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ABSTRACT
A growing body of evidence highlights the importance of microglia, the resident immune cells of the CNS, and their pro- 
inflammatory activation in the onset of many neurological diseases. Microglial proliferation, differentiation, and survival are 
highly dependent on the CSF- 1 signaling pathway, which can be pharmacologically modulated by inhibiting its receptor, CSF- 1R. 
Pharmacological inhibition of CSF- 1R leads to an almost complete microglial depletion whereas treatment arrest allows for sub-
sequent repopulation. Microglial depletion has shown promising results in many animal models of neurodegenerative diseases 
(Alzheimer's disease (AD), Parkinson's disease, or multiple sclerosis) where transitory microglial depletion reduced neuroinflam-
mation and improved behavioral test results. In this review, we will focus on the comparison of three different pharmacologi-
cal CSF- 1R inhibitors (PLX3397, PLX5622, and GW2580) regarding microglial depletion. We will also highlight the promising 
results obtained by microglial depletion strategies in adult models of neurological disorders and argue they could also prove 
promising in neurodevelopmental diseases associated with microglial activation and neuroinflammation. Finally, we will dis-
cuss the lack of knowledge about the effects of these strategies on neurons, astrocytes, and oligodendrocytes in adults and during 
neurodevelopment.

1   |   Introduction

Microglia are the resident immune cells of the central nervous 
system (CNS). They derive from erythromyeloid precursors in 
the yolk sac that migrate towards the neuroepithelium during 
the embryo's development, where they play important devel-
opmental and homeostatic roles (Kierdorf et al. 2013; Ginhoux 
et  al.  2010, 2013; Tay et  al.  2017). Colony stimulating factor 1 
(CSF- 1) is the primary growth factor in the erythromyeloid 

lineage and therefore has a crucial responsibility in microglial 
proliferation, differentiation, and survival.

Microglial activation participates in the onset of neuroinflam-
mation. These cells express a wide variety of receptors (e.g., re-
ceptors to cytokines/chemokines, to so called damage associated 
molecular patterns (DAMPs) to pathogen- associated molecular 
patterns (PAMPs), or Toll- like receptors (TLR)) enabling them 
to perform a broad analysis of their environment. However, the 
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roles of microglia are diverse, and their description cannot be 
limited to an inflammatory perspective. Microglia, indeed, are 
also involved in crucial neurodevelopmental milestones and 
homeostatic processes. In the white matter, microglia promote 
fasciculation and myelination (Wlodarczyk et al. 2017) at devel-
opmental stages before allowing for the maintenance of oligo-
dendrocyte (OL) progenitors in adults (Hagemeyer et al. 2017). 
Finally, microglia are involved in neurogenesis. They regulate 
the number of neuronal progenitor cells (NPCs) by removing 
excess and apoptotic NPCs (Prinz et al. 2021) and participate in 
synaptic pruning through their phagocytic capabilities (Sierra 
et al. 2010).

Unfortunately, the pro- inflammatory activation of microglia 
keeps them further away from these roles (Krishnan et al. 2017) 
and leads to the secretion of molecules that can prove delete-
rious to their environment. More and more data from the lit-
erature tend to confirm the implication of activated microglia 
in numerous neurological diseases such as Alzheimer's (Wang 
et al. 2015; Martin et al. 2017), Parkinson's (Tang and Le 2016; 
Liu et  al.  2022; Smajić et  al.  2022), Huntington's (Palpagama 
et al. 2019), or multiple sclerosis (Yong 2022; Nissen et al. 2018; 
Absinta et al. 2021).

Targeting this activated pro- inflammatory microglial popula-
tion could be a promising therapeutic strategy in these pathol-
ogies. The blocking of the CSF- 1 signaling pathway through the 
pharmacological inhibition of the CSF- 1 receptor (CSF- 1R) al-
lows for the negative modulation of the population of microglia 
up to 99% depletion. The amplitude and duration of this deple-
tion can be modulated depending on dose and time of drug ad-
ministration. Adding such molecules to the therapeutic arsenal 
of juvenile and adult neurological diseases could be a significant 
step forward.

In this review, we will describe three main pharmacological 
inhibitors of CSF- 1R (PLX3397, PLX5622, and GW2580) and 
the results obtained when they were used for microglial deple-
tion. We will further highlight the promising neuroprotective 
results obtained by pharmacological microglial depletion in 
adults, but also discuss the limits of our current knowledge 
regarding the effects of these strategies on surrounding cells. 
Understanding these potential repercussions is crucial to the 
extension of microglial depletion strategies to neurodevel-
opmental diseases associated with microglial activation and 
neuroinflammation.

2   |   The CSF- 1 Pathway

2.1   |   CSF- 1R Ligands

The growth factor CSF- 1 (also known as Macrophage Colony 
Stimulating Factor or M- CSF) is the main effector of homeo-
stasis in the erythromyeloid lineage. Its associated pathway is 
therefore responsible for the proliferation, differentiation, and 
survival, of the cells of the mononuclear system (monocytes, 
dendritic cells, macrophages, microglia, osteoclast) and their 
medullary progenitors (Stanley et al. 1976). The ability of CSF- 1 
to stimulate the proliferation of these cells after administration 
has been demonstrated in vivo in mice (Hume et al. 1988), rats 

(Ulich et al. 1990), primates (Munn, Garnick, and Cheung 1990) 
and humans (VandePol and Garnick 1991).

Because of proteolysis and alternative splicing, the CSF- 1 protein 
has three homodimeric active isoforms: a glycoprotein located 
in the surface membrane (csCSF- 1) and two secreted isoforms: 
a proteoglycan (spCSF- 1) and a glycoprotein (sgCSF- 1) (Pixley 
and Stanley 2004). They all share a N- terminal region, including 
the active area of 149 amino acids structured in 4 alpha helices. 
Blood circulating concentrations of spCSF- 1 and sgCSF- 1 are 
similar, and they elevate endoneurial macrophages to a simi-
lar degree (Groh et al. 2016). Studies on genetically engineered 
isoform specific mice showed that these isoforms had different, 
although overlapping, roles regarding development and macro-
phage proliferation (Ryan et al. 2001; Dai et al. 2004). A study 
in a mouse model of Charcot–Marie- Tooth, highlighted the op-
posite roles of CSF- 1 isoforms regarding macrophage activation 
with spCSF- 1 mediating macrophage activation and csCSF- 1 
inhibiting it (Groh et al. 2016). Using transgenic mice express-
ing spCSF- 1, csCSF- 1 or all isoforms, they indeed showed that, 
while having similar influences on macrophage overall popula-
tion, spCSF- 1 expression led to an increase in the expression of 
the activation markers CD206 and CD86 while mice expressing 
csCSF- 1 demonstrated the opposite effect (Groh et al. 2016). In 
this sense, csCSF- 1, being located at the cell membrane, shows a 
local regulatory role opposed to the secretory isoforms spCSF- 1 
and sgCSF- 1 that act on distant cells.

Many cells produce CSF- 1, such as fibroblasts, endothelial cells, 
monocytes, macrophages, lymphocytes, microglia, osteoblasts, 
neurons, or astrocytes (Chitu and Stanley 2006; Pollard 2009). 
In normal conditions, this production is balanced by the endo-
cytosis of CSF- 1R upon ligation and the following degradation of 
CSF- 1 (Bartocci et al. 1987; Hamilton 1997).

Nevertheless, its production, as well as circulating and tissue 
concentrations, increase as part of many biological or patho-
logical events. A transitory increase is found in mice during 
pregnancy and placental formation (Pollard et  al.  1987) but 
has also been described in inflammatory diseases, cancers, 
or auto- immune diseases (Chitu and Stanley  2006; Sweet and 
Hume 2003; Hamilton 2008). In these pathological conditions, 
pharmacological modulation of the CSF- 1/CSF- 1R axis could be 
a promising path to explore.

A second ligand of CSF- 1R, interleukin (IL)- 34, has recently been 
identified. Even though they both act similarly upon binding to 
CSF- 1R; CSF- 1 and IL- 34 do not have any sequence homology 
with each other, even at their active site (Chihara et al. 2010). 
Nakamichi et al. and Freuchet et al. demonstrated that the bind-
ing of IL- 34 to CSF- 1R has, although close, different biological 
effects than CSF- 1 (Nakamichi, Udagawa, and Takahashi 2013; 
Freuchet et al. 2021). A growing body of evidence supports that 
they bind to different subunits within CSF- 1R (Wei et al. 2010). 
This coexistence of two different ligands with different proper-
ties led to the development of specific antibodies for the bond-
ing of each ligand (Chihara et  al.  2010). It could furthermore 
explain the differences between knock- out CSF- 1R (Csfr−/−) 
mice and CSF- 1 deficient mice (Csf1op/op), where Csfr −/− exhib-
ited a more severe macrophage depletion than Csf1op/op, sug-
gesting the action of an alternative ligand compensating for the 
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absence of CSF- 1, therefore IL- 34 (Nakamichi, Udagawa, and 
Takahashi 2013).

2.2   |   CSF- 1R

The action of CSF- 1 against targeted cells is done by linking to 
its receptor: CSF- 1R, a type III kinase protein receptor located 
at the extracellular membrane (Stanley and Chitu  2014; Chen 
et al. 2008). CSF- 1 links to the extracellular domain of CSF- 1R 
to induce its homodimerization and the autophosphorylation of 
tyrosine residues (Figure 1A) (Stanley and Chitu 2014; Guo and 

Ikegawa 2021; Mun, Park, and Park- Min 2020; Hu et al. 2021), 
leading to a complex cascade of intracellular signals (Figure 1) 
well described by Hu et al. (2021).

The structure of CSF- 1R is highly conserved between mice and 
humans. The extracellular domain of CSF- 1R contains immu-
noglobulin (Ig)- like domains to which ligands bind. Three N- 
terminal Ig domains (D1–D3) contribute to ligand recognition, 
while the next two Ig domains (D4–D5) are involved in stabiliz-
ing the ligand- receptor complex. The cytoplasmic domain con-
sists of two kinase domains, a kinase insert, a juxtamembrane 
domain, and a carboxy- terminal tail. CSF- 1R also undergoes 

FIGURE 1    |    Activation of CSF1- R upon binding of CSF1, or IL- 4 (A) and its signaling cascade leading to microglia proliferation, survival, differ-
entiation and chemotaxis (B).
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post- translational modifications such as phosphorylation and 
glycosylation. In the absence of ligand, CSF- 1R is in an inactive 
autoinhibitory state. Upon ligand binding, the juxtamembrane 
domain moves from an autoinhibitory position to an activated 
conformation.

2.3   |   Roles of the CSF- 1 Pathway During 
Neurodevelopment

The CSF- 1 pathway ends up in the production of factors pro-
moting proliferation, differentiation, chemotaxis, and survival 
of cells of the erythromyeloid lineage (Figure 1B) (Stanley and 
Chitu  2014). CSF1- R is expressed in a wide variety of cells 
such as paneth cells (PC) (Huynh et al. 2009), epithelial intes-
tinal cells of the colon (Huynh et al. 2013), renal proximal tu-
bule epithelial cells (Menke et al. 2009), neural progenitor cells 
(NPCs) (Nandi et al. 2012), and several subpopulations of neu-
rons (Nandi et al. 2012; Luo et al. 2013; Wang, Berezovska, and 
Fedoroff 1999). Therefore, the relevance of the CSF- 1 pathway is 
not limited to these cells, especially during embryonic and early 
brain development. This is particularly apparent in studies using 
Csf1op/op (Kubota et al. 2009) and Csf1r−/− (Gordon et al. 2010) 
mice where the lack of CSF1 expression leads to impaired angio-
genesis and lymphangiogenesis.

During neurodevelopment, the CSF- 1/CSF- 1R axis is primordial 
to the differentiation and proliferation of microglia. CSF- 1R ex-
pression first occurs in erythromyeloid precursor cells (EMPs) 
at embryonic day (E)8 (Gomez Perdiguero et al. 2015) and in A2 
progenitors at E9 (Kierdorf et  al.  2013). These progenitors are 
involved in the second wave (in regard to a first wave of mater-
nally derived macrophages between E7.5–8) of macrophage gen-
eration starting from the yolk sac and colonize different tissues. 
EMPs colonize the fetal liver giving rise to erythrocytes, granu-
locytes, and monocytes (Gomez Perdiguero et al. 2015) while A2 
progenitors colonize the brain and are responsible for the gener-
ation of microglia and brain associated macrophages (Kierdorf 
et al. 2013; Hagemeyer et al. 2017). The IL- 34/CSF- 1R pathway 
plays a crucial role in the migration of microglial progenitors to-
wards the CNS, as described in zebrafishes (Wu et al. 2018), and 
CSF- 1R (Erblich et al. 2011) as well as IL- 34 (Wang et al. 2012) 
deficient mice display a drastic reduction in microglial numbers.

In addition to its key roles in microglial development, CSF- 1 
signaling is also involved in neurogenesis. In vitro experiments, 
CSF- 1 and IL- 34 have been shown to regulate NPC self- renewal, 
differentiation, and survival (Nandi et al. 2012). These proper-
ties, conjointly with the ones of microglia in regard to neuro-
genesis, synaptic pruning, and oligodendrogenesis further put 
forward the roles of CSF- 1 signaling in neurodevelopment. In 
humans, inactivating mutations of Csf1r lead to the onset of 
progressive dementia in adults (Nicholson et  al.  2013; Konno 
et al. 2014).

3   |   Pharmacological Modulation of the 
CSF- 1/CSF- 1R Axis

Pharmacological modulation of the CSF- 1/CSF- 1R axis can 
serve two important scientific and therapeutic purposes. Firstly, 

it enables the study of the CSF- 1 pathway and its targeted cells. 
Secondly, it offers a potential treatment option for certain can-
cer types.

3.1   |   CSF- 1R Inhibition in Glioblastoma

The role of the immune system in oncogenesis is ambivalent. 
While at first targeting cancerous cells, it can later encourage 
cancer progression by favorizing the infiltration of tumor- 
associated macrophages (TAMs) (Pan et al. 2020). TAMs play a 
crucial role in the tumoral microenvironment, therefore promot-
ing tumoral growth and angiogenesis through the secretion of 
growth factors active on endothelial cells (Lamagna, Aurrand- 
Lions, and Imhof 2006). CSF- 1 is overexpressed in many solid 
tumors, facilitating the differentiation of monocytes into TAMs 
and their survival in the tumoral microenvironment (Stafford 
et al. 2016; Wesolowski et al. 2019; Shi, Yang, et al. 2019). The 
presence of such infiltrates is associated with adverse progno-
sis in most cancers (Pedersen et al. 2014) making TAMs perfect 
therapeutic targets in oncology. Two main pharmacological 
tools have been developed to act on the CSF- 1/CSF- 1R axis in 
TAMs: antibodies targeting either CSF- 1R or one of its ligands 
(CSF- 1 or IL- 34) and CSF- 1R specific tyrosine- kinase inhibitors 
(Lin 2021; Vaynrub et al. 2022).

These constatations also apply to glioblastoma (GBM), the 
most aggressive (14.6 months median survival (Dubrow and 
Darefsky  2011)) and common (15.6% of all primary brain 
tumors, 54% of primary malignant brain tumors (Ostrom 
et al. 2013)) type of cancer in the CNS. Similarly to other types 
of cancers, the progression of GBM is importantly affected by 
the tumor microenvironment and specifically by the action of 
resident microglia/macrophages through the production of 
growth factors (e.g., STI1, (Carvalho da Fonseca et  al.  2014), 
EGF (Coniglio et  al.  2012), TGF- β (Wesolowska et  al.  2008)) 
(Watters, Schartner, and Badie  2005). It is that glioma associ-
ated microglia/macrophages (GAMs) can represent 30%–50% 
of the tumor mass (Gutmann et  al.  2013). In GBM, several 
studies have reported the overexpression of CSF- 1 (but not of 
IL- 34) and CSF- 1R (Bender et al. 2010; Komohara, Jinushi, and 
Takeya 2014; De et al. 2016; Sun et al. 2019) and their correla-
tion with tumor progression (Komohara et al. 2008). De et al.'s 
study on a genetically engineered mouse model (FAP- V12Ha- 
ras- IRESLacZ (Ras*)) designed to modulate CSF- 1 expression 
levels further corroborated the role of CSF- 1 in gliomagenesis. 
Their results showed that CSF- 1 deficiency diminished glioma 
formation while its overexpression accelerated the formation of 
high- grade gliomas. This accelerated formation was associated 
with an increased density of glioma associated microglia/mac-
rophages (GAM) and decreased survival rates (De et al. 2016).

The CSF- 1/CSF- 1R axis plays both a role in the recruitment of 
GAMs as well as in their acquisition of specific phenotypes. In 
the tumor microenvironment, CSF- 1, overexpressed by glioma 
cells, acts as a chemoattractant (Coniglio et  al.  2012) toward 
GAMs where CSF- 1R- mediated signaling is associated with the 
acquisition of a pro- tumorigenic, anti- inflammatory M2- like 
phenotype (Komohara et al. 2008; Pyonteck et al. 2013). More 
precise description of GAM phenotypes, going beyond the sim-
plistic M1/M2 dichotomy, has been made possible by modern 
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omic approaches. In this sense, a single- cell RNA sequencing 
study by Ochocka et  al. (Ochocka et  al.  2021) highlighted the 
differential repartition of microglia and macrophages within the 
tumor mass with microglia being more peripheral to the tumor 
than infiltration monocytes/macrophages, usually situated at 
the core of the tumor. However, they demonstrated that these 
cells adopt a similar phenotype, showing a phenotypic contin-
uum making their precise identification furthermore difficult. 
This continuum of phenotypes seemed to be partially driven 
by a differential expression of pro- inflammatory markers and 
specially of genes encoding components of the MHCII protein 
(H2Aa, H2- Ab1, and H2- Eb1). This increase was, indeed, more 
important in microglia, and so at the periphery of the tumor, 
than in macrophages. Finally, in adequation with the descrip-
tion of M2 microglia and macrophages, Lgals3 expression was 
also augmented (Ochocka et al. 2021).

In view of the ineffectiveness of current therapeutic strategies, 
targeting the microenvironment of gliomas, and especially 
GAMs, through the inhibition of CSF- 1 signaling appears, as 
in other solid tumors, as a promising therapeutic approach. 
Pyonteck et  al. explored this path using the CSF- 1R inhibi-
tor BLZ945 (sotuletinib) to target GAMs in a mouse model of 
proneural glioblastoma multiforme and showed a significant 
regression of established tumors and an increase in survival. 
CSF- 1R inhibition led to increased apoptosis of tumorous cells as 
well as an arrest of their proliferation but, surprisingly, did not 
cause GAM depletion. This preservation of GAMs was linked 
to the secretion of factors such as granulocyte- macrophage col-
ony stimulating factor (GM- CSF) and interferon gamma (INFɣ) 
in the tumor microenvironment that promoted their survival. 
Finally, the beneficial effects of CSF- 1 inhibition regarding tu-
moral growth were correlated with a reduction in the expression 
of pro- inflammatory markers in GAMs (Pyonteck et al. 2013). In 
humans, however, the oral administration of PLX3397 showed 
no efficacy during a phase II trial in patients suffering from re-
current glioblastoma with a 6- month progression- free survival 
(PFS6) of only 8.6% (Butowski et al. 2016).

These therapeutic strategies targeting the CSF- 1/CSF- 1R axis 
have been transposed to specifically target microglia using 
anti- CSF- 1/CSF- 1R antibodies or inhibitors of the tyrosine- 
kinase activity of CSF- 1R. The next focus of our review will be 
on this second approach, particularly on three CSF- 1R inhibi-
tors: PLX3397 (pexidartinib), PLX5622, and GW2580. We chose 
pexidartinib (PLX3397) because of its well- known safety pro-
file as it was approved by the Food and Drug Administration 
(FDA) in August 2019 for the treatment of tenosynovial tu-
mors (Lamb  2019; U.S. Food and Drug Administration  2019). 
PLX5622 and GW2580 were selected because of their growing 
importance in microglia- focused research. Other microglial 
depletion strategies such as monoclonal antibodies, viral vec-
tors, or clodronate, were not included as they were judged less 
adaptable to the treatment of neurodegenerative and neurode-
velopmental diseases impacted by microglial activation such as 
Alzheimer's, Parkinson's, multiple sclerosis, or encephalopathy 
of prematurity. Finally, we will limit the extent of this review 
to microglial depletion strategies implying direct administra-
tion of the molecule to the subject animal and not to gestat-
ing mothers, as it has been done in some neurodevelopmental 
studies (Niiyama, Fujimoto, and Imai  2023; Rosin, Vora, and 

Kurrasch 2018). These studies highlight the important roles of 
microglia and macrophages during development as well as the 
adverse effects of CSF- 1R inhibitors on osteoclasts (Rosin, Vora, 
and Kurrasch 2018). In a study conducted by Rosin et al., treat-
ment using PLX5622 in dams starting at E3.5 led to a 99% mi-
croglial depletion in pups by E15.5. These pups later displayed 
weight loss, craniofacial deformity, difficulty to open their eyes, 
and a poorer global health status up until P28 (Rosin, Vora, and 
Kurrasch  2018). Finally, these strategies furthermore imply 
concomitant microglial depletion, as well as possible adverse ef-
fects, in dams, which could hinder their translation to clinical 
settings.

3.2   |   Pharmacological Properties of PLX3397, 
PLX5622, and GW2580

PLX3397, PLX5622, and GW2580 possess facilitating phar-
macological characteristics when considering their further 
investigation as potential treatments. First, these molecules 
cross the blood–brain barrier (BBB) and are bioavailable orally, 
making their oral administration possible (Elmore et al. 2014; 
Valdearcos et al. 2014; Conway et al. 2005). Their pharmacoki-
netic and pharmacodynamic properties are detailed in Table 1. 
Second, they all display a strong and selective inhibition of the 
tyrosine kinase- dependent activation of CSF- 1R with no major 
effect on other tyrosine kinases in the same range of concen-
trations (with the exception of the dual inhibitor PLX3397 as 
discussed below) (Conway et al. 2005; Spangenberg et al. 2019; 
Benner et al. 2020).

PLX3397 binds to the juxtamembrane region of CSF- 1R and se-
lectively and powerfully inhibits the receptor. As most tyrosine 
kinase inhibitors, PLX3397 possesses inhibitory proprieties on 
other tyrosine kinase receptors, and especially on c- kit, a receptor 
for the growth factor Stem Cell Factor expressed by hematopoi-
etic stem cells. PLX3397 highly binds to plasma proteins (> 99%) 
(Lamb 2019) and is metabolized in the liver by the cytochrome 
P450 3A4 (CYP3A4) and the UDP- glucuronosyltransferase 1–4 
(UGT1A4) (Zahir et  al.  2023, 2022). Pharmacokinetic studies 
using radiolabeled PLX3397 showed it was eliminated at 65% 
in feces (44% of which was unmetabolized) and 27% in urine. 
The half- life of the molecule was determined at 26.6 h (Zahir 
et al. 2023).

PLX3397 has been FDA approved in 2019 (U.S. Food and Drug 
Administration  2019) under the trade name Turalio for the 
treatment of tenosynovial giant cell tumors. This rare form of 
cancer, though mostly benign, is associated with highly incapac-
itating aggressive tumor growth correlated with the infiltration 
of TAMs overexpressing CSF- 1. The antiproliferative action of 
PLX3397 on TAMs allows for the diminution of the size of the 
tumors in patients and constitutes the main alternative to sur-
gery in this disease (Lamb  2019; Cassier et al.  2015). In 2016, 
the phase 3 ENLIVEN study established that the treatment re-
sponse rate (evaluated with the Response Evaluation Criteria 
in Solid Tumors or RECIST method (Eisenhauer et  al.  2009)) 
was 39% (and up to 53% when treatment was prolonged) against 
0% in the placebo group (Tap et al. 2019). Beyond this first suc-
cessful study, the molecule is currently being tested in many 
other types of cancer such as melanoma, leukemia, lymphoma, 



691

glioblastoma, and many forms of solid tumors (Cannarile 
et al. 2017).

It is worth noticing that the peripheral effects of PLX3397 on 
monocytes and macrophages are already visible at doses used 
to deplete microglia (Lei et  al.  2020). This forecasted setback 
to its utilization in neurological diseases remains to be eval-
uated (Han et al. 2020). Safety- wise, it has also been reported 
that the molecule could present a risk of liver toxicity (Tap 
et  al.  2019). and patients' liver function surveillance has been 
imposed by the FDA throughout the treatment (U.S. Food and 
Drug Administration  2019). Furthermore, as PLX3397 is pri-
marily eliminated in urine, dosage should be adapted to the 
patient's kidney function (FDA and “Prescribing Information—
TURALIO.” 2024). The pharmacodynamics of PLX3397 is not 
impacted by age, sex, race, or liver insufficiency.

Chemically close to PLX3397, PLX5622 displays similar char-
acteristics and allows for broad microglial depletion. However, 
PLX5622 has a reduced inhibiting potential on c- kit compared 
to PLX3397 with a calculated IC50 more than 50 times supe-
rior for this receptor (Spangenberg et al. 2019). IPLX5622, fur-
thermore, displays a greater passage of the BBB than PLX3397 
(Spangenberg et al. 2019). At doses used for microglial depletion, 
Lei et al. measured a strong and long- lasting effect of PLX5622 
on peripheral and circulating macrophages and especially a sup-
pression of C- C chemokine receptor type 2 (CCR2+) monocyte 
progenitors and C- X3- C motif chemokine receptor 1 (CX3CR1+) 
macrophages derived from the bone marrow (Lei et al.  2020). 
CX3CR1 expression in macrophages has been identified as a 
crucial regulator of their function at sites of inflammation and 
mediates skin wound healing (Burgess et al. 2019; Ishida, Gao, 
and Murphy 2008). Furthermore, Lei et al. noted these deple-
tions were long lasting and not always recovered by treatment 
arrest. This was notably observed in the spleen, where CX3CR1+ 

cells were still depleted 3 weeks after the end of the treatment. 
Overall, after treatment by PLX5622, bone marrow- derived 
macrophages displayed diminished phagocytosis abilities and 
IL- 1β expression.

GW2580 acts as a competitive inhibitor towards the fixation of 
adenosine triphosphate (ATP) to the CSF- 1R, therefore inhibit-
ing the tyrosine kinase activity of the receptor. GW2580 does 
not affect mouse lymphoid cells, human fibroblasts, endothelial 
cells, or five different human tumor lineages (Dev et al. 2004) 
while inhibiting the development of myeloid cells and mono-
cytes. In mice, the use of GW2580 reduces the CSF- 1 mediated 
production of Tumor Necrosis Factor (TNF) and IL- 6 induced 
by the injection of lipopolysaccharide (LPS). Similarly, GW2580 
inhibits the growth of CSF- 1- dependent tumorous cells in the 
peritoneal cavity. However, some properties have not been con-
firmed in  vitro: effects on TNF, IL- 6, and prostaglandin (PG) 
E2 following LPS in human and mouse monocytes and mac-
rophages (Wadsworth et  al.  1999; Gaul et  al.  2003). Finally, 
in  vitro, GW2580 inhibited bone degradation in cultures of 
human and rat osteoclasts.

4   |   Microglial Depletion

In neurobiology, the main goal of using CSF- 1R inhibitors is mi-
croglial depletion. This was first described in 2014 by Elmore 
et al. who achieved a 99% microglial depletion using PLX3397 
(Elmore et al. 2014). In the literature, this new tool has been of 
great interest into deciphering the different roles of microglia 
during normal development and in the adult brain (Hagemeyer 
et al. 2017).

It is worth noting that microglia depletion strategies targeting 
the CSF- 1R are not exclusive to rodents and have been used 

TABLE 1    |    Key pharmacokinetic and pharmacodynamic properties of PLX3397, PLX5622, and GW2580.

Properties (IV) PLX3397 PLX5622 GW2580

Human approval FDA (U.S. Food and Drug 
Administration 2019; 
FDA and “Prescribing 

Information—TURALIO.” 2024)

No No

Half- life (h) Human: 26.6 (FDA and “Prescribing 
Information—TURALIO.” 2024)

Mouse: 2.6 (Spangenberg 
et al. 2019)

NA

Clearance 5.1 L/h (FDA and “Prescribing 
Information—TURALIO.” 2024)

Mouse: 2.1 mL/min/kg 
(Spangenberg et al. 2019)

NA

Distribution volume 187 L (FDA and “Prescribing 
Information—TURALIO.” 2024)

NA NA

Elimination 65% fecal
27% renal (FDA and “Prescribing 
Information—TURALIO.” 2024)

NA NA

Plasma protein 
binding

Human: 99% (FDA and “Prescribing 
Information—TURALIO.” 2024)

NA Human: 98% (Conway 
et al. 2005)

IC50 CSF- 1R (μM) 0.017 (Benner et al. 2020) 0.016 (Spangenberg et al. 2019) 0.03 (Conway et al. 2005)

IC50 c- kit (μM) 0.012 (Benner et al. 2020) 0.86 (Spangenberg et al. 2019) > 13 (Conway et al. 2005)

Abbreviations: CSF- 1R, colony stimulating factor 1 receptor; IC50, half maximal inhibitory concentration; IV, intravenous; NA: non- available.
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successfully in other models. For example, in a study from 
2012 (Huang et al. 2012), Huang et al. illustrated in zebrafish 
that the movement of macrophages into the CNS hinges on the 
signaling facilitated by CSF- 1R. Their findings revealed that 
the targeted suppression of CSF- 1R using morpholino oligo-
nucleotides slows down the migration of macrophages from 
the yolk sac to the retina. The consequent late macrophage 
migration leads to microphthalmia, a delay in the withdrawal 
of retinal progenitor cells from the cell cycle, and a lack of 
neuronal differentiation. Subsequent observation reveals that 
when embryos are allowed to survive beyond the period when 
morpholino- induced translation inhibition diminishes, mi-
croglia repopulate the retina leading to a partial recovery of 
neuronal differentiation. These results underscore the indis-
pensable role of microglia in facilitating normal retinal growth 
and neurogenesis.

In rodents, multiple microglia depletion strategies have been used. 
Table  2 describes these different strategies displaying the mole-
cules used, their dose, time, and means of administration. CSF- 1R 
inhibitor- based strategies most commonly revolve on the admin-
istration of the drug directly in the chow, although gavage and 
even intraperitoneal (i.p.) injections have been used. The choice 
of different means of administration mainly differs on ease of use 
rather than on efficacy (Table 2) and is most importantly driven 
by the imperative of each animal model, and notably by the age of 
animals. While directly feeding animals with chow containing the 
molecule of interest is easier, i.p. injections become relevant when 
studying microglial depletion before weaning, allowing for direct 
administration to the pups. Moreover, i.p. and gavage allow for the 
precise dosage of drugs that can prove precious when complete 
microglial depletion is not targeted. In most studies, such almost 
complete microglial depletion could be achieved after 1–2 weeks 

of treatment at different ages using PLX3397 or PLX5622 (Liu 
et al. 2019; Ma et al. 2020; Feng et al. 2017; Riquier and Sollars 2022; 
Soto- Diaz et al. 2021; Neal et al. 2020), the latter being most ef-
fective. Unlike PLX3397 and PLX5622, GW2580 did not induce 
microglial depletion. However, in a study by Neal et al., GW2580, 
while not reducing cell counts of Iba1+ (Ionized calcium- binding 
adapter molecule 1) stained microglia, had a noticeable mitigating 
effect on neuroinflammation by causing a decrease in microglial 
mRNA expression of pro- inflammatory factors such as Nos2, Il- 1b 
or Il- 6, without affecting mRNA levels of anti- inflammatory medi-
ators (Neal et al. 2020). These data further confirm the direct role 
of CSF1 signaling in microglial activation beyond sole microglial 
depletion. Moreover, the inability of GW2580 to cause significa-
tive microglial depletion could be explained by its selectivity on 
CSF- 1R and its very low inhibitory capacity on c- kit (Conway 
et al. 2005), a receptor also involved in the survival of microglia 
(Zhang and Fedoroff 1998).

4.1   |   Effects of Microglial Depletion in Neonates 
and Adults

Microglial depletion can be achieved in a variety of contexts, 
at different ages, in both physiological situations and patho-
logical models. Approaching the consequences of these deple-
tory strategies outside of any pathological situation has been 
used to better understand the roles of microglia and is import-
ant to understand the ramifications of microglial depletion. 
Because of the roles held by microglia in neurodevelopment, 
their depletion at early stages, and especially in the neonatal 
period, are of the upmost importance when studying the feasi-
bility of microglial depletion strategies in neurodevelopmental 
disorders.

TABLE 2    |    Microglial depletion strategies using PLX3397, PLX5622, or GW2580 and their results.

Molecule Administration Animal Dose and duration Age of animal Depletion

PLX3397 Chow (Liu et al. 2019) Mice 275 mg/kg for 7 days 
and 21 days

2–3 months 50%–70% to D7
90% to D21

Gavage (Ma 
et al. 2020)

Mice 50 mg/kg for 14 days, 
once a day

P14 55% to D7 (P21)
78% to D14 (P28)

Gavage (Zhang 
et al. 2021)

Mice 25 mg/kg for 7 days, 
twice daily

P4 90% to D5

Intraperitoneal 
(Kuse et al. 2018)

Mice 0.25 and 1 mg/kg, twice daily P0 33% to D7

PLX5622 Chow (Liu et al. 2019) Mice 275 mg/kg for 7 days 2–3 months > 95% to D3

Chow (Feng 
et al. 2017)

Mice 1200 mg/kg for 7 days 5 weeks 90% to D7
95% to D21

Intraperitoneal 
(Riquier and 
Sollars 2022)

Rat 50 mg/kg, once daily 
(P1–P11), then 50 mg/kg, 

twice daily until P40

P1 > 97% to P3, ≈ 99% 
to P14, remain stable 
through P21 and P40

GW2580 Gavage (Soto- Diaz 
et al. 2021)

Mice 50 mg/kg for 8 days 8–12 weeks No significant effect

Intraperitoneal 
(Neal et al. 2020)

Mice 80 mg/kg for 6 days P7 No significant effect

Abbreviations: D, day of treatment; P, postnatal day.
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The consequences of microglial depletion during the neonatal 
period were underlined in several studies that highlighted the 
developmental roles of microglia. In a 2017 study focused on 
the behavioral consequences of microglial depletion, Nelson 
et  al., showed an increase in anxiety- like behavior and in 
motor activity in P30 and P80 rats following intracerebroven-
tricular injections of liposomal clodronate between P1 and P4 
(Nelson and Lenz 2017). These results highlight the long- term 
consequences of microglial depletion (70% depletion at P6 in 
this case), most probably through the perturbation of neuro-
developmental processes. However, only few studies studied 
some of the mechanisms behind these behavioral outcomes 
using microglial depletion strategies based on CSF- 1R tyro-
sine kinase inhibitors in neonate pups. Among this narrow 
sample of the literature, Kuse and colleagues highlighted the 
regulatory effects of microglia on the proliferation of mice 
retinal precursor cells (Kuse et  al.  2018). Their study nota-
bly shows the decrease of the proliferative capacity of these 
cells when microglia is depleted using PLX3397, forecasting 
potential impairment of the retinal layer in these animals. In 
another example, Riquier et al., demonstrated the important 
role of microglia during development in the pruning of the 
glossopharyngeal nerve. PLX5622- induced microglial deple-
tion indeed impeded synaptic pruning at the terminal field 
of the glossopharyngeal nerve and cause an expansion of this 
region (Riquier and Sollars 2022). It can therefore be expected 
that this effect on synaptic pruning impacts all the CNS and 
therefore that perinatal microglial depletion strategies could 
be responsible for abnormal establishment of neural circuits.

In adult mice, the perspective of microglial depletion strate-
gies using CSF- 1R inhibitors, however, appears to face not as 
many hurdles. Feng et  al. notably reported no adverse effects 
of a 98% microglial depletion, 5 weeks after its induction using 
PLX5622. Their study, focused on the hippocampus, did not re-
port any consequences in tasks regarding learning or memory 
(Feng et al. 2017). On the contrary, microglia depleted mice had 
better results than controls when assessing their susceptibility 
to develop postoperative cognitive decline (POCD) in a Morris 
water maze test. These improvements were linked to an import-
ant reduction of surgery associated neuroinflammation and, es-
pecially showed a decrease in the secretion of pro- inflammatory 
mediators such as IL- 1β, IL- 6, TNFα, and chemokine ligand 2 
(CCL2), as well as an arrest in the recruitment of CCR2+ leu-
kocytes. Moreover, in adult mouse models of cerebral ischemic 
strokes, the use of CSF- 1R inhibitors highlighted the protective 
roles of microglia. In such models, microglial depletion led to an 
exacerbation of stroke severity through the pro- inflammatory 
activation of astrocytes, the dysregulation of neuronal calcium 
responses, and increased neuronal cell death (Szalay et al. 2016; 
Jin et al. 2017).

4.2   |   Microglial Depletion, a Promising 
Therapeutic Strategy in Neurodegenerative 
Diseases?

The interest for the therapeutic potential of CSF- 1R inhibitors 
in neurological diseases linked to microglial activation is quite 
recent. However, the number of these publications constantly 
increased over the last decade as the central role of microglial 

activation in many neurological diseases was progressively 
highlighted (Paolicelli et al. 2022). Indeed, through a wide vari-
ety of receptors (e.g., TLRs, receptors to cytokines/chemokines, 
to so called DAMPs and PAMPs) microglia scan their environ-
ment for any homeostatic change. In the event of an activation 
signal, microglia can adopt a range of activation phenotypes, 
implying morphological modifications (Paolicelli et  al.  2022). 
Pro- inflammatory microglial activation and its associated neu-
roinflammation are more and more found to be common de-
nominators in neurodegenerative diseases (86) such as multiple 
sclerosis (Perry, Nicoll, and Holmes 2010), Alzheimer's disease 
(AD) (Baik et al. 2019; Olah et al. 2020), Parkinson's disease (Su 
et al. 2008; Kim et al. 2013; Croisier et al. 2005) or Huntington's 
disease (Tai et al. 2007; Sapp et al. 2001; Pavese et al. 2006). In 
these pathologies, microglial depletion strategies promise re-
duced neuroinflammation and showed positive effects on its 
behavioral consequences (Dwyer et al. 2020; Spiteri et al. 2022).

Among neurodegenerative diseases, the effects of CSF- 1R ty-
rosine kinase inhibitors have most importantly been studied 
in rodent models of AD. In AD, expression levels of CSF- 1 and 
CSF- 1R are increased (Walker, Tang, and Lue  2017; Olmos- 
Alonso et al. 2016) and further justify the use of these strategies. 
Moreover, microglia have been shown to be implicated in the 
processes leading to the aggregation and abnormal phosphory-
lation of the Tau protein (pTau) as well as in the accumulation of 
amyloid- β (Aβ) plaques, two hallmarks of the disease (Serrano- 
Pozo et al. 2011). Asai and colleagues explored the involvement of 
microglia in pTau propagation using PLX5622- induced microg-
lial depletion in a mouse model of tauopathy and showed that 
microglial depletion was responsible for a reduction of 86% in 
AT8+ pTau in the granular layer (Asai et al. 2015). Furthermore, 
some authors, such as Shi et al. implied that microglial activa-
tion could directly mediate neurodegeneration in AD. Their 
research focused on a transgenic mouse model of tauopathy 
demonstrated that PLX3397 administered through chow to 
6- month- old mice, a critical timeframe regarding neurodegen-
eration in the model, drastically reduced neurodegeneration 
and AT8+ pTau accumulation (Shi, Manis, et al. 2019). In this 
study, brain atrophy was highly correlated with CD68 expres-
sion, highlighting the role of activated microglia. The positive 
effects of microglial depletion on Aβ aggregation where studied 
by Spangenberg and colleagues using PLX5622 or PLX3397 in 
a mouse model (5xFAD) of AD (Spangenberg et al. 2019). Their 
research, concluded in a several positive outcomes regarding Aβ 
plaques formation. Microglial depletion led to a 33% reduction in 
plaque formation and prevented the downregulation of synaptic 
genes such as Dlk2, Dync1l1, Gls, Kcnq3, Nrg3, and Scn1b in the 
hippocampus.

Similarly to what is observed in AD, CSF- 1R expression is 15% 
higher in Parkinson patients than in controls (Walker, Tang, and 
Lue 2017) and positive outcomes of treatments using CSF- 1R in-
hibitors where found. In a 1- methyl- 4- phenyl- 1,2,3,6- tetrahydro
pyridine (MPTP) induced model of Parkinson's, GW2580 treat-
ment showed a decrease in the expression of genes associated 
with microglial activation, such as IL- 1β, Nos2, Gp91, or Il- 6 (Neal 
et al. 2020). However, no positive regulatory effect was shown 
regarding genes associated with anti- inflammatory phenotypes 
of microglia. These signs of a decrease in the pro- inflammatory 
activation of microglia were linked to better behavioral test 
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results and reduced neurodegeneration of dopaminergic neu-
rons. GW2580 treatment was responsible for a diminution of 
neuronal loss from 60% to 17% and a significant amelioration of 
the use of the animal hind legs in behavioral tests.

In multiple sclerosis, Marzan et  al., explored the possibili-
ties offered by microglial depletion using PLX3397 in a cupri-
zone model, known to induce white matter lesions (Marzan 
et al. 2021). Using fate- mapping strategies, they first identified 
microglia to be present at the site of cuprizone- induced le-
sions and demonstrated that microglial activation induced by 
CSF- 1 injection, was sufficient to cause demyelinating injuries. 
These results directly make microglia the effector of these de-
myelinating lesions. Accordingly, microglial depletion delayed 
cuprizone- induced demyelination as well as astrogliosis.

Benefits were also observed in a mouse model of Huntington's 
disease, where microglial depletion by PLX3397 led to better re-
sults in object recognition trials and had a positive effect on the 
reduction of the striatum volume that is characteristic of the dis-
ease (Crapser et al. 2020). In addition, positive behavioral out-
comes were observed in models of traumatic brain injury (TBI), 

where neuroinflammatory processes mediate long- term neuro-
degenerative deleterious effects (Henry et al. 2020).

The link between microglial activation and neuronal loss more-
over paves the way for microglial repopulating strategies such as 
the one explored by Chadarevian et al. (2023). The strategy they 
propose is based upon the selective depletion of native microglia 
to allow for the repopulation of the CNS by CSF- 1R inhibitors- 
resistant microglia originating from hematopoietic stem cell 
grafts. It could indeed ensure a direct reduction in the activation 
phenotype of microglia while allowing for the maintenance of 
their homeostatic functions.

5   |   Impact of CSF- 1R Inhibitors on Other Brain 
Cell Types

Before considering microglial depletion as a sustainable thera-
peutic option, it must show a positive benefits/risks balance and 
the absence of deleterious effects. This question applies espe-
cially to the cells surrounding microglia: neurons and other glial 
cells such as astrocytes, and oligodendrocytes (Figure 2).

FIGURE 2    |    The possible impacts of microglial depletion using CSF- 1R inhibitors on neurons, astrocytes and oligodendrocytes. The inhibition 
of the CSF1 signaling pathway by CSF- 1R tyrosine kinase inhibitors leads to the depletion of up to 99% of microglia. The depletion of these cells 
could prove to be deleterious on other cell types in the CNS through the arrest of key homeostatic and neurodevelopmental functions of these cells or 
through the rupture of homeostasis the accumulation of microglia debris could cause. Moreover, CSF- 1R is expressed by NPCs, where its signaling 
is important to their differentiation and proliferation. Finally, like other tyrosine kinase inhibitors, the specificity of PLX3397, PL5622, and GW2580 
is not directed towards the active site of the CSF- 1R but rather towards the intracellular tyrosine kinase domains. These molecules could therefore 
show inhibitory capabilities on other tyrosine kinase receptors such as PDGFRα, a receptor involved in the differentiation of OPCs. Abbreviations: 
NPC, neural progenitor cell; OPC, oligodendrocyte progenitor cell.
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5.1   |   Neurons

The impact of microglial depletion on neurons is hard to deter-
mine, and its evaluation outside of pathological models has yet 
to be done, especially during neurodevelopment. Neurons in-
deed express the CSF- 1R (Wang, Berezovska, and Fedoroff 1999) 
and the CSF- 1 pathway has been linked to neurodevelopmental 
processes such as neural progenitors' differentiation and axons' 
capacity to cross the corpus callosum midline in CSF- 1Rko mice 
embryos (Nandi et al. 2012). CSF- 1R inhibition during CNS de-
velopment could therefore prove to be deleterious, especially 
when performed at young age and regarding synapse devel-
opment. The existence of synapse development impairments 
following early microglial depletion was assessed by several 
authors at different times and regions such as the cortex (Ma 
et al. 2020), the auditory nervous system (Chokr et al. 2022), or 
the glossopharyngeal nerve (Riquier and Sollars 2022). On the 
other hand, in several adult models of disease where neuroin-
flammation is at the heart of neuronal loss, such as AD, amy-
otrophic lateral sclerosis or TBI, CSF- 1R inhibition- mediated 
microglial depletion showed positive results regarding neurode-
generation (Han et al. 2019). This was notably observed in an 
adult model of TBI where a diminution in the size of observed 
lesions, a reduction in neuronal loss, as well as improvements 
in the recovery of sensorimotor and cognitive function were 
observed 3 months after TBI (Henry et al. 2020). However, the 
effects of CSF- 1R inhibition on neurons remain to be studied in 
healthy conditions.

5.2   |   Astrocytes

Astrocytes are the most represented cells among glia. They have 
multiple essential functions, from trophic and supportive roles 
to neurons to BBB integrity and even play a role at the synapse 
where they actively participate in the modulation of neurotrans-
mission (Halassa, Fellin, and Haydon 2007). In the healthy brain, 
astrocytes produce immunomodulatory factors such as trans-
forming growth factor beta (TGF- β) and favor the persistence 
of an anti- inflammatory environment (Norden et  al.  2014). 
However, following CNS insult, astrocytes show their own re-
activity and participate alongside microglia to the neuroinflam-
matory response notably through the production of numerous 
pro- inflammatory cytokines (Escartin et al. 2021) such as IL- 6 
and CCL2 (Linnerbauer, Wheeler, and Quintana 2020).

As for neurons, only a few studies focused on the effects of 
CSF- 1R inhibitors on astrocytes. A recent study by Yang et al. 
demonstrated that the ablation of microglia using PLX3397 led 
to increased astrocyte reactivity and inflammatory response but 
did not increase the total number of astrocytes in a mouse model 
of Parkinson's disease (Yang et al. 2018). This increased astro-
cyte reactivity could be the consequence of the homeostatic rup-
ture caused by the death of microglia and the accumulation of 
their debris. A 2022 study indeed showed that microglial debris 
are mostly phagocyted by astrocytes through C4b opsonization 
although microglia showed in  vitro capabilities to phagocyte 
microglia debris as well (Zhou et al. 2022). On the other hand, 
Riquier and Sollars  (2020) while also noticing constant total 
numbers of astrocytes after microglial depletion, showed a 
reduced astrocyte response to brain injury after microglial 

depletion. Again, the effects of these molecules on astrocytes in 
the healthy brain remain to be investigated.

5.3   |   Oligodendrocytes

OLs are the myelinating cells of the CNS. They differentiate from 
oligodendrocyte progenitor cells (OPC) deriving from neural 
stem cells. In adults, the presence of a pool of OPCs ensures the 
renewal and replacement of dead OLs. The pre- oligodendrocyte 
(pre- OL) stage is intermediate to OPCs and mature OLs and 
is characterized by the engagement of the pre- OL towards an 
axon. Only mature OLs have myelinating capabilities. In addi-
tion to their main myelinating function, OLs play an important 
metabolic function and support axonal integrity (as deeply dis-
cussed in a review by Nave, Asadollahi, and Sasmita (2023)).

In many models of white matter lesions, OLs are the first cells to 
suffer from microglial activation and would therefore be the first 
beneficiaries of microglial depletion during neuroinflamma-
tion. This is particularly true in neurodevelopmental diseases 
linked to neuroinflammation where OL maturation arrest leads 
to white matter lesions such as encephalopathy of prematurity 
(Volpe et al. 2011; Verney et al. 2012; Favrais et al. 2011; Shiow 
et al. 2017). Bocazzi et al. highlighted the interplay between OLs 
and microglia in the context of perinatal inflammation. In their 
study, immature OLs displayed an upregulation of several in-
flammatory genes such as Il1b, Ifnb1, Ccl2 or Cxcl10. Moreover, 
they showed in vitro the capacity of OLs to modulate microglial 
activation and concluded that the response of oligodendrocytes 
can play an autonomous role in blocking their own differentia-
tion (Boccazzi et al. 2021).

However, as for the other cells in the CNS, the amount of data 
we have on the effect of CSF- 1R inhibitors on oligodendrocytes 
is not sufficient. Contradictory elements tend to show that the 
impact on these cells would depend on the molecule rather than 
on microglial depletion itself. In a study from 2019, PLX5622 
did not significantly affect OPCs at low doses while PLX3397 
caused a significant OPC loss in the brain of adult mice (Liu 
et al. 2019). These results may also highlight the different un-
wanted cross- inhibitory capacities of CSF- 1R tyrosine kinase in-
hibitors on PDGFRα (Platelet- derived growth factor receptor A), 
another typer 3 kinase protein receptor, involved in the regula-
tion OPC migration and proliferation (Zhu et al. 2014; Woodruff 
et al. 2004).

6   |   Conclusion

CSF- 1R tyrosine kinase inhibitors allow for the depletion of mi-
croglial populations by up to 99%. Compared with other mole-
cules used in depletory strategies, their capacity to cross the BBB 
and their oral bioavailability make them promising therapeutic 
candidates in pathologies where microglial activation is at fault. 
This is notably the case in many neurodegenerative and neuro-
developmental disorders. In several models of neurological dis-
eases such as AD or Parkinson's disease, both characterized by 
the pro- inflammatory activation of microglia, the application of 
these depletory strategies led to a reduction of neuroinflamma-
tion and neurodegeneration.
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However, there is an important lack of knowledge regarding the 
effects of such molecules and strategies on neurons, astrocytes 
and oligodendrocytes, the three other major cell types in the 
CNS. These effects need to be evaluated to ensure the absence 
of deleterious effects of microglial depletion, especially at neu-
rodevelopmental stages. Indeed, the importance of microglial 
activation in neurological disorders is not limited to neurodegen-
erative diseases but is also of particular importance in neurode-
velopmental disorders, such as encephalopathy of prematurity 
and hypoxic–ischemic injury. As microglia displays important 
neurodevelopmental roles in the arrangement of the neural cir-
cuitry, in oligodendrocyte differentiation and myelination, the 
importance of such research appears pivotal to the implementa-
tion of microglial depletion strategies in the therapeutic arsenal 
of these diseases.

Author Contributions

David Guenoun, Nathan Blaise and Alexandre Sellam: conceptu-
alization, writing – original draft, writing – review and editing. Julie 
Roupret- Serzec and Alice Jacquens: writing – original draft, writing 
– review and editing. Juliette Van Steenwinckel, Pierre Gressens 
and Cindy Bokobza: conceptualization, project administration, super-
vision, validation, visualization, writing – original draft, writing – re-
view and editing.

Acknowledgments

We especially thank Sihao Diao for her suggestions during the writing 
of this article. Schematic representations were created using BioRender.

Ethics Statement

This article does not involve human or animal subjects; therefore, 
an ethics approval statement and patient consent statement are not 
applicable.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The authors have nothing to report.

Permission to Reproduce Material From Other Sources

All material included in this article has been generated by the authors, 
and no material from other sources has been reproduced.

References

Absinta, M., D. Maric, M. Gharagozloo, et  al. 2021. “A Lymphocyte–
Microglia–Astrocyte Axis in Chronic Active Multiple Sclerosis.” Nature 
597, no. 7878: 709–714.

Asai, H., S. Ikezu, S. Tsunoda, et  al. 2015. “Depletion of Microglia 
and Inhibition of Exosome Synthesis Halt Tau Propagation.” Nature 
Neuroscience 18, no. 11: 1584–1593.

Baik, S. H., S. Kang, W. Lee, et  al. 2019. “A Breakdown in Metabolic 
Reprogramming Causes Microglia Dysfunction in Alzheimer's 
Disease.” Cell Metabolism 30, no. 3: 493–507.e6.

Bartocci, A., D. S. Mastrogiannis, G. Migliorati, R. J. Stockert, A. W. 
Wolkoff, and E. R. Stanley. 1987. “Macrophages Specifically Regulate 
the Concentration of Their Own Growth Factor in the Circulation.” 

Proceedings of the National Academy of Sciences of the United States of 
America 84, no. 17: 6179–6183.

Bender, A. M., L. S. Collier, F. J. Rodriguez, et al. 2010. “Sleeping Beauty- 
Mediated Somatic Mutagenesis Implicates CSF1 in the Formation of 
High- Grade Astrocytomas.” Cancer Research 70, no. 9: 3557–3565.

Benner, B., L. Good, D. Quiroga, et al. 2020. “Pexidartinib, a Novel Small 
Molecule CSF- 1R Inhibitor in Use for Tenosynovial Giant Cell Tumor: 
A Systematic Review of Pre- Clinical and Clinical Development.” Drug 
Design, Development and Therapy 14: 1693–1704.

Boccazzi, M., J. Van Steenwinckel, A. L. Schang, et  al. 2021. “The 
Immune- Inflammatory Response of Oligodendrocytes in a Murine 
Model of Preterm White Matter Injury: The Role of TLR3 Activation.” 
Cell Death & Disease 12, no. 2: 166.

Burgess, M., K. Wicks, M. Gardasevic, and K. A. Mace. 2019. “Cx3CR1 
Expression Identifies Distinct Macrophage Populations That Contribute 
Differentially to Inflammation and Repair.” Immunohorizons 3, no. 7: 
262–273.

Butowski, N., H. Colman, J. F. De Groot, et  al. 2016. “Orally 
Administered Colony Stimulating Factor 1 Receptor Inhibitor PLX3397 
in Recurrent Glioblastoma: An ivy Foundation Early Phase Clinical 
Trials Consortium Phase II Study.” Neuro- Oncology 18, no. 4: 557–564.

Cannarile, M. A., M. Weisser, W. Jacob, A. M. Jegg, C. H. Ries, and 
D. Rüttinger. 2017. “Colony- Stimulating Factor 1 Receptor (CSF1R) 
Inhibitors in Cancer Therapy.” Journal for Immunotherapy of Cancer 5, 
no. 1: 53.

Carvalho da Fonseca, A. C., H. Wang, H. Fan, et al. 2014. “Increased 
Expression of Stress Inducible Protein 1 in Glioma- Associated 
Microglia/Macrophages.” Journal of Neuroimmunology 274, no. 1–2: 71.

Cassier, P. A., A. Italiano, C. A. Gomez- Roca, et  al. 2015. “CSF1R 
Inhibition With Emactuzumab in Locally Advanced Diffuse- Type 
Tenosynovial Giant Cell Tumours of the Soft Tissue: A Dose- Escalation 
and Dose- Expansion Phase 1 Study.” Lancet Oncology 16, no. 8: 949–956.

Chadarevian, J. P., S. I. Lombroso, G. C. Peet, et al. 2023. “Engineering an 
Inhibitor- Resistant Human CSF1R Variant for Microglia Replacement.” 
Journal of Experimental Medicine 220, no. 3: e20220857.

Chen, X., H. Liu, P. J. Focia, A. H. R. Shim, and X. He. 2008. “Structure 
of Macrophage Colony Stimulating Factor Bound to FMS: Diverse 
Signaling Assemblies of Class III Receptor Tyrosine Kinases.” National 
Academy of Sciences of the United States of America 105, no. 47: 
18267–18272.

Chihara, T., S. Suzu, R. Hassan, et al. 2010. “IL- 34 and M- CSF Share the 
Receptor Fms but Are Not Identical in Biological Activity and Signal 
Activation.” Cell Death and Differentiation 17, no. 12: 1917–1927.

Chitu, V., and E. R. Stanley. 2006. “Colony- Stimulating Factor- 1 in 
Immunity and Inflammation.” Current Opinion in Immunology 18, no. 
1: 39–48.

Chokr, S. M., G. Milinkeviciute, G. A. Jimenez, H. Abubakr, and K. 
S. Cramer. 2022. “Long- Term Microglia Depletion Impairs Synapse 
Elimination and Auditory Brainstem Function.” Scientific Reports 12, 
no. 1: 18521.

Coniglio, S. J., E. Eugenin, K. Dobrenis, et  al. 2012. “Microglial 
Stimulation of Glioblastoma Invasion Involves Epidermal Growth 
Factor Receptor (EGFR) and Colony Stimulating Factor 1 Receptor 
(CSF- 1R) Signaling.” Molecular Medicine 18, no. 1: 519–527.

Conway, J. G., B. McDonald, J. Parham, et al. 2005. “Inhibition of Colony- 
Stimulating- Factor- 1 Signaling In  Vivo With the Orally Bioavailable 
cFMS Kinase Inhibitor GW2580.” Proceedings of the National Academy 
of Sciences of the United States of America 102, no. 44: 16078–16083.

Crapser, J. D., J. Ochaba, N. Soni, J. C. Reidling, L. M. Thompson, and 
K. N. Green. 2020. “Microglial Depletion Prevents Extracellular Matrix 
Changes and Striatal Volume Reduction in a Model of Huntington's 
Disease.” Brain 143, no. 1: 266–288.



697

Croisier, E., L. B. Moran, D. T. Dexter, R. K. B. Pearce, and M. B. 
Graeber. 2005. “Microglial Inflammation in the Parkinsonian 
Substantia Nigra: Relationship to Alpha- Synuclein Deposition.” Journal 
of Neuroinflammation 3, no. 2: 14.

Dai, X. M., X. H. Zong, V. Sylvestre, and E. R. Stanley. 2004. “Incomplete 
Restoration of Colony- Stimulating Factor 1 (CSF- 1) Function in CSF- 1- 
Deficient Csf1op/Csf1op Mice by Transgenic Expression of Cell Surface 
CSF- 1.” Blood 103, no. 3: 1114–1123.

De, I., M. D. Steffen, P. A. Clark, et  al. 2016. “CSF1 Overexpression 
Promotes High- Grade Glioma Formation Without Impacting the 
Polarization Status of Glioma- Associated Microglia and Macrophages.” 
Cancer Research 76, no. 9: 2552–2560.

Dev, I. K., R. E. Dornsife, T. M. Hopper, et al. 2004. “Antitumour Efficacy 
of VEGFR2 Tyrosine Kinase Inhibitor Correlates With Expression of 
VEGF and Its Receptor VEGFR2 in Tumour Models.” British Journal of 
Cancer 91, no. 7: 1391–1398.

Dubrow, R., and A. S. Darefsky. 2011. “Demographic Variation in 
Incidence of Adult Glioma by Subtype, United States, 1992–2007.” BMC 
Cancer 29, no. 11: 325.

Dwyer, Z., C. Rudyk, D. Situt, et al. 2020. “Microglia Depletion Prior to 
Lipopolysaccharide and Paraquat Treatment Differentially Modulates 
Behavioral and Neuronal Outcomes in Wild Type and G2019S LRRK2 
Knock- In Mice.” Brain, Behavior, and Immunity 5: 100079.

Eisenhauer, E. A., P. Therasse, J. Bogaerts, et al. 2009. “New Response 
Evaluation Criteria in Solid Tumours: Revised RECIST Guideline 
(Version 1.1).” European Journal of Cancer 45, no. 2: 228–247.

Elmore, M. R. P., A. R. Najafi, M. A. Koike, et  al. 2014. “Colony- 
Stimulating Factor 1 Receptor Signaling Is Necessary for Microglia 
Viability, Unmasking a Microglia Progenitor Cell in the Adult Brain.” 
Neuron 82, no. 2: 380–397.

Erblich, B., L. Zhu, A. M. Etgen, K. Dobrenis, and J. W. Pollard. 2011. 
“Absence of Colony Stimulation Factor- 1 Receptor Results in Loss of 
Microglia, Disrupted Brain Development and Olfactory Deficits. Meisel 
A, Editor.” PLoS One 6, no. 10: e26317.

Escartin, C., E. Galea, A. Lakatos, et  al. 2021. “Reactive Astrocyte 
Nomenclature, Definitions, and Future Directions.” Nature 
Neuroscience 24, no. 3: 312–325.

Favrais, G., Y. van de Looij, B. Fleiss, et al. 2011. “Systemic Inflammation 
Disrupts the Developmental Program of White Matter.” Annals of 
Neurology 70, no. 4: 550–565.

FDA. 2024. “Prescribing Information—TURALIO.” https:// www. acces 
sdata. fda. gov/ drugs atfda_ docs/ label/  2023/ 21181 0s012 lbl. pdf.

Feng, X., M. Valdearcos, Y. Uchida, D. Lutrin, M. Maze, and S. K. Koliwad. 
2017. “Microglia Mediate Postoperative Hippocampal Inflammation and 
Cognitive Decline in Mice.” JCI Insight 2, no. 7: e91229.

Freuchet, A., A. Salama, S. Remy, C. Guillonneau, and I. Anegon. 2021. 
“IL- 34 and CSF- 1, Deciphering Similarities and Differences at Steady 
State and in Diseases.” Journal of Leukocyte Biology 110, no. 4: 771–796.

Gaul, M. D., Y. Guo, K. Affleck, et al. 2003. “Discovery and Biological 
Evaluation of Potent Dual ErbB- 2/EGFR Tyrosine Kinase Inhibitors: 
6- Thiazolylquinazolines.” Bioorganic & Medicinal Chemistry Letters 13, 
no. 4: 637–640.

Ginhoux, F., M. Greter, M. Leboeuf, et al. 2010. “Fate Mapping Analysis 
Reveals That Adult Microglia Derive From Primitive Macrophages.” 
Science 330, no. 6005: 841–845.

Ginhoux, F., S. Lim, G. Hoeffel, D. Low, and T. Huber. 2013. “Origin 
and Differentiation of Microglia.” Frontiers in Cellular Neuroscience 7. 
https:// doi. org/ 10. 3389/ fncel. 2013. 00045/  abstract.

Gomez Perdiguero, E., K. Klapproth, C. Schulz, et  al. 2015. “Tissue- 
Resident Macrophages Originate From Yolk- Sac- Derived Erythro- 
Myeloid Progenitors.” Nature 518, no. 7540: 547–551.

Gordon, E. J., S. Rao, J. W. Pollard, S. L. Nutt, R. A. Lang, and N. L. 
Harvey. 2010. “Macrophages Define Dermal Lymphatic Vessel Calibre 
During Development by Regulating Lymphatic Endothelial Cell 
Proliferation.” Development 137, no. 22: 3899–3910.

Groh, J., R. Basu, E. R. Stanley, and R. Martini. 2016. “Cell- Surface 
and Secreted Isoforms of CSF- 1 Exert Opposing Roles in Macrophage- 
Mediated Neural Damage in Cx32- Deficient Mice.” Journal of 
Neuroscience 36, no. 6: 1890–1901.

Guo, L., and S. Ikegawa. 2021. “From HDLS to BANDDOS: Fast- 
Expanding Phenotypic Spectrum of Disorders Caused by Mutations in 
CSF1R.” Journal of Human Genetics 66, no. 12: 1139–1144.

Gutmann, D. H., M. D. McLellan, I. Hussain, et  al. 2013. “Somatic 
Neurofibromatosis Type 1 (NF1) Inactivation Characterizes NF1- 
Associated Pilocytic Astrocytoma.” Genome Research 23, no. 3: 431–439.

Hagemeyer, N., K. M. Hanft, M. A. Akriditou, et  al. 2017. “Microglia 
Contribute to Normal Myelinogenesis and to Oligodendrocyte 
Progenitor Maintenance During Adulthood.” Acta Neuropathologica 
134, no. 3: 441–458.

Halassa, M. M., T. Fellin, and P. G. Haydon. 2007. “The Tripartite 
Synapse: Roles for Gliotransmission in Health and Disease.” Trends in 
Molecular Medicine 13, no. 2: 54–63.

Hamilton, J. A. 1997. “CSF- 1 signal transduction.” Journal of Leukocyte 
Biology 62, no. 2: 145–155.

Hamilton, J. A. 2008. “Colony- Stimulating Factors in Inflammation 
and Autoimmunity.” Nature Reviews. Immunology 8, no. 7: 533–544.

Han, J., Y. Fan, K. Zhou, et  al. 2020. “Underestimated Peripheral 
Effects Following Pharmacological and Conditional Genetic Microglial 
Depletion.” International Journal of Molecular Sciences 21, no. 22: 8603.

Han, J., K. Zhu, X. M. Zhang, and R. A. Harris. 2019. “Enforced 
Microglial Depletion and Repopulation as a Promising Strategy for the 
Treatment of Neurological Disorders.” Glia 67, no. 2: 217–231.

Henry, R. J., R. M. Ritzel, J. P. Barrett, et al. 2020. “Microglial Depletion 
With CSF1R Inhibitor During Chronic Phase of Experimental 
Traumatic Brain Injury Reduces Neurodegeneration and Neurological 
Deficits.” Journal of Neuroscience 40, no. 14: 2960–2974.

Hu, B., S. Duan, Z. Wang, et al. 2021. “Insights Into the Role of CSF1R 
in the Central Nervous System and Neurological Disorders.” Frontiers 
in Aging Neuroscience 15, no. 13: 789834.

Huang, T., J. Cui, L. Li, P. F. Hitchcock, and Y. Li. 2012. “The Role of 
Microglia in the Neurogenesis of Zebrafish Retina.” Biochemical and 
Biophysical Research Communications 421, no. 2: 214–220.

Hume, D. A., P. Pavli, R. E. Donahue, and I. J. Fidler. 1988. “The Effect 
of Human Recombinant Macrophage Colony- Stimulating Factor (CSF- 
1) on the Murine Mononuclear Phagocyte System In Vivo.” Journal of 
Immunology 141, no. 10: 3405–3409.

Huynh, D., D. Akçora, J. Malaterre, et  al. 2013. “CSF- 1 Receptor- 
Dependent Colon Development, Homeostasis and Inflammatory Stress 
Response. Blachier F, Editor.” PLoS One 8, no. 2: e56951.

Huynh, D., X. M. Dai, S. Nandi, et al. 2009. “Colony Stimulating Factor- 1 
Dependence of Paneth Cell Development in the Mouse Small Intestine.” 
Gastroenterology 137, no. 1: 136–144.

Ishida, Y., J. L. Gao, and P. M. Murphy. 2008. “Chemokine Receptor 
CX3CR1 Mediates Skin Wound Healing by Promoting Macrophage and 
Fibroblast Accumulation and Function.” Journal of Immunology 180, 
no. 1: 569–579.

Jin, W. N., S. X. Y. Shi, Z. Li, et  al. 2017. “Depletion of Microglia 
Exacerbates Postischemic Inflammation and Brain Injury.” Journal of 
Cerebral Blood Flow and Metabolism 37, no. 6: 2224–2236.

Kierdorf, K., D. Erny, T. Goldmann, et al. 2013. “Microglia Emerge From 
Erythromyeloid Precursors via Pu.1-  and Irf8- Dependent Pathways.” 
Nature Neuroscience 16, no. 3: 273–280.

https://www.accessdata.fda.gov/drugsatfda_docs/label/2023/211810s012lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2023/211810s012lbl.pdf
https://doi.org/10.3389/fncel.2013.00045/abstract


698 Glia, 2025

Kim, C., D. H. Ho, J. E. Suk, et al. 2013. “Neuron- Released Oligomeric 
α- Synuclein Is an Endogenous Agonist of TLR2 for Paracrine Activation 
of Microglia.” Nature Communications 4: 1562.

Komohara, Y., M. Jinushi, and M. Takeya. 2014. “Clinical Significance 
of Macrophage Heterogeneity in Human Malignant Tumors.” Cancer 
Science 105, no. 1: 1–8.

Komohara, Y., K. Ohnishi, J. Kuratsu, and M. Takeya. 2008. “Possible 
Involvement of the M2 Anti- Inflammatory Macrophage Phenotype in 
Growth of Human Gliomas.” Journal of Pathology 216, no. 1: 15–24.

Konno, T., M. Tada, M. Tada, et al. 2014. “Haploinsufficiency of CSF- 1R 
and Clinicopathologic Characterization in Patients With HDLS.” 
Neurology 82, no. 2: 139–148.

Krishnan, M. L., J. Van Steenwinckel, A. L. Schang, et  al. 2017. 
“Integrative Genomics of Microglia Implicates DLG4 (PSD95) in the 
White Matter Development of Preterm Infants.” Nature Communications 
8, no. 1: 428.

Kubota, Y., K. Takubo, T. Shimizu, et  al. 2009. “M- CSF Inhibition 
Selectively Targets Pathological Angiogenesis and Lymphangiogenesis.” 
Journal of Experimental Medicine 206, no. 5: 1089–1102.

Kuse, Y., K. Ohuchi, S. Nakamura, H. Hara, and M. Shimazawa. 2018. 
“Microglia Increases the Proliferation of Retinal Precursor Cells During 
Postnatal Development.” Molecular Vision 24: 536–545.

Lamagna, C., M. Aurrand- Lions, and B. A. Imhof. 2006. “Dual Role 
of Macrophages in Tumor Growth and Angiogenesis.” Journal of 
Leukocyte Biology 80, no. 4: 705–713.

Lamb, Y. N. 2019. “Pexidartinib: First Approval.” Drugs 79, no. 16: 
1805–1812.

Lei, F., N. Cui, C. Zhou, J. Chodosh, D. G. Vavvas, and E. I. Paschalis. 
2020. “CSF1R Inhibition by a Small- Molecule Inhibitor Is Not Microglia 
Specific; Affecting Hematopoiesis and the Function of Macrophages.” 
Proceedings of the National Academy of Sciences of the United States of 
America 117, no. 38: 23336–23338.

Lin, C. C. 2021. “Clinical Development of Colony- Stimulating Factor 1 
Receptor (CSF1R) Inhibitors.” Journal of Immunotherapy and Precision 
Oncology 4, no. 2: 105–114.

Linnerbauer, M., M. A. Wheeler, and F. J. Quintana. 2020. “Astrocyte 
Crosstalk in CNS Inflammation.” Neuron 108, no. 4: 608–622.

Liu, S. Y., H. W. Qiao, T. B. Song, et  al. 2022. “Brain Microglia 
Activation and Peripheral Adaptive Immunity in Parkinson's Disease: 
A Multimodal PET Study.” Journal of Neuroinflammation 19, no. 1: 209.

Liu, Y., K. S. Given, E. L. Dickson, G. P. Owens, W. B. Macklin, and 
J. L. Bennett. 2019. “Concentration- Dependent Effects of CSF1R 
Inhibitors on Oligodendrocyte Progenitor Cells Ex Vivo and In Vivo.” 
Experimental Neurology 318: 32–41.

Luo, J., F. Elwood, M. Britschgi, et al. 2013. “Colony- Stimulating Factor 
1 Receptor (CSF1R) Signaling in Injured Neurons Facilitates Protection 
and Survival.” Journal of Experimental Medicine 210, no. 1: 157–172.

Ma, X., K. Chen, Y. Cui, et  al. 2020. “Depletion of Microglia in 
Developing Cortical Circuits Reveals Its Critical Role in Glutamatergic 
Synapse Development, Functional Connectivity, and Critical Period 
Plasticity.” Journal of Neuroscience Research 98, no. 10: 1968–1986.

Martin, E., C. Boucher, B. Fontaine, and C. Delarasse. 2017. “Distinct 
Inflammatory Phenotypes of Microglia and Monocyte- Derived 
Macrophages in Alzheimer's Disease Models: Effects of Aging and 
Amyloid Pathology.” Aging Cell 16, no. 1: 27–38.

Marzan, D. E., V. Brügger- Verdon, B. L. West, S. Liddelow, J. Samanta, 
and J. L. Salzer. 2021. “Activated Microglia Drive Demyelination via 
CSF1R Signaling.” Glia 69, no. 6: 1583–1604.

Menke, J., Y. Iwata, W. A. Rabacal, et al. 2009. “CSF- 1 Signals Directly 
to Renal Tubular Epithelial Cells to Mediate Repair in Mice.” Journal of 
Clinical Investigation 119, no. 8: 2330–2342.

Mun, S. H., P. S. U. Park, and K. H. Park- Min. 2020. “The M- CSF 
Receptor in Osteoclasts and Beyond.” Experimental & Molecular 
Medicine 52, no. 8: 1239–1254.

Munn, D. H., M. B. Garnick, and N. K. Cheung. 1990. “Effects of 
Parenteral Recombinant Human Macrophage Colony- Stimulating 
Factor on Monocyte Number, Phenotype, and Antitumor Cytotoxicity 
in Nonhuman Primates.” Blood 75, no. 10: 2042–2048.

Nakamichi, Y., N. Udagawa, and N. Takahashi. 2013. “IL- 34 and CSF- 1: 
Similarities and Differences.” Journal of Bone and Mineral Metabolism 
31, no. 5: 486–495.

Nandi, S., S. Gokhan, X. M. Dai, et  al. 2012. “The CSF- 1 Receptor 
Ligands IL- 34 and CSF- 1 Exhibit Distinct Developmental Brain 
Expression Patterns and Regulate Neural Progenitor Cell Maintenance 
and Maturation.” Developmental Biology 367, no. 2: 100–113.

Nave, K. A., E. Asadollahi, and A. Sasmita. 2023. “Expanding the 
Function of Oligodendrocytes to Brain Energy Metabolism.” Current 
Opinion in Neurobiology 83: 102782.

Neal, M. L., S. M. Fleming, K. M. Budge, et al. 2020. “Pharmacological 
Inhibition of CSF1R by GW2580 Reduces Microglial Proliferation 
and Is Protective Against Neuroinflammation and Dopaminergic 
Neurodegeneration.” FASEB Journal 34, no. 1: 1679–1694.

Nelson, L. H., and K. M. Lenz. 2017. “Microglia Depletion in Early Life 
Programs Persistent Changes in Social, Mood- Related, and Locomotor 
Behavior in Male and Female Rats.” Behavioural Brain Research 316: 
279–293.

Nicholson, A. M., M. C. Baker, N. A. Finch, et  al. 2013. “CSF1R 
Mutations Link POLD and HDLS as a Single Disease Entity.” Neurology 
80, no. 11: 1033–1040.

Niiyama, T., S. Fujimoto, and T. Imai. 2023. “Microglia Are Dispensable 
for Developmental Dendrite Pruning of Mitral Cells in Mice.” eNeuro 
10, no. 11: ENEURO.0323–ENEURO.0324.

Nissen, J. C., K. K. Thompson, B. L. West, and S. E. Tsirka. 2018. “Csf1R 
Inhibition Attenuates Experimental Autoimmune Encephalomyelitis 
and Promotes Recovery.” Experimental Neurology 307: 24–36.

Norden, D. M., A. M. Fenn, A. Dugan, and J. P. Godbout. 2014. “TGFβ 
Produced by IL- 10 Redirected Astrocytes Attenuates Microglial 
Activation.” Glia 62, no. 6: 881–895.

Ochocka, N., P. Segit, K. A. Walentynowicz, et al. 2021. “Single- Cell RNA 
Sequencing Reveals Functional Heterogeneity of Glioma- Associated 
Brain Macrophages.” Nature Communications 12, no. 1: 1151.

Olah, M., V. Menon, N. Habib, et al. 2020. “Single Cell RNA Sequencing 
of Human Microglia Uncovers a Subset Associated With Alzheimer's 
Disease.” Nature Communications 11, no. 1: 6129.

Olmos- Alonso, A., S. T. T. Schetters, S. Sri, et al. 2016. “Pharmacological 
Targeting of CSF1R Inhibits Microglial Proliferation and Prevents the 
Progression of Alzheimer's- Like Pathology.” Brain 139, no. Pt 3: 891–907.

Ostrom, Q. T., H. Gittleman, P. Farah, et al. 2013. “CBTRUS Statistical 
Report: Primary Brain and Central Nervous System Tumors Diagnosed 
in the United States in 2006–2010.” Neuro- Oncology 15, no. Suppl 2: 
ii1–ii56.

Palpagama, T. H., H. J. Waldvogel, R. L. M. Faull, and A. Kwakowsky. 
2019. “The Role of Microglia and Astrocytes in Huntington's Disease.” 
Frontiers in Molecular Neuroscience 12: 258.

Pan, Y., Y. Yu, X. Wang, and T. Zhang. 2020. “Tumor- Associated 
Macrophages in Tumor Immunity.” Frontiers in Immunology 11: 
583084.

Paolicelli, R. C., A. Sierra, B. Stevens, et al. 2022. “Microglia States and 
Nomenclature: A Field at Its Crossroads.” Neuron 110, no. 21: 3458–3483.

Pavese, N., A. Gerhard, Y. F. Tai, et  al. 2006. “Microglial Activation 
Correlates With Severity in Huntington Disease: A Clinical and PET 
Study.” Neurology 66, no. 11: 1638–1643.



699

Pedersen, M. B., A. V. Danielsen, S. J. Hamilton- Dutoit, et  al. 2014. 
“High Intratumoral Macrophage Content Is an Adverse Prognostic 
Feature in Anaplastic Large Cell Lymphoma.” Histopathology 65, no. 
4: 490–500.

Perry, V. H., J. A. R. Nicoll, and C. Holmes. 2010. “Microglia in neurode-
generative disease.” Nature Reviews. Neurology 6, no. 4: 193–201.

Pixley, F. J., and E. R. Stanley. 2004. “CSF- 1 Regulation of the Wandering 
Macrophage: Complexity in Action.” Trends in Cell Biology 14, no. 11: 
628–638.

Pollard, J. W. 2009. “Trophic Macrophages in Development and 
Disease.” Nature Reviews. Immunology 9, no. 4: 259–270.

Pollard, J. W., A. Bartocci, R. Arceci, A. Orlofsky, M. B. Ladner, and 
E. R. Stanley. 1987. “Apparent Role of the Macrophage Growth Factor, 
CSF- 1, in Placental Development.” Nature 330, no. 6147: 484–486.

Prinz, M., T. Masuda, M. A. Wheeler, and F. J. Quintana. 2021. “Microglia 
and Central Nervous System–Associated Macrophages—From Origin to 
Disease Modulation.” Annual Review of Immunology 39, no. 1: 251–277.

Pyonteck, S. M., L. Akkari, A. J. Schuhmacher, et  al. 2013. “CSF- 1R 
Inhibition Alters Macrophage Polarization and Blocks Glioma 
Progression.” Nature Medicine 19, no. 10: 1264–1272.

Riquier, A. J., and S. I. Sollars. 2020. “Astrocytic Response to Neural 
Injury Is Larger During Development Than in Adulthood and Is 
Not Predicated Upon the Presence of Microglia.” Brain, Behavior, & 
Immunity—Health 1: 100010.

Riquier, A. J., and S. I. Sollars. 2022. “Terminal Field Volume of the 
Glossopharyngeal Nerve in Adult Rats Reverts to Prepruning Size 
Following Microglia Depletion With PLX5622.” Developmental 
Neurobiology 82, no. 7–8: 613–624.

Rosin, J. M., S. R. Vora, and D. M. Kurrasch. 2018. “Depletion of 
Embryonic Microglia Using the CSF1R Inhibitor PLX5622 Has Adverse 
Sex- Specific Effects on Mice, Including Accelerated Weight Gain, 
Hyperactivity and Anxiolytic- Like Behaviour.” Brain, Behavior, and 
Immunity 1, no. 73: 682–697.

Ryan, G. R., X. M. Dai, M. G. Dominguez, et al. 2001. “Rescue of the 
Colony- Stimulating Factor 1 (CSF- 1)- nullizygous Mouse (Csf1(op)/
Csf1(op)) Phenotype With a CSF- 1 Transgene and Identification of Sites 
of Local CSF- 1 Synthesis.” Blood 98, no. 1: 74–84.

Sapp, E., K. B. Kegel, N. Aronin, et  al. 2001. “Early and Progressive 
Accumulation of Reactive Microglia in the Huntington Disease Brain.” 
Journal of Neuropathology and Experimental Neurology 60, no. 2: 
161–172.

Serrano- Pozo, A., M. L. Mielke, T. Gómez- Isla, et  al. 2011. “Reactive 
Glia Not Only Associates With Plaques but Also Parallels Tangles 
in Alzheimer's Disease.” American Journal of Pathology 179, no. 3: 
1373–1384.

Shi, G., Q. Yang, Y. Zhang, et  al. 2019. “Modulating the Tumor 
Microenvironment via Oncolytic Viruses and CSF- 1R Inhibition 
Synergistically Enhances Anti- PD- 1 Immunotherapy.” Molecular 
Therapy 27, no. 1: 244–260.

Shi, Y., M. Manis, J. Long, et  al. 2019. “Microglia Drive APOE- 
Dependent Neurodegeneration in a Tauopathy Mouse Model.” Journal 
of Experimental Medicine 216, no. 11: 2546–2561.

Shiow, L. R., G. Favrais, L. Schirmer, et al. 2017. “Reactive Astrocyte 
COX2- PGE2 Production Inhibits Oligodendrocyte Maturation in 
Neonatal White Matter Injury.” Glia 65, no. 12: 2024–2037.

Sierra, A., J. M. Encinas, J. J. P. Deudero, et  al. 2010. “Microglia 
Shape Adult Hippocampal Neurogenesis Through Apoptosis- Coupled 
Phagocytosis.” Cell Stem Cell 7, no. 4: 483–495.

Smajić, S., C. A. Prada- Medina, Z. Landoulsi, et  al. 2022. “Single- 
Cell Sequencing of Human Midbrain Reveals Glial Activation and a 
Parkinson- Specific Neuronal State.” Brain 145, no. 3: 964–978.

Soto- Diaz, K., M. Vailati- Riboni, A. Y. Louie, et  al. 2021. “Treatment 
With the CSF1R Antagonist GW2580, Sensitizes Microglia to Reactive 
Oxygen Species.” Frontiers in Immunology 12: 734349.

Spangenberg, E., P. L. Severson, L. A. Hohsfield, et al. 2019. “Sustained 
Microglial Depletion With CSF1R Inhibitor Impairs Parenchymal 
Plaque Development in an Alzheimer's Disease Model.” Nature 
Communications 10, no. 1: 3758.

Spiteri, A. G., D. Ni, Z. L. Ling, et al. 2022. “PLX5622 Reduces Disease 
Severity in Lethal CNS Infection by off- Target Inhibition of Peripheral 
Inflammatory Monocyte Production.” Frontiers in Immunology 13: 
851556.

Stafford, J. H., T. Hirai, L. Deng, et  al. 2016. “Colony Stimulating 
Factor 1 Receptor Inhibition Delays Recurrence of Glioblastoma After 
Radiation by Altering Myeloid Cell Recruitment and Polarization.” 
Neuro- Oncology 18, no. 6: 797–806.

Stanley, E. R., and V. Chitu. 2014. “CSF- 1 Receptor Signaling in Myeloid 
Cells.” Cold Spring Harbor Perspectives in Biology 6, no. 6: a021857.

Stanley, E. R., M. Cifone, P. M. Heard, and V. Defendi. 1976. “Factors 
Regulating Macrophage Production and Growth: Identity of Colony- 
Stimulating Factor and Macrophage Growth Factor.” Journal of 
Experimental Medicine 143, no. 3: 631–647.

Su, X., K. A. Maguire- Zeiss, R. Giuliano, L. Prifti, K. Venkatesh, and 
H. J. Federoff. 2008. “Synuclein Activates Microglia in a Model of 
Parkinson's Disease.” Neurobiology of Aging 29, no. 11: 1690–1701.

Sun, L., H. Liang, W. Yu, and X. Jin. 2019. “Increased Invasive 
Phenotype of CSF- 1R Expression in Glioma Cells via the ERK1/2 
Signaling Pathway.” Cancer Gene Therapy 26, no. 5–6: 136–144.

Sweet, M. J., and D. A. Hume. 2003. “CSF- 1 as a Regulator of Macrophage 
Activation and Immune Responses.” Archivum Immunologiae et 
Therapiae Experimentalis 51, no. 3: 169–177.

Szalay, G., B. Martinecz, N. Lénárt, et  al. 2016. “Microglia Protect 
Against Brain Injury and Their Selective Elimination Dysregulates 
Neuronal Network Activity After Stroke.” Nature Communications 7, 
no. 1: 1–13.

Tai, Y. F., N. Pavese, A. Gerhard, et al. 2007. “Microglial Activation in 
Presymptomatic Huntington's Disease Gene Carriers.” Brain 130, no. 
Pt 7: 1759–1766.

Tang, Y., and W. Le. 2016. “Differential Roles of M1 and M2 Microglia 
in Neurodegenerative Diseases.” Molecular Neurobiology 53, no. 2: 
1181–1194.

Tap, W. D., H. Gelderblom, E. Palmerini, et al. 2019. “Pexidartinib Versus 
Placebo for Advanced Tenosynovial Giant Cell Tumour (ENLIVEN): A 
Randomised Phase 3 Trial.” Lancet 394, no. 10197: 478–487.

Tay, T. L., J. C. Savage, C. W. Hui, K. Bisht, and M. Tremblay. 2017. 
“Microglia Across the Lifespan: From Origin to Function in Brain 
Development, Plasticity and Cognition.” Journal of Physiology 595, no. 
6: 1929–1945.

U.S. Food & Drug Administration. 2019. “FDA Approves Pexidartinib 
for Tenosynovial Giant Cell Tumor.” https:// www. fda. gov/ drugs/  resou 
rces-  infor matio n-  appro ved-  drugs/  fda-  appro ves-  pexid artin ib-  tenos 
ynovi al-  giant -  cell-  tumor .

Ulich, T. R., J. del Castillo, L. R. Watson, S. M. Yin, and M. B. Garnick. 
1990. “In Vivo Hematologic Effects of Recombinant Human Macrophage 
Colony- Stimulating Factor.” Blood 75, no. 4: 846–850.

Valdearcos, M., M. M. Robblee, D. I. Benjamin, D. K. Nomura, A. W. 
Xu, and S. K. Koliwad. 2014. “Microglia Dictate the Impact of Saturated 
Fat Consumption on Hypothalamic Inflammation and Neuronal 
Function.” Cell Reports 9, no. 6: 2124–2138.

VandePol, C. J., and M. B. Garnick. 1991. “Clinical Applications of 
Recombinant Macrophage- Colony Stimulating Factor (rhM- CSF).” 
Biotechnology Therapeutics 2, no. 3–4: 231–239.

https://www.fda.gov/drugs/resources-information-approved-drugs/fda-approves-pexidartinib-tenosynovial-giant-cell-tumor
https://www.fda.gov/drugs/resources-information-approved-drugs/fda-approves-pexidartinib-tenosynovial-giant-cell-tumor
https://www.fda.gov/drugs/resources-information-approved-drugs/fda-approves-pexidartinib-tenosynovial-giant-cell-tumor


700 Glia, 2025

Vaynrub, A., J. H. Healey, W. Tap, and M. Vaynrub. 2022. “Pexidartinib 
in the Management of Advanced Tenosynovial Giant Cell Tumor: Focus 
on Patient Selection and Special Considerations.” Oncotargets and 
Therapy 15: 53–66.

Verney, C., I. Pogledic, V. Biran, H. Adle- Biassette, C. Fallet- Bianco, 
and P. Gressens. 2012. “Microglial Reaction in Axonal Crossroads 
Is a Hallmark of Noncystic Periventricular White Matter Injury in 
Very Preterm Infants.” Journal of Neuropathology and Experimental 
Neurology 71, no. 3: 251–264.

Volpe, J. J., H. C. Kinney, F. E. Jensen, and P. A. Rosenberg. 2011. “The 
Developing Oligodendrocyte: Key Cellular Target in Brain Injury in the 
Premature Infant.” International Journal of Developmental Neuroscience 
29, no. 4: 423–440.

Wadsworth, S. A., D. E. Cavender, S. A. Beers, et al. 1999. “RWJ 67657, 
a Potent, Orally Active Inhibitor of p38 Mitogen- Activated Protein 
Kinase.” Journal of Pharmacology and Experimental Therapeutics 291, 
no. 2: 680–687.

Walker, D. G., T. M. Tang, and L. F. Lue. 2017. “Studies on Colony 
Stimulating Factor Receptor- 1 and Ligands Colony Stimulating 
Factor- 1 and Interleukin- 34 in Alzheimer's Disease Brains and Human 
Microglia.” Frontiers in Aging Neuroscience 9: 244.

Wang, W. Y., M. S. Tan, J. T. Yu, and L. Tan. 2015. “Role of Pro- 
Inflammatory Cytokines Released From Microglia in Alzheimer's 
Disease.” Annals of Translational Medicine 3, no. 10: 136.

Wang, Y., O. Berezovska, and S. Fedoroff. 1999. “Expression of Colony 
Stimulating Factor- 1 Receptor (CSF- 1R) by CNS Neurons in Mice.” 
Journal of Neuroscience Research 57, no. 5: 616–632.

Wang, Y., K. J. Szretter, W. Vermi, et al. 2012. “IL- 34 Is a Tissue- Restricted 
Ligand of CSF1R Required for the Development of Langerhans Cells 
and Microglia.” Nature Immunology 13, no. 8: 753–760.

Watters, J. J., J. M. Schartner, and B. Badie. 2005. “Microglia Function 
in Brain Tumors.” Journal of Neuroscience Research 81, no. 3: 447–455.

Wei, S., S. Nandi, V. Chitu, et  al. 2010. “Functional Overlap but 
Differential Expression of CSF- 1 and IL- 34 in Their CSF- 1 Receptor- 
Mediated Regulation of Myeloid Cells.” Journal of Leukocyte Biology 88, 
no. 3: 495–505.

Wesolowska, A., A. Kwiatkowska, L. Slomnicki, et al. 2008. “Microglia- 
Derived TGF- Beta as an Important Regulator of Glioblastoma Invasion—
An Inhibition of TGF- Beta- Dependent Effects by shRNA Against Human 
TGF- Beta Type II Receptor.” Oncogene 27, no. 7: 918–930.

Wesolowski, R., N. Sharma, L. Reebel, et al. 2019. “Phase Ib Study of 
the Combination of Pexidartinib (PLX3397), a CSF- 1R Inhibitor, and 
Paclitaxel in Patients With Advanced Solid Tumors.” Therapeutic 
Advances in Medical Oncology 11: 1758835919854238.

Wlodarczyk, A., I. R. Holtman, M. Krueger, et  al. 2017. “A Novel 
Microglial Subset Plays a Key Role in Myelinogenesis in Developing 
Brain.” EMBO Journal 36, no. 22: 3292–3308.

Woodruff, R. H., M. Fruttiger, W. D. Richardson, and R. J. M. Franklin. 
2004. “Platelet- Derived Growth Factor Regulates Oligodendrocyte 
Progenitor Numbers in Adult CNS and Their Response Following CNS 
Demyelination.” Molecular and Cellular Neurosciences 25, no. 2: 252–262.

Wu, S., R. Xue, S. Hassan, et al. 2018. “Il34- Csf1r Pathway Regulates the 
Migration and Colonization of Microglial Precursors.” Developmental 
Cell 46, no. 5: 552–563.e4.

Yang, X., H. Ren, K. Wood, et al. 2018. “Depletion of Microglia Augments 
the Dopaminergic Neurotoxicity of MPTP.” FASEB Journal 32, no. 6: 
3336–3345.

Yong, V. W. 2022. “Microglia in Multiple Sclerosis: Protectors Turn 
Destroyers.” Neuron 110, no. 21: 3534–3548.

Zahir, H., J. Greenberg, C. Hsu, et  al. 2023. “Pharmacokinetics of 
the Multi- Kinase Inhibitor Pexidartinib: Mass Balance and Dose 

Proportionality.” Clinical Pharmacology in Drug Development 12, no. 2: 
159–167.

Zahir, H., J. Greenberg, D. Shuster, C. Hsu, K. Watanabe, and F. LaCreta. 
2022. “Evaluation of Absorption and Metabolism- Based DDI Potential 
of Pexidartinib in Healthy Subjects.” Clinical Pharmacokinetics 61, no. 
11: 1623–1639.

Zhang, B., Y. Ran, S. Wu, et al. 2021. “Inhibition of Colony Stimulating 
Factor 1 Receptor Suppresses Neuroinflammation and Neonatal 
Hypoxic- Ischemic Brain Injury.” Frontiers in Neurology 12: 607370.

Zhang, S. C., and S. Fedoroff. 1998. “Modulation of Microglia by Stem 
Cell Factor.” Journal of Neuroscience Research 53, no. 1: 29–37.

Zhou, T., Y. Li, X. Li, et  al. 2022. “Microglial Debris Is Cleared by 
Astrocytes via C4b- Facilitated Phagocytosis and Degraded via 
RUBICON- Dependent Noncanonical Autophagy in Mice.” Nature 
Communications 13, no. 1: 6233.

Zhu, Q., X. Zhao, K. Zheng, et al. 2014. “Genetic Evidence That Nkx2.2 
and Pdgfra Are Major Determinants of the Timing of Oligodendrocyte 
Differentiation in the Developing CNS.” Development 141, no. 3: 
548–555.


	Microglial Depletion, a New Tool in Neuroinflammatory Disorders: Comparison of Pharmacological Inhibitors of the CSF-1R
	ABSTRACT
	1   |   Introduction
	2   |   The CSF-1 Pathway
	2.1   |   CSF-1R Ligands
	2.2   |   CSF-1R
	2.3   |   Roles of the CSF-1 Pathway During Neurodevelopment

	3   |   Pharmacological Modulation of the CSF-1/CSF-1R Axis
	3.1   |   CSF-1R Inhibition in Glioblastoma
	3.2   |   Pharmacological Properties of PLX3397, PLX5622, and GW2580

	4   |   Microglial Depletion
	4.1   |   Effects of Microglial Depletion in Neonates and Adults
	4.2   |   Microglial Depletion, a Promising Therapeutic Strategy in Neurodegenerative Diseases?

	5   |   Impact of CSF-1R Inhibitors on Other Brain Cell Types
	5.1   |   Neurons
	5.2   |   Astrocytes
	5.3   |   Oligodendrocytes

	6   |   Conclusion
	Author Contributions
	Acknowledgments
	Ethics Statement
	Conflicts of Interest
	Data Availability Statement
	Permission to Reproduce Material From Other Sources
	References


