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Abstract

CSF1R-related disorder (CSF1R-RD) is a neurodegenerative condition that predominantly affects white matter due

to genetic alterations in the CSFTR gene, which is expressed by microglia. We studied an elderly man with a heredi-
tary, progressive dementing disorder of unclear etiology. Standard genetic testing for leukodystrophy and other
neurodegenerative conditions was negative. Brain autopsy revealed classic features of adult-onset leukoencepha-
lopathy with axonal spheroids and pigmented glia (ALSP), including confluent white matter degeneration with axonal
spheroids and pigmented glial cells in the affected white matter, consistent with CSF1R-RD. Subsequent long-read
sequencing identified a novel deletion in CSFIR that was not detectable with short-read exome sequencing. To

gain insight into potential mechanisms underlying white matter degeneration in CSF1R-RD, we studied multiple

brain regions exhibiting varying degrees of white matter pathology. We found decreased CSF1R transcript and pro-
tein across brain regions, including intact white matter. Single nuclear RNA sequencing (snRNAseq) identified two
disease-associated microglial cell states: lipid-laden microglia (expressing GPNMB, ATG7, LGALST, LGALS3) and inflam-
matory microglia (expressing IL2RA, ATP2C1, FCGBP, VSIR, SESN3), along with a small population of CD44" peripheral
monocyte-derived macrophages exhibiting migratory and phagocytic signatures. GPNMB* lipid-laden microglia

with ameboid morphology represented the end-stage disease microglia state. Disease-associated oligodendrocytes
exhibited cell stress signatures and dysregulated apoptosis-related genes. Disease-associated oligodendrocyte precur-
sor cells (OPCs) displayed a failure in their differentiation into mature myelin-forming oligodendrocytes, as evidenced
by upregulated LRP1, PDGFRA, SOX5, NFIA, and downregulated NKX2-2, NKX6.2, SOX4, SOX8, TCF7L2, YY1, ZNF488. Over-
all, our findings highlight microglia—oligodendroglia crosstalk in demyelination, with CSF1R dysfunction promoting
phagocytic and inflammatory microglia states, an arrest in OPC differentiation, and oligodendrocyte depletion.
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Introduction

CSFIR-RD is an autosomal dominant neurodegenera-
tive disorder of the white matter caused by mutations in
the colony-stimulating factor-1 receptor (CSFIR) [14, 35,
62], a gene expressed in microglia. As such, it represents
a subtype of primary microgliopathies [75]. The condi-
tion has been previously known by the descriptive neu-
ropathological term ‘adult-onset leukoencephalopathy
with axonal spheroids and pigmented glia’ (ALSP), which
combines two distinct pathologic entities: hereditary dif-
fuse leukoencephalopathy with spheroids (HDLS) and
pigmentary orthochromatic leukodystrophy (POLD) [17,
53].

CSFIR-RD typically manifests in individuals in their
4th decade and has a mean duration of 6-8 vyears,
although the age range and progression can vary signifi-
cantly [37, 58]. To date, more than 150 genetic mutations
have been linked to CSF1R-RD, with the majority located
in the intracellular tyrosine kinase domain of the trans-
membrane CSF1R protein [28, 37, 77, 80]. In this study,
we present the case of a 73-year-old man who was fol-
lowed for a progressive dementing disorder of unclear
etiology. Two of the patient’s siblings also succumbed to
a similar disease. Standard genetic testing for a leukodys-
trophy panel, including CSFIR, yielded negative results.
Postmortem examination revealed the classic findings
of ALSP [17, 55], including confluent demyelination of
the cerebral white matter sparing the short association
fibers between adjacent gyri (U fibers), axonal damage
with axonal spheroids, and glial cells with cytoplasmic
pigment that stains with Sudan black (lipids) and Luxol
Fast Blue and Kliiver—Barrera (myelin), including micro-
glia/macrophages. Neuropathology also demonstrated
intermediate Alzheimer’s disease (AD) neuropathologi-
cal change. Through long-read sequencing, we identified
a novel deletion in CSFIR involving the tyrosine kinase
domain.

CSFIR is essential for microglial proliferation, phago-
cytosis, motility, and survival. It is activated by homodi-
merization and subsequent autophosphorylation by
two ligands: colony stimulating factor 1 (CSF1/M-CSF),
which circulates and, in the brain, is secreted by astro-
cytes and oligodendrocytes, and interleukin-34 (IL-34),
primarily secreted by neurons in the brain [51]. Rare
homozygous CSFIR mutations have been reported in
children with leukoencephalopathy and almost complete
absence of microglia [54], a phenotype also observed in
Csflr—/— mice [15]. The Csflr+/—mouse is a model of
CSF1R-RD that recapitulates demyelination and micro-
glia-mediated inflammation [6, 7]. Studies in CSF1R-RD
postmortem brain tissue have looked specifically into the
molecular phenotype of microglia. They have reported
an overall loss of homeostatic markers (CX3CR1 and
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CSF1R, P2RY12) in microglia in gray and white matter,
from relatively early disease stages, and clustered dis-
tribution of activated microglia (positive for CD68 and
CD163) in the white matter [1, 32]. However, questions
remain regarding the variety of pathological microglia
cell states in CSFIR-RD and the intercellular crosstalk
through which CSFIR mutations lead to white matter
degeneration.

To gain insight into the mechanisms underlying white
matter degeneration in CSF1R-RD, we conducted sin-
gle nuclear RNA sequencing (snRNAseq). Because our
histological data showed reduced CSFIR transcripts
and protein across brain regions, including areas with
histologically intact white matter, we profiled multiple
brain regions exhibiting varying degrees of white matter
pathology. Additionally, we included frontal cortex sam-
ples from age-matched healthy controls and individuals
with AD, whose AD pathology severity was similar to
that of the CSF1R-RD donor, into the dataset. We iden-
tified two CSF1R-RD-associated microglia cell states
in white matter: lipid-laden and inflammatory states,
alongside a smaller population of peripheral monocyte-
derived macrophages. Notably, we identified a failure in
OPC differentiation into mature myelin-forming oligo-
dendrocytes, potentially contributing to the phenotype of
oligodendrocyte and myelin depletion in CSF1R-RD. The
remaining oligodendrocytes exhibited cell stress signa-
tures and dysregulated apoptosis-related genes. Overall,
this study contributes to unraveling the complex cellular
mechanisms driving white matter degeneration and high-
lights the critical role of microglia-oligodendroglia inter-
actions in CSF1R-RD.

Materials and methods

Human postmortem tissue

Brain tissue from the CSF1R-RD donor, two AD donors,
and five healthy controls, was obtained from the Stanford
Department of Pathology and the Stanford Alzheimer’s
Disease Research Center, UCLA Department of Pathol-
ogy, and the NIH Neurobiobank (Sepulveda repository
in Los Angeles and Mt. Sinai Brain Bank in New York
City). AD neuropathology grading followed the cur-
rent guidelines from the National Institute on Aging
and Alzheimer’s Association Research Framework [26].
The CSF1R-RD and one AD donor had a Braak neurofi-
brillary tangle stage of IV, and sparse neuritic plaques in
neocortex (Cerad C1). Relevant information such as age,
sex, ethnicity, brain weight, postmortem interval (PMI),
and APOE genotype, were recorded when available. The
mean age of the donors was 73.25 years (CSF1R-RD: 73
y/o; AD donors: 81 and 83 years; healthy controls: 53—-82
years). All donors except three of the controls were
males. The RNA integrity number (RIN) of the tissue
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selected for snRNAseq ranged from 5 to 6.7 (quantified
using Agilent Bioanalyzer 2100 RNA Nano chips, Agilent
Technologies cat # 5067-1511).

Long-read sequencing

Genomic DNA extracted from the cerebellum was pre-
pared for sequencing using the V10 ligation sequencing
kit from Oxford Nanopore Technologies. The prepared
library was loaded on an R9.4 PromethION flow cell and
sequenced to 60 Gb. Basecalling was performed in real-
time with Guppy using the high-accuracy model for R9.
After filtering out low quality reads, we achieved a read
length N50 of 11.6 Kb and an aligned average coverage
of 16.6x. High quality reads (Qscore>7), were aligned
to the GRCh38 reference with minimap2, and structural
variants (SV) were called with Sniffles2. SV calls were
intersected with CSFIR genomic coordinates to identify
the 319 bp deletion.

Immunohistochemistry

Formalin-fixed paraffin embedded brain tissue from
frontal, temporal, cingulate, parietal, and occipital cor-
tices, and cerebellum from the CSF1R-RD donor as well
as multiple brain regions from healthy and AD control
donors were cut at 5 um and mounted on Superfrost Plus
(Fisher Scientific, #12-550-15) slides. Sections were dried
overnight at 37 °C prior to baking at 60 °C for one hour.
Immediately following baking, slides were deparaffinized
with xylene and dehydrated in an ethanol series. Antigen
retrieval was performed on sections using ImmunoRe-
triever with EDTA (BioSB, 0030) in a Hamilton Beach
steamer at 99 °C for 15 min. Sections were washed in 0.2%
PBT (Triton) and endogenous hydrogen peroxide activ-
ity was quenched with 1% H,O, for 30 min in the dark
at room temperature. Following three 0.2% PBT washes,
sections were blocked using 10% Normal Goat or Don-
key serum, 2% BSA, in 0.2% PBT for one hour at room
temperature. After blocking, sections were incubated
with primary antibody, either Ibal (Wako, 019-19741)
or polyclonal goat anti-GPNMB (R&D Systems, AF2330)
diluted 1:2,500 in 3% normal serum, 0.5% BSA, in 0.2%
PBT, overnight at 4 °C. After primary antibody incuba-
tion, sections were washed three times in 0.2% PBT for
ten minutes each. Following washes, sections were incu-
bated with biotinylated secondary antibody (1:200 in 3%
normal serum, 0.5% BSA, in 0.2% PBT) for 1 h at room
temperature. Prior to chromogen development, sections
were incubated with the avidin—biotin complex (Vector
Laboratories, PK-6100) for one hour at room tempera-
ture. Diaminobenzidine (DAB) was used to visualize the
staining (Sigma Aldrich, 1.02924.0001). DAB develop-
ment was stopped with three washes of 0.05 M Tris
pH 7.5. Following an ethanol series and xylene washes,
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slides were mounted using Permount Mounting Medium
(Fisher Chemical, SP15-500).

BaseScope in situ hybridization

BaseScope was employed to quantify CSFRI transcripts
from normal and deleted alleles in postmortem tissue
obtained from the CSF1R-RD donor and three healthy
controls. Human BaseScope probes were acquired from
ACD Bio to detect the following nucleotide sequences
within the CSFIR gene: 1092671-C1 (Probe-BA-Hs-
CSFIR-3EJ-C1) to target nucleotides 314-895 of
NM_005211.3; 1162871-C2 (custom designed probe to
target nucleotides 2202-2239 of NM_005211.4 with 1zz);
and 1162881-C2 (custom designed to target novel junc-
tion nucleotides 2171-2265 of NM_005211.4 by partial
removal of the deletion with 1zz).

Fresh frozen human brain tissue including white matter
from prefrontal cortex, medial temporal lobe, occipital
lobe, pons, and cerebellum, was sectioned at 14 pm with
a cryostat. Slides were stored at — 80 °C until use. Sections
were fixed in 4% paraformaldehyde for 15 min at 4 °C and
then washed twice in 1XPBS for 5 min. Following fixa-
tion, slides were dehydrated in 50% EtOH, 70% EtOH,
and 100% EtOH. BaseScope ISH was performed using
the BaseScope Duplex Detection Reagent Kit (Cat. No.
323800) according to the manufacturer’s instructions.
After staining, the slides were counterstained in 50%
Hematoxylin staining solution (MHS16, Sigma-Aldrich)
and mounted with VectaMount permanent mounting
medium (Vector Laboratories).

To quantify RNA signal, we used digital images taken at
400x magnification with a Zeiss Axio Imager M2 micro-
scope equipped with a color digital camera (Axiocam).
We counted a minimum of 200 cells showing at least one
RNA copy from 15 Regions of Interest (ROIs) randomly
selected across three sections per brain region and case.
We quantified the number of RNA copies (represented
by red and/or blue dots) per cell. Subsequently, we calcu-
lated the proportion of cells containing varying numbers
of dots (1-3, 4-9, 10-15, or>15 RNA copies per cell).
All parameters were consistently maintained between
images to ensure unbiased detection.

Western blot

Postmortem tissue from the white matter dissected from
the prefrontal, medial temporal and occipital lobes,
pons, and cerebellum of the CSF1R-RD donor and three
healthy controls was homogenized and lysed in RIPA
buffer (Cell Signaling Technology, Cat#9806S) in the
presence of cOmplete Protease Inhibitor Cocktail (Mil-
liporeSigma Cat#11697498001). The samples were then
centrifuged at 13,000g, and the supernatant was stored
as the soluble fraction. Total protein concentration was
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quantified using a Bradford protein assay in duplicate.
Subsequently, the samples were separated on 4-20%
Mini-PROTEAN TGX Gels (Bio-Rad Cat#4561094)
and then transferred to PVDF membranes (Bio-Rad
Cat#10026934). The membranes were blocked with 5%
skimmed milk in Tris Buffered Saline+0.1% Tween 20
(TBST) and incubated with anti CSF-1R/M-CSF-R anti-
body (1:1000, CST #3152) and anti-beta Actin (1:25,000,
Abcam Cat#ab49900) at 4 °C overnight. Then, they were
washed and incubated with horseradish peroxidase-con-
jugated (HRP) conjugated secondary antibody for 1 h at
RT. Finally, the membranes were visualized with ECL
substrate (ThermoFisher Cat#32209).

Single-nucleus isolation from postmortem fresh frozen
brain tissue

We isolated nuclei from fresh-frozen brain tissue blocks
obtained from the CSFIR-RD donor (white and gray
matter from prefrontal cortex, and white matter from
medial temporal lobe, parietal cortex, and occipital cor-
tex), and controls (white and gray matter from prefron-
tal cortex). The fresh-frozen brain tissue blocks stored at
—80 °C were equilibrated in a cryostat at —19 °C for at
least 30 min prior to use. The gray or white matter was
dissected under a stereomicroscope, and then chopped
it into small pieces (<1 mm?) with a chilled razor blade.
To inhibit RNA degradation, all procedures were con-
ducted on ice under RNase-free conditions. For tissue
homogenization, a Kimble Kontes all-glass tissue grinder
was utilized (Kimble, 885300-0007). Each tissue sample
was dissociated using 2.4 mL of homogenization buffer
containing 10 mM Tris pH 8, 5 mM MgCl,, 25 mM
KCl, 250 mM sucrose, 1 pM DTT, 0.5X protease inhibi-
tor (cOmplete, Roche #4693159001), 0.2 U/uL RNase
inhibitor, and 0.1% Triton X-100. The homogenates were
subsequently filtered through a 40-pm cell strainer, trans-
ferred into 1.5-mL Eppendorf tubes, and centrifuged
at 1000xg for 8 min at 4 °C. The supernatant was aspi-
rated and discarded, and the pellets were resuspended in
450 pL of cold homogenization buffer. Further clean-up
was carried out using iodixanol gradient centrifugation.
An equal volume (450 pL) of 50% v/v iodixanol solution
(41.25 mM sucrose, 24.75 mM KCl, 4.95 mM MgCl,,
9.9 mM Tris pH 8, 50% w/v iodixanol) was added to the
homogenate and gently mixed with a pipette. The mixture
was then transferred to a 2-mL Eppendorf tube contain-
ing 900 pL of cold 29% iodixanol solution (129.17 mM
sucrose, 77.5 mM KCl, 15.5 mM MgCl,, 31 mM Tris pH
8, and 29% w/v iodixanol) by slow layering on the top.
The tubes were centrifugated at 13,500xg for 20 min at
4 °C, resulting in the sedimentation of nuclei at the bot-
tom. The supernatant and top layer of myelin and cell
debris were removed and discarded. The nuclei pellets
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were then detached with a small amount (~50 pL) of
immunostaining buffer (0.1 M PBS; pH 7.4, 0.5% bovine
serum albumin [BSA], 5 mM MgCl2, 2 U/mL DNAse I,
0.2 U/pL RNase inhibitor), transferred to clean tubes, and
gently resuspended in a total volume of 200 pL of immu-
nostaining buffer. After a 15-min incubation with immu-
nostaining buffer at 4 °C, with gentle rocking, primary
antibodies (NeuN; 1:1000, Millipore cat#MAB377; and/
or PAX6; 1:500, Biolegend, 901301) were added, and the
suspension was further incubated for 40 min at 4 °C with
gentle rocking. Subsequently, an equal volume (500 pL)
of immunostaining buffer was added, and the tubes were
inverted several times before being centrifuged at 500xg
for 5 min at 4 °C. The supernatant was removed, and the
pellets resuspended in 600 pL of immunostaining buffer.
Secondary antibodies (Alexa Fluor 488, Alexa Fluor 647)
and a nuclear stain (Hoechst 34580; 1:1000 of 2.5 mg/ml
stock, Invitrogen cat# H21486) were subsequently added,
and the solutions incubated for 30 min at 4 °C with gentle
rocking. Microscopic evaluation of the number and mor-
phology of the nuclei was conducted after each critical
step and immediately before FANS.

Glia enrichment by fluorescence-activated nuclei sorting
(FANS)

FANS was employed to enrich single nuclei from glia.
We used a Sony SH800 cell sorter with a 100-um micro-
fluidics sorting chip. The primary laser, at 488 nm, was
utilized for the generation of forward scatter (FSC) and
back scatter (BSC). Secondary lasers emitting at 405,
488, and 638 nm were utilized to detect Hoechst 34580,
Alexa Fluor 488, and Alexa Fluor 647, respectively. The
FSC versus BSC gates were set with permissive limits,
discarding the smallest debris and largest particles. Hoe-
chst 34580 fluorescence was used to discriminate single
nuclei from doublets and clumps. We sorted Hoechst
34580 positive singlets from CSF1R-RD white matter. For
CSF1R-RD gray matter, we sorted non-neuronal (NeuN-
negative) nuclei. For healthy and AD control tissue, we
sorted the PAX6-positive, NeuN-negative population
singlets. Nuclei were collected in collection buffer (0.1 M
PBS pH 7.4, 0.1 U/uL RNase inhibitor, 1% BSA) into BSA-
coated Eppendorf tubes.

snRNAseq of postmortem human brain nuclei

snRNAseq of postmortem human brain nuclei was con-
ducted using the 10X Genomics Chromium Single Cell
3’ v3 assay. The input single nuclear suspensions were
centrifuged at 400Xg for 5 min at 4 °C to achieve a con-
centration of ~350 nuclei per pL, determined using a
hemocytometer. On average, ~ 12,500 nuclei were loaded
to capture around 5,000 nuclei per sample, with an
expected capture efficiency of ~40%. cDNA amplification
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and library construction were performed following the
manufacturer’s instructions.

The paired-end libraries were sequenced on Novaseq
6000. A total of 12 samples were sequenced in 3 batches.
For each sequencing batch, the concentration of each
sample was normalized to the total number of nuclei to
ensure similar numbers of reads per nucleus. Nuclei were
sequenced to a depth of ~ 75,000 reads per nucleus.

Preprocessing, quality control, and integration

of snRNAseq data

The paired-end raw sequence reads were preprocessed
using the Kallisto bustools package (kbpython:0.26.0). An
alignment index was constructed based on the human
reference pre-mRNA (GRCh38, Ensembl 105). Using the
Lamanno workflow, we generated separate count matri-
ces for spliced and unspliced transcripts. These matri-
ces were then merged to obtain the total nucleus count
matrix. Downstream analysis, including quality control,
integration, cell type annotation, and differential gene
expression, was performed using the nuclear transcript
counts.

Empty droplets were removed by comparison with
ambient RNA levels using the DropletUtils [21, 42] pack-
age. Droplets with FDR <0.05 were removed, and 80,864
non-empty droplets were retained. To identify potential
doublets, we used the DoubletFinder [46] package ver-
sion 4.2. An average doublet rate of 2.53% per sample
was detected. The identified doublets were labeled and
retained during batch correction and data integration.
Following clustering and major cell type annotation, we
identified two clusters of doublets based on high doublet
scores and the presence of markers specific to more than
one major cell type. These clusters, containing 721 nuclei,
were excluded from downstream analysis. Four addi-
tional clusters driven by low gene count nuclei, contain-
ing 15,668 nuclei, were also excluded from the analysis.

We used Scanpy [78] version 3.9.1 to analyze raw count
data. First, nuclei expressing less than 100 genes were
removed from the analysis. Counts were normalized
and log-transformed. Highly variable genes were identi-
fied using default parameters and a dispersion threshold
of 0.5. Principal Component Analysis (PCA) was applied
to reduce dimensionality, and the first 50 principal com-
ponents were computed. Samples were integrated using
Harmony [38] with the Donor used as batch effect. After
integration, the neighborhood graph was computed
employing 20 PCs and 15 neighbors. Clustering was car-
ried out employing the Leiden algorithm with a resolu-
tion parameter of 1.0. Marker genes for each cluster
were determined using the Wilcoxon rank sum test with
a significance threshold of adjusted p value (padj) <0.05.
We then applied a more stringent cutoff of 400 for
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the minimum number of unique molecular identifiers
(UMIs) per nuclei. The final integrated dataset included
58,447 nuclei (8724 neuronal and 49,723 non-neuronal)
for downstream analysis.

Major cell type, neuronal subtype, and glial cell state
annotations

The major neuronal and non-neuronal populations were
identified based on the expression of known marker
genes: SLCI7A7 (excitatory neuron), GADI (inhibitory
neuron), FGFR3, AQP4, and GFAP (astrocyte), CSFIR,
CX3CRI, and CD163 (microglia), PLP1 and MOG (oli-
godendrocyte), PDGFRA and CSPG4 (OPC), CLDNS and
FLT1 (endothelial), NOTCH3 (pericyte), and CYPIBI
and COLI5A1 (VLMCQ).

Glia clusters included 18,890 astrocytes, 1736 micro-
glia, 24,242 oligodendrocytes, and 3324 OPCs. To define
cell states, each glial major cell type clusters was subset,
re-integrated by donor, and re-clustered. We employed 8,
11, 8, and 8 PCs and resolution parameters of 0.3, 0.3, 0.3,
and 0.2 for microglia, astrocytes, oligodendrocytes, and
OPCs, respectively. Marker genes for each cluster were
obtained using the Wilcoxon rank sum test with the fol-
lowing criteria: expressed in at least 20% of the cells in
the tested cluster, log2 fold change>0.2, and adjusted p
value <0.05.

Differential gene expression and enrichment analysis

We performed differential gene expression (DGE) anal-
ysis to identify changes in gene expression between
CSF1R-RD-associated clusters and healthy control clus-
ters. We employed MAST [18] version 1.24.1 using hur-
dle models and adjusting by the cellular detection rates
(number of genes detected per sample) and the percent-
age of mitochondrial genes observed in each nucleus.
Genes expressed in less than 10 percent of the cells were
filtered out.

Enrichment analysis for hurdle models was carried out
using the bootVcovl with 99 bootstrap replicates and the
gseaAfterBoot functions implemented in MAST. Only
gene sets containing at least 5 genes were considered for
the analysis. Gene sets were derived from the biological
process branch of Gene Ontology and Reactome (the
gmt files containing the gene sets were downloaded from
https://www.gsea-msigdb.org/gsea/msigdb).

Trajectory analysis

We used scVelo [2], version 0.3.1, to infer cell trajec-
tories in the microglia subset. We carried out filter-
ing and normalization removing genes presenting less
than 20 counts. The top 2000 highly variable genes were
selected for downstream analysis. First and second-
order moments were computed using 30 PCs and the 30
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nearest neighbors. Transcription, splicing, and degra-
dation rates were inferred using the recover_dynamics
function. Velocities were computed for each gene using
the likelihood-based dynamical model. Embedded veloc-
ity vectors and velocity umaps were generated using the
velocity_embedding_stream function. Latent times were
estimated for each cell employing default parameters
and the tllatent time function. Heatmaps displaying the
smoothed expression levels for the 100 genes display-
ing the best likelihood fits were generated using the scv.
pl.heatmap. Nuclei were ordered based on their latent
times. Pseudo-time analysis (a random-walk based dis-
tance measures on the velocity graph) was computed
employing tl.velocity_pseudotime function without spec-
ifying root or end cells. Trajectories were additionally
inferred using PAGA [79]. PAGA generates a graph-like
map based on the topology of the data in which weighted
edges represent the connectivity between two clusters.

Results

Clinical description

The proband was a 69-year-old right-handed man pre-
senting with 1-2 years of progressive decline in memory
and executive function. Behavioral symptoms included
poor increased irritability and weight gain of approxi-
mately 20 pounds over 6 months with a tendency to con-
sume excessive amounts of crackers. He had little insight
into his cognitive and behavioral symptoms. His family
history was notable for two of his four siblings having
died with neurologic disorders. An older sister died at
66 with a diagnosis of Pick’s disease. A younger brother
died at 47 with a diagnosis of primary progressive multi-
ple sclerosis. Neither underwent autopsy. The proband’s
initial cognitive exam was notable for fluent, digressive
speech, mild memory trouble and impaired visuospa-
tial function. He had some mild cogwheel rigidity in the
left arm but an otherwise normal elemental neurologic
examination. Neuropsychological testing revealed defi-
cits mainly in executive function and visuospatial skills.
Memory was impaired but helped by cuing.

A brain MRI (Fig. 1a) demonstrated high T2 signal in
the subcortical white matter of the right greater than left
frontal lobes associated with bifrontal atrophy. Promi-
nent biparietal atrophy was also noted with only minimal
underlying white matter changes. Mild atrophy of the
anterior component of the corpus callosum was noted.
No calcifications were detected on either the MRI or CT
scan at age 69. The Sundal score [72] for the proband’s
MRI at age 69 was 14. The white matter findings were
similar to those observed in his two siblings (Fig. 1b, c).

Routine dementia screening tests (B12, TSH, RPR)
were normal or negative. An autoimmune panel was
largely unremarkable other than a positive ANA test
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showing a speckled pattern with a 1:320 titer felt. He was
seen by rheumatology who found no compelling evidence
for an autoimmune disorder.

In view of the family history, genetics panels were
ordered for autosomal dominant Alzheimer’s disease,
frontotemporal dementia, and leukodystrophy (that
included testing for CSFIR variants). All genetic testing
was negative. The patient continued to decline gradually.
He ultimately became bed-bound and died at age 73.

Neuropathology

The fresh brain had a normal weight (1355 g). Grossly,
it exhibited mild to moderate diffuse cerebral cortical
atrophy, particularly affecting the frontal lobes, and to a
lesser degree, the temporal and parietal lobes (Fig. 2a, b).
The brainstem and cerebellum appeared unremarkable.
Coronal sections of the cerebrum revealed severe atrophy
of the white matter, especially in the frontal lobes bilat-
erally and symmetrically, and moderate atrophy in the
temporal and the periventricular parietal regions. The
white matter in these regions was soften and showed tan-
brown discoloration. The U-fibers were relatively spared
(Fig. 2b). The genu of the corpus callosum was atrophic,
while the splenium had normal color and texture. The
cortical ribbon maintained a constant and relatively pre-
served thickness. The deep nuclei were grossly normal.

Microscopically, confluent areas of white matter degen-
eration, characterized by severe loss of myelin, abundant
axonal spheroids, oligodendrocyte depletion, reactive
astrocytosis, and scattered pigmented microglia/mac-
rophages, were present (Fig. 2c—1). Immunohistochem-
istry for CD163 highlighted reactive microglia with
ameboid and hyper-ramified and bushy morphologies
(Fig. 2i, j). Axonal spheroids were highlighted by Neuro-
filaments (NfL) immunohistochemistry (Fig. 2k, 1). Rare
small calcifications were found in the atrophic white mat-
ter. There was minimal intraparenchymal lymphocytic
infiltration or perivascular cuffing.

Additionally, Alzheimer disease neuropathologic
changes (ADNC) corresponding with a NIH-NIA score
of A3B2C1 were identified (Fig. 2m, n). Staining for Ap
revealed amyloid deposition in the cerebral cortex, basal
ganglia, and brainstem, consistent with Thal phase 4.
Tau staining revealed neurofibrillary tangles (NFTs)
in the entorhinal cortex and hippocampus, and neu-
ropil threads in the neocortex, consistent with a Braak
NFT stage IV. Sparse neocortical neuritic plaques were
consistent with an age-related CERAD score of C1. AP
immunostaining also highlighted leptomeningeal and
cortical arterioles and capillaries, consistent with mild
cerebral amyloid angiopathy (CAA).

No significant vascular injury or hippocampal sclero-
sis was identified, and there was no evidence of TDP-43
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Fig. 1 Proband’s MRI brain coronal FLAIR sequence a showed bilateral (right greater than left) hyperintensities in the subcortical white matter

of the frontal lobes (upper row) associated with prominent bifrontal atrophy and (lower row) prominent biparietal atrophy with less impressive
white matter changes. b Proband’s mid-sagittal T2-weighted image (top) and T1-weighted image (bottom) showed mild atrophy of the anterior
aspect of the corpus callosum. ¢ Affected sister’s coronal FLAIR sequence showed left greater than right frontal atrophy with mild white matter
changes and prominent biparietal atrophy with focal white matter changes in the right temporal-occipital region. d Affected brother’s T2-weighted
images showed prominent white matter hyperintensity in the posterior cingulate cortex (left side, sagittal view) and in the right greater than left
lateral parietal cortex (right side, axial view). Atrophy was most prominent in the parietal lobes, with greater involvement on the right than the left

inclusions or Lewy body disease. Overall, neuropathol-
ogy revealed classic findings of CSFIR-RD and concur-
rent intermediate ADNC.

A novel CSF1R partial deletion discovered by long-read
sequencing

Given the neuropathologic diagnosis of ALSP and nega-
tive results on standard genetic testing for leukodys-
trophy, we conducted both short-read whole-exome
sequencing and long-read sequencing focusing on the
CSFIR gene. The whole-exome sequencing did not
reveal any candidate variants of interest. With long-read
sequencing we identified a 319 bp deletion in CSFIR
(GRCh38 chr5:150060596—150060915) (Fig. 3a). Even
when focusing specifically on this region of the whole-
exome sequencing data, the deletion was not detectable
(Fig. 3b). Upon aligning the positional information of the
deletion, we determined that the deletion is located on
exon 14, corresponding with amino acids 639-657, which
are located within the tyrosine kinase domain (Fig. 3c).

Decreased expression of CSF1R transcripts and protein
across brain regions in CSF1R-RD
Previous studies have reported decreased CSFIR
RNA and protein in CSF1R-RD [32, 36]. To assess the
impact of the newly identified CSF1R deletion on RNA
and protein levels, we quantified CSFIR transcripts
and protein across brain regions in CSFIR-RD and
healthy control tissue. To quantify CSFIR transcript
levels, we employed BaseScope in situ hybridization
(ISH). We designed three probes to detect: the region
of the deletion with (probe 881) or without (probe 871)
the deletion, and a control probe located outside of
the deletion site that is common to both alleles (probe
671) (Fig. 4a). We validated the absence of the deletion
allele in brain tissue from healthy controls (Fig. 4b),
and confirmed heterozygosity for the deletion in tissue
samples from different brain regions of the CSF1R-RD
donor (Fig. 4c, d).

To determine if CSFIR transcript levels varied across
regions with various degrees of white matter degenera-
tion, we compared the expression of CSFIR (probe 671)
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Fig. 2 Neuropathology findings of CSF1R-RD and concurrent AD. Lateral view (a) of the formalin-fixed hemibrain (1355 g) shows mild to moderate
diffuse cortical atrophy, greater in the frontal lobe. Coronal sections (b) of the left hemisphere demonstrates atrophic white matter with tan-brown
discoloration involving the frontal, parietal, and temporal lobes (red arrows) and relatively preserved white matter in the pre- and post-central

gyri and occipital lobes (blue arrows). Hematoxylin and eosin (H&E) and Luxol Fast Blue (LFB) stains from FFPE coronal sections through frontal (c),
parietal (d, e), and primary visual (f) cortices highlight pale white matter (wm) with loss of myelin and adjacent relatively intact white matter. U fibers
(green arrows) are relatively spared. White matter contains pigmented glia (myelin-laden microglia/macrophages; arrows in H&E and LFB +H&E
stains) (g, h). CD163 immunostain in sections from white (i) and gray (j) matter highlights ameboid and hyper-ramified/bushy microglia,
respectively. H&E and NfL immunostain demonstrate axonal spheroids (k, I; arrows). Amyloid and tau pathology (6E10 and AT8 immunostains)

in parietal cortex (m, n) highlight neuritic (arrows) and diffuse plaques, p-tau threads, and cerebral amyloid angiopathy (arrowheads). Scale bars:

50 um (c—1, n); 500 um (m)

in the white matter from the frontal (most affected),
medial temporal, and occipital lobes (intermediate),
as well as the cerebellum and pons (relatively pre-
served), and the frontal cortex from three healthy con-
trols (Fig. 4e, f). We observed a decrease in the number
of RNA copies in all regions of CSF1IR-RD compared to
healthy controls. The decrease was comparable across

regions (Fig. 4g), suggesting that decreased CSFIR levels
precede white matter degeneration.

To quantify CSF1R protein, we performed western blot
analysis of protein extracts from the same white matter
regions and donors used for BaseScope ISH (Fig. 4h). We
observed very low CSFIR protein levels in the CSF1R-
RD cerebellum and pons, minimal levels in the temporal
and occipital regions, and virtually undetectable protein
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Fig. 3 Long-read sequencing revealed a novel 319 bps deletion in CSF1R (a) that was not detected by short-read exome sequencing (b). The
CSF1R protein (972 amino acids) consists of a signal peptide, five repeated immunoglobulin-like domains, a transmembrane domain, a regulatory
juxtamembrane domain, and a tyrosine kinase domain (c). The deletion is predicted to map within the tyrosine kinase domain (from amino acids
639 t0 657)

in the frontal region (Fig. 4i). Overall, our data showed partial deletion of one CSF1R allele is sufficient to result
low levels of CSFIR RNA and protein in both affected in a greater than 50% decrease in CSF1R protein, even
and relatively preserved white matter, suggesting that the  before white matter appears grossly affected.
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Fig. 4 Decreased CSFIR transcripts and CSF1R protein across brain regions in CSF1R-RD. BaseScope probes (a) were designed to detect CSFIR
from the deletion site (871: normal allele; 881: deletion allele) and included a control probe outside of the deletion site (671) detecting both alleles.
Representative BaseScope images from a healthy control (b) show 671/871 double-positive cells and no stain for the deletion (881) probe,

and from the CSF1R-RD donor show 671/871 and 671/881 double positive cells (normal and deletion alleles, respectively) from frontal (c), temporal,
occipital, cerebellar and pontine (d) white matter. Low (e) and high (f) magnification views of white matter show cells with various CSFI1R 671

signal levels (arrowheads) across brain regions from healthy controls and CSF1R-RD. g Quantification of transcript levels shows the fraction of cells

containing either 1

-3,4-9,10-15, or> 15 copies per cell. Each color represents a brain region. h Western blot demonstrates decreased CSF1R

in white matter across brain regions in CSF1R-RD, compared with frontal white matter from three healthy controls. The two bands in controls
represent immature and mature forms of CSR1R. CSF1R expression was nearly absent in frontal, temporal, and occipital white matter, and greatly

reduced in the cerebellum and pons (i). Scale bars: 10 um (b-d); 50 um (e)

snRNAseq of CSF1R-RD across brain regions

and integration with AD and healthy controls

snRNAseq of human postmortem tissue from demyeli-
nating, neuroinflammatory, and neurodegenerative dis-
orders has revealed disease-specific cell states [19, 33,
45, 48, 67, 70]. To gain insight into the glial cell types
and states associated with white matter degeneration in
CSF1R-RD, we profiled the frontal cortex (gray and white

matter) and white matter regions of the medial temporal,
parietal, and occipital cortex. Since the CSF1R-RD donor
had ADNC, we included frontal cortex samples (gray
and white matter) from two donors with similar ADNC
(Braak NFT stage IV; Cerad C1), as well as frontal cortex
samples (gray and white matter) from five age-matched
healthy donors (Fig. 5a). To enrich for glia, we utilized
fluorescence-activated nuclear sorting (FANS) with
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Fig. 5 snRNAseq of CSF1R-RD and integration with control datasets. a Five brain regions from the CSF1R-RD donor were profiled and compared
with frontal cortex from age-matched healthy control and AD donors. Representative photographs depict CSF1R-RD regions profiled that had
grossly intact (occipital cortex, blue arrow) and degenerated (frontal cortex, red arrow) white matter. b Glial nuclei were enriched using

FANS and profiled using 10x. The integrated dataset contained 12 samples (5 CSF1R-RD, 5 healthy control, 2 AD). The UMAP plots represent

the contributions from CSF1R-RD and controls, as well as from each sample individually. ¢ Violin plots showing the median number of genes

and the percentage of mitochondrial genes within each sample. d UMAP showing the annotation for major cell types (excitatory and inhibitory
neurons, microglia, astrocytes, oligodendrocytes, OPCs, vascular cells). e Bar plot showing the contribution of nuclei from each major cell

to the dataset. f Bar plot showing the fraction of nuclei corresponding to each glial cell type within each sample. g Heatmap showing normalized

gene expression of major cell type marker genes

either negative selection for neurons (NeuN-negative)
or positive selection for glia (PAX6-positive, NeuN-neg-
ative). After quality control, we obtained 58,347 high-
quality nuclei (17,063 ALPS, 10,348 AD, 31,036 healthy).
Dataset integration using Harmony and unsupervised
Leiden clustering successfully integrated the nuclei
derived from different brain regions, disease groups, and
donors (Fig. 5b, c). We annotated eight major cell types:
excitatory neurons (10.3%), inhibitory neurons (4.7%),
oligodendrocytes (41.5%), OPCs (5.7%), astrocytes

(32.4%), microglia (3%), endothelial cells (0.9%), and peri-
cytes and VLMC (1.5%) (Fig. 5d—g). Subsequently, we
subset and analyzed separately the microglia, astrocyte,
oligodendroglia, and OPC populations to further charac-
terize CSF1R-RD-associated glial cell states.

Microglia cell states in CSF1R-RD

We annotated five microglia clusters (M0-M4; Fig. 6,
Supplementary Fig. 1, Supplementary Table 1). Two
clusters were enriched in healthy and AD control tissues
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Fig. 6 Microglial cell states in CSF1R-RD. a UMAP plots showing the contributions from CSF1R-RD, healthy control, and AD (left), and from each
individual sample (right). b UMAP and bar plots showing the five annotated microglia states (M0-M4) and the numbers of nuclei profiled for each.
¢ Contribution of each microglia cluster per sample. d Contribution of each disease group (CSF1R-RD, AD, healthy) to each microglia state cluster.
M2 and M3 (arrows) represent CSF1R-RD-associated cell states. e Visualization of each microglia cluster-defining gene set in UMAP plots. f Dot

plot showing top microglia state marker genes for each cluster. g-i Volcano plots depicting DE genes between the two CSF1R-RD-associated
microglia states (M3 vs. M2) and between either M2 or M3 and M1-healthy controls. j Top biological pathways enriched in M3-CSF1R-RD compared
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subset trajectory analysis. The UMAPs display the embedding streams, the pseudo-time values for each nucleus, and the PAGA cluster connectivity
graph. The heatmap shows genes with the highest likelihood fits to the nuclei order based on latent times

(M1 and MO, respectively). M1 was defined by known
makers for homeostatic microglia (CX3CR1, SOXS,
FOXP2, GRID2, KHDRBS3, RASGEFIC, SYNDIGI).

MO had marker genes for phagocytosis (ARHGAPIS,
CDC42, CD163L1, CLEC7A, SLC11A1, CEBPD, IFI44L,
FAM110B), neuronal surveillance, and glycolysis [45, 57,
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70]. Two clusters (M2 and M3) were specifically enriched
in CSFIR-RD and corresponded with pro-inflammatory
(M2) and autophagy (M3) cell states. A smaller cluster
(M4) contained nuclei from both CSF1R-RD and con-
trols and represented infiltrating monocyte-derived mac-
rophages (expressing CD44, CCDC88C, MARCO, F13A1,
and ITGA4) with migratory and phagocytic properties
(Fig. 6a—{f, Supplementary Fig. 1e).

The M2 CSF1R-RD-associated cluster specifically
expressed genes involved in immune regulation, includ-
ing FCGBP (IgG Fc Binding Protein), FCGR3A (CD16,
Fc Gamma Receptor), IL2RA (CD25, Interleukin 2
Receptor), IL18, VSIR (known as VISTA), ADGRG6, and
MAMDC2. A pro-inflammatory function of cells in this
cluster is suggested by the expression of IL2RA, FCGBE,
VSIR, SESN3, and ATP2C1 (Fig. 6f, Supplementary
Fig. 1c). Compared with MI1-healthy, the M2-CSF1R-
RD nuclei upregulated HSPHI, HSP90AA1, ARHGAPIS,
and STARDI13, whereas the glycosylation-related gene
ST6GALNAC3 was downregulated (Fig. 6g; Supplemen-
tary Table 2).

The M3 ALPS-associated cluster specifically expressed
genes involved in lipid metabolism or autophagy, includ-
ing genes in previously classified lipid-processing state
microglia such as CPM, MGLL and PTPRG, as well as
SQSTM1I (Sequestosome 1 or p62), a classical selective
autophagy receptor, GPNMB (glycoprotein Nonmeta-
static Melanoma Protein B), a marker for lipid-laden mac-
rophages, and PPARG, HEXA, PLPP3, HS3ST2, LGALSI
and LGALS3 (Fig. 6f, Supplementary Fig. 1d). GSEA
pathway enrichment analysis comparing M3-CSF1R-
RD to Ml-healthy showed high enrichment scores for
protein folding, chaperone mediated autophagy, lipid
transport, and sterol homeostasis, whereas phagocytosis
pathways were underrepresented (Fig. 6j; Supplementary
Tables 3, 4).

Inferred trajectories for microglia states M0-M3 using
scVelo indicated cell transitions between M3-2 (CSF1R-
RD-associated clusters) and MO (AD-associated cluster),
with M1 (homeostatic microglia) in an intermediate posi-
tion. This suggests that the CSF1R-RD and AD-associated
microglia clusters represent different activated microglia
states evolving from M1. Genes with the highest likeli-
hood fit and a gradual increase in expression during the
transition from M1 to M3-M2 included components of
the response to unfolded proteins (HSP90ABI, DNAJAI,
HSPAS8, BAG3, ST13, HSP90AAI, HSPDI, HSPHI),
genes linked to lipid response metabolism and transport
(HSPAS8, MSN, LCP1, SCARB2, ABHD3), and GPNMB.
In contrast, a gradual decrease in homeostatic genes
(GRID2, RASGEFIC, CX3CRI1, SYNDIGI, FOXP2) was
observed when transitioning from both CSF1R-RD and
AD-associated clusters to the homeostatic microglia.
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Gradual increases in the expression of genes linked to
phagocytosis (PLSCR1, SLC11A1, TLR2), cytokine pro-
duction (SLC7AS5, TNFRSFIB), and microglia activation
(SLC11A1, C5ARI) were observed in the transition from
M1 to MO. Pseudo-time analysis and cluster connectivity
patterns identified by PAGA supported the results from
the dynamical model analysis (Fig. 6k).

The M3 cluster exhibited the lowest levels of CSFIR
and the highest TREM2 gene expression (Supplementary
Fig. 2), potentially indicating a compensatory response,
as TREM?2 and CSFIR interact to promote microglial
survival [11]. Among the genes that best distinguished
M3 from the other microglial states was GPNMB (Fig. 6f,
h, k), a marker for lipid-laden macrophages across tis-
sues and diseases with autophagic and anti-inflamma-
tory functions [76]. GPNMB has also been shown to
be increased in brain tissue and CSF from AD patients,
where it is expressed in a subset of microglia clustering
around amyloid plaques [25, 66, 81]. Immunohistochem-
istry for GPNMB confirmed expression in lipid-laden
microglia in CSFIR-RD (Fig. 7). GPNMB+ microglia
displayed round cell bodies with few or no cell pro-
cesses (Fig. 7e) and were abundant in white matter from
atrophic and severely degenerated regions, including
frontal, parietal, and cingulate, and sparse or absent in
gray matter and in white matter with relatively intact
myelin (Fig. 7, Supplementary Fig. 3).

Astrocyte cell states in CSF1R-RD

We annotated four astrocyte clusters (A0—A3; Supple-
mentary Fig. 4). AO comprised the largest proportion and
represented homeostatic astrocytes (high SLCIA2 and
low GFAP), while the other clusters represented reac-
tive cell states previously characterized in neurodegen-
erative and other neurological conditions [10, 16, 41, 64].
A1 showed high expression of IF16, OSMR, and CHI3LI.
A2 exhibited high expression of GRIAI. A3 showed high
levels of CD44, VCAN, and AQPI1. Notably, the receptor
CD44, predominantly expressed by fibrous astrocytes in
white matter, has been shown to bind GPNMB, reducing
NF«B activation and subsequent inflammatory responses
in microglia/macrophages [52]. CSF1R-RD white matter
from the parietal, temporal, and occipital cortex had the
largest proportion of the CD44-containing astrocytes in
A3 (Supplementary Fig. 4c, e).

OPC and oligodendrocyte cell states in CSF1R-RD

We annotated three oligodendrocyte clusters (O1-03;
Fig. 8a—h, Supplementary Fig. 5). O1 and O2 represented
two widely recognized molecular oligodendrocyte cell
subtypes, expressing OPALIN (O1) or COLI8AI (O2)
[30, 64, 67], whereas O3 represented an CSF1R-RD-
associated state with high expression of stress-response,
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Fig. 7 GPNMB expression in lipid-laden microglia. Immunohistochemistry for GPNMB and IBAT in a severely affected cortical region (parietal;

a-g) and a relatively preserved region (occipital; h-1). LFB + H&E stains from FFPE sections highlight white matter with severe loss of myelin (a)

and relatively intact myelin (h). GPNMB + microglia are abundant in degenerated parietal white matter (e) and sparse or not present in parietal gray
matter (g) and occipital white matter (I). Most GPNMB+ cells have round cell bodies with no processes. In contrast, IBA1+microglia are depleted

in degenerated white matter from the parietal cortex (d) and exhibit hyper-ramified, bushy, or rod-like morphologies in parietal gray matter (f)

and occipital white matter (k). Dashed lines indicate approximate borders between gray matter (gm) and white matter (wm). Scale bars: 500 um (b,

¢, i,j); 50 um (d-g; k, 1)
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immune-response, and  apoptosis-related
(Fig. 8d-f).

The CSF1R-RD-associated cluster O3 expressed high
levels of genes encoding heat shock proteins (DNAJBI,
DNAJB6, HSP90AAI, HSP90ABI, HSPAIA, CRYAB),
the iron chaperon PCBPI, the co-chaperone BAG3, the
immediate early gene FOS, TNFRSFI2A [56] (Tumor
Necrosis Factor Receptor Superfamily Member 12A),
and regulators of myelination and remyelination (SPPI,
BEX1) (Fig. 8f, g). Pathway enrichment analysis compar-
ing O3-CSF1R-RD to O1-healthy showed high enrich-
ment scores for de novo protein folding, cell death and
apoptosis related pathways, and interleukin 8 production
(Fig. 6j).

Among the five clusters annotated for OPCs (OP0-
OP4; Fig. 8i-q), OP1 showed the highest association with
CSF1R-RD, while OP2 and OP3 primarily originated
from healthy controls. OPO and OP4 contained nuclei
from both CSF1R-RD and controls samples (Fig. 81). The
CSF1R-RD-associated OP1 showed an upregulation of
LRRNI1, LRRTM3, SCNIA, SCN3A, and CDHI0 com-
pared to OP2/OP3 or OPO (Fig. 80). Pathway enrich-
ment analysis showed an overrepresentation of neuron
cell—cell adhesion, synapse assembly, protein folding, and
positive regulation of interleukin 8 production in OP1-
CSF1R-RD compared to the healthy OP2/OP3 nuclei.
Conversely, oligodendrocyte development, myelination,
and cell cycle related pathways were underrepresented
(Fig. 8p). Overall, CSF1R-RD-associated OPCs showed
signatures suggesting a loss in their ability to differenti-
ate into mature oligodendrocytes (Fig. 6q), as indicated
by the upregulation of genes known to negatively regu-
late OPC differentiation (LRP1, PDGFRA, SOX5, SOXe6,

genes

(See figure on next page.)

Page 15 of 21

NFIA), downregulation of genes known to positively
regulate OPC differentiation (NKX2-2, NKX6.2, SOX4,
SOX8, TCF7L2, YY1, ZNF488), and decreased expres-
sion of markers of mature oligodendrocytes (MBP, MOG,
S100B, ITGB1).

In summary, our findings support a model in which
decreased and/or aberrant CSF1R expression in micro-
glia leads to their differentiation into pro-inflammatory
and autophagocytic cell states. This process promotes
demyelination and neuroinflammation while inhibiting
OPC differentiation into myelinating oligodendrocytes
(Fig. 8r).

Discussion

CSFIR-RD is clinically heterogeneous yet unified by
genetic alterations in the CSFIR gene, which are typically
inherited in an autosomal dominant manner, though spo-
radic mutations can be found in~40% of cases [37]. The
mean age of onset is around 40 years but has a wide range
from 18 to 78 years, and the mean age at death is approx-
imately 50 years (range 23—84 years). The mean disease
duration is 6.8 years (range 1-29 years) [35]. Though age
at onset may be earlier in women than men, disease dura-
tion and survival appear to be the same between sexes
[50]. The disease penetrance increases with age for carri-
ers of the mutation, with 10% at age 27 years, 50% at age
43 years, and 95% at age 60 years [35, 37].

Phenotypical presentation is variable and may easily be
mistaken for other neurological diseases including mul-
tiple sclerosis, frontotemporal dementia or Lewy Body
Disease [37, 49, 58, 68, 71]. There are two major pheno-
types: cognitive predominant and motor predominant.
The proband in this study had the cognitive predominant

Fig. 8 Oligodendrocyte and OPC cell states in CSF1R-RD. a-h, Oligodendrocyte cell states. a UMAP plots showing the contributions
from CSF1R-RD, healthy control, and AD (left), and from each individual sample (right). b UMAP and bar plots showing the three annotated

oligodendrocyte cell states (O1-03). ¢ Contribution of each oligodendrocyte state per sample. d Contribution of each disease group (CSF1R-RD,
AD, healthy) to each oligodendrocyte state cluster. O3 (arrow) represents an CSF1R-RD-associated cell state e Visualization of each oligodendrocyte
cluster-defining gene set in UMAP plots. f Dot plot showing top oligodendrocyte state marker genes for each cluster. g Volcano plot depicting DE
genes between O3-CSF1R-RD and O1-healthy controls. h Top biological pathways enriched in O3-CSF1R-RD compared with O1-healthy controls.
The x-axis represents combined Z scores (magenta: overrepresented in O3; yellow: underrepresented in O3). i-q OPC states. i UMAP plots showing
the contributions from CSF1R-RD, healthy control, and AD (left), and from each individual sample (right). j UMAP and bar plots showing the five
annotated OPC states (OPO-OP4) k Contribution of each OPC state per sample. | Contribution of each disease group to each OPC state cluster. The
OP1 cluster is derived almost exclusively from CSF1R-RD; CSF1R-RD-derived nuclei also contribute to clusters OP1 and OP2 (arrows) m Visualization
of each OPC cluster-defining gene set in UMAP plots. n Dot plot showing top OPC marker genes for each cluster. o Volcano plot depicting DE genes
between the CSF1R-RD associated cluster OP1 and combined OP2 and OP3 healthy controls (left), and between OP1-CSF1R-RD and OP0-healthy
controls. p Top biological pathways enriched in OP1-CSF1R-RD compared with combined OP2 and OP3 healthy controls. The x-axis represents
combined Z scores. g Relative expression of genes known to be associated with the differentiation of OPCs into myelin-forming oligodendrocytes
for each cluster. OP2 and OP3 represent maturing OPCs. The CSF1R-RD disease associated clusters OP1, OPO and OP4 show increased expression
of negative regulators of OP differentiation and decreased expression of positive regulators of OP differentiation. r Model of CSF1R-RD glial

disease pathogenesis. In the healthy brain, activation of CSF1R signaling by the ligands CSF1 (secreted by oligodendrocytes, astrocytes, and OPCs)
and IL34 (secreted mainly by neurons) regulates microglia homeostasis and myelin maintenance. In CSF1R-RD, CSF1R dysfunction results

in pro-inflammatory and autophagy microglia states, myelin phagocytosis, and arrest in OPC differentiation. GPNMB is a marker for lipid-laden
microglia (“pigmented glia") in ALSP/CSF1R-RD
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subtype. The most frequent initial presentation is early-
onset cognitive decline and diverse neuropsychiat-
ric symptoms. This is followed in frequency by motor
symptoms, including parkinsonian symptoms, pyrami-
dal signs, gait disturbances, and then bulbar signs (dys-
arthria, dysphagia) [27, 37, 82]. Younger women in their
20 s are more likely to present with early motor symp-
toms, which may be misdiagnosed as multiple sclerosis
during the earliest phases of the disease [29, 35, 37, 61,
82]. Cortical symptoms have also been described, includ-
ing apraxia, aphasia, and seizures in one-third of patients
[35]. Stroke-like episodes, sensory symptoms, dizziness,
and fatigue are also reported [35, 40, 59]. Progression
is relatively rapid, with loss of independence and death
occurring in a matter of a few years [35]. Though non-
specific, some imaging findings may help in the diagno-
sis: On non-contrast head CT, small calcifications can be
found, even at asymptomatic stages, particularly in the
frontal subcortical white matter, sometimes taking the
characteristic stepping-stone appearance in the frontal
pericallosal region as seen on sagittal views [8, 35]. Cal-
cifications can also be found to a lesser extent in parietal
subcortical white matter. MRI brain findings without
contrast include bilateral confluent white matter hyper-
intensity, not necessarily symmetrical, sparing the U-fib-
ers, and predominant in the frontal and parietal regions,
with atrophy following the same pattern [8, 35, 59]. The
lesions are nonenhancing after gadolinium injection.
DWI changes correlating with ADC (diffusion-restricted
lesions with reduced apparent diffusion coefficient) can
be observed and may reflect intramyelinic edema [1, 50].
This can persist for several months, which helps distin-
guish it from acute ischemic stroke. Lateral ventricles
may appear larger than expected for the patient’s age
[37]. Early corpus callosum abnormalities may be seen,
with thinning and signal changes described [59]. Other
nonspecific findings can include abnormal signaling in
the pyramidal tracts and diffusion-restricted lesions in
the white matter. All these findings are supportive of the
diagnosis [58, 69].

Confirmation of the diagnosis is achieved through
genetic testing. However, some families with typical
clinicopathological features of CSF1R-RD test negative
for CSFIR mutations on Sanger or exome sequencing [13,
28]. This was the case for the patient in this study, where,
using long-read sequencing, we discovered a novel 319 bp
deletion involving exon 14, located in the tyrosine kinase
domain, which is encoded by exons 12-21. This deletion
is large enough to be classified as a structural variant.
A recent mutational analysis of CSFIR, which included
long-read sequencing performed on a consecutive series
of 100 unrelated patients with adult-onset leukoen-
cephalopathy, identified 15 cases with CSFIR mutations.
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Among these were two novel large partial deletions of
CSFIR: 18,927 bp, involving exons 18-22, and 4,071 bps,
involving exons 16-22, both of which involve the tyrosine
kinase domain [28]. Current diagnostic tools often focus
on smaller alterations, such as single nucleotide vari-
ants (SN'Vs) and deletions-insertions shorter than 50 bps
(indels). Therefore, comprehensive mutational analysis in
patients with leukoencephalopathy is crucial for accurate
genetic diagnosis and for broadening our understanding
of the genetic variations associated with CSF1R-RD.

Both haploinsufficiency and dominant negative models
have been proposed for CSFIR deficiency in CSF1IR-RD
[24, 32, 35, 62]. In the dominant negative model, the pro-
tein produced by the allele with the deletion may form
dysfunctional dimers, either homodimers or heterodi-
mers with normal CSF1R, interfering with the functions
of the tyrosine kinase receptor or the signaling complex
[60, 62]. Our quantitative analysis of CSF1R protein from
CSFIR-RD white matter tissue revealed a significant
reduction exceeding 50%, which may result from a domi-
nant negative effect. Quantification of CSFIR transcripts
from CSF1R-RD white matter tissue using BaseScope
also revealed markedly reduced transcript levels. How-
ever, CSFIR transcript levels measured by snRNAseq
were heterogenous among microglia cell states. Although
the interpretation of CSF1R expression data is limited by
the low number of microglial cells from a single donor,
our analyses suggest a reduction in both RNA and pro-
tein levels, consistent with previous studies [1, 32, 36,
63]. This reduction may result from protein degradation,
dominant negative effects, transcriptional dysregula-
tion, and/or RNA instability. Notably, we observed this
reduction in both atrophic and grossly intact white mat-
ter. Thus, white matter degeneration may be delayed by
years even with reduced levels of CSFR1 in CSF1R-RD.
Our analysis represents a step toward understanding the
dynamics of CSFIR transcripts and protein expression
in aging patients with CSF1R-RD. However, substan-
tial additional research is needed to identify the factors
that may drive decompensation and accelerate disease
progression.

CSF1R-RD represents a type of primary microgliopa-
thy, as CSFIR is exclusively expressed in the brain by
microglia/macrophages, crucially modulating micro-
glial homeostasis [17, 35, 75]. While microglia are dis-
pensable for myelin sheath formation in development,
they play essential roles in myelin maintenance and
preventing its degeneration [47]. Microglia survey the
CNS environment and clear debris through phagocyto-
sis, contributing to myelin maintenance during aging,
neurodegeneration, and white matter injury [9, 34,
47]. In CSF1R-RD, dysfunction in microglial homeo-
stasis due to CSFIR deficiency results in inadequate
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clearance of myelin debris and other macromolecules,
which, exacerbated by chronic inflammation, leads
to white matter degeneration [44]. Our snRNAseq
analysis revealed two CSF1R-RD-associated activated
microglia cell states, M2 and M3, exhibiting gene sig-
natures of pro-inflammation and autophagy, respec-
tively. Notably, our trajectory analysis revealed cell
transitions from homeostatic microglia to activated
states M2 and M3, with M3 representing an end-stage
disease cell state. M3 cells showed high expression of
GPNMB and other genes involved in lipid metabolism
and autophagy (i.e., CPM, MGLL, PTPRG, SQSTM]I,
PPARG, HEXA, PLPP3, HS3ST2, LGALSI, LGALS3,
SCARB2, ABHD3). GPNMB has been shown to label
lipid-laden macrophages or “foamy cells” in various
conditions, including lysosomal storage disorders, cere-
bral adrenoleukodystrophy, and acquired lipid overload
conditions such as Gaucher Disease, Niemann-Pick
type C, multiple sclerosis, obesity, and cardiovascular
disease [4, 73, 76]. GPNMB has also been described
in amyloid plaque-associated microglia in Alzheimer’s
disease [25, 66] and recently identified as one the top
up-regulated proteins in response to progranulin defi-
ciency [23]. Our immunohistochemistry data using
an antibody against GPNMB demonstrated abundant
rounded cells with few or no processes, particularly
enriched in areas of white matter degeneration. Thus,
our M3 cluster and GPNMB™ cells likely represent
the so-called “pigmented glia” of CSF1R-RD and share
molecular signatures with other conditions featuring
lipid-laden macrophages. The lipid-droplet-accumulat-
ing microglia reported in the aging brain may represent
part of the spectrum of lipid accumulation in microglia,
although these cells were not reported to express high
levels of GPNMB or autophagy signatures [43].

Cluster M4 within the microglia population was small
but notably represented infiltrating monocyte-derived
macrophages, identified by their distinct expression of
CD44, CCDC88C, MARCO, Fi13A1, and ITGA4 [5, 22,
31, 45, 70]. Further investigation comparing microglia
and monocyte-derived macrophages in CSFIR-RD is
warranted. This research is pertinent as hematopoietic
stem cell transplantation (HSCT) has recently emerged
as a therapeutic option for CSFIR-RD patients [3, 12,
20, 74]. Despite the typical impermeability of the blood—
brain barrier to peripheral blood cells in healthy brains,
during HSCT these cells gradually engraft into the donor
brain, differentiating into parenchymal macrophages
[65]. Notably, they may assume functional roles akin to
resident microglia, potentially offering therapeutic ben-
efits. Given our findings that suggest CSF1R changes
precede white matter degeneration, the timing of the
transplant may be crucial, with the greatest therapeutic
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benefit likely achieved if performed in the early stages of
the disease.

Our snRNAseq analysis contributes to understand-
ing microglia—oligodendroglia crosstalk in demyelina-
tion. The depletion of myelinating oligodendrocytes
is a key feature of CSF1R-RD. Our analysis revealed an
CSF1R-RD-associated oligodendroglia state (cluster
03) characterized by signatures of cell stress, cell death,
and inflammation, as evidenced by the upregulation of
DNAJBI, DNAJB6, HSP90AAI, HSP90ABI, HSPAIA,
CRYAB, FOS, and TNFRSFI2A. Additionally, we iden-
tified an arrest in OPC differentiation, as evidenced
by the dysregulation of transcription factors and other
genes critical for OPC differentiation (upregulation of
LRP1, PDGFRA, SOXS5, SOX6, and NFIA; downregula-
tion of NKX2-2, NKX6.2, SOX4, SOX8, TCF7L2, YYI,
and ZNF488) and downregulation of marker genes of
mature oligodendrocytes (MBB MOG, S100B, ITGBI)
in late-stage OPCs. The arrest of OPC differentiation has
also been demonstrated in demyelinating disorders such
as MS and neurodegeneration [4, 24, 29, 49], suggesting
a potentially universal mechanism aimed at preventing
a vicious neuroinflammatory cycle triggered by myelin
debris [39].
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Additional file 4 (XLSX 141 KB). Supplementary Table 4. Gene Set
Enrichment Analysis results employing the Reactome for the following
comparisons: (1) M2-CSF1R-RD versus M1-Control, (2) M3-CSF1R-RD
versus M1-Control.

Additional file 5 (PDF 11357 KB). Supplementary Fig. 1. UMAP plots
showing selected top marker genes for each of the five microglia cell
states, including phagocytic AD-associated (a), homeostatic (b), pro-
inflammatory CSF1R-RD-associated (c), autophagy CSF1R-RD-associated
(d), and peripheral monocyte-derived macrophages (e). Supplementary



https://doi.org/10.1186/s40478-024-01853-5
https://doi.org/10.1186/s40478-024-01853-5

Pan et al. Acta Neuropathologica Communications (2024) 12:139

Fig. 2. CSFIR expression levels in microglia clusters. a UMAPs showing the
distribution of CSF1R-RD, healthy, and AD nuclei. b Dot plot and violin plot
displaying the gene expression levels of CSF1R in CSF1R-RD, healthy, and
AD groups. ¢ UMAP, dot plot and violin plot depicting the gene expression
levels of CSF1R in microglia clusters. d Dot plot and UMAP depicting the
gene expression levels of TREM2 in microglia clusters. e Dot plot and violin
plot showing the gene expression levels of CSFTR in samples. *FDR < 0.05,
**FDR<0.01, ***FDR<0.0001 (FDR-adjusted p-values using MAST). Sup-
plementary Fig. 3. GPNMB and Iba1 immunohistochemistry in frontal
cortex (a—d), anterior cingulate (e-h), and cerebellum (i-I; ml: molecular
layer; gl: granular cell layer) in CSF1R-RD. Representative images of frontal
cortex from a healthy donor (m,n) demonstrates Iba1* ramified microglia.
Dashed lines indicate borders between gray matter (gm) and while matter
(wm). Scale bars: 200 um (a, ¢, e, g, i, k, m); 50 um (b, d, f, h, j, I, n). Sup-
plementary Fig. 4. snRNAseq of astrocyte cell states in CSF1R-RD. a UMAP
plots showing the contributions from CSF1R-RD, healthy control, and AD
(left), and from each individual sample (right) to the dataset. b UMAP and
bar plots showing the four annotated astrocyte states (AO-A3). ¢ Contribu-
tion of each astrocyte state per sample. d Contribution of each disease
group to each astrocyte state cluster. e Dot plot showing top astrocyte
cell state marker genes per cluster (AO: homeostatic; A1-3: reactive). Sup-
plementary Fig. 5. UMAP plots showing selected top marker genes for
each of the three oligodendroglia cell states (01-03; a-c).
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