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Microglia under homeostatic conditions 
 
The origin and development of microglia 
Microglia are the macrophages of the central nervous system (CNS) with an ontogeny 
that is distinct from other tissue-resident macrophages. In mice, CNS macrophages 
and other tissue-resident macrophages are derived from erythro-myeloid progenitors 
(EMPs) that originate in two waves of yolk sac Runx1+ hemogenic endothelium: the 
early Kit+Cd41+ EMPs at E7.5 and late Myb+ EMPs at E8.5, respectively (fig. 1). The first 
wave of EMPs differentiates locally into Kit+Csf1r+ EMPs and yolk sac macrophages 
(Ginhoux et al., 2010; Hoeffel et al., 2015). Subsequently, these yolk sac macrophages 
start to express Cx3cr1 and Iba1 at E9.5. Starting from E9.5, these amoeboid cells 
colonize the neural tube and form early microglia (Cd11blowSall1+) at E10.5 (Ginhoux 
et al., 2010; Hoeffel et al., 2015). At E14, early microglia proliferate and engraft in the 
neuroectoderm with a typical microglia morphology, referred to as pre-microglia 
(Kierdorf et al., 2013).  

The second wave of multipotent EMPs proliferates and differentiates into C-Myb+ 
EMPs at E8.5, then migrates to the fetal liver through the blood circulation at E9. At 
E12.5 the fetal liver starts to generate myeloid progenitors, which later on 
differentiate to fetal monocytes, which are the source of peripheral tissue-resident 
macrophages at birth (Hoeffel et al., 2015). These fetal monocytes do not contribute 
to the microglial population from E13.5 when the blood-brain barrier is formed or 
afterwards. Summarizing, these studies indicate that microglia, compared to 
peripheral macrophages, have a unique origin and different developmental program. 

Using a combination of gene expression profiling and epigenetic characterization, 
three stages of microglial development were identified. Early microglia (until E14), 
pre-microglia (from embryonic day 14 to a few weeks after birth), and adult microglia 
(a few weeks after birth onwards) (Matcovitch-Natan et al., 2016). Microglia 
progenitors (investigated at E10.5 to E12.5) prior to colonization of the CNS express 
genes involved in defense response and hematopoietic fates (e.g. Lyz2 and Pf4), while 
early microglia (investigated at E10.5 to E14 or E14.5) express genes associated with 
proliferation and cell cycle. A subset of genes identified at the stage of pre-microglia 
(investigated at E16.5 to P9) are related to neural migration, neurogenesis, and 
cytokine secretion, indicating the role of microglia in synaptic pruning and neural 
maturation. Finally, microglia in the adult brain (e.g. 8-week old mice) acquire 
functions involved in tissue maintenance and signaling and express typical microglia 
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genes (Matcovitch-Natan et al., 2016; Thion et al., 2017). In terms of microglial density, 
in the first three postnatal weeks, microglia proliferate with the increase of brain 
weight without infiltration of blood-derived monocytes (Askew et al., 2017). In the 
following three weeks, the number of microglia rapidly decreases and reaches a steady 
state in adult level (Nikodemova et al., 2015). 

 

 
 

Figure 1. The origin of microglia. The ontogeny and development of microglia and other tissue-resident 
macrophages in mice. Microglia arise from the first wave of EMPs at E7.5, after proliferation, differentiation, 
and colonization of the CNS, microglia develop through a stepwise program, described by several main 
stages (YS macrophages, early microglia, pre-microglia, and adult microglia). Tissue macrophages derived 
from a second wave of EMPs at E8.5 and one of the models (tissue macrophages in adult mice are generated 
from YS-derived tissue macrophages, or fetal liver monocytes derived tissue macrophages, or bone marrow-
derived monocytes) is illustrated. This figure is adapted from Hoeffel et al., (2015) and Li and Barres, 
(2017). Other references are provided in the text. 

 
Microglia identity 
The tissue microenvironment is a key factor in the identity of tissue macrophages 
(Gosselin et al., 2014; Lavin et al., 2014). To identify genes selectively expressed by 
microglia, studies have compared the gene expression profiles of microglia to other 
CNS cells or to other tissue-resident macrophages in mice and humans (Butovsky et 
al., 2014; Chiu et al., 2013; Galatro et al., 2017; Gautier et al., 2012; Gosselin et al., 2014; 
Gosselin et al., 2017; Hickman et al., 2013; Lavin et al., 2014; Orre et al., 2014; Zhang 
et al., 2014). These studies describe a group of genes expressed in mouse microglia, 
including Cx3cr1, Fcrls, Gpr34, Hexb, P2ry12, P2ry13, Sall1, Tmem119, and Trem2. Many 
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of these genes are expressed in homeostatic microglia and their expression is 
downregulated during neurodegenerative conditions or after an inflammatory 
challenge like LPS (Keren-Shaul et al., 2017; Krasemann et al., 2017). 

In mice, Sall1 has been shown to control the microglial transcriptional signature 
and to maintain their physiological properties in the brain (Buttgereit et al., 2016). 
Sall1-deficient microglia downregulate microglia signature genes, such as P2ry12 and 
Slc2a5, meanwhile, the genes associated with other tissue-resident macrophages are 
upregulated (e.g. peripheral macrophages-expressed Msr1 and Stard13, spleen 
macrophages-expressed Igf1). Sall1-deficient microglia also acquired an activated 
morphology, larger soma, shorter and thickened processes. Sall1 is primarily 
expressed in microglia, and monocytes that infiltrate the CNS after irradiation, bone 
marrow transplantation or in inflammatory disease models (e.g. EAE) do not express 
Sall1 (Buttgereit et al., 2016). 

TGF-β was reported to be critical for microglia development and to regulate the 
expression of a large set of genes and the CNS of Tgfb deficient mice (IL2Tgfb-Tg-Tgfb−/−) 
lacked microglia (Butovsky et al., 2014). To investigate the role of TGF-β receptor 
signaling in adult microglia, Buttgereit et al. conditionally deleted Tgfbr2 in microglia 
(Sall1CreER:Tgfbr2fl/fl) and observed that Tgfbr2 deficient microglia exhibited an altered 
surface phenotype and elevated cytokine expression, although the survival of 
microglia was not affected (Buttgereit et al., 2016). Furthermore, Krasemann and co-
workers recently reported that under neurodegenerative conditions, activation of a 
Trem2-Apoe pathway resulted in a loss of microglia homeostatic gene expression and 
an increased expression of Clec7a, Lgals3, Itgax, and Ccl2 genes (Krasemann et al., 
2017).  

In addition to these gene expression profiling studies, a series of epigenetic 
experiments have identified the transcription factors that are critical for microglia 
gene expression. The epigenetic signature of microglia and macrophages showed that 
the promoter and enhancer profiles of tissue-resident macrophages contain both 
common and lineage-specific binding sites for putative transcription factors (Gosselin 
et al., 2014; Lavin et al., 2014). Microglia-specific Pu.1 binding sites are also enriched 
for transcription factor-binding motifs for Smad, Mef2, and CtcfL. In addition, 
transcription factors Mafb, Stat3, Usf1, and Smad2 directly affect Pu.1 binding 
(Gosselin et al., 2014). These transcription factors contribute to the microglia 
phenotypes by affecting microglia development, phagocytosis, chemotaxis, and 
neurotoxicity.  
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During microglia development and survival, Pu.1 and Csf1R are critical (Nayak et 
al., 2014) and myeloid development is compromised in mice lacking Pu.1 (Beers et al., 
2006). Moreover, an altered immune state of Mef2c-deficient microglia indicates that 
Mef2C limits the microglia immunoresponse and is important for the maintenance of 
microglia homeostasis (Deczkowska et al., 2017). The expression of transcription 
factor MafB increases from pre-phase to adult microglia and plays a role in the 
antiviral response and homeostasis regulation (Matcovitch-Natan et al., 2016).  
 
Microglia function during neurodevelopment 
Increasing evidence indicates that microglia are involved in neurodevelopment by 
supporting neurogenesis, pruning synapses, and removal of excess neurons. 

Microglia-released neurotrophins, e.g., Igf1 and Bdnf, are essential for neural 
circuit formation. Parkhurst et al. showed that microglial depletion of Bdnf expression 
impaired learning and memory behavior by reduction of motor learning dependent 
synapse formation. In the absence of Bdnf, the activation of neuronal receptor TrkB 
(tropomyosin-related kinase receptor B), a crucial mediator of synaptic plasticity, is 
reduced (Parkhurst et al., 2013). Another study reported that microglia-derived Igf1 
supported the survival layer V cortical neurons. Transient depletion of microglia in 
Cd11b-DTR mice increased neuronal apoptosis in layer V through a Cx3cr1-dependent 
mechanism, the similar effects on neurons could be recapitulated by Cx3cr1 deletion 
or blocking IGF-1 signaling (Ueno et al., 2013). 

Microglia are also highly involved in synapse pruning. Paolicelli et al. reported that 
during normal brain development, synapses were engulfed and eliminated by 
microglia. In Cx3cr1 knockout mice, microglia cell density was transiently reduced and 
synaptic pruning was delayed (Paolicelli et al., 2011). Dap12 is exclusively observed 
in microglia in CNS and DAP12 deficient mouse exhibited impaired synaptic function 
and plasticity, which might be due to the alteration of Bdnf-TrkB signaling during 
microglia-neuron interaction (Roumier et al., 2004). 

Besides supporting neurogenesis and synaptogenesis, microglia can also 
contribute to neuronal programmed cell death (PCD) and phagocytosis of dead 
neurons (Arnoux and Audinat, 2015; Bessis et al., 2007; Sierra et al., 2013). A high rate 
of neuronal cell death was reported in the subplate and layer II/III in the first 7 
postnatal days in rats, which coincided with the presence of amoeboid microglia 
indicating clearance of dead neurons by microglia (Ferrer et al., 1990). By sensing 
fractalkine and extracellular nucleotides released by apoptotic neurons, microglia 
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detect phosphatidylserine (PS) on apoptotic cells and engulf synapses in the 
phagosome, where apoptotic cells are degraded (Sierra et al., 2013). C1q was 
expressed by postnatal neurons and localized to synapses. The downstream 
complement protein C3 could activate its receptor, Cr3, expressed by microglia and 
initialize synapse elimination. In C1q knockout mice, synaptic refinement is perturbed 
and synaptic density is increased (Stevens et al., 2007). In vivo phagocytosis assays 
showed that C3- or Cr3-deficient microglia from postnatal day 5 mice were incapable 
to engulf retinal ganglion (Schafer et al., 2012). 
 
Microglia heterogeneity 
A growing body of evidence shows that microglia, which comprise 5-12% of the CNS 
cell population consist of many different phenotypes and morphologies. Microglia 
heterogeneity may result from variations in the microenvironment in different CNS 
regions (e.g. white matter and grey matter), neuronal subtypes, blood-brain barrier 
permeability, developmental stages, as well as gender. 

Regional microglia heterogeneity: CNS regions are distinct in terms of biochemical 
and cellular composition, circuitry, and functions, which increases the possibility of 
the diverse requirement of support and assistance from glial cells (Hanisch, 2013). 
The morphology, phenotype, and immune response of microglia display region-
dependent heterogeneity. Generally speaking, microglia morphology is partially 
depending on their location (Lawson et al., 1990; Yang et al., 2013). Expression of 
immune-regulatory proteins, e.g. Cd11b, Cd40, and Cx3cr1, in healthy CNS, showed a 
region-dependent heterogeneity (De Haas et al., 2008). In addition, microglia from the 
substantia nigra are more susceptible to LPS challenge due to higher microglial 
density and Tnfr1 expression (Yang et al., 2013). A more detailed study of the basal 
ganglia region revealed region-specific phenotypes of microglia and this microglial 
diversity is partly shaped by local cues (De Biase et al., 2017).  

Gender-dependent microglia heterogeneity: The density, morphology, gene 
expression, function, and response to stimulation of microglia exhibit gender-
dependent differences in specific brain regions during development. Although the 
number of microglia are comparable between both genders at E18, it is already 
distinct 3-4 days after birth, and more microglia were observed in male mice with 
larger cell somas and shorter branches. In contrast, during early adulthood, an 
increased number of microglia was observed in females, with thickened and long 
processes in sub-regions of hippocampus, amygdala, and parietal cortex (Lenz et al., 
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2013; Schwarz et al., 2012). Besides density and morphology, microglia can also be 
sexually dimorphic with regard to gene expression. Crain et al. investigated the gene 
expression profile of acutely isolated microglia at five different time points (from 3 d 
to 12 m) and found that microglia from females expressed higher levels of 
inflammatory cytokines but exclusively in three-day-old mice (Crain et al., 2009). A 
similar study reported that the gene expression of purinergic P2 receptors, such as 
P2X1, P2X4, and P2X5 was sexually dimorphic (Crain et al., 2009). In addition, a study 
in primary microglia showed that microglia in male mice had a higher migration but 
lower phagocytic activity than in females (Yanguas-Casás et al., 2017). Although the 
cause of this dimorphic microglia response has not been clarified, the effect of 
hormonal expression on brain development contributes to their heterogeneity. It has 
been shown that estradiol-induced prostaglandin E2 (PGE2) production induced 
amoeboid microglial morphology in the preoptic area (POA) (Lenz et al., 2013). 
 
Longevity and turnover of microglia  
Over the last few years, insight in microglial longevity, proliferation, and turnover has 
been obtained by taking advantage of newly developed techniques of genetic lineage 
tracing and imaging in mice. The common notion is that microglia have a relatively 
low proliferation rate under homeostatic conditions, which has been supported by 
recent findings (table 1). Füger et al. labeled a small population (2%, depending on the 
amount of tamoxifen administered) of microglia by Cre-induced microglia-specific 
excision of a stop-flox cassette in front of a tdTomato reporter gene, which allowed to 
repeatedly image individual cells using multiphoton microscopy over a period of 61 
weeks. Their results indicated that the lifespan of microglia is at least 15 months and 
approximately half of the population persisted throughout the lifespan in the 
neocortex (Füger et al., 2017). Tay et al. used a genetic fate mapping strategy in 
Cx3cr1creER:R26Rconfetti mice and microglia were tagged by stochastic multicolor 
fluorescence. Additional labeling of cells with BrdU and EdU allowed the tracking of 
individuals, proliferating microglia over 1 week. The turnover of microglia was 
estimated as 41, 15, and 8 months in the cortex, hippocampus, and olfactory bulb, 
respectively (Tay et al., 2017). Based on retrospective 14C measurements of sorted 
microglia from 20- to 70-year-old donors, the study from Réu et al. suggests that the 
average turnover rate of human microglia is 4.2 years (Réu et al., 2017). By BrdU 
(incorporated during DNA synthesis) staining, Askew et al. found 0.69% proliferating 
microglia in healthy mouse brain and postulated that microglia are replaced every 96 
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days, while the turnover of human microglia is even faster, with an average of 66 days 
based on Ki67 staining (Askew et al., 2017). The conclusion from Askew et al. is 
different from that of three other groups, which could be caused by the different 
methods used and the investigated period. Another result from the study of Réu et al. 
indicated that on average 0.14% of Iba1+ cells were proliferating (labeled by IdU), 
which might be due to the limited sample size and aberrant microglia turnover of 
those 2 cancer patients. Nevertheless, microglia are indeed longlived. 
 

Table 1. microglia lifespan 
 

Species Method Monitor 
time Turnover  Region difference Disease 

condition Reference 

Mouse 
Human BrdU label 2 h to 5 m 96 d 2.6% in DG, 1.38% in 

other mouse regions 
faster in 
humans 

Askew et 
al., 2017 

Mouse fluorescence label, 
EdU and BrdU label 36 w >15.5 m 

0.075% in CTX, 
0.221 in hippo, 0.387 
in OB 

faster after 
LPS injection 

Tay et al., 
2017 

Mouse single cell imaging 61 w >15 m - faster near 
plaques 

Füger et al., 
2017 

Human 
 
IdU 
atmospheric 14C 

 
20-70 y 
old donors 

 
4.2 y 

 
0.08% in CFL and OL 

 
- 

 
Réu et al., 
2017 

 
BrdU, 5-bromo-2'-deoxyuridine; EdU, 5-ethynyl-2'-deoxyuridine; IdU, 5-Iodo-2'-deoxyuridine; 14C, Carbon-14. 
DG, dentate gyrus; CTX, cortex; Hippo, hippocampus; OB, olfactory bulb; CFL, cortical frontal lobe; OL, occipital lobe. 
 
Infiltration of myeloid cells in the CNS  
In the healthy CNS, the density of microglia is stable and achieved by balanced 
proliferation, apoptosis, and migration (Askew et al., 2017). Microglia nearby 
apoptotic microglia are able to proliferate and migrate to neighboring areas. In 
apoptosis-deficient mouse models (e.g. Vav-Bcl2 overexpressing mice), the density of 
microglia increased (Askew et al., 2017). Whether the newly formed microglia are 
functionally identical to the cells they replaced is unclear.  

Increasing evidence has shown that under homeostatic conditions, the microglia 
population is maintained throughout adulthood without monocyte infiltration 
(Bruttger et al., 2015). In genetic ablation- or pharmacological depletion models, e.g. 
the Cx3cr1CreER:iDTR mouse model or after treatment with a Csf1r inhibitor, microglia 
renew exclusively from internal pools (Bruttger et al., 2015; Buttgereit et al., 2016).  

Under specific conditions, myeloid cells from the bone marrow are able to infiltrate 
into the CNS, as has been demonstrated in bone marrow chimeric mice. Lethally 
irradiated Cx3cr1CreER:iDTR mice (6 weeks after tamoxifen treatment) were 
reconstituted with bone marrow of eYFP reporter mice. Seven days after microglia 
depletion, more than 90% of the CNS myeloid cells were eYPF positive, suggesting that 
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the newly formed “microglia” were not repopulated by endogenous microglia but by 
bone marrow-derived microglia-like cells. After 12 weeks, the endogenous microglia 
(eYFP-) and infiltrated macrophages (eYFP+) could not be distinguished by Iba1 
staining. However, transcriptome analysis of these two populations showed that more 
than 1,000 genes were differentially expressed and microglia-specific genes were 
lower expressed in bone marrow-derived cells, e.g. Csf1, P2yr12, Mertk, Hexb, and 
Tmem119, indicating their distinct gene expression signatures 4 weeks after 
infiltration (Bruttger et al., 2015). This different level of gene expression was also 
observed in experimental autoimmune encephalomyelitis, an inflammatory mouse 
model for multiple sclerosis, e.g. the infiltrated cells fail to express one of the microglia 
signature genes, Sall1 (Bruttger et al., 2015; Buttgereit et al., 2016). Most likely, the 
infiltration of bone marrow-derived myeloid cells is facilitated by blood-brain barrier 
damage after irradiation. Whether peripheral monocytes by infiltration contribute to 
the microglia population in humans with neurodegenerative diseases needs to be 
determined. 
 

Microglia during inflammation 
 
Microglia activation 
Immune cells are able to recognize microorganisms via specific receptors and initiate 
a pathogen-specific response to defend the host. The conserved molecular structures 
of pathogens are pathogen-associated molecular patterns (PAMPs), e.g. LPS and β-
glucan molecules from gram-negative bacteria or fungi, respectively. Different PAMPs 
activate immune cells via pattern recognition receptors (PRRs, e.g. Toll-like receptors 
and C-type lectin receptors). Activated immune cells increase the cytokine and 
chemokine production and increase the phagocytic activity. 

A well-studied PRR pathway is LPS-TLR4 initiated NF-κB signaling. When (innate) 
immune cells are exposed to LPS, the LPS-TLR4 homodimers recruit adaptor proteins 
TRAP and MyD88. This complex recruits IRAK (IL1R-associated kinases) and TRAF6 
(TNFR-associated factor 6), leading to IRAK phosphorylation and TRAF6 activation. 
Activated TAK1 (TGF-β activated kinase 1) in turn phosphorylates IKK (IκB kinase). 

In homeostatic microglia, NF-κB activity is suppressed by IκBs, and after TLR 
stimulation, activated IKKs phosphorylate IκBs, resulting in the dissociation of IκBs 
from NF-κB. The released NF-κB is able to enter the nucleus and initiates the 
transcription of proinflammatory genes (fig. 2). 
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Inflammasomes are multiprotein oligomers that can process and secrete cytokines 
and induce pytoptosis after activation (Martinon et al., 2002). The inflammasome 
consists of NLRs (nucleotide-binding oligomerization domain and leucine-rich repeat-
containing receptors), which can be activated by PAMPs, protein aggregates, or 
cellular stressors; adaptor proteins that facilitate the formation of the inflammasome 
complex (e.g. ASC, apoptosis-associated speck-like protein containing a caspase 
recruitment domain); and caspases that are involved in cleavage and activation of 
inflammatory substrates (e.g. caspase 1-mediated conversion of pro-Il1b to mature 
Il1b) (Kanneganti, 2015). The inflammasome is an important component of the innate 
immune system and besides its critical role in activating members of the interleukin-
1 family, inflammasome activation also induces pyroptosis, a particular form of 
programmed cell death (Lamkanfi, 2011). Inflammasome activation is also involved in 
host defense in the CNS (Walsh et al., 2014) and associated with CNS disorders, for 
instance, it is reported to be required for amyloid β deposition in mouse models for 
Alzheimer’s disease (Venegas et al., 2017). 

 
Figure 2. LPS-TLR4 signaling pathway. NF-κB signaling is activated by LPS binding to TLR4. The NF-κB 
transcription factors translocate to the nucleus after release from phosphorylated IκB and bind to the 
promoters of proinflammatory genes to initiate transcription. This figure is adapted from Murshid et al., 
(2015). 
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Peripheral inflammation, induced by intraperitoneal injection of LPS, results in 
rapid activation of microglia in mice. The exact mechanisms how peripheral 
inflammation activates microglia are not yet fully understood. One explanation is the 
cytokines (e.g. Tnf) released in the serum after LPS injection cross the blood-brain 
barrier (BBB) and trigger the pro-inflammatory response of microglia (Hoogland et 
al., 2015; Qin et al., 2007). In this case, NF-κB signaling is activated by Tnf/Tnfr and 
not by the LPS/TLR4 pathway. In addition, high dosage of LPS impairs the BBB 
integrity (Banks et al., 2015), which makes it possible that (some) LPS indeed cross 
the BBB. Although the penetration by LPS is minimal (0.025%) measured by 
radioactive iodine-labeled LPS (Banks and Robinson, 2010), to what extent and in 
which regions microglia are activated by penetrated LPS need to be further 
determined. 
 
Epigenetic regulation of transcription 
Epigenetic regulation of gene expression shapes cell identity without changes in DNA 
sequence (Waterland, 2006) and includes DNA methylation, histone modification, 
chromatin remodeling, and noncoding RNA-based mechanisms (Gibney and Nolan, 
2010). The nucleosome is the basic unit of chromatin and consists of eight histone 
proteins (two copies of H2A, H2B, H3, and H4 each) with 147 base pairs of DNA 
wrapped around them (around 1,75 turns). Within the chromatin, the nucleosomes 
are linked by histones H1 or H5. The histone tails are the N terminal portions of the 
histone proteins, which are subject to different post-translational modifications 
(PTMs), e.g. methylation, acetylation, phosphorylation, ubiquitination, and 
sumoylation. These PMTs occur on histones in promoter regions of genes, transcribed 
gene bodies and noncoding regulatory elements. In addition, these histone 
modifications can be written, read, and erased by specific histone modifiers. Gene 
expression is linked to histone modifications via different mechanisms. 

Histone acetylation and open chromatin: Histone acetylation neutralizes the 
positive charge of lysine residues and attenuates the interaction of histone tails with 
nucleotides or adjacent histones, therefore, facilitating the transcription machinery to 
access the DNA and the process of transcription elongation (Zentner and Henikoff, 
2013). Specific histone acetylation may also further modulate the chromatin structure 
by recruiting additional modulators (Eberharter and Becker, 2002). This charge 
neutralization theory has been supported by many studies, e.g., the acetylation in four 
lysine residues decreased the DNA binding properties of H4 amino terminus (Hong et 
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al., 1993), which was further confirmed by investigating the genome-wide changes in 
gene expression caused by lysine to arginine mutations in histones (Dion et al., 2005). 

Histone modification and enhancers: Enhancers are regulatory DNA regions that 
enhance transcription of the associated gene through binding of transcription factors 
and coactivator proteins and recruiting them to the promoter regions. Enhancer 
sequences are located upstream or downstream of the gene body, in the forward or 
reverse strand, and up to 1 million base pairs away from the gene. Mono-methylation 
of lysine 4 of histone 3 (H3K4me1) and H3K27 acetylation (H3K27Ac) are the main 
histone modifications enriched on nucleosomes at enhancer elements. H3K27Ac is 
highly enriched in enhancer regions and correlates with the expression of the adjacent 
gene. H3K4me1 is more viewed as a histone modification associated with enhancer 
priming (Ziller et al., 2015). Normally, enhancers are pre-marked by H3K4me1 before 
the enrichment of H3K27Ac to pre-bind the transcription factors and H3K27Ac 
enrichment is acquired on the H3K4me1 pre-marked regions (Bonn et al., 2012). 
Moreover, H3K4me1 remains on enhancers even after losing the transcriptional 
potential (Calo and Wysocka, 2013).  

Histone modification in the promoters: Promoters are DNA regions where the 
transcription of the gene is initiated by RNA polymerase and transcription factors, 
normally located upstream of the transcription start sites. Histone mark H3K4me3 is 
usually enriched on the promoter of active genes, and high enrichment of this mark is 
correlated with polymerase II occupation and a higher transcription rate (Ruthenburg 
et al., 2007). H3K4me3 functions by recruiting “effectors”, for instance, NURF 
(nucleosome remodeling factor) is a chromatin-remodeling complex which facilitates 
transcriptional activation and one of its major subunits, BPTF (bromodomain and PHD 
domain transcription factor) has been shown to recognize H3K4me3 (Li et al., 2006). 
More proteins that can bind H3K4me3 enriched sites are CHD1 (Chromodomain-
helicase-DNA-binding protein 1, a chromatin remodeling factor) (Flanagan et al., 
2005) and WDR5 (WD repeat-containing protein 5, which contributes to the 
multiprotein complexes) (Wysocka et al., 2005). 

Heterochromatin and H3K9me3: A genome-wide study of the distribution of 20 
different histone methylations has shown that H3K9me1 was more enriched 
surrounding the transcription start sites of active genes, while H3K9me2 and 
H3K9me3 were associated with gene repression and heterochromatin formation 
(Barski et al., 2007). HP1 (heterochromatin protein 1) is responsible for 
heterochromatin formation and maintenance, while Suv39h enzymes are required for 
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establishing the H3K9me3. One of the possible mechanisms of transcriptional 
suppression could be that G9a and Suv39h are recruited to the H3K9 site and 
trimethylate the histone tail, after which HP1 is recruited to condense the chromatin 
and Dnmt3 is further interacted with HP1 to methylate the DNA (Lehnertz et al., 2003). 

Gene repression and H3K27me3: Acetylation and methylation of H3K27 (lysine 27 
of histone 3) are associated with gene expression or silencing, respectively. Acetylated 
H3K27 nucleosomes in enhancer regions are associated with active gene 
transcription. H3K27me1 is enriched in active promoters and positively affects 
transcription. H3K27me2, which encompasses more than 70% of all H3K27 
modifications, functions by silencing non-cell-type-specific enhancers (Ferrari et al., 
2014). H3K27me3 is deposited at CpG-rich promoters and associated with repression 
of gene transcription (Morey and Helin, 2010). Trimethylation of H3K27 is catalyzed 
by Ezh2 (enhancer of zeste homolog 2) by forming PRC2 (polycomb repressive 
complex 2) complex containing Suz12 (suppressor of zeste 12) and Eed (embryonic 
ectoderm development protein) (Cao and Zhang, 2004). In turn, the PRC1 complex is 
recruited to the H3K27me3 mark and mediates stable transcriptional repression by 
impeding RNAPII (RNA polymerase II) elongation (Di Croce and Helin, 2013). In 
addition, polycomb silencing can be antagonized by TrxG (trihorax group) proteins, 
consisting of subunits associated with chromatin remodeling, transcription initiation 
and elongation, and post-translational modification of histones (Tie et al., 2009). 
 
Trained immunity in macrophages and microglia 
The mammalian immune system consists an adaptive (or acquired) immune arm and 
an innate (or naive) arm. Generally speaking, adaptive immunity is specific and 
lymphocyte clones with antigen-specific receptors are generated by gene 
rearrangement in order to respond specifically, rapidly, and efficiently to similar 
encounters. Traditionally, the innate immunity has been considered to mount a 
general, non-specific response to pathogens. This concept was challenged by the 
discovery that tissue-resident macrophages recognized pathogen-associated 
molecular patterns (PAMPs, small molecular motifs which are conserved within 
certain microbes) via pattern recognition receptors (PRRs). In addition, many species 
that lack an adaptive immune response, display an altered immune response to a re-
challenge with pathogens (Kurtz, 2005). Studies from the laboratory of Netea and his 
colleges show that this “trained innate immunity” in macrophages is characterized by 
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an exaggerated inflammatory cytokine production, accompanied by metabolic 
alterations and epigenome rewiring (Cheng et al., 2014). 

An enhanced immune response is one of the most striking properties of innate 
immune cell training. In vitro, primary monocytes display trained immunity after 
incubation with β-glucan (a cell wall component from fungi like C. albicans), or BCG 
(Bacillus Calmette–Guérin, a vaccine against tuberculosis), or oxLDL (oxidized low-
density lipoprotein), characterized by increased pro-inflammatory cytokines (IL6 and 
TNF) secretion as well as anti-inflammatory cytokines (IL10 and IL1Ra) in response 
to a second stimulation (e.g. LPS or Pam3CSK4) (Bekkering et al., 2016). Pre-exposure 
of mice to C. albicans or β-glucan protected them to an otherwise lethal infection with 
C. albicans or S. aureus. This protection is indeed monocyte- but not lymphocyte 
dependent because a similar effect could be obtained in Rag1-deficient mice (that lack 
both T and B cells) but not in Ccr2-deficient mice (that lack functional monocytes) 
(Quintin et al., 2012). Similarly, pre-stimulation with pure β-glucan was sufficient to 
protect the mice from a lethal infection with S. aureus (Cheng et al., 2014). In addition, 
monocytes isolated from BCG-vaccinated volunteers showed a modified phenotype, 
described as enhanced production of proinflammatory cytokines (IL1b and TNF) after 
stimulation (M. tuberculosis, S. aureus, or C. albicans) and higher expression level of 
CD11b and TLR4. This BCG protection lasted at least three months and is lymphocytes 
independent (Kleinnijenhuis et al., 2012). 

The long-lasting protection by trained innate cells is accompanied by epigenetic 
alterations. To investigate the mechanisms underlying trained immunity, a series of 
macrophage samples were analyzed at five different time points after β-glucan 
incubation. The genome-wide enrichment of four histone marks (H3K4me1, H3k27ac, 
H3K9me3, and H3K27me3) was determined. Alteration in histone modification 
enrichment was already observed at four hours after β-glucan treatment. The majority 
of the epigenetic changes at 24 hours after β-glucan challenge were associated with 
macrophage differentiation (Novakovic et al., 2016). 

Trained immunity is also characterized by alterations in monocyte metabolism. In 
β-glucan trained monocytes, the glucose metabolism switched from oxidative 
phosphorylation to aerobic glycolysis (Cheng et al., 2014). A more recent study 
identified that glycolysis, glutaminolysis, and cholesterol synthesis pathways were 
required for β-glucan-induced trained immunity. In addition, treatment with fumarate 
alone was sufficient to train monocytes via a similar epigenetic regulated network as 
was discovered in β-glucan trained monocytes (Arts et al., 2016). 
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Microglial metabolism 
In cells, after glucose is degraded into pyruvate with the generation of two molecules 
of ATP, the resulting pyruvate can either be used in anaerobic respiration to further 
generate lactate and NAD+ or to enter the Krebs cycle (tricarboxylic acid cycle or citric 
acid cycle, which is a key step of oxidative phosphorylation depending on the oxygen 
supply). Tumor cells primarily generate ATP through a high rate (around 200 times) 
of glycolysis, rather than oxidative phosphorylation, in the presence of oxygen. This 
shift to aerobic glycolysis is termed the “Warburg effect”, in which energy production 
is faster but the use of glucose is inefficient (Kim and Dang, 2006) (fig. 3).  
 

 
 

Figure 3. Cell metabolism and Warburg effect. Three types of glycolysis are illustrated here. Glucose-
derived pyruvate is either utilized to produce lactate or to enter the TCA cycle to produce ATP, which 
depends on the cell types and concentration of oxygen. This figure is adapted from Vander Heiden et al., 
(2009). 
 

The proinflammatory state of macrophages and dendritic cells after pathogen 
stimulation also displays a metabolic shift to aerobic glycolysis, which is essential to 
initialize their immune function (Kelly and O'neill, 2015; O'neill and Hardie, 2013). A 
similar phenomenon has been reported by β-glucan trained monocytes (Arts et al., 
2016; Cheng et al., 2014). 

In the last four years, three independent studies reported that LPS stimulated BV2 
cells increased glycolysis and suppressed oxidative phosphorylation (Gimeno-Bayón 
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et al., 2014; Gu et al., 2017; Voloboueva et al., 2013). Voloboueva et al. reported that 
mitochondrial chaperone glucose-regulated protein 75 (Grp75) was involved in the 
glycolytic shift, and overexpression of Grp75 suppressed the proinflammatory 
response via NF-κB and lactate (Voloboueva et al., 2013). Gimeno-Bayón et al. showed 
that aerobic glycolysis facilitated microglia defense capacity and nucleic acid 
formation (Gimeno-Bayón et al., 2014). Gu et al. reported that interferon Clock 1 (Clk-
1, a mitochondrial hydroxylase) expression enhanced the LPS induced pro-
inflammatory response and accelerated aerobic glycolysis (Gu et al., 2017). 

However, these data do not necessarily mean that under inflammatory conditions, 
innate immune cells always display enhanced aerobic glycolysis. Actually, only LPS 
stimulation induced a lower level of oxidative phosphorylation, the majority of 
microbial stimuli (e.g. TLR2 ligand Pam3CSK4) increased oxygen consumption and 
mitochondrial activity as well as glycolysis in for instance monocytes (Lachmandas et 
al., 2016). Therefore, more studies are required to investigate the pathogen-specific 
patterns of metabolic alteration. In addition, most of the studies focused on metabolic 
changes after acute stimulation, whether the metabolism of immune cells persists or 
will revert to basal levels is unknown. Moreover, whether the altered metabolism can 
be shifted further or restored after a following insult is still unclear. In addition to 
studies using the microglial cell line BV-2, metabolic changes in microglia also need to 
be investigated in primary cells and in vivo. 
 
Endotoxin tolerance in macrophages and microglia 
In contrast to “training”, hyper-sensitization or “priming”, myeloid cells can also 
exhibit an attenuated immune-response to a subsequent stimulation, a condition also 
termed immune paralysis or “endotoxin tolerance”. 

Endotoxin tolerance has been observed in sepsis, trauma, surgery, and pancreatitis 
in humans (Biswas and Lopez-Collazo, 2009). For instance, after systemic infection, 
the innate immune cells fail to mount an inflammatory response, resulting in sepsis. 
Two phases can be identified in which the sepsis patients start with an overt 
inflammation triggered by monocytes/macrophages and resulting in long-term 
immunosuppression characterized by a refractory pro-inflammatory response and 
enhanced anti-inflammatory cytokine production. Endotoxin tolerance is associated 
with enhanced risk of mortality (Biswas and Lopez-Collazo, 2009). This sepsis-like 
state can be mimicked by exposure to LPS, which induces transient fever, cold chills, 
and cytokine production. The transcriptome and epigenome of cultured macrophages 
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differentiated from in vivo LPS-experienced monocytes has been investigated and a 
group of tolerized genes involved in immune response, cytokine interaction, and 
chemokine signaling were identified, with decreased H3K27ac enrichment level in 
their enhancer regions (Novakovic et al., 2016). A similar epigenetic signature was 
reported in LPS-exposed monocytes in vitro (Saeed et al., 2014). The mechanisms 
underlying endotoxin tolerance were determined in THP-1 cells (a human 
promonocytic cell line). When immune cells are stimulated, NF-κB target gene RELB 
is induced. RELB is binding to the promoters of pro-inflammatory genes and recruits 
G9a (EHMT2) to dimethylate H3K9. Then the H3K9me2 is recognized by HP1 which 
recruits Dnmt3a/b, resulting in methylation on guanine residues on the DNA on CpG 
islands resulting in epigenetic silencing. SUV39H may also be recruited on adjacent 
histones to further methylate H3K9 and reinforce the heterochromatin leading to 
persistent tolerance (El Gazzar et al., 2008)(fig. 4). In addition, microRNAs have also 
been reported to be involved in endotoxin tolerance, for example, miR-146a disrupted 
TLR4 signaling by negative regulation of IRAK-1 and TRAF-6, and formed a feedback 
loop in the NF-κB pathway. miRNA-146a also prevented the interaction of RBM4 and 
AGO2 (an RNA binding protein effector) (El Gazzar et al., 2011). However, this 
mechanism can explain the silencing of particular genes (e.g. TNF) but not necessarily 
for all tolerized genes, which is urgent to be investigated via genome-wide approaches.  

 

 

Figure 4. Epigenetic regulation of endotoxin tolerance. In LPS-stimulated naive macrophages, the 
structure of chromatin becomes accessible and the chromatin is enriched for specific histone modifications 
that are associated with gene expression (top). Next, RelB recruits a series of epigenetic factors to condense 
the structure of chromatin leading to histone modifications and DNA methylation associated with 
transcriptional silencing (bottom). This figure is adapted from a figure published by El Gazzar et al., (2008). 

 
Endotoxin tolerance has also been reported for microglia. A study using 

organotypic hippocampal slice cultures showed that consecutive stimulations of 
microglia with LPS induced an anti-inflammatory state. Both acute and chronic LPS 
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challenged microglia expressed limited levels of inflammatory genes after subsequent 
LPS stimulations (Ajmone-Cat et al., 2013). Prenatal inflammation in Wistar rats by 
LPS injection resulted in impaired neurogenesis and memory behavior, which was 
suggested to be related to persistent activation of hippocampal microglia (Graciarena 
et al., 2010). Similar studies showed that maternal infection reduced the dopamine 
and serotonin production in the offspring, which was associated with stress response 
and anxiety (Lin et al., 2012). In rats that recovered from sepsis, a persistent cognitive 
impairment was observed (Semmler et al., 2007). However, to what extent microglia 
contribute to these effects and what the underlying molecular mechanism of 
endotoxin tolerance in microglia are, is still unclear. 

Neonatal infection by peripheral injection with E. coli transiently increases Il1b 
levels in the serum and hippocampus of rats but does not result in impaired learning 
in adulthood. However, after a challenge later in life, for instance by LPS injection, rats 
exposed to neonatal infection display significant memory impairment (Bilbo et al., 
2005a; Bilbo et al., 2005b; Williamson et al., 2011) due to an exaggerated production 
of Il1b and decreased expression level of Bdnf in the hippocampus (Bilbo and Schwarz, 
2009). Notably, this effect is only observed in male but not in female rats (Bilbo et al., 
2012). Of note, the Il1b expression in the brain of LPS injected adult rats that were 
pre-exposed to E. coli at postnatal day 4 is region- and time-dependent (exaggerated 
in hippocampus, 1 to 1.5 hours after LPS injection, and parietal cortex; unchanged in 
prefrontal cortex, hypothalamus, and pituitary) (Bilbo et al., 2005a) 
 

Microglia in CNS diseases 
 
Microglia in neurodevelopmental disorders 
Neurodevelopmental disorders are characterized by social deficits, impaired language 
development, intellectual disability, increased repetitive or restricted behavior and 
motor abnormalities, and include autism, schizophrenia, major depression, epilepsy, 
and obsessive-compulsive disorder (Zhan et al., 2014). Although the mechanisms of 
neurodevelopmental disorders are not been fully understood yet, deficits in synaptic 
maturation that are characterized by weak functional connectivity across brain 
regions may have a role in the pathophysiology of multiple mental illnesses 
(Courchesne and Pierce, 2005). Microglia are the innate immune cells in the CNS and 
critical for neurodevelopment and synaptic pruning, therefore, these cells may be 
implicated in neurodevelopmental disorders.  
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Microglia in neurodegenerative diseases 
Neurodegenerative diseases are commonly described as disturbances in CNS 
homeostasis and progressive loss of functional neurons, which include Alzheimer's 
disease (AD), Parkinson's disease (PD), amyotrophic lateral sclerosis (ALS), multiple 
sclerosis (MS), and Huntington's disease (HD). Several genetic mutations have been 
identified in these neurodegenerative conditions, e.g. Aβ precursor protein in AD, 
SOD1 in ALS, and α-synuclein in PD (Baufeld et al., 2017). However, beyond these 
familial cases, inflammation and immune response of CNS immune cells, caused by 
toxic endogenous protein aggregates, are also considered to contribute to 
neurodegeneration. 

Extracellular accumulation of Aβ aggregates and intracellular neurofibrillary 
tangles consisting of hyperphosphorylated tau proteins are the hallmarks of AD. In AD, 
activated microglia aggregate around Aβ deposits. In activated microglia, the 
inflammasome is required for cytokine production. A component of the 
inflammasome, ASC (apoptosis-associated speck-like protein containing caspase 
recruitment domain) specks, is released by activated microglia and facilitates Aβ 
aggregation by co-sediment with Aβ and forming the core of Aβ plaques (Venegas et 
al., 2017). Modulating the cytokine profile in microglia of AD mice, for instance by 
inhibiting Il1b, Il12, Il6, or Il10 expression, results in reduced Aβ pathology 
(Chakrabarty et al., 2010; Guillot-Sestier et al., 2015; Heneka et al., 2013; Vom Berg et 
al., 2012). These studies indicate that after Aβ plaque deposition, microglia migrate 
and phenotypically shift from a homeostatic state to a phagocytic state, which is driven 
by Trem2-Apoe pathway (Krasemann et al., 2017).  

PD is a chronic progressive disease characterized by cytoplasmic aggregates of 
Lewy bodies comprised of α-synuclein and ubiquitin. Neuroinflammation and 
microgliosis are both observed in PD brains. Studies showed that activation of 
microglia could induce neurotoxicity in dopaminergic neurons (Gerhard et al., 2006). 
Besides, disturbance on microglia-neuron communication showed extensive neuronal 
loss in toxin-induced PD mice lacking Cx3cr1 receptors (Cardona et al., 2006). 

ALS is characterized by loss of motor neurons that results in muscle weakness and 
paralysis. Microglia have been suggested to directly contribute to motor neuron 
damage. Neuron-specific SOD1 mutation is not sufficient to induce ALS pathology but 
wildtype neurons surrounded by glial cells with SOD1 mutations acquire an ALS 
phenotype (Clement et al., 2003). In addition, inhibition of Il1b expression or ablation 
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of the SOD1 transgene in Cd11b+ myeloid cells extended the lifespan and improved 
survival in SOD1 mice (Clement et al., 2003; Wang et al., 2009). 
 
DNA damage and aging 
DNA damage continuously occurs in many different forms, including oxidative DNA 
damage (e.g. ROS), lipid peroxidation (e.g. malondialdehyde), genotoxic substances 
derived from DNA oxidation, DNA hydrolysis, hydrolytic deamination, and others (De 
Bont and Van Larebeke, 2004). Organisms have developed many mechanisms to 
repair the majority of DNA lesions, e.g. base excision (BER), mismatch repair (MMR), 
nucleotide excision repair (NER), interstrand crosslink repair (ICR), and double-
strand break repair (DSR) (fig. 5). 

 

 
Figure 5. DNA Repair Pathways and Mechanisms. Four catalogs (shown in the black boxes) of DNA 
lesions are triggered by either exogenous chemicals or result from endogenous metabolic processes. 
Accordingly, DNA repair machinery resolves these mutations via mainly four types of repair mechanisms. 
The accumulation of unrepaired lesions may result in cell apoptosis and senescence. This figure is adapted 
from the figures published by Lord and Ashworth, (2012) and Hoeijmakers, (2001). 
 

Many proteins are required for different types of DNA repair, including ERCC1 
(Excision Repair Cross-Complementation Group 1) and XPF (Xeroderma 
Pigmentosum Group F, also known as ERCC4). Functioning as partners, the 
endonuclease ERCC1-XPF is mainly responsible for nucleotide excision repair (NER) 
but is also involved in interstrand crosslink repair (ICR), double-strand break repair 
(DSB), and homologous recombination (Ahmad et al., 2008; Bergstralh and Sekelsky, 
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2008; Gregg et al., 2011; Houtsmuller et al., 1999). However, not all DNA lesions will 
be repaired correctly and cells that contain excessive DNA damage or insufficient DNA 
repair will be removed via apoptosis and senescence (Carnevale et al., 2012; Freitas 
and de Magalhaes, 2011; Hoeijmakers, 2009; López-Otín et al., 2013). 

Apart from their roles in DNA damage repair, ERCC1-XPF and several NER factors 
interact with the basal transcription machinery at promoters (Barreto et al., 2007; 
Kamileri et al., 2012; Le May et al., 2010; Schmitz et al., 2009). Le May et al. 
investigated the function of five NER factors in activating gene expression in HeLa cells 
and reported that Ercc1-XPF and three other NER factors were required to recruit 
Gadd45α to promoters of activated genes accompanied by DNA demethylation and 
histone modification changes (e.g. increased H3K4me and H3K9ac, while decreased 
H3K9me) (Le May et al., 2010). 

Numerous studies have linked DNA damage to aging and human diseases. As one 
of the hallmarks of aging, somatic lesions are increasing in aged cells due to the 
accumulation of mutations and the deficiency of damage repair mechanisms. Genomic 
damage is also a cause of aging indicated by several transgenic mouse models and 
human diseases. Ercc1 hypomorphic mice exhibit accelerated aging-related 
symptoms, e.g., hearing and vision loss, cognitive decline, tremors, ataxia, imbalance, 
neurodegeneration, and reduced synaptic plasticity (Borgesius et al., 2011; de Waard 
et al., 2010). In humans, progeroid syndromes (PSs) are genetic disorders 
characterized by accelerated physiological aging both clinically and molecularly, 
which result from the mutation of genes either encoding DNA repair factors or lamin 
A. RecQ helicases are conserved enzymes involved in maintaining genome integrity 
and suppressing deleterious recombination (Hanada et al., 1997). Mutations of RECQ 
genes in humans lead to DNA repair defects-associated premature aging, e.g., Werner 
syndrome (WS), Bloom syndrome (BS), and Rothmund–Thomson syndrome (RTS). 
Mutations in ERCC6 and ERCC8, which are involved in transcription-coupled repair 
(TCR) are the cause of Cockayne syndrome (CS)(Navarro et al., 2006). 
 
Aging-associated microglia phenotype 
Microglia in the aged brain and neurodegenerative diseases exhibit a hyperactive 
phenotype and exaggerated immune response to an inflammatory stimulation; this 
hypersensitivity is referred to as “priming” (Sierra et al., 2007). Normally, without 
stimulation, primed microglia can secrete higher levels of cytokines and show typical 
aging-related features. Once triggered, primed microglia express exaggerated levels of 
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pro-inflammatory genes, e.g. Tnf, Il1b, and Il6 (Sierra et al., 2007). Genome-wide 
transcriptome analysis of primed microglia in several neurodegenerative diseases 
showed a shared gene expression signature characterized by enhanced phagocytosis, 
lysosome, oxidative stress, and antigen presentation, indicating that primed microglia 
were associated with neurodegeneration (Holtman et al., 2015). Moreover, in primed 
microglia the expression of core microglia signature genes, e.g. P2ry12, Cx3Cr1, 
Tmem119 was downregulated and the expression of aging-associated genes, e.g. Apoe, 
Axl, Clec7a (Dectin-1), Itgax (Cd11c), H2 (MHC II), and Lgals3 (Mac2) was increased 
(Holtman et al., 2015). 

In the human brain, dystrophic microglia have been characterized as deramified, 
atrophic, fragmented, and with tortuous processes with spheroidal swellings, which 
accumulated during aging (Streit, 2006). A follow-up study showed that dystrophic or 
senescent microglia were distinct from activated microglia and linked to tau pathology 
(Streit et al., 2009). Study using R6/2 transgenic mice and patients of Huntington's 
disease reported that the microglia dystrophy was caused by disturbed iron 
metabolism (Simmons et al., 2007). However, the functional perturbations in these 
morphologically altered, dystrophic microglia remain to be determined. 

Primed microglia are present in the CNS of aged and neurodegenerative mouse 
models, but they likely vary between these different conditions (Holtman et al., 2015). 
Considering the heterogeneity of microglia, recent studies investigated microglia 
surrounding the pathologic lesions or in a single-cell resolution (Keren-Shaul et al., 
2017; Krasemann et al., 2017; Mathys et al., 2017). A microglial subpopulation, called 
disease-associated microglia (DAM) was identified near amyloid plaques and 
phagocytic microglia from mice with neurodegenerative diseases. These microglia 
shared similar features as primed microglia, indicated by increased expression of 
genes involved in phagosome, lysosome, and MHC class II (e.g. Apoe, Lpl, and Trem2) 
and downregulation of homeostatic genes (Keren-Shaul et al., 2017; Krasemann et al., 
2017).  

The priming of microglia is most likely triggered by the external factors, for 
instance, phagocytosis of apoptotic neurons (Krasemann et al., 2017), neuronal 
genotoxic stress (Raj et al., 2014), decreased inhibition of microglia activation due to 
loss of neural legends (e.g., CD200, Cx3Cl1, CD47) (Perry and Holmes, 2014), and 
signals from misfolded proteins, like Aβ plaques (Keren-Shaul et al., 2017). Moreover, 
a recent study reported that microglia-specific deletion Mef2c resulted in a microglia 
phenotype with similarities to some features of priming, such as an altered immune 
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state and an increased pro-inflammatory response to stimuli (Deczkowska et al., 
2017), pointing to an intrinsic cause of priming. 

It is still a debate whether primed microglia are beneficial or detrimental to the 
CNS. Neuroinflammation might be neuroprotective in the early stages of 
neurodegenerative conditions by clearing excess cellular debris in order to facilitate 
tissue repair, but might become neurotoxic in case of persistent activation. 
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Outline of the thesis 
 
Microglia play important roles in the maintenance of CNS homeostasis, 
neurodevelopment, and neurodegeneration. Research on microglia is progressing 
rapidly in the last decades including studies on microglia origin, identity, morphology, 
proliferation, apoptosis, lifespan, metabolism, synapse pruning as general CNS cells; 
also, their immune-responses, phagocytosis, chemotaxis, neurotoxicity, immune-
memory as tissue-resident macrophages; and the mechanisms underlying these 
processes are topics of research. However, there is still a long way to completely 
decipher microglia physiology, their interaction with other CNS cells, and the 
mechanisms involved. The main research questions addressed in this thesis are 1) 
what are the phenotypical and functional changes in microglia caused by peripheral 
inflammation, 2) what are the transcriptional and epigenetic signatures and 
regulatory gene networks of tolerized and primed microglia, 3) What are the 
consequences of accelerated aging of microglia caused by increased accumulation of 
DNA damage in these cells? 

In chapter 1, an introduction to microglia and recent literature relevant for this 
thesis is provided as well as an outline of this thesis.  

In chapter 2, the effect of LPS pre-conditioning on the inflammatory response and 
function of microglia was studied. The role of epigenetics as one of the underlying 
mechanisms was investigated. Additionally, the learning and memory performance of 
mice pre-conditioned with LPS was determined.  

Innate immune cells respond differently to various of pathogen-associated 
molecular patterns. In chapter 3, the immune response of microglia to β-glucan, a 
fungal cell wall component, was investigated. Also, the effect of β-glucan and LPS on 
primary microglia metabolism was determined. In addition, the in vivo microglia 
response to a peripheral challenge with β-glucan was assessed.  

In chapter 4, to determine the transcriptional and epigenetic signatures and 
regulatory gene networks of tolerized and primed microglia, genome-wide changes in 
gene expression, histone modifications and chromatin accessibility were determined. 
Microglia from LPS pre-conditioned (tolerized) and accelerated aging (primed) mice 
were analyzed in parallel.  

Microglia priming can be caused by the homeostatic disturbances such as neuronal 
genotoxic stress in generic Ercc1 mutant mice. In chapter 5, the effect of microglia-
specific Ercc1 deletion was studied using Cx3cr1creER:Ercc1ko/flox mice and the effect on 
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microglia density, morphology, proliferation, phagocytosis, immunoresponse, and 
gene expression was determined. The effect of Ercc1 deletion on apoptosis and 
migration capacity of microglia was investigated ex vivo.  

In chapter 6, the data presented in experimental chapters 2-5 are summarized and 
discussed, and suggestions for future research are proposed. 
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Abstract 
 
Microglia, the innate immune cells of the central nervous system (CNS), react to 
endotoxins like bacterial lipopolysaccharides (LPS) with a pronounced inflammatory 
response. To avoid excess damage to the CNS, the microglia inflammatory response 
needs to be tightly regulated. Here we report that a single LPS challenge results in a 
prolonged blunted pro-inflammatory response to a subsequent LPS stimulation, both 
in primary microglia cultures (100 ng/ml) and in vivo after intraperitoneal (0.25 and 
1 mg/kg) or intracerebroventricular (5 μg) LPS administration. Chromatin 
immunoprecipitation (ChIP) experiments with primary microglia and microglia 
acutely isolated from mice showed that LPS preconditioning was accompanied by a 
reduction in active histone modifications AcH3 and H3K4me3 in the promoters of the 
Il1b and Tnf genes. Furthermore, LPS preconditioning resulted in an increase in the 
amount of repressive histone modification H3K9me2 in the Il1b promoter. ChIP and 
knock-down experiments showed that NF-κB subunit RelB was bound to the Il1b 
promoter in preconditioned microglia and that RelB is required for the attenuated LPS 
response. In addition to a suppressed pro-inflammatory response, preconditioned 
primary microglia displayed enhanced phagocytic activity, increased outward 
potassium currents and nitric oxide production in response to a second LPS 
challenge. In vivo, a single i.p. LPS injection resulted in reduced performance in a 
spatial learning task 4 weeks later, indicating that a single inflammatory episode 
affected memory formation in these mice. Summarizing, we show that LPS-
preconditioned microglia acquire an epigenetically regulated, immune-suppressed 
phenotype, possibly to prevent excessive damage to the central nervous system in 
case of recurrent (peripheral) inflammation. 
 
Keywords: microglia, innate immunity, endotoxin tolerance, epigenetic silencing  
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Introduction 
 
Microglia are the principal innate immune effector cells of the CNS and constantly 
monitor their environment for homeostatic disturbances (Nimmerjahn et al., 2005). 
When exposed to infection or tissue damage, microglia become activated and in this 
executive state, they release increased amounts of cytokines, chemokines, and 
neurotrophic factors along with changes in migration capacity and increased 
phagocytosis (Kettenmann et al., 2011). For CNS surveillance, microglia are equipped 
with a broad range of pattern recognition receptors, including the Toll-like receptors 
(TLRs), complement receptors, Fc receptors and scavenger receptors (Kettenmann et 
al., 2011; Lu et al., 2008; Lund et al., 2006; Nahid et al., 2011). 

To prevent an exacerbated inflammatory reaction, the response of (innate) 
immune cells needs to be tightly regulated (Foster et al., 2007). Exposure of innate 
immune cells to a microbial agent, such as LPS of gram-negative bacteria, can lead to 
a significantly altered inflammatory response upon re-exposure to the agent, a 
phenomenon called endotoxin tolerance (ET). ET is observed in a variety of human 
diseases including hepatic ischemia and cystic fibrosis and has been associated with 
peripheral innate immune suppression and increased mortality (Biswas and Lopez-
Collazo, 2009). ET also affects the central nervous system: in 30% of septic intensive 
care unit patients suffering from septic encephalopathy, persistent cognitive 
dysfunction in verbal learning and memory as well as left hippocampal atrophy was 
observed (Semmler et al., 2013). 

In monocytes/macrophages, it has been shown that TLR4 is critically involved in 
ET. TLR4 signals through MyD88- and TRIF-dependent pathways and in ET, 
MyD88/NF-κB signaling is inhibited leading to reduced pro-inflammatory cytokine 
expression. In macrophages, LPS/TLR4-induced ET is mediated by RelB, an NF-κB 
subunit known to suppress inflammatory gene expression through recruitment of a 
transcription-repressive complex (Chen et al., 2009). ET in human pro-monocytes is 
accompanied by RelB-mediated recruitment of the histone H3 lysine 9 
methyltransferase G9a (KMT1C, EHMT2), which leads to H3K9 dimethylation 
(H3K9me2) and recruitment of the DNA methyl-transferase DNMT3a/b, ultimately 
inducing heterochromatin formation and stable TNF and IL1B gene silencing (El 
Gazzar et al., 2009; El Gazzar et al., 2008; Kondilis-Mangum and Wade, 2013). In 
addition to epigenetic silencing, miRNAs have been implicated in ET in 
monocytes/macrophages. LPS-induced miRNA-146a has been shown to target IRAK1 
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and TRAF6, forming a negative feedback loop in NF-κB-dependent pro-inflammatory 
gene transcription (Nahid et al., 2011). Furthermore, miRNA-146a regulates a 
pathway leading to RelB-dependent heterochromatin formation and silencing of the 
TNF promoter (El Gazzar et al., 2011). Other miRNAs reported to be involved in ET are 
miRNA-155, miRNA-221, miRNA-125b, miRNA-132 and miRNA-579 (Biswas and 
Lopez-Collazo, 2009; El Gazzar and McCall, 2010; Nahid et al., 2011; Quinn et al., 2012). 
In vitro pre-exposure of hippocampal slices to LPS has been reported to result in a 
blunted pro-inflammatory microglia response and to induce a more anti-
inflammatory phenotype (Ajmone-Cat et al., 2013). In vivo, LPS-preconditioning is 
associated with neuroprotection in animal models for ischemia (retinal ischemia and 
middle cerebral artery occlusion)(Halder et al., 2013; Rosenzweig et al., 2004). In 
addition, experimentally-induced sepsis and perinatal exposure to LPS have been 
related to detrimental effects on development and on learning and memory 
(Graciarena et al., 2010; Lin et al., 2012; Semmler et al., 2007). These reports show 
that exposure to LPS has long-lasting effects on brain physiology, reducing 
hippocampal volume, causing neuronal loss within the hippocampus and prefrontal 
cortex and reduced cholinergic innervation in the parietal cortex, which can be linked 
to deficits in learning and memory (Graciarena et al., 2010; Lin et al., 2012; Semmler 
et al., 2007). The aim of our study was to unravel the molecular basis of reduced LPS 
sensitivity of pre-exposed microglia and investigate whether epigenetic alterations 
underlie this altered sensitivity. 
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Materials and methods 
 
Animals 
Wild-type, male C57Bl/6JOlaHsd mice (7-9 weeks) were purchased from Harlan 
(Harlan, Horst, The Netherlands). All experiments were performed according to the 
experimental animal guidelines of the University of Groningen. Animals were housed 
under normal conditions in a 12/12 h light/dark cycle and fed ad libitum in the central 
experimental animal facility of the University of Groningen. Animals were housed 
individually and randomly assigned to experimental conditions. 
 
Primary microglia culture 
Primary neonatal microglia were isolated from brains of postnatal day 1-3 C57Bl/6 
mice (both female and male pups were used). After removal of the meninges and brain 
stem, the brains were minced and washed in dissection medium (Hanks bovine salt 
serum, HBSS, PAA, Cat.# H15-010; D-(+)-Glucose solution, Sigma, Cat.# G8769; HEPES, 
PAA, Cat.# 311-001) and incubated in dissection medium supplemented with 2.5% 
trypsin for 20 min. The trypsin treatment was stopped by addition of trypsin 
inhibition medium followed by washing with dissection medium supplemented with 
10% FCS and 0.5 μg/ml DNase I. Cells were triturated using a glass pipette in 25 ml 
complete medium (Dulbecco’s Modified Eagle Medium, DMEM, Gibco, Cat.# 41965-
039, supplemented with 10% FCS, 1 mM sodium pyruvate and 1% pen/strep) and 
centrifuged for 12 min, 165 g at 12 °C. After centrifugation, the cell pellet was 
resuspended in standard complete medium and plated as 1.5 brains per T75 culture 
flask. Medium was refreshed after 2 days and thereafter every 4 days. After 6-7 days 
of culture, medium was supplemented with 33% L929 fibroblast-conditioned medium 
to stimulate microglia proliferation. To obtain M-CSF containing L929 fibroblast 
conditioned medium, 30 ml of normal medium was added to 80% confluent L929 cells 
and after 2 days the medium was collected and filter sterilized. After 8-10 days, the 
mixed-cell cultures reached 100% confluence and microglia were harvested 12 days 
after seeding by mitotic shake off for 1 h at 150 rpm in an orbital shaker. After seeding, 
microglia were cultured in DMEM supplemented with 10% FCS and 1% pen/strep and 
medium collected from mixed glial cultures in a ratio of 50:50 at 37 °C in a humidified 
atmosphere with 5% CO2. 

Adult microglial cultures were obtained from confluent mixed glial cultures 
following an established protocol (Scheffel et al., 2012) based on a routine procedure 
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for the preparation of neonatal microglia (Regen et al., 2011). Microglia were isolated 
from forebrains of 8-12 week old C57BL/6 mice, involving transient plating on 
microglia-free P0 astrocytes. To avoid variation caused by differences in LPS batches, 
a single batch of LPS (Escherichia coli 0111:B4, Sigma–Aldrich, Cat.# L4391) was used 
in all in vitro and in vivo experiments. 

 
Microglia viability 
The viability of primary microglia was determined using (1) an MTT assay (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) as described previously 
(Kannan et al., 2013), (2) an LDH assay, and (3) cell enumeration. For MTT assays, 
microglia were seeded (75,000 cells/well of a 12-well plate) and treated according to 
the stimulation scheme depicted in fig. 1A. After MTT was added, cells were incubated 
for 2 h at 37 °C in a 5% CO2 incubator. Next, the cells were lysed in dimethyl sulfoxide; 
absorbance was measured at 540 nM and expressed per μg of cell lysate. Protein 
concentrations of the cell lysates were determined using a Bradford assay. 

For LDH activity, microglia were seeded (75,000 cells/well of a 12-well plate) in 
conditioned medium, and the medium was collected from wells without cells (medium) 
to determine the LDH activity in the conditioned medium used, and from the wells 
containing unstimulated (control) or LPS treated (LPS) microglia. LDH activity was 
determined after the first LPS stimulus (day 1), after a medium change at day 5 and at 
the second LPS stimulus (day 8). LDH activity was determined using the 
manufacturer’s protocol (PierceTM LDH Cytotoxicity Assay Kit). Average LDH activity 
with the standard deviation is depicted. 

For cell counting, microglia were seeded (75,000 cells/well of a 12-well plate) in 
conditioned medium, pictures were taken on days 2, 5, and 8 after seeding (20× 
magnification) and the cell number in six images per condition was counted 
(conditions were blind to the experimenter). The average cell number per microscopic 
field is depicted with the standard deviation. 
 
BV-2 cell culture 
BV-2 Cells were cultured in DMEM supplemented with 10% FCS and 1% pen/strep at 
37 °C in a humidified atmosphere at 5% CO2. Puromycin (10 μg/ml, Invitrogen) was 
used to select transduced BV-2 cells. BV-2 cells were stimulated for 24 h with LPS, 
1 day after seeding (3 × 104 cells/10 cm2). After a 4 days interval, cells were 
rechallenged with LPS, 6 h for RNA samples and 24 h for protein samples. To avoid 
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batch variation, single batches of LPS (E. coli 0111:B4, Sigma-Aldrich, Cat.# L4391), 
Pam3CSK4 (InvivoGen, Cat.# tlrl-pms) and polyinosinic:polycytidylic acid (poly I:C; 
InvivoGen, Cat.# tlrl-pic) were used in all experiments performed in vitro and in vivo. 
 
Lentiviral transduction  
Plasmids encoding shRNA constructs targeting RelB or a scrambled vector control 
(piLenti-siRNA-GFP, ABM©Good, Cat.# i038320) were packaged in VSV-G lentiviral 
(LV) coated particles in HEK293T cells, using a second generation LV system as 
described previously (Stewart et al., 2003). Briefly, BV-2 cells were seeded at a density 
of 5 × 105 cells/well in a 6-well plate and treated with 0.45 µm filter sterilized non-
purified LV supernatant for 12 h in the presence of 8 µg/ml polybrene; transduced 
cells were selected using 10 µg/ml puromycin. 
 
Acute live microglia isolation from adult murine brain 
All steps were performed in dissection medium (Hanks bovine salt serum, HBSS, PAA, 
Cat.# H15-010; D-(+)-Glucose solution, Sigma, Cat.# G8769; HEPES, PAA, 311-001). 
Mice were perfused with saline when anesthetized, brains were isolated and 
mechanically dissociated using a glass tissue homogenizer followed by passing 
through a 70 μm cell strainer (BD Falcon, Cat.# 352350). The cell suspension was 
centrifuged at 220 g at 4 °C, acceleration 9 and brake 9. The supernatant was discarded 
and myelin was separated from the cell suspension using a 22% Percoll (GE 
Healthcare, Cat.# 17-0891-01) gradient where PBS was layered on top and 
centrifuged for 20 min at 950 g, acceleration 4, brake 0. Thereafter, the cell pellet was 
resuspended in 200 μl dissection medium. From this step onwards, all steps were 
performed using dissection medium without phenol red (Hanks bovine salt serum, 
HBSS, PAA, Cat.# H15-009). Microglia were stained with antibodies against CD11b (PE, 
eBioscience, Cat.# 12-0112) and CD45 (FITC, eBioscience, Cat.# 11-0451) for 20 min. 
After washing, cells were passed through a 5 ml polystyrene round-bottom tube with 
a cell strainer cap (12 × 75 mm style, Cat.# 352235) and sorted using a MoFloTM XDP 
FACS (Beckman Coulter). 
 
Intracerebroventricular cannulation 
For intracerebroventricular (i.c.v.) LPS injections, C57Bl/6JOlaHsd mice were 
cannulated in the right lateral ventricle with 26 gauge stainless steel guide cannulas. 
For stereotactic surgery, mice were deeply anesthetized by intraperitoneal injection 
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of ketamine/medetomidine (ketanest 100 mg/ml, Domitor 0.5 mg/ml) and 
bupivacaine was used for local anesthesia. Implantation of the guide cannula was 
performed using stereotactic coordinates from bregma: anterior-posterior - 0.3 mm; 
medio-lateral - 1.0 mm; dorsal ventral - 2.0 mm (Mouse Brain Atlas). Directly adjacent 
to the guide cannula, an anchoring cranial screw was inserted and both guide cannula 
and cranial screw were fixed to the skull with dental cement. Anesthesia was 
antagonized by subcutaneous injection with antisedan (5 mg/ml). For pain prevention, 
mice were subcutaneously injected with Rimadyl (50 mg/ml) directly after surgery 
and the two following days. After recovery from anesthesia, mice were housed 
overnight in a recovery incubator and thereafter allowed to recover for at least a week 
prior to starting experiments. Mice were infused with saline or with 5 μg LPS (in saline) 
through a cannula (1 μl/min). 
 
RNA isolation, quantitative RT-PCR, and statistics 
For quantitative RT-PCR analysis, total RNA was isolated using a Qiagen RNeasy Micro 
Kit according to the manufacturer’s instructions. RNA was reverse transcribed to 
cDNA using Random Hexamers (Fermentas), M-MuLV Reverse Transcriptase and 
Ribolock RNase inhibitor (Fermentas). Quantitative PCR reactions were carried out 
using SYBR supermix (BIORAD) and a real-time thermal cycler (ABI 7900HT, Applied 
Biosystems) with different sets of PCR primers (tab. 1). For each gene, measurements 
were performed in triplicate in three independent experiments. PCR primers were 
designed in PRIMER EXPRESS 2.0. Hmbs and Hprt1 were used as an internal standard 
to calculate relative gene expression levels with the 2−ΔΔCt method (Schmittgen and 
Livak, 2008) which is depicted as fold-induction of control samples. A one-way ANOVA 
followed by a Fisher’s Least Significant Difference (LSD) post hoc test was performed 
to determine statistical significance. 
 
Western blot analysis 
Microglia cell lysates were produced by addition of non-denaturing cell lysis buffer 
(Cell Signaling Technology, Cat.# 9803) and scraping. Cell lysates were subsequently 
sonicated (1 × 5 s, 80 W), centrifuged (10 min, 18,000 g, 4 °C) and the supernatant 
was transferred to a fresh 1.5 ml Eppendorf vial. Protein content was determined 
using a Bradford assay and 20 μg protein samples were mixed with Laemmli buffer 
and boiled for 5 min. Proteins were separated by SDS–PAGE gel electrophoresis and 
were transferred to polyvinylidene difluoride (PVDF) membranes equilibrated with 
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transfer buffer (25 mM Tris, 150 mM glycine, 10% v/v methanol) by semi-dry 
electroblotting (Bio-Rad) at 3 mA/cm2 for 1 h. PVDF membranes were blocked with 
Odyssey blocking buffer (Odyssey Infrared Imaging system, blocking buffer, Cat.# 
927-40000, Li-Cor Biosciences) diluted 1:1 with PBS for 1 h at room temperature. 
After blocking, PVDF membranes were incubated overnight at 4 °C with primary 
antibodies (NF-κB p65, Abcam, Cat.# Ab13594; P-NF-κB P65 (S536), Cell Signaling 
Technology, Cat.# 3033; Akt, Cell Signaling Technology, Cat.# 2920s; P-Akt (s473), Cell 
signaling technology, Cat.# 4060s; RelB, Cell Signaling Technology, Cat.# 4954; β-actin, 
Abcam, Cat.# Ab6276). Following primary antibody incubation, the membranes were 
washed 4 times with PBS 0.2% with Tween-20 and incubated for 1 h with secondary 
Infrared IRDye-labeled secondary antibodies (1:10000, LI-COR). After incubation with 
secondary antibodies, the membranes were washed 4 times with PBS with 0.2% 
Tween-20 and scanned in an LI-COR Odyssey infrared imaging system. Blots were 
quantified using ImageJ software. 
 
ELISA 
Microglia supernatants were collected and used for ELISA analysis. For Il1b ELISA of 
primary microglia, ATP (1 mM) was added during the last 15 min of the last LPS 
treatment to induce secretion. As a positive control for induction of inflammation, 
serum samples were collected from PBS and LPS injected mice used in in 
vivo experiments. In short, blood samples were collected in MiniCollect® serum and 
plasma gel tubes (Greiner bio-one, Cat.# 450472), left at room temperature for 30 min, 
subsequently centrifuged (10 min, 2000 g, 4 °C) and serum was collected. ELISAs were 
performed according to the manufacturer’s instructions (Mouse Tnf ELISA MAX™ 
Deluxe, Biolegend, Cat.# 430906; Mouse Il1b ELISA MAX™ Deluxe, Biolegend, Cat.# 
432606). Statistical analysis was performed using a one-way ANOVA followed by LSD 
post hoc test. 
 
Phosphorylation studies 
Microglia (1 × 106 cells) were stimulated with LPS (100 ng/ml) for 24 h and after a 
5 days interval restimulated with LPS (100 ng/ml) for 15 min or 6 h. Cells were lysed 
and assayed by ELISA kits for phosphorylation of p38, p42/44 (ERK1/2) and NF-κB 
according to the manufacturer’s instructions (Cell Signaling Technology). Absorbance 
was measured in an iMark plate reader (Biorad). Statistical differences were analyzed 
using one-way ANOVA followed by LSD post hoc test. 
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Chromatin immunoprecipitation (ChIP) 
ChIP was performed as described previously (Kooistra et al., 2010; Zanette et al., 
2014)with minor modifications. Formaldehyde (1%, 10 min) was added to 1 × 106 
microglia and crosslinking was stopped by addition of Glycine (125 mM) followed by 
two times of wash with PBS. After washing, cells were lysed with cell lysis buffer 
followed by nuclear lysis buffer. Chromatin was sonicated using a Bioruptor 
(Diagenode), precleared using preblocked protein A agarose beads (25%; Protein A 
Agarose/Salmon Sperm DNA, Millipore, Cat.# 16-157) and incubated overnight at 4 °C 
with antibodies directed to specific histone modifications (AcH3, Millipore, Cat.# 06-
599; H3K4me3, Millipore, Cat.# 07-473; H3K9me2, Millipore, Cat.#17-648; 
H3K27me3, Millipore, Cat.# 17-622; H3K9me3, Abcam, Cat.# Ab8898; 5 μg/sample) 
and RelB (Cell Signaling Technology, Cat.# 4954). Cross-linked chromatin of 1 × 105 
cells was immunoprecipitated and no antibody served as background control. The 
following day, immune complexes were precipitated with 80 μl pre-blocked protein A 
agarose beads for 2 h at 4 °C, washed and chromatin was eluted from the beads. The 
precipitated chromatin was de-crosslinked overnight and proteins were digested. 
Quantitative PCR of immunoprecipitated DNA was performed using specific ChIP 
primers targeted to promoter regions of genes of interest (tab. 1) and results are 
presented as % of input. Statistical differences were assessed by one-way ANOVA 
followed by LSD post hoc. 
 
Phagocytosis assay 
Primary microglia were seeded in 2 well Lab-Tek™ II Chambered Coverglass (Nunc® 
Lab-Tek® II-CC2TM Chamber SlidTM system, Sigma, Cat.# 6565) at a density of 
5 × 105 cells per well. After treatment, culture medium was refreshed with medium 
containing 10 μg/ml of pHrodoTM E. coli BioParticles® conjugate (Life Technologies, 
Molecular Probes, Cat.# P35361). At several time points, multiple bright fields and red 
channel images (pHrodo emission) were acquired at 10 × and 20 × magnification. 
Mean cell fluorescence intensity was determined using ImageJ and data were plotted 
as mean fluorescence, relative units. Statistical differences were assessed by one-way 
ANOVA followed by LSD post hoc test. 
 
Electrophysiology 
Microglia (5 × 104 cells) were seeded on glass coverslips and cultured in DMEM 
supplemented with 10% fetal calf serum, 2 mM l-glutamine, 100 units/ml penicillin 
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and 100 μg/ml streptomycin. Cells were treated with 100 ng/ml LPS from Escherichia 
coli 0111:B4 (Sigma-Aldrich, Cat.# L4391) once or twice for 24 h. For patch-clamp 
recordings, coverslips were placed into a chamber with HEPES buffer (NaCl 150.0 mM, 
KCl 5.4 mM, MgCl2 1.0 mM, CaCl2 2.0 mM, HEPES 10.0 mM, Glucose 5 mM, adjusted 
with NaOH to pH 7.4) on the stage of a microscope (Axiovert FS, Zeiss). Cells were 
approached with microelectrodes, pulled from borosilicate capillaries with a 
resistance of 7-11 MΩ filled with intracellular solution (KCl 130 mM, MgCl2 2 mM, 
CaCl2 0.5 mM, Na-ATP 2 mM, EGTA 5.0 mM, and HEPES 10 mM, adjusted with NaOH to 
pH 7.3, 285 mOsm/l). Cells were clamped at −70 mV and current traces were recorded 
upon application of series of depolarizing and hyperpolarizing steps (50 to −170 mV) 
with 10 mV increments. Uncompensated currents were measured at room 
temperature with an EPC 10 amplifier (HEKA Electronics, Lambrecht/Pfalz, Germany). 
Statistical analysis was performed with the GraphPad Prism software and two-sided 
significance levels were determined based on the non-parametric Mann-
Whitney U test. 
 
NO measurements 
Nitric oxide release was quantified by determining the levels of the stable metabolite 
nitrite with use of the Griess reagent system. Microglia were cultured in 96-well plates 
in a density of 1 × 105 cells/well and treated according to the scheme depicted 
in fig. 1A. 24 h after the last stimulation, culture medium was collected and mixed with 
an equal amount of Griess reagent (1% sulfanilamide, 5% phosphoric acid and 0.1% 
naphthylethlenediamine dihydrochloride) and left at room temperature for 5-10 min. 
Absorbance was measured at a wavelength of 550 nm using the LabSystems Multiskan 
RC Microplate Reader, and calculated using a nitrite standard curve. Statistical 
differences were assessed by one-way ANOVA followed by LSD post hoc test. 
 
Immunohistochemistry 
Animals were transcardially perfused with 0.9% saline under isoflurane anesthesia. 
After perfusion, brains were fixed for 24 h in 4% paraformaldehyde (PFA), whereafter 
they were stored in 1% PFA, until further use. Brains were cryoprotected by overnight 
incubation in 20% sucrose solution and cryosections of 50 μm thick were made. Free-
floating sections were blocked for 1 h with 5% normal goat serum and thereafter 
incubated with primary antibody against Iba1 (Rb-anti-Iba1, Wako, Cat.# 019-19741) 
for 72 h at 4 °C. Detection of primary antibody was done by incubation with Alexa 
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Fluor 488 donkey anti-rabbit (Invitrogen, Cat.# A21206) secondary antibody. After 
secondary antibody incubation, sections were washed, incubated in Hoechst solution 
for 5 min, washed again and mounted on glass slides. 
 
Sholl analysis 
Confocal microglia Z-stack images (50 μm) were acquired on a Leica SP2 confocal laser 
scanning microscope with 1 μm intervals of microglia stained with Iba1 (3 mice per 
group). Maximal intensity projections were created using ImageJ and binary pictures 
were generated. Sholl analysis was performed using the Sholl analysis plugin of ImageJ. 
Intersection per radius increasing with steps of 1 pixel were used as a quantifiable 
unit. 
 
T-maze learning 
Young adult (8 weeks) male C57Bl/6JOlaHsd mice were intraperitoneally injected 
with PBS or LPS (1 mg/kg; E. coli 0111:B4, Sigma-Aldrich, Cat.# L4391) and T-maze 
learning was performed 4 weeks later. First, animals were food restricted for 1 week 
until a weight reduction of 10-15% was reached. The T-maze learning experiments 
were performed as described previously (Hagewoud et al., 2010). In short, a food 
reward was placed in one of the test arms of a cross maze consisting of four 90° angle 
tubular, transparent Plexiglas arms. A T-maze was created by blocking one of the 
starting arms. In both testing arms, food pellets were placed under perforations to 
prevent mice making the correct choice based on olfactory cues. Visual discrimination 
of baited versus non-baited arms was prevented by placing the food reward behind a 
small ridge. At the starting day, mice were subjected to two habituation trials where 
in the first trial one testing arm was baited and open while the other testing arm was 
closed and the second trial vice versa. Following habituation, which was only 
performed on the starting day, mice were subjected daily to a training session 
consisting of 6 trials where always the same arm was baited, randomly assigned to 
experimental animals. Training was performed until the mice reached an average of ≥ 
90% correct choices. For statistical analysis, a repeated-measures ANOVA was used. 
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Results 
 
LPS-preconditioning of primary microglia results in reduced responsiveness to 
a subsequent LPS stimulation. 
LPS has been reported to induce ET in macrophages (Biswas and Lopez-Collazo, 2009). 
Here we first determined the effect of LPS-preconditioning on the inflammatory 
response of primary neonatal microglia. A LPS dose-response curve, ranging from 5 
pg to 100 ng/ml, was generated based on Il1b mRNA expression (suppl. fig. 1A). To 
determine the effect of preconditioning with LPS, microglia were first stimulated with 
LPS for 24 h (5 pg/ml–100 ng/ml) and after a 6 days interval re-exposed to LPS for 6 
h (100 ng/ml; suppl. fig. 1B). Preconditioning with LPS resulted in a concentration-
dependent reduction in Il1b mRNA expression in response to the second LPS stimulus 
and in all subsequent experiments with primary microglia, 100 ng/ml LPS was used 
as stimulus. To rule out that long-term culture affected the response of primary 
microglia to LPS, cells were stimulated with LPS either 1 or 6 days after seeding and 
Il1b gene induction was determined by quantitative RT-PCR; no difference in the fold 
induction was observed (data not shown). To rule out that the observed reduction in 
LPS responsiveness in preconditioned microglia was due to reduced viability, MTT 
assays, LDH assays, and cell counting was performed. LPS preconditioned microglia 
displayed an almost 1.5-fold increase in MTT converting activity per μg of protein. 
These data indicate that LPS preconditioned microglia are still viable after 8 days in 
culture and that they are metabolically altered as they display increased 
mitochondrial activity (suppl. fig. 2A). To determine if LPS preconditioning resulted in 
increased cytotoxicity, lactate dehydrogenase (LDH) activity was determined in the 
medium of control (PBS) and preconditioned (LPS) microglia cultures. As these cells 
are grown in serum-containing, preconditioned medium, the LDH activity in medium 
alone was also determined as a control. No significant difference in the LDH activity 
was observed between medium alone and control and preconditioned microglia 
medium at 1, 5, and 8 days after seeding (suppl. fig. 2B). Finally, microscopic images 
of primary microglia 2, 5, and 8 days after seeding and stimulated with PBS or LPS 
were taken and the number of cells per microscopic field were counted. A 15% 
reduction in the number of LPS preconditioned microglia was observed after 8 days 
of culture, irrespective of a second LPS stimulation (suppl. fig. 2C). Summarizing, LPS 
preconditioning did not induce microglia proliferation, cytotoxicity, or extensive cell 
loss.   
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Figure 1. Reduced LPS-induced pro-inflammatory gene expression in preconditioned microglia. (A) 
Primary microglia were stimulated according to the depicted schedule. For RNA collection, samples were 
collected after a 6 h LPS (100 ng/ml) stimulation, for protein collection, samples were collected after a 24 h 
LPS (100 ng/ml) stimulation. (B) Proinflammatory Il1b, Tnf and Il6 mRNA expression levels were 
determined in neonatal microglia stimulated with LPS using quantitative RT-PCR (-/- n = 19, -/+ and +/+ n 
= 20, +/- n = 9). Expression levels were normalized to hydroxymethylbilane synthase (Hmbs), average 
expression with standard errors is depicted. (C) LPS (100 ng/ml) induced Il1b (n =4) and Tnf (n = 5) 
secretion by neonatal microglia were determined using ELISA. To induce cleavage of pro-Il1b to Il1b, ATP 
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(1 mM) was added during the last 15 min of the LPS stimulus on day 8. Average secretion with standard 
errors is depicted. (D) Proinflammatory Il1b and Tnf mRNA expression levels were determined in adult 
microglia stimulated with LPS using quantitative RT-PCR (n = 3) Expression levels were normalized to 
hypoxanthine-guanine phosphoribosyltransferase (Hprt1), average expression with standard errors is 
depicted; * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 
 

Next, the effect of LPS-preconditioning on pro-inflammatory gene expression in 
primary neonatal microglia was determined. Microglia were treated with LPS (100 
ng/ml) according to the scheme depicted in fig. 1A. A single LPS stimulation of primary 
microglia resulted in a significant induction of Il1b, Tnf, and IL6 mRNA expression 
compared to untreated control microglia (fig. 1B). Compared to control microglia, 
preconditioned microglia showed a significantly reduced pro-inflammatory response 
to LPS; Il1b, Tnf and IL6 expression were all significantly reduced (fig. 1B). This 
reduced LPS responsiveness was observed both at 3 (data not shown) and 6-day 
intervals between the two LPS stimuli. Microglia that were preconditioned, but did not 
receive a second LPS stimulus, had transcription levels comparable to untreated 
control microglia. To determine whether LPS-preconditioning also resulted in 
reduced cytokine secretion, Il1b and Tnf protein levels were determined in the 
supernatants of stimulated microglia. LPS preconditioning of primary microglia 
caused a significant reduction in the secretion of Tnf compared to control microglia in 
response to LPS (fig. 1C). Control and preconditioned (data not shown) microglia 
supernatants contained comparable Tnf levels. When microglia were exposed to three 
subsequent LPS challenges, secreted Tnf levels were significantly reduced with each 
additional LPS challenge (suppl. fig. 2A). It has previously been shown that LPS alone 
is not sufficient to induce the secretion of Il1b by murine microglia and macrophages 
(Brough et al., 2002; Brough and Rothwell, 2007). To induce P2X7-dependent 
inflammasome formation and subsequent caspase-1 activation, ATP (1 mM) was 
added during the last 15 min of the LPS stimulus leading to cleavage of pro-Il1b to Il1b. 
The combined LPS/ATP stimulus resulted in significant Il1b secretion and LPS-
preconditioned microglia secreted significantly less Il1b (fig. 1C). 

To determine if adult microglia also display reduced responsiveness to LPS after a 
preconditioning stimulus, primary microglia obtained from 8- to 12- week old mice 
were stimulated according to the scheme depicted in fig. 1A. Stimulation with LPS 
resulted in a significant induction of Il1b and Tnf expression where this induction was  
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Figure 2. In LPS preconditioned microglia, TLR4 signaling is intact, Pam3CSK4/TLR2 and LPS/TLR4 
target gene expression is reduced and poly I:C/TLR3 target gene expression is not affected. (A) LPS-
induced (100 ng/ml) phosphorylation of p65, p38 and p42/44 were determined using phospho-ELISAs (15 
min group, n = 6; 6 hr group, n = 3). The average relative absorbance with standard errors are depicted; * p 
≤ 0.05, ** p ≤ 0.01. (B) LPS (100 ng/ml) stimulated microglia protein lysates were western analyzed using 
the indicated antibodies (n = 3); Actin was used as a loading control. (C) Proinflammatory Il1b mRNA 
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expression levels were determined in microglia stimulated with LPS (100 ng/ml)/Pam3CSK4 (100 ng/ml) 
using quantitative RT-PCR (n = 5). Expression levels were normalized to Hmbs, average expression with 
standard errors are depicted; ** p ≤ 0.01. (D) Proinflammatory Il1b and Ifnr mRNA expression levels were 
determined in microglia stimulated with LPS (100 ng/ml)/Poly I:C (50 µg/ml) using quantitative RT-PCR 
(n = 3). Expression levels were normalized to Hmbs, average expression with standard errors are depicted; 
* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. 
 
significantly less in preconditioned microglia (fig. 1D). Control and preconditioned 
microglia express similar and low levels of Il1b and Tnf. Summarizing, these results 
show that preconditioning of both neonatal and adult primary microglia with LPS 
resulted in a prolonged attenuation of pro-inflammatory gene expression in response 
to a second LPS stimulus. 
 
LPS-induced microglial TLR4/NF-κB signaling is not attenuated after 
preconditioning 
To determine if the observed attenuated LPS response was caused by alterations in 
the LPS/TLR4 signaling cascade, LPS-induced activation of downstream signaling 
molecules was determined. Microglia were treated with LPS according to the scheme 
depicted in fig. 1A. Cell lysates were generated 15 min and 6 h after the second LPS 
stimulus. Phosphorylation levels of the p65 subunit of NF-κB and mitogen-associated 
protein kinases p38 and p42/44 (Erk1/2) were determined using phosphoprotein-
specific ELISAs. Control and preconditioned microglia both showed comparable and 
low levels of basal p65, p38, and p42/44 phosphorylation (fig. 2A). In response to LPS, 
a significant increase in p65, p38, and p42/44 phosphorylation levels was observed in 
control and preconditioned microglia, both 15 min and 6 h after the second LPS 
stimulation (fig. 2A). Overall, LPS-induced p65, p38, and p42/44 phosphorylation 
levels were lower at 6 h after LPS stimulation than after 15 min, reflecting the timed 
activation and inactivation of the TLR4 signaling cascade. In addition, LPS-induced 
phosphorylation of Akt and p65 was determined using immunoblotting. A low basal 
level of Akt and p65 phosphorylation was observed in control microglia. LPS 
stimulation resulted in comparable levels of Akt and p65 phosphorylation in both 
control and preconditioned microglia (fig. 2B). Summarizing, these data indicate that 
the reduced pro-inflammatory gene expression observed in preconditioned microglia 
in response to a second LPS challenge was not caused by altered TRL4 signaling per 
se.  
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LPS pre-conditioning results in reduced sensitivity to other TLR ligands 
To determine if the observed blunted pro-inflammatory response of microglia after a 
prior exposure to LPS is specific for TLR4-mediated signaling, LPS pre-conditioned 
microglia were stimulated with other TLR receptor ligands. Microglia were treated 
with LPS (24 h; 100 ng/ml) and after a 6-day interval challenged with the TLR2 ligand 
Pam3CSK4 (100 ng/ml) or the TLR3 ligand polyinosinic:polycytidylic acid (poly-I:C; 
50 μg/ml). Inflammatory cytokine expression levels were determined using 
quantitative RT-PCR. Stimulation with Pam3CSK4 alone resulted in a significant, 
approximately 3000-fold, induction of the Il1b gene. In contrast, in LPS-
preconditioned microglia, Pam3CSK4 induced expression of the Il1b gene was 
significantly reduced to ∼500 fold (fig. 2C). In the reverse experiment, a similar effect 
was obtained. Pre-treatment with Pam3CSK4 resulted in a significantly attenuated 
response to LPS (∼3000- versus ∼250-fold induction of Il1b; fig. 2C). Similar results 
were observed for pro-inflammatory genes Tnf and IL6 (data not shown). 

As TLR4 (LPS) and TLR2 (Pam3CSK4) both signal through the MyD88/IRAK/NF-
κB pathway, it was investigated whether LPS pre-conditioning also resulted in altered 
responsiveness to poly-I:C, a TLR3 ligand. The TLR3 receptor signals through a 
separate signaling cascade involving IRF3 (Kawai and Akira, 2006), which is 
independent of the TLR2/4 (non-)canonical NF-κB pathway. Microglia were first 
stimulated with LPS (24 h; 100 ng/ml) and after 6 days challenged with poly-I:C 
(50 μg/ml). Stimulation of microglia with poly-I:C resulted in significant induction of 
Il1b and Ifnb1 expression (fig. 2D). Remarkably, LPS pre-conditioning potentiated the 
induction of both Il1b and Ifnb1 transcription by poly-I:C (fig. 2D). Summarizing, these 
data show that LPS/TLR4 and Pam3CSK4/TLR2 pre-conditioned microglia display a 
reduced pro-inflammatory response to TLR2/4 ligands that signal through the same 
NF-κB signaling cascade, whereas the response induced by poly-I:C/TLR3 was not 
affected. Together with the findings obtained using phosphoprotein ELISAs and 
immunoblotting (fig. 2A and B), these data indicate that the reduction in pro-
inflammatory gene expression after prior TLR2 and TLR4 activation most likely 
localizes downstream of NF-κB. 
 
Enrichment of RelB and repressive histone modifications at the Il1b promoter 
chromatin in LPS-preconditioned microglia 
In macrophages, RelB has been reported to silence inflammatory gene expression by 
recruiting the H3K9 methyltransferase G9a (KMT1C, EHMT2) and the DNA 
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methyltransferase DNMT3a/b, resulting in stable TNF and IL1B gene silencing (El 
Gazzar et al., 2009; El Gazzar et al., 2008). In primary microglia, a single exposure to 
LPS already resulted in increased expression of RelB which was still detected after 8 
days, irrespective of a second LPS stimulus (fig. 3A). To determine if RelB binding was 
enhanced at the Il1b promoter, chromatin immunoprecipitation (ChIP) assays were 
performed. In pre-conditioned microglia, RelB was enriched at the promoter region of 
Il1b, regardless of a second LPS stimulation. In control and acutely stimulated 
microglia, no RelB enrichment at the Il1b promoter was observed (fig. 3B). 

To determine if RelB was required for LPS preconditioning of microglia, RelB 
expression was downregulated using shRNAs. Western blot analysis indicated a 
∼50% reduction in RelB levels in preconditioned BV-2 cells stably expressing RelB 
shRNAs (fig. 3C). LPS stimulation of BV-2 cells resulted in increased Il1b expression 
but LPS-preconditioning completely abrogated responsiveness to a subsequent LPS 
challenge. Similar results were obtained in BV-2 cells stably expressing scrambled 
shRNAs, although preconditioning did not completely block the induction of Il1b after 
a second LPS challenge. Partial knock-down of RelB by shRNAs largely restored LPS-
induced expression of Il1b in preconditioned BV-2 cells (fig. 3D) indicating that RelB 
is required for LPS/TRL4-mediated ET in microglia. 

Since RelB has been associated with epigenetic gene repression in macrophages, it 
was determined whether RelB enrichment was accompanied by altered histone 
modification levels. As expected, stimulation with LPS resulted in a significant 
enrichment of both H3K4me3 and AcH3 at the promoter region of Il1b (fig. 4A), both 
modifications generally being associated with permissive and transcriptionally active 
chromatin (Barski et al., 2007; Kouzarides, 2007). Interestingly, this enrichment was 
not or much less observed in response to LPS in pre-conditioned microglia (fig. 4A). 
H3K4me3 and AcH3 enrichment levels in control and preconditioned microglia were 
comparable. Next, the enrichment of histone marks associated with transcriptionally 
repressed chromatin, H3K9me2, H3K9me3, and H3K27me3 was determined. 
Enrichment levels of H3K27me3 at the promoter of the Il1b gene were reduced in 
control microglia in response to LPS, whereas enrichment levels between control, 
preconditioned and LPS-stimulated preconditioned microglia were not significantly 
different. H3K9me3 levels at the Il1b promoter were comparable in control, LPS-
stimulated microglia and LPS-stimulated preconditioned microglia. H3K9me3 levels 
were significantly reduced in preconditioned microglia, and hence unlikely to be 
responsible for the reduced LPS-induced Il1b expression in these cells (fig. 4B). These  
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Figure 3. RelB is expressed and enriched on the Il1b promoter in preconditioned microglia and 
required for reduced LPS responsiveness of microglia. (A) RelB expression was determined using 
western blotting of LPS-stimulated microglia cell lysates with Actin as a loading control (n = 3). 
Densitometric analysis of the shown blots is depicted. (B) Microglia chromatin was immunoprecipitated 
with an antibody against RelB followed by quantitative PCR for the Il1b promoter (n = 3). RelB enrichment 
levels are depicted as % of input DNA; * p ≤ 0.01. (C) Quantification of western blots (n =4) for RelB 
expression in lysates of wildtype BV-2 cells or BV-2 cells expressing scrambled shRNA or shRelB, with Actin 
as loading control, one of the westerns used for the quantification is depicted. ** p ≤ 0.01 (D) 
Proinflammatory Il1b mRNA expression levels were determined in wildtype BV-2, scrambled-shRNA BV-2 
or shRelB BV-2 microglia stimulated according to the scheme depicted in fig. 1A with a 4-day interval using 
quantitative RT-PCR (n = 3). Expression levels were normalized to Hmbs, average expression with standard 
errors is depicted, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001.  
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data show that enrichment levels of “repressive” H3K27me3 and H3K9me3 
modifications do not underlie the observed reduction in Il1b mRNA expression in 
preconditioned microglia. Interestingly, H3K9me2 levels were significantly enriched 
in LPS-preconditioned microglia. In these pre-conditioned microglia, H3K9me2 levels 
were still enriched after a second LPS stimulus, albeit at slightly lower levels 
compared to pre-conditioned microglia. LPS stimulation of control microglia did not 
result in H3K9me2 enrichment (fig. 4B). Summarizing, these data show that LPS pre-
conditioning resulted in epigenetic suppression of Il1b gene expression, altering the 
LPS responsiveness of primary microglia 
 
Increased phagocytosis in LPS-preconditioned microglia 
Microglia are regarded as the phagocytes of the brain and involved in removal of dead 
and damaged neurons as well as invading microorganisms (Kettenmann et al., 2011). 
We next determined if LPS-preconditioning, besides altering inflammatory cytokine 
gene expression levels upon LPS rechallenge, also affected the phagocytic activity of 
microglia. Efficient microglia phagocytosis is required for pathogen removal and 
clearance of cell debris or apoptotic cells and eventually the initiation of the adaptive 
immune response by antigen presentation. Phagocytosis is reported to have a role in 
brain remodeling during the normal lifespan (Sierra et al., 2013; Sierra et al., 2010). 
To assess the phagocytic capacity of preconditioned microglia, in vitro stimulated 
microglia were tested in a phagocytosis assay using pHrodo E. coli conjugates, 
according to the scheme depicted in fig. 1A. LPS treatment resulted in a significant 
increase in phagocytic activity in control microglia. Interestingly, phagocytic activity 
was enhanced in LPS-preconditioned microglia, independent of a second LPS stimulus 
(fig. 5A), indicating that although suppressed in their pro-inflammatory gene 
expression, preconditioned microglia exhibit increased phagocytic activity. 
 
Increased Nos2 release and outward currents in LPS-preconditioned microglia 
The membrane conductance of cultured primary microglia is dominated by inward 
rectifying K+ currents (Kettenmann et al., 2011; Pannasch et al., 2006). LPS treatment 
has been reported to trigger a change in membrane currents in microglia and to induce 
the expression of an outward current (Kettenmann et al., 2011). To determine if LPS 
preconditioning altered the electrophysiological properties of cultured microglia, 
membrane currents of control and LPS-stimulated microglia were determined using 
patch-clamp recording. The membrane was clamped at −70 mV and currents were  
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Figure 4. Epigenetic silencing of the Il1b promoter in LPS-preconditioned primary microglia. Primary 
microglia chromatin was isolated after LPS (100 ng/ml) stimulations as indicated. Chromatin was 
immunoprecipitated with antibodies against (A) active (AcH3, n = 5; H3K4me3, n = 6) and (B) repressive 
(H3K27me3, technical replicate out of n =6; H3K9me3, technical replicate out of n = 4; H3K9me2, technical 
replicate out of n = 3) histone modifications and followed by quantitative PCR for the Il1b promoter. 
Enrichment levels are depicted as % of input DNA; * p ≤ 0.05, ** p ≤ 0.01. 
 
recorded during de- and hyperpolarizing voltage steps ranging from 50 to −170 mV. 
As described previously, untreated cultured microglia elicit large inward rectifying 
currents and small outward currents. To determine the effect of LPS preconditioning, 
membrane currents of untreated cells and microglia treated either once or twice with 
LPS (with a 6 days interval) were recorded. Upon LPS treatment for 24 h, compared 
to control cells, significantly decreased inward currents and increased outward 
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currents were measured (fig. 5B), an observation in agreement with earlier findings 
(Boucsein et al., 2000; Prinz et al., 1999). Challenging preconditioned microglia with 
LPS resulted in significantly increased outward currents compared to untreated 
microglia and cells treated with a single LPS exposure. Inward currents were not 
different between microglia exposed to LPS once or twice (fig. 5B). It has been 
previously reported that the activation of potassium channels Kv1.3 and Kv1.5 is 
involved in increased outward K+ conductance. In agreement with the observed 
outward currents, LPS stimulation of control and preconditioned cells resulted in 
increased expression of Kv1.5, compared to unstimulated microglia (fig. 5C). 

Activated microglia have been reported to produce increased amounts of nitric 
oxide (NO), mainly resulting from increased inducible nitric oxide synthase (iNos). NO 
release by microglia is dependent on potassium channel Kv1.5 as Kv1.5-/- microglia 
display significantly decreased iNos (Nos2, nitric oxide synthase 2, inducible) 
transcription and NO production (Pannasch et al., 2006). To determine if the observed 
increase in outward currents was accompanied by increased iNos expression and NO 
secretion, quantitative RT-PCR and nitrite measurements were performed. iNos 
expression was increased by LPS stimulation of control microglia and this increase 
was even more pronounced in LPS stimulated preconditioned microglia. The 
increased iNos expression was paralleled by NO production which was increased after 
LPS stimulation in control microglia and much more elevated by LPS in 
preconditioned microglia (fig. 5D). Summarizing, these data show that although LPS 
preconditioning of primary microglia resulted in epigenetic suppression of pro-
inflammatory cytokine genes, preconditioned microglia produce increased amounts 
of NO after a rechallenge with LPS. 
 
LPS-preconditioning (I.C.V.) results in reduced microglia responsiveness in vivo 
Primary neonatal microglia cultures are very amenable to in vitro manipulations, but 
next we determined if LPS preconditioning also altered microglia responsiveness in 
vivo. First, LPS was directly introduced into the mouse brain by 
intracerebroventricular injections. The right lateral ventricle was cannulated and 
after a two weeks recovery period, the mice received two i.c.v. injections with either 
PBS or 5 µg LPS, with a one-week interval between both injections. I.c.v. injection of 
LPS induced a peripheral inflammation response as indicated by significantly elevated 
serum levels of Tnf. This peripheral response was strongly reduced in preconditioned 
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Figure 5. LPS-preconditioned microglia display enhanced phagocytic activity and increased outward 
rectifying currents, iNos (Nos2) expression, and NO release. (A) Primary LPS (100 ng/ml) treated 
microglia were incubated with pHrodo-coupled Escherichia coli particles (4 h; n = 4) and mean fluorescence 
with standard errors is depicted; ** p ≤ 0.01 (B) Cultured microglial cells were treated with LPS (100 ng/ml) 
as indicated in the scheme. Membrane currents were recorded with the whole cell patch-clamp technique 
while the cells were clamped at -70 mV and current traces were recorded upon application of a series of 
depolarizing and hyperpolarizing steps (50 to -170 mV) with 10 mV increments. Average outward (at 0 mV) 
and inward (at -120 mV) current amplitudes are displayed (-/-n = 11 cells, -/+ n = 14 cells, +/+ n = 22 cells). 
(C) Kv1.5 mRNA expression levels were determined in LPS (100 ng/ml) treated microglia using quantitative 
RT-PCR (n = 3). Expression levels were normalized to Hmbs, average expression with standard errors is 
depicted; * p ≤ 0.05 (D) iNos mRNA expression (left graph, -/-, -/+ and +/+ n = 7. +/- n = 3) levels were 
determined in LPS (100 ng/ml) treated microglia using quantitative RT-PCR. Expression levels were 
normalized to Hmbs, average expression with standard errors is depicted; ** p ≤ 0.01, *** p ≤ 0.001. Nitrite 
concentration (right graph) in cell culture medium of LPS treated microglia was determined using the Griess 
reagent system (n =10). The concentrations of nitrite (µM) with the standard errors are depicted; *** p ≤ 
0.001.  
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mice (suppl. fig. 2B). Three hours after the second i.c.v. LPS injection, microglia were 
isolated using FACS and inflammatory cytokine gene expression levels were 
determined using quantitative RT-PCR. A significant increase in Tnf, Il1b, and Il6 gene 
expression was observed in response to LPS (fig. 6A). In preconditioned mice, the 
response to a subsequent i.c.v. LPS injection was significantly reduced (100-fold 
versus 400-fold induction for Il1b; 50-fold versus 300-fold induction for Tnf 125-fold 
versus 480-fold for Il6 mRNA levels). These data indicate that, in analogy to data 
obtained in primary microglia, i.c.v. preconditioning with LPS resulted in reduced pro-
inflammatory gene expression in response to a subsequent LPS challenge. 
 
Intraperitoneal LPS injections induce microglia tolerance in vivo. 
There is ample evidence that peripheral inflammation induced by LPS results in 
inflammatory responses in the CNS (Cunningham, 2013). To determine if microglia 
also display reduced responsiveness to LPS after peripheral preconditioning, mice 
received two i.p. injections with LPS (0.25 mg/kg) or PBS, with 1, 4 or 32 weeks 
intervals. A single LPS injection in control mice resulted in a significant increase in 
serum Tnf levels confirming peripheral inflammation. LPS injection of preconditioned 
mice showed an attenuated peripheral inflammatory response that was progressively 
restored with longer intervals between the LPS injections (suppl. fig. 2C). To 
determine if microglia displayed reduced LPS responsiveness after preconditioning 
by i.p. LPS injection, microglia were isolated 3 h after the second LPS injection using 
FACS, RNA was extracted and expression of inflammatory cytokines was determined 
using quantitative RT-PCR. As expected, injection with LPS resulted in a significant 
increase in Il1b and Tnf mRNA levels (fig. 6B). Preconditioning by i.p. LPS injection 
resulted in significantly reduced expression levels of Il1b and Tnf after a 1, 4, and even 
32 weeks interval with the second LPS challenge (fig. 6B). Further supporting these 
observations, a mouse cytokine and chemokine array showed that the production of 
multiple pro-inflammatory cytokines and chemokines, including Tnf, Il1b, and Il6 was 
reduced in mice that were preconditioned before receiving a second LPS injection 
after 4 weeks (tab. 2). 
 
Control and preconditioned microglia are morphologically very similar 
In terms of pro-inflammatory gene expression, preconditioned microglia respond 
very different from control microglia to LPS in vivo. To determine if preconditioned 
microglia adopted a different morphology, microglia were morphometrically analyzed.  
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Figure 6. Reduced microglia sensitivity after in vivo LPS preconditioning. (A) Il1b, Tnf, and Il6 mRNA 
expression levels were determined in microglia FACS isolated from mice i.c.v. injected with PBS or LPS (5 
µg) with a 1 week interval using quantitative RT-PCR (-/- and -/+ n = 3, +/+ n = 6). Expression levels were 
normalized to Hmbs, average expression with standard deviations is depicted; * p ≤ 0.05, ** p ≤ 0.01. (B) 
Il1b and Tnf mRNA expression levels were determined in microglia FACS isolated from mice i.p. injected 
with PBS or LPS (0.25 mg/kg) with 1 (-/- and -/+ n = 4, +/+ n = 6), 4 (-/- and -/+ n = 3, +/+ n = 4) and 32 
week (n = 3) intervals as indicated using quantitative RT-PCR. Expression levels were normalized to Hmbs, 
average expression with standard deviations is depicted; * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 
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In the healthy resting brain, microglia have a small cell soma and highly ramified 
processes (Nimmerjahn et al., 2005). Upon activation, microglia retract their 
processes and become more hypertrophic with a larger cell soma and thicker 
processes (Kettenmann et al., 2011). To determine if microglia morphology was 
altered in preconditioned mice, differences in morphology were quantified using Sholl 
analysis (Morrison and Filosa, 2013). Four weeks after the first i.p. LPS injection, mice 
were rechallenged and after 24 h brain sections were stained with Iba1 and cortical 
microglia were analyzed. Microglia in mice i.p. injected with LPS 24 h prior to sacrifice, 
displayed an activated morphology with larger cell soma, reduced process lengths as 
well as a decrease in the sum of intersections reflecting reduced ramification in 
comparison to control microglia (fig. 7A and B). Microglia in control and 
preconditioned mice displayed a similar morphology in terms of process length and 
sum of intersections. The morphology of microglia in preconditioned and control mice 
after i.p. LPS injection is very different; microglia in preconditioned mice have longer 
processes (more intersections at greater distances from the soma) and are much more 
ramified (higher sum of intersections; fig. 7B). These data show that although 
preconditioned microglia are very different in their response to LPS, morphologically 
they are quite similar to control microglia. 
 
Impaired T-maze learning by LPS preconditioned mice 
To address the effect of a single LPS challenge on learning, adult C57bl/6JOlaHsd mice 
were i.p. injected with PBS or LPS (1 mg/kg). Four weeks after PBS/LPS injection, the 
performance in T-maze learning of control PBS injected mice (n = 18) and LPS injected 
mice (n = 20) was determined. Both the PBS and LPS group started the first training 
days at chance levels, 48.2 ± 6.5% and 49.2 ± 3.9%, respectively. At the fifth training 
day, the PBS mice reached a level of correct choices of 97.2 ± 1.4%, which was 
significantly different from the LPS mice that scored 84.2 ± 5.7% (p < 0.05) at day 5. 
The LPS group needed an additional day to reach a level of correct choices of 87 ± 
10.5% (fig. 7C). 
 
Stable epigenetic alterations in microglia of i.p. LPS-preconditioned mice 
To determine if the observed in vivo attenuation of pro-inflammatory LPS 
responsiveness was also accompanied by epigenetic alterations in the promoters of 
inflammatory genes similar to what was observed in primary microglia cultures, ChIP 
experiments were performed using microglia from mice i.p.. injected with LPS  
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Figure 7. Preconditioned and control microglia have very similar morphologies and impaired T-
maze performance in preconditioned mice. (A) Iba1 positive microglia Z-stack images (50 µm) were 
acquired with 1 µm intervals. (B) The degree of microglia ramification was quantified using Sholl analysis 
(-/-n = 16 cells, -/+ n = 18 cells, +/+ n = 11 cells, +/- n = 11 cells). The number of intersections with increasing 
distance from the cell soma and the total sum of intersections are depicted with the standard error; *** p ≤ 
0.001. (C) Learning of control PBS injected mice (n = 18) and LPS injected mice (n =20) was assessed by 
making use of the T-maze learning paradigm. Mice were subjected to 6 learning trials per day. Results 
depicted as percentage of correct choices with SEM; * p ≤ 0.05.  
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(1 mg/kg) or PBS. Microglia were FACS-isolated and the enrichment of histone 
modifications H3K4me3, AcH3, H3K27me3, and H3K9me2 at the Il1b promoter was 
determined. In line with increased mRNA expression levels, a significant enrichment 
of the “active” marks H3K4me3 and AcH3 was observed at the Il1b promoter after an 
i.p. injection of control mice with LPS (fig. 8A). In preconditioned mice that received 
an i.p. LPS injection 4 weeks earlier, this enrichment was not observed in response to 
a second LPS injection and was similar to PBS injected control and preconditioned 
mice (fig. 8A). This lack of enrichment of “on”-marks in preconditioned mice supports 
our observation that in these mice Il1b gene expression is significantly attenuated in 
response to a second LPS challenge. To determine if preconditioning resulted in 
enrichment of “repressive” chromatin marks, the enrichment of H3K27me3 and 
H3K9me2 at the Il1b promoter region was assessed. Microglia isolated from control 
and LPS-preconditioned mice showed no significant changes in H3K27me3 
enrichment levels after PBS or LPS injections (fig. 8B), an observation in agreement 
with data obtained in primary microglia. H3K9me2 levels were very low in control 
and in mice injected with LPS 3 h earlier. Interestingly, enrichment of H3K9me2 was 
significantly increased at the Il1b promoter region in microglia isolated from 
preconditioned mice, and enrichment levels were comparable in preconditioned mice 
that received PBS or LPS as a second injection (fig. 7B). Summarizing, a single i.p. 
injection with LPS resulted in an epigenetically repressed Il1b promoter and 
attenuated mRNA expression levels and cytokine secretion. These data show that a 
single LPS challenge in mice induced a repressive epigenetic imprint of the key pro-
inflammatory cytokine gene Il1b, in vivo. 
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Figure 8. Epigenetic silencing of the Il1b promoter in LPS-preconditioned mice and a model for 
epigenetic suppression of inflammatory genes in preconditioned microglia. Microglia were FACS 
isolated after i.p. PBS or LPS (1 mg/kg) injections as indicated with a 4-week interval. Chromatin was 
isolated and immunoprecipitated with antibodies against (A) active (n = 3) and (B) repressive (n = 3) 
histone modifications and followed by quantitative PCR for the Il1b promoter. Enrichment levels are 
depicted as % of input DNA; * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. (C) Proposed model: LPS-TLR4 signaling 
results in nuclear translocation of NF-κB (p50/p65), enrichment for “active” chromatin modifications and 
transcription of NF-κB target genes. RelB expression is also induced by p50/p65 and RelB binds to NF-κB 
target genes, where it recruits G9a (or related enzymes) that mediates H3K9 dimethylation, leading to 
“repressed” chromatin. In these preconditioned microglia, a subsequent LPS challenge results in a blunted 
transcriptional response. G9a recruitment is hypothesized, reflected by the dashed line 
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Discussion 

 
LPS-preconditioning has been reported to have both beneficial and detrimental effects 
in the CNS. In vivo, LPS-preconditioning of microglia has been associated with 
neuroprotection in animal models of ischemia by prevention of an exacerbated 
inflammatory response during retinal (Halder et al., 2013) or cerebellar ischemia 
(Rosenzweig et al., 2004). Several other reports showed a long-term negative impact 
on learning and memory, and neuroanatomy of prenatal LPS exposure or 
preconditioning by i.p. LPS injection in adult mice (Graciarena et al., 2010; Lin et al., 
2012; Semmler et al., 2007). These observations indicate that the biological effects of 
LPS-preconditioning depend on the time of preconditioning and type of tissue 
challenged. Long-term CNS tolerance to LPS or other inflammatory stimuli might serve 
as a means to prevent excess damage to the tissue caused by subsequent inflammatory 
insults. Preconditioned microglia still display an inflammatory response to a second 
LPS challenge, but much less pronounced, pointing to a means to limit excess damage 
that would be caused by repeated strong immune activation of microglia. The 
potentially detrimental effect of peripheral inflammation is illustrated by our 
observation that a single i.p. LPS injection affected the learning capacity of mice in a T 
maze. 

Acute or chronic LPS prestimulation of primary microglia cultures and organotypic 
hippocampal slices induced a downregulation of proinflammatory genes like Tnf and 
Il6 when being re-stimulated with LPS after 7 days (Ajmone-Cat et al., 2013; Ajmone-
Cat et al., 2003). The molecular basis for this altered LPS sensitivity is however largely 
unknown. In macrophages, Deng et al., (2013) showed that prestimulation with super 
low doses of LPS (5-50 pg/ml) or high doses of LPS (up to 100 ng/ml) have opposing 
effects in that low doses primes macrophages and high doses tolerizes them (Deng et 
al., 2013). They postulate that low dose of LPS increases the activation of IRAK-1, tollip 
and thereby induce the degradation of RelB. And it is thought that removal of RelB 
primes these cells. In contrast, they show that high dose of LPS induces RelB 
production by activation of negative regulators such as PI3K and IRAK-M, which 
negatively regulate IRAK-1 (Deng et al., 2013). Although we did not check these 
upstream regulators by western blot analysis, the effect of low versus high LPS 
preconditioning on a second high LPS stimulus was assessed by quantitative RT-PCR. 
In primary microglia, we observed a concentration-dependent tolerance induction. 
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However, priming by low dose LPS (5-50 pg/ml) was not observed (suppl. fig. 1). 
Using ligands for different TLR signaling pathways, we determined that LPS and 
Pam3CSK4 preconditioning affected a common target downstream of TLR2 and TLR4. 
Western analysis and phosphoprotein-specific ELISAs showed that LPS-induced 
phosphorylation of the p65 subunit of NF-κB was similar in control and 
preconditioned microglia (fig. 3). Together these data suggest that the long-term 
reduction in endotoxin responsiveness induced by LPS or Pam3CSK4 occurs 
downstream of NF-κB in the TLR2/4 signaling pathways. Although these data strongly 
suggest that LPS-TLR4/Pam3CSK4-TLR2 signaling are mediating the observed 
preconditioning effects, non-TLR signaling could be implicated as well. Recently, an 
intracellular caspase 11 activation by LPS has been reported (Hagar et al., 2013). 
However, TLR4-/- microglia are essentially not activated by LPS, indicating that TLR4 
is the main LPS sensor of microglia. Taking together, for our paradigm, TLR4 would be 
the most relevant microglial “sensor” of LPS. On the other hand, and most importantly, 
even if the phenomenon of LPS pre-conditioning would involve mechanisms 
additional to TLRs, the observed effect of LPS preconditioning would still be a finding 
of scientific and clinical relevance. 

TLR2 is activated by peptidoglycans of gram-positive bacteria and Zymosan of 
yeast and TLR4 is activated by lipopolysaccharides of gram-negative bacterial cell 
walls, both yeast and bacteria-derived pathogen-associated molecular patterns 
(PAMPs). Interestingly, LPS preconditioning potentiated poly-I:C-TLR3 signaling, and 
poly-I:C mimics a viral PAMP, suggesting that LPS and Pam3CSK4 preconditioning 
might lead to an enhanced inflammatory response in case of a viral infection. 

The observation that a reduced LPS response was still observed 32 weeks after the 
first LPS challenge in mice led us to determine if this was possibly caused by a 
repressive epigenetic imprint. The epigenome is of major importance in (stable) 
regulation of gene expression like memory imprinting of the adaptive immune system. 
The major epigenetic events influencing gene expression are covalent histone tail 
modifications and DNA methylation (Kondilis-Mangum and Wade, 2013). We assessed 
several histone tail modifications associated with transcriptionally active (H3K4me3 
and AcH3) or repressive (H3K27me3, H3K9me2, and H3K9me3) chromatin to 
determine a possible epigenetic basis for the long-term effects of LPS stimulation on 
microglia responsiveness both in vitro and in vivo. Here, we show that enrichment of 
H3K4me3 and AcH3 at the promoter region of Il1b in response to LPS was significantly 
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lower in LPS preconditioned cells and mice when compared to control microglia. This 
observation is in agreement with the reduced Il1b transcript levels in response to LPS 
in preconditioned microglia and mice. We did not observe an enrichment of 
H3K27me3 in chromatin of the Il1b promoter in LPS-preconditioned primary 
microglia or mice, which makes it unlikely that epigenetic silencing is mediated by the 
Polycomb repressive complex 2. 

Interestingly, a significant enrichment of “repressive” histone modification 
H3K9me2 was observed both in preconditioned primary microglia and in microglia 
acutely isolated from preconditioned mice. Mono- and di-methylation of H3K9 are 
mainly mediated by G9a (KMT1C, EHMT2), G9a-like protein 1 (GLP, EHMT1) and SET 
domain bifurcated 1 (Setdb1, ESET) and both these modifications have been 
associated with reversible gene silencing. H3K9me3 is regarded as a more constitutive 
mark of gene repression (Hirabayashi and Gotoh, 2010). In primary microglia, LPS-
preconditioning resulted in enriched H3K9me2 levels but not in H3K9me3 levels, 
suggesting that the observed reduction in LPS responsiveness might be reversible.  

Our data indicate that RelB is a key mediator of the reduced responsiveness to LPS 
in preconditioned microglia. In primary microglia, LPS induced a sustained expression 
of RelB, which was enriched at the promoter of Il1b that also was enriched for 
H3K9me2, pointing to a similar mechanism of LPS-induced “tolerance” in microglia. 
Furthermore, expression of RelB shRNAs in the microglia BV-2 cells restored LPS 
sensitivity showing that RelB is required for tolerance induction. How RelB leads to 
gene repression in microglia is unclear, but in macrophages, a direct interaction 
between RelB and G9a, the enzyme that mono- and dimethylates H3K9 has been 
reported (Chen et al., 2009; El Gazzar et al., 2009).  

To determine if LPS preconditioning, in addition to altered inflammatory cytokine 
gene expression, affected other known microglia properties, phagocytic activity and 
electrophysiological characteristics of preconditioned primary microglia were 
determined. The expression of K+ channels which mediate the in- and outward 
currents that can be recorded with whole cell patch clamping has been shown to 
change under pathophysiological conditions such as injury and epilepsy models 
(Kettenmann et al., 2011). One day after a pathologic event or after stimulation by LPS, 
microglial cells express the potassium channels Kv1.3 and Kv1.5. The expression of 
these channels is required for microglia iNos transcription and NO production 
(Pannasch et al., 2006). In agreement with these results, in vitro electrophysiological 
analysis of primary microglia showed that preconditioned microglia display enhanced 
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outward currents and increased iNos expression and NO secretion. Showing that 
although suppressed in pro-inflammatory cytokines, these LPS preconditioned cells 
are not completely blunted in inflammatory responses. Furthermore, phagocytosis of 
pHrodo E. coli conjugates was significantly increased in preconditioned primary 
microglia. Summarizing, preconditioned primary microglia are suppressed in their 
pro-inflammatory gene expression but they exhibit increased phagocytic activity and 
iNos and NO secretion, properties associated with inflammation-resolving microglia 
(Brown and Neher, 2010). 

Changes in microglia morphology are associated with altered activity. As expected, 
a decrease in microglia ramification was observed in LPS-injected control mice. 
Microglia morphology in control mice and preconditioned mice was similar, although 
preconditioned microglia displayed a nearly significant increased degree of 
ramification. Most interestingly, LPS had no effect on microglia morphology in 
preconditioned mice; the degree of ramification and sum of intersections was not 
altered in preconditioned mice after a second LPS challenge. These data indicate that 
although preconditioned and control microglia are morphologically similar, in terms 
of endotoxin sensitivity they are very different. 

I.p. injection of LPS can cause neuroinflammation through the neural route, 
circumventricular organs, cytokine transport across the blood-brain barrier and 
secretion of substances by epithelial cells of the blood-brain barrier (Quan and Banks, 
2007). To directly administer LPS to the CNS, mice were i.c.v. cannulated. I.c.v. 
injection of LPS resulted in increased inflammatory cytokine expression that was 
significantly reduced in mice receiving two LPS injections with a 1-week interval. 
These data indicate that preconditioning of microglia in vivo results in reduced 
responsiveness to a second stimulus, irrespective of an i.p. or i.c.v. administration of 
the endotoxin. This is of particular interest in relation to the observation made in 
humans where sepsis or generalized peripheral infections have been shown to be 
associated with cognitive decline (Semmler et al., 2013). If and how microglia are 
involved in the human situation is at present unclear, but our data demonstrate that 
peripheral inflammation has a long lasting blunting effect on microglia responsiveness 
in mice. 

Summarizing, our data show that stimulation of microglia with LPS resulted in an 
enrichment of “active” chromatin marks and increased expression these genes. After 
the initial pro-inflammatory response, (some of) these genes are occupied by RelB, 
become enriched for “repressive” chromatin modification H3K9me2 and are 
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attenuated in their response to a subsequent challenge with LPS (fig. 8C). Where the 
peripheral immune response to LPS was progressively restored after an LPS injection, 
this reduced LPS responsiveness was still observed in mice 32 weeks after the first 
LPS challenge. This indicates that peripheral endotoxin tolerance is transient in nature 
but that a single LPS stimulation induced a stable repressive epigenetic imprint in 
microglia in vivo. In the peripheral immune system, endotoxin tolerance is viewed as 
a mechanism to limit the inflammatory response to subsequent stimuli to prevent 
excessive tissue damage(Foster et al., 2007). On the other hand, long-term endotoxin 
tolerance in the periphery might be a potentially detrimental condition as it could 
hamper the ability to elicit a required immune response. However, many peripheral 
innate immune cells, like monocytes, are relatively short-lived and replenished from 
the bone marrow, possibly explaining the progressively restored inflammatory 
response observed in mice i.p. injected with LPS (suppl. fig. 3D). In contrast, microglia 
are a cell population from a different embryonic origin (Ginhoux et al., 2010; Gomez 
Perdiguero et al., 2015), with a low turn-over and no or very limited contribution from 
peripheral myeloid cells to the CNS microglia population during adult life (Ajami et al., 
2007). The observation that microglia display a sustained, altered LPS responsiveness 
might be a consequence of their low replacement rate, allowing for a long-term 
epigenetic imprint altering LPS responsiveness. Alternatively, repeated and extensive 
inflammatory activation of microglia is very detrimental for the CNS and should be 
avoided to prevent excess damage. So long-term tolerance might be a mechanism to 
prevent excess damage to the CNS in case of recurrent inflammatory stimulation. 
Importantly, our data show that LPS preconditioning results in a reduced, not a 
blocked, LPS response. We observed a long-term change in LPS preconditioned 
microglia from a pro-inflammatory to a more inflammation-resolving (increased 
outward currents, increased NO secretion and phagocytic activity) phenotype, 
possibly to limit potential excess CNS tissue damage as a consequence of repeated 
peripheral inflammation. 

We show for the first time that a single inflammatory episode in mice leads to 
stable and long-lasting changes in the microglia epigenome, affecting endotoxin 
sensitivity and altering the response to a subsequent challenge. These observations 
might have significant implications for a better understanding of the long-term 
cognitive effects observed in sepsis patients (Semmler et al., 2013) or the 
consequences of perinatal infections during pregnancy that are linked to reduced 
cognitive performance in the offspring (Williamson et al., 2011). Here, we show that a 
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single i.p. LPS injection (1 mg/kg) of adult mice impaired T-maze learning 4 weeks 
post injection. This observation illustrates the effect of a single inflammatory event on 
learning and the necessity for a better understanding of the mechanisms that underlie 
this effect. 
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Supplemental information 
 
 

 
Supplementary figure 1. Microglia preconditioning is LPS dose-dependent. (A) An LPS dose-response 
curve was generated in primary microglia. Primary microglia were stimulated with the indicated LPS dose 
for 6 h, RNA was isolated and Il1b mRNA levels were determined using quantitative RT-PCR. Expression 
levels were normalized to Hmbs, average expression with standard errors is depicted. (B) Microglia 
preconditioning is LPS dose-dependent. Microglia were preconditioned with the indicated LPS dose for 24 h 
and after 6 days again stimulated with LPS for 6 h. Il1b mRNA levels were determined using quantitative 
RT-PCR, expression levels were normalized to HMBS and average expression with standard errors is 
depicted. 
 
.  
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Supplementary figure 2. Viability of primary microglia cultures. (A) Viability of long-term microglia 
cultures was determined using MTT assay. Microglia were stimulated according to the scheme depicted 
in fig. 1A. At day 9, cells were subjected to MTT assay to determine mitochondrial activity, a measure for 
cellular viability and in parallel protein content was determined in a Bradford assay to correct for potential 
differences in protein content. The MTT converting activity is depicted per μg of protein. (B) Microglia 

https://www.sciencedirect.com/science/article/pii/S0889159115000847#f0005


Chapter 2 

84 
 

culture viability was determined using an LDH assay. Microglia were seeded in conditioned medium and 
stimulated with LPS at day 1. Medium was collected from wells without microglia, wells with control 
microglia and wells with LPS treated microglia at 1, 5, and 8 days after seeding. LDH activity is depicted as 
Absorbance at 490 nm. Medium is conditioned medium without cells, control is unstimulated microglia, LPS 
is preconditioned microglia that received an LPS stimulus. (C) To determine if the number of microglia is 
very different between control and preconditioned conditions, microscopic images were taken of microglia 
cultures, stimulated according to the scheme depicted in fig. 1A. Control: unstimulated microglia; LPS, day 
8: microglia that received an LPS stimulus on day 8; LPS, day 1: microglia that received an LPS stimulus on 
day 1; LPS, day1 & day 8: microglia that received LPS stimulations on day 1 and day 8. The average number 
of microglia is depicted with the standard deviation. Representative images of primary microglia at day 8 
of culture, stimulated as indicated, are shown. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary figure 3. ET after multiple LPS stimuli, and peripheral inflammation in mice i.c.v. and 
i.p. injected with LPS. (A) The effect of multiple LPS stimulation on Tnf secretion by primary microglia was 
determined. Cells were seeded and exposed to LPS for 24 h at days 1, 3.5, and 6. At the end of each LPS 
stimulation, the supernatant was collected and Tnf levels were determined by ELISA. * p ≤ 0.05, ** p ≤ 0.01, 
*** p ≤ 0.001. (B) Mice were injected with PBS or LPS (i. c.v. 5 μg, 1 μl/min or i.p. 0.25 mg/kg) with different 
intervals (1, 4, and 32 weeks) as depicted. RNA was isolated 3 h after the second LPS injection, protein 
samples were generated 24 h after the second LPS injection. (C) In mice i.c.v. injected with LPS, Tnf serum 
levels were determined using an ELISA. Average serum levels with standard errors are depicted. A 
significant reduction in Tnf serum levels was determined in response to LPS in preconditioned 
mice; ∗p ≤ 0.05 (D) In mice i.p injected with LPS, Tnf serum levels were determined using an ELISA. A 
significant reduction in Tnf serum levels was determined in response to LPS in preconditioned mice 1 and 
4 weeks after the first LPS challenge. After a 32 weeks interval, Tnf serum levels in response to LPS are 
comparable in control and preconditioned mice. Average serum levels with standard deviations are 
depicted; ** p ≤ 0.01, *** p ≤ 0.001.  
  

https://www.sciencedirect.com/science/article/pii/S0889159115000847#f0005
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Tables 
 

Table 1. Primers used for quantitative RT-PCR and after chromatin 
immunoprecipitations 

 
Gene Forward Primer (5'-3') Reverse Primer (5'-3') 
Hmbs CCGAGCCAAGCACCAGGATA CTCCTTCCAGGTGCCTCAGA 
Hprt1 GACTTGCTCGAGATGTCA TGTAATCCAGCAGGTCAG 
Ifnb1 ACGTGGGAGATGTCCTCAACTGCT TCGGACCACCATCCAGGCGT 
Il1b GGCAGGCAGTATCACTCATT AAGGTGCTCATGTCCTCAT 
Il6 CCTCTCTGCAAGAGACTTCCATCCA GGCCGTGGTTGTCACCAGCA 
iNos AAGGCCACATCGGATTTCAC GATGGACCCCAAGCAATACTT 
Kv1.5 ACTGACAGTATCAGAAGGGGTAG ACAGAGGGCATACAGAGACCT 
Tnf TCTTCTGTCTACTGAACTTCGG AAGATGATCTGAGTGTGAGGG 
Il1b (ChIP) TTAGCATGCCTGCCCTGAAC  GGTGGGCATCCAGCGTTA 
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Table 2. Mouse cytokine antibody array 
 

Protein PBS-PBS LPS-PBS PBS-LPS LPS-LPS 
CXCL13/BLC/BCA-1 9879 ± 2749 10770 ± 395 12284 ± 872 9680 ± 952 
C5a 58838 ± 8037 34288 ± 1240 34067 ± 148 35803 ± 717 
G-CSF 6692 ± 194 3922 ± 51 4700 ± 492 4454 ± 505 
GM-CSF 29421 ± 1156 27945 ± 1084 41190 ± 2226 27889 ± 1927 
CCL1/I-309 9235 ± 431 8307 ± 225 10302 ± 995 6024 ± 209 
CCL11/Eotaxin 6076 ± 46 4249 ± 505 11364 ± 1703 4645 ± 457 
ICAM-1 11385 ± 132 11647 ± 415 18883 ± 1033 10641 ± 419 
IFN-γ 96397 ± 1503 56232 ± 3968 55935 ± 5852 51738 ± 3877 
IL-1α 126082 ± 2746 137073 ± 219 170655 ± 310 124205 ± 1690 
IL-1β 5108 ± 1296 3809 ± 362 29922 ± 3491 3377 ± 338 
IL-1rα 2432 ± 324 2896 ± 405 3518 ± 357 3625 ± 2333 
IL-2 4273 ± 78 6633 ± 143 4604 ± 379 3283 ± 325 
IL-3 25547 ± 5227 6686 ± 1266 6683 ± 47 5337 ± 254 
IL-4 24017 ± 4856 10239 ± 750 9161 ± 416 9848 ± 1033 
IL-5 1092 ± 194 907 ± 52 1092 ± 720 1456 ± 237 
IL-6 2850 ± 714 2763 ± 116 5733 ± 1018 4979 ± 75 
IL-7 19543 ± 1285 15995 ± 794 17224 ± 1882 13800 ± 1814 
IL-10 8045 ± 723 8933 ± 235 13867 ± 198 7859 ± 376 
IL-12 p70 2370 ± 67 1606 ± 159 2904 ± 636 1352 ± 150 
IL-13 7475 ± 206 4401 ± 726 6755 ± 636 3901 ± 762 
IL-16 8469 ± 190 4157 ± 1054 9320 ± 906 3702 ± 946 
IL-17 14663 ± 313 5104 ± 213 7975 ± 39 4611 ± 163 
IL-23 11384 ± 110 13723 ± 120 17808 ± 724 8637 ± 1308 
IL-27 12969 ± 2423 13143 ± 2832 9083 ± 428 5992 ± 899 
CXCL10/IP-10 9237 ± 1158 6772 ± 152 41032 ± 852 7573 ± 492 
CXCL11/I-TAC 17699 ± 407 11024 ± 702 6671 ± 224 8162 ± 211 
CXCL1/KC 33742 ± 1452 20840 ± 191 25944 ± 484 21240 ± 1093 
M-CSF 10162 ± 1064 3892 ± 2281 6858 ± 60 5838 ± 299 
CCL2/JE/MCP-1 5453 ± 486 5400 ± 740 39559 ± 1257 7926 ± 445 
CCL12/MCP-5 8558 ± 67 8495 ± 792 70874 ± 2149 23459 ± 2683 
CXCL9/MIG 14532 ± 294 9282 ± 1552 14630 ± 887 8240 ± 1202 
CCL3/MIP-1α 4890 ± 389 3831 ± 379 13375 ± 29 3364 ± 201 
CCL4/MIP-1β 15187 ± 864 16029 ± 445 35678 ± 922 14665 ± 279 
CXCL2/MIP-2 4693 ± 381 1516 ± 481 3145 ± 156 1382 ± 411 
CCL5/RANTES 4589 ± 57 3807 ± 800 7024 ± 699 3096 ± 1022 
CXCL12/SDF-1 1085 ± 281 1301 ± 7 1616 ± 488 907 ± 512 
CCL17/TARC 6833 ± 812 12388 ± 479 18209 ± 1999 13355 ± 1939 
TIMP-1 38357 ± 2811 23873 ± 1574 21540 ± 1696 21999 ± 1495 
TNF 86755 ± 73 87187 ± 130 106007 ± 1789 85022 ± 1054 
TREM-1 2776 ± 769 1754 ± 1356 2805 ± 581 2175 ± 635 

 
Mice were twice i.p. injected with PBS or LPS with a 4-week interval between injections. Microglia were 
FACS isolated 6 h after the second i.p. injection. Per condition, microglia from 3 mice were pooled and 
analyzed using the cytokine array. Results are shown as mean pixel density with standard deviations. 
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Abstract 
 
Microglia, the primary immune cell type of the central nervous system (CNS), adopt 
diverse phenotypes and functions under different conditions. Exposure of monocytes 
or microglia to lipopolysaccharide (LPS) reduces their sensitivity to subsequent 
stimuli in vivo, a process termed endotoxin tolerance. In contrast, in monocytes, fungal 
β-glucan induces enhanced responsiveness of innate immune cells to a secondary 
stimulation, a process called trained immunity. Here we assessed whether pre-
conditioning with β-glucan resulted in trained immunity in microglia. Interestingly, in 
cultured primary neonatal mouse microglia, β-glucan activated NF-κB signaling in a 
dose-dependent manner and preconditioning with LPS and β-glucan attenuated the 
microglial response to a second LPS or β-glucan challenge. Moreover, acute 
stimulation with LPS or β-glucan increased aerobic glycolysis. Primary microglia, pre-
conditioned with LPS or β-glucan, displayed a higher level of glycolysis and oxygen 
consumption. Interestingly, glycolysis was further increased in response to a second 
LPS stimulation. 

Systemic injection of β-glucan only slightly increased peripheral inflammatory 
cytokine levels, but did not induce a pro-inflammatory response in microglia. 
However, after β-glucan preconditioning, microglia displayed an enhanced 
responsiveness to a subsequent systemic LPS challenge, characterized by increased 
cytokine expression, enhanced glycolysis, and morphological changes, indicative of 
trained immunity. 

In conclusion, in cultured primary microglia, direct exposure to LPS and β-glucan 
induced a reduced responsiveness to a subsequent challenge, whereas in vivo, β-
glucan sensitized microglia to a subsequent secondary stimulation. 
 
Keywords: microglia, β-glucan, LPS, innate immune memory, trained immunity, 
endotoxin tolerance, glycolysis, respiration 
  



β-Glucan induced trained immunity in microglia in vivo   

91 
 

3 

Introduction 
 
The innate immune response is rapid, non-specific in its output, and mediated by 
pattern recognition receptors with high specificity. Innate immune memory, or 
trained immunity, is characterized by an enhanced functional state of innate immunity 
after an initial insult and has been reported in plants, invertebrate animals, and 
vertebrates (Netea et al., 2016). β-glucan stimulation and BCG vaccination result in 
innate immune memory in human and mouse monocytes and protects against an 
otherwise lethal infection with C. albicans in mice (Cheng et al., 2014; Hamers et al., 
2015; Novakovic et al., 2016; Quintin et al., 2012). This trained innate immunity in 
monocytes and macrophages is characterized by metabolic alterations and 
exaggerated inflammatory cytokine production, and an altered epigenetic landscape 
(Cheng et al., 2014). 

Microglia are the innate immune cells of the central nervous system (CNS) that play 
critical roles in homeostatic surveillance, inflammation, tissue remodeling, synaptic 
plasticity, and neurogenesis (Eggen et al., 2017). As in peripheral monocytes, LPS 
induces tolerance in microglia, characterized by an attenuated response upon re-
exposure to an inflammatory stimulus, and this was observed in microglial cell lines, 
primary microglia, and in vivo (Rosenzweig et al., 2007; Schaafsma et al., 2017; 
Schaafsma et al., 2015). We showed that in vivo this attenuated response is long-
lasting (>32 weeks), and is caused by epigenetic silencing of LPS-TLR4 target genes, 
for instance Ilb (Schaafsma et al., 2015). In contrast, Wendeln and co-workers 
observed LPS-induced trained immunity in the mouse CNS, one day after a systemic 
LPS injection, but if and how long this microglia hyper-responsiveness persisted or 
became endotoxin tolerant was not determined (Wendeln et al., 2018). 

In addition to this hypo-sensitive microglia phenotype, hyper-sensitive or primed 
microglia are observed in the aged or neurodegenerative CNS (Holtman et al., 2015; 
Norden et al., 2015). These primed microglia share similarities with 
monocytes/macrophages trained with β-glucan or BCG, at least in terms of the 
exaggerated inflammatory response to a second stimulus. In monocytes, pathogens 
are more critical in influencing the cytokine response than a particular immune 
pathway (Li et al., 2016). However, it is unclear how comparable the effects of 
bacterial LPS and fungal β-glucan on microglia are and whether these CNS-specific 
macrophages display trained immunity, similar to monocytes. 
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Macrophages and microglia alter their metabolism in response to inflammatory 
challenges (Gimeno-Bayon et al., 2014), and these alterations are different for distinct 
microbial stimuli (Lachmandas et al., 2016). The effects of repeated inflammatory 
stimulation on microglia metabolism are not known yet and investigated in this study. 

β-glucans are molecules that vary in molecular mass, solubility, viscosity and 
three-dimensional configuration. In primary microglia, β-glucan particles induce ROS 
production via the Dectin-1 receptor. Although β-glucan did not induce cytokine and 
chemokine expression, pre-treatment with particulate β-glucan suppressed TLR2- 
and TLR4-mediated activation of NF-κB, dependent on Dectin-1/β-glucan interaction 
(Shah et al., 2008; Shah et al., 2009). Pre-treatment with β-glucan reduced LPS-
induced Tnf expression and NF-κB activation in BV-2 cells (Jung et al., 2007).  

Activation of TLR4/NF-κB signaling in primary microglia by LPS or Pam3CSK4 
induces endotoxin tolerance, accompanied by epigenetic silencing of the NF-κB target 
genes (Schaafsma et al., 2015). In this study we assessed the microglia response to 
fungal β-glucans, which induce trained immunity in monocyte and macrophages 
(Netea et al., 2016).  
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Materials and Methods 
 
Animals 
All the animal work was performed in the Central Animal Facility (CDP, Groningen, the 
Netherlands) following the experimental animal guidelines of the University of 
Groningen (IvD15360-03-02). C57Bl/6J mice (male, 7-10 weeks, 25-30 grams) were 
purchased from Envigo (Harlan, Horst, the Netherlands) or bred in the CDP. Mice were 
individually housed under a 12/12 h light/dark cycle (8 p.m. lights off, 8 a.m. lights 
on) with ad libitum access to food and water. For intraperitoneal injection, the mice 
received 200 µL PBS or LPS (Sigma-Aldrich, E. coli, 0111:B4, L4391, 1 mg/kg body 
weight) or β-glucan (Sigma-Aldrich, S. cerevisiae, G5011-25MG , 20 mg/kg body 
weight). 
 
Source of β-glucan 
For RT-qPCR, ELISA and NO measurement experiments, both commercial β-glucan 
(Sigma-Aldrich, S. cerevisiae) and β-glucan (prepared from C. albicans) were used as 
indicated in the legends. For the Seahorse experiments and in vivo work, β-glucan from 
S. cerevisiae was used. 
 
Primary microglia culture 
Primary neonatal microglia were isolated from brains of postnatal day 0-2 C57Bl/6J 
mouse pups as described previously (Schaafsma et al., 2015). Briefly, the brains were 
minced after removing the cerebellum and meninges, followed by 25-35 min 0.25% 
trypsin dissociation. The tissue was then triturated using glass pipettes. Cells were 
centrifuged and resuspended in microglia medium (DMEM (Dulbecco’s Modified Eagle 
Medium, Lonza, BE12-707F) with 10% FCS (Gibco, 10500-064), 1 mM sodium 
pyruvate (Gibco, 11360-070) and 1% penicillin/streptomycin (GE Healthcare, P11-
010)) and incubated at 37°C with 5% CO2. When confluent, the medium was refreshed 
by 10 mL microglia medium and 5 mL LCCM (L929 cell line conditioned medium, 
DMEM with 10% FCS and 1% penicillin/streptomycin). Three to four days later, 
microglia were collected by orbital shaking at 37°C and 150 rpm/min for 1 h. 
Afterwards, the microglia-enriched cell suspension was centrifuged. The supernatant 
was filtered (20 µm filter) and used as conditioned medium. The microglia were 
seeded and cultured in the microglia culture medium (fresh microglia medium 
containing 50% conditioned medium collected after the shaking off). 
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For stimulation, one day after microglia were seeded, the medium was refreshed with 
microglia culture medium containing PBS, LPS (100 ng/mL), β-glucan (up to 10 
µg/mL, described in the legends of figures) or BCG (1 or 10 µg/mL BCG vaccine SSI, 
State Serum Institute, Copenhagen, Denmark) 24 h later, all the wells were washed 
once and microglia culture medium was added. The microglia were rested for 6 days 
with a single medium refreshment on day 3. Then a second stimulation was performed 
with microglia culture medium containing either PBS, LPS (100 ng/mL), or β-glucan 
(concentration indicated in the legends). Cells were washed with PBS and lysed by 
TRIzol™ Reagent (Thermo Fisher Scientific, 15596026) after 3 h for RNA isolation or 
after 24 h for medium collection to measure cytokine release. 
 
BV-2 cell culture and luciferase assay 
BV-2 cells were cultured in DMEM supplemented with 10% FCS (Bovogen Biologicals, 
Keilor East, Australia) and 1% pen/strep (GE Healthcare, Little Chalfont, United 
Kingdom) at 37°C in a humidified atmosphere with 5% CO2. 

For luciferase assays, BV-2 cells with a luciferase reporter gene driven by 
consensus NF-κB binding sites were used. The high sensitivity luminescence reporter 
gene assay system kit (Steadylite plus, PerkinElmer) was used to measure the 
luciferase activity and the signal was recorded in a Luminometer. The BV-2 NF-κB 
luciferase reporter cell line was generated by transduction of BV-2 cells with lentiviral 
Cignal™ Lenti Reporters (Luc) following the manufacturer's protocol (Qiagen, CLS-
013L). Afterwards, the transduced BV-2 cells were seeded into 6 well plates with 4 
mg/mL puromycin in the culture medium. The single colonies were selected and 
expanded. The activation of NF-κB by LPS was analyzed as previously described 
(Benus et al., 2005; van den Boom et al., 2007). One of the colonies was selected and 
used in all the following experiments. 
 
Microglia isolation 
Microglia were isolated from adult mouse brain using standardized procedures 
described in detail before (Galatro et al., 2017). Briefly, the mice were perfused with 
saline under deep anesthesia and the brains were triturated using a tissue 
homogenizer. The homogenized brain samples were resuspended in 22% percoll and 
overlayed with 3 mL dPBS, followed by centrifugation to remove myelin. The cell 
pellets were incubated with the antibodies CD11b PE (clone M1/70, eBiosciences), 
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CD45 FITC (clone 30-F11, eBiosciences), and Ly-6C APC (clone HK1.4, BioLegend). 
Microglia were sorted as DAPIneg CD11bhigh CD45mid Ly-6Cneg cells. 
 
Isolation of splenic macrophages  
Spleens were triturated using a tissue homogenizer, after centrifugation the cell 
pellets were resuspended in 1 mL red blood cell lysis buffer, and CD11b PE, CD45 FITC, 
and Ly-6G APC/cy7 (clone 1A8, BioLegend) antibodies were added. Macrophages 
were sorted as DAPIneg CD11bhigh CD45pos Ly-6Gneg cells. 
 
RNA isolation, quantitative RT-PCR 
Total RNA was isolated using Qiagen RNeasy Micro Kit according to the 
manufacturer’s instructions. cDNA was synthesized using Random Hexamers 
(Fermentas), M-MuLV Reverse Transcriptase and Ribolock RNase inhibitor 
(Fermentas) and dNTP and RT buffer (Fermentas). Quantitative PCR reactions were 
performed using the ABI7900RH or QuantStudio 7 Real-Time PCR system. 
 
Enzyme-linked immunosorbent assay (ELISA) 
The supernatants from primary microglia cultures and mouse sera were used for 
cytokine ELISA. Il1b, Tnf, and Il6 were measured using commercialized ELISA kits 
(BioLegend, San Diego, CA). In brief, the plates were coated with 100 µL diluted 
capture antibodies overnight at 4°C. After washing, 1X assay diluent A was used for 
blocking for 1 h in RT with shaking. After a second wash, the diluted standards and 
samples were added to the plates for 2 h, at RT with shaking. Subsequently, plates 
were washed and the detection antibodies were added. Following the next washing 
step, avidin-HRP was added, incubated with TMB substrate solution for 10-30 min, 
stopping solution (2N H2SO4) was added, and absorbance was read at 450 and 570 nm. 

To exclude potential effects of differential microglia cell survival and proliferation 
between groups, cytokine production was normalized by the total protein content of 
attached cells. Briefly, after the culture medium was collected, the cells were washed 
once with dPBS and then lysed by 1X cell lysis buffer (Cell lysis buffer, 9803, Cell 
Signaling Technology). The concentration of cell lysate was then measured using the 
Pierce BCA Protein Assay Kit (23227, Thermo Scientific) according to the 
manufacturer's protocol. First, standard samples were prepared with a concentration 
of 0 to 2,000 μg/mL. Second, BCA reagents A and B were mixed at a ratio of 50:1. Then  
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Figure 1. LPS and β-glucan induce endotoxin tolerance in primary microglia. (A) The expression of 
pro-inflammatory genes Ilb, Tnf, Il6, Ccl3, and Csf1 was determined by RT-qPCR and normalized to Hprt1 
expression 3 h after the last stimulus. The symbol shapes indicate the preconditioning stimulus and the 
color indicates the type of second stimulation. (B) The concentration of Il1b, Tnf, and Il6 in the culture 
medium was determined by ELISA 24 h after the last stimulus. (C) Il10 and Nos2 gene expression levels 
were determined by RT-qPCR and normalized to Hprt1. (D) Nitric oxide concentration in the cell culture 
medium was determined using the Griess reagent. Gene expression data were obtained in two independent 
experiments and each dot represents a sample. The depicted ELISA data were obtained in one experiment 
with multiple wells per condition. All the experiments have been repeated at least three times. The 
significance is calculated by one-way ANOVA with a Bonferroni correction for multiple comparisons (* p < 
0.05; ** p < 0.01; *** p < 0.001). 
 
 
 
25 μL of standard samples and microglia lysates were added in a 96-well plate, 
followed by 200 μL mixed BCA reagent A and B. After 30 min incubation at 37°C, the 
absorbance was measured with a spectrophotometer at 570 nm. 
 
NO measurements 
Nitric oxide release was quantified using Griess reagent. Briefly, 50 µL of the collected 
culture medium was mixed with 50 µL 1% sulfanilamide in 5% phosphoric acid. In 
parallel, 6 serial two-fold dilutions starting with 100 µM 0.1 M sodium nitrite were 
used as standards. After 5-10 min incubation at RT, 50 µL of 0.1% NED (N-(1-
naphthyl)ethylenediamine dihydrochloride) solution was added to all wells, 
incubated for 5-10 min at RT, protected from light. The absorbance was measured in 
a plate reader at 550 nm. 
 
Immunohistochemistry 
Animals were perfused with saline and terminated with deep anesthesia. One of the 
hemispheres was used for microglia isolation and the other one was fixed for 48 h in 
4% paraformaldehyde (PFA) at 4°C. After overnight incubation in 25% sucrose, the 
brain samples were stored in a -80°C freezer. For free-floating staining, 40 µm thick 
sections were blocked for 1 h with 5% normal goat serum and incubated with primary 
antibodies against Iba1 (Wako, 019-19741) or GFAP (DAKO, Z0334) overnight at 4°C. 
Next, Alexa Fluor 488 donkey anti-rabbit (Invitrogen, A21206) secondary antibody 
was added. After 1 h of incubation, sections were washed, incubated in Hoechst 
solution for 5 min and mounted on glass slides.  
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Real-time glycolysis and respiration kinetics analysis (Seahorse XF) 
The oxygen consumption rate (OCR), indicative for mitochondrial respiration, and the 
extracellular acidification rate (ECAR), an indicator for glycolysis, were measured real 
time in a 96-well format using a Seahorse XF96 analyzer (Agilent). Optimal plating 
density and inhibitor concentrations were determined by optimization experiments, 
following the manufacturer's protocol. 

Primary mouse microglia were plated in an XF96 well culture microplate with a 
density of 20,000 cells/well in microglia medium, supplemented with glutaMAX and 
glucose. One h prior to the assay, the cells were switched to XF basal medium, 
supplemented with 4.5 g/L glucose, 2 mM glutaMAX and 1 mM sodium pyruvate (XF 
medium) and placed at 37 °C without CO2. The cells were then carefully rinsed twice 
with XF medium and refreshed with 180 µL/well XF medium. During OCR 
measurements, the inhibitors were injected automatically at set time-points in a 
volume of 20 µL. Three inhibitors were added including oligomycin (1 µM, ATP 
synthase inhibitor), FCCP (4 µM, uncoupler), Rotenone/Antimycin A (1 µM, complex 
I/III inhibitors). During the OCR measurements, baseline ECAR kinetics were 
determined in the presence of 4.5 g/L glucose, 2 mM glutaMAX and 1 mM sodium 
pyruvate. The data was primarily analyzed using Seahorse Wave Desktop 2.4 
(Agilent). 
 
Sholl analysis 
Sixteen µm thick 4% PFA fixed sections stained with Iba1-DAB were scanned using on 
a Hamamatsu imaging system with a 40X objective. ImageJ with a Sholl analysis plugin 
was used for microglia analysis. 
 
Statistical analysis 
Dot plot and statistical analyses were performed using GraphPad Prism 5. For in vitro 
experiments, at least three independent experiments were carried out; the results 
obtained in a representative experiment are depicted in the figures unless otherwise 
mentioned in the legend. For in vivo data, each dot represents an animal and data from 
multiple experiments are combined into one figure. The statistical significance was 
determined by one-way ANOVA followed by Bonferroni correction for multiple 
comparisons.  
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Results 
 
β-Glucan attenuates the pro-inflammatory response of microglia  
Pre-treatment of primary microglia with either LPS or Pam3CSK4 induces endotoxin 
tolerance, accompanied by epigenetic silencing of the NF-κB target genes like Il1b and 
Tnf (Schaafsma et al., 2015). However, it is unclear whether microglia respond similar 
to fungal glucans, which induce trained immunity in monocyte and macrophages 
(Netea et al., 2016). To determine whether β-glucan induces trained immunity in 
microglia, primary cells were incubated with 10 µg/mL β-glucan for 24 h and after a 
6-day interval stimulated with 100 ng/mL LPS for 6 h for mRNA analysis or for 24 h 
for cytokine production analysis (suppl. fig. 1A). Treatment of microglia with LPS and 
β-glucan resulted in increased expression of the Il1b, Tnf, and Il6 genes (fig. 1A). 
Although the induction of Il1b and Il6 mRNA expression by LPS and β-glucan was 
similar, significantly less Il1b and Il6 was secreted by β-glucan-stimulated microglia, 
while the increase in Tnf expression and secretion was comparable in response to 
both stimuli (suppl. fig. 1B).  

Preconditioning microglia with either LPS or β-glucan resulted in a significantly 
attenuated response to a subsequent challenge with either LPS or β-glucan (fig. 1B). 
Pre-stimulation of microglia with β-glucan attenuated the subsequent pro-
inflammatory gene expression response to LPS in a concentration-dependent manner 
(suppl. fig. 1C). To confirm these findings at the protein level, secretion of these 
cytokines by primary microglia in the culture medium was quantified. Pre-stimulation 
with LPS and β-glucan reduced Il1b, Tnf, and Il6 secretion in response to LPS, but the 
preconditioning effect of β-glucan on Tnf secretion was less pronounced (fig. 1B). 

Gene expression of Il10, an anti-inflammatory cytokine important to limit the 
inflammatory response to prevent excessive tissue damage (Lobo-Silva et al., 2016), 
was potentiated by both LPS and β-glucan preconditioning (fig. 1C), suggesting that 
LPS and β-glucan preconditioing induced a more anti-inflammatory state. Nos2, a gene 
encoding nitric oxide (NO) synthase, was induced by LPS, and even more so in 
microglia pre-treated with LPS or β-glucan. Similar observations were made for the 
production of nitric oxide; LPS and β-glucan induced NO production, but microglia 
preconditioned with LPS or β-glucan produced much more NO in response to either 
stimulus (fig. 1D). 
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Figure 2. β-Glucan and LPS activate NF-κB signaling in a microglia cell line. (A) A BV-2 cell line carrying 
a NF-κB-luciferase reporter gene was stimulated by LPS (100 ng/mL), β-glucan (S. cerevisiae, 10 μg/ml) or 
BCG (10 μg/ml) for the times indicated (ranging from 15 min to 24 h). Luciferase activity was determined 
and normalized to control cells. (B) BV-2 cells carrying a NF-κB-luciferase reporter gene were stimulated 
for 4 h with different concentrations of LPS, β-glucan or BCG. (C) BV-2 cells carrying a NF-κB-luciferase 
reporter gene were first incubated for 24 h with PBS, LPS (100 ng/mL), β-glucan (10 µg/mL, S. cerevisiae) 
or BCG (10 μg/ml), and after a 24 h interval treated with PBS, LPS (100 ng/mL) or β-glucan (10 µg/mL, S. 
cerevisiae). After 6 h, luciferase activity was determined. Each dot represents one well and all dots in each 
graph were obtained in one experiment. The symbol shapes indicate the type of preconditioning stimulus 
and the color indicates the types of the second stimulation. All experiments were repeated three times 
except the BCG experiments in A, which were performed twice. Significance was calculated by a one-way 
ANOVA with a Bonferroni correction for multiple comparisons (** p < 0.01; *** p < 0.001). 
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Bacillus Calmette–Guérin (BCG), a vaccine against tuberculosis, induces trained 
immunity in mouse and human monocytes (Kleinnijenhuis et al., 2012). In contrast, 
preconditioning microglia with BCG reduced the induction of pro-inflammatory genes 
(Il1b, Tnf, and Il6) but enhanced Il10 and Nos2 gene expression in response to a 
subsequent LPS challenge (suppl. fig. 1D). In summary, these data showed that 
preconditioning microglia with β-glucan, LPS, or BCG, attenuated their inflammatory 
response to a subsequent inflammatory stimulus. 
 
β-Glucan activates NF-κB signaling in microglia 
β-Glucan activates macrophages through both the Dectin-1 and TLR2/6 receptors 
(Chan et al., 2009), leading to NF-κB activation. Preconditioning of BV-2 cells with 
either LPS or β-glucan resulted in a significantly attenuated induction of Il1b and Tnf 
gene expression in response to a subsequent challenge with LPS (suppl. fig. 2A). LPS-
induced endotoxin tolerance in microglia is mediated by the TLR2/4-NF-κB signaling 
pathway (Schaafsma et al., 2015). To determine whether β-glucan also activates NF-
κB signaling in microglia, the effect of β-glucan on a BV-2 cell line carrying a NF-κB 
luciferase reporter gene was determined. We first investigated the time course of LPS 
and β-glucan induced NF-κB activation by measuring luciferase activity. Stimulation 
of BV-2 luciferase cells with LPS resulted in significantly increased luciferase activity 
after 30 min which peaked around 4 h. β-Glucan activated NF-κB signaling within 2 h, 
peaking around 6 h after stimulation (fig. 2A). NF-κB luciferase reporter activity was 
induced by β-glucan from both S. cerevisiae and C. albicans, in a concentration-
dependent manner (fig. 2B, suppl. fig. 2B). Next, we determined if preconditioning of 
BV-2 luciferase cells with LPS or β-glucan attenuated NF-κB activation in response to 
a subsequent challenge with LPS or β-glucan. Both pretreatment with β-glucan or LPS 
resulted in a significantly blunted NF-κB response to a second stimulus, where the 
preconditioning effect of LPS was more pronounced (fig. 2C). Pretreatment of BV-2 
luciferase cells with very low concentrations of LPS (10-6 to 1 ng/mL) or β-glucan (10-

5 to 10 ng/mL) did not result in altered NF-κB activity to a subsequent LPS challenge 
(suppl. fig. 2C). 

BCG attenuated the response to a second LPS challenge in primary microglia and 
BV-2 cells (fig. 1D, fig. 2C) and as expected, BCG activated NF-κB signaling in BV-2 
luciferase cells (fig. 2A, B). These data indicate that similar to LPS, β-glucan and BCG 
induce tolerance in microglia via NF-κB (Schaafsma et al., 2015). 
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Figure 3. LPS and β-glucan increase glycolysis in primary microglia. (A) Real-time changes in the 
extracellular acidification rate (ECAR) of primary microglia in response to LPS (L, 100 ng/mL) and β-glucan 
(B, 1 μg/ml) were monitored by Seahorse. LPS and β-glucan were added at 24 h, or 3 h, or 1 h prior to time 
point 2 (t2, 1 h after t1). The ECAR values determined at time point 2 (t2) are depicted on the right. (B) For 
preconditioning experiments, primary microglia were stimulated with PBS, LPS or β-glucan for 24 h. After 
a 6-day interval, cells were treated with PBS, LPS or β-glucan for 3 h, as indicated. ECAR levels just prior to 
oligomycin administration are depicted on the right. All values were normalized to the total number of cells 
per well. (C) The gene expression Pfkfb3 was determined by RT-qPCR and normalized to Hprt1 expression, 
RNA was extracted 3 h after the last stimulus. For Seahorse experiments, each dot represents a well from a 
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96-well plate. The symbol shape indicates the type of preconditioning stimulus and the color indicates the 
type of second stimulation. All experiments have been repeated at least three times, the data from a 
representative experiment are depicted in this figure. Significance was determined by one-way ANOVA with 
a Bonferroni correction for multiple comparisons (** p < 0.01, *** p < 0.001). 
 
Increased glycolysis in LPS and β-glucan stimulated primary microglia 
In monocytes, β-glucan-induced trained immunity requires a shift to aerobic 
glycolysis, known as the Warburg effect (Cheng et al., 2014). In the microglia cell line 
BV-2, LPS stimulation increased glycolysis (Voloboueva et al., 2013). To determine 
whether β-glucan and LPS induced a metabolic shift in primary neonatal microglia, 
glycolysis was determined at various time points after LPS and β-glucan stimulation. 
Indeed, the extracellular acidification rate (ECAR), indicative of glycolysis, increased 
in microglia in response to both β-glucan and LPS (fig. 3A). 

Next, we determined if β-glucan- and LPS preconditioning of microglia induced a 
metabolic shift. The increased glycolysis rate after β-glucan- and LPS stimulation 
persisted and a second LPS challenge further enhanced the ECAR, both in β-glucan or 
LPS pre-conditioned cells, indicating LPS could further increase the glycolysis rate in 
these cells (fig. 3B). 

One of the critical modulators of glycolytic flux is the conversion of fructose-6-
phosphate to fructose-1,6-bisphosphate (F1,6P2) by 6-phosphofructo-1-kinase (PFK-
1). The intracellular concentration of F1,6P2 is regulated by a family of four enzymes, 
fructose-6-phosphate, 2-kinase/fructose-2,6-bisphosphatase (PFKFB) 1-4, of which 
PFKFB3 sustains the highest glycolysis rates (Sakakibara et al., 1997). The expression 
of Pfkfb3 was induced by LPS and the increase in Pfkfb3 expression in response to LPS 
and β-glucan was significantly increased in LPS and β-glucan preconditioned 
microglia (fig. 3C). These data show that preconditioning of primary neonatal 
microglia with LPS and β-glucan increased the expression of a key glycolysis gene (fig. 
3C). 
 
Enhanced oxygen consumption in LPS or β-glucan pre-conditioned microglia 
The oxygen consumption rate (OCR) is an indicator of the oxidative capacity of cells. 
In microglia, the OCR was decreased after LPS stimulation, suggesting that microglia 
shifted from oxidative phosphorylation to glycolysis. However, no significant change 
in the OCR was detected after β-glucan stimulation (fig. 4A). In both β-glucan and LPS 
pre-conditioned microglia, a higher rate of oxygen consumption was observed, 
irrespective of a second LPS stimulation (fig. 4B). These data showed that although β-
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glucan did not alter the OCR of microglia within 24 h after stimulation, a significant 
shift in the OCR was detected 6 days after β-glucan pre-conditioning. These data 
suggest that LPS and β-glucan both increase the OCR in primary neonatal microglia, 
albeit with different kinetics. 
 

 
Figure 4. LPS and β-glucan increase oxygen consumption in primary microglia. (A) Real-time changes 
in the oxygen consumption rate (OCR) of primary microglia in response to LPS (L, 100 ng/mL) and β-glucan 
(B, 1 μg/ml) were monitored in a Seahorse. LPS and β-glucan were added at 23 h or 2 h prior to time point 
1 (t1) or at t1. The OCR values determined at time point 2 (t2) are depicted on the right. (B) For 
preconditioning experiments, primary microglia were stimulated with PBS, LPS or β-glucan for 24 h. After 
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a 6-day interval, cells were treated with PBS, LPS or β-glucan for 3 h, as indicated. The difference in OCR 
levels prior to oligomycin (t: 10 min) and after antimycin (t: 60 min) administration (∆OCR) are depicted 
on the right. All values were normalized to the total number of cells per well. (C) A graphical representation 
of the glycolysis and oxygen consumption rates in microglia after LPS and β-glucan precondition and 
stimulation. For Seahorse experiments, each dot represents a well from a 96-well plate. The symbol shape 
indicates the type of preconditioning stimulus and the color indicates the type of second stimulation. All 
experiments have been repeated at least three times, the data from a representative experiment are 
depicted in this figure. Significance was determined by one-way ANOVA with a Bonferroni correction for 
multiple comparisons (** p < 0.01, *** p < 0.001). 
 

To correct for potential microglia proliferation in response to LPS or β-glucan, data 
were corrected for cell numbers for all groups. The ratio of ECAR and OCR suggested 
that preconditioned microglia did not shift to aerobic glycolysis as both the glycolysis 
rate and respiration increased (fig. 4C). A similar phenomenon was also reported for 
monocytes stimulated with microbial lysates and monocytes stimulated with 
Pam3CSK4 (Lachmandas et al., 2016). 
 
Systemic administration of β-glucan induces trained immunity in microglia 
To determine if β-glucan induces endotoxin tolerance or trained immunity in 
microglia in vivo, mice were challenged with β-glucan and LPS (fig. 5A). 
Intraperitoneal injection of 20 mg/kg β-glucan did not increase Il1b serum levels but 
did result in a modest (2-fold) increase in Tnf and a strong (>100-fold) increase in Il6 
serum levels. Serum levels of these cytokines were back to baseline levels after 24 h 
(fig. 5B). 

No significant changes in Il1b, Tnf, and Il6 gene expression were detected in 
response to β-glucan in ex vivo isolated microglia (fig. 5B), suggesting a limited 
response of microglia to β-glucan, in particular, compared to the inflammatory 
response induced by LPS both in serum cytokine levels and in microglia (suppl. fig. 
3A). 

Next, we determined if β-glucan affected the microglial response to a subsequent 
LPS challenge (fig. 5C). As expected, LPS induced expression of inflammatory genes 
(Il1b, Tnf, and Il6) and this response was reduced in mice that were preconditioned 
with LPS (fig. 5C) (Schaafsma et al., 2017; Schaafsma et al., 2015). Interestingly, LPS 
induced much higher gene expression levels of cytokines and chemokines, e.g. Il1b, 
Tnf, and Il6 in microglia two days after β-glucan but this increase was much less strong 
after 7 and 14 days. The expression of Ccl3, Csf1, and Nos2, molecules important for 
innate immunity and inflammatory processes, was induced by LPS and more  
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Figure 5. β-Glucan transiently induces trained immunity in microglia in vivo. (A) In vivo treatment 
regime, each symbol indicates a specific treatment group. Mice were preconditioned and challenged with 
PBS, LPS (1 mg/kg), or β-glucan (10 or 20 mg/kg) as indicated; followed by serum collection and microglia 
isolation. (B) Serum concentrations of the indicated cytokines were determined by ELISA (left panels) and 
gene expression levels of the indicated cytokine genes in microglia were determined by RT-qPCR and 
normalized to Hprt1 (right panels), respectively. (C, D) Mice were treated with PBS, LPS or β-glucan by i.p. 
injection and after a 2, 7 or 14-day interval, the mice were rechallenged with PBS or LPS as indicated and 
terminated after 3 h. The gene expression level of five pro-inflammatory genes (C) and six genes related to 
different microglia functions (D) was determined by RT-qPCR and normalized to Hprt1. Each dot represents 
an individual animal. Significance was determined by one-way ANOVA with a Bonferroni correction of 
multiple comparisons (* p < 0.05; ** p < 0.01; *** p < 0.001). 
 
pronounced in mice 2 days after β-glucan challenge, similar to Il1b, Tnf, and Il6 (fig. 
5C, suppl. fig. 3B). In addition, the expression of a number of aging- and disease-
associated genes, related to phagosome, lysosome, and antigen presentation, was 
evaluated in these sensitized microglia. A clear but transient induction of Itgax 
(Cd11c), Clec7a (Dectin-1), and Axl was observed in microglia isolated from β-glucan 
pre-conditioned mice (fig. 5D). These data show that preconditioning of mice with β-
glucan, at least transiently, induced trained immunity in microglia. 

To determine whether peripheral cytokine levels were increased in β-glucan pre-
conditioned mice, 3 and 24 h after an LPS challenge, which could be a possible trigger 
for the observed transient activation of microglia, Il1b, Tnf, and Il6 serum 
concentrations were measured. No significant difference between treatment groups 
was detected (suppl. fig. 4B). These data strongly suggest that the transient 
sensitization of microglia is not due to an altered secondary peripheral inflammatory 
response in β-glucan preconditioned mice. 
 
Changes in microglia morphology after β-glucan preconditioning 
Microglia can adopt a variety of morphologies, which are associated with altered 
functions (Levtova et al., 2017; Perry et al., 2010). To investigate whether β-glucan 
induced morphological changes in microglia, we evaluated their morphology by Iba1 
staining followed by Sholl analysis in the hippocampus and frontal cortex of four 
treatment groups (untreated or β-glucan preconditioning, with or without a 
secondary LPS challenge; fig. 6A). Microglia from control mice that were injected with 
PBS twice, displayed a typical microglia morphology: a small soma and highly 
branched, thin processes (fig. 4B). Microglia from β-glucan preconditioned mice 
exhibited a different morphology in hippocampal CA1 and DG regions, characterized 
by shorter branches (fig. 6B, C; suppl. fig. 4B). A similar morphological change was 
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observed in some microglia in the frontal cortex but the majority of the cortical 
microglia still exhibited a regular phenotype (suppl. fig. 4C).  
 
 

 
Figure 6. The microglia of β-glucan pretreated animal show different morphological changes after 
second LPS injection. (A) Mice were preconditioned with PBS or β-glucan (20 mg/kg) by i.p. injection, 
after a 2-day interval, mice received a challenge with PBS or LPS and were sacrificed after 3 h. (B) 
Microscopic images of Iba1-stained CA1 region of the hippocampus (as indicated in A) of the different 
treatment groups are depicted with an enlarged microglia in the inset. Scale bars represent 100 and 25 µm, 
respectively. (C) Representative microglia and skeletonized outlines are shown. Microglia ramification was 
analyzed by Sholl analysis and the number of intersections at the indicated distance from the cell soma are 
depicted, n>3 for all groups. 
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Additional morphological features were investigated: cell surface area, convex 
surface area, soma surface area, total branch length, and total number of endpoints. 
Only the convex area of hippocampal microglia from LPS injected β-glucan 
preconditioned mice showed a significant decrease compared to all the other groups, 
whereas the differences in other parameters amongst groups were subtle (data not 
shown). In summary, the observed sensitization of microglia by preconditioning with 
β-glucan was accompanied by a morphological alteration (reduced convex area and 
fewer intersections) associated with microglia activation (fig. 6C). 
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Discussion 
 
In this study, we show that preconditioning of microglia with β-glucan alters the 
response of microglia to subsequent challenges and that the preconditioning effect is 
different in primary microglia cultures and in vivo. In vitro, preconditioning with β-
glucan closely resembled the effect of LPS: activation of the NF-κB signaling pathway 
and a reduced response to a subsequent inflammatory challenge. In contrast, 
treatment of mice with β-glucan in vivo sensitized microglia to a subsequent LPS 
challenge and the induction of the trained immunity response peaked around 2 days 
after the β-glucan treatment. 

Earlier studies in monocytes showed that training by β-glucan shifts their basal 
metabolism to aerobic glycolysis through activation of the Dectin-1 receptor and is 
mediated by mTOR and HIF-1α (Cheng et al., 2014). This training is accompanied by 
an altered epigenetic landscape, changing their pro-inflammatory response to a 
second challenge (Novakovic et al., 2016). Microglia, as the tissue-resident 
macrophages of the CNS are also subject to epigenetic regulation of their inflammatory 
response after prior stimulation with LPS (Schaafma et al., 2015). Microglia also 
express the Dectin-1 receptor and genes involved in mTOR signaling pathway, 
prompting us to study the effects of β-glucan on microglia immune responsiveness 
and metabolism.  
 
β-Glucan induced endotoxin tolerance in primary microglia and immune 
training in microglia in vivo 
The effect of β-glucan stimulation on cultured microglia was completely different from 
the effect on microglia in vivo. Where in primary cells, β-glucan reduced the response 
to a subsequent inflammatory challenge, in mice, β-glucan sensitized microglia to a 
subsequent systemic LPS challenge. The means of microglia activation is very different 
in these two experimental designs which might underlie the observed difference in 
the effect of β-glucan preconditioning. In experiments with primary microglia 
cultures, β-glucan was directly added to the medium and could directly activate its 
potential receptors on microglia, e.g. TLR2, TLR6, or Dectin-1. These receptors all are 
reported to activate NF-κB signaling. Indeed, in a BV-2 cell line carrying an NF-κB 
luciferase gene, β-glucan induced the activity of this reporter gene, like LPS and BCG. 
Interestingly, preconditioning of this reporter cell line with β-glucan, LPS or BCG 
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reduced the response to a subsequent LPS or β-glucan stimulus. Whether this is 
mediated by epigenetic silencing as was observed previously in primary cultures and 
microglia in vivo (Schaafsma et al., 2015) remains to be investigated in future studies. 

The response of microglia to LPS and β-glucan in vivo was distinct from primary 
neonatal microglia in culture. Where systemically administered LPS attenuated the 
response of microglia to a subsequent challenge in vivo, an observation we reported 
earlier (Schaafsma et al., 2015), preconditioning with β-glucan resulted in (transient) 
trained immunity, e.g. an enhanced response to a subsequent LPS challenge. These 
data strongly suggest that the peripheral responses induced by systemic 
administration of LPS and β-glucan elicited different responses with distinct effects on 
microglia in the CNS. How intraperitoneally injected particulate β-glucan activates 
microglia in the brain is unclear but it is extremely unlikely by direct exposure of 
microglia to β-glucan. It was shown that orally administered β-glucan could be 
ingested by macrophages and then transported to lymphoid organs (Hong et al., 
2004). It might be that the mesenteric macrophages phagocytosed the β-glucan 
particles and transported them to these lymphoid organs. Regardless, it is very 
unlikely that β-glucan particles reached the brain and directly stimulated microglia in 
the parenchyma. 

One more likely explanation is that β-glucan induces the release of certain 
combination of endogenous mediators such as cytokines (but not limited to that), and 
those will be able to mediate the effect at the CNS level. In line with this hypothesis, a 
series of recent studies have shown the crucial role of cytokines such as IL-1β and GM-
CSF to mediate trained immunity in humans and mice at the level of bone marrow 
progenitors (Arts et al., 2016; Christ et al., 2018; Kaufmann et al., 2018; Mitroulis et 
al., 2018). Whether similar or different cytokine cocktails are needed to induce trained 
immunity in microglia remains to be investigated. 
 
LPS and β-glucan pre-conditioning induce both increased glycolysis and 
respiration in microglia in vitro 
In microglia in vitro, LPS induced a metabolic shift from respiration to glycolysis, as 
was also reported for bone marrow-derived macrophages (Lachmandas et al., 2016). 
A similar effect was observed after β-glucan stimulation, but with respect to oxidative 
phosphorylation, the shift induced by β-glucan was lower than by LPS. Both β-glucan 
and LPS preconditioned microglia showed an increase in glycolysis and oxygen 
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consumption, which might link to functional differences in cytokine production and 
phagocytosis (Lachmandas et al., 2016).  

β-glucan trained macrophages showed increased glycolysis and decreased oxygen 
consumption, the typical Warburg effect (Cheng et al., 2014). However, both glycolysis 
and oxygen consumption increased in β-glucan and LPS pre-conditioned microglia, 
and their ratio was unchanged. In addition, the oxygen consumption did not change at 
1, 3 or 24 h after β-glucan stimulation, where after LPS the OCR decreased. After 7 
days, a clear increase in oxygen consumption was detected, both after LPS and β-
glucan stimulation. A second stimulation of preconditioned microglia with LPS and β-
glucan did not alter the OCR at 3 h after stimulation, which may not have been long 
enough to detect a change in the oxygen consumption. 
 
Transient induction of trained immunity in microglia in vivo by β-glucan 
Recently, a study showed that β-glucan injection 7 and 4 days prior to LPS stimulation 
significantly and transiently increased serum cytokine levels and this enhanced 
cytokine production declined within 3 weeks (Garcia-Valtanen et al., 2017). Systemic 
administration of LPS induced acute immune training and resulted in epigenetic 
rewiring of microglia (Wendeln et al., 2018). Hence, the enhanced microglia response 
to LPS after β-glucan pre-conditioning might be caused by an enhanced systemic 
response to LPS due to the trained immunity of peripheral macrophages or bone 
marrow-derived monocytes, or by an altered responsiveness of microglia themselves. 
In our study, the concentration of peripheral cytokines after β-glucan pre-
conditioning was determined and these results indicated that there was no significant 
change in the induction of serum cytokine levels by LPS between β-glucan 
preconditioned and control mice, suggesting the enhanced response to LPS after β-
glucan is microglia intrinsic. β-Glucan-induced sensitization of microglia was most 
dramatic at 2 days after β-glucan injection, while in a 7 to 14 days window, the gene 
induction of Il6 and Tnf by LPS is much less pronounced but still higher than in LPS 
injected control mice. This difference did not reach significance, which might be due 
to the relatively small sample size. In addition, it is unclear how long this enhanced 
sensitization of microglia to LPS by β-glucan pre-conditioning persists and whether 
this response is uniform throughout the CNS or that regional differences in microglia 
responsiveness exist. 
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Are morphologically changed microglia most primed?  
Changes in microglia morphology are associated with altered functional activity. It is 
well documented that LPS induces retraction of processes and a reduced ramification 
in microglia. This LPS-induced morphological change in microglia was much more 
pronounced in β-glucan preconditioning mice. This observation is in agreement with 
the exaggerated gene expression response to LPS in mice 2 days after in β-glucan 
preconditioning. At present, it is unclear how β-glucan preconditioning caused the 
dramatic morphological changes in response to LPS in microglia.  
 
In conclusion, we show for the first time that preconditioning of mice with fungal β-
glucan leads to an altered inflammatory response of microglia to LPS. Although it is 
unclear how long this sensitization persists, it might have significant implications for 
long-term microglial function. The induction of long-term changes in the response of 
microglia to different inflammatory challenges might have significant consequences 
for the CNS. The identification of the underlying molecular mechanisms and signaling 
pathways that determine tolerance and training in microglia and its functional 
consequences for the CNS might provide novel tools to intervene with 
neuroinflammatory processes that are proposed to be dysregulated in a range of CNS 
diseases and neurodegenerative disorders.  
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Supplemental information 
 

 
Supplementary figure 1. β-Glucan and BCG induce tolerance in primary microglia. (A) In vitro 
microglia treatment scheme. Primary microglia were incubated with PBS, LPS (100 ng/ml) or β-glucan (C. 
albicans, 10 μg/ml) for 24 h, and after a 6-day interval stimulated with PBS, LPS (100 ng/ml), or β-glucan 
(C. albicans or S. cerevisiae, 10 μg/ml) as indicated. Samples were collected after 6 h (for RT-qPCR) or 24 h 
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(for ELISA). The symbol shape indicates the type of preconditioning stimulus and the color indicates the 
type of the second stimulation. (B) The concentration pro-inflammatory cytokines Il1b, Tnf and Il6 in 
culture medium was quantified by ELISA, 24 h after PBS, LPS (100 ng/mL) or β-glucan (S. cerevisiae, 10 
μg/ml). (C) The gene expression levels of Il1b, Tnf, and Il6 were determined by RT-qPCR and normalized to 
Hprt1 from β-glucan (C. albicans, used concentration are indicated) preconditioned microglia followed by 
an LPS stimulation. (D) The expression level of Il1, Tnf, Il6, Il10, and Nos2 was determined by RT-qPCR in 
microglia preconditioned with BCG (1 or 10 μg/ml), expression levels were normalized to Hprt1. A 
representative experiment is depicted and each dot represents one sample. All experiments were repeated 
at least three times. Significance was determined by a one-way ANOVA with a Bonferroni correction for 
multiple comparisons (* p < 0.05, ** p < 0.01, *** p < 0.001). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary figure 2. Β-Glucan and BCG activate NF-κB and induce endotoxin tolerance in BV-2 
cells. (A) The gene expression levels of Il1b and Tnf in the microglia cell line BV-2 cells was determined by 
RT-qPCR and normalized to Hprt1 (B) Left, BV-2 cells carrying an NF-κB-luciferase reporter gene were 
stimulated by β-glucan (C. albicans, 1 μg/ml) for different durations (15 min to 24 h). Right, BV-2 NF-κB 
luciferase cells were stimulated with different concentrations of β-glucan (C. albicans) for 6 h. Luciferase 
activity was determined and normalized to control. (C) BV-2 cells carying an NF-κB-luciferase reporter 
were pretreated by different concentrations of LPS or β-glucan (C. albicans) for 24 h, and after a medium 
change challenged with LPS (100 ng/mL), and luciferase activity was determined after 4 h. Every dot 
represents a sample. Experiments depicted in A, B and C were repeated 4, 1 and 1 time, respectively. 
Significance was assessed by a one-way ANOVA with a Bonferroni correction for multiple comparisons (* p 
< 0.05, ** p < 0.01, *** p < 0.001). 
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Supplementary figure 3. β-Glucan preconditioning does not alter LPS-induced serum cytokine and 
spleen macrophage gene expression levels (A) The concentration of cytokines in the serum at 3 or 24 h 
after LPS injection of β-glucan (20 mg/kg) preconditioned mice was determined by ELISA. (B) The gene 
expression level of Nos2 was determined by RT-qPCR and normalized to Hprt1 (C) The expression level of 
pro-inflammatory genes in spleen macrophages was quantified by RT-qPCR and normalized to Hprt1. Every 
dot represents a mouse. *The interval between the first PBS and second LPS injection was from 2 to 14 days 
in the PBS-LPS group. Potential significance was assessed by a one-way ANOVA with a Bonferroni correction 
for multiple comparisons. 
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Supplementary figure 4. β-Glucan followed by LPS alters microglia morphology in the cortex and 
dentate gyrus. (A) Treatment regime of in vivo experiments. The data is from the same samples presented 
in figure 4. Microscopic images of Iba1-stained microglia in the dentate gyrus and frontal cortex (indicated 
in A) are depicted in (B) and (C), respectively. n>3 for all groups, scale bars represent 100 and 25 µm, 
respectively. 
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Table 
 

Table 1. Information of qPCR primers  
 

Gene name Accession number Forward primer 5’-3’ Reverse primer 5’-3’ 
Gapdh NM_32599 CATCAAGAAGGTGGTGAAGC ACCACCCTGTTGCTGTAG 
Il1b NM_008361.3 GGCAGGCAGTATCACTCATT AAGGTGCTCATGTCCTCAT 
Tnf NM_013693.3 TCTTCTGTCTACTGAACTTCGG AAGATGATCTGAGTGTGAGGG 
Nos2 NM_010927.3 AAGGCCACATCGGATTTCAC GATGGACCCCAAGCAATACTT 
Hprt1 NM-013556.2 ATACAGGCCAGACTTTGTTGGA TGCGCTCATCTTAGGCTTTGTA 
Ccl3 NM_011337 CACGCCAATTCATCGTTGAC CTGCCGGTTTCTCTTAGTCAG 
Pfkfb3 NM_133232.3 CAACTCCCCAACCGTGATTGT GAGGTAGCGAGTCAGCTTCTT 
Slc2a1/Glut1 NM_011400 CTCTGTCGGCCTCTTTGTTAAT CCAGTTTGGAGAAGCCCATAAG 
Il10 NM-010548 AAGGGTTACTTGGGTTGCCA TTTCTGGGCCATGCTTCTCTG 
Il6 NM-031168 ACAACCACGGCCTTCCCTACTT CACGATTTCCCAGAGAACATGTG 
Csf1 NM_001113529 GGCTTGGCTTGGGATGATTCT GAGGGTCTGGCAGGTACTC 
Arg1 NM-007482 CAAGACAGGGCTCCTTTCAG TTCACAGTACTCTTCACCTCCT 
Lgals3/Cd11c NM_001145953.1 CAGGATTGTTCTAGATTTCAGGAG TGTTGTTCTCATTGAAGCGG 
Axl NM_009465.4 TGAAGCCACCTTGAACAGTC GCCAAATTCTCCTTCTCCCA 
Clec7a/Dectin-1 NM_020008.3 CCCAACTCGTTTCAAGTCAG AGACCTCTGATCCATGAATCC 
Hmbs NM_013551.2 CCGAGCCAAGCACCAGGATA CTCCTTCCAGGTGCCTCAGA 

 
 

http://www.ncbi.nlm.nih.gov/nuccore/NM_013556.2
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Abstract 
 
Microglia are the principal immune cell type in the CNS with macrophage-like innate 
immune functions. Importantly, they originate independently and distinctly from 
other tissue macrophages during embryogenesis. They age with the other cell types 
within the CNS, displaying limited cellular turnover. A consequence of their longevity 
is that microglia have the potential to serve as a long-term memory for past 
inflammatory events, similar to endotoxin tolerance and trained immunity in 
peripheral macrophages. Here, by RNA-sequencing we show that microglia display a 
dampened immune response, or endotoxin tolerance, to a secondary endotoxin 
stimulus. On the opposite end of the spectrum, an enhanced response of microglia to 
LPS treatment, or priming, is observed in a mouse model for accelerated aging, lacking 
the nucleotide excision repair gene Ercc1. We further characterized the epigenomes 
of tolerant and primed microglia to identify the molecular mechanisms and relevant 
genomic regions underlying these opposing functional outcomes.  
 
Keywords: microglia, immune memory, endotoxin tolerance, epigenetic, transcription 
factors  
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Introduction 
 
Microglia are the resident innate immune cells of the central nervous system (CNS). 
They are of myeloid lineage and are the tissue-resident macrophages of the CNS 
parenchyma (Prinz et al., 2017). Given their location and function, microglia have been 
implicated in neurodegenerative diseases (Holtman et al., 2015; Salter and Stevens, 
2017; Sarlus and Heneka, 2017). This implication is strengthened by the identification 
of genetic risk loci for age-related neurodegenerative diseases, which are generally 
immune-related (Cooper-Knock et al., 2017; Raj et al., 2014b). Recent extensive 
transcriptomic studies indicated that microglia have a homeostatic gene expression 
signature that distinguishes them from the other CNS cells and other tissue resident 
macrophages (Butovsky et al., 2014; Galatro et al., 2017a; Gautier et al., 2012; Gosselin 
et al., 2014; Hickman et al., 2013; Lavin et al., 2014). In case of neurodegenerative 
disease, microglia lose their homeostatic signature and obtain a quite distinct 
transcriptional profile that is orchestrated by the APOE-TREM2 pathway and is 
associated with altered phagocytic activity and lipid metabolism (Keren-Shaul et al., 
2017). These changes in microglia do not appear to be dependent on the type of 
neurodegenerative disease but are a shared hallmark for several diseases, including 
AD, ALS, and MS (Keren-Shaul et al., 2017; Krasemann et al., 2017). However, it is 
currently unclear whether microglia malfunction contributes to the development of 
the disease pathology, is a consequence of the ongoing neurodegeneration or both 
(Krasemann et al., 2017; Rice et al., 2017; Safaiyan et al., 2016; Venegas et al., 2017). 
Moreover, the effect of aging, i.e. the cumulative effect of a lifetime of exposure to 
inflammatory- and stress mediators on microglia functionality is largely unknown. In 
humans, it was recently described that pathways associated with DNA damage, 
telomere maintenance, and phagocytosis were significantly enriched in genes that 
were unique to the aged human microglia (Olah et al., 2018). In addition, we recently 
showed that expression of actin cytoskeleton-associated genes, sensome cell surface 
receptors, and adhesion molecules is decreased in human microglia during aging 
(Galatro et al., 2017a). 

For blood-derived monocytes/macrophages, the effect of past inflammatory 
events on their function has been extensively described (Biswas and Lopez-Collazo, 
2009; Netea et al., 2016; Novakovic et al., 2016; Saeed et al., 2014). Sepsis generally 
pushes monocytes towards a refractory state, also referred to as tolerance or immune 
paralysis, which can be experimentally induced by endotoxins (Biswas and Lopez-
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Collazo, 2009). Oppositely, certain infections and vaccinations can result in trained 
immunity, a state of increased responsiveness that confers protection towards 
secondary, even unrelated, infections or pathogens. Both in vitro and in vivo, trained 
immunity can be induced in monocytes by treatment with certain vaccines or 
microbial ligands (Netea et al., 2016). Importantly, both tolerance and trained 
immunity are long-lasting changes in functionality that are instructed by epigenetic 
reprogramming (Cheng et al., 2014; El Gazzar et al., 2008; Novakovic et al., 2016; 
Saeed et al., 2014).  

Similar functional states have been described for microglia in mouse models. Long 
lasting tolerance can be induced by systemic LPS administration (Schaafsma et al., 
2015), while a trained immunity-like state, in microglia better known as microglial 
priming (Haley et al., 2017; Perry and Holmes, 2014), can be observed in animals with 
prion disease (Cunningham et al., 2005), animals exposed to chronic stimuli like 
ageing, stress or neurodegeneration (Norden et al., 2015), naturally aged mice 
(Godbout et al., 2005; Sierra et al., 2007) and in a mouse model of accelerated ageing 
(Raj et al., 2014a). Though epigenetic programming has been clearly implicated in the 
segregation of microglia from other tissue resident macrophages in both mouse and 
human (Gosselin et al., 2014; Gosselin et al., 2017; Lavin et al., 2014), little is known 
about the changes in epigenetic signatures in microglia in response to (systemic) 
immune stimuli or endogenous neuronal damage and how epigenetic memory serves 
to change subsequent responses. Several lines of evidence suggest a role for epigenetic 
regulation of microglia functional states (Keren-Shaul et al., 2017). However, the 
available data is mainly limited to regulation of a small number of loci, most notably 
Il1b (Cho et al., 2015; Matt et al., 2016; Schaafsma et al., 2015). 

To delineate the epigenetic signatures and associated gene networks that underlie 
different functional microglia states, we acutely isolated microglia from mice with 
tolerant and primed microglia and analyzed their transcriptional and chromatin 
status at a genome-wide level. 
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Materials and Methods 
 
Animals 
All the animal work was performed in the Central Animal Facility of the UMCG (CDP, 
Groningen, the Netherlands) and all animal-related studies were reviewed and 
approved by the Animal Care and Use Committee of the University of Groningen. 
Animals were conventionally housed under a 12/12 h light/dark cycle (8 p.m. lights 
off, 8 a.m. lights on) with ad libitum access to food and water.  

Tolerance induction 
Male C57BL/6J mice were obtained at the age of 7-9 weeks with weights in the 

range of 25-30 grams (Envigo, Horst, the Netherlands). Upon arrival, a minimum 
acclimatization time of 2 weeks was applied, where mice were monitored weekly. All 
animals were housed individually and randomly assigned to experimental conditions. 

To induce endotoxin tolerance, mice received 1 mg/kg body weight LPS (Sigma-
Aldrich, E. coli 0111:B4, L4391) diluted in dPBS (Lonza, BE17512F) to a total volume 
of 200 µL by intraperitoneal injection. Immediately following LPS administration, 
mice were housed in a recovery cabinet at 26 °C for 24 hours. The weight and general 
health of injected animals were monitored daily until the body weight was completely 
restored (usually within 7 days). All control mice received 200 µL dPBS by 
intraperitoneal injection. After 4 weeks, the mice received a second injection with 
either dPBS or LPS. 

Obtaining primed microglia 
Ercc1 transgenic mice (Weeda et al., 1997) were bred in house by crossing 

Ercc1wt/*292 mice (FVB background, the *292 allele is hereafter indicated with Δ) with 
Ercc1wt/ko mice (BL6 background) as previously described (Raj et al., 2014a). The 
offspring were genotyped after weaning using the primers listed in table 1. Ercc1Δ/ko 
were used as experimental mice while littermates with Ercc1wt/Δ or Ercc1wt/ko 
genotypes were used as control. All the mice were group-housed in conventional 
cages. Initially, mice were monitored weekly, which increased to twice per week after 
the aging-related symptoms appeared. Bottles with long drinking spouts were 
provided to prevent dehydration of Ercc1Δ/ko animals. At 3 months of age, the mice 
received 1 mg/kg body weight LPS or dPBS as described above. Immediately following 
LPS administration, mice were temporarily housed in a recovery cabinet at 26 °C. All 
animals were terminated under deep anesthesia (4% isoflurane with 7.5% O2) and 
perfused with dPBS exactly three hours after the last injection. 
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Microglia isolation and flow cytometry 
Microglia were isolated as previously described (Galatro et al., 2017b). After 
perfusion, brains were removed from the skull and kept in cold medium A (HBSS 
(Gibco, 14170-088) with 0.6% glucose (Sigma, G8769) and 7.5 mM HEPES (Lonza, 
BE17-737E)). All subsequent steps were performed on ice, centrifugation was at 4°C. 
Brains were dissociated using a potter-elvehjem tissue homogenizer after which the 
homogenate was passed over a 70 µM cell strainer (Corning, 352350) and pelleted by 
centrifugation at 220 g for 10 min. Next, myelin was removed by resuspending the 
pellet in 25 mL 24% percoll (Fisher, 17-0891-01) in medium A (1x final concentration) 
with 3 mL PBS layered on top, followed by centrifugation for 20 min at 950 g 
(acceleration 4 and brake 0). The microglia enriched cell pellets were incubated with 
CD11b-PE (clone M1/70, eBiosciences, 12-0112-82), CD45-FITC (clone 30-F11, 
eBiosciences, 11-0451-82), and Ly-6C-APC (clone HK1.4, Biolegend, 128016) 
antibodies for 30 min on ice. Then the cells were washed once in medium A without 
phenol red and filtered into FACS tubes. Microglia were sorted by gating the 
DAPInegCD11bhighCD45intLy-6Cneg cells using the Beckman Coulter MoFlo Astrios or 
XDP. Microglia were collected in siliconized Eppendorf tubes (Sigma, T3406-250EA) 
containing medium A. 
 
RNA isolation, RT-qPCR, and RNA sequencing 
Total RNA was isolated using a Qiagen RNeasy Micro Kit according to the 
manufacturer’s instructions. Prior to RNA-, ChIP-, and ATAC-sequencing, successful 
induction of endotoxin tolerance and priming was confirmed by RT-qPCR by 
measuring the expression of Il1b, Tnfa, Tnip3, Ccl2, Axl, Clec7a, and Lgals3 in sorted 
microglia (primer sequences are listed in table 2). cDNA was synthesized using 
random hexamer primers (Thermo, SO142), dNTPs (Thermo, R0192) and M-MuLV 
Reverse Transcriptase (Thermo, EP0442) in the presence of Ribolock RNase inhibitor 
(Thermo, EO0382). Quantitative PCR reactions were performed using iTaq mastermix 
(Biorad, 172-5125) on ABI7900RH or QuantStudio 7 (Applied Biosystems) or 
LightCycler® 480 (Roche) PCR systems. 
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Endotoxin tolerance 
The quality of the total RNA was determined using an Experion (Biorad). All 

included samples had an RNA quality indicator > 6. Sequencing libraries were 
generated with a TruSeq RNA library prep kit (Illumina, RS-122-2001). Pooled 
libraries were sequenced with a HiSeq Rapid SBS kit (50 cycles, Illumina, FC-402-
4022) using single reads on a HiSeq 2500 (Illumina). 

Priming/Ercc1 knockout 
The quality of total RNA samples isolated from Ercc1 Δ/ko mice was determined on 

a LabchipGX (PerkinElmer). All included samples had an RNA quality score > 5. 
Sequencing libraries were generated using NEXTflex® Rapid Illumina Directional 
RNA-Seq Library Prep Kit (BiooScientific, NOVA-5138-10) with polyA selection. 
Pooled libraries were sequenced using NextSeq 500/550 High Output v2 kit (75 
cycles, Illumina, FC-404-2005) using single reads on a NextSeq500 (Illumina). 
 
RNA-sequencing analysis 
Samples were processed using the molgenis/NGS_3.2.4 pipeline, where quality 
control was performed with FastQC (0.11.3). The Ensembl genome Mus musculus 
(GRCm38.82) was used for alignment (HISAT version 0.1.5). Sorting of the aligned 
reads was done with SAMtools (v1.2). HTSeq (v0.6.1) using default parameters, --
mode=union --stranded=no was used to quantify of the reads. Picard (v1.130) and 
SAMtools were used to perform the quality control check and the generation of the 
fastq files.Genes with low expression levels were filtered from the raw reads using of 
the data-adaptive flag method for RNA-sequencing (DAFS). EdgeR (3.20.8) was used 
for normalization, processing and analysis of the reads. Genes with a logFC > 1 and 
FDR < 0.01 were considered differentially expressed. Biological process enrichment 
analysis was performed with Metascape (Tripathi et al., 2015). 
 
ChIP-sequencing 
The procedure of Chromatin immunoprecipitation has been described previously 
(Schaafsma et al., 2015). Sorted microglia were fixed in 1 mL 1% formaldehyde diluted 
in dPBS at 20°C for 10 min and fixation was stopped by adding glycine to a final 
concentration of 0.125 M. Fixed cells were washed twice by 1 mL dPBS, and then lysed 
with cell lysis buffer by incubating on ice for 10 min. At the end, the cells were lysed 
in 250 µL nuclear lysis buffer to obtain the crosslinked chromatin. Chromatin was 
sonicated using a Bioruptor (Diagenode) at “high” power for 20 min (30 sec on and 30 
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sec off) at 4°C. The chromatin from the same group were mixed and precleared using 
protein A agarose beads (25%, diluted in ChIP dilution buffer; Protein A 
Agarose/Salmon Sperm DNA, Millipore, 16-157) and incubated overnight at 4°C with 
antibodies for specific histone modifications (the information of antibodies is 
available in table 3, the specificity of antibodies have been checked for H3K9me2, 
H3K9me3, and H3K27me3 peptides, the information of these peptides is listed in table 
3). The chromatin incubated with IgG was used as negative control while the 
chromatin saved without antibody incubation served as input. The next day, immune 
complexes were precipitated with 80 µL protein A beads (25%) for 2 h at 4 °C, washed 
by low salt wash buffer, high salt wash buffer, LiCl wash buffer, and TE buffer. After 
the chromatin was eluted from the beads, the precipitated chromatin was de-
crosslinked overnight. Afterwards, the RNase A and Proteinase K were added. Finally, 
the DNA was purified by Genejet PCR purification kit (ThermoFisher, k0701). 

The purified DNA was and sequencing libraries were generated by MicroPlex 
Library Preparation Kit v1 x12 (Diagenode, C05010010) for tolerized samples or 
MicroPlex Library Preparation Kit v2 x12 (Diagenode, C05010012) in case of primed 
samples. The libraries were quantified by Agilent 2100 Bioanalyzer, pooled and 
sequenced with a HiSeq Rapid SBS kit (50 cycles, Illumina, FC-402-4022) using single 
reads on a HiSeq 2500 (Illumina). 
 
ATAC sequencing 
ATAC-sequencing libraries were generated using Nextera® DNA Sample Preparation 
Kit (Illumina, FC-121-1030) following the methods described by (Buenrostro et al., 
2013; Buenrostro et al., 2015). A total number of 80,000 microglia were pooled from 
two animals (40,000 cells from each) and collected in Eppendorf tubes containing 300 
µL medium A. Cells were pelleted by centrifugation (10 min, 4 °C, 500 g), resuspended 
in 50 μL of cold lysis buffer (10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl2, 0.1% 
IGEPAL CA-630) and immediately centrifuged as before. Next, nuclei were 
resuspended in 50 μL transposition reaction mix (1x TD reaction buffer, 2.5 μL TN5 
transposase) and incubated at 37°C for 30 min. Immediately following transposition, 
the DNA was purified using a minElute PCR purification kit (Qiagen, 28004) following 
the manufacturer’s instructions. The transposed DNA fragments were further 
amplified and barcoded (Buenrostro et al., 2013; Buenrostro et al., 2015) and purified 
with a ChIP DNA Clean & Concentrator kit (Zymo, D5205). The fragments were run on 
2% E-Gel™ EX agarose gels (Thermo Fisher scientific, G521802) and 150-600 bp 
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fragments were excised, followed by purification with Zymoclean™ Gel DNA Recovery 
Kit (Zymo, D4007). Library concentration was determined with an Agilent 2100 
Bioanalyzer after which 8 samples were pooled and sequenced using HiSeq Rapid SBS 
Kit v2 (50 cycles) using paired-end reads on a Hiseq2500 (Illumina). 
 
ChIP- and ATAC-sequencing analysis 
ATAC and ChIP samples were aligned to the Mus musculus genome (mm10/GRCm38) 
with the use of Bowtie 2 (2.2.4) with default parameters. SAMtools (1.5) was used to 
sort the aligned files. MACS2 (2.1.1) was used to determine peaks with the function 
‘callpeak’ where regions with an FDR value of 0.05 were considered peaks. Differential 
peaks were determined with the ‘bdgdiff’ function of MACS2. The annotation of peaks 
and motif detection were done by HOMER (version 4.9). 

The overlap of the ChIP/ATAC and RNA sequencing samples was determined based 
on the gene that was correlated with the most nearby peak (annotatePeak from 
HOMER).  
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Results 
 
LPS pre-conditioning and accelerated aging result in distinct transcriptional 
responses in microglia 
In mice, previous data has indicated that two distinct microglia functional states are 
induced by an intraperitoneal LPS challenge (Schaafsma et al., 2015) and during 
accelerated aging resulting from deficiency of the DNA-damage repair protein Ercc1 
(Raj et al., 2014a). These different functional states of ‘tolerance’ and ‘priming’ can be 
unmasked by a (secondary) LPS stimulus and were so far characterized based on the 
analysis of limited sets of genes by qPCR (Raj et al., 2014a; Schaafsma et al., 2015). For 
several tested inflammatory genes, Il1b, Tnf, and Il6, the initial stimulus determined 
whether microglia show a dampened or enhanced response to (secondary) LPS 
treatment. However, the genome-wide transcriptional remodeling in tolerant- and 
primed microglia and its effect on responsiveness to future inflammatory exposure 
are unknown. Therefore, we performed RNA-sequencing on acutely isolated microglia 
from mice that were either recurrently treated with LPS with a 1-month interval, or 
from Ercc1Δ/ko mice that were stimulated with LPS at the end of their lifespan at 10-12 
weeks of age (fig. 1A, 1B, 1C, suppl. fig. 1). 

For the tolerance model, we analyzed four treatment groups; the controls that 
were treated with PBS twice (PP), mice that were treated with LPS and after 1 month 
with PBS (LP), mice treated with PBS followed by LPS after 1 month to determine the 
acute response to LPS (PL) and mice that were treated with LPS twice with a 1-month 
interval between challenges (LL). I.p. injection of LPS resulted in significant changes 
in gene expression in microglia after 3 h (fig. 1B, 1D, suppl. fig. 2A). After 1 month, this 
initial response to LPS had subsided and in terms of the transcriptional program, only 
minor differences could be observed between the PP and LP groups (fig. 1D, suppl. fig. 
2A, 2C). However, when mice were challenged with LPS for a second time, the 
response was different from the initial response (suppl. fig. 2A, 2C) and many genes 
were significantly differentially expressed between PL and LL conditions (fig. 1B, 1D). 

For the microglia priming model, both Ercc1Δ/ko and their Ercc1wt/ko littermates 
were treated with PBS (WT-PBS, KO-PBS) or LPS (WT-LPS, KO-LPS). As we observed 
previously, deletion of Ercc1 in itself results in significant changes in gene expression 
(fig. 1C, 1E, suppl. fig. 2B)(Holtman et al., 2015; Raj et al., 2014a). However, when 
Ercc1Δ/ko mice were treated with LPS, the difference between microglia from control 
and knockout mice was much more pronounced (fig. 1C, 1E, suppl. fig. 2D).  
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In the tolerance and priming mouse models, the acute response to LPS was highly 
similar as indicated by the fact that most genes, after ranking them based on 
expression level, showed very similar changes in expression in response to LPS (suppl. 
fig. 2E). However, when comparing the response to a secondary LPS treatment (PP vs. 
LL) with the response to LPS in Ercc1Δ/ko mice (WT-PBS vs. KO-LPS) we observed much 
more variation in the gene expression changes (suppl. fig. 2F). To validate our 
transcriptomic data, qPCR analysis of several key inflammatory and priming genes 
was performed (suppl. fig. 2G, 2H). With our RNA-sequencing dataset, we confirmed 
several of our previous findings, including the opposite regulation of the 
proinflammatory genes Il1b, Tnf, and Il6. In addition, primed microglia showed 
increased expression of genes belonging to the ‘primed’ gene hub (Holtman et al., 
2015), including Clec7a and Axl.  
 
Genes with distinct transcriptional responses to LPS have different biological 
functions 
Following three hours of LPS exposure, 1396 genes showed increased expression 
(LogFC>1, FDR <0.01) while 1131 genes were downregulated in microglia (PP vs PL, 
fig. 1D, suppl. fig. 3A). Generally, LPS induced genes were involved in various aspects 
of the immune response (suppl. fig. 3B), while the top process associated with genes 
downregulated by LPS was ‘Ras protein signal transduction’ (suppl. fig. 3C). Of note, 
in the LPS-downregulated genes, the association with biological processes showed a 
lower level of significance, with none reaching an FDR<0.05 (suppl. fig. 3C). 

For tolerant monocytes/macrophages, it was previously shown that they are 
impaired in their ability to produce pro-inflammatory cytokines, but that they are 
capable of expressing genes involved in damaging or killing pathogens, so-called 
antimicrobial effectors (Foster et al., 2007; Novakovic et al., 2016). To determine the 
effect of LPS pre-conditioning on microglia, we separated genes based on their 
responsiveness to re-stimulation with LPS. Therefore, we performed pearson-based 
clustering analysis to distinguish subsets of genes showing similar transcriptional 
regulation, as this allows the classification of genes based on multiple conditions, 
instead of multiple pairwise comparisons (fig. 2A). Focusing on LPS-induced genes, 
out of 1396 genes, 847 responded similarly in case of re-stimulation with LPS (cluster 
2, fig. 2A), while 507 showed a reduced response to a second LPS challenge (cluster 1, 
fig. 2A). Processes uniquely associated with the 847 responsive genes were ‘ribosome 
biogenesis’, ‘signal transduction’, ‘regulation of protein transport’, ‘differentiation’,  
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Figure 1. LPS pre-conditioning and accelerated aging result in distinct changes of the microglia 
immune response. (A) Graphic representation of the mouse models and treatment groups. A pure 
microglia population was isolated by FACS sorting and subjected to RNA-sequencing analysis. (B, C) Four-
way plots depicting changes in gene expression in microglia isolated from LPS injected naive and pre-
conditioned mice (n=3) (B) and Ercc1Δ/ko and control mice (n=3) (C) Every gene is represented by an 
individual dot. The differentially expressed genes (LogFC > 3) are labeled with different colors indicating 
their respective expression changes. Blue dots indicate genes differentially expressed in both respective 
groups; red and brown dots represent genes differentially expressed in one of the groups, several relevant 
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genes are highlighted. (D, E) The number of differentially expressed genes (LogFC > 1 and FDR < 0.01) is 
depicted in the endotoxin tolerance (D) and microglia priming through accelerated aging models (E) 
Upward arrows indicate increased gene expression, downward arrows indicate decreased gene expression. 
 
and ‘autophagy’, while ‘TLR/NF-kappB signaling’ and ‘response to virus’ were 
particularly associated with the 507 tolerized genes (fig. 2C). Additionally, a large 
proportion of both responsive and tolerized genes was involved in cytokine 
production. These data suggest that an i.p. injection with LPS initially induces a major 
immune response in microglia, which then results in the establishment of long-term 
innate immune memory that is characterized by a significantly reduced 
transcriptional response to secondary LPS treatment.  
 
Primed microglia have an exaggerated response to LPS treatment 
To gain insight into the biological processes affected by Ercc1 deletion in microglia 
from unstimulated and LPS treated mice, pearson-based hierarchical clustering, was 
performed where the clusters were identified based on the maximal branch height, 
followed by gene ontology analysis of these clusters (fig. 2B, 2D). Five clusters were 
identified containing genes that were altered by Ercc1 deletion. Cluster 4 was not 
affected by LPS treatment, cluster 2 showed induction by LPS and cluster 1 was 
downregulated by LPS to a similar degree in both WT and Ercc1Δ/ko microglia. 
Furthermore, genes of cluster 5 were downregulated in Ercc1Δ/ko microglia and even 
further downregulated by LPS treatment (cluster 5), and finally cluster 3 contained 
genes that were induced by LPS in WT animals but induced to a much higher degree 
in Ercc1Δ/ko microglia. In agreement with deletion of Ercc1, a DNA damage repair gene, 
both clusters 1 and 4 were associated with ‘cell cycle and cell division’ and ‘response 
to DNA damage’. Cluster 2 was associated with ‘synapse organization’, ‘behavior’, and 
‘ion transmembrane transport’, cluster 5 contained genes involved in ‘differentiation’, 
‘cell adhesion’, and ‘learning and memory’, while cluster 3 contained genes involved 
in ‘cytokine production’, ‘immune effector process’, and ‘inflammatory response’ (fig. 
2D). In agreement with our previous findings (Raj et al., 2014a), also at a genome-wide 
level, Ercc1-deficiency generates an environment where microglia are more 
responsive to inflammatory stimuli, as evidenced by a large set of inflammatory genes 
whose expression is significantly increased in microglia upon LPS treatment of 
Ercc1Δ/ko mice.  
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Figure 2. Identification of gene clusters with distinct transcriptional programs in tolerant and 
primed microglia. (A) Clustering analysis of all genes induced by LPS in microglia in C57BL/6 mice three 
hours after i.p. injection with LPS (LogFC> 1 and FDR < 0.01, PBS-PBS versus PBS-LPS). Two main clusters 
are identified, containing tolerized genes (cluster 1) and responsive genes (cluster 2) that show distinct 
activity to LPS re-stimulation. (B) Clustering analysis of all genes differentially expressed between Ercc1Δ/ko 
(KO) and control (WT) mice with or without LPS injection. Five clusters are identified, including a cluster of 
genes hyper-responsive to LPS treatment in KO mice (cluster 3). (C, D) Summarized GO annotations of 
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responsive and tolerized gene clusters (C) and the 5 clusters identified in Ercc1Δ/ko microglia. (E) Venn 
diagram and biological process identification of the genes overlapping between the tolerized cluster (green) 
and the genes induced by Ercc1 deficiency prior to (red) or after LPS stimulation (blue). Metascape was 
used to generate network graphs of GO-terms associated with the 3 gene sets (top panel) as well as the 
degree to which the terms are represented in the 3 gene sets (bottom panel). Nodes represent individual 
GO-terms. 
 
A large proportion of tolerized genes show an increased transcriptional 
response in primed microglia  
Both in tolerized (cluster 1, fig. 2A) and primed gene sets (WT-PBS vs KO-PBS and WT-
LPS vs KO-LPS logFC>1, FDR<0.01), immune system processes were significantly 
enriched. We therefore intersected these gene sets and found that not only were 
similar biological processes affected, many of the differentially regulated genes were 
shared as well. Out of the 507 tolerized genes, 242 showed a significantly higher 
expression level in microglia of Ercc1Δ/ko mice after LPS treatment, of which 118 
already were increased in Ercc1Δ/ko microglia prior to LPS treatment (fig. 2E, suppl. fig. 
4A, 4B). We used the multiple gene list function of Metascape (Tripathi et al., 2015) to 
identify the significantly associated biological processes within the 3 gene sets. They 
included ‘cytokine production’, response to interferon-gamma’, ‘response to virus’, 
and ‘inflammatory response’, which were shared between all 3 gene sets (fig. 2E). 
Genes involved in ‘cell division’ and ‘mitotic cell cycle process’ were also associated, 
but they were limited to expression in microglia from Ercc1Δ/ko mice, and they were 
not further regulated by LPS (fig. 2E). Moreover, the 297 tolerized genes that were not 
affected by microglia priming are associated with ‘RNA processing’ and ‘protein 
regulation’ (data not shown). Summarizing our transcriptomic data, Ercc1 deficiency 
and LPS pre-conditioning resulted in condition-specific transcriptional changes, as 
well as changes in a large proportion of overlapping genes, mainly related to 
inflammation, albeit with opposite regulation. 
 
Distinct epigenetic remodeling in response to LPS pre-conditioning and 
accelerated aging 
Transcriptionally, microglia from PP and LP treated mice are almost identical, 
however, they respond very differently to re-stimulation with LPS. Similarly, many 
genes that are not directly affected by Ercc1 deficiency show an increased 
transcriptional response to LPS. These data suggest that microglia have innate 
immune memory that is not secured in their transcriptome. Rather, similar to 
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Figure 3. Epigenetic signatures defining tolerance and priming in microglia. (A) Experimental strategy 
for the analysis of chromatin accessibility, and occupation by histone modifications. H3K4me3, H3K27ac, 
H3K9me2, and H3K9me3 were analyzed for the ‘tolerance’ model. H3K4me1, H3K4me3, H3K27ac, and 
H3K27me3 were determined for ‘primed’ microglia. (B, C) Tracks of ATAC-seq data of representative 
responsive (Tspo) and tolerized (Tnf) genes (B) and core aging-associated (Axl) and proinflammatory (Tnf) 
genes in primed microglia. (C). (D) Enrichment of active histone marks (H3K4me3 and H3K27ac) of 
responsive (Tspo) and tolerized (Tnf) genes in LPS tolerized microglia. (E) Enrichment of active histone 
marks (H3K4me1, H3K4me3, and H3K27ac) of core aging-associated (Axl) and proinflammatory (Tnf) 
genes in primed microglia. Tracks were visualized using Integrative Genomics Viewer (IGV). (F, G) Gene 
expression values (TPM) of depicted genes, Tspo and Tnf (F), Axl, and Tnf (G). Each value represents the 
data from an individual animal. 

 
macrophages and as suggested by our previous analysis of the Il1b locus (Schaafsma 
et al., 2015), it is likely that epigenetic reprogramming is involved. 

To gain insight in the genome-wide epigenetic changes induced by LPS-
preconditioning and accelerated aging, we performed assay for transposase accessible 
chromatin-sequencing (ATAC-seq, fig. 3A, 3B, 3C, suppl. fig. 5A, 5B), which 
indiscriminately identifies open chromatin regions in the genome (Buenrostro et al., 
2013; Buenrostro et al., 2015), and chromatin immunoprecipitation-sequencing 
(ChIP-seq), which probes histones carrying specific posttranslational modifications 
(Henikoff and Shilatifard, 2011; Kouzarides, 2007). In case of the tolerance model, we 
used antibodies targeting H3K4me3 and H3K27Ac to identify enhancers and 
transcription start sites (TSSs) of actively transcribed genes. In addition, we analyzed 
the enrichment of H3K9me2 and H3K9me3 modifications, which are associated with 
gene repression (fig. 3A, 3D, suppl. fig. 4A). In the accelerated aging Ercc1Δ/ko mice, we 
also analyzed H3K4me3, H3K4me1, H3K27Ac, and the polycomb-regulated 
H3K27me3 (fig. 3A, 3E, suppl. fig. 5B).  

Examples of individual tolerized (Tnf, Ptgs2, and Ccl3) and responsive (Tspo and 
Ncl) genes are depicted (fig. 3B, 3D, suppl. fig. 6A, 6B) and indicate dynamic regulation 
of epigenetic signatures in the 4 different conditions. Similarly, genes affected by 
microglia priming in Ercc1Δ/ko mice (Axl, Tnf, Clec7a, Ccl3, and Cxcl11) show alterations 
in chromatin accessibility and occupation of modified histones between WT and 
Ercc1Δ/ko microglia (fig. 3C, 3E, suppl. fig. 6D). The categorization of the depicted genes 
in the different transcriptional classes, was confirmed in the RNA-sequencing data (fig. 
3F, 3G, suppl. fig. 6E, 6F). 
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Figure 4. The LPS response in naive, but not pre-conditioned microglia, is defined by enhancer 
signatures. (A) Volcano plots based on gene expression data of the comparisons indicated above the plots. 
The dots represent individual genes and the presence of significantly higher peaks in ChIP- and ATAC-seq 
data is superimposed by colors as indicated below the graphs. Chromatin peaks were assigned to the gene 
with the closest proximity. Black dots represent genes where no significantly different chromatin 
composition was detected. (B) Triangle plots depicting gene expression values in 3 experimental conditions 
(axes). Each dot represents a single gene. The color of the dots indicates if a significantly enriched ATAC- or 
ChIP-seq peak was found adjacent to particular genes in different conditions. (C, D) Transcription factor 
binding site analysis generated by Homer to identify critical regulators for different gene sets based on 
ATAC-seq (C) and H3K27ac-seq data (D). TF binding sites enriched in PL and LL conditions are shown. The 
top predicted transcription factor binding motifs are listed based on significance (P values) and coverage 
(percentage of targets). 
 
Epigenetic characterization of tolerized genes 
In order to determine which chromatin characteristics correspond to the 
transcriptional changes induced by LPS, we identified regions in the genome with 
significant differences in chromatin accessibility or histone modifications. We next 
identified the genes in the closest vicinity to these differentially regulated chromatin 
regions, by assigning the nearest TSS. Similar to what has been described in 
macrophages (Escoubet-Lozach et al., 2011; Hargreaves et al., 2009; Saeed et al., 
2014), in microglia H3K4me3 already marks TLR4-responsive promoters prior to LPS 
stimulation (fig. 3D, 3E). Looking at the acute LPS response, genes whose expression 
is increased by LPS are associated with significantly higher peaks in ATAC-seq, 
H3K4me3, and H3K27Ac in microglia from PL compared to PP treated mice. At the 
same time, genes downregulated by LPS show significant association with ATAC, 
H3K4me3, and H3K27ac peaks in PP microglia and conversely, at least for some LPS 
induced genes significantly higher H3K9 methylation is observed in PP microglia (fig. 
4A, left panel).  

LPS pre-conditioning extensively altered the epigenetic signature surrounding 
differentially regulated genes (fig. 4A, B). In case of re-stimulation with LPS, the 
presence of significantly higher ATAC, H3K4me3 or H3K27Ac peaks did not correlate 
well with the transcriptional response in tolerized microglia (fig. 4A, right and center 
panels). Moreover, tolerized genes (bottom right corner in the triangle plots) show a 
similar association with significant ATAC and H3K27Ac peaks in both PL and LP 
samples (fig. 4B). This indicates that upon LPS stimulation, H3K27Ac and chromatin 
accessibility are gained and retained for at least 4 weeks. However, when microglia 
were re-exposed to LPS, this open chromatin did not ensure similar transcription 
levels (fig. 4B). Between initial and secondary LPS exposure, the chromatin marks we 
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Figure 5. Enhancer signatures regulate hyper-responsiveness in primed microglia. (A, B) Volcano 
plots based on gene expression data of the comparisons indicated on the X-axis. The dots represent 
individual genes and the presence of significantly higher peaks in and ATAC- (A) and ChIP-seq data (B) is 
superimposed by colors as indicated. Chromatin peaks were assigned to the gene with the closest proximity. 
Black dots represent genes where no significantly different chromatin composition was detected. (C) 
Transcription factor binding site analysis generated by Homer to identify critical regulators for different 
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gene sets based on ATAC-seq data. The results of two comparisons (KO-PBS versus WT-PBS, KO-LPS versus 
WT-LPS) are shown. The top predicted transcription factor binding motifs are listed based on significance 
(P values) and coverage (percentage of targets). (D) Gene expression values (TPM) of selected homeostatic 
microglia genes. Every dot represents the result from an individual animal. 
 
examined that are associated with active transcription behaved similarly. This is in 
contrast with the transcriptional output and suggests an additional layer of regulation. 
Previous work has suggested a role for H3K9 methylation (Schaafsma et al., 2015) on 
the Il1b locus and here, we provide evidence for genome wide regulation of tolerance 
through methylation of H3K9 surrounding genes differentially regulated by LPS. 
Genes expressed higher in PL compared to LL have gained H3K9me3 in the LL 
condition compared to the untreated PP control (fig. 4A, right panel). This H3K9 
methylation is acquired following initial LPS treatment and is retained long-term, as 
is evident from the presence of H3K9 methylation in the same loci in the LP condition 
(fig. 4A, center panel, 4B).  

Transcription factors (TFs) are critical determinants of changes in both 
transcriptional and epigenetic programs. They can be activated by signaling pathways 
after which they are recruited to specific DNA sequences. Since TFs are often part of 
large, multimeric protein complexes that also contain chromatin-modifying enzymes, 
recruitment of TFs results in local remodeling of the chromatin (Zhou et al., 2017). To 
determine the TFs that might be involved in the differential chromatin regulation in 
tolerant microglia, we extracted the genomic sequences underlying differential peaks 
and identified conserved TF binding sites. Considering the nature of the different 
chromatin parameters we measured (i.e. the location, distribution and size of peaks) 
and the degree in which they correlate with transcriptional changes, we focused on 
differential ATAC and H3K27Ac peaks (fig. 4C, D). 

As expected, the transposase accessible regions, which are located both at distal 
enhancer elements and the promoter region surrounding the TSS, significantly 
associated with the PL condition, contain binding sites for the key myeloid TF PU.1 
(fig. 4C) (Gosselin et al., 2014; Lavin et al., 2014), as well as Jun-AP1, NF-κB-p65, Stat3, 
CEBPB (Saeed et al., 2014; Samavati et al., 2009; Toyoshima et al., 1981), all known 
mediators of LPS induced inflammatory pathways in macrophages, and the general 
activating transcription factor Atf1 (fig. 4C). Interestingly, in contrast to 
monocytes/macrophages derived from peripheral blood, where Egr2 is associated 
with trained immunity (Novakovic et al., 2016), in microglia Egr2 binding sites are 
associated with LPS mediated inflammation (fig. 4C). As for H3K27Ac, a marker more 
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associated with distal enhancers, we found that regions with increased occupation in 
the PL condition are also regulated by transcription factors that are known to play a 
vital role in the regulation of mammalian immunity, ETS1, and IRF (fig. 4D) (Chung et 
al., 2005; Czerkies et al., 2018). Expression of these TFs was confirmed in the RNA-seq 
data (suppl. fig. 7A). Considering the discrepancy between chromatin accessibility, 
H3K27Ac occupation and the transcriptional response upon LPS re-exposure, it is 
likely that these transcription factors recruit the chromatin-modifying complex that 
establishes H3K9 methylation and thereby reduces the secondary inflammatory 
response. In macrophages, the H3K9 methyltransferase G9a has been implicated in 
the establishment of tolerance (El Gazzar et al., 2008), for microglia, the involved 
enzymes remain to be identified. 

 

 
Figure 6. Inflammatory genes show distinct epigenetic regulation in ‘tolerant’ and ‘primed’ 
microglia. Model describing the epigenetic and transcriptional changes involved in the establishment of 
‘tolerized’ (A) and ‘primed’ (B) microglia.  
 
 

Epigenetic characterization of the priming response 
In case of microglia priming, we observed a general concordance between the 
transcriptional changes following Ercc1 deficiency and the presence of significantly 
higher H3K27Ac and H3K4me3 peaks, which are associated with active transcription. 
A reverse correlation was observed between gene expression changes and the 
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presence of H3K4me1 (poised, inactive enhancers) and H3K27me3 (polycomb 
repressed genes) (fig. 5B). In addition, LPS-induced changes in both WT and Ercc1Δ/ko 
microglia were associated with increased chromatin accessibility (fig. 5A).  

We next determined the conserved TF binding sites associated with regions whose 
chromatin accessibility was affected by Ercc1 deficiency (as determined by ATAC-seq, 
fig. 5C, 5D). Compared to controls, Spib, Foxm1, and Smad3 binding sites are lost from 
Ercc1Δ/ko microglia. Interestingly, Smad3 is an effector molecule downstream of Tgfb, 
a signaling factor that is critical for the microglia homeostatic signature (Butovsky et 
al., 2014). Generally, immune activation of microglia results in the loss of the 
homeostatic signature (Zrzavy et al., 2017), and our data show that this is also true in 
primed microglia (fig. 5E). Transcription factors associated with increased chromatin 
accessibility upon Ercc1 deletion include Sfpi1 (Pu.1), Cebpa, Atf1, and Atf3 (fig. 5C).  
When treated with LPS, in both WT and Ercc1Δ/ko microglia, the epigenetic signatures 
surrounding genes regulated by Sfpi1 (Pu.1) are affected. However, in case of Ercc1Δ/ko 
microglia, particularly regulators with known roles in inflammation, including Fra1 
(AP1), NF-κB subunit p65, Isre (interferon stimulated response element) were 
enriched (fig. 5D). We confirmed expression of these TFs in the RNA-seq data (suppl. 
fig. 7B). These data suggest that in Ercc1Δ/ko microglia, the signals derived from the 
environment instruct a chromatin landscape that enables both loss of the microglia 
homeostatic signature, and the gain of a transcriptional profile associated with 
inflammation.  
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Discussion 
 
Monocytes and tissue resident macrophages play important roles in development, 
metabolism and immunity, thereby contributing to the maintenance of homeostasis. 
Though they are innate immune cells, macrophages can retain information of past 
inflammatory events, resulting in an altered response to reinfection. Depending on the 
primary trigger, macrophages can become ‘tolerant’, showing hypo-responsiveness, 
or ‘trained’ with increased responsiveness to subsequent stimuli. Biologically, these 
mechanisms are thought to provide a survival advantage in case of trained immunity 
(Arts et al., 2018a; Netea, 2013), while providing a protective mechanism limiting the 
toxic effects of prolonged inflammation in case of tolerance (Seeley and Ghosh, 2017). 

The CNS parenchyma contains microglia, tissue resident macrophages that fulfill 
highly specialized functions extending far beyond their innate immunological 
functions (Eggen et al., 2017). Besides their different job-description that is attuned to 
their CNS environment, in contrast to some other tissue-derived macrophages, 
microglia also have a relatively long life-span (Askew et al., 2017; Eggen et al., 2017; 
Fuger et al., 2017; Tay et al., 2017). 

In microglia, altered functional outcomes reminiscent of ‘tolerance’ and ‘training’ 
have been described (Haley et al., 2017; Schaafsma et al., 2015) and these mechanisms 
might contribute to poor cognitive outcomes in sepsis patients, the general aged 
population and neurodegeneration (Pardon, 2015; Perry and Holmes, 2014; Wendeln 
et al., 2018). Particularly, disease features in mouse AD and stroke models appear to 
be altered in animals where microglia were exposed to systemic inflammatory stimuli 
(Wendeln et al., 2018). 

Monocytes/macrophages undergo functional programming after exposure to 
microbial components (Novakovic et al., 2016) and the associated genome wide 
epigenetic characteristics of innate immune memory have been described over the 
past years (Arts et al., 2018b; Glass and Natoli, 2016; Novakovic et al., 2016; Perkins 
et al., 2016; Saeed et al., 2014). These observations are thought to provide clues as to 
which pathways to target in an attempt to reverse ‘tolerance’ or stimulate ‘training’ in 
a clinical setting. 

Here, we show that exposure of microglia to LPS or an environment of accelerated 
aging in vivo results in substantial transcriptional and epigenetic changes that impact 
on their future ability to mount an inflammatory response. We identified clusters of 
genes with similar transcriptional programs that are involved in distinct biological 
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processes and generated maps of chromatin accessibility and histone modifications 
(H3K4me3, H3K4me1, H3K27Ac, H3K27me3, H3K9me2, and H3K9me3). In 
particular, we found that approximately 230 genes are oppositely regulated when 
‘tolerant’ or ‘primed’ microglia are exposed to i.p. injection of LPS and that the vast 
majority of these genes are involved in inflammatory processes. 

In the control situation, promoter and cis-regulatory elements controlling these 
inflammatory genes are characterized by a certain degree of chromatin accessibility, 
as well as H3K4me3 and H3K27Ac enrichment. In agreement with increased 
transcription of inflammatory genes in microglia from mice treated with LPS, these 
chromatin parameters were increased during the acute response. In case of tolerance, 
for accessibility and these marks of active chromatin, a similar epigenetic response 
was still observed 1 month after the initial exposure as well as during LPS re-exposure. 
This suggests that as part of the LPS response in healthy animals, chromatin 
alterations are made that do not prevent accumulation of H3K4me3, H3K27Ac, and 
open chromatin, but that do prevent the initiation of sufficiently high gene 
transcription upon re-stimulation. The occurrence of increased H3K9me3 in microglia 
that were stimulated with LPS, indicates that deposition of this repressive mark could 
be the mechanism involved resulting in reduced expression of tolerized genes. The 
methyltransferase involved in the deposition of H3K9 methylation in microglia is 
currently unknown and would provide a target to counteract the occurrence of 
tolerance.  

In case of priming, continuous exposure to an aging environment results in 
increased chromatin accessibility as well as H3K4me3 and H3K27Ac enrichment. 
These changes are associated with increased gene expression levels in Ercc1Δ/ko 
microglia as well as after an LPS exposure. In addition, chromatin signatures 
associated with active gene expression are less associated with Smad binding 
elements in the accelerated aging model. This is accompanied by a decrease in 
expression of homeostatic microglia signature genes in Ercc1Δ/ko microglia, especially 
following LPS treatment. Whether this is a direct effect of Ercc1 deficiency or a 
secondary effect to ongoing mild inflammation is currently unclear. While active 
marks on promoters and enhancers correlate with increased expression, the 
polycomb regulated repressive mark H3K27me3 is lost in genes whose expression is 
increased in Ercc1Δ/ko microglia. 

Analysis of conserved TF binding sites in genomic loci with an altered chromatin 
composition implicate the myeloid lineage determining factor Pu.1, general 
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transcription activators and the NF-κB-p65 pathway in the increased responsiveness 
to LPS. Though the regions and genes involved in tolerance and priming are largely 
overlapping, the fact that the chromatin composition in these regions is diverse, 
suggests the involvement of distinct protein complexes and epigenetic enzymes. 
Summarizing, different molecular pathways and different epigenetic mechanisms 
regulate the behavior of inflammatory genes in ‘tolerant’ or ‘primed’ microglia (fig. 6). 

The presented data were generated using microglia from entire mouse brains. 
Whether the observed gene expression and epigenetic changes occur in all cells or that 
regional differences in these responses exist remains to be determined. Increasing 
sensitivity of the employed techniques might allow for the interrogation of these 
processes and changes in lower cells numbers and hence different brain regions.  

Our data provides evidence that at least one type of macrophage, the CNS 
endogenous microglia, in vivo can adopt epigenetic programs that contribute to the 
establishment of different functional phenotypes and thereby influence 
neuroinflammation in the long-term. 
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Supplemental figures 
 

 
Supplementary figure 1, related to figure 1. (A) Microglia sorting strategy. Single, viable microglia are 
isolated using SSC and FSC parameters, followed by exclusion of DAPIpos events. Further purification was 
done by exclusion of Ly-6Cpos cells that correspond to CNS macrophages. (B) CD11bpos and CD45int microglia 
were sorted. 
 
 
 
Supplementary figure 2, related to figure 1. (A-D) PCA plots (A, B) and hierarchical clustering (C, D) of 
RNA-seq data of microglia in the tolerance (A, C) and accelerated aging models (B, D). (E) Volcano plots 
illustrating the similarity in the acute LPS response in microglia from naïve and WT mice. LogFC in gene 
expression comparing PP and PL is plotted, where dots represent individual genes. In both PP versus PL 
and WT-PBS versus WT-LPS comparisons, genes were ranked according to their altered expression level. 
Next, for each gene, the Δ percentile was calculated and indicated in the volcano plot, where light blue colors 
indicate similar expression. (F) Volcano plots illustrating the dissimilarity in the LPS response in microglia 
from tolerant and Ercc1Δ/ko mice. The LogFC in gene expression comparing PP and LL is plotted, where dots 
represent individual genes. As described above, the Δ percentile between PP versus LL and WT-PBS versus 
KO-LPS was calculated and indicated by color. (G, H) RT-qPCR validations of selected differentially 
expressed genes identified by RNA-seq. Relative gene expression is plotted where the housekeeping gene 
Hprt1 was used for normalization. Dots represent individual animals.  
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Supplementary figure 3, related to figure 2. (A) Clustering analysis of all genes downregulated in 
response to LPS in microglia in C57BL/6 mice three hours after i.p. injection with LPS (LogFC> 1 and FDR < 
0.01, PBS-PBS versus PBS-LPS). (B, C) Top 20 GO categories of all genes induced (B) or downregulated (C) 
in microglia isolated 3 h after i.p. LPS stimulation. Metascape was used to determine significantly associated 
GO terms. 
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Supplemental figure 4, related to figure 2. (A, B) Line graphs showing the average gene expression of 
three sets of genes indicated in the Venn diagram displayed in the bottom. (A) Average expression in 
microglia isolated from LPS injected naïve and pre-conditioned mice. (B) Average expression in Ercc1Δ/ko 
and control mice. CPM, count per million reads. 
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Supplementary figure 5, related to figure 3. (A) Example of the general pattern of histone modifications 
surrounding transcription start sites (TSS). (B) Examples of clustering of ATAC- and ChIP-seq tags over all 
TSSs (± 5 kb) of the PP sample (left panel) and comparing samples in the accelerated aging (center panel) 
and tolerance (right panel) models. 
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Supplemental figure 6, related to figure 3. (A, B) Tracks of ATAC-seq data of representative responsive 
(Ncl) and tolerized (Ptgs2) genes (A) and Ccl3 and Cxcl11 in primed microglia (B). (C) Enrichment of active 
histone marks (H3K4me3 and H3K27ac) of responsive (Ncl) and tolerized (Ccl3) genes in LPS tolerized 
microglia. (D) Enrichment of H3K4me1, H3K4me3, and H3K27ac of Sema4b and the core aging-associated 
gene Clec7a in primed microglia. Tracks were visualized using Integrative Genomics Viewer (IGV). (E, F) 
Gene expression values (TPM) of selected genes in the tolerance (Ncl, Ptgs2, and Tnf, panel E) and 
accelerated aging (Clec7a, Sema4b, Ccl3, and Tnf, panel F) models. Each value represents the data from an 
individual animal. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Supplemental figure 7, related to figure 4 and 5. (A, B) Gene expression of selected transcription factors 
that bind to the predicted motifs (fig. 4C, D and fig. 5C, D) in microglia isolated from LPS injected naïve and 
pre-conditioned mice (A) and Ercc1Δ/ko and control mice (B). 
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Tables 

 
Table 1. Genotyping primers 

allele product size forward primer 5’-3’ reverse primer 5’-3’ 
WT 246 bp AGCCGACCTCCTTATGGAAA ACAGATGCTGAGGGCAGACT 
KO 390 bp TCGCCTTCTTGACGAGTTCT ACAGATGCTGAGGGCAGACT 
292* (Δ) 530 bp TCGCCTTCTTGACGAGTTCT CTAGGTGGCAGCAGGTCATC 

 

Table 2. RT-qPCR primers 

gene name accession 
number 

forward primer 5’-3’ reverse primer 5’-3’ 

Hprt1 NM_013556.2 ATACAGGCCAGACTTTGTTGGA TGCGCTCATCTTAGGCTTTGTA 
Il1b NM_008361.3 GGCAGGCAGTATCACTCATT AAGGTGCTCATGTCCTCAT 
Tnfa NM_013693.3 TCTTCTGTCTACTGAACTTCGG AAGATGATCTGAGTGTGAGGG 
Ccl2 NM-011333 TCAGCCAGATGCAGTTAACG CTGGTGATCCTCTTGTAGCTC 
Tnip3 NM_001001495 CTGGATGTCAATCAACAATGGGA ACTAGGGTGTGAGTGTTTTCTGT 
Axl NM_009465.4 TGAAGCCACCTTGAACAGTC GCCAAATTCTCCTTCTCCCA 
Lgals3(Mac2) NM_010705.3 CAGGATTGTTCTAGATTTCAGGAG TGTTGTTCTCATTGAAGCGG 
Itgax (Cd11c) NM-021334 TCTTCTGCTGTTGGGGTTTGT TCAGCACCGTCCATGTGAAA 

 

Table 3. Antibodies used for ChIP 

antibody supplier full name cat. # lot # 
H3K4me1 Abcam Anti-Histone H3 (mono methyl K4) antibody – 

ChIP Grade 
Ab8895 GR193737-

1 
H3K4me3 Millipore Anti-trimethyl-Histone H3 (Lys4) 07-473 2117175 
H3K9me2 Millipore ChIP Ab+ Drimethyl-Histone H3 (Lys9) Serum 17-648 2383599 
H3K9me3 Abcam Anti-Histone H3 (tri methyl K9) antibody – ChIP 

Grade 
Ab8898 GR110335-

1 
H3K27ac Abcam Anti-Histone H3 (acetyl K27) antibody – ChIP 

Grade 
Ab4729 GR200563-

1 
H3K27me3 Millipore ChIP Ab+tm Trimethyl-Histone H3 (Lys27) 17-622 2325081 
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Abstract 
 
Microglia are the principal innate immune cells in the central nervous system and play 
roles in inflammation, phagocytosis, tissue remodeling, synaptic plasticity and 
neurogenesis. In a DNA repair-deficient mouse model of accelerated aging (generic 
Ercc1Δ/ko), microglia show hypersensitivity to inflammatory stimuli and increased 
phagocytosis. However, the consequence of microglial aging or accumulated DNA 
damage by microglia-specific Ercc1-deletion and the effects on the surrounding CNS 
tissue are unclear. In this study, microglia-specific Ercc1 deficient mice were 
generated to investigate the changes in microglia phenotype and immune response 
after Ercc1 deletion over time. FACS-based microglia isolation at 2-12 months 
following tamoxifen administration showed a reduction of approximately 40% in 
microglia numbers as a result of Ercc1 deficiency. In addition, a dystrophic 
morphology was observed in Ercc1 knockout microglia both in vivo and in organotypic 
hippocampal slice cultures. Ercc1 knockout microglia were progressively replaced by 
“wild type” microglia over time and during this period, the proliferation rate of 
microglia from Ercc1ko/flox mice transiently increased. We detected increased 
expression of several phagocytosis- and proinflammatory genes in microglia from 
Ercc1ko/flox mice after tamoxifen treatment. Gene expression analysis suggested that 
Ercc1 deletion induced a premature aging phenotype in microglia, which is distinct 
from the gene network induced in primed microglia. In summary, microglia-specific, 
conditional Ercc1 deletion resulted in aged microglia that were replaced by wild type, 
CNS endogenous microglia. This model, unlike other rapid microglia depletion models, 
allows for a gradual replacement of microglia without overt micro- or astrogliosis. 
 
Keywords: aging, microglia, DNA damage repair, Ercc1, turnover, phagocytosis, 
dystrophic morphology, priming 
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Introduction 
 
Aging is accompanied by a gradual deterioration of biological functions, e.g. increased 
cellular senescence, telomere attrition, mitochondrial dysfunction and genomic 
instability. In particular, excessive DNA damage or insufficient DNA repair contributes 
to aging and apoptosis, where insufficiency of repair machinery accelerates genetic 
lesion accumulation. (Carnevale et al., 2012; Freitas and de Magalhaes, 2011; López-
Otín et al., 2013; Rodier et al., 2009). The majority of DNA lesions in healthy cells is 
repaired via various mechanisms. The structure-specific endonuclease ERCC1-XPF is 
required for nucleotide excision repair (NER), interstrand crosslink repair (ICR) and 
double-strand break repair (DBR) (Ahmad et al., 2008; Bergstralh and Sekelsky, 2008; 
Gregg et al., 2011; Houtsmuller et al., 1999). Moreover, ERCC1-XPF interacts with the 
basal transcription machinery at promoters of hepatic genes during development 
pointing to a role in gene transcription. Indirectly, ERCC1-XPF contributes to active 
gene expression by affecting DNA demethylation and histone modification (Barreto et 
al., 2007; Kamileri et al., 2012; Le May et al., 2010; Schmitz et al., 2009). 

A common transcriptional signature involved in phagosome, lysosome, and 
antigen presentation was reported in microglia during aging and in 
neurodegenerative disease models (Holtman et al., 2015). Disease-associated 
microglia surrounding Aβ plaques or pathological lesions exhibit increased phagocytic 
and immune activity while losing their homeostatic character (Keren-Shaul et al., 
2017; Krasemann et al., 2017; Mathys et al., 2017). These studies indicate there is a 
population of microglia in different models of neurodegeneration that shares common 
gene expression features.  

Investigation of microglia phenotypes in CNS disease models provided valuable 
insight in microglia functions, however particular molecules or pathways in microglia 
and the consequences for the CNS should also be studied in a healthy CNS 
environment. Recently, microglia-specific gene deletion studies (e.g. Sall1, Dicer, Ifnar, 
Mef2c, and Mecp2) offered new insights in microglia-neuron interaction (Buttgereit et 
al., 2016; Cronk et al., 2015; Deczkowska et al., 2017; Schafer et al., 2016; Varol et al., 
2017). Most of these mice with microglia-specific gene deletion showed no or limited 
phenotypical changes but the microglia lost their homeostatic gene signatures with an 
altered immune activity. 

Under homeostatic conditions, the median lifetime of neocortical microglia is 15 
months (Füger et al., 2017). A similar study showed that microglia are completely 



Chapter 5 

166 
 

replaced within 8-41 months depending on the brain (Tay et al., 2017). In the healthy 
brain, the density of microglial cells remains remarkably stable without significant 
monocyte infiltration, and the turnover of microglia is balanced by apoptosis. 
Otherwise, as studied in apoptosis-deficient mouse models (e.g. Vav-Bcl2 
overexpressing mice), the number of microglia increased and remained stable (Askew 
et al., 2017). 

Following experimental depletion of microglia, the microglia niche could rapidly 
be repopulated by circulating precursor cells after bone marrow transplantation or 
from an internal pool, which depends on the experimental setup. In healthy 
conditions, without irradiation and bone marrow transplantation, seven days after 
depleting microglia using the Cx3cr1CreER: iDTR mouse model, micro-clusters with 
highly proliferating nestin-expressing microglia were present throughout the CNS and 
capable to repopulate the CNS (Bruttger et al., 2015). In experimental acute 
encephalomyelitis (EAE) mice, the infiltration of myeloid cells into the CNS is indeed 
enhanced. In case the blood-brain barrier (BBB) was damaged, circulating precursor 
cells contribute to microglia repopulation, however, only the microglia originating 
from the resident pool expressed Sall1, a microglia identity marker (Buttgereit et al., 
2016). 

Microglia are pleomorphic and can adapt to different environments, however, the 
relation between function and morphology is not always clear. There is consensus that 
ramified microglia are relatively quiescent and surveil the parenchyma, while 
microglia with an amoeboid phenotype are more migratory, phagocytic and immune 
activated (Levtova et al., 2017; Perry et al., 2010). 

Generic hypomorphic Ercc1 mice (Ercc1Δ/ko) are used as an accelerated aging 
mouse model as it recapitulates various aspects of normal aging (Gregg et al., 2011). 
In aged and DNA repair deficient mice (Ercc1Δ/ko), microglia display hypersensitivity 
to inflammatory stimuli, a condition referred to as priming. The specific deletion Ercc1 
in forebrain neurons (Camk2wt/Cre:Ercc1flox/ko) showed that neuronal genotoxic stress 
was sufficient to sensitize microglia (Raj et al., 2014). However, the intrinsic effects of 
Ercc1 deficiency on microglia are unclear. 

In this study, we deleted the Ercc1 gene from microglia in 
Cx3cr1wt/creER:Ercc1ko/flox mice. The effect on microglia density, survival, proliferation 
and phagocytosis was determined. Gene expression profiling of microglia FACS 
isolated at different time points after Ercc1-deletion was performed to determine 
temporal gene expression changes.  
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Materials and methods 
 
Transgenic Animal Models 
The Ercc1wt/flox, Ercc1wt/ko, and Cx3cr1wt/cre mouse lines were crossed to obtain 
experimental mice. In brief, Cx3cr1wt/cre:Ercc1wt/ko mice were generated by crossing 
Ercc1wt/ko and Cx3cr1wt/cre mice (both in a C57/BL6 background). Cx3cr1cre/cre:Ercc1wt/ko 
were crossed with Ercc1flox/flox mice (FVB background), resulting in 
Cx3cr1wt/cre:Ercc1ko/flox and Cx3cr1wt/cre:Ercc1wt/flox mice (C57/BL6:FVB background, 
suppl. fig. 1A, B). All animal experiments were approved by the ethics committee 
(permission DEC5939B, 6169B and IvD 15360-03-02) and performed following the 
experimental animal guidelines of the Central Animal Facility of the University of 
Groningen, UMCG. 
 
Tamoxifen treatment 
Six- to eight- week old mice received 2 doses of 500 µL of tamoxifen (20 mg/mL, 
Sigma, T5648) dissolved in corn oil (Sigma, C8267) via oral gavage with an 48 hours 
interval (suppl. fig. 1C, D). The amount of tamoxifen administrated was adjusted to 
body weight (Parkhurst et al., 2013). 
 
Genotyping primers 
Genomic DNA from ear-cuts was used for genotyping. Primer information is provided 
in Table 1. 
 
Microglia isolation and flow cytometry 
Microglia were isolated as described earlier (Galatro et al., 2017). Briefly, mice were 
perfused with saline or PBS under deep anesthesia (3% isoflurane with 0.8% O2). The 
brains were placed in cold medium A (HBSS with 0.6% glucose and 7.5 mM HEPES) 
and all the following isolation procedures were performed on ice or at 4°C during 
centrifugation. Brains were triturated using the potter-elvehjem tissue homogenizer 
and centrifuged at 220 g for 10 min. The cell pellet was resuspended in 25 mL 22% 
percoll with a 3 mL PBS layer on top, followed by centrifugation for 20 min at 950 g 
(accelerate 4 and brake 0) to remove myelin. The microglia enriched cell pellets were 
incubated with CD11b PE (clone M1/70, eBiosciences), CD45 PE/Cy7 (clone 30-F11, 
eBiosciences), and Ly-6C APC (clone HK1.4, Biolegend) antibodies for 20-30 min on 
ice. Then the cells were washed once and filtered into FACS tubes.  
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Ki67 (Alexa Fluor® 647 anti-mouse Ki-67 Antibody, BioLegend, 652407) staining 
was performed according to the manufacturer’s protocol. In brief, the cell pellets after 
the Percoll gradient were permeabilized by adding 1 mL cold 70% ethanol drop by 
drop while vortexing. After 1 hr incubation at -20°C, the cells were twice washed with 
1 mL PBS with 10% FBS and incubated with CD11b PE (clone M1/70, eBiosciences), 
CD45 FITC (Clone 30-F11, eBiosciences), Ly-6C APC/Cy7 (clone HK1.4, Biolegend), 
and Ki67 Alexa Fluor 647 (Clone 16A8, Biolegend) antibodies for 30 min. Ki67+ 
microglia and Ki67- microglia were collected. 

Microglia were sorted by gating DAPInegCD11bhigh CD45mid Ly6cneg cells on a 
Beckman Coulter MoFlo Astrios or XDP. 
 
Single cell PCR 
Individual microglia were FACS sorted and collected in 384 well PCR plates containing 
5 µL ddH2O. Excision of the floxed Ercc1 allele was determined using PCR primers 
amplifying the excised allele, as a positive control, individual microglia were analyzed 
using ref(Il1) primers. As negative controls, individual splenic macrophage (DAPIneg 
CD11bhigh CD45pos Ly6gneg) were sorted in 384 well plates and analyzed with Ercc1-rec 
1 PCR primers. 5.5 µL of iQTM SYBR Green Supermix (Bio-Rad) consisting of 0.3 µL H2O 
and 0.2 µL primers (working solution = 1 pM) was added to each well. Quantitative 
PCR reactions were performed using theQuantStudio 7 Real-Time PCR 
system(ThermoFisher). In the end, the number of wells with correct melt curves were 
quantified and the percentage was calculated by the formula followed. 

% microglia (Ercc1_rec) = # of PCR reactions with a product from excised 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸1 allele
total # of PCR reactions

 

 
Genomic DNA and RNA isolation form microglia 
The Qiagen AllPrep DNA/RNA Micro Kit (Cat.# 80284) was used to extract the 
genomic DNA and total RNA from sorted microglia. All the procedures followed the 
manufacturer’s protocol. 
 
Efficiency of recombination 
To investigate the proportion of tamoxifen-targeted microglia, we used quantitative 
PCR. Two primer sets were designed based on the recombined Ercc1 allele, Ercc1-
rec1, Ercc1-rec2, and a reference primer pair, Ref-Il1b amplifying a genomic fragment 
of the Il1b gene. After the DNA was isolated from sorted microglia, qPCRs were 
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performed in the same experiment. The % of microglia with a deleted Ercc1 allele was 
calculated by the following formula (Livak and Schmittgen, 2001).  

% microglia (Ercc1_rec)= microglia (𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸1_𝐸𝐸𝑟𝑟𝐸𝐸) 
microglia (𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸1_𝐸𝐸𝑟𝑟𝐸𝐸)+microglia (𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸1_𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)

= 2−�
Ct(𝑟𝑟𝑟𝑟𝑟𝑟1)+Ct(𝑟𝑟𝑟𝑟𝑟𝑟2)

2 −Ct(ref)−1� 

 
Immunohistochemistry and Immunofluorescence 
For Iba1 staining, mice were perfused with saline and terminated under deep 
anesthesia. One of the hemispheres was fixed for 48 hr in 4% paraformaldehyde (PFA) 
at 4°C. After overnight incubation in 25% sucrose, the brain samples were stored in -
80°C freezer. For free-floating staining, 40 µm thick sections were blocked for 1 hr 
with 5% normal goat serum and thereafter incubated with primary antibody against 
Iba1 (Wako, Cat.#019-19741) overnight at 4°C. On the next day, Alexa Fluor 488 
donkey anti-rabbit (Invitrogen, Cat.#A21206) secondary antibody was added. After 1 
hr of secondary antibody incubation, sections were washed, incubated in Hoechst 
solution for 5 min and mounted on glass slides. For DNA staining, 16 µm sections were 
attached in slides and were pre-incubated in 0.3% H2O2, and then in 10% serum. After 
the primary Iba1 antibody incubation, biotinylated goat anti-rabbit IgG was added for 
1 hr. The sections were incubated with avidin-biotin-peroxidase complex (Vector 
Laboratories, PK-6100) for 30 min, finally visualized with 3, 3'-diaminobenzidine 
(DAB, Sigma, D-5637). All the slides were scanned with Hamamatsu NanoZoomer 
whole slide imager with 40X objective. 
 
Quantitative real-time PCR (mRNA) 
cDNA was synthesized using Random Hexamers (Fermentas), M-MuLV Reverse 
Transcriptase and Ribolock RNase inhibitor (Fermentas) and dNTP and RT buffer 
(Fermentas). Quantitative PCR reactions were performed using the ABI7900HT Fast 
Real-Time PCR System (ThermoFisher), LightCycler® 480 System (Roche) or 
QuantStudio 7 Real-Time PCR system(ThermoFisher). Data were quantified using the 
2-ΔΔCt method using Hprt1 as reference gene (Livak and Schmittgen, 2001). Primer 
sequences are provided in table 2.  
 
Cell distribution analysis 
After Iba1 staining, 2 to 4 snapshots per sections of each mouse were taken at 8x 
magnification of frontal cortex, cornu ammonis, and dentate gyrus regions using 
Aperio Imagescope software. The numbers of Iba1+ cells were counted within 1 mm2 
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areas using the cell counter plugin of FIJI. Pixel values were converted to µm values 
based on metadata information. Additionally, the nearest neighbor distance of 
microglia in the frontal cortex was analyzed using FIJI. The Particle Characterization 
tool in combination with a Nearest Neighbor plugin calculated the x- and y- 
coordinates of the selected centroids in binary images and used the Pythagorean 
theorem to calculate the distance between the centroids. Two fields per mouse were 
analyzed. 
 
Morphological analysis 
The convex area was measured by selecting the extremes of the cell area and 
measuring the surface. The cell surface area and the soma area were calculated by the 
number of black pixels these respective area’s contained. The total branch length was 
the total length of all the branches of the skeleton image of the microglia, and the 
endpoints the number of line endings of the skeleton. Twenty Iba1+ cells per mice from 
the frontal cortex were selected randomly at maximum magnification (40X) and single 
cell images were cropped out individually of the original mosaic image. All procedures 
were performed using FIJI. To enhance the signal/noise ratio a retinex filter was 
applied and the image was consequently transformed to an 8-bit gray scaled image. 
The resulting image was converted to a binary image and any background/noise was 
removed manually using the original image as a reference. The binary images of the 
individual cells were used for Sholl analysis, which returns the number of 
intersections with the cell in a circle at increasing distance from a specified center 
point, with a step size of 1 pixel per concentric circle. The cell surface area was 
determined using the versatile wand tool. The number of primary branches was 
determined by eye. After collecting these parameters, the branches were connected 
manually with the original mosaic image as a reference, after which the cell was 
converted into a 1-pixel skeleton. The AnalyzeSkeleton plugin was then applied to 
assess total branch length, and the number of branch endpoints per skeleton. The 
soma area was selected in the original mosaic image. The resolution of the images was 
0.2273 µm per pixel, as defined in the metadata of the Hamamatsu files.  

For bulk microglia morphometrics, a script was developed using open source 
sketchbook software (Processing, https://processing.org) to allow semi-automated 
quantification of morphological parameters on single-microglia images. In short, dual 
thresholding for the microglia soma and microglial branching respectively allowed 
determination of soma surface-, cell surface- and convex hull area (i.e. the smallest 
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convex enveloping the cell). Subsequent skeletonization of the thresholded images 
allowed the determination of the total branch length and the total number of branch 
end points per cell. Consecutively, a Sholl analysis was performed on the skeletonized 
images, allowing descriptive quantification of microglial branching per cell. 
 
QuantSeq 3' mRNA-Seq and bioinformatics analysis 
Total RNA was isolated from sorted microglia using the Qiagen RNA isolation kit 
according to the protocol. RNA quantity and quality was analyzed on a Fragment 
Analyzer. Sequencing libraries were prepared with the QuantSeq 3' mRNA-Seq 
Library Prep Kit FWD. 
 
Organotypic hippocampal slice culture (OHSC) 
OHSCs were prepared as described previously (Stoppini et al., 1991) with minor 
modifications. In brief, slice cultures were prepared from Cx3cr1wt/cre: Ercc1ko/flox and 
Cx3cr1wt/cre: Ercc1wt/flox mouse pups (p3) under sterile conditions. In parallel, genomic 
DNA was extracted for genotyping purposes. After decapitation, the brains were 
removed and the hippocampi from both hemispheres were acutely isolated in ice cold 
serum-free Hank's Balanced Salt Solution (HBSS), supplemented with 0.5% glucose 
(Sigma) and 15 mM HEPES. Isolated hippocampi were cut into 375 μM thick slices 
using a tissue chopper (McIlwain) and were transferred to 0.4 μM culture plate inserts 
(Millipore, PICM03050). These culture plate inserts, containing 6 slice cultures each, 
were placed in 6-well plates containing 1.2 ml of culture medium per well. Culture 
medium (pH 7.2) consisted of 0.5X minimum essential medium (MEM) supplemented 
with 25% heat-inactivated horse serum (Gibco, 16050-122), 25% basal medium eagle 
(BME), 2 mM glutamax and 0.65% glucose. The slice cultures were kept at 35°C in a 
humidified atmosphere (5% CO2). On the first day after preparation, these OHSCs 
were treated with 1 nM 4-hydroxy tamoxifen (Sigma, T176-10MG) for 48 hours to 
induce Ercc1 deletion ex vivo. OHSCs were kept maximally for 3 months and the 
culture medium was refreshed every consecutive 2 days. 

To induce neuronal excitotoxicity, OHSCs were challenged with 10 μM N-methyl-
D-aspartic acid (NMDA) for 4 hours, followed by 20 hours of culturing in culture 
medium supplemented 5 μg/ml propidium iodide (PI) to visualize dying/dead cells. 
Confocal images (Leica SP2 AOBS) of the neuronal layers were taken mid-section at 
40X magnification.  
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Quantification and statistical analysis 
All the dot plot and box-whisker plot graphs were performed using GraphPad Prism5, 
the violin plots were generated by R 3.4.3 in RStudio 1.1.383. All the figures were 
further reconstructed using Adobe Illustrator CC. The statistical significance was 
calculated using Prism5 by either Two-way ANOVA followed by Bonferroni post-test 
or Two-tailed Student’s t-test as indicated in the legends. Differences were classified 
as significant when the P value was below 0.05. 
 

 
Figure 1. A reduction in the number of microglia in conditional Ercc1 deficient mice. (A) The boxplots 
depict the number of microglia (DAPIneg CD11bhigh CD45int Ly-6Cneg cells) sorted from entire mouse brains. 
The boxes contain the second and third quartiles and the center line indicates the median. Whiskers indicate 
the minimum and maximum values. For Cx3cr1creER:Ercc1wt/flox mice: n = 7 (1 m), 10 (2 m), 6 (3 m), 4 (5 m), 
17 (6 m), 6 (9 m), 4 (10 m), 4 (11 m), 12 (12 m); Cx3cr1creER:Ercc1ko/flox mice, n = 10 (1 m), 13 (2 m), 6 (3 m), 
4 (5 m), 15 (6 m), 5 (9 m), 4 (10 m), 4 (11 m), 13 (12 m). (B) The box plots depict the number of Iba1-
positive cells per mm2 in three different brain regions. The boxes contain the second and third quartiles and 
the center line indicates the median. Whiskers indicate the minimum and maximum values. Every value 
represents the number of Iba1+ cells per mm2 analyzed in one brain section, with 2-4 sections per mouse, 
and 3 mice per group except the at 22 months (n = 2). A two-way ANOVA followed by a Bonferroni 
correction for multiple comparisons was performed to assess significance. * p < 0.05, ** p < 0.01, *** p < 
0.001.  
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Results 
 
The density of microglia decreases after Ercc1 deletion 
To identify the effect of accelerated aging by accumulating DNA damage in microglia 
on the CNS, we generated microglia-specific Ercc1 knockout mice. Apoptosis, cell cycle 
arrest, and DNA repair are the general responses to DNA damage (Norbury and 
Zhivotovsky, 2004) and cells that accumulate excessive DNA damage tend to undergo 
apoptosis. Since Ercc1 is involved in nucleotide excision repair, interstrand crosslink 
repair and double-strand break repair, targeted microglia will accumulate DNA 
lesions after Ercc1 deletion. To determine the effect of Ercc1 deletion on microglia, 
first, the number of microglia isolated from an entire mouse brain was determined. 
From 2 months after tamoxifen administration onwards, the number of microglia 
isolated from Ercc1 deficient mouse brains was lower than from littermate controls 
and this reduction persisted until 12 months after tamoxifen treatment (figure 1A). 
This reduction in the number of isolated microglia after Ercc1 deletion was confirmed 
by a lower microglia density. Microglia were visualized in brain sections by Iba1 
immunohistochemistry and quantified (figure 1B). A reduction in microglia was 
observed in all the brain regions investigated. In the frontal cortex, a reduction in 
microglia numbers was detected between 2-12 months after Ercc1 deletion. In the 
dentate gyrus and cornus ammonis, a significant reduction was observed at 6 and 12 
months after tamoxifen administration (figure 1B). At 22 months after Ercc1 deletion, 
microglia cell numbers were similar to numbers observed in control littermates 
(figure 1B). In summary, the microglia population was reduced by 40% in 
Cx3cr1wt/creER:Ercc1ko/flox mice, two months after tamoxifen administration, which 
persisted in the following 10 months and returned to levels observed in control 
littermates at 22 months after Ercc1 deletion. 

To study the effect of Ercc1-deletion on microglia phenotype and function in a 
system amenable for interventions, we generated organotypic hippocampal slice 
cultures (OHSC) from Cx3cr1wt/creER:Ercc1ko/flox pups and deleted Ercc1 by ex vivo 
hydroxytamoxifen treatment. Similar to our findings in vivo, two and three months 
after tamoxifen treatment, the number of microglia in Cx3cr1wt/creER:Ercc1ko/flox OHSCs 
was reduced with 50% compared to control OHSCs, in the dentate gyrus (DG), CA1 
and CA3 region, respectively (suppl. fig. 2). 
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Figure 2. Ercc1-deficient microglia are gradually replaced by Ercc1loxP/KO microglia. (A) The 
percentage of microglia carrying an excised Ercc1loxP allele at a range of time points after tamoxifen 
administration are depicted. The percentage of microglia with an excised Ercc1loxP allele was determined 
based quantitative PCR of the excised Ercc1 allele and normalized to an unaffected genomic locus (the Il1b 
gene). Each dot represents an individual animal. A two-way ANOVA followed by a Bonferroni correction for 
multiple comparisons was performed to assess significance, *** p < 0.001. (B) The percentage of microglia 
carrying an excised Ercc1loxP allele (Ercc1_rec) at a range of time points after tamoxifen administration was 
determined by single-cell PCR. Individual microglia were FACS isolated and PCR amplified using primers 
specific for the excised Ercc1loxP allele. The percentage of wells with a PCR product of the Ercc1_rec allele are 
shown in red, wells without a PCR product are indicated in light grey. As a positive control, individual 
microglia (µG) were PCR amplified using primers for the Il1b gene, indicated in dark grey. As a negative 
control, individual macrophages (Mφ) were analyzed with Ercc1-rec primers. n = 1 to 3 animals per group, 
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48 or 72 PCR reactions per animal. (C) A cartoon illustrating the temporary reduction in microglia cell 
density and the gradual replacement of Ercc1 deficient microglia in Cx3xr1creER:Ercc1ko/flox mice after 
tamoxifen, each circle represent 10% of the microglia population. 

 
Ercc1 deficient microglia are progressively replaced 
The observation that already at 2 months after Ercc1 deletion, the microglia density 
was already significantly reduced, suggested a loss of microglia, possibly due to 
excessive DNA damage. Next, we determined the relative proportion of deleted and 
floxed Ercc1 alleles in microglia to determine and monitor excision efficiency at 
different times after tamoxifen administration. FACS isolated microglia from both 
Cx3cr1wt/creER:Ercc1wt/flox and Cx3cr1wt/creER:Ercc1ko/flox mice after tamoxifen treatment 
were genotyped. The percentage of the excised Ercc1 allele was high (>80-95%) and 
remained stable in microglia from Ercc1wt/flox mice, indicating efficient excision of the 
floxed Ercc1 allele (figure 2A, B). The percentage of Ercc1 deficient microglia in 
Ercc1ko/flox mice progressively declined over time, resulting in only approximately 5% 
of Ercc1 deficient microglia at 12 months after tamoxifen and hardly any Ercc1 
deficient microglia after 22 months (fig. 2A, B). These data indicate that over the time 
course of 10 months, Ercc1 deficient microglia were gradually lost in 
Cx3cr1wt/creER:Ercc1ko/flox mice and replaced by microglia carrying a floxed allele (fig. 
2C).  
 
Altered microglia morphology in Cx3cr1wt/creER:Ercc1ko/flox mice 
Changes in morphology are an indicator of altered microglia function, and we analyzed 
the morphology of Ercc1 deficient microglia at 2-22 months after Ercc1 deletion. A 
clear change in microglia morphology was observed in Cx3cr1wt/creER:Ercc1ko/flox mice 
after tamoxifen administration (fig. 3A). Between 2-12 months after tamoxifen, 
microglia cell surface, convex surface area, soma surface, total branch length, and 
number of endpoints were all increased in Cx3cr1wt/creER:Ercc1ko/flox microglia. This 
altered microglia morphology was observed in various brain regions, e.g. cortex, 
hippocampus, cerebellum, and olfactory bulb, between 2-12 months but not at 22 
months after tamoxifen. Extensive morphometric analysis was performed on cortical 
microglia (fig. 3B, suppl. Fig. 3). When microglia numbers were reduced by 40% in 
Cx3cr1wt/creER:Ercc1ko/flox mice, the remaining cells were significantly enlarged and 
when microglia numbers returned to control levels after 22 months, these 
morphological differences were also no longer present. Interestingly, the ramification  
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Figure 3. Microglia in Ercc1 deficient mice display a hyperramified morphology. (A) Iba1 staining of 
microglia in the cortex of Cx3xr1creER:Ercc1wt/flox and Cx3xr1creER:Ercc1ko/flox mice at 5 different time points 
after tamoxifen; n = 3 mice (2, 3, 6 and 12 months), n = 2 mice (22 months). 40X magnification, scale bar = 
40 µm. (B) Morphometric analysis of microglia depicting cell surface area, convex surface area, soma 
surface area, total branch length, and total number of endpoints. Quantification of these five parameters of 
cortical microglia in different time points was performed using a self-developed program described in the 
methods. The violin plots contain the values of individual microglia from in total 3 mice per groups (except 
2 mice at 22 months). The white line in the violin plots indicates the mean ± interquartile range. The number 
of microglia in the violin plot = 60 (2 m), 60 (3 m), 60 (6 m), 61 (12 m), 40 (22 m) in control groups and 59 
(2 m), 40 (3 m), 60 (6 m), 60 (12 m), 40 (22 m) in conditional Ercc1 knockout groups. An unpaired two-
tailed t-test was performed to assess significance, p values are depicted in the figure. (C) The correlation of 
microglia distribution (or microglia cell density) versus the distance to nearest neighboring microglia is 
depicted. Each dot represents the data from one brain section. The color of dots represents the genotype 
and the gradient represents time after tamoxifen treatment. n = 4-8 brain sections per group, 10 groups in 
total. (D) Sholl analysis of microglia in Cx3xr1creER:Ercc1wt/flox and Cx3xr1creER:Ercc1ko/flox mice at 2 (top) and 
22 (bottom) months after tamoxifen treatment. The number of intersections with increasing distance from 
the cell soma are depicted. The error bars show the standard deviation. The Sholl analysis was performed 
using a program developed by our group. In parallel, Sholl analysis on the same microglia samples was 
performed using the plugin of Fiji yielding identical results (data not shown). 
 
index, the ratio of the cell surface area and the convex area, was unchanged (suppl. Fig. 
3A), suggesting that although the microglia from Ercc1 deleted mice were larger, they 
were not hyperramified. When we investigated morphologies at 2-22 months after 
tamoxifen administration, microglia from Cx3cr1wt/creER:Ercc1ko/flox mice were different 
from controls, except for the 22 month time point, for all parameters determined (fig. 
3B). Even at twelve months after Ercc1 deletion, when almost no Ercc1 deficient 
microglia were left, microglia in Cx3cr1wt/creER:Ercc1ko/flox mice were different from 
controls and more heterogeneous. After 22 months, there was almost no difference of 
microglia morphology between the control and Ercc1 deleted microglia. 

To investigate the distribution of microglia after Ercc1 deletion, we determined the 
distance between individual microglia and its nearest neighboring microglia. 
Microglia in Cx3cr1wt/creER:Ercc1ko/flox mice after tamoxifen treatment were equally 
distributed and there no indication of microglia clusters was observed (fig. 3C). Sholl 
analysis showed that microglia of Ercc1ko/flox mice 2 to 12 after tamoxifen treatment 
displayed an altered morphology indicated by an increased number of intersections 
(fig. 3D, suppl. fig. 3B). There was no difference in morphology between microglia 
from Cx3cr1wt/creER:Ercc1wt/flox and Cx3cr1wt/creER:Ercc1ko/flox mice at the 22 month time 
point (fig. 3D, suppl. fig. 3B). 

In OHSCs, a similar change in microglia morphology was observed in Ercc1-deleted 
microglia. The morphology of the majority of the remaining microglia in Ercc1-
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deficient OHSCs was similar to what was observed in vivo after Ercc1 excision (suppl. 
fig. 4). 
 

 
Figure 4. Increased microglia proliferation in conditional Ercc1 knockout mice. (A) Ki67 gene 
expression was determined by quantitative RT-PCR and normalized to Hprt1. Each dot represents one 
animal, n = 3-5 mice. A two-way ANOVA followed by a Bonferroni post-test was performed for assessment 
of significance, *** p < 0.001. (B) Example of a mitotic microglia in a Cx3xr1creER:Ercc1ko/flox mouse, 1.5 months 
after tamoxifen treatment. (C) Ki67+ and Ki67- microglia were isolated by flow cytometry from 
Cx3xr1creER:Ercc1wt/flox and Cx3xr1creER:Ercc1ko/flox mice at 2-3 months after tamoxifen treatment. (D) 
Quantification of the percentage of Ki67+ and Ki67- microglia in Cx3xr1creER:Ercc1wt/flox and 
Cx3xr1creER:Ercc1ko/flox mice, 2 and 3 months after tamoxifen treatment, n = 4 mice. Unpaired two-tailed t-
test, *** p < 0.001. (E) The percentage of Ki67+ and Ki67- microglia with an excised Ercc1loxP allele was 
determined by genomic PCR, n = 3-6 mice. A two-way ANOVA followed by Bonferroni correction for multiple 
comparisons was performed to assess significance, none of the comparisons were statistically significant (p 
> 0.05). 
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Microglia proliferation is increased after Ercc1 deletion 
Under homeostatic conditions, microglia have a relatively low proliferation rate and 
the microglia population is maintained by balanced cell proliferation and apoptosis. 
After genetic or pharmacological depletion of microglia, it was shown that the 
remaining microglia rapidly expanded and repopulated the CNS. As microglial 
turnover is increased due to Ercc1 deletion, we determined if microglia proliferation 
was increased after Ercc1 deficiency. The expression levels of Ki67, a gene expressed 
by proliferating cells, was determined in microglia early (1 and 2 months) and late (12 
months) after tamoxifen treatment. Microglia from Cx3cr1wt/creER:Ercc1ko/flox mice 
expressed higher Ki67 levels at 1-2 months after tamoxifen, coinciding with 
progressive loss of Ercc1-deficient microglia. At 12 months after tamoxifen, when 
almost all Ercc1-deficient microglia are replaced, Ki67 levels are down to expression 
levels observed in control microglia (fig. 4A). Next, it was determined if Ki67 
expressing, proliferating microglia (fig. 4B) were wild type cells, carrying a floxed 
Ercc1 allele or if Ercc1-deficient microglia also proliferated. Microglia were isolated 
from mice 2-3 months after tamoxifen treatment when approximately 50% of the cells 
are still Ercc1-deficient. These microglia were separated in Ki67+ and Ki67- 
subpopulations, and genotyped. The percentage of Ki67+ cells is almost two-fold 
higher in Cx3cr1wt/creER:Ercc1ko/flox microglia, 3.1% versus 1.6% (fig. 4C, D). Genotyping 
of Ki67+ and Ki67- microglia revealed that the percentage of microglia with an excised 
Ercc1 allele from Cx3cr1wt/creER:Ercc1ko/flox and Cx3Cr1wt/creER:Ercc1wt/flox microglia were 
equally present in both populations, indicating that both control and Ercc1-deficient 
microglia proliferated (fig. 4E). In summary, tamoxifen treatment induced Ercc1 
excision, leading to a progressive loss of Ercc1-deficient microglia. In parallel, the 
remaining microglia in tamoxifen treated Cx3cr1wt/creER:Ercc1ko/flox mice displayed an 
increased proliferation rate, including Ercc1 deficient microglia. At 12 months after 
tamoxifen treatment, nearly all Ercc1 deleted microglia were replaced, and the 
proliferation rate was close to control levels. 
 
Ercc1 KO microglia are not immune activated or primed 
In generic Ercc1 mutant mice, a network of genes upregulated in microglia was 
identified (Holtman et al., 2015). As we reported earlier, the expression of Axl, a 
receptor involved in phagocytosis of apoptotic cells, and Lgals3 (Mac2), a lectin family 
member involved in cell-cell interaction, was increased in Ercc1∆/ko microglia (fig. 5A). 
Next, the expression these genes was determined in Ercc1 deficient microglia from  
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Figure 5. Microglia from conditional Ercc1 deficient mice increase their phagocytic activity but are 
not primed. (A) The expression of priming-associated genes Axl and Lgals3 was determined by quantitative 
RT-PCR in microglia from Ercc1Δ/ko mice and normalized to Hprt1. An unpaired two-tailed Student’s t-test 
was performed for statistical analysis, *** p < 0.001. (B) Axl and Lgals3 gene expression was determined by 
quantitative RT-PCR in microglia from Cx3cr1wt/creER:Ercc1wt/loxP and Cx3cr1wt/creER:Ercc1ko/loxP mice at 
different times after tamoxifen and normalized to Hprt1. A two-way ANOVA followed by a Bonferroni 
correction for multiple comparison was performed for statistical analysis, ** p < 0.01, *** p < 0.001, ns, not 
significant. (C) The gene expression levels of chemokine (Ccl2) and cytokines (Il1b and Tnf) was determined 
in microglia from untreated Ercc1Δ/ko and control mice and 3 h after LPS administration (1 mg/kg by i.p.) by 
RT-qPCR. An unpaired two-tailed Student’s t-test was performed for statistical analysis, *** p < 0.001. 
(D)The gene expression levels of chemokine (Ccl2) and cytokines (Il1b and Tnf) was determined in 
microglia from Cx3cr1wt/creER:Ercc1wt/loxP and Cx3cr1wt/creER:Ercc1ko/loxP mice at different times after tamoxifen 
without further treatment (left) or 3 h after LPS (1 mg/kg, i.p.; right). Each dots represents one animal. A 
two-way ANOVA followed a Bonferroni post-test (Ccl2 and Tnf) or an unpaired two-tailed Student’s t-test 
(Il1b) was performed. ** p < 0.01, *** p < 0.001, n > 3 for all groups. 
 
Cx3Cr1wt/creER:Ercc1ko/flox mice at different time points after tamoxifen treatment. The 
expression of Axl was significantly increased in Cx3cr1wt/creER:Ercc1ko/flox microglia 3, 4, 
6 and 12 months after tamoxifen compared to Cx3Cr1wt/creER:Ercc1wt/flox microglia (fig. 
5B). However, the level of Axl gene induction was much lower than in microglia 
isolated from generic Ercc1∆/KO mice. Lgals3 expression was significantly and highly 
induced in microglia from Ercc1∆/ko mice (fig. 5A). Lgals3 expression was slightly 
increased 12 months after tamoxifen administration but no difference in expression 
was observed between Cx3cr1wt/creER:Ercc1ko/flox and Cx3Cr1wt/creER:Ercc1wt/flox microglia 
at either 1, 2 or 12 months after tamoxifen (fig. 5B). Similar to Lgals3, the gene 
expression of several other aging associated genes, like Apoe, H2-Aa, and Itgax showed 
no significant difference after specific Ercc1 deletion in microglia (suppl. fig. 4). 

In generic Ercc1 mutant mice, an exaggerated inflammatory response of microglia 
to LPS was reported (Raj et al, 2014). Indeed, the expression of cytokines Ccl2, IL1b, 
and Tnf was increased in Ercc1∆/ko microglia, and LPS induced a significant higher 
expression of these genes in Ercc1∆/ko compared to control microglia (fig. 5C). In 
Cx3Cr1wt/creER:Ercc1ko/flox microglia, the expression of Ccl2 was significantly higher at 1 
and 2 months after tamoxifen compared to Cx3Cr1wt/creER:Ercc1wt/flox microglia where 
the expression of Tnf and Il1b was not significantly different. The increase in Ccl2, Tnf 
and Il1b gene expression in response to LPS of Cx3Cr1wt/creER:Ercc1ko/flox and 
Cx3Cr1wt/creER:Ercc1wt/flox microglia was not significantly different, with the exception 
of Ccl2 at 2 and 6 months after tamoxifen which was significantly higher in 
Cx3Cr1wt/creER:Ercc1ko/flox microglia (fig. 5D). Importantly, the level of gene induction in 
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response to LPS was markedly lower in Cx3Cr1wt/creER:Ercc1ko/flox microglia compared 
to microglia isolated from generic Ercc1∆/ko mice (compare figure 5 panel C and D). 
 
Gene expression profiling show microglia functional changes after Ercc1 
deletion 
To further delineate the effect of Ercc1 deletion on microglia, we compared the gene 
expression profiles between Cx3Cr1wt/creER:Ercc1ko/flox and Cx3Cr1wt/creER:Ercc1wt/flox 
microglia, before and at different times after tamoxifen administration (fig. 6A). All 
genes that were differentially expressed between different groups of microglia 
samples were grouped by sample and clustered based on expression levels (fig. 6B). 
To determine if tamoxifen treatment resulted in gene expression changes, the 
transcriptomes of microglia from Cx3cr1wt/creER:Ercc1ko/flox mice before and 
Cx3Cr1wt/creER:Ercc1wt/flox mice 5 days after tamoxifen treatment were compared. 28 
differentially expressed genes (p value < 0.05, FC > 1.5; 4 down and 24 up after 
tamoxifen) were detected, mainly involved in p53 signaling and cell cycle (fig. 6D). 
There were no significantly differentially expressed genes, 5 days after tamoxifen, 
between microglia from Cx3cr1wt/creER:wt/flox and Cx3cr1wt/creER:Ercc1ko/flox mice, 
indicating that 28 differentially expressed genes in Cx3cr1wt/creER:Ercc1ko/flox microglia 
after tamoxifen treatment were not due to Ercc1 deficiency. 

Cluster 1 contains genes with increased expression at 1 and 2 months after 
tamoxifen in Cx3Cr1wt/creER:Ercc1ko/flox microglia and at 12 months in both 
Cx3Cr1wt/creER:Ercc1ko/flox and Cx3Cr1wt/creER:Ercc1wt/flox microglia after tamoxifen. 
Interestingly, these genes were less abundantly expressed in Cx3Cr1wt/creER:Ercc1ko/flox 
microglia at 6 months after tamoxifen. The genes were associated with overlapping 
GO terms like brain development, neuronal system, synapse, and morphogenesis (fig. 
6C). These data indicate that genes that were increased in expression in microglia 
isolated from 14 months old mice (12 months after tamoxifen) were transiently 
expressed in Cx3Cr1wt/creER:Ercc1ko/flox microglia at 1 and 2 months after tamoxifen, 
when most microglia were still Ercc1 deficient (fig. 2A). 

The expression of the majority of the genes in clusters 2, 3, and 4 was increased in 
Cx3Cr1wt/creER:Ercc1ko/flox microglia after tamoxifen treatment, this increase was most 
prominent at 1 month after Ercc1 deletion, progressively decreased and returned to 
control levels after 12 months. The genes in clusters 2, 3 and 4 were associated with 
cell cycle, DNA damage, cell number homeostasis, and apoptosis (fig. 6B, C, cluster 2-
4). Between 1-6 months after tamoxifen treatment, approximately 50% of the Ercc1 
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deficient microglia were replaced (fig. 2A), corroborating the GO terms associated 
with cluster 3. 

Clusters 6 and 7 contained 283 genes that were downregulated (except genes in 
cluster 6 at the 2-month time point) in Ercc1 deficient microglia at the 1-, 2- and 6-
month time points, and GO analysis indicated that these genes were involved in cell 
cycle and DNA repair. At this time point, we did observe a dramatic decline in 
microglia density, suggesting that Ercc1 deletion, on one hand, resulted in enhanced 
apoptosis but also in increased microglia proliferation, likely to replace the lost cells 
(fig. 6B, C, cluster 6, 7) 

The pairwise comparisons in gene expression changes in microglia at different 
times after tamoxifen treatment compared to untreated Cx3cr1wt/creER:Ercc1ko/flox 
microglia are depicted in figure 6D. The number of differentially expressed genes, both 
up and down, are depicted as well as the associated GO terms. In short, 5 days after 
tamoxifen, an activation of the p53, cell cycle, and DNA damage pathways were 
observed, irrespective of Ercc1 deficiency. At the 1- and 2-month time points, when 
the majority of microglia were Ercc1-deficient, genes were upregulated with 
overlapping GO terms, that were associated with brain development, neuronal system, 
synapse, and morphogenesis. Interestingly, many of these genes were also 
upregulated in microglia from 14-month-old mice (12 month after tamoxifen; 
regardless of their genotype) indicating that Ercc1 deficient microglia 1-2 months 
after Ercc1 deletion display features of premature aging (fig. 6B, C, cluster 1). In 
Cx3cr1wt/creER:Ercc1ko/flox microglia, 6 months after tamoxifen treatment, the expression 
of genes associated with neuronal development and synaptic organization was no 
longer increased, which might be due to the fact that by then approximately 50% of 
the Ercc1 deficient microglia were replaced by wild-type microglia. 

Microglia-specific deletion of Ercc1 resulted in a gene expression signature very 
different from the common gene expression signature of disease-associated microglia 
previously reported by our group in generic Ercc1 mutant mice (Holtman et al., 2015). 
Only 19 genes of 458 (Cx3cr1wt/creER:Ercc1ko/flox microglia, 2 months after tamoxifen) 
overlapped with this common gene expression module (of 295 genes). Also almost no 
overlap was detected between this priming module and genes increased in 
Cx3cr1wt/creER:Ercc1wt/flox microglia 12 months after tamoxifen (4 out of 436) indicating 
that these microglia priming genes were not induced in microglia from 14 month old 
mice (fig. 6E). 
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Figure 6. Gene expression profile of microglia after Ercc1 deletion. (A) Outline of microglia sampling. 
Microglia were isolated from Cx3xr1creER:Ercc1wt/flox and Cx3xr1creER:Ercc1ko/flox mice 5 days to 12 months after 
tamoxifen and their gene profiles were generated by 3' QuantSeq. Cx3xr1creER:Ercc1ko/flox microglia without 
tamoxifen treatment served as non-tamoxifen controls. (B) Heatmap of microglia gene expression profiles 
containing 1,670 differentially expressed genes between at least 2 conditions (FDR < 0.05 and fold change 
> 1.5), these genes clustered into 7 groups. (C) GO annotations of the different clusters indicated in B using 
Metascape. The genes in clusters 2, 3, and 4 and clusters 6 and 7 were pooled for GO analysis in view of a 
relatively similar pattern of gene expression across groups. The top 20 GO networks are depicted. The GO 
annotations for each cluster are available in supplemental table. (D) The number of differentially up- and 
down-regulated genes between the indicated comparisons and associated processes are depicted, FDR < 
0.05 and fold change > 1.5. Selected GO categories are showing from the top 20 categories. The used 
abbreviations of the samples depict ctrl 5d tam: for Cx3xr1creER:Ercc1wt/flox mice at 5 days after tamoxifen 
treatment. (E) The associated functions and the overlap between 495 differentially expressed genes 
(between ko 2m tam and non-tamoxifen microglia) and 453 differentially expressed genes (between ctrl 
12m tam and non-tamoxifen microglia) and 295 genes associated with microglia priming (Holtman et al., 
2015) is shown in a Venn diagram.  
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Discussion 
 
In this study, we analyzed the effect of Ercc1 deficiency on microglia using 
Cx3cr1creER:Ercc1ko/flox mice. Deletion of Ercc1 resulted in a loss of microglia, likely due 
to excessive DNA-damage-induced apoptosis. To compensate for increased microglia 
loss, the remaining microglia displayed an increased proliferation rate. Microglia-
specific deletion of Ercc1 transiently induced an aging-associated gene expression 
profile, which was gradually lost by progressive replacement of Ercc1-deficient 
microglia by microglia carrying a floxed, functional Ercc1 allele.  
 
Phenotypes of microglia in conditional Cx3cr1creER:Ercc1ko/flox mice compared to 
generic Ercc1Δ/ko mice  
Microglia in generic Ercc1Δ/ko mice, a DNA-repair mutant mouse model of accelerated 
aging, are hyper-sensitive to peripheral inflammation, display increased phagocytic 
activity and ROS production, and have a dystrophic morphology and increased 
turnover rate (Raj et al., 2014). Here, we investigated the phenotypic changes of 
microglia in Cx3cr1creER:Ercc1ko/flox mice after microglia-specific Ercc1 deletion by 
tamoxifen and compared that to generic Ercc1 mutant microglia. Conditional Ercc1 
deleted microglia also showed similar morphological changes, enhanced phagocytosis 
and proliferation, and increased expression of chemokines, e.g., Ccl2. However, the 
transcriptome profiles of these microglia were not comparable to primed microglia, 
the expression of aging-associated genes was not significantly increased and the 
response to peripheral inflammation was not significantly exaggerated. 

Microglia from Cx3cr1creER:Ercc1ko/flox mice at two months after tamoxifen 
treatment displayed features of accelerated aging but no clear sign of priming, e.g., 
enhanced LPS sensitivity or increased expression of priming associated genes. Our 
results suggest that microglia priming, as is observed in various aging and CNS disease 
mouse models, most likely resulted from a stressed or damaged microenvironment 
and was not due to intrinsic microglia aging. This is in agreement with observations 
obtained in mice where a Camk2cre driven Ercc1 deletion in forebrain neurons resulted 
in an altered microglia phenotype reminiscent of what was observed in Ercc1Δ/ko mice 
but restricted to the forebrain. This data indicated that the observed microglia priming 
was triggered by neuronal genotoxic stress due to Camk2cre driving Ercc1 deletion (Raj 
et al., 2014). 
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The Ercc1 mutation in generic Ercc1Δ/ko mice is a hypomorphic allele and not a full 
null allele, and this reduced Ercc1 activity already started at the embryonic stage, and 
in all cell types. In Cx3cr1creER:Ercc1ko/flox mice however, Ercc1 deficiency was induced 
by tamoxifen administration in young adult mice, when the microglia already matured 
(6-8 weeks of age). The observed differences in microglia in these two mouse lines 
might be caused by the mentioned parameters, generic-microglia-specific, 
hypomorph-full null, and constitutive- tamoxifen (summarized in Table 3). 
 
Turnover of microglia in Cx3cr1creER:Ercc1ko/flox mice after tamoxifen treatment 
Under homeostatic conditions, microglia are long-lived cells, with a proliferating 
population of 0.07% to 0.4% depending on the CNS region (Füger et al., 2017; Réu et 
al., 2017; Tay et al., 2017). Microglia density is stable in adult mice, which is a result of 
balanced cell proliferation and apoptosis (Askew et al., 2017). The microglia density 
and proliferation were assessed over time in Cx3cr1creER:Ercc1ko/flox mice after 
tamoxifen treatment. Ercc1 deletion in microglia resulted in progressive loss of these 
cells by apoptosis, associated with reduced microglia density, increased proliferation 
and ultimately a restoration of microglia density and morphology. 

In the first two months after tamoxifen treatment, the number of microglia in the 
entire brain decreased by 40% based on FACS sorting data and Iba1 staining, and the 
proliferation rate of these microglia was increased based on Ki67 expression. Most 
likely, the loss of microglia was due to increased apoptosis induced by accumulation 
of DNA lesions after Ercc1 deletion. The observed proliferation might not have not be 
sufficient to compensate for the lost cell, resulting in reduced cell density. At 3 to 12 
months after tamoxifen treatment, the cell density was steady, indicating that the rate 
of proliferation and apoptosis was similar. During this period, microglia had a larger 
cell surface area, larger convex surface area, a longer total branch length, and more 
endpoints, likely illustrating that these reduced number of microglia surveil a larger 
area of the parenchyma (suppl. fig. 6). 

The rate of apoptosis and proliferation likely declined over time as Ercc1 deficient 
microglia were progressively replaced by cells carrying a functional Ercc1_flox allele. 
This postulation is supported by the gene expression profiles of microglia in 
Cx3cr1creER:Ercc1ko/flox mice at 2, 6, and 12 months after tamoxifen treatment and the 
reduced percentage of Ercc1 deleted microglia. At 22 months after tamoxifen 
treatment, the cell density was restored and our results show almost no Ercc1 
deficient microglia were present in Cx3cr1creER:Ercc1ko/flox mice at this phase. These 
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data suggest that after repopulation with wild type microglia, the homeostatic state 
was restored. 

Whether the newborn microglia after Ercc1 deletion originated from the remaining 
resident microglia with an intact Ercc1_flox allele or from infiltrating myeloid cells is 
unclear. Most likely, repopulating microglia originated from remaining cells within the 
CNS. Greter and colleagues showed that in the absence of irradiation, microglia renew 
exclusively from internal pools, and that microglia can be replaced by bone marrow-
derived macrophages in a bone marrow chimera model, which is likely due to 
irradiation damage to the blood-brain barrier (Buttgereit et al., 2016). In these studies, 
it was observed that when microglia were depleted using a CSF1R inhibitor, few 
remaining microglia repopulated the entire CNS with similar gene expression pattern. 
Depletion of microglia by a CSF1R inhibitor or induced expression of the iDTR system 
in combination with BM chimerism resulted in BM-derived microglia-like cells, which 
failed to express Sall1. Based on the 3’ mRNA seq data, there is no significant difference 
of expression of Sall1 after Ercc1 deficient microglia being replaced (supplemental 
table), indicating an endogenous origin of newborn microglia. 
 
Heterogeneity and morphology of microglia after Ercc1 deletion 
The Cx3cr1creER transgene was used to delete Ercc1 in microglia specifically. This 
method was used in several studies, for instance, Sall1 (Buttgereit et al., 2016), Dicer 
(Varol et al., 2017), Ifnar (Deczkowska et al., 2017), Mef2c (Deczkowska et al., 2017) 
and Mecp2 (Cronk et al., 2015; Schafer et al., 2016) were all deleted using this cre 
driver. In this study, the tamoxifen-induced deletion of Ercc1 resulted in microglia 
heterogeneity in terms of morphology and Ercc1 deficiency due to progressive loss of 
Ercc1 deficient microglia. Transcriptional changes after Ercc1 deletion and the 
microglia response to LPS were determined using the entire microglia pool. As a 
consequence, the effects of Ercc1 deficiency might be diluted by wildtype microglia 
that progressively populate the brain after tamoxifen treatment. For instance, 6 
months post tamoxifen half of the microglia were already wildtype. 

The analysis of microglia morphology, e.g., convex area, cell surface area, total 
branch length, the number of endpoints, as well as a Sholl analysis, revealed a greater 
heterogeneity in the microglia population in Cx3cr1creER:Ercc1ko/flox mice after 
tamoxifen treatment. However, it is difficult to determine if these morphological 
changes occur both in wild type and Ercc1 deficient microglia. Also, the cause of this 
altered morphology remains to be determined, with Ercc1 deficiency, and interaction 
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with and possible phagocytosis of apoptotic microglia as possible factors. The 
observation that microglia density and morphology returned to control levels at the 
22-month time points suggests Ercc1 deficient microglia and their progressive 
replacement are contributing factors. 
 
Functions of Ercc1 deficient microglia 
The transcriptional analyses suggested that a group of differentially expressed genes 
in microglia in Cx3cr1creER:Ercc1ko/flox mice at 1 or 2 months after tamoxifen treatment 
was involved in transcriptional regulation by TP53, DNA repair, and DNA mutations, 
which indicated that the DNA damage repair machinery was influenced in these 
microglia. Besides a function in DNA damage repair, Ercc1 is also involved in gene 
transcription and cell cycle control. We compared the transcriptional profiles of 
microglia from Cx3cr1creER:Ercc1ko/flox and control mice 5 days after tamoxifen 
treatment. No significantly differentially expressed gene were detected, indicating a 
limited role for Ercc1 in microglia in this time window. The majority of differentially 
expressed genes in microglia in Cx3cr1creER:Ercc1ko/flox mice at 1 or 2 months after 
tamoxifen treatment were associated with cell cycle and DNA replication, however, 
whether these changes resulted from a direct role of Ercc1 or the increased microglia 
turnover is uncertain. 
 
In summary, our data indicate that Ercc1 is an essential protein for microglia and that 
deficiency leads to progressive loss of these cells. As a consequence, the brain is 
gradually repopulated from a pool of microglia carrying an intact Ercc1loxP allele that 
were not targeted by Cre in response to tamoxifen. The replacement of Ercc1 deficient 
microglia by Ercc1ko/flox microglia is not accompanied by extensive immune activation 
or gliosis in the CNS. These data furthermore indicate that the gene expression 
changes detected in microglia in naturally aged mice and in generic Ercc1∆/ko mice are 
not microglia intrinsic but caused by an aging environment, in observation in 
agreement with earlier postulations (Raj et al., 2014). 
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Supplementary figure 1. Experimental strategy of microglia- specific Ercc1 deletion. (A) Breeding 
strategy to generate inducible, microglia-specific Ercc1 knockout mice on a mixed genetic background (50% 
of C57BL/6J, 50% of FVB). (B) Cartoon of four different Ercc1 allelic variants. For the Ercc1_ko allele, a neo 
cassette was inserted into exon 7, the Ercc1_flox allele contains two LoxP sites in introns 2 and 5. Excision 
of the Ercc1_flox allele by Cre recombinase results in the Ercc1_rec allele. (C) Cartoon of used control and 
experimental mice, Cx3xr1creER:Ercc1wt/flox and Cx3xr1creER:Ercc1ko/flox, respectively. (D) All mice were 
genotyped after weaning and confirmed on genomic PCRs on sorted microglia. A representative example is 
depicted. Mice of 6 to 8 weeks of age received 20 mg/kg tamoxifen to induce Ercc1 gene recombination. 
DNA isolated from isolated microglia was used for genotyping. The Ercc1_rec allele generated a 280 bp PCR 
product (left). The Ercc1_wt, Ercc1_flox, and Ercc1_ko alleles (as indicated by the arrows) were detected in 
microglia sorted from Cx3xr1creER:Ercc1wt/flox and Cx3xr1creER:Ercc1ko/flox mice 4 months post tamoxifen 
treatment. All the PCR products were run on the same agarose gel but not in adjacent lanes. 
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Supplementary figure 2. The number of microglia is reduced in organotypic hippocampal slice 
cultures after microglia-specific Ercc1 deletion. (A) Microglia were visualized by Iba1 
immunofluorescence staining, the DG (dentate gyrus), CA1 (cornu ammonis 1), and CA3 (cornu ammonis 
3) are indicated. Hippocampal slices were prepared from postnatal day 3 pups with Cx3xr1creER:Ercc1wt/flox 
and Cx3xr1creER:Ercc1ko/flox genotypes. (B) Microglia density was quantified in 7 (Cx3xr1creER:Ercc1wt/flox) or 8 
(Cx3xr1creER:Ercc1ko/flox) hippocampal slices, generated from 3 pups per group in one representative 
experiment. Hydroxy-tamoxifen was added to the culture medium one day after the preparation of 
hippocampal slices to induce Ercc1 deletion in microglia. The slices were cultured for 3 months. The 
experiment was repeated four times. The boxes contain the second and third quartiles and the center lines 
indicate the median. Whiskers indicate the minimum and maximum values. Significance was assessed using 
an unpaired two-tailed t-test, ** p < 0.01, *** p < 0.001. 
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Supplementary figure 3. Cortical microglia are hyper-ramified in Cx3xr1creER:Ercc1ko/flox mice after 
tamoxifen. (A) The degree of microglia ramification is represented by the correlation of the cell surface 
area and convex surface area in Cx3xr1creER:Ercc1wt/flox and Cx3xr1creER:Ercc1ko/flox mice 2, 3, 6, 12, and 22 
months post tamoxifen treatment. Every dot represents an individual microglia. Approximately twenty cells 
per mouse with 3 mice per group were analyzed (except n = 2 mice in 22 months groups and n = 2 in 3 
month control group). (B) Sholl analysis of microglia in Cx3xr1creER:Ercc1wt/flox and Cx3xr1creER:Ercc1ko/flox mice 
2, 3, 6, 12, and 22 months post tamoxifen treatment. The number of intersections with increasing distance 
from the cell soma are depicted. The error bars show the standard deviation. The number of analyzed 
microglia = 60 (2 m), 60 (3 m), 60 (6 m), 61 (12 m), 40 (22 m) in Cx3xr1creER:Ercc1wt/flox mice and 59 (2 m), 
40 (3 m), 60 (6 m), 60 (12 m), 40 (22 m) in Cx3xr1creER:Ercc1ko/flox mice. The total number of intersections 
are predicted in the box plot. The boxes contain the second and third quartiles and the center lines indicate 
the median. Whiskers indicate the 10-90 percentile, otherwise, the outliers are plotted individually. For 
statistical analysis, an unpaired two-tailed t-test was used, *** p < 0.001. 
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Supplementary figure 4. Microglia hyper-ramification in organotypic hippocampal slice cultures 
after Ercc1 deletion. (A) Microglia are visualized by Iba1 immunohistochemistry in organotypic 
hippocampal slice cultures. Hippocampal slices were prepared from postnatal day 3 pups of 
Cx3xr1creER:Ercc1wt/flox and Cx3xr1creER:Ercc1ko/flox mice. Hydroxy-tamoxifen was added in the culture medium 
one day after the preparation of hippocampal slices to induce Ercc1 deletion in microglia. The slices were 
cultured for 3 months. scale bar = 50 µm. (B) Fluorescent Iba1 staining of microglia in three different 
hippocampal regions (DG, CA3, and CA1). scale bar = 50 µm. The images are from a representative 
experiment and the experiment was repeated four times. 
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Supplementary figure 5. The expression of microglia priming-associated genes is not affected by 
microglia- specific Ercc1 deletion. (A) The expression of priming- elated genes (Apoe, H2-Aa, and Itgax) 
was determined by quantitative RT-PCR and normalized to Hprt1 in microglia from Ercc1Δ/ko mice and 
control littermates. An unpaired two-tailed Student’s t-test was performed for statistical analysis. *** p < 
0.001. (B) The expression of priming-related genes (Apoe, H2-Aa, and Itgax) was determined in microglia 
from Cx3cr1wt/creER:Ercc1wt/flox and Cx3cr1wt/creER:Ercc1ko/flox microglia post tamoxifen treatment and 
normalized to Hprt1. A two-way ANOVA followed by a Bonferroni correction for multiple comparisons was 
performed for statistical analysis, ns: not significant. 
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Supplementary figure 6. Dynamics of proliferation and apoptosis in microglia after Ercc1 deletion. 
A model describing the turn-over dynamics and proliferation of Cx3xr1creER:Ercc1ko/flox microglia at different 
time points following tamoxifen treatment is depicted. 
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Tables 

 

Table 1. information of PCR primers for genotyping 

Gene name Forward primer 5’-3’ Reverse primer 5’-3’ 
neo TCGCCTTCTTGACGAGTTCT ACAGATGCTGAGGGCAGACT 
cre AAGACTCACGGGACCTGCT CGGTTATTCAACTTGCACCA 
loxp TGCAGAGCCTGGGGAAGAACTTCGC TCAAAGTATGGTAGCCAAGGCAGC 
rec TGTCTCCCTGGCTCTGGATCTGAC TCAAAGTATGGTAGCCAAGGCAGC 
Ercc1-rec 1 (qPCR) GGAAACTGGCTGTTTGTCTGTC AGGGAGAAACTGTAGATCGGC 
Ercc1-rec 2 (qPCR) TTGGAAACTGGCTGTTTGTCTG GCCGCTCTAGAACTAGTGGAT 
Ref-Il1 (qPCR) GCAAGTGTGTCATCGTGGTG ACCTTTGTTCCGCACATCCT 

 

Table 2. information of PCR primers for RT-qPCR 

Gene name Accession 
number 

Forward primer 5’-3’ Reverse primer 5’-3’ 

Hprt1 NM_013556.2 ATACAGGCCAGACTTTGTTGGA TGCGCTCATCTTAGGCTTTGTA 
Ki67 NM_001081117 TCATCAAGGAACGGCCCCAGTCT TGGAAGTCCTGCCTGATCTGCGT 
Axl NM_009465.4 TGAAGCCACCTTGAACAGTC GCCAAATTCTCCTTCTCCCA 
Ccl2 NM_011333 TCAGCCAGATGCAGTTAACG CTGGTGATCCTCTTGTAGCTC 
Apoe NM_009696 TGTGGGCCGTGCTGTTGGTC GCCTGCTCCCAGGGTTGGTTG 
H2-Aa NM_010378.2 CTGTCTTATCTCACCTTCATCC GGAATCTCAGGTTCCCAGTG 
Lgals3(Mac2) NM_010705.3 CAGGATTGTTCTAGATTTCAGGAG TGTTGTTCTCATTGAAGCGG 
Itgax (Cd11c) NM_021334 TCTTCTGCTGTTGGGGTTTGT  TCAGCACCGTCCATGTGAAA 
Il1b NM_008361.3 GGCAGGCAGTATCACTCATT AAGGTGCTCATGTCCTCAT 
Clec7a(Dectin1) NM_020008 CCCAACTCGTTTCAAGTCAG AGACCTCTGATCCATGAATCC 
Tnfa NM_013693.3 TCTTCTGTCTACTGAACTTCGG AAGATGATCTGAGTGTGAGGG 
 

Table 3. comparison of microglia in generic- and microglia specific- Ercc1 mutant mice 

Terms generic Ercc1Δ/ko mice1 Cx3cr1creER:Ercc1ko/flox mice2 
Ercc1 mutation hypomorphic deficient 
DNA damage increased increased 
Environment increase genotoxic stress relatively homeostatic 
Cell density increased declined 
Morphology dystrophic dystrophic/bigger 
Turnover increased increased 
Phagocytosis highly increased slightly increased 
Priming genes3 highly increased slightly increased or unchanged 
Immune responsiveness highly increased slightly increased or unchanged 

1 Δ: Ercc1∗292 mutation in exon 10 
2 two months after tamoxifen treatment 
3 group of genes reported by (Holtman et al., 2015). 
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In this chapter, the main findings of this doctoral dissertation are summarized and the 
results are discussed. In the end, research for future studies is proposed. 
 

Summary 
 
As resident immune cells of the central nervous system, microglia play a crucial role 
in the maintenance of brain homeostasis, synaptic plasticity, and network formation, 
defending the CNS against pathogens, and clearing apoptotic cells and debris. 
Microglia display a range of phenotypes which are shaped by the microenvironment 
or their activation history. In this thesis, we studied the (epi)genetic regulation of 
endotoxin tolerance and aging-associated priming in microglia. We have identified 
regulatory gene networks and evaluated the response of microglia to a range of 
pathogen-associated molecular patterns (PAMPs). We also investigated the 
consequences of microglia-specific deletion of the DNA repair enzyme Ercc1, 
associated with accelerated aging. 

In chapter 2, the molecular basis of endotoxin tolerance in microglia was 
investigated. In microglia, endotoxin tolerance was induced by LPS challenges. The 
NF-κB signaling pathway, initiated by LPS-TLR4 interaction, induced the expression 
of pro-inflammatory genes in microglia, accompanied by the enrichment of histone 
modifications associated with increased gene expression, also referred to as “active” 
marks. After the inflammation resolved (after LPS treatment), the epigenome of the 
investigated genes was altered to a more “inactive” state and enriched for histone 
modifications associated with reduced gene expression. The transcription factor RelB 
was critically implicated in endotoxin tolerance induction in microglia. 

In contrast to endotoxin tolerance, characterized by a reduced response of innate 
immune cells to inflammatory challenges, innate immune cells are also capable of 
developing an enhanced response when pathogens are re-encountered, a condition 
termed “trained immunity” (Netea et al., 2016). In chapter 3, the effects of β-glucan, a 
component from C. albicans and S. cerevisiae that induces trained immunity in innate 
immune cells, was studied on microglia. Like LPS, β-glucan tolerized microglia in vitro 
by activating the NF-κB signaling pathway. β-glucan first induced a metabolic shift in 
microglia in vitro to aerobic glycolysis and then to a state of both enhanced glycolysis 
and oxidative phosphorylation. The effects of β-glucan preconditioning in microglia 
were also addressed in vivo. β-glucan induced (transient) sensitization of microglia to 
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a second inflammatory challenge (LPS), characterized by enhanced expression of 
proinflammatory genes, which was accompanied by altered microglia morphology. 

In chapter 4, the genome-wide (epi)genetic alterations underlying microglia 
endotoxin tolerance and priming were investigated. Transcriptional and epigenetic 
profiles of naïve and LPS pre-conditioned microglia, before and after a second LPS 
challenge were analyzed. Compared to LPS activation of naïve microglia, groups of 
genes were identified that display a different response to a second LPS challenge: 
tolerized (less induced by a 2nd LPS challenge) and responsive (equally induced by a 
2nd LPS challenge). A co-regulated gene network was generated to delineate the gene 
network underlying endotoxin tolerance in microglia.  

The (epi)genetic characteristics of hypersensitive, or primed, microglia and their 
exaggerated response to LPS were determined in accelerated aging, Ercc1 mutant 
mice. LPS hyper-responsive genes were also enriched for histone modifications 
associated with enhanced gene expression. The regulatory regions of genes with 
differential enrichment of histone modifications were enriched for Pu.1 binding motifs 
when comparing wild-type and aged microglia suggesting a role for Pu.1 in the 
microglia priming response. 

In chapter 5, the Ercc1 gene was specifically deleted in microglia using 
Cx3cr1wt/creER transgenic mice. Microglia in Cx3cr1wt/creER:Ercc1ko/loxp mice after 
tamoxifen treatment exhibited similar phenotypical changes as microglia in generic 
Ercc1Δ/ko mice, in terms of altered morphology, increased cell proliferation, phagocytic 
activity, and increased expression of chemokines. In contrast to microglia from 
generic Ercc1Δ/ko mice, the expression of aging-associated genes was not significantly 
increased in Cx3cr1wt/creER:Ercc1ko/loxp microglia and no significantly exaggerated 
response to LPS stimulation was observed. These data strongly suggested that the 
microglia priming observed in generic Ercc1Δ/ko mice is primarily induced by their 
environment and not by intrinsic accumulation of DNA lesions. Microglia deficient for 
Ercc1 expressed genes related to aging rather than the typical priming-associated 
genes. Ercc1 deficient microglia were gradually replaced by other microglia, which 
was most likely due to apoptosis caused by excessive DNA damage. 

 
The biological relevance of endotoxin tolerance in microglia 
An excessive inflammatory response of microglia to peripheral inflammation or 
infection can result in impaired CNS performance and cognition. This notion is 
supported by the observation of long-term cognitive impairment after sepsis in both 
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rodents and humans (Iwashyna et al., 2010; Semmler et al., 2007; Semmler et al., 
2013). Therefore, to prevent excessive CNS damage, the degree of microglial 
activation in response to peripheral inflammation might be tightly regulated (Foster 
et al., 2007). One of the mechanisms to limit excessive neuronal damage as a result of 
peripheral inflammation might be to limit microglial inflammatory activation. Here, 
we indeed found that a single inflammatory challenge permanently changed the 
epigenome and gene expression pattern of microglia in response to subsequent 
inflammatory challenge. 

The term of endotoxin tolerance mainly refers to pro-inflammatory genes, 
however, the expression of anti-inflammatory genes, like Il10, was highly enhanced in 
LPS pre-conditioned microglia. In addition, tolerized microglia are not immune 
paralyzed and are still capable to respond to inflammatory stimuli and mount an 
inflammatory response, e.g. the NF-κB signaling pathway is still functional.  

LPS preconditioned mice display impaired learning behavior, possibly due to 
change in microglia function, since the expression level of LPS target genes in 
microglia already returned to baseline levels when cognitive tests were performed. 
One may argue that tolerized microglia have altered synaptic pruning activity or 
produce less neuronal supportive factors, like BDNF (brain-derived neurotrophic 
factor). 

Combining LPS-induced endotoxin tolerance of microglia with (transgenic) mouse 
models for neurodevelopmental or neurodegenerative diseases would be a good 
strategy to determine the functional ramifications of microglia endotoxin tolerance. 
As described in chapter 1, the pro-inflammatory activity of primed microglia in 
neurodegenerative diseases is considered to be harmful. Possibly peripheral 
inflammation-induced tolerance of microglia could be applied to attenuate this 
detrimental aspect would be a promising avenue of research to pursue. 
 
Transcriptome and epigenome analysis reveals the molecular regulatory 
networks of hypo- and hyper-responsiveness of microglia 
Mapping the epigenetic landscape of tolerized and primed microglia is important to 
understand how previous challenges and experiences are imprinted in the chromatin 
and determine cellular function and identity. Importantly, genome-wide analysis is a 
powerful tool that can provide functional insight into the cellular processes and 
regulatory gene networks that are implicated in microglia (dys)function in a variety 
of conditions and diseases (Galatro et al., 2017; Gosselin et al., 2014; Gosselin et al., 
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2017; Lavin et al., 2014; Matcovitch-Natan et al., 2016). In addition, the epigenetic 
factors that confer these modifications could be possible targets for medical 
interventions and therapy.  

During aging and in a variety of neurodegenerative diseases, microglia priming has 
been observed (Holtman et al., 2015; Norden et al., 2015; Perry and Holmes, 2014; 
Sierra et al., 2007). However, at present, the molecules and signals that induce this 
phenotype are not fully known and although a common gene signature was detected 
in primed microglia, also disease-specific gene signatures were present (Holtman et 
al., 2015). Additional experiments are required to determine the heterogeneity and 
stability of microglia priming. 

In this thesis, we particularly investigated the transcriptional and epigenetic 
profiles of microglia tolerized by peripheral inflammatory challenges and microglia 
primed in accelerated aging mice. Multiple transcription factors were identified in the 
regulatory networks, which provided possible gene candidates to further investigate 
as potential drivers of these microglia phenotypes. 
 
β-Glucan, a fungal component, sensitizes microglia 
In this study, we observed that an in vivo challenge with β-glucan sensitized microglia 
to a subsequent challenge with LPS. The morphological changes of hippocampal 
microglia in β-glucan pre-conditioned mice are quite pronounced. It is possible that 
these hypersensitive microglia could exacerbate the decline in cognition induced by 
peripheral inflammation, although behavioral and learning experiments were not 
performed. Furthermore, it would be interesting to assess the role of these sensitized 
microglia in mouse models of neurodevelopmental disorders or neurodegenerative 
diseases, e.g. 5xFAD or EAE mice, to evaluate to what extent sensitized microglia 
influence the development of pathology in these models. 

It is unclear how β-glucan preconditioning induces microglia hypersensitivity and 
how comparable this effect is to disease-associated microglia priming and its 
underlying molecular mechanisms. The sensitization of microglia by β-glucan was 
relatively transient where microglia priming is long-lasting (e.g. microglia in generic 
Ercc1 mutant mice), therefore, investigating the epigenetic status of these cells might 
provide insight in these differences and responsible transcription factors and gene 
networks. 

The protective effect of β-glucan preconditioning to a C. albicans infection that is 
lethal in naïve mice, was determined using a relatively short interval (4 days) between 
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the infection and β-glucan preconditioning (Cheng et al., 2014; Quintin et al., 2012). 
How long this protective effect of β-glucan persists is presently unknown. In another 
study, the training effect of β-glucan in vivo declined after 3 weeks indicated by serum 
cytokines levels (Garcia-Valtanen et al., 2017). 
 
Accumulation of DNA lesions leads to microglia aging instead of priming 
Microglia from generic hypomorphic Ercc1 mice are primed. Studies using a Camk2-
cre driver that targeted Ercc1 deletion specifically to forebrain neurons 
(CamK2cre:Ercc1ko/flox) indicated that primed microglia were restricted to the region of 
forebrain neurons with Ercc1 deletion but not in the hindbrain (Raj et al., 2014). These 
data suggest that neuronal genotoxic stress is sufficient to induce priming in microglia. 
However, the effect of Ercc1 deficiency in microglia could also be a contributing factor 
to their primed phenotype. In this thesis, we determined if microglia-specific deletion 
of Ercc1 also induced priming in microglia. Microglia in Cx3cr1wt/creER:Ercc1ko/flox mice 
after tamoxifen treatment showed similar morphological changes as were observed 
for microglia in generic Ercc1Δ/ko mice. However, their transcriptome profiles are very 
distinct. Microglia from Cx3cr1wt/creER:Ercc1ko/flox mice, two months after tamoxifen 
treatment, exhibited properties of accelerated aging. Combined with previous studies 
from our lab, we propose that accumulation of DNA damage in microglia specifically 
leads to excessive microglial apoptosis and replacement, where a few cells escape and 
possibly become senescent.  In generic Ercc1Δ/ko mice, the genotoxic stress in other 
CNS cells, likely neurons, resulted in microglia priming. 
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General discussion and future perspectives 
 
Endotoxin tolerance in the hippocampus and at single cell resolution 
In chapters 2, 3, and 4, the starting material of the in vivo experiments, i.e., RT-qPCR, 
ChIP-PCR, RNA sequencing, ATAC-sequencing, and ChIP-sequencing originated from 
sorted microglia from entire mouse brain. However, whether microglia from specific 
brain regions show similar gene expression patterns or epigenetic modifications is 
unclear but very unlikely (De Biase et al., 2017; Grabert et al., 2016; Mrdjen et al., 
2018). A recent study showed that maternal inflammation attenuated the response of 
microglia to LPS in the offspring during adulthood, but that the microglia from the 
hippocampus were not tolerized, indicated by enhanced Il1b expression (Schaafsma 
et al., 2017). This heterogeneity of microglia, as described in chapter 1, needs to be 
considered in future studies. Data generated from bulk microglia may mask potential 
regional differences, in terms of gene expression and epigenetic signature. In addition, 
differences in microglia turnover rates between different CNS regions, which might 
have an effect on long-term epigenetic changes, will be lost in bulk samples. Nowadays, 
single-cell sequencing technology is increasingly applied in microglia research 
(Keren-Shaul et al., 2017; Matcovitch-Natan et al., 2016; Mathys et al., 2017). This will 
certainly improve our understanding of microglia heterogeneity. For instance, data 
from different studies show different conclusions in terms of determined turn-over 
rates (described in chapter 1), one could take advantage of single microglia 
sequencing to identify and segregate proliferating and apoptotic microglia based on 
the expression level of either cell cycle- (Han et al., 2018) or cell death-related genes 
(e.g. ki67 and caspase). Regarding endotoxin tolerance studies in this thesis, regional 
specific single-cell RNA sequencing would be a means to identify regional 
heterogeneity in tolerant microglia. 
 
DNA methylation landscape in tolerized microglia, also more histone marks 
In this thesis, six types of histone modifications and chromatin accessibility have been 
determined, and additional efforts on the involvement of other types of epigenetic 
modifications would complement these data. For instance, DNA methylation, which 
has been investigated in endotoxin-induced tolerance in a human macrophage cell line 
(El Gazzar et al., 2008) and has been used to mark enhancer regions in microglia 
(Gosselin et al., 2014; Gosselin et al., 2017). H4K20me3 is associated with regulation 
of the pro-inflammatory response in macrophages (Stender et al., 2012). Apart from 
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these epigenetic modifications, the responsible chromatin modifying enzymes need to 
be identified and investigated in different microglia phenotypes. We showed that 
H3K9me2 was involved in disrupting microglia inflammatory responses (chapter 2) 
but which histone modifier was responsible for this reduced LPS responsiveness 
remains unclear. To study microglia in mice deficient (either generic or conditional) 
for G9a or other related enzymes involved in H3K9 methylation would provide extra 
insight in the epigenetic regulation of microglia functions. Other candidates that might 
be involved in endotoxin tolerance in microglia are PHF2 and SMYD5 (catalyze 
H3K4me3 demethylation and methylation, respectively), because PHF2 is necessary 
to remove the H3K4me3, recruited by P65 (also known as RelA), in the promoter of 
pro-inflammatory genes, while SMYD5 is responsible to establish H3K4me3 and re-
write this modification after stimulation (Stender et al., 2012). NF-κB family members 
have been shown to recruit histone modifiers to specific regions, for instance, the 
genome-wide analysis of naïve and tolerized microglia indicated that RelA was one of 
the key transcription factors regulating the genes affected by LPS pre-conditioning 
(chapter 4), as was also indicated by a study in macrophages (Stender et al., 2012). 
One could also consider using inducible and microglia-specific RelA knockout mice to 
determine whether peripheral inflammation would still be capable to induce 
tolerance in RelA deficient microglia.  
 
Subtypes of microglia priming 
As described in Chapter 1, many terms have been used for an enhanced pro-
inflammatory response of innate immune cells, e.g. training, priming, sensitization, 
hyper-/exaggerated/enhanced immune response, and hence it is necessary to clarify 
the definitions used in this thesis. In studying the process of LPS-induced IL-1β 
secretion, priming refers to the expression of pro-IL-1β, the first step of the pro-
inflammatory response initiated by LPS, followed by the second step of secretion of an 
active IL-1β molecule (Lopez-Castejon and Brough, 2011). When priming is described 
in terms of epigenetics, e.g. epigenetic priming, it refers to a chromatin alteration prior 
to gene expression change. For instance, during development, primed enhancers are 
bound by related transcription factors and histone modifiers prior to recruitment of 
lineage inducing TFs to activate expression of these genes (Wang et al., 2015; Ziller et 
al., 2015).  

Trained immunity refers to enhanced innate immunity, which, in most situations, 
means that monocyte-derived macrophages are in an altered state (regarding both 
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their epigenetic and metabolic state) after preconditioning with β-glucan, BCG, or 
oxLDL. These cells are capable to secrete higher levels of cytokines than naïve cells in 
response to a stimulus (described in chapter 1). Aged and disease-associated 
microglia are primed, and exhibit enhanced sensitivity to pro-inflammatory stimuli 
(which is comparable to trained monocytes), however, more importantly, these 
microglia also display enhanced phagocytic activity, at least in mice of physiological 
aging (24-month-old mice), accelerated aging (Ercc1 mutant), AD (APP/PS1 mutant), 
ALS (SOD1 mutant), or MS (chronic phase of experimental autoimmune 
encephalomyelitis, EAE) (Holtman et al., 2015; Keren-Shaul et al., 2017; Krasemann et 
al., 2017). Microglia priming is an adaptive state in response to neuronal damage and 
misfolded proteins or other factors. We postulate that priming of macrophages and 
microglia is different, as these cells are exposed to different triggers and are shaped 
by their tissue-specific microenvironment. 

Raj et al. reported that microglia from third and fourth generation mTerc knockout 
mice (a mouse aging model based on accelerated telomere shortening) were 
hypersensitive to LPS stimulation but the expression of priming genes was unchanged 
(e.g. Cd11c, MHC II). Further experiments showed that the enhanced LPS 
responsiveness of microglia in mTERC KO mice was due to compromised blood-brain 
barrier integrity (Raj et al., 2015). In this case, mTerc deficient microglia are not 
considered to be primed. In addition, two days after β-glucan injection, microglia show 
an increased expression of Cd11c, Dectin 1, and CD68 (but not Axl, Mac2, and Apoe) as 
well as enhanced pro-inflammatory genes after peripheral inflammation. These 
microglia display part of priming features; however, this sensitization is relatively 
transient, and therefore different from priming observed during aging or in generic 
Ercc1 deficient mice. In summary, increased sensitivity of microglia to an 
inflammatory peripheral challenge is not restricted to aging-induced priming, but can 
also be caused by perturbed BBB integrity of exposure to PAMPs like β-Glucan.  
 
Pathogen-dependent effects on microglia inflammatory responses and 
metabolism 
The metabolism of microglia is a relatively unexplored research field. The metabolic 
alteration of immune cells largely depends on the type of pathogens and receptors 
involved (Lachmandas et al., 2016). For instance, Pam3CSK4 and LPS induce opposite 
changes in oxidative phosphorylation of macrophages. Therefore, it is necessary to 
study the metabolic alterations in microglia in response to different pathogens or 
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PAMPs. Besides, metabolism may also change over time, for example, LPS-induced 
metabolic reprogramming in macrophages could be partly restored by IL10 within 24 
hours (Ip et al., 2017), and our results showed that the oxygen consumption rate first 
decreased after LPS stimulation but increased in LPS pre-conditioned microglia. 
Therefore, the dynamics of metabolic changes should be monitored to better 
understand microglia physiology. 

Microglia were sensitized two days after a β-glucan challenge. Purified β-glucan 
can only partially mimic a fungal infection. It would be interesting to perform studies 
with C. albicans to investigate the effect on microglia phenotypical changes after 
exposure to entire pathogens. 
 
Conditional deletion of Ercc1 specifically in microglia  
After Cx3cr1 knockout mice being generated (Jung et al., 2000), the Cx3cr1 mice have 
been used to study microglia in respect to 1) microglia isolation, 2) identify the 
morphology, 3) track microglia migration based on fluorescence (when EGFP or EYFP 
reporter gene is inserted) , 4) studying microglia phenotype after Cx3cr1 knockout 
(when the mutations are homozygous), and 5) driving conditional knockout of specific 
gene (when creER is driven by Cx3cr1 promoter). This method allows specific deletion 
of certain gene in certain time point, which has been used in several studies, for 
instance, Sall1 (Buttgereit et al., 2016), Dicer (Varol et al., 2017), Ifnar (Deczkowska et 
al., 2017), Mef2c (Deczkowska et al., 2017), Mecp2 (Cronk et al., 2015; Schafer et al., 
2016) and Ercc1 (this thesis) knockout. However, due to the efficiency of tamoxifen-
induced recombination and the persistent turnover of microglia, the heterogeneity of 
microglia (regarding successful cre-mediated recombination) needs to be considered, 
particularly when the targeted gene is (directly or indirectly) involved in cell cycle or 
apoptosis and possibly affects the turnover of microglia. Therefore, it is proposed, 
when using this system, to introduce a reporter gene to identify whether an individual 
cell is targeted or not. To investigate the effects of Ercc1 deletion in microglia using 
tamoxifen-treated Cx3cr1wt/creER:Ercc1ko/loxp:R26wt/tdTomato mice, it becomes then 
possible to segregate microglia with or without recombination by FACS sorting or to 
distinguish these two population by imaging. The efficiency of Ercc1 deletion could be 
determined much easier, the altered morphology and proliferation rate could be 
identified in targeted populations, and the gene expression profiles of only Ercc1 
deficient microglia over time could be investigated. This is based on the assumption 
that the excision of the floxed Ercc1 and R26-tdTomato alleles is equally efficient. 
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In addition to its role in DNA damage repair, Ercc1 is also implicated in gene 
transcription and cell cycle regulation (described in chapter 1). We have compared the 
gene expression profiles of microglia from Cx3cr1wt/creER:Ercc1ko/loxp and 
Cx3cr1wt/creER:Ercc1wt/loxp mice 5 days after tamoxifen gavage. At this time point, the 
accumulation of DNA lesions in Ercc1 deficient microglia was assumed to still be 
limited. The results showed that no genes were significantly differentially expressed, 
5 days after Ercc1 deletion, which suggested a limited role of Ercc1 in (directly) 
regulating gene transcription in microglia. However, these results might be masked by 
the DNA damage induced by tamoxifen itself or the investigated time window. 
Alternatively, postnatal microglia from Cx3cr1wt/creER:Ercc1ko/loxp and 
Cx3cr1wt/creER:Ercc1wt/loxp pups could be cultured and Ercc1 deficiency induced in vitro, 
allowing to monitor phenotypic changes in microglia following Ercc1 deletion.  

Whether Ercc1 deficiency in microglia affects the CNS in general or neurons more 
specifically remains to be determined. Behavioral or cognitive tests could be 
performed 2 months after tamoxifen treatment when the majority of microglia in 
Cx3cr1wt/creER:Ercc1ko/loxp mice are Ercc1 deficient. The sensitivity of hippocampal 
neurons to excitatory stress could be tested in organotypic brain slices prepared from 
these mice to further investigate the effect of Ercc1 deletion-induced accelerated 
microglia aging in microglia-neuron interaction. However, transcriptomic comparison 
of human and mouse microglial aging profiles showed only few significantly 
overlapping genes, indicating that the aging-associated gene expression changes in 
microglia from mice and humans are quite distinct (Galatro et al., 2017). Therefore, it 
would be interesting to be able to determine the microglia phenotype in post-mortem 
brain samples from progeria syndromes (PS) patients with mutations in DNA repair 
genes and compare their phenotypes to microglia in corresponding mouse progeria 
models. 
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Conclusion 
 
The data presented in this thesis show that peripheral inflammatory challenges can 
induce a permanent shift in microglia which is caused by stable epigenetic alterations. 
Accelerated aging of microglia by specific deletion of Ercc1 only partially recapitulated 
the phenotype of microglia in aged mice, pointing to the aging CNS as the key 
determinant of age-induced changes in microglia function. 
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Nederlandse samenvatting 

In dit hoofdstuk worden de belangrijkste bevindingen van dit proefschrift samengevat. 
 
Overzicht 
In onze hersenen bevinden zich naast de zenuwcellen ook andere soorten cellen, de 
gliacellen. Deze gliacellen zijn erg belangrijk voor het goed functioneren van onze 
hersenen en er zijn drie typen gliacellen. Oligodendrocyten, die een beschermlaag 
vormen rondom de uitlopers van zenuwcellen en zorgen voor een snelle geleiding van 
signalen door zenuwcellen. Astrocyten, die het hersenweefsel steun geven, 
zenuwcellen van energie voorzien, en zorgen dat de communicatie tussen 
zenuwcellen goed verloopt. Als derde de microglia, de immuuncellen van het centrale 
zenuwstelsel (CZS), die een cruciale rol vervullen bij het schoonhouden van de 
hersenen door het opruimen van dode cellen, restanten van cellen of door het 
verwijderen van ziekteverwekkers. Microglia zijn ook belangrijk voor het onderhoud 
van de verbindingen tussen zenuwcellen, synapsen, en dragen zo bij aan de vorming 
en instandhouding van neuronale netwerken. 

Om de verschillende functies en langdurige veranderingen in microglia tijdens 
veroudering of ziekteprocessen beter te begrijpen, is het belangrijk om de moleculaire 
processen in deze cellen nauwkeurig in kaart te brengen. Eiwitten bepalen de 
eigenschappen van een cel en de informatie voor de vorming van eiwitten ligt in genen 
in het DNA, ons erfelijk materiaal. Genen die nodig zijn voor een cel worden 
afgeschreven naar RNA en deze RNA-moleculen worden vertaald in eiwitten. De 
verzameling van al het DNA en genen van een individu wordt het genoom genoemd, 
en onderzoek naar het genoom en onze erfelijke eigenschappen heet genetica. Of en 
in welke mate een gen wordt gebruikt door een cel wordt gereguleerd door eiwitten 
die met het DNA een complex vormen, chromatine genaamd, samen met eiwitten die 
het afschrijven van genen stimuleren of remmen, transcriptie factoren. Het 
onderzoeksgebied dat bestudeert hoe de chromatine structuur in cellen, in combinatie 
met transcriptie factoren, bepaald welke genen gebruikt worden, en zo de functie van 
cellen reguleert heet ‘epigenetica’. In dit proefschrift is een combinatie van technieken 
gebruikt die bepalen welke genen door microglia gebruikt worden en die het 
epigenoom van deze cellen in kaart brengen. 

Onder normale omstandigheden controleren microglia onze hersenen 
voortdurend op mogelijke verstoringen. Ze zijn erg gevoelig en hebben op hun 
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oppervlakte vele sensoren of receptoren die stoffen kunnen herkennen en aangeven 
of er veranderingen in hun directe omgeving op zijn getreden. Microglia kunnen een 
reeks gedaanten en functies aannemen die worden bepaald door stimuli uit de 
hersenomgeving. Microglia kunnen minder gevoelig worden voor signalen uit hun 
omgeving, een staat die (endotoxine) tolerantie heet. Daarnaast kunnen microglia ook 
overgevoelig worden voor stimuli uit hun omgeving, een staat die priming of 
sensibilisatie heet. In dit proefschrift is de (epi)genetische regulatie van endotoxine 
tolerantie en ouderdom-geassocieerde priming in microglia bestudeerd. We hebben 
de gen netwerken geïdentificeerd die horen bij endotoxine tolerantie en sensibilisatie 
en de reactie van microglia op een reeks stoffen afkomstig van ziekteverwekkende 
bacteriën en schimmels geëvalueerd. Daarnaast is ook het effect van verhoogde DNA-
schade in microglia op hun eigenschappen en genexpressie bepaald. 

In hoofdstuk 1 is de huidige stand van zaken over de rol van microglia tijdens de 
ontwikkeling van de hersenen, in gezonde hersenen en tijdens ziekte beschreven. 
Daarnaast wordt een inleiding in de epigenetica gegeven en zijn relevante 
epigenetische studies in microglia besproken. 

In hoofdstuk 2 is de moleculaire basis van endotoxine tolerantie in microglia 
onderzocht. In microglia werd endotoxine tolerantie opgewekt met 
lipopolysacchariden (LPS), een component van de celwand van Gram-negatieve 
bacteriën. LPS activeert de NF-κB-signaleringsroute en induceerde de expressie van 
pro-inflammatoire genen in microglia. Dit werd vergezeld door de verrijking van 
histon-modificaties geassocieerd met verhoogde genexpressie, ook wel aangeduid als 
"actieve" modificaties. Nadat de ontsteking was verdwenen (na LPS-behandeling), 
was het epigenoom van de onderzochte genen veranderd in een meer "inactieve" 
toestand en verrijkt voor histon-modificaties die verband houden met verminderde 
genexpressie. De transcriptiefactor RelB is betrokken bij endotoxinetolerantie-
inductie in microglia. 

In tegenstelling tot endotoxine tolerantie, gekenmerkt door een verminderde 
respons van immuuncellen, zijn immuuncellen ook in staat om een verhoogde reactie 
te ontwikkelen wanneer pathogenen opnieuw worden waargenomen, een conditie die 
"getrainde immuniteit" wordt genoemd (Netea et al., 2016). In hoofdstuk 3 werden 
de effecten van β-glucan, een bestanddeel van de schimmel C. albicans en gist S. 
cerevisiae die getrainde immuniteit induceren in immuuncellen, bestudeerd op 
microglia. Net als LPS, leidde β-glucan tot endotoxine tolerantie in microglia in vitro 
door de NF-κB-signaalroute te activeren. Systemische blootstelling van muizen aan β-
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glucan veroorzaakte (tijdelijk) sensibilisatie van microglia voor een tweede stimulus 
(LPS), gekenmerkt door een verhoogde expressie van pro-inflammatoire genen, die 
gepaard ging met een veranderde microglia-morfologie. 

In hoofdstuk 4 werden de genoom-brede (epi)genetische veranderingen die ten 
grondslag liggen aan microglia endotoxine tolerantie en sensibilisatie onderzocht. 
Transcriptie- en epigenetische profielen van naïeve en LPS voorbehandelde microglia, 
zowel voor als na een tweede LPS-stimulatie werden geanalyseerd. Vergeleken met 
LPS-activering van naïeve microglia werden groepen van genen geïdentificeerd die 
een andere reactie vertoonden op een tweede LPS-stimulus: tolerant (minder 
geïnduceerd door een 2e LPS stimulus) en responsief (normaal geïnduceerd door een 
2e LPS stimulatie). 

De (epi) genetische kenmerken van overgevoelige of geprimede microglia en hun 
sterk verhoogde reactie op LPS werden bepaald in versneld verouderende, Ercc1-
mutante muizen. LPS hyper responsieve genen waren ook verrijkt voor histon-
modificaties die geassocieerd zijn met verhoogde genexpressie. Omdat deze genen 
verrijkt waren voor bindingsplaatsen voor Pu.1 lijkt deze transcriptie factor een rol te 
spelen in de sensibilisatie van microglia. 

In hoofdstuk 5 werd in microglia het DNA-schade herstel gen Ercc1 specifiek 
verwijderd met behulp van Cx3cr1wt/creER transgene muizen. Microglia in 
Cx3cr1wt/creER:Ercc1ko/flox-muizen vertoonden na behandeling met tamoxifen 
vergelijkbare fenotypische veranderingen als microglia in generieke Ercc1∆/ko-muizen, 
wat betreft veranderingen in morfologie, verhoogde cel vermeerdering, fagocytische 
activiteit en verhoogde expressie van chemokinen. In tegenstelling tot microglia van 
generieke Ercc1∆/ko-muizen, was de expressie van met veroudering geassocieerde 
genen niet significant verhoogd in Cx3cr1wt/creER:Ercc1ko/flox microglia en werd er geen 
versterkte respons op LPS-stimulatie waargenomen. Deze gegevens suggereerden 
sterk dat de microglia-sensibilisatie die wordt waargenomen in generieke Ercc1∆/ko-
muizen hoofdzakelijk wordt geïnduceerd door hun omgeving en niet door accumulatie 
van DNA-laesies in microglia zelf. Microglia zonder Ercc1 gen brachten genen tot 
expressie die gerelateerd waren aan veroudering in plaats van met sensibilisatie 
geassocieerde genen. Ercc1-deficiënte microglia werden geleidelijk vervangen door 
andere microglia, wat waarschijnlijk het gevolg was van door overmatige DNA-schade 
veroorzaakte apoptose. 
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Conclusie 
De resultaten gepresenteerd in dit proefschrift tonen aan dat in muizen, systemische 
inflammatie een permanente verandering in microglia kan veroorzaken die wordt 
veroorzaakt door stabiele epigenetische veranderingen. Welke gevolgen dit heeft voor 
het centrale zenuwstelsel en eventuele aandoeningen van de hersenen is nog 
nauwelijks begrepen. Versnelde veroudering en celdood van microglia door specifieke 
deletie van Ercc1 recapituleert slechts gedeeltelijk het fenotype van microglia in 
verouderde muizen. Het sterke effect van het verouderende centrale zenuwstelsel, dat 
microglia-priming veroorzaakt, lijkt de belangrijkste determinant van de door leeftijd 
geïnduceerde veranderingen in microglia-functie. Hoe deze gegevens zich laten 
vertalen naar het verouderende menselijke brein is nog onduidelijk. 

Gezien de betrokkenheid van microglia bij een groot scala van 
hersenaandoeningen bij de mens, is een beter begrip en inzicht in de epigenetische en 
moleculaire processen die microglia identiteit en functie reguleren, zowel onder 
gezonde als pathologische omstandigheden, essentieel. 
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Abbreviations  
 

Terms Full name 
Aβ amyloid beta  
AcH3 acetylated histone H3 
AD Alzheimer's disease 
ALS amyotrophic lateral sclerosis  
ANOVA analysis of variance 
APC allophycocyanin 
ASC apoptosis-associated speck-like protein containing a caspase recruitment domain 
ATAC assay for transposase-accessible chromatin 
ATP adenosine triphosphate  
B6 Black 6, C57 Black 
BBB blood-brain barrier  
BCA bicinchoninic acid (assay) 
BCG Bacillus Calmette–Guérin 
BER base excision  
BG beta-glucan 
BMDM bone marrow derived macrophage 
BME basal medium eagle  
BrdU 5-bromo-2'-deoxyuridine 
BS Bloom syndrome  
C. albicans Candida albicans 
CA1 cornu ammonis 1 
CA3 cornu ammonis 3 
Cat.# catalog number 
CARD caspase recruitment domain 
cDNA complementary DNA 
CFL cortical frontal lobe 
ChIP chromatin immunoprecipitation 
CLRs C-type lectin receptors 
CNS central nervous system 
CpG  5'-C-phosphate-G-3'  
cre cyclization recombinase 
CS cockayne syndrome  
CTX cortex 
Cy7 cyanine 7 
DAM disease-associated microglia  
DAPI 4',6-diamidino-2-phenylindole 
DG dentate gyrus 
DMEM dulbecco's modified eagle's medium 
DNA deoxyribonucleic acid 
Dnase I deoxyribonuclease I 
DNTPs deoxynucleoside triphosphates 
dPBS dulbecco's phosphate-buffered saline 
DSR double-strand break repair 
E. coli Escherichia coli 
E8,5 embryonic day 8,5 
EAE experimental autoimmune encephalomyelitis  
ECAR extracellular acidification rate 
EdU 5-ethynyl-2'-deoxyuridine 
E-Gel precast agarose electrophoresis system 
EGFP enhanced green fluorescent protein 
ELISA enzyme-linked immunosorbent assay 
EMPs erythro-myeloid progenitors  
ER estrogen receptor 
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ET endotoxin tolerance 
EYFP enhanced yellow fluorescent protein 
FACS fluorescence-activated cell sorting 
FBS fetal bovine serum  
FC fold change 
FCCP carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone 
FCS fetal calf serum 
FDR false discovery rate 
FITC fluorescein isothiocyanate 
flox flanked loxP 
FVB friend leukemia virus B 
GO gene ontology 
GRCm38 genome reference consortium mouse build 38 organism 
H3K27Ac histone H3 lysine 27 acetylation 
H3K4me3 histone H3 lysine 4 trimethylation 
H3K9me2 histone H3 lysine 9 dimethylation 
HBSS Hank's balanced salt solution 
HD Huntington's disease  
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
HOMER hypergeometric optimization of motif enrichment 
i.c.v. intracerebroventricular 
i.p. intraperitoneal  
ICR interstrand crosslink repair  
iDTR inducible diphtheria toxin receptor 
IdU 5-iodo-2'-deoxyuridine 
IGV integrative genomics viewer 
KO knock out 
LCCM L929 cell conditioned medium 
LDH lactate dehydrogenase A  
loxp locus of X-over P1 
LPS lipopolysaccharides  
LSD least significant difference (test) 
LV VSV-G lentivirus 
M. tuberculosis mycobacterium tuberculosis 
Mφ macrophages 
MEM minimum essential medium  
miRNA microRNA  
mm10 Mus musculus 10 
MMR mismatch repair  
MRNA messenger RNA  
MS multiple sclerosis 
MTT 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide 
NER nucleotide excision repair  
NLR nucleotide-binding oligomerization domain and leucine-rich repeat-containing 

receptors 
NMDA N-methyl-D-aspartic acid 
NO nitric oxide  
ns not significant 
OB olfactory bulb 
OCR oxygen consumption rate 
OHSC organotypic hippocampal slice cultures 
OL occipital lobe 
oxoG oxoguanine  
Pam3CSK4 Pam3-Cys-Ser-Lys4 
PAMPs pathogen-associated molecular patterns  
PBMC peripheral blood-derived monocytes 



Chapter 7 

236 
 

PBS phosphate-buffered saline 
PCD programmed cell death  
PCR polymerase chain reaction 
PD Parkinson's disease  
PE phycoerythrin  
Pen/Strep penicillin/streptomycin 
PFA paraformaldehyde 
PGE2 prostaglandin E2  
PI propidium iodide  
Poly I:C polyinosinic:polycytidylic acid 
PRRs pattern recognition receptors  
PS phosphatidylserine  
PTMs post-translational modifications  
PVDF polyvinylidene difluoride  
rcf relative centrifugal force 
rec recombination 
ref reference 
RNA ribonucleic acid 
ROS reactive oxygen species 
rpm revolutions per minute 
RT room temperature 
RT-QPCR quantitative reverse transcription PCR 
RTS Rothmund–Thomson syndrome  
S. aureus staphylococcus aureus 
SAMtools Sequence Alignment/Map tools 
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis 
shRNA short hairpin RNA 
SN substantia nigra 
suppl supplementary 
SVZ subventricular zone 
TCA tricarboxylic acid cycle (also known as citric acid cycle) 
TCR transcription-coupled repair 
tdTomato tandem dimer tomato fluorescent protein 
TF transcription factor 
TLRs Toll-like receptors 
TSS transcription start sites  
UV Ultraviolet  
WS Werner syndrome  
WT wild type 
YS yolk sac 
14C Carbon-14 
5xFAD mutations in APP KM670/671NL, APP I716V, APP V717I, PSEN1 M146L (A>C), 

PSEN1 L286V 
 
 

Gene names 

Symbol Full name Also known as 
Acp5 acid phosphatase 5, tartrate resistant Trap 
Ago2 argonaute RISC catalytic subunit 2   
ALS amyotrophic lateral sclerosis  SOD1 
Ap1 activator protein 1 Jun 
Apoe apolipoprotein E   
APP amyloid beta precursor protein   
Atf1 activating transcription factor 1   
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Atf3 activating transcription factor 3   
Axl AXL receptor tyrosine kinase   
Bcl2 B cell leukemia/lymphoma 2   
Bdnf brain derived neurotrophic factor   
C1qa complement component 1, q subcomponent, alpha polypeptide C1q 
C3 complement component 3   
Camk2 calcium/calmodulin-dependent protein kinase II   
Ccl2 chemokine (C-C motif) ligand 2 Mcp1 
Ccr2 chemokine (C-C motif) receptor 2   
Cebpb CCAAT/enhancer binding protein (C/EBP), beta   
Chd1 chromodomain-helicase-DNA-binding protein 1   
Clec7a C-type lectin domain family 7, member a Dectin-1 
clk-1 clock-1 (not clk1, CDC-like kinase 1)  
Cr3 complement receptor type 3 Itgam, cd11b 
Csf1 colony stimulating factor 1 (macrophage) M-csf 
Ctcfl CCCTC-binding factor (zinc finger protein)-like   
Cx3cl1 C-X3-C motif chemokine ligand 1   
Cx3cr1 C-X3-C motif chemokine receptor 1   
Dnmt3a DNA methyltransferase 3a   
Dnmt3b DNA methyltransferase 3b  
Eed embryonic ectoderm development protein   
Egr2 early growth response 2   
Ehmt1 euchromatic histone lysine N-methyltransferase 1 Glp 
Ehmt2 euchromatic histone lysine N-methyltransferase 2 G9a 

Ercc1 excision repair cross-complementing rodent repair deficiency, 
complementation group 1   

Ercc4 excision repair cross-complementing rodent repair deficiency, 
complementation group 4 XPF 

Eset ERG-associated histone methyltransferase with a SET domain KMT1E, setdb1 
Ets1 E26 avian leukemia oncogene 1, 5' domain   
Ezh2 enhancer of zeste homolog 2   
F-1,6-P fructose 1,6-bisphosphate   
F-6-P fructose 6-phosphate   
Fcrls Fc receptor-like S, scavenger receptor   
Fra1 fos-like antigen 1   
Gapdh glyceraldehyde-3-phosphate dehydrogenase   
Gfap glial fibrillary acidic protein   
Glp G9a-like protein  Ehmt1 
Gpr34 G protein-coupled receptor 34   
Grp75 glucose-regulated protein 75   Hspa9 
H2-Aa histocompatibility 2, class II antigen A, alpha   
Hexb hexosaminidase B   
Hif-1a hypoxia inducible factor 1 alpha subunit    
Hmbs hydroxymethylbilane synthase   
Hp1 heterochromatin protein 1   
Hprt1 hypoxanthine guanine phosphoribosyl transferase   
Hspa9,  heat shock protein 9  Grp75 
Iba1 induction of brown adipocytes 1   
Ifnb1 interferon beta 1, fibroblast   

IkB nuclear factor of kappa light polypeptide gene enhancer in B-
cells inhibitor; NF-κB inhibitor   

Ikk inhibitor of kappaB kinase   
Il10 interleukin 10   
Il1b interleukin 1 beta, IL-1β   
Il6 interleukin 6   
iNos inducible NO synthase Nos2 
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Irak interleukin-1 receptor-associated kinase    
Irf interferon regulatory factor   
Itgam integrin alpha M Cd11b, Cr3 
Itgax integrin alpha X Cd11c 
Jun jun proto-oncogene Ap1 

Ki67 antigen identified by monoclonal antibody Ki67 
or marker of proliferation Ki-67 Mki67 

Kmt1c Lysine N-Methyltransferase 1C Ehmt2, G9a  

Kv1.3 potassium voltage-gated channel, shaker-related subfamily, 
member 3 Kcna3 

Kv1.5 potassium voltage-gated channel, shaker-related subfamily, 
member 5 Kcna5 

Lgals3 lectin, galactose binding, soluble 3 Mac-2 
Lpl lipoprotein lipase   
ly6c lymphocyte antigen 6 complex, locus C1   
ly6g lymphocyte antigen 6 complex, locus G   

Mafb v-maf musculoaponeurotic fibrosarcoma oncogene family, 
protein B (avian)   

Map3k7 mitogen-activated protein kinase kinase kinase 7 tak1 
Mcp1 monocyte chemoattractant protein-1 ccl2 
Mef2a myocyte enhancer factor 2A   
mir-146a microRNA 146a   
mTor mechanistic target of rapamycin kinase   
Myd88 myeloid differentiation primary response gene 88   
NAD+ nicotinamide adenine dinucleotide   
Ncl nucleolin   

Nfkb nuclear factor kappa-light-chain-enhancer of activated B cells, 
NF-κB   

Nfkbib, Ikb nuclear factor of kappa light polypeptide gene enhancer in B 
cells inhibitor, beta   

Nos2 nitric oxide synthase 2, inducible iNOS 
P2ry12 purinergic receptor P2Y, G-protein coupled 12   
P2ry13 purinergic receptor P2Y, G-protein coupled 13   
P2X1 Purinergic Receptor P2X 1 P2rx1 
P2X4 Purinergic Receptor P2X 4   
p38 Mitogen-Activated Protein Kinase 14  Mapk14 
p42/p44 Proteasome 26S Subunit, ATPase 6 Psmc6 
p53 transformation related protein 53 Trp53 
pAkt phosphorylated serine/threonine-protein kinase   
Pfk-1 ATP-dependent 6-phosphofructokinase subunit alpha   
Pfkfb3 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3   
PI3K phosphoinositide 3-kinase  
Prc1 polycomb repressive complex 1   
Prc2 polycomb repressive complex 2   
Ptgs2 Prostaglandin-Endoperoxide Synthase 2   

Pu.1 spleen focus forming virus (SFFV) proviral integration 
oncogene Spi1 

R26R rRosa26 reporter   
Rag1 recombination activating gene 1   
Rbm4 RNA binding motif protein 4   
RelA, p65 v-rel avian reticuloendotheliosis viral oncogene homolog A   
RelB v-rel avian reticuloendotheliosis viral oncogene homolog B   
RNAPII RNA polymerase II   
Sall1 spalt like transcription factor 1   
Setdb1 SET domain, bifurcated 1 KMT1E, Eset 
Smyd5 SET and MYND domain containing 5   
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SOD1 superoxide dismutase 1, soluble ALS 
Stat3 signal transducer and activator of transcription 3   
Suv39h1 suppressor of variegation 3-9 1   
Suv39h2 suppressor of variegation 3-9 2   
Suz12 suppressor of zeste 12   
Tak1 (TGF-β activated kinase 1)  Map3k7 
Tgfb1 transforming growth factor, beta 1; TGF-β  
Tgfbr2 transforming growth factor, beta receptor II; TGF-βR2   
Tmem119 transmembrane protein 119   
Tnf tumor necrosis factor; Tnfa, Tnf alpha, TNF-α   
Tnfr tumor necrosis factor receptor    
Traf6 TNF receptor-associated factor 6   
Trap tartrate-resistant acid phosphatase  Acp5 
Trem2 triggering receptor expressed on myeloid cells 2   
TrxG trihorax group   
Tspo translocator protein   
Usf1 upstream transcription factor 1   
Wdr5 WD repeat-containing protein 5   
XPF xeroderma pigmentosum group F-complementing protein Ercc4 
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