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Abstract

Microglia are the primary immune cells of the central nervous system and crucial to proper 

development and maintenance of the brain. Microglia have been recognized to be associated with 

neurodegenerative diseases and neuroinflammatory disorders. CX3C chemokine receptor 1 

(CX3CR1), which is specifically expressed in microglia, regulates microglia homeostatic 

functions such as microglial activation and is downregulated in aged brain and disease-associated 

microglia in rodents, yet its role in human microglia is not fully understood. In this study, we 

investigated the function of CX3CR1 in human microglia using human induced pluripotent stem 

(iPS) cell-derived microglia-like cells. Human iPS cell-derived microglia-like cells expressed 

microglial markers and showed an activated state and phagocytic activity. Using CRISPR/Cas9 

genome editing, we deleted CX3CR1 in human iPS cells and found increased inflammatory 

responses and phagocytic activity in mutant as compared to wild-type microglia-like cells. In 

addition, the CX3C chemokine ligand 1 (CX3CL1, a ligand for CX3CR1) significantly decreased 

the upregulation of IL-6 by lipopolysaccharide stimulation in human iPS cell-derived microglia-

like cells. These results suggest that CX3CR1 in human microglia may contribute to microglial 

homeostasis by regulating inflammatory response and phagocytosis.

1 INTRODUCTION

Microglia are the resident immune cells of the central nervous system (CNS) (Tremblay et 

al., 2011). Microglia guide neural development by responding to local changes in the brain 

microenvironment such as phagocytosing apoptotic cells, pruning synapses, modulating 

neurogenesis and regulating synapse plasticity and myelin formation and provide key 
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function of the homoeostasis in the CNS (Schafer & Stevens, 2015). As immune cells, 

microglia respond to disruptions caused by injury, pathology or ageing (Salter & Stevens, 

2017). These responses, often termed “activation,” are defined as any physical or 

biochemical changes of the microglial homeostatic state and include proliferation, migration 

to the site of pathology, phagocytosis of debris and cells, and secretion of the cytokines and 

chemokines necessary to stimulate microglia and other brain cells (Hammond et al., 2019). 

In brain disease, microglia undergo substantial morphological, molecular and functional 

changes, which establish new biological states relevant to disease pathogenesis and 

progression (Wright-Jin & Gutmann, 2019). Microglia have been recognized to be 

associated with neurodegenerative diseases and neuroinflammatory disorders. For example, 

recent genome-wide association studies of neurodegenerative diseases have highlighted 

some genes which are specifically expressed in microglia (Chan et al., 2015; Korvatska et 

al., 2015). In addition, neuroinflammation including microglial activation is present in 

patients with neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s disease, 

multiple system atrophy, depression, fibromyalgia, chronic fatigue syndrome (Airas, 

Nylund, & Rissanen, 2018; Albrecht et al., 2019; Gerhard, 2016; Nakatomi et al., 2014; 

Setiawan et al., 2018) and is associated with the severity of neuropsychologic symptoms 

(Albrecht et al., 2019; Nakatomi et al., 2014). Although microglial function and dysfunction 

are likely to be involved in numerous neurodegenerative conditions, their precise 

contributions to disease pathogenesis and progression are not fully understood.

Most insights into the role of microglia come from research using animal models of disease. 

Species-specific genetic variations indicate that the rodent microglia fail to fully recapitulate 

the biology of human microglia (Hasselmann et al., 2019) emphasizing the importance of 

studying human microglia. The availability of human induced pluripotent stem (iPS) cells 

allows the derivation of many differentiated cell types (Takahashi et al., 2007). Recently, 

several protocols to differentiate microglia from human iPS cells have been developed 

(Abud et al., 2017; Brownjohn et al., 2018; Douvaras et al., 2017; Haenseler et al., 2017; 

Muffat et al., 2016; Pandya et al., 2017). Primitive yolk sac macrophages were efficiently 

generated from human iPS cells and matured into microglia-like cells under fully defined 

conditions with a transcriptome closely mimicking that of foetal and adult microglia rather 

than blood macrophages (Muffat et al., 2016). The derivation of human iPS cell-derived 

microglia-like cells provides a platform to investigate their physiological function in human 

nervous system under highly defined conditions. In addition, combined with a genome 

editing and regulation technology such as CRISPR/Cas9, it is now possible to study human 

neurological disease in the relevant molecular and cellular context (Soldner & Jaenisch, 

2018).

CX3CR1 is a G protein-coupled C-X3-C motif chemokine receptor 1. CX3CL1 (also known 

as fractalkine) is a C-X3-C motif chemokine ligand 1 and a sole ligand for CX3CR1. In the 

brain, the expression of CX3CR1 is microglia-specific (Cardona et al., 2006) and the 

expression of its ligand CX3CL1 is neuron-specific (Harrison et al., 1998). CX3CR1 

regulates microglial functions such as cytokine production and motility as response to 

inflammatory signals. In addition, CX3CL1-CX3CR1 signalling represents an important 

signalling pathway between microglia and neurons (Mecca, Giambanco, Donato, & Arcuri, 

2018). Under pathological conditions, CX3CR1 and/or CX3CL1 is downregulated and 
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reduced in the brain of aged rodents (Bachstetter et al., 2011; Keren-Shaul et al., 2017; 

Krasemann et al., 2017; Mecca et al., 2018). Furthermore, CX3CR1 is one of the top 

suppressed genes in specific neurodegenerative microglial phenotypes such as DAM 

(disease-associated microglia) and MGnD (microglial neurodegenerative phenotype) 

microglia, which are recently defined as a unique population of microglia (Butovsky & 

Weiner, 2018; Keren-Shaul et al., 2017; Krasemann et al., 2017). However, the role of 

CX3CR1 in human microglia has not been defined.

In this study, we investigated the function of CX3CR1 in human iPS cell-derived microglia-

like cells. We generated CX3CR1 KO human iPS cells using CRISPR/Cas9 genome editing 

and examined inflammatory responses and phagocytic activity in CX3CR1 KO human 

microglia-like cells derived from iPS cells.

2 MATERIALS AND METHODS

2.1 Human iPS cell culture

Human iPS cell line 657 was generated from female AG07657 fibroblasts obtained from 

Coriell using a single STEMCCA-LoxP polycistronic vector (gift from Dr. Gustavo 

Mostoslavsky, Boston University) encoding 4 reprogramming factors flanked by IoxP sites 

as previously described (Svoboda et al., 2019). Human iPS cells were cultured at 37°C in 

5% O2 on mitomycin C-inactivated mouse embryonic fibroblasts in human embryonic stem 

(hES) cell medium, composed of Dulbecco’s modified Eagle’s medium(DMEM)/F12 

(Invitrogen), 15% foetal bovine serum (FBS) (HyClone), 5% knockout serum replacement 

(Invitrogen), 1% nonessential amino acids (Invitrogen), 1 mM glutamine (Invitrogen), 1% 

penicillin/streptomycin, 0.1 mM β-mercaptoethanol (Sigma-Aldrich) and 4 ng/ml basic 

fibroblast growth factor (bFGF) (Life Technologies). Cells were passaged manually or with 

1 mg/ml collagenase type IV (Invitrogen) every 5–7 days.

2.2 Differentiation towards microglia

Human iPS cells were differentiated into microglia-like cells as previously described 

(Muffat et al., 2016). Human iPS cell colonies were treated with 1 mg/ml collagenase type 

IV, mildly triturated to form a suspension of uniform clumps and transferred directly to hES 

cell medium for microglial differentiation initiation, composed of DMEM/F12, 15% FBS, 

5% knockout serum replacement, 1% nonessential amino acids, 1 mM L-glutamine, 1% 

penicillin/streptomycin and 0.1 mM β-mercaptoethanol in ultra-low attachment six-well 

plates (Corning). Medium was changed to microglial medium (MGM), composed of 

neurobasal, neuroglial differentiation medium (1% Gem21 NeuroPlex supplement w/o 

vitamin A, 0.2% Albumax I, 0.5% N2 NeuroPlex supplement, 50 mM NaCl, 1mM sodium 

pyruvate, 1% penicillin/streptomycin, 1× Glutamax, 3.5 ng/ml biotin, 0.3% L-ascorbic acid, 

0.01% sodium DL-lactate), 40 ng/ml Interleukin(IL)-34 and 40 ng/ml colony-stimulating 

factor 1 (CSF1), at 24 hr after starting microglial differentiation and every 5–7 days to 

remove dead cells and cell debris. From 2 weeks after starting microglial differentiation, 

yolk sac embryoid bodies were formed, and the supernatant with single cells was placed in a 

Primaria six-well plate (Corning) every 5–7 days. After 0.5 hr, attached cells were washed 

with MGM to remove unattached cells and small embryoid bodies. Further maintenance was 
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performed with MGM for more 2–4 weeks for microglia maturation, and medium was 

changed every 5–7 days. Microglia-like cells were passaged with Accutase (Invitrogen). 

Microglial activation was stimulated for 24 hr by 100 ng/ml lipopolysaccharide (LPS) and/or 

20 ng/ml interferonγ (IFNγ) for M1 activation, and 20 ng/ml IL-4 and 20 ng/ml IL-13 for 

M2 activation. CX3CL1 (CX3CL1 chemokine domain, R&D Systems) was added to 

microglia-like cells to examine the effect on microglial activation.

2.3 Differentiation towards neural progenitor cells (NPCs) and neurons

Human iPS cells were dissociated into single cells and plated at 3–5 × 106 density onto one 

well of matrigel-coated 6-well plate in mTeSR serum-free media (StemCell Technologies) 

supplemented with Rho-associated protein kinase inhibitor Y27632 (ROCK inhibitor, 10 

μM, Stemgent). When cells reached full monolayer, medium was switched to DMEM/F12 

supplemented with 20% knockout serum replacement, 2 mM L-glutamine, 1% penicillin/

streptomycin, 1% nonessential amino acids, 0.1 mM β-mercaptoethanol and 4 ng/ml bFGF. 

Cells were cultured in this medium with 25% addition of NPC differentiation medium, 

composed of 50% DMEM/F12 with HEPES, 50% neurobasal, 0.5% of N2 NeuroPlex and 

1% of Gem21 NeuroPlex supplements (Gembio), 1% nonessential amino acids, 2 mM L-

glutamine, 1% penicillin/streptomycin and 0.1 mM β-mercaptoethanol, every 48 hr until 

completely replaced within 10 days. ROCK inhibitor (10 μM) was added 1 hr before and for 

24 hr after passage in the medium during the first 3 passages. Cells were passaged after 

emerging rosette-like neuroepithelium structures (10–14 days after start of differentiation) 

1:1 every 3 days with Accutase. After 2 weeks from starting differentiation, 10 ng/ml bFGF 

was added. With every passage, NPCs stabilized in culture and could be expanded by 

passaging to 1:2 and 1:3 and frozen as a stock at passage 3 to passage 6.

NPCs were differentiated into neurons in neuron differentiation medium, composed of 

neurobasal medium, 1% B27, 0.5% nonessential amino acids, 1 × Glutamax, 1% penicillin/

streptomycin, 0.07% D-glucose, 10 ng/ml GDNF, 10 ng/ml BDNF. NPCs were plated at 1–2 

× 106 cells/well on matrigel-coated 6-well plate with neuron differentiation medium. 

Medium was changed every 3 days to avoid yellow medium. After 2 days from starting 

neuron differentiation, immature neurons appeared in the culture. After 10–14 days from 

starting neuron differentiation, cells were passaged with Accutase on Poly-D-Lysine and 

laminin-coated plate at density of 1 × 106 cells/well of 6-well plate. Neurons continued to 

differentiate to more mature neuronal phenotype for another 4 weeks. Neuron-conditioned 

medium was collected from the medium of differentiated neurons at medium change after 48 

hr culture of 2 ml of neuron differentiation medium on 1 × 106 neurons/well. Neuron-

conditioned medium was spun by centrifugation to remove cells, and supernatants of 

neuron-conditioned medium were used for phagocytosis assay.

2.4 Immunostaining

Cells were fixed with 4% paraformaldehyde in PBS+ for 1 hr at room temperature. After 

fixation, cells were blocked with 3% normal donkey serum (NDS) with 0.3% Triton in PBS+ 

for 1 hr at room temperature. Primary antibodies were against Iba1 (AB5076, 1:500), P2 

purinergic receptor Y12 (P2RY12) (Sigma, HPA014518, 1:500), transmembrane protein 119 

(TMEM119) (Abcam, AB185333, 1:100), CX3CR1 (Santa Cruz, sc377227, 1:50) with 0.1% 
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Triton and 3% NDS in PBS+ for O/N at 4°C and visualized by secondary antibodies 

conjugated with Alexa 488, 568, 594, 647 (Invitrogen, 1:500) with 0.1% Triton and 3% 

NDS in PBS+ for 2 hr at room temperature, followed by counterstaining with DAPI.

2.5 Quantitative polymerase chain reaction (qPCR)

Total RNA was extracted from cells using the RNeasy Plus Micro Kit (Qiagen) according to 

the manufacturer’s protocol. RNA was reverse transcribed into cDNA using SuperScript III 

First-Strand Synthesis SuperMix (Invitrogen). Transcript abundance was determined by 

quantitative PCR using SYBR Green PCR mix (Applied Biosystems). Glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) was used as an internal control. The following primer 

sequences were used: P2RY12 (F: TTTGTGTGTCAAGTTACCTCCG, R: 

CTGGTGGTCTTCTGGTAGCG), TMEM119 (F: CTGGCCTTTCTGCTGATGTTC, R: 

TCACTCTGGTCCACGTACTTC), Iba1 (F: GGGAGACGTTCAGCTACCC, R: 

TGGCTTTTCCTTTTCTCTCG), CD11b (F: GCCTTGACCTTATGTCATGGG, R: 

CCTGTGCTGTAGTCGCACT), triggering receptor expressed on myeloid cells 2 (TREM2) 

(F: GGAGCACAGCCATCACAGAC, R: CACATGGGCATCCTCGAAGC), PU.1 (F: 

CCACTGGAGGTGTCTGACG, R: CAGGTCCAACAGGAACTGGT), tumour necrosis 

factor α (TNFα) (F: GAGGCCAAGCCCTGGTATG, R: CGGGCCGATTGATCTCAGC), 

IL-6 (F: GGTACATCCTCGACGGCATCT, R: GTGCCTCTTTGCTGCTTTCAC), IL-1β 
(F: CTGTCCTGCGTGTTGAAAGA, R: TGAAGACAAATCGCTTTTCCA), CD206 (F: 

AGCTGACACAAGGAAGATGGA, R: GCACCCGTTAAAATCAGGAG), IL-4 (F: 

TCTTTGCTGCCTCCAAGAAC, R: GTCCTTCTCATGGTGGCTGT), arginase 1 (ARG1) 

(F: CGTGGGAGGTCTGACATACA, R: GGGATGGGTTCACTTCCATT), CX3CR1 (F: 

ACCACCTGTATGGGAAATGC, R: AGAACACTTCCATGCCTGCT) and GAPDH (F: 

AGGGGTCTACATGGCAACTG, R: CGACCACTTTGTCAAGCTCA).

2.6 Western blotting

After PBS wash, cells were lysed with RIPA buffer containing protease and phosphatase 

inhibitors. Protein concentrations of cell lysates were measured with Qubit Protein Assay 

kits (Molecular probes). Cell lysates were mixed with NuPAGE LDS sample buffer, heated 

at 95°C for 10 min and subjected to SDS-PAGE and immunoblotting. Primary antibodies 

were directed towards Iba1 (Abcam, ab5076, 1:100), TMEM119 (Abcam, AB185333, 

1:100), CX3CR1 (Santa Cruz, sc-377227, 1:100) and GAPDH (Abcam, ab125247, 1:4,000). 

Immunoblot detection was performed with ECL Western Blotting Detection Kit 

(Amersham).

2.7 Cytokine profiler

For analysis of the secreted cytokine profile of cells, the human cytokine array kit (R&D 

Systems) was used according to the manufacturer’s instructions. The supernatants of cell 

cultures were added to a prepared cytokine antibody panel membrane. After incubation, the 

membranes were revealed with ECL reagent.
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2.8 Phagocytosis assay

Microglia-like cells were plated in Primaria 6-well plate (1–5 × 105 cells/well). Fluoresbrite 

Polychromatic Red Microspheres 1.0 μm (Polysciences) were added to cells at 1:100 ratio 

(cells:beads) and incubated for 1 hr at 37°C. Cells were washed with PBS, collected with 

Accutase and resuspended in fluorescence-activated cell sorting (FACS) buffer, composed of 

1% FBS heat-inactivated and 1 mM EDTA in PBS, in FACS tube with cell strainer. Cells 

were examined on a flow cytometer (BD LSRFortessa).

2.9 Generation of CX3CR1 KO human iPS cell

The guide RNA targeting Cx3cr1 exon 2 (target sequence: CTGTTATATTGGGGACATCG) 

was designed according to the previous method (Ran et al., 2013). A pair of oligos (F: 

CACCGCTGTTATATTGGGGACATCG, R; AAACCGATGTCCCCAATATAACAGC) were 

annealed and ligated to vector PX458 (pSpCas9(BB)-2A-GFP, Addgene plasmid ID:48138). 

Constructs were sequenced to verify correct sequences with the following primer (LKO.1 5′ 
[hU6 promoter]: GACTATCATATGCTTACCGT). To test the efficiency of sgRNA-mediated 

cleavage, human embryonic kidney (HEK)293T cells were transfected with constructed 

vector in suspension with X-treameGENE 9 DNA Transfection Reagent (Roche) and Survey 

assay with the following primers (F: GCCTAGAGCCAAATGCTCAC, R: 

GACACTCTTGGGCTTCTTGC) were conducted. The constructed vector was transfected 

into 657 human iPS cells with electroporation. Transfected cells with green fluorescent 

protein (GFP) were isolated by FACS sorting. Cell clones were isolated, expanded and did 

DNA sequencing to assess target modifications. In addition, iPS cells were differentiated 

into microglia-like cells and the expression levels of CX3CR1 in microglia-like cells were 

examined by Western blotting.

2.10 Statistical analysis

Significance of differences between 2 groups was analysed using Student’s t test, while 

those among more than 2 groups was analysed using Dunnett’s multiple comparison test. p 
< .05 was considered statistically significant.

3 RESULTS

3.1 Expression of microglial markers in human iPS cell-derived microglia-like cells

We examined the expression of microglial markers in human iPS cell-derived microglia-like 

cells at 4 weeks after starting microglial differentiation. Human iPS cell-derived microglia-

like cells expressed microglial markers such as P2RY12 and TMEM119, and also expressed 

CX3CR1 by immunostaining (Figure 1a). We verified that human iPS cell-derived 

microglia-like cells specifically expressed microglial markers such as P2RY12, TMEM119, 

Iba1, CD11b, TREM2 and PU.1 at the mRNA level by qPCR compared with human iPS 

cell-derived NPCs and neurons (Figure 1b). CX3CR1 was expressed at a higher level in 

microglia-like cells compared with NPCs, neurons and astrocytes derived from human iPS 

cells (Figure 1b). In addition, we confirmed the expressions of Iba1, TMEM119 and 

CX3CR1 at the protein level by Western blotting (Figure 1c).
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3.2 Expression of microglial activation markers and cytokines/chemokines

We examined the mRNA levels of activation markers in human iPS cell-derived microglia-

like cells. Treatment of microglia-like cells with 100 ng/ml LPS and 20 ng/ml IFNγ (M1 

activation inducer) or with 20 ng/ml IL-4 and 20 ng/ml IL-13 (M2 activation inducer) 

stimulation, respectively, significantly upregulated TNFα, IL-6 and IL-1β (M1 activation 

markers) or CD206, IL-4 and ARG1 (M2 activation markers) (Figure 2a). We also assessed 

cytokine and chemokine profiles released into the supernatant of human iPS cell-derived 

microglia-like cells. At the unstimulated condition, human iPS cell-derived microglia-like 

cells secreted detectable levels of cytokines and chemokines such as CC chemokine ligand 2 

(CCL2), macrophage inflammatory protein (MIP)-1α and IL-8. In addition, stimulation by 

100 ng/ml LPS and 20 ng/ml IFNγ increased CCL2, MIP-1α, IL-8, C-X-C motif chemokine 

ligand (CXCL)1, CXCL10 and IL-6 secretion (Figure 2b).

We also assessed phagocytic activity of human iPS cell-derived microglia-like cells using a 

FACS-based phagocytosis assay with fluorescent beads. Figure 3 shows that human iPS cell-

derived microglia-like cells exhibited phagocytic activity after incubating with fluorescent 

beads for 1 hr.

3.3 Functional analysis of CX3CR1

CX3CR1 is expressed at a higher level in microglia-like cells as compared to NPCs, neurons 

and astrocytes (Figure 1b). To investigate the role of CX3CR1 in microglia biology, we 

deleted the gene using CRISPR-Cas9 gene-editing. Optimal guide RNA expression 

constructs were selected after transfection into HEK293T and assaying for indels by the 

SURVEYOR nuclease assay (Figure 4a) and were transfected into human iPSC cells. We 

isolated GFP-positive cells by FACS sorting (Figure 4b) and identified clones homozygous 

for deletion of CX3CR1. Based on the sequencing results, the clone shown in Figure 4 has a 

homozygous frameshift mutation leading to a premature stop codon for CX3CR1 protein 

(Figure 4a). We differentiated microglia-like cells from wild-type and CX3CR1 KO human 

iPS cells and examined the expression level of CX3CR1 by Western blotting. Figure 4c 

confirms that microglia-like cells derived from CX3CR1 KO human iPS cells did not 

express CX3CR1 protein. The results are based on a single KO clone, with one extra 

repetition (data not shown).

To functionally assess the effect of deleting CX3CR1, we stimulated mutant and wild-type 

cells in MGM with 100 ng/ml LPS and determined mRNA expression levels of M1 

activation markers. Figure 5a shows that the mRNA expression level of M1 activation 

markers such as TNFα, IL-6 and IL-1β in CX3CR1 KO microglia-like cells was 

significantly increased by stimulation with 100 ng/ml LPS as compared to wild-type 

microglia-like cells (Figure 5a). In addition, IL-18, CCL2 and MIP-1α secretion into the 

medium increased in mutant as compared to wild-type microglia-like cells in MGM (Figure 

5b). The effects seen in the assays described in Figure 5a,b might include ligand-dependent 

effects because microglia also express CX3CL1 (Zujovic, Benavides, Vigé, Carter, & 

Taupin, 2000). Indeed, we have confirmed the expression of CX3CL1 in human iPSC-

derived microglia-like cells by qPCR although microglial CX3CL1 expression remains 

controversial. Finally, we examined the effect of CX3CL1 (CX3CR1 ligand, chemokine 

Nobohito et al. Page 7

Eur J Neurosci. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



domain) on microglial activation in wild-type microglia-like cells. Treatment of microglia-

like cells with 100 ng/ml LPS stimulation significantly upregulated IL-6 (M1 activation 

marker). CX3CL1 significantly inhibited the upregulation of IL-6 upon LPS stimulation in 

wild-type human iPS cell-derived microglia-like cells (Figure 5d).

We also examined the phagocytic activity of wild-type and CX3CR1 KO microglia-like cells 

by a phagocytosis assay using fluorescent microspheres. The cells were cultured in neuron-

conditioned medium for 24 hr; fluorescent beads were added, and cells were FACS sorted 

after 1 hr. Figure 5c shows that mutant microglia-like cells exhibited a significantly 

increased phagocytic activity in both % of phagocytosed cells (percentage of fluorescent-

positive cells) and relative phagocytosis (ratio of the mean microsphere fluorescence 

intensity [nonstimulated control microglia-like cells = 1]). The effects in Figure 5c assay 

include ligand-dependent effects because neuron-conditioned medium contain endogenous 

CX3CL1 that neurons secreted.

4 DISCUSSION

We generated microglia-like cells from human iPS cells and showed that the cells expressed 

microglial markers, released inflammatory and neurotrophic cytokine/chemokines after 

stimulation of LPS/IFNγ or IL-4/IL-13 and exhibited phagocytic activity. Using CRISPR/

Cas9-mediated genome editing, we deleted CX3CR1 in iPS cells and found that mutant 

microglia-like cells displayed an increased inflammatory response and phagocytic activity as 

compared to control microglia-like cells. These findings demonstrate that CX3CR1 may 

contribute to microglial homeostasis by regulating inflammatory response and phagocytosis.

In this study, we differentiated human microglia-like cells from primitive yolk-sac 

macrophages which were derived from human iPS cells (Muffat et al., 2016). Microglia are 

highly sensitive to their environment and exhibit deficiency of transcriptional signature upon 

isolation from the brain (Gosselin et al., 2017; Svoboda et al., 2019; Hasselman et al., 2019). 

For instance, human iPS cell-derived microglia-like cells differentiated by our protocol 

poorly expressed SALL1, which is a transcriptional regulator defining in vivo microglia 

identity and function (Buttgereit et al., 2016) but is one of the genes most affected by the in 

vitro culture conditions (Gosselin et al., 2017). Nevertheless, microglia-like cells 

differentiated from human iPS cells expressed signature microglial markers and induced 

microglial activation markers as inflammatory responses after LPS exposure and phagocytic 

activity. In addition, microglia-like cells differentiated from iPS cells did not express neuron 

markers such as MAP2 by immunostaining, suggesting that the cultures did not contain 

neurons. Thus, this system allows to study microglial functions in a defined culture system.

We show that microglial activation markers such as TNF-α, IL-6 and IL-1β in CX3CR1 KO 

human microglia-like cells are increased following LPS stimulation as compared to wild-

type cells. This result is consistent with CX3CL1, the ligand of CX3CR1, inhibiting the 

upregulation of IL-6 upon LPS stimulation in wild-type microglia-like cells. Moreover, 

secretion of IL-18, CCL2 and MIP-1α was increased in CX3CR1 mutant microglia-like 

cells as compared with wild-type human microglia-like cells consistent with CX3CR1 

deletion increasing the inflammatory responses. These results agree with results obtained in 
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rodent microglia demonstrating that CX3CL1 reduces LPS-induced pro-inflammatory 

cytokine secretions (Lyons et al., 2009; Mizuno, Kawanokuchi, Numata, & Suzumura, 

2003). Furthermore, CX3CL1 suppressed microglial activation in the striatum of a rat model 

of Parkinson’s disease (Pabon, Bachstetter, Hudson, Gemma, & Bickford, 2011) and in 

primary mouse microglia (Lee et al., 2010) consistent with CX3CL1 acting to reduce 

microglial activation. In summary, our findings suggest that CX3CL1-CX3CR1 signalling in 

human microglia may be involved in maintaining microglia in a deactivated state.

CX3CL1-CX3CR1 sensing may represent an immunological checkpoint which dampens 

microglia activation in response to external stimuli and thus functions in controlling the 

inflammatory response. Dysregulation of the CX3CL1-CX3CR1 pathway might induce an 

initiation or exacerbation of neurodegeneration (Hickman, Izzy, Sen, Morsett, & El Khoury, 

2018) as suggested by the genetic ablation of CX3CR1 resulting in neurotoxicity (Cardona 

et al., 2006). Similarly, our study shows that CX3CR1 mutant microglia-like cells derived 

from human iPS cells display increased inflammatory responses and phagocytic activity 

compared with CX3CR1 human wild-type microglia-like cells. Thus, our data are consistent 

with CX3CR1 being involved in the homeostasis and maintenance of the deactivated state 

and inhibition of phagocytosis in microglia.
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Abbreviations

bFGF basic fibroblast growth factor

CCL CC chemokine ligand

CNS central nervous system

CRISPR clustered regularly interspaced short palindromic repeat

CSF colony-stimulating factor

CX3CL1 C-X3-C motif chemokine ligand 1

CX3CR1 C-X3-C motif chemokine receptor 1

CXCL C-X-C motif chemokine ligand

DAM disease-associated microglia

DMEM Dulbecco’s modified Eagle’s medium

FACS fluorescence-activated cell sorting

FBS foetal bovine serum
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GAPDH glyceraldehyde-3-phosphate dehydrogenase

GFP green fluorescent protein

HEK human embryonic kidney

hES human embryonic stem

IFN interferon

IL interleukin

iPS induced pluripotent stem

KO knockout

LPS lipopolysaccharide

MAP2 microtubule-associated protein 2

MGM microglial medium

MGnD microglial neurodegenerative phenotype

MIP macrophage inflammatory protein

NDS normal donkey serum

NPC neural progenitor cells

P2RY12 P2 purinergic receptor Y12

qPCR quantitative polymerase chain reaction

TMEM119 transmembrane protein 119

TNF tumour necrosis factor

TREM2 triggering receptor expressed on myeloid cells 2

WT wild type
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Figure 1. 
Expression of microglial markers in human iPS cell-derived microglia-like cells. (a) 

Immunostaining for P2RY12, TMEM119 and CX3CR1. Scale bars, 50 μm. (b) mRNA 

expression by qPCR in human iPS cell-derived neural progenitor cells (NPCs), neurons, 

astrocytes and microglia-like cells. Each bar represents the geometric mean ± SD. (c) 

Western blotting by Iba1, TMEM119 and CX3CR1
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Figure 2. 
Expression of microglial activation markers and cytokines/chemokines in human iPS cell-

derived microglia-like cells. (a) mRNA levels of microglia activation marker after microglial 

activation by qPCR in human iPS cell-derived microglia-like cells. Each bar represents the 

geometric mean ± SD. *p < .05, **p < .01 Statistical differences were assessed for ΔΔCt 

values by Student’s t test compared with control group. (b) Cytokine profiles of human iPS 

cell-derived microglia-like cells
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Figure 3. 
Phagocytic activity in human iPS cell-derived microglia-like cells. (a) Example images of 

microglia-like cells stained for beads (green), Iba1 (red) and DAPI (blue). Scale bars, 50 μm. 

(b) FACS-based phagocytosis assay with fluorescent beads. FACS analysis of human iPS 

cell-derived microglia-like cells showed cells are 38% fluorescent bead-positive (green dot) 

in a representative experiment
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Figure 4. 
Generation of CX3CR1 KO human iPS cells. (a) Deletion of human CX3CR1 using 

CRISPR/Cas9 genome editing with the following truncated peptide sequence 

MDQFPESVTENFEYDDLAEACYIGDNRGLWDCVPVHILLRHLCHWPGGKFVGSVC

PHQQQEAQECHRHLPPEPGLV*. (b) Isolation of GFP-positive iPS cells by FACS sorting. 

(c) Protein expression level of CX3CR1 in CX3CR1 KO and wild-type (WT) human iPS 

cell-derived microglia-like cells by Western blotting
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Figure 5. 
Functional analysis of CX3CR1 in human iPS cell-derived microglia-like cells. (a) mRNA 

levels of microglial activation markers (TNFα, IL-6, IL-1β) by qPCR in CX3CR1 KO and 

wild-type (WT) human iPS cell-derived microglia-like cells. Each bar represents the 

geometric mean ± SD. *p < .05 Statistical differences were assessed for ΔΔCt values by 

Student’s t test compared with WT group. (b) Cytokine profiles in CX3CR1 KO and WT 

human iPS cell-derived microglia-like cells. (c) Phagocytic activity in CX3CR1 KO and WT 

human iPS cell-derived microglia-like cells. Each bar represents the mean ± SD. **p < .01 

Statistical differences were assessed by Student’s t test compared with WT group. (d) Effect 

of CX3CL1 on the upregulation of IL-6 (microglial activation marker) upon 100 ng/ml LPS 

stimulation by qPCR in wild-type human iPS cell-derived microglia-like cells. Each bar 

represents the geometric mean ± SD. ##p < .01 and **p < .01 Statistical differences were 
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assessed for ΔΔCt values by Student’s t test compared with control group and LPS 

stimulation group, respectively
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