
 

 

 University of Groningen

The kaleidoscope of microglia phenotypes
Kracht, Laura

DOI:
10.33612/diss.194862555

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2022

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Kracht, L. (2022). The kaleidoscope of microglia phenotypes: Microglia transcriptional phenotypes from
development to disease. [Thesis fully internal (DIV), University of Groningen]. University of Groningen.
https://doi.org/10.33612/diss.194862555

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://doi.org/10.33612/diss.194862555
https://research.rug.nl/en/publications/6917f186-013f-4ade-9b85-bba46b44ca4d
https://doi.org/10.33612/diss.194862555


8

Chapter 1



1. Microglia function and morphology
2. Microglia activation from a dichotomous to a multidimensional 

concept
3. Microglia origin in mice and humans
4. Microglia self-renewal and lifespan
5. Transcriptional phenotypes and functions of microglia during 

development
6. Microglia transcriptional phenotypes during adult homeostasis
7. Microglia transcriptional phenotypes during homeostatic 

disbalance
8. Epigenetics and immune memory
9. Outline of the thesis

Adapted from Kracht & Dubbelaar, 2018
„The kaleidoscope of microglial phenotypes“

Frontiers in Immunology 

GENERAL INTRODUCTION 



10

Chapter 1

Macrophages	 are	 innate	 immune	 cells	 that	 reside	 in	 all	 organs	 of	 the	 body.	
They	are	phagocytes	with	versatile	functions	that	are	tailored	to	their	tissue	of	
residence	(Wynn	et	al.,	2013).	

The	central	nervous	system	(CNS)	contains	brain	border	macrophages	(BAM)	
residing	in	the	meninges,	perivascular	space,	and	choroid	plexus,	and	microglia	
the	only	myeloid	cell	type	located	within	the	brain	parenchyma	(Goldmann	et	al.,	
2016;	Li	and	Barres,	2017;	Prinz	et	al.,	2017;	Mrdjen	et	al.,	2018;	Van	Hove	et	al.,	
2019).	Depending	on	the	brain	region,	microglia	constitute	approximately	10%	
of	all	brain	cells	and	are	varyingly	dispersed	throughout	the	brain	parenchyma	in	
mice	(Lawson	et	al.,	1990)	and	humans	(Mittelbronn	et	al.,	2001).	

Pio	del	Río-Hortega	pioneered	microglia	research	in	1919	(Sierra	et	al.,	2016)	
and	now,	 a	 century	 later,	we	have	 gained	 comprehensive	 insight	 in	microglia	
biology	especially	due	to	recent	advances	 in	technologies	to	study	these	cells	
(Eggen	et	al.,	2019;	Hirbec	et	al.,	2020;	Sousa	et	al.,	2017;	Wes	et	al.,	2016).	
Microglia	have	functions	classically	associated	with	the	innate	immune	system,	
like	 chemotaxis	 and	 phagocytosis,	 but	 beyond	 those,	 also	 CNS-associated	
activities	such	as	support	of	neurons	and	synaptic	pruning	(Wake	et	al.,	2012).	
They	 are	 versatile	 and	 adapted	 to	 their	 (micro)environment	 in	 development,	
homeostasis	and	disease	of	the	CNS	(Butovsky	&	Weiner,	2018;	Hickman	et	al.,	
2018;	Kierdorf	&	Prinz,	2017;	Wolf	et	al.,	2017a)
The	diversity	of	microglia	phenotypes	 can	be	metaphorically	 imagined	as	 the	
manifold	 compositions	 of	 colorful	 crystals	 seen	 in	 a	 kaleidoscope,	whereby	 a	
change	 in	 (micro)environment	 is	 functionally	 equivalent	 to	 a	 rotation	 of	 the	
kaleidoscope	(Dubbelaar	et	al.,	2018).

1 Microglia function and morphology

1.1 In homeostasis, microglia possess a ramified morphology and have 
surveillance functions

Microglia	play	crucial	functions	in	CNS	development	(Menassa	&	Gomez-Nicola,	
2018;	Reemst	et	al.,	2016,	see	paragraph	5);	they	enter	the	CNS	as	amoeboid	cells	
and	adopt	a	ramified	morphology	characterized	by	branched	processes	extending	
from	a	small	cell	soma	(Cengiz	et	al.,	2019;	Monier	et	al.,	2006;	Monier	et	al.,	
2007).	 The	 ramified	morphology	of	microglia	 is	 conserved	across	 species	and	
typically	observed	in	the	healthy	adult	CNS	(Geirsdottir	et	al.,	2019;	Walker	et	al.,	
2014),	where	microglia	have	immunosurveillance	functions	(Kierdorf	and	Prinz,	
2017;	Wolf	et	al.,	2017).	Although	long	considered	as	“resting”	cells,	in	vivo	two	
photon-imaging	of	the	mouse	cortex	showed	that	microglia	processes	are	highly	
motile.	 They	 constantly	 extend	 and	 retract	 their	 processes,	making	 transient	
contacts	with	neurons	and	astrocytes	in	order	to	scan	their	microenvironment	
(Davalos	et	al.,	2005;	Nimmerjahn	et	al.,	2005).	This	process	is	complemented	by	
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sensing	nanodomains	of	brain	tissue	with	filopodia	that	are	formed	in	an	cAMP-
dependent	manner	at	the	tip	of	main	processes	(Bernier	et	al.,	2019).

1.2 In homeostatic disbalance, microglia morphologies and functions are 
specific to the encountered condition

Microglia	 are	 equipped	 with	 a	 wide	 array	 of	 receptors,	 including	 pattern	
recognition	 receptors	 (PRR)	 with	 which	 they	 sense	 a	 plethora	 of	 exogenous	
and	 endogenous	 signals,	 referred	 to	 as	 sensome	 (Hickman	 et	 al.,	 2013).	
When	microglia	 encounter	 such	 a	 signal	 (homeostatic	 disbalance),	 they	 shift	
from	surveillance	towards	effector	 functions	which	are	often	accompanied	by	
morphological	 changes.	This	process	 is	 reversible	 (Karperien	et	al.,	2013)	and	
commonly	referred	to	as	“microglia	activation”	(Hanisch	and	Kettenmann,	2007;	
Kettenmann	et	al.,	2011).

The	signaling	routes	inducing	the	functional	shifts	in	microglia	can	be	divided	
in:	“on”	and	“off”	stimuli.	“On”	stimuli	 (e.g.,	ATP	or	 intracellular	components)	
cause	a	functionality	shift	in	microglia	after	binding	to	their	receptors.	In	contrast,	
“off”	stimuli	(e.g.	CD200-CD200R)	retain	microglia	in	their	homeostatic	function	
and	a	lack	or	low	levels	of	these	stimuli	will	trigger	the	transformation	towards	
effector	microglia	(Biber	et	al.,	2007;	Eggen	et	al.,	2013).	In	addition,	the	shift	
towards	an	effector	phenotype	does	not	only	depend	on	the	present	stimulus	
but	is	also	influenced	by	past	experiences	of	microglia	(Eggen	et	al.,	2013,	see	
paragraph	8).

Generally,	effector	functions	can	be	categorized	into	nurturing	housekeeping	
functions	to	promote	neuronal	functioning	(e.g.	adult	synaptic	pruning),	and	into	
host	defense	functions	against	self	(e.g.	amyloid	beta	aggregates)	and	non-self	
(e.g.	bacteria)	stimuli	(Hickman	et	al.,	2018).	In	fact,	microglia	effector	functions	
(phenotypes)	 are	 remarkably	 diverse	 and	 specifically	 tailored	 to	 the	 needs	
of	 the	 surrounding	 tissue,	 including	 parallel	 existence	 of	 different	 microglia	
phenotypes	within	one	 condition	 (Masuda	et	 al.,	 2020,	 see	paragraph	5,	6	&	
7).	Microglia	 (dys)function	 is	 involved	 in	neurodevelopmental,	psychiatric	and	
neurodegenerative	diseases	and	can	have	neurotoxic	as	well	as	tissue-protective	
consequences	(Hickman	et	al.,	2018;	Prinz	&	Priller,	2014;	Tay	et	al.,	2018;	Wolf	
et	al.,	2017,	see	paragraph	7).

Activated	 microglia	 are	 commonly	 associated	 with	 an	 amoeboid-like	
morphology	 that	 enables	microglia	motility	 and	 phagocytic	 function	 (Wolf	 et	
al.,	 2017).	 However,	 similar	 to	 changes	 in	 microglia	 function,	 morphological	
transformation	are	diverse	and	range	from	amoeboid-like	under	inflammatory	
and	 injury	 conditions	 to	 hyper-ramification	 in	 response	 to	 stress	 (Hellwig	 et	
al.,	 2016)	 and	 accelerated	 aging	 (Raj	 et	 al.,	 2014a),	 with	many	 intermediate	
morphologies.	 Also,	 different	 microglia	 morphologies	 can	 simultaneously	 be	
present	and	are	reported	in	stroke	(Kluge	et	al.,	2017).	
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Despite	 the	 general	 notion	 that	 microglia	 morphology	 and	 function	 are	
related	 (Karperien	 et	 al.,	 2013),	 it	 should	 be	 noted	 that	 morphology	 cannot	
generally	be	used	as	a	surrogate	for	functionality	(Kluge	et	al.,	2017)	and	direct	
links	 between	microglia	morphology	 and	 function	 are	 still	 unknown	 for	most	
conditions.	A	combinatorial	approach	of	(single	cell/spatial)	transcriptomic	with	
morphometric	 analysis	 employing	 recently	 developed	 tools	 to	 automatically	
characterize	 microglia	 morphology	 (Verdonk	 et	 al.,	 2016;	 Davis	 et	 al.,	 2017;	
Heindl	et	al.,	2018)	will	lead	to	a	better	understanding	of	how	microglia	function	
and	morphology	are	related.

2 Microglia activation from a dichotomous to a multidimensional 
concept

An	early	 concept	 that	was	 first	 postulated	 for	 peripheral	macrophages	 is	 the	
dichotomous	 categorization	 of	 macrophage	 activation	 states	 into	 classical	
activation	 (M1)	 or	 alternative	 activation	 (M2),	 analogous	 to	 the	 Th1	 and	 Th2	
nomenclature	of	T-lymphocytes	(Mills	et	al.,	2000).	

It	was	assumed	that	macrophages,	 including	microglia,	 react	 to	a	 stimulus	
with	a	shift	to	an	M1	phenotype	characterized	by	an	acute	 immune	response	
including	 the	 production	 of	 pro-inflammatory	 cytokines	 (TNF-α,	 IL-6,	 IL-1β),	
chemokines,	and	reactive	oxygen	species	to	address	pathology	and	damage.	This	
was	followed	by	transition	to	an	M2	phenotype	characterized	by	the	production	
of	anti-inflammatory	cytokines	(IL-4,	IL-13),	debris	clearance,	wound	healing,	and	
restoration	of	brain	tissue	homeostasis	in	order	to	execute	tissue	repair	(Colton,	
2009).	A	range	of	studies,	including	transcriptomic	studies	(see	Informative box 
1),	revisited	this	concept	by	disproving	the	existence	of	the	mutually	exclusive	
M1-M2	polarization	states	(Ransohoff,	2016).

A	more	 realistic	 point	 of	 view	 is	 that	microglia	 activation	 phenotypes	 are	
diverse,	 with	 many	 more	 phenotypes	 in	 between	 and	 beyond	 M1	 and	 M2	
(Cherry	et	al.,	2014;	Martinez	and	Gordon,	2014).	

2.1 Transcriptomics refined our understanding of microglia activation
Transcriptome-based	 network	 analysis	 of	 human	 monocyte-derived	
macrophages	exposed	to	29	different	stimuli	in	vitro	revealed	that	each	stimulus	
triggered	expression	of	a	distinct	transcription	profile.	These	profiles	expand	far	
beyond	the	M1-M2-associated	transcription	profiles	and	under	some	conditions,	
M1-	and	M2-markers	are	merely	expressed	at	baseline	level	(Xue	et	al.,	2014).	

In	addition,	transcriptional	profiles	were	more	diverse	than	those	associated	
with	the	M1	and	M2	polarization	states	and	M1-	and	M2-related	markers	were	
co-expressed	 in	microglia	 in	 a	mouse	model	 for	 amyotrophic	 lateral	 sclerosis	
(ALS,	 Chiu	 et	 al.,	 2013)	 and	 mouse	 monocyte-derived	 brain	 macrophages	 in	
traumatic	brain	injury	(TBI,	C.	C.	Kim	et	al.,	2016).	Recent	scRNA-seq	studies	of	
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microglia	revealed	spatiotemporal	coexistence	of	a	range	of	microglia	functional	
phenotypes	specific	to	the	environmental	context	(Masuda	et	al.,	2020)	that	are	
even	present	under	neuroinflammatory	 (M1-related)	 conditions	 (Sousa	et	al.,	
2018).

As	previously	postulated	(Martinez	and	Gordon,	2014),	these	studies	indicate	
that	the	concept	of	an	activation	spectrum	in	between	the	M1-M2	boundaries	
is	inadequate	and	point	towards	the	adaption	of	a	so-called	“multidimensional	
concept”	 of	 microglia/macrophage	 activation.	 This	 concept	 incorporates	
ontogeny	(see	paragraph	3),	tissue-specific	microenvironmental	signals,	as	well	
as	present	and	past	endogenous	and	exogenous	stress	signals	(Ginhoux	et	al.,	
2016),	which	all	impinge	on	the	transcriptome	(see	Informative box 1)	and	the	
epigenome	 (see	 Informative box 2)	and	 thereby	dictate	microglia	phenotypes	
(Figure	1).	

Figure 1: Diversity in microglia activation phenotypes. 
A collection of signals which include, but are not limited to, 1) the microglia yolk sac ontogeny, 2) the 
CNS microenvironment, 3) endogenous stress signals such as amyloid, cell death and tissue damage 
and 4) exogenous signals like viruses and bacteria influence the epigenetic and transcriptomic 
profile of microglia. These profiles are heterogenous and determine the activation phenotype that 
microglia adopt in a specific context (indicated by different microglia morphologies). Adapted from 
(Ginhoux et al., 2016). Created with BioRender.com

INFORMATIVE BOX 1

Developments in the field of transcriptomics
Gene	expression	levels	(“the	transcriptome”)	are	viewed	as	a	proxy	for	protein	expression	
(“the	 proteome”)	 and	 are	 quantified	 to	 predict	 (changes	 in)	 cellular	 functions	 under	
different	 conditions.	However,	 it	 should	 be	noted	 that	mRNA	and	protein	 expression	
does	 not	 always	 correlate	 (Liu	 et	 al.,	 2016;	Hoogendijk	 et	 al.,	 2019)	 due	 to	 different	
factors	such	as	the	mRNA	stability,	protein	turnover	and	post-translational	modifications	
of	proteins	(Kumar	et	al.,	2016).	Gene	expression	profiles	can	be	detected	with	mRNA	
sequencing	 technologies.	 The	 development	 of	 single-cell/-nucleus	 RNA	 sequencing	
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(sc-/sn-RNAseq)	 led	 to	a	detailed	understanding	of	microglia	phenotypes	 (Masuda	et	
al.,	2020;	Provenzano	et	al.,	2020).	This	technique	allows	the	identification	of	multiple	
microglia	 subpopulations	 residing	 in	 the	brain	 in	a	certain	condition	which	otherwise	
would	be	masked	in	case	of	bulk	RNA	sequencing	(bulk	RNAseq)	analysis	(Figure	2:	Bulk	
and	single	cell/nucleus	RNA	sequencing.).	However,	due	to	technical	limitations	in	sc-/
sn-RNAseq	only	approximately	10%	of	genes,	namely	 the	most	abundantly	expressed	
genes	can	be	detected,	which	is	in	contrast	to	the	high	sensitivity	of	genes	detected	in	
bulk	RNAseq	(Liu	and	Trapnell,	2016;	Lähnemann	et	al.,	2020;	Miedema	et	al.,	2020).	
The	observation	that	nuclear	RNA	expression	profiles	closely	approximate	the	cellular	
transcriptome,	even	from	frozen	CNS	samples,	is	very	promising.	Especially	in	the	case	of	
human	tissues,	nuclear	RNA	sequencing	is	advantageous	since	it	allows	the	use	of	frozen	
tissues	which,	 in	contrast	to	fresh post-mortem tissue,	 is	available	from	biobanks	and	
can	be	well-characterized	and	controlled	 in	terms	of	condition-matched	experimental	
cohorts	(Gerrits	et	al.,	2019).	
Recent	 advances	 in	 the	 transcriptomic	 field	 are,	 for	 example,	 spatial	 transcriptomics	
which	enables	the	detection	and	quantification	of	the	transcriptome	while	preserving	
spatial	information	(Vickovic	et	al.,	2019),	or	the	simultaneous	detection	of	transcriptomic	
and	proteomic	or	epigenomic	(see	Informative box 2)	profiles	in	single	cells	(Stoeckius	et	
al.,	2017;	Chen	et	al.,	2019;	Kashima	et	al.,	2020;	Zhu,	2020).

Figure 2: Bulk and single cell/nucleus RNA sequencing. 
The microglia cell population that resides in the CNS is heterogenous. With bulk RNAseq the 
transcriptome of a collection of microglia from one sample can be detected. Due to the relatively 
high amount of input RNA, it is possible to also detect lowly expressed genes. However, cellular 
heterogeneity cannot be disentangled. Sc-/sn-RNAseq, in contrast, allows for the detection of 
transcriptional heterogeneity and thus cellular subtypes. However, with this technique only the most 
abundant transcripts are detected. Adapted from 10xgenomics.com. Created with BioRender.com
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3 Microglia origin in mice and humans

3.1 Mouse microglia ontogeny
Sophisticated	genetic	in	vivo	lineage	tracing	studies	in	mice	(Ginhoux	et	al.,	2010;	
Hoeffel	et	al.,	2015;	Kierdorf	et	al.,	2013)	revealed	that macrophages,	including	
microglia,	arise	from	different	cell	lineages	during	hematopoiesis.

Hematopoiesis	can	be	divided	into	three	phases:	primitive,	transient	definitive	
and	definitive	(Figure	3).	During	primitive	hematopoiesis,	early	erythromyeloid	
progenitors	 (EMP)	arise	at	embryonic	day	 (E)	7.5	 in	 the	extra-embryonic	 yolk	
sac	 (YS)	 and	 are	 independent	 of	 the	 transcription	 factor	 (TF)	 c-Myb,	 but	 are	
dependent	on	the	TF	Pu.1	(Hoeffel	et	al.,	2015;	Schulz	et	al.,	2012).	These	early	
EMPs	commence	to	differentiate	into	primitive	macrophages	and	spread	to	the	
developing	organs,	including	the	neuroepithelium,	which	gets	colonized	by	early	
microglia	as	early	as	E9.5	(Ginhoux	et	al.,	2010).	Microgliogenesis	occurs	by	a	
gradual	decrease	of	c-kit and increase of CD45 and Cx3Cr1	expression	and	relies	
on	the	TFs	Pu.1	and	Irf8	and	matrix	metalloproteinases	MMP8	and	9	(Kierdorf	et	
al.,	2013)	(Figure	3).	

During	transient	definitive	hematopoiesis,	late	EMPs	arise	at	E8.5	in	the	YS.	
These	late	EMPs	subsequently	colonize	the	fetal	liver	from	E10	onwards.	In	the	
fetal	 liver,	 late	EMPs	can	differentiate	 into	HOXB8+	hematopoietic	progenitors	
(HPs)	 or	 myeloid	 progenitors	 (MPs).	 The	 HOXB8+	 HPs	 give	 rise	 to	 a	 second	
microglia	population	 that	appears	at	E12.5	 in	 the	neuroepithelium	 (De	et	al.,	
2018).	 Although	 only	 25%	 of	 the	 total	 adult	 microglia	 population	 originates	
from	 the	 HOXB8+	 HPs	 (De	 et	 al.,	 2018),	 this	 microglia	 population	 does	 have	
indispensable	neuroprotective	functions	(Tränkner	et	al.,	2019).	Fetal	liver	HPs	
differentiate	into	monocytes	and	colonize	the	organs	around	E13.5,	where	they	
develop	 into	mature	tissue-resident	macrophages.	 In	most	tissues,	except	 for	
the	neuroepithelium,	the	primitive	macrophages	formed	from	early	EMPs	get	
replaced	by	macrophages	formed	from	late	EMPs	(Hoeffel	and	Ginhoux,	2015;	
Hoeffel	et	al.,	2015).	The	blood	brain	barrier	(BBB)	is	also	established	at	around	
E13.5	(Daneman	et	al.,	2010),	which	might	explain	why	microglia,	opposed	to	
other	tissue-resident	macrophages,	are	not	replaced	by	the	second	wave	of	late	
EMP-originating	macrophages	(Hoeffel	et	al.,	2015).	Early	and	late	EMPs	colonize	
various	 organs	 by	 trafficking	 through	 the	 vasculature	 (Stremmel	 et	 al.,	 2018)	
(Figure	3).

Where	 these	 two	waves	of	 YS-derived	EMPs	 give	 rise	 to	 long-lasting,	 self-
renewing	 tissue-resident	 macrophages	 (Hoeffel	 and	 Ginhoux,	 2015,	 2018),	
hematopoietic	 stem	 cells	 (HSC)	 originate	 in	 the	 aorta-gonad-mesonephros	
(AGM)	region	(Bertrand	et	al.,	2010)	and	migrate	 into	the	fetal	 liver	and	from	
E17.5	onwards	into	the	bone	marrow	(Christensen	et	al.,	2004).	There	they	can	
give	rise	to	short-lived	monocytes	and	macrophages	(definitive	hematopoiesis,	
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Hoeffel	&	Ginhoux,	2015)	(Figure	3).
Summarizing,	 in	 contrast	 to	 other	 tissue-resident	 macrophages,	 mouse	

microglia	originate	from	a	specific	YS-derived	EMP	lineage	early	in	development.

Figure 3: Mouse hematopoiesis. 
Microglia emerge from two forms of progenitors. Early EMPs that originate in the extra embryonic 
yolk sac (YS) at embryonic day (E) 7.5 colonize the developing neuroepithelium around E9.5 by 
trafficking through the vasculature (turquoise cells, primitive hematopoiesis). Late EMPs that arise 
at E8.5 in the YS, spread via the blood stream into the fetal liver. There, they differentiate into HPs 
that colonize the neuroepithelium at E12.5 and give rise to a second microglia population (pink cells). 
In addition, fetal liver late EMPs differentiate via HPs into monocytes. These monocytes colonize 
many organs, except for the neuroepithelium, where they give rise to long-lived tissue-resident 
macrophages (purple cells, transient definitive hematopoiesis). At around E17.5 hematopoietic 
stem cells from the AGM region migrate to the bone marrow where they can differentiate into 
short-lived monocytes and tissue-resident macrophages (light blue cells, definitive hematopoiesis). 
Abbreviations: AGM = aorta-gonad-mesonephros, BBB = blood brain barrier, EMPs = erythromyeloid 
progenitors, HPs = hematopoietic progenitors, MPs = myeloid progenitors. Adapted from (Hoeffel 
and Ginhoux, 2015, 2018; Li and Barres, 2017; De et al., 2018). Created with BioRender.com

3.2 Human microglia ontogeny
Although	 our	 understanding	 of	 human	microglia	 ontogeny	 is	 limited,	 human	
and	 mouse	 microglia	 ontogeny	 seem	 to	 be	 similar.	 The	 presence	 of	 cells	 in	
embryonic	brain	tissue	with	a	morphology	similar	to	amoeboid	monocytes	and	
the	 localization	 of	microglia	 in	 close	 vicinity	 to	 the	 vasculature	 in	 fetal	 brain	
tissue	 led	 to	 the	 hypothesis	 that	 human	microglia	 are	 also	 of	 hematopoietic	
origin	(Choi,	1981;	Hutchins	et	al.,	1990;	Ling	and	Wong,	1993;	Andjelkovic	et	
al.,	 1998;	Monier	 et	 al.,	 2006,	 2007).	 Additionally,	 1231	CD45+ hematopoietic	
cells	from	different	tissues,	including	the	YS	and	head	of	human	embryos	with	
Carnegie	stages	(CS)	11-23	(corresponding	to	gestational	week	(GW)	6-10)	were	
recently	 transcriptionally	 profiled	 at	 the	 single	 cell	 level.	 This	 data	 suggests	
that	similar	to	mouse	macrophage	ontogeny,	there	are	two	waves	(monocyte-
independent	and	-dependent)	of	YS-derived	progenitors	that	are	independent	
of	HSC	and	give	rise	to	human	tissue-resident	macrophages.	It	was	hypothesized	
that	human	microglia	might	also	arise	from	monocyte-independent	YS-derived	
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progenitors	due	to	extensive	transcriptional	overlap	of	these	YS	progenitors	with	
CS11,	but	not	older,	microglia	(Bian	et	al.,	2020).	This	interpretation	needs	to	be	
taken	with	caution,	since	the	data	is	based	on	relatively	low	numbers	of	analyzed	
cells	and	fetal	tissue	samples	and	transcriptional	data	on	their	own	do	not	prove	
cellular	origin.	

4 Microglia self-renewal and lifespan

4.1 Microglia self-renew and peripheral macrophages are absent in the 
CNS during homeostasis 

In	the	past	it	was	thought	that	tissue	macrophages	are	replenished	by	monocytes	
from	the	blood	(van	Furth	and	Cohn,	1968).	However,	 it	was	demonstrated	in	
mice	 that	microglia	as	well	as	other	tissue-resident	macrophages,	are	seeded	
in	 the	 respective	tissue	during	embryonic	development	and	 form	stable,	 self-
renewing	cell	populations	for	the	lifespan	of	an	animal	under	healthy	conditions	
(Hashimoto	et	al.,	2013;	Yona	et	al.,	2013).	

Parabiosis	experiments	with	adult	chimeric	mice,	where	mice	are	surgically	
joined	 and	 share	 their	 blood	 circulation,	 have	 shown	 that	 microglia	 locally	
self-renew	 under	 homeostatic	 conditions	 with	 no	 contribution	 of	 peripheral	
hematopoietic	cells	(Ajami	et	al.,	2007).	The	self-renewing	capacity	of	microglia	
was	 further	 investigated	 using	 different	 ablation	 systems.	 One	 strategy	 to	
deplete	 microglia	 was	 by	 inhibition	 of	 colony	 stimulating	 factor	 1	 receptor	
(CSF1R),	which	is	essential	for	microglia	survival.	Treatment	of	mice	with	CSF1R	
antagonists	 like	PLX3397	or	PLX5622	resulted	 in	approximately	99%	microglia	
depletion.	Remarkably,	already	at	one	week	after	withdrawal	of	CSF1R	inhibitor	
administration,	 the	 remaining	1%	microglia	proliferated	and	 fully	 repopulated	
the	 CNS.	 Genetic	models	 (and	 other	 depletion	 strategies)	 demonstrated	 that	
the	 contribution	 of	 bone-marrow	 derived	 myeloid	 cells	 to	 this	 repopulated	
microglia	population	was	negligible	(Elmore	et	al.,	2014,	Hung	et	al.,	2018).	As	an	
alternative	strategy	to	deplete	microglia,	a	tamoxifen-inducible	CX3CR1CreER:iDTR	
(diphtheria	 toxin	 receptor)	 system	 was	 used.	 Tamoxifen	 injection	 causes	
expression	of	iDTR	under	the	control	of	the	Cx3cr1 promoter,	a	gene	abundantly	
expressed	in	microglia.	Application	of	the	diphtheria	toxin	resulted	in	ablation	of	
80%	of	the	microglia	population	within	three	days.	The	remaining	20%	microglia	
formed	 highly	 proliferative	 cell	 clusters	 and	 repopulated	 the	 CNS	within	 five	
days	after	depletion.	This	process	was	independent	of	infiltration	of	peripheral	
monocytes,	but	was	dependent	on	microglia	interleukin-1	signaling	(Bruttger	et	
al.,	2015).	Repopulated	microglia	originate	from	microglia	that	escaped	microglia	
depletion	by	PLX5622	treatment	(Huang	et	al.,	2018;	Zhan	et	al.,	2019)	and	not,	
as	 previously	 anticipated,	 from	 CNS-resident	 progenitor	 cells	 (Elmore	 et	 al.,	
2014;	Bruttger	et	al.,	2015).	Under	disease	conditions,	especially	when	the	BBB	is	
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disrupted,	monocyte-derived	macrophages	from	the	periphery	transiently	enter	
the	CNS	to	fulfil	specific	functions	(Ajami	et	al.,	2011;	van	Ham	et	al.,	2014).	

4.2 Microglia are long-lived cells
Mouse	microglia	are,	at	 least	under	physiological	 conditions,	a	 self-sustaining	
population	(Ajami	et	al.,	2007;	Elmore	et	al.,	2014;	Bruttger	et	al.,	2015;	Huang	
et	al.,	2018),	however	their	turnover	rates	and	lifespan	is	a	matter	of	debate.	It	
was	 reported	 that	 the	entire	mouse	microglia	population	has	a	 relatively	 fast	
turnover	rate	of	approximately	3	months	which	is	tightly	regulated	by	coupled	
proliferation	and	apoptosis	(Askew	et	al.,	2017).	In	contrast,	other	studies	have	
shown	 that	 cortical	 mouse	 microglia	 are	 long-lived	 cells	 with	 turnover	 rates	
between	22	and	41	months	 (Füger	et	al.,	2017;	Tay	et	al.,	2017).	 In	addition,	
turnover	rates	of	microglia	seem	to	vary	between	brain	regions	(Askew	et	al.,	
2017;	Füger	et	al.,	2017;	Tay	et	al.,	2017).	Turnover	rates	of	mouse	microglia	are	
increased	under	neurodegenerative	conditions	such	as	 in	 the	APP/PS1	mouse	
model	 (neuron	 specific	 expression	 of	 the	 human	 transgenes	 amyloid	 beta	
precursor	protein	(APP)	and	presenilin	 (PSEN1/PSEN2)	which	both	contain	AD	
risk	mutations	(Radde	et	al.,	2006))	for	AD		(Füger	et	al.,	2017),	and	unilateral	
facial	nerve	axotomy	(FNX)	in	mice	(Tay	et	al.,	2017).	Increased	turnover	rates	
of	 microglia	 due	 to	 neurodegenerative	 diseases	 leads	 to	 increased	microglia	
densities.	Microglia	densities	seem	to	be	restored	after	neurodegeneration	by	
migration	into	regions	distal	to	the	neurodegenerative	center	as	well	as	microglia	
apoptosis	(Tay	et	al.,	2017).

Studying	 the	 lifetime	of	microglia	 in	humans	 is	hampered	by	experimental	
limitations,	 therefore	 human	 microglia	 turnover	 rates	 were	 estimated.	 The	
human	 microglia	 population	 might	 renew	 several	 hundred	 times	 within	 the	
average	human	lifetime	of	80	years	(Askew	et	al.,	2017).	In	contrast,	a	relatively	
slow	 mean	 microglia	 turnover	 rate	 of	 approximately	 28%	 per	 year	 and	 an	
average	microglia	age	of	4.2	years	was	calculated	 in	post-mortem	tissue	 (Réu	
et	 al.,	 2017).	 Clearly,	 the	 different	 human	microglia	 turnover	 rates	 that	 have	
been	reported	may	be	caused	by	the	use	of	different	methodologies	and	these	
findings	need	to	be	reconciled	in	the	future.

5 Transcriptional phenotypes and functions of microglia during 
development 

Microglia	 colonization	 of	 the	 mouse	 and	 human	 neuroepithelium	 precedes	
the	genesis	of	neurons,	astrocytes,	oligodendrocytes	and	vasculature	and	 the	
formation	of	the	BBB	(Reemst	et	al.,	2016;	Menassa	and	Gomez-Nicola,	2018)	
(Figure	 4:	 CNS	 development	 in	 mice	 and	 humans.),	 suggesting	microglia	 are	
crucial	for	proper	CNS	development.	
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Figure 4: CNS development in mice and humans. 
Microglia are the first cells to enter the developing neuroepithelium, indicating crucial functions 
for CNS development. Abbreviations: E = embryonic day, GW = gestational week, P = postnatal 
day, Y = year. Adapted from (Reemst et al., 2016; Menassa and Gomez-Nicola, 2018). Created with 
BioRender.com

5.1 Mouse microglia development
Development	 of	 mouse	 microglia	 was	 extensively	 investigated	 using	 bulk	
and	 single-cell	 transcriptional	 profiling.	 In	 the	 transition	 from	 YS	 precursor	
	 embryonic	 postnatal 	 adult	 cells,	 microglia	 undergo	 a	 maturation	
process	 that	 is	 reflected	 by	 developmental	 stage-enriched	 transcriptional	
profiles	 (Matcovitch-Natan	et	 al.,	 2016;	Thion	et	 al.,	 2018b;	Hammond	et	 al.,	
2019;	Li	et	al.,	2019;	Masuda	et	al.,	2019) and	associated	epigenetic	signatures	
(see	 Informative box 2)	 (Matcovitch-Natan	 et	 al.,	 2016;	 Thion	 et	 al.,	 2018b).	
Interestingly,	 microglia	 development	 from	 embryonic	 to	 adult	 transcriptional	
profiles	 is	 dependent	 on	 brain	 resident	 CD4+	 T-cell	 signaling	 (Pasciuto	 et	 al.,	
2020).

INFORMATIVE BOX 2

Epigenetics; gene expression regulation by histone modifications
Epigenetics	describes	the	study	of	heritable	changes	in	gene	expression	programs	and	
the	 corresponding	 phenotype	 that	 are	 not	 caused	 by	 alterations	 in	 the	 underlying	
nucleotide	 sequence.	 It	 includes	 multiple	 components	 like	 DNA	 methylation,	 post-
translational	histone	modifications	(PTM)	and	non-coding	RNA-mediated	processes	like	
RNA-inference	(Gibney	and	Nolan,	2010).	
The	 eukaryotic	 genome	 is	 highly	 organized	 to	 ensure	 correct	 DNA	 replication,	
transcription,	and	repair	(Hadlaczky	et	al.,	1986).	In	the	cellular	nucleus,	double	stranded	
DNA	is	wrapped	around	histone	proteins,	together	termed	nucleosomes	(Oudet	et	al.,	
1975).	 Together,	 nucleosomes	 with	 associated	 proteins	 form	 chromatin	 fibers	 which	
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further	 organize	 into	 chromosomes	 (Maeshima	 et	 al.,	 2019)	 (Figure	 5:	 Chromatin	
structure	 and	 gene-regulatory	 effect	 of	 chromatin	 accessibility	 and	 post-translational	
histone	modifications.	(previous	page)).	
The	DNA	contains	the	information	that	is	necessary	for	gene	transcription.	For	a	gene	
to	 be	 transcribed,	 its	 promoter	 (DNA	 sequence	 of	 transcriptional	 initiation	 in	 close	
vicinity	of	the	transcription	start	site	(TSS)	of	a	gene)	and	enhancers	(distal	regulatory	
DNA	elements)	need	to	be	spatially	accessible	for	the	transcriptional	machinery,	which	
includes	RNA	polymerase	and	TFs	(Shlyueva	et	al.,	2014;	Cramer,	2019).	Therefore,	loosely	
packed	(decondensed)	euchromatin	or	tightly	packed	(condensed)	heterochromatin	are	
generally	associated	with	active	or	repressed	gene	transcription,	respectively.	Chromatin	
accessibility	 can	 be	 assessed	 with	 assay	 for	 transposase	 accessibility	 followed	 by	
sequencing	(ATACseq,	Buenrostro	et	al.,	2013,	2015).
Nucleosomes	 contain	 histone	 octamers	 consisting	 of	 H1	 and	 heterodimeric	 histone	
pairs	 (H2A,	 H2B,	 H3	 and	 H4,	 Eickbush	 &	 Moudrianakis,	 1978),	 which	 are	 wrapped	
with	 approximately	 146	 base	 pairs	 of	 DNA	 (Luger	 et	 al.,	 1997).	 Amino	 acid	 residues	
of	 histone	 terminal	 tails	 are	 subject	 to	 extensive	 PTMs	 like	methylation,	 acetylation,	
phosphorylation,	 sumoylation	 and	 ADP-ribosylation.	 PTMs	 can	 be	 detected	 with	
chromatin	immunoprecipitation	followed	by	sequencing	(Kouzarides,	2007).	PTMs	affect	
gene	transcription	via	two	routes:	1)	chromatin	remodeling	by	influencing	the	spacing	
of	 nucleosomes	 and	 the	 contact	 between	DNA	and	nucleosomes	 and	2)	 recruitment	
of	nonhistone	proteins	with	 chromatin-remodeling	activity	or	TFs	 (Kouzarides,	2007).	
However,	 the	causality	between	histone	marks	and	gene	 transcription	remains	under	
debate	(Henikoff	and	Shilatifard,	2011).
Trimethylation	 of	 lysine	 four	 at	 histone	 H3	 (H3K4me3)	 is	 associated	 with	 active	
promoter	regions	of	many	genes	(Heintzman	et	al.,	2007,	2009).	H3K4me1	is	a	universal	
signature	for	enhancer	regions	(Heintzman	et	al.,	2007),	which	together	with	H3K27ac	
is	 associated	with	 active	 enhancers	 (Heintzman	 et	 al.,	 2009;	 Creyghton	 et	 al.,	 2010).	
Additionally,	PTMs	like	H3K27me3	and	H3K9me2/3	are	associated	with	genomic	regions	
that	 are	 transcriptionally	 silent	 (Barski	 et	 al.,	 2007)	 (Figure	 5:	 Chromatin	 structure	
and	 gene-regulatory	 effect	 of	 chromatin	 accessibility	 and	 post-translational	 histone	
modifications.	 (previous	 page)).	 The	 specific	 effect	 of	 PTMs	 is	 dependent	 on	 their	
position	 (e.g.	 promoter,	 enhancer),	 their	 nature	 (e.g.	 methylation,	 acetylation),	 the	
degree	of	modifications	(e.g.	mono-,	di-	or	tri-methylation),	and	the	presence	of	other	
PTMs	(PTM	crosstalk)	(Kouzarides,	2007).	
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Figure 5: Chromatin structure and gene-regulatory effect of chromatin accessibility and post-
translational histone modifications. (previous page)
In the nucleus, nucleosomes -DNA wrapped around histone proteins- coil up into chromatin. 
Chromatin is further compacted into chromosomes. A nucleosome consists of histone protein H1 
and pairs of H2A, H2B, H3, H4, and N-terminal tails of histone proteins are extensively modified 
after translation. These modifications can affect the chromatin architecture and can also recruit 
non-histone proteins, which together can lead to inaccessible (heterochromatin) or accessible 
(euchromatin) chromatin. Accessible chromatin facilitates gene transcription since it spatially 
allows binding of the transcriptional machinery to gene regulatory regions of the DNA (promoter, 
enhancer). Conversely, inaccessible chromatin is associated with repressed gene transcription. 
Abbreviations: PTM = post-translational histone modification. Created with BioRender.com

5.1.1 Heterogeneity of developmental microglia phenotypes
Mouse	 microglia	 heterogeneity	 is	 most	 pronounced	 in	 the	 embryonic	 and	
postnatal	phases	(Hammond	et	al.,	2019;	Masuda	et	al.,	2020),	where	different	
microglia	 subsets	 were	 identified,	 involved	 in	 cell	 cycle	 and	 proliferation	
(Matcovitch-Natan	et	al.,	2016;	Thion	et	al.,	2018b;	Hammond	et	al.,	2019;	Li	et	
al.,	2019)	,	metabolism	(Li	et	al.,	2019),	neuronal	(synapse	pruning)	(Matcovitch-
Natan	 et	 al.,	 2016;	 Thion	 et	 al.,	 2018b)	 and	 oligodendrocyte	 development	
(Hammond	 et	 al.,	 2019;	 Li	 et	 al.,	 2019),	 further	 discussed	 below.	 During	
development,	microglia	phenotypes	are	not	different	between	male	and	female	
mice	(Thion	et	al.,	2018b;	Hammond	et	al.,	2019),	but	seem	to	vary	between	brain	
regions	(Masuda	et	al.,	2019).	Existence	of	those	phenotypes	is	verified	in	situ	
at	the	RNA	level	(Matcovitch-Natan	et	al.,	2016;	Thion	et	al.,	2018b;	Hammond	
et	al.,	2019;	Li	et	al.,	2019).	Although	not	causally	linked,	earlier	studies	provide	
functional	evidence	 for	 the	microglia	phenotypes	 involved	 in	oligodendrocyte	
and	neuronal	development	(Lenz	and	Nelson,	2018;	Thion	et	al.,	2018a).

5.1.1.1 Microglia regulate neuronal circuit development
Besides	 the	promotion	of	 contact-dependent	 formation	of	 dendritic	filopodia	
(Miyamoto	et	al.,	2016;	Weinhard	et	al.,	2018)	and	the	supply	of	neurotrophic	
factors,	 like	brain-derived	neurotrophic	 factor	 (BDNF)	 (Parkhurst	et	al.,	2013),	
microglia	actively	 shape	neuronal	 circuits	by	 synaptic	pruning.	Weak,	 inactive	
synapses	get	eliminated	 in	order	to	strengthen	the	neuronal	circuit.	Microglia	
can	sense	those	synapses	via	the	complement	(CR3/C3)	(Schafer	et	al.,	2012)	and	
fractalkine	 systems	 (CX3CR1/CX3C1)	 (Paolicelli	 et	 al.,	 2011)	 and	 subsequently	
phagocytose	them.	This	process	is,	at	least	partially,	regulated	by	astrocytic	IL-33	
signaling	(Vainchtein	et	al.,	2018).	Recent	correlative	light-electron	microscopy	
(CLEM)	 and	 time-lapse	 imaging	 data	 indicates	 that	 presynaptic	 synapses	 get	
phagocytosed	partially,	i.e.,	trogocytosed	(trogo:	nibble)	by	microglia	in	a	CR3-
independent	manner	(Weinhard	et	al.,	2018).

These	 findings	 are	 in	 line	 with	 the	 identified	 microglia	 transcriptional	
phenotype	 in	 late	prenatal	and	early	postnatal	phases	 in	healthy	mice,	which	
is	characterized	by	the	expression	of	genes	 involved	 in	CNS	development	and	
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synaptic	pruning	(Matcovitch-Natan	et	al.,	2016;	Thion	et	al.,	2018b).	
Mice	 lacking	 CR3	 or	 CX3CR1	 show	 aberrant	 synaptic	 pruning	 during	

development,	with	long-lasting	effects	on	neuronal	connectivity	and	behavioral	
deficits	 in	 adult	 mice	 (Schafer	 et	 al.,	 2012;	 Zhan	 et	 al.,	 2014).	 Moreover,	
dysregulation	 of	 synaptic	 pruning	 is	 associated	 with	 the	 emergence	 of	
neurodevelopmental	 disorders	 in	 humans	 (Neniskyte	 &	 Gross,	 2017,	 see	
paragraph	7.1).

5.1.1.2 Microglia are important for the development of oligodendrocytes 
and myelin

A	microglia	phenotype	 involved	 in	oligodendrocyte	phagocytosis	 is	transiently	
detected	 in	white	matter	 tracts	 in	 the	 early	 postnatal	 brain.	 These	microglia	
exhibit	 an	 amoeboid	 morphology	 and	 phagocytose	 newly	 formed	 apoptotic	
oligodendrocytes	(axon	tract-associated	microglia,	ATM	(Hammond	et	al.,	2019),	
proliferative	 regions-associated	microglia,	 PAM	 (Li	 et	 al.,	 2019)).	 Previously,	 a	
CD11c+	microglia	 subpopulation	was	 identified	 that	 also	 shows	 an	 amoeboid	
morphology,	which	 is	 transiently	present	 in	the	first	week	after	birth	 in	white	
matter	 tracts	 and	 is	 transcriptionally	 similar	 to	 ATM	 and	 PAM.	 This	 CD11c+ 
microglia	subpopulation	is	crucial	for	the	regulation	of	oligodendrocyte	precursor	
numbers	and	myelinogenesis	in	an	insulin-like	growth	factor	1	(IGF1)-dependent	
manner,	and	expresses	neurogenic	factors	(Hagemeyer	et	al.,	2017;	Wlodarczyk	
et	 al.,	 2017).	 Recently,	 it	was	 reported	 that	microglia	 also	 phagocytose	 living	
oligodendrocyte	precursor	 cells	 (OPC)	 in	 a	 CX3CR1-dependent	manner	 in	 the	
corpus	 callosum	 of	 young	 postnatal	 mice.	 This	 process	 is	 crucial	 for	 proper	
myelination,	since	mice	that	are	deficient	in	CX3CR1,	and	thus	also	in	pruning	
capabilities,	 exhibit	 hypomyelination	 (Nemes-Baran	 et	 al.,	 2020).	 In	 zebrafish	
development,	 myelin	 sheath	 are	 refined	 by	 microglia	 phagocytosis	 in	 a	
neuronal	activity-dependent	manner	(Hughes	and	Appel,	2020).	Together,	these	
studies	 indicate	 that	microglia	 in	 the	 first	week	 after	 birth	 are	 important	 for	
oligodendrocyte	development	and	myelination.	

5.1.1.3 Mouse microglia phenotype dynamics
At	 present,	 experimental	 evidence	 is	 lacking	 as	 to	 whether	 all	 microglia	
sequentially	 adopt	 all	 those	 phenotypes	 in	 order	 to	mature	 from	 YS-derived	
precursors	 to	 immune-sensing	 microglia,	 whether	 the	 adoption	 of	 different	
phenotypes	 is	 reversible,	 and	 whether	 different	 microglia	 fates	 exist.	
Pseudotime	inference	in	single	cell	sequencing	data	facilitates	the	identification	
of	developmental	processes	by	ordering	cells	of	interest	along	a	trajectory	that	
is	based	on	gene	expression	data,	i.e.	a	developmental	trajectory	is	generated	
without	a	priori	knowledge	of	 the	actual	biological	age	of	 the	cells	 (Tritschler	
et	al.,	2019).	Pseudotime	analysis	of	P7,	 including	PAM,	and	P60	homeostatic	
microglia	 revealed	 that	 the	developmental	 trajectory	 starts	with	P7	microglia	
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and	then	diverges	into	two	branches,	the	P60	homeostatic	branch	and	the	P7	
PAM	branch.	These	results	indicate	the	existence	of	at	least	two	microglia	fates	
(Li	et	al.,	2019).	

5.1.2 Epigenetic regulation of developmental transcriptional phenotypes 
of microglia

Some	of	the	above-mentioned	phenotypes	seem	to	be	regulated	by	epigenetic	
mechanisms	(see	Informative box 2).	Microglia	of	E10.5-E12.5	(early),	E14.5-P9	
(pre),	P60	(adult)	mice	possessed	specific	enhancer	activity	profiles.	Enhancer	
activity	 correlated	 with	 the	 identified	 microglia	 transcriptional	 profiles.	 In	
addition,	 the	 presence	 of	 potential	 TF	 binding	motifs	 in	 promotor	 regions	 as	
well	as	TF	gene	expression	identified	developmental	phase-specific	TF	networks.	
TFs	involved	in	the	cell	cycle	and	chromatin	remodeling	(e.g.,	Arid3a, Klf2)	were	
active	in	early	microglia.	From	early	to	adult	microglia,	increased	expression	of	
the	TFs	Irf8, Spi1 (Pu.1)	and	Sall1 was	detected	(Matcovitch-Natan	et	al.,	2016;	
Thion	et	al.,	2018b).	These	TFs	are	crucial	for	regulating	microglia	development,	
identity	and	homeostatic	functions	(Kierdorf	et	al.,	2013;	Buttgereit	et	al.,	2016;	
Matcovitch-Natan	et	al.,	2016).	

5.2 Human microglia development 
In	humans,	as	early	as	GW4.5,	IBA1	positive	amoeboid	microglia	are	detected	at	
the	ventricles	and	leptomeninges,	and	from	GW5.5	also	at	the	choroid	plexus,	
indicating	possible	entry	routes	of	microglia	to	the	developing	brain.	In	these	and	
other	brain	regions,	microglia	form	clusters	where	they	proliferate	and	spread	
through	the	entire	brain.	During	this	process	microglia	undergo	a	morphological	
transformation	from	amoeboid	cells	at	GW4.5	to	ramified	cells	detected	from	
GW12	 onwards	 (Monier	 et	 al.,	 2006).	 These	morphological	 changes	 possibly	
reflect	functional	differences	in	microglia	during	specific	developmental	stages.	

Our	understanding	of	microglia	functions	during	human	fetal	development	
is	limited.	A	comparative	approach	of	a	bulk	transcriptome	identified	in	human	
GW14-24	 fetuses	 and	 a	 core	 transcriptome	 of	 YS	 to	 adult	 mouse	 microglia	
revealed	387	overlapping	genes,	involved	in	functions	as	immune	response	and	
phagocytosis.	Transcriptional	overlap	was	most	extensive	between	E16.5	mouse	
microglia	 and	 GW14-24	 human	microglia,	 suggesting	 similarities	 in	 microglia	
development	 at	 these	 phases	 (Thion	 et	 al.,	 2018).	 Single-cell	 transcriptome	
analysis	 of	 155	 microglia	 at	 CS11-23	 (GW6-10)	 during	 human	 embryonic	
development	 revealed	 five	 microglia	 clusters	 that	 reflected	 the	 investigated	
developmental	stages.	From	CS11-23,	the	expression	of	adult	microglia	markers	
(P2RY12, CX3CR1) gradually	 increases.	When	 compared	 to	 other	 investigated	
tissue-resident	macrophages	during	 this	 developmental	 time	window,	human	
embryonic	microglia	are	transcriptionally	more	similar	to	their	adult	counterpart,	
indicating	that	microglia	mature	already	quite	early	during	human	development	
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(Bian	et	al.,	2020).
In	 conclusion,	microglia	development	 is	a	 complex	 spatiotemporal	process	

that	is	associated	with	specific	gene	expression	profiles	and	epigenetic	programs	
and	regulated	by	microenvironmental	signals.	Studies	on	microglia	development	
were	primarily	performed	in	mice	and	insight	in	human	microglia	development	
is	very	limited.

6 Microglia transcriptional phenotypes during adult homeostasis

6.1 The homeostatic gene signature of mouse microglia
The	first	gene	expression	profile	of	young	adult	mouse	microglia	was	reported	
in	 2012	 using	 microarray	 analysis.	 Gene	 expression	 profiles	 of	 macrophage	
populations	 from	 four	 different	 tissues,	 including	 the	 brain,	 were	 generated.	
Compared	 to	 other	 tissue	 macrophages,	 the	 microglia	 transcriptome	 was	
significantly	enriched	for	65	genes,	including	SiglecH and Cx3cr1	(Gautier	et	al.,	
2012).	A	more	 refined	gene	expression	profile	of	 29	microglia-specific	 genes,	
including	 Olfml3, Tmem119 and SiglecH,	 was	 curated	 from	 gene	 expression	
data	of	spinal	cord	microglia	compared	to	myeloid	cells,	including	those	used	in	
Gautier	et	al.,	2012,	and	other	CNS	cells	(Chiu	et	al.,	2013).	

Direct	 RNA	 sequencing	 of	 mouse	 microglia	 led	 to	 the	 description	 of	 the	
microglia	“sensome”,	consisting	of	100	genes	coding	for	cell	surface	receptors	
and	 transmembrane	 proteins	 specific	 for	 the	 sensing	 of	 microenvironmental	
factors,	 including	pattern	recognition-,	chemokine-,	Fc-,	purinergic-,	cytokine-,	
extracellular	matrix-	 and	 cell-cell	 interaction	 receptors.	 Approximately	 half	 of	
these	genes	seem	to	be	regulated	by	TYROBP	(DAP12),	a	protein	tyrosine	kinase	
binding	 protein	 and	 ligand	 for	 TREM2,	 both	 signature	 genes	 of	 homeostatic	
microglia.	In	comparison	to	peritoneal	macrophages,	microglia	are	enriched	in	
626	genes,	including	Hexb as	well	as	22	of	the	sensome-coding	genes,	such	as	
P2ry12, Tmem119 and Cx3cr1	(Hickman	et	al.,	2013).

In	2014,	two	studies	extensively	investigated	the	interplay	of	the	transcriptome	
and	epigenome	in	macrophages.	The	identity	of	tissue-specific	macrophages	is	
determined	 by	 ontogeny	 and	 environmental	 factors	 that	 drive	 the	 activity	 of	
tissue-specific	enhancer	 repertoires	 (Gosselin	et	 al.,	 2014;	 Lavin	et	 al.,	 2014).	
These	repertoires	are	collaboratively	enriched	in	the	common	myeloid	lineage-
dependent	 TF	 PU.1	 as	 well	 as	 environmental	 signal-dependent	 TF	 binding	
motifs	 that	are	specific	 for	 the	different	 types	of	macrophages.	The	microglia	
gene	expression	profile	is	regulated	by	environmental	factors	such	as	TGF-β	and	
enhancers	that	are	uniquely	enriched	in	TF	motifs	for	PU.1-IRF8,	CTCFL,	SMAD	
and	others	(Gosselin	et	al.,	2014),	and	by	the	expression	of	microglia-specific	TFs	
such	as	Sall1	(Lavin	et	al.,	2014).

The	importance	of	TGF-β	for	the	homeostatic	microglia	gene	signature	was	
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confirmed	 in	other	 studies.	 Transcriptomic	 comparison	between	adult	mouse	
microglia	 and	other	CNS	and	myeloid	 cells	 identified	a	homeostatic	microglia	
signature	consisting	of	genes	such	as	P2ry12, Tmem119, Fcrls, Tgfbr1 and three 
microRNAs	 (miRNAs).	 The	 validity	 of	 these	 genes	being	 enriched	 in	microglia	
was	 confirmed	 by	mass	 spectrometry,	 and	many	 of	 the	 proteins	 encoded	 by	
these	genes	were	enriched	in	microglia.	Mice	that	lack	TGF-β	in	CNS	tissue	show	
a	remarkable	reduction	in	microglia	numbers	and	the	remaining	microglia	show	
significantly	reduced	expression	of	these	homeostatic	microglia	signature	genes	
(Butovsky	et	al.,	2014).

A	 transcriptomic	 profile	 of	 isolated	 microglia	 that	 closely	 approximates	
their	in	vivo	status	was	published	by	Bennett	and	co-workers,	using	a	relatively	
non-invasive	method	to	purify	microglia	through	mechanical	tissue	dissociation	
on	ice,	followed	by	myelin	depletion	with	magnetic	beads	and	flow	cytometry	
based	on	TMEM119.	TMEM119	was	studied	in	detail	and	was	identified	to	be	
a	 specific	 and,	 at	 least	 at	 the	 protein	 level,	 robust	microglia	marker	 in	mice	
and	 human,	 also	 under	 inflammatory	 and	 disease	 conditions	 (Bennett	 et	 al.,	
2016).	Inflammation-associated	genes	(Il-1b, Nfkb2, Tnf)	are	significantly	lower	
expressed	in	this	dataset	compared	to	others	(Chiu	et	al.,	2013;	Gosselin	et	al.,	
2014;	Lavin	et	al.,	2014),	indicating	that	in	vitro	isolation	procedures	influence	
the	 homeostatic	microglia	 gene	 signature	 (Bennett	 et	 al.,	 2016).	 This	 finding	
was	confirmed	by	other	studies	 (Bohlen	et	al.,	2017;	Hwang	et	al.,	2017)	and	
underlines	 the	 importance	 of	 a	 careful	 choice	 of	 microglia	 isolation	method	
when	aiming	to	generate	microglia	transcriptome	data	that	reliably	reflect	their	
in	vivo	status.	

Zhang	 and	 colleagues	 created	 an	 extensive	 database	 containing	 the	
transcriptomes	 of	 various	 brain	 cell	 types,	 including	 microglia	 and	 identified	
several	novel	cell-type	specific	markers	(Zhang	et	al.,	2014).	This	and	other	brain	
transcriptomic	 data	were	 compiled	 into	 user-friendly	web	 applications	which	
allow	 for	 the	 analysis	 and	 identification	 of	 gene	 expression	 in	microglia	 (and	
other	brain	cells)	 (Zhang	et	al.,	2014;	Holtman	et	al.,	2015a;	Dubbelaar	et	al.,	
2019).	

The	 common	 denominator	 of	 these	 studies	 is	 the	 identification	 of	 the	
homeostatic	 microglia	 gene	 signature,	 including	 Sall1, Hexb, Fcrls, Gpr43, 
Cx3cr1, Tmem119, Trem2, P2ry12, Pros1 and SiglecH,	that	are	uniquely	or	higher	
expressed	in	microglia	and	not	or	only	at	 low	levels	 in	other	brain	or	myeloid	
cell	 types,	 including	tissue-resident	macrophage	 subsets	and	monocytes.	This	
homeostatic	 microglia	 signature	 differs	 slightly	 between	 males	 and	 females	
(Hanamsagar	et	al.,	2017;	Thion	et	al.,	2018)	and	brain	regions	(Grabert	et	al.,	
2016).	
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6.2 The homeostatic gene signature of human microglia 
Two	studies	 investigated	the	homeostatic	gene	signatures	of	human	microglia	
with	bulk	RNAseq.	Gosselin	and	coworkers	generated	transcriptomes	of	microglia	
purified	from	healthy-appearing	brain	tissue	obtained	during	neurosurgery	of	19	
young	patients	 (0-17	years)	with	epilepsy,	 tumors	or	acute	 ischemia	(Gosselin	
et	al.,	2017).	Galatro	and	coworkers	analyzed	microglia	 isolated	from	39	post-
mortem	 tissue	 samples	 of	 Dutch	 and	 Brazilian	 donors	 with	 an	 age	 range	 of	
34	to	102	years	(Galatro	et	al.,	2017a).	The	homeostatic	microglia	signature	is	
characterized	 by	 881	 (Gosselin	 et	 al.,	 2017)	 and	 1297	 (Galatro	 et	 al.,	 2017a)	
genes	 that	 are	 significantly	 differentially	 expressed	 in	 purified	 microglia	
compared	to	whole	parietal	cortex	tissue.	Gene	ontology	(GO)	analysis	indicated	
that	these	genes	are	related	to	cell	ramification	and	motility	(C3XCR1, P2RY12),	
immune	 signaling	 and	 modulation,	 and	 synaptic	 pruning	 (Q1QA-C, HLA-DR)	
(Gosselin	et	al.,	2014;	Galatro	et	al.,	2017a)	and	the	expression	of	those	genes	
was	also	validated	at	the	protein	level	(Galatro	et	al.,	2017a).	This	homeostatic	
gene	signature	is	driven	by	TFs	that	are	also	important	for	the	mouse	microglia	
signature,	such	as	PU.1, CTCF, SMAD, IRF8,	but	also	human-specific	TFs,	such	as	
CIITA, RUNX2 and TRIM22	 (Gosselin	et	al.,	2014;	Galatro	et	al.,	2017a).	At	the	
protein	level	it	was	shown	that	the	homeostatic	signature	of	human	microglia	
deviates	between	brain	regions	(Böttcher	et	al.,	2019;	Sankowski	et	al.,	2019).

As	 in	 mice,	 the	 human	 gene	 signature	 of	 microglia	 is	 shaped	 by	 the	
environment,	 since	 transfer	 of	 human	 cells	 to	 in	 vitro	 conditions	 resulted	 in	
the	loss	of	homeostatic	gene	expression	and	restructuration	of	the	epigenetic	
landscape	(Gosselin	et	al.,	2017).	

With	 increasing	age	of	the	donor,	genes	 involved	 in	cytoskeleton	assembly	
and	motility,	 immune	response	and	cell	adhesion	were	reduced	 in	expression	
(Galatro	et	al.,	2017a).	These	age-related	changes	in	gene	expression	of	human	
microglia	only	partially	overlapped	with	age-associated	gene	expression	changes	
in	mice,	indicating	that	age-associated	changes	in	microglia	gene	expression	are	
different	in	mice	and	human	(Galatro	et	al.,	2017a).

6.3 Evolutionary conservation of the microglia transcriptome
The	homeostatic	microglia	gene	signature	is	evolutionary	conserved	(Galatro	et	
al.,	2017a;	Gosselin	et	al.,	2017;	Geirsdottir	et	al.,	2019).	Comparison	of	the	two	
homeostatic	 human	microglia	 gene	 signatures	 to	 several	 homeostatic	mouse	
microglia	gene	signatures	reveals	an	overlap	of	more	than	50%,	depending	on	
the	datasets	that	were	compared	(Galatro	et	al.,	2017a;	Gosselin	et	al.,	2017).	
Concordantly,	 similar	epigenetic	 landscapes	and	TFs	were	 identified	 in	driving	
the	mouse	and	human	microglia	gene	signature.	Genes	specifically	expressed	in	
human	microglia	and	not,	or	only	to	a	very	low	extent	in	murine	microglia,	were	
APOC1, MPZL1, SORL1, CD58, ERAP2, GNLY and S100A12, most closely related 
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to	innate	immune	system	functions	(Galatro	et	al.,	2017a;	Gosselin	et	al.,	2017).	
In	addition,	human	microglia	are	more	heterogeneous	than	microglia	 in	other	
mammals	(Geirsdottir	et	al.,	2019).	

Concluding,	research	of	recent	years	has	identified	the	homeostatic	mouse	
and	human	microglia	gene	signatures,	which	enables	better	identification	and	
investigation	of	microglia	in	mouse	and	human	tissue	and	provides	a	basis	for	
the	investigation	of	the	role	of	microglia	in	diseases.	

7 Microglia transcriptional phenotypes during homeostatic 
disbalance

Microglia	 are	 increasingly	 implicated	 in	 various	 CNS	 diseases.	 Susceptibility	
genes	for	neurodegenerative	diseases,	including	Alzheimer’s	disease,	that	were	
identified	 in	genome-wide	associated	 studies	 (GWAS),	 are	enriched	 for	genes	
expressed	in	microglia	when	compared	to	other	brain	cells	(Patsopoulos	et	al.,	
2019;	Nott	et	 al.,	 2020).	 Evidence	 is	 accumulating	 that	microglia	 are	also	 key	
players	in	neurodevelopmental	disorders	(Mattei	&	Notter,	2020;	Tay	et	al.,2018).	
In	general,	under	homeostatic	disbalance,	microglia	downregulate	homeostatic	
genes	(Keren-Shaul	et	al.,	2017;	Krasemann	et	al.,	2017;	Zrzavy	et	al.,	2017)	and	
engage	the	expression	of	a	disease-specific	gene	set,	which	shows	commonality	
between	diseases,	at	least	in	mouse	models	(Holtman	et	al.,	2015b;	Keren-Shaul	
et	al.,	2017;	Krasemann	et	al.,	2017)	(Figure	6).	

Figure 6: Gene expression associated with homeostatic and disease-associate microglia 
phenotypes. 
During disease, expression of homeostatic microglia genes is decreased, and a microglia gene 
signature shared between different disease conditions is expressed. Examples of genes expressed by 
both microglia phenotypes are depicted.  Created with Biorender.com

7.1 Neurodevelopmental and -psychiatric disorders
Early-life	adversity	(ELA)	such	as	infection,	psychological	stress,	or	malnutrition,	
is	 associated	 with	 the	 development	 of	 cognitive	 impairment	 and	 a	 range	 of	
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neurodevelopmental	and	-psychiatric	disorders,	including	autism,	schizophrenia	
and	 depression,	 in	 later	 life	 (Teicher	 et	 al.,	 2016;	 al-Haddad	 et	 al.,	 2019).	 In	
view	of	the	pivotal	functions	of	microglia	in	shaping	neuronal	networks	during	
development,	 and	 their	 relatively	 low	 turnover,	microglia	might	 be	 central	 in	
mediating	 the	effects	of	 ELA	on	 (long-lasting)	brain	 functioning	 (Catale	et	 al.,	
2020;	Mattei	&	Notter,	 2020;	 Reemst	 et	 al.,	 2016;	 Tay	 et	 al.,	 2018).	 ELA	 and	
also	 adversities	 in	 adult	 life	 (e.g.,	 psychological	 stress)	 alter	mouse	microglia	
morphology	and	function.	These	microglia	alterations	were	linked	to	behavioral	
abnormalities	 in	 animals.	 The	 timing	 and	 type	 of	 adversities	 determine	 the	
microglia	phenotypic	 response	and	 its	 long-term	consequences	 (Catale	et	 al.,	
2020;	Walker	et	al.,	2013).

7.1.1 Early-life adversity influences the mouse microglia transcriptome
To	study	the	underlying	mechanisms	of	ELA-induced	neurobiological	changes,	
a	range	of	animal	models	exist	that	can	be	categorized	into	three	main	factors	
inducing	ELA:	maternal	immune	activation	with	infection-mimicking	compounds,	
various	psychological	stressors	that	rely	on	disturbing	dam-pup	interactions	or	
other	factors	such	as	diesel	particles	or	ethanol	intoxication	(Benmhammed	et	
al.,	2019).	

Environmental	perturbations	during	mouse	development	 lead	to	divergent	
microglia	transcriptional	phenotypes	during	development	and	have	long-lasting	
consequences	 on	 the	 transcriptome	 of	 adult	 microglia	 in	 a	 sex-dependent	
manner (Delpech	et	al.,	2016;	Matcovitch-Natan	et	al.,	2016;	Mattei	et	al.,	2017;	
Schaafsma	et	al.,	2017;	Thion	et	al.,	2018b;	Ikezu	et	al.,	2020).	

Microglia	 in	 male	 newborn	 pups	 from	 germ-free	 (GF)	 dams	 exhibit	 an	
underdeveloped	 transcriptional	 phenotype,	 associated	with	 synaptic	 pruning,	
which	is	retained	into	adulthood	(Matcovitch-Natan	et	al.,	2016).	Contrarily,	GF	
maternal	 conditions	during	pregnancy	were	 shown	 to	 influence	 the	microglia	
transcriptome	of	male	offspring	only	at	the	prenatal	stage,	whereas	the	microglia	
transcriptome	of		female	offspring	was	affected	in	adulthood	(Thion	et	al.,	2018).	

Microglia	in	mouse	embryos	(E17.5)	from	dams	that	were	injected	with	the	viral	
infection-mimicking	agent	polyinosinic:polycytidilic	acid	 (poly(I:C))	are	marked	
by	 the	 expression	 of	 genes	 involved	 in	 the	 formation	 of	 cellular	 protrusions	
and	neuritogenesis	 (Ikezu	et	al.,	2020).	Microglia	 in	pups	 from	poly(I:C)	dams	
exhibit	more	transcriptional	overlap	with	adult	microglia	than	microglia	in	pups	
from	PBS-treated	 dams.	 The	 effects	 of	 the	maternal	 poly(I:C)	 challenge	were	
no	 longer	 detected	 in	 adult	 poly(IC)	 offspring	microglia	 (Matcovitch-Natan	 et	
al.,	2016).	In	other	studies,	a	persistent	effect	of	the	poly(I:C)	challenge	of	the	
pregnant	dam	in	offspring	microglia	was	reported,	manifested	by	depletion	of	
gene	sets	involved	in	inflammatory	response,	phagocytosis	and	cell	motility,	and	
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enrichment	of	gene	sets	involved	in	vascular	endothelial	growth	factor	(VGEF)	
signaling,	glia	cell	motility	and	long-term	neuronal	synaptic	plasticity	(Mattei	et	
al.,	2017)	and	synaptic	transmission	 (Ikezu	et	al.,	2020).	 In	addition,	maternal	
poly(I:C)	challenge	 led	to	a	reduced	phagocytic	capacity	 in	offspring	microglia	
(Mattei	 et	 al.,	 2017),	 to	 alterations	 in	 neurophysiological	 properties,	 and	 to	
aberrant	behavior	of	 adult	 animals	 in	 several	 tests	 (Ikezu	et	 al.,	 2020;	Mattei	
et	al.,	2017).	The	observed	differences	of	a	maternal	poly(I:C)	challenge	on	the	
offspring	microglia	 transcriptome	might	 be	 explained	 by	 slight	 differences	 in	
experimental	 circumstances,	 for	 example	 the	 concentrations	 and	 gestational	
timepoints	 of	 poly(I:C)	 administration	 and	 the	 microglia	 isolation	 procedure.	
The	 importance	of	microglia	as	the	causal	cell	 type	 in	ELA-induced	behavioral	
alterations	was	 underlined	 by	 the	 fact	 that	 depleting	microglia	with	 a	 CSF1R	
inhibitor	 or	 inhibiting	microglia	 activity	 with	minocycline	 rescued	 changes	 in	
microglia,	neurons	and	animal	behavior	induced	by	maternal	poly(I:C)	challenge	
(Ikezu	et	al.,	2020;	Mattei	et	al.,	2017).

Brief	daily	separation	(BDS)	of	mouse	dams	and	their	pups	from	P1-21	causes	
anxiety-like	behavior	and	affects	hippocampal	microglia	in	the	juvenile	offspring.	
In	P14	offspring,	BDS	transiently	induced	an	increased	density	and	surface	area	
of	microglia	 that	 disappeared	 at	 P28.	 In	 P14	 and	 P28	 pups,	 BDS	 caused	 the	
expression	of	a	complex	 immune-related	gene	expression	profile	 in	microglia,	
involved	in	amongst	others	phagocytosis,	chemotaxis	and	cell	adhesion,	which	
interferes	with	normal	microglia	development	(Delpech	et	al.,	2016).

Together,	these	results	indicate	that	perturbation	of	microglia	development	
by	 environmental	 factors	 possibly	 leads	 to	 deviations	 in	 phagocytic/synaptic	
pruning	capacity	which	negatively	influences	synaptic	transmission	and	behavior	
in	adult	animals.	

7.1.2 ELA programs the developing brain and thereby determines the 
microglia response to a stimulus in later life

According	to	the	three-hit	concept,	the	triangular	interaction	of	ELA	with	genetic	
predisposition	 and	 other	 environmental	 factors	 determines	 vulnerability	 or	
resilience	to	ELA-induced	diseases	later	in	life	(Daskalakis	et	al.,	2013;	Knuesel	et	
al.,	2014).	The	long-term	effects	of	ELA	on	microglia	and	mouse	behavior	were	
shown	in	a	study	in	which	pregnant	dams	were	challenged	with	LPS	at	E15,	16	
and	17	and	adult	offspring	were	re-challenged	with	a	secondary	LPS	injection.	
Maternal	 LPS	 challenge	 led	 to	 the	 upregulation	 of	 proinflammatory	 markers	
(Tnf-α, Il-1β, Il-6)	 in	maternal	 as	well	 as	 embryonic	microglia.	 Interestingly,	 a	
secondary	LPS	challenge	of	adult	offspring	that	experienced	prenatal	infection	
led	 to	 a	 dampened	 immune	 response,	 i.e.,	 tolerance	 (see	 paragraph	 8.2)	 of	
whole	brain	microglia	when	compared	to	animals	that	experienced	undisturbed	
embryonic	development.	In	contrast,	hippocampal	microglia	of	prenatally	LPS-
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exposed	 adult	 offspring	 showed	 an	 exaggerated,	 i.e.,	 trained	 response	 to	 a	
secondary	LPS	challenge	and	reduced	expression	of	Bdnf.	Microglia	alterations	
were	accompanied	by	behavioral	abnormalities,	like	reduced	home	cage	activity,	
anxiety	and	impaired	learning	and	memory	(Schaafsma	et	al.,	2017).

These	 results	 indicate	 that	 occurrence	 of	 ELA	 in	 critical	 phases	 of	 brain	
development	leads	to	lifelong	programming	of	the	brain.	

7.1.3 Limited bedding and nesting material as an animal model for ELA
One	form	of	ELA	is	early	life	stress	(ELS),	which	can	be	modelled	by	limited	supply	
of	bedding	and	nesting	(LBN)	material	to	mouse	dams	and	their	pups	during	P2	
to	9	 (Rice	et	al.,	2008).	This	model	 is	advantageous	 in	comparison	with	other	
models	that	interfere	with	the	dam-pup	relationship,	since	handling	procedures	
are	minimized	(Benmhammed	et	al.,	2019).

LBN	induces	fragmentation	of	maternal	care	which	results	in	enhanced	plasma	
corticosterone	levels,	decreased	levels	of	corticotropin-releasing	hormone	mRNA	
in	the	brain	and	reduced	weight	gain	in	pups	(Rice	et	al.,	2008;	Naninck	et	al.,	2015).	
The	increased	stress	levels	persist	into	adulthood	(Rice	et	al.,	2008).	In	male	and	
female	mice,	ELS	causes	a	reduction	in	hippocampal	volume	determined	at	P9	
and	at	P150	and	an	increase	in	neurogenesis	at	P9	which	levels	out	to	the	amount	
of	cell	numbers	in	control	animals	at	P150.	Specifically,	in	male	mice,	ELS	leads	to	
decreased	adult	neurogenesis	and	impaired	hippocampal-dependent	learning,	
but	not	to	perturbed	emotional	(anxiety-	and	depressive-like),	behavior.	These	
effects	are	less	pronounced	in	adult	female	mice	(Naninck	et	al.,	2015).	Acutely	
after	ELS	at	P9,	microglia	density	and	complexity	are	reduced	and	the	expression	
of	the	pro-inflammatory	cytokine	 Il-1β	 in	whole	tissue	samples	is	 increased	in	
the	hippocampus	of	male	mice.	Four	months	after	ELS,	immunoreactivity	of	Iba1	
and	the	phagocytic	marker	CD68	is	increased	and	the	mRNA	expression	level	of	
Il-6	 is	decreased	 in	the	hippocampus	of	male	mice	(Hoeijmakers	et	al.,	2017).	
Concluding,	 immunohistochemical	and	gene	expression	data	suggest	that	ELA	
induces	an	inflammatory	microglia	phenotype.	However,	the	effects	of	ELS	on	
global	microglia	gene	expression	remain	elusive.	

7.1.4 The human microglia transcriptome is affected in neurodevelopmental 
and -psychiatric disorders

The	 identification	 of	 differentially	 expressed	 genes	 (DEGs)	 involved	 in	 the	
neuroinflammatory	response	in	total	mRNA	expression	profiles	of	post-mortem	
tissue	of	donors	that	suffered	from	major	depressive	disorder	(MDD,	(Mahajan	
et	al.,	2018))	and	schizophrenia	(Kim	et	al.,	2016b)	compared	to	age-matched	
controls,	suggest	that	microglia	are	implicated	in	these	diseases.	

Nuclear	 transcriptional	 profiling	 identified	 that	 mainly	 oligodendrocyte	
precursor	cells	and	excitatory	neurons	are	affected	 in	post-mortem	prefrontal	
cortex	 from	MDD	 donors.	 The	 lack	 of	 detected	 transcriptional	 alterations	 in	
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microglia	might	be	due	to	a	limited	number	of	analyzed	microglia	nuclei	(Nagy	
et	 al.,	 2020).	 Surprisingly,	 expression	 analysis	 of	 selected	 genes	 between	
microglia	 isolated	 from	post-mortem	brain	tissue	of	MDD	and	control	donors	
revealed	 enrichment	 of	 homeostatic	markers	 CX3CR1 and TMEM119 and no 
difference	in	expression	of	inflammatory	genes	(Snijders	et	al.,	2020).	This	result	
was	confirmed	on	the	genome-wide	scale	when	comparing	single-cell	protein	
expression	 profiles	 of	 purified	microglia	 from	 four	 brain	 regions	 of	MDD	and	
control	donors,	suggesting	increased	neuron-microglia	interactions	in	MDD.	This	
result	might	be	 influenced	by	the	medication	the	MDD	patients	 received,	 the	
enzymatic	isolation	procedure	of	microglia,	the	absence	of	sex	stratification,	or	
the	relatively	small	sample	size	(Böttcher	et	al.,	2020).	Single-nucleus	sequencing	
of	 in	total	104.559	nuclei	from	post-mortem	cortical	tissue	of	14	controls	and	
15	donors	with	autism	revealed	that	most	DEGs	were	detected	in	upper-layer	
neurons	 and	microglia.	 DEG	 in	 upper-layer	 neurons	were	 related	 to	 synaptic	
transmission,	axon	guidance	and	CNS	development,	whereas	GO	term	analysis	
of	microglia	DEGs	was	 inconclusive.	 Interestingly,	 gene	expression	 changes	 in	
these	two	cell	types	correlated	with	clinical	severity	(Velmeshev	et	al.,	2019).	

Concluding,	these	studies	display	that	the	human	microglia	transcriptome	is	
affected	in	psychiatric	disorders	and	that	potential	changes	in	microglia	functions	
might	contribute	to	these	disorders.	

7.2 Alzheimer’s disease (AD)

7.2.1 Clinical and pathological features of AD
Alzheimer’s	 disease	 (AD)	 is	 the	 most	 prevalent	 neurodegenerative	 disease	
worldwide	 and	 is	 characterized	 by	 dementia,	 behavioral	 and	 psychological	
symptoms	 (Geda	 et	 al.,	 2014).	 Neuropathological	 hallmarks	 of	 AD	 are	
extracellular	accumulation	of	amyloid	beta	(Aβ)	into	senile	plaques,	intracellular	
neurofibrillary	 tangles	 (NFT)	 of	 phosphorylated	 tau,	 brain	 atrophy,	 and	
neuroinflammation	which	precedes	clinical	symptoms	(Jack	et	al.,	2010;	Heneka	
et	 al.,	 2015;	Deture	and	Dickson,	2019).	Aß	 is	produced	by	processing	of	 the	
transmembrane	 protein	 amyloid	 precursor	 protein	 (APP).	 The	 amyloidogenic	
pathway	describes	the	cleavage	of	APP	by	β-	and	γ-secretases	into	Aß	proteins	of	
various	amino	acid	lengths	whereof	longer	variants	are	insoluble	and	precursors	
for	 senile	plaques	 (Kummer	and	Heneka,	2014).	Hyperphosphorylation	of	 tau	
prevents	its	stabilizing	function	for	microtubules	and	causes	aggregation	of	tau	
tangles	 and	disassembly	of	microtubules	 (Del	 C.	Alonso	et	 al.,	 1996).	Aß	 and	
neurofibrillary	tangles	follow	specific	spatiotemporal	patterning	throughout	the	
brain	and	identify	staging	of	AD	(Braak	and	Braak,	1997).

Less	than	5%	of	AD	cases	are	early	onset	AD	(EOAD),	or	familial,	AD	(FAD).	
EOAD	is	mainly	caused	by	mutations	in	genes	encoding	APP	or	presenilin	1	or	2	
(proteins	of	the	γ-secretase	complex)	(Mendez,	2018).	95%	of	the	AD	cases	are	
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late	onset	(LOAD),	or	sporadic,	AD,	where	the	main	risk	factors	are	age	(Xia	et	
al.,	2018)	and	the	ε4	allelic	variant	of	the	apolipoprotein	4	(APOE)	gene	(Corder	
et	al.,	1993).		

7.2.2 Activated, phagocytic microglia surround Aß plaques in mouse 
models of AD

Several	studies	reported	the	presence	of	activated	microglia	around	Aß	plaques,	
and	transcriptional	profiling	revealed	a	microglia	profile	involved	in	phagocytosis	
and	lipid	metabolism	(Kamphuis	et	al.,	2016;	Keren-Shaul	et	al.,	2017;	Krasemann	
et	al.,	2017;	Yin	et	al.,	2017).	

Within	 the	 plaque-associated	 CD11b+	 microglia	 population,	 two	 distinct	
subsets	 (CD11c- and CD11c+)	were	 identified	 in	APP/PS1	mice.	 Transcriptional	
alterations	were	more	abundant	 in	the	CD11c+	population	when	compared	to	
CD11c-	microglia,	 including	an	upregulation	of	genes	 involved	 in	carbohydrate	
and	 lipid	metabolism,	 lysosomal	 activity,	 and	 a	 dampened	 immune	 response	
(Kamphuis	et	al.,	2016).

Bulk	 and	 single-cell	 transcriptional	 analysis	 of	 microglia	 in	 mouse	models	
of	AD	(5xFAD	[neuron-specific	expression	of	five	human	transgenes	associated	
with	 FAD	 encoding	 for	 APP and PSEN1/PSEN2	 (Oakley	 et	 al.,	 2006)]	 and	
APP/PS1)	 have	 revealed	 a	 microglia	 phenotype,	 that	 is	 similar	 to	 the	 above	
described	CD11c+	microglia	 (Kamphuis	 et	 al.,	 2016),	 called	disease-associated	
microglia	 (DAM,	 Keren-Shaul	 et	 al.,	 2017;	 Zhou	 et	 al.,	 2020)	 or	 microglia	
neurodegenerative	phenotype	(MGnD,	Krasemann	et	al.,	2017).	This	microglia	
profile	 is	 characterized	 by	 downregulation	 of	 microglia	 homeostatic	 genes	
(including	Tgfb(r), Hexb, P2ry12, Cx3cr1)	and	TFs	(including	Mef2a, Mafb, Sall1)	
and	upregulation	of	inflammatory	genes	(including	Axl, Itgax, Clec7a, Apoe, Lpl, 
Tyrobp)	involved	in	lipid	metabolism	and	phagocytosis	(Keren-Shaul	et	al.,	2017;	
Sobue	et	al.,	2021).	DAM	seem	to	undergo	a	cascade	of	 subsequent	changes	
in	gene	expression	profiles	alongside	the	progression	of	 the	disease.	The	first	
step	 includes	an	 increased	expression	of	Tyrobp, Apoe and B2m	 and	 reduced	
expression	 of	 microglia	 homeostatic	 signature	 genes,	 followed	 by	 a	 Trem2-
dependent	progression	accompanied	by	the	upregulation	of	genes	involved	in	
lipid	metabolism	and	phagocytic	activity,	such	as	Lpl, Cst7, Axl and Clec7a	(Keren-
Shaul	et	al.,	2017).	APOE-TREM2	signaling	is	also	crucial	for	the	development	of	
MGnD	(Krasemann	et	al.,	2017).	This	Aß	plaque-associated	microglia	phenotype	
was	 also	 identified	 at	 the	 protein	 level	with	 single-cell	 high	 parametric	mass	
cytometry	(Mrdjen	et	al.,	2018).

The	 transcriptional	 hallmarks	 of	 DAM/MGnD	were	 confirmed	 in	microglia	
of the APPNL-G-F	mouse	model	 (containing	 three	mutations	 in	 the	 gene	 coding	
for	APP	 that	are	associated	with	FAD).	With	 the	accumulation	of	Aß	plaques,	
microglia	gradually	lose	their	homeostatic	gene	expression	profile	and	gain	an	
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“activated	response	microglia”	(ARM)	gene	signature.	The	ARM	transcriptome	
is	 transcriptionally	 similar	 to	 DAM/MGnD,	 contains	 many	 AD	 risk	 genes	
previously	identified	in	GWAS,	and	is	regulated	by	APOE	signaling.	Additionally,	
a	 far	 less	 pronounced	 enrichment	 of	 an	 interferon	 response	microglia	 (IRM)	
transcriptional	phenotype	was	observed	 (Sala	Frigerio	et	al.,	 2019).	 The	ARM	
response	is	induced	by	Aß	rather	than	tau	pathology	and	includes	11	novel	AD	
risk	genes	such	as	GPC2, TREML2, SYK, GRN	(Sierksma	et	al.,	2020).

Temporal	analysis	of	hippocampal	microglia	in	CK-p25	mice,	a	mouse	model	
of	 severe	 AD-like	 neurodegeneration,	 identified	 a	 stepwise	 microglia	 gene	
expression	trajectory	in	response	to	neurodegeneration.	One	week	after	CK-p25	
induction,	 microglia	 possess	 an	 early-response	 state,	 which	 is	 hallmarked	 by	
upregulation	of	genes	involved	in	cell	cycle,	DNA	replication	and	repair.	Two	and	
six	 weeks	 after	 disease	 induction,	 late-response	microglia	 show	 upregulation	
of	 immune	 response-related	 genes,	 such	 as	Ccl3/4, Apoe, Axl, Lgals3bp.	 This	
microglia	 phenotype	 can	 be	 divided	 into	 two	 immune-activated	 subtypes	
that	are	marked	by	genes	possibly	 induced	by	 interferon	 type	 I	 (antiviral	 and	
interferon	response	genes)	and	II	(MHC-II	complex-related	genes),	respectively	
(Mathys	et	al.,	2017).	However,	the	interferon-related	subtype	in	CK-p25	mice	is	
different	from	IRM	in	APPNL-G-F	mice,	which	can	be	explained	by	the	response	of	
microglia	to	different	pathologies	in	the	two	mouse	models	(Sala	Frigerio	et	al.,	
2019).

An	 interferon-related	 microglia	 phenotype	 seems	 to	 be	 important	 in	 the	
context	 of	 neurodegeneration,	 identified	 in	 a	meta-analysis	 of	 transcriptional	
profiles	of	CNS	myeloid	 cells	 in	 various	 conditions.	Microglia	express,	besides	
a	 neurodegeneration-related	 co-regulated	 gene	module	which	 contains	 DAM	
genes,	 also	 gene	 modules	 related	 to	 the	 interferon	 and	 LPS	 response.	 The	
expression	of	those	gene	modules	was	also	found	in	the	DAM	dataset	(Friedman	
et	al.,	2018).	

Aß	 plaque-associated	 microglia	 show	 transcriptional	 overlap	 with	 primed	
microglia	(see	paragraph	8.1).	The	primed	transcriptional	profile	is	not	specific	
to	 AD,	 but	 is	 also	 detected	 in	 ageing	 and	 other	 neurodegenerative	 diseases	
(Holtman	 et	 al.,	 2015b;	 Keren-Shaul	 et	 al.,	 2017;	 Krasemann	 et	 al.,	 2017),	
indicating	that	AD-related	transcriptional	changes	in	microglia	are	also,	although	
to	 a	 lesser	 extent,	 present	 in	 physiological	 ageing	 (Sala	 Frigerio	 et	 al.,	 2019;	
Safaiyan	et	al.,	2021).	Though,	aged		and	Aβ-plaque	associated	microglia	do	not	
seem	to	form	a	continuum	of	one	microglia	subtype,	but	rather	are	two	distinct	
microglia	subtypes,	whereby	the	latter	seem	to	be	regulated	by	HIF1α	(Grubman	
et	al.,	2021).
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INFORMATIVE BOX 3

Which role do microglia play in AD pathology?
A	neuroprotective	function	of	microglia	in	AD	is	associated	with	microglia	shielding	of	Aß	
plaques	(Condello	et	al.,	2015)	and	microglia	clearance	of	Aß-plaques	by	phagocytosis	
(Kamphuis	et	al.,	2016;	Keren-Shaul	et	al.,	2017).
In	contrast,	it	was	shown	that	the	phagocytosis	of	apoptotic	neurons	induces	the	switch	
from	neuroprotective	 to	neurotoxic	 (MGnD)	phenotype	 in	a	TREM2-APOE	dependent	
manner	(Krasemann	et	al.,	2017).	Depletion	of	TREM2	in	APP/PS1	mice	suppresses	the	
expression	of	inflammatory	genes,	 including	Apoe,	restores	the	homeostatic	microglia	
gene	signature	and	functions,	and	also	reduces	Aβ	plaque	accumulation	(Krasemann	et	
al.,	2017).	
Pathologic	microglia	phagocytosis	is	also	induced	by	neuronal	C1q	expression.	Neurons	
express	C1q	in	response	to	Aß	oligomers	and	tau	pathology	causing	synapse	loss	in	early	
phases	of	AD	pathology	in	mice	(Hong	et	al.,	2016;	Dejanovic	et	al.,	2018).
In	addition,	the	innate	immune	activity	(inflammasome	activity)	of	microglia	causes	Aβ	
accumulation	 in	 APP/PS1	 mice.	 Microglia	 secrete	 inflammasome-associated	 adaptor	
proteins,	 called	 apoptosis-associated	 speck-like	 proteins	 containing	 a	 CARD	 (caspase	
recruitment	domain;	ASC).	ASC	proteins	can	undergo	a	cascade	of	modifications	 that	
lead	to	 the	assembly	of	 large	extracellular	paranuclear	ASC	protein	complexes,	called	
ASC	specks.	These	ASC	specks	are	prone	to	bind	Aβ	deposits	throughout	brain	tissue	of	
AD	patients	and	APP/PS1	transgenic	mice	and	thereby	facilitate	Aβ	plaque	formation	and	
spatial	memory	loss	(Venegas	et	al.,	2017).	In	turn,	ASC-Aß	composites	cause	microglia	
cell	death	and	release	of	ASC	which	then	amplifies	Aß	accumulation	(Friker	et	al.,	2020).
Plaque-associated	 microglia	 in	 the	 5XFAD	 AD-mouse	 model	 exhibit	 an	 exaggerated	
immune	 response	 when	 challenged	 with	 LPS,	 also	 called	 microglia	 training	 (Yin	 et	
al.,	 2017,	 see	paragraph	8.1).	Primed	microglia	downregulated	 the	homeostatic	gene	
signature	and	were	enriched	in	genes	involved	in	lysosomal	and	phagocytic	processes	
and	 their	 response	 was	 distinct	 to	 an	 acute	 response	 to	 LPS,	 identified	 by	 a	 meta-
analysis	 of	 several	microglia-specific	 transcriptomic	 datasets	 (Holtman	 et	 al.,	 2015b).	
These	findings	are	 in	 line	with	 the	hypothesis	 that	microglia	are	chronically	activated	
by	neuronal	loss	and	senile	plaques,	both	characteristic	of	AD	as	well	as	other	factors,	
such	as	systemic	inflammation,	and	that	these	factors	together	form	a	vicious	cycle	of	
microglia	activation	and	neurotoxicity,	also	termed	microgliosis	(Block	et	al.,	2007;	Perry	
and	Holmes,	2014).
Summarizing,	microglia	can	adopt	various	phenotypes	in	AD	that	possibly	evolve	from	
neuroprotective	to	-toxic	phenotypes	during	AD	progression	(Hansen	et	al.,	2017).	

7.2.3 Various microglia phenotypes detected in human AD
Aß-	and	tau-associated	microglia	were	also	detected	in	human	post-mortem	CNS	
tissue	(Sheffield	et	al.,	2000;	Keren-Shaul	et	al.,	2017;	Krasemann	et	al.,	2017;	Yin	
et	al.,	2017).	The	phagocytic	markers,	APOE, AXL, TREM2, HLA-DR are enriched in 
microglia	surrounding	dense-core	plaques	in	EOAD	human	post-mortem	tissue,	
when	compared	to	plaque-associated	microglia	in	LOAD	(Yin	et	al.,	2017).	

Gene	regulatory	network	analysis	of	1647	LOAD	and	non-demented	subjects	
revealed	an	immune-	and	microglia-specific	module	to	be	enriched	in	LOAD	and	
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regulated	by	TYROBP	(Zhang	et	al.,	2013).	The	human	microglia	transcriptome	is	
enriched	for	AD	risk	genes	(Gosselin	et	al.,	2017;	Olah	et	al.,	2018;	Grubman	et	
al.,	2019;	Srinivasan	et	al.,	2020).	In	addition,	single	nucleotide	polymorphisms	
(SNPs)	 associated	 with	 sporadic	 AD	 are,	 in	 contrast	 to	 other	 brain	 cells,	
preferentially	 located	 in	 enhancers	 of	 microglia,	 thereby	 affecting	 microglia	
gene	expression	(Nott	et	al.,	2020).	Microglia	activation	detected	by	PET	imaging	
is	 already	 present	 in	 brains	 of	 patients	 in	 early	 stages	 of	 AD	 (Hamelin	 et	 al.,	
2016),	which	appears	after	occurrence	of	neurofibrillary	tangles	and	Aß	plaques	
(Streit	 et	 al.,	 2018).	 Together,	 indicating	 that	 microglia	 are	 implicated	 in	 the	
pathogenesis	of	AD.

Nuclear	transcriptional	profiles	of	AD-associated	microglia	were	identified	in	
frozen	human	post-mortem	AD	tissue.	However,	 in	contrast	to	mouse,	human	
AD-associated	 microglia	 phenotypes	 seem	 to	 be	 more	 diverse	 between	 the	
studies.	

Bulk	 analysis	 of	 approximately	 100.000	 purified	 CD11B+	 microglia	 nuclei	
per	donor	from	superior	frontal	gyrus	tissue	of	10	AD	and	15	donors	identified	
the	 “human	Alzheimer’s	microglia”	 (HAM)	 signature.	Although	 genes	 such	 as	
APOE and SPP1	were	 upregulated	 in	microglia	 from	AD	 compared	 to	 control	
donors,	HAM	are	overall	 transcriptionally	different	 from	mouse	DAM	and	are	
enriched	in	human	aging-associated	genes	(Srinivasan	et	al.,	2020).	That	human	
and	 mouse	 microglia	 responses	 to	 AD-associated	 pathology	 are	 distinct	 was	
confirmed	by	transcriptomic	nuclear	analysis	of	CNS	tissue	in	5XFAD	mice	and	
post-mortem	dorsolateral	prefrontal	cortex	samples	from	11	AD	and	11	control	
donors.	 Whereas	 the	 mouse	 DAM	 signature	 was	 confirmed	 in	 5XFAD	 mice,	
human	microglia	in	AD	tissue	seem	to	upregulate	homeostatic	microglia	markers	
and	exhibit	a	human-specific	 transcriptomic	profile	 including	A2M and CH3L1 
which	seem	to	be	regulated	by	IRF8.	Although	mouse	and	human	AD-associated	
transcriptional	profiles	are	distinct,	they	both	seem	to	be	dependent	on	TREM2	
(Zhou	et	al.,	2020).	Analysis	of	in	total	~4000	microglia	nuclei	transcriptomes	in	
15	donors	with	varying	degrees	of	Aß	and	tau	pathology	revealed	4	microglia	
clusters.	The	homeostatic	microglia	cluster	was	attributed	to	donors	without	Aß	
and	tau	pathology.	The	“motile”,	“dystrophic”	and	“amyloid	response	microglia”	
clusters	were	derived	from	donors	with	either	Aß	or	Aß	and	tau	pathology.	The	
amyloid	response	microglia	cluster	is	involved	in	sensing	of	stress,	oxidation	and	
extracellular	stimuli	and	immune	system.	Except	for	the	expression	of	SPP1,	genes	
enriched	in	this	cluster	are	not	overlapping	with	mouse	DAM,	ARM	or	MGnD.	
Significantly	 less	amyloid	response	microglia	were	detected	in	 individuals	that	
have	risk	variants	of	the	APOE or TREM2 gene	(Nguyen	et	al.,	2020),	confirming	
earlier	reports	that	the	human	microglia	response	to	AD	pathology	is	dependent	
on TREM2	(Krasemann	et	al.,	2017;	Zhou	et	al.,	2020).
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In	contrast,	 investigation	of	nuclei	of	all	CNS	cell	types	from	the	entorhinal	
and	prefrontal	cortex		of	AD	and	control	donors	revealed	a	partial	overlap	of	AD-
associated	microglia	subpopulations	with	the	DAM/ATM	signature	(Grubman	et	
al.,	2019;	Mathys	et	al.,	2019;	Morabito	et	al.,	2021).	Also,	human-specific	AD-
associated	microglia	genes	such	as	C1QB and CD14	were	identified	(Mathys	et	
al.,	2019).	Further,	microglia	clusters	were	not	characterized	in	detail,	but	were	
treated	as	bulk	samples	for	differential	gene	expression	analysis	(Grubman	et	al.,	
2019;	Mathys	et	al.,	2019).	Differentially	expressed	genes	between	pseudobulked	
microglia	nuclei	from	AD	and	controls	only	marginally	overlapped	between	the	
studies	(Grubman	et	al.,	2019).	

The	inconsistencies	in	the	outcomes	of	these	studies	(Grubman	et	al.,	2019;	
Mathys	et	al.,	2019;	Srinivasan	et	al.,	2020;	Zhou	et	al.,	2020)	might	be	explained	
by	that	fact	that	different	donor	cohorts	were	investigated	and	human	donors	
show	high	 interindividual	differences,	underlining	 the	 importance	of	 carefully	
chosen	 balanced	 donor	 designs.	 Additionally,	 relatively	 few	 microglia	 nuclei	
(~40-140	nuclei	 per	donor)	 (Grubman	et	 al.,	 2019;	Mathys	et	 al.,	 2019;	 Zhou	
et	 al.,	 2020)	 were	 analyzed,	 hampering	 the	 reliable	 detection	 of	 microglia	
subpopulations	and	associated	genes	related	to	AD.	

Profiling	of	a	substantial	higher	number	of	microglia	nuclei	(~9000	nuclei	per	
donor)	in	the	occipital	and	occipitotemporal	cortex,	that	are	differentially	affected	
by	AD	pathology,	confirmed	the	presence	of	a	human	DAM-like	cluster	in	human	
post-mortem	tissue	and	also	identified	a	novel	microglia	cluster.	The	two	clusters	
correlated	to	in	situ	Aß	plaque	and	tau	load.	Whereas	the	Aß-	associated	cluster	
exhibited	a	DAM-like	transcriptional	phenotype,	the	tau-associated	cluster	was	
defined	by	enriched	expression	of	homeostatic	and	neuron-related	genes	such	
as GRID2	and	was	involved	in	synapse	organization	and	axonogenesis	(Gerrits	et	
al.,	2021).	In	contrast,	a	microglia	subtype	enriched	in	DAM	and	AD	susceptibility	
genes	 was	 identified	 in	 dorsolateral	 prefrontal	 cortex	 samples	 of	 AD	 donors	
after	autopsy	and	surgically	removed	tissue	of	the	healthy-appearing	temporal	
neocortex	of	epilepsy	patients.	Surprisingly,	this	cluster	was	depleted	in	the	AD	
donors	compared	to	the	healthy-appearing		controls	(Olah	et	al.,	2020).

Concluding,	whereas	the	active/phagocytic	transcriptional	response	of	mouse	
microglia	to	AD	pathology	 is	defined	and	reproduced	by	different	studies,	the	
human	microglia	transcriptional	profile	in	AD	is	not	yet	completely	understood,	
but	seems	also	to	be	affected	by	TREM2 (Lewcock	et	al.,	2020).	

8 Epigenetics and immune memory 
There	 is	 ample	 evidence	 that	 past	 experiences	 influence	microglia	 responses	
to	future	challenges	through	epigenetic	programming	(see	 Informative box 2).	
This	phenomenon	is	called	immune	memory-	a	concept	well	known	in	adaptive	
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immune	cells	like	T	and	B	cells,	but	more	recently	also	reported	in	innate	immune	
cells	 like	macrophages	 (Netea	 et	 al.,	 2011).	 Chronic	 or	 repetitive	 stimulation	
(priming	or	desensitization)	of	microglia	 can	 lead	 to	an	enhanced	 (“training”)	
or	dampened	(“tolerant”)	response	to	subsequent	stimuli,	respectively	(Figure	
7).	Different	factors,	such	as	the	nature,	duration	and	intensity	of	the	past	and	
present	stimuli	determine	the	fate	of	the	microglia	reactive	phenotype	(Eggen	
et	al.,	2013;	Neher	&	Cunningham,	2019).	Microglia	gene	expression	profiles	and	
responses	to	future	challenges	are	dictated	by	long-lasting	epigenetic	imprints	
imposed	by	past	stimuli	(Eggen	et	al.,	2013;	Neher	&	Cunningham,	2019).
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Figure 7: Schematic overview of innate immune memory. 
Past desensitizing or priming stimuli can change microglia responsiveness to future stimuli leading 
to either a dampened (tolerance) or exaggerated (training) immune response, respectively. Adapted 
from (Álvarez-Errico et al., 2015). Created with BioRender.com

8.1 Microglia training
Training of	the	innate	immune	system	was	first	described	in	peripheral	monocytes,	
where	a	nonlethal	infection	with	Candida	albicans	(β-glucan)	protects	T-	and	B-	
cell-depleted	mice	against	a	 lethal	reinfection	with	this	 fungus	(Quintin	et	al.,	
2012).	 Similarly,	 the	 vaccine	 Bacille	 Calmette-Guérin	 (BCG),	 initially	 designed	
against	 tuberculosis,	 non-specifically	 protects	 against	 other	 infections	 in	 a	
T-	 and	 B-cell	 independent	manner	 (Kleinnijenhuis	 et	 al.,	 2012).	 β-glucan	 and	
BCG	 cause	 long-lasting	 deposition	 of	 the	 transcriptionally	 permissive	 histone	
marks	 H3K4me3	 and	 H3K27ac	 at	 regulatory	 elements	 of	 genes	 encoding	 for	
cytokines	 and	 other	 pro-inflammatory	 genes.	 The	 deposition	 of	 permissive	
histone	marks	facilitates	the	exaggerated	expression	of	pro-inflammatory	genes	
upon	a	secondary	stimulus,	which	was	applied	several	days	to	weeks	after	the	
first	stimulus.	This	 increased	expression	of	 inflammatory	molecules	 is	thought	
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to	convey	the	protective	host	effects	(Kleinnijenhuis	et	al.,	2012;	Quintin	et	al.,	
2012;	Saeed	et	al.,	2014).

Where	 in	 the	 periphery	 immune	 training	 exerts	 beneficial	 effects,	 current	
evidence	suggests	detrimental	effects	of	microglia	training	in	the	CNS	(Wendeln	
et	 al.,	 2018).	 The	 combinatorial	 challenge	 of	 a	 systemic	 LPS	 injection	 with	
underlying	 ageing	 or	 prion	 disease	 in	 mice	 causes	 impaired	 locomotion	 and	
social	behavior	and	an	exacerbated	neuroinflammatory	gene	expression	profile	
in	total	brain	samples	when	compared	to	control	animals,	suggesting	microglia	
involvement	(Cunningham	et	al.,	2005;	Godbout	et	al.,	2005).

Microglia	training	was	identified	in	different	contexts	(Neher	and	Cunningham,	
2019),	 amongst	others	a	mouse	model	with	 constitutive	deletion	of	 the	DNA	
excision	repair	protein	ERCC1	(Ercc1Δ/ -[a	stop	codon	was	introduced	at	bp	292	
of Ercc1	leading	to	a	truncated	protein],	Weeda	et	al.,	1997;	Raj	et	al.,	2014a).	
Ercc1Δ/-	mice	age	faster	and	their	microglia	display	a	hypertrophic	morphology	
(larger	soma,	thicker	branches),	increased	proliferation	and	upregulation	of	genes	
involved	in	immune-related	signaling	pathways	including	phagocytosis,	lysosome	
and	 antigen	 presentation	 (Raj	 et	 al.,	 2014a;	 Holtman	 et	 al.,	 2015b).	 When	
comparing	the	microglia	response	of	wild	type	and	Ercc1Δ/- mice to peripheral 
LPS	stimulation,	Ercc1Δ/- microglia	exhibited	increased	pro-inflammatory	cytokine	
expression	(Il-1β, Il-6, Tnf-α),	and	enhanced	phagocytic	activity	and	production	
of	reactive	oxygen	species	(Raj	et	al.,	2014a).	In	this	model	(Ercc1Δ/1),	microglia	
training	was	elicited	when	genotoxic	stress	was	specifically	targeted	to	forebrain	
neurons	(Raj	et	al.,	2014a),	but	not	when	Ercc1	was	deleted	in	astrocytes	(Raj	et	
al.,	2014a)	or	microglia	(Zhang	et	al.,	2020b).	

In	 contrast	 to	 other	 reports	 (Longhi	 et	 al.,	 2011;	 Mirrione	 et	 al.,	 2010;	
Schaafsma	 et	 al.,	 2015;	 Yu	 et	 al.,	 2010,	 see	 paragraph	 	 8.2),	Wendeln	 et	 al.,	
observed	 short-term	 training	 effects	 in	 microglia	 after	 two	 peripheral	 LPS	
injections	 on	 consecutive	days	 (Wendeln	 et	 al.,	 2018).	Microglia	 training	was	
not	observed	in	mice	with	a	microglia-specific	deletion	of	histone	deacetylases	
(CX3CR1-CreER	x	Hdac1/2fl/fl),	indicating	a	critical	role	for	epigenetic	regulation	in	
(short-term)	microglia	training.	Interestingly,	a	single	peripheral	LPS	challenge	in	
three	months	old	APP23	mice	(mouse	model	for	AD	overexpressing	the	App	gene	
carrying	a	mutation	associated	with	FAD;	Sturchler-Pierrat	et	al.,	1997)	caused	an	
exacerbation	of	amyloid-β	plaque	load	in	the	same	mice	at	nine	months	of	age,	
indicating	that	the	LPS	challenge	served	as	a	priming	event.	These	results	might	
underline	the	neurotoxic	effects	of	microglia	training	(Wendeln	et	al.,	2018)	and	
its	possible	involvement	in	neuropathologies	(see	paragraph		7.2).

8.2 Microglia tolerance
Oppositely	to	innate	immune	training,	endotoxin	tolerance	was	also	described	in	
macrophages	and	microglia.	Macrophages	that	were	challenged	with	LPS	were	
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1
less	able	to	respond	to	a	secondary	LPS	challenge-	a	phenomenon	associated	
with	sepsis	and	increased	mortality	in	humans	(Biswas	and	Lopez-Collazo,	2009).	
A	LPS	challenge	of	in	vivo	and	in	vitro	macrophages	caused	decreased	enrichment	
of	 H3K27ac,	 associated	 with	 active	 gene	 expression,	 at	 regulatory	 elements	
of	 genes,	 involved	 in	 cytokine/chemokine	 signaling	 and	 phagocytosis	 (Saeed	
et	al.,	2014;	Novakovic	et	al.,	2016).	 In	addition,	enrichment	of	the	repressive	
mark	 H3K9me2	 and	 DNA	 methylation	 was	 detected	 at	 the	 TNF-α	 promoter	
after	LPS	challenge	in	THP-1	human	promonocytes	(El	Gazzar	et	al.,	2008).	The	
combination	of	depleted	active	histone	marks	and	enriched	repressive	histone	
marks	is	believed	to	cause	the	unresponsiveness	of	macrophages	to	secondary	
LPS	challenge	(El	Gazzar	et	al.,	2008;	Saeed	et	al.,	2014;	Novakovic	et	al.,	2016).	

Microglia	 of	 mice	 that	 were	 preconditioned	 with	 an	 intraperitoneal	 LPS	
injection	 and	 rechallenged	 with	 LPS	 four	 weeks	 later	 showed	 tolerance,	
exemplified	by	a	reduced	expression	of	Tnf-α and Il-1β.	The	reduced	expression	
of Il-1β is	regulated	by	the	loss	of	permissive	histone	modifications	(H3K4me3,	
AcH3)	and	enrichment	of	repressive	histone	modifications	(H3K9me2)	at	the	Il-
1β promoter	in	preconditioned	compared	to	control	mice.	In	vitro	data	indicates	
that	the	TF	RELB	is	required	for	the	tolerance	microglia	phenotype	(Schaafsma	
et	al.,	2015).	Programming	of	microglia	by	LPS	leading	to	tolerance	could	even	
be	transmitted	to	pups	in	dams	exposed	to	LPS	during	pregnancy	(Schaafsma	et	
al.,	2017,	see	paragraph		7.1).	

Whereas	microglia	tolerance	caused	memory	impairments	in	mice	(Schaafsma	
et	al.,	2015;	Schaafsma	et	al.,	2017),	it	had	neuroprotective	effects	in	the	context	
of	TBI	(Longhi	et	al.,	2011),	pilocarpine-induced	seizures	(Mirrione	et	al.,	2010),	
and	 	 transient	 cerebral	 ischemia	 (Yu	 et	 al.,	 2010).	 In	 addition,	 recurrent	 LPS	
challenge	 on	 four	 consecutive	 days	 in	 three	month	 old	 APP23	mice	 induced	
microglia	tolerance	one	day	after	the	last	LPS	injection	and	caused	a	reduction	
of	Aβ	load	in	the	same	mice	six	months	after	the	last	LPS	challenge	(Wendeln	et	
al.,	2018).	

Concluding,	single	inflammatory	challenges	can	lead	to	long-lasting	epigenetic	
alterations	 in	 long-lived	 microglia	 and	 might	 therefore	 be	 stable	 molecular	
underpinnings	of	changes	in	microglia	immune	reactive	phenotypes.	

9 Outline of the thesis
The	 main	 aims	 of	 this	 dissertation	 were	 1)	 to	 identify	 and	 characterize	
transcriptional	phenotypes	of	microglia	in	human	development	and	disease,	2)	
to	reveal	how	early	environmental	perturbations	affect	microglia	development	
and	functions	in	adulthood,	and	3)	how	epigenetic	mechanisms	control	microglia	
transcriptional	 phenotypes.	 To	 answer	 these	 aims	 the	 transcriptomes	 and	
epigenomes	of	purified	human	or	mouse	microglia	were	examined	in	different	
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experimental	contexts.
In	chapter 1,	a	general	introduction	of	microglia	biology	and	subjects	relevant	

for	this	thesis	are	explained.
In	chapter 2, microglia	development	 in	the	CNS	of	23	human	fetuses	after	

elective	abortion	was	studied.	Single-cell	transcriptional	profiles	of	approximately	
18.000	 microglia	 and	 chromatin	 accessibility	 profiles	 of	 bulk	 microglia	 from	
gestational	week	9	to	18	were	investigated.	

In	chapter 3,	the	influence	of	early	postnatal	stress	on	adult	microglia	was	
investigated.	Mice	were	exposed	to	stress	in	the	first	postnatal	week	by	limited	
supply	 of	 bedding	 and	 nesting	 material.	 The	 effect	 of	 this	 stressor	 on	 the	
hippocampal	microglia	transcriptome	was	investigated	in	pups	and	in	adult	mice.	
Furthermore,	the	effects	of	an	LPS-challenge	on	the	microglia	transcriptome	in	
these	mice	during	adulthood	were	determined.	

The	aim	of	the	study	presented	in	chapter 4	was	to	identify	microglia	changes	
induced	by	Alzheimer’s	disease	pathology.	Bulk	and	single-cell	microglia	gene	
expression	profiles	in	post-mortem	frontal	and	parietal	cortex	samples	derived	
from	11	AD	patients,	9	control	patients	with	Aß	or	tau	pathology	and	6	control	
patients	without	Aß	or	tau	pathology	were	identified.

Microglia	possess	 innate	 immune	memory,	 and	 stimuli	 experienced	 in	 the	
past	 influence	 the	microglial	 immune	 response	 to	a	new	stimulus.	 In	chapter 
5,	the	genome-wide	transcriptional	signatures	of	primed	and	tolerant	microglia	
in	mice	of	 accelerated	ageing	 (Ercc1Δ/-)	 and	after	 LPS	 challenges,	 respectively,	
were	 investigated.	 These	 transcriptional	 phenotypes	 were	 linked	 to	 changes	
in	 chromatin	 accessibility	 and	 histone	 modification	 profiles	 to	 delineate	 the	
epigenetic	regulation	of	innate	immune	memory.

In	chapter 6,	the	results	and	conclusions	of	the	studies	presented	in	chapters	
2	to	5	are	summarized	and	discussed	in	a	broad	scientific	context,	followed	by	
future	perspectives.
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