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1 Introduction

1.1 Frontotemporal dementia

1.1.1 Frontotemporal dementia

Frontotemporal dementia (FTD) is a clinical term encompassing a group of neurodegenerative
diseases characterized by progressive deficits in behavior, executive function, and language
(McKhann et al., 2001; Neary et al., 1998). It is the second most common form of early onset
dementia, under 65 years. The three major clinical subtypes are behavioral variant FTD
(bvFTD) and two forms of primary progressive aphasia (PPA), the non-fluent (nfvPPA) and
semantic variant (svPPA). These forms can converge with disease progression (I. R. A.
Mackenzie & Neumann, 2016). FTD can also overlap with movement disorders such as motor
neuron disease (MND), or amyotrophic lateral sclerosis (ALS), corticobasal syndrome (CBS),
and/or progressive supranuclear palsy (PSP) (Lomen-Hoerth, Anderson, & Miller, 2002;
Padovani, Agosti, Premi, Bellelli, & Borroni, 2007). A family history is present in 25-50% of
cases with autosomal-dominant inheritance in several genes, including the microtubule-
associated protein tau (MAPT), progranulin (GRN), chromosome 9 open reading frame 72
(C90rf72), charged multivesicular body protein 2B (CHMP2B), and valosin-containing protein
(VCP) (Rademakers, Neumann, & MacKenzie, 2012).

1.1.2 Frontotemporal lobar degeneration

Frontotemporal lobar degeneration (FTLD) is a pathology describing a heterogeneous group of
disorders in which there is selective degeneration of the frontal and temporal lobes as the most
prominent and consistent feature. It is the pathology that occurs in FTD-GRN. Like other
neurodegenerative diseases, the pathology of most cases of FTD consist of abnormal
intracellular protein deposits. The major proteins are tau (G. Lee, Leugers, Mol, Transl, &
Author, 2012; V. M. Y. Lee, Goedert, & Trojanowski, 2001), 43 kDa transactive response DNA-
binding protein (TDP-43) (Arai et al., 2006; Manuela Neumann et al., 2006), the FET protein
family (fused in sarcoma (FUS)), Ewing’s sarcoma protein (EWS), and TATA-binding protein
associated factor 2N (TAF15)) (Manuela Neumann et al., 2011; Manuela Neumann,
Rademakers, et al., 2009), and dipeptide repeat proteins (DPR) (M. Neumann & Mackenzie,
2019) (Table 1, Table 2).
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Table 1. Pathologies found in non-TDP-43 FTLD. Copyright permission given in Chapter 6.

1.1.3 TDP-43 structure and function

As this thesis is investigating a model of FTD-GRN, | will focus on FTLD-TDP since it is the
pathology that is seen in this disease. TDP-43 is a 414 amino acid DNA/RNA-binding protein
that is involved in transcription, splicing, mRNA transport and stabilization, and can undergo
stress granule formation (Bowden & Dormann, 2016; Ederle & Dormann, 2017; Ratti & Buratti,
2016). It is localized in the nucleus and shuttles between the nucleus and cytoplasm. TDP-43
binds to single stranded DNA (ssDNA) and RNA in vitro (Buratti & Baralle, 2001; Takahama,
Arai, Kurokawa, & Oyoshi, 2009) and is shown to bind to gene promotors and regulates
transcription in vivo (Lalmansingh, Urekar, & Reddi, 2011; Ou et al., 1995). It binds to long
introns in many pre-mRNAs and regulates splicing (S. C. Ling, Polymenidou, & Cleveland,
2013; Ratti & Buratti, 2016). It also regulates the generation of noncoding RNAs and binds to
3'UTRs of cytosolic mRNAs to control their translation, transport, and stability (Bowden &
Dormann, 2016; Ratti & Buratti, 2016). It is expressed in a variety of tissues and ubiquitously
expressed (Buratti & Baralle, 2001). The domain organization of TDP-43 consists of an N-
terminal domain (NTD), two RNA recognition motifs (RRM1 and RRM2), and a glycine-rich C-
terminal domain (CTD) (Figure 1). The NTD is the site of weak nucleotide binding (C. ke Chang
et al., 2012; Mompean, Romano, et al., 2016; Qin, Lim, Wei, & Song, 2014; L. Wang, Kang,

Lim, Wei, & Song, 2018). The nuclear localization sequence (NLS) is recognized for active



transport of TDP-43 into the nucleus by Importin-a (Archbold et al., 2018; Nishimura et al.,
2010; Pinarbasi et al., 2018; Winton et al., 2008). RRM1 and RRM2 bind to nucleic acids (Kuo,
Chiang, Wang, Doudeva, & Yuan, 2014; Lukavsky et al., 2013). The CTD has most of the
phosphorylation sites and is required for TDP-43 splicing activity (Ayala et al., 2005; Conicella,
Zerze, Mittal, & Fawzi, 2016; Freibaum, Chitta, High, & Taylor, 2010). The subregions of the
CTD include two Gly-aromatic-Ser-rich regions and an amyloidogenic core divided into a
hydrophobic region and a Q/N-rich region (Mompeéan, Chakrabartty, Buratti, & Laurents, 2016).
The C-terminal region encodes a glycine-rich low-complexity domain that is called the “prion-
like” domain, since it is similar to yeast prion proteins (King, Gitler, & Shorter, 2012). Yeast prion
proteins have a distinct prion domain enriched with uncharged polar amino acids and glycine
(Alberti, Halfmann, King, Kapila, & Lindquist, 2009; Toombs, McCarty, & Ross, 2010).
Aggregated C-terminal fragments of TDP-43 contain a region similar to this and therefore is
called prion-like (E. B. Lee, Lee, & Trojanowski, 2011; Manuela Neumann et al., 2006). Deletion
of the prion-like domain prevents aggregation in vitro and aberrant misfolding events and toxicity
in other model systems (Ash et al., 2010; Johnson, McCaffery, Lindquist, & Gitler, 2008).

1.1.4 TDP-43 function and dysfunction

The C-terminal region is known as the amyloidogenic core since it can mediate liquid-liquid
phase transition and the formation of solid amyloid-like fibers upon non-physiologically high
protein concentrations in vitro. Therefore, it is hypothesized that similar mechanisms can give
rise to TDP-43 aggregates in vivo by being involved in the formation of messenger
ribonucleoprotein particles (MRNP), such as stress granules, that could become pathologically
altered in FTLD-TDP (Bowden & Dormann, 2016). The cytosolic functions of TDP-43 could be
disrupted due to its sequestration into cytosolic aggregates. Examples include disrupted
transport and translation of Maplb mRNA since it is mislocalized and accumulates in ALS spinal
cords (Coyne et al., 2014) and compromised axonal transport of Nefl mMRNA in TARDBP (the
gene for TDP-43) A315T or M337V mutated human induced pluripotent stem cell (iPSC) -
derived motor neurons (Alami et al., 2014). However, the precise functions of TDP-43 in the
brain and mechanisms of disease pathology remain to be determined. In the degenerating brain
areas of FTD patients, TDP-43 is severely mislocalized, but it is unclear how it is lost from the
nucleus. Loss of nuclear TDP-43 could result in loss of its nuclear functions, including altered
MRNA splicing, processing of noncoding RNAs and transcription. There is an association

between nuclear TDP-43 depletion and cytoplasmic accumulation of TDP-43. These
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disturbances, in addition to the generation of toxic species, could contribute to cell death since
TDP-43 functions are essential during brain development and neuronal survival (Iguchi et al.,
2013; Kraemer et al., 2010; Sephton et al., 2010; L. S. Wu, Cheng, & Shen, 2012; L. S. Wu et
al., 2010). In mouse embryonic stem cells, when TDP-43 is depleted, cryptic exons are retained
in mMRNAs, which then disrupts their translation and promotes nonsense-mediated decay (J. P.
Ling, Pletnikova, Troncoso, & Wong, 2015). In ALS/FTD post-mortem tissues, alternative
splicing changes, which is the production of variably spliced mRNAs by selecting different
combinations of splice sites in the pre-mRNA, have been reported. One example is enhanced
TDP-43-associated cryptic exon splicing indicating loss of nuclear TDP-43 functions (J. P. Ling
et al., 2015; Xiao et al., 2011; Yang et al., 2014). It has also been found that the C-terminal
fragments induce toxicity and cell death in cultured cells, yeast, and transgenic mice (E. B. Lee
et al., 2011), which could indicate another detrimental mechanism for neurons. Pathological
forms of TDP-43 show ubiquitination, hyperphosphorylation, and N-terminal truncation (Arai et
al., 2006; Hasegawa et al., 2008; Manuela Neumann et al., 2006; Manuela Neumann, Tolnay, et
al., 2009).

CEIGRE caros2 |

i NTD RESIT  RRMA . RRM2 | GaroSt

Figure 1. Structure of TDP-43. N-terminal domain (NTD), nuclear localization signal (NLS), RNA-
recognition motif 1 (RRM1), and RNA-recognition motif 2 (RRM2). The C-terminal domain is made up of
Gly-aromatic-Ser-rich regions (GaroS1 and 2), hydrophobic region (®), glutamine-arginine-rich region

(Q/N) (Adapted from (Francois-Moutal et al., 2019)). Copyright permission given in Chapter 6.

1.1.5 TDP-43-associated frontotemporal lobar degeneration

Mutations in GRN, C9orf72, and TARDBP genes are associated with FTLD-TDP. FTLD-TDP
presents with degeneration in the frontal and temporal lobes as well as other cortical and
subcortical structures, such as the parietal cortex, substantia nigra, basal ganglia, and motor
neurons. 50% of cases also present with hippocampal sclerosis (M. Neumann & Mackenzie,
2019). The pathological hallmark lesions are neuronal cytoplasmic inclusions (NCI), neuronal
intranuclear inclusions (NII), and dystrophic neurites (DN), as well as glial cytoplasmic
inclusions (GCI) in oligodendrocytes (Manuela Neumann et al., 2007) that are immunoreactive
for TDP-43, ubiquitin, and p62 (I. R. A. MacKenzie et al., 2010). Inclusions are present in the
frontotemporal neocortex and the dentate granule cells of the hippocampus, but also in many

subcortical regions (Geser et al., 2009; Josephs, Stroh, Dugger, & Dickson, 2009). The amount
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and distribution of TDP-43 pathology in the CNS has a strong correlation with the degree of
neurodegeneration (Geser et al., 2009; I. R. MacKenzie et al., 2013). Heterogeneity of
morphology, inclusion type, and laminar distribution depends on the clinic-pathological and
genetic associations. Inclusion body formations correlate with a large reduction of the

physiological nuclear staining of TDP-43 (M. Neumann & Mackenzie, 2019).

There are four pathological subtypes of FTLD-TDP, types A-D (Table 2) (M. Neumann &
Mackenzie, 2019). The subtypes are defined by ubiquitin-, TDP-43-, and phospho-TDP-
immunohistochemistry (. R. Mackenzie & Neumann, 2017). Type A is characterized by short,
thick DN and compact NCI, abundantly in layer Il of the neocortex and lentiform NIl in affected
cortical regions. Granular NCI are present in the hippocampus, in dentate granule cells. TDP-
43-positive GCI are found in the cerebral white mater and affected subcortical regions. Type B
is characterized by TDP-43-positive NCI in the cortex with abundant diffuse granular
cytoplasmic NCI. TDP-43-positive NCI are also present in lower motor neurons. Type C have
long TDP-43-positive DN, which are present in upper cortical layers. NCI are present in the
hippocampus. Type D consists of TDP-43-positive lentiform NIl and short DN in the neocortex
(M. Neumann & Mackenzie, 2019).

Type A Short neurites, lentiform neuronal a2z ” 4
< ®
intranuclear inclusions (NII), and :! ¥,
neuronal cytoplasmic inclusions (NCI) % A R
-t F ®
Type B Deep cortical laminae with NCI ~ T |
= “ .
L e 4
Type C Long neurites Za e
: ~ \', j‘ e
- L ils R -~
LS '\\ .'\ .é \
Type D Short neurites and NII ], ®e - &
‘./r e® &
Ty ‘

Table 2. FTLD-TDP subtypes A-D (I. R. A. Mackenzie & Neumann, 2016). Copyright permission given in
Chapter 6.
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1.1.6 GRN-associated frontotemporal dementia

Mutations in the progranulin gene (GRN) cause up to 20% of familial FTD (Baker et al., 2006;
Cruts et al., 2006). There are currently over 100 GRN mutations reported (AD&FTD Mutation
Database). These mutations are heterozygous and most of these mutations in null alleles and
therefore PGRN haploinsufficiency. The pathology is FTLD-TDP type A with moderate lentiform
neuronal intranuclear inclusions (NII) (Mackenzie et al., Acta Neuropathol 2017; Mackenzie et
al., Acta Neuropathol 2007; Cairns et al., Am J Pathol 2007). The striatum is most severely
affected and there is also hippocampal sclerosis associated with dystrophic neurites (DN).
Therefore, the clinical presentation of FTD-GRN can be either behavioral variant FTD (bvFTD)
or nonfluent variant primary progressive aphasia (nfvPPA), with some degree of parkinsonism
(De Muynck & Van Damme, 2011; Woollacott & Rohrer, 2016). The exact mechanism leading to
neurodegeneration and TDP-43 aggregation is not known, however there is evidence that a role
of lysosomal dysfunction is significant (Paushter, Du, Feng, & Hu, 2018). Homozygous loss-of-
function GRN mutations cause a lysosomal storage disease known as neuronal ceroid
lipofuscinosis (NCL) (Smith et al., 2012) and FTD-GRN patients show some biochemical
similarities to those cases, especially in terms of lysosomal dysfunction.

GRN loss-of-function has been investigated in human in vitro cultures, C. elegans, zebrafish,
and mouse models (Table 3). In human iPSC-derived models, neurons have shown increased
sensitivity to cellular stress, as well as decreased nuclear TDP-43, increased insoluble TDP-43,
and lysosomal abnormalities such as lipofuscin and lipid accumulation, and impaired processing
of prosaposin and reduced lysosomal glucocerebrosidase activity (Almeida et al., 2012; S. Lee
& Huang, 2017a; Raitano et al., 2015; Valdez et al., 2017; Valdez, Ysselstein, Young, Zheng, &
Krainc, 2020). Human microglia have exhibited lysosomal stress as well (Logan et al., 2021). In
C. elegans models, lysosomal abnormalities have been observed (Doyle et al., 2021; Kao et al.,
2011). Danio rerio models show neuronal abnormalities and neuroinflammation (Campbell et al.,
2021; Chitramuthu, Baranowski, Kay, Bateman, & Bennett, 2010; Chitramuthu & Bennett, 2018;
Laird et al., 2010; Y. H. Li et al., 2013, 2010; Shankaran et al., 2008; Walsh & Hitchcock, 2017;
Zambusi, Pelin Burhan, Di Giaimo, Schmid, & Ninkovic, 2020). In mouse models, astrogliosis
and microgliosis is prevalent. There is also lysosomal dysfunction in microglia, lipofuscin
accumulation, and increased cytoplasmic and insoluble pTDP-43 (Ahmed et al., 2010; Arrant et
al., 2020; Arrant, Filiano, et al., 2019; M. C. Chang et al., 2017; Frew & Nygaard, 2021;
Ghoshal, Dearborn, Wozniak, & Cairns, 2012; Gotzl et al., 2019, 2018, 2014; M. Huang et al.,
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2020; Lui et al., 2016; Nguyen et al., 2018; Petkau et al., 2012; Ward et al., 2014; Wils et al.,
2012; Y. Wu et al., 2021; Yin et al., 2010).

Model Mutation Phenotype Reference
Patient iPSC- | GRNS16X S116X neurons: (Almeida et al.,
derived e Reduced levels of PGRN 2012; S. Lee &
neurons and e Increased sensitivity to ER Huang, 2017a)
microglia stress, kinase and
staurosporine inhibitors, down-
regulation of S6K2
e SORT1 suppression increases
extracellular PGRN
Patient iPSC- | GRN'VS1*+56>C e Wnt signaling pathway (Raitano et al.,
derived cortical aberrantly activated 2015)
neurons
Patient iPSC- | GRN®26C>A e Decreased nuclear TDP-43 (Valdez et al.,
derived cortical | P-A9het e Increased insoluble TDP-43 2017, 2020)
neurons e Enlarged electron-dense
vesicles
e Lipofuscin accumulation
e Fingerprinting-like profiles
e Granular osmiophilic deposits
¢ Impaired processing of
prosaposin to saposin C
e Reduced lysosomal
glucocerebrosidase activity
e Lipid accumulation
e Increased insoluble alpha-
synuclein
iPSC-derived GRN KO e Oxidative stress (Logan et al.,
microglia e Lysosomal dysfunction 2021)

Endolysosomal membrane

damage
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Caenorhabditis | pgrn-1 LOF Normal life span (Doyle et al., 2021;
elegans Less progeny by 20% Kao etal., 2011)
Few apoptotic bodies but no
defects in cell death during
development
Altered kinetics of cell death
Faster clearing of apoptotic
cells
Lysosomal dysfunction
Defects in autophagic flux
Danio rerio GRN-B LOF None (Chitramuthu et
Reduced head size 24hpf al., 2010;
Shankaran et al.,
2008)
Danio rerio GRN-A LOF Reduced proliferation and (Campbell et al.,

increased apoptosis in
hepatocytes

Reduced liver size

Reduced hepatic MET
expression

Motor neurons truncated
Early branching

Swimming deficit

Normal touch response
Reduced number of myogenic
progenitor cells and impaired
muscle growth

Significant delay in
neurogenesis

Abnormal neuron development
Spinal motor neurons with
shorter axons

Reduced sensory hair cells

2021; Chitramuthu
etal., 2010;
Chitramuthu &
Bennett, 2018; Y.
H. Lietal., 2013,
2010; Walsh &
Hitchcock, 2017)
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Retinal abnormalities

Motor behavior changes
Myeloid progenitor
differentiation abnormalities
Macrophage abnormalities

Delayed liver regeneration

Danio rerio GRN-A and Motor neurons truncated (Laird et al., 2010)
GRN-B LOF
Danio rerio PGRN A9D Cytoplasmic missorting of (Shankaran et al.,
PGRN 2008)
Danio rerio PGRN Reduced secretion of PGRN (Shankaran et al.,
P248L and 2008)
R432C
Danio rerio Grn-deficient Pro-inflammatory microglia (Zambusi et al.,
2020)
Mouse Grn” No significant neuron loss (Ahmed et al.,

Increased microgliosis and
astrogliosis

Increased ubiquitin

Increased lipofuscin

Increased cytoplasmic pTDP-
43 in IHC

Increased insoluble pTDP-43
from 12 months

Increased proinflammatory and
decreased anti-inflammatory
cytokines and chemokines
Reduced hippocampal synaptic
connectivity

Long-term potentiation
impaired

Elevated expression of

lysosomal proteins

2010; Arrant et al.,
2020; Arrant,
Roth, et al., 2019;
M. C. Chang et al.,
2017; Ghoshal et
al., 2012; Gotzl et
al., 2019, 2018,
2014; M. Huang et
al., 2020; Lui et
al., 2016; Petkau
etal., 2012; Ward
et al., 2014; Wils
etal., 2012; Y. Wu
et al., 2021; Yin et
al., 2010)
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Accumulation of myelin debris
in microglial lysosomes
Reduction in lipid metabolism
proteins

Elevated brain levels of
extracellular vesicles

Lower B-glucocerebrosidase
activity

Impairment of autophagy
Increased complement
activation

Enhanced synaptic pruning by
microglia

Retinal neuron loss

Mouse

Grn R493X

Reduced Grn mRNA levels
Lack detectable progranulin
protein

Increased microgliosis
Cytoplasmic TDP-43
accumulation

Reduced synaptic density
Lipofuscinosis
Hyperinflammatory
macrophages

Reduced survival
Lysosomal dysfunction

Thalamic neurodegeneration

(Frew & Nygaard,
2021; Nguyen et
al., 2018)

Table 3. Overview of observed phenotypes in current in vivo and in vitro models of FTD-GRN.
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1.2 Progranulin

1.2.1 Domain composition of progranulin

Progranulin consists of 593 amino acids and has a native molecular weight of ~65 kDa not
considering glycosylation (Songsrirote, Li, Ashford, Bateman, & Thomas-Oates, 2010). There
are seven full and one half conserved granulin domains connected by linker regions (Figure 2)
(Tolkatchev et al., 2008). Each domain consists of ~55 residues with two or four double cysteine
motifs and four single cysteine motifs (Hrabal, Chen, James, Bennett, & Ni, 1996; Tolkatchev et
al., 2008; Vranken et al., 1999). Progranulin is proteolytically cleaved to release individual
granulin peptides. There is evidence that the granulin peptides have functions that are
independent of, and sometimes opposed to the full-length precursor protein (Kessenbrock et al.,
2008; Salazar et al., 2015; Zhu et al., 2002). For example, progranulin has anti-inflammatory
functions while granulin peptides have pro-inflammatory functions (Jian, Konopka, & Liu, 2013;
Zhu et al., 2002).

- .
A @@ oo

MMP-9, MMP-14,
ADAMTS-7,
NE, PR3

Granulins

Figure 2. Progranulin domain structure. Each circle represents a granulin domain. PGRN can be
proteolytically cleaved by matrix metalloproteinase (MMP)-9, MMP-14, a disintegrin and
metalloproteinase with thrombospondin type | motif 7 (ADAMTS-7), neutrophil-secreted elastase (NE),
and proteinase (PR)3 (adapted from (Abella et al., 2017)). Copyright permission given in Chapter 6.

1.2.2 Progranulin trafficking to the lysosome

PGRN is translated into the endoplasmic reticulum lumen and then trafficked through the Golgi

in secretory vesicles, before being secreted into the extracellular space (Figure 3). Then, itis
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either cleaved into granulins (Bai et al., 2009; Butler, Dean, Tam, & Overall, 2008; Kessenbrock
et al., 2008; Suh, Choi, Tarassishin, & Lee, 2012; Zhu et al., 2002) or taken up by binding to
sortilin (Hu et al., 2010), an endocytic receptor. Sortilin delivers progranulin from the cell surface
via endosomes to the lysosome, where it can be cleaved into granulins as well (Capell et al.,
2011; Hu et al., 2010). Alternatively, it can also bind to prosaposin (PSAP), a soluble lysosomal
protein. When PSAP binds to its own trafficking receptors, it carries PGRN along into the
lysosome with it from both the extracellular space as well as the secretory pathway (X. Zhou et
al., 2015). PGRN has also been shown to transport PSAP to the lysosome via sortilin (X. Zhou
et al., 2017). PGRN colocalizes with LAMP1, additionally supporting its role in the lysosome
(Gowrishankar et al., 2015; Hu et al., 2010; Tanaka, Chambers, Matsuwaki, Yamanouchi, &
Nishihara, 2014). GRN’s promotor contains binding sites for transcription factor EB (TFEB), a
transcription factor that is a master regulator of lysosome biogenesis. TFEB overexpression
upregulates PGRN expression as well, showing that PGRN is co-regulated with other lysosomal
genes (Belcastro et al., 2011; Sardiello et al., 2009; Settembre et al., 2011).

1.2.3 Neuronal ceroid lipofuscinosis — evidence of PGRN function in the lysosome

While mutations causing PGRN haploinsufficiency lead to FTLD, homozygous loss-of-function
results in neuronal ceroid lipofuscinosis (NCL), a very rare lysosomal storage disease. NCLs are
a family of neurodegenerative diseases with diverse clinical and pathological presentation.
Symptoms include motor and cognitive deterioration, retinopathy, and epilepsy. Pathologically,
lipofuscin, a lipid and protein aggregate, accumulates in the lysosomes (Kao, McKay, Singh,
Brunet, & Huang, 2017). The genetic link between PGRN and NCL strongly implicates a
lysosomal function of PGRN, since all NCL genes discovered have a direct or indirect role in
regulating lysosomal function. In FTLD-GRN patients, NCL-related phenotypes are also
reported, for example, an increase in lysosomal storage materials found in cortical neurons and
lymphoblasts (Go6tzl et al., 2014; Ward et al., 2017), supporting the hypothesis that lysosomal
dysfunction is a common mechanism in both diseases (Gotzl et al., 2014; Valdez et al., 2017;
Ward et al., 2017).
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Sortilin-dependent
pathway to recycling
endosome

Secretory
pathway

— 1 G

Lysosomal genes

Figure 3. Trafficking of progranulin. Progranulin is in the Golgi apparatus, then secreted through the
secretory pathway, which is regulated by the heterodimerization with prosaposin. Once released, it is
endocytosed with mediation from sortilin, then reaches the lysosome. It may also reach the lysosome
through the multivesicular body, a recycling endosome (adapted from (Kao et al., 2017)). Copyright

permission given in Chapter 6.

1.2.4 Progranulin function in microglia

In the brain, PGRN is expressed in astrocytes, neurons, endothelial cells, and oligodendrocyte
precursor cells, but has by far the highest expression in microglia (Z. H. Zhang et al., 2014).
Therefore, | am interested in why this creates a spatial paradox, as TDP pathology from FTD-
GRN is mainly seen in neurons. Microglia express and secrete high levels of progranulin,
especially when reacting to a trauma or insult. PGRN has been shown to be a chemoattractant
for microglia (Pickford et al., 2011). Loss of PGRN in microglia and macrophages causes an
increase in phagocytosis and production of pro-inflammatory cytokines, including TNF and IL-6
(Kao et al., 2011; Martens et al., 2012; Yin et al., 2010). Complement genes, such as Clqga,
Clgb, and C3, are upregulated in Grn-/- mice (Lui et al., 2016), which suggests a role for PGRN
in suppressing microglial activation in the aging brain. System-level analysis of the affected
genes reveals extensive interactions between lysosomal and innate immunity genes, with

complement genes like Clga, Clgb, Clqc, C3, as well as CD68 and Trem2 at the center (Lui et
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al., 2016). In Grn”" mice, microgliosis, astrogliosis, and obsessive-compulsive-disorder (OCD)-
like and disinhibition-like behavior has been reported, such as hyperexcitability like excessive
grooming (Lui et al., 2016; Martens et al., 2012; Roberson, 2012; Yin et al., 2010). Aged Grn™
mice have lipofuscin deposits and enlarged lysosomes, which are signatures of NCL (Ahmed et
al., 2010; Petkau et al., 2012; Wils et al., 2012). Yin et al., 2010 has shown phosphorylated
TDP-43 accumulation in these mice as well. Granular or diffuse cytosolic ubiquitin deposits
(Ahmed et al., 2010; Wils et al., 2012; Yin et al., 2010) and p62 aggregation (Tanaka et al.,
2014) have also been reported, additionally implicating the endolysosomal system. Microglia
have also been shown to have myelin accumulation in the lysosomes in Grn” mice, indicating
impaired lysosomal-mediated clearance of the myelin debris (Y. Wu et al., 2021). FTLD-GRN
patients show a gradual increase in Clga and C3 levels in the CSF, as well as microglial
infiltration in the frontal cortex (Kao et al., 2017). Thus, | am interested in if the altered lysosomal
dysfunction and aberrant microglial activation contributes to the neurodegeneration and
neuropathology seen in FTD-GRN, and if that is mediated via an unknown cross talk

mechanism.

1.2.5 Legumain

It is still unknown how PGRN loss-of-function mutations can lead to FTLD-TDP pathology.
However, loss of PGRN instigates pathological processing of TDP-43, and the subsequent
cleavage products are deposited in disease-characterizing deposits (Gotzl et al., 2018; Root,
Merino, Nuckols, Johnson, & Kukar, 2021b). A potential enzyme that can play a role in this
mechanism is legumain. Legumain, also known as asparaginyl endopeptidase (AEP), is a
caspase-like cysteine protease in the C13 peptidase family. It is autocatalytically activated,
involving sequential removal of C- and N- terminal pro-peptides at different pH levels (Figure 4)
(Dall & Brandstetter, 2013; Halfon, Patel, Vega, Zurawski, & Zurawski, 1998). It has also been
shown that human monocyte-derived dendritic cells have inactive legumain proforms that
become activated with lipopolysaccharide when the cells mature (D. N. Li, Matthews, Antoniou,
Mazzeo, & Watts, 2003). In legumain-deficient mice, LAMP2-positive membrane structures
were found to be enlarged. The aberrant lysosomes merged with late endosomes and
accumulated membranous and electron-dense materials. In addition, the processing of
lysosomal proteases, cathepsins B, H, and L, from single-chain to two-chain forms was defect
(Shirahama-Noda et al., 2003). This shows legumain’s significant role in the

endosomal/lysosomal degradation system and in the proteolytic activation of cathepsins.
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Legumain has also been shown to proteolytically degrade tau in P301S mice (Z. Zhang et al.,
2014) and cleave human alpha-synuclein in addition to being highly activated in human
Parkinson’s disease brains (Z. Zhang et al., 2017), indicating a role in abnormal protein
processing in neurodegenerative disease. In FTLD and ALS, TDP-43 is proteolytically cleaved,
and two truncated TDP-43 peptides were identified, terminating C-terminal to N291 and N306.
These fragments (~35 and 32 kDa) were detected by Western blot in postmortem FTLD brain
tissue. In vitro, legumain was shown to cleave TDP-43 at these sites (Herskowitz et al., 2012),
suggesting that legumain could be the protease responsible for cleaving these fragments.
Legumain was also found to process progranulin and liberate granulin-F and increased
legumain activity was shown in the degenerating brain regions of individuals with FTLD-TDP-
Pgrn (Mohan et al., 2021). | am therefore interested to discover if legumain provides the link

between PGRN loss-of-function and pathological TDP-43 processing.
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Figure 4. Domain structure and activation of legumain. N- and C-terminal pro-peptides (p1-p3), chain (c),
and active centers (stars) are labeled. Proform (LGMNp), intermediate-form (LGMN;), and mature-form

(LGMNm) are shown. (adapted from Capell et al., 2022). Copyright permission given in Chapter 6.

1.3 Microglia

1.3.1 Microglia immune function in the brain

Microglia are the innate immune cells of the central nervous system. Progenitor cells are
mesoderm-derived myeloid precursors and hematopoietic stem cells that originate from the yolk
sac during early embryogenesis. They maintain region-specific densities and there is evidence
of temporal and spatial heterogeneity in both the developing and adult brains (Ginhoux et al.,

2010). Local tissue-specific factors, like transforming growth factor p (TGF-B), help them acquire
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their identity (Butovsky et al., 2014; T’Jonck, Guilliams, & Bonnardel, 2018; Varol, Mildner, &
Jung, 2015). Their survival is largely dependent on colony-stimulating factor-1 receptors (Csfl-
R) (Greter et al., 2012; Y. Wang et al., 2012), which are binding sites for cytokines like colony-
stimulating factor-1 (CSF1) and interleukin 34 (IL-34). The functional states have largely been
deduced from their morphology and molecular signatures, including transcriptomes and
proteomes.

During development, microglia control the number of neuronal progenitor cells (NPCs) by either
actively inducing apoptosis or removing excess and dying NPCs (Ashwell, 1990; Marin-Teva et
al., 2004; Sedel, Béchade, Vyas, & Triller, 2004). In this way, they actively shape neuronal
circuits. They can also stimulate neurogenesis by supporting maturation, proliferation, and
survival of NPCs and neurons (Frost & Schafer, 2016; Ueno et al., 2013). Microglia have been
shown to interact with synapses as well, both removing synapses in an activity-dependent
manner, and modulating synaptic circuits (Lowery, Tremblay, Hopkins, & Majewska, 2017;
Paolicelli et al., 2011; Schafer et al., 2012; Tremblay, Lowery, & Majewska, 2010; Wake,
Moorhouse, Miyamoto, & Nabekura, 2013).

In adult brains, microglia constantly surveil the surrounding environment and interact with other
cell types (Kettenmann, Kirchhoff, & Verkhratsky, 2013). The cells have a ramified morphology
with processes that can extend to encompass areas more than 10-fold the size of their soma
(Kettenmann et al., 2013) and phagocytose dead and excess cells. (Sierra et al., 2010). In
instances of CNS injury or infection, microglia respond immediately by becoming activated and
proliferating, phagocytosing the cellular debris (Davalos et al., 2005; Nimmerjahn, Kirchhoff, &
Helmchen, 2005; Stence, Dailey, & Waite, 2001).

1.3.2 TREM2 - a microgliarisk gene for dementia

Genome-wide association studies (GWASs) show that microglia express risk genes for several
neurodegenerative diseases, including Alzheimer’s disease (AD), multiple sclerosis, Parkinson’s
disease, and frontotemporal dementia, indicating that they play a significant role. A very
important example is the gene for triggering receptor of myeloid cells 2 (TREM2) (Borroni et al.,
2014; Cuyvers et al., 2014; Guerreiro et al., 2013; Jonsson et al., 2013; Rayaprolu et al., 2013).
Rare coding variants, including R47H, R62H, and H157Y, have been discovered that lead to
loss-of-function (LOF) of TREM2 and an increased risk for late-onset AD (LOAD) (Bis et al.,
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2020; Kleinberger et al., 2017, 2014; Kunkle et al., 2019; Schlepckow et al., 2017; Sims et al.,
2017; Song et al., 2017; Thornton et al., 2017; Y. Wang et al., 2015). Other variants in genes
expressed by microglia, like ABI3, (Lancaster, 2019; Sims et al., 2017), also increase LOAD

risk, indicating that microglial dysfunction may be a major contributor to the disease.

1.3.3 Structure and function of TREM2

TREM2 is a type |, immunoreceptor tyrosine-based activation motif (ITAM)-containing cell
surface receptor (Kleinberger et al., 2014; Wunderlich et al., 2013). It is expressed by all cells
with myeloid lineage and selectively in microglia in the brain (Hickman et al., 2013). Its ligands
include anionic lipids, lipoproteins, and apolipoproteins (Atagi et al., 2015; Bailey, Devaux, &
Farzan, 2015; Daws et al., 2003; Y. Wang et al., 2015; Yeh, Wang, Tom, Gonzalez, & Sheng,
2016) and it plays an important role in phagocytosis, including clearance of Ap peptides
(Kleinberger et al., 2014; Xiang et al., 2016). Full-length TREM2 forms a heteromeric complex
with DAP12 and activates phospho-SYK signaling downstream (Colonna, 2003). Signaling is
terminated through the shedding of the ectodomain by ADAM family proteases, releasing
soluble TREM2 (sTREMZ2) into the extracellular space (Wunderlich et al., 2013). It can be
detected in cerebrospinal fluid (CSF), serum, and plasma (Henjum et al., 2016; Heslegrave et
al., 2016; Kleinberger et al., 2014; Morenas-Rodriguez et al., 2022; Piccio et al., 2008, 2016; Su

arez-Calvet et al., 2016; Suarez-Calvet et al., 2016). The remaining C-terminal fragment (CTF)

is degraded by y-secretase (Glebov, Wunderlich, Karaca, & Walter, 2016; Wunderlich et al.,
2013) (Figure 5).
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Figure 5. TREM2 signaling pathway (made on Biorender.com). TREM2 is co-expressed with DAP12 on

the cell surface. Ligand binding activates the TREM2 signaling pathway, starting with phosphorylation of
SYK and leading to downstream pathways. Signaling is terminated through ADAM10/17 protease
cleavage, release sSTREM2 into the extracellular space.

1.3.4 Disease-associated microglia and the role of TREM2

Currently, microglia state is defined is by transcriptional profiling, for which single-cell RNA
sequencing (scRNA-seq) and single-nucleus RNA sequencing (snRNA-seq) have been
essential. Differentially expressed specific gene sets are used to define sub-populations that
can be overlapping and complex (Keren-Shaul et al., 2017; Mathys et al., 2017, 2019). One
subpopulation, known as disease-associated microglia (DAM) or microglia neurodegenerative
diseases (MGnD), was first identified in AD mouse models, as distinct from homeostatic
microglia (Keren-Shaul et al., 2017; Krasemann et al., 2017). DAM are phenotypically
characterized by increased phagocytosis, migration, and chemotaxis, and elevated lipid
metabolism. Marker genes of this subpopulation include TREM2 and APOE, with
downregulation of homeostatic genes like P2RY12 and CX3CRL1. Certain TREM2 LOF
mutations lock microglia in a homeostatic state (Keren-Shaul et al., 2017; Krasemann et al.,
2017; Nugent et al., 2020) and TREM2 KOs are unable to transition into a DAM state,
suggesting a vital, triggering role for TREMZ for this transition. In addition, TREM2 KO microglia
show reduced mTOR signaling and deficiencies in glycolysis, the TCA cycle, and pentose
phosphate metabolic pathways (Kleinberger et al., 2017; Ulland et al., 2017). TREM2 LOF mice
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have reduced cerebral glucose metabolism, as measured by FDG-microPET (Gétzl et al., 2019;
Kleinberger et al., 2017). Lack of functional TREM2 is also associated with reduced proliferation
and phagocytosis. All this evidence suggests a protective role for the DAM population in
neurodegeneration. sSnRNA-seq analysis has been done on frozen biopsies from individuals with
AD pathology. Four subclusters of microglia were detected and one showed a significant
overlap with mouse DAM genes, characterized by high expression of major histocompatibility
complex (MHC) class lI-related genes (Mathys et al., 2019). AD patients who are TREM2-R47H
and TREM2-R62H carriers show reduced transcriptional microglial activation compared to
control samples, providing further evidence of TREMZ2’s role in regulating microglia state
(Keren-Shaul et al., 2017; Nugent et al., 2020; Y. Zhou et al., 2020). TREM2 mutation carriers
also show reduced microglial migration and clustering around plaques (Jay et al., 2015;
Parhizkar et al., 2019; Ulrich et al., 2014; Y. Wang et al., 2015, 2016) and upregulation of
homeostatic markers, like TMEM119, P2RY12, and CX3CR1 (Y. Zhou et al., 2020).

1.3.5 Therapeutic TREM2 modulation

There has been recent evidence supporting that TREM2 activation is potentially beneficial in
AD. In mouse models, TREMZ2 has been shown to support plague compaction and thus reduce
plaque-associated neuropathology (Meilandt et al., 2020; Ulrich et al., 2014; Y. Wang et al.,
2016). There is also indirect evidence in AD patients that higher levels of TREM2 present in
disease are associated with protective effects on disease progression (Ewers et al., 2019;

Heslegrave et al., 2016; Kleinberger et al., 2017; Morenas-Rodriguez et al., 2022; Nugent et al.,
2020; Piccio et al., 2016; Poliani et al., 2015; Suérez-Calvet et al., 2016; Suarez-calvet et al.,
2018; Suarez-Calvet et al., 2016). It has also been shown using TSPO uPET that microglial

activation during aging is significantly reduced by TREM2 LOF mutations (Kleinberger et al.,
2017). Due to these findings, therapeutic strategies were developed to modulate microglial
function through targeting TREM2 with agonistic antibodies (Cheng et al., 2018; Cignarella et
al., 2020; Price et al., 2020; Schlepckow et al., 2020; S. Wang et al., 2020). Both Amgen and
Alector have developed antibodies, which appear to have epitopes in the extracellular domain,
bind to the stalk region, and activate receptor signaling (Cignarella et al., 2020; Price et al.,
2020; S. Wang et al., 2020). They are similar to another antibody developed in house that
increases TREM2 on the cell surface of microglia by preventing shedding of the extracellular
domain (Schlepckow et al., 2020). These antibodies activate DAP12 phosphorylation and Syk
signaling, enhance the survival of microglia under low M-CSF conditions, and increase
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expression of proliferation genes. There is also an increase in TREM2 and decrease in P2RY12
expression. Microglia phagocytosis of myelin debris and A} was enhanced upon antibody
treatment (Cignarella et al., 2020; Schlepckow et al., 2020). Another recent publication
describes the effects of a tetravalent TREM2 agonistic antibody (Zhao et al., 2022). The
antibody increases TREM2 activation by 100-fold, which resulted in increased microglia
phagocytosis of the oligomeric AB-lipid (0AB) complex, migration towards the oAp, and better
microglial survival in vitro. In 5XFAD mice, weekly treatments resulted in reduction of amyloid
burden and increased migration and phagocytosis of amyloid plaques by microglia, as well as
increased neuronal health, improved cognitive functions, and reduced tau
hyperphosphorylation. These studies all point to the benefits of enhancing TREM2 expression in

microglia as a potential treatment for AD.

In contrast to TREM2 LOF microglia, microglia in patients with GRN mutations and in Grn KO
mice show an increase in hyperactivation. Grn KO mice also have a large increase in TSPO-
PET signal and a reduction in FDG-uPET signal (Gétzl et al., 2019). In this case, it seemed to
me that an increase in DAM signature seems to correlates with neurodegeneration. Therefore, |
hypothesized that antagonistic TREM2 antibodies may have therapeutic benefit for FTD by

ameliorating the hyperactivation as a potential treatment.

The studies on TREM2 modulation have all been done in mouse models, which are important
models to study. However, it is also beneficial to study the effects and mechanisms in a human
model. RNA-seq studies of human microglia show limited overlap and more diverse sub-states
in comparison to mouse populations. It is also difficult to compare brains from human patients to
mouse models of disease, for example end-stage human AD patients to AD mouse models with
amyloid but no tau pathology. In addition, there is a lack of cross-species sequence homology
and functional homology (Lewcock et al., 2020). In my PhD thesis, | therefore aimed to develop

a human model for functional analysis of TREM2.

1.4 Human induced pluripotent stem cells

1.4.1 Induced pluripotent stem cells —a new tool for in vitro modeling of disease

In 2006, Takahashi and Yamanaka discovered that adding four exogenous factors, Oct3/4,

Sox2, c-Myc, and KIf4, to mouse fibroblasts can reprogram them into cells closely resembling
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embryonic stem cells (ESCs) (Takahashi & Yamanaka, 2006). One year later, it was shown that
these factors can also reprogram human fibroblasts (Takahashi et al., 2007). These induced
pluripotent stem cells (iPSCs) can maintain their pluripotency and divide indefinitely. In vitro
protocols have been developed that enable the iPSCs to differentiate into various somatic cell
types. Currently, iPSCs are being used to investigate neurodegenerative diseases (TCW, 2019),
in complement to in vivo models, since physiologically relevant brain cell types can be
differentiated (McComish & Caldwell, 2018).

1.4.2 iPSC models of neurodegenerative disease

iPSC-derived somatic cell types have been used to model several neurodegenerative diseases
(Klimmt, Dannert, & Paquet, 2020). The iPSCs can be either patient-derived or genetically
edited. First, relatively basic models were based on 2-dimensional (2D) neuronal monocultures
(Birnbaum et al., 2018; Israel et al., 2012; Kondo et al., 2013; Woodruff et al., 2013; Yagi et al.,
2011). Recently, 3-dimensional (3D) models have also been developed (Brassard & Lutolf,
2019; Choi et al., 2014; Gonzalez et al., 2018; Park et al., 2018; Raja et al., 2016; Velasco et
al., 2019), since there would be more cell-cell interaction, increased extracellular matrix, and a
more physiologically relevant environment. This is achieved through either embedding the cells
into hydrogels or creating organoids. However, these 3D models also typically contain only
neurons. So far, FTD-GRN has been investigated in these types of models (Table 3) (Almeida
etal., 2012; S. Lee & Huang, 2017b; Logan et al., 2021; Raitano et al., 2015; Valdez et al.,
2017, 2020). The lack of other cell types, such as microglia, where PGRN is predominantly
expressed, makes it impossible to study the crosstalk between cell types. Therefore, | would like
to include the relevant cell types for the disease, including both neurons and microglia, in my
model. Existing models were also mostly generated from patient-derived iPSCs. The issue with
using patient-derived iPSCs is that when using a healthy donor as a control, it would not be
isogenic. One could also edit out the disease-causing mutation from a patient line and use that
as a control, however, the genetic background could contain other disease-modifying risk
variants and influence the phenotype. Therefore, | would like to genetically introduce mutations
using CRISPR/Cas9 into a healthy donor line so that there will be an isogenic control and the

phenotype can be securely attributed to the mutation.

1.5 CRISPR/Cas9 as atool for precise genome editing
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The CRISPR/Cas9 system is a recently discovered method that has revolutionized biomedical
research. It allows precise and simple genome editing in the form of insertion or exchange of
specific DNA sequences at almost any genomic locus. This has led to a new way of studying
phenotypes, such as disease pathology, linked to specific genomic sequences (Hsu, Lander, &
Zhang, 2014; Knott & Doudna, 2018; Komor, Badran, & Liu, 2017; Wright, Nufiez, & Doudna,
2016).

The CRISPR/Cas9 system was first discovered in bacteria as part of their adaptive immune
system against foreign nucleic acids of invading bacteriophages (Barrangou et al., 2007; Brouns
et al., 2008). Foreign DNA is cleaved and integrated as spacer sequences in clustered regularly
interspaced short palindromic repeats (CRISPR) arrays that have spacers from previous
invasions. These are expressed as CRISPR-RNA (crRNA) and bind to transactivation crRNA
(tracrRNA) and the Cas9 nuclease. This complex recognizes a repeated attack from the same
virus and cuts and degrades the bacteriophage DNA in a targeted way (Deltcheva et al., 2011;
Jinek et al., 2012). Since then, it has been discovered that the purified Cas9 nuclease can be
used for specific DNA changes in vitro and in vivo (Cho, Kim, Kim, & Kim, 2013; Cong et al.,
2013; Gasiunas, Barrangou, Horvath, & Siksnys, 2012; Jinek et al., 2012, 2013; Mali et al.,
2013) by combining it with a single guide RNA (sgRNA). The sgRNA sequence can be
customized to target and introduce double stranded breaks (DSBSs) into a specific DNA locus.
These DSBs are repaired by two major pathways: hon-homologous end joining (NHEJ) or
homology-directed repair (HDR) (Rouet, Smih, & Jasin, 1994). In the NHEJ pathway, the two
DNA ends are fused together and often result in non-specific insertions or deletions (InDel) of
between 1-10 basepairs around the cut site (Mali et al., 2013; Paquet et al., 2016). These
InDels can cause a frameshift that is useful for creating genetic knockouts by introducing
premature stop codons. | used this method to create a GRN KO iPSC line that can be further

differentiated into brain cell types.
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2 Aim of this Study

Granulin is a gene expressed in microglia and loss of function results in hyperactivation and
lysosomal dysfunction, including an increase in the expression and activity of lysosomal
proteases. The role of this microglia dysfunction in the pathology is still unclear and we do not
understand the spatial paradox of how microglial expressed PGRN/absence of PGRN
influences neuronal TDP-43 pathology. We also do not understand the relationship between
microglial hyperactivation and lysosomal dysfunction. Since past research has been mostly
conducted in mouse models, peripheral cells, and postmortem patient brain tissue, | was
interested to set up a human model with disease-relevant cell types hoping that such a model
may allow recapitulation of disease pathology.

The first goal of this thesis is generating a human induced pluripotent stem cell (iPSC) derived
model recapitulating GRN-related phenotypes. This is done by knocking out GRN using

CRISPR/Cas9 in iPSCs. These iPSCs are further differentiated into neurons and microglia.

The second goal is investigating the relationship between microglial hyperactivation and
lysosomal dysfunction. This is achieved through suppressing hyperactivation of the GRN-/-
iPSC-derived microglia with antibodies blocking the TREM2 signaling pathway, which is

required to allow microglia to switch from a resting state to a disease associated state.

The third goal is to prove a potential cross talk between microglia and neurons by exploring the

relationship between granulin loss of function in microglia and TDP-43 pathology in neurons.
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Abstract

Haploinsufficiency of the progranulin (PGRN)-encoding gene (GRN)
causes frontotemporal lobar degeneration (GRN-FTLD) and results
in microglial hyperactivation, TREM2 activation, lysosomal
dysfunction, and TDP-43 deposition. To understand the contribu-
tion of microglial hyperactivation to pathology, we used genetic
and pharmacological approaches to suppress TREM2-dependent
transition of microglia from a homeostatic to a disease-associated
state. Trem2 deficiency in Grn KO mice reduced microglia hyperac-
tivation. To explore antibody-mediated pharmacological modula-
tion of TREM2-dependent microglial states, we identified
antagonistic TREM2 antibodies. Treatment of macrophages from
GRN-FTLD patients with these antibodies led to reduced TREM2
signaling due to its enhanced shedding. Furthermore, TREM2
antibody-treated PGRN-deficient microglia derived from human-
induced pluripotent stem cells showed reduced microglial hyperac-
tivation, TREM2 signaling, and phagocytic activity, but lysosomal
dysfunction was not rescued. Similarly, lysosomal dysfunction, lipid
dysregulation, and glucose hypometabolism of Grn KO mice were
not rescued by TREM2 ablation. Synaptic loss and neurofilament
light-chain (NfL) levels, a biomarker for neurodegeneration, were
further elevated in the Grn/Trem2 KO cerebrospinal fluid (CSF). These
findings suggest that TREM2-dependent microglia hyperactivation in
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models of GRN deficiency does not promote neurotoxicity, but rather
neuroprotection.
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generation; progranulin
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Introduction

Neurodegenerative diseases are currently incurable and novel thera-
peutic strategies are desperately required. Besides disease-defining
protein deposits (Aguzzi & Haass, 2003), microgliosis is observed in
almost all neurodegenerative diseases (Ransohoff, 2016). Microglio-
sis can be detrimental (Heneka et al, 2013; Hong et al, 2016a).
However, recent findings strongly suggested that certain microglial
responses to brain pathology may also be neuroprotective (Decz-
kowska et al, 2020; Lewcock et al, 2020). This is based on the iden-
tification of variants in genes predominantly or exclusively
expressed in microglia within the brain that increase the risk for
late-onset Alzheimer’s disease (LOAD) and other neurodegenerative

German Center for Neurodegenerative Diseases (DZNE) Munich, Munich, Germany
Denali Therapeutics Inc., South San Francisco, CA, USA

ISAR Bioscience GmbH, Planegg, Germany

OWOoONOUI N WN PR

Munich Cluster for Systems Neurology (SyNergy), Munich, Germany
*Corresponding author. Tel: +1 650 4574910; E-mail: monroe@dnli.com

Division of Metabolic Biochemistry, Faculty of Medicine, Biomedical Center (BMC), Ludwig-Maximilians-Universitat Miinchen, Munich, Germany
Institute for Stroke and Dementia Research, University Hospital Munich, Ludwig-Maximilians-Universitat Miinchen, Munich, Germany
Department of Nuclear Medicine, University Hospital, Ludwig-Maximilians-Universitat Miinchen, Munich, Germany

Department of Neurology, University Hospital, Ludwig-Maximilians-Universitat Minchen, Munich, Germany
Department of Psychiatry and Psychotherapy, School of Medicine, Technical University of Munich, Munich, Germany

**Corresponding author. Tel: +49 89 440046123; E-mail: dominik.paquet@med.uni-muenchen.de
***Corresponding author. Tel: +49 89 440046534; E-mail: anja.capell@med.uni-muenchen.de

****Corresponding author. Tel: +49 89 440046549; E-mail: christian.haass@dzne.de

© 2022 The Authors. Published under the terms of the CC BY NC ND 4.0 license

The EMBO Journal 41: €109108]2022 1 of 25


https://orcid.org/0000-0001-9598-9373
https://orcid.org/0000-0001-9598-9373
https://orcid.org/0000-0001-9598-9373
https://orcid.org/0000-0003-3576-2702
https://orcid.org/0000-0003-3576-2702
https://orcid.org/0000-0003-3576-2702
https://orcid.org/0000-0002-0224-088X
https://orcid.org/0000-0002-0224-088X
https://orcid.org/0000-0002-0224-088X
https://orcid.org/0000-0003-0781-6400
https://orcid.org/0000-0003-0781-6400
https://orcid.org/0000-0003-0781-6400
https://orcid.org/0000-0002-9069-2594
https://orcid.org/0000-0002-9069-2594
https://orcid.org/0000-0002-9069-2594
https://orcid.org/0000-0003-1032-1265
https://orcid.org/0000-0003-1032-1265
https://orcid.org/0000-0003-1032-1265
https://orcid.org/0000-0003-3012-7881
https://orcid.org/0000-0003-3012-7881
https://orcid.org/0000-0003-3012-7881
https://orcid.org/0000-0002-6901-1176
https://orcid.org/0000-0002-6901-1176
https://orcid.org/0000-0002-6901-1176
https://orcid.org/0000-0003-2065-1639
https://orcid.org/0000-0003-2065-1639
https://orcid.org/0000-0003-2065-1639
https://orcid.org/0000-0003-3118-911X
https://orcid.org/0000-0003-3118-911X
https://orcid.org/0000-0003-3118-911X
https://orcid.org/0000-0002-4869-1627
https://orcid.org/0000-0002-4869-1627
https://orcid.org/0000-0002-4869-1627

The EMBO Journal

disorders (Efthymiou & Goate, 2017). Protective microglial functions
became particularly evident upon functional investigations of coding
variants found within the triggering receptor expressed on myeloid
cells 2 (TREM2) gene, which can increase the risk for LOAD and
other neurogenerative disorders including frontotemporal dementia-
like syndromes (Guerreiro et al, 2013; Jonsson et al, 2013). These
TREM2 variants reduce lipid ligand binding, lipid and energy meta-
bolism, chemotaxis, survival/proliferation, phagocytosis of cellular
debris, and potentially other essential microglial functions (Decz-
kowska et al, 2020; Lewcock et al, 2020). Moreover, a loss of
TREM2 function locks microglia in a dysfunctional homeostatic
state (Keren-Shaul et al, 2017; Krasemann et al, 2017; Mazaheri
et al, 2017; Nugent et al, 2020), in which they are unable to respond
to pathological challenges by inducing a disease-associated mRNA
signature.

Disease-associated microglia (DAM) respond to amyloid pathol-
ogy by clustering around amyloid plaques where they exhibit a
protective function by encapsulating the protein deposits via a
barrier function (Yuan et al, 2016) that promotes amyloid plaque
compaction (Ulrich et al, 2014; Wang et al, 2016; Meilandt et al,
2020) and reduces de novo seeding of amyloid plaques (Parhizkar
et al, 2019). TREM2 is therefore believed to be a central target for
therapeutic modulation of microglial functions (Deczkowska et al,
2020; Lewcock et al, 2020). A number of agonistic anti-TREM2 anti-
bodies were recently developed (Cheng et al, 2018; Cignarella et al,
2020; Price et al, 2020; Schlepckow et al, 2020; Wang et al, 2020;
Ellwanger et al, 2021; Fassler et al, 2021), which either enhance cell
surface levels of signaling-competent TREM2 by blocking TREM2
shedding and/or crosslinking TREM2 receptors to stimulate down-
stream signaling via Syk phosphorylation. In preclinical studies,
these antibodies boost protective functions of microglia as shown by
enhanced amyloid B-peptide and myelin clearance, reduced amyloid
plaque load, improved memory in models of amyloidosis, and
supported axon regeneration and remyelination in models of
demyelinating disorders such as multiple sclerosis (Cheng et al,
2018; Cignarella et al, 2020; Lewcock et al, 2020; Price et al, 2020;
Schlepckow et al, 2020; Wang et al, 2020; Bosch-Queralt et al, 2021;
Ellwanger et al, 2021; Fassler et al, 2021).

Although increased TREM2 may be protective in AD patients
(Ewers et al, 2019), in other neurodegenerative diseases, microglia
may be overactivated and become dysfunctional (Heneka et al,
2013; Hong et al, 2016a; Ransohoff, 2016). Therefore, in these
contexts, antagonistic TREM2 antibodies may display therapeutic
benefit through dampening microglial hyperactivation. A well-
described example of a neurodegenerative disorder where microglia
are hyperactivated is GRN-associated frontotemporal lobar degener-
ation (GRN-FTLD) with TDP-43 (transactive response DNA-binding
protein 43 kDa) deposition caused by progranulin (PGRN) defi-
ciency (Baker et al, 2006; Cruts et al, 2006; Gotzl et al, 2019). In
models of GRN-FTLD-associated haploinsufficiency, hyperactivation
of microglia is evident, as demonstrated by an increased disease-
associated mRNA signature as well as strongly increased 18-kDa
translocator protein positron emission-tomography ((TSPO)-PET)
signals in mouse models (Martens et al, 2012; Lui et al, 2016;
Krabbe et al, 2017; Gotzl et al, 2019; Huang et al, 2020; Marschal-
linger et al, 2020; Zhang et al, 2020). This is the opposite phenotype
of Trem2 knockout (KO) microglia, which are locked in a homeo-
static state (Keren-Shaul et al, 2017; Kleinberger et al, 2017;
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Krasemann et al, 2017; Mazaheri et al, 2017; Gotzl et al, 2019;
Nugent et al, 2020). Hyperactivation of microglia is also observed in
the brain of GRN-FTLD patients (Lui et al, 2016; Woollacott et al,
2018; Gotzl et al, 2019). PGRN is a secreted protein, which is also
transported to lysosomes (Hu et al, 2010; Zhou et al, 2015), where it
appears to control activity of hydrolases, such as cathepsins and
glucocerebrosidase (GCase) (Gotzl et al, 2016, 2018; Beel et al,
2017; Ward et al, 2017; Paushter et al, 2018; Arrant et al, 2019;
Butler et al, 2019b; Logan et al, 2021). Total loss of PGRN results in
a lysosomal storage disorder (Smith et al, 2012; Almeida et al,
2016). A potential synergistic contribution of lysosomal dysfunction
and hyperactivated microglia to the disease pathology and specifi-
cally to the deposition of TDP-43 in neurons is likely but currently
not understood (Kao et al, 2017; Ward et al, 2017; Huang et al,
2020; Logan et al, 2021).

To determine whether hyperactivation of microglia and its patho-
logical consequences in Grn KO mice are dependent on aberrant
TREM2 signaling, we sought to reduce the microglial activation
status by crossing them to Trem2 KO mice. This reduced the expres-
sion of DAM genes, suggesting that negative modulation of TREM2
signaling may be exploited to lower microglial activation in neuroin-
flammatory disorders. In analogy to the agonistic 4D9 TREM2 anti-
body developed earlier in our laboratory (Schlepckow et al, 2020),
we therefore generated monoclonal antibodies with opposite,
namely antagonistic, properties. Such antibodies blocked lipid
ligand-induced TREM2 signaling, reduced signaling-competent cell
surface TREM2 in GRN-FTLD patient-derived macrophages, and
concomitantly increased shedding of TREM2, which resulted in
enhanced release of soluble TREM2 (sTREM2). Therefore, TREM2
antagonist antibodies inhibit receptor function via multiple mecha-
nisms of action. In genetically engineered human-induced pluripo-
tent stem cell-derived (iPSC) microglia-lacking PGRN, the
antagonistic antibodies reduced expression of the majority of candi-
date genes of the DAM signature, however, they failed to restore
lysosomal function. Similarly, in Grn/Trem2 double-knockout
(Double KO) mice, lysosomal dysfunction was not rescued. More-
over, pathological features such as reduced 2-deoxy-2-[18F]fluoro-d-
glucose (FDG) uptake, disturbed lipid metabolism, and abnormal
microglial morphology were not ameliorated. Strikingly, synapse
loss was exacerbated, and neurofilament light chain (NfL), a sensi-
tive fluid biomarker of neurodegeneration (Meeter et al, 2016;
Rohrer et al, 2016; Preische et al, 2019), was also not reduced but
unexpectedly increased in the cerebrospinal fluid (CSF). These find-
ings therefore suggest that against common expectations, hyperacti-
vated microglia may retain at least some TREM2-dependent
neuroprotective activities.

Results

Trem2 KO dampens hyperactivation of microglia in
PGRN-deficient mice

PGRN and TREM2 deficiency results in opposite microglial activa-
tion states (Gotzl et al, 2019). To determine if reduction in TREM2
signaling can ameliorate hyperactivation of PGRN-deficient micro-
glia, we crossed Grn KO mice (Kayasuga et al, 2007) to Trem2 KO
mice (Turnbull et al, 2006) and performed TSPO-PET imaging using

© 2022 The Authors
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established protocols (Liu et al, 2015; Kleinberger et al, 2017).
TSPO-PET imaging in mice is rather specific for microglial activa-
tion, as plexin treatment and ablation of TREM2, both of which
reduce microglia numbers, strongly reduce the TSPO signal (Xiang
et al, 2021). In line with our earlier findings (Gotzl et al, 2019), we
confirmed a strong increase in the TSPO-PET signal in the brains of
Grn KO mice when compared to WT (P < 0.01) (Figs 1A and B, and
EVS5A). We also confirmed reduced TSPO expression in the brain of
Trem2 KO mice (P < 0.03) (Figs 1A and B, and EVS5A), consistent
with our initial findings in TREM2 loss-of-function models (Klein-
berger et al, 2017; Gotzl et al, 2019). Consistent with the above-
described goal to dampen hyperactivation of microglia, investigation
of Double KO mice (Figs 1A and B, and EV5A) indicated a balanced
TSPO expression without a significant difference when compared to
WT (P = 0.945) and a reduction in TSPO expression relative to Grn
KO mice (P < 0.05) (Figs 1A and B, and EV5A).

These findings suggest that DAM gene expression patterns as
observed in Grn KO mice may be partially rescued in Double KO
mice. To test this, we isolated microglia from adult mouse brains.
Microglial mRNA of all three mouse lines was analyzed using a
customized nCounter panel (NanoString Technologies), which
includes 65 genes that previously showed opposite expression levels
in Grn and Trem2 KO mice (Mazaheri et al, 2017; Gotzl et al, 2019).
Gene expression levels were normalized against the geometric mean
of four housekeeping genes, including Asb10, Cltc, Hprtl, and
Tubb5. In accordance with our previous findings (Gotzl et al, 2019),
candidate genes of the DAM signature such as ApoE, Cd22, Ly9,
Clec7a, Sppl, and Olfr110 were massively upregulated in Grn KO
microglia while these genes were suppressed in the Trem2 KO
microglia (Fig 2A-E). In the Double KO microglia, expression of the
DAM signature genes Olfr110, Sppl, and Clec7a is fully rescued to
WT expression levels and others, such as Ly9, Cd22, and ApoE, are
at least partially reduced compared to the Grn KO (Fig 2D and E).
These data thus provide direct evidence that in Double KO mice, the
molecular signature of microglia is shifted away from a DAM state
toward a homeostatic state.

Antagonistic TREM2 antibodies decrease cell surface TREM2
and reduce ligand-induced Syk signaling in monocyte-derived
patient macrophages

Antagonist TREM2 antibodies were generated by immunizing
rodents with human TREM2 extracellular domain (ECD)-Fc fusion
protein and performing single B-cell sequencing on peripheral
lymphoid tissues. Antibodies that bound specifically to human
TREM2 were evaluated for functional impact to TREM2 signaling.
Antagonistic antibodies were identified by their ability to block
TREM2-dependent lipid ligand-induced activation of p-Syk on
HEK293 cells overexpressing TREM2/DAP12 (Fig EV1). Cells were
dosed with three different concentrations of liposomes, and antago-
nistic antibody 1 (Abl) and antagonistic antibody 2 (Ab2), which
were found to block phosphatidylserine (PS)-induced p-Syk activity
(Fig EV1A). Both antibodies bind to an epitope in the IgV domain
between amino acids 30 and 63 of human TREM2 (Figs 3A and
EV1B). These selected antibodies were reformatted onto an effector-
less human hIgG1-LALAPG backbone, and demonstrated high affin-
ity for cell surface TREM2 (0.38 nM EC50 Abl and 0.18 nM EC50

© 2022 The Authors
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Figure 1. TSPO-PET imaging indicates rescue of microglial

hyperactivation in Double '~ mice.

A Axial slices as indicated below (A1, A2, and A3) show %-TSPO-PET
differences between Grn—'~, Trem2~'"—, or Double™'~ mice and WT at the
group level. Images adjusted to an MRI template indicate increased
microglial activity in the brain of Grn~'~ mice (hot color scale),
compensated microglial activity in the brain of Double™'~ mice, and
decreased microglial activity in the brain of Trem2~'~ mice (cold color
scale), each in contrast against age-matched WT mice.

B Scatter plot illustrates individual mouse TSPO-PET values derived from a
whole-brain volume of interest. A total of 8-15 female mice per group at an
average age of 11.1 + 1.6 months (Cm’/’ (n =28, Trem2 '~ (n=29),
Double™'~ (n = 10), and WT (n = 15)). Data represent mean =+ SD. For
statistical analysis, one-way ANOVA with Tukey post hoc test was used.
Statistical significance was set at *P < 0.05; **P < 0.01; ns, not significant.

Source data are available online for this figure.
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Figure 2. Loss of TREM2 reduces the DAM signature of Grn~'~ mice.

A Heatmap of 65 DAM-associated gene transcripts analyzed by NanoString in FCRLS- and CD11b-positive Grn~'~ (n = 6), Trem2~'~ (n = 5), and Double™'~ (n = 6)
microglia in comparison to WT (n = 7) microglia isolated from 6-month-old male mice. The expression-corrected and housekeeping gene normalized RNA counts for
each gene and sample were normalized to the mean value of WT followed by a log2 transformation.

B Volcano plot presentation of the differently expressed transcripts in FCRLS- and CD11b-positive Grn~'~ (n = 6) in comparison to WT (n = 6) microglia isolated from 6-
month-old male mice. A total of 35 of 65 analyzed genes are significantly changed more than 20%, with 22 genes upregulated (purple) and 13 genes downregulated
(blue).

C Volcano plot presentation of the differently expressed transcripts in FCRLS- and CD11b-positive Trem2~'~ (n = 5) in comparison to WT (n = 6) microglia isolated from
6-month-old male mice. A total of 17 of 65 analyzed genes are significantly changed more than 20%, with 7 genes upregulated (purple) and 10 genes downregulated
(blue).

D Volcano plot presentation of the differently expressed transcripts in FCRLS- and CD11b-positive Double™'~ (n = 6) in comparison to WT (n = 6) microglia isolated

from 6-month-old male mice. A total of 21 of 65 analyzed genes are significantly changed more than 20%, with 14 genes upregulated (purple) and 7 genes

downregulated (blue).

E Expression profiles of selected DAM genes, whose mRNA levels are rescued in Double™'~ (n = 6) versus G- (n = 6) microglia. MRNA expression normalized to the

mean of the WT cohort. Data represent mean =+ SEM.

Data information: For statistical analysis in B-D, the unpaired, two-tailed student’s t-test was performed, and in E, one-way ANOVA with Dunnett’s post hoc test was
used to compare Grn™/~, Trem2~/~, and Double™'~ microglia. Statistical significance was set at **P < 0.01; ***P < 0.001; ****P < 0.0001.

Source data are available online for this figure.

Ab2 in cell binding) and high affinity to human TREM2 ECD protein
binding via surface plasmon resonance (0.21 nM Abl and 4.5 nM
Ab2) (Fig EVIC-G). Ligand blocking activity was further validated in
human monocyte-derived macrophages, which were treated in a dose—
response format with antibodies in the presence of PS-containing lipo-
somes to determine the potency of Abl and Ab2 to block liposome-
induced TREM2-mediated p-Syk signaling (Figs 3B and EV1C).

Next, we tested if antagonistic TREM2 antibodies are capable of
reducing TREM2 signaling in GRN-FTLD patient-derived macro-
phages. To do so, we identified four patients with low PGRN plasma
levels (Fig 3C) and confirmed heterozygous GRN loss-of-function
mutation (Fig EV2A and B). We then generated monocyte-derived
macrophages from peripheral blood samples of these patients and
healthy volunteers. Western blot analysis revealed that macro-
phages of GRN mutation carriers show significantly enhanced levels
of mature TREM2 as compared to healthy controls (Fig 3D and E).
Although GRN mutation carriers express more mature TREM2 than
healthy controls, STREM2 in the conditioned media was not signifi-
cantly altered (Fig 3D and F). Since evidence exists that shedding of
TREM2 terminates cell autonomous signaling in myeloid cells
(Kleinberger et al, 2014; Schlepckow et al, 2017, 2020; Thornton
et al, 2017), these findings suggest that macrophages from GRN-
FTLD patients exhibit increased TREM2 signaling, which occurs in
conjunction with the microglial hyperactivation phenotype observed
in vitro and in vivo (Gotzl et al, 2019).

Macrophages from GRN-FTLD patients and healthy controls were
then treated with Ab1l and Ab2 for 24 h. TREM2 levels in cell lysates
revealed that both antibodies reduced mature TREM2, whereas an
isotype control antibody had no effect (Figs 3G and H, and EV2C).
The reduction in mature membrane-bound TREM2 was accompa-
nied by an increase in sSTREM2 in conditioned media (Fig 3G and I).
Thus, in line with the data shown in Figs 3A and B, and EV1A-G,
both antibodies reduce signaling-competent mature TREM2 and
increase TREM2 shedding. To further demonstrate that TREM2
signaling can be modulated by TREM2 antagonistic antibodies in
patient-derived macrophages, we quantified Syk signaling. This
demonstrated that both antagonistic antibodies reduce p-Syk in
liposome-stimulated macrophages, suggesting that antagonistic
TREM2 antibodies may be capable of modulating TREM2 hypersig-
naling in microglia in a beneficial manner (Fig 3J).

© 2022 The Authors

Antagonistic TREM2 antibodies reduce hyperactivation of
PGRN-deficient human microglia

To corroborate and extend our findings in human myeloid cells,
we aimed to test modulation of TREM2 via the antagonistic anti-
bodies in human-induced pluripotent stem cell (iPSC)-derived
microglia (hiMGL). For this purpose, we generated GRN KO iPSC
by targeting exon 2 using our established CRISPR genome-editing
pipeline (Weisheit et al, 2020; see methods for details). We deeply
phenotyped GRN KO iPSC to confirm loss of PGRN protein expres-
sion, maintenance of pluripotency, clonality, as well as absence of
unintended on- and off-target effects and chromosomal abnormali-
ties (Weisheit et al, 2021) (Figs 4A and EV3A-G; Appendix Fig
S1). As expected, GRN KO hiMGL increased expression of TREM2
(Fig 4B and C) and showed consequently elevated levels of
sTREM2 (Fig 4D). PGRN-deficient hiMGL were treated with the
antagonistic TREM2 antibodies as described above. Consistent
with the antibody mechanism of action, antagonistic antibodies
increased secretion of STREM2 (Fig 4E). In line with this finding,
both antagonistic antibodies reduced p-Syk signaling (Fig 4F).
Moreover, both antibodies not only reduced the phagocytic activ-
ity of WT hiMGL (Fig 4G), but also ameliorated the pathologically
increased phagocytic activity of PGRN-deficient hiMGL (Fig 4H),
indicating that they dampen the activation state of PGRN-deficient
hiMGL. To further extend these findings, we asked if the antago-
nistic antibodies could also correct the transcriptional signature of
hyperactivated hiMGL. Therefore, we used a customized nCounter
panel (NanoString Technologies) analyzing gene expression of 82
microglia-related genes and 8 housekeeping genes of WT and
PGRN-deficient hiMGL treated with the two antagonistic antibod-
ies or isotype control (Fig 5A). Gene expression levels in each
sample were normalized against the geometric mean of five
housekeeping genes including CLTC, HPRTI1, RPL13A, TBP and
PPIA. DAM genes, such as APOE, SPP1, GPNMB, CSF1, LGALS3,
CCL3, LPL, TREM2, ITGAX and CDG68, were all significantly upreg-
ulated in PGRN-deficient hiMGL compared to WT hiMGL (Fig 5A
and B). In addition, expression of genes associated with lysosomal
dysfunction was also significantly upregulated (CTSD, NPC2, and
CD68). Both antagonistic TREM2 antibodies significantly modu-
lated the mRNA signature of PGRN-deficient hiMGL toward a
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more homeostatic state (Fig 5A-D). Upregulation of TREM2 in
PGRN-deficient hiMGL was completely corrected by treating the
cells with either antagonist antibody (Fig SE). Upregulation of
DAM genes was completely (GPNMB, LGALS3, SPP1, CSF1, CCL3,
LPL, and ITGAX) or at least partially (APOE and CCL2) rescued,
while downregulation of the homeostatic marker P2RYI12 was
reversed by antibody treatment (Fig 5E). Thus, TREM2 modula-
tion with antagonistic antibodies ameliorates hyperactivation of
microglia.
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Reduced TREM2 signaling does not rescue lysosomal dysfunction

Next, we searched for a rescue of lysosomal phenotypes in PGRN-
deficient hiMGL. In contrast to the profound rescue of the homeo-
static and disease-associated mRNA signatures upon treatment with
the two antagonistic antibodies (Fig SA-E), we did not observe a
significant rescue of increased gene expression patterns associated
with lysosomal dysfunction upon PGRN deficiency, like CTSD,
NPC2, and CD68 mRNA expression (Fig SA-D and F). Antagonistic
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Figure 3. Human antagonistic TREM2 antibodies rescue elevated membrane-bound TREM2 levels and reduce p-Syk in primary human macrophages isolated

from PGRN mutation carriers.

A Schematic presentation of human TREM2 with the identified binding site of antagonistic antibodies Abl and Ab2 (purple) in the Ig-like V-type domain. Light purple
indicates the overlapping amino acid sequence of the two peptides, which are bound by Abl and Ab2 (see also EV1B). The disease-associated Y38C and R47H

mutations are indicated in yellow. Created with BioRender.com.

B AlphaLISA-mediated quantification of p-Syk in human macrophages with a dose titration treatment of Abl and Ab2 with or without liposomes for 5 min. IC50 and
maximal inhibition (max) are indicated by a dotted line. Data represent the mean + SEM (n = 3 independent experiments).

C ELISA-mediated quantification confirms reduced PGRN serum levels in GRN mutation carriers versus healthy controls. PGRN was measured by ELISA in technical
triplicates and normalized to serum levels of healthy controls. Data points indicate individual patients (GRN-FTLD) and healthy controls (HC).

D Western blot of TREM2 in lysates and conditioned media of cultured human macrophages isolated from GRN-FTLD patients and HC. Mature (mTREM2), immature
(imTREM2), and soluble TREM2 (STREM2) are indicated. Calnexin was used as loading control.

E Quantification of MTREM2 expression levels in lysates of cultured human macrophages isolated from GRN-FTLD patients (data shown in D). mTREM2 levels were

normalized to HC (n = 4). Data points indicate individual patients.

F ELISA-mediated quantification of STREM2 in conditioned media of human macrophages isolated from GRN-FTLD patients and HC (n = 3). STREM2 could not be
measured in conditioned media of human macrophages isolated from patient #3 due to low overall cell yield. Data points indicate individual patients and HC.

G Western blot of TREM2 in lysates and media of cultured human macrophages isolated from GRN-FTLD #1 and HC #1 upon treatment with Abl and Ab2. An isotype
antibody was used as a negative control. ADAM protease inhibition (GM) does not further increase mTREM?2 levels in GRN-FTLD patients. Equal amounts of protein

were loaded. GAPDH was used as loading control.

H Quantification of mMTREM2 expression normalized to HC (n = 4) (data shown in G). Data points indicate individual patients.

| ELISA-mediated quantification of STREM2 in conditioned media of human macrophages isolated from GRN-FTLD patients (n = 3). STREM2 could not be measured in
conditioned media of human macrophages isolated from patient #3 due to low overall cell yield. Data points indicate individual patients.

] AlphaLISA-mediated quantification of p-Syk levels in human macrophages upon treatment with Abl and Ab2 with liposomes for 60 min (n = 3). An isotype antibody
was used as a negative control. Data points indicate individual patients. Isolated material from patient #3 did not yield enough cells to perform this experiment.

Data information: Data represent mean + SEM. For statistical analysis of patient samples in comparison to HC, the unpaired, two-tailed student’s t-test was performed.
Statistical significance was set at *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant

Source data are available online for this figure.

antibodies also failed to rescue elevated cathepsin D (CatD) activity
in PGRN-deficient hiMGL (Fig 5G).

In total brain lysates of 14-month-old Grn KO and Double KO
mice, CatD single chain (sc) and heavy chain (hc) were both
increased without a reduction in Double KO mice (Fig 6A-C).
Furthermore, the catalytic activity of CatD, which was increased in
Grn KO mice in an age-dependent manner (Fig 6D and E), was also
not rescued by the additional loss of TREM2 (Fig 6E), suggesting
that lysosomal dysfunction of Grn KO mice cannot be rescued by
TREM2 modulation. To further support this, we investigated
Double KO brains for the accumulation of lipofuscin, an autofluo-
rescent lipopigment, found in Grn KO and several lysosomal stor-
age disorders (Gotzl et al, 2014). In line with the failure of the
Double KO to rescue lysosomal hyperactivity, lipofuscin accumula-
tion was not reduced upon loss of TREM2 in Grn KO mice,
although remarkably almost no lipofuscin was observed in single
Trem2 KO mice via mechanisms that have yet to be investigated
(Fig 6F and G).

Loss of TREM2 does not rescue lysosomal lipid dyshomeostasis in
Grn KO mice

Previous studies have examined the impact of either Trem2 or Grn
deletion on the lipidome of mouse brain. In the case of Trem2, no
significant lipid changes were observed in Trem2 KO mouse brain at
baseline, although upon cuprizone challenge, a striking accumula-
tion of cholesterol esters and various sphingolipids was revealed
(Nugent et al, 2020). In Grn KO mice, lipid metabolism is altered
(Evers et al, 2017; Marschallinger et al, 2020) and a recent study
described an age-independent deficit in levels of the lysosomal lipid
bis(monoacylglycerol)phosphate (BMP) that was accompanied by
an age-dependent accumulation of the GCase substrate glucosylsph-
ingosine (GlcSph) (Logan et al, 2021). To determine whether

© 2022 The Authors

deletion of Trem2 on the Grn KO background has any effect on the
composition of the brain lipidome, we performed targeted lipidomic
analysis using LCMS on 6-month-old WT, Grn KO, Trem2 KO, and
Double KO mouse brain homogenates (Fig 7). As previously
described (Nugent et al, 2020), the Trem2 KO showed no significant
differences in brain lipid content relative to WT mice (Fig 7B), while
the Grn KO as well as the Double KO showed a significant decrease
in several BMP species as well as an increase in GlcSph (Fig 7A, C
and E-G), which is consistent with previous data (Logan et al,
2021). Consistent with previous findings (Jian et al, 2016; Arrant
et al, 2019; Zhou et al, 2019; Logan et al, 2021) and the increased
accumulation of the GCase substrate GlcSph, we found a significant
decrease in the GCase activity in Grn KO mice and Double KO
(Fig 7H). Importantly, genetic interaction analysis demonstrated no
statistically significant difference in the levels of any analyte in the
Double KO brain compared to the Grn KO alone (Fig 7D). Thus,
ablation of TREM2 fails to correct abnormal lysosomal function and
lipid metabolism in PGRN-deficient mice.

Enhanced brain pathology in Double KO mice suggests a
neuroprotective function of hyperactivated microglia

Aged Grn KO mice show enhanced synaptic pruning (Lui et al,
2016; Zhang et al, 2020). To investigate if abolishing TREM2 signal-
ing mitigates a neurodegenerative phenotype in 14-month-old Grn
KO mice, we analyzed the thalamic synaptic density using synapto-
physin (SPH) and the vesicular GABA transporter (VGAT) as a
marker for presynaptic density (Fig 8A-C). Interestingly, immuno-
histochemical staining of the thalamic region revealed a reduction
in SPH in Trem2 KO, which was even more robust in Double KO
mice (Fig 8A and B). Western blot analysis confirmed reduced total
SPH levels in Trem2 KO (Jadhav et al, 2020) and Double KO mice
(Fig 8D and E). Similarly, immunostainings against VGAT revealed
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a further reduction in Double KO mice compared to WT, Grn KO,
and Trem2 KO (Fig 8A and C).

To obtain additional information on the activation status of
Double KO microglia, we determined microglial morphology. We
extracted morphological features in WT, Grn KO, Trem2 KO, and
Double KO animals after 3D reconstruction of IBA1" microglia from
confocal z-stack images (Fig 8F and G). Microglial cells from Grn
KO and Double KO animals showed a significantly decreased score
“number of branch nodes,” and less
pronounced for “branch length,” as well as a significantly increased
score for “sphericity,” which is associated with an increased activa-
tion state of microglia (Heindl et al, 2018). In contrast, the morpho-
logical scores for Trem2 KO animals were comparable to WT. Thus,

for “branch volume,”

A B

kpa WT GRN” kDa

98 - 50 -
e o PGRN

64 - 36 -

50 -

50 - s v w == Actin

WT GRN+-

50 - v - Actin

*kkk
KAk

3250 - kKK

& ns kkk
= —_—

1507 ns

p-Syk signal (% of Isotype)

s

SO

N
&
R © \}Q © QQ

mTREM2
- esen@®® MTREM2

Anika Reifschneider et al

although the transcriptional signature of hyperactivated PGRN-
deficient microglia is partially rescued by the loss of TREM2, the
morphological and immunohistochemical analysis indicates that
Double KO microglia neither rescue Grn KO microglial morphology
nor synapse loss.

To further test if reduction in microglial hyperactivation fails to
ameliorate secondary neurodegeneration, we analyzed the concen-
trations of NfL, a fluid biomarker for neuronal damage (Meeter
et al, 2016; Rohrer et al, 2016; Preische et al, 2019), in the CSF of
6-month-old (Fig 9A) and 14-month-old mice (Fig 9B). In line with
previous findings (Zhang et al, 2020), NfL was increased in PGRN-
deficient mice, whereas no change was observed in Trem2 KO
animals as compared to WT mice (Fig 9A and B). Surprisingly, we
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Figure 4. Antagonistic TREM2 antibodies enhance TREM2 shedding and reduce TREM2-dependent signaling and phagocytosis in PGRN-deficient iPSC-derived

human microglia (hiMGL).

A Western blot of PGRN in whole-cell lysates of WT and GRN ™/~ hiMGL. Actin was used as loading control.
B Western blot of TREM2 in whole-cell lysates of WT and GRN~'~ hiMGL. Mature (MTREM) and immature TREM2 (imTREM?2) are indicated. Actin was used as loading

control.

C Quantification of MTREM2 expression in whole-cell lysates of WT and GRN~'~ himMGL (data shown in B). mTREM2 levels were normalized to WT (n = 3, biological

replicates).

D ELISA-mediated quantification of STREM2 in conditioned media of WT and GRN™/~ hiMGL (n = 3, biological replicates).
E ELISA-mediated quantification of STREM2 in conditioned media of GRN™'~ hiMGL upon treatment with Abl and Ab2 (20 pg/ml, 40 pg/ml) (n = 3, biological

replicates). An isotype antibody (10 ug/ml) was used as a negative control.

F AlphaLISA-mediated quantification of p-Syk levels in GRN~'~ hiMGL upon treatment with Abl and Ab2 (5 pg/ml, 10 pg/ml) with liposomes (1 mg/ml) for 5 min.

(n = 8, biological replicates).

G Uptake assay for fluorescent myelin in WT hiMGL. Phagocytosis of myelin significantly decreased upon treatment with TREM2 antagonistic antibodies Abl and Ab2

(n = 4, biological replicates).

H Uptake assay for fluorescent myelin. GRN™'~ hiMGL phagocytose significantly more myelin as compare to WT hiMGL. This is reversed upon treatment with TREM2

antagonistic antibodies Abl and Ab2 (n = 4, biological replicates).

Data information: Data represent mean £ SEM. For statistical analysis in C and D, the unpaired, two-tailed student’s t-test was performed, in E and F, one-way ANOVA
with Dunnett’s post hoc test, and in G and H, one-way ANOVA with Tukey’s post hoc was used to compare untreated, Abl, and Ab2 (20 pg/ml and 40ug/ml) conditions to
the isotype-treated condition. Statistical significance was set at *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; and ns, not significant.

Source data are available online for this figure.

found a striking increase in NfL in the 14-month-old Double KO
mice (Fig 9B), suggesting a protective role of TREM2-dependent
microglial hyperactivation in PGRN-deficient mice. To further
elucidate which genes and pathological pathways may be affected
by eliminating TREM2 in Grn KO mice, we isolated mRNA from
total brain of all three mouse models after 6 and 14 months of age
and searched for changes in mRNA expression using the nCounter
Neuropathology panel (NanoString Technologies) (Werner et al,
2020). The Neuropathology panel with 770 genes included was
specifically designed to analyze neurodegenerative phenotypes in
mouse models and allows investigating six fundamental themes of
neurodegeneration, namely neurotransmission, neuron—glia interac-
tion, neuroplasticity, cell structure integrity, neuroinflammation,
and metabolism. Analysis of total brain mRNA confirmed rescue of
the age-dependent Grn KO-associated DAM signature in the Double
KO mice (Fig EV4A-G, Appendix Fig S2A and B) and revealed no
significant upregulation of genes associated with neuroinflamma-
tion like Gfap, Tnf, or Tnfrsfl1b or genes associated with synaptic
pruning, such as the complement factors (Clgc, Clga, and Clgb)
compared to WT mice (Fig EV4G). Although differences in the
transcriptomic signature of male and female microglia were over-
served, as described earlier (Villa et al, 2018), rescue of gene
expression associated with neuroinflammation and synaptic prun-
ing was evident in both sexes (Fig EV4G, Appendix Fig S3). Path-
way analysis in Grn KO mice revealed the highest increases in
“autophagy,” “activated microglia,” “angiogenesis,” and “disease
association” associated clusters with further increase during aging
(Fig 9C). These four pathways score very low in Trem2 KO mice,
again confirming opposite effects of the two single-gene deletions.
In the 6-month-old and in the 14-month-old cohort, all four path-
ways score is lower in the Double KO than in the single Grn KO.
Three of these pathways, namely “activated microglia,” “angiogen-
esis,” and “disease association,” are even downregulated in the 6-
month-old Double KO cohort compared to WT. However, other
pathways like “neuronal cytoskeleton,” “tissue integrity,” and
“transmitter synthesis and storage” and “transmitter response and
uptake,” are most heavily affected in the 6-month-old Double KO,
which is consistent with enhanced neuropathological phenotypes.

» o«

3

© 2022 The Authors

When looking into individual genes, we found that strikingly,
compared to single Grn KO and WT mice, only two genes were
significantly altered and in fact downregulated more than 20% in
the 6-month-old Double KO. These include the transcription factor
Npas4 (Neuronal PAS domain protein 4), which regulates activa-
tion of genes involved in the excitatory—inhibitory balance and is
known to exert neuroprotective activities (Spiegel et al, 2014; Fu
et al, 2020) (Figs 9D and EV4C), and Grin3b (Perez-Otano et al,
2016), a glutamate receptor subunit (Figs 9D and EV4C). In the 14-
month-old cohort Npas4 expression is not significantly altered in
Double KO mice compared to WT or Grn KO mice, although still
reduced in single Grn KO mice (Fig 9D). In comparison to single
Grn KO and WT mice, only four genes were significantly downreg-
ulated more than 20% in the Double KO mice. Interestingly, three
of these, namely Ninj2, Ugt8a, and Plnxb3, are exclusively
expressed in oligodendrocytes, suggesting major deficits in myeli-
nation in Double KO mice (Fig 9E) as recently reported for Trem2
KO (Wu et al, 2021).

Although gene expression analysis of the Double KO suggests
dampening of the pathological DAM signature, enhanced synaptic
loss and increased NfL in CSF of Double KO indicate that neurode-
generation of PGRN-deficient mice may not be improved by the
additional knockout of TREM2 but instead increased even further.
We therefore investigated if the additional loss of TREM2 in
PGRN-deficient mice affects deficits in glucose uptake in vivo. To
determine brain cerebral uptake rates of glucose in Double KO
in vivo, we performed 2-[18F]fluoro-d-glucose PET (FDG-PET). We
confirmed a reduced cerebral glucose uptake in Grn KO (P < 0.05)
and Trem2 KO (P < 0.0001) mice compared to WT (Figs 9E and F,
and EVSB), as described in previous studies (Kleinberger et al,
2017; Gotzl et al, 2019). However, we still observed similar
decreased glucose uptake in Double KO mice when compared to
WT (P < 0.0001) (Figs 9E and F, and EVS5B), revealing a consis-
tently decreased glucose uptake between Grn KO, Trem2 KO, or
Double KO mice and WT mice. Together, all our findings indicate
that reducing hyperactivation of microglia does not ameliorate
lysosomal dysfunction of PGRN-deficient mice but may even
promote neurodegeneration.
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Figure 5. Antagonistic TREM2 antibodies reduce hyperactivation of PGRN-deficient hiMGL.

A Expression of all analyzed gene transcripts in GRN™/~

hiMGL treated with control isotype antibody, Abl, or Ab2 in comparison to WT hiMGL. Data show the mean of

four individual treatments and NanoString measurements. The mRNA counts for each gene were normalized to the mean value of all WT samples followed by a log2

transformation.

B Volcano plot presentation of the differently expressed transcripts in GRN ™/~

hiMGL treated with isotype compared to WT hiMGL. Genes with more than 20%

significantly changed expression are marked in purple (upregulated) or blue (downregulated).

C Volcano plot presentation of the differently expressed transcripts in GRN™'~ hiMGL treated with Abl comparison to WT hiMGL. Genes with more than 20%
significantly changed expression are marked in purple (upregulated) or blue (downregulated).

D Volcano plot presentation of the differently expressed transcripts in GRN™/~ hiMGL treated with Ab2 comparison to WT hiMGL. Genes with more than 20%
significantly changed expression are marked in purple (upregulated) or blue (downregulated).

E Transcript levels of DAM gene transcripts significantly altered in GRN~'~ hiMGL, treated with Abl or Ab2 in comparison to isotype treatment from the data set in A,
and normalized to the mean of the WT hiMGL samples (n = 4, biological replicates).

F Transcript levels of CTSD, NPC2, and CD68 of WT and GRN™/~ hiMGL untreated, treated with isotype control, and Abl or Ab2 in comparison to WT hiMGL from the
data set in A normalized to the mean of the WT hiMGL samples (n = 4, biological replicates).

G Catalytic activity of cathepsin D (CatD) in untreated WT and GRN™/~ hiMGL or GRN™'~ hiMGL treated with isotype control, Abl or Ab2 (20 pg/ml, 40 pg/ml), as

measured by a CatD in vitro activity assay (n = 3, biological replicates).

Data information: Data represent mean £ SEM. For statistical analysis in B-D, the unpaired, two-tailed student’s t-test was performed, in E, one-way ANOVA with
Dunnett’s post hoc test was used to compare Abl and Ab2 (20 pg/ml and 40 pg/ml) conditions to the isotype-treated condition, and in F and G, one-way ANOVA with
Dunnett’s post hoc test was used to compare Abl-, Ab2- (20 ug/ml and 40 ug/ml), and isotype-treated condition to WT cells. Statistical significance was set at

*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, *****P < 0.00001, and ns, not significant.

Source data are available online for this figure.

Discussion

PGRN and the proteolytically derived granulin peptides may have
important lysosomal functions, as exemplified by the identification
of homozygous loss-of-function GRN mutations, which are causative
for NCL (Smith et al, 2012). Accumulating evidence suggests that
PGRN /granulins directly or indirectly regulate the activity of lysoso-
mal enzymes such as CatD (Beel et al, 2017; Valdez et al, 2017;
Zhou et al, 2017; Butler et al, 2019a, 2019b; Huang et al, 2020),
GCase (Jian et al, 2016; Arrant et al, 2019; Zhou et al, 2019), and
HexA (Chen et al, 2018). The last two enzymes are involved in
sphingolipid degradation, a process regulated by the lysosomal
phospholipid BMP, which is stabilized by PGRN (Logan et al, 2021).
PGRN may affect lysosome acidification and thereby lysosomal
enzyme activity (Tanaka et al, 2017; Logan et al, 2021). We and
others have shown that PGRN deficiency results in upregulation of
several lysosomal enzymes (Gotzl et al, 2014, 2018; Klein et al,
2017; Huang et al, 2020; Root et al, 2021). However, it remained
unclear if microglial hyperactivation observed in PGRN-deficient
microglia contributes to or is a consequence of lysosomal dysfunc-
tion. Activated microglia are found in late stages of many neurode-
generative diseases including AD and FTLD, and are believed to be
deleterious by promoting synaptic pruning and neuronal cell death
(Heneka et al, 2013; Hong et al, 2016a, 2016b). Specifically, FTLD
patients suffering from GRN haploinsufficiency show pathological
hyperactivation of microglia as measured by TSPO-PET (Martens
et al, 2012; Gotzl et al, 2019; Marschallinger et al, 2020; Zhang et al,
2020). Similarly, mice lacking PGRN exhibit hyperactivation of
microglia as indicated by an enhanced DAM signature including
TREM2 and galectin 3, an increased TSPO signal, and increased
phagocytic and synaptic pruning activity (Lui et al, 2016; Gotzl et al,
2019; Zhang et al, 2020). We therefore asked if the pathological
outcome of PGRN deficiency may be promoted by TREM2-
dependent microglial overaction. To address this question, we
sought to reduce TREM2-dependent signaling by two independent
strategies: genetic loss-of-function and pharmacological inhibition
with antagonist antibodies. To achieve the former, we crossed

© 2022 The Authors

Trem2 KO mice to the Grn KO to generate a Double KO model. For
the latter approach, we identified TREM2 antagonistic antibodies,
which negatively regulate TREM2 by increasing surface receptor
shedding and preventing lipid ligand-induced signaling of the co-
receptor DAP12. Both approaches successfully dampened several
aspects of TREM2-dependent microglial activation. However,
although reduction in TREM2 signaling by two independent
approaches rescued microglial hyperactivation to some extent, this
was not sufficient to ameliorate lysosomal deficits, dysregulation of
lysosomal lipids, synapse loss/neurodegeneration, and reduced
glucose uptake. These findings demonstrate in this model that
microglial hyperactivation is secondary to the primary loss of lyso-
somal function caused by PGRN deficiency. Surprisingly, inhibition
of TREM2 function results in elevated markers for neurodegenera-
tion and synapse loss in Double KO animals. Our extensive gene
expression analyses do not suggest that the total loss of TREM2
function in Grn KO mice causes additional neurotoxicity, for exam-
ple, by supporting pro-inflammatory microglial responses. Instead,
the fact that the additional loss of TREM2 leads to increased brain
pathology indicates that TREM2-regulated microglial activation
states may not necessarily be deleterious but protective. We suggest
that hyperactivated microglia, for example, in Grn KO mice, resem-
ble the previously described DAM2 microglia or may develop into
them by even further increasing their DAM signature (Keren-Shaul
et al, 2017). Consistently, fully activated DAM2 microglia were
recently described to be particularly protective in a mouse model for
amyloidosis and tau pathology (Lee et al, 2021). This is very surpris-
ing since chronically activated microglia, as observed in PGRN loss-
of-function models and mouse models for amyloid and tau pathol-
ogy, would have been expected to exert significant damage within
the brain, for example, by induction of the inflammasome (Heneka
et al, 2018). However, our findings together with those by Lee et al
(2021) rather suggest that TREM2-dependent chronic activation is
protective, which may have implications for therapeutic attempts
employing modulation of TREM2 activity by agonistic antibodies
(Deczkowska et al, 2020; Lewcock et al, 2020). In that regard, the
nomenclature used for describing diverse microglial states, namely
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Figure 6. Abolishing TREM2 signaling does not rescue lysosomal dysfunction in Grn~/~ mice.

A Western blot of CatD in total brain lysates from 14-month-old female WT, Grn~/~, Trem2~/~, and Double™'~ mice. CatD maturation variants are indicated (sc: single
chain; hc: heavy chain; n = 3).

B, C Quantification of CatD variants in A normalized to WT (n = 3 per genotype).

D, E Catalytic activity of CatD in brain lysates from female 6-month-old (n = 4 per genotype) (D) or 14-month-old (n = 3 per genotype) (E) Grn~'~, Trem2~/~, and
Double™~ mice normalized to WT.

F Immunohistochemical analysis of lipofuscin (green) in coronal brain sections. Representative images of thalamus are shown. Scalebars = 50 pm.

G Quantification of lipofuscin autofluorescence. Five images per mouse were taken, and means were normalized to WT samples (n = 3 per genotype, female).

Data information: Data represent mean =+ SEM. For statistical analysis, one-way ANOVA with Tukey’s post hoc test of Grn~'~, Trem2~'~, and Double™~ was used.
Statistical significance was set at *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, and ns, not significant.
Source data are available online for this figure.
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Figure 7. Reduced TREM2 signaling does not rescue dysregulated lipids in Grn/~ mice.

A-D Volcano plot presentation of lipids and metabolites upregulated (purple) or downregulated (blue) in total brain homogenates from 6-month-old male G- A
n=075), Trem2~/~ (B, n =5), and Double™'~ (C, n = 5) mice in comparison to WT (n = 4), and Double™~ in comparison to Grn~'~ mice (D). Counts for each sample
were normalized to the mean value of WT followed by a log2 transformation (n = 4-5 per genotype). Analyte values were adjusted with an FDR < 10% to exclude
type | errors in null hypothesis testing.

E-G Abundance of BMP species and glucosylsphingosine (GlcSph) in total brain of 6-month-old Grn~'=, Trem2~'~, Double™'~, and WT mice (n = 4-5 per genotype).
Glucocerebrosidase (GCase) activity in whole-brain lysates from 6-month-old male Grn~'~, Trem2~/~, Double~, and WT mice. The linear increase in fluorescence
signal was measured and then normalized to WT mice (n = 3-6 per genotype).

Data information: Data represent mean =+ SEM. For statistical analysis, one-way ANOVA with Tukey’s post hoc test of Grn™/=, Trem2~/~, and Double ™~ was used.

Statistical significance was set at ***P < 0.001; ****P < 0.0001, and ns, not significant.

Source data are available online for this figure.

Figure 8. Loss of TREM2 does not prevent synapse loss and activated microglia morphology.

A Immunohistochemical analysis of synaptophysin (SPH, pink) and VGAT (yellow) in coronal brain sections. Representative images of thalamus are shown.

Scalebars = 50 pum.

Quantification of SPH-positive area. Three images per mouse were taken, and means were normalized to WT samples (n = 3 per genotype, female).

Quantification of VGAT-positive area. Three images per mouse were taken, and means were normalized to WT samples (n = 3 per genotype, female).

Western blot of SPH in RIPA lysates from 14-month-old female WT, Grn™'=, Trem2~'~, and Double™'~ mice. Actin was used as loading control.

Quantification of SPH protein levels in D normalized to WT (n = 3).

Morphological analysis of cortical microglia. Representative maximum-intensity projections of confocal z-stack images showing IBA1" microglial cells of female WT,

Grn~'=, Trem2~'~, and Double™'~ mice (scalebar = 50 pm). Arrows point to individual microglia, which are shown as three-dimensional reconstruction,

scalebar = 10 pm.

G Morphological differences in cortical microglia from WT, Grn~'=, Trem2~'~, and Double™"~ mice shown by branch volume, sphericity score, branch length, and the
number of branch nodes. Statistical analysis of group difference for the morphological scores “Branch volume” (auc = 0.72), “Sphericity score” (auc = 0.82), “Branch
length” (auc = 0.69), and “Number of branch nodes” (auc = 0.80) was performed using the Wilcoxon rank-sum test with continuity correction and Bonferroni post
hoc correction for multiple testing in R (version 4.0.3). Two images per mouse (n = 3 per genotype, female) were analyzed, each data point represents one microglia
cell. Median and interquartile range are displayed.

mm g 0O @

Data information: Data represent mean + SEM. For statistical analysis in B-C and E, one-way ANOVA with Tukey’s post hoc test of Grn™'=, Trem2~'~, and Double™'~ was
used. Statistical significance was set at *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, and ns, not significant.
Source data are available online for this figure.
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Figure 9. Hyperactivation of microglia in Grn~/~ mice is not deleterious.

Anika Reifschneider et al

A Immunoassay-based quantification of neurofilament light-chain (NfL) protein levels in CSF of 6-month-old Grn ™'~ (n = 4), Trem2~'~ (n = 4), Double™~ (n = 4), and

WT (n = 5) male mice.

B Immunoassay-based quantification of NfL levels in CSF of 14-month-old Grn™'~, Trem2~/~, Double™'~, and WT female mice (n = 3 per genotype).
C Neuropathology NanoString panel analysis of total brain mRNA expression of 6-month-old and 14-month-old Grn~'=, Trem2~'=, Double™=, and WT male mice based
on NanoString advanced analysis R-script included in the panel (6-month-old mice: n = 4, 14-month-old mice: n = 3).

D Transcript levels of all significantly changed genes in Double™'=

versus Grn '~ brain mRNA of 6-month-old and 14-month-old mice analyzed in C. Grin3b were under

detection limit in the 14-month-old cohort. Transcript expression is normalized to the mean of the WT cohort.

E The same cohort of mice scanned for TSPO-PET was additionally scanned for FDG-PET. Axial slices as indicated show %-FDG-PET differences among Grn™/~,
Trem2~'~, and Double™'~ (all cold color scales) when compared to WT at the group level. Images were adjusted to an MRI template.

FBar graph illustrates individual FDG-PET values derived from a whole-brain volume of interest. Data represent mean =+ SD. A total of 8-15 female mice per group at
an average age of 10.7 + 1.5 months (Grn™'~ n = 8, Trem2~/~ n = 10, Double™'~ n = 10, WT n = 15) were used.

Data information: Data in A, B, and D represent mean & SEM. For statistical analysis in A-B, two-way ANOVA with Dunnett’s post hoc test was used, in D, F, the
unpaired, two-tailed student’s t-test was performed. Statistical significance was set at *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, and ns, not significant.

Source data are available online for this figure.

homeostatic, disease associated, and hyperactivated, may need to be
reconsidered. We find these terms misleading, as they indicate that
homeostatic microglia are beneficial, whereas disease-associated or -
hyperactivated microglia are deleterious. Importantly, the brain
environment and pathological context is important for ascribing
microglial state and associated functions and requires a deeper
understanding beyond transcriptional characterization to elucidate
the overall impact to brain function and disease. However, one may
describe these fundamentally different states of microglia as
“surveilling” versus “responding” microglia to capture activities that
occur during normal versus pathological contexts. The term
“responding” would implicate that these microglia exert protective
effects.

Protective microglial functions are promoted by enhancing
TREM2 signaling with agonist TREM2 antibodies (Lewcock et al,
2020). All currently described agonistic TREM2 antibodies act via
similar mechanisms by inhibiting shedding and directly activating
TREM2, and therefore increasing functional receptor on the cell
surface (Lewcock et al, 2020). Notably, all known agonistic TREM2
antibodies bind to the stalk region close to the cleavage site by
ADAM10/17 (Schlepckow et al, 2017; Lewcock et al, 2020). In
contrast, the two antagonistic antibodies described here bind in the
IgV-fold between amino acids 30 and 63 (Fig EV1A). Interestingly,
this domain of TREM2 harbors a number of AD- and FTLD-
associated sequence variants (Colonna & Wang, 2016). The R47H
variant increases AD risk and affects TREM2-dependent microglial
proliferation, lipid metabolism, and microgliosis. Similarly, the
FTLD-associated Y38C variant causes a loss of function by misfold-
ing and retention of TREM2 within the endoplasmic reticulum
(Kleinberger et al, 2014). Antagonistic antibodies therefore appear
to bind at a functionally critical region and may displace natural
ligands (e.g., lipids), thus preventing induction of TREM2 signaling,
in addition to promoting TREM2 shedding.

Finally, our findings also contribute to addressing the long-
standing question of whether microglia can dynamically reverse
their activation state in both directions, from homeostatic to DAM
and back again. Our findings strongly indicate that even hyperacti-
vated microglia can switch back to homeostatic microglia. The fact
that one can influence microglial activation in both directions with
TREM2-modulating antibodies is another example for the tremen-
dous dynamics of microglia, and offers the opportunity for therapeu-
tic fine tuning of microglial activity.
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Taken together, eliminating TREM2 function and thus reducing
hyperactivation by two independent approaches do not rescue lyso-
somal dysfunction caused by GRN deficiency, but rather exacerbates
pathological endpoints characteristic for neurodegeneration, includ-
ing elevation of CSF NfL and reduced transcription of the neuropro-
tective transcription factor Npas. Thus, despite common
assumptions, these results suggest that hyperactivated microglia can
retain TREM2-dependent protective functions.

Materials and Methods

Animal experiments and mouse brain tissue

All animal experiments were performed in accordance with German
animal welfare law and approved by the government of upper
Bavaria. Mice were kept under standard housing conditions includ-
ing standard pellet food and water provided ad libitum. Mice were
sacrificed by CO, inhalation or deep/lethal anesthesia followed by
PBS perfusion. Brain tissue was obtained from male and female of
the following mouse strains: C57BL/6J Grn (Kayasuga et al, 2007)
and Trem2 knockout line (Turnbull et al, 2006). To minimize mouse
numbers and to reduce variability due to sex differences, both male
and female cohorts were used but separately analyzed. PET scans
and CSF withdrawal were performed under the animal license: ROB
55.2-2532. Vet_02-18-32.

Isolation, differentiation, and culture of human primary
monocytes

Human primary monocytes were isolated from whole blood using
Sepmate tubes (StemCell Technologies, #85450) in combination
with RosetteSep Human Monocyte Enrichment Cocktail (StemCell
Technologies, #15068) according to the manufacturer’s protocol.
Briefly, fresh blood was collected into EDTA-coated collection tubes
and stored at room temperature (RT) until further processing for
maximal 6 h. EDTA was added to a final concentration of 1 mM
and tubes were mixed by inversion. Fifty ul/ml blood of RosetteSep
cocktail was added and samples for incubated for 20 min at RT.
Cells were separated on a density gradient using Ficoll-Paque PLUS
(ThermoFisher, #11768538). After centrifugation isolated cells were
washed with PBS supplemented with 2% FCS. Leftover red blood

© 2022 The Authors
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cells were lysed using ACK lysing buffer (ThermoFisher,
#11509876) for 2 min at RT. Subsequently, cells were washed two
times with PBS supplemented with 2% FCS. Cells were counted
using Trypan blue as a viability dye and 1 x 10° cells were plated in
10 cm dishes in 10-ml RPMI medium supplemented with 10% FCS,
10% NEAA, 10% t-glutamine, 10% sodium pyruvate, and M-CSF
with a final concentration of 50 ng/ml. Forty-eight hours after isola-
tion, 1-ml medium with 500 ng/ml M-CSF was added to the cells.
Five days after isolation, cells were washed with PBS and scraped.
Cells were counted as described above and plated in either 96-well
plates at a density of 5 x 10* cells/well in 100 pl or in 12-well plates
at a density of 3 x 10° cells/well in 600 pl RPMI medium supple-
mented with 10% FCS, 10% NEAA, 10% L-glutamine, 10% sodium
pyruvate, and M-CSF with a final concentration of 50 ng/ml.

Generation and maintenance of GRN KO iPSC lines

iPSC experiments were performed in accordance with all relevant
guidelines and regulations. Female iPSC line A18944 was purchased
from ThermoFisher (#A18945). iPSCs were grown in Essential 8
Flex Medium (ThermoFisher, #A2858501) on VTN-coated (Thermo-
Fisher, #A14700) cell culture plates at 37°C with 5% CO, and split
twice a week as small clumps after a 5 min incubation in PBS/
EDTA. Prior to electroporation, iPSCs were split to single cells after
a 10 min incubation in PBS/EDTA to Geltrex-coated (ThermoFisher,
#A1413302) plates and cultured in StemFlex Medium (Thermo-
Fisher, #A3349401) containing 10 mM ROCK inhibitor (Selleck-
chem S1049) for 2 days. iPSCs were transfected by electroporation
as described earlier (Kwart et al, 2017) with modifications. Briefly,
2 million cells were harvested with Accutase (ThermoFisher,
#A1110501), resuspended in 100 ml cold BTXpress electroporation
solution (VWR International GmbH, #732-1285) with 20 mg Cas9
(pSpCas9(BB)-2A-Puro (PX459) V2.0 (gift from Feng Zhang;
Addgene plasmid #62988; http://n2t.net/addgene:62988; RRID:
Addgene_62988 (Ran et al, 2013)) and 5 mg sgRNA cloned into the
BsmBI restriction site of the MLM3636 plasmid (gift from Keith
Joung, Addgene plasmid #43860; http://n2t.net/addgene:48360;
RRID: Addgene_43860). Cells were electroporated with two pulses
at 65 mV for 20 ms in a 1 mm cuvette (ThermoFisher, #15437270).
After electroporation, cells were transferred to Geltrex-coated 10 cm
plates and grown in StemFlex Medium containing 10 mM ROCK
inhibitor until visible colonies appeared. Cells expressing Cas9 were
selected by 350 ng/ml Puromycin dihydrochloride (VWR Interna-
tional GmbH, #J593) for 3 consecutive days starting 1 day after elec-
troporation (Steyer et al, 2018). Single-cell clone colonies were then
picked and analyzed by RFLP assay, using NEB enzyme Mwol for
the GRN KO, and Sanger sequencing as previously described (Kwart
et al, 2017).

CRISPR/Cas9 genome editing

Design and preparation of editing reagents and quality control of
edited iPSCs was performed as described previously (Weisheit et al,
2020, 2021). Briefly, we used CRISPOR (http://crispor.tefor.net
(Concordet & Haeussler, 2018)) to select guide RNAs and determine
putative off-target loci. We chose gRNAs targeting exon 2 of GRN, as
it is present in most splice isoforms and a frameshift would affect
large parts of the coding region. We also ensured presence of nearby
stop codons in alternate reading frames in the sequence after the cut

© 2022 The Authors
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site. Successful knockout was confirmed on mRNA level by qPCR,
and on protein level by Western blot using RIPA lysate and ELISA
using conditioned media, respectively. For quality control of edited
iPSC clones, we checked absence of off-target effects by PCR ampli-
fying and Sanger sequencing the top five hits based on MIT and
CFD scores on CRISPOR. We also confirmed absence of on-target
effects such as large deletions and loss of heterozygosity using
qgPCR and nearby SNP sequencing (Weisheit et al, 2021). Finally,
we also ensured pluripotency by immunofluorescence staining for
typical markers OCT4, NANOG, SSEA4, and TRA160, and chromo-
somal integrity by molecular karyotyping (LIFE & BRAIN GmbH).
One clonal cell line passed the described quality controls and was
further differentiated into hiMGL.

Differentiation of human iPSC-derived Microglia (hiMGL)

We differentiated hiMGL from iPSCs as described (Abud et al, 2017)
with modifications to improve efficiency and yield: When iPSCs
were 70-90% confluent, they were split 1:100-200 onto GelTrex-
coated six-well plates for the HPC differentiation using EDTA to get
around ~20 small colonies per well. Cells were fed with 2 ml of
HemA medium (HPC differentiation kit, StemCell Technologies) on
day 0 and half-fed with 1 ml on day 2. Media were switched to 2 ml
of HemB on day 3 with half-feeds on days 5 and 7 and 1 ml added
on top on day 10. On day 12, HPCs were collected as non-adherent
cells to either freeze or continue with the microglia differentiation.
HPCs were frozen at 1 million cells per ml in BamBanker (FUJIFILM
Wako Chemicals). They were then thawed directly onto GelTrex-
coated six-well plates with 1 million cells evenly distributed among
six wells in 2-ml iMGL media with 25 ng/ml M-CSF, 100 ng/ml IL-
34, and 50 ng/ml TGF-B added fresh. One milliliter of media was
added every other day. During the microglia differentiation, the cells
were split 1:2 every 6-8 days depending on confluency. We did not
use CD200 and CX3CL1 for final differentiation, as this did not alter
hiMGL gene expression in NanoString analysis. hiMGL were used
for experiments on day 16 of the differentiation. A very similar dif-
ferentiation protocol was published recently (McQuade et al, 2018).

Antagonist antibody generation and verification

Antibody generation was carried out by performing single B-cell
sequencing on lymphoid tissues from rodents immunized full-length
human TREM2 ectodomaine (ECD)-Fc protein (AbCellera Inc.).
Antibodies were screened based on binding to human TREM2, and
clones of interest were reformatted onto human effectorless human
IgG1-LALAPG backbones for material generation and further evalua-
tion of cell-binding potency and functional impact to TREM2 signal-
ing. Antagonists were identified by their ability to block lipid ligand-
induced activation of p-Syk on HEK293 cells overexpressing
TREM2-DAP12.

Affinity determination and binding kinetics

Human TREM2-binding affinities of anti-TREM2 antibodies were
determined by surface plasmon resonance using a Biacore 8K instru-
ment. Biacore Series S CM5 sensor chip was immobilized with a
mixture of two monoclonal mouse anti-Fab antibodies (Human Fab
capture kit from GE Healthcare) to capture antibodies for binding
measurements. In order to measure human TREM2-binding affi-
nities of anti-TREM2 antibodies, serial threefold dilutions of
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recombinant human TREM2-ECD protein were injected at a flow
rate of 30 ul/min for 300 s followed by 600 s dissociation in HBS-
EP" running buffer (GE, #BR100669). A 1:1 Languir model of simul-
taneous fitting of k,, and k. was used for antigen-binding kinetics
analysis.

Epitope mapping of antagonist TREM2 antibodies

Biotinylated polypeptides for human Trem2 IgV domain (Sequences
in Fig EV1B) were purchased from Elim Biopharmaceuticals, Inc. N-
terminal cysteine was added to peptides to enable maleimide-thiol
conjugation of biotin. The lyophilized biotinylated peptides were
reconstituted in 20 mM Tris buffer at pH 8.0. Antibody binding to
TREM2 IgV domain peptides was detected using a sandwich ELISA.
Briefly, a 96-well half-area ELISA plate was coated with streptavidin
overnight at 4°C. The following day, biotinylated TREM2 IgV
peptides diluted to 1 puM in 1% BSA/PBS were added to the plate
and incubated for 1 h. Antibodies diluted to 120 nM in 1% BSA/
PBS were then added and incubated for 1 h. Antibodies bound to
peptide were detected with anti-Human IgG-HRP secondary anti-
body diluted in 1% BSA/PBS. Plates were developed with the addi-
tion of TMB substrate and stopped by the addition of 2N sulfuric
acid. Absorbance at 450 nm was measured on the Synergy Neo2
plate reader (Biotek). A positive signal was identified as an absor-
bance value above twofold of lower limit of detection (defined as
average of blank + threefold SD of blank).

Detection of anti-TREM2 antibody cell binding by flow cytometry
HEK293-overexpressing human TREM2 (HEK293-H6) and HEK293-
overexpressing GFP were harvested using 0.05% trypsin and incu-
bated at 37°C for 2 h. All cells were centrifuged and washed in FACS
buffer (PBS + 0.5% BSA) twice. Mixed cells were resuspended in
FACS buffer at a density of 10° cells/ml per cell line. The mixed cell
lines were seeded at 100,000 cells per well in a 96-well V-bottom
plate and incubated for 20 min at RT. After incubation, the cells
were centrifuged and incubated with anti-TREM2 antibodies in a
dose titration from 0 to 300 nM for 45 min on ice. After incubation,
cells were centrifuged and washed with FACS buffer three times.
The cells were then incubated with secondary antibody (Alexa Fluor
647 AffiniPure F(ab’)2 fragment goat anti-human IgG (H + L), Jack-
son ImmunoResearch Laboratories, #109-606-088, 1:800 dilution),
for 30 min on ice without exposure to light. After incubation, the
cells were washed with FACS buffer three times, resuspended in
100 ul of FACS buffer, and analyzed by flow cytometry (BD FACS-
Canto II, San Jose, CA), for which 50,000 events were obtained for
each sample. Mean fluorescence intensity (MFI) per cell was calcu-
lated by FLowJO software and used for generation of dose-response
binding curve.

Antibody treatment

Eight hours after seeding the cells, they were treated with anti-
human TREM2 antibodies (Fig EV1C). Antibodies were diluted in
RPMI medium and added to the cells with a final concentration of
20 pg/ml. As control for TREM2 shedding, cells were treated with
GM6001 (25 puM, Enzo Life Sciences), or DMSO as a vehicle control.
hiMGL were seeded in six-well plates with 400,000 cells/well. Eight
hours after seeding, antibodies were diluted in iMGL media and
added at a concentration of either 20 or 40 pg/ml. Isotype or TREM2
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antibodies were added at a concentration of 40 pg/ml and 24 h after
antibody treatment, medium and cells were harvested as previously
described.

Small animal PET/MRI

All rodent PET procedures followed an established standardized
protocol for radiochemistry, acquisition times, and post-processing
(Brendel et al, 2016; Overhoff et al, 2016), which was transferred to
a novel PET/MRI system.

All mice were scanned with a 3T Mediso nanoScan PET/MR
scanner (Mediso Ltd) with a single-mouse imaging chamber. A 15-
min anatomical T1 MR scan was performed at 15 min after [*8F]-
FDG injection or at 45 min after ['®F]-GE180 injection (head receive
coil, matrix size 96 x 96 x 22, voxel size 0.24 x 0.24 x 0.80 mm?,
repetition time 677 ms, echo time 28.56 ms, and flip angle 90°).
PET emission was recorded at 30-60 min p.i. (['®F]-FDG) or at 60—
90 min p.i. ([*®F]-GE-180). PET list-mode data within 400-600 keV
energy window were reconstructed using a 3D iterative algorithm
(Tera-Tomo 3D, Mediso Ltd) with the following parameters: matrix
size 55 x 62 x 187 mm?, voxel size 0.3 x 0.3 x 0.3 mm?, eight iter-
ations, six subsets. Decay, random, and attenuation correction were
applied. The T1 image was used to create a body—air material map
for the attenuation correction. We studied PET images of Grn KO
mice (n =8), Trem2 KO mice (n =10 or n = 9), Double KO mice
(n =10), and WT mice (n = 15), all female at an average age of
10.9 £+ 1.6 months or 11.1 £ 1.6 months, as indicated in the figure
legends. Normalization of injected activity was performed by the
previously validated myocardium correction method (Deussing
et al, 2018) for ['®F]-GE-180 TSPO-PET and by standardized uptake
value (SUV) normalization for ['°F]-FDG-PET. Groups of Grn KO,
Trem2 KO, and Double KO mice were compared against WT mice by
calculation of %-differences in each cerebral voxel. Finally, [8F]-
TSPO-PET and ['®F]-FDG-PET values deriving from a whole-brain
VOI (Kleinberger et al, 2017) were extracted and compared between
groups of different genotypes by a one-way ANOVA including
Tukey post hoc correction.

CSF collection

Mice were fully anesthetized via an intraperitoneal injection of
(0.5 mg/kg) + midazolam (5 mg/kg) + fentanyl
(0.05 mg/kg). CSF was collected as described previously (Lim et al,
2018). Briefly, subcutaneous tissue and musculature were removed
to expose the meninges overlying the cisterna magna. A glass capil-
lary with a trimmed tip (inner diameter is approximately 0.75 mm)
was used to puncture the membrane, and CSF was allowed to flow
into the capillary for approximately 10 min. After collection, CSF
was centrifuged at 1,000 g for 10 min, assessed macroscopically for
blood contamination, aliquoted (5 pl) in propylene tubes, snap-
frozen in liquid nitrogen, and stored at —80°C until use.

medetomidine

CSF neurofilament light-chain analysis

NfL levels were quantitatively determined in CSF samples using the
Simoa NF-light Advantage kit (Quanterix, #103186) following the
manufacturer’s instructions. CSF samples were diluted 1:10 in
sample dilution buffer and mixed with Simoa detector reagent and
bead reagent, following an incubation at 30°C for 30 min, shaking
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at 800 rpm. Plates were washed with Simoa washing buffer A and
SBG reagent from the kit was added. Following a 10 min incubation
at 30°C and shaking at 800 rpm, plates were washed twice and
sample beads were resuspended in Simoa wash buffer B. NfL
concentrations were measured after a 10 min drying at RT using the
Simoa DH-1 analyzer (Quanterix).

Gene expression profiling of total brain

Adult mice were perfused transcardially with PBS and dissected
brains were snap frozen in liquid nitrogen. Snap frozen brains were
mechanically powdered in liquid nitrogen. Total RNA was isolated
using the RNeasy Mini kit (Qiagen, #74104) and 60 ng of total RNA
per sample was subjected to gene expression profiling using the
nCounter® Neuropathology panel from NanoString (NanoString
Technologies). Gene expression levels in each sample were normal-
ized against the geometric mean of four housekeeping genes includ-
ing Asbl0, Cltc, Hprtl, and Tubb5 using the nSolver Analysis
Software, version 4.0. Gusb was excluded because of significant
changes in Grn KO and Double KO mice.

Gene expression profiling of primary microglia

CD11b" and FCRL® primary microglia were isolated from adult
mouse brain. Mice were perfused transcardially and brains were
collected into ice-cold HBSS (ThermoFisher, #14175095). Brain
tissue was mechanically dissociated into single-cell suspension
using Potter-Elvehjem homogenizers with PTFE Pestle. Microglia
cell pellets were resuspended in 70% Percoll and overlayed with
equal volumes of 40% Percoll. Microglia were enriched at the inter-
face of 70% (v/v) to 40% (v/v) Percoll after centrifugation (at 18°C,
300g for 30 min; slow acceleration and deceleration: 3) (Mazaheri
et al, 2017). Microglia were collected, filtered through 100 um cell
strainers, and washed with blocking buffer (0.2% BSA in HBSS).
Cells were then consecutively stained with FCRLs monoclonal rat
antibody (Butovsky et al, 2014) (30 min), goat anti-rat APC anti-
body (Biogegend, # 405407) (20 min), and Cd11b PeCy7 antibody
(BD, #553142) (20 min) on ice. Cells were then washed and resus-
pended in 0.5 ml blocking buffer and subjected to cell sorting.
Sorted CD11b" and FCRL" cells were pelleted by centrifugation and
snap frozen in liquid nitrogen, stored at —80°C until further use.
Following total cell lysis in 1:3 diluted RLT buffer (Quiagen, RNeasy
Mini Kit), 10,000 cells in 4 pl volume were subjected to gene expres-
sion profiling with the nCounter® customized panel from Nano-
String (NanoString Technologies). We generated an nCounter panel
for analyzing gene expression of 65 microglial activation-related
genes including five (Asbl0, Cltc, Hprtl Tubb5, and Gusb) house-
keeping genes. Gene expression levels in each sample were normal-
ized against the geometric mean of four housekeeping genes using
the nSolver Analysis Software, version 4.0. Gusb was excluded
because of significant changes in Grn KO and Double KO mice.

Gene expression profiling of human hiMGL
hiMGL were seeded into 12-well plates and incubated for 3 h at
37°C (5% CO,). Thereafter, microglia were treated with TREM2

antagonistic antibodies and isotype control for 24 h. After treat-
ment, cells were collected and RNA was isolated using the E.Z.N.A
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HP Total RNA kit (Omega Bio-Tek) according to the manufacturer’s
instructions. Following isolation, RNA quality was determined using
a 4200 TapeStation (Agilent) and gene expression profiling with the
nCounter® customized panel from NanoString (NanoString Tech-
nologies) was performed. We generated an nCounter panel for
analyzing gene expression of 82 microglial-related genes and 8
housekeeping genes. Gene expression levels in each sample were
normalized against the geometric mean of five housekeeping genes
including CLTC, HPRT1, RPL13A, TBP, and PPIA using the nSolver
Analysis Software, version 4.0. CALR, TUBBS, and YWAHZ were
excluded because of significant changes in Grn KO and WT micro-
glia.

Lipid analysis by liquid chromatography-mass spectrometry
(LCMS)

Sample preparation for LCMS

For LCMS sample preparation, 10 mg of brain powder prepared
from whole-brain—-powered homogenates was mixed with 400 ml of
methanol spiked with internal standards and homogenized with a
3 mm tungsten carbide bead (shaken at 25 Hz for 30 s). The
methanol fraction was then isolated via centrifugation (20 min at
4°C, 14,000 g, followed by transfer of supernatant to a 96-well plate,
and 1 h incubation at —20°C followed by an additional 20 min
centrifugation (4,000 g at 4°C)) and transferred to glass vials for
LCMS analysis. For analysis of a GlcCer/GalCer panel, an aliquot of
the methanol fraction was dried under N, gas and then resuspended
in 100 ml of 92.5/5/2.5 CAN/IPA/H2 (MS grade) with 5 mM ammo-
nium formate (MS grade) and 0.5% formic acid (MS grade).

Unless otherwise noted, relative quantification of lipids and
metabolites was performed using the Shimadzu Nexera X2 LC
system (Shimadzu Scientific Instrument) coupled to Sciex QTRAP
6500+ mass spectrometer (Sciex).

Lipidomic analysis

For each analysis, 5 ul of sample was injected on a BEH C18
1.7 pm, 2.1 x 100 mm column (Waters Corporation), using a flow
rate of 0.25 ml/min at 55°C. Mobile phase A consisted of 60:40
acetonitrile/water (v/v); and mobile phase B consisted of 90:10
isopropyl alcohol/acetonitrile (v/v). These buffers were fortified
with 10 mM ammonium formate with 0.1% formic acid (positive
ionization) or with 10 mM ammonium acetate (negative ionization).
The gradient was programmed as follows: 0.0-8.0 min from 45% B
to 99% B, 8.0-9.0 min at 99% B, 9.0-9.1 min to 45% B, and 9.1-
10.0 min at 45% B. Source settings were as follows: curtain gas at
30 psi; collision gas was set at medium; ion spray voltage at 5,500 V
(positive mode) or 4,500 V (negative mode); temperature at 250°C
(positive mode) or 600°C (negative mode); ion source gas 1 at 55
psi; and ion source gas 2 at 60 psi. Data acquisition was performed
using Analyst 1.6.3 (Sciex) in multiple reaction monitoring mode
(MRM). Area ratios of endogenous metabolites and surrogate inter-
nal standards were quantified using MultiQuant 3.02 (Sciex).

Protein analysis and Western blotting
Cell pellets obtained from human primary monocytes, cultured

hiMGL, or aliquots of powdered frozen brains were lysed in Triton
lysis buffer (150 mM NaCl, 50 mM Tris-HCL, pH 7.6, 2 mM EDTA,
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1% Triton X-100) supplemented with protease inhibitor (Sigma-
Aldrich). Lysates were incubated on ice for 30 min and then centri-
fuged at 17,000 g for 15 min at 4°C. For sequential biochemical
protein extraction of soluble, less soluble, and insoluble proteins,
brain powder was lysed in high salt (HS) buffer (0.5 M NaCl,
10 mM Tris-HCL pH 7.5, 5 mM EDTA, 1 mM DTT, 10% sucrose),
then RIPA buffer (150 mM NaCl, 20 mM Tris-HCL pH7.4, 1% NP-
40, 0.05% Triton X-100, 0.5% sodium-desoxycholate, 2.5 mM
EDTA), followed by urea buffer (30 mM Tris-HCL pH 8.5, 7 M urea,
2 M thiourea) as described previously (Gotzl et al, 2014). For
membrane preparation of hiMG, pellets were resuspended with hypo-
tonic buffer (10 mM Tris, pH 7.4, 1 mM EDTA, pH 8.0, 1 mM EGTA,
pH 8.0) and incubated on ice for 30 min, vortexed every 10 min,
followed by a freeze-thaw cycle, and centrifuged at 17,000 g for
45 min at 4°C. The supernatants were collected (cytosolic fraction)
and the pellet (membrane fraction) resuspended in STEN lysis buffer
and incubated on ice for 20 min. Insoluble proteins were pelleted at
17,000 g for 20 min at 4°C and the supernatant (membrane fraction)
was collected and used for further analysis. Protein concentrations
were determined using the BCA protein assay (Pierce, ThermoFisher).
Equal amounts of protein adjusted to lysis buffer were mixed with
Laemmli sample buffer supplemented with p-mercaptoethanol.
Proteins were separated by SDS-PAGE and transferred onto polyvinyli-
dene difluoride membranes (Immobilon-P, Merck Millipore). Proteins
of interest were detected using the following primary antibodies: goat
anti-TREM2 (R&D Systems, Inc., #AF1828), rabbit anti-PGRN (Ther-
moFisher, #40-3400), goat anti-CatD (R&D, #AF1029), mouse anti-SPH
(abcam, # ab8049), mouse anti-BActin (Sigma, #A5316), mouse anti-
GAPDH (Invitrogen, #AM4300), and rabbit anti-Calnexin (Stressgene,
#SPA-860) followed by incubation with horseradish peroxidase-
conjugated secondary antibodies and ECL Plus substrate (Thermo-
Fisher, Pierce ECL Plus Western Blotting Substrates). For quan-
tification, images were taken with a Luminescent Image Analyzer
LAS-4000 (Fujifilm Life Science, Tokyo, Japan) and evaluated with the
Multi GaugeV3.0 software (Fujifilm Life Science, Tokyo, Japan).

ELISA-based quantification of sSTREM2 and PGRN

sTREM2 in conditioned media was quantitated using the Meso
Scale Discovery Platform as described previously (Schlepckow
et al, 2020). Briefly, streptavidin-coated small-spot 96-well plates
were blocked overnight at 4°C, incubated with 0.125 pg/ml
biotinylated polyclonal goat anti-human TREM2 capture antibody
(R&D, #BAF1828). After washing, plates were incubated with
samples and standards for 2 h at RT. If cells were antibody treated,
samples and standards were previously mixed 9:1 with denaturing
buffer (200 mM Tris-HCL pH 6.8, 4% (w/v) SDS, 40% (v/v) glyc-
erol, 2% (v/v) P-mercaptoethanol, 50 mM EDTA), and boiled at
95°C for 5 min to dissociate and denature TREM2 antibodies-
bound antibodies. Plates were washed before incubation for 1 h at
RT with 1 pg/ml mouse anti-human TREM2 antibody (SantaCruz
Biotechnology, B-3 SCBT-373828). After washing, plates were
incubated with a SULFO-TAG-labeled anti-mouse secondary anti-
body (MesoScaleDiscovery, R32AC-5) for 1 h at RT. After addi-
tional washing steps, 1x Meso Scale Discovery Read buffer was
added and the light emission at 620 nm after electrochemical stim-
ulation as measured with a Meso Scale Discovery Sector Imager
2400 reader.
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PGRN levels were determined using a previously described
protocol (Gotzl et al, 2019) using the following antibodies: a biotiny-
lated polyclonal goat anti-human PGRN antibody (R&D, #BAF2420)
at 0.2 pg/ml as capture antibody, a mouse anti-human PGRN anti-
body (R&D, #MAB2420) as detection antibody, and a SULFO-TAG-
labeled anti-mouse (MesoScaleDiscovery, #R32AC-5) as secondary
antibody.

GRN gene sequencing

All 12 coding exons including intron boundaries of the GRN gene
were amplified by PCR. For PCR reaction, the Q5 polymerase was
used according to the manufacturer’s protocol. PCR products were
then subjected to Sanger sequencing and sequences were compared
to the healthy control sequence. A two base pair deletion in exon 6
was detected using forward primer GGGCCTCATTGACTCCAAG and
reverse primer GTGGTGTAAGCGGTACCCTC.

p-Syk AlphaLISA

Phosphorylated SYK (p-Syk) was measured using the AlphaLISA
SureFire Ultra p-Syk Assay kit (PerkinElmer, #ALSU-PSYK-A-HV)
following the manufacturer’s instructions. Briefly, differentiated
human macrophages were plated in 100 pl media at a density of
50,000 cells/well. hiMGL were plated in iMGL media at a density of
30,000 cells/well, in 96-well plates, and incubated overnight at 37°C
in a cell culture incubator. Plates were then washed three times with
HBSS and 50 pl of liposome (1 mg/ml)/antibody (20 pg/ml) mix
was added to the cells. Following an incubation at 37°C for 1 h for
macrophages, or 5 min for hiMGL, treatment solutions were
removed and cells were lysed with 40 pl lysis buffer supplemented
with protease inhibitor mix (Sigma) and phosphatase inhibitor
(PhosSTOP, Roche) for 30 min at 4°C. Equal volumes of lysate were
then subjected to analysis using an EnSpire Multimode Plate Reader
(PerkinElmer).

Liposome preparation

POPC/POPS (7:3) liposomes at 10 mg/ml were prepared as follows:
7 mg POPC and 3 mg POPS were dissolved in chloroform followed
by thorough evaporation of solvent. The lipid mixture was then
resuspended in 1 ml HBSS, and suspensions were extruded using
100 nm polycarbonate membranes (Whatman, #800309) and a
LiposoFast extruder device (Sigma-Aldrich) to generate large unil-
amellar vesicles.

Cathepsin activity assay

hiMGL cell pellets or powdered mouse brain tissue was used for
cathepsin D fluorescence-based activity assays (Abnova) as
described previously (Gotzl et al, 2018). Mouse brain tissue was
homogenized using precellys lysing kit (Bertin Instruments,
#P000933-LYSKO0-A).

GCase activity assay

Brain powder was lysed in GCase lysis buffer (150 mM NaCl,
20 mM Tris-HCI (pH 7.5), 1% Triton X-100, 1 mM EDTA, and
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1 mM EGTA) and protein concentrations were determined using the
BCA assay. Lysates were adjusted to 2 mg/ml. Lysates were diluted
12.5-fold in GCase activity buffer (100 mM Phosphate Citrate buffer
pH 5.2, 0.5% Sodium Taurocholate, 0.25% Triton-X 100) and 4-
Methylumbelliferyl B-D-glucopyranoside stock solution (30 mM;
Sigma-Aldrich, M3633-1G, stock solution in DMF) was diluted three-
fold in the GCase activity buffer. Ninety microliter of the diluted
lysates and 10 ul of the diluted 4-Methylumbelliferyl B-D-
glucopyranoside were added to a 96-well plate. Plates were incu-
bated for 15 min at 37°C. Signal intensities were measured continu-
ously for 1 h (Ex 365 nm/Em 455 nm).

Phagocytosis assays

Microglial phagocytosis was determined using the IncuCyte S3 Live-
Cell Analysis System (Sartorius). hiMGL cells were plated in 96-well
plates at 30% confluency. Cells were incubated at 37°C and the con-
fluency (pre-treatment) of each well was determined with the Incu-
Cyte S3 3 h after seeding. Thereafter, TREM2 antagonistic
antibodies and isotype control were added at 20 and 40 pg/ml. Eigh-
teen hours after antibody treatment, pHrodo-labeled myelin (5 pg/
ml) was added to the hiMGL cells and images of fluorescence and
phase were captured at 4x in the IncuCyte S3 live cell imager every
15 min. Using IncuCyte 2020B software (Satorius), image masks for
phase and fluorescent signal (phagocytosis of pHrodo-labelled
myelin) were acquired, and the fluorescent signal was normalized
to cell confluency (cell body area), which was measured before the
antibody treatment.

pHrodo labeling of myelin

Myelin was labeled with amine reactive pHrodo™ Red succinimidyl
ester (ThermoFisher) for 45 min at RT (protected from light).
Labeled myelin was washed with PBS and either directly used or
stored in aliquots at —80°C.

Immunohistochemistry and image acquisition

Mice were transcardially perfused with PBS and brains were
dissected into two hemispheres. One hemisphere was snap frozen
and stored at —80°C until further use. The other hemisphere was
immersion fixed for 24 h in 4% paraformaldehyde, washed with
PBS, and incubated 30% sucrose for 48 h for cryoprotection. After
freezing, brains were cut into 50 pm or 100 um coronal sections
using a vibratome (Leica Biosystems), collected in PBS, and stored
at 4°C until further use. For visualizing lipofuscin, SPH or VGAT,
50 pm free-floating sections were stained with primary antibodies
(mouse anti-VGAT (Synaptic Systems, #131011C3, or rabbit anti-
SPH (Abcam, #ab32594)) in 5% donkey serum in PBS overnight at
4°C with slow agitation. After washing, tissue sections were incu-
bated with corresponding secondary antibodies for 3 h at RT. After
washing, tissue sections were stained with DAPI for 10 min at RT
and mounted onto slides using ProlongTM Gold Antifade reagent
(ThermoFisher, #P36961). For morphological analysis of microglia,
100 pm sections were blocked with goat serum blocking buffer (2%
goat serum, 0.05% Tween 20 in 0.01 M PBS, pH 7.2-7.4) and
stained with anti-IBA1 in primary antibody buffer (1% bovine
serum albumin, 0.1% gelatin from cold water fish skin, 0.5% Triton
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X-100 in 0.01 M PBS, pH 7.2-7.4) and anti-rabbit IgG-coupled Alexa
Flour 555 in secondary antibody buffer (0.05% Tween 20 in 0.01 M
PBS, pH 7.2-7.4). After washing, tissue sections were stained with
DAPI for 10 min at RT and mounted onto slides using ProlongTM
Gold Antifade reagent. Images were acquired using a LSM800 Zeiss
confocal microscope and the ZEN 2011 software package (blue
edition). For lipofuscin analysis, five images were taken per slide
using a 20x objective at 2,048 x 2,048 pixel resolution. For SPH and
VGAT analysis, three images were taken per slide using a 20x objec-
tive at 2,048 x 2,048 pixel resolution. Total fluorescence above
background was quantified using the Fiji software (ImageJ, Version
1.0).

Automated analysis of microglia morphology

For morphological analysis of microglia, two z-stack images per
animal (n = 3) were recorded with a 40x objective in a resolution of
1,024 x 1,024 pixels (x-y-pixel size = 0.15598 pym) and a slice
distance (z) of 0.4 um. The raw confocal z-stacks were then
analyzed using the Microglia Morphology Quantification Tool
(MMQT) for automated analysis of microglial morphology as previ-
ously described (Heindl et al, 2018). The algorithm was run in
MATLAB (Version R2016b). To identify the most discriminating
features, a receiver operating characteristic (ROC) analysis was
performed in R (version 4.0.3) for calculating the area under the
curve (auc) between the groups “WT” and “Double KO.” Statistical
analysis of group difference for the morphological scores, “Branch
volume” (auc = 0.72), “Sphericity score” (auc = 0.82), “Branch
length” (auc = 0.69), and “Number of branch nodes” (auc = 0.80)
was performed using the Wilcoxon rank-sum test with continuity
correction and Bonferroni post hoc correction for multiple testing in
R (version 4.0.3).

Statistical analysis

Data were analyzed using GraphPad Prism 9. If no other test of
significance is indicated, for statistical analysis of two groups of
samples, the unpaired, two-tailed student’s t-test was performed.
For comparison of more than two groups, one-way ANOVA and
Dunnett’s or Tukey’s post hoc test were used. Statistical significance
was set at *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001.

Data availability

The accession number for the Neuropathology NanoString data
reported in this paper is Gene Expression Omnibus GSE181135
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc =
GSE181135 (6-month-old cohort) and GSE185510 http://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE185510 (14-month-
old cohort).

Expanded View for this article is available online.
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Figure EV1. Generation and characterization of TREM2 antagonistic antibodies.

The EMBO Journal

A AlphaLISA quantification of p-Syk levels in HEK293 cells overexpressing TREM2-DAP12 upon treatment with Abl or Ab2 with three doses of liposomes (EC10:
0.0189527 mg/ml, EC25: 0.0633607 mg/ml, or EC50: 0.211731 mg/ml). PBS was used as a negative control. Individual data points are shown (n = 2 independent

experiments).

B Biochemical binding data of TREM2 IgV peptides to antagonistic antibodies Abl and Ab2, as well as isotype control. Positive data represent binding level above a

threshold of 2*LLOD (lower limit of detection), from an average of three independent experiments.

C Table of Abl and Ab2 with Biacore binding affinities, cell binding affinities, and liposome signaling (p-Syk) inhibition (EC50 and maximal inhibition) in human

macrophage (n = 3 independent experiments).

D, E Cell-binding dose—response curves generated by FACS in HEK293 cells overexpressing TREM2/DAP12 versus parental lines shown as mean fluorescence intensity

(MFI).

F, G Biacore binding measurements of immobilized antagonist antibody to three concentrations of recombinant hTREM2-ECD.

A
patient Age of - . . . PGRN serum
# sex | et Clinical diagnosis | GRN mutation levels (in % of HC)
1 f 57 bvFTD c.759 760del 26,7
2 f 61 dementia (PNFA/SD) c.328C>T 16,9
3 f 65 bvFTD c.709-2A>G 46,0
4 f 57 PNFA c.675-676del 25,7
B
HC # gender Age
1 f 59
2 f 53
3 f 64
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Figure EV2. GRN-FTLD patients.

A Clinical data and mutation status of the four
identified GRN mutation carriers and healthy
controls. Mutation status of patients #1-3 was
already confirmed before. The mutation status of
patient #4 was detected by sequencing of exons
including flanking sequences.

B Clinical data of healthy controls (HC).

C Western blot analysis of TREM2 using lysates of
cultured human macrophages isolated from GRN
mutation carriers (patients #2 to #4) (A) and
healthy control upon treatment with Abl and
Ab2. An isotype antibody was used as a negative
control. ADAM protease inhibition (GM) does not
further increase MTREM?2 levels in PGRN
mutation carriers. Equal amounts of protein were
loaded.
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A sgRNA target sequence PAM
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Gene ID Sequence Position Count Score Score Location Location Description detected
GRN  gRNA GCTGGGTGGCCTTAACAGCAGGG Target
GRN CFDOT1 GTTGGAAGGCCTTAAAAGCAGGG T 4 0.107 0.795 X:135467801:135468323:1 intergenic:RNA5SP515-DDX26B-AS1 None
GRN CFDOT2 ACTAGGTGGACTCAACAGCATGG 4 0.536 0.554  9:80210181:80210703:-1 intergenic:LINC01507-AL390788.1 None
GRN CFD OT3 GCTGGGAGGCCTCAAAATCATGG 4 0.013 0461  6:99228214:99228736:-1 intergenic:MIR548AI-FAXC None
GRN CFDOT4  GCTGGATAGCATTTACAGCATGG 4 0.068 0.400  14:79547452:79547974:1 intergenic:NRXN3-RP11-242P2.2 None
GRN CFDOT5  CCTGGCTGGACCTAACAGCACGG 4 0.392 0.400 17:7048023:7048545:1 intergenic:SLC16A11-CLEC10A None
GRN  MITOT1 GCCGGGTGGCCTAAACAGCAGGG 2 3295 0.297  13:29738487:29739009:1 intergenic:SLC7A1-UBL3 None
GRN  MIT OT2 GCAGGGTGGCCTTACCAGCAGGG 2 2671 0.195  1:54866506:54867028:-1 intron:DHCR24 None
GRN  MITOT3 ACTGGCTGGGCTTAACAGCAGGG 3 1489 0239  8:90722110:90722632:1 intron:TMEM64 None
GRN MITOT4 GCTATGAGGACTTAACAGCAGGG 4 0.859 0.205 6:1845668:1846190:-1 intron:GMDS None
GRN MIT OT5 ACTGGGTGGCCTAAACAGCAGGA 2 0.782 0.043  1:83109990:83110512:-1 intron:LINC01362 None

Figure EV3. Generation and characterization of GRN '~ iPSC line.

A GRN knockout generation strategy: GRN was targeted in exon 2 by a sgRNA (target and PAM sequence indicated), leading to a one base pair insertion in the GRN

line. The resulting frameshift exposes a nearby stop codon.
B GRN mRNA transcript levels in WT and GRN™'~ hiMGL normalized to WT, as measured by qPCR (n = 3, biological replicates).
ELISA-mediated quantification of secreted PGRN in conditioned media of WT and GRN™/~ hiMGL (n = 3, biological replicates).
Immunofluorescence analysis of pluripotency markers SSEA4, NANOG, TRA160, and OCT 4 with DAPI in GRN~'~ iPSCs. Scalebars = 100 um.
E, F Analysis of CRISPR-mediated on-target effects by qgPCR quantitation of allele copy number (E) and Sanger sequencing of SNPs near the edited locus in WT and
GRN~'= iPSC lines (F) shows maintenance of both alleles after editing.
G List of top five most similar off-target sites ranked by the CFD and MIT prediction scores, respectively. No off-target editing was detected by Sanger sequencing.

—/—

Data information: Data represent the mean =+ SD. For statistical analysis, the unpaired, two-tailed student’s t-test was performed. Statistical significance was set at
***%p < 0.0001, and ns, not significant.
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Figure EV4. Differential gene expression in Grn/~ and Trem2~/~ is partially rescued in Double KO mice.

A

Volcano plot presentation of the differently expressed transcripts in brains of 6-month-old male Grn™/~ mice compared to WT brain mRNA (n = 4 per genotype). A
total of 17 of 752 analyzed genes are significantly changed more than 20%, with 11 genes upregulated (purple) and 6 genes downregulated (blue).

Volcano plot presentation of the differently expressed genes in brain mRNA of 6-month-old male Trem2~'~ mice in comparison to WT brain mRNA (n = 4 per
genotype). A total of 16 of 752 analyzed genes are significantly changed by more than 20%, with 4 genes upregulated (purple) and 12 genes downregulated (blue).
Volcano plot presentation of the differently expressed genes in brain mRNA of 6-month-old male Double™~ mice in comparison to WT brain mRNA (n = 4 per
genotype). A total of 25 of 752 analyzed genes are significantly changed by more than 20%, with 8 genes upregulated (purple) and 17 genes downregulated (blue).
Volcano plot presentation of the differently expressed transcripts in brains of 14-month-old male Grn~'~ mice compared to WT brain mRNA (n = 3 per genotype). A
total of 49 of 752 analyzed genes are significantly changed more than 20%, with 44 genes upregulated (purple) and 5 genes downregulated (blue).

Volcano plot presentation of the differently expressed genes in brain mRNA of 14-month-old male Trem2~/~ mice in comparison to WT brain mRNA (n = 3 per
genotype). A total of 7 of 752 analyzed genes are significantly changed by more than 20%, with 7 downregulated (blue).

Volcano plot presentation of the differently expressed genes in brain mRNA of 14-month-old male Double™~ mice in comparison to WT brain mRNA (n = 3 per
genotype). A total of 21 of 752 analyzed genes are significantly changed by more than 20%, with 8 genes upregulated (purple) and 13 genes downregulated (blue).
Transcript levels of selected significantly rescued genes in Double™'~
per genotype). Transcript expression is normalized to the mean of the WT cohort.

Data information: Data represent mean + SEM. For statistical analysis in G, the unpaired, two-tailed student’s t-test was performed to compare Grn~'=, Trem2~'~, and
Double™'~ whole-brain mRNA expression. Statistical significance was set at *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, and ns, not significant.

© 2022 The Authors The EMBO Journal 41: e109108 | 2022
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Group-averaged axial slices of TSPO-PET (SUVy, scaling) and FDG-PET (SUV scaling) show microglia activity and glucose metabolism in comparison of Grn~'=, Trem2~"-,

Double™~, and WT-type mice. Images represent the raw PET data used for calculation of %-differences in Figs 1A and 9E.

A TSPO-PET images depict increased microglial activity in Grn™/~
Double™'~ and WT mice.

Figure EV5. Group-level PET images without MRI template overlay.

mice, reduced microglial activity in Trem2~/~ mice, and similar levels of microglial activity in

B FDG-PET images indicate similar reduction in glucose uptake in Grn~'=, Trem2~'=, and Double™'~ in comparison to WT mice.
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Appendix Figure S1 - Molecular karyotyping of GRN"" iPSC line

B allele frequencies (BAF) and Log R ratios are shown for each chromosome in the GRN”
iPSC line. Measured SNPs are indicated by blue dots. BAF values indicate normal zygosities
on all chromosomes and Log R ratios confirm absence of detectable deletions or insertions.

Overall, the karyotype shows no chromosomal aberrations.

A. Heatmap of significantly changed gene transcripts in whole brain of 6-month-old male Grn
~ Trem2”~ and Double”- mice in comparison to WT (n=6 per genotype) detected using the
Neuropathology panel by NanoString. Only genes of significantly changed transcript levels in
Grn”~ in comparison with WT mice are displayed. Changes in expression were only considered
if changes are above 20%. mRNA counts for each gene and sample were normalized to the

mean value of WT followed by a log2 transformation.

Appendix Figure S2 - Differential gene expression in Grn”" and Trem2” is partially
rescued in Double KO mice

A. Heatmap of significantly changed gene transcripts in whole brain of 6-month-old (n=4 per
genotype) and 14-month-old (n=3 per genotype) male Grn”", Trem2”- and Double” mice in
comparison to WT detected using the Neuropathology panel by NanoString. Only genes of
significantly changed transcript levels in Grn”" in comparison with WT mice are displayed.
mRNA counts for each gene and sample were normalized to the mean value of WT followed
by a log2 transformation.

B. Heatmap of significantly changed gene transcripts in whole brain of 6-month-old (n=4 per
genotype) and 14-month-old (n=3 per genotype) male Grn”", Trem2”- and Double” mice in
comparison to WT detected using the Neuropathology panel by NanoString. Only genes of
significantly changed transcript levels in Double”” in comparison with WT mice are displayed.

mRNA counts for each gene and sample were normalized to the mean value of WT followed

by a log2 transformation.



Appendix Figure S3 - Differential gene expression in Grn”" and Trem2” is partially
rescued in Double KO mice

A. Heatmap of significantly changed gene transcripts in whole brain of 6-month-old (n=4 per
genotype) and 14-month-old (n=3 per genotype) female Grn”", Trem2” and Double” mice in
comparison to WT detected using the Neuropathology panel by NanoString. Only genes of
significantly changed transcript levels in Grn”" in comparison with WT mice are displayed.
mRNA counts for each gene and sample were normalized to the mean value of WT followed

by a log2 transformation.
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Loss-of-function mutations in GRN are a main genetic cause of frontotemporal
lobar degeneration (FTLD) with TDP-43-positive inclusions in neurons and glia
but the mechanistic link remains elusive '3. Progranulin (PGRN) is primarily
expressed by microglia 4% and functions as a secreted growth factor-like protein
in the brain 6. Intracellularly, PGRN is transported to lysosomes, where it is
processed into granulin peptides 7°. PGRN loss leads to lysosomal dysfunction
and hyperactivation of microglia. How PGRN modulates lysosomal function and
TDP-43 deposition is largely unknown. We found that PGRN slows maturation
and limits proteolytic activity of the lysosomal protease legumain (LGMN).
Proteolytic activity of LGMN is strongly elevated in brains of Grn knockout (ko)
mice, in human induced pluripotent stem cell- (hiPSC) derived ko microglia, and
in brains of GRN-FTLD patients. Strikingly, increased LGMN activity promoted
proteolytic processing of TDP-43 into fragments enriched in inclusions. In a
negative feedback loop LGMN proteolytically processes PGRN into granulin
peptides which no longer inhibits LGMN activation. Enhanced LGMN activity in
Grn ko brains is rescued with a brain penetrant progranulin biologic. Our
findings reveal a direct link between PGRN and TDP-43 pathology and
underscore the central role of PGRN in the regulation of lysosomal activity via
inhibition of LGMN maturation. Thus, LGMN inhibitors and PGRN replacement
strategies may be a novel treatment strategy for FTLD and other
neurodegenerative diseases with pronounced TDP-43 co-pathology such as

Alzheimer’s disease, Lewy Body disorder, and hippocampal sclerosis.

Main

Loss of PGRN causes lysosomal dysfunction with altered cathepsin maturation and
initiates pathological processing of TAR DNA binding protein 43 (TDP-43) and
subsequent deposition of the cleavage products in disease defining deposits 4'°. To
establish a functional link between PGRN and proteolytic TDP-43 processing, we
searched for proteases regulated by PGRN that play key roles in activation of
lysosomal hydrolases and could potentially cleave TDP-43. LGMN (asparaginyl
endopeptidase, AEP), a caspase-like cysteine protease of the C13 peptidase family
emerged as a prime candidate, as it is involved in the proteolytic activation of various
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cathepsins 12 and, based on in vitro experiments, is capable of cleaving TDP-43 '3,
Thus, we investigated LGMN maturation and enzymatic activity in the presence and
absence of PGRN. In brains of Grn ko mice, LGMN enzymatic activity was significantly
increased at all investigated ages (Fig. 1a). This was accompanied by enhanced levels
of mature LGMN as monitored by its conversion from the pro-/immature variants to the
mature catalytically active variant (Fig. 1b), while mRNA levels were not affected in
young mice and only slightly elevated in aged Grn ko mice (Fig. 1c). Enhanced
expression, maturation and activity of LGMN in the absence of PGRN was further
confirmed in mouse embryonic fibroblasts (MEF) obtained from wt and Grn ko mice
(Fig. 1d—e). Moreover, re-expression of PGRN in Grn ko MEF rescued LGMN
hyperactivity (Extended Data Fig. 1). Importantly, knockdown of LGMN blunts the
increased maturation of cathepsins D, L, and B in the Grn ko cells we had reported
previously (Fig. 1d—f) 4. PGRN deficiency is associated with altered maturation of
cathepsins D, L and B and these defects are all rescued upon knockdown of LGMN,
further supporting a central role of PGRN in modulating LGMN activity (Fig. 1d—f).
Thus, these findings suggest that PGRN suppresses LGMN activity and may fine tune
lysosomal activation of cathepsins.

Since PGRN is predominantly expressed by microglia within the brain 45, while TDP-
43 inclusions are mainly found in neurons and less abundant in astroglia, we next
investigated cell type-dependent LGMN expression. LGMN and PGRN are both
strongly enriched in acutely isolated microglia (Fig. 1g; Extended Data Fig. 2a), which
also display the highest LGMN activity (Fig. 1h; Extended Data Fig. 2b). Moreover,
microglia show efficient LGMN maturation (Fig. 1g; Extended Data Fig. 2a). In line with
the findings shown above, loss of PGRN results in higher LGMN activity in isolated
microglia from young and aged mice (Fig. 1g; Extended Data Fig. 2b), while mRNA
levels were not elevated (Fig. 1i). Although only very little expression and activity of
LGMN was detected within neurons and astrocytes, upon loss of PGRN, the relative
increase of the activity in neurons was even stronger than in microglia (Fig. 1h,
Extended Data Fig. 2b). Elevated LGMN activity upon PGRN deficiency was also
confirmed in cultured primary microglia isolated from wt and Grn ko mice (Fig. 1j).

To determine how PGRN regulates LGMN, we investigated whether it directly affects
its catalytic activity or interferes with its proteolytic activation. With decreasing pH
during its transport to endosomes/lysosomes LGMN is autoproteolytically activated in
multiple steps and processed to its final approximately 43 kDa mature form by



O 00 N O U B~ W N R

W W W W W N N N N N N N N NN P P P P B P R R RB p
2 W N P O O O N O U B W N P O VO O N O B W N B O

unknown proteases (Fig. 2a) '*'6. In lysates of MEF, we detected the proform, the
intermediate and the mature variants of LGMN (Fig. 2b). Consistent with a pH-
dependent processing of LGMN, in MEF cells LGMN activation is inhibited by blocking
the V-type ATPase with bafilomycin A1 (Fig. 2b). Moreover, autocatalytic in vitro
maturation of the proform to an intermediate variant is facilitated by an acidic pH (Fig.
2b). Since we detected more mature LGMN upon PGRN deficiency, we next
investigated whether PGRN can influence autocatalytic LGMN maturation .
Autocatalytic maturation of the recombinant LGMN (rLGMN) proform was monitored
at pH 4.0 with and without recombinant PGRN (rPGRN). Proteolytic in vitro maturation
and enzymatic activation of rLGMN under acidic conditions was significantly slowed in
the presence of rPGRN (Fig. 2c—d). Moreover, the presence of rPGRN reduced
proteolytic rLGMN activity in a dose-dependent manner with an 1C50 of 39.28 nM
rPGRN (Fig. 2e). However, after full autocatalytic maturation (Fig. 2c), the catalytic
activity of (LGMN was identical in the presence and absence of rPGRN (Fig. 2d). While
adding PGRN to an in vitro activity assay containing activated rLGMN did not affect
the catalytic activity of rLGMN (Fig. 2f), activity was reduced when PGRN was added
to the rLGMN proform during activation (Fig. 2g). Thus, PGRN does not affect the
catalytic activity of LGMN per se, but rather slows its autocatalytic maturation.
Furthermore, granulin peptides generated from PGRN by elastase digest, neither
inhibited in vitro maturation nor affected catalytic activity of LGMN (Fig. 2f—h). Taken
together, only full-length PGRN interferes with LGMN activation. Intriguingly, PGRN
itself is also a substrate of LGMN as rLGMN efficiently generates granulin peptides in
vitro (Fig. 2i). In vivo, granulin peptides are readily detected within purified lysosomes
of wt mice (Fig. 2j). In the absence of LGMN, granulin peptides are substantially
reduced (Fig. 2j). Hence, LGMN regulates its own maturation by processing of PGRN
in a negative feedback loop. However, LGMN is not the only PGRN processing
enzyme, since deficiency of cathepsin L also substantially reduces granulin peptides
7.9 while sortilin1, a transport receptor for PGRN '8 does not affect granulin peptide
production (Fig. 2j).

GRN haploinsufficiency is associated with TDP-43 deposition, but the molecular link is
unclear 219, Since TDP-43 is known to undergo proteolytic processing (2>?' reviewed
in 22) and contains a number of cleavage sites for LGMN '3 (Fig. 3a), we investigate if
the lack of PGRN affects pathological processing of TDP-43 via enhanced LGMN
activity using a panel of TDP-43 antibodies (Fig. 3a). In lysates derived from MEF we
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detected enhanced proteolytic processing of full-length TDP-43 and TDP-43 fragment
(TDP-43F) generation in the absence of PGRN, which was fully rescued upon siRNA
mediated knockdown of LGMN (Fig. 3b). Moreover, even in the presence of PGRN,
reduction of LGMN was sufficient to reduce TDP-43 processing (Fig. 3b). Furthermore,
C-terminal fragments (TDP-43cTF) of TDP-43 reminiscent of those observed in FTLD
cases '3 are generated in a LGMN dependent manner in the absence of PGRN (Fig.
3b). Full-length TDP-43 and consequently TDP-43F are further truncated by LGMN,
because an antibody (CT-absnort) directed to the C-terminal 10 amino acids of TDP-43
detected only smaller TDP-43ctr (Fig. 3b). siRNA-mediated reduction of LGMN
prevents C-terminal clipping and TDP-43cTF formation, demonstrating that these
processing events are LGMN-dependent (Fig. 3b). Taken together, these findings
suggest that the reduction of PGRN results in enhanced LGMN activation, which in
turn mediates pathological processing of TDP-43.

Neurons, the cell type primarily presenting TDP-43 pathology in patients, express
substantially less PGRN and LGMN and therefore show much less LGMN activity
compared to microglia (Fig. 1g—h, Extended Data Fig. 2a—b). We therefore speculated
that malfunctional microglia may secrete LGMN, which could be taken up by neurons,
where it then mediates pathological TDP-43 processing. In line with that, pathological
formation of TDP-43cTF in rat hippocampal neurons accompanied by a reduction of
the holoprotein occurs upon neuronal expression of wt LGMN but not a catalytically
inactive variant (Fig. 3c, d). To provide evidence that the catalytically inactive LGMN
proform can be taken up and activated by neurons, we incubated primary mouse
hippocampal neurons with conditioned media from LGMN expressing HelLa cells.
Conditioned media contain significant amounts of the inactive, secreted LGMN proform
(Fig. 3e). Only secreted wt LGMN is autocatalytically activated upon incubation under
acidic conditions and no activity was observed in conditioned media of mutant LGMN
or non-transfected Hela cells (Extended Data Fig. 3a—b). Both, wt and mutant LGMN
were taken up and proteolytically processed by neurons but only neurons incubated
with wt LGMN show increased catalytic activity (Fig. 3f—g). Moreover, only upon uptake
of wt LGMN, substantial pathological processing of TDP-43 is observed, as indicated
by the production of the TDP-43cTF (Fig. 3f).

To provide evidence for a pathological link between PGRN reduction, LGMN activation
and enhanced TDP-43 processing in humans, we generated a human iPSC line
lacking PGRN (Extended Data Fig. 4a—g). Upon differentiation into human iPSC-
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derived microglia (hiMG), PGRN deficient (GRN ko) hiMG express substantially
elevated levels of LGMN accompanied by a significantly enhanced proteolytic activity
of LGMN compared to wt hiMG (Fig. 4a-b). In line with our findings in mice, iPSC-
derived wt or PGRN deficient human neurons (hiN) show almost no LGMN expression
and activity (Fig. 4a—b). Upon co-culture of both cell types, we observe substantially
increased TDP-43 processing, which is further elevated when GRN ko hiMG are co-
cultured with wt hiN (Fig. 4c). This is in line with increased LGMN activity in GRN ko
hiMG co-cultured with hiN. (Fig. 4d). LGMN-dependent TDP-43 processing is inhibited
upon selective neuronal expression of cystatin-7 (Fig. 4c—e, Extended Data Fig. 5a—
c). The full rescue of TDP-43 processing upon cystatin-7 expression suggests that
LGMN is the TDP-43 processing protease which is enhanced by PGRN deficiency.
Based on our results in human brain cells and mouse models, we assessed LGMN
dysregulation in brains of patients suffering from GRN-FTLD and observed increased
proteolytic activity and maturation of this hydrolase in patient brains relative to controls
(Fig. 4f—g). Thus, pathologically increased LGMN activity upon reduction of PGRN
expression was observed in mice, MEF, primary murine microglia, human microglia
and finally in the brain of FTLD patients with GRN haploinsufficiency.

Our findings prompted us to investigate, if the PGRN-LGMN axis could be
therapeutically modulated. In this context, the rescue of PGRN deficiency-associated
phenotypes via a brain penetrant PGRN biologic, referred to as protein transport
vehicle (PTV):PGRN, was recently demonstrated 2. PTV:PGRN exhibits increased
brain penetrance in mice due to its ability to bind to transferrin receptor, which
facilitates transcytosis across endothelial cells of the blood-brain-barrier. We thus
evaluated the ability of PTV:PGRN to modulate brain LGMN activity and maturation 7
and 14 days after single intravenous injection of the biologic at 10 mg/kg into Grn ko
mice expressing a humanized transferrin receptor (Grn ko/ hTfR ki mice) (Fig. 5a).
PTV:PGRN reduced maturation and activity of LGMN at 14 days post-injection with a
trend for a decrease at 7 days (Fig. 5b—c), demonstrating that a novel PGRN
replacement strategy reduces pathological activation of a TDP-43 processing enzyme
after just a single dose of the biologic.

Taken together, our findings suggest that enhanced LGMN activity in brains of GRN-
FTLD patients provides a direct link between TDP-43 pathology and GRN
haploinsufficiency. In various model systems including two independent PGRN

deficient mouse lines, MEF, mouse and human microglia and finally in brains of
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patients, we consistently found significantly elevated LGMN activity. This indicates that
PGRN inhibits LGMN maturation presumably in a chaperone-like manner during
trafficking to lysosomes. This inhibitory effect is balanced by LGMN itself, as the
hydrolase also processes PGRN into granulin peptides 24, which are not capable of
interfering with LGMN maturation. Pathologically enhanced LGMN activity leads to
aberrantly increased processing of lysosomal cathepsins, which, consistent with
previous findings, may result in dysregulation and malfunction of microglial lysosomes
425-27 \While based on our data, direct processing of TDP-43 by LGMN seems likely, a
contribution of other proteases activated by LGMN cannot be completely excluded.
Our findings support a model where LGMN released by PGRN deficient microglia is
taken up by neurons, where it is activated and capable of processing TDP-43, thus
resolving the spatial paradox of the differential expression of LGMN and PGRN
predominantly in microglia and TDP-43 in neurons. Since TDP-43ctr formation
removes the nuclear localization signals of TDP-43, it may allow its cytoplasmic
accumulation and aggregation. However, since neuronal LGMN activity also increases
upon loss of PGRN (see Fig. 1h), cell autonomous misprocessing of TDP-43 may also
contribute to its deposition. If aberrantly elevated LGMN activity also affects
complement factor activation 28 remains to be investigated. As GRN-FTLD patients
also present with co-pathology of additional LGMN substrates, namely tau and a-
synuclein, it is conceivable that their accumulation and deposition may also be
facilitated by aberrantly enhanced LGMN activity 2°-31. Finally, since TDP-43 pathology
and lysosomal dysfunction co-exist in other neurodegenerative diseases such as
Alzheimer's disease, Lewy Body dementia and hippocampal sclerosis 3232 our findings
may reveal a disease overarching pathway, which could be modulated by LGMN
inhibitors and PGRN replacement strategies.
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Fig. 1: PGRN deficiency leads to enhanced LGMN maturation and elevated activity accompanied by altered cathepsin processing.

a, In vitro LGMN activity of brain homogenate from 3-,6-,12-13-, and 20-24-month-old wild type (wt) and Grn knockout (ko) mice (n=4-
6 per genotype and age group). b, Representative immunoblot for LGMN in total brain homogenate of 6-month-old wt and Grn ko
mice. Proform (LGMN,), mature form (LGMN,,), unspecific band (asterisk) are indicated, B-actin verified equal loading. Quantification
of the immunoblot signals normalized to wt (n=3 mice per genotype). ¢, total brain mRNA of 3- and 20-24-month-old mice normalized
to wt (n=4-5). d, Representative immunoblots of MEF isolated from wt and Grn ko mice probed for LGMN, cathepsin D (CatD),
cathepsin L (CatlL), and cathepsin B (CatB); proform (p), mature (m), single chain (sc), heavy chain (hc) are indicated and cathepsin
processing by LGMN is schematically shown. MEF are either non-transfected (-), control (contr.) or Lgmn siRNA transfected. LGMN
expression is quantified and normalized to wt. e, In vitro LGMN activity of non-transfected (-), mock, control and Lgmn siRNA
transfected Grn ko MEF normalized to corresponding wt MEF (n=3). f, In vitro LGMN activity with/without cystatin-3 (2 ng/ul) of wt,
Grn ko and Lgmn ko MEF, normalized to wt (n=3). g, Representative immunoblot for LGMN in microglia-, astrocyte- and neuron-
enriched brain cell fractions of 4-5-month-old wt and Grn ko mice. Proform (LGMN,) and mature form (LGMN,) are indicated,
calnexin verified equal loading. h, Microglia-, astrocyte- and neuron-enriched fractions from 4-5-month-old Grn ko and wt mice
analyzed for LGMN activity either normalized to wt microglia or to wt of the respective cell type (insert); n=3 mice per cell type and
genotype. i, Lgmn mRNA of 6-month-old Grn ko mice normalized to wt; (n=5). j, LGMN in vitro activity in lysates of cultured microglia;

n=3 mice per genotype.

Data are mean = s.d. of biologically independent experiments (d,e,f), for all mice replicates individual values are shown; unpaired two-
tailed t-test *p<0.5, **p<0.01, ***p<0.001, ****p<0.0001. P values and statistical source data are provided.
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Fig. 2: PGRN modulates LGMN activation and is proteolytically processed by LGMN.

a, Scheme indicating auto- and non-auto-catalytic pH-dependent LGMN maturation. N- and C-terminal pro-peptides
(p1-p3) and the chain (c) with the active center residues (stars) are specified. Proform (LGMN,), intermediate-
(LGMN,) and mature-form (LGMN,,) are indicated. b, Bafilomycin (BafA1l) inhibits LGMN maturation (left panel), which
is partially reconstituted in acidic lysis condition (right panel). ¢,d Immunoblot and activity analysis of in vitro
maturation of recombinant LGMN (rLGMN) incubated with/without recombinant PGRN (rPGRN) at acidic pH for
indicated time points. Quantification of the relative LGMN,; level for each incubation time indicates a significant delay
of maturation (c) and activity (d) in presence of PGRN. e, Dose dependent inhibition of LGMN activation duringa 2 h
preincubation at pH 4.0, followed by activity assays. ICs, calculated with non-linear curve fit, 95% confidence interval
(CI) are indicated. f,g, LGMN activity assays with rPGRN or rElastase digested PGRN added to the assay (f) or to the
activation step prior to the assay (g). h, PGRN digest controlled by immunobloting. i, Immunoblot analysis of rPGRN
turnover and granulin peptide generation by LGMN. j, Representative immunoblot of liver lysosome preparation of
wt, Grn, Ctsb, Ctsl, sortilin 1 (Sort1), and Lgmn ko mice probed for granulins, LGMN, cathepsin L (CatL) and B (CatB),
and LAMP1 as loading control.

Data are mean * s.d. of biologically independent experiments (n=3) (c,d,e,f,g); unpaired two-tailed t-test; *p<0.5,
**p<0.01, ***p<0.001, ****p<0.0001. P values and statistical source data are provided.
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Fig. 3: Enhanced LGMN activity results in accelerated TDP-43 processing.

a, Schematic representation of TDP-43 protein indicates the nuclear localization sequence (NLS, green), the RNA
recognition motifs (RRM1/2, blue), the G, Q, N -rich hnRNP-interacting domains (red). N-terminal (NT) and C-
terminal (CT) antibodies generated against specified epitopes. Confirmed LGMN cleavage sites and putative
fragments are indicated below. Red arrows indicate LGMN cleaved fragments identified in patient material 1334 b,
Immunoblot analysis of LGMN and TDP-43, TDP-43 fragments (TDP43,) and C-terminal fragments (TDP43 ) in MEF
Grn wt and ko with and without Lgmn siRNA mediated knockdown. ¢, d, Primary cortical rat neurons were
transduced with lentiviral vector FUW2 encoding LGMN wt or the proteolytically inactive LGMN C191A variant (mt).
LGMN activity in cell lysates confirmed loss of proteolytic activity of the LGMN C191A (c). LGMN expression (profom
LGMNp, intermediate form LGMN,, mature form LGMN,) and TDP-43 processing are detected by immunoblotting.
TDP-43 processing occurs by LGMN wt but not by mt transduction, shown are representative blots of 3
independent experiments (d). e, f, g, Primary hippocampal mouse neurons were incubated with 50% of conditioned
media of LGMN wt, mt or mock transfected Hela cells. The presence of the LGMN proform is confirmed in culture
media (e). LGMN uptake by neurons is detected by immunoblot (f) and activity assay (g). TDP-43 processing
analyzed by immunobloting (f).

Data are mean = s.d. of biologically independent experiments (n=3), statistical significance for the activity assay (g)
was determined by one-way ANOVA and Tukey’s post-hoc test; ns, not significant; **** p<0.0001. P values and

statistical source data are provided.
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Fig. 4: Elevated LGMN activity in hiPSC-derived microglia and GRN-FTLD patients.

a, Representative immunoblot for LGMN of wt and GRN deficient (GRN ko) hiPSC-derived microglia (hiMG) or
neurons (hiN). Proform (LGMN,), intermediate form (LGMN;), and mature form (LGMN,), are indicated.
Quantification of the immunoblot shown as mean normalized to wt + s.d. (n=3). b, In vitro LGMN activity of
lysates from monocultured wt and GRN ko hiMG and hiN; mean normalized to wt * s.d. ¢, d, Co-culture of wt
hiN with either GRN KO or wt hiMG. Immunobloting (c) indicates enhanced LGMN maturation and TDP-43
processing when GRN ko hiMG are co-cultured, AAV-mediated cystatin-7 expression inhibits LGMN
maturation and blocks TDP-43 processing. LGMN activity (d) normalized to hiN co-cultured with hiMG shown
as mean wt + s.d. (n=3). e, Immunohistochemical detection of cystatin-7 (yellow) upon AAV transduction in
neurons (MAP2, magenta). Nuclei are stained with DAPI (blue), scale 10 um. f, g, LGMN activity (f) and
expression (g) analyzed in brain lysates of frontal cortex from FTLD/GRN patients and pathology-negative
control cases. LGMN,, and LGMN,, are quantified in the immunoblot and normalized to the signal of the
control cases (g).

Data are mean = s.d. of biologically independent experiments (unpaired two-tailed t-test (a,b,e,f) or one-way
ANOVA and Tukey’s post hoc test (d); ns, not significant; *p<0.5, **p<0.01, ***p<0.001. P values and
statistical source data are provided.
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Fig. 5: Rescue of enhanced LGMN maturation and activity by PTV:PGRN in Grn ko mice.

a, Schematic of PTV:PGRN single dosing study in Grn ko/hTfR ki. b, LGMN activity of a Grn ko/hTfR ki mouse
model, treated with a single 10 mg/kg i.v. dose of PTV:PGRN 7 d and 14 d before analysis. Data indicate the
mean normalized to wt hTfR ki. (n=6 mice per genotype and treatment, 3-4-month-old). ¢, Representative
immunoblot for LGMN in total brain homogenate of wt and Grn ko non-treated and treated mice. Proform
(LGMN,), mature form (LGMN,), unspecific band (asterisk) are indicated, B-actin verified equal loading.
Quantification of LGMN immunoblot signals normalized to wt hTfR ki (n=6 mice per genotype and treatment).
Data are mean * s.d. mice replicates individual values are shown; one-way ANOVA and Tukey’s post hoc test; ns,
not significant; *p<0.5, **p<0.01, ****p<0.0001. P values and statistical source data are provided.
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Materials and Methods
Data reporting

No statistical methods were used to predetermine sample size. The investigators

were not blinded to allocation during experiments and outcome assessment.

Ethical approval. All the work involving human tissues or mice was carried out in
accordance with the Code of Ethics of the World Medical Association (Declaration of
Helsinki). The use of human brain material was approved by the local ethic commission
of the Ludwig-Maximilian’s-University, Munich. All animal experiments were performed
in compliance with the national guidelines for animal protection, Germany and with the
approval of the regional animal committee (Regierung von Oberbayern) directed by a
veterinarian. Mice were kept in small groups under standard housing conditions at
constant temperature of 21 £ 2°C, on a 12 h light / 12 h dark cycle, providing standard
pellet food and water ad libitum. At Denali Therapeutics Inc. all mouse procedures
adhered to regulations and protocols approved by Denali Therapeutics Institutional
Animal Care and Use Committee. Mice were housed under a 12 h light/ 12 h dark cycle
and group housed when possible.

Experimental mouse models

The Grn ko mouse line was provided by Dr. M. Nishihara (Department of Veterinary
Physiology, The University of Tokyo) 3%, backcrossed to the C57BL/6J strain and
published before 426:36.37 The second Grn ko mouse model and the Grn ko/h TfRmu/hu
ki were previously generated and characterized. Grn ko on a C57BI6/J background
were obtained from Jackson Laboratories (JAX strain 013175) 2. TfRmu/hu ki mice
(also on a C57BI6/J background) expressing a chimeric TfR receptor (human TfR
apical domain knocked into the mouse receptor) were developed by generating a
knock-in of the human apical TfR mouse line using CRISPR, as described previously
39, Homozygous TfRmu/hu male mice were bred to female Grn*~ mice to generate
Grn™= x TfRmu/hu mice. Lgmn ko 4° , Ctsl ko 4!, Ctsb ko 42, and Sort1 ko 3 were

described before.
Animal ages/sexes for each experiment are indicated in the source data tables.

Mouse handling and tissue collection at Denali Therapeutics
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Animal weights were collected at the start and end of the study. Animals were
monitored weekly for health/immune issues before and during the study and were
excluded from study inclusion if serious concerns were observed. Mice were housed
with enrichment and bedding was changed weekly for group housed animals and
monthly for single house animals. For study group assignment, littermate animals and
when possible — cage-mate animals were assigned to unique experimental groups.
Mice received therapeutic treatment via intravenous (1V) tail vein injection (10 mg / kg,
~200 pl total injection volume). At indicated endpoints, animals were anesthetized with
tribromoethanol. Following plasma collection, mice were transcardiac perfused with
ice-cold PBS. Tissues were then collected, weighed, frozen on dry ice and stored at -

80 °C for subsequent analysis.

Expression and purification of fusion proteins Generation of the transport vehicle (TV)
from the effector-less Fc portion of a human IgG1 was previously described 4. Briefly,
the TV was fused N-terminally to the complete native sequence of mature human
PGRN, allowing for PGRN to interact with sortilin 1 via its C-terminal region.
PTV:PGRN were expressed as knob-in-hole 40 heterodimeric proteins. For
PTV:PGRN, Expi293 cells (Thermo Fisher Scientific) were transfected with plasmid
DNA encoding the TV Fc polypeptide and PGRN fused to an Fc polypeptide in PEIMax
(MW 40,000, Linear, Polysciences). Cultures were harvested 5 days post-transfection.
PTV:PGRN were subsequently purified using a series of chromatography steps
commonly used for the purification of monoclonal antibodies and Fc-fusion proteins
including affinity chromatography and size exclusion chromatography 23,

Mouse brain dissection and brain cell isolation

Mice were sacrificed by CO:2 inhalation or by deep/lethal anesthesia and perfused with
ice cold PBS. Brain tissue dissected from adult mice was either snap frozen in liquid
nitrogen, mechanically pulverized and stored at -80°C for biochemical analysis or
directly subjected to microglia and astrocyte or neuron isolation. Neural cells were
acutely isolated from adult mouse brain using MACS Technology (Miltenyi Biotec).
Brain tissue was dissociated into a single-cell suspension by enzymatic digestion using
the Adult Brain Dissociation Kit P (# 130-107-677, Miltenyi Biotec) and the
gentleMACS™ Octo Dissociator (# 614 130-096-427, Miltenyi Biotec) according to
manufacturer’s instructions. Microglia and astrocyte isolation was performed from the

same mouse brain. Briefly the dissociated cell suspension was applied to a pre-wet
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100 pm cell strainer, cells were pelleted at 300 x g, 4°C, 10 min, pellets were washed
twice and resuspended in 1 ml 0,5% (w/v) BSA/PBS. CD11b-positive microglia were
magnetically labelled with 20 pl anti-CD11b MicroBeads (# 130-049-601, Miltenyi
Biotec) and incubated for 20 min in the dark at 4°C with gentle shaking. Cells were
washed by adding 1-2 mL of BSA/PBS. The cell pellets were resuspended in 1 ml
BSA/PBS and applied together with 1 ml BSA/PBS onto the prepared LS columns (#
130-042-401, Miltenyi Biotec) placed into a QuadroMACS™ Separator (# 130-091-
051, Miltenyi Biotec). The columns were washed with 3 x 3 ml BSA/PBS. The flow-
through and the first wash containing the unlabeled cells was collected for astrocyte
isolation. The columns were removed from the magnetic field, and microglia were
flashed out using 5 ml BSA/PBS. To reach a higher purity, the microglia containing
eluate was applied onto pre-wetted MS columns (# 130-042-201, Miltenyi Biotec)
placed into an OctoMACS™ Separator (# 130-042-108, Miltenyi Biotec), washed 3 x
0.5 ml and eluted with 1 ml BSA/PBS, then immediately stored on ice. For astrocyte
isolation the microglia-depleted fraction including the first wash was pelleted and
resuspended in 1 ml BSA/PBS, then 10 pL of FcR blocking reagent was added and
incubated for 20 min, gentle shaking, in the dark at 4°C, followed by adding 10 pL of
anti-ACSA-2 MicroBeads (Anti-ACSA-2 MicroBead Kit, # 130-097-678, Miltenyi Biotec)
and an additional incubation for 30 min. Cells were washed and astrocytes were
magnetically separated as described for microglia. Neurons were isolated (Adult
Neuron Isolation Kit mouse, # 130-126-603, Miltenyi Biotec) according to the
manufacturer’s instructions including a red blood cell removal and a debris removal
step (Adult Brain Dissociation Kit P, # 130-107-677, Miltenyi Biotec). Isolated cells were
washed twice with D-PBS (# 14040-133, Thermo Fisher Scientific) to remove BSA,
pellets were snap frozen in liquid nitrogen and stored at -80°C until further biochemical

analysis.
Mouse embryonic fibroblasts (MEF), HeLa and HEK293T cell culture

All MEF cells were generated as described before 4. MEF, HelLa, and HEK293T cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with GlutaMAX™-| (#
10566016, Thermo Fisher Scientific) supplemented with 10% (v/v) heat inactivated
FBS (# F7524, Sigma-Aldrich), 100 U/ml penicillin, and 100 pg/ml streptomycin (#
15140148, Thermo Fisher Scientific) and if required 1% non-essential amino acids (#
11140050, Thermo Fisher Scientific).
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Primary culture of mouse microglia

Microglia were isolated from P11 pups using the MACS Technology (Miltenyi Biotec)
as described above. Isolation was carried out under sterile conditions. 60,000 cells
were plated in DMEM/F-12, HEPES (# 11594426, Thermo Fisher Scientific)
supplemented with 10% (v/v) heat inactivated FBS (# F7524, Sigma-Aldrich), 100 U/ml
penicillin, and 100 pg/ml streptomycin (# 15140148, Thermo Fisher Scientific).

Primary mouse neuronal culture

Mouse hippocampal neurons were generated as described previously 5. In brief, E18
embryos were collected from CO2-euthanized C57BL/6J wildtype mice. The
hippocampi were isolated and dissected in ice-cold dissection buffer (HBSS, 1 mM
sodium pyruvate, 10 mM HEPES pH 7.2, all from Thermo Fisher Scientific). Single cell
suspension was obtained by pelleting the tissue (300 x g, 3 min, RT) and incubating it
for 15 min at 37°C with 0.125% trypsin (# 25200-072, Thermo Fisher Scientific) and
25 U/ml benzonase (# E1014-25KU, Sigma-Aldrich) in DMEM with GlutaMAX™-I.
After centrifugation (300 xg, 3 min, RT), tissue was washed in DMEM with
GlutaMAX™-| and pelleted again (300 x g, 3 min, RT) before trituration in culture
media (neurobasal media, # 21103-049, Thermo Fisher Scientific) with 100 U/ml
penicillin, 100 pg/ml streptomycin, 0.5 mM L-glutamine (# 25030-024, Thermo Fisher
Scientific) and 1x B-27 supplement (# 17504-044, Thermo Fisher Scientific) with
25 U/ml benzonase and subsequent centrifugation (300 x g, 3 min, RT). The single
cells were plated onto poly-D-lysine- (10 pg/ml, # P7280-5MG, Sigma-Aldrich) and
laminin- (10 pg/ml, # L2020-1MG, Sigma-Aldrich) coated plates in culture media. On

DIV 7, 20% media was added and on DIV 14, cells were used for experiments.
Primary rat neuronal culture

Primary rat neuronal cultures were prepared as follows: Neocortices from E19 rat
embryos were dissected in ice-cold dissection media (HBBS, 1%
penicillin/streptomycin, 10 mM HEPES pH 7.3, all from Thermo Fisher Scientific) and
enzymatically dissociated for 20 min in dissection media (supplemented with 0.25%
trypsin, 0.7 mg/ml DNase |). For biochemical experiments, cortical neurons were
seeded in 6-well plates (Thermo Fisher Scientific) at a density of 800,000 cells/well
and cultured in neurobasal media supplemented with 100 U/ml penicillin, 100 pg/ml
streptomycin, 0.5 mM L-glutamine and 1x B-27.
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Cloning of Lgmn, Cst3 and Cst7 constructs and production of adeno-associated

virus.

The mouse Lgmn cDNA was amplified from MEF cDNA prepared as described for

‘gene expression analysis”, following primers were used:
Lgmn (Xhol) forward 5’-CCCGCTCGAGGCCACCATGACCTGGAGAGTGG-3
Lgmn (EcoRV) reverse 5- AGCTTTGATATCTCAGTAGTGACTAAGAC-3

The amplified Lgmn cDNA was subcloned into the Xhol/EcoRV sites of
pcDNA3.1/Zeo(-). The Lgmn mutation leading to an inactive LGMN C191A variant
1646 was introduced by site-directed mutagenesis using the QuickChange Site-
Directed Mutagenesis Kit (# 200519, Agilent Technologies) according to
manufacturer’s instruction. The Cys coding base triplet TGT was exchanged to GCT

coding for Ala using following primers:

Lgmn(mt)F 5-GGTGTTCTACATTGAAGCTGCTGAGTCTGGCTCCATGATGAACC-
3

Lgmn(mt)R 5-GGTTCATCATGGAGCCAGACTCAGCAGCTTCAATGTAGAACACC-
3

For lentiviral expression Lgmn (wt) and Lgmn (mt) were subcloned into the
Xhol/EcoRYV sites of the lentiviral expression vector FUW2 driven by human ubiquitin
promoter. Mouse cystatin-3 (# MR225378, OriGene) and cystatin-7 (# MR222507,
OriGene) myc-tagged cDNA clones were subcloned into the BamHI/EcoRI sites of

pcDNAS using the following primers:

Cst3 (BamHI) forward 5-CCCGGATCCCCAACCATGGCCAGCCCGCTGC-3'
Cst7 (BamHI) forward 5- CCCGGATCCCCAGCCATGCCCTGGTCCTGG -3’
Cst3/7 (EcoRl) reverse 5'- CGGAATTCTTAAACCTTATCGTCGTCATCC -3’

Six hundred three base pairs (603 bp) encoding for cystatin-7 were cloned into the
BamHI/EcoRI sites of pAAV-hSyn-EGFP (# 50465, Addgene) to receive the plasmid
pAAV-hSyn-Cst7. To generate double-stranded adeno-associated virus of serotype 9
(AAV9), the plasmid and helper plasmid were transfected into HEK293T cells using
polyethylenimine (# 24765, Polysciences). The virus was harvested after 72 h and
purified from benzonase-treated cell lysates via an iodixanol density gradient
(OptiPrep, Fresenius Kabi Norge). After rebuffering in lactose AAV titers were
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determined by real-time PCS on vector genomes using the SYBR Green Master Mix
(Roche Molecular Systems).

Lipofectamine 2000 mediated cDNA transfection

For transfection of HeLa and HEK293T cells Lipofectamine 2000 (# 11668030, Thermo
Fisher Scientific) was used according to the manufacture’s instruction. Briefly, 500 pl
of 4 ug/ml plasmid solution in media was mixed with 500 ul DMEM with GlutaMAX™-|
containing 20 pl Lipofectamine 2000 and incubated for 20 min at RT before dropwise
addition onto Hela cells at 50-70% confluency. After 6 h, the media was exchanged
and after 36 h the media was replaced with 4 ml Opti-MEM® with GlutaMAX™-| media
(# 51985-026, Thermo Fisher Scientific). Media and cells were collected 48 h after

transfection.

Lentiviral packaging and gene expression

HEK293FT cells of low passage number were seeded into three 10 cm dishes per
construct (5x108 cells/dish). On the following day, cells were co-transfected with 18.6
ug transfer vector (FUW2_Lgmn(wt) or FUW2_Lgmn(mt)), 11 uyg pSPAX2 and 6.4 ug
pVSVG using Lipofectamine 2000 (Thermo Fisher Scientific) in 10% fetal bovine
serum/Opti-MEM (Thermo Fisher Scientific). The transfection media was exchanged
by plating media supplemented with 13 mg/mL bovine serum albumin (Sigma-Aldrich)
on the next day. Lentiviral particles in the cell supernatant were harvested 24 h later
by ultracentrifugation (Beckman Coulter; 64,000 x g, 2 h, 4°C). Lentivirus from three
10 cm dishes was resuspended in 120 ul Neurobasal media and stored in aliquots at -
80°C for transduction experiments. Primary rat neurons were transduced using 1

pl/well in a 12-well plate. Media and cells were harvested 7 days after transduction.
siRNA Transfection

Lgmn siRNA (# M-044015-01-0005, siGENOME SMART pool, Dharmacon), control
siRNA (#D-001210-04-20, siGenome non-targetting pool 4, Dharmacon) and mock
reverse transfections were carried out with Lipofectamine™ RNAIMAX (# 13778030,
Thermo Fisher Scientific). For each 10 cm dish 3 ul siRNA (20 uM), were diluted in 600
ul Opti-MEM™ (# 31985-062, Thermo Fisher Scientific) before adding 30
Lipofectamine™ RNAIMAX and then for complex formation incubated for 15 min at RT.
Trypsinized and washed MEF cells were added to reach a final volume of 6 ml culture
media without antibiotics and a final siRNA concentration of 10 nM. Next day, media
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were exchanged to fresh culture media and 96 h after transfection cells were harvested
and pellets were washed in PBS, snap frozen in liquid nitrogen and stored at -80°C.

Human iPSC culture

iPSC experiments were performed in accordance with relevant guidelines and
regulations. Female iPSC line A18944 was purchased from Thermo Fisher (# A18945),
grown in Essential 8 Flex Medium (# A2858501, Thermo Fisher Scientific) on VTN-
coated (# A14700, Thermo Fisher Scientific) cell culture plates with 5% CO. at 37°C,
and split as small clumps twice a week after a 5 min incubation in PBS/EDTA.

Generation of GRN KO iPSCs

Design and preparation of editing reagents and quality control of edited iPSCs was
performed as described previously 4748, We selected a sgRNA targeting GRN exon2,
as it is present in most splice isoforms and a frameshift would affect large parts of the
coding region. Guide RNAs were electroporated as plasmids together with a Cas9-
encoding plasmid. Prior to electroporations, iPSCs were incubated for 10 min in
PBS/EDTA, split to single cells on Geltrex-coated (# A1413302, Thermo Fisher
Scientific) plates and cultured in StemFlex Medium (# A3349401, Thermo Fisher
Scientific) containing 10 mM ROCK inhibitor (# S1049, Selleck Chemicals GmbH) for
two days. iPS cells were transfected by electroporation as described earlier 4° with
some modifications. Briefly, two million cells were harvested with Accutase,
resuspended in 100 ml cold BTXpress electroporation solution (# 732-1285, VWR) with
20 mg Cas9 and 5 mg sgRNA plasmid. Cells were electroporated with 2 pulses at 65
mV for 20 ms in a 1 mm cuvette (# 15437270, Thermo Fisher Scientific). After
electroporation, cells were transferred to Geltrex-coated 10 cm plates and grown in
StemFlex Medium containing 10 mM ROCK inhibitor until visible colonies appeared.
Cells expressing Cas9 were selected in 350 ng/ml puromycin dihydro-chloride (# J593,
VWR) for three consecutive days starting one day after electroporation %°. Single-cell
clone colonies then were picked and analyzed by a RFLP assay, using Mwol (# R0573,
New England BioLabs GmbH) and Sanger sequencing as previously described 4°.
Successful knockout was confirmed on mRNA level by gPCR, and on protein level by
immunoblot using RIPA lysate and ELISA using conditioned media, respectively. For
quality control of edited iPSC clones, we checked absence of off-target effects by PCR-

amplification and sanger sequencing of the top 5 hits based on MIT and CFD scores
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on CRISPOR. We also confirmed absence of on-target effects such as large deletions
and loss of heterozygosity using qgPCR and nearby SNP sequencing “8. Finally, we
ensured pluripotency by immunofluorescence staining for typical markers OCT4,
NANOG, SSEA4 and TRA160, and chromosomal integrity by molecular karyotyping
(Supplementary Fig. 1) (Life & Brain Bonn, Germany).

Differentiation of human iPSC-derived Microglia (hiMG)

We differentiated hiMG from iPSCs following the protocol by Abud et al. ' with
modifications to improve yield and efficiency: When iPSCs were 70-90% confluent, we
split them 1:100-200 onto GelTrex-coated 6-well plates for the HPC differentiation
using EDTA to obtain around ~20 small colonies per well. On day O cells were cultured
with HemA medium (HPC differentiation kit, StemCell Technologies), followed by half-
media exchange on day 2. We switched media to HemB on day 3 with half-media
exchange on days 5 and 7 and 50% added on day 10. On day 12 non-adherent HPCs
were collected to either freeze or continue with the microglia differentiation. HPCs were
frozen at 1 million cells per ml in BamBanker (Wako) and thawed directly onto GelTrex-
coated 6-well plates with 1 million cells evenly distributed among 6 wells in 2 ml IMG
media with 25 ng/ml M-CSF, 100 ng/ml IL-34, and 50 ng/ml TGFf added fresh. 1 ml of
media was added on top every other day. During the microglia differentiation, the cells
were split 1:2 every 6-8 days, depending on confluency. We did do not use CD200 and
CX3CL1 as described by McQuade et al. 2. This did not influence hiMG gene
expression, as determined by NanoString analysis 3. hiMG were used for experiments
on day 16 of the differentiation.

Differentiation of human iPSC-derived cortical hiN and co-culture with iMG

iPSC-derived hiN were differentiated as previously published %4. For cortical neuron
maturation, 2 million neuronal precursor cells were seeded on poly-L-ornithine/laminin-
coated 6-well plates and maintained in Neurobasal medium (NB) Plus supplemented
with B-27 Plus serum-free supplement, and 100 U penicillin per ml and 0.1 mg
streptomycin per ml (all Thermo Fisher Scientific). During the first 7 days after plating,
cells were treated with 10 uM DAPT (# S2215, Selleckchem) to augment neuronal
maturation. 3 days after starting DAPT treatment, 5-Fluorouracil (5-FU) (# F6627-1G,
Sigma-Aldrich) was also added for a subsequent 10 days to remove remaining dividing
precursors. iN cultured with half media exchange three times per week. One week after
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finishing 5-FU treatment, hiMG were added at 300,000 cells per well along with IL-34,
M-CSF, and TGFB (# 200-34, # 200-25, # 100-21, Peprotech) added fresh in the

neuron media. The cells were co-cultured for three weeks before being collected for

analysis.

Antibodies

Antibodies Dilution Source

Rat anti-mouse PGRN, (clone 8H10) 1:50 | generated *°

Rabbit anti-human PGRN 1:1,000 |# 40-3400, Thermo Fisher Scientific
Rabbit anti-human PGRN / granulin-peptides 1:1,000 |# HPA008763, Atlas Antibodies
Sheep anti-mouse LGMN 1:2,500 |# AF2058, R&D Systems

Goat anti-human LGMN 1:1,000 |# AF2199, R&D Systems

Goat anti-cathepsin B 1:2,000 |# AF1515, R&D Systems

Goat anti-cathepsin D 1:1,000 |# sc-6486, Santa Cruz

Goat anti-cathepsin L 1:1,000 |# AF965, R&D Systems

Goat anti-cystatin-3 1:1,000 |# AF1238, R&D Systems

Rabbit anti-cystatin-7 1:2,500 |# 50236, SinoBiological

Mouse anti-tubulin 3 (TUJ) 1:10,000 | # 801201, BioLegend

Rabbit anti-IBA1 1:1,000 |# GTX100042, GeneTex

Rabbit anti-GFAP 1:5,000 |# GA524, DAKO, Agilent

Rabbit anti-TDP-NTlong 1:4,000 |# 10782-2-AP, Proteintech

Rabbit anti-TDP-NTshort 1:800 |# ARP38941, Aviasy Stemsbiology
Rabbit anti-TDP-CTlong 1:1,000 |# 12892-1-AP, Proteintech

Rabbit anti-TDP-CTshort 1:1,000 |# TIP-TD-P09, Cosmo Bio

Mouse anti-tubulin o 1:500 | # T5168, Sigma-Aldrich

Mouse anti-B-actin 1:5,000 |# A 5316, Sigma-Aldrich

Rabbit anti-calnexin 1:5,000 |# SPA-860, Stressgene

Mouse anti-TRA-160 1:500 | # MAB4360, Millipore

Rabbit anti-OCT4 1:500 | # 09-0023, Stemgent

Rabbit anti-NANOG 1:500 | # D73G4, Cell Signaling

Mouse anti-SSEA4 1:500 |# MCB813, Abcam

Chicken anti-MAP2 1:1000 | # ab92434, Abcam

Rabbit anti-IBA1 1:500 | # PA5-27436, Thermo Fisher Scientific

The following secondary antibodies were used for immunoblots: horseradish

peroxidase-conjugated donkey anti-goat IgG (H+L) (Dianova, 1:5,000), donkey anti-

sheep IgG goat (Jackson Immuno Research, 1:10,000); 1:10,000), anti-mouse IgG
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(Promega, 1:10,000), goat anti-rabbit IgG (Promega, 1:20,000), goat anti-rat IgG + IgM
(L+M) (Dianova, 1:5,000) and generated mouse anti-rat 1gG2c (1:1,000). For
immunofluorescence: goat anti-chicken Alexa 647, donkey anti-rabbit Alexa 568,
donkey anti-mouse Alexa 488, (# A32933, # A10042, # A32766, all Invitrogen, Thermo
Fisher Scientific).

LGMN in vitro activity assay

A fluorescence-based activity assay was used to assess LGMN proteolytic activity of
recombinant LGMN, or LGMN activity in lysates and media of the respective cells. Cell
pellets or aliquots of powdered brain tissues were homogenized in LGMN-lysis buffer
(50 mM sodium citrate pH 5.0, 0.8% NP-40, 1 mM DTT), incubated 15 min (cell lysates)
or 20 min (brain lysates) on ice, followed by a 15 min centrifugation at 15,000 x g, 4°C.
Protein concentration was determined using the BCA protein assay (Pierce, Thermo
Scientific) and indicated amounts of protein in 50 ul LGMN-lysis buffer were pre-
incubated in black 96-well plates (FluoroNunc) at 37°C for 10 min, then 50 yl LGMN
assay buffer (60 mM sodium citrate pH 5.0, 1 mM EDTA pH 8.0, 1 mM DTT and 200
MM substrate) prewarmed at 37 °C was added. Substrate Z-Ala-Ala-Asn-AMC (# |-
1865.0050, BACHEM,) dissolved at 10 mM (100x) in DMSO was prepared and stored
in aliquots at -80°C. Cleavage of the quenched fluorescence substrate was
continuously measured for 30 min following the increase of the fluorescence signal
(excitation, 390 nm; emission, 460 nm) using the Fluoroskan Ascent FL plate reader
(Labsystems). The relative enzyme activity was calculated for a period of time with

linear substrate turnover.

In vitro activation assays of recombinant LGMN (rLGMN) or of the secreted
LGMN (sLGMN) proform

Prior to LGMN activity assays mouse rLGMN (# 2058-CY-010, R&D Systems) or
sLGMN proform needs to be autocatalytically activated at acidic pH. 50 ng rLGMN or
25 pl of the collected media of transfected Hela cells was preincubated in 10 pl or 25
pl acidic activation buffer (100 mM sodium citrate pH 4.0 or 3.5, 1 mM EDTA, 50 mM
NaCl) for 4 h or as indicated at 37°C. For the activity assay 40 pl LGMN-lysis buffer
was added and LGMN activity was measured as described above. To investigate the
inhibitory effect of PGRN on LGMN activity, 200 ng or the indicated amount of human
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recombinant PGRN (rPGRN, # 10826-H08H, Sino Biological Inc.) was either added to
the activation assay or to the activity assay.

Activity assays of recombinant LGMN treated with recombinant cystatin-3 or

cystatin-7

The assay contained 5 nM activated rLGMN and the indicated concentrations of mouse
cystatin-3 (# 1238-PI1-010, R&D Systems) or cystatin-7 (# 4557-P1-010, R&D Systems).
filed up to 50 pl with LGMN-lysis buffer. Further steps of the activity assay are
described above. The nonlinear regression curve fit as well as the calculation of top
and bottom plateaus and 1Cso was done in GraphPad Prism using a four-parameter

dose-response curve.
Generation of granulin peptides

Elastase generated granulin peptides were obtained by incubation of rPGRN with
human neutrophil elastase (# RP-77526, Invitrogen). 50 ng/ul PGRN and 80 ng/pl
elastase were incubated in 100 mM sodium citrate pH 6.0 overnight at 37°C, followed
by buffer exchange to LGMN activation buffer. Aliquots were stored at -80°C.

Gene expression analysis

For quantitative real time PCR (qRT-PCR) approximately 10-20 mg of powdered
mouse brain homogenates were subjected to total RNA preparation using the
QIAshredder and RNeasy Mini Kit (Qiagen) according to manufacturer’s instructions.
2 ug of RNA was reverse transcribed into cDNA using M-MLV reverse transcriptase
(Promega) and oligo(dT) primers (Life Technologies). The following primer sets from
Integrated DNA Technologies were used: mouse Lgmn Mm.PT.58.5122210 (Exon
boundary 10 to 11) and mouse Gapdh Mm.PT.39a.1 (Exon boundary 2 to 3). For
mouse brain samples, cDNA levels were normalized to Gapdh cDNA and relative
transcription levels were analyzed using the comparative AACt method (7500 Software
V2.0.5, Applied Biosystems, Life Technologies). The Lgmn mRNA level of the
microglia-enriched fraction was obtained from a NanoString dataset (Omnibus
GSE129709 https://www.ncbi.nIm.nih.gov/geo/query/acc.cgi?acc=GSE129709) 36.

Immunohistochemistry
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Cells seeded on 24-well coverslips were fixed for 15 min in 4% paraformaldehyde and
washed with PBS, then permeabilized for 15 min at room temperature in (0.1% Triton-
X-100 in PBS for co-culture and iPSCs, 0.1% Triton-X-100 and 0.1% saponin in PBS
for Cst7-transduced hiN) and then washed with PBS again. SuperBlock (# 37515,
Thermo Fisher Scientific) was used to block the coverslips for 1 h at RT. Primary
antibodies were diluted in SuperBlock added overnight. The coverslips were washed
again in PBS and incubated in secondary antibodies (goat anti-chicken 647 1:500,
donkey anti-rabbit 568 1:500, donkey anti-mouse 488 1:500, DAPI 1:50000) diluted in
SuperBlock for 90 min at RT in the dark. They were washed in PBS again and mounted
with Fluoromount G (# 00-4958-02, Thermo Fisher Scientific).

Protein analysis and immunoblotting

Snap frozen cell pellets or powdered brain homogenate were lysed in NP-40 LGMN-
lysis buffer (60 mM sodium citrate pH 5.0, 0.8% NP-40, 1 mM DTT), NP-40 STEN-lysis
buffer (150 mM NaCl, 50 mM Tris—HCI pH 7.6, 2.5 mM ETDA, 1 % NP40) or RIPA-
lysis buffer (150 mM NaCl, 20 mM Tris—HCI pH 7.6, 2.5 mM ETDA, 1% NP-40, 0.1%
sodium dodecyl sulfate (SDS), 0.5% sodium-desoxycholate) as indicated. NP-40
STEN- and RIPA-lysis buffer were supplemented with protease inhibitor cocktail (#
P8340, Sigma-Aldrich) and phosphatase inhibitor (# 4906845001 PhosStop™, Sigma-
Aldrich). Lysates were centrifuged for 20 min, 17,000 x g, 4°C. The protein
concentration of the soluble fraction was determined using the BCA protein assay
(Pierce, Thermo Fisher Scientific) and equal amount of protein were separated by
SDS-PAGE and transferred to polyvinylidene difluoride membranes (Immobilon-P,
Merck Millipore). Membranes were blocked for one hour in I-Block™ (# T2015, Thermo
Fisher Scientific). Proteins of interest were detected by the indicated primary
antibodies followed by horseradish peroxidase-conjugated secondary antibodies
detected by ECL Plus (# 32132X3, Pierce™ ECL Plus Western Blotting Substrate,
Thermo Fisher Scientific). For the quantitatively analysis, images were taken by a
Luminescent Image Analyzer LAS-4000 (Fujifilm Life Science, Tokyo, Japan) and
evaluated with the Multi GaugeV3.0 software (Fujifilm Life Science, Tokyo, Japan).

Isolation of liver lysosomes

As described before °¢ mice were injected with 4 pl/g bodyweight with 17% (w/v)
tyloxapol in 0.9% NacCl four days prior to killing and organ removal. After the removal
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of the liver, the liver was homogenized in 5 ml ice-cold 0.25 M sucrose with four strokes
at 1,000 rpm in a Potter-Elvehjem homogenizer. The homogenate was subsequently
centrifuged for 10 min at 1,000 x g in a tabletop centrifuge, the supernatant was
removed and the pellet re-extracted with another 2 ml of 0.25 M sucrose and
centrifuged again. The pooled supernatants (postnuclear supernatant; PNS) were
used for differential ultracentrifugation: 9 ml of the PNS were centrifuged at 56,000 x g
for 7 min (70.1 Ti rotor, Beckmann, Coulter). The supernatant was removed, the pellet
(mitochondria / lysosome fraction; ML) homogenized in 8 ml 0.25 M sucrose and
centrifuged again at 56,000 x g for 7 min. The final pellet was resuspended in 3 ml of
sucrose solution with a density of 1.21 g/ml. This fraction was overlaid with sucrose
solutions with a density of 1.15 g/ml (3 ml), 1.14 g/ml (3 ml) and finally 1.06 g/ml to
obtain a discontinuous sucrose gradient. The sucrose gradient was centrifuged at
110,000 x g for 150 min in a swinging bucket rotor (SW41 Ti rotor, Beckmann Coulter).
Lysosomes were collected from the interphase between the sucrose solution with a

density of 1.14 g/ml and 1.06 g/ml.
Statistical analysis

Data are presented as mean + s.d.. Statistical significance was calculated for
comparison of two sample groups by unpaired, two-tailed Student’s t-test, and for
multiple comparison by one-way ANOVA with Tukey’s or Dunnett’s post hoc test and
indicated as ns, not significant p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p <
0.0001. All data were analyzed using GraphPad Prism 7 (GraphPad Software Inc.).

Data availability

All data and information are included in the manuscript. Supplementary information
and source data are provided with this article. Data are available from corresponding
authors upon reasonable request

Methods references

35 Kayasuga, Y. et al. Alteration of behavioural phenotype in mice by targeted disruption of the
progranulin gene. Behavioural Brain Research 185, 110-118 (2007).

36 Gotzl, J. K. et al. Opposite microglial activation stages upon loss of PGRN or TREM2 result in
reduced cerebral glucose metabolism. EMBO Mol Med 11 (2019).

37 Werner, G. et al. Loss of TMEM106B potentiates lysosomal and FTLD-like pathology in
progranulin-deficient mice. EMBO Rep, 50241 (2020).

38 Yin, F. et al. Behavioral deficits and progressive neuropathology in progranulin-deficient
mice: a mouse model of frontotemporal dementia. FASEB J 24 (2010).

29



39 Kariolis, M. S. et al. Brain delivery of therapeutic proteins using an Fc fragment blood-brain
barrier transport vehicle in mice and monkeys. Sci Transl Med 12 (2020).

40 Matthews, S. P. et al. Distinct protease requirements for antigen presentation in vitro and in
vivo. JImmunol 184, 2423-2431 (2010).

41 Roth, W. et al. Cathepsin L deficiency as molecular defect of furless: hyperproliferation of
keratinocytes and pertubation of hair follicle cycling. FASEB J 14, 2075-2086 (2000).

42 Halangk, W. et al. Role of cathepsin B in intracellular trypsinogen activation and the onset of
acute pancreatitis. J Clin Invest 106, 773-781 (2000).

43 Jansen, P. et al. Roles for the pro-neurotrophin receptor sortilin in neuronal development,
aging and brain injury. Nat Neurosci 10, 1449-1457 (2007).

44 Ullman, J. C. et al. Brain delivery and activity of a lysosomal enzyme using a blood-brain
barrier transport vehicle in mice. Sci Transl Med 12 (2020).

45 Seibenhener, M. L. & Wooten, M. W. Isolation and culture of hippocampal neurons from

prenatal mice. J Vis Exp (2012).

46 Chen, J. M., Rawlings, N. D., Stevens, R. A. & Barrett, A. J. Identification of the active site of
legumain links it to caspases, clostripain and gingipains in a new clan of cysteine
endopeptidases. FEBS Lett 441, 361-365 (1998).

47 Weisheit, I. et al. Detection of Deleterious On-Target Effects after HDR-Mediated CRISPR
Editing. Cell Rep 31 (2020).

48 Weisheit, I. et al. Simple and reliable detection of CRISPR-induced on-target effects by qgPCR
and SNP genotyping. Nat Protoc 16, 1714-1739 (2021).

49 Kwart, D., Paquet, D., Teo, S. & Tessier-Lavigne, M. Precise and efficient scarless genome
editing in stem cells using CORRECT. Nat Protoc 12, 329-354 (2017).
50 Steyer, B. et al. Scarless Genome Editing of Human Pluripotent Stem Cells via Transient

Puromycin Selection. Stem Cell Reports 10, 642-654 (2018).

51 Abud, E. M. et al. iPSC-Derived Human Microglia-like Cells to Study Neurological Diseases.
Neuron 94, 278-293 €279 (2017).

52 McQuade, A. et al. Development and validation of a simplified method to generate human
microglia from pluripotent stem cells. Mol Neurodegener 13, 67 (2018).

53 Reich, M. et al. Alzheimer's Risk Gene TREM2 Determines Functional Properties of New Type
of Human iPSC-Derived Microglia. Front Immunol 11, 617860 (2020).

54 Paquet, D. et al. Efficient introduction of specific homozygous and heterozygous mutations
using CRISPR/Cas9. Nature 533, 125-129 (2016).

55 Wils, H. et al. Cellular ageing, increased mortality and FTLD-TDP-associated neuropathology
in progranulin knockout mice. J Pathol 228, 67-76 (2012).

56 Markmann, S. et al. Quantitative Proteome Analysis of Mouse Liver Lysosomes Provides
Evidence for Mannose 6-phosphate-independent Targeting Mechanisms of Acid Hydrolases
in Mucolipidosis Il. Mol Cell Proteomics 16, 438-450 (2017).

Funding

This work was supported by a grant of the Alzheimer’s Association (to AC, CH, DP,
MD) and the Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation) under Germany’s Excellence Strategy within the framework of the Munich
Cluster for Systems Neurology (EXC 2145 SyNergy — ID 390857198). Parts of the
project were also supported by the Koselleck Project (HA1737/16-1) of the DFG and
the NOMIS foundation. CVB was supported by the Flemish Government initiated
Methusalem excellence program, the Flanders Impulse Program on Networks for
Dementia Research (VIND), the Research Foundation Flanders (FWO) and the

30



Belgium Alzheimer Research Foundation (SAO). EW received a postdoctoral
fellowship of the FWO.

Acknowledgement

We thank Claudia Thiel for assistance with brain cell type isolation and collection. We
thank the BELNEU consortium for clinical and pathological characterization for
inclusion in the cohort of FTD patients, and the Institute Born-Bunge for the brain
material. We further thank Joe Lewcock for helpful discussions, Sarah DeVos and Kirk
Henne for their inputs on study design, Ray Low for generation of PTV:PGRN material

and Tim Earr for in vivo study assistance.

Author information

These authors contributed equally:
Sophie Robinson and Marvin Reich
Author contributions

AC and CH conceived and designed the study and wrote the manuscript. SR and DP
designed, performed and analyzed iPSC experiments. MR, DE, AR performed and
analyzed primary neuronal and microglial experiments. KB, cloned LGMN constructs.
HR generated lenti virus and performed viral transduction experiments. MR performed
and analyzed Hela conditioned media treated neurons. KB, GW performed
experiments with MEF, mice brain and GRN-FTLD patient material and recombinant
LGMN. MJS, TL, GDP generated, MR analyzed the PTV:PGRN study. QM conducted
the cystatins experiments. AA, SE generated and purified the AAV9-Cst7. CVB and
EW provided validated FTLD/GRN patients brain samples. MD co-initiated the study
and performed liver lysosomes isolation on mice provided by AC and TR. All authors

commented on the manuscript.
Corresponding authors

Correspondence to Anja Capell or Christian Haass
Ethic Declarations

Conflict of interest

31



CH collaborates with Denali Therapeutics, participated on one advisory board meeting
of Biogen. CH is chief advisor of ISAR Bioscience. MJS, TL and GDP are full time

employees and shareholders of Denali Therapeutics Inc.

Additional Information
Extended data figures and tables

Supplementary Information
Supplement Figure 1: Molecular karyotyping of GRN ko iPSC line.

Source Data

32



kDa wt ko re

" @) = <PGRN
64—

50~ < LGMN,
S8 s <N,

36—

50 wmmamwa < (-Actin

Normalized LGMN activity (%)

__ 701 o wt
3 g | ok
< A ko rescue
> 50 -
2 40
[$)
© 30 4
z
= 20
(O]
- 10 4

0

0 10 20 30
Time (min)

250 1

200 -

150 -

100 -

50

O J
wt ko ko

rescue

Extended Data Fig. 1: Enhanced LGMN activity of Grn ko MEF is rescued upon stable PGRN expression.
Representative immunoblots of MEF wt, Grn ko and Grn ko stably transfected with a mouse Grn cDNA probed for

PGRN, LGMN, and B-actin to verify equal loading. LGMN substrate turnover and quantification of LGMN activity
normalized to MEF wt of biologically independent duplicates are shown as mean % s.d.

33



a b g 250 * kK
Neurons Microglia Astrocytes — 2
kDa  enriched enriched enriched £ 200 % 200
o
08— ﬁ — 150 *% % 150
am &8 - —|<«PGRN g 2 1507 = 0
15 N
50— ‘:E g
Y e 2= 100 5 o
64— 3. - LGMNp 2 g z wt ko
— * 8 Q /
50— -~ E 50 7
36— 9 EX T /'I
0_ o
50_- <TUJ wt ko wt ko
Microglia  Microglia
enriched depleted
16— - - < |BA
64—
36—
148—

08— - — - .- " <€ Calnexin
64—

Extended Data Fig. 2: Microglia have the highest PGRN and LGMN expression.

a, Representative immunoblot for PGRN and LGMN in microglia-, astrocyte- and neuron-enriched brain cell
fractions isolated of 10-month-old mice. Enrichment of each cell fraction is verified by probing the immunoblot
for IBA, GFAP and TUJ. Equal amount of protein was loaded for all cell types, calnexin expression varies
between cell types. b, Microglia-enriched and -depleted fractions from 10-12-month-old Grn ko and wt mice
analyzed for LGMN activity either normalized to wt microglia or to wt of the particular cell fraction (insert);
n=3 mice per cell type and genotype. Data are mean = s.d. for mice replicates individual values are shown;
unpaired two-tailed t-test, **p<0.01, ****p<0.0001.
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Extended Data Fig. 3: Secreted LGMN proform is autocatalytically processed to an intermediate
catalytically active variant.

a, Immunoblot of Lgmn wt or mutant (mt) or empty vector transfected Hela cell lysates probed for LGMN.
Indicated are the LGMN proform (LGMNp), intermediate (LGMN;) and mature (LGMN,) form. b, LGMN
detected by immunoblotting and LGMN activity assay of conditioned media of transfected Hela cells
incubated at pH 7.0 or pH 4.0.
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GRN gRNA GCTGGGTGGCCTTAACAGCAGGG Target
GRN CFDOT1 GTTGGAAGGCCTTAAAAGCAGGG FL L 4 0107 0.795  X:135467801:135468323:1 intergenic:RNA5SP515-DDX26B-AS1 None
GRN CFDOT2 ACTA( GACTCAACAGCATGG 4 0.536 0.554 9:80210181:80210703:-1 intergenic:LINC01507-AL390788.1 None
GRN CFDOT3 GCTG GCCTCARAATCATGG 4 0.013 0461 6:99228214:99228736:-1 intergenic:MIR548AI-FAXC None
GRN  CFDOT4 GCTGGATAGCATTTACAGCATGG 4 0.068  0.400 14:79547452:79547974:1 intergenic:NRXN3-RP11-242P2.2 None
GRN CFD OT5 CCTGGCTGGACCTAACAGCACGG 4 0.392  0.400 17:7048023:7048545:1 intergenic:SLC16A11-CLEC10A None
GRN  MITOT1 GCCGGGTGGCCTARACAGCAGGG 2 3295 0.297 13:29738487:29739009:1 intergenic:SLC7A1-UBL3 None
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GRN  MIT OT5 ACTGGGTGGCCTAAACAGCAGGA 2 0.782  0.043 1:83109990:83110512:-1 intron:LINC01362 None

Extended Data Fig. 4: Generation and characterization of GRN ko iPSC
line

a, GRN knockout strategy: Exon 2 of GRN was targeted by a sgRNA (target
and PAM sequence shown); a GRN ko line was obtained by a one base
pair insertion as the resulting frameshift exposes a nearby stop codon. b,
gPCR of wt and GRN ko hiMGL GRN mRNA transcript levels normalized to
wt (n=3). ¢, ELISA-mediated quantification of secreted PGRN in wt and
GRN ko hiMGL conditioned media (n=2). d, Immunofluorescence analysis
of GRN ko iPSCs, showing pluripotency markers SSEA4, NANOG, TRA160,
and OCT 4 with DAPI. e, f, Investigating CRISPR-mediated on-target
effects using qgPCR quantitation of allele copy number (e) and Sanger
sequencing of SNPs near the edited locus in wt and GRN ko iPSC lines (f)
showing maintenance of both alleles after editing. g, List of top five most
similar off-target sites ranked by the CFD and MIT prediction scores,
respectively. Sanger sequencing detected no off-target editing. h,
Immunohistochemical detection of hiMG (IBA1, yellow) and hiN (MAP2,
magenta) co-cultured for 3 weeks. Nuclei are stained with DAPI (cyan),
scale 100 um. Data are mean * s.d. For statistical analysis the unpaired,
two-tailed student’s t-test was performed, ****p < 0.0001.
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Extended Data Fig. 5: LGMN inhibition by cystatin-3 and cystatin-7

a, Dose-dependent inhibition of recombinant LGMN via recombinant cystatin-3 (left) and cystatin-7 (right).
The calculated relative ICg, of cystatin-3 (65.4 nM) is higher than that of cystatin-7 (40.1 nM), whereas the
computed bottom of the curve at higher concentrations is affected conversely. Nonlinear regression (curve fit;
variable slope (4 parameters)), top, bottom and IC, are calculated using GraphPad Prism 9. Data points show
the mean of three technical replicates * s.d. normalized to LGMN activity at 0 nM inhibitor. b, ¢, HEK 293T
cells were transfected with Cst3, Cst7 or pcDNA3 (contr.). Immunobloting (b) indicates proform (LGMNp),
intermediate form (LGMNi) and mature form (LGMNm) of LGMN, and cystatin-3 and -7 expression. b-Actin
was probed to verify equal loading. LGMN maturation (b) and activity (c) are differentially inhibited by
cystatin-3 and cystatin-7. Data are mean = s.d. of biologically independent experiments normalized to control
(n=3). Statistical analysis included one-way ANOVA and Dunnett’s multiple comparisons test (c), * p < 0.05,
**%% 5 < 0,0001.
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Patient ID
P008
P0O10
PO11
P0O17
P018
P025
P035
P036
P037
P038
Ccoo1
C002
C004
Co11
C012
Co13

Pathological
diagnosis
FTLD-TDP A
FTLD-TDP A
FTLD-TDP A
FTLD-TDP A
FTLD-TDP A
FTLD-TDP A
FTLD-TDP A
FTLD-TDP A
FTLD-TDP A
FTLD-TDP A
Def Control
Def Control
Def Control
Def Control
Def Control
Def Control

Gender*

Age at
death
69
63
75
72
74
72
79
71
67
60
83
63
87
64
79
80

Mutation

GRN IVS1+5G>C
GRN IVS1+5G>C
GRN IVS1+5G>C
GRN IVS1+5G>C
GRN IVS1+5G>C
pAlag89Val fs*41
GRN IVS1+5G>C
pThr330Ala fs*6
GRN IVS1+5G>C
GRN IVS1+5G>C

Clinical diagnosis, subtype

FTD, bvFTD

FTD, PPA (nfvPPA)

FTD, bvFTD

FTD, PPA (nfvPPA)
Dementia, mixed phenotype
FTD, PPA

FTD, bvFTD

FTD, unspecified

FTD, PPA (nfvPPA)

FTD, bvFTD

FCx
FCx
FCx
FCx
FCx
FCx
FCx
FCx
FCx
FCx
FCx
FCx
FCx
FCx
FCx
FCx

Brain region

BA9
BA9
BA9
BA9
BA10
BA10
BA9
BA9
BA9
BA9
BA10
BA10
BA10
BA10
BA10
BA10

* f, female; m, male

VIB Department of molecular Genetics and Antwerp Brain Bank, Institute Born-Bunge: Antwerp, Belgium

Extended Data Table 1: Information on human brain tissue
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Supplement Figure 1: Molecular karyotyping of GRN ko iPSC line.

B allele frequencies (BAF) and Log R ratios of each chromosome are shown for the GRN ko iPSC
line. Blue dots indicate measured SNPs. BAF values show normal zygosities on all chromosomes
and Log R ratios confirm absence of detectable deletions or insertions. Overall, the karyotype
shows no chromosome aberrations
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4 Discussion

4.1 Summary

e PGRN LOF hiMGL have a DAM signature, increased expression of TREM2, TREM2
signaling, myelin phagocytosis, and lysosomal dysfunction

e Treatment of PGRN LOF hiMGL with TREM2 antagonistic antibodies ameliorates the
DAM signature, decreases expression of TREM2, TREM2 signaling, and myelin
phagocytosis, but fails to rescue the lysosomal dysfunction (Figure 6)

¢ TREM2/GRN DKO mice exhibit synaptic loss and elevated NfL levels and lysosomal
dysfunction was not rescued

e LGMN proteolytic activity is strongly upregulated in GRN KO mouse brains, hiMGL, and
GRN-FTLD patients and increased LGMN activity enhances TDP-43 processing into

fragments enriched in inclusions (Figure 7)

4.2 Hyperactivation of PGRN-deficient microglia is secondary to lysosomal
dysfunction

PGRN’s critical functions in the lysosome, are illustrated by homozygous loss-of-function
mutations that lead to NCL, a lysosomal storage disease (Smith et al., 2012), and by research
showing that PGRN deficiency causes an upregulation of lysosomal enzyme expression and
activity (Gotzl et al., 2018, 2014; W. Huang et al., 2020; Klein et al., 2017; Root, Merino,
Nuckols, Johnson, & Kukar, 2021a). FTLD patients with GRN haploinsufficiency have
neuroinflammation, as measured by TSPO-PET (G6tzl et al., 2019; Marschallinger et al., 2020;
Martens et al., 2012; J. Zhang et al., 2020), and the microglia have a disease-associated
signature (Gotzl et al., 2019). It is unknown whether the lysosomal dysfunction contributes to or
is a result of microglial hyperactivation and this has also not yet been investigated in a human
microglia model. To address this question, | used CRISPR/Cas9 to genetically edit and knock
out GRN in human iPSCs. | differentiated these cells into human iMicroglia (hiMGL) and
characterized their transcriptomic signature, TREMZ2 expression, phagocytosis phenotype, and
lysosomal protease expression and activity, in relation to WT hiMGL (Figure 6). | found that
PGRN deficient hiMGL have an increased mRNA expression of disease-associated marker
genes, including APOE, SPP1, and TREM2, and a decreased expression of homeostatic genes,
including P2RY12, CX3CR1, and OLFML3. They also had a higher expression of TREM2 and
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there was increased sTREM2 in conditioned media. Furthermore, there was a higher pSyk
signal in the PGRN-deficient microglia, implicating increased TREM2 activation. This indicates
that the hiMGL are indeed hyperactivated, with a disease-associated signature. In line with
these findings, the PGRN deficient hiMGL phagocytosed more myelin than WT hiMGL. In terms
of the lysosomal phenotype, the PGRN deficient hiMGL have a higher expression of lysosomal
genes on a transcriptomic level, such as CD68, CTSB, and CTSD, as well as increased
cathepsin D activity. This indicates a similar lysosomal dysfunction to what has been previously

observed in murine microglia.

To investigate the effects of TREM2-dependent activation on microglial dysfunction, | treated
the microglia with two independent antagonistic TREM2 antibodies (Figure 6). | found that
treatment with these antibodies decreased the amount of TREM2 on the cellular membrane,
increased the amount of STREM2 shed into the media, and decreased pSyk signaling.
Furthermore, antagonistic TREM2 antibody treatment successfully inhibited the increased
myelin phagocytosis of PGRN deficient microglia. These results suggest that antagonistic
antibodies are inhibiting ligand-binding to TREM2 and decrease TREM2 expression on the cell
surface, which all together results in reduced TREM2 signaling. According to the transcriptomic
signature of the PGRN deficient hiMGL after treatment, there was a decrease in expression of
DAM genes, including TREM2, SPP1, CSF1, and an increase in expression of homeostatic
genes, such as P2RY12. Together, this indicates that hyperactivation of PGRN deficient
microglia was ameliorated. However, looking at the lysosomal phenotype, there was no effect of
the treatment on the expression of lysosomal genes, such as CTSD and CD68, at a
transcriptomic level. There was also no rescue of the increased cathepsin D activity. Therefore,
the TREM2 inhibition treatment was unable to rescue lysosomal dysfunction caused by PGRN
deficiency. To further confirm the DAM phenotype, some additional experiments that could have
been done include proliferation assays, migration assays, or morphology analysis. To further
explore lysosomal dysfunction, one could additionally look at lysosomal damage or
abnormalities, such as Galectin-3 expression, LAMP1 stainings, or measured the lysosomal pH.
I could have also looked for buildup of material that could not be digested, like lipid droplets

after myelin treatment.
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Figure 6. GRN KO hiMGL exhibit increased TREM2 signaling and expression, increased myelin
phagocytosis, a DAM signature, and lysosomal dysfunction. Inhibiting TREM2 in GRN KO hiMGL
decreases TREM2 signaling and expression, increases TREM2 shedding, decreases myelin
phagocytosis, and ameliorates the DAM signature. However, the lysosomal dysfunction is not rescued
(created with Biorender.com).

To investigate the TREM2 inhibition effects in another model, we also crossed Trem2 KO and
Grn KO mice, to generate a Double KO (DKO) model. We found, through TSPO-PET imaging,
that there was a rescue of microglial hyperactivation. We also found a reduction of the DAM
signature seen in the Grn KO mice through transcriptomic analyses. However, the lysosomal
abnormalities of increased Cathepsin D expression and activity, and dysregulated lipids, were

again not rescued, consistent with my results obtained in hiMGL.

The findings from both the mouse and hiMGL data indicate that the lysosomal dysfunction
caused by PGRN deficiency is most likely upstream of the TREM2 signaling activation pathway
and could also be independent. This means that the primary phenotype in PGRN deficient
microglia is lysosomal dysfunction, which somehow causes the cells to become activated. This
activation might somehow be a defensive mechanism. However, hyperactivation can be
rescued with TREM2 inhibition, showing that it can be reversed, and microglia can switch back
and forth between activation states, even if the lysosomal dysfunction is not rescued. This has

implications on future treatments involving modulation of microglial state in neurodegenerative
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disease, for example with TREM2 agonists. Since hyperactivation could be a concern for this
treatment, it is reassuring to know that the microglia might not be permanently trapped in an

activated state.

Also, the relationship between PGRN and TREM2 and their respective pathways is not known.
What is known is that PGRN LOF microglia have high expression of TREM2 and that DAM have
a high expression of both TREM2 and GRN (Keren-Shaul et al., 2017). Progranulin has been
shown to be anti-inflammatory (Tang et al., 2011), so it is possible that it is highly expressed in
DAM to regulate an inflammatory phenotype. When it is knocked out, the microglia cannot enter
a resting state without external modulation. Another potential explanation is that galectin-3, a
marker for lysosomal damage (Jia et al., 2020), has been shown to be upregulated in GRN KO
microglia (Logan et al., 2021), and it is also a ligand for TREM2 (Boza-Serrano et al., 2019).
This could be how lysosomal dysfunction increases TREM2 expression. However, whether

TREM2 and GRN are independent or related remains to be determined.

4.3 TREM2-dependent activation of PGRN LOF microglia is protective for neurons

Activated microglia are found in many neurodegenerative diseases, including AD and FTD, and
believed to be detrimental through increased synaptic pruning and promoting cell death
(Heneka et al., 2013; Hong, Beja-Glasser, et al., 2016; Hong, Dissing-Olesen, & Stevens,
2016). Microglia in PGRN-deficient mice also show increased phagocytosis and synaptic
pruning (Gotzl et al., 2019; Lui et al., 2016; J. Zhang et al., 2020). Therefore, we were curious to
investigate if hyperactivation in GRN deficient mouse models is also detrimental. In the DKO
mice, there was a decrease of synaptic markers, an increase in NfL in the CSF, and a
significant effect on neuronal cytoskeleton, tissue integrity, and transmitter response and uptake
pathways from transcriptomic analysis, consistent with increased neuropathological phenotypes.
There was also reduced expression of the neuroprotective transcription factor, Npas. This
indicates that TREM2-dependent microglial hyperactivation is not necessarily detrimental, but
perhaps even protective. Our initial expectation was that TREM2 antagonistic treatment could
be beneficial by alleviating the pathological phenotypes seen in PGRN LOF hiMGL and mice,
since previously-seen chronically-activated microglia were shown to be damaging, for example
by inducing the inflammasome (Heneka, McManus, & Latz, 2018). However, our results along
with (S.-H. Lee et al., 2021) imply that even TREM2-dependent hyperactivation could be

protective, and therefore therapeutic modulation with TREM2 agonistic antibodies seem to be
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favorable. It also confirms the positive data seen in previously published studies on using
TREMZ2 agonistic antibodies to treat Alzheimer’s disease (Cheng et al., 2018; Cignarella et al.,
2020; Price et al., 2020; Schlepckow et al., 2020; S. Wang et al., 2020). These antibodies
enhance microglia phagocytosis of myelin debris and Ap (Cignarella et al., 2020; Schlepckow et
al., 2020), and improve phagocytosis of and migration towards oAp as well as microglial survival
(Zhao et al., 2022). Treatments in 5XFAD mice resulted in reduction of amyloid burden, better

neuronal health, reduced tau hyperphosphorylation, and improved cognitive functions.

4.4 Redefining microglial nomenclature and states

Our study showed how dynamic microglia are in switching between states. A white paper was
recently published on the topic of critically defining microglia activation states using better and
internationally consistent nomenclature (Paolicelli et al., 2022). They made the point of being
careful about defining microglia states using only morphology and marker genes, and that it
would be better to use as many factors as possible, including functional assays. | think that it is
becoming clearer in the field that the current nomenclature for describing microglial states, for
example resting versus hyperactivated, can be misleading. This is because some of them
already have positive or negative connotations such as resting microglia being beneficial and
hyperactivated microglia being detrimental. Since microglia are immune cells, they are very
responsive to their environment, both internal and external. Internal examples include lysosomal
dysfunction due to PGRN deficiency, and external examples include cellular debris from
degeneration or injury. These responses shape their transcriptional signature and functions, and
therefore their effects on neurons and other cell types. Since there is a wide variety of factors
and stimuli, there must be a wide variety of states as well (Dolan et al., 2022). | believe that it is
difficult to have such rigid definitions and names for each “sub-population” and it must be more
of a spectrum or gradient since one “sub-population” can have overlapping phenotypes and
marker genes with another. For example, our study showed that the TREM2 antagonistic
antibody treated PGRN LOF hiMGL and GRN/TREM2 DKO murine microglia can have an
ameliorated activation signature and an upregulated homeostatic signature, but still have
lysosomal dysfunction and a neurotoxic effect. Another example is that both interferon-
responsive (Aw, Zhang, & Carroll, 2020; Dorman et al., 2022; Roy et al., 2020) and disease-
associated microglia (Keren-Shaul et al., 2017) have increased phagocytosis abilities and have
higher CD68 expression. However, proinflammatory microglia have been shown to be

detrimental and DAM2 have been shown to be protective (S.-H. Lee et al., 2021). More general
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terms, such as “homeodynamic” and “responding” microglia for different stimuli can be more
appropriate, since these describe the activities performed by microglia in different contexts. It is
also important to realize that microglia are very plastic and can transition between reactive

states.

4.5 Legumain links progranulin deficiency with TDP-43 pathology in FTD

Mutations that result in haploinsufficiency of PGRN lead to frontotemporal dementia with FTLD-
TDP pathology. However, the link between PGRN loss of function and TDP-43 pathology is
unknown. In Grn KO mice, LGMN activity and expression of mature LGMN was found to be
increased at all ages from 3 months to 2 years old. Grn KO murine embryonic fibroblasts (MEF)
also have increased LGMN activity and expression. These results imply that PGRN inhibits the
maturation of LGMN. The increased LGMN activity and expression in the MEF cells correlates
with enhanced proteolytic TDP-43 processing into fragments seen in pathological inclusions
(Herskowitz et al., 2012). When the cells are treated with a Lgmn siRNA, effectively knocking
down its activity and expression, TDP-43 processing is rescued to WT levels. In primary murine
neuron cultures transfected with WT Lgmn, TDP-43 processing is also enhanced, to the point
where the 25 kDa CTF is seen as well. CTF formation includes removal of the nuclear
localization signal of TDP-43, which may lead to its cytoplasmic accumulation and further
aggregation. In PGRN deficient hiMGL, | found increased LGMN expression on both the protein
and RNA level as well as increased proteolytic activity. However, there was only immature
LGMN expressed in WT and GRN KO iNeurons and almost no proteolytic activity. When co-
culturing the hiMGL with WT iNeurons, there was increased LGMN expression and activity in
the GRN KO hiMGL co-culture, which correlated with increased TDP-43 processing into smaller
fragments found in pathological deposits (Figure 7) (Herskowitz et al., 2012). The WT iNeuron
and GRN KO hiMGL co-cultures were treated with AAV-Cst7 under a human synapsin (hSyn)
promotor, which is specific for neurons (Figure 8). The treatment prevented the elevated levels
of mature LGMN and LGMN activity, as well as TDP-43 processing. This implies that the
elevated LGMN expression and activity, and the TDP-43 processing in the co-cultures were
neuron-specific. Since the iNeurons in all the conditions were WT, the pathology must be a
result from the hiMGL genotype in the co-cultures. However, it is still unknown how legumain is
transferred from microglia to neurons, either through secretion and uptake, like with exosomes
(Guo et al., 2021), or direct contact, like through nanotubes (Chakraborty, Nonaka, Hasegawa,

& Zurzolo, 2023; Scheiblich et al., 2021), or if the microglia induce an upregulation of legumain
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expression in the neurons. The implied cross talk between the microglia and neurons resolves
the spatial paradox of predominant PGRN and LGMN expression in microglia and TDP-43

pathology observed in neurons.

However, this pathologically increased LGMN activity increases abnormal processing of
lysosomal cathepsins (Go6tzl et al., 2018, 2014; Klein et al., 2017; Tanaka et al., 2017), which
may result in lysosomal dysfunction. Therefore, other lysosomal proteases cannot be
completely excluded. In the future, the mechanism of legumain transfer between microglia and
neurons can be further investigated by fluorescently tagging legumain to see if it is traveling
from one cell type to another and to see if there is any interaction between legumain and TDP-
43. Another option is specific legumain inhibition in microglia and checking the TDP-43

processing in co-cultured neurons.
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Figure 7. Legumain expression and activity is upregulated in GRN KO microglia. The legumain is
transferred to neurons through an unknown mechanism, where it abnormally processes TDP-43. These

abnormally processed TDP-43 fragments are a pathological species (created with Biorender.com).
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Figure 8. Legumain expression and activity is upregulated in GRN KO microglia. Legumain is transferred
to neurons through an unknown mechanism, where it abnormally processes TDP-43. AAV induction of
Cystatin F is neuron-specific and the treatment inhibits LGMN activity and prevents TDP-43 processing

(created with Biorender.com).

4.6 Consequences for therapeutic treatment of FTD-GRN

Our study has implied that treating FTD with TREM2 inhibition would not be beneficial. Not only
does it not rescue the lysosomal dysfunction that is seen in the microglia, but it can increase
neuropathological phenotypes. Therefore, efforts should be directed at other targets, possibly
focusing on the lysosome. One possibility is legumain inhibition. We have shown that inhibiting
legumain activity prevents pathological processing of TDP-43. Another possibility that is already
being investigated is PGRN replacement therapy (Logan et al., 2021). Logan et al. were able to
rescue various phenotypes in PGRN LOF primary murine macrophages and hiMGL including
lysosomal dysfunction, endomembrane damage, and oxidative stress. In Grn KO mice, they
were able to correct levels of glycosylsphingosine and bis(monoacylglycero) phosphate (BMP)

and rescue some disease pathology including lipofuscinosis, microgliosis, and neuron damage.
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However, since the current PGRN LOF mouse and iPSC-derived models used do not show
other aspects of TDP-43 pathology, such as aggregation and mislocalization, it is difficult to

investigate possible therapeutics.

4.7 Outlook

The most recent development in iPSC-derived disease modeling is the establishment of the
chimeric mouse model. Namely, the transplantation of either human iPSC-derived hiMGL
progenitor cells (Abud et al., 2017; Bennett et al., 2018; Claes et al., 2021, 2022; Hasselmann et
al., 2019; Mancuso et al., 2019; Mathews et al., 2019; Mcquade et al., 2020; Svoboda et al.,
2019) or neuroprogenitor cells (NPCs) (Chen, Kim, & Jiang, 2016; Espuny-Camacho et al.,
2017; Najm et al., 2020; Preman et al., 2021) into a mouse brain. The mice used for these
experiments need to be immunodeficient (Rag KO or NOD-SCID), so the transplanted cells are
not rejected. For the human microglia transplantations, the mice also need to have humanized
CSF1 (hCSF1) so human cells can survive. Required cell types are differentiated in vitro and
then injected into pups, where they further differentiate into either microglia or neurons,
respectively. hiMGL transplanted into mice look morphologically heterogeneous, indicating that
they are responding to distinct brain regions, potentially reflecting microglia subtypes found in
the brain (Abud et al., 2017) since it was previously shown that microglia have region-
dependent transcriptional identities (Grabert et al., 2016). Transcriptionally, the transplanted
hiMGL in AD mouse models recapitulate a complex expression profile that is characteristic of
microglia isolated from human AD-patient tissue (Hasselmann et al., 2019; Mancuso et al.,
2019). The cells also have a robust transcriptional response to AB-plaques that diverge from
and only partially overlap with mouse microglia, revealing novel A response genes that are
human specific (Hasselmann et al., 2019; Mancuso et al., 2019). The TREM2 pathway is,
however, conserved. Since this model also allows for customization and flexibility in terms of
genotypes of both the iPSC-derived cells and mouse, it has been used to study TREM2 KO
hiMGL and TREM2 R47H hiMGL in AD mouse models (Claes et al., 2021; Mcquade et al.,
2020). Human iNeurons transplanted into the brain of an AD mouse model successfully
integrate and express 3R/4R Tau splice isoforms, have abnormal phosphorylation of Tau,
conformational Tau changes, and undergo neurodegeneration (Espuny-Camacho et al., 2017).
Therefore, this chimeric model has shown success in terms of recapitulating pathological
phenotypes of AD in the human iPSC-derived cells (Abud et al., 2017; Claes et al., 2021;
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Espuny-Camacho et al., 2017; Hasselmann et al., 2019; Mancuso et al., 2019; Mcquade et al.,
2020; Najm et al., 2020; Preman et al., 2021).

As an outlook for my research, | would like to utilize chimeric mouse models to hopefully create
a more complete model of FTLD-TDP. Since | have already shown that GRN KO hiMGL can
have pathological effects on TDP-43 in neurons, | would like to push this further by using TDP-
43 mutant iPSC-derived neurons. The neurons would have a TARDBP M337V mutation, that
increases mislocalization and insolubility of TDP-43 (Bilican et al., 2012; Mutihac et al., 2015;
Nishimura et al., 2014). | will transplant these NPCs, along with GRN KO hiMGL, into hCSF1
mice (Claes et al., 2022), in hopes of having a model that shows more complete pathology seen

in human patients (Figure 9).

WT NPCs WT hiMGL TARDE§Ch2337V WT hiMGL | WT NPCs GRN KO hiMGL TARDS,EC!:;:;N GRN KO hiMGL

Figure 9. Experimental plan for chimeric mouse model of TDP-43 pathology (made with Biorender.com).

In addition, | will use synergistic modifications by mutating the NLS of TARDBP and combining it
with the M337V mutation to encourage mislocalization of TDP-43 into the cytoplasm and
aggregation. To supplement the 2D co-cultures, | will make 3D brain-tissue-models using these
neurons along with WT or PGRN LOF microglia, where the more brain-like environment could

also encourage a pathological phenotype.
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