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Abstract

Background Induced pluripotent stem cell-derived microglia (iIMGL) represent an excellent tool in studying micro-
glial function in health and disease. Yet, since differentiation and survival of iMGL are highly reliant on colony-stimulat-
ing factor 1 receptor (CSF1R) signaling, it is difficult to use IMGL to study microglial dysfunction associated with patho-
genic defects in CSF1R.

Methods Serial modifications to an existing iIMGL protocol were made, including but not limited to changes

in growth factor combination to drive microglial differentiation, until successful derivation of microglia-like cells

from an adult-onset leukoencephalopathy with axonal spheroids and pigmented glia (ALSP) patient carrying
ac.2350G> A (p.V784M) CSFIR variant. Using healthy control lines, the quality of the new iMGL protocol was validated
through cell yield assessment, measurement of microglia marker expression, transcriptomic comparison to primary
microglia, and evaluation of inflammatory and phagocytic activities. Similarly, molecular and functional characteriza-
tion of the ALSP patient-derived iMGL was carried out in comparison to healthy control iIMGL.

Results The newly devised protocol allowed the generation of iIMGL with enhanced transcriptomic similarity to cul-
tured primary human microglia and with higher scavenging and inflammatory competence at ~threefold greater
yield compared to the original protocol. Using this protocol, decreased CSF1R autophosphorylation and cell surface
expression was observed in iIMGL derived from the ALSP patient compared to those derived from healthy controls.
Additionally, ALSP patient-derived iMGL presented a migratory defect accompanying a temporal reduction in puriner-
gic receptor P2Y12 (P2RY12) expression, a heightened capacity to internalize myelin, as well as heightened inflamma-
tory response to Pam;CSK,. Poor P2RY 12 expression was confirmed to be a consequence of CSF1R haploinsufficiency,
as this feature was also observed following CSF1R knockdown or inhibition in mature control iMGL, and in CSF1RV7%©
and CSFIR"7E3KiIMGL compared to their respective isogenic controls.
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Conclusions We optimized a pre-existing iIMGL protocol, generating a powerful tool to study microglial involve-
ment in human neurological diseases. Using the optimized protocol, we have generated for the first time iIMGL
from an ALSP patient carrying a pathogenic CSF1R variant, with preliminary characterization pointing toward func-
tional alterations in migratory, phagocytic and inflammatory activities.
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Background

Microglia are resident myeloid cells of the central nerv-
ous system that originate from yolk sac progenitor cells.
Following brain colonization, microglia aid in the devel-
opment of neuronal networks and myelination. As mon-
onuclear phagocytes, they have crucial functions in the
removal of excess neurons and synapses during devel-
opment, as well as in the clearance of dying cells and
debris. These highly motile cells express a diverse range
of immune sensing receptors to act as sentinel cells of the
brain parenchyma [1].

Recent advances in the human microglia field have
been driven by the development of several induced pluri-
potent stem cell-derived microglia (iMGL) protocols
starting in 2017 [2]. Microglial cells are generally derived
from induced pluripotent stem cells (iPSCs) in two steps:
1) production of hematopoietic precursor cells, and 2)
microglial differentiation. In particular, the iMGL proto-
col developed by Abud et al. [3] and later simplified by
McQuade et al. (hereafter referred to as version “2.0” [4])
relies on the use of macrophage colony-stimulating fac-
tor (M-CSF), interleukin-34 (IL-34) and transforming
growth factor-beta 1 (TGF-B1) for microglial differentia-
tion. These growth factors are important for the acqui-
sition of a unique molecular identity that distinguishes
microglia from other myeloid populations [5-7].

M-CSF and IL-34 are endogenous ligands of the recep-
tor tyrosine kinase colony-stimulating factor 1 recep-
tor (CSF1R) essential for both the development and the
maintenance of microglia pool in the brain through self-
renewal [7-11]. In mice, CsfIr knockout results in an
almost complete failure of microglia development [12].

In human, mono-allelic pathogenic variants in the CSFIR
gene have been associated with adult-onset leukoen-
cephalopathy with axonal spheroids and pigmented glia
(ALSP). This rare autosomal dominant disease is patho-
logically characterized by vacuolating and demyelinated
white matter especially in the frontal regions and corpus
callosum, axonal degeneration and swelling (spheroids),
and pigmented myeloid cells in the brain. Affected indi-
viduals present with psychiatric, cognitive and motor
symptoms usually in the 4th decade, and rapidly deterio-
rate to death on average 7 years after disease onset [13,
14]. The impact of CSFIR pathogenic variants on micro-
glia function and brain abnormalities remains poorly
understood, and no treatment exists to date.

As most iMGL protocols including the 2.0 proto-
col developed by McQuade et al. heavily rely on CSFIR
signaling for successful microglia differentiation [4] and
survival [15], it did not appear possible to actively study
CSFIR-mutated microglia using such protocols. We
made serial modifications to the microglia differentia-
tion medium used in the 2.0 protocol to ensure successful
derivation of microglia-like cells from an ALSP patient
harboring a pathogenic ¢.2350G > A CSFIR variant. This
protocol, which conserved the simplicity of the 2.0 proto-
col all the while improving the overall functional compe-
tence of the resulting cells, will be referred to as the “2.9”
protocol since it was the 9th iteration of the 2.0 protocol.

Herein, we present the new 2.9 protocol and the char-
acterization of the resulting cells (“iMGL 2.9”) in com-
parison to cells generated using the original protocol
(“iMGL 2.0”) and primary human microglia. This new
protocol was used to carry out the cellular and molecular
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phenotyping of ALSP patient-derived iMGL carrying
a heterozygous pathogenic variant in the CSFIR gene,
which we failed to achieve using the 2.0 protocol due to
unsuccessful differentiation.

Methods

iPSClines

Characteristics of iPSC lines used in this study are pre-
sented in Additional file 3: Table S1. Generation of iPSC
lines was done following McGill University Health Cent-
er’s ethical guidelines (project# 2019-5374) with writ-
ten consent from donors. Some cell lines used in the
analyses presented in this article were obtained from
the Golub Capital iPSC Parkinson’s Progression Mark-
ers Initiative (PPMI) Sub-study (https://www.ppmi-info.
org/access-data-specimens/request-cell-lines). As such,
the investigators within PPMI contributed to the design
and implementation of PPMI and/or provided data and
collected samples but did not participate in the analysis
or writing of this manuscript. For up-to-date informa-
tion on the study, please visit PPMI-info.org. Cells were
maintained in mTeSR"™ Plus (STEMCELL Technologies)
or in Essential 8" media on Corning " Matrigel " hESC-
Qualified Matrix -coated dishes, with subculturing every
five to seven days using standard protocols [16].

For the generation of iPSCs from a CSFIR-mutated
ALSP patient, peripheral blood mononuclear cells
(PBMCs) were collected through the intermediary of
C-BIG Repository, Montreal, Canada, with written con-
sent from the donor and following McGill University
Health Centre’s ethical guidelines. PBMCs were repro-
grammed into iPSCs using previously established episo-
mal reprogramming method [16]. Briefly, PBMCs were
nucleofected with episomal plasmids (pEV-OCT4-2A-
SOX2, pEV-MYC, pEV-KLF4, and pEV-BCL-XL) and
resulting iPSC colonies were selected based on the acqui-
sition of stem cell-like morphology for expansion and
cryopreservation. Genomic integrity was then verified by
karyotyping and quantitative polymerase chain reaction
(qPCR)-based assays as previously described [16].

Generation of iMGL

Hematopoietic differentiation. Differentiation of iPSCs
into iPSC-derived hematopoietic progenitor cells
(iHPCs) was carried out using STEMdiff " Hematopoietic
kit (STEMCELL Technologies) as previously described
[4] with minor modifications. On day -1, iPSCs were
detached using Gentle Cell Dissociation Reagent (STEM-
CELL Technologies) and plated in Matrigel " -coated
6-well plates, in mTeSR™ Plus or in Essential 8" media
supplemented with Y27632 (10 uM, Selleckchem). Sev-
eral seeding densities should be tested for every differen-
tiation batch, aiming in the range of 1-5 small colonies
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per cm? at the start of the differentiation. On day 0, media
were replaced with STEMdiff " hematopoietic medium A
(2 mL/well). On day 2, half the volume of the cell super-
natants (1 mL/well) was replaced with fresh medium
A. On day 3, media was fully replaced with STEMdiff""
hematopoietic medium B (2 mL/well). On day 5 and 7,
half the volume of the cell supernatants (1 mL/well) was
replaced with fresh medium B. On day 9, 1 mL/well of
fresh medium B was added. On day 10, cell supernatants
containing the floating iHPCs were collected and spun
down at 300 g for 5 min. 1 mL/well of cell-free condi-
tioned media, along with 1 mL/well of fresh medium B,
were put back on the iHPC culture. The collected pel-
let of iHPCs was processed either for cryopreservation
(using Bambanker, Fujifilm Wako Chemicals) or for
microglial differentiation. iHPCs were similarly harvested
on day 12. Each harvest should result in the collection
of 0.1—1x10° iHPCs/well. Although iHPCs could also
be collected on day 14, iHPCs from day 10 and day 12
showed higher cell proliferation during microglial differ-
entiation (personal observation).

Microglial differentiation. On day 0, iHPCs were resus-
pended at a density of 5-10x 10° cells/mL in microglia
differentiation medium 2.0 or 2.9 (Table 1) and plated
on Matrigel "-coated 6-well plates (2 mL/well). The cul-
ture was supplemented with 1 mL/well of differentiation
media every other day. Every 10 to 12 days, 5 mL/well of
cell supernatants were collected and spun down at 300 g
for 5 min. The collected cells were resuspended in 1 mL/
well of differentiation media and placed back in culture.
Cells were considered mature on day 28 of microglial dif-
ferentiation, with downstream experiments carried out
between day 28 and 42, unless otherwise specified. Cells
were maintained at 37 °C under a 5% CO2 atmosphere.
For any downstream experiments, cells were detached
using phosphate-buffered saline (PBS) with 2 mM ethyl-
enediaminetetraacetic acid (EDTA; 10-min incubation)

and replated at a density of 7.5x 10° cells per cm?.

Primary microglia isolation and culture

Human brain tissues from 2- to 65-year-old female and
male epilepsy patients were obtained from the Montreal
Neurological Institute, Montreal, Canada (adult donors)
and the Montreal Children’s Hospital, Montreal, Can-
ada (pediatric donors), with written consent and under
local ethic boards’ approval. Tissues were from sites
distant to the suspected primary epileptic foci. Isola-
tion of glial cells was carried out as previously described
[17] through mechanical and chemical digestion, fol-
lowed by Percoll® (Sigma-Aldrich) gradient centrifuga-
tion. Microglia were further purified by taking advantage
of the differential adhesive properties of the glial cells.
Cells were maintained in Minimum Essential Medium
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Table 1 Composition of the 2.0 and 2.9 microglia differentiation media
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2.0 microglia differentiation medium

2.9 microglia differentiation medium

Catalog number

DMEM/F12

GlutaMAX 1X

Non-essential amino acids 1X
B27 2X

N2 0.5X
Insulin-Transferrin-Selenium 2X
Monothioglycerol 400 uM
Penicillin/Streptomycin 1X
IL-34* 100 ng/mL

TGF-1* 50 ng/mL

M-CSF* 25 ng/mL

MEMa
GlutaMAX 1X

B27 2X

Insulin-Transferrin-Selenium 2X
Penicillin/Streptomycin 1X
IL-34* 100 ng/mL

TGF-31%* 50 ng/mL

M-CSF* 25 ng/mL

GM-CSF* 5 ng/mL

11039047 (Thermo Fisher Scientific)
12571063 (Thermo Fisher Scientific)
35050061 (Thermo Fisher Scientific)
140050 (Thermo Fisher Scientific)
17504044 (Thermo Fisher Scientific)
17502048 (Thermo Fisher Scientific)
41400045 (Thermo Fisher Scientific)
88640 (Sigma-Aldrich)
15140122 (Thermo Fisher Scientific)
200-34 (Peprotech
100-21 (Peprotech

CX3CL1** 100 ng/mL
CD200** 100 ng/mL

CX3CL1** 100 ng/mL 300-1

)
( )
300-25 (Peprotech)
300-03 (Peprotech)
8 (Peprotech)
174024 (Abcam)

" Freshly added, #from day 24 onward

(MEM; Sigma-Aldrich) supplemented with 5% fetal
bovine serum (FBS; Wisent Bio Products), 1% P/S, 0.1%
glucose and 1X GlutaMAX"™, unless otherwise speci-
fied. Fetal microglia were isolated similarly [17] from
second trimester fetal brain tissues obtained from Cen-
tre Hospitalier Universitaire Sainte-Justine, Montreal,
Canada, with maternal written consent and under local
ethic boards’ approval. Fetal microglia were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM; Thermo
Fisher Scientific) supplemented with 5% FBS, 1% P/S and
1X GlutaMAX ™.,

Peripheral blood mononuclear cell-derived macrophages
(PBMC-Me)

PBMC:s were isolated from whole blood by Ficoll gradient
centrifugation. Monocytes were then collected through
magnetic activated bead sorting of cluster of differentia-
tion 11b (CD11b) -positive cells, and cultured at a density
of 5-10x10° cells/cm? (day 0) in RPMI-1640 (Thermo
Fisher Scientific) with 10% FBS, 1% P/S, 1X GlutaMAX "™
and 30 ng/mL M-CSF (Peprotech). Cells were matured
for 8 days, with media supplementation on day 4 and day
7.

Immortalized cell lines

hTERT RPE-1 and THP-1 cells were from American Type
Cell Collection. hTERT RPE-1 cells were maintained in
DMEM/F12 with 10% FBS and 1% P/S with subculturing
every four days. THP-1 cells were maintained in RPMI-
1640 with 10% FBS, 1% P/S and 1X GlutaMAX"™ with
subculturing every five days.

Adhesion assay

A crystal violet kit (Abcam) was used to assess cell adhe-
sion following the manufacturer’s protocol. Cells were
first seeded on a 96-well plate. After 48 h, cells were
washed with washing buffer to remove non-adherent
cells, prior to incubation with crystal violet. After wash-
ing off the excess crystal violet, cells were incubated in
the solubilization buffer. Absorbance was measured at
560 nm on a SpectraMax® iD3 microplate reader (Molec-
ular Devices).

Immunocytochemistry

Cells were fixed in 4% paraformaldehyde solution and
permeabilized/blocked using PBS with 3% goat or don-
key serum and 0.2% triton X-100 (Sigma Aldrich). Cells
were incubated at 4 °C overnight with primary antibod-
ies against the following targets: ionized calcium bind-
ing adaptor molecule 1 (IBA1l; #NC9288364, Fuyjifilm
Wako Chemicals at 1:1000), PU.1 (#2258, Cell Signaling
at 1:250), Nanog (#ab21624, Abcam at 1:500), Tra-1-60
(#60064, STEMCell Technologies at 1:200), stage-specific
embryonic antigen-4 (SSEA-4; #sc-21704, Santa Cruz
Biotechnologies at 1:200), octamer-binding transcription
factor 3/4 (OCT3/4; #sc-8628, Santa Cruz Biotechnolo-
gies at 1:500), Ki67 (#556003, BD Biosciences at 1:200),
lysosomal-associated membrane protein 1 (LAMPI;
#9091, Cell Signaling at 1:200) or cluster of differentiation
68 (CD68; #M0814, Dako Omnis at 1:200). Cells were
then incubated with secondary antibodies and 1 pg/mL
Hoechst 33,342 for one hour. The proportion of cells with
positive stain was determined using a Celllnsight CX5



Dorion et al. Molecular Neurodegeneration (2024) 19:31

High Content Screening Platform (Thermo Fisher Scien-
tific). All conditions were assessed in triplicate.

Ribonucleic acid (RNA) -sequencing
TRIzol (Thermo Fisher Scientific) was used to extract
RNA, followed by cleaning using a RNeasy mini kit (Qia-
gen). Quality control of the RNA samples, as well as the
library preparation by poly(A) enrichment and RNA-
sequencing were performed by Genome Quebec, Mon-
treal, Canada. RNA-sequencing was performed using an
[llumina NovaSeq 6000 with a read depth of 50 million
reads per sample. Canadian Center for Computational
Genomic’s pipeline GenPipes [18] was used to align the
raw files and quantify the read counts. Briefly, raw fastq
files were aligned to the GRCh38 genome reference using
STAR aligner [19] with default parameters and raw reads
were quantified using HTseq count [20]. Differential
expression gene (DEG) analysis was carried out using
the DESeq2 package [21]. DEGs were identified using
an adjusted p-value cutoff of 0.05. Gene ontology (GO)
enrichment analyses were performed using PANTHER
overrepresentation test, on the web-based tool offered
by the Gene Ontology Consortium. Principal component
analysis (PCA) was carried out using the Python module
sklearn and visualized using Matplotlib. Histograms were
generated using GraphPad Prism 9.0 software.
RNA-sequencing data from Douvaras et al, 2017
[22], Konttinen et al, 2019 [23], and Drager et al, 2022
[24] were obtained from Gene Expression Omnibus
(GSE97744, GSE135707, and GSE178317, respectively).
Batch effect correction was performed using the sva
package [25].

Quantitative reverse transcription polymerase chain
reaction (QRT-PCR)

Following RNA extraction, reverse transcription was per-
formed using Moloney murine leukemia virus reverse
transcriptase (Thermo Fisher Scientific). Real-time PCR
was performed using TagMan assays (Thermo Fisher
Scientific) on a QuantStudio " 5 real-time PCR system
(Thermo Fisher Scientific). The 272 method was used to
analyze the data using glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) and tyrosine 3-monooxygenase/
tryptophan 5-monooxygenase activation protein zeta
(YWHAZ) as controls.

Flow cytometry

Cells were blocked with Human TrueStain FcX and Tru-
eStain Monocyte Blocker (Biolegend) and stained with
the following antibodies: anti-cluster of differentiation
34 (CD34; clone #561, Biolegend), anti-cluster of dif-
ferentiation 43 (CD43; clone #CD43-10G7, Biolegend),
anti-cluster of differentiation 14 (CD14; clone #HCD14,
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Biolegend), anti-CSF1R (clone #61708, R&D Systems),
anti-CX-3-C motif chemokine receptor 1 (CX3CRI;
clone #2A9-1, Biolegend), anti-Mer tyrosine kinase
(MERTK; clone #125518, R&D Systems), anti-purinergic
receptor P2Y12 (P2RY12; clone #S16001E, Biolegend) or
anti-toll-like receptor 4 (TLR4; clone #610029, R&D Sys-
tems). All antibodies were titrated using negative control
cells that don’t or poorly express the target protein. For
intracellular staining, cells were fixed in 4% paraformal-
dehyde solution and permeabilized in 0.2% triton X-100
solution prior to antibody staining. Appropriate forward
and side scatter profiles were used to exclude debris and
doublets from the analysis. Dead cells were excluded
based on LIVE/DEAD"™ Fixable Aqua (Thermo Fisher
Scientific) staining. Readings were done on an Attune"
Nxt Flow Cytometer and analyzed/visualized using
FlowJo' " software.

Phagocytosis assay

Human a-synuclein preformed fibrils [26], myelin debris
[27] and immunoglobulin G-opsonized red blood cells
[28] were labelled with pHrodo" Green STP ester or
pHrodo ™ Red succinimidyl ester (Thermo Fisher Scien-
tific) as previously described and used at the following
respective concentrations which were determined to be
non-saturating: 1 uM, 15 pg/mL and 5 x 10* cells/mL.
Bioparticles of pHrodo' " Green-labelled Escherichia coli
(E. coli) were purchased from Thermo Fisher Scientific
and used at a concentration of 25 pg/mL. Cells were incu-
bated with the labelled substrates for three hours unless
otherwise indicated, and before being counterstained
with Hoechst 33342 (5 pg/mL). Total green fluorescence
intensity per cell was quantified on a Celllnsight CX5
High Content Screening Platform. All conditions were
assessed in triplicate. Unchallenged cells were used to
measure background/autofluorescence. Histograms were
generated using the Python library Matplotlib. Inter-
nalization of fluorescein isothiocyanate (FITC) -labelled
myelin was assessed similarly, except cells were washed
with 0.4% trypan blue solution to quench extracellular
fluorescence prior to imaging.

Measurement of cytokine secretion

The following reagents were used to treat cells: lipopoly-
saccharide (LPS) from E. coli strain O127:B8 (100 ng/
mL; Sigma Aldrich), Pam;CSK, (100 ng/mL; Invivogen),
R-FSL-1 (250 ng/mL; EMC Microcollection Gmbh),
interferon gamma (IFNy; 10 ng/mL; Peprotech) and
adenosine triphosphate (ATP; 5 mM; Sigma Aldrich).
Concentrations of interleukin-1beta (IL-1p), interleu-
kin-6 (IL-6), interleukin-10 (IL-10) and tumor necro-
sis factor (TNF) in cell supernatants were measured
using the Human Inflammatory Cytokine Cytometric
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Bead Array Kit (BD Biosciences). Concentrations of
chemokines in cell supernatants were measured using
the LEGENDplex ' Human Proinflammatory Chemokine

Panel 1 (Biolegend). Readings were made on an Attune’
Nxt Flow Cytometer.

Western blotting

Cells were lysed on ice in a lysis buffer composed of
150 mM NaCl, 50 mM Tris—=HCl pH 7.4, 1% Noni-
det P-40, 0.1% sodium dodecyl sulfate (SDS) and 5 mM
EDTA with protease and phosphatase inhibitors (Thermo
Fisher Scientific). Cell lysates were centrifuged at 500 g
for 30 min at 4 °C to remove cellular debris. Proteins
(25 pg/lane) were separated on SDS-polyacrylamide
gels and transferred to polyvinylidene difluoride mem-
branes (Bio-Rad Laboratories). Membranes were immu-
noblotted for CSFIR (1:250; #MAB3291, R&D Systems)
and its phosphorylated form (Y723; 1:500; #3155, Cell
Signaling), nuclear factor kappa B (NF-«kB; 1:500; #8282,
Cell Signaling) and its phosphorylated form (S536; 1:500;
#3033, Cell Signaling), caspase-1 (1:500; #ab179515,
Abcam), IL-1p (1:500; #12,242, Cell Signaling), NLR fam-
ily pyrin domain containing 3 (NLRP3; 1:500; #15101S,
Cell Signaling) and GAPDH (1:5000; G8795, Sigma
Aldrich) overnight at 4 °C, and then with horse radish
peroxidase-linked secondary antibodies (1:10,000; Jack-
son Laboratory) for one hour. Bands were detected by
enhanced chemiluminescence SignalFire™ Plus ECL rea-
gent (Cell Signaling) using a ChemiDoc Imaging System
(Bio-Rad Laboratories). Image analysis was performed
using ImageLab 6.0.1 software (Bio-Rad Laboratories).

CSF1R sequencing

CSFIR pathogenic variant (c.2350G>A; p.V784M) in
ALSP patient’s PBMCs and iPSCs was confirmed by
Sanger sequencing. Following DNA extraction, touch-
down polymerase chain reaction (PCR) was performed
using the forward and reverse primers 5ACGATA
CACATTCTCAGATCCTGG 3 and 5GTGTAGACA
CAGTCAAAGATGCTC 3 respectively, for PBMCs,
and 5’5GGTAGGAGAAGGCCCAAGAC 3’ and 5GGG
ATGACAGTCCCCAGTTA 3; respectively, for iPSCs
(designed using NCBI’s primer design tool, https://www.
ncbi.nlm.nih.gov/tools/primer-blast/, and NM_005211.4
as reference sequence). The optimal annealing tem-
perature for the primers was established at 54 °C using
the Tm Calculator provided by New England BioLabs
(https://tmcalculator.neb.com/#!/main). The amplified
deoxyribonucleic acid (DNA) sample corresponding
to the PBMCs was sent to Genome Quebec, Montreal,
Canada, for Sanger sequencing performed on an Applied
Biosystems 3730x]I DNA Analyzer (Thermo Fisher Sci-
entific). For the iPSC-derived sample, sequencing was
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performed on an Applied Biosystems SeqStudio Genetic
Analyzer (Thermo Fisher Scientific).

Sequencing of the entire region encoding the tyros-
ine kinase domain of CSF1R was performed for iMGL
using ENST00000675795.1 as the reference transcript
sequence. Following RNA extraction and reverse tran-
scription, complementary DNA (cDNA) was subjected
to amplification cycles using three sets of primers (Addi-
tional file 1: Figure S1A, B). The optimal annealing tem-
perature for the primers was established at 52 °C using
the Tm Calculator provided by New England BioLabs
(https://tmcalculator.neb.com/#!/main). PCR products
were purified using an ExoSAP-IT PCR product cleanup
reagent (Thermo Fisher Scientific). DNA sequenc-
ing reactions were performed using a BigDye v3.1 cycle
sequencing kit (Thermo Fisher Scientific) and followed
by purification using a BigDye XTerminator Purification
kit (Thermo Fisher Scientific). Sequencing was carried
out on an Applied Biosystems SeqStudio Genetic Ana-
lyzer (Thermo Fisher Scientific).

Magnetic resonance imaging (MRI)

Brain MRI was clinically performed in the 1.5 T Philips
MR scanner of the Montreal Neurological Institute,
Montreal, Canada, with a protocol including 3D FLAIR
T2-weighted images, axial T2-weighted images and dif-
fusion weighted images.

Propidium iodide (PI) staining

Cells were stained in PBS containing 1 pug/mL PI (Thermo
Fisher Scientific) and 5 pg/mL Hoechst 33342. The aver-
age number of PI- live cells per condition was deter-
mined using a Celllnsight CX7 High Content Screening
Platform. All conditions were assessed in triplicate.

Migration assay

A Boyden chamber assay was carried out to assess cell
migration toward adenosine diphosphate (ADP). Cells
were plated on top compartments of Corning® Tran-
swell® inserts with 8.0 pum pores (#3422), in nucleo-
side-free MEMa. Bottom compartments were filled
with nucleoside-free MEMa containing vehicle or ADP
(20 pM). When indicated, PSB0739 (20 pM) was added
to both top and bottom compartments. Migration was
quantified 1.5 h later through Hoechst 33342 staining
(5 pg/mL) of cells that crossed the inserts toward the
lower compartment, using an EVOS M5000 Imaging Sys-
tem (Thermo Fisher Scientific).

Assessment of lysosomal pH

Cells were incubated for one minute with 2.5 pM Lys-
oSensor " Yellow/Blue DND-160 (Thermo Fisher Sci-
entific). Fluorescence intensity was assessed using a
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SpectraMax® iD3 microplate reader, at excitation wave-
lengths of 329 and 384 nm, and emission wavelength of
540 nm. Unstained cells were used for background sub-
traction. Fluorescence intensity ratio (Ex 329:384) was
calculated as an indicator of lysosomal pH as previously
described [29]. All conditions were assessed in triplicate.
When indicated, cells were treated with 50 mM ammo-
nium chloride (Sigma Aldrich) for one hour prior to the
staining, throughout the staining, and during fluores-
cence intensity measurement.

Assessment of lysosomal protease activity

Cells were incubated with DQ™ red bovine serum albu-
min (BSA) following the manufacturer’s recommenda-
tion for 24 h. Total red fluorescence intensity per cell was
quantified using a Celllnsight CX5 High Content Screen-
ing Platform. All conditions were assessed in triplicate.
Unchallenged cells were used to measure background/
autofluorescence. When indicated, cells were concomi-
tantly treated with 100 nM Bafilomycin Al (Thermo
Fisher Scientific).

Clustered regularly interspaced palindromic repeats
(CRISPR) -Cas9-mediated gene editing

CRISPR-Cas9 gene editing approach was employed
as previously described [30] to edit the CSFIR gene in
the healthy control iPSC line 3450 (Additional file 3:
Table S1). Briefly, iPSCs were nucleofected with ribo-
nucleoprotein complex which contained Cas9 protein,
single guide RNA (sequence: UGUUACGCGCUGCCA
CGUCC) and homology DNA repair template (sequence:
CCTGCAGTGCTTTCCCTCAGTGCATCCACCGGG
ACGTGGCAGCGCGTAACATGCTGTTGACCAATG
GTCATGTGGCCAAGATTGGGGACTTCGGGC
TGGCT) using a Lonza 4D-Nucleofector device. Fol-
lowing limiting dilution, clones with edited CSFIR were
identified by droplet digital PCR (QX200™ Droplet
Reader, Bio-Rad) and Sanger sequencing.

RNA interference

Cells were transfected with 10 nM siGENOME RISC-
Free Control (siCON) or ON-TARGETplus small inter-
fering RNA (siRNA) pools against CSFIR (siCSF1R;
Horizon Discovery) using Lipofectamine’ RNAIMAX
(Thermo Fisher Scientific). The manufacturers’ protocols
were followed.

Plasmids and lentivirus production

8x10° HEK293T cells (American Cell Type Collection)
were seeded into a 150-mm dish in DMEM supplemented
with 10% FBS. After 24 h, the cells were transfected using
X-tremeGENE™ 9 DNA Transfection Reagent (Roche)
with the following plasmids in equal molar ratio (total
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16 pg DNA): psPAX2 (#12260, Addgene), pMD2.G
(#12259, Addgene), and WT CSF1R-IRES2-eGFP (EX-
A3543-Lv165, Genecopoeia) or 2350G>A CSFIR-
IRES2-eGFP (CS-A3543-Lv165-01, Genecopoeia). NM_
005211.4 was used as the reference sequence. Media
was changed to Opti-MEM (Thermo Fisher Scientific)
16 h post-transfection. Media was collected 48 h post-
transfection, filtered (0.45 puM), and applied to iHPCs
(500 uL/0.25%10° cells) in the 2.9 medium. Media of
iHPCs was fully replaced the next day and the cells were
differentiated for 28-42 days. Transduction efficiency
was assessed by eGFP fluorescence using an Attune " Nxt
Flow Cytometer.

Statistical analyses

Statistical analyses were performed using GraphPad
Prism 9.0 software. A t-test was used to compare the
mean of two groups of data. A one-way analysis of vari-
ance (ANOVA) was used to compare the mean of three
or more groups of data. When the assumptions of a t-test
or a one-way ANOVA were not met, a Mann—Whitney
test or a Kruskal-Wallis test was used instead, respec-
tively. A two-way ANOVA was used to compare two
groups of data with multiple variables. P-values (‘p’) were
adjusted using appropriate post hoc tests following one-
way and two-way ANOVA, and Kruskal-Wallis tests.
Mean and standard error of the mean (SEM) of biological
replicates (‘n’) are plotted in all graphs unless otherwise
indicated. A p<0.05 was considered statistically signifi-
cant. Primary microglia obtained from the same donor
or iMGL from the same differentiation batch divided into
several cell culture wells were considered technical rep-
licates. Primary microglia obtained from independent
donors and iMGL generated at different points in time
were considered biological replicates.

Results

The 2.9 protocol yields higher number of pure, adherent
iMGL compared to the 2.0 protocol

The newly devised 2.9 protocol consisted of two steps
(Fig. 1A): 1) generation of iHPCs from iPSCs identically
to McQuade et al’s 2.0 protocol using a commercially
available kit, and 2) differentiation of iHPCs into iMGL
using a modified medium formulation from the 2.0 pro-
tocol (Table 1). High glucose concentrations can mask
cellular phenotype resulting from genetic manipulations
or variants, especially if it relates to cellular metabo-
lism [31]. Furthermore, energy metabolism is intricately
linked to immune function of microglia [32, 33], with
glucose concentration influencing microglial inflamma-
tory response to LPS [34]. MEMa containing physiologi-
cal concentration of glucose (5.6 mM) was therefore used
as the base of the 2.9 microglia differentiation medium,
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instead of DMEM/F12 in the 2.0 medium which contains
three times higher concentration of glucose (17.5 mM).
Since MEMa contains optimal concentrations of non-
essential amino acids (glycine, alanine, asparagine, aspar-
tic acid, glutamic acid, proline, and serine) contrary to
DMEM/F12, the 2.9 medium was not further supple-
mented with non-essential amino acids. The growth
factor granulocyte—macrophage colony-stimulating fac-
tor (GM-CSF) at low concentration has been previously
shown to be beneficial in increasing iMGL cell yield [35]
and was therefore incorporated as a mitogenic factor, in
addition to IL-34, M-CSF and TGF-p1. While C-X3-C
motif chemokine ligand 1 (CX3CL1) and cluster of dif-
ferentiation 200 (CD200) had been used in the 2.0 pro-
tocol as modulators of microglial function, CD200 was
omitted in the 2.9 protocol as the expression of its recep-
tor is almost absent in human microglia [15, 36]. Finally,
monothioglycerol and N2 supplements were omitted, as
they have been shown to provide no benefit in microglia
identity acquisition [35].

From the same starting number of iHPCs (0.1—
0.2x 10%/well), the new 2.9 protocol resulted on average
in~3 times higher number of viable iMGL (~2x10°%/
well) compared to the 2.0 protocol (~0.7x10%/well;
Fig. 1B), with some variability in yield improvement
observed between different iPSC lines (between 2 to
eightfold increase; Additional file 1: Figure S2A). Line-
to-line variability in cell yield has also been previously
observed with various iMGL protocols [37-39]. Cell
source, reprogramming method and sex of iPSCs did not
appear to influence final iMGL 2.9 cell yield (Additional
file 1: Figure S2B). In addition to successful differentia-
tion of control iPSC lines into iMGL, the 2.9 protocol was
also confirmed to allow the differentiation of Parkinson’s
disease patient-derived lines harboring glucocerebro-
sidase (GBA) or leucine-rich repeat kinase 2 (LRRK2)
pathogenic variants (Additional file 1: Figure S3A-B). In
contrast to the 2.0 protocol that yielded loosely adher-
ent and floating cells, the 2.9 protocol resulted in more
tightly adherent cells of elongated, amoeboid or ramified
morphologies akin to primary cells (Fig. 1C-D, Addi-
tional file 1: Figure S4). Progressive acquisition of these

(See figure on next page.)
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microglial morphologies and adhesion to cultureware
were observed throughout the differentiation, as soon as
on day 2 (Additional file 1: Figure S5A). Occasional for-
mation of multinucleated giant cells could be observed
(Additional file 1: Figure S6A), but those could be elimi-
nated through the selective harvest of mononuclear cells
using a 2 mM EDTA solution (Additional file 1: Figure
S6B). When replated for downstream experiments, iMGL
adhered to cultureware within 30 min, and regained
microglia-like morphologies after 16 h (Additional file 1:
Figure S5B). Immunostaining revealed mature iMGL 2.9
to be ~99% and ~ 98% positive for the respective myeloid
markers IBA1 and PU.1 (Fig. 1E-F, Additional File 1: Fig-
ure S7A-B; the neuroepithelial cell line \TERT RPE-1 was
used as a negative control).

RNA-sequencing revealed the transcriptomes of iMGL
2.0 and 2.9 to greatly differ from that of iPSCs from which
they were generated, and to closely resemble that of cul-
tured primary microglia (Additional file 1: Figure S8A),
as well as the transcriptomes of iMGL preparations from
earlier publications (Douvaras et al., 2017 [22], Konttinen
et al., 2019 [23] and Drager et al., 2022 [24]; Additional
file 1: Figure S8B). Transcriptomes of iMGL generated
using either the 2.0 or 2.9 protocols slightly differed from
cultured (in vitro) and freshly isolated (ex vivo) primary
microglia, but iMGL 2.9 showed a higher transcriptomic
similarity to in vitro and ex vivo primary microglia com-
pared to iMGL 2.0 (Fig. 1G). PCA revealed a number
of genes including AXL, allograft inflammatory factor 1
(AIF1, encoding IBA1) and toll-like receptor 10 (TLR10)
to be aberrantly high in iMGL 2.0 compared to iMGL 2.9
and in vitro and ex vivo primary microglia (Additional
file 1: Figure S9, Additional file 4: Table S2). DEG analy-
sis revealed genes more highly expressed in iMGL 2.0
over 2.9 to be enriched in processes related to cell divi-
sion (Additional file 1: Figure S10A). Genes more highly
expressed in iMGL 2.9 over 2.0 were involved in micro-
glial cell activation (e.g. triggering receptor expressed on
myeloid cell 2 or TREM?2, chemokine ligand 3 or CCL3,
and metalloproteinase 8 or MAMPS), chemotactic attrac-
tion of leukocytes and complement system (Additional
file 1: Figure S10B). A number of macrophage-specific

Fig. 1 Characterization of IMGL 2.9. A Schematic of the 2.0 and 2.9 protocols. B-H iMGL 2.0 and 2.9 differentiation were carried out side-by-side
from the same healthy control iPSC lines. B Viable iMGL cell yield assessed by trypan blue exclusion assay. Cell numbers per well of a 6-well plate are
presented. A t-test was performed. n= 13 differentiation batches from 6 iPSC lines. *** p <0.001. Connecting lines show side-by-side experiments. C
Crystal violet assay. A Mann-Whitney test was performed. n=4 lines, * p <0.05, O.D.=optical density. D Phase contrast images of iMGL 2.0, iIMGL 2.9
and primary human microglia. Scale bar= 150 um. E Representative images of IBAT and PU.1 immunostaining. Blue=Hoechst 33342, green=1IBA1
or PU.1, scale bar=200 um. F Quantification of IBA1- and PU.1-immunopositivity. n =4 lines. G PCA plot of RNA-sequencing data. H Heatmap
showing key microglia marker expression assessed by qRT-PCR. n=4 donors for primary microglia, 6 lines for iMGL 2.0/2.9 and iPSCs. I Flow
cytometry assessment of cell surface microglia marker expression in iMGL 2.0 and 2.9. Data from THP-1 cells are shown as negative controls. Mann—
Whitney tests were performed. n=6 lines, * p <0.05. MFI=median fluorescence intensity
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markers such as myeloperoxidase (MPO) were confirmed
to be lowly expressed in both iMGL 2.0 and 2.9 com-
pared to PBMC-M¢ (Additional file 1: Figure S11). Clus-
ter of differentiation 36 (CD36) was previously described
as a marker of fetal microglia [40] and was more highly
expressed on cultured fetal microglia and PBMC-M¢
than postnatal microglia or iMGL 2.0 and 2.9 (Additional
file 1: Figure S11). Genes that are known to be more
highly expressed in microglia over macrophages such as
P2RY12, G-protein coupled receptor 34 (GPR34) or sialic
acid binding Ig-like lectin 10 (SIGLECIO) were more
highly expressed in iMGL 2.9 compared to PBMC-M¢
(Additional file 1: Figure S11). Assessment of homeo-
static microglia markers revealed some markers such as
CSFIR, P2RY12 and CX3CRI to be lower in iMGL 2.9
compared to iMGL 2.0, whereas other markers such as
MERTK, growth arrest-specific 6 (GAS6) and protein S
(PROSI) were higher in iMGL 2.9 (Fig. 1H, Additional
file 1: Figure S11). However, flow cytometry assessment
of cell surface expression revealed CX3CR1 and MerTK
to be higher in iMGL 2.9 compared to iMGL 2.0, and
CSF1R and P2RY12 to be similar between the two proto-
cols (Fig. 1I; the monocytic cell line THP-1 was used as a
negative control). Flow cytometry experiment in permea-
bilized cells revealed total CSF1R, P2RY12 and CX3CR1
protein expression to be higher in iMGL 2.9 compared
to iMGL 2.0 (Additional file 1: Figure S12), suggesting
higher protein expression is responsible for the discrep-
ancy observed between transcriptional and cell surface
protein expression data.

iMGL constitute a useful model in investigating the
role of microglia in diseases. In particular, impact of
disease-associated risk variants on microglial func-
tion can be studied using patient-derived or genetically
modified lines. The expression of risk genes associated
with Alzheimer’s disease [41] and Parkinson’s disease
[42], first and second most common neurodegenerative
disorders, in iMGL 2.9 was analyzed. RNA-sequencing
showed clear similarity in the expression profile of risk
genes between iMGL 2.0/2.9 and ex vivo primary micro-
glia, which was distinctively different from the expres-
sion profile in iPSCs (Additional file 1: Figure S13). Some
disease-associated risk genes such as apolipoprotein

(See figure on next page.)
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E (APOE), complement receptor 1 (CRI) or cathepsin
B (CTSB) were more highly expressed in iMGL 2.9 and
ex vivo primary microglia than in iMGL 2.0 (Additional
file 1: Figure S13), suggesting iMGL 2.9 would be a better
model than iMGL 2.0 in investigating the impact of vari-
ants affecting those genes.

Washer et al. recently published a protocol of iMGL
generation in which Advanced DMEM/F12 with Glu-
taMAX ", M-CSF, IL-34, TGF-B1 and GM-CSF was used
as the microglia differentiation medium. The equiva-
lence of Washer et al’s medium to the 2.9 medium was
assessed (Additional file 1: Figure S14A). After 28 days
of iHPC differentiation into iMGL using Washer et al’s
medium, formation of cell clusters (Additional file 1: Fig-
ure S14B) with poor expression of microglia markers was
observed, compared to cells differentiated using the 2.0
or the 2.9 medium (Additional file 1: Figure S14C). This
suggests microglial differentiation medium cannot be
interchangeably used to differentiate distinct precursor
cell preparations into microglial cells.

Overall, our findings imply that relative to the 2.0 pro-
tocol, the 2.9 protocol results in an improved yield of
more adherent microglia-like cells with higher transcrip-
tomic similarity to cultured primary microglia.

iMGL 2.9 are better phagocytes than iMGL 2.0

MERTK, GAS6 and PROS1, which were found to be more
highly expressed in iMGL 2.9 compared to iMGL 2.0, are
all well known for their involvement in phagocytic pro-
cesses [15, 27, 43]. In addition, DEG analysis revealed
a number of other genes implicated in phagocytosis,
such as genes encoding Fcy receptors, to be more highly
expressed in iMGL 2.9 compared to iMGL 2.0 (Fig. 2A).
Consistently, phagocytosis assay revealed a higher uptake
of pHrodo"' Green-labelled myelin and a-synuclein
fibrils (both mediated by MerTK [27, 44]), and IgG-
opsonized red blood cells (mediated by Fcy receptors) by
iMGL 2.9 compared to iMGL 2.0 (Fig. 2B-C). No differ-
ence in the extent of E. coli uptake was observed between
iMGL 2.0 and 2.9 (Fig. 2B-C). All substrates were inter-
nalized by iMGL 2.9 at a comparable level to primary
microglia (Fig. 2B-C). Overall, iMGL generated using
the 2.9 protocol are more efficiently able to internalize a

Fig. 2 Scavenging abilities of IMGL 2.9.iIMGL 2.0 and 2.9 were differentiated side-by-side from the same healthy control iPSC lines. A Expression

of genes encoding phagocytosis/scavenger receptors or positive regulators of phagocytosis in iMGL 2.9 compared to 2.0. Red bars represent

genes that were significantly different (adjusted p <0.05) between iIMGL 2.0 and 2.9 whereas black bars represent genes that were not significantly
different. n=4 lines. B-D IMGL 2.0, IMGL 2.9 and primary human microglia were treated side-by-side with vehicle or pHrodo™ Green-labelled myelin,
a-synuclein preformed fibrils (a-syn PFF), opsonized red blood cells (IgG-RBC) or E. coli for three hours and then counterstained with Hoechst 33342,
B Representative fluorescence images. Scale bar=50 um. C-D Quantification of mean green fluorescence intensity (MFI) per cell. Mann-Whitney
tests were performed in C. n=4 lines, * p<0.05 in C. Average values from n=2 lines (iMGL) or donors (primary microglia) are presented in D
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variety of substrates than cells generated using the origi-
nal 2.0 protocol.

LPS elicits a functional TLR4 response from iMGL 2.9

but notiMGL 2.0

A major issue previously noted with iMGL differenti-
ated using the 2.0 protocol is their poor inflammatory
response to LPS [15, 45], a widely used inflammatory
stimulus that agonizes TLR4. Measurement of cytokine
secretion following LPS treatment revealed iMGL 2.9 and
primary microglia, but not iMGL 2.0, to secrete signifi-
cantly higher amounts of IL-6, TNF and IL-10 (Fig. 3A).
This was associated with increased phosphorylation
of the transcription factor NF-kB regulating cytokine
expression following LPS treatment (Fig. 3B). Accord-
ingly, flow cytometry (Fig. 3C) and qRT-PCR (Additional
file 1: Figure S15) assessment of TLR4 and its co-receptor
CD14, essential for LPS recognition [46], revealed CD14
expression to be significantly higher in iMGL 2.9 com-
pared to iMGL 2.0. Expression of lymphocyte antigen
96 (LY96), encoding the co-receptor of TLR4 MD2 also
essential for LPS recognition [46], was also more highly
expressed in iMGL 2.9 compared to iMGL 2.0 as quan-
tified by qRT-PCR (Additional file 1: Figure S15). MD2
cell surface expression was not investigated due to the
unavailability of flow cytometry-validated antibodies.
RNA-sequencing analysis revealed no difference in the
expression of pattern recognition receptors and their co-
receptors between iMGL 2.0 and 2.9, except for CDI14
(Fig. 3D). Interestingly, substitution of DMEM/F12 by
MEMau in the 2.0 microglia differentiation medium was
sufficient to increase the inflammatory response of iMGL
to LPS, with addition of GM-CSF having negligible effect
(Additional file 1: Figure S16). iMGL 2.9 also showed
functional inflammatory response to agonists of other
TLRs such as Pam3CSK, or R-FSL-1. (Additional file 1:
Figure S17A). Secretion of a wide array of chemokines
by iMGL 2.9 was observed following LPS or IFNYy treat-
ment, albeit with some discrepancy in secretory pattern

(See figure on next page.)
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compared to primary microglia (Additional file 1: Figure
S17B).

The inflammasome is a stimulus-induced multiprotein
complex of the innate immune system that have been
linked to a variety of diseases, including neurodegenera-
tive diseases [47-50]. iMGL 2.9 had a functional inflam-
masome system, as evidenced by increased IL-1B, but
not TNF release upon ATP treatment, when cells were
primed with LPS to increase IL-1[ protein expression
(Fig. 3E-F). Similarly, cultured primary microglia also
showed enhanced IL-1fB secretion following LPS prim-
ing and ATP induction of the inflammasome (Fig. 3F).
iMGL 2.9 and primary microglia in culture had similar
basal expression of genes encoding NLRP3 inflamma-
some components and their substrates, and distinctively
differed from iPSCs (Fig. 3G). Overall, our findings
imply that iMGL derived using the 2.9 protocol are bet-
ter suited for studying microglial inflammatory activities
compared to those derived using the 2.0 protocol.

The c.2350G > A (p.V784M) CSF1R variant causes ALSP

The primary objective of the current study was to develop
an in vitro tool to study CSFIR variants associated with
ALSP in human microglia. A 54-year-old male patient
of Croatian origin (Fig. 4A subject I1.3) was diagnosed
with ALSP in 2020. A missense mutation (c.2350G > A)
resulting in the substitution of a highly conserved valine
residue by a methionine residue in the tyrosine kinase
domain of CSFIR (p.V784M) had been previously
described in his deceased sister (Fig. 4A subject 11.2) who
had also been clinically diagnosed with ALSP [51]. His
mother (Fig. 4A subject L.1) is also a carrier of the same
CSFIR variant and presented with a well-controlled bipo-
lar disease, but no neurological symptoms or dementia.
His family history was also positive for schizophrenia in
the oldest sister (Fig. 4A subject I1.1), who refused genetic
testing. A few months prior to the diagnosis, the patient
manifested mood swings, personality changes, and trou-
ble performing common tasks at work. Upon assessment

Fig. 3 TLR4 signaling response of iIMGL 2.9 following LPS treatment. iIMGL 2.0 and 2.9 were differentiated side-by-side from the same healthy
control iPSC lines. A IL-6, TNF and IL-10 concentrations in supernatants from iMGL 2.0, IMGL 2.9 and primary human microglia treated with vehicle
or LPS (100 ng/mL) for 24 h. Mann-Whitney tests were performed. n=5 lines for iMGL, n=6 donors of primary microglia, * p <0.05, ** p <0.01, ***
p<0.001. B Representative Western blotting and quantification of NF-kB in iMGL 2.9 treated with vehicle or LPS (100 ng/mL) for 1.5 h. A Mann-
Whitney test was performed. n=4 lines, * p <0.05. C Flow cytometry assessment of cell surface CD14 and TLR4 expression in iMGL 2.0 and 2.9.
Mann-Whitney tests were performed. n=6 lines, * p < 0.05. D Heatmap showing expression of genes encoding pattern recognition receptor

and their co-receptors. A two-way ANOVA was performed. n=4 lines, *** p <0.001 vs iIMGL 2.0. E Representative Western blotting and quantification
of inflammasome components in iIMGL 2.9 treated with vehicle or LPS (100 ng/mL) for 24 h. Mann-Whitney tests were performed. n=5 lines, *

p <0.05. F IL-13 and TNF concentrations in cell supernatants of human primary microglia and iMGL 2.9 treated with vehicle or LPS (100 ng/mL)

for 24 h, followed by ATP (5 mM) or not for 30 min. Kruskal-Wallis tests followed by Dunn’s multiple comparison tests were performed. n=4 donors
of primary microglia and n=5 lines for iMGL, * p<0.05, ** p <0.01, ns=non-significant. G Heatmap showing the expression of genes encoding
NLRP3 inflammasome components and their substrates. n=4 donors of primary microglia, 4 lines for iMGL and iPSCs
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Fig. 4 Pedigree of the proband'’s family, MRl images, and genotyping data. A Pedigree of the proband's family (prepared via https://cegat.com/).
Shading indicates carriers of the c.2350G > A (p.V784M) CSF1R variant with ALSP diagnosis. Symbol with a dot indicates a carrier without clinical
manifestations of ALSP. B-E Brain MRI of subject I1.3. B Sagittal FLAIR T2-weighted MR image showing thinning and hyperintense signal

of the anterior portion of the body of the corpus callosum (red circle). C-D Axial T2-weighted MR images showing the presence of bilateral
multifocal and confluent lesions in the frontal lobes (red circles) and multifocal lesions in the left fontal and parietal lobe with areas of restricted
diffusion in the diffusion weighted image (E, red circles). F-H Brain MRI of a healthy control, matched by sex and age to subject I1.3. F Sagittal
T1-weighted image showing normal size and signal of the brain parenchyma, specifically of the corpus callosum. G-H Axial T2-weighted images
showing no atrophy, normal ventricular size and normal signal at the level of the cerebral white matter. (I) Chromatogram of PBMC-derived DNA
showing heterozygous c.2350G > A CSF1R variant (shown here as position 190)

at the Montreal Neurological Institute-Hospital, his
neurological examination revealed anxiety, mild dysme-
tria and gait apraxia. Brain MRI documented extensive
bilateral white matter abnormalities predominant in the
frontal and parietal lobes, more prominent on the right
hemispheres (Fig. 4B-D; Fig. 4F-H show brain MRI of an
age- and sex-matched healthy control). The corpus callo-
sum was also affected at the level of the genu and ante-
rior portion of the body (Fig. 4B). On diffusion-weighted
images, few foci of diffusion restriction in the corona
radiata and centrum semiovale were detected bilaterally
(Fig. 4E). Genetic sequencing of CSFIR documented the
presence of the heterozygous c¢.2350G>A pathogenic
variant in the patient, confirming the diagnosis of ALSP

(Fig. 4I). Given the clear association of this ¢.2350G > A
(p.784 M) variant with clinical diagnosis of ALSP, the
patient’s PBMCs were collected in order to generate
iMGL. The patient requested and received medical assis-
tance in dying at the age of 57.

The 2.9, but not the 2.0 protocol, allows the generation

of viable iMGL from an ALSP patient harboring

a heterozygous CSF1R pathogenic variant

Patient’s PBMCs were first reprogrammed into iPSCs
that expressed the pluripotency markers Nanog, Tra-1-
60, SSEA-4 and OCT3/4 (Additional file 2: Figure S18A).
Presence of a ¢.2350G > A variant in the CSFIR gene was
confirmed by Sanger sequencing (Additional file 2: Figure
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S18B). Karyotyping and qPCR-based screening did not
reveal any genomic abnormality (Additional file 2: Figure
S18C-D). The patient line will be referred to as “ALSP-
CSF1R”. Differentiation of ALSP-CSF1R iPSCs into iHPCs
resulted in round floating CD43+ cells, with a fraction
also expressing CD34 (Additional file 2: Figure S19A-B)
as expected [4]. While the 2.0 protocol failed to generate
any viable microglial cells from the ALSP-CSF1R iHPCs,
the 2.9 protocol successfully induced their microglial dif-
ferentiation (Fig. 5A-B). Interestingly, addition of GM-
CSF to the 2.0 microglia differentiation medium and the
substitution of DMEM/F12 with MEMa, but neither of
these medium modifications alone, resulted in the robust
generation of viable iMGL from ALSP-CSFIR iHPCs
(Additional file 2: Figure S20). When the 2.9 protocol was
used, the final cell yield was significantly lower with the
ALSP-CSFIR line compared to healthy control lines dif-
ferentiated side-by-side (Fig. 5C). Ki67 immunostaining
and PI staining did not reveal significant difference in
proliferation and death rate, respectively, in mature iMGL
culture between control and ALSP-CSFIR (Additional
file 2: Figure S21A-D).~100% and~99% of the ALSP-
CSFIR iMGL expressed PU.1 and IBA1, respectively
(Fig. 5D), indicative of successful myeloid differentia-
tion. The cells showed a time-dependent increase in the
expression of microglia marker genes such as CX3CRI,
GAS6 and transmembrane protein 119 (TMEMI119)
throughout their differentiation, however P2RY12 expres-
sion was observed to decline over the latter half of the
differentiation period (Fig. 5E). This resulted in signifi-
cantly lower expression of P2RY12 in ALSP-CSF1R iMGL
compared to healthy controls (Fig. 5E). Flow cytometry
assessment revealed lower P2RY12 cell surface expres-
sion (Fig. 5F), consistent with lower P2RYI2 mRNA
expression (Fig. 5E), in ALSP-CSF1R iMGL compared to
controls. Cell surface expression of CX3CR1 and MerTK
was respectively no different and higher in ALSP-CSF1R
iMGL compared to controls (Fig. 5F).

(See figure on next page.)
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ALSP-CSF1R iMGL expressed the ¢.2350G>A CSFIR
variant, whereas none of the iMGL used as controls had
pathogenic variants in the region encoding CSFI1R tyros-
ine kinase domain (Additional file 5: Table S3). CSFIR
mRNA (Fig. 5E) and protein (Fig. 5H) expression in
ALSP-CSF1R iMGL was no different from healthy con-
trols, yet cell surface expression of CSFIR measured by
flow cytometry was significantly lower (Fig. 5G), indica-
tive of a defective cell surface trafficking or recycling
of CSFIR in the patient-derived cells. This was consist-
ent with a previous report that ALSP-associated mutant
CSFIR accumulate in Golgi-like perinuclear regions,
resulting in reduced cell surface expression [52]. Assess-
ment of CSFIR phosphorylation at tyrosine 723 revealed
lower activation of CSF1R in ALSP-CSFIR iMGL com-
pared to controls (Fig. 5H), in line with previous obser-
vations that ALSP-associated variants in CSFIR impairs
M-CSF-induced autophosphorylation [53, 54].

Overall, yield assessment and molecular characteriza-
tion revealed that ALSP-CSF1R iPSCs could be success-
fully differentiated into iMGL through the 2.9 protocol,
but not the original 2.0 protocol.

ALSP-CSF1R iMGL presents phenotypic alterations
compared to healthy control iMGL
P2RY12 is a purinergic receptor important for chemot-
actic migration of microglia toward nucleotides released
by dead cells [55]. Since P2RY12 expression was observed
to be lower in ALSP-CSF1R iMGL compared to controls,
migratory activity was assessed using a Boyden chamber
assay. While healthy control iMGL showed significant
migration toward ADP (~ sevenfold increase in migrating
cells, p=0.0103) that was blocked by the P2RY12 antag-
onist PSB0739, ALSP-CSFIR iMGL showed minimal
migration toward ADP (~twofold increase in migrating
cells, p=0.0876; Fig. 6A-B).

The phagocytosis receptor MerTK was observed to be
more highly expressed in ALSP-CSF1R iMGL compared

Fig. 5 Derivation of microglia-like cells from the ALSP-CSF1R patient with a ¢.2350G > A (p.V784M) CSFIR variant. A Phase contrast images

of ALSP-CSF1R iPSC line differentiated into iIMGL using the 2.0 or 2.9 protocol. Scale bar= 150 um. B Viable cell yield per well of a 6-well plate
assessed by trypan blue exclusion assay following 2.0 and 2.9 differentiation of the ALSP-CSF1R iPSCs into iIMGL. n=7 differentiation batches. C
Viable cell yield per well of a 6-well plate assessed by trypan blue exclusion assay following side-by-side differentiation of healthy control lines
(n=14 differentiation batches from 6 lines) and the ALSP-CSF1R line (n= 14 differentiation batches) using the 2.9 protocol. A t-test was performed, *
p <0.05. (D) Quantification of IBA1- and PU.T-immunopositivity. n=4 healthy control lines and 4 batches of a single ALSP-CSF1R line, differentiated
side-by-side using the 2.9 protocol. E gRT-PCR assessment of microglia marker expression on day 0, 14 and 28 of microglial differentiation.

n=4 healthy control lines and 4 batches of a single ALSP-CSF1R line, differentiated side-by-side using the 2.9 protocol. Two-way ANOVA were
performed, followed by Sidak's post hoc tests. *** p <0.001. F Flow cytometry assessment of P2RY12, CX3CR1 and MerTK cell surface expression.
T-tests were performed. n=4 healthy control lines and 4 batches of a single ALSP-CSF1R line, differentiated side-by-side using the 2.9 protocol.
**p<0.01. G Flow cytometry assessment of CSF1R cell surface expression. A t-test was performed. n=4 healthy control lines and 4 batches

of a single ALSP-CSF1R line, differentiated side-by-side using the 2.9 protocol. * p < 0.05. H Western blot assessment of CSF1R and its tyrosine
723-phosphorylated form, and GAPDH. A t-test was performed. n=5 healthy control lines and 5 batches of a single ALSP-CSF1R line, differentiated

side-by-side using the 2.9 protocol. ** p<0.01
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to controls. Phagocytosis assays using pHrodo " Green-
labelled substrates revealed a higher uptake of myelin and
IgG-opsonized red blood cells by ALSP-CSF1R iMGL
compared to healthy controls (Fig. 6C-D). Slightly higher
uptake of E. coli was also observed in patient-derived
cells, although this did not reach statistical significance
(Fig. 6C-D). Time course experiments using pHrodo"
Green-labelled myelin pointed toward enhanced uptake
capacity, rather than enhanced uptake rate, of the ALSP-
CSFI1R iMGL compared to controls (Additional file 2:
Figure S22A). pHrodo™ Green is a pH-sensitive dye that
allows the selective quantification of labelled targets that
reaches acidic compartments of the cells upon phagocy-
tosis [56, 57]. Uptake assay using FITC-labelled myelin
resulted in similar observations as with pHrodo"" Green-
labelled myelin (Additional file 2: Figure S22B), exclud-
ing lysosomal pH as a factor influencing phagocytosis
assay results. In line with this, lysosomal pH assessment
using the ratiometric LysoSensor  Yellow/Blue probe
revealed no difference in lysosomal pH between control
and ALSP-CSF1R iMGL (Additional file 2: Figure S23A;
ammonium chloride was used as a control to increase
lysosomal pH). Immunostaining intensities of the lyso-
somal markers LAMP1 and CD68 were higher in ALSP-
CSF1R iMGL compared to healthy controls (Fig. 6E-F).
In contrast, staining intensities of the calcium-binding
protein IBA1 were found to be similar between ALSP-
CSFI1R and control cells (Fig. 6E-F). Overall, these data
suggest that lysosomal content is higher in ALSP-CSF1R
iMGL compared to controls, which could account for a
higher phagocytic capacity of the patient-derived cells.
DQ" red BSA is a labelled BSA that emits fluorescence
upon BSA proteolysis in lysosomes. No difference in
DQ"™ red BSA proteolysis was observed between control
and ALSP-CSFIR iMGL over the course of 24 h (Addi-
tional file 2: Figure S23B-C; the lysosomal acidification
inhibitor bafilomycin A1 was used as a control to inhibit
DQ™ red BSA proteolysis). This indicates that despite

(See figure on next page.)
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higher internalization and lysosomal storage of phago-
cytosed materials, lysosomal protease activities are not
higher in ALSP-CSF1R iMGL compared to controls.

Lastly, the inflammatory response of ALSP-CSFIR
iMGL to LPS and Pam;CSK, was compared to that of
control iMGL. Higher cytokine secretion upon 24-h
Pam3CSK,, treatment was observed in ALSP-CSFIR
iMGL culture compared to control iMGL culture
(Fig. 6G). This was corroborated by a greater upregula-
tion of TNF and IL1B mRNA following a 3-h Pam;CSK,
treatment of ALSP-CSFIR iMGL compared to control
iMGL (Fig. 6H). No significant difference in /L6 and IL10
upregulation was observed between Pam;CSK,-treated
ALSP-CSF1R iMGL compared to controls at the studied
timepoint (Fig. 6H). ALSP-CSF1R iMGL also appeared to
have a heightened response to LPS, but this did not reach
statistical significance.

In sum, these findings suggest that the heterozygous
¢.2350G > A (p.V784M) CSFIR variant might be associ-
ated with phenotypic alterations of microglia includ-
ing reduced chemotaxis toward ADP, higher phagocytic
capacity owing to a larger lysosomal storage capacity, and
heightened TLR-mediated inflammatory response.

CSF1R loss of function results in P2RY12 downregulation
In order to confirm that phenotypic and functional alter-
ations observed in ALSP-CSFIR iMGL are due to CSFIR
haploinsufficiency, iMGL were additionally generated
from iPSC cell lines with CRISPR-Cas9 edition of the
CSFIR gene.

A 4-base pair deletion in CSFIR (c.2330_2333del)
resulted in a frameshift and a subsequent premature
stop codon formation (predicted protein sequence
changes =p.R777PfsX9; Additional file 2: Figure S24A-B).
A ~53% decrease in transcriptional expression of CSFIR
was observed in this CRISPR-Cas9-edited iPSC line com-
pared to its non-edited isogenic control line (Additional
file 2: Figure S24C), suggestive of nonsense-mediated

Fig. 6 Functional phenotype of iIMGL derived from the ALSP-CSF1R patient with a ¢2350G > A (p.V784M) CSF1R variant. All IMGL were generated
using the 2.9 protocol. Quantification (A) and images (B) of iMGL migratory activity toward ADP assessed by Boyden chamber assay. Cells were
concomitantly treated or not with PSB0739. Kruskal-Wallis tests followed by Dunn's multiple comparison tests were performed. n=6 healthy control
lines and 6 batches of a single ALSP patient line, differentiated side-by-side. White =Hoechst 33342, scale bar=75 um in (B). Quantification of green
fluorescence intensity per cell (C) and representative images (D) of iIMGL exposed to vehicle or pHrodo.™ Green-labelled myelin, opsonized red
blood cells (IgG-RBC) or £. coli for three hours and then counterstained with Hoescht 33342, T-tests were performed. n =3 healthy control lines and 3
batches of a single ALSP patient line, differentiated side-by-side, * p < 0.05. Scale bar=250 um in (D). Quantification of mean fluorescence intensities
(MFI; E) and representative images (F) of LAMP1, CD68 and IBAT immunostaining of iMGL. T-tests were performed. n=3 healthy control lines and 3
batches of a single ALSP patient line, differentiated side-by-side, ** p<0.01, *** p <0.001. Scale bar= 100 um in (F). G Cytokine secretion assessed

in cell supernatants following a 24-h treatment with vehicle, LPS (100 ng/mL) or Pam;CSK, (100 ng/mL). A two-way ANOVA was performed,
followed by Tukey’s post hoc test. n=4 healthy control lines and 4 batches of a single ALSP patient line, differentiated side-by-side, *** p <0.001,
ns=non-significant. H gRT-PCR performed after three hours of Pam;CSK, (100 ng/mL) vs. vehicle treatment. T-tests were performed. n=3 healthy
control lines and 3 batches of a single ALSP patient line, differentiated side-by-side, * p <0.05
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decay of the transcript containing the premature stop
codon [58]. The edited iPSCs expressed pluripotency
markers (Additional file 2: Figure $24D), and karyotyping
and qPCR-based screening did not reveal any genomic
abnormality (Additional file 2: Figure S24E-F). The
edited cell line and its isogenic control line will be hence-
forth referred to as “CSFIRYTX?” and “CSFIRYTVT,
respectively. Interestingly, a~93% decrease in transcrip-
tional expression of CSFIR was observed in CSFIRY"
KO compared to CSFIRYPWT iHPCs (Additional file 2:
Figure S24C). Differentiation of the CSFIRYTXO line
into iMGL following the 2.9 protocol resulted in signifi-
cantly poorer yield compared to the CSFIRYTW7 line
(Fig. 7A;~0.06x 10%/well compared to ~ 1.25x 10°/well).
Viable iMGL could be generated from the CSFIRY
YT but not the CSFIRY 7O line using the 2.0 protocol
(Fig. 7A). Microscopic observation revealed dead cells
and cellular debris in the CSFIRYTX0 iMGL 2.9 culture,
with occasional presence of floating round or dysmorphic
cells that lacked typical microglial morphology (Fig. 7B).
Flow cytometry assessment of cell surface microglia
marker expression revealed high autofluorescence at any
channels tested, and lack of CSF1R, P2RY12, CX3CR1
and MerTK expression (Fig. 7C). CSFIR, P2RY12,
CX3CR1 and MerTK cell surface expression was detecta-
ble on CSFIRYT'WTiMGL (Fig. 7C). Overall, data suggest
CSF1R loss of function impairs microglial differentiation.

Microglial differentiation of a commercially avail-
able iPSC line expressing a CRISPR-Cas9-induced ALSP-
associated ¢.1897G > A (p.E633K) CSFIR variant revealed
viable iMGL production using the 2.9, but not the 2.0
protocol (Fig. 7D). Viable iMGL could be generated using
either protocol from the isogenic control line in which
the ¢.1897G > A mutation was reverted by CRISPR-Cas9

(See figure on next page.)
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editing (“CSFIRYTREV"). Curiously, no significant dif-
ference in viable iMGL vyield was observed between the
CSFIRVT/H633K and the CSFIR™™®FV line when the 2.9
protocol was employed (Fig. 7D-E). The p.E633K CSF1R
variant was associated with decreased phosphoryla-
tion ratio (Additional file 2: Figure S25A; in line with a
previous observation [53]) and cell surface expression
of CSF1R despite similar transcriptional expression of
CSFIR between CSFIR"T/#633K and CSFIR"™* iMGL
(Fig. 7F-G). Among all tested microglia markers, only
P2RY12 mRNA expression was found to be significantly
lower in CSFIRVT/E433K iMGL compared to CSFIRYT/REV
iMGL (Fig. 7F). Lower expression of cell surface P2RY12
in CSFIRVTF$3K iMGL was confirmed by flow cytom-
etry (Fig. 7G). This is consistent with the poor P2RY12
expression observed in ALSP-CSFIR iMGL with a
p.V784M CSFIR variant. Myelin uptake level was similar
between CSFIR"T/#633K and CSFIRV™REY iMGL (Addi-
tional file 2: Figure S25B-C), whereas the level of basal
and Pam;CSK,-induced cytokine secretion was lower in
CSFIRVT/E633K iMGL compared to CSFIRVT/E633K iMGL
(Additional file 2: Figure S25D). These were inconsistent
with the heightened myelin uptake and inflammatory
response observed in ALSP-CSF1R iMGL compared to
healthy controls.

Next, CSF1R function was acutely abrogated in healthy
control, mature iMGL through siRNA-mediated knock-
down or pharmacological inhibition. CSFIR knockdown
resulted in significantly decreased CSFIR, P2RY12 and
CX3CRI, but not MERTK expression after three days
(Fig. 7H, Additional file 2: Figure S26A). Cell viability was
not compromised at this time point (Additional file 2:
Figure S26B). No change in CSFIR and MERTK and a
significant decrease in P2RY12 and CX3CRI expression

Fig. 7 Effect of CSF1R loss of function on microglial phenotype. A-C CSFIRY™WT and CSF1R"7¥C ipSCs were differentiated into iIMGL side-by-side.
A Viable cell yield per well of a 6-well plate assessed by trypan blue exclusion assay following 2.0 and 2.9 differentiation. A Kruskal-Wallis test

was performed, followed by Dunn's post hoc test. n=4 differentiation batches. B Phase contrast images of iMGL 2.9. Red triangles show presence
of round or dysmorphic floating cells. Scale bar=150 um. C Flow cytometry assessment of cell surface marker expression. Kruskal-Wallis tests
were performed, followed by Dunn’s post hoc test. n=4 differentiation batches using the 2.9 protocol, * p <0.05, ** p<0.01 vs. unstained control.
MFI=median fluorescence intensity, a.u.=arbitrary unit. D-G CSF1RV"R and CSF1RVE933K ipSCs were differentiated into iIMGL side-by-side.

D Viable cell yield per well of a 6-well plate assessed by trypan blue exclusion assay following 2.0 and 2.9 differentiation. A Kruskal-Wallis test
was performed, followed by Dunn’s post hoc test. n=4 differentiation batches. E Phase contrast images of iMGL 2.9. Scale bar=150 um. F

gRT-PCR assessment of microglia markers. T-tests were performed. n=5 differentiation batches using the 2.9 protocol, * p <0.05 vs CSF1

RVI/T/REV

iIMGL. G Flow cytometry assessment of cell surface marker expression. Mann-Whitney tests were performed. n=5 differentiation batches using
the 2.9 protocol * p<0.05, ** p <0.01. MFI=median fluorescence intensity. H-I Healthy control, mature iMGL were generated following the 2.9
protocol. H Microglia marker expression assessed by gRT-PCR in iMGL three days after siCON or siCSF1R transfection. T-tests were performed.
n=3lines, * p<0.05 vs siCON. I Microglia marker expression assessed by gRT-PCR in iMGL following a 3-day treatment with PLX3397 (1 uM, every
other day). T-tests were performed. n=4 lines, * p <0.05 vs vehicle treatment. J-L eGFP and either WT or V784M CSF1R were stably co-expressed
in ALSP-CSF1R iHPCs using lentiviruses and cells were differentiated into iMGL following the 2.9 protocol. J Merged phase contrast and green

fluorescence images of ALSP-CSF1R iMGL. Scale bar=150 um. (K) Viable cell yield per well of a 6-well plate assessed by trypan blue exclusion assay.
A t-test was performed. n=4 differentiation batches. L Flow cytometry assessment of eGFP signal and microglia marker expression. MFl=median
fluorescence intensity. n=1 differentiation batch
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were observed after three days of treatment with the
CSF1R inhibitor PLX3397 (Fig. 71, Additional file 2: Fig-
ure S26C). PLX3397 at the employed concentration
induced a decrease in iMGL viability after six days, but
not after 3 days of treatment (Additional file 2: Figure
S26D). Neither CSF1R knockdown nor inhibition were
found to impact myelin uptake (Additional file 1: Fig-
ure S26E-F) and Pam,CSK,-induced cytokine secretion
(Additional file 2: Figure S26G-H). These suggest acute
loss in CSFIR function is sufficient to cause P2RYI2
downregulation in mature iMGL.

Finally, ALSP-CSFIR iHPCs heterozygous for the
¢.2350G > A (p.V784M) CSFIR variant were transduced
with lentiviruses to stably co-express eGFP and either
WT or p.V784M CSF1R. Upon microglial differentiation,
respectively ~45% and ~48% of the culture exposed to
WT and p.V784M CSFIR lentiviruses were found to be
eGFP + (Fig. 7], Additional file 2: Figure S27). Curiously,
no difference in iMGL 2.9 yield was observed between
cultures transduced with WT and p.V784M CSFIR len-
tiviruses. In WT CSFIR-transduced culture, the expres-
sion of CSFIR, P2RY12 and CX3CR1 was higher in
eGFP +compared to eGFP- cells, suggesting functional
CSFI1R signaling promotes the acquisition of P2RY12 and
CX3CR1 expression (Fig. 7L). Similar observations were
made in p.V784M CSFIR-transduced culture, suggesting
the p.V784M CSFI1R variant has a partial loss of function
that can be circumvented by its overexpression (Fig. 7L).
This is in line with the lack of difference in iMGL yield
between cultures transduced with WT and p.V784M
CSFIR lentiviruses. Higher myelin uptake was observed
in eGFP+compared to eGFP- cells in both WT and
p-V784M CSFIR-transduced cultures (Additional file 2:
Figure S28A-B), suggesting CSFIR expression during
microglial differentiation promotes myelin uptake ability.

Overall, data suggest that i) our 2.9 protocol allows
the study of iMGL bearing ALSP-associated patho-
genic CSFIR variants, and ii) poor P2RY12 expres-
sion observed in ALSP-CSFIR iMGL is due to CSFIR
haploinsufficiency.

Discussion

Limited access to primary human microglia has long
hampered advances in our understanding of microglia
biology and their role in human diseases. This is espe-
cially true for rare diseases such as ALSP. iMGL tech-
nology offers the possibility to study phenotypic and
functional alterations of microglia in the context of such
rare diseases, and potentially to understand patient-spe-
cific defects. It is imperative that successful iMGL model-
ling of ALSP is achieved in order to develop and assess
the effectiveness of therapies.
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We have developed a new protocol of microglia deri-
vation from iPSCs, resulting in a significant improve-
ment in cell yield, adhesive properties, protein expression
of select microglia markers, scavenging activities and
inflammatory response compared to the original proto-
col published by McQuade et al. in 2018. Transcriptomic
profile of the resulting iMGL also more closely resembled
that of ex vivo and in vitro primary human microglia.
This new protocol was applied to successfully generate
iMGL from a CSFIR-mutated ALSP patient. Charac-
terization of the ALSP-CSFIR iMGL carried out in the
current study revealed lower CSFIR cell surface expres-
sion and autophosphorylation compared to healthy con-
trol iMGL, as well as phenotypic alterations affecting
P2RY12-mediated migration, myelin uptake and inflam-
matory response. Poor P2RY12 expression observed in
ALSP-CSF1R iMGL compared to healthy control iMGL
was confirmed to be a result of CSFIR haploinsufficiency.

Postmortem histological studies of ALSP patients
have previously uncovered reduced microglia densities
(decreased IBA1+cells [59-61]) and decreased expres-
sion of microglia homeostatic markers including P2RY12
compared to control individuals [59]. In contrast,
increased number of dysmorphic CD68 + cells have been
observed [59, 61]. Those observations pointed toward an
altered phenotype of resident microglia and/or migration
of peripheral monocytes into the ALSP brain. In the cur-
rent study, lower cell yield upon microglial differentiation
of ALSP-CSFIR and CSFIRY7XC iPSCs was observed,
consistent with the developmental role of CSFIR and
histological observations made in ALSP patients. In addi-
tion, significantly lower expression of P2RY12 and higher
expression of CD68 in ALSP-CSF1R iMGL was observed
compared to controls. This would suggest that pheno-
typic alterations of microglia, rather than monocyte
migration to the brain, are responsible for the histological
observations made in ALSP.

High dependency of lineage commitment on CSFIR
signaling has been described for microglia and tissue-
resident macrophages but not circulating monocytes
[8, 62, 63]. In the brain, CSFIR is almost exclusively
expressed by microglia [64, 65]. As such, ALSP is con-
sidered a primary microgliopathy. Given the importance
of CSFIR signaling throughout microglia development
and maintenance, it remains unclear why ALSP typically
manifests late in life (43-years-old on average [13]). Aside
from CSF1R, another growth factor receptor which pro-
motes microglia proliferation is colony-stimulating fac-
tor 2 receptor (CSF2R). Both the CSFIR ligand M-CSF
and the CSF2R ligand GM-CSF have been observed to
have mitogenic effect on fetal and adult microglia in vitro
[66]. GM-CSF and CSE2R expression is detectable in the
human brain during fetal development [67]. Yet, whereas
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CsfIr knockout results in an almost complete absence
of microglia in mice [8, 12], Csf2r knockout does not
impact microglia density [68]. These observations sug-
gest that CSF1R but not CSF2R is essential for microglia
development. GM-CSF is poorly expressed in the adult
brain [67, 68], but is upregulated in some inflammatory
contexts such as multiple sclerosis [69, 70], in which it is
thought to exert its mitogenic effect on microglia. Inter-
estingly, increased GM-CSF expression has been previ-
ously detected in the grey matter of ALSP patients [59,
68]. This was associated with a less pronounced molecu-
lar and morphological alterations of microglia in the grey
matter compared to the white matter of those patients
[59, 61], suggesting CSF2R signaling might play a com-
pensatory role to CSFIR signaling in ALSP patients.
Accordingly, addition of GM-CSF to the microglia differ-
entiation medium was essential for the successful deriva-
tion of iMGL from ALSP-CSF1R iPSCs.

CSFIR signaling is known to be important for micro-
glial proliferation in response to stress or injury, with
increased M-CSF expression observed upon in vivo LPS
treatment [71], upon ischemic injury [72], in Alzhei-
mer’s disease and its animal models [71, 73, 74], and in
aged mice [71] and human [75]. It can be hypothesized
that CSF1R-mediated proliferation or functional changes
of microglia are of increased importance in maintaining
brain homeostasis during aging, explaining the late-onset
of ALSP. In mice, aging has been associated with myelin
fragmentation and increased sarkosyl-insoluble lipofus-
cin accumulation in lysosomes of white matter microglia,
suggestive of increased lysosomal burden with aging [76].
The presence of pigmented lipid-laden or lipofuscin-rich
CD68 + myeloid cells in the white matter is a pathologi-
cal hallmark of ALSP [77-81]. Here, ALPS-CSF1R iMGL
were observed to have a higher capacity to internalize
myelin debris, possibly owing to a higher lysosomal con-
tent, compared to control iMGL. Similarly, microglia
from Csf1r*'~ mice have been previously shown to exhibit
higher CD68 expression and phagocytosis of myelin
compared to microglia from CsfIr*/* mice [82]. The
excess storage of internalized myelin might be responsi-
ble for lipid and lipofuscin accumulation within micro-
glia in the ALSP brain.

The association between ALSP and variants located in
the coding region of CSF1R’s kinase domain was estab-
lished in 2011 [53]. Given the variable clinical expres-
sivity and incomplete penetrance of CSFIR variants
observed even within family members sharing the same
variant [51, 83, 84], it is likely that other genetic, biologi-
cal or environmental factors contribute to the severity of
the resulting phenotype. Generation of an isogenic con-
trol iPSC line in the future will be important in isolat-
ing microglial dysfunction caused by CSFIR pathogenic
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variant from that caused by other genetic factors in our
ALSP-CSF1R line. Generation of iMGL from other ALSP
patients will help identify common microglial features
specific to ALSP patients. Moreover, unbiased, -omic
approaches should allow us to better grasp the full pic-
ture of phenotypic alterations present in ALSP microglia.
In the current study, poor P2RY12 expression in ALSP-
CSF1R iMGL was confirmed to be a consequence of
CSF1R loss of function. The greater myelin uptake capac-
ity and inflammatory response of ALSP-CSF1R iMGL
are unlikely to result from CSF1R dysregulation, as these
traits were not observed in CSFIRVTE633K iMGL rela-
tive to their isogenic control iMGL. Furthermore, lenti-
viral transduction of WT CSFIR into ALSP-CSFIR cells
resulted in increased myelin uptake.

The newly devised 2.9 protocol for iMGL genera-
tion will be useful not only in the context of ALSP, but
potentially for the in vitro study of microglia in any neu-
rological diseases. The new protocol conserved the sim-
plicity of the 2.0 protocol developed by McQuade et al.,
not requiring any cell sorting nor the use of a hypoxia
chamber to generate progenitor cells. Composition of the
microglia differentiation medium was simplified, requir-
ing less reagents. Generation of iMGL is labor-intensive
and involves the use of expensive recombinant proteins.
The higher yields achieved by the 2.9 over the 2.0 proto-
col will allow for a significant cost reduction. In addition,
cells differentiated using the 2.9 protocol are more adher-
ent to cultureware, as seen with other previously pub-
lished iMGL protocols [22-24, 35, 37, 38, 85—87], which
is convenient when performing image-based assays. Most
importantly, transcriptional profile and functional com-
petence of iMGL 2.9 was substantially closer to that of
primary microglia, signifying higher translatability of
research findings to human disease. Although studies
have validated the inflammatory and/or phagocytic com-
petence of iMGL generated using previously published
protocols [22-24, 35, 37, 38, 85, 86], our study represents
one of the rare cases in which side-by-side functional
comparison of iMGL was made to primary microglia of
postnatal sources.

Conclusions

In conclusion, our newly devised 2.9 protocol for iMGL
generation is a promising tool in studying molecular
and functional alterations of microglia caused by patho-
genic variants associated with human diseases, includ-
ing primary microgliopathies such as ALSP. This study
represents the first successful attempt at investigating
iMGL derived from a CSFIR-mutated ALSP patient, and
revealed molecular alterations that are consistent with
previous histopathological findings made in ALSP.
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Abbreviations
ADP Adenosine diphosphate

ALSP Adult-onset leukoencephalopathy with axonal spheroids and
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APOE Apolipoprotein E

BSA Bovine serum albumin

CCL3 Chemokine ligand 3

CD11b Cluster of differentiation 11b
D14 Cluster of differentiation 14
CD200 Cluster of differentiation 200
CD34 Cluster of differentiation 34
CD43 Cluster of differentiation 43
cbe8 Cluster of differentiation 68

CR1 Complement receptor 1

CSF1R Colony-stimulating factor 1 receptor
CSF2R Colony-stimulating factor 2 receptor
CSTB Cathepsin B

CX3CL1 C-XC-3 motif chemokine ligand 1
CX3CR1 C-XC-3 motif chemokine receptor 1
DMEM Dulbecco’s Modified Eagle Medium
EDTA Ethylenediaminetetraacetic acid

FBS Fetal bovine serum
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GAPDH Glyceraldehyde 3-phosphate dehydrogenase
GAS6 Growth arrest specific 6

GBA Glucocerebrosidase

GM-CSF Granulocyte-macrophage colony-stimulating factor

GPR34 G-protein coupled receptor 34

IBA1 lonized calcium binding adaptor molecule 1

IFNy Interferon gamma

iHPC Induced pluripotent stem cell-derived hematopoietic progenitor cell

IL-10 Interleukin 10

I-18 Interleukin 1 beta

IL-34 Interleukin 34

IL-6 Interleukin 6

iIMGL induced pluripotent stem cell-derived microglia

iPSC Induced pluripotent stem cell

LAMP1 Lysosomal-associated membrane protein 1

LPS Lipopolysaccharide

LRRK2 Leucine-rich repeat kinase 2

LY96 Lymphocyte antigen 96

M-CSF Macrophage colony-stimulating factor

MEM Minimum Essential Medium

MERTK Mer tyrosine kinase

MMP8 Metalloproteinase 8

mMRNA Messenger ribonucleic acid

NF-kB Nuclear factor kappa B

NLRP3 NLR family pyrin domain containing 3

OCT-3/4 Octamer binding transcription factor %

P2RY12 Purinergic receptor P2Y12

PBMC Peripheral blood mononuclear cell

PBMC-M¢  Peripheral blood mononuclear cell-derived macrophages

PCA Principal component analysis

PROST Protein S

P/S Penicillin/streptomycin

gPCR Quantitative polymerase chain reaction

qRT-PCR Real-time quantitative reverse transcription polymerase chain
reaction

RNA Ribonucleic acid

SDS Sodium dodecyl sulfate

SEM Standard error of the mean

SIGLEC10  Sialic acid binding Ig-like lectin 10

SIRNA Small interfering RNA

SSEA-4 Stage-specific embryonic antigen-4

TGF-B1 Transforming growth factor beta 1

TLR4 Toll-like receptor 4

TMEM119  Transmembrane protein 119

TNF Tumor necrosis factor

TREM2 Triggering receptor expressed on myeloid cell 2

YWHAZ Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase acti-
vation protein zeta
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