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ARTICLE INFO ABSTRACT

Microglia are resident tissue macrophages of the central nervous system (CNS) that arise from erythromyeloid
progenitors during embryonic development. They play essential roles in CNS development, homeostasis and
response to disease. Since microglia are difficult to procure from the human brain, several protocols have been
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Microglia developed to generate microglia-like cells from human induced pluripotent stem cells (hiPSCs). However, some
Fé:zl;s:;gmme concerns remain over the purity and quality of in vitro generated microglia. Here, we describe a new protocol

that does not require co-culture with neural cells and yields cultures of 100% P2Y;,* 95% TMEM119* ramified
human microglia-like cells (hiPSC-MG). In the presence of neural precursor cell-conditioned media, hiPSC-MG
expressed high levels of human microglia signature genes, including SALL1, CSFIR, P2RY12, TMEM119, TREM2,
HEXB and SIGLEC11, as revealed by whole-transcriptome analysis. Stimulation of hiPSC-MG with lipopoly-
saccharide resulted in downregulation of P2Y,, expression, induction of IL1B mRNA expression and increase in
cell capacitance. HiPSC-MG were phagocytically active and maintained their cell identity after transplantation
into murine brain slices and human brain spheroids. Together, our new protocol for the generation of microglia-
like cells from human iPSCs will facilitate the study of human microglial function in health and disease.

1. Introduction

Microglia are the primary immune effector cells of the central ner-
vous system (CNS). They belong to the mesodermal lineage and arise
from ‘primitive’ erythromyeloid progenitors in the yolk sac before the
development of neuroectodermal cells such as neurons, astrocytes and
oligodendrocytes (Ginhoux et al., 2010). In contrast to most peripheral
tissue macrophages, microglia are not replaced by ‘definitive’ ery-
thromyeloid progenitors at later stages of development (Ginhoux et al.,
2010; Schulz et al., 2012; Kierdorf et al., 2013). During embryonic and
postnatal life, microglia undergo a stepwise maturation programme in
synchrony with the CNS until they reach the adult stage (Matcovitch-

Natan et al., 2016; Masuda et al., 2019). At this point, most microglia
display a ramified morphology with highly motile protrusions that
continuously survey the microenvironment (Davalos et al., 2005;
Nimmerjahn et al., 2005). Microglia play a crucial role in CNS devel-
opment by stimulating neurogenesis, promoting myelination, control-
ling the numbers and fate of neural cells, and modulating neuronal
wiring (Marin-Teva et al., 2004; Ueno et al., 2013; Squarzoni et al.,
2014; Hagemeyer et al., 2017). In the postnatal brain, they help to
maintain CNS homeostasis by phagocytosing apoptotic cells (Sierra
et al., 2010), pruning synapses and shaping neural circuits (Tremblay
et al., 2010; Schafer et al., 2012).

Microglia are rapidly activated in response to CNS damage. They
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retract their processes and may transform into an ameboid morphology
(Davalos et al., 2005; Nimmerjahn et al., 2005). Activated microglia
can secrete proinflammatory cytokines and reactive oxygen species,
which may aggravate CNS damage (Prinz and Priller, 2014). Pre- and
perinatal activation of microglia as a result of maternal infections or
obstetric complications represents a major risk factor for neurodeve-
lopmental disorders like schizophrenia, autism spectrum disorder,
childhood epilepsy and cerebral palsy (Knuesel et al., 2014). Moreover,
many genetic alterations that have been associated with late-onset
neurodegenerative diseases like amyotrophic lateral sclerosis (ALS),
frontotemporal dementia (FTD), Parkinson’s disease (PD) and Alzhei-
mer’s disease (AD) directly affect microglial function (Prinz and Priller,
2014). As a result, the interest in understanding cell-autonomous and
non-autonomous functions of microglia in neurological and psychiatric
disorders has increased.

Unfortunately, studying the functions of human microglia is chal-
lenging because samples of good-quality human CNS tissue are sparse,
in particular for rare diseases. The isolation of microglia from post-
mortem tissue or surgery specimens may introduce technical artefacts,
and the impact of confounding factors such as comorbidities, medica-
tion, distress is considerable. Moreover, microglia identity is highly
dependent on environmental factors, and the characteristic signatures
of microglia are rapidly lost after isolation from the brain (Gosselin
et al., 2014). Attempts to generate microglia-like cells from peripheral
blood monocytes or to immortalize human fetal microglia failed to
replicate the phenotype of cultured primary human microglia (Melief
et al., 2016).

Some of these limitations may be overcome by the use of pluripotent
stem cells. Embryonic stem cells (ESCs) isolated from blastocysts and
induced pluripotent stem cells (iPSCs) derived from somatic cells
(Takahashi and Yamanaka, 2006) provide an unlimited supply of
human stem cells that can be differentiated into any type of tissue.
Despite of some concerns about epigenetic memory (Kim et al., 2010;
Bar-Nur et al., 2011) and chromosomal instability (Yoshihara et al.,
2017), the iPSC technology has proven to be extremely helpful in
modelling human genetic disorders (Rowe and Daley, 2019). The
ethical concerns associated with ESCs are avoided, and gene editing
technologies like CRISPR allow for the generation of isogenic control
lines that help to overcome the problems associated with variability
across different lines. Human iPSCs can be differentiated into mono-
cytes and macrophages without the use of feeder cells by adding in-
terleukin (IL)-3 and macrophage colony stimulating factor (M-CSF, CSF-
1) to drive monocytopoiesis (van Wilgenburg et al., 2013) via the for-
mation of primitive streak and haemangioblasts (Slukvin, 2013).
Human iPSC-derived macrophages (hiPSC-Mac) develop in a MYB-in-
dependent fashion (Buchrieser et al., 2017), and acquire a microglia-
like phenotype upon co-culture with human iPSC-derived cortical
neurons (Haenseler et al., 2017a). Alternative protocols to generate
microglia-like cells from human iPSCs require multiple tituration steps
(Muffat et al., 2016), cell sorting (Douvaras et al., 2017), or fluores-
cence-activated cell sorting (FACS) and co-culture with human astro-
cytes (Pandya et al., 2017), resulting in lower yields. Abud et al. (Abud
et al.,, 2017) presented a two-step fully-defined, serum-free protocol
with high yield employing transient hypoxia and FACS. Similarly,
Konttinen et al. (Konttinen et al., 2019) used small molecules under
hypoxic conditions to differentiate hiPSCs into microglia-like cells.
Recently, a simplified method to generate microglia-like cells from
human iPSCs based on exposure to IL-34, M-CSF and transforming
growth factor beta (TGFP)-1 was presented by McQuade et al
(McQuade et al., 2018).

Since microglia develop in synchrony with the developing CNS, we
hypothesized that exposure of mesodermal progenitors to the secretome
of neural precursor cells (NPCs) might best mimic the environmental
cues that yolk sac-derived erythromyeloid progenitors receive in the
embryonic human brain. In fact, yolk sac-derived A2 progenitors in the
mouse give rise to cells with the typical morphology and gene
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expression of microglia at the same time as neurons develop, but long
before astroglia or oligodendroglia are generated after embryonic day
16 (Costa et al., 2009; Kierdorf et al., 2013; Hagemeyer et al., 2016).
Here, we present a novel neurodevelopmentally guided protocol for the
generation of microglia-like cells from human iPSCs (hiPSC-MG) based
on NPC-conditioned media, which yields pure monocultures of human
microglia-like cells.

2. Materials and methods
2.1. Maintenance of human iPSCs (hiPSCs)

All stem cell work was performed with ethical approval by the
University of Edinburgh, Lothian Research and Development (2014/
0303), Scotland A Research Ethics Committee (14/SS/0039). Dermal
fibroblasts were reprogrammed into the hiPSC cell line GS8 (female)
using non-integrating episomal plasmids. Plasmids for Oct4/shP53,
SOX2/KlIf4 and L-Myc/Lin28 (pCXLE-hSK and pCXLE-hUL, Addgene
plasmids 27077, 27078, 27080) were electroporated into dermal fi-
broblasts using an Amaxa Nucleofection Kit (Lonza) (Malavasi et al.,
2018). For the generation of the hiPSC line 34D6 (female), a com-
mercially available dermal fibroblast line from ATCC (ATCC® CRL-
2524™) was reprogrammed using retroviral vectors encoding OCT4,
SOX2, KLF4, and c-MYC as described by Park et al. (Park et al., 2008).
Colonies were selected between days 21-25 after culturing them on
matrigel. The lines were previously reported to give rise to neural
precursors, cortical neurons and motor neurons in different laboratories
(Livesey et al., 2016; Bilican et al., 2012; Telezhkin et al., 2018). The
cell lines were confirmed to be mycoplasma-free and karyotypically
normal via G-banding. Pluripotency of all lines was confirmed via
PluriTest (https://pluritest.org) and further validated using the Human
Pluripotent Stem Cell Functional Identification Kit (R&D Systems). The
iPSCs were maintained on growth factor-reduced, feeder-free 6-well
plates coated with Matrigel (Scientific Laboratory Supplies) for 1 h in a
humidified incubator (5% CO,, 37 °C). Matrigel was diluted 1:60 by
adding 10 ml of cold advanced DMEM (Gibco) to 10 ml of Matrigel,
followed by a 1:30 dilution with ice-cold advanced DMEM. The cells
were fed with Essential 8 (E 8, Gibco) every day and passaged weekly
using 0.5 mg/ml dispase (Thermo Fisher Scientific) and 1.0 mg/ml
collagenase (Thermo Fisher Scientific).

2.2. Differentiation of hiPSCs into cortical neural precursor cells (NPCs)

Human iPSC-derived cortical NPCs were generated as described
previously (Bilican et al., 2014). Briefly, hiPSC colonies were en-
zymatically lifted and induced towards a neuronal fate in chemically
defined medium. For making 500 ml of chemically defined media, 0.5%
BSA was dissolved in 1:1 IMDM/F12 followed by addition of 5 ml lipids
(1%), 350 pl insulin (7 pg/ ml), 250 pl transferrin (15 pg/ ml), 20 pl
monothioglycerol (450 uM) with 5 ml PSF (1%) (Gibco). After filtering
through 0.22 pm filters, the solutions were stored at 4 °C for up to 10 —
14 days. This chemically defined media was supplemented with N-
acetyl cysteine (100 ng/ml; Sigma), activin inhibitor (10 ng/ml; R&D
systems) and LDN 19,318 (100 ng/ml; Stratech) for one week to induce
neuronal differentiation. Subsequently, the medium was replaced by
base medium (advanced DMEM/F12, 1X P/S, 1X Glutamax, 1X N2)
supplemented with 2.5 ng/ml FGF2 (Peprotech) and 0.4% B27 (Gibco).
After 7-10 days, the neurospheres were transferred onto plates coated
with laminin (Sigma-Aldrich). Laminin was thawed slowly at 2-8 °C
and reconstituted in 1X PBS to yield a final concentration of 50 pg/ml.
The neural rosettes were dissociated with accutase (Sigma-Aldrich) and
the cells were plated onto 6-well plates that were coated with laminin
for 1 h. They were cultured in base media supplemented with 0.1% B27
and 10 ng/ml FGF2 under hypoxic conditions (3% O2). The NPCs were
passaged 1:2 with accutase once a week and fed with a total of 7 ml of
the above medium twice a week. The NPC-conditioned medium used
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for hiPSC-MG differentiation was collected weekly after passages 5-6,
and centrifuged at 2,000 rpm before adding onto cells.

2.3. Differentiation of hiPSCs into myeloid precursors

Human iPSC-derived myeloid precursors were generated using de-
fined conditions as previously described by Haenseler et al. (Haenseler
et al., 2017a), and differentiated into microglia-like cells recapitulating
the same developmental milestones but with small adaptations from
Haenseler et al. (Haenseler et al., 2017a). The hiPSC colonies were
enzymatically lifted for embryoid body (EB) formation using dispase/
collagenase and cultured in E8 medium in a 10 cm-dish on a shaker
inside a humidified incubator. The following day, 50 ng/ml BMP-4
(Peprotech), 50 ng/ml VEGF (Peprotech) and 25 ng/ml SCF (Miltenyi
Biotec) were added for mesodermal lineage patterning. Media were
changed daily for 4-6 days, after which the newly formed spheres were
plated onto Matrigel-coated 6-well plates at a density of 20-30 spheres
per well and kept in myeloid differentiation medium. Myeloid differ-
entiation medium consisted of X-VIVO 15 (Lonza), 1x (2 mM) Glutamax
(Gibco), 1X antibiotic-antimycotic (Gibco), 1X Non-Essential amino
acids (Gibco), 50 uM p-mercaptoethanol (Gibco), supplemented with
25 ng/ml IL-3 (Peprotech) and a weekly increasing gradient of 50, 80,
100 ng/ml M-CSF (Peprotech). Fresh media were added every other
day. After 4 weeks, the attached EBs started to form transparent
spheres, which acted as “myeloid factories” producing myeloid pre-
cursors floating in the supernatant.

2.4. Differentiation of myeloid precursors into macrophages and microglia-
like cells

Myeloid precursors were collected weekly from the supernatant (for
up to 16 weeks) and subsequently plated and differentiated into mac-
rophages and microglia-like cells in 6-well plates. The plates were
coated with 0.01 mg/ml poly-L-lysine (Sigma-Aldrich) and 0.01% ge-
latin (Sigma-Aldrich). For the generation of macrophages (hiPSC-Mac),
myeloid precursors were cultured in myeloid differentiation base
medium supplemented with 100 ng/ml M-CSF for at least 7 days as
described by van Wilgenburg et al. (van Wilgenburg et al., 2013). For
the differentiation into microglia-like cells (hiPSC-MG), myeloid pre-
cursors were plated onto 6-well plates coated with 0.01 mg/ml poly-L-
lysine and 0.01% gelatin, and cultured in medium consisting of ad-
vanced DMEM/F12 (Gibco), 1X (2 mM) Glutamax, 1X N2-supplement,
100 U/ml penicillin, 100 pg/ml streptomycin, 0.25 pg/ml amphotericin
B, 50 uM [-mercaptoethanol, supplemented with 100 ng/ml IL-34
(Peprotech) and 10 ng/ml GM-CSF (Peprotech). After 7 days, microglia
media were supplemented every other day with an increasing gradient
(10, 20, 30, 40, 50%) of NPC-conditioned media (generated as de-
scribed above). The precursors were allowed to differentiate into mi-
croglia-like cells for at least 15 days before harvesting and character-
ization. For comparison, we also generated microglia-like cells (pMGL)
with GM-CSF and IL-34 as described by Haenseler et al (Haenseler
et al., 2017a).

2.5. Immunocytochemistry (ICC)

Cells grown on coverslips were fixed in 4% paraformaldehyde (PFA;
Agar scientific) in phosphate-buffered saline (1X PBS) for 10 min at
room temperature. After fixation, cells were washed three times with
1X PBS, permeabilised with 0.1% Triton-X100 (Thermo Fisher
Scientific) in 1X PBS for 5 min and blocked with 3% BSA (Europa
Bioproducts) in 1X PBS for 1hr at room temperature. Incubation with
primary antibodies against TMEM119, P2Y;,, CD11b, PU.1 combined
with Ibal (see Suppl. Table 1) was performed in blocking solution at
4 °C overnight. After three washes with 1X PBS, incubation with sec-
ondary antibodies (see Suppl. Table 1) was performed in blocking so-
lution for 1 hr at room temperature in the dark. Subsequently, cells
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were washed three times with 1X PBS and nuclei were counterstained
with 4’,6-diamidino-2-phenylindole (DAPI; Thermo Fisher Scientific) at
1:10,000 in 1X PBS for 10 min. After three washes with 1X PBS, the
coverslips were mounted onto slides. Visualization of the stainings was
performed using a Zeiss LSM confocal microscope.

2.6. Scanning electron microscopy (SEM)

Cells on coverslips were washed once with 1X PBS, fixed in 4% PFA/
2% glutaraldehyde in 0.1 M phosphate buffer, followed by 1 hr of post-
fixation treatment in 1% osmium tetroxide. They were then dehydrated
in an ascending series of ethanol (50%, 70%, 90% ethanol for 15 min
followed by 3 changes in 100% ethanol for 20 min). After critical point
drying, the samples were carefully mounted onto an aluminium stub for
SEM and imaging in the Hitachi S4700 Scanning Electron Microscope
(Cryo and Ambient).

2.7. Flow cytometry

The non-adherent myeloid precursors were collected, centrifuged
and washed with 1X PBS. The differentiated macrophages and micro-
glia-like cells were enzymatically detached from the wells with 1 ml
accutase (Sigma-Aldrich) for 3 min, washed with 1X PBS and cen-
trifuged. The cells were treated with 1% Fc block (Miltenyi Biotec) in
1X PBS for 10 min at room temperature. Allophycocyanin (APC)-con-
jugated antibodies against CD11b, CD45 and CD163 (see Suppl.
Table 1) were added for 45 min at 4 °C. For unconjugated antibodies
against TMEM119, P2Y;, and CX3CR1 (see Suppl. Table 1), cells were
fixed in 2% PFA for 15 min at room temperature followed by three
washes in 1X PBS. They were then centrifuged, permeabilized with
0.1% saponin (Sigma-Aldrich) in 1X PBS and blocked in 1% Fc block for
10 min. After incubation with primary antibodies for 1 hr on ice, cells
were washed twice with 1X PBS and incubated with the respective
secondary antibodies (see Suppl. Table 1) for 45 min on ice. Samples
were then washed twice with 1X PBS and transferred onto round-
bottom polystyrene tubes (BD Falcon) until measurement. The stained
cell samples were analysed using a FACS LSR Fortessa (4 laser) flow
cytometer (BD Biosciences), and the data were processed using the
FlowJo software.

2.8. Functional assays

Cells were stimulated with 100 ng/ml lipopolysaccharide (LPS;
Sigma-Aldrich) for 8 hr before analysis. Live bead uptake assays were
performed by incubation of cells with pHrodo-conjugated zymosan
beads (Thermo Fisher Scientific) at a concentration of 0.5 mg/ml in
media for 2 hr in a humidified incubator (5% CO,, 37 °C). Time lapse
images were taken on a Zeiss Axio observer inverted microscope.

2.9. Electrophysiology

Whole-cell patch clamp electrophysiological recordings were per-
formed in an extracellular recording solution comprising (in mM): 152
NaCl, 2.8 KCl, 10 HEPES, 2 CaCl2, 10 glucose at pH 7.3,
320-330 mOsm. Recordings were made at room temperature with
borosilicate glass pipettes (3-5 MQ) containing the following (in mM):
155 K-gluconate, 2 MgCl2, 10Na-HEPES, 10Na-phosphocreatine,
2 Mg2-ATP, and 0.3 Na3-GTP at pH 7.3, 300 mOsm. Cell membrane
properties were calculated from the current response to a — 10 mV,
30 ms step and the average resting membrane potential was measured
from a 15 s recording. Current and voltage measurements were low-
pass filtered online at 2 kHz and digitized at 10 kHz using pClamp10
software (Axon).
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2.10. RNA extraction, reverse transcription and polymerase chain reaction
(PCR)

Cells were harvested and RNA was extracted using RNeasy Mini Kit
(Qiagen). Contaminating DNA was removed using RNase-Free DNase
Set (Qiagen). The RNA was reverse transcribed using RevertAid RT
Reverse Transcription Kit (Thermo Fisher Scientific) according to the
manufacturer’s protocol. Quantitative real-time PCR (qRT-PCR) was
performed with DyNAmo ColorFlash SYBR Green Master Mix (Thermo
Fisher Scientific) on a CFX96™ Real Time PCR System (BioRad). Primers
were synthesized by Sigma (sequences are shown in Suppl. Table 2).
The annealing temperature for all primers was 58 °C. The housekeeping
genes GAPDH and ACTB were used as reference and the ct values were
normalised to iPSC-derived myeloid progenitors. The mRNA expression
was represented as 244,

2.11. RNA sequencing (RNA-seq) and bioinformatic analysis

Total RNA was extracted with RNeasy Mini Kit (Qiagen) according
to the manufacturer’s instructions. RNA quality and quantity were de-
termined using NanoDrop (Denovix, DS-11). Libraries were prepared
from 2 pg of total RNA using TruSeq RNA Sample Prep Kit v2 (Illumina)
with a 10-cycle enrichment step according to the manufacturer’s re-
commendations. After pooling the final libraries in equimolar propor-
tions, Illumina sequencing was performed on a NovaSeq 6000 platform
by Edinburgh Genomics, giving 50 base paired-end reads. We employed
a Galaxy (Afgan et al., 2018) workflow that assessed sequencing qua-
lities using FastQC v0.11.5{...} (Andrews and FastQC, 2015), per-
formed sequence alignments against the human genome reference
(hg38) using STAR v2.6.0b (Dobin et al., 2013), and counted reads
mapping to gene features using the ENSEMBL gene annotation (Zerbino
et al., 2018) and featureCounts v1.5.3 (Liao et al., 2014). MultiQC v1.3
(Ewels et al., 2016) was used to generate the corresponding summary
statistics of each analysis step. Prior to the principal component ana-
lysis (PCA), the per gene raw counts were first subjected to a variance-
stabilizing transformation using the DESeq2 R package (Love et al.,
2014), then potential batch effect was assessed using the RUVseq R
package (Risso et al., 2014). PCA was carried out using DESeq2 and
plotted using ggplot2 (Wickham, 2016). Differential expression (DE)
analysis was performed using DESeq2 and the log fold changes were
shrunken using the shrinkage estimator ashr (Stephens, 2017). Gene
clusters were obtained using the partitioning around medoids (PAM)
algorithm available in the cluster R package (Maechler et al., 2005).
Functional enrichment of the resulting gene clusters was computed
using the String website (Szklarczyk et al., 2019). Heatmaps of gene
clusters and functional enrichments were generated using Complex-
Heatmap (Gu et al., 2016).

2.12. Engraftment assays

Organotypic brain slice cultures were prepared and maintained as
previously described by Lloyd et al. (Lloyd et al., 2019). The slices were
sagitally sectioned at 300 pm and six slices were cultured per Millicell-
CM mesh insert (Millipore) in 6-well culture plates. HiPSC-MG were
enzymatically lifted with accutase and incubated with 10 uM CFSE
(Abcam) for 15 min at 37 °C to live-label the cells. After washing in
fresh media, 0.5 pl of CFSE-labelled hiPSC-MG were injected into the
slices at a concentration of 5,000 cells/ul using a Hamilton syringe. The
slices were incubated at 37 °C/ 5% CO, for 72 h, then fixed in 4% PFA
(Sigma-Aldrich) for 10 min at room temperature, followed by three
washes in 1X PBS. After permeabilization and blocking in 1X PBS
containing 5% horse serum (Vector Laboratories) and 0.3% Triton-X
100 for 1 h, incubation with primary antibodies against Ibal and
human nuclear antigen (see Suppl. Table 1) was performed for 2 nights
at 4 °C in a humid chamber. After three washes in 1X PBS, fluorophore-
conjugated secondary antibodies (see Suppl. Table 1) were added in
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blocking solution and incubated at room temperature for 2 h. Slices
were counterstained with Hoechst (Sigma-Aldrich), mounted onto
slides, and coverslipped with Fluoromount-G (Cambridge Biosciences).
Z-stacks of slices were acquired with an Olympus spinning disk confocal
microscope and a 60X oil immersion objective with Slidebook software
(Intelligent Imaging Innovations, Inc).

CNS-patterned spheroids were generated as described by Livesey
et al. (Livesey et al., 2016). Briefly, hiPSCs were neuralised as a sus-
pension culture using SB-431542 (20 puM; R&D systems) and LDN-
193189 (0.1 uM; Stratech Scientific) in chemically defined media
(CDM) containing 50% Iscove’s modified Dulbecco’s medium/ 50% F12
(Thermo Fisher), 5 mg/ml BSA (Europa-bioproducts) 1% chemically
defined Lipid 100 (Thermo Fisher), 450 uM monothioglycerol (Sigma),
7 mg/ml insulin (Sigma) 15 mg/ml transferrin (Sigma) 1% Antibiotic-
Antimycotic (Thermo Fisher) and 1 mM N-acetyl cysteine (Sigma).
After 7 days, neurospheres were patterned towards a caudal fate by the
addition of retinoic acid (1 pM; Sigma). On day 15, neurospheres were
ventralised by transferring into N2/B27 medium (Advanced DMEM/
F12, 1% N2, 1% B27, 0.5% Glutamax, 1% Antibiotic-Antimycotic)
containing the sonic hedgehog agonist, purmorphamine (1 pM; Merck).
Ventral/ caudal-patterned progenitor cells were further expanded in the
presence of FGF-2 (10 ng/ml; peprotech) for 7 days and then main-
tained in the absence of FGF-2 for an additional 2 weeks. At this stage,
CNS-patterned spheroids contained neurons, astrocytes and oligoden-
drocyte progenitor cells (not shown). On day 35, 50,000 hiPSC-MG
were added to the CNS-patterned spheroids in a total volume of 5 pl.
After 3 days, spheroids were collected and fixed using 4% PFA for 2 hr
at room temperature and washed three times in 1X PBS. Spheroids were
then immersed in 30% sucrose overnight at 4 °C and frozen in O.C.T.
mounting medium (Leica) before 25 um sections were cut from in-
dividual spheroids using a Leica cryostat. For immunostaining, sections
were washed in 1X PBS, permeabilised in 0.25% Triton-X 100 in 1X PBS
for 10 min, and blocked in 10% BSA + 0.25% Triton-X 100 in 1X PBS
for 2 h. Incubation with primary antibodies against Ibal and Tmem119
(see Suppl. Table 1) was performed in blocking solution overnight at
room temperature. Sections were then washed in 1X PBS and incubated
with fluorophore-conjugated secondary antibodies (see Suppl. Table 1)
in blocking solution for 2 hr. Sections were counterstained with DAPI,
washed three times in 1X PBS and mounted using FluorSave (Merck). Z-
stacks of sectioned spheroids were acquired using a Zeiss 710 confocal
microscope with a 63X oil immersion objective.

2.13. Statistical analysis

Statistical comparison between the groups (hiPSC-MG, hiPSC-Mac,
PMGLs) was performed using the one-way ANOVA test, followed by
Tukey’s multiple comparison test. Electrophysiology results were ana-
lysed using the Student’s t-test with GraphPad Prism 6.00. Data are
means and error bars represent standard deviation (SD) or standard
error of the mean (SEM) as indicated. Statistical significance is re-
presented as p < 0.05 (%), p < 0.01 (xx),and p < 0.001 (x::).

3. Results

3.1. HiPSC-MG show characteristic microglial morphology and marker
expression

We generated microglia-like cells from hiPSCs by trying to re-
capitulate in vivo developmental milestones (Fig. 1A). EBs from two
independent iPSC lines that were obtained from healthy individuals
were patterned towards the mesodermal lineage in medium containing
BMP-4, VEGF and SCF, resulting in the highest gene expression of the
key primitive streak marker Brachyury and MIXL1 at day 3 (Suppl.
Fig. 1). This was followed by haemangioblast specification indicated by
the expression of KDR and FLK1 mRNAs after day 3, and expression of
RUNX1 mRNA with a peak at day 14, confirming the activation of
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haematopoetic programming in a temporal manner (Suppl. Fig. 1).
Mesodermally patterned EBs (Fig. 1A-C) were then cultured in myeloid
precursor medium containing M-CSF and IL-3. After 2 weeks, the ma-
jority of EBs formed transparent cystic, yolk sac-like structures, referred
to as “myeloid factories” (Fig. 1C). By week 4, the myeloid factories
produced large, round cells with filopodia, which are considered to be
myeloid precursors. The myeloid precursors expressed CD11b, CD45
and CX3CR1 (Suppl. Fig. 2). Myeloid factories were maintained for
4 months, and the yield of myeloid precursors above the initial seeding
population of hiPSCs was around 80-fold. Myeloid precursors were
differentiated into macrophages (hiPSC-Mac) in the presence of M-CSF
for 10 days (Fig. 1C). When myeloid precursors were exposed to an
increasing gradient (10-50%) of NPC-conditioned medium (irrespective
of the originating hiPSC line as shown in Suppl. Fig. 3) plus IL-34 and
GM-CSF, microglia-like cells (hiPSC-MG) developed with the typical
ramified morphology of microglia (Fig. 1C and E) within 12-15 days.
The total time taken to generate hiPSC-MG from hiPSCs was
45-50 days, and the yield of hiPSC-MG from a single hiPSC was 65-70-
fold over a period of 4 months (Fig. 1B). Exposure to NPC-conditioned
medium is believed to mimic aspects of the crosstalk between neuro-
genesis and microgliogenesis during normal brain development, which
may explain why the procedure is more efficient in generating hiPSC-
derived cells that express the bona fide microglia marker gene
TMEM119 than exposure to astroglial or oligodendroglial precursor
cell-conditioned media (Fig. 1D). In contrast to microglia-like cells
generated in defined medium supplemented with GM-CSF and IL-34
(pPMGL) as described by Haenseler et al. (Haenseler et al., 2017a), the
expression levels of TMEM119 mRNA and protein were higher in hiPSC-
MG (Fig. 1D and E). HiPSC-MG also expressed the microglia marker
P2Y;, and the myeloid markers PU.1 and CD11b as shown by im-
munocytochemistry (Fig. 1E). FACS analysis revealed a high percentage
of TMEM119 (95%) and P2Y;, (100%) expression in hiPSC-MG (Fig. 2A
and D) when compared to hiPSC-Mac (Fig. 2C and D), and a lower
expression of CD11b, CD45 and the haemoglobin scavenger receptor
CD163 when compared to pMGL and hiPSC-Mac (Fig. 2E-G). Notably,
hiPSC-MG, pMGLs and hiPSC-Mac were positive for CX3CR1 expression
(Fig. 2A-D). In sum, hiPSC-MG show characteristic phenotypic features
of human microglia.

3.2. The transcriptomic profile of hiPSC-MG resembles human microglia

We next performed a comparative RNA-seq analysis of hiPSCs,
hiPSC-Mac, pMGL and hiPSC-MG generated from the same starting
hiPSC lines (Fig. 3). Principal component analysis (PCA) of gene ex-
pression revealed a clear separation of hiPSCs from the progeny of
macrophages and microglia-like cells in the first principal component
(PC1: 83%), and PC2 (12%) showed the separation of hiPSC-Mac from
PMGL and hiPSC-MG, underscoring their different developmental tra-
jectories (Fig. 3A). After normalization to hiPSCs, 8 clusters of differ-
entially expressed (DE) genes were detected between hiPSC-Mac, pMGL
and hiPSC-MG (Suppl. Fig. 4A). These clusters were analysed for
functional enrichment of gene ontology (GO) terms in the “biological
process” domain, and the top 50 genes driving PC1 and/or PC2 were
annotated (Suppl. Fig. 4B). The genes driving PC1, which separates
hiPSCs from the myeloid lineage-patterned cell types (pMGL, hiPSC-MG
and hiPSC-Mac), were mainly located in gene cluster 1 (genes up-
regulated versus hiPSCs) and cluster 8 (genes down-regulated versus
hiPSCs). Cluster 1 genes were enriched in GO terms related to response
to stimulus, defense response and cell communication. The genes
driving PC2, which partitions the populations of macrophages and
microglia-like cells, were spread across the clusters but the majority
appeared in gene cluster 6. Enriched GO terms unique to cluster 6 were
related to extracellular matrix organisation, cell adhesion, blood vessel
enrichment and locomotion. Next, we wanted to understand the be-
haviour of core microglia signature genes in hiPSC-MG. We selected the
top 100 most up-regulated genes in human microglia from post-mortem
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brain tissue (right parietal cortex) (Galatro et al., 2017) that were also
expressed in microglia derived from fresh human brain biopsies
(Masuda et al., 2019) in order to obtain a human-specific gene ex-
pression signature of microglia. Then, we derived the expression of this
set of 100 human core microglia signature genes across hiPSCs, hiPSC-
Mac, pMGL and hiPSC-MG (Fig. 3B). Among the genes up-regulated in
hiPSC-MG and pMGL compared to hiPSC-Mac were genes encoding for
CSF-1 receptor (CSFIR), immune-responsive receptors like Siglecs,
lectin receptors, chemokine receptors, pattern recognition receptors
like Toll-like receptor (TLR)-1/5 and CLECL1, as well as transcription
factors like CIITA (regulator for major histocompatibility complex class
II), TAL1 and MNDA (target for interferons) (Suppl. Fig. 4A and
Fig. 3B).

In order to further investigate the differential expression of selected
genes enriched in myeloid cells and microglia, we validated our RNA-
seq results with qRT-PCR (Fig. 4). HiPSC-MG expressed higher levels of
CX3CR1 mRNA and lower levels of ITGAM mRNA than pMGL and
hiPSC-Mac. Most notably, hiPSC-MG, but not hiPSC-Mac or pMGL, ex-
pressed SALLI mRNA, a transcriptional regulator defining microglia
identity and function. HiPSC-MG also expressed higher levels of the
microglia-enriched genes TMEM119 and HEXB and the human-specific
microglia gene SIGLEC11. In addition, hiPSC-MG expressed higher le-
vels of CSFIR mRNA than pMGL and hiPSC-Mac, confirming our RNA-
seq results. The phagocytosis-related genes MERTK, GPR34 and TREM2
were most highly expressed in hiPSC-MG compared to pMGL and
hiPSC-Mac. Finally, expression of the homeostatic microglia gene
P2RY12 was enriched in hiPSC-MG and pMGL compared to hiPSC-Mac.

3.3. HiPSC-MG are functionally active

Given that the spine-bearing surface differentiates adult microglia
from other tissue macrophages, we performed SEM on hiPSC-derived
macrophages and microglia-like cells. Whereas hiPSC-Mac had an
ameboid morphology and a ruffled surface, hiPSC-MG extended pro-
cesses that were covered with numerous spines (Fig. 5A). It is through
these processes that hiPSC-MG took up pH-sensitive zymosan beads in
vitro (Suppl. Movie 1), indicating phagocytic activity. When stimulated
with the bacterial antigen LPS for 8 h, hiPSC-MG became morpholo-
gically activated (Fig. 5B). LPS treatment down-regulated the expres-
sion of the homeostatic microglia gene P2RY12 (Fig. 5C), which was
corroborated at the protein level by flow cytometry (Fig. 5D). In ad-
dition, LPS-stimulated hiPSC-MG up-regulated the expression of the
proinflammatory gene IL1B, as observed for microglia in vivo. The
electrophysiological properties of microglia vary according to their
activation state and therefore, using the patch clamp technique, we
detected a resting membrane potential of around — 30 to — 40 mV in
hiPSC-MG, which decreased in response to LPS (Fig. 5F). Whole cell
capacitance increased and input resistance decreased in hiPSC-MG after
LPS treatment (Fig. 5G and H).

3.4. Engraftment of hiPSC-MG in mouse brain slices and hiPSC-derived
CNS spheroids

In order to test the behaviour of hiPSC-MG in a 3D CNS environ-
ment, we decided to transplant them into mouse and human CNS tissue.
To this end, we first confirmed that the enzymatic detachment of hiPSC-
MG from the culture plates using accutase did not change their differ-
entiation state by showing that hiPSC-MG continued to express the
microglia markers TMEM119 and P2Y;,, and low levels of the myeloid
marker CD11b at 48 h after replating (Suppl. Fig. 5). Next, we trans-
planted CFSE-labelled hiPSC-MG (Suppl. Fig. 6) into organotypic
mouse brain slices. After 2-3 days, we detected CFSE -labelled cells that
expressed human nuclear antigen (HNA) and the microglia/macro-
phage marker Ibal, surrounded by a strong response of endogenous
murine microglia (CFSE Tbal™) to the xenotransplant (Fig. 6A-D).
Three days after transplantation into human iPSC-derived CNS-
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patterned spheroids, which are devoid of any mesodermal cells (data
not shown), hiPSC-MG acquired a ramified morphology (Suppl. Movie
2), and expressed Ibal and TMEM119 (Fig. 6E-H). These results de-
monstrate successful short-term engraftment of hiPSC-MG in mouse and
human CNS tissue in the absence of immunosuppressive treatment.

4. Discussion

Here, we describe a novel protocol for the generation of human

microglia-like cells from induced pluripotent stem cells (hiPSC-MG)
which mimics key neurodevelopmental signals by exposure to the se-
cretome of neural precursor cells. The method is simple, reproducible,
and yields high numbers of human microglia-like cells without the need
for further purification. The hiPSC-MG express bona fide markers of
human microglia and can be directly used to study cell-autonomous and
non-autonomous functions of microglia in CNS disorders.

The first study describing the generation of microglia-like cells from
hiPSCs observed a significant reduction in size for Rett syndrome
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microglia-like cells compared to isogenic controls (Muffat et al., 2016).
When monocytes from patients with schizophrenia were recently dif-
ferentiated into microglia-like cells by exposure to IL-34 and GM-SCF,
increased engulfment of synapses from hiPSC-derived neurons was
observed compared to cells from healthy controls (Sellgren et al.,
2019). The pMGL generated by Haenseler et al. (Haenseler et al.,
2017a) expressed genes whose variants have been associated with in-
creased risk for AD, PD, ALS and FTD, including TREM2, APOE, CD33,
PARK15, PINK1, SNCA, C9orf72, TDP43, and SOD1. Microglia-like cells
derived from hiPSCs harbouring homozygous APOE4 alleles exhibited
shorter processes, reduced B-amyloid uptake, and increased expression
of immune response genes compared to APOE3 microglia-like cells (Lin
et al., 2018). Moreover, hiPSC-derived macrophages from PD patients
with SCNA triplication displayed increased intracellular a-synuclein
accumulation and reduced phagocytic activity compared to cells from
healthy controls (Haenseler et al., 2017b). Recently, hiPSC-derived
microglia-like cells from patients with Nasu-Hakola disease caused by
TREMZ2 mutations exhibited a specific impairment in the phagocytosis
of apoptotic bodies but not zymosan beads compared to cells from
healthy controls (Garcia-Reitboeck et al., 2018). Furthermore, there is
emerging evidence on the role of TREM2 mediating lipid metabolism
(Nugent et al., 2020) and glycolytic switch (Piers et al., 2020) em-
ploying human iPSC-derived microglia. These results underscore the
potential of pluripotent stem cell models for studying microglia in CNS
disorders.

Our new protocol for generating hiPSC-MG is developmentally
guided, and the pluripotent cells are initially directed to form

mesodermal cells and haemogenic endothelium by activating BMP
signalling (Durand et al., 2007) (Goldman et al., 2009) and VEGF sig-
nalling (Leung et al., 2013). These haemato-endothelial clusters are
then specified for myelopoesis by enhancing retinoic acid (RA) receptor
activity via stimulation with IL-3 and SCF to generate myeloid pro-
genitors (Johnson et al., 2002), which are finally cultured in the pre-
sence of IL-34 and NPC-conditioned media to generate hiPSC-MG. We
believe that hiPSC-MG closely resemble human microglia due to the
complex signals that they receive from NPC-conditioned medium. No-
tably, they express SALL1, which controls the transcriptional signature
of microglia in rodents (Buttgereit et al., 2016). To our knowledge,
SALLI mRNA expression has not previously been described in micro-
glia-like cells derived from human iPSCs (Abud et al., 2017; Douvaras
et al., 2017; Haenseler et al., 2017a; McQuade et al., 2018; Pandya
et al., 2017). The hiPSC-MG generated by our protocol also express high
levels of the homeostatic microglia markers, P2Y;, (Butovsky et al.,
2014), TMEM119 (Bennett et al., 2016) and HEX B (Masuda et al.,
2019). In many other protocols, the expression of TMEM119 is very low
or requires induction by co-culture with neurons or transplantation into
cerebral organoids (Haenseler et al., 2017a; Douvaras et al., 2017; Abud
et al., 2017). Moreover, the hiPSC-MG generated by our protocol ex-
press high levels of the human-specific microglia gene SIGLEC11
(Hayakawa et al., 2005), and the phagocytosis-related genes MERTK,
GPR34, and TREM2. Notably, TREM2 has recently been shown to be
most highly expressed by human microglia using single-cell mass cy-
tometry (Bottcher et al.,, 2019). The expression profile of
CD11b*CD45'°CD163' on hiPSC-MG is also characteristic of human
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microglia (Melief et al., 2016; Dick et al., 1997). One of the important
functions of microglia is to sense changes in the microenvironment of
the CNS (Hickman and El Khoury, 2019). Along these lines, our tran-
scriptomic data revealed that hiPSC-MG express clusters of genes re-
sponsible for chemotaxis and vesicle-mediated transport like CCR5,
CX3CR1, cysteinyl leukotriene receptors (CYSLTR1) and C-type lectin
domain CLEC7A. Finally, the hiPSC-MG generated by our protocol ex-
press very high levels of CSFIR mRNA, which is required for the de-
velopment and maintenance of human microglia. In fact, the brains of
individuals with homozygous CSFIR mutations completely lack mi-
croglia (Guo et al., 2019; Oosterhof et al., 2019).

During recent years, a number of techniques have been developed
that make use of hiPSC-derived microglia to better understand micro-
glia biology (Hasselmann and Blurton-Jones, 2020). In an elegant set of
experiments, Abud et al. (Abud et al., 2017) have shown that hiPSC-
derived microglia engraft in hiPSC 3D cerebral organoids and in the
brains of immunodeficient mice. Additionally, recent studies high-
lighted benefits of neonatal transplantation of hiPSC-derived microglia
into mouse brains (Svoboda et al., 2019). Hasselmann et al. detected
important transcriptional changes in the signature of hiPSC-derived
microglia in response to AP plaques after transplantation into AD
transgenic mice (Hasselmann et al., 2019). Along these lines, the hiPSC-
MG generated by our protocol also engraft short-term in mouse brain

10

slices and in hiPSC-derived CNS spheroids in the absence of im-
munosuppression. They show a ramified morphology and spine-bearing
surface in vitro, which distinguishes microglia from other types of tissue
macrophages (Giulian et al., 1995). The hiPSC-MG also show char-
acteristic microglia responses to LPS stimulation, including morpholo-
gical activation, down-regulation of homeostatic P2Y;, expression (De
Simone et al., 2010), transcription of proinflammatory cytokines like
IL1B (Holguin et al., 2007), and enhanced membrane capacitance as
described for rodent microglia in response to LPS (Visentin et al., 1995;
Beck et al., 2008). They phagocytose zymosan particles, as described
previously for other types of microglia-like cells derived from hiPSCs
(Garcia-Reitboeck et al., 2018; Haenseler et al., 2017a; McQuade et al.,
2018).

5. Conclusions

In sum, the hiPSC-MG generated by our protocol not only express
the human core microglia signature genes, but they are also function-
ally active human microglia-like cells that can be tested for the effects
of disease-causing mutations, interactions with other glial cells and
neurons, and used as a drug screening platform. This novel protocol
stands out by mimicking key neurodevelopmental signals that microglia
progenitors receive during early embryonic development. The high
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hiPSC-MG in CNS-patterned spheroid

Fig. 6. Engraftment of hiPSC-MG in rodent slices and CNS-patterned spheroids (A) - (D) Representative images showing engraftment of CFSE-labelled (A) hiPSC-
MG in mouse brain slices (n = 6) at 2 days after transplantation. HIPSC-MG co-expressed Ibal (B) and human nuclear antigen (C). Nuclei were counterstained with

DAPI (D). Insets in (A)-(D) show lower magnification images to reveal the extent of hiPSC-MG engraftment in the rodent slices. Scale bars =

100 pym. (E) - (H)

Representative images showing engraftment of Ibal-immunoreative hiPSC-MG (E) in human CNS-patterned spheroids (n = 5) at 3 days after transplantation. HiPSC-

MG co-expressed Ibal (F) and TMEM119 (G) as shown in the overlay (H). Nuclei were counterstained with DAPI. Scale bar =

yield and purity of hiPSC-MG without biases introduced by cell en-
richment and sorting (Kang et al., 2018; Haimon et al., 2018) represents
a valuable addition to microglia developing innately within cerebral
organoids (Ormel et al., 2018) for studying cell-autonomous and non-
autonomous functions of microglia in neurological and psychiatric
disorders.
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