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Summary 
 

Microglial cells, the resident immune cells of the brain parenchyma, are responsible for the 

establishment and maintenance of the brain homeostasis. Belonging to the macrophage lineage, they 

function first as a part of the innate immune system and thus, have to execute immune related roles. 

However, microglial cells are also involved in a plethora of central nervous system (CNS) related roles, 

from synaptic pruning to oligodendrocyte maturation and clearing of myelin. In order to fulfil those 

roles, microglial cells can adapt in the best way to a specific situation without harming the delicate CNS 

environment. Microglial cells  are  constantly monitoring the environment by displaying surface 

receptors, phagocytosis can be modulated to clear debris or apoptotic cells, but also synapses; cytokine 

secretion can be cytotoxic or neurotrophic. Microglial cells are highly plastic, capable of reacting to any 

stimulation that could hamper the proper functioning of the brain. There is emerging evidence that 

microglial plasticity is related to chromatin modulation, orchestrated by epigenetic mechanisms, such 

as non coding RNAs, histones modifications and DNA modifications. DNA methylation is one of the 

most studied epigenetic mechanisms and yet, little is known about its involvement in microglial 

identity. Regarding the variety of functions realized by microglia, the involvement of microglial 

misfunction in a various range of neurodegenerative diseases, neurodevelopmental disorders and 

brain tumors, amongst others, is not surprising. As such, they do represent a promising target for 

innovative therapeutic approaches, but in order to achieve an efficient exploitation of microglial 

functions without hampering brain homeostasis, a deep understanding of the microglial core identity 

and how it can be influenced by the environment, is required. In this thesis, we hypothesized that 

mouse microglial identity was modulated by DNA methylation pattern reorganization, and, to test that 

hypothesis, we induced a reprogramming of microglial cell identity and explored genome-wide DNA 

methylation patterns. We characterized identities generated by treatments with Lipopolysaccharide 

(LPS), Interferon gamma (IFN-ɣ), Interleukin 4 (IL-4) and a glioma-based conditioned medium within a 

time frame between 1 and 48 hours. We observed changes in morphology, secretome composition 

and gene expression, in line with previously characterized inducible features of microglial 

reprogramming. We further performed Illumina MethylMouse methylation arrays and observed 

significant variations in DNA methylation patterns by both treatments and time of exposure, especially 

in the pro-inflammatory conditions. Then, we performed RNA-sequencing (RNA-seq) to explore gene 

expression modulation by LPS and IFN-ɣ treatments, however no unequivocal link between DNA 

methylation changes and gene expression could be established. We could nevertheless witness that 

DNA methylation changes induced by the treatments and associated with microglial reactivity were 

not only affecting gene promoters, thereby highlighting the meaning of DNA methylation in different 
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parts of the genome such as the distal intergenic regions. In summary, DNA methylation plays an 

important part in the reprogramming of microglial cells, however further exploration of other 

epigenetic mechanisms, such as histone modifications and the chromatin accessibility is necessary to 

unravel the potential innovative therapeutic options targeting microglia cells in neurological diseases. 
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Part I. Introduction 

 

1. Introduction to microglial cell research 

 

The story of glial cell research began in 1856, when Rudolf Virchow coined the term “neuroglia” to 

describe one single entity that was distinctively embedding neuronal elements1. The cellular content 

of neuroglia was clarified by Michael Von Lenhossek with the emergence of the term “astrocyte”2, and 

with the development of a gold chloride sublimate staining method, Ramòn y Cajal was able to stain 

astrocytes and decipher another component of neuroglia that he named “the third element”3. Finally, 

Pio Del Rìo-Hortega, with an ammoniacal silver carbonate staining method, was able to identify the 

composition of the third element, oligodendrocytes and microglia. 

In 1919, in a series of four papers, Pio Del Rìo-Hortega described intensively microglial morphologies 

in the normal brain of different species and “transformation” in pathologies, reporting “rod cells” and 

“granuloadipose bodies”, already highlighting the polymorphism of microglia4,5. He also explored the 

ontogeny of microglia, stating a mesodermal origin against the current view pointing out an 

ectodermal one, arguing that microglial cells were sharing more features common to leukocytes than 

astrocytes, emphasized by his functional observation that microglia were capable to proliferate, 

migrate and most importantly, to phagocytose. He characterized microglia as the “voracious 

macrophages” of the brain parenchyma 6. By also identifying oligodendrocytes in 1921, Pio Del Rìo-

Hortega was the first who identified distinctive and functional features of neuroglia’s third element 

and started the era of modern glial research7. 

However, the field of microglial research stagnated for many decades, microglia regarded as “docile 

spectator” of the brain parenchyma8. It was only in the late 20’s that the field started to emerge with 

the experiments of G.Kreutzberg on microglia stripping of synapses (1968)9, the development of the 

Adenosine triphosphate (ATP) staining on microglia by Ibrahim and his team (1974)10 and the first 

microglia in vitro culture system by D.Giulian and T.Baker (1986)11. This time point of microglial 

research was indeed essential, opening the gates of visualization and functional analysis of microglial 

behavior and leading to the first conclusions on their immune roles with the production of cytokines 

(CK) and the expression of Major Histocompatibility Complex class I molecule (MHC-I), substantially 

attracting more and more neuroscientists. Ultimately, the field took off in 1990 with the constitution 

of the first mouse microglial cell line BV212 and in 1998, the isolation of the now gold standard for 

microglia staining, ionized calcium-binding adapter molecule 1 (Iba1)13. Since then, microglial research 
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exponentially increased, and improving models and technologies led to an accumulation of knowledge 

proving implication of microglia in vital physiological functions of the CNS and in nearly all brain 

pathologies14,15, witnessing an outstanding cellular plasticity of microglia16. With the technical 

advances in imaging and genetics, multifunctional aspects could be attributed to microglial 

subpopulations, thereby addressing the concept of microglial heterogeneity17 and paving the way of 

one of the biggest branch of microglial study concerning the elaboration and evolution of its core 

identity18. 

Nearly 100 years later, at the era of single cell transcriptomics and epigenomics, and regardless of the 

incredible efforts made by a large community of scientists, the mechanisms orchestrating microglia’s 

identities remain nevertheless mysterious19. 

 

2. Microglial ontogeny and maturation 

 

The first step towards a clear view of microglial identity is to understand their complex origin and as 

mentioned above, it was subject of debate since their first description, opposing a mesodermal5  to a 

neuroectodermal origin20. It was only in 2010 that Ginhoux and colleagues, by conducting an in vivo 

fate mapping study, proved that the mesodermal origin of microglial cells predicted by Pio Del Rio-

Hortega in 1919 was true21.  

Indeed, we now know that in mouse embryogenesis, during the first wave of primitive hematopoiesis, 

erythro-myeloid precursors (EMPs) emerge in blood islands of the yolk sac (YS) at embryonic day (E) 7, 

navigate through the newly formed blood stream and enter the brain rudiment from E9.522. Even 

though it is still not entirely clear, the main entry routes of microglia are thought to be the meninges, 

the lateral ventricles and blood vessels, constituting “hot spots” for microglial precursor’s initial 

populations in the brain23. It is worth noticing that a small subset of Hoxb8+ microglia enter the brain 

later on, at E12.524 together with another subset of CD206+ macrophages that are subjected to a fate 

conversion into microglia25, depicting slight variations of ontogeny within the final pool of microglial 

cells. At E13, the Blood Brain Barrier (BBB) starts to close, limiting the infiltration of other immune cells 

and isolating microglial progenitors26 in the brain parenchyma that then migrate and colonize the 

entire brain, first by a tangential migration within the cortex, followed by a radial migration towards 

the cortical plate (CP)27.  

At the end of their intense migration process around E18, microglial cells proliferate intensively and 

migrate locally to reach their final localization around post-natal day (P)1428. From there, microglial 
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cells self-renew without any contribution from circulating monocytes during the entire lifespan of the 

individual in physiological conditions29. Interestingly, microglial niche is maintained through cycles of 

apoptosis and proliferation characterized by a very slow turn-over, making microglia very long lived 

cells30. Indeed, in the murine cortex, microglia have a median lifetime of more than 15 months with 

approximately 50% of these cells surviving the entire lifespan of the individual31. Once the brain 

colonization is complete, microglia are distributed regularly throughout the CNS ranging from 5 to 20% 

of the total glial cells of the brain parenchyma32 with variations in density relative to brain 

localization33. In physiological conditions, the finalization of their maturation confers to microglia a 

highly ramified morphology34, and by extending their processes, microglia cover the maximum area of 

brain tissue and are able to perceive any homeostasis disturbance within the CNS35. 

 

 

Figure 1. Microglial ontogeny and development in mouse: 

Early YS EMPs, characterized by being dependent of the Runt-related transcription factor (RUNX1) but 

independent of Myb, emerge from the YS at E8.5 and follow the newly formed bloodstream while 

maturing into YS A1 macrophages through the action of PU.1, followed by an Irf8 dependent step to 

give rise to YS A2 macrophages. Initially, YS EMPs express tyrosine kinase receptor c-Kit but lack the 

expression of CD45. As they differentiate into YS macrophage A1 then A2, the expression of c-Kit 

progressively decreases while CD45 increases. YS macrophages enter the brain rudiment around E9.5 

under the influence of neuronal progenitor cells (NPCs) expression of IL-34 recognized by the CSF1R, 

present on A2 YS macrophages21,36, the chemokine CXCL12 released from pallial NPCs through its 

binding on CXCR437 and the chemokine CX3CL1 on CX3CR1 receptor (C)38. Maturation from embryonic 
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to mature microglia also depends on the Matrix Metalloproteinases MMP8 and MMP922. Those 

environmental stimulations will dictate a tangential migration of microglia throughout the entire cortex 

and participate to the acquisition of microglial maturation program39, followed by a radial migration 

towards the CP through a meningeal and SVZ initiated gradient of CXCL12, binding to microglial CXCR4 

and leading to the absence of microglia within the  CP from E15 to E1640 (B). The finalization of microglial 

migration is characterized by an high proliferation rate and local migration to cover the entire brain in an 

allometric fashion28. The transcriptomic developmental program of microglia is developed in three steps 

that have been linked to microglial function, namely, a proliferative step (Expression of Dab2, Mcm5, 

Lyz2) followed by a specific synaptic pruning program in accordance with the development and 

maturation of NPCs (Crybb1, Csf1, Cxcr2) and finally, immune surveillance of the adult CNS (MafB, 

Cd14 and Mef2a)41; this developmental maturation program is accompanied by a change in microglial 

morphology from an amoeboid to highly ramified shape. In the mouse adult homeostatic brain, microglia 

is characterized by an high expression of F4/80 and CD11b macrophage markers, and the receptors 

necessary for maintenance of microglial survival and identity, depending on IL-3442 , TGF-β143 , CSF1R 

and cholesterol44 signaling pathways, stimulated by neurons and astrocytes secretions 45. From a 

transcriptomics point of view, mature microglia is recognized by the induction of the so called microglial 

homeostatic signature, characterized by the expression of Tmem119, P2ry12, Sall1, Hexb, Gpr34 and 

SiglecH39. 

Created with Biorender, from22,46,47,48,41. Panel A: developmental timeline of the mouse embryo; panel 

B: microglial colonization of the cortex; panel C: microglial maturation in neurodevelopment; panel D: 

legend; panel E: transcriptional program of microglial maturation. CD11b: Cluster of Differentiation 

molecule 11b, CP: Cortical Plate, CSF1R: Colony Stimulating Factor 1 Receptor, CX3CL1: Fractalkine, 

CX3CR1: Fractalkine receptor, CXCL12: C-X-C Motif chemokine ligand 12, CXCR4: C-X-C chemokine 

receptor type 4,  E: Embryonic day, F4/80: EGF-like module-containing mucin-like hormone receptor-

like 1, IL-34: Interleukine 34, IZ: Intermediate Zone, MMP: Matrix metalloproteinases, MZ: Marginal 

Zone, P: Post-natal day, SVZ: Sub-Ventricular Zone, TGF-β: Transforming Growth Factor Beta, VZ: 

Ventricular Zone, YS: Yolk Sac. 

 

3. Microglial roles  
 

The semantics behind biological “roles” and “functions” has been a matter of debate for decades49 and 

a consensus amongst all scientific fields has not yet been reached, especially since the arising of 

molecular biology50. For the purpose of this thesis, biological roles will be defined as the responsibility 

that a cell population has to assume in a larger structure, namely the tissue. The functions, on the 

other hand, will be defined as specific tasks performed by a cell to fulfill that biological role.  

In that sense, microglial cells exert immunocentric and neurobiological roles fulfilled through a vast 

combination of individual functions such as phagocytosis or CK secretion. 
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3.1. Immunocentric role 
 

As resident macrophages, microglial cells are the first line of immune defense of the CNS. In the healthy 

adult brain, microglial cells are not quiescent as previously thought but are highly motile and constantly 

monitoring their microenvironment by extending and moving their protrusions51 ,35.  

Disturbance in CNS homeostasis can be originated from viral52, fungal53 or bacterial infection54, sterile 

inflammation55 or protein aggregation56, or anything else that can be considered as a real or potential 

danger to the CNS. Following the detection of the disturbance, microglial cells redirect their 

protrusions towards its source51 and start migrating via the recognition of chemokines and 

extracellular ATP with G-protein coupled purinergic receptors (P2Y12, P2X4)57 and through the 

acquisition of an differential morphology facilitating microglial movement58,59.  

Under the influence of CKs such as IL-660 and TNFα61 emerging from injury induced damages, microglia 

proliferate in close vicinity to the pathological stimuli62. Identification of the stimulation causing the 

disturbance is realized via microglial sensome63, a vast ensemble of surface receptors comprising 

pattern recognition receptors (PRRs)64, phosphatidylserine receptors65 and opsonic receptors66, 

amongst many others. The recognition of the stimulus by its binding to surface receptors will allow 

microglia to integrate it and quickly initiate an appropriate response to restore cerebral homeostasis.  

Facing an infectious challenge, the interaction between a set of PRRs and microbial components will 

pilot the recruitment and activation of other immune cells through chemokines and  CKs secretion, 

stimulation of phagocytic activity and initiation of cytotoxic functions to remove the foreign pathogen 

causing homeostasis disturbance67,54. The execution of chemotaxis by microglial cells towards 

peripheral immune cells is a crucial part of a successful immune response within the CNS68. Trans-

endothelial migration of peripheral immune cells can only be realized after the perturbation of the BBB 

integrity through microglial release of MMPs69 or Cyclooxygenases (COXs)70. Once opened, 

chemotactic mediators, such as CCL271, MIP-1α72 and MCP-173 can be directed to lymphocytes T74, bone 

marrow derived monocytes75 or perivascular macrophages76 to support microglial cells facing the 

disturbing challenge77. 

The presence of various primed peripheral immune cells, apoptotic cells and cellular debris 

progressively induces a shift in microglial microenvironment and increases its inflammatory status, 

stimulating even more microglia into performing phagocytosis of the pathogen or apoptotic cells, 

through Toll-like Receptors (TLRs)78 and Tyro3/Axl/Mer79 signaling cascades, thus leading to the 

destruction of the engulfed material through phagolysosomal maturation80. 
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The overall environment also leads to the deployment of microglial cytotoxic functions, comprising the 

secretion of pro-inflammatory CKs, Reactive Nitrogen Species (RNS) and Reactive Oxygen Species 

(ROS)81. Pro-inflammatory CKs induced cytotoxicity is thought to be related to the induction of an 

endoplasmic reticulum stress and apoptosis82, whereas RNS and ROS induced damages are 

characterized by the fragmentation of basic cellular components such as the cytoplasmic membrane 

or the DNA by oxidation83. By being unspecific, the cytotoxicity of microglia affects as well others glial 

cells and neurons84,85 leading to an accumulation of cellular debris and apoptotic bodies, consequently 

triggering an additional level of microglial phagocytosis to clear and initiate the downregulation of 

inflammation. 

The last mandatory step for a proper restoration of homeostasis is the termination of the immune 

response to avoid escalating inflammatory stimulations and allow the repair of the damaged parts of 

the tissue67. Microglia inhibit peripheral cells recruitment and promote angiogenesis and tissue 

reorganization after inflammation through the release of anti-inflammatory mediators, such as IL-1086 

or IL-487 along with phagocytosis of inflammatory cellular and myelin debris, together with the 

remaining apoptotic cells that can be realized without re-induction of inflammation through the 

TREM2/DAP12 pathway88. In addition, microglial will support neuronal, glial and BBB health89 through 

the release of neurotrophic factors, such as TGF-β90 or IGF-191. Finally, microglia enter in cellular death 

to adjust its population size back to baseline92. 

This simplistic overview does not encompasses the variations of immune regulation needed to face all 

possible stimulations but rather depicts the characteristic steps necessary in the general process of 

microglial immune challenge and displays the different functions used to fulfill that role. 

 

 

Figure 2. Immunocentric role of microglia in murine bacterial infection: 
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In a homeostatic brain environment, defined by a relative consistency of physiological reactions, 

microglia are moving their processes and through their sensome, monitor the overall well-being of the 

parenchyma. This microglial phenotype, referred as homeostatic and managed by immune checkpoints 

to avoid uncontrolled deleterious reactions of microglia is induced by neurons secretions of CX3CL1, 

CD200 and CD2293 , together with astrocytic TGF-β194. Following the sensing of a bacterial systemic 

immune perturbation, pericytes of the BBB start secreting CCL-295 to attract microglial cells and follow 

by secreting TNFα, IFN-ɣ, IL-1β and IL-696,97 that will be recognized as a first sign of homeostasis 

dysbalance by microglia and enhanced their proliferation98. This disturbance signaling can be further 

increased by both the release of ATP from dying neurons and, the cessation of homeostatic inducing 

secretions from the distress surrounding leading to a phenotypical adaptation of microglial cells99. This 

distress-induced phenotype will first lead to the secretion of BBB modulating agents such as COXs and 

MMPs, followed by the secretion of MCP-1 and MIP1α to recruit peripheral immune cells, cytotoxic 

compounds like RNS and ROS to annihilate the source of disturbance together with pro-inflammatory 

CKs to activate astrocytes. Microglial phagocytosis of apoptotic cells will be triggered by P2RY12, viable 

stressed neurons by Tyro3/Axl/Mer (TAM)100 and bacterial pathogen via Scavenger receptors (SRs)101. 

After the annihilation of the source of disturbance, pericytes of the BBB promote the resolution of 

inflammation by secreting IL-33 and CX3CL1102,103, driving microglial secretion of IL-4 and IL-10 in order 

to repair the tissue. Following ATP release from the disrupted BBB, microglial cells expressing 

P2RY12104 migrate and establish physical contact with endothelial cells and basement membrane 

through MHC II105 to repair the BBB and stabilize parenchymal microenvironment106. Phagocytosis of 

inflammatory residuals through the TREM2/DAP12 pathway will terminate the inflammation and restore 

the homeostasis.  

Created with Biorender from107,54. CCL2: C-C motif chemokine ligand 2, CD200: Cluster of Differentiation 

200, CD200R: CD200 Receptor, Gas6: Growth arrest specific 6, IFN-ɣ: Interferon gamma, IL-1β: 

Interleukin 1 beta, IL-4: Interleukin 4, IL-6: Interleukin 6, IL-10: Interleukin 10, LPS: lipopolysaccharides, 

MCP-1: Monocyte Chemoattractant Protein 1, MHC II: Major Histocompatility Complex II, MIP-1α: 

Macrophage Inflammatory Protein 1 alpha, P2RY12: Purinergic Receptor P2Y12, SR: Scavenger 

Receptor, TAM: Tyro3/Axl/Mer, TGF-β1: Transforming Growth Factor beta 1, TREM2: Triggering 

receptor expressed on myeloid cells 2, TNFα: Tumor Necrosis Factor alpha. 

 

 

For decades, microglial was thought to act only in pathological settings with the immunological roles 

mentioned above. However, it is now known that microglial cells also fulfill a wide range of CNS-related 

functions from neurodevelopment to ageing. 
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3.2. Neurobiological role 
 

3.2.1. From embryonic and post-natal development to adult brain 
 

In the embryonic brain, as other glial cell types arise after NPCs have produced most neurons during 

the late embryogenesis, microglial cells are the only glial population during early gestation108. This 

bidirectional interaction between embryonic microglia and emerging NPCs leads to the maturation of 

both cell types and the establishment of the neuronal circuits109. As seen previously, microglial 

maturation during embryonic and post-natal life relies on NPCs and neuronal secretions (IL-34, CX3CL1, 

TGF-β1; Figure 1) but the process is reciprocal.  

In embryonic brain development, microglial secretion of IL-1β, IL-6 and TNF-α will lead to the survival 

and maturation of NPCs110. In addition, microglia physically interact with NPCs to regulate the size of 

its population by phagocytosis of supernumerary viable progenitors. The physical contact between the 

two populations can also be directed towards dendritic spines, leading to the phagocytosis of 

exceeding synapses expressing C1q111. The participation of microglia in establishment of neuronal 

networks is particularly exemplified by the positioning of neocortical interneurons and the fine-tuning 

of dopaminergic neurons in the forebrain112. 

In addition to NPCs maturation and neuronal circuitry establishment, microglial cells also participate 

in the maturation of other glial cells. Microglial IL-1β and IL-6 secretion contributes to oligodendrocytes 

maturation, and, the phagocytosis of unnecessary oligodendrocyte precursors (OPCs) through CX3CR1 

signaling, assuring a proper axon to oligodendrocyte ratio113. Even though microglial cells are not 

indispensable for the ensheatment of myelin, they are required for a proper structural integrity of 

myelin114. 

Finally, it is worth noticing that microglial cells also contribute to the establishment of the blood vessel 

architecture by secreting VEGF-α115 and, through the CX3CL1/CX3CR1 pathway, regulate endothelial 

cells migration and vasculature formation116. Related to this finding, microglial cells are also involved 

in the maintenance of BBB integrity, sensing leakage through P2RY12117 and sealing breaches via the 

expression of Claudin-5 and physical contacts with endothelial cells106. 

In the post-natal brain, microglial elimination of unnecessary elements still applies within developing 

circuits, from neurons to synapses, together with myelin debris and oligodendrocytes118, in addition to 

radial fibers used by NPCs to migrate and rendered impractical and cumbersome afterwards119. 

Microglia will also continue to support gliogenesis of astrocytes through the release of IL-6 and 
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oligodendrocytes via TNFα, PDGF and neuropilin-1 (NRP-1). Finally, neuronal survival is under the 

influence of microglial IGF-1 and thrombospondin 1 and 2 (TSP-1,2)120. 

In the adult brain, microglia continue to monitor neurons’ and glial cells’ health and in the same 

manner via synaptic pruning, participate in synaptic refinement of sensory input processing 

throughout lifespan. They are also linked to learning and memory functions as well, via phagocytosis 

in the neurogenic regions of the brain, regulating adult neurogenesis121. Phagocytosis can be activated 

to remove apoptotic cells and cellular debris to avoid the induction of neurotoxic signaling122. 

Additionally, microglia interact with nodes of Ranvier of myelinated axons through potassium sensing, 

monitoring neuronal excitability and if needed, participating into remyelination123.  

 

 

Figure 3. Neurobiological role of microglia in physiological mouse development and adulthood: 
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In the embryonic brain rudiment, amoeboid shaped microglia play essential roles in the emergence of 

neuronal circuits. Indeed, in the VZ/SVZ highly neurogenic niches are found a pool of different NPCs, 

namely the Pax6+ neural stem cells and the Tbr2+ intermediate progenitors37 representing the 

potentiality of NPCs to differentiate into neuronal networks124. This balance between the two types of 

precursors is under the control of microglial secretions that are thought to be IL-1β, IL-6 and TNFα110 in 

a CXCR4 dependent manner124. Furthermore, as the pool of Tbr2+ cells is destined to become neurons 

and are produced abundantly, microglial phagocytosis is crucial to eliminate the redundant ones that 

could impair the proper wiring of the brain125. In the wiring function per se, microglia are involved in the 

entrance and positioning of neocortical Lhx6+ interneurons into the pallium through signaling from 

CX3CR1 and DNAX-activating protein of 12 kDa (DAP12)27,126. Finally, microglia is implicated in 

oligodendrocytes and astrocytes maturation through the release of CCL2, CXCL10 and IL-6127, 

respectively. In the post-natal brain, microglia is responsible for synaptic pruning of redundant dendritic 

spines, necessary for the proper formation of neuronal circuits through the complement receptor 3 (CR3) 

and the CX3CL1-CX3CR1 pathway128,27. Those functions are balanced by a neuronal inhibitory signal 

composed of SIRPα, detected by CD47 on microglia to avoid an excess in synaptic pruning129. It is also 

worth mentioning a process in which microglia could physically interact with presynaptic boutons and 

increase the neurotransmitter release by mechanical strength, leading to the stabilization of the 

synapse130. Both the pool and the maturation of OPCs is dependent on microglial phagocytosis through 

the CX3CR1 axis113 and secretion of NRP1131, IL-1β, IL-6, TNFα, PDGF110 and IGF-1. The secretion of 

IGF-1 will also participate to the survival and health of emerging neurons, in addition of TSP-1-2132. 

Finally, maturation of astrocytes will be enhanced by microglial IL-6 secretion127. In the adult mouse 

brain, mature highly ramified microglia is monitoring neuronal circuits, removing dying neurons and 

cellular debris by phagocytosis, and participating to the BBB homeostasis. Microglia is also responsible 

for the proper functioning of synaptic plasticity involved in sensory input processing, learning and 

memory, mainly through the secretion of BDNF and through phagocytosis via TREM2 signaling 

pathway133. Microglial TREM2 is also implicated in the phagocytosis of apoptotic neurons in the adult 

brain, together with G protein coupled receptor 56 (GPR56)134 and complement component receptor 

C3135. Finally, microglia promote synaptic remodeling via the phagocytosis of extracellular matrix around 

synapses136. 

Top panel: average morphology of evolving microglial along lifespan; Middle panel: CNS processes 

progression; Bottom panel: microglial CNS related roles. The color coding of the cell types can be found 

in Figure 2. 

Created with Biorender, from27,40,126. BDNF: Brain Derived Neurotrophic Factor, C1q: Complement 

component 1q, C3: Complement component 3, CCL2: Chemokine (C-C motif) Ligand 2; CX3CR1: 

Fracktalin receptor; CXCL10: Chemokine interferon-ɣ inductible protein 10 kDa; DAP12: DNAX-

activating protein of 12 kDa; GPR56: G protein-coupled receptor 56, IGF-1: Insulin Growth Factor 1; IL-

1β: Interleukin 1 bêta; IL-6: Interleukin 6; NRP1: Neuropilin 1; OPC: Oligodendrocyte precursors cells; 

PDGF: Platelet Derived Growth Factor; PS: Phosphatidylserine, TNFα: Tumor Necrosis Factor alpha; 

TSP1-2: Thrombospondin 1 – 2. 
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3.2.2. The ageing brain 
 

The healthy ageing brain is a more complex entity to unfold with both neurobiological and 

immunocentric related functions tangled up under the evolution of the entire cellular 

microenvironment, as well as the intrinsic changes within microglial cells.  

On the one hand, the ageing brain environment is associated with an increased inflammatory status 

characterized by the accumulation of cellular and myelin debris114 but also misfolded proteins137. 

Accompanied by an impaired BBB integrity, increased peripheral immune infiltration138  and decreased 

lymphatic perfusion, together with an overall cellular senescence139 or hyper-responsiveness140.  

On the other hand and as mentioned previously, microglia are very long-lived cells with a limited 

repopulation capacity and thus, are subjected to the deterioration of functions borne along the ageing 

process141. As a matter of fact, ageing microglia is often coined as “dystrophic”, mostly referring to a 

change in morphological structure142 but also linked to impaired migratory and phagocytic function 

and an overly excessive immune vigilance141. This state of aged microglia has been called “primed”143 

and is not thought to be more inflammatory per se, but displays responses to homeostasis disbalance 

that are strongly heightened and prolonged alongside an hampered resolution of inflammation143. The 

primed state of microglia has been related to an upregulation of sensing related receptors; like TLRs 

and NOD-like receptors (NLR)144; and pro-inflammatory secretions, like IL-1β and TNF-α. On the 

contrary, microglial homeostatic markers as P2RY12, TMEM119 and CX3CR1 are decreased145 and the 

response to anti-inflammatory compounds is downregulated, leading to a deficiency in restoring 

homeostasis and resulting in a never-ending inflammatory status of the brain. In addition, as the ageing 

brain is linked to a significant decrease of microglial immune checkpoints (CD200, CX3CR1 and CD47)143 

together with TGF- β1 signaling, it is thought that the primed phenotype could arise from absence of 

overall homeostatic signaling stimulation146.  

In addition, the phagocytic function has been characterized as impaired in aged microglia when 

targeting myelin debris arising from neurodegenerative neurons, misfolded proteins such as Amyloid 

beta (Aβ), apolipoproteins, α-synuclein and apoptotic bodies147. The exact mechanisms are not known 

but the crucial CX3CL1/CX3CR1 and TREM2/DAP12 signaling pathways are decreased in the aged 

brain148, it is also thought that the increase in phagocytosis inhibitor CD22149 and the decrease in 

endogenous TGF-β1 signaling in the environment could be responsible for the impaired phagocytosis 

of apoptotic cells150. 
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It worth mentioning that microglia senescent phenotype is thought to be found in the physiological 

ageing brain151 thus aggravating the dysbalance in homeostatic regulation. Indeed, senescence is a 

normal process of cellular ageing induced by the shortening of telomeres152 and characterized by the 

irreversible cell-cycle arrest by expression of cyclin-dependent kinase inhibitors Cdkn1a and Cdkn2a153 

leading microglial cells to adopt a very specific phenotype, named Senescent-Associated Secretory 

Phenotype (SASP)154. The SASP is still difficult to distinguish from the primed one, sharing common 

increased pro-inflammatory secretions, such as TNFα, IL-1β and IL-6155 and until now, no SASP exclusive 

marker has been found.  

 

With this in consideration, functions of microglia in the healthy ageing mouse brain could be 

summarized as a vain effort from exhausted microglia to re-establish an homeostatic local surrounding 

in a constantly triggered overall environment to secure as much as functional neuronal networks as 

possible, in order to slow the cognitive decline associated with the normal process of ageing.  

 

 

Figure 4. Neurobiological role of microglia in physiologically ageing in mouse brain: 

In the healthy ageing mouse brain, the dystrophic microglia, characterized by reduced branching, 

increased soma size and cytoskeletal impairment156, evolve in an inflammatory micro-environment 

surrounded by debris of all sorts, hyper responsivess  and senescent glial cells, together with fragilized 

neurons. The disrupted BBB leads, in addition, to the accumulation of peripheral immune cells that can 

be already primed by the systemic inflammation observed in physiological ageing157. In a attempt to re-

establish past brain homeostasis, microglia engage in phagocytosis through the remaining available 

receptors such as TREM2158 to clear inflammatory waste as much as possible but fail due to exhaustion 

from age that can be observed by the accumulation of lipid droplets within the cells159 or senescence, 
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characterized by a greater cytoplasmic accumulation of lupofuscin160. In the same manner, exhausted 

microglia fail on the one hand to produce neurotrophic factors, such as BDNF144 and anti-inflammatory 

modulators like IL-10161 to repair parenchymal damages and, on the other hand, cannot decrease its 

production of neurotoxic ones, like IL-6 and IL-1β, leading to a constant inflammatory status of the brain 

and a cognitive decline within the individual. 

Created with Biorender. IL-1α : Interleukin 1 alpha; TLRs : Toll like receptors. 

 

 

 

As we have seen, in addition to their indispensable role in protection of the CNS facing pathological 

insults, by participating into healthy neurogenesis, gliogenesis, wiring of neuronal networks and 

clearing of apoptotic and excessive elements, microglia are pivotal actors in brain development and 

maintenance in physiology126,162. 

 

It is challenging in such a stimulating environment to precisely isolate one function regulation in a given 

situation. The ascertainment of differential regulation of functions in opposite direction in aged 

microglia, with secretion being upregulated and phagocytosis downregulated, dismissed the common 

assumption that microglial behavior was an all-on/all-off process and highlighted that each function of 

microglia was finely tune individually to confer the most adapted response to a specific situation.  

 

4. Microglial functions 
 

In order to complete all their vital roles and as overviewed previously, microglial cells possess an 

abundance of effector functions modulated by CNS environmental cues. 
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Figure 5. Microglial functions: 

Microglial functions of surveillance, self-maintenance, motility, secretion and phagocytosis can be 

adapted in a various range of flavors to create the adapted response to the stimulations from the CNS 

environment. Inner ring: categories of functions microglia possess; outer ring: variants of those functions 

influenced by environmental cues.  

Created with Biorender, from163,164,78. ECM: Extracellular Matrix, FC: Immunoglobulin FC receptors, 

ROS: Reactive Oxygen Species. 

 

4.1. Surveillance 
 

Microglial cells need to be in perpetual adaptation to the changing environment to survive and 

participate to the proper brain tissue organizational level, therefore they need to monitor external 

inputs and integrate the information content of the perceived signal to build an appropriate 

response165.  All functional responses performed by microglia are thus induced following the sensing 

of an environmental change, making perception the most important one, and is initiated via the 

microglial sensome, encompassing an incredibly high number of membrane receptors (superior to a 

hundred in physiological conditions) allowing the recognition of extracellular matrix (ECM), amino 

acids, chemokines, CKs, purinergic molecules, pH divergences or even mechanical cues63,164. 
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Biosynthesis of integral membrane bound receptors starts with the induction of the mRNA coding for 

the receptor protein under the influence of transcription factors (TFs) activated from intracellular 

pathways in reaction to an environmental change. From there, the mRNA is translated into a 

polypeptide within the endoplasmic reticulum (ER) to be correctly folded and submitted to post-

transcriptional modifications (PTMs) prior to be encapsulated into secretory vesicles166. The receptor 

acquired last PTMs before being localized and inserted within the plasma membrane167. 

As it is a fastidious task to present all known microglial receptors, only few related to the responses 

developed below will be introduced here, including the purinergic receptor P2RY12, the CK receptor 

CSF1R, the chemokine receptor CX3CR1 and the PRR receptor TLR4. 

Purinergic signaling is involved in both physiology and pathology of the brain by regulating cell 

proliferation and differentiation, inflammation and neuron-microglial cells cross-talk168. Metabotropic 

P2RY12 is a seven transmembrane domains G-protein-coupled purinergic receptor specifically 

expressed by microglia within the CNS and activated through paracrine or autocrine fixation of ATP or 

CD39 ectoenzyme processed ADP169, ubiquitously secreted by all brain cell populations with variations 

of concentration in function of the environmental signal170. P2RY12 is considered a marker for 

physiological microglia and its activation leads to adaptation of microglial migration, phagocytosis and 

release of IL-6, IL-1β and TNF-α171 through activation of PI3K, ERK1/2 and ROCK signaling cascades78,172. 

Expression of microglial P2RY12 vary between sexes, through development and ageing173 and upon 

stimulation with different compounds, such as LPS or IL-4, linked to decreased and increased P2RY12 

expression, respectively174, even though the mechanism behind P2RY12 biosynthesis is not known, the 

expression of P2ry12 mRNA is thought to be under the control of multiple TFs including CEBP/B, MEF2C 

and IRF8175,176. 
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Figure 6. Proposed mechanism for P2RY12 activation and LPS-reduced biosynthesis: 

Activation of P2RY12 can be induced by ATP or ADP, emerging from conversion of ADP from the CD39 

receptor and leading to the inhibition of the adenylate cyclase thus decreasing the intracellular 

concentration of cyclic adenosine monophosphate (cAMP) indirectly inhibiting PKA. The absence of 

phosphorylation by PKA on RhoA leads to the activation of MAPK and ROCK pathways related to CK 

release172. Simultaneously, P2RY12 activation leads to the recruitment and activation of β-arrestin, able 

to activate PKA and leading to the activation of VASP, exhibiting a differential regulation of PKA that 

might be adapted to each individual situation168. In addition, β-arrestin is also activating the ERK1/2 

pathway linked to microglial phagocytosis. Finally, activation of the beta sub-unit of the P2RY12 

associated G-protein leads to the subsequent activation of PI3K pathway activating in turn Rac and AKT 

leading to microglial migration177.  

Biosynthesis proposal: LPS stimulation of TLR4 has been linked to microglial P2RY12 upregulation and 

P2yr12 mRNA is known to be under the control of IRF8 TFs175. Both events can be linked by the TLR4 

activation of TRAM, activating in turn IRFs, including IRF8178, but the causality is way more complicated 

and must be linked to others TFs regulation, even though IRF8 has been shown to be both activator and 

inhibitor of transcription, it has been proved that activated IRF8 should lead to enhanced P2RY12 

expression. 
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Created with Biorender from168,172,179,180. AC: Adenylate Cyclase, ADP: Adenosine Diphosphate, AKT: 

protein kinase B, ERK1/2: Extracellular signal-regulated kinases 1/2, MAPK: Mitogen-activated protein 

kinase 1, PI3K: Phosphoinositide 3-kinase, PKA: Protein kinase A, Rac: Rac GTPase, RhoA: Ras 

homolog family member A, ROCK: Rho-associated protein kinase, TRAM: Translocating chain-

associating membrane protein, VASP: Vasodilator-stimulated phosphoprotein. 

 

 

CSF1R is a key class III tyrosine kinase transmembrane receptor belonging to the CK superfamily of 

receptors and is essential for brain homeostasis, neurogenesis and neuronal survival181. In addition to 

endothelial cells, NPCs and some subpopulations of neurons, CSF1R is expressed by microglia and is 

crucial to induce and maintain its homeostatic identity, survival, proliferation and migration through 

its binding with neurons and astrocytes brain region specific182 secretion of CSF1 or IL-34 leading to the 

activation of PI3K, JAK-STAT and ERK1/2 signaling axis183,184. Biosynthesis of CSF1R via transcriptional 

regulation of the Csf1r gene, encoded by the proto-oncogene c-fms185 is under the control of various 

TFs, especially from the ETS family, in which can be found PU.1, well known for its major implication in 

microglial identity acquisition186. The transcriptional regulation of Csf1r has been well studied in 

macrophages and is highly complicated, emerging from a balance between activating and inhibiting 

TFs. For example, PU.1 activity can be enhanced by the presence of C/EBPβ TF that can be 

downregulated by Bach2 and Pax5 TFs and leading indirectly to downregulation of Csf1r expression 

and further biosynthesis187,188. Biologically, the microglial expression of CSF1R has been shown to be 

upregulated by stimulation with Aβ and in neuro-inflammatory diseases189, in addition, it has been 

shown to be downregulated by LPS stimulation in macrophages190 which also highlight the complexity 

of this receptor regulation since both ligands activate the TLR4191. 
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Figure 7. Proposed mechanism for CSF1R activation and β-amyloid induced biosynthesis: 

Activation of the CSF1R receptor can be achieved through the binding of CSF1 or IL-34 and leads via 

SRC phosphorylation to activation of the PI3K pathway, further activating AKT and Rac, implicated in 

microglial migration. In addition, SRC will activate the ERK1/2 pathway associated with microglial 

proliferation. Finally, the JAK-STAT pathway, implicated in microglial survival and homeostatic identity 

will also be activated.  

Biosynthesis proposal: Binding of β-amyloid on the TLR4 is known to induce an upregulation of the 

CSF1R receptor through the NFκB pathway. The transcriptional regulation of Csf1r is under the control 

of the PU.1 TF that can actually be induced by the NFκB pathway. 

Created with Biorender from191,181. JAK: Janus kinase, MEK1/2: Mitogen-activated protein kinase 

kinase, RAF: Rapidely accelerated fibrosarcoma, RAS: Rat sarcoma virus, SRC: Proto-oncogene 

tyrosine kinase, STAT: Signal transducers and activators of transcription. 
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Finally, another important physiological microglia marker is the fractalkine receptor CX3CR1, belonging 

to the superfamily of seven transmembrane domain GPCRs chemokine receptors and is linked to MAPK 

and PI3K192 signaling pathways induced by CX3CL1 constitutive secretion from neurons or occasional 

pathologically induced by astrocytes. It is worth mentioning that CX3CL1 exists in a soluble from on the 

one hand, acting as a pure chemoattractant for immune cells and inducing microglial proliferation, on 

the other hand, the membrane bound form, leading to physical interaction between neurons and 

microglia and associated with migration, survival and downregulation of inflammation193. The 

biosynthesis of CX3CR1 can be enhanced under the paracrine or autocrine stimulation with TGF-β194 

and TNF-α195, or by hypoxic condition196 through SMADs94, NFκB197 and supposedly HIF-1198 signaling 

cascades and thought to be under the control of MEF2C and KLF6 TFs176. On the contrary, the 

expression of CX3CR1 can be reduced under the stimulation of LPS or with the physiological process of 

ageing, which, interestingly, is thought to be one of the reasons behind age related-overexpression of 

IL-1β since its downregulation is maintained through CX3CR1 activated PI3K pathway148. 

 

 

Figure 8. Proposed mechanism for CX3CR1 activation and TGF-β induced biosynthesis: 

Activation of the CX3CR1 microglial receptor can be reached by the binding with soluble or membrane-

bound CX3CL1 ligand and leading to the activation of ERK and AKT pathways known for microglial 
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survival, JAK-STAT inducing the secretion of anti-inflammatory CKs and PLC pathway, increasing Ca2+ 

concentration and leading to microglial migration.  

Biosynthesis proposal: CX3CR1 is known to be enhanced by fixation of TGF-β on the TGF-β receptors 

I and II (TβRI-II) and the transcriptional regulation of Cx3cr1 is known to be under the influence of the 

MEF2C TF. As SMADs are known to be activated by TGF-β and leading to the activation of MEF2C, it 

seems to be a correlation but it has also been proved that MEF2C activation was leading the 

transcriptional repression of Cx3cr1 transcription, highlighting a missing component to this 

transcriptional regulation of CX3CR1 biosynthesis. 

Created with Biorender, from192,199,94. MEF2C: Myocyte enhancer factor 2C, PLC: Phospholipase C, 

SMAD: Mothers against decapentaplegic. 

 

 

In addition, TLR4, part of the PRR superfamily of receptors is a type I integral membrane glycoprotein 

highly expressed in microglia and astrocytes and crucial to mount an immune response when facing 

infectious challenge164. Microglial TLR4 and its main co-receptor CD14 are implicated in the recognition 

of the LPS component of Gram-negative bacteria strains and lead to both the phagocytosis of the 

bacterial compound and the secretion of pro-inflammatory chemokines and CKs such as IL-6, TNFα and 

IL-1β but also microglial pyroptosis200 through the NFκB pathway. Biosynthesis of TLR4 is enhanced by 

stimulation with BBB pro-thrombin kringle-2201, following hypoxic exposure202 or under the stimulation 

with GM-CSF203, through JNK201,  NFκB204 and ERK1/2203 signaling pathways, linked to c-Jun and PU.1 or 

HIF1 TFs204. 
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Figure 9. Proposed mechanism for TLR4 activation and GM-CSF induced biosynthesis: 

Activation of the TLR4 can be made by fixation with LPS, ultimately leading to the activation of the 

MyD88-dependent pathway activating via TAK1 the MAPK and the NFκB pathways related to pro-

inflammatory CKs release, but also the induction of NLRP3 and pro-IL-1β genes, leading to microglial 

pyroptosis. TLR4 activation via LPS also leads to the induction of the MyD88 independent pathways 

characterized by TRAM activation of IRFs and linked to endocytosis and phagocytosis of the TLR4.  

Biosynthesis proposal: It is known that TLR4 is upregulated following the binding of GM-CSF on CD116 

and that Tlr4 expression is under the control of c-Jun TF. The two events can be linked by the known 

activation of c-Jun through the ERK1/2 pathway activated by GM-CSF. 

Created with Biorender, from205,206,207. GM-CSF: Granulocyte-macrophage colony-stimulating factor, 

IRAK: IL-1R associated kinase, IRF: Interferon regulatory factor, NFκB: Nuclear factor kappa-light-chain-

enhancer of activated B cells, TRAF3: TNF receptor associated factor 3, TRIF: TIR domain containing 

adaptor molecule 1. 

 

 

As displayed here, it is important to note that microglial sensome constitution evolve under the 

influence of other receptors’ activation and biosynthesis and, because of the considerable amount of 

receptors present on microglial membrane and the possible interactions and counter-activations 

between them (as the one from TLR4 and TREM2, for instance208), the impact on microglial perception 
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is obviously major but difficult to target and need further investigation. Thus, the microglial sensome 

change in various environmental conditions including sex, localization and age. Indeed, healthy ageing 

is characterized by an evolution of the microglial sensome in a specific manner, expression of receptors 

for phagocytosis (CD14, CD11b, CD68) stay unchanged, whereas purinergic receptors (P2RY12 and 

P2RY13) are decreasing, suggesting an adaptative strategy to avoid an overly inflammatory reaction to 

a large amount of ATP release by normal increase in cell death while keeping an intact clearance 

activity63. It is therefore needed to be aware of such sensome modifications leading to drastic changes 

in microglial behavior, as the one observed in ageing where the dysregulation of microglia leading to 

detrimental CNS responses could, in part, be led by misperception of the environmental cues. 

Once the signals are received, microglia integrate and decode the informations gathered from the 

sensome about the state of the environment and initiate a set of pertinent responses to re-equilibrate 

the brain homeostasis. 

 

4.2. Self-maintenance 

 

As shown previously, physiological microglial cells population dynamics are independent of peripheral 

myeloid cell recruitment, under the control of a low turnover rate and self-renewal mechanisms and 

confering a long lifespan to individual microglial cells209.  

As microglia monitor a specific parenchymal area in a given localization and need to be rapidly 

mobilized in case of an alteration of homeostasis, the efficiency of their responses to any stimulus also 

rely on the density of the population210. An oversized microglial population can be responsible for an 

excessive reactivity facing a minor challenge, leading to deleterious effects on the CNS, whereas an 

undersized population leaving territories unsupervised can lead to the spreading of an injurious 

stimulus within the CNS211. 

Homeostatic density of microglia is achieved by a balance between proliferation and situation specific 

types of cell death, such as apoptosis, ferroptosis, necroptosis and pyroptosis, induced by stimulation 

of the microglial sensome209,210. 

In physiological conditions from neurodevelopment to adulthood, microglial proliferation is controlled 

by the CSF1R receptor, which can be activated by the two independent ligands CSF1 and IL-34181,183. 

Even though the entire signaling cascade has not been explored in microglial cells, it is known that both 

ligands binding with CSF1R leads to its dimerization and activates the PI3K/Akt and PKC signaling 

pathways, further activating the transcription factors STAT3, Jun and Fos212 respectively, most likely 
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leading to the active transcription of proliferative and anti-apoptotic target genes, such as C-Myc, 

CyclinD1, Bcl-2 and Bcl-xL213. 

Microglia is also able to proliferate under stimulation from an homeostatic dysbalance, mostly through 

the same signaling PI3K/Akt and/or PKC pathways activation differentially induced by the binding of 

microglial TREM2 with  Aβ214, CCR2 with CCL2215 or mIL6R with IL-6216, amongst many others210. 

 

 

Figure 10. Illustration of possible signaling cascades underlying microglial proliferation:  

The two major signaling pathways responsible for microglial proliferation are ERK1/2 and AKT, which 

can be activated by PKC and PI3K, respectively. In microglia, PI3K can be induced through different 

sets of kinases, such as JAK, SYK or SRC via stimulation with IL-6, Aβ or CSF1/IL-34. The ERK1/2 

pathway activation can be achieved by the PKC via IL34/CSF1 binding. 

Created with Biorender from214,217,216. GP130: Glycoprotein 130, SYK: Spleen tyrosine kinase, PKC-ε: 
Protein kinase C epsilon. 
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Following physiological proliferation and the increase of the population density, an equilibrium is 

reached by the apoptosis programmed cell death of superfluous microglial cells via the caspases 

cascade218. Apoptotic cell death is induced by the controlled dismantlement of intracellular 

components to avoid inflammation by a highly coordinated cascade of zymogens activation, leading to 

chromatin condensation, nuclear fragmentation and cytoplasmic membrane blebbing219. The 

apoptotic caspases activation pathway can be initiated via an intrinsic route dependent of 

mitochondria and relative to internal stress, or extrinsic one dependent of membrane receptors and 

related to external stress signaling220.  

On the one hand, the intrinsic caspase activation starts with the activation of pro-aptoptotic enzymes 

Bak and Bax, inactivating anti-apoptotic ones Bcl-2 and Bcl-xL and leading to the disruption of the 

mitochondrial outer membrane and release of cytochrome-c into the cytosol for constitution of the 

apoptosome that, in turn, activates the caspases 9, 3, 6 and 7, cleaving cellular components ultimately 

leading to cell death. On the other hand, the extrinsic caspase activation is initiated by ligand binding 

on surface receptors such as the TNF receptor family, leading to the activation of the caspases 8 and 

10 further activating the caspases 3, 6 and 7 following the same outcomes as the intrinsic pathway221. 

The transcriptional regulation of pro- and anti-apoptotic genes have not been elucidated in microglia 

but has been explored in various types of cells and showed to be under the control of various TFs such 

as p53, NFκB, IRFs and STATs222. For instance, anti-apoptotic gene Bcl-2 has been proved to be 

transcriptionally activated by NFκB binding via TNFα223 and, in the same manner, the pro-apoptotic 

gene Bak has been shown to be activated by p53224. It would be interesting to know the transcriptional 

machinery orchestrating microglial apoptosis. 

The underlying mechanism of homeostatic microglial apoptosis is unknown but thought to be related 

to the cell contact inhibition required from microglial optimum density within a dedicated space that 

could be induced by the binding of Fas to Faslg, both expressed by microglia225 and able to activate 

apoptotic signaling pathway via the activation of the caspase 8. 

However, following an injury-related proliferation, baseline microglial density can be attained by 

stimulation of the microglial sensome towards apoptosis, through activation of the caspases cascade 

induced by TLR4, for example226. Interestingly, necroptosis; which is a form of necrotic cell death led 

by a rupture of the cellular membrane and release of cellular components227; can also be induced by 

the TLR4 activation of RIPK3 and MLKL, leading to the permeabilization of the membrane228. Moreover, 

ferroptosis is a form of non-apoptotic programmed cell death characterized by mitochondrial 

shrinkage and dependent on iron and lipid metabolisms229 can be triggered in microglia by increased 

iNOS intracellular levels known to be upregulated in pro-inflammatory conditions230. In addition, 
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microglia can be subjected to a last form of cell death accompanied with inflammation named 

pyroptosis, characterized by plasma membrane rupture and release of pro-inflammatory CKs (IL-1β, 

IL-18)231 and triggered by PRRs signaling227. 

 

 

Figure 11. Illustration of possible signaling cascades underlying microglial cell death: 

Different forms of cell death can be triggered in microglia, the tolerogenic apoptosis via Caspase 3 

action, stimulated by the activation of the Fas and the TLR4 receptors; and the immunogenic 

necroptosis, ferroptosis and pyroptosis activated by different pro-inflammatory stimulations.  

Created with Biorender from232,233. DAMP: Damage-associated molecular pattern, FADD: Fas-

associated protein with death domain, GSDMD: Gasdermin D, iNOS: inductible nitric oxide synthase, 

MLKL: Mixed lineage kinase domain-like pseudokinase, NLRP3: NOD-like receptor family, pyrin domain 

containing 3, PAMP: Pathogen-associated molecular pattern, RIPK1/3: Receptor-interacting protein 

kinase 1/3. 
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The lack of experimental data on microglial turnover in health and diseases makes the exact molecular 

triggering signals, pathways and actors speculative but as similar mechanisms are well-known in cancer 

and immunity, transcriptomic reshuffles are obviously implicated. 

 

4.3. Motility 

 

As evoked previously, microglial cells are both highly motile and mobile with the capacity to follow 

chemotactic gradients on long paths, migrate locally or simply move their protrusions in the 

microenvironment234. In the physiological adult mouse brain, microglial surveillance is made possible 

by the constant isotropic extension, retraction and movement of the processes without change in the 

soma localization, in a process named “baseline motility”235. When in baseline motility mode, 

microglial processes browse their surroundings with a velocity from 2.5 to 4 μm/minute and can cover 

60 μm of parenchyma around them. On the contrary, the “directed motility”236 of microglia consists in 

the anisotropic and targeted extension of processes towards a chemotactic gradient with movement 

of the soma going up to 80 μm away. In microglia, these two forms of motility are mutually exclusive 

and are governed by complex changes in actin cytoskeleton remodeling correspondingly to the 

stimulation perceived through the sensome234. 

The cytoskeleton is a highly versatile structure implicated in a myriad of physiological cellular 

processes, such as endocytosis, intracellular transport, adaptation of cell morphology and motility, 

amongst others. Composed of a network of microfilaments of actin, tubulin based microtubules and 

cell dependent specific intermediate filaments, the cytoskeleton dynamically assembles and dis-

assembles the components of each filament and modulates the interconnections between them to 

confer to the cell a high level of adaptability237. Since microglial inner cytoplasmic membrane is covered 

by a thick layer of actin and the cytoplasm is occupied with an abundant three dimensional actin 

network, the most studied part of microglial cytoskeleton reorganization is the one dependent on actin 

remodeling (AR)235. AR is guided by a perpetual cycle of polymerization/depolymerization between 

monomeric globular actin (G-actin) and filamentous actin (F-actin) that can further be branched 

together through the Arp2/3 complex to build distinctive functional structures. In microglia, such 

structures are coined as the lamellipodia238, behind the leading edge of the membrane, the filopodia239 

constituting the foremost protrusions and, the uropod 240 at the rear of the cell. In motility, lamellipodia 

and filopodia lead the movement toward, whereas the uropod pulls the rest of the cell.  
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Briefly, microglial coronin-1 (CORO1A) with an high affinity for F-actin, recruits the Arp2/3 complex 

near the end of a filament and leads to the addition of cytoplasmic available G-actin to elongated it in 

an ATP dependent manner241. The crosslinking protein Ionizied calcium-binding adapter molecule 1 

(Iba1) bounds F-actin together to form parallel actin bundles necessary for the shape elaboration of 

lamellipodia and filopodia242. The disassembly of F-actin towards G-actin to constantly reshape the 

actin cytoskeleton and allow the cell to move, is done by cofilin 1 (CFL1)243. 

The mechanistic processes behind both microglial baseline and directed motilities are still unknown, 

but thought to be under the control of environmental ATP release, microglial G protein-coupled 

purinergic receptor P2RY12 and the two-pore-domain halothane-inhibited K+ channel subfamily K 

member 13 (KCNK13 or THIK-1)35.  

In the case of baseline motility, relying only in slight movements of protrusions, the source of ATP, 

diffused and at a low concentration emerges from astrocytes and the stimulation of THIK-1 is required, 

while P2RY12 activation is not mandatory. Since Knock-out (KO) of P2RY12 does not annihilate baseline 

motility, another mechanism is known to exist but has not been discovered yet. CX3CR1, which 

signaling leads to change in AR244, is thought to be a good candidate since its KO lead to a 30% reduction 

of microglial basal motility245. 

On the contrary, directed motility, consisting in the formation of motion directed protrusions, adhesion 

to the substrate at front and loss on the rear of the cell followed by rear retraction237, arises principally 

through the lamellipodium, by cell front Arp2/3 polymerization and cell rear CFL1 actin 

depolymerization246. Microglial directed motility is induced by high local ATP concentration released 

by neuronal distress, bound on P2RY12 and potentialized by THIK-1 activation, even though the latter 

is, in that case, dispensable. 

It is known that binding of ATP to microglial P2RY12 leads to changes in the polymerization of actin 

filaments, increase of microglial motility and expression of ECM interacting CD11b adhesion 

molecules234 but the signaling pathways implicated have not been explored in microglial cells. 

Nevertheless, it is established that stimulation of P2RY12 leads to the activation of the PI3K signaling 

cascade, further activating Akt and small Rho GTPase Rac, creating a loop of positive reinforcement of 

actin polymerization through the activation of the Arp2/3 complex168. Interestingly, activation of the 

candidate CX3CR1 for baseline motility regulation also leads to the activation of PI3K signaling 

pathway.  

Such a complex and dynamic mechanisms require de novo synthesis of G-actin, together with 

crosslinking proteins, and therefore, a mechanism indicating the cytoplasmic polymerization status to 

the nuclear genome. Myocardin-related transcription factor (MRTF), activated by the absence of G-
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actin, translocates to the nucleus and activates in turn the serum response factor (SRF), a nuclear TF 

targeting the expression of cytoskeletal genes, such as ACT, ARP2 or ARP3. In absence of actin 

polymerization or increase of actin depolymerization, free G-actin binds to MRTF and inhibits its 

translocation to the nucleus247,248. 

 

 

Figure 12. Molecular mechanisms behind microglial motility: 

Two different modes of movement exist in microglia, on the top panel, the baseline motility (red arrows) 

modulated principally by the activation of THIK-1 that could, in theory, leads to changes in membrane 

potentialization and modulations of Na2+ and Cl- concentrations, capable of activating the VASP and 

WASP cytoskeleton remodeling proteins. On the bottom panel, the directed motility (red arrow indicating 

the direction of movement) which is thought to be induced by the P2RY12 activation modulating 

downstream AKT pathway and leading to the activation of the Arp2/3 complex at the lamellipodia and, 

probably via changes in G-actin concentrations at the uropod, the activation of the CLF1. 

Created with Biorender from249,250,251. Arp2/3: Actin related protein 2/3 complex, CFL1: Cofilin, Coro1A: 

Coronin-1A, THIK-1: Two pore domain halothane-inhibited K+, VASP: Vasodilator-stimulated 

phosphoprotein, WASP: Wiskott-Aldrich syndrome protein. 
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Further research is needed to unravel the complex machinery behind microglia motility but it is 

obviously orchestrated by fine tune molecular signaling pathways sensitive to local external gradients 

and thus, associated with gene expression regulation by TFs binding. 

 

4.4. Secretion 

 

Secretomics is one of the most important parameter of microglial function, allowing both effector 

capacities and communication with other cellular actors of the brain environment, but as large-scale 

proteomics studies of microglia are lacking, the entire secretome is still not complete.  

However, as displayed previously, a lot of studies has been done over the years, gradually revealing an 

incredibly large panel of possible secretory products by microglial cell in physiological and pathological 

conditions252,253,254. Indeed, between 155255 and 4938256 different proteins have been identified in 

murine microglial cells supernatants and, amongst all of them, the most studied has been CKs; 

encompassing interleukins (IL-1 family, IL-6, IL-4, IL-13), chemokines (CX3CL1, MIPs, MCPs), growth 

factors (TGF-β, EGF, FGF), tumor necrosis factors (TNFα, -β), interferons (IFN-α, -β, -ɣ), colony-

stimulating factors (G-CSF, M-CSF, GM-CSF), neurotrophins (BDNF, NGF, GDNF) and neuropoetins (LIF, 

CNTF, OM)253. Nonetheless, amino acids (L-glutamate), metabolites (prostaglandin E2, quinolinic acid), 

ROS and RNS (hydrogen peroxide, hydroxyl radical, peroxynitrite), enzymes (cathepsins, 

metalloproteinases), DAMPs (amyloid β) and phospholipids secretions (platelet activating factor) have 

also been linked to microglial physiology257. This non-exhaustive list of microglial secretory products 

already highlights the possible responses initiated by microglia to interact with its surroundings and is 

actually even more enhanced as a consequence of the pleotropic nature of those secretions and the 

possible combinations of them induced by different environmental settings258. 

CKs constitute a group of more than 300 soluble pleiotropic glycoproteins that can act synergistically 

or antagonistically to regulate innate and adaptive immune responses, inflammatory status of the 

tissue and modulate cell growth, differentiation and motility of diverse cell types254. Within the CNS, 

microglia produce various types of CKs in response to stimulation of their sensome to initiate an 

effector response or a communication with neurons, glial cells or peripheral immune cells259. 

Classically, the response induced in other cells by microglial CK secretion is made via the high affinity 

binding of the CK to its matching receptor leading to activation of downstream signaling pathways and 

TFs activation to modulate target genes expression, thus influencing the biological functioning of the 

targeted cell253. 
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As it is arduous to review all microglial CK mechanisms and as it appears to be central to microglial 

communication in CNS physiology along lifespan, only the mechanism of action behind microglial 

secretion of IL-6, the most pleiotropic CKs in mammals260 will be presented here.  

Interleukins (ILs) were the first CKs ever studied and as their denomination suggests, they were firstly 

observed in the process of communication between leukocytes but were quickly found to be crucial to 

various range of other body cells functioning. Around 40 different ILs exist which can be pro-, anti-

inflammatory or both, can act in paracrine or autocrine fashion and, are involved in cellular growth 

and differentiation, together with the modulation of the inflammatory status of the tissue261.  

IL-6 is a multifunctional CK displaying both pro- and anti- inflammatory effects, that can be partly 

explained by its receptor configuration assembly, arising from either the membrane bound mIL-6R, the 

soluble sIL-6R, characteristically inducing a cis- or trans-signaling cascade, respectively262. In addition, 

synergistic activation of both mIL-6R and sIL-6R activates a so called cluster signaling of IL-6. Both 

receptors, activated by IL-6 binding leads to the induction of the JAK/STAT and MAPK signaling 

pathways via β-subunit gp130, but the intensity between the two signaling pathways differs and leads 

to biological differences, the trans-signaling pathway inducing a pro-inflammatory response as 

compared to the cis-signaling pathway. The reason is thought to be related to the capacity of mIL-6R 

to be internalized upon binding, thus leading to a decrease in stimulation of the pathway compared to 

the one induced by sIL-6R, revealing another level of complexity in biological responses to CKs263. 

Within the CNS, IL-6 levels are constitutively low in physiological condition but play an important role 

in the establishment and maintenance of neuronal and synaptic homeostasis, as well as immune 

related roles when facing a CNS injury264. All glial cells and neurons can be receptive to IL-6 because of 

their ability to express IL-6 receptors and gp130 and, IL-6 itself can be produced by astrocytes, 

microglia and even neurons under rare circumstances265.  

Microglial cells secretion of IL-6 can be stimulated by TLR4 activation under LPS stimulation in 

pathogen infections266, VEGF-R stimulation from NPCs VEGF secretion in neurodevelopment267, and 

even by exogenous IL-6 binding on microglial IL-6 receptors in various conditions268, amongst many 

others.  

The case of the TLR4 induced IL-6 production is actually fascinating, exhibiting different degrees of 

regulatory feedbacks still unraveled totally today269,270. Briefly, fixation of LPS on the TLR4 leads to the 

activation of the NFκB TF, initiating the transcription of the Il6 mRNA first into the endoplasmic 

reticulum followed by maturation in the Golgi apparatus. The nascent endogenous IL-6 peptide is then 

encapsulated and transported near the plasma membrane via endosome transport and, under the 

action of SNAREs proteins, released into the extracellular compartment271 from which it will 
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autocrinally stimulates the mIL-6R, leading to the activation of the JAK/STAT pathway and leading the 

translation of Il6 mRNA through STAT3. However, the signaling pathway initiated by LPS binding will 

also lead to the expression of SOCS3, inhibiting the de novo synthesis of IL-6 by interacting with the 

transcription factor STAT3, highlighting a very tangled positive and negative transcriptional feedback 

mechanism of IL-6 production272. 

 

Figure 13. Molecular mechanisms behind IL-6 secretion in microglia: 

IL-6 CK secretion in microglia is a good example for the complexity of the molecular mechanisms behind 

this function. Stimulation of the TLR4 with LPS leads to the activation of the NFκB TF which targets the 

Il6 gene and leads to its transcription. The mRNA of Il6 will then be translated into protein and secreted 

through exocytosis. However, IL-6 is capable of autocrinally stimulating the IL-6 receptors (soluble or 

membrane bound) known to be present on the surface of microglial cells, thus leading to the activation 

of the JAK/STAT signaling cascade and leading to the activation of the STAT3 TFs also targeting the 

Il6 gene. In parallel, the activation of the TLR4 by LPS leads to the activation of the ERK1/2 pathway, 

leading to activation of SOCS3, able to inhibit STAT3. 

Created with Biorender, from273,274,275. IKK: inhibitor of NFκB kinase, mIL-6R: membrane bound IL-6 

receptor, sIL-6R: soluble IL-6 receptor, SOCS3: Suppressor of cytokine signaling 3. 
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It is obvious that the production of CKs by microglia requires a plethora of de novo proteins for 

signaling, trafficking, maturation and release of such compounds, that can only be realized from a 

highly dynamic transcriptional machinery further highlighted by the vast combination possible of CKs 

production at a given time271,276. 

 

4.5. Phagocytosis 

 

Phagocytosis, the process by which cells engulf and degrade organisms or structures ranging from 

hundred of nanometers to tens of micrometers, is the first line of immune defense together with 

inflammation, but as highlighted previously, microglial phagocytosis, in addition to annihilate 

pathogens, also serves the purposes of neuronal networks wiring and maintenance along with overall 

clearing of potential cytotoxic debris and apoptotic cells, revealing a huge adaptability within the 

phagocytic process78. 

The general mechanism of phagocytosis starts with the binding of a stimulating ligand on a matching 

receptor presents on the surface of microglial membrane and inducing the internalization of the ligand 

into an early phagosome, maturing into a late phagosome merging with a lysosome to form a 

phagolysosome dissolving the stimulatory compound into small peptides. 

Even though the exact molecular mechanisms of microglial phagocytic function have not been totally 

assessed until now, a large amount of data in both microglia and macrophages makes it in principle 

easy to draw a conclusion about the related functional regulation.  

Following the sensing of a target to phagocyte through binding of ATP or CX3CL1 on P2R12 or CX3CR1, 

so called “find-me signal”, microglia chemotactically reach the target and via receptor-ligand 

interaction, make direct cell membrane contact to initiate the phagocytic process277.  

The repertoire of receptor-ligand leading to engulfment of the cargo is called “eat-me signal” and can 

be classified in two groups, the ones responsible for the engulfment of PAMPs, realized through TLRs 

and associated SRs such as the TLR4/CD14278 and the ones involved in the process of apoptotic cells-

associated cellular patterns (ACAMPs) related mostly to the recognition of phosphatidylserine by 

phosphatidyl receptors279, but also able to trigger TREM2. It has to be noted that the definition of 

engulfment receptors and phagocytosis-initiation contributing receptors is still not clear and for the 

purpose of clarity, receptors presented here will be classified as engulfment receptors.  
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To avoid unintentional ingestion of healthy elements, “eat-me signals” are balanced by the opposite 

repertoire, expressed by healthy cells and named “don’t-eat-me signals” in which are found CD47 

binding on microglial SIRPα280, PS and lipids on CD300a or glycans on Siglec family of receptors281. 

As microglia are exposed to various type of cargo, it is not surprising to find a vast amount of different 

engulfment receptors, targeting live neurons, myelin debris, synapses, lipids or ECM100,282,122. In 

addition, secreted molecules like complement proteins or antibodies can opsonize targets and be 

recognized by microglial surface receptors to initiate phagocytosis, as it is the case for C1q opsonins 

on C3R microglial receptors283. 

This initiation step leads to the formation of a phagocytic synapse284, a highly elaborated structure 

composed of a myriad of receptor clusters, dynamically formed by actin reorganization (elegantly 

reviewed by285) specifically congregating together intracellular kinases and small GTPases and 

excluding phosphatases to avoid hampering of the phosphorylating signal286. This spatial organization 

further induces, via phosphorylation of downstream effector molecules, both the formation of the 

phagocytic cup to physically engulf the cargo as well as the activation of intraphagocyte signaling 

pathways for further processing and parallel adapted extracellular responses287. 

Briefly, within the initiated phagocytic synapse, activation by ligand binding of TREM2 and co-activator 

DAP12, TLR4 and CD14 and C3R all lead to the activation of the kinase SYK, activating in turn CRKII, 

DOCK180 and ELMO then Rac towards the Arp2/3 complex actin remodeling288. In parallel, SYK can 

also activate Arp2/3 through the signaling cascade NCK/CDC42/WASP, further acting towards the 

cytoskeleton modulation required for the elongation of microglial processes forming and closing the 

phagocytic cup around the cargo289. In addition, SYK activates the PI3K signalling pathway leading to 

the accumulation of activated kinases and regulating the activation state of PKC, ERK1/2 and MAPK 

signaling cascade within the phagocytic cup290. 

Closure of the phagocytic cup form the phagosome, a membrane bound compartment isolating the 

structure to degrade within the phagocytic cell that mature following sequential fusions with early 

then late endosomes and finally lysosome in order to obtain the essential proteins and reach the 

optimal pH for successful degradation of the cargo291. 

The first step of phagosome maturation is constituted by its fusion with an early endosome forming 

the early phagosome characterized by a mild acidic pH of 6.1 and carrier of important proteins such as 

Ras-associated binding GTPases, proton pumping vacuolar ATPases (vATPases), as well as inactive 

hydrolases and proteases. In a nutshell, early endosome expressing the GTPase Rab5 activates Vsp34 

leading to the activation of PI3K, further recruiting early endosomal antigen 1 (EEA1) guiding the 
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tethering between the early phagosome and the early endosome, then recruiting SNAREs proteins to 

strengthen the docking and leading to the membranes’ fusion.  

In a similar manner, the early phagosome next fuses with a late endosome through Rab7 and SNAREs 

proteins tethering system and acquires additional hydrolases, cathepsins and lysosome-associated 

proteins (LAMPs), to give rise to a late phagosome characterized by an increased number of vATPase 

enhancing the intra-phagosome pH to 5.5.  

Finally, the late phagosome, bound to microtubules via Rab7, fuses with a lysosome containing up to 

60 acid hydrolases and characterized by a pH of 4.5 allowing the activation of pH dependent 

glycosidases, DNAses, proteases and lipases within the phagolysosome to efficiently annihilate its 

content292,78,287.  

The transcriptional regulation of phagocytosis in general has not been study in depth but is already 

known to encompass the transcriptional control of membrane biosynthesis through transcription of 

Ldlr, Pparg and Gpat genes under the control of the TFs SREBP-1α and SREBP-2293 and cytoskeleton 

remodeling through the expression of Act, Arp2 and Arp3 genes via the TF SRF294,248. In addition, the 

lysosomal modulation of Lamp1, Hexb and ATP6V1H genes through the TF TFEB295 and the different 

components of each induced phagocytic pathways. For instance, complement molecules gene C1qa  

via TFs PPARɣ and RXRα or some engulfment receptors genes Cd36, Mertk and Axl with LXR/RXR TFs296. 

 

 
Figure 14. Molecular mechanisms orchestrating microglial TLR4 induced-phagocytic function: 

Under stimulation of the TLR4, the actin remodeling complex Arp2/3 and WASP will be activated via the 

SYK kinase. The accumulation of phosphorylation will lead to the exclusion of the phosphatases, such 

as CD45, from the phagocytic synapse. The accumulation of the PIP3 produced by the previous 
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activation of the PI3K signaling pathway will in turn activates Rho GTPases activating proteins (GAPs) 

inhibiting the Arp2/3 complex and allowing the closure of the phagocytic cup in the phagosome 

conformation. The phagosome will fusion with a serie of endosomes containing increased vATPases 

and inactivated proteases and hydrolases, leading to the degradation of the cargo. 

Created with Biorender from297,298,299. CD45: Cluster of differentiation 45, CDC42: Cell division protein 

42 homolog, CRKII: Crk adaptor protein II, EEA1: Early endosome antigen 1, ELMO: Engulfment and 

cell motility, NCK: Nck adaptor protein 1, PIP3: Phosphatidylinositol (3,4,5)-trisphosphate, Rab5/7: Ras-

related protein in brain 5/7, vATPase: vacuolar type ATPase. 

 

 

Phagocytosis is obviously a very complicated process requiring a considerable amount of de novo 

proteins synthesis300 for the mechanism in itself but, in addition, it is worth mentioning that the 

differential engulfment receptors leads to activation of other signaling cascades, thus leading to 

diverse responses accompanying microglial phagocytosis. For example, TREM2 activation leads to a 

non-inflammatory external response whereas TLR4 induced phagocytosis process is characterized by 

an inflammatory rush301, increasing the potential features adopted by this function according to 

environmental cues302 and revealing a highly selective transcriptional plasticity.  

 

4.6. Potential antigen presentation 

 

In addition, one of the most important function of innate immune cells is the presentation of antigens 

to lymphocytes in order to launch an adaptive immune response. Such a function requires the 

interaction between the T-Cell Receptor and MHC I/II bound with processed antigens from 

phagocytosis of foreign entities exposed on the surface of antigen-presenting cells67,303.  

The presence of the BBB composed of endothelial cells and astrocytes limiting the circulation of 

leukocytes and immune mediators within the CNS gave rise in the 1920s to the notion of “immune 

privilege” for the brain parenchyma, characterized by the absence of adaptive immune response and 

low expression level of MHC I and II molecules304. However, the discovery of CNS draining lymphatic 

vessels have led to the reassessment of this privileged status of the brain305 and the reconsideration 

of the long asked question on microglial antigenic presentation capacities.  

Initially, it was observed that under certain inflammatory conditions, microglial cells displayed an 

increased expression of MHC II proteins but antigen presentation remains weak or absent, making it 
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difficult to know for sure if microglia is able to present antigens on their surface to directly initiate an 

adaptive immune response306. One of the hypothesis states that the increase in MHC II expression is 

not sufficient to induce antigenic presentation since the expression of necessary co-stimulators CD80 

and CD86 remains low307. Instead, it is thought that microglia could recruit and prime professional CNS 

antigenic presenting cells, as dendritic cells or infiltrating monocytes derived macrophages, to interact 

with CD4+ lymphocytes outside of the brain parenchyma308. Until now, there is no proof for direct 

antigen presentation by microglial MHC II to CD4+ T-cells in vivo, but this hypothesis is still considered 

(reviewed by309). 

 

 

Figure 15. Microglial functional plasticity is linked to a multitude of TF regulation: 

To summarize the previous part on microglial functional plasticity, this scheme presents a small fraction 

of the underlying TFs orchestrating microglial behavior, already highlighting the necessity of highly 

dynamic chromatin to adapt microglial cell to the environment. 

Created with Biorender. C/EBP:CCAAT-enhancer-binding protein, IRF: Interferon regulatory factor, 

MEF2C: Myocyte-specific enhancer factor 2C, MRTF: Myocardin-related transcription factor, NFκB: 

Nuclear factor kappa-light-chain-enhancer of activated B cells, PPARγ: Peroxisome proliferator-

activated receptor gamma, RXR: Retinoid X receptor, SMAD: Mothers against decapentaplegic, SOCS: 

Suppressor of CK signaling, SRF: Serum response factor, STAT: Signal transcducer and activator of 

transcription, TFEB: Transcription factor EB. 
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Considering the large amount of roles realized by microglial cells, the amount of possible combinations 

of function and the delicate and dynamic environment that the CNS is, it is incredibly clear that 

microglial cells are capable of displaying a high functional plasticity310. Even with the evident lack of 

knowledge concerning the underlying molecular mechanism, it appears obvious that multitude of TFs 

and downstream target genes are implicated in such functional plasticity, further demonstrated by the 

incredible heterogeneity within the microglial cell populations311. 

 

5. Microglial heterogeneity and classification 

 

The heterogeneity regarding morphology, secretomic profiles312 and surface markers313 has been 

noticed for a long time but was further emphasized by an obvious functional heterogeneity of microglia 

facing different in vitro stimulations314, in vivo in different brains regions33 , between sexes315 or in 

accordance with development, ageing and disease conditions316. The myriad of microglial phenotypes 

made challenging the attempts from the scientific community to define universal microglial behaviors 

and ultimately highlighted the need for a strong classification system with a standardized microglial 

nomenclature317. 

 

5.1. The M1/M2 paradigm 

 

Facing the multitude of microglial phenotypes and functionalities, researchers have tried to create a 

classification of distinct models of microglial reactivity to unravel mechanisms of action in defined 

conditions of physiology and diseases. The M1-M2 classification was elaborated from macrophages 

polarization biology and based on cellular characteristics upon stimulation with a specific compound318 

itself inspired by the lymphocytes Th1 and Th2 concept319. Indeed, Th1 CK IFN-ɣ has been linked to the 

initiation of a specific phenotype in macrophages named the M1 and characterized by pro-

inflammatory features, whereas the Th2 CK IL-4 has been linked to an anti-inflammatory phenotype in 

macrophages named the M2. Once the polarization is induced, morphological and functional features 

were measured to build the M1/M2 macrophage paradigm and, as described as the macrophages of 

the brain, the concept was ultimately extended to microglia320. 

Originally, the M1/M2 classification stated that microglial cell reactivity could be defined as either 

quiescent (M0), neurotoxic (M1) or neuroprotective (M2). But quickly different shades of M2 

phenotypes appeared (M2a, M2b and M2c), to finally become a spectrum of activation between the 
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M1 and the M2 phenotype321. Even with this evolution in the classification, the dichotomic view of 

microglial polarization remained in the microglial research field and has only starting to be abandoned 

recently322.  

As stated by the M1/M2 paradigm, M0 phenotype was initially describing a quiescent microglial state, 

regarded as inactive, before being re-evaluated as surveying, in which microglia is characterized by an 

homeostatic signature and an elongated morphology with numerous ramified processes moving along 

the dedicated parenchymal space allocated to each microglial cell to react to any disturbance323. 

On one side of the spectrum, M1 phenotype could be obtained by exposing microglia to an acute 

inflammatory environment, mimicked in vitro by stimulation with LPS and/or IFN-ɣ324. This phenotype 

should be defined by a morphological change towards an amoeboid phenotype, characterized by an 

enlarged soma and a decrease in processes numbers and length325. It should be associated with a 

change in transcriptomics expression and secretome composition towards a release of pro-

inflammatory CKs and chemokines (TNFα, IL-6, IL-1β…) and should lead to phagocytosis of pathogens. 

This phenotype is related to cytotoxicity of microglia and was linked with neurodegenerative diseases, 

such as Alzheimer’s disease (AD)326 or Parkinson’s disease (PD)327, both being characterized by an 

overly active microglia and a failure to resolute inflammation.  

On the other side of the spectrum, the M2 phenotype could be observed after exposure of microglia 

to IL-4 and/or IL-13324, and should exhibit a very small soma with long and thin processes325, 

transcriptome and secretome composition towards the secretion of anti-inflammatory CKs99, 

neurotrophic and angiogenic mediators (VEGF, TGFβ, BDNF…)328 and should lead to phagocytosis of 

cellular debris and apoptotic cells. This phenotype is thought to be implicated in the development and 

progression of brain tumors in which microglial cells adopt a pro-tumor phenotype characterized by 

the production of the CKs cited above and failure to eliminate cancer cells329.  
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Figure 16. The microglial M1/M2 paradigm in vitro: 

Schematic representation of the principal characteristics of the M1/M2 paradigm in microglial biology. 

Right panel: The M2 or anti-inflammatory end of microglial activation spectrum, middle panel: the M0 or 

homeostatic microglia, left panel: M1 or pro-inflammatory. (A) Secretome, (B) membrane markers, (C) 

transcription factors (D) and target genes, (E) Roles. 

Created with Biorender, from330,324,331. CD: Cluster of differentiation, FCRLS: Fc receptor-like molecule, 

NO: Nitric Oxide, SIGLECH: Sialic-acid-binding immunoglobulin-like lectin H, TMEM119: 

Transmembrane protein 119, YM1: CHIL3, chitinase-like protein 3. 

 
 

The fact that microglial functional plasticity is linked to signaling pathways modulation and TFs 

regulation suggests very complex and fine-tuned transcriptional dynamics that needed to be explored 

and included in the M1/M2 classification system. 

At the era of transcriptomics, after identifying a core microglial transcriptional identity in comparison 

to other tissue macrophages224 and other CNS myeloid cells; such as perivascular, choroid-plexus and 

meningeal macrophages together with engrafted monocytes and macrophages, such as Tmem119, 

P2ry12 and Hexb332,43,333, studies started to reveal that the combination of transcriptional signatures 

within any microglial population was gigantic.  
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Indeed, different transcriptomic-based clusters of microglial subsets have been explored and exhibit 

divergences regarding the species334, the sex335, the age336, the physiological status of the individual337 

and the cellular localization within the CNS338, but also regarding microbiome constitution and 

exposure to environmental changes339. Thus, the plasticity of microglia, exemplified by a high amount 

of subsets in relation to local and global environment, is observed not only on the morphological, 

proteomic or functional level but also on the transcriptional one, rendering the classification of 

microglia difficult.  

Concerning the M1/M2 classification, comparison study between different transcriptomic datasets of 

induced M1/M2 microglia phenotypes independently generated revealed that only few genes were 

overlapping, highlighting the inadequacy of this classification system340. In addition, when the M1/M2 

paradigm is applied to a specific physiological or pathological momentum, only few characteristics are 

matching between what is observed and the extreme polarizations present within the classification, 

both M1 and M2 markers being found within microglial subpopulations341. Finally, witnessing different 

context dependent molecular profiles of microglia does not imply a relationship to functionality, the 

only feature of microglia being important for development of therapies targeting microglia 

reprogramming in diverse diseases, thus needing a new innovative method of classification and 

comparison. 

Establishing an adequate classification is a major requirement to find distinct microglial responses 

patterns and the underlying mechanisms orchestrating the functions and dysfunctions that can be 

further manipulated for therapeutic purposes.  

To build such an efficient classification, researchers recently decided to unify the field of research to 

align experimental designs and be able to compare data and extract the more knowledge as possible. 

Using the same terminology and experimental rules could suppress at least the bias generated from 

the experimentally induced environmental cues of the precise microglial phenotype studied. 

 

5.2. Redefining microglial identity 

 

Even though it is now known that outstanding heterogeneity of microglial cell population makes it 

difficult to access successfully to the core mechanism orchestrating microglial behavior in a given 

context, the benefit of the outdated M1/M2 classification relies on the observable and measurable 

common traits to define microglial identity. Those traits should not be overlooked nor assumed to be 

holding truth of microglial functionality, but used as tools and included in the frame of any given study. 
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In their 2022 review titled “Microglial states and nomenclature : A field at its crossroads”, Paolicelli et 

al. defined as critical the need to specify microglial states in function of the specific context they are 

evolving in, namely the species, the sex, the spatial location and the age of the individual. Then the 

level of observations that dictate microglial functions should be noted and multiplexed from 

phenomics, proteomics, transcriptomics, metabolomics and epigenetics in order to unravel the precise 

identity of the microglial population studied and thus, allowing predictions for future behaviors in the 

same frame or parallel mechanisms in another experimental frame322. 

 

 

Figure 17. Beyond the microglial M1/M2 paradigm: 

Microglial identity is now known to be much more complex than previously thought with the elaboration 

of the M1/M2 paradigm. It depends on multiple deterministic factors (species, sex and genetics of the 

individual, ontology of the macrophage population) but is also dependent on the localization in the CNS 

and the age of the individual/cell itself in an environmental sensitive fashion. Indeed, the space and time 

to study a microglial cell within a given individual encompass also past and present environmental cues 

such as communication with other cells, pathogens and drugs exposures, metabolites from nutrition and 

microbiota-derived bacterial fermentation products, air pollutants, amongst others. Then arise new 

layers of complexity in this scheme, brought by the choice of level to observe microglial cells, from 

morphology to epigenome. The informations gathered will only represent a part of the entire microglial 

identity. Only this mosaic can reflect microglial identity in a given context and help understand the exact 

functioning behind such identity. Middle panel, from top to bottom: phenomics, metabolomics, 

proteomics, transcriptomics and epigenomics322,342. Created with Biorender. 
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Considering the large amount of roles and functions of microglia in development and maintenance of 

brain homeostasis, together with its outstanding plasticity facing dynamic environmental signaling, it 

is not surprising to find correlations between microglial dysfunctions and brain diseases, in which 

microglia do not have a dichotomic beneficial/detrimental assignment as seen via the M1/M2 

classification but a specific identity induced by the changing environment, since only few diseases-

inducing mutations has been found in microglial cells directly (exemplified by TREM2 mutation in Nasu-

Hakola neurodegenerative disease)343,344.  

 

6. Microglial dysfunctional reactivity and pathological conditions 

 

After a century of research, the view of microglia as passive bystanders of the CNS dramatically evolved 

to the certainty that microglial behavior, even indirectly, was involved in virtually all pathological 

neurological conditions, including neurodevelopmental disorders, psychiatric conditions, traumatic 

and ischemic brain injuries, neuro-immunological diseases, brain tumors and neurodegenerative 

diseases, amongst others.  

 

6.1. Neurodevelopmental disorders  

 

Neuro-developmental disorders (NDD) are complex conditions defined by dysfunctional development 

of the nervous system and leading to the appearance of symptoms in the early childhood of the 

affected individual. NDDs encompass a variety of conditions such as schizophrenia (SZ), or Attention 

Deficit Hyperactivity Disorders (ADHD) but are mostly represented amongst public community by 

Autism Spectrum Disorder (ASD).  

ASD is a condition arising in early childhood but having a major impact on the entire lifetime of the 

affected individuals and their caretakers. ASD is typically characterized by impairments in sensory, 

cognitive, emotional and behavioral regulation leading to social interactions difficulties and repetitive 

behaviors preventing the individual to have an efficient and productive insertion into society in the 

best case (high-functioning ASD) or even survive in the worst case (low-functioning ASD). The annual 

incidence of ASD worldwide was for a very long time estimated to be 1% but recent studies indicate a 

prevalence increase of 243%345, and there is still no cure for ASD, the most used therapy being 

behavioral therapy, anti-depressant and anti-psychotic drugs to miminize the irritability characteristics 

of ASD346. 
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The neuropathological features of ASDs are not clearly understood but known to emerge from 

abnormalities in the limbic structures, characterized by unusually small and densely packed neurons 

with reduced arborization and within the cerebellum with a lower amount of Purkinje cells and an 

increased amount of pro-apoptotic and oxidative stress markers. In addition, an overall aberrant 

organization in cortical structures accompagnied by an increased density of dendritic spines, which is 

compatible with a defect in neurodevelopmental patterning. Finally, a vast amount of studies have 

shown ASD to be associated with an general neuro-inflammatory phenomenon with increased density 

and reactivity of microglial cells347. 

Regarding the fundamental role of microglia in neuronal network establishment during 

neurodevelopment, it is not surprising that ASD symptoms were rapidely linked to microglial 

dysfunction as suggested by the simplified Maternal Immune Activation (MIA) theory, even though the 

causal relationship between ASD and microglia remains unclear.  

In the MIA, a viral or bacterial induced inflammation during the first trimester of pregnancy leads to 

the activation of microglia influencing the proper development of the brain. Indeed, microglia from 

the MIA model will be numerous and will exhibit aberrant phagocytosis leading to an imbalance in 

NPCs, together with a deficit in apoptotic cells clearing, thus impairing normal neurogenesis. In 

addition to phagocytic deficit also hampering the proper pruning function, microglia from the MIA 

model display abnormal levels of neurotrophic factors leading to and altered neural circuitry348. 

It as been proved that the use of minocycline, an inhibitor of microglial activation with anti-

inflammatory properties, in the MIA model, could lead to decrease activation of microglia and a 

reduction of the ASD symptoms, highlighting the therapeutic potential of targeting microglial cells in 

NDDs349. 

 

6.2. Neuroimmunological diseases  

 

Immunological diseases of the CNS are a group of neurological disorders characterized by the 

inflammation and/or demyelination induced by the cellular immune responses towards CNS antigens, 

the most widely known being Multiple Sclerosis (MS). 

MS is the most frequent autoimmune disease of the CNS and the most prevalent neurological disability 

with a prevalence of 120/100 000 individuals ranging from 20 to 40 years old. MS leads to severe 

physical symptoms such as difficulty with walking and balance, visual impairments, intestinal and 

urinary disorders and fatigue, but also cognitive dysfunction like learning and memory impairment. 
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Different forms of MS exist, characterized by the progression and remission phases of the disease but 

all are characterized by the appearance of demyelination lesions within the brain parenchyma, 

impacting the correct transmission of nerve impulses leading to the neuronal dysfunction350. The MS 

lesions are characterized by a core of inflammatory breakdown of myelin surrounded by reactive gliosis 

and accompagnied by an infiltration of peripheral immune cells (CD4+, CD8+ lymphocytes) allowed by 

the breakdown of the BBB351. The gold standard of care for MS is high dose of corticosteroids to reduce 

the inflammation and increase the time of remission but do not constitute a cure, thus leaving this 

neurodegenerative disease, a burden for young individuals and their caretakers352. 

Even though the differentiation of blood-derived monocytes makes it hard to distinguish macrophages 

from microglia, it has been shown that MS lesions could be constitue at 80% of microglial-like cells, 

and that a microglial reactivity could be noted from the earliest phases of the disease. On the one 

hand, microglia in MS have been characterized by secreting pro-inflammatory CKs and oxidative stress, 

thus leading to the destruction of the myelin sheath and the damage of axons. On the other hand, 

other studies have observed the opposite, and characterized some microglia in MS to be mostly leading 

to tissue repair and remyelination with specific secretion of neurotrophic factors and increased 

phagocytosis of myelin debris. Those contradictory observations are thought to be related to the phase 

of the disease from which the microglia have been isolated and corresponding microglial phenotypes 

related to the acute phase, the recovering phase and states in between. The major view on microglia 

in MS progression remains the detrimental one with a pro-inflammatory phenotype. The hypothesis 

of microglial cells constituting a deleterious phenotype in MS could be related to a chronic pro-

inflammatory stimulation of microglia leading them to adopt a rigid primed phenotype, making 

reactivity modulation an interesting therapeutic avenue for all types of MS353. 

 

6.3. Neurodegenerative diseases 

 

Neuro-degenerative diseases (NDs) are an heterogenous group of neurological disorders characterized 

by the progressive loss of neurons in the nervous system inducing impairment in cognitive and/or 

motor functions within the affected individual, the most known ND being AD354. 

AD is a progressive ND mostly occurring in people older than 60 years old and, by being the cause of 

60 to 80% of the dementia cases, is responsible for an extreme dependence of the affected individuals 

suffering from memory loss and cognitive decline but also depression, impaired communication, 

disorientation and overall behavioral changes. With the overall ageing of the population worldwide, 

AD represents an important burden for caretakers and society that is thought to worsen in the 
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upcoming years. The physiopathology of AD is characterized by the accumulation of aggregated 

proteins, namely Aβ plaques and tau neurofibrillary tangles (NFTs), inducing neurotoxicity and leading 

to chronic detrimental oxidation and neuro-inflammation. The progressive destruction of neurons 

leads to neurotransmitters imbalance, that the AD gold standard therapeutic strategy try to restore 

but there is still no cure to AD355,356. 

Microglia have been shown to be activated in AD brains, moreover in the enriched Aβ plaques areas 

and a specific transcriptomic signature was found in microglia associated with Aβ clearance in AD, 

called the Disease-Associated Microglia subgroup (DAM) confirming the capacity of microglia to adapt 

to the AD microenvironment. The effect of the DAM subgroup on the spreading of Aβ and Tau proteins 

are still under debate, controversial results showing both positive and negative effects that could be 

linked to the disease state. Nevertheless, microglial activation in AD has been linked to a progressive 

increase in neuro-inflammation with production of pro-inflammatory CKs and an impaired 

phagocytosis. 

As the therapeutic strategy of lowering the Aβ level has been shown unsatisfactory in clinical trials, 

one of the best option to date consists in targeting microglia to decrease the neurotoxic neuro-

inflammation and increase its phagocytic capacity357. 

 

6.4. Brain tumors 

 

Brain tumors encompass multiple entities, characterized by an uncontrolled and anarchic proliferation 

of tumor cells within the brain. Brain tumors can originate in the brain and thus be primary; or arise 

from periphery metastasis and be secondary. Primary brain tumors are organized into grades 

according to the World Health Organization (WHO) classification and based on the histology of the cell 

of origin and its molecular characteristics. One of the most common and aggressive brain tumor is the 

glioblastoma (GB)358. 

GB is a CNS WHO grade 4 malignant brain tumor affecting mostly individual over 40 years with a 

median prevalence of 4/100 000 persons/year; and characterized by a very low survival rate of 35% 

one year after diagnosis. The quality of life of the affected individuals rapidly declines with the invasion 

of the tumor mass and the destruction of the neuronal networks highlighted by headaches, seizures, 

cognitive decline and personality changes. Gold standard of care for GB has not been improved 

considerably since 2005 and still consists in the combinaison of surgical resection, radiotherapy and 
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chemotherapy with the alkylating agent temozolomide. GB remains to this date an incurable 

cancer359,360. 

The aggressiveness of GB can be explained by the high ability of invasion of GB cells into nearby tissues, 

together with the tumor promoting microenvironment that can account for up to 40% of microglia-

like cells. Indeed, GB pathology is characterized by the breakdown of the BBB and the recruitment of 

blood-derived monocytes differentiating into microglial-like cells called Glioma Associated 

Macrophages (GAMs) that are hardly distinguishable from microglia, making it difficult to understand 

the different immune roles play by both cell types. Nevertheless, GAMs are now known to be mostly 

reprogrammed by neoplastic cells to secrete anti-inflammatory and immunosuppressive CKs, 

neurotrophic and angiogenic factors along with ECM remodeling enzymes, making the environment 

supportive of the GB development361. Even though it is highly challenging, reprogramming of pro-

tumor microglia towards an aggressive pro-inflammatory phenotype represent a promising 

therapeutic avenue. 

 

 

Figure 18. Microglial contribution to neurological disorders: 

Microglial cells are known to be implicated in all neurological diseases, including ASD (top left), MS (top 

right), AD (bottom left) and GB (bottom right). Only few examples of the microglial contribution to the 

evolution of the already advanced pathology are presented, focusing on the secretion of CKs and the 
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phagocytosis. Indeed, in ASD, a defect in phagocytosis of NPCs, apoptotic cells and dendritic spines 

has been observed, together with an increased secretion of pro-inflammatory IL-6, TNFα and IL-1β. In 

MS, microglia are known to increase the secretion of IL-6, TNFα and ROS contributing to the burst of 

pro-inflammation that, together with peripheral immune cells, lead to the destruction and increased 

phagocytosis of myelin. In GB, cancer cells secretion of CCL2 leads to the recruitment of blood-derived 

monocytes contributing to the pool of GAMs. In addition, GB cells, by producing CSF1, SDF-1 and 

CX3CL1 lead to the reprogrammation of microglia and GAMs towards a supporting tumor phenotype 

characterized by the production of ECM remodelling MMP2 and MMP9, pro-angiogenic VEGF and the 

anti-apoptotic IL-10, together with a decrease of phagocytosis of the GB cells. Finally, in AD, heavy and 

progressive accumulation of misfolded Aβ and Tau proteins leads to the chronic activation of microglia 

towards a pro-inflammatory phenotype characterized by the secretion of IL-1β, IL-8 and TNFα and an 

exhaustion of microglial phagocytosis becoming less efficient and leading to neurotoxic injuries and 

initiating vicious circles of neuro-inflammation. 

Created with Biorender from362,363,364,365. SDF1 : Stromal derived factor 1. 

 

 

As seen, by adapting to the pathological microenvironement, microglia participate in the emergence 

or worsening of the disease evolution, its outstanding plasticity highlighted by distinctive functional 

identities becoming detrimental. Understanding the origin of microglial reactivity could pave the way 

to therapeutic avenues targeting nearly all neurological diseases.  

Decades of research on the underlying mechanisms responsible for the transciptional changes of 

microglia induced by the environment, already highlighted by the numerous TFs implicated in each 

function of microglia, logically led to an epigenetic origin of microglial plasticity. 

 

7. Epigenetics of microglial identity 

 

Epigenetics, term coined by Conrad Waddington in 1942, is the study of the modifications of gene 

expression without changes in the DNA sequence and encompasses three major mechanisms : DNA 

modifications, histones modifications and non coding RNAs366.  

Even though the field of epigenetics of microglia is still new and majority of mechanisms still have to 

be discovered, the basic core establishment of microglial identity and its evolution in a stimulus 

dependent manner are started to be elucidated, while the mechanism of microglial immune memory 

only starts to emerge. This knowledge has mainly been observed through the lens of histone 

modifications and non coding RNAs, while the DNA methylation implication in microglial identity stays 
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to this date, very obscure. The non coding RNAs will only be mentioned in Figure 19 and not be 

discussed further. 

 

7.1. Transcriptional regulatory elements and chromatin accessibility 

 

As seen all along the introduction, microglia can exhibit distinctive transcriptomics profiles 

characterized by the expression of genes sets, specifically triggered in response to the environment. 

Those changes in gene expression are regulated by TFs binding to specific transcriptional regulatory 

elements and recruitment of the transcription machinery to the chromatin, to lead to mRNA synthesis. 

Amongst those regulatory elements can be found promoters, mostly proximal to the Transcripion Start 

Site (TSS) and promoting the assembly of the RNA Polymerase II (RNA Pol II) transcription complex. On 

the other hand, enhancers, regulatory elements more distal to the TSS, are able to play different roles 

from RNA pol II recruitement and proximal pausing or transcription elongation367.  

 

 

Figure 19. Major epigenetic mechanisms implicated in gene expression modulation: 

The major epigenetic mechanisms in gene expression regulation are miR, histone modifications and 

DNA methylation. miR are small non coding RNAs with a sequence capable of hybridizing to their target 

mRNA leading to translational suppression. Histone modifications are chemical modifications present 

on the tails of histone molecules affecting their affinity with the DNA and thus, changing the chromatin 

accessibility. 5mC DNA methylation are chemical modifications of the cytosine base of the DNA leading 

to changes in affinity between DNA sequences and TFs. In microglia, miR-155 is known to target the 

SOCS1 mRNA leading to the expression of pro-inflammatory CKs through the modulation of the 

JAK/STAT pathway, while the acetylation of the lysine 9 of the H3 histone (H3K9ac) leads to the active 
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transcription of pro-inflammatory CKs. Finally, the decrease in DNA methylation of the IL-1β promoter 

leads to its increased transcription. Created with Biorender from368,369,370. 

 

 

Promoters are mandatory elements for the initiation of the transcription and are mostly sites for 

Signal-Dependent TFs (SDTFs) and broadly expressed TFs binding, making them inadequate for the 

establishment of cell identity related gene expression programs. Enhancers, on the other hand, 

constitute most of the binding sites for Lineage-Determining TFs (LDTFs) but also SDTFs thus 

representing ideal sites for internal signals integration371. 

Modulation of the gene expression is a result of the chromatin accessibility of those transcriptional 

regulatory elements by the transcription machinery and associated specific TFs, and is realized by 

epigenetic modifications, especially histone modifications that can be used to define the state of the 

chromatin composing the regulatory element and predict its effect on downstream gene expression. 

The histone code is yet not fully elucidated but the major marks and their effects has been classified 

as leading to active, primed, latent, poised or repressed for enhancer while promoters are mainly 

characterized as active, repressed or poised372. 

 

7.2. Establishment of microglial core transcription program 

 

As mentioned above, the transcriptional programs responsible for cell identity are established by the 

acquisition of an enhancer landscape formatting the set of genes accessible for expression. Because of 

their EMP origin, microglia share the core enhancer landscape of macrophages and characterized by 

the activity of the pioneer LDTF PU.1. PU.1, coded by the Spi1 gene in mouse, is a master regulatory TF 

of the hematopeitic compartement belonging to the Erythroblast Transcription Specific (ETS) family, 

controlling the expression of hundred of genes implicated in cell growth, adhesion, TFs and signaling 

mediators. PU.1 is considered a pioneer TF from its ability to generate nucleosome-free chromatin 

regions by interacting with nucleosomes and recruiting the SWItch/Sucrose Non-Fermentable 

(SWI/SNF) family of chromatin remodeling complexes leading to a redistribution of the partners TFs 

and their stable binding to regulatory elements373. The collaborators of PU.1 responsible for the 

establishment of macrophage core identity are CCAAT/enhancer binding protein delta (C/EBPΔ) and 

Activator protein 1 (AP-1) LDTFs, all interacting with the SWI/SNF complex, recruiting dozen of other 

TFs and leading to histone modifications of enhancer constituting chromatin at tens of thousands of 
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locations through the genome. Those modifications of enhancer accessibility from LDTFs create a 

macrophage core repertoire of primed enhancers, enriched with the H3K4me1, H3K4me2 or H3K4me3 

histone modifications and allowing the further binding of others TFs for the obtention of active 

enhancers in response to environmental adaptation materialized as internal active signaling 

pathways371. This primary epigenetic landscape defines the basic macrophage functions such as CSF1R 

dependent differentiation and survival, efficient phagocytosis and the ability to rapidely respond to 

inflammatory triggers374. 

In order to achieve the microglial specific enhancer repertoire, others LDTFs are required on top of the 

core macrophage signature and induced by the CNS environement during development. Indeed, the 

LDTFs IRF8, heterodimeric partner of PU.1; SALL1 and RUNX1, induced by the brain produced TGF-β, 

are required to interact in the early stages on microglial development on the previously established 

enhancer landscape to define the precise microglial identity.  

The lack of those collaborative LDTFs results in an improprer colonization of the brain parenchyma, an 

inadequate amount of microglia, a default in morphology, a lack of maturity and/or absence of 

physiological properties of microglia186. Later in development, the secretion of GM-CSF, in addition to 

TGF-β, leads to the binding of the MafB TF, followed in adulthood by MEF2a and MEF2c, known to 

decrease during ageing. Deficit in those last LDTFs in later stage of microglial maturation leads to 

defective microglial self-renewal, reduced expression of homeostatic markers and increased pro-

inflammatory sensitivity. 

During the development, the dynamics of LDTFs binding and chromatin remodeling complexes 

recruitment will modulate the chromatin state of the enhancer landscape, leading to differential levels 

of active transcription histone marks (H3K27ac and H3K9ac), primed (H3K4me1) and poised 

(H3K27me3, H3K4me1)375. Lots of mechanistic data are lacking but what is known is that the dynamics 

of histones modifications in microglia are modulated by the SWI/SNF complex, the polycomb group, 

recruitment of HDACs and finally in more depth, that the binding of SALL1 leads to the recruitment of 

histone deacetylase complex376,377. 

This combination is completed by all the repressed enhancers (H3K9me) by lack of corresponding TFs 

to constitute the core microglial physiological identity. However, as it has been shown, microglia 

constitute a very heterogenous population with a various range of transcriptomic signatures in 

function of the environment that can be explained by the modulation of this microglial core by the 

binding of the multitude of SDTFs, as the ones evoked in the microglial function part of this 

introduction. 
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7.3. Stimulation dependent microglial modulation 

 

Under changes in the microenvironement sensed by the microglial sensome and translated into 

activation/inhibition of different signaling pathways, SDTFs will be able to reach their binding sites if 

their chromatin state, defined by the LDTFs, allows it to modulate the expression of specific 

transcriptomic programs amongst the microglial core identity. 

A myriad of such SDTFs is known in microglia, a glimpse of them already presented in the functions 

part of this introduction. The more famous being the NFκB family of TFs, responsible for apoptosis and 

inflammatory regulation, and known to be induced in response to CKs, stress or TLRs activation, and 

targeting genes such as Tnf, c-fos, Il-1β, Il-6 or Mmp 378,371. The exact mechanisms of gene expression 

by NFκB in microglia are not known but could, as seen in macrophages, be related to the recruitment 

the H3K9m2 demethylase Aof1379. Even though the SDTF induced chromatin accessibility in microglia 

remains unclear, it is known to be linked to the recruitment of histone modifications enzymes such as 

histone acetyl transferases (p300) and deacetylase (HDAC1/2), and histone methyltransferase (EZH2, 

Polycomb repressive complex 2) and demethylases (JMJD3)380. 

 

 

Figure 20. Establishment and modulation of microglial transcriptional programs: 

The establishment of microglia identity, defined by the expression of gene sets, is determined by the 

landscape of chromatin accessibility, especially at enhancer regulatory elements. Microglial core 

program comes from macrophage lineage and characterized by the nucleosome displacement 

generated by pioneer TFs such as PU.1 and allowing the binding of others LDTFs, like C/EBP or AP-1. 
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Because of the specific environment that the brain represents, microglial cells will develop specialized 

enhancer repertoire by the binding of others LDTFs such as MEF2C or SALL1. Finally, under the 

changes in microenvironmental cues, separate SDTFs will lead to the expression of gene sets to allow 

the best adaptation of microglia to the dynamic environment. 

The enhancers can be primed by methylation of the lysine 4 of the histone protein 3 (H3K4me1) leading 

to a facilitated accessibility to the chromatin for TFs. They can also be poised/repressed by the 

combination of H3K4me1 and H3K4me3, leading to an open chromatin but difficult to access for TFs. 

Finally, enhancers can be active with acetylation of the lysines 9 or 27 of the histone 3 (H3K9ac, 

H3K27ac) or the acetylation of the lysine 16 of the histone 4 (H4K16ac) and leading to accessible 

chromatin and an active transcription of the downstream genes. Created with Biorender from371,377.  

 

 

The vast amount of different environment induced TFs and the huge combinaison of post-

transcriptional modifications of histone tails support the notion that the phenotypical heterogeneity 

observed amongst the microglial community arise from adaptation of the chromatin to the never-

ending changing microenvironment. 

 

7.4. Microglial immune memory 

 

Observation that microglia specific responses were established by an epigenetically controlled 

enhancer repertoire and that the latter was plastic in reaction to the signals arising from the 

environment to primed responses in order to be rapidely adapted, led to the concept of immune 

memory of the long-lived microglial cells. Indeed, it has been shown that the response of microglial 

cells could be different when the inducing stimulation had already been encountered in the past, one 

or more times. Those phenomenom, called microglial training and tolerance have been characterized 

by an enhanced and a diminished response to the same stimulation, respectively. For instance, mice 

injected peripherally with LPS twice will exhibit an increased secretion of IL-1β, TNF, IL-6 and IFN-ɣ by 

microglial cells, while the same treatment but four times will lead to decreased secretion of those CKs 

by microglial cells381. 

Those phenomenom have not been explained yet but are known to be orchestrated by epigenetic 

mechanisms. Another study on LPS primed  microglia showed a reduction of H3K4me3 marks on Il-1β 

and Tnf promoters after an LPS conditioning, to prevent from an excessive inflammatory reaction382. 

Recently, it was shown that LPS-primed microglia were exhibiting higher level of H3K27ac and 
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H3K4me1 and 3 after stimulation with manganese, highlighting the possible interaction between the 

stimulus leading to a particular identity of microglial cells in a given context383. 

Interestingly, microglial memory has been linked to DNA methylation in vivo, where handling of 

neonatal rats programs the differential expression of the IL-10 CK in microglial cells and by modulating 

the DNA methylation statuts of the Il-10 gene, leads to a better response to drug addiction in 

adulthood384. 

Given the long-lasting life of microglial cells and the amount of TFs implicated in its identity, 

understanding the mechanisms behind the conditioning of its response by exploring DNA methylation 

seems necessary. 

 

7.5. DNA methylation associated with microglial reactivity 

 

DNA methylation (5mC) is the most studied DNA modification and correspond to the transfer of a 

methyl group from the S-adenosyl-L-methionine (SAM) to the 5-carbon position of a cytosine base of 

the DNA, catalyzed by DNA methyltransferases (DNMTs) enzymes385. Three catalytically active DNMTs 

are known, DNMT1, referred as the maintenance DNMT because of its high affinity for hemimethylated 

double-stranded DNA and the so-called de novo DNMT3A and DNMT3B. In addition, DNMT3-like 

protein (DNMT3L) belongs to the family of DNMT but is devoid of methyltransferase activity with low 

affinity for DNA, instead, DNMT3L increases the affinity of DNMT3A and DNMT3B for methyl donor 

SAM386.  

The demethylation of the cytosine base can be done passively, by the absence of DNMT1 enzyme and 

thus, the loss of the methylation group; or actively, by the action of the Ten-eleven translocase (TETs) 

family enzymes, catalizing the metabolization of the 5mC into 5-hydroxymethylcytosine, 5-

formylcytosine and 5-carbocytosine prior to its catalization into cytosine by the Thymine DNA 

glycosylase (TDG)387. 
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Figure 21. DNA methylation and demethylation mechanisms: 

DNA methylation, 5mC, corresponds to the chemical addition of a methyl group on the cytosine base of 

an unmethylated strand of DNA via the action of the DNMT3A/B and the co-activity of DNMT3L. The 

established 5mC pattern on the DNA strand is maintained through cellular generation via the action of 

DNMT1. In absence of DNMT1, the DNA strand will be copied without any writing of 5mC pattern and 

be lost from one generation to the next. This phenomenom is called passive demethylation. 

Demethylation can also be achieved actively through the action of the TETs methylcytosine 

dioxygenases, leading to succession of chemical modifications of the cytosine base to be suppressed 

by the TDG and base excision repair system. The 5mC intermediates are thought to be related to gene 

expression modulation but are lesser explored than 5mC. 

Created with Biorender from388. DNMT: DNA methyltransferase, TDG: Thymine-DNA glycosylase, TET: 

Ten-eleven translocation. 

 

 

The 5mC modification can happen at any C-G dinucleotide along the genome but has mostly been 

explored in the context of the promoter and been linked to the transcription inhibition, by directly 

hampering the binding of TFs or indirectly by affecting the chromatin remodeling machinery389. Only a 

very recent study has explored the role of DNA methylation in enhancers and has shown that only 3% 

were sensitive to DNA methylation by controlling the binding intensity of TFs390. 
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Figure 22. CpG organization and gene expression: 

DNA methylation modifications are mostly studied in the context of CpG islands, highlighting an 

organization of the ratio of C-G dinucleotides in different parts of the genome. A CpG island represents 

a region greater than 500 base pairs with a G-C content superior to 55%. Shores are regions located at 

0 to 2 kb away from the CpG island and shelves at 2 to 4 kb, the ratio of C-G dinucleotides decreasing 

with the distance from the CpG island. CpG islands are mostly explored in promoters, since 60% of all 

CpG islands are located in promoters. A gene promoter highly methylated has been linked to a 

transcriptional repression due to the binding incapacity of TFs and transcription machinery or to the 

recruitment of chromatin compaction systems. Created with Biorender from391,392. 

 

 

In the context of the brain, the global DNA methylation level is known to be decreasing with age and 

associated with NDs, but the precise cell populations and genes affected are not known393. Globally, it 

was also shown aberrant DNA methylation patterns in PD and ALS patients, even though no further 

exploration has been made394,395. Finally, it was also shown that a global hypomethylation was found 

in glia and neurons of AD patient hippocampus, while a global hypermethylation was noted in 

cognition-associated brain areas396. 

Concerning microglia, the very few studies made on the subject tend to align with the global 

hypomethylation in ageing hypothesis. Indeed, two independent studies have shown that the 

microglial expression of IL-1β, characteristically increased in ageing, was striclky dependent on the 

methylation status of the Il-1β promoter368,397.  
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7.6. DNA methylation based microglial reprogramming  
 

As it was shown, microglia uncontrolled reactivity has been linked to brain pathologies, and this 

reactivity is now known to be under the control of epigenetic mechanisms. Consequently, one of the 

major therapeutic avenues for a broad range of neurological disorders is to reprogram microglial cells 

towards a beneficial phenotype. 

Little is known about DNA methylation implicated in microglial cell reactivity, but one of the most 

important recent therapeutic approach for AD is the inhibition of Beta-site APP cleaving enzyme 1 

(BACE1) in microglia to hamper its neuro-inflammatory phenotype and impair the generation of 

neurotoxic Aβ. This could be realized by DNA methylation modulation since the expression of Bace1 

gene is regulated by the DNA methylation statuts of two sites located in its 5’UTR regions in 

microglia398.  

Exploring genome wide DNA methylation profiles of reactive microglial cells could unravel the intimate 

establishment of microglial identity in face of environmental challenges and pave the way for novel 

therapeutic approaches targeting the reprogramming of microglia towards a more anti-tumoral 

phenotype in brain tumors or more supporting phenotype in NDs.  
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Part II. Aims of the thesis 
 

Microglial cells, the resident immune cells of the brain parenchyma and specialist of the CNS 

environment, exert important roles for the proper establishment and maintenance of the brain 

functioning. Microglia are able to perform those roles through adaptability of their core functions via 

constant communication with all cellular actors of the environment and leading to a phenomenal 

behavioral plasticity. As such, functional microglial dysregulation has been linked to nearly all 

neurological disorders, rendering them an interesting therapeutic target under the condition of 

understanding the core mechanisms behind such functional plasticity and, therefore, be able to 

manipulate it.  

Microglial behavior is under the control of complex and tangled molecular mechanisms constantly 

evolving alongside the heterogenous CNS microenvironment and this intimate communication 

between the extracellular compartment and the genome is linked to epigenetic mechanisms. Whereas 

histone modifications and non-coding RNAs are under extensive exploration, DNA modifications, such 

as DNA methylation, are not. As those modifications impact gene expression in a dynamic but stable 

manner, they could represent a fast and efficient way for the cell to adapt part of his genome to a 

specific situation without totally affecting the cell core identity.  

We thus hypothesized that microglial adaptation or reactivity to environmental changes could be in 

part, held by DNA methylation patterns reorganization. As no big dataset of microglial methylation 

patterns has been generated yet, we decided to take advantage of the newly release Mouse 

Methylation Arrays from Illumina, allowing the interrogation of 285 000 different CpGs along the 

mouse genome. 

The first aim of the thesis was to induce microglial reprogramming through stimulation with well-

known compounds leading to activation of membrane receptors, signaling pathways and TFS, 

potentially inducing chromatin remodeling. Measures of distinct features were made to insure the 

accomplishment of differential identities in microglial cells and to characterize as much as possible 

each one of them. 

Following the induction of microglial plasticity mechanisms, the second aim was to explore DNA 

methylation patterns associated with each microglial identity and try to unravel the potential causality 

between the genome methylation and gene expression in differential microglial identity. 
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Part III. Materials and methods 
 

1. Ethical statement 
 

The animal experiments carried out in this study have been approved by the Animal Experimentation 

Ethics Committee (AEEC) of the University of Luxembourg and the relevant government agencies. In 

addition, all procedures necessary have been performed regarding the 2010/63/EU European Union 

Directive. 

The CD-1 mice pups used in the study were provided by the Animal Facility of the University of 

Luxembourg in Esch-sur-Alzette (27 Rue Henri Koch, 4354 Esch-sur-Alzette, Luxembourg). A total of 

266 CD-1 pups ranging from one to three days old was used in the present study. 

 

2. Primary microglial culture 

 

Mixed glial cell cultures were obtained from the dissection of newborns CD-1 mice brains. The 

meninges were removed and the brains were mechanically dissociated in cold Phoshate Buffered 

Saline (PBS) solution. For the second part of the study, the dissociated brains were pooled together, 

whereas for the third part requiring a genotyping of the mice, each brain was resuspended individually.  

The cells were resuspended in a media composed of Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% Fetal Bovine Serum (FBS) and 1% Penicilin-Streptomycin (P/S); hereafter 

named DMEM Full; and let to grow for two weeks at 37°C in a 5% CO2 humidified incubator. Microglial 

cells were isolated from the glial culture by using a Magnetic Activated Cell Separation (MACS) system 

with CD11b antibodies, according to manufacturer’s instructions (Miltenyi Biotec). Microglial cells 

where then resuspend in a culture medium composed of DMEM full and mixed glial cell culture 

conditioned media (50/50; v/v) prior to treatment. 

 

3. Genotyping for sex of primary culture 

 

Tail fragment (0.5 cm) of each newborn included in the last part of the study was suspended in 200 μL 

of Direct PCR Tail lysis buffer (Viagen) and 4 μL of proteinase K was added (Invitrogen). The suspension 
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was incubated at 55°C for at least 5 hours. After addition of 350 μL of isopropanol, the solution was 

vortexed and centrifuged at 13000 rpm for 10 minutes at 4°C. The pellet was then washed in 350 μL of 

70% Ethanol (EtOH), centrifuged at 13000 rpm for 10 minutes at 4°C and resuspended in 350 μL of 

RNAse free water (H2O). Polymerase Chain Reaction (PCR) assay was performed using the gDNA 

extracted from the tail and primers targeting Uba1 and Ube1y1 genes localized on the X and Y 

chromosomes, respectively. The PCR reaction containing 12.5 μL of KAPA2G Fast HotStart DNA 

Polymerase (5U/ μL; Sigma-Aldrich), 1 μL of forward and revserse Ube primer, 9.5 μL of H2O and 1 μL 

of gDNA was submitted to a denaturation step at 94°C for 2 minutes, 35 cycles with 94°C for 30 

seconds, 57°C for 30 seconds and 72°C for 30 seconds, followed by an elongation step at 72°C for 5 

minutes. PCR products were analyzed using a agarose electrophoresis on a 2% agarose gel containing 

SYBR Safe (Invitrogen) and analyzed under Ultra Violet (UV) illumination. 

 

Table 1. Primer sequence for genotyping PCR. 

Target gene Primer forward sequence  Primer reverse sequence 

Ube TGG-TCT-GGA-CCC-AAA-CGC-TGT-CCA-CA GGC-AGC-AGC-CAT-CAC-ATA-ATC-CAG-ATG 

 

 

4. Cell lines culture 
 

Murine microglial cell BV2 was kindly donated by Dr. Tony Heurtaux (University of Luxembourg), and 

murine glioma cell line GL-261 was purchased from DSMZ (Cat. ACC 802).  

 

Both cell lines were maintained in DMEM containing Ultraglutamine (Lonza) and Sodium Pyruvate 

(Gibco), supplemented with 10% FBS (Gibco) and 1% P/S (Lonza). Cells were kept at 37°C in a 

humidified atmosphere of 5% CO2. 

For generation of GBM-Conditioned medium (CM-GL261), 1 x 106 GL-261 cells were seeded in a total 

volume of 8 mL culture medium in a T75 flask for 48 hours. The GBM-CM was then collected and 

filtered with a sterile 0,45 μm filter prior to microglia treatment. 

Microglial cells were treated 24 hours after seeding. For GBM-CM treatment, the total volume of 

medium was replaced with fresh harvested GBM-CM. The following compounds:  LPS (Sigma, Cat. 

L2143), IFNɣ (Gibco, Cat. PMC4033) or IL-4 (Gibco, Cat. PMC0046) were diluted at 100 ng/mL in 1X PBS, 
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added to the culture medium at a final concentration of 10 ng/mL and cells were incubated for 1, 6, 

12, 24 or 48 hours at 37°C in a humidified atmosphere of 5% CO2  

 

5. Proliferation assay 

 

Microglial cells were seeded at 1 x 104 cells per well in 96-well cell culture plates (Cat. 650101, Greiner) 

in 200 μL of DMEM Full and were allowed to attach for 24 hours before treatment with LPS, IFNɣ, IL-4 

and CM-GL261 as described above. Plates were inserted into the IncuCyte® S3 live-cell analysis system 

(Sartorius) for real-time imaging of four Regions of Interest (ROI) per well under 10X magnification. 

Phase contrast images were taken every 2 hours for a total of 96 hours. Image data were analyzed 

using the IncuCyte® software  version 2020B and proliferation was plotted as change in the percentage 

confluency of surface area. All experiment were realized three time independently and containing 

technical triplicates. Raw pictures were exported from the ClarioStar system and processed with FIJI 

image software. Processed confluency data were exported from the Incucyte software. Both set of 

data were normalized to untreated microglia’s results, followed by statistical analysis using GraphPad 

Prism software (9.0.0 (121)). Data are represented as mean +/- standard error of the mean, containing 

at least three biological replicates per condition. Significant differences in confluency between 

untreated and treated microglia were determined using a Paired t test, and reported as adjusted P-

values with * p < 0.05, ** p < 0.001, *** p < 0.0001. 

 

6. Viability assay 

 

Cell viability after treatment was assessed at 1, 6, 12, 24 or 48 hours using the CellTiter Glo® 2.0 assay 

(Promega, Cat. G9242) according to manufacturer’s instructions.  In brief, 1 x 104 microglial cells were 

plated in each well of a white opaque 96 wells plate (Thermo Scientific, Cat. 165306) in 100 μL of media 

prior to appropriate treatment. Then, 100 μL of CellTiterGlo 2.0 reagent were added in each well and 

cells were incubated for 10 minutes at room temperature. The read-out was done using a Clariostar 

microplate reader (BMG Labtech). Luminescence raw data were exported from the MARS software 

(BMG Labtech), corrected for media induced background luminescence and normalized to untreated 

microglia’s results, followed by statistical analysis using GraphPad Prism software (9.0.0 (121)). Data 

are represented as mean +/- standard error of the mean, containing at least three biological replicates 

per condition. 
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Significant differences in viability between untreated and treated microglia were determined using 

Row stat then two tailed Paired t test, and reported as adjusted P-values with * p < 0.05, ** p < 0.001, 

*** p < 0.0001. 

 

 

7. Phagocytosis assay 

 

Phagocytosis was assessed by using pH sensitive fluorescent latex beads and a ClarioStar plate reader. 

In brief, 1 x 104 microglial cells were plated in each well of a transparent 96 wells plate (Cat. 650101, 

Greiner) in 100 μL of FluoroBrite DMEM supplemented with 10 % of FBS 24 hours prior to appropriate 

treatment. After treatment, the pHrodo Red E.Coli Bioparticles (Invitrogen, Cat. P35361) were diluted 

in PBS at a concentration of 1 mg/mL and 10 μL were dispensed in each well; a negative control 

containing microglial cells without beads was include in the plate. The plate was inserted into the 

ClarioStar plate reader and the fluorescence 560/585 nm was read every 30 minutes for 8 hours.  

Fluorescence raw data were exported from the MARS software (BMG Labtech), corrected for media 

induced background fluorescence and normalized to untreated microglia’s results, followed by 

statistical analysis using GraphPad Prism software (9.0.0 (121)). Data are represented as mean +/- 

standard error of the mean, containing three biological replicates per condition realized in technical 

triplicates. Significant differences in percentage of phagocytosis between treatments of microglia were 

determined using a two ways ANOVA, with correction for multiple comparisons (Tukey) and reported 

as adjusted P-values with * p < 0.05, ** p < 0.001, *** p < 0.0001. 

 

8. Immunofluorescent staining and imaging 

 

Microglial cells were plated at the density of 5 x 104 in each well of a 24 well plate (Greiner) on Poly-L-

lysine (Sigma) coated glass coverslips (VWR, Cat. 6310713). After appropriate treatment, cells were 

fixed for 10 minutes with a 4% Paraformaldehyde (PFA) solution, permeabilized for 10 minutes (0,4% 

Triton X-100, 0,1% Bovine Serum Albumin (BSA) in 1X PBS), blocked for 45 minutes with a 3% BSA 

solution in 1X PBS and incubated overnight at 4°C with primary antibodies targeting Iba1 and F4/80 

(see Table 2 for details). Followed by two hours incubation with secondary antibodies solution (3% BSA 

in 1X PBS) Coverslips were retrieved from each well and mounted on SuperFrost® glass slide (VWR) 

with Fluoromount-G DAPI (DAPI: 4',6-diamidino-2-phenylindole ; Invitrogen Cat. 00495952). 
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Coverslides were imaged by using a Zeiss LSM 780 confocal microscope with a 20X air and 40X oil 

objectives, and pictures were taken and scaled using with Zen Blue software (Zeiss).  

 

Table 2. Antibodies used for IF staining. 

Antibody Host Supplier Dilution 

Anti-mouse iba1 Rabbit BioCare Medical 1/500 

Anti-mouse F4/80 Rat BioRad 1/500 

Alexa Fluor 647-Anti-Rabbit Donkey Jackson ImmunoResearch 1/500 

Alexa Fluor 488-Anti-Rat Goat Jackson ImmunoResearch 1/500 

 

 
9. Cytokine arrays 

 

Supernatants from 1 x 106 plated glioma or microglial cells were harvested following treatments and 

submitted to Abcam Cytokine Arrays for secretome analysis (Abcam; Cat. ab193659). The list of all 

targets is present in Annexe 1. Arrays were blocked for 30 minutes prior to an overnight incubation at 

4°C with 2 mL of supernatant, followed by an overnight incubation with biotin-conjugated anti-CK 

antibodies, and a 2 hours incubation with HRP-conjugated Streptavidin prior to chemiluminescence 

detection using Image Quant LAS4000 (GE Healthcare). Images were imported into FIJI ImageJ software 

to measure signal intensity of each CK spot.  Background intensity was substracked from each raw 

data, all arrays were normalized and intensity of the media itself was substracked. Processed data were 

further analyzed with GraphPad Prism software (9.0.0 (121)) and are represented as mean +/- standard 

error of the mean, containing at least two biological replicates per condition (in technical duplicates). 

Significant differences in expression levels between times of exposure to treatments were determined 

using two-way ANOVA with correction for multiple comparisons (Tukey) and reported as adjusted P-

values with * p < 0.05, ** p < 0.001, *** p < 0.0001. 

 

10. RNA isolation, Reverse-transcription and qPCR 

 

Pellets were constituted from microglial cells plated at a density of 1 x 106 in a T25 flask for the BV2 

study and between 5 x 104 and 1 x 105 in 6-well plates for primary microglial cells, from which total 

RNA was extracted using Qiagen Rneasy Mini Kit (Qiagen, reference 74104). The RNA was reverse 

transcribed using the iScript cDNA Synthesis Kit (Bio-Rad, reference 1708891) according to 
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manufacturer’s instructions; a total amount of 1 μg of RNA for BV2 cells, 500 ng of RNA for primary 

bulk microglial cells and 200 ng of RNA for male and female microglial cells were used. qPCR was carried 

out using Fast SYBR Green Master Mix (Thermo Fisher Scientific, reference 4385612), primer mix (5 

μM final), RNAse free water and the Quant Studio-5 (Thermo Fisher Scientific) with an annealing 

temperature of 60°C. 

Raw Ct-values were extracted from the Quant Studio Design & Analysis software (v 1.5.1; Thermo 

Fisher Scientific) and used to calculate the relative gene expression by using the ΔΔCt method, 

normalized to the house-keeping gene Rpl27. 

Data were further analyzed with GraphPad Prism software (9.0.0 (121)) and are represented as mean 

+/- standard error of the mean, containing at least three biological replicates per condition (in technical 

triplicates). 

Significant differences in expression levels between times of exposure to treatments were determined 

using one-way ANOVA with correction for multiple comparisons (Tukey) and reported as adjusted P-

values with * p < 0.05, ** p < 0.001, *** p < 0.0001. 

All primers were designed using PerlPrimer software and purchased from Eurogentec, sequences 

details can be found in Table 3. 

 

Table 3. Sequences of primers for RTqPCR. 

Target gene Primer forward sequence  Primer reverse sequence 

Tnf CCT-ATG-TCT-CAG-CCT-CTT-CTC CAT-TTG-GGA-ACT-TCT-CAT-CCC-T 

IL-1β GTT-CTT-TGA-AGT-TGA-CGG-ACC-C CCT-GTC-TTC-CTG-GGA-AAC-AAC 

Cxcl10 CTC-TCG-CAA-GGA-CGG-TC TGC-GAG-CCT-ATC-CTG-CCC 

Ccl9 TTT-CAC-ATG-GGC-TTT-CAA-GAC-TC TCT-TGC-TGA-TAA-AGA-TGA-TGC-CC 

Hexb GTA-CAA-GAA-CCA-GTA-GCC-GT CAT-TGA-TGG-TGA-AAG-TCC-CGA 

Arg1 AGA-CAG-CAG-AGG-AGG-TGA-AGA-G CGA-AGC-AAG-CCA-AGG-TTA-AAG-C 

Ym1 CCG-TCA-GAT-ATT-CAT-TCA-GTC-AG TTA-CGC-ATT-TCC-TTC-ACC-AG 

Fizz1 ATG-AAG-ACT-ACA-ACT-TGT-TCC-C AGG-GAT-AGT-TAG-CTG-GAT-TGG 

Cx3cr1 GCC-GGA-AGC-CCA-AGA-GCA-T CAC-AAA-GAG-CAG-GTC-GCT-CAA 

Rpl27 CGG-AAG-TGT-CCT-TCT-TTC-CT CCA-TCA-TCA-ATG-TTC-TTC-ACG-A 

 

11. DNA isolation 
 

Genomic DNA from cells pellets was extracted using the DNeasy Blood & Tissue Kit (Qiagen). DNA was 

eluted in 100 μl of Nuclease-free water and concentrations were measured using the Qubit 4.0 
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fluorometer (Thermo Fisher Scientific) together with the Qubit dsDNA BR Assay kit (Thermo Fisher 

Scientific) following manufacturer’s instructions.  

 

12. MethylMouse Methylation arrays 
 

Methylation arrays with Infinium® MethylMouse were processed according to manufacturer’s 

instructions. Briefly, 250 ng of gDNA were bisulfite-converted using the Zymo EZ DNA Methylation kit 

(Zymo Research, Cat. D5001) followed by a whole genome amplification, DNA fragmentation, 

hybridization on MethylMouse beadchips, single nucleotide extension and finally staining of the arrays. 

The arrays were then scanned using Illumina iScan system and quality control of the overall experiment 

was done using the Genome Studio software with the Methylation module v1.8 (Illumina). 

 

13. DNA Methylation data analysis 

 

Concerning the BV2 model: the raw IDAT files with the annotation sheet were transferred to the LIH 

Bioinformatics platform (LIH, Luxembourg) and analyzed by Dr. Reka Toth. The Illumina Mouse 

Methylation array data was processed using RnBeads 2.16.0. Fourty-six probes were removed due to 

low quality using RnBeads’ greedycut algorithm. The methylation levels were normalized using the 

bmiq algorithm. Probes (n=14277) located on the sex chromosomes were removed. The differential 

methylation analysis was performed using the limma package based on the M-values. False-discovery 

rate was used to adjust for multiple testing. The CpG sites were annotated using the ChIPseeker 

package, using TxDb.Mmusculus.UCSC.mm10.knownGene as reference. Promoter regions were 

defined as  -3kb - +0.5 kb from the transcription start site (TSS). Functional regions were assigned based 

on ChromHMM tracks from the forebrain of the mouse, age P0. Enrichment of the differentially 

methylated sites were calculated using a fisher exact test with all sites as a background with functions 

from the annotatr R package. P values < 0.05 were indicated as significant. Enrichment of the DMLs 

overlapping with promoters were calculated using the clusterProfiler, msigdbr and ReactomePA 

packages and visualized with the help of the enrichplot package. The promoter overlap was assessed 

by using the “mm10_genes_promoters” track from the annotatr package.  

Concerning the primary microglial cells model: the raw IDAT files and complementary SDF files were 

imported into GenomeStudio software and processed with the Methylation Module v1.9.0. The 

intensity of probes fluorescence was normalized using internal control probes and the backgroung was 

substracked. The description of the probes array content was done using the Infinium Mouse 

Methylation Beadchip v1.0 A2 Array manifest file (.bpm). The differential methylation analysis was 
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performed with IlluminaCustom algorithm and the false discover rate was computed. The probes 

located on the X and Y chromosomes were removed. The probes were further annotated with the 

MouseMethylation-12v1-0_A1_annotation_Mus_Musculus (.csv) file. 

 

14. RNA sequencing and analysis 

 

Total RNA extracts from BV2 cell pellets were transferred to the LuxGen sequencing platform (LNS, 

Luxembourg) and the sequencing was performed using the Illumina technology® (NovaSeq, SP Flow 

Cell), paired-end 75 bp strand specific aiming at library size of approx. 19 million fragments per samples 

at the LuxGen platform.  

Raw fastq files were quality checked using a combination of fastqc, fastqscreen and RSeQC tools 

followed by a preliminary analysis composed of read trimming, mapping and counting using Cutadapt, 

STAR 2.7.9a and the Mouse genome (GRCm39 – Mus_musculus.GRCm39.104.gtf). All of these steps 

are integrated into a local snakemake environment.  

Differential Gene Expression analysis was conducted using R statistical software version 4.2.3 and 

DESeq2 version 1.38.3 using the resulting gene count tables.  
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Part IV. Results 

 

1. LPS and IFN-ɣ induced BV2 reactivity is associated with significantly differentially 

methylated sites 

 

In order to investigate whether or not DNA methylation patterns could play a role in the modulation 

of microglial identity, it was necessary to define different phenotypes that could represent specific 

identities, possibly acquired by microglial cells amongst their spectrum of activation. To induce such a 

reprogramming, we choose to treat the BV2 microglial cell line with compounds known and 

characterized within the macrophage and microglial field of research. First, the LPS and the IFN-ɣ, 

known to induce a microglial reprogramming related to inflammation, ressembling a bacterial and viral 

infection, respectively310. Second, to tackle the anti-inflammatory related phenotype, we decided to 

use IL-4, reproducing the tissue repair programming induced after a trauma399. Finally, to try to 

investigate the less known microglial identity in brain tumors, we decided to produce media 

conditioned by the GL261 mouse glioma cell line (Annexe 8), mimicking the effects of glioma secretions 

on microglial cells. The concentrations of products and the times of treatment used for the study were 

defined by a pilot study (Annexes 5, 6 and 7) and were settep-up on 10 ng/mL final concentration and 

a 48 hours time of media conditioning by GL261 cells. The cells were treated for 6, 12, 24 and 48 hours. 

 

1.1. BV2 viability and proliferation are not impacted by LPS, IFN-ɣ, IL-4 or CM-

GL261 

 

To ensure that treatments were not affecting the viability and the proliferation of the BV2 cells, a Cell 

Titer Glo assay and an Incucyte® monitoring were performed (Figures 23 and 24). On Figure 23, we 

observed a slight reduction of viability at 24 hours of treatment compared to the control untreated 

cells, especially for IFN-ɣ (Figure 23B), but the viability never reaches less than 80% of viability. Figure 

23C, shows a significant decrease of viability at 24 hours (~6%) for IL-4 treated cells. Otherwise, no 

significant changes are observed between untreated and treated BV2 for the timepoints between six 

and 48 hours. 
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Figure 23. Viability of BV2 is not impacted by treatments with LPS, IFN-ɣ, IL-4 and CM-GL261: 

Effect of 10 ng/mL of LPS (A), IFN-ɣ(B), IL-4 (C) or CM-GL261 (D) exposure on the viability of BV2 cells 

treated for 6, 12, 24 and 48 hours. The cell viability of treated cells was assessed relatively to the control, 

untreated cells (red line). Statistical analysis constituting of an Ordinary One-Way ANOVA with Multiple 

comparisons (Tukey’s) was performed using GraphPadPrism 9. Asterisks represent significant 

differences (* p<0.05; *** p<0.001). Data are representative of three independent experiments, each of 

which done at least in technical triplicates and are represented as mean ± Standard Error of the Mean 

(SEM). 

 

 

Concerning the proliferation, as shown in Figure24 (left panel), the cell confluence measured by the 

Incucyte® system indicates unsignificant and modest changes between control untreated and treated 

BV2 cells. We can note a trend in pro-inflammatory treated cells to exhibit an unsignificant increase in 

proliferation at six hours timepoint for LPS with 11% increase in confluence compared to control 

(Figure 24A) and from six to 18 hours timepoints for IFN-ɣ with 14% increase (Figure 24C). 

As we could observe on the Incucyte® system that BV2 cells were morphologically changing (Annexe 

10) during the treatment time, we decided to add a manual counting of cells to ensure that the 

confluence measurement was not biased by the changes of the BV2 soma size (Figure 24, right panel). 

To avoid observer bias, the counting was realized by a third party. Even if no significant difference 

between control and treatment were noted, we could nevertheless observe that the amount of cells 
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was not always associated with the confluence. As observed in figure 24B, the cell number is higher in 

LPS condition compared to control at the earliest and latest time points (12% and 8 % higher at 0 and 

72 hours, respectively). Similarly to the confluence measurement at 36 hours, the cell number is lower 

by 11% in the LPS-treated cells compared to the control (Figure 24B). For the IFN-ɣ condition, Figure 

24D shows that the number of treated cells are always lower compared to the control and the highest 

decrease in cells is reached at 36 hours with 24 % lower than the control, that does not match the 

result observed in the confluence measurement for the same condition (Figure 24C). Concerning the 

IL-4 condition, the amount of cells is highly associated to the confluence measurement with an higher 

number of cells in the 36 and 72 hours timepoints compared to control, with an increase of 11% and 

4% cells, respectively (Figure 24F versus Figure 24E). Finally, as seen in Figure 24, H, the amount of cells 

is higher at 36 and 72 hours compared to the control, with a maximum increase of 16% at 72 hours, 

thus being associated to the measure of the confluence (Figure 24G). 

In summary, we can conclude that the concentration of treatments used in our study are not impacting 

significantly the BV2 viability and proliferation within a time frame ranging from 0 to 72 hours. 
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Figure 24. Confluence of BV2 cells is not impacted by treatments with LPS, IFN-ɣ, IL-4 or CM-

GL261: 

Effect of 10 ng/mL of LPS (A,B), IFN-ɣ(C,D), IL-4 (E,F) or CM-GL261 (G,H) exposure on the confluence 

(left panel) and proliferation (right panel) of BV2 cells treated for 72 hours. The cellular confluence of 

treated cells was monitored and analyzed by the Incucyte® system. Proliferation was assessed by 

counting of the cells from the pictures generated by the Incucyte® system and compared to the control 

(CTR, red line, untreated cells). Statistical analysis was performed using GraphPadPrism 9 applying a 

two-way ANOVA with correction for multiple comparisons (Sìdàk). Data are representative of three 

independent experiments, each of which done in technical triplicates and are represented as mean ± 

SEM. 
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Following the notification that treatments were not affecting in a significant way the BV2 cells viability 

and proliferation, we could start assessing the question of microglial phenotypical reprogramming, 

starting with the exploration of BV2 morphologies. 

 

1.2. Morphological changes of BV2 cells are suggesting a reactive activation upon 

treatments. 

 

 

 

Figure 25. Morphological changes are induced in BV2 upon treatments with LPS, IFN-ɣ, IL-4 or 

CM-GL261: 

Morphological assessment of BV2 cells treated with 10 ng/mL of LPS (E-H), IFN-ɣ(I-L), IL-4 (M-P) or 

CM-GL261 (Q-T) for 6, 12, 24 and 48 hours; compared to untreated cells (A-D). Confocal images (40X 

objective) showing the co-labelling of Iba1 (red) and F4/80 (green) in cultured BV2. DAPI is shown in 

blue; scale bar: 20 μm. 
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Microglial morphologies have been extensively characterized and linked to reactivity to a various range 

of stimulations in literature, both in vivo (reviewed by400) and in vitro401,402 and it is now acknowledged 

that changes in microglial morphology constitute a sign of reactivity. To know if the treatments were 

inducing a phenotypical change in BV2 cells, a morphological assessment using immunofluorescent (IF) 

staining of microglial specific cytosolic marker Iba1403 and macrophage specific cell surface 

glycoprotein F4/8080 was performed, 4’6-diamidino-2-phenylindole (DAPI) staining was used to 

highlight the nucleus.  

 

On Figure 25 (Annexe 13 for 20X pictures), we observed a change of BV2 morphology after six hours 

of treatment. Compared to the untreated cells (CTR, Figure 25A), most BV2 treated with LPS for six 

hours exhibit a modest increase in the soma size, an increase in processes number and length with no 

thickness change (E). Similarly, Figure 25 shows that compared to control, IFN-ɣ treated cells exhibit 

an enlargement of the soma and an increase in processes number but these last are less elongated 

and thicker (I) than the ones observed in the LPS condition (E). On the contrary, we noticed that, 

compared to the control, the IL-4 treated cells (M) are characterized by a decrease in the soma size 

and a decrease and elongation of the processes. Finally, Figure 25 shows that most of the cells treated 

with CM-GL261 (Q) display a decrease in soma size, less processes but similar to the control (A) in 

length and thickness and shorter that the ones treated with IL-4 (M).  

 

After 12 hours of treatment, we observed a stronger change in BV2 morphology. After 12 hours of LPS 

(F), we still witness the enlargement of the soma of the cells; the number of processes is similar to 

control (B) but increased in length and thickness (F). The BV2 treated with IFN-ɣ display a morphology 

similar to control in terms of soma size, processes number and thickness but exhibit a slight increase 

in length (J). We can also note that BV2 treated with IL-4 exhibit a decrease in soma size, a decrease in 

processes number and thickness, together with an increase in the latest length (N). Finally, for CM-

GL261 treated BV2 we observed a morphology similar to the control with only few cells exhibiting 

either few elongated processes or an increase in soma size (R). 

 

Figure 25 also shows that, after 24 hours of treatment, the morphological changes of treated BV2 cells 

are undeniable. Compared to control (C) and in the continuity of what is observed at 12 hours, LPS-

treated BV2 exhibit an increase of soma together with an increase of longer and thicker processes (G). 

In comparison to both control and LPS-treated cells, IFN-ɣ-treated BV2 are displaying a characteristic 

amoeboid morphology with exceeding large soma and no branche (K). Most of the cells treated with 
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IL-4 (O) exhibit a soma smaller than the control, less processes but longer and thinner. Finally, we 

observed different phenotypes within the cells treated with CM-GL261, ranging from amoeboid to 

round cells, with long thin processes to no protusion at all (S). 

 

Lastly, we noticed that the observed phenotypes tend to regress after 48 hours of treatment when 

compared to their 24 hours counterpart. Nevertheless, compared to the control (D), the LPS-treated 

are still exhibiting a larger soma and a lesser amount of shorter and thicker processes (H), very similar 

on all parameters to the IFN-ɣ-treated cells (L). On the opposite and compared to control (D), IL-4 

treated cells display a decreased soma with a similar amount of processes, however being shorter and 

thinner (P). Finally, we observed that the CM-GL261 treated cells exhibit a very homogenous 

phenotype characterized by a soma decrease in size and very few thick and minuscule processes (T). 

  

To summarize, Figure 25 (and Annexe 13) shows that characteristic morphological changes are 

gradually induced over time in all treatment conditions, especially after 24 hours and more manifest 

in the pro-inflammatory conditions. Indeed, LPS and IFN-ɣ are inducing a significant increase of BV2 

soma size accompanied with a decrease and thickening of processes length. On the contrary, anti-

inflammatory (IL-4) treatment leads to an extension and thinning of BV2 processes and reduction of 

the soma size when compared to untreated BV2. Those results are in alignment with the literature 

classifying microglial morphologies suggesting a polarization of BV2 cells towards pro- and anti-

inflammatory325 phenotypes in vitro, respectively. In the CM-GL261 condition, mixed phenotypes are 

observables with elongated cells coupled with amoeboid ones, making it difficult to summarize a 

homogenous induced microglial phenotype. The observation that the cell shapes are changing 

suggests a phenomenon of cellular reactivity to the treatments in our experimental design.  

 

To observe if that effect could be measurable at the functional level, we next assessed the phagocytosis 

of treated BV2 cells by using pH sensitive fluorescent Escherichia coli particles (Figure 26).  

 

1.3. No significant changes in phagocytosis upon treatment are observed in BV2 

cells 

  

Phagocytosis, as one of the major function of microglial cells, represents a key parameter for functional 

change assessment. To evaluate phagocytosis, pH sensitive fluorescent particles of Escherichia coli 

were placed in the medium of BV2 cells treated or not with LPS, IFN-ɣ, IL-4 or CM-GL261. Upon 

phagocytosis, the particles, activated by the pH of the phagolysosome, emit red fluorescence 
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measured by a plate reader system, so the intensity of the fluorescence correlates with the amount of 

beads phagocyted by BV2 cells.  

The huge variability between biological replicates and translated in very high Standard Error of the 

Mean (SEM) and absence of significance on Figure 26 makes it hard to conclude on the phagocytic 

behavior of BV2 treated cells.  

Nevertheless, we observed several phases illustrated in Figure 26: 

Phase A is characterized by a slight decrease in phagocytosis for all treatment conditions compared to 

the untreated control cells, indicating that all conditions exhibit a phagocytosis capacity lower than the 

control.  

Phase B is characterized by an intense decrease followed by an intense increase of phagocytosis in all 

conditions with phagocytotic activity still being lower as compared to the control.  

Phase C shows different trends according to the treatment condition with LPS condition exhibiting a 

huge increase followed by a decrease in phagocytosis, above the control values; CM-GL261 condition 

showing a slight increase followed by a decrease below the control values; finally a decrease followed 

by an increase of phagocytosis below the control values were observed for IL-4 and IFN-ɣ conditions. 

Phase D shows a slight and gradual increase for all conditions, the phagocytosis from the LPS treatment 

being above the control whereas the IFN-ɣ, IL-4 and CM-GL261 being below. 

Phase E shows a more complex pattern, with an increase above the control phagocytosis for all 

treatment conditions, a decrease below the control values, except for the LPS treatment and an 

increase below the control values for all treatment conditions but the LPS one. 

Phase F exhibits a stable increase for all treatment conditions, LPS values being above the control, IFN-

ɣ and IL-4 closely below and CM-GL261 strongly below the control values. 
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Figure 26. Phagocytic function of BV2 is not significantly impacted by treatments with LPS, 
IFN-ɣ, IL-4 or CM-GL261: 

Effect of 10 ng/mL of LPS (red), IFN-ɣ (green), IL-4 (blue) or CM-GL261 (purple) exposure on the 

phagocytic function of BV2 cells by use of pH dependent fluorescent beads monitored in the Clariostar® 

system for eight hours. Phagocytosis of treated cells was assessed relatively to the control, untreated 

cells (red dotted line, 100%). Statistical analysis was performed using GraphPadPrism 9, applying a 

two-way ANOVA corrected for multiple comparisons (Tukey). Data are representative of three 

independent experiments, each of which done at least in technical triplicates and are represented as 

mean ± Standard Error of the Mean (SEM). 

 

 

Despite the high SEM, we can still attest that the trend of decreased phagocytosis in the CM-GL261 

treated cells seems to be accurate since the SEM are less prominent and in accordance with 

literature404, suggesting that functional reprogramming might have been reached. 

In the same manner, we observed a trend of increase in phagocytic activity after 150 minutes of 

treatment with LPS (Figure 26C), which is also in accordance with literature405. Concerning the IL-4 

treatment, it is supposedly inducing increase in phagocytosis in primary microglia406, questioning the 

strength of our IL-4 treatment or the responsiveness of the BV2 cell line to it. Finally, concerning the 

IFN-ɣ treatment, we observed a slight tendency towards a decrease in phagocytosis which has been 
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observed in primary microglia and supposed in BV2 cells by the IFN-ɣ induced downregulation 

phagocytosis implicated genes407.  

We can not conclude that a functional reprogramming has been reached by the design of our 

experiment. Nevertheless, to further characterize the BV2 populations we obtained by treating the 

cells, we decided to explore the secretome using Cytokine arrays, targeting 96 different CK.  

 

1.4. BV2 cells exhibit differential secretomic changes upon treatments. 

 

As seen in the introduction, the secretory function of microglial cells is a crucial part of microglial 

reaction to a particular environment and one of the major group of secreted products is composed of 

CKs, thus, assessing the secretion of CKs represents an effective way of establishing the level of 

reactivity of the BV2 cells in our study.  

In order to measure the CKs, commercially available ELISA based membrane assays directed against 96 

well known CKs (Annexes 1 and 22) were performed on the culture supernatant of BV2 treated or not 

for six to 48 hours with LPS, IFN-ɣ, IL-4 or CM-GL261. Those membranes are covered with capture 

antibodies recognizing CK and revealed by detecting biotinylated antibodies further activated by 

HorseRadish Peroxidase (HRP) conjugated streptavidin producing chemiluminescence. The intensity of 

the luminescence is thus positively associated to the amount of CKs present in the supernatant. 

Figure 27 exhibits a panel of six well known CKs in microglial biology, IL-4, an anti-inflammatory CK (A); 

IL-6 (B), IFN-ɣ (C) and TNFα (E), pro-inflammatory CKs; MMP2 (D) a metalloproteinase and G-CSF, a 

growth factor (F). The X-axis represents the timepoints of treatment, and Y-axis the mean pixel 

intensity measured on the blot picture. This Figure allows the comparisons of the CK secretion intensity 

at each timepoint between different conditions but also in each individual condition between 

timepoints. 

Even though the graphs presented in Figure 27 exhibit high SEM and no statistical significance, we 

observed some similarities and divergences in the patterns of CKs secretion between treatments and 

control along timepoints.  

For instance, the IFN-ɣ treated BV2 and the control group seem to follow the same patterns of IL-4 (A), 

IL-6 (B), TNF-α (E) and G-CSF (F) secretions along time points. The LPS and CM-GL261 seem similar in 

secretion patterns of IL-4 (A), IFN-ɣ (C) and MMP2 (D) but interestingly, patterns of secretion of IL-6 

(B) for LPS and CM-GL261 treated BV2 are opposite, rising interrogations on the different CK secretion 
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regulation by different treatments. Some patterns of secretion along timepoints are otherwise unique, 

we observed for instance that, compared to all the other conditions (control included), the BV2 treated 

with IL-4 exhibit distinctive patterns of secretion for IL-4 (A), IL-6 (B), IFN-ɣ (C) and G-CSF (F). Another 

interesting pattern of secretion is the one concerning the TNFα (E), where BV2 treated with CM-GL261 

is the only one following a distinctive trend along timepoints compared to the control, LPS, IFN-ɣ, and 

IL-4. 

 

 

Figure 27. Changes in secretome are induced in BV2 cells upon treatment with LPS, but not 
with IFN-ɣ, IL-4 or CM-GL261: 

Effect of 10 ng/mL of LPS, IFN-ɣ, IL-4 or CM-GL261 exposure on the CK secretion of BV2 cells treated 

for 6, 12, 24 and 48 hours, compared to untreated cells (CTR). Selected CK from the 96 targets present 

on the arrays are (A) IL-4, (B) IL-6, (C) IFN-ɣ, (D) MMP2, (E) TNFα and (F) G-CSF. Measure of pixel 

intensity on the arrays were made using FIJI ImageJ software, normalized to the background pixel 
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intensity and to the pixel intensity generated by the DMEM media itself. Statistical analysis was 

performed using GraphPadPrism 9 and applying two-way ANOVA with a correction for multiple 

comparisons (Tukey). Asterisks represent significant differences (* p<0.05). Data are representative of 

two independent experiments, each of which done in technical duplicates and are represented as mean 

± Standard Error of the Mean (SEM).  

 

 

Despite the absence of significance for CKs results, we observed a trend between the profiles of 

secretion for each treatment condition and each individual treatment is associated with the secretion 

of at least one CK compared to the other treatments and to the control. Indeed, we can state that the 

BV2 treated 24 hours with LPS are exhibiting the highest intensity of IL-4 and G-CSF secretion compared 

to all other conditions of treatment and time, including control untreated BV2 (Figure 27A and F, 

respectively). Otherwise, the BV2 treated with IFN-ɣ for 48 hours are characterized by the highest 

secretion of IL-6 and IFN-ɣ (B and C, respectively) compared to all conditions of time and treatments. 

In addition, the BV2 treated with IL-4 for 24 hours display the highest secretion of TNFα (E) and, finally 

the BV2 treated with CM-GL261 for 48 hours shows the highest secretion of MMP2 (D) compared to 

all condition of treatment and timepoints. We can then conclude that our treatment leads to 

differential secretomic profiles in BV2 cells suggesting that microglial reactivity has been reached after 

24 or 48 hours of treatments. 

After observing that BV2 cells adopt phenotypical changes upon our treatments, we choose to 

investigate the transcriptomics behind BV2 reactivity to the treatments by assessing mRNA expression 

of characteristics microglial signature genes. 

 

 

1.5. Transcriptomic analysis shows significantly differential expression upon 

treatments 

 

Microglial transcriptomics has also been widely investigated in various conditions to assess the genes 

underlying microglial reactivity towards specific phenotypes, amongst them Cxcl10, Tnf and Il1β; Arg1, 

Ym1 and Fizz1 genes associated with pro- and anti-inflammatory properties, respectively408. We 

decided to measure the quantity of mRNA in BV2 treated or not with LPS, IFN-ɣ, IL-4 or CM-GL261 from 

six to 48 hours by performing RT-qPCR. We assessed the expression of those mRNAs in comparison to 

the housekeeping gene Rpl27. The results, normalized to the control group mRNA counterparts are 

presented in Figure 28. The left panel of the Figure 28 shows the mRNA expression for the pro-
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inflammatory associated genes Tnf (A), Il-1β (B) and Cxcl10 (C) whereas the right panel shows the 

mRNA expression for the anti-inflammatory associated genes Arg1 (D), Ym1 (E) and Fizz1 (F). In all 

figures, X-axis refers to each of the treatment conditions with each color representing a timepoint; the 

Y-axis representing the mRNA expression of each gene relative to the control untreated counterpart. 

 

Figure 28A shows the result for the expression of Tnf mRNA in each treatment condition relatively to 

the untreated control BV2. We observed that the Tnf mRNA expression values of all treatments 

conditions at all timepoints are above the control but level of significance was only reached for LPS 

treatment after six and 12 hours and for IFN-ɣ after six hours. We also observed that, except for the 

CM-GL261 condition, all are following a trend of gradually decrease over time.  

Indeed, LPS treatment is inducing, amongst all treatments, the strongest response at six hours with a 

103-fold increase compared to the respective control. The LPS-induced expression of Tnf mRNA 

decreases along timepoints, with a decrease of 72-fold between 6 and 12 hours. Lesser than the LPS 

treatment with a difference of 75-fold change, IFN-ɣ is nevertheless inducing a strong increase of 28-

fold change in Tnf mRNA expression in BV2 cells at six hours timepoint compared to the control. This 

induction of Tnf mRNA is gradually decreasing along timepoints. We observed that pro-inflammatory 

conditions led to a statistically significant induction of the Tnf mRNA expression in BV2 cells, while the 

glioma mimicking (CM-GL261) and the anti-inflammatory treatment are not inducing changes 

compared to control. 

Figure 28B shows the expression of the IL-1β mRNA in the different treatment conditions relative to 

the untreated control BV2. We observed that all treatments led to the insignificant induction of the IL-

1β mRNA expression at all timepoints, except for the LPS at six and 12 hours. For instance, the LPS 

condition exhibit a strong increase of 330-fold change at six hours compared to the control followed 

an increase to reach 383 at 12 hours and a decrease afterwards. We observed that, compare to the 

control, LPS treatment led to a statistically significant induction of IL-1β mRNA expression in BV2 cells, 

all the other treatments, including the pro-inflammatory IFN-ɣ did not induce significant changes 

compared to the control. 

Figure 28C shows the expression of the Cxcl10 mRNA in the different treatment conditions relative to 

the control untreated BV2. All treatments lead to a insignificant induction of the Cxcl10 mRNA 

expression at all timepoints, except for LPS and IFN-ɣ conditions that were characterized by a dramatic 

increase of Cxcl10 mRNA expression after six hours with positive fold changes of 3744 and 2170 at six 

hours, respectively. We conclude that the pro-inflammatory treatments lead to a significant induction 
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of Cxcl10 mRNA expression after six hours, while anti-inflammatory associated treatments are not 

inducing any change compared to control. 

Figure 28D shows the expression of the anti-inflammatory associated Arg1 mRNA in the different 

treatment conditions relative to the control untreated BV2. We observed that the LPS and IFN-ɣ 

treatment conditions are not inducing any significant changes in the Arg1 mRNA expression, while IL-

4 and CM-GL261 treatments leads to significant increase at all timepoints. Within the IL-4 condition, 

the significant induction of the Arg1 mRNA expression at 48 hours is the strongest of all in our settings 

with a positive fold change of six, which, in comparison to the previous pro-inflammatory mRNAs 

induction, seems rather modest. Concerning the CM-GL261 condition, we observed an increase of two 

positive fold change at 12 hours, being the peak of Arg1 mRNA expression in this condition. We can 

conclude that, compare to the control, the anti-inflammatory treatment IL-4 and the glioma mimicking 

CM-GL261 treatment leads to significant induction of Arg1 mRNA expression, while the pro-

inflammatory treatments do not. 

Figure 28E shows the expression of the anti-inflammatory associated Ym1 mRNA in the different 

treatment conditions relative to the control untreated BV2. We observed that only IL-4 treatment leads 

to a significant induction of the Ym1 mRNA expression from 12 to 48 hours, the peak of induction being 

reached at 12 hours with a positive fold change of five. We can conclude that only the anti-

inflammatory treatment IL-4 has an influence on the expression of Ym1 mRNA in BV2 cells. 

Lastly, Figure 28F shows the expression of the anti-inflammatory associated Fizz1 mRNA in the 

different treatment conditions relative to the control untreated BV2. We observed that all treatments 

lead to the insignificant induction of the Fizz1 mRNA expression at all timepoints, except for the IL-4 

condition at six hours and the CM-GL261 at 12 hours. For the IL-4 condition, Figure 28 shows that the 

expression of Fizz1 mRNA is strongly induced at six hours with a positive fold change of three, while 

for the CM-GL261 condition shows a strong increase up to three at 12 hours. 
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Figure 28. Stimulation treatments lead to differential expression of mRNAs in BV2 cells: 

Effect of 10 ng/mL of LPS, IFN-ɣ, IL-4 or CM-GL261 exposure on mRNA expression of BV2 cells treated 

for 6, 12, 24 and 48 hours, normalized to untreated cells. Selected mRNA targets are characteristics of 

a pro-inflammatory (top panel) and anti-inflammatory (bottom panel) reactivity. Namely (A) Tnf, (B) IL-

1β, (C) Cxcl10, (D) Arg1, (E) Ym1 and (F) Fizz1. Rpl27 was used as a housekeeping gene for 

normalization of gene expression. Values were normalized to the control untreated BV2 values. 

Statistical analysis was performed using GraphPadPrism 9 and applying two-way ANOVA with a 

correction for multiple comparisons between control and treatments (Dunnett) and in between 

treatments (Tukey). Data are representative of three independent experiments, each of which done in 

technical triplicates and are represented as mean ± Standard Error of the Mean (SEM). 

 

 

On the overall Figure 28, we observe the significant induction of a pro-inflammatory associated 

signature by pro-inflammatory treatments and, in a lower range the significant induction of the anti-

inflammatory signature by anti-inflammatory and glioma mimicking treatment. We can conclude that 

the treatments used in the study are inducing significant transcriptomic changes in the BV2 microglial 

cells, characterized by the expression of Tnf, Il1β and Cxcl10 for the LPS; Tnf and Cxcl10 for the IFN-ɣ; 
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Arg1, Fizz1 and Ym1 for the IL-4 and Arg1 and Fizz1 for the CM-GL261. We can confidently attest 

acquisition of different microglial identity with our experimental setting. 

 

From those results and according to Paolicelli et al. guidelines, we can state that we are studying 

different types of induced phenotypes in BV2 microglial cells characterized by the following features : 

 

Table 4. BV2 features induced by treatments 

 

 

Taken together, we can conclude that BV2 cells are reacting to each of our treatment via a 

reprogramming affecting at least morphology and transcriptome, and we can hypothetize that this 

reprogramming is emerging from a change in chromatin compaction and structure. Following this 

assumption, DNA isolated from BV2 cells treated or not with LPS, IFNɣ, IL-4 and CM-GL261 was bisulfite 

converted and submitted to Illumina MethylMouse arrays to unravel potential changes in DNA 

methylation patterns in accordance with the shift in cellular identity described above.  

 

1.6. Significant changes in DNA methylation patterns are induced by LPS and IFN-ɣ 

treatments after 12 hours and by all treatments after 48 hours in BV2 cells 

 

The mouse methylation arrays from Illumina are composed of 12 individual beadchips where the DNA 

samples are deposited to hybridize with oligonucleotide probes capturing more than 285000 CpG sites 

(targeting C-G dinucleotide), localized inside or in close proximity to promoters and regulatory 

elements within the mouse genome409. Each oligonucleotide probe is coupled with a fluorescent dye 

indicating a fully methylated CpG sites with green and totally unmethylated one with red; and is 
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duplicated multiple times on the beadchip, allowing the calculation of a mean methylation intensity 

(β-value) for each CpG site. 

After each β-value were measured at each CpG site for each BV2 samples and transformed in M-value, 

we made comparisons of each treatment methylation patterns compared to the respective timepoint 

controls. 

 

 

Figure 29. Differentially Methylation is induced by LPS and IFN-ɣ treatments at 12 hours and 
enhanced after 24 hours: 

Effect of 10 ng/mL of LPS, IFN-ɣ, IL-4 or CM-GL261 exposure on DNA methylation patterns of BV2 cells 

treated for 6, 12, 24 or 48 hours, compared to the untreated control BV2 cells. Scatter plots of the 

differentially methylated sites in BV2 treated with LPS (A, E, I, M), IFN-ɣ (B, F, J, N), IL-4 (C, G, K, O) 
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or CM-GL261 (D, H, L, P) at six (A to D), 12 (E to H), 24 (I to L) and 48 hours (M to P) compared to the 

untreated BV2. The experiment was made on  technical triplicate. Raw data from MethylMouse array 

were processed by Dr. Reka Toth, using RnBeads 2.16.0, differential methylation was performed using 

the limma package based on the M-values and the False discovery rate was used to adjust for multiple 

testing. Blue dots represent a Differentially Methylated CpG site, red dots highlight statistical 

significance. 

 

 

Figure 29 displays the scatter plots for Differentially Methylated CpG Sites (DMS) in each treatment 

condition compared to the control, represented by the mean methylation level (M-value, 

transformation of the β-value) ranging from 0 indicating an unmethylation to 1, a full methylation. For 

LPS, IFN-ɣ and IL-4 conditions, each plot shows the mean M-value of the control group on the X-axis 

and the mean M-value of the treatment group on the Y-axis. Concerning the CM-GL261 condition, the 

mean M-values of the control group appear on the Y-axis, whereas the CM-GL261 detected mean M-

values appear on the X-axis. Each dot represents a DMS between treatment and control conditions, 

statistically significant when colored in red (FDR adjusted pValue < 0,05). 

On Figure 29, we see that there are no significant difference at the DNA methylation level between 

untreated and treated BV2 at the six hours timepoint, regardless of the treatment (A, LPS; B, IFN-ɣ; C, 

IL-4; and D, CM-GL261). We see that significant differences start to appear between the control and 

LPS (E) and IFN-ɣ (F) after 12 hours of treatment; while no differences are induced upon IL-4 (G) and 

CM-GL261 (H) treatment. Similarly, at the 24 hours timepoint, significant differences in methylation 

patterns are observed in the LPS (I) and IFN-ɣ (J) treated BV2 compared to untreated BV2; while no 

significant difference can be seen in the IL-4 (K) and CM-GL261 (L) treated BV2. Finally, we see on 

Figure 29 that all treatment conditions lead to significant DMS at 48 hours compared to the control, 

the most striking condition being the IL-4 (0) (LPS, M; IFN-ɣ, N and CM-GL261, P). 

The conditions exhibiting a significant DMS between treatment and control were explored individually 

in more depth, starting with the differences in DNA methylation patterns in BV2 induced by pro-

inflammatory treatment IFN-ɣ after 12 and 24 hours, compared to the respective control untreated 

BV2. 
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1.7. BV2 cells treated with IFN-ɣ show DNA hypomethylation gradually increasing 

over time  

 

Figure 30 displays different features of the comparisons of the DMS between BV2 treated with IFN-ɣ 

for 12 and 24 hours and the respective untreated control.  

First of all, a Principal Component Analysis (PCA) was made on all the processed samples (all 

treatments, all timepoints) for DNA methylation profiles on all filtered CpG sites to pinpoint the 

variability components and identify the level of variation between each sample. Principal Components 

(PC) represent combination of variables to facilitate the comparison between the samples, PC1 and 

PC2 are combinations explaining the most variation (40 % variance in total; Annexe 31) between the 

samples (mostly treatments, position on the array and array number; Annexe 32). Each PCA plot 

displays the eigenvalues of the PC1 on the X-axis and the eigenvalues of the PC2 on the Y-axis, 

representing the amount of variance carried in each PC for each individual sample. 

To facilitate the comparisons of distance between samples on the plots, only the presented 

comparisons were highlighted on each plot. For instance, Figure 30A, displays the PCA results of only 

IFN-ɣ (green dots) and untreated (orange dots) BV2 samples (technical triplicates) at the 12 hours 

timepoint. What we can observe on Figure 30A, is a segregation between the IFN-ɣ treated samples 

and the untreated samples without a superposition of replicates, meaning that despite a variability 

amongst the replicates, a 12 hours treatment with IFN-ɣ (means PC1: 1.6, PC2 : 2.6) leads to variability 

in DNA methylation compared to the control (means PC1: - 1.0, PC2 : - 0.7). We can draw the same 

conclusion from the Figure 30B, displaying the PCA results of IFN-ɣ (green triangles) and untreated 

(orange triangles) BV2 samples (technical triplicates) at the 24 hours timepoint. Indeed, we also 

observe a segregation between the IFN-ɣ treated samples (means PC1: - 0.9, PC2 : - 0.5)  and the 

untreated samples (means PC1: - 5.8, PC2 : - 3.1) without a superposition of replicates. 

Secondly presented in Figure 30, volcano plots (B and E) displaying on the X-axis the mean difference 

between the methylation level (M-value) of the DMS from the control condition and the M-value of 

those DMS from the IFN-ɣ, both at the 12 hours (B) and 24 hours (E) timepoints. The Y-axis displays 

the corrected P-value (less than 10% probability to make a false discovery) for each DMS M-value, the 

horizontal line corresponding to the FDR threshold. Each dot represents a DMS, with statistical 

significance when colored in green or red, with direction towards hypo- and hypermethylation, 

respectively.  
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We observe in Figure 30B, that 33 DMS exhibit a significantly positive difference between control and 

IFN-ɣ condition with a mean methylation difference threshold ranging from 0.1 and 0.6. The threshold 

being set as +/- 0.1, 1185 DMS with a significant negative difference above the threshold and 550 DMS 

with a significant positive difference below the threshold were excluded. Nevertheless, we can observe 

with confidence that 33 CpGs sites are hypomethylated in the IFN-ɣ treated BV2 compared to the 

untreated BV2 at the 12 hours timepoint. In Figure 30E, we see that 79 and three DMS are exhibiting 

significant positive and negative differences between the control and the IFN-ɣ condition, respectively 

with a mean methylation difference threshold ranging from – 0.2 and 0.5. It is worth noting that five 

DMS with a significant negative difference above the threshold and 23 DMS with a significant positive 

difference below the threshold were excluded. We observed that the 12 hours exposure to IFN-ɣ leads 

to a high number of small amplitude DNA methylation changes while the 24 hours exposure results in 

a low amount of big amplitude DNA methylation changes in BV2 cells. We can also note that the 

significantly high amplitude DNA methylation changes in both time points of exposure are leading 

towards hypomethylation. 

Finally, on Figure 30C and F, the significant DMS are displayed in the rows of a heatmap with each 

column representing the clustering of the mean M-values of each site according to treatment (Tt) and 

timepoint (Tp). The mean M-value is symbolized as color ranging from a deep blue representing 

unmethylated site with a mean M-value of 0, to a dark red representing fully methylated site with a 

mean M-value of one. 

We see on Figure 30C, that the 33 DMS are more methylated in the control group than in the IFN-ɣ 

group at 12 hours timepoint. We can also see that the control group at 12 hours displays some 

variability on the methylation level of those DMS, whereas the IFN-ɣ group at 12 hours are clustered 

together, exhibiting homogeneity in methylation levels for those DMS. Finally, it is worth noting that 

while there is no distinct methylation signature for those conditions, a cluster appears for those DMS 

regrouping the IFN-ɣ conditions at the timepoints 12, 24 and 48 hours with a gradual decrease in β-

values along timepoints. Interestingly, the six hours timepoint of the IFN-ɣ condition, while not being 

clustered with the other timepoints, is the direct neighbor of the 12 hours IFN-ɣ timepoint. All those 

observations suggest gradual and homogenous DNA methylation modifications for those probes in 

response to IFN-ɣ treatment in BV2 cells, in a time exposure dependent manner. 
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Figure 30. BV2 cells treated with IFN-ɣ exhibit significantly differentially hypomethylated sites: 

Effect of 10 ng/mL of IFN-ɣ exposure on DNA methylation patterns of BV2 cells treated for 12 hours, 

compared to the untreated control BV2 cells. The experiment was made on a technical triplicate. Raw 

data from MethylMouse array were processed by Dr. Reka Toth, using RnBeads 2.16.0, differential 

methylation was performed using the limma package based on the M-values and the False Discovery 
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Rate was used to adjust for multiple testing. Left panel: 12 hours exposure to IFN-ɣ. Right panel: 24 

hours exposure to IFN-ɣ. (A, D) PCA plots of DNA methylation profiles based on all CpG sites (after 

filtering; see Materials and Methods); IFN-ɣ: green and control: orange; Time of exposure to IFN-ɣ: 12 

hours: dots; 24 hours: triangles. (B, E) Volcano plots displaying mean DNA methylation differences 

between IFN-ɣ and control untreated BV2 at all filtered CpG sites. The vertical lines represent the 0.1 

mean M-values difference boundary while the horizontal line represent the statistical significance 

treshold (P < 0.05). The significant DMS appeared in green and red, hypo- and hypermethylated in IFN-

ɣ condition compared to control, respectively. (C, F) Hierarchical clustering was performed and 

represented as a heatmap showing the mean methylation levels of the DMS between the IFN-ɣ and the 

control. Columns represent the samples relative to treatment (Tt) and timepoint (Tp), while the rows 

represent the DMS. The methylation levels are illustrated as colors ranging from deep blue (M-Value = 

0, unmethylated) to deep red (M-Value = 1, fully methylated).  

 

 

We see on Figure 30F, that those results are similar after a 24 hours exposure. Indeed, the significant 

DMS are more methylated in the control group than in the IFN-ɣ group at 24 hours timepoint. In 

addition, it is worth noting that the cluster formed of the IFN-ɣ condition at 12, 24 and 48 hours in 

Figure 30C is not appearing here for those DMS. Nonetheless, the 24 and 48 hours timepoints are 

clustered together and the six and 12 hours timepoints are clustered next, showing a homogeneity in 

the response of BV2 cell DNA methylation to the IFN-ɣ treatment along time. In addition, 28 DMS are 

common between the 12 and 24 hours IFN-ɣ conditions (Annexe 33; only five DMS are specific of the 

12 hours timepoint), confirming the homogenous response relative to DNA methylation patterns 

reorganization in response to IFN-ɣ exposure in BV2 cells. 

Taken together, Figure 30 shows that BV2 exposed to 12 and 24 hours of IFN-ɣ exhibit significant 

gradual changes in DNA methylation patterns mostly towards hypomethylation. 

 

1.8. DNA methylation changes induced by IFN-ɣ are localized in transcriptional 

regulatory elements predicted to be associated with active chromatin state 

 

To bring biological meaning to the phenomenon of methylation induced differences by the IFN-ɣ 

treatment in BV2 cells, we use computational analysis of the data to localize the DMS within the 

genome allowing identification of regulatory elements that might have been modified by DNA 

methylation. For instance, Figure 31A, shows the genomic annotation associated to the DMS in the 

IFN-ɣ condition compared to the control at the 12 and 24 hours timepoints. The X-axis displays the 
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percentage of each genomic feature associated with the DMS. Promoter is defined as – 3 kb to + 0,5 

kb from the Transcription Start Site (TSS). 

We observe in Figure 31A, that the hypomethylated DMS induced in the IFN-ɣ condition at the 12 hours 

timepoint are mostly located in promoters in less or equal to 1 kb of the TSS (~37,5%). In addition, DMS 

are found in distal intergenic regions (~15%) and in first intron (~15%). In comparison, the 

hypomethylated DMS induced by a 24 hours treatment with IFN-ɣ are equally localized in promoters 

and distal intergenic regions (~25% each) together with the first intron and other introns (~20% each). 

Here, the results show that the hypomethylation induced by IFN-ɣ compared to the control can be 

located in different areas of the genome but targeting a high amount of gene promoters suggesting 

differential gene architecture regulation in response to IFN-ɣ. In addition, the time of exposure to IFN-

ɣ seems to change the DNA methylation patterns along the genome with an increase in the DMS within 

the intergenic regions and a decrease in the promoter regions, again suggesting an evolution of the 

DNA methylation landscape of BV2 cells in response to the treatment.  

Additionally, to assess at best the implications of DNA methylation on gene expression, we included 

the chromHMM method to identify the chromatin states associated with the localization of the DMS. 

This method consists of the integration of ChIP-seq data from eight histone modifications (H3K27ac, 

H3K27me3, H3K4me3, H3K4me2, H3K4me1, H3K9me3, H3K9ac and H3K36me3) that, in combination, 

describe 15 chromatin states used to predict regulatory elements within the genome. Figure 31B, 

displays the prediction of the DMS induced in the IFN-ɣ condition compared to the control at 12 and 

24 hours timepoints. The X-axis displays the direction of the methylated DMS (hypomethylated in IFN-

ɣ (Hypo) or hypermethylated in IFN-ɣ (Hyper)) and the Y-axis displays the type of chromatin state 

predicted according to the chromHMM method. The fold-change of the IFN-ɣ DMS compared to 

control is indicated by a dot within a color range (deep blue and far red for the most important 

changes), the log of the P-value is represented by the size of the dot and the significance is highlighted 

by a dark outer ring. Even though we observe no significant prediction within the DMS induced by the 

IFN-ɣ compared to the control at the 12 hours timepoint, the highlighted predicted chromatin states 

at this timepoint become significant at the 24 hours timepoint. Those states are Permissive 

Transcription (Tr-P), a state of chromatin being not closed nor opened but accessible to TFs; Promoter 

Active (Pr-A), a state indicating promoters of transcriptionally active genes and Weak Enhancer (En-

W), a state of chromatin with less active marks but no repressive marks. Those predicted chromatin 

states are mostly associated with transcription activation or at least, not transcriptional repression. 

The DMS induced by IFN-ɣ are gradually located in those states along time of exposure, suggesting a 

specific mechanism of transcriptional regulation by DNA methylation modifications. 
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Figure 31. IFN-ɣ induced hypomethylated DMS are mostly located in gene promoters with a 

chromatin state predicted to be transcriptionally active: 

Effect of 10 ng/mL of IFN-ɣ exposure on DNA methylation patterns of BV2 cells treated for 12 and 24 

hours, compared to the control untreated treated BV2 cells. The experiment was made on a technical 

triplicate. Raw data from MethylMouse array were processed by Dr. Reka Toth, using RnBeads 2.16.0, 

differential methylation was performed using the limma package based on the M-values and the False 

discovery rate was used to adjust for multiple testing. Functional regions were assigned based on 

ChromHMM tracks from the forebrain of the mouse, age P0. (A) Representation of the genomic features 

distribution of the DMS in the IFN-ɣ condition compared to the control (Hypo = Hypomethylated; Hyper 

= Hypermethylated in IFN-ɣ). Promoter regions were defined as -3kb +/- 0.5 kb from the transcription 

start site. (B) Representation of the predicted chromatin states associated with the DMS induced by IFN-

ɣ treatment compared to control in BV2 cells. The fold change of the IFN-ɣ induced DMS compared to 

control is indicated by a dot within a color range (deep blue and far red for the most important changes), 

the log of the P-value is represented by the size of the dot and the significance (Pvalue < 0.05) is 

highlighted by a dark outer ring. Tr-S: Transcription Strong; Tr-P: Transcription Permissive; Tr-I: 

Transcription Initiation; Pr-W: Promoter Weak; Pr-F: Promoter Flanking Region; Pr-B: Promoter 

Bivalent; Pr-A: Promoter Active; NS: No Significant Signal; Hc-P: Heterochromatin Polycomb-

associated; Hc-H: Heterochromatin H3K9me3-associated; En-W: Enhancer Weak; En-Sp: Enhancer 

Strong TSS-proximal; En-Sd: Enhancer Strong TSS-distal; En-Pp: Enhancer Poised TSS-proximal; En-

Pd: Enhancer Poised TSS-distal. 
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Concerning the hypermethylated DMS induced by the IFN-ɣ treatment after a 24 hours exposure, we 

see that they are equally located in promoters, first intron and other introns (~33% each, A) and that 

no significant prediction of chromatin state could be found. 

In conclusion, Figure 31 shows that the hypomethylation induced by the IFN-ɣ treatment in BV2 cells 

occurs in a time dependent manner all along the genome with a high proportion in gene promoters, in 

chromatin states predicted to be associated with active transcription. Those results point out that DNA 

methylation patterns in transcriptional regulatory elements occurs in response to IFN-ɣ treatment and 

insinuate a role in gene expression regulation. 

 

1.9. Differentially methylated genes in IFN-ɣ treatment condition are linked to 

interferon signaling pathways 

 

Finally, to explore whether those IFN-ɣ induced DMS could have an impact on the cellular functioning 

of the BV2, we conducted a gene set enrichment analysis on the significant DMS located only in the 

promoters, named differentially methylated genes (DMGs). No results were found for the 12 hours 

timepoint. Nevertheless, Figure 32 shows the results for the 24 hours timepoint, targeting the 

reactome (A, for hypermethylated DMGs in IFN-ɣ compared to the control) and the molecular 

signature database (B, left panel for hypomethylated DMGs, right panel for hypermethylated DMGs).  

Concerning the reactome, no enrichment was found for the hypomethylated DMG and one was found 

for the hypermethylated ones. Indeed, in A, one of the DMG, Cd81, hypermethylated in the IFN-ɣ 

treatment condition is associated with the regulation of the complement cascade, mostly related to 

promotion of inflammation.  

Concerning the molecular signature, both the hypo- and hypermethylated DMS gave significant results. 

In B, left panel, we also observe that the hypomethylated DMGs in the IFN-ɣ condition are associated 

with the IFN alpha and gamma’s responses. In B, right panel, we observe that the DMGs 

hypermethylated in IFN-ɣ seems to be linked to the STAT5 inflammatory pathway or the P53, both 

connected to inflammatory mechanisms in microglia.  
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Figure 32. IFN-ɣ induced promoter hypomethylation is linked to interferon response: 

Effect of 10 ng/mL of IFN-ɣ exposure on DNA methylation patterns of BV2 cells treated for 24 hours, 

compared to the control untreated BV2 cells. The experiment was made on a technical triplicate. Raw 

data from MethylMouse arrays were processed by Dr. Reka Toth, using RnBeads 2.16.0, differential 

methylation was performed using the limma package based on the M-values and the False discovery 

Rate was used to adjust for multiple testing. Enrichments of the DMS were calculated using a Fisher 

exact test with all sites as a background with function from the annotatr R package. P-values < 0.05 

were indicated as significant. Enrichments of the differentially methylated locis overlapping with 

promoters were calculated using the clusterProfiler, msigdbr and ReactomePA packages and visualized 

with the help of the enrichplot package. The dot plot shows the reactome (A) and the molecular signature 

according to the MSigDB database (B) associated enrichment for the DMS induced in the IFN-ɣ 

condition compared to the control after 24 hours. The size of the dots stands for gene counts and the 

colors from blue (low) to red (high) represent the adjusted P-value. 
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Those results indicate that the DMGs observed between IFN-ɣ treated and untreated BV2 are all 

related to inflammation. More precisely, the DMS hypomethylated in promoters of the genes within 

the IFN-ɣ treatment condition are linked to a response to interferons stimulation and pro-inflammation 

regulation, suggesting that indeed, DNA methylation could be implicated in the regulation of biological 

function in IFN-ɣ induced BV2 reactivity. 

 

1.10. Genes differentially expressed in BV2 exposed to 24 hours treatment with IFN-

ɣ are associated with DNA hypomethylation 

 

The possible link between the biological functions associated with the DMS rise the question whether 

the mRNA expression of the DMGs is changed. RNA sequencing experiments were made to observe 

the top differentially expressed genes (DEGs) in the different treatment conditions to know if they 

were common to the DMGs. 

Figure 33A, displays the 20 top significant DEGs between the IFN-ɣ treated and untreated BV2 at the 

24 hours timepoint. On each box plot, the X-axis displays the treatment condition, while the Y-axis 

shows the normalized counts (log transformed) of the reads overlapping the genomic region 

corresponding to a specific gene annotated on top of each plot. Each sample is represented by a 

symbol, blue and red for the untreated (CTR) and IFN-ɣ conditions, respectively. The dots represented 

the samples from BV2 passage 17, triangles from passage 21 and squares from passage 23.  

We observe in Figure 33A, that all twenty top DEGs are upregulated in the IFN-ɣ condition compared 

to the control.  

Amongst them, we can see seven DEGs modestly upregulated IFN-ɣ, C1qb, Cmpk2, Aif1, Evl, Ifit1bl1, 

Ifi3b and Ifi47 with an increase normalized log counts ranging from 1 to 2,5 compared to control. Then 

four DEGs ranging from four to five counts increase, we can observe Ifit44, Gm1965, Calhm6 and Baft2. 

Finally, nine highly upregulated in IFN-ɣ condition, ranging from seven to ten increased counts, we find 

Gm4951, Lyc6a and Lyc1, Tgtp1, Serpina3g and Serpina3f, Gbp2 and Gbp4 and Cxcl9. 

Within those IFN-ɣ upregulated DEGs, we notice Baft2, a TF associated with microglial identity master 

TFs AP-1 and IRF8. Unsurprisingly, we also see eight genes that are IFN-regulated ones and known to 

be associated with pro-inflammatory reactivity in microglia (Gm4951, Gbp2 and Gbp4, Ifi44 and Ifi47, 

Ifit1bl1 and Ifi3b and Tgtp1). Also, and even though, they belong to different biological categories, 

eight genes upregulated in IFN-ɣ condition are found to be associated with pro-inflammatory 

phenotype of microglia. The Aif1 gene coding for the well-known cytoskeleton-associated microglial 
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marker Iba1 and the actin interacting gene Evl, the immunomodulatory ion channel Calhm6 and kinase 

Cmpk2, the pro-inflammatory chemokine Cxcl9 and the serine peptidase inhibitors Serpina3f and 

Serpina3g and finally, the complement cascade associated C1qb. Surprisingly, two DEGs, Ly6a and 

Ly6c1, are related to the monocytic lineage. At last, Gm1965, a long intergenic non coding RNA has not 

been related to microglia nor immunity. 

 

Figure 33. IFN-ɣ induced gene expression is associated with changes in DNA methylation: 

Effect of 10 ng/mL of IFN-ɣ exposure on RNA expression (A) and DNA methylation patterns (B, C) of 

BV2 cells treated for 24 hours, compared to control untreated BV2 cells. (A) RNA sequencing 

experiment was made on BV2 cells untreated or treated for 24 hours with IFN-ɣ by the LuxGen 

sequencing platform. The experiment was made on a biological triplicate. Raw data were analyzed using 

the DESeq2 pipeline. The box plot represents the top 20 DEGs between the IFN-ɣ condition and the 

control at the 24 hours timepoint. (B, C) Processed differential methylation data from BV2 cells treated 

or not for 24 hours with IFN-ɣ focusing on the significant differentially methylated sites (FDR adjusted 
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P-value < 0.05) and processed RNAseq data encompassing all the significant DEGs (FDR adjusted P-

value < 0.05) were uploaded into a Venn Bioinformatics application tool (Ghent University). 

 

 

To try to find a link between gene expression and DNA methylation in IFN-ɣ treated BV2, all the 

significant DEGs and DMSs were compared and the results, presented in Figure 33B and C, shows that 

five genes in our study are differentially methylated and differentially expressed. Among those, 

Calhm6, Evl, Serpina3g and Baft2 are a part of the twenty more differentially expressed (Figure 33A). 

It is worth noting that the amount of significant DMGs is higher than the amount of significant DEGs, 

highlighting the gap between DNA methylation and gene expression. 

Nevertheless, we conclude that a 24 hours exposure to IFN-ɣ leads to the differential methylation and 

expression of common genes in BV2 cells. To unravel the possible mechanisms between DNA 

methylation and gene expression of those four genes, methylation data were uploaded into the UCSC 

genome browser and databases concerning regulatory elements, chromatin accessibility and states 

were interrogated.  

On Figure 34, the UCSC genome browser view for the Serpina3g gene is shown, indicating that not a 

lot of data are available concerning this gene. Indeed, we find that the chromatin state according to 

the ChromHMM is non significant, and the association between regulatory elements are not known. 

Nevertheless, we can still note that according to the ATACseq data, the chromatin seems to be in a 

closed state all along the gene and also, that no CpG island is present. Finally, only an enhancer and a 

promoter are known to regulate the expression of Serpina3g, in the latter, we found localized the 

probe significantly differentially hypomethylated in the IFN-ɣ condition (cg31053542).  
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Figure 34. IFN-ɣ induced upregulation of Serpina3g is associated with significant 

hypomethylation of its promoter: 

UCSC Genome Browser view of the Serpina3g gene from mouse GRCm38/mm10 genome, including 

tracks (from top to bottom) for RefSeq gene from NCBI (Annotation release 108.20200622); CpG 

islands; ENCODE cis-regulatory elements, chromatin states predicted according to the ChIP-seq 

databases on forebrain, hindbrain and midbrain of P0 mouse pups; enhancers and promoters functional 

associations, ATAC-seq database on forebrain of P0 mouse pups and Illumina Mouse Methyl probes 

localization. The last tracks correspond to the sum of the methylation level of the three replicates at each 

probe site for each condition. The horizontal lines represent the level of methylation from 0 to 1; Light 

blue: control. Pink: IFN-ɣ. The vertical red line represents the significantly differentially methylated site 

in the Serpina3g gene. 

 

 

Without all the data concerning the chromatin states and the interactions between regulatory 

elements orchestrating the regulation of Serpina3g expression, it is difficult to conclude on the 

implication of DNA methylation. However, as we observe an upregulation of Serpina3g expression 

(Figure 33A) and a hypomethylation of its promoter (Figure 34), we can strongly hypothetize that IFN-

ɣ induced expression of Serpina3g in BV2 cells is associated with an underlying control by DNA 

methylation modulation. 

The same profile and the same conclusions can be drawn for Baft2 gene (Annexe 34). 
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On Figure 35, the UCSC genome browser view for the Calhm6 gene is showing that more data are 

available concerning this gene. Indeed, the probe exhibiting the significant methylation changes in the 

IFN-ɣ condition is characterized by a strong hypomethylation compared to control. In addition, we can 

see that this probe aligns with a promoter with a chromatin state predicted to be weak, indicating that 

the chromatin at this location displays less active histone marks but no repressive ones.  

In that regard, it is also interesting that the ATACseq tracks shows no peaks at this location, confirming 

the closed state of the chromatin. Finally, we find that the probe is not located in a CpG island and that 

the other probes are not significantly different between control and IFN-ɣ condition, questioning the 

real impact of a single site DNA methylation modulation on Calhm6 expression. 

 

 

Figure 35. Upregulation of Calhm6 expression is associated with hypomethylation in its 
promoter with a chromatin state predicted to be weak: 

UCSC Genome Browser view of the Calhm6 gene from mouse GRCm38/mm10 genome, including 

tracks (from top to bottom) for RefSeq gene from NCBI (Annotation release 108.20200622); CpG 

islands; ENCODE cis-regulatory elements, chromatin states predicted according to the ChIP-seq 

databases on forebrain, hindbrain and midbrain of P0 mouse pups; enhancers and promoters functional 

associations, ATAC-seq database on forebrain of P0 mouse pups and Illumina Mouse Methyl probes 

localization. The last tracks correspond to the sum of the methylation level of the three replicates at each 

probe site for each condition. The horizontal lines represent the level of methylation from 0 to 1; Light 

blue: control. Pink: IFN-ɣ. The vertical red line represents the significantly differentially methylated site 

in the Calhm6 gene. 
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Even though Figure 34 displays more data concerning the Calhm6 gene architecture and even if those 

data were arising from a matching BV2 dataset, it would be difficult to draw a straightforward 

conclusion about the effect of DNA methylation on Calhm6 expression. Nevertheless, as we see an 

upregulation of Calhm6 expression (Figure 33A) and a significant hypomethylation of its promoter 

(Figure 35), it is still plausible to hypothesize that a single CpG site DNA methylation change could lead 

to gene expression modulation under the influence of a 24 hours IFN-ɣ treatment.  

A similar profile, with a significant IFN-ɣ induced hypomethylation of CpG site located in a promoter 

with a chromatin state predicted to be transcription permissive can be observed for Evl gene (Annexe 

35).  

 

In conclusion, we observe that BV2 microglial cells treated with IFN-ɣ for 24 hours, exhibiting 

differential transcriptomic and morphological phenotypes, display significant changes in DNA 

methylation patterns related to the biological processes of IFN responses, suggesting a role of DNA 

methylation modifications in microglial reactivity to IFNs. In addition, we observe that the 

hypomethylation of transcriptional regulatory elements are linked to upregulation of those genes 

under the IFN-ɣ treatment. Despite the lack of causal mechanisms between the two events, those 

results strongly suggest a mechanistical role of DNA methylation in gene expression regulation.  

Further research is needed concerning the overall chromatin accessibility, the histones modifications 

and the interactions between proximal and distal regulatory elements present on those genes to 

understand the real biological meaning of DNA methylation in response to IFN-ɣ treatment of BV2 

cells. 

 

1.11. BV2 cells treated with LPS display gradual hypomethylation increasing with 

time of exposure 

 

Figure 36 displays different features of the comparisons of the DMS between BV2 treated with LPS for 

12 and 24 hours and the respective untreated control.  

First of all, Figure 36A, displays the PCA results of LPS (purple dots) and untreated (orange dots) BV2 

samples (technical triplicates) at the 12 hours timepoint. What we can observe on Figure 36A, is a 

segregation between the LPS treated samples and the untreated samples without a superposition of 

replicates, meaning that despite a variability amongst the replicates, a 12 hours treatment with LPS 
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(means PC1: 2.9, PC2: - 0.3) leads to variability in DNA methylation compared to the control (means 

PC1: - 1.0, PC2: - 0.7). We can draw the same conclusion from Figure 36B, displaying the PCA results of 

LPS (purple triangles) and untreated (orange triangles) BV2 samples (technical triplicates) at the 24 

hours timepoint. Indeed, we also observe a segregation between the LPS treated samples (means PC1: 

2.9, PC2 : - 0.3)  and the untreated samples (means PC1: - 5.8, PC2: - 3.1) without a superposition of 

replicates. 

Secondly presented in Figure 36, volcano plots (B and E) displaying on the X-axis the mean difference 

between the M-value of the DMS from the control condition and the M-value of those DMS from the 

LPS, both at the 12 hours (B) and 24 hours (E) timepoints. The Y-axis displays the corrected P-value 

(less than 10% probability to make a false discovery) for each DMS M-value, the horizontal line 

corresponding to the FDR threshold. Each dot represents a DMS, with statistical significance when 

colored in green or red, with direction towards hypo- and hypermethylation, respectively.  

We observe in Figure 36B, that 52 DMS exhibit a significant positive difference between the control 

and the LPS condition with a mean methylation difference threshold ranging from 0.1 and 0.6. The 

threshold being set as +/- 0.1, 5 DMS with a significant negative difference above the threshold and 17 

DMS with a significant positive difference below the threshold were excluded. Nevertheless, we can 

observe with confidence that 52 CpGs sites are hypomethylated in the LPS treated BV2 compared to 

the untreated BV2 at the 12 hours timepoint. In Figure 36E, we can see that 139 DMS are exhibiting a 

significant positive difference between the control and the LPS condition, with a mean methylation 

difference threshold ranging from 0.1 and 0.6. It is worth noting that nine DMS with a significant 

negative difference above the threshold and 55 DMS with a significant positive difference below the 

threshold were excluded.  

While the IFN-ɣ condition was characterized by a high number of small amplitude DNA methylation 

changes at 12 hours and a low number of high amplitude DNA methylation changes, the LPS condition 

exhibits a ratio between low and high amplitude DNA methylation changes that remain the same, but 

the amount of DMS increases along time of exposure.  

Similarly to the IFN-ɣ condition, we can also note that the significant high amplitude DNA methylation 

changes in both time of exposure are leading towards hypomethylation. 

Finally, on Figure 36C and F, the significant DMS are displayed in the rows of a heatmap with each 

column representing the clustering of the mean M-values of each site according to treatment (Tt) and 

timepoint (Tp). The mean M-value is represented as color ranging from a deep blue representing 

unmethylated site with a mean M-value of 0, to a dark red representing fully methylated site with a 

mean M-value of 1. 
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On Figure 36C, 52 DMS are more methylated in the control group than in the LPS group at 12 hours 

timepoint. We also observe that the control group at 12 hours displays some variability on the 

methylation level of those DMS whereas the LPS group at 12 hours are clustered together, exhibiting 

homogeneity in methylation levels for those DMS. Finally, it is worth noting that, while there is no 

distinct methylation signature for those conditions, a cluster appears for those DMS regrouping the 

LPS conditions at the timepoints 12 and 24 hours with a gradual decrease in β-values along timepoints. 

Interestingly, the six hours timepoint of the LPS condition, while not being clustered with the other 

timepoints, is the direct neighbor of the 12 hours LPS timepoint. All those observations suggest gradual 

and homogenous DNA methylation modifications for those probes in response to LPS treatment in BV2 

cells, in a time exposure dependent manner. 
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Figure 36. BV2 cells exposed to LPS display significant hypomethylated sites: 

Effect of 10 ng/mL of LPS exposure on DNA methylation patterns of BV2 cells treated for 12 and 24 

hours, compared to the untreated control BV2 cells. The experiment was made on a technical triplicate. 

Raw data from MethylMouse array were processed by Dr. Reka Toth, using RnBeads 2.16.0, differential 

methylation was performed using the limma package based on the M-values and the False Discovery 

Rate was used to adjust for multiple testing. Left panel: 12 hours exposure to LPS. Right panel: 24 hours 

exposure to LPS. (A, D) PCA plots of DNA methylation profiles based on all CpG sites (after filtering; 

see Materials and Methods); LPS: purple and control: orange; Time of exposure to LPS: 12 hours: dots; 

24 hours: triangles. (B, E) Volcano plots displaying mean DNA methylation differences between IFN-ɣ 
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and control untreated BV2 at all filtered CpG sites. The vertical lines represent the 0.1 mean M-values 

difference boundary while the horizontal line represent the statistical significance boundary (P < 0.05). 

The significant DMS appear in green and red, hypo- and hypermethylated in LPS condition compared 

to control, respectively. (C, F) Hierarchical clustering was performed and represented as a heatmap 

showing the mean methylation levels of the DMS between the LPS and the control. Columns represent 

the samples relative to treatment (Tt) and timepoint (Tp), while the rows represent the DMS. The 

methylation levels are illustrated as colors ranging from deep blue (M-Value = 0, unmethylated) to deep 

red (M-Value = 1, fully methylated).  

 

Figure 36F displays similar results after a 24 hours exposure. Indeed, once again the significant DMS 

are more methylated in the control group than in the LPS group at 24 hours timepoint. In addition, the 

cluster formed of the LPS condition at 12 and 24 hours in Figure 36C also appears for those DMS, while 

the six hours timepoint clusters next to it, showing again a similarity in the response of BV2 cell DNA 

methylation to the LPS treatment over time.  

In addition, 46 DMS are common between the 12 and 24 hours LPS conditions (Annexe 36; only five 

DMS are specific of the 12 hours timepoint), confirming the homogenous response in terms of DNA 

methylation patterns reorganization in response to LPS exposure in BV2 cells. 

Taken together, Figure 36 shows that BV2 exposed to 12 and 24 hours of LPS exhibits significant gradual 

changes in DNA methylation patterns mostly towards hypomethylation. 

 

1.12. DNA hypomethylation induced by LPS is localized in transcriptional regulatory 

elements predicted to be associated with active chromatin state 

 

To explore the biological meaning of methylation that is differently induced by LPS treatment in BV2 

cells, we use computational analysis of the data to localize the DMS within the genome to identify 

regulatory elements that might have been modified by DNA methylation. For instance, Figure 37A 

shows the genomic annotation associated to the DMS in LPS condition compared to control at 12 and 

24 hours timepoints. The X-axis displays the percentage of each genomic feature associated with the 

DMS. Promoter is defined as – 3 kb to + 0.5 kb from the TSS. 

Figure 37A shows that the hypomethylated DMS induced in LPS condition at the 12 hours timepoint 

are mostly located within introns others than the first one (~30%). In addition, DMS are found to a 

lower degree in distal intergenic regions (~20%) and in first intron (~1%). After a 24 hours exposure to 
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LPS, the hypomethylated DMS induced are still mainly located in other introns (~30%) but we observe 

an increase in DMS located in promoters (~20%) and in distal intergenic regions (~25%).  

Here, the results show that the hypomethylation induced by LPS compared to the control can be 

located in different areas of the genome. Compared to the IFN-ɣ that was leading to changes mostly 

in gene promoters, the LPS exposure seems to induce most of its DNA methylation changes in introns, 

suggesting differential gene architecture regulation in response to different treatments.  

In addition, the time of exposure to LPS seems to change the DNA methylation patterns along the 

genome with an increase in the DMS within the promoters and a decrease in the distal intergenic 

regions, again suggesting an evolution of the DNA methylation landscape of BV2 cells in response to 

the LPS treatment.  

Additionally, to assess at best the implication of DNA methylation on gene expression, we included the 

chromHMM method to identify the chromatin states associated with the localization of the DMS. 

Figure 37B displays the prediction of the chromatin states related to the DMS induced in the LPS 

condition compared to the control at the 12 and 24 hours timepoints. The X-axis displays the direction 

of the methylated DMS (hypomethylated in LPS (Hypo)) and the Y-axis displays the type of chromatin 

stated predicted according to the chromHMM method. The fold change of the LPS DMS compared to 

control is indicated by a dot within a color range (deep blue and far red for the most important 

changes), the log of the P-value is represented by the size of the dot and the significance is highlighted 

by a dark outer ring.  

Significant predictions have been found within the DMS induced by the LPS compared to the control 

at the 12 hours timepoint. Those states are Permissive Transcription (Tr-P), a state of chromatin being 

neither closed nor opened but accessible to TFs; Promoter Active (Pr-A), a state indicating promoters 

of transcriptionally active genes and Promoter Weak (Pr-W), a state of chromatin with less active marks 

but no repressive marks. Interestingly, after 24 hours of treatment with LPS, similar predictions were 

obtained with even higher fold changes and significance. In addition, also the state Enhancer Weak 

(En-W) became significant, suggesting gradual DNA methylation changes of the same regulatory 

elements and chromatin states over time of treatment with LPS.  

We find that those predicted chromatin states are mostly associated with transcription activation or 

at least, not with transcriptional repression and that the DMS induced by LPS are gradually located in 

those states along time of exposure, suggesting a specific mechanism of transcriptional regulation by 

DNA methylation modifications. 
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Figure 37. Significant hypomethylation induced by LPS treatment is found in promoters with a 
chromatin state predicted to be active: 

Effect of 10 ng/mL of LPS exposure on DNA methylation patterns of BV2 cells treated for 12 and 24 

hours, compared to the control untreated treated BV2 cells. The experiment was made on a technical 

triplicate. Raw data from MethylMouse array were processed by Dr. Reka Toth, using RnBeads 2.16.0, 

differential methylation was performed using the limma package based on the M-values and the False 

discovery rate was used to adjust for multiple testing. Functional regions were assigned based on 

ChromHMM tracks from the forebrain of the mouse, age P0. (A) Representation of the genomic features 

distribution of the DMS in the LPS condition compared to the control (Hypo = Hypomethylated in LPS). 

Promoter regions were defined as -3kb +/- 0.5 kb from the transcription start site. (B) Representation of 

the predicted chromatin states associated with the DMS induced by LPS treatment compared to control 

in BV2 cells. The fold change of the LPS induced DMS compared to control is indicated by a dot within 

a color range (deep blue and far red for the most important changes), the log of the P-value is 

represented by the size of the dot and the significance (P-value < 0.05) is highlighted by a dark outer 

ring. Tr-S: Transcription Strong; Tr-P: Transcription Permissive; Tr-I: Transcription Initiation; Pr-W: 

Promoter Weak; Pr-F: Promoter Flanking Region; Pr-B: Promoter Bivalent; Pr-A: Promoter Active; NS: 

No Significant Signal; Hc-P: Heterochromatin Polycomb-associated; Hc-H: Heterochromatin H3K9me3-

associated; En-W: Enhancer Weak; En-Sp: Enhancer Strong TSS-proximal; En-Sd: Enhancer Strong 

TSS-distal; En-Pp: Enhancer Poised TSS-proximal; En-Pd: Enhancer Poised TSS-distal. 
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In conclusion, Figure 37 shows that the hypomethylation induced by the LPS treatment in BV2 cells 

occurs in a time dependent manner all along the genome with a low proportion in gene promoters 

however exhibiting chromatin states predicted to be associated with active transcription. Those results 

point out that DNA methylation patterns in transcriptional regulatory elements occurs in response to 

LPS treatment and insinuate a role in gene expression regulation. 

 

1.13. Differentially methylated genes in LPS treatment condition are linked to the 

NFκB-mediated TNF signaling pathway. 

 

Finally, to explore whether those LPS induced DMS could have an impact on the cellular functioning of 

the BV2, we conducted a gene set enrichment analysis on the significant DMS located only in the 

promoters, and corresponding to DMGs. Figure 38A, targeting the reactome, demonstrates that for 

the 12 hours timepoint, one hypomethylated DMG, Tnfaip3, is linked to the TNF signaling pathway.  

Figure 38C shows that this pathway is strengthened after 24 hours of LPS exposure with three 

associated DMGs (Tnfaip3, Tab2 and Traf1) and interestingly, one other DMG, Tnip1, is associated to 

Tnfaip3 regulation (Annexe 37) , revealing a gradual and homogenous DNA methylation response to 

the LPS treatment in BV2 cells. In addition, the TNF signaling associated with pro-inflammation, is 

known to be activated in response to LPS in microglia.  

The other gene ontology showed by Figure 38C, is the chemokine response with association to Cxcl2 

and Cxcl11, coding for pro-inflammatory chemokines known to be secreted by LPS exposed microglia. 

Those results suggest an impact of DNA hypomethylation modification under the influence of LPS 

treatment associated with the switch in signaling pathways occurring in microglial reactivity 

phenomenom. 
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Figure 38. Differentially methylated genes induced by LPS treatment are linked to TNFα signaling 

via NFκB: 

Effect of 10 ng/mL of LPS exposure on DNA methylation patterns of BV2 cells treated for 12 and 24 

hours, compared to the control untreated BV2 cells. The experiment was made on a technical triplicate. 

Raw data from MethylMouse array were processed by Dr. Reka Toth, using RnBeads 2.16.0, differential 

methylation was performed using the limma package based on the M-values and the False discovery 

Rate was used to adjust for multiple testing. Enrichment of the DMS were calculated using a Fisher 

exact test with all sites as a background and function from the annotatr R package. P-values < 0.05 

were indicated as significant. Enrichment of the differentially methylated locis overlapping with 

promoters were calculated using the clusterProfiler, msigdbr and ReactomePA packages and visualized 

with the help of the enrichplot package. The dot plot shows the reactome (A and C) and the molecular 

signature according to the MSigDB database (B and D) associated enrichment for the DMS induced in 

the LPS condition compared to the control after 12 hours (left panel) and 24 hours (right panel). The 
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size of the dots stands for gene counts and the colors from blue (low) to red (high) represent the adjusted 

P-value. 

 

 

Concerning the molecular signature, Figure 38B and D show that the LPS induced hypomethylated 

DMGs are again associated to the TNF pathway, linking TNFα responses to NFκB signaling, a well known 

pathway in microglia reactivity. We also find that this response is amplified with increased time of 

exposure, suggesting the gradual activation of biological cascades in response to LPS in BV2 cells. 

Those results mean that the DMGs observed between LPS treated and untreated BV2 are all related 

to inflammation. More precisely, the DMS hypomethylated in gene promoters within the LPS 

treatment condition are linked to the TNF response and pro-inflammation regulation via NFκB, known 

to be involved in microglia induced LPS reactivity and suggesting that DNA methylation could be 

implicated in the underlying mechanisms. 

 

1.14. Genes differentially expressed in BV2 exposed to a 24 hours treatment with 

LPS are associated with DNA hypomethylation 

 

The possible link between the biological functions associated with the DMS rise the question whether 

the mRNA expression of the gene differentially methylated is changed. RNA sequencing experiments 

were made to observe the top DEGs in the different treatment conditions to know if they were 

common to the DMGs. 

Figure 39A, displays the 20 top significant DEGs between the LPS treated and untreated BV2 at the 24 

hours timepoint. On each box plot, the X-axis displays the treatment condition, while the Y-axis shows 

the normalized counts (log transformed) of the read overlapping the genomic region corresponding to 

a specific gene annotated on top of each plot. Each sample is represented by a symbol, red and blue 

for the untreated (CTR) and LPS conditions, respectively. The dots represented the samples from BV2 

passage 17, triangles from passage 21 and squares from passage 23.  

We observe in Figure 39A, that all twenty top DEGs are upregulated in the LPS condition compared to 

the control.  

Amongst them, we find eight DEGs modestly upregulated LPS, Ppfibp2, Pilrb2, Gpr84, CCl7, Cmpk2, 

Gm13571, Ifit1b1 and Hp with an increase normalized log counts ranging from two to five compared 
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to control. Then nine DEGs ranging from five to eight counts increase, we can observe Clec4e, 

Gm19026, Ifit3b, Il6, Marco, Slc39a4, Traf1, Fpr2 and H2M2. Finally, three highly upregulated in LPS 

condition, ranging from 8 to 13 increased counts, we find Saa3, Lcn2 and Ccl5. 

Within those LPS upregulated DEGs, we observe eleven genes belonging to different biological 

categories but that are known to be associated with pro-inflammatory reactivity in microglia. Indeed, 

we find the Ccl5 and Ccl7 genes coding for pro-inflammatory chemokines and the Il6 coding for the 

pro-inflammatory CK IL-6. In addition, there are the immunomodulatory kinase Cmpk2, the 

cytoskeleton associated Marco and the receptors coding Clec4e and Gpr84. And finally, the INF 

regulated genes Ifi1b1 and Ifit3b, the TNF associated Traf1 and the lipoprotein associated Saa3. 

Very interestingly, two DEGs, Frp2 and Hp, are related to the resolution of inflammation in microglial 

cells, suggesting a potential negative feedback mechanisms to balance the LPS induced inflammatory 

reactivity.  

In addition, some of the DEGs upregulated in response to the LPS exposure have not been related to 

microglia but to the control of immunity in other cells, such as H2M2 related to the HMC class II 

molecules, transporter protein coding Slc394a and immunoglobulin-like associated receptor coding 

Pilrb2. Finally, Pplibp2, Gm13571 and Gm19026 have not been related to microglia nor immunity. 
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Figure 39. LPS induced gene expression is linked to DNA methylation reorganization: 

Effect of 10 ng/mL of LPS exposure on RNA expression (A) and DNA methylation patterns (B, C) of BV2 

cells treated for 24 hours, compared to control untreated BV2 cells. (A) RNA sequencing experiment 

was made on BV2 cells untreated or treated for 24 hours with IFN-ɣ by the LuxGen sequencing platform. 

The experiment was made on a biological triplicate. Raw data were analyzed using the DESeq2 pipeline. 

The box plot represents the top 20 DEGs between the LPS condition and the control at the 24 hours 

timepoint. (B, C) Processed differential methylation data from BV2 cells treated or not for 24 hours with 

LPS focusing on the significant differentially methylated sites (FDR adjusted P-value < 0.05) and 
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processed RNAseq data encompassing all the significant DEGs (FDR adjusted P-value < 0.05) were 

uploaded into a Venn Bioinformatics application tool (Ghent University). 

 

 

To try to find a link between gene expression and DNA methylation in LPS treated BV2, all the 

significant DEGs and DMSs were compared and the results, presented in Figure 39B and C, shows that 

nine genes in our study are differentially methylated and differentially expressed. Along those, Lcn2, 

Saa3 and Traf1 are a part of the twenty more differentially expressed (Figure 39A). 

We can conclude from Figure 39 that a 24 hours exposure to LPS leads to the differential methylation 

and expression of common genes in BV2 cells. To unravel the possible mechanisms between DNA 

methylation and gene expression of those three genes, methylation data were uploaded into the UCSC 

genome browser and databases concerning regulatory elements, chromatin accessibility and states 

were interrogated.  

On Figure 40, UCSC genome browser view for the Traf1 gene shows that the probe exhibiting the 

significant methylation changes in the LPS condition (cg38274290) is characterized by a strong 

hypomethylation compared to control. In addition, we find that this probe aligns with a promoter with 

a chromatin state predicted to be associated to permissive transcription, meaning that the chromatin 

at this location is quiescent, displaying low level of histone marks and a closed conformation. It actually 

aligns with the ATACseq tracks showing no peak at this location, confirming the inactive state of the 

chromatin. Finally, we notice that the probe is not located in a CpG island and that the other probes 

are not significantly different between control and LPS condition, questionning the real impact of a 

single site DNA methylation modulation on Traf1 expression. 

The same profile is exhibited by on the Lcn2 gene and the same conclusions can be drawn from it 

(Annexe 38). 
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Figure 40. LPS induced Traf1 expression is associated with DNA methylation changes in 
chromatin region predicted to be permissive: 

UCSC Genome Browser view of the Traf1 gene from mouse GRCm38/mm10 genome, including tracks 

(from top to bottom) for RefSeq gene from NCBI (Annotation release 108.20200622); CpG islands; 

ENCODE cis-regulatory elements, chromatin states predicted according to the ChIP-seq databases on 

forebrain, hindbrain and midbrain of P0 mouse pups; enhancers and promoters functional associations, 

ATAC-seq database on forebrain of P0 mouse pups and Illumina Mouse Methyl probes localization. The 

last tracks correspond to the sum of the methylation level of the three replicates at each probe site for 

each condition. The horizontal lines represent the level of methylation from 0 to 1; Light blue: control. 

Red: LPS. The vertical red line represents the significantly differentially methylated site in the Traf1 

gene. 

 

 

On Figure 41, the UCSC genome browser view for the Saa3 gene shows that the significant methylation 

changes in the LPS condition (cg44539754) is characterized by a strong hypomethylation compared to 

control. Interestingly, it appears that this probe does not align with any regulatory element but localize 

in a chromatin state predicted to be associated to permissive transcription. It also aligns with the 

ATACseq tracks showing no peak at this location, confirming the inactive state of the chromatin. Finally, 
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we observe that the probe is not located in a CpG island and that the other probes are not significantly 

different between control and LPS condition. Those interesting results may lead to the discussion 

about whether DNA methylation in a region devoid of any regulatory element could affect the 

expression of a gene. However, it makes it difficult to understand the impact of DNA methylation on 

the expression of Saa3. 

 

 

Figure 41. LPS induced Saa3 expression is associated with DNA methylation changes in 
chromatin region with unknown chromatin statut: 

UCSC Genome Browser view of the Saa3 gene from mouse GRCm38/mm10 genome, including tracks 

(from top to bottom) for RefSeq gene from NCBI (Annotation release 108.20200622); CpG islands; 

ENCODE cis-regulatory elements, chromatin states predicted according to the ChIP-seq databases on 

forebrain, hindbrain and midbrain of P0 mouse pups; enhancers and promoters functional associations, 

ATAC-seq database on forebrain of P0 mouse pups and Illumina Mouse Methyl probes localization. The 

last tracks correspond to the sum of the methylation level of the three replicates at each probe site for 

each condition. The horizontal lines represent the level of methylation from 0 to 1; Light blue: control. 
Red: LPS. The vertical red line represent the significantly differentially methylated site in the Saa3 gene. 

 

In conclusion, BV2 microglial cells treated with LPS for 24 hours exhibit differential transcriptomic and 

morphological phenotypes, together with significant changes in DNA methylation patterns related to 

the biological processes of IFN responses. Those findings suggest a role of DNA methylation 

modification in microglial reactivity to IFNs. In addition, we notice that the hypomethylation of 
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transcriptional regulatory elements are linked to upregulation of those genes under the IFN-ɣ 

treatment. Despite the lack of causal mechanisms between the two events, those results strongly 

suggests a mechanistical role of DNA methylation in gene expression regulation.  

Further research are needed concerning the overall chromatin accessibility, the histones modifications 

and the interactions between proximal and distal regulatory elements present on those genes to 

understand the real biological meaning of DNA methylation in response to LPS treatment of BV2 cells. 

 

 

1.15. The significantly differentially methylated regions observed at 48 hours in all 

treatment conditions seem to arise from the culture condition rather than each 

individual treatment 

 

Figure 42 displays different features of the comparisons of the DMS between BV2 treated with IFN-ɣ 

for 48 hours and the control.  

First, Figure 42A shows a volcano plot displaying the mean difference between the control DMS M-

values and the IFN-ɣ DMS M-values at the 48 hours timepoint, we observe around 38 DMS with a 

significant positive difference (ranging from 0.2 to 0.7; 218 DMS under the 0.2 threshold) between the 

control and the IFN-ɣ condition.  

On the other hand, 90 DMS exhibit a significant negative difference (ranging – 0.2 to – 0.6; 1129 DMS 

under above the – 0.2 treshold) between the control and the IFN-ɣ condition. This indicate that 38 

CpGs sites are significantly hypomethylated and 90 are hypermethylated in the IFN-ɣ treated BV2 

compared to the untreated BV2 at the 48 hours timepoint. We observe that the IFN-ɣ treatment 

condition at 48 hours timepoint is different in the amount of DMS but also the trend to 

hypermethylation that was not previously seen in our setting. 

Second, on the Figure 42 heatmap (B), the DMS mean M-values are displayed, according to treatment 

(Tt) and timepoint (Tp). Concerning the comparison between the IFN-ɣ treatment and the control, we 

see different clusters of DMS, clusters 1 and 4 being characterized by hypomethylation compared to 

the control, whereas clusters 2, 3 and 5 display a hypermethylation in IFN-ɣ compared to the control. 

Cluster 4 exhibits a strong hypomethylation in IFN-ɣ and a medium hypermethylation in the control, 

whereas cluster 1 shows a middle hypomethylation in IFN-ɣ and a strong hypermethylation in the 

control. Clusters 2 and 3 show similar trends of strong hypermethylation in the IFN-ɣ and a mild 
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hypomethylation in the control, while the cluster 5 exhibit a medium hypomethylation in the IFN-ɣ 

condition and a strong hypomethylation in the control. The DNA methylation changes in those clusters 

indicate a remodeling of the epigenetic landscape of multiples families of genes that may represent 

transcriptional programs, suggesting a BV2 reprogramming in response to the IFN-ɣ treatment. 

We further notice on Figure 42B, that IFN-ɣ treatment at the timepoint 48 hours replicates are 

clustered together, showing a homogenous response to the treatment as previously seen in Figure 30; 

but the control replicates at 48 hours are clustered together, which was not the case in the previous 

Figures, suggesting a homogenization of response after 48 hours in culture. 

 Finally, it is worth noting that the cluster formed of the IFN-ɣ condition at 24 and 48 hours in Figure 

30 (C and F) is still present in this set of DMS and the 12 hours timepoint is clustered next, confirming 

a homogeneity in the response of BV2 cell DNA methylation to the IFN-ɣ treatment along time. 

Lastly, Figure 42C, shows the genomic annotation associated to the DMS in the IFN-ɣ condition 

compared to the control. We observe that both the hypomethylated and hypermethylated DMS 

induced by IFN-ɣ treatment for 48 hours are mostly (~30%) located in promoters in less or equal to 1 

kb of the TSS, within the first intron (~10%) or within the other intron (~25%). However, it is important 

to note that the percentage of each location are always slightly higher for the hypomethylated DMS. 
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Figure 42. IFN-ɣ treatment leads to hypo- and hypermethylation of promoters in BV2 after 48 

hours: 

Effect of 10 ng/mL of IFN-ɣ exposure on DNA methylation patterns of BV2 cells treated for 48 hours, 

compared to the untreated control BV2 cells. The experiment was made using a technical triplicate. Raw 

data from MethylMouse array were processed by Dr. Reka Toth, using RnBeads 2.16.0, differential 

methylation was performed using the limma package based on the M-values and the False discovery 

rate was used to adjust for multiple testing. (A) Volcano plot displaying mean DNA methylation 

differences between IFN-ɣ and control untreated BV2 at all filtered CpG sites. The vertical lines 

represent the 0.2 mean M-values difference boundary while the horizontal line represent the statistical 

significance boundary (P-value < 0.05). The significant DMS appeared in red and green, 

hypomethylated and hypermethylated in IFN-ɣ condition compared to control, respectively. (B) 

Hierarchical clustering was performed and represented as a heatmap showing the mean methylation 

levels of the DMS between the IFN-ɣ and the control. Columns represent the samples relative to 

treatment (Tt) and timepoint (Tp), while the rows represent the DMS. The methylation levels are 

illustrated as colors ranging from deep blue (M-Value = 0, unmethylated) to deep red (M-Value = 1, fully 

methylated). (C) Representation of the genomic features distribution of the DMS in the IFN-ɣ condition 
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compared to control (Down = decrease M-Value compared to control; Up = increase M-Value compared 

to control; Hypomethylated and Hypermethylated in IFN-ɣ, respectively). Promoter regions were defined 

as -3kb +/- 0.5 kb from the transcription start site. 

 

 

We conclude that significant changes in DNA methylation induced by IFN-ɣ after 12 and 24 hours of 

treatment are enhanced upon a treatment of 48 hours, increasing hypo- and hypermethylation of 

different clusters in gene promoters and first introns of BV2 cells suggesting a gene expression 

regulation in response to IFN-ɣ treatment.  

 

 

Figure 43. LPS treatment leads to significant promoter and exon hypermethylation in BV2 after 
48 hours: 
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Effect of 10 ng/mL of LPS exposure on DNA methylation patterns of BV2 cells treated for 48 hours, 

compared to the untreated control BV2 cells. The experiment was made using a technical triplicate. Raw 

data from MethylMouse array were processed by Dr. Reka Toth, using RnBeads 2.16.0, differential 

methylation was performed using the limma package based on the M-values and the False discovery 

rate was used to adjust for multiple testing. (A) Volcano plot displaying mean DNA methylation 

differences between LPS and control untreated BV2 at all filtered CpG sites. The vertical lines represent 

the 0.2 mean M-values difference boundary while the horizontal line represent the statistical significance 

boundary (P-value < 0.05). The significant DMS appeared in red and green, hypomethylated and 

hypermethylated in LPS condition compared to control, respectively. (B) Hierarchical clustering was 

performed and represented as a heatmap showing the mean methylation levels of the DMS between 

the LPS and the control. Columns represent the samples relative to treatment (Tt) and timepoint (Tp), 

while the rows represent the DMS. The methylation levels are illustrated as colors ranging from deep 

blue (M-Value = 0, unmethylated) to deep red (M-Value = 1, fully methylated). (C) Representation of the 

genomic features distribution of the DMS in the LPS condition compared to control (Down = decrease 

M-Value compared to control; Up = increase M-Value compared to control; Hypomethylated and 

Hypermethylated in LPS, respectively). Promoter regions were defined as -3kb +/- 0.5 kb from the TSS. 

 

 

Figure 43 displays different features of the comparisons of the DMS between BV2 treated with LPS for 

48 hours and the control.  

First, Figure 43A, shows a volcano plot displaying the mean difference between the control DMS M-

values and the LPS DMS M-values at the 48 hours timepoint, we can observe 86 DMS with a significant 

negative difference (ranging from – 0.2 to – 0.7; 511 DMS above the threshold of – 0.2 and 33 DMS 

with a positive difference below the 0.2 treshold) between the control and the LPS condition.  

This indicate that those 86 CpGs sites are hypermethylated in the LPS treated BV2 compared to the 

untreated BV2 at the 48 hours timepoint. This result is in opposition to the previous results seen in the 

LPS condition at 12 and 24 hours, exhibiting gradual hypomethylation compared to control. 

On the Figure 43 heatmap (B), the DMS mean M-values are displayed, according to treatment (Tt) and 

timepoint (Tp). We can see no distinctive DMS clusters beside that all CpG sites are less methylated in 

the control group than in the LPS group at 48 hours timepoint.  

However, we see on Figure 43B, that LPS treatment at the timepoint 48 hours replicates are clustered 

together, showing a homogenous response to the treatment as previously seen in Figure 36; but the 

control replicates at 48 hours are clustered together, which was not the case in the previous Figures, 

suggesting a homogenization of response after 48 hours in culture.  
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In addition, it is important to notice that the pattern seen in Figure 36 and characterized by a cluster 

of LPS at the timepoints 12 and 24 hours closely to the 6 hours timepoint is still observed in Figure 43 

for those DMS, but extremely different compared to the 48 hours timepoint by being clustered with 

the control at 48 hours.  

In addition, we observe a cluster at the 48 hours timepoint composed of the IL-4, LPS and CM-GL261 

treatment conditions, indicating that for those DMS at 48 hours, the pro-inflammatory treatment LPS, 

the anti-inflammatory treatment and the glioma-mimicking (CM-GL261) treatment are exhibiting 

similar DNA methylation patterns characterized by hypermethylation. 

Finally, Figure 43C, shows the genomic annotation associated to the DMS in the LPS condition 

compared to the control and we find that the hypermethylated DMS induced by LPS treatment for 48 

hours are mostly (~30%) located in promoters in less or equal to 1 kb of the TSS, within the first exon 

(~20%) or in the other exons (~25%). 

This distribution also exhibits differences compared to the previous timepoints of the LPS treatment 

condition mostly characterized by hypomethylated DMS in promoters and introns (Figure 37). 

We conclude that the significant changes in DNA methylation induces by the LPS after 48 hours of 

treatments are different from the ones induced by the same treatment for 12 and 24 hours.  

Indeed, in opposition to the increase of gene promoters and introns hypomethylation noticed at 12 

and 24 hours timepoint, treatment for 48 hours leads to the hypermethylation of promoters and 

exons. This observation and the fact that the LPS condition at 48 hours treatment is clustered far away 

for the cluster of LPS treatment at the other time condition and from the control, suggest that a deep 

DNA modification reprogramming is induced between 24 and 48 hours of treatment with the LPS. This 

reprogramming exhibits differences between the untreated cells but also in comparison to the 

previous treatment timepoints. 

We also note that overall, the pattern of methylation that was similar between the pro-inflammatory 

treatments IFN-ɣ and LPS along timepoints 12 and 24 hours and characterized by a hypomethylation 

in promoters and introns of genes, diverges at 48 hours timepoint. Indeed, the IFN-ɣ response at 48 

hours still displays some similarities with the previous timepoints with hypomethylation of DMS within 

gene promoters and introns, but differs in a way that some hypermethylation are also noted on gene 

promoters and introns. On the contrary, the LPS condition at the 48 hours timepoint is in opposition 

to their 12 and 24 hours counterparts with a hypermethylation of gene promoters and introns. 

We conclude that a change in DNA methylation patterns is induced by LPS and IFN-ɣ between six and 

12 hours of treatment compared to the control. We also conclude that this change is amplified 
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between 12 and 24 hours of treatment compared to the control untreated BV2. Finally, the change 

induced by the treatment seems to be directed towards another direction between 24 and 48 hours 

of treatment for BV2 cells. Those conclusions suggest that another factor than the treatment could 

affect the DNA methylation or that the treatment operate a switch in DNA methylation after 48 hours. 

 

 

 

Figure 44. IL-4 treatment leads to promoter hypermethylation in BV2 after 48 hours: 

Effect of 10 ng/mL of IL-4 exposure on DNA methylation patterns of BV2 cells treated for 48 hours, 

compared to the untreated control BV2 cells. The experiment was made on a technical triplicate. Raw 

data from MethylMouse array were processed by Dr. Reka Toth, using RnBeads 2.16.0, differential 

methylation was performed using the limma package based on the M-values and the False discovery 

rate was used to adjust for multiple testing. (A) Volcano plot displaying mean DNA methylation 

differences between IL-4 and control untreated BV2 at all filtered CpG sites. The vertical lines represent 

the 0.2 mean M-values difference boundary while the horizontal line represent the statistical significance 

boundary (P-value < 0.05). The significant DMS appeared in green, hypermethylated in IL-4 condition 

compared to control. (B) Hierarchical clustering was performed and represented as a heatmap showing 

the mean methylation levels of the DMS between the IL-4 and the control. Columns represent the 
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samples relative to treatment (Tt) and timepoint (Tp), while the rows represent the DMS. The methylation 

levels are illustrated as colors ranging from deep blue (M-Value = 0, unmethylated) to deep red (M-

Value = 1, fully methylated). (C) Representation of the genomic features distribution of the DMS in the 

IL-4 condition compared to control (Up = increase M-Value compared to control; Hypermethylated in IL-

4). Promoter regions were defined as -3kb +/- 0,5 kb from the TSS. 

 

 

Figure 44 displays different features of the comparisons of the DMS between BV2 treated with IL-4 for 

48 hours and the control.  

First, Figure 44A, shows a volcano plot displaying the mean difference between the control DMS M-

values and the IL-4 DMS M-values at the 48 hours timepoint, we observe 93 DMS with a significant 

negative difference (ranging from – 0.2 to – 0.6; 6587 DMS above the threshold of – 0.2 and 340 DMS 

with a positive difference below the 0,2 treshold) between the control and the IL-4 condition.  

This indicates that those 93 CpGs sites are hypermethylated in the IL-4 treated BV2 compared to the 

untreated ones after 48 hours of exposure. Compared to the results exhibited previously, the IL-4 

treatment did not leads to any significant DNA methylation differences compared to control at any 

time point (Figure 29) before this one but this tendency to hypermethylation is also seen in the LPS 

condition at 48 hours (Figure 43). 

On the Figure 44 heatmap (B), the DMS mean M-values are displayed, according to treatment (Tt) and 

timepoint (Tp). We see no distinctive DMS clusters beside that all CpG sites are less methylated in the 

control group than in the IL-4 group at 48 hours timepoint, at the point of IL-4 and control condition 

being at the both ends of the Figure 44.  

We nevertheless see that the cluster of IL-4, LPS and CM-GL261 observed in Figure 43 is still 

represented in Figure 44 with this different set of DMS, suggesting again a homogenous response of 

the BV2 at 48 hours. Because those treatments are so different, one being pro-inflammatory, one being 

anti-inflammatory and the last being glioma mimicking (CM-GL261), it raises question about the 

intensity of the treatment used. However, because the LPS treatment was inducing DMS at earliest 

time points, it suggests that the variability of DMS arise from the timepoint itself. 

Finally, Figure 44C, shows the genomic annotation associated to the DMS in the IL-4 condition 

compared to the control and we find that the hypermethylated DMS induced by IL-4 treatment for 48 

hours are in vast majority (~80%) located in promoters in less or equal to 1 kb of the TSS, within the 

first intron (~5%) or in the other introns (~5%).  
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Compared to the other conditions at 48 hours, we note that the proportion of gene promoters 

hypermethylation is considerable which is surprising since no significant DNA methylation changes 

were observed at the previous timepoints. Those results suggest that the IL-4 treatment could need 

more time to induce DNA methylation changes in BV2 cells or that the 48 hours timepoint is in cause 

of such significant variability. 

 

 

 

Figure 45. CM-GL261 treatment leads to promoter hypermethylation in BV2 cells after 48 hours: 

Effect of CM-GL261 exposure on DNA methylation patterns of BV2 cells treated for 48 hours, compared 

to the untreated control BV2 cells. The experiment was made using a technical triplicate. Raw data from 

MethylMouse array were processed by Dr. Reka Toth, using RnBeads 2.16.0, differential methylation 

was performed using the limma package based on the M-values and the False discovery rate was used 

to adjust for multiple testing. (A) Volcano plot displaying mean DNA methylation differences between 

the control untreated and the CM-GL261 treated BV2 cells at all filtered CpG sites. The vertical lines 

represent the 0.2 mean M-values difference boundary while the horizontal line represent the statistical 
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significance boundary (P-value < 0.05). The significant DMS appeared in red, hypermethylated in CM-

GL261 condition compared to control. (B) Hierarchical clustering was performed and represented as a 

heatmap showing the mean methylation levels of the DMS between the CM-GL261 and the control. 

Columns represent the samples relative to treatment (Tt) and timepoint (Tp), while the rows represent 

the DMS. The methylation levels are illustrated as colors ranging from deep blue (M-Value = 0, 

unmethylated) to deep red (M-Value = 1, fully methylated). (C) Representation of the genomic features 

distribution of the DMS in the control compared to the CM-GL261 condition (Down = decrease M-Value 

in control compared to CM-GL261; Hypermethylated in CM-GL261). Promoter regions were defined as 

-3kb +/- 0.5 kb from the TSS.  

 

 

Figure 45 displays different features of the comparisons of the DMS between untreated and BV2 with 

CM-GL261 for 48 hours.  

First, Figure 45A, shows a volcano plot displaying the mean difference between the CM-GL261 DMS 

M-values and the control DMS M-values at the 48 hours timepoint, we can observe 88 DMS with a 

significant positive difference (ranging from 0.2 to 0.6; 495 DMS below the threshold of 0.2 and 48 

DMS with a negative difference above the 0.2 treshold) between the CM-GL261 and the control 

condition.  

This indicates that those 88 CpGs sites are hypermethylated in the CM-GL261 treated BV2 compared 

to the untreated BV2 at the 48 hours timepoint. Compared to the results exhibited previously, the CM-

GL261 treatment did not leads to any significant DNA methylation difference compared to control at 

any time point (Figure 29) before this one but this tendency to hypermethylation is also seen in the 

LPS (Figure 43) and the IL-4 (Figure 44) conditions at 48 hours. 

On the Figure 45 heatmap (B), the DMS mean M-values are displayed, according to treatment (Tt) and 

timepoint (Tp). There is no distinctive DMS cluster beside that all CpG sites are less methylated in the 

control group than in the CM-GL261 group at 48 hours timepoint. 

We nevertheless notice that the cluster of IL-4, LPS and CM-GL261 observed in Figures 43 and 44 is still 

represented in Figure 45 with that different set of DMS, suggesting again a homogenous response of 

the BV2 at 48 hours or that those hypermethylated DMS are all the same across treatments compared 

to the control. However, the question about the influence of the 48 hours timepoint regardless of the 

treatment, remains. 

 



142 
 

Finally, Figure 45C shows the genomic annotation associated to the DMS in the control condition 

compared to the CM-GL261 and we find that the hypermethylated DMS induced by CM-GL261 

treatment for 48 hours are in vast majority (~70%) located in promoters in less or equal to 1 kb of the 

TSS, within the first intron (~20%) or in the other exons (~5%).  

Compared to the other conditions at 48 hours, we observe that the proportion of gene promoters 

hypermethylation is similar to the one observed in IL-4 treatment at 48 hours (Figure 44). 

  

This result, as the one for IL-4, is somehow surprising since no significant DNA methylation changes 

were observed at the previous timepoints, suggesting that the IL-4 and CM-GL261 treatment would 

need more time to induce DNA methylation changes in BV2 cells or that the 48 hours timepoint is in 

cause of such significant variability. 

 

In conclusion, the overall pattern of methylation is similar between the pro-inflammatory treatments 

along timepoints 12 and 24 hours, characterized by a hypomethylation in gene promoters and introns. 

Those patterns diverge at 48 hours timepoint by being mostly characterized by hypermethylation of 

gene promoters, a pattern emerging in the IL-4 and CM-GL261 conditions at 48 hours timepoint. 

Because of those observations and the clustering of the LPS, IL-4 and CM-GL261 DNA methylation 

patterns at 48 hours, we could hypothesize that the timepoint itself is inducing the significant changes 

and not the treatment. 

 

Figure 46 displays the PCA plots highlighting all the samples treated for 48 hours (A) and each treated 

samples plotted with the untreated samples (orange squares): IFN-ɣ (B, green), CM-GL261 (C, blue), IL-

4 (D, red) and LPS (E, purple). We observe on Figure 46A that the technical control replicates are 

exhibiting the highest variability, whereas in each treatment, the technical replicates seem to be closer, 

especially for the IL-4 treatment for which the samples are superposed. We also note that the IFN-ɣ 

(B; mean PC1 : 4.2; mean PC2 : - 0.3), the CM-GL261 (C; mean PC1 : 4.6; mean PC2 : - 0.8) and the LPS 

(E; mean PC1 : 4.8; mean PC2 : - 0.8) are cluster together whereas the IL-4 (D; mean PC1 : 8.3; mean 

PC2 : - 0.9) condition is more variable than both the cluster of treatment and the control (mean PC1 : 

- 0.7; mean PC2 : -1.3). 
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We conclude that, at the 48 hours timepoint, regarding the entire methylation profile of each sample, 

the most important variability in methylation profiles arises within the untreated control group. The 

most divergent methylation profiles seem to appear between the control and the IL-4 conditions. The 

methylation profiles of the CM-GL261, LPS and IFN-ɣ conditions seem highly similar but differ from the 

control. 

 

 

Figure 46. DNA methylation profiles of 48 hours treatment-exposed BV2 are highly similar: 

Effect of 10 ng/mL of LPS, IFN-ɣ, IL-4 or CM-GL261 exposure on DNA methylation patterns of BV2 cells 

treated for 48 hours, compared to the untreated control BV2 cells. The experiment was made using a 

technical triplicate. Raw data from MethylMouse array were processed by Dr. Reka Toth, using RnBeads 

2.16.0. (A) Principal Component Analysis (PCA) plot of DNA methylation profiles based on all CpG sites 

(after filtering; see Materials and Methods). (B) IFN-ɣ: green squares; (C) CM-GL261: blue squares; (D) 

IL-4: red squares; (E) LPS: purple squares and, control: orange squares.  

 

 

We can conclude that the similarities between CM-GL261, IL-4 and LPS treatments observed on the 

previous Figures at 48 hours seem to be restricted to the set of hypermethylated probes highlighted 

in those different heatmaps (Figures 43 to 45). 
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Figure 47 shows the Venn diagrams of all significant DMS of each treatment when compared to the 

control (A) and all the hypermethylated DMS (B). 

The most striking observation highlighted in Figure 47 is that 49 % of the total DMS are present 

amongst all the treatment conditions (A), representing 81% of the total DMS of the CM-GL261 

condition, 55% for the IFN-ɣ, 76% for the IL-4 and 82% for the LPS condition.  

This result shows that more than half of the DMS appears to be induced regardless of the treatment. 

We discover on B that the 71 DMS shared by all treatments are all hypermethylated ones, meaning 

that in addition to be differentially methylated in every treatments, those CpGs sites are modulated in 

the same direction. 

Finally, we notice that IFN-ɣ, with the most DMS, is also the only condition exhibiting hypomethylated 

DMS, suggesting that the treatment is inducing a stronger DNA methylation pattern reprogramming 

compared to the other conditions; robust enough to be observed regardless of the background 

hypermethylation potentially induced by the culture after 48 hours. 

 

 

Figure 47. Most DMS induced at 48 hours are common and hypermethylated in all treatment 
conditions: 

Effect of 10 ng/mL of LPS, IFN-ɣ, IL-4 or CM-GL261 exposure on DNA methylation patterns of BV2 cells 

treated for 48 hours, compared to the untreated control BV2 cells. Venn diagrams of the overlapping 

differentially methylated sites (A) and the hypermethylated sites (B) in BV2 treated with LPS (blue), IFN-

ɣ (green), IL-4 (yellow) or CM-GL261 (red) after 48 hours compared to the untreated BV2. The 

experiment was made on a technical triplicate. Raw data from MethylMouse array were processed by 

Dr. Reka Toth, using RnBeads 2.16.0, differential methylation was performed using the limma package 

based on the M-values and the False discovery rate was used to adjust for multiple testing.  
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We conclude that all treatments are leading to the hypermethylation of similar 71 DMS at 48 hours of 

treatment suggesting that this DNA methylation change in BV2 cells is associated with the timepoint 

itself regardless of the treatment condition. Gene ontology analysis did not found any significant 

differences amongst all genes associated to those 71 DMS. However, when the gene ontology analysis 

was done on the genes containing DMS in their promoters (only 14), the most significant GO term was 

“Inflammatory response” linked to the Sbno2, Cxcl2, Tnip1 and Il20rb genes. Even though the amount 

of genes studied is low and the biological relevance questionable, the fact that those four genes are all 

associated with the transcritomics of microglia from inflammatory pathology makes this result 

interesting.  

Otherwise, because of the presence of significantly hypomethylated probes in the IFN-ɣ condition, we 

can hypothesize that the IFN-ɣ treatment is the only one in our setting inducing a response robust 

enough to be observed beside the one induced at 48 hours. 

 

 

In conclusion, we showed that BV2 microglial cell line model displays significant phenotypical changes 

specific to towards LPS, IFN-ɣ, IL-4 and CM-GL261 stimulation at six hours of exposure. Those 

phenotypes were characterized by distinct morphological features, CK secretion and mRNA expression. 

We also showed that BV2 cells treated for 12 and 24 hours with LPS and IFN-ɣ displayed significant 

treatment-specific DNA methylation changes in genes presenting altered mRNA expression. Some of 

those differentially methylated and expressed genes were associated with signaling pathways and 

biological functions relevant for microglial identity. Those results suggest an association between DNA 

methylation, gene expression and microglial identity. Nevertheless, further investigations are needed 

to unravel both the biological meaning of DNA methylation in transcriptional regulatory elements and 

the exact chromatin state of those implicated genes, governed by other epigenetic mechanisms. 

 

2. Reactive primary CD-1 microglial cells exhibit significant DMS after an hour of 

stimulus exposure 

 

After concluding on the previous study, we aimed to overcome the bias led by the immortalization 

process on the epigenetic landscape of microglia by using primary microglial cells isolated from CD-1 

mouse pup brains as a model. The microglia were isolated with a MACS system using CD11b antibodies. 
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We hypothesized that the primary microglial cells would be more sensitive to stimulation and decided 

to adjust the time of treatment to one and six hours only. The same experimental design previously 

used, was applied. 

 

2.1. LPS, IFN-ɣ, IL-4 and CM-GL261 treatments do not affect primary microglial 

viability and proliferation 

 

As for the BV2 study, we needed to ensure that treatments were not affecting the viability and the 

proliferation of the primary microglial cells. To do that, a Cell Titer Glo assay and an Incucyte 

monitoring were performed (Figures 48 and 49).  

Figure 48 exhibits the percentage of viability of the primary microglial cells treated with LPS, IFN-ɣ, IL-

4 or CM-GL261, normalized to the control untreated cells. The X-axis shows the treatment conditions, 

while the Y-axis displays the percentage of viability compared to the control untreated cells set as 

100%. We observe a non-significant but important increase of viability after one hour of treatment (A), 

regardless the nature of the treatment, compared to the control untreated cells. Figure 48B shows that 

after six hours of treatment, the viability of primary microglial cells in all treatment conditions is non-

significantly decreased in comparison to the one hour timepoint.  

 

 

Figure 48. Viability of primary microglial cells is not significantly affected by the treatments: 

Effect of 10 ng/mL of LPS, IFN-ɣ, IL-4 or CM-GL261 exposure on the viability of BV2 cells treated for 

one hour (left panel) and six hours (right panel). The cell viability of treated cells was assessed relatively 

to the control, untreated cells (red line). Statistical analysis constituting of an Ordinary One-Way ANOVA 

with Multiple comparisons (Tukey’s) was performed using GraphPadPrism 9. Data are representative of 

three independent experiments, each of which done in technical triplicates and are represented as mean 

± Standard Error of the Mean (SEM). 
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In conclusion, Figure 48 shows no significant difference between the viability of primary microglial cells 

treated or not with LPS, IFN-ɣ, IL-4 and CM-GL261 for one and six hours; allowing us to conclude that 

our treatments are not impacting primary microglial cells viability.  

Figure 49 shows the confluence obtained from the Incucyte® system of primary microglial cells treated 

with LPS, IFN-ɣ, IL-4 or CM-GL261 for 24 hours and normalized to the values obtained from untreated 

control cells. Figure 49A displays the time in hours (X-axis), while the Y-axis presents the percentage of 

confluency normalized to the control, in respect for each time point. We find that no significant change 

in confluence are induced in microglia by any of the treatments compared to the untreated control 

microglia. 

 

 

Figure 49. Confluence and proliferation rate of primary microglial cells are not impacted by the 
treatments: 

Effect of 10 ng/mL of LPS, IFN-ɣ, IL-4 or CM-GL261 exposure on the confluence (A) and proliferation 

(B) of primary microglial cells treated for 24 hours. The cellular confluence of treated cells was monitored 

and analyzed by the Incucyte® system. Data were normalized to the control untreated cell (CTR, red 

dotted line). Proliferation was assessed by counting of the cells from the pictures generated by the 

Incucyte® system and compared to the control (CTR, red dotted line, untreated cells). Statistical analysis 

was performed using GraphPadPrism 9 applying a two-way ANOVA with correction for multiple 

comparisons (Tukey’s). Data are representative of three independent experiments, each of which done 

in technical triplicates and are represented as mean ± SEM. 
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Figure 49B shows the manual counting of cell numbers in pictures generated by the Incucyte® system 

to validate that the measurements of confluency is not biased by the increase of cell soma size upon 

treatment. Graph B displays the timepoints in hours on the X-axis and the percentage of cell numbers 

(named proliferation) compared to the control.  

We observed no significant changes in cell numbers upon treatments compared to the untreated 

control microglia. We nevertheless noticed that the measure of the confluence by measuring the area 

of the cell versus the number of the cells might not be relevant, the number of IFN-ɣ treated microglia 

being similar to the IL-4 and CM-GL261 ones while the confluence data show that the IFN-ɣ treated 

microglia confluence is below the IL-4 and CM-GL261 ones. This could mean that for morphologically 

sensitive cells like microglia, the measure of confluence could not be representative of the proliferation 

rate. 

We then conclude that the 10 ng/mL LPS, IFN-ɣ, IL-4 or CM-GL261 treatments does not significantly 

affect the viability and proliferation of primary microglial cells when used from one to 24 hours. 

To observe if the treatments were inducing phenotypical changes in primary microglia, an IF staining 

was performed. 

 

2.2. LPS, IFN-ɣ, IL-4 and CM-GL261 lead to morphological changes in primary 

microglial cells after 6 hours 

 

Figure 50 displays the pictures taken from the IF staining of the primary microglia cells treated or not 

with LPS, IFN-ɣ, IL-4 and CM-GL261 for 1, 6 and 24 hours. The staining targets Iba1 (in red) and F4/80 

(in green) and was counterstained with DAPI to highlight the nucleus (in blue).  

 

Figure 50 (and Annexe 36 for 20X pictures) shows that morphological changes are induced over time 

in all treatment conditions, especially after six hours and more manifest in the pro-inflammatory LPS 

condition, inducing a noticeable increase of microglia soma size accompanied with a decrease and 

thickening of processes length.  

 

On the contrary to what was observed in BV2 cells and even though the phenotype still is elongated, 

anti-inflammatory (IL-4) treatment leads to a thickening of the processes with slight increase of the 

soma size compared to primary untreated microglia.  
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Those results are still in line with the literature classifying microglial morphologies suggesting a 

polarization of microglial cells towards pro- and anti-inflammatory325 phenotypes in vitro, respectively. 

In the CM-GL261 condition, mixed phenotypes are observables with elongated cells coupled with 

amoeboid ones, making it difficult to summarize a homogenous induced microglial phenotype. The 

observation that the cell shapes are changing suggests a phenomenon of cellular reactivity to the 

treatments in our experimental design and we can notify that the morphological change appear more 

striking and sooner compared to the BV2 microglial cell line. 
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Figure 50. Morphological changes are induced in primary microglial cells by all treatments: 

Effect of 10 ng/mL of LPS, IFN-ɣ, IL-4 or CM-GL261 for 1, 6 and 24 hours on primary microglial cells 

morphology. Confocal images (40X objective) showing the co-labelling of Iba1 (red) and F4/80 (green) 

in cultured primary microglia. DAPI is shown in blue; scale bar: 20 μm. Untreated control cells (CTR; A, 

B and C); LPS condition (D, E and F); IFN-ɣ condition (G, H and I), IL-4 (J, K and L) and CM-GL261 

condition (M, N and O). One hour of treatment (A, D, G, J and M); six hours of treatment (B, E, H, K and 

N) and 24 hours (C, F, I, L and O). 
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To know if the reactivity suggested by IF staining was also observed at the transcriptomics level, RT-

qPCR targeting known microglial reactivity-associated genes were realized. 

 

2.3. LPS is inducing Tnf expression in primary microglial cells after an hour of 

treatment 

 

Similarly to what was explored in the BV2 section, mRNA expression of characteristics microglial 

reactivity genes was assessed, including Cxcl10, Ccl9 and Tnf; Arg1 and Fizz1 associated with pro- and 

anti-inflammatory reactivities, respectively. We decided to measure the quantity of mRNA in primary 

microglia treated or not with LPS, IFN-ɣ, IL-4 or CM-GL261 for one or six hours by performing RT-qPCR. 

We assessed the expression of those mRNA in comparison to the housekeeping gene Rpl27. The 

results, normalized to the control group mRNA counterparts are presented in Figure 51. The top panel 

of Figure 51 shows the mRNA expression for the one hour treatment conditions, while the bottom 

panel displays the results for the six hours treatment conditions. The displayed mRNAs are Arg1(A, F), 

Fizz1 (B, G),  Cxcl10 (C, H), Ccl9 (D, I) and Tnf (E, J). All the presented graphs X-axis refer to each one of 

the treatment with each color representing a timepoint; the Y-axis representing the mRNA expression 

of each gene relative to the control untreated counterpart. 

Figure 51 shows that, except for the Fizz1 mRNA, significant differences are induced by the treatments 

at the transcriptomic levels.  

Indeed, concerning the anti-inflammatory associated genes, Figure 51A shows that after an hour, all 

conditions of treatment lead to an increase in Arg1 mRNA expression in comparison to the control 

untreated microglia, while no significant difference are observed after six hours. 

Concerning the pro-inflammatory associated genes, we can see in Figure 51H, that the LPS treatment 

leads to an increase in mRNA expression of Cxcl10 at six hours with a 390 positive fold change. The LPS 

treatment also leads to the significant induction of Ccl9 mRNA expression after an hour (D). Finally, LPS 

treatment also leads to an increase in Tnf mRNA expression after one and six hours (E and J), the 

strongest being after one hour with a positive 425-fold change compared to the control. 

The trends of mRNA expression shows that the microglial reactivity to the pro-inflammatory 

treatments seems slightly stronger than the anti-inflammatory and glioma-mimicking ones, similarly 

to what was observed for the BV2 cell lines and suggesting that either those stimulations are too weak 

to induce an observable reprogramming or that the microglial cells are more prone to respond to pro-

inflammatory insults. 
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Figure 51. LPS treatment is the strongest inducer of transcriptional changes in primary 
microglial cells of all treatment conditions: 

Effect of 10 ng/mL of LPS, IFN-ɣ, IL-4 or CM-GL261 exposure on mRNA expression of primary microglial 

cells treated for one (A to E) or six hours (F to J), normalized to untreated cells. Selected mRNA targets 

are characteristics of a pro-inflammatory (Cxcl10, Tnf and Ccl9) and anti-inflammatory (Arg1 and Fizz1) 

reactivity. Rpl27 was used as a housekeeping gene for normalization of gene expression. Statistical 

analysis was performed using GraphPadPrism 9 and applying one-way ANOVA with a correction for 

multiple comparisons between control and treatment (Dunnett) and inbetween treatments (Tukey). 

Except for Fizz1 at one hour, data are representative of three independent experiments, each of which 

done in technical triplicates and are represented as mean ± Standard Error of the Mean (SEM). 

*Indicating a P-value < 0,05; ** indicate a P-value < 0,01; *** indicate a P-value < 0,001. 

 

We conclude that all the trends in treatment-related mRNA expression changes as well as LPS 

treatment that is inducing the most significant transcriptomic changes in primary microglial cells, 

suggesting that a state of reprogramming might have been achieved. 

 

After noticing a change in the mRNA expression in primary microglial cells, DNA methylation analyses 

were realized. 
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2.4. Methylation profiles of reactive microglial cells exhibit differences according to 

time of exposure and treatment condition 

 

As with the BV2 study, the mouse methylation arrays from Illumina were used on the DNA extracted 

from primary microglial cells treated or not with LPS, IFN-ɣ, IL-4 and CM-GL261. The analysis was 

realized using GenomeStudio software measuring the methylation level (β-value) at each CpG site for 

each microglial sample, and comparing each treatment methylation pattern with the respective 

timepoint controls. 

 

 

 

Figure 52. DNA methylation profiles of treated microglial cells cluster according to the time of 
treatment: 

Effect of 10 ng/mL of LPS, IL-4, IFN-ɣ or CM-GL261 treatment for one or six hours on primary microglial 

cells DNA methylation patterns. Raw data from MethylMouse arrays were exported into Illumina 

GenomeStudio software, annotated using Illumina MouseMethylation 12v1 Annotation_Mus_musculus 

file; and normalized using IlluminCustom method. The probes located in the X and Y chromosomes 

were filtered and all the probes left were used in a hierarchical clustering using the Manhattan method. 

Results from three independent experiments. 

 

Figure 52 shows the result of a hierarchical clustering based on all the detected probes, and we notice 

that the samples cluster related to the time of treatment, suggesting that the methylation profiles of 

the samples might be more strongly influenced by the culture condition as by treatment conditions.  
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2.5. Significant DMS are induced by all treatment conditions already after an hour 

of exposure 

 

 

Figure 53. Significant DMS are induced by all treatments in primary microglial cells: 

Effect of 10 ng/mL of LPS, IL-4, IFN-ɣ or CM-GL261 treatment for one or six hours on primary microglial 

cells DNA methylation patterns. Raw data from MethylMouse arrays were exported into Illumina 

GenomeStudio software, annotated using Illumina MouseMethylation 12v1 Annotation_Mus_musculus 

file; and normalized using IlluminCustom method before being compared to the control untreated 

primary microglial cells in order to obtain a score of methylation (DiffScore). The probes located in the 

X and Y chromosomes were filtered and only the significant DMS were counted and visualized using 

GraphPad Prism®. Significance was calculated according to the DiffScore, </= 13 or >/= -13 for a P-

value < 0.05, FDR adjusted. Results from three independent experiments. 

 

Figure 53 displays the overall significant hypo- and hypermethylated DMS induced by all treatment 

conditions compared to the control at the one and six hours timepoints.  

We find significant DMS in all treatments and timepoint conditions, characterized by a similar range of 

DMS in each condition, together with equivalent ratio of hypo- and hypermethylated DMS, regardless 

of the treatment and the timepoint. We can take note that an hour exposure with IL-4 and CM-GL261 

treatments are leading to less hypomethylation than the other conditions. In addition, except for the 

IFN-ɣ condition, all the treatment conditions lead to more DMS after six hour than after one hour of 

treatment. Finally, it is worth noting that the hypermethylated DMS exhibit a higher variation between 

biological replicates, suggesting that the hypomethylated ones could be more biologically meaningfull 

for the microglia to respond to the treatment exposure. 
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Because the significant DMS induced in primary microglial cells after one and six hours of LPS, IFN-ɣ, 

IL-4 and CM-GL261 exposure does not exhibit clear-cut differences, we decided to explore in more 

depth the localization of the probes differentially methylated in each condition.  

 

2.6. Primary microglia exposed to LPS treatment for one or six hours exhibit 

significant DNA methylation changes, mostly in intergenic regions 

 

In Figure 54, the localizations of the DMS between the LPS condition and the untreated control primary 

microglial cells at the one and six hours timepoints are presented, according to the distance between 

the probe (C-G dinucleotide) and the TSS of the gene.  

In this Figure, the term “TSS-200” refers to a C-G probe located between 0 and 200 base pairs upstream 

the TSS, “TSS-1500” inbetween 200 and 1500 base pairs and “bodies” refers to a probe located 

between the ATG and the stop codon while “intergenics” means that the probe is found in between 

coding regions, not associated with any genomic features.  

Most of the DMS induced by LPS regardless of the timepoint are located in the intergenic regions with 

similar ratios of hypo- and hypermethylated DMS at the different genetic locations, regardless of the 

time of exposure. Concerning differences induced by the time of exposure to LPS, no difference were 

observed, except for the gene bodies in which we noticed a slight increase in the amount of DMS from 

one to six hours of treatment (from 128 to 184 DMS). Concerning the promoter region, encompassing 

the TSS-200 and the TSS-1500, we do not notice huge variations but an increase in hypermethylation 

of the TSS-200 located probes from one to six hours (from three to eight DMS).  

Those results are suggesting a reorganization of the DNA methylation patterns in reaction to LPS 

exposure in primary microglial cells, which would be similar between one and six hours of exposure. 
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Figure 54. Most of the significant DMS induced by LPS treatment are located in intergenic 
regions: 

Effect of 10 ng/mL of LPS treatment for one or six hours on primary microglial cells DNA methylation 

patterns. Raw data from MethylMouse arrays were exported into Illumina GenomeStudio software, 

annotated using Illumina MouseMethylation 12v1 Annotation_Mus_musculus file; and normalized using 

IlluminCustom method before being compared to the control untreated primary microglial cells in order 

to obtain a score of methylation (DiffScore). The probes located in the X and Y chromosomes were 

filtered. The significant DMS were plotted using GraphPad Prism®. Significance was calculated 

according to the DiffScore, </= 13 or >/= -13 for a P-Value < 0.05, FDR adjusted. Significant DMS in 

LPS condition compared to the control: localization according to genetic annotation. TSS200 = 0 to 200 

kb upstream the TSS; TSS1500 = 200 to 1500 kb upstream the TSS; Bodies = between the ATG and 

the stop codon; Intergenics = with no annotated genomic features. Results from three independent 

experiments. 

 

 

Figure 55A and B show the significant DMS in the LPS condition compared to the control at one and six 

hours timepoints, respectively. The heatmaps display in rows the mean β-value at each site, ranging 

from 0 (green) unmethylated to 1 (red) fully methylated. The columns display the treatment 

conditions. 

In 55A, we see that, for this set of DMS, the direction of methylation is very similar between control 

and treatments mostly towards hypomethylation compared to the control. We notice slight 

differences in the methylation profiles of each treatment condition, suggesting the induction of DNA 

methylation reorganization specific to each treatment after one hour in primary microglial cells. In 

Figure 55B, more distinct DNA methylation profiles between the treatments are observed, with LPS 
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and IL-4 displaying similarly hypo- and hypermethylated probes while IFN-ɣ and the CM-GL261 

resemble more the control methylation pattern. 

 

 

 

Figure 55. Significant DMS in LPS treatment display specific patterns for each treatment after 
six hours: 
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Effect of 10 ng/mL of LPS, IFN-ɣ, IL-4 and CM-GL261 on the DNA methylation patterns of primary 

microglial cells. Heatmap displaying the mean methylation values (β-Value) of the significant DMS in 

LPS condition compared to the control, in each treatment condition after one hour (A) and six hours (B). 

Realized on GenomeStudio. The β-values are displayed according to a color ranging from light green 

(0, unmethylated) to deep red (1, fully methylated). Results from three independent experiments. 

 

We conclude that primary microglia exposed to LPS treatment exhibit significant DMS in all genomic 

features with the majority being located in intergenic regions. Those significant DMS display a DNA 

methylation signature that tends to be higly specific after an hour of treatment but seems to resemble 

to the one displayed by IL-4 after six hours of exposure. 

 

2.7. Primary microglia exposed to IFN-ɣ treatment display significant DNA 

methylation changes, mostly located in intergenic regions 

 

Figure 56 presents the genetic annotation of the DMS between the IFN-ɣ condition and the untreated 

control primary microglial cells at the one and six hours timepoints.  

Similarly to the LPS condition, most of the DMS induced by IFN-ɣ regardless of the timepoint are 

located in the intergenic regions and the ratio of hypo- and hypermethylated DMS are similar at the 

different genetic locations. No relevant difference were observed regarding the time of exposure to 

IFN-ɣ,  which is reflected by a high amount of highly similar DMS at one and six hours. Concerning the 

promoter region, encompassing the TSS-200 and the TSS-1500, we do not observe clear cut variation 

but an increase in hypermethylation of the TSS-200 located probes from one to six hours (from nine to 

13 DMS).  

Those results are suggesting a reorganization of the DNA methylation patterns in reaction to IFN-ɣ 

exposure in primary microglial cells that would be similar between one and six hours of exposure. 
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Figure 56. Most of the significant DMS induced by IFN-ɣ treatment are located in intergenic 

regions: 

Effect of 10 ng/mL of IFN-ɣ treatment for one or six hours on primary microglial cells DNA methylation 

patterns. Raw data from MethylMouse arrays were exported into Illumina GenomeStudio software, 

annotated using Illumina MouseMethylation 12v1 Annotation_Mus_musculus file; and normalized using 

IlluminCustom method before being compared to the control untreated primary microglial cells in order 

to obtain a score of methylation (DiffScore). The probes located in the X and Y chromosomes were 

filtered. The significant DMS were plotted using GraphPad Prism®. Significance was calculated 

according to the DiffScore, </= 13 or >/= -13 for a P-value < 0.05, FDR adjusted. Significant DMS in 

IFN-ɣ condition compared to the control: localization according to genetic annotation. TSS200 = 0 to 

200 kb upstream the TSS; TSS1500 = 200 to 1500 kb upstream the TSS; Bodies = between the ATG 

and the stop codon; Intergenics = with no annotated genomic features. Results from three independent 

experiments. 

 

 

Figure 57A and B show the significant DMS in the IFN-ɣ condition compared to the control at one and 

six hours timepoints, respectively. The heatmaps display in rows the mean β-value at each site, ranging 

from 0 (green) unmethylated to 1 (red) fully methylated. The column displays the treatment 

conditions.  
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Figure 57. Significant DMS in IFN-ɣ treated primary microglia exhibit subtle but unique 

methylation levels amongst treatments: 

Effect of 10 ng/mL of LPS, IFN-ɣ, IL-4 and CM-GL261 on the DNA methylation patterns of primary 

microglial cells. Heatmap displaying the mean methylation values (β-Value) of the significant DMS in 

IFN-ɣ condition compared to the control, in each treatment condition after one hour (A) and six hours 

(B). Realized on GenomeStudio. The β-Values are displayed according to a color ranging from light 

green (0, unmethylated) to deep red (1, fully methylated). Results from three independent experiments. 

 

In A, we observe that, for this set of DMS, the directions of methylation are very similar between 

control and treatments. Nonetheless, we notice that each treatment exhibits a distinct signature and 

that the control is clustered alone on the side of all treatments, suggesting that all treatments could 
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lead to a trend in DNA methylation reorganization after one hour of treatment. In B, we observe an 

enhancement of the patterns seen after an hour of treatment, the clusters staying the same and the 

direction of methylation pointing towards hypomethylation in all condition, control included. The 

similarities seen in the LPS condition before are not found for this set of DMS, suggesting that the sites 

differentially methylated in the IFN-ɣ condition could be treatments sensitive. 

We conclude that primary microglia exposed to IFN-ɣ treatment exhibit significant DMS in all genomic 

regions with the majority being located in intergenic regions. Those significant DMS displays an overall 

unique DNA methylation signature after already an hour of exposure, compared to control but also 

other treatment conditions.  

 

2.8. Primary microglia exposed to IL-4 treatment show significant DNA methylation 

changes, mostly located in intergenic regions and gene bodies 

 

Figure 58 presents the genetic annotation of the DMS between the IL-4 condition and the untreated 

control primary microglial cells at one and six hours timepoints.  

Similarly to the LPS and IFN-ɣ conditions, most of the DMS induced by IL-4 regardless of the timepoint 

are located in the intergenic regions and the ratios of hypo- and hypermethylated DMS are similar at 

the different genetic locations after six hours of treatment. It is worth noting that after an hour of 

treatment, IL-4 is mostly leading to a hypermethylation of all the genetic localizations. Nevertheless, 

the amount of DMS between one and six hours of IL-4 exposure remains highly similar.  

Concerning the promoter region, encompassing the TSS-200 and the TSS-1500, there is only a slight 

increase in hypermethylation of those probes from one to six hours (from 10 to 13 and 4 to 7 DMS for 

TSS-1500 and TSS-200, respectively).  

Those results suggest a gradual reorganization of the DNA methylation patterns of primary microglia 

in reaction to IL-4 exposure between one and six hours. 
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Figure 58. Most of the significant DMS induced by IL-4 treatment are located in intergenic regions 
and gene bodies in primary microglial cells: 

Effect of 10 ng/mL of IL-4 treatment for one or six hours on primary microglial cells DNA methylation 

patterns. Raw data from MethylMouse arrays were exported into Illumina GenomeStudio software, 

annotated using Illumina MouseMethylation 12v1 Annotation_Mus_musculus file; and normalized using 

IlluminCustom method before being compared to the control untreated primary microglial cells in order 

to obtain a score of methylation (DiffScore). The probes located in the X and Y chromosomes were 

filtered. The significant DMS were plotted using GraphPad Prism®. Significance was calculated 

according to the DiffScore, </= 13 or >/= -13 for a P-value < 0.05, FDR adjusted. Significant DMS in IL-

4 condition compared to the control: localization according to genetic annotation. TSS200 = 0 to 200 kb 

upstream the TSS; TSS1500 = 200 to 1500 kb upstream the TSS; Bodies = between the ATG and the 

stop codon; Intergenics = with no annotated genomic features. Results from three independent 

experiments. 

 

Figure 59A and B show the significant DMS in the IL-4 condition compared to the control at one and 

six hours timepoints, respectively. The heatmaps display in rows the mean β-value at each site, ranging 

from 0 (green) unmethylated to 1 (red) fully methylated. The column displays the treatment 

conditions.  

In A, we find that, for this set of DMS, the direction of methylation is very similar between control and 

treatments. As seen previously, we observe that each treatment exhibits a distinct signature and that 

the control is clustered alone on the side of all treatments, suggesting that all treatments could lead 

to a trend in DNA methylation reorganization after one hour of treatment. In B, we can observe a 

change within the clustering of the treatment condition, the IL-4 being clustered with the LPS, a cluster 

that we have observed many times in the BV2 cell model. 
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Figure 59. DMS induced by IL-4  related to all treatment conditions: 

Effect of 10 ng/mL of LPS, IFN-ɣ, IL-4 and CM-GL261 on the DNA methylation patterns of primary 

microglial cells. Heatmap displaying the mean methylation values (β-Value) of the significant DMS in IL-

4 condition compared to the control, in each treatment condition after one hour (A) and six hours (B). 

Realized on GenomeStudio. The β-Values are displayed according to a color ranging from light green 

(0, unmethylated) to deep red (1, fully methylated). Results from three independent experiments. 
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We conclude that primary microglia exposed to IL-4 treatment exhibit significant DMS in all genomic 

features with the majority being located in intergenic regions and gene bodies. Those significant DMS 

display a DNA methylation signature that tends to be higly specific after an hour of treatment but 

seems to resemble to the one displayed by LPS after six hours of exposure. Even though the underlying 

mechanisms are not known, this cluster between IL-4 and LPS at the DNA methylation level has been 

also observed within the BV2 model and suggests a common mechanism of response from microglia 

to those treatments. Because of the dual phenotypical effects induced by LPS and IL-4, it would be 

interesting to search for such a common DNA methylation regulation. 

 

2.9. Primary microglia exposed to CM-Gl261 treatment show significant DNA 

methylation changes, mostly located in intergenic regions 

 

On Figure 60 is presented the genetic annotation of the DMS between the CM-GL261 condition and 

the untreated control primary microglial cells at the one and six hours timepoints.  

Similarly to the all the other conditions, we note that most of the DMS induced by CM-GL261 regardless 

of the timepoint are located in the intergenic regions, that the ratio of hypo- and hypermethylated 

DMS are similar at the different genetic locations after one and six hour of treatment and that amount 

of DMS between one and six hours of CM-GL261 exposure remains highly similar.  

Concerning the promoter region, encompassing the TSS-200 and the TSS-1500, we can again notice a 

very slight increase in hypermethylation of those probes from one to six hours (from 11 to 14 and 4 to 

6 DMS for TSS-1500 and TSS-200, respectively).  

Those results are suggesting a gradual reorganization of the DNA methylation patterns of primary 

microglia in reaction to CM-GL261 exposure between one and six hours. 
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Figure 60. Significant DMS induced by CM-GL261 are mostly located in intergenic regions : 

Effect of CM-GL261 treatment for one or six hours on primary microglial cells DNA methylation patterns. 

Raw data from MethylMouse arrays were exported into Illumina GenomeStudio software, annotated 

using Illumina MouseMethylation 12v1 Annotation_Mus_musculus file; and normalized using 

IlluminCustom method before being compared to the control untreated primary microglial cells in order 

to obtain a score of methylation (DiffScore). The probes located in the X and Y chromosomes were 

filtered. The significant DMS were plotted using GraphPad Prism®. Significance was calculated 

according to the DiffScore, </= 13 or >/= -13 for a P-value < 0.05, FDR adjusted. Significant DMS in CM-

GL261 condition compared to the control: localization according to genetic annotation. TSS200 = 0 to 

200 kb upstream the TSS; TSS1500 = 200 to 1500 kb upstream the TSS; Bodies = between the ATG 

and the stop codon; Intergenics = with no annotated genomic features. Results from three independent 

experiments. 

 

Figure 61A and B show the significant DMS in the CM-GL261 condition compared to the control at one 

and six hours timepoints, respectively. The heatmaps display in rows the mean β-value at each site, 

ranging from 0 (green) unmethylated to 1 (red) fully methylated. The column displays the treatment 

conditions.  

In A, we see that, for this set of DMS, the direction of methylation is very similar between control and 

treatments. As seen previously, we observe that each treatment exhibits a distinct signature and that 

the control is clustered alone on the side of all treatments, suggesting that all treatments could lead 

to a trend in DNA methylation reorganization after one hour of treatment. In B, we find a change within 

the clustering of the treatment conditions. Again, we can observe that the IL-4 is clustered with the 
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LPS, indicating that those treatments, on long term, could lead to similar DNA methylation patterns in 

primary microglial cells. 

We conclude that primary microglia exposed to CM-GL261 treatment exhibit significant DMS in all 

genomic features with the majority being located in intergenic regions. Those significant DMS displays 

an overall unique DNA methylation signature after already an hour of exposure, compared to control 

but also other treatment conditions.  

 

 

 

 

Figure 61. Significant DMS induced by CM-GL261 exhibit similar methylation levels compared to 
all treatments: 

Effect of 10 ng/mL of LPS, IFN-ɣ, IL-4 and CM-GL261 on the DNA methylation patterns of primary 

microglial cells. Heatmap displaying the mean methylation values (β-Value) of the significant DMS in 

CM-GL261 condition compared to the control, in each treatment condition after one hour (A) and six 

hours (B). Realized on GenomeStudio. The β-Values are displayed according to a color ranging from 



167 
 

light green (0, unmethylated) to deep red (1, fully methylated). Results from three independent 

experiments. 

 

We can conclude that all treatments have an effect on the DNA methylation patterns, impacting greatly 

intergenic regions and gene bodies, together with few modifications within the promoter regions of 

genes. Those results could suggest that the methylation outside of gene promoters might represent 

an underlying mechanism of microglial reactivity to environmental stimulation. 

We also notice that even if all treatment seem to induce the same trends in overall methylation 

profiles, as we have seen in the BV2 cell line model, we observe subtle divergences in each DMS 

methylation level in primary microglial cells leading to treatment-specific methylation patterns and 

suggesting an intense DNA methylation plasticity compared to the BV2 cells. 

 

3.0. Primary microglia exposed for one and six hours to LPS, IFN-ɣ, IL-4 and CM-GL261 exhibit 

few common differentially methylated genes without an associated gene ontology 

 

To understand how gene regulation could be affected by changes in DNA methylation patterns induced 

by the treatments in primary microglial cells, DMGs were compared in each treatment. Figure 62 

presents the overlapping DMGs after an hour (A), six hours (B) and common between one and six hours 

(C). 

On A, we observe that the same 179 genes are differentially methylated in all the treatment conditions, 

representing ~22% of all the DMGs in the LPS condition and in between ~17% and ~19% for the CM-

GL261, IFN-ɣ and IL-4 conditions. We can also notice that the percentage of treatment specific DMGs 

is quiet low, ~20-25% for IFN-ɣ, IL-4 and LPS and 33% in the CM-GL261 condition, suggesting that most 

of the DMGs are not specifically differentially methylated in response to one treatment but represent 

a mechanism of reactivity shared by multiple treatments after one hour.  

In B, we find the same trends, 155 genes commonly differentially methylated across treatments, 

representing at the maximum ~27% of unique DMGs in the IL-4 condition and ~20% in the other 

treatment conditions. The percentage of shared DMGs across all treatments is lower after six hours, 

with ~19% for the CM-GL261 and IFN-ɣ conditions and ~7% for the LPS and IL-4 conditions. Those 

numbers suggest that the initial microglial reactivity could be a DNA methylation common mechanism 

targeting shared genes in all treatment conditions after one hour and that after six hours then, 

treatment specific genes are differentially methylated.  
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Figure 62. Primary microglia exposed for one and six hours to LPS, IFN-ɣ, IL-4 and CM-GL261 

show few common differentially methylated genes: 

Effect of 10 ng/mL of LPS, IL-4, IFN-ɣ or CM-GL261 treatment for one or six hours on primary microglial 

cells DNA methylation patterns. Raw data from MethylMouse arrays were exported into Illumina 

GenomeStudio software, annotated using Illumina MouseMethylation 12v1 Annotation_Mus_musculus 

file; and normalized using IlluminCustom method before being compared to the control untreated 

primary microglial cells in order to obtain a score of methylation (DiffScore). The probes located in the 

X and Y chromosomes were filtered and only the significant DMS were used. The significant DMS 

located in Intergenic regions were filtered and only the probes located in annotated genes were used. 

The resulting DMGs within each treatment and timepoint conditions were plotted in a Venn Diagram to 

highlight the overlapping DMGs between (A) treatments after an hour; (B) treatments after six hours and 

(C) all treatments-common DMGs between the one and the six hours timepoints. (D) Table of tens of 

the DMGs common to all treatments and timepoints, generated by ShinyGO v0.80. Significance was 

calculated according to the DiffScore, </= 13 or >/= -13 for a P-value < 0.05, FDR adjusted. Results 

from three independent experiments. 
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Finally, we observe in C, that 43 genes are differentially methylated in all treatments and timepoint 

conditions, probably constituting the shared DNA methylation response to all treatments in primary 

microglial cells. No biologically relevant gene ontology analysis could be found. However, few genes 

could be associated with microglial reactivity. Ten of those genes, coding for TFs and 

immunomodulatory proteins are detailed in D. 

To try to understand the relationship between DNA methylation and gene expression, a gene, Ifi202b, 

significantly differentially methylated in all conditions was selected and its mRNA expression was 

assessed using RTqPCR. 

 

3.1. No correlation was observed between methylation level of the Ifi202b and its mRNA 

expression 

 

On Figure 63 are displayed the mean methylation level of each probe (targeting each one a CpG site) 

located within the Ifi202b gene after one hour (A) or six hours (B) of treatment with LPS (red squares), 

IFN-ɣ (green triangles), IL-4 (blue triangles), CM-GL261 (purple losanges) or untreated (orange circles) 

primary microglial cells.  

The probes are annotated on the X-axis while the Y-axis shows the mean methylation of each probe 

for each treatment, only the cg37797509_TC11 and cg37797509_TC12 are significantly differentially 

methylated in all treatment conditions compared to the control. On Figure 63C and D, are showed the 

RTqPCR results for the expression of the Ifi202b mRNA expression, in E, the summary of the probes 

features.  
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Figure 63. DNA methylation patterns and mRNA expression of Ifi202b are not correlated: 

Effect of 10 ng/mL of LPS, IL-4, IFN-ɣ or CM-GL261 treatment for one or six hours on the DNA 

methylation patterns (A and B) and the mRNA expression (C and D) of the Ifi202b gene in primary 

microglial cells. (A and B) Raw data from MethylMouse arrays were exported into Illumina 

GenomeStudio software, annotated using Illumina MouseMethylation 12v1 Annotation_Mus_musculus 

file; and normalized using IlluminCustom method. The mean β-value for each probe located within the 

Ifi202b were plotted using GraphPad Prim 9.0. Results from three independent experiments. (C and D) 

Raw RT-qPCR results targeting Ifi202b mRNA were exported into Microsoft Excel and normalized to 

untreated cells. Rpl27 was used as a housekeeping gene for normalization of gene expression. 

Statistical analysis was performed using GraphPadPrism 9 and applying one-way ANOVA with a 

correction for multiple comparisons between the control and the treatments (Dunnett) and inbetween 

treatments (Tukey). Data are representative of three independent experiments, each of which done in 

technical triplicates and are represented as mean ± Standard Error of the Mean (SEM). * indicate a P-

value < 0,05; ** indicate a P-value < 0,01; *** indicate a P-value < 0,001; **** indicate a P-value < 0,0001. 

(E) Illumina annotation file concerning the probes located within the Ifi202b gene. 
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We notice on A and B, that only the probes cg37797509_TC11 and cg37797509_TC12 are significantly 

differentially methylated between the treatment and the control conditions, the rest of the probes 

exhibiting similar methylation levels. Indeed, we can see that the methylation levels for those probes 

are similar inbetween each other at one particular timepoint.  

In A, at one hour, those probes show a methylation level of 0.31 for IL-4; 0.23 for CM-GL261; 0.19 for 

the control; 0.12 for IFN-ɣ and 0.08 for LPS. Those probes being hypomethylated in IFN-ɣ and LPS 

conditions and hypermethylated in IL-4 and CM-GL261, compared to the control after one hour. In B, 

at six hours timepoint, those probes being all hypomethylated compared to the control with 

methylation levels of 0.39 for the control; 0.32 for LPS; 0.27 for CM-GL261; 0.22 for IL-4 and 0.16 for 

IFN-ɣ. 

As the scale of methylation range from 0 being unmethylated to 1 being fully methylated, we find that 

all conditions, including the control untreated cells, tend to exhibit an hypomethylation for those 

probes, the hypomethylation just being increased in IFN-ɣ and LPS after one hour and, in all conditions 

after six hours of treatment.  

While we observe in C and D that the mRNA levels of Ifi202b are significantly changed by the treatment 

conditions after an hour and by LPS only after six hours, we can also note that even the trends of 

expression does not match the DNA methylation patterns.  

Indeed, after one hour of treatment, the IL-4 and CM-GL261 shows a hypermethylation compared to 

control (A) and a trend of upregulation of the mRNA expression (C); while the IFN-ɣ and the LPS shows 

a hypomethylation (A) and an even more upregulation of Ifi202b expression (C). In D, we notice that 

all treatment are exhibiting a trend of upregulation of Ifi202b expression and an hypomethylation 

compared to control (B) but if we look at the methylation levels, the LPS shows the lowest 

hypomethylation (B) and the highest upregulation (D) while the IFN-ɣ shows the highest 

hypomethylation compared to control but an upregulation significantly lower than the LPS one.  
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Figure 64. UCSC Genome browser tracks do not provide evidence for a link between DNA 
methylation and gene expression of Ifi202b: 

UCSC Genome Browser view of the Ifi202b gene from mouse GRCm38/mm10 genome, including tracks 

(from top to bottom) for CpG islands; ENCODE cis-regulatory elements, chromatin states predicted 

according to the ChIP-seq databases on forebrain, hindbrain and midbrain of P0 mouse pups; 

enhancers and promoters functional associations, ATAC-seq database on forebrain of P0 mouse pups 

and Illumina Mouse Methyl probe localizations. 

 

 

In addition, Figure 64 shows that no genomic regulatory element is indicated at the position of the 

probes on UCSC genome browser that could have explained the effect of the DNA methylation level at 

those positions on the gene expression. We can also observe that no information is available on the 

predicted chromatin states and the ATAC-seq results tends to exhibit a non accessible chromatin, 

making it difficult to even hypothesize on the gene expression regulation of Ifi202b. 

In fine, we can not conclude on the role of DNA methylation in the expression of the Ifi202b gene in 

reactive microglial cells. We can nevertheless hypothesize that other epigenetic mechanisms, like 

histone modifications, have to be involved in its expression. 

 

3.2. Methylation level of Ubc and related mRNA expression do not correlate 

 

To try to understand the relationship between DNA methylation and gene expression, a gene, Ubc, 

only differentially methylated in the IFN-ɣ condition was selected and its mRNA expression was 

assessed using RTqPCR. 
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Figure 65. DNA methylation levels and mRNA expression of Ubc do not correlate: 

Effect of 10 ng/mL of LPS, IL-4, IFN-ɣ or CM-GL261 treatment for one or six hours on the DNA 

methylation patterns (A and B) and the mRNA expression (C and D) of the Ubc gene in primary microglial 

cells. (A and B) Raw data from MethylMouse arrays were exported into Illumina GenomeStudio 

software, annotated using Illumina MouseMethylation 12v1 Annotation_Mus_musculus file; and 

normalized using IlluminCustom method. The mean β-value for each probe located within the Ubc were 

plotted using GraphPad Prim 9.0. Results from three independent experiments. (C and D) Raw RT-

qPCR results targeting Ubc mRNA were exported into Microsoft Excel and normalized to untreated cells. 

Rpl27 was used as a housekeeping gene for normalization of gene expression. Statistical analysis was 

performed using GraphPadPrism 9 and applying two-way ANOVA with a correction for multiple 

comparisons (Tukey). Data are representative of three independent experiments, each of which done 

in technical triplicates and are represented as mean ± Standard Error of the Mean (SEM). **** indicate 

a P-value < 0,0001.  
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Figure 65 displays the mean methylation level of each probe (targeting each one a CpG site) located 

within the Ubc gene after one hour (A) or six hours (B) of treatment with LPS (red squares), IFN-ɣ (green 

triangles), IL-4 (blue triangles), CM-GL261 (purple losanges) or untreated (orange circles) primary 

microglial cells. The probes are annotated on the X-axis while the Y-axis shows the mean methylation 

of each probe for each treatment, only the cg42788676_BC21 at one hour and cg42788677_TC11 at 

six hours in the IFN-ɣ condition are significantly differentially methylated compared to the control. On 

Figure 65C and D, are showed the RTqPCR results for the expression of the Ubc mRNA expression, in 

E, the summary of the probe features.  

Figure 65A shows that only the probe cg42788676_BC21 is significantly differentially methylated when 

comparing IFN-ɣ treatment with control conditions, while the rest of the probes exhibits similar 

methylation levels.  

Indeed, we see that the methylation levels for this probe at one hour are 0.12 for the control; 0.09 for 

CM-GL261; 0.08 for IL-4; 0.07 for LPS and 0.05 for IFN-ɣ. This probe remains hypomethylated in all 

condition compared to the control after one hour.  

In B, we can interestingly note that a different probe is significantly differentially methylated between 

the IFN-ɣ and the control, the probe cg4288677_TC11 with methylation levels of 0.06 for the control; 

0.05 for LPS; 0.04 for CM-GL261; 0.03 for IL-4 and 0.006 for IFN-ɣ. This probe remains hypomethylated 

in all condition compared to the control after six hours. 

As the scale of methylation ranges from 0 (unmethylated) to 1 (fully methylated), we observe that all 

conditions, including the control untreated cells tends to exhibit an hypomethylation for those probes, 

while the hypomethylation is increased in IFN-ɣ after one and six hours of treatment.  
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Figure 66. UCSC Genome browser tracks show regulatory elements potentially explaining the 
gene expression regulation of Ubc gene: 

UCSC Genome Browser view of the Ubc gene from mouse GRCm38/mm10 genome, including tracks 

(from top to bottom) for CpG islands; ENCODE cis-regulatory elements, chromatin states predicted 

according to the ChIP-seq databases on forebrain, hindbrain and midbrain of P0 mouse pups; 

enhancers and promoters functional associations, ATAC-seq database on forebrain of P0 mouse pups 

and Illumina Mouse Methyl probe localizations. 

 

 

We notice in Figure 66 that the regulation of Ubc gene expression is highly complicated. Indeed, we 

find the presence of numerous proximal and distal regulatory elements, the presence of a CpG island 

and chromatin states mostly related to transcriptional activation. We can see that Illumina’s probes 

that are overlapping such regulatory elements are not significantly differentially methylated in our 

study. 

Unfortunately, the two significant probes cg42788676 and cg42788677 were not annotated in UCSC, 

thus not appearing on Figure 66. Nevertheless, manual interrogation of the UCSC Genome browser 

database for the localization of significant probes (Mouse GRCm38/mm10 chr5:125,539,217-

125,391,517) revealed that two regulatory elements are overlapping the probe. First, the 

EM10E0804377 promoter, localized on the chromosome 5 from position 125,390,134 to 125,390,399 

and second, the EM10E0804378 proximal enhancer, localized from position 125,391,080 to 

125,391,285. The presence of those regulatory elements indicates that the differential methylation of 

the DNA at those positions could have serious effects on the expression of the Ubc gene. 
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However, we can notice in Figure 65C and D, that the mRNA levels of Ubc are not significantly changed 

by the treatment conditions at any timepoint. We can nevertheless note that the trends of mRNA 

expression tend to be towards upregulation in all conditions at both timepoints compared to the 

control; and even insignificant, all the conditions tend to show hypomethylation of the regulatory 

elements of the Ubc gene compared to the control. 

Thus, we can not conclude about the role of DNA methylation in the regulation of the expression of 

the Ubc gene in reactive microglial cells. As previously mentioned, we can hypothesize that other 

epigenetic mechanisms are regulating the expression of the Ubc gene. 

 

We conclude that the LPS, IFN-ɣ, IL-4 and CM-GL261 treatments are inducing a phenotypical reactivity 

in primary microglial cells after one and six hours of exposure and that DNA methylation pattern 

modifications are observed. Those patterns appear to be treatment-specific in primary microglial cells, 

depicting distinct methylation profiles for each treatment after one and six hours of exposure, with 

similarities in the direction of methylation but subtle individual CpGs sites differences. Nevertheless, 

no significant correlation is observed between DNA methylation and gene expression in primary 

reactive microglial cells. We could  hypothesize that other epigenetic mechanisms, such as ncRNAs and 

histone modifications, are entangled with DNA methylation to regulate gene expression underlying 

microglial reactivity. 

 

In summary, we observed a phenotypical reprogramming of primary microglial cells upon treatment 

with LPS, IFN-ɣ, IL-4 and CM-GL261 for one and six hours, characterized by considerable morphological 

and significant transcriptomic changes. We could also discover significant DNA methylation 

reorganization at both time points of exposure in all  treatment conditions, mostly located in intergenic 

regions and gene bodies. 

It is worth noting that those changes in both epigenetic landscapes and phenotypes were significant 

at earlier time points of exposure as compared to the BV2 microglia model, suggesting an increased 

sensitivity exhibited by primary microglia towards stimulation. 
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3. Primary male and female CD-1 microglial cells exhibit dismorphic DNA 

methylation reorganization upon treatments 

 

To finalize the project, we wanted to explore if the sexual dimorphism known in microglial cells could 

be observed in DNA methylation pattern modifications in reaction to LPS and CM-GL261 treatments. 

Microglial cells from genotyped CD-1 pups were isolated and treated for 24 hours with 10 ng/mL of 

LPS or CM-GL261. As previously, a Cell Titer Glo assay and an Incucyte® monitoring were performed to 

make sure the treatments were not affecting significantly the viability and proliferation. 

 

3.1. Treatments significantly affect the viability but not the proliferation of male 

and female primary microglial cells 

 

Figure 67 exhibits the percentage of viability of the primary microglial cells treated with LPS or CM-

GL261, normalized to the control untreated cells. The X-axis shows the treatment conditions, while the 

Y-axis displays the percentage of viability compared to the control untreated cells set as 100% and the 

color indicates the sex of the microglial cells.  

We observe significant changes between the control group and the treatment groups, regardless of 

the sex. Indeed, the LPS-treated microglial cells male and female show a significant increase of ~9% of 

viability compared to the control, while the CM-GL261 condition shows decrease of ~20% of viability 

for both male and female.  

 

 

Figure 67. Viability of primary microglial cells is significantly impacted by LPS and CM-GL261: 
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Effect of 10 ng/mL of LPS or CM-GL261 exposure on the viability of male and female primary microglial 

cells treated for 24 hours. The cell viability of treated cells was assessed relatively to the control, 

untreated cells (red line). Statistical analysis by applying a Two-way ANOVA with multiple comparisons 

between treatments (Tukey) and between treatment and control (Dunnett) GraphPadPrism 9. Data are 

representative of three independent experiments, each of which done in technical triplicates and are 

represented as mean ± Standard Error of the Mean (SEM). ** indicate a P-value < 0.001; **** Indicating 

a P-value < 0.0001. 

 

 

The significant decrease in microglial viability regarding to the CM-GL261 treatment at 24 hours 

confirms the trend observed in primary microglial cells treated for six hours (Figure 48). This trend was 

not observed in BV2 microglial cell line (Figure 23), suggesting a sensitivity of the primary microglial 

cells to the culture media. Nonetheless, a viability of ~80% is still acceptable to perform experiments. 

Figure 68 shows the measure of confluence made by the Incucyte® system on the primary microglial 

cells treated or not with LPS or CM-GL261 for 24 hours (A, C, E and G) and the cell numbers in each 

condition counted manually on the Incucyte® pictures (B, D, F and H), normalized to the control 

untreated cells values. The confluence graphs (A, C, E and G) display the time in hours on X-axis, while 

the Y-axis presents the percentage of confluence normalized to the control.  

 

We find that no significant change is induced in microglia confluence by LPS and CM-GL261 treatments 

compared to the control untreated microglia after 24 hours. Despite the absence of significance, we 

note the same trends in male and female, the LPS is inducing an increase trend (A and C) in confluence 

compared to the control untreated microglia, while the CM-GL261 inducing a decreased trend (E and 

G).  
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Figure 68. LPS and CM-GL261 do not lead to significant changes in microglial proliferation: 

Effect of 10 ng/mL of LPS (top panel) or CM-GL261 (bottom panel) exposure on the confluence and 

proliferation of male (left panel) and female (right panel) primary microglial cells treated for 24 hours. 

The cellular confluency of treated cells was monitored and analyzed by the Incucyte® system. 

Proliferation was assessed by counting of the cells from the pictures generated by the Incucyte system 

and compared to the control (CTR, red line, untreated cells). Statistical analysis was performed using 

GraphPadPrism 9 applying a two-way ANOVA with correction for multiple comparisons (Tukey). Data 

are representative of three independent experiments, each of which done in technical triplicates and are 

represented as mean ± SEM. 
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The graphs representing the manual counting of the cell numbers (B, D, F and H) exhibit the timepoints 

in hours on the X-axis and the percentage of the cell numbers (named proliferation) compared to the 

control. We notice that no significant change in cell number is induced by the treatments compared to 

the control untreated microglia.  

 

We can nevertheless observe that the measure of the confluence by measuring the area of the cell 

versus the number of the cells is again, not relevant. Indeed, the number of LPS-treated microglia being 

decreased while the confluence being increased, suggesting again that for morphologically sensitive 

cells like microglia, the measure of confluence is not representative of the proliferation rate. 

 

We conclude that the 10 ng/mL LPS and CM-GL261 treatments for 24 hours does impact significantly 

the viability but not the proliferation of primary microglial cells. 

 

3.2. Morphological changes are induced by LPS and CM-GL261 with slight 

differences between male and female microglia 

 

To observe if the treatments were inducing phenotypical changes in primary microglia, an IF staining 

was performed. 
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Figure 69. LPS and CM-GL261 lead to morphological changes in primary microglial cells with 
subtle sex differences: 

Morphological assessment of male and female primary microglial cells treated with 10 ng/mL of LPS or 

CM-GL261 for 24 hours; compared to untreated cells. Confocal images (40X objective) showing the co-

labelling of Iba1 (red) and F4/80 (green) in cultured primary microglia. DAPI is shown in blue; scale bar: 

20 μm. 

 

 

On Figure 69 (Annexes 39 and 40 for 20X pictures), we see a change of primary microglia morphology 

after 24 hours of treatment, especially with LPS.  

 

Compared to the untreated cells and regardless of the sex (CTR, Figure 69A and B), microglia treated 

with LPS for 24 hours exhibit an important increase in the soma size, with decreased numbers of 

processes, shorter and thicker (C and D).  
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On the contrary, we note that compared to control, CM-GL261 treated cells exhibit only a slight 

difference, the soma of the female microglia is slightly bigger and the processes more elongated (E) 

but no visible change is seen in the male microglia morphology (F). We cannot observe here the mixed 

phenotype seen in the previous experiments. 

 

We conclude that the LPS is inducing a morphological change in male and female microglial cells after 

24 hours of treatments and that small divergences exist between male and female morphological 

transformation in response to LPS and CM-GL261 exposure. 

 

 

3.3. Significant mRNA expression changes are induced by LPS and CM-GL261 

treatments, exhibiting differences between male and female microglia 

 

 

To explore the transcriptomics behind male and female microglial reactivity, RTqPCR were performed 

on a set of genes known to be part of the pro-inflammatory (Cxcl10, Tnf, Ccl9, Il-1β), anti-inflammatory 

(Fizz1, Arg1) and homeostatic (Cx3cr1, Hexb) signature of microglial cells. 
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Figure 70. LPS and CM-GL261 lead to significant changes in mRNA expression in primary 
microglial cells: 

Effect of 10 ng/mL of LPS or CM-GL261 exposure on mRNA expression of male and female primary 

microglial cells treated for 24 hours, normalized to untreated cells. Selected mRNA targets are 

characteristics of a pro-inflammatory (Cxcl10, Tnf, Ccl9 and IL-1β), anti-inflammatory (Arg1 and Fizz1) 

and homeostatic (Cx3cr1 and Hexb) reactivity. Rpl27 was used as a housekeeping gene for 

normalization of gene expression. Statistical analysis was performed using GraphPadPrism 9 and 

applying two-way ANOVA with a correction for multiple comparisons for treatments versus control 

(Dunnett) and male versus female or treatment versus treatment (Tukey). Data are representative of 

three independent experiments, each of which done in technical triplicates and are represented as mean 

± Standard Error of the Mean (SEM). * indicate a P-value < 0,05; ** indicate a P-value < 0,01; *** indicate 

a P-value < 0,001. 
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We decided to measure the quantity of mRNA in primary microglia splitted between male and female 

treated or not with LPS or CM-GL261 for 24 hours by performing RT-qPCR. We assessed the expression 

of those mRNA in comparison to the housekeeping gene Rpl27. The results, normalized to the control 

group mRNA counterparts are presented in Figure 70. The top panel of the Figure 70 shows the mRNA 

expression of pro-inflammatory genes (A, B, C and D), the middle panel the expression of anti-

inflammatory associated mRNAs (E and F) and the bottom panel, the expression of homeostatic 

associated mRNAs (G and H). All the presented graphs X-axis refers to the sex of the microglia; the Y-

axis representing the mRNA expression of each gene relative to the control untreated counterpart. 

We can see in Figure 70 that the pro-inflammatory associated mRNAs Cxcl10 (A) and Il-1β (D) are 

significantly induced by the LPS treatment in male and female microglia with values of 77 fold changes 

for the Cxcl10 in both male and female; and around 100 and 320 positive fold change for the Il-1β 

mRNA in male and female microglia, respectively compared to the control. The Tnf (B) and Ccl9 (C) 

mRNAs on the other hand, are only induced by the LPS treatment in female microglial cells with values 

around 180 and 20 positive fold changes for Tnf and Ccl9, respectively. The CM-GL261 treatment does 

not lead to significant change for any of the pro-inflammatory associated mRNA, regardless of the sex.  

Concerning the anti-inflammatory associated mRNAs, we find that Fizz1 (E) expression is not 

significantly changed by any treatment and regardless of the sex, whereas surprisingly, Arg1 (F) 

expression is only significantly induced by the LPS treatment in male microglia with around seven 

positive fold changes value compared to the control. 

Finally, we notice that the homeostatic related mRNAs are significantly induced only in female, LPS 

leading to nearly one positive fold change increase of Hexb expression whereas CM-GL261 leading to 

nearly 2 positive fold change increase of Hexb and around 4 positive fold change increase of Cx3cr1 

expression. 

We conclude from Figure 70 that the LPS treatment leads to differential expression of pro- (Ccl9 and 

Tnf), anti-inflammatory (Arg1) and homeostatic (Hexb) mRNAs in male and female microglia after 24 

hours. 

To understand if those phenotypical and transcriptomic changes were related to DNA methylation 

reorganization, DNA methylation assay using Illumina Methyl Mouse arrays was performed. 
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3.4. DNA methylation profiles of reactive male and female microglia are clustered 

by sex and treatments 

 

 

 

Figure 71. DNA methylation profiles of microglial cells are clustered by sex and treatments: 

Effect of 10 ng/mL of LPS or CM-GL261 treatment for 24 hours on male and female primary microglial 

cells DNA methylation patterns. Raw data from MethylMouse arrays were exported into Illumina 

GenomeStudio software, annotated using Illumina MouseMethylation 12v1 Annotation_Mus_musculus 

file; and normalized using IlluminCustom method. The probes located in the X and Y chromosomes 

were filtered and all the probes left were used in a hierarchical clustering using the Manhattan method. 

Results from three independent experiments. 

 

Figure 71 shows the hierarchical clustering of the DNA methylation profiles for each sample, the X-axis 

displays the Manhattan distance between the samples, the Y-axis shows the identification of the 

sample group. We note a clear separation between male and female regardless of the treatment 

condition and that the control untreated and LPS microglia are clustered together in both sexes. We 

can also observe that the LPS and the control conditions are clustered together. 

We can already conclude that the DNA methylation profiles of reactive primary microglial cells differ 

between sexes. 

 

3.5. Primary male and female microglia exhibit significant DMS in reaction to LPS 

and CM-GL261 exposure for 24 hours 

 

To explore this observation furthermore, the significant DMS between treatment and control in each 

sex were isolated and plotted in Figure 72, displaying on the Y-axis the number of DMS and in X-axis, 
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the treatment conditions and the sex of the microglia. The colors used refer as hypomethylated (light 

grey) and hypermethylated (deep grey) DMS in each condition. 

 

 

Figure 72. Male and female primary microglia exhibit different DNA methylation reorganization 
in reaction to LPS and CM-GL261 exposure: 

Effect of 10 ng/mL of LPS or CM-GL261 treatment for 24 hours on male and female primary microglial 

cells DNA methylation patterns. Raw data from MethylMouse arrays were exported into Illumina 

GenomeStudio software, annotated using Illumina MouseMethylation 12v1 Annotation_Mus_musculus 

file; and normalized using IlluminCustom method before being compared to the control untreated 

primary microglial cells in order to obtain a score of methylation (DiffScore). The probes located in the 

X and Y chromosomes were filtered and only the significant DMS were plotted using GraphPad Prism®. 

Significance was calculated according to the DiffScore, </= 13 or >/= -13 for a P-value < 0.05, FDR 

adjusted. Results from three independent experiments. 

 

 

We notice in Figure 72 that the male microglia display slightly more significant DMS than female in 

both condition of treatments (average of 550 in CM-GL261; 490 in LPS for female versus 630 and 520 

for male). We can also observe that the CM-GL261 treatment leads to the same trends in both sexes 

exhibiting slightly more hypomethylated than hypermethylated DMS. The LPS treatment leads to 

differential DNA methylation direction mostly towards hypomethylation in male and hypermethylation 

in female microglia. 

Male Female Male Female
0

100

200

300

400

500

Differentially Methylated Sites
Treatments versus control

D
M

Ss

Hypomethylated
HypermethylatedLPS CM-GL261



187 
 

We conclude that both treatments lead to significant DMS in male and female microglia compared to 

control after 24 hours, with different overall methylation between male and female. 

 

3.6. Significant DMS induced by LPS are mostly located in intergenic regions in both 

male and female microglia but exhibit opposed methylation direction 

 

On Figure 73 are presented the significant DMS between the LPS condition and the untreated control 

primary male and female microglial cells at the 24 hours timepoint, according to the genetic annotation 

of the DMS and relative to the distance between the probe and the TSS of the gene.  

The terms “TSS-200” refers to a C-G probe located between 0 and 200 base pairs upstream the TSS, 

“TSS-1500” inbetween 200 and 1500 base pairs and “Bodies” refers to a probe located between the 

ATG and the stop codon while “Intergenics” means that the probe is found in between coding regions, 

not associated with any genomic features.  

We notice that the treatment with LPS for 24 hours leads to more DMS in male (~530) than in female 

(~480) and that the DMS in female point mostly toward hypermethylation whereas the DMS in male 

point mostly towards hypomethylation, highlighting a sex difference reactivity to LPS at the DNA 

methylation level. Most of the DMS, regardless of the sex of the microglia, are located in intergenic 

regions.  

 

Figure 73. Male and female microglia exposed to LPS for 24 hours exhibit significant DMS in 
intergenic regions with opposite methylation direction: 
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Effect of 10 ng/mL of LPS treatment for 24 hours on male and female primary microglial cells DNA 

methylation patterns. Raw data from MethylMouse arrays were exported into Illumina GenomeStudio 

software, annotated using Illumina MouseMethylation 12v1 Annotation_Mus_musculus file; and 

normalized using IlluminCustom method before being compared to the control untreated primary 

microglial cells in order to obtain a score of methylation (DiffScore). The probes located in the X and Y 

chromosomes were filtered and only the significant DMS were plotted using GraphPad Prism®. 

Significance was calculated according to the DiffScore, </= 13 or >/= -13 for a P-value < 0.05, FDR 

adjusted. Results from three independent experiments. 

 

 

Figure 74A and B show the significant DMS in the LPS condition compared to the control in male and 

female microglia, respectively. The heatmaps display in rows the mean β-value at each site, ranging 

from 0 (green) unmethylated to 1 (red) fully methylated. The columns display the treatment 

conditions. 

In A, we observe that, for this set of DMS in male microglia, the directions of methylation are very 

similar between control and treatments, mostly towards hypomethylation compared to the control. 

We can notice slight differences in the methylation profiles of each treatment conditions, the CM-

GL261 signature being hypomethylated compared to control but hypermethylated compared to LPS, 

suggesting the induction of DNA methylation reorganization specific to each treatment after 24 hours 

in primary male microglial cells. In B, we find that the LPS leads to mostly hypermethylation of DMS in 

female microglia compared to the control and that the CM-GL261, for this set of DMS, leads to an 

inbetween control and LPS methylation level. 
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Figure 74. Male and female microglial methylation profiles of LPS-induced significant DMS 
diverge from CM-GL261: 

Effect of 10 ng/mL of LPS on the DNA methylation patterns of male and female primary microglial cells. 

Heatmap displaying the mean methylation values (β-Value) of the significant DMS in LPS condition 

compared to the control, in each treatment condition in male (A) and female (B) microglia. Realized on 

GenomeStudio. The β-Values are displayed according to a color ranging from light green (0, 

unmethylated) to deep red (1, fully methylated). A hierarchical clustering of the significant DMS and the 

samples was made using the Manhattan method. Results from three independent experiments. 
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We can conclude that the LPS treatment is inducing significant DMS in primary microglia, mostly 

localized in intergenic regions and characterized by hypomethylation in males and hypermethylation 

in females. 

 

3.7. Significant DMS induced by CM-GL261 are mostly hypermethylated and 

located in intergenic regions in male and female microglia 

 

On Figure 75 are presented the significant DMS between the CM-GL261 condition and the untreated 

control primary male and female microglial cells at the 24 hours timepoint, according to the genetic 

annotation of the DMS and relative to the distance between the probe and the TSS of the gene.  

We see that the treatment with CM-GL261 for 24 hours leads to more DMS in male (~620) than in 

female (~560) and that the DMS in both male and female seem to exhibit a similar ratio between hypo- 

and hypermethylated DMS, highlighting an homogenous reactivity to CM-GL261 at the DNA 

methylation level amongst sexes. Most of the DMS, regardless of the sex of the microglia, are located 

in intergenic regions.  

 

 

Figure 75. Male and female microglia exposed to CM-GL261 for 24 hours are exhibiting similar 
ratios of significant hypo- and hypermethylated DMS in intergenic regions and gene bodies: 

Effect of CM-GL261 treatment for 24 hours on male and female primary microglial cells DNA methylation 

patterns. Raw data from MethylMouse arrays were exported into Illumina GenomeStudio software, 

annotated using Illumina MouseMethylation 12v1 Annotation_Mus_musculus file; and normalized using 
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IlluminCustom method before being compared to the control untreated primary microglial cells in order 

to obtain a score of methylation (DiffScore). The probes located in the X and Y chromosomes were 

filtered and only the significant DMS were plotted using GraphPad Prism®. Significance was calculated 

according to the DiffScore, </= 13 or >/= -13 for a P-value < 0.05, FDR adjusted. Results from three 

independent experiments. 

 

 

We conclude that significant DMS are induced by a 24 hours exposure to CM-GL261 in male and female 

microglial cells. On the contrary to what was observed with the LPS treatment, those DMS appear to 

be following the same trend between sexes, suggesting a similar response to the CM-GL261. 

Figure 76A and B show the significant DMS in the CM-GL261 condition compared to the control in male 

and female microglia, respectively. The heatmaps display in rows the mean β-value at each site, 

ranging from 0 (green) unmethylated to 1 (red) fully methylated. The columns display the treatment 

conditions. 

In A, we find that, for this set of DMS in male microglia, the direction of methylation is very similar 

between control and treatments. We nevertheless notice slight differences in the methylation profiles 

of each treatment conditions, suggesting that the induction of DNA methylation reorganization might 

be specific to each treatment after 24 hours in primary male microglial cells. In B, we note that the 

CM-GL261 leads to mostly hypermethylation of DMS in female microglia compared to the control and 

that the LPS, for this set of DMS, leads to an inbetween control and CM-GL261 methylation level. 
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Figure 76. Male and female microglia exposed for 24 hours to CM-GL261 exhibit specific DNA 
methylation profiles compared to control and LPS: 

Effect of CM-GL261 on the DNA methylation patterns of male and female primary microglial cells. 

Heatmap displaying the mean methylation values (β-Value) of the significant DMS in CM-GL261 

condition compared to the control, in each treatment condition in male (A) and female (B) microglia. 

Realized on GenomeStudio. The β-Values are displayed according to a color ranging from light green 

(0, unmethylated) to deep red (1, fully methylated). A hierarchical clustering of the significant DMS and 

the samples was made using the Manhattan method. Results from three independent experiments. 
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We can conclude that overall, male and female microglial cells exposed to LPS and CM-GL261 for 24 

hours lead to DNA methylation reorganization. Those results suggest that, in accordance to what was 

previously observed in the study, microglial cells DNA methylation patterns are impacted by 

environmental stimulation and second, that this reactivity is sexually dismorphic at the DNA 

methylation level. 

 

3.8. Significantly differentially methylated genes seem to be specific to treatments 

and sexes in primary microglia 

 

To try to understand in more depth the relationship between DNA methylation reorganization in male 

and female microglia in response to LPS and CM-GL261 after 24 hours, the overlapping DMGs between 

all conditions were explored. The results are presented in Figure 77. 

 

 

 

Figure 77. Male and female microglia exposed to LPS and CM-GL261 for 24 hours displays only 
few common DMGs: 

Effect of LPS and CM-GL261 24 hours exposure on the DNA methylation patterns of male and female 

primary microglial cells. Venn diagram showing the overlapping significant DMGs. Raw data from 

MethylMouse arrays were exported into Illumina GenomeStudio software, annotated using Illumina 

MouseMethylation 12v1 Annotation_Mus_musculus file; and normalized using IlluminCustom method 

before being compared to the control untreated primary microglial cells in order to obtain a score of 

methylation (DiffScore). The probes located in the X and Y chromosomes were filtered and only the 
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significant DMS used for further analysis. The non annotated genes were removed and the remaining 

DMGs were plotted by using the Gent University Venn diagram tool. Significance was calculated 

according to the DiffScore, </= 13 or >/= -13 for a P-Value < 0.05, FDR adjusted. Results from three 

independent experiments.  

 

 

In Figure 77, we observe that each condition exhibits a high percentage of specific DMGs and that only 

six DMGs are overlapping in all conditions of treatments and sex, the gene ontology made for those 

condition specific or commons DMGs did not lead to significant pathway or biological function.  

Those six DMGs are actually five since one of them is arising from a missing annotation (NA), the 

remaining Olfr630, is coding for an olfactory receptor and Fra10ac1, coding for a nuclear 

phosphoprotein of unknown function and does not seems to have any implication in microglia biology.  

Nlrp1, coding for a nucleotide-binding domain and leucine-rich repeat containing protein is implicated 

in inflammation and has been linked to inflammasome associated microglial reactivity. Mapkbp1 code 

for mitogen-activated protein kinase binding protein 1, a scaffold protein that regulate the JNK and 

NOD2 signaling pathways, known to be important in microglial reactivity. Finally, Bsx, coding for the 

transcriptional activator Brain-specific homeobox TF, has not been linked to microglia. 

 

3.9. The significantly differentially methylated genes in reactive male and female 

microglia exhibit difference in the methylated probes implicated 

 

To compare the DNA methylation patterns of those five genes according to treatments and sexes, the 

β-values of each probe within each gene were plotted in Figure 78. On this heatmap, the row 

represents each probe and the columns represent each condition. The statistical significance of 

differential methylation between the control and a treatment is represented by a star on the side of 

the implicated probe, colored with the condition in which it is significant. 
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Figure 78. The DMGs common to treatments and sexes exhibit differences in the probes 
methylated for each gene: 

Effect of 10 ng/mL of LPS or CM-GL261 on the DNA methylation patterns of male and female primary 

microglial cells. Heatmap displaying the mean β-Value of the probes located in the DMGs between 

control, LPS and CM-GL261 male and female microglia. Raw data from MethylMouse arrays were 

exported into Illumina GenomeStudio software, annotated using Illumina MouseMethylation 12v1 

Annotation_Mus_musculus file; and normalized using IlluminCustom method. The β-Values from the 

probes located in the Olfr630, Nlrp1, Bsx, Fra10ac1 and Mapkbp1 genes of the male and female 

microglia treated with LPS or CM-GL261 were compared to the control untreated primary microglial cells 

in order to obtain a score of methylation (DiffScore). The DiffScore allowed the identification of the 

significant DMS between treatment and control and are presented as star in front of the significant probe. 

The color of the star represents the condition in which the differential methylation is statistically 

significant. The β-Values are displayed according to a color ranging from light green (0, unmethylated) 

to deep red (1, fully methylated). Results from three independent experiments. 
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We find that overall, the direction of methylation for all the probes are pointing towards the same 

direction, we only observe few probes that switch from extreme hypomethylation to 

hypermethylation or vice versa, especially in the LPS condition for both male and female.  

It is worth noting that, even though the genes differentially methylated are common to all conditions, 

some of them do not exhibit the same differentially methylated probes in each gene. For instance, 

Nlrp1 methylation pattern shows the highest degree of significant divergence in its methylation 

profiles amongst treatments and sexes, even though the degree of methylation in between all 

condition are quiet similar. On the contrary, for the Mapkbp1 gene, all the conditions exhibit the same 

significant DMS, which is an interesting finding, meaning that DNA methylation could regulate the 

expression of the same gene in different ways by targeting differents sites.  

The different features of the DMS are presented in Figure 79 and we can indeed notice that the 

distribution of the DMS amongst the DMGs are differents in function of the treatment and the sex of 

the microglia. For instance, for the Mapkbp1 gene, all the conditions exhibit an hypermethylated state 

of the same significant probe; while for the Olfr630 gene, the same probe is significantly differentially 

methylated but hypermethylated in female and hypomethylated in male; for both treatments. 

Overall, we observed that each condition of treatment related to sex is characterized by a signature of 

hypo- and hypermethylated probes compared to the control, confirming the hypothesis that DNA 

methylation profiles are specific to treatments and different in male and in female microglial reactivity. 

 

 

Figure 79. Significant DMS common to treatments and sexes show divergence in methylation 
profile: 

Effect of 10 ng/mL of LPS or CM-GL261 on the DNA methylation patterns of male and female primary 

microglial cells. Features of the significant DMS located in the DMGs between control, LPS and CM-

GL261 male and female microglia are displayed. Raw data from MethylMouse arrays were exported into 

Illumina GenomeStudio software, annotated using Illumina MouseMethylation 12v1 
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Annotation_Mus_musculus file; and normalized using IlluminCustom method. The β-Values from the 

probes located in the Olfr630, Nlrp1, Bsx, Fra10ac1 and Mapkbp1 genes of the male and female 

microglia treated with LPS or CM-GL261 were compared to the control untreated primary microglial cells 

in order to obtain a DiffScore. Results from three independent experiments. 

 

Even though we can not finally conclude about the impact of DNA methylation patterns on gene 

expression or microglial phenotypes, we can however conclude that treatments of male and female 

microglial cells with LPS and CM-GL261 for 24 hours lead to significant sexually dysmorphic reactivity 

with changes in morphology and transcriptomics, together with divergent DNA methylation profiles. 

 

Overall, in conclusion, we have shown that the induction of microglial reactivity, in microglial cell line 

or primary cells, was characterized by significant changes in morphology and transcriptomics and 

associated with significant DNA methylation reorganization. The causal link between DNA methylation, 

gene expression and microglial function remains to be unravelled. 

However, we could observe that many of those DMS were located in genomic regions from which the 

effects on the gene expression are unknown, that only one CpG could be significantly different and 

that the level of methylation difference could be low,  indicating that future research will have to focus 

in more detail on DNA methylation localization and intensity. 

Finally, we could see that the reactivity towards treatment exposure at any levels was not the same 

between the different models and sex. Those differences were even higher at the DNA methylation 

level compared to the observed phenotype, highlighting the specificity and sensitivity of epigenetic 

marks. 

 

This PhD project highlights the crucial need to explore in depth the link between DNA methylation 

patterns, specific microglial functions and thebiological meaning of DNA methylation all along the 

genome.  
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Part V. Discussion 
 

1. Refinement of the experimental design on DNA methylation implication in 

microglial reactivity 

 

1.1. Techniques used in the present study can be refined to unravel a clearer link between 

DNA methylation and related microglial functions 

 

As the keystone of the entire project, the induction and characterization of microglial reactivity is the 

first point that need to be discussed.  

Indeed, in our study, no significant changes in microglial functionality have been highlighted between 

control and treated microglial cells, regardless of the treatment and the time of exposure. This problem 

might arise from the technical limitations associated with our experimental design and could be 

overcome by reconducting the experimental plan in the opposite direction, starting by DNA 

methylation to end with the functionality of microglia. 

It could be done with another set of DNA methylation data generated from another model of microglial 

cells or directly from the large dataset produced in this project, from which significant differentially 

methylated genes could be used as the base of the project. From the selected genes with its associated 

DNA methylation levels, one could explore the mRNA expression, the protein secretion and the 

function modulated by such protein. 

For example, from our dataset, the Cxcl2 gene could be a good candidate, as differentially methylated 

in promoters and differentially expressed in BV2 exposed to LPS for 24 hours (Figures 38 and 39), 

compared to the control. As a secreted chemokine, CXCL2 protein can easily be measured and linked 

to the secretory function of microglia. The expression of Cxcl2 mRNA could easily be evaluated by 

RTqPCR while the secretion of CXCL2 could be assessed by ELISA. From this pipeline, the DNA 

methylation pattern of the Cxcl2 promoter could be modified by using a CRISPR-Cas9-DNMT3A410 or a 

CRISPR-Cas9-TET1411 and effect of those modulations could be assessed at the DNA methylation, mRNA 

and protein secretion levels, providing very practical informations about the effect of DNA methylation 

on the secretory function of microglia.  

From this hypothetical pipeline, other genes coding for secreted molecules, with the significant 

differentially methylated CpGs site located in other regulatory elements could be used to unravel the 
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effects of single DNA methylation modifications in different part of the genome on the gene expression 

and the secreted function of microglial cells. 

 

As seen in the introduction, in addition to secretion, the microglial function that appears to be the 

most detrimental when dysregulated by pathological microenvironment is the phagocytosis and thus, 

it would be crucial to develop an established protocol for evaluation of phagocytosis to see the 

potential modulation by DNA methylation changes.  

Indeed, if phagocytosis related genes, such as Flt1, Cnn3 or Igf1, were found to be differentially 

methylated, in addition to the mRNA expression and the protein quantification by Western-Blot, the 

function of phagocytosis would need to be assessed.  

This part of our study was higly problematic leading to unconclusive results (Figure 26).  

First, the phagocytosis was assessed by manual counting of fluorescent beads present inside BV2 cells 

stained by IF (Annexe 14) and even though this technique was the one exhibiting the less variation 

between technical triplicates, it could be influenced by observer bias and was thus abandoned.  

Second, the same fluorescent beads were used together with a Clariostar® plate reader but the results 

were constantly disturbed by a very high fluorescent background regardless of the amount of PBS 

washes and Trypan Blue quenching realized and the variations between technical replicates was 

unacceptable.  

Finally, the Clariostar plate reader was then used with pH sensitive fluorescent beads but the variation 

between technical replicates remains leading us to those inconclusive results (Figure 48). Those 

problems are well discussed in literature and thought to be overcome by using a Fluorescent activated 

cell sorting (FACS) with pH sensitive dyes for the cargo used, which is the second problem arising from 

such technologies.  

Indeed, as it was shown in the introduction, phagocytic function of microglia can be triggered by a 

various range of cargoes and the one used in our study was composed of E.Coli particles, reflective of 

bacterial activation of phagocytosis, not relevant in the context of most neuropathological conditions. 

To overcome this issue, several cargos can be isolated, dyed and exposed to microglial culture, 

including carboxylate microbeads to mimick phosphatidylserine of apoptotic cells, purified myelin 

debris or even purified synaptosomes to evaluate synaptic pruning412. 

Even though they might not seem relevant for translational research, other microglial functions should 

be considered if associated genes are found to be differentially methylated.  
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Briefly, perception could simply be evaluated by sensome exploration through Mass Spectrometry413 

or co-immunoprecipitation414. Concerning the self-maintenance function of microglia, proliferation 

could be explored by using carboxyfluorescein succinimidyl ester while measure of the apoptosis can 

be measured by TUNEL assay, ferroptosis by measure of the Fe2+ release and necroptosis by measure 

of the phosphorylation status of MLKL415. In addition, motility can be assessed by Transwell assay under 

the influence of a chemotactic agents or without any influence with the use of highly developed 

software such as MotiQ416. 

Finally, and even if it is not directly linked to function, morphology assessement still is necessary in 

microglial research and could be usefull if genes related to cytoskeleton would be found differentially 

methylated. In that regard, our study could have been improved by the precise measure of important 

parameters such as processes number, length and thickness while microglial markers could have be 

quantified, especially Iba1 that has been related to microglial reactivity80. 

However, the techniques used in our study are not the only problematic point of the experimental 

design, the model, including the cells, the stimulation and the time of exposure, should be discussed. 

 

1.2. The model used needs to be adjusted to have a potential translational application 

 

In order to investigate whether or not DNA methylation patterns could play a role in the modulation 

of microglial identity, it was necessary to define different phenotypes that could represent clear cut 

identities possibly acquired by microglial cells amongst their spectrum of activation.  

To induce such a reprogramming, we choose to treat the microglial cells with the LPS and the IFN-ɣ, 

known to induce a microglial reprogramming related to inflammation. Second, to tackle the anti-

inflammatory related phenotype, we decided to use IL-4. Finally, to try to investigate the less known 

microglial identity in brain tumors, we decided to produce media conditioned by the GL261 mouse 

glioma cell line. The concentrations of products were settep-up on 10 ng/mL final concentration and a 

48 hours time of media conditioning by GL261 cells. The cells were treated from one to 48 hours in 

relation to the model of cells used.  

From this experimental design, we could indeed find different phenotypical changes in microglia, 

accompagnied with significant DMS, suggesting that the stimulation and time of treatment were 

adapted for such an exploratory project.  
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Nevertheless, the relevance of such a model for translational purpose remains questionable. Indeed, 

the proinflammatory treatments used and especially the LPS, is linked to infection stimulation, which 

are rarely implicated in neurological diseases and could have been replaced by CK mixture such as 

TNFα and IL-1β, implicated in microglial dysfunction in a wide range of neurological diseases. In 

addition, mimicking the glioma microenvironment with CM-GL261 might not have been the best 

option, since its composition during the project could evolve, relative to the GL261 cell culture itself 

and furthermore, alters the nutrients content of the original media, thus inducing a bias when 

compared to the control. Finally, concerning the stimulation regarding the time of treatment, as 

microglia dysfunction seems to arise from accumulation of epigenetic marks along time, it would have 

been preferable to treat microglia in successive waves prior to experiment instead of exposing it in an 

acute way.  

For the cellular model to explore microglial reactivity, we decided to take advantage of the widely 

characterized mouse microglia cell line BV2 (Annexe 1), providing enough material to test a 

considerable amount of parameters in an easy to use culture system; and already available knowledge 

on the features constituting BV2 identity in different experimental settings.  

A trial was made on the human cell line HMC3 but the induction of differential phenotypes was 

unsuccessful (Annexe 3) and DNA methylation data non significant (Annexe 4), maybe suggesting an 

absence of epigenetic plasticity that would be in alignment with the lack of phenotypic changes within 

our cultures. We suspect that the cell line might be corrupted417, that the stimulations were not strong 

enough or that the times of exposure were unadapted. A further study with trial of higher 

concentrations and a panel of time of exposure could overcome this interrogation. 

 As we are aware that the usage of a cell line did not represent physiological reality and lack the cellular 

heterogeneity presents within a population of primary isolated microglial cells, we decided to then 

isolate microglial cells from newborn CD-1 mouse pups. The differences between the BV2 cell line 

results and the primary microglia are difficult to assess in our study since few timepoints matches, all 

the experiments have not been tried on primary microglia (CK arrays) and because we obtained less 

material with less good quality from the genotyped male and female microglia (Part 3 of the results). 

We can nevertheless observe that primary microglia viability upon LPS and CM-GL261 treatments was 

significantly affected at 24 hours (Figure 67) while it was not for the BV2 (Figure 23), suggesting an 

increased sensitivy to the culture conditions. In the same manner, we find that the morphological 

changes induced by the treatments are already clearly noticeable after six hours in primary microglia 

(Figure 50), while being very subtle for BV2 (Figure 25), again suggesting an increased sensitivity 

towards stimulation.  
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Unfortunately, the differences in DNA methylation modulations between BV2 and primary microglia 

cannot be clearly established for now, since the raw data from BV2 have been analyzed with R 

software, while the ones from primary has been realized using GenomeStudio.  

For instance, even if we find significant DMS after an hour of treatment of primary microglia (Figure 

53) while they only appear after 12 hours for BV2 (Figure 29), we can not conclude about the epigenetic 

sensitivity of primary microglia since those results could arise from the filtering of the probes that is 

more stringent with R software (cross-linking probes does not appear to be filtered in GenomeStudio).  

Nevertheless, we could observe that for BV2 treated with LPS and IFN-ɣ induced significant DMS were 

mostly towards hypomethylation of promoters and introns (Figures 30, 31, 36 and 37), while the ones 

in primary microglia were mostly directed towards hypermethylation of gene bodies and intergenic 

regions (Figures 54 and 56), when compared to the respective controls, clearly highlighting the 

different epigenetic landscapes between immortalized and primary cells.  

For instance, it is known that cell lines have the tendency to exhibit chromosomal instability418 along 

time in culture and this phenomena has actually been linked to genome wide demethylation419, 

especially in intergenic regions420, that could explain part of the differences in DNA methylation that 

are observed between our models. Even thought such observations render the results on BV2 

questionnable, we also know that primary microglial cells lose their microglial homeostatic 

transcriptomic signature upon culture421, and can be influenced by a MACS isolation422, render the 

primary mouse microglial model also highly questionable. 

Finally, the last part of this project, done on separated male and female microglia highlighted the 

dimorphism of reactivity towards treatment of microglia and thus, interrogate the strength of the 

results obtained in the bulk primary microglia part of the study. Interestingly, when we compare the 

BV2 cells treated for 24 hours with LPS with the male and female primary microglia in the same 

condition, we observe opposite results. Indeed, BV2 are female cells and exhibit mostly 

hypomethylation of promoters (Figure 36) while female primary microglia exhibit mostly 

hypermethylation of the intergenic regions (Figure 73) located probes, highlighting a potential effect 

of alteration by the immortalization process. 

In addition, as seen in the introduction and stated by Paolicelli et al., a good model for microglial study 

should take in account the specie, the sex, the age and the localization, highlighting the inadequacy of 

our model for translational research.  

Indeed, the perfect model for the translational research targeting potential microglial reprogramming 

based on DNA methylation should be done in humans, both male and female but separated, with a 
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average age of 40 years old to tackle microglial accumulation of epigenetic marks potentially relevant 

for neurodegenerative diseases, neuro-immunological diseases and brain tumors with localization 

from the cortex to specific regions such as the amygdala, the hippocampus or the substantia nigra, 

which seems utopian. A difficult but suitable model between relevant and convenient could be 

microglia isolated from the cortex of adult mice separated by sexes and freshly isolated. 

In any case, it seems highly complicated to have enough material from an adequate model of microglia, 

without even discussing the widely known problems of microglia isolation and culture. The model to 

unravel microglia still need further investigation and development to be used for translational 

research. 

Despite those challenges from our experimental settings and the lack of translational relevance, we 

could still successfully induce microglial reactivity and discover associated differential methylation 

patterns, which seems crutial for the exploration of the epigenetic code underlying microglia reactivity, 

a major advance for fundamental research. 

 

2. Understanding the implication of DNA methylation in microglial reactivity  

 

2.1. DNA methylation reorganization is associated to microglial reactivity, but the causal 

links are missing 

 

As explained above, BV2 cell line model does not fully represents reality, but was a good tool to obtain 

enough material for realization of different experiments from which we could induce significantly 

different microglial identities and observe associated DNA methylation reorganization.  

For example, we have seen that the pro-inflammatory treatments were leading to an increasing 

hypomethylation of promoters after 12 and 24 hours of treatments (Figures 30 and 36) and 

interestingly, those timepoints are related to the progressive acquisition of microglia characteristic 

morphology (Figure 25).  

On the contrary, and even if it is a result of a microglial adaptation to the culture media and not the 

treatments, the 48 hours timepoint for those conditions leads to hypermethylation of promoters 

(Figures 42 and 43) and loss of those morphological characteristics (Figure 25). Interestingly, the 

transcriptomics analysis shows a continual decrease in expression from 12 to 48 hours (Figure 28), that 

could be related to the small panel of genes explored or a feedback mechanism induced by the very 
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high expression of pro-inflammatory mRNA at the earliest timepoints. Those observation show that a 

link seems to exist between the changes happening on the DNA methylation level and the phenotypes 

observed. 

Moreover, we have seen that the IFN-ɣ treatment for 12 and 24 hours in comparison to the control, 

leads to a progressive hypomethylation of promoters and active genomic regulatory elements of genes 

implicated in the biological response to interferons through the STAT5 and the P53 TFs, which clearly 

indicates a modulation of cellular biology by differential methylation of the DNA  (Figures 30 to 33).  

Similarly, the treatment with LPS for 12 and 24 hours compared to the control condition shows a 

progressive hypomethylation of promoters and active genomic regulatory elements of genes 

associated with the TNF signaling pathway through the activation of NFκB TF (Figures 36 to 38). 

Unfortunately, the causality between those associations seems to be highly complicated and could not 

be unraveled in our study.  

In addition, the RNAseq results show upregulation of mRNA for which the genes where differentially 

methylated. In that regard, we could see the hypomethylation of a probe within Traf1, Lcn2 and Saa3 

genes and the upregulation of the related mRNAs in the LPS condition compared to the control (Figures 

39, 40 and 41).  

Because of the implication of those genes in the immune regulation of microglia, it seems natural to 

assume that DNA methylation and biological function are related. But when we look closer at the DNA 

methylation levels of the probes located within those genes, we find that the probes are 

hypomethylated for both the control and the LPS conditions, the lattest just being more 

hypomethylated and thus, leading us to question the true biological meaning of DNA methylation and 

the level of implication on gene expression and by extension, biological functions. 

Moreover, regarding of the true biological meaning of DNA methylation, interesting observations can 

be made from the results on primary microglial cells experiments. Indeed, we can see that the LPS and 

IFN-ɣ treatments leads to changes in morphology of primary microglial cells after an hour (Figure 50), 

while only LPS leads to significant changes in the expression of pro-inflammatory associated mRNAs 

after an hour (Figure 51). Concerning the DNA methylation results, both LPS and IFN-ɣ lead to overall 

methylation changes equally hypo- and hyper- mostly in the intergenic regions and gene bodies (Figure 

54 and 56). Again, even though no causal links can be established here, it is still interesting since gene 

bodies hypermethylation are thought to be related to transcriptional activation423 while methylation 

of intergenic regions is thought to be related to miRNAs regulation and genome stabilization424. 
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Finally, when we compare sex-associated reactivity to LPS, we note that female microglia exhibit more 

intense morphological changes (Figure 69) and transcriptional expression of pro-inflammatory mRNAs 

(Figure 70) together with an overall hypermethylation of intergenic regions (Figure 73). Those results, 

that seem contradictory, highlight the crucial need for understanding the interplays of epigenetic 

mechanisms along the different genomic elements that are responsible for gene expression regulation.  

In reality, from our results, there is no way to know if the level of implication of DNA methylation in 

gene expression regulation since other regulatory elements methylation could have different effects 

on gene expression, in addition to the histone modifications landscape for those genes and the possible 

regulation of ncRNA by DNA methylation that could lead further to feedback regulatory mechanisms. 

In conclusion, even though causal relationships are missing, we can attest with confidence that DNA 

methylation reorganization is linked to microenvironment modulation of microglia identity, but 

additional levels of exploration need to be realized.  

 

2.2. Biological meaning of DNA methylation in the different genomic regulatory elements 

 

As we have seen, the first step towards the understanding of the effects of DNA methylation 

modulation on gene expression and associated phenotypical changes, is to understand that the 

genomic localization of the methylated site does not always leads to the same transcriptional effect. 

Even though this vast topic still needs major exploration, few clues scattered amongst the different 

biological fields already pave the way to understand the grand scheme of DNA methylation meaning.  

Indeed, apart from the now well-established transcriptional silencing by promoter DNA methylation, 

knowledge are available concerning the DNA methylation of first intron, enhancers, gene bodies and 

intergenic regions. 

Indeed, in promoters, DNA methylation can represents a direct obstacle for TFs to access binding sites 

via steric hindrance altering the DNA shape, even out of the CpG islands, it has been shown that one 

single methylation at a CpG site in a middle of a TF binding site could inhibit the hybridization and 

transcriptional activation. In addition, DNA methylation can be recognized by the Methyl-CpG-binding 

domain (MBD) of proteins leading to the recruitment of chromatin remodelers associated with 

transcriptional repression, such as MeCP-1 and MeCP-2 recruiting HDACs, or MBD-1 recruiting histone 

H3K9 methyltransferase425. 
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Similarly, DNA methylation of the first intron, associated with gene expression regulation compared to 

the other introns, has been majoritarly associated with transcriptional repression. Even though the 

underlying mechanisms are not known, it is though to be a consequence of the close proximity of the 

first intron to the TSS, exhibiting extension of the CpG rich regions. Interestingly, few genes seem to 

display the opposite relationship, exhibiting transcriptional activation related to first intron 

methylation. This contradicting observation might be related to the decreased density of CpG sites 

along the first intron TF binding sites and the degree of sensitivity from classes of TFs towards DNA 

methylation interferences426,427. 

In addition, the DNA methylation of genomic regulatory elements such as enhancers has been linked 

to gene expression regulation. Indeed, enhancers tend to exhibit a low CpG content with incomplete 

methylation patterns that is thought to be related to a dynamic movement of methylation and 

demethylation process that could be related to the increased presence of TET enzymes near those 

sites.  

Not approached at all in this project but worth mentioning are another type of regulatory element 

named insulators, responsible for transcription silencing via isolation of promoters from enhancers 

and known to be DNA methylation sensitive, leading to their inhibition and thus, linked to 

transcriptional activation428.  

Concerning the DNA methylation of gene bodies, as it has been mentioned above, has been related to 

transcriptional activation. Even though most gene bodies do not contain high amount of CpG sites, it 

has been shown that CpG islands still exist in those regions and even though the mechanisms behind 

transcription stimulation by gene body methylation is not established, it strongly suggests that 

transcription initiation but not elongation might be sensitive to restriction by DNA methylation428. 

Finally, concerning the effects of DNA methylation in intergenic regions, only few contradictory facts 

are available in the field. Indeed, both positive and negative correlation have been observed between 

DNA methylation in intergenic regions and gene expression but no underlying mechanisms have been 

found yet, only the suggestion that it was linked to miRNAs regulation and genome stabilization424. 

Moreover, it has to be noted that the cytosine derivatives (5hmC, 5fC, 5caC) but also other types of 

DNA modifications (N6-methyladenine, 5-hydroxymethyluracil) are also thought to have regulatory 

effects on gene expression that only starts to emerge now429. This already highly complicated web of 

DNA modifications is subjected to a higher level of regulation by the chromatin accessibility modulation 

from histone modifications. 
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It is incredibly clear that our study could have not unravel the link between DNA methylation and gene 

expression regarding all the different layers of epigenetic complexity, but the data produced on 

different models with different stimulations represent a major asset for the scientific community. 

  

2.3. DNA methylation and histone modification landscape in microglial reactivity 

 

As mentioned above, DNA methylation of specific genomic regions and regulatory elements influence 

the binding sites accessibility to TFs and transcriptional machinery, thus influencing gene expression. 

However, as it was also shown in the introduction, regulatory elements accessibility is also governed 

by chromatin compaction modulation by histone modifications. In addition, it is now known that 

histone modifications could impact the recruitment of DNMTs enzymes, thus influencing DNA 

methylation patterns. Finally, it was also shown that DNA methylation could leads to the recruitment 

of histone modifiers complexs via MBD proteins, highlighting the highly complicated cross-talk 

between the two epigenetic mechanisms430.  

The details of such crosstalks goes beyond the scope of this phD project but is necessary to establish 

the mechanisms behind microglial reactivity. Exploration of histone marks should be included in such 

a study in the future since it is clear that both microglial core programs and stimulation related 

modulations are defined by the histone modifications inducing accessibility to specific enhancers.  

In addition to the DNA methylation and gene expression experiments, the use of databases collecting 

the results of Chip-seq experiments (such as UCSC Genome Browser or Chip Atlas used with IGV 

software) can already represent a strong asset to explore epigenetic landscapes.  

However, it has to be kept in mind that histone modifications vary amongst cell types and are very 

dynamic and thus, might not be representative. It is thus necessary to include step of Chip-seq 

experiment in such projects for relevant conclusion on gene expression modulation and further 

phenotypical modulation. 
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Part VI. Conclusions and outlook 
 

Microglial cells, the resident immune cells of the brain parenchyma, display an outstanding functional 

plasticity arising from a dynamic transcriptional regulation that is thought to be under the control of 

epigenetic mechanisms. It as been shown that microglial behavior was linked to nearly all neurological 

diseases and associated to pathological environment induced detrimental misuse of microglial 

functional plasticity. Innovative therapeutic strategies to tackle neurological diseases consist in the 

reprogramming of microglial towards a beneficial phenotype in function of the state of the 

pathological environment. In that regard, the goal would be to reprogram microglial cells towards an 

anti-tumor phenotype in brain tumors and a neurogenic one in neurodegerative diseases. Achieving 

such a goal would require the deep understanding of the core molecular mechanisms underlying 

microglial modulation of functions. Latest research has been focusing on the transcriptional regulation 

through chromatin accessibility orchestrated by histone modifications but DNA methylation 

implication in microglial reactivity still remains obscure. 

In this project, we hypothesize that DNA methylation patterns were implicated into the 

reprogramming of microglia, regulating gene expression and associated functions. 

To address that hypothesis, we treated cell lines and primary microglial cells with pro- and anti-

inflammatory stimulations together with a glioma-based mixture, to mimick the extreme phenotypes 

known to be adopted by microglia in pathological contexts. The microglial cells from each treatment 

conditions were characterized in terms of phagocytosis, morphological changes, cytokine secretions 

and transcriptomics and the DNA methylation patterns were explored. The gene expression was then 

assessed to unravel links between DNA methylation reorganization and transcriptional regulation. 

First of all, we showed during the project that exposure with pro- and anti-inflammatory stimulations 

were leading to significant microglial reactivity especially characterized by changes in morphology and 

transcriptomics. In addition, the induced phenotypes were slightly different between cell line and 

primary microglia but also between sexes, showing the different sensitivities towards stimulation in 

function of the model used. 

Secondly, we showed that each treatment induced microglial reactivity was associated with a specific 

methylation profile characterized by variabilities in the amount, the localization and the direction of 

methylation of significant differentially methylated genes. Again, differences between the models used 

could be observed, the primary microglia exhibiting significant methylation changes with lower time 

of cytokine exposure compared to the cell line. Lastly, a sexual dysmorphism was observed in microglial 

reactivity towards treatments at the DNA methylation level. 
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Finally, gene expression could not be correlated to DNA methylation regulation but we showed that 

the differentially methylated genes were related to microglial biological pathways that are consistent 

with literature, suggesting that our initial hypothesis might be true but incomplete. 

Therefore, we can conclude that DNA methylation patterns are changing in accordance to the 

reactivity of microglial cells to certain microenvironements. Unfortunately, the causal link between 

such DNA methylation reorganization and microglial transcriptional regulation and furthermore 

phenotypical reactivity could not be established. 

Nevertheless, such links could be determined by a new set of experimental designs exploring 

chromatin accessibility (ATAC-seq) and histone modifications (Chip-seq) on well characterized reactive 

microglial cells; from the functional level (CK secretion by ELISA and phagocytosis assay by FACS), to 

the proteomic level (mass spectrometry) and finally, the transcriptiomic level (RNA-seq).  

Those informations could lead to identify DNA methylation sensitive genes in microglial reactivity that 

could be further explored as therapeutic candidate for microglial reprogramming.  

To do so, a catalytically inactivated Cas9 (dCas9) fused with either DNMT3a or TETs enzymes targeting 

the candidate genes regulatory elements could be used on the same model of microglial reactivity to 

see the effects of DNA methylation modulation on the transcriptomic, proteomic and functional 

behavior in such microglial reactivity. 

On top of this highly complex experimental design, the modelling of microglia reactivity remains highly 

challenging, the best would be to have access to fresh microglia from human suffering from 

neurodegenerative diseases or brain tumors, which constitute already more than a challenge. But in 

addition, the culture of such primary human microglial cells is known to impacted the identity of the 

cells even with the best of care. Finally, even if this condition is met, as microglial cells are exhibiting 

huge variations between sexes, amongst ages and in different brain areas, it seems utopian to believe 

that a single DNA methylation sensitive gene could be found and have a meaningful impact on the 

physiopathology when reprogrammed. 

The translational achievement from such an experimental would be difficult and mostly to succeed by 

focusing on more impactful epigenetic modifications, such as histone modifications reprogramming. 

However, we are convinced that the fundamental understanding of microglial biology can not be 

achieved without such an experimental design to understand the true meaning of DNA methylation in 

microglial identity. 
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Annexes 
 

 

Annexe 1. Cytokine Arrays used in the BV2 study: 

ELISA based membrane CK arrays commercialized by Abcam and targeting 96 mouse CKs. (A) Picture of two of 

the blots used on the supernatants of BV2 treated with 10 ng/mL of LPS and IFN-ɣ, treated according to 

manufacturer’s instructions and exposed to chemiluminescence (B and C) Tables representing the different 

locations of the CKs present on the array. 

Axl : AXL receptor tyrosine kinase; bFGF : Basic Fibroblast Growth Factor; BLANK : Blank control; BLC : CXCL13; 

CD30L :CD30 ligand; CRG2 : CXCL10; CTACK : CCL27; HGFR : Hepatocyte Growth Factor Receptor; ICAM-1 : 

Intercellular Adhesion Molecule 1; ITAC : Interferon Inducible Tcell Alpha Chemoattractant; KC : CXCL1; LIX : 

CXCL5; Ltn/XC1 : Lymphotactin; LungKine : CXCL15; MCP : Monocyte Chemattractant Protein; MDC : Macrophage 

derived chemokine; MIG : CXCL9; MIP : Macrophage Inflammatory Protein; NEG : Negative control; OPG : 

Osteoprotegerin; OPN : Osteopontin; PF-4 : CXCL4; POS : Positive control; RANTES : CCL5; SCF : Stem Cell 

Factor; SDF-1 : CXCL12; Shh-N : N-term Sonic Hedgehog; TARC : CCL17; TCA3 : CCL1; TCK-1 : CXCL7; TECK 

: CCL25; TIMP : Tissue Inhibitors of MMPs; TPO : Thrombopoietin; sTNFR : Soluble TNF Receptor; TSLP : Thymic 

Stromal Lymphopoietin protein; VCAM1 : Vacsular Cell Adhesion Molecule 1. 
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Annexe 2. Most used microglial cell lines worldwide in 2022: 

Representation of the microglial cell lines used in 2022 for publications according to a Pubmeb search (database 

accessed in January 2023 using the keyword “microglia cell line”). In (A) is presented the overall used microglial 

cell lines, all species considered, only the murine ones in (B) and the human ones in (C). 
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Annexe 3. Pilot study on human microglial cell line HMC3: 

Results of a pilot study realized on the HMC3 cell line. The cell line was kindly donated by Dr.Tony Heurtaux, 

cultured in DMEM Full in standard culture conditions and treated or not with 10 ng/mL of LPS, human recombinant 

IFN-ɣ and IL-4 and U87 human glioma cells supernatant for 6, 12, 24 and 48 hours. (A) Viability assay using Cell 

Title Glo according to manufacturer’s instructions. Three independent experiments (B) IF with CD11b (green) and 

Iba1 (red) together with DAPI (blue), imaged with Zeiss confocal microscope and scaled with Zen Blue software. 

(C) RTqPCR targeting the Cxcl10 and Tnf genes, normalized to the expression of Gapdh housekeeping gene and 

to the control untreated HMC3 gene expression. Three independent experiments (D) Selected results of human 

Abcam CK arrays realized on HMC3 supernatants according to manufacturer’s instructions. One biological 

replicate, two technical replicates.  
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Annexe 4. Preliminary DNA methylation analysis of DMS in treated HMC3 cells: 

HMC3 microglial cells were treated with 10 ng/mL of LPS, IFN-ɣ, IL-4 and CM-U87 for 6 to 48 hours of exposure. 

gDNA was extracted and submitted to Illumina DNA methylation assay and EPIC arrays according to manufacturer’s 

instructions. Raw data were exported into R software and processed through the RnBeads data jungler pipeline. 

(A) Graph presenting the amount of significant differentially methylated sites between control and treated HMC3. 

(B) Scatter plot of each comparison between control and treated HMC3. Each dot represent a probe, red highlight 

a significant FDR adjusted 0.05 Pvalue. Results from three independent experiments. 
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Annexe 5. Pilot study on concentration of IFN-ɣ, LPS and IL-4 on BV2 cells morphology: 

BV2 cells were treated for 48 hours with 5, 10 or 20 ng/mL of LPS, IFN-ɣ and IL-4 and an IF staining was realized 

targeting Iba1 (Orange –Cy3) and DAPI (blue). Pictures were taken using Zeiss confocal microscope and scaled 

using FIJI software. 
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Annexe 6. Pilot study on the effects of concentrations and time of LPS and IFN-ɣ exposure on 
BV2 cells: 

During the pilot study to decide the treatment concentration and time of exposure, the proliferation, viability and 

mRNA expression were assessed. The LPS (Top panel, A to C) and IFN-ɣ (Bottom panel, D to F) treatments at 

concentrations of 5, 10 and 20 ng/mL were tested. (A and D) Results of the confluence measure by the Incucyte 

system® according to the Material and Methods section. Three biological replicates, three technical replicates. (B 

and E) Results of the viability assessment by Abcam MTT assay (ab211091) according to manufacturer’s 

instructions. Raw data were normalized to the control untreated BV2 values. Three biological replicates, three 

technical replicates. (C and F) Result of mRNA expression of Hexb, Cxcl10 and Tnf realized according to the 

Material and Methods section. Normalized to the housekeeping gene Rpl27 and the control values. One biological 

replicate, three technical replicates. 
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Annexe 7. Pilot study on the effects of concentration and time of IL-4 and CM-GL261 exposure 
on BV2 cells : 

During the pilot study to decide the treatment concentration and time of exposure, the proliferation, viability and 

mRNA expression were assessed. The IL-4 (Top panel, A to C) treatment at concentrations of 5, 10 and 20 ng/mL 

and CM-GL261 harvested after 24, 48 or 72 hours (Bottom panel, D to E) were tested. (A) Results of the confluence 

measure by the Incucyte system® according to the Material and Methods section. Three biological replicates, three 

technical replicates. (B and D) Results of the viability assessment by Abcam MTT assay (ab211091) according to 

manufacturer’s instructions. Raw data were normalized to the control untreated BV2 values. Three biological 

replicates, three technical replicates. (C and E) Result of mRNA expression of Hexb, Cxcl10 and Tnf realized 

according to the Material and Methods section. Normalized to the housekeeping gene Rpl27 and the control values. 

One biological replicate, three technical replicates. 
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Annexe 8. CM-GL261 composition exploration by CK arrays : 

Complementary results from the 96 targets Abcam mouse CK arrays on GL261 supernatant. Briefly, 106 GL261 

cells were kept in culture for 48 hours in 8 mL of DMEM Full. The supernatant was harvested and used for CK array 

analysis according to manufacturer’s instructions. The raw intensity data were normalized to the DMEM Full. The 

data were further visualized with GraphPad Prism software. Results from two independent experiments with two 

technical replicates for each. 
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Annexe 9. Confluence data of BV2 cells generated by the Incucyte system: 

Results exported from the Incucyte Imaging System showing the confluence of the BV2 cells treated or not with 10 

ng/mL of LPS, IFN-ɣ, IL-4 or CM-GL261 for 72 hours. The confluence measure is a estimation based on a 

predefined area mask applied on the contrast phase pictures made by the system. 
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Annexe 10. Selection of Incucyte pictures of the BV2 cells for 72 hours: 

Selection of Incucyte brightfield pictures of BV2 cells treated or not with 10 ng/mL of LPS, IFN-ɣ, IL-4 or CM-GL261 

for 72 hours. The top panel shows the phase contrast brighfield picture while the bottom panel shows the pictures 

merged with the phase contrast aera analysis mask (in pink). 
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Annexe 11. Row statistics of Incucyte measured BV2 confluence : 

Row analysis of BV2 confluence measures from the Incucyte system®. BV2 were treated or not with 10 ng/mL of 

LPS, IFN-ɣ, IL-4 or CM-GL261 and left in the Incucyte system® for 72 hours according to the Materials and Methods 

section. Results from three independent experiments, each containing three technical replicates. Row statistics 

generated on GraphPad Prism software from the raw data. Left axis : time in hours. SD : Standard Deviation; N : 

Biological replicates. 

 

 

Annexe 12. Row statistics of manual countings of BV2 cells from Incucyte generated pictures : 

Row analysis of BV2 numbers from Incucyte generated pictures. BV2 were treated or not with 10 ng/mL of LPS, 

IFN-ɣ, IL-4 or CM-GL261 and left in the Incucyte system® for 72 hours according to the Materials and Methods 

section. Results from three independent experiments, each containing three technical replicates. Row statistics 

generated on GraphPad Prism software from the pre-processed data of BV2 numbers. The raw data were 

generated by a third party to avoid observer bias. The pre-processing was done by normalization to the control 

untreated BV2 values. Left axis : time in hours. SD : Standard Deviation; N : Biological replicates. 
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Annexe 13. Individual channels of IF stainings of BV2 cells at 20 and 40X objectives : 

Confocal images of BV2 cells, treated or not with 10 ng/mL of LPS, IFN-ɣ, IL-4 or CM-GL261 for 6 to 48 hours and 

stained for Iba1 (red), F4/80 (green) and counterstained with DAPI (blue). The detailed procedure can be found in 

the Materials and Methods section. 
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Annexe 14. Phagocytosis assessment by manual counting of fluorescent beads, BV2 cells : 

During the pilot study to decide the treatment concentration and time of exposure, the phagocytosis was assessed 

by manual counting of engulfed fluorescent particles. Those results were later excluded because of the potential 

observer biais carried out by this method. Briefly, 104 BV2 cells were plated in a 24 well plate with 1 mL of DMEM 

full and were treated or not with 5, 10 and 20 ng/mL of LPS, IFN-ɣ and IL-4 and with different GL261 conditionned 

media (24, 48 and 72 hours in culture before media harvest) with an exposure time ranging from 6 to 72 hours. 

Following treatment exposure, sonicated fluorescent microspheres (Caroxylates, 1 μm, Invitrogen) were disposed 

in the media for 2 hours at 37°C. After three washes of PBS, the cells were fixed with PFA solution and the IF 

protocol targeting F4/80 couple with DAPI was realized. Using a Zeiss confocal microscope, five pictures at the 20X 

objective were made and exported into FIJI software with which the beads were counted manually. Data were 

normalized to the amount of beads within the control untreated BV2, Statistical analysis (2-way ANOVA and multiple 

comparison with Tukey’s) and visualization of the results was made using GraphPad Prism software. (A) 

Representative 40X of the beads engulfed by a BV2 cell. (B) Representative 20X image in FIJI for manual counting. 

(C, D, E and F) Graphs showing the percentage of phagocytosis in treated BV2 compared to untreated BV2 cells. 

Except for the IL-4 condition and the LPS and IFN-ɣ at the 6 and 12 hours timepoints, the results are representative 

of three independent experiments.  
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Annexe 15. Row statistics of treated BV2 phagocytosis percentage compare to control : 

Phagocytosis assay using pHrodo fluorescent beads was realized on BV2 treated or not with 10 ng/mL of LPS, IFN-

ɣ, IL-4 or CM-GL261 according to manufacturer’s instructions. Results from three independent experiments. Row 

statistics generated on GraphPad Prism software from the pre-processed data of phagocytosis experiments. The 

raw data were generated with a Clariostar plate reader measuring fluorescence intensity. The pre-processing was 

done by substraction of background fluorescence intensity (wells with BV2 cells but no pHrodo beads) and 

normalization to the control untreated BV2 phagocytosis values. Left axis : time in minutes. SD : Standard Deviation; 

N : Biological replicates. 
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Annexe 16. Row statistics of the IL-4 measures of intensity (CK arrays, BV2 cells): 

CK array row analysis, focusing on IL-4 intensity in BV2 treated or not with 10 ng/mL of LPS, IFN-ɣ, IL-4 or CM-

GL261 from 6 to 48 hours, according to manufacturer’s instructions. Results from two independent experiments, 

each containing two technical replicates. Row statistics generated on GraphPad Prism software from the pre-

processed data of IL-4 intensity. The raw data were generated with FIJI software from pixel intensity measurement 

on chemiluminescence exposed arrays. The pre-processing was done by substraction of background intensity 

(measure of the intensity of negative control on the array). Left axis : time in hours. SD : Standard Deviation; N : 

Biological replicates. 

 

 

Annexe 17. Row statistics of the IL-6 measures of intensity (CK arrays, BV2 cells): 

CK arrays focusing on IL-6 intensity in BV2 treated or not with 10 ng/mL of LPS, IFN-ɣ, IL-4 or CM-GL261 from 6 

to 48 hours, according to manufacturer’s instructions. Results from two independent experiments, each containing 

two technical replicates. Row statistics generated on GraphPad Prism software from the pre-processed data of IL-

6 intensity. The raw data were generated with FIJI software from pixel intensity measurement on 

chemiluminescence exposed arrays. The pre-processing was done by substraction of background intensity 

(measure of the intensity of negative control on the array). Left axis : time in hours. SD : Standard Deviation; N : 

Biological replicates. 

 

 

 

Annexe 18. Row statistics of the IFN-ɣ measures of intensity (CK arrays, BV2 cells) : 

CK arrays focusing on IFN-ɣ intensity in BV2 treated or not with 10 ng/mL of LPS, IFN-ɣ, IL-4 or CM-GL261 from 6 

to 48 hours, according to manufacturer’s instructions. Results from two independent experiments, each containing 

two technical replicates. Row statistics generated on GraphPad Prism software from the pre-processed data of IFN-

ɣ intensity. The raw data were generated with FIJI software from pixel intensity measurement on 

chemiluminescence exposed arrays. The pre-processing was done by substraction of background intensity 

(measure of the intensity of negative control on the array). Left axis : time in hours. SD : Standard Deviation; N : 

Biological replicates. 
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Annexe 19. Row statistics of the MMP2 measures of intensity (CK arrays, BV2 cells): 

CK arrays focusing on MMP2 intensity in BV2 treated or not with 10 ng/mL of LPS, IFN-ɣ, IL-4 or CM-GL261 from 

6 to 48 hours, according to manufacturer’s instructions. Results from two independent experiments, each containing 

two technical replicates. Row statistics generated on GraphPad Prism software from the pre-processed data of 

MMP2 intensity. The raw data were generated with FIJI software from pixel intensity measurement on 

chemiluminescence exposed arrays. The pre-processing was done by substraction of background intensity 

(measure of the intensity of negative control on the array). Left axis : time in hours. SD : Standard Deviation; N : 

Biological replicates. 

 

 

Annexe 20. Row statistics of the TNFα measures of intensity (CK arrays, BV2 cells): 

CK arrays focusing on TNFα intensity in BV2 treated or not with 10 ng/mL of LPS, IFN-ɣ, IL-4 or CM-GL261 from 6 

to 48 hours, according to manufacturer’s instructions. Results from two independent experiments, each containing 

two technical replicates. Row statistics generated on GraphPad Prism software from the pre-processed data of 

TNFα intensity. The raw data were generated with FIJI software from pixel intensity measurement on 

chemiluminescence exposed arrays. The pre-processing was done by substraction of background intensity 

(measure of the intensity of negative control on the array). Left axis : time in hours. SD : Standard Deviation; N : 

Biological replicates. 

 

 

Annexe 21. Row statistics of the G-CSF measures of intensity (CK arrays, BV2 cells): 

CK arrays focusing on G-CSF intensity in BV2 treated or not with 10 ng/mL of LPS, IFN-ɣ, IL-4 or CM-GL261 from 

6 to 48 hours, according to manufacturer’s instructions. Results from two independent experiments, each containing 

two technical replicates. Row statistics generated on GraphPad Prism software from the pre-processed data of G-

CSF intensity. The raw data were generated with FIJI software from pixel intensity measurement on 

chemiluminescence exposed arrays. The pre-processing was done by substraction of background intensity 

(measure of the intensity of negative control on the array). Left axis : time in hours. SD : Standard Deviation; N : 

Biological replicates. 
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Annexe 22. Additional data from the mouse cytokine arrays in exposed BV2 cells: 

Complementary results from the 96 targets Abcam mouse CK arrays on BV2 supernatants. Briefly, BV2 cells were 

treated or not with 10 ng/mL of LPS, IFN-ɣ, IL-4 or CM-GL261 from 6 to 48 hours. The supernatant was harvested 

and used for CK array analysis according to manufacturer’s instructions. The raw intensity data were normalized to 

the DMEM Full and to the control untreated BV2 conditionned media. The data were further analysed and visualized 

with GraphPad Prism software with Dunnett’s multiple comparisons in a Mixed analysis frame. 
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Annexe 23. Row statistics for Tnf RT-qPCR data (BV2 cells): 

RTqPCR results focusing on Tnf mRNA expression in BV2 treated or not with 10 ng/mL of LPS, IFN-ɣ, IL-4 or CM-

GL261 from 6 to 48 hours. Results from three independent experiments, each containing three technical replicates. 

Row statistics generated on GraphPad Prism software from the pre-processed data of Tnf mRNA expression. The 

raw data were generated by QuantStudio software from fluorescence intensity measurements. The pre-processing 

was done by normalization to the Rpl27 housekeeping gene expression, together with the untreated BV2 Tnf 

expression values. Top axis : time in hours. SD : Standard Deviation; N : Biological replicates. 

 

 

Annexe 24. Row statistics for Il1β RT-qPCR data (BV2 cells): 

RTqPCR results focusing on Il1β mRNA expression in BV2 treated or not with 10 ng/mL of LPS, IFN-ɣ, IL-4 or CM-

GL261 from 6 to 48 hours. Results from three independent experiments, each containing three technical replicates. 

Row statistics generated on GraphPad Prism software from the pre-processed data of Il1β mRNA expression. The 

raw data were generated by QuantStudio software from fluorescence intensity measurements. The pre-processing 

was done by normalization to the Rpl27 housekeeping gene expression, together with the untreated BV2 Il1β 

expression values. Top axis : time in hours. SD : Standard Deviation; N : Biological replicates. 

 

 

Annexe 25. Row statistics for Cxcl10 RT-qPCR data (BV2 cells): 

RTqPCR results focusing on Cxcl10 mRNA expression in BV2 treated or not with 10 ng/mL of LPS, IFN-ɣ, IL-4 or 

CM-GL261 from 6 to 48 hours. Results from three independent experiments, each containing three technical 

replicates. Row statistics generated on GraphPad Prism software from the pre-processed data of Cxcl10 mRNA 

expression. The raw data were generated by QuantStudio software from fluorescence intensity measurements. The 

pre-processing was done by normalization to the Rpl27 housekeeping gene expression, together with the untreated 

BV2 Cxcl10 expression values. Top axis : time in hours. SD : Standard Deviation; N : Biological replicates. 
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Annexe 26. Row statistics for Arg1 RT-qPCR data (BV2 cells): 

RTqPCR results focusing on Arg1 mRNA expression in BV2 treated or not with 10 ng/mL of LPS, IFN-ɣ, IL-4 or CM-

GL261 from 6 to 48 hours. Results from three independent experiments, each containing three technical replicates. 

Row statistics generated on GraphPad Prism software from the pre-processed data of Arg1 mRNA expression. The 

raw data were generated by QuantStudio software from fluorescence intensity measurements. The pre-processing 

was done by normalization to the Rpl27 housekeeping gene expression, together with the untreated BV2 Arg1 

expression values. Top axis : time in hours. SD : Standard Deviation; N : Biological replicates. 

 

 

Annexe 27. Row statistics for Ym1 RT-qPCR data (BV2 cells): 

RTqPCR results focusing on Ym1 mRNA expression in BV2 treated or not with 10 ng/mL of LPS, IFN-ɣ, IL-4 or CM-

GL261 from 6 to 48 hours. Results from three independent experiments, each containing three technical replicates. 

Row statistics generated on GraphPad Prism software from the pre-processed data of Ym1 mRNA expression. The 

raw data were generated by QuantStudio software from fluorescence intensity measurements. The pre-processing 

was done by normalization to the Rpl27 housekeeping gene expression, together with the untreated BV2 Ym1 

expression values. Top axis : time in hours. SD : Standard Deviation; N : Biological replicates. 

 

 

Annexe 28. Row statistics for Fizz1 RT-qPCR data (BV2 cells): 

RTqPCR results focusing on Fizz1 mRNA expression in BV2 treated or not with 10 ng/mL of LPS, IFN-ɣ, IL-4 or 

CM-GL261 from 6 to 48 hours. Results from three independent experiments, each containing three technical 

replicates. Row statistics generated on GraphPad Prism software from the pre-processed data of Fizz1 mRNA 

expression. The raw data were generated by QuantStudio software from fluorescence intensity measurements. The 

pre-processing was done by normalization to the Rpl27 housekeeping gene expression, together with the untreated 

BV2 Fizz1 expression values. Top axis : time in hours. SD : Standard Deviation; N : Biological replicates. 
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Annexe 29. RTqPCR results targetting DNA methylation actors in treated BV2 cells:  

In order to explore the molecular actors responsible for potential changes in DNA methylation patterns 

reorganization in BV2 cells, the mRNA expression of methylation (Dnmt1, Dnmt3a and Dnmt3b) and demethylation 

(Tet3, Gadd45a and Gadd45b)involved molecules were realized on the RNA from BV2 treated or not with 10 ng/mL 

of LPS, IFN-ɣ, IL-4 or CM-GL261 for 6 to 48 hours. The data were normalized to the housekeeping gene Rpl27 

expression and the control untreated BV2 values. The data were further analyzed with GraphPad Prism software 

by applying a 2-way ANOVA with Dunnett’s multiple comparisons. Results from three biological replicates with three 

technical replicates each. 
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Annexe 30. DNA methylation analysis of treated BV2 cells by using Partek Genomic Suite 
software : 

Before the DNA methylation analysis was done by Dr. Reka Toth, a trial of DNA methylation analysis was made 

using the free Partek Genomic Suite software trial. The raw data obtained from BV2 methylation assay according 

to the Materials and Methods section were uploaded into the software and were normalized via functional 

normalization with Noob background correction. (A) PCA plot of all the BV2 samples according to overall 

methylation profile. (B) Significant hyper- and hypomethylated Differentially Methylated Regions in all the conditions 

(versus control untreated BV2), FDR adjusted 0.05 Pvalue; FC = 1. Distribution according to genomic location of 

the significant DMRs (C), the hypomethylated ones (D) or the hypermethylated ones (E). 
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Annexe 31. Cumulative distribution of variances explained by the principal components, BV2, 
all treatments and timepoints: 

The Figure above, from the PCA analysis done on the raw data from the BV2 methylation assay and focusing on 

the CpG sites, shows the cumulative distribution of functions of variance explained by the principal components.  
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Annexe 32. Heatmap summarizing the association of variables between each principal 
component: 

Heatmap from the PCA analysis done on the raw data from the BV2 methylation assay and focusing 
on the CpG sites, summarizing the results of association of variables between principal components. 
Significant Pvalues (less than 0.01) are displayed in a pink color. 
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Annexe 33. Common significant DMSs between IFN treated BV2 for 12 and 24 hours: 

Common DMSs found in both timepoints of the IFN-ɣ treatment condition (versus control untreated BV2 microglial 

cells). BV2 treated or not with 10 ng/mL of IFN-ɣ for 12 and 24 hours were used to performed an Illumina Methylation 

assay according to manufacturer’s instructions. Raw data were analyzed by Dr. Reka Toth using Rsoftware 

according to the Materials and Methods section. The identified significant DMSs were uploaded into an online Venn 

Diagram generator (http://bioinformatics.psb.ugent.be/webtools/Venn/, link accessed on the 29.05.2024).  

 

 

 

Annexe 34. Common significant DMSs between LPS treated BV2 for 12 and 24 hours: 

Common DMSs found in both timepoints of the LPS treatment condition (versus control untreated BV2 microglial 

cells). BV2 treated or not with 10 ng/mL of LPS for 12 and 24 hours were used to performed an Illumina Methylation 

assay according to manufacturer’s instructions. Raw data were analyzed by Dr. Reka Toth using Rsoftware 

according to the Materials and Methods section. The identified significant DMSs were uploaded into an online Venn 

Diagram generator (http://bioinformatics.psb.ugent.be/webtools/Venn/, link accessed on the 29.05.2024).  

 

http://bioinformatics.psb.ugent.be/webtools/Venn/
http://bioinformatics.psb.ugent.be/webtools/Venn/
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Annexe 35. Selection of Incucyte pictures of primary microglial cells: 

Selection of Incucyte brightfield pictures of primary microglial cells treated or not with 10 ng/mL of LPS, IFN-ɣ, IL-4 

or CM-GL261 for 24 hours. The top panel shows the phase contrast brighfield picture while the bottom panel shows 

the pictures merged with the phase contrast aera analysis mask (in yellow). 
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Annexe 36. IF staining of primary microglia at the 20X objective: 

Confocal images of primary microglial cells, treated or not with 10 ng/mL of LPS, IFN-ɣ, IL-4 or CM-GL261 for one 

to 24 hours and stained for Iba1 (red), F4/80 (green) and counterstained with DAPI (blue). The detailed procedure 

can be found in the Materials and Methods section. 
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Annexe 37. Differentially Methylated Genes common in all treatment conditions and timepoints 
in exposed primary microglia compared to control : 

Summary of the DMGs found in all conditions of treatments and timepoints (versus control untreated primary 

microglial cells). Primary microglial cells treated or not with LPS, IFN-ɣ, IL-4 or CM-GL261 for one or six hours were 

used to performed an Illumina Methylation assay according to manufacturer’s instructions. Raw data were analyzed 

using GenomeStudio according to the Materials and Methods section. The identified significant DMGs were 

uploaded into an online Venn Diagram generator (http://bioinformatics.psb.ugent.be/webtools/Venn/, link accessed 

on the 29.05.2024). The table presented summarized all the DMGs common in all the treatments conditions both 

timepoints. 

http://bioinformatics.psb.ugent.be/webtools/Venn/
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Annexe 38. Incucyte pictures for male and female primary microglial cells culture : 

Selection of Incucyte brightfield pictures of male and female primary microglial cells treated or not with 10 ng/mL of 

LPS or CM-GL261 for 24 hours. The top panel shows the phase contrast brighfield pictures while the bottom panel 

shows the pictures merged with the phase contrast aera analysis mask (in pink). 

 



244 
 

 

Annexe 39. IF pictures at the 20X objective of the primary female microglia treated or not with 
LPS or CM-GL261 : 

Confocal images of female primary microglial cells, treated or not with 10 ng/mL of LPS or CM-GL261 for 24 hours 

and stained for Iba1 (red), F4/80 (green) and counterstained with DAPI (blue) at the 20X objectives. The detailed 

procedure can be found in the Materials and Methods section. 
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Annexe 40. IF pictures at the 20X objective of the male primary microglia treated or not with 
LPS or CM-GL261 : 

Confocal images of male primary microglial cells, treated or not with 10 ng/mL of LPS or CM-GL261 for 24 hours 

and stained for Iba1 (red), F4/80 (green) and counterstained with DAPI (blue) at the 20X objectives. The detailed 

procedure can be found in the Materials and Methods section. 
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