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Microglia play an essential role for central nervous system (CNS) development and homeostasis and have been
implicated in the onset, progression, and clearance of numerous diseases affecting the CNS. Previous in vitro
research on human microglia was restricted to post-mortem brain tissue-derived microglia, with limited availability
and lack of scalability. Recently, the first protocols for the generation of microglia from human pluripotent stem
cells have become available, thus enabling the implementation of powerful platforms for disease modeling, drug
testing, and studies on cell transplantation. Here we give a detailed and comprehensive overview of the protocols
available for generating microglia from human pluripotent stem cells, highlighting the advantages, drawbacks, and
operability and placing them into the context of current knowledge of human embryonic development. We review
novel insights into microglia biology and the role of microglia in neurological diseases as drawn from the new
methods and provide an outlook for future lines of research involving human pluripotent stem cell-derived
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Background

Microglia are the resident immune cells of the central
nervous system (CNS). They are derived from yolk
sac macrophages that arise during the first wave of
primitive hematopoiesis and populate the developing
CNS via the bloodstream once embryonic circulation
is established [1, 2]. Once the blood-brain barrier is
formed, the influx of yolk sac macrophages into the
CNS ceases [3], and the early microglia population is
self-maintained throughout life by slow continuous
turnover [4]. Microglia play a crucial role during
healthy CNS development and support CNS homeo-
stasis throughout adult life [5]. Moreover, microglia
are involved in the initiation, progression, and clear-
ance of diseases affecting the CNS [6, 7]. Recently,
microglia have entered center stage in neurodegenera-
tive disease research even though their exact function
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during the disease course remains unclear [8, 9]. This
advancement was fueled by the discovery that many
of the genes identified as risk factors for Alzheimer’s
disease and other neurodegenerative diseases are pref-
erentially expressed by microglia and that microglia
display disease-stage dependent capacities to clear
pathological aggregates of misfolded proteins and
neuronal debris [10, 11]. Although the use of animal
models and primary murine microglia in vitro cul-
tures have greatly expanded our understanding of
microglia, species-specific variations often prevent the
translation of microglia-related research findings from
rodent models to humans, especially in the context of
age-related  neurodegenerative  diseases  [12-14].
Therefore, faithful human microglia models are re-
quired to elucidate the cellular and molecular pheno-
types and pathways related to homeostatic,
neuroprotective, and neurotoxic microglia. Until re-
cently, the isolation of microglia from human post-
mortem brain tissue or diseased neurosurgical speci-
men represented the only option for in vitro studies
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of human microglia [15-18]. The capture of human
embryonic stem cells (hESCs) in vitro [19] and the
generation of human-induced pluripotent stem cells
(hiPSCs) [20], collectively referred to as human pluri-
potent stem cells (hPSCs), has enabled researchers to
develop protocols for generating all cell types of the
organism from an indefinite and renewable source.
But while protocols for many cell types, including all
principle neuroectoderm-derived neural cell types,
were promptly established and intensively studied and
refined, the production of microglia initially remained
elusive. Only by the end of 2016, the first dedicated
differentiation protocol for the generation of human
microglia-like cells was published. This impediment
may be attributed to the peculiar embryonic origin of
microglia that is distinct from all other tissue macro-
phages and was discovered only recently [1, 2]. Un-
derstanding microglial ontogeny is an indispensable
prerequisite for their generation from hPSCs employ-
ing classical differentiation. Since late 2016, several
protocols for generating microglia-like cells (MGLs)
from hPSCs have been published [21]. Most protocols
aim to mimic the sequel of embryonic development
by timed, stage-specific exposure of hPSCs and their
progeny to individual growth factors or small mole-
cules. For the first time, this approach provides a tool
for the scalable production of human MGLs. How-
ever, the published protocols differ substantially con-
cerning the length of the required culture periods, the
need for mechanical manipulation or fluorescence-
activated cell sorting (FACS) steps to enrich for inter-
mediate progenitor populations, and the functional
and molecular phenotypes of the MGLs produced.
Moreover, in some protocols, hPSCs are probably dif-
ferentiated into monocytes. These are subsequently
exposed to extracellular cues, resulting in macro-
phages with microglia-like properties or their transdif-
ferentiation into MGLs. The use of monocyte-derived
cells as a human microglia model may be contentious,
though, because of the distinct ontogeny of microglia
and peripheral tissue macrophages. Here, we provide
a detailed review of currently available protocols for
the generation of MGLs from hPSCs. We highlight
distinctive features of the different protocols and
compare the phenotypes of the resulting MGL prod-
ucts. Finally, we present a comprehensive overview of
published translational applications of MGLs and out-
line future directions of microglia research using
MGLs.

Main text

Protocol 1 - Muffat et al

Muffat et al. reported the first dedicated protocol for the
generation of MGLs from hPSCs [21]. Interestingly, their
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approach deviates substantially from all other subse-
quent protocols. The starting point is the generation of
embryoid bodies (EBs) by treating hPSC colonies with
collagenase IV, followed by mild trituration and plating
of undefined clumps on low-adhesion tissue culture
(TC) plates in the final differentiation medium. The
chemically defined medium used from day 0 onwards is
not changed throughout the protocol and contains the
two growth factors colony-stimulating factor 1 (CSF1)
and interleukin (IL-)34. Thus, stage-specific extracellular
cues directing the cells through the sequel of embryonic
intermediates are not provided. Nevertheless, the au-
thors provide convincing evidence that the cells pass
through key developmental microglia-lineage stages.
First, between day 14 and 44, several EBs form cystic
structures. Upon plating those structures onto poly-D-
lysine (PDL)-coated TC dishes, they form flat cell lawns
reminiscent of endothelial cells and express the tran-
scription factor (TF) PU.1 (SPII) and the cell surface
markers CD41 (integrin subunit /TGA2B), CD117 (KIT),
CD144 (cadherin 5, CDHS), and CD235a (glycophorin
A, GYPA). The authors refer to the cystic structures as
“yolk sac EBs” resembling hemogenic epithelium. From
the floating yolk sac EBs, single cells delaminate into the
TC medium, which can be collected and plated onto Pri-
maria™ TC plates, providing selective adhesive condi-
tions for myeloid progenitors. Within the first 2 weeks
of plating onto Primaria™ plates, these cells resemble
MGL precursors. They are round, vacuolated cells with
a compact nucleus, filopodia, and membrane ruffles, ex-
pressing the TF PU.1, the intracellular calcium-binding
protein IBA1 (AIFI), and the surface markers CD11b
and CD45 (PTPRC). They are highly proliferative and
capable of latex bead phagocytosis. After an additional
month of differentiation in monoculture, MGL precur-
sors differentiate into MGLs and start expressing the
purinergic receptor P2Y12 (P2RY12) and the transmem-
brane protein TMEM119 in addition to IBA1 and CD45.
At this later stage of microglial development, the prolif-
eration rate is drastically reduced, nevertheless, MGLs
could be maintained in culture for several months. Ma-
ture microglia that were generated using this method
were compared to freshly isolated fetal human microglia
that were cultivated in the same medium for 1 week.
The transcriptome analysis revealed that both cell types
express the same set of microglial signature genes. Upon
culturing MGLs in neural precursor cell (NPC)-condi-
tioned media for 2 weeks, the transcriptome of MGLs
shifted closer towards primary microglia ex vivo. Finally,
3D aggregates were formed by placing differentiating
NPC cultures containing neurons, macroglia, and MGLs
into low attachment TC dishes: integrated MGLs exhib-
ited a more ramified morphology compared to 2D cul-
tures, and their arborization was rapidly extended and
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retracted during tiling of the aggregate. Following the
generation of a focal laser-induced lesion within the 3D
aggregate, integrated MGLs in the vicinity of the lesion
reacted within minutes by extending a single long
process towards the lesion site and migrating to sur-
round the damaged area [21].

Protocol 2 - Pandya et al

Pandya et al. developed a two-step protocol for the gen-
eration of MGLs from hPSCs [22]. First, adherent hPSC
colonies are passaged as single cells and maintained in
pluripotency media at low oxygen conditions for 2 days.
Subsequently, cells are differentiated in commercial dif-
ferentiation medium (STEMJiff APEL) under hypoxic
conditions for 15days. During the first 4 days, the
medium is supplemented with the growth factors bone
morphogenetic protein 4 (BMP4), stem cell factor (SCF,
KITLG), vascular endothelial growth factor A (VEGEF-A),
and activin A (a homodimer of two inhibin BA chains,
INHBA). For the remaining culture period, the latter two
are replaced by IL-3, IL-6, FIt3 ligand (FIt3LG), and
CSF3. By day 15 of the protocol, a small fraction of cells
is floating in the culture supernatant. These cells express
CD45 and the hematopoietic progenitor surface markers
CD34 and CD43. They are transferred onto a layer of
“human astrocytes”, although the source and properties
of these astrocytes are not reported. During the subse-
quent coculture period, the medium is supplemented
with undefined FBS 10% and the growth factors IL-3,
CSF1, and CSF2. Following 2 weeks of coculture, the
cells have downregulated their expression of CD34 and
CD43 and have started to express CD11b, CD39
(ENTPDI), CX3CR1, IBA1, and HLA-DR in addition to
CD45. A subpopulation also expresses low levels of
TREM2. Gene expression analysis using microarrays
showed similarities of MGLs to human fetal microglia
but also dendritic cells and macrophages. Genes related
to the “microglia signature” (e.g, P2RY12, GPR34,
MERTK, CIQA, PROSI, and GAS6) showed higher ex-
pression levels in MGLs than in dendritic cells, macro-
phages, and hPSCs. Functional assays demonstrated that
MGLs are capable of phagocytosis, reactive oxygen spe-
cies (ROS)-production, and secretion of tumor necrosis
factor alpha (TNF«) upon stimulation with LPS. With
an output of 0.8-3 times the number of MGLs com-
pared to the starting material, the yield is rather low,
and extracted from the microglia—astrocyte coculture,
the purity of MGLs is as low as 9% [22].

Protocol 3 - Abud et al

Abud et al. start by passaging hiPSC colonies as single
cells [23]. On the following day, adherent hiPSCs are dif-
ferentiated in chemically defined media by transient,
stage-specific exposure to growth factors mimicking the
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extracellular signals during embryonic development.
During the first 2 days of differentiation, the medium is
supplemented with fibroblast growth factor 2 (FGF2),
BMP4, and activin A. From day 2 to day 4, the latter two
are withdrawn and replaced by VEGF-A. Subsequently,
thrombopoietin (TPO, THPO), SCEF, IL-3, and IL-6 are
added alongside FGF2 and VEGF-A. By day 10 of the
protocol, a small fraction of cells is floating in the cul-
ture supernatant. These cells represent hematopoietic
progenitors that express the cell surface markers CD41,
CD43, and CD235a. At this stage, the hematopoietic
progenitors are enriched by FACS for CD43" cells,
which are transferred onto fresh Matrigel-coated TC
dishes and cultivated for another 28 days in chemically
defined microglia differentiation medium containing
CSF1, IL-34, and TGE-p. For the final 3 days of matur-
ation, the medium is further supplemented with CD200
and CX3CL1. The resulting MGLs at day 38 of differen-
tiation express the TF PU.1 and the cell surface markers
CD11b, CD45, CX3CR1, TREM2, TGEFpR1, P2Y12,
MERTK, PROS]1, and ITGB5. Principal component ana-
lysis of RNA-seq data showed clustering of MGLs with
both fetal and adult primary microglia but also proxim-
ity to hematopoietic progenitors at day 10 of the differ-
entiation protocol. Undifferentiated hiPSCs, peripheral
blood dendritic cells, and CD14%/CD16" non-classical
monocytes clustered away from MGLs. Both the
addition of CD200 and CX3CL1 and the coculture of
MGLs with matured primary rat hippocampal neurons
for the last 3 days of microglia maturation led to differ-
ential gene expression indicating a transcriptional
phenotype that aligns more closely with primary micro-
glia. Functional assays demonstrated that MGLs are cap-
able of phagocytosis, responsive to ADP-signaling by
producing P2Y12-dependent intracellular Ca** tran-
sients, and secrete typical cytokines following stimula-
tion with either LPS, IL-1B, or IFN-y. Moreover, MGLs
are capable of CD11b-dependent, MERTK-independent
phagocytosis of human synaptosomes — a typical micro-
glial pathway of synaptic pruning. Likewise, MGLs
internalize fibrillar AP (fAP) and brain-derived tau oligo-
mers (BDTO), and quantitative real-time PCR (qPCR) of
MGLs stimulated with fAB or BDTO confirmed an in-
creased expression of several genes implicated in A
clearance or tau-mediated toxicity. MGLs cocultured
with brain organoids (BORGs) invade the 3D CNS envir-
onment, extend ramified processes, and respond to nee-
dle piercing of the BORGs by migrating towards the site
of injury and adopting an amoeboid-like appearance.
Similarly, xenotransplantation of MGLs into humanized
immunodeficient MITRG mice (Rag2™' 1l2rg”/~ mice in
which genes encoding human CSF1, CSE2, IL-3, and
TPO were knocked-in the respective mouse orthologues)
demonstrated engraftment and long-term survival of



Speicher et al. Molecular Neurodegeneration (2019) 14:46

highly branched, IBA17/P2Y12"/TMEMI119" human
cells within the mouse brain. The yield of MGLs is as
high as 30-40 times the starting cell number and the
purity reaches almost 100%, although the protocol re-
quires FACS to enrich for hematopoietic progenitors
[23]. The same lab recently published a follow-up proto-
col, in which the low oxygen culture conditions from
day 0 to 4 and the FACS step to enrich for
hematopoietic progenitors are omitted, and the commer-
cial Stem Cell Technologies STEMdiff" Hematopoietic
Kit is used for generating hematogenic progenitors.
From day 10 to 38 of differentiation, TGF-f} is replaced
by the small molecule IDE1 (inducer of definitive endo-
derm 1), which induces TGEF-p signaling by phosphoryl-
ating Smad2/3 and increasing NODAL expression [24].
At day 10 of the protocol, the culture supernatant is col-
lected, and floating cells are transferred to a new TC
dish without enriching specific cell populations. This
measure leads to a 60-fold higher yield of hematopoietic
progenitors, while purity is reduced to 90% and CD41
and CD43 are expressed at lower levels. Moreover, ex-
pression of CD235a was hardly detectable in
hematopoietic progenitors (2%; compared to 10% in the
previous version of the protocol) [24]. The reduced ex-
pression of CD235a may be a result of the maturity of
the cells, as noted by principal component analysis. With
regard to the final MGL product, transcriptome analysis
by RNA-seq demonstrated a high degree of similarity be-
tween both MGL products, although slightly different
gene expression patterns were evident and should be
considered when planning downstream applications.
Taken together, the changes in the updated protocol en-
able easier handling and provide a more cost-effective al-
ternative to the original protocol, however, the
phenotype of the intermediate hematopoietic progenitor
population is altered, and their purity is reduced, while
total culture durations remain unchanged.

Protocol 4 - Douvaras et al

Douvaras et al. start by passaging hPSC colonies as single
cells [25]. After 3 days, once new individual colonies be-
come apparent, differentiation is induced in chemically
defined, commercial media (mTeSR/StemPro) by transi-
ent, stage-specific exposure to growth factors aiming to
mimic extracellular signaling during embryonic develop-
ment. During the first 4 days of differentiation, the
medium is supplemented with BMP4. On day 4, BMP4 is
withdrawn and replaced by FGF2, VEGF-A, and SCF. The
authors describe adherent endothelial cells to be present
on day 6. Flow cytometry revealed a small shift in the ex-
pression of CD235a and CD309, suggesting co-expression
of both markers by up to 6% of the total cell population.
From day 6 onwards, the medium is supplemented with
TPO, FIt3 ligand, IL-3, and CSF1 alongside SCF. From day
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14 onwards, the medium contains Flt3 ligand, CSF1, and
CSF2. Starting from day 25, MGL precursors, defined by
co-expression of CD14, CD45, and CX3CR1, detach from
the adherent hematopoietic progenitors and may be har-
vested and enriched by FACS or magnetic bead separation
(MACS) weekly for up to 1 month. Selected cells are
transferred onto Thermanox™ coverslips and cultivated for
another 20 days in chemically defined microglia differenti-
ation medium containing CSF2 and IL-34. The resulting
MGLs express IBA1, CD11b, CD11c, CX3CR1, P2Y12,
and TMEMI119. Hierarchical cluster analysis of whole-
transcriptome RNA-seq data, based on either all or only
selected microglial signature genes, confirmed clustering
of MGLs and primary microglia and their segregation
from different types of macrophages. Functional assays
demonstrated that MGLs are capable of phagocytosis,
responsive to ADP-signaling by producing P2Y12-
dependent intracellular Ca®* transients, and secrete sev-
eral cytokines, although MGLs were not stimulated. The
protocol has a rather low efficiency: only 68% of the cells
of the final cell population express CD14 that is not
uniquely expressed by microglia but also by other cell
types of the myeloid lineage [25].

Protocol 5 — Haenseler et al

James and co-workers had previously reported protocols
for the generation of monocytes and macrophages from
hPSCs [26, 27]. Only later, it was discovered that these
presumptive monocytes/macrophages develop independ-
ently of the TF MYB and rely on the expression of
RUNX1 and PU.1, suggesting that these myeloid cells ra-
ther epitomize primitive yolk sac macrophages [28]. In a
follow-up study, Haenseler et al. directed the fate of
these yolk sac macrophage-like cells towards MGLs [29].
The differentiation protocol starts with EB formation.
During the first 4 days, EBs are cultivated in commercial
mTeSR1 medium supplemented with BMP4, VEGEF-A,
and SCF. On day 4, EBs are transferred into larger TC
dishes and cultivated in chemically defined, commercial
X-VIVO medium supplemented with IL-3 and CSFI1.
Most EBs put out surrounding adherent stromal cells
and develop cystic, yolk-sac-like structures similar to the
ones described by Muffat et al. [21]. After 3—4 weeks,
MGL precursors emerge in the supernatant as large,
round cells with filopodia and membrane ruffles. These
cells may be harvested and transferred onto uncoated
plastic TC dishes or hPSC-derived neuronal cells.
Within 2 weeks after transfer, MGLs develop in chem-
ically defined medium supplemented with CSF2 and IL-
34. The resulting MGLs display secondary branches and
express CD11b, CDl11lc, IBA1, CX3CR1, and P2Y12.
Faint positive staining was also reported for TMEM119.
In contrast, HLA-DR expression was not detected. Prin-
cipal component analysis using microarray data
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confirmed clustering of MGLs in mono- or coculture
with fetal microglia and hPSCs-derived macrophages but
segregation from human peripheral blood-derived
monocytes and hPSC-derived macrophage precursors.
Functional assays demonstrated that MGLs are capable
of phagocytosis and secrete several cytokines upon
stimulation with LPS and IFN-y. Live cell imaging of
fluorescently-labeled MGLs in coculture with hPSC-
derived neurons displayed continually moving MGLs
within the neuronal culture, thereby roughly maintaining
cell-specific territories, and dynamic remodeling of pri-
mary and secondary cellular branches [29].

Protocol 6 - Takata et al

Takata et al. start by passaging adherent hPSC colonies as
clumps [30]. On the following day, adherent hPSCs are
differentiated in chemically defined, commercial (Stem-
Pro) differentiation medium by transient, stage-specific
exposure to growth factors mimicking the extracellular
signals during embryonic development. From day 0 to day
8 of differentiation, the cells are cultivated in hypoxic con-
ditions (O, 5%), while the remaining protocol is per-
formed in normoxic conditions. During the first 2 days of
differentiation, the medium is supplemented with VEGF-
A, BMP4, and CHIR99021 (a selective GSK-3 inhibitor
that activates canonical WNT-signaling). From day 2 to
day 4, CHIR99021 is replaced by FGF2, and from day 4 to
day 6, BMP4 is withdrawn. Subsequently, SCF, IL-3, IL-6,
and DKK1 are added alongside FGF2 and VEGF. From
day 12 to day 16, the medium is supplemented with SCF,
IL-3, and IL-6. The commercial StemPro base medium is
replaced between day 16 and day 26 by a chemically de-
fined medium supplemented with CSF1. By day 26, a frac-
tion of cells is floating in the culture supernatant. These
cells are largely positive for the surface markers CD11b,
CD14, CD45, CD163, and CX3CR1. While the media
composition follows some rationales of embryonic devel-
opment, there is no proof of developmental intermediates
from the posterior primitive streak, extra-embryonic
mesoderm, hemangioblast, or primitive hematopoiesis.
After 26 days of differentiation, MGL precursors are col-
lected from the supernatant and transferred onto hPSC-
derived neurons. Over the course of another 3 weeks, the
primitive macrophages develop a more ramified morph-
ology and start to express IBAl. MGL precursors and
MGLs were shown to phagocyte latex beads and A pep-
tides and release typical pro-inflammatory cytokines upon
stimulation with LPS [30].

Additional MGL protocols

Amos et al. and Xu et al. reported further protocols for
the generation of MGLs [31, 32]. Initially, Amos et al.
generate EBs that are exposed to chemically undefined
media containing BMP4 and FBS 10% [31]. EBs are
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transferred onto poly-L-ornithine/fibronectin-coated TC
plates on day 7 and cultivated for another 33 days in
commercial microglia medium containing FBS alongside
CSF1, CSF2, IL-34, and TGFp-1. From day 23 onwards,
EBs are mechanically passaged every 4—6 days. Similar to
the protocol by Muffat et al., two types of EBs emerge:
cystic EBs and dense, non-cystic EBs. Upon plating the
cystic EBs onto coated TC dishes, a “skirt” of MGL pre-
cursors detaches from the cystic structures and migrates
away. However, this phenomenon was observed only in
one-third of cystic EBs. Flow cytometry of MGLs dem-
onstrated expression of CX3CR1 in 4% and TREM2 in
20% of cells, while TMEM119 expression was not de-
tected. MGLs phagocyte AP and upregulate IL1B, CCL2,
and TNFAIP3 expression upon stimulation with LPS, as
demonstrated by qPCR. Furthermore, the qPCR analysis
confirmed the upregulation of CSFIR, CX3CR1, P2RY12,
and HEXB compared to peripheral blood-derived mono-
cytes and hPSCs, while transcriptome analysis and fur-
ther functional assays were not performed [31]. Xu et al.
present a protocol that is related to the Abud et al.
protocol [32]. The authors use a commercial kit (STEM-
diff” Hematopoietic Kit) to generate hematopoietic pro-
genitors from hPSCs. On day 12, hematopoietic
progenitors are enriched by FACS according to CD43
expression and further differentiated in chemically un-
defined, commercial, serum-containing medium (Micro-
glia Medium, ScienCell Research) supplemented with
insulin-like growth factor 1 (IGF-1), CSF1, CSF2, IL-34,
and TGEF-P. The authors report that the resulting MGLs
co-express IBA1 and TMEM119 following a total culture
period of 37 days, although morphologically, only a few
short cell processes are detected. Functional assays dem-
onstrated that MGLs are capable of phagocytosis and
TNE-a release upon stimulation with LPS, but transcrip-
tome analysis and further characterization were not per-
formed [32].

In Fig. 1, we summarize the first six protocols de-
scribed here for generating MGLs. Detailed stage-
specific media compositions are reported in Table 1.
Marker protein and gene expression analyses, and meta-
bolic and functional studies are summarized in Table 2.
Protocols by Amos et al. and Xu et al. are not included
as they involve chemically undefined culture conditions.

Translational applications of hPSC-derived microglia-like
cells

Four of the six basic MGL protocols or derivatives thereof
have been applied by several independent research groups
for translational studies (summarized in Table 3).

In their original study, Muffat et al. used their novel
MGL protocol to investigate the effect of a Rett-syndrome
causing MECP2 mutation on morphological features of
MGLs, as previous research had demonstrated that
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Muffat et al. Nature Medicine 2016 - Microglia in Monoculture

EB formation Selection (days 14, 19, 24, 29, 34, 39):
(day 0) - EBs are gently triturated to shear off loose cells.
- The supernatant with settled loose cells is placed onto Primaria plates
- Collected cells from 6 consecutive selection procedures (d14 to d44) are pooled
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CD2353, PU.1 Flow: CD11b, IBA1, CD45 IBA1, CD45
Pandya et al.Nature Neuroscience 2017 - Astrocyte-Microglia Coculture Efficiency (day 29):
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|n mixed glia culture
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Abud et al.Neuron 2017 - Microglia in Monoculture
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PBS/TrypLE FACS: CD43"

- single cells enrichment
[ on Matrigel | [on Matriget | [[on Matrigel |
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[ a1 do __ Gl d14 d35/d38
Flow: CD41, CD43, ICC: PU.1, TREM2 ICC: PU.1, CX3CR1, TREM2, P2Y12,
CD235a Flow: CD11b, CD45, TGFBR1, PROS1, MERTK, ITGB5

CX3CR1 Flow: CD11b™, CD45"

Efficiency (day 38):
- Yield: 30-40x
- Purity: 97%

Reproducibility:
- 10 hiPSC-lines

Douvaras et al. Stem Cell Reports 2017 - Microglia in Monocuture

hPSC split (day -3): Selection (day 25-50):
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- RhoKI (for 24h) FACS: CD14/CX3CR1*
- single cells

—
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Iarger TC vessels (Cell strainer, 40 pm)
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CD86, CD163, HLA-DR

hPSCs 2D colonies heprpoagtgﬁict)gigc MGL precursors MGLs
[ d3 do \ d25-50 d45-65
Flow: CD309, Flow: CD14, CD45, ICC: CD11c, IBA1, P2Y12, TMEM119
CD235a (up to 6%) CX3CR1 (70%) Flow: CD11b, CD11c, CX3CR1, P2Y12
Haenseler et al. Stem Cell Reports 2017 - Microglia in Monoculture Etciencyldavee)

Flow: CD11b, CD11c, CD14, CD45,

X
- Purity: nearly 100% (CD14%)
Reproducibility:
- 4 hiPSC-lines

on plastic or neurons

(CD33), (MERTK)

Takata et al.Immunity 2017 - Neuron-Microglia Coculture

hiPSC split (day -1) Selection (day 25):
- Collagenase IV Days 0-8: FACS: CD11B"/CD14'/CD45'/
ical scraping low (5%) oxygen CD163/CX3CR1*
iz
.
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Fig. 1 Schematic overview of protocols for generating microglia-like cells from human pluripotent stem

cells
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transplanted wild-type bone marrow-derived phagocytes
could rescue certain features of the disease [21]. MECP2-
mutant MGLs were significantly smaller compared to
isogenic controls. Further functional analyses were not per-
formed. The same group published a follow-up study, in
which they utilized the same MGL protocol to investigate
the cell tropism of the Zika virus (ZIKV) [34]. Maternal
ZIKV infection during pregnancy is recognized as the cause
of epidemic microcephaly and other neurological anomalies
in human fetuses. It remains unclear how the ZIKV ac-
cesses the highly vulnerable population of neural progeni-
tors of the developing CNS, and which cell types of the
CNS represent viral reservoirs. Muffat et al. modeled the
interaction of the ZIKV with cells of the fetal CNS by in-
fecting isogenic neural progenitor cells (NPCs), neurons, as-
trocytes, and MGLs. Interestingly, transduction with the
ZIKV elicited cytotoxicity only in NPCs and not in any of
the mature cell types. Infected glial cells propagated the
ZIKV and maintained the ZIKV load over time, leading to
a viral spread to susceptible cells. Moreover, in NPCs and
glia, virus RNA was rapidly amplified in the first few days
after infection. In contrast, infection with the Dengue virus
did not lead to cell death or virus propagation in any cell
type, consistent with the fact that maternal dengue virus in-
fection does not elicit teratogenicity. Finally, a coculture of
ZIKV infected MGLs with uninfected neural spheroids led
to neural spheroid infection. The authors proposed a ma-
ternal ZIKV infection model, in which primitive yolk sac
macrophages that originate close to the maternal vascula-
ture represent the entry route of the ZIKV in the embryo.
Infected primitive macrophages act as a viral reservoir and
establish the infection of the fetal brain upon colonizing the
developing CNS [34].

Muffat-MGLs were employed by another group to in-
vestigate the molecular phenotypes and functional con-
sequences of different Apolipoprotein E (ApoE) isoforms
in hPSC-derived neurons, astrocytes, and microglia [35].
ApoE is an essential cholesterol carrier that is involved
in lipid transport and injury repair in the brain. ApoE is
encoded by the APOE-gene. Several polymorphic APOE
alleles have been described and represent the main gen-
etic determinants of Alzheimer’s disease (AD): individ-
uals carrying the e4 allele are at increased risk of
developing AD compared with those carrying the more
common €3 allele, whereas the €2 allele decreases the
risk. Using CRISPR/Cas9-mediated gene-editing, the au-
thors converted wild-type APOE3 hiPSCs into isogenic
APOE4 hiPSCs and vice versa. HiPSC-derived neurons,
astrocytes, and MGLs exhibited genotype-dependent dif-
ferential gene expression patterns. Specifically, APOE4
MGLs were characterized by an upregulation of genes
connected with immune responses and a downregulation
of genes associated with cell movement and develop-
ment. Moreover, APOE4 MGLs developed less and
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shorter cellular processes and took longer to phagocyte
AP compared to APOE3 MGLs. Upon integrating MGLs
within brain organoids derived from APP-mutant
hiPSCs displaying overt amyloid pathology, APOE4
MGLs developed longer processes. Since the shorter
process length of microglia in AD brains positively cor-
relates with microglial AP uptake, these data suggest that
APOE4 MGLs may be less able to sense and respond to
extracellular AP. In this context, the authors reported
significantly lower total amyloid levels in organoids con-
taining APOE3 MGLs compared to both APOE4 MGL-
containing organoids and organoids without cocultured
MGLs. Overall, the data suggest that APOE4 negatively
impacts several aspects of microglial function, hinders
microglia from clearing extracellular AP from AD brains,
and may also affect the brain inflammatory profile [35].
The triggering receptor expressed on myeloid cells 2
(TREM2) is a cell surface receptor of the immunoglobulin
superfamily that among neural cell types is differentially
expressed on microglia [11]. Genetic studies have identi-
fied loss-of-function mutations of TREM2 as the cause for
a rare form of early-onset dementia with autosomal reces-
sive inheritance, known as Nasu-Hakola disease [42], and
many additional variants as rare but strong risk factors for
developing Alzheimer’s disease [43]. Several independent
studies have investigated the functional effects of different
TREM2 variants in hPSC-derived MGLs [13, 36, 37]. The
first four TREM2-related studies are based on the Haense-
ler MGL protocol, with slight modifications. MGLs gener-
ated from patient-derived homozygous and heterozygous
TREM2"M and homozygous TREM2Y>C mutant
hiPSCs exhibited several genotype-dependent phenotypes
[36, 37]: TREM2 immunocytochemistry demonstrated
physiological membrane-bound TREM2 expression in
wild-type and heterozygous TREM2**™ MGLs but not in
homozygous TREM2"*M and TREM2%V*°“ MGLs, indi-
cating a loss of functional receptor surface expression in
both types of homozygous mutants. Western blot analysis
of whole-cell lysates revealed a genotype-dependent re-
duction in mature forms and concomitant increase in im-
mature forms of full-length TREM2, thus indicating
mutation-dependent effects on protein maturation. Fur-
thermore, western blot analysis of whole-cell lysates using
an antibody directed against the carboxy-terminus of
TREM?2 revealed a genotype-dependent reduction in the
generation of the C-terminal fragment of TREM2 follow-
ing treatment with a y-secretase inhibitor, marking re-
duced proteolysis of TREM2, most likely due to reduced
cell surface expression and shedding of soluble TREM2.
Membrane TREM2 undergoes regulated intramembrane
proteolysis (RIP) by the metalloproteases ADAM10 and
ADAM17, which releases a soluble TREM2 fragment (see
below) and leaves a membrane-bound C-terminal frag-
ment that is a substrate for the y-secretase complex [36].



Speicher et al. Molecular Neurodegeneration (2019) 14:46

In line with this observation, a follow-up study using the
same mutant hiPSC-lines confirmed that levels of the sol-
uble TREM2 fragment (the other RIP product) in super-
natants of heterozygous TREM2"*™ MGLs were reduced
compared to wild-type MGLs, and soluble TREM2 was
not detected in homozygous TREM2'*™ and
TREM2%?°“ MGLs [37]. In another study, Xiang et al.
generated MGLs from hiPSCs harboring the heterozygous
TREM2**H variant to test a proposed mechanism of ac-
tion of this AD risk variant [13]. Results from Trem28*!
knock-in mouse models had demonstrated Trem2 hap-
loinsufficiency with reduced mRNA and protein expres-
sion due to the atypical splicing of mouse Trem2**H,
which introduces a premature stop codon. Interestingly,
TREM2 mRNA and protein expression levels and splicing
patterns were normal in mutant hiPSC-derived MGLs and
patient-derived brain tissue, indicating that aberrant spli-
cing is a species-specific mechanism that does not trans-
late to human biology, thus highlighting the need for
human microglia models [13]. Another Haenseler MGL
protocol-based study using different TREM2 mutant
hPSCs (TREM2T66M,-WS0CRA7TH) = nfirmed  metabolic
deficits in mutant MGLs [38]. During homeostasis, micro-
glia mainly rely on oxidative phosphorylation for their en-
ergy supply but undergo a metabolic switch to glycolysis
upon activation to enable more rapid plasticity to external
stimuli [44]. Piers et al. demonstrated that all analyzed
TREM2 mutants exhibit altered metabolic functions, in-
cluding a reduced mitochondrial respiratory capacity and
an inability to perform the immunometabolic switch to-
wards increased glycolysis. Moreover, the authors deter-
mined that dysregulated PPARy/p38MAPK signaling
underlies the observed phenotypic deficits, specifically in
TREM2**7" mutants. The genotype-dependent phenotype
was rescued by pharmacological activation of PPARy
using pioglitazone [38]. Claes et al. generated isogenic het-
ero- and homozygous TREM2 knock-out hPSCs and het-
erozygous TREM2"*"™ hPSCs from wild-type hPSCs by
CRISPR/Cas9-mediated genome engineering and differen-
tiated them into MGLs according to a modified Douvaras
MGL protocol [40]. Both hetero- and homozygous
TREM2 knock-out MGLs exhibited a reduced capacity to
phagocyte E. coli fragments in vitro and amyloid plaques
in cocultures with brain cryosections derived from a
mouse model of Alzheimer’s disease. In contrast, the
phagocytotic abilities of TREM2**”" mutants were not
impaired [40]. Lastly, Hasselmann et al. reported that
TREM2**”" hPSC-derived hematopoietic progenitors that
were derived according to the Abud/McQuade protocols
and transplanted into immunodeficient, humanized mice
(see above) with features of Alzheimer’s disease (5XfAD)
differentiated into bona fide microglia in vivo. After 9
months, transplanted mutant microglia clustered less fre-
quently around AP plaques compared to wild-type
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microglia, although no difference in overall plaque burden
was apparent between study groups.

Finally, Takata-MGLs were utilized in the original
study to investigate the effect of a familial Mediterranean
fever (FMF), causing MEFV-mutation on morphological
features and functions of MGLs [30]. Cytokine profiling
revealed that following LPS stimulation, homozygous
MEFV-mutant MGL precursors produced significantly
higher levels of proinflammatory cytokines, including IL-
1B, IL-18, TNFa, and CCL4, compared to heterozygous
control MGLs. Moreover, ASC-speck formation, a crit-
ical component of the inflammasome, was significantly
enhanced in mutant MGL precursors [30].

Microglia-like cells in the mirror of embryonic
development

The use of classical differentiation protocols for deriving
MGLs from hPSCs has the great advantage of guiding
epiblast-like pluripotent stem cells along precise develop-
mental trajectories into the desired mature cellular pheno-
type in vitro. Some protocols for the derivation of MGLs
were designed to recapitulate the development of primitive
hematopoiesis and microglia ontogeny in vitro, and provide
preliminary, albeit not unequivocal evidence that the differ-
entiating cells pass through key developmental steps of
primitive yolk sac hematopoiesis [21, 23, 28, 29]. In con-
trast, other researchers initially generated hPSC-derived
monocytes, which subsequently adopted microglia-like
properties upon exposure to extracellular cues mimicking
the CNS environment [25, 40], a method that had been
demonstrated previously with primary peripheral blood-
derived monocytes [45, 46]. Interestingly, transcriptome
analysis revealed that hPSC-derived monocytes [25, 47] re-
semble transdifferentiated MGLs and human primary
microglia rather than monocytes derived from human per-
ipheral blood [40]. Overall, these findings indicate that
current protocols for the differentiation of hPSCs into
monocytes in vitro may preferentially rely on MYB-
independent hematopoiesis, which would favor the produc-
tion of cells that are part of the primitive over definitive
hematopoietic lineages, and give merit to the use of hPSC-
derived monocyte-like cells as developmental intermediate
when generating microglia. From an embryonic perspective,
the use of monocytes remains contentious, at least for some
applications, because of the distinct ontogeny of microglia
and peripheral tissue macrophages [33].

The onset of gastrulation in humans is marked by the oc-
currence of the primitive streak (PS) at the posterior end of
the bilaminar embryonic disk made up of the epi- and
hypoblast. Cells of the epiblast migrate towards the PS,
where they ingress into the interior of the embryo to form
definitive endoderm and all different types of mesoderm.
Mesoderm specification is initiated and driven by dynamic
morphogen gradients involving BMP, NODAL/ACTIVIN,
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FGF2, and WNT signaling along the anterior-posterior axis
of the embryo and PS [48]. The epiblast cells, ingressing
through the most posterior tip of the early PS, where they
are exposed to high levels of BMP4, are specified into
extra-embryonic mesoderm from which the hematopoietic
program is subsequently initiated. Once induced, extra-
embryonic mesodermal cells migrate anteriorly, where they
are exposed to FGF2 and WNT inhibitors secreted
throughout the anterior-posterior axis and to primitive
node-derived NODAL/ACTIVIN, which is located at the
anterior end of the PS [48, 49]. While some protocols in-
clude transient BMP4, FGF2, and activin A, signaling acti-
vation alongside WNT-inhibition to promote patterning of
the epiblast cells into early posterior PS cells and extra-
embryonic mesoderm [22, 23, 30], no direct verification of
this step, such as CDX2 expression, is provided in any of
the available MGL protocols. Extra-embryonic mesodermal
cells start expressing endothelial cell markers such as KDR
and CDH5 and commit towards the related lineages of
endothelial and hematopoietic cells [50, 51]. Recent hPSC
studies proposed that KDR* mesodermal cells may be di-
chotomized according to their CD235a (GYPA) expression
status. While KDR*/CD235a" hemogenic endothelial cells
subsequently give rise to either primitive CD34*/CD43" or
transient definitive CD34*/CD43~ hematopoietic progeni-
tors, KDR"/CD235a" hemogenic endothelial cells are com-
mitted towards definitive CD34'/CD43~ hematopoietic
progenitors from  which, eventually, self-renewing
hematopoietic stem cells arise [52, 53]. This fate decision
between the two different types of KDR mesoderm is partly
mediated by activin A and WNT-signaling according to the
migration of mesodermal cells relative to the embryonic
signaling centers [52, 53]. Hemogenic progenitors migrate
into the blood islands within the extraembryonic yolk sac.
From here, primitive erythroid precursors responsible for
efficient oxygen delivery to the quickly expanding embryo
as well as macrophage and megakaryocyte progenitors
emerge during the earliest wave of hematopoiesis [54—56].
Primitive macrophage progenitors delaminate from the
hemogenic endothelial cells in the blood islands in a
RUNX1-dependent process [55, 57, 58] and critically de-
pend on the expression of the TF PU.1 in conjunction with
RUNX, CEBP, and IRF TFs [59-62], while being independ-
ent of MYB expression [28, 63]. Among others, primitive
macrophage progenitors are characterized by the expres-
sion of the surface markers CD34 and CD43. Muffat et al.
demonstrate the formation of an EB-fraction containing
hemogenic endothelial cells expressing the TF PU.1 along-
side the endothelial markers CDH5, KIT, CD41, and
CD235a. KDR expression was not reported, nor the off-
spring of CD34 or CD43 expressing hematopoietic progeni-
tors [21]. Pandya et al. described the emergence of a
fraction of CD34"/CD43" hematopoietic progenitors that
were enriched by FACS for subsequent differentiation steps,
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while potential prior hemogenic epithelial cells were not
characterized [22]. Abud et al. generate CD41"/CD43"/
CD235a" hematopoietic progenitors with a relatively high
degree of purity that is further enhanced by FACS for sub-
sequent steps of differentiation [23]. In the protocol by
Haenseler et al, common CD34" progenitors emerge that
are dependent on the expression of PU.1 and RUNX1 but
not MYB, as demonstrated by careful hPSC knock-out
studies [28]. The developmental potency of intermediate
hemogenic endothelial cells or hematopoietic progenitors
to give rise to alternative cell types, including erythrocytes,
megakaryocytes, or lymphocytes, was not investigated in
any studies related to the generation of MGLs. Upon mat-
uration into primitive macrophages within the yolk sac,
cells start upregulating expression of CSFIR and common
myeloid cell markers such as CD11b, CD14, and CD45
[64]. Primitive hematopoiesis and subsequent yolk sac mat-
uration of primitive macrophages are dependent on the
growth factors SCF, IL-3, IL-6, and CSF-1. Once the circu-
latory system is established, primitive yolk sac macrophages
spread via the bloodstream to populate the developing CNS
and other tissues of the embryo, thus giving rise to the fetal
tissue-resident macrophages [1-3, 55, 56, 65]. Primitive
yolk sac macrophages that have entered the CNS are ex-
posed to niche-specific environmental cues including CSE-
1, IL-34, TGF-1p, and CCL2, leading to further maturation
into microglia [66].

Microglia identity in vitro and in vivo

The unique microglia identity is currently best defined
as the result of a complex interplay of developmental
origin-dependent transcriptional networks and CNS-
derived environmental factors [33]. The microglia
phenotype in vivo is highly plastic and reactive to envir-
onmental changes. According to a simplistic scheme,
microglia may be grossly categorized as either homeo-
static, differentially activated, or disease-associated.
Interestingly, primary microglia cultured in vitro rapidly
change their morphology and functions following their
isolation from brain tissue, in a manner concomitant
with profound transcriptomic changes, including loss of
key “signature microglia genes” [33, 67, 68]. Microglia
identity is further complicated: bone marrow-derived
blood monocytes that cross the blood-brain barrier and
enter the brain parenchyma, particularly under certain
pathological conditions, may adopt a microglia-like
phenotype. All markers proposed to date to differentiate
monocyte-derived microglia-like cells from microglia
lack the required level of specificity. Due to the inherent
challenges in defining a clear-cut microglia identity, the
“MGL products” of available hPSC-based differentiation
protocols are difficult to rate. Ultimately, microglia cul-
tured in vitro need to be carefully characterized con-
cerning their morphology, marker protein expression,



Speicher et al. Molecular Neurodegeneration (2019) 14:46

gene expression profile, metabolism, physiological sig-
naling pathways, and functions such as phagocytosis and
cytokine secretion — independent of their origin (i.e.,
brain-tissue, peripheral blood monocytes, or hPSCs). All
features must be analyzed in the context of the mono-
or coculture system applied and benchmarked against
primary cells ex vivo and under identical in vitro culture
conditions. Generally, microglia show enhanced activa-
tion in vitro, and their response to various stimuli or
treatments may differ in vivo. In vitro studies of human
microglia represent a powerful tool and are superior
over murine microglia with regard to the many species-
specific differences (e.g., genetic risk factors for Alzhei-
mer’s disease and other neurodegenerative diseases).
Nevertheless, any in vitro derived microglia have to be
regarded as “microglia-like”, and translational observa-
tions need to be confirmed in more complex in vitro co-
culture systems or in vivo chimeric humanized mouse
models. Importantly, most recent studies have demon-
strated that the loss or lack of microglia signature gene
expression and the more activated phenotype of micro-
glia in vitro is fully reversible upon transplantation into
the mouse brain, irrespective of the in vitro origin of the
microglia-like cell. For instance, in vitro cultured pri-
mary mouse myeloid cells, with diverse ontogenic
origins, extensively engraft the CNS of microglia-
deficient mice 2 weeks after transplantation, but only
myeloid cells of yolk sac origin fully attain microglial
identity upon exposure to the CNS environment [68].
Likewise, hPSC-derived hematopoietic progenitors and
MGLs derived according to the Abud/McQuade proto-
cols [23, 24] and monocytes derived from hPSCs accord-
ing to the Yanagimachi/Douvaras protocols [25, 47]
exhibited robust engraftment following transplantation
into early postnatal brains of immunodeficient, human-
ized mice [23, 24, 39, 41]. Engrafted cells adopted a typ-
ical microglia morphology and had a whole-genome
expression profile that was indistinguishable from pri-
mary microglia ex vivo. A recent study reported the
innate development of hPSC-derived mesoderm micro-
glia within brain organoids, closely mimicking the tran-
scriptome and response of adult microglia isolated from
postmortem human brain tissue [69]. Taken together,
hPSC-derived microglia models, ranging from reduction-
ist in vitro studies that overcome significant species-
specific differences to complex in vivo studies using
chimeric mouse models, are powerful research tools.

Conclusions

Microglia have arrived surprisingly late at the forefront
of stem cell research, but finally, the field has been
equipped with a rich set of differentiation protocols for
the generation of MGLs from hPSCs. Following the sem-
inal publication by Muffat and colleagues in 2016 [21],
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several independent protocols for generating MGLs from
hPSCs have been developed. Great variations are ob-
served with regard to the media compositions applied,
steps taken to enrich developmental precursor popula-
tions, and identity of the resulting MGL phenotypes.
The reported culture durations range from 38 to 74 days,
the yields are highly variable and range from 0.5-40x
MGLs compared to the number of input-hPSCs, and the
cellular homogeneity of the final MGL population ranges
from 9% MGLs in undefined mixed glia cultures to al-
most pure monocultures of MGLs. These numbers need
to be interpreted with caution as markers and tools used
for assessments differ amongst studies. Some protocols
require mechanical manipulation steps, special devices,
coculture with other cell types to induce MGL matur-
ation, EB-formation, or non-defined serum-containing
media formulations. Inherently, such measures introduce
different degrees of variability and thus hamper the
widespread application and reproducibility of the proto-
cols. Ultimately, the protocol most suitable for a particu-
lar application has to be chosen individually, depending
on the resources of the laboratory and the planned
downstream applications.

While this first wave of protocols was seminal and
opened new avenues for microglia research, their advent
also brought many additional questions into the field. Al-
though providing the best alternative to primary microglia,
there is no current consensus on unique proteomic,
genetic, and functional signatures required to consider
hPSC-derived MGLs worthy representatives of their native
counterparts. Moreover, hPSC-derived MGLs more closely
resemble fetal than adult microglia, which may hinder the
study of age-related neurodegeneration. Recent efforts to
study age-related neurodegeneration using hPSC-derived
MGLs rely on inserting genetic Alzheimer’s disease risk
variants into the genome of hiPSCs before differentiating
them into MGLs, or coculturing MGLs with brain orga-
noids derived from hiPSCs with APP mutations for ex-
tended culture periods, resulting in overt amyloid
pathology (Table 3). Alternative future options may involve
strategies similar to those previously employed to induce
features of age-related degeneration in hiPSC-derived neu-
rons, including application of ROS or mitochondria-related
stressors [70], or the induction of broader aspects of aging
by expressing progerin, the premature aging-associated
variant of the LMNA-gene (coding for the nuclear envelope
protein lamin A) [71], which may also lead to premature
aging in hiPSC-derived MGLs. An alternative approach
may include the direct reprogramming (transdifferentia-
tion) of adult somatic cells, e.g., fibroblasts or monocytes,
into microglia-like cells with specific transcription factor
cocktails, as direct somatic cell reprogramming, in contrast
to reprogramming to pluripotency, does not erase age-
related cellular features.
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Refined differentiation or reprogramming protocols
will eventually allow us to produce pure bulk quantities
of microglia from hPSCs and will be a major step to-
wards understanding this essential cell type in health
and disease. First, while the in vitro phenotype of micro-
glia, regardless of their origin, remains to a certain de-
gree artificial, the ability to produce large numbers of
hPSC-derived MGLs and to place them in complex co-
cultures with other neural cell types and human brain
organoids, or to perform xenotransplantation into im-
munodeficient, humanized mouse models, provides an
excellent platform to pinpoint environmental factors
that contribute to the differences between in vitro and
in vivo phenotypes of microglia. Ideally, these ap-
proaches will aid the identification of enhanced chem-
ically defined culture conditions composed of cytokine
or small molecule combinations that enable in vitro cul-
turing of faithful microglia. Second, the addition of
MGLs to 2D and 3D CNS coculture models permits us
to establish microglia with properties that resemble the
in vivo phenotype and also improves previous in vitro
models of the human brain that were deficient of blood
supply and immune cells in the past. Hence, the in vitro
coculture of MGLs with other neural cell types or brain
organoids holds great potential for both reductionist
cross-over studies in 2D and complex disease models in
3D. Third, hPSC-derived microglia help us to under-
stand the molecular and functional consequences of in-
creased numbers of disease-associated genomic variants
and the mutations in genes that lack respective mouse
orthologues and are preferentially expressed in micro-
glia. This knowledge is crucial for the conception of
translational studies and drug screening platforms. Fi-
nally, cell transplantation therapy, applying bespoke
gene-corrected microglia or otherwise engineered micro-
glia as efficient vectors for delivering neuroprotective or
regenerative functions, may be harnessed for treating a
variety of neurological diseases in the future.
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