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SUMMARY
Frontotemporal dementia (FTD) is an incurable group of early-onset dementias that can be caused by the
deposition of hyperphosphorylated tau in patient brains. However, the mechanisms leading to neurodegen-
eration remain largely unknown. Here, we combined single-cell analyses of FTDpatient brainswith a stem cell
culture and transplantation model of FTD. We identified disease phenotypes in FTD neurons carrying the
MAPT-N279Kmutation, which were related to oxidative stress, oxidative phosphorylation, and neuroinflam-
mation with an upregulation of the inflammation-associated protein osteopontin (OPN). Human FTD neurons
survived less and elicited an increased microglial response after transplantation into the mouse forebrain,
which we further characterized by single nucleus RNA sequencing of microdissected grafts. Notably, down-
regulation of OPN in engrafted FTD neurons resulted in improved engraftment and reduced microglial infil-
tration, indicating an immune-modulatory role of OPN in patient neurons, which may represent a potential
therapeutic target in FTD.
INTRODUCTION

Frontotemporal dementia (FTD) is a group of neurodegenerative

diseases and a major cause of dementia in patients under 60

years of age without treatment options. About half of patients

have widespread deposition of hyperphosphorylated tau (p-tau)

protein in variousbrain regions, including the frontal and temporal

lobes, as well as basal ganglia and brain stem (FTD-tau). A family

history is seen in about half of the patients with FTD, and 10%–

30% of these patients carry autosomal-dominant mutations in

MAPT on chromosome 17q21 encoding tau.1

Tau is expressed as six different isoforms in the adult human

brain as the result of alternative splicing of exons 2, 3, and 10
Cell Stem Cell 31, 1–18
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with equal amounts of 3R tau and 4R tau isoforms in the healthy

brain containing either 3 or 4 microtubule-binding domains,

respectively.2,3 In many FTD patients with tau pathology, this

3R:4R tau ratio is shifted toward 4R isoforms, forming the group

of 4R-tauopathies with abundant deposition of p-tau in neurons,

astrocytes, and oligodendrocytes.4,5 The presence of p-tau is

linked to cellular dysfunction since it leads to detachment of

tau from microtubules with intracellular accumulation of p-tau,

collapse of intracellular transport, and synaptic breakdown.6,7

Tau interacts with several mitochondrial proteins associated

with the mitochondrial respiratory chain,8,9 raising the possibility

that alterations in tau might also induce mitochondrial

dysfunction.
, May 2, 2024 ª 2024 The Authors. Published by Elsevier Inc. 1
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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There is evidence that neuroinflammation plays an important

role in the pathogenesis of FTD. Microglial activation is found

in areas of neuronal loss10 and increased p-tau burden11 and

in close proximity to p-tau-containing cells in patients and animal

models of FTD.12 PET imaging13 and biomarker studies14 also

documented increased neuroinflammation in FTD patient brains

and cerebrospinal fluid (CSF), respectively.

Here, we performed single-cell analyses on postmortem

brain tissue from FTD patients carrying the MAPT-N279K muta-

tion and from control (Ctrl) individuals combined with functional

validation studies using a human MAPT-N279K-induced plurip-

otent stem cell (iPSC) model of FTD in vitro and after transplan-

tation into the adult mouse brain. The MAPT-N279K mutation is

located in exon 10 and is one of the most common MAPT mu-

tations, leading to mis-splicing of tau toward 4R tau isoforms

and causing severe neuronal and glial p-tau pathology in fore-

brain and hindbrain areas.4,15 Patients expressing tau-N279K

develop early symptoms at an age of 43.8 ± 6.7 years with

involvement of the substantia nigra (SN), leading to a Parkin-

son’s disease (PD)-like movement disorder.15–17 Our findings

indicate that FTD-tau patient neurons have an intrinsically

altered mitochondrial function and carry an immune-modula-

tory role, resulting in an altered microglial response when trans-

planted into the mouse brain.

RESULTS

Neuronal loss and microgliosis in the SN of FTD-tau
patients
We performed histological analyses of brain tissue of MAPT-

N279K FTD patients and of Ctrl individuals (Figure 1; demo-

graphics given in Table S1). Since the SN is involved early in

MAPT-N279K FTD (henceforth termed FTD) and since the SN

is a common site of degeneration in other hereditary and non-he-

reditary forms of FTD,15–17 it was chosen to study differential cell

vulnerability and neuroinflammation. We quantified the areas of

the SN pars compacta (SN-PC) and SN pars reticulata (SN-PR)

in the two groups and found a significant reduction in the size

of both areas in the FTD group (Figures 1A–1C). We also quanti-

fied neuronal numbers in the SN (Figure 1D) and found large, sig-

nificant reductions in SN-PC and SN-PR neurons in the FTD

group (Figures 1E and 1F), associated with abundant neuropil

threads and neurofibrillary tangles composed of p-tau (Fig-

ure 1G). Neuronal dropout was paralleled by a significant in-

crease in glial profiles (Figures 1H and 1I) in the same regions.

Activated CD68+ microglia were significantly increased in both

the FTD SN-PC and SN-PR (Figures 1J–1L), indicating that the

increase in glial nuclei is accounted for, at least in part, by an in-

crease in reactive microglia.

We next microdissected the SN from frozen postmortem

brain tissue from four Ctrl individuals and eight FTD donors car-

rying MAPT-N279K and performed transcriptional profiling us-

ing RNA microarrays (Figures 1M and 1N). Examination of the

top differentially expressed genes (DEGs) revealed that micro-

glial genes like complement C3, pro-phagocytic TYROBP,

and MSR1 were increased in the FTD group. Conversely,

neuronal genes like the dopamine transporter SLC6A3, tyrosine

hydroxylase (TH), and the GABA (gamma-aminobutyric acid)

receptor gene GABRA4 were decreased in FTD (Figure 1M;
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Table S2). Active sub-pathway enrichment analysis reveals

that the spliceosome KEGG (Kyoto Encyclopedia of Genes

and Genomes) pathway was highly enriched in the DEGs in

the FTD group, which could, at least in part, be related to

known mis-splicing of tau toward increased 4R isoforms in

MAPT-N279K carriers,18 as also identified in our patients

(Figures S1A and S1B). Moreover, several immune-activation-

related KEGG pathways were enriched, including JAK-

STAT (Janus kinase-signal transducer and activator of

transcription) signaling, NOD (nucleotide-binding oligomeriza-

tion domain)-like receptor signaling, and infection-related path-

ways (Figure 1N).

snRNA-seq implicates oxidative phosphorylation and
inflammation in neuronal dysfunction in FTD
To assign transcriptional pathology to single-cell types, we

performed single nucleus RNA sequencing (snRNA-seq) on

microdissected frozen postmortem SN tissue from six FTD

and seven Ctrl donors (Figures 2A and S1C). Our analysis

identified 10,752 nuclei (4,882 Ctrl and 5,870 FTD nuclei) (Fig-

ure 2B). Unbiased clustering and major cell-type classification

identified neurons, astrocytes, oligodendrocytes, oligodendro-

cyte precursors, and microglia, and nuclei of the same

lineage occupy largely non-overlapping uniform manifold

approximation and projection (UMAP) space (Figures 2C and

2D). The expression of select cell-type markers is shown in

Figure 2D.

To identify the genes that are changed in FTD-tau neurons, we

performed differential gene expression analysis between FTD

and Ctrl neuronal nuclei and identified 1,417 DEGs (Figure 2E;

Table S2). Of these DEGs, the majority were downregulated

(1,045 genes). Several were related to dopaminergic neuronal

function, such as TH and the dopamine transporter SLC6A3

(Table S2), consistent with depletion of nigral neurons in FTD-

tau. Among the top DEGs increased in neurons was APOE,

which is also increased in dopaminergic neurons in PD.19 More-

over, several DEGs associated with immune functions, including

CD74, B2M, and C1QB, were increased in FTD neurons

(Table S2). KEGGpathway enrichment analysis of the DEGs (Fig-

ure 2F; Table S2) showed enrichment of neurodegenerative

pathways (e.g., PD), proteasome, mitophagy, synaptic vesicle

cycle, and mTOR (mammalian target of rapamycin) signaling.

Interestingly, this analysis also revealed pathways involved in

inflammation (e.g., EBV [Epstein-Barr virus] infection and inter-

leukin [IL]-17 signaling) and oxidative phosphorylation. It is

notable that ribosomal genes were also enriched, but the signif-

icance of this finding is not known.

The neuronal populations in the SN are heterogeneous.

We subclustered them into four groups (Figures 2G–2I and

S1D): dopaminergic (Neuron_DA), inhibitory (Neuron_Inh),

RBFOX1 positive (Neuron_RBFOX1), and Calbindin-2 positive

(Neuron_CALB2). Examination of select marker genes demon-

strates the expression of TH, SLC6A3, and the monoamine

transporter SLC18A2 in Neuron_DA; the RNA-binding protein

RBFOX1, FGF12, ROBO2, and the voltage-gated potassium

channel interacting protein KCNIP4 in Neuron_RBFOX1;

CALB2 and the glutamate transporters VGLUT1 and VGLUT2

(SLC17A6 and SLC17A7) in Neuron_CALB2; and the glutamic

acid decarboxylases GAD1 and GAD2, GABA transporter



Figure 1. Histology and bulk RNA expression analysis of postmortem FTD and Ctrl substantia nigra

(A) Hematoxylin and eosin (H&E)-stained sections of the substantia nigra of a Ctrl and of an FTD patient. CP, cerebral peduncle; SN, substantia nigra; Teg,

tegmentum.

(B) Quantification of the area of the pars compacta (PC).

(C) Quantification of the area of the pars reticulata (PR).

(D) H&E-stained sections of Ctrl and FTD SN with higher magnification.

(E) Quantification of neurons in the PC.

(F) Quantification of neurons in the PR.

(G) AT8 (p-tau)-stained sections of the FTD SN with higher magnification.

(H) Quantification of glial cells in the PC.

(I) Quantification of glial cells in the PR.

(J) CD68-stained sections of Ctrl and FTD SN with higher magnification.

(K) Quantification of CD68+ cells in the PC.

(L) Quantification of CD68+ cells in the PR.

(M) Heatmap of the top DEGs in the SN of FTD patients compared with Ctrl individuals.

(N) KEGG pathway enrichment analysis of genes increased in FTD versus Ctrl. Representative members of select pathway cluster are shown. The x and y axes

show the normalized enrichment values and the negative log10 of the adjusted p value, respectively. The adjusted p value and number of genes are also denoted

by color and by size, respectively.

Scale bars: 2 mm (A), 100 mm (left images in D, G, and J), and 50 mm (right images in D, G, and J). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001—two-tailed

Student’s t test. Data are presented as mean + SEM.
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SLC6A1, and MEIS2 in Neuron_Inh (Figure 2I). These clusters

were not equally distributed between the Ctrl and FTD groups,

as Neuron_DA and Neuron_CALB2 were relatively depleted

from FTD cases (Figure 2H). These differences are also reflected

in pseudotime analyses on nigral Ctrl and FTD neurons

(Figures S1E–S1G).

iPSC-derived FTD neurons demonstrate tau pathology
and heightened oxidative phosphorylation
We next modeled FTD in vitro using human iPSC-derived

neuronal cultures. We used independent iPSC clones from

FTD patients carrying MAPT-N279K (FTD-1 and FTD-2) or

MAPT-V337M (an FTD-associated, pathogenic MAPT muta-
tion located in exon 12; FTD-3),20 as well as independent

iPSC clones from healthy Ctrl individuals (Ctrl-1, Ctrl-2, and

Ctrl-3) or gene-corrected, isogenic control cells (FTD-1-GC

and FTD-2-GC).21 Neurons were differentiated through an in-

termediate of neural progenitor cells (NPCs) as previously

described22–24 (Figures S2A and S2B). Differentiated neurons

showed expression of the neuronal protein beta-III tubulin

(TUJ1; Figures 3A and 3B) and the synaptic vesicle protein-2

(SV-2; Figure 3C). A subset of neurons expressed TH (Fig-

ure 3A), and another population was positive for GABA (Fig-

ure 3B). There were no significant differences in the propor-

tions of TH+ and GABA+ neurons between FTD and Ctrl

(Figures S2C and S2D). However, cultures composed of FTD
Cell Stem Cell 31, 1–18, May 2, 2024 3



Figure 2. Transcriptional pathology in nigral FTD neurons

(A) Cartoon illustration of the study design.

(B) UMAP plots of FTD and Ctrl nuclei color-coded by condition.

(legend continued on next page)
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cells contained an increased number of p-tau+ (AT8+) neurons

(Figures 3D and 3E) and showed an increased expression of

4R tau isoforms in the context of high 3R tau isoform expres-

sion (FTD-1 and FTD-2; Figures S2E and S2F). Furthermore,

FTD neurons exhibited increased vulnerability toward oxida-

tive stress induced by rotenone, oligomycin, and antimycin

A, which block mitochondrial complexes I, V, or III, respec-

tively (Figure 3F), and they showed impaired mitophagy

(Figures S2G–S2J).

We next focused on oxidative phosphorylation, one of the

major pathways enriched in postmortem FTD neurons (Fig-

ure 2F). We measured the oxygen consumption rate (OCR)

at baseline and under different conditions including rotenone,

oligomycin, and antimycin A using the Seahorse assay

(Figures 3G–3I and S2K–S2M). FTD neurons from all iPSC lines

demonstrated an elevated basal respiration, ATP production,

maximal respiratory capacity, and spare respiratory capacity

when compared with Ctrl neurons (Figures 3G–3I and S2K–

S2M). These findings were also seen when we introduced the

MAPT-P301L mutation, another FTD-causing genetic alter-

ation, as heterozygous or homozygous mutations in healthy

Ctrl cells (Figures S2N–S2P). Overexpression of wt-MAPT in

FTD neurons as well as MAPT knockdown (KD) in healthy Ctrl

neurons did not change oxygen consumption (Figures S2R,

S2S, S2U, and S2V), demonstrating that OCR is not dependent

on MAPT levels in iPSC-derived neurons and that increased

OCR in FTD neurons was not due to loss of MAPT function.

By contrast, the different OCR parameters were normalized in

FTD neurons when we genetically corrected the MAPT-

N279K mutation (Figures 3G–3I and S2K–S2M). We also found

that increased oxidative phosphorylation in FTD neurons was

chemically targetable, as the application of metformin, an

FDA-approved anti-diabetic drug and inhibitor of complex I,

almost completely normalized cellular respiration in a manner

akin to Ctrl neurons (Figure 3J). Metformin also led to signifi-

cant changes in the transcriptome profile in FTD neurons with

a negative enrichment of those DEGs that were upregulated

in neurons in postmortem FTD brains (Figure 3K).

We next performed mass spectrometry for about 150 polar

metabolites associated with the intermediary metabolism

(Figures 3L–3Q; Table S3). FTD neurons showed strong elevation

of numerous metabolic substrates associated with glycolysis

(pyruvic acid), tricarboxylic acid (TCA) cycle (fumaric acid and

malic acid), and nucleotide synthesis (aspartic acid), indicating

an elevated catabolic state in FTD neurons (Figure 3L). In support

of this observation, FTD neurons contained significantly

increased levels of ATP (Figure 3M). A metabolomics enrichment

analysis identified dysregulated pathways linked, among others,

to mitochondrial electron transport chain, pyruvate metabolism,

and metabolism of amino acids (Figure 3N).
(C) UMAP plot of FTD and Ctrl neuronal nuclei color-coded by lineage. OPC, olig

(D) Dot plot graph showing the expression of lineage-associated genes.

(E) Volcano plot showing DEGs between FTD and Ctrl donor neurons.

(F) KEGG pathway enrichment analysis of the genes increased in FTD neurons. T

(G) UMAP plot highlighting four neuronal subclusters (DA, RBFOX1, CALB2, and

(H) Relative distribution of the four neuronal subclusters in the FTD and Ctrl grou

(I) Dot plot graph showing the expression of signature genes.

See also Figure S1.
We performed 13C carbon tracing analyses to address the

question of whether FTD neurons utilize the major energy fuels,

glucose, amino acids, and fatty acids differently, compared

with Ctrl cells, accounting for the heightened energy state

and ATP production in FTD neurons (Figures 3O–3Q and

S2X–S2Z0; Table S3). Either 13C-glucose, 13C-glutamine, or
13C-palimitic acid was applied to FTD and Ctrl neurons for

24 h, and mass spectrometry for polar metabolites was per-

formed to identify 13C-labeled carbon molecules within these

metabolites as derivatives of the 13C-labeled energy source

(exemplified for 13C-labeled glucose as energy fuel in Fig-

ure 3O). Glucose is the main energy source in neurons and re-

acts to pyruvate in glycolysis feeding into the TCA cycle for

ATP production (Figure 3O). We found that more glucose car-

bons incorporated into TCA cycle intermediates in FTD neurons

such as citric acid, oxoglutaric acid, and malic acid, indicating

an increased utilization of glucose for oxidative energy produc-

tion in FTD neurons (Figures 3P and S2X). Likewise, the appli-

cation of 13C-labeled glutamine resulted in an increased incor-

poration of 13C in the TCA cycle intermediates citric acid and

fumaric acid, highlighting that also amino acids are utilized at

much higher levels in FTD neurons for ATP production

(Figures 3Q and S2Y). While the utilization of fatty acids was

very low in both FTD or Ctrl neurons, we found minimally

reduced utilization of palmitic acid in neurons from one but

not another FTD iPSC line (Figures S2Z and S2Z0), suggesting
that beta-oxidation of fatty acids is not a significant source of

energy production in FTD versus Ctrl neurons. Overall, these

carbon tracing results demonstrate that elevated oxidative

phosphorylation in FTD neurons is related to increased utiliza-

tion of glucose and amino acids but not fatty acids.

FTD iPSC neurons carry a pro-inflammatory signature
Our snRNA-seq analyses on postmortem nigral tissue revealed

an enrichment of inflammatory pathways in FTD neurons (Fig-

ure 2F). Thus, we next asked if the pro-inflammatory signature

could be modeled in iPSC-derived neurons. We first character-

ized gene expression profiles and found that 2,260 genes were

significantly upregulated and that 1,821 genes were significantly

downregulated in FTD neurons (Figures S3A–S3C). 55 of the

increased and 159 of the decreased DEGs were shared with

postmortem FTD neuronal DEGs measured by snRNA-seq (Fig-

ure S3A). KEGG pathway enrichment analysis identified pro-in-

flammatory pathways including human T cell leukemia virus

1 infection, tumor necrosis factor (TNF) signaling, T helper (Th)

17 cell differentiation, and IL-17 signaling to be enriched

in iPSC-derived and postmortem FTD neuronal DEGs (Fig-

ure S3C; Table S2). A subset of the DEGs is presented in a

heatmap in Figure S3B demonstrating decreased expression

of the dopaminergic marker TH and elevated expression of the
odendrocyte precursor cell.

he plot is generated as in Figure 1N.

Inh).

ps.
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Figure 3. FTD patient iPSC-derived neurons show tau pathology and increased oxidative stress, cellular respiration, and neuroinflammation

(A) Immunostainings for TUJ1 and TH.

(B) Immunostainings for TUJ1 and GABA.

(A and B) Nuclei are labeled with DAPI.

(C) Immunostainings for TH and SV-2.

(D) Immunostainings for TH and AT8.

(E) Quantification of AT8+ DA neurons in neuronal cultures.

(F) MTS assay with rotenone (200 nM), oligomycin (10 nM), and antimycin A (5 nM).

(G–I) Seahorse assays for different FTD and Ctrl iPSC clones.

(J) Seahorse assay demonstrating the rescue of increased respiration by metformin.

(K) Enrichment plot showing that metformin treatment in FTD iPSC neurons leads to the depletion of DEGs upregulated in neurons in postmortem FTD brains.

(L) Heatmap showing the mass spectrometry expression data for about 150 polar metabolites in FTD versus Ctrl neurons.

(legend continued on next page)
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inflammation-associated genes C3 (complement factor 3; a

known microglial activator25), SPARC, and SPP1 (secreted

phosphoprotein 1 or osteopontin [OPN]) in FTD iPSC-derived

neurons, as also verified by RT-qPCR (Figure 3R). The latter

two genes were shared with postmortem FTD neurons by

snRNA-seq (Figure S1D). Furthermore, in situ hybridization re-

vealed an increased expression of C3, SPARC, and SPP1 in

postmortem FTD neurons (Figures S3D–S3G).

The enrichment of pro-inflammatory genes in FTD neurons led

us to investigate whether it is related to increased production of

reactive oxygen species (ROS) since ROS production can facil-

itate a pro-inflammatory response.26 Our snRNA-seq data on

postmortem FTD neurons show an enriched ROS signature (Fig-

ure 2F), and previous reports have demonstrated increased

levels of ROS in neurons carrying MAPT mutations.27,28 Thus,

we measured ROS production in our cultured FTD and Ctrl neu-

rons using the CellRox flow cytometry assay (Figures 3S and 3T).

FTD neurons showed higher levels of ROS (Figures 3S, 3T, and

S3H–S3J), which could be reduced after application of the

ROS-blocking compound N-acetyl-cystein (NAC; Figures 3U,

3V, and S3K). To test if the increased expression of the pro-in-

flammatory genes C3, SPARC, and SPP1 in FTD neurons could

be reduced by blocking ROS, we next measured their expres-

sion after application of NAC (Figures 3W, S3L, and S3M). We

found significant downregulation of SPP1 but unaltered levels

of C3 and SPARC in the presence of NAC, indicating that ROS

differentially modulates the expression of these pro-inflamma-

tory genes in FTD neurons with downstream regulation of SPP1.

We next wondered if the pro-inflammatory signature in FTD

neurons could mediate effects on cultured microglia leading to

an altered microglial response in vitro. First, we identified alter-

ations in postmortem FTD microglia in snRNA-seq results

(Figures 4A–4E). Projecting only microglial nuclei in their own

UMAP space revealed FTD and Ctrl microglia to occupy largely

non-overlapping regions (Figure 4A). Subclustering the micro-

glial nuclei demonstrated three subclusters, two of which were

largely composed of FTD nuclei and showed separation along

a pseudotime trajectory axis (Figures 4B, 4C, S1H, and S1I). A

subset of the gene markers of each subcluster is shown in Fig-

ure 4D, and the full list is in Table S4. Subcluster Micro_0_FTD

demonstrated upregulation of markers of reactivity, such as

CD68, antigen presentation machinery genes CD74 and B2M,

pro-phagocytic function like CD14 and TYROBP—binding part-

ner of TREM2, and APOE (Figure 4D; Table S4). Subcluster

Micro_1_FTD demonstrated expression of monocyte markers
(M) Quantification of ATP in FTD and Ctrl neurons.

(N) Top 20 metabolomics pathways enriched in FTD neurons.

(O) Schematic presentation of the intermediary metabolism with glucose, glutam

carbons (black) and 13C-glucose carbons (blue) and how the latter are transferre

(P) Percentages of selected 13C-labeled and 12C-unlabeled metabolites after app

(Q) Percentages as described for (P), but after the application of 13C-glutamine.

(R) RT-qPCR for SPARC, C3, and SPP1.

(S) Flow cytometry of FTD and Ctrl neurons using the CellRox assay to measure

(T) Quantification of relative ROS production in FTD and Ctrl neurons.

(U) Flow cytometry of FTD neurons to measure ROS production in the presence

(V) Quantification of relative ROS production in vehicle- or NAC-treated FTD neu

(W) RT-qPCR for SPP1 in vehicle- or NAC-treated FTD neurons.

Scale bars: 100 mm (A and B), 50 mm (C), and 25 mm (D). *p < 0.05, **p < 0.01, **

multiple t test (P and Q). Data are presented as mean + SEM (+ SD in P and Q).
like PTPTRC (CD45) and IRAK3. The Ctrl cluster Micro_

2_CTRL demonstrated expression of baseline microglial genes

like CX3CR1 and P2RY12 (Figure 4D; Table S4). Differential

gene expression analysis between Ctrl and FTD microglia re-

vealed 707 DEGs (Table S4), 214 of which were increased

including MITF, GPNMB, APOE, CD74, Ferritin light chain gene

(FTL), complement genes C1QA and C1QB, CD9, ITM2B,

CEBPD, and CXCR4 (Figure 4E), as well as the pro-phagocytic

genes TYROBP and TREM2 (Table S4). These results showed

that FTD microglia adopt a reactive, pro-phagocytic phenotype.

Next, we asked if specific factors in FTD neuronal-conditioned

media lead to microglial activation. We focused on OPN as one

of the factors that we had identified in our transcriptomics

studies on postmortem brains (bulk and snRNA-seq neurons)

and iPSC neurons and by in situ hybridization on patient brain tis-

sue. Measurement of secreted OPN in the medium of FTD and

Ctrl neurons through ELISA revealed about a 2-fold increase in

the FTD group (Figure 4F). Application of the FTD neuron-condi-

tioned medium to human microglial HMC-3 cells resulted in

increased phagocytosis, which was significantly reduced by

adding an OPN-blocking antibody to the medium (Figures 4G

and S3N), indicating a potential role of OPN in modulating micro-

glial responses.

To test if OPN alters FTD-associated transcriptional programs

in human microglia, we differentiated Ctrl and FTD iPSCs with

theMAPT-N279K mutation into induced microglial cells (iMGLs)

using an established protocol.29 FTD and Ctrl iPSCs showed

similar differentiation capabilities with about 90% Iba-1+ micro-

glia in cultures of different FTD and Ctrl lines (Figures 4H, 4I,

S3O, and S3P). FTD and Ctrl iMGLs responded similarly toward

the pro-inflammatory molecule LPS (lipopolysaccharide) with a

strong upregulation of TNF and IL1b (Figures S3Q and S3R), indi-

cating that both FTD and Ctrl microglia were responsive to in-

flammatory cues and could be activated in vitro. We then

compared the expression of selected FTD-associated microglial

DEGs (Table S4) in FTD and Ctrl iMGLs at baseline and found,

except for CD74, similar levels of TREM2, MITF, GPNMB,

CXCR4, APOE, C1QA, C1QB, CD9, FTL, CEBPD, and ITM2B

in both groups (Figure S3S). In addition, TNF was similarly ex-

pressed in FTD and Ctrl iMGLs. We then tested the effects of

OPN on the expression of the same set of genes in FTD and

Ctrl iMGLs and found that OPN increased the levels of TNF,

MITF, GPNMB, and CXCR4 in both groups (Figure 4J). In addi-

tion, FTD iMGLs upregulated CD74 and the complement genes

C1QA and C1QB upon OPN treatment, which was not seen in
ine, and fatty acids as energy fuels (in red). Shown are unlabeled 12C-glucose

d among molecules of the TCA cycle.

lication of 13C-glucose to the medium of FTD and Ctrl neurons.

ROS production.

of absence of NAC using the CellRox assay.

rons.

*p < 0.001, ****p < 0.0001—two-tailed Student’s t test (E, F, R, T, V, and W) or

See also Figures S2 and S3.
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Figure 4. Transcriptional pathology in postmortem FTD microglia and in cultured microglia after application of osteopontin

(A) UMAP plot of postmortem FTD and Ctrl microglial nuclei color-coded by condition.

(B) As in (A), but color-coded by microglial subclusters.

(C) Relative distribution of the three microglial subclusters in FTD and Ctrl microglia.

(D) Dot plot graph showing the expression of most upregulated genes within the three microglial subclusters.

(E) Violin plots of significantly upregulated genes in FTD microglia.

(F) ELISA of the medium supernatant of cultured Ctrl or FTD neurons for osteopontin.

(G) Relative phagocytosis in microglial cell line (HMC-3) cultured in conditioned medium of FTD neurons in the presence or absence of an osteopontin-blocking

antibody.

(H) Schematic drawing of the culture of human Ctrl and FTD iPSC-derived induced microglial cells (iMGLs) with treatment with osteopontin.

(I) Immunostainings of Ctrl and FTD iMGLs for Iba-1with DAPI counterstaining. Scale bars: 100 mm for low-power images (top) and 50 mm for higher-power images

(bottom).

(legend continued on next page)
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Ctrl microglia (Figure 4J). These findings demonstrated a similar,

yet differential, response of FTD and Ctrl microglia toward OPN.

Transplantation of FTD iPSC neural cells into the brains
of mice results in decreased neuronal survival and
increased microglial infiltration
To study the pathology of FTD neurons in a three-dimensional,

physiological environment and to interrogate further a potential

role of FTD neurons on a microglial response, we next trans-

planted FTD or Ctrl iPSC-derived NPCs into the forebrain of

NSG (NOD.Cg-Prkdc scid Il2rg tm1Wjl/SzJ) mice (Figure 5A).

4 months after cell injection, brains were examined histologically

demonstrating viable neuronal grafts in all animals of both

groups without tissue overgrowth (Figures 5B–5H). However,

grafts composed of FTD neurons were significantly smaller and

contained fewer surviving neurons, whichwe quantified in immu-

nostainings for human nuclear antigen (HNA) and NeuN as well

as with in situ hybridizations for synaptophysin (Figures 5B–5F

and S4A–S4D). Engrafted neurons expressed the neural cell

adhesion molecule hNCAM (Figure 5G) as well as the synaptic

markers synaptophysin (Figure 5H) and SV-2 (Figure S4E). By

using a human-specific NCAM antibody, the growth of trans-

planted Ctrl and FTD neurons in the mouse brains could be

readily visualized. Human neurons sent hNCAM+ axonal projec-

tions directly into the adjacent striatum and to remote areas

along white matter tracts, which appeared reduced in the FTD

group secondary to neuronal loss (Figure 5G). A few iPSC-

derived hGFAP+ astrocytes were also present in FTD and Ctrl

grafts, but there was no difference in hGFAP-positivity between

the groups (Figures S4F and S4G). iPSC-derived oligodendro-

cytes were not seen in the grafts (Figure S4H).

We next examined the hostmicroenvironment within and adja-

cent to the FTD and Ctrl neuronal grafts (Figures 5I–5N). Immu-

nostainings for GFAP highlighted an increased astroglial reac-

tivity within and adjacent to the FTD grafts (Figures 5I, 5J, 5L,

and 5M). Immunostainings for Iba-1 demonstrated pronounced

microglial activation in the graft center and at the graft edge in

the FTD group with significantly increased numbers of Iba-1+ mi-

croglia in both areas (Figures 5I, 5K, 5L, and 5N). These findings

showed that FTD neurons promote a neuroinflammatory

response in vivo, further confirming and expanding on our previ-

ous observation of a pro-inflammatory signature in FTD neurons

in culture and in postmortem human brains. Notably, this glial re-

action was paralleled by a significantly reduced number of sur-

viving host (murine) neurons (NeuN+/HNA�) within the FTD grafts

(Figures 5O and 5P), further highlighting a detrimental effect of

engrafted FTD neurons on the microenvironment.

To investigate the pathological changes in engrafted FTD neu-

rons and in host glial cells at a single-cell level, wemicrodissected

FTD and Ctrl grafts and performed snRNA-seq, capturing both

engrafted human cells and host cells (Figures 6A and 6B). Overall,

we captured 35,885 murine nuclei (17,116 and 18,769 nuclei

within and right adjacent to Ctrl or FTD grafts) and 5,974 human

nuclei (4,391 from Ctrl and 1,583 from FTD grafts). The human
(J) RT-qPCR demonstrating the relative expression of TNF and of indicated FTD

and Ctrl-6) and FTD (FTD-4, FTD-5, and FTD-6) iMGLs relative to vehicle-treated

*p < 0.05—two-tailed Student’s t test (F and G). #p < 0.05 and ##p < 0.01 (Ctrl iM

sample t test (J). Data are presented as mean + SEM. See also Figures S1 and S
population was mainly composed of neurons in both FTD and

Ctrl grafts (Figures 6C and 6D). FTD grafts yielded fewer neuronal

nuclei, while a similarly small number of human astrocytes was

found in the FTD and Ctrl groups (Figures 6C and 6D). In addition,

a small number of human NPCs was found mainly in the FTD

group. Notably, there was a clear separation within the neuronal

and astrocytic clusters when comparing the FTD and Ctrl groups

in the UMAP plot (Figures 6C and 6D). We investigated the KEGG

pathways that were enriched in the DEGs between FTD and Ctrl

graft neurons (Figure 6E; Table S5). Pathways involved oxidative

phosphorylation, neurodegeneration (PD), and inflammatory

response (Salmonella infection, Yersinia infection, antigen pre-

sentation) were significantly increased in transplanted FTD neu-

rons, as similarly observed in cultured iPSC-derived and postmor-

tem FTD neurons.

We next asked if engrafted FTD iPSC neurons resembled

their postmortem counterparts, with the caveat that the former

are young neurons while the latter have aged for several de-

cades. We thus correlated normalized gene expression be-

tween postmortem and graft neurons and found that the corre-

lation between FTD postmortem and engrafted FTD neurons

was high and that the correlation between Ctrl engrafted and

Ctrl postmortem neurons was relatively low (Figure 6F). To

further establish this finding, we scored the graft neurons

by the expression of the genes that were significantly

increased in postmortem FTD neurons and found the FTD graft

neurons showed significantly higher scores of the postmortem

FTD neuronal signature (Figure 6G). Furthermore, when we

aligned the graft and postmortem neuronal datasets, FTD graft

neurons and postmortem neurons colocalized in the UMAP

space, but the Ctrl graft and postmortem neurons did not

(Figure 6H).

We wondered if host murine microglia were also correlated

with postmortem microglia. After identifying the major cell types

in themurine population, neurons, astrocytes, oligodendrocytes,

endothelial cells, andmicroglia (Figure 6I), we tested if mousemi-

croglia within and around FTD grafts carry a reactive gene signa-

ture. A higher percentage of murinemicroglia carried a transcrip-

tional signature of reactive microglia in the FTD group compared

with the Ctrl group (Figures 6J and S4I), with separation along a

pseudotime trajectory axis (Figures S4J and S4K), confirming

our previous results of increased microglial reactivity by histol-

ogy. We then performed correlation studies of normalized tran-

scriptome profiles between mouse microglia and human post-

mortem microglia in the FTD and Ctrl groups. The results

showed that the two populations were more highly correlated

with one another in FTD when compared with Ctrl (Figure 6K).

Scoring the host microglia by the expression of the genes that

were significantly increased in postmortem FTD microglia re-

vealed significantly higher scores of the postmortem FTD-micro-

glial signature in the murine microglia adjacent to FTD neurons

(Figure 6L). Together, the results showed that grafted FTD neu-

rons lead to activation of microglia with an FTD-associated tran-

scriptional signature.
microglia-associated DEGs in cultured osteopontin-treated Ctrl (Ctrl-4, Ctrl-5,

Ctrl and FTD iMGLs, respectively.

GLs) and *p < 0.05, **p < 0.01, and ***p < 0.001 (FTD iMGLs)—one-tailed one-

3.
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Figure 5. Transplantation of FTD and Ctrl neural cells into the brains of adult mice

(A) Schematic drawing of the injection of FTD and Ctrl NPCs into the mouse brain.

(B) Quantification of the size of grafts.

(C) Quantification of surviving neurons in grafts.

(D) Immunostainings of Ctrl grafts for human nuclear antigen (HNA) and NeuN.

(E) Immunostainings of FTD grafts for HNA and NeuN.

(F) H&E-stained section of a mouse brain with an FTD graft. LV, lateral ventricle; ctx, cortex; cc, corpus callosum; str, striatum; g, graft.

(G) Immunostainings of grafts for human NCAM.

(H) Immunostainings of grafts for synaptophysin.

(I) Immunostainings of the center of grafts for GFAP and Iba-1.

(J) Quantification of GFAP signal intensity within grafts.

(K) Quantification of host microglia within grafts.

(L) Immunostainings of the graft-host interface for GFAP and Iba-1.

(D, E, I, and L) Nuclei are labeled with DAPI.

(M) Quantification of GFAP signal intensity at the graft-host interface in the FTD and Ctrl groups.

(N) Quantification of host microglia at the graft-host interface in the FTD and Ctrl groups.

(O) Immunostainings of grafts for HNA and NeuN with high-power view showing HNA+/NeuN+ grafted neurons and HNA�/NeuN+ host neurons.

(P) Quantification of HNA�/NeuN+ host neurons within grafts.

Scale bars: 20 mm (D and E), 500 mm (F), 50 mm (G, H, I, and L), and 10 mm (O). *p < 0.05 and **p < 0.01—two-tailed Student’s t test. Data are presented as mean +

SEM. See also Figure S4.
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Figure 6. snRNA-seq of microdissected FTD and Ctrl grafts

(A) Schematic drawing of the experimental approach.

(B) UMAP plot of nuclei from microdissected FTD and Ctrl grafts color-coded by species.

(C) UMAP plot of human nuclei color-coded by lineage.

(D) As in (C), but color-coded by condition.

(E) KEGG pathway enrichment analysis of the genes increased in grafted FTD neurons. The plot is generated as in Figure 1N.

(F) Heatmap showing the Pearson correlation coefficients between transplanted FTD neurons, transplanted Ctrl neurons, postmortem FTD neurons, and

postmortem Ctrl neurons.

(G) Histograms showing the enrichment scores of genes increased in postmortem FTD neurons demonstrated in engrafted FTD and Ctrl iPSC-derived neurons.

(H) UMAP plots of grafted FTD and Ctrl neurons and of postmortem FTD and Ctrl neurons color-coded by group.

(I) UMAP plot of mouse nuclei within and adjacent to microdissected grafts color-coded by cell type.

(J) Proportion of resting and activated mouse microglia within and adjacent to grafts.

(K) As in (F), but for mouse microglia within and adjacent to FTD and Ctrl grafts, postmortem FTD and Ctrl microglia.

(L) As in (G), but for genes increased in postmortem microglia projected in host murine microglia.

Two-sample Kolmogorov-Smirnov test was applied in (G) and (L). The p values are indicated. See also Figure S4.
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Downregulation of OPN in FTD neurons results in
increased engraftment and in reduced microglial
infiltration after cell transplantation into the
mouse brain
Given the increased expression of OPN/SPP1 in FTD neurons

and OPN-mediated effects on human microglia in vitro, we

wondered if increased vulnerability of FTD neurons was related

to elevated expression of OPN/SPP1, either directly or indirectly

through a neuroinflammatory response or both. To address this

question, we first investigated if OPN/SPP1 by itself is sufficient

to elicit a pro-inflammatory phenotype in Ctrl neurons. When we

compared gene expression profiles in iPSC neurons overex-

pressing SPP1 (CtrlSPP1) versus GFP (CtrlGFP) by RT-qPCR and

bulk RNA-seq, we found that overexpression of SPP1 did not in-

fluence the expression of SPARC and C3 (Figure S5A). In fact,

besides SPP1, only four other genes (NBPF20, ATP1A3,

DCLRE1B, and H3P6) were significantly differentially expressed

afterSPP1 overexpression, which are not associated with neuro-

inflammation (Table S6). We then transplanted CtrlSPP1 or CtrlGFP

NPCs into the forebrain of NSG mice and examined the grafts

2 weeks later (Figure S5B). While CtrlGFP grafts were composed

of hNCAM+ cells and contained some areas with necrotic cells

and microglial infiltration secondary to the injection, the grafts

composed of CtrlSPP1 cells did not survive (Figure S5C). Instead,

pronounced microgliosis was seen at the injection site with a

significantly higher number of Iba-1+ microglia in the CtrlSPP1

group (Figures S5D–S5F). These results demonstrated that

SPP1 on its own is sufficient to drive host microglial reactions

in vivo.

We next asked if KD of SPP1 in FTD neurons reduces the pro-

inflammatory gene signature that we had observed in FTD

neurons. We first compared gene expression profiles in FTD

neurons transduced with shRNAs to downregulate SPP1

expression (FTDshSPP1) versus scrambled shRNA as control

(FTDscr). RT-qPCR validated the SPP1 KD in FTD neurons and

demonstrated a significantly reduced expression of SPARC

but not of C3 (Figure 7A). These initial findings indicated that,

in contrast to Ctrl neurons, expression of SPARC is dependent

on SPP1 levels in FTD neurons. We next performed bulk RNA-

seq on FTD neurons with or without SPP1 KD and found that

2,592 genes were significantly differentially expressed, 1,407

of which were decreased in FTDshSPP1 (Table S6). Interestingly,

downregulated transcripts included inflammation-associated

genes such as IL17RB, IL17RC, IL2RB, IL4R, CXCR4, and

CXCL12 (Table S6). We performed active subnetwork KEGG

pathway enrichment analysis and found that many inflamma-

tion-related pathways were significantly enriched in the genes

decreased in FTD neurons after SPP1 KD, including JAK-

STAT, nuclear factor kB (NF-kB), and IL-17 signaling as well

as other inflammation-related pathways (Table S6). Moreover,

multiple genes and pathways involved in cellular senescence

(such as TP53 function and mTOR signaling), and genes

involved in the senescence-associated secretory phenotype

(such as IGFBP7, IGFBP5, and IGFBP4) were decreased after

SPP1 KD (Table S6). Overall, these findings demonstrate that

although elevated SPP1 levels are not sufficient to establish

an inflammatory signature in healthy neurons, in the setting of

FTD, expression of SPP1 is potentially an important driver of a

pro-inflammatory signature.
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Notably, KD of SPP1 in FTD neurons also resulted in negative

enrichment of genes that were upregulated in cultured FTD

iPSC-derived neurons (Figure 7B). Thus, we investigated if

SPP1 KD in FTD neurons would result in altered mitochondrial

function, which was disturbed in FTD iPSC neurons (Figure 3).

Assays on oxidative stress responses in FTDshSPP1 neurons re-

vealed a reversal of vulnerability toward oligomycin, which in-

hibits the ATP synthase (complex V) in mitochondria (Figure 7C).

A similar effect was also noted in Ctrl neurons after KD of SPP1,

indicating that the beneficial effects of SPP1 KD on cell survival

are not specific to FTD neurons (Figure S5G). SPP1 KD in FTD

neurons did not affect mitophagy (Figure S5H), as similarly

seen in FTD and Ctrl neurons with overexpression or downregu-

lation of MAPT, respectively (Figures S2T and S2W). However,

FTDshSPP1 neurons showed reduced levels of OCR (Figure 7D);

reduced production of ATP (Figure 7E); and reduced levels of

metabolic substrates associated with glycolysis, TCA cycle,

and amino acid synthesis (Figure 7F). These findings pointed to-

ward a reduced catabolic state in FTDshSPP1 neurons. 13C carbon

tracing analyses revealed reduced utilization of 13C-labeled

glucose and 13C-labeled glutamine for the synthesis of various

amino acids in FTDshSPP1 neurons (Figures 7G and S5I). In addi-

tion and in contrast to glucose-derived 13C, FTDshSPP1 neurons

also showed decreased incorporation of glutamine-derived 13C

into intermediates of the TCA cycle and thus reduced utilization

of amino acids for energy consumption, further highlighting a

modulatory role of SPP1 on oxidative metabolism (Figures 7G

and S5I).

We next wondered if SPP1 KD would lead to increased

engraftment of FTD neurons and reduce microglial infiltration

in vivo. Thus, we injected FTDshSPP1 or FTDscr NPCs into the fore-

brains of NSG mice. Prior to cell injection, we confirmed that

SPP1 KD leads to a significant reduction of secreted OPN pro-

tein (Figure 7H). 4 months after transplantation, grafts were iden-

tified in both groups and were composed of hNCAM+ cells

(Figures 7I–7L). However, FTDshSPP1 neuronal grafts showed

increased hNCAM positivity and increased outgrowth of

hNCAM+ fibers into the surrounding brain parenchyma when

compared with FTDscr neuronal grafts, indicating improved

engraftment of FTD neurons after SPP1 KD (Figures 7J–7M).

Notably, this finding was paralleled by reducedmicroglial infiltra-

tion, as the number of Iba1+ microglia adjacent to FTDshSPP1

neuronal grafts was significantly reduced compared with

FTDscr neuronal grafts (Figures 7N and 7O). Overall, these find-

ings demonstrate that FTD neurons support a microglial

response linked OPN/SPP1 and that KD of OPN/SPP1 in FTD

neurons has a beneficial effect on neuronal engraftment and mi-

croglial infiltration in the adult brain.

DISCUSSION

Here, we demonstrate mitochondrial and metabolic pathology

in FTD neurons carrying MAPT-N279K that is linked to

elevated oxygen consumption and increased energy demand

with elevated ATP production. These metabolic changes can

be targeted since downregulation of oxygen consumption by

metformin led to partial reversal of transcriptional dysregula-

tion in cultured neurons. It should be noted, however, that ef-

fects on mitochondrial function might depend on the genetic



Figure 7. Osteopontin modulates neuronal survival and microglial infiltration around FTD grafts

(A) RT-qPCR for SPP1, SPARC, and C3 in FTD neurons after SPP1 knockdown.

(B) Enrichment plot showing the depletion of genes that are upregulated in cultured FTD-iPSC-derived neurons (‘‘iFTD’’) in FTDshSPP1 neurons. NES, normalized

enrichment score.

(C) MTS assay demonstrating the rescue of oligomycin-induced cell death in FTDshSPP1 neurons.

(D) Seahorse assay on FTDscr and FTDshSPP1 neurons, demonstrating the reduction of basal OCR in FTDshSPP1 neurons.

(E) Quantification of ATP in FTDscr and FTDshSPP1 neurons.

(F) Quantification of polar metabolites in FTDscr and FTDshSPP1 neurons.

(G) Percentages of selected 13C-labeled and 12C-unlabeled metabolites of the TCA cycle and associated pathways after the application of 13C-glutamine to the

medium of FTDscr and FTDshSPP1 neurons.

(H) ELISA of the medium supernatant of cultured FTDscr and FTDshSPP1 neurons for osteopontin.

(I) Schematic drawing of the experimental approach using FTDscr and FTDshSPP1 neural cells for transplantation.

(J) Immunohistochemical stainings of FTDscr and FTDshSPP1 grafts for hNCAM.

(K) As in (J), but at the graft-host interface.

(L) Quantification of hNCAM positivity within grafts.

(M) Quantification of hNCAM positivity at the graft-host interface.

(N) Immunostainings of FTDscr and FTDshSPP1 grafts for Iba-1 and HNA with DAPI counterstaining.

(O) Quantification of Iba-1+ microglial cells around FTDscr and FTDshSPP1 grafts.

Scale bars: 50 mm (K and N) and 100 mm (J). *p < 0.05 and **p < 0.01, ***p < 0.001, ****p < 0.0001—one-tailed Student’s t test (A, D–F, H, L,M, andO), multiple t test

(G), or one-way ANOVA with Dunnett’s multiple comparisons test (C). Data are presented as mean + SEM (+ SD in G). See also Figure S5.
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background in FTD since decreased oxidative phosphorylation

was observed in iPSC neurons that carry an FTD-associated

mutation in the CHMP2B gene.30 Also, lower ATP production

by oxidative phosphorylation was found in iPSC neurons car-

rying the 10 + 16 mutation in MAPT.31 iPSC neurons with

C9orf72 hexanucleotide expansion exhibit reduced oxidative

phosphorylation and complex-1 activity,32 and neurons car-

rying a TARDBP-G298S mutation showed a decreased

OCR.33 Conversely, differentiated FTD iPSC neurons with ho-

mozygous MAPT-V337M demonstrated an increased basal

and maximal respiration with reduced coupling efficiency

and respiratory control ratio and with similar ATP-linked respi-

ration.9 We found increased oxidative phosphorylation in iPSC

neurons carrying heterozygous and homozygous MAPT-

P301L. However, MAPT-P301L-mutant neurons did not show

decreased mitophagy that we had observed in MAPT-N279K

neurons (Figure S2G). Published literature and our findings

thus suggest that altered mitochondrial function strongly de-

pends on the underlying FTD mutation and that our findings

on increased oxidative phosphorylation in FTD neurons are

not generalizable to all forms of FTD. A thorough analysis of

potentially altered tau interactions with mitochondrial proteins

across different sporadic and genetic subtypes of FTD may

provide further insights into mitochondrial function in FTD

and may explain observed differences in mitochondrial respi-

ration. Such altered tau interactome was recently demon-

strated for the MAPT-P301L and MAPT-V337M mutations in

FTD neurons, which resulted in weakened interaction of tau

with specific mitochondrial molecules in a mutation-specific

manner.9

We have observed a pronounced microglial response in post-

mortem FTD brains, which is in line with previous reports of reac-

tive microglia in areas of neuronal degeneration in sporadic and

familial forms of FTD.11,34 Although several groups have identi-

fied FTD-associated polymorphisms or mutations in genes that

are directly linked to neuroinflammation,35 it is still not known

how microglia cause neuronal damage. We demonstrate that

FTD neurons express elevated levels of pro-inflammatory mole-

cules and carry a robust pro-inflammatory gene signature, as

seen in cultured FTD neurons, FTD neuronal grafts, and post-

mortem brains. Importantly, transplanted FTD neurons elicited

an increased microglial response with increased number of mi-

croglia carrying a reactive gene signature relevant to FTD as evi-

denced by snRNA-seq. These observations indicated a potential

immune-regulatory function of neurons in FTD by inducing a mi-

croglial response.

We identified SPP1/OPN as one of the pro-inflammatory

molecules in FTD neurons, which altered neuronal viability

and microglial response. OPN is an extracellular matrix pro-

tein and secreted cytokine mainly expressed in activated

macrophages, T lymphocytes, and microglia.36 While OPN

has a neuroprotective function in ischemia and hemorrhagic

stroke,36,37 its expression was associated with a detrimental,

pro-inflammatory effect in multiple sclerosis,38 PD, and Alz-

heimer’s disease (AD).39–41 Increased levels of OPN were de-

tected in the CSF of PD and AD patients and positively corre-

lated with cognitive impairment in both diseases.40,42,43

Although OPN levels are significantly elevated in the CSF of

patients with FTD,44 the functional role of OPN in the
14 Cell Stem Cell 31, 1–18, May 2, 2024
context of FTD is unknown. We found upregulation of SPP1/

OPN in FTD neurons, which influenced neuronal function

and survival since downregulation of OPN in FTD neurons re-

sulted in reversal of oxidative stress linked to complex V and

in downregulation of inflammation-associated genes and

pathways. Furthermore, downregulation of OPN caused

decreased oxidative phosphorylation, ATP production, and

the overall catabolic state in FTD neurons; and it improved

the engraftment of FTD neurons after transplantation into the

mouse brain. Increased levels of OPN were also detected

in SN DA neurons of patients with PD, and in OPN knockout

mice, DA neurons demonstrated reduced vulnerability

toward MPTP-mediated cell stress paralleled by reduced

numbers of microglial cells, pointing toward a disease-accel-

erating effect of OPN upon neuronal cell stress.40 An upregu-

lation of OPN was also seen in hippocampal CA1 neurons of

AD patients, but its function in these neurons remains

unknown.45

The effects of OPN on microglial function are complex,

context-dependent, and incompletely understood.36,39,46 For

instance, OPN increases survival of rat primary microglia

upon LPS-induced stress and shifts the microglial inflammatory

profile toward a neutral anti-inflammatory phenotype.47 At the

same time, SPP1/OPN is an integral part of the disease-asso-

ciated microglia (DAM) signature in AD,48 its expression is up-

regulated in microglia surrounding amyloid plaques,49 and it re-

cruits microglia to phagocytose synapses.50 Like our findings in

HMC-3 cells, OPN increases phagocytosis in porcine micro-

glia51 and in rat brain macrophages in a stroke model,52 but

such a pro-phagocytic effect was not seen in rat primary

microglia.47

We found that OPN upregulated some of the reactive-asso-

ciated genes in cultured human microglia, which were also

upregulated in microglia in postmortem FTD brains. We also

identified significant effects of OPN on microglia in vivo, as

overexpression of OPN in transplanted Ctrl neural cells re-

sulted in an increased number of graft-associated mouse

microglia. Likewise, downregulation of OPN in transplanted

FTD neurons led to reduced microglial infiltration. Thus,

OPN could represent a potential molecular target to address

pathology in FTD, encouraging further study of the mecha-

nisms that lead to OPN-mediated changes in neurons and

glial cells in FTD.

Limitations of the study
Several questions remain unanswered and limit the extension

of our study’s conclusions. First, our postmortem snRNA-seq

analyses were performed on one brain region that is prone to

neurodegeneration, and our findings may not generalize to

other brain regions. Additional areas from the same patients

as well as from a larger number of patients with other sporadic

and familial forms of FTD and related tauopathies should be

examined to generate a more complete single-cell brain atlas

for FTD and related dementias. Such an analysis would also

indicate if potential molecular targets such as OPN are re-

gion-, gender-, age-, FTD subtype-, mutation-, and disease-

specific or are even conserved between different forms of

FTD and related diseases. Second, we studied the effects of

OPN as one potential molecular target in FTD, but it is highly
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unlikely that OPN alone drives pathology in FTD but rather a

combination of multiple factors that need to be explored.

Third, it is possible that a proportion of the pathology in our

graft model is explained by NPCs or astrocytes that survive

in the graft. However, both populations represented a small

minority of the cells in the grafts. Also, a robust pro-inflamma-

tory phenotype was not apparent in engrafted astrocytes, and

postmortem astrocytes appear to have a loss-of-function

phenotype (Figure S6; Table S7). Still, additional studies are

needed to disentangle the effects of astrocytes in the pathol-

ogy of FTD in vivo. Finally, only male mice were used. Future

comparisons between female and male mice could identify

sex-specific changes in brains with stem cell grafts.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

goat anti-Osteopontin R&D Systems Cat# AF1433; RRID:AB_354791

rabbit IgG control R&D Systems Cat# AB-105-C; RRID:AB_354266

mouse anti-TUJ1 (bIII-tubulin) Covance Cat#BL-801201; RRID:AB_2728521

rabbit anti-TH Pel-Freez Biologicals Cat#P40101-150; RRID:AB_2617184

rabbit anti-GABA MilliporeSigma Cat#A2052;RRID:AB_477652

rabbit anti-Iba1 Wako Cat# 019-19741; RRID:AB_839504

mouse anti-TOM20 Santa Cruz Biotechnology Cat# sc-17764; RRID:AB_628381

rabbit anti-LAMP1 ThermoFisher Cat# PA1-654A; RRID:AB_2134611

mouse anti-AT8 ThermoFisher Cat# MN1020;RRID:AB_223647

mouse anti-Synaptic vesicle protein-2 Developmental Studies Hybridoma Bank Cat# SV2;RRID:AB_2315387

rabbit anti-NeuN Abcam Cat# ab104225; RRID:AB_10711153

mouse anti-Human nuclei antigen MilliporeSigma Cat# MAB1281; RRID:AB_94090

rabbit anti-Synaptophysin MilliporeSigma Cat# SAB4502906; RRID:AB_10746692

mouse anti-Glial fibrillary acidic protein (GFAP) Chemicon Cat# MAB360; RRID:AB_11212597

mouse anti-Human-specific GFAP (STEM123) Takara Bio Cat# Y40420; RRID:AB_2833249

mouse anti-hNCAM (CD56) Leica Biosystems Cat# NCL-CD56-504; RRID:AB_563907

mouse anti-CD68 Agilent Cat# GA60961-2; RRID:AB_2661840

rabbit anti-AT8 (Phospho tau) Agilent Cat# A0024; RRID:AB_10013724

rabbit anti-Opalin (TMEM10) Abcam Cat#ab121425; RRID:AB_11127935

AlexaFluor 405 goat anti-mouse IgG Invitrogen Cat#A48255; RRID:AB_2890536

AlexaFluor 488 goat anti-mouse IgG Invitrogen Cat# A-11001; RRID:AB_2534069

AlexFluor 568 goat anti-rabbit IgG Invitrogen Cat# A-11036; RRID:AB_10563566

AlexaFluor 594 goat anti-mouse IgG Invitrogen Cat# A-11005; RRID:AB_2534073

AlexaFluor 594 goat anti-rabbit IgG Invitrogen Cat# A-11012; RRID:AB_2534079

Bacterial and virus strains

Human SPP1 overexpression lentivirus VectorBuilder Cat#LVM(VB211028-1319gek)-C

Human MAPT overexpression lentivirus VectorBuilder Cat#LVS(VB900088-1089xyg)-K1

Negative control lentivirus VectorBuilder Cat#LVM(VB010000-9298rtf)-C

Scramble shRNA non-targeting control Sigma Cat#SHC016V

Human SPP1 shRNA #1 Sigma NM_000582; Clone ID TRCN0000004875

Human SPP1 shRNA #2 Sigma NM_000582; Clone ID TRCN0000342616

Human SPP1 shRNA #3 Sigma NM_000582; Clone ID TRCN0000342561

Human SPP1 shRNA #4 Sigma NM_000582; Clone ID TRCN0000004878

Human MAPT shRNA Sigma NM_005910; Clone ID TRCN0000083975

Biological samples

Human postmortem brain tissue Columbia University Brain Bank,

New York, New York; Mayo Clinic

Brain Bank, Jacksonville, Florida

See Table S1

Chemicals, peptides, and recombinant proteins

2-Mercaptoethanol ThermoFisher Cat#21985023

ROCKi Selleck Chemicals Cat#Y-27632

Human FGF-basic (FGF-2) Peptrotech Cat#10018B-50UG

SB-431542 Selleck Chemicals Cat#S1067

Dorsomorphin Tocris Cat#3093

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

N2 Supplement ThermoFisher Cat#17502048

B27 Supplement without vitamin A ThermoFisher Cat#2587010

B27 supplement with vitamin A, serum free ThermoFisher Cat#17504044

CHIR99021 Axon MedChem Cat#1386

Purmorphamine StemCell Technologies Cat#72202

Human/Murine FGF-8 Peptrotech Cat#100-25-25UG

Dibutyryl cyclic-AMP Sigma Cat#D0260-100mg

Human GDNF Peprotech Cat#450-10-10UG

Animal-free human TGF-beta3 Peptrotech Cat#AF-100-36E-10UG

Human/Murine/Rat BDNF Peptrotech Cat#450-02-10uG

Ascorbic Acid Sigma Cat#A4544-100G

Recombinant Human IL-1b ThermoFisher Cat#RIL1BI

Recombinant Human IL-34 Protein R&D Systems Cat#5265-IL-010/CF

Insulin-Transferrin-Selenium ThermoFisher Cat#41400045

MEM Non-Essential Amino Acids Solution ThermoFisher Cat#11140050

Human NT3 Peptrotech Cat#450-03-10UG

Recombinant Human M-CSF Peptrotech Cat#300-25

Recombinant Human Fractalkine StemCell Technologies Cat#78051.1

Human Insulin Sigma Cat #I2643

Recombinant Human Osteopontin Sigma Cat#SRP3131-50UG

LPS Sigma Cat#L5886-10MG

Metformin Sigma Cat#317240

Rotenone Sigma Cat#557368-1GM

Oligomycin A Sigma Cat#75351-5MG

Antimycin A Sigma Cat#A8674-25MG

13C-D-glucose Cambridge Isotope Laboratories, Inc Cat#CLM-1396

13C-L-glutamine Cambridge Isotope Laboratories, Inc Cat#CLM-1822

13C-palmitic acid Cambridge Isotope Laboratories, Inc Cat#CLM-409

Paraformaldehyde Electron Microscopy Sciences Cat#50-980-495

HPLC-grade methanol Sigma Cat#439193

Critical commercial assays

CellTiter 96(R) AQueous One

Solution Assay

Promega Cat#G3580

First strand cDNA synthesis kit Origene Cat#NP100042

CellRox DeepRed ThermoFisher Cat#C10422

Fluorescent latex beads (latex beads-

rabbit IgG-FITCcomplex)

Cayman chemical Cat#400291

Seahorse XFp Extracellular Flux Analyzers Agilent Cat#102340-001

RNAscope� multiplex fluorescent v2 ACDbio Cat#323110

Predesigned ACDbio� RNAscope

probe- synaptophysin

ACDbio Cat#311421

Predesigned ACDbio� RNAscope

probes for SPP1

ACDbio Cat#889751

Predesigned ACDbio� RNAscope

probes for C3

ACDbio Cat#425111

RNAscope� Probe- Hs-SPARC ACDbio Cat#425111

GeneChip� Human Gene 2.0

ST microarray

ThermoFisher Cat#902113

Chromium Controller (10x Genomics) 10X Genomics Cat #120223

Chromium Single Cell 3’ Library &

Gel Bead Kit v2

10X Genomics Cat#120237

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chromium Single Cell A Chip Kit,

48 runs

10X Genomics Cat#120236

GeneArt genomic cleavage kit ThermoFisher Cat#A24372

STEMdiff Hematopoietic Kit STEMCELL Technologies Cat#05310

Deposited data

Microarray data This study GEO: GSE230447

Bulk RNA-sequencing data This study GEO: GSE230450

snRNA-sequencing data This study GEO: GSE230519

Experimental models: Cell lines

Human iPSC line: Ctrl-1 (F; APOE3/3) Ehrlich et al.20 Ctrl-1

Human iPSC line: Ctrl-2 (F; APOE3/4) Ehrlich et al.20 Ctrl-2

Human iPSC line: Ctrl-3 (iPS (IMR90)-4;

F; APOE3/3)

WiCell WISCi004-B

Human iPSC line: Ctrl-4 (NCRM-5; M;

APOE3/4)

RUCDR/Infinity BiologiX CRMi001-A (RRID:CVCL_1E75)

Human iPSC line: Ctrl-5 (FTD-5-GC; M;

APOE3/4)

NINDS Human Cell And Data

Repository / Sampled

NH50337

Human iPSC line: Ctrl-6 (FA0000010; M;

APOE3/3)

RUCDR/Infinity BiologiX CUIMCi001-A (RRID:CVCL_EZ99)

Human iPSC-derived NPCs: FTD-1-GC

(GC,M; APOE3/3)

Hallmann et al.21 FTD-1-GC

Human iPSC-derived NPCs: FTD-2-GC

(GC, M; APOE3/3)

Hallmann et al.21 FTD-2-GC

Human iPSC line: FTD-1 (M; MAPT-N279K;

APOE3/3)

Ehrlich et al.20 FTD-1

Human iPSC line: FTD-2 (M; MAPT-N279K;

APOE3/3)

Ehrlich et al.20 FTD-2

Human iPSC line: FTD-3 (F; MAPT-V337M;

APOE3/3)

Ehrlich et al.20 FTD-3

Human iPSC line: FTD-4 (M; MAPT-N279K;

APOE3/4)

NINDS Human Cell And Data

Repository / Sampled

NH50118

Human iPSC line: FTD-5 (M; MAPT-N279K;

APOE3/4)

NINDS Human Cell And Data

Repository / Sampled

NH50116

Human iPSC line: FTD-6 (F; MAPT-N279K;

APOE3/4)

NINDS Human Cell And Data

Repository / Sampled

NH50210

Human iPSC line: Ctrl-4P301L/wt (isogenic to

NCRM-5; M; MAPT-P301L; APOE3/4)

This study Ctrl-4P301L/wt

Human iPSC line: Ctrl-4P301L/P301L(isogenic to

NCRM-5; M; MAPT-P301L; APOE3/4)

This study Ctrl-4P301L/P301L

Experimental models: Organisms/strains

NSG mice The Jackson Laboratory NOD.Cg-Prkdc scid Il2rg tm1Wjl/SzJ mice;

RRID:IMSR_JAX:005557

Oligonucleotides

PCR primers ThermoFisher See Table S8

Recombinant DNA

MAPT Exon 10 sgRNA Addgene Cat#43860; http://n2t.net/addgene:43860;

RRID:Addgene_43860

eSpCas9(1.1) Addgene Cat#71814; http://n2t.net/addgene:71814;

RRID:Addgene_71814

Software and algorithms

FCS express 7 De Novo Software https://denovosoftware.com/

Qupath version0.2 Bankhead et al.53 https://qupath.github.io/
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REAGENT or RESOURCE SOURCE IDENTIFIER

Cavalieri estimator probe mbf Biosciences https://www.mbfbioscience.com/products/

stereo-investigator

Graphpad Prism 10 GraphPad https://www.graphpad.com/

Bioconductor software suite (version 2.11) Bioconductor https://bioconductor.org/

affyPLM package (version 1.34.0) Bioconductor https://www.bioconductor.org/packages/

release/bioc/html/affyPLM.html

limma package Bioconductor https://bioconductor.org/packages/release/

bioc/html/limma.html

R (version 3.5.1) The R Foundation https://www.r-project.org/

bcl2fastq2 (version 2.19) Illumina https://support.illumina.com/downloads/

bcl2fastq-conversion-software-v2-20.html

kallisto (version 0.44.0) Anaconda https://anaconda.org/bioconda/kallisto/

files?version=0.44.0

Sleuth Pachter lab https://pachterlab.github.io/sleuth/

DESeq2 Bioconductor https://bioconductor.org/packages/release/

bioc/html/DESeq2.html

scater Bioconductor https://bioconductor.org/packages/release/

bioc/html/scater.html

Cellbender Broad Institute https://github.com/broadinstitute/CellBender

Seurat version 4.0.3 Satija lab https://github.com/satijalab/seurat

EdgeR Bioconductor https://bioconductor.org/packages/release/

bioc/html/edgeR.html

pathfindR Ulgen et al.54 https://github.com/egeulgen/pathfindR

Monocle 3 Cao et al.55 https://cole-trapnell-lab.github.io/monocle3/

affy (version 1.36.1) Gautier et al56 https://bioconductor.org/packages/release/

bioc/html/affy.html

Bioconductor software suite (version 2.11) Gentleman et al.57 https://bioconductor.org/

Other

RNeasy Micro Kit Qiagen Cat#74004

QIAshredder columns Qiagen Cat#79654

Matrigel, growth factor reduced, high concentration BD Biosciences Cat#354263

DMEM/F12 media ThermoFisher Cat#11320033

Neurobasal Media ThermoFisher Cat#10888-022

Collagenase IV ThermoFisher Cat#17104019

Accutase ThermoFisher Cat#A11105-01

Cultrex Biotechne Cat#3434-005-02

ReLeSR Stem Cell Technologies Cat#05872

Knockout DMEM ThermoFisher Cat#10829018

Knockout Serum Replacement ThermoFisher Cat#10828010

Glutamax ThermoFisher Cat#35050061

Penicillin/streptomycin/glutamine ThermoFisher Cat#10378016

Normal goat serum Vector Labs Cat#S-1000

Vectashield mounting medium Vector Labs Cat#H1500

Reconstitution buffer Biotechne Cat#RB04

DAPI ThermoFisher Cat#62248

RNeasy Plus Mini kit Qiagen Cat#74134

PowerUp SYBR Green Master Mix for qPCR ThermoFisher Cat#A25741

Normal goat serum Thermofisher Cat#01-6201

Triton X 100 Sigma Cat#X100

StemFlex� Medium Kit ThermoFisher Cat#A3349401
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Gunnar

Hargus (gh2374@cumc.columbia.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d Single nucleus and bulk RNA-seq data as well as microarray data have been deposited at GEO and are publicly available as of

the date of publication. Accession numbers are listed in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODELS AND STUDY PARTICIPANT DETAILS

Human subjects and brain tissue
Autopsy brain tissue samples were acquired from the Brain Bank at the Mayo Clinic in Jacksonville, Florida, USA, and from the New

York Brain Bank at Columbia University, New York, USA. All specimens were obtained by consent at autopsy, have been deidentified

and are IRB exempt to protect the identity of each individual. Healthy control individuals did not show signs of cognitive decline or

dementia and their brains were devoid of neurodegenerative pathologies. All FTD patients were members of an extended family with

a clinical diagnosis of FTD with Parkinsonism58 and their brains showed abundant p-tau deposition throughout the brain. TheMAPT-

N279K mutation was confirmed by DNA sequencing in all patients. Neuropathologic diagnoses were rendered by specialized neu-

ropathologists. The substantia nigra was dissected from frozen tissue blocks by a board-certified neuropathologist on dry ice. The

demographics of the tissue donors are provided in Table S1.

Culture of human iPSCs
The derivation and characterization of induced pluripotent stem cells (iPSCs) from dermal fibroblasts of control donors and individ-

uals carrying the FTD-associatedMAPT-N279K orMAPT-V337Mmutations as well as the generation of isogenic cells was described

previously by us.20,21 Additional FTD iPSC lines with theMAPT-N279Kmutation as well as additional Ctrl iPSC lines were purchased

from the NINDS Human Cell and Data Repository. The generation of heterozygous and homozygous MAPT-P301L iPSC lines is

described below. All iPSC lines are listed in the key resources table. Prior to neuronal differentiation, iPSC colonies were maintained

on a layer of mitotically inactivated mouse embryonic fibroblasts (MEFs) in hESC medium consisting of Knockout DMEM

(ThermoFisher) with 20% Knockout Serum Replacement (ThermoFisher), 1% nonessential amino acids (NEAA, ThermoFisher),

1 mM beta-mercaptoethanol (ThermoFisher), 1% penicillin/streptomycin/glutamine (ThermoFisher), freshly supplemented with

5 ng/ml FGF2 (Peprotech). iPSCs cells were split at a ratio of 1:6 to 1:8 every 7 days by mechanical disaggregation with 1 mg/ml

collagenase IV (ThermoFisher).

Generation of MAPT-P301L knockin hiPSCs
TheMAPT-P301Lmutation was knocked into 1 and 2 alleles of the NCRM5 hiPSC line (RUCDR/Infinity BiologiX) in a similar manner

as to what has been done previously for the APP V717I (London) mutation.59,60 In brief, 3 independent sgRNAs targeting exon 10 of

MAPTwere designed using Deskgen.com, cloned into MLM3636, a gift from Keith Joung (Addgene plasmid # 43860; http://n2t.net/

addgene:43860; RRID:Addgene_43860) and tested for efficacy in HEK293 (ATCC) using a genomic cleavage kit

(GeneArt,ThermoFisher, cat. #A24372). The best sgRNA, sgDG54 was used for editing, and had the sequence: ACGGCGC

ATGGGACGTGTGA. The following primers were used to amplify exon 10 of MAPT: S4F: GCTGGAAATCACTCACACTTCT; S4R:

TCCGTCATCTGCCCTATTCT. An HDR template was designed encoding the P301L mutation as well as an additional non-coding

(intronic) change within the PAM sequence for sgDG54 which also introduced a Sca1 restriction site. Introduced changes are shown

below in bolded underline in the HDR sequence. All oligos for genome editing were ordered from Integrated DNA technologies. HDR

Mut sequence:

GAAGCTGGATCTTAGCAACGTCCAGTCCAAGTGTGGCTCAAAGGATAATATCAAACACGTCCTGGGAGGC

GGCAGTGTGAGTACTTTCACACGTCCCATGCGCCGTGCTGTGGCTTGAATTATTA

NCRM5 hiPSC were electoporated (Lonza) with eSpCas9(1.1), a gift from Feng Zhang61 (Addgene plasmid # 71814; http://n2t.net/

addgene:71814; RRID:Addgene_71814), sgDG54, and mutant HDR template, and plated on MEFs with ROCKi (Y-27632; Selleck

Chemicals). Resultant colonies were screened by Sca1 cleavage to determine heterozygous versus homozygous knock-in, which

was confirmed by Sanger sequencing. The heterozygous (cl.8) and homozygous (cl.61) knock-in clones used in this study were

confirmed to have a normal karyotype (Cell Line Genetics).
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Neuronal differentiation of human iPSCs
Neural progenitor cells (NPCs) were generated and cultured as previously described.22–24 Briefly, iPSC colonies were detached from

MEFs 3–4 days after splitting using 2 mg/ml collagenase IV. Pieces of colonies were collected by sedimentation and resuspended in

human ESC media (without FGF2) supplemented with 10 mM SB-431542 (Selleck Chemicals), 1 mM dorsomorphin (Tocris), 3 mM

CHIR 99021 (Axon Medchem), and 0.5 mM purmorphamine (PMA; StemCell Technologies) and subsequently cultured as embryoid

bodies (EBs) in Petri dishes. On day 2, media was changed to N2B27 media containing the same small-molecule supplements.

N2B27 medium consisted of Dulbecco’s modified Eagle’s media (DMEM)-F12 (ThermoFisher)/Neurobasal (ThermoFisher) 50:50

with 1:200 N2 supplement (ThermoFisher), 1:100 B27 supplement lacking vitamin A (ThermoFisher), and with 1% penicillin/strepto-

mycin/glutamine (ThermoFisher). On day 4, SB-431542 and dorsomorphin were withdrawn and 150 mM ascorbic acid (AA; Sigma)

was added to the media. On day 6, EBs were triturated into smaller pieces and plated on Matrigel-coated (Matrigel, growth factor

reduced, high concentration; BD Biosciences) 12-well plates (Corning) in NPC expansion media (N2B27 with CHIR, PMA, and

AA). Media was changed every other day and cells were typically split 1:10–1:15 every 5–6 days. For splitting, cells were digested

to single cells for approximately 10 min at 37�C using prewarmed Accutase (ThermoFisher). Cells were diluted in DMEM

(ThermoFisher) and spun down at 1,000 rpm for 5 min. The cell pellet was resuspended in fresh NPC expansion media and plated

on Matrigel-coated cell culture dishes.

For neuronal differentiation of NPCs, expansionmedia was changed 2 days after splitting to neuronal inductionmedia consisting of

N2B27 medium supplemented with 1 mM PMA, 200 mM AA and 10 ng/ml FGF-8 (Peprotech). After 8 days, the neuronal induction

media was replaced by neuronal maturation media consisting of N2B27 with 20 ng/ml BDNF, 10 ng/ml GDNF, 1 ng/ml TGF-b3 (Pe-

protech), 200 mM AA, and 500 mM dbcAMP (Sigma Aldrich). Media was changed every other day and cultures were analyzed after

three weeks in maturation conditions.

Microglial differentiation of human iPSCs
Three human Ctrl iPSC lines (Ctrl-4, Ctrl-5 and Ctrl-6) and three human FTD iPSC lines with the MAPT-N279K mutation (FTD-4,

FTD-5, FTD-6) were maintained in Stemflex (ThermoFisher) on Cultrex (Biotechne). hiPSCs were differentiated into microglia (iMGLs)

via bankable hematopoietic progenitors (HPCs), as described previously.29 In brief, hiPSCswere split using ReLeSR (StemCell Tech-

nologies) at multiple low densities, and the next day appropriate density of small colonies were differentiated using the STEMdiff he-

matopoietic kit (Stem Cell Technologies) as directed, with the addition of a full media change at day 7 to clear dead cells. HPCs were

harvested on days 12, 14, and 16 of differentiation, and banked in 10%DMSO/45% Media B (SCT kit)/45% KSR (ThermoFisher).

HPCs were thawed as needed and plated at a density of 200,000 HPCs/12 well-well. Differentiated microglia were split at days

11-13 post HPC plating by re-plating non-adherent cells 1:1 in 12 well-wells. Microglia were considered terminally differentiated

at day 28 post HPC plating, and treated with either vehicle (water), OPN (1 mg/mL; Sigma) or LPS (5 mg/mL; Sigma) for 24 hours before

being harvested for RNA isolation.

METHOD DETAILS

Flow cytometry for ROS production
Cells were stained with CellRox Deep Red reagent according to the manufacturer’s protocol and were resuspended in 100 ml into

5 mL 12 x 75 mm round bottom tubes for flow cytometric analysis. Cells were analyzed on either the Agilent NovoCyte Penteon

(2010284AA, Agilent Technologies, Santa Clara, CA) or NovoCyte Quanteon (2010097, Agilent Technologies, Santa Clara, CA).

Data was collected in photodetectors (parameters) with the following optical filters: 488 nm illumination, 488/10 (FSC, Penteon) or

561 nm illumination, 561/14 bandpass (FSC, Quanteon); 488 nm illumination, 488/10 (SSC, Penteon) or 561 nm illumination, 561/

14 bandpass (SSC, Quanteon); 405 nm illumination, 445/45 bandpass (DAPI); and 637 nm excitation, 660/20 bandpass (CellRox

Deep Red). All lasers output powers of 100mW. For each sample, approximately 25,000 live cells were recorded based on the gating

strategy described below. Samples were acquired at flow rates between 0.5 and 1 ml per second. Flow cytometry data was analyzed

as follows: First, cells were roughly gated using a bivariate plot of FSC versus SSC. Doublets were then excluded using a bivariate plot

of FSC pulse area versus FCS pulse height. Live cells were selected based on a plot of DAPI versus FSC. Live cells were then as-

sessed for CellRox Deep Red signal using a univariate histogram further portioned based on CellRox Deep Red expression.

CellRox Deep Redhigh were gated for median fluorescence intensity measurements to calculate differences in ROS between groups.

Pulse area was used to measure signal in all parameters except for the purpose of excluding doublets. Flow cytometry and cell

sorting experiments were performed in the Columbia Stem Cell Initiative Flow Cytometry core facility at Columbia University Irving

Medical Center under the leadership of Michael Kissner.

Phagocytosis assay
HMC3 cells were obtained from ATCC. HMC3 cells were seeded in 24 well plates at 5X10^4 cells each well in 0.5ml culture medium

(DMEM with 10% FBS medium) and cultured overnight. Next, the cells were cultured in control-neuron conditioned media, FTD-

neuron conditioned media containing rabbit IgG control (R&D Systems), or FTD-neuron conditioned media containing anti-OPN

IgG (R&D system) at a concentration of 6 mg/mL for 24 hours. Next, we changed themedia, added freshmedia containing fluorescent

latex beads (1:500, latex beads-rabbit IgG-FITC complex - Cayman chemical), and cultured the cells for 30 min at 37�C. Next, the
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cells were washed, trypsinized, and analyzed by flowcytometry using a BDBioscience LSRII flowcytometer. The percentage of FITC+

cells was evaluated by FCS express 7 (De Novo Software) after gating on the live singlet cells.

Immunocytochemistry
Cells were cultured on Matrigel-coated glass coverslips. Cultures were fixed for 20 minutes at 4�Cwith 4% paraformaldehyde (Elec-

tron Microscopy Sciences) in PBS (ThermoFisher) and washed twice with PBS. Permeabilization and blocking was performed in one

step using 0.2% Triton X-100 (Sigma Aldrich), 10% normal goat serum (NGS), in PBS for 45 minutes. Coverslips were washed once

with PBS and the following primary antibodies were applied overnight at 4�C in 10% NGS in PBS: TUJ1 (bIII-tubulin; 1:1000; Cova-

nce), TH (1:500; Pel-Freez Biologicals), GABA (1:5000; MilliporeSigma), Iba1 (1:500; Wako), TOM20 (1:100; Santa Cruz Biotech-

nology), LAMP1 (1:200; ThermoFisher Scientific), AT8 (p-tau; 1:150; ThermoFisher Scientific), and synaptic vesicle protein-2 (SV-

2; 1:100; Developmental Studies Hybridoma Bank). The next day, following three washing steps with PBS, secondary antibodies

were applied for one hour at room temperature in in PBS. All secondary antibodies were obtained from ThermoFisher and were con-

jugated to AlexaFluor fluorochromes. Finally, cells were washed three times with PBS, including a DAPI counterstaining for nuclei in

the second washing step. Cells were mounted in Vectashield mounting medium (Vector Labs) and imaged on a Zeiss LSM800

confocal microscope. For quantitative analysis of immunostainings for TUJ1, TH, GABA or AT8, cells in randomly selected visual

fields from at least three independent differentiation experiments were counted in a blinded manner.

Lentiviral transduction of NPCs and neurons
Lentivirus expressing human SPP1 or humanMAPTwas obtained from VectorBuilder. Scrambled RNA lentiviral particles and shRNA

lentiviral particles for the downregulation of SPP1 orMAPTwere purchased from Sigma. An MOI of 5 was applied for transduction of

50,000 NPCs or neurons, respectively. Details of the virus strains are listed in the key resources table.

Seahorse mito stress assay
Oxygen consumption rate (OCR) was evaluated using the 24-well Seahorse XFp Extracellular Flux Analyzers (Agilent Inc.) according

to the manufacturer instructions. Briefly, neuronal cultures were grown to 80-90% density and cells were placed in a CO2-free incu-

bator for 1 hour. Cells were then exposed to extracellular flux analysis on the Seahorse XFp instrument to perform a mitochondrial

stress assay and assess the different OCRs. The following compounds were applied in a sequential order: 2.5 mM oligomycin, 2 mM

FCCP, and 0.5 mM rotenone/antimycin. Results were automatically generated in the Seahorse XF Mito Stress Test Report.

Mass spectrometry and isotope tracing
iPSC-derived neurons were grown in neuronal maturation media to 80-90% confluency and cultures were washed with PBS. Polar

metabolites were extracted using 80% ice-cold HPLC grade methanol. The supernatant was processed for analysis by mass spec-

troscopy. For in vitro stable isotope tracing experiments, cultures of iPSC neurons werewashedwith PBS and cells were incubated in

neuronal maturation media without glucose, glutamine and phenol red in the presence of either 10mM solution of 13C-D-glucose,

10mM solution of 13C-L-glutamine or 10mM solution of 13C-palmitic acid (Cambridge Isotope Laboratories, Inc; CLM-1396, CLM-

1822 and CLM-409, respectively). 24 hours later, polar metabolites were extracted using 80% ice-cold HPLC grade methanol

and samples were processed for analysis by mass spectroscopy.

Transplantation
All animal transplantation studies were performed according to protocol AC-AABM1557 examined and approved by the Animal Care

andUseCommittee of Columbia University. Transplantations were performed as described previously.23 In brief, iPSC-derived NPCs

were treated with Accutase and were resuspended as single cells in PBS (ThermoFisher) at a density of 50,000 cells per ml. Three

microliters of the cell suspension were stereotactically injected into the right hemisphere of adult 8 week-old male NSG mice

(NOD.Cg-Prkdc scid Il2rg tm1Wjl/SzJ mice; The Jackson Laboratory) by using a Hamilton 7005KH 5 ml syringe and the following ste-

reotactic coordinates for the injection into the right striatum in relation to bregma: anteroposterior: 0.5 mm, mediolateral: +2.0 mm,

dorsoventral: -3.5 mm below skull.

Immunohistochemistry
For immunohistochemistry on mouse brain sections, mice were perfused with 4% paraformaldehyde, pH 7.3. Perfused brain tissue

was soaked in 15% sucrose overnight, frozen in liquid nitrogen-cooled 2-methyl-butane (MilliporeSigma) and cut on a cryostat at

10 mm. Primary antibodies, used at 4�C overnight, were antibodies to NeuN (1:500; Abcam), human nuclei antigen (HNA; 1:200;

Sigma), SV-2 (1:100; Developmental Studies Hybridoma Bank), synaptophysin (1:100; MilliporeSigma), glial fibrillary acidic protein

(GFAP; 1:500; Chemicon), human-specific GFAP (STEM123; 1:1000; Takara Bio), and Iba-1 (1:500; Wako). Secondary antibodies

conjugated to AlexaFluor (Invitrogen) were applied for one hour at room temperature. Sections were DAPI counterstained and sec-

tions weremounted in Vectashield mountingmedium (Vector Labs) and imaged on a Leica Thunder microscope and a Zeiss LSM800

confocal microscope.

For immunohistochemistry of human brain sections, formalin fixed and paraffin-embedded human brain sections (7 mm thick) were

processed with automated slide-staining instruments (Roche/Ventana and Leica Biosystems) according to the manufacturers’ in-

structions to detect hNCAM (CD56; ready to use, Leica Biosciences), CD68 (ready to use, Agilent) and p-tau (AT8; Agilent). For
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visualization, 3,30-Diaminobenzidine (DAB; hNCAM and AT8) or the alkaline phosphatase (AP; CD68) based staining methods were

used. Automated staining for hNCAMwas also applied to 10 mm thickmouse brain sectionswith human grafts. Imageswere captured

using an Olympus BX53 microscope with an Olympus camera DP-72 (Olympus Lifescience).

Quantitative analysis of grafts and host glia
Unbiased estimates of the volume of transplants were calculated using the Cavalieri estimator probe on H&E-stained serial 10 mm-

thick brain sections. Cell counts were obtained applying the fractionator probe. Every tenth 10-mm-thick section of the graft was

analyzed for the quantification of cells positive for HNA, NeuN or Iba-1. Confocal analysis using an Zeiss LSM 710 confocal micro-

scope as well as a Leica Thunder microscope was performed to assess (co)localization of marker molecules in engrafted cells and

mouse cells. To evaluate the percentage of marker coexpressing cells within the grafts, random sampling in graft core and graft pe-

riphery was performed at 40x magnification. The quantification of Iba-1+ microglia and the quantification of GFAP or hNCAM pos-

itivity was performed within the graft and within a 50 mm perimeter around the graft using QuPath software.

Microdissection of grafts
Brains of decapitated mice were placed in a petri dish with ice-cold HBSS and were sliced using a tissue chopper (McIlwain) at a

thickness of 400mm. Petri dishes with brain sections in HBSS were placed under a microdissection microscope (Morrell) to miscro-

dissect readily visible human grafts using disposable 21 gauge injection needles (BD�). Isolated grafts were placed in PBS and were

frozen at -80�C for snRNA-seq.

In situ hybridization
In situ hybridization was done using RNAscope� multiplex fluorescent v2 (ACDbio) per the manufacturer’s protocol in 7-micron

paraffin-embedded, formalin-fixed tissue sections. We used predesigned ACDbio� RNAscope probes for Synaptophysin (Cat#

311421), SPP1 (cat#889751), C3 (cat#430701), and SPARC (cat#425111). Fluorescent IHC images were taken on a Zeiss 810

Axio confocal microscope at 20x or 40X. Brightfield fluorescent images were taken on an Aperio LSM� slide scanner at 20X and

40X. For quantification of scanned slides (20X magnification), the substantia nigra in the scanned slides of the midbrain sections

was annotated by a neuropathologist. We used the positive cell detection function in Qupath v0.253 to identify DAPI positive cells,

and quantified signal contained in DAPI-positive nuclei only, and not in the cytoplasm. Synaptophysin positive cells were identified

by at least three spots in the nucleus, other probes were quantified in Synaptophysin positive cells by at least 2 spots in the nucleus.

Quantitative RT-PCR
Total RNA was isolated from cells using RNeasy columns (QIAGEN) according to the manufacturer’s instructions, including a step to

remove genomic DNA. RNA concentration and purity were assessed by measuring the optical density at 260 and 280 nm with a

Nanodrop Spectrophotometer (ThermoFisher). cDNA synthesis was performed using the First Strand cDNA Synthesis Kit (Origene)

following themanufacturer’s instructions. Quantitative real-time PCR (QPCR) was performed usingPowerUp SYBRGreen PCRMas-

ter Mix (Applied Biosystems) and a Quantstudio 3 real-time PCR machine. The melting curve of each sample was determined to

ensure the specificity of the products. Cycling conditions were 40 cycles of 10 seconds 95�C / 30 seconds 60�C / 30 seconds

72�C. The primer sequences are listed in Table S8. The amount of mRNA expression was quantified and normalized to 18s

mRNA using the comparative CT method.

Microarray
RNA from microdissected human nigral tissue or iPSC-derived neurons was extracted using RNeasy columns (QIAGEN). Gene

expression profiling was performed using a GeneChip� Human Gene 2.0 ST microarray (ThermoFisher Scientific). Human Gene

2.0 ST CEL files were normalized to produce gene-level expression values using the implementation of the Robust Multiarray

Average (RMA) in the affy package (version 1.36.1)56 included in the Bioconductor software suite (version 2.11)57 and an Entrez

Gene-specific probeset mapping (17.0.0) from the Molecular and Behavioral Neuroscience Institute (Brainarray) at the University

of Michigan.62 Array quality was assessed by computing Relative Log Expression (RLE) and Normalized Unscaled Standard

Error (NUSE) using the affyPLM package (version 1.34.0). Differential gene expression analysis was done using limma package63

as follows: 1) The design matrix was setup to compare wildtype and mutant cells, FTD or Ctrl subjects. 2) a linear model was fit

by calling fit=lmFit(counts, design=design). 3) An empirical Bayes smoothing was applied to the standard errors by calling fit =

eBayes(fit). 4) Finally, significant differentially expressed genes were identified by calling topTable(fit, coef=2, number=20000,

p.value = 0.05, sort.by = "logFC").

Bulk RNA sequencing
Poly-A pull-down was applied to enrich for mRNAs from total RNA samples followed by library construction using Illumina TruSeq

chemistry. Libraries were sequenced at the Columbia Genome Center using Illumina NovaSeq 6000. Samples were multiplexed in

each lane yielding targeted number of paired-end 100bp reads for each sample. RTA (Illumina) was used for base calling and

bcl2fastq2 (version 2.19) for converting BCL to the fastq format, coupledwith adaptor trimming. A pseudoalignment to a kallisto index
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created from transcriptomes (Ensembl v96, Human:GRCh38.p12; Mouse:GRCm38.p6) using kallisto (0.44.0) was performed. Differ-

entially expressed genes were identified using Sleuth or DESeq2, R packages designed to test differential expression between

experimental groups from RNA-seq counts data.

Extraction of nuclei and snRNA-seq procedure
Nuclei were isolated from frozen specimens as described previously.64 Briefly, frozen tissue samples were homogenized using a

dounce homogenizer in ice-cold 30% sucrose 0.1% Triton-X 100 based homogenization buffer. 10-15 strokes of the loose dounce

pestle were followed by 10-15 strokes of the tight dounce pestle on ice. Mixing using a P1000 pipette followed before filtration

through a BD Falcon 40um filters. Filtration was repeated after a 10-minute spin at 1000g at 4�C. A cleanup step followed using a

density gradient step as described .65 The nuclear pellet was suspended in 1% BSA in PBS resuspension buffer containing RNAse

inhibitors. A final filtration step using 20um Flowmi� filters followed before dilution to 700-1200 nuclei per ul in resuspension buffer.

The nuclear suspensions were processed by the ChromiumController (10x Genomics) using single Cell 3’ Reagent Kit v2 or v3 (Chro-

mium Single Cell 3’ Library & Gel Bead Kit v2, catalog number: 120237; Chromium Single Cell A Chip Kit, 48 runs, catalog number:

120236; 10x Genomics).

Single nucleus RNA-seq analysis
Sequencing and analysis of raw data

Sequencing of the resultant libraries was done on Illumina NOVAseq 6000 platformV4 150bp paired end reads. We used 10X chro-

mium v2 chemistry for samples Ctrl_1, Ctrl_2, Ctrl_3, FTD_1, FTD_2_ and FTD_3, and v3 chemistry for samples Ctrl_4, Ctrl_5, Ctrl_6,

Ctrl_7, FTD_4, FTD_5, and FTD_6. Read alignment was done using the CellRanger pipeline (v5.0 - 10X genomics) to reference

GRCh38.p12 (refdata-cellranger-GRCh38-1.2.0 file provided by 10x genomics). Grafts composed of human iPSC-derived neural

cells were microdissected and submitted to nuclei isolation, followed by a standard single nucleus RNA-seq library preparation

and sequencing.

Background removal: In each sample run (Batch), Cellranger v3 was used to map sequenced transcripts to a dual reference for

human (GRCh38) and mouse (mm10).

Cellbender66 was then used to identify and remove background from the Cellranger output ‘‘raw_feature_bc_matrix’’ file; subse-

quently, only cells designated with detected cell barcodes from ‘‘filtered_feature_bc_matrix’’ were used for downstream single nu-

cleus RNA-seq data analysis using the Seurat v4.0.3 package for R.

Processing and merging

For each batch, only genes expressed in at least 10 nuclei were kept. Batches were merged into one data object and percentages of

human and mouse mitochondrial genes and ribosomal-related genes were assessed, after which mitochondrial related genes for

human and mouse were removed. This merged data object was then filtered, keeping only nuclei with less than 5% mitochondrial

related genes, more than 1,000 and less than 25,000 unique mapped transcripts (Unique Molecular Identifiers – UMIs). For normal-

ization of this merged data object, the Seurat function ‘‘SCTransform’’ was used to identify 3000 variable genes in all nuclei and

regress out UMI counts, percent of mitochondrial genes and percent of ribosomal-related genes. 50 principal components and

20 neighbors were used to embed nuclei into a Uniform Manifold Approximation and Projection (UMAP) space for visualization

and to identify cell clusters using the standard Louvain community detection algorithm implemented in Seurat. Finally, the Seurat

function ‘‘FindAllMarkers’’ was used to find genemarkers for cell clusters among the 3000 variable genes identified by SCTransform.

Cluster cleanup and mixed signal removal

For assessment whether a cell cluster consisted of predominantly human nuclei or mouse nuclei, gene markers for clusters were

screened for human genes (GRCh38-GENE), mouse genes (mm10—Gene) or mix of human and mouse cells (GRCh38-GENE and

mm10—Gene). The first round of assessment separated human clusters and mouse clusters, enabling subsetting of data objects

into distinct human or mouse groups.

Subsequent re-processing of human-only data object and mouse-only data object with re-normalization, re-clustering and

screening of genemarkers for clusters displayed emergence of additional mixed cell clusters in both human andmouse data objects.

To clean up these data objects, clusters of mouse nuclei were removed from the human data object and human nuclei clusters were

removed from the mouse data object. The data objects then underwent another round of re-processing, normalization, clustering,

and screening for gene markers. This entire procedure of screening and removal of species-mixed clusters was repeated until no

mixed clusters were observed; 3 complete iterations were performed for the human data object and 4 iterations for the mouse

data object.

In the human data object, three main cell types were observed: neurons, astrocytes and oligodendrocyte precursor cells (OPCs),

based on known markers: neurons (SYT1), astrocytes (SLC1A3), OPCs (PDGFRA). The human nuclei were then split into three sepa-

rate data objects corresponding to these three classes, and each of these were then re-processed, re-normalized, re-clustered, and

assessed for gene markers and removal of additional cross-species clusters (whose signal was too subtle to be observed in the pre-

vious all-nuclei iterations); 2 iterations were performed for each data object to obtain final human cell-type-specific data objects. The

same process was carried out for the mouse nuclei within each major cell class; 2 to 3 iterations were performed for each mouse

major cell type.

For the mouse data, additional analysis was performed to identify doublet/mixed cell type clusters (as opposed to species-mixed

clusters); this was done by examining gene markers representing doublet/mix cell clusters contained typical markers for two or more
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major mouse cell types (e.g., astrocyte/neuron, neuron/oligodendrocyte, microglia/neuron, astrocyte/oligodendrocyte, microglia/

oligodendrocyte, OPC/neuron), using the following marker genes: Astrocyte (Slc1a3), Neuron (Syt1, Slc17a7, Gad1), Oligodendro-

cyte (Plp1, Mog), Microglia (Dock8), OPC (Pdgfra). Clusters with mixed cell class marker genes were then removed in mouse cell

type-specific data objects.

Re-merging

After these rounds of reprocessing and mixed signal removal, the resulting species- and cell type-specific data objects were re-

merged in the following order: 1) human cell type-specific data objects, 2) mouse cell type-specific data objects, and 3) aggregated

human and mouse data objects. This then created our final top level cell type data object with human and mouse nuclei.

Count normalization

Raw counts were normalized in Seurat using the SCT() function with default settings and controlling for percent mitochondrial and

ribosomal gene expression.

Differential gene expression analysis

Differential gene expression analysis was performed in Seurat using FindAllMarkers function with default parameters.

KEGG pathway enrichment analysis

KEGG pathway enrichment analysis was done utilizing active subnetworks using pathfinder R package54 by calling run_pathfindR()

function on the differentially expressed genes. We performed the analysis on all significantly differentially expressed genes.

Pseudotime trajectory analysis

We used Monocle 3 for pseudotime cell ordering and trajectory projection onto UMAP cell embeddings obtained from single cell

analysis using Seurat work flow.55 In brief, the Seurat data object was converted to a cell_data_set object, the format accepted

as input by Monocle 3 work flow. Within the Monocle 3 work flow, the cell_data_set object with Seurat UMAP cell embeddings

was aligned to number of UMIs (nCount_RNA), preprocessed with PCA for UMAP dimensionality reduction and graph was learned

to fully connect cells across the cell_data_set object. To order cells in pseudotime, we supervised the method and selected the

Seurat cell subcluster with predominant proportion of control cells as starting point to model the trajectory projected from an unal-

tered/normal state towards cells with an altered/disease state in the cell_data_set object. By setting the starting point we allow for

oversight of gene expression contribution across pseudotime and fluctuation along the trajectory across cells in the cell_data_set

object.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical comparisons on IHC and ISH were performed, unless otherwise indicated, in GraphPad prism. At least three samples/

brains/animals per condition were used as indicated for each figure. Unpaired two-tailed t-test was used for most comparisons as

indicated in the figure legends. AMultiple t-test was used in Figures 3P,3Q, 7G, S2X–S2Z0, S3S, and S5I. One-way ANOVA with Dun-

nett’s multiple comparisons test was used in Figures 7C, S2F, and S2K–S2M. Paired t-test one-tailed was applied in Figure 7D, and

unpaired t-test one-tailed was applied in Figure S4D as well as in Figures 7A, 7E–7F, 7H, 7L, 7M, 7O, S5A, S5F, and S5G to test our

hypothesis of OPN function. Pairing was used for conditions from the same biological experiment. One-tailed one-sample t-test was

applied in Figure 4J. Two-sample Kolmogorov-Smirnov test was used in R to compare the distributions of enrichment scores be-

tween Ctrl and FTD conditions in Figures 6G, 6L, and S6I. For quantifications of immunostainings, the investigators were blinded

to conditions, and the data was unblinded after the completion of data collection.
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