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ABSTRACT

The establishment and validation of reliable induced pluripotent stem cell (iPSC)-derived in
vitro models to study microglia and monocyte/macrophage immune function holds great
potential for fundamental and translational neuro-immunology research. In this study, we
first demonstrate that ramified CX3CR1* iPSC-microglia (cultured within a neural
environment) and round-shaped CX3CR1 iPSC-macrophages can easily be differentiated
from newly established murine CX3CR1¢F*/*CCR2RFP/* iPSC lines. Furthermore, we show that
obtained murine iPSC-microglia and iPSC-macrophages are distinct cell populations, even
though iPSC-macrophages may upregulate CX3CR1 expression when cultured within a neural
environment. Next, we characterized the phenotypical and functional properties of murine
iPSC-microglia and iPSC-macrophages following classical and alternative immune
polarisation. While iPSC-macrophages could easily be triggered to adopt a classically-
activated or alternatively-activated phenotype following, respectively, lipopolysaccharide +
interferon y or interleukin 13 (IL13) stimulation, iPSC-microglia and iPSC-macrophages
cultured within a neural environment displayed a more moderate activation profile as
characterised by the absence of MHCII expression upon classical immune polarisation and
the absence of Ym1 expression upon alternative immune polarisation. Finally, extending our
preceding in vivo studies, this striking phenotypical divergence was also observed for
resident microglia and infiltrating monocytes within highly inflammatory cortical lesions in
CX3CR1SFP/*CCR2RFP* mice subjected to middle cerebral arterial occlusion (MCAOQ) stroke
and following IL13-mediated therapeutic intervention thereon. In conclusion, our study
demonstrates that the applied murine iPSC-microglia and iPSC-macrophage culture models

are able to recapitulate in vivo microglia and monocyte/macrophage ontogeny and



corresponding phenotypical/functional properties upon classical and alternative immune
polarisation, and therefore represent a valuable in vitro platform to further study and
modulate microglia and (infiltrating) monocyte immune responses under neuro-

inflammatory conditions within a neural environment.
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polarisation; classical activation; alternative activation



1. INTRODUCTION

Neuroinflammation is the response of the central nervous system (CNS) to disturbed
homeostasis and is a hallmark of all neurological disorders, including developmental,
traumatic, infectious and neurodegenerative diseases (DiSabato et al., 2016). Following
neurotrauma, resident microglia and infiltrating monocytes co-orchestrate the pathological
environment and can either contribute to disease progression or promote protection and/or
regeneration depending on their activation status (Kanazawa et al., 2017; Kong and Gao,
2017; Kronenberg et al., 2018; Kumar et al., 2016; Milich et al., 2019; Yamasaki et al., 2014).
Microglia and monocyte/macrophage activation states are generally situated between two
spectral ends of functional polarisation: ‘classical activation’ which is associated with the
secretion of pro-inflammatory molecules contributing to deleterious effects and ‘alternative
activation” which is associated with the secretion of immune-modulating (anti-
inflammatory) mediators as well as neurotrophic factors. Furthermore, immune polarized
microglia and monocytes/macrophages are not locked in a particular state and their
function can be altered upon changes in the neuro-inflammatory environment (ltaliani and
Boraschi, 2014; Mosser and Edwards, 2008; Murray, 2017; Orihuela et al., 2016; Ransohoff
and Perry, 2009; Smith et al., 2016). Within the context of neuro-inflammatory disease,
forced alternative activation of resident microglia and infiltrating monocytes is therefore
expected to become a new therapeutic approach (Cherry et al., 2014; Gupta et al., 2018; Hu
et al., 2015; Kanazawa et al., 2017; Rajkovic et al., 2018). However, one should realize that
the concept and functional consequences of alternative immune polarisation may be
different for microglia and infiltrating monocytes, especially as both immune cell
populations are of distinct embryonic origin (Ginhoux et al., 2010; Ginhoux and Jung, 2014;

Kierdorf et al., 2013; Prinz and Priller, 2014; Schulz et al., 2012).



The in vivo study of differential neuro-immune effector functions by microglia and
infiltrating monocytes during neuroinflammatory events requires complex experimental
setups, including bone marrow chimeric mice and transgenic mouse models (Koeniger and
Kuerten, 2017). Of specific interest is the CX3CR1°GFP/*CCR2R*P/* reporter gene transgenic
mouse model as an experimental tool to distinguish CX3CR1* microglia, labelled with the
enhanced green fluorescent protein (eGFP), from CCR2* infiltrating monocytes, of which the
majority is labelled with the red fluorescent protein (RFP)(Saederup et al., 2010). Using this
model, we have previously documented the contribution and activation profile of both
microglia and infiltrating monocytes in mice following cuprizone (CPZ) induced CNS
inflammation and demyelination (Le Blon et al., 2016), spinal cord injury (SCI) (Dooley et al.,
2016) and middle cerebral artery occlusion (MCAO)-induced stroke (Hamzei Taj et al., 2018).
Although there are obvious model-dependent differences in spatial and numeric
contribution of activated microglia and infiltrating monocytes in the inflamed lesions, one
relevant functional difference we already described was that upregulation of MHCII was
more restricted to the infiltrating monocyte population as compared to the microglia
population (Dooley et al., 2016; Hamzei Taj et al., 2018; Le Blon et al., 2016). In addition, we
investigated in these mouse models whether therapeutic administration of the immune-
modulating cytokine interleukin 13 (IL13), either by lentiviral vector injection or by
implantation of genetically engineered mesenchymal stem cells (MSC), could enhance the
appearance of the alternatively activated phenotype in microglia and infiltrating monocytes,
as well as whether this intervention could affect disease outcome. While this therapeutic
approach was highly successful in terms of histopathological and - to a certain extent -
functional recovery, we also observed that the forced induction of immune cell phenotypes

associated with alternative activation, as characterised by the upregulation of Arginase-1



expression, was significantly more efficient in infiltrating monocytes as compared to
microglia (Dooley et al., 2016; Hamzei Taj et al., 2018; Le Blon et al.,, 2016). These
observations have clear implications for the further development of therapeutic strategies
aiming at converting a classical pro-inflammatory CNS environment into an alternative
activated and/or regeneration-promoting environment and highlight the need for a more
profound investigation of the immune polarization potential of both microglia and
monocytes/macrophages. In this context, the existence of reliable in vitro cell culture
models to study and modulate neuro-inflammatory responses will be of great benefit.

Reliable in vitro modelling of neuroinflammatory responses is indeed one of the major
challenges in current biomedical research and it is expected that cell culture systems that
accurately mimic inflammation-induced pathology will become essential tools for the
preclinical development and validation of novel therapies to treat central nervous system
(CNS) injury or disease. During the past years, significant efforts were devoted to generating
genuine microglia from induced pluripotent stem cells (iPSC), resulting in the description of
several protocols to obtain iPSC-derived microglia-like cell populations for profound in vitro
studies (Abud et al., 2017; Beutner et al., 2010; Brownjohn et al., 2018; Claes et al., 2019;
Douvaras et al., 2017; Etemad et al., 2012; Garcia-Reitboeck et al., 2018; Haenseler et al.,
2017; McQuade et al., 2018; Muffat et al., 2016; Pandya et al., 2017; Takata et al., 2017).
While microglia as resident CNS immune cells are central players during neuroinflammatory
insults, as mentioned above the involvement of infiltrating monocytes during
neuroinflammation and degeneration should not be underestimated. It is therefore highly
critical to investigate the action of potential neuro-immune modulators in vitro both on
microglia and monocytes/macrophages and — maybe even more important — within a neural

or neuro-inflammatory environment. In the present study we addressed this issue by



performing a comparative immune polarisation experiments using murine iPSC-derived
microglia, murine iPSC-derived macrophages and murine iPSC-derived macrophages
cultured within a neural environment. Furthermore, observed differences in in vitro immune
polarisation potential were validated in vivo following MCAO stroke and IL13-mediated
therapeutic intervention thereon, thereby demonstrating that murine iPSC-derived
microglia and iPSC-derived macrophage cell culture models are able to recapitulate several

phenotypical properties of activated endogenous microglia and brain-infiltrating monocytes.



2. METHODS

2.1 Mice

Wild-type (wt) C57BL/6 mice (strain code 027) were purchased from Charles River
Laboratories. Transgenic C57BL/6-CX3CR1¢F"/¢6F" mijce (strain code 005582) and CCR2RFP/RFP
mice (strain code 017586) were purchased from Jackson Laboratories (JaxMice).
CX3CR1SFP/*CCR2RFP* mice were obtained by breeding CX3CR12¢FP/eGFP mice with CCR2RFP/RFP
mice (Dooley et al., 2016; Hamzei Taj et al., 2018; Le Blon et al., 2016). During the entire
study, mice were kept in the animalarium of the University of Antwerp (UA) or in the animal
facility of the School of Medicine of the University of Barcelona under normal day-night
cycle (12/12) with free access to food and water. All animal experimental procedures were
approved by the Ethics Committee for Animal Experiments of the UA (approval no. 2015-84

and 2017-03) or by the Ethics Committee of the University of Barcelona (CEEA n2 367/17).
2.2 Generation of mitotically-inactivated mouse embryonic fibroblast (MEF) feeders

Immortalized MEFs (iMEFs) for support of iPSC cultures were kindly provided by Dr. Prim
Singh (Nazarbayev University, Republic of Kazakhstan). iMEFs were cultured in standard cell
culture flasks in DMEM supplemented with 10% (v/v) fetal bovine serum (FBS), 2mM
L-glutamine and 100U/mL-100ug/mL penicillin-streptomycin. iMEFs were split 1:3 every 3-4
days following cell detachment with a 0.05% Trypsin-EDTA solution. To generate mitotically-
inactivated feeders, iMEFs were harvested, y-irradiated with 3000 rad in an XRAD320
irradiation device (Precision X Ray) and cryopreserved in FBS supplemented with 10% (v/v)
DMSO (Sigma). Unless otherwise stated, here and below, all media and cell culture

supplements were purchased from Thermo Fisher Scientific. Similarly, unless otherwise



stated, all cell cultures, here and below, were maintained at 37°C in a standard humidified

cell culture incubator with 5% CO; (Thermo Fisher Scientific).

2.3 iPSC generation and culture

Murine iPSCs were generated from primary MEFs isolated from E14 embryos obtained from
CX3CR1eCFP/eGFP  CCR2RFP/RFP transgenic C57BL/6 mice. MEF isolation and reprogramming
using pMX retroviral vectors encoding OCT4, SOX2 and KLF4 were performed as previously
described (Pasque et al., 2014; Praet et al.,, 2014). Reprogramming experiments were
performed using male MEFs. Embryonic stem cell (ESC)-like colonies were picked at day 16
of reprogramming and clonally expanded on mitotically-inactivated iMEFs in murine iPSC
medium consisting of KnockOut DMEM supplemented with 15% (v/v) FBS, 1.5x10°U/mL
leukaemia  inhibiting  factor  (LIF; Millipore), 2mM  L-glutamine, 0.05mM
B-mercapto-ethanol, 1X nonessential amino acids (NEAA), 100U/mL-100ug/mL penicillin-
streptomycin. The obtained iPSC lines were further named as CX3CR1¢¢FP/*CCR2RFP/* iPSCs.
iPSC cultures were split 1:15 every other day following cell detachment with a 0.05%

Trypsin-EDTA solution.

2.4 CX3CR1-CCR2 genotyping

Genotyping of C57BL/6 wt, CX3CR1°¢SFP/eGFP and CCR2RFP/RFP mice, as well as obtained
CX3CR1CFP/*CCR2RFP/* MEFs and CX3CR1¢SFP/*CCR2RFP/* iPSCs was performed using primer
sets and PCR conditions described by Jackson Laboratories for CX3CR1eCFP/e6FP and
CCR2RFP/R? mice. PCR products were visualized on a 1.8% agarose gel using a Chemi-Doc MP
Imaging System (Bio-Rad). Lengths of amplicons were compared to a Tracklt 1 kb DNA

ladder (Thermo Fisher Scientific).
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2.5 Isolation, culture and genetic engineering of embryonic brain-derived neural stem cell
(NSC)

Adherently growing NSC cultures were obtained from E15 embryonic brains of wt C57BL/6
embryos (male and female) and cultured as previously described (Luyckx et al., 2018;
Reekmans et al., 2011). NSC cultures were split 1:5 every 7 days following cell detachment
using an Accutase solution (Sigma). In some experiments, for microscopic imaging of NSC co-
cultures with iPSC-microglia, NSCs were transduced with a previously reported pCHMWS-
BFP-IRES-Pac lentiviral vector (LVv) encoding the blue fluorescent protein (BFP) and the
puromycin resistance protein (Guglielmetti et al., 2016; Reekmans et al., 2011), according to
a previously optimized procedure for NSC transduction and puromycin selection (Reekmans
et al.,, 2011). Following LVv transduction, BFP-expressing NSCs were selected using 1pg/mL

puromycin (InvivoGen). The resulting engineered NSC line was further named as BFP-NSC.

2.6 Production of L929-derived and bEnd5-derived conditioned medium (CM)

L929 cells (a murine fibrosarcoma cell line, ATCC CCL-1) were cultured in DMEM
supplemented with 10% (v/v) FBS, 2mM L-glutamine and 100U/mL-100ug/mL penicillin-
streptomycin. bEnd5 cells (a murine endothelial cell line, ECACC 96091930) were cultured in
DMEM supplemented with 10% (v/v) FBS, 2mM L-glutamine, 1mM Sodium Pyruvate,
0.05mM B-mercapto-ethanol, 1X NEAA and 100U/mL-100ug/mL penicillin-streptomycin.
L929 and bEnd5 cells were split 1:5 every 3-4 days following cell detachment with a 0.05%
Trypsin-EDTA solution. For preparation of CM, L929 and bEnd5 cells were grown to
confluence in T175 flasks in 25ml of culture medium. Upon confluence 15ml of culture
medium was added and after 3 days the entire volume of medium was collected, filtered

through a 0.22um membrane to remove cell debris and stored at -20°C until further use.
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2.7 Generation of iPSC-microglia

CX3CR1°SFP/+*CCR2RFP/* iPSCs were seeded on agarose-coated (10mg/ml in H,0, 30 minutes at
room temperature + 1 hour at 37°C) cell culture plates at a concentration of 10.000
cells/cm? to promote embryoid body (EB) formation in GMEM (Sigma) supplemented with
10% (v/v) FBS, 2mM L-glutamine, 1mM Sodium Pyruvate, 0.05mM B-mercapto-ethanol,
1X NEAA and 100U/mL-100pg/mL penicillin-streptomycin, further referred as essential
differentiation medium (EDM). On day 4, EBs were collected and transferred to a new
agarose-coated cell culture plate in EDM. On day 8, EBs were seeded on gelatin-coated
(0.01% in H,0, 30 minutes at room temperature, Sigma) cell culture plates in fresh EDM
supplemented with 100ng/mL murine stem cell factor (SCF; ImmunoTools) and 5ng/mL
murine vascular endothelial growth factor-A (VEGF-A; ImmunoTools). On day 11, medium
was changed to EDM supplemented with 1ng/mL murine interleukin 3 (IL3; ImmunoTools),
20ng/mL  murine  granulocyte-macrophage  colony-stimulating  factor (GM-CSF;
ImmunoTools), 15% (v/v) L929-derived CM and 20% (v/v) bEnd5-derived CM. From
differentiation day 15 on, a population of floating cells becomes spontaneously released in
the supernatant of the culture, and from this point onward cultures were maintained in
EDM until day 40 of differentiation. Between day 15 and day 40 of differentiation, floating
cells were collected 2 times per week and further cultured on a confluent layer of NSCs or
BFP-NSCs in EDM for 7 days, with medium change after 3-4 days. The cell population
obtained was named iPSC-microglia. From this moment on, NSC + iPSC-microglia co-cultures
were either directly used for stimulation experiments and/or immunocytochemistry
analysis, or alternatively cells were harvested following cell detachment with a 0.05%
Trypsin-EDTA solution and used for flow cytometric analysis or organotypic brain slice

cultures (OBSCs) replenishment experiments.
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2.8 Generation of iPSC-macrophages

iPSC-macrophages were differentiated from CX3CR1¢6F"/*CCR2RFP/* iPSCs according to a
previously published macrophage differentiation protocol for murine ESC (Zhuang et al.,
2012), with minor modifications. Briefly, CXsCR1°SF"/*CCR2RFP/* iPSCs were seeded on
agarose-coated cell culture plates at 10.000 cells/cm? to promote EB formation in
macrophage differentiation medium (MDM) consisting of GMEM supplemented with 10%
(v/v) FBS, 15% (v/v) L929-derived CM, 1ng/mL IL3, 2mM L-glutamine, 1ImM Sodium
Pyruvate, 0.05mM B-mercapto-ethanol, 1X NEAA and 100U/mL-100pug/mL penicillin-
streptomycin. EBs were transferred to a new agarose-coated plate on day 4 and on day 6 in
MDM. On day 8, EBs were seeded on gelatin-coated culture plates in MDM supplemented
with 20ng/mL GM-CSF. Between differentiation day 12 and day 30, floating macrophage
precursors were collected, seeded on uncoated cell culture plates and further cultured in
macrophage culture medium (MCM) consisting of GMEM supplemented with 10% (v/v) FBS,
15% (v/v) L929-derived CM, 20ng/mL GM-CSF, 2mM L-glutamine, 1X Sodium Pyruvate,
0.05mM B-mercapto-ethanol, 1X NEAA and 100U/mL-100ug/mL penicillin-streptomycin.
The resulting adherently growing cells were further named iPSC-macrophages. MCM was
refreshed every 2-3 days and cells were split 1:5 every 5 days following cell detachment
using a 0.05% Trypsin-EDTA solution. In a separate experiment (as indicated in the result
section 3.3), iPSC-macrophages were co-cultured for 7 days with NSCs in EDM in order to

equal culture conditions described above for NSC + iPSC-microglia co-cultures.

2.9 Organotypic brain slice cultures (OBSCs)
OBSCs were prepared from wt C57BL/6J mice (male and female) according to the interphase

method as previously described (Masuch et al., 2016; Stoppini et al., 1991; Vinet et al.,
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2012). In order to deplete OBSCs from endogenous microglia, OBSC medium was
supplemented with 100mg/ml clodronate disodium salt (Sigma) during the first 24h of
culture, after which medium was changed to OBSC medium. Microglia-depleted OBSCs were
replenished with iPSC-microglia or iPSC-macrophages on day 7 of culture. For this, iPSC-
microglia and
iPSC-macrophages were harvested, washed and resuspended in OBSC medium, after which
0.5-1x10°> cells were added in one drop (5-10uL) directly onto the OBSCs. After
replenishment, OBSCs were maintained in culture for 12 days before proceeding to
microscopic analysis. Control non-depleted OBSCs, as well as control non-replenished

microglia-depleted OBSCs, were equally cultured for a total of 20 days.

2.10 Flow cytometric analysis

The expression of CXsCR1 (eGFP) and/or CCR2 (RFP) by CX3CR1eGFP/*CCR2RF/* iPSC, iPSC-
microglia progenitors (floating cell population), iPSC-microglia (in co-culture with NSCs) and
iPSC-macrophages (in monoculture and in co-culture with NSCs) was assessed by direct
detection of eGFP and/or RFP expression, respectively, by means of flow cytometry. For
analysis of iPSC and iPSC-microglia progenitors, harvested cultures were directly stained
with GelRed (10X, Biotium) in order to exclude dead cells from the analysis, and analysed
using an Epics XL-MCL analytical flow cytometer (Beckman Coulter), according to previously
established protocols (Costa et al., 2015; Reekmans et al., 2013). Data were analysed using
FlowJo software (LLC) and reported as the percentage of eGFP* cells within the total viable
cell population. For analysis of iPSC-microglia + NSC co-cultures, iPSC-macrophage
monocultures and iPSC-macrophage + NSC co-cultures, harvested cells were co-stained with

a phycoerythrin (PE)-Cy7-labelled anti-mouse CD45 antibody (0.8ug/mL, Thermo Fisher
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Scientific, 25-0453-81) and a LIVE/DEAD™ Fixable Aqua Dead Cell Stain (Thermo Fisher
Scientific), and analysed using a FACSAria Il cell sorter (BD Biosciences), or co-stained with a
phycoerythrin (PE)-labelled anti-mouse CD45 antibody (10ug/mL, Thermo Fisher Scientific,
12-0451-82) and GelRed, and analysed using a Epics XL-MCL analytical flow cytometer
according to previously optimized procedures (Hoornaert et al., 2016). Data were analysed
using FacsDiva (BD Biosciences) or FlowJo software and reported as the percentage of eGFP*

cells within the hematopoietic CD45* cell population.

2.11 Quantitative real time PCR (qRT-PCR)

Prior to RNA extraction, iPSC-microglia were isolated from iPSC-microglia + NSC co-cultures
by positive immunoselection using the MACS CD45 Cell Isolation Kit (Miltenyi Biotec)
according to the manufacturer's instructions. Total RNA was extracted from isolated iPSC-
microglia, cultured iPSC-macrophages and undifferentiated CXsCR1¢%FP/+ CCR2RFP/* iPSC using
the RNAeasy Plus Mini Kit (Qiagen) according to the manufacturer’s protocol. Total RNA
(400ng) was reverse-transcribed using the Omniscript RT kit (Qiagen). RT-qPCR was
performed using the Power SYBR Green PCR Master Mix (Applied Biosystems) and the
StepOnePlus Real-Time PCR System (Thermo Fisher Scientific). Thermal cycling conditions
were 10 min at 95 °C and 40 cycles of 15 s at 95 °C and 1 min at 60 °C. Melt curves were
performed upon completion of the cycles to ensure specificity of the product amplification.
Primers were purchased from IDT. The following primer sequences were used: P2RY12-FOR
5’-CATTGACCGCTACCTGAAGACC-3’,  P2RY12-REV  5'-GCCTCCTGTTGGTGAGAATCATG-3’
(Origene, MP212229); TMEM119-FOR 5’-GTGTCTAACAGGCCCCAGAA-3’, TMEM119-REV 5’-
AGCCACGTGGTATCAAGGAG-3’ (Bennett et al., 2016); S100A4-FOR 5-
AGGAGCTACTGACCAGGGAG-3’, S100A4-REV 5'-CCTGTTGCTGTCCAAGTTGC-3’ (Hoeffel et
al., 2015); GAPDH-FOR 5’-GGGGTCGTTGATGGCAACA-3’, GAPDH-REV 5-

15



AGGTCGGTGTGAACGGATTTG-3’ (Shu et al., 2017). The expression levels of P2RY12,
TMEM119 and S100A4 mRNAs were normalized to GAPDH expression. Data were analysed
with the 2-AACt method. Expression level of the genes of interest by iPSC-microglia (n=4)
and iPSC-macrophages (n=4) are expressed as log2 fold versus expression level by

undifferentiated iPSC CXsCR16FP/+ CCR2RFP/* (n=3).

2.12 Bone marrow (BM) and brain cell isolation and flow cytometric analysis

For BM cell isolation, 10-14 weeks old CX3CR1¢¢FP* CCR2R*P* male mice were used. Mice
were euthanized, the femurs and tibias from the hind limbs were extracted and flushed with
Hank’s balanced salt solution without calcium and magnesium (HBSS -Ca?*/Mg?*)
supplemented with 10% (v/v) FBS. Cells were filtered using a 40um nylon cell strainer (BD
Biosciences), centrifuged at 300xg for 10 min at 4°C and resuspended in 3ml of red blood
cell lysis buffer (ACK; 155mM NH4Cl, 10mM KHCO3s, 0.1mM EDTA, pH 7.3) for 5 min at room
temperature. Cells were extensively washed with 40 ml of PBS, 2mM EDTA, 2% (v/v) FBS
(FACS buffer) and centrifuged again at 300xg for 10 min at 4°C. For flow cytometric analysis
BM cells were diluted 1:1 with FACS buffer supplemented with 5mg/ml Fcblock (clone
2.4G2, BD) incubated 10 minutes at 4°C and analysed for the expression of CX3CR1 (eGFP)

and CCR2 (RFP) using a BD LSRII cytometer (BD Biosciences).

For brain cell isolation, 12-14 weeks old CX3CR1e¢FP/+ CCR2RFP* male mice were used. Cell
isolation from brain tissue was performed as described (Pedragosa et al., 2018). For flow
cytometric analysis brain cells were co-stained with a BV786-labelled anti-mouse CD45
antibody (0.2mg/ml, BD Bioscience, 564225) and a APC-Cy7-labelled anti-mouse CD11b

antibody (0.2mg/ml, BD Bioscience, 557657) and analyzed for the expression of CX3CR1
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(eGFP), CCR2 (RFP), CD45 and CD11b using a BD LSRII cytometer (BD Biosciences). Data were

analysed using FlowJo software.

2.13 In vitro stimulation experiments

NSC cultures (in NEM), iPSC-microglia + NSC co-cultures (in EDM), iPSC-macrophage
monocultures (in MCM) and iPSC-macrophage + NSC co-cultures (in EDM) were prepared on
coverslips in 24-well plates in 1mL of culture medium. Pro-inflammatory stimulation
experiments were performed using 1ug/ml lipopolysaccharide (LPS; Sigma) and 50ng/ml
interferon y (IFNy; ImmunoTools). After 24 hours of stimulation, supernatants were
harvested from non-stimulated and stimulated cultures and analysed in triplicate for the
presence of tumour necrosis factor alpha (TNFa), interleukin 6 (IL6) and interleukin 10 (IL10)
using ELISA kits (BioLegend), according to the manufacturer’s instructions. Alternative
activation experiments were performed using 100ng/ml IL13 (ImmunoTools) for 48 hours.

All cultures were processed for further immunocytochemistry analyses.

2.14 Experimental stroke and cell transplantation in mice

Ischemic stroke was induced in 10 male CX3CR1¢S*"/*CCR2RFP/* mice (11-13 weeks, 22-26 g)
by middle cerebral artery occlusion (MCAQ) technique. Two days after induction of ischemic
stroke, 5 mice randomly selected received an intracerebral transplantation of
IL13-producing mesenchymal stem cells (MSCs) as previously reported (Hamzei Taj et al.,
2018). MCAO mice were perfusion-fixed (4% w/v paraformaldehyde, PFA, Sigma) at day 14
after stroke induction and dissected brains were processed for cryo-sectioning, as previously

reported (Hamzei Taj et al., 2018).

2.15 Immunofluorescence stainings

For immunostaining of cultured cells (iPSCs, iPSC-microglia + NSC co-cultures, iPSC-
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macrophages, and iPSC-macrophage + NSC co-cultures; control and following LPS+IFNy or
IL13 stimulation), cell cultures (prepared on glass coverslips) were fixed with 4% (w/v) PFA
for 20 minutes at 4°C. For immunostaining of OBSCs (control, microglia-depleted and
replenished with iPSC-microglia or iPSC-macrophages), OBSCs were fixed with 4% (w/v) PFA
for 3.5 hours at 4°C. For immunostaining of brain tissue sections (MCAO and MCAO+IL13-
MSC transplant), 10um cryo-sections on poly-I-lysine (PLL, Sigma)-coated glass slides were
used. For all immunostainings similar procedures were used, according to previously
optimised protocols (Hamzei Taj et al., 2018; Praet et al., 2014; Reekmans et al., 2013).
Briefly, coverslips or slides were rinsed in tris buffered saline (TBS) and incubated first with a
permeabilization solution consisting of Triton-X-100 (0.1% (v/v) in TBS, Sigma) for 30
minutes at room temperature, then with a blocking solution consisting of TBS supplemented
with 20% (v/v) blocking serum (from the same host species as the secondary antibody,
Jackson ImmunoResearch) for 1 hour at room temperature. OBSCs were incubated with a
permeabilization and blocking solution consisting of TBS supplemented with 20% (v/v)
blocking serum and 0.3% (v/v) Triton-X-100 for 3 hours at room temperature. Subsequently,
samples were incubated with the primary antibody (or antibodies) in milk solution (10%
(w/v) in TBS, Sigma) for coverslips and slides or TBS supplemented with 1% (v/v) blocking
serum and 0.3% (v/v) Triton-X-100 for OBSCs, i.e. staining buffer, overnight at 4°C. Next,
samples were rinsed in TBS and incubated with the secondary antibody (or antibodies) in
staining buffer at room temperature (1 hour for coverslips and slides, 2 hours for OBSCs).
Nuclear staining was performed using 1pg/ml DAPI (Thermo Fisher Scientific) or 5uM
TOPRO-3 (Thermo Fisher Scientific) solutions (both in TBS). Next, stained coverslips, OBSCs
and slides were mounted with Prolong Gold antifade reagent (Thermo Fisher Scientific) and

images were acquired at room temperature using an Olympus BX51 fluorescence

18



microscope equipped with an Olympus DP71 digital camera. The following objective lenses
were employed: UPlanFL-N 20x/0.5, UPlanFL-N 40x/0.75 and UPlanFL-N 100x/1.3
(Olympus). Olympus CellSens software was used for image acquisition and processing. For
immunostainings, the following antibody combinations were used: a goat anti-mouse
DPPA4 antibody (0.4pug/ml, R&D Systems, AF3730) in combination with an Alexa Fluor 555-
labelled donkey anti-goat secondary antibody (10pg/ml, Thermo Fisher Scientific, A21432), a
rabbit anti-mouse Iba-1 antibody (2ug/ml, Wako, 019-19741) in combination with an Alexa
Fluor 555-labelled donkey anti-rabbit secondary antibody (2ug/ml, Thermo Fisher Scientific,
A31572), a goat anti-mouse eGFP antibody (2ug/ml, Abcam, ab6673) in combination with a
Cy5-labelled donkey anti-goat secondary antibody (10ug/ml, Abcam, ab6566), a rat anti-
mouse F4/80 antibody (4ug/ml, AbD Serotec, 019-19741) in combination with an Alexa
Fluor 555-labelled goat anti-rat secondary antibody (2ug/ml, Thermo Fisher Scientific,
A21434) or an Alexa Fluor 350-labelled donkey anti-rat secondary antibody (10upg/ml,
Thermo Fisher Scientific, A21093), a biotinylated rat anti-mouse MHC-II antibody (2,5ug/ml,
Thermo Fisher Scientific) in combination with Cy5-labelled streptavidin (20pug/ml, Thermo
Fisher Scientific, SA1011), a rat anti-mouse MHC-II antibody (2,5ug/ml, Thermo Fisher
Scientific, 14-5321-82) in combination with an Alexa Fluor 350-labelled goat anti-rat
secondary antibody (10pg/ml, Thermo Fisher Scientific, A21093), a rabbit anti-mouse RFP
antibody (2,5ug/ml, Abcam, ab62341) in combination with an Alexa Fluor 555-labelled
donkey anti-rabbit secondary antibody (2ug/ml, Thermo Fisher Scientific, A31572), a mouse
anti-mouse Arginase-1 antibody (1pg/ml, Santa Cruz Biotechnology, sc271430) in
combination with an Alexa Fluor 555-labelled goat anti-mouse secondary antibody
(10pg/ml, Thermo Fisher Scientific, A21127), a goat anti-mouse Arginase-1 antibody (4

ug/ml, Santa Cruz, sc18354) in combination with a donkey anti-goat Alexa Fluor 350-labelled
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secondary antibody (10 pg/ml, Thermo Fisher Scientific, A21081), a rabbit anti-mouse Ym1
antibody (2,5ug/ml, Stemcell technologies, 01404) in combination with an Alexa Fluor 555-
labelled donkey anti-rabbit secondary antibody (2ug/ml, Thermo Fisher Scientific, A31572)
or an Alexa Fluor 350-labelled donkey anti-rabbit secondary antibody (10ug/ml, Thermo
Fisher Scientific, A10039), phycoerythrin (PE)-labelled anti-mouse CD45 antibody (10 pg/mL,

Thermo Fisher Scientific, 12-0451-82).

2.16 Quantification of immunofluorescence stainings

Quantitative analyses of immunofluorescence data were performed using TissueQuest
(TissueGnostics) immunofluorescence analysis software as previously described (Hamzei Taj
et al, 2018; Praet et al., 2014). For the analysis of MCAO-stroke lesions in
CX3CR1°SFP/+*CCR2RFP/* reporter gene transgenic mice, one slide per brain was analysed. Per
slide, one picture covering a cortical lesion and corresponding contralateral picture were
taken at 20X magnification. For each picture, one representative region of interest (ROI) was
manually selected for further analysis. For the analysis of in vitro iPSC-microglia and iPSC-
macrophage cultures, multiple coverslips per condition were analysed, whereby pictures
were taken at 20x or 40x magnification at randomly selected ROls. Cellular recognition was
performed based on nuclear staining (nuclei size, staining intensity and discrimination by
area were optimized manually), followed by the analysis of specific staining. To discriminate
false signals the cut-off was defined for each quantified image. Scattergrams were
generated to visualize the corresponding positive cells in the source image and the relative
number of cells expressing the markers F4/80, MHC-Il, Ym1 and Arginase-1 were obtained.

F4/80 mean intensity values were analysed within the F4/80* population.

2.17 Statistical analysis
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Differential gene expression measured by gRT-PCR (Figure 1) was analysed with a linear
mixed-model in JMP Pro 14 (SAS) to account for repeated measures for each independent
sample. The linear mixed-model analysis was fitted for each gene separately using log2 fold
change of expression as dependent variable, cell type as fixed effect and single sample as
random effect. Multiple comparison correction was performed with the Tukey-HSD test.
Significant differences between iPSC-microglia and iPSC macrophages were reported.
Comparison of average number of IBA1* cells in OBSC brain slices between control and
clodronate treatment (Figure 1) were analysed using the Generalized Estimating Equations
(GEE) model (Zeger et al., 1988) to take into account repeated measures for each
observation. Differences in the percentage of eGFP* cells and in the median fluorescence
intensity of the eGFP signal between cell types (Figure 3) were analysed by Mann—-Whitney
U tests in GraphPad Prism 6.0. For the quantitative immunofluorescence data the following
techniques were applied: (i) Comparison of mean difference in F480 MFI between control
and LPS+IFNy stimulation for each cell type and among cell types (Figure 4) was analysed
using GEE. Since the data originated from 2 independent experiments, the GEE model was
corrected for potential differences in experiments for those groups present in both
experiments. The additional variable indicated the incremental effect of F480 MFI in
experiment 2 compared to experiment 1, for each group present in both experiments. The
necessity of these terms was tested for using a Wald test. If a statistically significant
incremental effect of experiment 2 compared to experiment 1 was present, linear
combinations were used to summarize the effect of the treatment and to make pairwise
comparisons. (ii) Comparison of difference in MHC-11% between control and LPS+IFNy
stimulation for cell type and differences in MHC-11% between cell types (Figure 4) were

analyzed using GEE. Due to separation issues, a 1 was added to the numerator and
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denominator and the remainder of this analysis was performed as described in (i). (iii) The
proportion of F4/80* cells and MHC-II* cells in the cortex region of the MCAOQ lesion side
between microglia and monocytes (Figure 4) was compared using GEE. (iv) Comparison of
mean Ym1 and Arginase-1 expression between cell types was only performed for IL13-
stimulated samples (Figure 5). Since the results originated from 3 independent experiments,
an additional factor was included in the GEE model to account for potential differences
between experiments. (v) The proportion of Ym1* cells and Arginase-1* cells in the cortex
region of the MCAO lesion transplanted with IL13-MSC was compared between CX3CR1*
cells and CCR2* monocytes (Figure 5) using GEE. Comparison of mean TNFa and IL6
secretion was investigated in 4 independent experiments and mean IL10 secretion (Figure 4)
in 3 independent experiments using GEE. Since the data originated from either 4 or 3
independent experiments, the GEE model was corrected for potential differences in
experiments. A GEE model without intercept was fitted with factors expressing the
experiment-specific mean cytokine secretion for each cell type (iPSC-microglia + NSC, iPSC-
macrophages and iPSC-macrophages + NSC) and treatment (control and LPS+IFNy), resulting
in either 15 or 11 factors. Linear combinations were used to summarize the effect of the cell
type and treatment effect across experiments and to make pairwise comparisons. For all the
analyses P-values were corrected for multiple testing using the false-discovery rate
procedure (Benjamini and Hochberg, 1995). A p-value <0.05 is considered as statistically
significant. All statistical analyses were performed using the statistical software R version

3.5.0 (https://www.R-project.org/), unless otherwise stated.
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3. RESULTS

3.1 In vitro differentiation of CX3CR1*CCR2" iPSC-microglia from murine
CX3CR1°CFP/*CCR2RFF/* jPSCs

Murine iPSCs were generated by retroviral reprograming of mouse embryonic fibroblast
(MEFs) cultured from CX3CR18GFP/eGFP X CCR2RFP/RFP mice and used as starting material for in
vitro differentiation of iPSC-microglia. CX3CR1¢FP/*CCR2R""/* iPSCs were characterized based
on colony morphology (figure 1A), expression of the developmental pluripotency associated
4 (DPPA4) protein (figure S1A), absence of eGFP/RFP expression (figure S1B) and
CX3CR1SFP/+*CCR2RFP/* genotype (figure S1C). A two-stage differentiation protocol based on
existing literature (Brownjohn et al., 2018; Douvaras et al., 2017; Pandya et al., 2017), with
minor modifications, was employed to generate murine iPSC-microglia. During the first
stage of differentiation, CXsCR1¢F"/*CCR2RFP/+iPSCs were initially allowed to form EBs. Next,
8 days-old EBs were seeded on gelatin-coated plates to enable adherent cell growth and
culture medium was supplemented for 3 days with SCF and VEGF, and subsequently for 4
days with IL3, GM-CSF and CM obtained from L-929 and bEnd5 cell lines to support myeloid
progenitor differentiation and expansion (figure 1A). From day 15 onwards the
differentiated culture continuously released in the supernatant a viable (66x9% STD, n=40)
population of floating cells containing CX3CR1* (eGFP*) myeloid progenitors (figure 1B). In
order to mimic the migration of CX3CR1* myeloid progenitors to the embryonic brain, during
the second stage of differentiation the floating fraction containing eGFP* cells was
co-cultured for 7 days with embryonic brain-derived NSCs (figure 1A). Subsequently, a
homogeneous population of ramified eGFP* (CX3CR1*) iPSC-microglia (figures 1A, 1C and 1D)
was obtained. Murine CX3CR1* iPSC-microglia displayed expression of the myeloid marker

Iba-1 (figure 1E) and absence of the chemokine receptor CCR2 (RFP) (Figure 1F).
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Furthermore, comparative gRT-PCR experiments highlighted that iPSC-microglia expressed
significantly higher levels of mRNA for the microglia-specific P2RY12 and TMEM119 proteins
as compared to iPSC-macrophages, whereas mRNA for the macrophage-associated
migration molecule S100A4 was significantly lower (or not) expressed by iPSC-microglia as
compared to iPSC-macrophages (Figure 1G). We further investigated the ability of iPSC-
microglia to ex vivo engraft brain tissue using OBSCs. For this, wild type OBSCs (figure 1H,
left side) were depleted from endogenous microglia by clodronate treatment (figure 1H,
centre; significant reduction in the number of Iba-1* cells as compared to control OBSCs;
88%, p<0.0001) and seeded with CX3CR1* iPSC-microglia. After two weeks of culture, Iba-1
immunostaining combined with direct eGFP fluorescence (figure 1H, right side) revealed
that CX3CR1*iPSC-microglia efficiently colonized microglia-depleted OBSCs and obtained the

typical highly ramified microglia morphology.

3.2 In vitro differentiation of CX3CR1'CCR2° iPSC-macrophages from murine
CX3CR1°CFP/*CCR2RFF/* jPSCs

In order to differentiate CX3CR1°GFP/*CCR2RF*/* iPSCs into macrophages we applied an
optimized culture protocol for the production of murine embryonic stem cell-derived
macrophages (Zhuang et al., 2012), with minor modifications (figure 2A). At first,
CX3CR1°SFP/*CCR2RFP/* iPSCs were differentiated into EBs in culture medium supplemented
with IL3 and CM obtained from L-929 cells to promote immediate commitment towards the
myeloid lineage. Next, 8 days-old EBs were transferred to gelatin-coated plates and cultured
using the differentiation medium described above additionally supplemented with GM-CSF.
Over the next 3 days, non-adherent macrophage precursors were released into the culture

supernatant. The floating population was then further cultured on uncoated plates in
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medium supplemented with GM-CSF and CM obtained from L-929 cells to achieve terminal
differentiation. Obtained iPSC-macrophages were round-shaped and displayed
homogeneous expression of Iba-1 (figure 2B). Flow cytometric analysis demonstrated
absence of the chemokine receptors CCR2 and CX3CR1 (figure 2C). Finally, as already
described in section 3.1, iPSC-macrophages expressed a significantly higher mRNA level for
the macrophage-specific protein S100A4 as compared to iPSC-microglia, while expression of
MRNA encoding the microglia-specific proteins P2RY12 and TMEM119 was highly reduced

(or absent) in iPSC-macrophages as compared to iPSC-microglia (Figure 1G).

3.3 Murine iPSC-macrophages acquire microglial characteristics upon interaction with a
neural environment

Given the complexity of neuroinflammatory lesions, whereby infiltrating monocytes
co-orchestrate the neuropathological environment, we here evaluated whether CX;CR1
(eGFP") iPSC-macrophages were able to respond to brain-specific signalling and to what
extent the culture environment could influence their phenotypical properties. As shown in
figure 3A, CX3CR1 (eGFP) iPSC-macrophages partially upregulated CXsCR1 (eGFP)
expression when seeded on microglia-depleted OBSCs. However, while iPSC-microglia on
OBSCs nearly all acquired the typical microglia ramification (figure 1H), iPSC-macrophages
on OBSCs displayed multiple appearances, ranging from round-shaped morphology to some
degree of microglia-like ramification (figure 3A). Similarly, a subset of iPSC-macrophages
co-cultured for 7 days with NSCs partially upregulated CX3CR1 (eGFP) expression (figure 3B),
although the number of NSC-primed iPSC-macrophages expressing eGFP was significantly
lower as compared to iPSC-microglia (figure 3C, p<0.0001). We here also observed that the

median fluorescence intensity (MFI) of eGFP (CX3CR1) expression was significantly different

25



for iPSC-microglia as compared to NSC-primed iPSC-macrophages (figure 3D, p<0.0001). For
comparison, we analysed by flow cytometry the level of eGFP expression by brain-resident
microglia and bone marrow (BM) macrophages in CXsCR1¢SFP*CCR2RFP* mice and
demonstrate - in agreement with the above described data - that the level of eGFP
expression by a subpopulation of BM macrophages was notably different as compared to
brain-resident microglia (figure 3E, p=0.0159). Finally, NSC-primed iPSC-macrophages did
not achieve the same degree of ramification as compared to iPSC-microglia upon co-culture
with NSCs (figure 3B versus figure 1A and 1D). Altogether, these results suggest that CXsCR1
(eGFP) iPSC-macrophages acquired new phenotypical properties as a result of the neural
environment. Nonetheless, based on the degree of eGFP/CX3CR1 expression, the
morphological features, and the specific culture conditions — our results suggest that murine

iPSC-microglia and NSC-primed iPSC-macrophages are intrinsically distinct cell populations.

3.4 Murine iPSC-microglia, iPSC-macrophages and NSC-primed iPSC-macrophages

differentially respond to classical pro-inflammatory stimulation

As neuro-inflammatory lesions are initially characterised as a pro-inflammatory
environment, we first investigated the activation properties of in vitro cultured murine
iPSC-microglia, iPSC-macrophages and NSC-primed iPSC-macrophages by means of classical
in vitro stimulation experiments. At baseline (control), all cell populations expressed similar
low levels of the activation marker F4/80, which upon LPS+IFNy stimulation was significantly
increased for all cell populations (figure 4A-C upper row, figure 4D, respectively p<0.0001,
p<0.0001 and p=0.00483, p-values not indicated on graph). A remarkable observation was

that the upregulation of F4/80 expression on iPSC-macrophages upon stimulation was
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significantly higher as compared to both iPSC-microglia (figure 4D, p=0.0003) and
NSC-primed iPSC-macrophages (figure 4D, p<0.0001). In contrast, MHC-II expression was
absent on all cell populations under control condition and was significantly upregulated by
iPSC-macrophages and NSC-primed iPSC-macrophages following LPS+IFNy treatment (figure
4A-C lower row, figure 4E, respectively p<0.0001 and p<0.0001), albeit the increase of
MHCII expression only being of biological relevance for iPSC-macrophages. iPSC-microglia
did not upregulate MHCII expression. In agreement with the F4/80 expression data, MHC-II
expression by iPSC-macrophages was significantly higher as compared to stimulated iPSC-
microglia (figure 4E, p<0.0001) and NSC-primed iPSC-macrophages (figure 4E, p<0.0001).
These data demonstrate that the neural environment, apart from inducing morphological
alterations and upregulation of CX3CR1 expression, can also influence (part of)
iPSC-macrophage functions. Furthermore, to complement the evaluation of the activation
properties of iPSC-microglia, iPSC-macrophages and NSC-primed iPSC-macrophages, we also
assessed cytokine secretion in both unstimulated and stimulated cultures. Significant levels
of TNFa, IL6 and secretion were produced in response to LPS+IFNy for iPSC-microglia (Figure
4F-G, respectively p<0.0001 and p<0.0001), iPSC-macrophages (Figure 4F-G, respectively
p<0.0001 and p<0.0001) and NSC-primed iPSC-macrophages (Figure 4F-G, respectively
p<0.0001 and p<0.0001). Interestingly, the immune-modulating cytokine IL10 was detected
in the supernatant of LPS+IFNy stimulated iPSC-microglia (Figure 4H, p<0.0001), iPSC-
macrophages (Figure H, p=0.0015) and NSC-primed iPSC-macrophages (Figure 4H,
p<0.0001), although the level of IL10 secretion can be considered biological relevant only for
iPSC-microglia. None of the cytokines evaluated were produced by LPS+IFNy stimulated

NSCs (Figure S2A-C).
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3.5 Phenotypical properties of classically activated iPSC-microglia, iPSC-macrophages and
NSC-primed iPSC-macrophages resemble the in vivo phenotypical profile of murine

microglia and monocytes within stroke lesions

The above-described phenotypical differences between activated iPSC-microglia and
iPSC-macrophages are fully in line with our preceding data concerning the behaviour of
resident-microglia and infiltrating monocytes in course of a neuro-inflammatory event in
CX3CR1SFP/*CCR2RFP* mice (Dooley et al., 2016; Hamzei Taj et al., 2018; Le Blon et al., 2016).
In this section, we will further elaborate on the in vivo properties of microglia/monocytes
within injured brain tissue after MCAO-stroke in CX3CR1¢FP/*CCR2R"P/* mice (Hamzei Taj et
al., 2018). In contrast and complementing our previous study, we will specifically focus on
the highly inflammatory MCAO lesion area, consisting of the core of the lesion and the
immediate surrounding border where infiltrating monocytes are in close contact with
resident microglia (previous analyses included a broader penumbra area). Furthermore,
given the above-described data that iPSC-derived macrophages can acquire certain
microglial characteristics (upregulation of CX3CR1 expression), we will — within the MCAO
stroke lesion in these CX3CR1°¢FP/*CCR2RF/* mice - consider CX3CR1* (eGFP*) cells being
either resident microglia or infiltrating monocytes that acquired microglial characteristics,
while infiltrating monocytes that retained their original properties are characterised by the
expression of CCR2 (RFP). Similar to the above-described in vitro experiments, we here
evaluated the expression of F4/80 and MHCII. While expression of F4/80 or MHC-Il was not
observed on resting CX3CR1* microglia in the non-affected brain hemisphere (figures 41 and
4K left images; figure 4J and 4L), within the core of the lesion expression of F4/80 and MHCII
was clearly present on both CX3CR1* microglia/monocytes and CCR2* monocytes (figures 4l

and 4K right images; figure 4J and 4L). Strikingly similar to the above-described phenotypic
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analysis of activated murine iPSC-microglia, iPSC-macrophages and NSC-primed iPSC-
macrophages (figures 4A-E), the number of F4/80 and MHCII expressing cells was
significantly higher among the infiltrating CCR2* monocyte population as compared to the
CX3CR1* microglia/monocytes population (figures 4) and L, respectively p=0.0292 and

p<0.0001).

3.6 Murine iPSC-microglia, iPSC-macrophages and NSC-primed iPSC-macrophages
differentially respond to IL13 stimulation

In contrast to LPS+IFNy stimulation, which is considered to lead to nearly maximum
pro-inflammatory (classical) activation, the immune modulating cytokine IL13 is considered
to promote nearly maximum alternative activation. The latter, at least for macrophages, is
characterised by the upregulation of Arginase-1 and Ym1 proteins. In this part of our study,
we investigated the response of murine iPSC-microglia, iPSC-macrophages and NSC-primed
iPSC-macrophages to IL13 stimulation. For Arginase-1 no expression was detected in
iPSC-microglia, iPSC-macrophages and NSC-primed iPSC-macrophages under control
conditions. As expected both iPSC-microglia and iPSC-macrophages were able to respond to
IL13 signalling and express Arginase-1, without significant difference between both
populations (figures 5A-C, upper row; and figure 5D). Interestingly, the presence of a neural
environment significantly reduced the number of Arginase-1 expressing cells in NSC-primed
iPSC-macrophage cultures as compared to iPSC-macrophage monocultures (figure 5D,
p<0.0001). For Ym1, while no expression was detected in iPSC-microglia, iPSC-macrophages
and NSC-primed iPSC-macrophages under control conditions, iPSC-macrophages, but not
iPSC-microglia, were able to induce Ym1 expression in response to IL13 signalling (figures 5-

C, lower row; and Figure 5E, p<0.0001). Again of high interest, the presence of a neural
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environment nearly abolished the number of Ym1 expressing cells in NSC-primed iPSC-
macrophage cultures as compared to iPSC-macrophage cultures (Figure 5E, p<0.0001). In
summary, while iPSC-macrophages upregulated both Arginase-1 and Ym1 upon IL13
stimulation, iPSC-microglia only upregulated Arginase-1 expression. Furthermore, the
presence of a neural environment inhibits expression of both Arginase-1 and Ym1 by

iPSC-macrophages during IL13 stimulation.

3.7 Phenotypical properties of alternatively activated (IL13 stimulated) iPSC-microglia,
iPSC-macrophages and NSC-primed iPSC-macrophages resemble the in vivo phenotypical
profile of murine microglia and monocytes within IL-13 primed stroke lesions

In previous studies using CXsCR1°GFP*CCR2RF"* mice, we have shown that therapeutic
delivery of IL13, by means of lentiviral vector injection or implantation of genetically
modified MSC, can efficiently induce Arginase-1 expression in microglia and infiltrating
monocytes in experimental models of cuprizone-induced demyelination (Le Blon et al.,
2016), spinal cord injury (Dooley et al., 2016) and stroke (Hamzei Taj et al., 2018), albeit - in
general - with a higher efficiency in the CNS infiltrating monocyte population as compared
to the microglia population. In this new study we also evaluated Ym1 as an additional
marker for alternative activation, and thus performed additional analyses to investigate
whether expression of Arginase-1 by IL13-primed microglia and infiltrating monocytes
within the core of an MCAO lesion coincides with Ym1 expression. Similar to the analyses
described above, we here specifically focused on the highly inflammatory MCAO lesion area,
consisting of the core of the lesion and the immediate surrounding border; in case of
therapeutic IL13 delivery, the area directly adjacent to the injection site was evaluated

(thereby assuring effective delivery of the IL13 protein). As expected, in control
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CX3CR1eCFP/*CCR2RFP/* mice with MCAO stroke, both Arginase-1 and Ym1 expression was
absent within the pro-inflammatory lesion environment (figures 5F and 5H, left images;
figures 5G and 5l). Following therapeutic delivery of IL13, Arginase-1 expressing CX3CR1*
microglia/monocytes and CCR2* monocytes were clearly present, without significant
difference between both populations (figure 5F, right image; figure 5G). In contrast, and
strikingly similar to the above-described phenotypic analysis of [L13 stimulated
iPSC-microglia, iPSC-macrophages and NSC-primed iPSC-macrophages (figures 5A-E), Ym1
expression was significantly higher on CD45*CX3CR1" (CCR2*) monocytes as compared to
CD45*CX3CR1* microglia/monocytes (figure 5H, right image; figure 51, p=0.00127). In
summary, these findings demonstrate that within an IL13-primed MCAO stroke lesion the
induction of the full alternative activation program, as characterized by both Arginase-1 and
Ym1 expression, was more evident on infiltrating monocytes, while resident microglia or
infiltrating monocytes that acquired microglial characteristics (CX3CR1 expression) were only
able to induce Arginase-1 expression, but not Ym1 expression. Clearly, the influence of the
neural environment in vivo should not be underestimated, as shown above during 1L13
stimulation experiments of iPSC-microglia, iPSC-macrophages and NSC-primed

iPSC-macrophages.
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4. DISCUSSION

Reliable in vitro models to study and modulate neuroinflammation are essential instruments
for pre-clinical design and validation of novel therapeutic approaches for CNS disorders
where inflammation plays a major role in the pathogenic process. Until the past decade, in
vitro studies of microglial biology have been strongly hindered by the difficulty in acquiring
primary microglia cells, as well as the unreliability of the available microglia cell lines
(Butovsky et al., 2014; Stansley et al., 2012; Timmerman et al., 2018). More recently, a
growing interest in studying microglia’s role in multiple brain disorders has brought this cell
population in the spotlight of stem cell research. As a consequence, several groups
developed efficient methods to differentiate murine and human microglia(-like) cells from
iPSC, thereby generating a new and unlimited source of microglia cells for in vitro research
(Abud et al., 2017; Brownjohn et al., 2018; Claes et al., 2019; Douvaras et al., 2017; Garcia-
Reitboeck et al., 2018; Haenseler et al., 2017; McQuade et al., 2018; Muffat et al., 2016;
Pandya et al., 2017; Takata et al., 2017). In the current work we applied an iPSC-microglia
differentiation protocol based on procedures reported in recent literature (Brownjohn et al.,
2018; Douvaras et al., 2017; Pandya et al., 2017). To this end, ramified CX3CR1* (eGFP*)
murine iPSC-microglia were cultured and analysed in co-culture with astrocyte-committed
embryonic brain-derived NSCs, which provided the environmental cues necessary to sustain

microglia identity in vitro (Bohlen et al., 2017; Butovsky et al., 2014).

Beside microglia, also brain infiltrating monocytes play a major role both in the
pathogenesis and in the resolution of neuroinflammatory responses (Ajami et al., 2011;
Hamzei Taj et al.,, 2018; Morganti et al., 2015; Ritzel et al., 2015; Varvel et al., 2016;

Yamasaki et al., 2014). At sites of inflammation, monocytes rapidly exit the circulatory
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system and reach the inflamed CNS driven by signalling via the chemokine receptor CCR2
(Ginhoux and Jung, 2014). Consequently, their half-life in the circulatory compartment is
restricted to only 20 hours, while the life-span of tissue-resident macrophages is
significantly larger (Ginhoux and Jung, 2014). At current, there are no in vitro protocols
available for the specific generation of murine CCR2* monocytes from iPSC. Therefore, in the
current work we applied an iPSC-macrophage differentiation protocol based on procedures
well-reported in literature (Zhuang et al., 2012) and obtained CX3CR1  CCR2" round-shaped
murine macrophages that were considered as in vitro equivalent of blood-derived
monocytes. Obviously future research directions may need to focus on identifying bone
marrow and/or blood-derived factors that allow establishment and/or maintenance of
CX3CR1" CCR2* monocyte identity in vitro. At current, our attempts to achieve the latter

were unsuccessful.

Recent transcriptomic studies highlighted that both developmental and environmental
factors cooperate in establishing specific identity of different populations of tissue-resident
macrophages (Bennett et al., 2018; Gosselin et al., 2014; Lund et al., 2018). Although
microglia are most distinct from other tissue-resident macrophages in terms of genetic
landscape, macrophage populations that are exposed to similar environmental cues as
microglia may converge to similar expression patterns and acquire similar morphological
and phenotypical features (Abutbul et al., 2012; Bennett et al., 2018; Etemad et al., 2012;
Hinze and Stolzing, 2011; Lund et al.,, 2018; Noto et al.,, 2014). Stimulated by these
observations, we investigated to what extent a neural environment was able to influence
the behaviour of our cultured murine iPSC-macrophages. A first finding described in this
study was the ability of iPSC-macrophages to partially modify their morphological and

phenotypical properties following culture on OBSCs or NSCs. Nevertheless, NSC-primed
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iPSC-macrophages were not equivalent to iPSC-microglia both in morphology and in the
level of CX3CR1 expression, thereby indicating that the iPSC-microglia and iPSC-macrophages
used to perform our studies are clearly distinct cell populations. It should however be
stressed that we studied murine iPSC-microglia behaviour exclusively within a neural
environment. While culturing microglia in absence of other brain cells is certainly technically
convenient, it may produce deviating results from the actual in vivo situation. Indeed, it is
increasingly recognised that cross-talk with CNS cells is required to maintain microglia
transcriptional signature in vitro (Bennett et al., 2018; Bohlen et al., 2017; Butovsky et al.,
2014; Neiva et al., 2014). In this context, the functional data presented in this manuscript
also suggest that a culture system mimicking the brain milieu, in this study using astrocyte-
committed embryonic-brain derived NSC, is essential to reproduce in vitro physiologically

relevant murine microglia behaviour.

As described in the introductory section, studying neuro-inflammatory responses should
consider both microglia and monocytes/macrophages. To our best knowledge, our study is
the first comparative study of murine iPSC-microglia with iPSC-macrophages and to a
further extent with their in vivo counterpart. Given our specific interest, we here focused on
classical and alternative activation of iPSC-microglia and iPSC-macrophages. To investigate
the response of iPSC-microglia and iPSC-macrophages to pro-inflammatory polarisation, we
performed in vitro stimulation with LPS+IFNy. Here we observed that iPSC-macrophages,
iPSC-microglia and NSC-primed iPSC macrophages were equally susceptible to this trigger as
confirmed by the secretion of pro-inflammatory cytokines, although iPSC-microglia may be
less prone to the known IFNy mediated inhibition of IL10 secretion by macrophages (Flores
et al., 2007; Hu et al., 2006; Lively and Schlichter, 2018). In contrast, the expression of the

activation markers F4/80 and MHCIlI was significantly higher on iPSC-macrophages as
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compared to iPSC-microglia and NSC-primed iPSC macrophages. Especially for MHCII
expression, this may have several implications. At one end, it may signify a brain tissue-
specific negative feedback in order to avoid antigen presentation to CD4+ T-cells and
subsequently avoiding auto-immunity to brain-specific antigens. On the other hand,
inhibition of MHCII expression on antigen-presenting cells may limit adaptive immunity to
CNS-derived tumours (Jurewicz and Stern, 2019; Rock et al., 2016). To investigate whether
murine iPSC-microglia and iPSC-macrophages could be directed into a stage of alternative
activation, we performed in vitro stimulation with IL13. While iPSC-macrophages as
expected upregulated both Arginase-1 and Ym1 upon IL13 stimulation, iPSC-microglia only
upregulated Arginase-1 expression. Of high biological relevance is our observation that the
neural environment is able to inhibit expression of both Arginase-1 and Ym1 by iPSC-
macrophages during 1L13 stimulation. While lack of Arginase-1 expression can clearly be
linked to the inability of macrophages to counteract signals promoting nitric oxide (NO)
production (Rath et al., 2014; Roszer, 2015), lack of Ym1 expression may limit their wound

healing and tissue remodelling properties (Hung et al., 2002; Mosser and Edwards, 2008).

Following these data, it is highly suggestive that the neural environment restricts not only
the classical activation potential of murine iPSC-microglia and iPSC-macrophages cultured
within a neural environment, but also their alternative activation which is considered to
counteract the inflammatory environment and promote tissue regeneration. Several
signalling pathways able to maintain microglia in a quiescent state in vivo are described in
literature, for example by means of multiple interactions with neurons (CX3CR1-CX3CL1 and
CD200R-CD200) and astrocytes (TGF-BR-TGF-B) (Abutbul et al., 2012; Cardona et al., 2006;
De Vocht et al., 2013; Manich et al., 2019; Neiva et al., 2014). Since our iPSC-microglia

culture system involves co-culture with astrocyte-committed NSC, in a preliminary
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experiment we attempted to inhibit TGF-B signalling during classical and alternative immune
polarisation, however no alterations were observed. Further investigation into this topic is
of high relevance in the context of immuno-modulating therapeutic strategies as it should
indicate whether or not microglia can be triggered in the same alternative and/or
regeneration-inducing phenotype as already established for iPSC-derived macrophages. If
only infiltrating monocytes are truly able to acquire a sustained anti-inflammatory
phenotype, as suggested by our in vivo and in vitro findings, the use of immune-modulating
agents will be effective only for CNS disorders characterized by a major influx of blood-
derived cells to the brain. Alternatively, the administration of M2-inducing compounds
should be associated with an additional intervention designed to unlock the alternative

activation potential of microglia.

Finally, we would like to stress our in vivo validation approach whereby we demonstrate
that the distinct phenotypical properties of in vitro stimulated murine iPSC-microglia and
iPSC-macrophages closely resemble the activation profile observed in vivo for endogenous
microglia and infiltrating monocytes following MCAO stroke and IL13-based therapeutic
intervention thereon. This is an important result which validates the presented murine iPSC
model as suitable instrument for future preclinical studies. As such, we propose the use of
murine iPSC-microglia (corresponding to brain-resident microglia), iPSC-macrophages
(corresponding to CNS infiltrating monocytes) and NSC-primed iPSC-macrophages
(corresponding to CNS infiltrating monocytes that acquired a microglia-like phenotype) to
identify and study novel cellular targets to modulate neuro-inflammatory responses. In vitro
cellular models are especially convenient for screening large libraries of compounds as well
as for fine-tuning studies, such as the identification of specific mechanism of action and

signalling pathways. Notwithstanding, it is important to underline that the cellular response
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to an inflammatory trigger is regulated by a combination of local signalling and systemic
factors. As in vitro systems do not allow to evaluate complex systemic responses, it will
remain crucial to also investigate the efficacy of potential novel therapeutic agents in vivo

using appropriate animal models of disease.

5. CONCLUSIONS

In this work we have established and validated three murine cell culture models, iPSC-
microglia, iPSC-macrophages and NSC-primed iPSC-macrophages that are able to
recapitulate the pro-inflammatory and anti-inflammatory phenotypic properties of brain-
resident microglia and infiltrating monocytes during an inflammatory insult (MCAO stroke),
as well as following IL13-based therapeutic intervention thereon. The striking resemblance
of the functional properties of immune cells studied in vitro and in vivo highlights the future
possibilities and applications of iPSC-derived neuro-immune cell culture models in both

fundamental and applied neuroinflammation research.
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FIGURE LEGENDS

Figure 1. In vitro differentiation of CX3CR1'CCR2- iPSC-microglia from murine
CX3CR1°CFP/*CCR2RFP/* jpPSCs.

A) Schematic outline of the optimized iPSC-microglia differentiation protocol indicating the
media, the growth factors and the feeder/coating employed during the different stages of
differentiation. Representative images showing culture appearance during differentiation.
From left to right: CXsCR1°¢*P/*CCR2RFP/* iPSC colonies cultured on mitotically inactivated
iMEFs, EBs formation, development of EB-derived adherent cultures on gelatin-coated
plates, CXsCR1* (eGFP*) iPSC-microglia in co-culture with BFP-NSCs. The scale bars indicate
100um. B) Graph showing the percentage of cells expressing eGFP (CX3CR1), measured by
flow cytometry, in undifferentiated CX3CR1¢F*/*CCR2RFP/* iPSC cultures (n=7) and in floating
cells harvested between day 15-40 of differentiation (n=40). C) Graph showing the
percentage of cells expressing eGFP (CX3CR1), measured by flow cytometry, within the
CD45* population in co-cultures of iPSC-microglia + NSC (n=24). D) Detailed image depicting
the ramified morphology of CX3CR1* (eGFP*)
iPSC-microglia. CX3CR1 (eGFP) is directly visible as green fluorescence. The scale bar
indicates 20 um. E) Representative immunofluorescence image showing expression of the
general microglia/macrophage marker lba-1 by CX3CR1* (eGFP*) iPSC-microglia. The
secondary antibody against lba-1 was coupled to Alexa Fluor 555 (red fluorescence) but
shown here in white, CX3CR1 (eGFP) is directly visible as green fluorescence and nuclei are
identified by DAPI staining (in blue). The scale bar indicates 20 um. F) Representative flow
cytometric analysis showing that iPSC-microglia cultures express CD45 (left plot) and CX3CR1
(eGFP, right plot), but not CCR2 (RFP, right plot) (n=7). G) Box plots showing mRNA

expression of P2RY12, TMEM119 and S100A4 in undifferentiated CXsCR1¢¢FP/*CCR2R/* iPSC
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(n=3), iPSC-microglia (n=4) and iPSC-macrophages (n=4) assessed by qRT-PCR and
normalized to the mean expression value of the respective gene in undifferentiated
CX3CR1°CFP/*CCR2RFP/* iPSC. Data are expressed as log2 fold change. Box plots indicate
median and interquartile ranges, whiskers indicate the minimum and maximum values. *p <
0.05; **p < 0.01. H) Representative immunofluorescence images of non-depleted (control)
OBSCs (n=4), clodronate-treated (depleted of endogenous microglia) OBSCs (n=3) and
clodronate-treated OBSCs replenished with CX3CR1* (eGFP*) iPSC-microglia (n=9) stained
with an antibody for the general microglia/macrophage marker Iba-1. CXsCR1* (eGFP*) iPSC-
microglia colonized microglia-depleted OBSCs and showed highly ramified morphology
(higher magnification images). Secondary antibody for Iba-1 was coupled to Alexa Fluor 555
(red fluorescence), CX3CR1 (eGFP) is directly visible as green fluorescence. The scale bars in
the main images indicate 100um and in the higher magnification images 10um.
Abbreviations: BFP, blue fluorescent protein; CM, conditioned medium; CCR2, C-C
chemokine receptor 2; CX3CR1, CX3C chemokine receptor 1; EBs, embryoid bodies; eGFP,
enhanced green fluorescent protein; FBS, fetal bovine serum; GM-CSF, granulocyte-
macrophage colony-stimulating factor; Iba-1, ionized calcium-binding adapter molecule 1;
IL3, interleukin 3; iPSC, induced pluripotent stem cell; LIF, leukemia inhibiting factor; MEF,
mouse embryonic fibroblast; NSC, neural stem cell; OBSCs, organotypic brain slice cultures;
P2RY12, Purinergic Receptor P2Y12; RFP, red fluorescent protein; S100A4, S100 Calcium
Binding Protein A4; SCF, stem cell factor; SSC, side scatter; TMEM119, transmembrane

protein 119; VEGF, vascular endothelial growth factor.
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Figure 2. In vitro differentiation of CX3CR1'CCR2 iPSC-macrophages from murine
CX3CR1°CFP/*CCR2RFP/* jpPSCs.

A) Schematic outline of the iPSC-macrophage differentiation protocol indicating the media,
the growth factors and the coating employed during the different stages of differentiation.
B) Representative immunofluorescence image showing expression of the general
microglia/macrophage marker Iba-1 by iPSC-macrophages. The secondary antibody against
Iba-1 was coupled to Alexa Fluor 555 (red fluorescence) but shown here in white and nuclei
are identified by DAPI staining (in blue). The scale bars indicate 20 um. C) Flow cytometry
plots showing that iPSC-macrophage cultures express CD45 (left plot), but no CX3CR1 (eGFP)
or CCR2 (RFP) (right plot) (n=5). Abbreviations: CCR2, C-C chemokine receptor 2; CM,
conditioned medium; CX3CR1, CX3C chemokine receptor 1; EBs, embryoid bodies; eGFP,
enhanced green fluorescent protein; FBS, fetal bovine serum; GM-CSF, granulocyte-
macrophage colony- stimulating factor; Iba-1, ionized calcium-binding adapter molecule 1;
IL3, interleukin 3; iPSC, induced pluripotent stem cell; LIF, leukemia inhibiting factor; MEF,

mouse embryonic fibroblast; RFP, red fluorescent protein; SSC, side scatter.

Figure 3. CX3CR1 CCR2 iPSC-macrophages redefine their morphological and phenotypical
properties following interaction with a neural environment.

A) Representative immunofluorescence image of clodronate-treated OBSCs control (n=3)
and replenished with CX3CR1CCR2" (eGFPRFP) iPSC-macrophages (n=3) showing
upregulation of CX3CR1 on iPSC-macrophages (left image). Higher magnification image
(right) depicting multiple morphological appearances of CX3CR1* (eGFP*) iPSC-macrophages
within OBSC cultures. CX3sCR1 (eGFP) expression is directly visible as green fluorescence. The

scale bars indicate 50 um. (B) Representative image showing expression of CX3CR1 (eGFP) by
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NSCs (n=6), iPSC-macrophages (n=12) and iPSC-macrophages co-cultured for 7 days with
NSCs (n=9). CX3CR1 (eGFP) expression is directly visible as green fluorescence and nuclei are
identified by DAPI staining (in blue). The scale bar indicates 50 um. C) Graph showing the
percentage of cells expressing eGFP (CX3CR1), measured by flow cytometry, within the
CD45* population in co-cultures of iPSC-microglia + NSC (n=24) and iPSC-macrophages + NSC
(n=14). D) FACS plots depicting the gating strategy employed to select the eGFP (CX3CR1)-
expressing population within co-cultures of iPSC-microglia + NSC (n=20) and iPSC-
macrophages + NSC (n=12). The inset displays the absence of eGFP (CX3CR1)-expressing cells
within the iPSC-macrophages monoculture. Graph showing the median fluorescence
intensity (MFI) of the eGFP signal of these populations. The dotted line indicates the
background fluorescence. E) FACS plots depicting the gating strategy employed to select the
eGFP (CX3CR1)-expressing microglia population isolated from brain tissue (n=4) and the
eGFP (CX3CR1)-expressing macrophage population isolated from bone marrow (n=5) from
CX3CR1SFP/+ CCR2 RFP* mice. Graph showing the MFI of the eGFP signal of these
populations. The dotted line indicates the background fluorescence. Box plots indicate
median and interquartile ranges, whiskers indicate the minimum and maximum values. *p <
0.05; ****p < 0.0001. Abbreviations: AU, arbitrary unit; CCR2, C-C chemokine receptor 2;
CX3CR1, CX3C chemokine receptor 1; eGFP, enhanced green fluorescent protein; iPSC,
induced pluripotent stem cell; MFs, macrophages; MFI, median fluorescence intensity; NSC,

neural stem cell; OBSCs, organotypic brain slice cultures; RFP, red fluorescent protein.
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Figure 4. Phenotypical properties of classically activated iPSC-microglia, iPSC-macrophages
and NSC-primed iPSC-macrophages resemble the in vivo phenotypical profile of murine
microglia and monocytes within stroke lesions.

Representative immunofluorescence images showing the expression of the activation
markers F4/80 and MHC-Il on A) iPSC-microglia in co-culture with NSCs, B) iPSC-macrophage
monocultures and C) NSC-primed iPSC-macrophages under baseline culture conditions
(control) and following stimulation with LPS+IFNy (activated). The secondary antibody
against F4/80 was coupled to Alexa Fluor 555 (red fluorescence), he secondary antibody
against MHC-II was coupled to Cy5 (far-red fluorescence) but shown here in red, CXsCR1
(eGFP) is directly visible as green fluorescence and nuclei are identified by DAPI staining (in
blue). The scale bars indicate 20 um. Quantitative analysis of the immunofluorescence
images was performed for n=4 per condition for iPSC-microglia + NSC and
iPSC-macrophages + NSC and n=8 per condition for iPSC-macrophage monocultures. D) Box
plots showing the level of F4/80 expression under control and activated conditions,
expressed as mean fluorescence intensity (MFI). E) Box plots showing the percentage of cells
expressing MHC-II within the F4/80* population under control and activated conditions.
Cytokine production by iPSC-microglia, iPSC-macrophages and NSC-primed iPSC-
macrophages under baseline culture conditions and following LPS+IFNy stimulation. Box
plots showing the amount of F) TNF-a, G) IL6 and H) IL10 produced by 100.000 cells during
24 hours of culture in 2 or 3 independent experiments (n=6 per condition).

Representative immunofluorescence images showing the expression of the activation
markers 1) F4/80 and K) MHC-II in healthy brain tissue (left images) and a MCAO-induced
brain lesion (right images) in CX3CR1¢¢F"/*CCR2RF/* mice. White arrows indicate the

illustrative close-up images (panel next to right image). The secondary antibodies against
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F4/80 and MHC-Il were coupled to Alexa Fluor 350 (blue fluorescence) but shown here in
white, the secondary antibody against RFP (associated with CCR2 expression) was coupled
to Alexa Fluor 555 (red fluorescence) and CX3CR1 (eGFP) expression is directly visible as
green fluorescence. The scale bars indicate 100 pum. Quantitative analysis of the
immunofluorescence images was performed on brain slices obtained from 5 mice. Box-plots
showing the percentage of J) F4/80 and L) MHC-Il expression by CX3CR1* microglia in healthy
brain tissue (contralateral), and CX3CR1* cells and CCR2* monocytes within a MCAO-induced
stroke lesion. Box plots indicate median and interquartile range, whiskers indicate the
minimum and maximum values. *p < 0.05; ***p < 0.001; ****p < 0.0001. Abbreviations: AU,
arbitrary unit; CCR2, C-C chemokine receptor type 2; CX3sCR1, CX3C chemokine receptor 1;
CTRL, control; IFN-y, interferon y; IL6, interleukin 6; IL10, interleukin 10; iPSC, induced
pluripotent stem cell; LPS Lipopolysaccharides; MCAO, middle cerebral arterial occlusion;
MFs, macrophages; MFI, mean fluorescence intensity; MHC, major histocompatibility

complex; NSC, neural stem cell; TNFa, tumor necrosis factor.

Figure 5. Phenotypical properties of alternatively activated (IL13 stimulated)
iPSC-microglia, iPSC-macrophages and NSC-primed iPSC-macrophages resemble the in vivo
phenotypical profile of murine microglia and monocytes within IL-13 primed stroke
lesions.

Representative immunofluorescence images showing the expression of the markers
Arginase-1 and Ym1 on A) iPSC-microglia in co-culture with NSCs, B) iPSC-macrophage
monocultures and C) iPSC-macrophages in co-culture with NSCs under baseline culture
conditions (control) and following stimulation with IL13. The secondary antibodies against

Arginase-1 and Ym1 were coupled to Alexa Fluor 555 (red fluorescence), CXsCR1 (eGFP) is

49



directly visible as green fluorescence and nuclei are identified by DAPI staining (in blue). The
scale bars indicate 50 um. Quantitative analysis of the immunofluorescence images was
performed for n=3 per condition. Box plots showing the percentage of cells expressing D)
Arginase-1 and E) Ym1l under control and IL13-stimulation conditions.
Representative immunofluorescence images showing the expression of the markers F)
Arginase-1 and H) Ym1 in a MCAO-induced brain lesion (left images) and in a MCAO-induced
brain lesion following injection of IL13-expressing MSCs (right images) in
CX3CR1FP/*CCR2RFP* mice. White arrows indicate the illustrative close-up images (panel
next to right image). The secondary antibody against Arginase-1 and Ym1 were coupled to
Alexa Fluor350 (blue fluorescence) but shown here in white, the secondary antibody against
RFP (associated with CCR2 expression) was coupled to Alexa Fluor 555 (red fluorescence),
the antibody against CD45 (to identify infiltrating monocytes) was coupled to PE (red
fluorescence) and CX3CR1 (eGFP) expression is directly visible as green fluorescence. The
scale bars indicate 100 um. Quantitative analysis of the immunofluorescence images was
performed on brain slices obtained from 5 mice. Box-plots showing the percentage of G)
Arginase-1 and I) Ym1 expression within a MCAO-induced stroke lesion, and by CX3CR1* cells
and CCR2*/CD45*CXsCR1° monocytes within a MCAO-induced stroke lesion following
injection of IL13-expressing MSCs. Box plots indicate median and interquartile range,
whiskers indicate the minimum and maximum values. **p < 0.01; ****p < 0.0001.
Abbreviations: Arg-1, Arginase-1; CCR2, C-C chemokine receptor type 2; CX3CR1, CX3C
chemokine receptor 1; CTRL, control; IL13, interleukin 13; iPSC, induced pluripotent stem
cell; MCAO, middle cerebral arterial occlusion; MSC, mesenchymal stem cells; NSC, neural

stem cell.
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Quarta et al. Murine iPSC-derived microglia and macrophage cell culture models recapitulate distinct
phenotypical and functional properties of classical and alternative neuro-immune polarisation.

Figure 1

CX,CR1 BFP

Adherent + Floating é Adherent

e S

PSC Es ‘ Adherent

Feeder/coating

Medium

Growth factors

E31m- C :oq . -
o -.......u-
o 80- o< 807 .2.
© o 2
O 60 S 2 60 b
o a1 (SR
% 40- &3 40- o
3 °o o
X 20- = 2 20
0 T + £ o
iPSC floating iPSC-microglia
progenitors + NSC

>
>
>
>

o =
—
<& o
oc I g
2 2 5
X I3 =
O & &
5= 5
[0]
RS e s st A g
(KLI?W)‘ -
SSC RFP (CCR2)

10 ~ o
-3 o 4 > 4 -
2 =R
$8 =5 o s s
240 =2, == T ig,
B3 =5 53
z 4 [ s
° ) s 0 —— s 0 ——— -
0 T T T -2 T T T -2 T T T
iPSC  iPSC-microglia iPSC-MFs iPSC  iPSC-microglia iPSC-MFs iPSC  iPSC-microglia iPSC-MFs
+NSC +NSsC +NSC
H OBSC clodronate
OBSC control OBSC clodronate + iPSC-microglia

Iba-1 CX,CR1

51



Quarta et al. Murine iPSC-derived microglia and macrophage cell culture models recapitulate distinct
phenotypical and functional properties of classical and alternative neuro-immune polarisation.

Figure 2
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Quarta et al. Murine iPSC-derived microglia and macrophage cell culture models recapitulate distinct
phenotypical and functional properties of classical and alternative neuro-immune polarisation.

Figure 3
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Quarta et al. Murine iPSC-derived microglia and macrophage cell culture models recapitulate distinct

phenotypical and functional properties of classical and alternative neuro-immune polarisation.
Figure 4
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Quarta et al. Murine iPSC-derived microglia and macrophage cell culture models recapitulate distinct

phenotypical and functional properties of classical and alternative neuro-immune polarisation.

Figure 5
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Article title: Murine iPSC-derived microglia and macrophage cell culture models recapitulate
distinct phenotypical and functional properties of classical and alternative neuro-immune

polarisation.
SUPPLEMENTAL INFORMATION

Supplemental figure S1
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Figure S1. Characterization of CX3;CR1¢¢FP/*CCR2?P/* jpSCs. A) Representative
immunofluorescence image of CX3CR1CFP/*CCR2RF/* iPSC colonies expressing the
pluripotency marker DPPA4. The secondary antibody against DPPA4 was coupled to Alexa
Fluor 555 (red fluorescence) and nuclei are identified by DAPI staining (in blue). The scale bar
indicates 20 um.  B) Flow cytometry plot showing that CXsCR1¢¢F"/*CCR2RFP/* iPSCs do not
express eGFP or RFP (respectively CX3CR1and CCR2). C) Left, genotyping of the CX3CR1 locus.
The PCR products are 410 bp (wild type CX3CR1) and 500 bp (eGFP instead of CX3CR1). Right,
genotyping of the CCR2 locus. The PCR products are 494 bp (wild type CCR2) and 320 bp

(RFP instead of CCR2). L, 1kb ladder; 1, wt C57BL/6 mouse; 2, CX3CR1FP/eGFP mgouyse; 3,



CCR2RFP/R®® mouse; 4, CX3CR1°CFP*CCR2RFP* MEFs; 5, CX3CR1°CFP/*CCR2RFP/* iPSCs.
Abbreviations: CCR2, C-C chemokine receptor 2; CX3CR1, CX3C chemokine receptor 1;
DPPA4, developmental pluripotency associated 4; eGFP, enhanced green fluorescence

protein; RFP, red fluorescence protein.

Supplemental figure S2
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Figure S2. Cytokine production by NSC under baseline culture conditions and following
LPS+IFNy stimulation. Box plots showing the amount of A) TNF-a, B) IL6 and C) IL10
produced by 100.000 cells during 24 hours of culture in 1 experiment (n=6 per condition).

Abbreviations: CTRL, control; IFN-y, interferon y; IL6, interleukin 6; IL10, interleukin 10; LPS

Lipopolysaccharides; TNFa, tumor necrosis factor.



