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Mutations in GBAI, encoding glucocerebrosidase (GCase), cause Gaucher disease (GD)
and are also genetic risks in developing Parkinson’s disease (PD). Currently, the approved
therapies are only effective for directly treating visceral symptoms, but not for primary
neuronopathic involvement in GD (nGD). Progranulin (PGRN), encoded by GRN, is a
novel modifier of GCase, but the impact of PGRN in GBAI mutation-associated pathol-
ogies in vivo remains unknown. Herein, Grn”'~ mice crossed into Gba’"" mice, a Gbal
mutant line homozygous for the Gb21 D409V mutation, generating G Gba"™ (PG9V)
mice. PG9V mice exhibited neurobehavioral deficits, early onset, and more severe GD
phenotypes compared to Grn”~ and Gba’"" mice. Moreover, PG9V mice also displayed
PD-like phenotype. Mechanistic analysis revealed that PGRN deficiency caused severe
neuroinflammation with microgliosis and astrogliosis, along with impaired autophagy
associated with the GbaI mutation. A PGRN-derived peptide, termed ND7, ameliorated
the disease phenotype in GD patient fibroblasts ex vivo. Unexpectedly, ND7 penetrated
the blood-brain barrier (BBB) and effectively ameliorated the nGD manifestations and
PD pathology in Gba’"™" and PG9V mice. Collectively, this study not only provides the
first line of in vivo but also ex vivo evidence demonstrating the crucial role of PGRN in
GBA1/Gbal mutation-related pathologies, as well as a clinically relevant mouse model for
mechanistic and potential therapeutics studies for nGD and PD. Importantly, a BBB pene-
trant PGRN-derived biologic was developed that may provide treatment for rare lysosomal
storage diseases and common neurodegenerative disorders, particularly nGD and PD.

Gaucher disease | Parkinson’s disease | progranulin | GBAT mutation | progranulin-derived
biologic

Gaucher disease (GD), caused by GBAI mutations, is one of the most common lysosomal
storage diseases (LSDs). GBAI encodes the lysosomal enzyme, glucocerebrosidase (GCase,
EC 3.1.2.45) that is responsible for degradation of its substrates, glucosylceramide (GluCer)
and glucosylsphingosine (GluSph). Homo- or bi-allelic mutations in the GBAI cause defec-
tive GCase function in GD affecting multiple organs in viscera and central nervous system
(CNS) (1, 2). Reduced GCase activity and the subsequent accumulation of toxic lipids
substrates, GluCer and GluSph, lead to inflammation and neurodegeneration in GD variants
(2, 3). Three GD phenotypes are delineated by the absence (GD type 1) or presence and
progression (GD types 2 and 3) of early onset primary neurological involvement (2, 4).
Current enzyme replacement therapy (ERT) and substrate reduction therapy (SRT) are
highly effective treatments for visceral involvement but have no direct effects on the CNS
manifestations of neuronopathic involvement in GD (nGD) (5-8); this presents an urgent,
unmet need to develop alternative treatments for GD, specifically nGD.

Widely used animal models to mimic specific human GBAI mutation-associated disease
are knock-in mouse models with human GBA! point mutations identified in human GD
patients (9, 10). Unfortunately, these mice do not develop substantial substrate accumu-
lation or inflammation to cause easily detectable disease phenotypes; their nGD pheno-
types are very mild to unseen. Additional chronic nGD models carry Gbal mutations
homozygous for V394L or D409H combined with partially deficient prosaposin (PS-NA),
a precursor of saposins (A, B, C, and D), were developed into resultant 4L/PS-NA and
9H/PS-NA mice, respectively (11). These chronic nGD models develop inflammation in
visceral organs and CNS and neurodegeneration. However, the deficiency of saposins in
these models leads to complex glycosphingolipids accumulation that may cause non-GD
phenotypes. Thus, there is an unmet need to develop preclinical animal model(s) that
recapitulate the human disease mechanisms and phenotypes, particularly for nGD.

Progranulin (PGRN) is a ubiquitously expressed glycoprotein linked to a variety of
physiological processes, including tissue repair, wound healing, tumorigenesis,
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Significance

This study carries immediate
significance and novelty from
following perspectives: (a) It
provides the first line of in vivo
and ex vivo evidence
demonstrating the crucial role of
PGRN in GBAT mutation-related
diseases (i.e., GD and PD) and
advances our understanding
about the pathogenesis of GD
and probably PD as well. (b) It
also presents a clinically relevant
mouse model for mechanistic
and potential therapeutics
studies for GBAT mutation-
caused diseases, overcoming the
barriers to allow the study in
multiple organs in viscera and
CNS. (c) Most excitingly, it
develops a brain penetrant
PGRN-derived biologics that
protects against GD and PD-like
pathologies, providing a potential
treatment for rare lysosomal
storage diseases and common
neurodegenerative disorders,
particularly nGD and PD.
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anti-inflammation, and autoimmunity (12-15). PGRN also func-
tions as an important neurotrophic factor, and mutations of GRN
(encoding PGRN) are directly related to frontotemporal dementia,
Parkinson’s disease (PD), and other neurological diseases (16-18).
Accumulating evidence from several laboratories, including ours,
has also revealed the associations between PGRN deficiency and
LSDs, i.e., neuronal ceroid lipofuscinosis 11, GD, and Tay-Sachs
disease (19-23). We first reported PGRN as a novel modifier of
GCase by showing linkage of GCase to heat shock protein 70
(Hsp70) via the C-terminal domain of PGRN that was essential
for the association of PGRN with GCase and Hsp70 (24).

GRN or GBAI mutations or deficiencies have been associated
with various rare LSDs and common neurodegenerative disorders
(25, 26). Besides GD, evidence indicates that GBAI mutations are
also major genetic risk factors for developing PD, even in the het-
erozygous carrier state (18, 27). However, whether and how PGRN
is functionally involved in GBAI mutation-associated pathologies
and diseases in vivo remains unclear. Here, PGRN deficient mice
(Grn™") were crossed into GbaP1%VPYV (Gba™""%) mice, which is
a Gbal mutant line that is homozygous for the Gba D409V muta-
tion, thereb/g generating the Grn and Gbal double mutant
G~ Gba™"™" (termed PGIV) mice. Comprehensive characteriza-
tion of PGYV mice as well as mechanistic analyses identified the
crucial role of PGRN in GBAI mutation-related pathologies. Also,
an approximately 15-kDa biologic ND7, derived from PGRN C
terminus, was shown to penetrate across the blood-brain barrier
(BBB), enter the brain parenchyma, and, unexpectedly, demonstrate
therapeutic potentials against nGD and probably PD.

Results

PG9V Mice Exhibited Hepatosplenomegaly and Behavioral
Deficits. Ovalbumin-challenged and aged-Grn”'~ mice displayed
GD-like phenotypes in multiple organs (20, 28), and PGRN
deficiency in GD patient fibroblasts potentiated a GD phenotype
and autophagy defect (29); these indicated that PGRN deficiency
modulates the severity of GD phenotypes. However, whether
PGRN is important for GBAI mutation-associated pathologies and
diseases in vivo remained largely unclear. To this end, we generated
Grn and Gbal double mutant, PG9V mice, by crossing Grn™'~
mice with Gba”"" mice (SI Appendix, Fig. S1A). Genotyping
and real-time PCR were used to identify and confirm the PGV
mice genotype (SI Appendix, Fig. S1 B and C). Both male and
female PGV mice were fertile and had about an 18-mo’s life
span. Increased ratio of spleen or liver per body weight, suggesting
hepatosplenomegaly, a typical feature of GD, was observed in
8-mo-old PGV mice compared to age-matched Grn”'~ and
Gba™"" mice (Fig. 1A) and was age-dependent (Fig. 1B).

Since PGV mice developed early onset and progression of hepat-
osplenomegaly, the footprint patterns of the four genotype mice
were assessed at 8 mo of age to detect gait abnormalities, a general
indicator of disease locomotor progression. The gait of Gba’""" and
Grn”™ was comparable to those in WT mice with similar spaced
strides and overlapping placement of footprint. In contrast, PGOV
mice have a shortened stride with a pronounced splaying of the rear
limbs as indicated by the shortened stride length and wider hind
base as well as bigger spaces of overlapping (Fig. 1 Cand D). PG9V
mice also showed hind limb clasping during tail hanging by the ages
of 12 mo and 18 mo; the 18-mo-old PGV mice developed a
kyphotic posturing, similar to that found in some nGD patients,
and exhibited severe hind limb paresis. Gait ataxia was also present,
which mimics signs in some neurodf:%enerative GD type 3 patients
(2, 3). In comparison, Gba™", Grn™™, and WT mice at the age of
12 mo did not display any of these behavioral deficits (Fig. 1E).
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These observations indicated that loss of PGRN in Gb2™"" mice
was required for the development of neurologic phenotypes.

PGRN Deficiency in Gba1 Mutant Mice Potentiated GD Storage Cells
and Lysosomal Abnormality. Presence of enlarged macrophages or
storage cells (Gaucher cells, GD cells) is a typical GD pathology. The
numbers of GD cells were significantly increased in the liver, lung,
and spleen of PG9V mice compared to Gba™"”" and Grn”'™ mice
at 12 mo of age (Fig. 2 A and B). Additionally, GD cells were also
detected in liver, lung, and spleen of PG9V mice as early as at 8 mo
of age (SI Appendix, Fig. S2). Transmission electron microscopes
(TEM) revealed that a large number of tubular-like lysosomes were
present in lung tissues from 18-mo-old PG9V mice, while very few
were detected in Gz~ mice and were non-detectable in Gba’*"""
and WT mice (Fig. 2 Cand D). Additional analysis demonstrated
that these tubular-like lysosomes were observed mostly in lung
macrophages of PGV mice (S/ Appendix, Fig. S3). Furthermore,
the lysosomes were examined in the brain tissues of WT, Gba™"™",
Gm_/_, and PGYV mice using immunofluorescence staining with
antibody against LAMP2, a lysosomal membrane protein. Higher
densities of LAMP2-positive vacuoles were frequently present in
the brain sections of 12-mo-old PG9V mice, as compared to those
in the mice with other genotypes (Fig. 2 £and F).

PG9V Mice Exaggerated GCase Activity Reduction and Substrate
Accumulation. The observed GD cells and abnormal lysosomes in
PGIV mice prompted us to examine the GCase activity and the
levels of its substrates, GluCer and GluSph, in these mice, using
4MU-Glc substrates (Fig. 34) and liquid chromatography with
tandem mass spectrometry (LC-MS/MS) (Fig. 3D), respectively.
Loss of PGRN (Grn™'") resulted in reduction of GCase activities in
liver and brain in Grz”'~ mice with normal Gbal compared to that
in age-matched WT mice at 1- and 8-mo of age (Fig. 3 Band C). Of
note, GCase activities in liver and brain of 8-mo-old mice displayed
similar pattern and close mean values as those in 1-mo-old mice
(Fig. 3 Band (), indicating that GCase activity did not show age-
dependent change and was consistent among juvenile (1 mo) and
aged (8 m) PG9V mice and other genotypes. Additionally, PGRN
deficiency reduced the GCase activity in liver, spleen, and brain,
but not in lung in Grn”™ mice, suggesting the effects of PGRN
deficiency on GCase activity appeared to be tissue-specific (Fig. 3
B and Cand ST Appendix, Fig. S4). Although the loss of PGRN
(Grn™") resulted in reductions of GCase activities in liver and brain
compared to age-matched WT mice, this was not observed in the
very low activity in PGV mice at 1 and 8 mo old compared to
Gba"" (Fig. 3 Band Cand SI Appendix, Fig. S4).

Since 4MU-GIc assays measure total cellular GCase activity, this
could be due to diminished trafficking of 9V GCase and would not
accurately reflect the lysosomal GCase activity levels. Thus, we relied
on quantification of GluCer and GluSph levels by LC-MS/MS
(Fig. 3D), which do reflect lysosomal GCase activity. Massive accu-
mulations of GluCer were present in PGV vs. other genotypes
(Fig. 3 Fand G). In liver and lung tissues, neither the loss of PGRN
(Grn™") nor the presence of a Gbal mutation (Gba""™) significantly
altered GluCer levels compared to that in age-matched WT (Fig. 3
Eand F, Upper). However, PG9V mice demonstrated dramatically
increased GluCer levels in liver (16.9-fold vs. WT; 12.3-fold vs.
G, 5.6-fold vs. Gba’"™") and lung (18.2-fold vs. WT; 18.2-fold
vs. G5 9.5-fold vs. Gba’"™) (Fig. 3 Eand F, Upper). Of note, the
mean GluCer level in midbrain of Gb2”"* mice was higher than that
in WT mice, but not reached to significance by one-way ANOVA
analysis (P = 0.3475). In PG9V mice, loss of PGRN in Gbd’"™
resulted in significantly elevated GluCer levels in midbrain than those

in WT, G, and Gba’"™" control mice (Fig. 3 E-G, Upper).
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Fig. 1.

PG9V mice exhibited hepatosplenomegaly and behavioral deficits. (A) PG9V mice developed hepatosplenomegaly. Spleen and liver weight divided by

total animal body weight were graphed for 4-mo- and 8-mo-old WT, Gba®""®", Grn™", and PGV mice. (B) Age dependence of hepatosplenomegaly in PGV mice.
The ratio of spleen/body weight or liver/body weight between 4-mo- and 8-mo-old PG9V mice was compared. (C) Gait analysis. The footprint patterns in C of
8-mo-old WT, Gba®"’®", Grn™", and PG9V mice, n = 5 to 8. (D) The footprint patterns were quantified by four measurements: stride length, front base width, hind
base width, and front/hind footprint overlap. (£) Hind limb clasping test. PG9V showed hind limb clasping at 12 mo of age with test score of 3 (0 to 3, 0 = normal).
The age-matched WT, Gba®""®", and Grn™ mice displayed no clasping with a score of 0. PGV at 18 mo showed kyphosis posture. One-way ANOVA test for (4),

and t test for (B). n = 5 to 8 mice per group.

GluSph, secondary substrate of GCase (GluCer as primary), was also
massively increased in PGIV lung and brain vs. the other genotypes
(Fig. 3 G and E Bottom). GluSph shows minor increases in PGOV
relative to Gba’"" in liver (Fig. 3 E, Bottom). Progressive accumula-
tion of substrates was studied in lung tissues. Both GluCer and
GluSph in lung tissues of PGV mice at ages of 4, 8, and 12-mo
exhibited consistently higher and gradually increased levels than those
in control groups (8] Appendix, Fig. S5). Intriéguingly, unlike GluCer,
GluSph levels in lung and brain of Gba”™"* were all significantly
higher than WT (Fig. 3 £~G, Bottom), suggesting the residual enzy-
matic activity in Gba'""* was sufficient to prevent the accumulation
of GluCer but not the neurotoxic lipid, GluSph that has much lower
catalytic rate constant compared to GluCer, therefore requires much
more GCase for its lysosomal degradation (30). In addition, the dis-
tribution of accumulated GluCer in brain tissues was assessed by

PNAS 2023 Vol.120 No.1 e2210442120

immunofluorescence ~ staining using anti-GluCer antibody
(81 Appendix, Fig. S6). Grn"™ and Gba™"™" mice showed increased
GluCer positive signals in the hippocampus, cortex, and midbrain
tissues compared with WT mice, and the positive signal of GluCer
was further enhanced in PG9V mice compared with Grz”~ and
Gba’"" mice (ST Appendix, Fig. S6). Taken together, these results
demonstrated that deletion of PGRN in Gbz"”" mice impaired
GCase catalytical function, leading to enhanced substrate
accumulations.

PG9V Mice Displayed Neuropathic Phenotypes, Including PD-Like
Signs. PGRN mutation and deficiency were reported to be associated
with various neurodegenerative diseases, including Alzheimer’s
disease (AD) and PD (31-33). In neurodegenerative diseases,
the accumulations of many disease-pathogenic protein aggregates
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Fig. 2. PGRN deficiency potentiated GD storage cells in GbaT mutant mice. (A) Storage cells in PGV mice. Tissue sections were stained by H&E. Yellow arrow
indicates the large storage cells. (Scale bar, 50 uM for all images.) (B) Quantification of storage cells in A. (C) Typical tubular-like lysosomes (indicated by the
red arrow) were found in 18-mo-old lung tissue in PG9V mice under TEM. (D) Quantification of tubular-like lysosomes in C. (E) Immunofluorescence staining of
LAMP2 (green) in 12-mo-old brain tissue of WT, Gba®"’®", Grn™", and PGOV mice. DAPI stained cell nuclei. (F) Quantification of LAMP2-positive cells in E. Data are
shown as mean + SD. One-way ANOVA tests. *P < 0.05; **P < 0.01; ***P < 0.001.

were reported to be commonly implicated in brain. These include
B-Amyloid and Tau in AD and frontotemporal disorders (FTD),
a-Syn in PD and multiple system atrophy, and TAR DNA-binding
protein 43 (TDP-43) in FTD and amyotrophic lateral sclerosis
(34, 35). Both in PGV and Gr#”'~ mice, we observed significantly
enhanced expression of phosphorylated a-Syn (PS-129), which

40f12 https://doi.org/10.1073/pnas.2210442120

was implicated in the pathogenesis of PD (306), and p-Amyloid
compared to wildtype (WT) and Gbz”"" mice (Fig. 4 A and B).
Importantly, PG9V mice demonstrated si/gniﬁcant higher levels of
a-Syn and p-Amyloid than those in Gz mice (Fig. 4 A and B).
In addition, PG9V and Grz”™ mice also exhibited significantly
higher Tau (Fig. 4C) and TDP-43 (8] Appendix, Fig. S7) aggregates
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Fig. 3.

PGIV mice exaggerated GCase activity reduction and substrate accumulation. (A) Schematic of GCase activity reaction. (B and C) GCase activity was

determined fluorometrically using 4MU-Glc as substrate in liver (B) and brain (C) collected from 1- and 8-mo-old WT, Grn™", Gba®"®", and PGOV mice. (D) Schematic
of glycosphingolipids quantification by LC-MS/MS. (E-G) Substrate levels of glucosylceramide (GluCer) and glucosylsphingosine (GluSph) in liver (), lung (F), and
midbrain (G) from 8-mo-old WT, Grn™", Gba®®, and PG9V mice analyzed by LC-MS/MS. Data are shown as mean + SD. n =5 to 10. One-way ANOVA tests. *P <

0.05; **P < 0.01; ***P < 0.005.

in cortex, midbrain, and hippocampus than WT and G4z mice.
Moreover, the midbrain region of PGIV showed significantly higher
level of Tau/ TDP-43 aggregates than that in G~ mice (Fig. 4C
and SI Appendix, Fig. S7). These data indicated that PGV mice
at 12 mo and older developed neurodegenerative phenotypes that
are found in nGD and PD patients (37, 38), but these phenotypes
were undetectable in Gb2""" mice or at moderate level in Grn™~
mice. Thus, this double mutant PG9V model provides a clinical-
relevant model system for pathophysiological studies and for testing
therapeutic approaches for GD and PD.

PGRN Deficiency Potentiated Macrophage Activation, Microgliosis,
and Astrogliosis in Gba7 Mutant Mice. Chronic inflammation and
dysregulated immune cells, particularly macrophages, play critical

PNAS 2023 Vol.120 No.1 e2210442120

roles in the pathogenesis of GD (22, 39). PGRN deficiency leads
to enhanced inflammation through activating macrophages (40),
suggesting that macrophage activation may be one of the underlying
molecular mechanisms involved in the visceral organs and CNS
manifestations in PG9V mice. Immunohistochemistry staining
revealed that the signals of CDG68, an activated macrophage and
microglia marker, were markedly stronger in PG9V mice than those
in G, Gba’"", and WT controls in various tissues tested (about
100-fold in PGV than those in other controls), including in brain
and spinal cord as well as in liver, lung, and spleen (Fig. 5 A-C).
Microglia are the CNS resident macrophages and act as the first
and main form of active immune defense in the CNS. Activation of
microglia (microgliosis) is a typical indicator of neuroinflammation
(41). To further determine the microglia pathology in CNS, Ibal
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and TMEM119, two markers for activated microglia (42, 43), were
tested on the brain sections from 12-mo-old WT, Gb2™"", Grn™",
and PGIV mice by immunofluorescence staining. Enhanced fluo-
rescence signals in Ibal® and TMEM119" cells were observed in
midbrain, cerebellum, and cortex from Grn”'™ mice compared to
that in WT and Gb2*""" mice, which were maintained in baseline
level (81 Appendix, Figs. S8 and S9). In the brain of PGV mice, the
signals of Ibal and TMEM119 were both strongly increased in the
midbrain, cortex, and cerebellum in comparison with WT, Gbz™"",
and G~ mice, suggesting enhanced microgliosis in PG9V mice
(81 Appendix, Figs. S8 A and B and S9). These immunofluorescence
staining results were further confirmed by western blot analysis using
antibody against Ibal in brain lysates (S Appendix, Fig. 8 Cand D).
Astrogliosis with presence of reactive astrocytes in brain is another
pathological indicator of neurodegenerative diseases (44, 45). PGOV
mice exhibited markedly enhanced glial fibrillary acidic protein
(GFAPD) expression in various brain regions compared to G,
Gba"™, and WT mice (Fig. 5D). Specifically, the GFAP signals in
the thalamus (Th), brainstem (Bs), midbrain (Mb), and cortex (Ctx)
of the PGV brains were significantly stronger than those in other
controls (Fig. 5 D—F). In addition, astrocytes in brain of PG9V mice
displayed enlarged hypertrophic cell bodies with more astrocytic
ramified filaments (/nsezs in Fig. SE). Western blotting of GFAP in
brain lysates confirmed that PGRN deficiency increased the GFAP
protein levels in PGV mice (SI Appendix, Fig. S8 C and D).

Deletion of PGRN Enhanced M1 and Inhibited M2 Macrophage
Polarization. Phenotypes of macrophages can be predominantly
separated into two major categories: pro-inflammatory M1 and
anti-inflammatory M2. The imbalance of these two macrophage
types is involved in numerous inflammation- and immunity-related
diseases (46). The differential polarization of macrophage subtypes
is a multifactorial process in which multiple regulators are involved
(47). Recently, PGRN was reported as one of these factors to
regulate macrophage polarization (48, 49). Since PGRN deficiency
enhanced the macrophage/microglial activation in PG9V mice,
macrophage polarization was then analyzed in 12-mo-old mice
brain tissues. By immunofluorescence staining, M1 and M2
macrophages were identified by F4/80 and iNos (F4/80°iNos"),
and F4/80 and CD206 (F4/80°CD206"), respectively. Both PGV
and Grn”"~ mice had more M1 macrophages (F4/80"iNos" ratio in
all F4/80" macrophage) but less M2 macrophages (F4/80"CD206"
ratio in all F4/80" macrophage) compared to WT and Gba™"™
mice (8] Appendix, Fig. S10 A-D). However, the ratio of M1 and
M2 macroghages was not significantly differential between WT
and Gba™"" mice. Taken together, the imbalanced macrophage
polarization caused by PGRN deficiency may contribute to the
acute inflammation seen in PGV mice.

PGRN Deficiency Led to the Autophagic Vacuoles Accumulation
and Lipofuscin Aggregation. PGRN deficiency increases the
autophagy marker LC3-II in the brain of aged mice (40) as
well as activates the autophagy pathway that is mediated by
autophagosome-lysosome fusion (29). Next, we explored if PGRN
deficiency affected autophagy in Gbal mutant mice. Autophagy
markers LC3-II and p62 in the brains of PGV mice were found
significantly elevated compared to Grn™ or Gba’"" controls
(SI Appendix, Fig. S11 A and B). Autophagic vacuoles are much
fewer in vivo in the intact mature brain in normal condition (50).
Under TEM, more autophagic vacuoles (red arrows) were observed
in the brain tissue of PG9V mice compared with those in Grn™",
Gba’*"", and WT mice (81 Appendix, Fig. S11D). These findings
revealed that the loss of PGRN exacerbated impaired autophagy
in Gbal mutant mice, which may contribute to the development
of neurological phenotypes observed in PGV mice.
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Age is one of the risk factors for various neurodegenerative
diseases (51), and PGRN was reported to play an important role
in maintaining neuronal function during aging (28). In CNS, one
of the most striking morphologic changes in neurons during aging
is the presence of lipofuscin aggregates (52). In brain of the
18-mo-old PG9V and control mice, substantial accumulation of
lipofuscin granules shown as more and darker areas (red arrow)
in TEM images was observed than that in other control mice
(81 Appendix, Fig. S12). Together, PGRN deficiency plays pivotal
roles in promoting CNS autophagosomes accumulation and lipo-
fuscin aggregation that could contribute to behavioral deficits,

GD, and PD-like phenotypes in PG9V mice.

PGRN Derivative ND7 Could Penetrate BBB and Benefit CNS.
Previously, we showed therapeutic effects of PGRN protein in
mitigating GD phenotypes (24). However, there is a concern of
potential side effect of long-term usage of PGRN due to its potential
oncogenic activity (13, 53). Therefore, a C-terminal 98 amino acid
fragment of PGRN, named ND7, which retains the GCase binding
and therapeutic activity of PGRN but lacks its oncogenic action,
was developed (Fig. 64) (24). To evaluate if ND7 can be served as
a therapeutic against disease progression in GD mouse models, we
expressed and purified the recombinant His-tagged ND7 peptide.
Purity of ND7 was analyzed by Coomassie blue staining and western
blotting with anti-PGRN antibody (Fig. 68). The short-term efficacy
of ND7 was first evaluated in Gbaz™"™" mice, which carries D409V
mutation and the Gbal knockout (null) in another allele. Gbz""
mll ice have reduced residual GCase activity (<5% of WT) than
that of Gb2"""" mice (9). After one dose of His-tagged ND7 (16
mg/kg body weight) administrated by intraperitoneal (IP) injection
in 2-mo-old Gba”"™" mice, ND7 was widely detected in visceral
organs (lung, liver, and spleen) at 30 min post-injection using anti-
His-tag antibody (Fig. 6C). Unexpectedly, ND7 was also found in
several brain regions, including cortex, cerebellum, and hippocampus
with more intensive positive signals than that in the visceral organs
(Fig. 60). In vehicle (phosphate-buffered saline (PBS)) injected
Gba™"™" mice, ND7 conjugated His-tag signal was barely detectable
in corresponding tissues (SI Appendix, Fig. S13A). Accordingly,
compared to vehicle control (0 h), GCase activity was significantly
increased in the liver and brain in ND7-treated mice at 0.5 to 2 h
after injection (SI Appendix, Fig. S13B). This data suggested that
ND7 could efficiently cross the BBB, penetrate into brain tissues,
and enhance brain GCase activity. To explore if activation of GCase
is ND7 dose-dependent, Gba”"™" mice received weekly IP injection
of 1, 4, or 16 mg ND7/kg for 4 wk. Interestingly, all three doses of
ND7 increased the GCase activity in lung and spleen, but not in a
dose-dependent manner (S Appendix, Fig. S13C). Therefore, 1 mg/
kg was selected for treatment in PG9V model.

Next, the long-term anti-GD therapeutic efficacy of ND7 was
evaluated in the PG9V mice model, and ND7 was administrated
by IP injection to 10-mo-old PGV mice with a dose of 1 mg/kg
body weight, three times per week, and lasted for 2 mo. PBS and
imiglucerase (2.5 Ulkg body weight), an Food and Drug
Administration (FDA) approved recombinant GCase used as
enzyme replacement drug for type 1 GD, served as controls.
Compared to PBS control, both ND7 and imiglucerase increased
the GCase activity in the liver of PG9V mice (Fig. 6D). However,
only ND7 treatment significantly increased GCase activity in the
brain tissue (Fig. 6D). As expected, imiglucerase treatment did not
significantly alter the GCase activity in brain, which was compa-
rable to PBS treated group as recombinant GCase enzyme cannot
penetrate the BBB (Fig. 6D). Accordingly, ND7 treatment
decreased the accumulation of GluCer, the primary and direct
substrate of GCase, in the brain tissue compared to PBS and
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Fig. 4. Enhanced accumulation of a-Syn, p-Amyloid, and Tau in the brain tissues of PG9V mice. Immunofluorescence staining in the brains of 12-m-old WT,
Gba®®, Grn™", and PGV mice for (4) a-Syn (green), (B) p-Amyloid (green), and (C) Tau (green) with corresponding quantification analysis showing in the graphs.
Insets (red boxes) in A-C are zoomed-in and shown in the Lower panel. DAPI stained cell nuclei. Hc, hippocampus; Ctx, cortex; Mb, midbrain. (Scale bar, 100 pM.)
Data are shown as mean + SD. One-way ANOVA test. *P < 0.05; **P < 0.01; ***P < 0.005.

imiglucerase-treated PG9V mice (Fig. 6 £ and F). Furthermore,
ND7-treated mice were explored for alleviation of tissue inflam-
mation. Both ND7 and imiglucerase markedly reduced the mac-
rophage activation in lung and liver (S Appendix, Fig. S14 A and
B). Most importantly, ND7 treatment significantly reduced the
microgliosis (Fig. 6 G and H) and astrogliosis (Fig. 6 / and /) in
various brain regions by IHC staining of corresponding markers,
Ibal and GFAD, respectively (Fig. 6 G—/). Interestingly, imiglu-
cerase treatment also reduced the Ibal signal in the cortex

PNAS 2023 Vol.120 No.1 2210442120

compared with PBS treated group. We conclude that imiglucerase
treatment significantly inhibited inflammation in visceral organs
(SI Appendix, Fig. S14), which in turn results in reduced infiltration
of inflammatory cells to CNS indirectly. TMEM119, another spe-
cific microglia marker (42), was used to confirm the alleviation of
microgliosis in the brain. As expected, ND7 treatment significantly
suppressed TMEM119 expression in both midbrain and cortex
compared to PBS and imiglucerase-treated groups (57 Appendix,
Fig. S15). Compared with reduced Ibal level in cortex,
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Fig. 5. PGRN deficiency led to hyperactivation of macrophages and astrocytes in PG9V mice. (A) Schematic diagram showing brain regions/areas of interest
immunohistochemistry (IHC) quantitation. Ob, olfactory bulb; Ctx, cortex; Hc, hippocampus; Th, thalamus; Mb, midbrain; Cbl, cerebellum; Dcn, deep cerebellar
nuclei. Bs, brainstem. (B) IHC staining with anti-CD68 antibody (brown) on CNS (brain and spinal cord) and visceral organs (liver, lung, and spleen) sections
from 12-mo-old WT, Gba®®", Grn™"", and PG9V mice. (C) Quantification of CD68 immunoreactivity in B by pixel density. (D) Astrogliosis in CNS was shown by IHC
staining of GFAP (brown) on 12-mo-old PGV mice brain tissues. (E) Representative images showing GFAP signal distribution in different regions of the brain
tissues. Selected astrocytic morphology in each genotype was enlarged and shown in /nsets on the upright corn of the adherent images. The sections were
counter-stained with hematoxylin on cell nuclei. (F) Quantification analysis of GFAP immunoreactivity in (E). Data are shown as mean + SD. One-way ANOVA

tests. *P < 0.05; **P < 0.01; ***P < 0.001.

imiglucerase did not change the TMEMI119 level in the cortex
compared with PBS group. Ibal was used as a marker for both
macrophage and microglia, while TEME119 was a microglia-spe-
cific marker, the data further indicated that imiglucerase might
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affect the visceral macrophage activation but not for microglia
activation in CNS. Moreover, treatment with ND7, but not PBS
and imiglucerase, effectively prevented the accumulation of a-Syn

and TDP-43 in the brain tissue (S Appendix, Fig. S16 A-D).
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In addition to Gb2”"™"! and PGYV animal models, the neuro-
protective effects of ND7 were tested in the immortalized GD
neuronal cells derived from Gbal knockout mice (Gba™"") (54, 55).
Interestingly, PGRN level was significantly reduced in Gba™" neu-
rons compared to normal control Gba"" neurons (SI Appendix,
Fig. S17 A and B). Western blot and the immunofluorescence
staining revealed that the expression level of TDP-43 was compa-
rable between Gba"* and Gba™™ neurons (ST Appendix, Fig. S17C);
however, Tau was accumulated significantly in Gba"™ neurons
(SI Appendix, Fig. S17 D-F). Upon ND7 treatment, Tau accumu-
lation was remarkably reduced in mouse Gba"~ neurons, although
to a lesser degree compared to imiglucerase (S/ Appendix, Fig. S17
G and H). In addition, expression of ND7 and PGRN Gba ™'
neurons transfected by green fluorescent protein (GFP) fused-ND7
or -PGRN plasmid could prevent Tau accumulation (57 Appendix,
Fig. S171).

ND7 Effectively Ameliorated the GD Phenotype in GD Patient-
Derived Fibroblasts. To investigate if the anti-GD role of ND7
found in mouse model can be translated to human, the therapeutic
effects of ND7 were evaluated in GD patient-derived fibroblasts
(SI Appendix, Fig. S18). For this purpose, we generated PGRN
deficient GBA™*"#7 (1.444P/GRN'") fibroblasts by knockout
GRN via CRISP-Cas9 technology in GBAI"**" (1 444P)
fibroblast (S Appendix, Fig. S18A). Loss of GRN in L444P/ GRN -
cells was confirmed by western blot (S Appendix, Fig. S18B). As
parallel control to ND7, we expressed the recombinant full-
length PGRN protein with His tag (SI Appendix, Fig. S18C)
and characterized its purity and size by Coomassie blue staining
(SI Appendix, Fig. S18C, Leff) and western blot with anti-PGRN
antibody (87 Appendix, Fig. S18C, Right). Compared to GD type 2
patient fibroblasts having GBAI LEHPLAAP (1 444D), 1444P]GRN™"”
fibroblasts displayed dysregulated lysosomal function, evidenced by
elevated LysoTracker Red signals, indicative of more lysosomal storage
contents than 1.444P fibroblasts (S/ Appendix, Fig. S18 D-F). Upon
recombinant PGRN and ND7 treatment, lysosomal storage contents
were significantly reduced in L444P/GRN™" cells (SI Appendix,
Fig. S18 D-F). Additionally, the deletion of PGRN in L444P cells
decreased GCase activity and protein levels, whereas ND7 and PGRN
restored the activity and GCase protein levels in L444P/ GRN™"" cells
(SI Appendix, Fig. S18 G-I). Furthermore, the therapeutic effects of
ND7 and PGRN on GluCer accumulation were assayed using co-
staining with anti-GluCer antibody and anti-lysosomal-associated
membrane protein 1 (LAMP1) antibody (S/ Appendix, Fig. S18)).
PGRN deficiency increased, whereas recombinant ND7 or PGRN
reduced GluCer accumulation in 1444 cells (SI Appendix, Fig.
S18K). To determine whether ND7 treatment is also effective for
other GBAI mutations, recombinant PGRN and ND7 were further
tested in type 1 GD patient fibroblasts with GBAI™*%““(N370S)
mutation. Both ND7 and PGRN treatment decreased the lysosomal
storage and GluCer accumulation and increased GCase activity
(SI Appendix, Fig. S19). Although PGRN showed similar therapeutic
effects against GD as ND7, because multifunctional PGRN may
cause adverse effects, including potential oncogenic activity, therefore,
we conclude that ND7, but not PGRN, holds a promise as a drug
candidate in treating GD and PD.

Discussion

In our previous studies, we found that PGRN interacts with GCase
(encoded by Gbal) and enhances GCase activity (20). PGRN is
important for the lysosomal appearance of GCase, its deficiency
leads to GCase aggregation in the cytoplasm, and the loss of
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PGRN dysregulates GCase folding and intracellular transportation
and leads to GD-like phenotype in ovalbumin challenged Grn™~
mice (24). The current study is to determine the association of
PGRN and mutant GCase, exemplified by Gba™"" (Gbal muta-
tion in D409V). PGRN deficiency exacerbated the GD pheno-
types and accelerated the onset and progression of GD, providing
first direct in vivo evidence demonstrating the novel important
role of PGRN in GBAI mutation-caused diseases. In addition,
PGRN deficiency also worsened GD phenotypes in GD patient
fibroblasts bearing various GBAI mutations (L444P and N370S),
further confirmed the important role of PGRN in GBAI muta-
tion-associated human GD phenotypes. Furthermore, bis(mon-
oacylglycero) phosphate (BMP), an in vivo enhancer of lysosomal
GCase activity, was decreased in Grn”™ mice (56), indicating that
Grn™" might have at least two direct effects on GCase—the deliv-
ery to the lysosome and the activation within the lysosome.
GBAI mutations not only cause GD, but also are identified as
the most common genetic risk factor for PD (27, 57). About 5
to 10% of the PD patients are heterozygous carriers for GBAI
mutations (58). A roadblock in studying GBAI mutation-associ-
ated diseases, including nGD and PD, is the absence of animal
models that recapitulate the disease pathobiology in multiple
organs in humans. The developed Gbal mutant mouse models
had limitations. Analogue models of human GD were developed
by knocking in Gbal mutations homozygous for D409H, D409V,
V394L, or L444P (9, 59), which are common mutations identi-
fied in GD patients (3, 60). Disappointedly, these mice do not
develop considerable substrate accumulation and inflammation
to cause clearly detectable or very minor disease phenotypes in
viscera, and their nGD phenotypes vary from normal to mild
(9, 61). The chronic nGD mouse models (9H/PS-NA and 4L/
PS-NA) have combinations of Gbal mutations (D409H, 9H;
V394L, 4L) with partial deficiency of prosaposin (62). Prosaposin
encodes saposins (sphingolipid activator proteins) A, B, C, and
D, which are lysosomal glycoproteins that are essential to the
optimal activity of glycosphingolipid hydrolases, including GCase
(63). These models displayed systematic GluCer accumulation
and developed a more severe GD phenotype than mice with spe-
cific point mutations alone. However, loss of saposins potentially
affects other glycosphingolipid hydrolases, which may result in
mixed disease phenotype that are difficult to characterize. In addi-
tion, a nGD mouse model by combing the Gbal homozygous
mutation for V394L with saposin C deficiency does not develop
visceral disease—due to their short life span (64). In contrast to
previously developed mouse models, PG9V mouse model through
crossing Grn”™ and Gba’"" resulted in rapid progression of sub-
strates (GluCer and GluSph) accumulation and inflammation in
viscera (lung, liver) and CNS (brain, spinal cord) to the levels
remarkably higher than those in Grz”'~ and Gba”"" mice. They
developed abnormal behavior, aggregation of neurodegenerative
markers, hyperactivated microglia and astrocytes, indicating that
PGIV mice exhibited neurodegenerative pathology. Importantly,
the brain tissue of PG9V mice showed typical nGD phenotypes,
which were not all present in Gba’" mice, suggesting PGV
mice could serve as a novel candidate model of nGD. In addition,
PG9V mice model is similar to the partial deficiency of PGRN
that occurs in GD patients (20). As a co-chaperone of Hsp70,
PGRN directly binds to GCase, helping GCase trafficking and
lysosomal localization. The deficiency of PGRN in Gba’"”" mice
might lead to lower amounts of GCase being delivered to lyso-
somes and affect GCase stabilization as well. Moreover, Grn"
mice led to deficiency of BMD an essential anionic lipid that is
vital for GCase activity (56). In PG9V mice, the absence of PGRN
in lysosome might lead to an intralysosomal deficiency of BMP
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Fig. 6. PGRN derivative ND7 protected against GD phenotypes of PG9V mice. (A) Diagram of PGRN and ND7. ND7 (the seventh N-terminal deletion) is
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P is highlighted in blue. (B) Expression and characterization of recombinant His-tagged ND7. Purified ND7 was analyzed by Coomassie blue staining (Left)
and western blotting with anti-PGRN antibody (Right). BSA is a negative control. (C) Tissue distribution of His-tagged ND7. ND7 conjugated His-tag signals
(green) were detected by anti-His-tag antibody in brain and visceral tissues from Gba®/™" mice administrated with 16 mg ND7/kg body weight (30 min post-
injection). Representative images were shown. DAPI stained nuclei. (D) GCase activity in liver and brain from PBS, ND7, or imiglucerase (Imig.)-treated PGOV
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of Iba1 (G) and GFAP (/) immunoreactivities. Mb, midbrain; Ctx, cortex; Hc, hippocampus; Cbl, cerebellum. Data are shown as mean + SD. One-way ANOVA
tests. *P < 0.05; **P < 0.01; ns, no significance. (Scale bar, 100 pm.)
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which may directly cause or potentiate accumulation of GCase
substrates. PGRN was reported to be involved in PD (18). It is
equally important that PGV mice also developed PD-like phe-
notypes, as manifested by the remarkable aggregation and accu-
mulation of PD pathogenic markers, a-Syn and p-Amyloid, in
the brain. Collectively, the PG9V mouse model overcomes the
barriers to allow the study of GBAI mutation-caused diseases in
multiple organs in viscera and CNS and provides a model faith-
fully resembling GD and PD for preclinical studies.

Inflammation and altered immunity play important roles in the
pathogenesis of GD. PGRN acts as an anti-inflammation molecule
by direct biding to tumor necrosis factor (TNF) receptors (15),
and the deficiency of PGRN enhances macrophage-mediated
inflammation in the brain tissue (40). In this study, tubular-like
lysosomes were mainly presented in the macrophages, and there
was stronger macrophage activation in visceral organs of PGV
mice, along with increased activation of microglia and astrocytes
in the brain in PG9V mice than other controls, suggesting that
PGRN deletion potentiated inflammation in Gba! mutant mice.
In addition, PGRN deficiency markedly enhanced pro-inflamma-
tory M1 macrophage polarization, while simultaneously inhibited
anti-inflammatory M2 macrophage polarization in both Grn'~
and PGV mice, compared with WT and Gba’"" mice. These
results suggested that the PGRN deletion contributed to enhanc-
ing inflammation through, at least in part, modulating macrophage
polarization.

Currently, ERT is mainly available as an effective treatment
for non-neuropathic type 1 GD in clinics. ERT offsets low levels
of GCase enzyme with a modified version of the enzyme.
However, ERT is very expensive (around $350,000/y/patient)
and not effective for all patients (3, 65, 66). In addition, the
recombinant enzyme in ERT cannot penetrate the BBB and is
ineffective for treating the primary CNS disease of neuropathic
GD, i.e., types 2 and 3 GD. Approved SRT drugs have shown
similar clinical improvement in visceral disease parameters but
have no therapeutic utility for neuropathic GD (67-69). Thus,
developing an alternative treatment for GD, specifically for
nGD, is an urgent and unmet medical need. Some small mole-
cule showed BBB penetration activity and therapeutic effect for
treating GD, such as Ambroxol, treating patients with PD both
with and without GBAI gene mutations (70). However,
Ambroxol targets multiple biological process and pathways,
which make it very challenging to control off-target effects in
treating GD (71-74). On the other hand, neuroprotective role
with beneficial drug concentration of Ambroxol in CNS can
only be achieved at very high dose by oral administration (75),
which may result in potential toxicity to other organs. In addi-
tion, Ambroxol is a pH-dependent inhibitor of GCase (71, 76)
and its effect depends on the genotype for selected mutations
(75, 77). In comparison, ND7 is a brain penetrant derivative of
a native protein PGRN with clear mechanism of selectively
increasing GCase activity through acting as a co-chaperone with
Hsp70 and assisting GCase trafficking and lysosomal localization
(24). ND7 is a biological function domain of PGRN without
oncogenic activity, and long-term treatment of ND7 did not
show toxicity in animals (57 Appendix, Fig. $20). Herein, ND7’s
therapeutic effects were tested in several in vivo and ex vivo mod-
els, including Gb2”"™" and PGIV mice, mouse Gba"~ neurons,
and GD patient fibroblasts. The present data revealed that ND7
crosses the BBB, penetrates into the brain parenchyma, signifi-
cantly increases the GCase activity, and decreases the accumu-
lation of the substrate GluCer in the brain tissue. In contrast,
imiglucerase, a recombinant GCase used for treating GD type
1, non-neuropathic patients, did not cross BBB to show any

PNAS 2023 Vol.120 No.1 e2210442120

primary CNS effects, although both ND7 and imiglucerase alfa
effectively reduced the accumulation of substrate GluCer in the
visceral organs. Additionally, ND7 showed anti-inflammation
activity including reduced macrophage-mediated inflammation
in lung and liver, as well as reduced microglia and astrocyte
activity in brain which was not seen in imiglucerase-treated mice.
These findings further support the CNS distribution and efficacy
of ND7. Aside from ameliorating GD phenotype, ND7 treat-
ment prevents the accumulation of widely used markers for
neurodegenerative diseases, Tau, TDP-43, and a-Syn, support-
ing a promising therapeutic potential of ND7 for treating PD
and other neurodegenerative diseases. In addition, ND7 could
also ameliorate GD phenotypes in different mutant GCases
found in type 1 and type 2 patients, evidenced by enhancement
of GCase and reduction of lysosomal content and substrate levels
(ST Appendix, Figs. S18, S19).

e evidence presented in the present study demonstrated that
deletion of PGRN in Gba”"" mice potentiated systematic inflam-
mation and typical GD and PD phenotypes which were not
observed in either isolated G~ or Gba’"" mice. However, each
individual mutation of GBA may have different influence on alter-
ing GCase protein three-dimensional structure, which is of impor-
tant in forming the active catalytic pocket for its substrates.
Therefore, the interaction between PGRN with other GBAI muta-
tions (e.g., V394L and D409H) and the function of PGRN in other
Gbal mutation-associated diseases need further investigation.

In summary, PGRN deficiency in Gbal mutant mice caused
early onset and exacerbated GD phenotypes, leading to substantial
increases in substrate accumulation and inflammation in visceral
organs and CNS. Moreover, PGV mice developed neurodegener-
ative manifestations of nGD and PD, including inflammation,
neurodegeneration, and aggregation of neurodegenerative markers
in the brain. Similarly, PGRN deficiency also worsened GD phe-
notypes in GD patient fibroblasts. These in vivo and ex vivo data
demonstrated that PGRN plays a crucial role in the initiation, pro-
gression, and regulation of GBAI mutation-associated GD, provid-
ing a foundation for future studies related to this critical factor in
GD and other LSDs. In addition, the PG9V mouse model over-
comes many of the limitations of existing models, enables the studies
of GBAI mutation-caused diseases and provides a clinical-relevant
model system for testing therapeutic approaches for GD and PD.
The unexpected findings that PGRN derivative ND7 crosses the
BBB and protects against GD and PD-like pathology support a
strong case for testing this reagent in a clinical trial.

Materials and Methods
Provided in the SI Appendix, Materials and Methods.

Data, Materials, and Software Availability. All study data are included in the
article and/or S/ Appendix.
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