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Abstract

Although traditionally seen as regulators of hematopoiesis, colony-stimulating factors (CSFs) have
emerged as important players in the nervous system, both in health and disease. This review
summarizes the cellular sources, patterns of expression and physiological roles of the macrophage
(CSF-1, IL-34), granulocyte-macrophage (GM-CSF) and granulocyte (G-CSF) colony stimulating
factors within the nervous system, with a particular focus on their actions on microglia. CSF-1
and IL-34, via the CSF-1R, are required for the development, proliferation and maintenance

of essentially all CNS microglia in a temporal and regional specific manner. In contrast, in

steady state, GM-CSF and G-CSF are mainly involved in regulation of microglial function. The
alterations in expression of these growth factors and their receptors, that have been reported in
several neurological diseases, are described and the outcomes of their therapeutic targeting in
mouse models and humans are discussed.
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1. Introduction:

The colony stimulating factors (CSFs) were named due to their ability to stimulate

the formation of colonies of mature cells from single bone marrow progenitor cells in

semi solid cultures. CSF-1, or macrophage CSF (M-CSF), stimulates macrophage colony
formation, CSF-2, or granulocyte-macrophage CSF (GM-CSF), stimulates development

of colonies comprised of granulocytes and macrophages, CSF-3, or granulocyte CSF
(G-CSF), causes the formation of granulocytic colonies, interleukin-3 (IL-3), or multi-

CSF, stimulates formation of colonies of mixed hematopoietic cells and interleukin-5

(IL-5), stimulates eosinophilic colony formation. They are known primarily for their
regulation of myeloid cells (reviewed in [1]). CSF-1, together with the more recently
discovered interleukin-34 (IL-34), signal via the CSF-1 receptor (CSF-1R), to regulate tissue
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macrophage and osteoclast development and maintenance (reviewed in [2-5]). In the steady
state, both circulating and locally expressed CSF-1 play important roles in maintaining
tissue macrophage densities [6-8]. CSF-1 action on macrophages is primarily trophic and
anti-inflammatory. CSF-1 induced miRNA-21 suppresses the expression of inflammatory
mediators and enhances anti-inflammatory marker expression [9]. While GM-CSF is not
important for steady-state hematopoiesis, it supports the development and functions of
alveolar macrophages [10, 11]. In contrast, gene targeting in mice showed that G-CSF is
important for the steady state neutrophil production [12].

CSF-1 is readily detectable in the circulation [6, 13], whereas expression of 1L-34 is quite
low [14]. Circulating GM-CSF and G-CSF are normally barely detectable, but are increased
in response to various inflammatory and other stimuli (reviewed in [15, 16]). CSF-1, IL-34,
CSF-2 and CSF-3 have significant roles in the nervous system and are the main focus of this
review.

The receptors for CSF-1, GM-CSF and G-CSF differ significantly in terms of structure,
mechanism of ligand binding and signaling (Fig. 1). The CSF-1R is a class Il receptor
tyrosine kinase that is activated by transphosphorylation following dimeric ligand-induced
receptor dimerization (reviewed in [2]) (Fig. 1A). CSF-1 and IL-34 are both homodimeric
cytokines with limited (~10%) primary sequence homology but sharing a similar three-
dimensional structure (reviewed in [2]). The binding sites for both CSF-1 and 1L-34 overlap
[17] and they can effectively compete one with the other for CSF-1R binding [18, 19].
There are 8 receptor intracellular domain tyrosines that are phosphorylated in the response to
ligand binding to create binding sites for different downstream signaling molecules [2]. As
the differences between CSF-1 and IL-34 signaling are slight and their tissue and cell type
expression patterns tend not to overlap ([19-22], regulation by these ligands in development
and in the adult is, for the most part, spatially [21, 23, 24] and temporally [21, 25] distinct.

GM-CSF is a monomeric cytokine belonging to the p common (Bc) family of cytokines that
also includes IL-3 and IL-5 [26-28]. Their receptors each possess unique alpha subunits
that associate with the Bc as their signaling subunit (reviewed in [16]). GM-CSF binds the
GM-CSF receptor a chain (GMRa) with low affinity (K4 ~5 nM, [29]), but the binding
becomes high affinity (Kq ~100 pM) in the presence of the pc) [30-32]. The structures of
the GM-CSF receptor (GM-CSFR) subunit complexes have been studied in detail ([33-36]).
GM-CSF binding initiates the assembly of a hexameric (2GM-CSF:2GMRa.:2B¢) complex
(Fig. 1B). Through lateral association, these hexameric receptor-ligand complexes transition
to a dodecameric signaling complex, leading to the activation of the JAK2-STAT5A/B and
PI3K/AKt pathways [33, 35] (reviewed in [16]) (Fig. 1B). In cells lacking the Bc, the
GM-CSF:GMRa complex alone has been reported to mediate tyrosine kinase-independent
signaling, leading to increased glucose transport [37].

G-CSF is monomeric cytokine that binds to a single, membrane-spanning protein, the G-
CSF receptor (G-CSFR). The G-CSF:G-CSFR complex forms a 2:2 stoichiometry signaling
unit in which each G-CSF monomer binds one receptor chain through the cytokine receptor
homologous (CRH) module and the second receptor through the Ig domain [38-40] (Fig.
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1C). Downstream signaling is viathe JAK/STAT3, PI3K/AKT and MAPK/ERK pathways
(reviewed in [41, 42]).

In steady state, CSF-1 and IL-34 are expressed in brain in a largely non-overlapping manner
by neuronal cells [20-22]. Transcripts for CSF-1 have also been reported in astrocytes,
oligodendrocytes and microglia [43, 44]. While CSF-1 circulates at 4.5 ng/ml [13], the
circulating concentration of 1L-34 is quite low (52 pg/ml, [14]). It is presently unknown
whether 1L-34 can cross the blood-brain barrier (BBB) and, at normal physiological
concentrations, CSF-1 fails to cross (Chitu, V. & Stanley, E.R. unpublished). In contrast,

in steady state, both GM-CSF and G-CSF cross the BBB [45, 46].

Within the central nervous system (CNS), functional receptors for CSF-1, GM-CSF and
G-CSF are expressed on microglia and some neural lineage cells [22, 47-70] (Fig. 2) and
balanced signaling through all three receptors is important for normal CNS homeostasis [62]
(Biundo, F., Chitu, V. & Stanley, E.R. manuscript in preparation). Their roles in the nervous
system homeostasis and disease are considered for each separately.

2. CSF-1R and its ligands
2.1 Expression of the CSF-1R in the CNS

The CSF-1R is expressed on all microglia, parenchymal and non-parenchymal macrophages
(BAMS) [47, 48, 71]. CSF-1R expression has also been reported in neural precursors, where
it may be important in neuronal differentiation during development [22]. The expression

of the CSF-1R in mature neurons is controversial (reviewed in [4]). While several studies
report that CSF-1R expression defines a subpopulation of pyramidal projection neurons [49]
and promotes the survival of injured neurons [50], others have failed to detect expression in
adult neurons (reviewed in [4]) [51]). In this review, we have primarily focused on the action
of the CSF-1 ligands on microglia.

2.2 Expression of the CSF-1R ligands in the CNS

Both outside and within the brain, CSF-1 and 1L-34 mRNAs are differentially expressed
[19, 22] and there is no compensatory increase in tissue 1L-34 mRNA expression in CSF-1-
deficient mice [19]. In the brain, CSF-1 and IL-34 are primarily expressed by neurons

in a non-overlapping manner except in the CA3 region of the hippocampus where they
co-localize [22] (Fig. 2). CSF-1 mRNA is mainly expressed in the deep cortical layers,
cerebellum and spinal cord, whereas IL-34 mRNA is expressed throughout the forebrain
(neocortex, olfactory bulb, striatal cells, ependymal cells and choroid plexus) [20-22].
Generally, CSF-1 is preferentially expressed in cerebellum and white matter, whereas 1L-34
is preferentially expressed in forebrain and grey matter [19, 23, 24]. Interestingly, the
non-overlapping pattern of expression of CSF-1 and IL-34 observed in the adult brain is
also observed during embryogenesis [22] and early post-natal development [22, 24]. During
embryogenesis, expression of CSF-1 mRNA increases gradually, while I1L-34 levels are
low [19, 22]. Postnatally, associated with microglial expansion, 1L-34 RNA levels increase
dramatically relative to CSF-1 mRNA, then decrease in the adult [19, 20, 22, 72]. Together
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these expression studies suggest complementary, non-redundant regulation by CSF-1 and
IL-34 in the brain.

2.3 CSF-1R and its ligands in the nervous system at steady state

2.3.1 Role in the regulation of the development and maintenance of
microglia and brain macrophages—The derivation of microglia and meningeal,
perivascular and some choroid plexus macrophages from early erythro-myeloid progenitors
(EMPs) in the yolk sac is dependent on CSF-1R [73, 74] (reviewed in [75]). CSF-1R
expression was reported to first occur at E8 in EMPs [76] and at E9 in EMP-derived

AZ2 progenitors [77]. With the establishment of the embryonic circulatory system, the A2
progenitors migrate to the neural tube and populate the developing brain and the spinal
cord at ~E9.5, where they give rise to microglia [73, 77-79], meningeal, and perivascular
macrophages [80]. While both Csf1/* and Csf1r~~ progenitors seed the brain rudiment
by E10.5, at E12.5 the CsfIr~~ progenitors are greatly reduced compared to their wild-type
counterparts, indicating that the CSF-1R provides crucial survival/proliferation signals [73,
81]. The development of the BBB at ~E11.5 ensures virtually no contribution of monocytes
derived from hematopoietic stem cells to the establishment of parenchymal microglia [73].

The profound depletion of microglia in adult CsfZr-deficient mice demonstrates that
CSF-1R signaling is required for microglial development [73]. CSF-1 deficiency results

in a moderate decrease in microglial numbers in adult mice [82], whereas IL-34

deficiency confers a more substantial reduction [20, 21]. However, analysis of microglial
precursors and microglia in yolk sac and brain rudiments during embryonic development
and in newborn mice revealed no difference between wild type and IL-34 deficient

mice [21], suggesting that IL-34 is not involved in the development and seeding of
microglial precursors. Furthermore, using function-blocking, anti-CSF-1R ligand antibodies,
it was shown that CSF-1 alone is required for microglial colonization and maintenance

in embryonic brain, while I1L-34 begins to be required postnatally [24]. In addition,
experiments involving the genetic ablation of either CsfZ or //34in neural lineage cells
suggest that, after precursor seeding, the development and maintenance of cerebellar
microglia is uniquely dependent on CSF-1, while forebrain microglia require 1L-34 [23].
Interestingly, non-overlapping regulation by CSF-1 and IL-34 occurs even within the
forebrain, where CSF-1 regulates white matter microglia and IL-34 regulates grey matter
microglia [24, 83]. Other studies show that within the developing brain CSF-1R signaling
also plays a central role in the establishment of microglial processes [82, 84] and migration
[85].

2.3.2 Role of CSF-1R in the maintenance of adult microglia—Coupled
proliferation and apoptosis cause mouse microglia to turn over 1-6 times per lifetime

[86, 87] and estimates in humans indicate that cortical microglia turn over approximately
once per lifetime [88]. In adult mice, the almost complete elimination of microglia by
treatment with CSF-1R inhibitors demonstrates that the adult microglial population is
uniquely dependent on the CSF-1R for survival and proliferation [89]. After acute depletion
in mice, repopulated microglia are solely derived from the proliferation of residual microglia
[89, 90]. Studies involving cyclic elimination and recovery of microglia following treatment
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with a CSF-1R inhibitor [91] or inducible genetic deletion of the Csf1r[92] suggest that the

potential for microglia to repopulate is limited. Further, microglia from aged mice fail to
proliferate, suggesting that the repopulation ability might be lost with aging [93].

2.3.3 Role in the regulation of neuronal lineage cells—Developmental studies in
Csf1r”~ mice revealed a role for CSF-1R signaling in suppressing the expansion forebrain
neural progenitor cells (NPC), enhancing their differentiation and promoting their survival
and the survival of their early neuronal progeny (reviewed in [4]). Supporting a direct

role of the CSF-1R in regulating these processes, CSF-1 or 1L-34 each suppressed the
self-renewal, but not the proliferation of cultured, purified CSF-1R-expressing NPC and,
in clonal differentiation assays, increased the percentage of neuronal colonies, without
affecting the percentage of astrocytic or oligodendrocytic colonies. In addition, conditional
deletion of the CsfZrin NPC using Csf1r™%f1-Nestin-Cre/+ mice yielded mice with normal
cortical microglia densities at E18.5 and P20, but higher perinatal lethality, smaller brain
size and enhanced forebrain progenitor cell proliferation and apoptosis [22]. These studies
indicate direct regulation of NPC viathe CSF-1R during development. Interestingly, the
more efficient stimulation of neuronal differentiation /n vitro by IL-34, compared with
CSF-1, prompted the identification of a second receptor for IL-34, RPTP-C, that is also
expressed on NPC [94](reviewed in [4]).

2.4 Physiological Roles of the CSF-1R

2.5 Rolein

Studies of the physiological roles of the CSF-1R in microglia have been limited. As
microglia are dependent on the CSF-1R for survival, targeted inactivation of the Csfir

[73], or administration of CSF-1R inhibitors [95] leads to microglial death. In addition,
investigations of the effects of systemic administration of CSF-1 in healthy mice are
compromised by the lack of BBB penetrance. Csf1rheterozygosity does not lead to
depletion of microglia, offering a unique opportunity to determine how reduced CSF-1R
signaling impacts microglial function. Studies carried out so far indicate that reduced
CSF-1R signaling causes a dyshomeostatic microglial phenotype [62, 96-98]. However,
they have primarily characterized microglia isolated from aged CsfZ/*/~ mice with

ongoing neuropathology, thereby documenting both causative (CSF-1R-related) and reactive
(pathology related) changes (see 2.6.1 below). To address the physiological roles of CSF-1R
signaling, studies before the onset of pathology in this model are warranted.

aging

Microglia undergo major functional changes during aging that are associated with

altered gene expression [99-101]. These include their expansion, acquiring a dystrophic
morphology and hyperresponsiveness to inflammatory stimuli, reductions in phagocytosis
and motility (reviewed in [102, 103]). In an attempt to rejuvenate microglia in aged

mice, 24-month-old mice were treated for 14 days with the CSF-1R inhibitor, PLX5622,
eliminating ~70% of microglia. Analysis was commenced 28 days after cessation of
inhibitor treatment, when dystrophic microglia were replaced by newly generated ones.
The treatment normalized microglia and dendritic spine densities, improved neurogenesis
and was accompanied by full-rescue of the aged-induced deficits in long-term potentiation
and spatial memory [104]. In another study [105], microglial depletion and repopulation
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in 6-18 months old mice was reported to reverse age-associated lysosome enlargement
and the accumulation of lipofuscin, but produced less significant changes in the age-
induced transcriptomic changes in the whole brain tissue and failed to rescue the
hyper-responsiveness to LPS challenge, suggesting that the aged brain microenvironment
promotes the priming of repopulated microglia. Furthermore, a combination of chronic
CSF-1R inhibitor treatment and environmental enrichment has been shown to attenuate
metabolic decline in middle-aged female mice, presumably by reducing inflammation

in the hypothalamus through depletion of microglia and/or by modulating adipose

tissue macrophages [106]. Investigations using tissue-specific deletion of microglia and
macrophages should help delineate the contribution of the central and peripheral CSF-1R-
dependent phagocytes to aging-related metabolic decline.

2.6 CSF-1R in neurological disease

2.6.1 CSF-1R deficiency diseases: BANDDOS and CRL—The initial
identification of dominantly inherited monallelic CSFIR mutations in patients with adult
onset leukodystrophy [107] and of homozygous CSFIR mutations in pediatric patients
with brain malformations and osteopetrosis [108] has stimulated interest in investigating
the involvement of CSF-1R in human developmental and neurodegenerative disease

and the identification of animal models that permit the investigation of underlying
mechanisms. The two diseases associated with CSF-1R deficiency, Brain Abnormalities,
Neurodegeneration, and Dysosteosclerosis (BANDDQOS, OMIM #618476) and CSF1R-
related leukoencephalopathy (CRL, OMIM #221820), as well as the animal models, have
been the subject of a recent review [109] and are only briefly covered here.

BANDDOS is an autosomal recessive disorder caused by bi-allelic mutations in the CSFIR
gene. The mutations involved are primarily dominant inactivating missense mutations within
the region encoding the intracellular tyrosine kinase domain. Patients exhibit epilepsy,
structural brain anomalies, including ventriculomegaly and cerebellar atrophy, as well as
leukodystrophy. The disease is variably associated with osteopetrosis. BANDDOS patients
that are homozygous for amorphic CSFIR alleles exhibit a marked osteosclerosis and early
onset, possessing most of the phenotypic characteristics reported for CsfZrnullizygous

mice [108, 110, 111], whereas homozygous carriers of hypomorphic mutations have no
perceptible, or mild, osteosclerosis (reviewed in [109]). These data suggest a CSFIR gene
dosage effect on the severity of BANDDOS.

CRL is an autosomal dominant disease associated with cognitive impairment, psychiatric
disorders, motor dysfunction and seizures, with typical onset between 10-60 years of age
[112]. Based on the observation that a CRL mutation caused CSFIR haploinsufficiency
[113], a Csf1rt'~ mouse model was developed that faithfully models the human disease
[114] (reviewed in [109]). Subsequently, Biundo et al. demonstrated that CsfZrmonallelic
deletion in microglia was sufficient to cause all aspects of the disease, supporting the idea
that CRL is a primary microgliopathy [97]. Indeed, characterization of young and aged
Csf1rt!~ mice revealed an early elevation in microglial density [114] and provided evidence
for microglia dyshomeostasis that was associated with an early loss of presynaptic markers
and disruption of the extracellular matrix (ECM) [98], as well as with a transcriptomic
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profile indicative of pro-oxidant and demyelinating functions [62]. Treatment of the Csf1//~
mice for 2 months from 6 months of age with the CSF-1R inhibitor, PLX5622, eliminated

> 90% of microglia and prevented synaptic changes [98]. A lower, non-depleting dose

of PLX65622 (that reduced microglia density by ~ 25%) was sufficient to prevent the
development of early spatial memory deficits in Csfrheterozygous mice [98]. However,
the effects of long-term or cessation of treatment were not investigated. Studies focusing on
the molecular mechanisms involved revealed that the microgliosis in Csf17*/~ mice was not
associated with a compensatory increased expression of the CSF-1R ligands and identified
GM-CSF as a direct mediator of microglia expansion and a significant contributor to the
oxidative stress and demyelination associated with disease [62, 114]. G-CSF expression
was also elevated in Csf17/~ mouse brains and shown to contribute to microglial activation
and disease progression in a non-overlapping manner with GM-CSF (Biundo, F., Chitu,

V. & Stanley, E.R., in preparation). Relevant to the human disease, there is evidence that
GM-CSF and G-CSF may also contribute to the development of dyshomeostatic microglia
in CRL patients [62, 96]. Overall, these studies suggest that balanced regulation by CSF-1R,
GM-CSF and G-CSF is necessary for microglial homeostasis and identify new therapeutic
targets for CRL.

2.6.2 CSF-1R in inflammatory demyelinating diseases—Studies of remyelination,
following lysolecithin-induced white matter demyelination, demonstrate the importance

of CSF-1 in preserving an anti-inflammatory phenotype in microglia, as well as

indirectly suppressing astrocyte activation, thus preventing axonal damage [115, 116].
Consistent with this, removal of CSF-1 in the twitcher mouse, a model of globoid

cell leukodystrophy (GCL), exacerbated the progressive demyelination and neurological
symptoms. Mechanistically, lack of CSF-1 resulted in decreased microglia/macrophage
numbers, increased myelin debris and reduced recruitment of oligodendrocyte precursor
cells, suggesting that CSF-1-activated phagocytes fulfill functions that are crucial for
remyelination [117]. In contrast, in connexin 32-deficient mice, a model of Charcot—-Marie—
Tooth disease type 1X (CMT1X), MCP-1 produced by Schwann cells and CSF-1 secreted
from endoneurial cells together support the expansion of monocyte-derived macrophages
and microglia that cause myelin damage [118-121]. Oral administration of the CSF-1R
inhibitor, PLX5622, for a 6-month period immediately prior to the development of
degenerative changes at 18 months, decreased macrophage numbers in the mice by ~70%,
ameliorated nerve structural changes and preserved muscle strength [122]. Thus, depending
on the cellular mechanisms involved, inhibition of the CSF-1 signaling in demyelinating
diseases may have beneficial effects in some settings, but not in others.

2.6.3 CSF-1R in autoimmune demyelination—Studies in autopsied brain tissue
from patients with multiple sclerosis (MS) showed that, despite the tremendous increase
in macrophages/microglia within lesions, the percentage of CSF-1 and CSF-1R expressing
cells was significantly decreased in active and demyelinated lesions compared to control
case white matter [123]. Consistent with this, monocytes and macrophages are also
decreased in the cerebrospinal fluid of MS patients [124]. The role of CSF-1R signaling

in demyelination has been extensively studied in the cuprizone-induced model of MS in
which inhibition of CSF-1R signaling prevents microgliosis and reduces demyelination
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and the destruction of nerve fibers [125-128]. Furthermore, direct injection of CSF-1

in the healthy corpus calosum was sufficient to drive demyelination [128]. However, it
should be noted that cuprizone-induced demyelinating lesions lack the T cell infiltration
characteristic of MS [129] and therefore they do not take into account the contribution

of the autoimmune component of the disease, which is better reflected in experimental
autoimmune encephalomyelitis (EAE). CSF-1 levels were elevated in the spinal cord of

a mouse model of EAE with specific upregulation in spinal cord neurons and white,

but not grey matter, astrocytes [130]. Furthermore, lentivirus-mediated overexpression of
CSF-1 in neurons led to focal microgliosis and demyelination that mirrored EAE pathology
[130]. In contrast, another EAE study shows that intrathecal delivery of either CSF-1

or IL-34 at the first signs of EAE in mice attenuates demyelination and prevents the
progression of EAE symptoms. Mechanistically, CSF-1R activation promoted the expansion
of CD11c* microglia and decreased T cell infiltration, without altering the recruitment of
myeloid cells to the spinal cord [131]. However, ablation of microglia/macrophages during
the symptomatic phase of EAE, using the dual specificity (CSF-1R and c-kit) inhibitor,
PLX3397, has been reported to improve animal mobility and myelination while withdrawal
of the treatment caused the re-emergence of symptoms [132]. Administration of a more
specific CSF-1R inhibitor, BLZ945, at the near-maximal disease stage, resulted in depletion
of spinal-cord, but not cortical microglia, and did not produce a difference in the clinical
score [126]. Further work is needed to understand how the CSF-1R regulates microglia at
different stages of EAE and its relevance to human disease.

2.6.4 Neurodegenerative disease

2.6.4.1 Alzheimer’s disease: Alzheimer’s disease is the most common human
neurodegenerative disease. It is characterized by the extracellular deposition of amyloid
beta (AB) and intraneuronal accumulation of fibrillar tangles of abnormally phosphorylated
Tau (pTau) protein in the brain [133, 134]. Studies using autopsied brain samples showed
that, compared to age-matched non-demented controls, the expression of CSF-1R and CSF-1
transcripts is increased in the temporal gyri of AD patients, but not in their cerebelli, while
the expression of IL-34 is decreased selectively in the inferior temporal gyri of AD patients
[47, 135]. Similarly, an increase in Csflrexpression was reported in the ABPPV717F
mouse model of AD [136], indicating that CSF-1R signaling is activated in AD. However,
investigation of the role of CSF-1R activation in the regulation of microglia function in AD
has produced controversial results. For example, stimulation of primary human microglia
with either IL-34 or CSF-1 was reported to downregulate genes associated with lysosomal
function and AP removal [135], but also to stimulate the phagocytosis of AR /n vitro

[137]. Administration of CSF-1R inhibitors to mouse models of AD and AD tauopathy has
produced variable effects on AP deposition [138-144], Tau pathology and phosphorylation
[145-147] that might depend on the timing of administration and on the extent of microglial
depletion achieved. Nevertheless, most preclinical studies indicate that inhibition of CSF-1R
signaling ameliorates inflammation and improves cognitive function (reviewed in Han, J.,
Chitu, V., Stanley, E.R., Wszolek, Z.K., Karrenbauer, V.D. and Harris, R.A., in preparation).
Surprisingly, activation of CSF-1R signaling has also been reported to improve cognitive
function in mouse models of AD (reviewed in [4]). Thus, either activation of CSF-1R
signaling inducing a trophic state in microglia, or removal of activated microglia using
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CSF-1R inhibitors, might ultimately achieve the same goal of preventing neuronal loss in
AD.

2.6.4.2 Parkinson’s disease: Parkinson’s disease (PD) is a movement disorder
characterized by progressive degeneration of dopaminergic neurons in the substantia nigra
(SN) of the midbrain. Since microglial functions are tightly controlled by neuronal activity
and neurotransmitters [83, 148] it is possible that the death of dopaminergic neurons may
cause microglia to lose their physiological functions and develop a pathological phenotype.
Indeed, it is generally accepted that neuroinflammation plays an important role in the
pathogenesis of PD [149]. The CSF-1R pathway is activated in both human PD and
pre-clinical models of PD as evidenced by the increased expression of CSFZin the SN

of PD patients and by the increase of both CsfZrand CsfI expression in the striatum

during the acute phase of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced
toxicity in mice [150]. Furthermore, the same study shows that MPTP toxicity triggered
the phosphorylation of CSF-1R at tyrosine residue 721 [150], an event that mediates

the activation of the PISK/AKT pathway and contributes to macrophage survival [2], but
also to the suppression of inflammatory activation [9]. In preclinical studies, inhibition

of CSF-1R signaling has produced mixed results, depending on the timing of inhibitor
administration. When applied after the neurotoxic insult, CSF-1R inhibitor treatments that
either depleted microglia [151] or just prevented their expansion [150] dampened the
inflammatory response and contributed to the amelioration of motor dysfunction. In contrast,
elimination of microglia before the neurotoxic insult aggravated neurotoxicity [152]. These
data suggest that targeting microglia through inhibition of CSF-1R signaling might be
beneficial in symptomatic PD.

2.6.4.3. Huntington’s disease: Huntington’s disease (HD) is another devastating
neurodegenerative disorder in which early microglial activation plays an important role
[153-155]. Studies in R6/2 mice, a rapidly progressing model of HD, showed that a

5-week CSF-1R inhibitor treatment, that effectively depleted the microglia, resulted in
functional improvement over the untreated group, while having no effect in wild type control
mice [155]. Consistent with the depletion of microglia, the treatment also ameliorated the
transcriptomic changes indicative of dysregulated interferon gamma activity in the striatum
and prevented the degradation of perineural nets in the somatosensory and motor areas of the
cortex [155]. However, to date there is no information regarding the expression of CSFIR or
its ligands in the human disease.

2.6.4.4 Amyotrophic lateral sclerosis: Amyotrophic lateral sclerosis (ALS) is a motor
neuron disease involving oxidative stress. Although ALS is not initiated by inflammatory
responses, neuroinflammation, widespread microglial activation and infiltration of
monocytes in the peripheral nerves are prominent pathological features of ALS [156, 157].
Immunoreactivity for both CSF-1 and IL-34 is increased in sciatic nerves from ALS patients
and in SOD1G%A rats, suggesting that a paracrine mechanism of endoneurial macrophage
expansion, driven by reactive Schwann cell-expressed CSF-1 and IL-34, contributes to
peripheral nerve pathology [158]. Consistent with this, administration of CSF-1 exacerbates
disease progression in SOD1%37R mice by enhancing microglial/macrophage activation

Semin Immunol. Author manuscript; available in PMC 2022 November 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chitu et al.

Page 10

[159]. In contrast, inhibitor studies in SOD1%93A mice suggest that targeting the CSF-1R
may slow the disease progression, by suppressing both central and peripheral immunity
[160]. An open-label phase 2 clinical trial, investigating the safety and tolerability of the
CSF-1R inhibitor, BLZ945, in patients with ALS, is ongoing (ClinicalTrials.gov, identifier:
NCT04066244).

2.6.4.5 Prion disease: Activation of the innate immune system also contributes to

the neurodegenerative pathology of prion disease. Studies in mice infected with scrapie
agents demonstrated an increased expression of CSF-1 protein and transcripts [161].
Further evidence for a role of CSF-1R activation in the expansion of microglia in prion
disease comes from a study showing that central inhibition of IL-34 reduces microglial
proliferation in ME7 prion mice [162]. However, ablation of microglia, using the CSF-1R
inhibitor, PLX5622, did not prevent prion-induced degeneration of retinal photoreceptor
cells, suggesting that microglia were not required for prion-mediated damage [163]. In fact,
elimination of microglia led to faster onset of photoreceptor damage and exacerbated prion
pathology, suggesting that the activation of microglia contributes to the host defense against
prion disease [163, 164].

2.6.5 Psychiatric and affective disorders

2.6.5.1 Catatonia: Increased innate immune activation, including an increase in
mononuclear phagocytes that are also dysfunctional, is a common finding in psychotic and
affective disorders (Hughes 2021). Low-grade inflammation has been shown to contribute to
catatonia, a psychomotor syndrome observed across neuropsychiatric diseases that could be
alleviated by short-term (5 weeks) depletion of microglia in mice using a CSF-1R inhibitor
[165]. However, a subsequent study, employing two consecutive rounds of microglial
depletion separated by a recovery period, suggested that the improvements might be
transient. It further showed that microglia surviving CSF-1R inhibition acquire a highly
activated phenotype and the capacity to phagocytose live oligodendrocytes [166]. These
data are consistent with the dual role of CSF-1R signaling in promoting the survival and
suppressing the inflammatory activities of macrophages [2, 9], and suggest that microglia
adapting to low CSF-1R activity acquire a tissue-damaging phenotype.

2.6.5.2 Depression and anxiety: Examination of CSF-1R expression in postmortem
samples of cortex, cerebellum and spleen obtained from patients with major depressive
disorder (MDD), schizophrenia (SZ) and bipolar disorder (BD), revealed decreased CSF1R
expression in the spleens, but not in the brains, of patients with MDD and SZ [167], leading
to the suggestion that dysregulation of a spleen-brain axis may play a role in these disorders.
However, in another study, CSF-1 mRNA was upregulated in the dorsal medial prefrontal
cortex (PFC) of patients with MDD [168]. Consistent with this, studies in Thy1-GFP

mice exposed to chronic unpredictable stress showed that stress induces activation of the
CSF-1R pathway by increasing the expression of CSF-1 in the PFC. Microglia isolated
from the PFC exhibited increased expression of CSF-1R and increased phagocytosis of
neuronal elements that correlated with reduced dendritic spine density in Layer | of the
PFC. Viral-mediated knock-down of neuronal CSF-1 in the medial PFC prevented anxiety
and depressive-like behaviors [168]. In contrast, other studies examining the effects of
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intraperitoneal administration of CSF-1 show anti-depressive effects in chronically stressed
mice [169-172] and suggest that the anti-depressive actions of CSF-1 are mediated by direct
restoration of microglial homeostasis in the hippocampus of the stressed animals [170, 171].
The mechanisms by which both central inhibition and peripheral administration of CSF-1
mitigate depression need to be addressed.

2.6.6 Stroke—After stroke, microglia contribute both to the early neuroinflammatory
response and to neurorestorative events [173]. Serum levels of IL-34 are increased in
patients with ischemic stroke and directly correlate both with the infarct size and poor
functional outcome at 3 months post-infarct [174], suggesting that CSF-1R signaling might
be detrimental in stroke. However, inhibition of CSF-1R signaling in mice with transient
middle cerebral artery occlusion (MCAO), by treatment with PLX5622, did not affect infarct
volume, or the level of translocator protein (TSPO), a measure of neuroinflammation,

in the ipsilateral hemisphere [175]. Within the infarct area, PLX5622 treatment reduced

the expression of homeostatic microglia markers but did not change the total number of
Ibal* cells [175], an observation that explains how PLX5622 ultimately impaired functional
recovery. Other studies, in which either CSF-1R inhibitors (PLX3397 and PLX5622) or

an antibody directed to CSF-1R, AFS98, resulted in increased neuroinflammation after
ischemia [176-179], support these observations. Overall, these data suggest that CSF-1R
activity in the brain is necessary to support homeostatic microglial functions after ischemic
stroke.

2.6.7 Chronic pain—Human imaging studies and preclinical models of neuropathic pain
suggest that following nerve injury, cellular and molecular interactions of macrophages

and microglia with spinal dorsal horn neurons contribute to the establishment of chronic
pain [180, 181]. One of the molecular mechanisms involved is activation of the CSF-1/
CSF-1R/DAP12 pathway [181]. Peripheral nerve injury induces the upregulation of CSF-1,
but not of 1L-34, in injured sensory neurons and the upregulation of CSF-1R expression

in microglia [182, 183]. Activation of the CSF-1R pathway contributes both to microglia
proliferation and mechanical hypersensitivity [182, 183]. Interestingly, the adaptor protein
DAP12 was required for the induction of pain, but not of microglia proliferation by CSF-1
[182]. Further mechanistic investigations showed that the CSF-1/CSF-1R axis increases
excitatory drive to excitatory neurons and decreases excitatory drive to inhibitory neurons
via BDNF -dependent and -independent mechanisms, respectively [184]. Both genetic

and pharmacological inhibition of CSF-1R signaling were shown to alleviate pain while
intrathecal administration of CSF-1 induced mechanical allodynia [130, 182, 183, 185].
Similar results were obtained in models of pain caused by ischemia/reperfusion, lumbar
disc degeneration and psychosocial stress [130, 186-188], indicating that CSF-1R signaling
might be targeted to alleviate chronic pain.

2.6.8 Seizures—Studies in mouse models indicate that seizures induce the infiltration
of monocytes into the hippocampus, as well as the CSF-1R-dependent proliferation

of microglia and their activation, which contributes to neuronal death [189]. /n silico
analysis using the Causal Reasoning Analytical Framework for Target discovery (CRAFT)
computational approach, that identifies cell membrane receptors with a direction-specified
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influence over disease-related gene expression profiles, has identified CSF-1R as a potential
therapeutic target in epilepsy [190]. In a mouse model of acquired temporal lobe epilepsy
(TLE), treatment with the CSF-1R inhibitor, PLX3397, reverted the gene expression profile
of a gene module associated with TLE, and enriched in microglial markers, towards a
healthy profile. Notably, this module was conserved in human TLE [190]. Furthermore,
systemic treatment with PLX3397 decreased seizure frequency in two preclinical models of
TLE (intraperitoneal administration of pilocarpine in Crl:NMRI(Han)-FR outbred mice, or
hippocampal administration of kainic acid in C57/BL6 mice). In contrast, in acute seizure
models, CSF-1R inhibitor treatment has been reported to have either no anti-seizure effects
[190] or to exacerbate seizures [83, 191]. These data suggest that at steady-state microglia
protect neurons from overexcitation, but that once microglial dyshomeostasis is induced

by repeated seizures, they contribute to pathology and this dyshomeostatic state can be
reversed by attenuating CSF-1R signaling. However, tamoxifen-induced ablation of Csf1r
in Cx3Crl-expressing mononuclear phagocytes was reported to exacerbate both acute and
chronic seizures [192]. The reasons for the discrepant findings regarding the role of CSF-1R
signaling in chronic seizures should be addressed.

2.7 CSF-1R in glioblastomas

The presence of tumor associated macrophages (TAMS) is associated with poor prognosis
and correlates with resistance to chemotherapy, and in mouse models TAMs can be
targeted by inhibiting CSF-1R [193]. Glioblastoma is the most common and aggressive
primary adult brain tumor and is treated initially by surgical intervention. The most
common postoperative standard-of-care therapy, involving whole brain ionizing irradiation,
often combined with chemotherapy, is of transient benefit. Glioblastoma cell lines secrete
CSF-1 [194]. CSF-1R blockade in a mouse model of glioblastoma multiforme (GBM)
significantly increased survival, regressed established tumors and slowed intracranial growth
of patient-derived glioma xenografts. Interestingly, CSF-1R inhibition depleted normal
microglia, but not TAMSs, which were “re-educated” to an anti-tumor phenotype by the
locally produced GM-CSF and interferon-y [195]. Apart from eliminating microglia,
CSF-1R inhibition also reduced two side effects of whole brain irradiation, dendritic

spine loss and cognitive disability [196]. However, the tumors recurred in >50% CSF-1R
inhibitor treated mice, driven by macrophage-derived insulin-like growth factor-1 (IGF-1)
and tumor cell IGF-1 receptor (IGF-1R), that elevated the tumor PI3K pathway activity,
suggesting that a combination of IGF-1R or PI3K blockade with CSF-1R inhibition

may suppress glioma resistance to CSF-1R inhibition [197]. Recent studies have shown
substantially enhanced survival in preclinical models in which CSF-1R inhibitor treatment is
combined with radiotherapy [198]. The effectiveness of CSF-1R inhibitors, in combination
with either standard-of-care therapy (NCT01790503), or immune checkpoint inhibitors
(NCT02829723) is currently under clinical evaluation.

3. GM-CSF

3.1 GM-CSF and GM-CSFR in the central nervous system at steady-state

GM-CSF readily crosses the BBB [45]. However, in mice at steady-state, the level of
circulating GM-CSF is below the detection limit (<5pg/ml) [199]. In humans, studies
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suggest a gradual increase in circulating levels starting from <6 pg/ml in neonates and
early childhood [200-202], to 24+11pg/ml in young adults [203] and reaching 337+163
pg/ml in aged adults, in which low concentrations of GM-CSF (18+9 pg/ml) can also be
detected in the cerebrospinal fluid (CSF) [204, 205]. The expression of both GM-CSF
protein and transcripts in brain tissue is barely detectable [62, 114, 206, 207], a finding
that is difficult to reconcile with the widespread expression of both GM-CSF and GMRa
documented histologically [52, 70]. Given the low concentration of circulating GM-CSF,
one possible explanation, backed by /n vitro studies showing that a low concentration (0.1
pg/ml) of GM-CSF was sufficient to support the survival of primary human eosinophils
in culture [208], is that GM-CSF might be biologically active at very low concentrations
in vivo. Alternatively, it might signal in a paracrine fashion, through focal production and
utilization.

Irrespective of the manner and amounts in which it is produced, GM-CSF signaling has

an important role in the functioning of the nervous system. Studies in GM-CSF null and
heterozygous mice demonstrate a role in cognitive function [62, 209]. Furthermore, CNS
administration of GM-CSF decreases food intake [210] and is somnogenic [211] in rats.
Exogenous GM-CSF stimulates melatonin release by the pineal gland [212] and promotes
both non-REM and REM sleep, the latter by stimulating the release of somatostatin by

the hypothalamus [211]. Conversely, intracerebroventricular administration of an anti-GM-
CSF antibody inhibits pregnancy-enhanced sleep [213]. In addition, expression studies in
mouse embryos reveal dynamic regulation of both GM-CSF and GM-CSFR expression from
embryonic day 13 (E13) to postnatal day 1 (P1) [214]. Although not quantitative, the data
indicate that in the developing brain, both GM-CSF and GMRa. levels are regulated in

a synchronized fashion peaking at E13-E14 and decreasing thereafter. GM-CSF might be
produced intrathecally, as its levels in the cerebrospinal fluid (CSF) peaked at E14-E15,
while circulating levels gradually decreased between E13-P1. Similarly, in the human
embryonic brain both GM-CSF and GM-CSFR transcripts are expressed, starting at 10
weeks of gestation, and the immunoreactivity for the respective protein products is preserved
in the adult, at least in the spinal cord [200].

Increased GM-CSF production may negatively impact pre- and post- natal
neurodevelopment. Elevated levels of GM-CSF in infants with neonatal encephalopathy
negatively correlate with survival and brain function [215]. Additionally, emerging evidence
suggests a role for GM-CSF in autism. GM-CSF can cross the placenta [216] and increased
levels of GM-CSF were found in mid-gestation sera of mothers of children with autism
spectrum disorder and intellectual disability [217]. Furthermore, Li et al [218] found a two-
fold increase in GM-CSF in the frontal cortex of autistic compared to non-autistic children.
These data prompt further exploration of the role of GM-CSF in brain development.

3.2 Sources of GM-CSF in the CNS

The expression of GM-CSF is rapidly induced /n vivo in response to acute tissue injury,
including ischemia/reperfusion [52], traumatic brain injury [219] and demyelinating disease
[207, 220-222]. Brain levels of GM-CSF are also elevated in neurodegenerative conditions,
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including AD, vascular dementia [204], multisystem atrophy, spinocerebellar ataxia [223]
and CRL [62].

In vivo, immunohistochemical analysis detects its expression at steady-state in
subpopulations of CNS neurons, astrocytes, choroid plexus and ependymal cells [70].

In vitro, GM-CSF is constitutively produced by human astrocytes [224, 225], brain
microvascular smooth muscle and endothelial cells [226]. In cell culture systems, rapid and
strong (5-200-fold) GM-CSF expression can be induced in a variety of cell types including
neuronal precursors [227], astrocytes [224, 228-232], endothelial cells [232, 233], pericytes
[232, 234] and microglia [231, 235, 236], by various inflammatory (LPS, IL-1B, TNF-a,
MSP) and lipid (sphingosine-1-phosphate and lysophosphatidylcholine) mediators, or by
neurotoxins [237] (Fig. 2).

3.3 GM-CSF target cells in the CNS

Human GMRa is broadly expressed by cortical neurons and Purkinje cells [52]. Similarly in
rats, expression of GMRa has been detected in both embryonic [53] and adult subventricular
and subgranular zone neural progenitor cells [54], and immunoreactivity for both GMRa
and pc subunits was reported in Purkinje cells, cortical, hippocampal and olfactory bulb
neurons [52]. Gene expression studies in mouse brains show a widespread distribution of
Csf2ratranscripts, while transcripts for Csf2rb are largely restricted to microglia (Chitu,

V., Lui, Y., Zheng, D. and Stanley, E.R., unpublished observations). This observation is
supported by reporter gene expression studies showing that in adult mice robust Csf2rb
promoter activity is sparsely detected only in the hilus of the hippocampus, in basal
amygdala, thalamus and in the supramamillary bodies [55]. However, since the GMRa
subunit binds GM-CSF and can induce cellular responses without engaging the kinase
signaling cascade [37] (Fig. 1), this observation does not preclude widespread activity of
GM-CSF in CNS neurons via the a subunit.

High affinity functional GM-CSFRs are expressed on primary rat oligodendrocytes

and addition of GM-CSF to oligodendrocyte cultures stimulated proliferation over a
concentration range of 0.025-100pM [56]. In contrast, there is controversy regarding the
expression of functional GM-CSFRs in astrocytes. While several studies failed to detect
ligand binding in cultured rat astrocytes [56], or immunoreactivity for GM-CSF receptor
subunits in mouse astrocytes [52], others demonstrated the presence of GMRa and B¢
subunits transcripts in mouse [57, 58] and macaque [59] astrocytes. Functional receptor
expression was indicated by the ability of exogenous GM-CSF to potentiate the LPS-
induced production of IL-6 by astrocytes [58] and to induce the proliferation of macaque
primary astrocytes in a concentration- and GMRa subunit- dependent manner [59].

Steady-state GM-CSFR expression in microglia has been the subject of similar controversy.
The absence of ligand binding sites and of GMRa immunoreactivity has been reported

by different groups [52, 56]. Nevertheless, Csf2raand Csf2rb transcripts encoding the
GMRa and B have been reported in cultured neonatal microglia [60], microglia acutely
isolated from neonatal [58] and adult [62] mice, as well as in human microglia [61].
Immunoreactivity for GMRa was demonstrated in cultured neonatal microglia [60].
Furthermore, addition of GM-CSF to microglia cultures elicits a plethora of biological
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effects including, but not limited to, cell proliferation [93, 238-241], changes in morphology
[239, 242], stimulation of myelin phagocytosis [243] and antigen presentation [244, 245].
Furthermore, GM-CSF triggers microglia proliferation /in situ [246] and, conversely, genetic
targeting of Csf2rbin Cx3Crl-expressing phagocytes attenuates microgliosis in a mouse
model of leukodystrophy [62].

Together, these data indicate that GM-CSF signals in both neural and non-neural lineage
cells in the CNS.

3.4 Regulation of Microglia by GM-CSF

3.4.1 Control of microglial proliferation by GM-CSF—Addition of GM-CSF
promotes the proliferation of primary microglia isolated from human [247] and rodent
[238-241] embryonic or perinatal brains. In human microglia, the proliferative actions of
GM-CSF are mediated by a pathway involving the Src-family kinase, Hck, as well as PI3K
and Erk1/2 [247]. However, microglia isolated from aged (24-month-old) rat brains do not
proliferate in response to GM-CSF [93]. Furthermore, while out of many hematopoietic
growth factors tested /7 vitro (including IL-1a, IL-3, G-CSF, GM-CSF and CSF-1), GM-
CSF is the most powerful mitogen [238], neonatal rat microglia propagated in GM-CSF
rapidly become senescent as a result of progressive loss of their longest telomeres [248].
These data suggest that injuries that induce the upregulation of GM-CSF /n vivo might
contribute to the rapid expansion of microglia but also accelerate their senescence. More
recent studies identify IRF8, an IFNvy-responsive transcription factor, as a suppressor of
the GM-CSF proliferative responses in microglia [249]. IRF8-deficient mice have increased
densities of microglia exhibiting marked reductions in branching and surface area and
altered expression of myeloid cell markers [250].

3.4.2 Regulation of microglial differentiation and function by GM-CSF—
Because isolated rodent microglia do not survive /n vitro in the absence of growth factors,
most studies involve comparisons of cells obtained by propagating non-adherent microglial
precursors (obtained from mixed neonatal glial cultures) in either GM-CSF or CSF-1 for
several days. These neonatal microglial precursors are akin to circulating monocytes, having
lost the granulocytic potential but not yet being committed to a macrophage or dendritic

cell phenotype [251]. Thus, the morphological and functional differences reported in their
mature progeny obtained after exposure to different growth factors might also reflect a
differentiation bias. Indeed, consistent with the role of GM-CSF in promoting dendritic

cell differentiation from monocytes [252], GM-CSF differentiated microglia can induce
antigen-specific T cell responses, while CSF-1 differentiated microglia are unable to do so
[244]. Furthermore, in combination with the TLR-9 agonist, CpG-ODN, GM-CSF increases
antigen cross-presentation by acutely isolated mouse adult microglia [253]. Phenotypic
characterization of GM-CSF-differentiated microglia revealed that they express higher levels
of gene products involved in antigen processing and presentation, including MHC class Il
proteins and cathepsins L and F [245], as well as of dendritic cell surface markers, including
CD11c and Dec-205 (CD205) [251]. CD205 plays an important role in antigen uptake,
presentation and cross presentation to T cells and, depending on the presence or absence

of additional agonistic signals, can promote activation or cause anergy [254]. Interestingly,
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CD205 was also suggested to act as a receptor that mediates the uptake and presentation of
apoptotic and necrotic self-antigens [255]. While at steady-state brain-resident microglia do
not express CD205 [256], it would be of interest to examine whether upregulation of GM-
CSF under pathological conditions can induce CD205 expression /77 vivo with subsequent
(self) antigen presentation and how this might contribute to disease pathology.

GM-CSF has been reported to increase FcyR-mediated phagocytosis in primary mouse
microglia [257, 258]. The mechanism remains to be established, as the reported upregulation
of the inhibitory FcyRIlTb mRNA, combined with a lack of significant effect on the
expression of the activating FcyRI mRNA [257], is rather counterintuitive. Differentiation
in the presence of GM-CSF upregulates the expression of inducible nitric oxide synthase,
NOS2, and of the costimulatory ligand, CD86 [258]. In addition, GM-CSF potentiates
inflammatory responses, priming the PMA-stimulated oxidative burst [259] and facilitating
the production of nitric oxide [60, 260], nitrite [261] and of inflammatory cytokines

(IL-1pB, IL-6, TNF-a) in response to LPS [60]. Potentiation of LPS responses involves

the upregulation of LPS receptors TLR4 and CD14 through pathways involving Erk1/2 and
p38 MAP kinases, respectively, thus enhancing LPS-induced nuclear translocation of NFxB
[60].

Since GM-CSF not only facilitates inflammatory activation but also expands microglia, it
is conceivable that, if uncontrolled, these combined activities could increase the production
of inflammatory mediators up to toxic levels /n vivo, ultimately leading to neural tissue
damage. Relevant to this, GM-CSF-induced proliferation of microglia is subjected to
endocrine control, being suppressed by somatostatin [262] and glucocorticoids [242].

3.4.3 Role of Csf2 in phagocyte-induced demyelination and neurotoxicity—
A first indication that GM-CSF might participate in myelin clearance or destruction by
microglia came from the work of Marion Smith, who showed that microglia cultured

in the presence of GM-CSF showed slightly increased cholesterol ester production from
opsonized myelin but significantly greater (154%) increase from untreated myelin [243].
Subsequent studies showed that GM-CSF differentiated microglia strongly upregulate matrix
metalloproteinase 12 (MMP-12) [245] that contributes to demyelination /n vivo [263, 264].
Antibody depletion of astrocyte conditioned medium demonstrated that GM-CSF is the
major mediator of activation of microglia towards an oligotoxic phenotype [265].

GM-CSF expression is elevated in leukodystrophies [62, 221] and genetic targeting of
Csf2in mice with demyelinating disease has been shown to attenuate the loss of white
matter, microgliosis, and the expression of Cystatin 7 and MMP-12 in microglia [62].

In contrast, overexpression of GM-CSF in Th cells lead to development of neurological
deficits reminiscent of atypical EAE associated with extensive invasion of leukocytes

(T cells, granulocytes and monocytes), microgliosis, astrogliosis, differentiation of ROS-
producing macrophages and demyelination in the brain [266], while global overexpression
of constitutively activated B in mice under the control of the PGK1 promoter leads to
brainstem white matter necrosis [267]. In addition, circulating GM-CSF is elevated in
patients with immune effector cell-associated neurotoxicity syndrome and animal studies
using a neutralizing antibody indicate that it may play a role in neurotoxicity [268].
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Thus, apart from its multifactorial contribution to automimmune demyelination, discussed
in section 3.7.1., GM-CSF can directly promote neurotoxicity and myelin degradation by
mononuclear phagocytes /n vivo.

3.5 Regulation of the neuronal lineage by GM-CSF

Intravenously administered GM-CSF crosses the BBB [45] and increases cell proliferation
in adult rat subventricular zone and dentate gyrus [269], suggesting a neurogenic activity.
However, in vitro studies examining the effect of GM-CSF on NPCs have produced
conflicting results, with both inhibition [53] and enhancement of the expression of neuronal
markers [54], being reported. Regardless of its role in neuronal differentiation, GM-CSF
was shown to have anti-apoptotic actions in staurosporine-treated NPCs [53, 270], an effect
that was mediated by the JAK/STAT5/Bcl-2 pathway [270] and counteracted by antibodies
to GM-CSF Ra subunit [53]. The anti-apoptotic effects of GM-CSF in cultures extend to
sympathetic cervical ganglia neurons, which express both GMRa and B [271], as well as to
primary cortical neurons [52]. Interestingly, while GM-CSF protected differentiated neurons
against apoptosis induced by NGF withdrawal, its addition to cultures of undifferentiated
neurons promoted process outgrowth without affecting survival, indicating that depending
on the cellular context, GM-CSF may activate different signaling pathways. In primary
embryonic cortical neurons, GM-CSF induces the activation of multiple signaling pathways
including Jak2/STAT3, Erk1/2, Erk5 and PDK1/Akt [52]. Out of these, the pathways
contributing to its anti-apoptotic effects include the MEK1/2 kinase cascade [271] and the
PDK/AKktl pathway [52] (Fig.1).

GM-CSF also exerts anti-apoptotic effects /n vivo. Intra-ocular administration of GM-CSF
in RCS rats, a model of retinitis pigmentosa, attenuates photoreceptor death and the
expression of apoptotic markers, while at the same time increasing the retinal expression

of BCL-2 and neurotrophins (CNTF, BDNF and GDNF) through a pathway involving the
activation of Src and STAT3 [272]. It is not clear whether these anti-apoptotic effects

are mediated through direct action of GM-CSF on photoreceptor cells, or indirectly,

by modulation of microglial function. Relevant actions in microglia include increasing
microglial phagocytosis of photoreceptor outer segments, thus compensating for MerTK
dysfunction, and by increasing their ability to produce neurotrophic factors. In another study
[273] a combination of GM-CSF and IL-3 has been reported to increase the expression of
neurotrophic factors, IGF1 and HGF, in microglia and to suppress apoptosis in a model of
acute dopaminergic degeneration in vivo. Together, these data suggest that, in environments
where substantial neuronal cell death occurs, the actions of GM-CSF on microglia and/or
neurons result in neuroprotection.

Other studies indicate that GM-CSF regulates neuronal activity. In hippocampal slice
cultures, GM-CSF induced Ca2* increase [269] and long-lasting disturbances of gamma
oscillations [246]. While the former effect might reflect direct signaling in neurons, the latter
was mediated by a rapid expansion of microglia without inflammatory activation [246]. GM-
CSF was also shown to affect neurotransmitter production and metabolism. Addition of GM-
CSF to cultures of primary septal neurons elevated choline acetyltransferase activity in a
dose-dependent manner. The same effect was observed in a cholinergic hybridoma cell line,
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suggesting direct trophic effects on cholinergic neurons [274]. Peripheral administration of
GM-CSF in mice reduced the levels of glutamic acid, GABA, norepinephrine and serotonin
in the hypothalamus, but not in the hippocampus. The effect of GM-CSF was blocked

by IL-1 receptor antagonist, indicating the involvement of IL-1 as a secondary mediator,
potentially produced by central or peripheral immune cells [275].

3.6 Physiological Roles of GM-CSF

3.6.1 Role in cognition—The observation that GMRa is constitutively expressed by
neurons in multiple regions of the adult rodent brain [52] prompted an investigation of
GM-CSF in brain function. Csf2heterozygosity was sufficient to cause cognitive deficits

in aged mice and ataxic behavior in females [62]. Genetic ablation of Cs£2caused various
hippocampal and amygdala-dependent deficits in spatial and fear memory, without affecting
motor function, inherent anxiety and pain threshold levels of young mice [209]. These
deficits of Csf2-null mice were accompanied by excessive pruning of the dendritic trees,
reduced spine densities and lower percentages of mature spines in neurons from the CA1
and DG areas of the hippocampus, but did not cause impairments in long-term potentiation.
However, the acute manipulation of GMRa expression levels in the adult hippocampus,
using adenovirus-mediated overexpression or knock down, failed to produce strong effects
on learning and memory, suggesting that GM-CSF might regulate the development of
neuronal networks and/or that chronic perturbation of GM-CSF signaling is necessary to
produce a physiological change.

3.6.2 Regulation of CNS responses to infection—Systemic LPS challenge leads to
the acute activation of both astrocytes and microglia. Based on /n vitro cell culture studies
with primary mouse astrocytes and BV2 microglia, Kano et al., have proposed a mechanism
of coordinated microglia-astrocyte activation that involves the upregulation of TNF-a and
[1-1pB in microglia leading to production of GM-CSF and CCL2 by astrocytes that fuels
further microglial activation [276]. However, it is unclear whether GM-CSF contributes to
microglial activation following systemic immune challenge in vivo, as other studies failed
to detect significant upregulation of brain GM-CSF in the acute phase of the response

to systemic LPS administration or to HIN5 infection, both of which induce parkinsonian
pathology [277, 278]. Ong et al., [277] found a specific elevation of GM-CSF in the
substantia nigra occurring 6 months after LPS challenge and speculate that this delayed
upregulation might be part of a neuroprotective response against LPS-induced dopaminergic
cell degeneration. Other studies [278] suggest that this elevation may be due to the increased
production of dopamine itself in substantia nigra, rather than a protective response. Addition
of dopamine to substantia nigra cultures induces GM-CSF production. Furthermore, in

mice with HINS5 infections, the timing of elevation of GM-CSF in the brainstem (by 10
days post-infection) and in substantia nigra (by 60 days post-infection), coincides with the
peak increase and recovery of dopamine levels in these regions, respectively [278]. In fact,
the delayed elevation of GM-CSF in LPS-injected mice also occurs on the background

of increased tyrosine hydroxylase specific activity [277]. Further investigations are needed
to establish the functional significance of this delayed elevation of GM-CSF following
systemic immune activation.
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Studies in patients with COVID-19 show a specific and positive association of circulating
GM-CSF levels with disease severity [279]. Since many patients recovering from SARS-
CoV-2 infection develop long-lasting neurological symptoms [280] that might be associated
with CNS autoimmunity [281], it would be of interest to investigate how GM-CSF
contributes to SARS-CoV-2 neuropathology.

3.6.3 Regulation of neuro-endocrine communication—Various infections and
systemic inflammation activate the hypothalamic-pituitary-adrenal axis and inhibit the
pituitary-gonadal axis [282, 283]. Several studies suggest that GM-CSF might be implicated
in both responses. Systemic administration of GM-CSF rapidly increased the circulating
levels of both ACTH and corticosterone in rats, and prolonged administration was reported
to increase the proliferation of both corticotrophs and adrenal cortex cells, potentially
leading to chronic activation of the pituitary-adrenal axis [212]. Addition of GM-CSF to
hypothalamic tissue explants inhibits the release of LHRH v/7aa mechanism involving
increased release of GABA [283].

3.6.4 Regulation of neuro-immune interactions—Short-term pretreatment of
hematopoietic stem cells (HSCs) with GM-CSF facilitates cathecolamine-induced migration
and MMP expression by increasing the expression of dopamine and adrenergic receptors
[284]. Thus, GM-CSF may participate in the regulation of hematopoietic cell function by
neurotransmitters.

3.7 Role of GM-CSF in nervous system disease and damage

3.7.1 GM-CSF in autoimmune demyelination

3.7.1.1 Multiple sclerosis: MS is a chronic autoimmune disease of the CNS characterized
by infiltration of leukocytes, followed by tissue damage and neuronal dysfunction. Greater
numbers of GM-CSF-expressing T cells in the periphery have been found in patients with
MS, in which a significant proportion of brain-infiltrating T cells also express GM-CSF
[285-288]. Other sources of GM-CSF include microglia and macrophages present in MS
lesions [289] and, possibly, endothelial cells activated by disruption of blood flow due to
stenoses in the extracranial veins draining the CNS, a frequently occurring feature in MS
patients [290]. The expression of GMRa is also increased in macrophages/microglia of the
spinal chords of MS patients [291], in their brain lesions [288, 289] and in lesional brain
astrocytes [288]. /n vitro studies using human primary cells indicate that GM-CSF enhances
the production of TNF-a by monocytes and monocyte migration across the blood-brain
barrier [289]. In addition, GM-CSF enhanced the production of IL-6 and ROS by monocyte-
derived macrophages and promoted a phenotypic change characterized by the increased
expression of both pro-and anti-inflammatory markers that was phenotypically similar to
what is observed in active MS lesions [289]. Interestingly, these responses did not occur in
primary human microglia cultured in GM-CSF for a comparable period. Together, these data
suggest that GM-CSF participates in autoimmune demyelination in humans by promoting
leukocyte infiltration in the brain and by activating monocyte-derived macrophages. These
data, together with the mechanistic investigation of the role of GM-CSF in autoimmune
demyelination in mice (summarized below), prompted the initiation of a clinical trial in MS
that addressed the safety of MOR103, a humanized monoclonal antibody to GM-CSF. The
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antibody was well tolerated and MRI reports showed no new lesions in trial subjects after 10
weeks of treatment [292]. Additional clinical trials are necessary to assess its efficacy.

GM-CSF is elevated in the cerebrospinal fluid of patients suffering from MOG-1gG+
idiopathic inflammatory CNS disease and Aqp4-1gG+ neuromyelitis optica spectrum
disorder [293], suggesting that it may be involved in the pathology of other autoimmune
demyelinating diseases.

3.7.1.2 Experimental autoimmune encephalitis: The mechanism through which GM-
CSF contributes to autoimmune CNS demyelination has been extensively studied in mice
with EAE induced by immunization with encephalitogenic proteins or peptides derived
from myelin (e.g. proteolipid protein (PLP), myelin oligodendrocyte glycoprotein (MOG) or
myelin basic protein (MBP)) or by passive transfer of myelin-reactive T lymphocytes [294].
Csr2 deficiency renders several strains of mice (NOD/Lt, B10.PL and C57/BL6) resistant

to the development of spinal cord pathology and ascending paralysis, that are characteristic
of classical EAE [207, 295-297], while treatment with GM-CSF exacerbates disease [295,
298].

Adoptive transfer studies show that GM-CSF production by the encephalitogenic T cells,
but not by the host tissues, is necessary for the development of EAE. Csf2-deficient
encephalitogenic T cells retain the capacity to infiltrate the CNS, become activated and
produce cytokines. However, they fail to activate microglia in the CNS and to promote the
infiltration of peripheral leukocytes [207]. Using Csf2rb™~ mouse chimeras, it was shown
that activation of the hematopoietic cell compartment, but not of resident microglia, by
GM-CSF, was essential for EAE development [297]. These studies indicate that GM-CSF is
required to establish a CNS microenvironment favorable to sustained autoimmune reactions.
Two positive feed-back loops, that allow reciprocal upregulation of IL-1p and GM-CSF

and of IL-23 and GM-CSF, are important components of this microenvironment. GM-CSF
stimulates the production of IL-1f by monocytes which, in turn, promotes the expression

of GM-CSF by endothelial and T helper (Th) cells [299-301]. Meningeal mast cells are
another recently identified source of IL-1p relevant to the pathology of EAE [302]. The
second positive feed-back loop, involving the reciprocal upregulation of 1L-23 and GM-CSF,
occurs between GM-CSF-secreting T cells and IL-23-producing antigen-presenting cells
[303]. Indeed, fate-mapping studies show that IL-23 in encephalitogenic Th cells is essential
for GM-CSF expression, susceptibility to EAE and the infiltration of monocytes into the
CNS [300]. The released GM-CSF is important for inducing a competent antigen-presenting
phenotype in monocytes that migrate across the blood-brain barrier [299] and possibly for
activating meningeal macrophages.

GM-CSF production by encephalitogenic T cells is negatively regulated by IL-9 and IFN-8,
both of which were reported to act indirectly by modulating the activities of dendritic cells
and monocytes, respectively [301, 304]. In addition, in PLP-induced EAE, IFN-y suppresses
GM-CSF production by CD4* T lymphocytes.

Antibody-mediated blockade of GMRa in mouse models of chronic (C57BL/6, MOG35_55-
induced) or remitting-relapsing (SJL/J, MOG139-151-induced) EAE, starting at the peak
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of disease, ameliorated the severity of disease by reducing inflammatory infiltrates and
decreasing myelin-specific T cell responses to the disease-inducing epitope and limiting
epitope spreading [305]. In addition, lineage-specific targeting of Csf2rbrevealed that
GM-CSF signaling in CCR2* Ly6CNi monocytes, but not in dendritic cells, neutrophils

or microglia, was essential for EAE [306]. Targeting of Cs72rb in astrocytes was also
reported to ameliorate EAE by preventing the activation of proinflammatory pathways
[307]. Furthermore, a disease—associated astrocyte population expressing a gene signature
associated with activation of GM-CSF signaling has also been identified in MS patients
[307].

However, the requirement for GM-CSF is not universal across EAE models or mouse
strains. In SJL mice, the requirement for GM-CSF was alleviated under conditions that
promoted the expression of monocyte-attracting chemokines in the CNS (IL12p70 primed
T cells/PLP-driven EAE) [296]. In contrast, GM-CSF was essential for forms of EAE that
involve the recruitment of neutrophils, such as the development of brain inflammation in
the atypical EAE of C3HeB/FeJ mice [308] and the IL-23-primed T cell/PLP-driven EAE
in SJL mice, which is reminiscent of fulminant MS and neuromyelitis optica [296]. As
transgenic overexpression of GM-CSF /n vivo induces severe brain pathology, while the
spinal cord is less affected [266], these data suggest that GM-CSF has a unique role in brain
inflammation.

3.7.2 GM-CSF in neurodegenerative diseases

3.7.2.1 Alzheimer’s disease: Early studies showed that GM-CSF is produced intrathecally
in patients with AD and vascular dementia [204] and proposed a contribution to pathology
by induction of microglial activation and of Ap1-42 production [309]. Furthermore,
monocytes from AD patients were reported to overexpress CSFZRB, a feature that,
combined with the ability of GM-CSF to increase vascular permeability, could promote
their infiltration in the brain [310]. However, studies in mouse models of AD indicate that
the activation of phagocytes by GM-CSF might be beneficial in AD. GM-CSF was reported
to increase the phagocytosis of AB in brain slices [311] and, when administered /n vivo,

to reduce AP load and improve cognition [312, 313]. A randomized, double-blind, placebo-
controlled trial showed that recombinant GM-CSF (Sargamostim) improved cognition and
decreased neurodegeneration in AD patients [314].

3.7.2.2 Parkinson’s disease: Reports documenting the expression of GMRa in tyrosine
hydroxylase positive neurons and the anti-apoptotic effects of GM-CSF in neurons prompted
the examination of its utility as a neuroprotective agent in PD. In mouse models of PD, GM-
CSF administration improved dopaminergic neuron survival and locomotor function [315,
316]. Furthermore, in combination with 1L-3, GM-CSF provided strong protection against
6-OHDA-induced parkinsonism in rats, by promoting the production of neuroprotective
factors, IGF-1 and HGF, by microglia and the expression of the anti-apoptotic protein,
Bcl-xL, in dopaminergic neurons [273]. Another mechanism through which GM-CSF
protects against parkinsonism involves the induction of regulatory T cells (Treg) which,

in turn, suppress inflammation and decrease reactive microgliosis [317, 318]. A small
12-month clinical trial indicated that, when administered to PD patients, using a low-dose
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discontinuous regimen, Sargamostim was well tolerated, enhanced Treg function and
prevented disease progression [319]. Recently, lipid nanoparticles containing GM-CSF
MRNA have been developed and validated in preclinical PD models [318].

3.7.3 Psychiatric and affective disorders—Circulating GM-CSF is elevated in
major depression [320] and in anti-psychotic naive patients with first episode psychosis,
where it decreases following antipsychotic treatment [321]. In addition, a role for GM-
CSF in regulation of the reward circuitry has been suggested [322]. Involvement of GM-
CSF in psychiatric and affective disorders was investigated in rodent models. Systemic
administration of GM-CSF alleviates stress- and inflammation- induced depression in
mice by preventing microglial loss and the upregulation of Indoleamine 2, 3-dioxygenase
1, respectively [323, 324]. In contrast, intrahippocampal administration of GM-CSF in
unstressed rats led to behavioral deficits reminiscent of schizophrenia (hyperlocomotion,
social interaction and pre-pulse inhibition deficits) that were mediated by a dramatic
increase in microglia activation [325]. These data indicate that fluctuations in GM-CSF
levels may contribute to psychiatric and affective disorders by perturbing microglia activity.

3.7.4 Stroke—Studies in rodent models of stroke showed that GM-CSF has positive
effects by inhibiting neuronal apoptosis and decreasing infarct size, as well as stimulating
vascular collateral growth, the recruitment of macrophages to the penumbra area and
neuroplasticity [52, 326-330]. Furthermore, administration of GM-CSF might augment
immune function and prevent stroke-associated pneumonia [331]. However, although stroke
patients have higher plasma levels of GM-CSF than healthy controls, no relationship was
found with the clinical outcome [332].

3.7.5 Neuronal injury and pain—GM-CSF is rapidly upregulated in models of
neuronal injury, including facial nerve axotomy [333] and spinal cord injury [334], and

has pronociceptive actions in damaged tissues [58, 335-337]. It is unlikely that GM-CSF
induces sensitization through direct activation, since isolated dorsal root ganglia nociceptors
do not express detectable levels of Csf2rb[338]. Indeed, recent studies [338] indicate

that GM-CSF activates nociceptors indirectly, through its actions on glial cells. Consistent
with this, studies in Csf2rb-deficient mice showed that GM-CSF receptor signaling is not
involved in steady-state nociception [58].

The effects of GM-CSF on tissue recovery are variable. In spinal cord injury, administration
of GM-CSF promoted the production of BDNF and an early recovery of motor function
[339]. However, following sciatic nerve crush GM-CSF did not improve myelin clearance or
improve locomotor recovery [340].

3.7.6 Seizures—Early studies show that stereotactic injection of GM-CSF in rat
hippocampi initiates spontaneous epileptiform discharges through a mechanism involving
reactive microglia [341]. Furthermore, chronic exposure of organotypic hippocampal slice
cultures to GM-CSF induced microglia expansion and long-lasting disturbances of neuronal
gamma oscillations, such as slowing and neural hyperexcitability, that were attenuated by
depletion of microglia [246]. These data suggest that prolonged elevation of GM-CSF in
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the brain, following infection or trauma, may contribute to epileptic seizure development via
microglial activation.

GM-CSF in cancer

GM-CSF is overexpressed in human astrocytoma and glioma and inversely correlates with
the survival of glioma patients [342]. Comparative studies of different grade human gliomas
and astrocytomas revealed that high clinical grade gliomas expressed high levels of GM-
CSF as well as GMRa and Bc subunits, while low grade tumors were weakly positive or
negative [343]. GM-CSF promotes monocytic infiltration, angiogenesis and tumor growth
in experimental glioma [342, 344] and supports the growth and survival of human glioma
and leptomeningeal carcinoma in an autocrine fashion [343, 345]. In addition, plasma levels
of GM-CSF directly correlate with cancer treatment-related cognitive impairment [346].
Together, these data suggest that GM-CSF might be a therapeutic target in both neurological
and non-neurological malignancies.

and G-CSF receptor (G-CSFR) in the nervous system at steady-state

Although G-CSF was originally described as a hematopoietic growth factor [12], more
recent data support its involvement in regulating diverse functions in the nervous system.
In humans, the concentration of circulating G-CSF was reported to decrease 3-fold from
birth to 46+ 33 pg/mL in the early neonatal period, further decreasing to ~25 pg/ml in the
late neonatal period and adulthood [347-349]. /n vivo, microdialysis in mice indicates that
the hippocampal G-CSF levels are also reduced with age [350]. Interestingly, although in
rodents G-CSF was reported to cross the BBB slowly and continuously [46], studies in HIV
patients without cognitive impairment show that the level of G-CSF in the cerebrospinal
fluid (CSF) was ~15 times lower than in plasma (4.4pg/ml vs 64.3pg/ml), indicating that,
at least in humans, the transport of G-CSF through the BBB is limited [351]. Conversely,
elevation of G-CSF in CSF compared to plasma, suggestive of intrathecal production, was
detected in other acute [352] and chronic [353] conditions. Thus, the peripheral and CNS
levels of G-CSF can vary independently.

4.2 Sources of G-CSF and target cells in the CNS

G-CSF can be produced by a plethora of cells, including monocytes, mesothelial cells,
fibroblasts, endothelial cells and stromal cells, while the G-CSFR is detected mainly in
hematopoietic (neutrophilic granulocytes and their precursors, monocytes, platelets) and
endothelial cells [65, 67, 354-357]. In the rat peripheral nervous system, G-CSFR was found
in neurons of the dorsal root ganglia and Schwann cells of the sciatic nerve [63, 69]. In the
CNS, G-CSFR immunoreactivity was documented throughout the brain, with particularly
high immunopositivity in cortical layer Il and V neurons, subpopulations of neurons located
in the hippocampus and the subventricular zone, mitral cells of the olfactory bulb, Purkinje
cells, deep cerebellar and brainstem nuclei, the substantia nigra and the nucleus accumbens,
as well as in spinal cord motoneurons [64-69] (Fig. 2). In rat, the expression of G-CSF

was detected in all brain regions in which the receptor was found. Similarly, in human

brain samples, G-CSF and G-CSFR immunoreactivity were detected ubiquitously, but not
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uniformly, in neurons throughout the CNS and in ependymal and choroid plexus cells [65,
70]; G-CSFR was also detected in the spinal cord motoneurons [69].

Interestingly, while one study shows complete colocalization of the ligand and receptor in rat
cortical neurons [65], another shows localization of G-CSFR in the soma of medium spiny
neurons and a clear peri-neuronal location of the ligand [67]. Furthermore, human Purkinje
cells display G-CSF but not G-CSFR immunoreactivity [70]. These studies suggest that
G-CSF signaling in neurons involves both autocrine and paracrine signaling mechanisms.

Constitutive expression of G-CSF was reported in human astrocytes /n situ [70] and in
astrocytoma cell lines [358]. However, in rodents there is no compelling evidence of
astrocytic or microglial expression of G-CSF at steady-state. Neither the co-localization

of G-CSF with astrocytic markers nor the presence of Csf3transcripts in laser-captured
astrocytes could be demonstrated in rats at steady-state [65]. Nevertheless, strong induction
of G-CSF expression was reported in IL-1-stimulated astrocytoma cell lines and in microglia
and endothelial cells stimulated by lipopolysaccharide (LPS) [358-360]. Induction of G-
CSF expression in pericytes was also reported by some authors [234] and contradicted by
others [232, 233].

Somewhat unexpectedly, single cell transcriptome profiling experiments in mice detect
Csf3rtranscripts mainly in cerebral microglia and macrophages, while the expression

in other cell types, including neurons, is sporadic at best (databases available

at https://portals.broadinstitute.org/single_cell/study/aging-mouse-brain, http://dropviz.org/,
and www.microgliasinglecell.com) [361-363]. These studies also fail to detect Cs£3
transcripts in the brain. The reasons for the discrepancies between immunohistochemical
and transcriptional profiling data remain to be addressed.

4.3. Regulation of neural lineage cells and microglia by G-CSF

Administration of recombinant G-CSF was reported to increase the number of microglia and
phagocytosis /n vivo[238, 364, 365]. However, the proliferative response might be regulated
indirectly, as G-CSF has no effect on microglial growth /n vitro [238]. G-CSF has also been
shown to induce the production of factors that promote neuronal excitability by cultured
BV2 microglia [366].

G-CSF exhibited neurotrophic effects on primary cholinergic neurons in vitro [367] and /in
vivo promoted neuronal survival after focal cerebral ischemia [64, 65, 67, 368]. In addition,
G-CSF was shown to stimulate neuronal differentiation in hippocampal cultures [65]. Since
many of these experiments involve mixed neuronal/glial cultures it is possible that the
effects of G-CSF on neuronal cells in these cultures are mediated through its actions on
microglia.

4.4 Physiological roles of G-CSF

Studies involving genetic targeting of Cs73, or modulation of G-CSF bioavailability, in
rodents revealed that G-CSF regulates different behavioral and neuronal functions. Cs73-null
mice exhibited impaired memory and motor deficits, reduction of adult neurogenesis in

the dentate gyrus area of the hippocampus, a long-term potentiation deficit and decreased
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dendritic complexity of hippocampal neurons [369]. Systemic administration of G-CSF
and/or its central neutralization /n vivo established its role as regulator of motivation, reward
and cognitive flexibility, by inducing dopamine release in the mesolimbic system, as well as
in cocaine addiction extinction [68, 370, 371]. In addition, G-CSF has been found to regulate
the neuroendocrine system by promoting the secretion of ACTH from the pituitary—adrenal
axis and of melatonin from the pineal gland [212, 372].

Intravenous administration of G-CSF to children with cerebral palsy produced
neurodevelopmental improvement [373]. However, at least in susceptible individuals,
elevation of G-CSF may cause neuronal dysfunction. Posterior reversible
leukoencephalopathy syndrome is a rare, acute and transient encephalopathy that can
develop following the administration of recombinant human G-CSF (Filgrastim) to both
adult and pediatric patients [374, 375] and can be fatal [376]. The proposed mechanism
involves G-CSF-induced neutrophil mobilization and activation with subsequent temporary
disruption of BBB permeability [375], a hypothesis reinforced by reports of G-CSF-induced
capillary leakage syndrome [377]. It would be of interest to investigate the factors that
predispose to these rare adverse reactions to G-CSF.

4.5. Role of G-CSF in nervous system disease and damage

4.5.1 Autoimmune demyelination

45.1.1 G-CSF in MS: CSF3transcripts were found to be elevated in tissue samples
from MS patients with acute/active lesions, compared to chronic/silent lesions [378]. A
pathogenic role of G-CSF-recruited neutrophils in autoimmune demyelinating pathologies
is strongly suggested by the severe clinical episodes occurring in patients with MS or
neuromyelitis optica treated with Filgrastim [379, 380].

45.1.2 G-CSF in EAE: Analysis of the mechanisms underlying the detrimental effects
of Filgrastim in humans has been carried out in EAE. During the preclinical stage of
EAE, activated IL-17-secreting y8T (y8T17) cells and Th17 cells induce the expression
of neutrophil-activating factors, including G-CSF, leading to a significant increase of
neutrophils in the bone marrow, serum, and spleen [381, 382]. Neutrophils represent a
significant percentage of CNS-infiltrating cells prior to disease onset and relapse [383,
384]. The severity of the symptoms, the number of circulating neutrophils and monocytes,
and the percentage of neutrophils, monocytes and dendritic cells in the spinal cord

were significantly reduced in Csf3r-deficient mice, suggesting that the G-CSF-mediated
recruitment of neutrophils is critical for MS [381, 382].

Despite the association between G-CSF and EAE pathogenesis, G-CSF administration
yielded conflicting results, exacerbating or improving the clinical score based on the stage
in which it was administered. Verda et al. showed that G-CSF administered for 10 days

after EAE induction with PLP139-151 exacerbated the clinical score, increasing the peak
of severity, and administration after the peak exacerbated the clinical score observed during
the relapsing phase [385]. Conversely, when G-CSF was administered before, or at the onset
of the clinical symptoms, it provided a significant protection from MOG35-55- or MBP-
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induced EAE, leading to clinical score improvement, reduced cerebellar demyelination and
reduced cerebellar T cell infiltration [378, 386].

4.5.2 Neurodegenerative diseases

45.2.1. Alzheimer’s disease: Serum concentrations of G-CSF were found to be decreased
in a small cohort of patients affected by AD [349, 387]. The significance of this finding

is unclear, given that one study found an inverse correlation between G-CSF levels and

the CSF levels of AB1-42 [349], while another found a direct association with disease
severity [387]. However, the intrathecal levels of G-CSF were increased in AD patients
(~80 + 8pg/mL), compared to a control group without dementia (50+ 8pg/mL) or a

group with fronto-temporal dementia (51+ 5pg/mL) [388]. The role of G-CSF in AD was
tested in several rodent models in which G-CSF administration prevented the cognitive
deficits, decreased AP deposition in the hippocampus and entorhinal cortex and augmented
total microglial activity, while at the same time suppressing both central and peripheral
inflammation and stimulating hippocampal neurogenesis [364, 389-391]. In addition, bone
marrow mesenchymal stem cells mobilized in response to G-CSF were shown to infiltrate
the brain and contribute to neuroregeneration in a mouse model of AD [389, 392]. Also,
G-CSF was shown to attenuate A toxicity through the enhancement of the activity of the
ApB-degrading enzyme, neprilysin, in neurons [393]. Furthermore, systemic administration
of G-CSF and SCF was shown to augment bone marrow-derived macrophages in the brains
of APP/PS1 mice, suggesting that these cells might also contribute to the reduction of AR
deposits [394]. However, a clinical trial for Filgrastim did not produce significant cognitive
improvements in a small cohort of patients affected by AD (ClinicalTrials.gov Identifier:
NCT01617577) [364].

4.5.2.2. Parkinson’s disease: Systemic administration of G-CSF in rodents before, or
immediately after, induction of parkinsonism protected against histological and functional
damage [66, 67, 395], through a mechanism that might involve neuronal Erk1/2 activation
[67], suppression of neuroinflammation and of BDNF depletion [395]. Furthermore,
administration of G-CSF after the onset of motor dysfunction promoted the recovery of
striatal dopamine levels, reduced striatal microgliosis and improved locomotor function
[396-398], providing proof of principle that G-CSF is neuroprotective in PD. In addition,
administration of pegylated G-CSF (Pegfilgrastim) [399] following MPTP-toxicity in mice
was reported to induce the expression of metastasis-associated protein 1 (MTAL), an
upstream regulator of tyrosine hydroxylase that is substantially downregulated in the
substantia nigra of patients with PD [400]. A phase I clinical trial of low-dose Filgrastim
in patients with early PD alleviated disease deterioration, presumably through attenuation of
dopaminergic neuron degeneration [401].

4.5.2.3.  Amyotrophic lateral sclerosis: In patients with ALS, the intrathecal
concentration of G-CSF is elevated and within the spinal cord its expression is increased
in reactive astrocytes, while the expression of the G-CSFR in motoneurons is decreased
[402, 403]. Pre-clinical studies in SOD1(G93A) transgenic mice showed that systemic
administration of G-CSF or its overexpression in the CNS improved motor performance
[69, 404]. The proposed mechanisms include direct neuroprotection [69], restoration of
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microglia function [405], and restoration of transcriptomic deregulation in motoneurons
[406]. Notably, studies utilizing pegfilgrastim show that the neuroprotective and pro-survival
effects of G-CSF are male gender-specific and related to its ability to suppress the increase
in ROS occurring in the spinal cords of male, but not female mice [407, 408]. Despite

these encouraging results in pre-clinical studies, most clinical trials indicate no benefit of
G-CSF administration to ALS patients [409-411] and one study [410] suggests that it may
accelerate progression in females.

4.5.2.4 Cerebral autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy (CADASIL): CADASIL is characterized by the progressive
degeneration of vascular smooth muscle cells of the small arteries in the brain, leading to
recurrent ischemic stroke, vascular dementia and death. Administration of G-CSF and SCF
in a mouse model of CADASIL improved cognitive function, attenuated the degeneration of
vascular smooth muscle cells and the loss of cerebral capillary endothelial cells, increased
cerebral blood vascular density and promoted neurogenesis. These data suggest that SCF
and G-CSF might be of therapeutic value in CADASIL [412].

4.5.3. Stroke—Several studies have reported the efficacy of G-CSF in reducing infarct
size and improving functional recovery in rodent models of cerebral ischemia [413-415].
When administered peripherally, G-CSF limited the cortical damage and the motor deficits
caused by cerebral ischemia. Moreover, in response to ischemia, both ligand and receptor
are expressed in neurons adjacent to the damaged brain area, suggesting autocrine G-CSF
protective signaling in response to neural injury [65, 416]. Multiple mechanisms for

the protective effects of G-CSF have been suggested, including inhibition of apoptosis,
immunomodulation and stimulation of neurogenesis and angiogenesis [64, 65, 369, 417—
419]. These effects have been attributed to direct action on neural cells or to the recruitment
of hematopoietic stem cells to the damaged tissue. The anti-apoptotic function is mediated
by the activation of JAK2/STAT3 signaling [64, 65, 368, 420]. In the chronic stage of stroke,
G-CSF has been shown to promote motor recovery when co-administered with SCF. The
two factors synergistically activated NF-kB via PI3K/Akt and promoted tissue repair, blood
vessel generation and neurite outgrowth of the ipsilateral hemisphere affected by stroke, and
induced axonal sprouting from the contralateral hemisphere towards the affected hemisphere
[421].

4.5.4 Traumatic brain injury—A retrospective study showed that plasma G-CSF
levels are rapidly elevated in traumatic brain injury (TBI) patients and decline after 14

days in those with mild, but not severe TBI, in which higher circulating levels correlate
with good outcome at 6 months post-injury [422]. Because of its abilities to attenuate
chronic neuroinflammation, promote the production of BDNF, stimulate neurogenesis in the
hippocampus and mobilize bone marrow mesenchymal cells that can integrate into the brain
and differentiate into neurons, administration of G-CSF has been proposed as a particularly
effective strategy for preventing the long-term complications of TBI, including dementia
(reviewed in [423]). Acute phase administration of G-CSF to mouse models of TBI has
produced mixed results [424, 425]. However, repeated treatment with G-CSF and stem cell
factor (SCF), initiated in the chronic phase (3 months post-TBI), was reported to improve
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neurological function by enhancing corticospinal tract sprouting into the denervated side
of the cervical spinal cord, ameliorating microglia degeneration and re-balancing synaptic
pruning in the hippocampus [426].

4.5.5 Pain—G-CSF signaling has been shown to play a significant role in different
models of pain. In tumor-related bone pain, G-CSF can induce significant dose-dependent
hyperalgesia by stimulating Erk and STAT3 upon binding to the G-CSFR present on nerve
fibers and dorsal root ganglia [335]. In an experimental model of peripheral nerve injury, G-
CSF was described as a main factor controlling the peripheral production of pronociceptive
cytokines, such as TNFa and IL-1pB, and driving the infiltration of inflammatory cells into
the injured area [427, 428]. In a dextran sulfate sodium-induced colitis model, G-CSF
promoted nerve sensitization in the spinal cord through G-CSFR-mediated activation of

a Cathepsin S-CX3CR1-inducible NOS pathway in microglia [366]. Activated microglia
are known to release an array of factors, including cytokines (such as TNF-a, IL-1p and
IL-6), which modulate neuronal central sensitization and nerve injury-induced persistent
pain (reviewed in [429]). In arthritis, Lee et al. have characterized the contribution of G-CSF
signaling to the development of inflammatory and arthritic pain viaa pathway involving the
activation of cyclooxygenase-2 [430]. However, others have shown that G-CSF can attenuate
neuropathic pain caused by spinal cord and peripheral nerve injury by promoting the
recruitment of opioid-releasing leukocytes to the injured area, or by suppressing microglial
activation and the release of pro-inflammatory cytokines in the dorsal horn [431-433].
Consistent with this, in rodent models of diabetic neuropathy, G-CSF exerts beneficial
effects by attenuating the damage to peripheral nerves and brain endothelial cells [63,
434-436]. Further studies are needed to clarify the effects of G-CSF administration on
neuropathic pain in different settings.

5. Conclusions

Colony stimulating factors have emerged as important regulators in the nervous system.
Although some of these cytokines can cross the BBB, there is evidence that they are

locally produced within the CNS at steady state, where they may act in a paracrine/
autocrine manner. While the expression of their receptors in the neural lineage is at times
controversial, it is clear that they regulate the development, survival and/or function of
microglia. CSF-1 and IL-34, via the CSF-1R, are required for the development, proliferation
and maintenance of essentially all CNS microglia in a temporal and regional specific manner
and usually suppress inflammatory activation. In contrast, in steady state, GM-CSF and G-
CSF are mainly involved in regulation of microglial function. Upregulation of CSF-1, GM-
CSF and G-CSF and/or their receptors has been documented in several neurological diseases
and conditions and, in some cases, preclinical therapeutic intervention has been successful
(Fig. 3). However, in other instances, microglia depletion using CSF-1R inhibitors and
modulation of their activation by G-CSF, have produced both beneficial and damaging
effects depending on the stage of disease, emphasizing the need for appropriately timed
preclinical studies.
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Highlights
. CSFs regulate the development, survival and/or function of microglia
. CSF-1R signaling is required for the development and maintenance of CNS
microglia
. Studies in Csf1r/~ mice suggest a role for the CSF-1R in microglial

homeostasis
. At steady-state, GM-CSF and G-CSF mainly regulate microglial functions

. CSFs and their receptors are therapeutic targets in several neurological
diseases
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Figure 1. CSF-1, GM-CSF and G-CSF receptors and their main downstream signaling pathways.
(A) The CSF-1R is a homodimeric tyrosine kinase that binds homodimers of CSF-1 or

IL-34. The extracellular domain consists of five immunoglobulin (1g)-like domains. Ligand
binding triggers downstream tyrosine phosphorylation, initiating a cascade of signaling
events resulting in cell differentiation, survival, proliferation, migration and suppression of
inflammation (reviewed in [2]). (B) Monomeric GM-CSF binds with relatively low affinity
(nM range) to a “wrench-like” structure formed by the N-terminal Ig domain and the 2
fibronectin type 111 domains of the GMRa chain (GMRa.). Even in the absence of the
common B subunit (B¢), this interaction is sufficient to elicit a biological response, i.e.
glucose uptake [37]. In cells also expressing B, the GM-CSF/GMRa complexes further
associate with the B chains, creating a hexameric high-affinity receptor (100pM range) with
the depicted structure. These complexes associate laterally through the GMRa subunit to
form a dodecameric complex that is responsible for signaling (reviewed in [16]). Mutually
exclusive phosphorylation events at B residues, S585 or Y577, recruit either the 14-3-3
adaptor protein at low concentrations of GM-CSF (S585) or, in the setting of high GM-CSF
concentrations, Shc (Y577), mediating a molecular switch between survival and survival and
growth, respectively. (C) G-CSF is monomeric. The G-CSF receptor has six extracellular
domains (D1-D6). D1 is an N-terminal Ig-like domain and D2-D6 are fibronectin type

Il domains. These are followed by a transmembrane domain and an intracellular domain
without intrinsic kinase activity. D2 and D3 form the cytokine receptor homologous (CRH)
module involved in ligand binding, while D4-D6 facilitate dimerization of the cytoplasmic
regions. The signaling unit is a 2:2 receptor:ligand complex, in which each G-CSF monomer
binds one receptor through the CRH module and the second receptor through the Ig domain
(reviewed in [40]). In neurons, ligand binding activates the Erk family and enhances
neuronal survival while activation of the PI13-K/Akt and STAT3 signaling pathways and
prevents apoptotic cell death, by inhibiting activation of caspases and by increasing anti-
apoptotic protein members such as Bcl-xL (reviewed in [42]).
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Figure 2. Cellular sources of CSF-1, IL-34, GM-CSF and G-CSF and their effects on target cells
in the nervous system.

The relationships between individual cytokines and their source, target and the outcome of
target activation, are color coded. Dashed lines indicate that cytokine expression requires
an activation signal. Grey lines and font indicate controversial, or species-specific findings.
*, The effects might be indirect, as other cell types expressing the cytokine receptor were
present in the culture system. **, Observed following administration /n vive.
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Figure 3. Involvement of CSF-1R, GM-CSF and G-CSF in neurological disease and effects of
pharmacological and genetic intervention.

(A) Animal model studies. Mixed effects, indicating that different results have been reported
when the intervention was applied in different experimental settings (e.g. in acute or chronic
stages of disease, in prophylactic versus therapeutic protocols, or when using different
inhibitors). See the main text for details. (B) Human trials. AD, Alzheimer’s disease; ALS,
Amyotrophic lateral sclerosis; CADASIL, Cerebral autosomal dominant arteriopathy with
subcortical infarcts and leukoencephalopathy; CMT1X, Charcot—-Marie—Tooth disease type
1X; CRL, CSF-1R-related leukoencephalopathy; GCL, globoid cell leukodystrophy; HD,
Huntington’s disease; MS, multiple sclerosis; PD, Parkinson’s disease; TBI, traumatic brain
injury.
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