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1 What are the functions of fetal microglia in utero?
In	 the	 adult	 homeostatic	 CNS,	 microglia	 are	 equipped	 with	 the	 sensome,	 a	
battery	of	cell	surface	receptors	enabling	them	to	sense	their	microenvironment	
for	homeostatic	disbalance	(Hickman	et	al.,	2013).	Interestingly,	YS	progenitors	
and	embryonic	microglia	already	express	some	of	 the	genes	encoding	 for	 the	
sensome	(Thion	et	al.,	2018b).	One	key	finding	of	 this	dissertation	 is	 that	 the	
microglia	transcriptome	of	human	fetuses	during	midgestation	(≥GW13)	already	
resembles	 the	 transcriptome	 of	 adult	 human	 microglia.	 Also,	 age-specific	
characteristics	 of	 the	 chromatin	 landscape	 indicate	 microglia	 maturation	
occurring	early	during	pregnancy	(chapter 2).	Similar	results	have	been	described	
at	 the	microglia	bulk	RNA	 level	 in	GW14-23	 fetuses	 (Thion	et	al.,	 2018b)	and	
were	 recently	 confirmed	 with	 a	 relatively	 limited	 number	 of	 analyzed	 single	
cells	purified	from	CS11-23	(corresponding	to	GW6-10)	fetal	brain	tissue	(Bian	
et	 al.,	 2020).	 Concluding,	 during	 development	 in	mice	 and	 human,	microglia	
already	to	some	extent	express	the	genes	encoding	the	sensome.	These	results	
suggest	 that	microglia	might	 be	 capable	 to	 respond	 to	 environmental	 stimuli	
in	utero. However,	the	sole	fact	of	partial	overlap	in	gene	expression	between	
fetal	and	adult	microglia	does	not	confirm	functional	accordance.	Therefore,	the	
question	remains,	at	what	stage	during	human	development	microglia	acquire	
functionalities	 that	 are	 shared	with	 adult	microglia	 and	 to	what	extent	 these	
functions	are	comparable	to	that	of	adult	microglia.	

Data	 from	 mouse	 experiments	 indeed	 suggest	 adult-like	 functions	 of	
developmental	microglia,	 as	microglia	 in	 the	 developing	 embryo	 can	 already	
respond	 to	 environmental	 perturbations,	 possibly	 through	 the	 expression	 of	
sensome	 genes.	 Different	 environmental	 perturbations,	 like	 germ	 free	 dams	
or	 dams	 peripherally	 challenged	 with	 poly(I:C)	 or	 LPS	 led	 to	 deviations	 in	
the	microglia	 transcriptome	 in	 the	 offspring	 when	 compared	 to	microglia	 of	
offspring	 born	 from	 naive	 dams (Matcovitch-Natan	 et	 al.,	 2016;	 Thion	 et	 al.,	
2018b).	 Environmentally-induced	 disruption	 of	 microglia	 development	 has	
pertinent	 consequences	 on	 adult	 brain	 functioning	 in	 animals	 (Ikezu	 et	 al.,	
2020;	Matcovitch-Natan	 et	 al.,	 2016;	Mattei	 et	 al.,	 2017;	 Thion	 et	 al.,	 2018,	
see	paragraph	3.5).	The	fact	that	proper	microglia	development	is	essential	for	
brain	functionality	in	later	life	is	underlined	by	the	different	effects	of	microglia	
ablation	 in	 the	 embryonic	 or	 adult	 mouse	 on	 brain	 function	 and	 behavior.	
Microglia	ablation	in	mouse	embryos	causes	perturbed	brain	architecture	and	
functionality	as	well	as	behavioral	abnormalities	(hyperactivity,	anxiolytic-like)	in	
juvenile	and	adult	mice	(Erblich	et	al.,	2011;	Rosin	et	al.,	2018).	Additionally,	the	
ablation	of	microglia	in	postnatal	mice	(P19	and	P30)	led	to	a	reduction	in	synaptic	
plasticity	and	learning	deficits	in	several	behavioral	paradigms	(Parkhurst	et	al.,	
2013).	 In	contrast,	microglia	depletion	in	healthy	adult	mice	did	not	 influence	



165

General discussion and future perspectives

6

behavior	or	cognition	(Elmore	et	al.,	2014).	

Similar	 mechanisms	 could	 be	 at	 play	 during	 human	 brain	 development.	 The	
time	 window	 in	 which	 human	 fetal	 microglia	 increasingly	 express	 sensome	
genes	 (≥GW13,	 chapter 2)	 was	 identified	 to	 be	 especially	 critical	 for	 normal	
neurodevelopment.	Maternal	 infection	during	 the	 second	 trimester	 increases	
the	risk	for	the	child	to	develop	autism	and	other	psychiatric	disorders	in	later	
life	 (Blomström	et	al.,	2015;	Hornig	et	al.,	2018;	Croen	et	al.,	2019).	Together	
these	findings	hint	towards	the	fact	that	microglia	might	already	be	responsive	to	
environmental	stimuli	in	the	human	fetus.	However,	due	to	ethical	constraints	it	
is	incredibly	challenging	to	provide	direct	evidence	for	this	in	vivo.	Potentially,	in	
vitro	stimulation	of	primary	fetal	microglia	(Durafourt	et	al.,	2013;	Rustenhoven	
et	al.,	2016)	or	microglia-like	cells	derived	from	induced	pluripotent	stem	cells	
(IPSC,	Abud	et	al.,	2017;	Douvaras	et	al.,	2017;	Haenseler	et	al.,	2017;	Hasselmann	
&	Blurton-Jones,	2020;	Muffat	et	 al.,	 2016;	Ormel	et	 al.,	 2018;	Pandya	et	 al.,	
2017)	with	e.g.	 inflammatory	 stimuli	 could	provide	 information	about	human	
fetal	microglia	responsiveness.	A	drawback,	however,	is	the	influence	of	the	in	
vitro	conditions	on	the	microglia	transcriptome	and	functionality,	as	was	shown	
in	earlier	studies	(Butovsky	et	al.,	2014;	Gosselin	et	al.,	2014,	2017;	Bohlen	et	
al.,	2017;	Mizee	et	al.,	2017).	To	overcome	in	vitro-induced	artifacts,	it	might	be	
advantageous	to	xenotransplant	human	(induced)	pluripotent	stem	cell-derived	
microglia-like	 cells	 into	 mouse	 pups	 (Hasselmann	 and	 Blurton-Jones,	 2020;	
Fattorelli	et	al.,	2021)	in	order	to	reveal	the	responsiveness	and	functionality	of	
human	fetal	microglia.	

2 Does reactivation of developmental microglia phenotypes take 
place in disease?

During	 mouse	 development,	 many	 different	 microglia	 subtypes	 have	 been	
identified	 (Hammond	 et	 al.,	 2019;	 Li	 et	 al.,	 2019).	 This	 extent	 of	 microglia	
heterogeneity	 is	 not	present	 in	healthy,	 adult	 animals,	 and	 reemerges	during	
aging	and	disease	(Masuda	et	al.,	2020).	One	of	these	microglia	subtypes	was	
described	in	several	studies	in	which	the	existence	of	a	white	matter-associated	
microglia	 phenotype	 during	 development	 was	 reported	 that	 was	 involved	
in	 oligodendro-	 and	 myelinogenesis	 (ATM	 (Hammond	 et	 al.,	 2019),	 CD11c+ 
(Wlodarczyk	 et	 al.,	 2017),	 “fountain	 of	 microglia”	 (Hagemeyer	 et	 al.,	 2017),	
PAM	(Li	et	al.,	2019)).	This	developmental	microglia	phenotype	is	nearly	absent	
in	adult	animals	and	is	transcriptionally	similar	to	microglia	 identified	in	aging	
and	 different	 neurodegenerative	 disease	models,	where	 it	 is	 involved	 in	 lipid	
metabolism	and	phagocytosis	of	apoptotic	neurons	 (ARM	(Sala	Frigerio	et	al.,	
2019),	CD11c+	 (Kamphuis	 et	 al.,	 2016;	Wlodarczyk	et	 al.,	 2017),	DAM	 (Keren-
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Shaul	et	al.,	2017),	IRM	(Hammond	et	al.,	2019),	late	response	microglia	(Mathys	
et	al.,	2017),	MGnD	(Krasemann	et	al.,	2017),	primed	microglia	(Holtman	et	al.,	
2015b),	Figure	1A).	

Figure 1: Overlap in mouse microglia transcriptomes in development and disease. 
(A) In mice, a CD11c+ microglia population (indicated as a pie chart) emerges in development 
(turquoise), which greatly diminishes during adult homeostasis and reemerges as a result of 
aging and to a greater extent in neurodegenerative diseases (yellow). (B) These CD11c+ microglia 
subtypes share a core gene expression signature. Expression of non-overlapping genes can either 
be caused by artificial, non-biological factors or are induced by the specific microenvironment 
microglia reside in. Adapted from (Benmamar-Badel et al., 2020). Created with BioRender.com 

Comparison	 of	 these	 developmental,	 aging	 and	 neurodegeneration-related	
microglia	 transcriptomes	 	 led	 to	 the	 identification	 of	 22	 overlapping	 core	
signature	 genes,	 including	 Clec7a, Gpnmb, Lpl, Lilrb4 and Spp1 (Benmamar-
Badel	 et	 al.,	 2020).	 Similarly,	 another	 study	 identified	 12	 overlapping	 genes,	
including	 Spp1, Apoe and Lpl,	 when	 only	 a	 subset	 of	 the	 above	 mentioned	
microglia	subtypes	(ATM,	DAM,	IRM)	were	compared	(Hammond	et	al.,	2019).	
Based	on	 these	 results	 it	 is	hypothesized	 that	 these	many	microglia	 subtypes	
described	 in	 literature	 in	 fact	 only	 represent	 one	microglia	 subtype	 and	 that	
the	discrepancies	in	transcriptional	signatures	are	introduced	by	non-biological	
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factors,	 such	 as	 the	 sequencing	 platform	 used,	 etc.	 (Benmamar-Badel	 et	 al.,	
2020,	Figure	1B).	If	this	hypothesis	is	accurate,	it	would	suggest	that	functions	of	
microglia	during	development	are	(inappropriately)	reactivated	during	aging	and	
in	disease	conditions.	For	another	identified	developmental	and	disease-related	
phenotype	 this	 has	been	proven	 to	be	 the	 case.	Microglia	prune	 synapses	 in	
a	 complement-dependent	manner	 during	 development	 (Schafer	 et	 al.,	 2012;	
Favuzzi	et	al.,	2021)	and	this	function	is	reactivated	in	a	subset	of	microglia	in	
AD	mouse	models	leading	to	synapse	loss	and	dysfunction	(Hong	et	al.,	2016).	

In	 case	 of	 the	 CD11c+	microglia	 subtype,	would	 that	mean	 that	microglia	
activate	 a	 general	 phagocytic	 program	 disregarding	 the	 stimulus?	 How	 can	
microglia	 distinguish	 between	 the	 need	 for	 and	 response	 to	 phagocytosis	 of	
apoptotic	 neurons	 and	 Aβ	 plaques	 in	 AD	 and	 myelin/	 oligodendrocytes	 in	
development,	for	example?

Possibly,	focusing	exclusively	on	transcriptional	overlap	is	misleading	and	the	
transcriptional	differences	of	 these	microglia	subtypes	might	 imply	that	these	
subtypes	have	slight	functional	differences	that	are	customized	to	the	needs	of	
the	surrounding	CNS	microenvironment	in	a	specific	condition	(Figure	1B).	This	
hypothesis	is	corroborated	by	the	fact	that	condition-specific	triggers	of	microglia	
activation	 are	 present.	 For	 example,	 the	 identified	 CD11c+	 subtypes	 occur	 in	
different	brain	regions	and	the	disease-associated	subtypes	are	APOE-TREM2-
dependent	whereas	the	developmental	subtype	is	not	(Keren-Shaul	et	al.,	2017;	
Krasemann	et	 al.,	 2017;	 Li	 et	 al.,	 2019).	 Thus,	 in	 future,	 functional	 studies	of	
microglia	 subtypes	 are	 required	 to	 get	 a	 full	 picture	 of	 the	 role	 of	microglia	
in	 development	 and	 disease	 (see	 paragraph	 above).	 Since	 research	 is	 often	
pursued	 to	 identify	 therapeutic	 targets	 for	human	diseases,	 it	 is	questionable	
whether	identification	of	a	microglia	core	signature	between	different	subsets	
might	 lead	 to	a	universal	 therapeutic	 target	 for	multiple	diseases	or	whether	
context-specific	regulators	might	be	more	suitable	as	candidates.

3 Does the development- and disease-associated CD11c+ microglia 
subtype exist in humans?

The	answer	to	this	question	is	partially	given	by	the	findings	presented	in	this	
thesis.	 In	 chapter 2	we	 have	 described	 for	 the	 first	 time,	 that	 during	 human	
development,	and	especially	from	GW9-12,	microglia	are	enriched	in	genes	that	
are	 known	 signature	 genes	 of	 CD11c+ mouse	microglia,	 including	AXL, APOE, 
TREM2 and ITGAX	(CD11C).

When	 it	 comes	 to	 the	 disease	 context,	 findings	 on	 this	 matter	 are	 less	
uniform	(Table	1). In	chapter 4	we	present	one	of	the	few	studies	investigating	
AD-induced	changes	 in	the	transcriptome	of	viable	microglia,	reflecting	the	 in	
vivo	 state	 of	microglia	 as	 closely	 as	 possible.	 Surprisingly,	 we	 did	 not	 detect	
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CD11c+-like	microglia	nor	any	other	differences	in	the	transcriptomes	between	
microglia	from	AD	and	control	donors	at	the	bulk	and	single-cell	level.	In	another	
study	investigating	viable	microglia	in	AD,	there	was	even	a	depletion	of	CD11c+ 
signature	genes	reported	in	microglia	of	AD	compared	to	control	donors	(Olah	
et	al.,	2020).	The	investigation	of	microglia	nuclei	in	tissue	of	AD	donors	led	to	
findings	 ranging	 from	an	 increase	 in	homeostatic	genes	 (Zhou	et	al.,	2020)	 to	
the enrichment of CD11c+	 signature	 genes,	 but	 also	 to	 human-specific	 genes	
induced	 in	 AD	 versus	 control	microglia	 (Grubman	 et	 al.,	 2019;	Mathys	 et	 al.,	
2019).	 Investigation	 of	 a	 relatively	 high	 amount	 of	 microglia	 nuclei	 in	 two	
brain	regions	differentially	affected	by	AD	pathology	 led	to	 the	discovery	of	a	
human	 AD-associated	 microglia	 phenotype	 reminiscent	 of	 CD11c+	 microglia	
which	positively	correlates	with	Aß	load.	In	addition,	a	human-specific	microglia	
phenotype	was	detected	that	correlates	to	tau	load	in	AD	donor	tissue	(Gerrits,	
et	al.,	2021).	Concluding,	findings	on	viable	cells	and	nuclei	are	deviating,	which	
is	possibly	caused	by	differences	 in	the	number	of	matched	donors	and	cells/
nuclei	investigated	and	their	isolation	method	(Alsema	et	al.,	2020;	Gerrits,	et	
al.,	2021;	Wageningen	et	al.,	2021).

Summarizing,	besides	the	underlying	disease,	there	are	many	factors,	such	as	
age,	interindividual	differences	in	humans,	experimental	setup	and	brain	region,	
that	can	affect	the	microglia	transcriptome	(Dubbelaar	et	al.,	2018,	Figure	2)	and	
thereby	determine	whether	 CD11c+-like	microglia	 are	 detected	 in	 the	human	
disease	context.	Since	different	brain	regions	are	affected	in	a	time-dependent	
manner	by	AD	pathology	(Braak	and	Braak,	1997)	and	microglia	show	regional	
heterogeneity	(Grabert	et	al.,	2016;	Sankowski	et	al.,	2019),	the	investigations	
of	the	microglia	transcriptome	in	different	brain	regions	might	have	caused	the	
reported	differences	in	the	AD-associated	microglia	transcriptome	(Figure	2).	In	
addition,	the	interindividual	differences	observed	in	humans	have	a	great	impact	
on	 the	 transcriptional	data	 (Masuda	et	 al.,	 2019;	Alsema	et	 al.,	 2020;	Gerrits	
et	al.,	2021).	Concluding,	in	humans,	a	disease-associated	microglia	population	
resembling	 CD11c+	 microglia	 exist,	 in	 addition	 to	 human	 specific	 aspects	 of	
microglia	that	are	not	reflected	in	animal	models.	
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Figure 2: The kaleidoscope of microglia phenotypes: complexity of determining a microglia 
transcriptional profile.
This figure depicts examples of factors apart from the investigated disease that influence the 
microglia transcriptome, leading to differences in outcomes of studies investigating human 
microglia in disease and in the comparison to microglia in mouse disease models. Adapted from 
(Dubbelaar et al., 2018)

Table 1: Summary of studies investigating the human microglia transcriptome in AD.  (next page)
Abbreviations: AD = Alzheimer’s disease, CTR = control, DAM = disease-associated microglia, DLPFC 
= Dorsolateral prefrontal cortex, EC = entorhinal cortex, FC = frontal cortex, GFS = superior frontal 
gyrus, HAM = Human Alzheimer’s microglia, LPS = superior parietal lobe, MCI = mild cognitive 
impairment, NAWM/NAGWM = normal appearing white and  gray matter OC = occipital cortex, 
OCT = occipitotemporal cortex, PFC = prefrontal cortex, sc-RNAseq = single cell RNA sequencing, sn-
RNAseq = single nuclear RNA sequencing, TC = temporal cortex
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 authors, year 
region 

# of donors 
type of sequencing 

# of cells/ nuclei 
m

ain findings 
Grubm

an et al., 
2019 

EC (frozen) 
6 AD/ 6 CTR  

10X Genom
ics sn-

RNAseq 
13,214 

brain 
nuclei 

(m
icroglia: less than 

5%
 of total) 

APOE upregulation in m
icroglia, only scant overlap w

ith m
icroglia of M

athys et al., 
2019, highest gene expression differences in oligos, im

plicating role for m
yelination 

M
athys et al., 

2019 
PFC (frozen) 

24 AD/ 24 CTR 
10X Genom

ics sn-
RNAseq 

80,660 
brain 

nuclei 
(m

icroglia: 
3%

 
of 

total) 

Som
e overlap w

ith CD11c + m
icroglia, but also hum

an-specific genes such as C1QB, 
CD14, APOE upregulation; identified AD-induced dysregulation of genes involved in 
m

yelination 
Alsem

a et al., 
2020 

LPS, GFS (fresh 
autopsy) 

4 AD/ 1 M
CI/ 5 

CTR+/ 4 CTR 
(for sc) 
3 CTR/ 7 CTR+/ 
7 AD (for bulk) 
 

Bulk, barcoded 
Sm

artSeq2 and 10X 
Genom

ics sc-
RNAseq 

9,764 m
icroglia for sc 

No differences betw
een AD and CTR m

icroglia transcriptom
e at bulk and single cell 

level 

Lau et al., 2020 
PFC (frozen) 

12 AD/ 9 CTR 
10X Genom

ics sn-
RNAseq 

169,496 nuclei 
(m

icroglia: ~5%
 of 

total) 

Increase of im
m

une activation-related genes in m
icroglia of AD donors; also 

identified dysregulation of genes associated w
ith angiogenesis in endothelial genes 

and m
yelination in oligodendrocytes 

Olah et al., 2020 
DLPFC (AD/M

CI: 
fresh autopsy, 
CTR: fresh 
surgery) 

10 AD/ 4 M
CI/ 3 

CTR from
 

surgery 

10X Genom
ics sc-

RNAseq 
16,242 im

m
une cells 

cluster 7 enriched in CD11c+ genes, w
hich w

as depleted in AD  

Srinivasan et al., 
2020 

FC and TC 
(frozen) 

10 AD/ 15 CTR 
Bulk nuclei RNAseq  

100,000 m
icroglia/ 

donor 
Identified HAM

, different from
 CD11c + m

icroglia, enriched in age-associated genes, 
APOE upregulation 

Zhou et al., 2020 
DLPFC (frozen) 

11 AD (TREM
2-

CV)/ 10 AD 
(TREM

2-R62H)/ 
11 CTR 

10X Genom
ics sn-

RNAseq 
66,311 brain nuclei 
(m

icroglia:   ~10%
 of 

total) 

M
icroglia upregulate hom

eostatic genes in AD, Hum
an m

icroglia response to AD is 
different from

 m
icroglia in 5XFAD m

ice, but both TREM
2-dependent; 

oligodendrocytes reduce expression of m
yelination-associated genes in AD 

Gerrits et al., 
2021 

OC and OCT 
10 AD/ 3 CTR+/ 
5 CTR 

10X Genom
ics sn-

RNAseq 
482,472  
NEUN

negOLIG2
neg 

nuclei (148,606  
m

icroglia) 

2 AD-associated m
icroglia subclusters, AD1: correlates w

ith Aß, CD11c +-like; AD2: 
correlates w

ith tau, hum
an-specific subtype 
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4 The link between early life stress and later life diseases: 
microglia immune memory

Adversities	 in	 early	 life,	 such	 as	 infection	 or	 psychological	 stress,	 affect	 the	
microglia	 transcriptome,	disrupt	CNS	development	and	manifest	 in	adulthood	
as	 neurobiological	 and/or	 behavioral	 abnormalities.	 It	 is	 hypothesized	 that	
ELA	 programs	 the	 CNS	 in	 such	 a	way	 that	 together	with	 genetic	 factors	 and	
other	adverse	stimuli	in	life,	such	as	western-style	diet	or	chronic	adult	stress,	
this	 cumulatively	 dictates	 a	 predisposition	 for	 neurodevelopmental	 and	
neurodegenerative	 diseases	 (Van	 den	 Bergh,	 2011;	 Daskalakis	 et	 al.,	 2013;	
Knuesel	et	al.,	2014;	Estes	and	McAllister,	2016;	Madore	et	al.,	2020).

Maternal	 immune	 activation	 (MIA)	 causes,	 amongst	 others,	 increased	
synaptic	spine	density	in	adult	offspring	(Ikezu	et	al.,	2020).	Early	life	stress	(ELS)	
via	limited	bedding	and	nesting	interferes	with	neuroplasticity	causing	increased	
neurogenesis	at	P9	and	decreased	neurogenesis	at	P150	(Naninck	et	al.,	2015),	
which	is	associated	with	dementia	and	AD	(Schaefers	and	Teuchert-Noodt,	2016).	

Microglia	 are	 actively	 involved	 in	 shaping	 neuronal	 networks	 during	
development	(Paolicelli	et	al.,	2011;	Schafer	et	al.,	2012;	Matcovitch-Natan	et	
al.,	2016;	Vainchtein	et	al.,	2018;	Brioschi	et	al.,	2020;	Favuzzi	et	al.,	2021)	and	
also	they	are	directly	affected	by	ELA	unraveled	by	transcriptomic	alterations	in	
microglia	as	a	result	of	ELS	and	MIA	(Delpech	et	al.,	2016;	Matcovitch-Natan	et	
al.,	2016;	Mattei	et	al.,	2017;	Thion	et	al.,	2018b;	Ikezu	et	al.,	2020).	In	chapter 3 
we	have	demonstrated	that	even	after	a	delayed	time	of	approximately	7	months	
following	 stress	 induction,	 ELS	 induces	 a	 specific	 transcriptomic	 signature	 in	
microglia	that	plays	a	role	in	the	immune	response	and	protein	ubiquitination	
when	compared	to	controls.	Microglia	express	glucocorticoid	receptors	(Sierra	
et	al.,	2008)	and	thus	can	be	directly	affected	by	cortisol	signaling	(Sugama	and	
Kakinuma,	 2020),	 which	 is	 elevated	 by	 ELS	 (Rice	 et	 al.,	 2008).	 Furthermore,	
microglia	also	possess	a	variety	of	immune-associated	receptors	(Hickman	et	al.,	
2013;	Thion	et	al.,	2018b),	e.g.	toll	like	receptor	4	which	recognizes	LPS	(Park	and	
Lee,	2013),	with	which	they	can	respond	to	an	infectious	environment,	such	as	in	
the	MIA	model.	Responding	to	ELA	might	prevent	microglia	from	fulfilling	their	
synapse	forming	functions	and	can	thereby	contribute	to	long-term	impairments	
in	neuronal	network	formation.	

Both,	 ELS	and	MIA	 cause	behavioral	 abnormalities	 in	offspring	mice	when	
they	 are	 adult.	 For	 example,	 MIA	 induced	 with	 poly(I:C),	 causes	 symptoms	
related	to	schizophrenia	and	autism.	These	behavioral	symptoms	were	reversed	
by	 induction	 of	microglia	 paralysis	with	minocycline	 treatment	 and	microglia	
repopulation	 by	 temporary	 Csf1r	 inhibition	 (Mattei	 et	 al.,	 2017;	 Ikezu	 et	 al.,	
2020).	ELS	causes	increased	density	of	CD68-positive	microglia,	Aβ	plaque	load	
and	 decreased	 learning	 behavior	 in	 an	AD	mouse	model	 (Hoeijmakers	 et	 al.,	
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2017;	Lesuis	et	al.,	2018b),	which	were	reversed	with	enhanced	maternal	care	
during	the	first	week	of	life	(Lesuis	et	al.,	2017)	and	by	short-term	blocking	of	
glucocorticoid	receptors	(Lesuis	et	al.,	2018b).	Concluding,	ELA	leaves	a	lifelong	
footprint	on	CNS	functionality	and	the	behavior	of	an	animal,	whereby	microglia	
seem	to	have	a	crucial	role.	

Also	 in	humans,	maternal	 infections	during	pregnancy	 increase	 the	 risk	of	
the	 child	 to	develop	neuropsychiatric	 disorders	 in	 later	 life	 (Al-Haddad	et	 al.,	
2019;	 Han	 et	 al.,	 2021).	 Humans	with	 a	 history	 of	 ELS	 are	 prone	 to	 develop	
neurodevelopmental	disorders,	like	autism,	schizophrenia	and	depression	(Frodl	
et	al.,	2010;	Scott	et	al.,	2011),	and	also	dementia	and	neurodegenerative	diseases	
like	AD	(Donley	et	al.,	2018;	Tani	et	al.,	2020).	Cortisol	dysregulation	is	observed	
in	psychiatric	diseases,	like	depression,	anxiety	and	posttraumatic	stress	disorder	
(PTSD,	Qin	et	al.,	2016;	Zorn	et	al.,	2017),	and	in	neurodegenerative	diseases,	like	
AD,	Huntington’s	disease	and	Multiple	Sclerosis	(Aziz	et	al.,	2009;	Pereira	et	al.,	
2018;	Ouanes	and	Popp,	2019).	For	example,	in	AD	patients,	cortisol	levels	are	
elevated	and	cause	hippocampal	atrophy,	affects	amongst	others	cognition,	and	
is	even	thought	to	function	as	a	biomarker	for	AD	(Swaab	et	al.,	1994;	Lupien	et	
al.,	1998;	Ennis	et	al.,	2017;	Ouanes	and	Popp,	2019).	Stress-related diseases, like 
depression	and	PTSD	also	increase	the	risk	for	dementia,	AD	and	frontotemporal	
dementia	(Yaffe	et	al.,	2010;	Gracia-García	et	al.,	2015;	Bonanni	et	al.,	2018).	

GWAS	 identified	 risk	 loci	 for	 late	 onset	 AD	 overlapped	 with	 risk	 loci	 for	
major	depressive	disorder	(MDD,	Lutz	et	al.,	2020)	and	the	expression	of	MDD-
associated	risk	genes	was	dysregulated	in	brain	tissue	of	AD	mouse	models	and	
AD	patients	 (Ni	et	al.,	2018).	 Interestingly,	GWAS	studies	 identified	that	many	
genetic	risk	 loci	associated	with	AD	are	mainly	 located	 in	microglia	enhancers	
and	in	genes	belonging	to	the	glucocorticoid	system	(Lemche,	2018;	Nott	et	al.,	
2020).	

In	 short,	 there	 seems	 to	 be	 a	 connection	 between	 CNS	 developmental	
processes,	 microglia	 functioning	 and	 the	 occurrence	 of	 psychiatric	 and	
neurodegenerative	diseases.	But	how	are	these	entities	linked	molecularly?	

Microglia	can	store	past	experiences	in	their	epigenome	thereby	affecting	their	
responsiveness	to	future	stimuli,	a	process	termed	innate	immune	memory	(IIM,	
Eggen	et	al.,	2013;	Wendeln	et	al.,	2018).	Together	with	the	fact	that	microglia	
are	relatively	long-lived	cells	(Askew	et	al.,	2017;	Füger	et	al.,	2017;	Tay	et	al.,	
2017)	they	have	the	potential	to	confer	past	experiences	to	future	challenges.	
IIM	was	first	discovered	in	peripheral	macrophages	(Netea	et	al.,	2011).	Later,	
the	same	mechanism	was	uncovered	in	microglia.	Different	combinations	of	two	
stimuli	with	several	days	 to	months	 in	between	showed	on	 the	basis	of	gene	
expression	 levels	 of	 several	 cytokines	 an	 immune	 tolerant	 or	 training	 effect	
elicited	by	 the	second	stimulus	 (Neher	and	Cunningham,	2019).	For	example,	
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when	 pregnant	 dams	 or	 adult	mice	were	 challenged	with	 LPS	 followed	 by	 a	
re-challenge	in	adulthood,	microglia	reduce	the	expression	of	proinflammatory	
cytokines	Tnfα	and	IL-1β	(immune	tolerance,	Schaafsma	et	al.,	2015;	Schaafsma	
et	al.,	2017).	Oppositely,	deletion	of	the	gene	coding	for	the	DNA	damage	repair	
enzyme	Ercc1	causes	a	phenotype	of	accelerated	aging	and	 together	with	an	
LPS	challenge	 in	adult	mice	 leads	 to	an	 increase	 in	proinflammatory	cytokine	
expression	(immune	training,	Raj	et	al.,	2014a),	which	seems	to	be	a	common	
response	of	microglia	in	different	neurodegenerative	disease	models	and	aging	
(Holtman	et	al.,	2015b).	

In	chapter 5	we	have	identified	the	genome-wide	transcriptional	profiles	of	
immune	 tolerant	 and	 trained	microglia.	We	 have	 confirmed	 gene	 expression	
of	 specific	 genes	 identified	 earlier	 (Raj	 et	 al.,	 2014a;	 Holtman	 et	 al.,	 2015b;	
Schaafsma	et	al.,	2015,	2017)	and	completed	 them	with	 the	 full	 set	of	genes	
belonging	to	the	tolerant	and	trained	expression	signature.	A	fraction	of	these	
genes	involved	in	inflammation	and	apoptosis,	was	overlapping	although	their	
expression	was	regulated	in	opposite	directions,	indicative	of	epigenetic	control.	

The	concept	of	IIM	can	not	only	be	applied	to	inflammatory	stimuli,	but	also	
to	other	signals	such	as	ELS.	In	chapter 3,	we	have	shown	that	microglia	IIM	can	
also	be	induced	by	ELS.	One	week	of	ELS	in	the	first	week	of	life	impacts	microglia	
development	from	postnatal	day	(P)9	to	P200	and	affects	the	responsiveness	of	
adult	microglia	to	LPS-treatment	at	a	genome-wide	level.

IIM	is	regulated	by	epigenetic	mechanisms	that	are	imprinted	in	the	epigenome	
of	 microglia	 after	 the	 first	 stimulus	 and	 thereby	 differentially	 regulating	 the	
response	to	a	secondary	stimulus	(Eggen	et	al.,	2013;	Neher	and	Cunningham,	
2019).	 In	 chapter 5	we	 have	 shown	 that	 the	 tolerant	microglia	 phenotype	 is	
likely	regulated	by	a	loss	of	permissive	histone	marks	(H3K4me3	and	H3K27ac),	
whereas	the	training	microglia	phenotype	is	controlled	by	enrichment	of	those	
marks	at	enhancer	regions	of	relevant	genes.	Additionally,	both	phenotypes	are	
regulated	by	specific	transcription	factor	sets	causing	the	opposite	regulation	of	
the	same	genes	in	the	two	different	conditions.	A	role	for	epigenetic	regulation	of	
IIM	was	also	identified	in	microglia	tolerance	and	training	induced	by	recurrent	
LPS	injections,	which	was	abolished	by	a	microglia-specific	knockout	of	histone	
deacetylase	1	and	2	(Wendeln	et	al.,	2018).	LPS-induced	microglia	tolerance	or	
training	modulated	Aβ	pathology	associated	with	specific	H3K4me1	and	H3K27ac	
profiles	in	an	AD	mouse	model	(Wendeln	et	al.,	2018),	further	underlining	long-
term	impact	of	IIM	on	microglia	functionality.	Similarly,	mice	that	received	ELS	
and	 adult	 social	 defeat	 stress	 possessed	 a	 specific	H3K4me3	profile	 that	was	
different	from	mice	that	only	experienced	adult	stress	(Reshetnikov	et	al.,	2021).	
Further	 evidence	 for	 microglia	 epigenetic	 control	 of	 ELA-induced	 effects	 on	
adult	behavior	is	derived	from	a	study	where	neonatal	handling	of	rats	caused	
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decreased	methylation	levels	at	the	Il-10	gene	in	microglia,	leading	to	increased	
expression	of	this	gene	and	a	reduction	in	drug	seeking	behavior	of	adult	rats	
treated	with	morphine	(Schwarz	et	al.,	2011).	Based	on	these	results,	it	is	likely,	
that	also	the	ELS-induced	differences	in	microglia	LPS	responsiveness	shown	in	
chapter 3	are	conferred	by	epigenetic	mechanisms.	

These	findings	 render	ELA-induced	epigenetic	marks	 in	microglia	potential	
therapeutic	targets	to	(partially)	reverse	ELA	effects	on	developmental	processes	
and	to	also	lower	the	risk	for	the	development	of	diseases	in	later	life		(Short	and	
Baram,	2019;	Torres-Berrío	et	al.,	2019;	Desplats	et	al.,	2020).

5 Future outlook on the era of single cell sequencing technology 
and microglia biology

Over	the	last	decade	sample	processing	and	sequencing	technology	constantly	
developed	and	the	possibility	to	sequence	the	transcriptome	of	single	cells	was	
a	great	breakthrough	not	only	in	the	field	of	microglia	biology	(Svensson	et	al.,	
2018).	A	huge	collection	of	microglia	single-cell	transcriptional	profiles	in	healthy	
and	diseased	mice	and	humans	were	generated	(Brioschi	et	al.,	2019;	Kubick	et	
al.,	2020;	Masuda	et	al.,	2020;	Ochocka	and	Kaminska,	2021).	While	we	gained	
a	detailed	insight	into	transcriptional	heterogeneity	of	microglia	in	a	variety	of	
conditions,	the	scRNA-seq	technology	also	has	technical	drawbacks	(Kubick	et	al.,	
2020;	Miedema	et	al.,	2020)	and	rises	biological	questions	for	future	research.	

With	 scRNA-seq	 only	 the	most	 abundantly	 expressed	 genes	 are	 detected,	
indicating	that	we	are	currently	not	aware	of	the	entire	gene	expression	signature	
of	microglia	subtypes	described	in	literature.	Bulk	RNAseq	is	the	most	sensitive	
RNA	 sequencing	 method	 and	 ensures	 detection	 of	 lowly	 expressed	 genes,	
thus	 provides	 the	most	 complete	 transcription	 profile	 of	microglia.	 However,	
by	pooling	all	microglia	that	are	present	in	a	given	context,	the	transcriptome	
of	a	small	microglia	subtype	might	be	obscured	by	the	major	subtype	present.	
It	would	be	valuable	to	enhance	the	sensitivity	of	scRNA-seq	techniques	or	to	
improve	 in	 silico	deconvolution	 strategies	of	 bulk	RNA-seq	data	 in	 the	 future	
to	obtain	 the	 full	 picture	of	microglia	 subtypes.	 This	would	 also	 facilitate	 the	
comparison	of	subtypes	and	might	give	answers	to	the	discussion	about	whether	
different	 subtypes	 now	 described	 in	 literature	 in	 fact	 represent	 the	 same	 or	
different	entities	(discussed	in	paragraph	3.2).

Furthermore,	 spatial	 information	 about	 the	 currently	 described	 microglia	
subtypes	 is	 largely	missing.	 To	 address	 this	 research	 question,	 in	 and	 ex	 situ	
sequencing	technologies	are	available	in	which	the	spatial	information	is	retained	
next	to	the	identification	of	gene	expression	profiles	(Lein	et	al.,	2017;	Miedema	
et	al.,	2020).	This	is	possible	with	a	resolution	of	55	µm	(10x	Genomics	Spatial	
Visium),	which	is	approaching	single	cell	resolution.
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Open	 questions	 that	 emanate	 from	 our	 gained	 knowledge	 of	 microglia	
transcriptional	heterogeneity	are:	 In	how	far	 is	the	transcriptome	of	microglia	
translated	 to	 the	proteome?	What	are	 the	 functions	of	microglia	 subtypes	 in	
the	 conditions	 identified	 and	 can	 the	 same	 functionality	 have	 detrimental	
and	beneficial	effects	on	the	CNS	dependent	on	which	condition	it	resides	in?	
Do	 subtypes	with	 slight	differences	 in	 gene	expression	profiles	have	different	
functions?	Can	microglia	subtypes	be	used	as	therapeutical	targets	in	the	future?

Regarding	 the	 first	 question,	 often	 single	 genes	 differentially	 expressed	
between	microglia	subtypes	in	a	specific	condition	are	validated	at	the	protein	
level	with	 immunohistochemistry	 (IHC),	 ensuring	 that	 transcriptomic	 changes	
do	 translate	 into	 proteomic	 changes	 (Gerrits,	 et	 al.,	 2021;	 Keren-Shaul	 et	
al.,	 2017;	 Kracht	 et	 al.,	 2020).	 IHC	 can	 only	 be	 applied	 to	 a	 small	 subset	 of	
detected	 genes/proteins	 and	 does	 not	 cover	 the	 full	 gene	 set.	 Discrepancies	
between	the	transcriptome	and	protein	within	one	cell	were	detected	due	to	
mRNA	modifications,	post-translational	modification	of	proteins,	synthesis	and	
degradation	of	proteins	(Kumar	et	al.,	2016;	Liu	et	al.,	2016;	Boutej	et	al.,	2017;	
Hoogendijk	et	al.,	2019).	Specifically	in	microglia,	translational	repression	of	LPS-
induced	genes	mediated	by	the	RNA	binding	protein	SRSF3	was	detected,	leading	
to	 an	 immunomodulatory/homeostatic	 proteome	 in	 LPS-challenged	microglia	
(Boutej	et	al.,	2017),	indicating	that	the	transcriptome	is	not	necessarily	a	good	
proxy	for	the	proteome.

There	are	different	techniques	available	to	identify	the	proteome	of	cells,	for	
example	single-cell	cytometry	by	time	of	flight	(CyTOF)	or	imaging	CyTOF,	which	
is	the	proteomic	equivalent	to	ex	situ	mRNA	sequencing.	CyTOF	is	a	combination	
of	 cytometry	and	mass	 spectrometry	 in	which	 cells	 are	 labelled	with	a	panel	
of	approximately	60	antibodies	that	are	conjugated	to	heavy	metal	isotopes	to	
identify	 the	 expression	 of	 intracellular	 and	membranous	 proteins	 (Bendall	 et	
al.,	2011;	Fernández-Zapata	et	al.,	2020).	CyTOF	analysis	confirmed	the	protein	
expression	 of	microglia-specific	 genes	 such	 as	 P2RY12,	 TMEM119,	 TGF-β	 and	
TREM2	in	human	microglia	(Böttcher	et	al.,	2019).	Interestingly,	it	is	also	possible	
to	simultaneously	measure	surface	proteins	and	mRNA	expression	in	single	cells	
with	cellular	indexing	of	transcriptomes	and	epitopes	by	sequencing	(CITE-seq)	
and	RNA	expression	and	protein	sequencing	assay	(REAP-seq),	which	enhanced	
the	description	of	cellular	phenotypes	 (Peterson	et	al.,	2017;	Stoeckius	et	al.,	
2017).

If	it	holds	true	that	the	proteome	differs	in	respect	to	the	transcriptome,	it	
remains	to	be	determined	whether	microglia	subtypes	indeed	have	these	range	of	
different	functionalities	currently	attributed	to	them	based	on	RNAseq,	whether	
slight	 transcriptional	 differences	 are	 functionally	 meaningful	 and	 whether	
microglia	subsets	have	spatiotemporal	differences	 in	 functionality.	 	Therefore,	



176

Chapter 6

the	 next	 step	 in	 microglia	 biology	 is	 the	 great	 challenge	 of	 evaluating	 the	
functions	of	microglia	subtypes.	Recent	developments	in	single-cell	sequencing	
technology	for	example	allow	for	the	combinatorial	measurement	of	interactions	
and	transcriptomes	of	single	cells	 (Clark	et	al.,	2021)	and	 identification	of	the	
transcriptome	 in	 single,	 viable	 cells,	 enabling	 time	 series	 of	 transcriptomic	
measurements	 or	 the	 combination	of	 transcriptomic	 and	 functional	 readouts	
from	the	same	cell	(Chen	et	al.,	2021).	To	fully	understand	the	importance	of	a	
specific	microglia	subtype	in	a	given	condition,	it	is	required	to	identify	the	impact	
of	depletion	(Green	et	al.,	2020)	or	modulation	of	a	subtype	on	the	condition	it	is	
residing	in	by	gene	knock	in/down	and	to	perform	functional	assays	of	microglia	
subtypes	in	(humanized)	mouse	models	(Hasselmann	and	Blurton-Jones,	2020;	
Fattorelli	et	al.,	2021)	or	brain	organoids	derived	from	human	pluripotent	stem	
cells	(Xu	et	al.,	2021).

In	conclusion,	only	when	the	functionalities	and	their	potential	detrimental	
effects	of	specific	microglia	subsets	are	identified,	microglia-specific	treatment	
or	intervention	strategies	for	CNS	diseases	can	be	envisioned.
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