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Abstract
Microglia,	 immune	 cells	 of	 the	 central	 nervous	 system	 (CNS),	 are	 important	
for	tissue	development	 and	maintenance,	 and	are	 implicated	 in	CNS	disease,	
but	 we	 lack	 understanding	 of	 human	 fetal	 microglia	 development.	 Here,	
single-cell	 gene	 expression	 and	 bulk	 chromatin	 profiles	 of	 microglia	 at	 9-18	
gestational	weeks	(GWs)	of	human	fetal	development	were	generated.	Microglia	
are	 heterogeneous	 at	 all	 studied	 GWs	 and	 exhibit	 transcriptional	 profiles	
reminiscent	of	activated/phagocytic	microglia.	Microglia	start	to	mature	during	
this	developmental	period	and	increasingly	resemble	adult	microglia	with	CNS-
surveilling	 properties.	 Chromatin	 accessibility	 increases	 during	 development	
with	 associated	 transcriptional	 networks	 reflective	 of	 adult	 microglia.	 Thus,	
during	 early	 fetal	 development,	 microglia	 progress	 towards	 a	 more	 mature,	
immune-sensing	 competent	 phenotype,	 which	 might	 render	 the	 developing	
human	CNS	vulnerable	to	environmental	perturbations	during	early	pregnancy.

Introduction
Microglia	 are	 the	 resident	myeloid	 cells	 of	 the	 central	 nervous	 system	 (CNS)	
contributing	to	tissue	homeostasis	and	pathology.	Under	homeostasis,	microglia	
survey	 the	 CNS	 parenchyma	 and	 express	 receptors	 involved	 in	 monitoring	
and	immune-sensing	functions,	the	sensome	(Hickman	et	al.,	2013).	Microglia	
colonize	the	brain	prior	 to	neurogenesis,	myelination,	and	blood-brain	barrier	
formation	and	are	a	largely	self-maintaining	and	long-lived	population	in	healthy	
CNS	 (Füger	et	al.,	2017;	Tay	et	al.,	2017).	Environmental	perturbations	during	
pregnancy	 affect	microglia	 functioning	 (Matcovitch-Natan	 et	 al.,	 2016;	 Thion	
et	al.,	2018b),	and	can	be	associated	with	epigenetic	reprogramming	(Ayata	et	
al.,	2018;	Wendeln	et	al.,	2018).	Microglia	are	important	for	CNS	development	
and	 in	 view	of	 their	 longevity	 and	epigenetic	memory,	 early	 perturbations	 in	
microglia	might	have	 long-lasting	effects	 that	 could	 impact	CNS	development	
and	function	(Prinz	and	Priller,	2014;	Tay	et	al.,	2018).

In	mice,	microglia	emerge	from	early	erythromyeloid	progenitors	(EMPs)	in	
the	extra-embryonic	yolk	sac	(YS)	at	embryonic	day	7.5	(E7.5)	and	subsequently	
colonize	 the	 developing	 brain	 rudiment	 at	 E9.5	 (Hoeffel	 et	 al.,	 2015).	Mouse	
microglia	 development	 is	 accompanied	 by	 changes	 in	 gene	 expression	 and	
epigenetic	 profiles	 (Matcovitch-Natan	 et	 al.,	 2016).	 Microglia	 proliferate	 and	
differentiate	 in	 early	 embryonic	 stages	 and	 support	 neuronal	 development	
(synaptic	pruning)	 in	 late	embryonic	 and	early	postnatal	 stages.	 They	acquire	
their	homeostatic	and	immune	surveillance	profile	at	 late	postnatal	and	adult	
stages	 (Matcovitch-Natan	et	al.,	2016;	Thion	et	al.,	2018b).	During	embryonic	
development	 and	early	 postnatal	 stages,	mouse	microglia	 are	heterogeneous	
(Hammond	et	al.,	2019;	Li	et	al.,	2019;	Masuda	et	al.,	2019).	
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In	human	embryos,	shortly	after	the	closure	of	the	neural	tube,	amoeboid	
IBA1pos	microglia	appear	at	gestational	week	(GW)	4.5	in	the	leptomeninges,	the	
ventricular	edge	and	the	choroid	plexus	of	the	brain	(Menassa	and	Gomez-Nicola,	
2018).	From	these	sites,	microglia	colonize	the	telencephalon	and	diencephalon.	
During	this	process,	microglia	transform	to	ramified	cells	that	are	recognizable	
as	early	as	GW12	(Monier	et	al.,	2006,	2007).

To	 date,	 limited	 bulk	 RNA	 sequencing	 data	 of	 human	 midgestation	 fetal	
microglia	indicate	that	mouse	and	human	microglia	share	developmental	gene	
expression	signatures	(Thion	et	al.,	2018b).	However,	an	in-depth	understanding	
of	 cellular	 development	 and	 heterogeneity	 of	 microglia	 during	 human	 fetal	
development	 is	 lacking.	Here,	15,782	microglia	were	analyzed	with	 single-cell	
RNA	sequencing	(scRNAseq)	and	underlying	gene	regulatory	mechanisms	were	
observed	by	assay	for	transposase-accessible	chromatin	sequencing	(ATACseq)	
in	23	human	fetuses	ranging	from	GW9	to	18.

Materials and Methods

Ethics statement and sample collection
The	collection	and	use	of	fetal	material	have	been	approved	by	the	Medical	Ethical	
Committee	of	the	Leiden	University	Medical	Centre	(P08.087)	and	the	Groningen	
University	Medical	Centre	(2017/040).	Tissue	from	human	fetuses	was	obtained	
from	elective	abortion	procedures	(without	medical	indication)	and	was	donated	
for	research	purposes	with	informed	consent.	The	gestational	age	(in	weeks	and	
days)	was	established	prior	 to	 the	procedure	by	obstetric	ultrasonography	by	
measurement	of	the	crown-rump	length.	Sample	information	is	summarized	in	
table	S1.	CNS	tissue	from	23	human	fetuses	(GW9-18)	contained	spinal	cord	as	
well	 as	brain	parenchyma	 from	unknown	regions.	The	tissue	was	collected	 in	
HBSS	(Gibco,	14170-088)	containing	15	mM	HEPES	(Lonza,	BE17-737E)	and	0.6%	
glucose	(Sigma-Aldrich,	G8769)	(=	Medium	A)	at	4°C	and	was	processed	within	
6	h.

Microglia isolation
Microglia	 were	 isolated	 as	 described	 previously	 with	 minor	 modifications	
(Galatro	 et	 al.,	 2017b).	 In	 short,	 the	 tissue	 was	 mechanically	 dissociated	 at	
4°C	and	filtered	through	a	70	µm	cell	strainer	(Falcon,	352350).	For	GW13	and	
older,	myelin	was	removed	using	Percoll	gradient	centrifugation	at	950	g	for	20	
min	with	brakes	off.	The	use	of	Percoll	does	not	influence	microglia	expression	
profiles	(Hammond	et	al.,	2019).	Percoll	diluted	9:1	in	10x	HBSS	(Gibco,	14180-
046)	was	regarded	as	100%	Percoll,	which	was	further	diluted	in	Medium	A	to	
24.4%	Percoll.	Next,	potential	unspecific	binding	was	blocked	with	anti-human	
Fc	receptor	(0.005	µg/ml,	eBioscience,	14-9161-73)	in	colorless	Medium	A	(HBSS	
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(Gibco,	 14170-053)	 containing	 15	mM	HEPES,	 0.6%	glucose,	 and	 1	mM	EDTA	
(Invitrogen,	 15575-038)	 for	 15	 min	 and	 stained	 for	 30	 min	 with	 anti-human	
CD11B-PE	(3.75	µg/ml,	BioLegend,	301306)	and	anti-human	CD45-FITC	(5	µg/ml,	
BioLegend,	304006)	at	4°C.	DAPI	(0.15	µg/ml,	Biolegend,	422801)	and	DRAQ5	
(2	µM,	Thermo	Scientific,	62251)	were	added	to	select	viable,	nucleated	cells.	
Microglia	or	CNS	cells	were	single-cell	sorted	into	384-well	plates	containing	lysis	
buffer	(0.01%	Triton	(Sigma-Aldrich,	T9284),	2	U	RNase	inhibitor	(Takara,	2313A),	
2.5	 mM	 dNTPs	 (Thermo	 Scientific,	 #R0193),	 and	 2.5	 µM	 barcoded	 oligo-dT	
primer),	or	bulk	sorted	in	siliconized	tubes	containing	Medium	A	on	a	Beckman	
Coulter	MoFlo	XDP	or	Sony	SH600.	Filled	384-well	plates	were	stored	at	-80°C	
until	further	processing.	Bulk-sorted	cells	were	centrifuged	at	500	g	for	10	min,	
and	immediately	processed	for	ATACseq	(see	below).	Flow	cytometry	data	was	
analyzed	using	Kaluza	Analysis	Software	(v1.5).

RNA and ATAC sequencing library preparation

Single-cell RNAseq
The	 single-cell	 RNA	 library	 preparation	 is	 based	 on	 the	 SmartSeq2	 protocol	
(Picelli	et	al.,	2014),	with	modifications	to	obtain	3’	instead	of	full-length	RNA/
cDNA	libraries	(Uniken	Venema	et	al.,	2019).	After	cell	lysis	and	barcoded	poly-
dT	primer	annealing	(73°C,	3	min),	RNA	was	reverse-transcribed	(RT)	based	on	
the	 template	 switching	 oligo	mechanism	using	 0.1	 µM	biotinylated	 barcoded	
template	switching	oligo	(BC-TSO),	25	U	SmartScribe	reverse	transcriptase,	first-
strand	buffer	and	2mM	DTT	(Takara,	639538),	1	U	RNase	inhibitor	(Takara,	2313A)	
and	1M	betaine	(Sigma-Aldrich,	B0300-5VL)	with	the	following	PCR	program:	1)	
42°C	90	min,	2)	11	 cycles	of	50°C	2	min,	42°C	2	min,	3)	70°C	15	min.	Primer	
sequences	are	given	in	table	S9.	To	account	for	amplification	bias	and	to	allow	
multiplexing	of	cells	and	samples,	the	barcoded	poly-dT	contains	a	cell-specific	
barcode,	a	unique	molecular	identifier	(UMI),	and	a	sequence	that	is	used	as	a	
primer	binding	site	during	the	first	amplification	step.	This	same	primer	binding	
site	 is	 attached	 to	 the	 BC-TSO,	 enabling	 the	 use	 of	 one	 primer	 pair	 (custom	
primer)	during	the	first	amplification.	After	the	RT	reaction,	primer-dimers	and	
small	fragments	were	removed	by	0.5	U	exonuclease	(GE	Healthcare,	E70073Z)	
treatment	for	1	h	at	42°C.	cDNA	libraries	were	amplified	using	KAPA	Hifi	HotStart	
ReadyMix	(KAPA	Biosystems,	KK2602)	and	custom	PCR	primer	with	the	following	
PCR	program:	1)	98°C	3	min,	24	cycles	of	98°C	20	s,	67°C	15	s	72°C	6	min,	3)	
72°C	 5	min.	 cDNA	 libraries	 of	 84	 cells	were	multiplexed	 and	 short	 fragments	
were	eliminated	using	Agencourt	Ampure	XP	beads	(Beckman	Coulter,	A63880)	
in	 a	 0.8:1	 ratio.	 Quality	 of	 multiplexed	 cDNA	 libraries	 was	 examined	 with	 a	
High	Sensitivity	dsDNA	kit	 (Agilent,	067-4626)	on	a	2100	Bioanalyzer	(Agilent)	
according	 to	 the	 manufacturer’s	 protocol.	 When	 cDNA	 libraries	 showed	 an	
average	size	of	1.5-2	kb,	libraries	were	tagmented	and	indexed	during	a	second	
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PCR	amplification	step	with	the	Illumina	Nextera	XT	DNA	preparation	kit	(Illumina,	
FC-131-1024).	 Tagmentation	was	 performed	 according	 to	 the	manufacturer’s	
protocol	with	an	input	of	500	pg	cDNA	and	amplicon	tagment	mix	for	5	min	at	
55°C.	The	tagmentation	reaction	was	stopped	using	NT	buffer.	Next,	tagmented	
cDNA	was	amplified	with	Nextera	PCR	master	mix,	the	Nextera	indices	(12	pool-
specific	 indices,	 Illumina,	FC-131-2001)	and	10	µM	P5-TSO	hybrid	primer	with	
the	following	PCR	program:	1)	72°C	3	min,	2)	95°C	30	s,	3)	10	cycles	of	95°C	10	
s,	55°C	30	s,	72°C	30	s,	4)	72°C	5	min).	Tagmented	cDNA	libraries	were	purified	
using	Agencourt	Ampure	XP	beads	in	a	0.6:1	ratio.	The	quality	and	concentration	
of	 tagmented	 cDNA	 libraries	 were	 examined	 with	 a	 2100	 Bioanalyzer.	 cDNA	
pools	with	 an	 average	 size	 of	 300-600	 bp	were	multiplexed.	 For	 sequencing,	
superpools	were	prepared	using	a	balanced	design	with	pools	from	10	different	
samples	 (in	 total	840	cells),	 i.e.	 cells	 from	each	sample	were	distributed	over	
several	 sequencing	 runs	 to	 avoid	 potential	 batch	 effects.	 To	 eliminate	 short	
fragments,	 final	 superpools	 were	 gel-purified	 from	 2%	 E-gel	 (Thermo	 Fisher	
Scientific,	G521802)	with	the	Zymoclean	Gel	DNA	Recovery	kit	(Zymo	Research,	
D4007).	The	concentration	was	determined	using	a	2100	Bioanalyzer	and	Qubit	
3.0	 (ThermoFisher	 Scientific)	 according	 to	 the	manufacturers	 protocol.	 2	 pM	
superpool	and	7%	spike	in	of	phiX	DNA	were	loaded	on	an	Ilumina	NextSeq	500	
for	a	75	bp	paired-end	sequencing	run	with	0.3	µM	BC	read	1	primer.

ATACseq
Bulk	sorted	microglia	(20,000	-	80,000	cells)	were	centrifuged	at	500	g	for	5	min	
at	4°C,	and	supernatant	was	removed.	The	pellet	was	resuspended	in	50	µl	of	
cold	lysis	buffer	(10	mM	Tris-HCl	pH	7.4,	10	mM	NaCl,	3	mM	MgCl2,	0.1%	IGEPAL	
CA-630)	and	centrifuged	at	500	g	for	10	min	at	4°C.	ATAC-sequencing	libraries	
were	generated	using	Nextera	DNA	Sample	Preparation	Kit	 (Illumina,	 FC-121-
1030)	as	previously	described	(Buenrostro	et	al.,	2013,	2015).		Per	80,000	cells,	
50	µl	tagmentation	mix	was	added	(25	µl	tagment	DNA	buffer,	2.5	µl	tagment	
DNA	enzyme	 I,	 22.5	µl	 nuclease	 free	H2O)	 for	 30	min	 at	 37°C,	 and	DNA	was	
purified	using	a	Qiagen	MinElute	PCR	purification	kit	(Qiagen,	28004)	according	
to	manufacturer’s	instructions,	and	eluted	in	10	µl	elution	buffer.	All	DNA	was	
incubated	with	34.25	µl	PCR	amplification	mix	(6.25	µl	10	µM	Nextera	Primer	
Ad1,	3	µl	10x	SYBR	green,	25	µl	NEBNext	High-Fidelity	2x	PCR	mix)	and	6.25	µl	10	
µM	Nextera	Primer	barcodes	in	a	thermal	cycler	with	the	following	PCR	program:	
1)	72°C	5	min,	2)	98°C	30	sec,	3)	 repeat	4x:	98°C	10	sec,	63°C	30	sec,	72°C	1	
min.	To	avoid	over-amplification	and	artefacts,	the	optimal	number	of	cycles	for	
remaining	PCR	amplification	was	determined	using	quantitative	PCR.	After	PCR	
amplification,	DNA	was	purified	as	before	using	 the	Qiagen	MinElute	kit,	 and	
run	on	a	2%	E-gel	agarose	gel	(Thermo	Fisher	Scientific,	G521802)	to	gel-purify	
150-600	bp	fragments	using	a	Zymoclean	Gel	DNA	Recovery	Kit	(Zymo,	D4007).	
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Concentration	of	libraries	was	determined	using	Qubit	(ThermoFisher	Scientific)	
and	2100	Bioanalyzer	(Agilent),	and	all	samples	were	pooled	for	sequencing	to	
a	final	concentration	of	1.6	pM	and	5%	spike	in	of	phiX	DNA	were	loaded	on	an	
Illumina	NextSeq	500	using	75	bp	paired-end	reads.

Bioinformatic analysis

Single-cell RNAseq
Reads	without	 cell	 barcode	or	UMIs	were	 removed	and	 remaining	 raw	 reads	
were	aligned	to	the	human	genome	(GrCh38)	using	HiSat2	(v.2.1.0)	(Kim	et	al.,	
2019).	After	demultiplexing,	alignment	and	cell	filtering	 (>10%	mitochondrial,	
reads/cell,	+/-3*MAD	log10(reads)/cell,	16,563	cells	(15,782	microglia	and	781	
CD11Bneg, CD45neg)	were	used	for	downstream	analysis.	Data	analysis	was	done	
using	Seurat	R	package	 (v.3.1.0)	 (Stuart	et	 al.,	 2019).	 The	data	was	 regressed	
for	mitochondrial,	ribosomal	gene	content,	and	library	size	using	the	ScaleData	
function.	These	cells	had	a	median	library	size	of	22,330	reads	(UMI	counts)	and	
977	median	number	 of	 genes	 detected.	 Elbow	plots	 and	 Jack	 Straw	analyzes	
were	used	to	determine	number	of	principal	components	(PC)	to	use	for	UMAP	
dimensionality	 reduction.	Graph-based	clustering	was	performed	with	22	PCs	
and	a	resolution	of	1.2.	Cluster-enriched	genes	were	identified	with	MAST	which	
is	a	statistical	test	specifically	developed	for	analysis	of	scRNAseq	data	(Finak	et	
al.,	2015)	and	implemented	in	the	FindAllMarkers	function.

Pseudotime	analysis	was	performed	using	the	Monocle	R	package	(v.2.12.0)	
(Qiu	et	al.,	2017)	and	the	highly	variable	genes	identified	in	Seurat	were	used	as	
input	for	the	pseudotime	trajectory	analysis.

Regulatory	gene	network	(regulon)	analysis	was	performed	using	the	SCENIC	
R	package	(v.1.1.2-2)	(Aibar	et	al.,	2017)	and	Seurat	normalized	log	counts	were	
used	as	input.	Only	genes	with	more	than	3	counts	and	present	in	at	least	0.5%	of	
all	cells	were	retained.	GENIE3	(runGENIE3)	and	SCENIC	(coexNetwork2modules,	
createRegulons,	and	scoreCells)	were	used	with	default	settings.

Enrichment	of	gene	sets	and	regulons	in	our	scRNAseq	data	was	quantified	
by	calculating	the	area	under	curve	(AUC)	using	the	AUCell	R	package	(v.1.6.1).	
Genes	in	each	cell	of	our	dataset	were	ranked	from	highest	to	lowest	expression.	
At	each	rank,	the	number	of	overlapping	genes	with	the	gene	set	of	interest	was	
determined	and	 the	 resulting	AUC	was	calculated	 from	the	 top	5%	of	 ranked	
genes.	AUC	values	are	plotted	per	cell	or	as	an	average	per	group	as	indicated	in	
the	figures.	Regulons	with	a	median	AUC<0.01	were	excluded	in	the	downstream	
analysis.

ATACseq
Raw	reads	were	aligned	to	the	human	genome	(GrCh38)	using	bowtie2	(v.2.3.4.3)	
(Langmead	and	Salzberg,	2012)	in	paired-end	mode.	Samtools	(v.1.9)	(Li	et	al.,	
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2009)	was	used	to	remove	duplicated	reads	(rmdup),	filter	reads	that	mapped	to	
mitochondrial	genome	or	blacklisted	regions,	and	sort	the	reads.	Reads	longer	
than	100	bp	were	removed,	and	reads	were	normalized	and	scaled	to	the	effective	
genome	size	using	reads	per	genomic	content	(RPGC)	with	deeptools	(v.3.3.0)	
(Ramírez	et	al.,	2016).	Peak	calling	was	performed	using	 JetBrains	SPAN	peak	
analyzer	(v.0.11.0.4882)	with	an	FDR	threshold	of	1E-6	and	a	gap	of	2.	Differential	
peak	analysis	was	done	using	the	DiffBind	R	package	(v.2.12.0)	(Ross-Innes	et	al.,	
2012)	with	default	settings	using	TMM	normalized	counts.	Peaks	were	annotated	
with	ChIPseeker	R	package	 (v.1.20.0)	 (Yu	et	al.,	2015)	and	transcription	factor	
motif	enrichment	was	done	using	HOMER	(findMotifsGenome)	(v.4.10.4)	(Heinz	
et	al.,	2010).	To	identify	motifs	in	all	ATAC	samples,	peak	files	were	merged	using	
HOMER	(mergePeaks)	before	performing	motif	enrichment.

Sex determination
Fetal	sex	was	determined	by	genomic	PCR	for	SRY and ATL1.	Genomic	DNA	was	
extracted	 from	 snap	 frozen	 or	 PFA-fixed	 fetal	 tissue	 using	MyTaq	 Extract-PCR	
kit	 (Bioline,	 BIO-21127)	 according	 to	 the	 manufacturer’s	 instructions.	 Genes	
of	 interest	 (SRY, ATL1, GAPDH)	were	amplified	using	25	U	MyTaq	HS	Red	Mix	
(Bioline,	BIO-25047)	and	0.6	µM	primer	with	the	following	PCR	program:	1)	95°C	
3	min,	2)	repeat	30x:	95°C	15	sec,	60°C	15	sec,	72°C	20	sec	and	analyzed	on	2%	
agarose	gels.	Primer	sequences	are	provided	in	table	S10.

Immunohistochemistry
Fetal	CNS	tissue	was	fixed	48	h	in	4%	paraformaldehyde	(PFA)	and	cryoprotected	
in	 30%	 sucrose	 for	 24	 h	 before	 freezing	 at	 -80°C.	 For	 immunohistochemical	
staining,	16	µm	sections	were	cut	on	a	cryostat	and	fixed	for	10	min	in	4%	PFA.	
Heat-induced	epitope	retrieval	was	performed	using	10	mM	sodium	citrate	pH	
6.0	for	10	min.	To	block	endogenous	peroxidase	activity,	slides	were	incubated	
for	30	min	in	0.3%	hydrogen	peroxide.	Tissue	was	blocked	in	2%	normal	serum	
appropriate	to	the	host	of	the	secondary	antibody	and	2%	bovine	serum	albumin	
for	 1	 h	 at	 room	 temperature.	 Primary	 antibodies	were	 diluted	 in	 1%	 normal	
serum	and	applied	overnight	at	4°C.	The	following	antibodies	were	used:	anti-
IBA1	(WAKO,	019-19741,	AB_839504,	1:1000	and	Abcam,	ab5076,	AB_2224402	
1:500),	anti-TMEM119	(Atlas	antibodies,	HPA051870,	1:500),	anti-APOE	(Abcam,	
ab183597,	1:1000),	anti-AXL	 (Cell	 Signaling	Technology,	8661S,	AB_11217435,	
1:200),	 anti-MKI67	 (BD	 Pharmingen,	 556003,	 AB_396287,	 1:400),	 anti-cJUN	
(Santa	Cruz	Biotechnology,	sc-1694,	AB_631263,	1:100),	anti-VISTA	(Cell	Signaling	
Technology,	#64953,	AB_2799671,	1:100),	anti-PU.1	 (Thermo	Fisher	Scientific,	
Ma5-15064,	 AB_1098694,	 1:100),	 anti-CX3CR1	 (Thermo	 Fisher	 Scientific,	 14-
6093-81,	 AB_467880,	 1:200),	 and	 anti-CD68	 (Agilent,	 M0876,	 AB_2074844,	
1:200).	Tissue	was	incubated	with	the	appropriate	secondary	antibody	conjugated	
with	biotin	(Vector	Laboratories,	BA2001	and	BA1000,	1:400),	AF488	(Invitrogen,	
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A21206	or	A21202,	1:300),	 or	AF568	 (Invitrogen,	A11057,	1:300)	 for	 1.5	h	 at	
room	temperature.	For	fluorescence	immunostaining,	tissue	was	incubated	10	
min	in	Hoechst	imaged	on	a	Leica	SP8	confocal	microscope	and	analyzed	with	
ImageJ	(v.52p).	For	enzymatic	immunostaining,	tissue	was	incubated	30	min	in	
Vectastain	Elite	ABC	HRP	(Vector	Laboratories,	PK-6100)	and	immunoreactivity	
was	revealed	using	3,3’-diaminobenzidine	and	0.03%	hydrogen	peroxide.

Results

Isolation and characterization of microglia from human fetal CNS tissue
Single-cell	 transcriptional	 profiles	 (n=20	 fetuses)	 and	 chromatin	 accessibility	
(n=8	 fetuses)	 were	 generated	 from	 viable	 (DAPInegDRAQ5pos)	 human	 fetal	
microglia	(CD11BposCD45int)	that	were	FACS-isolated	from	CNS	tissue	of	23	early	
to	midgestation	(GW9-18)	fetuses	after	elective	pregnancy	termination	(Figure	
1A-B	 and	 Table	 S1).	 Using	 a	modified	 Smart-seq2	 scRNAseq	 protocol,	 15,782	
microglia	 and	 781	 non-microglia	 CNS	 cells	 were	 sequenced	 with	 a	 median	
number	of	22,330	unique	molecular	identifiers	(UMIs)	and	977	unique	genes	per	
cell	 after	 filtering.	 The	 number	 of	 UMIs,	 and	 percentages	 of	 ribosomal	 and	
mitochondrial	RNA	were	similar	across	all	samples	and	ages	(Figure	S1A-B).	To	
verify	 that	 the	 CD11BposCD45int	 population	 were	 microglia,	 the	 transcription	
profile	was	compared	to	CNS	cell	type-specific	gene	sets	from	two	independent	
human	datasets	(Lake	et	al.,	2018;	Zhong	et	al.,	2018)	(Table	S2).	Expression	of	
microglia	 genes	 was	 enriched	 in	 CD11BposCD45int	 microglia,	 but	 not	 in	 other	
(CD11BnegCD45neg)	CNS	cells	(Figure	1C).	IBA1	immunoreactivity	was	detected	in	
fetal	 CNS	 tissue	 at	 all	 gestational	 ages,	 and	 a	 typical	 ramified	 microglia	
morphology	was	observed	in	most	tissues,	confirming	the	presence	of	microglia	
(Figure	1D). 
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A21206	or	A21202,	1:300),	 or	AF568	 (Invitrogen,	A11057,	1:300)	 for	 1.5	h	 at	
room	temperature.	For	fluorescence	immunostaining,	tissue	was	incubated	10	
min	in	Hoechst	imaged	on	a	Leica	SP8	confocal	microscope	and	analyzed	with	
ImageJ	(v.52p).	For	enzymatic	immunostaining,	tissue	was	incubated	30	min	in	
Vectastain	Elite	ABC	HRP	(Vector	Laboratories,	PK-6100)	and	immunoreactivity	
was	revealed	using	3,3’-diaminobenzidine	and	0.03%	hydrogen	peroxide.

Results

Isolation and characterization of microglia from human fetal CNS tissue
Single-cell	 transcriptional	 profiles	 (n=20	 fetuses)	 and	 chromatin	 accessibility	
(n=8	 fetuses)	 were	 generated	 from	 viable	 (DAPInegDRAQ5pos)	 human	 fetal	
microglia	(CD11BposCD45int)	that	were	FACS-isolated	from	CNS	tissue	of	23	early	
to	midgestation	(GW9-18)	fetuses	after	elective	pregnancy	termination	(Figure	
1A-B	 and	 Table	 S1).	 Using	 a	modified	 Smart-seq2	 scRNAseq	 protocol,	 15,782	
microglia	 and	 781	 non-microglia	 CNS	 cells	 were	 sequenced	 with	 a	 median	
number	of	22,330	unique	molecular	identifiers	(UMIs)	and	977	unique	genes	per	
cell	 after	 filtering.	 The	 number	 of	 UMIs,	 and	 percentages	 of	 ribosomal	 and	
mitochondrial	RNA	were	similar	across	all	samples	and	ages	(Figure	S1A-B).	To	
verify	 that	 the	 CD11BposCD45int	 population	 were	 microglia,	 the	 transcription	
profile	was	compared	to	CNS	cell	type-specific	gene	sets	from	two	independent	
human	datasets	(Lake	et	al.,	2018;	Zhong	et	al.,	2018)	(Table	S2).	Expression	of	
microglia	 genes	 was	 enriched	 in	 CD11BposCD45int	 microglia,	 but	 not	 in	 other	
(CD11BnegCD45neg)	CNS	cells	(Figure	1C).	IBA1	immunoreactivity	was	detected	in	
fetal	 CNS	 tissue	 at	 all	 gestational	 ages,	 and	 a	 typical	 ramified	 microglia	
morphology	was	observed	in	most	tissues,	confirming	the	presence	of	microglia	
(Figure	1D). 

Figure 1: Study design and isolation of microglia from fetal CNS tissue. 
(A) CNS tissue from fetuses of GW9-18 was processed on ice with mechanical dissociation and 
Percoll gradient centrifugation (GW>12). Individual microglia and other CNS cells were sorted 
into 384-well plates for scRNAseq (n=20). Bulk microglia were collected for ATACseq (n=8). (B) 
Representative FACS plots of the gating strategy for isolation of microglia and other CNS cells 
(n=23). (C) Heatmap depicting expression of CNS cell type-specific gene sets from two different 
datasets (Lake et al., 2018; Zhong et al., 2018) (Table S2) in FACS-isolated microglia and other 
CNS cells as AUC values. (D) IBA1 immunoreactivity in CNS tissue of GW9-17 fetuses. Insets 
depict 2x magnifications of the indicated areas. Abbreviations: AUC = area under curve; OPC = 
oligodendrocyte progenitor cell; GW = gestational week.

Microglia are heterogeneous during human fetal development and exhibit an 
activated/phagocytic gene expression profile

To	 determine	 transcriptional	 microglia	 heterogeneity	 during	 development,	
unsupervised	clustering	analysis	was	performed,	resulting	in	16	distinct	clusters	
(Figure	2A);	present	at	all	GWs	(Figure	2B).	All	clusters	exhibited	similar	levels	of	
mitochondrial	and	ribosomal	RNA	and	UMIs	per	cell	(Figure	S1C);	hence	cluster	
formation	was	not	caused	by	differences	in	cell	quality.	Variation	between	samples	
was	minor	and	sample	bias	did	not	affect	clustering	(Figure	S2A).	Although	sex	
did	 not	 affect	 cluster	 distribution	 (Figure	 S2B),	male/female	 differences	were	
difficult	to	assess,	due	to	unequal	male/female	sample	numbers	per	GW	(Table	
S1).	Clusters	were	annotated	on	the	basis	of	cluster-enriched	genes	(Figure	S2C-D	
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and	Table	S3)	which	were	determined	by	differential	gene	expression	analysis	of	
one	cluster	compared	to	all	other	clusters.

Cells	 in	 myeloid	 clusters	 9	 and	 10	 expressed	 the	 non-microglia	 myeloid	
cell markers LYVE1 and S100A9,	 respectively	 (Figure	 S2C-D).	 These	 clusters	
also	expressed	genes	of	 the	MS4A	 family,	which	have	been	associated	with	a	
microglia-brain	border	macrophage	 intermediates	during	mouse	development	
(Hammond	et	al.,	2019).	Microglia	clusters	11-16	were	characterized	by	unique	
expression	 of	 cluster-enriched	 genes	MRPL23, PARP4, MTX1, HBA/HBG, ZP3, 
and NAMPT (Figure	S2C-D).

All	 microglia	 clusters	 expressed	 canonical	 microglia	 markers	 CSF1R and 
CX3CR1	(Figure	2C).	Expression	of	homeostatic	microglia	genes	P2RY12	(Figure	
2C), P2RY13, and TMEM119	 (Figure	 S3A)	 was	 less	 frequent	 but	 present	 and	
validated	in	situ	for	TMEM119	(Figure	S3B-C).	Microglia	of	all	clusters	expressed	
multiple	 genes	 previously	 associated	 with	 an	 activated/phagocytic	 microglia	
phenotype	 identified	 in	 aging	 and	 neurodegenerative	 diseases	 (also	 called	
DAMs/MGnD)	 (Holtman	et	al.,	2015b;	Keren-Shaul	et	al.,	2017;	Krasemann	et	
al.,	2017)	such	as	SPP1, AXL, APOE	(Figure	2C),	TREM2, and ITGAX		(Figure	S3A).	
AXL,	APOE,	and	CD68,	markers	for	activated/phagocytic	microglia,	co-localized	
with	IBA1	in	fetal	CNS	tissue,	confirming	their	expression	by	microglia	(Figs.	2D-E	
and	S3D).

Microglia clusters are associated with GW and exhibit distinct functional 
profiles

In	 view	 of	 the	 GW-dependent	 distribution	 of	 cells	 on	 the	 uniform	 manifold	
approximation	 and	 projection	 (UMAP)	 (Figure	 3A)	 and	 the	 differential	
contribution	to	clusters	(Figure	2B),	GW-associated	clusters	were	characterized.

The	 percentage	 of	 cells	 in	 cluster	 5	 increased	 from	 GW9-18	 and	 showed	
distinct	 expression	 of	 immediate	 early	 genes	 (IEGs)	 such	 as JUN and DUSP1 
(Figure	3B).	cJUN	protein	was	also	detected	in	 IBA1pos	microglia	 in	situ	(Figure	
3C),	making	artefactual	induction	of	IEGs	exclusively	by	the	microglia	isolation	
procedure	 unlikely.	 Gene	 ontology	 (GO)	 terms	 associated	 with	 the	 cluster-
enriched	genes	were	mainly	immune-	and	inflammation-related	(Figure	3D	and	
Table	S4).	

Microglia	from	all	gestational	ages	contributed	to	cluster	6,	but	it	was	enriched	
for	 cells	 from	GW10-13	 (Figure	3E).	 Cells	 of	 cluster	 6	uniquely	 expressed	 the	
cell	 cycle	genes	MKI67 and SPC24 (Figure	3E),	were	annotated	 to	G2/M-	and	
S-phase	on	the	basis	of	conserved	cell	cycle	genes	(Figure	S2B),	and	GO	terms	
were	 associated	 with	 cell	 division	 (Figure	 3D	 and	 Table	 S4).	 Immunostaining	
confirmed	expression	of	MKI67	in	IBA1pos	microglia	across	multiple	GWs	(Figure	
3F),	indicating	the	presence	of	proliferating	microglia.

Clusters	 7	 and	 8	 had	 a	 strong	 bias	 for	 GW9-10	 microglia,	 whereas	 these	
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clusters	had	little	contribution	of	cells	from	GW>15	(Figure	3G).	Cluster-enriched	
genes	included	neuronal	genes	such	as	MAP1B	and	phagocytosis	genes	CLEC7A 
and AXL	 (Figure	 3G-H).	 Phagocytosis	 of	 other	 cells	 or	 debris	may	 explain	 the	
presence	of	these	neuronal	transcripts.

Figure 2: Human fetal microglia are heterogeneous and exhibit an activated/phagocytic profile.
(A) UMAP of 15,782 cells and 16 clusters depicted with size (%) and annotation (20 fetal samples; 
n=1-4 per GW). (B) Bar plots depicting the percentage of cells in each cluster at different GWs. (C) 
UMAPs depicting expression of microglia markers in log counts. (D-E) AXL and IBA1 (D) and APOE 
and IBA1 (E) co-expression in CNS tissue of GW10-18 fetuses. Lower images show single channels. 
White arrowheads indicate co-localization. Insets depict 2x magnifications of the indicated areas. 
Abbreviations: GW = gestational week; IEG = immediate early genes; MG = microglia; UMAP = 
uniform manifold approximation and projection.
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More	than	40%	of	microglia	in	clusters	2	and	3	derived	from	GW11-12	samples	
(Figure	3H).	Although	microglia	of	all	clusters	expressed	genes	associated	with	
microglia	 activation	 (Figure	 2C-E),	 some	 of	 these	 genes	 were	more	 enriched	
in	GW11-12	MG	such	as	AXL and APOE	(Figure	3H).	GO	terms	associated	with	
GW11-12	MG	 cluster-enriched	 genes	were	 related	 to	 phagocytosis	 and	 brain	
development	(Figure	3D	and	Table	S4).

Clusters	 1	 and	 4	 exhibited	 higher	 expression	 of	 homeostatic	 microglia	
markers	such	as	CX3CR1 and VISTA (VSIR)	(Borggrewe	et	al.,	2018)	and	primarily	
contained	 cells	 from	GW15-17	 (Figure	 3I).	 Homeostatic	markers	 CX3CR1	 and	
VISTA	co-localized	with	IBA1	in	situ	(Figure	S3E-F),	demonstrating	their	expression	
by	microglia.	Enriched	genes	of	GW15-17	MG	were	annotated	with	GO	terms	for	
cytokine	and	immune	system	processes	(Figure	3D	and	Table	S4).

Microglia undergo developmental transition towards adult, homeostatic 
microglia

To	further	delineate	the	observed	developmental	progression	(Figure	3)	we	
performed	pseudotime	analysis	(Qiu	et	al.,	2017).	Microglia	were	ordered	along	
a	machine	learning	pseudotime	trajectory	that	represents	a	biological	process	
defined	by	changes	in	gene	expression	(Qiu	et	al.,	2017).	Assigned	pseudotimes	
(Figure	 4A)	 corresponded	 with	 the	 gestational	 ages	 (Figure	 4B),	 suggesting	
a	 GW-dependent	 trajectory.	 This	 trajectory	 contained	 7	 segments,	 or	 states,	
which	 are	 separated	 by	 branching	 points	 (Figure	 4A-C),	 and	 differential	 gene	
expression	analysis	was	performed	to	identify	state-enriched	genes	(Table	S5).	
State	formation	was	not	driven	by	individual	samples	(Figure	S4A).

State-enriched	 genes	of	 side-branches	 (states	 2,	 4	 and	6)	were	 associated	
with	 oxidative	 phosphorylation,	 cell	 cycle	 and	 the	 immediate	 early	 response	
(Table	S5).	Whether	these	side-branches	represent	distinct	cell	fates	or	transient	
transcriptional	divergences	from	the	main	trajectory	is	not	clear.

State	1	contained	mainly	GW9-11	microglia,	whereas	state	7	largely	consisted	
of	GW12-18	microglia	(Figure	4D),	which	is	consistent	with	the	GW-associated	
clusters	 (Figure	 S4B).	 State	 1	 enriched	 genes	 were	 associated	 with	microglia	
development(SOX4,	 SOX11)	 (Parakalan	 et	 al.,	 2012),	 microglia	 activation/
phagocytosis	(ITGAX,	AXL,	CLEC7A,	CD47)	(Keren-Shaul	et	al.,	2017;	Krasemann	
et	al.,	2017),	and	glycolysis	(PKM,	GPI)	(Ghosh	et	al.,	2018;	Hammond	et	al.,	2019)	
(Figs.	4E	and	S4C).	Over	the	pseudotime	trajectory,	expression	of	homeostatic/
sensome	 markers	 (P2RY12,	 CX3CR1,	 IBA1)	 and	 a	 different	 set	 of	 microglia	
activation	markers	(TYROBP,	C3,	B2M,	SPP1,	C1QA)	increased,	which	was	most	
pronounced	in	state	7	(Figs.	4F	and	S4D).	
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To	 confirm	 the	 developmental	 progression	 of	 fetal	 microglia,	 their	
transcriptional	 profiles	 were	 compared	 to	 profiles	 of	 mouse	 developmental	
microglia	 (Matcovitch-Natan	 et	 al.,	 2016),	 mouse	 sensome	 (Hickman	 et	 al.,	
2013),	and	juvenile	(Gosselin	et	al.,	2017)	and	adult	human	microglia	(Galatro	et	
al.,	2017a)	(Figure	4G-H	and	Table	S2).	The	overlap	with	juvenile/adult	microglia	
genes	increased	from	approximately	2-3%	of	state	1	genes	to	10-18%	of	state	7	
genes	 (Figure	4G),	 suggesting	developmental	 progression	of	 human	microglia	
from	GW9-11	(state	1)	to	GW12-18	(state	7).	Progressive	enrichment	of	mouse	
and	human	microglia	gene	sets	in	GW9-18	fetal	microglia	was	determined	using	
area	 under	 curve	 analysis	 (Figure	 4H).	 Microglia	 younger	 than	 GW13	 were	
enriched	 for	 genes	 from	 yolk	 sac	 and	 early	mouse	microglia	 (E10-16.5),	 and	
microglia	older	than	GW13	were	enriched	for	genes	from	pre	and	adult	microglia	
(P3-56),	with	the	exception	of	GW18	microglia	that	were	enriched	for	genes	at	all	
developmental	stages	(Figure	4H).	An	increasing	overlap	with	mouse	sensome	
genes	was	observed	with	progressing	fetal	GWs	(Figure	4H).	Also,	enrichment	of	
human	juvenile/adult	microglia	genes	gradually	increased	in	fetal	microglia	with	
increasing	GW	(Figure	4H).	Together,	these	data	suggest	that	microglia	progress	
towards	a	homeostatic	state	during	early	human	fetal	development.

Figure 3: GW-associated microglia clusters have diverse functional profiles. (previous page)
(A) UMAP depicting GWs (20 fetal samples; n=1-4 per GW). (B, E, G-I) UMAPs highlighting specific 
clusters, bar plots indicate the percentage of cells in respective clusters across GWs, and violin 
plots depict log expression of cluster-enriched genes for IEG MG (B), cell cycle MG (E), GW9-10 MG 
(G), GW11-12 MG (H), and GW15-17 MG (I). Significantly enriched genes per cluster compared 
to all other clusters are indicated; MAST test, *: p.adjusted < 0.05. (C, F) cJUN and IBA1 (C), and 
MKI67 and IBA1 (F) co-expression in CNS tissue of GW10-18 fetuses. White arrowheads indicate co-
localization. Insets depict 2x magnifications of the indicated areas. (D) Alluvial plot depicting the top 
5 gene ontology (GO) terms per cluster plotted for all clusters. Ribbon thickness reflects the number 
of genes in GO terms. GW = gestational week; IEG = immediate early genes; MG = microglia; UMAP 
= uniform manifold approximation and projection.
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Distinct gene regulatory networks are active in early and midgestational 
microglia

Mouse	microglia	development	 is	orchestrated	by	distinct	 transcription	 factors	
(Matcovitch-Natan	et	al.,	2016).	To	unravel	putative	gene	regulatory	mechanisms	
underlying	 the	 transcriptional	 changes	 in	 developing	 human	 fetal	 microglia,	
single-cell	 regulatory	 network	 inference	 and	 clustering	 (SCENIC)	 (Aibar	 et	 al.,	
2017)	 was	 used.	 SCENIC	 uses	 scRNAseq	 data	 to	 determine	 gene	 regulatory	
networks,	called	regulons,	by	analyzing	gene	co-expression	and	the	presence	of	
transcription	factor	(TF)	motifs.

Sixty-six	gene	regulatory	networks	were	identified	that	segregated	into	two	
main	 hubs	 after	 unsupervised	 clustering	 associated	 with	 older	 and	 younger	
GWs	 (Figure	 5A).	 Regulons	 that	 associated	with	 younger	GWs	were	 enriched	
for	diverse	general	cellular	functions	including	cell	cycle	(E2F2),	morphogenesis	
(SOX4/11),	 and	differentiation	and	 chromatin	 remodelling	 (SP1)	 (Marin	et	 al.,	
1997)	 (Figure	 5A).	 The	 activity	 of	 the	 regulons	 SP1	 and	 E2F2	 was	 highest	 in	
GW9-10	MG	and	the	cell	cycle	MG	clusters,	respectively	(Figure	5B).	Regulons	
associated	with	older	GWs	were	more	microglia-specific,	including	many	ETS	TF	
family	members	such	as	ETS1-2,	ELF1,	ELK3,	and	SPI1	(PU.1)	(Figure	5A	and	C),	
which	are	crucial	for	microglia	development	and	function	(Kierdorf	et	al.,	2013;	
Smith	et	al.,	2013).	Furthermore,	gene	regulatory	networks	associated	with	IEGs	
were	identified	in	older	GWs	(Figure	5A),	and	JUN	activity	overlapped	with	the	
IEG	MG	 cluster	 (Figure	 5C).	 These	 data	 show	 that	 gene	 regulatory	 networks	
progress	from	more	general	cellular	functions	in	young	GWs	to	microglia-specific	
properties	in	older	GWs.

To	 verify	 scRNAseq	 data-derived	 differences	 in	 gene	 regulatory	 network	
activity	 between	microglia	 from	 young	 and	 old	 GWs,	 chromatin	 accessibility	
was	assessed	with	ATACseq	(Figs.	5D-E).	An	example	of	ATAC	tracks	and	peaks	in	
microglia	genes	CX3CR1	and	APOE	is	depicted	in	Figure	S5.	The	DNA	sequences	
underlying	peaks	were	analyzed	 for	enrichment	of	putative	TF	binding	motifs	
with	HOMER	(Heinz	et	al.,	2010).	In	the	combined	peaks	of	all	samples,	putative	
binding	motifs	of	essential	microglia	TFs	were	enriched	(Table	S7).	Differential	
peak	analysis	 indicated	 that	more	peaks	were	associated	with	older	 (GW>13;	
1338	 peaks)	 than	 with	 younger	 developmental	 stages	 (GW<13;	 33	 peaks)	
(Figure	5D	and	Table	S8).	In	peaks	that	were	enriched	in	GW<13	microglia,	the	
SP1	TF	motif	was	present,	which	was	also	detected	by	SCENIC	(Figure	5A-B	and	
E).	 DNA	 sequences	 underlying	 peaks	 enriched	 in	GW>13	microglia	 contained	
many	ETS	TF	family	motifs,	 including	PU.1	(Figure	5E),	which	was	validated	at	
the	protein	 level	 (Figure	5F),	 in	agreement	with	the	SCENIC	results	 (Figure	5A	
and	 C).	 These	 findings	 indicate	 that	 increased	 chromatin	 accessibility	 during	
microglia	 development	 is	 accompanied	 by	 the	 activation	 of	 gene	 networks	
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driving	microglia-specific	functions.

Figure 4: Developmental progression towards homeostatic microglia. 
(A-C) Trajectory plots depicting pseudotime (numbers indicate branching points) (A), GW (B), and 
state (C). (D) Bar plots depicting the percentage of microglia in each state at different GWs. (E-F) 
Violin plots of log expression of state-enriched genes for state 1 (GW9-11) (E), and state 7 (GW12-
18) (F). Significantly enriched genes per state compared to all other states are indicated; MAST test, 
*: p.adjusted < 0.05. (G) Bar plot depicting the percentage of overlapping genes between state 1 
and 7 genes (Table S6) with the top 500 human juvenile (Gosselin et al., 2017) and adult (Galatro et 
al., 2017a) microglia genes (Table S2). (H) Heatmap depicting enrichment of mouse developmental 
stage genes (Matcovitch-Natan et al., 2016), mouse sensome (Hickman et al., 2013), and human 
juvenile (Gosselin et al., 2017) and adult microglia (Galatro et al., 2017a) genes (Table S2) across 
GWs visualized as column z-scores of AUC values. Abbreviations:   AUC = area under curve; GW = 
gestational week; YS = yolk sac.
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Discussion
Microglia	are	the	CNS	resident	myeloid	cells	and	critical	for	brain	development	
and	later	tissue	homeostasis	(Matcovitch-Natan	et	al.,	2016;	Thion	et	al.,	2018b).	
After	seeding	the	developing	CNS	from	the	yolk	sac,	and	closure	of	the	blood-brain	
barrier,	microglia	form	a	self-sustained	population	with	highly	variable	turnover,	
and	with	negligible	contribution	from	peripheral	immune	cells	(Réu	et	al.,	2017).	
Studies	 in	mice	 revealed	 that	 during	 development,	 different	 gene	 regulatory	
networks	drive	microglia	proliferation,	differentiation,	and	maturation,	and	that	
perturbances	have	 long-lasting	functional	consequences	(Matcovitch-Natan	et	
al.,	2016;	Thion	et	al.,	2018b).

Here,	the	transcriptomic	profile	and	chromatin	organization	of	human	fetal	
microglia	during	early	to	midgestation	(GW9-18)	development	is	presented.	In	
contrast	 to	microglia	 in	 the	healthy	adult	CNS	 (Masuda	et	 al.,	 2020),	we	find	
that	fetal	microglia	are	highly	heterogeneous.	They	progressively	mature	from	
GW13	onwards,	which	is	regulated	by	the	activity	of	increasingly	complex	gene	
regulatory	networks,	and	already	display	functional	properties	characteristic	of	
mature	human	microglia	at	midgestation.

Human	 fetal	 microglia	 share	 extensive	 transcriptional	 similarities	 with	
microglia	during	mouse	development,	with	analogous	proliferative,	glycolytic,	
and	activated/phagocytic	capacities	(Thion	et	al.,	2018b;	Hammond	et	al.,	2019;	
Li	 et	 al.,	 2019).	 The	presence	of	 glycolysis-related	genes	 in	GW9-10	microglia	
underscores	their	undifferentiated	and	activated	state,	since	immune-activated	
mouse	and	human	microglia	(Ghosh	et	al.,	2018;	van	der	Poel	et	al.,	2019)	as	
well	 as	undifferentiated	 cells	 such	as	 stem	cells	 (Moussaieff	et	 al.,	 2015)	 and	
embryonic	cells	(Hammond	et	al.,	2019)	use	glycolysis	as	an	energy	source.

Early	 to	 midgestation	 microglia	 share	 transcriptional	 features	 with	 a	
phagocytic	 microglia	 population,	 transiently	 present	 during	 postnatal	 mouse	
development	and	associated	with	myelinating	brain	regions	(Hammond	et	al.,	
2019;	 Li	 et	 al.,	 2019).	 In	 mice,	 microglia	 support	 myelination,	 neurogenesis	
(Wlodarczyk	 et	 al.,	 2017),	 and	 oligodendrogenesis	 (Hagemeyer	 et	 al.,	 2017).	
Human	 microglia	 may	 play	 similar	 roles,	 as	 the	 gestational	 period	 GW9-18	
coincides	with	oligodendrocyte	(Jakovcevski	et	al.,	2009)	and	neuronal	(Kostović	
et	 al.,	 2018)	 development.	 These	 human	 fetal	 phagocytic	 microglia	 express	
genes	detected	in	DAM/MGnD	microglia	that	are	observed	in	neurodegenerative	
mouse	models	(Holtman	et	al.,	2015b;	Keren-Shaul	et	al.,	2017;	Krasemann	et	
al.,	2017).	The	similarities	between	developmental	human	microglia	 subtypes	
and	DAM/MGnD	microglia	in	mice	suggests	that	developmental	transcriptional	
programs	are	reactivated	in	neurodegenerative	diseases	(Hammond	et	al.,	2019;	
Li	et	al.,	2019),	in	which	microglia	are	increasingly	implicated.
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Figure 5: Transition of gene regulatory networks and chromatin landscape in microglia during 
development.
(A) Heatmap with unsupervised clustering of gene regulatory network activity in GW9-18 microglia 
visualized as row z-scores of mean AUC values per GW (20 fetal samples; n=1-4 per GW). (B, C) UMAPs 
of gene regulatory network activity visualized as AUC values. (D) Volcano plot of differential ATAC 
peaks between GW>13 and GW<13 microglia (Table S8) (n=4 in each group). (E) Transcription factor 
motif enrichment of sequences underlying differential ATAC peaks. (F) PU.1 and IBA1 co-expression 
in fetal CNS tissue. White arrowheads indicate co-localization. Insets depict 2x magnifications of 
the indicated areas. AUC = area under curve; FC = fold change; FDR = false discovery rate, GW = 
gestational week.
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At	later	GWs,	the	frequency	of	IEG-expressing	microglia	increases.	Expression	
of	 IEGs	 in	microglia	 was	 previously	 attributed	 to	 ex	 vivo	 activation	 (Ayata	 et	
al.,	2018;	Li	et	al.,	2019).	However,	we	detected	cJUN	in	fetal	CNS	tissue	prior	
to	 microglia	 isolation,	 indicating	 IEGs	 were	 not	 (exclusively)	 induced	 by	 the	
isolation	 procedure,	 or	 the	 collection	 and	 experimental	 methods	 used	 here.	
IEG	 expression	might	 reflect	 a	 necessary	 responsiveness	 of	microglia	 to	 local	
environmental	cues	of	 the	developing	CNS.	Alternatively,	 these	microglia	may	
have	become	activated	during	the	pregnancy	termination	procedure,	a	possibility	
we	cannot	exclude.

In	all	investigated	GWs,	small	microglia	clusters	were	present	(clusters	11-16),	
for	which	we	could	not	assign	specific	functional	properties	due	to	a	low	number	
of	cluster-enriched	genes.	In	situ	validation	of	these	minor	clusters	was	further	
hampered	by	the	limited	number	of	cells	in	these	respective	clusters	and	by	the	
small	size	of	early	fetal	brain	tissues.

With	 increasing	 GWs,	 human	 microglia	 acquire	 a	 more	 homeostatic	
phenotype,	reflected	by	an	increasing	overlap	between	genes	expressed	in	fetal,	
especially	 GW>13,	 and	 juvenile/adult	 human	microglia.	 This	 overlap	 is	 likely	
underestimated	as	 juvenile	and	adult	human	microglia	were	analyzed	by	bulk	
sequencing	 and	 may	 include	 less	 abundantly	 expressed	 genes	 not	 detected	
in	 single-cell	 sequencing.	 Moreover,	 expression	 of	 microglia	 sensome	 genes	
(Hickman	et	al.,	2013),	encoding	receptors	important	in	environmental	sensing,	
increased	 at	 later	 gestational	 ages,	 pointing	 to	 the	 emergence	 of	 immune-
sensing	microglia	during	early	fetal	development.	Microglia	maturation	early	in	
human	fetal	development	is	also	detected	at	the	chromatin	level,	with	microglia	
from	older	fetuses	exhibiting	increased	chromatin	accessibility.	DNA	sequences	
underlying	accessible	chromatin	and	gene	regulatory	networks	enriched	in	older	
fetal	microglia	(GW>13)	are	mostly	associated	with	TFs	from	the	ETS	family	such	
as	PU.1,	 a	 transcription	 factor	 crucial	 for	microglia	homeostasis	 (Smith	et	 al.,	
2013)	and	active	 in	adult	mouse	and	human	microglia	 (Gosselin	et	al.,	2017).	
The	increase	in	chromatin	accessibility	and	associated	gene	regulatory	networks	
in	 fetal	microglia	 from	 older	 GWs	 allows	 for	 the	 activation	 of	more	 complex	
gene	 programs	 that	 are	 required	 for	 the	 immune	 sensing,	 synaptic	 pruning,	
phagocytic,	and	tissue-supportive	functions	of	microglia.

Genes	 encoding	 for	 receptors	 important	 in	 environmental	 sensing	 by	
microglia	(sensome)	(Hickman	et	al.,	2013)	(e.g.	CX3CR1,	P2RY12,	and	P2RY13)	
were	increasingly	expressed	at	later	gestational	ages,	pointing	to	the	emergence	
of	 immune-sensing	microglia	 during	 early	 fetal	 development.	 The	 emergence	
of	 immune-sensing	 microglia	 is	 highly	 relevant	 in	 view	 of	 environmental	
perturbations	 during	 pregnancy	 that	 disturb	 mouse	 microglia	 development	
(Matcovitch-Natan	et	al.,	2016;	Thion	et	al.,	2018b)	and	 impair	CNS	functions	
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in	adult	mice	(Mattei	et	al.,	2017).	Perturbed	microglia	development	has	been	
linked	to	human	neurodevelopmental	and	psychiatric	disorders	(Prinz	and	Priller,	
2014;	Tay	et	al.,	2018).	A	higher	risk	for	the	development	of	autism	is	associated	
with	feverish	infections;	particularly	in	the	second	trimester	(Hornig	et	al.,	2018;	
Croen	et	al.,	2019).	Since	microglia	express	receptors	involved	in	environmental	
sensing	at	this	gestational	period,	they	may	contribute	to	fetal	CNS	sensitivity	to	
the	environment	during	early	pregnancy.

Together,	 we	 demonstrate	 that	 microglia	 are	 heterogeneous	 during	 early	
human	fetal	development	and	mature	already	at	midgestation.	This	might	render	
the	 developing	 human	 CNS	 vulnerable	 towards	 environmental	 perturbations	
especially	at	this	developmental	period	during	pregnancy	with	potentially	long-
lasting	consequences.
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Supplementary figures

Figure S1. Number of UMIs, mitochondrial, and ribosomal reads are similar across samples, 
gestational ages, and clusters (related to Figure 1 and 2).
(A, B, C) Violin plots of number of UMIs, mitochondrial, and ribosomal reads across samples (A), 
gestational ages (B), and clusters (C). Abbreviations: UMI = unique molecular identifier.
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Figure S2. Contribution to clustering by individual samples, sex, and cell cycle state and expression 
of cluster enriched genes (related to Figure 2 and Figure 3).
(A) Bar plot illustrating frequency (%) of cells in individual samples across all clusters. (B) UMAPs 
of fetal sex determined by genotyping and expression of X and Y-specific genes (top) and of cell 
cycle state determined by expression of highly conserved cell cycle genes (bottom). (C) Heatmap 
depicting the expression of top 5 cluster-enriched genes (or less if clusters contained fewer than 5 
cluster-enriched genes) per cluster across all clusters. (D) UMAPs displaying expression of cluster 
9-16 enriched genes in log counts.



66

Chapter 2

Figure S3. Expression of microglia markers (related to Figure 2).
(A) UMAPs displaying expression of homeostatic and activated/phagocytic microglia genes 
in log counts. (B) TMEM119 immunoreactivity in GW9-17 fetal CNS tissue. Boxes 1-3 show 2x 
magnification of areas as indicated. (C-F) TMEM119 and IBA1 (C), CD68 and IBA1 (D), CX3CR1 and 
IBA1 (E), and VISTA and IBA1 (F) co-expression in CNS tissue of GW10-18 fetuses. Lower images show 
single channels. White arrowheads indicate co-localization. Insets depict 2x magnifications of the 
indicated areas. Abbreviations: GW= gestational week.
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Figure S4: Contribution of individual samples and clusters to pseudotime states, and related 
state-enriched genes (related to Figure 4).
(A, B) Bar plots illustrating percentage of cells in individual samples (A) or clusters (B) across all 
pseudotime states. (C, D) Violin plots of log expression of state-enriched genes for state 1 (C) and 
state 7 (D). Significantly enriched genes per state compared to all other states are indicated; MAST 
test, *: p.adjusted < 0.05.
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Figure S5. ATACseq peaks are enriched at the CX3CR1 and APOE gene loci (related to Figure 5).
ATACseq tracks of all samples at the CX3CR1 and APOE gene loci. Peaks (FDR<1E-6; Gap 2) are 
indicated above each track. Colors represent gestational weeks (n=8).
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Supplementary tables
Excel	file	containing	Tables	S1	to	S10	
(science.sciencemag.org/content/369/6503/530/suppl/DC1)

•	 Table	S1.	Sample	information
•	 Table	S2.	Lists	of	genes	from	published	studies	used	for	comparison	

(related	to	Figure	1	and	4)
•	 Table	S3.	Cluster-enriched	genes	determined	by	differential	gene	

expression	comparing	each	cluster	to	all	other	clusters	(related	to	
Figure	2)

•	 Table	S4.	Gene	ontology	terms	associated	with	clusters	1-8	(related	to	
Figure	3)

•	 Table	S5.	Pseudotime	state-enriched	genes	identified	by	differential	
gene	expression	analysis	of	microglia	from	one	state	to	all	other	states	
(related	to	Figure	4)

•	 Table	S6.	Pseudotime	state	1	and	7	enriched	genes	identified	by	
differential	gene	expression	analysis	between	state	1	and	7	microglia	
(related	to	Figure	4)

•	 Table	S7.	HOMER	transcription	factor	binding	motif	enrichment	
analysis	for	peaks	found	in	all	samples	combined	(related	to	Figure	5)

•	 Table	S8.	Differential	ATAC	peaks	comparing	GW<13	to	GW>13	samples	
(related	to	Figure	5)

•	 Table	S9.	Primer	sequences	for	single-cell	library	preparation	primer	
sequences.

•	 Table	10.	PCR	primer	sequences	for	sex	determination.	
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