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SUMMARY
Frontotemporal dementia type 3 (FTD3), caused by a point mutation in the charged multivesicular body protein 2B (CHMP2B), affects

mitochondrial ultrastructure and the endolysosomal pathway in neurons. To dissect the astrocyte-specific impact of mutant CHMP2B

expression, we generated astrocytes from human induced pluripotent stem cells (hiPSCs) and confirmed our findings in CHMP2Bmutant

mice.Our data providemechanistic insights intohowdefective autophagy causes perturbedmitochondrial dynamicswith impaired glycol-

ysis, increased reactive oxygen species, and elongated mitochondrial morphology, indicating increased mitochondrial fusion in FTD3

astrocytes. This shift in astrocyte homeostasis triggers a reactive astrocyte phenotype and increased release of toxic cytokines, which accu-

mulate in nuclear factor kappa b (NF-kB) pathway activationwith increased production of CHF, LCN2, andC3 causing neurodegeneration.
INTRODUCTION

Frontotemporal dementia type 3 (FTD3) is a rare heterozy-

gous early-onset form of frontotemporal dementia (Skibin-

ski et al., 2005). The disease is caused by a single nucleotide

substitution in the CHMP2B gene resulting in a C-terminal

truncated protein (Lindquist et al., 2008). CHMP2B is a

central component of the endosomal-sorting complex

required for transport-III (ESCRT-III). The mutation is asso-

ciated with impairment of the endolysosomal pathway,

leading to accumulation of early-stage endosomes, and cul-

minates in neuronal death and gliosis of the surrounding

tissue (Urwin et al., 2010; Zhang et al., 2017).

Astrocytes are one of the most abundant non-neuronal

cell types of the central nervous system, displaying remark-

able heterogeneity both in morphology and function

(Azevedo et al., 2009). Previous research has shown that as-

trocytes participate in numerous functions, such as the for-

mation of neuronal networks, production of neurotrophic
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factors, recycling of neurotransmitters, and maintenance

of homeostasis via detoxification and nutritional distribu-

tion (Haim et al., 2015). Glial cell pathology, manifested

in astrocyte reactivity, has been reported for Alzheimer dis-

ease (AD), Huntington disease, and amyotrophic lateral

sclerosis (ALS) (Osborn et al., 2016; Qian et al., 2017).

Autophagy is intracellular degradation of damaged or-

ganelles such as mitochondria, protein aggregates, and

long-lived proteins for subsequent recycling of usable sub-

units (Nakamura and Yoshimori, 2017). The autophagy

pathway is highly selective and often subdivided based

on its engulfed material, such as mitophagy facilitating

the breakdown of damaged mitochondria (Ding and Yin,

2012). An important connection between the endolysoso-

mal pathway and autophagy is the fusion between late en-

dosomes and autophagosomes into amphisomes, which

further fuse with lysosomes (Jäger et al., 2004). This part

of the process is an important feature in FTD3 pathology

as impairment of the amphisome formation due to
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ESCRT-III dysfunction has been demonstrated to result in

autophagosome and endosome accumulation (Lee et al.,

2007). P62 is a soluble cytosolic protein, incorporating

polyubiquitinated cargo into autophagosomes. Several

studies have provided evidence that P62 expression is

increased in neurodegenerative diseases such as ALS and

frontotemporal lobar degeneration (FTLD) (Rea et al.,

2014). Our previous findings revealed accumulation of

P62 in the S100b-positive glial cell population among hu-

man induced pluripotent stem cell (hiPSC)-derived FTD3

neurons (Zhang et al., 2017), which triggered the current

investigation of autophagic alterations in FTD3 astrocytes

and understanding of the mechanism contributing to

FTD3 pathology.
RESULTS

Efficient generation and characterization of hiPSC-

derived FTD3 astrocytes

Astrocyteswere differentiated fromhiPSC lines derived from

two relatedpatientswithCHMP2Bmutation (FTD3patient 1

and FTD3 patient 2), and their corresponding isogenic con-

trol, in which the mutation was corrected via CRISPR/Cas9

gene editing (isogenic control 1 and isogenic control 2,

respectively). Additionally, two CRISPR/Cas9 knockin cell

lines were generated carrying the same CHMP2B mutation

(homozygous and heterozygous; Table S1). All FTD3-hiPSCs

and control-hiPSCs were successfully differentiated into as-

trocytes with comparable efficiencies following a modified

version of an established protocol (Shaltouki et al., 2013)

(Figure 1A). All astrocyte cultures expressed characteristic

astrocyte markers: transcription factor SOX-9 (SOX9), pro-

tein S100-B (S100b), and aquaporin-4 (AQP4) validated by

immunocytochemistry (ICC) (Figure 1B) at 7weeks of differ-

entiation. No obvious difference was observed, indicating

that the CHMP2Bmutation has no effect on the differentia-

tion capacity towards astrocytes. On average, 85% of astro-

cytes were S100b, AQP4, and SOX9 positive (Figures 1C–1E).
FTD3 astrocytes show increased and imbalanced

autophagy

Impaired autophagy has been implicated in the pathogen-

esis of ALS and FTD3 (Edens et al., 2016). Due to their

classical functions of delivering autophagic cargo into au-

tophagosomes, P62 and LC3 expression is generally

considered to correlate with the level of autophagic degra-

dation. Our results uncovered high ICC expression of both

proteins in FTD3 astrocytes compared with controls, indic-

ative of an accumulation of autophagosomes and possible

impairment of autophagy (Figures 2A–2C, S2–S4). An in-

crease in the autophagic flux was confirmed via western

blot (WB) (Figures 2D and 2E).
To further visualize the changes in autophagy, we per-

formed transmission electron microscopy (TEM). TEM

analyses of FTD3 astrocytes displayed double-membraned

autophagosomes with increased electron-dense content

of engulfed cellular components and organelles, indicating

accumulation of un-processed material, reflecting a

possible impaired amphisome formation and/or lysosomal

fusion. In contrast, isogenic control lines presented elec-

tron-lucent autophagosomes, potentially representing

early autophagosomes and secondary lysosomes (Figures

2F and S4). Consequently, we investigated if this impair-

ment of autophagy-mediated clearance is caused by the

inability to transport autophagosomes to the lysosomes,

as seen with endosomes in FTD3 neurons (Urwin et al.,

2010). Co-labeling for P62 and RAB7 (Figure 2A, middle

column) revealed an increase in colocalization in FTD3 as-

trocytes compared with controls (Figures 2G and 2H),

which suggests that RAB7-mediated transport of autopha-

gosomes is increased but not impaired in FTD3 astrocytes.

To further examine the autophagosome-lysosome fusion

process, we performed ICC for P62 and lysosomal associ-

ated membrane protein 1 (LAMP1) (Figure 2A, right col-

umn). Puncta quantifications revealed a specific increase

in LAMP1 colocalization with P62 in FTD3 astrocytes, indi-

cating an increased formation of autolysosomes in the

mutated astrocytes (Figures 2I and 2J) (Pugsley, 2017),

further validated byWB (Figures 2K and 2L). To further sub-

stantiate the autophagy abnormalities in human FTD3 as-

trocytes, we analyzed autophagy-related genes in brains

obtained from a transgenic mouse model overexpressing

human CHMP2B Intron5 mutation (CHMP2Bintron5

mice). The results showed an increase in the expression

of autophagy genes p62, Rab7, and Lamp1 in CHMP2B
intron5 mice via qPCR and WB (Figures 2M–2Q),

resembling he increased autophagy activity in iPSC-

derived astrocytes.

Since no obvious impairments were found in the trans-

port and fusion of autophagosomes with lysosomes, we

treated the astrocytes with two different concentrations

(200 nM and 500 nM) of rapamycin, a potent inducer of

autophagy, in order to further activate and promote the

clearance of autophagosomes in the FTD3 astrocytes. Over-

all, this attempt was unsuccessful, as it changed the abun-

dance of neither the P62 and LC3B punctae (Figures S2–S4)

nor the RAB7-mediated transport and LAMP1-mediated

lysosomal fusion, which suggests that autophagy is

impaired in one or more unidentified steps of the process.

Only in the homozygous line did we observe a reduction

in the number of P62, RAB7, and LAMP1 punctae as well

as the colocalization of P62 and LAMP1. The 200 nM treat-

ment did also lower LC3B in FTD3 patient 1 comparedwith

its control; however, we did not observe this in the other

FTD3 lines. In order to further investigate if mitophagy
Stem Cell Reports j Vol. 16 j 2736–2751 j November 9, 2021 2737
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impairments are causing the autophagosome accumula-

tions, we performed ICC using TOM20 (mitochondrial

marker) and LAMP1. We found that FTD3 lines promoted

mitochondria-LAMP1 colocalization, indicating an upre-

gulation in the mitophagic turnover of mitochondria (Fig-

ures S4A–S4C).

FTD3 astrocytes display impaired mitochondrial

dynamics and function

Next we investigated if the autophagic defects in our FTD3

astrocytes lead to accumulation of dysfunctional mito-

chondria and enhanced production of reactive oxidative

species (ROS) linked to hampered respiratory function.

Assessment of ROS revealed increased levels of oxidative

stress in FTD3 astrocytes, substantiating that mitochondria

function and turnover are affected (Figure 3A). Prompted

by our observations of increased ROS, we tested the mito-

chondrial function by assessing their basal respiration

rate and ATP-linked respiration. Our real-time bioener-

getics analyses uncovered a reduced basal and maximal

respiration as well as decreased oxygen consumption

linked to ATP production in the FTD3 astrocytes compared

with controls (Figure 3B). Furthermore, our RNA

sequencing (RNA-seq) analyses revealed altered expression

levels of genes related to oxidative stress in FTD3 astrocytes

(Table S2). For instance Thioredoxin Reductase 2

(TXNRD2), known to scavenge ROS in mitochondria (Lu

and Holmgren, 2012), was downregulated in FTD3 astro-

cytes. This is in agreement with a recent study reporting

that TXNRD2 deficiency causes increased ROS levels,

affecting the oxidative phosphorylation system, and re-

sults in reduced ATP availability (Holzerova et al., 2016).

Similarly, Mitogen-Activated Protein Kinase 9 (MAP3K9),

an essential component of theMAP kinase signal transduc-

tion pathway, was downregulated in FTD3 astrocytes. Next,

we investigated whether mitochondria dysfunction and

increased oxidative stress affect cell viability. WB analysis

for cleaved caspase 3 (CASP3), did not reveal increased

apoptotic activity in FTD3 astrocytes (Figure 3C). Even

though astrocyte survival is not affected at this point, our

data indicate an impairment of handling oxidative stress

in FTD3 astrocytes. Oxidative stress has been linked to

the formation of stress granules (SGs), and a key compo-

nent of stress granules is the prion-related RNA-binding

protein, T cell intracellular antigen-1 (TIA-1), which was

examined via ICC. Indeed, the number of SGs was

increased and more scattered in FTD3 astrocytes compared
Figure 1. Generation and characterization of hiPSC-derived astro
(A) Schematic of astrocyte differentiation protocol.
(B) Representative ICC images of AQP4, S100b, and SOX9. Scale bar,
(C–E) Quantifications of AQP4, S100b, and SOX9 expression. Mean ± S
multiple comparisons test; *p < 0.05. See also Figure S1.
with controls, indicating increased SG formation as a direct

result of impaired autophagy (Silva et al., 2019) (Figures 3D

and 3E).

Mitochondrial dynamics in astrocytes are far less studied

compared with neurons but could play an important role

in the FTD3 disease mechanism. We examined mitochon-

drial networks using MitoTracker Red CMXRos followed

by high-resolution morphology studies via TEM. Mito-

Tracker experiments revealed that FTD3 astrocytes display

an interconnected meshwork of elongated mitochondria

compared with their controls, indicative of decreased

fission and increased fusion (Figures 3F and 3G). Our

TEM results confirmed excessively elongatedmitochondria

in FTD3 astrocytes (Figure 3H). TEM quantitative analysis

revealed a reduction in relative mitochondria to cytoplasm

area ratio in FTD3 patient 1 and heterozygous induced as-

trocytes (Figure S4G). The same tendency was observed in

FTD3 patient 2 and homozygous induced astrocytes indi-

cating a reduction in total mitochondria number corre-

latingwith the observation of increased fusion and reduced

fission. Furthermore, a significant increase in relative indi-

vidual mitochondria area was observed in FTD3 patient 1,

possibly due to increased fusion and mitochondria elonga-

tion (Figure S4F).

Strikingly, RNA-seq analysis revealed differential expres-

sion of genes functionally linked to mitochondrial

fission/fusion processes (Table S2). Dynamin 3 (DNM3), a

member of the dynamin superfamily, was upregulated in

FTD3 astrocytes (validated by qPCR; Figure 3I). The dyna-

min-related GTPase DNM3 controls mitochondrial

morphology by recruiting dynamin-related protein 1

(DRP1), and mutation in DNM3 interferes with the mito-

chondria morphology (Fonseca et al., 2019). In addition,

BCL2 Interacting Protein 3 (BNIP3), a regulator of mito-

chondrial fission/fusion dynamics (Autret and Martin,

2010), was reduced in FTD3 patient astrocytes (Table S2).

Furthermore, expression of the kinase insert domain recep-

tor (KDR), whose silencing was shown to increase themito-

chondrialmembrane permeability (Zhang et al., 2014), was

reduced (Table S2) in FTD3 astrocytes, further supporting

unbalanced fission-fusion events.

Next we investigated if key regulators of mitochondrial

fission and fusion processes are affected. In accordance

with the observed mitochondria elongation phenotype,

we observed increased optic atrophy 1 (OPA1) and mitofu-

sin 1 (MFN1) expression levels in FTD3 patient astrocytes

and CHMP2Bintron5 mice brains (Yu et al., 2020). A similar
cytes

25 mm.
EM of three independent experiments. One-way ANOVA with Tukey
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trend in the expression level changes of fission protein 1

(FIS1) was observed in both FTD3 patient astrocytes and

in CHMP2Bintron5 mice brain (Figures 3J and 3K), which

has been seen to cause mitochondrial elongation (Yoon

et al., 2003). The evidence of mitochondria dysfunction

is further supported by our RNA-seq data showing downre-

gulation of additionalmitochondrial-related genes in FTD3

astrocytes (Figure 3L; Table S2). Ursodeoxycholic acid

(UDCA) has been proved to rescue apoptotic cascades

downstream of autophagic and endosomal perturbations

in CHMP2BIntron5 expressing Drosophila (West et al.,

2020). In addition, it has proved to rescue mitochondrial

defects in parkin-deficient neurons in iPSC-derived models

(Mortiboys et al., 2013). Treatment with 50 nM UDCA was

sufficient to reduce ROS in FTD3 astrocytes compared with

controls (Figure 3A). However, there was no effect of UDCA

on mitochondrial respiration or on ATP coupled respira-

tion (data not shown). Collectively, our results suggest

that the impaired mitochondrial function and antioxidant

capacity of FTD3 astrocytes contribute to both metabolic

and oxidative stress.

FTD3 astrocytes display glucose and acetate

hypometabolism

The observed functional impairments of mitochondria in

FTD3 astrocytes led us to investigate whether these cause

metabolic deficiencies. Glucose and acetate oxidative

metabolism is closely linked to mitochondria function

via the tricarboxylic acid (TCA) cycle, which provides

high-energy intermediates for the electron transport chain

(ETC) leading to ATP production (McKenna et al., 2012). To

provide detailed insights into relevant pathways of glucose

and acetate metabolism, we used 13C-labeled energy

substrates and mass spectrometry (GC-MS) analysis to

quantify 13C incorporation in cellular metabolites. Figures

4A–4F shows the percentage distribution of 13C labeling in

fully labeled (M+3) lactate and alanine arising from direct

metabolism of [U-13C] glucose (2.5 mM). We observed a

decrease in labeled lactate and alanine in FTD3 astrocytes
Figure 2. FTD3 astrocytes display autophagy changes
(A) Representative images of LC3B and S100b co-labeling of astrocy
column), and P62 and LAMP1 co-labeling of astrocytes (right column)
column).
(B and C) P62 and LC3B puncta quantification.
(D and E) WB of autophagic flux (ratio of LC3II/I).
(F) TEM images of FTD3-specific accumulation of electron-dense aut
autolysosomes. Scale bar, 2 mm.
(G and H) Puncta quantifications of P62 and RAB7 colocalization.
(I and J) Puncta quantifications of P62 and LAMP1 colocalization.
(K and L) WB of LAMP1.
(M–Q) Validation of CHMP2Bintron5 mice versus control mice brain fo
dependent experiments. One-way ANOVA with Tukey multiple compari
See also Figures S2–S4.
comparedwith controls. However, the difference in labeled

alanine found in FTD3 patient 2 did not reach statistical

significance compared with isogenic control 2 (Figure 4E).

Interestingly, the 13C labeling of most of the amino acids

andmetabolites, except for glutamate (FTD3 patient 1; Fig-

ure 4G), obtained from a first turn of the TCA cycle in FTD3

astrocytes was lower than their controls, suggesting an

overall decreased TCA cycle activity in FTD3 astrocytes (Fig-

ures 4G–4I). In line with our observation, RNA-seq revealed

that numerous genes related to TCA and ETC are downre-

gulated in FTD3 astrocytes (Table S2, Figure 4M). Specif-

ically, genes of the mitochondrial NADH-ubiquinone

oxidoreductase chain family (MT-ND1, MT-ND2, and MT-

ND3) and mitochondrial encoded cytochrome C oxidases

(MT-CO2 and MT-CO3), which are implicated in oxidative

phosphorylation, were downregulated. This indicates an

impaired glucose metabolism resulting in decreased ATP

synthesis, which is in line with our observation of

hampered mitochondrial respiration.

Next, astrocytes were incubated in medium containing

[1, 2-13C] acetate (2.5 mM) and unlabeled glucose

(2.5 mM). In astrocytes, [1, 2-13C] acetate (M+2) enters

the TCA cycle as acetyl coenzyme A, which in a first turn

of the TCA cycle condenses with oxaloacetate to form dou-

ble-labeled citrate (M+2). This TCA cycle intermediate is

further metabolized, giving rise to a-ketoglutarate, fuma-

rate, and malate (M+2). Aspartate (M+2) is formed from

oxaloacetate (M+2). All metabolites evaluated were

decreased in FTD3 astrocytes compared with respective

controls (Figures 4J–4L), which supports the observed en-

ergy hypometabolism. Reduced expression of MT-ND

genes could explain the observed dysfunction of mito-

chondrial respiratory chain with subsequent reduced ATP

production (Zhao et al., 2011). In addition, we foundmito-

chondrial uncoupling protein 2 and 3 (UCP2 and UCP3)

genes, which code for transporter proteins that create pro-

ton leaks across the inner mitochondrial membrane, to be

downregulated in FTD3 astrocytes. Astrocytes take up and

process most of synaptic glutamate (Danbolt, 2001). We
tes (left column), P62 and RAB7 co-labeling of astrocytes (middle
Scale bar, 25 mm (left column). Scale bar, 10 mm (middle and right

ophagosomes indicated with black arrows. A, autophagosomes; L,

r autophagy via qPCR (M) and WB (N–Q). Mean ± SEM of three in-
sons test; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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have recently shown that FTD3 astrocytes displayed

increased glutamate uptake and metabolism (Aldana

et al., 2020). Here, we observed a slight increase in the label-

ing in lactate in the FTD3 astrocytes when incubated with

[U-13C] glutamate and unlabeled glucose (Figures S5A–

S5C), possibly reflecting the increased glutamate meta-

bolism. Collectively, these results indicate decreased

glucose and acetate metabolism associated with decreased

TCA cycle activity in FTD3 astrocytes.

FTD3 astrocytes demonstrate increased reactivity

The homeostatic changes in FTD3 astrocytes could trigger

conversion of resting astrocytes to reactive astrocytes

contributing to the observed neurodegeneration and glio-

sis in FTD3 patients (Radford et al., 2015). To investigate

astrocyte reactivity, we performed ICC using neutrophil ge-

latinase-associated lipocalin (LCN2) and glial fibrillary

acidic protein (GFAP) as markers for reactive astrocytes

(Lee et al., 2009b; Liddelow et al., 2017). Image analyses

via puncta quantifications revealed an increase in LCN2

and GFAP expression in FTD3 patients’ astrocytes

compared with their controls, indicating increased

numbers of reactive astrocytes (Figures 5A–5C). Surpris-

ingly, GFAP expression was not increased in introduced

mutation lines, contrary to the presence of all other disease

phenotypes. Consistent with this, RNA-seq with FTD3 pa-

tient lines revealed upregulation of mitogen-activated pro-

tein kinase 1 (MAP3K1) in FTD3 astrocytes (Table S2).

MAP3K1 is an inhibitor of nuclear factor kappa b kinase

subunit beta (IKBKB), triggering phosphorylation and acti-

vation of nuclear factor kappa b (NF-kB) (Xia et al., 1998),

which regulates genes implicated in immune responses

(Lee et al., 1998). Supporting the transcriptome profile,

the presence of phosphorylated NF-kB was validated by

WB (Figures 5D and 5E). Even more intriguing, we found

an upregulation of complement C3 (C3), fibulin 5

(FBLN5) and serpin family G member 1 (SERPING1) in

FTD3 astrocytes (Table S2) via RNA-seq analysis. C3 and
Figure 3. FTD3 astrocytes display impaired mitochondrial dynam
(A) ROS intensity analyzed via fluorescence-activated cell sorting (FA
for 24 h.
(B) Mitochondrial function profile.
(C) WB of caspase 3 activity, GAPDH as control.
(D and E) Representative T1A1 labeling and quantification. Scale bar
(F) Representative mitochondrial distribution. Scale bar, 25 mm.
(G) Running average length of mitochondria.
(H) Qualitative analysis of mitochondria visualized with TEM. Mitoch
(I) RNA-seq validated by qPCR.
(J and K) qPCR of fission and fusion genes.
(L) Top 20 differentially expressed genes associated with mitochond
ments. Statistics for RNA-seq, Benjamin-Hochberg adjusted p value
normalized countsR 10; qPCR, unpaired Student’s t test, and other a
0.05, **p < 0.01, and ***p < 0.001. See also Figures S1, S4, Tables S
SERPING1 are regulators of the complement system,

important for the innate immune response, andmutations

in these genes have been implicated to induce toxic reac-

tive astrocyte phenotypes in neurological diseases (Fraczek

et al., 2011). To validate the RNA-seq expression changes

on a protein level, we analyzed astrocyte reactivity via

WB. Our results revealed increased protein expression of

C3 in FTD3 astrocytes compared with their controls (Fig-

ures 5F and 5G). Additionally, we performed WB (Figures

5H–5K) and qPCR analysis (Figure 5L) of CHMP2Bintron5

mice brains, revealing robust increase of C3 and Lcn2 and

thereby confirming the astroglial phenotypes both in vivo

and in vitro.

Cytokine secretion triggers reactive astrocytes to

further secrete cytokines through an autoregulative

loop

Cytokines are considered to be effectors of reactivity (He-

neka et al., 2015). Specific cytokines such as interleukin

(IL) 1 alpha, tumor necrosis factor alpha (TNFa), and com-

plement component 1q subcomponent (C1q) are capable

of inducing a reactive phenotype in astrocytes (Liddelow

et al., 2017). Comparative analyses of secreted cytokines re-

vealed that FTD3 astrocytes secreted higher levels of in-

flammatory-related proteins IL-6, IL-8, IL-13, TNFa, and

IL-2 compared with controls (Figures 5M–5O and S5D–

S5F). Likewise, we observed a similar pattern of expression

for IL-6 via qPCR in CHMP2Bintron5 mice brains demon-

strating a coordinated immune response (Figure 5L). Addi-

tionally, RNA-seq showed enrichment of differentially

expressed genes involved in inflammatory response

(GeneOntology [GO]: 0006954) in the FTD3 astrocytes (Ta-

ble S3). A number of these genes are engaged in the NF-kB

and TNF signaling pathways (KEGG hsa04064 and

hsa04668), such as Vascular Cell Adhesion Molecule 1

(VCAM1), CD40 molecule (CD40), Lymphocyte Antigen

96 (LY96), Phosphatidylinositol-4,5-Bisphosphate 3-Ki-

nase Catalytic Subunit Delta (PIK3CD), C-X-C Motif
ics
CS) and rescue of mitochondrial ROS by treatment with 50 nM UDCA

, 25 mm.

ondria are marked by black arrows. Scale bar, 1 mm.

ria. Data are reported as mean ± SEM of three independent experi-
(Wald test) % 0.05, absolute log2 fold change R 1, and mean of
nalyses one-way ANOVA with Tukey multiple comparisons test, *p <
2, and S3.
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Chemokine Ligand 5 (CXCL5) and IL-6. These data suggest

an increased inflammatory response in the FTD3 astrocytes

similar to reports in ALS (Chen et al., 2019). Functional and

pathway enrichment analysis highlighted cytokine activity

and cytokine-cytokine receptor interaction within the

most enriched terms (Figures S1C and S1D). Most notably,

apolipoprotein D (APOD) was found to be upregulated in

the FTD3 astrocytes (Table S2). This gene is shown to be up-

regulated in aging and degenerative brains (Dassati et al.,

2014). Furthermore, we observed an upregulation of IL-

17D (Table S2), a cytokine reported to increase the expres-

sion of IL-8 in an NF-kB-dependent manner (Starnes

et al., 2002), while Signal Regulatory Protein Alpha (SIRP-

a), reported as a negative regulator of cytokine production

involved in inflammatory response (GO: 1900016) was

downregulated. We further observed an upregulation of

proteoglycans (PGs) such as biglycan (BGN), Syndecan 2

(SDC2), aggrecan (ACAN), and lumican (LUM) (Figure 5P).

PGs participate in neuroinflammation and were previously

linked to neurodegenerative diseases (Heindryckx and Li,

2018). Of particular interest is the upregulation of SDC2,

as SDC2 is known to control a large number of cytokines

through proteoglycan-mediated inflammatory responses

(Gopal, 2020). In addition, we observed a strong decrease

in the expression of the cystic fibrosis transmembrane

conductance regulator (CFTR) in FTD3 astrocytes (Fig-

ure 5P). Mutation in this gene leads to impaired immune

cell functions and exaggerated pro-inflammatory re-

sponses in AD (Lahousse et al., 2003), while knockdown

causes an increase in basal secretion of IL-8 as well as IL-

1b-induced secretion of IL-6 and IL-8 (Crites et al., 2015).

Collectively, our findings indicate that conversion of

resting astrocytes to reactive astrocytes viaNF-kB activation

leads to increased pro-inflammatory cytokine release,

which triggers an autoregulatory loop reinforcing the toxic

reactive astrocyte phenotype and further enhances cyto-

kine production.
Reactive astrocyte media inhibit axonal outgrowth

Previous research has demonstrated that secreted factors

from reactive astrocytes impair neurite outgrowth (Sofro-

niew, 2015). To investigate this toxic effect, we cultured

healthy neurons with astrocyte conditioned medium

(ACM) from FTD3 and control astrocytes. A decrease in

neurite length was observed in neurons cultured with
Figure 4. Energy hypometabolism in FTD3 astrocytes
(A–I) Glucose metabolism: 13C enrichment in metabolites was determ
(J–I) Acetate metabolism.
(M) Networks of downregulated genes involved in energy-production
white-red logarithmic scale. Mean ± SEM of three independent exp
*p < 0.05, **p < 0.01. See also Figures S1, S5, Tables S2, and S3.
FTD3 ACM compared with control ACM (Figures 5Q and

5R), demonstrating the inhibiting impact on neuronal

outgrowth via secreted factors from FTD3 astrocytes. More-

over, we analyzed the expression levels of genes associated

with the positive and negative regulation of the glial cell

apoptotic process (according to GO: 0034352 and GO:

0034351) via RNA-seq analysis. We observe upregulation

of A-Kinase Anchoring Protein 12 (AKAP12) and downre-

gulation of Growth Arrest Specific 6 (GAS6) in FTD3 astro-

cytes (Table S2). AKAP12 is involved in oligodendrocyte

apoptosis and in the production of TNF-a as well as nitric

oxide in astrocytes with inflammatory stimulation (Li

et al., 2010). GAS6 promotes cell survival in the brain (Ax-

elrod and Pienta, 2014). These results further underline the

overall toxic effect of astrocytes in FTD3 patients reflected

in the pathology of cortical neurodegeneration.
DISCUSSION

A previous study reports that excess accumulation of auto-

phagosomes has a negative impact on neuronal survival,

and dysfunctional ESCRT-III appears to cause neurodegen-

eration through numerous mechanisms (Lee et al., 2009a).

However, the involvement of autophagy in astrocytes is

largely unknown. In this study, we report that astrocytes

generated from FTD3 patient hiPSCs, or with introduced

CHMP2B mutation, display autophagy impairments with

autophagosome accumulation. The ICC and WB results,

together with the accumulation of cargo-filled vesicles

visualized with TEM, are reliable indications that the auto-

phagy process is impaired and that FTD3 astrocytes are un-

successfully attempting to accommodate the degradation

of a large amount of intracellular material. These results

were confirmed in the CHMP2Bintron5 mice model (Kras-

niak and Ahmad, 2016). Despite the increase in autophagic

flux and our attempt to promote autophagic clearance of

accumulated autophagosomes with rapamycin, we did

not see a reduction in autophagosomes. This suggests

that one or several steps in the autophagic process is

affected in FTD3 astrocytes. Our investigation of RAB7-

mediated transport, which is affected in FTD3 neurons (Ur-

win et al., 2010), did not show a similar phenotype, and

neither did our investigation of the autophagosome-lyso-

somal fusion; however, this does not exclude the possibil-

ity of faulty transport and fusion involvements.
ined via GC-MS after 90-min incubation with [U-13C] glucose

pathways. Node colors represent expression fold changes in a blue-
eriments. Two-way ANOVA with Tukey multiple comparisons test;
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Defective recycling of organelles is the earliest impair-

ment event, which clearly links autophagy to mitochon-

dria turnover (Xie et al., 2015). Abnormal mitochondrial

function and aberrant morphology were previously re-

ported by our group in hiPSC-derived FTD3 neurons

(Zhang et al., 2017). Consistent with this, we here present

mitochondrial dysfunctions with hypometabolism,

increased mitochondrial fusion, and release of ROS as cen-

tral components of FTD3 astrocyte pathology. We could

indeed rescue mitochondrial ROS levels in FTD3 astrocytes

via UDCA; however, we did not see an effect on othermito-

chondrial phenotypes.

Increased mitochondrial fusion is an important mecha-

nism in metabolically active cells in order to provide a

mitochondrial network that can sustain and accommodate

the need for large amount of energy (Krasniak and Ahmad,

2016). In quiescent cells, where the energy demand is less,

themitochondria often appear smaller and spherical due to

increased fission activity (Westermann, 2010). Since the

FTD3 astrocytes demonstrate hypometabolism with

decreased glycolysis and TCA cycle activity, we propose

an increased fusion of functional and damaged mitochon-

dria as a regulatory mitochondrial attempt to accommo-

date the energy demand in the cells. This could explain

the increased and elongated network of mitochondria

evident in the FTD3 astrocytes. The upregulation of the

lactate labeling after incubation with [U-13C] glutamate,

which supports an increased incorporation of the carbon

skeleton of glutamate into lactate possibly via malic

enzyme (McKenna et al., 1995), might also be a compensa-

tory mechanism against the hypometabolism.

It has been reported that oxidative stress induces auto-

phagy impairments, driving the accumulation of dysfunc-

tional mitochondria (Luo et al., 2013). Similarly, we

showed that oxidative stress causes defects in the auto-

phagy-mitophagy pathway, as it directly connects cellular

clearance mechanisms with mitochondrial function. We

suggest that autophagy imbalances are causing an accumu-
Figure 5. FTD3 pathology contributes to reactive astrocyte
(A) Representative images of LCN2 and S100 b co-labeling of astrocyte
bar, 25 mm.
(B) LCN2 puncta quantification.
(C) GFAP quantification.
(D and E) WB of NF-kB and phosphorylated-NF-kB (pNF-kB).
(F and G) WB of C3 (human).
(H and I) WB of C3 for CHMP2Bintron5 mice brain.
(J and K) WB of GFAP (mouse).
(L) Validation of CHMP2Bintron5 mice brain for reactive astrocytes.
(M–O) Cytokine profiling.
(P) Top 20 differentially expressed genes associated with lysosomes
(Q) Representative image of neurite outgrowth.
(R) Neurite outgrowth quantification. Mean ± SEM of three independ
test; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. See
lation of dysfunctional mitochondria further prompting

the hypometabolism (graphical abstract).

A subtype of reactive astrocytes can be toxic to neurons by

promoting the loss of beneficial astrocytic properties such as

neural outgrowth and synaptogenesis, thereby resulting in

neuronal cell death (Escartin et al., 2021). In the toxic sub-

type of reactive astrocytes, our study reveals that FTD3 astro-

cytes upregulate characteristic genes such as SERPING1 and

FBLN5. Astrocyte expressing SERPING1 may lead to recruit-

ment of large numbers of T lymphocytes, exacerbating

neuroinflammation via complement cascade in the brain

(Hennessy et al., 2015). Glial cell reactivity is increasingly

connected to neurodegenerative diseases (Liddelow and

Barres, 2017); especially in AD, an upregulation of astrocytic

pro-inflammatory cytokines such as TNFa and IL-1b has

been shown to cause astrocyte reactivity (Oksanen et al.,

2017). Likewise in ALS, increased levels of TGF-b1, produced

by SOD1 G93A reactive astrocytes, induces cytoplasmic ag-

gregation and impaired autophagy (Tripathi et al., 2017).

Here, we showed that mutations in CHMP2B causing

FTD3 contribute to astrocyte reactivity by upregulation of

LCN2 and GFAP. Supporting our findings, studies suggest

that increased levels of LCN2 were detected in the cerebro-

spinal fluid of patients with AD and in the frontal cortex

of patientswith FTLD, correlatingwith reactive astrocyte pa-

thology (Bi et al., 2013). In accordance, we observed an in-

crease in the pro-inflammatory cytokine secretion from

FTD3 astrocytes. The results are consistent with previous

findings where increases in IL-6 and IL-8 in the brain tissues

were associated with poor cognitive performance (Jabbari

Azad et al., 2014). It should be noted that these cytokines,

when secreted by activated microglia, could induce the for-

mation of reactive astrocytes (Cregg et al., 2014); However,

due to the absence of microglia in our cultures, we hypoth-

esize that an autoregulatory cytokine loopdrives the reactive

astrocytes phenotype in FTD3 astrocytes through NF-kB

activation. Finally, we investigated the presence of astrocyte

reactivity in CHMP2Bintron5mice brains, where our findings
s (left column) and GFAP labeling of astrocytes (right column). Scale

(left) and endosomes (right).

ent experiments. One-way ANOVA with Tukey multiple comparisons
also Figures S1, S5, Tables S2, and S3.
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revealed complement protein C3 as an astroglial target of

NFkB to be upregulated (Lian et al., 2015).

In summary, our findings show that FTD3 astrocytes have

perturbed autophagy with accumulation of amphisomes.

This autophagy impairment leads to insufficient mitochon-

drial turnover with increased fusion and elongated mito-

chondrial morphology. This kind of mitochondrial fusion

mechanism isneeded to accommodate the energy demands.

Eventually, this continueddysfunction in combinationwith

an increase in ROS results in metabolic failure causing the

profound hypometabolism found in FTD3 astrocytes. These

cascades of events ultimately cause a shift in astrocyte ho-

meostasis resulting in a switch to a reactive astrocyte pheno-

type with subsequent increased release of neurotoxic cyto-

kines, leading to NF-kB pathway activation with increased

production of GFAP, LCN2, and C3. Finally, we were able

to validate the reactive astrocyte phenotype both in vivo

and in vitro. Our data provide mechanistic insights into

how defective autophagy causes altered mitochondrial dy-

namics, leading to the adoption of reactive astrocyte proper-

ties with increased cytokine release, NF-kB activation, and

expressionofneurotoxic proteins, indicatinghowastrocytes

contribute to neurodegeneration in FTD3.
EXPERIMENTAL PROCEDURES

See supplemental information for detailed descriptions of the

methods.

Cell culture, iPSC generation, and astrocyte

differentiation
All hiPSC lines used in this studywere characterized and published

earlier in Rasmussen et al. (2014) and Zhang et al. (2017). Astro-

cytes differentiation followed a modified protocol (Shaltouki

et al., 2013).

WB, ICC, TEM, and qPCR
WB, ICC, TEM, and qPCR methods are described in the supple-

mental information. See also Table S4.

Metabolomics
Cell extracts were lyophilized and reconstituted in water for Pierce

BCA assay and metabolites were mapped using a gas chromato-

graph (Agilent Technologies 7820A chromatograph, J&W GC

column HP-5MS, part no. 19091S-433) coupled to a mass spec-

trometer (Agilent Technologies, 5977E). Data are presented as la-

beling (%) ofM +X, whereM is themass of the unlabeledmolecule

and X is the number of labeled C atoms in a given metabolite.

Multiplex array
Cytokine measurements were made using the Meso Scale Discov-

ery, K15067L-1. The commercial human-specific U-PLEX

Biomarker Group 1 was used. Samples were measured according

to manufactures protocol.
2748 Stem Cell Reports j Vol. 16 j 2736–2751 j November 9, 2021
Statistical analysis
For all experiments, data are presented asmean ± standard errors of

the mean (SEM) of three independent experiments. Statistical

analysis were made in GraphPad Prism 7.03. Statistical analyses

were determined using Student’s t test or by one-way ANOVA

with a Tukey’s post test or by two-way ANOVA with Bonferroni

post hoc test for differences of mean between each groups. Statis-

tical significance are labeled in the figures as *p < 0.05, **p <

0.01, ***p < 0.001, ****p < 0.0001.
Data and code availability
The datasets used and analyzed during this study are available in

the source data file. The dataset generated for RNA-seq has been

deposited in the NCBI GEO database under the accession number

GEO: GSE141388.
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2021.09.013.
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