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Abstract

The colony stimulating factor-1 receptor (CSF-1R) kinase regulates tissue macrophage
homeostasis, osteoclastogenesis, and Paneth cell development. However, recent studies in mice
have revealed that CSF-1R signaling directly controls the development and maintenance of
microglia, and cell autonomously regulates neuronal differentiation and survival. While the
CSF-1R-cognate ligands, CSF-1 and interleukin-34 (IL-34), compete for binding to the CSF-1R,
they are expressed in a largely non-overlapping manner by mature neurons. The recent
identification of a dominantly inherited, adult-onset, progressive dementia associated with
inactivating mutations in the CSF-1R highlights the importance of CSF-1R signaling in the brain.
We review the roles of the CSF-1R and its ligands in microglial and neural development and
function, and their relevance to our understanding of neurodegenerative disease.

CSF-1R and CSF-1R Ligands and their Expression Patterns in Brain

CSF-1R is a class Il receptor tyrosine kinase activated by two homodimeric glycoprotein
ligands, CSF-1 [1] and IL-34) [2], that exhibit low primary sequence homology but share a
short chain four a-helical bundle cytokine fold and interact with overlapping regions of the
CSF-1R (reviewed in [3]). CSF-1 signals exclusively through the CSF-1R, while 1L-34
interacts with at least one additional receptor, receptor protein tyrosine phosphatase-C (PTP-
0), which is coexpressed with the CSF-1R on neural progenitor cells [4] (Box 1). In myeloid
cells, activation of the CSF-1R by CSF-1 or IL-34 leads to comparable biological outcomes
[2,5]. However, /n vivothe two endogenous CSF-1R ligands exhibit different spatiotemporal
patterns of expression, and play complementary roles in controlling the development,
maintenance, and activity of target cell types [5-8].
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Box 1
PTP-C — A Second Receptor for IL-34

The higher levels of brain IL-34 mRNA relative to those of CSF-1 and the CSF-1R,
coupled with the greater efficacy of IL-34 over CSF-1 in regulating /n vitro NPC self-
renewal and differentiation [5,6], suggested that IL-34 might signal via an alternative
receptor not recognized by CSF-1. Using an unbiased approach, the chondroitin sulfate
proteoglycan receptor protein tyrosine phosphatase, PTP-C (also known as RPTP-f), was
identified as a predominant IL-34-binding protein that does not bind CSF-1 [86]. Binding
of 1L-34 to PTP-C inhibits its phosphatase activity, leading to a rapid increase in the
tyrosine phosphorylation of focal adhesion kinase and paxillin, and inhibits the
proliferation, clonogenicity, and motility of the U251 human glioblastoma cell line in a
PTP-C-dependent manner [86]. Because PTP-{ and the CSF-1R are both expressed on
NPCs [4,86], it is likely that IL-34 is more effective than CSF-1 in regulating NPC /in
vitro by simultaneously acting through both receptors (Figure I). IL-34 and PTP-{
colocalize in cortical layer V, in midbrain, and in brainstem nuclei [86]. PTP- signals via
multiple ligands, including pleiotrophin, midkine, contactin, and tenascin-R [100], and
plays important roles in the nervous system. PTP-C expression has not been reported in
microglia. However, it is expressed in remyelinating oligodendrocytes, and PTP-{~/~
mice exhibit faster recovery from experimental autoimmune encephalomyelitis (EAE)-
induced loss of myelin than do wild-type mice, which is consistent with the action of the
inhibitory ligand pleiotrophin in enhancing oligodendrogenesis [101]. In addition, the
PTP-C gene is a schizophrenia-susceptibility gene [102], and PTP-( regulates tyrosine
phosphorylation of voltage-gated sodium channels in neurons [103]. The identification of
PTP-{ as a second receptor for 1L-34 necessitates its serious consideration in studies of
IL-34 function in brain. Analogous to the PTP-{-mediated effects of 1L-34 on NPCs,
recent studies demonstrate that pleiotrophin suppresses hematopoietic stem cell self-
renewal early after irradiation, and thus mitigates radiation injury to the hematopoietic
system in a PTP-C-dependent manner [104], thus revealing a common effect of PTP-C in
mediating stem cell quiescence.
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Figurel.
Putative Mechanism for Differential Regulation by CSF-1 and IL-34 in Cells

Coexpressing CSF-1R and PTPZ. (A) CSF-1 signaling: CSF-1 activates the CSF-1R
tyrosine kinase leading to increased cellular tyrosine phosphorylation. Catalytically-
active PTPC decreases cellular tyrosine phosphorylation. (B) I1L-34 signaling. Like
CSF-1, IL-34 activates the CSF-1R, but also binds to PTPC and inhibits its tyrosine
phosphatase activity, further increasing tyrosine phosphorylation and downstream
responses, such as NPC differentiation.

CSF-1R Expression in Brain

While the CSF-1R is expressed on all microglia [9,10], there are contradictory reports
concerning its expression in the neuronal lineage. Initial studies, using several CSF-1R
antibodies and /n situ hybridization, reported that in adult brain CSF-1R was expressed in
several neuronal subpopulations and that neuronal expression was increased following
ischemic cerebral cortical injury [11,12]. However, in a recent study, none of six commercial
anti-CSF-1R antibodies tested was specific, as demonstrated by their staining of Csflr-
deficient brain [13], calling into question the validity of the immunohistochemical data.
Furthermore, several independent groups [14—16] were unable to detect neuronal expression
using the same Csf1r-EGFP reporter mouse [17]. However, using a different Csf1r-EGFP
reporter mouse [18] with GFP staining, corroborated by /n situ hybridization, several of the
findings of Wang et a/. [11] were reproduced, including expression by a small fraction of
hippocampal neurons and increased expression in injured neurons [13]. Further evidence for
the neuronal expression of the CSF-1R comes from lineage-tracing studies with Csfir-
iCre;mTmG and Csflr-iCre;ROSA-stopflox—-CFP mice [13] and the detection of Csfir
mRNA in cultured primary neurons [11,13]. These studies emphasize the importance of
selecting the appropriate CSF-1R detection system.

Reliable CSF-1R staining has been achieved using an in-house anti-CSF-1R antibody [19]
shown to be specific by its failure to stain Csfir-deficient brain [6]. Using this antibody, the
authors showed that during development the CSF-1R is expressed by neural progenitor cells
(NPCs), some cortical immature neurons, radial glia, and cerebellar Purkinje cells. Overall
CSF-1R expression decreases by P60 [6]. In the young adult motor cortex, ~30% of neurons
express the CSF-1R, increasing to ~50% by 10 months of age, with greatest expression in
cortical layers V and VI [20].

CSF-1R Ligands in Brain

Immunohistochemical staining [6] and reporter mice [7,8,21] have shown that, in brain,
CSF-1 and IL-34 are primarily expressed by neurons. Compared with CSF-1 mRNA, which
is primarily expressed in the neocortex, corpus callosum, cerebellum, and spinal cord [6],
IL-34 mRNA is primarily expressed in the forebrain (neocortex, olfactory bulb, and
striatum) and at higher levels [5,6] (Figure 1). IL-34 is also expressed in ependymal cells
and the choroid plexus [7]. Cellular colocalization of CSF-1 and IL-34 is rarely observed
except in neurons of the CA3 region of the hippocampus [6] (Figure 1A). Furthermore,
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CSF-1 reporter expression decreases between postnatal day 20 (P20) and P60, whereas the
expression of IL-34 is maintained [6].

Complementary Expression of CSF-1 and IL-34 in the Developing Cortex

The complementary nature of CSF-1 and 1L-34 expression in brain (Figure 1) is particularly
evident during cortical development (Figure 1B) and of interest in relation to the cortical
expression of the CSF-1R and of PTP-{ (Box 1). At embryonic day 10.5 (E 10.5), microglia
appear in the cephalic mesenchyme and neuroepithelium of the brain anlagen [22], and
IL-34 is detected in the E11.5 telencephalon, before the appearance of CSF-1 reporter
activity by E13.5 [5]. By E15.5, CSF-1R is detected throughout the dorsal telencephalon,
including the ventricular zone (VVZ)/subventricular zone (SVZ) [6]. At this stage, CSF-1 is
expressed in the VZ/SVZ and IL-34 within the marginal zone and cortical plate. Within the
P2 neocortex, CSF-1 is expressed solely in layer VI, colocalizing with Thrl* neurons, while
IL-34 is expressed in layer V (colocalizing with CTIP2* neurons) and in the meninges. At
P2, the CSF-1R is strongly expressed in the SVZ (colocalizing with a subset of nestin*
NPCs, B-tubulin 111" neuronal progenitors and microglia) and at the meninges, where
microglia are concentrated. CSF-1 is expressed between P7 and P14 by activated phagocytes
present in the periventricular white matter [23], suggesting that autocrine CSF-1/CSF-1R
signaling may contribute to the gradual de-activation of phagocytes at this stage. At P20,
CSF-1 continues to be expressed in layer VI, whereas I1L-34 expression has expanded into
upper layers I1-1V (colocalizing with Satb2 neurons) and remains expressed in the
meninges. At this stage, the CSF-1R is expressed primarily in microglia, uniformly in the
corpus callosum and cortical layers 1-VI, and strongly in the meninges. Therefore, during
development the CSF-1R ligands are expressed by different mature cortical neurons: CSF-1
in layer VI, where mostly excitatory neurons reside [24], and IL-34 in layers 11-V (with both
excitatory and inhibitory neurons and mature glia [24]) and in the meninges [6]. The
CSF-1R is expressed early in NPCs of the SVZ and microglia within the meninges, and later
assumes a broad distribution on microglia. The spatiotemporal regulations of CSF-1R and
CSF-1R ligand expression suggest that they play key regulatory roles in cortical
development.

Regulation of Microglial and Neuronal Lineages by the CSF-1R

Gross Abnormalities of Brain Development in CSF-1R- and CSF-1R Ligand-Deficient Mice

The relative importance of the CSF-1R and each of its ligands in development is reflected in
the survival rates of mice bearing null mutations in each. C57BL/6 //347~ mice have a
normal survival rate and their brains are grossly normal [7,8], suggesting that IL-34 does not
play an essential role in development. By contrast, Csf1%%? and Csf1r”~ mice exhibit
reduced survival rates (Table 1). The brains of both Csf197% and Csf1r”~ mice are smaller
in size with a greater mass. In addition, Csf1r”", but not Csf1%/°P brains, exhibit atrophy of
the olfactory bulb, expansion of the lateral ventricle, and thinning of the neocortex [6,15]
(Table 1). These gross anatomic abnormalities reflect important roles of CSF-1R signaling in
brain development.
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Central Role of the CSF-1R in the Development and Maintenance of Microglia

Genetic ablation and pharmacological studies have shown that the CSF-1R is required for
mouse microglial development [22] and steady-state maintenance [25]. Treatment of adult
mice with a small-molecule ATP binding site inhibitor of the CSF-1R causes rapid depletion
of brain microglia, and its removal leads to their rapid regeneration from brain-resident
progenitor cells [25]. At 3 weeks of age, microglial numbers in CsfZr-null brains are reduced
by more than 94% [15,22]. Lineage-tracing experiments demonstrate that microglia are
exclusively derived from primitive yolk sac progenitors that arise before E8 [22]. While a
role of the CSF-1R in microglial lineage commitment has not been demonstrated, evidence
indicates that the CSF-1R provides a crucial survival/proliferation signal. Like Csf1r”*
precursors, Csf1r”" yolk sac-derived microglial precursors seed the brain rudiment by E10.5
(Figure 2). However, they are greatly reduced by E12.5 compared to their wild-type
counterparts which increase in numbers [22,26]. CSF-1R signaling also plays a central role
in the establishment of microglial processes [27,28] and migration [29] in the developing
brain.

Both CSF-1R ligands are expressed in the embryonic brain [6] and contribute to the
development of microglia in a region-specific manner [7,8,30]. Microglia are reduced by
~30% in CsfI-null brains [22] and by ~70% in //34-null brains [7,8]. CSF-1 is highly
expressed in the yolk sac [31], where it may contribute to the expansion of CSF-1R*
microglial precursors. 1L-34 contributes to the development and homeostasis of microglia in
forebrain structures, but not in the cerebellum or brainstem where CSF-1 is more highly
expressed during development [6-8]. CSF-1 contributes to microglial development and
maintenance in the corpus callosum, pons, and spinal dorsal column, and also to a lesser
extent in the cerebral cortex and adult cerebellum [28,30]. Because microglia regulate the
development, maturation, and maintenance of neurons (Figure 2), their dependence on
CSF-1R emphasizes the broad role played by CSF-1R signaling in the brain.

Altered Neuronal Lineage Differentiation in the Developing Brains of CSF-1R-Deficient

Mice

Apart from the absence of microglia, immunohistological analysis of developing Csf1r”~
dorsal forebrain reveals significant changes in the number of NPCs and neuronal cells
compared with wild-type forebrains [6]. Within the generative zone, the increase in
proliferating neural progenitors at P20 suggests that CSF-1R signaling suppresses NPC self-
renewal. Between E13.5 and E15.5, Tbr2* basal progenitors are decreased in the generative
zone [32] and increased in the cortex [6,32], where Pax6* radial glia are also increased [6],
suggesting that excess radial glia differentiate more efficiently into Thr2* basal progenitors
and/or enhance their migration from the generative zone [33]. Furthermore, the decrease in
neocortical lower layer (CTIP2*) and upper layer (Cux1*) neurons at both E15.5 and P20,
together with transient changes in Thr1* and Sath2* neurons in the Csf1r”~ neocortex,
indicates that CSF-1R signaling regulates neuronal differentiation within the cortical
laminae [6]. These alterations are associated with an increase in the number of apoptotic
neural progenitors in the SVZ as well as an increase in cortical neuronal apoptosis.
Apoptosis is also apparent at sites of adult neurogenesis in the granule cell layers of the
olfactory bulb and in the subgranular zone of the dentate gyrus of CsfZr7~ mice [6]. Thus,
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CSF-1R signaling suppresses the expansion of forebrain NPCs, regulates their
differentiation, and promotes the survival of NPCs and their early progeny (Figure 3).

Direct and Indirect Regulation of Neuronal Lineage Cells by the CSF-1R

The CSF-1R Directly Regulates Neural Progenitor Self-Renewal, Differentiation, and

Survival

Given the expression of the CSF-1R on cells of the neuronal lineage, and the dysregulation
of NPC survival, proliferation, and differentiation in Csf1r~~ brains, it was important to
determine the functions of neuronal expression of CSF-1R [6]. /n vitro studies utilizing
purified, microglia-depleted NPCs revealed that either CSF-1 or IL-34 suppresses NPC self-
renewal, but not their proliferation. Furthermore, in clonal differentiation assays, CSF-1 or
IL-34 each increased the percentage of pure neuronal clones, without affecting the
percentage of astrocyte- or oligodendrocyte- containing clones. In these cultures, NPCs,
protoplasmic astrocytes, and neurons, but not oligodendrocytes, expressed the CSF-1R.
These observations indicate direct effects of both ligands in suppressing self-renewal and
enhancing differentiation of the CSF-1R-expressing NPCs. Further support for such direct
regulation was obtained by conditional deletion of CsfZrin NPCs using nestin (Nes)-Cre/
+,Csf1r™" mice. These mice have normal cortical microglial densities at E18.5 and P20, but
resemble Csf1r~~ mice in their high perinatal lethality, smaller brain size and enhanced
forebrain progenitor cell proliferation and apoptosis (Table 1). Thus the self-renewal,
differentiation, and survival phenotypes of CsfZr”~ NPCs result from the absence of direct
CSF-1R regulation of the neuronal lineage (Figure 3).

Regulation of Neuronal Cells via the CSF-1R Expressed in Other Cell Types

Several Csf1r~~ phenotypes, namely atrophy of the olfactory bulb, reduction of mature
cortical forebrain oligodendrocyte numbers, increase in lateral ventricle size, and failure of
midline crossing of callosal axons, are not recapitulated in the Nes-Cre/+,Csf1r mice,
indicating that CSF-1R signaling in non-neural lineage cells is involved (Table 1).
Oligodendrocytes do not express the CSF-1R [6] and, because their decreased number in
Csf1r~~ mice is not mimicked in Nes-Cre/+; Csf1r/ mice, their regulation by the CSF-1R
must be indirect. CSF-1 enhances oligodendrocyte differentiation in cultures of unpurified
NPCs containing microglia, but there is no effect of CSF-1 in cultures prepared from
purified, microglia-free NPCs [6]. Thus, CSF-1R-expressing microglia appear to mediate
non cell-autonomous effects of the CSF-1R on neural lineage cells (Figure 3).

The physiological role of microglia in adult brain function has been explored by inducible
microglial ablation (reviewed in [34]). Using an inducible diphtheria toxin receptor (DTR)-
mediated microglial ablation system, Parkhurst et a/. [35] showed that, although loss of
microglia did not alter the overall densities of neurons or synapses in the motor cortex or the
hippocampal CAL1 region, it had profound effects on learning-induced synapse formation
and produced deficits in multiple behavioral tasks, including performance improvement after
motor learning, auditory-cued fear conditioning, and novel object recognition. These data
suggest that microglia play important roles in learning and memory that involve multiple
brain regions. By contrast, in studies utilizing CSF-1R inhibitors, mice depleted of microglia
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for up to 2 months did not develop anxiety or deficits in memory or motor function, but
showed some evidence of enhanced learning [25,36]. Several differences may contribute to
this discrepancy. First, there were different readouts for the behavioral tests. Second, there
were different tissue responses to the microglial ablation strategies used. While both DTR-
and CSF-1R inhibitor-mediated microglial ablation were expected to cause astrogliosis
[25,37], this was not observed by Parkhurst ef a/. Third, differential effects on the peripheral
monocyte compartment could contribute indirectly. DTR-mediated ablation causes acute
loss of peripheral monocytes, which subsequently recover, while CSF-1R inhibition does not
cause blood monocyte loss [38]. Fourth, because the host microbiota regulates microglia in
the CNS [39], differences in housing environments may have influenced the results.

CSF1R Mutations Cause Adult-Onset Leukoencephalopathy with Axonal
Spheroids and Pigmented Glia (ASLP)

Genome-wide linkage analysis and exome sequencing revealed that mutations in the CSFIR
gene cause a rare, autosomal dominant, neurodegenerative disorder characterized by adult-
onset dementia with motor impairments and epilepsy [40,41]. ALSP encompasses two
similar diseases previously known as hereditary diffuse leukoencephalopathy with axonal
spheroids (HDLS) [42] and familial pigmentary orthochromatic leukodystrophy (POLD)
[43]. The median age of onset of ALSP is 42 + 13 years (range 8—78) with disease duration
of 5 + 7 years (range 1-34) that is unrelated to the time of onset [44,45]. Symptoms may
vary according to gender [45]. Patients often present with neuropsychiatric symptoms,
including depression, behavioral changes, spastic paraplegia, dementia, and seizures, leading
to variable clinical diagnoses. By magnetic resonance imaging (MRI), ALSP is
characterized by asymmetric patchy cerebral white matter lesions that become confluent and
symmetrical with disease progression [46,47]. The changes predominantly involve the
frontal and parietal white matter, with thinning of the corpus callosum being an early feature
[47,48], as well as evolving cortical atrophy affecting the frontal and parietal lobes.

CSFIR mutations associated with ALSP involve either missense mutations affecting highly
conserved kinase domain residues or splice-site mutations leading to in-frame deletions
(reviewed in [49]). Ligand-stimulated CSF-1R kinase activity was abolished for
homodimeric receptors bearing each of 15 different missense mutations or each of four
aberrant splice variants so far tested [40,41,47,50,51]. However, cotransfection experiments
indicate that expression of the mutant chain does not suppress phosphorylation of the wild-
type chain [47]. Therefore, in ALSP patients only 25% of ligand-bound cell-surface CSF-1R
dimers are expected to be enzymatically inactive, and the remainder will be active, with 50%
containing one active chain and 25% containing 2 wild-type chains. ALSP mutations may
also alter the trafficking of hybrid CSF-1Rs because expression of a large majority of mutant
receptors singly in human 293T cells has shown a decrease in the cell surface complement
of mature CSF-1Rs and an increase in Golgi-associated immature, high-mannose CSF-1Rs
[50]. Interestingly, loss-of-function mutations of either TREM2 or DAP12, components of
the DAP12-TREMZ2 signaling complex that mediates CSF-1R signaling in macrophages [52]
and microglia [53], lead to Nasu-Hakola disease (NHD) that has striking similarities to
ALSP [54,55]. In the brain, TREM2 and DAP12 are expressed primarily by microglia, and
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knockdown of TREM2 in microglia inhibited phagocytosis of apoptotic neurons and
increased proinflammatory responses, suggesting that NHD is primarily a microglial
disorder [56]. It remains to be established whether ALSP is also a primary microgliopathy
that leads to secondary myelin and axonal damage [41,44], or whether defects in
neurogenesis and neuronal survival arising from impaired CSF-1R signaling in NPCs and
mature neurons contribute to the disease phenotype.

Mouse Model of ALSP

Recently, CSF1R haploinsufficiency was demonstrated in one ALSP patient [47], and
Csf1r*~ mice were validated as a model of the human disease [20]. Older CsfZr*/~ mice
develop behavioral and histopathological deficits similar to those of ALSP patients. MRI of
the brains of Csf1r”~ mice exhibiting sensorimotor deficits revealed enlargement of the
lateral ventricle and thinning of the corpus callosum, in which neurodegeneration and the
presence of axonal spheroids were uncovered by ultrastructural analysis. Preliminary
analysis of the mechanisms involved in mouse ALSP showed that microglial densities were
increased throughout the brain as early as 11 weeks of age. In addition, Csf1r*~ mice
exhibited increased neuronal cell density in cortical layer V that normalized by 10 months of
age. This was associated with a less-efficient upregulation of neuronal CSF-1R expression in
layer V, consistent with the neuroprotective role of the CSF-1R. In Csf1r*/~ mice, deep layer
neurons and callosal axons were dysmyelinated and the number of oligodendrocyte
precursor cells was increased in cortical layers I1-111 and V. Depending on their activation
status, microglia can either actively demyelinate neurons or produce factors that stimulate
oligodendrocyte precursor cell proliferation, differentiation, and oligodendrocyte
myelination [57]. Gene expression analysis revealed early elevation of granulocyte-
macrophage CSF (GM-CSF) mRNA and an age-dependent activation of the GM-CSF
pathway in microglia (Figure 4A). Thus it appears that CSF-1R signaling deficits in
neuronal and microglial lineages, plus high GM-CSF levels, play a central role in both the
developmental and the degenerative phenotypes. By using mouse genetic and
pharmacological approaches, many relevant questions can now be addressed using this
model.

CSF-1R as a Possible Target in Neurological Disease

The CSF-1R and its ligands have also been shown to play important roles in demyelinating
diseases, neurodegeneration including Alzheimer’s disease (AD), and brain tumors (Figure
4B). Because increased levels of CSF-1, microgliosis, and microglial activation are found in
many different CNS pathologies, it is important to understand the consequences of elevation
of CSF-1R ligands. Mice engineered to overexpress CSF-1 in astrocytes exhibit increased
microglial proliferation and decreased microglial responses to lipopolysaccharide [58].
These studies, together with the demonstration that CSF-1 increases DAP12 expression,
decreases the expression of antigen-presenting proteins in human microglia [59,60] and
decreases the inflammatory phenotype in mouse macrophages [61], suggest that, at steady-
state, CSF-1 promotes a quiescent phenotype in microglia that may prevent their
inappropriate activation and neurotoxicity. Furthermore, CSF-1R upregulation in neurons
has been reported in different pathological contexts, and several studies suggest that it may
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promote neuronal survival [11,13,20,62]. However, in disease states in which microglia are
effectors of tissue damage, CSF-1R signaling is detrimental through its promation of
microglial survival and proliferation [63-68].

Excitotoxic Injury

Apart from their regulation of microglia, the CSF-1R ligands have been shown to enhance
neuronal survival following treatment with kainic acid (KA), an excitotoxic agent that
induces neurodegeneration and seizures in mice [13]. Systemic administration of CSF-1 or
IL-34, given before or during the acute phase of injury, is neuroprotective and inhibits
microgliosis, without causing the infiltration of peripheral monocytes. Both CSF-1 and
IL-34 activate cCAMP responsive element-binding protein (CREB) signaling, which plays a
key role in neuronal survival [69]. /n vivo, systemic treatment with CSF-1 prevents loss of
KA-induced phosphorylated CREB (pCREB) neuronal immunoreactivity [13]. Neuronal
deletion of CSF-1R expression was sufficient to increase KA-induced neurodegeneration
and lethality, indicating that CSF-1R ligands directly suppress neurodegeneration by
promoting neuronal survival [13].

Demyelinating Diseases

In mouse models of demyelinating diseases, CSF-1R signaling can have destructive or
reparative functions depending on the underlying cellular mechanisms. Studies in mouse
models indicate that mononuclear phagocytes play major roles, both in the onset and the
progression of multiple sclerosis (MS) [70,71]. In experimental autoimmune
encephalomyelitis (EAE), a mouse model of MS, administration of CSF-1R inhibitors either
therapeutically, or prophylactically, reduced disease severity [66,67]. Amelioration of the
disease was associated with a reduction in the number of microglia/macrophages, inhibition
of myelin oligodendrocyte glycoprotein-specific T cell responses, and reduced circulating
levels of tumor necrosis factor. These data suggest that CSF-1R pathways play a pivotal role
in EAE. How these findings relate to the observation that CSF-1R expression is lower in MS
lesions than in normal control white matter [72] is not clear.

In connexin 32-deficient mice, a model of the demyelinating peripheral neuropathy,
Charcot-Marie-Tooth disease type 1X (CMT1X), both MCP-1 produced by Schwann cells
and CSF-1 from endoneurial cells support the expansion of monocyte-derived macrophages
and microglia that cause myelin damage [63-65]. By contrast, in the B-galactocerebrosidase-
deficient twitcher mouse, a model of globoid cell leukodystrophy (GCL), progressive
demyelination was exacerbated by removal of CSF-1, which decreased the number of
microglia/macrophages, increased myelin debris, and decreased the recruitment of
oligodendrocyte precursor cells, suggesting that clearance of myelin debris by CSF-1-
activated phagocytes is crucial for remyelination [73]. In addition, CSF-1 has been shown to
enhance the proliferation and survival of B-galactocere-brosidase-deficient NPCs [74]. These
studies indicate that the outcome of pharmacological inhibition of the CSF-1R in
demyelinating diseases may be beneficial in some cases, but not in others, depending on the
cellular mechanisms involved.

Trends Neurosci. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chitu et al.

Page 10

Alzheimer’s Disease

The robust activation of microglia [75] and the beneficial effects of non-steroidal anti-
inflammatory drugs [76] suggest that inflammation plays a central role in AD. In mouse
models of AD, microglia proliferate and accumulate around senile plaques concomitantly
with plaque appearance [77]. Microglial expression of CSF-1R is elevated in lesions of both
AD [9] and of the amyloid B precursor protein (ABPP)Y717F transgenic mouse disease model
[78], and CSF-1 stimulates phagocytosis of Af1—4, peptide by primary human microglia /n
vitro [59]. Unexpectedly, approaches aimed at either activating or inhibiting CSF-1R
signaling have both been able to improve cognitive function in mouse models of AD.

In the early stages of AD, tau protein ‘spreads’ from the entorhinal cortex to the
hippocampus. Microglia contribute to tau propagation via exosomal secretion and, in a
mouse model, microglial depletion using a CSF-1R inhibitor suppresses tau spreading [79].
Continuous inhibition of CSF-1R signaling for 3 months in two similar mouse AD models,
APPSwe;PSEN1dE9; APP/PS1 [16] and BAPPSwe;PS1M146V;tauP301L [36] triple
transgenic mice improves performance in memory and behavioral tasks, without decreasing
the number of plaques. In both studies, the treatment did not eliminate microglia but reduced
their numbers by approximately 30%. Microglial association with the plaques was
decreased, and one study [36] showed that that A oligomer-stimulated microglia produce
factors that are chemotactic to microglia and that microglial chemotaxis towards these
factors depends on CSF-1R signaling. These studies suggest that inhibition of CSF-1R
signaling alters the response of microglia to the plaques.

Administration of 1L-34 promotes the clearance of soluble oligomeric Ap (0AB), which
mediates synaptic dysfunction and neuronal damage in AD. Interestingly, levels of
circulating CSF-1 are reduced in AD patients [80], and intraperitoneal injection of CSF-1 in
APPSwe/PS1 [81] or human amyloid precursor protein (hAPP) transgenic mouse models of
AD [13] improves cognitive function with [81], or without [13], a decrease of A levels in
the cortex and hippocampus. In other experiments, intracerebroventricular administration of
IL-34 ameliorated impairments of associative learning and reduced oAf levels in the
APP/PS1 transgenic mouse model of AD [82]. These effects were associated with
upregulation of insulin-degrading enzyme, which aids in the clearance of 0AB, and with
induction of the anti-oxidant enzyme heme oxygenase-1 in microglia. Together, these studies
suggest that CSF-1R acts by promoting a neuroprotective phenotype in microglia. However,
the observation that systemic treatment of hAPP mice with CSF-1 increases the neuronal
expression of pCREB, an essential step in the survival pathway [13], is consistent with the
possibility that CSF-1R ligands also directly promote neuronal survival in AD.

While at first glance the similar outcomes of inhibiting or enhancing CSF-1R signaling in
AD appear contradictory, they may both be beneficial for different reasons. Depending on
the treatment regimen, inhibition of CSF-1R eliminates microglia, or prevents their
association with and activation by plaques. On the other hand, enhancing CSF-1R signaling
may have the twofold benefit of promoting a trophic state in microglia and triggering
survival in CSF-1R-expressing neurons.
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Glioblastoma

CSF-1R signaling in the tumor microenvironment plays an important role in the progression
of glioblastomas that secrete CSF-1. CSF-1R inhibitor treatment in mouse transgenic and
human xenograft glioblastoma models has been shown to suppress tumor growth and
improve survival. While tumor-associated macrophages were not depleted, owing to
stimulation of their survival by glioma-secreted GM-CSFand interferon-v, their tumor-
promoting functions were inhibited by their conversion to an inflammatory M1 phenotype
[83]. In addition, blockade of CSF-1R signaling suppressed EGF production by CSF-1-
stimulated macrophages, thus reducing their ability to enhance glioblastoma invasion [84].

Considerations in Targeting the CSF-1R in Neurodegenerative Disease

The Yin and Yang of CSF-1R targeting in neurodegeneration (Figure 4) is illustrated by the
study of Rice et al. [85], who examined the effects of inhibition of CSF-1R signaling on
recovery from hippocampal lesions. Inhibition of CSF-1R signaling post-lesioning improved
neuronal survival and functional recovery, whereas inhibition of CSF-1R signaling during
the lesioning period increased neuronal loss. This requirement for CSF-1R signaling during
the lesioning period is consistent with the findings of Luo et a/. [13], who showed a direct,
protective role of CSF-1R signaling in injured neurons. Thus the beneficial and detrimental
roles of microglia, as well as direct effects of the CSF-1R ligands on neuronal survival,
should be considered in planning the nature and timing of CSF-1R-based therapies.

Concluding Remarks

The discovery of high expression of the newly discovered CSF-1R ligand, 1L-34, in brain
[5], the drastic reduction of microglia in CSF-1R-deficient mice [22], together with earlier
reports of neuronal expression of the CSF-1R [12,62], prompted a detailed analysis of both
CSF-1R and ligand expression and the effects of CSF-1R deficiency in the developing brain
[6]. This study demonstrated direct CSF-1R regulation of the neuronal lineage and revealed
complementary expression patterns of the CSF-1R ligands. Analysis of I1L-34- [7,8] and
CSF-1- [22,27,28,30] deficient mice showed that these complementary patterns of
expression were reflected in the regional regulation of microglial development and
maintenance by IL-34 and CSF-1. The identification of PTP{ as a second receptor for 1L-34,
but not for CSF-1 [86], might explain the greater effect of IL-34 over CSF-1 on NPC
differentiation [6]. These studies indicate important roles for the CSF-1R and its ligands in
the direct regulation of both microglial and neuronal lineages in brain. The discovery that
ALSP is caused by dominant inherited mutations in the CSFIR gene [40,41], or by CSFIR
haploinsufficiency [47], provides further evidence of a central role of the CSF-1R in the
brain.

These discoveries provide us with a firm footing for future work (see Outstanding
Questions). An important priority is to further define the CSF-1R-regulated functions of
microglia in brain development and brain function in the adult. IL-34-deficient mice can
now be used to analyze the regulation of neuronal network development and function by
IL-34 and be combined with CSF-1-deficiency to formally establish that these are the only
activating ligands for the CSF-1R. The synergistic actions of CSF-1R and PTPC signaling in
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NPCs have been identified and the underlying mechanisms involved can now be studied.
The identification of a mouse model of ALSP [20] permits the assessment of how
developmental and adult changes contribute to disease development and the initiation of new
approaches to therapy.

Outstanding Questions

What are the consequences of microglial deletion of the CSF-1R in development?
Can simultaneous deletion of CSF-1 and IL-34 completely recapitulate CSF-1R
deficiency?

What are the consequences of I1L-34 deficiency on neuronal network organization

and function?

Can engagement of CSF-1R alone by CSF-1, versus engagement of both CSF-1R
and PTPC by 1L-34, explain the increased efficacy of IL-34 in promoting NPC
differentiation?

What is the contribution to ALSP of reduced CSF-1R signaling in the neuronal
versus the microglial lineages?

What are the relative contributions of developmental deficits and post-developmental
dysregulation to ALSP?

What is the optimal window for therapeutic intervention in ALSP (e.g., early
postnatal prodromal phase vs post-disease onset)?
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Trends

CSF-1R is a receptor tyrosine kinase with two cognate ligands, CSF-1 and I1L-34,
that are expressed in largely non-overlapping areas of the CNS and that regulate
microglial proliferation, and survival.

The CSF-1R is also expressed in neural progenitor cells and regulates their survival,
proliferation and neuronal differentiation.

Upregulation of CSF-1R expression in injured neurons promotes survival.

Mutations in the CSF1R gene lead to an autosomal dominant, neurodegenerative
disorder known as adult-onset leukoencephalopathy with axonal spheroids and
pigmented glia (ALSP).

The Csfir*’~ mouse is a validated model for testing therapeutic strategies for ALSP.

CSF-1R ligands and inhibitors are potential modulators of several neurological
diseases including Alzheimer’s disease, globoid cell leukodystrophy (Krabbe’s
disease), Charcot—Marie-Tooth disease, multiple sclerosis, and glioma.
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Expression of Colony Stimulating Factor-1 Receptor (CSF-1R) and its Ligands in Brain. (A)
Expression of CSF-1 (red shading) and interleukin-34 (IL-34) (green shading) in the adult
brain (based on Allen Brain Atlas and [5-8]). Colocalization studies revealed that, apart
from microglia (not shown), CSF-1R (blue) is expressed in ~30% of mature cortical neurons
in the forebrain, in hippocampal cells, and in Purkinje neurons. CSF-1 expression (red) is
low and restricted to the specific areas of the olfactory bulb, cortex, corpus callosum,
hippocampus, and cerebellum. By contrast, 1L-34 (green) is expressed throughout the
telencephalon but is absent from the cerebellum. With the exception of the CA3 area of the
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hippocampus, there is no significant overlap in the cellular expression of CSF-1 and IL-34.
(B) Dynamics of CSF-1R and ligand expression during cortical development. For clarity,
CSF-1R* microglia, which are present throughout the cortex and stain strongly in the SVZ,
are not shown. Abbreviations: Cb, cerebellum; Cx, cortex; CC, corpus callosum; DG,
dentate gyrus; EGL, external granular layer; Hp, hippocampus; IGL, internal granular layer;
LV, lateral ventricle; NPCs, neural progenitor cells; OB, olfactory bulb; PC, Purkinje cells;
PCL, PC layer; SVZ, subventricular zone; WM, white matter.
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Figure2.
Contribution of CSF-1R Ligands to the Development, Maintenance, and Activation of

Microglia. Primitive microglia progenitors (macrophages) generated in the yolk sac blood
islands are detectable in the blood circulation at E8.5 and enter the brain anlagen at E9.0,
where they give rise to embryonic microglia that colonize the developing brain [22].
Between E12.5 and E18.5 the microglial distribution undergoes dynamic changes, with
clustering along specific axonal tracts and at the generative zones [88]. Microglial density
increases during the first two postnatal weeks and then declines, reaching stable levels by the
6th week of life [91]. During this period, microglia are important for synaptic pruning and
have an amoeboid morphology that correlates with high phagocytic activity [89-93]. This
converts to a highly ramified ‘resting” morphology in the adult. The CSF-1R is required for
the survival and proliferation of adult microglia [25]. Regional dominance of IL-34-
(turquoise shaded areas) and CSF-1-(purple) mediated signals is indicated [7,8,28,30].
CSF-1 levels are upregulated in response to tissue injury and could drive the rapid expansion
of microglia (M3 activation) [58,98]. Similarly,IL-34 promotes microglial expansion and
neuroprotective microglial responses to viral infection [7]. Damage to the blood-brain
barrier (BBB) allows the recruitment of bone marrow (BM)-derived progenitors that
transiently supplement the microglial population. Independently of its actions on microglia,
IL-34 can also activatetheCSF-1R expressed on capillary endothelial cells and restore BBB
integrity by upregulating tight junction proteins [99]. The roles of microglia in neuronal
development are based on [35,57,87-90,92,94-97]. Abbreviations: Ch, cerebellum; CC,
corpuscallosum; Cx, cortex; Hp, hippocampus; M®, macrophage; M1-M3 denote microglial
activation states with M1 representing inflammatory microglia; M2, alternatively activated,
trophic microglia; and M3 rapidly proliferating microglia that are not M1-or M2- polarized,;
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NB, neuroblast; OB, olfactorybulb; RMS, rostral migratory stream; St, striatum; SVZ,
subventricular zone; YS, yolk sac.
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Regulation of Neural Cells by the CSF-1R. Studies with purified neural progenitor cells
(NPCs) show that the CSF-1R promotes NPC survival, proliferation, and differentiation
towards the neuronal lineage in a cell-autonomous manner. The expanded panel illustrates
CSF-1R support of the development of deep-layer and layer | neurons and suppression of
layer 11-1V (Sath2*) neurons. In the cerebellum, CSF-1 promotes the survival of Purkinje
cells (PC) [12]. CSF-1R signaling in microglia, but not in purified NPCs, promotes
oligodendrocyte differentiation (expanded panel). The lack of callosal axonal crossing
defects and olfactory bulb (OB) atrophy in mice with NPC-specific ablation of CSF-1R
expression suggests that microglia also mediate the effects of the CSF-1R in callosal and

olfactory bulb development.
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Figure 4.
Role of CSF-1R Signaling in Homeostasis and Diseases of the Nervous System. (A) Model

of cellular interactions contributing to neurodegeneration in aging CsfZr*/~ mice. In Csf1r7*
mice, the upregulation of CSF-1R on aging neurons is neuroprotective, and CSF-1R
signaling promotes a trophic phenotype in microglia. Thus the balance between age-related
neurodegeneration and survival is maintained in favor of survival. Insufficient CSF1R
signaling in Csf1r*/~ neurons leads to more rapid neurodegeneration. These neurons are
hypermyelinated and, upon their death, increase the autoantigenic load leading to
inflammation and possibly to autoimmunity. Stimulation of CsfZr”~ microglia by neuronal
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debris in the presence of increased GM-CSF and decreased CSF-1R signaling induces an
activated dendritic cell-like state, with the production of neurotoxic factors, and promotes
the phagocytosis of un-opsonized myelin. This establishes a feedback loop that enhances
neurodegeneration. (B) Studies in CSF-1R-deficient mice suggest that CSF-1R signaling is
important for neuronal and glial cell differentiation. CSF-1R signaling in neurons limits
neuronal cell death and inflammation under excitotoxic conditions. CSF-1R is also essential
for the survival of microglia and promotes their quiescence. In disease states, upregulation of
CSF-1 and CSF-1R expression leads to the expansion of microglia and macrophages. The
final outcome (i.e., amelioration or worsening of pathology) will depend on whether the
local micro-environment promotes trophic or inflammatory responses in phagocytes.
Abbreviations: CMT1X, Charcot-Marie Tooth disease type 1X; EAE, Experimental
autoimmune encephalomyelitis; GCL, globoid cell leukodystrophy; M®, macrophage.
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