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Abstract

:

Microglia are macrophages present in the brain that function as the primary and most important source of immune response in the central nervous system (CNS). Regardless of their multitasking role, our knowledge regarding their molecular heterogeneity is limited; due to technical restrictions, it is only possible to measure gene expression in cell populations, not individual cells, with the results reflecting average mRNA levels. Therefore, recent scientific approaches have focused on single-cell techniques such as single-cell RNA sequencing (scRNAseq), a powerful technique that enables the delineation of transcriptomic cell-to-cell differences, revealing subpopulations with distinct molecular and functional characteristics. Here, we summarize recent studies that focused on transcriptomic microglial subpopulation clustering and classify them into three distinct groups based on age, spatial distribution, and disease. Additionally, we cross-compare populations from different studies to identify expressional and functional overlaps between them.
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1. Introduction


Microglia are the resident macrophages of the brain, acting as the primary and main source of immune response in the central nervous system (CNS). They enter the developing CNS at early embryonic stages [1,2] and proliferate until reaching 0.5–16.6% of the total cell numbers in the adult human brain [3] and 5–12% in the mouse brain [4]. Microglia display a multifunctional role in neuronal activity modulation in both homeostatic and pathophysiological conditions [5], using signaling mechanisms which are not yet fully described. During development, they affect several neuronal structures [6], promote synapse formation [7], and modulate neurogenesis by synapse pruning [8,9].



Microglial activation is commonly considered to be any morphological or biochemical modification from the naive state, although polarization can be complex or tailored to a particular disease or developmental state. Despite their multitasking role, our knowledge about microglial molecular heterogeneity is limited due to technical restrictions, meaning that gene expression must be measured in cell populations instead of individual cells, reflecting average mRNA levels [10]. Therefore, recent scientific approaches have focused on single-cell profiling, such as single-cell RNA sequencing (scRNAseq), and its alternative technique, single-nucleus RNA sequencing (snRNAseq), revealing subpopulations with distinct molecular and functional characteristics (Figure 1A). scRNAseq is a powerful technique that enables the delineation of transcriptomic cell-to-cell differences [11]. It proven a useful tool for unbiased characterization in different cellular conditions through the identification of potential markers and transcriptional factors [12]. On the other hand, snRNAseq provides the ability to examine the transcriptional profile of frozen tissues, although its sensitivity is modest and it is unsuitable for identifying cellular activation in microglia [13].



The development of sequencing technologies has led to a variety of scRNAseq techniques being presented in recent years, greatly aiding our understanding of dynamic gene expression at the single-cell level. CEL-seq2, Drop-seq, MARS-seq, SCRB-seq, Smart-seq, and Smart-seq2 are six popular scRNAseq techniques [25]. Although a number of scRNAseq protocols and methods have been developed and each possess unique characteristics with distinct advantages and disadvantages, the typical steps for analysis are as follows: (a) single-cell isolation and lysis; (b) reverse transcription into cDNA; (c) amplification of cDNA; (d) generation of high-throughput sequencing libraries; (e) computational data processing (e.g., quality control, read mapping and expression quantification, normalization, imputation); and (f) bioinformatics analysis (e.g., subpopulation identification through unique molecular identifiers, differential expression, cell trajectory inference, network reconstruction) [26]. A significant step in bioinformatics analysis of high-dimensional single-cell data is the visualization of cell heterogeneity through clustering in two dimensions (Figure 1A) using nonlinear dimensionality reduction techniques such as t-distributed stochastic neighbor embedding (t-SNE) [27] and uniform manifold approximation and projection (UMAP) [28].



In this review, we summarize recent relevant studies, concentrating on microglial subpopulation clustering and further categorizing them into three distinct groups associated with age, region, and disease. Additionally, we cross-compare populations from different studies to identify expressional and functional overlaps between them.




2. Microglia Phenotypes in Homeostasis


Nowadays, the selection of microglial-relevant markers is a scientific difficulty because there is an enormous amount of information on numerous sets of markers that is available for such investigations. Thus, it is crucial to examine the functions and tissue state of certain microglial phenotypes with precision. Regardless of the present cell phenotype, certain general microglia markers can be found. The most frequently used homeostatic markers include the fractalkine receptor (CX3CR1), cluster of differentiation receptors (CD68, CD11b, CD14, CD45, CD80, and CD115), and ionized calcium-binding adapter molecule 1 (IBA-1). According to current knowledge, transmembrane protein 119 (TMEM119), purinergic receptor P2Y12R, olfactomedin-like 3 (OLFML3), and spalt-like transcription factor 1 (SALL1) are the most precise general homeostatic microglia core indicators [29].




3. Microglia Phenotypes in Diseases


Microglia resemble the macrophages of the brain and play a critical role in both homeostatic and neurodegenerative conditions. Due to their multifunctional role in the CNS, recent studies have focused on investigating their heterogeneity and identifying phenotypically and molecularly distinct subsets. These studies have revealed various disease-associated microglial populations with high plasticity and molecular heterogeneity, suggesting differences in their involvement in neurodegeneration (Figure 1B,C).



3.1. Microglia in Multiple Sclerosis


Multiple sclerosis (MS) is an auto-immune disease illustrated by inflammation and focal areas of demyelination, leading to axonal degeneration and neuronal death [24]. To test the inflammation in different stages of the disease, Miedema et al. performed scRNAseq in brain macrophages to study how these cells are affected in Normal Appearing White Matter (NAWM), considered to be the pre-clinical stage of the disease, and White Matter Lesions (WML), considered to be the clinical stage of the disease [24]. The results showed widespread microglial heterogeneity in the human MS brain. In addition to homeostatic microglia, the authors detected signs that they observed almost exclusively in NAWM or WML, showing disease-related signatures that overlap with those found in development and neurodegenerative diseases. Expression of myelinogenic, developmental, and disease-related microglial genes (FTL, SPP1, ASAH1, and GPNMB) indicative of an activated/phagocytic microglial phenotype was enriched in one of the clusters (cluster Hs7). These data indicate that cells in cluster Hs7 (Figure 1B) are microglia associated with demyelination or other myelin-related processes [24]. The expression of microglia marker genes (CX3CR1, P2RY12, IRF8) was depleted in this cluster and in fact, Hs7 microglia were specifically detected in lesion types with active demyelination.



To test the hypothesis that Hs7 cells are associated with demyelination, they profiled brain macrophages in a demyelinated and remyelinated cuprizone mouse model. Two clusters associated with demyelination were identified: Mm3 and Mm4 (Figure 1C). Cluster Mm3 expressed genes related to disease and development (Lpl, Apoe, Spp1, and Axl), and cluster Mm4 expressed genes associated with interferon responses (Ifit3, Stat1, and Irf7). Expression of the Mm3 marker gene set was significantly enriched in cluster Hs7, and in fact, both showed activation/phagocytosis profiles [24]. Taken together, this study points out that the activated/phagocytic microglia in WML is an early but constant disease response, associated with demyelination during lesion formation.



In the same direction, Masuda et al. isolated microglia from both healthy and disease mouse models in order to investigate their involvement in neurodegenerative and neuroinflammatory disorders. Consequently, microglial plasticity and response were assessed utilizing two different neurodegenerative mouse models: a model of toxic demyelination after cuprizone treatment and a facial nerve axotomy (FNX) disease model. The toxic demyelination model causes the loss of oligodendrocytes in the corpus callosum [30], while the FNX model leads to remote neurodegeneration within the facial nucleus [31]. Analysis revealed one cluster for neurodegeneration and two clusters for demyelination and remyelination conditions. scRNAseq in microglia from both neurodegeneration disease mouse models revealed three differentiated subpopulations, represented by clusters C11, C12, and C13 (Figure 1C). Cluster C11 was correlated with the FNX mouse model and high expression of Ctsc three days after FNX, while 14 days after FNX microglia recovered to homeostatic conditions. In contrast, C12 (demyelination) and C13 (remyelination) gene expression patterns remained almost unaltered after ten weeks of cuprizone treatment. C12 and C13 disease-associated clusters presented a range of expression markers in common, such as Apoe, Axl, Igf1, Lyz2, Itgax, Gpnmb, and Apoc1. C12 overexpressed Fam20c, Cst7, Ccl6, Fn1, Ank, Psat1, and Spp1 and C13 showed an induced expression of Cybb and the MHC class II genes Cd74, H2-Aa, and H2-Ab1.



Further scRNAseq studies by Masuda and colleagues focused on human microglia isolated from healthy brain tissue, as well as tissue from histologically confirmed early MS patients. Clustering revealed four distinct classes of healthy microglia (HHu-C1 to HHu-C4) and seven classes from MS-related tissues (Hu-C2 to Hu-C8). Healthy HHu-C1 and HHu-C2 clusters showed strong upregulation of CST3, similarly to mouse C9 and C10 clusters, and the HHu-C4 cluster revealed high expression levels of the chemokine genes CCL4 and CCL2 and the zinc finger transcription factors EGR2 and EGR3.



Early MS-related Hu-C5, Hu-C6, and Hu-C7 clusters consisted entirely of transcriptionally “healthy” microglial cells. These clusters showed the highest expression levels of the microglial core genes and were therefore considered to represent homeostatic states of microglia in early MS stages. The Hu-C4 cluster, which contained both homeostatic and MS-related microglia, was characterized by reduced expression levels of the core signature genes and elevated levels of CCL2, CCL4, EGR2 and other chemokine and cytokine genes, which suggests that these microglia were pre-activated. Three clusters that were enriched in MS microglia (Hu-C2, Hu-C3, and Hu-C8) were separated from the homeostatic clouds on t-SNE plots [16]. These clusters showed an increased expression level of APOE and MAFB, whereas the expression of microglial core genes was downregulated or even absent (Figure 1B). The Hu-C2 cluster was characterized by high expression levels of CTSD, APOC1, GPNMB, ANXA2, and LGALS1. Hu-C3 microglia showed increased gene expression of MHC class II-related molecules, such as CD74, HLA-DRA, HLA-DRB1, and HLA-DPB1. This suggests an immunoregulatory role, reminiscent of the microglial subtype associated with remyelination in mice (C13). Finally, Hu-C8 showed strong expression of the SPP1, PADI2 and LPL, genes, similar to C12 microglia associated with demyelination in mice.



Of note, canonical correlation analysis of mouse and human microglia orthologues confirmed that clusters Hu-C2, Hu-C3, and Hu-C8 are associated with MS patients and have an expression profile similar to demyelination (C12) and remyelination (C13) clusters in FNX and cuprizone mouse models [16].



Emphasizing myeloid diversity during neuroinflammation, Jordão et al. performed scRNAseq in brain tissues from healthy and EAE (Experimental Autoimmune Encephalomyelitis) mice, one of the most common MS animal models [32]. Molecularly distinct classes and subclasses of microglial cells from perivascular space and parenchyma were identified. Clustering showed that microglia separated into two opposing states: homeostatic microglial (hMG) subsets in healthy mice and disease-associated microglial (daMG) subsets in EAE mice. Two populations, hMG1 and hMG2, were present under homeostatic conditions, whereas four subsets (daMG1, daMG2, daMG3, and daMG4) were present during disease (Figure 1C).



The results showed that all microglial populations (healthy and disease-associated) expressed Bhlhe41, Gpr34, Sall1, Hexb, Olfml3, Siglech, P2ry12, P2ry13, Serpine2, and Sparc. daMG subsets displayed lower expression of P2ry12, Slc2a5, and Maf and higher expression of Ly86, Ccl2, Cxcl10, and Mki67, showing proliferative potency [17]. Variations were detected in the expression of specific chemokines, cytokines, and cysteine proteases. The most inflammatory daMG subsets (daMG 2–4) strongly downregulated several core signature markers, such as P2ry12, Tmem119, and Selplg, and upregulated MD-1. Olfml3 and Sparc were the only core microglial genes that remained stable through neuroinflammation, showing that these genes may serve as robust microglial markers in health and disease [17]. daMG2 presented high expression levels of Apoe, Cd74, and Ctsb and a low proliferation rate. On the other hand, daMG3 upregulated Cxcl10, Tnf, Ccl4, and APC genes, whereas daMG4 expressed high levels of Ccl5, Ctss, and Itm2b. daMG3 and daMG4 displayed high proliferative capacity. Upregulation of Cd74 in daMG2, Cxcl10 in daMG3, and Ccl5 in daMG4 suggest an interaction between them, possibly at different activation stages [17].




3.2. Microglia in Alzheimer’s Disease


Alzheimer’s Disease (AD) is an age-related neurodegenerative disease characterized by progressive memory loss and cognitive dysfunction, which is usually histologically demonstrated by the accumulation of amyloid-beta (Aβ) plaques in the parenchyma, the formation of neurofibrillary tangles, and neuroinflammation [33].



Using a mouse model (5XFAD) that expresses five human familial Alzheimer’s disease (AD) gene mutations at different age stages, Keren-Shaul et al. identified two novel microglial subtypes, exhibiting a unique molecular expression signature related to AD and other neurodegenerative conditions, termed as disease-associated microglia (DAM).



Massively parallel scRNAseq from both AD and wild type brain tissue revealed a map of ten distinct populations based on cluster-specific expression patterns of the 500 most variable genes. Among those populations, a large group of microglia were identified and further subcategorized into three subpopulations (I, II, and III). Microglia from groups II and III constitute distinctive microglial subsets associated only with the AD phenotype, in contrast with group I, which represents homeostatic microglia.



Further studies revealed significant differences in gene expression levels between homeostatic and DAMs, such as reduction of the purinergic receptors P2ry12/P2ry13, Cx3cr1, and Tmem119 and upregulation of various known AD risk factors (Apoe, Lpl, Tyrobp, and Trem2) in DAM clusters. Additionally, DAMs express unique genes, such as Cd9, Itgax (Cd11c), Clec7a, and Cd63, indicating them as potential disease markers (Figure 1C). Gene set enrichment analysis (GSEA) showed a strong correlation of DAM-specific genes with lysosomal/phagocytic pathways, endocytosis, and regulation of the immune response [14]. Furthermore, single-cell sorting experiments reveal that DAM cells are detected specifically within the cortex and in proximity to Aβ plaques, highlighting their phagocytic and possible neuroprotective role in AD or other neurodegenerative diseases [14].



Through k-nearest neighbours (kNN) analysis from all major disease stages (1, 3, 6, and 8 months), this study pointed out that microglia can proceed from the homeostatic to the disease-associated phenotype through a transitional state as a function of disease progression [14]. Comparison between DAM clusters showed that cluster II appears as an intermediate disease subpopulation, expressing only a partial set of DAM-associated genes, including Apoe, B2m, Tyrobp, and Ctsd, through a TREM2-independent program [14]. On the other hand, cluster III expressed all DAM-associated genes in a TREM2-dependent program, including lipid metabolism and phagocytic pathway genes such as Lpl, Cst7, and immunoreceptor Trem2.



In the same framework, Mathys et al. determined the transcriptomic diversity of microglial cells isolated from the hippocampus of CK control and CK-p25 AD-like mice, at four timepoints (0, 1, 2, and 6 weeks after p25 induction) during the progression of neurodegeneration. Clustering revealed multiple distinct microglial subsets (Clusters 1–8) constituted of cell populations from specific time points. Thus, cluster 2 contained cells isolated from the CK control and 0-week CK-p25 mice, clusters 3 and 7 mainly included 1-week CK-p25 cells, and cluster 6 was composed of 2-week and 6-week CK-p25 cells. This clustering exhibited various microglial cell states during neurodegeneration that grouped separately from microglia isolated from CK control mice. Therefore, these neurodegeneration states were divided into two groups: an early-response state formed mainly from 1-week CK-p25 cells (Clusters 3 and 7) and a late-response state composed mainly of 2-week and 6-week CK-p25 cells (Cluster 6).



A comparison of early response (cluster 3 and 7) and late response (cluster 6) states with homeostatic microglia (cluster 2) pointed out how microglia respond over time in neurodegeneration progress. Gene Ontology (GO) analysis showed that early response cluster 3 was characterized by over-represented cell-cycle and DNA replication and by repair genes such as Top2a, Uhrf1, Rrm2, Rad51, and Chaf1b. Cell cycle-related genes such as Top2a, Spc25, Plk1, Nusap1, and Ndc80 were upregulated in cluster 7 as well. These clusters displayed significant differences in cell cycle phases, indicating high proliferation in response to neurodegeneration [19].



In contrast to clusters 3 and 7, cell cycle genes were not represented in late response cluster 6, in which immune response-related genes were over-expressed instead (Figure 1C). Genes that were upregulated include MHC I (H2-D1, H2-Q5) and MHC II (H2-Aa, H2-Ab1, Cd74) components, many interferon response genes, such as Irf7 and Ifitm3, and genes related to the GO term “defense response to virus”, such as Oasa1a, Rsad2, and Zbp1. A comparison of early-response cluster 3 and late-response cluster 6 revealed that a large fraction of genes, including Ccl3, Ccl4, Cxcl16, and Mif, were significantly over-expressed in both clusters.



As previously mentioned, cluster 6 was characterized by its antiviral and interferon response gene expression module, although there was a notable variation over individual cells, with a subset displaying a fold induction module score higher than the average. In a subset of cells, the MHC II module was at least one order of magnitude higher than the average, whereas in another subset ribosomal protein-encoding genes presented a much smaller distribution. Thus, these data suggest the existence of at least two different reactive microglial phenotypes in neurodegeneration [19].



Additionally, in a study conducted by Olah et al., a unique subset of microglia (microglial cluster 7) has been detected that is characterized by the enrichment of genes usually lacking in AD patients (Figure 1B). In detail, this study investigated the microglial population purified from human cerebral cortex samples obtained at autopsy and during neurosurgical procedures. Using scRNAseq from 16,242 cells, they identified nine human microglial subpopulations based on their expression of microglia-enriched markers (nine microglial clusters, named cluster 1–9) such as C1QA, C1QB, C1QC, and GPR34. The results revealed that clusters 1 and 2 represent homeostatic microglial states, implementing housekeeping tasks of the CNS parenchyma. Cluster 3 appears as a subset enriched in genes related to cellular stress. Cluster 4 is enriched in genes related to the interferon response signaling pathway (IRF1, IRF7 and IRF8), while clusters 5 and 6 overexpress genes such as IL-10, IL-4, and IL-13 that are related to anti-inflammatory responses. Cluster 8 exhibits the highest expressional diversity of transcriptional factors and cell surface molecule encoding genes, whereas cluster 9 is enriched in genes associated with the cell cycle (CREB and ATF), suggesting that it may constitute a pool of proliferating microglial cells [23]. Of note, the cluster 7 transcriptome profile showed high upregulation of genes related to antigen presentation, such as CD74, and displayed a frequency reduction in AD tissues.




3.3. Microglia in Inflammation


As microglia sense and disseminate inflammatory signals, they coordinate immune responses [34]. Although neuroinflammation is frequently connected to neurodegeneration, the inflammatory response itself serves as a primary, temporary and self-limiting defense mechanism [34].



In order to profile microglia under inflammatory conditions, Sousa et al. performed scRNAseq in the CNS of LPS-induced mice to mimic inflammatory and infectious conditions, with saline-injected mice used as controls. Clustering revealed three distinct microglial subpopulations, one related to saline injection (control) and two related to LPS injection (“main LPS” and “subset LPS”), named inflammatory-associated microglia (IAMs). GO term analysis of upregulated genes in LPS-injected microglia showed “translation”, “protein folding”, “ribosome biogenesis”, and “immune system process” involvement, whereas downregulated genes uncovered a significant enrichment in “regulation of TGF-β receptor signaling pathway” [20]. IAMs displayed significantly lower expression of microglial homeostatic genes, such as P2ry13/P2ry12, Tmem119, Mef2c, Fcrls, Gpr34, and Singlech, whereas classical pro-inflammatory genes such as Ccl2, Gpr84, Tnf, Irg1, and Nfkbia were upregulated (Figure 1C). The “Subset LPS” cluster was identified closer to the naïve microglial cluster, suggesting that they represent either a group of microglia that are less sensitive to inflammatory stimuli or a group that has already recovered [20]. “Subset LPS” and “main LPS” clusters showed different expression patterns compared to the control cluster. A comparison of the two IAM clusters showed that the “main LPS” cluster was characterized by higher expression of Manf and C5ar1, whereas the “subset LPS” cluster upregulated Stab1 and Ash1l. Overall, IAMs show a unique differentially expressed gene pattern, highlighting the microglial heterogeneity of activation states under inflammatory conditions [20].




3.4. Microglia in Traumatic Brain Injury


Traumatic brain injury (TBI) represents one of the most substantial causes of fatality and disability in ages under 40 years in developed countries [35,36]. It is known that brain injury can trigger inflammatory responses, leading to neurodegeneration and other long-term impairments. New evidence suggests that microglial activation in response to injury may have reparative/restorative effects. Several studies have investigated the impact of microglia in brain injury models in order to delineate their role and their utilization in a therapeutic approach [37].



Hammond et al. analyzed a great number of white matter isolated microglial cells after TBI, derived from mice exposed to a focal demyelinating injury caused by LPC injection. Saline-injected adult (P100) mice samples and untreated P100 whole-brain samples were used as control states. Two main distinct injury-responsive microglial subtypes were revealed, IR1 and IR2 (Figure 1C). The IR1 cluster mostly consisted of whole-brain and saline-injected control microglia, representing homeostatic microglial conditions. Conversely, the IR2 cluster was exclusively composed of microglia from LPC-injected demyelinated lesions, displaying the activation microglial program after injury. In more detail, IR2 showed remarkable downregulation of the canonical microglial markers P2ry12 and Cx3cr1 and distinctive over-expression of Birc5 (a cell proliferation marker), Cxcl10 (an interferon response gene), Ccl4, and Apoe [15].



To better understand microglial activity in damage, Witcher et al. contacted scRNAseq on mouse brains after TBI at a critical time point (7dpi) in the development from acute to chronic pathogenesis. Increased inflammation and type-1 interferon signaling was linked to TBI’s influence on microglia. A subset of microglia (Cluster 6) expressed significant levels of interferon-responsive genes (Ifitm3, Isg15, Ifi27l2a) and other immune-related genes (Ccl12, Cd63, Cd52, H2-D1, and H2-K1), with a corresponding reduction in homeostatic genes (Tgfb1, Cx3cr1, and Tmem119), whereas cluster 8 was characterized by interferon- (Ifi27l2a) and damage-related genes (Cd52, Flt1, Tsmb4x, Apoe) (Figure 1C). According to these findings, microglia are key mediators of chronic inflammation and restrict neuronal homeostasis at the transcriptional, structural, physiological, and functional levels [21].



Further scRNAseq and functional studies contacted by Li et al. uncovered a unique microglial subset (injury-induced neonatal MG3 microglia), found only in neonatal mice, that orchestrates the injury response process and can lead to scar-free healing of spinal cord injuries. In more detail, when activated in response to injury, MG3 microglia can temporarily secrete fibronectin, a protein that forms scaffolds of extracellular matrix in order to ligate the injured ends of the spinal cord and express peptidase inhibitors involved in the termination of the inflammatory process [22]. MG3 microglia express several genes commonly found in disease-associated, proliferative region-associated (Spp1, Igf1, and Clec7a19), and embryonic microglial cells (Ms4a7, Ms4a6c, and Lgals1), suggesting that a subpopulation of de-differentiated homeostatic microglia are being activated during injury in order to repair the wound and restore homeostasis [22].




3.5. Microglia in Glioma


Gliomas are diffusely developing brain tumours that arise from astroglial or oligodendroglial progenitor cells, and are characterized by strong innate immune infiltration of various myeloid cells [18]. To profile human microglia under this condition, Sankowski et al. used non-diseased access tissue from patients undergoing brain surgery to remove malignant glioma.



scRNAseq revealed nine major subpopulations (Clusters C1-C9) with variations over the transcriptional spectrum. C3 upregulated the microglial core genes (e.g., CX3CR1 and TMEM119), C2 strongly expressed MHC-II and antiviral immunity genes (e.g., HLA-DRA, CD74 and IFI44L), and C6 and C7 downregulated CX3CR1 and upregulated integrin-receptor-binding protein and metabolism genes (e.g., SPP1, APOE and IL1B) [18]. GO term analysis showed that clusters C2, C6, and C7 expressed MHC-II-associated genes corresponding to “antigen processing and presentation of peptide antigen”. Clusters C1, C5, C8, and C9 revealed GO term enrichment for “positive regulation of MAPK cascade” and “positive regulation of chemotaxis” [18].



Furthermore, the same study revealed the existence of disease-associated microglia clusters in human gliomas. Microglia were isolated from primary glioblastomas and compared with four age-matched controls. Fourteen distinguishable clusters (C1-C14) were created after the analysis. Clusters C9, C11, and C12 were control-enriched, clusters C3-C7, and C10 were mixed, and clusters C13 and C14 were almost exclusively composed of glioma-associated microglia (GAMs). C13 and C14 were characterized by lower expression of microglial core genes such as CX3CR1 and SELPLG and higher expression of metabolic, inflammatory, and interferon-associated genes, such as CD163, APOE, LPL, IFI27, and IFITM3 (Figure 1B). Mixed clusters C3–C7 and C10 showed similar expressions of Spp1 compared with C13, higher than control-enriched C9, C11, and C12 clusters. GO term analysis revealed enrichment of the term “positive regulation of vasculature development” in clusters C10 and C14. The remaining GAM-associated clusters revealed enrichment of the GO term “antigen processing via MHC class I” [18].





4. Microglia Phenotypes in Development and Aging


Although much of the study on microglia has focused on adult brain activities, data from developmental and aging research suggest that the nature of these processes changes over time. Aging, rather than inducing a universal program, drives a distinct transcriptional course in each cell population [38]. Thus, scRNAseq has revealed microglial heterogeneity during development and aging. Recent studies have exhibited gradual and diverse expression patterns among distinct microglial subtypes, highlighting different functions (Figure 2).



Matcovitch-Natan et al. identified sixteen different microglial populations (I–XVI) across different temporal phases. Four main age-related microglial categories were formed: microglia derived from the yolk sac (I-III), embryonic microglia from different time points, termed early microglia (IV-XI), pre-microglia, which include all postnatal age stages (XII-XV), and adult microglia (XVI).



Most of the microglial subsets expressed a characteristic gene pattern, pointing out their temporal specificity and dynamics across different developmental stages, while several classes showed partial expression overlap (Figure 2). Mcm5 was uniquely expressed in early microglial cells, Csf1 displayed a pre-microglial marker, while Mafb, Jun, Fos, and Mef2a were strongly correlated with adult microglia [40]. Clusters I–III highly expressed Fcgrt, Lyz2, and Pf4, which were found to be expressed in several of the early microglial clusters (IV and V) as well. Dab2 and other cell cycle regulatory and chromatin remodeling genes were found to be specifically expressed in early microglial classes, but not at later time points. Canonical transcriptional factors such as Egr1 and Sall1 were initially expressed in pre-microglia subpopulations and further induced in adulthood [40].



Within the same framework, Hammond et al. analyzed a great number of microglial cells isolated from mice during development (embryonic E14.5, early postnatal P4/5, late juvenile stage P30, adulthood stage P100, and aging P540). Clustering revealed nine differentiated microglial subtypes across all ages and conditions, termed clusters 1–9, and two clusters of old age microglia (OA2 and OA3 (Figure 2)).



The embryonic and early postnatal stages (E14.5 and P5) showed the greatest diversity, whereas aging clusters showed a major redistribution of microglial states [15]. Homeostatic microglial genes such as Fcrls, P2ry12, Cx3cr1, Trem2, and C1qa were significantly expressed by most of the microglial clusters, while only C1qa, Fcrls, and Trem2 were universally expressed. In contrast, clusters 3 and 4 showed an important downregulation of P2ry12, Cx3cr1, and Tmem119 transcripts. Younger-aged clusters displayed various unique markers, such as Arg1 (cluster 1), Rrm2, Mcm6, and Pcna (cluster 2a), Ube2c, Birc5, and H2afx (cluster 2b), Cenpa, Hist1h2bc, and Ccnb2 (cluster 2c), Fabp5 (cluster 3), Spp1 (cluster 4), Hmox1 (cluster 5), and Ms4a7 (cluster 6). Cluster 3 overexpressed a wide range of other genes, such as Mif, Ldha, Tpi1, Spp1, Gpnmb, Igf1, Pkm, Lgals1, Aldoa, Ftl1, and Eno1, highlighting their association with glycolysis and potential functional overlap with macrophages in cell growth, motility, inflammation, and immunomodulation [41,42,43]. Cluster 4 displayed an expression pattern similar to cluster 3, suggesting a possible relationship and interaction. Remarkably, cluster 6 displayed a unique expression profile similar to brain border macrophages (Mrc1, Ccr1, Dab2) while at the same time over-expressing transcripts found in mature microglia (P2ry12, Fcrls, Serpine2). This suggests the idea that cluster 6 represents an intermediate state between microglia and their brain border neighbours, which comes to a symphony with the idea that these two cell types are derived from the same pool of yolk sac hematopoietic progenitors and migrate to the brain at the same time in development [44]. In addition, the aged microglia population was found predominantly in cluster 8, which highly expressed the chemokine Ccl4.



Two old age microglial clusters were identified (OA2 and OA3) in Hammond’s et al. study. OA2 microglia uniquely expressed several inflammatory signals that were absent in clusters 1–9. This cluster showed high expression of Lgals3, Cst7, Ccl4, Ccl3, Il1b, Id2, and Atf3 (Figure 2). Cluster OA3 overexpressed interferon-response genes, including Ifitm3, Rtp4, and Oasl2 (Figure 2). These genes can modulate inflammation [45], suggesting a potential inflammatory role in the aged brain.



Likewise, by performing scRNAseq in six regions (cortex, striatum, cerebellum, olfactory bulb, hippocampus, and choroid plexus) of embryonic (E14.5), postnatal (P7), and adult (P60) brain tissues, Li et al. uncovered microglial heterogeneity among different developmental stages. Clustering revealed seven microglial populations (clusters 0–6) expressing microglial signature genes, such as P2ry12 and Salc2a5.



Within these clusters, adult microglia were mainly present in clusters 0 and 6. These clusters showed similar expression levels of homeostatic microglial signature genes, with P2ry12 slightly lower in cluster 6. Cluster 6 was characterized by IEG expression, such as Fos and Egr1 (Figure 2). Postnatal microglia were distributed among clusters 0–5, with dividing cells separated into two clusters depending on their cell cycle phases (G2/M phase microglia in cluster 3 and S phase microglia in cluster 4) [39]. Cluster 5 was enriched by embryonic cells, whereas the remaining microglia were grouped in clusters 1 and 2.



In scRNAseq analysis, cell cycle genes can hide cell-to-cell variations, masking functional relevant differences. Bearing this in mind, Li et al. re-clustered P7 microglial cells by removing cell cycle effects. The results revealed three clusters, P7-C0, P7-C1, and P7-C2, showing early postnatal microglial heterogeneity. P7-C2 was characterized by lower expression of microglial core genes (e.g., Tmem119, P2ry12, Tgfbr1, and Selplg) and higher expression of Mt1, Fth1, Ftl1, Tmsb4x, Pfn1, Cfl1, Rps14, Rps18, Rps29, and Rpl35 (Figure 2). Microglia from clusters P7-C0 and P7-C1 expressed homeostatic genes (e.g., Tmem119, P2ry12, Tgfbr1, Siglech, and Sall1), with P7-C1 expressing them at lower levels.



Along the same lines, Masuda et al. revealed distinct microglial populations across different developmental stages and brain regions. Clustering revealed thirteen distinct microglial subsets, with ten of them (C1–10) related to age and development. To investigate spatial and temporal microglia heterogeneity, Masuda and colleagues performed massively parallel single-cell analysis in microglial cells from multiple regions of the embryonic (16.5), juvenile (3 weeks), and adult (16 weeks) mouse CNS.



Examination of microglial transcriptional heterogeneity during development showed two major developmental stages with distinct expression patterns: embryonic microglia and postnatal microglia (including cells from both juvenile and adult mouse brains). Clusters C1-C6 mainly consisted of embryonic microglia and were distributed across the forebrain and cerebellum. C1 and C2 showed high expression of the lysosome-related genes Ctsb, Ctsd, and Lamp1, suggesting increased lysosomal activity [16] (Figure 2). Gene expression levels in the C1, C4, and C5 clusters revealed strong upregulation of Apoe, whereas in C6 the microglial subset genes Tmsb4x, Eef1a1, and Rpl4 appear to be overexpressed [16] (Figure 2).



On the other hand, clusters C7-C10, which represent postnatal microglial populations, demonstrated altered transcriptional profiles compared to the embryonic microglial classes and variable distribution range across the cortex and cerebellum. Homeostatic genes such as Tmem119, Selplg, and Slc2a5 were highly expressed across all postnatal microglial subpopulations. In addition, the C9 and C10 clusters showed high expression of Cst3, a gene that is associated with neurodegenerative diseases, and Sparc, which encodes a cysteine-rich acidic matrix-associated protein (Figure 2).



Sankowski’s et al. study revealed the influence of age on microglial phenotype. Patients were divided into three age groups: <30 years old, 30–50 years old, and >50 years old. Interestingly, clusters C1, C3, C5, C8, and C9 were enriched in <30 years old patients, clusters C6 and C7 were enriched in the >50 years old group, and cluster C2 was more involved in 30–50 years old patients [18] (Figure 2).



In summary, a variety of molecularly distinct microglial subsets were identified, suggesting different involvement in development and age progression. These studies underline the importance of better microglial classification in order to further understand their functions and mechanisms across different developmental stages.




5. Microglia Phenotypes in Brain Regions


Previous studies have demonstrated that microglia have distinct region-dependent transcriptional identities that vary regionally [46]. Region-dependent microglial heterogeneity was detected in Sankowski et al. study. They found two distinct anatomical locations in grey and white matter where microglia were molecularly different. White matter microglia showed higher expression of immune markers compared to grey matter microglia [18]. Expression of HLA-DR and CD68 was significantly higher in white matter microglia, suggesting an involvement in oligodendrocyte maintenance [47]. Grey matter microglia were represented in MHC-IIlow C3 and C8 clusters, whereas white matter microglia were overrepresented in MHC-IIhigh C2, C5, C6, and C7 clusters [18].



Another region-dependent microglial subset was characterized by Hammond et al. (2019). This microglial population was detected only in the early postnatal brain and was identified specifically in the subcortical axon tracks of the corpus callosum in the forebrain and cerebellum (ATM—Axon Tracks Microglia), regulating the growth and fasciculation of axons and refining synapses in a circuit- and region-specific manner. This cluster was further characterized by high enrichment of genes associated with immune cell activation, lysosomal activity, and phagocytosis, such as Igf1, Gpnmb, Lgals1, Lgals3, Lamp1, and Cd68, suggesting an involvement in phagocytosis of the brain materials in these specific regions [15].



Finally, Li et al. mentioned that microglial cells in the P7-C1 cluster mainly appeared in regions with cellular proliferation, such as developing white matter. This subset expressed high levels of Igf1 and Itgax (Figure 2). Because of this, P7-C1 microglia were named proliferative region-associated microglia [39] (PAM).




6. Discussion


Overall, these studies display the high molecular heterogeneity of the microglial cell population in CNS. A combination of microglial single-cell analyses revealed more than 200 clusters, which we categorized into three main groups associated with age, region, and disease. Clusters within these groups share common microglial core signature gene expression, such as P2ry12, P2ry13, Cx3cr1, Tmem119, Selplg, and Slc2a5, at different levels in both humans and mice.



In addition to these core genes, each microglial subtype expresses different transcriptomic patterns related to its specific functional role in CNS, confirming multiple definable states of microglia over the course of age, spatial distribution, and disease. Interestingly, certain genes show a strong correlation with a variety of microglial clusters, belonging to the same main group and participating in similar molecular mechanisms. Genes such as Cxcl10, Clec7a, Ctsb, B2m, Ccl6, Axl, Apoc1, H2-Aa, and H2-Ab1 have been found to be linked specifically with disease-associated microglia. Furthermore, young-aged microglia seem to have enriched expression of Igf1, Ftl1, Dab2, and Lamp1, whereas old-aged microglia seem to share similar gene expression with microglia detected in disease conditions (e.g., Ccl4, Ccl3, Ccl7, Ccl9, Ccl12, Tnf, Ifitm3, Cst7). This transcriptional pattern indicates that these genes may function as potential markers under different conditions, defining specific microglial states.



Across disease-associated microglia, we found a significant association between the DAM clusters of Keren’s et al. and Mathys’ et al. late-response cluster 6 (Figure 3A). These clusters shared common transcriptional signatures of upregulating genes, including Cd9, Lpl, Itgax, Ctsb, Cd63, Fth1, Apoe, Cst7, Spp1, and Axl. The expression profile between cluster 6 and DAM III was even more similar, indicating that these clusters represent an advanced stage of neurodegeneration. It is interesting to note that research over the past 20 years has revealed both positive and negative impacts of microglia in AD. The detection of DAM cells in proximity to Aβ plaques in the study by Keren et al. demonstrated their potential possible neuroprotective role in AD. However, microglia have been reported as detrimental in tau models of AD [48]. Taken together, it is unclear whether microglial function in neurodegenerative illnesses is beneficial but insufficient, or whether these cells are effective in the early stages of the disease and then lose their effectiveness or possibly become harmful later. In addition, Keren-Shaul et al. performed single-cell analysis in an ALS (Amyotrophic Lateral Sclerosis) mouse model, and the results showed that DAM cells were present in other neurodegenerative conditions as well, displaying almost the same conserved gene markers and involved in the same pathways as previously described.



Despite the fact that DAM clusters demonstrate various similarities with other disease-associated subtypes, distinct gene expression patterns may appear due to different pathological situations. For instance, DAMs and Sousa’s et al. IAM clusters both represent neuropathological conditions (Figure 3B). Although these clusters showed a few similarities in several genes (e.g., upregulation of Cd63, Lyz2, and Apoe and downregulation of P2ry12, P2ry13, and Tmem119), significant differences were noticed. For example, Tyrobp and Trem2 were highly downregulated in IAMs and over-represented in DAMs. Based on expression profiling, IAMs showed elevated inflammatory reactivity, whereas DAMs displayed phagocytic and lysosomal gene identity. These distinct expression patterns may reflect different functional approaches to inflammation and neurodegeneration. Collectively, these results suggest that microglia under inflammation show molecular signals which are different from disease-associated profiles, supporting the idea that microglial modulation takes place through a very specific regulatory program [20].



Of note, high transcriptional overlap between DAMs and Li et al.’s PAMs was detected (Figure 3C). Both clusters upregulated Spp1, Igf1, Gpnmb, Lilrb4, Clec7a, Cd9, Lpl, Cd63, Fabp5, Itgax, Lgals3, Apoe, Lyz2, and Tyrobp and downregulated the microglial core genes P2ry12 and Tmem119. Although these clusters derive from distinct functional categories, similarities between them support the idea that gene expression during development matches the transcriptional profile of aging and neurodegeneration through reactivation of certain genes [49].



Regarding age-associated microglial subtypes, studies have revealed higher heterogeneity between young-aged clusters compared to old-aged microglia [15,40]. This is in agreement with the fact that microglia in the early stages of development remain able to differentiate and demonstrate higher plasticity and adaptation [50]. On the other hand, microglial cells in advanced age seem to present a malfunctioning phenotype related to pathogenesis, perhaps due to the loss of this flexibility [50]. For instance, the old-aged clusters 8 and OA2 from Hammond et al. share a common gene expression profile with the injury-response cluster IR2 (e.g., Ccl2, Ccl3, Ccl4, Ccl7, Ccl9, Ccl12, and Tnf).



It is worth mentioning that protocols for enzymatic dissociation of brain tissue as well as different isolation approaches could possibly affect the gene expression signature. Microglial cells, which demonstrate elevated plasticity and dimensionality, are considered to be particularly sensitive to stimulation of their microenvironment, and thus are highly susceptible to ex vivo gene expression artifacts. As a result, it is critical to establish methods to prevent this aberrant transcriptional state. Recent studies have developed new digestion protocols using cold-active enzymes [15,51]. Notably, a protocol utilizing the addition of transcriptional and translational inhibitors during multiple steps of the dissociation process has been proposed as a more sufficient way to eliminate this problem [52].




7. Conclusions


In conclusion, scRNAseq techniques have shown for the first time the increased variation in microglial cell populations, especially in humans, where heterogeneity is significant, in contrast to mouse and other species models, which demonstrate one largely dominant microglial type [53]. Studies have revealed differences in gene expression levels under a variety of conditions. This molecular diversity can help us to better understand neuropathologies and design efficient therapeutic strategies to treat neurodegenerative and neuroinflammatory diseases based on the determined targeting of a microglial subset. In addition, a recent study of single-cell gene expression analysis in CSF of patients with relapsing-remitting MS (RRMS) and anti-myelin oligodendrocyte glycoprotein (MOG) disorder revealed that a CSF-specific microglia cell population may be involved in antigen presentation, with a similar gene expression profile to parenchymal microglia [54]. This shows that scRNAseq can serve as a powerful diagnostic technique for neurodegeneration by examining the CSF of patients.



Instances of inflammatory processes in the aging and diseased brains highlight the significance of proper microglial phenotypic description. The data presented in this study provide a thorough and useful overview of the state of the art and simplify the selection of more appropriate and precise markers for in-depth investigation of microglia and neuroinflammatory pathways in diverse pathophysiological circumstances. Recently, regulating microglial phenotypes has emerged as a treatment strategy in several CNS illnesses. The data acquired here are useful for selecting the right descriptors or study goals and will enable more accurate identification of microglial states in research while describing immunological pathways in the brain. In any case, our knowledge, for now, remains limited, and further study is needed.
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Figure 1. Schematic overview of the most distinct disease-associated microglial populations and their transcriptomic signatures revealed through transcriptional profiling of murine and human microglia using single-cell RNA sequencing. (A) Schematic representation of research process for molecular classification of microglial subpopulations. (B) Most regulated human disease-associated microglial populations and their transcriptomic signatures. (C) Most regulated mouse disease-associated microglial populations and their transcriptomic signatures. Microglial subsets are represented with superscript numbers as described in the studies of 1 Keren-Shaul et al. [14], 2 Hammond et al. [15], 3 Masuda et al. [16], 4 Jordão et al. [17], 5 Sankowski et al. [18], 6 Mathys et al. [19], 7 Sousa et al. [20], 8 Wicher et al. [21], 9 Li et al. [22], 10 Olah et al. [23], and 11 Miedema et al. [24]. AD: Alzheimer’s Disease, MS: Multiple Sclerosis, EAE: Experimental Autoimmune Encephalomyelitis, LPS: Lipopolysaccharide, IAM: Inflammatory-Associated Microglia, GAM: Glioma-Associated Microglia HIV: Human Immunodeficiency Virus, TBI: Traumatic Brain Injury. ↑ denotes transcriptomic upregulation, ↓ denotes transcriptomic downregulation. Figure created with BioRender.com (accessed on 22 June 2022). 
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Figure 2. Overview of the most distinct age-associated microglial populations and their transcriptomic signatures revealed through transcriptional profiling of murine and human microglia using single-cell RNA sequencing. Microglial subsets are represented with superscript numbers as described in the studies of 1 Hammond et al. [15], 2 Masuda et al. [16], 3 Sankowski et al. [18], 4 Li et al. [39], 5 Matcovitch-Natan et al. [40]. ↑ denotes transcriptomic upregulation. Figure created with BioRender.com (accessed on 18 June 2022). 
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Figure 3. Comparison of upregulated genes between 1 Keren-Shaul et al. [14] DAM III cluster with different microglial subsets derived through single-cell RNA sequencing uncovers expressional and functional overlaps between them. Only upregulated genes with statistical significance (p-value < 0.05) were used for the comparison. (A) Venn diagrams depicting common and differential transcriptomic patterns between 1 Keren-Shaul et al. [14] DAM III cluster and 2 Mathys et al. [19] late-response cluster 6. (B) Venn diagrams depicting common and differential transcriptomic patterns between 1 Keren-Shaul et al. [14] DAM III cluster and 3 Sousa et al. [20] IAM cluster. (C) Venn diagrams depicting common and differential transcriptomic patterns between 1 Keren-Shaul et al. [14] DAM III cluster and 4 Li et al. [39] PAM clusters. Superscript numbers refer to the respective studies. Figure created with BioRender.com (accessed on 18 June 2022). 
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