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SUMMARY 

 

Microglia are essential for central nervous system (CNS) homeostasis and 

innate neuroimmune function, and play important roles in neurodegeneration and 

brain aging. Their CNS-tailored functions and ontogeny distinguish microglia from 

other tissue-resident macrophages in mice. Here, we present the gene expression 

profile of pure cortical human microglia and corresponding unsorted cortical tissue 

samples. Microglia were isolated from the parietal cortex of 39 autopsy samples of 

humans with intact cognition and RNA sequenced. Overall, genes expressed by human 

microglia are similar to mouse microglia, such as established microglia genes CX3CR1, 

P2YR12, and ITGAM/CD11b. Interestingly, a number of immune genes, not identified as 

mouse microglia signature genes, were abundantly expressed in human microglia. 

These included TLR, Fc-γ and SIGLEC receptors as well as TAL1 and IFI16, regulators of 

proliferation and cell cycle. Age-associated changes in human microglia were enriched 

for genes involved in cell adhesion, axonal guidance, cell surface receptor expression 

and actin (dis)assembly, suggesting these functions alter during aging. A very limited 

overlap was observed in genes with an age-associated change in expression between 

mice and humans, suggesting that human and mouse microglia age differently. The 

effect of post-mortem delay on human microglia gene expression was very limited, an 

observation further supported by gene expression profiles generated using biopsy 

samples obtained during epilepsy surgery. This data is the first comprehensive pure 

human microglia gene expression profile; human microglia clearly differ from mouse 

microglia, especially with respect to age-induced changes in gene expression.  
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INTRODUCTION 

 

Microglia are highly specialized cells with a unique ontogeny and are crucially 

shaped by their local central nervous system (CNS) environment (Salter and Beggs, 

2014). Fate mapping studies showed that microglia have a different ontogeny than 

other tissue macrophages (Hoeffel et al., 2015). Microglia originate from erythro-

myeloid progenitors in the yolk sac via Csf1r-, Pu.1/Spi-1- and Irf8-dependent 

pathways (Hoeffel et al., 2015; Kierdorf et al., 2013a; Schulz et al., 2012). Genome-wide 

transcriptome and epigenome studies of mouse microglia showed that microglia are 

very different from other tissue macrophages and other glial cell types (Butovsky et al., 

2014; Buttgereit et al., 2016; Chiu et al., 2013; Gosselin et al., 2014; Hickman et al., 

2013; Lavin et al., 2014; Zhang et al., 2014). These studies identified Cx3cr1, Trem2, 

Tyrobp, Cd33, Sall1, and P2ry12 as genes specifically expressed in mouse microglia. This 

microglia gene expression profile is regulated by factors like Tgf-α in the CNS 

microenvironment and is likely also partially determined by their ontogeny (Butovsky 

et al., 2014; Gosselin et al., 2014). 

Microglia are plastic cells that adopt different phenotypes under varying 

circumstances in the CNS, such as aging and neurodegeneration (Hanisch and 

Kettenmann, 2007). An increased inflammatory signature characterizes the aging and 

neurodegenerative mouse brain in which microglia obtain a sensitized, primed 

phenotype (Cribbs et al., 2012; Loerch et al., 2008; Perry and Holmes, 2014). Several 

studies report isolation of microglia from mouse models for these diseases and 

described age- and neurodegeneration-associated microglia expression profiles (Chiu 

et al., 2013; Hickman et al., 2008; Orre et al., 2014b, 2014a). In a recent meta-analysis, 

we identified a core expression profile of primed microglia that was preserved in 

different mouse models with neurodegenerative and aging conditions. This consensus 

profile was enriched for general immune gene ontology categories and more specific 

phagosome and lysosome KEGG pathways. In aging mice, microglia gene expression 

was also enriched for an Interferon Type-I and a ribosome signature (Holtman et al., 

2015). 

There is considerable debate on the similarity of microglia in different species 

(Smith and Dragunow, 2014). So far, pure microglia gene expression profiles were 

almost exclusively generated using murine microglia. It is unclear to what degree these 

findings can be extrapolated to human microglia and several arguments have been 

raised that suggest divergence between species. First, differences in the CNS 



112 
 

microenvironment between species have been identified with respect to CNS gene 

expression (Hawrylycz et al., 2015; Konopka et al., 2012; Miller et al., 2010), the 

lipidome (Bozek et al., 2015) and the proteome (Bayés et al., 2012). Second, it has been 

proposed that the immune system is an evolutionary hotspot with considerable cross-

species divergence in microglia function19. Third, the validity of mouse models for 

neurodegenerative diseases has recently been re-examined (Burns et al., 2015). Mouse 

neurodegeneration models rarely mimic the expression profiles of corresponding 

human neurodegenerative conditions. Therefore, identification of the (dis)similarities 

between human and mouse microglia expression profiles and associated biological 

properties in physiological, aging and neurodegenerative conditions is important in 

view of the potential clinical or therapeutic implications of these differences. 

To address these issues, human microglia samples from the right parietal 

cortex were collected and RNA-sequenced. We report a human microglia core gene 

expression profile, validated at the protein level, that contains many previously 

identified mouse microglia regulators and markers, as well as genes that were not 

identified in any of the previously identified mouse signatures. During aging, human 

microglia gene expression is characterized by changes in cell adhesion molecules; cell 

surface receptors and genes involved in Actin cytoskeleton dynamics, suggesting 

diminished cell motility during aging. This signature shared very little overlap with 

previously generated gene expression profiles of aging cortical mouse microglia. 
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MATERIALS AND METHODS 

 

Human Brain Tissue 

 

Human brain tissue was collected from the right parietal cortex during the 

course of full body autopsy. Samples were acquired from both the Human Brain Bank of 

the Department of Pathology, School of Medicine of São Paulo University and The 

Netherlands Brain Bank. Written informed consent for research purposes was obtained 

and ethical committees from the University of São Paulo, Brazil, the Netherlands Brain 

Bank and the University Medical Center Groningen, The Netherlands approved the 

procedure. Detailed data of the autopsy samples, such as age, gender, post mortem 

interval, cause of death, the number of sorted viable cells and RNA quality are listed in 

suppl. table 1. 

Brain tissue biopsies were obtained from epilepsy patients subjected to 

temporal lobectomy by the Neurosurgery Group of the Department of Neurology at 

Hospital das Clínicas at the School of Medicine of the University of São Paulo, Brazil. 

 

Microglia isolation 

 

The procedure was carried out as described with a few modifications (Galatro 

et al., 2017). Samples from the right parietal cortex were collected in ice-cold HBBS 

(Lonza, Switzerland) supplemented with 15 mM HEPES (Lonza) and 0.6% glucose 

(Sigma-Aldrich, USA). The brain tissue was dissociated in a glass tissue homogenizer 

and filtered using a 300 μm sieve, followed by a 106 μm sieve to obtain a single cell 

suspension. Cells were pelleted by centrifugation at 220 rcf for 10 min (acc: 9, brake: 9, 

4°C). The pellet was resuspended in 22% Percoll (GE Healthcare, UK), 40 mM NaCl and 

77% myelin gradient buffer (5.6 mM NaH2PO4·H2O, 20 mM Na2HPO4·2H2O, 140 mM 

NaCl, 5.4 mM KCl, 11 mM Glucose, pH 7.4). A layer of PBS was added on top, and this 

gradient was centrifuged at 950 rcf for 20 min (acc: 4, brake: 0, 4°C). The myelin layer 

and the remaining supernatant were carefully removed and the pellet resuspended in a 

solution of 60% Percoll, which was overlaid with 30% Percoll and PBS respectively, and 

centrifuged at 800 rcf for 25 min (acc: 4, brake: 0, 4°C). The cell layer at the 60-30% 

Percoll interface was collected with a pre-wetted Pasteur pipette, washed and 

centrifuged at 600 rcf for 10 min (acc: 9, brake: 9, 4°C). The final pellet was 

resuspended in HBBS without phenol red (Lonza) supplemented with 15 mM HEPES 
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(Lonza) and 0.6% glucose (Sigma-Aldrich, USA). Fc receptors were blocked with human 

Fc receptor binding inhibitor (eBioscience, #14-9161-73, USA) for 10 min on ice. For 

sorting, cells were incubated for 20 min on ice with anti-human CD11b-PE (Biolegend, 

#301306, USA) and anti-human CD45-FITC (Biolegend, #304006) and subsequently 

washed with HBBS without phenol red. The cells were passed through a 35 μm nylon 

mesh and collected in round bottom tubes (Corning, USA) and sorted using either a BD 

Biosciences FACSAria II cell sorter (Brazilian samples) or a Beckman Coulter 

MoFloAstrio cell sorter (Dutch samples). Cells were sorted based on CD11bhigh/CD45int 

expression and negative staining for DAPI, and collected in RNAlater (Qiagen, 

Germany). Sorted cells were centrifuged 5,000 rcf for 10 min and pellets were lysed in 

RLT-Plus buffer (Qiagen) for RNA extraction. 

 

RNA extraction and RNA-Sequencing 

 

Total RNA was extracted from flow cytometry-sorted cells using an RNeasy 

and AllPrep Micro Kit (Qiagen) and from whole brain tissue using RNeasy Lipid Tissue 

Mini kit (Qiagen), according to the manufacturer's protocol. RNA quality was checked 

with the Experion RNA HighSens Analysis Kit (Bio-Rad, USA) and RNA Screen Tape 

(Agilent Technologies, USA). RNA-Seq of all samples was performed at the next 

generation sequencing facility core (SELA - Sequenciamento em Larga Escala) at the 

University of São Paulo. TruSeq Stranded total RNA (Illumina, USA) cDNA libraries of 23 

samples were prepared starting from 60 ng of total RNA. rRNAs were depleted with 

Ribo-zero Gold magnetic beads. SMARTer Stranded Total RNA-Seq Kit - Pico Input 

(Takara Bio, Japan) cDNA libraries were prepared for 16 samples starting with 500 pg 

of total RNA. rRNA fragments were captured and degraded with RiboGone probes and 

enzyme. For both protocols, remaining RNAs were fragmented by heat in the presence 

of divalent cations. The transcript for the first strand cDNA was prepared with reverse 

transcriptase and random primers. The second strand cDNA was synthetized by 

reverse transcriptase. Adaptors and index of unique sequence were added to cDNA 

fragments. The remaining library fragments were enriched by PCR. Final libraries were 

quantified by qPCR (Kappa Library Quantification Kit, Kappa Biosystems, USA), and the 

median size of the libraries determined by TapeStation 2200 (Agilent Technologies,), 

using the High Sensitivity D1000 ScreenTape assay. Sequencing was performed as a 

125 bp paired-end, dual index run, on a HiSeq 2500 (Illumina, USA) with V4 reagents. 
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RNA-Sequencing, data analysis and statistics 

 

Human RNA samples generated in The Netherlands and Brazil were prepared 

and sequenced using similar protocols. Paired-end, 100 bp read length Illumina RNA 

sequencing was performed at the University of Sao Paulo. FAST-QC([CSL STYLE ERROR: 

reference with no printed form.]) quality checks were done to determine high quality 

base pairs, and bbduk (https://sourceforge.net/projects/bbmap/) was applied to trim 

low quality reads and adapters. Data was aligned using the STAR aligner Version 2.5 

(Dobin et al., 2013) to the ensemble hg38 reference templates obtained from Ensembl 

and quantified with featureCounts (Liao et al., 2014). Quality check of aligned data was 

done with RNA-SEQC (DeLuca et al., 2012) and showed high quality alignment and data. 

Per sample, on average 17.6 million uniquely mapped reads were generated ranging 

between 6 and 61.1 million. Mouse cortex RNA samples were prepared with a Quantseq 

3’mRNA-Seq kit (Lexogen, USA) and sequenced according to the manufacture’s 

protocols. Non-expressed genes were flagged with DAFS(George and Chang, 2014) and 

removed from downstream analysis.  

Data was loaded in R, annotated using BioMart (Durinck et al., 2009) and 

analyzed using the limma package from Bioconductor (Ritchie et al., 2015). 

Unwanted/hidden sources of variation, such as the use of different library preps 

(Clontech and Illumina) and different batches were removed using the sva package 

(Leek et al., 2012). To explore the spatial projection of the different types of samples 

and possible sources of batch effects such as age, gender, and country of origin, we 

performed principal component analysis and displayed the overlap of each variable as 

biplots (Figure 1). The expression values were adjusted according to the surrogate 

variables identified by sva using the function removeBatchEffect from the limma 

package. Next, three different types of supervised analyses were performed using 

limma: 1) microglia vs. cortex; 2) microglia: aging, gender and PMD analysis; and 3) 

microglia vs. monocytes and macrophages. For the first comparison two significance 

criteria were applied to determine the extended microglia signature (FDR-adjusted p 

values <0.001 and logFC>3) and core microglia signature (top 10% of the genes 

according to the adjusted p values). The defined microglia signature from humans was 

plotted in a volcano plot (Figure 2). We then compared this gene signature with 

different mouse studies. We used our own human and mouse datasets to calculate the 

average expression percentiles for each gene. In addition to our own data, mouse 

microglia signatures were obtained from previously published papers from (Grabert et 

https://sourceforge.net/projects/bbmap/
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al., 2016; Matcovitch-Natan et al., 2016; Zhang et al., 2016). Two of these datasets 

consisted of RNA-Seq experiments. We downloaded the FASTQ files from SRA and 

performed the same procedures as we did with our own datasets to generate the 

expression data and calculate the average gene percentiles. The data by Grabert et al. 

was generated with Affymetrix arrays. We downloaded the raw CEL files and 

performed RMA normalization using the affy package from Bioconductor (Gautier et al., 

2004). Expression percentiles were calculated similarly to our own mouse dataset. The 

percentiles the human genes and the other datasets were pairwise compared using the 

formula 1-absolute (human percentile-mouse percentile; supplemental tables). The 

absolute differences between the overlapping genes of the human microglia signature 

and the different mouse datasets were plotted as individual volcano plots. The second 

comparison was performed as a multivariate linear model that included gender as a 

binary variable, while age, post mortem delay and the surrogate variables calculated 

with sva were used as quantitative variables. In the different analyses and comparisons 

slightly different criteria were used to determine significance. For the quantitative 

variables only an FDR-adjusted p-value criteria was applied (<0.05), since the logFC 

values corresponded to estimate increase of the gene per year (for age) or per hr (for 

PMD). For the third comparison, differential gene expression analysis was performed 

for microglia vs macrophages, microglia vs monocytes, and monocytes vs macrophages. 

Raw data (FASTQ files) from a previous RNA-Seq study (Saeed et al., 2014) comparing 

macrophage and monocyte transcriptomes were downloaded and normalized following 

the same Bioinformatics approaches as described previously. Pairwise comparisons 

between microglia, macrophage, and monocytes were performed using limma after 

unknown sources of variance were removed with sva. The criteria for differential 

expression was set to FDR-adjusted p value <0.001 and |logFC|>3).  

Enrichment for gene ontology (GO) terms for individual comparisons was 

performed by hypergeometric tests using the GOstats package from Bioconductor 

(Falcon and Gentleman, 2007). Finally, we used the Bioconductor CoRegNet 

package(Nicolle et al., 2015) to identify the most influential regulatory elements 

(transcription factors) on the microglia transcriptome and to reconstruct the regulatory 

subnetwork. We selected the top 1000 must variable genes as inputs for the algorithm. 

The most influential transcription factors, their interactions, and their putative target 

genes are shown in Figure 2. 
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Heatmaps were made with CRAN package pheatmap (https://CRAN.R-

project.org/package=pheatmap). Data is uploaded to GEO, RNA-Seq datasets published 

by Saeed et al.(Saeed et al., 2014) were obtained from GEO.  

 

Immunohistochemistry 

 

For immunohistochemical staining, snap-frozen brain tissue was cut on a 

cryostat and 6 µm thick sections were fixed for 10 min in acetone and rinsed with PBS. 

Sections were incubated for 24 hr at 4°C with primary antibodies diluted in 

BrightDiluent (09-500, ImmunoLogic, The Netherlands). The following antibodies were 

used: IBA1 (WAKO 019-19741, 1:750), CD32 (303201, 1:200, BioLegend), CD16 

(302001, 1:200, BioLegend), HLA-DR (14-9956, 1:500, eBioscience), TMEM119 

(HPA051870, 1:500, Atlas Antibodies, Sweden). On the next day, sections were 

incubated for 2 hr with the appropriate biotinylated secondary antibodies (anti-mouse 

or anti-rabbit 1:400 in PBS, both Vector Laboratories), rinsed and then immersed in 

ABC solution (Vectostain® Elite kit PK-6100, Vector Laboratories). The staining was 

visualized with 3,3 diaminobenzidine-tetrahydrochloride (Sigma-Aldrich) with H2O2. 

Finally, sections were dehydrated, embedded in DePeX (Merck, Germany) and images 

were acquired by the NanoZoomer 2.0-HT slide scanner (Hamamatsu, Japan). 

In case of double immunofluorescence staining, above mentioned antibodies 

were used in various combinations and after the primary incubation, washed with PBS 

and incubated for 2 hr with horse anti-mouse-biotin (BA-2001, 1:400 in PBS; Vector 

Laboratories). After washing, sections were incubated for 1 hr in a mixture of donkey 

anti-rabbit-AF488 (A21202, 1:300 in PBS; Molecular Probes Thermo Fisher Scientific, 

USA) and streptavidin-AF594 (016-580-084, 1:400 in PBS; Jackson ImmunoResearch, 

USA). A Hoechst staining (14530, Sigma-Aldrich) was performed, followed by a 15 min 

incubation in 0.3% Sudan Black B (S-0393. Sigma-Aldrich) in 70% ethanol to reduce 

autofluorescence. Finally, sections were washed with demi-water and embedded in 

Mowiol (Sigma-Aldrich). Imaging was performed on a Zeiss LSM 780 confocal laser 

scanning microscope using a 20x Plan Apochromat NA=0,8 air objective or an 40x Plan-

Neofluar NA 1.3 oil-immersion objective using 405 nm, 488nm and 594 nm lasers and 

appropriate filters (Carl Zeiss B.V., Sliedrecht, The Netherlands). 

 

 

 

https://cran.r-project.org/package=pheatmap
https://cran.r-project.org/package=pheatmap
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Western blotting 

 

Cortex and sorted microglia was lysed in lysis buffer (CST#9803) and 

separated by SDS-PAGE and transferred to Immobilon®-FL membranes (IPFL00010, 

Millipore, Germany). The antibodies used were: β-actin (ab6276, 1:5000, Abcam, USA), 

Iba-1 (019-19741, 1:3000, WAKO, Japan), Vimentin (M0725, 1:1000, DAKO), β-III-

tubulin (ab18207, 1:2000, Abcam), GFAP (Z0334, 1:3000, DAKO), and CNPase (C5922, 

1:500, Sigma-Aldrich). Membranes were incubated with secondary antibodies: goat 

anti-rabbit IgG (H+L) IRDey800 CW and donkey anti-mouse IRDey680. Membranes 

were scanned and quantified on a LI-COR Odyssey® (LI-COR Biosciences, USA). 

 

Proteome Profiler Array of FACS sorted microglia 

 

FACS sorted microglia (200.000 - 400.000/donor; 4 donors/sample) were 

collected in lysis buffer with protein inhibitors. The proteins in these lysates were 

analyzed using the Human Soluble Receptor Array Kit  (Catalog # ARY011, R&D 

Systems Inc., USA) according manufacturer’s instructions. Membranes were imaged 

using an Imagequant LAS 4000 (GE Healthcare Life Sciences, USA). Quantification of the 

detected spots was performed using the Protein Array Analyzer plugin in ImageJ. 

Vimentin was used as in internal standard for membrane normalization. 
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RESULTS 

 

Acute isolation of pure microglia from human post-mortem tissue 

samples 

 

Human microglia samples were collected during the course of full body 

autopsy, by dissection of parietal cortex brain tissue, tissue processing and acute 

isolation of viable microglia by FACS sorting. Microglia isolations were performed 

within a 6 to 24 hr post-mortem delay (PMD) from donors without diagnosed brain 

diseases. 74 rapid microglia isolations were performed (33 in The Netherlands and 41 

in Brazil). Ultimately, 39 samples from donors with a history of normal cognitive 

function and no apparent neuropathological abnormalities with sufficient levels of high 

quality RNA were selected for RNA-Sequencing. For donor information: sample ID, 

tissue type, sample origin, gender, age, PMD and cause of death see Suppl. Table 1. 

Paired-end Illumina high quality deep sequencing was performed on 39 

microglia, 16 corresponding superior parietal cortex tissue (further referred to as 

cortex) and 10 epilepsy surgery samples (referred to as biopsy). RNA-Seq data was pre-

processed, quantified and differentially expressed genes were determined. The initial 

analysis focused on the expression of cell type-specific markers from microglia and 

other CNS cells to determine the purity of the samples and possible differences in gene 

expression between tissue with varying PMD and surgery tissue (Figure 1A). Human 

microglia highly expressed known microglia genes such as CX3CR1, ITGAM, P2RY12, and 

TYROBP. Genes characteristic for neurons, astrocytes, and oligodendrocytes were 

equally expressed in cortex and epilepsy biopsy samples but were low or not expressed 

in microglia. The monocyte marker CCR2 was lowly expressed in microglia. These 

findings confirm that a highly pure population of microglia was collected and that PMD 

had little effect on gene expression. This is in agreement with various reports showing 

that PMD does not correlate with CNS tissue morphology, RNA quality or integrity 

(Chevyreva et al., 2008; Durrenberger et al., 2010; Ervin et al., 2007).  
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Identification of the core human microglia gene signature  

 

A principal component analysis (PCA) of RNA-Seq expression data of pure 

microglia and cortex samples with tissue of origin as a variable was performed. 

Microglia and cortex samples clearly segregated and were highly similar within each 

tissue group, indicating that microglia expression profiles are very different from 

unsorted parietal cortex tissue expression data. PCA of pure microglia samples with 

country of origin of the samples (The Netherlands and Brazil) as variables revealed no 

obvious segregation due to country of sampling or gender. For microglia isolations, the 

same reagents were used in both countries, and all samples were sequenced on the 

same sequencing platform to minimize variation. PCA based on age also did not indicate 

a clear age-associated effect on microglia gene expression. In case of human autopsy 

samples, post-mortem delay (PMD) is an inevitable factor. When the microglia 

expression data were analyzed using PMD as a variable, no effect of PMD was observed. 

This further corroborates the observation depicted in Figure 1A, where epilepsy 

surgery material was compared to parietal cortex tissue obtained during autopsy. 

Extensive differences in gene expression between microglia and cortex tissue 

were detected and are visualized in a volcano plot (Figure 2A). A core human microglia 

signature of 1,297 genes, indicated by red dots, was generated with logFC >3 and p < 

10E-3 as criteria (Figure 2A). In Suppl. Table 2, detailed gene expression data are 

provided; genes with no Entrez annotation were filtered out. 

Figure 1: Comparison of human microglia and parietal cortex expression profiles. A) 
RNA-Sequencing of ex-vivo isolated microglia, corresponding parietal cortex tissue 
and epilepsy surgery biopsy samples revealed high and consistent expression of 
known genes in microglia, with low expression of genes for neurons, astrocytes, 
oligodendrocytes and potential immune infiltrates. As expected, expression of neural 
genes was detected in total parietal cortex tissue and epilepsy biopsy samples. This 
indicated that a highly pure microglia population was sorted from our cohort of 
human post-mortem brain samples. B) Principal component analysis of RNA-Seq 
samples showed that microglia were highly similar and very different from the 
unsorted superior parietal lobule (cortex) samples. Microglia samples did not 
segregate according to age, gender, country of sampling, or post mortem delay (PMD). 
The % variation in the data explained by the respective principal components is 
given. 
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Gene ontology analysis was used to determine functional properties associated 

with the 1,297 genes of the human microglia core signature. As expected, many 

significantly enriched terms associated with the innate immune activity of microglia, 

like ‘immune response’, ‘defense response’, cytokine production’. The profile was also 

enriched for ‘phagocytosis ‘, ‘cell migration’, ‘cell motility’. This data confirms that 

human microglia are the immunocompetent and phagocytic cells of the CNS that 

express a wide range of immune receptors and ligands, equipped to respond to a wide 

variety of pathogen- and damage-associated molecules. A full list of GO terms and p 

values is depicted in Suppl. Table 3. 

Predicted protein-protein interactions in the core profile were analyzed using 

STRING. A network involved in cell motility and inflammation containment was 

detected with intracellular tyrosine kinase SYK, a gene involved in cell adhesion and 

cytoskeletal rearrangements. The human microglia core profile contains several 

members of this signaling pathway, such as CD11B (α-Integrin), CD18 (β-Integrin), 

FCGR and TYROBP (ITAM motif containing proteins). As microglia are highly motile 

cells that rapidly respond to stimuli and injury, it is only plausible that chemotaxis and 

cell motility signaling pathways are detected in these cells. Integrin-SYK signaling is 

also responsible for negatively regulating TLR signaling and the NF-κβ pathway by 

promoting the degradation of MYD88 (Kondo et al., 2012).  

A protein-protein network involved in cell proliferation was also detected. 

CD74, highly expressed by human microglia, prevents MHC class II molecules from 

binding non-processed peptide and self-antigens (Stockinger et al., 1989). Its ligand, 

CXCR2/4 was also highly expressed by human microglia (Bernhagen et al., 2007). In 

monocytes, CXCR2/4-CD74 heterodimers induce PI3K/AKT signaling and P53 

inhibition, leading to increased survival, proliferation and apoptosis evasion (Lue et al., 

2007; Mitchell et al., 2002). CXCR2-CD74 leads to chemotactic signaling, which is 

activated by MIF (macrophage migration inhibitory factor), a gene expressed in cortical 

tissue. 

Our human microglia expression profile was compared to a human CD45+ cell 

population, isolated using immunopanning from temporal lobe cortex tissue obtained 

during tumor or epilepsy surgery (Zhang et al., 2016). Genes were ranked based on 

their relative expression level in the respective data set. For the 1,297 human core 

genes, the respective percentiles of each gene in our human and the CD45+ data set 

were subtracted (Δ percentile). Genes similarly expressed in both datasets, a Δ 

percentile <20, are represented with bright blue dots, where genes much less 
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abundantly expressed in CD45+ cells are represented by black dots (Δ percentile >80; 

Figure 2B). Overall, a very extensive overlap in gene expression between these datasets 

was observed, the median Δ percentile was 10.065 indicating most genes are similarly 

expressed in both data sets. 

To determine the overlap in gene expression between human and mouse 

microglia, a cortical mouse microglia gene expression profile was generated. The 

human transcriptome was compared to this data set as well as to recently published 

cortical microglia expression data sets (Grabert et al., 2016; Matcovitch-Natan et al., 

2016) using the strategy explain above. An extensive overlap was observed between 

human and these three independent mouse microglia gene expression data sets. The 

median Δ percentiles were 14.31, 20.43, and 9.34 for our own expression data set, 

Grabert et al., and Matcovich-Natan et al., respectively. Despite the fact these mouse 

expression data were generated using very different technologies (Lexogen 3’ Quant 

Seq, Affymetrix arrays and RNA-Seq respectively), an extensive overlap with human 

microglia was observed. The Δ percentiles of all four datasets are depicted in the box 

plots (Figure 2D) and in supplemental Table 4. 

Notably, several human microglia genes were much less abundant expressed in 

mouse microglia. Examples of human microglia-enriched genes are CD58, an adhesion 

molecule that plays a central part in the clustering of mature dendritic cells and T 

lymphocyte activation (Leitner et al., 2015). ERAP2, along with the closely related 

ERAP1, are peptide editing enzymes responsible for the trimming of N-terminal 

residues of MHC class I molecules (Chen et al., 2016). Granulysin (GNLY) is a cytolytic 

and proinflammatory molecule, largely cytolytic against tumors and microorganisms, 

including gram-positive and gram-negative bacteria (Krensky and Clayberger, 2005). 

GNLY acts also a chemoattractant for T lymphocytes, monocytes and other 

inflammatory cells, activating expression of several of cytokines, such as CCL5, MCP-1, 

and IL-10, IL-1, IL-6 and IFN-α. S100A12 has shown to be important for antimicrobial 

activity, its proinflammatory action involves recruitment of leukocytes, production of 

cytokines and chemokines, and regulation of leukocyte adhesion and migration. It also 

acts as an alarmin or a danger-associated molecular pattern (DAMP) molecule, 

stimulating innate immune cells. A recent study showed that S100A12 is sufficient to 

directly kill Mycobacterium tuberculosis and Mycobacterium leprae (Realegeno et al., 

2016). 
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In short, an extensive overlap between human microglia gene expression and 

human CD45+ CNS cells and mouse cortical microglia was detected with some notable 

differences between human and mouse microglia. 
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Under certain neuropathological conditions, i.e. glioma progression 

(Hambardzumyan et al., 2015) and multiple sclerosis (Dendrou et al., 2015), immune 

Figure 2: Comparison of the human microglia expression profile to cortex, human and 
mouse microglia signatures. A) Volcano plot illustrating differential expression of genes 
in microglia versus cortex samples. Genes with logFC>3 are depicted as red dots and 
comprise the human microglia core profile of 1285 genes. B) Volcano plots illustrating 
the overlap in gene expression of the human microglia core to CD45+ cells in the CNS 
(Zhang). Genes expressed to similar levels in both datasets are depicted as bright blue 
dots (Δ percentile <20), where genes much more abundantly expressed in microglia 
than in CD45+ cells are depicted by black dots (Δ percentile >80). The distribution of all 
detected human microglia core genes over the Δ percentile intervals (<20/20-40/40-
60/60-80/>80) is shown in the box plot. C) Volcano plots illustrating the overlap in 
gene expression of the human microglia core to mouse cortex microglia. Genes 
expressed to similar levels in both datasets are depicted as bright blue dots (Δ 
percentile <20), where genes much more abundantly expressed in microglia then in 
mouse microglia cells are depicted by black dots (Δ percentile >80). Three independent 
mouse data sets are depicted: our own generated by 3’Quant seq, a RNA-Seq data set 
(Matcovitch-Natan et al., 2016)) and Affymetrix arrays (Grabert et al., 2016). The 
distribution of all detected human microglia core genes over the Δ percentile intervals 
(<20/20-40/40-60/60-80/>80) is shown in the box plot. 
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cells, such as macrophages and dendritic cells, infiltrate the CNS and contribute to 

disease progression. Microglia are often identified using IBA1/AIF1, P2RY12 and 

CX3CR1 as markers and differentiated from infiltrating immune cells based on CCR2 

(Mizutani et al., 2012). The expression levels of (some of) these markers are altered by 

microglia activation, priming and aging. PCA of our human microglia and published 

monocyte and macrophage data31 expression data indicated that these three datasets 

segregated, and that microglia were most distinct (Figure S1A). To determine 

differences in gene expression between microglia, monocytes and macrophages, three 

pair-wise comparisons were carried out. Differentially expressed genes were selected 

with a logFC of >3 and a p value <0.001 as depicted in suppl. Figure 1B, and suppl. Table 

5.  

In comparison to monocytes, microglia were enriched for GO terms synapse 

organization, neuron projection morphogenesis and cell projection morphogenesis; and 

hemophilic cell interactions, purine nucleotide metabolic process and sphingolipid 

metabolic process when compared to macrophages. This indicates that microglia, in 

comparison to monocytes, express many genes related to their CNS functions. 

 

Transcription factors associated with the human microglia core gene 

expression 

 

With the Bioconductor package CoRegNet, 12 microglia-specific transcriptional 

regulators of the human core genes were identified (Figure 3A). Two of these 

transcription factors are essential for microglia ontogeny: SPI-1 (or PU.1) and IRF8 

(Kierdorf et al., 2013a). Additional transcriptional regulators identified were: CIITA, a 

positive regulator of MHC-II gene transcription; TRIM22, a transcription activator 

induced by interferon; MNDA, an interferon target gene; IRF5, a factor modulating 

inflammatory responses; TAL1, a transcription factor associated with microglia 

aging(Wehrspaun et al., 2015); IFI16, an interferon γ inducible gene; HCLS1, and ZPF36 

with paralogs ZPF36L1 and ZPF36L2 were also detected. Genes that have been 

reported to be regulated by these proteins are indicated by red dots in the volcano plots 

in Figure 3B. The number and list of targets for each transcriptional regulator is 

provided in suppl. Table 6 and contains many established microglia genes, such as 

CX3CR1, AIF-1/IBA1, P2RY12 and P2RY13.  
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Microglia protein expression 

 

To confirm the RNA expression data at the protein level, human microglia were 

FACS isolated from parietal cortex and together with unsorted cortex tissue analyzed 

using western blot analysis, antibody arrays and immunohistochemistry. Microglia and 

cortex protein samples were separated using PAGE and detected with the indicated 

-

III-tubulin, CNPase and GFAP, markers for neurons, oligodendrocytes and astrocytes, 

respectively, were only detected in cortex protein lysates. Next, arrays with antibodies 

against human hematopoietic proteins were incubated with microglia protein lysates. 

Parietal cortex microglia were isolated from autopsy tissue samples using FACS and 

pooled from 2x4 donors. Spot intensities on the membranes were normalized to 

vimentin and quantified. Expression of known microglia proteins, such as ITGAM 

(CD11B), SPP1 (Osteopontin), multiple TNF-α, SIGLEC, chemokine and TLR receptors 

was detected, confirming the RNA expression data. 

Finally, human parietal cortex tissues were stained with antibodies against 

Iba1, HLA-DR, CD16, CD32 and TMEM119 either using immunohistochemistry and 

double immunofluorescence. Cells with clear microglia morphology were detected with 

the indicated antibodies and extensive co-localization with established microglia 

marker Iba1 was observed. 

 

 

 

 

 

 

 

 

 

Figure 3: Predicted transcriptional regulators of the human microglia core genes. A) 
Using BioConductor package CoRegNet, transcriptional regulators of the 1,297 human 
microglia core genes were identified. B) Volcano plots depicting the genes of the 
human microglia core genes associated with the transcriptional regulators identified. 
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Age-associated changes in microglia gene expression  

 

Age-associated changes in gene expression are reported to occur in mouse 

microglia (Hickman et al., 2013; Ma et al., 2013). How these finding translate to human 

microglia aging is unknown. The age of our donors ranged between 34 and 102 years, 

allowing us to determine changes in microglia gene expression that occurred during 

aging. Using age as a quantitative variable, 212 genes increased and 360 genes 

decreased in expression (p < 0.05). In Figure 5A, a relative expression heatmap depicts 

the top 100 genes most significantly affected by age (p < 0.01). Hierarchical clustering 

of these genes resulted in two separate clusters, containing relatively younger and 

older samples, respectively. Noteworthy genes with reduced expression during aging 

included many actin cytoskeleton-associated genes like TLN1, PFN1, EVL, ARPC1, 

CORO1A, CAP1, CTNNA2, and VASP, sensome cell surface receptors P2RY12, IL6R and 

TLR10, and cell adhesion molecules and cell surface receptors as ICAM3, ROBO2, 

SEMA3C, SEMA7A. A comprehensive illustration of these genes is depicted in Figure 6B. 

Genes with relatively higher expression during aging included integrin modulators 

DOCK1/5, receptors CXCR4, CD163 and IGF2R, growth factor VEGFA and transcription 

factor RUNX3. GO categories associated with the genes differentially expressed during 

aging (Figure 5B) were enriched for CNS development, with associated changes in 

cytoskeleton, immune response and motility (cell adhesion).  

Figure 4: Protein validation microglia gene expression. A) Western blot analysis of 
sorted microglia and parietal cortex samples with the antibodies indicated. IBA1 was 
only detected in pure microglia, whereas proteins expressed by other CNS cells were 
only detected in unsorted parietal cortex protein samples. ACTB: β-actin, VIM: 
vimentin, TUBB: β-III-tubulin, CNP: CNPase. B) Proteome profiler antibody arrays 
directed against human hematopoietic proteins were incubated with pure parietal 
microglia protein samples. Spot intensities were quantified and normalized to 
vimentin. C) Microglia expressing Iba1, HLA-DR, CD16, CD32 and TMEM119 visualized 
by DAB staining and immunofluorescence. Extensive co-localization of these markers is 
observed. Scale bars are 25 µm. Representative images of two independent 
experiments are shown. 
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Comparison of the human microglia aging profile with a previously published 

mouse microglia aging study profiles (Grabert et al., 2016) revealed a small number of 

significantly overlapping genes. 14 genes were increased in both human and mouse 

microglia with aging, of which CXCR4, VEGFA, TNFAIP2 and GP2 have been previously 

identified by other aging or priming studies (Hickman et al., 2013; Holtman et al., 2015; 

Raj et al., 2015). The main biological pathway associated with these genes was “positive 

regulation of cell-matrix adhesion”. Nine genes with reduced expression in aging were 

overlapping between human and mouse cortical microglia, and included previously 

identified ETS1, along with SEMA7A, MRC2, PSTPIP1 and EMP2, with no associated GO 

category. A Venn diagram depicting the overlap between aging cortical human and 

mouse (Grabert et al., 2016) microglia is depicted in suppl. Figure 2. The overlap in 

genes differentially expressed during aging between human and mouse is very limited, 

suggesting that the microglia of physiologically aged mice do not recapitulate the effect 

of aging on human microglia. The aging human microglia signature we have identified 

can be used as a benchmark to evaluate other model systems that intend to study the 

role of microglia in age-related neuroinflammation. 

 

 

 

 

 

 

 

 

Figure 5: Aging affects CNS-associated function and motility of human microglia. A) 
Hierarchically clustered Z-score expression heat map of the 100 most affected genes by 
age showed a clear clustering separating older and younger samples. B) GO analysis 
showed enrichment for CNS development, immune response and motility of aging-
associated genes. C) A predicted protein-protein interaction network of age-associated 
genes in microglia. 
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Figure 6: Human microglia and the effect of aging. A) Graphical summary of the human 
microglia core genes. Biological functions with associated gene families and 
representative gene names are depicted. B) Aging of microglia is associated with 
reduced expression of many genes involved in Actin dynamics. All genes with reduced 
expression in aged microglia are depicted in blue. Changes in genes involved in cell 
adhesion and axonal guidance as well as the sensome (cell surface receptors) are listed. 
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DISCUSSION  

 

In this manuscript we present an extensive collection of human microglia 

transcriptome profiles and systematically compare them to previously published 

human and mouse profiles. Mice are frequently used for neuroscience research 

purposes but there is extensive debate about the validity of these mouse models to 

study microglia in aging and neurodegenerative conditions(Smith and Dragunow, 

2014). We addressed two main questions: 1) what is the expression profile of human 

microglia and how does it relate to mouse microglia profiles?; 2) what age-related 

changes occur in aging human microglia and to what degree do they overlap with 

mouse microglia aging signatures? 

To approximate the physiological human in vivo microglia expression profile, 

donors with overt CNS pathologies were excluded, viable microglia were FACS-sorted 

(DAPI-negative), and only high quality RNA samples were sequenced. Nonetheless, all 

donors suffered from a range of pathologies ultimately leading to their demise, 

potentially affecting the microglia gene expression profile. The effect of various 

parameters on gene expression, such PMD, age, and gender was estimated. Our data 

indicate that a post-mortem delay between 4 and 24 hr had very little influence on the 

microglia gene expression profile. Numerous other studies already reported a poor 

correlation between PMD and CNS tissue morphology, RNA quality or integrity 

(Chevyreva et al., 2008; Durrenberger et al., 2010; Ervin et al., 2007). 

The first aim of this study was to determine the similarities and differences 

between human and mouse microglia expression profiles. Considerable overlap 

between human and murine microglia gene expression was observed but interesting 

dissimilarities were also present. These dissimilarities could be caused by a range of 

factors, such as intrinsic differences between species, differences in environment, 

medical condition and differences in study design. For example, laboratory mice are, to 

a certain degree, kept under specified pathogen-free conditions and typically not 

exposed to a wide range of pathogens, which is in striking contrast to humans who are 

exposed to a range of pathogens during the course of their lives. In addition, mouse 

microglia were isolated from healthy animals, whereas the human microglia samples 

were obtained during the course of autopsies of donors that suffered from various 

pathologies. To minimize the reported effect of brain region on microglia gene 

expression (Grabert et al., 2016; Matcovitch-Natan et al., 2016; Zhang et al., 2016), only 

cortical microglia were included in our comparisons 
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A substantial number of the human microglia-specific genes are implicated in 

immune pathways, and could reflect functional characteristics of human microglia. 

Interesting examples are Granulysin, a protein present in cytotoxic granules and 

Apobec3c, a deaminase that inhibits retrovirus replication and retrotransposon 

mobility via deaminase-dependent and -independent mechanisms (Stenglein et al., 

2010). Furthermore, immune response genes, such as Clecl1, a T-cell costimulatory 

molecule that enhances interleukin-4 production (Ryan et al., 2002), FCAR/CD89, a Fc-

γ receptor mediator of cytokine production (Shimokawa and Ra, 2005), and 

inflammasome component Card8, were also observed in humans solely. It seems that 

human microglia-exclusive genes, despite not belonging to any specific biological 

pathway, are primarily implicated in host defense and the modulation of immune 

responses.  

SIGLECs have an important role in immunosuppression and neuroprotection. 

SIGLECs regulate the effects of activation, phagocytosis and inflammasome formation 

via their immunoreceptor tyrosine-based inhibition motif (ITIM) (Macauley et al., 

2014). CD33 (SIGLEC3), a known microglia marker, is associated with the accumulation 

of amyloid beta plaques in mouse AD models due to diminished phagocytic capacity of 

microglial cells up-regulating this gene (Griciuc et al., 2013). Our finding that human 

microglia express many SIGLECs highlights their importance and the specialization of 

microglia for the maintenance of a homeostatic microenvironment. 

NLRC5 and CIITA are the respective master regulators of MHC class I and II 

gene expression (Meissner et al., 2010). While CIITA expression is restricted to antigen 

presenting cells (APCs), NLRC5 is constitutively expressed in various tissues, most 

highly in cells from the hematopoietic lineage (CD4+ T cells, CD8+ T cells, CD19+ B cells, 

natural killer (NK) cells and natural killer T cells). NLRC5 expression levels are 

intermediate in monocytic CD14+ cells and CD11b+ splenic myeloid cells (Kobayashi 

and van den Elsen, 2012). This data corroborates the notion that human microglia are 

potent APC and are able to interact with CD4 and CD8 T-helper cell subsets. 

Using CoRegNet, regulators of the human core microglia genes were identified. 

Well-established microglia factors such as SPI-1, CIITA, IRF8 were singled-out. IRF8 is 

necessary for microglia genesis, along with SPI-1 (Kierdorf et al., 2013b), and recent 

reports on the induction of human pluripotent stem cell-derived microglia-like cells 

demonstrated high levels of this transcription factor in such cells (Muffat et al., 2016). 

In addition to IRF8, human microglia expressed high levels of IRF1, IRF5 and IRF7. 

TAL1/SLC, a basic helix-loop-helix transcription factor, is a master regulator of normal 
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and abnormal hematopoiesis and controls the expansion of primary monocyte 

progenitors (Dey et al., 2010). In adults, TAL1 is expressed in hematopoietic cells but 

also in specific regions of the midbrain, hindbrain, and spinal cord (van Eekelen et al., 

2003; Sinclair et al., 1999). Chip-Seq analysis previously indicated that TAL1 forms a 

complex with RUNX1 and LYL1 (Wilson et al., 2009, 2010), and these transcription 

factors are abundantly expressed in the human microglia core. RUNX1 activates the 

transcription of SPI-1 (Huang et al., 2008), a bona fide microglia transcription factor. 

IFI16 (p204), is associated with viral infection and the response to cytosolic 

double-stranded DNA (Gürtler and Bowie, 2013), performing an important role in 

regulating cell proliferation and transcription through different interactions with p53 

(Liao et al., 2011) and STAT3. IFI16 is also involved in overcoming inhibitors of 

differentiation proteins (IDs) blocking of terminal cell differentiation (Luan et al., 

2008), as exemplified by the down-regulation of ID4 in microglia. Interestingly, 

although human microglia seem to possess a highly activated pathway for proliferation 

(the aforementioned CXCR-CD74 axis), this pathway is dependent on extracellular 

signals, while genes involved in cell cycle are also highly expressed. IFI16 is possibly 

involved in regulating the relative microglia quiescence, which is observed under 

normal conditions.  

The second aim of this study was to compare the human and mouse aging 

microglia expression profiles. Strikingly, no extensive overlap between the human and 

mouse aging signatures was detected. A small number of genes with 

increased/decreased expression during aging overlapped between human and mouse 

microgia. However, an almost equal number of genes displayed opposite 

directionalities in expression during aging, e.g. up in mouse and down in human or vice 

versa. Overall, the overlap in genes affected by aging in human and mouse microglia is 

relatively low, suggesting that microglia from both species age differently. A recent 

publication indicated that the microglia population in the brain is replaced 

approximately every 100 days in both mice and humans (Askew et al., 2017). This 

implies that the microglia population is replaced many more times in humans than in 

mice during their respective life spans, with possible ramifications for aging-induced 

alterations in gene expression of microglia function.   

Age-induced changes in human microglia are enriched for a variety of genes 

involved in actin assembly and all these genes are less abundant in microglia during 

aging. For instance Talin1 (TLN1), a protein involved in actin remodeling and cell 

motility, Profilin (PFN1), a protein directly involved in actin binding and 
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polymerization, and VASP, a protein involved in actin filaments elongation are less 

abundant in microglia isolated from older donors (Siddiqui et al., 2012; Vincent et al., 

2012). As actin (dis)assembly is essential for cellular motility and migration, this 

suggests that these functions might decrease during aging in microglia. Interestingly, a 

reduction of microglia process motility directed toward site of damage was significantly 

impaired in mice with Aβ plaques (Krabbe et al., 2013). Possibly, the observed changes 

in Actin assembly in human microglia during aging might be important in aging as such 

or in neurodegenerative conditions like Alzheimer’s disease. 

In addition, age-associated changes in genes involved in axonal guidance, cell 

adhesion and the sensome were observed. These receptors and their downstream 

signaling are implicated in chemotaxis and part of the microglia sensome (Ferrari et al., 

2016; Hickman et al., 2013). Binding of chemoattractant ligands to their respective 

receptors on myeloid cells induces these cells to move towards injury sites, apoptotic 

cells or invading microorganisms. Movement of the fine microglial processes to sense 

the environment and initiate chemotaxis is primarily governed through these receptors 

and P2RY12, an established microglia marker (Butovsky et al., 2014; Hickman et al., 

2013), is downregulated in our aging cohort, further highlighting the altered microglia 

sensing/motility with aging. 

Little is known about microglia gender differences, but a few studies have 

identified a gender-specific role for microglia in the rat brain (Chen et al., 2014; Lenz et 

al., 2013). Sex differences in microglia function in the developing brain are associated 

with neurodevelopmental and psychiatric conditions (Lenz and McCarthy, 2015). We 

found that gender differences in humans were restricted to X and Y-chromosome genes. 

Since our donor population contained 7 females versus 32 males, more female donors 

would be required to identify possible gender-specific traits in human microglia. 

In conclusion, here we present the first extensive human microglia gene 

expression profile. Critical differences with mouse microglia, especially in the context of 

aging, were observed which highlight the necessity to independently study human 

microglia. These data and analyses serve as a starting point to address human-specific 

microglia genes and functions under physiological and neuropathological conditions.  
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