Brain, Behavior, and Immunity 90 (2020) 196-207

journal homepage: www.elsevier.com/locate/ybrbi

. . . . L
Contents lists available at ScienceDirect & BEHE%%E:

and IMMUNITY

Brain, Behavior, and Immunity

A characterization of the molecular phenotype and inflammatory response = R

Check for

of schizophrenia patient-derived microglia-like cells

Paul R. Ormel™”*, Chotima Bottcher’, Frederieke A.J. Gigase®, Roy D. Missall®,
Welmoed van Zuiden®, M. Camila Fernidndez Zapatad, Dilara Ilhan”, Michelle de Goeij b
Evan Udine®, Iris E.C. Sommer’, Josef Priller”*""/ Towfique Raj°, René S. Kahn®, Elly M. Hol"",

Lot D. de Witte®"*

2 Department of Psychiatry, Icahn School of Medicine at Mount Sinai, New York, NY, USA

Y Department of Translational Neuroscience, University Medical Center Utrecht Brain Center, Utrecht University, Utrecht, The Netherlands
© Department of Psychiatry, University Medical Center Utrecht Brain Center, Utrecht University, Utrecht, The Netherlands

d Department of Neuropsychiatry and Laboratory of Molecular Psychiatry, Charité-Universitéitsmedizin Berlin, Berlin, Germany

¢ Department of Neuroscience, Icahn School of Medicine at Mount Sinai, New York, NY, USA

f Department of Neuroscience, University Medical Center Groningen, Groningen, The Netherlands

& Berlin Institute of Health, Berlin, Germany

" Deutsches Zentrum Fiir Neurodegenartive Erkrankungen (DZNE), Bonn, Germany

i Cluster of Excellence NeuroCure, Berlin, Germany

3 University of Edinburgh and UK Dementia Research Institute, Edinburgh, UK
X Department of Neuroimmunology, Netherlands Institute for Neuroscience, An Institute of the Royal Netherlands Academy of Arts and Sciences, Amsterdam, The

Netherlands

! Mental Iliness Research, Education and Clinical Center (MIRECC), James J Peters VA Medical Center, Bronx, NY, USA

ARTICLE INFO

Keywords:
Schizophrenia
Immune system
Microglia
Monocytes
Subclusters
Mass cytometry
RNA-seq

ABSTRACT

Different lines of evidence support a causal role for microglia in the pathogenesis of schizophrenia. However,
how schizophrenia patient-derived microglia are affected at the phenotypic and functional level is still largely
unknown. We used a recently described model to induce patient-derived microglia-like cells and used this to
analyze changes in the molecular phenotype and function of myeloid cells in schizophrenia. We isolated
monocytes from twenty recent-onset schizophrenia patients and twenty non-psychiatric controls. We cultured
the cells towards an induced microglia-like phenotype (iMG), analyzed the phenotype of the cells by RNA se-
quencing and mass cytometry, and their response to LPS. Mass cytometry showed a high heterogeneity of iMG in
cells derived from patients as well as controls. The prevalence of two iMG clusters was significantly higher in
schizophrenia patients (adjusted p-value < 0.001). These subsets are characterized by expression of ApoE,
Ccr2, CD18, CD44, and CD95, as well as IRF8, P2Y;, Cx3crl and HLA-DR. In addition, we found that patient-
derived iMG show an enhanced response to LPS, with increased secretion of TNF-a. Further studies are needed to
replicate these findings, to determine whether similar subclusters are present in schizophrenia patients in vivo,
and to address how these subclusters are related to the increased response to LPS, as well as other microglial
functions.

1. Introduction

neurogenesis, synaptogenesis and synaptic pruning. Since these pro-
cesses are thought to be compromised in schizophrenia (Berdenis van

Microglia are the main population of immune cells in the brain Berlekom et al., 2019; Feinberg, 1982), it is hypothesized that microglia
parenchyma and are part of the myeloid immune system. Microglia play contribute to schizophrenia pathogenesis (Tay et al., 2017). This hy-
a crucial role in initiating and controlling inflammatory responses, but pothesis is supported by two recent meta-analyses on a large number of
are also critical to several neurodevelopmental processes, such as transcriptome studies that have been performed on post mortem cerebral
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cortex lysates of schizophrenia patients and controls (Gandal et al.,
2018a,b). At the gene level, numerous well-known microglial genes
were significantly and consistently downregulated, such as CX3CR1,
IRF8, TREM2 and P2RY12. Expression of other genes, such as APOE,
was upregulated. Together, these results indicate that the phenotype of
microglia is changed in schizophrenia cerebral cortex tissue. However,
it remains unknown whether these changes reflect an intrinsic and
potentially causal dysregulation in myeloid immune cells, similar to
what has been observed for neurons using patient-derived neuron-like
cells (Hoffman et al., 2017).

The goal of this study was to increase our understanding of the
molecular phenotype and function of myeloid cells derived from schi-
zophrenia patients. We used a recently established model to culture
patient-derived microglia-like cells (iMG) in vitro (Leone et al., 2006;
Ohgidani et al., 2015; Ryan et al., 2017), with minor adaptations.
Monocytes were cultured with several factors that are also expressed in
the central nervous system (CNS) and that have shown to be crucial for
microglia development. After 10 days, the cells adopt a microglia-like
phenotype, including a ramified morphology and increased expression
of microglia markers (Leone et al., 2006; Ohgidani et al., 2015; Ryan
et al., 2017). This approach has recently been applied to investigate
microglia function in schizophrenia and revealed changes in elimina-
tion of synapses in schizophrenia-derived iMG (Sellgren et al., 2019).
An advantage of this model over iPSC-derived microglia, which more
closely resemble primary microglia at the transcriptome level (Abud
et al., 2017; Douvaras et al., 2017), is the use of short-term cultures
without reprogramming. This allows for the characterizations of the
microglia-like cells to be performed all at once and probably reduces
the pronounced batch effects previously described for iPSC-differ-
entiated neuron-like cells (Hoffman et al., 2017).

We cultured iMG from twenty recent-onset patients with schizo-
phrenia and twenty controls. The cells were analyzed using RNA se-
quencing as well as mass cytometry, a technique that can be used to
investigate differences in protein expression profiles between sub-
populations of cells (Bottcher et al., 2019). We first analyzed whether
schizophrenia-derived iMG show changes in key myeloid markers, in-
cluding the genes that were differentially expressed in post mortem brain
tissue (Gandal et al., 2018a,b). We subsequently performed a hypoth-
esis-free analysis to explore alterations in gene and single-cell protein
expression, as well as their response to the inflammatory trigger LPS.

2. Methods
2.1. Blood samples

Patients with a recent-onset psychotic disorder and controls were
recruited into the tissue bank of the University Medical Center (UMC)
Utrecht. Blood samples were collected between 2014 and 2018 as part
of the CONTROLS study and as part of the baseline assessment of a
randomized controlled trial consisting of placebo-simvastatin adminis-
tration to study the treatment effect of simvastatin in schizophrenia
(Begemann et al., 2015). Inclusion criteria of the simvastatin study
were: recent-onset of psychotic symptoms (< 3 years), diagnosis of a
schizophrenia-spectrum disorder (DSM-IV 295.xx), age between 18 and
50 years. Exclusion criteria were: chronic use of glucocorticosteroids,
statins, other lipid-lowering drugs, or non-steroidal anti-inflammatory
drugs (NSAIDs), pregnancy or breastfeeding, active liver, kidney, or
muscle disease. Healthy controls were recruited via advertisements on
notice boards, newspapers and on social media. Inclusion criterion for
the CONTROLS study was an age between 18 and 70 years, exclusion
criteria were a psychiatric illness as determined with the Comprehen-
sive Assessment of Symptoms and History (CASH) (Andreasen et al.,
1992), a family history of psychiatric illness, chronic use of gluco-
corticosteroids, statins, other lipid-lowering drugs, or NSAIDs, preg-
nancy or breastfeeding, presence of diabetes mellitus or severe heart
failure and liver enzyme-inducing medication. All subjects provided
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Table 1
Demographics of included donors.

Controls SCZ patients
N 20 20
Sex (female/male) 4/16 4/16
Age (mean = STDEV) 25 + 6 23 + 4
BMI (mean = STDEV) 25 £ 5 25 + 4
RIN (mean * STDEV) 9.0 £ 0.2 87 = 1.4
Antipsychotic use (N) 0 18
hs-CRP (median + IQR) 1.95 (1-2.8) 2.15 (1-2.68)

BMI = body mass index; RIN = RNA integrity number; hs-CRP = high sen-
sitivity.
C-reactive protein; STDEV = standard deviation; IQR = interquartile range.

written informed consent for participation. The blood samples were
collected in sodium-heparin tubes from which peripheral blood mono-
nuclear cells (PBMCs) were enriched using a ficoll-Paque centrifugation
protocol by the tissue bank within 24 h after blood withdrawal. The
cells were subsequently frozen in 10% DMSO and stored in liquid ni-
trogen. For the current study, we matched twenty schizophrenia pa-
tients with twenty subjects from the CONTROLS study based on age,
BM]I, and sex. Demographics are shown in Table 1 and in more detail in
Supplementary Table 1.

2.2. Monocyte isolation and monocyte-derived microglia-like cell (iMG)
differentiation

A vial with 10 million PBMCs was thawed and washed in monocyte
culture medium without serum (RPMI 1640 (Life technologies,
21875034), 2 mM L- glutamine, 100 U/mL penicillin and 100 pug/mL
streptomycin (BioWhittaker, Belgium)). The cells were seeded at a
density of 1*10° cells/well in poly-L lysine hydrobromide (PLL)-coated
48-well flat-bottom plates at 37 °C in 5% CO,, for 2 h (h). Non-adhering
cells (mostly lymphocytes) were removed by washing the wells with
PBS (pH 7.4 Gibco Life technologies, MA). Monocyte culture medium
+25% astrocyte-conditioned medium (ACM) (SCC1811, ScienCell,
USA) was added to the wells and cells were cultured at 37 °C in 5% CO».
On the fourth and eighth day of culture, cells were washed again and
medium was replaced with monocyte-derived microglia (iMG) medium
(RPMI 1640, 2 mM L- glutamine, 100 U/mL penicillin, 100 pg/mL
streptomycin, 25% ACM, 10 ng/ml M — CSF, 10 ng/ml GM-CSF, 20 ng/
ml TGFP, 12.5 ng/ml IFNy, and 100 ng/ml IL34 (all cytokines from
Miltenyi Biotech, Germany)). This approach was based on a number of
published protocols to generate microglia-like cells from monocytes to
investigate disease-related microglia phenotypes, including schizo-
phrenia (Etemad et al., 2012; Leone et al., 2006; Ohgidani et al., 2015;
Ryan et al., 2017; Sellgren et al., 2019). These protocols apply different
combinations of factors to differentiate monocytes towards microglia.
This includes astrocyte-conditioned medium (Leone et al., 2006), or an
extracellular matrix (Sellgren et al., 2019), as well as combinations with
IL34, GM-CSF, M — CSF and other soluble factors important to microglia
development (Etemad et al., 2012; Ohgidani et al., 2015; Ryan et al.,
2017). We optimized our protocol based on the expression of TREM2,
TYROBP and PROS1. The iMG cultures of 20 patients and 20 controls
were performed all in one batch. To compare the phenotype of the cells
with monocytes, we isolated these cells as described by us before
(Ormel et al., 2017). Monocytes were positively selected from PBMCs
by CD14" magnetic associated cell sorting (MACs) according to man-
ufacturer's protocol (Miltenyi, Germany, 130-050-201). The cells were
subsequently collected in fixation/stabilization buffer (SmartTube,
USA, PROT1), or Trizol reagent (Life Technologies, 15596018) for
subsequent protein or RNA purification, respectively.
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2.3. Human microglia isolation

To characterize the phenotype of iMG we compared the tran-
scriptome of the cells with monocytes and microglia isolated from post
mortem brain tissue. Fresh post mortem brain tissue needed for the mi-
croglia samples was provided by the Netherlands Brain Bank
(www.hersenbank.nl). All donors provided written consent during life.
The tissue bank protocols and our study design were approved by the
human ethics committee of the UMC Utrecht. Microglia were isolated as
described by us before (Sneeboer et al., 2019). Human microglia (MG)
were enriched from superior temporal gyrus (STG, n = 13) and medial
frontal gyrus (MFG, n = 19) 2 to 24 h after autopsy. It was a mixed
cohort of non-psychiatric controls (n = 17) and patients with different
psychiatric disorders, but not schizophrenia (n 15). The cohort
consisted of 13 males and 19 females with an average age of 68.5
( = 20.4) years. By using mechanical dissociation together with enzy-
matic digestion (200 pg/mL DNAse 1 (Roche Diagnostics,
11284932001) and 3700 U/mL collagenase type 1 (Worthington, USA,
LS004196)) a single-cell suspension was obtained. Myelin and red
blood cells were removed by applying a Percoll (Amersham, Merck,
Germany, 17-0891-01) gradient. Microglia were enriched by positive
selection for CD11b expression by performing CD11b* (Miltenyi, USA,
130-049-601) MACs. The isolated cells were collected in Trizol reagent
for subsequent RNA isolation.

2.4. RNA isolation, library preparation, and sequencing

RNA trizol samples were processed with the miRNeasy mini kit
(Qiagen, The Netherlands, 217004) using manufacturer's protocol in-
cluding the DNAse step (Qiagen, The Netherlands, 79254). The RNA
concentration was determined using a VarioSkan Flash microplate
reader (Thermo Scientific, MA). RNA integrity number (RIN) was as-
sessed using the RNA 6000 Pico kit (Agilent Technology, USA, 5067-
1513) and Agilent 2100 bioanalyzer according to manufacturer's pro-
tocol. cDNA synthesis and library preparation were performed with the
SMART-Seq® v4 Ultra® Low Input RNA Kit (Takara Bio, USA, Inc.,
R634891, R634898, R638509) and the SMARTer® ThruPLEX® DNA-seq
Kit (Takara Bio, USA, Inc., R400407) / Low Input Library Prep Kit v2
(Takara Bio, USA, Inc., 634899), respectively. Both according to man-
ufacturer's protocol with an input of 5 ng RNA per sample. Shearing was
performed using a Covaris AFA system and SPRI reagent (Beckman
Coulter, USA) was subsequently used for the size selection of the
fragmented cDNA (~500 bp per strand). Quantity and quality of the
libraries were analyzed using the bioanalyzer. Three iMG and one
monocyte did not pass this QC step and were excluded for further
analyses. Samples were divided over several batches based on the
sample molarity and pooled for sequencing on an illumina platform
(illumina, USA).

2.5. RNAseq analysis

RNAseq reads were aligned along the GRCh38/hg38 reference
genome via STAR aligner (Dobin et al., 2013) version 2.5 and genes
were quantified using featureCounts (Liao et al., 2014). RNAseQC
(Deluca et al., 2012) was used to calculate QC metrics using Rstudio (R
version 3.5.3) and included: exonic rate, intergenic rate, mapped reads,
rRNA rate, genes detected, and mean per base coverage. Principal
component analyses and the variancePartition (Hoffman and Schadt,
2016) package (version 1.12.3) were used to detect potential outliers
and to investigate potential confounders. All samples passed these QC
steps and were included in subsequent analyses. Raw gene counts and
transcript counts were normalized and differential expression was cal-
culated with DESeq2 software (version 1.22.2) with an FDR < 0.05.
Genes expressed in < 30% of the samples were excluded from analyses
by using the cpm function of the edgeR package (version 3.24.3). The
variance partition analysis revealed that gene expression was affected
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by batch, sex, and RIN values. We therefore corrected for these cov-
ariates whenever applicable in the analyses. The pheatmap package
(version 1.0.12), visualizing differentially expressed genes (DGEs) with
FDR < 0.05 was used to generate heatmaps of DGEs and expression of
a microglia gene panel for characterization of the iMG model and to
compare differences between patients and controls.

This microglia gene panel (Supplementary Table 3) was based on
microglial signature genes (Patir et al., 2019) that were also differen-
tially expressed in schizophrenia post mortem brain tissue (Gandal et al.,
2018c). When comparing monocytes and iMG samples from the same
individuals we used paired analyses based on subject ID. Gene ontology
pathway analyses were performed with the GSEA online available tool
of the BROAD institute (http://software.broadinstitute.org/gsea/index.
jsp). Overlaps were computed using BioCarta gene sets, KEGG gene sets,
and GO biological process. Plots were generated using enhanced vol-
cano (version 1.1.3), ggplot2 (version 3.1.1.), and RColorBrewer (ver-
sion 1.1.2).

2.6. Preparing samples for mass cytometry

Monocytes and iMG were fixed, stored, barcoded and stained for
mass cytometry (CyTOF) as described by us before (Bottcher et al.,
2019). Cells were collected in a 1.5 mL low binding Eppendorf (Sigma-
Aldrich, The Netherlands, Z666505). They were fixed as a cell pellet in
fixation/stabilization buffer (SmartTube, USA, PROT1) and stored at
—80 °C until further use. Individual monocyte samples were thawed
and stained with 89Y-CD45 (Fluidigm, USA, 3089003B) at 4 °C for
30 min. Cells were washed and monocytes and iMG from the same
individual were pooled. Individual monocyte-iMG pooled samples were
stained with premade combinations of six different palladium isotopes:
102pq, 104pq, 195pq, 196pq, 108pq & 10p(d (Cell-ID 20-plex Pd Barcoding
Kit, Fluidigm, USA, 201060). This multiplexing kit applies a 6-choose-3
barcoding scheme that results in 20 different combinations of three Pd
isotopes. After 30 min staining (at room temperature/RT), individual
samples were washed twice with cell staining buffer (0.5% bovine
serum albumin in PBS, containing 2 mM EDTA). A total of 40 samples
were pooled together, washed and further stained with antibodies in
two separate batches. Anti-human antibodies were purchased either
preconjugated to metal isotopes (Fluidigm, USA) or from commercial
suppliers in purified form and conjugated in house using the MaxPar X8
kit (Fluidigm, USA, 201300) according to the manufacturer’s protocol.
Cells were re-suspended in 100 pL of antibody cocktail against surface
markers (Supplementary Table 2) and incubated at 4 °C for 30 min.
Then, cells were washed twice with cell staining buffer (0.5% bovine
serum albumin in PBS, containing 2 mM EDTA). For intracellular
staining, the stained cells were subsequently incubated in fixation/
permeabilization buffer (Fix/Perm Buffer, eBioscience, USA, 88-8824-
00) at 4 °C for 60 min. Cells were then washed twice with permeabi-
lization buffer (eBioscience, USA, 00-8333-56). The samples were
subsequently stained with antibody cocktails against intracellular mo-
lecules (Supplementary Table 2) in permeabilization buffer at 4 °C for
1 h. Cells were washed twice with permeabilization buffer and in-
cubated in 4% methanol-free formaldehyde solution (Invitrogen, USA,
R37814) overnight. Fixed cells were then washed and re-suspended in
1 mL iridium intercalator solution (Fluidigm, USA, 201192B) at RT for
1 h. Next, the samples were washed twice with cell staining buffer and
then twice with ddH20 (Fluidigm, USA, 201069). Cells were pelleted
and kept at 4 °C until CyTOF measurement. For compensating the
CyTOF signal spillover, AbC total antibody compensation beads (In-
vitrogen, USA, A10513) were single stained with each of the antibodies
used in the panel (Supplementary Table 2) according to manufacturer’s
instructions.

2.7. CyTOF measurement

Cells were analyzed using a CyTOF2 wupgraded to Helios
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specifications, with software version 6.7.1014 (Bottcher et al., 2019).
The instrument was tuned according to the manufacturer’s instructions
with tuning solution (Fluidigm, USA, 201072). Measurement of EQ four
element calibration beads (Fluidigm, USA, 201078) containing 140/
142Ce, 151/153Eu, 165Ho, and 175/176Lu served as a quality control
for sensitivity and recovery. Prior to analysis, cells were re-suspended
in filtered ddH20 (20 pum Celltrix, Sysmex), counted, and adjusted to
3-5%10° cells/mL. EQ four element calibration beads were added at a
final concentration of 1:10 v/v of the sample volume to be able to
normalize the data to compensate for signal drift and day-to-day
changes in instrument sensitivity. Samples were acquired with a flow
rate of 300-400 events/second. Lower convolution threshold was set to
400, with noise reduction mode turned on and cell definition para-
meters set at event duration of 10-150 pushes (push = 13 ps). The
resulting flow cytometry standard (FCS) files were normalized and
randomized using the CyTOF software's internal FCS-Processing module
on the non-randomized (‘original') data. Settings were used according to
the default settings in the software with time interval normalization
(100 s/minimum of 50 beads) and passport version 2. Intervals with
less than 50 beads per 100 s were excluded from the resulting FCS-file.

2.8. CyTOF data processing and analysis

Similar as in our previous study (Bottcher et al., 2019), we used
Cytobank (www.cytobank.org) for initial manual gating on live single
cells and boolean gating for de-barcoding. Nucleated single intact cells
were manually gated according to DNA intercalators '*'Ir/**Ir signals
and event length. For de-barcoding, Boolean gating was used to de-
convolute individual sample according to the barcode combination. All
de-barcoded samples were then exported as individual FCS files for
further analysis. Each FCS file was then compensated for signal spil-
lover using R package CATALYST (Chevrier et al. 2018) and trans-
formed with arcsinh transformation (scale factor 5) prior to data ana-
lysis. Immune phenotypes of monocytes and iMG were visualized using
reduced-dimensional (2D) t-SNE maps generated according to the ex-
pression level of all markers used in the antibody panel. For embedding,
we set hyperparameters to perplexity of 30, theta of 0.5, and iterations
of 1,000 per 100,000 analysed cells). FCS files containing the t-SNE
coordination as additional two parameters were exported from Cyto-
bank for downstream exploratory and statistical analyses using R, as
previously described (Bottcher et al., 2019; Nowicka et al., 2017). For
population identification, FlowSOM/Consensus ClusterPlus (Chevrier
et al., 2018; Nowicka et al., 2017; Van Gassen et al., 2015) clustering
was used with 100 initial SOM-grid points and maxim of 25 meta-
clusters. Based on visual inspection of t-SNE plots and heat maps, a final
number of meta-clusters was chosen that divided clusters into popula-
tions with consistent phenotypes. We followed the concept of over-
clustering, in order to study more specific populations at higher detail
(Nowicka et al., 2017). The number of defined clusters may not solely
represent biologically functional subsets in monocytes or iMG, but it
should rather be interpreted as an exploratory tool for discovery of the
differential abundance of small cell populations between the two stu-
died groups (i.e. control vs patient).

2.9. LPS response

On day ten of differentiation we exposed iMG to 100 ng/mL lipo-
polysaccharide (LPS) derived from Escherichia coli (SigmaAldrich, USA,
0111:B4). After 6 h we harvested the cell culture supernatants as well as
the cells that were lysed in Trizol reagent. The iMG stimulations of 20
patients and 20 controls were performed all in one batch. LPS stimu-
lation of myeloid cells is known to induce expression of the cytokines
IL1-beta, IL-6 and TNF-a. mRNA expression of IL1B, IL6 and TNF was
analyzed by quantitative PCR as described by us before (Ormel et al.,
2017). Cytokine concentrations in the culture supernatants were de-
termined by the human IL-6 and TNF-a ELISA kits of Invitrogen,
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according to the manufacturers protocol.
2.10. Phagocytosis assay

FluoSphere® Carboxylate-Modified Microspheres (2 pum, yellow-
green fluorescent (505/515), 2% solids, ThermoFisher, F8827) were
covalently coupled to human iC3b protein (Merck Millipore, 204863)
according to manufacturer's protocol and as described by us before
(Ormel et al., 2018). iMG were cultured with iC3b-coated or non-coated
beads at a density of 3 beads/cell at 37 °C. After one hour, cells were
washed three times with cold PBS to remove excess beads. Cells were
subsequently detached by Trypsin 1X (10X, 15090, Thermofisher Sci-
entific, USA) and EDTA (1:1000) (0.5 M, pH 8.0) for 6 min at 37 °C and
collected with a cell scraper and analyzed by flow cytometry. Viable
cells were selected by using forward and sideward scatterplots, and
cells that phagocytized beads were gated and quantified by the FSC and
the FL1 channel. To analyze the impact of microglial activation on
phagocytosis capacity, the cells were stimulated with LPS 24 h prior to
the phagocytosis assay.

2.11. Immunocytochemistry and microscopy

Monocytes were plated on PLL-coated coverslips in a 24-well flat-
bottom plate. On day ten of differentiation, iMG were washed, fixed
with 4% PFA, and immunostained for IBA1 (rabbit, Wako, 019-19741),
and CD68 (mouse, Invitrogen, MA5-13324). After incubation with the
secondary antibodies (donkey anti-rabbit, Alexa555, Abcam, 150074);
donkey anti-mouse (Delight488, ThermoFisher, A21202)) and nuclear
staining (hoechst, ThermoFisher, H3569), immunostainings were im-
aged with Zeiss Axio- Scope Al.

2.12. Statistics

Differential gene statistical analyses were performed in R (version
3.5.3) (CRAN: https://www.r-project.org) using a p-value adjustment
(padj) to account for multiple testing with the Benjamini-Hochberg
procedure. For the CyTOF analyses, data processing and analysis, as
well as statistical testing were carried out in an unsupervised manner,
to exclude the possibility of biased readouts. Analyses of statistical
significance were performed by computational analysis using general-
ized linear mixed-effects model (GLMM) available through R package
diffcyt and false discovery rate (FDR) adjustment (at 0.1 using
Benjamini-Hochberg procedure) for multiple hypothesis testing. A p-
value < 0.05 (unadjusted) at 0.1 FDR was considered statistically
significant. Case-control differences for the response of iMG to LPS were
analyzed with a Mann-Whitney U test, as data were not normally dis-
tributed. A p-value < 0.05 was considered statistically significant.

3. Results

3.1. Characterization of the monocyte-derived microglia-like cells (iMG)
model.

Culturing monocytes for 10 days with a combination of factors
important for microglia development induced a microglia-like ramified
morphology and expression of microglia-markers CD68 and IBA1l
(Fig. 1A, B). These iMG had a distinct protein expression profile com-
pared to monocytes as shown by a separate clustering by single-cell
mass cytometry (Fig. 1C), with heterogeneous expression of HLA-DR,
IRF8 and CD95 (Supplementary Fig. 1A). Similar to microglia, ApoE
was higher expressed in iMG than in monocytes (Fig. 1D,E). Most other
proteins in our CyTOF panel had lower expression in iMG
(Supplementary Fig. 1B). This was true for markers that are higher
expressed in monocytes in vivo, such as CCR2 and CD36, but also for
markers that have higher expression in acutely isolated microglia
compared to monocytes, including P2Y;, (Fig. 1D, E; Supplementary
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Fig. 1. Characterization of monocyte-derived microglia-like cells (iMG). A) Representative images of morphological transformation during differentiation of
monocytes into monocyte-derived microglia-like cells (iMG). B) CD68 and IBA1 immunostainings of iMG together with a nuclear staining (hoechst). Scale bar is
40 pum. C) Representative reduced-dimensional single-cell t-SNE maps of a paired iMG (blue) and monocyte sample (orange). Each dot represents one cell. The 2D t-
SNE maps were generated based on expression levels of all analyzed markers. D) t-SNE plots show expression levels of markers in iMG (top) and monocytes (bottom).
The color spectrum represents individual marker-expression levels (red, high expression; dark blue, low expression). E) Dotplots of P2Y;, and ApoE expression of all
monocyte and iMG samples as determined by mass cytometry. F) Dotplots of expression of microglia genes depicting vst log transformed counts between monocytes
(Mono), iMG, and human primary microglia (MG) isolated from post mortem brain material. G) Principal component analysis (PCA) on vst log transformed counts of
our monocytes (Monol), iMG, primary human microglia (MG1) isolated and sequenced in our lab, as well as transcriptome data of Gosselin et al. (2017) on
monocytes (Mono2), human MG (MG2), and human MG that have been in culture for 7 till 10 days (MG2, cultured). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Gene expression analysis of iMG of schizophrenia patients compared to controls. iMG were generated from monocytes isolated from twenty patients with
schizophrenia and twenty controls and RNA sequencing was performed to analyze changes in gene expression. Significance was determined using DESeq2 with a p-
value adjustment (padj) to account for multiple testing with the Benjamini-Hochberg procedure. A) Heatmap representation of unsupervised clustered expression of
vst log transformed counts of a panel of microglia signature genes. The medians per gene of patients and controls were used for the heatmap. B) Dotplots depicting
expression levels of CSFIR, CX3CR1, IRF8, TREM2, and APOE. C) PCA on vst log transformed counts of genes. D) Volcano plots showing differential gene expression
(DGE) between samples from patients and controls. E) Dotplots depicting expression levels of C1QA, C1QB, C1QC, C3, C4A and C4B.

Fig. 1B). Whole transcriptome analysis showed a distinct transcriptome
profile of iMG compared to monocytes with 21,630 differentially ex-
pressed genes (DGE) with an FDR < 0.05 and an upregulation of ly-
sosomal and complement pathways in iMG (Supplementary Fig. 2A, B).
To further characterize the iMG phenotype, we also compared gene
expression data of primary human microglia (MG). Expression levels of
several well-known microglia genes, such as APOE, TREM2, C1QA-C,
IRF8 and P2RX7 were similar between iMG and primary MG. However,
other microglial markers, including P2RY12, were not upregulated in
iMG compared to monocytes (Fig. 1E, F). Comparative analyses in-
cluding transcriptome data from a previous study (Gosselin et al., 2017)
showed that primary microglia that were cultured for 7-10 days (MG2
cultured) clustered more closely to iMG in a PCA than our (Mono1l) and
their monocytes (Mono2), and our and their primary microglia acutely
harvested (MG2) (Fig. 1G). Unsupervised clustering based on expres-
sion of a microglia-related gene panel showed that MG2 (cultured)

clustered with iMG before clustering with other cell types
(Supplementary Fig. 2C). At the functional level, lipopolysaccharide
(LPS) exposure of iMG resulted, as expected, in immune activation
(Supplementary Fig. 3A-C). In addition, the cells mediate phagocytosis
of fluorescent beads and this is increased when the beads are coated
with the complement component iC3b and after the cells have been
stimulated with LPS (Supplementary Fig. 4A-D)

3.2. Gene expression analysis of iMG derived from monocytes of patients
and controls.

We first analyzed whether iMG derived from schizophrenia patients
show changes in the expression of a panel of microglia signature genes
(Patir et al., 2019), which are differentially expressed in schizophrenia-
derived bulk post mortem brain tissue (Gandal et al., 2018b). iMG,
cultured from twenty patients and twenty controls (Table 1), did not
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Fig. 3. Protein expression of iMG compared between patients and controls. iMG were generated from monocytes isolated from twenty patients with schizophrenia
and twenty controls and analyzed by mass cytometry to analyze changes in a panel of 36 proteins. Boxplots show mean and standard deviation of protein expression

levels. Asterisk indicates differentially expressed protein (padj < 0.05).

show differential expression of any genes in this panel, including,
CSFIR, CX3CR1, IRF8, APOE and TREM2 (Fig. 2A-B). We continued
with a hypothesis-free approach and analyzed differential gene ex-
pression (DGE) between iMG derived from patients and controls. A
principle component analysis (PCA) did not separate patients from
controls (Fig. 2C), and we did not detect any differentially expressed
genes (Fig. 2D; extended data file). This includes the C1Q, C3 and C4
complement genes, that are involved in mediating synaptic pruning by
microglia (Stevens et al., 2007), a process that has been associated with
schizophrenia through genetic studies (Sekar et al., 2016)
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3.3. Protein expression analysis

Next, we compared expression of a panel of 36 proteins in the iMG
samples between cases and controls. Expression of CD44 was sig-
nificantly downregulated (Fig. 3). None of the other proteins was dif-
ferentially expressed. We subsequently analyzed whether we observed
differences in the frequencies of clusters of iMGs between patients and
controls. Clustering analysis of iMG recognized 15 clusters (Fig. 4A, B).
Clusters #6 and #15 had a significantly higher abundance in patients
with schizophrenia (Fig. 4C-D, padj < 0.001). These clusters expressed
higher levels of ApoE, Ccr2, CD18, CD44, and CD95 compared to other
clusters (Fig. 4E). Furthermore, cluster #6 (cl-6) expressed higher levels
of human microglia/macrophage markers such as CD11b, CD115,
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Fig. 4. Differential abundances of iMG cell subsets in patients with schizophrenia. iMG were generated from monocytes isolated from 20 patients with schizophrenia
and 20 controls and analyzed by mass cytometry. A) t-SNE map of concatenated FCS files from all 40 iMG samples. The coloring indicates fifteen defined clusters of
iMG; B) Heat map and cluster analysis of all samples demonstrating the phenotypes of all 15 defined clusters on the basis of the mean expression levels of 36 markers
used for the cluster analysis. Identified clusters are indicated by dendrograms. Heat colors show overall marker expression levels (red, high expression; dark blue, no
expression). C) Boxplots showing frequencies of each defined clusters in patients versus controls; D) t-SNE maps showing the differentially abundant cluster #6 (light
green) and abundant cluster #15 (merlot). Dotplot (lower panel) depicting differences in frequency (%) of the two differentially abundant clusters (#6 and #15)
between control individuals (control, white dots) and patients with schizophrenia (patient, black dots) Asterisk indicates differentially expressed protein (*** =
padj < 0.001).; E) Boxplots of mean and standard deviation of protein expression for randomly selected cells in the cluster 6 (green, n = 256), 15 (merlot, n = 256)
and all other clusters (grey, n = 256). All twenty-six markers were statistically detected as markers defining the differentially abundant cluster 6 and 15. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

CD11c, CD172a, CD64, CD68, Cx3crl, HLA-DR, IRF-8, P2Y;,, and TGF-
B1, whereas expression of CD45 and CD47 were lower than in other
clusters. Next, we analyzed whether similar changes were detected also
in undifferentiated monocytes. We found a high homogeneity in single-
cell monocyte phenotype (Supplementary Fig. 5A), and no differences
in cellular heterogeneity (i.e. cluster distribution) between patients and
controls (Supplementary Fig. 5B).

3.4. Inflammatory responses

To assess the inflammatory response of iMG, we analyzed the re-
sponse of the cells to stimulation with lipopolysaccharide (LPS) for six
hours. LPS is known to induce a robust upregulation of expression of
pro-inflammatory cytokines, such as IL1-beta, IL-6 and TNF-a. mRNA
expression of these cytokines at baseline showed a trend towards up-
regulation, but this was not significant (IL1B U 153, p-value 0.21; IL6 U
127, p-value 0.13; TNF U 141, p-value 0.17) (Fig. 5A). Stimulation of
the cells with LPS resulted in a strong upregulation of expression of
these genes (Fig. 5B). Expression after stimulation showed the same
trend towards upregulation in schizophrenia patients, but again not
significant (IL1B U 148, p-value 0.67; IL6 U 125, p-value 0.17; TNF U
121, p-value 0.13) (Fig. 5C). Stimulation also resulted in the upregu-
lation of IL-6 and TNF-a protein secretion (Fig. 5D). TNF-a protein
secretion was significantly higher in patients (U 117.5, p-value 0.043),
IL-6 showed the same trend, but results were not significant (U 136, p-
value 0.13).

4. Discussion

The goal of this study was to increase our understanding of the
phenotype and function of microglia in schizophrenia. At the tran-
scriptome level we did not find differences between iMG from patients
and controls. This includes inflammatory genes, complement or pha-
gocytosis-related genes, as well as microglial signature genes (Patir
et al., 2019) that are differentially expressed in brain tissue of schizo-
phrenia patients (Gandal et al., 2018b). These data suggest that the
changes observed in expression of microglial genes in bulk post mortem
tissue are caused by specific changes in schizophrenia brain tissue ra-
ther than endogenous, potentially genetic, alterations in all myeloid
cells. This is in accordance with the limited number of genetic risk
variants for schizophrenia that can be related to immune- and specifi-
cally microglial pathways (Skene et al., 2018; van Mierlo et al., 2020).
Furthermore, we did not find changes in complement genes, which
could be involved in the functional phenotype recently described in
monocyte-derived microglia of schizophrenia patients (Sellgren et al.,
2019).

To study more specific subpopulations at higher detail, we took
advantages of unbiased algorithm-based analyses, which allowed an
investigation of rare cell populations. Specifically, we followed the
concept of over-clustering for second-level meta-clustering of iMG. The
number of defined clusters may not solely represent biologically func-
tional subsets in each cell population, but it should rather be inter-
preted as an exploratory tool for discovery of differential abundances of
small cell populations between the two studied groups. We were able to
distinguish various iMG subpopulations using a panel of 36 myeloid
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proteins. Two of the smaller subpopulations identified with this method
were unique to iMG derived from patients with schizophrenia. These
clusters showed increased expression of key microglia proteins, such as
Cx3crl, IRF-8, ApoE and P2Y;,, but also higher expression of other
markers such as CD18, CD44, Ccr2, CD18 and CD95. It is important to
note that a high expression of CD18, CD44, Ccr2 and Cx3crl has also
been described for bone-marrow derived CD14*CD16* monocytes
(Mandl et al., 2014). However, in undifferentiated monocytes we did
not detect similar changes in subclusters of cells. These data suggest
that there may be differences in regulatory pathways important for
myeloid cell survival, differentiation and potentially microglia devel-
opment in schizophrenia. Whether a unique microglia population is
also present in schizophrenia brain tissue or whether our findings re-
flect an artefact of our differentiation protocol requires further in-
vestigation, such as single-cell/nuclei RNAseq on whole brain tissue
from patients with schizophrenia. In addition, it will be interesting to
determine whether similar subclusters of microglia are detected in
animal models of schizophrenia, such as the Maternal Immune Acti-
vation (MIA) model, where phenotypic changes of microglia are con-
sistently found (Mattei et al., 2017).

Our analysis of the inflammatory response of iMG suggests a
stronger response of the cells to the TLR-4/CD14 ligand LPS in schi-
zophrenia patients, which was most apparent for the secretion of TNF-a
protein. Increased levels of peripheral TNF-a and IL-6 have been re-
petitively found for schizophrenia (Hoseth et al., 2017; Upthegrove
et al., 2014). LPS-activated monocytes from schizophrenia were found
to express increased TNF-a in a previous study (Kowalski et al., 2001),
but not by a more recent study (Krause et al., 2012). Our results in iMG
are suggestive of an enhanced response of microglia to inflammatory
triggers in schizophrenia. Cytokines, such as TNF-a and IL-6, play an
important role in the cross-talk between microglia and neurons. This
cross-talk has been shown to be crucial for the regulation of several
neurodevelopmental and physiological neuronal processes, such as
neurogenesis, synaptogenesis, synaptic pruning, synaptic scaling and
neurotransmission (Lewitus et al., 2016; Stellwagen and Malenka,
2006; Werneburg et al., 2017). A dysregulation of the production of
these cytokines may therefore affect these neurodevelopmental pro-
cesses which are thought to be involved in schizophrenia pathogenesis.

In addition to our case-control comparison, we provided an in-depth
characterization of the iMG model. As previously reported, we showed
that iMG have a microglia-like morphology and perform key myeloid
functions, including inflammatory responses and phagocytosis.
Monocytes and iMG have a distinct mRNA and protein expression
profile. Expression of some markers resembles the levels in primary
microglia, such as C1QA-C and APOE. This indicates that our ‘artificial
CNS environment’ provided cues important for inducing the microglia-
like phenotype. However, we also show that this was not the case for
markers such as P2Y;,. Many of the genes that were downregulated in
iMG compared to primary microglia, are also downregulated when
primary microglia are cultured after isolation from brain tissue
(Gosselin et al., 2017). To fully mimic a microglia cell, iMG are likely
dependent on direct contact with neurons and other brain cell types and
the result of the distinct early hematopoietic development described for
primary microglia (Ginhoux et al., 2010).

The strengths of this study are the in-depth profiling of myeloid cells



P.R. Ormel, et al.

A

IL1B mRNA expression

IL1B mRNA expression IL1B mRNA expression

IL-6secretion (pg/mL)

IL-6 secretion (pg/mL)

IL1B baseline expression

1000
(1]
0,00 L D9
100+ 05 oS b e
o o*
104 oo °
o L]
1 °
[ ]
0.1 T T
Controls Patients
LPS response (/L1B)
1000000
100000
10000
1000
100
10
1_
0.1 T T
Unstimulated LPS-stimulated
IL1B after LPS
1000000
o
a o ®ec0e0
100000 093 . .
10000+
OO -1
8 o0Oo0 ° ..~.
1000 %0, o
100 T T
Controls Patients
LPS response (IL-6)
100000
10000
1000
100
10 T T
Unstimulated LPS-stimulated
IL-6 protein after LPS
15000
L]
10000 0©° 0
o )
5000 ®0o000 """:T
-
0 o8 (ID 8 o ® T Iy
Controls Patients

IL6 mRNA expression

IL6 mRNA expression

IL6 mRNA expression

TNF-alpha secretion (pg/mL)

TNF-alpha

100
| 0%o ®ee
10 o6 o O
8 o
o8O0 °s,.°
1 o © o .o
L[]
o
0.1 8 o
0.01 T T
Controls Patients
LPS response (/L6)
10000
1000+
100-{
10
1_
0.1
0.01 T T
Unstimulated LPS-stimulated
IL6 after LPS
10000~
1000 ° ®
00g0 oo..o..
o — e
50T ® .
100+ 00000 O,
10 T T
Controls Patients
LPS response (TNF-a)
100000
10000
1000
100
10 T T
Unstimulated LPS-stimulated
TNF-a secretion after LPS
200007 .
= —
£ 150004 ®
g °
< og® I
S 10000 ° o ®
= o o o ®
5 0% —_—
S 5000 S ®e
@ —— o8 : °
o 00090,0, R
T T
Controls Patients

IL6 baseline expression

TNF mRNA expression

TNF mRNA expression

TNF mRNA expression

Brain, Behavior, and Immunity 90 (2020) 196-207

TNF baseline expression

100
o
104 88 .,
0q%e
ooo -'-"ﬁ:-r
)
060000 0’.
1 . ?
Controls Patients
LPS response (TNF)
10000
1000+
100
10
1 T
Unstimulated LPS-stimulated
TNF after LPS
10000+
1000 °
o
%o
o
100 00°
0
°%o,
10 : :
Controls Patients

(caption on next page)



P.R. Ormel, et al.

Brain, Behavior, and Immunity 90 (2020) 196-207

Fig. 5. Comparison of the LPS response of iMG between patients and controls. iMG were stimulated with lipopolysaccharide (LPS) for 6 h. mRNA expression of IL1B,
IL6 and TNF was measured by quantitative PCR (qQPCR). A) shows the expression of unstimulated samples; B) the change in expression after LPS stimulation and C)
the expression of the LPS-stimulated samples of patients and controls. Every dot represents one donor and the line shows the median. Cytokine secretion of IL6 and
TNF-o was measured by ELISA on the culture supernatants. D) shows the IL-6 and TNF-a response of iMG to LPS and E) the levels of these cytokines in in LPS-
stimulated iMG of patients and controls. Every dot represents one donor and the median is depicted. Case-control differences in A, B, C and E were determined with a

Mann-Whitney U test. * = p-value < 0.05.

from patients with recent-onset schizophrenia and well-matched con-
trols; and the combination of a hypothesis-driven as well as unbiased
analysis of the data. By applying mass cytometry, we were also able to
investigate changes in subclusters of iMG that were undetectable at the
level of bulk protein analysis. The current study also has limitations.
First, taking into account the heterogeneity of schizophrenia, a larger
cohort would have provided more power to detect smaller effect sizes
or changes in subgroups of patients. Secondly, although we were able to
induce microglia-like features, monocytes are not the natural progeni-
tors of in vivo microglia and the cells therefore still lack part of the
microglia phenotype, which we have characterized in this paper. Lastly,
although we matched the groups and regressed out effects caused by
sex, BMI, and technical covariates, we were unable to control for every
potential confounder, such as coffee, smoking and antipsychotic use.
Several lines of evidence indicate that antipsychotics may have an
impact on myeloid cells, possibly with reduction of inflammatory ca-
pacities (Baumeister et al., 2016; Cotel et al., 2015; Kato et al., 2011).
Since 18/20 patients in our study used medication at the time of
monocyte isolation, we checked the expression of IL1B, IL6 and TNF in
undifferentiated monocytes. We did not find a decreased expression of
these cytokines (data not shown). Also, we cultured the iMG for 10 days
without antipsychotics, and we found enhanced inflammatory re-
sponses in schizophrenia-derived iMG. Nevertheless, our iMG results
should be repeated using monocytes from drug-naive first-episode pa-
tients to rule out a potential effect of antipsychotics.

In conclusion, our results provide indications for alterations in de-
velopmental pathways of microglia, as well as an altered response of
schizophrenia-derived myeloid cells to inflammatory triggers in schi-
zophrenia. Replication of the results in iMG and iPSC-derived microglia
are needed as well as follow-up studies in animals or in vitro co-culture
systems to understand the consequences of these phenotypes.
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