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Introduction

Microglia are the tissue-resident macrophages of the central nervous system (CNS), with the 
ability to scavenge dying cells, phagocyte cellular debris, pathogens, and various molecules 
that are perceived as threatens to the CNS. Microglia is performing these processes using 
pattern recognition receptors, that are essential for phagocytosis and endocytosis [1,2]. 
Microglia is part of a group of mononuclear phagocytes that also include peripheral tissue 
and CNS-associated macrophages, dendritic cells and monocyte cells. During development, 
microglia have essential roles as effectors and regulators of synaptic plasticity, synaptic 
pruning neurogenesis, and brain homeostasis, while during aging their neuro-immune activity 
becomes predominant [3,4]. In the adult mammalian CNS, mature microglia exhibit a small cell 
soma, with little perinuclear cytoplasm, and highly branched with fine ramified processes 
covered in small fine protrusions [5]. Microglial activation undergo drastic morphological and 
functional alterations being classically characterized by two major changes: i) first, the cell 
shape convert from a highly ramified, motile morphology to a larger, amoeboid form, and ii) 
second, once in the amoeboid form microglia become active phagocytes [2,6].

Microglial cells are of mesodermal/mesenchymal origin and derive from progenitors 
that migrated into the CNS from the periphery [1,7]. These invading cells migrate from the 
extraembryonic yolk sac towards the developing CNS, entering in several migration steps 
and spots (e.g., the choroid plexus) [8,9]. Notably, upon closure of the blood-brain barrier 
and cessation of monocyte exchange between the CNS and periphery, and also during 
adulthood, the number of microglia remains relatively steady based on intrinsic apoptosis 
and self-renewal [10,11]

The discovery of the four transcription factors Oct4, Sox2, Klf4, and cMyc (known as 
Yamanaka factors) enables reprogramming of somatic cells (e.g. fibroblasts) into pluripotent 
stem cells (iPSC). Reprograming somatic cells into iPSC provide an unlimited source of 
cells while disregarding ethical and practical restrictions [12]. For example, in the field 
of cell biology, the integration of iPSC-derived cells into 3D brain organoids brings the 
opportunity to study brain cell interactions and how these interactions affect the pathology 
of neurodegenerative diseases. In recent years, several protocols became available that 
allowed for the differentiation of human iPSCs into iPSC-derived microglia (iPSC-MG) [13–18]. 
A more detailed assessment of iPSC-MGs demonstrated a high congruency with human fetal 
and adult microglia. First of all, microglia derived from iPSC (iPSC-MG) were found to show 
similar gene expression when compared to fetal or adult microglia with regard to P2RY12, 
GPR34, C1Q, CABLES1, BHLHE41, TREM2, ITAM PROS1, APOE, SLCO2B1, SLC7A8, PPARD, 
and CRYBB1 genes [13]. Moreover, both LPS-induced release of cytokines/chemokines such 
as TNFα, CCL2, CCL4, and CXCL10 and Ca2+ transients in response to ADP highly resembled 
that of primary microglia responses [13,19]. Functional assessment of iPSC-MG activity 

Abstract

Microglia are the resident macrophages of the brain and are considered the first line of 
defense against injury in the central nervous system. Microglia play important roles in 
synaptic plasticity, neurogenesis, brain homeostasis, and neuro-immune activity. They 
are essentially involved in neurodegenerative diseases such as Parkinson’s disease and 
Alzheimer’s disease, underlining the need to increase our understanding of their function 
in disease1. Cerebral organoids are human pluripotent stem cell (hPSC)-derived three-
dimensional in vitro culture systems that can possibly be used as a neural environment 
to study microglia. To validate this option, the functional and transcriptional similarities 
between iPSC-derived microglia and microglia co-cultured inside an organoid have to be 
studied. In our study, the first step was to differentiate microglia from a human iPSC line, 
according to Douvaras et al., 20172 and generate organoids based on Lancaster et al., 20133. 
We obtained 85% of pure microglial progenitors, positive for CD14 and CX3CR1. We further 
demonstrated the maturity of these microglia by immunofluorescence staining for CD11b, 
TMEM119, and Iba-1. To test the functionality of iPSC-derived microglia, we stimulated 
with LPS and alpha-synuclein and measured real-time cell impedance by xCELLigence and 
phagocytosis activity using the IncuCyte system. We introduced differentiated microglia 
to human organoids three-months old. Based on the current data, we conclude that 
human microglia-differentiated from induced pluripotent stem cells can be used to better 
understand the microglia function in physiological and pathological conditions. 
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xCELLigence Impedance-Based System
xCELLigence system Real-Time Cell Analyzer (Roche Diagnostics, Penzberg, Germany) is an 
instrument with a microelectrodes network in the bottom of the wells culture dish that 
allows tracking cellular impedance and, in this way, follow cell status including cell number 
and shape/size. Cell resistance or impedance depicted was indicated as cell index (CI) values 
and normalization were performed using the RTCA Software 1.2 (ACEA Biosciences) [20]. In our 
study, cell impedance was used to monitor the real time kinetics of microglial morphology 
alterations. iPSC-MG were seeded at a density of 15,000 cells/ well in 96-well E-plate (ACEA 
Biosciences). Previous to plating, background impedance was determined and subtracted as 
a blank value. Twenty-four hours after plating, the medium for iPSC-MG cells was challenged 
with 4 conditions: normal medium, 200 ng/mL alpha synuclein (α-Syn) (Cat N. S-1013-1, 
rPeptide) and 100 or 250 ng/ml LPS (Cat N. L2880, Sigma).

Fluorescence-activated cell sorting (FACS)
Microglial progenitors were incubated with CX3CR1- and/or CD14-conjugated primary 
antibodies (see antibody table) or their respective isotype controls for 40 min on ice. Cells 
were then washed in FACS buffer (PBS, 0.5% BSA, 2mM EDTA, 20mM Glucose), pelleted 
at 300g for 6 min and resuspended in FACS buffer containing DAPI for dead cell exclusion. 
CD14+ or CD14+/CX3CR1+ cells were isolated via FACS on SH800S cell sorter using the 
100µm ceramic nozzle, and 20 psi. Quantification of data was acquired using FlowJo Analysis 
0.7 software.

Immunocytochemistry
Mature differentiated iPSC-MG were fixated with 4% paraformaldehyde (PFA) for 25 min. 
PFA-fixed cells were washed with PBS-A (PBS containing 0.5% Bovine Serum Albumin/BSA) 
and incubated for 10 min with PBS-T (0.1% Triton X-100), incubated for 2 hours in blocking 
serum (PBS, 5% BSA and 3% goat serum) and primary antibodies (see table 1) were applied 
overnight at 4°C. The next day, cells were washed 5x in PBS-A for 5 min, incubated with 
secondary antibodies for 2 hours at room temperature (RT), washed 3X for 10 min in PBS-A. 
Coverslips were mounted onto glass slides using Fluoroshield™ with DAPI (Sigma-Aldrich 
Chemie GmbH, Steinheim, Germany, #F6057-20ML). Secondary antibodies were used at 
1:200 dilution.

Cortical organoids co-cultured with microglia were fixed in 4% (w/vol) paraformaldehyde 
for 30 minutes at room temperature and cryoprotected with 30% sucrose (w/vol) in PBS 
overnight. Organoids were embedded in OCT and eight μm sections were generated. Sections 
were blocked in 2% normal donkey serum in PBS with 1%BSA prior to immunofluorescent 
staining. Primary antibodies are described in table 1, and secondary antibodies used were 
Alexa Fluor-conjugated (Thermo Fisher Scientific). Images were acquired using a Leica SP8 
confocal inverted microscope and Leica DM 4000B fluorescence microscope. Fluorescent 
colors were digitally applied using the Olympus software DP Manager or ImageJ. 

demonstrated their capability of migrating towards the Aβ aggregates and their ability to 
phagocytose Aβ [13]. Our central aim of this research was to generate iPSC-MG and evaluate 
their function in a 2D and 3D context (brain organoid). 

Materials and Methods

Pluripotent stem cell lines and culture conditions
EH1 and H9 are NIH approved human Pluripotent stem cell lines (PSC) and embryonic stem 
cell (ESC) lines, respectively. All iPSC lines were derived from skin biopsies of identified 
donors upon specific institutional review board approvals and informed consent. Stem cell 
lines were obtained from the European Research Institute for the Biology of Ageing (ERIBA). 
Pluripotent stem cell lines (PSC) were cultured and expanded onto Matrigel-coated 6well 
plates in mTeSR1 medium (StemCell Technologies, #05896). Lines were passed after 3-4 
days using enzymatic detachment with ReLeSR™ (StemCell Technologies #05872) for 5 min 
and re-plated in mTeSR1 medium with 10 μM Rock Inhibitor (StemCell Technologies #72302) 
for 24 hours.

Differentiation of hiPSCs towards to microglia 
We followed the protocol developed by Douvaras and colleagues. PSCs were plated onto 
Matrigel (BD Biosciences) in a 15x103 cells/cm2 density and grown in mTeSR1 medium 
containing 10µM Rock Inhibitor for 24 hours. When individual colonies reach 80% confluency 
(2-4 days after plating), differentiation was induced by mTeSR Custom medium (StemCell 
Technologies), containing 80ng/ml BMP4. mTeSR Custom medium is mTeSR1 medium 
without Lithium Chloride, GABA, Pipecolic Acid, bFGF, and TGFβ1 (Stem Cell Technologies). 
The medium was changed daily for 4 days when cells were incubated with StemPro-34 SFM-
medium (containing 2mM GutaMAX-I, Life Technologies) supplemented with 25ng/ml bFGF, 
100ng/ml SCF and 80ng/ml VEGF. Two days later, the medium was switched to StemPro-34 
containing 50ng/ml SCF, 50ng/ml IL-3, 5ng/ml TPO, 50ng/ml M-CSF, and 50ng/ml Flt3 
ligand. On day 10, the supernatant fraction of the cultures were pelleted, resuspended in 
fresh medium (same as before) and returned to their dishes. On day 14, floating cells were 
pelleted, resuspended in StemPro-34 containing 50ng/ml M-CSF, 50ng/ml Flt3 ligand, and 
25ng/ml GM-CSF and replated back to their dishes. The procedure was repeated every four 
days. From day 24 – 52, a small number of floating cells was processed for flow cytometry 
analysis to determine the efficiency of microglial progenitor formation regarded as CD14/
CX3CR1 double-positive microglial progenitors. After the isolation of CD14+ and CX3CR1+ 
progenitors, cells were plated onto tissue culture-treated dishes or Thermanox plastic 
coverslips (all from Thermo Scientific) in a 40- 50x10 3 cells/cm 2 in SF–Microglial Medium 
(RPMI-1640 from Life Technologies supplemented with 2mM GlutaMAX-I, 10ng/ml GM-CSF 
and 100ng/ml IL-34). Medium was replenished every 3 to 4 days for at least 2 weeks.
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1:200 N2 supplement (Invitrogen), 1:100 B27 supplement without vitamin A (Invitrogen), 3.5 
μl l-1 2mercaptoethanol, 1:4,000 insulin (Sigma), 1:100 GlutaMAX (Invitrogen), 1:200 MEM-
NEAA. After four days of stationary growth, the droplets were transferred to a spinning 
bioreactor containing differentiation media as above, except B27 supplement with vitamin 
A (Invitrogen) was used” [21].

For microglia interaction with organoid studies, on day 98, cortical organoids were 
transferred individually to single cups of ultra-low attachment. Microglia were passaged 
with Accutase and resuspended in cortical organoid maturation media and half medium 
from microglia (RPMI 1640 supplemented with 2mM GlutaMAX-I, 10ng/ml GM-CSF, and 
100ng/ml IL-34). 250,000 microglia were added to each organoid. Maturation media was 
changed every three days after the addition of microglia.

Results

Differentiation of Human iPSCs into microglia-like cells 
The well-characterized human iPSC line EH1 and ESC line H9 were obtained from ERIBA 
Center. We differentiated EH1 and H9 cells into microglial progenitors according to a 
previously described protocol by Douvaras et al. 2017 (Figure 1.a) [14]. At first, we investigated 
the morphology of ESC and iPSC, and also the genes expressed in relation to the pluripotency 
status (Fig Suppl.1). The differentiation was initiated when iPSC or ESC cells reached 80% of 
confluency (Figure 1.b). iPSC were converted into primitive hemangioblasts induced by bone 
morphogenetic protein 4 (BMP4) in the medium. As a result of additional factors (e.g. bFGF, 
SCF, VEGF, IL-3) the primitive hemangioblasts began to develop into microglia progenitors at 
the day 16-25 (Figure 1.c). At this stage of differentiation, cells from supernatant expressed 
CD45, while CX3CR1 was upregulated between days 20 and 25, and we observed more 
floating cells in the medium (Figure 1.d). Interleukin-34 (IL-34) and granulocyte-macrophage 
colony-stimulating factor (GM-CSF) stimulation of plated microglial progenitors resulted in 
mature microglia (Figure 1.e). 

We further evaluated the production of microglia progenitors from H9 and EH1 cells. EH1 
cells led a higher production of microglial progenitors: 87% compared with 23% from H9 
cells (Figure 2.a,d). Microglia phenotype was verified by immunostaining of TMEM 119 for 
mature microglia and Iba-1 a well-recognized marker for microglia (Figure 2. b-c; e-f). Based 
on these results, we decided to continue with EH1 cells for the next experiments.

Functional Validation of iPSC differentiated microglia
The generation of iPSC-MG was validated using both morphological and functional 
assays. Microglia are the brain immune phagocytes with capability to mediate clearance 
of apoptotic or necrotic cells and removal of unfolded proteins [22]. Besides, microglia 

Table 1. List of Antibodies used for flow cytometry and immunofluorescent analyses
Name Host Brand Cat No. Use
IBA1 Rabbit Wako 019-19741 Immunofluorescence
TMEM119 Rabbit Sigma HPA051870 Immunofluorescence
CX3CR1-PE Mouse R&D Systems FAB5204P FACs
CD14-APC Mouse BioRad MCA596APCT FACs
B-III Tubulin Mouse Santa Cruz SC-80005 Immunofluorescence
NeuN Mouse Millipore MAB377 Immunofluorescence
KI-67 Rabbit Abcam Ab15580 Immunofluorescence
Nestin Mouse R&D Systems MAB1259 Immunofluorescence
GFAP Rabbit Dako Z0334 Immunofluorescence
Vimentin Goat Santa Cruz SC-7557 Immunofluorescence
MAP-2 Mouse Sigma M44403 Immunofluorescence
OCT 4 Mouse Santa Cruz SC-5279 Immunofluorescence

Phagocytosis assay
Day 10 matured differentiated iPSC-MG were plated into 96-well flat clear bottom black 
walled polystyrene tissue-culture treated microplates (Essen Bioscience, Cat No.4379, 
Michigan, US) and allowed to adhere for two hours. 1ug/0.1 ml pHrodoâ pathogen 
bioparticles (p35361, Thermo Fischer) were added at indicated concentrations, and the 
plates were transferred into the IncuCyte ZOOMâ platform which was housed inside a cell 
incubator at 37 °C/5% CO2, until the end of the assay. One image per well were taken every 
two hours for 24 hours using a 10x objective lens and then analyzed using the IncuCyte TM 
Basic Software. Red channel acquisition time was 800 ms. An area filter of min 100 max 100 
(um2) was applied. The fluorescence signal was quantified from four technical replicates/
condition applying a mask.

Organoids generation
For cerebral organoid differentiation, we used the protocol from Lancaster et al., 2013. 
“Briefly, pluripotent stem cells were dissociated from mouse embryonic fibroblasts by 
dispase treatment followed by trypsinization to generate single cells. In total, 4,500 cells 
were plated in each well of an ultra-low binding 96-well plate (Corning) in human ES 
media with low concentration basic fibroblast growth factor (4 ng ml-1) and 50 μM Rho-
associated protein kinase (ROCK) inhibitor (Tocris). Embryoid bodies were fed every 
other day for 6 days then transferred to low-adhesion 24-well plates (Corning) in neural 
induction media containing Dulbecco’s modified eagle medium (DMEM)/F12, 1:100 N2 
supplement (Invitrogen), GlutaMAX (Invitrogen), minimum essential media non-essential 
amino acids (MEM-NEAA) and 1μg ml-1 heparin (Sigma). The neuroepithelial tissues were 
fed every other day for 5 days. On day11, tissues were transferred to droplets of Matrigel 
(BD Biosciences) by pipetting into cold Matrigel on a sheet of Parafilm with small 3 mm 
dimples. These droplets were allowed to gel at 37°C, removed from the Parafilm and grown 
in differentiation media containing a 1:1 mixture of DMEM/F12 and Neurobasal containing 
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increasing during the following 24 hours. The increase in cell index reflected an increase in 
microglial shape, which indicated the time frame when microglia shifted its resting status 
into activation status. Microglial shape during activation changes from a small cell body with 
fine ramification into a larger amoeboid shape. These changes are easily detected by the cell 
impedance system.  The impedance measurements were paralleled by immunofluorescence 
studies with a microglial marker (Iba-1 antibody) (Figure 4. b). Analysis of immunostainings 
of iPSC-MG challenged with LPS and α-Syn revealed comparable degree of morphological 
changes as primary microglia after exposure to LPS and α-Syn (Figure 4. c). Based on these 
findings, we proposed that the generated iPSC-MG were functionally active and resembled 
the morphology and activity of primary microglia.

Integration of iPSC-MG in brain organoids
Brain organoids are self-assembled three-dimensional cell aggregates generated from iPSC. 
The majority of generated brain organoids are populated by neurons and astrocytes and lack 
microglia since protocols to generate microglia were not readily available and the germinal 
origin of microglia is different than the one of neurons and astrocytes [26,27]. Brain organoids 
represent an excellent tool to model brain cell interaction and, therefore providing an 

Figure 2. Characterization of iPSC-derived microglia from H9 and EH1 cells. Representative plot of the sorting gate 
used to isolate CD14+CX3CR1+ microglial progenitors via FACS between day 25 and 50 of differentiation from H9 
(a) and EH1 cells (d). A panel of representative images of microglia after immunofluorescent labeling for IBA1 and 
TMEM119 from H9 (b-c) and EH1 cells (e-f). Magnification 10x. Bar graph:10 μm

contribute to remodeling of neuronal connectivity by engulfment of synapses, axonal and 
myelin debris and combat central infections by direct phagocytosis of bacteria and viruses 
[23,24]. Here, we provided evidence of phagocytic activity of iPSC-MG, as a functional readout. 
We used pHrodo E. coli BioParticles conjugates as they are non-fluorescent at neutral 
pH and they started to show the increase of fluorescent signal (green or red) when the 
pH is reduced. Acidification of the phagosome content during the phagocytosis process 
resulted in visualization of red fluorescent particles in active mature microglia (Figure 3. 
a). Phagocytosis was highly increased by the addition of LPS to the medium (Figure 3.b) 
as shown by the quantification of mean cell fluorescence intensities of pHrodo E. coli 
BioParticles in iPSC-MG (Figure 3.c). Interestingly, the microglia progenitors are also able to 
phagocyte pHrodo E. coli BioParticles, while the cell motility seemed reduced compared to 
mature iPSC-MG (data not shown).

Next, we determined whether microglial cells are able to shift their status from a resting 
to an activated state, resembling the human microglia and primary microglial ability to 
become activated. To this end, we challenged iPSC-MG with LPS or α-Syn and followed 
their potential morphological alterations by real-time impedance measurements. These 
readings provide information on microglial morphological changes, which are continuously 
monitored for the whole period of LPS and α-Syn exposure. LPS is commonly used to 
induce activation of microglial or macrophage cells to mimic bacterial infections [25]. 
Impedance measurements were displayed as normalized cell index and indicated that LPS 
and α-Syn induced a continuous concentration-dependent increase in cell index, indicative 
of microglial activation. (Figure 4. a). Morphological changes, depicted as increased cell 
index were already detected within 120 min following exposure, and were continuously 

Figure 1. iPSC Differentiation to human microglia. PSC differentiated to microglia through myeloid progenitors. (a) 
Diagram depicting the major steps of the microglial differentiation protocol. (b-e) Representative pictures of the 
main steps in the differentiation protocol. Magnification 4x. Bar graph:100 μm.
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To understand the role of brain cell interactions on neurodegenerative diseases, first we 
generated iPSC-MG that would later be integrated into a matured cerebral organoid. 
The strategy of iPSC-MG differentiation followed Douvaras and colleagues’ protocol. In 
vitro hematopoietic differentiation of iPSCs resembled in vivo primitive hematopoiesis, 
where iPSC-derived myeloid progenitors would relate to in vivo primitive yolk sac myeloid 
progenitors [14]. Stimulating PSCs with a myeloid inductive medium followed by treatment 
with microglia-promoting medium and factors generated KDR+CD235a+ primitive 
hemangioblasts, which subsequently transitioned from CD45+CX3CR1- to CD45+CX3CR1+ 
microglial progenitors in vitro. The maturation of microglial progenitors was achieved in the 

Figure 4. LPS and α-Syn induce iPSC-MG activation. (a) iPSC-MG cells were seeded in 96-well E-plates at a density 
of 15,000 cells/well and monitored with a real-time impedance-based xCELLigence system. After 24 hours in cul-
ture, cells were challenged with different two concentrations of LPS (100 and 250 ng/ml) and α-Syn (200 ng/ml) for 
24 hours more. (b) Morphological alterations of activated microglia were visualized by immunostaining with Iba-1 
antibody in iPSC-MG and (c) mouse primary microglia. Magnification 20x. Bar graph: 5μm.

exceptional opportunity to investigate human brain development and disorders. To study 
the ability of iPSC-MG to invade developing neural tissues and migrate within them, we 
developed organoids according to Lancaster et al., 2013 [21] and added mature iPSC-MG. The 
preformed 3D cortical organoids were cultured for 100 days in vitro.

To evaluate the composition of the cell population in the cerebral organoids at three months 
in culture, we investigated and detected the presence of general neural progenitor markers 
such as Nestin and KI-67 (Figure 5 a-b). Besides, immunolabelling assays revealed that 
cerebral organoids presented astrocyte markers, including GFAP and vimentin (Figure 5 
c-d). At the same time, we identified neuronal nuclei (NeuN), B-III Tubulin and microtubule-
associated protein 2 (MAP-2), components of neuronal signature (Figure 5 e-g) reflecting 
some maturity of the generated brain organoids. Under these conditions, we applied iPSC-
MG to the organoid and observed an early integration of iPSC-MG first at the surface of the 
organoid and later in deeper layers of the organoid between day 3 to day 7 (figure 6.a-d). 
These data showed surviving iPSC-MG in those environments for at least nine days. After 
we fixated the organoids and we performed immunostaining with Iba-1, we detected a few 
positive cells inside the organoid (Figure 6.e-f).

Discussion

Modeling human diseases in rodents where microglia have been modified or ablated have 
been remarkably useful in demonstrating the beneficial and detrimental effects of microglia 
in the pathogenesis of a variety of neurodegenerative disorders. The main limitation to 
further our understanding of microglial biology and properly translate these data to a 
clinical setting has been the lack of an abundant source of normal and disease-specific 
human microglia. iPSC cells are a unique solution to obtain microglia due to unlimited self–
renewal, and differentiation into any adult cell type [28]. The ability to produce unlimited 
amounts of functional microglia from people with different diseases may provide new tools 
for fundamental research in disease pathogenesis and drug development and at the same 
time unique therapeutical opportunities for neurodegenerative diseases as Parkinson or 
Alzheimer.

Figure 3. Phagocytic activity of human differentiated iPSC-MG. Cell imaging (Incucyte system) displaying phago-
cytosis reagent pHrodo red E. coli BioParticles being engulphed by cells without (a) and with LPS (b) with its corre-
sponding time-lapse curves (c). Magnification 10x. Bar graph: 300μm
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presence of GM-CSF and IL-34. GM-CSF is a growth factor that induces the proliferation and 
maturation of myeloid progenitors, giving rise to neutrophils, monocytes and macrophages, 
and eosinophils [29]. Likewise, IL-34 is a cytokine that IL-34 can binds to CSF-1R and stimulates 
the differentiation, proliferation and survival of monocytes, macrophages and osteoclasts 
and plays an important role in the development and maintenance of microglia [30,31].

To corroborate the reliability of the protocol, we evaluated an ESC and iPSC line, where 
we observed a striking difference between the production of microglia progenitors, 23% 
compared to 87%, respectively. Our data are in concordance with Douvaras et al., 2017 
where they obtained a 40% to 60% efficiency in ESC and 45-95% from iPSC. Generation 
of microglia from iPSC derived from individuals with varying disease status, age, and sex, 
together with different reprogramming strategies account for the variability of yield per iPSC 
lines [13,14,32].

Phagocytosis is an essential function of microglia to mediate clearance of apoptotic cells, cell 
debris, extracellular protein aggregates, mainly during inflammatory processes triggered by 
injuries or neurodegenerative diseases [33,34]. Here, we demonstrated the functionality of 
generated iPSC-MG in a phagocytosis assay showing how microglia was able to phagocyte 
E. coli Bioparticles. The phagocytic capacity was further increased after addition of LPS, 
providing a similar answer as human microglia in a previously described study [35]. At the 
same time, immunofluorescence analysis with Iba-1 showed that LPS and α-Syn induced 
enlarged microglial cell bodies, indicative of an activation profile of iPSC-MG. These findings 
confirm the functional state of the microglia that we generated in concordance with 
differentiated microglial activity produced via different strategies [15,17,36].

Figure 6. Microglia migrate into preformed cortical organoids. (a) Representative bright-field image of an organoid 
in the presence of iPSC-MG. Acquisition of the images were performed after two (b) and five days (c-d). Immunos-
taining for Iba-1 (Red) in organoids after ten days in coculture of iPSC-MG with the organoids, objective 10x (e), 
20x (f) and 40x (g-h).

Figure 5. Generation and characterization of organoids according to Lancaster et al., 2017 Main markers in or-
ganoids of three months old with DAPI for Nestin (a), KI-67 (b), Vimentin (c), GFAP (d), B-III Tubulin (e), MAP-2 (f) 
and NeuN (g).
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Supplemental figures

Figure supplementary 1. Immunoreactivity of OCT 4 (Green) in ESC and iPSC and cell viability with DAPI (Blue). 
Magnification 10x. Bar graph: 100 μm

We obtained organoids populated with different brain cells, such as neurons and astrocytes, 
and we added iPSC-MG to be able to study the interaction between neurons and microglia 
and to provoke an inflammatory answer. Analyzing the integration of iPSC-MG into cerebral 
organoid, we detected iPSC-MG in the organoid during the first days of co-culturing, while 
following ten days in culture, this quantity of microglia was reduced, maybe due to lack 
of growth factors inside the organoids. In conclusion, we successfully generated functional 
human microglia from iPSC that could be integrated into a cerebral organoid. The next logical 
steps include additional studies to obtain a better integration of microglia within organoids 
that would provide a suitable neuroglial environment to study cellular mechanisms of brain 
diseases.
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