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Microglia are the resident macrophages of the central nervous system (CNS)

and play a key role in CNS development, homeostasis, and disease. Good

in vitro models are indispensable to study their cellular biology, and although

much progress has been made, in vitro cultures of primary microglia still

only partially recapitulate the transcriptome of in vivo microglia. In this

study, we explored a combination of in silico and in vitro methodologies

to gain insight into cues that are involved in the induction or maintenance

of the ex vivo microglia reference transcriptome. First, we used the in silico

tool NicheNet to investigate which (CNS-derived) cues could underlie the

differences between the transcriptomes of ex vivo and in vitro microglia.

Modeling on basis of gene products that were found to be upregulated

in vitro, predicted that high mobility group box 2 (HMGB2)- and interleukin

(IL)-1β-associated signaling pathways were driving their expression. Modeling

on basis of gene products that were found to be downregulated in vitro,

did not lead to predictions on the involvement of specific signaling pathways.

This is consistent with the idea that in vivo microenvironmental cues that

determine microglial identity are for most part of inhibitory nature. In a

second approach, primary microglia were exposed to conditioned medium

from different CNS cell types. Conditioned medium from spheres composed

of microglia, oligodendrocytes, and radial glia, increased the mRNA expression

levels of the microglia signature gene P2RY12. NicheNet analyses of ligands

expressed by oligodendrocytes and radial glia predicted transforming growth

factor beta 3 (TGF-β3) and LAMA2 as drivers of microglia signature gene

expression. In a third approach, we exposed microglia to TGF-β3 and laminin.

In vitro exposure to TGF-β3 increased the mRNA expression levels of the

microglia signature gene TREM2. Microglia cultured on laminin-coated substrates

were characterized by reduced mRNA expression levels of extracellular matrix-

associated genes MMP3 and MMP7, and by increased mRNA expression levels

of the microglia signature genes GPR34 and P2RY13. Together, our results

suggest to explore inhibition of HMGB2- and IL-1β-associated pathways in in vitro
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microglia. In addition, exposure to TGF-β3 and cultivation on laminin-coated

substrates are suggested as potential improvements to current in vitro microglia

culture protocols.

KEYWORDS

microglia identity, microglia signature genes, NicheNet, HMGB2, IL-1β, oligodendrocytes,
TGF-β3, laminin

Introduction

Tissue-resident macrophages (TRMs) are innate immune cells
that play a role in tissue development, homeostasis, and damage
responses through characteristic macrophage functions such as
phagocytosis and inflammatory signaling (Davies et al., 2013).
In addition to these generic functions, TRM populations vary
considerably between tissues in terms of gene expression profiles
and fulfill specialized functions, which is partly a consequence of
tissue- and niche-specific adaptations (Timmerman et al., 2021).
Microglia, the resident macrophages of the central nervous system
(CNS), derive from a different progenitor than other TRMs and
continuously receive signals from their microenvironment that
contribute to their homeostasis (Ginhoux et al., 2010; Bennett
et al., 2018). For example, transforming growth factor beta
(TGF-β) is constitutively expressed in the CNS and suppresses
microglia activation in rodents both in vitro and in vivo
(Suzumura et al., 1993; Butovsky et al., 2014; Zoller et al., 2018).
In addition, neighboring neurons express CD47, CD200, and
CX3CL1 that interact with CD172, CD200R, and CX3CR1 on
microglia, respectively, providing inhibitory signals (Bajramovic,
2011; Szepesi et al., 2018). Loss of constitutive inhibitory signaling
leads to a more activated microglia phenotype, characterized
by an amoeboid morphology, increased expression of activation
markers and loss of microglia signature genes (genes that are
highly expressed by microglia and not, or at very low levels,
expressed by other macrophages and other CNS cell types) (Hoek
et al., 2000; Brionne et al., 2003; Zoller et al., 2018; Baxter et al.,
2021). This activated phenotype is also observed when primary
microglia are isolated from the CNS environment and are brought
in culture (Bohlen et al., 2017; Baxter et al., 2021; Timmerman
et al., 2022). Transcriptome studies have demonstrated that the
gene expression profile of in vitro microglia differs considerably
from that of in vivo microglia (Butovsky et al., 2014; Bohlen et al.,
2017; Timmerman et al., 2022), and analysis of the differentially
expressed genes (DEGs) suggests that this is in part attributable
to the lack of CNS environmental cues, including the CNS
topography, extracellular matrix, and cues from other cell types.
This suggestion is strengthened by the observation that loss of
microglia signature markers can be partially reversed by engrafting
of primary microglia back into a CNS environment or by culturing
microglia together with other CNS cell types (Bohlen et al., 2017;
Baxter et al., 2021; Timmerman et al., 2022). However, which
CNS environmental cues contribute to the in vivo microglia gene
expression profile that defines their identity is poorly understood.

In this study, we used NicheNet (Browaeys et al., 2020), an
in silico (computational) method that predicts ligand-target links

between interacting cells, to uncover (CNS-derived) ligands that
drive the DEGs between in vivo and in vitro microglia. As a
reliable proxy for the transcriptome of in vivo microglia, we used
an earlier generated reference transcriptome that was directly
derived from microglia isolated under cold conditions, ex vivo
microglia. If possible, we tested the effects of identified candidates
and pathways in vitro. In a second approach, we exposed microglia
to conditioned medium (CM) derived from different CNS cell types
and analyzed the effects on microglia signature gene expression.
Lastly, we exposed microglia to TGF-β3 and we cultured microglia
on laminin-coated substrates, and examined the effects on the
expression of microglia signature genes.

Materials and methods

Animals

Brain tissue was obtained from adult rhesus macaques (Macaca
mulatta) of either sex without neurological disease that became
available from the outbred breeding colony or from other studies
(all studies were ethically reviewed and approved by the Ministry
of Agriculture, Nature and Food Quality of the Netherlands). No
animals were sacrificed for the exclusive purpose of the initiation
of microglia cell cultures. Better use of experimental animals
contributes to the priority 3Rs program of the Biomedical Primate
Research Centre. Individual identification data of the animals are
listed in Table 1.

Reagents

A total of 5 µM inflachromene (ICM; Cayman Chemical,
Ann Arbor, MI, USA), 10 ng/ml human recombinant interleukin
(IL)-1β (InvivoGen, San Diego, CA, USA), 250 ng/ml human
IL-1 receptor antagonist (IL-1Ra; PeproTech, London, UK),
100 ng/ml lipopolysaccharide (LPS; InvivoGen), 50 ng/ml human
transforming growth factor (TGF)-β3 (Miltenyi Biotec, Bergisch
Gladbach, Germany).

Microglia isolation and cell culture

Primary microglia were isolated and cultured as described
previously (Timmerman et al., 2022). In short, microglia isolations
were initiated from cubes of ∼4.5 g frontal subcortical white

Frontiers in Cellular Neuroscience 02 frontiersin.org

https://doi.org/10.3389/fncel.2023.1178504
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/


fncel-17-1178504 June 20, 2023 Time: 13:31 # 3

Timmerman et al. 10.3389/fncel.2023.1178504

TABLE 1 Individual identification data of rhesus macaques.

Monkey ID number Age (years) Sex Weight (kg) Origin

R01068 19 M 13 India

R01085 21 F 7 India

R04016 18 F 5 India

R04025 16 F 5 India

R06012 16 F 8 India

R06054 15 F 7 India

R08033 14 F 5 India

R09153 11 M 17 India

R12124 9 F 7 India

R13152 8 M 13 India

R13169 8 M 15 India

R14079 8 F 9 Mix

R14143 6 F 5 India

R15009 6 M 10 India

R15025 6 F 6 India

R17023 5 M 8 India

R17045 3 M 8 India

R18015 3 M 5 India

M, male; F, female.

matter tissue that were depleted of meninges and blood vessels
manually. Tissue was chopped into cubes of less than 2 mm2 by
using gentleMACSTM C tubes (Miltenyi Biotec) and incubated
at 37◦C for 20 min in PBS containing 0.25% (w/v) trypsin
(Gibco, Life Technologies, Bleiswijk, Netherlands) and 1 mg/ml
bovine pancreatic DNAse I (Sigma-Aldrich, Saint Louis, MO,
USA) and mixed every 5 min. The supernatant was discarded (no
centrifugation), the pellet was washed and passed over a 100 µm
nylon cell strainer (Falcon; Becton Dickinson Labware Europe,
Vianen, Netherlands) and centrifuged for 7 min at 524 g. The
pellet was resuspended in 22% (vol/vol) Percoll (Cytiva, Uppsala,
Sweden), 37 mM NaCl and 75% (vol/vol) myelin gradient buffer
(5.6 mM NaH2PO4, 20 mM Na2HPO4, 137 mM NaCl, 5.3 mM
KCl, 11 mM glucose, 3 mM BSA Fraction V, pH 7.4). A layer of
myelin gradient buffer was added on top, and this gradient was
centrifuged at 1,561 g for 30 min (minimal brake). The pellet
was washed and centrifuged for 7 min at 524 g. For laminin
coating experiments, tissue culture-treated well plates (Corning
Costar Europe, Badhoevedorp, Netherlands) were coated with
10 µg/ml laminin-111 (Sigma-Aldrich) for 2 h at 37◦C in a
humidified atmosphere containing 5% CO2. Plates were washed
two times with PBS before seeding the cells. Cells were seeded at
a density of 6.5 × 104 cells/cm2 in serum-containing microglia
medium (SM) comprised of 1:1 v/v DMEM (high glucose)/HAM
F10 Nutrient mixture (Gibco) supplemented with 10% v/v heat-
inactivated fetal bovine serum (FBS; TICO Europe, Amstelveen,
Netherlands), 2 mM glutamax, 50 units/ml penicillin, and 50 µg/ml
streptomycin (all from Gibco). After overnight incubation at 37◦C
in a humidified atmosphere containing 5% CO2, unattached cells
and debris were removed by washing with PBS twice and replaced
by fresh SM medium supplemented with 20 ng/ml macrophage

colony-stimulating factor (M-CSF; PeproTech). At day 4, cells were
washed twice with PBS and cultivated in serum-free microglia
culture medium (SFM) comprised of DMEM/F12 supplemented
with 2 mM glutamax, 50 units/ml penicillin, 50 µg/ml streptomycin
(all from Gibco), 5 µg/ml N-acetyl cysteine, 5 µg/ml insulin,
100 µg/ml apo-transferrin, 100 ng/ml sodium selenite (all from
Sigma-Aldrich), 20 ng/ml M-CSF, 12.5 ng/ml TGF-β1 (Miltenyi
Biotec), 1.5 µg/ml ovine wool cholesterol (Avanti Polar Lipids,
Alabaster, AL, USA), 1 µg/ml heparan sulfate (Galen Laboratory
Supplies, North Haven, CT, USA), 0.1 µg/ml oleic acid and 1 ng/ml
gondoic acid (both from Cayman Chemical). All cells were kept in
culture for 15 days total without passaging. From day 4 onward,
half of the medium was replaced by fresh SFM medium containing
new growth factors every 2–3 days. Microglia were exposed to the
indicated treatments (ICM, IL-1Ra, and CM) from day 4 onward,
which were re-added to the culture medium every 2–3 days during
medium changes.

Oligodendrocyte- and
sphere-conditioned medium

Oligodendrocyte-conditioned medium (OCM) was collected
from cultured primary rat oligodendrocyte progenitor cells (OPC)
or mature oligodendrocytes (mOLG). In short, OPCs were
isolated from neonatal non-cortical areas of rat forebrains using
a shake-off procedure as described previously (Lentferink et al.,
2018; Werkman et al., 2020). The enriched OPC fraction was
seeded at a density of 2.1 × 104 cells/cm2 on 13-mm poly-L-
lysine (PLL, 5 µg/ml)-coated glass slides in 24-well plates. Cells
were cultured in defined SATO medium comprised of DMEM
supplemented with 5 µg/ml bovine insulin, 50 µg/ml human
holo-transferrin, 100 µg/ml bovine serum albumin fraction V,
62 ng/ml progesterone, 16 µg/ml putrescine, 5 ng/ml sodium
selenite, 400 ng/ml T3, 400 ng/ml T4 (all from Sigma-Aldrich),
4 mM L-glutamine, 100 units/ml penicillin and streptomycin (all
from Gibco) and 27.5 µM 2-mercaptoethanol (Sigma-Aldrich).
For OPC culture, 10 ng/ml platelet-derived growth factor-AA and
10 ng/ml fibroblast growth factor-2 (both from PeproTech) were
added to SATO. For mOLG culture, cells were cultured for 2 days in
SATO medium supplemented with PDGF-AA and FGF2, followed
by differentiation upon growth factor withdrawal and culturing
for 6 days in SATO supplemented with 0.5% FBS. For OCM
experiments, OCM was mixed with fresh SFM medium at a volume
ratio of 1:2 (OCM:SFM).

Sphere-conditioned medium (SCM) was collected from 3D-
spherical co-cultures composed of microglia, oligodendrocytes, and
radial glia that were cultivated in SM medium for 4 days, followed
by cultivation in SFM medium for 11 days (Timmerman et al.,
2022). For experiments where microglia were exposed to SCM,
SCM was mixed with fresh SFM medium (vol:vol 1:1).

NicheNet and ingenuity pathway analysis

The computational tool NicheNet uses gene expression data as
input. It combines these with existing ligand-receptor, signaling,
and gene regulatory data sources, allowing for predictions on
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ligand-receptor interactions that drive gene expression changes
in cells of interest (Browaeys et al., 2020). We used NicheNet
to identify ligands that regulate the expression of DEGs
between in vitro and ex vivo microglia (Figure 1). NicheNet
analyses were performed according to the code deposited in
GitHub1.

For this analysis, we selected ligands expressed on neurons,
astrocytes, oligodendrocytes, and microglia, and also included
an analysis with all ligands of the NicheNet database. For the
expression of neuronal, astrocyte and oligodendrocyte ligands,
the adult human transcriptome dataset (GSE73721) of Zhang
et al. (2016) was used, where genes with an expression of ≥1.0
FPKM for astrocytes and oligodendrocytes, and ≥0.5 FPKM
for neurons in at least one donor were selected. For the
expression of microglial ligands and receptors, we used the in-
house generated adult rhesus macaque microglia transcriptome
dataset (GSE171476) (Timmerman et al., 2022), where genes
with an expression of ≥5 CPM in all four ex vivo donors
were selected. Next, we selected the target genes, which are the
DEGs (FC ≥ 4; FDR < 0.01) between ex vivo and in vitro
microglia.

For NicheNet analyses we studied the ligand-target interactions
per CNS cell type separately and distinguished between target
genes that were significantly upregulated or downregulated in vitro.
First, we defined a set of potentially active ligands. This are
ligands expressed by CNS cell types that can bind to a receptor
that is expressed by microglia. These ligand-receptor links were
gathered from NicheNet’s ligand-receptor data sources. Second,
a ligand-target activity analysis was performed to assess how
well ligand-receptor induced activation can predict the expression
of the microglial target genes. The 20 ligands with the highest
Pearson correlation coefficients (PCCs) (measure used to define
ligand-target activity) based on the presence of their target genes
were used for further NicheNet analyses. Lastly, ligand-target
analyses of the top 20 ligands were performed and displayed
in the ligand-target heatmap. In these heatmaps the regulatory
potential scores for interaction between the top 20 ligands and
their target genes are displayed. Of note, in the ligand-target
heatmaps, we show regulatory potential scores for interactions
between the 20 top-ranked ligands and the 250 most strongly
predicted targets of at least one of the 20 top-ranked ligands.
In addition, regulatory potential scores were set as 0 if the
score was below a predefined threshold, which was here the 0.25
quantile of scores of interactions between the ligands and each
of their respective top targets. Some regulatory potential scores
were below the predefined threshold for some ligands and its
targets. As a consequence, these ligands and targets were removed
from the heatmaps. NicheNet does not process information on
whether interactions are positively or negatively regulated. To
accommodate for that information, we used Ingenuity Pathway
Analysis (IPA) (Spring release March 2020; QIAGEN2) to reveal
the signaling networks and signaling regulations of the ligand-
target interactions.

1 https://github.com/saeyslab/nichenetr

2 https://www.qiagen.com/us/products/discovery-and-translational-
research/next-generation-sequencing/informatics-and-data/
interpretation-content-databases/ingenuity-pathway-analysis

FIGURE 1

Schematic overview of the NicheNet workflow. (A) We selected
ligands expressed on neurons, astrocytes, oligodendrocytes, and
microglia, and also included an analysis with all ligands of the
NicheNet database. Next, we selected receptors expressed by
microglia. We used NicheNet’s ligand-receptor data sources to
analyze ligand-receptor interactions. Of note, ligands of each group
were analyzed separately. Subsequently, information from
NicheNet’s signaling data sources were used to analyze which
transcriptional regulators are activated by the ligand-receptor
interactions. Lastly, NicheNet’s gene regulatory data sources were
used to further analyze which target genes (the differentially
expressed genes between ex vivo and in vitro primary microglia
from adult rhesus macaques) are regulated by the transcriptional
regulators. Of note, upregulated and downregulated genes were
analyzed separately. (B) After the ligand-target links were
determined we performed a ligand-target activity analysis to rank
the ligands based on the presence of its target genes. The more
target interactions, the higher the ranking of the ligand. (C) The 20
ligands with the highest ligand-activity scores based on the
presence of their target genes were displayed in the ligand-target
heatmaps. In these heatmaps the regulatory potential scores for
interaction between the top 20 ligands and target genes is
displayed.

RNA extraction and quantitative RT-PCR

Total cellular RNA was isolated using the RNeasy minikit
(Qiagen) according to manufacturer’s protocol. Subsequently,
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mRNA was reverse transcribed into cDNA using the RevertAid
First Strand cDNA synthesis kit according to the manufacturer’s
protocol (Fermentas; Thermo Fisher Scientific, Waltham, MA,
USA). RT-PCRs were performed on the CFX96TM Real-Time PCR
detection system (Bio-Rad Laboratories, Hercules, CA, USA) using
primer (Invitrogen; Life technologies) and probe (human Exiqon
probe library, Roche, Woerden, Netherlands) combinations listed
in Table 2, and iTaq Universal Probes Supermix (Bio-Rad). Relative
mRNA expression was standardized to housekeeping gene ACTB
using the Pfafll method (Pfaffl, 2001).

Statistics

GraphPad Prism 9.2.0 (GraphPad Software, San Diego, CA,
USA) was used for statistical analysis. Statistical details of
experiments can be found in the figure legends.

Results

In silico modeling of DEGs that were
upregulated in vitro predicts that
HMGB2- and IL-1β-associated signaling
pathways are overactivated in primary
microglia

We used NicheNet (Browaeys et al., 2020), an in silico tool to
study intercellular communication, to uncover CNS-derived cues
that contribute to the gene expression profile that is characteristic
for in vivo microglia. NicheNet uses gene expression data as input
and combines these with existing ligand-receptor, signaling and
gene regulatory data sources, allowing for predictions on ligand-
receptor interactions that drive gene expression changes in cells of
interest (Figure 1).

We started our analyses by filtering for (i) ligands expressed by
CNS cells (neurons, astrocytes, oligodendrocytes, and microglia),
(ii) receptors expressed by microglia, and (iii) target genes, which
are the DEGs between ex vivo and in vitro microglia (Timmerman
et al., 2022). We then performed NicheNet analyses for each CNS
cell type separately, and for the up- and downregulated target
genes separately. We also included an unbiased analysis where all
ligands of the NicheNet database were used to include possible
CNS intercellular signaling that has not been described yet, or
that are mediated by other CNS cells such as OPC. A schematic
overview of the NicheNet workflow is shown in Figure 1A. Next,
we performed a ligand-target activity analysis to rank ligands based
on the presence of its target genes (Figure 1B). We selected the
top 20 ligands with the highest PCCs (measure of the ligand-target
activity), and analyzed the regulatory potential scores for the top
20 ligands to interact with the target genes (Figure 1C). These
scores were calculated from interactions inferred from several
complementary ligand-receptor, signaling and gene regulatory data
sources. Of note, in the ligand-target heatmaps, we show regulatory
potential scores for interactions between the 20 top-ranked ligands
and the 250 most strongly predicted targets of at least one of the
20 top-ranked ligands. In addition, a predefined threshold was

set for the regulatory potential scores. As a consequence, some
ligands and/or target genes were removed from the ligand-target
heatmaps (see section “Materials and methods”). The remaining
ligands and their PCC scores and regulatory potential scores for
the up- or downregulated targets are displayed in Supplementary
Figures 1–3, respectively. We observed that the PCC scores of
the ligands and the downregulated genes in vitro were very low
(<0.05; Supplementary Figure 1). This implies that the ranking
of the ligands would not be much better than random prediction
(Browaeys et al., 2020). For this reason, we decided not to continue
with the analysis of the downregulated target genes and to focus
on the ligands that are predicted to drive the expression of the
upregulated target genes, as the PCC scores of these ligands were
much higher.

When we compared all ligand-target heatmaps of the
upregulated in vitro target genes, we observed that some predicted
ligands were present in multiple heatmaps. Furthermore, some
target genes were predicted to be regulated by multiple upstream
ligands (Supplementary Figure 2). For this reason, we selected the
10 ligands from the ligand-target heatmaps that together regulate
most target genes. Of note, as multiple ligands regulate the same
target genes, we also took the regulatory potential scores into
account. We named these selected ligands: ligands of interest (LOI;
Supplementary Table 1) and performed new NicheNet analyses
with these ligands (Figure 2A).

High mobility group box 2 (HMGB2) was predicted as
an upstream regulator for a specific selection of upregulated
in vitro target genes (Figure 2B). The majority of the other
LOI were predicted to regulate almost all remaining target
genes in the heatmap. TGF-β1 showed high potential regulatory
scores. However, this factor is already present in our culture
medium. As the regulatory potential scores of IL-1β and its
target genes were higher compared to the other ligands, we
selected HMGB2 and IL-1β as potential ligands that regulate the
expression of the upregulated genes in vitro. As NicheNet does
not provide information on whether predicted ligands regulate
their associated targets positively or negatively, we used QIAGEN
IPA to examine this. IPA did not confirm all NicheNet’s predicted
ligand-target interactions, but did predict that inhibition of
HMGB2- (Supplementary Figure 4) and IL-1β-mediated signaling
(Supplementary Figure 5) would reduce the mRNA expression
levels of most target genes.

Other factors than extracellular HMGB
and IL-1 are responsible for the
upregulated target gene expression
profile in primary microglia

The predicted activation of HMGB2- and IL-1β-associated
pathways is in line with the idea that in vitro microglia are
overactivated in culture (Bohlen et al., 2017; Cadiz et al., 2022).
Whether direct exposure of microglia to HMGB2 and/or IL-1β

is indeed responsible for the overactivation of these damage-
associated pathways is unknown. To test this, we examined the
effects of inhibiting HMGB2- and IL-1β-mediated signaling in
cultured primary microglia.
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TABLE 2 Overview of primer/probe combinations used for RT-PCR.

Gene name Forward primer (5′-3′) Reverse primer (5′-3′) Probe

ACTB GCCCAGCACGATGAAGAT CGCCGATCCACACAGAGTA AGGAGGAG

CCL2 CAGCACTTCTGTGCCTGCT GGGGCATTGATTGCATCT GGCTGAAG

CCNF GGGAAGATTCGAGTCCCCAC GTGCAGCAGGGAGAGCTC CAGAGGAA

CX3CR1 TGATTTTCCTGGAGACGCTTA TCAGATCCCTCCTCATGTCA TTCCCAGT

E2F7 GCTCGCCATGGTTCTTTCAA AGTAGCCACCTGATCCTTGT CCCAGCAG

FOS GGGATGGCATCAAGGTACCC CCCTTCTTCCCCTCCGAAAC TCTGGAGC

GPR34 TGACGACAACTTCAGTCAGCA GGTTGGTCGCTATGACTGGT CTCCTCCC

IL6 ACAAAAGTCCTGATCCAGTTCC GTCATGTCCTGCAGCCACT CAGCAGGC

IL12p40 CCACATTCCTACTTCTCCCTGA ACCGTGGCTGAGGTCTTGT TCCAGGTC

KIF2C GACACATACTATGGGCGGAGA CCGGTAGCAGGGTTGATTCT CTTCCTCC

LCN2 CCCAGGACTCCAGCTCAG CATACCACTTCCCCTGGAAC TCTGCTGC

MKI67 ACACTCCACCTGTCCTGAAGA GTGCCTTCACTTCCACACTG TGAGGCTGT

MMP3 CCTGACGTTGGTCACTTCAC AATCTCGTGTATAATTCACAATCCTG TTCCTGGC

MMP7 GCTCATGCCTTTGCACCT GCGTTGCAGCATACAGGA CTCCTCCA

MMP9 ACAAGCTCTACGGCTTCTGC GAAGGTGAAGGGGAAAACG CAGCTCCC

MMP14 CCAAGACCCTCCCGTTGT GGCAGGTAGCCATACTGCTG GGGAGCAG

P2RY12 TCCATTCAAAATTCTTAGTGATGC CGGAGGTAACTTGACACACAAA TTCCCAGT

P2RY13 ACTGAGTATCCTCCCAAAGGTG CGGTCAAGAAAACCACTGTGT CCCAGCCC

PHF19 TGGAAGGACATACAGCATGC ACACTTCCCGCAGATGAGGA CTTCCCCA

SHCBP1 GCAATTGAGCATGTCAGATTTTTC CGAGGTTCAACACATCTGACA CATCCTCC

TACC3 CCAGAAAGCCCTGAGACCA TCCGCTGAGGCTGAATGCAG GGAGCCAG

TNF-α AAGCCTGTAGCCCATGTTGT GCTGGTTATCTGTCAGCTCCA CCAGGAGG

TREM2 CCGGCTGCTCATCTTACTCT AGGACACCTGTAGGGACTGG TCTGGAGC

TYMS AAAACCAACCCTGACGACAGA CACCACATAGAACTGGCAGAG CTGCCTCC

To inhibit HMGB2-mediated signaling, we added ICM, a
recently described inhibitor of both HMGB1 and HMGB2, to the
microglia culture medium (Lee et al., 2014). Originally, HMGBs
have been described as DNA-binding proteins (reviewed in Stros,
2010). However, more recent studies have demonstrated that
HMGBs can also be released into the extracellular space and can
interact with various receptors to activate inflammatory pathways
(Wang et al., 1999; Scaffidi et al., 2002; Pusterla et al., 2009; Lee
et al., 2014). We confirmed the activity of ICM by demonstrating
that ICM exposure reduced the mRNA expression levels of LPS-
induced pro-inflammatory cytokines IL-6, IL-12p40, and TNF-α
(Supplementary Figure 6A), as reported by Lee et al. (2014).
Subsequently, we analyzed the mRNA expression levels of TACC3,
CCNF, TYMS, E2F7, PHF19, MKI67, SHCBP1, and KIF2C, as
selected target genes of which the expression was predicted to
be regulated by HMGB2-mediated signaling (Figure 2C), and
observed that exposure to ICM did not affect the mRNA expression
levels of these genes.

To inhibit IL-1β-mediated signaling, cultured primary
microglia were exposed to IL-1Ra. Importantly, IL-1Ra inhibits
the activity of both extracellular IL-1α and IL-1β by competitively
blocking their binding to type I and type II receptors (Rosenzweig
et al., 2014). The activity of IL-1Ra was confirmed by demonstrating
that IL-1β-induced IL-6 mRNA expression levels were reduced in

the presence of IL-1Ra (Supplementary Figure 6B; Lee et al., 2004).
We analyzed the mRNA expression levels of MMP3, MMP7, LCN2,
and CCL2, as selected target genes of which the expression was
predicted to be regulated by IL-1β-mediated signaling. However,
we did not observe a reduction in mRNA expression levels of these
target genes in the presence of IL-1Ra (Figure 2D).

Together, these data demonstrate that non-specific inhibition of
HMGB2- and IL-1β-mediated signaling does not reduce the mRNA
expression levels of the analyzed target genes. This suggests that
other ligands are responsible for the overactivation of HMGB2- and
IL-1β-associated signaling in in vitro microglia.

Exposure to conditioned medium of
mixed glia cell spheres increased the
mRNA expression levels of P2RY12 in
primary microglia

Earlier data from our group demonstrated that microglia
cultured in spheres, together with oligodendrocytes and radial glia,
are characterized by the increased expression of microglia signature
genes (Timmerman et al., 2022). Therefore, in a second approach
to gain insight into cues that could potentially optimize microglia
in vitro culture conditions, we exposed microglia to SCM, to

Frontiers in Cellular Neuroscience 06 frontiersin.org

https://doi.org/10.3389/fncel.2023.1178504
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/


fncel-17-1178504 June 20, 2023 Time: 13:31 # 7

Timmerman et al. 10.3389/fncel.2023.1178504

FIGURE 2

NicheNet analyses of the ligands of interest (LOI) and the upregulated target genes. (A) Ligand-target activity analysis of the LOI and the upregulated
target genes. (B) Ligand-target matrix denoting the regulatory potential between the LOI and the upregulated target genes. mRNA expression levels
of upregulated target genes in the presence of (C) inflachromene (ICM) and (D) interleukin 1 receptor antagonist (IL-1Ra). –, mRNA expression in the
absence of the inhibitor; +, mRNA expression in the presence of the inhibitor. Symbols represent different donors, n = 4–6 dependent on the
inhibitor, paired t-test on log-transformed data.

determine if these effects were attributable to factors secreted from
cells in the spheres. We analyzed the mRNA expression levels of the
microglia signature genes CX3CR1, FOS, GPR34, P2RY12, P2RY13,
and TREM2, as their expression was increased in spheres as
compared to monocultured microglia (Supplementary Figure 7).
Exposure to SCM indeed increased the mRNA expression levels of
P2RY12, and showed a trend toward increased mRNA expression
levels of CX3CR1 (Figure 3A).

Since, after microglia, oligodendrocytes are the most abundant
cell type in the spheres (Timmerman et al., 2022), we examined
whether secreted factors by cultured oligodendrocytes could
induce the expression of microglia signature genes. We therefore
supplemented the microglia culture medium with CM derived from
cultured primary rat oligodendrocyte progenitor cells (OPC CM)
or from cultured primary rat mature oligodendrocytes (mOLG
CM). We found that neither exposure to OPC CM (Figure 3B)
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FIGURE 3

Exposure to conditioned medium of mixed glia cell spheres increased the mRNA expression levels of P2RY12. Microglia culture medium was
supplemented with conditioned medium from either (A) spheres composed of microglia, oligodendrocytes, and radial glia (SCM), (B) rat
oligodendrocyte precursor cells (OPC CM), or (C) rat mature oligodendrocytes (mOLG CM). Subsequently, mRNA expression levels of microglia
signature genes were measured using RT-PCR. –, mRNA expression in the absence of conditioned medium; +, mRNA expression in the presence of
conditioned medium. Symbols represent different donors, n = 4, paired t-test on log-transformed data, *p < 0.05.

nor to mOLG CM (Figure 3C) led to an increase of microglia
signature gene expression levels. Exposure to mOLG CM even led
to significantly reduced mRNA expression levels of CX3CR1 and
FOS.

Exposure to TGF-β3 increased the mRNA
expression levels of the microglia
signature gene TREM2 in primary
microglia

In a further attempt to identify the ligands present in spheres
that were responsible for the induction of microglia signature
genes, we performed a NicheNet analysis with expressed ligands
in human oligodendrocytes (Zhang et al., 2016) and human radial
glia (Pollen et al., 2015), and the six microglia signature genes as
target genes. NicheNet did not predict that ligands expressed by
oligodendrocytes or radial glia were drivers of CX3CR1 or P2RY12

expression levels (Figures 4A, B), which would be in line with
the idea that their expression is regulated by microglial contact
with other CNS cell types (Szepesi et al., 2018; Zhang et al.,
2019; Liu and Aguzzi, 2020; Matejuk and Ransohoff, 2020; Baxter
et al., 2021). Nevertheless, multiple oligodendrocyte and radial glia
ligands, including TGF-β3, were predicted to drive the expression
of FOS. IPA analysis confirmed this and further predicted that
TGF-β3 positively regulates the expression of FOS (Supplementary
Figure 8). TGF-β3 is an interesting ligand in this context, since the
expression levels of TGF-β3 were significantly higher in the spheres
as compared to monocultured microglia (Figure 4C; Timmerman
et al., 2022). This in contrast to NRG1, a ligand expressed by
radial glia that is also predicted to regulate the expression of
FOS, which was not significantly upregulated in spheres when
compared to monocultured microglia. Supplementation of the
culture medium with TGF-β3 led to increased mRNA expression
levels of TREM2 and showed a trend toward increased expression
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FIGURE 4

TGF-β3 and laminin exposure increased the mRNA expression of microglia signature genes. Ligand-activity and ligand-target matrix of (A)
oligodendrocyte ligands and (B) radial glia ligands. PCC, Pearson correlation coefficient. (C) Gene expression (CPM) of transforming growth factor
beta 3 (TGF-β3) in monocultured microglia (M) and spheres (S), n = 4, EdgeR false discovery rate (FDR) was used to display statistical differences,
****FDR < 0.001. (D) mRNA expression levels of microglia signature genes of microglia cultured in the absence (–) or presence (+) of TGF-β3.
Symbols represent different donors, n = 4, paired t-test on log-transformed data, *p < 0.05. mRNA expression levels of (E) microglia signature genes
and (F) matrix metalloproteinases of microglia cultured in the absence (–) or presence (+) of laminin. Symbols represent different donors, n = 5,
paired t-test on log-transformed data, *p < 0.05.

of GPR34 (Figure 4D). Of note, TGF-β1, another member of the
TGF-β family, is already present in our standard culture medium.

Laminin coating reduced the mRNA
expression levels of matrix
metalloproteinases and increased the
mRNA expression levels of microglia
signature genes in primary microglia

Interestingly, the non-soluble oligodendrocyte ligand LAMA2
was predicted by NicheNet to drive the expression of GPR34 and
TREM2 (Figure 4A). The gene LAMA2 encodes for a laminin
subunit protein (Aumailley, 2013), which is part of the brain
extracellular matrix (bECM) (Jucker et al., 1996). We therefore

analyzed the expression levels of microglia signature genes of
microglia cultured on laminin-coated substrates. As predicted,
the mRNA expression levels of GPR34 were indeed significantly
increased, as were the mRNA expression levels of P2RY13
(Figure 4E). In addition, we observed a trend toward increased
expression of P2RY12. Although laminin has been described to be
able to affect in vitro microglia morphology (Chamak and Mallat,
1991; Tam et al., 2016), we observed no additional effect of laminin
on the percentage of ramified microglia or on the numbers of
microglia primary branches (Sharaf et al., 2022). It is noteworthy
in this context that our primary microglia were already highly
ramified.

Interestingly, the expression of several matrisome genes
is highly increased in in vitro microglia compared to ex vivo
microglia (Supplementary Figure 9; Timmerman et al., 2022). This
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is consistent with the reported increased expression of matrisome
genes, including cathepsins and matrix metalloproteinases
(MMPs), during microglia activation (del Zoppo et al., 2007;
Lively and Schlichter, 2013; Nakanishi, 2020). As MMPs were
among the ECM-associated genes with the most robust increased
expression in in vitro microglia, we analyzed the effect of laminin
on the mRNA expression levels of MMP genes. Indeed, we found
that the mRNA expression levels of MMP3 as well as MMP7
were reduced when microglia were cultured on laminin-coated
substrates (Figure 4F).

Discussion

In this study, we combined in silico-in vitro modeling
to uncover cues that drive the expression of DEGs between
ex vivo and in vitro primary microglia, with a specific focus on
microglia signature genes. As total ligand-receptor interaction (the
interactome) data at the protein level of in vitro microglia are
currently not available, we chose to use an RNA transcriptome
approach, followed by in silico analysis (NicheNet). Our aim was
not only to gain insight into the determinants of microglial identity,
but also to implement this knowledge to optimize microglia cell
culture protocols.

Results from our first approach using the in silico tool NicheNet
in combination with IPA analysis predicted that HMGB2- and
IL-1β-associated signaling pathways are overactivated in primary
microglia. HMGB2 and IL-1β are both associated with microglia
pro-inflammatory processes (Pinteaux et al., 2002; Lee et al., 2014;
Liu and Quan, 2018; Wu et al., 2021) and overactivation of these
damage-associated pathways is in line with studies demonstrating
that pro-inflammatory gene products are upregulated in vitro
(Bohlen et al., 2017; Cadiz et al., 2022).

In this study, ICM and IL-1 receptor antagonist (IL-1Ra) were
used to test if exposure to HMGB2 and IL-1β indeed underlie
the overactivation of the HMGB2- and IL-1β-associated pathways,
respectively. It is important to note that ICM binds to both
HMGB1 and HMGB2 (Lee et al., 2014), and that IL-1Ra inhibits
the activity of both IL-1α and IL-1β by competitively blocking their
binding to type I and type II receptors (Rosenzweig et al., 2014).
Neither inhibition of HMGB- nor of IL-1R-mediated signaling
did reduce the mRNA expression levels of the predicted target
genes. This may be attributable to the lack of specificity of the
inhibitors used. An alternative explanation for the overactivation
of HMGB2- and IL-1β-associated pathways in primary microglia
is the absence of CNS-associated inhibitory signaling in vitro as
suggested before (reviewed in Biber et al., 2007; Kierdorf and Prinz,
2013). This is also in line with the fact that the NicheNet results
for the DEGs that were downregulated in vitro were challenging
to interpret due to the low PCC scores, suggesting that activating
signals play overall a less prominent role in the maintenance of
a homeostatic microglial profile. Regardless of the exact cause of
overactivation of HMGB2- and IL-1β-associated pathways, our
results suggest that reversing the overactivated state in primary
microglia would improve in vitro modeling. Whether this can
be best achieved by direct – intracellular – inhibitory targeting
of overactivated pathways or by exposure to extracellular neuro-
immune-regulators (NIREGs), such as CD200, CD47, and CX3CL1

(Griffiths et al., 2007; Bedoui et al., 2018) remains to be determined.
In addition, it is worth mentioning that NicheNet is still relatively
immature, and its usefulness for studying complex systems like the
CNS remains to be assessed in other studies.

In a second approach to optimize microglia in vitro culture
conditions, we experimented with exposure to CM derived from
different CNS cell types. We had demonstrated in a previous study
that microglia cultured in spheres, together with oligodendrocytes
and radial glia, were characterized by increased expression levels
of microglia signature genes (Timmerman et al., 2022). Exposure
to conditioned medium of these spheres (SCM) increased the
mRNA expression levels of microglia signature gene P2RY12
and showed a trend toward increased expression of CX3CR1.
Interestingly, the expression of P2RY12 and CX3CR1 is thought to
be regulated by neuron-microglia, astrocyte-microglia and OPC-
microglia crosstalk (Szepesi et al., 2018; Zhang et al., 2019; Liu and
Aguzzi, 2020; Matejuk and Ransohoff, 2020; Baxter et al., 2021).
Our results suggest a novel role for oligodendrocyte- and/or radial
glia-secreted factors in the regulation of these genes. Of note, the
spheres (Ø ± 250 µm) could only be generated when cultured
in relatively high volumes (2.5 ml), and the secreted factors were
therefore considerably diluted. The effects of the secreted factors
on microglia present in the spheres might therefore be much
more robust as those observed in the SCM experiments. Further
research is needed to examine if exposure to, e.g., concentrated
SCM generates more positive effects. While not present in the
spheres, it would be interesting to investigate the role of primate-
derived neurons and astrocytes (CM) on microglia homeostasis
as well, as these cells promote microglia homeostasis in rodents
(Baxter et al., 2021).

Although exposure to CM is a useful approach to analyze the
effects of cell-secreted cues on microglia signature gene expression,
CM is less suitable as a supplement for cell culture. CM is
notoriously associated with batch-to-batch variation, and as long
as the components in CM are not defined, standardization of
culture conditions will remain challenging. We performed new
NicheNet analyses to gather more detailed information about
ligands expressed by human oligodendrocytes and radial glia with
the potential to regulate the expression of microglia signature
genes. NicheNet predicted multiple oligodendrocyte and radial glia
ligands as drivers of the microglia signature gene FOS, including
TGF-β3, ADAM17, NRG1, and PIK3CB. Although the TGF-β1-
and TGF-β2-mediated signaling pathway has been reported earlier
as an important driver of microglia homeostasis and identity
(Brionne et al., 2003; Butovsky et al., 2014; Zoller et al., 2018;
Zhang et al., 2019; Liu and Aguzzi, 2020; Baxter et al., 2021), TGF-
β3 is a new and interesting candidate. Exposure to TGF-β3 did
increase the mRNA expression levels of TREM2 and did show a
trend toward increased expression of GPR34. Of note, TGF-β1
was already present in our standard culture medium. There are
three known isoforms of TGF-β (TGF-β1, TGF-β2, and TGF-β3)
and they are all expressed in the human brain (De Groot et al.,
1999). TGF-β1 and TGF-β2 share 71% protein sequence similarity
(ten Dijke et al., 1988), whereas TGF-β3 shares 80% of amino acid
sequence with TGF-β1 and TGF-β2. Although all isoforms function
through the same receptor signaling pathways (Cheifetz et al., 1987;
Mittl et al., 1996), biological activity differences between TGF-
β isoforms are described (Huang et al., 2014), and it is unclear
if these differences affect microglia homeostasis. As far as we
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are aware of, microglia culture medium is supplemented with
either isoform TGF-β1 or TGF-β2 (Butovsky et al., 2014; Bohlen
et al., 2017; Gosselin et al., 2017; Baxter et al., 2021; Timmerman
et al., 2022). It warrants further investigation if exposure to
combinations of different TGF-β isoforms affects TGF-β-mediated
signaling differently compared to exposure to each isoform alone,
such as described for other agonist isoforms after binding to
their associated receptors (Alok et al., 2017; Peach et al., 2018).
In addition, it should be tested whether exposure to higher
concentrations of TGF-β1 or TGF-β3 could simulate the effects of
co-exposure to TGF-β1 and TGF-β3.

Recently, a role for OPCs in maintaining the microglia
homeostatic state has been described in rodents (Zhang et al.,
2019; Liu and Aguzzi, 2020). However, we observed that exposure
to OPC- or mOLG-CM did not induce the mRNA expression
levels of microglia signature genes. Of note, these oligodendrocytes
were derived from rat, and it is not known if rat- and rhesus-
derived oligodendrocytes secrete similar factors. In addition, the
indirect effects that other cells in the spheres might have had on
the oligodendrocyte secretome could not be tested either.

NicheNet further predicted the oligodendrocyte ligand
LAMA2, a laminin subunit, as a driver of GRP34 and TREM2
expression. Although laminin is mainly expressed by endothelial
cells, astrocytes, and mural cells (reviewed in Kang and Yao, 2022),
recent RNA-seq studies have demonstrated that oligodendrocytes
express laminin gene products, including LAMA23, 4 (Zhang
et al., 2016; He et al., 2018; Vanlandewijck et al., 2018). We
therefore cultured microglia on laminin-coated substrates and
demonstrate that they were characterized by increased mRNA
expression levels of microglia signature genes and by reduced
mRNA expression levels of MMPs. It should be noted though
that laminin-111 (previous named laminin-1) with the chain
composition α-1/β-1/γ-1 was used in our experiments [for the
most recent laminin nomenclature (see, Aumailley et al., 2005)]
whereas LAMA2 is a subunit of laminin-211 and laminin-221.
Although laminin-111, laminin-211, and laminin-221 can all bind
to integrin α6β1, which is expressed in rhesus macaque primary
microglia (GSE171476) (Timmerman et al., 2022), laminin-211
and laminin-221 can also bind to integrin α7β1 and dystroglycan.
Although ITGA7, the mRNA encoding integrin subunit alpha
7, is not expressed in rhesus primary microglia, DAG1, the
gene product of dystroglycan, is expressed. It might therefore
be worthwhile to further explore whether LAMA2-mediated
signaling has additional effects on the transcriptome of primary
microglia.

Taken together, our results suggest that HMGB2- or IL-1β-
associated pathways are targets to specifically inhibit upregulated
genes in vitro to better mimic in vivo microglia. In addition,
exposure to TGF-β3 and cultivation on laminin-coated substrates
are suggested as improvements over current culture practices.
Importantly, as the transcriptomes of primary microglia and stem
cell-derived microglia are highly similar (Brownjohn et al., 2018;
Gumbs et al., 2022), our data might also be applicable to optimize
cell culture conditions of stem cell-derived microglia.

3 https://www.brainrnaseq.org

4 http://betsholtzlab.org/VascularSingleCells/database.html

Data availability statement

The original contributions presented in this study are included
in the article/Supplementary material, further inquiries can be
directed to the corresponding author.

Ethics statement

The animal study was reviewed and approved by the Ministry
of Agriculture, Nature and Food Quality of the Netherlands. Brain
tissue was obtained from adult rhesus macaques (Macaca mulatta)
of either sex without neurological disease that became available
from the outbred breeding colony or from other studies. No
animals were sacrificed for the exclusive purpose of the initiation
of microglia cell cultures. Better use of experimental animals
contributes to the priority 3Rs program of the Biomedical Primate
Research Centre.

Author contributions

RT and JB: conceptualization. RT, WB, and EZ-S: experimental
work. RT, EZ-S, and JB: data analysis. RT, WB, and JB:
manuscript. All authors contributed to the article and approved the
submitted version.

Acknowledgments

We thank F. van Hassel for help with the graphical
presentations of the research, T. Haaksma and I. Kondova
for help with the obductions and preparation of CNS
material, and J. Middeldorp and E. Nutma for critical feedback
on the manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fncel.2023.
1178504/full#supplementary-material

Frontiers in Cellular Neuroscience 11 frontiersin.org

https://doi.org/10.3389/fncel.2023.1178504
https://www.brainrnaseq.org
http://betsholtzlab.org/VascularSingleCells/database.html
https://www.frontiersin.org/articles/10.3389/fncel.2023.1178504/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fncel.2023.1178504/full#supplementary-material
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/


fncel-17-1178504 June 20, 2023 Time: 13:31 # 12

Timmerman et al. 10.3389/fncel.2023.1178504

References

Alok, A., Lei, Z., Jagannathan, N. S., Kaur, S., Harmston, N., Rozen, S. G., et al.
(2017). Wnt proteins synergize to activate beta-catenin signaling. J. Cell Sci. 130,
1532–1544. doi: 10.1242/jcs.198093

Aumailley, M. (2013). The laminin family. Cell Adh. Migr. 7, 48–55. doi: 10.4161/
cam.22826

Aumailley, M., Bruckner-Tuderman, L., Carter, W. G., Deutzmann, R., Edgar, D.,
Ekblom, P., et al. (2005). A simplified laminin nomenclature. Matrix Biol. 24, 326–332.
doi: 10.1016/j.matbio.2005.05.006

Bajramovic, J. J. (2011). Regulation of innate immune responses in the central
nervous system. CNS Neurol. Disord. Drug Targets 10, 4–24. doi: 10.2174/
187152711794488610

Baxter, P. S., Dando, O., Emelianova, K., He, X., McKay, S., Hardingham, G. E.,
et al. (2021). Microglial identity and inflammatory responses are controlled by the
combined effects of neurons and astrocytes. Cell Rep. 34:108882. doi: 10.1016/j.celrep.
2021.108882

Bedoui, Y., Neal, J. W., and Gasque, P. (2018). The neuro-immune-regulators
(NIREGs) promote tissue resilience; a vital component of the host’s defense strategy
against neuroinflammation. J. Neuroimmune Pharmacol. 13, 309–329. doi: 10.1007/
s11481-018-9793-6

Bennett, F. C., Bennett, M. L., Yaqoob, F., Mulinyawe, S. B., Grant, G. A., Hayden
Gephart, M., et al. (2018). A combination of ontogeny and CNS environment
establishes microglial identity. Neuron 98, 1170–1183.e1178. doi: 10.1016/j.neuron.
2018.05.014

Biber, K., Neumann, H., Inoue, K., and Boddeke, H. W. (2007). Neuronal ’On’ and
’Off’ signals control microglia. Trends Neurosci. 30, 596–602. doi: 10.1016/j.tins.2007.
08.007

Bohlen, C. J., Bennett, F. C., Tucker, A. F., Collins, H. Y., Mulinyawe, S. B., and
Barres, B. A. (2017). Diverse requirements for microglial survival, specification, and
function revealed by defined-medium cultures. Neuron 94, 759–773.e758. doi: 10.
1016/j.neuron.2017.04.043

Brionne, T. C., Tesseur, I., Masliah, E., and Wyss-Coray, T. (2003). Loss of TGF-beta
1 leads to increased neuronal cell death and microgliosis in mouse brain. Neuron 40,
1133–1145. doi: 10.1016/s0896-6273(03)00766-9

Browaeys, R., Saelens, W., and Saeys, Y. (2020). NicheNet: Modeling intercellular
communication by linking ligands to target genes. Nat. Methods 17, 159–162. doi:
10.1038/s41592-019-0667-5

Brownjohn, P. W., Smith, J., Solanki, R., Lohmann, E., Houlden, H., Hardy, J., et al.
(2018). Functional studies of missense trem2 mutations in human stem cell-derived
microglia. Stem Cell Rep. 10, 1294–1307. doi: 10.1016/j.stemcr.2018.03.003

Butovsky, O., Jedrychowski, M. P., Moore, C. S., Cialic, R., Lanser, A. J., Gabriely, G.,
et al. (2014). Identification of a unique TGF-beta-dependent molecular and functional
signature in microglia. Nat. Neurosci. 17, 131–143. doi: 10.1038/nn.3599

Cadiz, M. P., Jensen, T. D., Sens, J. P., Zhu, K., Song, W. M., Zhang, B., et al.
(2022). Culture shock: Microglial heterogeneity, activation, and disrupted single-cell
microglial networks in vitro. Mol. Neurodegener. 17:26. doi: 10.1186/s13024-022-
00531-1

Chamak, B., and Mallat, M. (1991). Fibronectin and laminin regulate the in vitro
differentiation of microglial cells. Neuroscience 45, 513–527. doi: 10.1016/0306-
4522(91)90267-r

Cheifetz, S., Weatherbee, J. A., Tsang, M. L., Anderson, J. K., Mole, J. E., Lucas,
R., et al. (1987). The transforming growth factor-beta system, a complex pattern of
cross-reactive ligands and receptors. Cell 48, 409–415. doi: 10.1016/0092-8674(87)
90192-9

Davies, L. C., Jenkins, S. J., Allen, J. E., and Taylor, P. R. (2013). Tissue-resident
macrophages. Nat. Immunol. 14, 986–995. doi: 10.1038/ni.2705

De Groot, C. J., Montagne, L., Barten, A. D., Sminia, P., and Van Der Valk, P. (1999).
Expression of transforming growth factor (TGF)-beta1, -beta2, and -beta3 isoforms
and TGF-beta type I and type II receptors in multiple sclerosis lesions and human adult
astrocyte cultures. J. Neuropathol. Exp. Neurol. 58, 174–187. doi: 10.1097/00005072-
199902000-00007

del Zoppo, G. J., Milner, R., Mabuchi, T., Hung, S., Wang, X., Berg, G. I., et al. (2007).
Microglial activation and matrix protease generation during focal cerebral ischemia.
Stroke 38, 646–651. doi: 10.1161/01.STR.0000254477.34231.cb

Ginhoux, F., Greter, M., Leboeuf, M., Nandi, S., See, P., Gokhan, S., et al. (2010).
Fate mapping analysis reveals that adult microglia derive from primitive macrophages.
Science 330, 841–845. doi: 10.1126/science.1194637

Gosselin, D., Skola, D., Coufal, N. G., Holtman, I. R., Schlachetzki, J. C. M., Sajti,
E., et al. (2017). An environment-dependent transcriptional network specifies human
microglia identity. Science 356:eaal3222. doi: 10.1126/science.aal3222

Griffiths, M., Neal, J. W., and Gasque, P. (2007). Innate immunity and protective
neuroinflammation: New emphasis on the role of neuroimmune regulatory proteins.
Int. Rev. Neurobiol. 82, 29–55. doi: 10.1016/S0074-7742(07)82002-2

Gumbs, S. B. H., Kubler, R., Gharu, L., Schipper, P. J., Borst, A. L., Snijders, G., et al.
(2022). Human microglial models to study HIV infection and neuropathogenesis: A
literature overview and comparative analyses. J. Neurovirol. 28, 64–91. doi: 10.1007/
s13365-021-01049-w

He, L., Vanlandewijck, M., Mae, M. A., Andrae, J., Ando, K., Del Gaudio, F.,
et al. (2018). Single-cell RNA sequencing of mouse brain and lung vascular and
vessel-associated cell types. Sci. Data 5:180160. doi: 10.1038/sdata.2018.160

Hoek, R. M., Ruuls, S. R., Murphy, C. A., Wright, G. J., Goddard, R., Zurawski,
S. M., et al. (2000). Down-regulation of the macrophage lineage through interaction
with OX2 (CD200). Science 290, 1768–1771. doi: 10.1126/science.290.5497.1768

Huang, T., Schor, S. L., and Hinck, A. P. (2014). Biological activity differences
between TGF-beta1 and TGF-beta3 correlate with differences in the rigidity and
arrangement of their component monomers. Biochemistry 53, 5737–5749. doi: 10.
1021/bi500647d

Jucker, M., Tian, M., and Ingram, D. K. (1996). Laminins in the adult and aged brain.
Mol. Chem. Neuropathol. 28, 209–218. doi: 10.1007/BF02815224

Kang, M., and Yao, Y. (2022). Laminin regulates oligodendrocyte development and
myelination. Glia 70, 414–429. doi: 10.1002/glia.24117

Kierdorf, K., and Prinz, M. (2013). Factors regulating microglia activation. Front.
Cell Neurosci. 7:44. doi: 10.3389/fncel.2013.00044

Lee, J. K., Kim, S. H., Lewis, E. C., Azam, T., Reznikov, L. L., and Dinarello, C. A.
(2004). Differences in signaling pathways by IL-1beta and IL-18. Proc. Natl. Acad. Sci.
U. S. A. 101, 8815–8820. doi: 10.1073/pnas.0402800101

Lee, S., Nam, Y., Koo, J. Y., Lim, D., Park, J., Ock, J., et al. (2014). A small molecule
binding HMGB1 and HMGB2 inhibits microglia-mediated neuroinflammation. Nat.
Chem. Biol. 10, 1055–1060. doi: 10.1038/nchembio.1669

Lentferink, D. H., Jongsma, J. M., Werkman, I., and Baron, W. (2018). Grey matter
OPCs are less mature and less sensitive to IFNgamma than white matter OPCs:
Consequences for remyelination. Sci. Rep. 8:2113. doi: 10.1038/s41598-018-19934-6

Liu, X., and Quan, N. (2018). Microglia and CNS interleukin-1: Beyond
immunological concepts. Front. Neurol. 9:8. doi: 10.3389/fneur.2018.00008

Liu, Y., and Aguzzi, A. (2020). NG2 glia are required for maintaining microglia
homeostatic state. Glia 68, 345–355. doi: 10.1002/glia.23721

Lively, S., and Schlichter, L. C. (2013). The microglial activation state regulates
migration and roles of matrix-dissolving enzymes for invasion. J. Neuroinflammation
10:75. doi: 10.1186/1742-2094-10-75

Matejuk, A., and Ransohoff, R. M. (2020). Crosstalk between astrocytes and
microglia: An overview. Front. Immunol. 11:1416. doi: 10.3389/fimmu.2020.01416

Mittl, P. R., Priestle, J. P., Cox, D. A., McMaster, G., Cerletti, N., and Grutter,
M. G. (1996). The crystal structure of TGF-beta 3 and comparison to TGF-beta
2: Implications for receptor binding. Protein Sci. 5, 1261–1271. doi: 10.1002/pro.
5560050705

Nakanishi, H. (2020). Cathepsin regulation on microglial function. Biochim.
Biophys. Acta Proteins Proteom. 1868:140465. doi: 10.1016/j.bbapap.2020.140465

Peach, C. J., Mignone, V. W., Arruda, M. A., Alcobia, D. C., Hill, S. J., Kilpatrick,
L. E., et al. (2018). Molecular Pharmacology of VEGF-A isoforms: Binding and
signalling at VEGFR2. Int. J. Mol. Sci. 19:1264. doi: 10.3390/ijms19041264

Pfaffl, M. W. (2001). A new mathematical model for relative quantification in
real-time RT-PCR. Nucleic Acids Res. 29:e45. doi: 10.1093/nar/29.9.e45

Pinteaux, E., Parker, L. C., Rothwell, N. J., and Luheshi, G. N. (2002). Expression
of interleukin-1 receptors and their role in interleukin-1 actions in murine microglial
cells. J. Neurochem. 83, 754–763. doi: 10.1046/j.1471-4159.2002.01184.x

Pollen, A. A., Nowakowski, T. J., Chen, J., Retallack, H., Sandoval-Espinosa, C.,
Nicholas, C. R., et al. (2015). Molecular identity of human outer radial glia during
cortical development. Cell 163, 55–67. doi: 10.1016/j.cell.2015.09.004

Pusterla, T., de Marchis, F., Palumbo, R., and Bianchi, M. E. (2009). High mobility
group B2 is secreted by myeloid cells and has mitogenic and chemoattractant
activities similar to high mobility group B1. Autoimmunity 42, 308–310. doi: 10.1080/
08916930902831845

Rosenzweig, J. M., Lei, J., and Burd, I. (2014). Interleukin-1 receptor blockade in
perinatal brain injury. Front. Pediatr. 2:108. doi: 10.3389/fped.2014.00108

Scaffidi, P., Misteli, T., and Bianchi, M. E. (2002). Release of chromatin protein
HMGB1 by necrotic cells triggers inflammation. Nature 418, 191–195. doi: 10.1038/
nature00858

Sharaf, A., Roos, B., Timmerman, R., Kremers, G. J., Bajramovic, J. J., and Accardo,
A. (2022). Two-photon polymerization of 2.5D and 3D microstructures fostering a
ramified resting phenotype in primary microglia. Front. Bioeng. Biotechnol. 10:926642.
doi: 10.3389/fbioe.2022.926642

Stros, M. (2010). HMGB proteins: Interactions with DNA and chromatin. Biochim.
Biophys. Acta 1799, 101–113. doi: 10.1016/j.bbagrm.2009.09.008

Frontiers in Cellular Neuroscience 12 frontiersin.org

https://doi.org/10.3389/fncel.2023.1178504
https://doi.org/10.1242/jcs.198093
https://doi.org/10.4161/cam.22826
https://doi.org/10.4161/cam.22826
https://doi.org/10.1016/j.matbio.2005.05.006
https://doi.org/10.2174/187152711794488610
https://doi.org/10.2174/187152711794488610
https://doi.org/10.1016/j.celrep.2021.108882
https://doi.org/10.1016/j.celrep.2021.108882
https://doi.org/10.1007/s11481-018-9793-6
https://doi.org/10.1007/s11481-018-9793-6
https://doi.org/10.1016/j.neuron.2018.05.014
https://doi.org/10.1016/j.neuron.2018.05.014
https://doi.org/10.1016/j.tins.2007.08.007
https://doi.org/10.1016/j.tins.2007.08.007
https://doi.org/10.1016/j.neuron.2017.04.043
https://doi.org/10.1016/j.neuron.2017.04.043
https://doi.org/10.1016/s0896-6273(03)00766-9
https://doi.org/10.1038/s41592-019-0667-5
https://doi.org/10.1038/s41592-019-0667-5
https://doi.org/10.1016/j.stemcr.2018.03.003
https://doi.org/10.1038/nn.3599
https://doi.org/10.1186/s13024-022-00531-1
https://doi.org/10.1186/s13024-022-00531-1
https://doi.org/10.1016/0306-4522(91)90267-r
https://doi.org/10.1016/0306-4522(91)90267-r
https://doi.org/10.1016/0092-8674(87)90192-9
https://doi.org/10.1016/0092-8674(87)90192-9
https://doi.org/10.1038/ni.2705
https://doi.org/10.1097/00005072-199902000-00007
https://doi.org/10.1097/00005072-199902000-00007
https://doi.org/10.1161/01.STR.0000254477.34231.cb
https://doi.org/10.1126/science.1194637
https://doi.org/10.1126/science.aal3222
https://doi.org/10.1016/S0074-7742(07)82002-2
https://doi.org/10.1007/s13365-021-01049-w
https://doi.org/10.1007/s13365-021-01049-w
https://doi.org/10.1038/sdata.2018.160
https://doi.org/10.1126/science.290.5497.1768
https://doi.org/10.1021/bi500647d
https://doi.org/10.1021/bi500647d
https://doi.org/10.1007/BF02815224
https://doi.org/10.1002/glia.24117
https://doi.org/10.3389/fncel.2013.00044
https://doi.org/10.1073/pnas.0402800101
https://doi.org/10.1038/nchembio.1669
https://doi.org/10.1038/s41598-018-19934-6
https://doi.org/10.3389/fneur.2018.00008
https://doi.org/10.1002/glia.23721
https://doi.org/10.1186/1742-2094-10-75
https://doi.org/10.3389/fimmu.2020.01416
https://doi.org/10.1002/pro.5560050705
https://doi.org/10.1002/pro.5560050705
https://doi.org/10.1016/j.bbapap.2020.140465
https://doi.org/10.3390/ijms19041264
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1046/j.1471-4159.2002.01184.x
https://doi.org/10.1016/j.cell.2015.09.004
https://doi.org/10.1080/08916930902831845
https://doi.org/10.1080/08916930902831845
https://doi.org/10.3389/fped.2014.00108
https://doi.org/10.1038/nature00858
https://doi.org/10.1038/nature00858
https://doi.org/10.3389/fbioe.2022.926642
https://doi.org/10.1016/j.bbagrm.2009.09.008
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/


fncel-17-1178504 June 20, 2023 Time: 13:31 # 13

Timmerman et al. 10.3389/fncel.2023.1178504

Suzumura, A., Sawada, M., Yamamoto, H., and Marunouchi, T. (1993).
Transforming growth factor-beta suppresses activation and proliferation of microglia
in vitro. J. Immunol. 151, 2150–2158.

Szepesi, Z., Manouchehrian, O., Bachiller, S., and Deierborg, T. (2018). Bidirectional
microglia-neuron communication in health and disease. Front. Cell Neurosci. 12:323.
doi: 10.3389/fncel.2018.00323

Tam, W. Y., Au, N. P., and Ma, C. H. (2016). The association between laminin and
microglial morphology in vitro. Sci. Rep. 6:28580. doi: 10.1038/srep28580

ten Dijke, P., Hansen, P., Iwata, K. K., Pieler, C., and Foulkes, J. G. (1988).
Identification of another member of the transforming growth factor type beta gene
family. Proc. Natl. Acad. Sci. U. S. A. 85, 4715–4719. doi: 10.1073/pnas.85.13.4715

Timmerman, R., Burm, S. M., and Bajramovic, J. J. (2021). Tissue-specific features
of microglial innate immune responses. Neurochem. Int. 142:104924. doi: 10.1016/j.
neuint.2020.104924

Timmerman, R., Zuiderwijk-Sick, E. A., Oosterhof, N. T., Jong, A. E. J., Veth,
J., Burm, S. M., et al. (2022). Transcriptome analysis reveals the contribution of
oligodendrocyte and radial glia-derived cues for maintenance of microglia identity.
Glia 70, 728–747. doi: 10.1002/glia.24136

Vanlandewijck, M., He, L., Mae, M. A., Andrae, J., Ando, K., Del Gaudio, F., et al.
(2018). A molecular atlas of cell types and zonation in the brain vasculature. Nature
554, 475–480. doi: 10.1038/nature25739

Wang, H., Bloom, O., Zhang, M., Vishnubhakat, J. M., Ombrellino, M., Che, J., et al.
(1999). HMG-1 as a late mediator of endotoxin lethality in mice. Science 285, 248–251.
doi: 10.1126/science.285.5425.248

Werkman, I. L., Dubbelaar, M. L., van der Vlies, P., de Boer-Bergsma, J. J.,
Eggen, B. J. L., and Baron, W. (2020). Transcriptional heterogeneity between
primary adult grey and white matter astrocytes underlie differences in modulation
of in vitro myelination. J. Neuroinflammation 17:373. doi: 10.1186/s12974-020-02
045-3

Wu, J., Wu, Z., He, A., Zhang, T., Zhang, P., Jin, J., et al. (2021). Genome-wide
screen and validation of microglia pro-inflammatory mediators in stroke. Aging Dis.
12, 786–800. doi: 10.14336/AD.2020.0926

Zhang, S. Z., Wang, Q. Q., Yang, Q. Q., Gu, H. Y., Yin, Y. Q., Li, Y. D., et al. (2019).
NG2 glia regulate brain innate immunity via TGF-beta2/TGFBR2 axis. BMC Med.
17:204. doi: 10.1186/s12916-019-1439-x

Zhang, Y., Sloan, S. A., Clarke, L. E., Caneda, C., Plaza, C. A., Blumenthal, P. D., et al.
(2016). Purification and characterization of progenitor and mature human astrocytes
reveals transcriptional and functional differences with mouse. Neuron 89, 37–53.
doi: 10.1016/j.neuron.2015.11.013

Zoller, T., Schneider, A., Kleimeyer, C., Masuda, T., Potru, P. S., Pfeifer, D., et al.
(2018). Silencing of TGFbeta signalling in microglia results in impaired homeostasis.
Nat. Commun. 9:4011. doi: 10.1038/s41467-018-06224-y

Frontiers in Cellular Neuroscience 13 frontiersin.org

https://doi.org/10.3389/fncel.2023.1178504
https://doi.org/10.3389/fncel.2018.00323
https://doi.org/10.1038/srep28580
https://doi.org/10.1073/pnas.85.13.4715
https://doi.org/10.1016/j.neuint.2020.104924
https://doi.org/10.1016/j.neuint.2020.104924
https://doi.org/10.1002/glia.24136
https://doi.org/10.1038/nature25739
https://doi.org/10.1126/science.285.5425.248
https://doi.org/10.1186/s12974-020-02045-3
https://doi.org/10.1186/s12974-020-02045-3
https://doi.org/10.14336/AD.2020.0926
https://doi.org/10.1186/s12916-019-1439-x
https://doi.org/10.1016/j.neuron.2015.11.013
https://doi.org/10.1038/s41467-018-06224-y
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

	In silico-in vitro modeling to uncover cues involved in establishing microglia identity: TGF-3 and laminin can drive microglia signature gene expression
	Introduction
	Materials and methods
	Animals
	Reagents
	Microglia isolation and cell culture
	Oligodendrocyte- and sphere-conditioned medium
	NicheNet and ingenuity pathway analysis
	RNA extraction and quantitative RT-PCR
	Statistics

	Results
	In silico modeling of DEGs that were upregulated in vitro predicts that HMGB2- and IL-1-associated signaling pathways are overactivated in primary microglia
	Other factors than extracellular HMGB and IL-1 are responsible for the upregulated target gene expression profile in primary microglia
	Exposure to conditioned medium of mixed glia cell spheres increased the mRNA expression levels of P2RY12 in primary microglia
	Exposure to TGF-3 increased the mRNA expression levels of the microglia signature gene TREM2 in primary microglia
	Laminin coating reduced the mRNA expression levels of matrix metalloproteinases and increased the mRNA expression levels of microglia signature genes in primary microglia

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


