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ABSTRACT

Objective: Alzheimer’s disease (AD) is an irreversible and 
progressive neurodegenerative disease. Besides amyloid beta 
(Aβ) and tau accumulations, inflammation also contributes to 
AD pathogenesis. NLR family pyrin domain containing 3 (NLRP3) 
inflammasome activation in microglia is thought to be associated 
with AD. Since animal models of AD do not accurately reflect 
human pathology, in our study, human induced pluripotent 
stem cells (iPSCs) were differentiated into microglia, and their 
potential to be used in NLRP3 pathway-related mechanisms in 
AD was investigated.

Material and Method: iPSC cell lines of AD, isogenic, or control 
genotypes were differentiated into microglia and cells from 
different stages of the differentiation were characterized by flow 
cytometry, real-time quantitative polymerase chain reaction (RT-
qPCR), immunocytochemistry, and Western blot. The expression 
of proteins associated with the NLRP3 pathway was investigated 
by Western blot. For functional analysis, cytokine release was 
assessed by Enzyme-linked immunosorbent assay (ELISA) upon 
NLRP3 inflammasome activators (lipopolysaccharide (LPS), 

ÖZET

Amaç: Alzheimer hastalığı (AH) geri dönüşümsüz ve ilerleyici bir 
nörodejeneratif hastalıktır. Amiloid beta (Aβ) ve tau birikimlerinin 
yanı sıra, inflamasyon da AH patogenezinde rol oynamaktadır. 
Mikroglia hücrelerinde NLR ailesi pirin domain içeren 3 (NLRP3) 
inflamazomunun aktivasyonunun AH ile ilişkili olduğu düşünül-
mektedir. Hastalığın hayvan modelleri insandaki patolojiyi tam 
olarak yansıtamadığından, çalışmamızda insan kaynaklı indük-
lenmiş pluripotent kök hücreler (İPKH) mikrogliaya farklılaştırıla-
rak, AH’de NLRP3 yolağı ilişkili mekanizmaların araştırılmasındaki 
kullanım potansiyeli incelenmiştir.

Gereç ve Yöntem: AH, izogenik ve kontrol genotipteki iPKH 
hücre hatları mikrogliaya farklılaştırılmış ve farklılaşmanın çe-
şitli aşamalarındaki hücreler akış sitometrisi, gerçek zamanlı 
kantitatif polimeraz zincir reaksiyonu (RT-qPCR), immünosi-
tokimya ve Western blot yöntemleriyle karakterize edilmiştir. 
NLRP3 yolağı ile ilişkili proteinlerin ekspresyonu Western blot 
ile incelenmiştir. Fonksiyonel analizler için, NLRP3 inflamazom 
aktivatörleri (lipopolisakkarid (LPS), Aβ) ve inhibitörü (sitokin 
salgılanmasını inhibe edici ilaç 3, CRID3) varlığında sitokin sa-
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INTRODUCTION

Alzheimer’s Disease (AD) is the leading cause of age-re-
lated dementia. It affects more than 50 million people 
worldwide (1). AD patients show progressive alterations 
of cognitive functions and have problems with commu-
nication, judgement, and orientation skills (2). Except 
for the limited number of drugs providing symptomatic 
treatment, there is no cure for AD (3).

The most prominent hallmarks of AD are the extracellular 
deposition of amyloid beta (Aβ) plaques and neurofibril-
lary tangles caused by the intracellular accumulation of 
hyperphosphorylated tau protein (4). Neuroinflammation, 
mediated by microglia and astrocytes surrounding Aβ 
plaques and neurofibrillary tangles, also contributes to the 
disease (5). Microglia, the innate immune cells of the cen-
tral nervous system (CNS), plays a central role in brain ho-
meostasis (6). They monitor the environment searching for 
pathogens and respond to inflammatory stimuli to main-
tain homeostasis (7). However, exposure to chronic stimuli 
causes microglial activation (8). Activated microglia switch 
to amoeboid morphology and have a number of changes 
such as surface markers and molecules that they release 
or recognize (7). They become more motile and migrate 
to the relevant area using chemotactic gradient clues (9).

Current studies have shown that the NLR family pyrin 
domain containing 3 (NLRP3) inflammasome pathway 
is activated in AD patients and mouse models (10, 11). 
NLRP3 is the best-characterized inflammasome consisting 
of NLRP3, apoptosis-associated speck-like protein con-
taining a CARD (ASC), and caspase-1 proteins (12). The 
NLRP3 inflammasome pathway is activated in microglia 
in two steps. The first step is priming (e.g., triggered by 
lipopolysaccharide (LPS)), which promotes NF-kB gene 
transcription and pro-interleukin-1β (pro-IL-1β) and pro-
IL-18 protein production, and the second step is activa-
tion (e.g., triggered by adenosine triphosphate (ATP), Aβ) 

(13). The activation signal leads to the assembly of NLRP3 
inflammasome components, promoting the cleavage of 
pro-caspase-1 to active caspase-1, which further induces 
the production of IL-1β and IL-18 in their mature form (14). 
Activation of this pathway in AD mouse model leads to 
increased Aβ deposition, reduced Aβ phagocytosis and 
results in cognitive impairment (11). Several studies have 
shown that NLRP3 inflammasome inhibition ameliorates 
Aβ pathology and protects against AD in rodent models 
(15, 16). Therefore, NLRP3 inflammasome inhibitors have 
been evaluated as therapeutic targets for AD. The cytokine 
release inhibitory drug 3 (CRID3) is one of the most potent 
and selective inhibitors of the NLRP3 inflammasome (17, 
18). Inhibition of this pathway with CRID3 has been con-
sidered a promising anti-inflammatory therapy in AD (19).

Animal models have helped to investigate the key mecha-
nisms involved in the physiopathology of AD. However, these 
models do not fully recapitulate the characteristics of AD and 
therefore need to be completed (20). The use of human-de-
rived microglia is not always possible due to the inability to 
obtain samples from the CNS. The discovery of induced 
pluripotent stem cells (iPSCs) overcame the limited possibil-
ities of animal models and offered a unique opportunity to 
investigate disease mechanisms using human-derived brain 
cells (21). Recently, several groups have proposed different 
methods to generate microglia from human iPSCs (22). As 
iPSCs represent the pathology better, they can be eligible to 
investigate new treatment opportunities in AD. 

The aim of this study was to characterize human iPSC-de-
rived microglia and investigate their potential to be used 
in NLRP3 pathway-related neuroinflammatory mecha-
nisms involved in AD.

MATERIAL AND METHODS

Human iPSC cell lines
All three iPSC lines were reprogrammed from skin fibro-
blasts derived either from a control subject (CTL) or an AD 

Aβ) and inhibitor (cytokine release inhibitory drug 3, CRID3) 
treatments. The phagocytosis of pHrodo particles and Aβ were 
evaluated by flow cytometry, fluorescence microscopy, and live 
cell imaging system.

Result: In our study, we could differentiate microglia from 
iPSCs derived from different genotypes. These microglia cells 
expressed various microglia and NLRP3 inflammasome-related 
markers and were able to phagocytose pHrodo particles and Aβ. 
The stimulation of the microglia cells with LPS and Aβ caused IL-
1beta and IL-18 release, while CRID3 reversed this effect. 

Conclusion: Our results show that iPSC-derived microglia 
generated in this study recapitulate microglia functional 
characteristics and can therefore be used to study NLRP3 
pathway-associated disease mechanisms and treatment options.

Keywords: Microglia, induced pluripotent stem cells, 
neuroinflammation, NLRP3 inflammasome, amyloid beta

lımı ELISA ile ölçülmüştür. pHrodo partiküllerinin ve amiloid 
betanın fagositozu ise akış sitometrisi, floresan mikroskobu ve 
canlı hücre görüntüleme sistemi ile değerlendirilmiştir.

Bulgular: Çalışmamızda farklı genotiplerdeki İPKH’ler başarılı bi-
çimde mikrogliaya farklılaştırılmıştır. Elde edilen mikroglia hücre-
lerinin çeşitli mikroglia ve NLRP3 inflamazomu ilişkili belirteçleri 
eksprese ettiği ve pHrodo ile amiloid betayı fagosite edebildiği 
gösterilmiştir. Mikroglia hücrelerinin LPS ve amiloid beta ile uya-
rılması IL-1beta ve IL-18 salımına neden olurken, CRID3 uygulan-
ması bu etkiyi tersine çevirmiştir.

Sonuç: Çalışmamız İPKH’den farklılaştırılan mikroglia hücreleri-
nin, mikroglianın işlevsel özelliklerini taşıması nedeniyle NLRP3 
yolağı ile ilişkili hastalık mekanizmalarının ve tedavi seçenekleri-
nin araştırılmasında kullanılabileceğini göstermektedir.

Anahtar Kelimeler: Mikroglia, indüklenmiş pluripotent kök hüc-
reler, nöroinflamasyon, NLRP3 inflamazomu, amiloid beta
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patient (AD) carrying the ΔE9 mutation in the presenilin-1 
(PSEN1) gene. In addition, an isogenic line (ISO) was used 
where the mutation ΔE9 has been corrected in the AD line.

All the iPSC lines were generated with the approval of the 
committee on Research Ethics of Northern Savo Hospital 
district (Date: 29.04.2016, No: 123) after written consent 
from the subjects. iPSC lines were provided by the Univer-
sity of Eastern Finland (UEF) based on a material transfer 
agreement with the German Center for Neurodegenera-
tive Diseases (DZNE).

iPSC-derived microglia cell culture
Microglial differentiation from iPSCs was performed accord-
ing to a previously published protocol (23). iPSCs were ex-
panded in mTeSR™ Plus medium (Stem Cell Technologies, 
Canada) on matrigel (Corning, USA). Firstly, hematopoietic 
progenitor cells (HPCs) were generated from iPSCs, and 
then they were differentiated into microglia (Figure 1A). All 
the cells were incubated under 37°C and 5% CO2 conditions 
in an incubator (ICO 240, Memmert, Germany). 

Flow cytometry analysis
Phenotypical characterization of the cells was performed us-
ing flow cytometry. For each sample 2x105 cells were used. 
Fluorochrome-conjugated antibodies CD11b-BV605 (1:33 
(v:v), 562721, Horizon, BD, USA), CD45-APC-Cy7 (1:33 (v:v), 
557833, (Pharmingen, BD), CD200R-APC (1:33 (v:v), 329308, 
BioLegend, USA), P2RY12-PE (1:33 (v:v), 392104, BioLegend), 
CD14-PE-Cy7 (1:33 (v:v), 557742, Pharmingen, BD), CD16-
BV421 (1:33 (v:v), 562874, Horizon, BD), CX3CR1-FITC (1:33 

(v:v), 341606, BioLegend), CD235a-PE-Cy7 (1:33 (v:v), 349112, 
BioLegend), CD43-APC (1:33 (v:v), 343206, BioLegend), 
CD34-PE (1:33 (v:v), 130-120-515, Miltenyi Biotec, Germany) 
or primary antibodies anti-TMEM119 (1:50 (v:v), ab185333, 
Abcam, UK), anti-TREM2 (1:50 (v:v), MABN755, Millipore, 
French) followed by labelling with secondary antibodies goat 
anti-rabbit Alexa Fluor 647 (1:10000 (v:v),  A-21244, Invitrogen, 
USA) or goat anti-rat Alexa Fluor 488 (1:10000 (v:v), A-11006, 
Invitrogen) were used. To assess cell viability, the cells were 
stained with 7-AAD (Pharmingen, BD). Samples were ana-
lyzed using a flow cytometer (FACS Canto II, BD), data were 
analyzed using FlowJo software (BD).

Real-Time quantitative PCR (RT-qPCR)
RNA purification was performed using the RNeasy® Mini 
Kit (74104, Qiagen, Germany). RNA concentration and 
purity were determined using a spectrophotometer (Nan-
oDropTM 2000c, Thermo Scientific, USA). cDNAs were 
synthesized from RNA samples using the RT2 First Strand 
Kit (330404, Qiagen). PCR reaction was set using cDNAs, 
primers of related genes and RT2 SYBR® Green Mas-
ter Mix (330502, Qiagen). Table 1 indicates information 
about the gene-specific primer assays (human) purchased 
(330001, RT2 qPCR Primer Assay, Qiagen). PCR conditions 
were determined as 1 cycle at 95°C for 10 min, 40 cycles 
at 95°C for 15 s and at 60°C for 1 min using a thermal cy-
cler (StepOnePlus, Applied Biosystems, USA). Compara-
tive Ct quantification (ΔΔCt method) was performed using 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as 
the endogenous control gene, and relative fold changes 
were calculated comparing to control samples.

Table 1: Information about the primers used in the RT-qPCR assays (330001, RT2 qPCR Primer Assay, Qiagen)

Gene symbol Gene name RefSeq accession number Reference position

NANOG Nanog homeobox NM_024865 1774

SOX2 SRY (sex determining region Y)-box 2 NM_003106 1091 

CD34 CD34 molecule NM_001773 474

IBA1(AIF1) Allograft inflammatory factor 1 NM_001623 349 

CD14 CD14 molecule NM_000591 463 

CSF1 Colony-stimulating factor 1 NM_000757 738

CX3CR1 Chemokine (C-X3-C motif) receptor 1 NM_001337  558

TREM2 Triggering receptor expressed on myeloid cells 2 NM_018965 608

TLR2 Toll-like receptor 2 NM_003264 415

TLR4 Toll-like receptor 4 NM_138554 2695 

P2RY12 Purinergic receptor P2Y, G-protein coupled, 12 NM_022788 1115

TUJ1 (TUBB3) Tubulin, beta 3 class III NM_006086 436

GFAP Glial fibrillary acidic protein NM_002055 1078

OLIG2 Oligodendrocyte lineage transcription factor 2 NM_005806 401

GAPDH Glyceraldehyde-3-phosphate dehydrogenase NM_002046 822
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Immunocytochemistry
Mature microglia were plated as 15x104 cells/well on 
PDL-coated 8-well chamber slide. Cells were fixed with 4% 
paraformaldehyde, permeabilized with 3% Triton X-100 in 
PBS, and blocked with 3% normal goat serum (Vector Lab-
oratories, USA). Anti-TREM2 (1:500 (v:v), MABN755, Mil-
lipore), anti-IBA1 (1:250 (v:v), 019-19741, Wako, USA), an-

ti-TMEM119 (1:500 (v:v), ab185333, Abcam) and anti-PU.1 
(1:40 (v:v), PA5-35158, Thermo Fisher Scientific) primary 
antibodies, and goat anti-rabbit Alexa-Fluor 488 (1:10000 
(v:v), A-11008, Invitrogen) or goat anti-rat Alexa-Fluor 488 
(1:10000 (v:v), A-11006, Invitrogen) secondary antibodies 
were used. Cells were imaged using an Laser Confocal 
Scanning Microscope (LSM800, Zeiss, Germany) and im-
ages were processed using Image-J software (USA).

Figure 1: 
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Western blot
Cells were lysed in RIPA lysis buffer, protein concentrations 
were determined using BCA Protein Assay Kit (Thermo Sci-
entific). 20 μg proteins were separated on 4-12% Bis-Tris 
gels (Invitrogen) and blotted onto nitrocellulose membranes 
(Bio-Rad, USA) which were stained with anti-GSK3β (1:1000 
(v:v), 9315, Cell Signaling Technology), anti-TUJ1 (1:1000 
(v:v), MAB1195, R&D Systems, USA), anti-Nestin (1:2000 (v:v), 
PA5-11887, Thermo Fisher Scientific), anti-Olig-2 (1:500 (v:v), 
AV31464, Sigma-Aldrich, Germany), anti-ASC (1:1000 (v:v), 
AG-25B-0006-C100, Adipogen, USA), anti-NLRP3 (1:500 
(v:v), AG-20B-0014-C100, Adipogen), anti-MyD88 (1:500 (v:v), 
ab2064, Abcam), anti-IBA1 (1:1000 (v:v), 17198, Cell Signaling 
Technology, USA), anti-TREM2 (1:1000 (v:v), ab209814, Ab-
cam), anti-GFAP (1:1000 (v:v), MAB360, Millipore), anti-GAP-
DH (1:1000 (v:v), G9545, Sigma-Aldrich), anti-β-actin (1:1000 
(v:v), MA5-15739, Thermo Fisher Scientific) antibodies and 
labelled with fluorescent near-infrared secondary antibodies 
IRDye 800CW Goat anti-rabbit IgG and IRDye 680LT Goat 
anti-mouse IgG (1:20000 (v:v), 926-32211 and 926-68020, LI-
COR, USA). Proteins were visualized with an imaging system 
(Odyssey CLx Imaging System, LI-COR), images were ana-
lyzed using Image Studio (LI-COR). Protein levels were nor-
malized to GAPDH or β-actin protein expressions.

Aβ preparation
Fibrillary Aβ Preparation: 1 mg HFIP (hexafluoro-2-pro-
panol) treated Aβ1-42 (Bachem, Switzerland) was dissolved 
in Dulbecco's Phosphate-Buffered Saline (DPBS) with 250 
µM final concentration. Fibril formation was induced by 
incubating on a shaker at 1000 rpm and 37°C for 80 h, 
and the solution was kept at -80°C until use.

FAM-labelled Aβ Preparation: 0.5 mg fluorescently la-
belled Aβ 1-42 (AnaSpec, Eurogentec, USA) was dissolved 
in 40 mM NaOH and diluted to 221 µM with Tris HCl. Af-
ter incubation at 37°C for 24 h, the solution was kept at 
-80°C until use.

Stimulation assays
Mature microglia were plated onto matrigel-coated 
plates and primed for 3 h with 100 ng/ml LPS (tlrl-eklps, 
InvivoGen, USA) and stimulated with 2,5 𝜇M fibrillary Aβ 
for 24h. Cells were incubated in the presence or absence 
of 1 𝜇M CRID3 (MCC950, Invivogen). 

Measurement of cytokine secretion
Cytokines release after stimulation were measured by 
ELISA. Cell culture supernatants were assayed according 
to the manufacturer’s protocol (human IL-1β, IL-18, IL-6, 

Figure 1: Continue. (A) A two-step protocol was used to obtain iPSC-derived microglia. In the first step of the protocol, 
HPCs were differentiated from iPSCs after 12 days. In the second step of the protocol, HPCs were driven into microglial 
differentiation for 24 days and after 4 days of further maturation, mature iPSC-derived microglia were obtained. (B, C) 
Percentages of positive cells analyzed by flow cytometry in HPCs, iPSC-derived microglia on day 15 (Microglia DIV15), and 
mature iPSC-derived microglia for CD235a, CD34, CD43, CD16, CD200R, CX3CR1, CD45, CD11b, CD14, P2RY12, 
TMEM119, and TREM2 markers (HPCs (n=3), Microglia DIV15 (n=3) and Mature Microglia (n=1)). Relative quantification of 
mRNA expressions of (D) pluripotency markers NANOG and SOX2 in iPSCs, (E) hematopoietic marker CD34 in HPCs, and 
(F) microglia-associated markers IBA1, CD14, TREM2, CSF1, TLR2, TLR4, P2RY12, and CX3CR1 in iPSC-derived microglia 
by RT-qPCR. GAPDH was used as an endogenous control gene, and data are shown as fold increase relative to control 
samples. Experiments were carried out in triplicates. One-Way ANOVA, followed by Tukey’s multiple-comparison post-
hoc test (D, E) or unpaired Student’s t-test (F). (G) Immunocytochemical staining of iPSC-derived microglia with IBA1, 
TMEM119, TREM2, and PU.1. Scale bar: 100 µm. (H) Western blots and quantification of the proteins IBA1 and TREM2 at 
different differentiation stages (iPSCs, HPCs, culture layers, and iPSC-derived microglia).
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CXCL12 DuoSet ELISA kit (R&D Systems)). Optical den-
sity was determined at 450 nm with a microplate reader 
(Infinite M200, Tecan,  Switzerland), data were analyzed 
using GraphPad® Prism 8 software.

Phagocytosis analyses 
Mature microglia were plated in Microglia Basal Medium 
on Matrigel-coated 24-well plates as 18x104 cells/well. Af-
ter incubation with 10 µg/ml pHrodo bioparticles (Invitro-
gen) for 30 min, 1 h, and 2 h or 0.5 µM FAM-labelled Aβ 
(AnaSpec, Eurogentec) for 1 h, 3 h, and 5 h, the cells were 
collected from the plates and added in FACS tubes. The 
cells were stained with 7-AAD dye (Pharmingen, BD) for 
10 min. Samples were analyzed using a BD FACSCanto II 
flow cytometer, data were analyzed using FlowJo software.

Live cell imaging
iPSC-derived microglia were plated in Microglia Differ-
entiation Medium on PDL-coated 8-well chambers as 
105 cells/well and incubated overnight. The medium was 
changed to Microglia Basal Medium and 40 μM TAM-
RA-labelled Aβ (AnaSpec, Eurogentec) was added. Time-
lapse images were taken during 1 h or 30 min, and videos 
were created from these images using Live Cell Imaging 
Microscopy (Eclipse Ti, Nikon, Japan) and NIS-Elements 
software (Nikon).

Statistical analyses
Graph Pad Prism software Version 8.0 was used. Statis-
tical analysis was performed using one-way ANOVA or 
two-way ANOVA, followed by Tukey’s multiple-compar-
ison post hoc test or unpaired Student’s t-test. Levels of 
significance were indicated as ****p<0.0001 ***p<0.001 
**p<0.01 *p<0.1.

RESULTS

Characterization of iPSC-derived HPCs and microglia
iPSC-derived microglia were obtained at the end of 40 
days of differentiation. In the first step, iPSCs were driven 
into mesodermal differentiation and then hematopoiesis 
was promoted. Round-shaped hematopoietic progeni-
tor cells (HPCs) were obtained on day 12 (Figure 1A). In 
the second step, the collected HPCs were cultured in 
Microglia Differentiation Medium for 24 days. After four 
days of maturation in the Microglia Maturation Medium, 
iPSC-derived microglia were obtained (Figure 1A).

Flow cytometry showed that HPCs expressed hemato-
poietic markers CD43, CD235a, CD34 and also myeloid 
marker CD45 (Figure 1B). iPSC-derived microglia on day 
15 started expressing CD11b and CD14 while hemato-
poietic marker expressions were decreasing. The expres-
sion of the myeloid markers CD45, CD11b, and CD14 was 
highly increased in mature microglia. Also, CX3CR1 and 
P2RY12 expressions increased when compared to HPCs. 
Almost all the cells of the mature microglia expressed 

the important microglia-associated markers TREM2 and 
TMEM119 (Figure 1C).

Various gene expressions of iPSC, HPC, and iPSC-derived 
microglia were determined by RT-qPCR. iPSCs expressed 
the pluripotency markers NANOG and SOX2 (Figure 1D). 
HPCs expressed hematopoietic marker CD34 (Figure 1E), 
and iPSC-derived microglia expressed all the microg-
lia-associated markers that were tested (Figure 1F).

Immunocytochemistry for IBA1, TMEM119, TREM2, and 
PU.1 was performed. iPSC-derived microglia were posi-
tively stained with all four markers (Figure 1G).

IBA1 and TREM2 expressions during differentiation were 
also analyzed by Western blot. IBA1 was slightly ex-
pressed in all stages of differentiation, but its expression 
was increased in iPSC-derived microglia, especially in the 
AD genotype (Figure 1H). TREM2 was only expressed 
in iPSC-derived microglia (Figure 1H). IBA1 and TREM2 
proteins were expressed higher in the AD genotype com-
pared to ISO.

Characterization of culture layers
During differentiation, iPSCs formed a layer of attached 
cells, which we named culture layer, and on top of which 
HPCs pop off (Figure 2A). We aimed to characterize cul-
ture layers after collecting the HPCs. Western blot results 
revealed that TUJ-1 was highly expressed in the culture 
layers of all genotypes (Figure 2B). However, a very low 
level to no expression of GFAP was detected (Figure 2B). 
In addition, neural progenitor cell (NESTIN) and oligo-
dendrocyte (OLIG-2) markers were not detected in the 
culture layers by Western blot (not shown).

TUJ1, GFAP, and OLIG-2 expressions of the culture layers 
were also assessed by RT-qPCR, and similar results were 
obtained. TUJ1 was highly expressed in the culture lay-
ers (Figure 2C). However, GFAP and OLIG-2 expressions 
were not detected (not shown).

Aβ caused NLRP3-related cytokines release in iP-
SC-derived microglia
iPSC-derived microglia expressed ASC and NLRP3 proteins, 
but very low/no expression was detected in iPSC, HPC, and 
culture layers (Figure 3A). MyD88 protein was expressed in 
iPSC, culture layer, and iPSC-derived microglia at low lev-
els, but no expression was detected in HPC samples (Figure 
3A). GSK3β protein was prominently expressed in iPSC, the 
culture layer, and iPSC-derived microglia, but no expression 
was detected in the HPC samples (Figure 3A).

To characterize NLRP3 inflammasome pathway activation, 
ELISA analyses were performed after the stimulation as-
says (Figure 3B). Aβ stimulation after LPS priming caused 
a significant increase in IL-1β and IL-18 release (Figure 
3C). In the presence of CRID3, this effect was counteract-
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ed. The secretions of other pro-inflammatory cytokines 
were also measured. LPS priming and Aβ stimulation af-
ter LPS priming increased IL-6 release, but this increase 
was not statistically significant (Figure 3C). Aβ stimulation 
after LPS priming caused an increase in CXCL12 release, 
and CRID3 treatment decreased this release (Figure 3C).

iPSC-derived microglia phagocytosed pHrodo biopar-
ticles and Aβ
The phagocytosis of pHrodo bioparticles by iPSC-derived 
microglia was increased in a time-dependent manner 
(Figure 4A). Phagocytosis of pHrodo bioparticles were 
visualized using fluorescence microscopy (Figure 4B).

The percentages of Aβ phagocytosis by iPSC-derived 
microglia were high for both genotypes. (Figure 4C). iP-

SC-derived microglia of the AD genotype were observed 
to be slightly more phagocytic than those of the ISO gen-
otype, but this difference was not statistically significant.

Aβ phagocytosis of the cells was also observed with live-
cell imaging. iPSC-derived microglia of the AD genotype 
were observed to be more phagocytic than those of the 
ISO genotype (Figure 4D).

DISCUSSION

Recent studies have revealed the importance of neuroin-
flammation in AD and highlighted the role of microglia 
as one of the main regulators of neuroinflammation (24). 
Until recently, microglia studies were limited to animal 
models, biopsy of patients, or post-mortem brain sam-
ples (25). Although animal models have provided us with 

Figure 2: (A) During differentiation, iPSCs form a layer of attached cells called the culture layer (asterisks), on top of 
which HPCs (arrows) pop off. (B) Western blots and quantification for the proteins TUJ1 and GFAP of the culture layers 
(n=4). (C) Relative quantification of mRNA expressions of TUJ1 and GFAP in the culture layers by RT-qPCR. GAPDH was 
used as an endogenous control gene, and data are shown as fold increase relative to the control samples. Experiments 
were carried out in triplicates. One-Way ANOVA, followed by Tukey’s multiple comparison post hoc test.
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very useful information regarding the pathogenesis of 
AD, failures in drug development studies have led to the 
questioning of these models. Since the etiology of AD 
is still not fully known, the ability of many proposed AD 
animal models to represent AD pathology is limited. For 
example, although animal models produced by the over-
expression of AD-related genes recapitulate Aβ plaques, 
neuroinflammation, and memory loss, they fail to display 
neuronal death and degeneration, which are important 
hallmarks of AD in humans. Additionally, transcriptomic 
studies demonstrated substantial differences between 
murine and human microglia, including different aging. 
Most animal models fail to demonstrate the molecular 
signatures implicated in human AD cases, such as neu-
roinflammatory responses, antigen presentation, and 
adaptive immune responses (20, 26). Since the accessi-
bility of human brain tissue is very limited, the number of 
studies on primary human microglia is few and restrict-
ed to patient samples or post-mortem tissue harvesting. 
Working with these samples brings problems, such as 
limited number of cells, post-mortem artefacts, and lack 
of healthy controls. Since iPSCs can be obtained from 
both patients and healthy individuals, provide a physio-

logically relevant background, can be proliferated indef-
initely, and can be differentiated into desired brain cells, 
they present a valuable human cell source for investigat-
ing AD mechanisms by overcoming the limitations of the 
previous models (22). 

Microglia originate from mesodermal primitive yolk sac 
progenitors, which give rise to erythromyeloid progeni-
tors (EMPs) (27, 28). EMPs form yolk sac macrophages at 
E17 and migrate to the brain to form microglia from E31 
until the blood-brain barrier is closed. Microglia that inter-
act with other brain cells become mature and functional 
(22, 29). By mimicking the developmental stages, research 
groups have developed protocols to differentiate iPSCs 
into microglia. Although the basic approach is the same, 
each protocol has differences. As the first step of differ-
entiation, iPSCs were directed to mesodermal differentia-
tion using growth factors, and myeloid progenitors/eryth-
ro-myeloid progenitors were obtained. Afterwards, the 
cells were supported with essential growth factors and sig-
naling molecules to promote microglial differentiation. For 
maturation, microglia co-cultured with neurons/astrocytes 
or maturation factors (CD200 and CX3CL1) were added to 

Figure 3: (A) Western blots and quantification for the proteins ASC, NLRP3, MYD88, and GSK3β of different 
differentiation stages (iPSCs, HPCs, culture layers, and iPSC-derived microglia); ASC and GSK3β (n=2), NLRP3 and 
MYD88 (n=1). (B) Scheme of stimulation experiments showing 3 h LPS priming and 24 hours Aβ stimulation of iPSC-
derived microglia. (C) IL-1β, IL-18, IL-6, and CXCL12 release of iPSC-derived microglia upon LPS priming and Aβ 
stimulation in the presence or absence of CRID3. Experiments were carried out in duplicates (except CXCL12; n=1). 
Two-Way ANOVA, followed by Tukey’s multiple-comparison post hoc test, *:p<0.1, **:p<0.01, ***:p<0.001, ****:p<0.0001.
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the media (23, 29-31). Some methods required low oxy-
gen conditions or the separation of cells by FACS using 
specific markers (30-34). As McQuade et al. suggested a 

simplified method that does not need hypoxic incubation, 
FACS sorting, or co-culture, we followed their protocol to 
obtain microglia from iPSCs (23).

Figure 4: (A) Flow cytometry graphs showing pHrodo phagocytosis of iPSC-derived microglia after 30 min, 1 h, and 2 
h incubation with pHrodo bioparticles (n=1). (B) Fluorescence microscopy images of iPSC-derived microglia showing 
nuclei of the cells (blue) and phagocytosed pHrodo bioparticles (red, arrows), 20X. (C) Flow cytometry graphs showing 
Aβ phagocytosis of iPSC-derived microglia after 1 h, 3 h, and 5 h incubation with FAM-labelled Aβ, (n=2). Two-Way 
ANOVA, followed by Tukey’s multiple-comparison post-hoc test. (D) Live cell imaging microscopy photographs showing 
TAMRA-labelled Aβ phagocytosis (arrows) of iPSC-derived microglia, 20X.
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Following the protocol, during mesodermal differentiation, 
iPSCs formed an attached layer of an unknown cell pop-
ulation, which we call culture layer, on top of which HPCs 
pop off. After collecting HPCs as a suspension on day 12, 
analysis of the culture layers revealed the expression of the 
neuronal marker TUJ-1 both at the mRNA and protein lev-
els. Foudah et al. reported the spontaneous expression of 
neural markers, including TUJ-1, in undifferentiated mesen-
chymal stem cells from different sources (35). However, Bi-
anchi et al. showed that undifferentiated iPSC colonies did 
not express TUJ-1 (36). TUJ-1 is known as an early neuronal 
marker widely used in stem cell studies to verify neuronal 
differentiation. In this context, TUJ-1 expression in the cul-
ture layers indicates that, although not targeted, neuronal 
differentiation of iPSCs may have been induced in the cul-
ture layers, and neurons may be the main supportive cells of 
microglial differentiation in this protocol.

One of the challenging problems of microglia research 
is that there is no specific marker for microglia. Some 
highly used common microglia markers (CD45, CD11b, 
IBA1) are known to be shared with other cell types like 
macrophages. Therefore, several studies have proposed 
potential markers specific to microglia. To the current 
knowledge, TREM2, TMEM119, CX3CR1, and P2RY12 are 
considered as the most specific microglia markers in hu-
man tissues (37, 38). TREM2 is involved in processes such 
as phagocytosis, proliferation, and chemotaxis, is a mark-
er of tissue-specific macrophages, and is known to be ex-
pressed only by microglia in the brain. Garcia-Reitboeck 
et al. showed TREM2 expression in microglia differentiat-
ed from human iPSCs (39). TMEM119 is a transmembrane 
protein originally described as a regulator of osteoblast 
differentiation. Transcriptomic studies have shown that 
TMEM119 is expressed specifically by microglia in the 
CNS (40). Subsequent studies suggested TMEM119 to 
distinguish microglia from blood-derived macrophages 
infiltrating the CNS (41). CX3CR1, a chemokine receptor 
expressed in microglia, is involved in the recruitment of 
mononuclear phagocytes to the inflammation site. Since 
neurons express CX3CL1, the ligand of the receptor, CX-
3CR1-CX3CL1 signaling pathway plays an important role 
in microglia and neuron communication (42). P2RY12, a 
purinergic receptor located on the surface of microglia, 
detects molecules such as ATP released from damaged 
cells in case of danger and is involved in processes re-
lated to inflammation, cell movement and cell migration 
(43). In this study, we have validated that iPSC-derived 
microglia express the microglia-specific markers TREM2, 
TMEM119, CX3CR1, and P2RY12 in addition to the com-
mon microglia markers. 

Microglia are responsive to inflammatory stimuli, and an 
exaggerated inflammatory response is involved in AD (38). 
Several studies have shown that inhibition of the NLRP3 in-
flammasome pathway improves amyloid pathology in rodent 

disease models and may be protective against AD (15, 16). 
Therefore, NLRP3 inflammasome inhibitors are considered 
among the therapeutic targets. CRID3 is one of the most ef-
fective and selective inhibitors of the NLRP3 inflammasome. 
It binds to the Walker B motif in the NACHT domain of the 
NLRP3 protein and puts it in a more closed and inactive 
conformation. This prevents ATP hydrolysis of NLRP3, thus 
preventing the activation of the NLRP3 inflammasome (18). 
Lučiūnaitė et al. showed that increased IL-1β levels upon stim-
ulation with Aβ after LPS priming decreased after CRID3 ad-
ministration in primary mouse microglia (44). Dempsey et al.  
stated that Aβ pathology was reduced and IL-1β level was 
decreased in brain homogenates upon CRID3 treatment 
in APP/PS1 mice (45). Mouton-Liger et al. showed that in-
creased levels of IL-1β and IL-18 with NLRP3 activators were 
decreased with CRID3 treatment in primary mouse microglia 
(46). Clénet et al. differentiated microglia from iPSCs of Amy-
otrophic Lateral Sclerosis patients and healthy subjects (47). 
LPS treatment caused increase of IL-1β level, while CRID3 
decreased this effect. In our study, we showed that iPSC-de-
rived microglia expressed NLRP3 pathway-related proteins, 
and stimulation with Aβ after LPS priming resulted in the 
release of IL-1β and IL-18 cytokines. Moreover, in the pres-
ence of CRID3, cytokine releases were significantly reduced. 
Our results indicate that iPSC-derived microglia do not only 
express microglial markers but also show critical functional 
microglial features like being responsive to important stimu-
lators in AD. Also, together with previous research, our results 
support that inhibition of the NLRP3 inflammasome pathway 
using inhibitors such as CRID3 can be evaluated as a new an-
ti-inflammatory treatment method for AD. 

Microglia recognize and phagocytose foreign particles 
and protein aggregates via various receptors on their sur-
face. Our study showed that iPSC-derived microglia can 
successfully phagocyte pHrodo and Aβ. These data indi-
cate that iPSC-derived microglia do not only express mi-
croglia-associated markers but also carry the phagocytic 
function of microglia. One of the proposed mechanisms 
of AD is the inability of microglia to clear Aβ deposits 
due to decreased phagocytic activity. However, there are 
controversial results regarding microglial phagocytosis in 
AD. In 5XFAD mice, microglia around Aβ plaques took up 
Aβ which is followed by microglial cell death, and dying 
microglia released Aβ deposits in the extracellular space, 
contributing to Aβ plaque growth (48). In APP/PS1 mice, 
deficiency of TAM receptors that function in Aβ phago-
cytosis of microglia resulted in fewer dense core plaques, 
showing that phagocytosis does not prevent the develop-
ment of Aβ plaques, but rather promotes it (49). Xu et al. 
stated that human iPSC-derived microglia-like cells (iMGL) 
originating from sporadic AD lines showed higher phago-
cytic ability than control lines (50). However, Konttinen et 
al. reported dampening of phagocytosis in APOE4 iMGLs, 
but no change in APPswe or PSEN1ΔE9 iMGLs (33). In our 
study, we evaluated pHrodo and Aβ phagocytosis ability 
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of iPSC-derived microglia and the AD genotype seemed 
more phagocytic than that of the ISO genotype. Further 
research is needed to elucidate whether microglial phago-
cytosis contributes to the disease pathology in AD.

CONCLUSION

In summary, our study shows that iPSC-derived microglia 
provide key phenotypical and functional characteristics of 
microglia, such as expressing various distinctive microg-
lial markers, being responsive to stimulant molecules, 
and being able to phagocytose Aβ. As iPSC-derived mi-
croglia originate from patients’ own cells, this helps to 
overcome the limitations of AD studies related to animal 
models. Our results support that human iPSC-derived 
microglia can be a critical tool for understanding human 
AD pathogenesis, identifying therapeutic targets, and 
allowing large-scale drug screening of novel therapeutic 
candidates related to the NLRP3 inflammasome pathway.
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