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A B S T R A C T
Microglia are the resident immune cells of the Central Nervous System (CNS), and as such, they
fulfill their role by constantly scanning the CNS environment and maintaining its homeostasis.
For a long time, their chronic activation was considered detrimental in the pathology of
neurodegenerative diseases and glioblastoma, as they were conceived as a driving factor of
neuroinflammation. This perspective has nowadays changed as far as neurodegenerative diseases
are concerned, and their more complex role as inflammatory mediators has been revealed, thanks
to state-of-the-art techniques unveiling the existence of multiple subpopulations of microglia,
some of them acting neuroprotectively. In this review, we highlight the multifaceted functions
of microglia in the healthy CNS and in brain disorders, namely neurodegenerative diseases and
glioblastoma. Based on the most recent findings, we propose microglia replacement as a novel
treatment for neurodegenerative diseases, a method still in its developmental phase but showing
promising potential for clinical applicability.

Plain Language Summary
The CNS has its own line of immune defense, and that is a resident type of immune cells called microglia. Microglia,

besides acting as defenders against pathogens, are necessary for the maintenance of CNS homeostasis. Their functions
also involve cleaning up debris and shaping neuronal circuits. In order to fulfill all these functions, microglia are
highly plastic, and able to change their response based on environmental stimuli. They are quite numerous in the
brain, accounting for approximately 10% of the brain cells. Not all of them exist in the same state, but they rather
form a heterogeneous population, comprised of different subpopulations. Unfortunately, for many years researchers
did not know about the different microglia subpopulations. Instead, it was thought that microglia are either in a
resting state, during which they are inactive, or they exist in an activated state, during which they fight infections and
cause inflammation. Moreover, in human brain disorders such as Alzheimer’s and Parkinson’s disease, or brain cancer,
microglia were thought to stay for long periods of time in this activated state and worsen the progression of the disease.
This view is now dismissed, and the current knowledge supports the concomitant existence of different subpopulations
of microglia in the CNS. More precisely, the range of microglia subpopulations found in the brain increases in the case
of neurological diseases. Some of these subpopulations are protective for the brain, acting against inflammation or
supporting regeneration of the CNS tissue, while other subpopulations are harmful, releasing inflammatory agents and
enhancing brain damage. Based on recent findings regarding the beneficial role of microglia in some brain disorders,
scientists believe that they can help fight off these diseases by replacing the microglia in the brain with new, better
equipped microglia. Different suggested methods to repopulate the CNS with microglia exist, the most popular one
being microglia depletion in the CNS followed by repopulation. This involves the elimination of native microglia in
the CNS, using pharmaceutical substances. Afterwards, new similar to microglia cells can be introduced into the body
of the patient. The latter cells can either by extracted from the patient themselves, or they can be donated by healthy
people. The replacement strategy is already being tested in animals suffering from neurological disorders, and the
first results appear to be promising. However, future work needs to be done before the treatment reaches humans, as an
in-depth examination of the therapy is necessary, to determine the safety, long-term efficacy, and relevance of microglia
replacement for patients.
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Introduction
Although microglia were first identified by del Río-Hortega in the early 20th Century Pérez-Cerdá et al. (2015),

their multifaceted and fascinating role in the CNS is still being explored. They are described as the resident immune
cells of the CNS, and are a part of the primary innate immune system Nimmerjahn et al. (2005). These cells account
for approximately 10% of the glial population, and their distribution in the brain and spinal cord differs depending
on the region, ranging from 5% to 12% Lawson et al. (1990). A continued debate characterizes their origin, and many
hypotheses have risen. The current consensus establishes that microglia are of myeloid nature, and their erythromyleoid
precursor cells are found in the embryonic yolk sac Ginhoux et al. (2010); Kierdorf et al. (2013). As postnatal
haematopoiesis does not provide the CNS with new precursors due to the existence of the Blood-Brain Barrier (BBB),
during adulthood the population of microglia is sustained by the microglial progenitors that had previously migrated
into the brain Ginhoux et al. (2010). Moreover, it has been proved that microglia have the ability of local self-renewal,
as they can autonomously repopulate the adult brain when a small portion of them remains after ablation Ajami et al.
(2007); Elmore et al. (2014).

Many key factors are necessary for microglial development and homeostasis, such as the interferon regulatory
factor 8 and the transcription factor PU.1 Kettenmann et al. (2013). Colony stimulating factor 1 and its receptor, Colony
Stimulating Factor 1 Receptor (CSF1R), are needed for the development of microglia Ginhoux et al. (2010). CSF1R
is also crucial for the maintenance of microglia in the adult brain Elmore et al. (2014).

The diverse roles of microglia have not been fully elucidated yet, but important steps to perceive their full potential
have been made. First of all, microglia exhibit more than just their immune functionality. They also have physiological
roles: they are involved in the development of the CNS, in synaptic plasticity Schafer et al. (2012); Salter and Stevens
(2017) and in synaptic pruning Paolicelli et al. (2011). Under homeostatic condition, microglia are always alert and
surveilling the environment of the CNS. Although this is considered their resting state, it does not imply that they
are inactive. Instead, they are characterized by their high motility and dynamic scanning of their microenvironment
Nimmerjahn et al. (2005). Homeostatic microglia exhibit a ramified and highly branched morphology Kettenmann
et al. (2011), and a unique gene expression including the purinergic receptor P2Y12 (P2ry12) and P2Y13 (P2ry13),
the C-X3-C motif chemokine receptor 1 (CX3CR1) (Cx3cr1), the myeloid transmembrane receptor CD33, and the
Transmembrane Protein 119 (TMEM119) (Tmem119) Butovsky et al. (2013).

The occurrence of any disturbance in brain homeostasis, such as an injury, infection, disease, or changes in
neuronal activity, leads to what is called microglia activation or responsiveness. This response to pathological events
is characterized in detail, and refers to morphological, phenotypical and functional alterations microglia undergo when
they sense a danger in the CNS. From their ramified morphology they transform into an amoeboid form, enabling
them to phagocytose debris, injured cells and pathogens. Their gene expression also changes Hanisch and Kettenmann
(2007); Kettenmann et al. (2011). A subsequent difference in surface marker expression is observed, such as the
upregulation of CD45 and Major Histocompatibility Complex (MHC) proteins Cartier et al. (2014).

In Neurodegenerative Diseases (NDs), microglia can act beneficially or detrimentally Hanisch and Kettenmann
(2007), making many wonder if they are a friend or a foe in the CNS regarding human diseases Cartier et al. (2014).
Microglia exhibit neuroprotective functions, but they are also able to induce serious damage to the CNS, when they
remain reactive for prolonged periods of time and thus contribute to the vicious cycle of chronic inflammation. The
involvement of microglia as a causative or ameliorating factor in NDs is not easily clarified. Moreover, recent findings
highlighted the existence of different subpopulations of microglia in NDs, with each subpopulation exhibiting different
markers and functionality Muzio et al. (2021).

This review aims to shed light on the complex role microglia play in Glioblastoma (GB) and some NDs, namely
Alzheimer’s Disease (AD), Parkinson’s Disease (PD), Multiple Sclerosis (MS), Amyotrophic Lateral Sclerosis (ALS)
and Frontotemporal Dementia (FTD). Moreover, based on microglial involvement in these disorders, microglia-based
cell therapy to mitigate them is discussed. Microglia replacement strategies are on the rise and could potentially be of
great clinical use.

Microglial Functions in the Healthy Brain and in CNS Disorders
The roles of microglia in the developing and adult brain are many and diverse, as can be seen in figure 1. Their

functions prove to be necessary for the survival and health of neurons Nayak et al. (2014). They are involved in
synaptogenesis and the regulation of (adult) neurogenesis, they modulate synaptic plasticity Kettenmann et al. (2013),
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they contribute to axon formation Ueno et al. (2013), while during development they participate in synaptic pruning
and thus in the (re)modelling of synaptic circuits Schafer et al. (2012); Paolicelli et al. (2011). Besides being engaged in
the survival of neurons, microglia are also implicated in controlled neuronal death by phagocytosis during development
Marin-Teva et al. (2004). The important crosstalk between microglia and the rest of glial cells and neurons happens
through the release of various factors. Some released neurotrophic factors, the Insulin-like Growth Factor-1 (IGF1)
Ueno et al. (2013), the nerve growth factor, and the brain-derived neurotrophic factor, are crucial for the development of
neurons during early life stages and neuronal maintenance through adulthood Nayak et al. (2014). Moreover, microglia
exhibit physiological role in learning and memory formation Parkhurst et al. (2013).

Figure 1: The main roles of microglia in maintaining CNS homeostasis. These include phagocytosis and controlled neuronal
cell death, neurogenesis, axon formation, synaptogenesis, synaptic pruning, cellular communication with astrocytes through
the secretion of factors, and supporting physiological functions such as memory formation and learning. Created with
BioRender.com

Microglia exert their effects in the brain either through the secretion of pro-inflammatory, anti-inflammatory and
neuroprotective mediators, or through removing toxic elements by phagocytosis Kettenmann et al. (2013). Microglia
respond to any sign of threat to the CNS by changing form and becoming "activated". Microglial activation is more
accurately described as a shift in activity and function rather than a transition from quiescence to activation, and the
term reactive or responsive microglia is preferred over activated microglia. The initial microglial response concerns
their conversion to an amoeboid form, a change in gene expression and the release of pro-inflammatory mediators.
Microglia are able to phagocytose debris, damaged cells Hanisch and Kettenmann (2007); Kettenmann et al. (2011)
and protein aggregates Zhang et al. (2023). The classic concept of microglia activation regards their activation towards
different phenotypes, a phenomenon called microglia polarization, and these phenotypes are traditionally called
M1 phenotype (pro-inflammatory) (M1) and M2 phenotype (anti-inflammatory) (M2). The M1 phenotype refers to
classically activated microglia, which are pro-inflammatory and neurotoxic, secreting factors such as Tumour Necrosis
Factor-alpha (TNF-𝛼) and Interleukin-1 beta (IL-1𝛽). Phenotype M2 refers to alternatively activated microglia, which
are anti-inflammatory and neurotrophic, and are releasing for example IGF1 David and Kroner (2011); Gupta et al.
(2018). Nowadays, this old paradigm of M1 and M2 division is disregarded, as the diversity in microglial phenotypes is
Kogkalidou et al.: Preprint submitted to Elsevier Page 3 of 22
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much higher than that Muzio et al. (2021). It is generally accepted that one subtype of microglia can express both pro-
and anti-inflammatory markers, secrete different kind of factors, and that microglia characterization should be based
on their wider range of expressed markers. Microglia respond in CNS threats by acquiring a phenotype belonging in a
range between the M1 and M2 phenotype Paolicelli et al. (2022), as can be seen in figure 2.

Figure 2: A clear division between the pro- and anti-inflammatory phenotype of the previously-called activated microglia is
no longer advocated for, but rather a spectrum of inflammatory responses is used to describe more accurately the illicited
response from microglia under any stimuli. M2-like and M1-like are terms used to correspond with the old classification of
microglia polarization, but microglia do not adopt a specific marginal phenotype. Created with BioRender.com

In the state of acute inflammatory triggers, microglia respond to the trigger by releasing pro-inflammatory cytokines
and proceeding with the neuronal repair process. In contrast, in chronic states of CNS unresolved inflammation
their chronic responsiveness has deleterious effects to the CNS, leading to damage and neurodegeneration Graeber
et al. (2011). This responsiveness is caused by the microenvironment in the CNS. The injured neurons and cells
release Disease-Associated Molecular Patterns (DAMPs), which bind to various surface molecules in microglia, the
most implicated in neurodegeneration being the Toll-Like Receptors (TLRs). DAMPs downstream effect is related
to neuronal cell dysfunction and demise, while some commonly found DAMPs are Interleukin (IL) 33, IL-1𝛼, and
Adenosine Triphosphate (ATP). The overly reactive microglia and the constant release of neurotoxic factors, such as
TNF-𝛼, IL-1𝛽, Reactive Oxygen Species (ROS), and glutamate Gupta et al. (2018) sustains the chronic inflammatory
response and is implicated in many diseases, such as NDs Lull and Block (2010), stroke Olson and McKeon (2004),
hypoxia Morioka et al. (1993) and neuropathic pain Tsuda et al. (2003). The vicious cycle of continuous CNS damage
due to the microenvironment and microglial response to it is simplistically depicted in figure 3.

Other subpopulations of microglia are also being identified, as our knowledge for these cells expands. Recent
single-cell RNA-sequencing experiments revealed a novel subset of microglia, namely the Disease-Associated
Microglia (DAM) Keren-Shaul et al. (2017). Disease-Associated Microglial cells (DAMs) are characterized by the
downregulation of the homeostatic genes Butovsky et al. (2013), and by the upregulation of genes involved in
lysosomal, phagocytic, and lipid metabolism pathways, such as Apolipoprotein E (ApoE) and the Triggering Receptor
Expressed on Myeloid cells-2 (TREM2). These genes are also known to be risk factors in AD Lambert et al. (2013).
Other noteworthy clusters of microglia are the injury-responsive microglia Hammond et al. (2019) and the aged
microglia Safaiyan et al. (2016).
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Figure 3: Part of the vicious cycle of continuous damage and inflammation observed in the CNS during neurodegenerative
diseases: injured neurons secrete DAMPs, which lead to chronic responsiveness of microglia and the release of neurotoxic
factors that further damage neurons. Created with BioRender.com

Microglia are susceptible to the aging process, which causes alterations in their function and state Muzio et al.
(2021). Driving factors behind the senescence observed in microglia are the accumulated damage in the cell DNA,
either nuclear or mitochondrial in the form of mutations, the elevated production of ROS and the consequent oxidative
stress. These in turn lead to disturbed iron homeostasis and phagocytosis, and the accumulation of lipofuscin Kwon
(2022). The question regarding the number of microglia in aged brains remains unanswered, as the conducted studies
led to contradictory results. What is known about aged microglia is their distinguishable dystrophic state. Their
morphology is altered: the soma is enlarged, while the branches are shorter and fragmented. It is probable that these
alterations in morphology are depicting also a divergence in gene expression.

Immune-related pathways usually activated in pathological conditions can be upregulated in aging microglia,
making the distinction between the different subpopulations even more difficult Muzio et al. (2021). In mice, the genes
detected to be differentially expressed in aged microglia are concerning mitochondria-related and energy producing
pathways, signalling pathways in lysosomes and phagosomes and antigen presentation. The markers TMEM119 and
P2Y12 are also downregulated in aged mouse microglia. Moreover, the NLR family pyrin domain containing 3
(NLRP3) plays an important role in inducing an inflammatory response in aged microglia.

Aged human microglia are shown to downregulate the gene expression of proteins related with the actin and
cytoskeleton system, cell surface receptors -generic or more microglia-specific such as P2Y12, the receptor of IL6,
TLR10 Brawek et al. (2021), and CD36 Rawji et al. (2020)- and cell adhesion molecules. Genes of other molecules
are upregulated, as for example the one of vascular endothelial growth factor A, of some integrin regulators, and of the
CD22 and CD163 receptors. Of note, CD22 is a negative regulator of phagocytosis. As it is usually the case, the sets
of differentially expressed genes in mouse and human aged microglia are not fully identical, but there is some overlap
Brawek et al. (2021). But, in both organisms, half of the population of microglia in older brains accumulate lipid
droplets Brawek et al. (2021), and these microglia are called Lipid-Droplet-Accumulating Microglial cells (LDAMs).
These cells exhibit defects in phagocytosis and elevated production of ROS and pro-inflammatory cytokines. Their
lipid processing and formation pathways are driven by a distinct gene expression, thus LDAMs are characterized by
their unique transcriptional signature Marschallinger et al. (2020).

Regarding the epigenetic alterations imposed on aged microglia, they are mostly examined in animal models. The
microglial deletion of a histone deacetylase involved in senescence, namely Sirtuin 1, leads to DNA hypomethylation
and in turn to higher levels of IL-1𝛽 in animal models of aging. These animals exhibited cognitive decline. Another
group also highlighted the importance of methylation in the promoter of the IL-1𝛽. Other enzymes involved in
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epigenetic modifications are also found to be implicated in the regulation of microglia, such as a histone demethylase
called Jumonji domain-containing protein-3. Noncoding RNAs are also observed to be differentially expressed in
microglia Wang et al. (2021).

Moreover, aged microglia may contribute to maintaining an aging-related inflammation in the brain, which is called
"inflammaging" and refers to the constant existence of low-grade inflammation in the brain Muzio et al. (2021); Brawek
et al. (2021). As NDs are present in older populations, aged microglia could also worsen the progression of the diseases
by supporting the inflammaging Muzio et al. (2021), while rejuvenating or replacing these microglia may be beneficial
Kwon (2022).
Microglia in Alzheimer’s Disease

AD is a progressive Neurodegenerative Disease (ND), and the most common cause of dementia worldwide. The risk
of suffering from AD increases with aging. The histopathological aspect of AD is described by extracellular amyloid
plaques and intracellular neurofibrillary tangles, and their accumulation leads to neuronal loss and reactive gliosis. The
plaques consist of Amyloid beta (a𝛽) peptide aggregates, while the tangles are composed of hyperphosphorylated tau
protein aggregates Hansen et al. (2017).

In recent years, the implication of microglia in the pathogenesis of AD is being heavily investigated. Microglia-
mediated exacerbation of inflammation and reactive gliosis play a key role in the disease. It has become evident that
microglia can exhibit protective or harmful effects regarding the progression of AD Hansen et al. (2017); Leng and
Edison (2020). However, elucidating the exact role and level of involvement of microglia in AD is not an easy task.
Researchers have shed light on different aspects regarding AD microglia characterization. As an example, it has been
observed that gene variants influencing the disease progression are also expressed in microglia, such as the E4 variant
of ApoE, and the rare R74H variant of TREM2 Hansen et al. (2017). Meanwhile, our knowledge about microglial
functions in AD stems from animal mouse models and postmortem brain tissues of AD patients, and in those two
discrepancies are detected Muzio et al. (2021). Murine microglia react differently than human microglia in the context
of AD pathology. Fortunately, new chimeric models have been developed, in which human microglia progenitors are
transplanted in the postnatal brain of immunodeficient AD mice. As mice age, the introduced microglia adapt to the
brain environment while keeping the characteristics of human microglia responses, thus providing new models to study
the interactions between human microglia and AD pathology in vivo Hasselmann et al. (2019)

Regarding the role of TREM2 in AD mice, DAMs with higher expression of TREM2 are localized near
amyloid plaques Muzio et al. (2021). Diminishing its expression in 5XFAD mice leads to no detection of the
DAM subpopulation Keren-Shaul et al. (2017). It should be noted that the 5XFAD mouse model is not an ideal
representation of AD. In another animal model of AD, namely the APPPS1 mice, knocking out TREM2 seemed to have
protective effects against AD. More contrasting studies exist in literature. In mice expressing humanized TREM2, the
administration of an antibody that acts as an TREM2 agonist led to increased phagocytosis of amyloid plaques from
microglia, thus highlighting the protective role of reactive microglia and of stimulated TREM2. These animal models
lack tau pathology, and thus the complete response of microglia in the AD environment Muzio et al. (2021). In mouse
models of tau pathology, TREM2 is again exhibiting contradictory roles, with the absence of the receptor leading to
either neuroprotective or neurotoxic effects dependent on the animal model. Although it is probable that microglia
promote AD by exacerbating the damage caused in neurons by the neurofibrillary tangles, microglia may also be
implicated in the delay of tauopathy progression Hansen et al. (2017).

Concerning the immunological aspect of microglia in AD mice, various observations have been made. It is known
that the CD14 molecule expressed in microglia interacts with amyloid fibrils Muzio et al. (2021). Stimulation from
a𝛽 aggregates of the microglial upregulated surface markers, namely the CD14 molecule and TLRs, can result in
increased clearance of a𝛽 peptides Zhang et al. (2023). The stimulation can also result in the release of inflammatory
cytokines, such as TNF-𝛼 and IL-1𝛽. The latter reaction may be harmful and promote AD, as evidenced by a worsened
tau and amyloid pathology in animal models Hansen et al. (2017). Blocking TNF-𝛼 activity using either genetic
or pharmacological manipulation can ameliorate AD pathology. The same effect is detected when administrating
antagonists for the IL-1 receptor Zhang et al. (2023). Furthermore, reactive microglia tend to accumulate around newly
forming amyloid plaques, walling the aggregates off and constricting them in a denser form, possibly protecting the
brain from additional damage and plaque production Hansen et al. (2017).

A spectrum of genetic variations and gene expression is observed in human microglia. As for the role of TREM2 in
humans, analysis of postmortem brain tissues of AD patients revealed that loss-of-function TREM2 variants advance
the disease, possibly because they lead to reduced or less efficient uptake and degradation of the amyloid aggregates
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Hansen et al. (2017). Moreover, human AD microglia express a variety of genes, some of which are also seen in mouse
DAMs. Meanwhile, single cell sequencing and transcriptome analyses revealed the existence of various subsets of
microglia in human brains, with some clusters expressing homeostatic genes while others expressing genes related
to immune response. The gene expression characteristic of mouse DAM is not detected only in one cluster of human
AD microglia but is distributed in different subpopulations, thus a direct correlation of mouse DAM with human AD
microglia cannot be hypothesized Muzio et al. (2021). Regarding the shared downregulated markers in human AD
microglia and DAM, they are the P2Y12 and CX3CR1, and the upregulated ones include ApoE, AXL, SPP1, and
TREM2. Furthermore, tau-associated microglial subpopulations are detected in humans Paolicelli et al. (2022).

In conclusion, in early stages of AD microglia act beneficially, by phagocytosing a𝛽 peptide aggregates, thus halting
the formation of plaques. In contrast, it is possible that in later stages of the disease these cells act detrimentally
by advancing the progression of AD due to their chronic activation and the consequent constant release of pro-
inflammatory factors Gupta et al. (2018). Thus, the term of double-edged sword for microglia in AD progression
is a well-deserved one Hansen et al. (2017); Zhang et al. (2023). Moreover, the different subpopulations of human
microglia and their different role are still not illuminated fully.
Microglia in Parkinson’s Disease

Following Alzheimer’s disease, PD is the second most common neurodegenerative disorder. The movement
disorder in PD is caused by a chronic and progressive loss of dopaminergic neurons in the Substantia Nigra pars
compacta (SNpc) of patients, while the risk of suffering from the disease is related to environmental and genetic factors,
and to aging. The histopathology of PD is characterized by the intracellular aggregation of 𝛼-synuclein, which forms
protein inclusions named Lewy bodies and Lewy neurites, and by the demise of dopaminergic neurons. Microglial
activation is also detected in PD patients Muzio et al. (2021); Badanjak et al. (2021).

It is still not elucidated if neuroinflammation1 is a result or a fundamental contributor in the neurodegeneration
characteristic of PD. It has been observed that microglia are in a responsive state and their numbers are elevated in
the brain of PD patients Badanjak et al. (2021). In the first stages of the disease, microglia seem to adopt a more anti-
inflammatatory phenotype, acting protectively against tissue damage. Unfortunately, the progression of the disease
leads to over-activation of microglia, and consequently to the release of pro-inflammatory factors and finally to the
vicious cycle of CNS damage seen in figure 3 Gupta et al. (2018).

Neurotoxins are most commonly used in animal models to induce parksinsonism. In a mouse model of 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) induced PD, reactive microglia levels are elevated. Blocking microglial
responsiveness using minocycline in this animal model rescues dopaminergic neurons and reduces the amount of
inflammatory factors, such as TNF-𝛼 and ROS Badanjak et al. (2021). Confirming the finding that inflammation
is a leading cause behind neuronal death, another study found that MPTP-treated transgenic mice lacking TNF-𝛼
receptors exhibited decreased dopaminergic damage Muzio et al. (2021). To further prove these findings, in another
animal model, in which rotenone is used as the neurotoxic agent, Interferon gamma (IFN-𝛾) acting synergistically with
microglia induces neuronal cell death Badanjak et al. (2021).

Aggregates of 𝛼-synuclein are inflammatory triggers, and could be considered a Disease-Associated Molecular
Pattern (DAMP) for PD. 𝛼-synuclein can trigger microglia responsiveness in animal models and cell cultures, and
results in upregulation of specific genes and in increased microglial release of pro-inflammatory factors Badanjak
et al. (2021). More specifically, 𝛼-synuclein fibrils can activate a number of receptors present in microglia, including
the NLRP3. In consequent experiments on MPTP mice, admninistrating a BBB-penetrating NLRP3 inhibitor resulted
in reduced dopaminergic neurotoxicity Muzio et al. (2021). In PD patients, amoeboid shaped microglia are related
to misfolded protein pathology. But, as can also be seen in AD, the morphology and transcriptome heterogeneity of
human PD microglia is higher than in animal models of PD Badanjak et al. (2021). In mice models, PD-DAMs are
detected, and the upregulated markers in this subpopulation are included in figure 4.

In postmortem tissue studies of PD patients, MHC-II-positive microglia exist in higher numbers than in healthy
controls, and especially the amoeboid type related to inflammation. In addition, some brain regions such as the SNpc,
the putamen, and the temporal, cingulate and trans-entorhinal cortexes are more enriched in this specific population
of microglia Badanjak et al. (2021). In the substantia nigra, higher numbers of reactive microglia, and higher levels
of IFN-𝛾 , TNF-𝛼, and IL-1𝛽 are detected Gupta et al. (2018). These findigs indicate a region- and disease-specific
accumulation of microglia Badanjak et al. (2021). Remarkably, elevated levels of inflammatory cytokines are also

1The term neuroinflammation is conventionally used throughout the text to signify the chronic inflammation of the CNS as a response of resident
and circulating immune cells to local damage, observed in neurodegeneration.
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detected in the serum of PD patients, and higher levels of TNF-𝛼 are associated with a more severe symptomatology of
PD Badanjak et al. (2021). Moreover, Human Leukocyte Antigen – DR isotype, type of MHC-II receptor (HLA-DR)
has emerged as a genetic risk factor for PD, as a single nucleotide polymorphism in one of its subunits is a causative
factor in some cases of late-onset PD. HLA-DR-positive microglia can be detected in the substantia nigra of PD patients
Zhang et al. (2023).

The already existing results from transcriptomic analyses of PD patients’ tissues are not based on a vast variety of
samples. Still, it is evident that PD microglia exhibit a different transcriptome when compared to healthy controls. Of
note is the fact that in reactive PD microglia, various pathways are differentially activated, the most interesting ones
being the inflammation-related aldosterone, the ROS metabolism and the synaptic transmission pathway Badanjak
et al. (2021). Single nuclei RNA sequencing experiments revealed that reactive microglia in PD can follow different
activation pathways and thus end up being divided in subpopulations. One such cluster expresses high levels of
transmembrane glycoprotein NMB and another one expresses high levels of IL-1𝛽 . Moreover, possible genetic risk
factors of PD linked with microglia have emerged, such as the variants of LRRK2 Badanjak et al. (2021), and some
variants of TREM2, for example the rs75932628 Gupta et al. (2018).

The adaptive immune system plays a key role in PD, as active peripheral T-cells can be found inside the brain
tissues of patients. In line with these findings, in a rat model of PD, T-cells that have intruded the brain led to microglia
activation and a pro-inflammatory response against 𝛼-synuclein Badanjak et al. (2021).

Overall, our current knowledge regarding microglia and Parkinson’s disease is not as extended as in Alzheimer’s
disease. Microglia are upregulated in the brains of PD patients, and the consequent inflammation in the CNS is
evidently deteriorating the damage impacted on dopaminergic neurons. Further research should shed light on the
different subpopulations of microglia existing in PD, paving the way to manipulate microglia as a neuroprotective
agent against this disorder.
Microglia In Multiple Sclerosis

MS is a chronic neurodegenerative inflammatory disease of the CNS, and is mainly affecting young adults. It is a
complex disease, and the causes are still not known. Some genes are possibly implicated, and environmental factors are
contributors. Pathophysiologically, the disorder is described by focal lesions in the brain and spinal cord, inflammation,
demyelination of neurons in the white and grey matter, loss of oligodendrocytes and gradually escalating axonal loss.
The activation of immune cells, namely T-cells, B-cells and microglia, is related to the lesions. Multiple sclerosis
can be divided into different types. Most patients are suffering from the relapsing-remitting type of MS (Relapsing-
Remitting Multiple Sclerosis (RRMS)), in which the relapses are inflammatory episodes. The rest of the patients
experience primary progressive MS, in which no relapses or remissions are present. Finally, Secondary Progressive
Multiple Sclerosis (SPMS) is a second progressive course of RRMS, characterized by less inflammation. In all types,
neurodegeneration occurs since the beginning of the disorder Zia et al. (2020); Muzio et al. (2021).

The exact level of microglial implication regarding tissue destruction in MS is not fully clarified. In MS patients,
reactive microglia are detected in the brain. These can be found at the rim of active demyelinating lesions, when the
disease is in its progressive form (SPMS), and not at the rim of old inactive lesions. In postmortem brain tissues of
SPMS patients, phagocytic microglia are found Muzio et al. (2021). In lesions of early stage MS, 40% of phagocytic
cells are microglia, detected by the expression of TMEM119 Guerrero and Sicotte (2020). In RRMS, no correlation
has been found between microglia activation and disability Muzio et al. (2021).

As is the case for most NDs, preclinical models for MS are not representative of the disease complexity.
Experimental Autoimmune Encephalomyelitis (EAE) mice are most commonly used in preclinical studies of MS,
an animal model that is characterized by neuroinflammation and demyelination caused by immunization. The severity
of EAE is ameliorated when microglial activation is impaired using various methods, such as genetic manipulation,
CSF1R inhibitors Zia et al. (2020); Muzio et al. (2021), or minocycline Guerrero and Sicotte (2020), highlighting
the harmful aspect of microglia in MS pathogenesis. In another study, in which the EAE model used was indicative
of SPMS, inhibition of CSF1R led to a worsened progression of the disease, thus emphasizing the protective role
of microglia in MS Muzio et al. (2021). Ablation of all myeloid cells reduces EAE symptomatology, and various
manipulations showed that the interplay between macrophages and microglia is a driving force behind MS progression
Zia et al. (2020).

The explanation behind this diversity in the role of microglia lies in the existence of different subpopulations.
It has been proved that microglial subpopulations that release pro-inflammatory factors are present in MS, while
subpopulations also secreting anti-inflammatory factors and promoting remyelination exist. The microglial clusters
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that are first detected near demyelinating lesions are damaging, characterized by their neurodegenerative phenotype.
When those cells die, they are replaced by a neuroprotective, and remyelination-promoting population of microglia.
This is indicative of the microglial ability to shift from a detrimental to a immunoregulatory type in MS Zia et al. (2020);
Muzio et al. (2021). At least four different subpopulations of microglia in EAE models were found, and three different
subsets in MS patients. The identity of microglia in human patients is possibly indicative of the lesion’s evolution
stage and microenvironment. In addition, in preclinical mouse models similarities between MS-microglia and AD-
DAM gene expression profiles were found Zia et al. (2020). A specific to MS microglial subpopulation is identified in
animal models, namely the Microglia Inflamed in MS (MIMS) Paolicelli et al. (2022). Its gene expression profile is
indicated in figure 4. Moreover, even in normally appearing white and grey matter, microglia exhibit upregulation of
genes involved in lipid and iron homeostasis, marking their more responsive state. Elevated expression of genes that
are considered risk factors for MS in microglia are detected in MS patients Guerrero and Sicotte (2020).

Microglia can be detrimental or neuroprotective in MS progression, while research should be pointed towards
illuminating the complex role of these cells in MS pathogenesis and progression. Some microglia populations in MS
seem to limit the progression of the disease and help in remyelination, but others are exacerbating the damage caused
in neurons.
Microglia in Amyotrophic Lateral Sclerosis

ALS is a fatal neurodegenerative disease, exhibiting a rapid progression after its onset. The neurodegeneration
concerns the motor neurons in the motor cortex, spinal cord and brainstem. 90% of ALS cases are considered sporadic.
Mutations in more than thirty genes, with Superoxide Dismutase 1 (SOD1), TARDBP, FUS and C9orf72 being the most
common, have been implicated in familial ALS, which accounts for the remaining 10% of patients. Motor neurons may
be the affected cells, but non-neuronal cells are also involed in the progression of ALS, among them being microglia,
astrocytes and peripheral immune cells. The demise of motor neurons and the following pathological hallmarks result
in neuroinflammation, as evidenced from analysis of ALS patients’ samples Muzio et al. (2021); Clarke and Patani
(2020).

The general consensus regards that reactive microglia can be found in patients suffering from ALS. Discrepancies
between studies exist. Some report that only a group of ALS patients has reactive microglia, while others argue that
reactive microglia can be found not only in motor regions, but also in the spinal cord. The factors possibly affecting
these findings include the limited number of samples analyzed, the different genotype of the patients, the fact that
analysis of postmortem tissue means that only data regarding the end-stage of the disease can be collected while also
the tissue could be decayed, technical variations between the studies and finally the age of each individual patient, as
microglial gene expression changes with aging Clarke and Patani (2020); Muzio et al. (2021).

More information can be extracted from animal models of the disease, keeping in mind that microglial gene
expression differs between humans and mice Clarke and Patani (2020). In the SOD1G93A mouse model, alterations
in microglial phenotype are detected even before the disease onset when compared to the control group. During
the disease, microglia can act detrimentally and beneficially against the disease at the same time. Single-cell RNA
sequencing experiments using samples from SOD1G93A mice revealed a subpopulation of microglia having a gene
expression profile similar with AD-DAM, and more precisely demonstrating higher levels of TREM2 expression, and
of genes related to phagocytosis and lipid metabolism Muzio et al. (2021). Although, the ALS-DAM subpopulation
has a distinct gene expression signature compared with AD-DAM, as can be seen in figure 4.

Various manipulations in animal models to understand the complex role of microglia in ALS have already been
done. Mutations in the SOD1 gene can lead to protein misfolding, and mutant SOD1 tends to aggregate, the aggregates
contributing to neurodegeneration. These aggregates can activate microglia towards secreting pro-inflammatory factors
by binding with the CD14 molecule or TLRs, such as the Toll-Like Receptor 4 (TLR4). Inhibition of this protein-driven
activation can be done either pharmacologically, or by genetical deprivation of the receptors. Correspondingly, TLR4
inhibition led only to a slighlty reduced degeneration of motor neurons, while TLR4 knock out extended mice survival
by 2 weeks Muzio et al. (2021). Inhibition of CSF1R results in increased survival time of mice and prolongs the survival
of motor neurons. Depleting half of proliferating microglia by other means does not attenuate the disease progression
nor extend survival time, although this may implicate that the remaining proliferating microglia are adequate to induce
damage. Using IL-4 gene therapy in SOD1G93A mice led to a shift in microglia phenotype, but resulted only in delayed
onset of the disease and symptomatic improvement and had no effect in neurodegeneration and survival time. More
similar studies have been conducted, manipulating IL-10 levels and its receptor, the granulocyte-colony stimulating
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factor and some purinergic receptors, and their results are not the most promising, as none seemed to ameliorate all
aspects of the disease.

In conclusion, neurodegeneration in ALS is not prevented by manipulating microglia. More research is needed
to have concrete results and to understand the exact implication of microglia in the disease. It is highly probable that
microglia are not a protagonist in ALS pathogenesis, but rather a secondary responder to neurodegeneration Clarke and
Patani (2020); Muzio et al. (2021). Another factor which should be further investigated upon is the crosstalk between
microglia and the rest of glial and peripheral immune cells, as this interaction determines the function of microglia
Clarke and Patani (2020). Regardless, the contribution of microglia to the disease outcome and their potential to be
exploited in a clinically relevant therapy should not be neglected, as they exhibit neuroprotective effects in ALS.
Microglia in Frontotemporal Dementia

FTD is a neurodegenerative disease, which shares similarities regarding genetic risk factors, clinical symptoms and
pathology with ALS. It comes right after Alzheimer’s disease as the second most prevalent cause of dementia, and it is
lethal, without any cure in the market. The neurodegeneration is localized in the frontotemporal lobes. Genes expressed
in microglia are implicated in the disease, and these genes are involved in phagocytosis, autophagy, and inflammation
pathways, or their mutations lead to protein misfolding.

Some of these genes are C9orf72, Progranulin (PGRN), and TBK1 Lall and Baloh (2017); Haukedal and Freude
(2019). PGRN regulates the inflammatory response and is involved in phagocytosis and lysosomal physiology. Lack
of PGRN influences negatively the complement gene exression in microglia, and has a negative impact on synaptic
pruning. In mice, loss of PGRN leads to aberrant complement secretion and microglia activation Lall and Baloh
(2017); Sirkis et al. (2021). Haploinsufficiency in PGRN is a causative factor of FTD. Furthermore, microglia lacking
PGRN form a distinct subpopulation, expressing higher levels of disease-associated genes and downregulating the
expression of the homeostatic genes. Other proteins, whose function is related to PGRN, have also been implicated in
the pathogenesis of FTD and are expressed in microglia, such as the TMEM106B and the SORT1 Sirkis et al. (2021).

Concerning the levels, responsiveness status and morphology of microglia in the brains of FTD patients, a small
cohort study comparing patients with a control group revealed that microglia seem to increase in numbers and are more
dystrophic in FTD patients. Regional variations are detected, dependent on the FTD subtype. Microglia can be found
in the white matter, and those are phagocytic or antigen-presenting and dystrophic, while the microglia in grey matter
are more reactive. The located in white matter microglia could possibly be senescent, as indicated by their dystrophic
state, and thus dysfunctional, enhancing the susceptibility of this region to neurodegeneration. Another finding regards
the higher levels of phagocytic microglia in patients, specifically CD68-positive microglia in frontotemporal regions.
These results are far from conclusive, and further research is needed to understand the role of microglia in FTD, but
these early findings indicate that a possible therapy for FTD would involve the anti-senescence Woollacott et al. (2020)
or replacement of microglia in frontotemporal region, or the correction of the genes related to FTD and expressed in
microglia.
Microglia in Glioblastoma

GB is the most frequent primary brain tumour and is characterized as the most aggresive one. Currently, no curative
therapy exists. The therapeutic approach lies in a combination of surgery, radiotherapy, chemotherapy and tumour
treating fields, while immunotherapy and targeted therapy methods are being investigated Geribaldi-Doldán et al.
(2021); Khan et al. (2023). In the Tumour Microenvironment (TME) typical of GB, Tumour-associated Macrophages
and Microglia (TAMs) are found in abundance, contributing to the immunosuppresive character of TME and tumour
progression. TAMs exhibit high heterogeneity and plasticity. The identification of their different subpopulations is
crucial for gaining insight into GB progression and treatment Khan et al. (2023).

TAMs seem to act detrimentally in GB. These cells are able to promote tumour progression, by inactivating T-
cells through the CD274 pathway, by secreting cytokines and factors that promote GB angiogenesis and cancer cell
proliferation, and by contributing to resistance to radiotherapy Andersen et al. (2021). Reactive microglia can be found
spreaded throughout the tumour, and are the main type of TAMs in recently formed tumours. Macrophages are detected
in vascular structures of GB tumours and are the majority of TAMs in recurrent tumours. The heterogeneity in TAMs
subpopulations is wide Khan et al. (2023). Some studies have shown that the presence of M2-like microglia correlates
with decreased survival time, as for example they promote angiogenesis favorable for the tumour, while others support
that microglia act mainly pro-inflammatory and macrophages pro-tumourigenicly Andersen et al. (2021). A better
description of the TAMs’ phenotype is a continuous state of plasticity, and the co-existence in TME of both pro-
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and anti-inflammatory types of cells has been proved. Interestingly, new microglial subpopulations found only in GB
tumours of patients or in animal models have been identified, and such microglial subpopulations may express genes
related to MHC. These microglia can be of the pro-inflammatory type, or can have immunosuppresive abilities by
exhausting T-cells. Therapeutic strategies involving TAMs manipulation are being considered, such as blocking the
recruitment of TAMs to the tumour, mediating their reprogramming or ability to phagocytose, and controlling newly
identified subpopulations. Inhibition of CSF1R can either ablate TAMs or affect their phenotype, and is a promising
strategy in preclinical trials, but only as part of a combination therapy Khan et al. (2023).

TAMs contribute to the poor prognosis in glioblastoma. These immune cells act detrimentally against the patient,
as they support tumour progression, enhance the immunosuppresive TME and contribute to treatment resistance. Some
subpopulations of TAMs seem to have a protective role against glioblastoma. Further research is needed in order to
gain insight into the different subpopulations and their localization in the brains of GB patients, thus allowing us to
manipulate them therapeutically against GB.

Therapeutic Approaches for Brain Diseases based on Microglia Replacement Strategies
The treatment of the previously mentioned brain diseases should be neuroprotective and neurorestorative, ideally

not only inhibiting but also reversing the progression of the disease. As discussed, microglia are implicated in the
pathogenesis of NDs due to common driving factors in these diseases, as can be seen in figure 4, and are also implicated
in the progression of glioblastoma. They can possibly be used against NDs as a treatment themselves and against
glioblastoma as a target. The method we suggest for microglia-based therapies for NDs would involve repopulating
the brain with exogenous, but not necessarily allogeneic, microglia, as this has already been proved to ameliorate
neuroinflammation Rice et al. (2017). Moreover, replacing the native microglia would be beneficial as the senescent
subpopulation of microglia that may worsens neurodegeneration will be diminished.

Figure 4: Driving factors in Alzheimer’s and Parkinson’s disease, Multiple Sclerosis, Amyotrophic Lateral Sclerosis, and
Frontotemporal Dementia that lead to microglia responsiveness, and depiction of the divergence of microglia into clusters
in the environment of those diseases. The most distinct subpopulations that can be found in mouse brains are illustrated,
namely DAM in AD, ALS and PD, MIMS in MS, and MGnD generally in neurodegeneration. HAM, ARM, AD microglia
and aged microglia are commonly found in humans and mice. The most important upregulated markers in each phenotype
except aged and ARM microglia are specified. Created with BioRender.com and partially adapted from Paolicelli et al.
(2022).

Kogkalidou et al.: Preprint submitted to Elsevier Page 11 of 22



Kogkalidou A. et al/ Journal of Controlled Release (2023)

Microglia Replacement and Rejuvenation Strategies
Various methods of microglial repopulation have been reported. The replacement of resident microglia can be

achieved by endogenous microglia, or by (exogenous) Microglia-Like Cells (MLCs). In order for the new microglia or
MLCs to repopulate the brain, the depletion of native microglia in order to create a microglia-free niche is required,
so the new cells can occupy the available space Walsh and Lukens (2023).

The first general method of microglia replacement involves the depletion of endogenous microglia by short-term
treatment with CSF1R inhibitors, usually administered for less than a month, which leads to 90% microglial depletion in
the mouse brain. Afterwards, endogenous microglia can repopulate the created niche. These newly generated cells are
reported to be healthy. This repopulation can have a positive impact on many diseases. It should be noted that the CSF1R
inhibition may be the iniating factor leading to the observed reduced neuroinflammation, as CSF1R antagonists affect
other immune cells. This method offers little control over the outcome of microglia replacement, and its ameliorating
impact on diseases is possibly dependent on the stage of the disease and the functionality of microglia Kwon (2022).

Another method of microglia replacement refers to MLCs infiltration in the brain. These MLCs can be host-
produced peripherally derived MLCs, occuring after microglial ablation using tamoxifen. These cells exhibit different
marker signature compared to microglia, such as the lack of P2Y12. Moreover, these mononuclear cells can also be
donor-derived, and, being influenced by the CNS and the microglia ablation, can resemble microglia Han et al. (2020).
Hematopoietic Stem Cell Transplantation (HSCT), or Bone Marrow Transplantation (BMT), using healthy donor cells
seems to be the preferred method of MLCs production and infiltration. Unfortunately, the efficiency of this method
reaches only 5 to 20%, but it can be increased when microglia are depleted using a CSF1R inhibitor. These inhibitors
are also proved to be relatively safe in humans, as evidenced by clinical trials Kwon (2022). Allogeneic HSCT could
be beneficial for patients suffering from genetic disorders, such as CSF1R-related leukoencephalopathy, because the
donor MLCs would carry the correct gene variant Han et al. (2020).

To battle the unfortunately low efficiency of BMT, Xu et al. introduced three different strategies of microglia
replacement:

1. Microglia replacement by bone marrow transplantation (Mr BMT), which refers to transplantation of allogeneic
Bone Marrow Cells (BMCs) able to differentiate into microglia-like cells (Bone Marrow-Derived Microglia-
like (BMDML) cells) and engraft in the CNS. The replacement efficiency in the brain and the spinal cord is
approximately 92.60% Xu et al. (2020, 2021a).

2. Microglia replacement by peripheral blood (Mr PB), which refers to the induction of peripheral blood cells
(native or donor-derived) into MLCs able to engraft in the CNS. The efficiency reaches 80.74% in the brain. The
main benefit of this method is the higher availability of donor cells compared to bone marrow Xu et al. (2020,
2021b).

3. Microglia replacement by Microglia Transplantation (MT) (Mr MT), which refers to direct microglial admin-
istration into the brain and offers control of the engraftment region instead of being CNS-wide. This method
has only approximately 50% efficiency. The main benefit is that the introduced microglia resemble the most the
endogenous microglia, and the preciseness regarding the engraftment region Xu et al. (2020, 2021c).

For a more detailed comparison between the three methods, readers are encouraged to refer to the work of Xu et al.
(2020). Importantly, all three strategies offer the option of in vivo gene correction, either by introducing wild-type
donor cells or by modifying ex vivo the autologous cells Xu et al. (2020).

Regarding the rejuvenation strategies of microglia, they either aim to ameliorate or reverse the aged phenotype.
A variety of different methods are still being examined in order to achieve this. Roughly, there are four different
methodologies:

1. Microglia replacement
2. Anti-inflammatory and anti-oxidant strategies
3. Prevention or reversion of physiological changes in aged microglia
4. Modulation of the senescent microglia milieu Wong (2013)

The second, third and fourth methodology are analyzed in depth in the review of Wong (2013).
The most straightforward strategy to rejuvenate microglia fully is to replace them, and the replacement by CSF1R

inhibition and endogenous repopulation is shown to improve cognitive function in aged mice Elmore et al. (2018). Other
methods include the administration of agents with anti-inflammatory activity, such as minocycline and antagonists for
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the receptor of IL1, or anti-oxidating activity, such as flavonoids and other dietary supplements. Measures to correct
the pathways which are impaired with aging are also reported. Examples include decreasing the accumulation of
lipofuscin using fenretinide, enhancing autophagy using rapamycin and inhibiting the accumulation of mitochondrial
DNA mutations by enhancing the activity or expression of mitochondrial transcription factor A Wong (2013).

Other methods involve restoring the expression of markers that are differentially expressed in aged microglia. For
instance, CD36 is a molecule crucial for microglial phagocytosis and its downregulated in aged microglia. In the
pathology of MS, recruitment of microglia in demyelinating axons is crucial, in order for microglia to phagocytose
the myelin debris and secrete factors necessary for remyelination. This recruitment is regulated partly by CD36.
Administration of niacin in mice restores the expression of CD36, deeming this rejuvenation strategy a possible
strategy for the treatment of MS Rawji et al. (2020). In a similar concept, administration of a CD22 antagonist and
the consequent improvement in phagocytosis aims to improve cognitive deficits and microglial aging Kwon (2022).
Inhibition of NLRP3, for example with the molecule MCC950, could also be a strategy to alleviate the inflammatory
response in aged microglia Dema et al. (2021).

Another study proved the importance of prostaglandin E2 and its receptor EP2 in aged microglia. The production
of this prostaglandin is increased with aging, and results in reduced metabolic rate in microglia, while the EP2 receptor
is the main responsible receptor for the effects of prostaglandin E2. Inhibition of the EP2 receptor led to better energy
production in microglia, improved cognition and synaptic plasticity, and alleviated inflammaging, thus pinpointing
antagonists of the EP2 receptor as a possible microglia rejuvenation strategy Minhas et al. (2021).
Application of Microglia Replacement in Preclinical Models

Many researchers have proved the effectiveness of microglia replacement in animal models of neurological diseases.
The most promising results from preclinical trials in animal models of neurodegeneration are summarized in table 1.
In a mouse model with extensive neuronal loss, microglia depletion using the CSF1R antagonist PLX5622 followed
by endogenous microglia repopulation led to significant resolution of neuroinflammation and, more significantly, to
improvement of the functional deficits Rice et al. (2017). Similar results were obtained from brains of aged mice, in
which endogenous microglia replacement resulted in memory improvement, shifting of the microglial morphology,
microglial characteristics and neuronal gene expression towards that of young mice, and general amelioration of aged-
related impairment in the brain Elmore et al. (2018).

Microglia replacement strategies have already been tested in preclinical models of AD. BMDML cells injected into
the hippocampi of AD mice accumulate around a𝛽 plaques, and phagocytose a𝛽, minimizing the amount of plaques. An
improvement in cognitive function is also observed Kawanishi et al. (2018). In another study, it has been observed that
BMDML cells possibly condition endogenous microglia to phagocytose a𝛽 by secreting Transforming Growth Factor-
𝛽1 (TGF-𝛽1) Kuroda et al. (2020a). The injection of ex vivo produced peripheral blood-derived MLCs, stemming from
differentation of Hematopoietic Stem Cells (HSCs), into the hippocampi of AD mice had similar outcomes with the
previously mentioned study, namely the reduction of a𝛽 burden and improvement in cognition. The latter study appears
as a more clinically relevant method, as it uses autologous cells Kuroda et al. (2020b).

In familial ALS, microglia replacement is also beneficial. The first supporting evidence regarding this comes from
a PU.1 knockout mouse model carrying the SOD1G93A mutation. BMT performed in this mouse model resulted in
brain engraftment of wild-type microglia, which led to retardation of disease progression and extended survival time
Beers et al. (2006). In the SOD1G93A mouse model, clodronate liposome was used as an agent to deplete microglia,
and BMT was performed afterwards using cells expressing the wild-type SOD1. This experimental design resulted in
replacement of endogenous microglia with BMDML cells expressing wild type SOD1, postponing of ALS progression,
and extended survival time Lee et al. (2012). The Kobashi laboratory found bone marrow-derived mononuclear
cells exhibiting high ability of proliferation and of differentiation into microglia, namely the BM-iMG cells. BM-
iMG cells were transplanted into the spinal cord of SOD1G93A mice. The outcomes were increased survival time,
amelioration of motor symptoms, reduced neuron demise and microgliosis, upregulated expression of beneficial genes
and downregulated expression of pro-inflammatory genes Kobashi et al. (2022).

Furthermore, embryonic stem cell-derived microglia can serve as a delivery vehicle for neuroprotective therapeu-
tics, when injected intravenously, as examined in a mouse model of EAE. The transplanted MLCs engrafted around
the lesions. Even without the inclusion of a therapeutic agent in the transplanted cells, these MLCs acted benecifically
against EAE when localized in the spinal cord, but the improvement was not significant Beutner et al. (2013).

A newly developed method managed to achieve microglia replacement in the brain nearing 90% efficiency, by
treating mice with CSF1R inhibitors after BMT. This resulted in incorporation of peripheral blood-derived MLCs,
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Table 1
The most imporant preclinical trials of microglia replacement strategies in neurological diseases, showing promising results.
Glucosylceramidase beta (GBA), Knock-in (KI), Knock-out (KO), Prosaposin (Psap), Prosaposin Transgene Shibuya et al.
(2022) (PS-NA)

Disease Animal Model Intervention Outcome Reference

Neuronal Loss CaM/Tet-
DTAxThy1-GFP-M
mice

Endogenous Microglia
Repopulation

Reduction of Inflammatory
Response, Functional Recovery

Rice et al.
(2017)

Aging Aged mice Endogenous Microglia
Repopulation

Reversal of age-related deficits Elmore
et al.
(2018)

Progressive neu-
rodegeneration

GBA1D409HxPsap
KOxPS-NA mice

BMT Amelioration of pathology, slowed
progression, extended survival
time

Shibuya
et al.
(2022)

GBA-associated
PD

GBAD409V KI mice BMT Successful Gene Delivery by
MLCs

Plasschaert
et al.
(2022)

PGRN-
associated
FTD

GrnR493X mice BMT Successful Gene Delivery by
MLCs

Plasschaert
et al.
(2022)

AD APP/PS1 mice BMT Decreased a𝛽 deposition Li et al.
(2011)

AD APdE9 mice MT using BMDML
cells

Increased a𝛽 clearance, improved
cognitive function

Kawanishi
et al.
(2018)

AD APdE9 mice MT using BMDML
cells

TGF-𝛽1 secretion, increased a𝛽
clearance

Kuroda
et al.
(2020a)

AD APdE9 mice MT using peripheral
blood-derived MLCs

Increased a𝛽 clearance, improved
cognitive function

Kuroda
et al.
(2020b)

MS EAE mice (myelin
oligodendrocyte
glycoprotein,
incomplete Freunds
adjuvant, Pertussis
toxin)

Engineered MLCs,
intravenous adminis-
tration

Successful Delivery Vehicle Beutner
et al.
(2013)

ALS PU.1-/-xSOD1G93A

mice
BMT Extended survival, slowed disease

progression
Beers
et al.
(2006)

ALS SOD1G93A mice BMT Extended survival, slowed disease
progression

Lee et al.
(2012)

ALS SOD1G93A mice MT using BM-iMG
cells

Extended survival, amelioration
of symptoms

Kobashi
et al.
(2022)

called by the authors Circulation-Derived Myeloid Cells (CDMCs), in the brain. Applying this methodology in a
mouse model characteristic of neurodegenerative conditions, namely prosaposin-mutant mice, when the symptoms of
the disease were already evident, resulted in amelioration of CNS pathology, halting of neurodegeneration and extended
survival time of the mice. Noteworthy, CDMCs are distinct from microglia. They exhibit different gene expression,
morphology and functions, while they still have similarities to microglia, such as the expression of TMEM119, a
similarly branched morphology, and the ability to phagocytose Shibuya et al. (2022).
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Clinical Translation of Microglia Replacement Therapy
While the benefit of microglia replacement therapy in NDs is made clear by preclinical trials, in order for microglia-

based therapies to reach humans several key limitations have first to be examined. To start, MLCs are similar but not
identical with native microglia, their differences laying in their origin and characteristics. BMDML cells exhibit high
similarity regarding gene expression with microglia, of approximately 90%. Other shared traits are the observed self-
renewal of MLCs, and their response to alterations in CNS environment, as they are able to change their phenotype.
Remarkably, their full functionality is not established, and possible deviations from microglia functions may exist,
especially regarding the effects on neurons or their ability to scan the CNS environment Zhang et al. (2023).

Besides the need to determine if MLCs have unexpected effects and interactions in the CNS, several other
considerations need to be taken into account. In order for microglia replacement therapies to be utilized, we need
to determine the ideal timing for the depletion and repopulation of microglia regarding the stage of each disease.
It is probable that if the disease has already progressed too far, the replacement will not be beneficial. This can be
investigated in preclinical models, examining the efficacy and safety of the therapy in different timepoints, preferably
when symptoms are already present. Moreover, long-term effects and long-term efficacy of the therapy should be
studied.

Figure 5: The most up-to-date microglia replacement strategies in mice, and a simplification of the envisioned future
strategies applicable in humans. The native microglia are depicted with red color, while the blue colored are transplanted
MLCs and the green colored are ex vivo genetically modified and transplanted MLCs. Both types of MLCs can be donor
or patient-derived, either differentiated in the patient’s body after BMT or ex vivo differentiated and then blood infused
or injected in the CNS, the later administrative method being relevant to MT. In mice, CSF1R inhibitor and 9 Gy
head irradiation, or tamoxifen, are usually administrated to produce a migrolial niche Xu et al. (2020). Afterwards, the
replacement can occur throught BMT (Mr BMT), parabiosis and peripheral blood transfusion (Mr PB), or direct CNS
injection (Mr MT), with the methods exhibiting different efficiencies in microglia replacement. Created with BioRender.com

The existing strategies for microglia replacement refer only to animal models, and their translation to humans
remains difficult, partially because of the need to use harsh methods (irradiation, chemotherapeutics) to create the
necessary microglial niche. These methods have serious adverse events such as immunosuppression or higher risk of
cancer. Moreover, the mainly relevant method for humans up to now is HSCT, which also has drawbacks, such as

Kogkalidou et al.: Preprint submitted to Elsevier Page 15 of 22



Kogkalidou A. et al/ Journal of Controlled Release (2023)

the need to harvest cells from donors, the necessary immunosuppression of the patient, the high mortality and low
efficacy of the treatment, the unknown long-term effects, and the distinction between native microglia and the MLCs
that inhabit the brain Walsh and Lukens (2023). In addition, the BMT outcome is characterized by high variability,
because the whole bone marrow is too miscellaneous and ill-defined. The severity of BMT renders it an option only
for the treatment of end-stage diseases. For these reasons, primary HSCs can be utilized instead of BMT, a method
more clinically revelant Shibuya et al. (2022). The transplantation of genetically engineered MLCs appears as the most
promising strategy. It can either introduce cells with the correct genetic variant, such as the wild-type SOD1 in the
case of ALS, or it can enhance the neuroprotective effect of MLCs, for example by introducing in them a beneficial
mutation in TREM2 in the case of AD, to increase the a𝛽 clearance. In advance, these cells can be autologous and
thus the infusion would be safer for the patient due to lack of immune response. If coupled with human-applicable
Mr MT instead of blood infusion, which would lead to a regional specific integration of exogenous microglia, these
settings seem to conclude in the most controllable outcome. Unfortunately, the invasive administration of MT cannot
be overlooked. A depiction of the probable human and current mouse microglia replacement methodology is depicted
in figure 5, with the questions about human depletion and replacement strategies being unanswered.

In support of using genetically modified MLCs for microglia replacement, a recent finding paves the way for
their clinical application. This is based on the work of Chadarevian et al. (2022), who engineered a CSF1R variant
altered only in one amino acid position but rendered resistant to inhibitors. Introducing this mutant form of CSF1R
into MLCs enables them to be unaffected by the common depletion strategy that uses CSF1R inhibitors. Thus, the
depletion of native microglia by administration of a CSF1R inhibitor can occur concomitantly with the replacement
by the engineered MLCs. Inducing this mutation in human-induced pluripotent stem cell–derived microglia and
transplanting these cells into mouse brains after CSF1R inhibitor treatment resulted in the exogenous microglia being
engrafted for more than a month after ceasement of the CSF1R inhibitor administration. Some brain regions were
characterized by lower engraftment efficiency. Furthermore, the transplanted microglia resembled native microglia
regarding gene expression and immune response. This methodolody foreshadows future clinical applications of
engineered MLCs without the use of harsh microglia depletion strategies. Further proof-of-concept studies, as also
complete characterization of the effects of the mutated CSF1R in cell function, especially in vivo, are some of the next
necessary steps to validate this strategy.

Noteworthy, various groups have been developing more representing for human diseases preclinical models, by
transplanting human microglia into the brain of mice. These microglia keep their human "signature" while adapting to
the mouse brain environment, allowing us to examine in vivo the response of microglia more realistically. These models
can be further used to study the effects of the transplantation of genetically modified microglia, or even patient-derived
MLCs Hasselmann et al. (2019); Fattorelli et al. (2021).

Other Possible Microglial Therapeutics
The aim of this review is to highlight the complex pathological role of microglia in some NDs, namely AD, PD,

MS, ALS and FTD, and also in GB. Based on the detection of some beneficial against those diseases subpopulations
of microglia, on the need to rejuvenate the senescent microglia in neurodegeneration, and also based on the promising
results of preclinical trials, we propose microglia replacement strategy as a therapeutic option against NDs. As for
glioblastoma treatment, microglia can either be used as a target to be eliminated, or the microglia replacement strategy
could be utilized in combination with a method that favors the induction of only beneficial subpopulations, if possible.
While further research is needed to determine the plausibility of microglia replacement, encouraging steps have already
been made towards that direction.

Including microglia replacement and rejuvenation strategies for the treatment of NDs, microglia-based therapeutic
options are being considered in the scientific community. The first generation regarding these therapies is the anti-
inflammatory strategy, in which it was hypothesized that anti-inflammatory agents would battle the neuroinflammation
observed in NDs Kwon (2022), and immunotherapy against TAMs would alleviate glioblastoma progression Rivera
et al. (2021). The results from clinical trials from this first generation therapeutics were not positive. The second
generation involves shifting the balance of microglia phenotype towards the oversimplified M2 phenotype, either by
direct administration of agents favoring this shifting, or by transplantation of stem cells that indirectly support the
shifting. This second-generation therapeutic option is exhibiting better results. Following is the third generation of
microglia-based therapies, which refers to influencing the phagocytosis pathway, in a correcting or enhancing manner,
but does not have any results from clinical trials. Lastly, the fourth generation regards rejuvenation of aged microglia
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and the microglia replacement strategies Kwon (2022). Regardless, advanced therapeutic strategies could involve
the combination of different microglia-based and conventional treatments, a method highly relevant for all NDs and
glioblastoma, but applicable when additional research has revealed the unknown aspects of microglia replacement
strategies.
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