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SUMMARY

Microglia are resident macrophages in the brain that emerge in early development and respond

to local environment by altering their molecular and phenotypic states. Fundamental questions
about microglia diversity and function during development remain unanswered as we lack
experimental strategies to interrogate their interactions with other cell types and responses to
perturbations ex vivo. We compared human microglia states across culture models, including
cultured primary and pluripotent stem cell-derived microglia. We developed a ‘report card’ of gene
expression signatures across these distinct models to facilitate characterization of their responses
across experimental models, perturbations, and disease conditions. Xenotransplantation of human
microglia into cerebral organoids allowed us to characterize key transcriptional programs of
developing microglia /n vitro and reveal that microglia induce transcriptional changes in neural
stem cells and decreases interferon signaling response genes. Microglia additionally accelerate the
emergence of synchronized oscillatory network activity in brain organoids by modulating synaptic
density.
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Our “microglia report card” reveals that human microglia selectively regulate different biological
gene cluster modules in an environment-dependent fashion. The presence of microglia in the

brain organoids protects against double-stranded DNA breaks and attenuates gene response on
interferon signaling pathway. Additionally, microglia accelerate neural network synchronization in

organoids.

Keywords

Microglia; microglia culture; iPSC; iMG; organoids; human microglia; organoid activity; neuro-
immune; induced microglia; interferon response; double-stranded DNA breaks

INTRODUCTION

Microglia are the resident macrophages of the brain and have been shown to respond to
many viral pathogens to protect neurons and glia from pathogen-induced damage (Garden
2002, Retallack, Di Lullo et al. 2016, Bortolotti, Gentili et al. 2019). Mutations in microglia-
related genes have been implicated in a wide range of neurological (Rademakers, Baker

etal. 2011, Oosterhof, Chang et al. 2019), neuropsychiatric (Needleman and McAllister

2012, Sekar, Bialas et al. 2016), and neurodegenerative diseases (Krasemann, Madore et

al. 2017). Moreover, microglia have been shown to adopt disease-associated transcriptional
states in a wide variety of disease environments (Keren-Shaul, Spinrad et al. 2017, Li, Cheng
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et al. 2019, Masuda, Sankowski et al. 2019). Finally, microglia transcriptomes have been
shown to vary substantially across species (Geirsdottir, David et al. 2019), suggesting that in
order to dissect the contributions of microglia to neurodevelopmental and disease processes
in the human brain may require human cell-based experimental models. However, it is
unclear which models can best recapitulate the molecular architecture of human microglia
subpopulations, as microglia are known to undergo substantial changes in gene expression
upon isolation from the brain parenchyma, as well as across culture models (Gosselin, Skola
et al. 2017). A comprehensive molecular map of microglia diversity across experimental
models would enable data-driven decisions about the most relevant experimental systems.

By harnessing single cell transcriptomics, we sought to create a comprehensive ‘report
card’ for human microglia during development. We found that three-dimensional neural
tissue environment presents the strongest transcriptomic correlations of microglia to their
in vivo counterparts. In particular, xenotransplantation of microglia into brain organoids
that are largely absent of myeloid lineage cells allows a systematic comparison of
neurodevelopmental processes in the presence or absence of microglia. Interestingly, we
found widespread expression of genes involved in type I interferon response in organoid
radial glia, which becomes attenuated in the presence of microglia. In contrast, neurons
appear transcriptionally invariant to microglia transplantation, but instead undergo synaptic
remodeling and an accelerated maturation of network properties. Together, our work
highlights molecular plasticity of human microglia across culture models, underscores the
potential shortcomings of microglia derived from pluripotent stem cells in recapitulating /in
vivo signatures, and reveals transcriptional responses of the developing human neural tissue
to the presence of microglia.

Microglia “Report Card” Across Culture Models

Efficient culture models of human microglia are required to advance our understanding of
normal brain development and neuroimmune interactions in disease states. Unfortunately,
transcriptomic and morphological changes in cultured microglia (Gosselin, Skola et al.
2017) represents a significant challenge for human microglia-related studies. To characterize
what microglia subtypes are preserved and how they change across different models, we
generated new single cell RNA sequencing data from two /n vitro models and combined it
with a previously published humanized mouse model engrafted with human iPSC-derived
microglia (iMG) (Svoboda, Barrasa et al. 2019). To avoid microglia exposure to peripheral
blood-derived secreted factors that were shown to induce quick changes in gene expression
in cultured microglia (Gosselin, Skola et al. 2017), we used a serum-free culture media

that has been shown to promote microglia survival /n vitro (Bohlen, Bennett et al. 2017,
Montilla, Zabala et al. 2020). We purified primary microglia using magnetic beads binding
CD11b and cultured the cells as a monolayer culture in serum-free conditions supplemented
with 1L34, TGFB2 and cholesterol to provide necessary trophic conditions for microglia
survival (Bohlen, Bennett et al. 2017) (Figure 1A, D; Materials and Methods). Throughout
the culture duration, microglia remained ramified and motile (Video S1). After eight

days in culture, microglia expressed Ibal, a broad macrophage marker, and P2RY12, a
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microglia-specific marker that has been previously reported to be downregulated in ex vivo
conditions (Gosselin, Skola et al. 2017) (Figure S1A). Next, we explored the conservation
of microglia signatures across common experimental models, including microglia that
were induced from pluripotent stem cells using a recently established protocol (Abud,
Ramirez et al. 2017) (Figure 1B, E; Figure S1, Materials and Methods). We also analyzed
recently published data from induced microglia that had been transplanted into /in vivo
mouse brain (Svoboda, Barrasa et al. 2019) (Figure 1C, F, Figure S1). To perform an
unbiased comparison of microglia states in the native brain environment and in culture,

and to determine whether microglia heterogeneity is preserved in vitro, we compared these
combined scRNAseq datasets to primary human microglia from the BRAIN Initiative Cell
Consensus Network (BICCN) that was combined with sScRNAseq data from the developing
human hippocampus (Zhong, Ding et al. 2020). For the primary clustered microglia cells
that were /n sifico purified from samples ranging from gestational week (GW) 16 to GW27,
we excluded clusters that were enriched for gene markers of B cells (CD79B, IGHM,
IGKC), natural killer cells (NKG7, PRF1, KLRBI) and dividing cells (Figure S2A). After
iteratively clustering the resulting microglia, we identified five molecularly unique clusters
of microglia, all of which expressed high levels of pan-macrophage marker AIF1 (Figure
S2B-C). Cluster 1 was characterized by high expression of LGALS1, LGALS3, APOC],
FTL and SPPI, recapitulating a microglia subtype that was described previously (Hammond,
Dufort et al. 2019, Li, Cheng et al. 2019). In accordance with these reports, we call

this microglia cluster Axon Tract-Associated microglia (ATM). Cluster 2 expressed high
levels of chemokines and cytokines (CCL3, CCL4, CXCLS8, IL1B), and we call it “cytokine-
associated microglia”. Cluster 3 had a gene signature consisting of heat shock proteins and
immediate early genes (JUN, RHOB, HSPA1A, DNAJBI) that has been previously shown
to be induced by enzymatic digestion of primary brain tissue (Marsh, Kamath et al. 2020),
therefore, we call it “ £x vivo activated” microglia. Cluster 4 had a higher expression of
genes associated with mature homeostatic microglia (CX3CR1, P2RY12, P2RY13, VSIR),
therefore we termed it “Homeostatic” microglia. Finally, a small cluster 5 was defined by
gene signature (F13A1, MRCI1, LYVEI) consistent with perivascular macrophages (PVM)
(Zeisel, Munoz-Manchado et al. 2015). We additionally performed sex-related differentially
expressed gene analysis among microglia from the “Homeostatic” and “ATM” clusters
(Table S1, Figure S2J).

To facilitate the comparison of different microglia subtypes across the models, we created

a score for each transcriptionally-defined microglia subtype based on an eigengene for the
top 15 differentially expressed cluster markers (Figure S3), in addition to a dividing cell
signature, and projected these scores on the individual sScRNAseq clusters for each condition
(Figure 1G-I). In accordance with previous reports (Gosselin, Skola et al. 2017), primary
microglia cultured /n vitrohad lower expression levels for the homeostatic signature (Figure
1G). Importantly, certain microglia subtypes clustered separately from each other on the
UMAP even after eight days in culture, including the two distinct clusters of homeostatic
and ATM microglia. However, while cluster 1 of /n vitro cultured microglia became
simultaneously associated with the homeostatic and PVVM microglia signature, suggesting
that /in vitro cultured microglia may attenuate some of the brain-associated specification

and become more peripheral macrophage-like, some degree of separation between these
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two populations remained. This is consistent with previous findings that both the tissue
environment and cell ontology drive microglia specification and potentially explains what
microglia signatures can revert to their brain identity after being maintained in ex vivo
conditions (Bennett, Bennett et al. 2018). In contrast, microglia derived from iPSC cells had
a fully overlapping signature for both homeostatic microglia and peripheral macrophages.
These two populations became well separated again upon transplantation into the mouse
brain, suggesting that the initial minimal patterning cocktail to derive iMG may still lack
some of the signaling molecules that are unique to the brain parenchyma environment.

Consistent with previous reports, we found that human iMG transplanted into mouse brain
recapitulated many of the primary cell signatures and develop transcriptomic similarities
with microglia in the human brain (Figure 11, Figure S1C), suggesting that the neural
tissue environment likely provides cues that support normal microglia identity (Bohlen,
Bennett et al. 2017). Individual module scores projected onto the UMAP revealed high
preservation of microglia from the ATM cluster (Figure 11). In contrast to the mouse brain
transcriptomic data where this cluster is transiently present in early postnatal period of
mouse development and then disappears in the later time points (Hammond, Dufort et al.
2019), our analysis suggests that human microglia retain this signature even in the adult
mouse brain. Interesting, this cluster is characterized by high expression of APOE and
TREM?Z, among others — two genes that are implicated in Alzheimer’s disease. Another
cluster that was strongly preserved between primary and /7 vivo transplanted microglia
was cytokine-associated module that was previously proposed to be specifically enriched
in the human brain (Geirsdottir, David et al. 2019). Together, this analysis revealed that
while in vitro culturing decreases some of the key homeostatic microglia genes, it retains
gene module specificity between different cell clusters. This specification is maintained
and further improved by xenotransplantation into the mouse brain. Two clusters (ATM
and cytokine-associated) from the /n vivo transplanted microglia potentially uncover gene
module signatures that in the human microglia are maintained based on cell-intrinsic
programs instead of relying on brain tissue environment.

‘Neuroimmune’ Organoid Model of Human Brain Development

The role of microglia in the early stages of human neurogenesis and neuronal maturation
remains a long-standing question due to the lack of experimental models. Given the
extreme transcriptional plasticity of microglia and their sensitivity to the cell environment,
we wondered whether seeding them into brain organoids could rescue the transcriptomic
signatures of cultured microglia. /n vitro differentiation protocols of human pluripotent stem
cells are becoming widely adopted to derive cultured models of developing brain (Figure
2A-B,D, Figure S4A) (Pasca 2018). Unlike neurons, astrocytes, and oligodendrocytes,
mature microglia do not emerge robustly in organoids derived by standard protocols but
can be reconstituted by transplantation (Ormel, Vieira de Sa et al. 2018). Combining 3D
cortical organoids with exogenously derived microglia offers an opportunity to dissect the
roles of this cell type in brain development. To this end, we differentiated human cortical
brain organoids using standard protocols (Pasca, Sloan et al. 2015), and at 5 weeks of
differentiation, we introduced human microglia purified from mid-gestation cortical tissue
specimens (Figure 2C). We selected this time period for transplantation because this is
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when the organoids are transferred to the final maintenance media formulation that remains
unchanged for the rest of the culture. Moreover, microglia do not actively proliferate in

the organoids, while non-microglia progenitor cells do, therefore, we did not want to dilute
the total proportion of microglia to non-microglia cells in the organoids. The resulting
neuro-immune organoids were maintained in the organoid maintenance media without any
addition of trophic factors for microglia survival, as our data suggest that different cell

types present in the organoid express factors necessary for microglia survival, including
IL34 in excitatory neurons, CSF1 in radial glia and TGFp in dividing progenitor cells
(https://mg-models.cells.ucsc.edu). Over the course of several days, microglia invaded the
organoid (Videos S2 and S3) and transformed their morphology from ameboid to ramified
state that could be detected even 5 weeks after engraftment (Figure 2E-G, Figure S4B-

D, Movie S2). Similar results were obtained with microglia derived from iPSC (Figure
S4E-G). Microglia were predominantly located around rosettes with Sox2-positive neural
stem cells, consistent with their role in the neurogenic niche of the developing mammalian
brain (Figure S4H) (Cunningham, Martinez-Cerdeno et al. 2013). The presence of microglia
did not induce any macroscopic structural changes to the organoids (Figure S4J). We did
not detect any Ibal-positive cells in any of the organoids that were not transplanted with
microglia. Thus, the ‘neuroimmune’ organoid offers an opportunity to explore the long-term
impact of microglia on human neurogenesis and neuronal maturation.

A time-lapse imaging assay demonstrated that microglia were ramified with highly active
motile processes, consistent with their surveillance function under homeostatic conditions
(Figure 3A) (Nimmerjahn, Kirchhoff et al. 2005). We also detected a subset of phagocytic
microglia identified by the presence of phagocytic cups — protrusions of plasma membrane
engulfing nuclei of neighboring cells (Figure 3B). 3D reconstruction revealed that Sox2-
positive progenitor cells can be found encapsulated by these phagocytic cups. Microglia
additionally made contacts with Tuj1-positive neuronal fibers (Figure 3C). To examine
whether microglia were actively phagocytosing synaptic material, consistent with their role
in vivo, we performed additional staining for the microglial lysosome marker, CD68. We
detected synaptic material that was co-localized with microglial lysosomes (Figure 3D), and
the overall volume of the engulfed synapse material was comparable to what is seen in the
mouse brain (Figure 3E) (Li, Chiou et al. 2020).

Microglia in the 3D organoid environment

To investigate whether organoids can be used to preserve the homeostatic signatures

of primary microglia or mature iMG, we cultured primary human microglia in the
organoids for 2 weeks before performing scRNAseq analysis (Figure 4A-B, Figure S5).
After filtering non-microglia cells and iterative re-clustering, we identified 13 molecularly
unique clusters. Our data suggest that while the organoid environment increases the
“homeostatic” score compared to the 2D /n vitro cultured microglia, it also leads to an
increase of the cytokine-associated signature to levels observed in primary uncultured
microglia (Figure 4C). This cytokine-associated signature has been previously reported to
be human-specific (Geirsdottir, David et al. 2019), and a recent transcriptomic analysis of
primary human microglia (Kracht, Borggrewe et al. 2020), together with our own data,
confirms the existence of this transcriptomic signature in normal microglia without any prior
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immune stimulation. In contrast to the human brain, mouse microglia expression signature
of chemokines and /L 1B, CCL3and CCL4 (also known as macrophage inflammatory
protein-1b, or Mip-1b) emerge in the aged brain (Hammond, Dufort et al. 2019). Our
comparative analysis reveals that the mouse brain environment induces only moderate
expression of the cytokine gene module, while human brain organoids, representing a
spectrum of cell types of the developing human brain, are sufficient to restore the chemokine
signature in microglia to the levels seen in the developing human brain. Together, these data
suggest that the chemokine signature may be specifically associated with the human brain
environment and is significantly downregulated in the mouse brain, reflecting the dynamic
inducible nature of this microglia subtype/state (Figure 4C, Figure S5C).

In addition to the main signatures of the primary microglia (Figure 4C), we detected several
populations of microglia that were only present in the culture environment. Similar to the
2D cultured cells, we identified a small population of microglia associated with the type

| interferon response signaling gene signature (cluster 12, Figure S5B). We also identified
a cluster with high expression of metallothionein gene family (MT1G, MT1H, MT2A)
that was absent in any other model conditions. Metallothioneins are small proteins that
are rich in cysteine residues, can bind multiple metals under physiological conditions and
are involved in heavy metal detoxification and redox regulation in the cells. In the brain,
metallothionein expression is protective in response to injury and counteracts the effects
of pro-inflammatory cytokines (Penkowa, Carrasco et al. 1999, Chung, Leung et al. 2009).
High expression of these genes in organoid-cultured microglia may reflect their response
to the cell stress of the organoid brain environment by upregulating the oxidate cell stress
response (Bhaduri, Andrews et al. 2020).

Human Microglia Reduce Cell Stress and Attenuate Interferon Response Genes

Given the strong transcriptomic signature that would be predicted to be protective, we
wondered how the presence of microglia influence different cell types in the organoids. To
systematically identify which transcriptomic signatures are differentially regulated among
neural cells in the presence of microglia, neuroimmune organoids generated from three
different iPS lines were dissociated at 5 weeks after transplantation and profiled using
scRNAseg. We identified the major cell types, including neurons, radial glia, intermediate
progenitors and dividing cells (Figure S6A-D). After selecting for cells of forebrain identity
(FOXG1-positive), iterative clustering revealed the major cell types of the neuronal lineage,
radial glia, intermediate progenitors, and dividing cells (Figure 5A, Figure S6E). Cells
derived from control and neuroimmune organoids, as well as cells from all three organoid
lines were found evenly distributed across all clusters (Figure 5B).

To uncover microglia-induced transcriptomic changes in each major cell type, we first
calculated the amount of variance in expression level attributable to individual variables,
and selected genes with expression variation significantly contributed to by experimental
condition (microglia-transplanted vs control organoids). Differential gene expression
analysis revealed that radial glia and dividing cells are two top responding cell types

to microglia (Figure 5C, Table S2). Among radial glial cells, Gene Set Enrichment
Analysis Enrichr (Chen, Tan et al. 2013) identified top biological processes associated
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with the presence of microglia, including significant reduction of genes involved in
metabolism as well as cellular response to interferon (Figure 5D). In contrast, fewer changes
were identified in neurons. Among them, we observed genes involved in a cholesterol
biosynthesis and acetyl-CoA pathway that were uniformly upregulated in response to the
presence of microglia (Figure 5E, Figure S7D). Although we did not detect significant
differences in individual gene expression in neurons with and without microglia, we

noted some trends in the expression of two genes associated with neuronal differentiation/
maturation. Specifically, genes enriched in immature neurons, such as NEURODZ, were
detected at a higher average abundance in neurons derived from non-transplanted organoids.
In contrast, genes typically expressed in more mature neurons, such as NRXNI, were
modestly enriched in neurons derived from microglia-transplanted organoids (Figure S7E).

By focusing on the top differentially expressed genes from the interferon signaling

pathway in radial glia in the neuroimmune organoids, we identified several genes that

were markedly decreased in the presence of microglia (Figure 6A, Figure S7A). Interferon
Regulatory Factor 1 (/RFI), Interferon Alpha-Inducible Protein 6 (/F/6), Interferon Induced
Transmembrane Protein 3 (/F/TM3) and Human Leukocyte Antigen E (HLA-E) were
among the top genes driving the GO Biological Process analysis, and in the profiled
organoids, this difference was specific to radial glial cells. We validated this difference

by performing immunostaining in rosettes from neuro-immune organoids (Figure 6B). Co-
staining with IFITM3 and Sox2 revealed a small, but statistically significant decrease at the
level of IFITMS3 levels in the presence of microglia, consistent with the transcriptomic data
(Figure 6B—C, Figure S7TF-H). While the role of these changes at the level of radial glia cells
in the human brain remains to be determined, it is interesting to note that /F/7TM3, one of the
top interferon response genes identified in our analysis, is robustly expressed in the human,
but not mouse, radial glia cells (Figure S7B,C).

Although predominantly associated with immune defenses against various pathogenic
stimuli, including viral infections, interferon response is implicated in a general response
to cellular stress, including DNA damage (Brzostek-Racine, Gordon et al. 2011). Since our
culture condition did not involve any viral challenge, we hypothesized that the interferon
response pathway may be activated in response to cell stress induced by the organoids
culture paradigm (Bhaduri, Andrews et al. 2020). To test this hypothesis, we performed
additional staining with pH2AX, a marker for double stranded DNA breaks, and quantified
resulting puncta using CellProflier (Jones, Kang et al. 2008). Within the cell nuclei stained
with Sox2 and pH2AX, we excluded the ones with high level of pH2AX, suggestive of
dividing stem cells in the process of chromosome segregation (Turinetto and Giachino
2015), and only quantified cells with 2-30 pH2AX-positive puncta (Figure 6D-F). On
average, the number of puncta per cell was greater in the absence of microglia. Distribution
of nuclei with pH2AX-positive puncta revealed a trend with higher proportion of cells
skewed towards larger number of puncta per nucleus in the control organoids, suggesting
that a small, but significant and consistent increase in double-stranded DNA breaks in
control organoids.
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Microglia Facilitate the Maturation of Neural Networks During Brain Development

It has been previously shown that microglia influence early network activity through
physical contacts and secretion of secreted factors. In the sScRNAseq data, we detected a
small, but statistically significant change in the expression of genes implicated in synaptic
transmission. We sought to explore whether microglia might influence functional network
maturation (Trujillo, Gao et al. 2019). To determine the effect of microglia on the maturation
of neural networks, we transplanted microglia into 15 weeks old organoids, when the
majority of neuronal types are expected to be present. We recorded spontaneous neural
activity from the surface of the organoids using multi-electrode arrays in neuroimmune and
control organoids 5 weeks later (Figure 7A). In both conditions, we detected spike activity
with characteristic waveforms for single-unit activity (Figure 7B). Excitingly, we discovered
increased synchronization and frequency of oscillatory bursts in neuroimmune organoids
compared to control (Figure 7C-E), consistent with accelerated network maturation in
organoids (Trujillo, Gao et al. 2019) (Rigato, Buckinx et al. 2011, Parkhurst, Yang et al.
2013). To test the hypothesis that microglia involved in synaptic refinement, we performed
double immunostaining for vGlutl and PSD95 and revealed a significant reduction in
synaptic puncta, consistent with the role of microglia in synaptic remodeling, and we were
able to detect synaptic material within microglia (Schafer, Lehrman et al. 2012, Weinhard,
di Bartolomei et al. 2018) (Figure 7F-G, Video S4). These findings suggest that microglia
integrate into cerebral organoids, can be maintained within organoids for long-term culture,
and contribute to development of functional neural networks.

DISCUSSION

We created a comprehensive comparison atlas among primary and iPSC-induced human
microglia under different culture conditions including 2D culture and iMG transplanted into
mouse brains. We compared strategies for microglia culture that could serve as experimental
systems for functional characterization of human microglia, including two-dimensional
culture and transplantation into cerebral organoids. To make this resource useful for

the scientific community, we make it available via an interactive single cell browser
(https://cells-test.gi.ucsc.edu/?ds=mg-models). We show that while the /n vivo mouse brain
environment significantly enhances fidelity of native microglia states, several important
differences between iMG and primary microglia still remain. First, we show that a number
of cytokine and chemokine genes is better preserved in human-specific brain environment. It
has been recently reported that the chemokine and cytokine signatures distinguish between
mouse and human microglia (Geirsdottir, David et al. 2019), and we now show that the
same gene modules remain downregulated in the microglia transplanted in the mouse brain.
This finding suggests that the native human brain environment may provide instructive cues
for microglia development, perhaps reflecting deeper differences between the two species
and further highlighting the effect of cell-cell interactions in shaping transcriptional and
functional difference. In contrast, ATM microglia cluster is maintained in different culture
conditions, including mouse brain, suggesting that this microglia type may represent a stable
microglia subtype.
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Our research was motivated by two major questions: first, can brain organoids serve

as a better culture environment for microglia, and second, can neuro-immune organoids
become a more accurate model of the developing brain? To address these questions, we
performed a primary microglia transplantation into the organoids followed by a ScRNAseq
analysis of both microglia and neural cells. Furthermore, we systematically characterized

a neuro-immune model of 3D brain organoids transplanted with primary human microglia,
and we show that microglia integrate into the organoids and affect brain development. By
performing scRNAseq analysis, we demonstrated that microglia transplanted in cerebral
organoids had the closest resemblance to their /n vivo counterparts. Furthermore, by
comparing gene expression profiles between transplanted and control organoids, we detected
subtle but statistically significant transcriptional differences in a cell type-dependent manner.
In radial glia, the presence of microglia reduces genes associated with interferon response
and their downstream effectors. Interestingly, expression of interferon genes is specific to
radial glia in the human, but not mouse brain, and activation of interferon pathway regulates
proliferation of human neural progenitors (Pereira, Medina et al. 2015). We attribute these
changes to dsDNA damage that is enriched in long neural genes in neural stems and
progenitor cells (Wei, Chang et al. 2016). Interestingly, increased DNA damage associated
with increased neural progenitor proliferation has been associated with stress-susceptible
genes, including the ones implicated in autism spectrum disorder pathogenesis (Wang,

Wei et al. 2020). While downstream effects of these gene expression differences and their
connection to the pathogenesis of neurodevelopmental disorders are outside of the scope

of this study, our work provides a roadmap for future hypothesis-based investigations into
microglia-brain interactions.

In addition to identifying broad gene expression changes in microglia-containing organoids,
our study reveals a role of microglia in neural circuit development. We detect an increase

in network-level synchronized activity in microglia-containing organoids. This increase

has been reported in maturing cortical organoids and was characteristic of developing
cortical networks. While several studies on microglia depletion in adult mouse brain have
revealed a role of microglia in suppressing spontaneous activity and reducing seizures
(Badimon, Strasburger et al. 2020, Merlini, Rafalski et al. 2020, Wu, Li et al. 2020), the
role of microglia in early circuit formation may differ from adult circuits. In the postnatal
mice, depletion of microglia leads to deficient synaptic pruning, accumulation of immature
synapses and weakening of functional connectivity (Zhan, Paolicelli et al. 2014). Consistent
with the role of microglia in phagocytic engulfment, we detected synaptic material inside
of the microglia cells and overall reduction of synaptic puncta in microglia-transplanted
organoids. However, we cannot exclude the role of microglia that is not associated with
direct phagocytosis, such as release of soluble factors (Cheadle, Rivera et al. 2020).
Together, we report a new neuro-immune model that can be used to investigate cell
interactions between microglia and different cell types in the developing brain and serve
for disease modeling and amenable to therapeutic screenings.

Limitations of the Study

Microglia number and cellular properties are tightly controlled in various brain regions. It
has been previously shown that microglia from different brain regions differ in density,
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distribution, metabolism and phagocytic/pruning behavior (Lawson, Perry et al. 1990,
Tan, Yuan et al. 2020). In our neuro-immune model, we noticed varying transplantation
efficiency, with different organoids having different number of transplanted microglia.
However, we did not notice any difference between different organoids at the level of
single-cell transcriptome or protein expression levels. Our study is limited to only cortical
microglia transplanted into cortical organoids, therefore performing transplantations using
microglia isolated from different brain regions as well as employ organoids representing
regional brain niches would be of great interest in the future. Additionally, while human
organoids provide a good model for the early brain development, they have not yet reach
neural circuitry resembling a mature brain. In this study, we focused a relatively short time
period when neural circuits are just being developed. It would be important to see how the
absence of microglia influence at later time points. It has been previously reported that the
spontaneous network formation displayed regular oscillatory events over their maturation
trajectory (Trujillo, Gao et al. 2019). More work is needed to determine long-lasting
microglia effects on different cell types in the organoids.

STAR Methods
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Tomasz J. Nowakowski,
tomasz.nowakowski@ucsf.edu.

Materials Availability—This study did not generate new unique reagents.

Data and Code Availability

. Single-cell RNA-seq data for non-human data have been deposited at
GEO (GEO: GSE180945) and are publicly available as of the date of
publication. Newly generated single-cell RNA-seq data from de-identified
human subjects has been deposited at Synapse, (https://www.synapse.org/#!
Synapse:syn26009957) and require an authorized user login. Any questions
should be referred to the Lead Contact. Re-analyzed data from other available
sources is listed in the Deposited Data section of Reagents and Resource.
Accession numbers for all data are listed in the key resources table. Microscopy
data reported in this paper will be shared by the Lead Contact upon request.

. All data analysis has been done by using previously published pipelines with
DOls listed in the key resource table. A detailed description of the computational
processing and parameters is provided in Methods Details.

. Any additional information required to reanalyze the data reported in this work
paper is available from the Lead Contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Primary human samples—Deidentified primary tissue samples were collected with
previous patient consent in strict observance of the legal and institutional ethical regulations.
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Protocols were approved by the Human Gamete, Embryo, and Stem Cell Research
Committee (institutional review board) at the University of California, San Francisco.

Sample size estimation—Single cell RNA sequencing experiments on organoids with
and without microglia were performed on three organoid cell lines, two individual organoids
per condition to account for variability between different lines and organoids within the
same batch. Cell counts for each individual experiment are identified in the text and figure
legends.

Immunofluorescence-based imaging quantifications were performed on a minimum of three
individual organoids per condition. Sample size and error bar designation are displayed in
figure legends for appropriate experiments.

How subjects/samples were allocated to experimental groups—*For the organoids
in the presence and absence of microglia, all organoids from the experimental cohort were
grown on the same plate and were randomly assigned to each experimental group.

Health/immune status—All human-derived samples came from apparently normal
specimens without any known abnormalities.

Culture conditions for in vitro systems

Primary human microglia: Prenatal human microglia were purified from primary human
cortical brain tissue from mid-gestation (gestational week 18-23) samples using magnetic-
activated cell sorting kit with CD11b magnetic beads (Miltenyi Biotec, 130-049-601)
following manufacturer’s instructions. Briefly, primary brain tissue was minced to 1mm?
pieces and enzymatically digested in 10 ml of 0.25% trypsin reconstituted from 2.5% trypsin
(Gibco, 15090046) in DPBS (Gibco, 14190250) for 30 mins at 37 °C. 0.5 ml of 10 mg/ml
of Dnase (Sigma Aldrich, DN25) was added in the last 5 minutes of dissociation. After

the enzymatic digestion, tissue was mechanically triturated using a 10 ml pipette, filtered
through a 40 pm cell strainer (Corning 352340), pelleted at 300xg for 5 minutes and washed
twice with DBPS. Dissociated cells were resuspended in MACS buffer (DPBS with 1 mM
EGTA and 0.5% BSA) with addition of DNAse and incubated with CD11b antibody for

15 minutes on ice. After the incubation, cells were washed in a 10 ml of MACS buffer

and loaded on LS columns (Miltenyi Biotec, 130-042-401) on the magnetic stand. Cells
were washed 3 times with 3 ml of MACS buffer, then the column was removed from the
magnetic field and microglia cells were eluted using 5 ml of MACS buffer. Cells were
pelleted, re-suspended in 1 ml of culture media and counted. We routinely obtained 1x10"6
of microglia cells per MACS purification.

Primary human microglia culture—Microglia were cultured on glass-bottom 24
well plates (Cellvis, P24-1.5H-N) pre-coated with 0.1 mg/ml of poly-d-lysine (Sigma
Aldrich, P7280) for 1 hr and 1:200 laminin (Thermo Fisher, 23017015) and 1:1,000
fibronectin (Corning, 354008) for 2 hrs. Microglia were plated at 1,5x10"5 cells/well and
maintained in culture media containing 66% (vol/vol) Eagle’s basal medium, 25% (vol/
vol) HBSS, 2% (vol/vol) B27 (Thermo Fisher, 17504001), 1% N2 supplement (Thermo
Fisher, 17502001), 1% penicillin/streptomycin, and GlutaMax (Thermo Fisher, 35050061)
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additionally supplemented with 100 ng/ml IL34 (Peprotech, 200-34), 2 ng/ml TGFf2
(Peprotech,100-35B), and 1x CD lipid concentrate (Thermo Fisher, 11905031) for 5-8 days.
For single cell RNA sequencing capture, cultured cells were washed with DPBS, incubated
with 0.25% trypsin (Thermo Fisher, 25200056) for 10 mins at 37°C. Trypsin was inactivated
by addition of DPBS with 10% FBS, the cells were centrifuged at 300x at 4°C for 5 mins
and washed with DPBS twice for a total of 3 washes.

Induced microglia—Induced microglia cells were generated from human iPSC cells
under defined conditions as previously described (Abud, Ramirez et al. 2017) and were a
kind gift from Fujifilm Cellular Dynamics (iCell Microglia, 01279, catalog # RC1110).

Organoid generation—Cerebral organoids were generated based on a previously
published method (Pasca, Sloan et al. 2015) with several modifications. Briefly, hiPSCs
cultured on Matrigel were dissociated into clumps using 0.5 mM EDTA in calcium/
magnesium-free PBS and transferred into ultra-low attachment 6-well plates in neural
induction media (GMEM containing 20% (v/v) KSR, 1% (v/v) penicillin-streptomycin, 1%
(v/v) non-essential amino acids, 1% (v/v) sodium pyruvate, and 0.1mM 2-mercaptoethanol).
For the first nine days, neural induction media was supplemented with the SMAD inhibitors
SB431542 (5 uM) and dorsomorphin (2 uM), and the Wnt inhibitor IWR1-endo (3 uM),
with a media exchange performed every three days. Additionally, the Rho Kinase Inhibitor
Y-27632 (20 uM) was added during the first six days of neural induction to promote
survival. Between days 9-25, organoids were transferred to a neural differentiation media
(1:1 mixture of Neurobasal and DMEM/F12 containing 2% (v/v) B27 without vitamin

A, 1% N2, 1% (v/v) non-essential amino acids, 1% (v/v) Glutamax, 1% (v/v) antibiotic/
antimycotic, 0.1mM 2-mercaptoethanol) supplemented with FGFb (10 ng/mL) and EGF
(10 ng/mL). Between days 25-35, organoids were maintained in neural differentiation
media without FGF or EGF. From Day 35 onward, organoids were maintained in neural
differentiation media containing B27 with vitamin A with media exchanges every 2-3 days.

Microglia-organoid engraftment and co-culture—Microglia from mid-gestation
cortical tissue were MACS-purified and immediately added to week 5 or week 15 organoids
in 6-well plates at 1x10”5 microglia cells/organoid and kept off the shaker overnight. The
next day, the plates were returned to the shaker and maintained following the usual organoid
maintenance protocol.

Authentication of cell lines used—All iPS cell lines used in this work has been
karyotyped and regularly tested for mycoplasma. Before experiments, cortical organoids
were validated for the expression of relevant brain cortex markers (Foxgl, Pax6) and
presence of rosettes reminiscent of ventricular zone to confirm their cortical identity.

METHOD DETAILS

Time-lapse imaging of microglia in 2D culture—Time lapse imaging experiment
for primary cultured microglia was started on day 6 of culture and continued for 24 hrs

in environmental control chamber (5%CO,, 37°C and relative humidity of 70%). Imaging
data were acquired using a Leica DMI-8 inverted widefield microscope, with 20x objective
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magnification at 0.55NA (air), and 0.4NA condensor on a Hamamatsu Flash-4 LT camera
(6.5 um pixels). The cells were held at a constant 37°C, 5% CO,, using the Okolab stage-top
incubator (H101-K-Frame). Each frame was acquired with 50 ms camera exposure. Imaging
was done for a period of 24 hours at 27-minute time intervals.

Time-lapse imaging of microglia in organoids—*For long-term tracking of microglia
engrafted into the organoids, we achieved GFP expression with adenoviral infection. We
incubated MACS-purified microglia with adenovirus CMV-GFP (E1/E5, Vector Biolabs,
Cat. 1060). Briefly, freshly isolated cells were incubated with the virus for 1 hour, then
washed with PBS three times to remove the viral particles, and then engrafted into organoids
as previously described. Sparse GFP expression of GFP was observed after 24 hours in
culture. Microglia were allowed to engraft into the organoid for seven days and then

were imaged using confocal Leica SP8, 10x lens every 20 minutes for 20 hours. Image
Z-stacks were projected as averages. GFP-labeled microglia were used only for the imaging
experiments for Figure 3A. Unlabeled microglia were used for the rest of the functional and
transcriptomic evaluations.

Labeling of microglia for short-term tracking (related to Video S2) was done using
CellTracker CM-Dil (Thermo Fisher, C7000). Acutely purified microglia were labeled with
the cell tracker for 30 mins and then added to an organoid embedded in matrigel in a
glass-bottom six-well plate (Mattek, PO6G-1.5-10-F). The imaging was performed using
Leica SP8 for the next 24 hours to demonstrate microglia moving towards the organoid
surface and engrafting into the organoid.

Organoid single-cell capture for single-cell RNA sequencing—Two organoids
per experimental condition were cut into 1 mm? pieces and enzymatically digested with
papain digestion kit (Worthington, LK003163) with the addition of DNase for 1 hr at

37°C. Following enzymatic digestion, organoids were mechanically triturated using a P1000
pipette, filtered through a 40 um cell strainer test tube (Corning 352235), pelleted at 300xg
for 5 minutes and washed twice with DBPS. Cells were counted and barcoded with MULTI-
seq indices (McGinnis, Patterson et al. 2019) for multiplexing. Three organoid lines with
and without microglia were combined and captured on two lanes of 10x Genomics using
Chromium single cell 3’ reagent kit (v3 Chemistry) following the manufacturer’s protocol.

Single cell RNA sequencing library preparation—Single cell RNA-seq libraries
were generated using the 10x Genomics Chromium 3’ Gene Expression Kit. Briefly, single
cells were loaded onto chromium chips with a capture target of 10,000 cells per sample.
Libraries were prepared following the provided protocol and sequenced on an Illumina
NovaSeq with a targeted sequencing depth of 50,000 reads per cell. BCL files from
sequencing were then used as inputs to the 10X Genomics Cell Ranger pipeline.

Immunofluorescence—cCells cultured on glass-bottom well plates were fixed in 4%
PFA for 10 minutes. Blocking and permeabilization were performed in a blocking solution
consisting of 10% normal donkey serum, 1% Triton X-100, and 0.2% gelatin for 1 hour.
Primary and secondary antibodies were diluted and incubated in the blocking solution.
Cell cultures were incubated with primary antibodies at the room temperature for 1 hour,
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washed 3x with washing buffer (0.1% Triton X-100 in PBS), and incubated with secondary
antibodies for 1 hour at the room temperature. Images were collected using Leica SP8
confocal system with 20x air objective and 63x oil objective and processed using ImageJ/Fiji
and Illustrator.

Organoid samples were fixed in 4% PFA for 1 hour. Tissue sections were cryopreserved

in OCT/30% sucrose (1:1) and cryosectioned at 20 pm or 40 um (for synaptic density
staining) thickness. Heat-induced antigen retrieval was performed in 10mM sodium citrate
(pH=6.0) for 10 min in boiling-hot solution. Blocking and permeabilization were performed
in a blocking solution consisting of 10% normal donkey serum, 1% Triton X-100, and 0.2%
gelatin for 1 hour. Primary and secondary antibodies were diluted and incubated in the
blocking solution. Primary antibodies used in this study included: rabbit Ibal (1:500, Wako,
019-19741) guinea pig Ibal (1:500, Synaptic Systems, 234 004), mouse VGLUT1 (1:200,
Millipore Sigma MAB5502), rabbit psd95 (1:350, Thermo Fisher, 51-6900), sheep EOMES
(1:200, R&D Biosystems, AF6166), rabbit FOXG1(1:1000, Abcam, ab18259), mouse Tujl
(1:300, Biolegend, MMS-435P), goat SOX2 (1:200, Santa Cruz Biotechnology, SC-17320),
rabbit Pax6 (1:200, Biolegend, 901301), mouse Ki67 (1:200, Dako, MIB-1), rat CTIP2
(1:500, Abcam, ab18465), mouse SATB2 (1:250, Santa Cruz Biotechnology, SC-81376),
mouse CD68 (1:100, Abcam, ab955), rabbit pH2AX (1:50, Cell Signalling Technologies,
S139), rabbit IFITM3 (1:50, Proteintech, 11714-1-AP), rabbit P2RY12 (1:500, Sigma,
HPA014518). Cryosections were incubated with primary antibodies at 4°C overnight,
washed 3x with washing buffer (0.1% Triton X-100 in PBS). Secondary antibodies were
species-specific AlexaFluor secondary antibodies (1:500). Images were collected using
Leica SP8 confocal system with 20x air lens (0.75 NA) and 63x oil lens (1.40 NA) and
processed using ImageJ/Fiji and Affinity Designer software.

Axion recordings—For MEA recordings, MACS-purified primary cortical microglia
were transplanted into week 15 organoids, and the neuro-immune organoid cultures were
allowed to mature for additional 5 weeks. Multielectrode array recordings were conducted
using the Axion Maestro Pro system 64 low-impedance PEDOT electrodes with 300 um
electrode spacing. Briefly, organoids were transferred to a 64-channel multielectrode plate
and equilibrated at 37 °C, 5% CO, for at least 15 minutes prior to recording. Spontaneous
neural activity was recorded for 40 mins. Firing events were defined as events with
threshold amplitude of more than six standard deviations of the background noise. The
event amplitude ranged between 8 pV to over 60 pV for some events. The majority of
events consisted of multi-unit events and demonstrated waveforms characteristic for a firing
neuron. The recordings at 12,500 samples/second were performed in the same media used
for organoid growth. After recording, organoids were detached from the MEA plate and kept
on the shaker.

QUANTIFICATION AND STATISTICAL ANALYSIS

Single cell RNA sequencing Analysis—For preprocessing of SCRNA-seq data,
CellRanger was used to create a cell by gene matrix which was then processed using
Cellbender (Bernstein, Fong et al. 2019) to remove ambient RNA from every run and Solo
(Fleming, Marioni et al. 2019) for doublet detection and removal with default parameters.
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A minimum of 500 unique genes, and 20% mitochondrial cutoff were used to remove

low quality cells from all datasets. The data analyzed in this study were produced through
the Brain Initiative Cell Census Network (BICCN: RRID:SCR_015820). To /n silico sort
microglia from all brain cells of the BICCN datasets, we selected cells expressing 10

or more cumulative UMI counts of the following genes: CCL3L3, CCL4, C3, CCL3,
PLEK, FOLR2, ITGAX, SPP1, CSF3R, BIN2, DHRS9, CD74, CD69, IL1B, CX3CR1,
OLR1, CH25H, FCGR2A, ADORAS3, LAPTMS5, P2RY12, IRF8, AlF1. scRNAseq data
from microglia from the developing human hippocampus (Zhong, Ding et al. 2020) was /n
silicofiltered by selecting a cluster representing immune cells. After the two data sources
were combined, the resulting dataset was further filtered for non-microglial cells after
dimensional reduction based on preliminary clustering and marker genes that were not
exhibiting canonical signatures, or other cell types. The SCTransform (Hafemeister and
Satija 2019) workflow was used and then PCA was computed on the residuals for input
into Harmony (Korsunsky, Millard et al. 2019) for batch correction. The parameters of
Harmony were set to use the top 20 principal components with theta set to 10. Uniform
manifold approximation and projection (UMAP) (Becht, Mclnnes et al. 2018) embeddings
and neighbors for Leiden clustering (Traag, Waltman et al. 2019) used the 10 components
outputted from Harmony. Organoid demultiplexing and doublet filtering was done through
deMULTIplex (McGinnis, Patterson et al. 2019). Pearson correlation was calculated on the
intersection of the shared genes between datasets which averaged Pearson residuals for each
cluster. Organoid cells were batch corrected using default parameters of the SCTransform
integration workflow. UCell (Andreatta and Carmona 2021) was used to calculate gene
signature scores using the top 15 genes ordered by logFC from each primary cluster
calculated with a Wilcoxon rank sum test. The clusters from Leiden clustering with the
highest signature score per each condition were used for joint comparison across conditions.
For joint scoring of multiple conditions, all datasets were normalized using SCTransform
together and the corrected normalized expression values were used for input into UCell.

Differential Expression—MAST (Finak, McDavid et al. 2015) was used on log
normalized raw counts was used for all differential expression tests. Wilcoxon ranked sum
test was used on Pearson residuals from SCTransform for increased sensitivity on microglia
treated organoids. Volcano plots were set to have a threshold of Bonferroni corrected
p-value of 0.05. Differentially expressed sex genes were calculated per specific cluster using
Wilcoxon rank sum test on the log normalized counts. MALAT1 and mitochondrial genes
were removed from visualization but remain in the Table S2.

Synapse quantification—Organoid confocal images were acquired with a Leica SP8
system. For synapse quantification, three different optical fields per organoid were imaged.
For each optical field, 15 um Z-stack (0.5um Z-step) were collected using a 63X/1.40

oil objective. Synapse determination was based on the colocalization between Vglutl
(1:200; Millipore Sigma MAB5502) and PSD95 (1:350; Invitrogen 51-6900) as previously
described (Lehrman, Wilton et al. 2018) using ImageJ software. Briefly, the background
was subtracted with a rolling bar radius of 10 pixels. Then, threshold was applied to every
channel in order to distinguish synaptic puncta from background and generate two new
binary images with the synaptic markers. Colocalization was determined overlaying both
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binary images with the synaptic markers. Finally, synaptic puncta were determined using the
function “analyze particles”.

For volume quantification, all the volumes of synapse, lysosome and microglia are retrieved
from Imaris based on the 3D-rendered structures.

IFITM3 quantification—Muicroglia were engrafted into week-5 organoids and were
cultured as described above for seven days before being fixed. IFITM3 values were
measured using ImageJ. Freehand selection tool was used to outline Sox2-positive rosettes,
and then mean value intensities were measured for the three channels (DAPI, Sox2,
IFITM3). IFITM3 fluorescence values were normalized to the DAPI fluorescence values
to account for different number of cells in each region of interest. A two-tailed Student’s
t-test was used to determine significance.

pH2AX guantification—Microglia were engrafted into week-5 organoids and were
cultured as described above for seven days before being fixed. pH2AX puncta were
quantified using the CellProfiler 4.1.3 software (McQuin, Goodman et al. 2018). The
“Speckle Counting” example pipeline was modified to produce robust identification of
puncta. First, Sox2+ nuclei were identified using a diameter range of 20-100 pixels,
threshold strategy “Global”, and threshold method “Otsu.” The pH2AX channel was first
enhanced and then masked, and puncta were subsequently counted using a diameter range
of 1-10 pixels, threshold strategy “Adaptive”, and threshold method “Otsu.” A parent-

child relationship was then assigned to group pH2AX puncta by Sox2+ nucleus, and the
CellProfiler output was exported to Microsoft Excel. Nuclei with 0-1 or >30 puncta were
discarded, to avoid counting cells with high pH2AX signal that were actively dividing. The
average number of pH2AX puncta per Sox2+ nucleus was calculated in organoid conditions
with and without microglia. Then, nuclei were binned to generate a histogram of total
pH2AX puncta within each bin in each condition. A two-tailed T-test was used to determine
significance.

Axion data analysis—Raw data from the Axion recordings were read into Matlab then
converted to numpy arrays for further processing in Python. Spikes were counted using a
standard deviation threshold of 6 and converted to an array of spike times for each individual
channel. Bursting activity was determined by the presence of 10 or more spikes on a given
channel within one second. Next, recording time was divided into 40 ms bins and spike
events were binarized based on whether or not there was at least one spike within a given
time bin. Pairwise correlation between channels was determined by calculating the Pearson
correlation between these binarized spike times.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS
. Microglia culture models differentially attenuate and preserve gene signatures
. Brain organoid microenvironment preserves microglial homeostatic state
. Genes in the interferon response pathway are attenuated in the presence of
microglia
. Microglia decrease double stranded DNA breaks and cell stress in radial glia
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Figure 1. Developing Brain Microglia “Report Card” Across Culture Models
A. Primary human microglia were extracted from the mid-gestation human brain. The tissue

was enzymatically dissociated with papain, MACS-sorted with Cd11b magnetic beads-
conjugated antibody and cultured in defined media for 8 days. B. Microglia from induced
pluripotent stem cells as a reliable microglia source. N=1 (iCell Microglia, cat#01279).

C. A schematic for induced microglia transplanted into the mouse brain (from (Svoboda,
Barrasa et al. 2019). D. UMAP plot of 2,970 microglia after 8 days of /n vitro culture
reveals five microglia clusters. N=1 brain sample (GW23 primary cortex). See also Figure
S1. E. scRNAseq identifies six molecular clusters among induced microglia cells. 2,659
induced microglia (iMG) cells from N=1 experiment were used. F. sScRNAseq identifies
eight molecular clusters among induced microglia cells “cultured” in the mouse brain.
15,971cells from N=4 mouse brain samples 60 days post-injection were used, as previously
described (Svoboda, Barrasa et al. 2019). G, H, I. Scores for individual microglia clusters
for primary human microglia from Figures S1-2 were calculated and projected onto gene
expression space for each microglia model. Individual genes used to calculate model
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scores are in Figure S2. ATM — axon tract associated microglia (with high expression of
LGALSILGALS3, APOCI, SPPI); homeostatic microglia — cluster with high expression of
CX3CR1, P2RY12IP2RY13, VSIR, IFNGRI, cytokine-associated microglia — cluster with
high expression of CCL3/CCL4, CXCLS, IL1B, TNF, PVM — perivascular macrophages
(characterized by high expression of F13A1, MRCI, LYVEIL, LYZ); Ex vivo activation —
microglia cluster with high expression of genes associated with cell stress during enzymatic
cell dissociation (JUN, HSPA6I HSPA1A, DUSP1, FOS); dividing cells — cells characterized
by cell cycle genes (TOPZA, MKI167, CENPF).

See also Figure S1-3 and Table S1.
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Figure 2. ‘“Neuroimmune’ Organoid Model of Human Brain Development.
A. Cortical organoids were generated and pattern using dual SMAD and Wnt inhibition.

After day 35 in culture, cortical organoids were moved into a maintenance media containing
vitamin A and were maintained in the same media for the duration of the experiment.

B. Cortical organoids express forebrain marker FOXG1, radial glia marker Sox2 and pan-
neuronal marker TUBB3. C. Organoids were generated from iPSC cells and after switching
to maintenance media at five weeks were combined with primary human microglia to
generate neuro-immune organoids. D. Cortical organoids express markers for cortical radial
glial PAX6 and cortical layer 5 neuronal marker CTIP2. E. Microglia distribute within the
organoid. F. Ibal-positive microglia cells are ramified and distributed between and around
rosettes. G. Microglia numbers monotonically decrease over the five-week co-culture time.
See also Figure S4.
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Figure 3. Microglia engrafted in organoids are motile and phagocyte progenitor cells and
synaptic material.

A. Microglia are ramified and motile in the organoid. For time-lapse imaging, acutely
purified microglia were labeled with adenovirus CMV-GFP and then engrafted into
organoids. 7 days after integration, the organoid was imaged for 24 hours to demonstrate
microglia’s motile surveilling behavior. Virally labeled microglia were used only for the
imaging experiments. B. Microglia in organoids form phagocytic cups containing Sox2-
positive nuclei. Left — immunofluorescence labeling of a microglia cell (AlIF1, red) and
Sox2-positive organoid-resident radial glial cells (cyan). Right — 3D reconstruction of Sox2-
positive nucleus (green arrowhead) and microglia nucleus (yellow nucleus). C. Engrafted
microglia (AIF1, red) surrounded by organoid-resident neuronal fibers (labeled with tuj1,
yellow). D. Microglia (labeled with AIF1, in red) in an organoid stained with lysosomal
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marker CD68 (in blue) demonstrates postsynaptic material (psd95; red) located inside of
the lysosomes (psd95 overlapped with CD68; magenta). E. Volume of engulfed synapses
normalized to the microglia volume.
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Figure 4. Microglia transplanted into organoids recapitulate primary human microglia.
A. Primary human microglia from primary human GW23 brain were purified using MACS

Cd11b beads and added to cortical organoids. Neuro-immune organoids were allowed to
develop for two weeks, and then microglia cells were re-purified using CD11b magnetic
beads for downstream scRNAseq processing. B. 17,705 microglia cells purified from
organoids formed 13 clusters. C. Cross-model comparison of primary human microglia
cultured in vitro (“in vitro™), primary human microglia engrafted in cortical organoids
(“3D™), induced microglia (“iMG”), induced microglia transplanted into mouse brain (“In
vivo”), and primary human microglia from mid-gestation from the BICCN dataset.

See also Figure S5.
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Figure 5. Microglia differentially regulate gene expression profile in radial glia and neurons from

cortical organoids.

A. scRNAseq identifies main cell types in week 10 organoids. UMAP plot colored by
clusters representing cell types. EN — excitatory neurons; IN — inhibitory neurons; IPC
— intermediate progenitor cells; RG — radial glia cells; Div — dividing cells. B. UMAP

of 5,507 cells colored by microglia condition. C. Differentially expressed genes between
control organoids and organoids transplanted with microglia. D. GO term analysis of the
most affected genes in neurons with an adjusted p-value cut off of 0.05. Neurons upregulated

genes in a lipid biosynthesis pathway. E. Radial glia from organoids transplanted with

microglia downregulate genes in the interferon response pathway.

See also Figure S6 and Table S2.
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Figure 6. Human microglia attenuate type | Interferon response and decrease double-stranded
DNA breaks in radial glia.

A. Individual differentially expressed genes in organoids with and without microglia driving
pathway analysis from Fig. 5D. B. Immunofluorescence validation of IFITM3, Interferon
Induced Transmembrane Protein 3, in rosettes from organoids with and without microglia.
IFITM3 fluorescence signal was averaged across the rosette area (outlined in white). C.
IFITMS3 has a small but statistically significant decrease in rosettes from organoids with
microglia. p-value <0.05. N are individual rosettes for each condition, quantified from
sections from three independent organoids per condition. D. An example of a rosette labeled
with Sox2 for radial glial cells and a marker for double-stranded DNA breaks, pH2AX.

A zoomed in window is an example of cell nuclei with pH2AX puncta. E. Averaged
number of pH2AX puncta per cell nucleus. Cells nuclei with 2-30 pH2AX-positive puncta
were used for analysis. p-value < 0.001. F. Distribution of pH2AX number of puncta
between conditions. Sox2-positive nuclei from microglia-transplanted organoids had a
larger proportion of cells with fewer number of puncta. Organoids without microglia had
consistently higher proportion of cells with the number of puncta over 10.

See also Figure S7.
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Figure 7. Microglia Facilitate the Maturation of Neural Networks During Brain Development.
A. Organoids transplanted with microglia were used for MEA recordings on a 64-electrode

plate (Axion Biosystems). B. An example of a single unit event. Individual events or
“spikes” were overlaid on top of each other (gray), and the mean of these events is

shown in red. C. Microglia transplantation (in red) increases pairwise correlation between
MEA electrodes compared with control (in black) conditions. Each point represents one
channel pair. Correlations are determined by binarizing activity in 40 ms bins. D. Microglia
transplantation promotes synchronized burst activity in cerebral organoids. Each pink line
represents a spike that crossed the noise threshold (+/- 6x standard deviation), with red
lines representing 10 or more spikes per second. E. Correlation in activity between channels
is increased in response to microglia transplantation. Each dot represents a single channel.
F. Microglia-transplanted organoids show reduced density of synapses. G. Synapses were
quantified based on co-localization of presynaptic marker vGlutl and postsynaptic marker
psd95. The recordings were performed across three organoid lines with at least three fields
of view per section. Data points represent average of each organoid, and the bar chart
represents average of all fields of view for each condition. Error bar represents standard
error mean. P-value < 0.001.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD68 Abcam Abcam Cat# ab955, RRID:AB_307338
CTIP2 Abcam Cat# ab18465, RRID:AB_2064130
EOMES R&D Systems Cat# AF6166, RRID:AB_10569705
FOXG1 Abcam Cat# ab196868, RRID:AB_2892604
Ibal Synaptic Systems Cat# 234 004, RRID:AB_2493179
Ibal Wako Cat# 019-19741, RRID:AB_839504
IFITM3 Proteintech Cat# 11714-1-AP, RRID:AB_2295684
Ki67 Agilent Cat# M724001-2, RRID:AB_2631211
P2RY12 Sigma Aldrich Cat# HPA014518, RRID:AB_2669027
PAX6 BioLegend Cat# 901301, RRID:AB_2565003
pH2AX Cell Signaling Technologies Cat# 9718, RRID:AB_2118009

psd95 Thermo Fisher Cat# 51-6900, RRID:AB_2533914
SATB2 Santa Cruz Biotechnology Cat# sc-81376, RRID:AB_1129287
SOX2 Santa Cruz Biotechnology Cat# sc-17320, RRID:AB_2286684
Tujl Biolegend Cat# 80120, RRID:AB_2313773
VGLUT1 Millipore Sigma Cat# MAB5502, RRID:AB_262185

Bacterial and Viral Strains

AV-CMV-GFP Vector Biolabs 1060
Chemicals, Peptides, and Recombinant Proteins

Antibiotic-Antimycotic Gibco 15240-062
B27 supplement w/o Vitamin A Gibco 12587-001
B27 w/ Vitamin A Gibco 17504-001
BDNF Alomone b250

CD lipid concentrate Thermo Fisher 11905031
CellTracker CM-Dil Thermo Fisher C7000
DAPI Fluoromount Southern Biotech 0100-20
DMEM/F12 with Glutamax Gibco 10565042
Dnase Sigma Aldrich DN25
Donkey Serum Jackson Immuno 017-000-121
Dorsomorphin Sigma-Aldrich P5499
DPBS Gibco 14190250
Eagle’s basal medium UCSF Media Production Core N/A

EGF Peprotech 100-47

FBS HyClone SH30071.03
Fibronectin Corning 354008
FGFb Peprotech 100-18B
GlutaMax Supplement Thermo Fisher Scientific 35050061
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REAGENT or RESOURCE SOURCE IDENTIFIER
HBSS UCSF Media Production Core N/A
Human Insulin Sigma 12643-50MG
1L34 Peprotech 200-34
Insulin-Transferrin-Selenium (ITS-G) Thermo Fisher Scientific 41400045
(100%)
IWR1 -& Cayman Chemical 13659
Laminin Thermo Fisher 23017015
Matrigel Fisher Scientific 354234
N2 supplement Gibco 17502-048
Neurobasal Gibco 21103049
Non-essential Amino Acids (NEAA) Thermo Fisher Scientific 11140050
PBS-EDTA, pH 7.5 Lonza BE02-017F
Trypsin, 2.5% Gibco 15090046
Trypsin, 0.25% Thermo Fisher 25200056
Critical Commercial Assays
10X Chromium V2 10X Genomics PN-120237
10X Chromium V3 10X Genomics PN-1000092
Cd11b magnetic beads Miltenyi Biotec 130-049-601
Experimental Models: Cell Lines
Human iPS cell line 28126 (male) Gilad Lab (Gallego Romero et al., 2015)
Human iPS cell line “WTC-11" (male) Conklin Lab (Bershteyn et al., 2017; CVCL_Y803
Kreitzer et al., 2013)
Human iPS cell line “1323-4” (female) Conklin Lab (Matsumoto et al., 2013) CVCL_0G84
Human iPS cell line “WTC-10" (male) Conklin Lab (Bershteyn et al., 2017,
Kreitzer et al., 2013)
Human iMG Fujifilm Cellular Dynamics 01279

Software and Algorithms

ImageJ (Fiji)

Schindelin et al., 2012

https://imagej.net/Fiji

CellRanger v3.0

10X Genomics

https://support.10xgenomics.com/single-cell-
gene-expression/software/pipelines/latest/what-is-
cell-ranger

Seurat v3.0

Satija Lab (Butler et al., 2018a)

https://satijalab.org/seurat/

deMULT Iplex

Gartner Lab (McGinnis et al., 2019)

https://github.com/chris-mcginnis-ucsf/MULTI-
seq

CellProfiler 3.0

McQuin, Goodman et al. 2018

https://cellprofiler.org/

CellBender

(Fleming, Marioni et al. 2019)

https://github.com/broadinstitute/CellBender

UCell

(Andreatta and Carmona 2021)

https://github.com/carmonalab/UCell

Deposited data

Primary microglia BICCN scRNAseq

Brain Initiative Cell Census Network

NeMO archive: RRID:SCR_015820

Primary microglia /n vitro culture This study Synapse: syn26009957
SCRNAseq

Primary microglia in organoids scRNAseq | This study Synapse: syn26009957
Induced microglia sScRNAseq This study GEO: GSE180945
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REAGENT or RESOURCE SOURCE IDENTIFIER
Organoids scRNAseq This study GEO: GSE180945

Microglia in mouse brain sScCRNAseq

(Svoboda, Barrasa et al. 2019)

GEO: GSE139194

Other

6-well Ultralow Attachment Plates Corning 3471

40 um cell strainer Corning 352340

LS columns Miltenyi Biotec 130-042-401
glass-bottom 24 well plates Cellvis P24-1.5H-N
glass-bottom six-well plate Mattek P06G-1.5-10-F
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