatment and TNF-α levels were quantified by ELISA using the Human TNF-alpha DuoSet ELISA (R&D systems) following manufacturer recommendations.





Generation of BM-derived dendritic cells

BM cells were flushed out of the mouse bones with complete RPMI 1640 (Gibco). A single-cell suspension was then prepared by repeated pipetting. BM-derived dendritic cells (BMDCs) were generated for 7 days in respectively RPMI-1640 medium (Gibco), supplemented with glutamine, penicillin, streptomycin, 2-mercaptoethanol ([all from Gibco)], and 10% heat-inactivated fetal calf serum (GE Healthcare). The medium was supplemented with 20 ng/ml GM-CSF of J558 cells (GM-CSF-producing cells). Half of the medium was removed on day 3 and a new medium supplemented with GM-CSF supernatant (2x, 40 ng/ml) was added (55).





Extracellular acidification rate (ECAR)

ECAR was measured under basal conditions and in response to glucose (10mM) using the Seahorse Glycolysis Stress Test Kit by using a Seahorse bioanalyser.





Gene expression

RNAs were extracted using the RNEasy mini kit (Qiagen). According to the manufacturer’s instructions, isolated RNA was reverse-transcribed with the cDNA synthesis kit (Agilent Technologies). The resulting cDNA (equivalent to 500ng of total RNA) was amplified using the SYBR Green real-time PCR kit and detected on a Stratagene Mx3005 P (Agilent Technologies). qPCR was conducted using forward and reverse primers (sequences available upon request). The relative abundance of gene expression was assessed using the 2−ΔΔCt method. Actb was used as an internal reference gene in order to normalize the transcript levels.





Statistics

Data were analyzed using Prism6.0 (GraphPad Software, San Diego, CA). Statistical significance was assessed by non-parametric Mann-Whitney test or two-way ANOVA for multiple comparisons. Values represent the mean of normalized data ± SEM. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001.
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Supplementary Figure 1 | Mixed BM chimera mice were generated as described in . Absolute numbers (A) and frequency (B) and their relative ratios of total WT and Nod2-/- mo-DCs and mo-Macs in the colon of recipients are depicted and the ratio of mo-DCs vs mo-Macs (n=4). Bars indicate mean ± SEM. Statistical significance was assessed by non-parametric Mann-Whitney test. * P<0.05.

Supplementary Figure 2 | Gating strategy of the mixed BM chimera mice generated as described in . (A) Contour plots of conventional DC1, DC2, mo-DCs, CD11c+ Macs, mo-Macs, Monocyte MHCII+ and Monocyte MHCII- are depicted. (B) Each subset is represented according to CD45.1 and CD45.2. (C) MHCII GeoMean in Monocyte MHCII+.

Supplementary Figure 3 | Gating strategy in WT GF (A), in Nod2-/- SPF (B), and in Nod2-/- GF (C) as explained in . Contour plots and frequency of conventional DC1, DC2, of mo-DCs, mo-Macs, and Monocyte MHCII+ are depicted.

Supplementary Figure 4 | Fecal microbiota from WT mice was transplanted in GF mice that are deficient or not for Nod2. Four weeks after colonization, the proportions of mononuclear phagocytes were evaluated in the transplanted mice. (A) Experimental set-up. (B) Frequency and absolute number of CD11c- MHCII+ and CD11c+ MHCII+ cells (n=3/group).

Supplementary Figure 5 | Expression of NOD2 in mo-DCs upon differentiation for 5 days with GM-CSF and IL-4. Bars indicate mean ± SEM from three biological replicates. The statistical significance was assessed by multi-comparison non-parametric Friedman paired test, with Dunn’s post-test. *, P<0.05, **, P<0.01.

Supplementary Figure 6 | (A) THP1 (left part) and THP1 NOD2-deficient cells (right part) were stimulated for the indicated time with MDP and the presence of phosphorylated RAPTOR (Ser792) was measured at 0, 30min, and 60min by western blot. β-ACTIN was measured as a control. (B) THP1 (left part) and THP1 NOD2-deficient cells (right part) were stimulated for the indicated time with MDP, LPS, or both sequentially for 24 hours each and the presence of phosphorylated AKT (Ser473), and phospho-p70 S6 Kinase (Thr389) was measured at different timepoints by western blot. β-ACTIN was measured as a control. Quantification of the western-blots (C) IRF4 and IRF8 mRNA expression in THP1 (blue) and THP1 NOD2-/- (red) monocytic cell lines was measured by RT-qPCR at the beginning of the culture or 24h and 48h after MDP treatment. Data are representative of 2 independent experiments with at least three biological replicates. Bars indicate mean ± SEM. Statistical significance was assessed by ordinary one-way multiple comparisons (A). ***, P<0.005.

Supplementary Figure 7 | MDP enhances the differentiation of Mo-DCs in a glycolytic and MTORC1-independent manner. (A) Overexpressed enzymes involved in glycolysis in MDP-treated mouse monocytes in published RNA-seq data sets (GEO accession number GSE101496). (B) Mitochondrial respiration calculated as OCR (B, upper part), glycolysis activity calculated as ECAR (B, lower part), before and after Glc (glucose) administration. (Oligo, oligomycin; 2DG, 2-deoxyglucose; AA, antimycin A; Rot, rotenone). Extracellular acidification rate (ECAR) was measured in the MDP-treated Nod2+/+ (blue) and Nod2-/- THP1 (red) cells. Data are representative of 2 independent experiments with at least four biological replicates. (C) Measure of the ECAR non glycolytic, ECAR basal and ECAR maximal between the THP1 NOD2+/+ and NOD2-/-.

Supplementary Figure 8 | Mouse BM monocytes from WT (A) and Nod2-/- mice (B) were treated with MDP or LPS for 24h (1st Tx), and washed before a second treatment with MDP or LPS (2nd Tx). mTNF-α was measured 24h after the last treatment in the supernatant. Data are representative of 2 independent experiments with at least three biological replicates. Bars indicate mean ± SEM. Statistical significance was assessed by the non-parametric Mann-Whitney test. **, P<0.01.

Supplementary Figure 9 | Mo-DCs were differentiated in the presence of MDP, and hTNF-α was measured at 24h. Bars indicate the mean ± SEM of four biological replicates. Statistical significance was assessed by the non-parametric Mann-Whitney test. *, P<0.05.
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Macrophages and fibrosis: how resident and infiltrating mononuclear phagocytes account for organ injury, regeneration or atrophy


Hao Long 1,2,3, Julia Lichtnekert 1, Joachim Andrassy 4, Barbara U. Schraml 5,6, Paola Romagnani 7 and Hans-Joachim Anders 1*


1 Division of Nephrology, Department of Medicine IV, University Hospital, Ludwig-Maximilians-University (LMU), Munich, Germany, 2 Department of Urology, The Affiliated Hospital of Southwest Medical University, Luzhou, China, 3 Sichuan Clinical Research Center for Nephropathy, Luzhou, China, 4 Department of General, Visceral and Transplant Surgery, University Hospital of Ludwig-Maximilians-University (LMU) Munich, Munich, Germany, 5 Institute for Cardiovascular Physiology and Pathophysiology, Biomedical Center, Ludwig-Maximilians-University (LMU), Munich, Germany, 6 Walter-Brendel-Centre of Experimental Medicine, University Hospital, Ludwig-Maximilians-University (LMU), Munich, Germany, 7 Department of Biomedical, Experimental and Clinical Sciences “Mario Serio”, University of Firenze, Nephrology and Dialysis Unit, Meyer Children’s Hospital, Firenze, Italy




Edited by: 

Yanan Ma, Memorial Sloan Kettering Cancer Center, United States

Reviewed by: 

Vidyanath Chaudhary, Hospital for Special Surgery, United States

Xin Li, Houston Methodist Research Institute, United States

*Correspondence: 

Hans-Joachim Anders
 hjanders@med.uni-muenchen.de


Received: 27 March 2023

Accepted: 22 September 2023

Published: 06 October 2023

Citation:
Long H, Lichtnekert J, Andrassy J, Schraml BU, Romagnani P and Anders H-J (2023) Macrophages and fibrosis: how resident and infiltrating mononuclear phagocytes account for organ injury, regeneration or atrophy. Front. Immunol. 14:1194988. doi: 10.3389/fimmu.2023.1194988



Mononuclear phagocytes (MP), i.e., monocytes, macrophages, and dendritic cells (DCs), are essential for immune homeostasis via their capacities to clear pathogens, pathogen components, and non-infectious particles. However, tissue injury-related changes in local microenvironments activate resident and infiltrating MP towards pro-inflammatory phenotypes that contribute to inflammation by secreting additional inflammatory mediators. Efficient control of injurious factors leads to a switch of MP phenotype, which changes the microenvironment towards the resolution of inflammation. In the same way, MP endorses adaptive structural responses leading to either compensatory hypertrophy of surviving cells, tissue regeneration from local tissue progenitor cells, or tissue fibrosis and atrophy. Under certain circumstances, MP contribute to the reversal of tissue fibrosis by clearance of the extracellular matrix. Here we give an update on the tissue microenvironment-related factors that, upon tissue injury, instruct resident and infiltrating MP how to support host defense and recover tissue function and integrity. We propose that MP are not intrinsically active drivers of organ injury and dysfunction but dynamic amplifiers (and biomarkers) of specific tissue microenvironments that vary across spatial and temporal contexts. Therefore, MP receptors are frequently redundant and suboptimal targets for specific therapeutic interventions compared to molecular targets upstream in adaptive humoral or cellular stress response pathways that influence tissue milieus at a contextual level.
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1 Introduction

Tissue fibrosis is defined by an excess of extracellular matrix (ECM) and characterized by tissue stiffness (sclerosis), which can impair the function of elastic organs such as the heart, lungs, or skin (1). In addition, excess ECM can impair transepithelial transport functions, e.g., in the lungs (air-blood-air) and the kidneys (urine-blood-urine) (2). Apart from progressive scleroderma, where autoimmunity directly triggers fibrosis in otherwise healthy organs, in most cases, fibrosis does not spread into healthy tissue, e.g., in dermal wound healing (3). Generally, fibrosis instead serves as a marker for adaptive mechanisms responding to focal or diffuse parenchymal injury. For example, in the heart, liver, and kidney, interstitial fibrosis is a typical result of ischemic or toxic parenchymal damage leading to compensatory parenchymal cell hypertrophy, a process involving cell cycle entry, polyploidization, and a hypersecretory cell state involving the secretion of pro-fibrotic mediators (4). In this context, tissue-resident or infiltrating MP amplify the pro-fibrotic microenvironment, fibroblasts, and downstream ECM producers (5, 6). Here we focus on the role of MP in tissue injury and repair to understand better their role in fibrogenesis. We briefly summarize the spectrum of tissue-resident and infiltrating MP and the recent progress in their role in the different phases of injury, repair, and progressive and reversible fibrosis.




2 Development and definition of mononuclear phagocytes

MP comprising macrophages, monocytes, and DCs can be found in all lymphoid and non-lymphoid tissues (7). Macrophages develop from two distinct haematopoetic lineages and can therefore be divided in fetal-derived and monocyte derived macrophages. Fetal-derived macrophages arise from erythro-myeloid progenitors from the yolk sac and colonize the fetal liver before birth. Some of these macrophages persist into adulthood as resident cells in various tissues and are able to self-renew (Figure 1) (8). The expression of macrophage colony-stimulating factor 1 receptor (CSF-1R) plays a pivotal role in regulating the development of macrophages. In mice lacking CSF-1 tissue-resident macrophages in most organs are absent (9).




Figure 1 | Development of MP. (Created with BioRender.com) Development of MP mainly includes two sources: (1) Yolk sac and Fetal liver erythrocyte-myeloid progenitor (EMP)-derived way; (2) Bone marrow HSC derived way. Tissue-resident macrophages primarily originate from embryonic yolk sac EMPs and fetal liver EMPs, whereas bone marrow-derived monocytes enter the tissues during inflammatory conditions as infiltrating cells, and then differentiate into moDC and moM. However, bone marrow HSCs can evolve into CMPs, and part of them can differentiate into MDPs under the stimulation of Flt3L. MDPs are directed precursors of CDPs and CMoPs. After evolving, CDPs can produce each subgroup of the DCs series, including precursor DC (pre-DC) and pDC. IRF8 is required for the lineage development of cDC1s, helping to define distinct cDC1 subsets. IRF4, a nuclear factor interacting with PU.1, is essential for many aspects of cDC2 function.



In contrast, monocytes and DCs derive from bone marrow progenitors. In the bone marrow, hematopoietic stem cells (HSCs) can differentiate into common myeloid progenitor cells (CMPs). When stimulated by FMS-like tyrosine kinase 3 ligand (Flt3L), some of these CMPs can further develop into macrophage and dendritic cell progenitor cells (MDPs). MDPs represent a specific precursor for both common dendritic cell progenitor cells (CDPs) and monocyte progenitor cells (CMoPs). CMoPs can differentiate into monocytes under the stimulation of CSF 1/2. During inflammation, macrophages can derive from monocytes, called monocyte-derived macrophages (moM) (Figure 1). CDPs, derived from MDPs, can be further categorized into plasmacytoid dendritic cells (pDCs) and conventional dendritic cells (cDCs). pDCs are particularly known for their capacity to secrete alpha interferons (IFN), while cDCs are considered highly effective in activating T-cell responses (7). cDCs further divide into IRF8 and Batf3-dependent type I conventional dendritic cells (cDC1s) that excel at cross-presentation and IRF4-expressing type II conventional dendritic cells (cDC2s), best known for their ability to drive T helper (Th) cell differentiation (10, 11). cDC2s are heterogeneous, with subpopulations with non-redundant functions in Th17 and Th2 responses regulated by NOTCH2 and KLF4, respectively (12). In addition, the development of cDCs and pDCs relies mainly on the hematopoietic cytokine Flt3L.

Historically, macrophages were defined by positivity for F4/80 and DCs by positivity for CD11c and major histocompatibility complex (MHC) II. However, macrophages, monocytes, and DCs may overlap in phenotype and function (7, 13), and this is particularly prominent for example in the kidney, which is why macrophages and DCs in the kidney are referred to as renal MP (14). In addition, surface marker expression profiles are dynamic and depend on cell maturation and activation status (15), which makes it difficult to attribute specific functions to specific subtypes of cells.

Flt3L stimulates the differentiation of both populations of dendritic cells in vitro, providing an accurate reflection of the physiological process. On the other hand, culturing bone marrow (BM) cells in the presence of granulocyte-macrophage colony-stimulating factor (GM-CSF) results in DCs resembling those derived from monocytes (moDC). However, when BM cells are cultured with a combination of GM-CSF and Flt3L, generating a significant quantity of CD103+ DCs is possible, which is a promising target for tolerance induction or vaccination (16).

A way of classifying macrophages has been assessed by in vitro assays where, under the influence of various cytokines representing distinct tissue microenvironments, macrophages turn into individual phenotypes with specific secretome and functional capacities (Table 1). Nevertheless, the spectrum of different techniques used to describe MP to distinct cell populations is one of the reasons for some uncertainty in the nomenclature (17).


Table 1 | Types of macrophages and their related phenotypes.



Refined lineage-tracing technologies of macrophages, monocytes, and DCs have facilitated the distinction of these cells (13, 15, 18–20). Therefore, a classification of MP subtypes based on cell origin has been suggested (21). Such a definition has limitations and may not be tenable in the dynamics of acute disorders with changing microenvironments when cell types exhibit phenotypic plasticity, and lineage tracing-related definitions are less valuable. However, it has become clear that MP subtypes have specific functions in pathology (22, 23). Defining cell types by lineage-specific transcription factors is a powerful tool to establish the functions of MP in immunity. Recently, lineage-specific transcription factors have been used to determine the functions of different MP lineages, such as MAFB for macrophages and ZBTB46 for DCs (24). Likewise, IRF4, a nuclear factor that interacts with PU.1, is essential for the many aspects of cDC2s function but also mediates macrophage polarization to the M2 phenotype (21). However, such models have limitations, e.g., expression by other immune cell lineages (25) (Table 2).


Table 2 | Different lineages of mouse MP.






3 Mononuclear phagocytes in tissue injury and repair

These highly phagocytic cells sense their environment for signs of damage or pathogens and initiate immune responses. MP are present in different organs, e.g. in the bone, where the turnover process requires osteoclasts, while in the liver, Kupffer cells are in charge of eliminating pathogens and pathogen components from the blood in the portal vein, clearing old red blood cells, and recovering iron ions (26). MP reside in different compartments in the same organ. For example, macrophages located in the alveolar space are called alveolar macrophages, while macrophages found in interstitial compartments are referred to as interstitial macrophages (27). Here, we describe the different microenvironments along tissue injury and repair and discuss the respective contribution of MP in these contexts.



3.1 Tissue injury and necroinflammation

Invasion of pathogens, exposure to toxins, metabolic stress, ischemia, trauma, or the presence of malignant cells are triggers of cell injury and the release of Danger-Associated Molecular Patterns (DAMPs) or Pathogen-Associated Molecular Patterns (PAMPs), respectively. These molecules trigger immune responses and hence promote further tissue damage. PAMPs occur on the surface of pathogens, including lipopolysaccharide (LPS) and bacterial or viral nucleic acids. DAMPs are released from damaged or dying cells, including intracellular molecules, such as S100A9 proteins, HMGB1, uric acid, and histones. PAMPs and DAMPs have the identical ability to activate pattern recognition receptors (PRRs) of the innate immune system, such as Toll-like receptors (TLRs), NOD-like receptors (NLRs), C-type lectin receptors (CLRs) or inflammasomes to secrete multiple pro-inflammatory mediators that induce local inflammation (9, 28–30). Parenchymal cells and resident MP are the first cell types that sense danger and initiate evolutionarily conserved defense mechanisms that create a barrier to intruding pathogens. Histamine and other vasoactive mediators induce endothelial leakage, allowing serum components such as immunoglobulins and other opsonin to reach the injury site. Local chemokine release and upregulation of adhesion molecules on the luminal endothelial surface facilitate the transmigration of first neutrophils and subsequently CC-chemokine receptor 2+ (CCR2+) monocytes to limit pathogen spreading by direct killing and phagocytic clearance (31, 32). Upon arrival, such monocytes encounter a microenvironment characterized by DAMPs (in case of infection also PAMPs), chemokines such as C-chemokine ligand-2 (CCL2), chemokine fractalkine (CX3CL1), etc., which specifically attract monocytes. Once at the injury site, monocytes can serve as effectors or further differentiate into moM or moDC (33, 34). Meanwhile, pro-inflammatory cytokines and lipid mediators induce a pro-inflammatory macrophage phenotype, which is difficult to distinguish from activated resident macrophage populations by surface markers. Such pro-inflammatory macrophage phenotypes share similarities with cultured macrophages stimulated with IFN-γ and LPS, referred to as the M1 phenotype which supports the development of Th1. M1 macrophages are characterized by activation markers on the cell surface and molecules involved in antigen presentation, including MHC-II, CD16, CD32, CD80, and CD86 (35–38). Meanwhile, M1 macrophages enhance the inflammatory microenvironment by producing pro-inflammatory mediators, such as TNF-α, IL-1, IL-6, IL-12, IL-23, and other molecules such as inducible nitric oxide synthase (iNOS), matrix metalloproteinase 12 (MMP-12), and macrophage-induced C-type lectin (MINCLE) (Table 1). This contribution to the inflammatory milieu leads to the initiation of various forms of regulated cell death, like necrosis, apoptosis, and pyroptosis. Moreover, when cells undergo necrosis, they release additional DAMPs, further activating neighboring MP. The auto-amplification loop is called necroinflammation (39, 40).

Furthermore, different subsets of DCs accelerate tissue inflammation in a complementary manner. pDCs release large amounts of type I IFNs essential for antiviral immune defense (41, 42). Tissue-resident cDC1s and cDC2s detect immunogenic substances and further recognize and release pro-inflammatory mediators such as CXCL2, IL-12, and IL-6 (14). Significantly CXCL2 changes the microenvironment by recruiting neutrophils, which promote necroinflammation (43). In addition to cytokine production, cDC1s, and cDC2s enter regional lymph nodes to initiate adaptive immune responses. Among them, a unique feature of cDC1s is the ability to cross-present antigens to CD8+ T cells, whereas cDC2s cross-present antigens to CD4+ T cells (44, 45).

Recently, the multifaceted role of the adaptive immune system in the pro-inflammatory environment of the damaged heart after acute myocardial infarction has been elucidated (46). Under the stress of chronic overload, DCs accumulate potent γ-ketoaldehydes, which activate the pro-inflammatory program of reactive oxygen species (ROS) and the secretion of IL-1β, IL-6, and IL-23 (47). DCs can also increase the expression of T-cell co-stimulatory proteins. In a hypertensive state, heart DCs promote the proliferation of T cells, particularly CD8+ T cells, and contribute to their polarization towards a pro-inflammatory phenotype (47–49). So, DCs play a pro-inflammatory role in cardiac injury by sustaining oxidative stress, releasing pro-inflammatory factors, and activating T cells.




3.2 Resolution of inflammation

In vitro studies dissect three subsets of M2 macrophages based on their phenotypes and functions (Table 1). M2a macrophages respond to IL-4 and IL-13 and show a predominantly anti-inflammatory phenotype. They secrete high levels of IL-10 and IL-1 receptor antagonists, and growth factors that aid tissue healing by stabilizing angiogenesis, such as platelet-derived growth factor (PDGF), transforming growth factor β (TGF-β), etc. which help to suppress the inflammatory response (50, 51). Additionally, M2a macrophages can induce an anti-inflammatory Th2-like immune response, promote wound healing, and contribute to tissue fibrosis. On the other hand, M2b macrophages can participate in immunoregulation and contribute to Th2-like activation induced by immune complexes and TLR and/or IL-1R ligands. They produce IL-10, which further contributes to the anti-inflammatory response. M2c macrophages are activated by various factors such as IL-10, TGF-β, and glucocorticoids. These stimuli induce a specific phenotype in M2c macrophages characterized by their ability to promote tissue repair and inhibit tissue inflammation (52–54).. Control of inflammation is essential to limit immunopathology. Therefore, the activation of pro-inflammatory signaling pathways precedes their deactivation via the subsequent induction of anti-inflammatory signaling pathways. Well-known phenomena of endotoxin tolerance or ischemic preconditioning represent this process. For example, macrophages participate in efferocytosis, a process in which they engulf apoptotic neutrophils (31, 55). Efferocytosis initiates the resolution of inflammation, which prevents further neutrophil recruitment and eliminates neutrophils silently before they may undergo secondary necrosis (56, 57). Efferocytosis induces a shift to an “alternately activated” macrophage phenotype, also known as the M2 type (Table 1). The interaction between M2 macrophages and the adaptive immune system is critical for resolving inflammatory responses in multiple tissues, especially with Th2 cells (58) and regulatory T cells (Tregs) (59–61). M2 macrophages stimulate epicardial progenitor cell proliferation (62) and promote the secretion of ECM molecules and tissue remodeling (63). In contrast to M1 macrophages, M2 macrophages express the enzyme arginase 1 (ARG1) constitutively. ARG1 is responsible for hydrolyzing L-arginine into L-ornithine, a crucial precursor for producing polyamines necessary for cell survival. Additionally, L-ornithine can generate proline and hydroxyproline, essential amino acids required for collagen synthesis. Collagen is vital in maintaining the structural integrity of non-injured tissue parenchyma (64, 65).

DCs exhibit their contributions to the innate and adaptive immune systems as gatekeepers for the induction of adaptive immunity. Harmless foreign proteins circulating in the bloodstream get filtered in the kidney, transported across proximal tubular epithelial cells, and can reach the kidney lymph nodes independent of DC uptake and processing. Once in the lymph node, local tolerogenic DCs process these proteins. This mechanism helps preventing immune responses against harmless foreign or self-proteins in the serum (66). Batf3+ DCs in the kidney lymph nodes present filtered antigens along with programmed cell death ligand 1(PD-L1) to cytotoxic T lymphocytes (CTLs), resulting in cross-tolerance development (67).




3.3 Tissue adaptation to injury: hypertrophy, regeneration, fibrosis



3.3.1 Hypertrophy

The tissue response to injury differs across cell lineages and stages of differentiation. For example, upon injury and loss of organ function, surviving differentiated parenchymal cells respond with polyploidization to support organ function recovery by undergoing cell hypertrophy (Figure 2) (4). The Hippo/Yes-associated protein (Yap) signaling pathway is the primary regulator of polyploidization. Yap accelerates the growth of polyploid cells by regulating Skp2, an E3 ligase that targets p27 for proteolytic degradation. This mechanism occurs in various types of parenchymal cells, such as polyploid differentiated hepatocytes that drive functional recovery by increasing the output of the metabolic function and hepatocyte progenitors that drive the restoration of liver mass through proliferation and differentiation. Similarly, in the early phase of heart injury, polyploidization of cardiomyocytes and regeneration driven by cardiomyocyte progenitors are critical for maintaining heart function and restoring tissue integrity. However, polyploidization can have negative consequences in the long term, as it is associated with scarring and chronic heart failure (4). Although it has been demonstrated that macrophages can promote hypertension-induced cardiac hypertrophy and failure through miR-155-dependent paracrine signaling, and the absence of miR-155 can reduce pressure overload-induced cardiac hypertrophy and inflammation, the role of MP in this context is still uncertain (68).




Figure 2 | Mononuclear phagocytes and tissue fibrosis (Created with BioRender.com). The PRRs on innate immune cells recognize DAMPs or PAMPs and activate TRMs, neutrophils, DCs, fibroblasts, and endothelial cells, which release various pro-inflammatory chemokines and cytokines. Monocytes are abundantly recruited from the blood to sites of inflammation, secrete pro-inflammatory cytokines and chemokines, and differentiate into moM or moDC. Meanwhile, following injury, surviving differentiated parenchymal cells can increase their functional capacity by undergoing hypertrophy through polyploidization, all while maintaining their functional performance. One of the regulators of polyploidization is the Hippo/Yap signaling pathway. During tissue injury and early stages of inflammation, macrophages initially assume the M1 type. M1 macrophages are characterized by their role in host defense and production of pro-inflammatory cytokines. Meanwhile, distinct DC subsets promote tissue inflammation in a complementary manner. cDC1s and cDC2s are tissue-resident and recognize, activate, and release cytokines upon detection of immunogenic substances. The resulting changes in the microenvironment promote the recruitment of neutrophils. In addition, a unique feature of cDC1s is the ability to cross-present antigens to CD8+ T cells. Once the acute inflammatory phase is resolved, there is a shift in the predominant macrophage population towards the M2 type. M2 macrophages are characterized by the secretion of anti-inflammatory mediators and growth factors that aid tissue healing by stabilizing angiogenesis. It stimulates and promotes ECM assembly and remodeling. M2 macrophages are known to secrete numerous pro-fibrotic factors that contribute to the proliferation of fibroblasts, activation, and survival of myofibroblasts, as well as the excessive production of ECM. After removing the injury stimulus, macrophages will transition from a phenotype driven by the uptake of cellular debris to an anti-fibrotic phenotype and secrete multiple fibrinolytic MMPs, which enhance the degradation of fibrotic ECM.



In the kidney, both podocytes and tubular cells exhibit similar responses to injury, which include undergoing polyploidization-induced hypertrophy and progenitor cell proliferation (4). After acute kidney injury (AKI), most tubular epithelial cells (TECs) undergo endocycle-mediated hypertrophy, which supports function but not tissue regeneration. These endocyclic TECs can indicate irreversible TEC loss and may be a prognostic indicator of the risk of developing chronic kidney injury (CKD). TEC progenitors have a limited clonal response, and targeting tubular Pax2+ progenitors has been considered a potential treatment strategy for AKI (69). A recent study by De Chiara and colleagues showed that Yap1-driven polyploidization of tubular cells is a compensatory mechanism to enhance residual kidney function and prevent premature death in kidney failure resulting from AKI. However, tubular cell polyploidy promotes tubular cell senescence, progressive interstitial fibrosis, and AKI-CKD transition. On the other hand, blocking Yap1-driven polyploidization at a later stage can prevent the development of CKD and improve the GFR-loss who survive the early injury phase (70). Polyploidization is the result of an alternative cell cycle process known as endoreplication. Endoreplication can lead to the formation of mononucleated polyploid cells through the endocycle or mono/multinucleated polyploid cells through endomitosis (71, 72).




3.3.2 Regeneration

Immature tissue progenitors respond with cell proliferation and differentiation to replace lost cells, i.e., regeneration (Figure 2). Regeneration refers to the replacement and complete reconstruction of damaged or lost tissue structures through the proliferation of cells and tissues. Repair may restore part of the original structure, but reconstruction is incomplete and leads to structural remodeling (73). Injuries are categorized based on the ability of the tissue to regenerate. For example, skeletal muscle, epithelial tissues, liver, etc., can recover from mild injuries quickly after the inflammation subsides. When scars form, they can regress over a few weeks as myofibroblasts, ECM, and inflammatory macrophage infiltrate resolve, allowing regeneration of the parenchyma, resulting in the restoration of normal tissue (74–76). Immune mediators support this process. For example, IL-22 is a cytokine with evident pro-regenerative characteristics. In the colon, CD11c+ DCs secrete IL-22, which signals through the transducer and activator of the STAT3 pathway to promote re-epithelialization. Similarly, following ischemia, tubules release DAMPs that activate TLR4 on renal DCs, producing IL-22 to expedite tubule recovery. Additionally, M2 macrophages in healing kidneys secrete Wingless and Int (Wnt) ligands, including Wnt7b, which activate the Wnt signaling pathway and encourage tubule recovery, and this demonstrates how the immune systems’ resident and infiltrating cells play an active role in supporting the regeneration process (77).




3.3.3 Fibrosis

Interstitial fibroblasts respond with increased secretion of ECM to stabilize the integrity of the remaining parenchyma, leading to tissue fibrosis (Figure 2). Fibrosis occurs for example in response to acute kidney injury and contributes to the transition to chronic kidney disease, and is commonly associated with repetitive injuries or chronic wounds with inadequate vascular supply. The persistence of damaging factors, such as hepatitis C in the liver, or a prolonged inflammatory response that is insufficient in replacing damaged cells, can lead to prolonged damage (78–80). When tissues cannot fully restore tissue architecture, scarring occurs. Severe injury implies scarring even in tissues with high regenerative capacity, such as skin (68). Tissues with limited regenerative potential, such as the brain and heart, undergo rapid healing via the formation of a scar, but this comes at the cost of organ function (81). Over several months, the scar undergoes a maturation process, forming clusters of ECM, myofibroblasts, and macrophages (82). The canonical Wnt pathway regulates myofibroblast activity in various tissues. In a sustained high Wnt activity model, myofibroblasts’ persistent activation and proliferation lead to severe tissue fibrosis (83–89). M2 macrophages play a critical role in promoting fibrotic processes across various tissues. They actively secrete a range of pro-fibrotic factors, including TGF-β1, Fibroblast growth factor 2(FGF2), PDGF, and galectin 3. These factors serve to stimulate myofibroblast proliferation, enhance their survival, activate them, and lead to the overproduction of ECM components. Additionally, macrophages produce cytokines such as IL-1, MMP-9, angiotensin (Ang)-II, and IGF-1, which trigger processes like epithelial-mesenchymal transition (EMT) and endothelial-mesenchymal transition (EndoMT) in various cell types, including tubular epithelial cells, endothelial cells, pericytes, local fibroblasts, and mesangial cells. This, in turn, leads to the transdifferentiation or activation of myofibroblasts (90, 91). Furthermore, recent research suggests that monocytes/macrophages can differentiate into collagen-producing fibroblasts or directly into myofibroblasts (92). Activated macrophages can also disrupt glomerular and peritubular capillaries, promoting hypoxia-driven fibrosis (90).

Classical TGF-β signaling via TGF-βR1 and TGF-βR2 operates the complexes containing Smad2, Smad3, and Smad4. Smad3 deficiency in mice leads to a significant decrease in myofibroblast accumulation in the kidney. It protects against renal fibrosis in different disease models, indicating a crucial role for Smad3 in the macrophage-myofibroblast transition (MMT) process. Conversely, Th2 cytokines, such as IL-4 and IL-13, can promote fibrosis in various organ-based diseases by inducing macrophage M2 polarization through the JAK-STAT pathway. In the kidney, CD4+ T cells promote kidney fibrosis by producing high levels of IL-4 and IL-13 and exhibiting a Th2 phenotype. Mice lacking the IL-4 receptor α-chain are protected from kidney fibrosis induced by unilateral ureteral obstruction(UUO) and folic acid, with reduced STAT6 signaling in the kidney and lower numbers of both CD206+ M2 macrophages and CD206+PDGFRβ+ bone marrow-derived fibroblasts (52).

In the context of studying MMT in human diseases, researchers commonly identify intermediate cells exhibiting both macrophage markers, such as CD68, and myofibroblast markers, like α-smooth muscle actin (αSMA). In a biopsy-based investigation involving patients with various native kidney diseases, researchers observed the presence of CD68+αSMA+ cells exclusively in patients with active fibrotic lesions. These dual-marker cells were not found in samples characterized by acute inflammation without fibrosis or in tissues with inactive fibrosis. Furthermore, there was a positive correlation between the number of CD68+αSMA+ cells and the total count of myofibroblasts in tissues exhibiting active fibrosis. Notably, the majority of CD68+αSMA+ cells co-expressed CD206, suggesting that macrophages undergoing MMT were predominantly of the M2 subtype (93).

In addition, injecting activated DCs into the injured heart can improve myocardial fibrosis, remodeling, and cardiac function, and this is believed to occur through the modulation of Tregs and the shift of macrophage polarization toward the M2 phenotype (94).





3.4 The resolution of tissue fibrosis

The formation and degradation of ECM counterbalance each other, and tissue fibrosis can be reversible whenever ECM breakdown predominates. The outcome of wound healing is determined by a delicate equilibrium between pro-fibrotic and anti-fibrotic factors (95). Macrophages secrete MMPs, a family of proteases involved in the degradation of different types of ECM proteins, e.g., during the resolution of fibrosis (96). In cases of liver injury, myofibroblasts and activated hepatic stellate cells produce tissue inhibitors of MMPs (TIMPs), inhibiting macrophage-secreted MMPs’ activity. This inhibition contributes to the progressive deposition of ECM and the accumulation of scar tissue in the liver (97, 98). Following the cessation of the injury stimulus, macrophages undergo a phenotype transition towards an anti-fibrotic phenotype (99, 100). Apart from clearing cellular debris, such macrophages secrete several fibrinolytic MMPs, such as MMP9, MMP12, and MMP13, which facilitate the degradation of fibrotic ECM (101–103). In addition, macrophages also can generate additional mediators that offer protection against kidney fibrosis. These include collagenases, nitric oxide (NO), and bone morphogenic protein-7 (BMP-7) (104).

Due to recent technical advances, single-cell RNA sequencing (scRNA-seq) discovered macrophage populations with abundant heterogeneity, functionality, and subtle differences in their in vivo phenotypes. Sommerfeld et al. employed a platform that combined single-cell technology and functional assessment to elucidate how macrophages reacted to diverse microenvironments and demonstrated that controlling M1/M2 macrophage populations can determine the outcome of tissues in fibrosis (105).





4 Summary, knowledge gaps, and research opportunities

Focal fibrosis is an essential element in tissue repair and stabilizes the surrounding parenchyma. The presence of fibrotic tissue during the healing process can be transient or accumulate over an extended period. The duration of fibrosis ultimately determines the formation of scar tissue or parenchymal reconstitution. The degree and duration of injury, the body response to invading microorganisms, and changes in inflammation over time modulate the outcome.

Over the years, studies revealed that the MP system is involved in all phases of this process. During homeostasis, circulating monocytes migrate into tissues to become tissue-resident macrophages or DCs. Upon tissue injury, the surviving differentiated parenchymal cells can enhance their functional capacity by undergoing hypertrophy through polyploidization, and the changing tissue environment primes different mononuclear phagocyte phenotypes and determines their function in changing spatial and temporal contexts. During injury-related necroinflammation, macrophages polarize to the M1 type, performing host defense and pro-inflammatory functions, and secrete pro-inflammatory cytokines that support Th1 cells to function. cDC2s contribute to tissue inflammation in a complementary manner, activate and release cytokines after recognizing immunogenic substances, promote the recruitment of neutrophils, and function as innate immune response inducers. During the inflammation subsidence period, macrophages polarize to the M2 type, which mainly plays an anti-inflammatory function, produces anti-inflammatory mediators, promotes angiogenesis, and secrete growth factors beneficial to tissue healing. In contrast, cDC1s regulate inflammatory processes by sustaining Tregs. Furthermore, cDC1s can limit the activity of cytotoxic T cells through the signal from PD-L1. In the post-injury repair and fibrosis phase, M2 macrophages generate substantial quantities of pro-fibrotic factors that enhance myofibroblasts’ proliferation, survival, and activation. Conversely, macrophages play a crucial role in promoting ECM degradation during the final stage of fibrotic regression by secreting MMPs.

In recent years, scRNAseq has enabled the characterization of the functions of macrophages, particularly in various microenvironments. The tissue fate during inflammation and fibrosis might be determined by manipulating functional changes of these cells, which is a potential and promising therapeutic target for post-injury repair. For example, various cells of the MP lineage express macrophage colony-stimulating factor receptors (M-CSFR), including tumor-associated macrophages. As a result, chimeric antigen receptor T-cell immunotherapy (CAR-T) targeting M-CSFR has been used in tumor treatment (106). Besides, the therapeutic effect also can be forecasted by scRNAseq (107). However, the relationship between MP and fibrosis presents numerous unsolved questions and challenges, offering valuable research opportunities for further investigation and understanding (Table 3).


Table 3 | Research opportunities for further investigation and understanding.
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Adult hippocampal neurogenesis generates functional neurons from neural progenitor cells in the hippocampal dentate gyrus (DG) to complement and repair neurons and neural circuits, thus benefiting the treatment of depression. Increasing evidence has shown that aberrant microglial activity can disrupt the appropriate formation and development of functional properties of neurogenesis, which will play a crucial role in the occurrence and development of depression. However, the mechanisms of the crosstalk between microglia and adult hippocampal neurogenesis in depression are not yet fully understood. Therefore, in this review, we first introduce recent discoveries regarding the roles of microglia and adult hippocampal neurogenesis in the etiology of depression. Then, we systematically discuss the possible mechanisms of how microglia regulate adult hippocampal neurogenesis in depression according to recent studies, which involve toll-like receptors, microglial polarization, fractalkine-C-X3-C motif chemokine receptor 1, hypothalamic-pituitary-adrenal axis, cytokines, brain-derived neurotrophic factor, and the microbiota-gut-brain axis, etc. In addition, we summarize the promising drugs that could improve the adult hippocampal neurogenesis by regulating the microglia. These findings will help us understand the complicated pathological mechanisms of depression and shed light on the development of new treatment strategies for this disease.
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1 Introduction

Depression is one of the most common psychiatric disorders affecting humans. Its clinical symptoms include impaired sociability, anhedonia, behavioral despair, loss of appetite, sleep problems, suicidal tendencies, and anxiety, which lead to a severe decline in quality of life (1). Depression is considered a common mental disorder with a complex and multifactorial etiology. At present, the prognosis of clinical antidepressant treatment is poor, and drug development for depression has shown high failure rates in clinical trials (2). Therefore, the underlying mechanisms of depression remain to be further explored.

The pathogenesis mechanisms associated with depression have been reported including monoamine neurotransmission, dysregulation of the hypothalamic-pituitary-adrenal axis (HPA axis), synaptic remodeling, inflammation, neurogenesis, etc (3), among which neurogenesis is one of the most important aspects. Neurogenesis is the process by which value-added neural precursor cells differentiate to produce new mature neurons and integrate into an established neural network to function (4). There are two major reservoirs of neurogenesis: the subventricular zone (SVZ) of the lateral ventricle and the dentate gyrus (DG) of the hippocampus (5). Accumulating evidence has shown that impaired hippocampal neurogenesis is a critical factor in the pathogenesis of depression in rodents (6–8). In addition, promoting effective neurogenesis is emerging as an important strategy for the treatment of depression, as dead and lost neurons in the lesion require replacement by newborn neurons to replenish and reestablish neuronal connections. For instance, first-line antidepressants on the market, such as fluoxetine and paroxetine, can promote the value-added and survival of hippocampal precursor cells in rodents, which in turn can have antidepressant effects (9). Although significantly reduced hippocampal volume has been found in the brains of depressed patients using MRI (10), evidence for impaired hippocampal neurogenesis in depression patients is lacking. Particularly, single-cell technologies, mainly single-cell RNA sequencing, are novel technologies to analyze the genome sequence in a single cell, which enables comprehensive and high-resolution cell type determination and identifying new cell markers, offering new possibilities to address biological and medical questions (11). In a recent study, hippocampal immature neurons in human present across the entire human lifespan have been found using the new single-cell technologies (12), suggesting that the damage to adult hippocampal neurogenesis in depression patients will one day be visible with technological innovations in the neurological field. The present study suggests that the mechanism of impaired adult neurogenesis in depression is related to the abnormal activation of microglia.

Evidence indicates that immunoreactions can directly or indirectly affect the neurobiological processes of mental disorders (13–15). Accumulating evidence indicates that neuroinflammation plays a leading role in depression. For example, it has been demonstrated that there is a strong association between the levels of inflammatory factors in the peripheral blood and cerebrospinal fluid (CSF) in depression patients (16). Studies in rodents have also shown that immune challenges can induce depressive-like behaviors (17, 18). Microglia serve as immune cells in the central nervous system (CNS) and play dominant roles in monitoring the microenvironment for any stimuli or injury that may be harmful. When pro-inflammatory cytokines are consistently increased in the circulatory system of patients with depression, microglia are quickly activated and subsequently secrete a variety of non-discriminative harmful factors, finally leading to neuronal damage and the pathogenesis of depression. Importantly, neuroinflammation, mainly triggered by microglia, contributes to reduced hippocampal neurogenesis, which is important for the development of depression. However, the mechanism of the reduction in neuroinflammation-induced hippocampal neurogenesis in depression remains to be further elucidated, according to recent discoveries.

Therefore, in order to review the roles and mechanisms of microglia in the neurogenesis of depression, we first introduce neurogenesis, microglia, and the role of both in depression. Then, we systematically discussed the possible mechanisms of how microglia modulate the adult hippocampal neurogenesis in depression and summarized the promising drugs targeting microglia to alter neurogenesis for treating depression and their potential regulation mechanism, which will help in understanding the pathogenesis of depression and promoting the development of new and exciting treatments for depression.




2 Neurogenesis



2.1 Introduction of neurogenesis

Neurogenesis is the process by which new neurons be generated by neural stem cells (NSCs), promoting the structural plasticity of the brain (19). Although neurons in the adult brain do not regenerate or replenish in the traditional view, recent decades have seen the publication of numerous studies demonstrating that a large majority of mammalian species retain the capacity for neurogenesis in the CNS into adult life. It is currently understood that the adult mammalian brain has two major reservoirs of neural stem cells (NSCs), called “neurogenic niches” in the SVZ of the lateral wall of the lateral ventricle and the subgranular zone (SGZ) of the DG of the hippocampus (20). Under resting conditions, neurogenesis is restricted in the above two neurogenic niches, while under pathological conditions, neural precursor cells generated in the SGZ and SVZ need to migrate to the olfactory bulb and the subgranular zone of the DG of the hippocampus to compensate for neuronal loss in the brain to maintain hippocampal structural and functional plasticity (21). Although the process of neurogenesis is sophisticated, it can be summarized in four phases: In the first stage, NSCs divide and proliferate to form a pool of NSCs, which can differentiate to produce neuroblasts and further differentiate into immature neurons. In the second stage, neuroblasts and immature neurons located in the subgranular region migrate to the granular cell layer. However, due to the mature neuronal structures not yet being formed, the axons and dendrites of immature neurons are short. In the third stage, in order to establish correct synapses with other neurons, immature neurons differentiate into mature neurons with intact neuronal structures and neurites. Meanwhile, dendrites extend into the molecular layer and axons extend to the CA3 subfield. Finally, the dendrites and axons of mature neurons establish synaptic connections with other neurons, and these synaptic connections integrate with pre-existing circuits to ensure the normal functioning of the CNS (22). Since the hippocampus is an important structure involving humans’ learning, memory, and mood regulation (23, 24), and the DG is one of the core regions for neurogenesis, neurogenesis in the hippocampus has been implicated in the process of cognitive functions and emotion. Indeed, it has been found that adult-born neurons in the DG contribute to learning and memory, including cognitive flexibility, emotional memory, spatial navigation, novelty detection, pattern separation, stress response, and emotion (25). Thus, the regulation of adult neurogenesis has a vital impact on the treatment of some neuropsychiatric diseases.




2.2 Adult hippocampal neurogenesis and depression

Abnormalities in different stages of neurogenesis can lead to the development of depression (26). First, in patients with depression, the number and differentiation capacity of NSCs in the hippocampus decrease, which may lead to a decrease in neurons and dysfunction, which affects emotion regulation and cognitive function in patients with depression (27, 28). The antidepressant fluoxetine can increase the proliferative capacity of NSCs and the expression of Bcl-2, thereby preventing apoptosis through the activation of Bcl-2, promoting the development of synapses and the differentiation of serotonin neurons (29). This study reveals a new antidepressant drug treatment mechanism that promotes the development and differentiation of NSCs by stimulating Bcl-2 expression, thereby helping to treat depression. Secondly, when there are problems with the maturity of newborn neurons in the hippocampus, it may negatively affect behavioral functions such as learning, memory, and emotional control (30). Previous studies have shown that antidepressants can promote the increase of new neurons. For instance, many studies have shown that antidepressants including fluoxetine, paroxetine, tranylcypromine, and reboxetine reverse hippocampal volume loss in patients with depression as well as depression in rodents (8, 31, 32). Furthermore, the proliferation rate of newborn neurons, which is promoted by fluoxetine in the hippocampus, is synchronized with the clinically observed delay time of the therapeutic effect (33). It has been shown that newborn cell proliferation in the adult hippocampus decreases when exposed to chronic stress (34). Interestingly, the presence of newborn neurons was sufficient to cause anti-reversal and remission in mouse models of depression (35, 36). In addition, previous studies have shown that in the early neuronal development stage, neurons with deletion of the TLR7 gene show downregulation of gene expression related to neurodevelopment, synaptic organization, and activity, while mice with deletion of the TLR7 gene show significant behavioral changes in anxiety, aggression, smell, and situational fear memory. The electrophysiological analysis further revealed that loss of TLR7 led to impaired hippocampal long-term enhancement (37). What’s more, recent studies showed that if the newborn granule cells are damaged, it causes damage to neurons connected to CA3 in the DG network, which affects the information coding in the downstream hippocampal region, which may lead to the onset and progression of depression (38, 39). The above implies that impaired neuronal maturity can also lead to depression. Therefore, this current research has indicated that diminished adult hippocampal neurogenesis may be associated with the development of depression, and that it might be one of the ways to reverse or prevent diminished hippocampal neurogenesis in adults with antidepressants (Figure 1).




Figure 1 | Neurogenesis and its role in learning and memory, cognitive function, and emotion. (A) The area of neurogenesis is limited to the SVZ of the lateral ventricle and the SGZ of the hippocampus. (B) Radial glial stem cells in the subgranular zone produce neural stem cells (NSCs). Amplifying progenitor cells located in the subgranular zone arise from the asymmetric division of NSCs and differentiate into neuroblasts. Neuroblasts migrate into the granule cell layer to develop into immature granule neurons. Immature neurons grow into mature neurons, and their dendritic trees gradually extend to the molecular layer and axons extend to the CA3 subfields. (C) Under normal conditions, the axons of new granule neurons located in the DG area will extend to the CA3 and CA2 subfields to establish synaptic contacts with pyramidal neurons and integrate the pre-existing circuits, playing an important role in behaviors associated with the hippocampus. Rodents with normal neurogenesis have typical responses in some emotional tests (such as OFT, EPM, SPT, TST, and FST) and cognitive tests (such as MWM and Barnes maze). (D) In some neuropsychiatric diseases, hippocampal neurogenesis is impaired, manifested by decreased newborn neurons and impaired synaptic connections with pyramidal neurons in the CA3 and CA2 subfields. Compared to normal rodents, rodents with impaired neurogenesis exhibit anxiety-like behaviors (such as reduced entry times and residence times in the central zone in the OFT; reduced the number and frequency of exploring the open arm, and prefer to stay in the closed arm in the EPM) or depression-like behaviors on certain mood tests (such as inactive behaviors in the FST and TST; anhedonia in SPT), and impaired social cognition on some cognitive tests (such as unable to locate the location of the hidden platform in the MWM and the location of the markers in the Barnes maze). SVZ subventricular zone, SGZ subgranular zone, DG dentate gyrus, OFT open field test, EPM Elevated Plus Maze, SPT Sucrose Preference Test, TST Tail Suspension Test, FST Forced Swimming Test, MWM Morris Water Maze.







3 Microglia



3.1 Introduction of microglia

Microglial originate from the embryonic mesoderm, primarily derived from myeloid progenitors within the yolk sac (40). During early embryonic development, these cells persistently proliferate in the brain and are regulated by various molecular factors, including but not limited to transcription factors, growth factors, chemokines, MMPs, and microRNAs (41). The exact numbers or proportions of microglia in the hippocampus can vary, influenced by factors such as age and health (42). Generally, the hippocampus exhibits a relatively high microglial density compared to other brain regions, reflecting its vital role in cognitive function (43). In the hippocampus, microglia constitute a slightly higher proportion, accounting for approximately 10 to 15 percent of the total cell population, whereas in other brain regions, this proportion typically ranges from 5 to 10 percent (43). Microglia are the leading type of immune cells in the CNS and are in charge of modulating inflammation. Originally, microglia were thought to exist in a quiescent or resting state when characterized by small stationary soma, with smaller cell bodies and highly branched protrusions (44). Normally, the highly branched resting state of microglia provides a highly dynamic and efficient monitoring system for the brain (Physiology of Microglia) (45, 46). Conversely, when pathological stimulation occurs, microglia are rapidly activated. There are three main activated microglial morphotypes in current reports: hyper-ramified, phagocytic, and amoeboid types (47–49). When the brain microenvironment changes, the resting microglia react by transitioning into “hyper-ramified” morphotypes, which are often defined by longer, thicker, more abundant processes that attach to larger, lobular, and irregularly shaped cell bodies (50, 51). Once the changes or stimuli intensify, the hyper-ramified microglia shift into phagocytic and even amoeboid types, which show much fewer, albeit thicker and shorter, processes, and much rounder, larger, and more regularly shaped cells with no processes, respectively (52). Alternatively, the activated microglia, similar to peripheral macrophages, have two primary polarization phenotypes: M1 (classical activation) and M2 (alternative activation) (53). M1-phenotype microglia are classically activated microglia that can express surface markers such as cluster of differentiation 86 (CD86) and inducible nitric oxide synthase (iNOS) (54, 55). M1-phenotype microglia mainly play a pro-inflammatory role and promote the synthesis of inflammatory mediators such as tumor necrosis factor-alpha (TNF-α), interleukin-1β (IL-1β), and iNOS, which can promote chronic neuroinflammation, phagocytosis, oxidative stress, and neurodegeneration and inhibit regeneration (56). Therefore, M1 microglia often have obvious neurotoxic effects (57). In contrast, the M2-phenotype microglia are alternatively activated microglia that can express surface markers such as cluster of differentiation 206 (CD206) and cluster of differentiation 163 (CD163), which release neuroprotective and anti-inflammatory cytokines, such as interleukin-10 (IL-10) and transforming growth factor-β (TGF-β), to exert anti-inflammatory effects, promote wound healing, neuroprotection, and tissue repair (58). Therefore, M2 microglia often have neuroprotective effects (59). Furthermore, many studies have reported three main sub-phenotypes (M2a, M2b, and M2c) in M2 microglia, corresponding to different stimulations and functions (42). The M2a phenotype can be activated by interleukin-4 (IL-4) and interleukin-13 (IL-13), resulting in the secretion of IL-10, chemoattractant cytokine ligand 17 (CCL17), and chemoattractant cytokine ligand 18 (CCL18) to clear apoptotic cells, promote cell debris removal, and contribute to neuroprotection (56, 60, 61). The M2b phenotype can be activated by toll-like receptor (TLR) ligands and immune complexes, which secrete TNF-α, interleukin 1 (IL-1), and interleukin 6 (IL-6). These cytokines support immune regulation, inflammation inhibition, B cell conversion and antibody production, and recruitment of regulatory T cells (62, 63). The M2c phenotype can be activated by anti-inflammatory IL-10 and corticosteroids, which in turn release many more anti-inflammatory cytokines, such as IL-4, and increase growth factors, such as TGF-β, to promote nerve regeneration (64, 65). Usually, an imbalance of M1 and M2 polarization occurs in neurodegenerative or neuro-damaged illnesses, such as depression, stroke, and Alzheimer’s disease, and therapeutic candidates that target modulating the activation of M1 and M2 polarization appear promising for these diseases (66).




3.2 Microglial activation and depression

In many clinical reports, microglial activation in the insula, anterior cingulate cortex, and prefrontal cortex (PFC) have been found in patients with depression and those with suicidal ideation (67). These results suggest that the degree of microglial activation is positively correlated with depression severity (68). In rodents, chronic stress, including chronic unpredictable mild stress (CUMS), chronic social defeat stress (CSDS), and chronic restraint stress (CRS), commonly used to induce depression, results in elevated peripheral cytokines and the activation of microglia in stress-sensitive brain regions, such as the hippocampus, PFC, and amygdala (69). In contrast, minocycline, a potential anti-inflammatory agent, significantly blocks microglial activation and has been shown to contribute to improving depressive-like behaviors (70–72). Similarly, a previous study found that lipopolysaccharide (LPS)-induced inflammation, a classical microglia activation pathway that acts via the TLR4/nuclear factor-k-gene binding signaling pathway, increased the risk of depression in mice, which could be improved by the microglial depletion of PLX5622 or minocycline (70, 73). This indicates that microglial activation is strongly associated with the development of depression (Figure 2).




Figure 2 | Microglial activation and their roles in depression. Ramified microglia stimulated by PAMPs or DAMPs are activated into three main microglial morphotypes, including hyper-ramified, activated, and amoeboid types. Alternatively, two main polarization states are defined in activated microglia: M1 and M2 phenotypes. The classic M1 polarization microglia is usually marked with iNOS, CD86, CD16 and MHC‐II. Under the M1 state, exposure to LPS and/or IFN‐γ stimulates and binds to TLR-4 or IFN‐γ receptors, respectively, leading to the activation of NF‐κB and STAT1. Meanwhile, the increase in iNOS produces a burst of ROS and RNS. All these lead to the excessive release of pro-inflammatory cytokines, such as TNF-α, IL-1β, IL-6, IL-12, and chemokines, such as CXCL9, CXCL10, CCL2, and ROS, which produce neurotoxic effects on the neurons in CNS. The alternative M2 polarization microglia is usually marked with ARG-1, CD206 and CD163. M2 microglia can also be divided into three subtypes including M2a, M2b and M2c, because of the different stimulis. Upon stimulation with IL‐4/IL‐13, the cells transform into the M2a-phenotype microglia with an increase in IL-10, CCL17 and CCL18. Exposed to TLR ligands and immune complexes, the cells transform into the M2b-phenotype microglia with an expression of IL-6. Upon stimulation with IL-10, the cells transform into the M2c-phenotype microglia with an increase in IL-4, TGF-β and CCL16. The phenotypes of M1 microglia perform functions that aberrant phagocytosis of synapses leading to produce neurotoxic effects on the neurons in CNS. The phenotypes of M2 microglia perform functions that neurotrophic support leading to produce neuroprotective effects on the neurons in CNS. Thus, the imbalance of M1 and M2 polarization induces increased excessive neurotoxicity and decreased neuroprotection, leading to depression. PAMPs pathogen-associated molecular patterns, DAMPs danger-associated molecular patterns, iNOS inducible nitric oxide synthase, CD86 cluster of differentiation 86, CD16 cluster of differentiation 16, MHC‐II major histocompatibility complex II, LPS lipopolysaccharide, IFN‐γ interferon gamma, TLR-4 toll-like receptor 4, NF‐κB transcription factors nuclear factor kappa-B, STAT1 signal transducer and activator of transcription 1, ROS reactive oxygen species, RNS reactive nitrogen species, TNF-α tumor necrosis factor α, IL-1β Interleukin-1β, Interleukin-6 IL-6, Interleukin-12 IL-12, CXCL9 chemokine (C-X-C motif) ligand 9, CXCL10 chemokine (C-X-C motif) ligand 10, CCL2 chemokines chemoattractant cytokine ligand 2, CNS central nervous system, ARG-1 arginase-1, CD206 cluster of differentiation 206, CD163 cluster of differentiation 163, IL‐4 interleukin-4, IL‐13 interleukin-13, IL-10 interleukin-10, CCL17 chemoattractant cytokine ligand 17, CCL18 chemoattractant cytokine ligand 18, IL-1 interleukin-1, Interleukin-10, IL-10 Interleukin-4 IL-4, TGF-β transforming growth factor-β, CCL16 chemoattractant cytokine ligand 16.



Many studies have revealed how the activation of microglia leads to the occurrence and development of depression. Firstly, it involves inflammation and polarization of microglia. Reassuringly, some preclinical studies have conducted more in-depth investigations in this area (74). Tang et al. found that CSDS mice showed higher M1 microglia markers, including iNOS, cluster of differentiation 16 (CD16), CD86, and C-X-C motif chemokine ligand 10, and no significant changes in M2 markers such as arginase-1 (Arg-1) and CD206 in the hippocampus at the transcriptional and protein levels, suggesting that M1 polarization plays a vital role in depression pathogenesis (75). Another study revealed that although no change in the total microglia number in CUMS-induced depressive mice was observed, much more activated microglia expressing M1-marker CD68 and less M2-marker CD206 was detected throughout the DG, CA1, and CA2 regions in the hippocampus (76). Taken together, the activation of microglia in susceptible brain regions towards the classical M1 polarization state instead of the M2 polarization state results in an increase in the production of toxic substances that harm neurons, which factors are crucial in the development and progression of depression (77).

Secondly, the phagocytic function of microglia in depression. The phagocytic function of microglia is considered an important factor affecting the occurrence and development of depression. Synapses interconnect neurons into networks that transmit neurotransmitters and mediate neuronal signaling, which contains pre-and postsynaptic separated by the synaptic cleft. Preclinical and clinical evidence suggests activated microglia in depressed animals and humans may aberrantly phagocytose neuronal synapses, resulting in synaptic dysfunction and depressive symptoms (78, 79). Preclinical studies in mouse models of depression have reported increased microglial phagocytosis of synapses in microglia-neuron contact areas (80). For example, there was a notable increase in the presence of phagocytic microglia actively engulfing puncta containing Postsynaptic density protein 95 (PSD95) in the DG of CSDS mice when compared with normal mice (81). Similar findings have been observed in other models, including decreased hippocampal expression of PSD95, synapses, and growth associated protein-43 and enhanced microglial phagocytosis in maternally separated rats. The hippocampus of chronic unpredictable mild stress mice also showed comparable results. Interestingly, intraperitoneal LPS injection in mice at postnatal day 50 to model early-life inflammation resulted in long-term phagocytosis of glutamatergic spines on neurons of the anterior cingulate cortex (82). The H3-receptor inverse agonist JNJ10181457 prevented abnormal LPS-induced microglial phagocytosis, decreased neuronal loss, improved neurotransmitter transmission, and had antidepressant effects in mice (83). Positron emission tomography revealed significantly increased translocator protein, a microglial marker, in the hippocampus, prefrontal cortex, and temporal cortex of depressed patients, suggesting microglial activation may contribute to depression pathophysiology. Functional imaging studies have also shown depressed patients exhibit decreased synaptic connectivity and neuronal circuitry in the prefrontal cortex and hippocampus (84). Together, these findings suggest aberrant phagocytosis of synapses by activated microglia in the hippocampus may underlie decreased synapses observed in depression. Therefore, in addition to modulating neuroinflammation, regulating microglial phagocytosis of synapses may provide novel insights into the mechanisms and therapeutic approaches for depression.

Finally, the trophic support function of microglia and endogenous microglial reduction is closely related to depression. Microglia support neuronal plasticity, neurogenesis, neural circuits and synaptic integrity through neuroimmune mechanisms including phagocytosis and cytokine secretion under baseline physiological conditions (85–87). Microglia also produce and respond to trophic factors like brain derived neurotrophic factor (BDNF) (88). BDNF was first isolated from the porcine brain in 1982 and found to support the survival of cultured embryonic sensory neurons (89). Considerable clinical evidence over subsequent decades has demonstrated BDNF plays an important role in depression (90). Regulating the C-X3-C motif chemokine receptor 1 (CX3CR1) in horses with phytoestrogens such as genistein increases BDNF and TGF-β secretion, promoting neuron-microglia interactions and synaptic remodeling. Endogenous microglial reduction or impairment may deprive neurons of adequate nutrition and energy, disrupting their function and contributing to depression (91). Kreisel et al. first reported the chronic unpredictable stress-induced microglial loss in the hippocampus, which could worsen severe depression (92). Administering innate immune stimulants like LPS and macrophage colony-stimulating factors to increase microglial numbers in the DG has reversed depressive behaviors in chronic stress mice. For instance, a single intraperitoneal 75 or 100 μg/kg dose of LPS reversed depressive behaviors of chronic unpredictable stress mice within 5 hours, as demonstrated by behavioral testing (93). The antidepressant effect of low-dose LPS depends on microglial activation regulating extracellular signal-regulated kinase (ERK) 1/2 signaling to increase BDNF synthesis. These findings suggest restoring endogenous microglial levels and function may benefit severe depression treatment, in addition to modulating microglia directly.





4 The function of microglia in adult hippocampal neurogenesis and its molecular mechanism in depression

Microglia are actively involved in the modulation of adult neurogenesis. Under physiological conditions, each of the individual components of adult neurogenesis, including the proliferation of NSCs, the migration of adult neuronal cells and immature neurons, their differentiation to mature neurons, and the extension of neuronal synapses, and integration of immature neurons into an existing circuit, is influenced by microglia (94, 95). First, microglia, as brain-resident immune cells, play a “housekeeping” role during neural development; that is, the proliferation of NSCs is controlled by microglia, and excess apoptotic proliferating cells are engulfed by microglia (49, 95, 96). Microglia release soluble factors that promote different stages of neurogenesis. It has been shown that nutrient factors such as insulin-like growth factor-1 (IGF-1) and brain-derived neurotrophic factor (BDNF), which are secreted by microglia, help the neural stem cell proliferation and the differentiation and guide the migration of neural precursor cells (97, 98). In addition, microglia modulate the integration of new neurons into existing neuronal circuits and refine neural circuits during development by pruning neuronal synapses (99). Therefore, microglia can participate in multiple stages of adult neurogenesis and play key roles in supporting adult neurogenesis.

There are many existing models of depression, and different models simulate different types of depression with distinct internal mechanisms. Currently, reports have focused on models involving the microglia mechanisms, neurogenesis mechanisms, or microglia-neuron regulation of neurogenesis mechanisms. These models focus on early life stress (maternal separation (MS), maternal sleep deprivation, and adult stress (CUMS and chronic mild stress (CMS)), as well as toxic infection (LPS) models. Additionally, genetic mutations have also been reported to cause depression (Table 1). Under pathological conditions, microglia can contribute to depression through a variety of mechanisms, including toll-like receptors (TLRs), nod-like receptor protein 3 (NLRP3) inflammasome, lesion of the HPA axis, metabolism of 5-hydroxytryptamine (5-HT), inflammatory cytokines, and their mediated inflammatory signal pathways, imbalance of M1/M2 polarization, gut microbiota, and microRNA. These mechanisms are described in further detail below (Figure 3).


Table 1 | Expression patterns of depression-like behaviors, microglia, inflammatory molecules, and molecular markers of neurogenesis in rodent models of depression.






Figure 3 | Modulation of adult neurogenesis by microglia in depressive. In a healthy central nervous system, microglia produce neurotrophic factors, phagocyte redundant neurons, and connections, remove cell debris, and control stem cell proliferation, in this way regulating synaptogenesis and neuronal pruning. In a pathological state, exogenous and endogenous factors such as infections(LPS), stress, and systemic inflammation/metabolic deregulation can induce microglial activation and impaired neurogenesis. (A) Cytokines such as IL-1β, IL-6, and TNF-α, with negative consequences to the HPA axis. (B) CX3CR1 is involved in interactions between microglia and neurons, which may reduce to pro-inflammation cytokine. (C) Inflammatory microglia(M1) also exhibit upregulated IDO, reducing serotonin availability and possibly contributing to neurogenesis in depression. (D) SCFAs、other bacterial metabolites and components of the immune system can affect microglial maturation, activation and function. (E) A neuroprotective microglial phenotype (classically referred to as “M2-like”) activated the BDNF-TrkB-CREB signaling pathway, enhanced neurogenesis, diminished synapse loss in the hippocampus, and contribute to an overall lower level of neuroinflammation. (F–H) Intracellularly, several pathways become activated including the TLR, JAK, and STAT, which will trigger the activation of the NF-κB, downregulate NLRP3, and consequent induction of first-line cytokine production, such as IL-1β, IL-6, and TNF-α. (I) MicroRNAs have been associated with multiple pathways of depression pathophysiology. LPS lipopolysaccharide, TLR toll-like receptor, JAK Janus kinase, STAT signal transducer and activator of transcription, NF-κB nuclear transcription factor-kappa B, NLRP3 nod-like receptor protein 3, IL-1β interleukin-1β, IL-6 interleukin 6, TNF-α tumor necrosis factor-alpha, HPA hypothalamic-pituitary-adrenal, IDO indoleamine 2,3-dioxygenase, CX3CR1 C-X3-C motif chemokine receptor 1, BDNF- TrkB-CREB brain derived neurotrophic factor- tyrosine kinase receptor B- cyclic adenosine monophosphate response element binding protein, SCFAs short chain fatty acids.





4.1 TLRs activate microglia to reduce neurogenesis

TLRs, expressed on microglia are a subfamily of pattern recognition receptors (PRRs) that identify endogenous noxious stimuli and invading pathogens, thereby inducing induction of innate and adaptive immune responses (109, 110). Experimental results demonstrated that social avoidance and anxiety induced by repeated social defeat stress (R-SDS) were abolished in mice lacking Toll-like receptors 2 and 4 (TLR2/4). Transcriptome analysis further revealed that microglia in the brains of R-SDS mice induced the expression of IL-1α and TNF-α via the TLR2/4 signaling pathway. Treatment capable of blocking microglial-mediated cytokine release was able to attenuate R-SDS-induced social avoidance. These results suggest a crucial role of TLR2/4 in microglial activation and cytokine release in response to R-SDS-induced stress (111). Research has revealed that Toll-like receptor 5 (TLR5) expression in mouse embryonic stem cells promotes neurodifferentiation and enhances it through the nuclear factor-κB and interleukin 6/CREB pathways. Furthermore, TLR5 expression was also observed in the SGZ of the hippocampus in rat, where it governs the proliferation of adult hippocampal NSCs by regulating the cell cycle, and promotes neural differentiation through the JNK pathway. These findings provide evidence of TLR5’s significant modulatory role in neurogenesis from embryonic stem cells and adult hippocampal NSCs, and suggest it is a promising therapeutic target for Brain-related diseases (112). In contrast, promising immunosuppressive drugs, such as icariin, can improve neuroinflammation in the hippocampus by inhibiting the activation of the TLR4-NF-κB signaling pathway to exert protective effects on neurogenesis, thereby improving depressive behavior in mice (113). These results provide a new understanding of depression pathology, wherein inflammation can be triggered by activating TLRs in microglia, resulting in a reduction in neurogenesis, and ultimately playing a crucial role in the development of depression.




4.2 NLRP3 inflammasome triggers microglia to regulate neurogenesis

Inflammasomes are cytosolic immune signaling complexes that lead to inflammation and pyroptosis. They are composed of pattern recognition receptors, adapter structural domains and enzymatic caspase-1 structural domains. Inflammasome initiation sensors are PRRs, including nucleotide-binding oligomerization domains leucine-rich repeat-containing protein receptors (NLRs), which are not present in melanoma-2-like receptors, and proteins with tripartite motifs (114). NLRs consist of NLRP1, NLRP2, NLRP3, NLRP6, NLRC4, and NLRP12, of which NLRP3 has received the most attention in studies of the pathological mechanism of depression (115, 116). Male C57BL/6 mice were subjected to CUMS for a period of 6 weeks. A comprehensive assessment of negative emotional behaviors was carried out to determine the susceptibility of the mice. Various parameters such as microglial activation, transcription of endogenous retroviral sequences, intrinsic nucleic acid sensing response, and immune inflammation were evaluated in the Basolateral Amygdala. The findings of the study revealed that chronically stressed mice exhibited significant depressive and anxious-like behaviors, accompanied by notable microglial cell morphological activation, transcription of MuERV-L, MusD, and IAP genes, activation of the cGAS-IFI16-STING pathway, initiation of the NF-κB signaling pathway, and activation of the NLRP3 inflammasome in the Basolateral Amygdala (115). However, these abnormal indicators were gradually reversed after antidepressant administration, suggesting a close link between depression and the NLRP3 inflammasome. For example, Du et al. found that fluoxetine, a classical antidepressant, can remarkably suppress the activation of NLRP3 inflammasome, followed by reduced caspase-1 cleavage and IL-1β which were secreted in peripheral macrophages and central microglia (117). Recent studies have demonstrated that they can diminish the expression of NLRP3 inflammasome and lower the levels of inflammatory factors that are regulated by microglia, ultimately providing anti-depressant effects. NLRP3 is also involved in the regulation of neurogenesis. Many studies have shown that microglia triggered by NLRP3 inflammasome activation secrete many more pro-inflammatory cytokines, such as IL-1β, thus resulting in the reduction of hippocampal neurogenesis (118). Conversely, mice were exposed to CMS for three weeks, and the results revealed that CMS exposure altered the morphology of microglia in the hippocampus and increased the number of TUNEL+ and GSDMD+ microglia in the dentate gyrus (119). Furthermore, the CMS exposure led to a decrease in the number of 5-ethynyl-2-deoxyuridine (BrdU) +, BrdU-DCX+, and BrdU-NeuN+ cells in the hippocampal dentate gyrus, as well as a reduction in the percentage of NeuN+ cells among BrdU+ cells. Additionally, the expression of pyroptosis-related molecules, such as NLRP3, caspase-1, GSDMD-N, and IL-1β, was significantly upregulated in the hippocampus of CMS-exposed mice (119). These findings indicate that CMS exposure impairs hippocampal neurogenesis and induces microglial pyroptosis. The study found that porphyran suppressed the NF-κB/NLRP3 signaling pathway in the hippocampus and activated the BDNF/TrkB/ERK/CREB signaling pathway in CUMS mice, thereby inhibiting the activation of microglia and reducing the release of pro-inflammatory cytokines mediated by microglia (120). It also increased the expression of DCX in the hippocampal DG area, promoted neurogenesis, and maintained synaptic plasticity, ultimately exerting an antidepressant effect (120). These data have shown that NLRP3 plays a key role in the regulation of neurogenesis, a key molecular mechanism in the pathogenesis of depression.




4.3 Imbalance of polarization of microglia affect neurogenesis

The M1 and M2 polarization of microglia differentially regulates neurogenesis in physiological and pathological states (121). M1 polarization of microglia is negatively correlated with neurogenesis (117). The M1 phenotype of microglia secretes excessive inflammatory mediators that lead to impaired neurogenesis and promote the onset and progression of depression. Additionally, pro-inflammatory mediators such as macrophage inflammatory protein-2 (MIP2), IL-1β, iNOS, and TNF-α activate M1 microglia, which then produce many more damaging factors that reduce hippocampal neurogenesis and induce depression (121). The activation of microglia into the M1 state affects neurogenesis by inhibiting the proliferation of NSCs, increasing the apoptosis of neural progenitors, and reducing the survival of newborn neurons and their integration into existing neural circuits (122). In contrast, M2 polarization of microglia, an alternative subtype of microglial activation, is positively correlated with neurogenesis. A recent study found that the alternatively activated microglial phenotype (M2), which is activated by IL-4, enhances neurogenesis and thus ameliorates depression-like behaviors (123). Therefore, modulating the microglial phenotype to regulate neuroinflammation and neurogenesis appears to be a possible mechanism for the development of depression.




4.4 Transcription (STAT) family members activate microglia to regulate neurogenesis

The Janus kinase (JAK)/STAT pathway is engaged in the modulation of a number of CNS functions, involving neurogenesis, synaptic plasticity and microglia activation, all of which are implicated in the pathophysiology of depression (124, 125). First, JAK/STAT signaling is important for regulating inflammatory responses and microglial polarization (125). Studies have shown that inhibition of the JAK/STAT1 pathway can block microglial activation and suppress microglia-mediated neuroinflammation. Kwon et al. found that microglia-specific STAT3 KO mice showed antidepressive-like behavior in the animal model of chronic stress procedures, suggesting that suppression of microglia STAT3 may be a new treatment tactic for depression (126). Furthermore, recent studies have indicated that JAKs may have a role in hippocampal neurogenesis. For instance, research has demonstrated that pharmacologically inhibiting JAK3 in cultured neurons can stimulate neurogenesis (127). Other studies have shown that JAK3 is involved in inhibiting neurogenesis and causing depressive symptoms in animal models under stress (128, 129). As a result, JAK3 inhibition has the potential to improve depressive and anxious behavior and restore normal levels of hippocampal neurogenesis in mice subjected to stress (130). However, microglia modulate the mechanisms of microglia as well as neurogenesis in response to depression via the JAK/STAT signaling pathway is unclear. Therefore, it is important to concentrate on the JAK/STAT signaling pathway in microglia and elucidate its relationship with depression. Such research may provide new insights for future studies on depression.




4.5 Activation of Fractalkine-CX3CR1 in microglia suppresses neurogenesis

The signaling pathway of Fractalkine-CX3CR1 is essential for regulating of interactions between microglia and neurons (131). Fractalkines, also called CX3CL1, are transmembrane chemokines expressed by neurons in the brain. It reduces migration and increases neuronal adhesion (132). A combination of CX3CR1 and CX3CL1, which is only expressed by microglia, maintains microglia in a quiescent state, and hence inhibits the release of pro-inflammatory cytokines (133). CX3CR1 is significantly upregulated in depression (134). The character of microglia in modulating neurogenesis in depression via the CX3CL1-CX3CR1 signal is complex and controversial. Evidence has shown that CX3CL1-CX3CR1 signaling participates in the control of microglial activation, and thus influences adult neurogenesis. For instance, there are reports indicating that compared with wild-type mice, the number of DCX+ positive cells and BrdU+ labeled cells in the hippocampus of CXCR1 deficient mice is reduced, indicating that neurogenesis is inhibited due to CX3CR1 deficiency (135). Similarly, studies have shown that the deficiency of the CX3CR1 of microglial damages synaptic integration in hippocampal granule neurons in adult neurogenesis, promotes the activation of microglia in the DG of CXCR1 deficient mice, and induces a pro-inflammatory phenotype in this area of DG (136). These results suggest that microglia regulate adult hippocampal neurogenesis via CX3CL1-CX3CR1 signaling. However, many contradictory reports have been published. For example, Mattison et al. found that the freeing of pro-inflammatory factors such as IL-6 was significantly reduced by LPS administration in CX3CR1 knockout mice, suggesting an obvious suppression of the inflammatory response in CX3CR1 knockout mice (137). Moreover, Liu et al. found that deficiency of CX3CR1 might promote alternative activation of microglia (M2 polarization) and attenuate their ability to synthesize and release inflammatory cytokines, thus benefiting adult neurogenesis (138). Therefore, the role of CX3CL1/CX3CL1 signaling in microglial activation and subsequent regulation of neurogenesis in depression is an intricate and controversial topic of research, which is further complicated as new studies have revealed inconsistent results.




4.6 Abnormalities in the HPA axis inhibit adult neurogenesis involving pro-inflammatory cytokines released by microglia

The HPA axis is a complicated combination of interactions concerning the pituitary, hypothalamus gland, and adrenal gland. The HPA axis is an essential component of the neuroendocrine system and is related to the control of stressful responses and the pathophysiology of a lot of neuropsychiatric disorders (139). Inflammation and stress stimulate the hypothalamus to secrete corticotropin-releasing hormone, which further stimulates the pituitary to release corticotropin. The adrenal gland releases glucocorticoids, which can act on the hypothalamus for negative feedback regulation. The HPA axis is hyperactive during depression (140). Abnormalities in the HPA axis are observed in a substantial proportion of patients with depression and are primarily characterized by glucocorticoid dysregulation (141). Studies have shown that excessive glucocorticoids reduce the proliferation of nerve cells, thereby inhibiting adult neurogenesis (142). Moreover, adult hippocampal neurogenesis can mediate negative feedback through the HPA axis. Snyder et al. used the spatial specificity of X-ray irradiation to reduce hippocampal neurogenesis, resulting in excessive secretion of glucocorticoids (135). Taken together, glucocorticoids reduce adult hippocampal neurogenesis, resulting in the failure of negative feedback that is critical for the HPA axis, which leads to a persistent elevation of glucocorticoids and reduces adult hippocampal neurogenesis. This vicious cycle may play an essential character in depression pathophysiology. Interestingly, regulation of the HPA axis is also influenced by cytokines released by microglia. For example, microglia-discharged pro-inflammatory cytokines, such as IL-1 and IL-6, can effectively induce glucocorticoid secretion during chronic and acute stress (143). Therefore, microglia may regulate the HPA axis by releasing pro-inflammatory factors and elevating glucocorticoids to reduce adult hippocampal neurogenesis, thereby playing a crucial role in depression.




4.7 Reduction of 5-HT suppresses neurogenesis relates to the activation of microglia

TRY metabolism involves two important metabolic pathways: 5-HT synthesis and kynurenine synthesis. The 5-HT synthesis is initiated by tryptophan hydroxylase, which converts TRY to hypoxanthine, which in turn is converted to 5-HT by serotonin synthetase (144). It is currently known that 5-HT strongly correlates with the pathogenesis of depression. Selective serotonin reuptake inhibitors (SSRIs), the most common clinical antidepressants, improve depressive mood by adding the 5-HT levels of the synaptic cleft (145). Studies have reported that 5-HT is synthesized by 5-HT neurons located in the raphe nucleus, and has significant implications in the regulation of neurogenesis. Removal of 5-HT neurons in the dorsal raphe and median raphe has been found to decrease neurogenesis, which is recovered by 5-HT reinnervation. Increased 5-HT levels have been shown to promote neurogenesis, thereby improving depressive behavior (146). Thus, the depletion of 5-HT suppresses neurogenesis in the DG, which is a hypothesis for the pathogenesis of depression. Another catabolic pathway of TRY contains indoleamine 2,3-dioxygenase (IDO) and TRY 2,3-dioxygenase (TDO), which produce by metabolism from TRY to kynurenine (KYN) (147). When the KYN metabolic pathway is enhanced, it deprives TRY of 5-HT synthesis, resulting in reduced serotonin production (148). Increased activation of the KYN pathway has been observed in depressed patients, and the level of activation is relevant to the level of depression (149). KYN can be further metabolized into several neurotoxins such as 3-hydroxykynurenine (3-HK), which is catalyzed by kynurenine monooxygenase (KMO) (150). Numerous studies have shown that pro-inflammatory cytokines stimulate IDO and KMO, which are mainly expressed in microglia, thereby increasing neurotoxins, which is one of the potential mechanisms by which inflammation is mediated by microglia and induces depression (150). However, the mechanism by which microglial activity interacts with KYN metabolites has not been definitively determined, though we can infer that under stress conditions, pro-inflammatory factors released by activated microglia activate the kynurenine pathway, resulting in a decrease in the synthesis of 5-HT and an increase in neurotoxins such as 3-HK, which may inhibit neurogenesis and lead to depression.




4.8 Cytokines secreted by microglia participate in neurogenesis

Cytokines are redundant secreted proteins with growth, differentiation, and activation functions that regulate and determine the nature of immune responses and control immune cell trafficking and cellular arrangement of immune organs (151). Inflammatory cytokines consist of pro-inflammatory and anti-inflammatory cytokines, the balance of which determines whether the body produces an inflammatory response. The role of cytokines in neurogenesis is reflected in the fact that pro-inflammatory cytokines impair neurogenesis, whereas anti-inflammatory cytokines protect or promote neurogenesis. Excessive pro-inflammatory cytokines induce an inflammatory response, which can induce the expression and release of cathepsin C in microglia to promote an inflammatory response and reduce neurogenesis (152). For example, IL-1β, IL-6, TNF-α, and IFN-α are currently the broadest studied inflammatory cytokines (153). Multiple studies have suggested that TNF-α and IL-6 levels are increased remarkably in the peripheral blood of depressed patients than in healthy controls, suggesting a strong association between inflammatory cytokines and depression (153). This mechanism may be related to the activated M1 microglial phenotype (154, 155). Conversely, anti-inflammatory cytokines, including TGF-β and IL-10, secreted by M2 phenotype microglia, exerted anti-inflammatory effects. Furthermore, existing evidence suggests that inflammatory cytokines are strong relativity of neurogenesis. For instance, CMS exposure in mice was found to upregulate inflammatory factors and inhibit neuronal growth in the dentate gyrus region of the hippocampus, leading to depression-like behavior (156). Surprisingly, drug treatment reprogrammed Arg-1+ microglial cell phenotypes in the dentate gyrus region, suppressed neuronal inflammation, increased the quantification of hippocampal newborn neurons (BrdU+ - DCX+ cells), and improved depression-like behavior in CMS-exposed mice (156). Thus, the balance of cytokines participates in neurogenesis, thus influencing the occurrence of depression.




4.9 BDNF and its cascade signaling promote neurogenesis associated with microglia

BDNF, a protein synthesized in the brain and are widespread in the CNS, has critical function in the survival, differentiation, growth, and development of neurons (157). Tyrosine kinase receptor B (TrkB) acts as a BDNF specific receptor. Binding to the TrkB receptor activates intracellular signaling pathways that play an important role in sustaining neural growth, neuronal differentiation, and neuronal survival, as well as in maintaining synaptic plasticity and neuronal structure and function in adults (158). Wen et al. found that BDNF and TrkB were significantly reduced in the brain, especially in the hippocampus of mice, with significantly increased depressive and anxiety-like behaviors, suggesting a strong link between depression and the BDNF-TrkB signaling pathway (159). This mechanism may be related to the function of the BDNF-TrKB signaling pathway in neurogenesis. For example, Sonoyama et al. demonstrated that BDNF variants and variants of the TrkB kinase domain can lead to damaged processing and secretion of mature peptides in the BDNF-TrKB signaling pathway, resulting in impaired neurite growth and inhibition of hippocampal neurogenesis (160). Notably, Li et al. have shown that upregulation of the BDNF-TrkB signaling pathway can promote neuronal plasticity and thus increase the antidepressant response (161). In addition, some studies have found that the BDNF-TrkB signaling pathway is associated with microglia. Bagheri et al. found that high activation of M2 microglia and decreased activation of M1 microglia resulted in increased BDNF secretion (162). Ding found that BDNF can accelerate the activation of microglia to free TNF-α and IL-1β, aggravating the neuroinflammatory response through the BDNF-TrkB signaling pathway (162). The microglial subset with high expression of Arg-1 driven by IL-4 is crucial for maintaining hippocampal neurogenesis and stress resilience. In a mouse model, reducing Arg-1+ microglia led to decreased secretion of BDNF from Arg-1+ microglia in the DG region of the hippocampus, resulting in reduced survival and maturation of NSPCs and inhibition of hippocampal neurogenesis, as well as increased susceptibility to stress-induced depression. Conversely, enhancing IL-4 signaling to increase Arg-1+ microglia restored hippocampal neurogenesis and resistance to stress-induced depression (105). Therefore, microglia can promote neurogenesis and reduce depressive symptoms by acting on the BDNF or BDNF-TrkB signaling pathway.




4.10 Microbial gut-brain axis regulates the crosstalk between microglia and neurogenesis

The gut-brain axis is a two-way relationship between the gut and CNS connected by neurons of the sympathetic and parasympathetic nervous systems, that has been shown to induce stress-related gastrointestinal and mental symptoms. The gut microbiome is strongly connected to the gut, and by extension the brain, thus extending the gut-brain axis to the gut-brain-microbiota axis (163). Recently, dysregulation of the gut-brain-microbiota axis has been emerged as one of the leading hypotheses for explaining the pathogenesis of depression (164). Yu Du. found that mouse treated with antibiotics demonstrated a reduction in saccharin preference due to more than 90% of the gut microbiota being killed by antibiotics, which may indicate the key function of the gut microbiota in depressive-like behaviors (164). The underlying mechanism may be related to the significant role of gut microbiota in regulating the maturation and activation of microglia. Sun et al. found that changes in gut microbiota led to systemic inflammation that differentially activated inflammatory regulatory pathways in the brain, especially those associated with microglia, leading to the occurrence of depression (165). Carlessi et al. found that gut microbes secrete substantial amounts of microglia-activated amyloid and LPS to induce depression (166). Furthermore, several clinical and experimental studies have indicated that gut microbiota may be both a pathogenic determinant of neurogenesis-related diseases and a novel therapeutic target. For example, Sarubbo et al. found that germ-free (GF) and GF-colonized mice exhibited a trend of cell proliferation with elevated expression of BrdU in the dorsal hippocampus (167). Notably, Cerdó et al. found that using a strain-specific combination of probiotics restores neurogenesis defects in adult patients, which further confirms the link between gut microbiota and hippocampal neurogenesis (168). Previously, literature reported that regulating short-chain fatty acids, which are widely present in intestinal endocrine and immune cells and are important mediators for regulating body function through the gut microbiota, can decrease the ratio of Iba-1+/CD68+ cells in the hippocampal DG area of CUMS mice while increasing Ki67/NeuN, granular cell layer width, and dendritic spine density and quantity of neurons, thereby promoting neurogenesis and exerting an anti-depressant effect (101). In addition, Hanna Karakuła-Juchnowicz et al. found that gut dysbiosis and irritation may dysregulate the immune system near the brain, causing neurodegeneration (169). These results suggest that the microbial gut-brain axis may influence microglial activation and neurogenesis in depression. However, the function of the microbial-gut-brain axis in microglial regulation of neurogenesis requires further study.




4.11 MicroRNA regulates the link between microglia and neurogenesis

MicroRNA (miRNA) is a non-coding RNA (ncRNA) that consists of 18-24 nucleotides, which is highly conserved in species that modulate gene expression, mainly by destabilizing the target mRNA and inhibiting the translation of the target mRNA to regulate target mRNAs (170). Microglia utilize exosomes to transfer microRNAs, specifically miR-146a-5p, to inhibit neurogenesis in cases of depression. Overexpression of miR-146a-5p in the hippocampal DG leads to a suppression of excitatory neuron spontaneous discharge and neurogenesis via direct targeting of Krüppel-like factor 4 (KLF4). Downregulation of miR-146a-5p expression results in improved adult neurogenesis in the DG and alleviates depression-like behaviors in rats. Notably, circular RNA ANKS1B acts as a miRNA sponge for miR-146a-5p and mediates post-transcriptional regulation of KLF4 expression. These findings demonstrate the critical role of miR-146a-5p in regulating neurogenesis during pathological processes related to depression and indicate that exosomes from microglia provide a new communication pathway between glial cells and neurons (171). These data demonstrate that multiple miRNA genes in the human body have different effects on depression and neurogenesis, which will be further clarified. It was also found that different miRNAs also have different effects on the polarization of microglia (172). For example, neuron-derived exosomes with high miR-21-5p expression promote M1 polarization of microglia. In contrast, MiR-124-enriched exosomes promoted M2 polarization of microglia (173). Currently, there are few studies on the roles of miRNAs in the regulation of microglia and neurogenesis, despite the complex link between neurogenesis and microglia in depression. Thus, elucidating the regulatory mechanisms of miRNAs in depression from the perspective of the regulation of microglia in neurogenesis may provide new insights into depression.





5 Drugs targeting microglia to alter neurogenesis for treating depression

According to the above summary, microglia play a significant role in modulating neurogenesis and, thus, play a key function in the pathogenesis of depression. Therefore, here we introduced some drugs that act on this mechanism, some of which are already in clinical use, such as tricyclic antidepressants (TCAs) and SSRI, and some are under development, such as minocycline, ketamine, and natural products derived from plants (Table 2).


Table 2 | Drugs targeting microglia to alter neurogenesis for treating depression.





5.1 First-line antidepressant drugs in clinical practice



5.1.1 TCAs

TCAs comprise the main category of antidepressant drugs commonly prescribed to treat depression (198). TCAs can inhibit the presynaptic reuptake of 5-HT and norepinephrine, increase the density of monoamine transmitters in the synaptic cleft, and clinically improve depressive symptoms (199). The commonly available TCAs include imipramine, clomipramine, and amitriptyline. Recently, TCAs have been demonstrated to have therapeutic effects of anti-inflammatory and neuroprotection by inhibiting the activation of microglia and promoting neurogenesis in the hippocampus in depression (174, 200). For example, imipramine was found to reduce stress-induced inflammation and depression-like behavior by modulating microglia activation (175). In addition, imipramine inhibits the activation of M1 microglia and the freeing of pro-inflammatory factors to reduce neuronal damage and upregulate BDNF expression to promote neurogenesis (177). However, it is important to note that imipramine is a tricyclic antidepressant known to lower seizure threshold, so caution should be exercised when prescribing it to individuals with epilepsy or those at risk of seizures. Anthor study found that Imipramine has the potential to exacerbate suicidal thoughts during the early stages of administration in patients under the age of 24 (201). Furthermore, Imipramine, along with other types of antidepressants, can potentially trigger the onset of manic or mixed episodes in individuals diagnosed with bipolar disorder (202, 203). Similarly, clomipramine has demonstrated the ability to reduce depressive behavior and neuroinflammation by modulating the microglial NLRP3 inflammasome (176). In another study, Zhang et al. found that clomipramine modulated the microglial NLRP3 inflammasome to reduce depressive behavior and increase hippocampal volume in exposure to CUMS model of rats (204). Meanwhile, amitriptyline was found to inhibit LPS-induced microglial expression of pro-inflammatory factors (205) and increase BDNF expression in microglia (206). It is crucial to recognize that while these TCAs offer potential benefits in treating depression, there are associated risks. For instance, the use of clomipramine during pregnancy has been linked to adverse effects in fetuses, including lethargy and the potential for congenital heart defects, as well as withdrawal symptoms in newborns (207). Additionally, clomipramine may be detected in breast milk, necessitating careful consideration in breastfeeding mothers (207, 208). Amitriptyline, another TCA, has also shown promise by inhibiting microglial expression of pro-inflammatory factors and increasing BDNF expression in microglia (209). However, it’s crucial to note that Amitriptyline should never be combined with alcohol or other central nervous system depressants, as this may significantly potentiate their effects. Additionally, caution must be exercised when transitioning from monoamine oxidase inhibitors to Amitriptyline, as doing so within a two-week timeframe can lead to a potentially life-threatening condition known as serotonin syndrome (41). While TCAs come with various risks and potential side effects, these data suggest that some TCAs hold the potential to not only regulate microglial functions for anti-inflammatory effects but also to promote neurogenesis. As discussed earlier, TCAs can inhibit the presynaptic reuptake of serotonin and norepinephrine, leading to an increased concentration of monoamine transmitters in the synaptic cleft. However, it’s important to note that the precise mechanisms governing microglial activation and neurogenesis promotion remain unclear and warrant further investigation.




5.1.2 SSRIs

Currently, SSRIs are the first line of antidepressants used in clinical practice. This category includes sertraline, paroxetine, fluvoxamine, fluoxetine, citalopram, and escitalopram, which selectively inhibit 5-HT reuptake by antagonistically binding presynaptic membrane 5-HT transporters in neurons, thus increasing the concentration of 5-HT in the synaptic cleft (204, 210). Previous studies have shown that adult neurogenesis and olfactory memory are positively regulated by fluoxetine. It is reported that increased release of pro-inflammatory cytokines by microglia and activation of M1 microglia may lead to elevated expression of serotonin transporter (SERT) (211). Interestingly, SSRIs not only target SERT by inhibiting serotonin reuptake but also centrally act on microglial cells that respond to various signals of inflammatory factors (212). Similarly, fluoxetine cannot improve behavior by inhibiting SERT, which is observed that the increasing the deprivation of dopaminergic neurons and the hurtful activation of microglia in the substantia nigra pars compacta during LPS-induced neurotoxicity (213). These findings support the notion that SSRIs reduce microglial activation by modulating SERT and improving depressive symptoms (214–216). The protective role of SSRIs in neurogenesis has been found to be closely related to the 5H-T and BDNF signaling pathways in schizophrenic models (217). There are no existing studies showing that SSRIs modulate 5-HT to further modulate microglial activation, improve neurogenesis, or alleviate depression. Interestingly, it has been shown that escitalopram before and after treatment can prevent CA1 neuronal death induced by cerebral ischemia by increasing BDNF and thereby reducing microglia activation and oxidative stress (218). Troubat et al. found that the administration of fluoxetine to CUMS mice effectively reduced the activation of microglia in the DG area of the hippocampus of CUMS mice, alleviated neurogenesis damage in the hippocampus, and reduced Depression-like phenotype in CUMS animal model (178). Silvia Alboni et al. obtained the same results (219). SSRIs often recommended as first-line antidepressants, typically take 2 to 4 weeks to initiate therapeutic effects, reaching their maximum efficacy within 4 to 8 weeks (220). However, these benefits come with a range of potential side effects, including gastrointestinal symptoms, hepatotoxicity, weight gain, and metabolic irregularities, as well as the possibility of cardiovascular complications (221). What’s noteworthy is that fewer than 50% of patients do not experience complete relief from their depressive symptoms when treated with initial SSRI therapy (222). This limitation necessitates a transition to second-line treatment options. Furthermore, it’s essential to recognize that the use of antidepressants carries an elevated risk, especially in individuals predisposed to bipolar disorder, of experiencing manic or hypomanic episodes (223). In the future, the promising potential of SSRIs to foster adult hippocampal neurogenesis through their modulation of microglial cells holds great significance. While this avenue shows considerable therapeutic promise, it is essential to address and mitigate the potential side effects associated with SSRIs. As we continue to delve into the intricate mechanisms of neurogenesis and microglial activation, the path forward involves refining the use of SSRIs to maximize their benefits in alleviating depression while minimizing adverse effects. Additionally, ongoing research endeavors aim to uncover novel approaches that harness the neurogenic advantages of SSRIs, ultimately paving the way for more effective and safer antidepressant treatments.





5.2 Potential anti-inflammatory candidate drugs



5.2.1 Minocycline

A recent meta-analysis of clinical trials assessed t antidepressant effects and side effects of pharmacological anti-inflammatory interventions in depression or depressive symptoms, revealing that anti-inflammatory agents could enhance the treatment effects of minocycline (224)Minocycline, one of the most studied anti-inflammatory agents, is a second-generation semi-synthetic tetracycline derivative that exhibits efficient spectrum antibacterial effects (70) Further research has found that minocycline exerts its antidepressant effect mainly by inhibiting the activation of microglia, thus protecting hippocampal neurogenesis. For instance, Laumet et al. showed that inflammatory cytokines, including IL-6 and TNF-α, released by hyperproliferative microglia in the hippocampus with peripheral nerve injury could induce secondary changes in hippocampal neurons, thus leading to depression-like phenotype. These effects were reversed by administration of minocycline (225). More importantly, minocycline could alleviate depression-like behaviors induced by early stress in adolescent mice by inhibiting microglial activation and restoring neurogenesis in the hippocampus (100). Additionally, Wadhwa et al. found that minocycline promotes different stages of neurogenesis, such as proliferation (BrdU, Ki-67), differentiation (DCX) cells, and growth factor (BDNF), by inhibiting microglial activation (226). Another study further showed that minocycline decreased M1 microglial marker protein (CD68 and CD16) expression and increased M2 microglial marker protein (CD206 and Arg-1 protein) expression, resulting in a significant increase in neuronal proliferation via the BDNF/TrkB signaling pathway (227). While these findings are promising, it’s important to acknowledge that the current body of evidence is based on a limited number of studies with relatively small sample sizes (70). Therefore, while Minocycline offers a proof-of-concept for treating depression through anti-inflammatory mechanisms, further large-scale clinical trials are necessary to establish its efficacy and safety definitively. These future studies can also explore which subgroups of patients are most likely to benefit from Minocycline-based treatment, possibly based on their microglial markers, inflammatory markers regulating by microglial and neurogenesis markers. In summary, Minocycline presents a compelling candidate for depression treatment due to its anti-inflammatory properties, microglial modulation, and promotion of neurogenesis. Continued research in this direction holds the potential to refine its role in depression therapy and provide tailored solutions for individuals struggling with this debilitating condition.




5.2.2 Ketamine

Ketamine, an N-methyl-d-aspartate receptor antagonist, is considered one of the most promising new agents for antidepression because of its fast and long-lasting antidepressant effects (228, 229). Nonetheless, the antidepressant mechanisms of ketamine remain unclear. Recently, our group found that (R)-ketamine exerts an antidepressant effect by inhibiting microglial ERK-NRBP1-CREB-BDNF signaling in the mPFC of CSDS mice, suggesting that the regulation of ketamine involves microglia and BDNF (230). However, it is unclear whether ketamine affects neurogenesis in the hippocampus. A previous study showed that treatment with ketamine or its metabolite hydroxynorketamine could increase the immune-related protein STAT, after which STAT3 enters the nucleus to regulate downstream transcription, upregulates BDNF, PSD95, and syn1, and alter neuronal plasticity (231, 232). This indicates that ketamine, or its metabolite, plays a crucial function in the modulating of immune-related neuronal plasticity. Notably, another study found that ketamine rapidly relieved depressive-like behaviors by increasing the differentiation of neural progenitor cells and promoting the maturation of new neurons in the DG of the hippocampus (179, 180). Interestingly, another study indicated that ketamine significantly increased the proliferation of NSCs in the DG of model mouse and thus exerted an antidepressant effect but had no effect on synaptic plasticity or hippocampal function (226, 233). While ketamine does offer antidepressant effects, its potential for addiction raises concerns (234). So, the necessity for healthcare supervision in the administration of intravenous ketamine or intranasal esketamine creates a clinical challenge, limiting access for many healthcare providers and their patients. Together, these studies indicate that the antidepressant effect of ketamine may act through a mechanism that modulates microglia and neurogenesis in the hippocampus; however, this mechanism remains to be further studied.





5.3 Natural compounds



5.3.1 Xanthoceraside

Xanthoceraside, a triterpenoid saponin monomer, was extracted from the husk of Xanthoceras sorbifolia Bunge. Xanthoceraside has been demonstrated to have a broad protective effect against spatial memory impairment, oxidative stress, and inflammatory reactions (235). Guan et al. demonstrated that xanthoceraside could exert antidepressant effects in several depression models of mice by reversing the CUMS-induced inhibition of the hippocampal BDNF signaling pathway and neurogenesis (181), suggesting that the effect of xanthoceraside on depression is related to the protection of neurogenesis. Moreover, xanthoceraside, a triterpenoid saponin monomer compound, has excellent anti-inflammatory effects by regulating the microglia phenotype. It has also been shown that xanthoceraside can inhibit pro-inflammatory cytokine expression in Aβ25-35/IFN-γ-stimulated, and thus has a good effect on the inhibition of microglial activation (182). In summary, while there is currently limited information on specific mechanisms in xanthoceraside in regulating neurogenesis via microglia, existing research suggests that xanthoceraside may be a potential drug candidate for depression because of its actions in promoting neurogenesis and enhancing neuroplasticity, and reducing neuroinflammatory reactions mediated by microglia that contribute to depressive symptoms. However, further research is needed to fully understand its efficacy and underlying mechanisms.




5.3.2 Curcumin

Curcumin is a natural substance extracted from the spice turmeric (Curcuma longa), a member of the ginger family (Zingiberaceae). Curcumin exhibits various pharmacological properties, such as antioxidant, regulating microglial phenotype, antineoplastic, hypoglycemic, immunomodulatory, and antimicrobial effects (236, 237). Numerous studies have shown that curcumin administration has an obvious antidepressant effect. The mechanism underlying the antidepressant activity of curcumin may involve the regulation of the serotonin and dopamine system, anti-inflammatory effects, and neuroprotection (219, 238). Previous studies have speculated that neurogenesis and neuroprotection in susceptible brain areas may have a critical function in psychiatric and neurological disorders, including anxiety depression, and Alzheimer’s disease (239). Recently, it has been shown that treatment with curcumin could reverse hippocampal neuron damage in response to chronic stress and increase cell proliferation and NSCs populations, suggesting that curcumin relieves impaired hippocampal neurogenesis (240). Curcumin also exerts a regulatory effect on microglial phenotypes. For example, curcumin has been shown to significantly alleviate LPS-induced inflammation by switching from the M1 pro-inflammatory phenotype to the M2 anti-inflammatory phenotype by downregulating the TLR4/NF-κB pathway (183, 241). Current research suggests that curcumin has the potential in improving depression by regulating microglia. Moreover, it also promotes neurogenesis, which further alleviates depressive symptoms. However, there is currently no direct evidence to prove that curcumin promotes neurogenesis by modulating microglia. Therefore, more in-depth research is needed to explore the mechanism of curcumin in regulating microglia and promoting neurogenesis, and to further demonstrate it as a drug candidate for treating depression.




5.3.3 Paeoniflorin

Paeoniflorin is a water-soluble monoterpenoid glycoside derived from multiple herbaceous plants such as Radix Paeoniae Rubra, Radix Paeoniae Alba, Paeonia suffruticosa, and Cimicifugae Foetidae. Many studies have demonstrated that paeoniflorin possesses multiple pharmacological properties including improving microglial-mediated inflammatory factors, antidepressant, neuroprotective, and anti-apoptotic effects (184, 242). A systematic review and meta-analysis revealed that paeoniflorin can significantly improve depressive-like behaviors in animals, suggesting that paeoniflorin can be a potential treatment for patients with depression (243). First, the antidepressant effects of paeoniflorin may be related to its neuroprotective effects. For example, Sicheng et al. found that paeoniflorin reversed the loss of dendritic spine density and the decline of the expression of BDNF and PSD95 in the hippocampus of CUMS model mouse, thus exerting an antidepressant effect (185). More importantly, paeoniflorin inhibited microglial proliferation by suppressing the JNK and NF-κB signaling pathways, leading to significant reductions in the pro-inflammatory cytokines IL-1β, IL-6, and TNF-α mediated by microglia (186). Compared to the control group, paeoniflorin promoted the expression of von Willebrand factor and doublecortin, suggesting that Paeonia extract contributes to neurogenesis and angiogenesis in rats (186). Paeoniflorin has excellent anti-inflammatory effects. The data indicate that paeoniflorin exerts antidepressant effects and prevents neuroinflammation by inhibiting the CASP-11-mediated pyroptosis signaling pathway activated in overactivated small glial cells in the hippocampus of reserpine-treated mice, resulting in synaptic plasticity abnormalities (184). In vitro experiments with N9 microglial cells of mice show that paeoniflorin can also prevent LPS and adenosine triphosphate (ATP)-induced pyroptosis and has an effective and selective CASP-1 activator inhibitor VX-765 to promote the inhibitory effect of paeoniflorin on pyroptosis (184). This reveals a previously unrecognized inflammatory mechanism of antidepressant action, and proposes a unique treatment opportunity to relieve depression through paeoniflorin therapy. Interestingly, there is direct evidence that paeoniflorin can protect neurogenesis by regulating the activation of microglia, modulating M1/M2 subset polarization in the hippocampus, and inhibiting the freeing of inflammatory cytokines (187). These results indicated that the regulation of microglia and hippocampal neurogenesis is an important mechanism underlying the antidepressant effects of paeoniflorin.




5.3.4 Resveratrol

Resveratrol is a polyphenol and phytoalexin derived from the skin of grapes, red wine, Japanese knotweeds, and peanuts. It has been shown that resveratrol has extensive properties including antioxidant, improving microglial-mediated inflammatory factor, and neuroprotective properties (244–246). Resveratrol showed excellent anti-depressive activity with an obvious improvement in depressive-like behavior tests. Alyssa et al. identified three main biological mechanisms of resveratrol, including modulating the HPA axis, microglia, and BDNF and neurogenesis, based on results from 22 preclinical studies (244). In terms of anti-inflammatory properties, resveratrol can inhibit the M1 microglial activation that induced by LPS stimulation, which involves the balance of M1/M2 polarization and the NLRP3 inflammasome (188–190). In terms of neurogenesis, resveratrol could exhibit neuroprotective and hippocampal neurogenesis properties (247). For example, pretreatment with resveratrol was found to activate the Sirt1 pathway, inhibit microglial activation, promote neurogenesis indicated by BrdU+DCX+ markers, and improve depressive-like behaviors in LPS-treated mice (191). Similarly, Wu et al. found that functional fermented milk rich in resveratrol significantly enhanced neurogenesis in a D-galactose mouse model (192). It can be concluded that resveratrol could prevent mood dysfunction by increasing hippocampal neurogenesis and reducing glial activation, but the detailed mechanisms remain to be elucidated.

While short-term animal experiments have provided strong support for the potential of natural compounds such as xanthoceraside, curcumin, paeoniflorin, and resveratrol in promoting adult hippocampal neurogenesis mediated by microglial cells as a strategy against depression, there is currently a lack of additional data revealing the potential toxic side effects of these drugs. To gain a more comprehensive understanding of the potential value of these compounds, further animal experiments are needed. Furthermore, these studies should place particular emphasis on investigating the effects of repeated long-term administration of these compounds, including in-depth research into organ toxicity, immune responses, and tolerance. This collective effort aims to ensure the success and safety of these natural compounds in the treatment of depression, providing a more reliable foundation for future clinical practices.





5.4 Others



5.4.1 Glycogen synthase kinase 3 inhibitor

Glycogen synthase kinase 3 (GSK-3) is a serine/threonine kinase enzyme, which has two subunits, including GSK-3α and GSK-3β, the dysregulation of which could lead to mental disorders, including depression and cognitive impairment (248, 249). It has been showed that a significant increase in the activation of GSK-3β has been found in postmortem brain regions of depression patients (249). As a critical regulator of cognitive function, GSK-3β plays a significant role in cognitive processes, including synaptic plasticity, neurogenesis, and neural cell survival (250). In vitro and in vivo studies have shown that GSK-3 inhibits neurogenesis in the adult hippocampus. In contrast, adult hippocampal neurogenesis is promoted by the inhibition of GSK-3 (251). These results demonstrate that the development of a GSK-3 inhibitor will be beneficial for adult hippocampal neurogenesis. Furthermore, it has been found that the mechanism by which GSK-3 regulates cognitive functions involving neurogenesis, synaptic plasticity, and neural cell survival is related to neuroinflammation. Microglia-mediated inflammatory responses are highly dependent on GSK-3 activity. Studies have shown that GSK-3 has pro-inflammatory effects (252), whereas GSK-3 inhibitors exhibit anti-inflammatory effects by upregulating the release of IL-10 from microglia (253). Therefore, based on the effect of GSK-3 on neurogenesis and microglia, we propose GSK-3 inhibitor as a potential therapeutic agent for depression.




5.4.2 Melatonin

Melatonin, called N-Acetyl-5-methoxytryptamine, is a hormone primarily synthesized and secreted by the pineal gland, and has various biological activities, which contain the modulating of the biological clock, anti-inflammatory, analgesic, anti-depressive, and neuroprotective effects (254). Melatonin exhibits antidepressant effects in multiple animal models, but its mechanism remains unclear (255). Inhibition of neuroinflammation and promotion of neuroplasticity may be the most important mechanisms by which melatonin maintains antidepressant-like effects (256). Melatonin can improve LPS-induced acute depression-like phenotype by suppressing the activation of the microglial NLRP3 inflammasome, thus reducing the pro-inflammatory factors released by microglia (193). In another study, melatonin was found to not only inhibit the M1 microglial activation as well as the NLRP3 inflammasome, but also unregulate the BDNF-ERK-CREB pathway to promote neurogenesis and reduce synaptic loss in the hippocampus (194). Similarly, in CMS rats, melatonin has been found to inhibit inflammatory cytokine production and protect neurogenesis, thus ameliorating depressive symptoms (195). These results suggest that the antidepressant mechanism of melatonin may be engaged in microglial activation and neurogenesis. Although the correlation between melatonin and depression is complex, exploring the effects of melatonin on microglia and neurogenesis in depression may facilitate the development of new antidepressant candidates.




5.4.3 Omega-3 fatty acids

Omega-3 fatty acids are derived from α-linolenic acid, which is mainly obtained from the diet because of its failure to be synthesized by humans. Omega-3 fatty acids, including eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), are incorporated into cell membranes and play a significant role in anti-inflammatory processes and the viscosity of cell membranes (257). A meta-analysis verified that low levels of omega-3 fatty acids are strongly associated with the development of mood disorders, while omega-3 fatty acid ingest is related to alleviated depressive symptoms (258). The ovariectomy procedure induces anxiety and depression-like behaviors, accompanied by increased neurodegeneration in the hippocampal region and activation of microglia in rats (196). Additionally, ovariectomy enhances the expression of pro-inflammatory cytokines and suppresses the expression of anti-inflammatory cytokine IL-10 (196). Correspondingly, ovariectomy strengthens the NFκB signaling pathway and shifts microglia polarization from the anti-inflammatory M2 to the pro-inflammatory M1 phenotype (196). However, daily supplementation with omega-3 polyunsaturated fatty acids can inhibit the M1 polarization of microglia in ovariectomy rats and increase the M2 polarization (196). Moreover, omega-3 fatty acids also show a preventive effect on glucocorticoid-induced reduction in hippocampal neurogenesis and increase apoptosis (259). Maternal intake of omega-3 fatty acids can affect hippocampal neurogenesis during development, and this effect may persist into adulthood through alterations in adult hippocampal neurogenesis. Injection of bacterial endotoxin LPS in mice reduced the number of neural progenitor cells, and this effect was exacerbated by a diet deficient in omega-3 fatty acids. A diet deficient in omega-3 fatty acids also reduced DG volume, decreased adult hippocampal neurogenesis (BrdU+ DCX+ positive cells), and decreased the number of microglia Administration of omega-3 fatty acids reversed these effects (197). These findings suggest that a diet deficient in omega-3 fatty acids has negative effects on the cellular composition of the adult DG, reduces adult hippocampal neurogenesis, and impairs the monitoring of microglia. It is reported that omega-3 fatty acids significantly reduce the excretion of pro-inflammatory cytokines, including IL-6, IL-1β, and TNF-α, via microglia and have an enhanced anti-inflammatory effect (260). The influence of omega-3 fatty acids on microglia may be a mechanism underlying its antidepressant effects. Therefore, according to the multiple effects on hippocampal neurogenesis and anti-inflammatory effects on microglia, omega-3 fatty acids will be a valuable and safe dietary product in the development of antidepressant agents.

Considering the research on GSK-3 inhibitors, melatonin, and Ω-3 fatty acids in animal models of depression, these therapeutic approaches presently encounter various mysteries and knowledge gaps within the field of depression. Although some potential therapeutic mechanisms have been demonstrated at the cellular and molecular levels, further exploration is essential to fully uncover their potential and the associated risks within the context of the whole organism.

Currently, there are relatively few antidepressant mechanisms and drug candidates that focus on regulating adult hippocampal neurogenesis through the modulation of microglia. The aforementioned pre-clinical and clinical studies provide important ideas and insights for the treatment of depression, particularly in cases related to impaired neurogenesis. Further investigation of specific targets that regulate hippocampal microglia may offer more effective options for drug therapy. These research findings reveal the important role of microglia in hippocampal neurogenesis, providing new avenues for the development of novel drug candidate treatments for depression. Future research should focus on optimizing these drugs and determining their mechanisms of action, in order to more effectively translate these therapeutic methods into clinical practice.






6 Conclusions and perspectives

Depression is a common psychiatric disorder with high morbidity and suicidality that adversely affects an individual’s life and is closely related to a decreased life span and impaired quality of life (121). Although decades of research have largely focused on serotonergic dysfunctions in the synaptic cleft, first-line antidepressants designed for the target have not yet received satisfactory results due to the deficiency in patients’ responses and serious side effects (261). The main reason for this might be the incomplete understanding of the pathogenesis of this disease.

Adult hippocampal neurogenesis is capable of producing new functional neurons to form supplementary neural connections with other regions of the hippocampus, supporting spatial cognitive function and emotion under physiological conditions. Altered adult hippocampal neurogenesis plays an important role in the development and treatment of depression (262). Microglia, the predominant resident immune cells in the brain, constitute the brain microenvironment that mainly regulates adult hippocampal neurogenesis. The important role of microglia in adult hippocampal neurogenesis under physiological conditions has been demonstrated in several studies. For instance, microglia maintain the neurogenic niche environment through their phagocytic capacity and interaction with neurons through fractalkine-CX3CR1 signaling (263). In addition, microglia secrete growth factors and cytokines to support the development of new neurons in the hippocampus (264). However, the exact molecular mechanisms by which microglia regulate adult hippocampal neurogenesis and contribute to depression remain to be elucidated.

In this review, we illustrate the roles of microglia and adult hippocampal neurogenesis in depression, as well as the possible mechanism of crosstalk between the two. Finally, we summarize potential therapeutic approaches that focus on this mechanism. To draw a conclusion upon the review, when depression occurs, the function of microglial activation in adult hippocampal neurogenesis is similar to a double-edged sword, exerting both protective and detrimental effects. This depends on how the pathological environment determines the fate of microglial phenotypes. In line with this, promising therapies have reversed the shift in microglial phenotypes to those that contribute to the improvement of depression. In clinical trials, heterogeneity among patients with depression is common due to factors such as age, gender, medical history, and severity of symptoms (265). For example, in approximately 52% of untreated patients with depression, a single intervention such as antidepressant medication or evidence-based psychological therapy is insufficient for full remission, with most patients only experiencing partial symptom relief due to patient heterogeneity (266). Among patients participating in “real-world” clinical trials, the combination of patient heterogeneity was 28% (267). In addition, patients with increased inflammatory markers are more likely to be treatment-resistant to commonly used antidepressants. Patients with autoimmune disorders have a high prevalence of depression, and are at increased risk for subsequent autoimmune disorders such as rheumatoid arthritis, multiple sclerosis, inflammatory bowel disease, and systemic lupus erythematosus (268–270). Therefore, this is why about 50% of patients with depression respond to first-line treatment with SSRIs (271). Here, although other candidate drugs can improve microglia function to combat depression, we believe that minocycline, ketamine, and natural compounds paeoniflorin have the most potential, as they can directly regulate microglia function across the blood-brain barrier to enhance neurogenesis and exert antidepressant effects. We expect that our research will have positive implications for the development of future drugs for depression treatment. Therefore, newer genetic, epigenetic, and high-throughput omics technologies are expected to be applied to explore the molecular, cellular, and circuits involved in depression, and to discover novel therapeutic strategies aimed at promoting mechanisms in the future.
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references

VM

DN

hepatic
schistosomiasis

sepsis.

EAE

PAD

myocardial I/R injury

NASH

CRC

NSCLC
solid tumors
CRLM
ESCC

colon cancer

breast cancer

lung cancer
pancrea!ic cancer

EMS

miR-192-5p
miR-146a

miR-93-5p

miR-146a

miR-146a

miR-146a
MiR-99a
miR-511-3p
miR-93
miR-21-5p
miR-182
miR-141/200c
miR-195-5p

miR-25-3,
miR-130b-3p,
miR-425-5p

miR-21-5p, miR-
200a

miR-770
miR-935
miR-934
miR-21-5p

miR-1246

miR-182

miR-138-5p

miR-103a
miR-301a-3p

miR-301a-3p

1 (in heart tissue)
1 (in spleen tissue)

1 (in M2 macrophage)

1 (in liver tissue)

1 (in exosome)

1 (in central nervous system)
1 (in lung tissue)

1 (in lung tissue)

1 (in muscle)

1 (in heart tissue)

1 (in heart tissue)

1 (in liver tissue)

1 (in CRC tissue)

(in CRC tissue)

(in CRC tissue)

(in lung tissue)
1 (in the monocytes)

(in CRC tissue)

(in CRC tissue)
1 (in serum)

1 (in M2 macrophages of breast
tissue)

1 (in breast tissue)
1 (in lung tissue)
1 (in pancreatic cancer cells)

1 (in ectopic endometrial tissues)

Promotes M2
Promotes M2

Promotes M2

Promotes M2, Suppresses M1

Promotes M2

Promotes M2
Promotes M2, Suppresses M1
Promotes M2
Promotes M2
Promotes M2
Promotes M2
Suppresses M2, Promotes M1

Suppresses M2

Promotes M2

Promotes M2

Suppresses M2
Suppresses M2
Promotes M2
Promotes M2

Promotes M2

Promotes M2

Promotes M2, Suppresses M1
Promotes M2
Promotes M2

Promotes M2

IRAK1
Trafé, Irakl

TLR4

Notchl, STAT1

IRAK1, TRAF6,
IRF5

TLR2, IRAK1
TNE-o.
CCL2, Ptgds
IRF9
unknown
TLR4
unknown

Notch2

PTEN

PTEN, SOCS1

MAP3K1
C/EBPB
PTEN
PTEN

TERF2IP

TLR4

KDM6B
PTEN
PTEN

PTEN

(75)
(79)

(87)

(80)

(81)

(82)
(83)
(85, 86)
(88)
(89)
(90)
(92)

(93)

(97)

(98)

(94)
(95)
(96)
(99)

(100-102)

(103)

(104)
(105, 106)
(107)

(108)

AAL allergic airway inflammation; C/EBPB, CCAAT enhancer binding protein; Cel2, C-C motif chemokine ligand 2; CRLM, colorectal cancer liver metastasis; DN, diabetic nephropathy; EAE,
experimental autoimmune encephalomyelitis;EMS,endometriosis; ESCC, esophageal squamous cell carcinoma; IRAKI, Interleukin 1 Receptor Associated Kinase 1; IRF9, interferon regulatory
factor 9; KDM6B, lysine (K)-specific demethylase 6B; MAP3K1, mitogen activated protein kinase kinase kinase 1; NASH, nonalcoholic steatohepatitis; NSCLC, nonsmall cell lung cancer; PAD,
peripheral arterial disease; PTEN, phosphatase and tensin homolog; SOCS1, suppressor of cytokine signaling 1; STATI, signal transducer and activator of transcription 1; TERE2IP, telomeric

repeat binding factor 2 interacting protein; TLR4, Toll-like receptor4; TNF-o,, tumor necrosis factor-o; TRAF6, TNF receptor associated factor 6; VM, viral myocarditis.

The symbols 1, Imeans increase and decrease, respectively.
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disease MiRNAs Levels Regulati acrophage phenotype  Targets references
NAFLD miR-192-5p 1 (in serum) Promotes M1 Rictor (51)
miR-9-5p 1 (in plasma) Promotes M1 TGM2 (54)
GA miR-192-5p (in serum) Suppresses M1 EREG (52)
DN miR-199a-5p (in unrine) Promotes M1 Klotho (53)
0A miR-9-5p (in synovial tissue) Promotes M1 SIRT1 (55, 56)
MI miR-146a-5p | (in plasma) Promotes M1, Suppresses M2 TRAF6 (57)
ALIL miR-30d-5p 1 (in lung tissue) Promotes M1 SOCS-1, SIRT1 (58)
miR-34a (in lung tissue) Promotes M1, Suppresses M2 KLF4 (62)
miR-130b-3p (in lung tissue) Suppresses M1 IRF1 (67)
AIS miR-30d-5p 1 (in serum) Suppresses M1, Promotes M2 Beclin-1, Atg5 (59)
sepsis. miR-148a-3p unknown Promotes M1 PTEN (60)
AS miR-33 1 (in exosome) Promotes M1, Suppresses M2 NR4A, AMPK (61)
miR-34a 1 (in atherosclerotic plaques) Promotes M1, Suppresses M2 LXRo (64)
cardiac injury miR-34a 1 (in heart tissue) Promotes M1 KLF4 (63)
osteolysis miR-34a 1 (in macrophage of the osteolysis site) Suppresses M1 NLRP3 (65)
liver injury miR-34a 1 (in liver tissue) Suppresses M1, Promotes M2 unknown (66)
breast cancer miR-130, miR-33 1 (in exosome) Promotes M1, Suppresses M2 unknown (68-70)
miR-200c 1 (in cancer cell line) Promotes M1 ZEB1 (71)
MiR-125b unknown Promotes M1 IRF4 (73)
NSCLC MiR-125b 1 (in lung tissue) Promotes M1 unknown (72)
HNSCC miR-9 1 (in exosome) Promotes M1 PPARS (74)

AIS, acute ischemic stroke; ALI, acute lung injury; AMPK, AMP-activated protein kinase; AS, atherosclerosis; ATGS, autophagy related 5 homolog; DN, diabetic nephropathy; EREG, epiregulin
GA, gouty arthritis; HNSCC, head and neck squamous cell carcinoma; IRF1, interferon regulatory factor 1; IRF4, interferon regulatory factor 4; KLF4, Kruppel like factor 4; KLF6, Kruppel like
factor 6; LXR0, Liver X Receptor 0; MI, myocardial infarction; NAFLD, nonalcoholic fatty liver disease; NLRP3, NOD-like receptor protein 3; NR4A, Nerve Growth Factor IB-like Receptor;
NSCLC, nonsmall cell lung cancer; OA, osteoarthritis; PPARS, peroxisome proliferators-activated receptor & PTEN, phosphatase and tensin homolog; Rictor, rapamycin-insensitive companion
of mammalian target of rapamycin; SIRTL, Sirtuin 1; SOCS1, suppressor of cytokine signalingl; TGM2, transglutaminase2; TRAF6, TNF receptor-associated factor 6; ZEBI, zinc finger E-box-
binding homeobox 1.

The symbols 1, Jmeans increase and decrease, respectively.
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HPAaxis | Hypothalamic-pituitary-adrenal axis

s Cerebrospinal fluid
s Central nervous system

NIRP3  Nod-like receptor protein 3

NLR Nudleotide-binding oligomerization
1B Intedeukin-1f
L6 Interleukin-6.

TGEP  Transforming growth factor-f

110 Interleukin-10
14 Interleakin-4
13 Interleukin-13
N Interferon-oc
BNy Intederon-y

CDI63  Cluster of differentiation 163

€D206  Cluster of differentiation 206

Mi M1-phenotype microglia
microglia

INOS  Inducible nitric oxide synthase
CD$6  Cluster of diffrentiation 86
Ms materal separation

CUMS  Chronic unpredictable mild stress

s Chronic mild stress
CSDS | chronic socal defeat sress
cus Chronic mild stress

RS Chronic restraint stress
Lps Lipopolysaccharide

TIRG  Tolllike receptor 4

AD Alzheimer's disease

PEC Prefrontal cortex

G Dentate gyrus

NSC Neural stem cell

svz Subventricular zone

Gz Subgranular zone

SHT S-hydroxytryptamine

Nudlear transcription factor-kappa B
MyDSS  Myeloid differentation factor 88

PRRs Pattern recognition receptors

NLRs Nucleotide-binding oligomeriz
containing protein receptors

ion domains leucine-rich repeat-

RSDS  Repeated social defeat stress

TLR2M  Tolllike receptor 2 and 4

TNFa | Tumor necrosis factor
BDNE | Brain derived neurotrophic Factor

ERF Extracellular signal-regulated kinase
CREB | cAMP-response element binding protein
Mip2 Macrophage inflammatory protein-2

CX3CRI | C-X3-C motif chemokine receptor |

BrdU S-ethynyl-2-deoxyuridine
TRY Tryptophan

SSRIs | Selective serotonin reuptake inhibitors

pex Doublecortin

Do Indoleamine 2,

™0 Tryptophan 23-dioxygenase

JAK Janus kinase

STAT  Signal transducer and activator of transcription
KYN Kynurenine; TekB: Tyrosine kinase receptor B
KLFA Kruppel like factor 4

CDKLS  Cyclin dependent Kinase like 5
Brdu 5-Bromo-2-deonyuridine

CAMP | Cydlic adenosine monophosphate

Tafrl “Tumor necrosis factor receptor |
GR Glucocorticoid receptor

D Parkinson disease

QUIN | Quinolinic acid

MicroRNA

neRNA | non-coding RNA

KLF4 Kruppel like factor 4
HNK Hydroynorketamine
AlA alinolenic acid

EPA Eicosapentacnoic acid
DHA Docosshesaenoic acid

AB25-35 | Amyloid b-Protein Fragment 25-35

GSK3 | Glycogen synthase kinase 3
No Nitric oxide

HD Huntington's disease

Ges Glucocorticoid

ST DEX inibition test

ACTH  Adrenocortcotropic hormone

SGK Serum and glucocorticoid induced kinase
NsCs Neural stem cells

Argl Arginase-1

GF Germfree

IGE1 Insulin-ike growth factor-1

CCLI7  Chemoatractant eytokine ligand 17

CCLIS  Chemoatiractant cytokine ligand 18

PSD9S  Postsynaptic density protein 95
ERK Extracellular signal-regulated kinase.
TCAs  Tricydlic antidepressants

SERT serotonin transporter.
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Reference

Modeling
method

Mechanism:
microglia/
Neurogenesis/

microglia -mediated
regulation of
neurogenesis.

(174) First-line clomipramine BV2 cells/ treated with or without pretreated with Clomipramine activation microglia
antidepressant | and primary LPS (100 ng/ml) for 24 (15 uM) and imipramine(10 (indirectly)
drugs in imipramine microglia h uM) for 24h
clinical

(175) practice imipramine mice RSD oral (15 mg/kg) for 1 week activation microglia

(indirectly)

(176) clomipramine | mice injected with LPS (1 mg/ L p (20 mg/kg) for 1 week activation.microglia

kg) (indirectly)

(177) imipramine mice CUS for 5 weeks oral (20 mg/kg) microglia -mediated regulation

of neurogenesis(directly)
sertraline mice CUMS for 5 weeks oral (5 mg/kg) for 5 weeks activation microglia
(indirectly)

(178) fluoxetine mice UCMS for 6 weeks oral (15 mg/kg) for 6 weeks microglia -mediated regulation

of neurogenesis(directly)
(100) Potential anti- minocycline mice MS L p (20 mg/kg) for 2 weeks microglia -mediated regulation
inflammatory of neurogenesis(directly)
candidate
(179) drugs ketamine mice Genetically engineered 1. p (7 mg/kg) regulating neurogenesis
mouse (indirectly)

(180) ketamine rat treated with long-term L p (25, 5, 10 mg/kg) regulating neurogenesis
corticosterone (indirectly)
administration for 4
weeks
(181) Natural Xanthoceraside | mice CUMS L p (0.02, 0.32 mg/kg) regulating neurogenesis
compounds (indirectly)
(182) Xanthoceraside | microglia induction with Ab25-35  pretreatment (0, 0.001, 0.01, or regulating neurogenesis
(10 mM)/IFN-g (10 U/ 0.1 mM) for 16h (indirectly)
mL) for 24-h

(183) Curcumin BV2 cells treated with or without pretreatment (1,5, 10, 20, and 40 regulating microglia
LPS (1 pg/mL) for24h  uM) for2 h (indirectly)

(184) Paeoniflorin mice 1. p of RESP (1 mg/kg) 1. g (10, 20, 40mg/kg) for 3 days regulating microglia

for 3 days (indirectly)

(185) Paeoniflorin mice CUMS for 5 weeks 1. p (20 mg/kg) for 3 weeks regulating neurogenesis

(indirectly)

(186) Paeoniflorin rat MCAO procedures 1 p (5, 10 mg/kg) for 2 weeks microglia -mediated regulation

of neurogenesis(directly)

(187) Paeoniflorin rat permanent four-vessel oral (40 mg/kg) for 4 weeks microglia -mediated regulation

occlusion of neurogenesis(directly)

(188) Resveratrol mice 1 p of LPS (1 mg/kg) oral (30 mg/kg) for 7 days regulating microglia

(indirectly)
(189) Resveratrol microglia treated with LPS (1 pg/ pretreatment (10 uM) for 1h regulating microglia
ml) for 4 h and ATP (5 (indirectly)
mM) for 1 h
(190) Resveratrol mice CLP 1 p (10, 30 mg/kg) at 1 hour regulating microglia
prior to surgery and againat 6h,  (indirectly)
12h, and 18 h after surgery
(191) Resveratrol mice L p of LPS (5 mg/kg) L p (20 mg/kg) for 2 weeks microglia -mediated regulation
of neurogenesis(directly)
‘ (192) Resveratrol mice
injected with 120 mg kg-  oral (functional fermented milk: regulating neurogenesis
1 of D-galactose (0.2 mL = 0.9% NaCl = 1: 3, functional (indirectly)
per 10/d) for 62 days fermented milk: 0.9% NaCl = 1:
1, functional fermented milk) for
62 days
(193) Others Melatonin mice 1 p of LPS (5 mg/kg) 1. p (30 mg/kg) for 4 times regulating microglia
(indirectly)
(194) Melatonin rat exposed to oral (5, 10, 20, 40, or 80 mg/kg) ~ microglia -mediated regulation
pyridostigmine bromide,  for 8 weeks (5 days/week) of neurogenesis(directly)
DEET, and permethrin,
and 15 min of restraint
stress for 4 weeks

(195) Melatonin mice CMS for 7 weeks 1. p (2.5mg/kg) for 4 weeks microglia -mediated regulation

of neurogenesis(directly)

(196) Omega-3 fatty hippocampal  bilateral oophorectomy PUFA treatment (approximately microglia -mediated regulation

acids progenitor 340 mg/g for EPA, 240 mg/g for  of neurogenesis(directly)
cell DHA) for 10 weeks

(197) Omega-3 fatty | mice L p of LPS (1 mg/kg) feed with n-3 PUFA balanced ‘microglia -mediated regulation

acids of neurogenesis(directly)

CLP, Cecal ligation and puncture; CMS, Chronic mild stress; CUMS, Chronic unpredictable mild stress; CUS, Chronic unpredictable stress; 1. g, intragastric administration; L. p, intraperitoneal

jection; MS, Maternal separation; RSD, Repeated social defeat; UCMS, Unpredictable chronic mild stress.
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£ The single-cell analysis offers new research opportunities.

£ The functional roles of different MP lineages remain to be dissected, which
requires lineage-specific tools, such as the Cre-lox system.

£ The roles of MP in tissue polyploidization and cell hypertrophy remain
largely unknown. As compensatory hypertrophy is an essential adaption
mechanism, MP likely support this process by secreting specific ligands or
modulators.

£ Whether specifically reducing tissue fibrosis improves organ function is
unclear and may differ in various organs. While anti-fibrotic therapy appears to
benefit lung function, there is a lack of evidence supporting its effectiveness in
treating liver, kidney, and heart fibrosis. As the enthusiasm for targeting fibrosis
as a potential treatment continues, there is a growing need for further
interventional evidence to understand its therapeutic potential better.

£ Whether manipulating MP is a way to improve tissue regeneration after
injury needs more exploration. We show that MP can benefit tissue responses in
multiple directions, suggesting that targeting MP to enhance tissue recovery
could be a viable option.

MP (Mononuclear Phagocytes).
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Type of LncRNAs Polarization = Targets Function Reference
diseases
Asthma AK085865 | Primary macrophages in the Promote M2 None AK085865 knockout ameliorates Pei et al.
BALF from mouse asthmatic airway inflammation. (20)
PTPRE-AS1 | Bone marrow-derived Suppress M2 PTPRE/ Protects against allergic inflammation. Han et al.
macrophages (BMDMs) and ERK1/2 (25)
RAW 264.7
Lnc-BAZ2B | PMA-induced human monocyte = Promote M2 BAZ2B/ Enhances the disease severity of Xia et al.
THP-1 cells IRF4 allergic asthma. (17)
Chronic MIRI55HG | GM-CSF induced peripheral Promote M1, NF- kB/p65 | Enhance pro-inflammatory cytokine Lietal (19)
obstructive blood mononuclear cells suppress M2 release.
pulmonary (PBMCs)
disease (COPD)
Idiopathic HI19 THP-1 macrophages and Promote M2 let-7a/c- Promotes myofibroblast differentiation. = Xiao et al.
Pulmonary BMDMs Myc (26)
Fibrosis (IPF)
Pulmonary XIST RAW264.7 cells and human Suppress M1 miR-125b- XIST downregulation suppress Luo et al.
tuberculosis monocyte-derived macrophages 5p/A20/NF-  preexisting MTB infection. (27)
(hMDMs) KB
MIR99AHG | PBMCs, monocyte-derived Promote M2 hnRNPA2/ Promote MTB growth. Geanga et al.
macrophages (MDMs), BMDMs Bl (28)
Pneumonia GAS5 HMDMs and PBMCs Promote M1 miR-455- Protect against childhood pneumonia. Chi et al.
5p/SOCS3/ (29
JAK2/
STAT3
Acute lung injury LincRNA- MH-§ Promote M1 NEF-xB/p65 LincRNA-p21 inhibition may protect Zhang et al.
(ALD)/ p21 against ALL (1)
Acute respiratory
distress
syndrome
(ARDS)
MALATI Mouse BMDMs, human PBMCs | Promote M1 Clecl6a Malat1 knockout ameliorated LPS- Cui et al.
and THP-1 macrophages and induced pulmonary inflammation and (30)
mouse alveolar macrophages injury but led to severe lung fibrosis.
Lung cancer GNAS-AS1 PMA-induced human monocyte Promote M2 miR-4319/ Facilitating the progression of NSCLC. Lietal (31)
THP-1 cells NECAB3
LARRPM PMA-induced human monocyte = Suppress M2 LINC00240/  Suppressed LUAD cell proliferation, Lietal (32)
THP-1 cells Promote M1 CSF1 migration and invasion, and promoted
apoptosis.
LINC01094 PMA-induced human monocyte Promote M2 SPI1/CCL7 Facilitating the progression of LUAD. Wu et al.
THP-1 cells (33)
PCAT6 PMA-induced human monocyte = Promote M2 miR-326/ Promoted metastasis and EMT process ~ Chen et al.
THP-1 cells KLF1 of NSCLC cells. (34)
SNHG7 THP-1 macrophages Promote M2 CUL4A/ Enhanced docetaxel resistance of Zhang et al.
PTEN/ LUAD cells. (35)

PI3K/Akt
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Reference

Body weight loss| | spleen]
Colon length F4/80"TNF-o.* cells in the NLRP3, Bax, and IRF5
shortened | spleen] protein in the colon}
Di h Hi. logical F4/80"CD206" cells in th -STAT3/STATS3 i
Dictyophora S nced 55 56 andiidh istopathological /80°CD206" cells in the p-STAT3/STAT3 in the
indusiata CorBLie i o damage spleent colon (52)
polysaccharide mice meke DAL} TNF-at, IL-1B, and IL-6 levels p-IxkBo/IkBar in the colon|
MPO| and mRNA expression in the Bcl-2 and IRF4 proteint
Spleen vs. body colon} CD86 in the colon]
mass ratio] IL-10 evel and mRNA expression
in the colont
DAI}
MPO} F4/80"Nos2" cells in the colon|
Histological F4/80°CD206" cells in the
. scores| colont
g:f;]’_‘;l“:i‘; 2 and 4 mg/kg Colon length Colonic TNF, IL-1B, IL-6, and
shortened | Nos2 mRNA expression}
Infiltration of Arg-1, Chil3, Retnla, and IL-10
neutrophils in the = mRNA expression
colon]
OCR level |
Acetyl-CoA levelt
Hadhb mRNA expression
Di i Hadhb mRNA F4 L
idpmin F4/80"Nos2" cells | adbb s ENAzeverse £4/ &9)
; % 80"Nos2* cells decreased,
F4/80"CD206" cells 1 F4/80"CD206" cell
LPS- and IFN-y- TNF, IL-1B, 1L-6, and Nos2 : e
. 3,10, and 30 uM . increased
induced BMDMs mRNA expression| o
Arg-1, Chil3, and Retnla mRNA Hadhb mRNA inhibited the
8L LS et reduction of TNF, IL-1B, IL-
expressiont 6, and Nos2 mRNA
expression and promoted
Arg-1, Chil3, and Retnla
mRNA expression
M2: IL-4- and No alteration in Arg-1, Chil3,
IL13-induced 3, 10, and 30 uM and Retnla mRNA expression]
BMDMs IL-10 mRNA expression?
Body weight loss|
Colon lengtht
Inflammation
scores).
Glandular cell
hitecty
:Zoi:y“” CDI'CDIIC! cells in the
DSS-induced 7 spleen, MLNs, cLP|.
C57BL/6 mice 10 mg/kg CD4%in.the F4/80°CD206" cells in the
spleen, cLP| 1\ MNP
Genistein CD4% in MLNs{ spleen, s, CLPT (©0)
DCs in the
spleen, MLN,
cLPt
CD4'IL-10" T
cellst in the cLP
F4/80"CD206"
cells sorted from Argl and IL-10 levelst
the spleen
Body weight loss| | F4/80"iNOS" cells in the colon|
DAI IL-6, TNF-0, and IL-1B mRNA Sirt] mRNA expression in
: DSS-induced Colon length 1 expression and protein in the the colont
Lo; 50 and 100 62,
L BALB/c mice and 100 mglkg | poy) colon} NE-KB p65 acetylation in &)
Histological MCP-1, CXCL10, and COX-2 the colon].
alterations) mRNA expression in colon]
Inflammation
infiltration|
F4/80"CD86" cells in the colon|
Body weight loss| | F4/80°CD206" cells in the
DAL colon?
DSS-induced 40, 80, and 160 Colon lengtht TNF-ot, IFN-y, and IL-6 levels in
BALB/c mice mg/kg Histological the colon}
scores| IL-10 level in the colont
MPO| CD86 protein in the colon]
CD206 protein in the colont
Dioscin F4/80"CD86" cells) T T— (63)
{‘I:is' a';d IEN¥ | 625, 1.25, and ﬁi‘ Ps'f“m“ ofINOS TNFronand | s of Riptor; HIES16,
induce -
RAW264.7 25 M Secretion of NO, TNF-0,, IL-6, fg;i?l('z’ PrM2,
and TL-1B}
F4/80"CD206" cellst Uptake of free fatty acidst
RAW2647 0.625, 1.25, and Secretion of IL-107 Protein of CD206, ACSL1,
) 2.5 M Expression of Arg-1, IL-10, and CPT-1A, CPT-2, Rictor,
Ymlt PPAR-yT
LPS- and TEN-y-
induced peripheral CD86* cells) IRF5 proteir‘u
blood ‘ p-p38 protein)
CD206" cellst P
‘mononuclear 5and 10 uM SB203580 (specific inhibitor
+ : TNF-0. and IL-1p levels|
CD14" cells in the of p38 MAPK) reduced
IL-12 and IL-10 levelst 3
presence of GM- IRF5 expression
CSF
ILe:':'e‘i:;‘:o i No significant change in
Lupeol i : pon e No significant change in CD206* | IRES and p-p38 protein (64)
CD'I' o e | 5 end 10RM cells and the IL-10 and IL13 SB203580 (specific inhibitor
=2 e levels in the colon of p38 MAPK) affected little
preREicROEM: in IRF5 protein
CsF ! P
Histological mRNA expression of IL-12, IL-6,
DSS-induced scores | ?L—lﬁ, TNF-0, iNOS, and CD86
C57BL/6 mice 50 mg/kg Colon lengtht in the colon]
Body weight loss| |~ mRNA expression of IL-10, IGF-
Survival ratet 1, and Arg-1 in the colonf
F4/80"CD11b"CD16/32" cells in
the colon]
lon I h AKT1 i N,
. Colonlengtht TNF-at, IL-1B, and IL-6 levels in proteimiandmRNA
DSS-induced 40 mg/k DAL seritiand mRNA expression the expression in the colont
C57BL/6 mice s%e Inflammatory cell - P AKT2 mRNA expression in
infiltration} IL-10 level in serum and mRNA | 1€ <0lont
expression the colont
AKT1 protein and mRNA
expression]
Berberine AKT2 mRNA expression in (65)
the colon|
p-p65/NE-KB protein|
5 CD16/32+cells| SOCS! proteint
LPS-induced
RASV\;‘; e 10 and 20 nM TNE-0, IL-12, IL-6 level and SIAKTI reduced CD16/32"
) mRNA expression ) cells and SOCS1 promotion
and p-p65/NE-kB decline by
berberine
siSOCS1 inhibited the
reduction of p-p65/NF-kB
by berberine
: . DSS-induced Body weight loss|  CD11b"F4/80"iNOS" cells in the | Rockl, RhoA, and Nogo-B
Rgl 2 37
Cinhoside Ry BALB/c mice 00 me/kg Colon lengtht colon} proteins in the colon| e
Inflammation
infiltration |
F4/80*CD86" cells in the colon|
Body weight loss|  F4/80°CD206" cells in the
DAI} colont
DSS-induced 40, 80, and 160 Colon lengtht TNF-at, IFN-y, and IL-6 levels in
BALB/c mice mg/kg Histological the colon
scores| IL-10 level in the colon?
MPO| CD86 protein in the colon]
CD206 protein in the colont
Dioscin F4/80"CD86" cells| Glucose, lactic acid| (63)
. N lucose, lactic aci
;:Sl;c:';d IENF | 0625, 125, and fﬁ‘i’f”“’" of INOS, TNF-0u.and | i of Raptor, HIF-1o,
25 uM CD86, HK-2, PKM2,
RAW264.7 ¥ Secretion of NO, TNF-o IL-6, i
and TL-1B}
F4/80"CD206" cellst Uptake of free fatty acidst
RAW264.7 0.625, 1.25, and Secretion of IL-107 Protein of CD206, ACSL1,
* 25 uM Expression of Arg-1, IL-10,and | CPT-1A, CPT-2, Rictor,
Ymlf PPAR-yT
LPS- and TEN-y-
induced peripheral o RS protein}
blood CD206" cellst Pp-p38 protein|
‘mononuclear 5and 10 pM s SB203580 (specific inhibitor
S TNE-0. and IL-1B levels|
CD14" cells in the 1L-12 and 1L-10 levels] of p38 MAPK) reduced
presence of GM- IRE5 expression
CSF
IL-4-induced
i }‘:‘e I;c;b i No significant change in
Lupeol imfm e No significant change in CD206* | IRES and p-p38 protein (64)
CD14* cells in the 5and 10 uM cells and the IL-10 and IL13 SB203580 (specific inhibitor
celis inthe levels in the colon of p38 MAPK) affected little
presence of M- in IRF5 protein
CSF =
Histological mRNA expression of IL-12, TL-6,
DsSihduced scores | .IL-l[i, TNF-a, iNOS, and CD86
CoBLI6 mice 50 mg/kg Colon lengtht in the colon|
Body weight loss] =~ mRNA expression of IL-10, IGF-
Survival ratet 1, and Arg-1 in the colonf
F4/80"CD11b"CD16/32" cells in
the colon|
Colon length AKT1 protei d mRNA
) olon lengtht TNF-0,, IL-1B, and IL-6 levels in Sy
DSS-induced A0 DAI| e the colont
C57BL/6 mice L Inflammatory cdll > P AKT2 mRNA expression in
flzetion) 1L-10 level in serum and mRNA | e <olont
expression the colont
AKT1 protein and mRNA
expressiont
Berberine AKT2 mRNA expression in | (65)
the colon|
P-p65/NE-KB protein
. CD16/32+cells| SOCS1 proteint
;is‘;;i:fd 10 and 20 nM TNE-0,, IL-12, IL-6 level and SIAKTI reduced CD16/32"
: mRNA expression | cells and SOCS1 promotion
and p-p65/NE-kB decline by
berberine
siSOCS1 inhibited the
reduction of p-p65/NF-kB
by berberine
. . DSS-induced Body weight loss| | CD11b"F4/80"iNOS" cells in the | Rockl, RhoA, and Nogo-B
Ginsenoside, Rgl BALB/c mice 200 mefkg Colon length colon} proteins in the colon) L)
IL-10 level and mRNA
expression in the colont
F4/80"iINOS" cells)
F4/80"CD206" cellst
TNF-at, IL-1pB, and IL-6 levels p-PI3K and p-Akt proteint
25tand 5 UM and mRNA expression] p-p65 protein|
LPS induced IL-10 level and mRNA
RkVTET expression]
Body weight loss| F4/80'CD68" cells in the
Salforiihans DSS-induced 10, 20, and 40 Colon length? colon|
TR C57BL/6Nifde mg/kg DAIL F4/80°CD206" cells in the
Histological scores) colont
1)
IL-1pB and iNOS mRNA
expression|.
MI:LP IFN-
Rhein ) ducej ;MDNL 10, 1, and 0.1 M IL-10 and CD206 mRNA p-STAT3 protein} (72)
expression]
TNE-at, IL-1p, and IL-6 levels]
TNF-a, IL-1B, IL-12, NOS2, and
Body weight loss| o
CD16/32 mRNA
DSS-induced ICR Inflammatory cell /32 mi expression in
X 100 mg/kg . . the colon], (73)
mice infiltration |
DALY Arg, Mrc, Mgll, and CD206
mRNA expression in the colonf
Rosmarinic acid
LPS-induced TNF-a, IL-1B, IL-12, NOS2, and .
1 HO-1
PBMs O CCLA mRNA expression} 1031 protetaf
IL-d-induced PBM | 10 iM Arg, Mrc, Mgll, and Dectin-1

mRNA expression in the colont

PBMCs, peripheral blood mononuclear cells; BMDMs, bone marrow-derived macrophages; PBMs, peripheral blood macrophages; LPS, lipopolysaccharides; DSS, dextran sulfate sodium; DAL
Disease Activity Index; MPO, myeloperoxidase; cLP, colon lamina propria; MLNS, mesenteric lymph nodes; DCs, dendritic cells; iNOS, inducible nitric oxide synthase. ‘4 means increase, ‘|” means

decrease.
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Antcin A Mouse, high-fat diet; NLRP3 Pyroptosis | Inhibition | (138)
LPS and Nigericin stimulated mouse liver Kupffer cell line

Benzyl Mouse, HFCCD diet; NLRP3 Pyroptosis Inhibition (208)

isothiocyanate LPS with or without cholesterol crystals stimulated primary mouse
Kupffer cells,

CpG ODN T-BHP stimulated RAW264.7 cells ERK1/2 and Akt signaling pathway Apoptosis Inhibition (209)

Scoparone Mouse, MCD diet; ROS/P38/Nrf2 axis and PI3K/AKT/ Autophagy | Promotion (210)
LPS stimulated RAW264.7 cells mTOR pathway

Ezetimibe Mouse, MCD diet; NLRP3 inflammasone-IL1B pathway Autophagy | Promotion (73)
LPS and palmitate stimulated THP-1 cells

Empagliflozin Mouse, high-fat diet and streptozotocin intraperitoneally injected AMPK/mTOR pathway Autophagy | Promotion (206)

Glycyrrhetinic Mouse, high-fat diet and drinking water containing fructose; STAT3-HIF-1o: pathway Autophagy | Promotion | (200)

acid Palmitic acid stimulated RAW264.7 and Kupffer cells

MCD, methionine-choline deficient; HECCD, high-fat diet containing cholesterol and cholic acid; LPS, lipopolysaccharide.
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