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Abstract: Microglial cells, the immune cells of the central nervous system (CNS), play a crucial role
for the proper brain development and function and in CNS homeostasis. While in physiological
conditions, microglia continuously check the state of brain parenchyma, in pathological conditions,
microglia can show different activated phenotypes: In the early phases, microglia acquire the
M2 phenotype, increasing phagocytosis and releasing neurotrophic and neuroprotective factors.
In advanced phases, they acquire the M1 phenotype, becoming neurotoxic and contributing to
neurodegeneration. Underlying this phenotypic change, there is a switch in the expression of specific
microglial genes, in turn modulated by epigenetic changes, such as DNA methylation, histones
post-translational modifications and activity of miRNAs. New roles are attributed to microglial
cells, including specific communication with neurons, both through direct cell-cell contact and by
release of many different molecules, either directly or indirectly, through extracellular vesicles. In
this review, recent findings on the bidirectional interaction between neurons and microglia, in both
physiological and pathological conditions, are highlighted, with a focus on the complex field of
microglia immunomodulation through epigenetic mechanisms and/or released factors. In addition,
advanced technologies used to study these mechanisms, such as microfluidic, 3D culture and in vivo
imaging, are presented.
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1. Role of Microglia in CNS Physiology and Pathology

Microglial cells, described for the first time by Pio del Rio-Hortega (reviewed by Ket-
tenmann [1]), are the immune cells of the Central Nervous System (CNS) with phagocytic
activity able to maintain the overall health of the brain microenvironment. Previously con-
sidered as being derived from blood monocytes (circulating precursors of macrophages),
microglia, in the early 1990s, were suggested to originate from the embryonic yolk sac by
Cuadros and collaborators [2]: This was later confirmed by Ginhoux [3]. However, the
origin of microglia was not the only matter of debate about this cell type; even before its
discovery, pathologists had identified microglial cells with a clearly different morphology
in a healthy brain from those in a damaged one, as observed in 1878, by Carl Frommann,
in a multiple sclerosis patient [1]. Moving forward in time and after research advances,
the microglia plasticity and the related concept around the M2/M1 polarization are now
widely accepted. Microglia are constantly screening the CNS environment, and, once
activated, these cells can acquire a specific phenotype, according to the perceived stimuli.
Since microglia have been defined as the macrophages of the brain, the classification and
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phenotype has been established based on macrophagic characteristic. An oversimplified
and generally accepted classification suggests the classical activation or pro-inflammatory
phenotype (M1-phenotype) in response to infection or tissue injury [4] and the alternative
activation or anti-inflammatory phenotype (M2-phenotype) in response to neurodegen-
erative diseases [5] and in the context of primary and metastatic tumors [6,7]. Moreover,
the mechanism of activation of the M2 phenotype is more complex than the M1, leading
to a further classification in M2 subtypes. Treatment with interleukin-4 (IL-4) and/or
interleukin-13 (IL-13) has been observed to induce the M2a phenotype, which is involved
in tissues repair and growth stimulation. M2b phenotype is a mixed activation state that
responds to IL-13 and LPS responsible for the production of TNFo and IL-6. Finally, an
additional subtype of M2 microglia is the M2c phenotype promoted by IL-10 stimulation.
Even if the M1 pro-inflammatory phenotype and the M2 anti-inflammatory one have
been accepted by the scientific community, this classification is largely oversimplified,
since epigenetic modulations can contribute to the different microglial phenotypes. To
this aim, epigenetic modifications, such as DNA methylation, histones post-translational
modification and non-coding RNAs (ncRNAs), are gaining more and more importance in
modulating microglia biology and plasticity.

2. Neuron—-Microglia Crosstalk in CNS Physiology and Pathology

Several evidences confirm the important role of the bidirectional communication
between the nervous and the immune system in CNS in both physiological and pathological
conditions. Indeed, the dynamic interactions between microglia and neurons influence
the maintenance of homeostasis and the proper neuronal functioning of the healthy brain.
More specifically, neuron-microglia communication is involved in neuronal development,
synaptic plasticity, regulation of angiogenesis and programmed cell death besides immune
response [8]. In pathological states, the bidirectional dialogue perturbation promotes
microglia activation and the consequent increased inflammatory processes which in turn
contribute to altering synaptic functions, plasticity and cognitive deficits, responsible for
multiple brain pathologies, such as multiple sclerosis (MS), Alzheimer’s disease (AD) and
Parkinson’s disease (PD).

A physical and direct connection of microglial cells with neuronal elements has
been extensively demonstrated in both physiological and pathological conditions. In
particular, in vivo studies have shown that microglia contact with synaptic structures
preferentially localize at smaller dendritic spines, thus surveying excitability, quantity
and quality of synapses [9,10]. Using two-photon imaging, the authors noted direct and
repeated contacts between microglial processes and dendritic spines. Furthermore, in
the developing brain, these microglia-to-neuronal spine contacts are prolonged, with
morphological modifications of such spines induced by microglia during postnatal weeks.
The growth in dendritic spines is due to the activation of CX3CR1-CX3CL1 or TREM2
pathway or to the release of interleukin -10 (IL-10) in the microenvironment, as confirmed
by several studies, especially on the hippocampus [11,12].

Not only physical contact, but also the release of soluble factors contributes to neuron—
microglia crosstalk both in physiological and pathological conditions. Physiologically,
microglia—neuron interactions are crucial for an accurate brain formation during the prena-
tal and postnatal periods, but also in the maintenance of homeostasis in the adult stage, in
particular by modulating neurogenesis, synaptogenesis and programmed cell death [11].
With reference to neurogenesis, the inflammatory molecules produced and released by
microglia act on the microenvironment that controls the neural stem cells survival: In fact,
TNF« signaling could improve or reduce neurogenesis by acting on TNFR2 or TNFR1,
respectively. In the ventricular and sub-ventricular zone, microglia modulate proliferation,
differentiation and maturation of brain precursor cells through phagocytosis [13]. In more
detail, phagocytosis can be activated by pro-inflammatory stimuli through the recognition
of pathogens via TLRs, or anti-inflammatory ones promoted by the recognition of apoptotic
cell debris. Moreover, phagocytosis is stimulated by fibrinogen, metalloproteinases and
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cathepsins allowing microglia to act on synaptic remodeling [13,14]. Microglia take part in
synaptic refinement, also by producing a variety of neurotrophic factors, cytokines and
chemokines that are involved in neuronal survival allowing mature neurons to take part
in neuronal networks. For example, CX3CL1-CX3CR1 and CD200-CD200R interactions
contribute to preserve the microglial surveying state in neuronal activity and synaptic
plasticity processes [15]. Thus, microglial cells are involved in the pruning of synapses,
an activity-dependent process required for the maturation of neuronal circuits, especially
during the postnatal development [15]. Going through the involvement of microglia in
synaptic functions, it has also been demonstrated that the increased expression of comple-
ment proteins C1q and C3 promotes the engulfment and degradation of synaptic material
through the interaction with the microglia-specific C3 receptor (CR3). Furthermore, mi-
croglia can induce programmed neuronal death, thus contributing to balance neuronal
number from overproduction during development, as well as synapsis number, through
the removal of damaged or inactive synaptic connections [16]. Defects in microglial con-
trol of these physiological processes can contribute to neurodevelopmental disorders and
neurodegenerative diseases. In AD, as well as in PD, epilepsy and MS, cognitive disability
may be related to uncontrolled synapse pruning, whose defective neuronal architecture
can be caused by excessive microglial phagocytosis [13].

Neurons and microglia reciprocally modulate their biological status by taking part in
several signaling pathways, such as purinergic and adenosine signaling by P2X ionotropic
(P2X4 and P2X7) and P2Y metabotropic (P2Y6, P2Y12 and P2Y13) purinergic receptors
and A2AR and A3R, Toll-like receptors, widely described in microglia (including TLR-4
and TLR-6), and complement system through Clq, C3 and C5 receptors (CR3 and CR5)
highly expressed by microglia [11]. Most notably, C1q and the downstream complement
component C3 are critical for the proper elimination of CNS synapses and for the stimula-
tion of the phagocytosis [17]. Moreover, both neurons and microglia can release several
factors that enhance cell-to-cell communication. These molecules include neuropeptides,
neurotrophins, neurotransmitters and both anti- and pro-inflammatory cytokines and
chemokines (Figure 1), involved in several signaling pathways [18].
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Figure 1. Communication mechanisms in neuron—microglia crosstalk. (a) Microglia activation after different stimuli can culminate

in a pro-inflammatory or anti-inflammatory activation, consisting of morphological and biochemical modification. (b) To exert

biological functions, microglial cells adopt physical and direct contact of microglial cells with neuronal elements; they also release

soluble factors (c) and exchange biomolecules through secreted vesicles, contributing to neuron-microglia communication in both

physiological and pathological conditions. These molecules include neurotrophins, cytokines (as ILs and TNF«), chemokines (as

CCL2 and CX3CL1) and nucleic acids (e.g., miRNAs). (d) Additionally, neuron—-microglia crosstalk can be mediated by epigenetic

reprogramming included changes in histone acetylation and methylation. (e) Defects in microglial control of these physiological

processes can contribute to neurodevelopmental disorders and neurodegenerative diseases [18].
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2.1. Cytokines

Cytokines include a large group of small polypeptides that could promptly increase
in response to alteration of the physiological state and play a key role in tissue remodeling
in pathologic states [19]. These factors and their receptors also play an important role in
neuron—microglia crosstalk, being regulators of apoptosis and synaptogenesis. Among
them, there are tumor necrosis factor & (TNF«), interferons (IFN), interleukins (ILs), trans-
forming growth factor 3 (TGFf), neurotrophic factors (NGF and BDNF) and neurotrophins
(NT-3 and -4), colony-stimulating factors (such as M-CSF) and many others.

IL-4, -10, -13 and TGFf have anti-inflammatory, immunosuppressive and neuropro-
tective roles. They can be involved in the downregulation of microglial production, as
well as blocking the release of pro-inflammatory cytokines, such as ILs and TNF [20,21].
A relevant role has been identified for pro-inflammatory cytokines, including IL-1, IL-6,
TNF-« and IFN-y, produced by microglial cells and involved in neuronal injury and degen-
eration [19]. Over the last years, neurotrophic factors, such as Nerve Growth Factor (NGF)
and Brain-Derived Neurotrophic Factor (BDNF), have emerged as promising candidates
for neuron-microglia signaling. Neurotrophins NT-3 and NT-4 have been demonstrated to
have neuro-supportive functions, sustaining microglial proliferation and the increase of
their phagocytotic activity [21]. They also take part in proper neuronal synaptic plasticity
and survival by regulating neurotransmitters release and dendritic growth [18]. Colony-
stimulating factors, such as MCSF are considered key factors in glial activation. They
control the main microglial properties and biological functions [21], including microglial
proliferation, phagocytic ability and the production of reactive oxygen intermediates [22].
In addition to its anti-inflammatory role, TGF was shown to reduce Ap plaques in an
animal model of AD by promoting microglial phagocytotic activity [23]. On the other
hand, high concentrations of IL-1f3, IL-18, IFN and TNFo impair synaptic plasticity with
detrimental effects on neurons demonstrating once again the complex balance between
neuroprotective and damaging microglial released factors in the microenvironment [11].
Regarding neuroprotection, it has been shown that I1-34 produced by neurons during an
inflammatory process contributes to the activation of microglia for the elimination of toxic
substances and for the production of antioxidant enzymes [24]. Elevated levels of IFNy
and TNF« have been observed in the injured or ischemic brain or as a consequence of
bacterial and viral infections, as well as in case of pathologies, e.g., multiple sclerosis. In
particular, increased TNF« levels have been demonstrated to enhance the inflammatory
processes [21], as confirmed by its presence in AD brain tissues, together with IL-1 and
IL-6. The pro-inflammatory processes mediated by the abovementioned factors strongly
contributed to the progressive loss of neuronal structures [25,26].

2.2. Chemokines

The superfamily of chemokines consists of a considerable number of proteins with
multiple functions in the CNS. They are involved in adult neurogenesis, cell proliferation,
synaptic transmission, plasticity and spatial memory. Furthermore, chemokines and their
receptors play an important role in controlling microglial activity especially in regulating
the inflammatory responses and the development and homeostasis of immune cells [8].
The SDF-1 (also known as CXCL12) and CXCR4 system is prominent for CNS development
and for microglial-CNS cells interaction [21]. Additionally, SDF-1-CXCR4 and CCL11 and
CCL2 are all involved in promoting microglial migration [27,28]. In order to maintain
CNS homeostasis, CX3CL1-CX3CR1 is the most relevant cell-specific ligand-receptor
axis, thanks to the unique cell-type-specific localization of its components; in fact, the
chemokine fractalkine (CX3CL1), is expressed on neuronal cells while its receptor, CX3CR1,
is predominantly expressed on microglial cells.

Fractalkine (CX3CL1)

One of the most important pathways involved in microglia—neurons communication
is the abovementioned CX3CL1/CX3CR1 axis. The chemokine CX3CL1, also known as
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fractalkine, is mainly expressed in CNS by neurons and acts through its microglial receptor
(CX3CR1) on the activation of PI3K, AKT and NF-«B pathways [29]. Fractalkine exists
in both membrane-bound and soluble forms and plays a role in promoting neurogenesis
and regulating the number of neurons during normal physiological CNS development
through the induction of the microglial release of trophic factors [30]. However, microglial
cells may themselves produce fractalkine [31], thus providing an autocrine signaling.
The anti-inflammatory properties of CX3CL1 are exerted through the down regulation
of the production of inflammatory mediators (iNOS, IL-1$3, TNF-« and IL-6) [32] and
the suppression of cytokine-induced neuronal cell death. In addition, abundant CX3CL1
has been observed in uninjured adult hippocampi suggesting a functional role for the
CX3CL1-CX3CR1 axis in the maturation and elimination of synapses, in the regulation
of synaptic transmission and plasticity and consequently in the learning functions and
memory formation [30]. Rogers and collaborators have shown several cognitive deficits
due to a lack or reduction of CX3CR1 in an in vivo mice model. The authors demonstrated
deficits in motor learning in CX3CR1~/~ and CX3CR1*/~ mice by standard rotarod train-
ing techniques. On the other hand, deficits in associative learning and memory in the
same mice compared to wild type condition were found by standard fear-conditioning
tests, suggesting hippocampal-specific deficits in cognition [33]. Moreover, CX3CR1~/~
and CX3CR1*/~ mice showed a reduction in LTP in the CA1 striatum radiatum due to
more activated microglia and higher levels of inflammatory-released factors as IL-1f3 in
the hippocampus and TNFa in the cerebellum. Treatment of CX3CR1~/~ mice with IL-1
receptor antagonist reversed the deficits in learning and memory supporting the crucial
role of CX3CL1/CX3CR1 in the homeostasis of synaptic transmission in the hippocam-
pus [33]. Furthermore, several studies suggest that lack or alteration of CX3CR1/CX3CL1
signaling causes a decrease in microglia—neuron communication that leads to the loss of
anti-inflammatory function of microglia [11]. This is associated to an increased production
of pro-inflammatory molecules with an increased risk of neurodegenerative diseases and
neurodevelopmental disorders [8]. In the genetic ALS model (G93ASOD1) of spinal cord
motoneuronal death, CX3CR1 deficiency was accompanied by higher levels of microglia
activation and by the parallel increased neuronal death, compared to wild-type mice, where
the neurotoxic activity of microglial cells was prevented by the CX3CL1-CX3CR1 axis [34].

2.3. Immunoglobulins Superfamily (IgSF)

Among the various types of molecules involved in cell-cell interactions in the nervous
system, the immunoglobulin superfamily (IgSF) must be mentioned. IgSF is a large versa-
tile family of cell surface and soluble proteins involved in different types of interactions
and in the structural composition of proteins. In addition, IgSF domains take part in the
morphogenesis, maintenance and regeneration of neurons, as well as in the synaptogen-
esis and myelination [35]. The best characterized molecules belonging to this family in
the CNS are TREM2 and CD200 expressed on the membrane surface of microglia and
neurons, respectively.

2.3.1. TREM2

TREM2 (Triggering Receptor Expressed on Myeloid cells-2) is an innate immune
receptor of the CNS, member of the immunoglobulins superfamily (IgSF) expressed on
the membrane of microglia, regulating several functions. Worthy of notice, TREM2 ex-
pression needs the involvement of DAP12 (DNAXactivating protein of 12 kDa) for the
development of functional neuronal synapses [10], which is also involved in maintaining
the CNS immune homeostasis by blocking microglial inflammatory activity [20]. The
production of microglial proinflammatory mediators TNF-oc and iNOS (inducible nitric
oxide synthase) was reduced by TREM2 activation with consequent protective effects on
neuronal damage. Furthermore, TREM2 activation increased microglial phagocytic activity
promoting the removal of apoptotic neurons, damaged cells, organic matrix components
and macromolecules [12]. In murine models of multiple sclerosis and autoimmune en-
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cephalomyelitis, an intensified phagocytic activity was related to an increased expression
of TREM2 on microglia [36]. At the same time, the reduction or the lack of TREM2 in BV2
microglia cell and in in vivo model, reduced phagocytosis in oxygen—glucose-deprived
neurons in vitro and likewise in an experimental stroke model [37]. Therefore, mutations
of TREM2 are associated with increased risk of neurodegenerative diseases, including
neurodevelopmental disorders, such as autism. Autistic patients have shown reduced
levels of TREM2 [38]. In addition, an in vivo study has confirmed sociability defects and
altered brain connectivity in a mouse model lacking this protein [39]. A key role of TREM
in AD have been confirmed too. Overwhelming evidence suggests that TREM2 expression
is promoted in the brain of AD patient in parallel to A accumulation, increasing the
phagocytosis of amyloid plaques by activated microglia [12]. In addition, an improvement
in the AP deposition, neuroinflammation, neuronal and synaptic loss has been observed in
brains of APP/PS1 mice due to overexpression of TREM2 [36].

2.3.2. CD200

Besides being a member of the superfamily of immunoglobulins, CD200 (cluster of
differentiation-200) belongs to the clusters of differentiation (CD), a class of multiple cell
surface proteins that includes cell markers used in immunophenotyping. These proteins
are involved in several physiological functions, including cell signaling and adhesion,
proliferation or migration, apoptosis, neurodevelopment and synaptic plasticity. In the
central nervous system, one of the main functions of CD factors is the regulation of mi-
croglial activity. Indeed, specific CD proteins are considered markers of specific microglial
phenotypes reflecting the activated state of these cells. For example, M1 microglia are
characterized by the expression of CD14, CD16, CD32, CD40, CD45, CD68, CD74 and
CD86, while M2 microglia are mainly associated with CD23, CD33, CD36, CD64, CD68,
CD80, CD86, CD163, CD200R, CD204, CD206 and CD209 [40]. The interaction between
CD200—mainly expressed by neurons—and its receptor (CD200R) detected in microglia, is
associated with the regulation of phagocytic activity of the latter.

The CD200-CD200R axis keeps the microglial cells in a non-activated state [12,32].
Viral-mediated re-expression of CD200 in APP mice reduced neuroinflammation restoring
microglial phagocytic function and enhancing synaptic plasticity [11]. In addition, this
signaling axis is involved in the production of the glial cell-derived neurotrophic factor
(GDNF), a survival factor for dopaminergic neurons [8]. Furthermore, the CD200-CD200R
axis was demonstrated to be regulated by a cytokines feedback mechanism [12,32]. Cy-
tokines released by proinflammatory stimuli downregulate CD200 expression while certain
cytokines could increase or preserve its expression, such as IL-4 [41]. In an in vivo model
of AD, IL-4 treatment restored CD200 expression with the maintenance of phagocytic
response and an increase of AP clearance [42]. A deficit of the CD200-CD200R complex
was then associated with the activation of microglia responsible for the increased levels of
IL-1$3, IL-6 and TNF-«, in both AD patients and mouse models [11].

2.4. Role of Extracellular Vesicles in Neuron—-Microglia Crosstalk

Neuron-microglia communication is a complex mechanism finely regulated by the
above-described factors expressed and or released by cells according to perceived stimuli.
In this intricate system, released factors are growing in importance as information carriers
not only under physiological condition, in which they are necessary to maintain the brain
homeostasis, but also in case of pathology. The family of released factors includes soluble
molecules directly released in the extracellular space, as well as mediators released through
vesicles. Extracellular vesicles (EVs) are taking hold in recent years both as vehicle to spread
inflammatory mediators especially in the neurodegenerative diseases characterized by the
“non-cell autonomous” mechanism and as a promising therapeutic way to counteract the
neuronal damage.

Living cells constantly release vesicles that differ in size, content and biogenesis
according to their different associated functions. According to their size, it is possible to
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distinguish three different categories of EVs: exosomes (30-150 nm), the smallest vesicles
that follow the endosomal path; microvesicles (also known as ectosomes and microparticles)
(0.1-1 pm) produced by the cell membrane, which incorporate cargoes to be transported,
and apoptotic bodies (0.8-5 um), characteristic of dying cells [43]. For a long time, vesicles
have been considered only as cellular debris. Recent studies have assigned a leading role
to exosomes as a novel mode of intercellular communication, which may be performed
in many physiological and pathological processes including immune response, signal
transduction and neuroinflammation [44,45]. Donor cells (microglia, neurons, astrocytes
and oligodendrocytes) release EVs not only for intercellular communication, but also
for the removal of toxic molecules from the cytoplasm. The content of cell-derived EVs
includes proteins, lipids and nucleic acids and is briefly described below. Most vesicles
contain pro-inflammatory cytokines, such as IL-1f3, interferon-y, tumor necrosis factor
(TNF) and chemokines, as neuronal CCL21 that is transported into neuronal processes
reaching presynaptic terminal [46,47].

2.4.1. Proteins

Proteomic studies have revealed that exosomes are enriched of several proteins mainly
involved in vesicle structure, biogenesis and trafficking. Among these proteins, there are
tetraspanins (CD9, CD63, CD81 and CD82,) involved in cell penetration, invasion and
fusion events; heat shock proteins (Hsp70 and Hsp90), implicated in the stress response
and in antigen binding and presentation; the endosomal sorting complexes required for
the transport complex and exosome release (Alix and TSG101). Furthermore, proteins re-
sponsible for membrane transport and fusion (as annexins and Rab), cytoskeleton proteins
(actin, tubulin, etc.), metabolic enzymes and ribosomal proteins are part of the protein
components found in exosomes [44,48]. The study carried out by Glebov demonstrated
both in vitro and ex vivo that stimulators of serotonin (5-HT) receptors increased the release
of an insulin-degrading enzyme associated with microglial exosome shedding involved in
degradation of the neurotoxic peptide amyloid-§3 [49]. In the CNS, EVs are also indicated
as potential carriers of misfolded proteins involved in neurodegenerative disorders, such
as Tau and amyloid p in AD, a-synuclein in PD, TAR DNA-binding protein 43 (TDP43)
and copper zinc superoxide dismutase 1 (SOD1) in ALS, suggesting their possible role as
potential biomarkers for different neurodegenerative diseases [50,51].

2.4.2. Lipids

The activity, stability and structural rigidity of exosomes are guaranteed also by
their lipid components. Exosomes are enriched in membrane lipids, as sphingomyelin,
phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine, ganglioside GM3
and phosphatidylinositol, prostaglandins, cholesterol, arachidonic acid and other fatty
acids, but also in some functional lipolytic enzymes [44]. In addition to their functional
role in maintaining EVs structure and stability, lipids also facilitate the fusion and fission of
the EVs, as demonstrated by their involvement in EVs biogenesis through the modulation
of intracellular fusion and budding processes [48]. It has been shown that microvesicles
deriving from microglia induce an amplification of the frequency of postsynaptic excitatory
current independently of the release of cytokines but by inducing the metabolism of
sphingolipids in neurons [52]. Gabrielli and collaborators demonstrated that EVs secreted
by microglial cell contain endocannabinoids that can stimulate type-1 cannabinoid receptors
(CB1) and inhibit presynaptic transmission of GABAergic neurons [53].

2.4.3. Nucleic Acids

As a subtype of EVs, it is worth mentioning exosomes for their content of different
nucleic acids. MicroRNAs (miRNAs) are the most abundant derived exosomal RNA
species, but also ribosomal RNA (rRNAs), long non-coding RNA (IncRNAs), transfer
RNA (tRNAs), small nuclear RNA (smRNAs), viral RNA and single and double-stranded
DNA have been found in exosomes [54]. All these nucleic acids could have a great
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impact in different biological processes including oxidative stress, inflammation, apoptosis,
blood-brain barrier protection, angiogenesis and neurogenesis [44]. MicroRNAs (miRNAs)
are small (18-24 bp) noncoding single-stranded RNAs involved in post-transcriptional
and post-translational regulation by binding to specific sites within the 3’ untranslated
region (UTR) [55]. Three categories of extracellular miRNAs can be distinguished: (i)
circulating detected in the extracellular environment, including in biological fluids (such as
urine, blood, tears and cerebrospinal fluid); (ii) mainly transported by EVs; and (iii) those
associated to other carriers (HDL (high-density lipoprotein) and Ago protein).

Several findings, including an in vivo study, suggest a specific involvement of miRNAs
in physiological cell-to-cell communication. The content of exosomes both released and
taken up by dendritic cells showed the presence of miR-155 and miR-146a, two critical
inflammation-related miRNAs able to modulate microglia phenotype [56]. Likewise,
another recent study indicated a dialog between microglia and neurons mediated by miR-
1860, miR-7718, miR-2284y6 and miR-146a delivered by microglial EVs to neurons. Even
though these miRNAs were poorly expressed, they played an important role by modulating
essential biological processes [57].

Prada and collaborators highlighted the release of miR-146a-5p through EVs from
microglial cells to neurons: They showed that vesicular miR-146a-5p could control the
expression of presynaptic synaptotagminl (Sytl) and postsynaptic neuroliginl (Nlg1), two
proteins with a central role in dendritic spine formation and synaptic stability [58].

Another notable example of miRNAs involvement in the regulation of essential func-
tions in the CNS was reported by Morton and colleagues. They observed an abundant
presence of miR-9, Let-7, miR-26 and miR-181 in NSCs (Neuronal Stem Cells) EVs. Their
uptake by microglia has been proven to be responsible for transcriptional modification of
genes involved in the regulation of microglia morphology, immune response, chemotaxis
and cytokine production [59].

Recently, Pinto and collaborators performed an in vitro study on the motoneuronal
cell line NSC-34 that over-expresses SOD1 with mutations linked to ALS. They found that
exosome shedding from these miR-124-containing cells could play a crucial role in the
microglial polarization from pro-inflammatory phenotype M1 to the anti-inflammatory
phenotype M2 [60]. Song and colleagues investigated the content of miR-124-rich exosomes
released by microglia both in vitro and in vivo. Interestingly, these exosomes were taken
up by neurons and mir-124 targeted and reduced the expression of ROCK and USP14
promoting neuroprotection in brain damaged by ischemic stroke [61]. Recent research
reveals that miR-124 enriched microglial exosomes promoted neuronal regeneration in
hippocampus after TBI (Traumatic Brain Injury) by inhibiting the TLR4 signaling pathway
and producing M2 microglial polarization. Dysregulation of miRNAs has been shown to
contribute to many types of human diseases, including neuronal disorders [62]. MiRNAs
circulating in extracellular space are stable and detectable through various techniques,
which makes them potential diagnostic biomarkers for several of these diseases [55]. For
example, miR-21 detected in the cerebrospinal fluid EVs has been proved as a biomarker
for glioblastoma development [63].

Zhang and collaborators discussed the indirect effect of miR-181c on neurons. MiR-
181c seems to promote the overexpression of TNF-o in microglial cells resulting in a
microglia-mediated neuronal injury [64]. The gain and/or loss of function of microglial cell
in neurodegenerative diseases is a well-known mechanism capable of spreading inflamma-
tory markers to neighbor cells, as well as altering the microenvironment homeostasis. It
is turning out that the “non-cell autonomous” mechanism of neurodegeneration, mostly
described in ALS, might be caused by inflammatory mediators release not only directly in
solution, but mainly through vesicles from activated microglia. It has been demonstrated
that overexpressing human SOD1 with ALS-linked mutations in microglia promoted the
increase in the pro-inflammatory markers expression and cytokine release compatible with
activated cells and the following release into exosomes of pro-inflammatory miRNAs [65].
When the N9 microglial murine cell line was made to over-express the wild-type human
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SODY], it showed a high expression of miRNA-146a. Still, this miRNA was detected only
in exosomes when N9 microglia was made to overexpress human SOD1 with ALS-linked
mutations. MiRNA-155 was also found in exosomes, thus further contributing to the
dissemination of inflammatory mediators. The role of miRNAs in microglial exosomes on
regulating neurodegeneration was also demonstrated in repetitive mild TBI, important
risk factor for long-term neurodegenerative disorders, such as AD. In vivo, hyperphos-
phorylation of Tau was reduced via injection of EVs with overexpressed miRNA-711
secreted by BV-2 human microglia cells [66]. This has been suggested to affect the neuro-
immunological interactions between macrophages and sensory neurons [67]. Similarly,
the uptake of exosomes enriched in miRNAs released by human neuroblastoma cells (SH-
SY5Y) overexpressing the APP gene with AD-linked mutations resulted in a comparable
increase of miR-155, miR-146a and miR-124 in the human microglial cell line (HMC3), as
well as in the upregulation of pro-inflammatory markers, including IL-10 and Arginase 1
expression [68].

Given the crucial role of miRNAs in physiological and pathological molecular path-
ways as in cell-to-cell communication, an increasing number of studies have revealed their
possible use as important therapeutic targets. For example, in vitro, the levels of APP
and f3-amyloid in damaged neurons were restored through the treatment with exosomes
enriched with miR-124-3p, whose expression in microglia was shown to be significantly
altered in the acute, sub-acute and chronic phases after rmTBI [69]. Finally, memory ability
and behavior were significantly improved in APP/PS1 double transgenic mouse model of
AD through the injection of miRNA-22 mimic that also attenuated the activation of NLRP3
inflammasome and the expression of inflammatory factors in mouse hippocampus, as well
as the expression of Gasdermin-D, a critical mediator of innate immune defense [70].

3. Epigenetic Mechanisms Involved in Microglia Activation

Generally described as being responsible for the environmental surveillance, microglia
shift their resting state into an activated one, as a result of different environmental stimuli.
At the first instance, the main detected activated phenotype is the M2 anti-inflammatory
one, aimed to protect the surrounding environment form damage. Neurodegenerative
diseases are characterized by a chronic inflammatory condition promoted by the M1
pro-inflammatory phenotype of microglia that enhance the neuronal damage in a cause-
and-effect mechanism not yet clearly explained. The coordinated modification of microglial
phenotypes is finely regulated by modulation of genes expression, resulting in changes in
chromatin structure and composition, by action of epigenetic modulators. Therefore, his-
tone post-translational modifications (i.e., methylation, acetylation and phosphorylation),
DNA methylation or gene expression regulation by non-coding RNAs are crucial to control
microglia plasticity and polarization into specific phenotypes, as well as their activation
states in health and disease [71].

3.1. DNA Methylation

DNA methylation is a modification occurring on the cytosine residues of CpGs dinu-
cleotides through the addition of a methyl group, generally associated with the inhibition
of transcription. Even if not fully understood, cytosine methylation (5mC), together with
DNA hydroxymethylation, turns out to be essential in regulating gene expression in the
aging brain [72-75]. However, in contrast to the well-known role of histone acetylation,
little is known about gene expression regulation by DNA methylation in microglia de-
velopment and function. Cho and colleagues (2015) reported that the expression of the
inflammatory cytokine interleukin-1 (IL1f) in the CNS was strictly dependent on DNA
methylation in aging microglia, with the consequent upregulation of IL13 production
following hypomethylation of specific CpGs sites on IL13 promoter in two different mod-
els of aging [76]. Subsequently, Matt and coworkers (2016) confirmed the role of DNA
methylation in microglia activation by treating BV-2 and primary microglia cells with
5-azacytidine, a DNA methylation inhibitor, which increased IL1 gene expression [77]. A
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significant decrease of 5mC and of the hydroxymethylation level of 5mC was detected in
both glia and neurons, in the hippocampus of AD patients [78-80]. In contrast, Bradley
and colleagues demonstrated an increased global level of both methylated and oxidized
5mC in brain areas associated with memory and cognitive function [73]. Additionally, in
other well-known pathologies, like HD [81], dementia with Lewy bodies, PD disease [82]
and ALS [67,83], it has been demonstrated that the DNA methylation pattern is altered,
with a strong impact on microglial phenotype and function.

Furthermore, it has been showed that the inhibition of methyltransferases in BV-2
microglia cells, increased the production of amyloid-f3 via the promotion of demethylation
in the promoter region of presenilin 1 (PSEN1) and BACE1 expression as well [84]. Two
specific CpG sites in positions +298 and +351 in the 5’UTR of the BACE1 gene have been
identified in BV-2 cells as targets for the epigenetic modulation of its expression in mi-
croglia [85]. In fact, BACEL1 inhibition is one of the most important therapeutic approaches
of AD in order to reduce the generation of the neurotoxic 3 amyloid protein [86] and to
promote the immunomodulation of microglia with neuroprotective effects [87]. In eight-
month-old male 5XFAD mice treated with a histone methyltransferase inhibitor, an in vivo
model of AD, the reduction of DNA methylation and the increase of hydroxymethylation
turned into the reduction of -amyloid plaques and into the rescue of cognition impairment
and locomotor activity [88]. Moreover, gene expression of neuroinflammation markers,
such as II-6 and TNF-«, was decreased in treated mice, demonstrating the neuroprotective
and anti-inflammatory effect of DNA hypomethylation in neurodegenerative diseases.

3.2. Histones Post-Translational Modifications

Chromatin accessibility by transcriptional complexes is closely related to
post-translational modifications occurring on the histone amino (IN)-terminal tails, which
define chromatin as heterochromatin (condensed state) or euchromatin (non-condensed or
open state). The main histone modifications include methylation, acetylation or phospho-
rylation. Histone methylation is associated to either transcription activation or repression,
depending on the amino acid in which the modification occurs. Histone methyltrans-
ferases (HMTs) promote mono-, di- or tri-methylation on histone residues, whereas histone
demethylases (HDMSs) act to remove methyl groups from target proteins. Conversely,
histone acetylation is regulated by histone acetyl transferases (HATs), which acetylate the
lysine residues on histones tails or core promoting gene transcription. Histone deacetylases
(HDACSs) remove the acetyl groups from lysine residues, thus leading to the silencing of
gene expression. Focusing on the role of histones acetylation and deacetylation in regu-
lating microglia dynamic processes, the interplay of HATs and HDAC:s is crucial for the
proper CNS homeostasis. In the context of inflammatory response, HDAC1 and HDAC2
showed functional redundancy and the upregulation of HDAC2 expression turned out to
compensate for HDACI deficiency [89]. HDAC1 and HDAC?2 are crucial also for microglia
development. Datta and colleagues showed that the contemporary HDAC1 and HDAC2
gene depletion in vivo leads to different alterations in microglia during development or
neurodegeneration. In fact, in adult microglia HDAC1-2 deletion had no effects on cell
number or morphology during homeostasis, whereas in an AD mouse model the dele-
tion positively affected microglial phagocytosis of amyloid plaques [90]. However, after
HDAC1 and HDAC2 downregulation, genome-wide profiling for histone H3K9 and H3K27
acetylation revealed only a slight increase in global acetylation levels at the promoters of
genes regulating cell cycle and microglia activation (e.g., Cdkn2c, Ifnar2 and Sema6d) [90],
thus indicating that the role of HDAC1-2 in microglia need to be investigated more. Since
transcriptional dysregulation is an important hallmark of neurodegenerative diseases,
HDAC s inhibition has been extensively investigated as a therapeutic strategy to promote
neuroprotection and inflammatory response [91-95]. Most studies focused on the use of
pan-HDAC inhibitors, which do not have a selective mechanism of action. In particular,
Trichostatin-A (TSA), one of the most known HDACSs inhibitors, strongly inhibited the
nitric-oxide production and decreased the mRNA and protein levels of proinflammatory
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cytokines, such as TNF-«, IL-6 and IL-1f3 in RAW264.7 cells and bone-marrow-derived
macrophages. The pretreatment with TSA increased the level of the anti-inflammatory
cytokine IL-10, instead [96]. Comparably, another known pan-HDAC inhibitors, vorinostat,
strongly suppressed the LPS-induced cytokine expression and release in primary microglia
and in microglia acutely isolated from LPS-treated mice [97]. The neuroprotective role of
HDACSs modulation had been already proven in the rotenone rat model after chronic ad-
ministration of valproic acid (VPA), a pan-HDAC inhibitor, paving the way for epigenetic
modulation of neurodegenerative disease [94].

However, it turns out that the inhibition of different HDAC isoforms might have differ-
ent therapeutic potentials. A recent study on BV-2 cells and in vivo strongly demonstrated
the effect of a specific HDAC-8 inhibitor, WK2-16, on the neuroinflammation promoted by
LPS [98]. WK2-16 significantly suppressed the LPS-induced expression of COX-2 and iNOS
and TNF-« production in BV-2 cells via Akt and STAT-1/-3 inhibition already demonstrated
to attenuate the inflammatory response. The beneficial function of HDAC-6 inhibition
against neurodegenerative diseases was demonstrated in AD trough the inhibition of Tau
phosphorylation [99] in SOD1G93A mouse model of ALS [100,101] and in iPSC-derived
motor neurons from ALS patients with FUS mutations [102]. Recent findings demonstrated
that HDAC-6 inhibition could increase the sigma-1 receptor (Sig-1R) expression in primary
microglia [103]. Its allosteric modulation attenuated the expression of pro-inflammatory
markers, such as TNF-«, IL-13 and iNOS; the release of NO; and the production of ROS in
LPS-stimulated BV-2 cells [104]. The specific inhibition of HDAC-2 also reduced the levels
of inflammatory cytokines TNF-« and IL-1f in LPS-activated BV-2 microglial cells and
LPS-treated mice through attenuating the TLR4/NF-«B signaling pathway, confirming the
promising role of HDACs inhibition in the attenuation of microglia inflammation [105]. The
promising effects of HDAC inhibition on various in vitro and in vivo model of classically
activated microglia (M1-phenotype) support the potentially neuroprotection mechanisms
through epigenetic immunomodulation of microglia [106-109].

3.3. MicroRNAs (miRNAs)

Microglial “resting” state, as well as the M2/M1 activation states, can be character-
ized by the expression of different microRNAs (miRNAs), which are involved in many
cellular pathways, including proliferation, differentiation, apoptosis and cellular commu-
nication [110]. In the cells, miRNAs mainly regulate the silencing of gene expression by
driving the degradation of target mRNA and triggering translational repression [111]. MiR-
NAs expression in cells can be coordinated by regulation mechanism at both transcriptional
and post-transcriptional levels and also through the action of endogenous and exogenous
molecules [112]. Several miRNAs are targeted to be exported and, after the recognition,
they are taken up by neighboring or distant receiving cells and utilized to modulate the
gene expression [113]. Accumulated evidences showed that miRNAs exosomal packing
process does not happen randomly, but is based on four possible mechanisms involving the
neural sphingomyelinase 2 (nSMase2), the sumoylation of heterogeneous nuclear ribonucle-
oproteins (hnRNPs), the 3'-end of the miRNA sequence-dependent pathway or the miRNA
induced silencing complex (miRISC)-related pathway [114]. As already described, miRNAs
can be delivered in EVs and, depending on the donor cell status, can act on physiological
mechanisms or amplify a pathological condition of recipient cells [113]. In the last years,
their role in the modulation of macrophage polarization and inflammation has been deeply
investigated, as well as their use as biomarker for neurodegenerative diseases.

Using primary microglia exposed to LPS (M1-phenotype) or IL-4 (M2-phenotype),
Freilich and colleagues identified a different miRNA expression pattern according to
microglia polarization [115]. The microarray expression profiling and the bioinformatics
analysis of miRNAs identified the miRNA-155 as the most significantly upregulated in the
pro-inflammatory state confirming a previous study [116]. In addition, upregulation of
miRNA-145 and downregulation of miR-711 and mir-124 was strongly associated with the
alternative activated phenotype of microglia (M2) promoted by IL-4 [115].
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Despite the fact that several miRNAs have been associated with different microglia
polarization profiles, miRNA-146a was demonstrated to be an important regulator of
the inflammatory response [117-119]. Peritoneal macrophages overexpressing miR-146a
showed a reduced expression of M1-associated proteins and an increased expression of M2-
ones after LPS treatment [119]. Furthermore, LPS-stimulated miRNA-146a knock-out (KO)
microglia showed a significant increase of M1 phenotype markers and a reduced migration
and phagocytic activity in KO compared to wild-type (WT) microglia [117] confirming the
anti-inflammatory profile of miRNA-146a. In addition, the effect of Resveratrol (RSV) in
reverting the LPS-induced phenotype from M1 to M2 subtypes [120] was demonstrated
to be dependent on miRNA-146a-5p since the reduction of TNF-«, IL-1f3 and IL-6 level
by RSV was reversed by miR-146a-5p silencing [121]. Furthermore, the upregulation of
miRNA-146a and miRNA-155 in BV-2 cells was also inhibited by cannabinoids via the NF-
kB signaling, followed by the up-regulation of miRNA-34a and the modulation of Notch
signaling pathway [122]. The inactivation of the LPS-dependent NF-«B signaling, as well as
the pro-inflammatory mediators iNOS, TNF-a and IL-1b in BV-2 cells, was also promoted
by curcumin, which increased the level of miR-199b-5p and decreased the inhibitor of
NF-«B kinase subunit beta IKK(3 expression [123]. Among the canonical LPS inflammatory
stimulus acting on microglia, P2X7 receptor activation trough ATP stimulation has been
shown to increase miRNA-125b in microglia [124] and consequently the inflammatory
mediator NF-«B [125,126], which was then decreased by miRNA-125 inhibition in microglia
overexpressing the human SOD1 with ALS-linked mutations [124,127].

4. Neuronal-Mediated Epigenetic Reprogramming of Microglia in CNS Health
and Disease

As reported above, to survey the CNS microenvironment and maintain proper home-
ostasis, microglia actively interact with neurons and astrocytes, which release a wide variety
of soluble factors that could affect microglia maturation, development and phenotype [128].
Ayata and colleagues have reported that microglia clearance activity is regionally regulated,
depending on the amount of dying neurons and non-functional synapses in cerebellar,
striatal and cortical brain. Exposure to apoptotic cells induces pro-phagocytic genes and
transcription factors expression, facilitating engulfment and removal of cells and cellular
debris with parallel downregulation of genes involved in homeostatic surveillance. As
recently demonstrated, following neuronal death, Kdm6a/b gene in microglia encodes the
histone demethylase KDM6A /B, which removes H3K27me3 previously induced by the
Polycomb repressive complex 2 (PRC2) to the promoters of clearance genes [129-131].
Neuron—microglia crosstalk is then crucial to maintain the CNS physiological condition
and to prevent the onset and the progression of neurodegenerative diseases; microglia
support neuronal maturation and synaptic networks, whereas neurons provide specific
factors that induce epigenetic changes in microglial chromatin, regulating their phenotypes
and functions. To allow lineage-specific differentiation, as well as the survival and renewal
of microglia in brain tissues, neurons and astrocytes, produces specific factors, such as the
macrophage colony-stimulating factor-1 (CSF-1) and interleukin (IL)-34 [132], which induce
expression of microglial-specific genes, i.e., Mafb, Mef2c, Salll and Spil [133]. SPI1 (human)
or Spil (murine) encode for PU.1, an ETS-domain transcription factor, which binds PU-box
(purine-rich sequences) and activates microglial-specific genes expression regulating sev-
eral microglial functions [134,135]. ATAC-seq analysis on microglia at different temporal
stages showed the PU.1 promoter highly upregulated by histone H4 acetylation, further
confirmed by histone deacetylate (HDAC) inhibition which led to the suppression of UP.1
transcription, followed by the increase in H4 acetylation levels and the disruption of locus
and RNA polymerase II interaction [136,137]. However, many other factors as interferon
response factor (IRF)-8, V-Maf musculoaponeurotic fibrosarcoma oncogene homolog B
(MAFB) and peroxisome proliferator-activated receptor (PPAR)y, transcriptionally regulate
microglia identity in healthy CNS [138,139]. Therefore, neuronal-induced expression of
several microglial-specific transcription factors (PU.1, CEBP«, IRF8 and SALL1), leads to
chromatin modification and generation of enhancers for gene expression, such as histone
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H3 K4monomethylated (H3K4mel) and histone H3 K9lysine acetylation (H3K%ac). On the
other hand, inflammatory stimuli, e.g., IL-6 and tumor necrosis factor (TNF), induce NF«B,
NF-AT and STAT1/3 expression, and increase histone H3 k27acetylation (H3K27Ac) [139].
However, like the acquisition of a mature microglial-specific phenotype, microglia ac-
tivation and polarization required epigenetic changes that are associated with both M1
and M2 microglia phenotype [140,141]. CNS-derived IL-4 production via neurons, and
possibly astrocytes, contributed to M2-like markers and M2-associated transcription factors
expression, e.g., PPARy in mature microglia [142] or the macrophage inflammation protein
Ym1 [132]. More specifically, IL-4 induces H4R3 methylation and regulate acquisition of
M2 microglia-phenotype by inducing PPARY expression in mouse peritoneal macrophages
(PMs) [143], whereas histone H3 K4methylation (H3K4me), induces M2 polarization in hu-
man macrophages following M-CSF and IL-4 stimulation [144]. Additionally, IL-4 activated
mouse microglia have been reported to upregulate H3K27 demethylase JMJD3, leading to
H3K27 demethylation essential for IRF4 and Argl overexpression [145]. Therefore, follow-
ing neuronal stimuli, multiple transcription factors in microglia induce epigenetic changes,
leading to remodeling of chromatin and formation of specific microglial phenotype, with
possible consequences on neuronal activity/maturation and synaptic networks.

5. Studying Microglia—Neuron Crosstalk with Advanced Microscopy Techniques

In studying complex biological systems, such as the neuroimmune system, spatial and
temporal resolution are important requirements to get reliable information about changes
in crosstalk and cell morphology in pathological and physiological conditions. Microscopy
evolved, aiming to fulfill both needs, and developing new methodologies in which both
dynamicity and morphology may be described as precisely as possible [146].

Intravital microscopy (IVM) allows the achievement of temporal resolution in mi-
croglia imaging in brain tissue. In animal model, non-invasive in vivo high-resolution
techniques are the best choice to observe dynamic processes involving microglia. IVM
allows the analysis of physiological and pathological processes at microscopic resolution
in living animals, also for prolonged time (weeks). These techniques applied to brain
characterization are extensively described in the literature [147-151]. In such approaches,
a craniotomy of the animal model is required to get direct access to the brain tissue. One
of the most common approaches is the “open skull” technique, in which a circular por-
tion of the skull is removed, and a cover glass is applied on the area of analysis [150].
IVM can be combined with different imaging strategies that are intended to investigate
in vivo phenomena.

Confocal microscopy allows the characterization of the morphology of microglia in
three dimensions (resolution ~0.8 pm in x—, ~0.3 um in z) by acquiring Z-stacks of the
samples. This technique provided information about the interaction of microglia and other
cell types in pathological and physiological conditions elucidating 3D structures [152-154].
Although confocal microscopy has been applied for in vivo imaging, it is affected by limited
resolution at deeper depths due to scattering and emission from surrounding out-of-focus
sample [155].

The technique of choice of in vivo imaging of neuroimmune system is multi-photon
microscopy (MPM), which has been significant for studying microglia functional dynamics
in brain tissue, and elucidating interactions with neurons, blood vessels, astrocytes and
immune cells in real-time [156,157]. First observations in intravital microscopy showed that
microglia were unexpectedly dynamic. In vivo imaging with MPM allowed the morphological
characterization of resting and activated microglia, revealing a ramified morphology even in
the resting state with highly mobile protrusions extended towards a damaged area [4,158].
Multi-photon microscopy is based on the application of two or more low-energy near-infrared
photons (wavelength above 700 nm) to induce an electronic transition comparable to the
absorption of a photon with double energy. The spatial resolution is about 0.45 pm for
x-y, and 0.85 pum for z. The application of multiple photons with lower energy reduces the
phototoxicity and eventual sample damages in the focus region and permits the achievement
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of a deeper penetration with a reduced out of focus fluorescence. The potential of such
techniques was proved imaging in vivo resting microglia processes making contacts with
neuronal synapses over time, depending on the neuronal activity, unveiling a reciprocal
regulation [159,160]. Chen and coworkers used two-photon microscopy to discriminate the
migration of microglia compared to other tumor-associated macrophages in glioblastoma
affected tissues [161]. Many other examples can be found in the literature, in different contexts,
from cancer to neurodegenerative diseases [157,160-166].

Temporal resolution may be achieved also by speeding up the imaging. Light-sheet mi-
croscopy has been employed to perform high speed scanning of large brain tissue volumes,
with a basic fluorescence setup. A sheet of laser light is employed to get illumination on
the sample and detection is obtained traverse to the illumination. This is a non-destructive
imaging technique, preventing sectioning artifacts due to cells and slices over-manipulation.
Although spatial resolution is generally low (depending on the detection objective), the
combination with super-resolution techniques and the development of more sophisticated
variants [146,167], brought lateral resolution (x—y) close to 100 nm and axial resolution (z)
to about 0.15-0.3 um with a potential imaging speed of 2.7 x 10* um3-s~1, allowing the
prevention of photobleaching [146]. With this technique, it is usually possible to visualize
an entire adult mouse brain in physiological and pathological conditions, though in vivo
applications on whole mouse brain are not yet reported [168,169].

In dealing with spatial resolution, super-resolution microscopy gives a great contri-
bution in studying interactions of microglia with synapses. STED (Stimulated Emission
Depletion) microscopy overcomes light-diffraction limited fluorescence microscopy imag-
ing. The samples are point-scanned, using a traditional diffraction-limited focused beam
together with a doughnut-like beam to deplete the fluorophores on the outer part of the
excitation spot, and thus only the central area of the spot is read, enabling a resolution of
about 65 nm in x—y and 150 nm in z. Ormel and coworkers detected postsynaptic material
inside and in proximity of microglia in cerebral organoids, using STED microscopy [170].
STED microscopy approaches have been adopted to improve two-photon microscopy
to image the morphology of dendritic spines and microglial cells below the surface of
acute brain slices [162,171]. Although excitation may often damage samples and although
the setup could be complex, STED can provide excellent results even with high-speed
imaging [172]. STORM (Stochastic optical reconstruction microscopy) and PALM (Pho-
toactivated Localization Microscopy) are super-resolution optical microscopy techniques
based on stochastic switching of the fluorescence of single molecules. These are based on
the use of fluorescent probes that can switch between fluorescent and dark states. Only
a small but optically detectable fraction of the fluorophores would be detected in every
snapshot, allowing the precise determination of their position. The super-resolution image
is reconstructed from the spots accumulated over many micrographs. Resolution can reach
30 nm in x-y and 50 nm in z, though special fluorophores are required and phototoxicity
is an issue after multiple imaging cycles. Cserép and coworkers combined two-photon
microscopy with high resolution STORM microscopy to understand the effective commu-
nication of microglia with neuronal cells and to show the recruitment of microglia towards
neurons infected by alpha-herpesvirus [164,173]. Recently, confocal and super-resolution
microscopy showed how spreading depolarization induce rapid morphological and po-
sitional changes of microglia in ischemia [174]. These are a notable example of how the
combination of such techniques may return a great amount of information in studying
in vivo brain processes. Among super-resolution techniques, also structured illumination
microscopy (SIM) has been applied for such studies. SIM is a fluorescence microscopy
technique in which the resolution is enhanced by using the information obtained from
frequency space out of the region of interest, using a Fourier transform and collecting
superimposed information, afterwards separated through computational analysis [167]. Al-
though nanometric resolution is achieved (90-140 nm), with no special sample preparation,
computational procedures may be challenging. SIM has been applied to image mice brain
to assess microglia phagocytosis and synapses pruning in injured brain tissue [175,176].
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Although not a choice for in vivo studies, electron microscopy (EM) and its derived
techniques have been important in microglia characterization. EM can show a consider-
able number of details in the analyzed sample, from cells to proteins structure even at
atomic scale. These ultrastructural techniques may return crucial details at high resolution,
revealing the communications between microglia and synaptic elements, helping in the
definition of the role of microglia in synaptic pruning, especially if combined with other
techniques, such as multiphoton microscopy [166,176].

Correlative light and electron microscopy (CLEM) has brought minimally invasive
optical in vivo imaging (usually fluorescence) together with the nanometer resolution of
serial section TEM (Transmission Electron Microscopy) or similar EM techniques. A large
amount of information about structures and dynamics of the neuroimmune cells can be
obtained from the same sample [177,178]. Weinhard and coworkers used CLEM to perform
a 3D ultrastructural characterization of organotypic hippocampal cultures, enriching the
understanding of the dynamic interaction of postsynaptic spines with microglia [179].
Intravital CLEM pairs the high spatial resolution of electron microscopy with the improved
temporal resolution of in vivo microscopy techniques, such as intravital multiphoton mi-
croscopy [180]. Intravital two-photon microscopy combined with scanning transmission
electron microscopy (STEM), helped in the study of the chronology of the neuroinflamma-
tory events right after the occurrence of an injury, showing the role of resident microglia
and amoeboid microglia in brain tissues [181]. Correlation between optical and electronic
microscopy images is often challenging, but strategies to improve this aspect are being
explored [182].

Great perspective may be expected for techniques such as intravital CLEM, in which
in vivo noninvasive imaging with temporal resolution is matched to high spatial resolution
electron microscopy. Such combinations respond to the needs previously anticipated for
the imaging of complex neuroimmune system and its cellular effectors, such as microglia.
It is undoubtedly clear that the study of microglia—neuron crosstalk asks for different
observations and, thus, techniques, brought together and integrated to exhaustively depict
the entire picture.

6. 3D-Cell Culture Systems as Models for The Interaction of Microglia and Neurons

On top of their long-known role as the innate immune cells of the CNS, microglia
appear to have additional important roles, such as controlling the number of neuronal
precursor cells and modulating synapse formation and elimination [179,183-185]. Due
to this, it is crucial to have cell models that can recapitulate the physiological 3D state of
microglia and the interactions of microglia with neurons and macroglia. It is currently
accepted that in 2D models, microglia cells are in a phenotypically different state from
their CNS environment: For instance, they often display limited ramifications and higher
proliferation with respect to what was found in vivo.

As also reviewed by Watson and coworkers, several hydrogel or fiber-based materials
and nanomaterials have been used to culture astrocytes and microglia in 3D in an attempt
to achieve more physiologically relevant culture conditions [186]. The BV2 microglia
line was grown in the Corning PuraMatrix™ peptide hydrogel. This biomaterial forms
a nanometer-scale fibrous structure with an average pore size of 50-200 nm that was
shown to support cell proliferation and differentiation. In this matrix, BV2 cells display
in vivo-like ramifications demonstrating that the presence of a 3D array of attachment
sites can promote such morphology [187]. The presence of ECM proteins seems to interfere
with such attachment to a certain extent. In a similar fashion, microglia has been cultured
in a 3D collagen matrix [188,189]. Here, it was shown that microglia display ramified
phenotype and responds as expected to proinflammatory LPS. Not all biomaterials appear
ideal for culturing microglia; in some cases, they can support cells but inherently activate
them, too [190]. Remarkably, the matrix biomaterials and microfluidics technologies have
been recently integrated towards making models with multiple cell types and a prototype
vasculature system [191].
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The medium-term perspective of such culture systems is to allow HTS in order to make
them useful for drug discovery and testing. A longer-term perspective is the attainment of
more complete systems with all the cell types needed to recapitulate the desired section
of the CNS. One interesting step in this direction is the use of 3D bioprinting or other
manipulation technologies, in order to seed multiple homogeneous groups of cells in a
matrix, and let them grow and develop intercellular interactions. Such (pathological or
physiological) model systems can be harnessed to study the effects of a large number of
drug candidates. In their recent paper, Cai and coworkers showed that acoustic standing
waves can drive live cells to cluster in neurospheroids of homogeneous size within a 3D
matrix. Cells were manipulated in a contact-less way within a photocrosslinkable matrix
of the desired composition that could model a physiological or a pathological state [192].
Different cell types can be mixed while setting up the experiment in order to obtain the
desired model system. Interestingly, the authors showed that microglia behave as in vivo
when they made neurospheroids with microglia, neurons and A plaques (a model AD
state); here, microglia migrated towards the plaques and covered them, as also seen in vivo.

Due to the recent developments in the production of hiPSC, it is now possible to
develop long-lived small-scale 3D models of human brain regions. Such 3D cellular models
can also contain microglia and be used to characterize the interactions of microglia with
neurons and other cells. A breakthrough point in this was the development of protocols
by Lancaster and coworkers. These enabled the generation of cerebral organoids from
donor’s hiPSC without the use of any inhibitors or molecular pathway manipulators and
led to differentiated organoids containing distinct brain regions [193,194]. One of the key
procedural differences of this method with respect to the above-described microfluidics
or hydrogel-assisted methods was that here a cluster of stem cells was led to develop as
an embryoid body first and then differentiated in situ to make different cell lines, instead
of mixing a controlled set of differentiated cells. Later, after the embryoid body was dif-
ferentiated into a cerebral organoid, it was embedded in a Matrigel bead and cultured for
extended times in orbital shakers or stirred bioreactors that ensured proper oxygenation
and thus viability and development for up to many months. Individual, millimeter-scaled
organoids could then be harvested for characterized at the desired growth stage in condi-
tions mimicking physiological or pathological states. It was commonly thought that cells
would not differentiate to microglia in such organoids, as they derive from a different ger-
minal layer than neurons. Interestingly, a new avenue was recently opened by Ormel and
coworkers, who demonstrated that microglia innately develop within organoids prepared
and cultured essentially, as shown by Lancaster [170]. Organoid-grown microglia display
the expected inflammatory and phagocytic behavior and transcriptome of mature microglia.
Additionally, authors performed super-resolution fluorescence microscopy (STED) and
showed the co-localization of microglia processes with post-synaptic neuronal markers.
This work proves that the produced organoid model recapitulates the development of brain
areas with microglia and also that it can be used as a tool to characterize microglia—-neuron
interactions during development and in disease. Further progress in this field should lead
to automated technologies, to produce large numbers of homogeneous cerebral organoids
from hiPSC that can be used in drug development and in a fuller elucidation of the role
of microglia in neurodegenerative diseases and of the ways to mitigate such diseases
leveraging on that knowledge.

7. Microfluidics Technologies for Microglia—Neuron Interaction Studies

The field of microfluidics involves both science and technology of systems that ma-
nipulate and process low volumes of fluids (in the range of microliters (107°) to picoliters
(10~12)), generated in small-scaled cells and microchannels with dimensions of around 100
to 500 mm [195]. Microfluidics technologies have been employed in the field of neurology
providing important insights to nervous system research, investigating cellular/molecular
mechanisms and complex interactions which occur among neural cells [196]. Conventional
methods of analysis, where neurons and glial cells are co-cultured in randomly mixed
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form are inadequate to maintain biochemical and physiological axon—glia interactions in
culture. This approach fails to investigate the localized communication of axons and glia
and the processes that distinctively affect various parts of the neuron in neuronal injury and
neurodegenerative diseases (e.g., spinal cord injury and Alzheimer’s disease) [197]. On the
contrary, microfluidics allows the generation of compartmentalized platforms in which it is
possible both to separate the axons from the neuronal cell bodies and, through regulated
flows, to investigate interactions between different cell types. In fact, this technology
supports culturing of various cell populations in tight proximity to each other, making
them an optimal tool for neurons—glia co-culture.

One of the first microfluidic platforms developed for neuronal research was the Camp-
enot chamber, a three-chamber culture system for neuritic isolation [198]. This method
provided the division of axons from neuronal cell bodies. Further researches adopting
Campenot chamber have contributed to significant discoveries in peripheral nervous sys-
tem (PNS) axonal development, degeneration and regeneration [199,200]. However, the
system required a time-consuming procedure and less than 30% of the devices could be
used for experiments. Moreover, the system was unsuitable for live cell imaging, requiring
chamber removal and cell fixation [201]. Subsequently, further works led to numerous
advances in the field, developing devices with diverse materials like silicon, glass and vari-
ous elastomers (polydimethylsiloxane (PDMS)), SUS8 (negative photoresist) and different
design complexities.

Later, several novel platforms allowed to study in depth axonal and neuronal milieu.
In particular, microgrooves hosted axon extensions of neurons in proximal contact of the
microchannels, providing precise isolation of axons from respective cell bodies [201-203].
For example, Taylor et al. published an interesting paper were axonal injury was investi-
gated. The microfluidic culture platform consisted of a PDMS device that was produced
by using soft lithography and replica molding. The device design was characterized by a
physical barrier with embedded microgrooves separating two specular compartments. The
microgrooves allowed only the passage of neuritic processes into the axonal side but not of
cell bodies. This conformation provided a modest flow between the compartments that
counterbalanced diffusion. This platform was one of the first to coculture oligodendrocytes
in the axonal compartment to potentially investigate mechanisms of axonal myelination
and demyelination [204].

An interesting work of Hosmane et al. employed a circular microfluidic device for
the study of axon—-microglia interactions [205]. This geometry has been used for an easier
centrifugation and to allow optimal positioning of neurons and glia cells. The developed
PDMS device consisted of independent microchambers where microchannels enabled
separation of axons and neuronal cell bodies. Additionally, patterned microstenciling was
applied to directly place microglia within areas of interest in the axonal compartment
(Figure 2A). The authors focused on microglial response to degenerating axons, studying
glia migration towards injured axons. Microglia cells were placed in between areas of
axonal growth and oxidative stress was induced in the somal compartment. The study
revealed a preferential aggregation of microglia to degenerating axons compared to con-
trol ones and reported specific microglial responses to axon-derived signals [205]. The
same research group used this fabricated device to analyze the mechanisms of microglial
clearance of axons by coculturing microglia on the axonal side of the device. In particular,
TIR-domain-containing adapter-inducing interferon-f3 (TRIF) has been found to play a key
role in microglial phagocytosis of degenerated axons. Furthermore, the coculture system
permitted to analyze microglia activation, studying gene expression related to M1 (iNOS
and CD32) and M2 (Argl and SRB1) states. This in vitro study combined microfluidic
technology to a simultaneous in vivo investigation by performing dorsal root axotomy to
TRIF KO mice. The device design modification also provided added value to the present
research since they could replicate the in vivo axotomy procedure. In fact, the microfluidic
platform was equipped with an open access port to mechanically sever neuron projection
to better model axotomy-induced axonal degeneration [206].
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Other platforms allow the study of diffusion-based events in reversibly isolated
cultures of neurons and glia [207,208]. Majumdar et al. developed a two-cell culture
chamber separated through the presence of a microfabricated barrier valve. Chambers
connection allowed nutrients exchange and the glia reservoir was maintained higher than
that in the neuronal reservoir to improve the flow of media from the glia to the neuronal
chamber. The study reported that the presence of glia supported neuronal survival and
increased neurons transfection efficiency significantly. Shi et al. created a vertically layered
configuration to study neuronal interactions where glia and neurons were co-cultured in a
top-bottom disposition with glial cells on the device roofs over the cell chambers, while
neurons were cultured on the glass surfaces within the same device (Figure 2B).

Figure 2. Schematics showing examples of microfluidic platforms from the literature. Microglia
(red), neurons (green) and astrocytes (yellow). (A) Circular compartmentalized platform with
multiple independent units consisting of somal (a) and axonal compartments. Microglia is placed
in spatially defined areas (b) arrayed between bundles of axons outgrowth; scale bar, 500 um [206].
(B) Vertically layered configuration with four mirror image cylinders as media reservoirs with a
pressure chamber to control neuron-glia interactions. Cross-section (c) showing attached glia on
polydimethylsiloxane (PDMS) roof of culture chamber and neurons attached to platform glass surface;
scale bar, 200 pm (d) [208]. (C) 3D tri-culture system consisting of a central matrigel-coated chamber
with 3D neurons/astrocytes (e) and microglia in angular chambers (f). Scale bar, 500 um [191].
(D) Microfluidic platform to establish directional growth and isolation of axons. Microchannels
separating somal (g) and axonal (h) compartments. Scale bar, 250 um [209].

As previously anticipated, in order to develop more relevant human brain models,
it is possible to combine 3D culture techniques and microfluidics platforms. Park et al.
generated a three-dimensional (3D) microfluidic system replicating neurons, astrocytes
and microglia interaction in Alzheimer’s disease context. This tri-culture platform was
characterized by a central chamber and many peripheral chambers linked to the central
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one through microchannels. The Matrigel-coated central chamber housed neurons and
astrocytes differentiated cells and it was possible to analyze microglia recruitment and
phenotype changes via migration channels. This platform application provided valu-
able advancement over current in vitro human AD models and allowed us to study the
human microglia role in neuroinflammatory molecular mechanisms and damages to neu-
rons/astrocytes that could be crucial in AD pathology (Figure 2C) [191].

In 2020, Fujita et al. used a platform where neuronal projections were directed into a
confined compartment and exposed to different cellular microenvironments. Specifically,
the authors investigated the microglial NGL1 and neuronal netrin-G1 signaling that sup-
ports microglia accumulation along sub-cerebral projection axons and maintains neuronal
survival [209]. Fujita and collaborators used a poly-L-lysine-and-laminin-coated AXIS™
(Axon Isolation Device, Merck; Xona Microfluidics®, LLC), a commercial compartmental-
ized platform which provided fluidic isolation and improved organization over typical
disorganized neuronal cell culture (Figure 2D). The technology consisted in a disposable,
pre-assembled platform, suitable for human stem-cell-derived neurons providing better
cell attachment and long-term growth. The research group further published a protocol
describing the procedure for modeling the accumulation of microglia toward neuronal
axons, using the abovementioned axon isolation culture device [210].

To conclude, microfluidic platforms have shaped new perspectives on how we handle
biological samples and matrices. Microfluidics, compared to conventional macroscale
techniques, offer the ability to manipulate cellular microenvironments, to study interactions
of distinct molecular agents on individual neurons and glia and allows for the localized
analysis of cell-to-cell interactions and single cell projections (axons and dendrites).

8. Conclusions

Neuronal and glial cells, including microglia, interact towards the proper brain devel-
opment and function. This physiological interaction is regulated by a continuous crosstalk
between these cells, both through direct cell-cell contact and by release of many different
molecules. Interestingly, these communication factors can be released and received by both
types of cells, either directly or indirectly, through extracellular vesicles that can transfer
proteins, lipids and nucleic acids, especially miRNAs. In particular, factors produced by
neurons modulate microglial phenotypes, either maintaining microglia in a surveying phe-
notype or contributing to their activation towards neuroprotection or neuroinflammation
and neurodegeneration. This phenotypic change is driven by a switch in the expression
of specific microglial genes, which, in turn, is modulated by epigenetic changes, such as
DNA methylation, histone post-translational modifications and activity of miRNAs, that
can derive by extracellular vesicles. In all CNS pathological conditions, but especially in
chronic neurodegenerative disorders, microglial phenotype is subjected to modifications
with disease progression. Activated microglia is neuroprotective in the early stages, while
it contributes to neuroinflammation and neurodegeneration in later stages. Even though
neurodegenerative diseases include a wide range of pathologies affecting different brains
areas, neuronal types and aggregating proteins, all of them share a progressive loss of
neuronal properties accompanied by microglia activation and neuroinflammation, and
involving an alteration of neuron—-microglia crosstalk. The strict interplay between glial
cells and neurons is regulated by a huge variety of mechanisms that need to be clarified by
using advanced technologies, such as microfluidic, 3D culture and in vivo imaging. The
purpose of our review was to recapitulate the most recent studies that provide insight into
the complex field of microglia immunomodulation through epigenetic mechanisms and/or
released factors corroborating the widespread hypothesis of a diagnostic and therapeutic
use of EVs cargo, as well as the promising epigenetic modulation of microglia, to ameliorate
disease symptoms.
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