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Abstract

Heterozygous loss-of-function mutations in progranulin (GRN) cause frontotemporal dementia (FTD), a leading cause
of early-onset dementia characterized clinically by behavioral, social, and language deficits. There are currently no FDA-
approved therapeutics for FTD-GRN, but this has been an active area of investigation, and several approaches are now in
clinical trials. Here, we review preclinical development of therapies for FTD-GRN with a focus on testing in mouse models.
Since most FTD-GRN-associated mutations cause progranulin haploinsufficiency, these approaches focus on raising pro-
granulin levels. We begin by considering the disorders associated with altered progranulin levels, and then review the basics
of progranulin biology including its lysosomal, neurotrophic, and immunomodulatory functions. We discuss mouse models
of progranulin insufficiency and how they have been used in preclinical studies on a variety of therapeutic approaches. These
include approaches to raise progranulin expression from the normal allele or facilitate progranulin production by the mutant
allele, as well as approaches to directly increase progranulin levels by delivery across the blood—brain barrier or by gene
therapy. Several of these approaches have entered clinical trials, providing hope that new therapies for FTD-GRN may be
the next frontier in the treatment of neurodegenerative disease.
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The approval of the first amyloid immunotherapies by the
US Food and Drug Administration for patients with Alzhei-
mer’s disease, although not without controversy, marks the
beginning of a new era in the treatment of neurodegenera-
tive dementias. Therapeutics targeting one of the primary
disease-associated molecules are now approved, and a neu-
ropathological hallmark of neurodegenerative dementia can
be substantially eliminated from the brains of those affected.
Following aducanumab, lecanemab, and other amyloid
immunotherapies likely to follow, treatments targeting pro-
granulin for frontotemporal dementia (FTD) may be among
the next round of disease-modifying neurodegenerative dis-
ease therapeutics.
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One advantage in the pursuit of progranulin-targeted
therapeutics is that, unlike amyloid-beta, tau, and other
proteins associated with neurodegenerative diseases that
have gain-of-function effects, the mechanism of progran-
ulin-related disease is clearly loss-of-function. Thus,
the approach to progranulin therapeutics can focus on
boosting levels of progranulin, which, while not trivial,
is likely more straightforward than identifying specific
downstream gain-of-function effects along with strategies
to selectively block them. Indeed, several progranulin-
targeting therapies have already entered clinical trials.
Such progress, of course, comes on the heels of rigorous
preclinical studies, many of which have utilized mouse
models.

Our goal here is to review data from preclinical testing of
potential treatments for progranulin-related FTD in mouse
models. Before considering studies on specific therapeutic
approaches, we begin with a review of the neurologic disor-
ders caused by progranulin insufficiency and other diseases
associated with progranulin, key features of progranulin
biology, and the currently available mouse models and out-
come measures used in preclinical studies on progranulin
therapeutics.
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Progranulin-Associated Disorders
Frontotemporal Dementia

Frontotemporal dementia (FTD), a leading cause of early-
onset dementia, is a clinically heterogeneous disorder
characterized neuropathologically by protein aggregates
[1-7], neuroinflammation [8], and selective degeneration
of frontotemporal networks [9-12]. FTD accounts for
10-20% of dementia diagnoses [13—15], most commonly
affecting people between the ages of 45 and 64 [16-20].

FTD encompasses three main clinical syndromes with
different clinical characteristics: behavioral variant fron-
totemporal dementia (bvFTD), semantic variant primary
progressive aphasia (svPPA), and non-fluent variant pri-
mary progressive aphasia (nfvPPA) [21]. bvFTD, the most
common form of FTD, is characterized by early changes in
behavior with social disinhibition, apathy, reduced sympa-
thy and empathy, altered food preferences, and repetitive
behavior [22]. These social and behavioral abnormalities,
accompanied by a relative lack of amnestic deficits, are
key distinguishing features of bvFTD [23]. svPPA is char-
acterized by deficits in naming and semantic knowledge
with preserved fluency [24-26]. nfvPPA is characterized
by effortful, nonfluent, and agrammatic language defi-
cits and impaired comprehension of complex sentences.
Patients with nfvPPA often present with speech apraxia
and may also have accompanying motor deficits, difficulty
swallowing, and, eventually, mutism [27-29].

The prevalence of FTD in the US is around 60,000 cases,
but this may be an underestimate since FTD is often misdi-
agnosed [18, 30]. Considering that the average age of onset
is under 60, more than 10 years earlier than the average age
of onset for Alzheimer’s disease, an FTD diagnosis carries
high socioeconomic costs to patients and their families [31].

There are currently no FDA-approved treatments that slow
or reverse progression of FTD. Pharmacologic interventions
including serotonergic medications and antipsychotic agents,
and non-pharmacologic interventions like behavior monitor-
ing and speech therapy, are primarily used for symptom man-
agement and have limited effectiveness [32, 33].

Monogenic variants of FTD are uniquely amenable
to personalized medicine approaches. Between 10 and
25% of FTD patients have autosomal dominant familial
FTD [34-36]. Over 80% of patients with FTD caused by
genetic mutations harbor heterozygous mutations in one
of three genes: microtubule-associated protein tau (MAPT)
[37, 38], chromosome 9 open reading frame 72 (C9orf72)
[39-42], and progranulin (GRN) [2, 43, 44].

Unlike with MAPT and C9orf72 mutations, FTD-
related GRN mutations are almost exclusively loss-of-
function, making progranulin replacement an attractive

and conceptually straightforward therapeutic strategy.
Most FTD-related GRN mutations result in premature
stop codon insertion and nonsense-mediated RNA decay
[2, 45]. Splice site and point mutations also result in pro-
granulin haploinsufficiency by disrupting progranulin
translation, maturation, or successful routing to the secre-
tory pathway. The GRN A9D missense mutation disrupts
the signal sequence of the progranulin peptide, thus pre-
venting both its lysosomal localization and secretion into
the extracellular space [44, 46—48]. Other missense and
splice site mutations cause frameshifts or large genomic
deletions that result in aberrant protein products ulti-
mately destined for ER-associated degradation [49, 50].
Two pathogenic cysteine mutations, C521Y and C139R,
do not cause progranulin haploinsufficiency but abolish
progranulin’s neurotrophic effects in vitro and may impact
progranulin’s proteolytic cleavage, which is necessary for
production of functional granulins [51].

Other Neurodegenerative Diseases

Loss-of-function progranulin mutations have been identi-
fied as a rare cause of dementia with Lewy bodies (DLB),
a degenerative disorder associated with synuclein pathol-
ogy [52]. Variation at the GRN locus is also associated with
Alzheimer’s disease and limbic-predominant age-associated
TDP-43 encephalopathy (LATE) [53, 54]. These observa-
tions suggest that the therapeutic strategies for raising pro-
granulin levels discussed here may have applications for
neurodegenerative diseases beyond FTD-GRN.

Neuronal Ceroid Lipofuscinosis

FTD-related mutations in GRN are heterozygous and cause
progranulin haploinsufficiency. In rare cases, homozygous
or complex heterozygous mutations in GRN cause complete
progranulin deficiency, which results in a lysosomal storage
disorder called neuronal ceroid lipofuscinosis (NCL). The
neuronal ceroid lipofuscinoses (NCLs) are a group of neu-
rodegenerative lysosomal storage diseases associated with
excessive accumulation of the waste pigment lipofuscin in
neurons [55]. Early classification of the NCLs centered on
the disease age of onset (infantile, late infantile, juvenile,
and adult), but this is now supplanted by genetic classifi-
cation based on discovery of loss-of-function mutations in
genes that cause NCL: PPT1, TPP1, CLN3, DNAJCS, CLNS,
CLN6, MFSDS, CLNS, CTSD, GRN, ATP13A2, CTSF, and
KCTD?7 [56]. The NCLs are clinically heterogeneous, with
disease onset ranging from infanthood to adulthood and wide
variability in symptomology. Symptoms of the NCLs are pri-
marily neurological; seizures, developmental regression, and
motor deficits are seen in many cases. The retina is another
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prominent site of pathology for NCLs, and visual impairment
is a common early sign for many cases of NCL [57].

NCL caused by progranulin deficiency, CLN11, was first
described in 2012 in two siblings carrying homozygous
GRN mutations (c.813_816del; p.Thr272Serfs*10) resulting
in no detectable progranulin in blood or peripheral tissues
[58]. Since the original report, a handful of individuals with
homozygous or compound heterozygous loss-of-function
GRN mutations have been identified, with most presenting
with adult-onset NCL [59, 60].

Medical treatment for the NCLs is supportive, such as
antiepileptic medications to treat disease-associated sei-
zures. In 2017, the FDA approved a first-in-class enzyme
replacement therapy for CLN2, which is caused by tripep-
tidylpeptidase 1 (TPP1) deficiency. This treatment, called
cerliponase alfa (Brineura), is a recombinant TPP1 infused
biweekly via intracerebroventricular catheter and dramati-
cally slows the progression of disease [61]. Enzyme replace-
ment therapy has been successful in alleviating phenotypes
of other lysosomal storage diseases caused by loss-of-func-
tion mutations [62, 63]. Such success contributes to interest
in progranulin replacement strategies as a therapeutic strat-
egy, although progranulin is not an enzyme.

Progranulin in Cancer

While insufficient progranulin causes neurodegenerative dis-
ease, increased progranulin is associated with cancer [64,
65]. These effects are likely related to progranulin’s trophic
effects, discussed below. For example, high serum progranu-
lin is a biomarker associated with poorer prognosis for sev-
eral types of cancer including breast, lung, prostate, ovarian,
and leukemia [66, 67]. There is also evidence that progranu-
lin is more than just a biomarker but also a treatment target
in cancer. Progranulin knockdown with antisense oligonu-
cleotides or shRNA in malignant cells inhibits subsequent
tumor growth upon implantation in xenograft models in vivo
[68, 69]. Systemic treatment with progranulin-neutralizing
antibodies also inhibits hepatocellular cancer cell growth in
xenografts [70].

These observations suggest that promoting malignancy is
a potential adverse effect of progranulin-raising therapies,
although no studies to date have shown that progranulin-
raising therapies are tumorigenic in animal models. Most of
the data are from studies on malignancies in the periphery,
which may suggest benefits of specifically brain-targeted
progranulin therapies (although progranulin may have simi-
lar effect on glioblastoma cells [71]). Of course, with a pro-
gressive, fatal neurodegenerative disease, such longer-term
risks would likely be outweighed if progranulin-increasing
treatments have a clear impact on FTD-GRN.
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Progranulin Biology

Progranulin is a secreted and lysosome-resident glyco-
protein comprising one partial and 7 full-length granulin
domains, identifiable by their conserved double cysteine
repeat motifs and separated by disordered linker polypep-
tides [72]. The granulins are believed to be the functional
units of progranulin in the lysosome, as progranulin is
rapidly cleaved into the granulins upon delivery to the
lysosome [73]. Unlike the majority of soluble lysosomal
proteins, which undergo sorting to the lysosome via addi-
tion of mannose-6-phosphate residues that are recognized
by the mannose-6-phosphate receptor (M6PR) to drive
lysosomal targeting [74], progranulin primarily uses non-
canonical methods of reaching the lysosome. Sortilin is the
primary internalization receptor for progranulin in many
cell types, trafficking extracellular and intracellular pro-
granulin to the lysosome through the interaction of sorti-
lin’s beta-propeller domain with the three most C-terminal
amino acids of progranulin, QLL in human progranulin
and PLL in mouse progranulin [75, 76]. In addition, pro-
granulin cooperatively transports with prosaposin, which
undergoes lysosomal sorting through both M6PR and LDL
receptor related protein 1 (LRP1) [77, 78].

Progranulin has numerous functions including lyso-
somal homeostasis, neuronal growth and maturation,
neuroprotection, and immune regulation [79-83]. Pro-
granulin regulates lysosomal biogenesis via acidification
of lysosomes, and progranulin deficiency causes dramatic
alterations of autophagic flux. Progranulin deficiency
causes lipofuscinosis, a pathological accumulation of the
lysosomal waste pigment lipofuscin, and aberrant activi-
ties of several lysosomal enzymes including cathepsin
D and beta-glucocerebrosidase [77, 84—87]. Lysosome-
associated membrane protein 1 (LAMP1), a marker of
lysosomal membranes, also increases in the setting of pro-
granulin deficiency, suggesting a general accumulation of
lysosomes [88]. Progranulin’s neuroprotective effects also
may be a result of its functions within the lysosome, as a
lysosome-specific (i.e., non-secreted) progranulin is suf-
ficient to ameliorate NMDA-induced excitotoxicity in pri-
mary cortical neurons [89]. As a neurotrophic factor, pro-
granulin increases dendritic complexity in cellular models,
and overexpression of progranulin stimulates axonal out-
growth in mouse models [77, 84-87]. In addition, deliv-
ery of recombinant progranulin to the cerebellum in a
rat model of autism spectrum disorder increases synapse
formation and reduces neuron loss [90]. Together, these
data support a fundamental role of progranulin in neuronal
growth and health. Progranulin deficiency, conversely,
leads to synaptic dysfunction. Progranulin-knockout mice
demonstrate impaired synaptic plasticity and reduced
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spine density in the CA1 region of the hippocampus [91],
and patients with FTD-GRN exhibit thalamocortical circuit
dysfunction recapitulated by progranulin-deficient mouse
models [92, 93].

Multiple cell types produce progranulin, with neurons and
microglia as the main sources [94]. In the brain under normal
conditions, neuronal progranulin accounts for the majority of
progranulin, as conditional deletion of a floxed progranulin
allele using nestin-Cre leads to a>50% reduction in progran-
ulin, and using CaMKII-Cre leads to comparable reductions
in brain regions where it is expressed [95, 96]. Microglia
are another source of progranulin in the brain, and activated
microglia upregulate progranulin expression [97]. Despite
these two cell types producing significant amounts of pro-
granulin, conditional deletion of either neuronal or micro-
glial progranulin is insufficient to recapitulate the gliosis and
lysosomal dysfunction that are seen in Grn~™ mice [95, 96,
98]. Neurons can modulate microglial activity through pro-
granulin, as progranulin secreted by neurons mediates micro-
glial recruitment and phagocytotic activity [99]. Progranulin-
knockout mice have reactive microgliosis and astrocytosis,
and cultured microglia from these mice show increased syn-
aptic pruning, cytotoxic, and pro-inflammatory activity [83,
88, 100, 101]. Progranulin’s immunomodulatory functions
are not confined to the central nervous system, however. In
asthma, progranulin inhibits neutrophil degranulation and
stimulates regulatory T-cell proliferation, and, in patients
with rheumatoid arthritis, progranulin levels are associated
with disease activity [102, 103].

Preclinical Models of Progranulin Deficiency

As a loss-of-function disorder, progranulin-knockout and
knockin mice serve as useful models for FTD-GRN. These
include both heterozygous and homozygous knockout mice,
as well as knockin mice carrying the R493X nonsense muta-
tion. Key similarities and differences between these models
are summarized in Table 1.

Heterozygous Knockout Mice

Model validity is an important consideration for preclinical
testing of neurotherapeutics [104]. Progranulin heterozy-
gous knockout (Grn™") mice model the haploinsufficient
etiology of FTD-GRN and recapitulate FTD-associated
social behavioral deficits associated with selective degen-
eration of the salience network [105, 106]. Grn™" mice
have an age-dependent losing phenotype in the tube test
[107], a social dominance assay that depends on network
activity between the medial prefrontal cortex (mPFC),
amygdala, and mediodorsal nucleus of the thalamus [108,

109]. Grn* mice also recapitulate social withdrawal
deficits characteristic of FTD-GRN as measured by the
three-chamber sociability assay [105], a behavioral assay
that measures a mouse’s preference for interacting with
another mouse versus an inanimate object. Starting around
6 months of age, Grn™~ mice spend significantly less time
with another mouse relative to age-matched wild-type
mice. This reduced sociability phenotype is preserved
with age and is not a result of differences in olfactory per-
ception of pheromones. Grn™~ mice also have deficits in
amygdala-dependent, hippocampus-independent classical
cued fear conditioning.

The hippocampus is preserved during the early stages of
FTD, and the pertinent lack of amnestic deficits in FTD is a
key feature that differentiates FTD from Alzheimer’s disease.
Interestingly Grn*~ mice have normal hippocampal neuronal
function as measured by extracellular field recordings of area
CA1 of acute hippocampal slices and hippocampal-dependent
spatial memory assays like the Morris water maze [105].

Other aspects of FTD clinical syndromes, such as
impaired empathy or verbal communication, can be mod-
eled in mice, but findings with these assays have not been
reported in progranulin models. Of course, there are limits to
how far complex human behavioral changes can be studied
in mice. Taking an anatomical approach and focusing on
dysfunction of conserved brain regions is one way to think
about this issue. Many nodes in the salience network, the
network most affected in FTD, are conserved between mice
and humans [110]. As noted above, many of the phenotypes
in Grn™'™ mice (and other FTD models, e.g., [111, 112]) are
referable to dysfunction in these regions like the amygdala,
thalamus, and mPFC.

An important limitation of Grn™~ mice is that they do
not exhibit most of the neuropathological characteristics
of FTLD and lack translationally relevant biomarkers.
No progranulin-deficient mouse models develop TDP-43
pathology to the extent seen in FTD-GRN patients. Neu-
ron loss is not striking in Grn™" mice, although dendritic
arbors of neurons in the prefrontal cortex are reduced with
an age-related time course consistent with emergence of
the social abnormalities [107]. The lysosomal pathol-
ogy described below in Grn™™ mice is much milder in
Grn*~ mice and develops only at late ages [113]. Unlike
Grn™" mice, Grn*"~ mice do not exhibit increased age-
dependent lipofuscinosis, microgliosis, or astrocyto-
sis [105]. Demonstrating correction of social and other
behavioral phenotypes, while useful, provides minimal
information about underlying mechanistic pathways
contributing to that correction. The lack of translation-
ally relevant, quantifiable endpoints limits the ability to
build PK/PD models or suggest translatable biomarkers
for clinical evaluation in patients, and reinforces the need
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Table 1 Comparison of selected features of progranulin mouse models

Grn*'"- Grn™- GrpRA93X/RAX Refs
General
Mechanism modeled Progranulin haploinsuffi- Full progranulin defi- Full progranulin deficiency [105]
ciency, as in FTD-GRN ciency, as in CLN11 due to nonsense mutation [115]
[126]
Survival - l [100]
Preclinical uses
For testing exogenous PGRN + + [113]
[88]
[148]
[117]
For increasing effects of endogenous  + - - [136]
PGRN encoded by intact allele
For testing NMD inhibitors - - + [126]
[147]
Behavior
Social dominance l - nd [107]
Sociability l nd [105]
Compulsive grooming - + [101]
[100]
Lipid abnormalities
Gangliosidosis - i [120]
BMP species - | [120]
Glucosylsphingosine - T [117]
Pathology
Lipofuscinosis - 1 i [115]
[126]
[127]
Microgliosis - + [115]
[126]
[127]
Astrocytosis - + [100]
[115]
[127]
TDP43 Aggregates - + [121-123, 126]
Biomarkers
CSF NfL nd 1 nd [117]
[152]
TSPO pWPET nd 1 nd [152]

nd no data available

for additional CSF, plasma, and imaging-based studies in
this model.

Homozygous Knockout Mice

Grn™~ mice model complete progranulin deficiency, which
causes NCL in humans, so some consider these mice less of
a model of FTD. However, Grn™”~ mice have several patho-
logical features of FTD. Brains from patients with FTD-GRN
have increased lipofuscinosis [114], aberrant elevations in
levels and activity of hexosaminidase A, and concomitant
decreases in levels and activity of beta-glucocerebrosidase

@ Springer

[86]. These abnormalities are all modeled in Grrn™" mice
[86, 87, 115, 116]. Grn™" mice also have deficiency of
bis(monoacylglycero)phosphate (BMP) species and glu-
cosylsphingosine accumulation indicating abnormalities
in sphingolipid metabolism [117-120]. Lipofuscinosis
and lysosomal dyshomeostasis are apparent in Grn™~ mice
as early as 6 months of age, while deficits in sphingolipid
metabolism start even earlier, at around 3 months of age.
Although not to the extent seen in FTD-GRN patients,
Grn™~ mice develop some cytoplasmic TDP43 aggregates
in areas of the thalamus from 12 to 25 months [121, 122]
and in areas of the pons at 21 months [123]. In addition
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to lysosomal dysfunction, Grn”~ mice also exhibit neuro-
inflammation, another key feature of FTD-GRN pathology.
Grn™ mice have age-dependent upregulation of CD68, a
lysosomal marker of microglial activation, and increases in
microglial soma size in the thalamus [88, 95, 115, 119].
This inflammation is particularly prominent in the thalamus,
where Grn™~ microglia mediate increased pruning of inhibi-
tory synapses [101]. Grn™”~ mice also have increased TNFa,
an inflammatory cytokine, in the cortex and thalamus rela-
tive to age-matched Grn™~ and Grn*’* mice [105].These
phenotypes may contribute to the decreased survival of
Grn™”" mice; in one study, the median survival of Grn”~ mice
was over 200 days less than that of Grn.™* mice [100].
Functional outcome measures in Grn™~ mice have inter-
esting and sometimes unexpected contrasts to Grn™~ mice.
Some behavioral abnormalities are similar in Grn”~ and
Grn™" mice, including decreased sociability and impaired
amygdala-dependent fear conditioning [105]. Some out-
comes are much more prominent in Grn™" mice, such as
compulsive grooming [101, 124], which is also observed in
tau FTD models [111] and models the compulsive behavior
seen in many patients with FTD. The compulsive groom-
ing in Grn™~ mice has been associated with thalamic hyper-
activity due to complement-mediated microglial synaptic
pruning [101]. Similar thalamic hyperactivity is observed
in GRN mutation carriers during presymptomatic stages
[125]. Finally, some outcomes are actually less prominent
in Grn”” mice than in Grn*" mice, most notably low social
dominance which seems to be a unique feature of progranu-
lin haploinsufficiency and not observed in Grn™~ mice [107].

R493X Knock-In Mice

Over 80% of FTD-causing GRN mutations introduce pre-
mature stop codons that result in truncated, nonfunctional
progranulin protein. The most common GRN mutation is a
premature stop codon replacement of arginine 493 (R493X)
that results in a mutant mRNA product destined for cyto-
plasmic nonsense mediated decay. GrnR**3XR493X mice have
a nonsense mutation equivalent to human R493X (which
in murine progranulin is R504X) that leads to nonsense-
mediated decay and near-complete loss of progranulin. This
model is thus uniquely amenable to preclinical testing of
therapeutics targeting nonsense-mediated decay [126].
Heterozygous Grn*/®4*X mice have similar phenotypes
to Grn™~ mice, and homozygous GraR4¥P3X/R493X nijce
have similar phenotypes to Grn™~ mice. Like Grn™" mice,
GrnR¥3XRABX mice exhibit age-dependent thalamic micro-
gliosis and lipofuscinosis as well as compulsive grooming and
reduced survival relative to wild-type control mice [126, 127].
Also, like Grrn™™ mice, GrrR¥93¥R43X mice have age-depend-
ent accumulation of ganglioside species mono-sialylated GM1

and di-sialylated GD-3 in areas of the cortex, further support-
ing the idea that progranulin deficiency impairs sphingolipid
degradation. The lipidomic profiles in brains of GrnR493X/
R493X mice resemble lipidomic changes in FTD-GRN [120].
Levels of monosialyated-GM1 and di-sialylated GD1 spe-
cies are significantly elevated in brain tissue from patients
with FTD-GRN but not in brain tissue from patients with
sporadic-non-GRN FTD [120]. Finally, GrnR#93X/R493X mice
also exhibit cytoplasmic accumulation of TDP43 and a dra-
matic reduction in synaptophysin [126].

In summary, Grn*’~ mice model progranulin haploinsuf-
ficiency, have relevant functional abnormalities but little neu-
ropathology, and are useful for testing therapeutics intended
to increase levels or enhance effects of progranulin produced
from the intact allele. Grn”~ mice model complete progranu-
lin deficiency, have more robust neuropathology but lack some
of the social behavioral abnormalities seen in Grn*™ mice,
and are useful for testing therapeutics that deliver exogenous
progranulin. Grn®**** mice model nonsense-mediated decay
of progranulin, produce similar phenotypes to the knockout
allele, and are useful for testing therapeutics that target this
mechanism. Finally, all of these preclinical mouse models
of FTD-GRN are also useful for evaluating safety concerns
associated with progranulin-boosting therapeutics.

Preclinical Testing of Progranulin Therapeutics

Several approaches to treating FTD-GRN have been evaluated
in mouse models, a few of which have progressed to human
clinical trials. These studies used a wide array of approaches
targeting diverse mechanisms to increase progranulin (Fig. 1).
We first consider indirect approaches to increase endogenous
progranulin and then discuss two direct approaches to deliver
exogenous progranulin. The indirect approaches highlighted
here originated both from unbiased screens for compounds
that could increase progranulin and from studies targeting
known mechanisms of progranulin regulation.

Hits from Unbiased Screens

One approach for identifying potential progranulin thera-
peutics is to screen libraries of compounds for the ability
to increase progranulin levels. An early screen of approved
drugs identified the histone deacetylase (HDAC) inhibitor
suberoylanilide hydroxamic acid as an inducer of progranu-
lin transcription [128]. Further work on HDAC inhibitors
for progranulin was conducted mostly on human cell models
rather than on rodent models that are the focus of this review
[129]. The HDAC inhibitor FRM-0334 was tested in a phase
2 randomized clinical trial but showed no effect on progran-
ulin levels in plasma or cerebrospinal fluid (CSF) [130].
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Fig. 1 Preclinical interventions to optimize progranulin replacement.
1) AAV-progranulin gene therapy (AAV-Grn). Adeno-associated
viral vectors (AAVs) consist of single stranded DNA encapsulated by
icosahedral capsid proteins engineered to transduce specific cellular
populations. Brain cells endocytose AAV capsids encoding progranu-
lin. Once in the nucleus, AAV-derived progranulin DNA is uncoated
into episomal DNA and subsequently transcribed by host machinery
into progranulin mRNA. 2) Progranulin-conjugated protein trans-
port vehicles (PTV:PGRN): protein transport vehicles (PTVs) are Fc
domains engineered to bind human transferrin receptor that is highly
expressed in the blood brain barrier. Progranulin can be fused to
PTVs to be transported across the blood-brain barrier via transferrin
receptor-mediated transcytosis. 3) Anti-sortilin antibodies (a-SORT
Abs): sortilin mediates the uptake and intracellular degradation of
progranulin. Sortilin-blocking antibodies reduce sortilin-mediated
progranulin degradation, allowing for more peripheral and brain
progranulin to accumulate in the extracellular space and enter cells
via sortilin-independent pathways. 4) Histone de-acetylase inhibitors
(HDAC:is): HDACis may boost progranulin levels by inducing pro-

Progranulin deficiency impairs autophagic flux, and
significant effort has been devoted to finding endogenous
and exogenous regulators of progranulin expression that
may be druggable targets to increase progranulin levels.
A screen of small-molecule autophagy-lysosome modula-
tors identified several compounds that modify progranulin
levels [131]. Trehalose, a disaccharide comprising two
glucose molecules, was identified as a top hit, increasing
both progranulin mRNA and protein levels [131]. In pro-
granulin heterozygous knockout mice, oral administration
of trehalose significantly increased progranulin levels in
the brain [131].
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granulin transcription. Preclinical studies on the progranulin-boost-
ing potential of HDAC:is are not as well studied in animal models
of FTD-GRN, but one compound, FRM-0334, boosted hippocampal
progranulin in wild-type mice. These data have not translated to
clinical settings. 5) Inhibitors of nonsense mediated decay (NMDis):
The majority of FTD-associated GRN mutations results in mutant
progranulin mRNA products that are degraded by nonsense mediated
decay machinery. Compounds that block nonsense mediated decay
facilitate read-through of the mutant progranulin mRNA, thereby
facilitating the translation of these species into progranulin protein.
6) Antisense oligonucleotides (ASOs): the microRNAs miR-29b,
miR-107, and miR-659 are associated with decreases in progranulin
translation. ASOs that block binding sites of miR-29b and miR-659
increase levels of normal progranulin mRNA, thereby facilitating the
production of progranulin protein. 7) Trehalose: a disaccharide com-
posed of two glucose molecules, was identified in a screen of small
molecule autophagy-lysosome modulators. Oral administration of
trehalose boosts levels of brain progranulin, suggesting that targeting
autophagic flux is a potential approach for progranulin delivery

Nimodipine

Hypothesis-driven approaches based on the understand-
ing of how progranulin is regulated have also been taken
to identify progranulin therapeutics. Based on the idea that
progranulin is regulated by calcium homeostasis, an early
such approach tested several modulators of intracellular
calcium and identified nimodipine, an FDA-approved cal-
cium channel blocker that crosses the blood—brain barrier
[132]. In preclinical studies in mouse models, nimodipine
treatment for 2-3 weeks boosted hippocampal progranulin
levels in Grn™~ mice relative to vehicle-treated controls
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[133]. However, this preclinical data failed to translate in
human GRN mutation carriers enrolled in an 8-week open
label study on nimodipine. Oral nimodipine treatment did
not have any effects on CSF or plasma PGRN levels and
did not slow progressive brain atrophy in this cohort [133].

Anti-Sortilin Antibodies

Sortilin, a transmembrane receptor in the VPS family, is
a cell surface receptor for progranulin and mediates its
neuronal uptake and intracellular degradation by traffick-
ing to the lysosome. Genetic ablation of sortilin enhances
circulating levels of progranulin in Grn*~ mice, and small
molecules that downregulate sortilin selectively increase
extracellular progranulin levels in iPSC-derived neurons
harboring the GRN S116X mutation [134]. Notably sortilin
is not necessary for progranulin uptake, and extracellular
progranulin can traffic to neuronal lysosomes via a sortilin-
independent pathway that involves prosaposin-mediated
entry via the M6PR/LRP1 pathway [78]. Thus, blocking
the progranulin-sortilin interaction is a potential method to
boost levels of progranulin in the extracellular space without
compromising lysosomal localization of progranulin.

Multiple groups have developed anti-sortilin antibodies as
a means of harnessing this mechanism to increase progran-
ulin. These antibodies decrease sortilin levels on cultured
cells and after systemic administration in mice, increase pro-
granulin in plasma, CSF, and brain interstitial fluid [135].
One anti-sortilin antibody, AL00O1, has progressed to a phase
3 clinical trial (NCT04374136). The preclinical and phase
1 and 2 studies (NCT03636204 and NCT03987295) have
not yet been published, but presentations at meetings have
reported that intraperitoneal injection of ALOO1 increased
brain and CSF progranulin levels in both Grn*'* and
Grnt"~ mice, as well as in healthy volunteers and FTD-GRN
patients [136, 137].

ASOs

Antisense oligonucleotide (ASO) therapies are becoming
increasingly prevalent in the treatment of neurological dis-
orders, notably including the relatively recent success of
nusinersen for the treatment of spinal muscular atrophy in
infants [138]. ASOs are oligonucleotides or analogs that can
bind to several forms of RNA and alter its fate, classically
targeting the RNA for degradation, inhibiting translation of
mRNA, and modulating the splicing of the targeted RNA
[138]. ASOs can also block microRNA binding to RNA,
which is important because several microRNAs decrease
progranulin translation: miR-29b, miR-107, and miR-
659 [139-141]. One of these, miR-659, binds progranu-
lin mRNA overlapping the rs5848 SNP, which modulates
serum progranulin levels and is associated with both FTD

and Alzheimer’s disease [141-145]. A recent preprint dem-
onstrates that ASOs that block the binding sites of miR-29b
and miR-659 increase progranulin levels, warranting further
study on ASOs in models of progranulin haploinsufficiency
[146]. ASOs can also inhibit nonsense-mediated decay by
blocking the binding of proteins that recognize premature
termination codons, and ASOs with this effect increase pro-
granulin levels in cells from GriR493XRABX mice [126].

NMD Inhibitors

Nonsense-mediated decay (NMD) of mRNA occurs as a
response to premature stop codons to prevent translation
of nonfunctional proteins. Many progranulin mutations are
nonsense mutations that lead to haploinsufficiency because
of NMD. The most common disease-associated GRN muta-
tion, R493X, leads to NMD of the mutant RNA in the
Grn®*3X knockin mouse model [126]. NMD can be inhib-
ited by “read-through” compounds that allow a tRNA to be
incorporated into the protein at the nonsense stop codon.
Such NMD inhibitors are being developed for a variety
of genetic diseases that are caused by mutations inducing
NMD. Inhibition of NMD with cycloheximide in Grn®493X
mice increased both progranulin mRNA and protein lev-
els [126]. Similarly, the NMD inhibitor G418 increased
readthrough of a progranulin R493X construct transduced
into the brain with AAV [147]. In addition, the resulting
truncated protein localized to lysosomes and recapitulated
the functional effects of full-length progranulin [147]. Thus,
for nonsense GRN mutations that result in NMD, read-
through compounds may have promise, although no data
has yet been published showing correction of downstream
effects of progranulin deficiency by these compounds.

PTV:PGRN

We now turn to two methods for direct delivery of exogenous
progranulin to the central nervous system. Progranulin, like
most large molecules, does not efficiently cross the blood—brain
barrier (BBB), but advances in transport vehicle technology
enabled the design of a delivery system that actively pumps pro-
granulin through the BBB via receptor-mediated transcytosis.
Human transferrin receptor (huTfR) is an endothelial protein
that is highly abundant in the BBB and mediates the delivery of
large molecules like Fc domain through the BBB into the brain.
Protein transport vehicle conjugated progranulin (PTV:PGRN)
consists of progranulin fused to an Fc domain that binds huTfR,
leading to its delivery through the BBB [117]. PTV:PGRN,
when delivered intraperitoneally, nearly doubled brain and
peripheral progranulin levels in both Grn*'* and Grn™”™ mice
[117]. In as little as 72 h, PTV:PGRN restored lysosomal prote-
olysis and ameliorated production of reactive oxygen species in
bone marrow—derived macrophages from Grrn™~ mice.
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Peripheral PTV:PGRN treatment corrected BMP defi-
ciency, a hallmark of dysregulated lipid metabolism, and
GCase substrate accumulation in neurons, microglia, and
astrocytes. PTV:PGRN also reduced lipofuscinosis, micro-
gliosis, and astrocytosis in the thalamus, an area particu-
larly vulnerable to lysosomal damage and neuroinflamma-
tion in the setting of total progranulin deficiency. Finally,
PTV:PGRN also abrogated time-dependent increases in
CSF levels of neurofilament light chain (NfL), a biomarker
of neurodegeneration and axonal damage that is elevated
both in patients with FTD-GRN and in mouse models of
progranulin insufficiency. Altogether PTV:PGRN is a prom-
ising therapeutic for the FTD-GRN patient population and
reinforces the therapeutic potential of progranulin replace-
ment [117]. Denali, which developed PTV:PGRN and refers
to it as DNL593, has planned an early-stage clinical trial
(NCT05262023).

Progranulin Gene Therapy

Unlike other progranulin-boosting strategies, AAV-progran-
ulin (AAV-Grn) gene therapy could provide a one-time treat-
ment yielding a long-lasting increase in CNS progranulin.
Restoration of neuronal progranulin with AAV1-mouse-
progranulin (AAV1-mGrn) corrected both neuronal and
microglial phenotypes of progranulin deficiency in aged
Grn™" and Grn™ mice [88, 113]. Delivery of AAV1-mGrn
in the mPFC of 10- to 12-month-old Grn™~ mice reversed
mPFC-dependent social behavioral deficits and corrected
elevated LAMP1 expression in the mPFC [113]. The thera-
peutic effects of AAV1-mGrn were not limited to the injec-
tion site. Delivery of AAV1-mGrn in the mPFC of 10- to
12-month-old Grn™" mice corrected lipofuscinosis and aber-
rant lysosomal enzyme activity in regions as distal as the
thalamus, hippocampus, and motor cortex. Although AAV1
selectively transduces neurons, AAV 1-mGrn also corrected
microglial phenotypes of progranulin deficiency in the motor
cortex, thalamus, and hippocampus [88].

Since progranulin is constitutively secreted, it has cross-
correctional capacity in that AAV-derived progranulin is
capable of being taken up and processed by non-transduced
cells. For this reason, multiple labs have explored intracere-
broventricular (ICV) delivery of AAV-progranulin packaged
in capsids capable of transducing neurons, astroglia, and
ependymal cells to maximize progranulin replacement. ICV
delivery of human progranulin transgene product (hGrn)
packaged in AAVhu68, an AAV9 variant that transduces
neurons and astroglia, corrected lipofuscinosis, aberrant hex-
osaminidase activity, and microgliosis in Grn™~ mice [148].
Interestingly, unlike AAVhu68, AAV1 can transduce both
neurons and ependymal cells in brains of rhesus macaques.
Intra—cisternamagna (ICM) delivery of AAV1-human pro-
granulin in rhesus macaques results in significantly higher
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levels of CSF progranulin relative to AAVhu68-hGrn and
AAV5-huGrn [148].

Capsid serotype has a significant impact not only on the
expression and efficacy of AAV-progranulin gene therapy
but also its safety. AAVhu68 causes severe hepatotoxicity
and neurotoxicity in non-human primates and proprioceptive
deficits and ataxia in piglets [149]. ICV delivery of AAV9-
hGrn caused almost complete hippocampal degeneration in
Grn™" mice 6 months after treatment [150]. Hippocampal
neurodegeneration was preceded by T-cell infiltration and
perivascular cuffing, suggesting that the induction of a non-
self-reaction by xenogeneic human progranulin transgene
product was responsible. Hippocampal neurodegeneration
has not been observed after transduction of murine pro-
granulin in either Grn™~ or Grn™* mice. Both AAVhu68
and AAVO transduce glia in addition to neurons, which may
exacerbate inflammatory responses to AAV delivery. While
intraparenchymal delivery of AAV1-mGrn induces MHCII
upregulation at the injection site in Grn™~ mice, it has no
detrimental effects on mPFC function and corrects neuroin-
flammation in distal regions [88], suggesting that restricting
AAV-progranulin delivery to neurons may be safer and more
effective than widespread cellular transduction.

Several companies have begun early-stage clinical trials
with AAV-progranulin. Prevail Therapeutics’ PR006 is an
AAV9-hGRN (NCT04408625) and Passage Bio’s PBFT02
is an AAV1-hGRN (NCT04747431). Both are administered
by a single intracisternal magna injection.

Conclusions

GRN mutations associated with FTD are loss-of-function,
and nearly all cause progranulin haploinsufficiency. Progran-
ulin replacement is a conceptually straightforward therapeu-
tic approach for the FTD-GRN patient population, although
as we have discussed there are several issues yet to be fully
resolved. One issue is in which cell types and subcellular
compartments progranulin levels must be restored. Because
progranulin has diverse functions, understanding its cellular
and subcellular biology is critical for the design of safe and
effective progranulin-based therapies. Preclinical models
will remain critical for addressing these questions.
Another issue is how best to raise progranulin. We have
discussed a diverse suite of potential therapeutic strategies
(Fig. 1), many of which are currently in clinical trials for
FTD-GRN. Some of these strategies aim to improve endog-
enous progranulin levels/function by increasing expression
of the intact allele (HDAC inhibitors), promoting translation
of progranulin mRNA (ASOs), enabling read-through trans-
lation of the mutant allele (NMD inhibitors), or modifying
progranulin trafficking to the lysosome (anti-sortilin antibod-
ies). Other strategies aim to provide exogenous progranulin
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either by infusing a BBB-penetrating form (PTV:PGRN)
or by gene therapy. Preclinical studies such as the ones we
have outlined here were critical for the development of these
programs and will continue to inform the next generation
of therapeutics for FTD-GRN, including as a source of data
about longer term adverse or off-target effects to de-risk
safety concerns.

A third issue is when in the disease course these interven-
tions should be delivered. Alzheimer’s disease clinical trials
have indicated that disease-modifying therapies are more
effective when delivered early, and, in theory, treatment
of GRN mutation carriers could be initiated early in life.
However, since the disease is generally asymptomatic until
later in life, the cost and potential risks of early-life or long-
term treatment may not be justified. Data from progranulin-
deficient mouse models indicates that progranulin-boosting
therapeutics can correct behavioral, biochemical, and neu-
ropathological abnormalities even after onset, but initiat-
ing treatment after symptoms emerge would be limited by
the fact that FTD-GRN progresses rapidly once it becomes
symptomatic. In disease progression models, FTD-GRN had
the fastest decline among the three major genetic etiologies
of FTD [151]. The ideal timeframe for treatment initiation
is probably a few years before symptom onset, and identify-
ing patients at this stage will likely be enabled by plasma
biomarkers. Levels of NfL begin to rise as early as 10 years
before symptom onset in GRN mutation carriers, so longi-
tudinally following plasma NfL from midlife may provide a
means for guiding treatment decisions, initiating treatment
once NfL starts to increase. Preclinical studies that identify
progranulin-deficient mouse models with early increases in
NfL have the potential to further inform the most optimal
timing of progranulin-boosting treatments.

We are entering an exciting era for treatment of neurodegen-
erative diseases with an expanding toolbox of disease-modifying
drugs, which hopefully will soon include progranulin-based
therapeutics for FTD-GRN.
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