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Regulation of synaptic connectivity in
schizophrenia spectrum by mutual neuron-
microglia interaction

Ricarda Breitmeyer1, Sabrina Vogel1, Johanna Heider', Sophia-Marie Hartmann'!, Richard Wiist?,

Anna-Lena Keller3, Anna Binner3, Julia C. Fitzgerald®, Andreas J. Fallgatter? & Hansjiirgen Volkmer® '®

The examination of post-mortem brain tissue suggests synaptic loss as a central pathological
hallmark of schizophrenia spectrum (SCZ), which is potentially related to activated microglia
and increased inflammation. Induced pluripotent stem cells serve as a source for neurons and
microglia-like cells to address neuron-microglia interactions. Here, we present a co-culture
model of neurons and microglia, both of human origin, to show increased susceptibility of
neurons to microglia-like cells derived from SCZ patients. Analysis of IBA-1 expression, NFkB
signaling, transcription of inflammasome-related genes, and caspase-1 activation shows that
enhanced, intrinsic inflammasome activation in patient-derived microglia exacerbates neu-
ronal deficits such as synaptic loss in SCZ. Anti-inflammatory pretreatment of microglia with
minocycline specifically rescued aberrant synapse loss in SCZ and reduced microglial acti-
vation. These findings open up possibilities for further research in larger cohorts, focused
clinical work and longitudinal studies that could facilitate earlier therapeutic intervention.
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heterogeneous mental disorder characterized by severe

disabling social and clinical impairments. The broad range
of individual psychotic symptoms includes hallucinations, delu-
sions, apathy and withdrawal, as well as cognitive deficits. Diverse
symptoms in combination with a huge variability between indi-
vidual patients complicates the understanding of underlying
biological causes and hampers the development of novel ther-
apeutics. So far, antipsychotic drug application aims to reduce
symptom severity and improve quality of life, but there is cur-
rently no cure available. Genetic predispositions, prenatal stress
or social and environmental factors have been suggested to
contribute to disease pathology. A majority of research focuses on
altered neurobiological function, such as deregulated neuro-
transmitter release and aberrant neuronal activity. More recently,
epidemiological studies and genome-wide association studies
suggested a link between SCZ and prenatal infection, systemic
inflammation and immune system dysfunction!>.

Microglia that comprise one population of immune cells of the
central nervous system, emerge as key regulators of early neu-
rodevelopment and synaptic plasticity, while governing neu-
roimmunological responses. In SCZ, aberrant neuroinflammation
mediated by reactive microglia may account for synaptic and
neuronal pathologies. PET imaging revealed elevated microglial
activation in SCZ patients, while peripheral cytokine levels were
increased®8. Likewise, post-mortem tissue analysis and PET
imaging of patients repeatedly showed decreased cortical volume
and reduced synaptic density®-12. These findings strengthened
the hypothesis that an increased inflammatory state of microglia
is responsible for the observed loss of neuronal connectivity in
SCZ. So far, it is not understood how microglial activation in SCZ
contributes to the underlying pathology.

The prevailing view of SCZ etiology has relied on mainly
peripheral markers, imaging and postmortem studies in patient
fibroblasts. Recent advances in human induced pluripotent stem
cell (iPSC) models provide a valuable tool for studying disease-
relevant and patient-specific mechanisms of SCZ in neurons!3-1°,
Examination of the interaction of neurons and microglia in iPSC-
derived models remained a challenge in the field, but a complete
human model comprising both cell types is greatly needed for
SCZ research. So far, microglia-like cells were either generated
from blood-derived monocytes and exposed to acellular synap-
tosome preparations, or human interneurons were co-cultivated
with murine microglial cell lines!®17.

This prompted us to differentiate neurons and microglial cells
from iPSCs of the same donor with its genetic background to
setup co-culture models that allow the study of neuron-microglia
interactions for the understanding of inflammatory processes in
SCZ. Over the last years, several protocols were published for
differentiating microglia-like cells from iPSC, yielding functional
cells with high similarity compared to primary human microglia
cells'8-20, However, most protocols are time consuming. The
protocol presented here represents an accelerated differentiation
procedure with precisely timed addition of crucial cytokines and

Schizophrenia spectrum (SCZ) is a complex and highly

growth factors, especially by high-dose application of IL-34,
TGFp1 and GM-CSF?1.

Here, we made use of a collection of previously described iPS
cell lines from patients with SCZ to establish a fast microglia
differentiation protocol?2. We show that SCZ microglia display an
elevated activation state as compared to healthy controls that is
linked to increased TNFa secretion and NFkB signaling as well as
to enhanced inflammasome activity. Likewise, microglia-like cells
were combined with NGN2-induced neurons for an iPSC-derived
co-culture that allows for the analysis of neuronal and microglial
phenotypes in SCZ via direct cell-cell interactions. When co-
cultured with SCZ neurons, SCZ microglia exacerbate the
intrinsic deficit of SCZ neurons to form synapses, while SCZ
neurons enhance microglial activation. Importantly, anti-
inflammatory pretreatment of microglial cells specifically res-
cues SCZ-associated synaptic loss while having no impact on
healthy controls.

Results

Differentiation of microglial cells from iPSC. iPS cell lines from
two healthy volunteers and four cell lines from four patients with
SCZ were used in this study as indicated in Table 12223, Patients
were diagnosed within schizophrenia spectrum (SCZ) according
to DSM-IV. Two patients were diagnosed with schizophrenia
(paranoid and residual type), while the other two patients were
diagnosed with schizoaffective disorder (for detailed information
on DSM-diagnosis, symptoms and medication see Supplemen-
tary Table 1). Microglia were generated from iPSC by high-dose
application of IL-34, TGFPl and GM-CSF to optimize specifi-
cation of microglia (Fig. 1a). Microglia-like cells showed ramified
processes indicative of a resting state morphology. Flow cyto-
metry analysis of differentiating cells over 19 days revealed a
dynamic downregulation of the stem cell marker SSEA-4, while
hematopoietic and microglial markers CD45 and CDI11b,
respectively, became upregulated (Fig. 1b). Immunocytochemical
analysis of microglial marker proteins including the transcription
factor SPI1 as well as P2RY12 and TMEMI19 confirmed a
specific microglial phenotype (Fig. 1c), while immune cell and
microglia-specific marker proteins SPI1, CX3CR1 or IBA1 were
undetectable in the respective iPSC lines (Supplementary Fig. 1).
A pH-sensitive uptake assay with Escherichia coli-derived bio-
particles revealed phagocytic functions of differentiated micro-
glia (Supplementary Fig. 2). For a more comprehensive analysis
of microglia-like cells, we applied RNA sequencing for the
comparison of iPSC with microglia-like cells (Fig. 1d). The
results indicated downregulation of stem cell genes, while key
microglial marker and specific transcription factor genes became
upregulated. In detail, RNA sequencing identified upregulation
of genes involved in chemokine or cytokine signaling, antigen
processing and presentation as well as toll-like receptor signaling
in differentiated microglia as compared to naive iPS cells (Sup-
plementary Fig. 3). Likewise, LPS stimulation increased pro-
inflammatory gene expression of NFKB1, IL-1f, TNFa as well as
immune response genes such as CIITA and HLA-DBRI

Table 1 Cell lines used in this study.

iPS cell lines used in this study

Cell line unique identifier (hpscreg.eu)

Reference

CTR1 NMIi001-A
CTR2 NMIi010-A
SCZ1 NMIi002-A
SCZ2 NMIi004-A
SCz4 NMIi005-A
SCZ5 NMIi006-A

Stock et al., 202022
Keller et al., 202123
Stock et al., 202022
Stock et al., 202022
Stock et al., 202022
Stock et al., 202022
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(Supplementary Fig. 4). iPSC derived from healthy volunteers
and patients diagnosed with SCZ displayed no differences in
differentiation capacity, microglial cell yield (Supplementary
Fig. 5), or differential expression of microglia key genes
(Fig. le-1). In conclusion, the newly developed differentiation
protocol proved to be suitable for the generation of microglia-
like cells.
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Elevation of immune-related transcripts in SCZ microglial
cells. RNA sequencing was applied to identify deregulated tran-
scripts in SCZ. Among the upregulated genes, we found neuro-
natin (NNAT), glutathion S-transferase M1 (GSTM1), NLRP2,
NLRP3, and TLR4 (Fig. 2a-e, Supplementary Table 2). NLRP2
and 3 as well as TLR4 are linked to NF«B signaling and
inflammasome functioning?. In contrast, NLRP1 remained
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Fig. 1 Differentiation of iPSC gives rise to microglia-like cells. a Schematic diagram depicting all steps of myeloid differentiation and microglial maturation
from iPSC. b Exemplary, temporal expression of stem cell marker SSEA-4, myeloid marker CD45 and microglia marker CD11b after onset of differentiation
as measured by FACS analysis. ¢ Representative immunocytochemistry (63x) of day 19 microglia-like cells shows expression of microglia markers
TMEMT19 and P2RY12, as well as expression of the transcription factor SPI1. Scale bar 20 um. d Heatmap displaying log2 transformed expression in
microglia derived from individual iPSC clones in comparison to naive iPSC as determined by RNA sequencing. Expression of key marker genes and core
transcription factors are upregulated in microglia, while stem cell genes become downregulated. e-l1 Normalized expression of microglia signature genes in
CTR- and SCZ-microglia was determined by RNA sequencing. Microglial RNA was extracted from untreated, day 19 microglia derived from three
independent differentiations for two control and four patient-derived lines. RNA was extracted from iPS cells in different passages. No differences in
microglia marker gene expression were detectable indicating that the differentiation protocol is equally efficient for control and patient-derived cells and
the cells’ capacity to differentiate is not affected in SCZ. Normalized read counts are represented as mean + SEM, (e-1: iPSCn=3, CTRn=6, SCZn=9).
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Fig. 2 Differential expression of inflammation- and complement-related genes in untreated CTR and SCZ microglia-like cells by RNA sequencing. RNA
was extracted from untreated, day 19 microglia derived from three independent differentiations for two control and four patient-derived lines. Unpaired,
two-tailed Mann-Whitney U test was employed for pairwise comparisons (a-h: CTR n=6, SCZ n=9). Data are represented as mean + SEM, ns=not
significant. a, b RNA sequencing revealed a significant upregulation of the genes NNAT (p = 0.0004) and GSTM1 (p = 0.0008) in SCZ microglia
compared to CTR microglia. ¢, d Quantification of NLRP2 and NLRP3 gene expression, which are involved in the activation of the inflammasome or caspase-
1 activity. RNA Sequencing revealed a significant upregulation of NLRP2 in SCZ microglia (p = 0.0004). Similarly, NLRP3 expression is slightly increased
(p=10.181). e TLR4 gene expression is significantly upregulated (p = 0.0496) in SCZ microglia. f NLRP1 expression is not significantly (p = 0.388) altered
in SCZ microglia, in contrast to its family members NLRP2 and NLRP3. g, h Expression of complement and schizophrenia-associated risk gene C4A is
significantly increased (p = 0.012) in SCZ-microglia, while C4B expression is slightly but not significantly increased (p = 0.388).

equally expressed in healthy control and SCZ samples (Fig. 2f).
GSTM1 and NNAT were previously suggested to be involved in
inflammation®>?°. We also observed an increased mRNA
expression of the SCZ-risk gene complement factor C4A (Fig. 2g),
a further regulator of the innate immune response, which is in
agreement with mRNA quantifications performed on patient

link the transcriptomic profiles to microglial functionalities. In
support of an enhanced inflammatory state of SCZ microglia, we
observed increased TNFa levels in the supernatant of SCZ
microglial cells as compared to healthy control microglia
(Fig. 3a). In parallel, quantitative imaging revealed upregulated
IBA1 expression (Fig. 3b). Increased TNFa levels might induce

samples?’. C4B expression was upregulated in SCZ microglia,
although statistical significance was not achieved (Fig. 2h). In
summary, microglia-like cells derived from patients with SCZ
showed increased expression of genes involved in inflammation.

Activation of iPSC-derived microglial cells in SCZ. Next, we
examined the activated state of microglial cells more closely to

NFkB signaling after binding to the TNFa receptor. Analysis of
NFkB translocation into the nucleus as a measure for NFxB
activation showed increased NFkB levels in the nucleus of SCZ
microglia-like cells (Fig. 3¢, d quantification in e). Enhanced
expression of NLRP suggests a contribution of inflammasome
assembly in SCZ phenotypes. Inflammasome activation is sig-
nified by caspase-1 activation?8. Measurement of caspase-1
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activity as a readout for inflammasome functioning revealed
increased caspase-1 activation in SCZ samples in comparison to
healthy controls (Fig. 3f). This finding was replicated after sti-
mulation with LPS. We conclude that SCZ microglia-like cells
show an increased inflammatory state signified by enhanced
inflammasome activity.

1 I
DMSO LPS DMSO LPS

CTR microglia SCZ microglia

Neurons derived from SCZ-iPSCs exhibit reduced synaptic
density. For the setup of a microglia-neuron co-culture model,
glutamatergic neurons were differentiated from iPSC-derived
neuronal progenitor cells (NPC) by lentiviral overexpression of
human Neurogenin 2 (hNGN2; Fig. 4a) and further co-cultivated
with murine astrocytes to enhance neuronal maturation and
synapse formation as published previously (Supplementary
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Fig. 3 SCZ microglia show a proinflammatory phenotype in combination with significant inflammasome activation. a Quantification of TNFa release
after LPS treatment (100 ng/ml) for 24 h in comparison to vehicle-treated microglia by a sandwich enzyme-linked immunosorbent assay (ELISA). Kruskal-
Wallis test with Dunn's post hoc test, H(3) =30.2 (mgCTR DMSO vs. mgCTR LPS p < 0.0001, mgCTR DMSO vs. mgSCZ DMSO p = 0.0362, mgSCZ
DMSO vs. mgSCZ LPS ns). Data represent three independent experiments (CTR microglia DMSO n = 23, CTR microglia LPS n=14, SCZ microglia DMSO
n =22, SCZ microglia LPS n=13), ns: not significant and mg=microglia. b Quantitative analysis of mean IBAT fluorescence intensity of CTR and SCZ
microglia treated with LPS (100 ng/ml) for 24 h as an indirect measurement for microglial activation. Kruskal-Wallis test with Dunn’s post hoc test,
H(3) =34.6 (mgCTR DMSO vs. mgCTR LPS p < 0.0001, mgCTR DMSO vs. mgSCZ DMSO p = 0.0471, mgSCZ DMSO vs. mgSCZ LPS p = 0.0107). Data
are represented from three independent experiments (CTR microglia DMSO n = 20, CTR microglia LPS n = 21, SCZ microglia DMSO n = 30, SCZ microglia
LPS n=27), ns: not significant. ¢, d Representative immunocytochemical stainings of day 19 CTR and SCZ microglia taken at 63x magnification using
confocal microscopy. Microglia were stained for Phalloidin, the transcription factor p65 as a subunit of the nuclear factor NF-kappa-B (NFkB) and Hoechst
for nucleus visualization. Scale bars 15 um. e p65 expression within the nucleus was quantified and revealed an increased p65 expression in unstimulated
SCZ microglia compared to control cells. Unpaired, two-tailed Mann-Whitney U test with a p-value of <0.0001. Data are represented from three
independent experiments (CTR n=32, SCZ n=78). f Caspase-1 activity was further quantified using a bioluminescent assay as a direct readout for
inflammasome formation and activation. Cells were treated with 100 ng/ml LPS for 3 h as positive control for inflammasome activation. Kruskal-Wallis test
with Dunn'’s post hoc test, H(3) =36.56 (mgCTR DMSO vs. mgCTR LPS p = 0.0090, mgCTR LPS vs. mgSCZ LPS p =0.0022, mgSCZ DMSO vs. mgSCZ

LPS p=0.0079), indicating increased inflammasome activation in SCZ microglia. Data are represented from three independent experiments (CTR
microglia DMSO n=16, CTR microglia LPS n=13, SCZ microglia DMSO n =33, SCZ microglia LPS n=31).

Fig. 629). NPCs expressed their cognate marker proteins Nestin,
SOX1 and PAX6 (Fig. 4b-b”, c-¢”). Differentiated neurons ela-
borated B-III-tubulin-positive as well as MAP2-positive neurites
(Fig. 4d, e), and showed expression of presynaptic (Synapsin 1,
Synaptophysin, VGlutl) and postsynaptic (Homer) marker pro-
teins (Fig. 4f-i). Presynapse densities were subsequently calcu-
lated as the number of Synapsin 1 (SYN1)-positive spots within
MAP2-positive dendritic segments (Fig. 4j, k). The analysis
revealed a significant reduction of SYN1 spots in neurons derived
from individual patients with SCZ. Data retrieved across experi-
mental replicates demonstrate reproducibility and robustness
(Supplementary Fig. 7). Likewise, colocalizing presynaptic and
postsynaptic markers as a measure for morphological synapses
showed a trend to reduced synapse densities in SCZ samples
(Fig. 41). The results showed a similar outcome as for the analysis
of presynaptic markers identified on postsynaptic MAP2-positive
dendrites. In conclusion, neurons derived from SCZ patients
showed an intrinsic deficit in the formation or maintenance of
presynapses.

Microglia-neuron interactions have a synergistic effect on SCZ-
induced neuronal deficits. Neurons and microglia-like cells were
separately differentiated from iPSC and subsequently combined
in co-cultures comprising all four combinations of healthy/SCZ
microglia and healthy/SCZ neurons (Fig. 5a, b). After 72 h, IBAI-
positive microglia cultivated on MAP2-positive neuronal net-
works displayed a ramified morphology (Fig. 5c-c”, higher
magnification Fig. 5d-d”). For the evaluation of reciprocal
interactions between neurons and microglia in SCZ, we examined
presynaptic punctae densities of neuronal dendrites (Fig. 5e), the
phagocytosis of presynaptic material by microglia (Fig. 5g), and
the activation state of microglia (Fig. 5h, Supplementary Fig. 12).

First, presynaptic Synapsinl (SYN1) spot densities in neurons
localized at MAP2-positive dendrites were determined as an
approximation for the impact of microglia on neuronal
presynaptic punctae numbers (Fig. 5e). The mere addition of
microglia of any kind significantly reduced the density of SYN1
spots as compared to a pure neuronal culture (Supplementary
Fig. 8), suggesting baseline elimination of presynaptic terminals
by microglia-like cells. Addition of SCZ microglia (mgSCZ) to
CTR neurons significantly reduced the number of SYNI spots in
comparison to healthy control microglia (mgCTR, Fig. 5e,
Supplementary Fig. 9). Likewise, exposure of SCZ microglia to
SCZ neurons revealed a trend to further exacerbate the intrinsic
presynaptic deficits of SCZ neurons. In the presence of CTR
microglia, presynaptic densities of SCZ neurons were significantly

decreased in comparison to CTR neurons. This observation is in
accordance with the observed intrinsic deficit of SCZ neurons to
form presynaptic terminals (Fig. 4j). The stepwise decrease in
synapse numbers from the control situation (CTR neurons/CTR
microglia) with an intermediate effect for the mixed combina-
tions (SCZ neurons and CTR microglia or CTR neurons and SCZ
microglia) towards a maximal loss of presynaptic spots in co-
cultures of SCZ neurons and SCZ microglia suggests that
presynaptic depletion is a synergistic result of deficient intrinsic
presynapse formation in SCZ neurons and aberrant presynapse
elimination by SCZ microglia.

Due to the phagocytic activity of microglial cells, we were
prompted to investigate whether the presynaptic loss that occurs
on dendrites is due to increased uptake of synaptic material by
microglia. We therefore analyzed the uptake of presynaptic
material into IBA1-positive microglia co-cultured with neurons
(Fig. 5f-f”, g). Uptake of synaptic material was detected and
quantified as outlined in Supplementary Fig. 10. Immunocyto-
chemistry revealed co-localization of SYN1-positive material and
LAMP1-positive lysosomes suggesting active uptake of presy-
napses and thus presynaptic pruning by microglia-like cells
(Fig. 5f-f”). Quantification of presynapse uptake (Fig. 5g) showed
increasing presynaptic uptake in parallel with decreasing
neuronal presynapse density (Fig. 5e) indicating active elimina-
tion of presynapses by microglia. Presynapse uptake by SCZ
microglia co-cultured with SCZ neurons was significantly
increased as compared to CTR microglia with CTR neurons,
which is in line with an enhanced microglial phagocytosis in SCZ.
SCZ microglia phagocytosed more presynaptic material from SCZ
neurons than from CTR neurons, providing further evidence for
increased susceptibility of SCZ neurons to a microglial impact
beside the intrinsic deficits of SCZ neurons to form presynapses.
To understand the impact of soluble factors as a mediator of
microglial impact, we next asked the question whether a direct
microglia-neuron cell-cell contact was required for presynapse
removal. Supernatants from neuron-microglia co-cultures of all
combinations were collected and applied to pure neuronal CTR
and SCZ cultures. While SYN1 density was generally reduced in
SCZ neurons, no impact of cell culture supernatants of any kind
was observed (Supplementary Fig. 11) suggesting that cell-cell
contacts rather than soluble factors are mediating active
presynapse elimination by microglia.

Increased phagocytosis may be explained by an impact of SCZ
neurons on microglia. Therefore, we examined expression of the
microglial marker IBA1 as a potential measure for a phagocytotic
phenotype of microglia activation in neuron-microglia co-
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suggests a direct impact of SCZ neurons on microglia resulting in
increased levels of microglial activation. Microglial activation was
also tested by analysis of CD11b expression as an alternative
marker potentially linked to phagocytosis (Supplementary
Fig. 12). In conclusion, enhanced expression of IBA1 and
CD11b in the presence of increased presynaptic marker uptake
suggests microglial activation when exposed to SCZ neurons.
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Fig. 4 Presynaptic marker density is significantly reduced in neuronal cultures derived from SCZ patients. a Schematic overview of neuronal induction
and maturation through lentiviral overexpression of hNGN2. Representative images taken at 63x magnification using confocal microscopy and
characterization of neuronal progenitor cells by immunocytochemistry with expression of standard markers such as NESTIN (b), SOX1 (b, merge of
NESTIN and SOX1 in b™), Hoechst for DNA (c), PAX6 (c', merge of ¢ and ¢’ in €"). Scale bar 20 um. d-i Representative images taken at 63x magnification
using confocal microscopy and characterization of neuronal networks by immunocytochemical stainings for neuronal markers B-Ill-tubulin or MAP2 and
presynaptic markers Synapsin 1 (SYNT1), vesicular glutamate transporter 1 (VGLUT1) and Synaptophysin (SYP) as wells as the postsynaptic marker protein
HOMER?. Scale bar 20 um. j Reduced presynaptic density was quantified by analyzing the number of Synapsin 1 spots detected on MAP2-positive neuronal
networks. Control clone CTR1 was set as 100%. Kruskal-Wallis test with Dunn's post hoc test, H(5) = 25.5 (CTR1 vs. CTR2 p>0.9999, CTR1 vs, SCZ1
p=0.0212, CTR1 vs. SCZ2 p =0.0101, CTR1 vs. SCZ4 p = 0.0305, CTR1 vs. SCZ5 p = 0.0197). Single data points refer to averaged signals obtained from
biological replicates. Data are represented as mean £ SEM (CTR1 n=13; CTR2 n=10; SCZ1 n=13, SCZ2 n=8; SCZ4 n=6; SCZ5 n=9), ns=not
significant. k SYNT1 density in pooled control and patient-derived neuronal cultures. Unpaired, two-tailed Mann-Whitney U test. Data are represented as
mean = SEM (n = 23 for CTR, n =36 for SCZ), p < 0.0001. I Synapse density in pooled control and patient-derived neuronal cultures. Unpaired, two-tailed

Mann-Whitney U test. Data are represented as mean £+ SEM (n =12 for CTR, n =24 for SCZ), ns not significant.

Therefore, intrinsic enhanced activation of SCZ microglia may
become further increased by extrinsic signals supplied by SCZ
neurons.

Anti-inflammatory pretreatment of microglia rescues SCZ
phenotypes. Next, we asked whether modulation of microglial
inflammasome functioning mitigates the observed reduction in
presynapse densities provoked by neuron-microglia interactions.
To this end, we applied two modulators of inflammasome sig-
nalling including LPS treatment for the activation of TLR/NFkB/
NLRP signaling as well as the antibiotic minocycline as an
inflammasome inhibitor. The tetracycline antibiotic minocycline
activates Nrf2 and thereby reduces reactive oxygen species-
induced inflammasome activation®!. We pretreated microglial
cells with minocycline prior to exposure to neurons in the co-
culture model and compared CTR microglia/ CTR neuron com-
binations with SCZ microglia/SCZ neurons (Fig. 6, example
images in Fig. 6a). Pretreatment of microglia with minocycline
did not modulate neuronal presynapse densities in the control
situation (Fig. 6b). However, presynaptic densities were specifi-
cally increased in the SCZ co-cultures containing minocycline
pretreated SCZ microglia (Fig. 6¢). Quantification of microglial
presynapse uptake revealed no impact of minocycline in the
control setup while in SCZ co-cultures presynapse uptake was
significantly decreased (Fig. 6d, e). Accordingly, minocycline
reduced microglial activation as measured by IBA1 expression as
a potential activation marker only in SCZ co-cultures, while
having no effect on CTR microglia further underlining the
selective impact of minocycline on SCZ samples (Fig. 6f, g).
Interestingly, LPS pretreatment selectively reduced the density of
presynapses in CTR neurons (Fig. 6b), and increased uptake of
presynaptic material in CTR microglia (Fig. 6d), while no effects
were observed in SCZ co-cultures (Fig. 6c+e). In contrast, LPS
treatment increased IBA1 expression and microglial activation
under CTR conditions (Fig. 6f). Further combinations of control
and patient-derived neuron-microglia co-cultures are shown in
Supplementary Fig. 13. In conclusion, minocycline rescued the
SCZ phenotype regarding microglial activation, presynapse
uptake and neuronal presynaptic densities. LPS enhanced
microglial activation as suggested by increased IBA1 expression.
However, this effect does not precipitate into increased loss of
neuronal presynapses or increased microglial uptake of pre-
synaptic material in SCZ samples, suggesting a saturating effect of
SCZ-related mechanisms.

Discussion

Patient-derived and disease-specific cellular models offer great
potential to better understand the ambivalent communication of
key cellular players in neurodevelopmental disorders with a huge
heterogeneity and divergent molecular causes. Here, we present

an iPSC-based co-culture model comprising human neurons and
microglia to analyze neuro-immune interactions in SCZ samples.
We demonstrate that both neuronal and microglial features
contribute to excessive elimination of presynaptic terminals.
Intrinsic properties of SCZ patient-derived neurons lead to
decreased presynaptic densities, while SCZ microglia showed an
enhanced activation state of microglia, increased TNFa secretion
and elevated NFkB signaling compared to healthy microglia. This
was accompanied by an upregulation of inflammasome genes
NLRP2 and NLRP3, which are targets of NFkB signaling and are
involved in the activation of the inflammasome by caspase-1.

Increased IBA1 immunoreactivity indicates an enhanced acti-
vated state of SCZ microglia, which correlates with increased
TNFa secretion. In this line, peripheral TNFa is increased in SCZ
as found in a meta-analysis of patients with SCZ32. TNFa may
bind to the TNFa receptor and subsequently induce NFkB sig-
naling. The TNFa gene by itself represents a downstream target of
NFkB and may therefore serve for sustained maintenance of an
activated microglial state33. Our expression analysis also implies
that other receptors such as TLR4 become upregulated in SCZ
microglia, which may further exacerbate NF«B signaling34.

Our observations strongly argue for a contribution of the
inflammasome system in SCZ as documented by increased NFxB
signaling linked with upregulated NLRP2/3, and enhanced
caspase-1 activity. Inflammasome functioning relies on two
consecutive steps including priming and activation that finally
activate caspase-1 for cleavage and secretion of IL-1B%8. The
priming step includes activation of NFkB and upregulation of
inflammasome genes. We observed induction of NLRP2 and
NLRP3 transcription both of which represent central components
of the inflammasome3>3%, NLRPs subsequently serve as sensors
for cellular stress for inflammasome activation?8. Mitochondrial
dysfunction and production of reactive oxygen species serve as a
potential inflammasome activator and are discussed as an
important mechanism contributing to SCZ37-3%. Interestingly,
minocycline was shown to inhibit reactive oxygen species-
dependent inflammasome activation through stabilization of the
antioxidant Nrf23140, Here, we report that minocycline pre-
treatment of microglial cells rescued both the activation state of
SCZ microglia and additionally preserved neuronal presynapses
in the co-culture model. This observation therefore supports the
hypothesis that inflammasomes are crucially involved in
microglia-dependent synaptic loss in SCZ.

A final step includes the activation of the inflammasome
component caspase-1, which is required for cleavage of pro-IL-1p
and subsequent release of IL-1f. Increased levels of IL-1B were
found in patients with SCZ*!. In accordance with our observation
that presynaptic densities are reduced in neurons upon exposure
to SCZ microglia, IL-1P was suggested to inhibit BDNF signaling,
a mechanism required for morphological and functional synaptic
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plasticity*2. In accordance with an impact on synapses in parti-
cular of the prefrontal cortex, minocycline ameliorates negative
symptoms in patients with SCZ and reduces IL-1B levels in
parallel*3. It is of note that minocycline selectively improved SCZ
phenotypes and did neither modulate presynaptic densities, nor
SYNI1 uptake or IBAI1 expression in microglia of control samples,
suggesting a specific effect on SCZ samples not found with

+ CTR neurons + SCZ neurons

healthy controls. Accordingly, a comparable effect of minocycline
treatment was also described in a meta-analysis of preclinical
studies performed using animal models for depression. Minocy-
cline treatment was only effective with animals that have
experienced severe stressful situations before assessment of
depressive states, while no effects were observed in testing naive
animals in an otherwise healthy state*4.
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Fig. 5 Reciprocal interplay of microglia and neurons in vitro reveals aberrant presynaptic uptake by SCZ microglia. a Design of co-culture setup
comprising iPSC reprogramming from control- or patient-derived fibroblasts. iPSCs are expanded and differentiated separately towards microglia or
neurons. Finally, microglia and neurons are seeded into co-culture at a ratio of approximately 1:5 for 72 h. b Schematic overview of the different
combinations of control- or patient-derived microglia and neurons used in this study. The image was created using the lllustration Toolkits from Motifolio
Inc. ¢, d Representative immunocytochemical images taken at x20 or at x63 magnification using confocal microscopy of IBA1 positive microglia in co-
culture with MAP2 positive neurons. ¢, d IBA1, ¢', d' MAP2, ¢", d" merge of IBA1 and MAP2. Scale bar 20 um. e Density of SYN1 spots was significantly
reduced in SCZ microglia-neuron co-cultures. SYNT1 spot densities were quantified on MAP2-positive neuronal networks and were normalized to SYNT1 spot
densities on CTR neurons cultivated in the absence of microglia (Supplementary Fig. 8). Kruskal-Wallis test with Dunn'’s post hoc test. H(3) =23.92 (nCTR
+mgCTR vs. nCTR+mgSCZ p = 0.0282, nCTR+mgCTR vs. nSCZ+mgCTR p = 0.0130, nCTR+mgCTR vs. nSCZ4+mgSCZ p < 0.0001, nSCZ4+mgCTR vs.
nSCZ+mgSCZ p = 0.3675). Single data points refer to averaged signals obtained from biological replicates. Data are represented as mean + SEM, (nCTR
+mgCTR1 n=11; nCTR+mgSCZ n =15; n"SCZ4+mgCTR n =19, nSCZ+mgSCZ n = 30), n=neuron and mg=microglia. f-f"" Representative images taken at
x63 magnification using confocal microscopy of LAMP1 and SYNT1 co-localization in IBA1 positive microglia as indicated by white arrow heads. A 3D stack
of confocal images after IBA1 staining for microglia served as a mask to identify co-localizing endosomal LAMP1/SYNT structures. Scale bar 20 um.

g Change in mean fluorescence intensity of SYNT within IBAT positive microglia was analyzed for quantification of active presynaptic uptake by microglia.
Kruskal-Wallis test with Dunn's post hoc test, H(3) =18.24 (nCTR+mgCTR vs. nSCZ+mgSCZ p = 0.0005, nCTR+mgSCZ vs. nSCZ+mgSCZ p = 0.0341).
Data are normalized to CTR microglia (mgCTR) cultured on CTR neurons (nCTR) and are represented as mean £ SEM, (nCTR+mgCTR1 n=11; nCTR+
mgSCZ n=16; nSCZ+mgCTR n =21, nSCZ+mgSCZ n = 31), n=neuron and mg=microglia. h Microglial activation as quantified by the change of mean
IBAT1 fluorescence intensity of microglia after co-culture. Kruskal-Wallis test with Dunn’s post hoc test, H(3) = 15.05 (nCTR4+mgCTR vs. nCTR+mgSCZ
p=0.0429, nCTR+mgCTR vs. nSCZ+mgCTR p = 0.0064). Data are normalized to CTR microglia (mgCTR) cultured on CTR neurons (nCTR) and are
represented as mean = SEM, (nCTR+mgCTR1 n=8; nCTR+ mgSCZ n =15; nSCZ4+mgCTR n =23, nSCZ+mgSCZ n = 34), n, neuron and mg, microglia.

To conclude, deficient synapse formation in iPSC-derived
models of SCZ neurons has been documented by several
reports!3-1>. In this study, we present a new, fully iPSC-based
model of microglia and neurons to study neuro-immune inter-
actions. Our results imply an impact of SCZ neurons on microglia
as suggested by increased microglial activation and excessive
uptake of presynapses in the presence of SCZ neurons. Vice versa,
neurons display reduced presynaptic densities when exposed to
SCZ microglia. The precise nature of mutual neuron-microglia
interactions remains elusive. However, rescue of SCZ phenotypes
by minocycline pretreatment of microglia links our findings to
excessive inflammation and IL-1p release. Likewise, deposition of
components of the complement system on SCZ presynaptic
terminals and interaction with microglial complement systems as
also shown by others may provide an explanation for increased
susceptibility and concomitant aberrant synaptic pruning!®4°>. In
line with this, we have observed increased expression of com-
plement factor C4 in SCZ microglial cells. However, further
potential mechanisms of mutual interactions may also apply. The
involvement of microglial inflammasome activation points at
further extracellular cues to engage TLR activation for induction
of NFkB signalling. Such extracellular ligands may comprise
extracellular ligands such as Damage-Associated Molecular Pat-
terns (DAMPs) e.g. neuronal High Mobility Group Protein 1
which becomes upregulated in patients with SCZ*047. Mito-
chondrial dysfunction in SCZ neurons and release of mitochon-
drial DAMPs may account for further mechanisms of microglial
activation*®4. Finally, neuroinflammation in SCZ may also rely
on disturbed neuronal CX3CL1 interaction with microglial
CX3CR1 or compromised Neuregulin signalling®0->2.

Although differentiation of microglia and neurons within
19 days and a co-culture of three days is not able to adequately
represent aberrant neurodevelopment and neuro-immune inter-
action evolving over several years in human patients, our model
overcomes the need for non-human co-culture models and
retains patient-specific phenotypes. Here we recapitulate SCZ
features of reduced presynaptic density and increased microglial
activation as previously visualized by PET imaging, in post-
mortem studies or rodent models®3>4. It will be interesting in the
future to additionally test minocycline in microglia-neuron co-
culture models derived from larger cohorts of iPSCs with dif-
ferent genetic backgrounds and in unaffected siblings of SCZ
patients.

In summary, our iPSC-derived and patient-specific co-culture
system offers the opportunity to study neuron-microglia inter-
actions in SCZ in more detail. The specific effect of minocycline
on SCZ microglia represents a promising approach for adjunctive
therapy to antipsychotic treatment and may be helpful for future
drug development.

Material and methods

The methods were performed in accordance with relevant
guidelines and regulations and approved by the Ethics Committee
of the University Hospital and Faculty of Medicine Tuebingen.
We confirm that participants provided a written informed con-
sent to take part in the study. Inclusion and exclusion criteria for
the selection of patients diagnosed with SCZ are described in
Supplementary Table 1. iPSCs were generated and fully char-
acterized as described elsewhere (Table 1; refs. 2223), All experi-
ments were carried out with all lines in parallel.

Study design, iPSC reprogramming and maintenance. Patient-
derived human fibroblasts were reprogrammed by nucleofection
of non-integrative, episomal vectors encoding for OCT3/4, SOX2,
LIN28, KLF4, c-MYC, p53 and EBNA1 (Addgene, catalog no.
41813, 41814, 41855, 41856, 41857). Electroporated fibroblasts
were seeded onto Matrigel (Corning, catalog no. 354277) coated
well plates and expanded in a feeder-free culture system for
21-28 days until first iPS colonies appeared. iPS clones were
manually picked and expanded on Matrigel in mTeSR Plus
medium (STEMCELL Technologies, catalog no. 05825). Passa-
ging was routinely performed non-enzymatically using Gentle
Cell Dissociation Reagent (STEMCELL Technologies, catalog no.
100-0485) in early passage numbers or later enzymatically by
using accutase (Sigma Aldrich, catalog no. A6964). All expanded
iPS clones were routinely tested for expression of stem cell marker
on protein and RNA level and pluripotency. All iPS clones used
in this study were chromosomally intact.

Microglia differentiation. For microglia differentiation, we
modified a previously published protocol for the differentiation of
iPSC into monocytes and macrophages®. iPSCs were dissociated
using accutase and seeded at a density of 5 x 104 cells per cm?* (day
-2). Only wells containing equally distributed iPSC colonies of
10-20 cells were considered for differentiation. For all differentia-
tion steps, a 1:1 mix of IMDM without phenol red (Thermo Fisher
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Scientific, catalog no. 21056023) and Ham’s F12 Nutrient Mix
(Thermo Fisher Scientific, catalog no. 21765029) was used. The
basal medium was supplemented with 10 ug/mL poly vinyl alcohol
(Sigma Aldrich, catalog no. P8136), 64 ug/mL ascorbic acid 2
phosphate (Sigma Aldrich, catalog no. A8960), 0.1x chemically
defined lipid concentrate (Thermo Fisher Scientific, catalog no.
11905031), 2x ITS-X (Thermo Fisher Scientific, catalog no.
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51500056), 0.0039% a-Monothioglycerol (Sigma Aldrich, catalog
no. M6145), 1x GlutaMAX (Thermo Fisher Scientific, catalog no.
35050061) and 1x non-essential amino acids. Additional growth
factors and cytokines were always added freshly before usage. For
mesoderm induction at day 0, the basal medium was supplemented
with 50 ng/mL BMP4 (Peprotech, catalog no. 120-05ET), 15 ng/mL
Activin A (Miltenyi Biotec, catalog no. 130-115-008) and 1.5 uM
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Fig. 6 Anti-inflammatory pretreatment of microglia inhibits aberrant presynaptic uptake in SCZ patient-derived microglia. a Representative images
taken at x63 magnification using confocal microscopy of immunocytochemical staining of SYN1 positive structures within IBA1 positive microglia after LPS
(100 ng/ml) or minocycline (10 uM) treatment. Scale bar 20 um. b Quantification of SYN1 spots in control cultures after co-culture with pretreated
microglia. SYN1 spot densities were quantified on MAP2-positive neuronal networks. Kruskal-Wallis test with Dunn'’s post hoc test, H(2)=9.073 (DMSO
vs. LPS p=0.0080). Single data points refer to averaged signals obtained from biological replicates. Data are represented as mean = SEM, (DMSO n=11;
LPS n=11; Mino n = 8). ¢ Quantification of SYN1 spots on SCZ neurons exposed to pretreated SCZ microglia. Kruskal-Wallis test with Dunn's post hoc
test, H(2) = 6.692 (DMSO vs. Mino p = 0.0304). Single data points refer to averaged signals obtained from biological replicates. Data are represented as
mean £ SEM, (DMSO n =31; LPS n=12; Mino n = 8). d Analysis of SYNT uptake by pretreated IBAT-positive CTR-microglia after co-culture with CTR-
neurons. SYNT intensity was quantified in IBAT-positive masks. Kruskal-Wallis test with Dunn's post hoc test, H(2) = 7.691 (DMSO vs. LPS p = 0.0372).
Single data points refer to averaged signals obtained from biological replicates. Data are represented as mean + SEM, (DMSO n =11; LPS n =10; Mino
n=09). e Analysis of the mean SYNT1 fluorescence intensity within pretreated IBAT positive SCZ-microglia after co-culture with SCZ-neurons.
Kruskal-Wallis test with Dunn’s post hoc test, H(2) =12.47 (DMSO vs. Mino p = 0.0013). Single data points refer to averaged signals obtained from
biological replicates. Data are represented as mean £ SEM, (DMSO n = 31; LPS n =12; Mino n =9). f Microglial activation as determined by quantification
of mean IBA1 fluorescence intensity of pretreated CTR-microglia after co-culture with CTR-neurons. Kruskal-Wallis test with Dunn's post hoc test,
H(2) =15.14 (DMSO vs. LPS p =0.0098 and LPS vs. Mino p = 0.0013). Single data points refer to averaged signals obtained from biological replicates.
Data are represented as mean + SEM, (DMSO n =8; LPS n=9; Mino n=5). g Microglial activation as determined by quantification of mean IBA1
fluorescence intensity of pretreated SCZ-microglia after co-culture with SCZ-neurons. Kruskal-Wallis test with Dunn’s post hoc test, H(2) =10.71 (DMSO
vs. Mino p =0.0308 and LPS vs. Mino p = 0.0039). Single data points refer to averaged signals obtained from biological replicates. Data are represented

as mean + SEM, (DMSO n =34; LPS n=11; Mino n=9).

CHIR99021 (Axon Medchem, catalog no. 1386) for mesoderm
induction. For the suppression of self-renewal in favor of stem cell
differentiation at day 2, 10 uM of SB431542 and SCF (Peprotech,
catalog no. 300-07), VEGF (Peprotech, catalog no. 100-20) and
bFGF (Bio-Techne, catalog no. 233-FB) were added to the medium
at a final concentration of 50 ng/ml each. For hematopoietic pat-
terning at day 5, 10 ng/ml of IL-3 (Peprotech, catalog no. 200-03)
and 50 ng/ml of IL-6 (Peprotech, catalog no. 200-06), 50 ng/ml of
TPO (Miltenyi Biotec, catalog no. 130-095-747), 50 ng/ml of bFGF,
50 ng/ml of SCF and 50 ng/ml of VEGF were supplemented to the
basal medium. Medium was refreshed at day 7. At day 9, differ-
entiated cells grew to full confluence with hematopoietic stem cells
emerging into the supernatant. Adherent cells were dissociated by
accutase treatment and added to non-adherent cells collected from
the supernatant. After centrifugation at 300 x g for 3 min, cells were
resuspended in microglia medium containing 100 ng/ml of IL-34
(Peprotech, catalog no. 200-34), 50 ng/ml of TGFf-1 (Peprotech,
catalog no. 100-21) and 25 ng/ml of GM-CSF (Peprotech, catalog
no. 300-03). Cells were subsequently plated on ultra-low attach-
ment plates that were pretreated with Anti-Adherence Rinsing
Solution for at least 5 min and afterwards rinsed twice with DPBS.
Microglia differentiation was allowed to proceed for further seven
days with medium changes every other day.

Microglia were routinely characterized regarding expression of
key markers like IBA1, SPI1 and TMEMI119. Functionality was
proven by active uptake of pHrodo-labelled bacteria and response
to LPS as a pro-inflammatory stimulus. Microglia identity was
confirmed by RNA sequencing. Transcriptome analysis and
bioinformatical evaluation was performed by CeGaT GmbH
(Germany) as previously described!®. For characterization of
microglial phenotypes, microglial genes were chosen according to
previously published literature that identified panels of highly
specific microglia signature genes21-°6-60,

ELISA. Secretion of the pro-inflammatory cytokine TNFa was
quantified by a standard sandwich-ELISA (human TNF-alpha
DuoSet ELISA kit, R&D Systems, catalog no. DY210) according
to the manufacturer’s instructions. Briefly, 96-well plates were
coated with the capture antibody and incubated over night at
room temperature. Wells were washed three times and blocked
for at least 1 h at room temperature. Wells were again washed and
100 ul of culture supernatant or standards were added and
incubated for 2 h at room temperature. After washing, detection
antibody was added and incubated at room temperature for 2 h.

Wells were washed and the streptavidin / horse radish peroxidase
(HRP) mix was added for 30 min at room temperature. After-
wards, wells were washed again and substrate solution was added
for 20 min at room temperature in the dark, stop solution was
added and the plate was tapped for mixing. Immediately after-
wards, the optical density was determined using a microplate
reader (Tecan Spark) set to 450 nm with wavelength corrections
set to 540 nm.

Flow cytometry. Flow cytometry measurements were performed
using BD FACS Chorus software on a BD FACS Melody and
analyzed using FlowJo 10.6.1 (FlowJo Engine, Becton Dickinson
& Company). Cells were detached, washed three times with DPBS
and stained with conjugated antibodies for 30 min at 4 °C. Sub-
sequently, cells were washed three times with DPBS and resus-
pended in PBS + 1% FCS for immediate analysis. The following
conjugated antibodies were used: anti-human SSEA-4 PE-Vio770
(Miltenyi Biotech, catalog no. 130-105-081), anti-human CD11b
FITC (Thermo Fisher Scientific, catalog no. 11-0118-42) and anti-
human CD45 VioBlue (Miltenyi Biotech, catalog no. 130-110-
775). Doublets were excluded in FSC and SSC. Unstained cells
served as negative population.

Quantification of p65 expression. Day 19 microglia were plated
at a density of 1 x 10° cells/cm? on Matrigel-coated 96 well plates.
Cells adhered within 24h and were subsequently fixed and
stained against NFkB p65 (Cell Signaling, catalog no. 6956 T),
Phalloidin CruzFluor™ 488 Conjugate (Santa Cruz Biotechnology,
catalog no. sc-363791) and Hoechst (Sigma-Aldrich, catalog no.
911004450). Using confocal laser scan microscopy with a 63x
plan-apochromatic oil immersion objective, at least ten 3D
Z-stacks were acquired of microglia were taken within each
experiment. During acquisition, all settings such as exposure
time, laser intensity and gain were kept constant. Z-stacks were
further processed using Imaris software (Bitplane, version 8.2.0).
Therefore, a surface for the nucleus was generated covering the
Hoechst signal. Within this mask, the mean fluorescence intensity
of NFkB p65 was determined and quantified.

Caspase-1 activity. Caspase-1 activity was determined using the
Caspase-Glo® 1 Inflammasome Assays (Promega, catalog no.
G9951) according to the manufacturer’s instructions. Briefly, day
19 microglia were plated at a density of 1.2 x 10° cells/cm® on
Matrigel-coated 96 well plates and incubated overnight. The next
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day, cells were treated with 100 ng/ml of LPS (Sigma Aldrich,
catalog no. L6529) for 3h and subsequently with 5mM ATP
(Sigma Aldrich, catalog no. A2383) for 30 min at 37 °C and 5%
CO,. The culture supernatant was transferred into a white 96 well
plate and Caspase-Glo® 1 Reagent was added. The mixture was
incubated at room temperature in the dark for 1 h and lumi-
nescence was measured on a Tecan Spark microplate reader.

Phagocytosis assay. Day 19 microglia and naive iPSC as control
were plated at a density of 2 x 104 cells per well of a 96 well plate
and cells adhered within 24 h. pHrodo™ Red E. coli BioParticles™
(Thermo Fisher Scientific, catalog no. P35361) were resuspended
in 2 ml PBS to generate a stock suspension with a concentration
of 1 mg/ml. Bioparticles were vortexed rigorously to generate a
homogenous suspension. 10l of pHrodo™ Red E. coli Bio-
Particles™ were added to the wells. Cells were incubated at 37 °C
and 5% CO, for 4 h in the Incucyte® S3 live-cell imaging system
(Sartorius). 9 images per well were acquired every 15 min at x20
magnification. Finally, the relative red fluorescent units per image
were analyzed over time.

Lentivirus production. For lentivirus production, HEK293FT
were cultured at 37 °C and 8 % CO, in culture medium consisting
of DMEM (Thermo Fisher Scientific, catalog no. 10566016), 10%
FCS (Thermo Fisher Scientific, catalog no. 10270106), 500 pg/ml
G418 (Carl Roth, catalog no. 2039), 1% non-essential amino acids
(Thermo Fisher Scientific, catalog no. 11140035) and passaged
using 0.25% Trypsin/EDTA (Thermo Fisher Scientific, catalog no.
25200056) once or twice a week. For lentivirus production, cells
were dissociated and seeded at a density of 3000 cells per cm?.
After four days of incubation, medium of HEK293FT cells was
changed to a serum-reduced transfection medium of Opti-MEM
(Thermo Fisher, catalog no. 11058021) supplemented with 5%
FCS. 27 ug of pC-Pack2 Lentiviral Packaging Mix (Cellecta, cat-
alog no. CPCP-K2A) were mixed with 108 pl of Lipofectamine
2000 Reagent (Thermo Fisher Scientific, catalog no. 11668019) in
4.5mL Opti-MEM, incubated at room temperature for 20 min
and added to the cells for further incubation at 37°C and 5%
CO2. After 24 h, medium was changed, while after 48 h and 72 h
post-transfection the supernatant was removed and stored at
—80°C. Lentiviral suspensions were filtered through a 22nm
filter, transferred into ultracentrifugation buckets and centrifuged
at 19,600 rpm and 4 °C for 80 min. Pellets were air dried for a few
minutes and remaining liquid was removed with sterilized soft
tissue papers. Finally, 100 pl of DPBS + 1% BSA were added per
tube without pipetting or resuspending. Tubes were sealed with
Parafilm® and left overnight at 4 °C. The next day, pellets were
resuspended by pipetting several times and aliquoted for storage
at —80 °C. Titer determination was performed using the Lenti-X
p24 Rapid Titer Kit (Takara Bio, catalog no. 632200) according to
the manufacturer’s instructions. Lentiviral suspensions were
diluted 10-fold and 100-fold and quantified against a
p24 standard curve. Yields ranged from 5x 1010 to 5x 101!
particles/ml.

Neuronal progenitor cell generation. Ectodermal patterning was
induced using the STEMdiff” Neural Induction Kit (STEMCELL
Technologies, catalog no. 05835) according to the manufacturer’s
instructions. iPSC were dissociated using accutase and 2 x 10°
iPSC were seeded into ultra-low attachment AggreWell 800™ well
plates (STEMCELL Technologies, catalog no. 34815) pretreated
with Anti-Adherence Rinsing Solution (STEMCELL Technolo-
gies, catalog no. 07010). After cultivation at 37 °C and 5% CO, for
seven days with daily medium changes, embryoid bodies were
harvested wusing 37um reversible strainers (STEMCELL

Technologies, catalog no. 27215). Prior to seeding, 6-well plates
were pretreated with 20% poly-L-ornithine (PLO, Sigma-Aldrich,
catalog no. P4957) in Dulbecco’s phosphate-buffered saline
(Thermo Fisher Scientific, catalog no. 14190094), incubated for
2h at room temperature and washed three times with DMEM/
F12 (Thermo Fisher Scientific, catalog. no. 21331020). Subse-
quently, wells were treated with 10 pug/ml laminin (Lam, Sigma-
Aldrich, catalog no. L2020) diluted in DMEM/F12 and incubated
overnight at 37 °C and 5% CO2. Harvested embryoid bodies were
washed to remove remaining single cells and seeded onto PLO/
Lam pre-coated well plates in STEMJiff” Neural Induction
Medium with daily medium changes. Neural rosettes were
selected using the STEMdiff* Neural Rosette Selection Reagent
(STEMCELL Technologies, catalog no. 05832), resuspended in
STEMJiff” Neural Induction Medium supplemented with 1 uM
Dorsomorphin dihydrochloride (Bio-Techne, catalog no. 3093),
10uM SB 431542 (Bio-Techne, catalog no. 1614), 500 ng/ml
recombinant Human Noggin Fc Chimera Protein (Bio-Techne,
catalog no. 719-NG) and cultivated in PLO/Lam coated 6-well
plate. After the first passage, cultivation medium was changed to
STEMdift™ Neural Progenitor Medium (STEMCELL Technolo-
gies, catalog no. 05833). NPCs were passaged up to passage 10.
All generated NPCs were routinely tested for progenitor marker
expression, such as PAX6, NESTIN or SOX1.

Neuronal differentiation. Neuronal differentiation was achieved
by lentiviral overexpression of human Neurogenin 2 following
previously published protocols®!-62. 3.15x 10* NPC were dis-
sociated by accutase treatment and seeded in PLO/Lam-coated
well plates at a density of 3 x 104 cells per cm® in STEMdiff™
Neural Progenitor Medium. For induction of neuronal
differentiation®?, NPC were co-infected with lentiviral vectors
pLV-TetO-hNGN2-Puro (Addgene, catalog no. 79049), and
FUdeltaGW-rtTA (Addgene, catalog no. 19780) at a final con-
centration of approximately 10 ng/ml or 2 x 108 particles/ml per
lentivirus. After 24 h, doxycycline (Sigma Aldrich, catalog no.
D9891) was added to a final concentration of 10 pug/ml to induce
tetracycline-dependent expression of the reverse tetracycline
transactivator (rtTA) and hNGN2. 24h later, 2 ug/ml of pur-
omycine (Thermo Fisher Scientific, catalog no. 11113803) was
added to the medium to select for transduced NPC. After removal
of selection medium at day 2 post transduction, cells were sup-
plied with neuronal differentiation medium consisting of Neu-
robasal Plus Medium (Thermo Fisher Scientific, catalog no.
A3582901) supplemented with 1x B27 Plus supplement (Thermo
Fisher Scientific, catalog no. A3582801), 1x N2 supplement
(Thermo Fisher Scientific, catalog no. 17502048), 1 pg/ml Lami-
nin, 20 ng/mL BDNF (Peprotech, catalog no. 450-02), 20 ng/mL
GDNF (Peprotech, catalog no. 450-10), 500 pg/mL dibutyryl
cyclic adenosine monophosphate (Sigma Aldrich, catalog no.
D0627), 35 ug/mL L-Ascorbic Acid (Sigma Aldrich, catalog no.
A2078) and 10 pg/ml doxycycline. At this point, 3 x 10* murine
primary astrocytes per cm” were added a 50% medium change
was performed every other day until neurons were assayed or
fixed after 14-21 days in vitro.

Neuron-microglia co-culture. Neuronal and microglial differ-
entiation started separately from each other for 16 days. Subse-
quently, microglia were lifted from the ultra-low attachment
plates, washed with DPBS, centrifuged and finally resuspended in
microglia medium. In case of pretreatment, microglia were
primed using 100ng/ml of LPS or 10uM of Minocycline
(STEMCELL Technologies, catalog no. 74112) at 37 °C and 5%
CO, for 60 min. Subsequently, microglial cells were washed with
DPBS and added to the neuronal cultures. For a final
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microglia:neuron ratio of approximately 1:5, microglia were see-
ded at a density of 5 x 10* microglial cells per cm? combined with
3 x 10* initially seeded NPCs per cm®. The co-culture plate was
transferred to the incubator and left for 72h at 37°C and 5%
CO2. Co-cultures were maintained in microglia medium
throughout the experiments.

Immunocytochemistry. iPSC-derived neurons and microglia,
cultured in 96-well pclear plates (Greiner Bio, catalog no.
655090), were fixed using paraformaldehyde (4% in PBS, Sigma
Aldrich, catalog no. P6148) for 15min at room temperature.
After fixation, cells were washed three times with PBS and then
blocked and permeabilized at room temperature in 0.1% Triton
X-100/PBS containing 1X Blocking Reagent for ELISA (Merck,
catalog no. 11112589001) for 30 min. After overnight incubation
at 4 °C with primary antibodies diluted in blocking solution, cells
were washed three times in PBS and exposed to fluorescently
labeled secondary antibodies (1:500; Cy3 anti-rabbit (Jackson
ImmunoResearch, catalog no. 111-165-144) or Cy5-coupled goat
anti-mouse secondary antibodies (Jackson ImmunoResearch,
catalog no. 115-175-146) and Alexa Fluor® 488-coupled goat
anti-chicken or 647-coupled goat anti-rat antibodies (Thermo
Fisher Scientific, catalog no. A21247, A11039). Secondary anti-
bodies were dissolved in blocking solution and incubated at room
temperature for 2h. Nuclei were stained using Hoechst Dye
33258 (1:1,000 in PBS, Sigma-Aldrich, catalog no. 911004450).
The following primary antibodies were used: mouse monoclonal
anti-Beta-Tubulin III (STEMCELL Technologies, catalog no.
60100, 1:250), mouse monoclonal CX3CR1 (BioLegend, catalog
no. 355701, 1:500), rabbit polyclonal anti-IBA1 (FUJIFILM Wako
Chemicals, catalog no. 019-19741, 1:1000), CD11b monoclonal
antibody (ICRF44), eBioscience™ (#14-0118-82), rat monoclonal
anti-LAMP1 (Santa Cruz Biotechnology, catalog no. sc-19992,
1:100), chicken polyclonal anti-MAP2 (Invitrogen, catalog no.
PA1-10005; 1:2500), mouse monoclonal anti-NFkB p65 (Cell
Signaling, catalog no. 6956), mouse monoclonal anti-PAX6
(BioLegend, catalog no. 862001, 1:200), Phalloidin CruzFluor#
488 (Santa Cruz Biotechnology, catalog no. sc-363791), rabbit
monoclonal recombinant anti-PSD95 (Synaptic Systems, catalog
no. 124008, 1:500), mouse monoclonal anti-SPI1 (PU.1, BioLe-
gend, catalog no. 658002, 1:100), rabbit polyclonal anti-SOX1
(Abcam, catalog no. ab22572, 1:500), mouse monoclonal anti-
Synapsinl (Synaptic Systems, catalog no. 106011, 1:1000), rabbit
polyclonal anti-Synaptophysinl (Synaptic Systems, catalog no.
101002, 1:500), rabbit anti-TMEM119 (Synaptic Systems, catalog
no. 400002, 1:400), rabbit monoclonal anti-TREM2 (Cell Sig-
naling, catalog no. 91068, 1:400), mouse monoclonal anti-VGlutl
(Synaptic Systems, catalog no. 135511, 1:300), mouse monoclonal
anti-Nestin (Synaptic System, catalog no. 312011, 1:1000). Anti-
body specificity was confirmed by analysis on differentiated cells
and naive iPSC, and by secondary antibody only stainings.

Quantification of synaptic marker densities and synaptic
uptake. To determine microglial pruning of synaptic structures,
Z-stacks of neuronal networks were acquired with a confocal laser
scan microscopy Cell Observer SD with a x63 plan-apochromatic
oil immersion objective. Z-stacks were retrieved from regions of
comparable fibre density, while the settings for acquisition (such
as exposure time, laser intensity and gain) were unchanged for all
conditions. Each image is a 3D reconstruction of a z-stack.
Images of neuronal cultures or neuron-microglia co-cultures
were further processed by imaging using Imaris software. A
surface was generated covering all MAP2 signals present in the
whole stack. Next, the surface was masked using the Synapsin 1
(SYN1) signal creating a new channel for SYNI1. After spot

detection in the new SYNI1 channel, SYNI-positive synaptic
structures were counted after thresholding and referred to the
volume of MAP2-positive structures to provide the density of
SYNI-positive presynaptic terminals. The threshold for
SYN1 spot detection was kept constant for each replicate. Data
from multiple images were averaged to give yield to one datapoint
for each biological replicate. The number of biological replicates is
indicated in the figure legends. Within each image 2-3 microglial
cells were analyzed on average. Within individual biological
replicates, samples were normalized to the mean of CTRI.

Microglial uptake of synaptic structures was quantified by
determination of the mean fluorescence intensity of SYN1 within
IBA1 positive microglia. To this end, Z-stacks of microglia were
acquired as described above and further processed using Imaris.
A first surface was generated using the IBA1 signal to cover whole
microglial cells and was subsequently masked with the signal for
SYN1. Mean fluorescence intensities were measured for SYN1-
positive spots identified within microglia. At least three
independent experiments were performed for each donor
combination.

Statistics and reproducibility. Statistical analysis was performed
using GraphPad Prism 9.2.0 (GraphPad Software Inc.). For non-
Gaussian distribution in pairwise comparisons, the unpaired
Mann-Whitney U test was performed and for group compar-
isons, Kruskal-Wallis test with Dunn’s post-hoc multiple com-
parisons test was used. The type of statistical tests used and
results are reported in the figure legends or main text.

Reporting summary. Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

RNA sequencing data are available for download from the NCBI Gene Expression
Omnibus (GEO) (NCBI GEO no. GSE213232). Source data are provided as
supplementary information (supplementary data 1). Additional data supporting the
findings of this study are available from the corresponding author upon request.
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