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Abstract

The TREM2-DAP12 receptor complex sustains microglia functions. Heterozygous hypofunctional
TREM2 variants impair microglia, accelerating late-onset Alzheimer’s Disease. Homozygous
inactivating variants of TREMZor TYROBP-encoding DAP12 cause Nasu-Hakola disease (NHD),
an early-onset dementia characterized by cerebral atrophy, myelin loss, and gliosis. Mechanisms
underpinning NHD are unknown. Here, single-nucleus RNA-seq analysis of brain specimens from
DAP12-deficient NHD individuals revealed a unique microglia signature indicating heightened
RUNX1, STAT3 and TGF signaling pathways that mediate repair responses to injuries. This
profile correlated with a wound-healing signature in astrocytes and impaired myelination in
oligodendrocytes, while pericyte profiles indicated vascular abnormalities. Conversely, single-
nuclei signatures in mice lacking DAP12 signaling reflected very mild microglial defects that

did not recapitulate NHD. We envision that DAP12 signaling in microglia attenuates wound-
healing pathways which, if left unchecked, interfere with microglial physiological functions
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causing pathology in human. The identification of a dysregulated NHD microglia signature sparks
potential therapeutic strategies aimed at resetting microglia signaling pathways.

Introduction

TREM2 is a lipid sensing receptor expressed on multiple myeloid cells, including microglia
in the central nervous system (CNS), osteoclasts in the bone, and macrophages in liver,
adipose tissue and tumors?. It binds various phospholipids, apoptotic cells and lipidated
molecules, such as LDL, HDL and lipidated ApoEL-2. TREM2 pairs with DAP12, a
transmembrane adapter that instigates protein-tyrosine phosphorylation of multiple signaling
mediators, which ultimately promote cell activation!. The TREM2-DAP12 pathway has
recently gained much attention because heterozygous hypofunctional variants of 7TREMZ2
increase risk for developing Alzheimer’s disease (AD)3. Studies of AD patients and
transgenic mice that mimic key features of AD have demonstrated that AD-associated
TREMZ hypofunctional variants impair the ability of microglia to restrain p-amyloid

(AP) pathology, thus facilitating spreading and neurotoxicity of Ap plaques and ultimately
accelerating the progression of AD*®. A similar phenotype was observed in mouse models
of AD lacking TREM21L. Transcriptomic profiling studies in mouse, including single-cell
RNA-sequencing (sScCRNA-seq) and single-nucleus RNA-sequencing (SnRNA-seq), have
further shown that Ap pathology stimulates the differentiation of homeostatic microglia

into disease-associated microglia (DAM), interferon-responsive (IFN-R) microglia, MHC-11-
expressing microglia and proliferating microglia, and that TREM2 signaling is required to
sustain this complex microglial response®.

Very rare homozygous loss-of-function mutations in either 7REMZ2or TYROBP (encoding
DAP12) genes have also been reported, which cause an autosomal recessive disease,
known as Nasu-Hakola disease (NHD)’. NHD consists of early-onset progressive frontal-
type dementia and multiple bone cysts with recurring bone fractures. Homozygous loss-
of-function mutations in TREMZ can also cause frontotemporal dementia with no bone
pathology®. In contrast to AD, which manifests with aging, NHD progresses quickly.
Patients present early symptoms during adolescence and die by their fifth decade.
Neuropathological features include generalized cerebral atrophy, particularly in frontal
areas, and sclerosing leukoencephalopathy characterized by loss of myelin, axonal spheroids
in the white matter, gliosis and thickening of white matter microvessels®10, Mice deficient
in either DAP12 or TREMZ2 evince much milder pathology than that seen in human NHD:
microglia and myelin are diminished in certain brain regions'1-13, while neuronal synapse
functions and behavior are slightly impaired14. However, many aspects of NHD pathology,
such as sclerosing leukoencephalopathy, are not mirrored in mice. Unlike AD, cellular and
molecular mechanisms underpinning NHD are poorly understood.

In this study, we defined a high-resolution transcriptional map of NHD brains at the single
cell level by performing sSnRNA-seq analysis of post-mortem specimens from three rare
NHD patients carrying homozygous mutations in the 7YROBP gene and eleven ancestry-
matched controls. Using the same approach, we defined the brain gene expression signatures
of 2-year-old wild-type (WT) and DAP12 loss-of-function knock-in mice (KA75), which
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harbor a deletion in the cytoplasmic motif that disrupts signaling!®. Analysis of ShRNA-seq
data showed that DAP12was exclusively expressed in microglia and border-associated
macrophages in both humans and mice; however, the impact of DAP12-deficiency markedly
differed between the two. NHD brain specimens exhibited a unique microglia state reflecting
activation of RUNX1, signal transducer and activator of transcription 3 (STAT3) and TGFp;
this signature was accompanied by gene signatures of astrocyte activation, pericyte and
vascular alterations, and synapse loss. On the contrary, in brains of aged KA75 mice,
microglia gene expression profiles revealed signs of reduced activation, metabolism and
endocytosis, associated with signs of very mild functional deterioration in oligodendrocytes,
astrocytes and neurons. The disparity between human and mouse transcriptome data,
corroborated by the discrepancy between human and mouse pathology, indicates that the
mouse model fails to recapitulate human disease. We envision that the NHD microglia
signature reflects a maladaptive response of DAP12-deficient microglia to stimuli received
from the brain microenvironment, which leads to exaggerated tissue repair reactions,
widespread tissue alterations, astrocytosis, microvessel remodeling, and neuronal loss. The
identification of a unique state of STAT3-imprinted microglia in NHD bears on potential
therapeutic strategies aimed at modulating the JAK-STAT pathway.

Single nucleus RNA-seq profiling of NHD brains

To gain insights into the pathogenesis of NHD, we examined specimens of brain occipital
cortical tissues from three rare patients with NHD by snRNA-seq. The first and third

NHD cases (NHD1 and NHD3) were caused by a homozygous single-base substitution in
the start codon of 7YROBPexon 1 (2T>C), which should abrogate or hinder translation
initiation1®. The second NHD case (NHD2) had a 1bp deletion (141Gdel) in exon 3 of
TYROBP, which was shown to abrogate DAP12 expressionl? (Supplementary Table 1). We
performed snRNA-seq of the three NHD specimens, together with eleven ancestry-matched
control specimens and corrected for batch effects using Harmony, which resulted in efficient
integration of all the samples (Extended Data Fig. 1a and Supplementary Table 1). After
quality control and doublet removal, 66,324 nuclei with a median of 6,943 UMIs and

3,150 genes per nucleus were retained (Extended Data Fig. 1b and Supplementary Table

1). We performed unsupervised clustering and identified the major cell types based on
canonical cell markers: excitatory neurons (Ex_neuron), inhibitory neurons (In_neuron),
oligodendrocytes (Oligo), astrocytes (Astro), microglia (Micro), oligodendrocyte precursor
cells (OPCs), pericytes (Peri), smooth muscle cells (SMC), endothelial cells (Endo),
fibroblasts (Fibro) and a cluster with immune cells (IMM), which may derive from blood
contamination in the brain samples (Fig. 1a and Extended Data Fig. 1c). These major

cell types were present in all samples (Extended Data Fig. 1d). Among all cell types,
TYROBPwas solely expressed in the microglia cluster, corroborating exclusive expression
in myeloid lineage cells of the brain parenchyma (Fig. 1b). Astrocytes encompassed the
most differentially expressed genes (DEGs) between NHD and controls, with more genes
upregulated in NHD than downregulated, followed by oligodendrocytes and microglia (Fig.
1c). Similarly, more genes were upregulated than downregulated in vascular cells, including
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endothelial cells (Fig. 1c). These observations are consistent with astrogliosis, microgliosis
and vascular abnormalities previously observed in brains of NHD patients®10.

NHD microglia exhibit a unique signature

Sub-clustering of the Micro cluster identified microglia and perivascular macrophages
(PVM) (Fig. 1d,e). Analysis of microglia genes differentially expressed in NHD and controls
revealed increased expression of RUNXZ and STAT3 pathway genes in NHD microglia
(Fig. 1f and Supplementary Table 3). RUNX1 is a regulator of hematopoiesis that controls
proliferation of postnatal microglia in response to injuryl’. STAT3 related genes upregulated
in NHD included: /L-4R; IL-21R, ITGAV, Fyn binding protein (FYBI) and L/MKZthat
control cell adhesion and actin cytoskeleton1819: protein tyrosine phosphatases (PTPN and
PTPN2) that regulate STAT3 phosphorylationZ; hepcidin antimicrobial peptide (HAMP),
which controls iron metabolism?L; and receptor tyrosine kinase-like orphan receptor 2
(ROR2), which acts as a co-receptor for WNT5A22, NHD microglia also upregulated
expression of TGFp pathway genes such as 7TGFBR1 and SMAD3 (Fig. 1f). Gene ontology
enrichment of DEGs in NHD and control microglia corroborated terms related to 1L6-JAK-
STAT3 signaling, myeloid leukemia (linked to RUNXZ) and regulation of interferon gamma
response (linked to PTPNIand IL4R; Extended Data Fig. 2a). The majority of the top
DEGs were consistently upregulated among the three NHD patients (Fig. 1g). However,

we also noted some variability among the three NHD patients, which may in part reflect
differential impacts of the distinct 7YROBP mutations and/or individual variations. To rule
out confounding factors that may drive the differences, we plotted individual-wise average
expression of top DEGs against age and sex of the individuals and found that upregulation
of the DEGs was independent of age or sex (Extended Data Fig. 2b,c). Overall, these results
indicated that NHD microglia exhibit a unique injury-responsive profile driven by RUNX1,
STAT3 and TGF signaling.

To find similarities among microglia profiles in human neurodegeneration and
neuroinflammation, we compared the NHD microglia signature with those reported in
AD®23.24 vascular dementia (VaD)2° and multiple sclerosis (MS)28, using geneset score
analysis by UCell. Little similarity was observed between NHD and other diseases (Fig.

1h and Supplementary Table 4). Only two genes, namely SPPI and BMP2ZK;, were
upregulated in both NHD and AD from ref23 (Fig. 1i). Eight genes, including SPP1, were
upregulated in both NHD and foamy microglia found in the active lesion of MS28 (Fig. 1i).
Immunofluorescence (IF) staining for SPP1 in occipital cortex sections from NHD patients
corroborated marked expression in rare, localized foci (Fig. 1j). We conclude that NHD
microglia signature has limited overlap with microglia signatures in other neurodegenerative
diseases.

Signatures of NHD microglia and IL-10 macrophages overlap

Since DEGs augmented in NHD microglia were enriched in genes related to tissue repair
pathways, we compared the NHD microglia signature with signatures of cytokine polarized
macrophages, which play roles in inflammation or resolution of inflammation and tissue
repair, depending on the stimulation2”. LPS and IFN- elicit polarization through NF-

kB and STAT1 signaling; IL-4 and 1L-13 induce polarization through STAT6 signaling;
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IL-10 induces STAT3 signaling?’. We re-analyzed a publicly available sScRNA-seq dataset
of human monocyte-derived macrophages polarized to these three states (GSE199378).
Clustering analysis of this dataset validated that macrophages stimulated by respective
cytokines are distinguished by unique signatures (Fig. 2a,b and Extended Data Fig. 3a—€).
We selected the top 100 DEGs in each treatment cluster and calculated the macrophage
polarization score in NHD microglia by UCell (Fig. 2¢). The IL-10-induced macrophage
signature score was enriched in human microglia and was significantly higher in NHD than
control microglia (Fig. 2¢). To corroborate this result, we extracted the DEGs upregulated
in NHD microglia compared to controls and performed gene set enrichment (GSEA)
analysis on a microarray dataset of human monocyte-derived macrophages polarized

to the three states (GSE61298)28. The NHD microglia signature enrichment score was
indeed highest in the 1L-10 stimulation group, lower in the LPS plus IFN-vy stimulation
group, and minimal in the I1L-4 and IL-13 treatment group (Extended Data Fig. 3f-h).
Immunohistochemistry (IHC) analysis for CD163, a marker upregulated in IL-10-induced
macrophages?’, corroborated a trend of increased CD163 expression in NHD compared to
controls (Fig. 2d,e). To validate that a DAP12 signaling defect can enhance the STAT3
pathway, we evaluated STAT3 signaling in bone marrow-derived macrophages from WT
mice and KA75 mice that lack DAP12 signaling. Macrophages were examined after CSF1
starvation to mimic a stress-inducing environment. STAT3 phosphorylation and total STAT3
were assessed by flow cytometry at baseline and after stimulation with IL-10, which induces
STAT3 signaling. KA75 macrophages exhibited significantly more phosphorylated STAT3
and total STAT3 than did WT macrophages (Extended Data Fig. 3i-m), corroborating that
DAP12 deficiency augments STAT3 pathway in stressed macrophages.

To further investigate regulators that may drive the transcriptional profile of NHD microglia,
we performed NicheNet analysis, which predicted fibroblast growth factor 2 (FGF2) as the
top ligand driving upregulation of DEGs in NHD microglia (Fig. 2f,g). FGF2 was mainly
expressed in astrocytes and upregulated in NHD (Fig. 2h). FGF2 can signal through STAT3
and has been shown to regulate microglia reactivity and phagocytic activity?%. We conclude
that the uniqgue NHD microglia signature partly overlaps with IL-10-primed macrophage
signature and may represent a dysregulated response to signals released by other brain cells,
such as FGF2 from astrocytes.

NHD pericyte signature indicates vascular abnormalities

Re-clustering of brain vascular cells yielded identification of endothelial cells (Endo),
pericytes (Peri), smooth muscle cells (SMC), and two subtypes of fibroblasts, meningeal
fibroblasts (M. FB) and perivascular fibroblasts (P. FB)3 (Fig. 3a,b). Pericytes and
endothelial cells bore the highest number of DEGs in NHD versus controls (Fig. 3¢ and
Supplementary Table 3). Pericytes wrap around the vessel wall, secrete extracellular matrix
(ECM) proteins, including collagens, and regulate blood vessel permeability, contraction,
and vascular tube remodeling. Interestingly, NHD pericytes expressed more transcripts

for phosphodiesterases (PDE7B, PDE10A, PDE4D) than did controls (Fig. 3d—f). PDEs
catalyze the breakdown of cAMP, a mediator of pericyte relaxation3!, while PDE inhibitors
induce smooth muscle relaxation and vasodilation32; thus, increased PDE activity in NHD
pericytes may indicate contracted and dysfunctional vasculature. Moreover, NHD pericytes
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upregulated genes linked to ECM more so than did controls, including type IV collagen
(COL4A2) and proteases degrading ECM proteins (ADAMTS4 and ADAMTS9) (Fig.
3d-f). Supporting these observations, Elastica-Goldner staining of brain cortical samples
showed altered vascular basement membrane matrix deposition in NHD patients (Fig. 39),
which was consistent with thickening of vessel walls reported in NHD®.

The endothelial cell cluster of NHD samples evinced a marked signature of upregulated
genes that was absent in controls (Extended Data Fig. 4a and Supplementary Table 3).

This signature included the IFN-induced gene DDX60L, as well as other genes with poorly
understood function, such as ZCCHC2, MCTPI and DEPPI (Extended Data Fig. 4b, c).
Additional DEGs corroborated the exposure of endothelial cells to IFN, reactive oxygen
species, and hypoxia, such as PARP14, a member of the Poly (ADP-ribose) polymerase
(PARP) family33, the chemokines CXCL10and CXCL 11, and guanylate binding proteins
GBPZand GBP4 (Extended Data Fig. 4b). However, these IFN- and hypoxia-responsive
genes were evident in two of the three NHD cases; thus, further investigation is needed to
see whether this signature is common in NHD.

NHD astrocyte signatures reflect a wound healing response

Genes indicative of astrocyte responses to tissue injury, remodeling and wound healing,
including Coagulation factor Il (£3), Tenascin (7TNC), CD44, Neuropilin 1 (MRPI), and
FGF24-36 \were upregulated in NHD astrocytes (Fig. 4a,b and Supplementary Table 3). The
top DEGs consistent among the three NHD patients are shown in Fig. 4c. Protein-protein
interactions predicted by STRING analysis confirmed networks of tissue repair factors
involving FGF2, F3, NRP1, and fibronectin (FN1) and further suggested the interactions

of molecules mediating reactive astrocytosis, including Oncostatin M receptor (OSMR)37,
SOCS3, CD44, as well as the transcriptional repressor BCL638 (Fig. 4d). Comparison of

the NHD astrocyte signature with those of other neurodegenerative and neuroinflammatory
diseases revealed common upregulation of GFAPiIn NHD, AD and MS (Extended Data Fig.
5a,b and Supplementary Table 4). IHC corroborated more abundant level of GFAP in NHD
versus control astrocytes, validating the extensive astrocytosis reported in NHD3® (Fig. 4e,f).

Sub-clustering of the oligodendrocyte lineage cells yielded clusters of oligodendrocytes,
oligodendrocyte precursor cells (OPCs), and a transitional cluster (Fig. 4g and Extended
Data Fig. 5¢). Differential expression analysis revealed reduced expression of genes
associated with myelin components in all three NHD patients compared to controls,
including myelin basic protein (MBP) and Anilin (ANLA)* (Fig. 4h,1 and Extended

Data Fig. 5d). We validated massive demyelination by IHC staining for MBP, which was
consistent with a previous report® (Fig. 4j,k). Genes upregulated in NHD oligodendrocytes
encoded ion channels (KCNH8and CLIC4), GPCRs (ADGRBJ3), and histone modifiers
(KDMEG6A,) that are essential for oligodendrocyte maturation and CNS myelination (Extended
Data Fig. 5d,e). Additionally, upregulation of the cholesterol biosynthesis pathway was
noted in one NHD case (Extended Data Fig. 5f,g). Comparison of genes up- and down-
regulated in NHD with those in MS?*! exposed a modest overlap in upregulated genes
(Extended Data Fig. 5h,l and Supplementary Table 4), which may reflect a compensatory
activation of residual oligodendrocytes in response to demyelination.

Nat Immunol. Author manuscript; available in PMC 2023 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al.

Page 7

NHD neurons present signatures of diminished activity

Sub-clustering of the neuronal nuclei yielded 5 subclusters of excitatory neurons and 6
subclusters of inhibitory neurons with no obvious nuclei distribution changes between NHD
and controls (Extended Data Fig. 6a,b). More genes were downregulated than upregulated
in NHD neurons in comparison to controls, suggesting less neuronal activity (Extended
Data Fig. 6¢). The top pathway enriched in genes downregulated in both excitatory and
inhibitory neurons in NHD pointed to peptide chain elongation (Extended Data Fig. 6d,e).
This was further reflected by significantly curtailed expression of ribosomal genes in all
NHD neuronal subclusters (Extended Data Fig. 6f). In addition, genes involved in pathways
related to synaptic transmission, such as synaptic vesicle endocytosis and transmission
across chemical synapses, were expressed at low levels in NHD neurons. (Extended

Data Fig. 6d,e). Mitigated ribosomal and synaptic activities in NHD may reflect reduced
neuronal activity and/or neuronal loss. A heatmap of average gene expression validated
downregulation of genes involved in synaptic activity, such as SYP (synaptophysin) and
NSGZ (neuronal vesicle trafficking associated 2), in NHD (Extended Data Fig. 6g).

SnRNA-seq of brains of aged mice lacking DAP12 signaling

To examine if we could gain further insights into the pathogenesis of NHD from mouse
models, we performed snRNA-seq on cortical samples from DAP12 signaling deficient
KA75 micel®. We chose to analyze mice at two years of age, as previous analyses of
TREM2-deficient models of NHD at younger ages showed very limited transcriptional

and pathological changes®13. snRNA-seq of four KA75 and four WT mice yielded 60,851
nuclei after quality control, which were partitioned in 35 clusters that were projected by
uniform manifold approximation and projection (UMAP) (Extended Data Fig. 7a,b). Major
cell types were manually identified based on cluster markers and previous studies*? (Fig.

5a and Extended Data Fig. 7c). These included: excitatory neurons (Ex_neuron; S/c17a7),
inhibitory neurons (In_neuron; Gadl, Gad2), oligodendrocytes (Oligo; Plp1, Cldn1i),
astrocytes (Astro; Gjal, Aqp4), microglia (Micro; Csf1r, C1ga), oligodendrocyte precursor
cells (OPCs; Pdgfra, Vcan), leptomeningeal cells (VLMC; Dcn, Slc6al3), arachnoid barrier
cells (ABC; Mgp, Slc47a1), endothelial cells (Endo; F/t1, Cldn5), and pericytes (PC; Vin,
Rgs5). We corroborated the expression of 7yrobp in the microglia cluster (Fig. 5b). Cell type
abundance was comparable between WT and KA75 mice (Fig. 5¢ and Extended Data Fig.
7d,e and Supplementary Table 5), suggesting that a primary defect of DAP12 in microglia
does not markedly impact the number of glial cells in mice.

Microglia profile of aged KA75 mice is distinct from NHD

Sub-clustering of myeloid lineage cells in aged mice led to identification of a major
cluster of homeostatic microglia (HM) and four small clusters, which included age-
associated microglia (AM), interferon-responsive microglia (IFN-R), as well as MHCII-
high and MHCII-low border associated macrophages (MHCIIM-BAM and MHCII'*-BAM)
(Fig. 5d,e). All of these clusters expressed 7yrobp (Extended Data Fig. 8a). The AM
cluster signature partially overlapped with microglia signatures observed in models of A
pathology#3 and white matter aging** (Fig. 5f,g), with heightened expression of genes
controlling lipid metabolism (Lp/, Apoe), lysosomal activation (Cstb, Cst2) as well as

Nat Immunol. Author manuscript; available in PMC 2023 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al.

Page 8

other marker genes such as /fgax (CD11c)8. The IFN-R cluster resembled those previously
reported in various conditions®4> (Extended Data Fig. 8b). The AM cluster was markedly
reduced and the IFN-R cluster was slightly diminished in the KA75 mice (Fig. 5h and
Extended Data Fig. 8c). Similarly, the AM cluster was mostly contributed by WT samples,
while the other clusters were composed of WT and KA75 samples almost equally. (Fig.

5i and Extended Data Fig. 8d). IF of brain sections validated that fewer KA75 than WT
microglia expressed CD11c, a marker of activation (Fig. 5j,k). Thus, the development of AM
microglia in aged mice is partially dependent on DAP12 signaling.

To further characterize the molecular impact of DAP12 dysfunction on microglia in aged
mice, we examined DEGs between KA75 and WT in the HM cluster, which was the

most abundant (Supplementary Table 6). Genes differentially expressed in KA75 versus
WT homeostatic microglia were mainly downregulated (Extended Data Fig. 8e), indicating
reduced reactivity of microglia deficient in DAP12 signaling. The most significantly
downregulated genes included those controlling lysosome functions, like Hexb, and those
controlling lipid metabolism, such as Mylip, Abcal, Lpcat2, and Zfp69 (Extended Data
Fig. 8e,f). Mylipand Abcal are target genes of the transcription factor LXR, critical for
regulation of lipid homeostasis. MYLIP is an E3-ubiquitin ligase that modulates LDLR
expression and cholesterol uptake. ABCAL1 mediates cholesterol efflux and lipidation of
ApoE, which controls lipid accumulation in microglia. LPCAT2 (lysophosphatidylcholine
acyltransferase 2) localizes to lipid droplets, participates in phosphatidylcholine synthesis,
and is diminished in microglia from mice with AD-like pathology®. Lastly, ZFP69 is a
transcription factor that regulates body fat storage and is involved in diabetes*6. Pathway
analysis of downregulated genes further highlighted reduced expression of genes controlling
endocytosis and lysosomal function in KA75 versus WT microglia (Extended Data Fig. 8g).
We conclude that lack of DAP12 signaling reduces the number of age-associated microglia,
and modestly impairs lipid metabolism and endolysosomal functions in homeostatic
microglia. Overall, this profile is quite distinct from that of NHD.

KA75 brains show mild oligodendrocyte and astrocyte defects

To investigate whether dysfunctional microglia in KA75 mice has secondary ramifications
on myelination, we extracted oligodendrocyte lineage cells from the snRNA-seq data

and sub-clustered them into OPCs, differentiation-committed oligodendrocyte precursors
(COPs), myelin-forming oligodendrocytes (MFOLs), mature oligodendrocytes (MOLs), and
reactive oligodendrocytes (ROLS), based on cluster markers and previous classification®4’
(Fig. 6a,b and Extended Data Fig. 9a,b). We noted several genes in MFOL were
downregulated in KA75 versus WT mice, which were mainly involved in myelination

(Fig. 6¢,d and Supplementary Table 6). These included Ugt8aand P/p (Plasmolipin)?8,
which contribute to the synthesis of lipid and protein myelin components; Ajpcz4° and
Cldn11, which support formation and maintenance of myelin. The humber of ROLSs,

which are characterized by expression of Serpina3nand C4£°, was dramatically reduced

in KA75 versus WT mice (Fig. 6e); moreover, ROL-defining genes were less abundantly
expressed in KA75 than WT oligodendrocytes (Extended Data Fig. 9c). We also observed
that the signature of recently reported disease-associated oligodendrocytes (DOL)%0, whose
signature largely overlaps with the ROL signature, was reduced in KA75 mice (Extended
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Data Fig. 9d,e). IF of corpus callosum corroborated reduced expression of Serpina3n,

a marker for ROLs, in Olig2* oligodendrocytes in KA75 mice (Fig. 6f,g). Despite the
transcriptomic data, we did not detect obvious demyelination by IF of MBP staining in
the corpus callosum (Extended Data Fig. 9f,g). Thus, deficiency of DAP12 signaling in
microglia has very limited consequences on myelination, ranging from undetectable (this
study) to mild hypomyelination observed in previous studies':12,

Astrocytes encompassed 10 major distinct subclusters identified after sub-clustering (Fig.
6h). Broadly, clusters 0—7 were regarded as homeostatic astrocytes, while cluster 8
encompassed reactive astrocytes with high Gfapand Vim expression (Fig. 6i and Extended
Data Fig. 9h,i). Pathways enriched in cluster 8 included gliogenesis and cell junction
organization (Extended Data Fig. 9j). Cluster 9 was enriched for IFN-responsive genes (Fig.
6i), while cluster 10 only contained a few nuclei and was omitted for further analysis. By
comparing subcluster composition between the two genotypes, we found that the reactive
astrocyte cluster 8 was significantly diminished in KA75 brains (Fig. 6j). Accordingly,
reactive genes such as Gfap, C4b, Apoe and Ca9were less abundantly expressed in

KA75 than in WT astrocytes (Fig. 6k). Reduced GFAP expression in KA75 astrocytes was
validated by IF staining (Fig. 61,m). We also noted that cluster 7 was more well represented
in KA75 than in WT astrocytes (Fig. 6j), which is distinguished by Crym (Extended Data
Fig. 9k); yet the functions of this cluster remain unknown. We conclude that microglia
defects in KA75 mice have limited ramifications on the differentiation and/or functions of
astrocytes, unlike astrocytosis observed in NHD.

Transcriptional profiles of KA75 and WT neurons are similar

To investigate the effects of impaired microglia activation on neurons, we sub-clustered
broadly neuronal nuclei into excitatory and inhibitory neurons (Extended Data Fig. 10a—c).
Differential expression analysis of the two main neuronal subtypes yielded virtually no
transcriptional differences between KA75 and WT neurons (Extended Data Fig. 10d and
Supplementary Table 6). This result is consistent with previous reports showing no gross
behavioral abnormalities!!. Although aberrant sensorimotor gating in 7yrobp~~ mice has
been reported!1:14, this may not be reflected in detectable transcriptional changes.

Discussion

The impact of TREM2-DAP12 signaling in microglia functions has recently captured
considerable attention because of its genetic link with AD. Heterozygous hypomorphic
variants of TREMZ cause a subtle defect in microglial response to AB pathology that,

over a lifetime, accelerates AD progression®°. On the other hand, homozygous inactivating
mutations of TREMZ2or DAP12 cause an early-onset dementia, NHD®, which emerges
during adolescence and leads to death by the fifth decade. NHD neuropathology lesions
include leukoencephalopathy characterized by loss of myelin and intense astrogliosis in the
white matter, rather than Ap plaques and neurofibrillary tangles typical of AD. The first
snRNA-seq analysis of NHD brain specimens presented here demonstrates that a complete
defect in DAP12 signaling is associated with a unique transcriptome profile of microglia
indicative of enhanced RUNX1, STAT3 and TGFp signaling pathways that mediate tissue
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repair functions. This microglia profile is associated with astrocyte signatures of wound
healing responses and oligodendrocyte signatures of reduced myelination, while pericytes
adopt profiles indicative of dysregulated ECM deposition.

Why does total lack of DAP12 function lead to such unique molecular profiles in microglia
and consequent brain pathology? Our data clearly show that DAP12 is expressed in
microglia and PVMs. We envision that in these cells, DAP12 signaling may modulate
RUNX1, STAT3 and TGFp pathways elicited by soluble factors secreted by other brain
cells, for instance, astrocyte-secreted FGF2 and IL-6 family cytokines such as oncostatin
M, LIF, and IL-6, or IL-10. In a preliminary validation of this model, stressed bone
marrow derived KA75 macrophages elicited more STAT3 and underwent more STAT3
activation upon stimulation with 1L-10 than did WT counterparts. While DAP12 was
previously reported to attenuate TLRs signaling by interfering with their ability to activate
the MAPK pathway®?, future studies will be required to understand how DAP12 can
attenuate the RUNX1, STAT3 or TGFf pathways. Unrestricted signaling of these pathways
may dysregulate the ability of microglia to phagocytose apoptotic cells and myelin debris,
enhance pro-fibrotic functions, ultimately resulting in neuronal loss, demyelination and
compensatory astrogliosis (Extended Data Fig. 10e). DAP12 serves as an adaptor protein
for multiple receptors in addition to TREM252; TREM2 signals through both DAP12 and
DAP1053, Thus, the transcriptomic profiles in DAP12-deficient cells and tissues likely
differ from those of TREM2-deficient cells and tissues. Nevertheless, as homozygous
loss-of-function mutations in both DAP12and TREMZ lead to NHD, we envision that
major transcriptomic changes documented in the absence of DAP12 would also be present
in or relevant to individuals with complete loss of TREM2 function. In contrast to total
TREM2-DAP12 deficiency, a more subtle defect of TREM2-DAP12 signaling in individuals
carrying TREM?Z heterozygous variants associated with AD may cause modest microglia
dysfunction that facilitates plaque accumulation over an extended period of time in AD
susceptible individuals.

In addition to glial changes, we also observed notable changes in pericytes that line

the blood vessels. These cells exhibited signatures indicating dysregulated secretion of
ECM components and contractility, consistent with the narrowing of capillary lumens

and thickening of microvessel walls in NHD brains observed in this study and previous
reports?. Given that DAP12is expressed not only in microglia but also in PVMs that have
been implicated in vascular remodeling®#, the observed vascular abnormalities may reflect
functional impairment of DAP12-deficient PVMs (Extended Data Fig. 10e). Dysfunctional
vasculature in the white matter and consequential demyelination can amplify tissue damage
and reactive glial responses.

Our study highlights a remarkable difference in the phenotype of DAP12-deficiency in
humans and mice. The snRNA-seq profile of KA75 mice detected fewer age-associated
microglia, which was validated by IF, together with modest signs of impaired functions of
astrocytes and oligodendrocytes. Consistent with limited transcriptomic alterations, previous
imaging studies reported very mild hypomyelination and rarer neuronal synapses in DAP12-
deficient micel1:12.14 which were not detectable in our study. Altogether, mild microglia
defects in KD75 mice were insufficient to drive demyelination, astrocytosis or cognitive

Nat Immunol. Author manuscript; available in PMC 2023 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al.

Page 11

impairment, in contrast to NHD. The mild defects seen in mice lacking DAP12 signaling
may reflect a compensation by other signaling pathways, such as those mediated by FcR-y,
which may be effective in mice but not humans. Cumulatively, the DAP12-deficient mice
appear inadequate to recapitulate human NHD. Reiterating the inconsistency of DAP12-
deficient phenotypes between human and mouse models, DAP12-deficiency was shown

to attenuate learning behavior deficits associated with amyloid accumulation rather than
aggravating them®®. Perhaps, challenge of DAP12-deficient mice with certain insults may be
necessary to recapitulate human pathology, as suggested by previous studies in the context
of demyelination?3.

NHD microglia transcriptional profile showed some overlap with macrophages generated
in vitroby exposure to IL-10, a cytokine that elicits STAT3 signaling, or TGFp. This
observation may have bearing on therapeutic intervention. Specifically, if dysregulated
STAT3 activation is confirmed in functional studies, NHD patients may benefit from
inhibitors of the JAK/STAT pathway to re-equilibrate microglial signaling pathways and
delay disease progression.

Online Methods

Mice

WT mice (C57BL/6 J) were purchased from Jackson Laboratory. KA75 mice (C57BL/6

J) were generated as previously described!® and a gift from Wayne M. Yokoyama
(Washington University in St. Louis). All mice were bred and housed in specific-pathogen-
free conditions. The Institutional Animal Care and Use Committee at Washington University
in St. Louis approved all protocols used in this study. Mice were housed under a 12-hour
light/dark cycle at temperature 20-26°C and humidity 30-70% with sufficient ventilation.
KA75 mice were co-housed with WT controls. Four male WT and four male KA75 mice at
two years of age were used for sSnRNA-seq. All mice used for validation experiments were
male. Investigators were not blinded to experimental groups, but all samples and data were
processed in a high-throughput or automated fashion.

Human samples

Postmortem human brain samples were obtained from the Brain Research Institute (BRI)
at Niigata University and Mihara Memorial Hospital (Isesaki, Japan). Postmortem frozen
occipital cortical tissues from three NHD patients and eleven controls were analyzed by
snRNA-seq. Both sexes were included for both groups. Characteristics of donors of the
human tissues at the time of collection are provided in Supplementary Table 1. Pre-mortem
consent was obtained from each subject, with approval from the institutional review board
(IRB) of the institutions. All samples were approved by an IRB of Washington University
in St. Louis and determined as not Human Subject Research (HSR) under the IRB 1D
#201808019. Because the project evaluates post-mortem brain tissues, this activity is not
considered to meet federal definitions under the jurisdiction of an IRB and therefore falls
outside the purview of the Human Research Protection Office (HRPO).
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Isolation of nuclei from frozen brain tissue

Flash frozen brain tissue was homogenized in a Dounce homogenizer in Lysis Buffer (10
mM Tris-HCI, pH 7.4, 10 mM NaCl, 3 mM MgCl,, and 0.025% NP-40), and incubated on
ice for 15 min. The suspension was filtered through a 30-um filter to remove debris and
pelleted at 500g for 5 min at 4 °C. Nuclei were washed and filtered twice with Nuclei Wash
(1% BSA in PBS with 0.2 U pl~1 RNasin (Promega)). Nuclei pellets were resuspended in
500 pl nuclei wash and 900 pl 1.8 M sucrose. This 1,400 pl mixture was carefully layered
on top of 500 pl 1.8 M sucrose and centrifuged at 13,0009 for 45 min at 4 °C to separate the
nuclei from myelin debris. The nuclei pellet was resuspended in nuclei wash at 1,000 nuclei
pl~1 and filtered through a 40-um FlowMi Cell Strainer.

Single-nucleus RNA sequencing

Isolated mouse and human nuclei were subjected to droplet-based 5" end massively parallel
single-nucleus RNA sequencing using Chromium Single Cell 5” Reagent Kits (v2) per

the manufacturer’s instructions (10x Genomics). The libraries were paired-end sequenced
at 150bp read length using an lllumina NovaSeq sequencer with a 300 cycle S4 flowcell

at the McDonnell Genome Institute. Sample demultiplexing, barcode processing and single-
cell counting was performed using the Cell Ranger Single-Cell Software Suite (5.0.0, 10x
Genomics). Cellranger count was used to align samples to the reference genome provided
by 10X Genomics (mm10-2020-A for mouse, GRCh38-2020-A for human) with “include
introns = TRUE”.

Processing data with Seurat package and quality control

The Seurat package (v4.0.3) in R was used for subsequent analysis®’. For quality control,
nuclei with low UMI and gene number and nuclei with mitochondrial content >5% were
removed. Cutoffs for UMI and gene number were determined on the basis of histograms
showing cell density as a function of UMI or gene counts per nucleus. Nuclei that are
duplets or multiplets were filtered out by two steps. First, nuclei with high UMI and gene
number were filtered out. Then, nuclei with more than one cell-type marker gene expressed
were removed.

For human NHD brain snRNA-seq, a cutoff of 1,000-100,000 UMI and 700-12,000 genes
was applied. After filtering, 66,324 nuclei with a median of 6,943 UMIs and 3,150 genes per
nucleus were remained across all samples. Raw counts were normalized with SCTransform
(sctransform package 0.3.2)°8 and variables, including mitochondrial gene percentage and
batch covariate, were regressed out. Principal component analysis was performed using

the top 2,000 most variable genes and the top 30 principal components were selected

for dimensionality reduction using the Uniform Manifold Approximation and Projection
(UMAP) algorithm. Sample variability and batch effects were corrected using Harmony
package (0.1.0) in R. The corrected Harmony embeddings were then used to perform
unsupervised clustering using the Seurat package, at a resolution of 3.

For KA75 mouse brain snRNA-seq analysis, a cutoff of 800-100,000 UMI and 600-
10,000 genes was applied. After filtering, a total of 60,851 individual nuclei across all
genotypes remained, with a median of 11,119 UMIs and 3,823 genes per nucleus for
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downstream analysis. Data were log normalized and regressed on mitochondrial gene
percentage. Samples were batch corrected using FindIntegrationAnchors function and
Canonical Correlation Analysis (CCA) in the Seurat package. Principal component analysis
was performed using the top 2,000 most variable genes and the top 20 principal components
were selected for dimensionality reduction using the UMAP algorithm. Clustering was
performed using a resolution of 0.8.

Finding markers

For identifying markers for each cluster, we performed differential expression of each
cluster against all other clusters, identifying positive markers for that cluster, using
FindAllMarkers() function in the Seurat package with min.pct=0.1, logfc.threshold=0.25.
For human NHD snRNA-seq, FindAllMarkers() function was applied with MAST algorithm
(1.18.0)%9, with metadata (sex, age and post-mortem interval (PM1)) included as covariates
in the model. For mouse snRNA-seq, the default Wilcoxon Rank Sum test was used.

Nuclei from broad cell types (microglia, astrocytes, microglia, oligodendrocytes, neurons
and vascular clusters) were taken and re-clustered to further analyze sub-clusters in each cell

type.

Analysis of gene differential expression

For differential expression analyses in human snRNA-seq, raw RNA counts were normalized
and log-transformed using the NormalizeData() function in Seurat. Differential expression
of genes between conditions was done using FindMarkers() function in Seurat with MAST
algorithm®? in R with log-normalized RNA counts. Sex, age and PMI were included as
covariates in the model. log,(fold change) of average expression and the percentage of cells
(pct) expressing the genes in each condition were generated. Lists of DEGs are compiled in
Supplementary Table 3. These gene lists were used as inputs for downstream pathway and
geneset score analyses.

For differential expression analyses in mouse snRNA-seq, raw RNA counts were normalized
and log-transformed using the NormalizeData() function in Seurat. Differential expression
of genes between genotypes was done using FindMarkers() function in Seurat using a
Wilcoxon Rank Sum test with default parameters. logo(fold change) of average expression
and the percentage of cells (pct) expressing the genes in each condition were generated.
Lists of DEGs are compiled in Supplementary Table 6. These gene lists were used as inputs
for downstream pathway and geneset score analyses.

Individual-level average gene expression was calculated using AverageExpression() function
in Seurat. Bot plots were plotted using ggplot2 (3.3.5) in R. Heatmaps were plotted using
heatmap.2 in gplots package (3.1.3).

Gene set analysis

Gene set scores were calculated using the UCell package (1.3.1)% in R, which is based on
the Mann-Whitney U statistic and not affected by dataset composition. Gene sets listed in
Supplementary Table 4 were used as inputs for this analysis. Gene signatures of human AD
microglia and astrocytes were obtained from Mathys et al.23, Zhou et al.5 and Srinivasan et
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al.24, Gene signature of microglia in vascular dementia was obtained from McKay et al.2>.
Gene signatures of MS microglia and astrocytes were obtained from Absinta et al.26. Gene
signatures of MS oligodendrocytes were obtained from Absinta et al.26 and Jakel et al.*L.

Venn diagrams were plotted using BioVenn package (1.1.3) in R.

Cell type abundance analysis

Differential cell type abundance analysis was done using MASC package®® (0.0) in R. The
sample from which the nuclei were from was included as a random effect. P values were
adjusted by Benjamini-Hochberg correction.

Pathway analysis

Gene ontology analysis was performed using Metascape®l. Gene set enrichment analysis
(GSEA) was performed using Hallmark pathways from the MSigDB/GSEA resource.

NicheNet analysis

Ligand-target interactions were mined from the ShRNA-seq data using the NicheNet
algorithm (nichenetr 1.0.0)52. Briefly, microglia were defined as receiver cells and astrocytes
and oligodendrocytes were defined as sender cells. NicheNet analysis was performed using
DEGs in microglia as calculated previously between NHD and control as input with default
settings. Circos plot was computed based on calculation of interaction scores between
possible ligand-target combinations. Top predicted ligands were plotted as a heatmap.

Protein-protein interaction network

Gene list of top 100 DEGs in NHD astrocytes was used as input for STRING analysis
(version 11.5, string-db.org) using default parameters. The protein interaction result was
then imported into Cytoscape (3.9.0) for network analysis and visualization. Gene Ontology
in Biological Process analyzed by STRING was used in color coding for interacting nodes in
the network plot.

Re-analysis of public datasets

For macrophage polarization sScRNA-seq dataset, raw feature matrix was downloaded
from GSE199378 and processed using Seurat package as described above. For quality
control, cells with mitochondrial content > 20% were removed. Cells with a UMI

cutoff of 1,500-30,000 and gene number > 1,000 were retained. Raw counts were
normalized with SCTransform and mitochondrial gene percentage was regressed out. The
first 20 principal components were used for clustering using Seurat with a resolution

of 0.6. Two unidentifiable clusters were removed. Cluster markers were identified with
FindAllMarkers() function in Seurat using log-transformed RNA counts.

Gene set enrichment analysis (GSEA) on macrophage polarization was done using
Phantasus (1.17.4)53, Data from GSE61298 were imported into Phantasus and collapsed
using “Max probe”. Average gene expression was calculated using “Create Calculated
Annotation” function and the top 12,000 highly expressed genes were retained for
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differential expression analysis by Limma. GSEA was plotted using GSEA plot function
and genes were ranked by t.

To generate WAM signature (white matter-associated microglia)*4, processed Seurat
object was kindly provided by the authors. WAM signature genes were generated using
FindAllMarkers() function in Seurat on the “WAM?” cluster.

Immunofluorescence

Mice were anesthetized with ketamine/xylazine and perfused with ice-cold PBS containing
1 U/ml of heparin. Left brain hemispheres were fixed in 4% PFA overnight at 4°C, rinsed
in PBS, and incubated overnight at 4°C in 30% sucrose before freezing in a 2:1 mixture

of 30% sucrose and optimal cutting temperature compound. Serial 40 um coronal floating
sections were cut on a Cryostat (Leica CM1860) and kept in cryoprotectant (30% sucrose,
30% ethylene glycol, PBS) at —20°C.

Floating sections were blocked with 3% BSA and 0.25% Triton X-100 in PBS, and stained
with anti-CD11c (rabbit polyclonal, 1:500, Cell Signaling Technology, #97585), anti-IBA1
(goat polyclonal, 1:500, Abcam, ab5076), anti-Serpina3n (goat polyclonal, 1:200, R&D,
AFA4709), anti-OLIG2 (rabbit polyclonal, 1:500, EMB Millipore, AB9610), anti-GFAP
(Alexa Fluor 488-labeled mouse 1gG1, 1:1000, Thermo Fisher Scientific, #53-9892-82)
and anti-MBP (rat 1IgG2a, 1:1,000, EMB Millipore, MAB386) overnight at 4°C followed
by staining with anti-rabbit 1gG Alexa Fluor 555 (donkey, 1:2,000; Abcam, ab150074),
anti-goat 1gG Alexa Fluor 647 (donkey, 1:2,000, Abcam, ab150131) and/or DAPI (1ug/ml,
Sigma, D9542). Images were acquired using a Nikon A1Rsi confocal microscope and NIS-
Elements AR 5.20.01. Extraction of parameters were performed in Imaris 8.3.1 or Imaris
9.8.0 (Bitplane).

For human SPP1 staining, double-label immunofluorescence was performed on the

occipital sections as described previously®4 using antibodies against SPP1 (goat polyclonal,
1:100, R&D systems, AF1433) and IBAL (rabbit polyclonal, 1:2,000, FUJIFILM Wako,
019-19741). Sections were autoclaved at 120 °C in 10 mM citrate buffer (pH = 6) for 10
min for antigen retrieval. Secondary antibodies used were Alexa Fluor 488 donkey anti-goat
1gG (1:1,000, Invitrogen, A-11055) and Alexa Fluor 568 donkey anti-rabbit 19G (1:1,000,
Invitrogen, A10042). The sections were treated with an Autofluorescence Eliminator
Reagent (Millipore), then mounted under glass coverslips using Vectashield mounting
medium with 4,6-diamidino-2-phenylindole (DAPI) nuclear stain (Vector Laboratories). The
sections were analyzed using a confocal laser scanning microscope (LSM700, Carl Zeiss).

Neuropathologic analysis

Post-mortem brains were fixed with 10% buffered formalin, and multiple tissue blocks were
embedded in paraffin. Histological examination was performed on 4-um-thick sections using
hematoxylin and eosin, and Elastica-Goldner stains.
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Immunohistochemistry

Immunohistochemistry was performed on the frontal and occipital sections as described
previously® using antibodies against CD163 (mouse monoclonal, 1:400, Leica Biosystems,
NCL-L-CD163), GFAP (rabbit polyclonal, 1:400, Invitrogen, PA5-16291), and MBP (rabbit
polyclonal, 1:400, abcam, ab40390). Sections were autoclaved at 120 °C in 10 mM citrate
buffer (pH = 6) for 10 min for antigen retrieval for anti-CD163 antibody. Bound antibodies
were visualized by the peroxidase-polymer-based method using a Histofine Simple

Stain MAX-PO kit (Nichirei, Tokyo, Japan) with diaminobenzidine as the chromogen.
Immunostained sections were counterstained with hematoxylin. Images were acquired with
an NanoZoomer 2.0-HT Digital slide scanner c9600 (Hamamatsu Photonics, Japan).

Image analysis

To quantify colocalization of CD11c and IBAL1 signals in corpus callosum (CC), we first
created surfaces using the “skip automatic function, edit manually” option in Imaris and
manually selected the CC area on the top and bottom sections to build the CC surface. We
then used the “masked channel” function to create new channels that selectively contain
signals of protein of interest inside the CC surface. Then “batch colocalization” of Matlab
function was run on the newly generated channels and colocalization channels were created.
The volumes of signal of interest in each image were determined using “Surface” function
in Imaris. Ratios of double positive volumes over single positive volumes (CD11c+IBA1+/
IBA1+) were then calculated. Autofluorescence was masked by creating a surface on an
empty channel.

For measurement of Serpina3n+0Olig2+ oligodendrocytes, oligodendrocyte nuclei were
determined using the surfaces function of Imaris on Olig2 channel. After Olig2+ surfaces
were defined, the perinuclear region was defined as within 2 pm of the Olig2+ surface. This
was accomplished by using the “‘distance from surfaces’ function on the Olig2+ surfaces

to assign a value to each voxel representing the distance to the nearest Olig2+ surface.

The intensity of Serpina3n within these surfaces was determined by taking the mean of
voxel intensity values of Serpina3n channel within the Olig2+ surfaces. Serpina3n+Olig2+
oligodendrocytes were counted as the number of Olig2+ surfaces with Serpina3n mean
intensity above 10.

To quantify MBP signal intensity in CC, we first built the CC surface in Imaris as stated
above. Then “Intensity Sum” of MBP channel was extracted from every image, three images
per mouse. Z-stack size was the same in all images acquired.

Quantification of IHC images was done in Fiji/lmageJ (2.1.0/1.53c). DAB channel was
extracted using “Colour Deconvolution” with “H DAB”. Percent area coverage was
determined by batch processing, setting as a threshold a fixed intensity across all images.
Percentage area was calculated by measuring “Area fraction” with “Limit to threshold”.

Flow cytometry

Bone marrow derived macrophages (BMDMs) were collected from tibia of WT or KA75
mice. Isolated bone marrow cells were cultured in RPMI, supplemented with 10% heat-
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inactivated FBS, penicillin-streptomycin, GlutaMax and pyruvate in a 10-mm petri dish.
Cells were differentiated with 10% L-cell conditioned medium (LCCM) for 10 days. On
day 10, BMDMs were plated into non-tissue culture treated 6-well plates without LCCM
overnight. The next day, BMDMs were collected for stimulation with 20ng/ml IL-10 for 15
min at 37 °C. At the end of the stimulation, cells were fixed in 2% paraformaldehyde for 15
min at 22 °C, followed by permeabilization with ice-cold 90% methanol on ice for 30 min.
Cells were then stained with primary antibodies in 0.5% BSA PBS for 1h at 22 °C. Primary
antibodies used were pSTAT3 (1:100, D3A7, rabbit, Cell Signaling Technology, #9145) and
STAT3 (1:100, 124H6, mouse, Cell Signaling Technology, #9139). After washing with PBS
twice, cells were stained in secondary antibodies: anti-rabbit IgG Alexa Fluor 555 (donkey;,
1:1,000; Abcam, ab150074) and anti-mouse IgG(H+L) Alexa Fluor 555 (goat, 1:1,000,
Invitrogen, A21424). Samples were acquired on a BD FACSCalibur Flow Cytometer and
data were analyzed using FlowJo (10.8.1).

Statistics and reproducibility

snRNA-seq data were analyzed using the MAST algorithm of the Seurat package in R,
which implements a two-part hurdle model, or a Wilcoxon Rank Sum test. P values were
adjusted based on Bonferroni correction. For human snRNA-seq, sex, age and PMI were
included as covariates for the model. All statistical analyses for validation assays were
performed using GraphPad Prism (v9.3.0) with unpaired Student’s t-test. P values lower than
0.05 were considered statistically significant. Probability value was noted in each figure. All
statistical tests used are stated in figure legends. Experiments were repeated two or more
times. P values in violin and box plots were calculated using stat_compare_means() function
of ggpubr package (0.4.0) in R using Wilcox test. P values in cell type abundance analysis
were calculated with MASC package in R and adjusted by Benjamini-Hochberg correction.
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Extended Data Fig. 1. Cluster characterization of NHD and control samples.

Nuclei frequency

a, UMAP plots of NHD and control samples before (left) and after (right) batch correction
by Harmony. n=66,324 total nuclei; 11 control and 3 NHD individuals. b, Bar graphs of total
nuclei number, median of number of genes and median of number of UMIs of each sample
sequenced. ¢, Heatmap showing cell type markers. d, Nuclei frequency of all cell types in

each sample.
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Extended Data Fig. 2. Characterization of NHD microglia subclusters.
a, Pathways enriched in genes upregulated in NHD microglia compared to controls, using

GSEA analysis (left, g value by FDR adjustment) or Metascape analysis (right, P value by
hypergeometric distribution). b, PCA plot of NHD and control microglia demarcated by
sex. ¢, Average expression of top DEGs (log2(Fold Change) > 0.5, FDR-adjusted P < 0.05,
two-part, generalized linear model) upregulated in NHD microglia plotted against age at

death. Trend line calculated for control samples only.
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Extended Data Fig. 3. NHD microglia signature overlaps with IL-10-induced macrophage

signature.

a, UMAP plot of human monocyte-derived macrophages stimulated with cocktails of
LPS+IFNg, IL-4+1L-13 or IL-10 from GSE199378, designated by treatment. b, Venn
diagram showing little overlap among signatures of polarized macrophages. c-e, Violin plot
showing gene set scores (by UCell) of the designated macrophage polarization signatures
(top 100 genes upregulated under each condition) in the macrophage polarization dataset;
¢, LPS+IFNg polarization, n=8,232 nuclei; d, IL-4+1L-13 polarization, n=6,741 nuclei; e,
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IL-10 polarization, n=6,890 nuclei. Box center lines, bounds of box, and whiskers indicate
median, first and third quartiles, and minima and maxima within 1.5X IQR, respectively.

P value by two-sided Wilcoxon Rank Sum test. f-h, GSEA plots showing enrichment

of NHD microglia signature in signatures of polarized macrophages stimulated by LPS

and IFNg (), IL-4 (g) and IL-10 (h) from GSE6129828. P values by permutation. NES,
normalized enrichment score. i, Histogram of phospho-STAT3 (pSTAT3) staining of bone
marrow derived macrophages (BMDMs) from WT and DAP12 KD75 mice, stimulated with
Ong/ml or 20ng/ml 1L-10 for 15min after starvation overnight. Data are representative of two
independent experiments. j, Quantification of pSTAT3 mean fluorescence intensity (MFI)
in i. P value by two-way ANOVA. Data are presented as mean = s.e.m. n=3 independent
cell culture wells per genotype per experiment; two independent experiments. k, Histogram
of total STAT3 staining in BMDM from WT and DAP12 KD75 mice, treated as in i.

Data are representative of two independent experiments. |, Quantification of STAT3 mean
fluorescence intensity in k. P value by two-way ANOVA. Data are presented as mean +
s.e.m. n=3 independent cell culture wells per genotype per experiment; two independent
experiments. m, Gating strategy for BMDMs from WT and KD75 mice. Numbers indicate
the percentage of cells within the gate.
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Extended Data Fig. 4. The NHD endothelial cell signature shows altered function.
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a, Volcano plot depicting genes differentially expressed (log2(Fold Change) > 0.25, FDR-
adjusted P < 0.05, two-part, generalized linear model) in NHD versus control endothelial
cells. b, Box plots showing average individual expression levels for selected DEGs in
endothelial cells. Box center lines, bounds of box, and whiskers indicate median, first
and third quartiles, and minima and maxima within 1.5X IQR, respectively. P values by
two-sided Wilcoxon Rank Sum test. n=11 control and 3 NHD individuals. ¢, Heatmap
showing average gene expression of top DEGs in endothelial cells per sample.

a koo Na?ﬂ b
MT1G CSRP1 | s o GFAP
Zhou etal.® ZFP36L2
9 / IGFBP7
AD from NHD AIMS from / NHD
Mayselal 8 i Absintaetal= 3 286
97
TNC PLCE1 COL21A1 GFAP
AHNAK PLEKHAS ABCA1 PTCHD1
NHD vs. Control
c d 3
300| NEAT1
OPC: o o Percent Expressed
.25
® 50 &
[ 8 3 20 T™TC4
tansiton] @ © @ @ @  Average Expression a ELOVLS
10 3 HMGCS1
g INSIGT
05 g ) GLUL\ PKP4
0.0 8 RHOQ
-05 ' 100 NDRG2 CDH13\ 702 ~MsMo1
: NSy ARHGEF3 MGATS
digo] @ ® ANLN\\ 43 e | 6ApD4zE " Fry
) Pﬁg;‘{sz PER.’)\' / /PLA264C
“ADARB2 mg Agz\ \NEDD4L
N ® N K LAMAZ  spyg & T ADGRB3
& Q/\?‘* of CINNA2 caz. . eaoas PDE“D’P
<
1 [ 1
log2(Fold Change)
e KCNH8 " CLIC4 CDH19 ADGRB3 FRY KDM6A
p=0011 p=0.0055 p=0038 p = 0.0055 p=0.0055
1 .
=4 e <3 =3  — = 2 = =3
pa & P = b4 o ‘ tal x b
53 S S . s s s .
8 £2) 1. 8, 83 2 82 $]
5 3 § N2 b1 §
& g1 81 g & g1
1 1
o o 0
Control NFD Control  NFD Control  NAD Control NHD Control  NFD Control NHD
f o o~ @ o I & g
> o i o
a9 03 I8S 5 S.% 5 & S SR 2 Row Z-Score
83 3-Snp2d Xoed < Sog § I Xag L)
3552535300885 085008kaToledRRsb3R 40
TUERY22307 2R ecRESS0s06003 8 usdde5933R5%53 =]
NHD3 Cholesterol biosynthesis
NHD2 pathway
NHD1 45 i
control11 Nucleoside b|sphosphate
control10 metabolic process
control9 Learning
control8
control7 Cell morphogenesis
| control6
control§ EGF/EGFR signaling pathway
control4
control3
0 5 10 15
control2
-log(P)
control1
h i
NEAT1 ELOVL5 HMGCS1 GLUL MSMO1 MT3 LINC00844 RGCC
NHD NEDDA4L CARS FDFT1 NAV2 STAT3 APOD QDPR AZGP1 CA2
upregulated SQLE PDE4DIP SAMD4A PHACTR1 LRP2 PPA1 LDHB NHD
BCL6 IQGAP1 DCC FOS XYLT1
79 = CADM2 MOBP
KCNMB4 19 D MBP NLGN4Y|
4
1
MS upregulated 1 T -
P MS upregulated from CNTNAP2
fromJeHeletelt 3 Cbeintatal 230 18 67
167

Nat Immunol. Author manuscript; available in PMC 2023 September 01.

MS
from Jékel et al.*!

from
Absinta et al.*

PLXDC2 PPP2R2B PPM1H NAV1
KCNAB1T LINC0O0639 GREB1L HECW2
ASTN2 GLDN AC012593.1 PALM2 SLC4A8
SIPA1L1 SLC39A11 GRID2 PDE1C CHRMS5




1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al.

Page 23

Extended Data Fig. 5. Comparison of NHD astrocyte and oligodendrocyte signatures with those
in other neurodegenerative diseases.

a,b, Venn diagram revealing overlapping genes commonly upregulated in NHD astrocytes
and two human AD datasets (a), and in NHD astrocytes and AIMS (astrocytes inflamed

in MS) (b). ¢, Dot plot showing marker genes for each oligodendrocyte subcluster. d,
\olcano plot depicting genes differentially expressed in NHD and control oligodendrocytes
(log2(fold change) > 0.25, FDR-adjusted P < 0.05, two-part, generalized linear model). e,
Box plots showing average of individual levels of expression for selected genes upregulated
in NHD oligodendrocytes. Box center lines, bounds of box, and whiskers indicate median,
first and third quartiles, and minima and maxima within 1.5X IQR, respectively. P values

by two-sided Wilcoxon rank-sum test. n=11 control and 3 NHD individuals. f, Heatmap
showing average gene expression of top DEGs (log2(fold change) > 0.25, FDR-adjusted P <
0.05, two-part, generalized linear model) in oligodendrocytes from each sample. g, Pathways
enriched in genes upregulated in NHD oligodendrocytes. P values calculated based on the
cumulative hypergeometric distribution. h,i, Venn diagram revealing genes differentially
expressed in NHD oligodendrocytes as well as in two human MS datasets. h, upregulated
genes. i, downregulated genes.
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Extended Data Fig. 6. NHD neurons present signatures of diminished activity.
a, UMAP plot of neuron sub-clustering. n=36,336 total neuronal nuclei; 3 NHD and 11

controls. Ex, excitatory neurons; In, inhibitory neurons. b, Nuclei frequency of neuronal
subclusters in each sample. ¢, Number of upregulated (up) and downregulated (down) genes
differentially expressed in (log2(fold change) > 0.5, FDR-adjusted P < 0.05, two-part,
generalized linear model) NHD and controls in each neuronal subcluster. d,e, Pathways
enriched in genes downregulated in NHD in excitatory neurons (d) or inhibitory neurons
(e). P values calculated based on the cumulative hypergeometric distribution. f, Violin
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plots showing percentage of reads that map to ribosomal genes split by disease condition.
Differences between NHD and controls in all subclusters are significant by two-sided
Wilcoxon Rank Sum test. Each dot represents the mean + s.d. A full list of P values

and number of nuclei is given in Supplementary Table 2. g, Heatmap showing average
expression of genes in synaptic vesicle endocytosis pathway per condition per cluster.
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Extended Data Fig. 7. Cluster characterization of 2-year-old KA75 and WT cortical samples.
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a, Bar graphs of total nuclei number, median of number of genes and median of number

of UMIs of each sample sequenced. b, UMAP plot of 2-year-old KA75 and WT cortical
samples grouped by clusters, which were manually assigned to each cell type. n=60,851
total nuclei; 4 animals per genotype. ¢, UMAP plots showing expression of cluster markers.
d, Nuclei distribution of all samples in each cluster. e, UMAP plot of all nuclei from KA75
and WT samples. n=26,492 WT nuclei and 34,359 KA75 nuclei; 4 animals per genotype.
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Extended Data Fig. 8. KA75 microglia sub-clustering in detail.
a, UMAP plot showing expression of 7yrobp in myeloid clusters. b, Venn diagram

highlighting similarities between IFN-R and the interferon responsive signature from ref4®,
Overlapping genes are shown in the box. c, Scatter plot depicting differential cell type
abundance calculated by MASC. Data are represented as the MASC OR of a nucleus
being in that cluster for WT versus KA75 (with 95% Cl), against the —log(P value) of

the association. Center of bar corresponds to OR. Red labeled cluster was significant

with FDR-adjusted P value < 0.05 using Benjamini-Hochberg correction. A full list of P

Nat Immunol. Author manuscript; available in PMC 2023 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhou et al.

Page 27

values and number of nuclei is provided in Supplementary Table 5. d, Donut plots showing
nuclei contribution from each sample to each myeloid subcluster. Numbers represent the
percentage of nuclei from each sample within the designated subcluster. e, Volcano plot
showing DEGs (log2(fold change) > 0.5, adjusted P < 0.05, two-sided Wilcoxon Rank Sum
test, Bonferroni correction) within the HM cluster from KA75 and WT mice. f, Heatmap
showing average gene expression of top DEGs from e in HM cluster. g, Pathways enriched
in genes downregulated in KA75 HM vs. WT HM. g values calculated based on Benjamini-
Hochberg.
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Extended Data Fig. 9. KA75 oligodendrocyte and astrocyte sub-clustering in detail.
a, UMAP plots showing cluster marker expression in each oligodendrocyte sub-cluster.

b, Violin plots showing expression of reactive oligodendrocyte genes in each sub-cluster.
¢, Violin plots showing expression of reactive oligodendrocyte genes in the ROL clusters
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from KA75 and WT mice. d, Violin plots showing the DOL signature score (by UCell)

in each oligodendrocyte sub-cluster. DOL signature was extracted from ref®0. Box center
lines, bounds of box, and whiskers indicate median, first and third quartiles, and minima
and maxima within 1.5X IQR, respectively. P values by two-sided Wilcoxon Rank Sum test.
n=8,398 MFOL, 1,643 OPC, 754 MOL, 74 COP and 51 ROL nuclei. e, Violin plots showing
DOL signature score (by UCell) in ROL from KA75 and WT mice. f, Representative IF
images of MBP (red) in corpus callosum of 2-year-old WT and KA75 mice. Scale bar, 30
mm. g, Quantification of MBP intensity in f. P value by two-tailed unpaired t test. Bars at
mean. n=4 WT and 3 KA75 mice. h, UMAP plot showing expression of Vimand Gfapin
astrocyte subcultures. i, Violin plots showing expression of reactive astrocyte genes in each
sub-cluster. j, Pathways enriched in astrocyte cluster 8 marker genes. g-values calculated
based on Benjamini-Hochberg. k, UMAP plot showing expression of Crym in astrocyte
subclusters.
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Extended Data Fig. 10. Transcriptional profiles of KA75 and WT neurons are similar.
a, UMAP plot of neuron sub-clustering. n=40,657 total neuronal nuclei; 4 animals per

genotype. b, UMAP plot showing expression of S/c17a7and Gadl. c, UMAP plot of
neuron sub-clustering grouped by excitatory neurons (Ex_neuron) and inhibitory neurons
(In_neuron). d, Number of upregulated (up) and downregulated (down) DEGs (log2(fold
change) > 0.5, adjusted P < 0.05, non-parametric two-sided Wilcoxon rank sum test,
Bonferroni correction) in excitatory and inhibitory neurons in KA75 versus WT mice. e,
Model of NHD pathogenesis. A genetic defect in DAP12 or TREM2 leads to imbalance
between TREMZ2/DAP12 signaling pathway and pathways driven by STAT3, RUNX1 and
TGFb in microglia. This imbalance results in demyelination through unknown mechanisms,
which may include dysregulated phagocytosis and secretion of cytokines. Accumulation

of myelin and cellular debris leads to progressive and extensive tissue damage that
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includes astrocytosis, oligodendrocyte malfunction and dysfunctional vasculature, which
further activates microglia. In addition, perivascular macrophages may directly alter vascular
function, leading to its dysregulation. Created with BioRender.com.
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Fig. 1. NHD microglia show a unique signature.

a, UMAP plot of NHD and control patients. n=66,324 total nuclei; 11 control and

3 NHD individuals. Ex_neuron, excitatory neurons; In_neuron, inhibitory neurons;

Oligo, oligodendrocytes; OPC, oligodendrocyte precursor cells; Astro, astrocytes; Micro,
microglia; Endo, endothelial cells; Peri, pericytes; SMC, smooth muscle cells; Fibro,
fibroblasts; IMM, immune cells. b, UMAP plot of 7YROBP expression. ¢, Number of
upregulated (up) and downregulated (down) DEGs (log,(fold change) > 0.5, FDR-adjusted
P value < 0.05, two-part, generalized linear model) between NHD and controls in each cell
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type. d, UMAP plot of microglia and perivascular macrophages (PVMs) from NHD patients
and controls. n=3,217 microglia nuclei and 463 PVM nuclei. e, UMAP plots of expression
of feature genes in the microglia-PVM cluster. f, Scatter plot depicting genes differentially
expressed (FDR-adjusted P < 0.05, two-part, generalized linear model) in NHD versus
control within the microglia cluster. g, Box plots showing average of individual levels of
expression for selected DEGs in the microglia cluster. Box center lines, bounds of box, and
whiskers indicate median, first and third quartiles, and minima and maxima within 1.5X
inter-quartile range (IQR), respectively. P values by two-sided Wilcoxon Rank Sum test.
n=11 control and 3 NHD individuals. h, Violin plots showing gene set scores (by UCell) of
DEGs derived from various neurodegenerative diseases in control and NHD microglia. AD,
Alzheimer’s Disease (refs>23): HAM, human AD microglia (ref?4); VaD, vascular dementia
(ref2%); MIMS, microglia inflamed in MS (ref25). Gene sets used are listed in Supplementary
Table 4. Box center lines, bounds of box, and whiskers indicate median, first and third
quartiles, and minima and maxima within 1.5X IQR, respectively. P values by two-sided
Wilcoxon Rank Sum test. n=2,124 control and 625 NHD microglia nuclei. i, Venn diagram
of overlapping genes commonly upregulated in NHD microglia and two human AD datasets
(left), and in NHD microglia as well as two MS-specific microglia subpopulations (right). j,
IF staining of SPP1 (red) and IBA1 (green) in NHD and control occipital cortex. DAPI in
blue. Scale bar, 10 um. The experiment was repeated two times.
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Fig. 2. NHD microglia signature in part overlaps with IL-10-primed macrophage signature.
a, UMAP plot of human monocyte-derived macrophages stimulated with cocktails of

LPS+IFN7y, IL4+1L13, or IL10 from GSE199378. b, Dot plot showing top 10 marker genes
for each stimulation in a. ¢, Violin plot showing gene set scores (by UCell) of LPS+IFN-y,
IL4+1L13 or IL10 induced macrophage signatures in microglia from NHD patients and
controls. Box center lines, bounds of box, and whiskers indicate median, first and third
guartiles, and minima and maxima within 1.5X IQR, respectively. P value by two-sided

Wilcoxon Rank Sum test. Box plots embedded show the first and third quartiles and median.
n=2,124 control and 625 NHD microglia nuclei. d, Representative images of IHC staining
of CD163 in NHD and control brains. Scale bar, 100um. e, Quantification of percentage of
CD163" area in d. P value by two-tailed unpaired t test. Data are presented as mean + s.e.m.
n=3 control and 3 NHD samples. f, Heatmap depicting Pearson correlation of top 20 ligands
driving NHD microglia signature predicted by NicheNet. g, Circos plot showing ligand
target interactions predicted by NicheNet. The top half circle in orange represents targets
expressed by microglia. The bottom half shows predicted ligands expressed in cells as color
coded in the legend. h, Violin plots showing FGF2 expression in various cell types from
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NHD patients and controls. P value by two-sided Wilcoxon Rank Sum test. Dot represents
mean + s.d. A full list of P values and number of nuclei is provided in Supplementary Table
2.
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Fig. 3. NHD pericyte signature indicates vascular abnormalities.
a, UMAP plot of vascular cell sub-clustering. Endo, endothelial cells. Peri, pericytes. SMC,

smooth muscle cells. M.FB, meningeal fibroblasts. P.FB, perivascular fibroblasts. n=730
Endo, 287 Peri, 187 SMC, 225 M.FB and 193 P.MB nuclei. b, Dot plot showing expression
of marker genes for each subcluster. ¢, Number of upregulated (up) and downregulated
(down) DEGs (logy(fold change) > 0.5, FDR-adjusted P value < 0.05, two-part, generalized
linear model) in each sub-cluster in NHD versus controls. d, Volcano plot depicting DEGs
(logy(fold change) > 0.25, FDR-adjusted P value < 0.05, two-part, generalized linear model)
in pericytes between NHD and controls. e, Box plots showing average of individual levels
of expression for selected DEGs in the pericyte cluster. Box center lines, bounds of box,

and whiskers indicate median, first and third quartiles, and minima and maxima within 1.5X
IQR, respectively. P value by two-sided Wilcoxon Rank Sum test. f, Pathways enriched

in genes upregulated in NHD pericytes. P values calculated based on the cumulative
hypergeometric distribution. g, Elastica-Goldner staining of blood vessels in NHD and
control brain sections. Scale bar, 50um. The experiment was repeated twice.
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Fig. 4. NHD astrocyte signatures reflect a wound healing response.
a, Volcano plot showing DEGs (log,(Fold Change) > 0.25, FDR-adjusted P value < 0.05,
two-part, generalized linear model) in NHD versus controls within the astrocyte cluster.
Red designates genes involved in response to wounding. b, Pathways enriched in genes
upregulated (logy(Fold Change) > 0.5, FDR-adjusted P value < 0.05, two-part, generalized
linear model) in NHD astrocytes. q values calculated by FDR. ¢, Box plots showing average
of individual levels of expression for selected DEGs in astrocytes. Box center lines, bounds
of box, and whiskers indicate median, first and third quartiles, and minima and maxima
within 1.5X IQR, respectively. P value by two-sided Wilcoxon Rank Sum test. n=11 control
and 3 NHD individuals. d, Protein-protein interaction network of top 100 upregulated genes

in NHD astrocytes. Node color represents pathways. Node size reflects degree of interaction.
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e, Representative images of IHC staining of GFAP in NHD and control brains. Scale bar,
100um. f, Quantification of percentage of GFAP* area in e. Data are presented as mean *
s.e.m. P value by two-tailed unpaired t test. n=3 control and 3 NHD samples. g, UMAP
plot of NHD and control oligodendrocyte lineage cells. Oligo, oligodendrocytes. OPC,
oligodendrocyte precursor cells. n=13,694 QOligo, 1,885 OPC and 71 transition nuclei. h,
Heatmap showing average gene expression of top downregulated oligodendrocyte genes in
NHD versus controls. Color scale represents row z-score. i, Box plots showing average of
individual levels of expression for selected oligodendrocyte genes downregulated in NHD.
Box center lines, bounds of box, and whiskers indicate median, first and third quartiles, and
minima and maxima within 1.5X IQR, respectively. P value by two-sided Wilcoxon Rank
Sum test. n=11 control and 3 NHD individuals. j, Representative images of IHC staining
of MBP in NHD and control brains. Scale bar, 100um. k, Quantification of percentage of
MBP* area in j. Data are presented as mean * s.e.m. P value by two-tailed unpaired t test.
n=3 control and 3 NHD samples.
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Fig. 5. Microglia profile of aged KA75 mice is distinct from that of NHD.
a, UMAP plot of cortical samples from 2-year-old KA75 and WT mice. n=60,851 nuclei; 4

animals per genotype. Ex_neuron, excitatory neurons; In_neuron, inhibitory neurons; Oligo,

oligodendrocytes; Astro, astrocytes; Micro, microglia; OPC, oligodendrocyte precursor

cells; VLMC, vascular leptomeningeal cells; ABC, arachnoid barrier cells; Endo, endothelial

cells; PC, pericytes. b, UMAP plot showing expression of Tyrobp in microglia cluster. c,
Scatter plot depicting differential cell type abundance calculated by MASC®®. Data are
represented as the MASC odds ratio (OR) of a nucleus being in that cluster for WT versus
KA75 (with 95% confidence interval (Cl)), against the —log(P value) of the association.
Center of bar corresponds to OR. No cluster was significant, with FDR-adjusted P value >
0.05 using Benjamini-Hochberg correction. A full list of P values and number of nuclei is
provided in Supplementary Table 5. d, UMAP plot of sub-clustered myeloid population
(Micro cluster in Fig. 5a). HM, homeostatic microglia; AM, age-associated microglia;
IFN-R, interferon responsive microglia; MHCI1M-BAM, MHCII-high-expressing border-
associated macrophages (BAM); MHCI1'°-BAM, MHCII-low-expressing BAM. n=2,179
myeloid nuclei; 4 animals per genotype. e, Dot plot showing marker genes for each
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myeloid subcluster. f, Venn diagram comparing genes upregulated in AM and DAM43,
Genes upregulated by both DAM and AM are shown in the box; the top 5 genes unique for
each cluster are shown on the sides. g, Venn diagram comparing genes upregulated in AM
and WAM (white matter-associated microglia)*4; genes upregulated by both WAM and AM
are shown in the box. h, UMAP plot of myeloid subclusters in WT and KA75 mice. n=1,011
WT myeloid nuclei; 1,168 KA75 myeloid nuclei. i, Donut plots showing nuclei contribution
from each sample to AM and IFN-R subclusters. Numbers represent the percentage of nuclei
contributed by either WT or KA75 within each subcluster. j, IF staining of CD11c (red) and
IBA1 (green) in corpus callosum of WT and KA75 mice. DAPI in blue. Scale bar, 20 um.

k, Quantification of CD11c*IBA1* volume as a percentage of total IBA1" volume in j. Data
are presented as mean + s.e.m. P value by two-tailed unpaired t test. n=4 WT and 3 KA75
mice.
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Fig. 6. KA75 mice exhibit mild oligodendrocyte and astrocyte defects.

a, UMAP plot of sub-clustered oligodendrocyte lineage cells (Oligo and OPC populations
in Fig. 5a). n=10,607 Oligo nuclei and 1,688 OPC nuclei. COP, differentiation-committed
oligodendrocyte precursors; MFOL, myelin-forming oligodendrocytes; MOL, mature
oligodendrocytes; ROL, reactive oligodendrocytes. b, Dot plot showing marker genes for
each subcluster in the oligodendrocyte lineage. ¢, Scatter plot showing average expression
against fold change of DEGs (log(fold change) > 0.5, adjusted P value < 0.05, two-sided
Wilcoxon Rank Sum test, Bonferroni correction) in KA75 versus WT within the MFOL
cluster. d, Pathways enriched in genes downregulated in MFOL in KA75 versus WT. g-
values calculated based on Banjamini-Hochberg. e, Donut plot showing nuclei contribution
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from each sample in the ROL cluster. Numbers represent the percentage of nuclei from
either KA75 or WT. f, IF staining of Serpina3n (red) and Olig2 (green) in corpus callosum
of WT and KA75 mice. DAPI in blue. Scale bar, 10 pm. g, Quantification of number of
Serpina3n*Olig2™ cells as a percentage of Olig2* cells in f. Data are presented as mean +/—
SEM. P value by two-tailed unpaired t test. n=4 WT and 3 KA75 mice. h, UMAP plot of
sub-clustered astrocytes (Astro cluster in Fig. 5a). n=3,258 Astro nuclei. i, Dot plot showing
expression of marker genes for each astrocyte subcluster. j, Scatter plot depicting differential
cell type abundance calculated by MASC56, Data are represented as the MASC OR of a
nucleus being in that cluster for WT versus KA75 (with 95% Cl), against the —log(P value)
of the association. Center of bar corresponds to OR. Red labeled clusters were significant
with FDR-adjusted P value < 0.05 using Benjamini-Hochberg correction. A full list of P
values and number of nuclei is provided in Supplementary Table 5. k, Violin plots showing
expression of reactive astrocyte marker genes in KA75 and WT. n=1,356 WT astrocytes and
1,902 KA75 astrocytes. P value by two-sided Wilcoxon Rank Sum test. |, IF staining of
GFAP (green) in corpus callosum of WT and KA75 mice. DAPI in blue. Scale bar, 10 pm.
m, Quantification of percentage of GFAP* volume in . Data are presented as mean + s.e.m.
P value by two-tailed unpaired t test. n=4 WT and 3 KA75 mice.
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