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Microglia are brain-dwelling macrophages and major parts of the neuroimmune system that broadly contribute to brain
development, homeostasis, ageing and injury repair in the central nervous system (CNS).
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| 1. Introduction

Microglia are brain-dwelling parenchymal macrophagest! that are distinct from other brain-dwelling non-parenchymal
macrophagic populations and tissue macrophages@E. Under healthy and normal conditions, microglia are self-
maintained with no considerable contribution of peripheral myeloid cells’4. In addition, ~5% of the total cells of the
neocortex are normally microglial®. These macrophages have a uniform distribution throughout the central nervous
system (CNS) parenchyma, with a population of approximately 10% of the total cells in the CNS. In addition, they can
form a cellular grid with their ramified and highly motile process€. During the developmental phase of the brain, microglia
help shape neural circuits by modulating the strength of synaptic transmissions and sculpting neuronal synapses. When
sensing any CNS injury, they become phagocytic and eliminate microbes, cell debris, protein aggregates or any form of
CNS insult. However, microglial activation has been reported during several neurological conditions®& in which they
have evidently been playing both beneficial and detrimental roles, depending on disease progression.

The correct functioning of microglia is necessary for neural circuit remodelling and synaptic function, but their involvement
in the pathogenesis of neurological diseases raises the debate of whether microglial activation is beneficial or detrimental.
In response to CNS insults, microglia proliferate rapidly [, but their proliferation and turnover rates under homeostatic
conditions have not been well documented. Filling this research gap could differentiate them from disease-causing
agentsi2¥, Several studies have shown interesting but conflicting results, either very low or very high microglial turnover in
mice and the post-mortem braintil2L3l  ajthough the validity of these techniques has been arguable and limited24/13],
However, it is clear that understanding the regulation of microglial populations in the brain is crucial to understanding their
functioning at different phases of age and age-related diseases. In one case, the mouse model of AD showed that early
priming of individual microglia can induce long-lasting functional changes in life, whereas microglial senescence may have
a role in age-related neurodegeneration®. For example, stimulation of the brain’s immune system during development
can induce long-lasting changes in microglial immune responses8ltZ and ageing and senescence of microglia
contribute to neurodegenerative disorders/2&l,

| 2. Molecular and Functional Background of Microglia

Microglia are the resident immune cells of the brain and cover almost 5-12% of CNS cells2¥. In addition, microglia are
involved in the homeostasis of host defence against pathogens and consequent neurological disorders2921], These cells
are mesenchymal, originating in the yolk sac, and do not require hematopoietic stem cells for renewal 131221 Their
survival and maintenance depend on cytokines, including CSF1 and interleukin (IL)-34[23, and on transcription factors
such as IRF8[22, However, microglia can be simply defined as innate immune cells of the CNS that originate from myeloid
cells and express several genes, including Cx3cr1, CD11b, Ibal and F4/80/24. Depending on comprehensive knowledge
of microglial gene expression and relevant functionsl2H24 this study attempted to determine microglial functions in
accordance with their gene expressions. There are three basic functions of microglia—sensing their environment,
maintaining physiological homeostasis and protecting against self-modified and exogenous injurious agents. Furthermore,
these normal functions are important regulators from a human being’s embryonic stages through to old age.



Sensing is the primary requirement for microglia to function in housekeeping and defending their host from injury (Eigure
1). Microglia form a network that spans throughout the CNS. Their thin processes are dynamic and in constant motion,
allowing them to scan the area surrounding their cell body every few hours and rapidly polarise toward focal injury€IL2,
This network includes approximately 100 or more genes that consistently scan surrounding cell bodies and sense any
changes in their microenvironment (241251261 The sensome mRNA is expressed uniformly in microglia of different regions
of the brain, indicating that all microglia are capable of sensing functions.
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Figure 1. Effectors of microglia function associated with neurodegeneration and how microglia damage or kills neurons.
Microglia have both host-defensive and detrimental actions, depending on the scenario. When they encounter aberrant or
misfolded proteins—such as AB, aggregated a-synuclein, oxidised or mSOD1, or PrPS¢—they function as sentinels,
protective hosts. In response to these toxic stimuli, microglia attempt to clear aggregated AR, a-synuclein or mSOD1 via
SRs and other PRRs. However, the nature of the aberrant proteins or their continued production disrupts microglial
housekeeping functions. Several pathways activate: NADPH oxidase produces superoxide and derivative oxidants; INOS
produces nitric oxide derivatives, glutamate, cathepsin B and other proteases, and that produces stressed neurons. These
processes dysregulate the microglial host-defensive mechanism, leading to an exaggerated proinflammatory response,
neurotoxicity and neurodegeneration. Microglia also include tumour necrosis factor (TNF) as an indirect pathway to
damage or kill neurons via reducing brain-derived neurotrophic factor (BDNF) and insulin-like growth factor (IGF)
production. Neurodegenerative diseases such as AD, ALS and HD, furthermore, cause mutations in specific genes that
lead to self-autonomous dysregulation of host defence. This initiates or exaggerates proinflammatory responses, resulting
in neurotoxicity and neurodegeneration. In this way, when mutations in TDP-43, progranulin and Trem2 increase (1), they
affect phagocytosis and associated degradation pathways. Similarly, mutations in mSOD and HTT (1) also affect
inflammasome activation and neuronal killing pathways. On the other hand, mutations in C9orf72 can affect both
phagocytosis and inflammasome pathways. In normal physiology, a microglia-autonomous mechanism controls the
scenario by clearing (1) mutant or aberrant proteins (adapted from ref.[8).

The second and most important part of microglial function is physiological homeostasis. This function includes synaptic
remodelling such as CNS development and maintenance, neurodegeneration 274128 phagocytosis of dead or
malfunctioning neuronal cells or cell debris 2239 or myelin homeostasisl (Figure 2). In addition, microglia activate

several inflammatory pathways that cause neuroinflammation and possibly neurodegeneration. In this process, microglia
interact with astrocytes, and their interaction is also important in regulating homeostasis. Several chemokine and
chemoattractant housekeeping genes are involved in phagocytosis (Trem2), synaptic pruning and remodelling
(C1q and Cx3cr1) 241 and anomalies in these housekeeping genes may lead to neurodegeneration.
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Figure 2. Microglial regulation of neuronal networks and CNS homeostasis. By playing a phagocytic role, microglia engulf
dead or degenerated neurons via TAM receptor-mediated recognition of GAS6-opsonised cells. Microglia control synaptic
plasticity by downregulating AMPA receptor activity through ROS secretion and by modulating BDNF/Trk receptor
pathways. Beyond this, microglia can strip synapses through Cx3crl-Cx3cl1 interactions and microglial major
histocompatibility complex Il (MHCIIE2. They can also affect neuronal circuitry via interacting with astrocytes through the
TNF-mediated pathway, which releases glutamate and ATP from astrocytes.

As carriers of innate immunity, microglia defend their host against pathogens (Eigure 1), injurious proteins including AR,

aggregated a-synuclein, mutant huntingtin (mHtt), mutant prion (mPrPS°) and oxidised superoxide dismutase (SOD).
Microglia activate several receptors to incite host defences, such as expressing Fc receptors, Toll-like receptors (TLRS),
and several antimicrobial peptides including Camp and Ngp/2¥. Therefore, microglia approach the neuroinflammatory
threshold by producing peripheral inflammatory cytokines such as TNF-a and IL-1pE3I34] |n addition, this process
involves chemokines (e.g., Ccl2) that recruit additional cells and work together to clear pathogens and normalise the brain
in a homeostatic condition®, However, consistent microglia-induced neuroinflammation leads to neurotoxicity and,
eventually, neurodegeneration. In contrast to the anomalies in this microglial functioning, healthy neural microglia are
always actively functioning through sensing, housekeeping and protecting their host.

| 3. Microglia as a Therapeutic Possibility in Neurodegenerative Diseases

Microglia play vital roles at different brain development phases. With age or due to aberrant endogenous or exogenous
stimuli, they begin losing their normal physiological functions. Thus, homeostasis in CNS microglia is necessary to disrupt
neurodegenerative disease pathology and progression. In addition, identification of critical microglial markers is important
to find new therapeutic strategies. Initial studies have suggested an M1 and M2 activation paradigm, in which M1
activation promotes inflammatory cytokines, and M2 activation promotes neurotrophic factor release. However, advanced
studies have found that this paradigm does not fit during neurodegeneration. That is, M1/M2 activation does not always
function as expected. For instance, in regular cases, M1 activation produces neurotoxicity via proinflammatory release,
whereas in some cases, this activation promotes axonal regeneration28. An AD model study showed that M1 activation
promotes AP plague clearance, and, in contrast, M2 activation may ease amyloid spreadZ.

Microglia are emerging as a cell type used to understand neurodegenerative diseases, but the major challenge is studying
human microglia in vitro. For an in vitro neurological disease model study, microglial cells could possibly be developed by
differentiating iPSCs or monocytes(28l39 which has recently been demonstrated. In addition, authors have shown that
human microglial-like cells (iIMGLs) have phenotypic similarity to in vivo microglia, such as through inflammatory cytokine
release or CNS substrate phagocytosis. On the other hand, human monocyte-derived, microglia-like (MDMi) cells have
not only presented with microglia phenotype and functions but have also presented with altered expression of gene loci
related to neurodegenerative diseases such as AD, PD and MS. These two in vitro microglial cell models could beneficiate
therapeutics screening in vitro for neurodegenerative diseases. In addition, genetic defects in microglia could be edited by
replacing allogenic or autologous stem cells or monocytes through bone marrow transplantation. Although the latter has
not been successfully established for all neurological diseases—though it has for X-linked adrenoleukodystrophy—a
recent study showed that brain-engrafted bone marrow derived microglia after a long time in AD micel2d[21l |t has been
suggested that peripheral myeloid cells constitute a heterogeneous cell population that is more effective at clearing AB
plaque than CNS resident microglia. Extrapolating this therapy with additional triggering could bring success or could be
useful for studying other neurological diseases.



Microglial phagocytosis could be another option, but therapeutic agents that target microglial phagocytosis can have both
beneficial and detrimental effects—another double-edged sword in neurodegeneration. Microglial phagocytosis opsonises
misfolded protein plaques, including AB, via the Fc receptor to help antibodies that target misfolded proteinstZ42l[43] | the
same way, defective microglia activation in Trem2-deficient mice showed a lack of effectiveness toward the anti-ApB
antibodies4l. Several antibodies currently used in autoimmune diseases may be beneficial in neurodegenerative
diseases as well because they target specific proinflammatory cytokines, such as IL-6 and IL-1, or their receptors.
Compounds targeting CSF1R can affect proinflammatory microglia activation in AD 451461 and reduce microglia-induced
inflammation and/or neuronal death®Z in neurodegenerative diseases. In the same vein, IL-34 and CSF1, ligands of
CSF1R, may provide neuroprotection and promote neuronal cell survival shown in neurodegenerative models by
activating CSF1R in neuron populations but not in microglial4€l.

In addition, bexarotene-induced TremZ2 expression in microglia is, at least in part, mediated by ApoE/Trem2 signalling
activation®. Thus, developing anti-ApoE antibodies in carriers of the ApoE4 allele may help to prevent amyloid
deposition and its consequences®Y. Moreover, neuronal autophagy has been shown to be useful in neurodegenerative
diseases for clearing misfolded proteins and reducing inflammatory cytokinesl. However, very little is known about the
role of microglia in autophagy. In one study, loss-of-function mutations of TBK1 affected autophagy in myeloid cells and
increased susceptibility to ALSEZ. Beyond this, microglial autophagy facilitates AR clearance and reduces NLRP3
inflammasome activation®®3. Therefore, further study of autophagy in microglia may enhance the understanding of
whether drugs activating autophagy have beneficial or detrimental impacts on neurodegenerative diseases.
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