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During neuroinflammation, monocytes that infiltrate the central nervous system (CNS) may
contribute to regenerative processes depending on their activation status. However, the extent

and mechanisms of monocyte-induced CNS repair in patients with neuroinflammatory diseases
remain largely unknown, partly due to the lack of a fully human assay platform that can recapitulate
monocyte-neural stem cell interactions within the CNS microenvironment. We therefore developed

a human model system to assess the impact of monocytic factors on neural stem cells, establishing

a high-content compatible assay for screening monocyte-induced neural stem cell proliferation and
differentiation. The model combined monocytes isolated from healthy donors and human embryonic
stem cell derived neural stem cells and integrated both cell-intrinsic and -extrinsic properties. We
identified CNS-mimicking culture media options that induced a monocytic phenotype resembling CNS
infiltrating monocytes, while allowing adequate monocyte survival. Monocyte-induced proliferation,
gliogenic fate and neurogenic fate of neural stem cells were affected by the conditions of monocytic
priming and basal neural stem cell culture as extrinsic factors as well as the neural stem cell passage
number as an intrinsic neural stem cell property. We developed a high-content compatible human

in vitro assay for the integrated analysis of monocyte-derived factors on CNS repair.
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APC Antigen-presenting cell

BSA Bovine serum albumin

CCL C-C motif chemokine ligand
CD Cluster of differentiation
CHI3L1/2  Chitinase-3-like protein 1/2
CHID Chitinase Domain Containing 1
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CNS Central nervous system

CSF1R Colony stimulating factor 1 receptor
DAPI 4',6-Diamidino-2-phenylindole
DCX Doublecortin

DMSO Dimethyl sulfoxide

EGF Epidermal growth factor

FCS Fetal calf serum

FGF Fibroblast growth factor

LMM Linear mixed models

MACS Magnetic cell separation

MM Monocyte medium

MoC Monocyte-derived cell

N2 Nitrogen

NDM Neural differentiation medium
NI Neuroinflammation

NG2 Neural/glial antigen 2

NSC Neural stem cell

P Passage

PBS Phosphate-buffered saline
PBMC Peripheral blood nuclear cell
PFA Paraformaldehyde

SD Standard deviation

STAT Signal transducer and activator of transcription
SP StemPro differentiation medium

Neuroinflammation is a key component of many neurologic and psychiatric diseases including multiple scle-
rosis, Alzheimer’s disease, Parkinson’s disease, stroke, and depression'. It is characterized by the activation of
both, central nervous system (CNS) resident and peripheral immune cells, including blood-derived monocytes,
which infiltrate the CNS parenchyma where they contribute to both damaging processes and cellular repair®’.
While the destructive role of the immune system in the pathogenesis of neuroinflammatory diseases has long
been studied® !, the importance of peripheral immune cells in tissue repair has become more evident in the
last decade®'®1.

Endogenous cellular repair mechanisms constitute dynamic processes by which damaged cells are replaced
by new cells of the same type. In both, oligodendrogenesis and neurogenesis, cellular repair functions via the
expansion, differentiation, and maturation of neural stem cells (NSCs), as well as neural- and glial progenitor
cells'®2*. These cells can migrate and integrate at the site of injury and functionally replace damaged or lost
subcellular structures such as synapses (synaptic repair) or myelin (remyelination)*?. In the adult mammalian
CNS, these cellular dynamics are essential to maintaining the steady state under physiological conditions and
become crucial for cellular repair and functional recovery in the context of neuroinflammation®~>".

Given their importance, processes of repair within the CNS are tightly regulated, both by cell intrinsic and
extrinsic mechanisms, such as genetic or epigenetic states derived by e.g. aging or microenvironmental factors
including cytokines and extracellular matrix, respectively. Yet, endogenous CNS repair often fails, leading to
uncontrolled proliferation of NSCs*>*® or insufficient or dysregulated repair®.

Emerging evidence suggests that during neuroinflammation monocytes infiltrate the CNS and become
monocyte-derived cells (MoCs). Monocytes and MoCs are members of the mononuclear phagocyte system and
carry out tissue- and microenvironment-specific functions’. Their activation influences tissue-protective and
pathogenic processes including disease outcomes associated with such functions”®*-*2, During demyelination,
the phagocytic properties of MoCs are important for clearing myelin debris, which has inhibitory properties
for oligodendrogenesis and remyelination®*>*%. Factors secreted by invading monocytes and MoCs within the
parenchyma directly promote the differentiation of NSCs, thereby mediating neurogenesis and oligodendro-
genesis in a paracrine fashion?***+45, However, the specific function carried out by MoCs is tightly connected
with their activation status.

Activation states of MoCs range from a pro-inflammatory phenotype associated with cytotoxicity, to a poten-
tially regenerative anti-inflammatory phenotype'®*%3*4. Specifically, recent work in mice showed that MoCs can
be primed towards a pro-inflammatory or anti-inflammatory phenotype while accumulating at distinct CNS
barriers in vivo®. Priming and polarization of MoCs depends on the local microenvironment, which may either
support a pro-inflammatory phenotype, including the blood brain barrier and active multiple sclerosis lesions*’
within the CNS parenchyma; or an anti-inflammatory phenotype, as seen in blood-cerebrospinal fluid barriers®®.
The latter may be the default phenotype of myeloid cells within the normal CNS parenchyma*. Within this con-
text, anti-inflammatory activated myeloid cells seem to mediate neuroprotective and regenerative functions by
secreting pro-regenerative factors that may act on NSCs and parenchymal CNS progenitor cells to differentially
induce proliferation, gliogenesis, or neurogenesis?*¢4142,

Myeloid cells, including peripheral monocytes have emerged as new targets for the treatment of neuroin-
flammatory diseases**. Yet, the mechanisms by which monocytes induce CNS repair in humans are poorly
understood. With emerging therapies that target the myeloid compartment in neuroinflammatory diseases,
including Bruton’s tyrosine kinase inhibitors, it is essential to monitor treatment-associated changes affecting
the CNS repair potential of patient-derived monocytes. We thus sought to establish a simple short-term assay
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which can be carried out in a high throughput manner and permits the investigation of immune-mediated effects
on NSC differentiation.

Methods

Isolation of peripheral blood mononuclear cells (PBMCs) from leukocyte enriched buffy coats,
isolation of CD14+ monocytes

All experimental procedures were approved by the local ethics committee and conducted in accordance with the
Helsinki Declaration. Leukocyte-enriched bufty coats from anonymous healthy donors were obtained from the
German Red Cross after informed consent. For the isolation of PBMCs, buffy coat content was diluted with an
equal volume of PBS (1x, without Mg?*/Ca?*) and centrifuged in a density gradient medium, (density of 1007 g/
ml) for 20 min at 760xg at room temperature. The PBMC ring was carefully removed, washed in wash medium
(5% FCS in RPMI 1640 containing 1% Hepes), resuspended in freezing medium (20% DMSO, 20% FCS, RPMI
1640 containing 1% Hepes) at a density of 5x 10° cells/ml and stored in liquid N2 until further use. Upon experi-
mental use, PBMCs were thawed, resuspended in thawing medium and counted by trypan blue exclusion. Both
dead and live cells were counted to measure viability after thawing. Monocytes were then isolated from thawed
PBMC:s via positive magnetic activated cell sorting (MACS) using CD14 MicroBeads Human (Miltenyi Biotec,
Bergisch Gladbach, Germany) according to manufacturer’s instructions with the exception that half the bead
concentration was used. Following cell sorting, cells of both fractions were counted via trypan blue exclusion.

Phenotypic analysis via flow cytometry

For phenotyping analysis, cells were blocked in FC blocking solution (Miltenyi Biotec, Bergisch Gladbach,
Germany) for 15 min at 4 °C, followed by washing and resuspension in PBS. Viability staining (LIVE/DEAD
Fixable near infrared stain, Thermo Scientific) was conducted according to manufacturer’s protocol, followed
by antibody staining (APC Lineage Cocktail (CD3, CD19, CD20, CD56) BioLegend 363601, FITC CD14 BD
555397) in blocking solution for 15 min at room temperature. Cells were washed and measured on a BD Fortessa
Flow Cytometer (BD Biosciences).

Phenotypic analysis via Real-time quantitative PCR (qPCR)

Total RNA was extracted from CD14+ monocytes/MoCs prior (0 h) and after 48 h of culture in standard Mono-
cyte Medium (MM), StemPro Differentiation Medium (SP) and OPC Differentiation Medium (OPC) using the
RNeasy Micro Kit (QIAGEN, Venlo, The Netherlands) according to the manufacturer’s protocol. A two-step
qPCR protocol was performed using the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scien-
tific, Massachusetts, USA) and the TagMan Fast Advanced Mastermix kit (Applied Biosystems, Massachusetts,
USA) with 5 pl reaction system according to the manufacturer’s protocol by QuantStudio Real-Time PCR Systems
(Thermo Fisher Scientific, Massachusetts, USA). Each reaction was performed in triplicates and normalized to
B2M gene expression. The CT value of each well was determined using the QuantStudio Real-Time PCR System
software. The relative quantification was determined by arbitrary units (272T). Primers included the following:

Primers | Assay ID Amplicon size (bp) | Company
STAT1 Hs01013996_m1 | 66
STAT6 Hs00598625_m1 | 96
CCL22 Hs00171080_m1 | 89
CSFIR Hs00911250_m1 | 74
CXCR3 Hs01847760_s1 164
CHI3L1 Hs01072228_m1 | 62
CHI3L2 Hs00970220_m1 | 70
CHID1 Hs00388156_m1 | 55
B2M Hs00187842_m1 | 64

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Immune cell survival assay

Cells were plated at 5% 10* cells per well in various media to assess viability. Imaging plates (Cellvis P96-1.5H-N)
were used, and outer wells were filled with PBS to buffer evaporation. Plates were incubated at 37 °C with 5%
CO2 in a humidified atmosphere. Monocyte medium (s. below) was run on all plates as reference. NucGreen
(Thermo Fischer) and NucBlue (Thermo Fischer) with final concentrations of 1:250 and 1:45 respectively, were
added directly into the medium and incubated for 1 h at 37 °C before imaging. 16 fields of view were imaged
and analyzed per well, while a total of 4 wells was analyzed per condition.

Composition of the monocyte and NSC media
Monocyte Medium: RPMI 1640 (Gibco), 10% FCS (Gibco), 10 mM Hepes (Gibco), 2 mM Glutamax (Gibco),
1% Antibiotic/Antimycotic (Gibco); StemPro Differentiation Medium (SP): KnockOut DMEM/F-12 (Gibco),
2% StemPro Neural Supplement (Gibco), 2 mM Glutamax (Gibco), 1% Antibiotic/ Antimycotic (Gibco); OPC
Differentiation Medium (OPC Diff): OPC Spontaneous Differentiation Media Kit (Sigma-Aldrich SCM106); OPC
Expansion Medium: Human OPC Expansion Culture Media Kit (Sigma-Aldrich SCM107);

Neural Differentiation Medium (NDM): Neurobasal Medium (Gibco), 2% B27 Supplement (Gibco), 2 mM
Glutamax (Gibco), 1% Antibiotic/ Antimycotic (Gibco); B27 Medium: KnockOut DMEM/F-12 (Gibco), 2% B27
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Supplement (Gibco), 2 mM Glutamax (Gibco), 1% Antibiotic/Antimycotic (Gibco); N2 Medium: KnockOut
DMEM/F-12 (Gibco), 1% N2 Supplement (Gibco), 2 mM Glutamax (Gibco), 1% Antibiotic/ Antimycotic (Gibco);
KO DMEM/F-12 Medium: KnockOut DMEM/F-12 (Gibco), 2 mM Glutamax (Gibco); 1% Antibiotic/Antimycotic
(Gibco); RPMI 1640 Medium: RPMI 1640 (Gibco), 2 nM Glutamax (Gibco), 1% Antibiotic/ Antimycotic (Gibco).

Passaging and proliferation of hESC derived NSCs
NSCs derived from the human pluripotent stem cell line H9 were purchased from Thermo Fischer Scientific.
NSCs were stained with the NSC markers NESTIN, SOX1 and SOX2.

NSCs were washed with cold PBS (without Ca®* and Mg?**) and dissociated with pre-warmed StemPro
Accutasse (Gibco). Cells were washed with passaging medium (KnockOut DMEM/F-12, 2 nM GlutaMAX, 1%
Antibiotic/Antimycotic) in a 1:10 ratio, centrifuged at 300xg for 5 min and resuspended in passaging medium.
Cells were counted via trypan blue exclusion before plating.

For proliferation, 6-well TC-Treated plastic plates were coated with Geltrex (Gibco), diluted in KnockOut
DMEM/F12 (Gibco) with a final concentration of 1:120.

NSCs were proliferated in StemPro Serum Free Proliferation Medium (KnockOut DMEM/F-12, 2% StemPro
Supplement, 10 ng/ml EGF, 10 ng/ml FGF2, 2 mM GlutaMAX, and 1% Antibiotic/Antimycotic). Medium was
changed every other day until cells reached 100% confluency and were subsequently passaged either for further
proliferation or differentiation. Cells used for all experiments came from large batches expanded and frozen at
passages (P) 3, 23 and 38 to ensure consistency. Cells were always allowed to proliferate for at least two passages
before being used for experiments. Plates were incubated at 37 °C with 5% CO2 in a humidified atmosphere.

Medium conditioning and conditioned-medium transfer

During medium-conditioning, both “Conditioned” and “Non-Conditioned” media were plated side by side on the
same plates and incubated together. All the handling was identical for both conditions apart from the presence of
CD14+ cells. More specifically, for the “Conditioned” medium CD14+ cells were plated at 2 x 10° cells in 200ul
medium per well in 96-well TC-treated plates. Adjacent wells within the same plate were used for the generation
of “Non-Conditioned” medium by adding 200ul of medium to empty wells. Plates containing both conditions,
ensuring any effects not related to the cells themselves (such as incubation and handling) were controlled, were
incubated for 48 h at 37 °C with 5% CO2 in a humidified atmosphere. Supernatants were collected, centrifuged,
and stored at — 80 °C prior to conditioned-medium transfer experiments. Again, this was all carried out for both
conditions. Cells (only for “Conditioned”) were lysed for qPCR analysis.

For conditioned-medium transfer experiments “Conditioned” and “Non-Conditioned” media were plated
in adjacent wells in order to avoid intra-plate variation. Outer wells were never used for experiments but were
nonetheless treated the same as the rest of the plate (coated, seeded with cells, and medium changed in accord-
ance with protocol) in order to avoid evaporation issues.

Differentiation of hESC derived NSCs
For differentiation, 384-well Cell Carrier Ultra Plates (Perkin Elmer) were coated with Poly-p-Lysine
(70,000-150,000 MW, Sigma-Aldrich) diluted in H,O (0.1 mg/mL) overnight at 4 °C and subsequently washed
with H,O. Plates were then coated with Laminin (Natural Mouse, Gibco) diluted in H,O (0.01 mg/ml) overnight
at 4 °C and subsequently washed with PBS.

25ul of medium were added to wells directly after coating onto which cells were then seeded in a further 25ul
of medium resulting in a better distribution of cells. Plates were incubated at 37 °C with 5% CO, in a humidified
atmosphere. The following day an additional 50ul of medium was added containing the conditioned medium.
This was considered day 0 of differentiation. At day 4 of differentiation 80% of medium was changed. At day 8
the differentiation was stopped, and cells were fixed. Due to a logistical issue, one differentiation experiment
was not stopped at day 8 but instead at day 9. This change in protocol was included as a random effect in the
statistical analysis conducted and summarized in Table 1 (see statistics methods).

Fixation and staining protocols

80 ul of medium was removed from each well and 20 pl of pre-warmed (37 °C), 8% PFA was added, resulting in a
total volume of 40 pl and final concentration of 4% PFA. Plates were incubated for 15 min at 37 °C, then washed
twice with PBS before proceeding with staining.

To establish the panel of markers to characterize the NSCs, a comprehensive list of antibodies was tested,
covering the three lineages in various stages of differentiation. From these, a final panel was chosen based on the
expression of the markers, the robustness of the quantification and their compatibility with each other. For immu-
nohistochemical staining, cells were blocked for one hour at room temperature with 5% BSA and 5% Horse serum
in PBS (without Ca®" and Mg?**). Primary antibodies including A2B5 (R&D Systems, MAB1416), DCX (Novus
Biological, NBP1-72042), KI67 (Abcam, Ab16667), NG2 (BD 554275), OLIG2 (Millipore, AB9610), SOX10
(R&D Systems, AF2864), GALC (Merck, MAB342), PDGFRa (CST, 5241T), O4 (R&D Systems, MAB1326),
NEUN (CST, 24307), PLP (Sigma Aldrich, MAB388), MBP (Sigma Aldrich, AB9348), PIIITUB (Biolegend,
801213), GFAP (Agilent, Z0334), CASPASE3 (R&D Systems, MAB835), PCNA (Santa Cruz Biotechnology,
sc-56), NESTIN (R&D Systems, MAB1259), SOX1 (R&D Systems, AF3369) and SOX2 (R&D Systems, AF2018)
were incubated in blocking solution at 4 °C overnight. Secondary antibodies were incubated in diluted blocking
solution (2.5% BSA and 2.5% horse serum) containing DAPI (50 ng/mL) and incubated for one hour at room
temperature. Cells were washed and imaged in PBS.
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%_K167 %_A2B5 %_DCX
Predictors Estimates CI Estimates CI Estimates CI P
(Intercept) 0.79 ~0.33t0 1.90 0.167 | 0.20 ~0.56 to0 0.97 0.598 | —0.22 ~1.16 0 0.71 0.639
MoC conditioning [Cond] ~0.20 ~0.48 t0 0.08 0.167 | 0.39 0.24t0 0.54 <0.001 | 0.07 ~0.12t0 0.25 0.494
Conditioned medium [Mono] ~1.30 ~1.58t0-1.01 | <0.001 | —1.68 ~1.83t0-1.53 | <0.001 | —1.06 ~1.25t0-0.88 | <0.001
Conditioned medium [OPC] -0.41 ~0.69 to—0.13 0.005 | 0.19 0.03 t0 0.34 0.018 | 0.45 0.26 10 0.63 <0.001
Conditioned medium [SP] ~0.54 ~0.82t0-0.26 | <0.001 | —0.02 ~0.17 10 0.13 0.803 | 0.30 0.11 to 0.49 0.002
Basal medium [N2] 3.08 2.90 to 3.27 <0.001 | 1.11 1.02 to 1.20 <0.001 | 1.42 1.31 to 1.54 <0.001
Basal medium [NDM] 0.11 ~0.07 t0 0.30 0239 | -0.05 ~0.15 to 0.04 0.274 | —0.08 ~0.19 t0 0.04 0.188
Percentage ~0.01 ~0.01 to 0.00 0234 | -0.00 ~0.01 to 0.00 0.063 | 0.00 ~0.00 to 0.01 0510
MoC conditioning [Cond] * conditioned 0.12 ~0.28 t0 0.52 0547 | =0.27 ~0.48 to—0.05 0.015 | 0.14 ~0.13 to 0.41 0.308
medium [Mono]
g;"i;;“[dgf;’c“]i“g [Cond] * conditioned ~0.94 ~134t0-0.54 | <0.001 |0.22 0.01 to 0.4 0.042 | 1.15 0.88 to 1.42 <0.001
x;’(i;;“[dsig]"“mg [Cond] * conditioned -0.83 ~1.23t0-043 | <0.001 |0.33 0.1210 0.55 0.003 | 0.40 0.13 10 0.66 0.004
Random effects
o 3.07 115 1.75
o 0.92 Eyperiment 0.44 Eyperiment 0.66 Eyperiment

0.00 i pays 000 i pays 0.00 i pays
N 3 Experiment 3 Experiment 3 Experiment

2 piff_Days 2 Diff_Days 2 Diff_Days
Observations 2352 3024 3024
Marginal R?/Conditional R 0.423/NA 0.487/NA 0.394/NA

Table 1. Linear mixed model analyzing associations of experimental culture conditions (predictors) on
monocyte-induced NSC proliferation (KI167), gliogenesis (A2B5) and neurogenesis (DCX); reported estimated
95% confidence interval (CI) and p-value. Significant values are in bold.

Microscopy

Imaging of fluorescent staining was done with the High Content Screening System Opera Phenix (Perkin Elmer),
with the 20x water objective, in confocal mode. For the immune cell survival assay live imaging settings with
37 °C and 5% CO2 were used. All image analysis was done with the Columbus Image Analysis server (Perkin
Elmer). Imaging of neurosphere formation assays was done with a Leica DMI6000B microscope.

Columbus image analysis
For the quantification of immune cell viability after 48 h in culture with different media the analysis pipeline
was constructed as follows. For the input image, the available flatfield correction was applied. First nuclei were
identified in the NucBlue channel, using Method C. Next, morphology (Method : Standard, Area, Roundness)
and intensity of NucGreen (Method : Standard, Mean) were calculated. Then a surrounding region around each
nucleus was found using method A, and the intensity of the NucGreen channel was also calculated for this region
(Method : Standard, Mean). Next a ratio was calculated between the mean intensity of each nucleus and the mean
intensity of the surrounding region (Method : By Formula, Formula : A/B, Variable A : Intensity Nucleus Alexa
488 Mean, Variable B : Intensity Surrounding Region Nucleus Alexa 488 Mean). This was done in order to correct
for the differences in background fluorescence due to the composition of the different media utilized. Then nuclei
were selected (Method : Filter by Property, Nucleus Area, Nucleus Roundness) excluding artifacts, and lastly
dead nuclei were identified (Method : Filter by Property, Nuclei Selected, Ratio Nucleus/Surrounding Region).
For the quantification of antibody stainings (K167, A2B5, DCX, NG2) the analysis pipeline was constructed
as follows. For the input image, the available flatfield correction was applied. First nuclei were identified in the
DAPI channel, using Method B. Next, morphology (Method : Standard, Area, Roundness) and intensity of DAPI
(Method : Standard, Mean) were calculated. At this point viable nuclei were selected (Method: Filter by property
Nucleus Area, Nucleus Roundness, Intensity Nucleus DAPI) in order to exclude dead nuclei and artifacts, and
all following steps were done with this nucleus population (live nuclei). Intensities of nuclear stainings (K167,
DCX) were calculated (Method: Standard, Mean). While DCX is not per se a nuclear staining, the signal within
the nuclear region was always very bright and reliable, which is why we opted to quantify it in this manner. For
cytoplasmic stainings (A2B5, NG2) the cytoplasm was identified using Method B, and the respective intensities
(Method: Standard, Mean) and morphology (Method : Standard, Area, Roundness) calculated. Cell Area and
Roundness were used to not only take staining intensity but also cellular morphology into account in order to
refine the analysis and further avoid potential artifacts. Lastly, positive cells were identified (Method : Filter by
Property) using the appropriate properties for each antibody of interest (Such as Nucleus Intensity, Cytoplasm
Intensity, Cell Area and Cell Roundness).
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Neurosphere formation assay

NSCs were plated in non-coated tissue culture plates (6well) at a density of 1x 10° cells/well. Cells were plated
in 2 ml proliferation medium and 1 ml of fresh proliferation Medium was added every two days. Neurospheres
were allowed to form until day 5-7, at which time 10 random images were taken throughout each well. The
number of neurospheres per image as well as the individual diameter of each neurosphere was then quantified
with Image] (Rasband, W.S., Image], U. S. National Institutes of Health, Bethesda, Maryland, USA, https://imagej.
nih.gov/ij/, 1997-2018).

Statistics

Graphs and statistical analyses were done using GraphPad Prism version 9.0.0 for Windows, GraphPad Software,
San Diego, California USA, www.graphpad.com, or R version 4.0.2 (2020-06-22) (R Core Team (2021). R: A
language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria.
URL https://www.R-project.org/).

The evaluation must be understood as explorative, therefore p-values do not allow confirmatory conclusions.
Due to the small sample size in the gene expression data of MoCs in culture with different media (Fig. 1B-D)
and staining of cells in different passages (Fig. 3C) non-parametric Kruskal Wallis one way ANOVA was used
for continuous endpoints followed by Tukey’s honestly significant difference (HSD) test.

Immune cell viability and purity following MACS as well as neurosphere number and diameter were sum-
marized descriptively. For these continuous variables, descriptive statistics included mean and standard deviation
(SD) and data were displayed in Supplementary Fig. 1 and Fig. 3.

The data depicted in Fig. 2, shows three independent experiments that were standardized with a z-score
normalization to make the changes comparable.

Linear mixed models (LMM) were used to analyze the association between experimental culture condi-
tions and monocyte-induced NSC proliferation (KI67), gliogenesis (A2B5) and neurogenesis (DCX). LMM
analysis was done with the “Ime4” R package®’. For the data presented in Fig. 2 models were used described by
the equation: % Positive Cells ~MoC Conditioning + Conditioned Medium + Basal Medium + Conditioning *
Conditioned Medium + Percentage + (1| Experiment) + (1|Differentiation Days). Fixed effects included MoC
Conditioning, Conditioned Medium, Basal Medium and Percentage. Random effects included Experiment and
differentiation days. For the data presented in Fig. 4 models were used described by the equation: % Positive
Cells ~MoC Conditioning + Conditioned Medium + NSC Passage + MoC Condition * NSC Passage + (1| Healthy
Donor) . Fixed effects included MoC Conditioning, Conditioned Medium and NSC Passage. Random effect was
defined as Healthy Donors.

Ethics approval and consent to participate

All experimental procedures were approved by the local ethics committee and conducted in accordance with
the Helsinki Declaration. Leukocyte-enriched bufty coats from anonymous healthy donors were obtained from
the German Red Cross after informed consent.

Results

Activation of human monocytes/MoCs in vitro: Survival and characterization in response to
culture conditions mimicking the bloodstream vs. the CNS parenchyma

To develop an optimized in vitro assay that models MoC-mediated CNS repair in a dish, we integrated the
microenvironmental component of CNS parenchyma, in which MoCs interact with neural progenitor cells in
a paracrine fashion. We defined optimal culture conditions as ones that are serum free and optimized for the
growth and differentiation of CNS progenitor cells, without compromising the survival and activation capacity
of monocytes. This allowed the analysis of myeloid-mediated effects on NSC proliferation and differentiation
with high reproducibility in a high throughput format.

Protocols were established using CD14+ monocytes that were isolated from cryopreserved PBMCs, which
were collected from 10 healthy donors with the following demographics: 5 x female, mean age of 48.8 (SD 5.17);
5 x male, mean age of 51.2 (SD 14.1). The mean viability of PBMCs after thawing, measured via trypan blue
exclusion was > 95.00%.

CD14+ monocytes were isolated using magnetic beads for positive selection, ensuring high viability
(>97.95%) and high purity of the enriched CD14+ cell population (>92.58% lineage negative cells, >97.27%
CD14+ cells) (Supplementary Fig. 1). For this section, we will refer to whole PBMCs prior MACS sorting as
“PBMCs” and the positive and negative fractions of CD14+ MACS sorting, as “CD14+” and “CD14-" cells
respectively, MoCs refers to CD14+ cells in culture.

Our first aim was to determine the optimal CNS-mimicking culture conditions, by utilizing media that are
normally used for neural cell culture, (see methods section) in which CD14+ cells retained adequate survival
rates for up to 48 h, when compared to the standard Monocyte Medium (MM), which mimics the microenvi-
ronment of the blood stream.

CD14+ cells cultured in StemPro Differentiation Medium (SP) and OPC Differentiation Medium (OPC)
for 48 h showed adequate cell survival rates with low variance across experiments, while Neural Differentiation
Medium (NDM) showed reduced survival after 24 and 48 h of culture compared to MM (Fig. 1A, left panel).
Interestingly, these differences in overall survival and variance were not seen in the CD14— cells (Fig. 1A, middle
panel) or PBMCs (Fig. 1 A right panel), indicating a specific vulnerability of the CD14+ monocyte population
to microenvironmental changes. Other media that showed adequate overall survival rates but higher variabil-
ity across all three cell populations (PBMCs, CD14+ and CD14 -) included N2 Medium, OPC Proliferation
Medium, KO DMEM/F-12 Medium, and RPMI 1640 Medium (Dunnett’s 95% confidence intervals comparing
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Figure 1. Survival and activation of immune cells in various media. (A) Cell death of CD14+, CD14- cells
and PBMCs in different media over time. Each dot represents the average of four wells (96 well plate) for

each healthy donor (n=10 healthy donors). Data was analyzed by comparing all media to the reference MM,
Dunnets’s 95% CI can be found summarized in Supplementary Fig. 2. (B)-(D) Gene expression of (B) M1/M2
polarization markers, (C) maturation, homing and CNS infiltration markers, and (D) Chitinase-like proteins,
measured by qPCR in CD14+ cells directly after isolation (0 h) and after 48 h in different media. Each dot
represents one healthy donor (n=38). Kruskal Wallis one way ANOVA, followed by Tukey’s HSD post-hoc test.
*p<0.05;**p<0.01; **p<0.001.

each medium tested to the reference MM can be found summarized in Supplementary Fig. 2). Based on adequate
cell survival with low variance across donors, our results identified SP and OPC Media as optimal for the condi-
tioning of primary human CD14+ monocytes in CNS-mimicking microenvironmental conditions.

CD14+ cell profiling after 48 h in different media
Next, we examined the activation state of CD14+ monocytes/MoCs prior (0 h) and after 48 h of culture in MM,
SP, OPC media based on gene expression of seminal activation and polarization markers. STAT1 was chosen as
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Figure 2. MoC-induced NSC proliferation and differentiation is dependent on monocytic and neural stem

cell microenvironment. (A) Representative images of KI67 (Orange), A2B5 (Green) and DCX (Red) after
differentiation. White bar is 50 um long. (B) NSC differentiation as measured by the differentiation markers
A2B5 and DCX as well as the proliferation marker KI67. Three different conditioned media (listed at the top)
were tested in combination with three different basal media (listed on the right). Each conditioned medium was
added at 5%, 12.5% or 25% (percentage shown on x axis). Each dot represents the average number of positive
cells in one well (384 well plate). Three independent experiments were performed, each with 16 wells per
condition. Results were normalized (z-score normalization) and analyzed together, using mixed linear models
(results summarized in Table 2).

a marker for a proinflammatory/M1 activation state and STAT6 and CCL22 as markers of an anti-inflammatory/
M2 activation.

MoCs cultured in MM for 48 h compared to CD14+ cells at 0 h did not result in significant up regulation
of M1 or M2 activation markers (Fig. 1B), SP and OPC medium showed an upregulation of both M2 markers,
STAT6 and CCL22 relative to MoCs cultured in MM, indicating that these two CNS-mimicking culture condi-
tions drive priming of MoCs towards the M2 phenotype (Fig. 1B). Additionally, SP medium led to an upregula-
tion of STAT1 expression relative to both 0 h and OPC medium, indicating that SP culture conditions allowed
either for an M1/M2 intermediate/mixed activation phenotype, or a heterogeneous M1/M2 activation phenotype
among distinct subpopulations of cultured MoCs (Fig. 1B).

Further, we looked at markers of maturation, homing and infiltration of the CNS parenchyma CSF1R and
CXCR3. CSFIR gene expression showed an increase in MM, OPC and SP media compared to 0 h. MoCs cultured
in SP also upregulated CSFIR gene expression compared to MoCs cultured in MM (Fig. 1C). On the contrary,
CXCR3 was decreased in MM, OPC and SP media compared to CD14+ monocytes at 0 h.

Lastly, we looked at the expression of the human chitinase like proteins CHI3L1, CHI3L2 and CHID1. Chi-
tinase like proteins are expressed by immune cells including monocytes, macrophages and microglia®* and have
been linked to neuroinflammatory processes including tissue remodeling®. Here, we saw an increase in CHI3L1
expression in both OPC and SP differentiation media compared to 0 h and a significant increase in OPC media
compared to MM. Furthermore, we saw a modest increase in CHI3L2 expression induced by SP differentiation
medium compared to MM (Fig. 1D). Additionally, a trend of higher expression of CHI3L2 in OPC and SP media
compared to MM was seen (Fig. 1D).

Lastly, MM resulted in an increase in the expression of CHID1 compared to 0 h (Fig. 1D).

Taken together, we conclude that both neuronal cell culture media, OPC and SP induce a phenotype resem-
bling monocytes infiltrating the brain parenchyma without compromising cell viability after 48 h in culture, while
MM, a standard medium for the culture of monocytes induces or rather retains a phenotype that resembles that
of circulating monocytes. Thus, to investigate the role of monocyte/MoCs on NSC differentiation and prolifera-
tion, OPC and SP media will better mimic the physiological conditions.
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Figure 3. Passage-dependent intrinsic properties affect self-renewal and differentiation capacity of NSCs. (A)
Representative images of a neurosphere formation assay with low, middle and high passage cells. High passage
cells do not form neurospheres. (B) Quantification of neurosphere formation assays. Neurospheres from low
passage cells do not differ from neurospheres formed by middle passage cells in their quantity or size (top and
bottom panels respectively). Data described by summary statistics including mean and SD for neurosphere
count and violin plot for neurosphere diameter (top and bottom panels respectively). Each dot represents one
image. Neurosphere formation assay was performed three times, each time ten random images were taken
(n=3). (C) Quantification of differentiation markers DCX and NG2 after differentiation with low, middle and
high passage cells. With increasing passage number cells differentiate more likely into the glial lineage while
decreasing their differentiation into the neuronal lineage. Each dot represents one well (96 well plates); two
independent experiments with 10 wells per passage were performed, standardized (z-score standardization) and
plotted together. Statistics were performed for each individual experiment and largest p-values are displayed.
Kruskal Wallis one way ANOVA, followed by Tukey’s HSD post-hoc test. *p <0.05; **p <0.01; **p <0.001.

MoC conditioned media exert different effects depending on basal medium

The microenvironment not only primes myeloid cells to secrete modulating factors, but it also directly acts on
NSCs to influence their susceptibility for modulation of differentiation capacity and self-renewal by exogenous
fact0r829’41‘53’54.

Here, we systematically tested multiple microenvironmental culture parameters for their ability to dem-
onstrate MoC-mediated NSC-differentiation capacity and self-renewal, while keeping a low variance among
technical replicates.

Culture parameters tested included (1) the type of differentiation media that was used to generate MoC-
conditioned media (SP, OPC, MM); (2) the type of NSC differentiation media (basal media) to which conditioned
media was added for the culture of NSCs (B27, N2 and NDM) and (3) the percentage at which MoC-conditioned
media was added to NSC basal media (5%, 12.5%, 25%) for the culture of NSCs. Additionally, MoC-conditioned
media was compared to control media, which was not conditioned by MoCs (non-conditioned) but treated
equally during conditioning. After differentiation, NSCs were stained with the differentiation markers A2B5
and DCX, markers for glial and neuronal precursors respectively, as well as the proliferation marker KI67. The
data were analyzed with a mixed linear model, which allowed us to take into account variability between as well
as within experiments (see methods) (Table 1).

MoC-conditioned SP and OPC differentiation media induced a dose-independent decrease in proliferation
in all three basal media (Fig. 2 columns 2&3), while the inability of conditioned MM to alter the proliferation
capacity of NSCs was independent of the chosen NSC basal medium.

The percentage of NSCs that differentiated towards A2B5 + glial precursor cells increased in response to
conditioned SP and OPC differentiation media in a dose dependent manner, however this effect was only observ-
able in B27 and N2 basal media (Fig. 2 columns 5&6). Furthermore, the percentage of NSCs that differentiated
towards DCX + neural precursor cells increased in a dose dependent manner (with increasing percentage of
MoC-conditioned medium added) in conditioned SP and OPC differentiation media in combination with B27
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%_KI67 %_A2B5 %_DCX
Predictors Estimates CI P Estimates CI P Estimates CI p
(Intercept) 4.67 4.00 to 5.34 <0.001 | 5.75 4.94 10 6.55 <0.001 | 25.55 21.81t029.29 | <0.001
MoC _284
conditioning | —2.05 . <0.001 | 2.15 1.31t02.98 <0.001 | 17.87 14.68 to 21.06 | <0.001
to—-1.25
[Cond]
Conditioned
medium [SP- | —0.25 -0.82t00.31 0.372 | 0.40 -0.19t0 0.98 0.184 | 0.06 -2.181t02.31 0.955
GF]
NSC passage _ -3.19 _ -9.77
[Mid] 1.23 0.44 to 2.03 0.003 2.36 to—1.53 <0.001 6.61 t0—3.45 <0.001
MoC
conditioning _ _ -4.53 _ -11.04
[Cond] *pas- 0.20 0.92 to 1.33 0.720 3.36 t0-2.18 <0.001 6.55 t0-2.05 0.005
sage [Mid]
Random effects
o’ 2.42 2.61 38.25
Too 0.07 yc 0.28 yc 9.84 5o
ICC 0.03 0.10 0.20
N 58c 58c 55c
Observations | 120 119 119
3 2
Marginal R | 35410 381 0.627/0.663 0.625/0.702

conditional R?

Table 2. Linear mixed model analyzing associations of experimental culture conditions (predictors) and NSC
passage number on monocyte-induced NSC proliferation (KI67), gliogenesis (A2B5) and neurogenesis (DCX);
reported estimated 95% confidence interval (CI) and p-value. Significant values are in bold.

and N2 basal media (Fig. 2 columns 8&9). Importantly, both conditioned and non-conditioned MM, led to a
dose dependent decrease in neuro- and gliogenesis in B27 and N2 basal media, but showed no effect in NDM.

Notably, NSCs differentiated in N2 basal medium showed a vast variance among technical replicates in all
staining markers and across all culture conditions (Fig. 2 middle row), and thus N2 differentiation medium was
ruled out as NSC basal medium due to its incompatibility with high-content analysis requirements. NDM basal
medium only allowed modulation of proliferation but not NSC differentiation, while B27 basal medium allowed
MoC-mediated effects on NSCs, both on proliferation and differentiation.

Taken together, these results show that factors secreted by MoCs can induce a decrease in proliferation accom-
panied by the differentiation of NSCs, which depends on the type of medium used for monocyte conditioning
and NSC differentiation. Importantly the effects of MM on NSC differentiation and proliferation were the same
in both conditioned and non-conditioned medium, unlike SP and OPC media, indicating that MM itself affects
NSC proliferation and differentiation and should not be used in conditioned medium transfer assays with NSCs.

Passage number influences NSC differentiation potential without affecting stemness

It has been previously reported that NSCs of higher passage number have a greater tendency in fate choice
towards the glial lineage compared to NSCs of lower passages®. This allows for the rapid generation of glial
progenitors in shorter time spans and the establishment of models optimized for the investigation of glial biology.

Thus, we next tested the effect of passage number of NSCs on stemness (self-renewal capacity) and differ-
entiation capacity. Stemness of NSCs was tested by immunocytochemical means as well as their neurosphere
forming capacity. Low passage cells were defined as cells below passage (P) 10, middle passage cells were those
between P20 and P30, and high passage cells were those above P40. While we saw no difference between low and
middle passage NSCs in their ability to form neurospheres (neither in number nor size), high passage cells grew
fully adherent (Fig. 3A,B), indicating that only the stemness of low and middle passage cells can be assured and
higher passage cells should not be considered for this assay. Interestingly, no difference in the expression of NSC
markers NESTIN, SOX1 and SOX2 was observed between any of the passages (data not shown).

In accordance with the data of Alisch et al.” differentiation of NSCs with increasing passage number
resulted in higher percentages of NG2 positive cells (Fig. 3C). Contrarily, we observed the highest percentage
of DCX + neuroblasts in low passage followed by high and middle passage NSCs. Taken together, NSCs retain
their stem cell character until middle passage, while low and middle passage cells may be distinctly utilized in
assaying neurogenesis and gliogenesis in vitro, respectively.

Effects of MoC-conditioning is dependent on passage number

Next, we investigated the effects of NSC-intrinsic parameters (passage number) on NSC proliferation and dif-
ferentiation in response to MoC-conditioned supernatants using the above-described assay. Specifically, we
analyzed proliferation (KI167), gliogenesis (A2B5) and neurogenesis (DCX) of low and middle passage NSCs,
cultured in 25% OPC or SP conditioned media in B27 basal medium for 8 days. Data was analyzed with a mixed
linear model and the results are summarized in Table 2.
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Figure 4. NSC-intrinsic properties influence susceptibility to monocyte/MoC-mediated NSC proliferation and
differentiation. Quantification of KI67, A2B5 and DCX after differentiation in monocyte conditioned media.
OPC (top row) and SP (bottom row) conditioned media were tested in low (black) and middle (gray) passage
NSCs. Conditioned medium was added at 25%. Each dot represents the average number of positive cells in one
well (384 well plate). Experiment was performed including n=>5 healthy donors, each with 3 wells (technical
replicates) per condition. Results were normalized (z-score normalization) and analyzed together, using mixed
linear models (results summarized in Table 2).

Consistent with our previous findings, we observed that conditioned medium induced a decrease in prolifera-
tion and increase in neurogenic (DCX) differentiation in both low and medium passage NSCs (Fig. 4). The effect
on glial differentiation (A2B5), however, was only observed in low passage cells, but not medium passage cells,
indicating that in addition to the niche microenvironment, NSC-intrinsic factors influence their susceptibility
to monocyte/MoC-induced glial differentiation also in vitro.

Discussion

In this study we developed an assay for the integrated analysis of human MoC-mediated CNS repair in vitro,
paying particular attention to parameters likely to be taken for granted when setting up stem cell-related in vitro
assays such as type of medium or cell passage number (Fig. 5). Our proposed assay has the capacity to closely
mimic the microenvironment of the germinal niches and sites of regeneration in the CNS in the context of
neuroinflammation.

The adult germinal niches in the CNS include the subventricular zone and hippocampal dentate gyrus. These
intricate niches harbor endogenous NSCs that have the capacity to contribute to cellular repair through prolif-
eration and differentiation towards neurons, astrocytes, and oligodendrocytes®. Such cellular repair depends
on factors intrinsic to the NSC compartment such as genetic or epigenetic alterations due to repeated cell turn
over/aging, and extrinsic factors, including the niche microenvironment™.

PBMCs

)

/]
VAN

Donor/Clinical Data Immune Profilling Supernatant composition Effect on Differentiation

Cell activation

Figure 5. Illustration of proposed assay for studying the effects of CNS-infiltrating monocytes on NSC
differentiation and proliferation in humans.
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Within the context of neuroinflammation monocytes infiltrate the CNS, and their progeny contributes to
both degenerative as well as regenerative processes, depending on their activation phenotype”®*”>%. Thereby,
monocytes and MoCs create the microenvironment on which the efficacy and direction of stem cell-mediated
repair depends.

Importantly, monocytes infiltrate the CNS via distinct barriers where they functionally polarize into either
neurotoxic pro-inflammatory MoCs or regenerative anti-inflammatory MoCs”***. Modeling human MoC-
induced CNS repair in a CNS-mimicking microenvironment may thus aid to reveal immune-centered mecha-
nisms for the development of CNS-regenerative therapies.

In this study, we use human primary monocytes and human embryonic stem cell derived NSCs to model
human MoC-induced CNS repair. Here, we identify two cell culture media, SP and OPC differentiation media
that induce a MoC-phenotype closely resembling the activation state expected of CNS-infiltrating monocytes
while allowing adequate monocyte survival in culture. Compared to the standard MM, CD14+ monocytes cul-
tured in SP medium acquired a tissue-infiltrating anti-inflammatory phenotype, which was marked by increased
expression of M2 signature genes STAT6, CCL22 and CSF1R, as a marker of macrophage maturation and CNS
tissue infiltration. Notably, CSFIR signaling is required for survival, proliferation and differentiation of mye-
loid cells and its expression is gradually increased along the differentiation stages of monocytes towards tissue
macrophages®, with a trophic anti-inflammatory (M2) like phenotype>®.

Within the myeloid lineage, an increase in CSFIR expression is associated with myeloid cell differentiation
and chemotaxis towards tissue-derived ligands®”*. Contrarily, CXCR3 is highly expressed in peripheral mono-
cytes and is involved in monocyte transmigration into the CNS, where enhanced receptor-ligand binding leads
to internalization of the receptor®-%4, In line with these findings, we observed that OPC and SP media resulted
in changes in gene expression consistent with a CNS-mimicking microenvironment in contrast to MM.

Interestingly, OPC differentiation medium induced a polarization towards an M2 phenotype, compared
to MM, with increased expression of CHI3L1, a chitinase like protein associated with the induction of
oligodendrogenesis®.

Importantly, factors secreted by MoCs primed in either SP or OPC differentiation media induced a switch
from a proliferative (KI67) towards a regenerative (gliogenesis and neurogenesis) program in NSCs. This is
particularly interesting as the neurogenic and gliogenic effect as well as the proliferation-inhibiting effects of
MoC-conditioned medium were absent when MoCs were cultured in media that does not mimic the NSC micro-
environment (MM), indicating the importance of the microenvironment on monocytic secretion of potentially
paracrine factors. Within this scope, several studies in recent years looking to investigate the interplay between
NSCs or oligodendrocyte precursor cells and infiltrating immune cells have contributed to our current under-
standing of immune contribution to CNS repair and show the importance of immune cells as central cellular
targets to induce or repress CNS regeneration!>>. Within a murine model of ischemic stroke, the in vivo deple-
tion of circulating monocytes impaired long-term recovery, and their contribution to repair was accompanied
with a switch from a proinflammatory towards an anti-inflammatory phenotype®. Contrarily, the depletion
of circulating monocytes early after stroke promoted neurogenesis from endogenous NSCs in mice®. Kotter
et al. found that depletion of circulating monocytes impaired oligodendrocyte precursor cell differentiation and
remyelination® in vivo. Furthermore, Mohle et al. identified Ly6Ch monocytes to be crucial players in adult
hippocampal neurogenesis®®. Despite ample in vivo work, current in vitro setups don't fully characterize all the
factors at play; the current assays do not closely resemble the physiology and pathophysiology of the tissue,
resulting in the loss of potential insights. We show that both the microenvironment in which monocytes were
primed to secrete paracrine factors, as well as the basal medium for NSC culture determine the sensitivity with
which MoC-induced alterations in proliferation and differentiation can be detected. Interestingly, using either
B27 or NDM allows the detection of MoC-induced changes in proliferation, but both media are distinct in their
ability to allow the detection of MoC-induced NSC differentiation—an effect that may be mediated by the distinct
composition of vitamins, inorganic acids, and thymidine concentration on NSC-intrinsic properties.

In keeping with this finding, we further show that the susceptibility of NSCs to MoC-induced changes in pro-
liferation and gliogenic vs neurogenic differentiation was altered by the passage number of the respective NSCs.

Consistent with previous findings by Alisch et al.>*, we also observe a loss of stem cell identity (self-renewal
capacity), accompanied with a decrease in pro-neurogenic (DCX) and an increase in pro-oligodendrogenic
(NG2) fate choice in high passage NSCs. Contrary to our expectations, low passage NSCs produced significantly
more A2B5 + cells compared to mid passage NSCs (data not shown).

While A2B5 positivity includes all (macro) glial-restricted progenitors, NG2 positivity specifically marks
oligodendroglia restricted progenitor cells®.

Taken together, our results indicate a general increase in proliferation capacity and a decrease in the overall
differentiation capacity (overall gliogenic and neurogenic) in mid passage compared to low passage cells, while
an oligodendrogenic restricted phenotype may increase proportionally to the passage number. Importantly,
exposure of low passage NSCs to MoC-conditioned medium affected proliferation, gliogenic and neurogenic
fate, while mid passage NSCs were not susceptible to MoC-induced gliogenesis.

It is important to emphasize that all effects observed by the conditioned-media are related to the composi-
tion of the different media. First and foremost, we have shown how media itself, usually taken for granted, can
greatly affect the results of an assay. Thus, our data provides a starting point for follow-up studies investigating
monocyte-derived factors in inflammatory or anti-inflammatory conditions, and/or using cells directly derived
from patients such as neural stem cells generated from patient-derived iPSC.

Lastly, we carried out all experiments in a high throughput set up, optimizing the assay for low variability
and utilizing statistical methods that are thorough and robust. The system is ready for the use of material from
large patient cohorts aiming to investigate the interplay between immune cells and NSCs. In this line, the use
of cerebrospinal fluid, or medium conditioned with immune-cells of a MS patient could shed light on how
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NSCs are affected by disease. Moreover, comparing CSF or cells from different disease stages might elucidate
mechanisms of regeneration failure seen in chronic forms of MS. Ultimately this assay could be expanded to the
use of patient iPSC-derived NSCs, creating a fully personalized model that could assess the efficacy of tailored
treatments in promoting regeneration. The high throughput set-up also optimally positions this assay to be used
in drug discovery.

While no simple immunofluorescence panel will allow for a thorough characterization of all cells present in
the culture, a simple panel with few markers can still provide valuable insight into the general effects of immune-
secreted factors on NSC proliferation and differentiation. Alternatively, more advanced high-plex imaging tech-
niques, or single cell sequencing are needed for a full characterization of the cells.

It is also important to note that while the short differentiation time allows for rapid screening it does not allow
for terminal differentiation of the progeny. However, such a screening tool can potentially identify factors that
can further be investigated in long-term differentiations to assess for instance whether terminal differentiation
is affected, what types of neurons are generated, or the myelinating capacity of the oligodendrocytes generated.

As a last caveat, it is important to remark the incomplete information on the composition of many of the
substances and media used. We are therefore unable to draw conclusions about what specific factors of the media
may contribute to the effects reported in this study. Nevertheless, given the widespread use of these products,
these effects must be considered when developing differentiation assays.

In conclusion, by integrating both cell intrinsic and CNS-specific microenvironmental parameters, we devel-
oped a robust and fully human assay platform that is optimized for mimicking the physiological changes caused
by monocytes and MoCs entering the CNS. Together, we provide specific building blocks to tailor an assay for
human immune cell-induced CNS regeneration in a dish to best fit specific areas of interest, such as prolifera-
tion, neurogenesis or gliogenesis.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon
reasonable request.

Received: 26 January 2024; Accepted: 14 March 2024
Published online: 28 May 2024

References

1. Tansey, M. G. et al. Inflammation and immune dysfunction in Parkinson disease. Nat. Rev. Immunol. 22(11), 657-673 (2022).

2. Pasqualetti, G., Brooks, D. J. & Edison, P. The role of neuroinflammation in dementias. Curr. Neurol. Neurosci. Rep. 15(4), 17.
https://doi.org/10.1007/s11910-015-0531-7 (2015).

3. Candelario-Jalil, E., Dijkhuizen, R. M. & Magnus, T. Neuroinflammation, stroke, blood-brain barrier dysfunction, and imaging
modalities. Stroke 53(5), 1473-1486. https://doi.org/10.1161/STROKEAHA.122.036946 (2022).

4. Troubat, R. et al. Neuroinflammation and depression: A review. Eur. J. Neurosci. 53(1), 151-171. https://doi.org/10.1111/ejn.14720
(2021).

5. Compston, A. & Coles, A. Multiple sclerosis. The Lancet 359(9313), 1221-1231 (2002).

6. Forbes, L. H. & Miron, V. E. Monocytes in central nervous system remyelination. Glia 70(5), 797-807. https://doi.org/10.1002/
glia.24111 (2022).

7. Spiteri, A. G., Wishart, C. L., Pamphlett, R., Locatelli, G. & King, N. J. C. Microglia and monocytes in inflammatory CNS disease:
Integrating phenotype and function. Acta Neuropathol. 143(2), 179-224. https://doi.org/10.1007/s00401-021-02384-2 (2022).

8. Yamasaki, R. et al. Differential roles of microglia and monocytes in the inflamed central nervous system. J. Exp. Med. 211(8),
1533-1549 (2014).

9. Terry, R. L. et al. Inflammatory monocytes and the pathogenesis of viral encephalitis. . Neuroinflamm. 9(1), 270. https://doi.org/
10.1186/1742-2094-9-270 (2012).

10. Sawcer, S. et al. Genetic risk and a primary role for cell-mediated immune mechanisms in multiple sclerosis. Nature 476(7359),
214-219 (2011).

11. Aktas, O. et al. Neuronal damage in autoimmune neuroinflammation mediated by the death ligand TRAIL. Neuron 46(3), 421-432
(2005).

12. Starost, L. et al. Extrinsic immune cell-derived, but not intrinsic oligodendroglial factors contribute to oligodendroglial differentia-
tion block in multiple sclerosis. Acta Neuropathol. 140(5), 715-736. https://doi.org/10.1007/s00401-020-02217-8 (2020).

13. Spath, S. et al. Dysregulation of the cytokine GM-CSF induces spontaneous phagocyte invasion and immunopathology in the
central nervous system. Immunity 46(2), 245-260 (2017).

14. Mildner, A. et al. CCR2+Ly-6Chi monocytes are crucial for the effector phase of autoimmunity in the central nervous system.
Brain 132(9), 2487-2500. https://doi.org/10.1093/brain/awp144 (2009).

15. Giladi, A. et al. Cxcl10+ monocytes define a pathogenic subset in the central nervous system during autoimmune neuroinflam-
mation. Nat. Immunol. 21(5), 525-534 (2020).

16. London, A., Cohen, M. & Schwartz, M. Microglia and monocyte-derived macrophages: Functionally distinct populations that act
in concert in CNS plasticity and repair. Front. Cell Neurosci. 7, 34. https://doi.org/10.3389/fncel.2013.00034/abstract (2013).

17. Parillaud, V. R. et al. Analysis of monocyte infiltration in MPTP mice reveals that microglial CX3CR1 protects against neurotoxic
over-induction of monocyte-attracting CCL2 by astrocytes. . Neuroinflamm. 14(1), 60. https://doi.org/10.1186/s12974-017-0830-9
(2017).

18. Julian, D., Hollingsworth, E. W,, Julian, K. & Imitola, J. Convergence of human cellular models and genetics to study neural stem
cell signaling to enhance central nervous system regeneration and repair. Semin. Cell Dev. Biol. 95, 84-92 (2019).

19. Leal-Galicia, P. et al. Adult neurogenesis: A story ranging from controversial new neurogenic areas and human adult neurogenesis
to molecular regulation. Int. J. Mol. Sci. 22(21), 11489 (2021).

20. Cebrian-Silla, A. et al. Single-cell analysis of the ventricular-subventricular zone reveals signatures of dorsal and ventral adult
neurogenesis. Elife 10, 66 (2021).

21. Steiner, E., Tata, M. & Frisén, J. A fresh look at adult neurogenesis. Nat. Med. 25(4), 542-543 (2019).

22. El Waly, B., Macchi, M., Cayre, M. & Durbec, P. Oligodendrogenesis in the normal and pathological central nervous system. Front.
Neurosci. 8, 145. https://doi.org/10.3389/fnins.2014.00145/abstract (2014).

23. Gonzalez-Perez, O. & Alvarez-Buylla, A. Oligodendrogenesis in the subventricular zone and the role of epidermal growth factor.
Brain Res. Rev. 67(1-2), 147-156 (2011).

Scientific Reports |

(2024) 14:12167 | https://doi.org/10.1038/s41598-024-57066-2 nature portfolio


https://doi.org/10.1007/s11910-015-0531-7
https://doi.org/10.1161/STROKEAHA.122.036946
https://doi.org/10.1111/ejn.14720
https://doi.org/10.1002/glia.24111
https://doi.org/10.1002/glia.24111
https://doi.org/10.1007/s00401-021-02384-2
https://doi.org/10.1186/1742-2094-9-270
https://doi.org/10.1186/1742-2094-9-270
https://doi.org/10.1007/s00401-020-02217-8
https://doi.org/10.1093/brain/awp144
https://doi.org/10.3389/fncel.2013.00034/abstract
https://doi.org/10.1186/s12974-017-0830-9
https://doi.org/10.3389/fnins.2014.00145/abstract

www.nature.com/scientificreports/

24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.

48.

49.
50.

51.
52.

53.
54.
55.

56.
. Stanley, E. R. & Chitu, V. CSF-1 receptor signaling in myeloid cells. Cold Spring Harb. Perspect. Biol. 6(6), 2021857-a021857. https://

58.
. Hagan, N. et al. CSFIR signaling is a regulator of pathogenesis in progressive MS. Cell Death Dis. 11(10), 904 (2020).
60.
61.

62.
63.

64.

65.

Llorens-Bobadilla, E. et al. A latent lineage potential in resident neural stem cells enables spinal cord repair. Science 370, 6512.
https://doi.org/10.1126/science.abb8795 (2020).

Bawari, S. et al. Targeting BDNF signaling by natural products: Novel synaptic repair therapeutics for neurodegeneration and
behavior disorders. Pharmacol. Res. 148(10445), 104458 (2019).

Franklin, R. J. M, Frisén, J. & Lyons, D. A. Revisiting remyelination: Towards a consensus on the regeneration of CNS myelin.
Semin. Cell Dev. Biol. 116, 3-9 (2021).

Papastefanaki, F. & Matsas, R. From demyelination to remyelination: The road toward therapies for spinal cord injury. Glia. 63(7),
1101-1125. https://doi.org/10.1002/glia.22809 (2015).

Gutiérrez-Fernandez, M. et al. Trophic factors and cell therapy to stimulate brain repair after ischaemic stroke. J. Cell Mol. Med.
16(10), 2280-90. https://doi.org/10.1111/j.1582-4934.2012.01575.x (2012).

Starossom, S. C. et al. Chi313 induces oligodendrogenesis in an experimental model of autoimmune neuroinflammation. Nat.
Commun. 10(1), 217 (2019).

Eugenin von Bernhardi, J. & Dimou, L. Oligodendrogenesis is a key process for cognitive performance improvement induced by
voluntary physical activity. Glia 70(6), 1052-67. https://doi.org/10.1002/glia.24155 (2022).

Fletcher, J. L., Makowiecki, K., Cullen, C. L. & Young, K. M. Oligodendrogenesis and myelination regulate cortical development,
plasticity and circuit function. Semin. Cell Dev. Biol. 118, 14-23 (2021).

Lee, J. H. et al. Human glioblastoma arises from subventricular zone cells with low-level driver mutations. Nature 560(7717),
243-247 (2018).

Matarredona, E. R. & Pastor, A. M. Neural stem cells of the subventricular zone as the origin of human glioblastoma stem cells.
Therapeutic implications. Front. Oncol. 9, 12-97. https://doi.org/10.3389/fonc.2019.00779/full (2019).

Scalabrino, G. Newly identified deficiencies in the multiple sclerosis central nervous system and their impact on the remyelination
failure. Biomedicines 10(4), 815 (2022).

Butovsky, O. Induction and blockage of oligodendrogenesis by differently activated microglia in an animal model of multiple
sclerosis. J. Clin. Investig. 116(4), 905-915. https://doi.org/10.1172/JCI26836 (2006).

Butovsky, O. et al. Microglia activated by IL-4 or IFN-y differentially induce neurogenesis and oligodendrogenesis from adult
stem/progenitor cells. Mol. Cell. Neurosci. 31(1), 149-160 (2006).

Butovsky, O. et al. Modulating inflammatory monocytes with a unique microRNA gene signature ameliorates murine ALS. J. Clin.
Investig. 122(9), 3063-3087 (2012).

Ivan, D., Walthert, S. & Locatelli, G. Monocyte recruitment to the inflamed central nervous system: migration pathways and distinct
functional polarization. bioRxiv 66, 5 (2020).

Ivan, D. C., Walthert, S., Berve, K., Steudler, J. & Locatelli, G. Dwellers and trespassers: Mononuclear phagocytes at the borders of
the Central Nervous System. Front. Immunol. 11, 609921. https://doi.org/10.3389/fimmu.2020.609921/full (2021).

Jordao, M. J. C. et al. Single-cell profiling identifies myeloid cell subsets with distinct fates during neuroinflammation. Science
363(6425), 7519-54. https://doi.org/10.1126/science.aat7554 (2019).

Starossom, S. C., Imitola, J., Wang, Y., Cao, L. & Khoury, S. ]. Subventricular zone microglia transcriptional networks. Brain Behav.
Immun. 25(5), 991-999 (2011).

Starossom, S. C. et al. Galectin-1 deactivates classically activated microglia and protects from inflammation-induced neurodegen-
eration. Immunity 37(2), 249-263 (2012).

Kotter, M. R,, Li, W. W,, Zhao, C. & Franklin, R. ]. M. Myelin impairs CNS remyelination by inhibiting oligodendrocyte precursor
cell differentiation. J. Neurosci. 26(1), 328-332. https://doi.org/10.1523/JNEUROSCI.2615-05.2006 (2006).

Mei, E, Christin Chong, S. Y. & Chan, J. R. Myelin-based inhibitors of oligodendrocyte myelination: Clues from axonal growth
and regeneration. Neurosci. Bull. 29(2), 177-188. https://doi.org/10.1007/s12264-013-1319-x (2013).

Carpentier, P. A. & Palmer, T. D. Immune influence on adult neural stem cell regulation and function. Neuron 64(1), 79-92 (2009).
Ivan, D. C., Walthert, S. & Locatelli, G. Central Nervous System barriers impact distribution and expression of iNOS and Argin-
ase-1 in infiltrating macrophages during neuroinflammation. Front. Immunol. 12(66696), 1. https://doi.org/10.3389/fimmu.2021.
666961/full (2021).

Miedema, A. et al. Brain macrophages acquire distinct transcriptomes in multiple sclerosis lesions and normal appearing white
matter. Acta Neuropathol. Commun. 10(1), 8. https://doi.org/10.1186/s40478-021-01306-3 (2022).

Ponomareyv, E. D., Maresz, K., Tan, Y. & Dittel, B. N. CNS-derived interleukin-4 is essential for the regulation of autoimmune
inflammation and induces a state of alternative activation in microglial cells. J. Neurosci. 27(40), 10714-10721. https://doi.org/10.
1523/JNEUROSCI.1922-07.2007 (2007).

Park, ], Chang, J. Y., Kim, J. Y. & Lee, J. E. Monocyte transmodulation: The next novel therapeutic approach in overcoming ischemic
stroke?. Front. Neurol. 11(57800), 3. https://doi.org/10.3389/fneur.2020.578003/full (2020).

Yong, H. Y. E. & Yong, V. W. Mechanism-based criteria to improve therapeutic outcomes in progressive multiple sclerosis. Nat.
Rev. Neurol. 18(1), 40-55 (2022).

Bates, D., Michler, M., Bolker, B. & Walker, S. Fitting linear mixed-effects models using Ime4. J. Stat. Softw. 67(1), 66 (2015).
Pinteac, R., Montalban, X. & Comabella, M. Chitinases and chitinase-like proteins as biomarkers in neurologic disorders. Neurol.
Neuroimmunol. Neuroinflamm. 8(1), 915-921. https://doi.org/10.1212/NXI.0000000000000921 (2021).

Hef, K. et al. Lesion stage-dependent causes for impaired remyelination in MS. Acta Neuropathol. 140(3), 359-375. https://doi.
0rg/10.1007/s00401-020-02189-9 (2020).

Willis, C. M. et al. Soluble factors influencing the neural stem cell niche in brain physiology, inflammation, and aging. Exp. Neurol.
355(11412), 114124 (2022).

Alisch, M. et al. Identification of the gliogenic state of human neural stem cells to optimize in vitro astrocyte differentiation. J.
Neurosci. Methods 361(10928), 109284 (2021).

Alvarez-Buylla, A. & Lim, D. A. For the long run: Maintaining germinal niches in the adult brain. Neuron 41(5), 683-686 (2004).

doi.org/10.1101/cshperspect.a021857 (2014).
Guery, L. et al. Fine-tuning nucleophosmin in macrophage differentiation and activation. Blood 118(17), 4694-4704 (2011).

Niu, F. et al. HIV Tat-mediated induction of monocyte transmigration across the blood-brain barrier: Role of chemokine receptor
CXCR3. Front. Cell Dev. Biol. 9, 72497. https://doi.org/10.3389/fcell.2021.724970/full (2021).

Tokunaga, R. et al. CXCL9, CXCL10, CXCL11/CXCR3 axis for immune activation—A target for novel cancer therapy. Cancer
Treat Rev. 63, 40-47 (2018).

Zhou, Y. Q. et al. The role of CXCR3 in neurological diseases. Curr. Neuropharmacol. 17(2), 142-150 (2019).

Uzawa, A. et al. Expression of chemokine receptors on peripheral blood lymphocytes in multiple sclerosis and neuromyelitis optica.
BMC Neurol. 10(1), 113. https://doi.org/10.1186/1471-2377-10-113 (2010).

Serensen, T. L. et al. Multiple sclerosis: A study of CXCL10 and CXCR3 co-localization in the inflamed central nervous system. J.
Neuroimmunol. 127(1-2), 59-68 (2002).

Wattananit, S. et al. Monocyte-derived macrophages contribute to spontaneous long-term functional recovery after stroke in mice.
J. Neurosci. 36(15), 4182-4195. https://doi.org/10.1523/J]NEUROSCI.4317-15.2016 (2016).

Scientific Reports |

(2024) 14:12167 | https://doi.org/10.1038/s41598-024-57066-2 nature portfolio


https://doi.org/10.1126/science.abb8795
https://doi.org/10.1002/glia.22809
https://doi.org/10.1111/j.1582-4934.2012.01575.x
https://doi.org/10.1002/glia.24155
https://doi.org/10.3389/fonc.2019.00779/full
https://doi.org/10.1172/JCI26836
https://doi.org/10.3389/fimmu.2020.609921/full
https://doi.org/10.1126/science.aat7554
https://doi.org/10.1523/JNEUROSCI.2615-05.2006
https://doi.org/10.1007/s12264-013-1319-x
https://doi.org/10.3389/fimmu.2021.666961/full
https://doi.org/10.3389/fimmu.2021.666961/full
https://doi.org/10.1186/s40478-021-01306-3
https://doi.org/10.1523/JNEUROSCI.1922-07.2007
https://doi.org/10.1523/JNEUROSCI.1922-07.2007
https://doi.org/10.3389/fneur.2020.578003/full
https://doi.org/10.1212/NXI.0000000000000921
https://doi.org/10.1007/s00401-020-02189-9
https://doi.org/10.1007/s00401-020-02189-9
https://doi.org/10.1101/cshperspect.a021857
https://doi.org/10.1101/cshperspect.a021857
https://doi.org/10.3389/fcell.2021.724970/full
https://doi.org/10.1186/1471-2377-10-113
https://doi.org/10.1523/JNEUROSCI.4317-15.2016

www.nature.com/scientificreports/

66. Laterza, C. et al. Monocyte depletion early after stroke promotes neurogenesis from endogenous neural stem cells in adult brain.
Exp. Neurol. 297, 129-137 (2017).

67. Kotter, M. R,, Setzu, A., Sim, E. J., Van Rooijen, N. & Franklin, R. . M. Macrophage depletion impairs oligodendrocyte remyelina-
tion following lysolecithin-induced demyelination. Glia 35(3), 204-212. https://doi.org/10.1002/glia.1085 (2001).

68. Mohle, L. et al. Ly6Chi monocytes provide a link between antibiotic-induced changes in gut microbiota and adult hippocampal
neurogenesis. Cell Rep. 15(9), 1945-1956 (2016).

69. Kemp, K., Mallam, E., Scolding, N. & Wilkins, A. Stem cells in genetic myelin disorders. Regener. Med. 5(3), 425-439. https://doi.
org/10.2217/rme.10.10 (2010).

Acknowledgements

We acknowledge support from the German Research Foundation (DFG) and the Hertie Foundation. Further,
we would like to thank Natalie Asselborn for excellent technical support. Additionally, we would like to include
Maren Salla’s current affiliation: Berlin Institute of Health at Charité — Universitdtsmedizin Berlin, Charitéplatz
1, Berlin, Germany; Max-Delbriick-Center for Molecular Medicine in the Helmholtz Association (MDC), Berlin
Institute for Medical Systems Biology (BIMSB), Berlin, Germany; Department of Biology, Chemistry, Pharmacy,
Freie Universitét Berlin, Berlin, Germany. And lastly, we would like to declare that all experiments were approved
the by local ethics commission at the Charité — Universitdtsmedizin Berlin (approval number EA1/368/20), and
leukocyte-enriched bufty coats from anonymous healthy donors were obtained from the Deutsches Rotes Kreuz
(German Red Cross) (DRK) after informed consent.

Author contributions

J.C.G.: Methodology, Validation, Formal analysis, Investigation, Writing—original draft, Writing—review &
editing, Visualization, Project management; R.J.B.: Investigation, Writing—review & editing; M.S.: Investigation,
Writing—review & editing; I.M.S.: Methodology, Investigation, Formal analysis, Writing—review & editing; B.S.:
Investigation; N.A.: Methodology; P.S.: Methodology; H.S.: Methodology; C.1.D.: Writing—review & editing;
EP.: Writing—review & editing, Supervision, Project administration; S.C.S.: Conceptualization, Methodology,
Writing—original draft, Writing—review & editing, Supervision, Project administration, Funding acquisition.

Funding

Open Access funding enabled and organized by Projekt DEAL. The project was supported with grants from
the Hertie Foundation, from the Oppenheim Research Grant by Novartis and from intramural funding of the
Charité — Universititsmedizin Berlin (to SCS).

Competing interests

SCS is an employee of Merck KGaA, unrelated to this work and reports a grant from Novartis Pharma. FP reports
research grants and speaker honoraria from Alexion, Guthy Jackson Foundation, Bayer, Biogen, Merck Serono,
Sanofi Genzyme, Novartis, Viela Bio, Roche, UCB, Mitsubishi Tanabe and Celgene, all unrelated to this work.
CID reports research grants from Novartis, Sanofi Genzyme, Hertie Foundation, Guthy Jackson Foundation and
Deutsche Forschungsgemeinschaft (DFG; German Research Council) as well as conference support or speaker
honoraria from Sanofi Genzyme, Novartis and Bristol Myers Squibb. All unrelated to this work. All other authors
report no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-57066-2.

Correspondence and requests for materials should be addressed to EP.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:12167 | https://doi.org/10.1038/s41598-024-57066-2 nature portfolio


https://doi.org/10.1002/glia.1085
https://doi.org/10.2217/rme.10.10
https://doi.org/10.2217/rme.10.10
https://doi.org/10.1038/s41598-024-57066-2
https://doi.org/10.1038/s41598-024-57066-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Establishment of a high-content compatible platform to assess effects of monocyte-derived factors on neural stem cell proliferation and differentiation
	Methods
	Isolation of peripheral blood mononuclear cells (PBMCs) from leukocyte enriched buffy coats, isolation of CD14+ monocytes
	Phenotypic analysis via flow cytometry
	Phenotypic analysis via Real-time quantitative PCR (qPCR)
	Immune cell survival assay
	Composition of the monocyte and NSC media
	Passaging and proliferation of hESC derived NSCs
	Medium conditioning and conditioned-medium transfer
	Differentiation of hESC derived NSCs
	Fixation and staining protocols
	Microscopy
	Columbus image analysis
	Neurosphere formation assay
	Statistics
	Ethics approval and consent to participate

	Results
	Activation of human monocytesMoCs in vitro: Survival and characterization in response to culture conditions mimicking the bloodstream vs. the CNS parenchyma
	CD14+ cell profiling after 48 h in different media
	MoC conditioned media exert different effects depending on basal medium
	Passage number influences NSC differentiation potential without affecting stemness
	Effects of MoC-conditioning is dependent on passage number

	Discussion
	References
	Acknowledgements


