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Abstract: Loss of function mutations in the gene granulin (GRN) decrease levels of the protein
progranulin (PGRN) and cause the neurodegenerative diseases frontotemporal dementia (FTD)
and neuronal ceroid lipofuscinosis (CLN11). Although, lysosomal dysfunction is a common
feature of PGRN deficiency disorders, the underlying function of PGRN and its constituent
granulin subunits in the lysosome remains unclear. The studies detailed below demonstrate that
granulins have the ability to rescue disease-like phenotypes in vivo, and that these phenotypes of
interest are conserved across models of PGRN deficiency. This work contributes to the field’s
understanding of the molecular mechanisms underlying lysosomal dysfunction in models of
PGRN deficiency, and provide insight into novel therapeutic avenues for PGRN based therapies.
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1 Introduction:

Frontotemporal dementia (FTD) is the second most common dementia diagnosis after Alzheimer’s
disease, and the most common among people under the age of 60 (6). Over 100 different mutations
in the granulin gene (GRN) encoding progranulin (PGRN) are known to cause FTD (7). All
pathogenic GRN mutations reduce levels of PGRN, or are loss of function, however why decreased
levels of PGRN cause disease remains unclear (8). PGRN is a multifunctional secreted protein
composed of 7.5 tandem granulin domains expressed primarily in neurons and microglia in the
CNS (9). PGRN has been associated with many functions including neurotrophic and anti-
inflammatory activity (10-13), but its precise function is unclear.

While PGRN has been canonically understood as an extracellular protein, the discovery
that homozygous GRN mutations cause a rare lysosomal storage disease CLN11 (14-16), revealed
that PGRN may play a functional role intracellularly in the lysosome. Subsequent work has
suggested PGRN may regulate activity of lysosomal hydrolases (17-20), influence the abundance
of lysosomal lipids (21), and contribute to the maintenance of lysosome morphology (22). Loss of
PGRN leads to lipofuscin accumulation, lysosomal dysfunction, and neuronal death (23, 24).

Work by the Kukar lab and others demonstrated that PGRN traffics to the lysosome where
it is cleaved into the constitutive granulin subunits (25, 26). The granulin subunits are stable in the
lysosome for many hours compared to PGRN which is cleaved within 30 minutes (25). Taken

together, these data support the idea that cleaved granulin subunits carry out the functional role of

PGRN in the lysosome. However individual granulins are not well understood, with various

functions reported since they were first described in 1990 (27-29), some of which are conflicting

(30, 31). These gaps in knowledge have stirred debate over whether granulins play a beneficial



role in the cell and contributed to the current lack of successful treatments for FTD-GRN patients.

In this dissertation work, I will investigate the mechanisms underlying lysosomal dysfunction in

disease relevant PGRN-deficient systems to further understand the etiology that leads to disease.

The experiments detailed here assess the bioactive nature of granulins, and contribute to the basic
understanding of lipid phenotypes and the tractability of HeLa cells lines to model FTD and
CLN11. These findings are significant because they advance our fundamental understanding

of the role of PGRN and granulins in the lysosome.

1.1 A Brief History of Frontotemporal Dementia (FTD)

The first case of FTD was described by Arnold Pick in 1892 (32). By 1906 Pick described
4 additional cases with language disturbances and temporal lobe atrophy and another patient that
presented with behavioral disinhibition and mixed apraxia (33-35). All patients showed
progressive mental deterioration, anomic aphasia and had pathology related to the degeneration
of the left temporal lobe. Though Pick did not describe any histopathological changes, the
histopathology associated with FTD was described a few years later in 1911 by Alois Alzheimer.
While Alzheimer specifically characterized the argyrophilic intracellular inclusions and ballooned
cells (36), it was A. Gans, a pupil of Pick’s, who was the first coined the term “Pick’s Disease” to
describe distinctive lobar cortical atrophy (37). While Pick believed that he had described an
atypical case of senile dementia, work by Onari and Spatz (38), and Carl Schneider (39, 40)
showed that Pick’s Disease was a separate diagnosis, characterized by areas of degeneration and
phases of clinical progression.

Pick’s Disease remained a rare diagnosis until the second half of the 20" century when
interest was rekindled as cases matching the clinical description were described in various

patients. More evidence that these cases were Pick’s disease was found at the histological level



where these cases were characterized into three types: the previously described argyrophilic
inclusions and ballooned neurons (type A), ballooned neurons but not inclusions (type B) and
cases lacking both ballooned neurons and inclusion (type C)(41). Concurrently, groups in Sweden
and the UK described cohorts of patients with dementia and frontal lobe degeneration that did not
present with either the plaques and tangles characteristic of Alzheimer’s Disease or the inclusion
pathology associated with Pick’s Disease. The two groups independently termed these cases as
“frontal degeneration non-Alzheimer type” (42, 43), and “dementia of the frontal type” (44).
These two groups worked together to outline the first clinical and neuropathological criteria for
frontotemporal dementia diagnoses (45). As clinical approaches, neuroimaging, neuropathology,
and genetics have advanced, these criteria were later revised to encompass the heterogenous
nature of FTD (46, 47). Our current understanding is that FTD is a clinically heterozygous disorder
with substantial heritability. The heterogeneity of FTD can be classified according to 1) clinical
presentation, 2) histopathological findings, and 3) genetic consultation.

1.2 FTD Clinical Subtypes

Frontotemporal dementia is an umbrella diagnostic term that encompasses two clinical
subtypes classified by symptom presentation: behavioral-variant FTD (bvFTD), and primary
progressive aphasia (PPA) (48). Each clinical variant is associated with a specific pattern of
atrophy (49) and to a lesser degree a particular pattern of histopathology (section 1.3). Although
presenting symptoms may differ, as the disease progresses symptoms often converge as the
disease progresses and patients begin to develop more global cognitive impairment (50).

bvFTD comprises over 50% of all FTD cases (51). One of the most salient symptoms of
bvFTD is behavioral disinhibition which can include socially inappropriate behavior, loss of
manners, and impulsive actions (52). These changes are observed in concert with a relative sparing

of memory functions. More cognitive symptoms include poor attention, distractibility,



disorganization, and loss of the ability to plan (53). Because of this presentation about half of
bvFTD patients are first diagnosed with a primary psychiatric disorder prior to being diagnosed
with a neurodegenerative disease (54). Neuroimaging studies show the earliest structural and
functional changes in bvFTD patient brains include the anterior cingulate, orbitofrontal and
fronto-insular cortices (55), and that these are generally lateralized to the right hemisphere,
however, there is heterogeneity between individuals (56, 57).

The second common clinical presentation associated with FTD is primary progressive
aphasia (PPA) which presents with an isolated language deficiency (58-60). Most diagnoses of
PPA (~60%) are attributed to FTD disease processes, accounting for about 25% of FTD cases.
The remaining 40% of PPA diagnoses are attributed to AD-type-neuropathology, highlighting
how heterogenous and diverse FTD presents clinically (61). There are three recognized syndromes
that are included under the diagnosis of PPA: semantic variant (svPPA) (62), progressive non-
fluent variant (nfvPPA) (63), and logopenic progressive aphasia (64). Each subtype is
characterized by a specific presentation in word loss, speech production difficulties, and word
retrieval deficits.

svPPA, also known as semantic dementia, is characterized by difficulty reading words,
irregular pronunciations, and surface dyslexia in the absence of speech fluency (65). Importantly,
the gradual impairment of language focuses on object knowledge in comparison to other PPA
subtypes (66). In contrast, IvPPA is characterized by an impairment in naming while object
knowledge and single word comprehension is preserved (59). Though word finding difficulties
may be present resulting in slower speech, IVPPA patients do not display the agrammatism typical
of nfvPPA (59, 64). Lastly, nfvPPA is characterized by effortful speech and agrammatism (67).

Agrammatism may be accompanied by a reduction in phrase length and syntactic complexity. For



example nfvPPA patients often employ fewer verbs than healthy controls (68). Interestingly,
Pick’s first descriptions of patients at the turn of the 20" century include patients whose symptoms

would be considered both probable bvFTD and PPA diagnoses by today’s criteria.

1.3 Pathology of Frontotemporal Lobar Degeneration

In gross pathological studies FTD patients’ brains show frontal and anterior temporal lobe
atrophy. Atrophy can be extensive, though there is marked sparing of posterior regions until the
later stages of disease (69). Microscopically, the gray matter shows neuronal loss and gliosis,
while white matter characteristically displays a loss of myelin and astrocytic gliosis (47). Though
the patterns of atrophy and the cellular changes may be broadly generalizable between FTD
clinical presentations and patients, FTD pathology is typically described as frontotemporal lobar
degeneration (FTLD).

FTLD is the term fused to describe the various underlying pathological processes that
cause the clinical manifestations of FTD. FTLD can be further broken down into three main
neuropathological categories. The subdivisions of pathological presentations are categorized by
the presence of inclusion bodies. The three recognized pathological designations are FTLD with
tau inclusions (FTD-tau), FTLD with TDP-43 inclusions (FTLD-TDP) and FTLD with FET
inclusions (FTLD-FET) (70). There are a few rare FTLD cases (<1%) where the major inclusion
protein has not yet been identified. These cases are named for the proteins related to the ubiquitin
proteasome system (UPS) found in the inclusions such as ubiquitin and p62 and termed FTD-UPS
(71, 72). While the precise pattern and progression of degeneration correlates reasonably with
clinical presentations, the pathology underlying each clinical presentation can vary making it
difficult to accurately predict the neuropathology in individual patients. However, there are

correlations between some clinical syndromes and neuropathological subtypes (73-75).



1.3.1 FTLD-Tau
Tau is a microtubule-associated protein that is highly expressed in neurons and functions

to bind and stabilize microtubules (76). Abnormal accumulation of hyper phosphorylated tau is a
feature of several neurodegenerative disorders, collectively referred to as tauopathies, a number
of which can be classified as FTLD-tau (77, 78). Accumulation of hyperphosphorylated tau in
neurofibrillary tangles (NFTs) is present in 45% of all FTD cases (79, 80). Pathological subtypes
of FTD-tau include Pick’s Disease (PiD), corticobasal degeneration (CBD), progressive
supranuclear palsy (PSP), and argyrophilic grain disease (AGD) (75, 81). Tauopathies may be
further subdivided by the primary isoform of the tau protein included in the inclusions either 3R

tau (PiD), 4R tau (CBD, PSP, AGD), or a mixture of both (74, 78).

1.3.2 FTLD-TDP
TDP-43 pathology, characterized by hyperphosphorylated protein and cleaved c-terminal

fragments, is the most common pathology present in FTD cases (81, 82). Transactivation-response
DNA-binding protein of 43 kDa (TDP-43) is a ubiquitously expressed RNA/DNA binding protein
with diverse functions including DNA and RNA homeostasis, transcriptional activation, mRNA
splicing, transport, translation, and degradation (83-85). Four histopathological TDP-43 subtypes
have been identified based on the distribution and morphology of the inclusions (86). Type A is
characterized by TDP-43 neuronal cytoplasmic inclusions (NCI) and dystrophic neurites. It is
most commonly associated with bvFTD and some nfvPPA cases. Type B cases have moderate
numbers of neuronal cytoplasmic inclusions, with few dystrophic neurites and most commonly
identified in bvFTD cases. Type C pathology have high levels of dystrophic neurites and few
neuronal cytoplasmic inclusions. There is a strong correlation between svPPA and type C
pathology. Finally, type D pathology is marked by lentiform neuronal intranuclear inclusions of

TDP-43 and short dystrophic neurites. This pathology is exclusively observed in patients with



V'CP mutations, which is usually diagnosed as bvFTD (82, 87). Taken together one of these 4

FTLD-TDP pathologies is observed in about 50-60% of FTD cases (88, 89).

1.3.3 FTLD-FET
Inclusions in cases of FTLD-FET are positive for all three members of the FET family of

proteins which includes fused in sarcoma (FUS), TATA-box binding protein associated factor 15
(TAF15), and Ewing’s sarcoma (EWS)(90-92). Like TDP-43, they are ubiquitously expressed,
homologous DNA/RNA-binding proteins, involved in various aspects of DNA and RNA
metabolism (93). Compared to FTLD-tau and FTLD-TDP, FTLD-FET is less common
representing about 5-10% of cases (75, 94). There are several histopathological variants of FTLD-
FET known as Neuronal Intermediated Filament Inclusion Body Disease (NIFID), Basophilic
Inclusion Body Disease (BIBD), and atypical FTLD-U (95-97). NIFID is characterized by FUS
positive NCls in a variety of brain regions (cortex, hippocamps, striatum, etc.) (98, 99). BIBD is
characterized by strong FUS positive NClIs found in fewer brain regions (neocortex, hippocampus,
globus pallidus, thalamus, midbrain, pons, and inferior olivary nucleus) and consistent ubiquitin
positive staining (97, 100). Atypical FTLD-U has the most restrictive FUS positive
immunoreactive staining (highest staining in frontal cortex) and is characterized by FUS positive
neuronal intranuclear inclusions, NCI, and glial cytoplasmic inclusions (99, 100). Clinically most
FTLD-FUS cases are sporadic, meaning no genetic heritability can be traced for these patients.

These cases are also generally considered severe, with the age of onset occurring before the age

of 50 (75).

14 Genetics of FTD

Clinicians observed the familial nature of FTD shortly after it was first described (101).

40-50% of bvFTD patients have a family history of disease, suggesting that there is a strong



genetic component (102, 103). This contrasts with other forms of dementia like AD for which
only 5% of early onset patients have an identified autosomal-dominant mutation (104). Although
the inheritance pattern varies between clinical diagnoses, family history is most prominent in
patients with bvFTD (~45%) (103), and is less common in PPA (105). The majority of familial
FTD cases can be attributed to mutations in three different genes: granulin (GRN), chromosome
9 open reading frame 72 (C90rf72), and microtubule-associated protein tau (MAPT) which
together account for up to 40% of familial FTD (106). A list of pathogenic and other variants in

these genes has been collated online in the AD&FTD Mutation Database (107).

1.41 C9orf72
C90RF72 was originally linked to FTD when multiple groups reported a strong linkage

between a locus on chromosome 9 and the development of FTD as well as a related
neurodegenerative disease, amyotrophic lateral sclerosis (ALS) (108-110). Following this, two
groups independently discovered that FTD was caused by a hexanucleotide repeat expansion in
the non-coding region of C9orf72 gene was a major cause of FTD and ALS (111, 112). The
C9orf72 gene of most healthy individuals contains between two and twenty G4C2 repeats. Disease
typically occurs in patients that have a repeat expansion of 100 or more G4C2 repeats (113). These
repeat expansions of C9orf72 are the most common genetic cause of FTD, accounting for about
25% of hereditary cases (113, 114). While the normal function of the protein encoded by C90rf72
is still under investigation, it has been proposed that the toxicity of the GAC2 repeat expansion
arises from dipeptide repeat (DRP) proteins, disrupted intracellular membrane trafficking, and/or
RNA mediated toxicity (115-117). C9orf72 cases are positive for TDP-43 pathology as it is
thought that C90rf72 expansions lead to the inappropriate exit of TDP-43 from the nucleus into
pathological inclusions, typically either FTLD-TDP type B or type A (118). As we see with other

genetic causes of FTD, the clinical presentation of C90rf72 mutation carriers can be diverse. The



most common clinical diagnosis is bvFTD. Further, if ALS symptoms are seen in an individual

with familial FTD it is likely that they carry an C9orf72 mutation (119).

1.4.2 MAPT
Pathogenic mutations in the MAPT gene were the first to be linked to FTD (120-122).

Since its description in the late 1990s, over 60 dominantly inherited mutations MAPT have been
identified accounting for 5%—20% of familial FTD (fFTD) and 0%—3% of sporadic FTD (sFTD)
(94, 123, 124). Patients with MAPT mutations present with FTLD-tau (125). Based on their mode
of action, two different types of MAPT mutations are described: the first type deregulates gene
splicing altering ratios of 3R and 4R isoforms, while the second type disturbs microtubule binding
(126, 127). bvFTD is the most common diagnosis for families with MAPT mutations, typically

with an early age of onset between 45 and 55 years old (119).

1.4.3 GRN
MAPT mutations were first identified in a group of patients with FTD and parkinsonism

linked to chromosome 17 (128, 129). After MAPT was identified there were still several families
that were negative for MAPT mutations and tau pathology but did display autosomal-dominant
FTD linked to the same region on chromosome 17. This suggested that there was another gene
on chromosome 17 that caused FTD. In 2006, mutations in the granulin gene (GRN), which
encodes PGRN, were found to cause FTD with ubiquitinated inclusions that contained TDP-43
(130-133). Since the first description over 90 mutations have been reported in the GRN gene
including frameshift, splice site, nonsense signal peptide, Kozak sequence disruptions, and
missense mutations (https://coppolalab.ucla.edu/lovd_gift/view/GRN). Despite the diversity of
mutation types, all pathogenic GRN mutations cause disease through haploinsufficiency which
leads to ~50% or greater reduction in PGRN mRNA and protein (134). In healthy controls the

levels of circulating PGRN in human plasma is about 200 ng/mL (135) and in CSF it is found



at a lower concentration around 6 ng/mL (136). Patients with FTD-GRN generally have plasma
PGRN levels of 120 ng/mL or lower (135). It has been suggested that decreased protein levels
may be mediated by nonsenses mediated degradation of the GRN mRNA transcript (137, 138).
However, point mutations have also been shown to reduce the amount of CSF PGRN below the
threshold for healthy function (135), indicated that further investigation into the mechanism via
which GRN mutations lead to decreased protein requires further study. Depending on the patient

population, GRN mutations account for 5-20% familial FTD and 1-5% of sporadic FTD patients
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Figure 1.1: PGRN structure and Phylogeny

A) Schematic of PGRN and linker regions

B) Phylogenetic Tree with GRN human protein sequence and homologs. Maximum-Likelihood tree with
bootstrap values displayed at nodes.



(113, 132).

At a pathological level, GRN mutations have been associated with FTLD-TDP subtype A
pathology (133, 139, 140). Even so, GRN mutations carriers present with the widest clinical
spectrum of genetic FTD. bvFTD and nfvPPA are the most common clinical presentation of GRN
mutation carriers. However, clinical diagnosis of Alzheimer’s disease, Lewy Body Dementia, and
CBD have all been reported in GRN mutation carriers (119, 141). Interestingly, variants in the
GRN gene have been identified as risk factors for both AD and PD (142-145), underlining the
multifaceted and heterogeneous nature of GRN mutations and their clinical implications.

Encoded by the GRN gene, progranulin (PGRN) was originally discovered as a

component of the granule fraction of mammalian phagocytic leukocytes (27). PGRN is also
known as PC cell derived growth factor (146), acrogranin (147), proepithelin (148), granulin-
epithelin precursor (149) or epithelial transforming growth factor (150). PGRN is a pleiotropic
glycoprotein protein that is composed of 7.5 tandem cysteine rich granulin (GRN) domains (Fig
1.1A). Progranulin is phylogenetically ancient and granulin-domain containing proteins are
found in organisms from slime molds (151) to mammals (27) (Fig 1.1B). Interestingly, multiple
proteins containing granulin-domain are found in fish and invertebrates, whereas mammals
possess only one copy of a granulin-domain containing gene (152). Taken together, this
phylogenetic history suggests that progranulin is one of the first extracellular regulatory proteins

still utilized by multicellular organisms (153).

1.4.4 GRN in other Neurodegenerative Diseases
Beyond FTD, a common genetic variant in GRN, the T allele of rs5848, has been

associated with an increased risk of developing AD (142, 143, 154) and Parkinson’s Disease
(PD) (144, 145). Loss of function mutations have also been associated with Lewy Body

Dementia (LDB), a rare neurodegenerative disorder associated with alpha synuclein pathology



(155). Variants within the GRN gene have also recently been associated with limbic predominant
age associated TDP 43 encephalopathy (LATE) (156).

1.5 Functions of PGRN

PGRN is expressed throughout the body and CNS including epithelial cells, neurons,
myeloid cells, immune cells, and adipocytes (157-159). Progranulin’s broad expression profile
suggests a role in basic cellular functions, and it has been implicated in several roles including:
neurotrophic activity, wound healing, cancer progression, modulation of inflammation, and
lysosome homeostasis (160).

Progranulin was originally described as a growth factor that regulates wound healing (27).
Since these first observations, our understanding of PGRN’s role in tissue growth, development
and remodeling has expanded. PGRN has been detected at some of the earliest stages of
development both before implantation where it plays a role in cavitation and blastocyst
development (161, 162), and after where PGRN is particularly crucial to the development of
epithelial and neural tissues (163). Following development PGRN is likely important for wound
healing as expression increases in epithelial cells after injury and adding PGRN to wounds in
mice increase the number of fibroblasts and capillaries (30). In the brain, PGRN is neurotrophic
in that it promotes neurite outgrowth (11), and increases cell survival and axon growth in a model
of nerve injury (164) and ischemic stroke (165).

In addition to promoting growth during development and wound healing, PGRN can
enhance the colony forming ability of tumor cells (166) and regulate the proliferation of several
types of cancer (167-169). PGRN has been studied in the context of several mechanisms of cancer
progression (170, 171) including regulation of apoptosis (172), mediation of cell migration and
invasion (173), the modulation of angiogenesis (174, 175), the promotion of chemoresistance

(176, 177), and tumor cell immune evasion (178). Serum PGRN levels are currently being



investigated as a potential biomarker or prognostic indicator in ovarian cancer (179, 180), breast
cancer (181), glioblastoma (182), and others (171).

Concordantly with its role in tumor cell immune evasion, PGRN may act as an
immunomodulator. PGRN is elevated in chronic inflammatory conditions like atherosclerosis
(183), diabetes mellitus (184), metabolic syndrome (185), multiple sclerosis (186), rheumatoid
arthritis (187), and asthma (188). Studies suggest that PGRN can modulate the expression and
release of chemokines, small secreted proteins that stimulate cell migration and play a central
role in the immune system (189), including IL-8 (190), and the loss of PGRN increases levels of
IL7 and IL-10 (191). Progranulin also reduces reactive oxygen species production by immune
complex-activated neutrophils, inhibiting neutrophilic inflammation (192, 193). Although the
mechanisms through which PGRN exerts this anti-inflammatory effect is not well understood
some have asserted that it could be through PGRN’s interaction with TNFR (194-196). However,
there are conflicting reports on whether TNFR is truly a PGRN receptor (197-200).

While PGRN levels increase in chronic inflammatory diseases, the loss of PGRN has been
shown to promote signs of inflammation in several models of neurodegenerative disease
including models of FTD (201-203). Although these findings may seem disparate, taken together
these data suggest that PGRN plays a role in the modulation of the immune response. It is possible
that PGRN levels require careful regulation as both too much or too little PGRN have been found
to be associated with increased inflammation.

PGRN has also been suggested to act as an adipokine, which are secreted factors produced
by adipose tissue that can affect metabolic homeostasis, satiety, and reproduction (204). PGRN
is found to be upregulated in differentiating adipocytes and is increased by LPS treatment and

other inflammatory signaling molecules (205). Further, in the identifying report PGRN



expression is increased as a consequence of insulin resistance. Grn”" mice fed a high fat diet
were protected from developing insulin resistance (206). Lastly, PGRN levels are increased in
patients with obesity and metabolic disorder, and positively correlate with levels of insulin
resistance (207, 208). In mice inhibition of PGRN expression in the hypothalamus increased
feeding behaviors and obesity (209). These findings suggest that PGRN expression shifts in
response to metabolic regulation, though the mechanism of action require further study (205).

Overall, PGRN has been implicated in several processes, but the proposed functions
generally focus on the PGRN as a secreted factor localized to the extracellular space. However,
recent genetic studies suggest PGRN plays a major functional role intracellularly.

1.6  PGRN and Neuronal Ceroid Lipofuscinosis

One of the first pieces of evidence that PGRN may be involved in lysosome function arose
when homozygous GRN mutations were discovered to cause neuronal ceroid lipofuscinosis
(NCL) type 11 (CLN11) (210). NCLs, also known as Batten’s disease, are a group of lysosomal
storage disorders that has been distinguished from other LSDs by the presence of lipofuscin, an
auto-fluorescent storage material in enlarged nerve cells (211). Tissues throughout the body
display abnormal accumulation of vacuolated lipoproteins in autolysosomes. CLN11 patients
produced no detectable PGRN, had retinal dystrophy, seizures, cerebellar ataxia, and early signs
of cognitive deterioration in their 20s. Electron micrographs of patient skin biopsy showed
ultrastructure abnormalities and fingerprint accumulation of lipofuscin, the marker indicative
for a diagnosis of NCL. The ultrastructure of the storage deposits differs between subtypes of
NCL, though the mechanism behind this variation remains unknow. For some NCL subtypes
some components of the storage material lipofuscin are known (212) and include sphingolipid
activator proteins (SAPs) and subunit C of mitochondrial adenosine triphosphate synthase

(SCMAS), however, for CLN11 the makeup of the lipofuscin in human patients remains unclear



(212, 213).

In addition to these pathological findings CLN11 patients have clinical features related to
neurodegeneration including cerebellar ataxia, seizures, and progressive decline in cognitive
and motor functions (23). Since the original case report, other cases of CLN11 have been
documented (14, 15, 214-216), including families with both FTD-GRN and CLN11 cases (14).
Recently, new patients from 9 unrelated families with homozygous GRN mutations were
reported to present with variable clinical phenotypes (16, 217) including juvenile onset NCL,
and bvFTD, including behavioral disinhibition and apathy. The observed heterogeneity in
phenotype aligns with other NCL subtypes caused by mutations in 12 other genes related to

lysosomal function (218, 219).

1.6.1 Overlap Between CLN11 and FTD-GRN
The clinical and genetic overlap between FTD-GRN and CLN11 patients led to further

comparison of pathological findings between FTD-GRN patients and models of complete PGRN
deficiency. One of the first reported similarities was the presence of retinal degeneration in FTD-
GRN patients similar to CLN11 patients (220). Lipofuscinosis and ultrastructural abnormalities
were found in the retinal and cortical tissue of FTD-GRN patients and patient derived iPSC
neurons (19, 221). FTD-GRN patient brains and NCL patients had increased levels of the
lysosomal membrane protein LAMP2, the lysosomal hydrolase cathepsin D, and astrocyte
marker GFAP (17). Furthermore, SAPD and SCMAS are elevated in FTD-GRN patients’ brains
which are components of lipofuscin in several NCL subtypes (17). Taken together, this data
suggests that FTD and NCL caused by GRN mutations are clinical phenotypes with a common
mechanism of etiology and exist on a spectrum of severity related to the role of PGRN in
lysosomal function (16, 210).

1.7  Lysosomal Functions of PGRN



Among the earliest findings linking PGRN to the lysosome was the discovery that PGRN
co-localized to the lysosomal compartment and active cysteine cathepsins detected using
immunocytochemistry (222, 223). Several endocytosis receptors mediate PGRN trafficking to
the lysosome including direct trafficking via sortilin (SORT1) (Fig 1.2) (222) and indirect
trafficking with prosaposin via its receptors cation-independent manose-6 phosphate receptor
(CI-MP6R) and low-density lipoprotein receptor-related protein 1 (LRP1) (157). However, it is
possible that other receptors remain to be discovered. Because PGRN is found in the lysosome it
has been proposed that PGRN may regulate lysosomal function by several mechanisms including
the modulation of lysosomal hydrolases, controlling lysosomal acidity, and regulation of

lysosomal biogenesis signaling (224-226).
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Figure 1.2: PGRN and GRNs function Intracellularly

A) Representative diagram of proposed lysosomal function with and without PGRN/GRNs
Mounting evidence suggests that PGRN can play a direct, or indirect role, on the activity

of lysosomal enzymes. Patient derived induced pluripotent stem cells (iPSCs) and patient derived
primary fibroblasts, as well as and preclinical mouse model of FTD-GRN show upregulation of
lysosomal cathepsins (19, 221, 227). Specifically, PGRN has been shown to bind to cathepsin D
(CTSD) and regulate its function (228, 229). Cathepsin D is a unique lysosomal aspartic protease
that is also implicated in NCL, as mutations in the CTSD gene cause CLN10 (230). PGRN can
also regulate other lysosomal enzymes including glucocerebrosidase (GBA) also known as

GCase (18, 20, 231, 232) and B-hexosaminidase A (HexA) (233). PGRN is reported to bind



directly to GBA (231) and HexA (233) in order to regulate their enzymatic activity. Mutations in
GBA cause Gaucher’s Disease (234), the most common LSD. While HexA mutations lead cause
Tay-Sachs Disease (235), both enzymes help degrade sphingolipids in the lysosome (236). This
pattern shows that dysregulation of proteins known to interact with PGRN cause multiple LSDs
with sphingolipid accumulation. Work included in this dissertation and others have shown that
the loss of PGRN leads to dysregulated sphingolipid levels as well (237, 238). This suggests that
a common mechanism, such as dysregulation of enzymes related to lipid metabolism, could
underlie sphingolipid accumulation of in served FTD-GRN and LSDs.

Lysosomes are important for maintaining lipid homeostasis within the cell and play a role
in lipid catabolism, and trafficking (239, 240). PGRN’s role in lipid metabolism was first
indirectly suggested when it was discovered that PGRN binds to prosaposin (PSAP) (157). PSAP
is a precursor protein that is processed in the lysosome into individual saposin peptides (SapA-
D), which activate various lysosomes lipases and facilitate glycosphingolipid degradation (241).
The main substrates of GBA, which PGRN is known to interact with, glucosylceramide (GlcCer)
and glucosylsphingosine (GlcSph), are not found to be dysregulated in FTD-GRN brains though
levels of GleSph are elevated in patient plasma (238). FTD-GRN patients brains display an
accumulation of gangliosides (242), a decrease in overall white matter volume, and an
accumulation of white matter cholesterol (243). Furthermore, immortalized human cell lines
lacking PGRN show an accumulation of polyunsaturated triacylglycerides (21) and gangliosides
(242), as well as a reduction of diacylglycerides, phosphatidylserine (21), and
bis(monoacylglycerol)phosphate (BMP) (216, 242, 244), an atypical endo-lysosomal lipid.
Additional enzymes involved in lipid metabolism are dysregulated in preclinical models of

PGRN deficiency (227), enrichment of lipid droplet associated microglia (245), and lipid



dysregulation in Grn”" mice can be rescued by the exogenous addition of PGRN (238, 242).

There are several pieces of evidence that suggests PGRN may be important in the
maintenance of lysosomal membranes. Loss of PGRN triggers to the recruitment of galectin-3,
a marker of lysosomal membrane permeability (LMP), to the lysosomal membrane (246).
Galectin-3 acts as a sensor of endo-lysosomal damage and LMP by binding lysosomal B-
galactosides that are exposed on the cytosolic side of the lysosomal membrane as a consequence
of LMP (247). Membrane integrity is crucial to the ability of the lysosome to maintain acidity,
and lysosomes with elevated galectin-3 are likely to have dysregulated pH (248). PGRN has
been proposed to directly influence lysosome acidification via its interaction with both SORT1
and CI-MP6R (249). Further, PGRN may be a part the Coordinated Lysosomal Expression and
Regulation (CLEAR) response, which are genes involved in lysosomal function and autophagy
(250). In addition, the GRN gene contains sequences that can bind the transcription factor EB
(TFEB) (251, 252) a master regulator of lysosomal genes implicated in lysosomal structure and
function and part of the CLEAR response (253). These observations suggest that PGRN is an
essential protein for lysosomal homeostasis, and PGRN haploinsufficiency due to heterozygous
GRN mutations may cause lysosomal dysfunction that underlies the characteristic
neurodegeneration in both NCL11 and FTD-GRN (Fig 1.2).

1.8  Gene Therapy PGRN Treatments

Preclinically, FTD-Grn is commonly modeled in vivo using Grn”” mice. These mice develop
disease related pathology including neuroinflammation, lysosome dysfunction, synaptic loss,
and lipofuscin accumulation that increases with age (254). Grn”" mice brains accumulate
lipofuscin and have increased levels and activity of HexA and GBA (20, 231, 255). As
previously mentioned, Grn”~ mice show signs of sphingolipid metabolism abnormalities, and

BMP depletion (227, 238, 242). In addition to lysosomal dysfunction, Grn”~ mice display signs



of neuroinflammation including, increases in proteins associated with microglial activation like
CD68, astrogliosis, and elevated cytokine levels (256-258). Elevated inflammation and
pathology are particularly prominent in the thalamus, where excessive pruning of inhibitory
synapses is observed (259). It is important to note, these mice lack TDP-43 pathology present
in human patients until a very advanced age (260). Taken together, these disease-like phenotypes
may lead to decreased median survival of Grn”" mice compared to Grn™* mice (261).

In addition to biochemical recapitulation, Grn” mice also phenocopy behavioral deficits
associated with selective degeneration of the salience network (257, 262). They display
compulsive behaviors such as over grooming and decreased sociability (257, 259). Some
behaviors like decreased social dominance are actually more prominent in heterozygous
compared to homozygous knock out mice (263).

Grn”~ mouse models have been used to evaluate therapies targeting PGRN, several of
which have progressed to clinical trials (264). This includes indirect approaches to increase
PGRN levels such as anti-sortilin antibodies (265, 266) which have progressed to stage-3
clinical trials (NCT04374136). Other approaches include ASOs that block premature
termination codons (137), or target miRNAs that regulate PGRN levels (267) and nonsense
mediated decay inhibitors (137, 268). Other groups have utilized Grn”~ mice to test the efficacy
of strategies to directly replace PGRN. First, a protein transport vehicle (PTV) conjugated
progranulin (PTV:PGRN) leverages an Fc domain that binds the human transferrin receptor
(huTfR) to transport PGRN across the blood brain barrier. It can be delivered peripherally and
has been shown to rescue several disease-like phenotypes including lysosomal and lipid
regulation dysfunction (238). A phase 1 & 2 clinical trial is currently enrolling participants

(NCT05262023).



In contrast to direct protein replacement, which may require ongoing administration, gene
therapy could provide a one-time treatment approach to increase PGRN levels. Delivery of
PGRN preferentially to neurons using AAV1 in the mPFC of Grn”" mice rescued signs of
lysosomal and microglial dysfunction (244, 256). These benefits were not limited to the PFC
and were also observed in the thalamus and hippocampus suggesting local delivery and
expression of PGRN could have far reaching beneficial effects. Groups have also used PGRN’s
biology as a secreted protein to deliver the gene therapy intracerebroventricularly (ICV) (269).
Using capsids that generalize delivery to additional cell types such as AAV9 lead to increased
inflammation and hippocampal degeneration compared to AAV1 (270). However,
immunogenic reactions observed in AAV can be dependent on species, time of delivery and
delivery route (271), underlining the importance of optimizing these factors in therapeutic
development. Several early-stage clinical trials testing intra-cisternal magna delivery of AAV9-
hPGRN (NCT04408625) and AAVI1-hPGRN (NCT04747431) are underway.

Multiple therapeutic modalities increasing levels of PGRN have been assessed in pre-
clinical, and in ongoing clinical trials. However, no intervention specifically focusing on
PGRN’s subunits, the granulins have been investigated. Understanding the clinical significance
of individual granulins is important, as there are PGRN based therapies in the clinical pipeline
that both increase levels of granulins, like AAV approaches, and decrease levels of granulins,
like anti-sortilin antibodies. Understanding the function of granulins will inform not only the
design of treatments moving forwards but could inform outcomes of interest in ongoing trials.

1.9 Granulins

Granulins (GRNs) are ~6 kDa proteins that were first isolated from the granules of
leukocytes in the 1990s (27, 28). It was later apparent that these individual granulins peptides were

subunits of a single precursor protein, PGRN, encoded by the gene known as GRN (148). In total



the human GRN gene contains 12 coding exons and is translated into a protein containing 7.5
tandem repeats called granulins (GRNs). GRNs contain a uniquely high percentage of cysteine
residues (~17%) (272), the average in the human proteome is around 3% (273). The granulin
domain belongs to a larger group of cysteine rich protein domains known as knottin-II class
domains (272). Knottin domain containing proteins are found in many species and are generally
cysteine rich small proteins that are characterized by at least 3 interwoven disulfide bonds. These
domains are functionally resistant to high temperature, enzymatic degradation, extreme pH and
mechanical stress (274). Although the redox state of GRNs in the lysosome is unclear, it is known
that GRNs have a high level of thermal stability (25, 31, 275). The granulin repeat is structurally
defined by the cysteine-rich sequence X2-3CXS5-6CX5CCX8CCX6CCXDXXHCCPX4CX5-
6CX, where X can by any amino acid (153). The granulins are named, from the N terminus of
progranulin to the C terminus, numerically p, granulin 1-7 with the p denoting the half-length
paragranulin domain (Fig. 1.1A). Alternatively, some refer to the granulins using alphabetical
nomenclature which are named starting at the N terminal: p, G, F, B, A, C, D, and E. For the
remainder of this work, I will refer to the granulins using the numerical nomenclature. Granulins
are separated by divergent linker regions. Protease cleavage occurs within these linker regions to
produce the individual granulins (Fig 1.3A, 1.3C) (10, 276, 277).

Although the three-dimensional structure of full-length PGRN is unknown, the template
structure of human granulins based on the known structure of carp granulin-1 has been determined
using high resolution NMR spectroscopy (Fig 1.3B) (31, 278). Each granulin consists of parallel
stacked B-hairpin turns held together by 6 disulfide bonds formed between the conserved cysteines
within each subunit (30). These disulfide bonds are critical residues for the structure of GRNs

(279), and mutations to these crucial cysteines interfere with the protein folding and function (135).



The high number of disulfide bonds leads to each individual GRN being compact, and may mediate
protease resistance of GRNs in the lysosome compared to full length PGRN which is rapidly
cleaved to GRNs (280).

Although each GRN shares conserved cysteine residues, there are marked differences
between the individual granulins in structure and biochemistry. Sequence comparison of all full

GRNs show that no two share more than 60% sequence identity (Table 1). This variation likely

hGRNS 100.0% 46.3% 55.6% 59.3% 53.7% 40.7% 38.9%
hGRN2 46.3% 100.0% 51.8% 50.0% 49.1% 33.9% 41.1%
hGRN3 55.6% 51.8% 100.0% 52.7% 40.0% 34.5% 38.2%
hGRN4 59.3% 50.0% 52.7% 100.0% 52.7% 39.3% 48.2%
hGRN6 53.7% 49.1% 40.0% 52.7% 100.0% 38.2% 41.8%
hGRNI1 40.7% 33.9% 34.5% 39.3% 38.2% 100.0% 33.9%
hGRN7 38.9% 41.1% 38.2% 48.2% 41.8% 33.9% 100.0%
contributes to differences in electrostatic charges at neutral pH and hydrophobicity observed
between the granulins (281, 282). However three-dimensional structure and the pH of surrounding
environment can influence ionizable groups and affect the net charge and hydrophobicity of a
protein significantly (283). All human granulins contain 12 cysteine residues, with the exception
of granulin 1 which contains 10 (31). While the general structure of the granulins has been
reported, subsequent studies have highlighted differences in NMR spectroscopy and levels of
internal disorder within individual granulins, particularly in the C-terminal region of GRN4 (31)
and GRN3 (275, 279). It is important to note that the generalizability of these conclusions to in
vivo systems may be limited as these proteins were produced recombinantly in non-mammalian

cells, or assessed under reducing conditions which could change outcomes observed endogenously

in mammalian cells or tissue.



While full length PGRN is a heavily glycosylated at asparagine residues, not all granulin
subunits are glycosylated (284, 285). Specifically, GRNs 3, 5, 7, and the linker 2 region between
GRNI1 and GRN2 are N-linked glycosylated (285, 286). There is also evidence that the pattern of
glycosylation could be tissue specific as levels of glycosylated GRNS differed in mouse liver and
spleen tissue extracts (286). This could be significant because glycosylation modifies protein
structure and folding as well as interactions and recognition of other proteins and molecules (287).
In addition to glycosylation one group has reported that a multi-granulin peptide containing GRNs
5-7 is serine phosphorylation, however precise residues have not been reported (288). This work
suggests that GRNs may be differentially modified post-translationally. However, further work is

needed to understand if any post-translational modifications effect granulin function.

1.10 Production of Granulins

The production of GRNs is a complex process that depends on the linker regions
connecting the granulins and proteins that interact with PGRN. Cleavage of each granulin subunit
is dependent on the divergent liker regions between the GRNs (7, 276, 277). Just as the general
sequence of each granulin differs, each linker region has a unique amino acid sequence (Fig 1.3C).
The divergent linker sequences that separate the granulin subunits can be cleaved by extracellular
and intracellular proteases. Although PGRN is cleaved within the multiple linker regions between
the granulin domains there isn’t a clear consensus sequences for a specific protease. Taken together
with the existence of multi-granulin fragments this suggests that PGRN can be cleaved by multiple

proteases (10).



Indeed, progranulin can be proteolytically cleaved by several extracellularly localized
enzymes including neutrophil elastase (193), proteinase 3 (a neutrophil protease) (192), MMP-12
(matrix metalloproteinase 12; macrophage elastase) (289), MMP-14 (290), and ADAMTS-7 (291).
In addition to primarily extracellular proteases, several lysosomal enzymes can cleave PGRN to

GRNs. As previously discussed, PGRN was first understood as a protein that functioned
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Figure 1.3: GRN Linkers and structure of GRNs

A) ClustalOmega alignment of granulins1-7 from the human PGRN protein. Amino acids colored by base chemistry
and consensus residues from each site displayed above alignment

B) Representative model of GRN structure from Hrabal et. al 1996 (3)

C) ClustalOmega alignment of linker regions 1-8 from the human PGRN protein. Amino acids colored by base
chemistry and consensus residues from each site displayed above alignment



extracellularly, however recent work has re-shaped this paradigm and focused interest on PGRN
and GRNSs intracellularly.

Intracellularly, PGRN traffics to the lysosomal compartment as previously described.
Much like its trafficking partner PSAP, PGRN is processed to its constitutive granulins in the
lysosome. The Kukar lab and others have independently shown that intracellular processing of
PGRN into granulins also occurs in a lysosome dependent manner (280, 292, 293). PGRN was
found to be present in cell lysates and media, while GRNs were detected in the cell lysates but
were present at very low levels extracellularly. This suggests that PGRN is endocytosed and
processed into GRNs, and that GRNSs are primarily being produced intracellularly in the lysosome
in these models (280, 292). Furthermore, inhibition of lysosomal function using autophagy
inhibitors, or trafficking via SORT1 or PSAP decreased GRN levels while simultaneously
increasing the abundance of full length PGRN (280, 294).

Cathepsin L (CatL) was the first lysosomal enzyme shown to cleave PGRN into GRNs and
multi-granulin peptides in vitro (26). This was followed up by the discovery that the activity of
Cathepsin L was pH dependent, and an acidic lysosomal pH is required for CatL to cleave PGRN
(26, 280, 292). Since these initial findings other lysosomal enzymes that process PGRN have been
identified. These include additional cysteine proteases like cathepsin B (CatB) (277, 280, 292),
asparagine endopeptidase (AEP), aspartyl protease cathepsin E (CatE) and serine protease
cathepsin G (CatG) (277). Interestingly expression of proteases known to cleave PGRN is not
uniform suggesting that the regulation of PGRN processing into GRNs may be tissue or cell type
specific (153, 289, 295). Further, in vitro incubation of PGRN with proteases produces not only
6kDa fragments but intermediate fragments between 15 kDa and 25 kDa (192, 193, 289). Adding

an additional level of regulation, interactions with proteins like SLPI and high-density lipoprotein



(HDL) can modulate the ability of proteases to cleave PGRN (193, 296). When PGRN binds SLPI
and cleavage by elastase is prevented (193). Similarly, the interaction of HDL and PGRN leads to
a reduction in GRN production, though the mechanism is unclear (296). The multistep process of
PGRN cleavage to GRNs remains poorly understood. Continued work is required to understand
the cleavage of PGRN in vivo and the localization of GRNs throughout the cleavage process.
Overall, the production of GRNs is dependent not only on the ability of PGRN to traffic to the
lysosome, but also potentially on the tissue, cell type, and cellular localization of the protein.

1.11 Functions of GRNs

Most studies investigating the function of PGRN do not address any distinction between
the precursor protein and the individual granulins. This has led to an incomplete understanding of
the role GRNs play biologically. This may be due to technical limitations because until recently
antibodies that detect individual granulins were not available. However, several groups including
ours is working to address this shortcoming (280, 286). With these limitations in mind, work has
been done to investigate the role of GRNs, but most do not include all GRNs, and the majority
focus on the C-terminal GRN 7. Due to its position at the c-terminus of the PGRN protein, and its
localization of the SORT1 binding domain and ability to be detected with commercially available
antibodies, the majority of information surrounding the function of an individual GRN has focused
on GRN 7 (GRN E) (297). GRN 7 exerts neurotrophic properties on cortical and motor neurons
(11, 164), hippocampal neurons (10), and Schwann cells (164). Interestingly these neurotrophic
effects have also been observed in a SORT1 independent manner (298), suggesting that GRN7’s
sortilin binding domain may not be the only factor enabling its neurotrophic properties.

Other granulins have also been implicated in neurotrophic functions. GRNS5 and was found
to increase motor neuron survival and axon outgrowth while also conferring a protective effect on

Schwann cells in co-culture (164). A study delivering PGRN with point mutations in either GRN2,



GRN3 or, the linker region following GRNS3, linker 6 to GRN”" cells found that the wildtype
protein, but not the mutants were able to enhance neuronal outgrowth and neurite branching (10).
A separate study leveraging GRN point mutations found GRN2 had a similar role in neurite growth
stimulation in cell culture (299), suggesting that individual GRNs or the irregular processing of
these granulins contributes to the observed neurotrophic effect (10). Finally, granulin and multi-
granulin peptides less than 50 kDa have been shown to protect retinal photoreceptors from
degeneration (300). While these findings all demonstrate that GRNs can be neurotrophic, or the
loss of GRNs can be anti-trophic, there were also variations observed in the efficacy between
GRNs. For example, neurotrophic effects comparing GRN7 and GRNS were recapitulated in
hippocampal neurons, but not the cortical neurons (10). While the mechanisms underlying tissue
specific differences is unclear, recent work has shown that the ratio of GRNs differs in various
tissues, brain regions, and cell types (286). This may indicate that while GRNs may have
overlapping or redundant functions, there may be differences in cell type or tissue that characterize
an individual GRNs role.

Outside of the brain GRN4 has been implicated in both pro-proliferative and anti-
proliferative functions. GRN4 was shown to promote rodent keratinocyte and fibroblast
proliferation (28, 148). Interestingly in these same studies GRN3 was found to be anti-
proliferative. Independent groups found that GRN4 was found to have a more robust anti-
proliferative effect than GRN3 in cancer cell lines (28, 301), and in the same cancer cell lines
GRN2 was found to have the opposite effect of GRN4 and stimulated breast cancer cell growth
(31). These findings must be interpreted with care, as they primarily focus on cancer cell lines,
which can be difficult to translate to other model systems. Additionally, these studies assess GRNs

added extracellularly to cells with no known PGRN deficiency. Further investigation is required



to understand the role of individual GRNs on lysosomal functions, and expansion to other models
outside of overexpression in cancer will be important to understand the effects of GRNs in the
context of deficiency.

In addition to regulating cell growth and neurotrophic functions, GRNs have been reported
to regulate nucleic acids and transcription factors. Specifically, GRNs regulates DNA synthesis in
models of breast cancer (GRN4) (301) as well as glioma and cultured astrocytes (GRN6) (302).
These functions seem specific to certain GRNs as GRN6 (303) and GRN 7 (304), but not the other
granulins (304, 305), bind the cysteine-rich activation domain of Tat, part of the Tat/P-TEFb

complex that regulates the human immunodeficiency virus type 1 (HIV-1) transcription (304).

1.11.1 Granulins in the Lysosome
Granulins are known to be produced in the lysosome and are stable in the acidic

compartment. Although GRNs localize to the lysosomal intracellularly, it’s unclear what role
granulins play in the lysosomal compartment. GRN2 or GRN3 has been shown to localize to the
inner leaflet of LAMP1 positive lysosomes (280). Additionally, GRN7 was found to bind CD68
(306). In addition to associating with lysosomal membrane proteins, GRNs have been reported to
bind lysosomal proteases. GRN7 has been shown to interact with GBA (18, 19, 229). In another
study surveying all GRNs only GRN2 or GRN4 co-transfected with GBA immunoprecipitated
with the enzyme (20). However, this experiment relied on an overexpression system, which can
lead to improper protein folding and other artifacts (307). When GRNs in conditioned media from
the same co-transfection paradigm were assayed all GRNs weakly associated with GBA except
GRNT1 (20). While it was asserted that the secreted GRNs are properly folded, this is not directly
addressed and studies have found that overexpression can lead to non-canonical secretion of

unfolded proteins (308).



Similar to studies showing differences in GRNs propensity to interact with GBA, Cathepsin
D does not interact with all GRNs in a conserved manner. While GRN7 and multi-granulin
peptides were shown to enhance the conversion of the pro-form of CatD to the mature protease,
GRNS did not (19, 282). However, after a selective reduction of GRN7 caused by the loss of CD68
CatD activity remains consistent (306). Although, it is not clear if this is mediated by the other
multi-GRN fragments previously described, or another compensatory pathway. While granulins
have been shown to associate with lysosomal membrane proteins and lysosomal enzymes our
understanding of the role of these granulins in the lysosome remains incomplete. Further, the
ability of individual granulins to rescue or replace PGRN function in models of PGRN deficiency

have not been directly assessed.

1.11.2 Contrasting Functions of GRN and PGRNs
While there is evidence that GRNs share the same or similar neurotrophic and lysosomal

functions with full-length PGRN, there are other publications suggestion GRNs have the opposing
activity of PGRN (148). In particular, GRNs have been suggested to be pro-inflammatory, and
anti-proliferative. GRNs levels increase in C elegans with age (281) and their overexpression
promotes TDP-43 toxicity (309). Two studies have suggested that the abundance of multi-GRN
fragments increases (309), and the ratio of PGRN to GRNS is dysregulated in FTD-GRN patient
brains (277). PGRN is known to be cleaved to GRNs by several proteases that are released to the
extracellular space by inflammatory stimuli including matrix metalloproteinase-9 (MMP-9) (310),
MMP-12 (289), MMP-14 (290), neutrophil elastase (311), and proteinase 3 (PRTN3) (192).
Though increased GRNs have not been quantified after inflammatory stimuli, it has been
hypothesized that they could potentiate inflammation.

While PGRN has been reported to inhibit neutrophil activation and degranulation by

blocking activity of TNF-a (193), recombinant granulins were found to either have a neutral or



enhancing effect (193, 312). Two GRNs were also suggested to induce the release of pro-
inflammatory IL-8, from epithelial cells (190, 193). There are several limitations to these studies.
Firstly, GRNs in these studies were produced using insect cells, therefore it is possible that the
posttranslational modifications such as glycosylation of the GRNs are not produced the same way
has they would be in human cells (313). Second, the purity of recombinant GRNs in the studies is
poorly characterized, raising the possibility that contaminants are present, which may induce and
immune response, as reported with other proteins made using baculovirus (314). Further these cell-
based studies add GRNs to culture media, therefore these effects could be attributed to
extracellularly localized GRNs. The abundance of extracellular GRNs in homeostatic conditions
is not well understood. Further, while appropriate inflammatory responses are crucial for the
maintenance of a healthy system, inappropriate or excessive inflammation can be detrimental.
Understanding GRNSs role in disease related inflammation vs. adaptive inflammatory responses
will be important to further understand the complex biological role of PGRN and GRNs.

While there are reports that PGRN and GRNs have neurotrophic activity, there are
conflicting publications suggesting that GRNs may be neurotoxic and anti-proliferative.
Recombinant GRN4 was found to be anti-proliferative in a cancer cell model (31). However, like
the previous cell-based assays discussed, these GRNs were purified from E. coli, and added to cell
culture media, limiting the scope of these findings’ translatability to homeostatic in vivo function.
In a Caenorhabditis elegans model of TDP-43 proteinopathy, complete loss of the pgrn-1 gene
did not exacerbate TDP-43 toxicity, but pgrn-1 heterozygosity did (309). If granulins were co-
expressed with TDP-43 in C. elegans, the toxicity of TDP-43 was amplified and the granulins
increased TDP-43 levels via a post-translational mechanism. Granulin peptides were also found to

increase in abundance after aging and impair lysosomal cathepsins (281) and learning behavior in



C. elegans (309). These findings however, have not been recapitulated in a mammalian model
suggesting that this may be a response that varies between biological model systems, and may not
be applicable in mammals.

In general, granulins have been described as having the opposite, or antagonistic activity,
compared to PGRN (276, 298, 315). However, these assumptions are based on a small number of
studies that directly compare the function of PGRN and GRNs. These studies do identify
differences between PGRN and GRNs, however this work was conducted in cell culture using
protein produced in insect cells or E. coli or C. elegans and has yet to be translated to an in vivo
mammalian model. This gap in understanding of GRN function is a major unmet need, because it
has critical implications for how GRNs are assessed in therapeutic approaches for PGRN based
diseases and changes the landscape for the exploration of potential GRN functions.

1.12  GRNs in FTD-GRN

Point mutations within the GRN gene that affect single GRNs decrease levels of PGRN in
patient plasma below a pathogenic threshold (316). These mutations both affect one of the
conserved cysteine residues and migration of native protein in non-reducing conditions is altered,
suggesting that the tertiary structure of the protein may be compromised. Further it was observed
that the C139R mutation affected neutrophil elastase cleavage of PGRN. This data suggests that
the loss of cleaved PGRN may be sufficient to cause disease. Though information about the
function of individual GRNSs is limited, several studies provide insights into the biological function
of the GRNs and how they either converge, or conflict with that of the full length PGRN precursor
protein.

While the precise functions of GRNs remain unclear, and in some cases contradictory, it is
important to note that in cases of FTD-GRN our lab published that both PGRN and individual

granulins (GRN2, 3, 4) are decreased by similar amounts (280, 292). In contrast, Salazar et. al,



reported that a 33 kDa GRN fragment that contained GRN7 was specifically increased in regions
of AD and FTD brains that had degeneration and gliosis (309). Further, they measured levels of
GRN2 peptides in FTD-GRN patient brains from areas with neurodegeneration and concluded that
GRN2 levels were increased compared to non-degenerating areas. However, this needs to be
interpreted with caution, as GRN2 levels were not different between healthy controls and FTD-
GRN patients was not changed (277). These studies suggest that the ratio of PGRN to GRN2 varied
between healthy controls and FTD-GRN patient brains, but it is unclear whether the increase in
GRN s is pathological or compensatory, especially as the overall abundance does not differ
between cases and controls.

1.13 Dissertation Aims and Hypothesis

In summary, we know that decreased expression of PGRN leads to clinical presentation of
FTD or NCL in human patients as a function of gene dose. PGRN is a secreted protein that has
been implicated in decreasing inflammation, and modulating cell growth pathways. Though much
work has been done to characterize the function of PGRN, it remains unclear why the loss of
PGRN leads to lipofuscin accumulation, TDP-43 inclusions, neuroinflammation, and neuronal
death in patients.

Previous studies have generally focused on the extracellular role of PGRN because it is
secreted. Recently, work by the Kukar lab and others has shown that PGRN is also trafficked to
the lysosome and cleaved into the individual GRNs (25). These GRNs were found to be stable in
the lysosome for up to 16 hours, much longer than the precursor protein which was cleaved within
minutes. Further, as GRNs are reduced in FTD-GRN patients, we propose that GRNs are the
bioactive component of PGRN that function intracellularly in the lysosome. Understanding
the role of GRNs, and whether they are biologically beneficial and homeostatic will address several

outstanding questions regarding PGRN and GRN biology.



To investigate this gap in knowledge, I carried two aims. In AIM 1 I examined how
expression of individual granulins effected lysosomal dysregulation, glial activation, and lipid
accumulation in Grn”~ mice. This aim provides insight into the functional role of granulins in a
mouse model of progranulin deficiency and helps to determine whether these proteins are
protective or toxic in vivo. This will be discussed in Chapter 2.

While the assessment of GRNs in vivo provides crucial insight into the role of GRNs in
cellular survival, understanding the function of GRNs in the lysosome is challenging in a murine
model. To overcome this challenge, in AIM 2 I investigate the function of lysosomes in PGRN
deficient HeLa cells. These experiments validate a highly tractable cell-based model to study the
cellular functions of GRNs. This will be discussed in Chapter 3.

We propose a paradigm shift in our understanding of the role of PGRN. This change is of
particular importance as previous work has proposed that GRNs may have the opposite activity of
full length PGRN and be pro-inflammatory and toxic. We investigate this both pre-clinically in
mice and mechanistically in HeLa cells. These studies provide insight into the beneficial role of
GRN s but also help to define individual role of the GRNs, and direct the development of new
therapeutic approaches and clinical readouts in PGRN related disorders. The impact and future

directions of this work will be considered in Chapter 4.



2 Granulins rescue inflammation, lysosome dysfunction, and
neuropathology in a mouse model of progranulin deficiency

2.1 Abstract

Progranulin (PGRN) deficiency is linked to neurodegenerative diseases including frontotemporal
dementia, Alzheimer’s disease, Parkinson’s disease, and neuronal ceroid lipofuscinosis. Proper
PGRN levels are critical to maintain brain health and neuronal survival, however the function of
PGRN is not well understood. PGRN is composed of 7.5 tandem repeat domains, called granulins,
and is proteolytically processed into individual granulins inside the lysosome. The neuroprotective
effects of full-length PGRN are well-documented, but the role of granulins is still unclear. Here
we report, for the first time, that expression of single granulins is sufficient to rescue the full
spectrum of disease pathology in mice with complete PGRN deficiency (Grn™"). Specifically,
rAAV delivery of either human granulin-2 or granulin-4 to Grn” mouse brain ameliorates
lysosome dysfunction, lipid dysregulation, microgliosis, and lipofuscinosis similar to full-length
PGRN. These findings support the idea that individual granulins are the functional units of PGRN,
likely mediate neuroprotection within the lysosome, and highlight their importance for developing

therapeutics to treat FTD-GRN and other neurodegenerative diseases.

2.2 Introduction
The granulin (GRN) gene encodes progranulin (PGRN), an ancient, evolutionarily

conserved protein that is critical for brain health and neuronal survival (153). Specifically,



haploinsufficiency of PGRN due to GRN mutations causes frontotemporal dementia (FTD), a
common neurodegenerative disease in people under the age of 60(132, 133, 170). Complete
deficiency of PGRN causes neuronal ceroid lipofuscinosis (NCL), a neurodegenerative lysosomal
storage disorder (LSD).(16, 210) Moreover, genetic variants in GRN decrease PGRN levels and
have been associated with an increased risk of developing Alzheimer’s disease, Parkinson’s
disease, or limbic-predominant age-related TDP-43 encephalopathy (LATE).(142, 143, 154, 317)
Multiple therapeutic strategies are being pursued to treat the various neurodegenerative diseases
associated with decreased PGRN.(224, 318) Despite these advances, the fundamental function of
PGRN is still unresolved and presents a roadblock for developing efficacious therapies for
neurodegeneration.

PGRN is a ~88 kDa secreted glycoprotein that is ubiquitously expressed and enriched in
microglia and neurons in the brain.(289, 293, 319) Mammalian PGRN is composed of 7.5 tandem
repeat proteins, called granulins. Within PGRN, each granulin is joined together by short linear
sequences or linkers, which can be cleaved by proteases to release mature granulins (192, 193,
289). We refer to each granulin numbered 1 through 7 based on the UniProtKB (P28799) database,
rather than the colloquial A through G nomenclature. The relationship between the activity of
PGRN and individual granulins has been debated and is still unclear. Multiple functions have been
associated with full-length PGRN including cell growth, neurotrophic signaling, and anti-
inflammatory activity. The pleiotropic activity of PGRN may occur through binding extracellular
signaling receptors (170, 320), however some PGRN-receptor interactions have not been widely
replicated (198, 199, 321), raising the possibility of other mechanisms of action. Furthermore, the
function of individual granulins, also called epithelins, is also controversial and unresolved.

Depending on the model system, the reported activity of granulins is paradoxical, ranging from



enhancing neurotrophic activity(298), to promoting inflammation(193), inducing neurotoxicity
(309) or impairing lysosome function.(281)

The discovery by our lab, and others, that granulins are made constitutively inside
lysosomes led us to reevaluate the functional relationship between PGRN and granulins (25, 26,
292). Because complete loss of granulins in humans and mice causes an LSD, with more severe
neurodegeneration than observed in PGRN haploinsufficiency, we reasoned that granulins have
an intra-lysosomal function. This idea is supported by the known function of other lysosomal
proteins, such as saposins, which are generated from the prosaposin precursor protein.(322) Here
we test the hypothesis that PGRN serves as a precursor to granulins, which are the functional units
that mediate lysosomal homeostasis and are neuroprotective. We used recombinant adeno-
associated virus (rAAV2/1) to assess whether expression of individual granulins in the brain of
PGRN deficient mice can correct disease-associated phenotypes. Our data show that neuronal
expression of a single granulin fully rescues a range of phenotypes including lysosomal
dysfunction, microglial activation, lipid abnormalities, and lipofuscin accumulation to the same
extent as full-length PGRN. These findings provide compelling evidence that granulins are the
bioactive subunits of PGRN and indicate that potential therapeutic approaches for FTD-GRN
should consider their effect on granulin levels. Furthermore, this work supports the potential use
of granulins themselves for the treatment of diseases associated with PGRN deficiency.

23 RESULTS: ICV injection of rAAYV at birth leads to widespread expression of granulins,
PGRN, and GFP throughout the mouse brain.

To test the hypothesis that granulins are functionally active and neuroprotective, we
utilized Grn”" mice, which lack PGRN and develop pathology including neuroinflammation,
lysosome dysfunction, and synaptic loss that increases with age. In these experiments, we

compared human granulins 2 and 4, as previous studies suggested they have opposing functional
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B)

activity.(31) Furthermore, human granulin-2 (hGRN2) and human granulin-4 (hGRN4) share only
50% identity at the amino acid level, and we reasoned this would be sufficient to reveal differences
in bioactivity if present (Supp. Fig. 1A, B). Human progranulin (hPGRN) and GFP served as
positive and negative controls, respectively. For granulins and PGRN, we engineered expression
constructs to include an N-terminal signal peptide (SP), to

direct trafficking through the secretory pathway, followed by epitope tags (twin-Strep tag
and V5 or FLAG) to facilitate detection preceding the coding region of interest (Fig. 2.1A). We
validated these constructs in HeLa GRN”" cells and found that hGRN2, hGRN4, and hPGRN were

properly trafficked to the lysosome as well as secreted into the media (Supp. Fig. 2). Then, we
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Figure 2.1: ICV injection constructs and experimental timeline

Diagram of all expression constructs including coding region of interest, domains, and epitope tags that were
packaged into rAAV2/1 (twin-Strep-tag (TST); V5 epitope tag; FLAG epitope tag; SP= signal peptide, granulin-1;
granulin-2; granulin-3; granulin-4; granulin-5; granulin-6, granulin-7).

Diagram of experimental workflow including ICV injection of rAAV, mouse aging, sample collection, and sample
analysis.

generated recombinant hybrid Adeno-Associated Virus 2/1 (rAAV2/1) encoding hGRN2, hGRN4,

hPGRN, and GFP and performed bilateral intracerebroventricular (ICV) injections of rAAV2/1



vector into newly born (P0) litters of Grn” and Grn™* mice (Fig. 2.1B). This experimental
paradigm, termed somatic brain transgenesis (SBT), preferentially transduces neurons when using
AAV vectors packaged in the capsid 1 serotype and leads to widespread and long-term expression

of genes of interest in the mouse brain.(323-325)
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Figure 2.2: Immunoblot confirms expression of granulins in cortex and hippocampus

A) Immunoblot verifying expression of encoded proteins following rAAV injection and aging. Cortical and
hippocampal lysates were probed for GFP, hPGRN, hGRN2, hGRN4, with -tubulin loading control.



All mice were aged to 12-months, when substantial neuropathological changes are present
in Grn”- mice. Next, we characterized the distribution and expression of each TAAV2/1 vector
throughout the brain of injected Grn” and Grn™* mice. To confirm the specific identity of

expressed proteins, we performed immunoblotting of lysates from flash frozen cortical and
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Figure 2.3: Strep-tag identified throughout the injected brains

A) Representative immunohistochemistry (IHC) images for twin-Strep tag to visualize expression of
GFP, hPGRN, hGRN2, and hGRN4 following AAV injection in whole coronal

hippocampal brain tissue. Using specific antibodies, we confirmed expression of human
progranulin in hPGRN-Grn”" mice, human GRN2 in hGRN2-Grn”~ mice, human GRN4 in
hGRN4-Grn”~ mice and GFP in GFP-Grn”- and Grn*/" mice in both the hippocampus and cortex
(Fig. 2.2A). Immunostaining of serial coronal sections for the twin-Strep tag, which is shared

across expression constructs, visualized, and verified widespread expression of all encoded



proteins in the hippocampus, thalamus, and cortex across injected mice (Fig. 2.3A).
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Figure 2.4: Immunohistochemistry co-localizes hPGRN and NeuN
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A) Representative immunofluorescent images co-staining for hPGRN and antibody markers for neurons (NeuN),
microglia (Ibal), and astrocytes (GFAP) in the cortex, hippocampus, and thalamus of an hPGRN-Grn”- mouse. White
box highlights section of tissue enlarged on the right.

Next, we assessed which cell types in the brain were transduced by rAAV2/1 and expressed
specific transgenes. We utilized immunofluorescent staining to co-label hPGRN with the neuronal
marker NeuN, the microglial marker Ibal, or the astrocytic marker GFAP in hPGRN-Grn”" mice.
We find that AAV-mediated transgene expression positively co-localized with the neuronal marker
NeuN throughout the cortex, thalamus, and hippocampus. In contrast, we did not detect co-
localization with Ibal or GFAP (Fig. 2.4A). Thus, neonatal ICV injection of rAAV2/1 produced
robust and stable neuronal expression of hGRN2, hGRN4, hPGRN, and GFP in mouse brains over

the 12-month period of our experiments.

2.4  Proteome-wide dysregulation in the thalamus of Grn”" mice is ameliorated by
expression of granulins.



The thalamus is a major site of pathologic changes in Grn”" mice(227) and FTD-GRN
patients(326, 327), however the underlying pathogenic mechanisms are still poorly defined. To
provide deeper insight into dysfunction of the thalamus caused by PGRN deficiency, we performed
proteomics on flash frozen thalamic tissue of 12-month-old Grn”" mice injected with rAAV2/1
encoding hGRN2, hGRN4, hPGRN, or GFP and Grn** mice injected with TrAAV2/1 encoding
GFP (Fig. 2.1B). Then, we performed quantitative proteomics of lysates of dissected thalamus
using Tandem Mass Tagged (TMT) isobaric labeling followed by off-line electrostatic repulsion-
hydrophilic interaction chromatography (ERLIC) fractionation prior to LC-MS/MS resulting in
the identification and quantification of 9,255 proteins across all samples (Supp. Fig. 3A).

We next compared the GFP-Grn™* and GFP-Grn”~ thalamic proteomes to identify
differentially expressed proteins. In GFP-Grn”" mice we identified 131 proteins that increased and
9 proteins that decreased in abundance in the thalamus compared to GFP-Grn™" mice (> 1.2-fold
change; FDR <0.05; Fig. 2.5A). Gene ontology (GO) analysis of the top 100 differentially
expressed proteins using Metascape found a significant enrichment (—log10(p) > 10) of proteins
involved in lysosome function (Kegg mmu04142), glycosphingolipid metabolism (R-MMU-
1660662), and protein catabolic processes in the vacuole (GO:0007039) (Fig. 2.5B). Some of the
most significantly dysregulated proteins in Grn”" mice included lysosomal hydrolases (Arsa, Gns,
Hexa, Hexb, Manba) and proteases (Ctsd, Dpp7, Lgmn, Tppl). Additionally, modules related to
inflammatory processes were significantly enriched (—loglO(p)>5), including MHC class 11

antigen presentation (R-MMU-2132295), regulation of complement cascade (R-MMU-977606),



which include CI1Qa, C1Qb, Cl1Qc, and C1Qb.
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Figure 2.5: Proteomic analysis reveals differences in the proteome of Grn”~ and Grn™" mice

A) Volcano plot of differentially expressed proteins in the thalamus of GFP-Grn”~ mice compared to GFP-Grn™"™*
mice. Upregulated protein in GFP-Grn™" (yellow; right side) and downregulated in GFP-Grn™" (blue; left side)
are shown (FC>1.2, p<0.05).

B) Bar graph of the most significantly enriched Gene Ontology (GO) terms describing the differentially expressed
proteins in Fig. 24 (GFP-Grn™" mice versus GFP-Grn™" mice; FC 1.2 and adjusted p value 0.05). Displaying all
significant changed modules (p value <0.05).

2.5  Individual granulins rescue dysregulated proteins in the thalamus of Grn”" mice.

After characterizing differences in the proteome between Grn”- and Grn™" mice, we asked
if expression of granulins or hPGRN could ameliorate changes observed in Grn”~ thalamus. First,
principal component analysis (PCA) was performed, extracting 10 components
from the proteomics dataset, accounting for 93% of variance (Supp. Fig. 3B). Comparing principal
components 1 and 2 (PC1 and PC2) revealed a clear separation of GFP-Grn™* and GFP-Grn™
samples with no overlap observed between groups (Fig. 2.6A). Samples from hPGRN-Grn™,
hGRN4-Grn”, and hGRN2-Grn”" mice overlap and cluster closer together with GFP-Grn** mice,

revealing a shift towards wild-type mice, and away from Grn”" mice, suggesting a general



correction of altered protein levels.
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Figure 2.6: Proteomic analysis across injection groups show that GRNs rescue signs of
dysfunction in Grn™~ mice.

A) Volcano plot of differentially expressed proteins in the thalamus of GFP-Grn”" mice compared to GFP-Grn™™*
mice. Upregulated protein in GFP-Grn™~ (vellow; right side) and downregulated in GFP-Grn™" (blue; left side)
are shown (FC>1.2, p<0.05).

B) Bar graph of the most significantly enriched Gene Ontology (GO) terms describing the differentially expressed
proteins in Fig. 2A (GFP-Grn”" mice versus GFP-Grn™* mice; FC 1.2 and adjusted p value 0.05). Displaying
all significant changed modules (p value <0.05).

To evaluate rescue of disease-linked phenotypes in more detail, we created a heatmap
containing the 140 differentially expressed proteins from the GFP-Grn”~ and GFP-Grn'*
proteomics comparison and included hGRN2- Grn”", hGRN4-Grn”", hPGRN-Grn”~ samples (Fig.
2.6B). Visually the groups of Grn” mice treated with hGRN2, hGRN4, and PGRN are more like
GFP-Grn*/" than GFP-Grn”" mice. To provide a quantitative measurement of rescue, we compared
expression levels of the most upregulated (2-fold; p< 0.001) proteins (GFAP, HEXB,
SERPINA3N, TPP1, LYZ2, GPNMB, LGALS3, MPEG1, CD68) in the GFP- Grn”~ proteome
across rAAV treatment groups. rAAV-mediated expression of either hGRN2, hGRN4, or hPGRN
in Grn”" mice significantly decreased expression levels back towards wild-type levels of all nine
proteins, indicating correction of abnormally elevated proteins (Fig. 2.7A). This analysis provides

strong evidence that expression of an individual granulin in the Grn”~ mouse brain can functionally



substitute for the full length PGRN protein.
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Figure 2.7: Granulins rescue dysregulated proteins in a dose dependent manner.

A) Bar plots comparing correction of elevated levels of Lgals3, Cd68, Gfap, Gpnmb, Hexb, Lyz2, Mpegl, Serpina3n,
and Tppl in Grn”" mice injected with GFP, hGRN2, hGRN4, or hPGRN. Data (protein abundance measured
using TMT-based proteomics) mean + SD. Significance was determined using a One-way ANOVA and corrected
using Tukey’s post-hoc analysis. N=5-7 mice/group. * p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001.

(B, C) Correlation comparing hGRNZ2 and hGRN4 expression with Galectin-3 (F) (R=0.78 p=0.0011) or P2RY12 (G)

(R=0.77, p=0.0014).

Of note, elevated proteins in Grn”" mouse brains were not corrected as efficiently in
hGRN2-injected groups compared to hGRN4 and hPGRN injected groups (e.g., Tppl; Fig. 2.7A).
One possible explanation for this result is that specific granulins are expressed at different levels
between groups. To investigate this, we compared expression levels of hGRN2 and hGRN4 in the
Grn”” thalamic proteomics data set by examining a tryptic fragment of the twin Strep-FLAG tag
shared between both proteins, revealing that hGRN4 expression was ~2.5 fold higher than hGRN2
(Supp. Fig. 3C). We then asked whether the expression level of granulin-2 or granulin-4 correlated
with phenotypic rescue. Notably, the abundance of hGRN2 and hGRN4 correlated with galectin-

3 (R=-0.78; p=0.0011) (Fig. 2.7B) and P2RY 12 (R= 0.77 p=0.0014) levels (Fig. 2.7C) in the Grn



’ thalamic proteome. Further, in individual mice higher levels of either hGRN2 or hGRN4
correlated with correction of altered protein levels, suggesting the decreased efficacy of

hGRN2 is most likely due to lower expression levels and not function. Taken together, proteomic
analysis of the thalamus of Grn”" mouse reveals that rAAV-mediated expression of a single

granulin ameliorates widespread protein dysregulation caused by loss of PGRN.

2.6  Markers of Lysosomal Dysfunction are rescued by granulin expression across brain
regions.

To validate and extend the proteomics data, we analyzed tissue from additional, separate
cohorts of rAAV2/l-injected Grn™" and Grn”~ mice that were processed for
immunohistochemistry, immunoblot (western blot), or lipidomics (Fig. 2.1B). Because
“lysosome” was the most significant GO term in the GFP-Grn”" thalamic proteome, we focused
on two markers of lysosomal dysfunction, galectin-3 (LGALS3) and cathepsin Z (CatZ) (227)
(Fig. 2.8A). Cathepsin Z is a unique lysosomal cysteine protease that is upregulated in LSDs and
neurodegenerative diseases.(328-330) We performed IHC to examine the levels of cathepsin Z in
hippocampal, thalamic, and cortical tissues of Grn”" mice injected with rAAV2/1 expressing
GFP, hGRN2, hGRN4, and hPGRN (n=5; one section/mouse) (Fig. 2.9A). Quantification of IHC
staining in the cortex, thalamus, and hippocampus was performed using CellProfiler (Supp. Fig
4) and revealed a significant increase in cathepsin Z signal in GFP-Grn”" mice across all regions
examined (Fig. 2.9B). We found that the expression of hGRN2, hGRN4, and hPGRN corrected
elevated levels of cathepsin Z in the cortex (Fig. 2.9B). In the thalamus and hippocampus only
hGRN4 expression led to a statistically significant decrease in the level of cathepsin Z in these

samples (Fig. 2.9B).



We then performed immunoblotting to provide a complementary measurement of

A Lysosome Heatmap
' GFP-Grn*™* GFP-Grn™ hPGRN-Grn™ hGRN2-Grn™" hGRN4-Grn™

Figure 2.8: GRNs rescue altered lysosomal protein levels.

A) Heatmap of differentially expressed (Log2Z score transformed) lysosomal proteins from
GO module (Keeg mmu04142) in GFP-Grn”- and GFP-Grn'*mice. 42 proteins are
included (rows) across mice from all treatment groups (columns).

cathepsin Z, in hippocampal, thalamic, and cortical tissue samples from separate cohorts (Fig.
2.10A). Cathepsin Z was increased in the GFP-Grn”" mouse cortex, hippocampus, and thalamus
compared to wild-type counterparts (Fig. 2.10A, B-D). In agreement with the proteomics analyses,
cathepsin Z levels were normalized by expression of hGRN2, hGRN4, and hPGRN in the Grn™
thalamus (Fig. 2.10C). Cathepsin Z levels were also decreased in the cortex and hippocampus by
hGRN4 and hPGRN, while hGRN2 treatment trended lower, but did not reach significance (Fig.
2.10B, 10D).

We also assessed levels of galectin-3 (LGALS3), a beta-galactoside binding lectin that is
recruited to damaged lysosomes(331) to facilitate lysosomal repair (332). Immunostaining of 12-

month-old GFP-Grn™", GFP-Grn”, hPGRN-Grn”", hGRN2-Grn”", and hGRN4-Grn”~ mouse



coronal sections demonstrated that galectin-3 was increased in the thalamus and cortex of GFP-
Grn”” mice (Fig. 2.11A). Similarly, to cathepsin Z, expression of hGRN2, hGRN4, and hPGRN

corrected elevated galectin-3 in the thalamus compared to GFP-Grn*/* mice (Fig. 2.11B).
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Figure 2.9: GRNs ameliorate levels of Cathepsin Z across brain regions measured by
IHC.

A) Representative images of cathepsin Z immunohistochemistry (IHC) staining of coronal sections of
all rAAV injected groups (GFP, hPGRN, hGRN2, hGRN4).

B)  Quantification of cathepsin Z IHC signal in cortex, hippocampus, and thalamus. Data are
meanxSD, significance determined with Two-Way ANOVA (two-way ANOVA Region X Injection F (8,
133) = 17.37) followed by Tukey’s post-hoc analysis. N=5 mice/group. * p < 0.05, ** p < 0.01,
*¥*%p < 0.001, ¥*** p < 0.0001

These results were further validated by using immunoblot to measure galectin-3 levels in
lysates of the cortex, thalamus, and hippocampus tissue from a separate cohort of rAAV2/1
injected mice (n=5) (Fig. 2.12A). We confirmed that galectin-3 was upregulated in cortical,
thalamic, and hippocampus tissue lysates of GFP-Grn”" mice compared to GFP-Grn™* (Fig.

2.12A, B-D). Importantly, rAAV-mediated expression of hGRN2, hGRN4, and hPGRN reduced



elevated galectin-3 expression in cortical and thalamic tissues (Fig. 2.12B, C). In hippocampal
samples, hGRN4 and hPGRN significantly reduced elevated galectin-3 levels in Grn” mice (Fig.

2.12D). Together, these findings broaden the context of our proteomics data using IHC and
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Figure 2.10: Granulins rescue elevated Cathepsin Z levels detected via immunoblot.

A) Immunoblot for cathepsin Z in cortical, hippocampal, and thalamic brain lysates from all injection groups.
B) Quantification of immunoblot of cortical cathepsin Z normalized to H3. Data are mean+SD and significance
determined by One-Way ANOVA (Tukey’s post-hoc analysis GFP-Grn” vs GFP-Grn*'* p=0.0009, GFP-

Grn”"vs hPGRN-Grn”" p=0.0095, GFP-Grn”"vs hGRN2-Grn”" p=ns, GFP-Grn”"vs hGRN4-Grn”" p<0.0038).

C) Quantification of immunoblot of thalamic cathepsin Z normalized to H3. Data are mean+SD and
significance determined by One-Way ANOVA (Tukey’s post-hoc analysis GFP-Grn” vs GFP-Grn*'*
p=0.0087, GFP-Grn”-vs hPGRN-Grn”" p=0.0046, GFP-Grn” vs hGRN2-Grn”" p=ns, GFP-Grn”" vs hGRN4-
Grn” p<0.0175).

D) Quantification of immunoblot of hippocampal cathepsin Z normalized to H3. Data are mean+SD and
significance determined by One-Way ANOVA (Tukey’s post-hoc analysis GFP-Grn” vs GFP-Grn*'*
p=0.0002, GFP-Grn”vs hPGRN-Grn”" p<0.0001, GFP-Grn”" vs hGRN2-Grn”" p=0.0008, GFEP-Grn™" vs
hGRN4-Grn”" p<0.0001).



immunoblot to confirm that expression of individual granulins reduce elevated levels of galectin-

3 back to wild-type levels in the cortex and thalamus of 12-month-old GFP-Grn”" mice.
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Figure 2.11: Granulins ameliorate elevated galectin 3 levels throughout the brain detected
by IHC.

A) Representative images of galectin-3 immunohistochemistry from coronal sections of all injection
groups.

B) Quantification of galectin-3 IHC signal in cortex, hippocampus, and thalamus. Data are mean+SD
significance determined (two-way ANOVA Region X njection F (8, 60) = 11.95). followed by Tukey’s post-
hoc analysis. N=5 mice/group. * p < 0.05, **p < 0.01, ***p < 0.001, **** p < (0.0001.

In summary, we find that immunohistochemistry and immunoblot analysis confirm and
extend our proteomics data, demonstrating that expression of hGRN2 or hGRN4 ameliorate
elevated cathepsin Z and galectin-3 levels. These data provide additional evidence that a single

granulin can functionally substitute for the activity of full-length PGRN.
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Figure 2.12: Granulins rescue elevated galectin-3 levels detected via immunoblot

A) Immunoblot of galectin-3 in cortical, hippocampal, and thalamic brain lysates from all injection groups.

B) Quantification of immunoblot of cortical galectin-3 normalized to H3. Data are mean£SD and significance
determined by One-Way ANOVA (Tukey’s post-hoc analysis GFP-Grn”" vs GFP-Grn™" p<0.0001, GFP-Grn™" vs
hPGRN-Grn™" p<0.0001, GFP-Grn”"vs hGRN2-Grn”" p<0.0001, GFP-Grn”"vs hGRN4-Grn”" p<0.0001).

C) Quantification of immunoblot of thalamic galectin-3 signal normalized to H3. Data are mean+SD and significance
determined by One-Way ANOVA (Tukey’s post-hoc analysis GFP-Grn”" vs GFP-Grn™" p<0.0001, GFP-Grn™" vs
hPGRN-Grn”" p<0.0001, GFP-Grn”"vs hGRN2-Grn”" p<0.0001, GFP-Grn”"vs hGRN4-Grn”" p<0.0001).

D) Quantification of immunoblot of hippocampal galectin-3 normalized to H3. Data are mean£SD and significance
determined by One-Way ANOVA (Tukey’s post-hoc analysis GFP-Grn”" vs GFP-Grn™™" p=0.002, GFP-Grn™"vs
hPGRN-Grn”" p=0.0031, GFP-Grn""vs hGRN2-Grn”" p=0.053, GFP-Grn”"vs hGRN4-Grn”" p=0.0132).

2.7  Microglial activation and inflammatory markers are reduced by hGRNs

While neuronal cell death is a hallmark of PGRN deficiency, the GRN gene is also highly

expressed in microglia.(333) Loss of PGRN in Grn” mice causes inflammation, astrocytosis, and



microgliosis, which has been linked to synaptic loss and disease progression.(259, 334) In the Grn

/- thalamic proteome, we find that many of the most dysregulated proteins are expressed by

microglia including GPNMB, CD68, and P2RY 12 (Fig. 2.5A). To examine this in more detail, we

constructed a heatmap containing microglial activation markers found in the proteome of Grn™"*

and Grn”" injected cohorts (Fig. 2.13A).(335, 336) We find multiple markers of microglial

activation including CD45 (PTPRC) and CD68 are upregulated in the GFP-Grn”" thalamus (Fig.

2.13 B, D). In addition, P2RY'12, a marker of microglia homeostasis was down regulated in GFP-

Grn” mice (Fig. 2.13C). Based on proteomics analyses, the elevation of CD45 was reduced by

expression of hGRN2, hGRN4, and hPGRN, while depressed P2RY 12 levels were increased by

hGRN4 and hPGRN (Fig. 2.13B,
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Figure 2.13: Granulins rescues signs of microglial activation in Grn”~ mouse cortex.

A) Heatmap of differentially expressed (Log:Z score transformed) proteins associated with microglial activation and
dysfunction(335-337) (rows) in all treatment groups in GEP-Grn™~ compared to GFP-Grn*'* (columns).

B) Proteomics abundance of CD45 (PTPRC) across all treatment groups (One-way ANOVA; Tukey’s post-hoc
analysis GFP-Grn™™ vs GFP-Grn™* p<0.0001, GFP-Grn”" vs hPGRN-Grn” p<0.0001, GFP-Grn”" vs hGRN2-

Grn’” p<0.0001, GFP-Grn™ vs hGRN4-Grn™ p<0.0001)

C) Proteomics abundance of P2RY12 across all treatment groups. Data represented at mean £ SD One Way ANOVA
(Tukey’s post-hoc analysis GFP-Grn™" vs GFP-Grn™* p<0.0001, GFP-Grn”"vs hPGRN-Grn”" p<0.0001, GFP-

Grn”"vs hGRN2-Grn”” p= ns, GFP-Grn”"vs hGRN4-Grn”" p=0.0002).
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Figure 2.14: Granulins ameliorate elevated CD68 and GPNMB levels in Grn™" mice.

A) Representative images of CD68 immunohistochemistry of 12-month-old mouse coronal brain sections including
all injection groups.

B) Quantification of CD68 immunohistochemistry regions of interest cortex, hippocampus and thalamic signals
quantified by CellProfiler. Data represented as mean£SD, significance was determined (Two Way ANOVARegion x
jeciion F (8, 60) = 21.09). Followed by Tukey’s post-hoc analysis N=5 mice/group. * p < 0.05, ** p < 0.01, ***
p < 0.001, **** p < (0.0001.

C) Immunoblot of 12-month mouse cortical and thalamic brain tissue from all injection groups.

D) Quantification of immunoblot of cortical CD68 signal normalized to H3. Data represented as mean+SD and
significance determined by One-Way ANOVA (Tukey’s post-hoc analysis GFP-Grn” vs GFP-Grn*'* p=0.016,
GFP-Grn”"vs hPGRN-Grn™" p<0.0001, GFP-Grn”"vs hGRN2-Grn”” p=0.0145, GFP-Grn”"vs hGRN4-Grn™
p=0.0003)

E) Quantification of immunoblot of thalamic CD68 signal normalized to H3. Data represented as mean+SD and
significance determined by One-Way ANOVA (Tukey’s post-hoc analysis GFP-Grn™ vs GFP-Grn™'" p<0.0001,
GFP-Grn”"vs hPGRN-Grn”" p<0.0001, GFP-Grn”"vs hGRN2-Grn” p=0.0003, GFP-Grn”"vs hGRN4-Grn™
p=0.0004)

F) Quantification of GPNMB levels in thalamic lysates measured using ELISA. Quantified data are mean=SD.

Significance determined by one-way ANOVA (Tukey’s post-hoc analysis GFP-Grn”- vs GFP-Grn™* p<0.0001,
GFP-Grn”"vs hPGRN-Grn™" p<0.0001, GFP-Grn”"vs hGRN2-Grn”” p<0.0001, GFP-Grn”"vs hGRN4-Grn™
p<0.0001)



To expand our investigation to additional brain regions and validate proteomics, we
examined expression levels of CD68 (CD68), a type I transmembrane glycoprotein commonly
used as a microglial activation marker(338), using immunohistochemistry, and immunoblotting in
additional cohorts of mice. Immunohistochemical staining for CD68 revealed robust and
significant increases in CD68 in the cortex, hippocampus, and thalamus of GFP-Grn”” mice (Fig.
2.14A, B). Expression of hGRN4 in Grn”" mice lowered CD68 reactivity in all regions, while
expression of hGRN2 significantly reduced levels in the thalamus and cortex, but not the
hippocampus (Fig. 2.14B). Immunoblot of tissue lysates verified CD68 levels were increased in
the cortex and thalamus of GFP-Grn”" mice compared to GFP-Grn*™* mice, but below detection in
the hippocampus (n=5; Fig. 2.14C). Similar to immunohistochemical analysis, rAAV expression
of both hGRN2 and hGRN4 corrected elevated CD68 levels relative to GFP-Grn™" in the cortex
(Fig. 2.14D) and in the thalamus (Fig. 2.14E).

Finally, we asked if expression of granulins corrected levels of glycoprotein non-metastatic
melanoma protein B (GPNMB), the most elevated protein in the Grn”” brain thalamic proteome
(Fig. 2.5A), which was decreased by the expression of hGRN2 and hGRN4 in the thalamic
proteomics (Fig. 2.7A). GPNMB is a type-1 transmembrane glycoprotein that we discovered to be
highly upregulated by PGRN deficient microglia.(227) The function of GPNMB in microglia is
unknown, however GPNMB upregulation has been observed in activated damage-associated
microglia(339) and functionally linked to lysosomal stress and lipid accumulation.(340, 341) We
could not detect GPNMB via immunoblot, therefore, we quantified murine GPNMB levels in
thalamic tissue lysates using a validated ELISA.(227) Using this approach, we found that
expression of either hGRN2 or hGRN4 corrected elevated GPNMB levels to the same extent as

hPGRN in Grn”~ mice (Fig. 2.14F). In sum, proteomics and multiple orthogonal biochemical



measurements reveal that expression of hGRN2, hGRN4, and hPGRN, especially in the thalamus,

decrease microglial activation in Grn”" mice.

2.8  Lysosomal lipid dysregulation is rescued by a single granulin.

The role of granulins in the lysosome is not fully understood. Previous studies identified
lipid dysregulation in PGRN deficient animal models and FTD-GRN patient samples, suggesting
lysosomal metabolism of lipids is impaired.(21, 224, 243, 342) In particular, Grn”" mice display
decreased levels of bis(monoacylglycerol)phosphate (BMP), an atypical endo-lysosomal lipid, and
increased levels of glucosylsphingosine (GlcSph), a substrate of glucocerebrosidase (GCase),
which can be corrected by administration of exogenous full-length hPGRN.(238) Additionally,
ganglioside levels increase in brain tissues from Grn”" mice and FTD-GRN patients (242), which
may accumulate as secondary storage material, a phenomenon observed in many LSDs.(241, 343)

To validate these observations and determine whether expression of a single granulin or full-length
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Figure 2.12: Loss of PGRN leads to dysregulation of lipids.

A) Volcano plot of differential abundance of lipids and metabolites quantified in GFP-Grn”~ and GFP-Grn™"™*
mouse cortex. Lipids or metabolites upregulated in GEP-Grn”~ (ved) and downregulated in GFP-Grn™" (blue) are
represented (p<0.1).



hPGRN can correct them, we performed lipidomics and metabolomics analyses on the cortex of
GFP-Grn*"*, GFP-Grn”", APGRN-Grn”", hGRN2-Grn”", and hGrn4-Grn”" mice.

These studies confirmed a decrease in the levels of BMP species and an increase in the
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Figure 2.16: BMP, GlcSph, and Gangliosides are rescued by hGRN4.

A) Quantification of differentially abundant BMP species. Data represented as mean+SD, significance was
determined by One-way ANOVA with Tukey’s post-hoc analysis. N=5-7 mice/group. * p < 0.05, ** p < 0.01,
*¥*%p < 0.001, ¥*** p < 0.0001.

B) Quantification of differentially abundant glucosylsphingosine species Data represented as mean=SD,
significance was determined by One-way ANOVA with Tukey’s post-hoc analysis. N=5-7 mice/group. * p <
0.05, **p < 0.01, ¥**p < 0.001, **** p < 0.0001.

C) Quantification of differentially abundant gangliosides species. Data represented as mean+SD, significance
was determined by One-way ANOVA with Tukey’s post-hoc analysis. N=5-7 mice/group. *p < 0.05, **p <
0.01, ***p < 0.001, ¥**¥** p < 0.0001

levels of GlcSph species in GFP-Grn”” mice compared with GFP-Grn™* mice (Fig. 2.15A). In

addition, we observed smaller, but significant increases of several gangliosides in the GFP-Grn™



mouse brain (Fig. 2.15A), similar to what has been previously reported.(242) AAV-mediated
expression of hGRN4 and hPGRN in the Grn”" mouse brain, but not hGRN2, significantly
increased all measured BMP species back towards levels found in GFP-Grn** mice (Fig. 2.16A).
Similarly, we found that both hGRN4 and hPGRN corrected the elevation of GleSph (Fig. 2.16B)
and gangliosides (Fig. 2.16C) in the GFP-Grn”" mouse brain. hGRN2 showed a slight but non-
significant reduction in GleSph and ganglioside levels as well. It is unclear why hGRN2 did not
rescue BMP and gangliosides to the same extent as hGRN4 and hPGRN. This could be due to
lower expression of hGRN2 (Supp. Fig. 3C), or that different granulins may have specific
functions in lysosomal lipid metabolism. Overall, these results demonstrate that a single granulin
can correct multiple lysosomal lipids that are dysregulated in the Grn”" mouse brain to the same
extent as full-length hPGRN. Further research is required to understand the specific functions of

different granulins on lysosomal lipid metabolism.

2.9  Lipofuscin accumulation in Grn”" brains is alleviated by expression of human
granulins.

Auto fluorescent lipofuscin is a marker of lysosome dysfunction and is a neuropathologic
feature of human FTD-GRN and Grn”" mouse brain tissue.(255, 256, 344) We set out to evaluate
the extent and anatomical location of lipofuscin neuropathology in our rAAV-injected Grn™
mouse brain cohorts. We imaged whole coronal sections using Cy5 excitation and emission filters
to capture autofluorescence in GFP-Grn'*, GFP-Grn”, hPGRN-Grn”", hGRN2-Grn”", and
hGRN4-Grn”" mice (n=5). Fluorescent signal in the cortex, hippocampus, and thalamic regions
of all AAV injected mice was then quantified using CellProfiler (Fig. 2.17A). We observed a

robust increase in lipofuscin in GFP-Grn”~ animals compared with GFP-Grn*" in the thalamus



and hippocampal regions, but not the cortex (Fig. 2.17 A, B). Next, we found that expression of
hGRN2, hGRN4, and hPGRN all decreased lipofuscin accumulation in the thalamus and
hippocampus compared to GFP-Grn”” mice (Fig. 2.17 A, B). These data agree with our proteomic
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Figure 2.17: Granulins decrease levels of lipofuscin in Grn™" mice.

A) Representative images of lipofuscin autofluorescence as detected in the Cy5 channel from hippocampal and
thalamic regions of coronal sections from all injection groups presented in grayscale.

B)  Quantification of fluorescent lipofuscin signal from cortex, hippocampus, and thalamus across all injected
groups. Images were quantified in CellProfiler, and total intensity signal was divided by area of region
assessed. Data represented as mean=SD significance determined with Two-Way ANOVA (two-way
ANOV Ainjectionxregion F' 8, 246) = 16.53 p<0.0001). Followed by Tukey’s post-hoc analysis N=5 mice/group. *
p <0.05 **p<0.01, **p<0.001, ¥**¥**p < 0.0001

and lipidomic analyses and provide additional evidence that individual granulins can ameliorate



widespread lysosomal dysregulation in Grn”" mice including accumulation of lipofuscin, which
has been linked to neurotoxicity and neurodegeneration in LSDs.(255) This is the first report that
a single granulin confers such broad beneficial effects in Grn”~ mice and provides compelling

evidence that individual granulins are bioactive and neuroprotective.

2.10 Behavioral Phenotypes
Previous studies have found behavioral differences in Grn”" mice including changes in impulsivity,
anxiety, social, and well-being measures (345). These changes correlate with some of the most common
early behavioral changes in FTD-GRN patients CITE. The expression of PGRN in the mPFC of adult
mice was able to rescue changes in social dominance and nest building, but the ability of GRNs to confer
a similar effect has not been assessed (244, 256). To address this gap, we completed a set of behavioral
tests including nest building, nestlet shredding, and marble burying across all the injected mice.

First, we aimed to identify assays that showed a phenotypic difference between GFP-
Grn™" and GFP-Grn”" mice in our cohort. We found that there was a difference in nest building
(student’s t-test p=0.0122) and nestlet shredding (Welch’s t-test p=0.0071) between Grn™" and
GFP-Grn”" mice, but not in mice’s propensity to bury marbles (Fig 2.18A-C). Grn”" built nests of
poorer quality (Fig 2.18A) and showed less nestlet shredding behavior than their Grn™"*
counterparts (Fig 2.18B). As nest building is an important survival skill for mice, the ability of a
mouse to build a well-formed nest is considered a measure of well-being, that is often decreased
in (346). Nestlet shredding is considered an anxiety-like behavior and less nestlet shredding is
generally considered to be a sign of a lower anxiety-like state in mice (347). However, in light of
a concomitant decrease in nestlet building ability it is possible that the lack of nestlet shredding

could also be interpreted through the lens of behavior necessary for general well-being (348).



Similar to previous studies assessing behavioral outcomes in PGRN-Grn” mice we found

that the expression of PGRN was able to rescue nestlet shredding to a level not significantly
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Figure 2.18: Behavioral Assessment Reveals that individual GRNs alleviate some dysregulated
behavior in Grn”" mice.

A) Quantification of nest building scores. Data represented as mean+SD, significance was determined by One-
way ANOVA with Tukey’s post-hoc analysis. N=18-23 mice/group. * p < 0.05, **p < 0.01, *** p < 0.001,
*xEE p < 0.0001.

B) Percent of nestlet shredded quantified by weight. Data represented as meantSD, significance was
determined by One-way ANOVA with Tukey’s post-hoc analysis. N=18-23 mice/group. * p < 0.05, ** p <
0.01, ***p < 0.001, ¥**¥** p < 0.0001.

C) Number of marbles buried. Data represented as mean+SD, significance was determined by Student’s T-test
N=18-20 mice/group. *p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

different from GFP-Grn"* (Fig 2.6B). The nest building behavior was not improved by the

expression of hPGRN, however, the expression of hGRN2 was able to ameliorate the loss of nest



building behavior in Grn”- mice (Fig 2.6A). In the context of our study only hGRN2-Grn”~ were
assessed using our set of behavioral tests. Interestingly the expression of hGRN2 did not affect
level of nestlet shredding in Grn”"mice. The interpretation of these data in limited by the restriction
of our testing to only hGRN2 mice which showed a subtler biochemical rescue phenotype
compared to hGRN4 injected animals. Further, we were unable to recapitulate trends in PGRN
rescue previously reported by other labs, suggesting that the sensitivity of our assay may not be
optimal. Overall, these findings suggest that GRNs may be able to rescue behaviors effected by
the loss of PGRN, but require additional investigation and more thorough behavioral profiling

before more concrete conclusions can be reported.

2.11 Discussion

In this study, we find that delivery of an individual granulin using rAAV is equally
efficacious as full-length hPGRN, correcting a variety of disease-linked neuropathology in Grn™
mice. Proteomic analyses of the Grn”" mouse thalamus at 12-months revealed wide-spread
dysregulation of lysosomal hydrolases, lysosomal lipid metabolism, neuroinflammation, and
proteostasis pathways, which can all be corrected by adding back hPGRN (~88 kDa) or a single
granulin (~6k Da) subunit. This fills a critical gap in our knowledge of PGRN biology, strongly
supporting the idea that individual granulins are the bioactive, functional components of PGRN.
Moreover, our data suggest protein replacement with a single granulin may be a viable therapeutic
approach in FTD caused by GRN mutations, which should be explored further.

Although it is well established that pathogenic GRN mutations decrease PGRN levels and
ultimately cause neurodegeneration, the precise function of PGRN itself is still unclear. In general,
the full-length PGRN protein has been thought to be directly neurotrophic, growth promoting, and

anti-inflammatory. PGRN has been proposed to mediate these activities through binding and



activation of extracellular signaling receptors(225, 320), however this concept does not explain
why complete lack of PGRN causes lysosome dysfunction and manifests as an LSD. Based on our
discovery that PGRN is rapidly processed into individual granulins in the lysosome(349), we tested
the idea that the cleaved granulins themselves are active.

This is an important conceptual advance, because, prior to this study, granulins were
thought to have the opposite activity of PGRN, potentially promoting inflammation(193) and
neurotoxicity(309) while impairing lysosomal function(281). In contradiction to these hypotheses,
we find that long-term expression of two different granulins in Grn”- mouse brain reduced multiple
markers of neuroinflammation and glial activation, ameliorated the accumulation of lipofuscin,
and broadly corrected dysregulated lysosomal proteins and lipids. Additional substantiation of our
data comes from a study which found that PTV:PGRN, a brain penetrant form of hPGRN, is
efficacious for multiple weeks after dosing Grn”" mice, when PGRN has been completely cleared,
suggesting that granulins made in the lysosome are stable and mediate prolonged efficacy(238).
Taken together, these findings suggest granulins have a central role regulating lysosomal function,
lysosomal lipid metabolism, and may hold therapeutic potential for multiple neurodegenerative
diseases associated with lysosomal dysfunction.(160, 350, 351)

A limitation of our study is that we only examined the efficacy of two of the seven granulins
in Grn”" mouse brains. We focused on hGRN2 and hGRN4 because they are 50% dissimilar,
reported to have opposite function in vitro, and we were able to generate specific antibodies to
assist experimental analysis. Considering this limitation, we found that rAAV-mediated expression
of either hGRN2 or hGRN4 equally corrected major markers of lysosome dysfunction (galecin-3),
microglial activation (Cd68, Gpnmb), and lipofuscin pathology in Grn” mouse brains. However,

in some cases, such as correction of BMP and GlcSph lipids, hGRN2 was not as efficacious as



hGRN4 or hPGRN. Proteomics quantification revealed that despite the injection of equivalent
rAAV titers, hGRN2 was expressed at ~2.5-fold lower levels than hGRN4, raising the possibility
that insufficient expression of hGRN2 limited efficacy in the Grn” mouse brain. Alternatively,
hGRN2 and hGRN4 may have different functions or binding partners in the lysosome explaining
some of the observed differences. It is also possible that hGRN2 and hGRN4 may be differentially
regulated or have different half-lives in the lysosome.(286) Nevertheless, the shared ability of
hGRN2 and hGRN4 to rescue many pathologic phenotypes in Grn”" mice, strongly supports
further investigation of the bioactivity of all granulins (1 to 7) in vivo.

The findings from our work have important implications for therapeutic development to
treat FTD-GRN and other neurodegenerative diseases with PGRN deficiency. Multiple therapeutic
strategies to increase PGRN levels in the CNS are being pursued for clinical development ranging
from protein replacement(224), to gene therapy(264), and small molecule approaches.(352) One
approach aims to increase PGRN by depleting sortilin (SORT), a PGRN lysosomal trafficking
receptor, with an antibody (ALOO1) that has advanced to a phase 3 clinical trial
(NCT04374136).(318) Antibodies targeting the sortilin extracellular domain increase circulating
levels of PGRN in mice(266) but decrease lysosomal granulins in iPSC-derived neurons.(353)

Our data raise a concern with this approach, because anti-sortilin antibodies likely raise
extracellular PGRN by reducing trafficking to the lysosome, leading to decreased production of
intracellular granulins, which we find are functional and prevent lysosome dysfunction caused by
PGRN deficiency. On the other hand, PGRN can be trafficked to the lysosome through alternative
receptor pathways by binding prosaposin(157, 294), which may reduce this concern, however it is
unclear whether this occurs in the CNS following anti-sortilin treatment.(354) At a minimum, our

data raise a cautionary note that both PGRN and intra-lysosomal granulin levels should be



measured when evaluating pre-clinical therapeutic approaches to treat PGRN deficiency in
humans.

In conclusion, we find that neuronal expression of a single granulin can functionally
substitute for the full length PGRN protein and correct a wide spectrum of disease-like phenotypes
in Grn”" mice including lysosome dysfunction, gliosis, dysregulated metabolism of lipids (BMP,
GlcSph and gangliosides) and accumulation of lipofuscin. These findings support the idea that
PGRN serves as a precursor to bioactive granulins, which are made in the lysosome, and directly
mediate lysosomal homeostasis and neuroprotection. Key questions remain including whether all
granulins can equivalently rescue pathologic phenotypes caused by PGRN deficiency.
Additionally, the precise molecular function of granulins inside the lysosome, or whether each
granulin has a unique or overlapping activity has yet to be resolved. From a therapeutic
perspective, due to their small size, granulins may have advantages for treating FTD-GRN by
crossing the blood-barrier more readily than PGRN due to their small size, although this needs to
be empirically tested. Furthermore, therapies that aim to raise PGRN levels need to consider the
impact on granulin levels throughout the CNS. Finally, our data strongly suggest that focused
attention on the function of granulins inside the endosomal-lysosomal pathway is necessary to
understand how granulins mediate lysosomal protein and lipid homeostasis and prevent

neurodegeneration in FTD-GRN and related neurodegenerative disorders.
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2.13 Supplemental Figures

Supplemental Figures can be found in Appendix 4

2.14 Experimental models and subject details

Mouse Model and Neonatal rAAYV injections.

The Grn~~ mice used in this study were purchased from the Jackson Laboratory (B6(Cg)-
Grntm1.1Aidi/, IMSR Cat# JAX:013175, RRID:IMSR JAX:013175) and generated as previously
described. Mice were bred and housed in the Department of Animal Resources at Emory
University and all work was approved by the Institutional Animal Care and Use Committee

(IACUC) and performed in accordance with the Guide for the Care and Use of Laboratory Animals



of the National Institutes of Health. Postnatal day 0 (PO) mouse pups (GRN"" or GRN”") were
injected with rAAV vectors.(325) Briefly, PO pups were cryoanesthetized in a nest protected by
aluminum foil placed on ice for 5 min. One microliter of rAAV was injected
intracerebroventricularly (ICV) into both hemispheres using a 10 ml Hamilton syringe with a 30-
gauge needle. The pups were then placed on a heating pad with their original nesting material for
3-5 min and returned to their mother for further recovery. Mice were not sexed before injection,

males and females were injected.

2.15 Methods

Production of recombinant adeno-associated virus

Four purified recombinant adeno-associated virus vectors (rAAVs) for injection were
produced by plasmid transfection with helper plasmids in HEK293T cells. Briefly, the coding
sequence of twin-Strep-GFP (GFP), twin-Strep-V5 human progranulin (hPGRN), twin-Strep-
FLAG-granulin-2 with linker region 3 (hGRN2) and twin-Strep-FLAG-granulin-4 with linker
region 5 (hGRN4) were subcloned from a pcDNA3.1 expression plasmid into pAAV. hPGRN,
hGRN2, and hGRN4 all contain the native hPGRN signal peptide at the N-terminus. The AAV
vectors express hPGRN, hGRN2, hGRN4, or GFP under the control of the cytomegalovirus
enhancer/chicken f-actin promoter, a woodchuck post-transcriptional regulatory element, and the
bovine growth hormone, poly(A), and were generated by plasmid transfection with helper
plasmids in HEK293T cells. Forty-eight hours after transfection, the cells were harvested and lysed
in the presence of 0.5% sodium deoxycholate and 50 U/ml Benzonase (Sigma, St. Louis, MO) by
freeze thawing, and the virus was isolated using a discontinuous iodixanol gradient and affinity
purified on a HiTrap HQ column (Amersham Biosciences, Arlington Heights, IL). The genomic

titer of each virus was determined by quantitative PCR.



Collection of Brain Tissue

Mice were sacrificed after 12 months and brains were processed in two downstream pathways.
Brains from half of the individuals from each cohort were immediately dissected from the skull
and frozen at -80C. Whole brains were later thawed on ice and cortical, hippocampal, and thalamic
sections were bulk dissected from the brain and frozen immediately at -80C. Remaining animals
were transcardially perfused using ice cold PBS then fixed in methanol-free 4% PFA before
dissecting all brains and storing in 4% PFA for 24 hours before transferring samples to 30%
sucrose, which was replaced at 24 and 48 hours. The final storage solution was 30% sucrose and
1% sodium azide. Fixed tissue was stored at 4C until it was prepared for sectioning. Brain
sectioning was performed using a freezing microtome set to 40 um. Brains were frozen in ground
dry ice, then mounted with 30% sucrose onto the pre-frozen sectioning stage, where serial sections
were collected from the entire brain and stored in 30% sucrose, 30% ethylene glycol and 1%
sodium azide. Frozen hippocampal and cortical brain samples from 12-month-old Grn™* (n=27)

and Grn”~ (n=44) mice were allocated for further processing.

Thalamic Proteomics Sample Preparation

Each tissue sample was homogenized in 300 pL of 8 M urea/100 mM NaHPOs, pH 8.5 with HALT
protease and phosphatase inhibitor cocktail (Pierce) using a Bullet Blender (Next Advance)
according to manufacturer protocols. Briefly, tissue lysis was transferred to a 1.5 mL Rino tube
(Next Advance) with 350 mg stainless steel beads (0.9-2 mm in diameter) and blended for 5-
minute intervals, two times, at 4°C. Protein supernatants were sonicated (Sonic Dismembrator,

Fisher Scientific) three times for 5 seconds, with 15 second intervals of rest, at 30% amplitude to



disrupt nucleic acids, in 1.5 mL Eppendorf tubes. Protein concentration was determined by BCA
method, and aliquots were frozen at —80°C. Protein homogenates (200 png) were treated with 1
mM dithiothreitol (DTT) at 25°C for 30 minutes, followed by 5 mM iodoacetimide (IAA) at 25°C
for 30 minutes in the dark. Proteins were digested with 1:25 (w/w) lysyl endopeptidase (Wako) at
25°C for overnight followed by another overnight digestion with 1:25 (w/w) trypsin (Pierce) at
25°C after dilution with 50 mM NH4HCOs to a final concentration of 1 M urea. The resulting
peptides were desalted on a Sep-Pak C18 column (Waters) and dried under vacuum. All samples
were across 2 batches and labeled with an 18-plex Tandem Mass Tag (TMTPro) kit
(ThermoFisher, Lot numbers: UK297033 and WI336758) according to manufacturer’s protocol.
Each TMT batch was desalted with 60 mg HLB columns (Waters) and dried via speed vacuum
(Labconco). Dried samples were re-suspended in high pH loading buffer (0.07% vol/vol NH4OH,
0.045% vol/vol FA, 2% vol/vol ACN) and loaded onto a Water’s BEH column (2.1 mm x 150 mm
with 1.7 pm particles). A Vanquish UPLC system (ThermoFisher Scientific) was used to carry out
the fractionation. Solvent A consisted of 0.0175% (vol/vol) NH4OH, 0.01125% (vol/vol) FA, and
2% (vol/vol) ACN; solvent B consisted of 0.0175% (vol/vol) NH4OH, 0.01125% (vol/vol) FA,
and 90% (vol/vol) ACN. The sample elution was performed over a 25 min gradient with a flow
rate of 0.6 mL/min with a gradient from 0 to 50% solvent B. A total of 192 individual equal volume
fractions were collected across the gradient. Fractions were concatenated to 96 fractions and dried
to completeness using vacuum centrifugation. Dried peptide fractions were resuspended in 20 pl
of peptide loading buffer (0.1% formic acid, 0.03% trifluoroacetic acid, 1% acetonitrile). Peptide
mixtures (2 pl) were separated on a self-packed C18 (Dr. Maisch) fused silica column (15 cm %
150 pm internal diameter) by a Dionex Ultimate rsLCnano and monitored on a Fusion Lumos mass

spectrometer (ThermoFisher). Elution was performed over a 42 min gradient at a rate of 1250



nl/min with buffer B ranging from 1% to 99% (buffer A: 0.1% formic acid in water, buffer B:
0.1% formic in 80% acetonitrile). The mass spectrometer cycle was programmed to collect at the
top speed for 3 s cycles. The MS scans (410-1600 m/z range, 400,000 AGC, 50 ms maximum ion
time) were collected at a resolution of 60,000 at m/z 200 in profile mode. HCD MS/MS spectra
(0.7 m/z isolation width, 35% collision energy, 125,000 AGC target, 86 ms maximum ion time)
were collected in the Orbitrap at a resolution of 50000. Dynamic exclusion was set to exclude
previous sequenced precursor ions for 20 s within a 10-ppm window. Precursor ions with +1 and

+8 or higher charge states were excluded from sequencing.

Thalamic Proteomics Data Processing

All raw files were analyzed using the Proteome Discoverer Suite (v.2.4.1.15, ThermoFisher).
MS/MS spectra were searched against the UniProtKB mouse proteome database (downloaded in
August 2020 with 91417 total sequences) supplemented with 4 variant sequences (twin-Strep-
GFP, hGRN2, hGRN4, and hPGRN). The Sequest HT search engine was used to search the RAW
files, with search parameters specified as follows: fully tryptic specificity, maximum of two missed
cleavages, minimum peptide length of six, fixed modifications for TMTPro tags on lysine residues
and peptide N-termini (+304.207 Da) and carbamidomethylation of cysteine residues
(+57.02146 Da), variable modifications for oxidation of methionine residues (+15.99492 Da),
serine, threonine and tyrosine phosphorylation (+79.966 Da) and deamidation of asparagine and
glutamine (+0.984 Da), precursor mass tolerance of 10 ppm and a fragment mass tolerance of
0.05 Da. Percolator was used to filter peptide spectral matches and peptides to an FDR <1%.

Following spectral assignment, peptides were assembled into proteins and were further filtered



based on the combined probabilities of their constituent peptides to a final FDR of 1%. Peptides

were grouped into proteins following strict parsimony principles.

Differential expression analysis

Differentially enriched or depleted proteins (p <0.05) were identified by one-way ANOVA with
post-hoc Tukey HSD test comparing five groups: GFP-Grn™*, GFP-Grn”", PGRN-Grn”-, GRN2-
Grn”", GRN4-Grn”- mice. Differential expression of proteins was visualized with volcano plots
generated using the ggplot2(355) package in Microsoft R Open v3.4.2. Significantly differentially
expressed proteins were determined by both having a p<0.05 and a fold change difference of

greater than log2(1.25) or less than —log2(1.20) (a minimum 1.2-fold change).

Proteomics Analysis and Visualization

Differential Expression data from comparisons GFP-Grn™* vs GFP-Grn”", GFP-Grn”- vs hPGRN-
Grn”", GFP-Grn”~ vs hGRN2-Grn”", and GFP-Grn™", versus hGRN4-Grn”~ including adjusted p
values, and abundance values were imported into Quickomics, an R-shiny powered proteomics
analysis and visualization tool.(356) GIS internal standards were removed from the data set and
Heatmaps were created filtering proteins from the GFP-Grn** vs GFP-Grn”- comparison with and
adjusted p-value of <0.05 and a fold change value of at least 1.2 or 20%. Clustering was performed
grouping proteins by the similarity across the sample ID using a k-means approach. Other
visualizations created in Quickomics include 2-Way DEG plots and PCA visualizations.

Additional PCA analysis was undertaken in R using the PCAtools package.(357)

Gene ontology (GO)



Genes IDs identified from proteins determined to be differentially abundant (adjusted p-value 0.05,
FC 1.2) between GFP-Grn"*, GFP-Grn” mice were input into the Metascape Gene Ontology
Analysis tool (https://metascape.org).(358) Express Analysis was conducted and the top 50

Ontology Terms were collected.

Lipidomics and Metabolomics

Sample preparation for lipidomics and metabolomics analyses.

During tissue collection, the cortex was dissected, weighed, and flash frozen. Each frozen cortex
was pulverized into a homogenous powder, and roughly 30 mg of each cortex powder sample was
used to extract lipids. Methanol spiked with internal standards (see LCMS methods below) was
added to each sample and homogenized with FastPrep-24™ 5G bead beating grinder and lysis
system using Lysing Matrix D tubes with CoolPrep™ adapter (MP Biomedicals) for 40 seconds
at a speed of 6 m/s. The methanol fraction was then isolated via centrifugation (20 minutes at 4°C,
14,000 x g), followed by transfer of supernatant to a 96 well plate. After a 1 h incubation at 20°C
followed by an additional centrifugation (20 minutes, 4,000 x g at 4°C), methanol was transferred

to glass vials for LCMS analysis.

Lipidomics analysis.

Lipid analyses were performed by liquid chromatography on an ExionLC (Sciex) coupled with
electrospray mass spectrometry TripleQuad 7500 (Sciex). For each analysis, 1 uL of the sample
was injected on a Premier BEH C18 1.7 um, 2.1x100 mm column (Waters) using a flow rate of

0.25 mL/min at 55°C. For positive ionization mode, mobile phase A consisted of 60/40 (vol/vol)



acetonitrile/water with 10 mM ammonium formate + 0.1% formic acid; mobile phase B consisted
of 90/10 (vol/vol) isopropyl alcohol/acetonitrile with 10 mM ammonium formate + 0.1% formic
acid. For negative ionization mode, mobile phase A consisted of 60/40 (vol/vol) acetonitrile/water
with 10 mM ammonium acetate; mobile phase B consisted of 90/10 (vol/vol) isopropyl
alcohol/acetonitrile with 10 mM ammonium acetate. 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. Electrospray ionization was performed in positive or negative ion mode. We applied the
following settings: curtain gas at 40 psi (negative mode) and curtain gas at 40 psi (positive mode);
collision gas was set at 9; ion spray voltage at 2000 V (positive mode) or -2000 V (negative mode);
temperature at 250°C (positive mode) or 450°C (negative mode); ion source Gas 1 at 40 psi; ion
source Gas 2 at 70 psi; entrance potential at 10 V (positive mode) or -10 V (negative mode); and
collision cell exit potential at 15 V (positive mode) or -15 V (negative mode). Data acquisition
was performed in multiple reaction monitoring mode (MRM) with the collision energy (CE) values
reported in Supplementary Tables 2.1 and 2.2. Area ratios of endogenous lipids and surrogate

internal standards were quantified using SCIEX OS 3.1 (Sciex).

Metabolomics analysis.

Metabolites analyses were performed by liquid chromatography on an ExionL.C (Sciex) coupled
with electrospray mass spectrometry TripleQuad 7500 (Sciex). For each analysis, 1 pL of the
sample was injected on a Premier BEH amide 1.7 um, 2.1x150 mm column (Waters) using a flow
rate of 0.40 mL/min at 40°C. Mobile phase A consisted of water with 10 mM ammonium formate
+ 0.1% formic acid. Mobile phase B consisted of acetonitrile with 0.1% formic acid. The gradient
was programmed as follows: 0.0—1.0 min at 95% B; 1.0-7.0 min to 50% B; 7.0-7.1 min to 95%

B; and 7.1-10.0 min at 95% B. Electrospray ionization was performed in positive ion mode. We



applied the following settings: curtain gas at 40 psi; collision gas was set at 9; ion spray voltage at
1600 V; the temperature at 350°C; ion source Gas 1 at 30 psi; ion source Gas 2 at 50 psi; entrance
potential at 10 V; and collision cell exit potential at 10 V. Data acquisition was performed in MRM
mode with the CE values reported in Supp. Table 3. Area ratios of endogenous metabolites and

surrogate internal standards (Supp. Table 3) were quantified using SCIEX OS 3.1 (Sciex).

Analysis of glucosyl- and galactosyl-sphingolipids.

Glucosyl- and galactosyl-sphingolipids analyses were performed by liquid chromatography
ExionLC coupled to electrospray mass spectrometry TQ7500. For each analysis, 1 pL of sample
was injected on a HALO HILIC 2.0 um, 3.0 x 150 mm column (Advanced Materials Technology)
using a flow rate of 0.48mL/min at 45°C. Mobile phase A consisted of 92.5/5/2.5 (vol/vol/vol)
acetonitrile/isopropanol/water with 5 mM ammonium formate and 0.5% formic acid. Mobile phase
B consisted of 92.5/5/2.5 (vol/vol/vol) acetonitrile/isopropanol/water with 5 mM ammonium
formate and 0.5% formic acid. The gradient was programmed as follows: 0.0-2 min at 0% B, 2.1
min at 5% B, 4.5 min at 15% B, hold to 6.0 min at 15% B, up to 100% B at 6.1 min and hold to
7.0 min, drop back to 0% B at 7.1 min and hold to 8.5 min. Electrospray ionization was performed
in positive ion mode. We applied the following settings: curtain gas at 40 psi; collision gas was set
at 9 psi; ion spray voltage at 2250 V; temperature at 450°C; ion source Gas 1 at 40 psi; ion source
Gas 2 at 70 psi; entrance potential at 10 V; and collision cell exit potential at 15 V. Area ratios of
endogenous glucosyl- or galactosyl-sphingolipids and surrogate internal standards (Table 4) were

quantified using SCIEX OS 3.1 (Sciex).

Immunohistochemistry



Paraformaldehyde fixed coronal tissue sections from each group of rAAV-injected mice were
stained with the StrepTagll C23.21 antibody or cell type markers (neurons (NeuN), microglia
(IBA-1), astrocytes (GFAP)) using previously published procedures. The full list of antibodies is
listed in the key resources table. For this procedure, 40 pm coronal brain sections were processed
using a free-floating method. For StrepTagll and CD68 antibodies, antigen retrieval with Citrate
buffer pH 6.0 (30min) was performed for epitope retrieval. Sections were rinsed three times in
phosphate-buffered saline containing 0.3% Triton-X100 (PBST) (0.1M Phosphate buffer, pH 7.4,
0.137 M NaCl, 0.3% Triton-X100) and reacted in PBST containing 1% hydrogen peroxide (30
min) to remove endogenous peroxidase activity, rinsed three times in PBST, blocked with 2.5%
normal horse serum, and then incubated in optimal dilutions of antibody overnight with shaking
at room temperature (RT). Sections were then rinsed three times, incubated in biotinylated anti-
species immunoglobulin (Vector Laboratories) at 1:1000 for 2 hours at room temperature, rinsed
three times and then incubated with avidin-biotin-peroxidase complex (ABC) (Vector
Laboratories). Localization of bound antibody was visualized using avidin-biotin horseradish
peroxidase (HRP) enzyme complex histochemistry and nickel ammonium sulfate-enhanced
diaminobenzidine-HCI (100 pg/ml) (TCI Chemicals, Tokyo, Japan) as a substrate to produce a
dark purple reaction product. Sections were then mounted on microscope slides and coverslipped

with permanent mounting agent.

For detection of the twin-Strep tag on constructs, the StrepTagll C23.21 antibody was visualized
using the Mouse on Mouse ImmPress HRP Polymer kit (Vector Laboratories) according to the

manufacturer’s protocol. To Quantify IHC signal cortical, thalamic, and hippocampal regions were



cropped from a whole coronal section image. Brain regions of interest analyzed using an automated

pipeline created using CellProfiler (www.cellprofiler.org)(4) for quantification.

Fluorescent immunohistochemistry

Double-color fluorescent immunohistochemistry was carried out to verify cellular co-localization
of PGRN-expressing cells in hPGRN-Grn”- mice with cellular antigenic markers such as neuronal
marker (NeuN), microglial marker (Iba-1), and astrocyte marker (Gfap). Tissue sections were
incubated with optimal dilutions of antibodies at 4 degrees overnight with shaking. After three
washes (10 min each) in PBST, sections were incubated with optimal concentrations of
fluorescent-labeled secondary antibodies. Bound primary antibodies were detected with Alexa
Fluor 488-donkey anti-goat IgG, and Cy3-donkey anti-rabbit IgG. After three washes, sections
were mounted, coverslipped with Immuno-mount fluorescent mounting media (Thermo Fisher)
and imaged using Lecia DMi 8 microscope with a DFC9000 GT camera and system software (LAS

X Life Science microscope software).

Cell Culture

HeLa GRN” cells were a gift from Dr. Shawn Ferguson (Yale) and generated using CRISPR as
described.(137) HeLa wild-type or GRN cells were cultured in DMEM medium plus 10% fetal
bovine serum (FBS) and 1% Pen/Strep and maintained at 37 °C with 5% CO2. 24 hours before

collection DMEM media was replaced with OptiMEM media (Gibco).

HeLa Lysis and Media Collection



Cells were suspended in MES buffer (50mM MES pH6.5, 1% Triton, 150mM NaCl, 1XHALT
PPI) SuL for every 1mg cell pellet. Cells were then lysed on ice for 10 mins briefly vortexing every
3 minutes. Lysates were then spun at 600xg for 10 minutes and supernatant was collected.
Conditioned media was collected from culture dish and spun at 500xg for 10 minutes to remove

any cell debris.

Flash Frozen Mouse Brain Sample Processing for Immunoblot

To prepare samples for the immunoblot analysis of proteins, a novel protocol was
developed in which approximately 40 mg of mouse hippocampal tissue from each sample was
placed in a solution of PBS with added HALT phosphatase protease inhibitor (PPI) at a dilution
of 1:2 (weight to volume). The PPI was diluted into the 1xPBS at 1:100. In the PBS + PPI solution,
the sample was cut into smaller pieces with mini scissors. Once cut into smaller pieces, the sample
is ready for further homogenization.

A bead lysis kit was used for the homogenization of these small, soft hippocampal samples.
The samples were cut into pieces and still in the PBS + PPI solution were pipetted into 1.5 mL
RINO screw-tap tubes (Next Advance) prefilled with zirconium oxide beads. Tubes were placed
into the Bullet Blender (Next Advance) for homogenization.

Once homogenized, the solution was diluted 1:5 in RIPA lysis buffer supplemented with
I1x HALT protease and phosphatase inhibitor. After 15 minutes, the solution was sonicated (30A;
2 seconds on; 8 seconds of rest; 10 seconds total sonication time/sample). After sonication, the
solution was spun down in a centrifuge at 20,000xRCF at 4C for 10 minutes. Protein concentration

was measured with the bicinchoninic acid (BCA) assay, samples were frozen in aliquots at -80C.



Immunoblot

SDS/PAGE and immunoblotting of HeLa cell lysates, cell media, and mouse brain lysates
were performed as described.(25, 359, 360) Mouse brain running samples were prepared for
immunoblot in 1X Laemmli loading buffer with 20 mM tris(2-carboxyethyl)phosphine (TCEP))
followed by denaturation at 70 degrees C for 15 minutes. For immunoblotting, protein samples
were first separated on Bio-Rad TGX 4-20% 26-well gels at 100 V and transferred to a 0.2-micron
nitrocellulose membrane using the Bio-Rad Trans-blot Turbo system. BulletBlock (Nacalai) for
30 minutes at room temperature membranes were incubated overnight at 4C with primary
antibodies (STAR MATERIALS). Membranes were probed with anti-Histone H3 or anti-Beta
tubulin antibodies and imaged on the Odyssey Fc (LI-COR), to normalize protein abundance
between samples.

For hGRN2 and hGRN4 protein samples were separated using 4-20% BisTris gels run
using MES buffer (Genscript) at 100V to resolve bands. Transfers were completed using Bio-Rad
Trans-blot Turbo to a 0.2-micron nitrocellulose membrane, then blocked with Fish Serum
Blocking Buffer (ThermoFisher) for 60 minutes at room temperature. Membranes were then
incubated with primary antibodies (1ug/mL) overnight at 4C. All primary antibodies were diluted
to a final concentration of 50% glycerol for long term storage at -20C. Near-infrared fluorescent
secondary antibodies (diluted in TBST) or HRP-conjugated (diluted in 0.5% milk in TBST)
antibodies (STAR Materials) were incubated for 1 hour at room temperature. For HRP
visualization, blots were incubated in WesternSure PREMIUM Chemiluminescent Substrate ( LI-
COR) for 5 min before imaging. Near infrared or chemiluminescent blots were imaged using

Odyssey Fc (LI-COR) and analyzed by Image Studio software 5.2 (LI-COR).



Alignment and Percent Identity

Granulin 1-7 amino acid sequences were accessed from Uniprot Human: P28799 (Table 5).
Sequences were aligned using the msa R package with ClustalOmega.(361) Alignments were
visualized and consensus sequence calculated using ggmsa.(362) Percent Identity of amino acids

was calculated from the ClustalOmega hGRN alignment using Bio3D.(363-365)

Granulin UniProt Accession Number
hGRN1 PRO_0000012695
hGRN2 PRO_0000012696
hGRN3 PRO_0000012697
hGRN4 PRO_0000012698
hGRN3S PRO_0000012699
hGRN6 PRO_0000012700
hGRN7 PRO_0000012701

Marble Burying

The assay was carried out a previously described (366). Briefly, mice were moved from their home
cage to a fresh cage with 2 inches of bedding. 20 Marbles were placed in a 5x4 grid atop fresh
bedding. Mice were given 30 minutes in the new environment to bury marbles. Mice were removed
and images were taken at multiple aspects. Marbles buried were quantified day of assay, 3 days

after assay, and 2 months after assay then averaged.

Nestlet Shredding



In line with previously described protocols (367), mice were placed in individual novel cages with
a fresh nestlet that was pre-weighed. After one hour the remaining solid nestlet was removed and

weighed. The percentage of nestlet shredded by weight was recorded.

Nest Building

Mice were singly house in a novel cage overnight starting at 6pm with a fresh nestlet. In the
morning at 9am mice were removed and returned to their home cage and nests were scored
according to previously published criteria (368). Nest quality was scored day of assay, and from

images taken day of 3 days after assay, and 2 months after assay then averaged.

Diagrams

All diagrams and representative figures were made using BioRender (biorender.com).

Statistics

Proteomics, lipidomics, and metabolomics: LC/MS data was Log2 transformed and ANOVAs for

the following comparisons were performed (GFP-Grn” and GFP-Grn+/+) (GFP-Grn”- and
hPGRN-Grn”") (GFP-Grn”~ and hGRN2-Grn”) (GFP-Grn”- and hGRN4-Grn™") p-values were
adjusted using the Benjamini-Hochberg method. Abundance of individual proteins of interest were
analyzed using One-Way ANOVA followed by Tukey’s post-hoc analysis. Variance was assessed
using the Brown-Forsythe test, p=0.05 and the normality of GFP Grn”~ and GFP-Grn** samples
was determined using the Shapiro-Wilk test p=0.05. PCA confidence intervals were analyzed
using the PCAtools R package alpha set to 95%. The area ratios of endogenous lipids, metabolites,

and surrogate internal standards were quantified using SCIEX OS 3.1. Statistical analysis of



significance for lipid and metabolite levels in samples was determined by One-way ANOVA with
Tukey’s post-hoc analysis. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p <0.0001. (GFP-Grn™"
and GFP-Grn+/+) (GFP-Grn”- and hPGRN-Grn”") (GFP-Grn”- and hGRN2-Grn™") (GFP-Grn™
and hGRN4-Grn™") comparisons are visualized in figures.

Immunohistochemistry and Lipofuscin: IHC image quantification was performed single brain

sections from 5 animals per group (N=5). Normality of GFP Grn” and GFP-Grn™* samples was
assessed using Shapiro-Wilk test p=0.05 and variance was assessed using Brown-Forsythe test
p=0.05. Comparisons were conducted using Two-way ANOVA, one factor being brain region and
the second being AAV treatment group. A full effect model was fitted and Tukey’s post-hoc
analysis was completed comparing treatments groups to all other treatment groups within brain

region.

Western Blot and ELISA Quantification: All blots were run using 5 individual animals per group
(N=5) and normalized values were analyzed using One-Way ANOV A followed by Tukey’s post-
hoc analysis. Variance and normality were assessed in the same manner as immunohistochemistry
experiments. All regions were assessed independently. The hippocampal galectin-3 outlier was
identified using Grubbs test p= 0.0001. ELISA data was analyzed using One-Way ANOVA
followed by Tukey’s post-hoc test.

Mouse Behavior: Groups were assessed for outliers using ROUTs outlier test set to remove

definitive outliers Q=0.2%. Outliers were identified in the nestlet shredding test and removed from
consideration. Nestlet, and Nest Building tests were assessed using One-Way ANOVA followed
by Tukey’s post hoc test. Marble Burying scores were assessed using Student’s T test.

Visualization: All bar charts were produced in PRISM version 9 and heatmaps were made using

Quickomics.(356)



3 Chapter 3: HeLa cells Recapitulate Phenotypes of Lipid
Dysregulation after loss of PGRN

3.1 Introduction

Lysosomes are membrane enclosed organelles that degrade a variety of macromolecules
and were first described by Christian de Duve in 1955 (369). Lysosomes have a single lipid bilayer,
which contains over 100 membrane proteins, enclosing an acidic lumen that hosts 50 or more
lysosomal hydrolases (370). Lysosomes are critically involved in the degradation and recycling of
intracellular and extracellular material including lipids, proteins, nucleic acids, and carbohydrates.
Historically, lysosomes were viewed as static organelles that represented the endpoint of
degradation following endocytosis or phagocytosis. In fact, lysosomes are dynamic, highly
regulated, and can vary in their pH (371), sub-cellular location (372), and morphology (373).
Moreover, our understanding of lysosomes has expanded from an organelle that degrades
molecules to a multifunctional compartment that plays critical roles in cellular signaling,
metabolism, membrane repair, homeostasis, and the immune response (253, 374).

Under normal physiological conditions, the lysosome participates in the degradation and
recycling of numerous macromolecules and organelles throughout the cell (375). However,
dysfunction of components of the lysosomal system is deleterious and causes a variety of fatal
diseases including lysosomal storage diseases (LSD). Lysosomes are found in all eukaryotic cells
(376) and with this widespread dysfunction LSDs are a clinically heterogenous group diseases
(377). Clinical presentations include cardiac (378), immune (379), musculoskeletal (380), and

central nervous system (CNS) manifestations (381) among others. The CNS is particularly



vulnerable to lysosome dysfunction, causing impairment of neuronal and glial function, which
ultimately leads to neurodegeneration.

Lysosomal dysfunction is a key pathological feature observed in FTD-GRN patients.
Neurons and microglia in the frontal cortex brain tissue have increased lipofuscin deposits, a
diagnostic feature of many LSDs including CLN11 a disease caused by the complete loss of PGRN
(344, 382). Enlarged endosomes and autophagic vesicles, signs of dysfunctional endo-lysosomal
flux, occur in primary cell cultures and frontal cortical neurons of FTD (90, 383). Further, a
lipidomic analysis found evidence that lysosomal degradation of triacylglycerides (TAGs) was
impaired in human FTD brain tissue (21). These phenotypes suggest that impaired lysosomal
function underpins FTD etiology. However, deep knowledge of lysosomal mechanisms that drive
pathology and lead to disease are not well understood. Further without an understanding of the
underlying biology of FTD, developing treatments will be more difficult.

To gain insight into the mechanisms driving disease models of PGRN deficiency have been
studied. These models include in vivo animal models such as mice (22, 254, 261), zebrafish (384,
385), and C. elegans (309, 386). While some of these models recapitulate phenotypes associated
with loss of PGRN in human patients, all miss important pathological aspects of human cases.
Mechanistic studies can be difficult, costly, and prolonged, when employing rodent models, and
models like C. elegans are phylogenetically distant from humans and may not produce results that
are generalizable to humans or mammals. Yet, they serve an important role in the development of
PGRN targeting therapeutics and understanding the role of PGRN systemically.

In addition to in vivo models groups have leveraged in vitro iPSC cell lines (265, 387),
and primary cell cultures from mice and rats (286, 387, 388) to further understand the role PGRN

plays in the cell. These lines have the benefit of reproducing some of the phenotypes not observed



in rodents, in the case of iPSCs (389). Or in the case of primary cells, may retain more
characteristics of morphology and function like neurotransmitter receptors expression when
compared to immortalized cells (390). However, there are limitations to the tractability of these
systems as well, as resources like iPSCs and primary cells are more difficult to access, and have
more limited life spans, and lower material yield (391). To further understand the role of PGRN
in the lysosome consistent high yield, phylogenetically similar, models will be useful to screen a
number of proposed mechanisms.

For this reason, we have set out to characterize a GRN”~ HeLa cell line for the investigation
of PGRN’s biological mechanisms as well as establishing a baseline for screening potential
interventions with both full length PGRN and individual GRNs. Based off of known phenotypes
across models of PGRN deficiency previously reported (389, 392, 393) we predicted that GRN”
HeLa cells would display lysosomal dysfunction and lipid dysregulation. Here we report that GRN
HeLa cells have disrupted lysosomal protease maturation and activity, alongside a decrease of
BMP lipids and an accumulation of neutral lipids. Taken together, these findings show that GRN
 HeLa cells recapitulate some of the known phenotypes of PGRN deficiency across biological
models and human patients and suggest that they can serve as an efficacious model for the

assessment of future PGRN targeting interventions.

3.2 Confirming that HeLa GRN"" cell line is PGRN deficient

The HeLa cells were a generous gift to the Kukar lab by Dr. Shawn Ferguson. Cells were editing
using CRISPR Cas-9 (137) to produce a GRN” genotype and made no detectable GRN mRNA
(137). Before we characterized differences between the GRN”- and GRN"* HeLa cells, we used
immunoblotting (goat anti-hPGRN; R&D #AF2420) to confirm that the PGRN protein expression

was ablated (Fig 3.1A).
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Figure 3.1: Cathepsin Processing and cysteine cathepsin activity are dysregulated in GRN"~ HeLa

cells.
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Immunoblot of GRN"* and GRN"- HeLa cell RIPA lysates. Acetylated histone protein 3 as a loading control.
Cathepsin D protein levels from HeLa lysates. Bands detected by immunoblot were quantified individually,
50kDa precursor band and the 35kDa heavy cleaved unit of the processed protein. Totals were normalized
to H3 levels and GRN"" is reported as a ratio to the GRN™* passaged matched replicates. Student’s T Test *
p <0.05 *p<0.01, ¥**p < 0.001, **** p < 0.0001.

Cystine cathepsin activity measured by BMV-109. Signal Quantified by immunoblot normalized to H3 and
reported as a ratio to the DMSO control. Student’s T Test * p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001.

Cathepsin B protein levels from HeLa lysates. Bands detected by immunoblot were quantified individually,
50kDa precursor band and the 35kDa heavy cleaved unit of the processed protein. Totals were normalized
to H3 levels and GRN"" is reported as a ratio to the GRN** passaged matched replicates. Student’s T Test *
p <0.05 *p<0.01, ¥**p < 0.001, **** p < 0.0001.

Characterizing Levels of lysosomal Proteins in GRN”- HeLas

Previous work characterizing cell models of PGRN deficiency, such as MEFs, found

increased levels of lysosomal genes particularly those targeted by TFEB like cathepsin D and

cathepsin Z (394). Further HeLa cells that have had PGRN transiently downregulated also show

an increase in levels of cathepsin (249). Importantly increases in these proteins are seen in both

murine and human derived PGRN deficiency models (227, 229) and in human FTD-GRN patient



derived iPSCs (19), suggesting that the mechanisms underlying increases in these proteins are
conserved across models.

We first assessed whether the loss of PGRN lead to an increase in lysosomal cathepsins in
HeLa cells. We found that aspartyl protease Cathepsin D and serine protease Cathepsin B were
both dysregulated by the loss of PGRN (Fig 3.1B,D). Cathepsins are synthesized as inactive
(immature) pro-cathepsins and are proteolytically processed to form active (mature) cathepsins by
the cleavage of an N-terminal signaling peptide (395, 396). Studies have shown that when
autophagy is impaired the immature form of lysosomal cathepsins accumulate (397). when
assessing the levels of mature and processed protein, we detected an accumulation of the immature
form of the proteases and a significant decrease in the level of the mature lower molecular weight
protein (Fig. 3.1B,D). This suggests that the processing of both CatD and CatB are defective in
GRN” HeLa cells. Because the dysregulation of CatB and CatD has been associated with
dysregulated levels of serine protease Cathepsin L, we sought out to assess levels of Cathepsin L
in GRN and GRN"" HeLa cells. Unlike the previous cathepsins we were unable to detect
differences in Cathepsin L levels. This is an interesting finding as CatL has been identified as an
enzyme that cleaves full length PGRN in GRNs (26).

The processing of Cathepsin D to it mature form is dependent of Cathepsin B and Cathepsin
L activity (398), and the inhibition of CatB and CatL leads to an accumulation of immature serine
and aspartyl cathepsins (397), including Cathepsin D (398). Further the loss of CatD activity has
been shown to result in the accumulation of Cathepsin B and Cathepsin L (399). Therefore, it is
possible that the loss of cathepsin activity is the cause of the increased abundance of the observed

cathepsin proteases.



3.4  Activity of Cysteine Cathepsins are dysregulated in GRN” HeLa cells

Cathepsins are the most abundant lysosomal proteases, and therefore, are responsible for a
majority of the degradation that takes place in the compartment (400). While alterations in the
activity and abundance of lysosomal cathepsins have been observed as part of the normal aging
process (401), there is evidence of dysregulation of lysosomal cathepsins in several
neurodegenerative diseases (401-403). Loss of PGRN down regulates activity of cathepsin
hydrolases in several models (19, 228, 404). While we identified cathepsin abundance as a feature
of GRN"~ HeLa cells, we next aimed to determine whether the activity of the lysosomal cathepsins
possibly underlying the differences in cathepsin processing.

There are 15 known cathepsins and they are classified based on their catabolic mechanism
into serine, cysteine, and aspartyl (or aspartic) cathepsins (405). There are several ways that
cathepsin activity can be detected generally along the lines of the catabolic mechanism. This
includes substrate-based assays as well as activity-based probes (ABP) (406, 407). activity-based
probes are small molecule reporters of enzymatic activity that are designed to covalently and
irreversibly attach to the active-site of the target enzyme in a mechanism dependent manner (407).
BMV-109 is an ABP that detects that activity of cysteine cathepsins like CatB. BMV-109 belongs
to a subset of ABPs known as qABPs, which are constitutively fluorescently quenched, but upon
binding to an active cathepsin the mechanism removes the quencher group resulting in a detectable
fluorescent signal which can be detected by cell imaging, or immunoblot (408). Importantly BMV-
109 signal has been shown to be decreased in Grn”~ mouse microglia (404).

We conducted immunoblotting to detect BMV-109 fluorescent signal and found a
reduction in fluorescent signal in the GRN”" cells compared to the GRN"* cells (Fig 3.1C). This
suggests that the overall activity of cysteine cathepsins is reduced by the loss of PGRN compared

to GRN"". Though this activity cannot be attributed directly to CatB, it does indicate that the



dysregulation of cathepsin abundance is concomitant with a disruption in protease activity. It is
also possible that other cysteine cathepsins such as CatL which were not significantly different in
abundance could have altered levels of activity as indicated by a reduced BMV-109 signal.
Importantly, this result does not reflect on the activity level of CatD which is an aspartyl protease,
for which and activity-based probe is not available at this time. Overall, this evidence further
suggests that the lysosomal activity of GRN”" is dysfunctional, and it is a plausible mechanism

underlying the dysregulation in cathepsin processing observed in this cell line.

3.5  Levels of LMP proteins and Lysosomal Membrane Integrity

The activity of the lysosome is determined by the levels of two classes of proteins, first
lysosomal hydrolases, which we found to be dysregulated, and lysosomal membrane proteins
(LMPs). LMPs are highly glycosylated proteins that are part of the barrier between the lysosomal
lumen and the cytosol (409). As such they fulfill organizational tasks between the lysosome and
the cytosol, such lysosomal acidification, fusion of lysosomes with endosomes, phagosomes or the
plasma membrane, and transportation of degradation products (410). Underscoring their
importance in lysosomal function, the loss of LMP proteins leads to several lysosomal storage
disorders including NCL subtypes CLN3 and CLN7 (411, 412). In addition to loss of LMP proteins
leading to LSD, increases in LMP proteins have been implicated as a biomarker for poor cancer
and COPD outcomes (413, 414). As dysregulation of LMPs is a marker of lysosomal dysfunction,

we set out to determine whether LMPs were affected in GRN” HeLa cells.
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Figure 3.2: Lysosomal membranes shows signs of damage and dysregulated protein composition
after the loss of PGRN

A-B) Representative images of HeLa cells probed for LAMPI and counterstained with DAPI.

C) Quantification of LAMP1 signal / cell. Cell area and puncta identified and overlaid in CellProfiler (4).

Statistical comparison Student’s T Test.

D-E) Representative images of HeLa cells probed for hGAL3 counterstained with DAPI.

F) Quantification of cells with punctate hGAL3 signal assessed over 3 replicated passages of cells. Student’s
T-test

G-H) Representative images of HeLa cells stained for LBPA and counterstained with DAPI.

I)Quantification of intensity of LBPA signal/cell quantified using CellProfiler. Signal is reported as a ratio

calculated between matched passages.

LAMP-1 and LAMP-2 are the two most abundant LMPs representing about 50% of all



proteins on lysosomes and late endosomes (415). LAMP proteins are involved in chaperone
mediated autophagy, class II antigen degradation (416), and lysosomal exocytosis (417). GRN"
HeLa cells display an increased amount of LAMP1 positive vesicles per cell in comparison to
GRN"" (Fig 3.2A-C), suggesting that there is an upregulation in lysosomal membrane abundance,
and potentially, biogenesis that could account for the upregulation of LAMPI1. In addition to
LAMP1 we find that there is an increase in the level of LBPA a component of endo-lysosomes is
also increased in GRN”* cells, extending the dysregulation more generally to the endo-lysosomal
pathway. The upregulation of lysosomal biogenesis takes place in response to nutrient imbalance,
lysosomal stress, pathogen infections, ER stress, and exercise to regulate organismal homeostasis
(250, 418). It has also been shown that endosome-lysosome repair mechanisms are upregulated
before lysophagy in a response to lysosomal dysfunction and damage (419). This could lead to an
increase in LMPs including LAMP1 and LBPA.

To determine whether the lysosomal membranes of GRN”- HeLa displayed signs of damage
we used Galectin-3 as a marker of lysosomal membrane permeability. Although we did not see an
overall change in the levels of Galectin-3 proteins (Fig 3.2D-E) lysosomal damage leads to a
translocation of Galectin-3 from a diffuse cytosolic distribution to a concentration localization at
the lysosomal membrane (331, 332). Therefore, while the overall level of Galectin-3 may stay
similar, the localization may vary and signal dysfunction. Using ICC GRN”- and GRN""* were
stained for galectin-3. We found that GRN” cells had increased numbers of positive puncta per
cell compared to GRN'* cells (Fig 3.2F). Of note, this assay was carried out under endogenous
cell culture conditions. This contrasts with other protocols that recommend inducing lysosomal

membrane damage using reagents such as LLOMe (331). Taken together these data suggest that
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Figure 3.3: GRN”" HeLa cells display dysregulated lipid phenotypes that recapitulate other models of
PGRN deficiency

A) Volcano plot comparing the abundance of 48 lipid species between GRN”- and GRN"* HeLa cells.

B) T-tests assessing the levels of specific BMP levels detected as differentially abundant in the volcano plot.

C) Assessments of protein levels of enzymes involved in lipid synthesis between GRN”- and GRN"* cells.
Significance determined by Student’s T-test.

D) Representative images of LipidSpot signal from HeLa cells

E) Quantification of cells positive for lipid spot signal in a single image field from 3 replicate passages. Assessed

with Student’s T-Test.

the lysosomal membranes in GRN” are dysregulated and damaged. The change in lysosomal



membrane composition could have far reaching effects as LMPs are crucial for the organization
and signaling of the lysosome.

3.6 Lipid Dysregulation is a characteristic of GRN"- HeLa cells

The lysosome is a key regulator of cellular metabolism and are involved in both nutrient
sensing, lipid degradation, and lipid trafficking within the cell (239, 420). Loss of hydrolytic or
lysosomal transport ability due to impairment of lysosomal hydrolases and LMPs causes the
accumulation of macromolecules within the lysosome including lipid species (421).
Macromolecule accumulation is well documented in LSDs, in fact, these disorders can be further
classified by the predominant macromolecule that accumulates (377). As lysosomal dysfunction
deteriorates, material can be seen accumulating in CNL patient tissues in the form of the storage
material known as lipofuscin (219). Increased Lipofuscinosis is a hallmark of both NCL11 and
FTD-GRN (344), and altered lipid levels a more recently become an appreciated phenotype in
PGRN deficiency (224). Particularly, increases in sphingolipids, gangliosides, and triglycerides,
and decreases in bis(monoacylglycero) phosphate (BMP) (21, 238, 242).

First lipidomic analysis was conducted using both GRN”- and GRN"* cells to detect 48
species including BMPs, TAGs/DAGs, and gangliosides based on phenotypes previously reported.
This assessment detected a dysregulation of BMP species in particular (Fig 3.3 A,B). Interestingly
when assessing individual species, we find that there are species that are both increased and
decreased by the loss of PGRN (Fig 3.3A). This differs from previous findings which report
decreases in BMP species (238, 242). However, this may align with our previous observation that
LBPA, another name for the family of BMP species was increased in GRN” cells (Fig 3.2G-I).
Reconciling these findings, the LBPA levels were assessed using a pan-BMP antibody, while
lipidomic mass spectrometry allows for more precise identification and quantification of specific

species. It is possible that while all BMP species are collectively upregulated, while key BMP



species are down-regulated, this has been previously observed in a fibroblast models of LSDs
where overall levels of BMP were not statistically different than controls, but polyunsaturated

BMP 22:6/22:6 was decreased (422).
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Figure 3.4: Neutral Lipid Synthesis Pathways

A) Diagram from Ghimire et al. 2021 (1) highlighting the connections of proteins
ACLY, HGMCR, FASN.

To further explore phenotypes of lipid dysregulation we used the cell dye LipidSpot which
labels lipid droplets containing neutral lipid species within the cell. Lipid droplets are ubiquitous
membrane-less organelles that participate in fat storage and interact with lysosomes during the
process of lipid regulation (423, 424). They store neutral lipids including cholesteryl esters (CE),
and fatty acids like triacylglycerols (TAGs) and diacylglycerols (DAGs) (425). Dysregulation of

lipid droplets has been characterized as part of the aging process, and during neurodegeneration



(426). PGRN has been identified as a genetic regulator of lipid droplet formation and lipid droplets
are enriched in microglia from Grn”" mice (245). We find that GRN”~ Hela cells have increased
lipid droplet counts compared to GRN"™* cells, which do not display appreciable levels of
LipidSpot signal endogenously (Fig 3.3 D,E). This indicates that lipid metabolism in these cells is
altered, and the storage of neutral lipid species has increased.

In addition to the observation of upregulated lipid droplets, we also assessed the protein
level of several enzymes involved in neutral lipid synthesis. We found decreases in enzymes
involved in both cholesterol metabolism (NPC1, HGCMR) and fatty acid synthesis (FASN,
ATGL) (Fig 3.3C). ATP citrate lyase (ACLY) produces acetyl-Co-A and lies upstream of both the
FASN driven fatty acid synthesis and HGCMR driven cholesterol synthesis pathways (Fig 3.4).
They are regulated by the sterol regulatory element binding protein SREBP1 which is activated
when cholesterol is scarce (427). Therefore, it is possible that these hydrolysis pathways are
downregulation in response to the accumulation of neutral lipids observed in GRN”" HeLa cells.

These proteins individually have been found to be implicated in LSDs and
neurodegenerative conditions. ACLY is implicated in many cellular processes but decreases have
been associated with lipid accumulation in both cancers, and CLN3 (428, 429). Downstream of
ACLY FASN and ATGL which are involved in fatty acid synthesis and regulation (430). In
particular, adipose triglyceride lipase (ATGL) is the rate-limiting enzyme for LD-associated TAG
hydrolysis, and activation of ATGL is the first step of lipolysis which is a key mechanism required
for effective phagocytosis (431). Another pathway downstream of ACLY is de novo cholesterol
synthesis including HGCMR and NPCI. Interestingly, mutations in NPCIl cause a
neurodegenerative lysosomal storage disorder Niemann-Pick type C disease (432). The encoded

protein is involved in cholesterol recycling from late endosomes and lysosomes (433), and



interference in this pathway causes the accumulation of both cholesterol and other lipid species
(434). Interestingly lipidomic analysis of MEF cells found up regulation of cholesterol and TAGs
in Grn™" cells and an accumulation of TAGs in Grn”" mouse brains (21).

Across our methods of assessment GRN”~ HeLa cells recapitulate findings from other
models of PGRN deficiency characterized by a loss of BMP and an accumulation of fatty acid
proteins. Taken together these data show that GRN” HeLa cells have dysregulated lipid
phenotypes possibly as a consequence of altered lysosomal function.

3.7 Discussion

Establishing tractable in vitro models for the use of understanding basic mechanisms
underlying the development of neurodegenerative diseases has led to advancements in
understanding relevant pathways and the development of novel treatments. Immortalized cells
have the practical benefit of being fast growing, robustly replicating, genetically homogenous
models that can be easily cultured and modified using techniques like CRISPR Cas-9. Two of the
most commonly used immortalized human cell lines are HeLa cells and HEK 293 cells.
Unfortunately, HEK cells contain several duplications of chromosome 17, and thus are challenging
to genetically target the PGRN gene which lies on this chromosome. Therefore, it is advantageous
that a GRN”-HeLa cell line has been previously produced by the lab of Dr. Ferguson, however,
phenotypic characterization of these cells has never been widely reported. The aim of this study
was to assess phenotypes observed in other models of GRN deficiency to evaluate the impact of
the loss of PGRN on HeLa cells. We report that the loss of PGRN leads to dysregulated levels of
lysosomal proteases, both in protein abundance and activity level, as well as lipid accumulation
and perturbation of the biosynthetic pathways of neutral lipids. These findings are in concordance
with the observations for both human patients, murine models, and other in vitro studies, and

suggests that the basic pathways disturbed by the loss of PGRN in human patients could be studied



in HeLa cells. Further, by thoroughly characterizing the impact of the loss of PGRN these
identified phenotypes can be used as markers for amelioration in future intervention studies.

The concomitant dysregulation of proteins in the lipid biosynthesis pathway with the
accumulation of the associated lipids is a previously unreported finding. It is possible that the
downregulation of these proteins is an adaptive response by the cell in a cholesterol rich
environment. The accumulation of neutral lipids, measured by lipid droplets, possibly includes
cholesterol species. This is particularly interesting in combination with the downregulation of
BMP. BMP is known to be an important factor in sorting cholesterol in cellular membranes (435),
and the efflux of cholesterol out of internal membranes (436). If BMP levels are decreased, this
could impact these sorting and collection functions, leading to an accumulation of cholesterol in
the lysosome. This is the proposed mechanism in a model of NPC1 (422).

While it is possible that the downregulation of ACLY is a consequence of increased lipid
droplet accumulation. ACLY is important for the synthesis and bioavailability of acetyl-Co-A a
molecule that plays an important role in many aspects of cellular metabolism and nucleic acid
regulation including synthesis of fatty acids and cholesterol (437) acetylation of proteins including
histones (438). Acetyl-CoA is also a precursor for the neurotransmitter acetylcholine, and
dysregulation in this pathway is implicated in death of cholinergic neurons and neurodegenerative
diseases (439). This could suggest that lipid dysregulation is just one aspect of further metabolic
disruption caused by the loss of PGRN. To elucidate this direct measurement of acetyl-CoA should
be performed.

Lipid droplets, which accumulate in GRN”- HeLa cells, are themselves bioactive organelles
within the cell. The increased flux of lipid droplets could have regulatory effects in lipid signaling

(440), membrane composition (441), and energy substrates (426, 442), possibly further impacting



cellular metabolism and function. Future studies should explore other markers of metabolic health
including mitochondrial function. In Grn”” mice, particularly in microglia the accumulation of lipid
droplets is associated with differential cytokine release and transcriptomic changes in ROS
production and lysosomes related genes (245). While this data does suggest that the loss of PGRN
leads to lysosomal dysfunction, and subsequent accumulation of lipid droplets, the mechanism is
unclear. As the brain is the second most lipid rich organ in the body (443), further understanding
how dysregulated lipid synthesis pathways and differential lipidomes are present will shed light
on to the etiology of PGRN deficiency disorders and their impact on the brain.

GRN" cells present with disease relevant phenotypes that can serve as appropriate read
outs for evaluating potential disease modifying modifications. We have recently shown that
individual GRNs have the ability to rescue signs of dysfunction caused by the loss of PGRN in
Grn”” mice (237). However, the mechanism through which GRNs confer their protective effect in
the absence of PGRN was directly investigable within the design on the in vivo experiment. These
characterized HeLa cells can be used to either over express GRNSs via transfection, stably express
GRN s via transduction, or treated with purified recombinant GRNs. These approaches will not
only provide insight into the biology of GRNs, but can also be utilized to test additional GRN
based therapies not included in our initial study (237).

While we find that this cell line is a good candidate model system for understanding the
impact of PGRN loss of lipid dysregulation and lysosomal dysfunction, it is important to
acknowledge that working with HeLa cells requires ethical consideration as to the history of the
line. The progenitors of modern HeLa cells were collected at John’s Hopkins from cervical cancer
patient Henrietta Lacks in 1951 a working-class African-American woman living near Baltimore.

The cells were collected without her or her family’s knowledge or consent, and unfortunately



Lacks died shortly after the cells were collected at the age of 31 (444). Johns Hopkins was the one
of Henrietta’s only options for treatment, as it was one of the few institutions that would accept
African-American patients. Though the university has been clear in asserting that the doctor,
George Gey, who collected the cells nor the university have ever directly benefited financially
from the cell line, we must consider the tenant of informed consent were breached in this case
(445). Henrietta’s identity was revealed in the 1970s after the discovery of widespread
contamination of other cell lines lead researchers to contact Henrietta’s family members for DNA
samples to act as controls (446). Although HelLa cells are still available for purchase from cell
repositories, neither Henrietta nor the Lack family has never been compensated for the resource
even in the years since their identity was revealed.

This cell line was the first to be successfully cultured, and has been critical for the discovery
of many biological advancements of this century and the last including the development of the
polio vaccine, in vitro fertilization (447), and recently in the fight against COVID-19 (448). Many
people have inarguably benefitted from discoveries made using HeLa cells and HeLa cells
continue to be used in research programs today. While some groups have advocated for the
removal of HeLa cells from biological research, members of Henrietta’s family have expressed
they wish for the cells to be continued to aid the discovery of medical technology, and most
importantly for the contribution of their mother, cousin, and grandmother, to be acknowledged and
appreciated (444). Therefore, all researchers utilizing HeLa cells need to share the story of
Henrietta Lacks. These cells will continue to be an important tool for understanding the biology
of the human body, however, the unethical circumstances of their origin must be reiterated in any

literature using them.



Overall, these HeLa cells display robust and reproducible phenotypes that are relevant to
other models of PGRN deficiency. These cells will be a good platform to further investigate the
biochemical role of GRNs. HeLa cells are very amenable to transfection, transduction, and
exogenous recombinant protein application all of which are approaches that can be targeted to
study each individual GRN in isolation. Findings with help to complement ongoing in vivo work

in deepening our understanding of the role of GRNs and PGRN in the lysosome.

3.8 Methods

Cell Culture

HeLa GRN” cells were a gift from Dr. Shawn Ferguson (Yale) and generated using CRISPR as
described.(137) HeLa wild-type or GRN cells were cultured in DMEM medium plus 10% fetal
bovine serum (FBS) and 1% Pen/Strep and maintained at 37 °C with 5% CO2. 24 hours before

collection DMEM media was replaced with OptiMEM media (Gibco).

HeLa Lysis and Media Collection

Cells were suspended in MES buffer (50mM MES pH6.5, 1% Triton, 150mM NaCl, 1XHALT
PPI) SuL for every 1mg cell pellet. Cells were then lysed on ice for 10 mins briefly vortexing every
3 minutes. Lysates were then spun at 600xg for 10 minutes and supernatant was collected.
Conditioned media was collected from culture dish and spun at 500xg for 10 minutes to remove

any cell debris.

Immunoblot
SDS/PAGE and immunoblotting of HeLa cell lysates were performed as described.(25,

359, 360) Mouse brain running samples were prepared for immunoblot in 1X Laemmli loading



buffer with 20 mM tris(2-carboxyethyl)phosphine (TCEP)) followed by denaturation at 70 degrees
C for 15 minutes. For immunoblotting, protein samples were first separated on Bio-Rad TGX 4-
20% 26-well gels at 100 V and transferred to a 0.2-micron nitrocellulose membrane using the Bio-
Rad Trans-blot Turbo system. BulletBlock (Nacalai) for 30 minutes at room temperature
membranes were incubated overnight at 4C with primary antibodies (STAR MATERIALS).
Membranes were probed with anti-Histone H3 or anti-Beta tubulin antibodies and imaged on the

Odyssey Fc (LI-COR), to normalize protein abundance between samples.

BMV-109 Assay

Cells from both genotypes were plated in 6 well dishes 300,000 cells/well. After 24 hours ImL of
cell media was removed and 2mM BMYV (calculated for total culture volume of 1.8mL) was
suspended in 1mL conditioned media. An equal volume of DMSO was added to controls. Cells
were incubated for 2 hours after which media was aspirated and cells were washed 2X with PBS.
Cells were scraped and spun @500xg before being lysed with BMV buffer (50mM Citrate buffer
pH 5.5, 25mM CHAPS, 0.1% Triton) added mL * 5X weight of the collected pellet. Cells were
lysed at RT for 2 mins, on ice for 10 mins, then pipette with a p200 20 times. Lysate was spun in
the rotar bucket 600xg for 10 mins. Lysate protein was then used in immunoblot procedures as

previously described. Blot was imaged after transfer without blocking.

Immunofluorescent Staining
Add an acid-washed, sterile glass cover slip to each well of 6-well dish then coated with poly-
lysine solution 0.01% 5 minutes at RT. Coverslips were then washed with PBS X2, after which

fresh media was added. HeLa cells at a seeding density of ~2.5 x 103 cells/ml in 2 ml of growth



medium in six-well dishes containing poly-lysine—treated glass cover slips. Cells were about 80%
at 24 hours.

Media was removed and washed with PBS. 4% paraformaldehyde/PBS was added and incubate
20 minutes at 4 C (place dish in refrigerator). Afterwards PFA was removed and fixative and gently
wash cells 2 times with 2 ml PBS. After fixation cells can be stored at 4C or proceed to immo-

detection

Cells were Blocked with ICC Buffer (10% FBS+.05% Saponin in PBS) at RT for 30 min. Cells
were then Incubated with the antibody against target of interest (see materials table) in ICC
blocking buffer at RT for 2 h. Afterward, coverslips were washed the cells at least three times with
PBS for 10 mins. Next coverslips were incubated for 30 min with the fluorophore conjugated
secondary antibodies in ICC buffer. After washing 3X with PBS for 10 mins coverslips were

mounted to slides using DAPI Prolong Gold (Invitrogen) and dried overnight before imaging.

LipidSpot Assay

Cells were added to glass coverslips in 24 well dishes 50,000 cells/ well. When cells reached 70-
80% confluence coverslips were permeabilized with 4% PFA for 20 mins at 4C and rinsed 2X
with PBS from storage in fridge. LipidSpot488 (Biotium) was made up fresh and diluted 1:1000
in PBS. LipidSpot treatment was applied to cells at RT and incubated not rocking for 30 mins.
LipidSpot was then removed and coverslips breifly wash with PBS x2. Coverslips were mounted
with Abcam mounting media with Fluoroshield. (abcam) and dried for 3 hours before imaging.

Slides were imaged as soon as possible as signal deteriorates after 24 hours.



Puncta Quantification
Puncta detected in immunofluorecent staining of LAMP1 and LBPA staining analyzed using an

automated pipeline created using CellProfiler (www.cellprofiler.org)(4) for quantification.

Sample preparation for lipidomics and metabolomics analyses.

HeLa cells were collected at 80% confluency and pelleted at 600xg. 30 mg of pellet was collected
and frozen to be used to extract lipids. Methanol spiked with internal standards was added to each
sample and homogenized with FastPrep-24™ 5G bead beating grinder and lysis system using
Lysing Matrix D tubes with CoolPrep™ adapter (MP Biomedicals) for 40 seconds at a speed of 6
m/s. The methanol fraction was then isolated via centrifugation (20 minutes at 4°C, 14,000 x g),
followed by transfer of supernatant to a 96 well plate. After a 1 h incubation at 20°C followed by
an additional centrifugation (20 minutes, 4,000 x g at 4°C), methanol was transferred to glass vials
for LCMS analysis.

3.9 Lipidomics analysis.

Lipid analyses were performed by liquid chromatography on an ExionLC (Sciex) coupled with
electrospray mass spectrometry TripleQuad 7500 (Sciex). For each analysis, 1 uL of the sample
was injected on a Premier BEH C18 1.7 um, 2.1x100 mm column (Waters) using a flow rate of
0.25 mL/min at 55°C. For positive ionization mode, mobile phase A consisted of 60/40 (vol/vol)
acetonitrile/water with 10 mM ammonium formate + 0.1% formic acid; mobile phase B consisted
of 90/10 (vol/vol) isopropyl alcohol/acetonitrile with 10 mM ammonium formate + 0.1% formic
acid. For negative ionization mode, mobile phase A consisted of 60/40 (vol/vol) acetonitrile/water
with 10 mM ammonium acetate; mobile phase B consisted of 90/10 (vol/vol) isopropyl

alcohol/acetonitrile with 10 mM ammonium acetate. 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. Electrospray ionization was performed in positive or negative ion mode. We applied the
following settings: curtain gas at 40 psi (negative mode) and curtain gas at 40 psi (positive mode);
collision gas was set at 9; ion spray voltage at 2000 V (positive mode) or -2000 V (negative mode);
temperature at 250°C (positive mode) or 450°C (negative mode); ion source Gas 1 at 40 psi; ion
source Gas 2 at 70 psi; entrance potential at 10 V (positive mode) or -10 V (negative mode); and
collision cell exit potential at 15 V (positive mode) or -15 V (negative mode). Data acquisition
was performed in multiple reaction monitoring mode (MRM) with the collision energy (CE) values
reported in Supplementary Tables 2.1 and 2.2. Area ratios of endogenous lipids and surrogate

internal standards were quantified using SCIEX OS 3.1 (Sciex).



4 Discussion and Future Directions

4.1 Summary of Findings:

As reviewed in Chapter 1, loss of the secreted glycoprotein PGRN causes FTD and CLN11. Both
diseases are characterized by lysosomal dysfunction, the accumulation of lipofuscin, and cognitive
decline (315, 344). These clinical presentations have led to the identification of PGRN as a protein
important for lysosomal function, however, how the loss of PGRN leads to dysfunction, and cell
death remains unclear. Work by the Kukar lab and others, has shown that PGRN is trafficked to
the lysosome where it is processed into its 7.5 constitutive GRN subunits. Like PGRN, GRNs are
decreased in GRN-FTD patient brains. However, it was unclear whether the loss of PGRN or GRNs
lead to lysosomal dysfunction. In the work described here, I aimed to investigate whether GRNs
confer the homeostatic role of PGRN in the lysosome. In this final chapter I briefly summarize the
findings presented in chapters 2 and 3. I propose how these findings build upon the existing body
of literature to inform a new working model for the role of GRNs in the lysosome. Finally, I
identify future directions relevant for the continuation and expansion of our understanding of the
biological role of GRNs in homeostasis and disease.

4.2 Shared phenotypes between models:

The work presented here compares phenotypes of in vitro and in vivo models of PGRN
deficiency. In Grn”" mice we characterized novel datasets of thalamic proteomics, cortical
lipidomics, and biochemical assessment throughout the brains of 12-month old mice injected with
either negative control GFP, positive control PGRN, GRN2, or GRN4. We found that at 12 months
of age Grn”~ mice exhibit dysregulated lysosomal protein levels, increased lipofuscin, and the
accumulation of lipid species including glucosylsphingosines, and gangliosides. We also found

that Grn”~ mice have increased microglial activation and upregulation of neuroinflammatory



markers. Finally, we find that levels of the atypical phospholipid, BMP, are decreased. These
phenotypes could all be driven by lysosomal dysfunction and are often observed in models of
lysosomal storage diseases, as well as other neurodegenerative diseases known to involve impaired
lysosomal function.

In chapter 3 we also observe an increase in lysosomal proteases, particularly the precursor
forms of cathepsins in GRN”- HeLa cells. Further, we see the accumulation of lipid species, in this
model the detected species were neutral lipids in lipid droplets. Finally, similar to Grn”~ mice we
see a decrease in BMP levels after the loss of PGRN in HeLa cells. Identifying phenotypes across
different models including dysregulation in lysosomal proteases, accumulation of several lipids,
accompanied by the downregulation of BMP in GRN”- HeLa cells and Grn”" mice indicate that
these may be conserved functions of GRNs and PGRN. These similarities not only provide insight
into the biological role of the proteins but confirm that GRN”- HeLa cells provide an exciting
platform to investigate the molecular processes GRNs and PGRN influence in the lysosome.

4.3 GRN:s are beneficial proteins in the lysosome

Chapter 2 addresses a longstanding question in the field of PGRN biology, assessing
whether the expression of an individual GRN subunit is sufficient to ameliorate disease-like
pathology in Grn” mice. Previous studies had suggested that increases in GRNs were pro-
inflammatory and neurotoxic, however, work conducted in our lab produced evidence suggesting
that the administration of individual GRNs could be beneficial. I hypothesized that if GRNs are
conferring the function of PGRN in the lysosome, then the expression of a single GRN subunit
may be able to rescue the phenotypes of dysfunction we identified in our GFP-Grn” mice.

In this dissertation work I find that Grn”" mice have a disrupted proteome that can be
rescued by the expression of in hGRN2 and hGRN4. Multiple lysosomal proteins, including

cathepsins, lysosomal transporters, and lysosomal membrane proteins are increased by loss of



PGRN and ameliorated after GRNs are added back. The expression of hGRN2 and hGRN4 are
also able decrease markers of neuroinflammation including proteins associated with microglial
activation and complement proteins. Importantly, lipofuscin, the lysosomal storage material
characteristic of FTD-GRN and NCL11 patients, is also decreased. hGRN4 also reduces disease
associated dysregulation in lipids including the accumulation of GlcSph, and gangliosides and the
decrease of BMPs.

These findings suggest that GRNs are not primarily neurotoxic as previously postulated,
and identifies potential functional pathways GRNs may be involved in to maintain a healthy cell.
While the precise function of the GRNs in the lysosome remains unknown, the findings presented
here suggest that further investigation is necessary and identifies an immortalized cell line as a
potential model system. Together they support a paradigm shift in the way we understand the role
of PGRN and GRNs in lysosomal function.

4.4 A New Model of GRN Function

These findings shed light on a novel intracellular function for granulins. The molecular
mechanisms granulins participate in are not well understood, as granulins are difficult to study
individually. Some studies have proposed that individual granulins serve an opposing function to
full length progranulin and may be pro-inflammatory, detrimental to survival, and that their
expression could lead to an exacerbation of disease-like phenotypes (309, 449, 450). It has also
been suggested that increased levels of granulins could contribute to disease etiology (281). If this
was the case, we would expect that the increased expression of individual granulins would lead to
increased disease-like phenotypes in our Grn”” mice, which we did not observe. Further, when we
probed our proteomic data for signs of microglial activation we found that the expression of
granulins decrease of multiple markers of microglial activation and disease-associated microglia

in a similar degree to full length hPGRN. Lastly, levels of proteins associated with cytokine



signaling were also ameliorated by the expression of granulins including Clqa, Clqc, Clqc, C4b
(Appendix 1). This suggests that the expression of granulins in a progranulin deficient mouse is
anti-inflammatory and neuroprotective.

Figure 4.1: Granulins are Beneficial and function in the lysosome
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In addition, we found that treatment with granulins broadly rescued lysosomal dysfunction
and lipofuscin accumulation. The expression of granulins decreased levels of lysosomal
hydrolases, markers of lysosomal membrane damage, and reduced the accumulation of the LSD
storage material, lipofuscin. Proteomic comparison between hPGRN-Grn”- and hGRN4-Grn™
indicates that there no differentially regulated proteins out of the over 9000 detected (Appendix
2). While there are several differentially regulated proteins when comparing hGRN4 and hPGRN
injected mice to hGRN2, these comparisons are more difficult to interpret as the expression level

of hGRN2 was much lower than hGRN4 and resulted in less efficient rescue of disease related



phenotypes. Overall, these data coupled with the knowledge that granulins are localized to the
lysosome (280) provide preliminary evidence that granulins mediate the activity of PGRN at the
site of the lysosome through similar pathways when expressed adequately (Fig 4.1), yet further
study is necessary investigate this hypothesis in detail.

This finding is significant for two reasons. Firstly, it suggests that granulin subunits are
beneficial in vivo, potentially through the same pathways attributed to PGRN. This contrasts with
previous theories that granulins may act in an opposing fashion to progranulin (451). It builds up
a growing body of literature reporting beneficial roles for granulins including enhancing survival
of motor neurons in culture (11), inducing neuronal outgrowth and branching (155), enhancing
neuron survival and axon growth (164, 299) and protecting retinal photoreceptor cell degeneration
(300) and informs our understanding of how PGRN carries out its cellular functions. Secondly, it
is of therapeutic interest, as delivering 7 kDa granulin subunits to the brain may be more feasible
than full length PGRN and could also lead to fewer off target effects than replacement, or
expression of the entire protein.

4.5  Role of GRNs in Lipid Metabolism:

4.5.1 BMP
The accumulation of lipids is a conserved phenotype across models of PGRN deficiency. This

phenotype is a characteristic of lysosomal storage disorders, including NCLs as lipids are a
component of lipofuscin, and several of the identified NCL genes are known to play a role in lipid
regulation (452). Further, recent studies have drawn links between the primary mechanisms
driving lysosomal storage disorders and neurodegeneration as many genes associated with LSDs
are known risk factors in neurodegenerative processes. The data discussed in chapter 2 and 3 define
that the accumulation of lipids such as glycoslyshingosines, gangliosides, and neutral lipids are

accompanied by a decrease in BMP, an atypical phospholipid. These replicated phenotypes



suggest that GRNs may play a role in the regulation of lipid metabolism similar to many other
proteins in the NCL and LSD field.

While in vitro studies had identified lipid dysregulation as a consequence of PGRN
deficiency as early as 2017 (21), recent reports suggest that the concomitant reduction in species
of a endo-lysosomal specific lipid species (BMP) were recently reported by several groups (238,
242), and replicated by the work presented in this dissertation. While accumulation of
phospholipids is observed in other LSDs, the co-occurrence of decreased BMP is unique.
Lysosomal storage diseases are generally characterized by the accumulation of BMPs (422, 453,
454). Although reductions in polyunsaturated species like BMP 22:6 have been previously
reported in LSD patient derived fibroblasts (422).

A recent study, Laqtom ef al, assessed the contents of isolated lysosomes from a model of
CLN3 and revealed a similar pattern of phospholipid accumulation and BMP reduction (455) we
observed in Grn”~ mice. The model proposed in this study asserts that the accumulation of
glycerophospholipids including GPG, GPI, GPE, GPC, as well as the intermediate lysosomal
species LPGs, leads to a decrease in BMPs. BMP is a structural isomer of phosphotidylglycerol
(PG) and it is proposed that BMP is synthesized from PG (456). Therefore, this model asserts that
an accumulation of precursor glycerophospholipids leads to a decrease in BMP. Although, these
pathways are still an active area of investigation (2, 457). In our dataset, we did not detect overall
increases in glycerophospholipids, however, in an independent data set, we did detect an increase
in cardiolipins, also known as diphosphatidylglycerol (Appendix 3). Cardiolipins are a product of
PG as well indicating that dysregulation in the glycerophospholipids exists in Grn” mice (458).

Although we did not detect many differences in whole tissue, the previous Laqtom et al.

study did not detect phospholipid changes at the whole tissue level. However after lysosomal



isolation differences in the accumulation of lyso-phospholipids and glycophosphodiesters were
detected (455). Taken together, this data suggests that although we do no observe accumulation of
glycerophospholipids at the whole tissue level in Grn” mice that does not exclude the possibility
that a similar mechanism could underlie the accumulation of lipids, and the downregulation of
BMP in models of CLN3 and PGRN deficiency. In this proposed model the reduction of various
BMPs are a consequence of the accumulation of precursor lipid species in the lysosome and their
subsequence unavailability for the synthesis of BMP.

The loss of BMP could have a critical effect on efficient lysosome to function. Lipid
composition of the lysosomal membrane is an important factor that modulates the degradation
pathways carried out in the lysosome. BMP is of particular interest when considering the lysosomal
membrane because of its unique status as a negatively charged lipid species. While BMP is not
present in the limiting membrane of the lysosome, it is an anionic lipid species localized to the
inner leaflet of the acidic compartments where it assists as a docking site and cofactor for many
lysosomal proteins (459). This unique biochemistry is essential for the function of lysosomal
hydrolases such as ASM, lysosomal phospholipase A2 (LPLA2), and SAPs (460). These are
proteins that we have identified as upregulated in Grn” mouse brains (chapter 2) which could be
interpreted as an adaptive response to compensate for downregulated activity. Therefore, the loss
of BMP could be a mechanistic link between the possible primary accumulation of phospholipids
and the secondary accumulation of other lipid species and secondary effect on other lysosomal

functions.



While it is unclear how the loss of PGRN leads to phospholipid dysregulation, it is possible
that GRNs play a role in stabilizing, activating, or chaperoning a protein involved in the synthesis
of BMPs. GBA is not the only lysosomal hydrolase that PGRN interacts with, in a recent study
phospholipase sSPLA2-IIA levels are regulated by PGRN in the extracellular space (461). Though
this particular phospholipase is secreted, the PLA2 enzyme group includes lysosomal

phospholipase (PLAG15) which is upregulated in PGRN deficiency and rescued by PGRN and
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Figure 4.2: GRNs function to regulate lipid metabolism in the lysosome.

hGRN4. Interestingly a recent study asserts that PLA2GI15 is sufficient to convert
phosphatidylglycerol to lyso-phosphatidylglycerol (LPG) and that modulating PLA2G15 levels

impacts BMP levels (462). It is possible that GRNs serve as an activator or co-factor in PLA2G15



activity, and the loss of GRNs lead to a downregulation of PLA2G15 activity. This dysregulation
in processing could lead to a reduction in the availability of LPG a BMP precursor species, and
less BMP synthesis. Previous work by Logan et al. found that BMP can be produced by Grn™
cells when phosphatidylglycerol is added (238). This evidence could support the model that BMP
levels are reduced because of a reduction in precursor species availability, but further research
focusing on the activity levels of lysosomal phospholipases in models of PGRN deficiency could

provide insight into this possibility.
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Figure 4.3: Proposed Mechanism of PGRNs impact of BMP synthesis

Adapted from (2). Proposed biosynthesis pathway of BMP (5). The first step in the conversion of
phosphatidylglycerol (PG) to BMP is the hydrolysis of PG by a lysosomal phospholipase A., in the lysosome this
could be PLA2G15, to form 1-acyl-sn-(LPG). In the second step, sn-3:snl' LPG is acylated on the head group
glycerol, the enzyme is unknown and abbreviated TA. The next step proposed is the reorientation of the phosphoryl
ester unknown enzyme abbreviated ROE. The final step is a second transacylation to incorporate an acyl chain into
the original backbone sn-1:sn:1' LPG. If PGRN is involved in the activity of PLAG215, then loss of PGRN could
impact the conversion of PG to LPG leading to a decrease in downstream lipid species.



BMP associated pathways are also seen to be dysregulated in PGRN deficiency. Levels of
cholesterol abundance in the internal lysosomal membranes are required for the degradation of
glycosphingolipids and are found to be important for the activity of helper proteins like SAPs (322,
463). Interestingly in HeLa cells, we find an increase in neutral lipids, and a decrease in BMPs
suggesting that the environment for glycosphingolipid degradation is not ideal. Dysregulating of
PLA2G15 and BMP levels is concomitant with dysregulation of cholesterol in HeLa cells (462),
but this has not been investigated in the context of PGRN deficiency. Though we do see lipid
dysregulation in our GRN”-HeLa cells as the accumulation of LipidSpot positive puncta, LipidSpot
dye is a marker of lipid droplets and is not specific to a class of neutral lipids. Further, though
increased accumulation of lipid droplets is observed it is not clear whether levele nf lvencamal

Adapted from Gallala et al, 2011
levels of lipid cholesterol are perturbed.

In chapter 2 we report that the expression of hGRN4 elevates levels of BMP downregulated
by the loss of PGRN in Grn”” mice. In light of this work, I propose that GRNSs play a similar role
to saposins acting as a cofactor to facilitate the catabolism or transport of lysophospholipids in the
glycerophospholipid family. This dysregulation of glycerophospholipids interferes with the
production of BMP species (Fig 4.3) causing a biochemical disruption of the lysosomal limiting
membrane. This disruption of lysosomal membrane and leaflet composition causes a downstream
downregulation in lysosomal catabolic capacity and phenotypes associated with lysosomal storage

disorders (Fig 4.2). Further mechanistic studies will be necessary to evaluate this potential function

of GRNs both in vitro and in vivo.

4.5.2 Glucosylsphingosines
The cortical lipidomics reported in chapter 2 detail an increase in glucosylsphingosines

(GleSph) in Grn”" mice, and recently GlcSph was found to be increased in FTD-GRN patient



plasma (342). GlcSph is an amphipathic compound that can react with GBA to produce
glucosylsphingosine, though in models of decreased GBA activity it has been reported that acid
ceramidase may catabolize glucosylceramide to GlcSph. These two enzymes are of interest, as
they have been identified in our data presented here and by others to be downregulated in either
abundance (ASAH1) or activity (GBA) in Grn”" mice. GlcSph is known to be neurotoxic (464),
and accumulates in lysosomal storage diseases Niemann Pick-Type C and Gaucher Disease (465),
as well as cases of Parkinson’s disease with GBA mutations (466, 467). Interestingly GlcSph only
accumulates in cases of Gaucher’s with neuropathic presentations, suggesting that the
accumulation of GlcSph may be directly related to neuronal degeneration in Gaucher Disease
(468). Further GlcSph has been mechanistically tied to neurotoxic processes including promoting
the aggregation of alpha synuclein (469), modulating inflammatory responses (470), and plasma
levels of GlcSph d18:1 have been found to increase overtime in FTD-GRN variant carriers. The
accumulation of GleSph may track with the increase in pathological dysregulation in FTD-GRN
patients, though longitudinal studies following participants for a longer period of time are
necessary.

The accumulation of GlcSph may also have a direct effect on lysosomal function. GlcSph
plays a role in regulating calcium homeostasis (471) and, Ca>" has been found to be decreased in
the lysosomes of Niemann Pick Type C patients with accumulation of GlcSph (472). Interestingly,
proteins associated with the GO term “Calcium Ion Binding” are significantly increased in GFP-
Grn”~ mice compared to GFP-Grn™* mice. In NPC1 models, decreases in lysosomal Ca?" lead to
dysregulation of calcium binding proteins and deficits in endocytosis and endo-lysosomal function

(472). Though it is unclear whether calcium storage in the lysosome is dysregulated by the loss of



PGRN, the accumulation of glucosylsphingosine suggests that this may be a consequence and
should be investigated moving forward.

The accumulation of GleSph in Grn”~ mice could be driven by the downregulation of GBA
activity, which can be ameliorated by the administration of hGRN4, suggesting that the
accumulation may be due to the loss of GRNs. GBA is a lysosomal hydrolase known to be
modulated by PGRN (20), and it is also important for the processing of GlcSph species. Simon et.
al. suggests that GRNs may stabilize BMPs at the lysosomal limiting membrane. Increased BMP
turnover interferes with the ability of proteins like SAPs to recruit GBA to the lysosomal
membrane leading to decreased activity and substrate accumulation (224). Therefore, as the
increase in GlcSph can be tied to the activity of GBA, GlcSph could be classified as a secondary
storage material in PGRN deficiency. Further, the neurotoxic effects of GlcSph in other models of
LSDs and neurodegenerative disorders suggests that GlcSph could also be driving
neurodegenerative phenotypes in cases of PGRN deficiency. The accumulation of GlcSph reveals
another aspect of GRNs potential role as a regulator of lipid metabolism and homeostasis, and the
crucial role lipids play in lysosomal and cellular homeostasis. However, further experimentation
and investigation is necessary to understand whether findings from other neurodegenerative and
lysosomal diseases are mechanistically relevant in models of FTD-GRN.

While it remains unclear why the loss of PGRN leads to dysregulation of lipid levels, data
presented here suggests that differential regulation of lysosomal proteins that control levels of
lysophospholipids is a common theme underlying variation observed across models of PGRN
deficiency. I have proposed a mechanism for these perturbations including the loss of GRNs as
stabilizing proteins for phospholipid degradation which directly leads to a decrease in BMP by

interfering with the availability of BMP synthesis substrates, and indirectly as the consequences



of decreased BMP localization with the lysosomal inner leaflet disrupts the activity of lysosomal

hydrolases causing an accumulation of toxic lipid species like glucosylsphingosine.

4.6 The roles of individual GRNSs, interchangeable, or divergent?

We find compelling evidence that GRN2 and GRN4 are beneficial when expressed in Gran
’mice. However, a limitation of this study is that we did not test all the GRNs. While these findings
shed light on pathways of particular interest for further investigation, conclusions necessitate the
exploration of the roles of the additional granulins.

The ability of hGRN2 and hGRN4 to ameliorate increased proteins levels were not
equivalent. This may be a consequence of unequal expression of the constructs in the injected
GFP-Grn” mice as the levels of LGALS3, and CD68 correlate with the level of expression in these
cohorts, with mice expressing higher levels of granulins exhibiting the largest rescue in these
proteins. This suggests that the GRNs assessed here, and additional GRN subunits have redundant
functions. However, it is also possible that the individual granulins could have independent roles
leading to their divergent ability to rescue our measured phenotypes.

While not much is currently known about the individual roles of the granulin subunits,
there have been studies that have found diverging structural and biological properties as discussed
in chapter 1. Structurally, each GRN amino acid sequence differs between 70% and 40% from the
other GRNs. There are also differences in both the three-dimensional structure and post-
translational modifications among the individual granulins, though the potential implications of
these remain unclear. Biochemically GRN4 has been shown to either induce cell growth or inhibit
cell proliferation in different cell lines, while GRN3 and GRN2 presented with inhibitory or

antagonistic effects to granulin 4 (28, 31, 148, 301). GRNS5 and GRN7 have also been shown to

have neurotrophic properties in hippocampal neurons (10), although this observation may also be



neuronal type specific as motor neurons and cortical neurons, granulin 7 but not granulin 5 had an
effect (298). While these findings underline a number of outstanding questions regarding the
functions of GRN, they do suggest that there may be some differences between GRNS.

In addition to differences in function, the localization or distribution of the GRNs could
vary between cell types, brain region, or tissue, similar to findings about the distribution of
cathepsins (473, 474) and saposins (475). A recent study has suggested that GRN4 in particular
was localized to neurons. This difference in endogenous localization could underlie the difference
in the ability of GRN4 and GRN2 to ameliorate disease-associated phenotypes in the neurons of
Grn”” mice. This raises the possibility that while GRNs may play redundant functions in the cell,
all GRNs may not be equally present in each cell therefore the function may be attributed to
individual GRNSs in a specific or independent manner. This hypothesis remains untested and future
investigations will be required to assess the distribution of GRNs across tissues.

It is also possible to model the function of individual GRNs similar to the saposins (SAPs)
that make up PSAP, PGRN’s trafficking partner. Levels of PSAP are critical for sphingolipid
metabolism in the endolysosomal pathway as discussed above. As sphingolipid degradation
proceeds, the length of the sugar headgroup inevitably shrinks in size, thereby becoming less
accessible to water-soluble glycosidases. To overcome this physicochemical obstacle and to bring
sphingolipids and their respective enzymes in close proximity, mammals possess four saposins
(SAPA-D) (476) which function as activator proteins and assist in the function of lysosomal
hydrolases. Though the individual SAPs share a high level of structural homology, they participate
in different aspects of sphingolipid degradation evidenced by the various species that accumulate
after the loss of a single subunit. SAPA activates galactosylceramide b-galactosidase (GALC)

(477) and loss of this activator leads to a late onset form of Krabbe’s Disease (477, 478). SAPC



which activates GBA (479), and loss of this activator leads to Gaucher’s disease (480). SAPD is
the most abundant SAP and promotes the hydrolysis of substrates by acid ceramidase (ASAHI)
(481). Loss of ASAHI function leads to Farber Disease, however human patients with SAPD
mutations present with Gaucher Disease (482). There are also some functions that are replicated
by subunits, like SAPB which is seen as a non-specific activator protein and assists in the
degradation of several species (483), and has overlapping activation profiles the final saposin
GM2-AP (484), and SAPC and SAPA which are necessary components to activate the degradation
of GalCer by galactosylceramidase (485).

The structure of the saposins are divergent even though they share homology (486, 487).
It is possible that the GRNs could play a similar role in the lysosome, as discussed previously, as
that the divergence of the subunits could follow a similar pattern, however, further investigation
is required to support this model. In particular, newly developed tools to detect individual hGRNs
and mGRNs (286) will enable the characterization of GRN distribution and cell type localization,
and the assessment of proposed cellular functions in vitro.

4.7  Reconciling findings that GRNs are beneficial with previous findings

While the data presented here suggests that GRNs are beneficial and have a role in lipid
metabolism, previous work has suggested GRNs are pro-inflammatory, cytokine-like molecules.
The scope of the work presented here does not preclude some GRNs or multi-GRNs could have

functions as modulators of inflammation.



As noted in chapter 1, until recently, most work understanding the role of PGRN and GRNs
focused on protein that was extracellular. The localization of multifunctional proteins is known to
influence the pathways they participate in, therefore, the localization of the GRNs could be a key

variable in determining the “inflammatory” propensity of the proteins. For example, cathepsins
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Figure 4.4: Localization of GRNs determines inflammatory profiles

are known lysosomal proteins that are necessary for correct lysosomal function. However, secreted
cathepsin are known to be pro-inflammatory (488), and induce neuronal apoptosis (489).
Extracellular cathepsins participate in functions such as host-defense after infection, and have an
adaptive role (490). However, increased extracellular cathepsins have been associated with

neurodegeneration (491, 492), and mis-localized lysosomal proteins are a known sign of lysosomal



membrane permeability (493). It is possible that, similarly to cathepsins, GRNs may be secreted
from the endo-lysosomal pathway after damage or infection. Therefore, in the extra-cellular space
GRNs might be pro-inflammatory.

It was confirmed that the AAV-hGRN constructs are secreted by HeLa cells in vitro
suggesting that they are also secreted in vivo (Supplementary Fig2). These findings suggest that
these GRNs are not pro-inflammatory even when secreted, as the \GRN2-Grn” and hGRN4-Grn®
~ mice have reduced inflammation. Interestingly, a multiGRN fragment was found to be
upregulated in rat brain after ischemic injury (450). Further, after the inhibition of PGRN cleavage
by neutrophil elastase inflammatory cytokine release was decreased. Neutrophil elastase (NE) is a
serine protease secreted from neutrophils during the inflammatory response (494). Therefore,
PGRN would most likely encounter this protease in the extracellular space after neutrophil
activation, and infiltration across the BBB as neutrophils are present in low levels in the brain
(495). It is possible that the pro-inflammatory multi-GRN detected and inhibited by the reduction
of NE activity is unique to the extracellular space and could be structurally different than the GRNs
produced in the lysosome. Since proteases like NE and other neutrophil proteases like protease-3
known to cleave PGRN are produced by peripheral immune cells, the presence of their cleavage
products in the brain could be a sign of BBB breakdown or peripheral immune infiltration (495,
496). Thus, the presence of these multiGRNs may be inflammatory because of unique cleavage
patterns or products found in the extracellular space after the BBB is compromised.

There are several mechanisms through which extracellular multiGRNs could be pro-
inflammatory, including binding through extracellular receptors, or through proteolytic roles.
Building off of the model of extracellular cathepsins it is known that cathepsins in the extracellular

space, cleave the extracellular domains of cell surface receptors (490), process and activate



chemokines (497, 498), and remodel the extracellular matrix (499) which can alter inflammatory
signaling pathways. Recently extracellular cathepsin Z was found to signal through a5 integrin to
promote the generation of IL-13 in THP-1 cells (500). These findings suggest that multiGRN
fragments could function in the inflammatory pathway in a similar manner, however further study
will be required to investigate these mechanisms.

Overall, while the work presented here does not suggest that GRNs are primarily pro-
inflammatory, that does not exclude them from being inflammatory signals in specific contexts. |
suggest a mechanism through which extracellular multiGRNs may be pro-inflammatory while
GRNs localized to the endo-lysosomal pathway are beneficial (Fig 4.3). The localization of
PGRN/GRNSs and its cleavage by multiple proteases with their own pattern of localization, are
important variables to consider and further study is required to measure levels of extracellular
PGRN and GRNs, and to assess levels of peripheral immune cell invasion in PGRN deficient

brains to determine whether this paradigm is supported.

4.8  Autonomous vs. Non-cell Autonomous Benefits of GRN expression

In the work described in chapter 2 I expressed hPGRN and hGRN constructs using as adeno-
associated virus delivered in PO mouse pups, a model of somatic brain transgenesis (SBT) (324).
Previous studies have delivered AAV mediated PGRN to mice at different time points (adults,
aged) and several groups have used various approaches including different viral vectors including
AAV serotype 9 which targets both neurons and glial cells (270, 501).

Our experimental design focused on expression of hPGRN and hGRNs in neuronal cell
types via our neonatal intracerebroventricular injection scheme using rAAV1. We chose this

strategy as previous studies transducing neurons with full length PGRN had proven ameliorative



while approaches using other serotypes target neurons and glia more broadly, or ependymal cells
resulted in T-cell mediated toxicity (270). However, it is well known that PGRN is highly
expressed in microglia (132, 502), therefore it is important to understand if focused neuronal
delivery of GRNs is effective in ameliorating glial and inflammatory phenotypes. rAAV1
expression of GRNs does not directly deliver protein to glial cell types, however, this intervention
did ameliorate glial activation and inflammatory phenotypes described in chapter 2. This
modulation of disease-associated phenotypes could be modulated through cell autonomous or non-
cell autonomous mechanisms.

The non-cell autonomous mechanism of GRNs in non-neuronal cell types is driven by
PGRN’s status as a secreted protein (503). PGRN can be taken up from the extracellular space
trafficking either directly or indirectly with extracellular receptors including sortilin, lipoprotein
receptor-related protein 1, mannose 6 phosphate receptor, and Notchl among others described in
chapter 1 (157, 222, 504). Importantly, we find that our GRN constructs expressed in vitro are also
secreted. It is possible that the effects of rAAV1 expressed GRNs on glial phenotypes may be
mediated by secreted protein and taken up by glial cells where they confer their ameliorative
effects in a non-cell autonomous manner. In cell specific BV2 studies the loss of PGRN in
microglia has been found to increase the formation of lipid droplets which are associated with
increased cytokine release and other pro-inflammatory profiles in vivo (245), therefore PGRN
uptake to these cells may decrease the level of inflammatory cytokines released downregulating
neuroinflammatory pathways. In addition to cell specific phenotypes, several cell-type specific
mechanisms for the regulation of PGRN have been described such as that PGRN in microglial
cells is regulated by Nemo-like kinase but not neurons (505). Taken together this suggesting that

there may be cell specific roles or pathways that PGRN or GRNs participate in these cell types.



This theory would align with observations that loss of PGRN in one cell type, either
selective depletion of PGRN from microglial cells (345, 506), or conditional neuronal knockout
(507), were not able to induce disease-like phenotypes in Grn”~ mice, suggesting that expression
of PGRN in one cell type is able to compensate for selective loss in another. However, these
findings are difficult to interpret in mice since heterozygous loss of PGRN does not lead to
discernable phenotypes until very late in life. Because of this it is possible that the selective
depletion is not sufficient to induce pathology in mice regardless of the cell type targeted. A recent
study using iPSC derived organoids found that GRN”- iPSC astrocytes drove TDP-43 pathology
when matched with GRN** iPSC cortical neurons (508). To investigate the relationship between
microglia and neurons with and without PGRN further cell specific characterization of PGRN
related phenotypes could be paired with similar iPSC derived organoids to understand the cell type
specific effects of PGRN loss in a human derived model.

It is also possible that cell autonomous effects could also convey these effects. A cell
autonomous mechanism could be mediated by the beneficial role of GRNs in neurons decreasing
the levels of damaged and degenerating neurons. With fewer dysfunctional neurons fewer
microglial cells may be activated in response reducing the levels of lysosomal dysfunction and
inflammatory upregulation observed in the absence of PGRN. This paradigm has been observed
previously in other neurodegenerative disorders where delivering protein to neurons AAVI
serotype ameliorates inflammatory phenotypes (509). This has also been observed previously in
AAV1 delivery of full length PGRN, which was replicated in chapter 2 (256, 269). Neurons
secrete a number of factors that influence the state of microglial activation (510), and microglia
are activated in the case of neuronal damage (511). By modulating the state of neurons in Grn™

mice changes in secreted signals can lead to a decrease in activated microglia. Understanding the



role of GRNs in a cell-autonomous and non-cell autonomous or cross correctional mechanisms
further experiments are required keeping in mind that both mechanisms could be at work
simultaneously for neuronally expressed GRNs to confer a beneficial effect in both neuronal and

glial cell types.

Future Directions

4.9 Therapeutic Role of GRNs, Outstanding Questions and Future pre-clinical studies.

One major impact of the work described here relates to the ability for GRNs to be
considered as a potential therapeutic approach for diseases impacted by the loss of PGRN. While
there are several benefits to considering GRNs as a therapeutic intervention, further assessment is

needed.

4.9.1 Time of administration
The AAV delivery of GRNs described in chapter 2 takes advantage of the neonatal PO

mouse pups to achieve widespread transduction of neurons throughout the brain with little
inflammatory reaction. The paradigm of early GRN replacement allows for expression of the
protein throughout life and, the timing of AAV administration is an important variable that can
determine the extent of viral vector transduction (324). Further, this scenario is not likely to be
replicated in humans as FTD and CLNI1 patients become symptomatic in adulthood so
understanding the ability of GRNs clinical benefit when administered at later timepoints is
required. To investigate the translatability of AAV GRN replacement-based interventions future
pre-clinical assessments can deliver AAV1-GRNSs to adult Grn”" mice similar to previous studies
which delivered AAV-PGRN to 8-month old mice and assessed phenotypes at 12 months (256).
In adult mice the injection strategy should be re-assessed, as after P2 the expression pattern of

ventricularly injected rAAV1 shifts to primarily transduce ependymal cells (512). For this reason,



stereotaxic injections into the parenchyma are likely to yield a more favorable expression pattern
(256, 513). Following the protocols described by Arrant et. al rAAV1/2 packaged GRNs could be
delivered via stereotaxic injection to the prefrontal cortex of 8-month old Grn”~ mice. At 12 months
tissues can be collected and disease-like phenotypes can be assessed. It is possible that expression
of GRNs using rAAV1/2 will be effective in ameliorating disease-like phenotypes in Grn” mice.

However, if this is not the case additional methods to deliver GRNs can be explored.

4.9.2 Peripheral administration
The evidence presented here builds upon those studies isolating individual subunits of the

PGRN protein that can successfully be expressed throughout the brain throughout the lifetime of
a mouse. One of the major challenges in PGRN based therapies is introducing PGRN to the brain
through the blood brain barrier. The possibility of delivering 6 kDa granulin subunits instead of
full length PGRN, may allow for additional delivery routes to be explored. Previous work has
demonstrated that coupling PGRN an engineered Fc domain that binds to the human transferrin
receptor allows it to be trafficked across the blood brain barrier (BBB) and increases CNS
penetrance. This allows the protein to enter the brain and rescue CNS disease-like phenotypes in
Grn”” mice (238). A recent study administered a recombinant purified His tagged PGRN derived
peptide termed ND7 and included the final 98 amino acids encompassing the L7+GRN7+L8 c-
terminal region of PGRN to a mouse model of Gaucher’s Disease (514). Protein was delivered
intraperitoneal injection (IP), and although the brain penetrance of the protein was only assessed
via the His tag, this suggests that recombinant individual GRNs may be able to cross the BBB.
Future studies could use a similar approach and deliver recombinant GRNs 1-7 IP to Grn
’ mice. Protein constructs can be expressed using HEK Expi293 cells, a suspension cell line that

is optimal for expressing proteins that require post-translational modifications like PGRN and

GRNs . Proteins can be coupled to a double STREP tag to enable purification using STREP-XT



purification columns. After treatment brains and peripheral organs including liver and spleen can
be assessed for the expression of individual GRN expression using antibodies currently under
development by the Kukar lab (unpublished). If the individual GRNs are able to penetrate the BBB
I would expect that the brain tissues would be immunoreactive to the individual GRN antibodies,
in the case that the individual antibodies are not successful, the twin STREP tag can also be
leveraged for detection in tissue. Immunodetection can be performed via immunohistochemical
staining, ELISA, or immunoblot as Grn”~ mice produce no endogenous GRNSs any protein detected
in the brain would be due to GRNs from the periphery trafficking to the brain. In the case that the
individual GRNs are not detected in the brain further studies could be conducted attempting to
identify the receptor the GRN7 fragment travels across the BBB, it is possible that the process is
dependent on the binding domains found in the L8 region associated with GRN7. If this is the case,
the binding domain could be engineered to the other GRNS, or another approach to deliver GRNs
could be considered.

In addition to delivering recombinant GRNs peripherally new developments in AAV
technology now allow for the peripheral injection of AAV vectors that can cross the BBB and
transduce neurons (515, 516). The engineered capsid AAV-PHP.N transduces NeuN+ neurons
efficiently after IV retro-orbital injection (516). In an effort to explore the ability for GRNs to be
delivered peripherally individual human GRNs can be packaged into AAV-PHP.N capsids,
delivered retro-orbitally to Grn”" mice, and allowed to express for 3-4 weeks. A similar procedure
as the one described to evaluate the ability of recombinant GRNs to cross the BBB can be
employed to determine the efficacy of AAV-PHP.N GRNs. If the transduction of GRNs proves
successful, additional variables of interest like age of intervention, discussed above, could be

integrated into the paradigm.



There are translational limitations with this method. Firstly, the PHP.B family of AAV
capsids was developed in a screen on C57/BL6 mice, and there are differences in transduction
efficiency in mice from other genetic backgrounds (517). In addition to variation between strains,
PHP.B based AAV capsid do not transduce non-human primates (NHP), and therefore would not
be a viable clinical approach for human patients (518). This is because the PHP.B capsid depends
on the murine specific receptor LY6A to cross the BBB (519, 520). Screening patient relevant
models like iPSC cell lines is currently underway to identify AAV capsids that can be translate to
NHP and human patients (521). This limitation is not present in the recombinant protein delivery
strategy but does offer cell type specificity in the production of the protein. While the impact of
these variables is unclear, the benefit of assessing the efficacy of administering GRNs peripherally
will have pre-clinical benefit. PGRN was first identified as a cell growth factor and positive
regulator of cancerous cells (30), therefore the ability to confer ameliorating effects delivering
specific GRN subunits, to specific cell types could reduce the likelihood of negative side effects
due to the actions of full length extracellular PGRN. Understanding these aspects of GRN
replacement informs the targeting of potential treatments and could potentially inform translational

assessments for human patients.

4.9.3 Limitations of PGRN Deficient Mouse Models
A limitation of these studies is that mouse models of PGRN do not precisely recapitulate

the pathology of human FTD-GRN patients or NCL11 patients. Firstly, as Grn”" mice do not
present with many consistent biochemical disease-related phenotypes at 12 months as phenotypes
are much milder than Grn”" mice (244). However, studies have reported differences in social
behavior assays compared to Grn™* mice suggesting that there are some underlying perturbations
caused by the partial loss of PGRN and GRNs (257, 262). The mechanism driving the differences

in divergent phenotypes between humans and mice after loss of PGRN is unclear. It is known that



mice have higher endogenous levels of secreted PGRN, up to 5 times higher than what is observed
in healthy human controls (135). This raises the possibility that there is a threshold level of PGRN
that is required for homeostatic lysosomal function, and while a 50% reduction in protein from the
endogenous levels in humans is sufficient to cause dysfunction, a 50% reduction in mice does not
reach a pathological threshold. This difference in gene dose related phenotypic presentation
compounds with the lack of general TDP-43 accumulation in Grn”” mice.

While some studies have detected increases in phospho-TDP-43 in aged Grn”~ mice (202,
522), inclusions of TDP-43 are only observed in neurons of specific brain regions in mice aged
about 2 years (260, 334, 522). These findings highlight another important difference in rodent
models, which is that the lifespan of these model animals is a few years, while pathology in human
patients requires decades to develop. It is possible that this time span is not sufficient for some of
the pathological characteristics of FTD-GRN and CLNI11 to be robustly detectable. If this is the
case, Grn”" mice could be considered an early-stage disease model. These findings highlight
limitations of Grn”" mice as a pre-clinical model of FTD-GRN. Future studies need to take species
specific biology into account when considering the best models to investigate potential therapeutic

interventions as well as mechanisms of action related to chosen interventions.

4.9.4 Patient Derived iPSC lines as a platform for assessing therapeutic potential of GRNs.

To address limitations of mouse models, iPSC models can be used to assess the therapeutic
potential of individual GRNs in a patient derived model. The first FTD-GRN patient derived
GRN"* iPSC neurons and microglia were produced in 2012, and since that time several lines
encompassing several pathogenic mutations have been isolated (393). These cell lines have around
a 50% reduction in PGRN mRNA (389). Human patient cortical neurons derived from these stem

cells recapitulate several of the pathological characteristics of human patients including TDP-43



mis-localization and increased phosphorylation (19, 389), and lysosomal dysfunction (19).
Similarly, GRN”~ iPSC cortical neurons derived from a CLN11 patient displayed increased
lysosomal volume, increased phosphorylated TDP-43 and cytoplasmic mislocalization of TDP-43
after 100 days of culturing (392). Unlike mouse models, the gene dose effect of PGRN is preserved
in iPSC cortical neurons, as a partial loss of PGRN leads to dysregulation. iPSC cortical neurons
also recapitulate phenotypes that are not consistently observed in Grn”~ mice including TDP-43
pathology.

The ability of GRNs to ameliorate pathologies such as TDP-43 inclusions could be assessed
in iPSC derived cortical neurons using AAV to transduce the expression of an individual GRN. In
these conditions I would expect that the replacement of a single GRN would be able to correct
mis-localized TDP-43, and the decrease in levels of LAMPI1 and lipofuscin. Using iPSC models
to gain insight into the ability of GRNs to clear TDP-43 is important, as it is not a phenotype
accessible in mouse model of FTD-GRN but is the primary protein inclusion in human patients.
As seen in other neurodegenerative diseases, clearing pathological inclusions is considered an
important readout of efficacy. In addition to evaluating the potential application of GRNs as a
therapeutic intervention, similar experimental paradigms can be leveraged to understand the
mechanisms that drive the beneficial effects observed after the addition of GRNs in models of
PGRN deficiency.

4.10 Investigating Proposed mechanisms for GRNs

iPSC derived microglia and neurons are an exciting platform to examine the mechanisms
of GRN function. Many of the outstanding questions regarding the role of GRNs require
experimentation in vitro. Patient derived iPSC lines provide a method to model PGRN deficient
human neurons and microglia from the same background which cannot be achieved in other

immortalized cell lines. Further, as PGRN is known to be differentially regulated in cancers, there



are potential adaptations and differences in baseline PGRN in immortalized cell lines that could
interfere with the interpretation of GRN function.

In the current work we assess 2 of the 7 total GRNs. While we find that both hGRN2 and
hGRN4 ameliorate phenotypes of disease, it is unclear whether all GRNs would rescue in an
interchangeable manner. The expression of each GRN could be pursued in a Grn” mouse,
however, conducting such a screen could be done in iPSC cell lines, which have well defined
phenotypes as previously described. This approach also has the advantage of reducing the number
of animals required in the research program. iPSC cortical neurons can be transduced using AAVs
(521). Using this strategy, we can transduce each individual GRN to GRN”" and GRN*" cortical
neurons. Assessments of characteristic disease-like phenotypes can be completed. These can
include those approaches used in the murine in vivo experiments described in chapter 2 including
immunocytochemistry, immunoblot and -omics based assessments. This approach has the added
benefit of being able to include both GRN”* and GRN”" cells. While work delivering full length
PGRN to FTD-GRN iPSC derived cortical would suggest a similar effect would be achieved (523),
there is the possibility that the additional of individual GRNs may identify variations, particularly
if there are divergences in GRN function. Similarly, it is possible that each GRN has a similar
effect in the mice after 12 months of expression, however, without insight into the precise function
GRN s serve in the lysosome, attributing rescue to the same underlying mechanism cannot be
achieved.

In this case iPSCs can also address outstanding questions, as delineating mechanistic
pathways is more tractable. For example, recent work indicates that traditional markers of
lysosomal compartments including LAMP1/2 and Lysotracker may identify a more heterogenous

collection of compartments (524), including degradative and non-degradative compartments.



Considering this, activity-based probes, like BMV-109 described in chapter 3, can be used to
assess lysosomal hydrolase activity via cytochemistry or immunoblot, rather than the distribution
of membrane proteins. These assays can be affected by fixation, and therefore, are well suited to
live cell approaches using iPSCs. Other live based cell techniques can be applied to better
understand the role of GRNs in the lysosome include the DQ-BSA assay to investigate the
autophagic capacity of the neurons (525), pH markers such as BiDL (526) or OregonGreen (527)
to determine the acidity of lysosomal compartments in the presence of individual GRNs, which
can be measured together with intra-lysosomal calcium levels with the aid of probes (528). A more
nuanced understanding of the role of GRNs in the lysosome will contribute to the overall
understanding of their biology and could shed light on any differences in their function through

their effect on lysosomal phenotypes.

4.11 Isolation of Lysosomes for PGRN deficient iPSCs

Recent technical advances have allowed for a genetically specific immunoprecipitation of
lysosomes via a TMEM192-3XHA tag (Lyso-IP) (529). Isolation of lysosomes can detect
differences in the proteomic and metabolomic composition, that are not characterized at the whole
cell, or whole tissue level (455, 530). This is a significant advance, since we do detect differences
at the whole cell and whole tissue level of some lipid species like phosphatidylglycerol, but a more
focused approach could elucidate any changes in the specific lysosomal compartment.

Lipidomic analysis on isolated lysosomes from GRN”, GRN’* and control iPSC cortical
neurons will be important in understanding the significance of BMP reduction after the loss of
PGRN. It would be possible to delineate whether the loss of BMP is due to a reduction in the lyso-
lipid precursor species that give rise to BMPs. If lyso-phosphatidylglycerol or other

glycophosphodiesters are increased this could indicate that BMP synthesis is impeded by the loss



of PGRN. This could indicate that GRNs act in the lysosome in a function similar to CLN3 and
facilitate the transit of these lipids from the lysosome. It is also possible that changes in
phosphatidylglycerol metabolism could impact BMP levels as the specific increase in 22:6/22:6-
PG has been found to lead to selective decreases in BMP levels (453). This presents another
potential mechanism of action for GRNs which could be assessed through lipidomic assessment
of PGRN deficient lysosomes.

In addition to lipidomics, further mechanistic insight can be gained from the assessment of
metabolic composition of the lysosome. For example, the lysosome is an important storage
compartment for calcium within the cell (531), and lysosomal calcium levels are known to be
decreased across LSDs and neurodegenerative disorders (532). While there are several
mechanisms that contribute to this, the accumulation of sphingosines is known to inhibit lysosomal
calcium storage. Assessing the intra-lysosomal level of calcium could inform a mechanism of
dysfunction in PGRN deficient systems, particularly the CNS where calcium serves specialized
roles (533).

Employing a strategy to add back individual GRNs via AAV or recombinant protein, the
ability of each subunit to impact the dysregulation of lipids, as well as changes in lysosomal protein
levels and of any identified live cell assays. These panels will serve multiple functions. Firstly, it
will help to describe the function of GRNSs in the lysosome. Secondly, it will assist in identifying
any divergent functions between GRN subunits. Particularly if multiple cell types are leveraged,
as it is possible that individual GRNs may have cell type specific roles. This focused dataset may
help to elucidate whether there are any specific differences in the roles individual GRNs may play
in the lysosome, independent of the end point of disease-like phenotype rescue in vivo.

4.12 Exploring Cell Type Specific Effects



The majority of studies have focused on delivering PGRN, and in this study GRNSs, to
neurons. However, PGRN is most highly expressed in microglia in the CNS. Microglia are
particularly involved in phagocytosis and clearance of extracellular debris, and damaged cells and
due to this specialized role in the brain, may have a more complex regulation of lysosomal
components (258). Further, microglia have been found to be particularly vulnerable to lysosomal
accumulation in Grn”" mice (522). A benefit of using iPSC lines is the ability to generate hiPSC
microglia (534). These cells can be assessed for lysosomal function as well as inflammatory
profiles like cytokine release panels (535), and phagocytosis assays (536). While it is likely that
the loss of PGRN leads to similar changes in lysosomal function across cell types, it is possible
that microglial cells may be more sensitive as they have higher levels of PGRN therefore more
severe phenotypes may be discernable, especially in GRN”/* cells. Therefore, in addition to
comparisons between genotypes, data produced from hiPSC microglia can be compared to derived
cortical neurons to isolate differences in lysosomal composition between cell types using
techniques like Lyso-IP, and the consequences of the loss of PGRN and the introduction of
individual GRNs on those processes.

4.13 Understanding Inflammatory Roles of GRNs

As previously discussed, the localization and regulation of GRNs could allow GRNs to be both
beneficial to the homoeostatic function of the lysosome and proinflammatory in the extracellular
space. However, further experimentation is needed to understand this possibility. Using either
hiPSC microglia or an immortalized cell line such as BV2 cells, for which GRN” lines are
available (537). In the experimental design described we assessed 2 of 7 GRNSs, to account for the
additional GRNs recombinant protein of hGRN1-7 can be added to media of wildtype cells. After
an incubation period, media and cell lysates can be assessed for cytokine release and regulation of

inflammatory proteins compared to cells treated with base media. This design, however, may not



account for specific cleavage that may occur extracellularly. To account for this PGRN can be
incubated with proteases like NE before being added to media for supplementation. The previous
AAYV mouse experiments focus on adding back GRNSs to a system with no endogenous expression.
It is possible that overabundance of extracellular GRNs or multiGRNs leads to inflammation that
does not occur when increasing GRN levels in a PGRN deficient system. To assess this GRNs and
multiGRNS can also be added to GRN™" lines.

While the localization of GRN in vivo cannot be controlled in the same manner. It is
possible to question whether the addition and over-expression of GRNSs is pro-inflammatory. To
assess this in vitro the previously described GRN treatments could be replicated in GRN** cell
lines. In vivo GRNs can be expressed in a similar paradigm to chapter 2 in Grn*" mice. These
mice can then be assessed for signs of inflammation including markers found to be ameliorated in
chapter 2 like CD68 and CDA45. Further, cytokine analysis can be completed on whole tissue using
tools like the MesoScale Discovery Platform (535).These assessments could shed light on the
function and regulation of GRNs, and could provide insight into the consequences of
overexpressed GRNs which could inform potential clinical applications.

4.14 Closing Remarks

The work presented here answers a critical outstanding question in the field of PGRN biology, and
strongly supports the hypothesis put forth in chapter 1, that granulins are the active components of
the precursor protein PGRN in the lysosome and are beneficial for lysosomal function. In chapter
2 I found that granulins can rescue dysfunction caused by the loss of PGRN. In chapter 3 conserved
dysfunction caused by the loss of PGRN and GRNs was described in an immortalized human cell
line. Taken together these data lead to the conclusion that GRNs are bioactive subunits of PGRN,
which serves as a precursor protein. Loss of GRNs leads to conserved phenotypes, and that role of

the processed GRNs are beneficial both in vitro and in vivo. This finding has major implications



for the development of therapeutics for diseases involving PGRN loss, as new approaches targeting
GRNss as clinical targets, or biomarkers should be investigated. Further, this works informs our
understanding of how PGRN confers its effects intracellularly through its potential ability to
mediate lipid metabolism. However, future steps in understanding diseases driven by the loss of
PGRN is complicated by the limitation that the function of individual GRNs remains unclear. The
work presented here necessitates investigation of individual GRNs in the lysosome. The
experiments proposed here are a starting point for the elucidation that will enable the field to
understand the role of GRNs, which are proteins critical for brain health, but have eluded

functional understanding for decades.
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