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with GRN mutations
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in neurodegeneration in FTLD-GRN.

Introduction

Frontotemporal dementia (FTD) is a common neurodegenera-
tive disease in patients under 65 years of age. The clinical man-
ifestations of FTD include progressive behavioral changes and
deterioration in language skills and motor dysfunction, whereas
the neuropathological features — collectively known as fronto-
temporal lobar degeneration (FTLD) — show severe atrophy in the
frontal, temporal, and insular cortex, as well as striatum and thal-
amus (1). Dominant mutations in the Progranulin (GRN) gene are
one leading cause for FTLD; these mutations activate nonsense-
mediated decay of GRN mRNA and haploinsufficiency in pro-
granulin (PGRN) protein levels (2, 3). To model how PGRN defi-
ciency promotes neurodegeneration, several studies have shown
that mice with a homozygous deletion in Grn (Grn”") or 2 copies of
humanized Grn***% allele exhibit age-dependent microglial acti-
vation, which promotes excessive synaptic pruning in the thalam-
ocortical circuit and premature death (4, 5). Furthermore, single-
nuclei RNA-Seq (snRNA-Seq) using micro-dissected thalami from
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Mutations in the human progranulin (GRN) gene are a leading cause of frontotemporal lobar degeneration (FTLD).

While previous studies implicate aberrant microglial activation as a disease-driving factor in neurodegeneration in the
thalamocortical circuit in Grn~- mice, the exact mechanism for neurodegeneration in FTLD-GRN remains unclear. By
performing comparative single-cell transcriptomics in the thalamus and frontal cortex of Grn”/- mice and patients with
FTLD-GRN, we have uncovered a highly conserved astroglial pathology characterized by upregulation of gap junction
protein GJA1, water channel AQP4, and lipid-binding protein APOE, and downregulation of glutamate transporter SLC1A2
that promoted profound synaptic degeneration across the two species. This astroglial toxicity could be recapitulated in
mouse astrocyte-neuron cocultures and by transplanting induced pluripotent stem cell-derived astrocytes to cortical
organoids, where progranulin-deficient astrocytes promoted synaptic degeneration, neuronal stress, and TDP-43
proteinopathy. Together, these results reveal a previously unappreciated astroglial pathology as a potential key mechanism

an aging cohort of Grn*/* and Grn”" mice show that persistent acti-
vation of Grn”~ microglia promotes neuronal cell death and TDP-
43 proteinopathy during brain aging (6).

There are several intriguing characteristics associated with
the neuroinflammation in Grn”~ mice. First, the aberrant activa-
tion of microglia in Grn”" mice appears to be neural circuit-specif-
ic, which preferentially affects the thalamus and is less prominent
in the cerebral cortex (4, 7, 8). Second, microglia in the thalamus of
Grn”~ mice undergo transcriptomic changes that age-dependently
transition microglia from a homeostatic state to a disease-associ-
ated state, which promotes synaptic pruning followed by loss of
excitatory neurons during end-stage disease (6). Finally, a recent
functional MRI (fMRI) study shows that presymptomatic GRN
mutation carriers exhibit hyperconnectivity within 4 functional
thalamocortical networks (9). These results suggest that microgli-
al toxicity is a potential disease-driving factor that promotes neu-
rodegeneration in the thalamocortical circuit in both humans and
mice with PGRN deficiency.

Several studies indicate that neuroinflammation may contrib-
ute to the pathogenesis of FTLD-GRN. For instance, a systems
biology approach to investigate FTLD caused by mutations in
MAPT or GRN shows that neurodegeneration-associated inflam-
mation (NAI) module is significantly upregulated in FTLD-GRN
cases, similar to 18-month-old Grn”- brains (4, 10). In addition,
this study identifies another disease-associated gene module in
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patients with FTLD-GRN, called the neurodegeneration-associ-
ated synaptic (NAS) module, which is characterized by the down-
regulation of hub genes involved in axon guidance, synaptic orga-
nization, and plasticity. Despite these intriguing results, the exact
role of neuroinflammation in neurodegeneration in FTLD-GRN
remains poorly understood.

Results

Parallel glial pathology in Grn”~ and FTLD-GRN brains. To investi-
gate the impacts of GRN mutations in the thalamocortical circuit in
people and mice, we first compared the glial pathology in the thala-
mus and frontal cortex in patients with FTLD-GRN and 19-month-
old Grn”~ mice. We chose 19-month-old mice because this was
close to the median survival of Grn”" mice (4, 5). Using immuno-
stains for Ionized Calcium-Binding Adapter Molecule-1 (IBA1) and
glial fibrillary acidic protein (GFAP), we found significant increas-
es in microglia and astrocytes in the human thalamus (hTH) and
human frontal cortex (hFCX) of patients with FTLD-GRN (Figure
1, A-C). Similar to FTLD-GRN brains, 19-month-old Grn”- mouse
brains also showed increases in IBA1* microglia and GFAP* astro-
cytes in the mouse thalamus (mTH) and in the sensorimotor cortex
of the mouse frontal lobe (mFCX) (Figure 1D). Interestingly, side-
by-side comparisons in patients with FTLD-GRN and 19-month-
old Grn”~ mice showed that the microglial and astroglial density in
patients with FTLD-GRN was higher in hFCX than in hTH (Figure
1C), whereas microglial and astroglial density in 19-month-old
Grn”/~ mice was higher in mTH than mFCX (Figure 1D).

Next, we used the Nanostring nCounter platformto analyze 770
neuroinflammation-related and 770 neuropathology-related genes
in hTH and hFCX from 11 individuals without FTLD-GRN and 10
patients with FTLD-GRN (Supplemental Table 1; supplemental
material available online with this article; https://doi.org/10.1172/
JCI164919DS1). This analysis showed that the gene expression pro-
files in hTH and hFCX were distinctly different in individuals with
FTLD-GRN, based on the large number of differentially expressed
genes (DEGs). As highlighted by the volcano plots for the com-
bined neuroinflammation and neuropathology panels in hTH and
hFCX, the upregulated DEGs included TYROBP, FCGR3A, TLR4,
CD68, CIQA, C1QB, CIQC, C3, C3AR1, C4A, CX3CRI, TMEMIIY,
GFAP, AQP4, GJAI, CLU, PDGFRB, FLT1 (VEGFR1), NOTCH3, and
TGFBR2. The downregulated genes included GADI, GAD2, NPY,
PVALB, GABRG2, RELN, RBFOX3, NEFL, NEFH, UNCI3A, MBP,
and MOBP (Figure 1, E and F, Supplemental Table 2). Function-
al pathways defined by these DEGs revealed upregulation of the
innate and adaptive immune responses, complement activation,
microglia and astrocyte functions, cytokine signaling, angiogen-
esis, and downregulation of neurotransmission, axon/dendrite
structure, and oligodendroglia function (Figure 1G). Consistent
with the observed transcriptomic changes, immunostains using
endothelial cell marker CD34 highlighted the delicate vasculature
in hTH and hFCX from control individuals. However, the vascula-
tures in the same brain regions in patients with FTLD-GRN showed
abundant CD34-containing glial cells (Figure 2A, arrowheads in
bottom panels). Confocal microscopy showed that much CD34*
debris was inside IBA1* microglia and GFAP* astrocytes (Figure 2B,
arrowheads). Similarly, immunostains for MBP showed reduced
myelinated axons in hTH and hFCX in individuals with FTLD-
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GRN (Figure 2C), with much myelin debris engulfed by IBA1*
microglia and GFAP* astrocytes (Figure 2D, arrowheads).

snRNA-Seq in the thalamocortical circuit in FTLD-GRN and
Grn”~ brain. To investigate the interplays between glial and neuro-
nal pathology caused by GRN mutations, we performed snRNA-
Seq analysis using postmortem tissues from hTH and hFCX from
10 patients with FTLD-GRN and 11 individuals without FTLD-GRN
as age-matched controls (Figure 3A and Supplemental Figures 1
and 2). In parallel, we performed snRNA-Seq using micro-dissect-
ed mFCX of 19-month-old Grn** and Grn”~ mice (Figure 3A and
Supplemental Figure 3) and leveraged the previously published
snRNA-Seq data sets from the mTH of Grn”* and Grn”- mice
at the same age (6). Clustering using known cell type-specific
markers identified 12 and 19 distinct cell clusters in hTH and
hFCX, respectively (Figure 3B). The cell clusters in hTH includ-
ed 2 excitatory neuron clusters (ExNeu-1 [NTNG1;TUBA1B']
and ExNeu-2 [NTNG1;TUBA1B']), 3 inhibitory neuron clusters
(InNeu-1 [BCL11B*LAMP5], InNeu-2 [BCL11B*LAMP5], and
InNeu-3 [NR2F2']), astrocytes (AST), microglia (MG), oligoden-
droglia (OL), oligodendroglial precursors (OPC), endothelial cells
(ENDO), and pericytes (PER) (Supplemental Figure 1). In contrast,
cell clusters in hFCX encompassed layer-specific excitatory neu-
rons (L2-3, L2-4, L4, L5-6-CC, and L5-6), nonlayer-specific excit-
atory neurons expressing Neurogranin (ExNeu-NRGN), excit-
atory neurons with enriched mitochondrial genes (ExNeu-MT),
4 inhibitory neuron clusters (InNeu-SST, InNeu-PV, InNeu-VIP,
and InNeu-SV2C), 3 astroglial clusters (protoplasmic astrocytes
[AST-PP], fibrous astrocytes [AST-FB], and reactive astrocytes
[AST-REAC]), MG, OL, OPC, ENDO, and PER (Supplemental Fig-
ure 2) (11,12). Finally, clustering in 19-month-old Grn*/* and Grn”"
mTH and mFCX revealed 11 clusters and 20 clusters, respectively
(Figure 3C and Supplemental Figure 3).

To characterize the microglial transcriptomes in the hTH and
hFCX, we compared several key homeostatic microglial genes
and subclustering analyses between control and FTLD-GRN
cases (Supplemental Figure 4, A-D). In addition, we compared
human microglial transcriptomes from our data sets with periph-
eral immune cells (13) and found remarkable similarity with those
in macrophages (Supplemental Figure 4, E-H). For the astroglial
clusters, we generated a number of violin plots to compare the
expression of key astroglial genes in individuals with and without
FTLD-GRN and performed immunostains using ALDHIL1 ab to
further characterize astroglial phenotypes in the hTH and hFCX
in control and FTLD-GRN cases (Supplemental Figure 5). Next,
we examined GRN RNA levels in each cell cluster in the hTH and
hFCX. Similar to the snRNA-Seq data from Grn*/* mice (6), the
MG clusters in hTH and hFCX in individuals with and without
FTLD-GRN showed similar levels of GRN RNA — the most abun-
dant levels among the clusters — followed by the ENDO and PER
clusters (Figure 3, D and E). All other cell clusters showed rela-
tively modest GRN RNA expression. Interestingly, although GRN
RNA was detected in the hTH and hFCX of patients with FTLD-
GRN, because these were nuclear transcripts not subject to non-
sense-mediated decay in the cytoplasm (14), immunostains using
PGRN-specific abs showed a marked reduction of PGRN proteins
(Figure 3, F-H), supporting a drastic loss of PGRN in the brains of
patients with FTLD-GRN at the end stage of the disease (2, 3).
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Figure 1. Glial pathology in thalamus and frontal cortex of patients with FTLD-GRN and Grn™- mice. (A and B) Immunostains for IBA1and GFAP in the
thalamus (hTH) and frontal cortex (hFCX) in control and FTLD-GRN cases. (€ and D) Quantification of IBA1* microglia and GFAP* astrocyte density in hTH
and hFCX (C) and mFCX and mTH (D). Statistics for IBA1* microglia in hTH, hFCX, mTH, and mFCX use parametric 2-tailed Student’s t test and for GFAP*
astrocytes parametric (for hFCX, mTH, and mFCX) or nonparametric 2-tailed Student’s t test (for hTH). (E and F) Volcano plots showing DEGs in hTH (E)
and hFCX (F) from the Nanostring nCounter neuropathology and neuroinflammation panels. (G) Heatmap showing nCounter pathway scores in hTH and
hFCX of patients with FTLD-GRN. L1/2 indicates the border between layers 1and 2 of the frontal cortex. All data represent mean + SEM, and n represents
the number of independent human and mouse samples used. *P < 0.05, **P < 0.01 ***P < 0.001, ****P < 0.0001. Scale bars: 100 um; 20 um (inset).

To characterize the effects of GRN mutations, we calcu-
lated the gene burden scores in the hTH and hFCX in patients
with FTLD-GRN and in the mTH and mFCX in 19-month-old
Grn”~ mice (6, 12). These results showed that, similar to mTH in
Grn”~ mice (6), the nonneuronal cell clusters in hTH of patients
with FTLD-GRN, including OL, AST, ENDO, OPC, and MG, also
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showed significantly higher gene burden scores than the neuronal
clusters (Figure 3I, left panel). Conversely, gene burden scores
in hFCX showed much more significant changes in the neuronal
clusters — especially those in L2-3, L4, L2-4 and L5-6-CC — than
those in the nonneuronal clusters, including OL, AST-PP, MG, and
AST-REAC (Figure 3I, right panel). Compared with mTH, mFCX
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Figure 2. Effect of glial pathology on the vasculature and myelination in thalamus and frontal cortex of patients with FTLD-GRN. (A) Immunostains
for CD34 in hTH and hFCX in control and FTLD-GRN cases. (B) Confocal images for CD34, IBA1, and GFAP showing IBA1* microglia engulfing CD34* debris
in FTLD-GRN (arrowheads). (€) Immunohistochemical stains for MBP in hTH and hFCX in control and FTLD-GRN cases. (D) Confocal images showing IBA1*
microglia and GFAP* astrocytes engulfing MBP* myelin debris (arrowheads) in FTLD-GRN. L1/2 indicates the border between layers 1and 2 of the frontal
cortex. Scale bars: 20 um (A and C, bottom; B; and D, left); 40 um (D, right); 300 um (A and C, top).

in 19-month-old Grn”- mice showed very modest increases in
gene burden scores in all clusters (Figure 3]). Quantification of the
number of nuclei for each cluster in hTH and hFCX in individu-
als with FTLD-GRN revealed losses of InNeu-1 and InNeu-2, and
modest losses in ExNeu-2 and InNeu-3 clusters in hTH in individ-
uals with FTLD-GRN. In addition, hTH in patients with FTLD-
GRN showed modest increases in nuclei counts in nonneuronal
cells (Figure 3K, left panel). Similar analyses revealed a significant
loss of InNeu-PV and a marked increase of AST-REAC in hFCX in
individuals with FTLD-GRN (Figure 3K, right panel), but no sig-
nificant change in the clusters in mFCX (Supplemental Figure 31I).

Shared transcriptomic changes in Grn”~ and FTLD-GRN microg-
lia in the thalamus. Since the nCounter results showed robust
changes in gene expression related to innate and adaptive immune
responses, we used snRNA-Seq analysis to identify species- and
region-specific changes in the microglial phenotypes in hTH and
hFCX in FTLD-GRN cases. First, we compared the DEGs in the
MG clusters in hTH and hFCX with those in mTH and mFCX
in 19-month-old Grn”~ mice. This revealed significant overlaps
of the DEGs in microglia from hTH and mTH, and in microglia
from mTH and mFCX. In contrast, microglia from hTH and hFCX
shared a limited number of DEGs, while microglia from hFCX and
mFCX showed no significant overlap of DEGs (Figure 4A). Next,
we used alluvial plots and heatmaps to compare the top 20 gene
ontology (GO) terms defined by the DEGs in the MG clusters in
hTH, hFCX, mTH, and mFCX (Figure 4B, Supplemental Figure

6A, and Supplemental Tables 3 and 4). These results showed that
the MG clusters in hTH and mTH shared an extensive list of GO
terms defined by many shared DEGs, including those related to
chemotaxis (APBB2, GPNMB, and LYST), activation of immune
response (C3, CLU, and HSPAIA), regulated exocytosis (SYT1,
ATG7, C3, and CLU), cell part morphogenesis (APOE, HSP90AAI,
and LINGO]I), regulation of transmembrane transport and syn-
aptic signaling (BINI and KCNQ23), divalent metal ion transport
(MT3, FTL, TMEM163, and TMEM]I65), lymphocyte activation
(CD86, CD81, IGF1, LGALS3, and MEF2C), actin cytoskeleton
organization (BIN1, HCK, MEF2A, and FMNL?2), positive regula-
tion of kinase activity (MAP3K5 and LRRK2), and small GTPase
mediated signal transduction (STARDI13 and ARHGAPI12) (Fig-
ure 4B and Supplemental Figure 6A). In contrast, the GO terms
defined by the MG DEGs in hFCX were distinctly different from
those from mFCX and showed very limited overlap with those
from hTH, sharing only 1 GO term.

To further illuminate the underlying biological processes in
disease microglia, we performed unsupervised trajectory and
pseudotime analysis to determine whether changes in gene expres-
sion in microglia in patients with FTLD-GRN correlated with dis-
ease (15, 16). This analysis showed that microglia from hTH in
individuals with and without FTLD-GRN exhibited 3 distinct tra-
jectories. Trajectory 1 contained microglia predominantly from
control hTH with a shorter pseudotime scale, while trajectories 2
and 3 were more enriched with microglia from hTH in individuals

J Clin Invest. 2023;133(6):e164919 https://doi.org/10.1172/)CI1164919
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Figure 3. snRNA-Seq analyses in the thalamus and frontal cortex of individuals with and without FTLD-GRN, and Grn*/* and Grn™- mice. (A) A schematic
diagram for single-cell transcriptomics using the thalamus and frontal cortex from control and FTLD-GRN cases and 19-month-old Grn*/* and Grn™- mice.

(B and C) tSNE plots highlighting the distribution of cell clusters from hTH, hFCX from control and FTLD-GRN cases (B), mTH and mFCX from 19-month-old
Grn*’* and Grn™- mice (C). (D and E) Violin plots showing GRN RNA levels in all the cell types in hTH and hFCX from individuals with and without FTLD-GRN.
Statistics uses multiple unpaired Student’s 2-tailed t tests. (F) Immunostains for PGRN in hTH and hFCX of patients with FTLD-GRN. n, neuron; b, blood
vessel; g, glia cell; L3, layer 3; L4, layer 4. Scale bars: 100 um; 20 um (inset). (G) Quttantification of PGRN intensity in neurons and glia in hTH and hFCX in
individuals with and without FTLD-GRN. Statistics uses 2-tailed Student's t test, n represents the number of independent samples used. (H) Confocal images
of PGRN in IBA1* microglia, CD34* endothelial cells, MAP2* neurons, and GFAP* astrocytes, in the hFCX of control and FTLD-GRN patients. Scale bars: 20 pm.
(I and J) Gene burden score for each cell cluster in the hTH, hFCX, mTH, and mFCX. Statistics use parametric (mTH, mFCX) or nonparametric (hTH, hFCX) 1-way
ANOVA. (K) Bar graphs showing the ratio of the number of nuclei captured in the hTH and hFCX in control and FTLD-GRN patients. Statistics use nonpara-
metric 2-tailed Student’s t test (hTH: ExNeu-1, ExNeu-2, and MG; hFCX: AST-REAC) or parametric 2-tailed Student’s t test (for remaining clusters). ExNeu,
excitatiry neurons; InNeu, inhibitory neurons; AST, astrocytes; MG, microglia; OL, oligodendroglia; OPC, oligodendroglial precursors; ENDO, endothelial cells;
PER, pericytes. All data represent mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. NS, not significant.
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Figure 4. Transcriptomic and phenotypic characterizations of microglia in
patients with FTLD-GRN and 19-month-old Grn™/- mice. (A) Venn diagrams
show the overlap in the DEGs in the microglial (MG) clusters from hTH,
hFCX, mTH, and mFCX. Statistics uses hypergeometric tests. (B) Alluvial
plot showing the overlap of the GO terms defined by DEGs from the MG
clusters in hTH, hFCX, mTH, and mFCX. The width of the band for each GO
terms represent its P value calculated based on the cumulative hypergeo-
metric distribution. Blue and red gene names indicate down- and up-
regulated DEGs, respectively. (C) Pseudotime analysis of the MG clusters

in hTH based on UMAP (left panel), individuals with FTLD-GRN or without
(control), or disease duration (right panel). (D) Expression levels of APOE,
FTL, and HSPATA projected onto the UMAP for the MG cluster in hTH. Scale
represents log, of the expression of representative genes. (E-G) Immu-
nostains and confocal images showing the expression of APOE, FTL, and
HSPA1A/B in IBA1* microglia in control and FTLD-GRN cases. (H) Quantifi-
cation of FTL and HSPA1A/B signal intensity on immunostains. Statistics
use 2-tailed Student’s t test, and n represents the number of independent
samples tested. All data represent mean + SEM. *P < 0.05, **P < 0.01.
Scale bars: 20pm (immunostains); 10 um (confocal images).

with FTLD-GRN and had longer pseudotime scales (Figure 4C).
Next, we projected the disease duration in each individual with
FTLD-GRN onto the pseudotime map and showed that microglia
from individuals with FTLD-GRN in trajectory 2 had a mixed dis-
ease duration, whereas microglia in trajectory 3 had much shorter
disease duration, usually of less than 6 years (Figure 4C). Several
DEGs in the MG clusters in FTLD-GRN hTH showed more enrich-
ments that correlated with trajectories 2 and 3, including APOE,
FTL, LINGOI1, and HSPAIA, and complements CIQA, CIQB,
and C1QC (Figure 4D and Supplemental Figure 6B). In contrast,
pseudotime analysis for microglia in hFCX showed no correlation
of trajectory that separated microglia from the control and FTLD-
GRN samples (Supplemental Figure 6C). Consistent with the tran-
scriptomic data, immunostains showed upregulation of for FTL,
HSPA1A/B, CLU, and Clq, and downregulation of KCNQ3 in
microgliain hFCX and hTH in patients with FTLD-GRN (Figure 4,
E-H and Supplemental Figure 6, D-G). Finally, we compared the
microglial transcriptomes from hTH and hFCX from individuals
with FTLD-GRN with those from patients with Alzheimer’s dis-
ease (AD) (17-19). These results showed that microglia from hTH
in individuals with FTLD-GRN shared more GO terms with those
from patients with AD than with those in hFCX from patients with
FTLD-GRN (Supplemental Figure 6, H and I).

Conserved transcriptomic changes in FTLD-GRN and Grn”/~
astrocytes. Compared with the MG clusters, the AST clusters in
mTH, mFCX, and hTH shared significantly larger number of
DEGs than the AST clusters in hFCX and mFCX (Figure 5, A and
B and Supplemental Figure 7A). In addition, alluvial plots showed
extensive overlap among the GO terms defined by the DEGs in the
AST clusters in hTH and hFCX in FTLD-GRN samples and mTH
in Grn”- mouse brain samples (Figure 5C). Although AST clusters
from mFCX in Grn”/~ mouse brain samples shared limited DEGs
with those from mTH and hTH and hFCX in FTLD-GRN samples,
the GO terms defined by astroglial DEGs in mFCX showed signifi-
cant overlap with those from other regions (Figure 5C and Supple-
mental Figure 7B). Collectively, the GO terms shared by most AST
clusters in hTH, hFCX, mTH, and mFCX included many upregu-
lated genes related to response to toxic substances (MBP, MTIE,
and PRDXI), signaling by receptor tyrosine kinase (PDGFRB,
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SI00B, UBB, and UBC), and chaperone-mediated autophagy
(GFAP, EEF1Al, and PARK7), and down-regulated genes that
were implicated in recycling of neurotransmitters, transsynaptic
signaling, and synapse organization (SLCIA2 (EAAT2), SLCIA3
(EAATI), SLC6A1, GRIA2, NRXNI, and PLCBI). Comparisons
among all AST clusters in the brains of Grn/~ mice and individu-
als with FTLD-GRN revealed several astroglial genes that were
consistently upregulated (AQP4, GFAP, CST3, and CLU) or down-
regulated (GRIA2, PLCBI, and GPC5) (Figure 5B, Supplemental
Figure 7A, and Supplemental Table 3).

Next, we performed unsupervised trajectory and pseudotime
analysis to identify disease-specific progression of astrocytes in
FTLD-GRN cases. Like the MG cluster in hTH, we also identified
3 trajectories for hTH AST clusters in control and FTLD-GRN
cases (Figure 5D, arrowheads). Trajectory 1 was shared between
control and FTLD-GRN, whereas trajectories 2 and 3 were more
enriched with AST clusters from individuals with FTLD-GRN and
were associated with shorter disease duration and upregulation of
GFAP, GJAI, APOE, and CLU, and downregulation of GPC5 and
SLCIA2 (Figure 5E and Supplemental Figure 7C). Similar analysis
in AST clusters from hFCX in patients with FTLD-GRN revealed 4
distinct trajectories. Trajectories 1-3 were shared between individ-
uals with and without FTLD-GRN, whereas trajectory 4 showed
enriched representation of astrocytes from patients with FTLD-
GRN and correlated with shorter disease duration. Similar to tra-
jectory 3 of the astrocytes in hTH in patients with FTLD-GRN,
trajectory 4 in hFCX in patients with FTLD-GRN showed upreg-
ulation of GFAP, AQP4, APOE, and CLU, and downregulation of
SLCIA2 (Figure 5, F and G and Supplemental Figure 7D).

To validate the transcriptomic changes in the AST clusters,
we performed immunostains to characterize the astroglial pheno-
types in the hTH and hFCX in patients with FTLD-GRN. In control
hFCX, astrocytes expressed gap junction protein GJA1 (Connexin
43) that decorated the thin, delicate astroglial processes in layers
1-3. In contrast, the same layers in hFCX in patients with FTLD-
GRN showed intense and diffuse GJA1 expression in almost all
astrocytes (Figure 5H). Another important astroglial protein inves-
tigated was the selective water channel AQP4, which, like GJA1,
was detected exclusively in GFAP* astroglial processes touching
CD34" vasculature (Figure 5I), consistent with the reported role
of AQP4 in regulating water uptake at the blood-brain barrier via
astroglial endfeet (20, 21). In contrast, hFCX in individuals with
FTLD-GRN showed many markedly enlarged GFAP* astrocytic
processes, which contained abundant AQP4 proteins, encasing
the blood vessels and in numerous GFAP* astrocytic processes in
the neuropil and surrounding the blood vessels. These resembled
the phenotypes in transgenic mice where overexpression of AQP4
increased water intake and cerebral edema (22). In addition, astro-
cytes in hFCX of individuals with FTLD-GRN showed a marked
upregulation of S100p and APOE (Figure 5, H and ]). Interestingly,
upregulation of GJA1 and APOE have been identified as integral
parts of AD-coexpression network in astrocytes (23, 24). In addi-
tion, astrocytes in hFCX of individuals with FTLD-GRN showed
downregulation of SLC1A2 (EAAT?2), SLC1A3 (EAAT1), GPC5
(Glypican 5), and AMPA receptor subunits GRIA2/4 (Figure 5K
and L, Supplemental Figure 7, E-G). Interestingly, downregulation
of these genes, with the exception of GPC5, has been associated
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Figure 5. Conserved transcriptomic and phenotypic changes in astrocytes in FTLD-GRN and Grn™- mice. (A) Venn diagrams showing the overlap of DECs
in the astroglial (AST) clusters from hTH, hFCX, mTH and mFCX. Statistics uses hypergeometric tests. (B) DEGs shared by >3 AST clusters in mTH, mFCX,
hTH and hFCX, with a scale indicating log, Fold Change that has a cutoff from -0.5 to 0.5. Dot size indicates the log, Q value for each DEG and color scale
indicates log, Fold Change. Blue and red indicate down- and up-regulated DEGs, respectively. (C) Alluvial plot showing the overlap of GO terms defined by
DEGs from AST clusters in hTH, hFCX, mTH, and mFCX. Band width represents P values calculated by accumulative hypergeometric distribution. CMA,
chaperone-mediated autophagy; RKT, receptor tyrosine kinases. (D) Pseudotime analysis of AST clusters in hTH based on UMAP (left panel), control ver-
sus. FTLD-GRN (middle panel), or disease duration (right panel). (E) Expression of GPC5, SLC1A2, and CLU projected onto UMAP of AST cluster in hTH. (F)
Pseudotime analysis of the AST clusters in hFCX based on UMAP (left panel), control versus FTLD-GRN (middle panel), or disease duration (right panel).
(G) Expression of SLC1A2 and CLU projected onto UMAP of AST cluster in hFCX. (H-K) Immunohistochemical (top) and confocal images (bottom) of GJA1
(H), AQP4 (1), APQE (J), and EAAT2 (K) in hFCX of control and FTLD-GRN. (L) Quantification of GJA1, CD34, AQP4, and EAAT2 expression on immunostains
in control and FTLD-GRN cases. Statistics uses 2-tailed Student’s t test, and n represents the number of independent samples tested. All data represent
mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.005. Scale bars: 100um (immunostains); 20 pm and 30 pm (confocal images).
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with brain aging in mice (25), whereas downregulation of EAAT2
can increase excitotoxicity in Huntington’s disease and amyo-
trophic lateral sclerosis models (26-28). Finally, compared with
microglia, the astroglial clusters from hTH and hFCX in individu-
als with FTLD-GRN shared more DEGs and GO terms with astro-
cytes from individuals with AD (Supplemental Figure 7, L and M).

Synaptic and dendritic degeneration in FTLD-GRN neurons.
Given the robust microglial and astroglial pathology in hTH and
hFCX in brains of patients with FTLD-GRN, we asked how this
might affect neurons in the thalamocortical circuit in patients
with FTLD-GRN. To test this, we analyzed the DEGs and their GO
terms in all neuronal clusters in hTH and hFCX in brains of indi-
viduals with FTLD-GRN and compared them to those from mTH
and mFCX in 19-month-old Grn”- mice (Figure 6, A and B, Sup-
plemental Figure 8, A-C, and Supplemental Tables 3 and 4). These
results showed that the DEGs in most neuronal clusters inhTH and
hFCX in patients with FTLD-GRN and mTH in Grn”" mice were
enriched with GO terms related to postsynapse, dendrite, synaptic
signaling, and axon. Consistent with the modest glial pathology
in mFCX in Grn”" mice at 19 months old, only a small number of
neuronal clusters in mFCX, including ExNeu-Nrgn, InNeu-Sv2c,
L5, L24, and InNeu-Vip, showed significant transcriptomic chang-
es related to these GO terms. The DEGs in hTH of the brains of
individuals with FTLD-GRN included the upregulated genes
implicated in neurodegenerative diseases, such as APP, UBB, and
DNAJBI, and many down-regulated synaptic genes, including syn-
aptophysin (SYP), synaptotagmin 1 (SYT1), and GRIN2A; whereas
the DEGs in hFCX included upregulated genes, such as MAPIA,
synapsin 1 (SYNI), GRINI, BINI, UBB, and GABRA5, and down-
regulated genes, such as BDNF, DCC, ROBOI, GAP43, NRGI,
SYTI, and SYP (Figure 6B and Supplemental Table 3).

Next, we compared the DEGs in neuronal clusters in FTLD-
GRN with genes that were recently identified to have missplic-
ing and inclusion of cryptic exons in brain tissues from patients
with FTLD-TDP (29, 30) or in iPSC-derived neurons, where
endogenous TDP-43 was depleted via CRISPR inhibition (31).
These comparisons revealed many DEGs in the neuronal clus-
ters in hTH and hFCX from patients with FTLD-GRN, and mTH
from 19-month-old Grn”- mice also overlapped with those genes
that were misspliced or contained cryptic exons (Figure 6, C and
D). In contrast, only 4 neuronal clusters in mFCX, ExNeuNrgn,
InNeu-Sv2c, L5, and L2/4 showed overlapping genes (Figure 6D).
Among these, UNCI3A was downregulated in human PV* and
SST* interneuron clusters (Figure 6B, right volcano plot), but not
in clusters containing excitatory neurons. In addition, immunos-
tains for GAD1, MAP2, and NRGN showed significant reductions
in GAD1*, MAP2*, and NRGN* neurons in hTH and hFCX in indi-
viduals with FTLD-GRN (Figure 6, E-G). Many GAD1*, MAP2* or
NRGN"* neurons in individuals with FTLD-GRN showed drastic
reductions in dendritic arborization (Figure 6, E and F, bottom
panels). Although the number of PV* neurons was not significantly
reduced in hFCX of FTLD-GRN cases, most PV* neurons showed
a drastic reduction in dendritic arbors and PV* synaptic punctae
(Supplemental Figure 8, D and E).

To further characterize the synaptic defects in individuals
with FTLD-GRN, we performed immunostains using pre- and
post-synaptic markers. In control hFCX, most synaptophysin*
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(SYP) and PSD-95* punctae were identified in the neuropils, with
very few inside neuronal cell bodies. In contrast, cortical neurons
in individuals with FTLD-GRN contained many larger SYP* and
PSD-95* synapses inside their cytoplasm, which were colocalized
with LAMP1* organelles (Figure 6, H and I and Supplemental Fig-
ure 8F). Interestingly, many GFAP* astrocytes and IBA1* microglia
in layers 2-3 of hFCX in patients with FTLD-GRN also contained
significantly more PSD-95* punctae colocalizing with LAMP1*
organelles, suggesting that these glial cells were engulfing synaps-
es (Figure 6, J-L, and Supplemental Figure 8, G and H). In addi-
tion, immunostains showed that the subcortical white matter in
control hFCX contained many NEFL* (NF68*) axons. In contrast,
hFCX in individuals with FTLD-GRN showed a marked reduction
in NEFL* axons with much NEFL* debris inside GFAP* astrocytes
(Figure 6M and Supplemental Figure 8, I-K). Finally, GFAP* astro-
cytes in layers 2-3 of hFCX and IBA1* microglia in hTH in individ-
uals with FTLD-GRN were frequently near TDP-43* aggregates;
some even contained fragments of TDP-43 in their processes (Fig-
ures 6N and Supplemental Figure 8, L-N).

Grn”~ astrocytes promote synaptic and dendritic degeneration. To
characterize Grn”~astrocyte phenotypes during brain aging, we per-
formed immunostains on Grn”* and Grn”- mouse brain, focusing
on the shared astroglial transcriptomic changes between Grn”~mice
and FTLD-GRN patients. These results showed significant upreg-
ulation of AQP4, APOE, and GJAl, and down-regulation of GPC5,
SLC1A2 (EAAT2), SLC6A1 (GABA transporter 1 or GABATR), and
GRIA2/4 in the thalamus and somatosensory cortex in Grn”” mice
at 19 months old (Figure 7, A and B and Supplemental Figure 7,
H-K). Similar to the microglial phenotype, the phenotypic chang-
es in Grn”~ astrocytes were much more prominent in the thalamus
compared with the cortex. Within the cortex, Grn”" astrocytes were
more abundant in layers 1 and 2 and layers 5 and 6. Consistent with
these findings, confocal images showed that many Grn”" astrocytes
inmTH and layers 1 and 2 contained PSD-95%;Bassoon* synapses in
their cell bodies (Figure 7, C-F).

To further characterize the role of PGRN-deficient astrocytes,
we prepared primary cortical neuron cultures from E15.5 Grn*/*
and Grn”- mouse cortex and allowed them to mature until 14 days
in vitro (DIV). In parallel, we prepared primary astrocyte cultures
from P3 Grn*/* and Grn”” mouse brains. To characterize how Grn”"
astrocytes affected the maintenance of synapses, we prepared
astrocyte-neuron cocultures by adding Grn** or Grn”" astrocytes
to Grn** or Grn”~ cortical neurons at 1-to-3 ratio (Figure 7G). After
72 hours, the cocultures were harvested for a modified Sholl anal-
ysis that quantified the cumulative synaptic density surrounding
the cell body of the astrocytes. When cocultured with Grn”" astro-
cytes, Grn/* and Grn”” neurons showed drastic reductions in SYP*
density, but increases in PSD-95* density compared with cocul-
ture with Grn** astrocytes (Figure 7, H-I).

Interestingly, when cocultured with Grn”- astrocytes, both
Grn”* and Grn”~ neurons showed significant reductions in den-
dritic length and frequent interruptions within the radius of Grn”"
astrocytes. In contrast, the dendrites of Grn*/* and Grn”” neurons
close to Grn*/* astrocytes remained intact (Figure 7, ] and K). To
investigate whether Grn”" astrocytes can also secrete factors to
promote synaptic and dendritic degeneration in neurons, we col-
lected astrocyte conditioned medium (ACM) from Grn*/* and Grn”"

:


https://doi.org/10.1172/JCI164919
https://www.jci.org/articles/view/164919#sd
https://www.jci.org/articles/view/164919#sd
https://www.jci.org/articles/view/164919#sd
https://www.jci.org/articles/view/164919#sd
https://www.jci.org/articles/view/164919#sd
https://www.jci.org/articles/view/164919#sd
https://www.jci.org/articles/view/164919#sd
https://www.jci.org/articles/view/164919#sd
https://www.jci.org/articles/view/164919#sd
https://www.jci.org/articles/view/164919#sd
https://www.jci.org/articles/view/164919#sd
https://www.jci.org/articles/view/164919#sd

RESEARCH ARTICLE The Journal of Clinical Investigation

A Thalamus []hTH [ mTH Frontal cortex [ hFCX [] mFCX G Human thalamus Human frontal cortex
22 ¥z . o o GAD1*  MAP2’ MAP2*  NGRN'
5L £ F=2 H>o S Sea % .
BIVToVNE T 2322 , %a5% %S &3 15) _* 30; k% 50, KRRk 4o
532335233 2383 O 25535 55 OF 535 o
22225252 LD ¥ DO DO D O oo 2o 1S 40 mControl
22222222 0z2Z2Z_ ©x22220 322, 98 22 30
SESSSESES SISEISSEESESRSYTETIGRSGEE £10 20 30 0 BFTLD-GRN
[ I | @8
Postsynapse % (5) D5 10 20
Dendrite [ N a (&) 10 . 10 ‘
Synaptic signaling [F8E =l 12 0 0 0 0
Axon g n= 7 9 n=7 7 n= 6 8 n=5 6
[
Human thalamus (hTH) Human frontal cortex (hFCX) H Human frontal cortex L Human frontal cortex
o ExNeu-1 °L2-3 L5-6 *ExNeu-MT °InNeu-Ey e O e LD
ExNeu-2 L2-4 ¢L5-6-CC *ExNeu-NRGN -|2Neu_sv2c <k I >
© InNeu-RELN L4 s INeIVIP s
8 : 8 o o 8 8 ; ol
MAP1A >
DNAJBT < MAETA 5
6 6SNAP25 . &
UNC13A GRIN1 2
4 ) o
GAP43. 3
UNCT,
2 2lcHL
’-8 . RG7
2 0 2 2 1.0 1 2 2 1.0 1 2
log, (FC) log, (FC) log, (FC
1 uControl mFTLD-GRN M
c D Frontal cortex mhFCX £ mFCX Human frontal cortex

Thalamus [[JhTH EmTH

C(?GO PSD-95* 40 SYP* Control FTLD-GRN
820 820 [0 Ma et al. (66 genes) gg * . % - 3 v
c S B Liu etal. (149 genes) Q5 40 301 X G
D 15 15 T 2 -
o)) o I Brown et al. (192 genes) o ® 20 b
il o foe)
B 10 @10 S ° 50 2
e P €y 10 3N
>
<5 S s < o 0 =
5 S n=7 6 n=7 6 )
S0 0
P4 pz4
Fee T2VNER m ZECNOYE >0 COBTOOMTO®© > % J  Human frontal cortex
$38% 22285 So32-09808599-9858-084-"%0 0 Control  _FTLD-GRN
S5 2z X sZ o PS5 @ ¥ WY 33 o P 1
DTN Z2ZZ2Z 5 Zo5 © 203 4 P - [} Y - v
Z3IL XERDD t1Zo - 2Zz09 2Z £z <
cozuTw=s T XZ Zccz oc £<c =
=z2 c2 Zz Wx £~ =< z= =
52 52 Al £ £ 2
w w w E
o
E F ol Human frontal cortex
Q

Control FTLD-GRN

Human thalamus Human thalamus Human frontal cortex Human frontal cortex
Control  FTLD-GRN ntrol  FTLD-GRN Control  FTLD-GRN ontrol FTLD-GRN

TDP-43 GFAP &

g
A= K
= Control = FTLD-GRN
_._PSD-95* _ PSD-95*
: c g 190 < E150,
300um © = *k @ =
Gan1?=2 = =
e £ 5100 § 2100
| o € -
" R S5 ® 33
20um DS n=4 4 Lr=4 4

Figure 6. Neuronal phenotypes in patients with FTLD-GRN and Grn- mice. (A) Heatmaps showing the top 4 GO terms shared by the neuronal clusters in hTH,
hFCX, mTH, and mFCX. Statistics use hypergeometric tests. (B) Volcano plots showing DEGs in neuronal clusters in hTH and hFCX and genes related to the GO
terms in A. (C and D) Bar graphs showing the number of DEGs in the neuronal clusters in patients with FTLD-GRN and Grn™- mice that overlap with TDP-43-
mediated misspliced genes. (E and F) Immunostains for GAD1and MAP2 in hTH (E) and for MAP2 and NRGN in hFCX (F) in control and FTLD-GRN cases. Scale
bars: 300 um (E, top); 200 um (F, top); 20 um (E and F, bottom) (G) Quantifications of GAD1* and MAP2* cells in hTH, and MAP2* and NRGN* cells in hFCX in
control and FTLD-GRN cases. (H) Confocal and IMARIS images of PSD-95*, SYP*, and PSD-95*/SYP* synapses near MAP2* neurons in hFCX of control and FTLD-
GRN patients. Scale bars: 7 um (top); 4 pm (middle and bottom). (I) Quantification of PSD-95* or SYP* area in MAP2* neurons in control and FTLD-GRN cases. (J)
Confocal and IMARIS images of PSD-95* in GFAP* processes and cell bodies in L2/3 of hFCX in control and FTLD-GRN cases. Scale bars: 20 um (top); 10 um (middle
and bottom). (K) Quantification of PSD-95* area in GFAP* or IBAT* cells in control and FTLD-GRN cases. (L) Confocal and IMARIS images showing colocalization
of PSD-95* and LAMP1* vesicles in GFAP* astrocytes in hFCX of control and FTLD-GRN cases. Scale bars: 10 um. (M and N) Confocal and IMARIS images of NF68,
IBA1, and GFAP (M) and TDP-43 and GFAP (N) in hFCX of control and FTLD-GRN cases. Scale bars: 10 um. All data represent mean + SEM. Statistics in G, I, and K
uses 2-tailed student’s t test, and n represents the number of independent samples tested. *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.0001.

astrocytes and added them to Grn”* and Grn”~ cortical neurons.  In contrast, Grn”~ ACM significantly reduced the number of Bas-
These results showed that Grn”* ACM increased the number of  soon*;PSD-95* synapses in both Grn”* and Grn”~ neurons (Figure
Bassoon;PSD-95* synapses in Grn”/* and Grn”~ neurons, though 7, L and M). Finally, to determine the impacts of Grn”" astrocytes
this effect was more modest in Grn”" neurons (Figure 7, Land M).  on neuronal survival, we added Grn”* and Grn”- ACM to Grn*/*

10 J Clin Invest. 2023;133(6):e164919 https://doi.org/10.1172/)C1164919


https://doi.org/10.1172/JCI164919

The Journal of Clinical Investigation

G G or G- Grn** or Grn-

GJA1 S1008

(9]

o
<
[y
U]
c
s}
o
173
1]
©
[a1]
0
X
[a]
%]
o

E
M

PSD-95 Bassoon GFAP

L Control media

Grn”- neurons

Grn** neurons

Mouse thalamus

Grn**

Bassoon F

ouse sensorimotor cortex LC

Grn™-

P3 pups
. Neocorte:
» dissection

mix glia cultures

Grn™* or Grn™-
E15.5 pups
» Neocortex
» dissection

Grn*’* or Grn-
cortical neurons

Grn** neurons

ﬂe G

Culture till DIV14 g
& remove microglia

| T
— j/‘ Culture till DIV14 r&%

RESEARCH ARTICLE

Grn** or Grn™-
astrocytes DIV14

)
B

Add astrocytes
to neuron culture

Zﬁg Grow and ﬁx

Grn*/* or Gm‘/‘
neurons + astrocytes
(3:1 ratio)

Grn™- neurons

Grn** astrocytes  Grn™- astrocytes

EAAT2 GFAP

PSD95 SYP MAP2

o

Mouse sensorimotor cortex
Grn** Grn™-

| Synaptophysin* puncta

+Grn”* neurons + Gm** astrocytes

o
s
]
c
S
o
@
172}
]
[aa)
0
2
[m]
[

Grn** astrocytes

Grn™- astrocytes

PSD-95* puncta

+Gm™* neurons + Grn** astrocytes

«Grn** neurons + Grn™- astrocytes © +Grn** neurons + Grn™- astrocytes
& 5007©Grn~- neurons + Grm** astrocytes © 1507©Grn~- neurons + Gm** astrocytes
Q ©Grn™- neurons + Grn™- astrocytes s ©Grn™- neurons + Grn™- astrocytes
3 400 2
=% .
" Yo}
1
& 300 x e 100
) e B
*[* O
2 200 i o
= *]x ¥ © S0
© % (% =
S 100 ¥ X =
g * % o
5 >
o 0 =Rl g o0
0 20 40 60 80 100 8 0 20 40 60 80 100
Distance from astrocytes (um) Distance from astrocytes (um)
PSD-95*;Bassoon* J Grn** neurons K
" .
18 fufoid A G Grn** astrocytes Grn™- astrocytes » MAP2* dendrites
. 8 . O «Grmn neurons + Grn** astrocytes
o @ G o 5 8,+Gm" neurons + Grn™ astrocytes
< i & |©Grn™ neurons + Grn** astrocytes
L(_lr-) o o 8 |©Grm™ neurons + Grn™- astrocytes
IS N h
8 e o 6
£3 e * < &
S > — = <
©ge6 o ° =
© a8 5 4
85 4 ° y 2
88 ° Grn™- neurons 25
® O
(,3) 2 Grn** astrocytes ~ Grn™- astrocytes 2
'Y s
0 % E0
— & =710 20 30 40 50 60
£ 2 § S g { ) Distance from astrocyte
E &g &2 & cell body (um)
=
Grn** ACM Grn”- ACM
50um

M ® Control media e Control media
u Grn** ACM uGrn** ACM
A Grn”-ACM AGrn-ACM
*kkk
150 *kkk
b *kkk -~
8 _kkkk E'?
a € Kdkkk kkkk [0}
n = _ kkk 17}
o o 100 *hkk Y
-9 _k %
=
S 3]
g2 o
(7] N
& g 50 &
m % <€
o =
=z
0
N=31 29 28 36 24 28

Grn** neurons  Grn™" neurons

J Clin Invest. 2023;133(6):e164919 https://doi.org/10.1172/)CI1164919

® Control media e Control media

u Grn** ACM uGrn** ACM
A Grn-ACM AGrn-ACM
100, -
*kkk
kkk
801 rxwx NS
S e NS NS
+ 60{ NS
N
z
40
=
“ 4 ‘ ,
AL 3
N=15 20 15 20 20

Grn** neurons  Grn™" neurons

+


https://doi.org/10.1172/JCI164919

] -

RESEARCH ARTICLE

Figure 7. Grn™/- astrocytes promote synaptic and dendritic degeneration.
(A and B). IHC and confocal images of GJA1 (A) and EAAT2 (B) in astro-
cytes in cortex (CX) and thalamus (TH) in 19-month-old Grn*/* and Grn™-
mice. Scale bars: 1 mm; 100 pum (inset) (C-E) Confocal images of PSD-95,
Bassoon, and GFAP in mTH (C) and layer 1/2 (L1/2) (D) and layer 6 (L6) (E)
in mFCX in 19-month-old Grn*/* and Grn~/- mice. Scale bars: 10 um; 5 um
(inset). (F) Quantification of PSD-95*;Bassoon* area within GFAP* astro-
cytes in Grn*/* and Grn™'- mice (n = 3 each). Statistics uses 2-tailed Stu-
dent’s t test. (G) Schematic diagram for astrocyte-neuron cocultures. (H)
Confocal images of MAP2, SYP, and GFAP in astrocyte-neuron cocultures.
Scale bars: 50 um and 20 pum (inset). (1) Quantification of cumulative SYP*
(left) and PSD95* (right) density in Grn*’* and Grn/- dendrites near Grn*/*
or Grn™'- astrocytes. Data from 2 independent cocultures. Statistics uses
2-way ANOVA. (J) Confocal images of MAP2* neurons and GFAP* astrocytes
in astrocyte-neuron cocultures. Scale bars: 50 um. (K) Quantification of
MAP2* dendritic arborization in Grn*/* or Grn’~ neurons cocultured with
Grn*'* or Grn™/~ astrocytes. Data from 4 independent cocultures. Statistics
uses 2-way ANOVA. (L) Confocal images of Bassoon, PSD-95, and MAP2 in
Grn*'* and Grn™'~ cortical neurons treated with control media, Grn*/* ACM,
or Grn™’~ ACM. Insets are higher magnification images from boxed areas
above. (M and N) Quantification of Bassoon*;PSD-95* synaptic density

in the dendrites of Grn*/* and Grn~~ neurons (M) and cleaved caspase 3*
Grn** and Grn™’- neurons (N) treated with control media, Grn*/* ACM, or
Grn~- ACM. Data are from 4 independent cocultures. 1-way ANOVA. All
quantification data represent mean + SEM. *P < 0.05, **P < 0.01, ***P <
0.005, ****P < 0.0001. NS, not significant.

or Grn”/" neurons. As we previously reported (6), under control
media, significantly more Grn”- neurons (approximately 20%)
showed cleaved caspase-3* staining than Grn** neurons (approx-
imately 5%). Interestingly, Grn”~ ACM modestly increased cell
death in Grn*/* neurons but not in Grn”" neurons (Figure 7N).

Role of iPSC-derived GRN”" astrocytes in synaptic refinement,
neuronal stress, and TDP-43 proteinopathy in cortical organoids. To
further characterize the role of PGRN-deficient human astrocytes
in promoting neurodegeneration, we generated astrocytes from
GRN** and GRN”~ induced-pluripotent stem cell (iPSC) lines
using a previously published protocol (32). In parallel, we generat-
ed cortical organoids from GRN**iPSClines (33). After GRN*”*and
GRN7~ iPSC-induced astrocytes (iPSC-iASTs) became mature,
they were labeled with AAV-CMV-GFP and transplanted into
13-week-old cortical organoids and cultured for another 6 weeks
(Figure 8A). Using GFP and astroglial markers, including GFAP,
ALDHILI1, and SOX9, we showed that both GRN** and GRN”"
1ASTs exhibited similar grafting efficiency into the organoids (Fig-
ure 8B and Supplemental Figure 9A). Interestingly, transplanting
GRN** and GRN7~iASTs did not significantly alter the number of
RBFOX3* (NEUN") or SATB2" cells (callosal projection neurons),
but modestly increased the number of BCL11B* (CTIP2*) cortical
neurons (Supplemental Figure 9, B-E). To examine the impact
of GRN”~ iASTs, we performed immunostains using presynaptic
marker Bassoon and PSD-95 and showed that neither GRN** nor
GRN7~iASTs affected the density of Bassoon', PSD-95, or Bas-
soon*;PSD-95* synapses (Supplemental Figure 9, F and G). How-
ever, compared to nontransplanted organoids, the presence of
GRN"* 1ASTs significantly reduced the size of PSD-95* synapses
(Figure 8, C and D), suggesting that GRN**iAST promoted synap-
tic maturation and/or refinement. In contrast, PSD-95* synapses
near GRN7~ iASTs showed enlarged morphology similar to those
in organoids without iAST transplantation (Figure 8, C and D).
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One prominent feature of the cortical organoids is the presence
of cellular stress in neurons, due to the absence of vasculature in the
organoids (33, 34). To characterize the impacts of GRN”~ iASTs on
cellular stress in the organoids, we used immunostaining for GJAl,
glutamate transporter SLC1A2 (EAAT?2), and PGK1, which is a glyco-
lytic enzyme upregulated by the activation of the ER stress pathway.
Consistent with the results from hFCX in patients with FTLD-GRN,
GRN7"1ASTs showed a modest increase in GJAl and reduced expres-
sion of SLC1A2 (EAAT?2) (Figure 8, E-H). In addition, compared
with cortical organoids transplanted with GRN”* iASTs, organoids
transplanted with GRN7~iASTs contained more PGK1* cells (Figure
8,1and J). Finally, NEUN* neurons near GRN”~iASTs showed more
intense, larger, and more abundant extranuclear TDP-43 aggregates
than those near GRN** iASTs, but no change in nuclear TDP-43
intensity (Figure 8, K and L and Supplemental Figure 9H).

Discussion

By leveraging snRNA-Seq, histopathological validations, astrocyte-
neuron cocultures, and cortical organoids, we have interrogated
the effect of GRN mutations on glial and neuronal pathology in
the thalamocortical circuit in patients with FTLD-GRN and Grn”"
mice. Our results support that the thalamus is a highly conserved
brain region, where significant similarities in transcriptomic and
histopathological changes in microglia and astrocytes promote
synaptic degeneration in patients with FTLD-GRN and Grn”" mice
(Supplemental Figure 10). Further, we reveal a previously unap-
preciated role of astrocytes in promoting synaptic degeneration
in the thalamus and the frontal cortex in individuals with FTLD-
GRN and in Grn”" mice. Finally, using astrocyte-neuron cocultures
and transplantation of iPSC-derived iAST into cortical organoids,
we show PGRN-deficient astrocytes promote synaptic degenera-
tion, TDP-43 proteinopathy, and neuronal stress. Together, these
results reveal parallel glial and neuronal pathology caused by
PGRN deficiency in the thalamus and highlight species-specific
differences in the frontal cortex.

Despite the robust microgliosis and astrogliosis in the thala-
mus and frontal cortex in patients with FTLD-GRN and 19-month-
old Grn”~ mice (Figure 1), there are several distinct species- and
brain region-specific differences. First, while microglia in the hTH
of patients with FTLD-GRN share similar transcriptomic changes
with those from Grn”~mTH, microglia in the cortex of patients with
FTLD-GRN and Grn”" mice show no detectable overlap in their
transcriptomic changes (Figure 2, H and I and Figure 4A). Second,
pseudotime analysis shows that the thalamic microglia in patients
with FTLD-GRN exhibit developmental trajectories that correlate
with disease duration (Figure 4, B-D), as do thalamic and corti-
cal astrocytes in patients with FTLD-GRN (Figure 5). In contrast,
pseudotime analysis on cortical microglia in patients with FTLD-
GRN does not reveal any correlation with disease duration. These
results agree with those from a recent study (35), and indicate that
cortical microglia in patients with FTLD-GRN are uniquely differ-
ent. Itis possible that microglia in the frontal cortex of patients with
FTLD-GRN may have region-specific properties that accelerate
them to reach end-stage disease, based on disease duration.

The discovery of the highly conserved astroglial phenotypes in
the thalamus and frontal cortex in individuals with FTLD-GRN and
in Grn”/" mice expands the repertoire of glial pathology caused by

J Clin Invest. 2023;133(6):e164919 https://doi.org/10.1172/)CI1164919
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Figure 8. iPSC-derived PGRN-deficient astrocytes fail to promote synaptic refinement, but enhance neuronal stress and TDP-43 proteinopathy in
cortical organoids. (A) Schematic diagram for transplanting GRN*/* and GRN~~ iPSC-derived astrocytes (iAST) to organoids. (B) Confocal images of GFP*

GRN**iAST and GRN-/-iAST in organoids 1-week after transplantation. Scale bars: 500 um. (C) Confocal and IMARIS images of GFP, PSD-95, and Bassoon
in GRN*+iAST and GRN--iAST within the organoids. Scale bars: 10 pm and 3 um (inset and IMARIS). (D) Quantification of PSD-95 puncta size outside and
inside GFP* area in organoids transplanted with GRN*/* iAST (n = 10), GRN-iAST (n = 9), or no iAST (n = 4). Statistics use 1-way ANOVA (upper panel) and

2-tailed Student's t test (lower panel). (E) Confocal and IMARIS images of GFP and GJA1in GRN** iAST and GRN-~ iAST in organoids. Scale bars: 20 um.
(F) Quantification of GJA1* surface area in organoids with GRN*/* iAST (n = 10) or GRN--iAST (n = 9), Statistics use 2-tailed Student’s t test. (G) Confocal
and IMARIS images of GFP and EAAT2 in GRN*/*iAST and GRN-/-iAST in organoids. Scale bars: 20 um. (H) Quantification of EAAT2* area in GFP* GRN*/*
iAST (n = 10) and GFP* GRN-/-iAST (n = 9). Statistics use 2-tailed Student's t test. (1) Confocal images of GFP and PGK1 in organoids transplanted with
GRN** or GRN-- iASTs. Scale bars: 20 um. (J) Quantification of PGK1* area in MAP2* neurons in organoids transplanted with GRN*/* iASTs (n = 12) or GRN-/-
iAST (n = 10). Statistics use 2-tailed Student’s t test. (K) Confocal and IMARIS images of TDP-43 and NeuN in GRN*/* iAST and GRN/- iAST-containing
organoids. Scale bars: 10 um and 5 pum (inset and IMARIS) (L) Quantification of TDP-43" signals in extranuclear (enTDP-43) area (top) and particle size
(bottom) in organoids transplanted with GRN*/* iAST (n = 11), GRN--iAST (n = 10), or no iAST (n = 4). 1-way ANOVA. All quantification data represent mean
+ SEM, and n represents the number of independent samples tested. *P < 0.05, **P < 0.01.

PGRN deficiency and supports that the astrocytes in patients with
FTLD-GRN and in Grn”" mice could contribute to neurodegener-
ation. For instance, these disease-associated astrocytes show sig-
nificant upregulation of genes implicated in chaperone-mediated
autophagy, response to toxic substances, increase in cell adhesion
and glia-vascular coupling, and positive regulation of cell death
(Figure 5). Furthermore, pseudotime analysis of transcriptomes of
thalamic and cortical astrocytes in patients with FTLD-GRN reveal
similar developmental trajectories that correlate with shorter dis-
ease duration, suggesting that these astrocytes are fated toward
disease-specific states in multiple brain regions at much more

J Clin Invest. 2023;133(6):e164919 https://doi.org/10.1172/)CI1164919

accelerated pace compared with astrocytes in the aging mouse
brain (25). Interestingly, many of these astroglial genes are also
implicated in other neurodegenerative conditions, including AD
(11, 17-19, 36). Finally, astrocytes in FTLD-GRN cases and Grn”"
mice downregulate genes critical for trans-synaptic signaling, syn-
apse organization, and glutamate transporters (37).

In support of the transcriptomic changes, PGRN-deficient
astrocytes exhibit several histopathological features suggestive of
gain-of-function properties, including containing myelin debris
and TDP-43 in astroglial cytoplasm; marked increases in AQP4,
S100B, GJA1, and complements C3b and C4; and downregulation
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of glutamate transporter EAAT1 and EAAT2 (Figure 5). These
features underscore the aberrant disease-specific characteristics
of astrogliosis in patients with FTLD-GRN and Grn”" mice during
brain aging (25, 38). Indeed, astrocyte-neuron cocultures show
that Grn”" astrocytes promote synaptic and dendritic degeneration
in Grn** and Grn”/- neurons. Furthermore, iPSC-derived GRN”~
astrocytes fail to stimulate synaptic growth and promote TDP-43
protein aggregation in cortical organoids (Figure 8). Together,
these results support that PGRN-deficient astrocytes acquire
disease-specific properties that contribute to neurodegeneration
in patients with FTLD-GRN and Grn”" mice.

One intriguing feature of FTD is that the diverse clinical enti-
ties are united by their underlying FTLD pathology (39). Indeed,
patients with FTD with GRN mutations invariably develop abnor-
mal TDP-43 protein aggregates, characterized by numerous TDP-
43* short dystrophic neurites and compact cytoplasmic inclusions
in layers 2 to 3 of the frontal cortex (FTLD-TDP Type A) (39, 40).
Despite this genotype-phenotype association, the exact mechanism
leading to aberrant TDP-43 protein aggregate formation in patients
with FTLD-GRN remains unclear. Results from our current study
expand the role of astroglial pathology to TDP-43 proteinopathy in
patients with FTLD-GRN. First, our results show intense astroglio-
sis in the thalamus and the superficial layers of the frontal cortex in
patients with FTLD-GRN. Second, aside from the neuroanatomical
correlations, many disease neurons containing cytoplasmic TDP-
43 in these brain regions are surrounded by a dense meshwork of
astroglial processes (Figure 6). Furthermore, TDP-43* dystrophic
neurites can be identified in the astroglial processes, suggesting
that the reactive astrocytes in patients with FTLD-GRN may have
engulfed these structures. Finally, cortical organoids transplanted
with GRN7-iASTs show neuronal stress and extranuclear accumula-
tion of TDP-43 in neurons in cortical organoids (Figure 8).

The transcriptomic profiles of the neuronal clusters in the thal-
amus and frontal cortex of patients with FTLD-GRN show that the
key neurodegenerative features in FTLD-GRN primarily affect syn-
apses, dendrites, and axons (Figure 6). Interestingly, a recent study
shows that neurons lacking nuclear TDP-43 from the frontal cortex
of patients with FTLD-C9orf72 exhibit extensive transcriptomic
changes in the superficial layers (layers 1-3) of the frontal cortex
(29). In addition, several DEGs in disease neurons are also targets of
inclusion of cryptic exons that contain early termination codons and
are subject to transcript degradation (30, 31). The most prominent
DEG is UNCI3A, which is also a disease risk gene for FTD and ALS.
It is interesting to note that many GO terms defined by the DEGs in
the disease neurons in FTLD-C9orf72 overlap with those identified
in the thalamus and frontal cortex from patients with FTLD-GRN,
either via Nanostring nCounter platform or snRNA-Seq. These
shared GO terms include DNA damage, transcription, and RNA
splicing (Figure 1G) (29). Importantly, UNCI13A is also identified
as a significantly downregulated gene in the thalamus and frontal
cortex of patients with FTLD-GRN (Figure 1E and Figure 5B). Given
the inherent limitations of snRNA-Seq, it remains unclear whether
these DEGs also have missplicing or cryptic exon inclusion. It is also
unclear whether the shared DEGs in the thalamus of Grn7" mice
and individuals with FTLD-GRN may have species-specific splicing
defects (41). Finally, our study identifies selective loss of PV* inhibi-
tory neurons in hFCX and 2 interneuron clusters in hTH in patients
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with FTLD-GRN. These results suggest that, like the thalamus in
Grn”~mice (4), the inhibitory neural circuits may also be particular-
ly vulnerable to glial pathology in patients with FTLD-GRN.

Methods

Human iPSC lines

For cortical organoids generation, human iPSC lines, H28126 (male,
Gilad Lab, University of Chicago, Chicago, Illinois, USA), 13234
(female, Conklin Lab, Gladstone Institutes) and embryonic stem
cells line, H1 (male, WiCell; authenticated at source), were used. For
iPSC-derived astrocytes, isogenic GRN** and GRN”~ human iPSC
lines WTC11 (male donor, available at the Coriell Institute for Medical
Research; ID no. GM25256) were provided by Bruce Conklin (Glad-
stone Institute of Data Science and Biotechnology, San Francisco, Cal-
ifornia, USA) and Michael E. Ward (National Institute of Neurological
Disorders and Stroke, Bethesda, Maryland, USA).

RNA integrity measurements

Snap-frozen hFCX (middle frontal gyrus at the level of mammillary
body) and hTH (at the level of the subthalamic nucleus, red nucle-
us, and hippocampus) were sectioned on a cryostat (Leica) to collect
100 pm-thick sections for total RNA and nuclei isolation. Similarly,
snap-frozen mouse brains were sectioned on a cryostat (Leica) and
mFCX and mTH at the level of anterior hippocampus were micro-
dissected. Total RNAs were extracted using the RNAeasy Mini kit
(Qiagen) according to manufacturer’s instructions. RNA integrity was
analyzed on an Bioanalyzer using RNA 6000 Nano kit (Agilent). Only
samples with an RNA integrity number (RIN) of at least 6.5 were used
to perform snRNA-Seq.

NanoString nCounter gene expression analysis

Total RNA extracted from adjacent sections to the section used for
snRNA-Seq were sequenced through the NanoString nCounter plat-
form. DEGs were analyzed by nSolver software version 4.0 using
the data generated by nCounter Human Neuropathology Panel and
Human Neuroinflammation Panel (NanoString Technologies).

Sample preparation for 10x snRNA-Seq

The protocol for nuclei isolation for 10x snRNA-Seq was adapted from
previous studies (6, 12). Sectioned brain tissues were homogenized in
5 mL of RNAase-free lysis buffer (0.32 M sucrose, 5 mM CaCl,, 3 mM
Mg(Ac),, 0.1 mM EDTA, 10 mM Tris-HCl, 1 mM DTT, 0.1% Triton
X-100 in DEPC-treated water) using glass dounce homogenizer (size
A; Thomas Scientific) on ice. The homogenate was loaded into a 30
mL-thick polycarbonate ultracentrifuge tube (Beckman Coulter). Nine
mL of sucrose solution (1.8 M sucrose, 3 mM Mg(Ac),, 1 mM DTT, 10
mM Tris-HCl in DEPC-treated water) was added to the bottom of the
tube with the homogenate. The tubes were placed in a SW28 rotor and
centrifuged at 107,000g for 2.5 hours at 4°C. Supernatant was aspirated,
and the nuclei pellets were incubated in 100 pL (for mouse samples) or
200 uL (for human samples) of DEPC-treated PBS for 20 minutes on
ice before resuspending the pellet. The nuclear suspension was filtered
once (for mouse samples) and twice (for human samples) through a 30
um cell strainer (Miltenyi Biotec). Nuclei were counted before perform-
ing single-nucleus capture on the 10x Genomics Single-Cell 3’ system
V2 for human samples, V3 for mouse samples. Target capture of 3,000
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nuclei for human samples and 10,000 nuclei for mouse samples was
used. The 10x capture and library preparation were performed using the
manufacturer’s protocol. Single-nucleus libraries were sequenced on a
S2 flowcell of the Illumina NovaSeq 6000 machine (with an average
depth of 500 million reads/sample) at UCSF Genomics Core Facility.

snRNA-Seq data processing, dimensionality reduction

Analyses of snRNA-Seq data were adapted from our previous studies
(6, 12). Briefly, CellRanger software v.1.3.1 default parameters were
used for fastq files generation, reads alignment and unique molecu-
lar identifiers (UMIs) quantification, at the exception of the use of a
pre-mRNA reference file (ENSEMBL, GRCh38) to insure capturing
intronic reads originating from pre-mRNA transcripts abundant in the
nuclear fraction. Individual expression matrices containing numbers
of UMISs per nucleus per gene were filtered to retain nuclei with at least
500 genes expressed and less than 5% of total UMIs originating from
mitochondrial and ribosomal RNAs. Genes expressed in less than 3
nuclei were filtered out. In addition, mitochondrial RNAs were filtered
out to exclude transcripts coming from outside of the nucleus to avoid
biases introduced by nuclei isolation and ultracentrifugation. Individ-
ual matrices were combined. UMIs were normalized to the total UMIs
per nucleus and log transformed. A filtered log-transformed UMI
matrix was used to perform truncated singular value decomposition
(SVD) with k = 50. A scree plot was generated to select the number of
significant principal components (PCs) by localizing the last PC before
the explained variance reaches plateau. The significant PCs were used
to calculate Jaccard distance-weighted nearest-neighbor distances;
the number of nearest neighbors was assigned to root square of num-
ber of nuclei. Resulting graph with Jaccard-weighted edges was used
to perform Louvain clustering.

Clustering, differential gene expression, burden score, and nuclei count
To visualize nuclei transcriptomic profiles in 2-dimensional space,
t-distributed Stochastic Neighbor Embedding (:-SNE) was performed
with the selected PCs and combined with cluster annotations. Cell
types were annotated based on expression of known marker genes
visualized on the t-SNE plot and by performing gene marker analysis.
Primary cell type annotations of clusters were performed by compari-
son with previously annotated cell types, and when a repository of sub-
stantial matching was not available, a combination of literature-based
annotation was used. For sub-clusters, a set of markers, specifically,
overexpressed genes, was defined by differential expression analy-
sis of the cells grouped in each subcluster against the remaining cells
within the corresponding broad cell-type cluster. This analysis was
applied to all cell types independently. Among the neuronal clusters,
we have found that the ExNeu-NRGN cluster contained neuronal
debris without definitive nuclear features, suggesting that this cluster
may be a masked cell type in snRNA-Seq data sets (D. Velmeshev and
A.R. Kriegstein, personal communication). Due to the very few DEGs
(n = 2) in the “AST-REAC” cluster in hFCX between the control and
FTLD-GRN samples, the gene burden score for this cluster in hFCX in
FTLD-GRN became relatively low (5.14) compared with other clusters.

DEGs interactions were assessed using the Venn diagrams soft-
ware on the Van de Peer lab website (https://www.vandepeerlab.org/
software?page=2). Final Venn diagram were generated using the Eul-
err.co website (https://eulerr.co/). For statistics, hypergeometric tests
were performed on the Graeber Lab website (https://systems.crump.
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ucla.edu/hypergeometric/). GO enrichment analyses were performed
using Metascape. For all cases we used the set 0f 17,926 protein-coding
genes included in the QC data as background. All other plots includ-
ing Alluvial plots, Volcano plots and Scatter plots, were generated with
ggplot2 on R studio.

DEGs in neuronal clusters and TDP-43-mediated misspliced genes

The microglial transcriptomes in the thalamus and frontal cortex in
individuals with FTLD-GRN were compared with those from patients
with AD (17-19) and with the peripheral immune cells in the CIBER-
SORT data sets (13). We compared the DEGs of the neuron clusters in
our data to (a) the 66 alternatively spliced genes identified in NeuN*;
TDP43" compared with NeuN*;TDP-43* nuclei reported by Ma, et al.
(30); to (b) the 149 DEGs identified in NeuN*;TDP43- compared with
NeuN*;TDP-43* nuclei reported by Liu, et al. (29); and to (c) the 192
top DEGs (filtered by P adjusted value = 0.001 and Log2(FC)=0.23)
identified by comparison between control and TDP-43-knockdown
i3Neurons reported by Brown, et al. (31).

Pseudotime analysis

Monocle R package (Version 3) was used with default options to recon-
struct trajectories of microglia and astrocytes from hFCX and hTH
based on snRNA-Seq data. The initial node of each trajectory was
assigned to the node enriched for control cells. Once the pseudotime
was calculated, graph_test function was used to identify genes dynam-
ically expressed along microglia and astrocyte trajectories. FDR-
corrected P value under 0.05 was used as the cutoff to determine the
dynamically expressed genes. To plot expression of genes along tra-
jectories, normalized log transformed UMI counts for both the control
and patient microglia and astrocytes was used.

iPSC culture for cortical organoids

For cortical organoid generation, human iPSC lines, H28126 and
13234, and embryonic stem cells line, H1, were expanded on growth
factor reduced (GFR) matrigel-coated 6-well plates. Stem cells were
thawed in StemFlex Pro Media (Gibco) containing 10 uM Rock inhib-
itor Y-27632. Media was changed every other day and lines were pas-
saged when colonies reached about 70% confluency. Stem cells were
passaged using ReLeSR (Stem Cell Technologies) and residual cells
manually lifted with cell lifters (Thermo Fisher Scientific). All of the
cell lines used for this study were passaged between 25-40 times.

Cortical Organoids

Cortical organoids were differentiated using the previously published
directed differentiation protocol (33). Briefly, PSC lines were expanded
and dissociated to single cells using Accutase Sigma A6964. After dis-
sociation, cells were reconstituted in neural induction media at 10,000
cells per well in a 96 well v-bottom ultra-low adhesion plates. Directed
differentiation protocol GMEM-based induction media included 20%
Knockout Serum Replacer (KSR), nonessential amino acids, 0.11 mg/
mL sodium pyruvate, penicillin-streptomycin, 0.1 mM B-mercaptoeth-
anol, 5 uM SB431542 and 3 uM IWR1-endo. Media was supplemented
with 20 uM rock inhibitor Y-27632 for the first 6 days. After 18 days,
organoids were transferred from 96 well to 6 well ultra-low adhesion
plates and moved onto an orbital shaker rotating at 90 rpm. Media
was changed to DMEM/F12 media containing Glutamax, N2, CD Lip-
id Concentrate and Penicillin-Streptomycin. Throughout the culture
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duration, organoids were fed every other day. At 35 days, the organoids
were moved into DMEM/F12-based media containing 10% FBS, 5 pg/
mL heparin, N2, CD lipid concentrate and 0.5% matrigel. At 70 days,
media was additionally supplemented with B27 and 1% matrigel.

iPSC-derived astrocytes

iPSCs were cultured and maintained in Essential 8 Medium on 6 well
cell culture plates coated with Vitronectin in DPBS at Sug/ml as previ-
ously reported (32). iPSCs were dissociated and passaged using EDTA
in DPBS at 0.5mM. Human iPSCs (WTC11) were grown on vitronec-
tin-coated tissue culture plates using Essential 8 media. On day O of
differentiation, iPSCs were dissociated into small aggregates averag-
ing 50um in diameter and transferred into untreated tissue culture
flasks with Neurosphere Induction Media (NSIM) (DMEM-F12/Neu-
robasal-A at 1:1) N2 Supplement, B27-Vit.A Supplement, MEM-NEAA)
plus SMAD inhibitors SB431542 and DMHI1. On day 7, once embryoid
bodies began to show rosette clusters indicating early neuroepithe-
lia morphological hallmarks, spheroids were transferred to matrigel
coated tissue culture plates with NSIM and SMAD inhibitors were
removed. Media was changed every 24 hours until the outer-most
migratory cells had attached to the surrounding area of each spheroid,
exposing the rosette clusters within. On day 14, rosette clusters were
mechanically removed and transferred to untreated tissue culture
flasks with NSIM + FGFb at 10 ng/mL. On day 20, spheroids were trit-
urated into a single cell suspension and transferred to a new untreated
cell culture flask with astrocyte media (ASM) (DMEM-F12, N2 Supple-
ment, B27-Vit.A Supplement, Heparin plus Y27632) at 10uM. From
Day 28 to 180, spheroid aggregates were maintained in suspension
with ASM + EGF and FGFb with media changes every 4-5 days. Spher-
oid aggregates were triturated every 7-10 days and transferred to new
tissue culture flasks.

iAST transplantation

Before transplantation, iASTs were dissociated and resuspended at
1,000,000 cells/mL. Cells were pelleted and resuspended in organ-
oid medium containing AAV-CMV-GFP at a concentration of 1:1,000
to 1:2,000 to label dissociated cells for 45 minutes to 1 hour at 37°C.
Cells were washed 3 times for 5 minutes and spun down at 300g for 5
minutess. iAST were resuspended in the cortical organoid media with-
out FBS and with 0.1% rock inhibitor. Cortical organoids, which had
been cultured for 13 weeks, were placed into 6-well plates containing a
Millicell inserts (Millipore). Half of the media was removed to stabilize
the organoids on the insert. Each organoid received 125,000 iAST, and,
following the transplantation, the organoids were incubated for 2 hours
to allow the iAST to incorporate into the organoids. Organoids were left
undisturbed for 4 days, then transferred to low adhesion 6-well plates
and collected for immunohistochemistry 6 weeks after transplantation.

Primary astrocyte cultures and astrocyte conditioned media

Cerebral cortex from P3-4 Grn”* and Grn”~ mice were dissected and
cultured in DMEM media with 20% FBS and 20 ng/mL GM-CSF.
After 10-12 days in culture (DIV10-12), microglia were removed from
the mixed-glia cultures by shaking at 200 rpm for 2 hours and primary
astrocytes were detached with trypsin and cultured in the serum-free
conditioned medium (50% Neurobasal media and 50% DMEM with
1mM sodium pyruvate, 2 mM L-glutamate, 5 pg/mL N-acetyl-L-cys-
teine, 100 pg/mL BSA, 100 pg/mL transferrin, 16 pg/mL putrescine,
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60ng/mL progesterone, 40 ng/mL sodium selenite and 5 ng/mL
HB-EGF) for 72 hours. The conditioned media from astrocytes was
concentrated with Ultracel 10K (Amicon) and the final protein con-
centrations measured using BCA assay kit (Thermo Fisher Scientific).
Primary cortical neurons were prepared from the cerebral cortex of
E15.5 Grn*/* and Grn™/- embryos as previously described (4, 6).

Immunohistochemistry staining, imaging, and counting
Immunohistochemical stains were performed on 40 pum free-floating
sections of 4% PFA-fixed mouse brains and 16 um mounted sections
of 4% PFA-fixed human brains prepared using a Leica cryostat. The
staining protocol included antigen retrieval treatment by incubating
tissue sections in 10 mM sodium citrate (pH 6.0) at 90°C for 10 min-
utes. Immunostains were developed using DAB and counterstained
with Nissl or hematoxylin. Information on primary antibodies is pro-
vided in Supplemental Table 5. Images were captured using an Aperio
ImageScope (Leica Biosystems) with a 20x objective zoom x2. GAD1",
PV, NGRN*, and MAP2* neurons in human tissue were counted using
Neurolucida 2017 (MBF Biosciences) on a PC attached to an Olym-
pus BX51 microscope with a 20x objective. IBA1* microglia and GFAP*
astrocytes in human and mouse tissues were counted using an optical
fractionator-based method using Stereology Investigator 2017 (MBF
Biosciences) on a PC attached to an Olympus BX51 microscope with a
60x objective and a motorized XYZ stage.

Immunofluorescence staining, image acquisition,

and 3D-reconstruction

All human, mouse, and organoid samples were fixed, submerged in
sucrose solution, and embedded in OCT. Immunofluorescence stain-
ing was performed on 40 pm free-floating sections of 4% PFA-fixed
mouse brains and 16 pm mounted sections of 4% PFA-fixed human
brains, and 12 pm mounted sections of 4% PFA-fixed organoids were
prepared using a Leica cryostat. The staining protocol included anti-
gen retrieval treatment by incubating tissue sections in 10mM sodium
citrate (pH 6.0) at 90°C for 10 minutes. DAPI was used for fluorescent
nuclear counterstaining. Lipofuscin autofluorescence was reduced by
a 10-minute treatment of Sudan Black 1% in 70% ethanol. Z-stacks
were taken on a Nikon C2 confocal microscope using the NIS-
Elements AR 5.30.02 software at 60x with a step of 1 um. 3D recon-
struction was done using IMARIS x64 (Oxford Instruments). Images
were analyzed in Image].

Data availability

The FASTQ files generated by snRNA-Seq from individuals with and
without FTLD-GRN and from the sensorimotor cortex of 19-month-
old Grn** and Grn”~ mice have been deposited at the NIH sequence
read archive (SRA; accession no. PRJNA644744 [human] and PRJ-
NA922058 [mouse]).

Statistics

For transcriptomics, the exact numbers of human and mouse samples
are indicated in the figure legends. Four mice per brain region and gen-
otype were used to perform snRNA-Seq. Nine to 11 samples per brain
region were used as control or disease cases for snRNA-Seq after RIN
quality filter. DEG statistics were performed using Moran’s I tests.
Gene burden score statistics were calculated using 1-way ANOVA test
for parametric data and Kruskal-Wallis test for non-parametric data.
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Venn diagram statistics comparison were assessed using hypergeomet-
ric tests. P values for genes dynamically expressed along the pseudo-
time trajectories were obtained thanks to the ‘graph_test’ function.
GO-terms P values were from the Metascape analysis. The number
of nuclei in each cluster was normalized to the total number of nuclei
captured from each individual. For each cluster, nuclei count normality
was assessed for individuals with and without FTLD-GRN and, if nor-
mally distributed, 2-tailed unpaired Student’s ¢ tests were performed, if
nonnormally distributed, Mann-Whitney U tests were performed.

For immunostaining quantification, the exact numbers of samples
and images used are indicated in the figure legends. Statistical analy-
ses were done using Prism 9.0 (GraphPad). For comparisons between 2
groups, if normally distributed, 2-tailed unpaired Student’s  tests were
performed. If nonnormally distributed, Mann-Whitney U tests were
performed. For multiple comparisons with 1 factor, if normally distrib-
uted, 1-way ANOVAs with multiple comparisons were performed. If
nonnormally distributed, Kruskal-Wallis tests with multiple compari-
sons were performed. For multiple comparisons with 2 factors, 2-way
ANOVAs with multiple comparisons were performed. Posthoc analy-
ses were performed using Tukey’s multiple comparison tests.

Study approval

Human brain tissue collection. Deidentified postmortem brain tissues
from the hTH and hFCX of patients with FTLD-GRN were obtained
from the Neurodegenerative Disease Brain Bank at the UCSF. Age-
matched controls from the same brain regions were obtained from
the Autopsy Service in the Department of Pathology at the UCSF and
from the Mount Sinai Brain Bank via NIH NeuroBioBank. Brain tissue
samples were collected after informed consent was obtained from
the patient or their families, in accordance with guidelines put forth
in the Declaration of Helsinki. Autopsy consent and all protocols were
approved by the Human Gamete, Embryo, and Stem Cell Research
Committee and the IRB at UCSF. All control cases received extensive
neuropathological evaluations to rule out the presence of neurologi-
cal diseases. Detailed information regarding age, gender, postmortem
interval, and mutations in the GRN gene for FTLD-GRN cases is pro-
vided in Supplemental Table 1.

Mouse brain tissue collection. All mice experiments were conducted
in accordance with the UCSF IACUC (Protocol no. AN169548). Mice
carrying deletion of the exons 2-13 of the mouse progranulin gene
(Grn") were previously reported by our laboratory (4, 6, 42). Both
male and female mice were used.
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