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Recent studies have emphasized the role of microglia in the progression of many
neurodegenerative diseases. The colony stimulating factors, CSF-1 (M-CSF),
granulocyte-macrophage CSF (GM-CSF) and granulocyte CSF (G-CSF) regulate
microglia through different cognate receptors. While the receptors for GM-CSF
(GM-CSFR) and G-CSF (G-CSFR) are specific for their ligands, CSF-1 shares its
receptor, the CSF-1 receptor-tyrosine kinase (CSF-1R), with interleukin-34 (IL-
34). All four cytokines are expressed locally in the CNS. Activation of the CSF-
1R in macrophages is anti-inflammatory. In contrast, the actions of GM-CSF and
G-CSF elicit different activated states. We here review the roles of each of these
cytokines in the CNS and how they contribute to the development of disease in a
mouse model of CSF-1R-related leukodystrophy. Understanding their roles in this
model may illuminate their contribution to the development or exacerbation of
other neurodegenerative diseases.
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1. Regulation of microglia by colony stimulating
factors

Microglia are the macrophages of the brain. They comprise ~10% of the brain cells and are
distributed throughout the central nervous system (CNS) (Lawson et al., 1990; Yang et al., 2013)
[reviewed in Ginhoux and Prinz (2015)]. Their CNS-specific roles include the maintenance of
brain homeostasis and the modulation of neural circuits (Paolicelli et al., 2011; Parkhurst et al.,
2013; Ueno et al., 2013; Wake et al., 2013). In adult healthy brain, they exhibit a ramified
morphology, surveying their surrounding area (Davalos et al., 2005; Nimmerjahn et al., 2005;
Hanisch and Kettenmann, 2007). In neuronal injury and in neurodegenerative diseases,
microglia become activated and adopt a hypertrophic or ameboid shape (Lobsiger et al., 2013;
Roth et al,, 2015; Fernandez-Arjona et al., 2017). Activated microglia may have opposing
functions (David and Kroner, 2011; Hu et al., 2015). They can secrete neurotrophic factors to
protect damaged neurons and phagocytose cellular debris, permitting tissue regeneration
(Nakajima and Kohsaka, 2004; Neumann et al., 2009). Alternatively, when excessively activated,
they can secrete neurotoxic molecules, such as reactive nitrogen and oxygen species (NOS and
ROS)(Block et al., 2007; Brown and Neher, 2014; Fu et al., 2014).

CSF-1R, GM-CSFR and G-CSFR are all expressed on microglia. While their expression has
been reported on some neural lineage cells [reviewed in Chitu et al. (2021)], our focus here is
on the actions of the CSFs mediated via their microglial receptors.
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1.1. Systemic and local expression of CSFs

In blood, CSF-1 circulates at physiological concentrations of
4.5ng/mL (Bartocci et al., 1987; Janowska-Wieczorek et al., 1991),
while circulating IL-34 concentrations (52 pg./mL) are substantially
lower (Wang et al., 2016). Circulating GM-CSF (Kadar et al., 1997;
Frydecka et al., 2018) and G-CSF (Kiriyama et al., 1993; Ishiguro et al.,
1996; Laske et al., 2009) are normally barely detectable, but rise in
response to inflammatory stimuli [reviewed in Dougan et al. (2019),
Hamilton (2020)].
increases with age (Tarkowski et al., 2001), while G-CSF decreases

In humans, circulating GM-CSF gradually

(Ishiguro et al., 1996; Laske et al., 2009). At normal physiological
concentrations, recombinant CSF-1 fails to cross the blood-brain
barrier (BBB) (Chitu and Stanley, unpublished). In contrast, GM-CSF
can readily penetrate the BBB (IMcLay et al., 1997). In rodents, G-CSF
was also reported to slowly cross the BBB (Zhao et al., 2007). However,
in humans its transport is limited (Yuan et al, 2015; Yoshio
etal., 2016).

In normal brain, CSF-1 and IL-34 are primarily expressed by CNS
neurons, in a largely non-overlapping manner (Greter et al., 2012;
Nandi et al., 2012; Wang et al., 2012). CSF-1 is also expressed by glia
(Leeetal., 1993; Thery and Mallat, 1993) and at low levels by microglia
(Walker et al., 2017). The regional expression of CSF-1 and IL-34 is
also largely non-overlapping, with CSF-1 being found primarily in the
cerebellum and white matter and IL-34 in the forebrain and grey
matter (Wei et al., 2010; Easley-Neal et al., 2019; Kana et al., 2019).
GM-CSF (encoded by the Csf2 gene) and G-CSF (encoded by the Csf3
gene) are also expressed in brain at steady state, but at low levels
[reviewed in Chitu et al. (2021) and Biundo et al. (2023b)], suggesting
important actions at low concentrations and/or paracrine signaling
via local production and utilization.

1.2. CSF-1R signaling is required for the
development, maintenance, and
homeostatic functions of CNS microglia

In the steady state, macrophage survival and proliferation are
primarily regulated by the CSF-1R via both circulating and locally
expressed CSF-1R ligands that regulate macrophage development and
maintain tissue macrophage densities (Tushinski et al., 1982; Bartocci
etal, 1987; Cecchini et al.,, 1994; Ryan et al., 2001). Consistent with
these primarily trophic and anti-inflammatory roles (Cecchini et al.,
1994; Chitu and Stanley, 2006), CSF-1 induces miRNA-21 expression
in macrophages that suppresses their expression of inflammatory
mediators and enhances anti-inflammatory marker expression
(Caescu et al., 2015).

The CSF-1R plays a central role in the development of microglia
from yolk sac progenitors as well as their maintenance in adult life. In
mice, erythro-myeloid progenitors (EMPs) in the yolk sac give rise to
microglia and meningeal, perivascular and some choroid plexus
macrophages in a CSF-1R-dependent manner (Ginhoux et al., 2010;
Hoeffel et al.,, 2012; Munro et al., 2020) [reviewed in Prinz et al.
(2017)]. CSF-1R expression is first apparent at E8 in EMPs (Gomez
Perdiguero et al., 2015) and at E9 in EMP-derived A2 progenitors
(Kierdorf et al., 2013). Following the development of the fetal
circulatory system, the A2 progenitors colonize the developing brain
and spinal cord at ~E9.5, where they give rise to microglia (Ginhoux

Frontiers in Cellular Neuroscience

10.3389/fncel.2023.1275935

etal., 2010; Schulz et al., 2012; Kierdorf et al., 2013; Hagemeyer et al.,
2016) and the other macrophages (Goldmann et al., 2016). BBB
development at ~E11.5 prevents contribution from hematopoietic
stem cell-derived monocytes to the establishment of parenchymal
microglia (Ginhoux et al., 2010). During brain development, CSF-1R
signaling also promotes the postnatal colonization of the
subventricular zone by microglia (Lelli et al, 2013) and the
establishment of microglial processes (Wegicl et al., 1998; Sasaki
et al., 2000).

Regulation by the CSF-1R ligands differs temporally and spatially.
Temporally, CSF-1 alone is required for microglial colonization and
maintenance in fetal brain, while IL-34 begins to be required
postnatally (Greter et al., 2012; Nandi et al., 2012). Spatially, cerebellar
microglia are uniquely dependent on CSF-1 for their development and
maintenance, whereas forebrain microglia mainly require IL-34 (Kana
et al,, 2019). Further differential dependence on CSF-1R ligands is
observed in the forebrain, where the white matter microglia are
regulated by CSF-1 and the grey matter microglia by IL-34 (Easley-
Neal et al., 2019; Badimon et al., 2020).

Inhibition of CSF-1R signaling in the adult brain leads to
massive (90-99%) microglial death (Elmore et al., 2014; Bruttger
et al, 2015; Huang et al., 2018). Following cessation of treatment
with CSF-1R inhibitors, the restoration of the microglial population
is contributed to by the proliferation of microglia resistant to
CSF-1R inhibition that share transcriptional profile similarities with
microglial progenitors in the yolk sac (Zhan et al., 2020; Hohsfield
et al.,, 2021). It is unclear which receptors provide survival signals
for these resistant cells. A pathway involving autocrine MAC2/
TREM2-TYROBP has been suggested to contribute (Zhan et al.,
2020). In addition, the finding that following interactions with
apoptotic neurons, subsets of microglia lose their dependence on
CSF-1R signaling for survival, which in turn is maintained via the
receptor tyrosine kinase Axl (Anderson et al., 2022), suggests
another possible mechanism.

In vitro, CSF-1 induces the proliferation of murine (Suzumura
etal, 1990) and human (Lee et al., 1994) microglia. Two recent ex vivo
studies utilizing human or Macaca mulatta microglia show that their
culture in either CSF-1 or IL-34 induces identical transcriptional
responses (Walker et al., 2017; Timmerman et al., 2022). Pathway
analysis of the latter dataset indicates that activation of CSF-1R
suppresses senescence and inflammatory pathways, including the
production of NOS and ROS and activates metabolic and antioxidant
pathways (Timmerman et al., 2022) (Figure 1A). These data are
consistent with a role of CSF-1R signaling in maintaining a
homeostatic phenotype in microglia.

1.3. Regulation of microglial functions by
GM-CSF

Reduction of GM-CSF expression leads to decreased cognitive
function (Krieger et al., 2012; Chitu et al., 2020), indicating that
GM-CSF signaling has an important role in the functioning of the
nervous system in the steady state. Intriguingly, the two subunits of
GM-CSF receptor, the low affinity chain GMRa (encoded by Csf2ra)
and the high affinity pc (encoded by Csf2rb), exhibit different patterns
of expression in the brain, with Csf2ra transcripts being expressed
both in microglia and neural lineage cells, and Csf2rb transcripts being
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FIGURE 1

maturation and production of NO and ROS.

Effects of CSF-1R activation in microglia and overlap with the effects of reduced GM-CSF signaling. (A) Ingenuity Pathway Analysis-generated
representation of pathways activated (yellow) or inhibited (green) in primate microglia following cultivation in CSF-1-containing medium compared to
ex vivo microglia. The figure was generated using a published data set (Timmerman et al,, 2022). The ratio of number of differentially expressed genes
to the total number of genes in the pathway is indicated by the size of the bubble. The sizes corresponding to the minimum (0.14) and maximum (0.33)
overlap ratios are indicated in the top left box. (B) Decreased GM-CSF bioavailability in vivo induces a microglial state that partially overlaps with
chronic CSF-1R stimulation in vitro. The heatmap shows a comparison of the pathways represented in (A) to pathways dysregulated in microglia
isolated from Csf2*/~ mice compared to wt microglia (Chitu et al., 2020). The Z-score scale shown on the right applies to both panels. Note that the
overlapping pathways are increased antioxidant action of vitamin C and decreased IL-1 signaling, neuroinflammation signaling, dendritic cell
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largely restricted to microglia and having sporadic expression in the
neural lineage.! Functional studies revealed the presence of high
affinity GM-CSFRs on primary rat oligodendrocytes (Baldwin et al,
1993) and in microglia, while the expression of GM-CSFRs in
astrocytes is controversial [reviewed in Chitu et al. (2021)]. However,
since the GMRa subunit alone can independently signal for glucose
transport (Ding et al., 1994), the absence of Bc in some cell types does
not imply a lack of response to GM-CSE

In cultured microglia, activation of GM-CSFRs induces a series of
responses including rapid proliferation (Giulian and Ingeman, 1988;
Suzumura et al., 1990; Ganter et al., 1992; Lee et al., 1994; Suh et al.,
2005), development of ramified processes (Tanaka et al., 1997) and a
series of gene expression changes. These include the upregulation of
both Csf2ra and Csf2rb and the downregulation of CsfIr transcripts
(Re et al.,, 2002), suggestive of antagonistic roles of the two receptors
in the control of microglia function. Indeed, while CSF-1 suppresses
(Lee et al,, 1993), GM-CSF induces MHC II expression in rodent
microglia as well as the expression of co-stimulatory molecules B7-1
(CD80) and CD24 (Matyszak et al., 1999; Wei and Jonakait, 1999; Re
et al, 2002) and enhances their T cell stimulatory function (Aloisi
et al,, 2000; Re et al,, 2002). However, a recent report shows that
GM-CSF does not increase the expression of HLA-DR, HLA-ABC or
CD80 in human microglia (Farzam-Kia et al., 2023). It remains to
be established whether the priming of antigen presentation by
GM-CSF is species-specific. While GM-CSF alone does not induce the

1 https://singlecell.broadinstitute.org/single_cell/study/SCP263/

agmgfmousefbram

Frontiers in Cellular Neuroscience

secretion of the classical inflammatory cytokines IL-1p or TNFaq, it has
been reported to induce IL-6 production by cultured microglia
(Suzumura et al., 1990; Farzam-Kia et al., 2023). This effect was not
reproduced in organotypic hippocampal cultures (Dikmen et al,
2020), suggesting that in situ microglia might receive additional inputs
that counteract the effect of GM-CSE. Nevertheless, even in the
absence of inflammatory activation, GM-CSF induced a microglial
state that caused long-term disruption of neuronal network rhythms
in organotypic cultures (Dikmen et al., 2020) and behavioral deficits
consistent with schizophrenia after intra-hippocampal administration
in vivo (Zhu et al., 2014).

GM-CSF also increases the proteolytic activity of microglia
through stimulation of Cathepsin S secretion (Liuzzo et al., 1999) and
upregulation of the expression of Cathepsin E MMP-11, and MMP-12
(Re et al., 2002). Both myelin basic protein (MBP) and the myelin
oligodendrocyte glycoprotein (MOG) are Cathepsin S substrates
(Haves-Zburof et al,, 2011) and MMP-12 is also involved in the
degradation of myelin (Hansmann et al., 2012). Since GM-CSF was
also reported to increase the ability of microglia to phagocytose
myelin (Smith, 1993) it is tempting to speculate that GM-CSF-
activated microglia might play a role in demyelinating diseases.
Interestingly, GM-CSF was also reported to increase microglial
oxidative activity in vitro (Smith et al., 1998; Tambuyzer and Nouwen,
2005) and to prevent the downregulation of microglial immune
functions (TNFa secretion, antigen presentation) after ingestion of
apoptotic cells (Magnus et al., 2004). Consistent with these
observations, ex vivo transcriptomic profiling of microglia isolated
from Csf2"~ mice reveals activation of antioxidant pathways and
suppression of microglia activation, dendritic maturation and
neuroinflammation (Figure 1B) (Chitu et al., 2020). Together, these
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data suggest that although GM-CSF does not promote an overt
inflammatory reaction, it disrupts the physiological functions of
microglia to prime responses associated with tissue injury.

1.4. Regulation of microglial functions by
G-CSF

Csf3-deficient mice have impaired memory and motor deficits,
decreased adult neurogenesis in the dentate gyrus area of the
hippocampus, a long-term potentiation deficit and reduced
dendritic complexity of hippocampal neurons (Diederich et al.,
2009), indicating that G-CSF signaling in the CNS also plays
important roles in the steady state. G-CSF is neuronally expressed
and is co-expressed with the G-CSFR in cortical neurons, where it
has been suggested that its autocrine action stimulates neuronal
survival (Schneider et al., 2005). However, single cell transcriptome
profiling of the mouse and human brains shows that Csf3r
transcripts encoding the G-CSFR are found mainly in microglia
(databases

www.microgliasinglecell.com,
g

https://www.proteinatlas.org/, http://dropviz.org/,
https://singlecell.broadinstitute.
org/single_cell/study/SCP795/a-transcriptomic-atlas-of-the-
mouse-cerebellum and https://portals.broadinstitute.org/single_
cell/study/aging-mouse-brain) (Saunders et al., 2018; Hammond
et al,, 2019; Ximerakis et al., 2019; Kozareva et al., 2021). Despite
this, information regarding the effects of G-CSF on microglial
activity is limited. While G-CSF is not a microglial mitogen
(Giulian and Ingeman, 1988), its administration was reported to
increase microglial chemotaxis (Yamasaki et al., 2010), to activate
a Cathepsin S-CX3CR1-inducible NOS pathway and to induce the
production of factors that promote neuronal excitability (Basso
et al,, 2017). Together, these data suggest that many of the effects
reported following G-CSF administration in vivo [reviewed in
Chitu et al. (2021)] might be mediated through regulation of
microglia function.

1.5. Studies in Csf1r*~- mice suggest that
imbalanced colony stimulating factor
signaling leads to dyshomeostatic
microglia

Treatment with CSF-1R inhibitors (Elmore et al, 2014), or
targeted inactivation of the CsfIr (Ginhoux et al., 2010; Bruttger et al,,
2015) lead to microglial death and systemically administered CSF-1
fails to cross the BBB. Thus, analysis of the role of CSF-1R in microglia
function has been limited. However, CsfIr heterozygosity reduces the
level of cell surface CSF-1Rs without causing depletion of microglia
(Chitu et al., 2015; Biundo et al.,, 2023a) thus offering a unique
opportunity to determine how reduced CSF-1R signaling impacts
microglial function. Studies to date indicate that reduced CSF-1R
signaling causes a dyshomeostatic microglial phenotype (Chitu et al.,
2020; Kempthorne et al., 2020; Arreola et al., 2021; Biundo et al., 2021,
2023b) that is in part mediated by increased expression of GM-CSF
and G-CSE. The following section discusses the CsfIr”~ model of
CSF-1 receptor-related leukodystrophy and how it can contribute to
our understanding of the role of growth factor and cytokine receptors
in demyelinating disease.
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2. Role of colony stimulating factors in
CSF-1 receptor-related
leukodystrophy

2.1. CSF-1 receptor-related leukodystrophy

Rademakers and colleagues were the first to show that the
adult-onset hereditary leukoencephalopathy known as Hereditary
Diffuse Leukoencephalopathy with Spheroids (HDLS) was caused
CSFIR mutations
(Rademakers et al., 2011). This disease, known previously by

by dominantly inherited, mono-allelic,

several other names [reviewed in Chitu et al. (2021)] and now
named CSF1R-related leukoencephalopathy (CRL) (OMIM
#221820), is associated with cognitive impairment, psychiatric
disorders, motor dysfunction and seizures, with an average onset
at approximately 43 years of age (Konno et al., 2017b). Over 100
different CSF1R mutations have been reported in CRL patients, the
vast majority being missense mutations within the tyrosine kinase
domain. Three of these mutations cause nonsense-mediated mRNA
decay (NMD)
haploinsufficiency (Konno et al., 2014b; Miura et al., 2018; Leng

and are therefore expected to result in

etal, 2019). No clear genotype-phenotype correlation is apparent,
apart from an earlier average disease onset in patients carrying
truncating mutations or those that trigger NMD (Chitu et al,
2022). The penetrance of CRL is age-dependent, increasing from
10% at age 27 years, to 50% at age 43 years and reaching 95% at age
60years. However, familial case reports, identifying healthy
carriers of multiple different CSFIR mutations that are pathogenic
in their close relatives [reviewed in Chitu et al. (2022)], suggest
incomplete penetrance even in aged individuals. Thirty-four
CSFIR pathogenic mutations reported in CRL have been
characterized in terms of expression and signaling (Hiyoshi et al.,
2013; Nicholson et al., 2013; Konno et al., 2014b; Miura et al., 2018;
Kraya et al., 2019; Tian et al., 2019; Delaney et al., 2020). Apart
from the 3 NMD mutations, the remaining missense mutations,
with one possible exception, are loss of function [reviewed in Chitu
et al. (2022)]. Although some authors have suggested that CRL
mutations cause a dominant-negative, inhibitory function of the
mutant chain (Hume et al., 2020), co-transfection experiments of
wild type and mutant CSFIR constructs showed that some mutant
chains do not significantly inhibit the phosphorylation of wild type
CSF-1R in the response to CSF-1 (Konno et al., 2014a; Delaney
et al., 2020), indicating that a dominant-negative mechanism is
unlikely. Thus, while some of the uncharacterized CRL mutations
may exhibit dominant-negative functions, haploinsufficiency is an
underlying mechanism as evidenced by the 3 NMD mutations.

The most common initial complaint of CRL patients is cognitive
impairment followed by gait disorders and dyskinesia which tend to
be more common in females [reviewed in Chitu et al. (2022)]. These
symptoms are associated with structural alterations in white matter
that usually involve the corpus callosum. Histopathologically, the
defining features of CRL are the presence of lipid-laden pigmented
phagocytes in the affected white matter and of axonal dilations
(spheroids) indicative of neurodegeneration. Interestingly, the
development of spheroids is paralleled by microglial activation and
there is suggestive evidence for a contribution of microglial-generated
oxidative stress to the neuronal pathology and demyelination
[reviewed in Chitu et al. (2022)].
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2.2. The heterozygous Csflr mouse model
of CRL

2.2.1. Rationale for the Csflr heterozygous
mouse model

The development of the CsfIr heterozygous C57BL6/] mouse as a
model of CRL was catalyzed by the first description of CSFIR
haploinsufficiency as a cause of CRL (Konno et al,, 2014a) and
supported by subsequent reports of two additional CRL mutations
that cause NMD (Miura et al., 2018, Leng et al., 2019). The C57BL6/J
background was chosen for two reasons: Firstly, this background
caused a more severe Csflr deficiency phenotype than the original
FVB/N]J background and was therefore more likely to yield disease in
Csflr heterozygotes. Secondly, because of the availability of numerous
mutant and transgenic lines on this background that would facilitate
investigation of the underlying mechanisms of CRL development.

2.2.2. Characteristics of disease in the mouse
model

CsfIr”~ mice develop cognitive deficits, motor coordination
deficits (more marked in females), depression- and anxiety- like
behavior (Chitu et al., 2015, 2020; Biundo et al., 2021), that are
characteristic of CRL (Konno et al., 2018) [reviewed in Chitu et al.
(2022)]. The penetrance of disease in 15-month-old mice is 60-70%
(Chitu et al, 2022, 2023), corresponding to a similar degree of
penetrance in humans at the equivalent age (43 years) (Konno et al,
2017b; Wang et al., 2020). The course of disease progression in mice
is accelerated by a higher fat-containing diet [reviewed in Chitu et al.
(2022)]. Magnetic resonance imaging consistently shows callosal
atrophy without calcifications. Decreased myelin staining, increases
in the G-ratio of myelinated axons and in Cystatin 7 expression,
indicative of active demyelination coupled with remyelination,
together with axonal degeneration and the presence of axonal
spheroids, are observed in the mouse model (Chitu et al., 2020;
Biundo et al., 2021).

CsfIr”~ mice exhibit slightly increased microglial densities
throughout the brain, even in young asymptomatic mice (Chitu
etal, 2015; Arreola et al., 2021), that are secondary to elevation of
cerebral Csf2 expression (Chitu et al, 2020). In symptomatic
CsfIr*~ mice, microglia are unevenly distributed in the white
matter, with occasional clustering in the periventricular area of the
corpus callosum and sporadically in the cerebellar white matter
(Chitu et al,, 2020; Biundo et al., 2021). Clustering of white matter
microglia, which is also observed in CRL (Chitu et al., 2020) has
recently been correlated with the active clearing of degenerated
myelin (Safaiyan et al., 2021) and might reflect active pathology.
Within the corpus callosum, the microglia exhibit reduced
ramification, consistent with an activated phenotype similar to that
reported in early (Stage IT) CRL (Oyanagi et al., 2017). Also similar
to CRL (Ali et al., 2007; Kawakami et al., 2016; Oyanagi et al., 2017),
there is increased GFAP staining, indicative of astrocytosis,
specifically within the areas of microgliosis (Chitu et al., 2015;
Biundo et al., 2021). CsfIr"~ mice also exhibit a decrease in the
density of NeuN* neurons in cortical Layer V that may be related to
the callosal thinning, since some neurons within this layer project
to the corpus callosum (Ivy and Killackey, 1981). Overall, the
available data indicate that symptomatic 18-month-old CsfIr*~
mice exhibit behavioral deficits similar to those found in CRL
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patients, accompanied by histological features similar to early stages
(Stage II) of CRL [reviewed in greater detail in Chitu et al. (2022)].

2.2.3. Evidence that CRL is a primary
microgliopathy

Detailed pathological analysis of microglia in CRL (Oyanagi et al.,
2017) led to the concept that CRL is a primary microgliopathy in
which a genetic defect linked to microglia causes neurodegeneration
(Konno et al., 2018). Given the reported expression of the CSF-1R in
neuronal cell populations (Wang et al., 1999; Nandi et al., 2012; Luo
etal, 2013; Clare et al,, 2018), we addressed the contribution of CsfIr
heterozygosity in the microglial and neuronal lineages to CRL
development in the mouse model by studying disease development in
Csf1r"*; Cx3cr19%+ and Csf1r"*; Nestin®** mice, in which one allele of
the Csflr was deleted in the mononuclear phagocytes and neural
lineages, respectively (Biundo et al., 2021). These studies showed that
CsfIr heterozygosity in the mononuclear phagocytic lineage was
sufficient to reproduce all aspects of the neurodegenerative disease of
Csf1r*~ mice, with no discernable effect of deletion in the neural
lineage. Furthermore, an independent study showed that there was no
increased infiltration by peripheral leukocytes into the brains of
symptomatic CsfIr"~ mice (Chitu et al., 2020). Together, these data
indicate that in the mouse, CRL is a primary microgliopathy.

2.2.4. Roles of GM-CSF and G-CSF in CRL

Early studies of the CsfIr*~ mouse model revealed that despite
decreased expression of the CSF-1R, microglial densities were
unexpectedly slightly elevated, both prior to, and after, disease
development (Chitu et al., 2015; Arreola et al., 2021). This increase in
microglia was not due to a compensatory increase in either of the
CSF-1R ligands, CSF-1 or IL-34, as neither their mRNA, nor protein
levels were altered (Chitu et al., 2015). Thus, to determine how this
increased microglial density might arise on the background of
decreased CSF-1R expression, mRNAs of approximately 40
inflammatory cytokines, chemokines and receptors were screened. Of
these, only Csf2 and Csf3 mRNAs were elevated in the brains of

/=

7-week-old pre-symptomatic CsfIr"~ mice and remained elevated in
the older symptomatic mice (Chitu et al., 2015). These results
prompted investigations with large cohorts of wt, single, and double
mutant (CsfIr*'~, Csf1r*'=; Csf2*~, Csf1r*'~; Csf3", ~Csf2*~ and Csf3"")
male and female mice (Chitu et al., 2020; Biundo et al., 2023b),
discussed below. In the latter studies, both CSF2 and CSF3 mRNAs
were also shown to be elevated in the brains of post-mortem CRL
patients and alterations in CSF-3 signaling were also noted in an
independent study (Kempthorne et al., 2020).

2.2.5. Role of GM-CSF and G-CSF in the
development of behavioral deficits in the Csf1rt/~
model of CRL

Starting from 7 months of age, CsfIr*~ mice progressively develop
cognitive and sensorimotor deficits that are associated with the loss of
callosal white matter (Chitu et al., 2015, 2020; Li et al., 2023). By
connecting the cerebral hemispheres, the corpus callosum facilitates
the integration and processing of motor, sensory, and cognitive
signals. Thus, disruption of myelination could potentially contribute
to both types of deficit. Consistent with the studies summarized in
Section 1.3, which suggest that GM-CSF promotes a demyelinating
state in microglia, examination of CsfIr"~; Csf2"~ mice revealed a
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substantial contribution of GM-CSF to microglia activation and
demyelination in the callosal white matter (Chitu et al., 2020).
Improvement of myelination in Csf1r"~; Csf2*~ mice was associated
with attenuation of both cognitive and motor deficits. In contrast,
targeting G-CSF did not improve myelination and had no effect on
cognition. However, monoallelic disruption of Csf3 selectively rescued

*/~ mice, while it also

the motor coordination deficits of female Csf1r
tended to worsen motor function in males (Biundo et al., 2023b). This
improvement might be related to attenuation of microglia
dyshomeostasis in the cerebellum. Interestingly, ataxia and cerebellar
involvement have been reported predominantly in female CRL
patients (Mateen et al., 2010; Guerreiro et al., 2013; Karle et al., 2013;
Riku et al., 2014; Kim et al., 2015, 2019; Meyer-Ohlendorf et al., 2015;
Sundal et al., 2015; Lynch et al,, 2016, 2017; Bonvegna et al., 2020).
Together, these data suggest that GM-CSF plays a major role in the
development of CRL-like disease, while G-CSF might contribute to
sex-specific phenotypes.

2.2.6. Role of GM-CSF and G-CSF in microglial
dyshomeostasis in the Csf1r/~ model of CRL
Csf1r*~ mice exhibit a slight early increase in microglial densities
(Chitu et al., 2015; Arreola et al., 2021). This increase is established
during development (Arreola et al., 2021) and, unless accompanied by
other features such as morphological alterations or cell clustering, may
not reflect a disease-related, reactive state. Consistent with the
documented mitogenic effects of GM-CSF in microglia, we found that
monoallelic deletion of Csf2 normalized microglia densities in most

brain regions of Csf1r*~

mice, with the exception of the cerebellum
(Chitu et al., 2020). Furthermore, the demonstration that monoallelic
deletion of Csf2rb in microglia also prevented the increase in forebrain
microglial densities, provided formal evidence that the GM-CSF-
induced microgliosis is due to direct signaling in microglia (Chitu
etal., 2020). In contrast, monoallelic targeting of Csf3 in CsfI1r*~ mice
had limited effects on microglia densities, normalizing their levels
only in the corpus callosum, cerebellum and ventral hippocampus
(Biundo et al., 2023b). This effect is likely indirect since G-CSF does
not promote microglia proliferation (Giulian and Ingeman, 1988).
Furthermore, the effects of G-CSF on microglia densities and
morphology were at times dissociated, e.g., Csf3 heterozygosity
normalized the densities but not morphological alterations of
microglia in the corpus callosum while having the reverse effect in the
cortex of CsfIr”~ mice (Biundo et al., 2023b). The factors contributing
to the apparently differential effects of GM-CSF and G-CSF in
different populations of brain microglia remain to be elucidated. A
possible explanation resides in the differential bioavailability of ligands
in the mouse brain. For example, G-CSF is selectively elevated with
age in the ventral, but not dorsal hippocampus (Porcher et al., 2021),
a finding that could explain the dorsal region-specific response of
hippocampal microglia to the monoallelic targeting of Csf3 (Biundo
et al., 2023b). Another explanation is suggested by single cell
transcriptomic studies which reveal the heterogeneous expression of
CsfIr, Csf2ra, Csf2rb and Csf3r among mouse and human microglia
(Figure 2). Irrespective of their contribution to the elevation of
microglia densities and their morphological alteration, gene
expression studies provide additional evidence that both GM-CSF and

/=

G-CSF promote dyshomeostatic states in CsfIr*~ microglia.
Transcriptomic profiling of microglia isolated from CsfIr*~ mice

suggested a maladaptive phenotype which was significantly attenuated
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following monoallelic inactivation of Csf2. The expression of gene
products that mediate synapse removal, trigger cellular senescence,
neurotoxicity and oxidative stress was restored with consequent
reduction of the histological evidence of oxidative damage and active
demyelination/remyelination (Chitu et al., 2020). Similarly, analysis of
cerebellar tissue from Csf1r"~; Csf3"~ mice revealed that monoallelic
targeting of Csf3 reduced the production of Clq and its deposition on
glutamatergic synapses and their consequent excessive removal by
microglia (Biundo et al., 2023b). Overall, these studies show that
under conditions in which the homeostatic signals provided by
CSF-1R in microglia are attenuated, GM-CSF and G-CSF disrupt the
normal functioning of microglia and brain homeostasis. The largely
non-overlapping roles of GM-CSF and G-CSF in the development of
CRL-like disease are summarized in Figure 3.

2.2.7. Prophylactic potential of GM-CSF targeting
in CRL

Accumulation of evidence that CRL is a primary microgliopathy
has sparked an interest in evaluating the therapeutic potential of
agents known to suppress microglia activation. Recently, a one-month
course of minocycline, a suppressor of the inflammatory activation of
microglia, was reported to partially rescue the cognitive dysfunction
in 8-month-old CsfIr*~ male mice, to reduce myelin phagocytosis by
Csf1r*~ microglia to wt levels and to contribute to the preservation of
callosal myelin structure and of synaptic densities in the hippocampus
(Lietal, 2023). It is unclear if the treatment would produce the same
results in CsfIr*~ female mice, who were unaffected at the same age
and have not been evaluated or treated at a later time point.
that
immunosuppression with glucocorticoids is protective in patients

Clinical ~ studies  suggested pre-symptomatic
carrying pathogenic CSFIR variants associated with CRL (Tipton
etal, 2021; Ali et al,, 2022; Dulski et al., 2023). Further investigation
in the mouse model showed that chronic prednisone administration
initiated pre-symptomatically prevents the development of memory,
motor coordination and social interaction deficits, as well as the
associated demyelination, and neurodegeneration. Proteomic profiling
ex vivo showed that prednisone administration suppressed a series of
biological processes relevant to microglial activation and
oligodendrocyte senescence (Chitu et al., 2023). These data suggest
that CRL mutation carriers might benefit from prophylactic
glucocorticoid treatment. The lack of improvement following steroid
treatment in patients after the onset of demyelination (Konno et al,
2017a) suggests that prednisone usage might be restricted to the
of CRL. In addition,

administration can have significant side effects both peripherally (e.g.,

prophylaxis chronic  glucocorticoid
infection, diabetes, osteoporosis) and centrally (e.g., psychosis,
depression, memory decline, seizures) (Witt and Sandoval, 2014).
Thus, the exploration of downstream targets might provide therapeutic
approaches with reduced side effects. Notably, glucocorticoids are
known to suppress microglial activation by GM-CSF (Ganter et al.,
1992; Tanaka et al.,, 1997) and suppression of GM-CSF signaling
through monallelic targeting of Csf2 in the mouse model of CRL
prevented the development of cognitive, motor and olfactory deficits
and the loss of myelin (Chitu et al., 2020). Importantly, inhibition of

+/=

GM-CSF signaling in pre-symptomatic adult CsfIr*~ mice also
prevents the loss of myelin (Figure 4), indicating that GM-CSF might
also be a prophylactic target in CRL. Overall, these studies indicate

that CRL may be managed by using pharmaceutical approaches.

frontiersin.org


https://doi.org/10.3389/fncel.2023.1275935
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org

Stanley et al.

10.3389/fncel.2023.1275935

FIGURE 2

multiplied by a factor of 10. TPM, transcripts per million.

A Mouse microglia B Mouse macrophages (o4 Human cortex
o~ S
.8 8. .88 )
T oy T 9 N9 < @
B3 B BB . . 2B I B . ¥ & @ o
Regionandcluster © © © O Expression Regionandcluster ©_© © © Expression Teae
R B B B9
Frontal Cortex_11-1 6 Frontal Cortex_11_3 6 Cluster number and state © © O O oM
Frontal Cortex_11-4 Posterior Cortex_11-2 5 1_Homeostatic 1 T 1400
Posterior Cortex_11-1 5 Globus Pallidus_11-2 " 2_Homeostatic 2 | L 4 1200
Posterior Cortex_11-4 Hippocampus_10-2 3 8_Distressed state == 1000
; R = 4_IFN response
Posterior Cortex_11-3 4 Striatum_6-2 - P ' a0
Globus Pallidus_11-1 - 2 5_Anti-inflammatory sig.
= L 43 Substantia Nigra_9-1 .
Hippocampus_10-1 1 6_Unassigned state == 600
Striatum 6-2 Thalamus_7-1 0 7_Antigen presentation L 4 400
L - 12 8_Energy prod., Fe transport
Substantia Nigra_9-2 —t— 4 200
9_Proliferative
Thalamus_7-2 -1 -
Cerebellum_5-1
- 0

Variations in the expression of colony stimulating factor receptors among different populations of microglia and brain macrophages. (A) Variation
among subclusters of microglia isolated from different regions of the adult mouse brain. Note the absence of transcripts for GM-CSFR and G-CSFR
alone or in combination, in clusters of microglia isolated from the posterior cortex and the absence of transcripts for the pc high affinity subunit of GM-
CSFR in thalamic and cerebellar microglia. (B) Mouse macrophages isolated from the same regions also show variable expression. Panels A and B were
generated using data from dropviz.org (Saunders et al., 2018). (C) Heterogeneity of expression in human microglia isolated from the temporal and
dorsolateral prefrontal cortex. The heat map was generated using data from Olah et al. (2018). To ensure visibility, the TPM values for CSF2RB were

+ GM-CSF

JCSF1R signaling

Inactivating mutations
Haploinsufficiency

+ G-CSF

ooy 8

O

Corpus . Dorsal ' Ventral Cerabellurm

callosum hippocampus hippocampus
i i i i
IMPAIRED COGNITIVE ANXIETY-LIKE AUTISTIC =
INTEGRATION """® IMPAIRMENT BEHAVIOR BEHAVIOR =
OF INPUTS  aua =
llllllIlIllllllllllllllllllllllll) MOTOR ¥
DYSFUNCTION

Dyshomeostatic Microglia

FIGURE 3

Schematic summarizing the differential and overlapping contributions of the increased expression of GM-CSF and G-CSF to the deficits observed in
CRL mice, mediated through their regulation of microglia. Reprinted from Biundo et al. (2023b) with permission.

. Conclusion

Colony-stimulating factors regulate microglial development,
maintenance and function in a non-overlapping and sometimes
antagonistic fashion. A summary of the outcomes of their actions is
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presented in Figure 5. While CSF-1R ligands are constitutively
expressed in the brain, transcripts for GM-CSF and G-CSF are barely
detectable, but can be rapidly induced in response to infection or
injury. Consistent with the more elevated expression of its ligands in
normal brain, CSF-1R is the major mediator of microglial proliferation
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Unigue and overlapping effects of colony stimulating factors in
microglia. The diagram summarizes data obtained from studies in
vitro (described in sections 1.2-14) and in Csf1r*~ mice (section
2.2.6).
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and is required for all microglial development and maintenance
(Ginhoux et al,, 2010; Huang et al, 2018). In contrast, neither
GM-CSF nor G-CSF are required for microglial development and
survival. GM-CSF is also a microglial mitogen (Schermer and
Humpel, 2002; Xiao et al., 2002). However, in contrast to CSF-1,
GM-CSF is proinflammatory and it promotes a demyelinating
phenotype (Smith, 1993). G-CSF is not a microglial mitogen (Giulian
and Ingeman, 1988), but is also proinflammatory, inducing a
pro-oxidant phenotype in microglia (Basso et al., 2017). Studies in
Csf1r™~ mice suggest that normal CNS homeostasis requires balanced
signaling through all three microglial receptors (Chitu et al., 2020;
Biundo et al., 2023b). CSF-1R signaling, in combination with low
levels of GM-CSF and G-CSE contribute to microglial homeostasis.
In contrast, on the background of reduced CSF-1R signaling, elevation
of either GM-CSF or G-CSF perturbs microglial homeostasis. The
resulting altered states of microglia function might not be specific to
CRL. Increased GM-CSF (Kostic et al., 2018) and G-CSF (Rumble
et al,, 2015; McGinley et al,, 2020) levels and decreased microglial
CsfIr (Werner et al., 2002) expression have also been reported in
multiple sclerosis. Furthermore, increased GM-CSF levels were also
reported in Alzheimer’s disease (Tarkowski et al, 2001). These
findings suggest that imbalanced colony stimulating factor signaling
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might  contribute  to  the  pathogenesis of  other

neurodegenerative conditions.
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