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Microglia, the resident immune cells of the central nervous system (CNS), are derived
from yolk-sac macrophages that populate the developing CNS during early embryonic
development. Once established, the microglia population is self-maintained throughout
life by local proliferation. As a scalable source of microglia-like cells (MGLs), we here
present a forward programming protocol for their generation from human pluripotent
stem cells (hPSCs). The transient overexpression of PU.1 and C/EBPf in hPSCs led to
a homogenous population of mature microglia within 16 d. MGLs met microglia char-
acteristics on a morphological, transcriptional, and functional level. MGLs facilitated
the investigation of a human tauopathy model in cortical neuron—microglia cocultures,
revealing a secondary dystrophic microglia phenotype. Single-cell RNA sequencing of
microglia integrated into hPSC-derived cortical brain organoids demonstrated a shift of
microglia signatures toward a more-developmental in vivo-like phenotype, inducing
intercellular interactions promoting neurogenesis and arborization. Taken together, our
microglia forward programming platform represents a tool for both reductionist studies
in monocultures and complex coculture systems, including 3D brain organoids for the
study of cellular interactions in healthy or diseased environments.
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Microglia have key roles in central nervous system (CNS) development and in main-
taining brain homeostasis (1). Upon homeostatic disturbance, microglia react with the
secretion of cytokines, increased production of reactive oxygen species (ROS), phagocy-
tosis, and antigen presentation, thus enabling immune responses (1-4). Microglia are
implicated in the onset and progression of many CNS diseases. Hence, there is an
urgent need for robust cell-culture models to facilitate the study of microglia and their
role in disease. Due to several interspecific differences between mice and men, mouse
models fail to accurately represent human conditions. For example, mice completely
lack orthologs of several risk genes associated with neurodegenerative diseases (e.g.,
CD33 and CRI), and for others, homology between mouse and human proteins is low
(5, 6). Moreover, whole transcriptome-sequencing studies reported significant differ-
ences in the expression of inflammatory cytokines, complement factors, and other genes
related to neuroinflammation and neurodegeneration between human and rodent cells
(7, 8). Purified microglia from postmortem human brain tissue are difficult to obtain
and lack the scalability required for many biotechnological and medical applications.
Since late 2016, several protocols for the generation of microglia-like cells (MGLs)
from human pluripotent stem cells (hPSCs) have been reported, thus enabling the scal-
able production of human MGLs from a renewable source. However, all available pro-
tocols exhibit major drawbacks, including long culture durations (up to 74 d) (9),
requirement for mechanical manipulation steps or enrichment of certain cell popula-
tions by magnetic- or fluorescent-activated cell sorting (FACS), or the lack of defined
culture conditions due to the need for embryoid-body formation or serum-containing
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media formulations (10). This severely limits reproducibility and scalability. Despite
these caveats, studies using hPSC-derived MGLs have expanded our understanding of
human microglia identity in vitro and in vivo and they have been successfully used to
investigate different mutations associated with neurodegenerative diseases (10, 11).

In this study, we present a deterministic forward programming protocol for the gen-
eration of MGLs from hPSCs at unprecedented speed (16 d) and efficiency (100%).
We provide extensive characterizations to confirm the identity of our hPSC-derived
MGLs by protein and whole transcriptome—expression analysis and a variety of func-
tional and metabolic assays. Cocultures with hPSC-derived cortical neurons or cortical
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organoids complement the protocol to form a versatile toolkit
for microglia studies from reductionist microglia monocultures
to complex CNS cocultures. Using the two-dimensional (2D)
microglia—neuron coculture system, we demonstrated genotype-
dependent MGL activation, leading to deleterious ROS produc-
tion and imbalance of the redox system in tauopathies. 3D
cocultures with brain organoids were implemented to show that
cell-cell interactions in a more-complex environment alter the
single-cell MGL transcriptome.

Results

Forward Programming of Human Induced Pluripotent Stem
Cells (hiPSCs) into MGLs by Overexpression of PU.1 and C/EBPg.
We first sought to develop a deterministic forward program-
ming protocol based on forced expression of the transcription
factors (TFs) PU.1 (encoded by SP/1) and C/EBP (encoded
by CEBPB) in hiPSCs. PU.1 plays a nonredundant role in the
development of the myeloid cell lineage (12, 13), and lineage-
tracing studies of microglia have revealed high expression levels
of PU.1 and C/EBPP throughout embryonic microglia devel-
opment (8). The combination of these two TFs induces some
myeloid cell-surface markers in a mouse embryonic fibroblast
line (14). We adapted our previously reported dual genomic
safe harbor (GSH) targeting of the Tet-ON system for induc-
ible, timed, and silencing-resistant transgene expression in
hiPSCs (15, 16) (Fig. 1 A and B and SI Appendix, Fig. S1). After
24 h of doxycycline (Dox) treatment, we detected strong and
homogenous PU.1 and C/EBPP transgene expression in all cells
while expression of the pluripotency markers OCT4 and NANOG
was abrogated (Fig. 10).

Recent evidence highlights the importance of the interplay
between extracellular signaling and reprogramming factors for
efficient programming of the desired target cell type (16-18).
Here, we sequentially exposed the Dox-induced cells to cyto-
kines and small molecules mimicking posterior primitive streak
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Fig. 1. Gene-targeting strategy of the dual GSH-based inducible overex-
pression system. (A) The hROSA26 locus was targeted using CRISPR/Cas9n
for insertion of the constitutive CAG-rtTA expression cassette. (B) The
AAVS1 locus was targeted using ZFNs for insertion of the inducible biscis-
tronic reprogramming factor cassette for timed expression of the TFs PU.1
and C/EBPB. (€) Immunocytochemistry (ICC) for OCT4 (green) and NANOG
(red) and PU.1 (green) and C/EBPp (red) under control conditions and
after 24 h of induction with Dox. Abbreviations: 5-HAR/3’-HAR: upstream/
downstream homology arm; AAVS1: AAVS1 locus (19q13.42); CAG: cytomeg-
alovirus early enhancer, chicken p-actin, and rabbit p-globin hybrid pro-
moter; NeoR: neomycin resistance; Puro®: puromycin resistance; R26:
hROSA26 locus (3p25.3); rtTA: reverse tetracycline transactivator; SA: splice
acceptor; T2A: T2A peptide (ribosomal skipping signal); TRE: Tet-responsive
element; WT: wild type; ZFN: zinc finger nuclease. Scale bars = 100 pm.
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development, primitive hematopoiesis, and primitive yolk-sac
macrophage maturation, respectively (Fig. 24). However, TF
overexpression remains essential and complete omission of Dox
did not lead to macrophage or microglia generation as mea-
sured by cell surface marker expression (S Appendix, Fig. S2).
By days 8-10, all cells detached from the culture dish and
expressed common myeloid surface markers (CD11b, CD14,
CD45, and CX3CR1; Fig. 2 B and (). These floating cells
(henceforth named MGL precursors) were collected and
replated on new culture dishes. At this point, Dox was with-
drawn from the media to turn off transgene expression, and
PU.1 and C/EBPP expression was afterward solely driven by
the respective endogenous loci (see below). Medium was switched
to cerebrospinal fluid-mimicking neuroglial differentiation
(NGD) medium (9), supplemented with interleukin (IL)-34,
macrophage colony-stimulating factor, and transforming growth
factor (TGF)-p1, which have been shown to be involved in
development and maintenance of homeostatic microglia (19, 20).
A flow cytometry time course of the myeloid surface markers
CD11b, CDI14, CD45, and CX3CR1 demonstrated robust
expression of all four markers by day 16 (Fig. 2C). None of these
markers are specific to the microglia lineage, but in some cases,
their expression levels may be used to distinguish microglia from
related macrophage phenotypes. Direct comparison of MGLs
and human peripheral blood—derived macrophages (MACs)
by flow cytometry demonstrated higher expression levels of
CX3CRI1 and lower levels of CD45 in MGLs compared with
MAGC:s (21, 22). These differences were maintained even when
MACs were cultured in NGD medium, confirming that MGLs
were C'D45"“/CX3CR1}"gh while MACs in both media were
CD45"8"/CX3CR1™ (Fig. 2D). Extended multicolor flow
cytometry on day 10, 16, and 20 demonstrated expression of
additional canonical microglia-lineage surface proteins, includ-
ing the CSF1 receptor CD115 and the purinergic receptor
P2Y12 and TREM2 (Fig. 2E) (21). These microglia/myeloid
markers were expressed by all cells generated from two inde-
pendent hiPSC lines (Fig. 2£). Immunocytochemistry con-
firmed that all cells expressed the human microglia markers IBA1,
CX3CRI1, and TMEM119 and the TFs PU.1 and C/EBPf
(Fig. 2F). Taken together, the presented protocol allowed the
generation of pure MGL populations with homogenous marker
protein expression within 16 d. The yield of MGLs is approxi-
mately two times the amount of hiPSCs initially seeded.

MGLs Resemble Primary Microglia and Differ from MACs.
Next, we investigated the gene-expression profile of MGLs and
benchmarked their expression against hiPSCs, MACs, and pri-
mary microglia. Quantitative real-time PCR demonstrated
downregulation of pluripotency factors (OCT4 and NANOG),
whereas core microglia lineage TFs (SP/1, CEBPB, RUNXI,
and /RF8), additional developmentally or environmentally con-
trolled microglia TFs (JUN, FOS, MAFB, MEF2C, and
SALLI) (8), microglia signature genes (GAS6, CI1QA, PROSI,
HEXB, MERTK, P2RY12, and GPR34) (20), and other typical
microglia markers, including AIFI (encoding IBAI1) and
TMEM119 (21, 23), were strongly upregulated in MGLs com-
pared with hiPSCs. Importantly, primers detecting either total
SPI1 and CEBPB transcripts or only those from the respective
endogenous loci revealed equal expression levels, thus indicat-
ing complete independence of the microglia phenotype from
transgene expression (Fig. 3A4). Moreover, we did not detect
expression of the monocyte/MAC TF MYB in MGLs (Fig. 34).
Taken together, this expression profile is in line with the tran-
scriptional identity of microglia descending from primitive
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Fig. 2. MGL forward programming protocol and MGL characterization. (A) Schematic workflow of MGL generation: hiPSCs are induced with Dox in a basal
medium containing small molecules and cytokines promoting posterior primitive streak formation and primitive hematopoiesis. The medium is changed
every other day and is supplemented with the indicated cytokines for promoting primitive hematopoiesis and primitive yolk-sac macrophage maturation.
After 10 d, detached MGL precursors are collected and replated onto PLL-coated culture dishes in the final NGD medium without Dox. Phase-contrast
images illustrate the morphological changes throughout the protocol. (B) Flow cytometry plots showing the myeloid markers CX3CR1/CD11b and CD14/CD11b on
days 0, 10, and 20 of the protocol. (C) Time course showing expression levels of myeloid cell-surface markers (CD11b, CD14, CD45, and CX3CR1) from days 0
to 20. (D) Comparison of CD45 and CX3CR1 expression levels in MGLs, MGL precursors, and primary macrophages (MACs) cultivated in macrophage or
microglia medium. (E) Expression of myeloid and microglia cell-surface markers in two independent hiPSC lines on days 10, 16, and 20 of our protocol. (F)
ICC for IBA1 in costaining with the TFs PU.1 and C/EBPp and for the microglia surface-marker proteins TMEM119 and CX3CR1. Abbreviations: FGF: fibroblast
growth factor; LY: LY294002 hydrochloride; AA: ascorbic acid; FITC: Fluorescein-5-isothiocyanat; APC: Allophycocyanin; PB: Pacific blue.

(PU.1-, C/EBPp-, RUNXI1-, and IRF8-dependent) and not defin-
itive (MYB-dependent) hematopoiesis (24). Moreover, we con-
firmed higher expression levels of all members of the previously
reported microglia signature profile (P2RY12, GAS6, MERTK;
CIQA, PROSI, and GPR34), CX3CRI, and the key microglia TF
SALLI in MGLs compared with MACs (serum-free), monocytes,

PNAS 2022 Vol. 119 No.43 2123476119

and dendritic cells (DCs) isolated or derived from peripheral
blood mononuclear cells (PBMCs), while MYB expression was
only detected in MACs, monocytes, and DCs (Fig. 3B).

To further verify the cellular identity of MGLs and distin-
guish them from related cell types, we performed bulk RNA
sequencing directly comparing MGLs with hiPSCs; primary
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Fig. 3. Marker gene expression and transcriptome of MGLs compared with stem cells and other myeloid cell types. (A) Real-time qPCR showing gene-
expression levels of the pluripotency factors, the MAC TF MYB, core microglia network TFs, core microglia signature genes, and typical microglia cell-surface
proteins in MGLs. (B) Comparison of expression levels of microglia signature genes and MYB in MGLs versus peripheral blood-derived MACs (serum-free),
monocytes (Monos), and dendritic cells (DCs). Statistical significance was determined using Bonferroni-corrected one-way ANOVA (*P < 0.05; **P < 0.01;
**%P < 0.001). (C) Multidimensional scaling plot of bulk RNA sequencing data of our MGLs generated with different media conditions, human postmortem
microglia ex vivo, PBMC-isolated monocytes, and PBMC-derived MACs with different media conditions. Moreover, the plot contains RNA-expression profiles
of MGLs from three previously published protocols (9, 19, 25), including additional cell types for comparison, and an extensive dataset of primary human

microglia in vitro and ex vivo, MACs, and monocytes (8).

PBMC-derived MAC:s in serum-containing, serum-free, or NGD-
medium, PBMC-isolated monocytes and DCs; and primary
human adult microglia ex vivo. Moreover, we included previously
published datasets into our analysis, including hiPSC-derived
MGLs generated by three different classical differentiation proto-
cols (9, 19, 25) and an extensive dataset of human primary micro-
glia in vitro and ex vivo (8). Multidimensional scaling analysis of
the integrated datasets (dimension 1 versus 2) showed several clus-
ters. All microglia and MGL datasets cluster together, and MACs
form a different cluster and monocytes as well. Further clusters
that emerged in our analysis are DCs, hepatic MACs, hematopoi-
etic precursor cells, neural progenitor cells, cells isolated from cor-
tical tissue, and hiPSCs (Fig. 3C). When removing the strongly
contrasting stem-cell populations and cortical cells, all MGLs
form a cluster that partially overlaps with primary human micro-
glia in vitro but is distinct from all other myeloid cell types (57
Appendix, Fig. S3). Heatmaps illustrate comparison of expression
levels of a previously defined large set of genes enriched in pri-
mary human microglia ex vivo (8) and demonstrate clustering of
MGLs with ex vivo microglia, whereas MACs, monocytes, and
hiPSCs form separate clusters (S/ Appendix, Fig. S4).

Aiming to simplify the presented protocol, we tested media
complexity reductions for MGL programming. We omitted

4 of 11 https://doi.org/10.1073/pnas.2123476119

single cytokines or cytokine combinations from the program-
ming protocol and analyzed the different culture conditions (57
Appendix, Fig. S5A) by qPCR and bulk RNA sequencing with
primary human microglia and MGLs produced with our stan-
dard protocol as surrogate of MGL identity. Consistent with pre-
vious protocols (18), we found that extracellular cues known to
induce patterning of posterior primitive streak/extraembryonic
mesoderm (e.g., BMP-4) (26) were required for successful pro-
gramming, as omission did not yield viable cell populations (57
Appendix, Fig. S5B). Likely, these extracellular signals facilitate
the context-dependent action of the two reprogramming factors.
However, omission of some cues, i.e., either vascular endothelial
growth factor (VEGF)-A and the glycogen synthase kinase 3
inhibitor CHIR (day 0-2), or stem cell factor (SCF), IL-3, and
IL-6 (d2-6) were dispensable, as indicated by marker gene expres-
sion (SI Appendix, Fig. S5C) and transcriptome sequencing
(Fig. 30). Morphological assessment showed that cells generated
in the absence of VEGF-A and CHIR (condition 3) had a
rounder shape. The same was found for alternatively modulated
WNT signaling in combination with omission of SCF, IL-3,
and IL-6 (condition 8). Cytokine secretion changed in the
absence of SCF, IL-3, and IL-6 insofar that the cells secreted
significantly more IL-6 and more IL-12p40 compared with
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standard conditions. With modulated WNT signaling in com-
bination with omission of SCF, IL-3, and IL-6, the secretion of
IL-23 and thymus- and activation-regulated chemokine
(TARC) was significantly lower than in standard MGLs. All
other cytokines examined were secreted at similar levels (87
Appendix, Fig. S5 B and D). Bulk RNA sequencing revealed no
major differences between MGLs produced with our standard
protocol versus simplified media conditions (conditions 2, 3,

and 7) (Fig. 3Cand SI Appendix, Fig. S3)

MGLs Functionally and Metabolically Exhibit Core Microglia
Features. A key microglia function is phagocytosis of cell debris,
pathogens, and other brain homeostasis—disturbing particles.
With a phagocytosis assay, we confirmed that almost all MGLs
internalized latex beads after 5 h of incubation and similarly fluo-
rescently labeled amyloid-f aggregates (SI Appendix, Fig. S6A).
Phagocytic cells express high levels of NOX2, a NADPH oxidase
(NOX) subtype (2, 28). The sole function of NOX2 in microglia
is to generate ROS, a short-lived intermediate that is important
in redox signaling circuits, shaping the different activation pheno-
types of microglia (2). To confirm this core feature of microglial
function, which is similar to that in MACs, we performed ROS
live-cell imaging at baseline and upon stimulation with the NOX
activator phorbol 12-myristate 13-acetate (PMA), showing similar
ROS production rates in MGLs and MACs. Treatment with the
NOX2-specific inhibitor gp91-TAT resulted in almost complete

blockage of the PMA-induced increase in ROS production rates
in both cell types, confirming their common ability to generate
high rates of NOX2-derived ROS (Fig. 44).

Microglia and other myeloid cell types showed altered and
overall increased cytokine secretion upon stimulation with lipo-
polysaccharide (LPS) and interferon (IFN)-y. MGLs show differ-
ing cytokine secretion profiles compared with both unstimulated
controls (81 Appendix, Fig. S6B) and MACs and monocytes in
microglia medium (MonoNGD) (Fig. 4B). While significantly
higher concentrations of tumor necrosis factor (TNEF), IL-6,
and IFN-y were detected in stimulated MGL cultures, stimulated
MAC:s and monocytes secreted larger amounts of IL-1b, IL-1RA,
and IL-10, which were barely or not detectable in MGLs (Fig.
4B and SI Appendix, Fig. S6B). This finding is in line with the
characterization of MGLs from previous differentiation protocols
also reporting a lack of secretion of these cytokines upon LPS
stimulation (9, 27).

After identifying the microglia-like identity of our MGLs and
benchmarking them against human microglia ex vivo and periph-
eral MACs, we further investigated microglial functions. LPS
stimulation in rodent microglia leads to an immuno-metabolic
switch involving reduced oxidative phosphorylation and increased
glycolysis (3). We measured the oxygen consumption rate in
unstimulated versus LPS-stimulated MGLs using a seahorse ana-
lyzer. The significantly reduced oxygen consumption rate after
stimulation indicated decreased oxidative phosphorylation and
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Fig. 4. MGLs exert classical myeloid and microglia-specific functions. (A) ROS production of MGLs and MACs at baseline and responding to treatment with the
NADPH-oxidase activator PMA under standard conditions and after treatment with the selective NOX2 inhibitor GP91-TAT. (B) Differentially secreted cytokines in
MGLs, MACs, and monocytes in NGD medium (MonoNGD) stimulated with IFN-y and LPS. (C) Representative trace of Ca®* oscillations induced by sequential
stimulation of MGLs with ADP, ATP, and ionomycin (Left). Upon stimulation with ADP, MGLs respond with an increased fluorescence, indicating Ca%* influx, and a
subsequent return to baseline, indicating Ca** efflux (Middle). Quantification of calcium transients in MGLs and MACs evoked by ATP or ADP stimulation (Right).
Statistical significance was determined using Bonferroni-corrected one-way ANOVA (ns: not significant; *P < 0.05; **P < 0.01; ***P < 0.001).
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metabolic switching toward increased glycolysis (SI Appendix, Fig.
S60). The proliferation rate of MGLs is strongly decreased com-
pared with MGL precursors, with only 1.7% of MGLs expressing
KI-67 (SI Appendix, Fig. S6D).

Mass spectrometry of MGL lysates identified proteins involved
in key microglia cell processes, including immune response, oxi-
dative stress response, and IFN-y, IL-1, and TGF-p signaling,
and proteins associated with disease-related microglia responses,
including Alzheimer’s disease, Parkinson’s disease, and amyo-
trophic lateral sclerosis, thus confirming MGL functionality (57
Appendix, Fig. S7 A and B). The 1.927 most abundantly
expressed proteins in MGLs were included in a single enrich-
ment analysis, performed by comparing the Gene Ontology (GO)
terms of the MGL proteome with those of a randomly generated,
equal-sized human proteome. The clustering revealed a dominant
set of microglia-relevant terms, further supporting their similarity
to primary microglia. Further prominent GO terms appearing
within this analysis are connected to inflammation-related pro-
cesses in activated microglia phenotypes and comprised terms
like “cellular response to oxidative stress”, “I'NF-mediated
signaling pathway”, and “IL-1p-mediated signaling pathway”
(81 Appendix, Figs. S8 and S9).

MGLs perform classical phagocyte functions comparable to
MAG:s. To distinguish them from each other on a functional level,
we performed calcium live-cell imaging using adenosine diphos-
phate (ADP) and adenosine triphosphate (ATP). Only microglia,
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but not MAC:s, express the purinergic receptor P2Y12 responsible
for an ADP-induced Ca?* influx into the cytoplasm (27). MGLs
react with a Ca®* influx upon stimulation with either ADP or
ATP, whereas MAC:s lacking P2Y12 expression only react with a
Ca”" transient upon ATP, but not ADP, exposure (Fig. 4C).

MGLs in Coculture with Tau-Mutant Neurons Adopt a Dystro-
phic Phenotype. Next, we established a human in vitro model
for studying the role of microglia in tauopathies. To this aim,
we used a previously reported hiPSC tauopathy model, consist-
ing of two different hiPSCs lines with distinct mutations in the
microtubule-associated protein tau (MAPT) gene, causing heredi-
tary forms of frontotemporal lobar degeneration (FTLD)-tau
(MAPTN?"Y [exon 10] and MAPTY33M [exon 12]), one wild-
type, age-matched control (CTRLI), and one isogenic control of
the N279K-mutant hiPSC line (CTRL2) (28, 29). The N279K
mutation causes aberrant splicing of exon 10, resulting in higher
levels of 4R tau isoforms, which are more prone to tau aggrega-
tion (30). In contrast, the V337M mutation results in decreased
interaction of the tau protein with microtubules (31). Both muta-
tions result in hyperphosphorylation of the tau protein, leading
to destabilization of microtubule assembly (32, 33).

We generated pure cultures of cortical neurons from all four
cell lines using a modified version of our previously reported
neuron forward programming protocol (16). MGLs were added
to the differentiated neuronal cultures (Fig. 5A4), cocultures were
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Fig. 5. MGLs elucidate the role of microglia in a tauopathy model. (A) Coculture of cortical neurons and MGLs. (B) MGL cell counts in coculture with two
neuron control lines (light gray: WT; dark gray: isogenic control of MAPTN?7X) and neurons carrying the MAPTY33"M (dark blue) or MAPTN27%X (light blue)
mutation, respectively. (C) MGL cell volume in coculture with neurons determined by area measurements. (D) Ramification of MGLs in coculture with neu-
rons presented as mean area under the curve (AUC) values from Sholl analysis. (E) Apoptosis assay measuring caspase activity in microglia in coculture with
neurons. (F) Average mitochondrial branch length determined by skeleton analysis in MGLs in coculture with neurons. (G) ROS production of MGLs in cocul-
ture with neurons. Statistical significance was determined using Bonferroni-corrected one-way ANOVA (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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cultivated in NGD medium, and after 1 wk, we investigated the
survival rate of MGLs by counting IBA1™ cells and found a
significantly decreased No. of MGLs in coculture with
MAPTN?X neurons (Fig. 5B). We repeated the experiment
with an MGL-GFP reporter cell line (SI Appendix, Fig. S10),
and flow cytometry analysis of GFP* cells after 1 wk of cocul-
ture confirmed the decreased survival rate of MGLs in coculture
with MAPT™N*"?X neurons (SI Appendix, Fig. S11). Morphological
analysis of surviving MGLs in coculture revealed an altered micro-
glia phenotype in coculture with mutant neurons. In specific, cell
volume and the degree of ramification were significantly lower in
MGLs cocultured with MAPT™*"* neurons, suggesting a dystro-
phic or activated disease-associated microglia phenotype (Fig. 5 C
and D). A caspase assay demonstrated higher proportions of apo-
ptotic MGLs in the coculture with MAPTN?"% neurons than in
coculture with both control lines (Fig. 5E). The No. of caspase-
positive cells was also slightly increased in MGLs cocultured
with MAPTV**™ neurons. Another key feature of microglia
activation in disease is increased mitochondrial fission as a meta-
bolic activation marker (34, 35). To analyze mitochondrial net-
works and the degree of fusion and fission, we used a MGL
reporter cell line and mitotracker staining to measure the average
branch length in the mitochondrial network based on skeleton
analysis (SI Appendix, Fig. S12). We found a significantly
reduced mitochondrial branch length in MGLs cocultured with
MAPTY>™ and  MAPT™*"* neurons and a significantly
shorter average branch length in the MAPTN?""% neuron cocul-
ture compared with the MAPTY*™ coculture (Fig. 5F). These
changes were paralleled by increased ROS production by micro-
glia in coculture with mutant neurons compared with controls
(Fig. 5G). Taken together, these data demonstrate a secondary,
genotype-dependent, disease-associated phenotype of wild-type

microglia cocultured with tau mutant neurons.

MGLs in 3D Brain Organoids Exhibit More In Vivo-Like
Phenotypes. Finally, we developed a 3D coculture of MGLs in
organoids. For this, we added MGLs to the culture medium of
preformed cerebral organoids that had been differentiated for
30 d according to the original Lancaster protocol (36). Follow-
ing another 30 d of coculture, organoids were harvested.
Immunohistochemistry demonstrated the presence of ramified
IBA1" cells in both superficial and deeper layers of the orga-
noid, demonstrating survival and migration of MGLs within
the preformed organoid (87 Appendix, Fig. S13). We next per-
formed single-cell RNA sequencing (scRNA-seq) by pooling
and dissociating organoids to single cells and FACS for viable
cells for 3’ microfluidics-based scRNA-seq (Chromium 10x).
Three groups were compared: (i) MGLs in vitro (2,436 cells,
4,204 median genes per cell), (ii) cerebral organoids (6,642
cells, 3,720 median genes per cell), and (iii) cerebral organoids
with MGLs (5,873 cells, 4,204 median genes per cell). Uni-
form manifold approximation and projection (UMAP) analysis
demonstrated a relatively homogenous MGL population in the
2D monoculture (Fig. 64). Organoids consisted of several major
clusters, including a large neuroectodermal cell population
(NNAT, NCAM1, and GBX2), alongside epithelial (KR779 and
CLDN4), mesenchymal (7HY1, FNI, and VCAM]I), and
cycling cells (CDC45, CDKI, and CDC20) (Fig. 6A and SI
Appendix, Fig. S14 and Dataset S1). No cells transcriptionally
resembling microglia were observed. In contrast, organoids with
MGLs contained the same main clusters plus cells expressing
core microglia genes (HEXB, CSFIR, and CX3CRI, Fig. 6 A
and B and SI Appendix, Fig. S14). Interestingly, cells in the

microglia cluster in organoids segregated from their counterparts
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in the 2D monoculture (Fig. 6C). Subclustering of all MGLs
(including in vitro MGLs and MGLs in organoids) revealed four
different clusters showing three subclusters of MGLs (c0, cl,
and c3) and the MGL in organoid cluster (c2) (Fig. 6D and
Dataset S5). Clusters 0 and 2 showed high expression of the clas-
sical myeloid and microglia signature genes (e.g., CDI14, CI1QA,
and CX3CRI), while cluster 2 also showed high expression of
proinflammatory cytokine genes (e.g., I/L1B, TNF, and CXCL§)
and chemokine genes (e.g., CCL2, CCL4, and CCLS) (Fig. 6E,
also see Fig. 6F). In contrast, the smaller cluster 1 exhibited fea-
tures of dystrophic microglia indicated by high expression of
iron storage proteins (F7L) (37), while cluster 3 showed high
expression of inflammatory and metabolism genes (7REM2,
HILA-DRA, APOE, and LPIL) (Fig. 6 D and E).

Genes that were significantly upregulated in MGLs in orga-
noids compared with MGLs (7 = 813) included many cyto-
kines and chemokines (e.g., ILIB, CCL2, and CCL4), while
downregulated genes encompassed other inflammation-related
genes that are involved in different microglia signaling path-
ways, which were also identified in our MGL proteome analysis
(n= 694, e.g., APOE, (3, and CIQB) (Fig. 6F and SI Appendix,
Fig. S7 A and B and Dataset S2). Altogether, this suggests that
distinct types of activated microglia predominate in different cul-
ture conditions.

Recently, Sankowski and colleagues defined eight major
microglia clusters in the human brain (38). MGLs in organoids
express genes from all eight clusters, whereas the in vitro coun-
terparts preferentially upregulated genes from Sankowski clusters
2,3, 6, and 7 (S Appendix, Fig. S15). In total, we detected a sig-
nificantly higher expression of previously published primary
microglia gene signatures in our MGLs conditioned in organoids
(microglia_COC) than in vitro (microglia MGL) (Fig. 6G),
indicating a broader range of microglia subtypes approximating
the situation in the human brain, when cultured within organo-
ids compared with the in vitro culture (SI Appendix, Fig. S15
and Dataset S3).

Additionally, we performed a comparable analysis with the
four relevant microglia clusters of a study conducted by Popova
et al. that aimed to find the most suitable conditions for micro-
glia studies in vitro. Popova and colleagues concluded that micro-
glia in organoids most closely resemble in vivo microglia (51).
Interestingly, we found a significantly higher similarity of MGLs
in coculture with organoids with “cytokine-associated microglia”
and “homeostatic microglia” as shown in feature plots of the
gene scores of the individual clusters (Fig. 6H) and related violin
plots, including statistics of the module score (SI Appendix, Fig.
S16). On the other hand, the gene-expression profile of our
MGLs in vitro is more similar to ex vivo—activated microglia.
Axon tract-associated microglia show similar expression levels in
our in vitro MGLs and in coculture (Fig. 64 and SI Appendix,
Fig. S16 and Dataset $4).

We next investigated which cell—cell interactions controlled
the microglia phenotype in organoids. To this aim, we per-
formed a cell-communication analysis between the MGLs and
neuroectoderm clusters using CellPhoneDB (39). We identified
genes that were significantly enriched in cellular interactions
and differentially expressed in MGLs in organoids versus
in vitro (e.g., CCL3, GAS6, TNF, and VEGFA) (Dataset S0).
Interestingly, GO-term analysis demonstrated a role for many
of the upregulated microglia surface proteins in brain develop-
ment, such as “neurogenesis”, including “positive regulation of
oligodendrocyte differentiation” and “dendrite arborization”,
“positive regulation of axon regeneration”, and “axon exten-
sion” (Dataset S7). These findings support the importance of
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Fig. 6. The single-cell MGL transcriptome changes in a complex cellular environment. (A and B) UMAP plot of 14,951 single-cell transcriptomes from three
conditions: 2D MGL monoculture (MGL), organoids without microglia (organoid), and organoids cocultured with MGLs (COC) split by condition (A) or merged
(B). (C) UMAP plot of 2,652 single-cell transcriptomes. MGLs in monoculture (microglia_MGL) compared with MGLs that were cocultured with organoids
(microglia_COC). (D) UMAP plot of the same 2,652 single-cell transcriptomes, including microglia_MGL subclustering (clusters 0, 1, and 3) and microglia_COC
(cluster 2). (E) Heatmap showing expression of a set of differentially expressed (DE) genes of primary human microglia (Table S3 in Sankowski et al. (38)) in
microglia_MGL subclusters and microglia_COC (as defined in D). The values were scaled column-wise. (F) Volcano plot showing DE genes in microglia_MGL
versus microglia_COC (as defined in C). The thresholds were set to a log, fold change of 1 and a negative logy P value of 3. Selected genes are labeled. The
complete list of DE genes can be found in Dataset S2. (G) Violin plot displaying the global gene-set scores of microglia_COC (red) versus microglia_MGL
(blue). The module scores were calculated from DE gene sets of primary human microglia (Table S3 in Sankowski et al. (38); the complete gene lists can be
found in Dataset S3). P values were computed using the Wilcoxon rank sum test (****P < 0.0001). (H) Feature plots depicting gene-set scores of the different
microglia clusters based on previously defined clusters of microglia (51).

microglia in shaping the developing CNS. The top hit “VEGF-  contexts: NRP1-expressing microglia play a role in CNS vascu-
activated Neuropilin pathway” relates to the expression of neuro-  larization (40), and they promote oligodendrocyte precursor pro-
pilin 1 (NRP1) in microglia, which has been studied in various liferation during development and remyelination (41).
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Taken together, single-cell analysis of microglia in organoids
demonstrated a transcriptional shift toward in vivo-like micro-
glial phenotypes containing subtypes of all predefined clusters
opposed to in vitro MGLs only representing a part of the vari-
ety of microglia subtypes. These results must be considered in
applications of microglia-containing brain organoids for devel-
opmental and disease-modeling studies.

Discussion

In summary, we present a deterministic forward programming
protocol for the generadon of hiPSC-derived microglia with
unprecedented efficiency. This protocol enables robust, scalable
production of pure bulk quantities of MGLs. Compared with
other previously published protocols (reviewed in ref. (10)), enrich-
ment steps, i.e., FACS, or mechanical trituration of intermediate
progenitor cell populations are not required. Moreover, defined,
i.e., serum-free media compositions are applied, and the protocol
duration is significantly shortened to 16 d. We confirmed that
MGLs resemble microglia transcriptionally, functionally, and meta-
bolically, including phagocytosis, cytokine secretion, ROS produc-
tion, and ADP-evoked calcium transients. Bulk RNA sequencing
analysis demonstrated high similarities between our programmed
MGLs, previously reported MGLs derived from hPSCs by classical
differentiation, and primary human microglia. In contrast, MGLs
clustered away from other myeloid phenotypes, including mono-
cytes, DCs, and MACs. Together, these data strongly support the
microglial identity of our MGLs. Future studies should delineate
differences in the RNA-expression profiles of blood-isolated mono-
cytes versus MGLs in long-term coculture with neurons or brain
organoids to confirm the distinct developmental origins.

From a technical perspective, the optimized inducible overex-
pression system enables overexpression of both master TFs in all
cells of the initial hiPSC cultures; this modality of transgene deliv-
ery is the prerequisite for deterministic programming without the
need of subsequent progenitor enrichment steps. The choice of
the TFs PU.1 and C/EBPp relates to their well-established role
during the entire microglia lineage, as demonstrated by develop-
ment knockout and large-scale, human-profiling studies. In con-
trast, other reprogramming factor candidates are associated with
disadvantages, including less evidence for its capacity as pioneering
factor (such as IRF8) and less specificity for the myeloid lineage
compared with other leukocyte subsets (such as RUNX1) or the
microglia lineage compared with other myeloid cells (such as
C/EBPa) (42). Finally, it is well established from previous for-
ward programming studies that the cellular target phenotype is
the result of a timed interplay of TFs and extracellular cues.
Therefore, we optimized the media composition for posterior
primitive streak patterning, primitive hematopoiesis, yolk-sac
MAC, and microglia maturation, respectively. Our media
complexity-reduction trials indicated that cues for posterior prim-
itive streak/extraembryonic mesoderm patterning were essential
for the programming success. A most-recent study demonstrated
development of MGLs within human cortical organoids upon
overexpression of the TF PU.1 (43). Possibly, the cellular envi-
ronment within the organoid mimics developmental stages of the
CNS formation and microglia emergence and obviates the need
for C/EBP as a second reprogramming factor.

The current method is explicitly designed for programming
unlimited amounts of pure bulk quantities of MGLs. Another
technical frontier is the direct conversion of easily accessible
patient-derived cells (e.g., fibroblasts or blood cells) to MGLs,
as this would enable the study of age-related changes without
erasure of epigenetic marks that typically results from

PNAS 2022 Vol. 119 No.43 2123476119

reprogramming to pluripotency. Importantly though, inherent
to such lateral programming trajectories, the target cell popula-
tions will be smaller and heterogeneous due to the low prolifer-
ative capacity of both starting and target cells and the need for
incomplete transfection methods for transgene overexpression.
To investigate the role of MGLs in neurodegenerative dis-
eases, we developed a human FTLD in vitro model in which
hiPSC-derived MAPT-mutant neurons were cocultured with
MGLs. Previous studies have shown that microglia are spatially
correlated with tau pathology in the tauopathies (44, 45). In
autopsy studies of patients with FTLD, microglia activation has
been shown most prominent in MAPT-mutation carriers com-
pared with other genetic (GRN and C9ORF72) or sporadic
forms of FTLD (46). Recent in vitro studies using mouse neu-
ronal cultures demonstrated that exogenously applied tau
induced mitochondrial and homeostatic calcium and ROS
changes in neurons, leading to increased cell death. Similar
findings were observed in hiPSC-derived MAPT-mutant neu-
rons causing FTLD (47, 48). Both studies focused on neuronal
phenotypes, which is inherent to the problem obtaining human
microglia. It thus remained unclear whether endogenous muta-
tions leading to FTLD can lead to secondary microglial pheno-
types, which is to be expected, given the prominent role of
microglia in FTLD. We found reduced MGL cell Nos., a higher
amount of apoptotic MGLs, and increased mitochondrial net-
work fragmentation but higher rates of ROS production in
MGLs cocultured with MAPT™?"* neurons and similar but
less pronounced changes in cocultures with MAPT"*™ neu-
rons, compared with control cell lines. These results point to a
prominent microglial activation in our in vitro FTLD models.
Our findings show that neuronal mutations in an in vitro FTLD
model induce a prominent secondary microglial phenotype, thus
offering a plethora of opportunities to study microglia—neuron
interactions in human coculture models. Follow-up studies with
MGL-brain organoid cocultures will provide deeper insights
into cellular interactions and disease mechanisms. Our study
demonstrates that cultivation of MGLs in cerebral organoids is
possible for significant periods of time, paving the way for signif-
icant microglial maturation effects and further tauopathy studies.
Several studies have shown that hiPSC-derived MGLs adopt
an in vivo phenotype following their transplantation into the
brain of humanized, microglia-depleted mice (6, 49). For some
biotechnological applications, a more-complex, fully human
model system using brain organoids is desirable. Several recent
studies have provided proof of principle that MGLs may be
placed in coculture with organoids (19) and confirmed the
importance of the interplay between different cell types in these
culture systems (43, 50-52). Indeed, MGLs placed in coculture
with cerebral organoids have most recently been reported to
resemble in vivo microglia most closely and therefore represent
a valuable tool for investigations of brain development or neu-
rodevelopmental as well as neurodegenerative diseases (51). We
investigated the effect of the organoid environment on MGLs
by using scRNA-seq analysis, demonstrating that microglia in
organoids approximate published primary human microglia
datasets more closely and are associated with the broader range
of microglia found in the human brain rather than the more-
artificial in vitro phenotypes. Cell communication analyses
underscored the important role microglia play in shaping neu-
rogenesis during embryonic development. Future projects
should investigate organoid microglia cocultures at later stages
of organoid development or using more-defined organoid
culture protocols and focusing on specific regions within the
organoid. This will enable studying the influence of greater
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levels of organoid complexity, including its effect on the
inflammartory signature of microglia in organoids.

In conclusion, the presented versatile microglia platform enables
the most rapid and efficient generation of pure bulk quantities of
human microglia from hiPSCs to date, tailored by the interplay of
transient overexpression of PU.1 and C/EBPP and extracellular cues.
Robust 2D and 3D in vitro coculture systems allow in vitro disease
modeling and delineation of cell—cell interactions in complex culture
systems, opening the door for future studies on long-term coculture
experiments and complex neurodegenerative disease models.

Materials and Methods

A detailed description of experimental procedures and analyses is provided in
SI Appendix, Detailed Experimental Procedures. Briefly, hiPSCs were engi-
neered using our previously reported dual GSH-based inducible transgene
overexpression system to enable transient expression of the TFs PU.1 and C/EBPP.
Transgene expression was induced by addition of Dox to the culture media. Pure
populations of MGLs were obtained after 16 d. MGLs were extensively character-
ized in 2D monocultures, 2D neuron cocultures, and 3D brain organoids.

Data, Materials, and Software Availability. The single-cell RNA-sequencing
data reported in this paper have been deposited in the Gene Expression
Omnibus (GEQ) database, https://www.ncbi.nlm.nih.gov/geo (accession no.
GSE207608) (53). Bulk RNA-seq data are available under the BioProject
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