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in Tmem106b�/�Grn�/� mice
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Khanh Pham,2 Akshata Korgaonkar,2 Michael Kurnellas,2 Nadine A. Defranoux,2 Hua Long,2 Ananya Mitra,2

and Fenghua Hu1,3,*

SUMMARY

Loss of function of progranulin (PGRN), encoded by the granulin (GRN) gene, is
implicated in several neurodegenerative diseases. Several therapeutics to boost
PGRN levels are currently in clinical trials. However, it is difficult to test the effi-
cacy of PGRN-enhancing drugs in mouse models due to the mild phenotypes of
Grn�/� mice. Recently, mice deficient in both PGRN and TMEM106B were shown
to develop severe motor deficits and pathology. Here, we show that intracere-
bral ventricle injection of PGRN-expressing AAV1/9 viruses partially rescues
motor deficits, neuronal loss, glial activation, and lysosomal abnormalities in
Tmem106b�/�Grn�/� mice. Widespread expression of PGRN is detected in
both the brain and spinal cord for both AAV subtypes. However, AAV9 but not
AAV1-mediated expression of PGRN results in high levels of PGRN in the serum.
Together, these data support using the Tmem106b�/�Grn�/� mouse strain as a
robust mouse model to determine the efficacy of PGRN-elevating therapeutics.

INTRODUCTION

Haploinsufficiency of the progranulin (PGRN) protein, due to heterozygous mutations in the granulin (GRN)

gene, is a leading cause of frontotemporal lobar degeneration with TAR DNA-binding protein 43 (TDP-43)

aggregates (FTLD-TDP), which is commonly characterized by social and emotional behavior deficits.1–3

Complete loss of the PGRN protein due to homozygous GRN mutations causes neuronal ceroid lipofusci-

nosis (NCL) type 11, a lysosomal storage disorder with lipofuscin accumulation.4–6 In addition, PGRN poly-

morphisms have also been associated with several other neurodegenerative diseases, including Gaucher

disease, amyotrophic lateral sclerosis (ALS), Alzheimer’s disease (AD), Parkinson’s disease (PD), and limbic-

predominant age-related transactivation response DNA-binding protein 43 encephalopathies (LATE).7–12

PGRN is a widely expressed glycoprotein with important roles in cell proliferation and migration, develop-

ment, immune function, wound healing, and tumorigenesis.13 In the central nervous system (CNS), PGRN

functions as a neurotrophic factor and promotes neurite outgrowth.14–18 Growing evidence suggests that

PGRN also regulates many microglial activities, including migration, phagocytosis, and synapse

pruning.18–25

PGRN is comprised 7.5 granulin repeats, and can be either secreted or delivered to the lysosomal compart-

ment.13,20,26,27 PGRN has been shown to co-traffic to the lysosome with prosaposin (PSAP), the precursor of

lysosomal saposin peptides important for glycosphingolipid metabolism.28–30 Within the lysosome, PGRN

is cleaved into a paragranulin and seven, highly conserved, disulfide-bond-containing, granulin peptides

by lysosomal proteases.31–33 Accumulating evidence suggests a critical role of PGRN in the lysosome.26,27

Transcriptionally, PGRN is regulated by the transcriptional factor EB (TFEB), a master regulator of lyso-

somal biogenesis and autophagy.34–36 In mouse models, PGRN-deficiency leads to lysosomal abnormal-

ities, lipofuscin accumulation, and microgliosis.37,38 Lysosomal phenotypes are also present in FTLD and

NCL patients with GRN mutations.39,40 PGRN and granulin peptides have been shown to be critical for

the proper regulation of several lysosomal enzymes, including cathepsin D,14,41–43 and glucocerebrosi-

dase44–46 and for the maintenance of proper levels of Bis (monoacylglycerol) phosphate (BMP),47,48 a phos-

pholipid enriched in the endolysosomal compartment.49

1Department of Molecular
Biology and Genetics, Weill
Institute for Cell and
Molecular Biology, Cornell
University, Ithaca, NY 14853,
USA

2Alector Inc, South San
Francisco, CA 94080, USA

3Lead contact

*Correspondence:
fh87@cornell.edu

https://doi.org/10.1016/j.isci.
2023.107247

iScience 26, 107247, July 21, 2023 ª 2023 The Author(s).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

ll
OPEN ACCESS

mailto:fh87@cornell.edu
https://doi.org/10.1016/j.isci.2023.107247
https://doi.org/10.1016/j.isci.2023.107247
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.107247&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Since PGRN haploinsufficiency is a leading cause of FTLD, restoring PGRN to normal levels in patients with

GRN mutations has been sought after as a therapeutic strategy.12,50,51 Latozinemab, an anti-sortilin anti-

body currently in phase 3 clinical trials (NCT04374136), is a well-tolerated treatment that restores cerebro-

spinal fluid (CSF) PGRN to physiological levels in GRN mutation carriers. Another approach to elevate

PGRN levels in GRN mutation carriers employs recombinant PGRN replacement48 (NCT05262023). Addi-

tionally, recombinant adeno-associated viral (rAAV) vectors expressing human PGRN (hPGRN) are currently

in clinical trials to treat FTLD patients with GRN mutations (NCT04747431, NCT04408625).

The cellular tropism of the AAV virus depends on several factors, including AAV serotypes and delivery

routes.52 Mouse and non-human primates (NHP) rhesus macaque models have been used in testing the

efficacy of AAV-mediated PGRN expression. Targeted delivery into the medial prefrontal cortex (mPFC)

of mouse PGRN expressing rAAV2 viruses normalized prefrontal cortical lysosomal protein levels and

reversed social dominance deficits of 11–12-month-old Grn+/� mice,53 and rescued lysosomal abnormal-

ities and reduced lipofuscinosis andmicrogliosis in 10–12-month-oldGrn�/�mice.54 Delivery of hPGRN ex-

pressing AAVhu68 (an AAV9 variant) viruses into the lateral cerebral ventricle also reversed brain lysosomal

abnormalities and lipofuscin deposits, and completely corrected microgliosis in aged Grn�/� mice.55 In

addition, PGRN expression mediated by AAV serotypes 1, 5, and hu68 through direct intra-cisterna magna

(ICM) delivery has also been shown to elevate PGRN levels in the CSF in rhesus macaques.55 T cell infiltra-

tion and neurotoxicity are a common concern for AAV-mediated gene therapy56,57 and have been reported

in one study with AAV9-mediated hPGRN delivery into the posterior right lateral ventricle inGRN knockout

mice.58 Mild axonal degeneration of sensory neurons in the spinal cord has also been observed in the non-

human primate model with AAV-PGRN delivery.55

However, despite exhibiting lipofuscinosis, lysosomal deficits, and microgliosis when aged to 7–9 months

old, PGRN-deficient mice do not exhibit neuronal loss and obvious behavioral deficits.37 Thus, animal

models with better predictive validity would be of particular importance in drug development programs

targeting PGRN dysfunction.

TMEM106B, originally discovered as a risk factor for FTLD with GRNmutations,59–63 encodes a type II lyso-

somal transmembrane protein.64–66 TMEM106B affects several aspects of lysosomal functions, including

lysosomal morphology and function,64–67 lysosome pH,65,68–70 lysosome exocytosis,69 lysosomal posi-

tioning within the cell,71 lysosome trafficking in neuronal dendrites,72 and lysosomal trafficking across

the axon initial segment (AIS).73,74 In mouse models, TMEM106B deficiency leads to mild myelination def-

icits,71,75 microglial survival defects in response to demyelination,70 reduced survival of Purkinje cells during

aging, and mild motor coordination defects.76–78

Since PGRN and TMEM106B regulate different aspects of lysosome functions,26,27,79 it is not surprising that

loss of both PGRN and TMEM106B results in severe lysosomal abnormalities, motor dysfunction, neuronal

loss, glial activation, and FTLD-related pathology in mice.73,80,81 Importantly, these mice exhibit motor de-

fects as early as 2.5 months old and progress with age, resulting in an early death at around 5 months

old.73,80,81 Since TMEM106B deficiency alone in mice only leads to mild phenotypes,79 these findings sug-

gest that Tmem106b�/�Grn�/� mice could be used as a novel preclinical mouse model to test the efficacy

of PGRN therapy. Here, we report that hPGRN expressionmediated by intracerebral ventricle (ICV) delivery

of AAV1 or AAV9 viruses partially rescues motor deficits, neuronal loss, glial activation, and lysosomal ab-

normalities in Tmem106b�/�Grn�/�mice. Our study shows that the Tmem106b�/�Grn�/�mouse strain can

be used as a robust mouse model to determine the efficacy of PGRN therapies.

RESULTS

Tmem106b�/�Grn�/� mice show pathological changes at 2 months of age

Since Tmem106b�/�Grn�/� mice start to exhibit obvious ataxia, hindlimb weakness, and motor defects at

2.5 months of age, with the spinal cord having more severe pathological changes compared to other brain

regions,73 we first assayed the lysosome phenotypes and protein aggregation in the spinal cord from

2-month-old Tmem106b�/�Grn�/� mice. We observed a significant increase of lysosomal enzyme

cathepsin D (Cath D) in the RIPA-soluble fraction, and a dramatic accumulation of ubiquitinated proteins

and autophagy adaptor protein p62 in the RIPA-insoluble, but urea-soluble fraction from the spinal cord

of Tmem106b�/�Grn�/� mice at 2 months of age (Figures 1A and 1B), suggesting significant lysosomal de-

fects and ALS/FTLD-related pathological changes appearing in 2-month-old Tmem106b�/�Grn�/� mice.
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AAV1/9-mediated human PGRN expression in Tmem106b�/�Grn�/� mice

Numerous studies have shown that rAAV vectors are a promising platform to offer stable, efficient, non-

cytotoxic, and non-integrated gene delivery to treat different neurodegenerative diseases.82–85 To achieve

ubiquitous, strong, constitutive, and long-term expression of hPGRN, we cloned the humanGRN gene un-

der the eukaryotic translation elongation factor 1 a (EF-1a) promoter into the single-stranded AAV (ssAAV)

vector (Figure 2A). In consideration of the differential behavior of AAV serotypes in the extent of viral

spreading, cell type specificity, and transduction efficiency, the ssAAV vector containing the human GRN

gene was packaged into AAV1 or AAV9 capsids (AAV1-GRN or AAV9-GRN).

To determine the efficacy of AAV-mediated PGRN expression in Tmem106b�/�Grn�/� mice, hPGRN ex-

pressing AAV viruses (1.231011 viral genome particles/mouse) was administered to 6- or 9-week-old

Tmem106b�/�Grn�/� mice via intracerebroventricular (ICV) injections (Figure 2B). Fifteen or twelve weeks

after injection, we examined AAV1- or AAV9-GRN transduction in 5-month-old Tmem106b�/�Grn�/�mice.

To examine the transduction efficacy and the expression of hPGRN in CNS, human-specific PGRN ELISA

was carried out using frontal cortex, spinal cord lysates, and serum. Overall, hPGRN expression was suc-

cessfully detected in the frontal cortex (Figure 3A) and spinal cord (Figure 3B) lysates from Tmem106b�/�

Grn�/� mice injected with AAV1- or AAV9-GRN at 6-week-of-age or 9-week-of-age. Despite variability be-

tween individual mice, AAV9-GRN had relatively higher levels of expression than AAV1-GRN, although not

statistically significant (Figures 3A and 3B). Interestingly, high hPGRN levels were detected in the terminal

serum from Tmem106b�/�Grn�/� mice injected with AAV9-GRN at 6- and 9-week-of-age (�470 ng/mL),

similar to the levels of endogenous PGRN in the serum of normal WT mice,86 but not from AAV1-GRN in-

jectedmice (Figure 3C). To further analyze the expression and distribution of hPGRN in CNS, we performed

immunostaining in brain and spinal cord sections using a human-specific PGRN antibody (Figures 3D and

S1). hPGRN signals were detected in the neurons in the cortical layer 2/3 in frontal cortex and spinal cord

sections (Figure 3D) and other regions in the brain (Figures S1A and S1B) from the Tmem106b�/�Grn�/�

mice injected with AAV1- or AAV9-GRN. In addition, PGRN signals were also detected in GFAP-positive

astrocytes and a small population of IBA1-positive microglia in both AAV1- and AAV9-GRN infected

Figure 1. Lysosomal defects and ALS/FTLD-related pathological changes in the spinal cord of 2-month-old

Tmem106b�/�Grn�/� mice

(A and B) Western blot analysis of the protein levels of lysosomal enzyme cathepsin D (Cath D), TMEM106B, PGRN, and

GAPDH in RIPA-soluble fractions, and ubiquitinated proteins and p62 in urea-soluble fractions of the spinal cord from

2-month-old WT, Tmem106b�/�, Grn�/�, and Tmem106b�/�Grn�/� mice. The asterisk indicates non-specific bands. n =

3. Data are presented as meanG SEM. One-way ANOVA tests with Tukey’s multiple comparisons: *, p < 0.05, **, p < 0.01,

***, p < 0.001, ****, p < 0.0001; ns, no significance.
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mice (Figures 3D and S1B). Efficient transduction and high hPGRN expression in ventricle and spinal epen-

dymal cells has also been observed in Tmem106b�/�Grn�/� mice treated with either AAV1- or AAV9-GRN

(Figures 3E and S1A). Together, these results suggested that AAV1/9-GRN delivered by intracerebroven-

tricular injection achieved efficient transduction, and achieved sufficient and widespread expression of

hPGRN in the brain and spinal cord in the Tmem106b�/�Grn�/� mice.

AAV1/9-mediated hPGRN expression partially rescues motor deficits in Tmem106b�/�Grn�/�

mice

Since Tmem106b�/�Grn�/� mice exhibit severe hindlimb weakness and motor dysfunction,73,80,81 behav-

ioral tests were carried out to examine motor function following intracerebroventricular AAV1- or AAV9-

GRN injection. Compared to the mice injected with buffer control, we observed a significant improvement

of motor activities in Tmem106b�/�Grn�/� mice receiving the AAV1- or AAV9-GRN injection at 6-week-of-

age as shown in the open field test, but not in the mice treated at 9-week-of-age (Figures 4A and 4B). More-

over, AAV1- and AAV9-GRN treated Tmem106b�/�Grn�/�mice had quicker righting reflex and spent much

less time rolling over when flipped to a supine position (Figure 4C) (Videos S1, S2, and S3) and showed a

significant increase in stride length in footprint analysis (Figure 4D), indicating an improvement in motor

coordination. However, abnormal hindlimb clasping behavior was still observed in mice injected with

AAV1- or AAV9-GRN (Figure S2). Since hindlimb clasping defects could be caused by deficits in the spinal

cord, cerebellum, basal ganglia, or neocortex,87 it is likely that some of these regions do not receive

enough AAV-GRN viruses to mediate PGRN expression due to limited virus spreading. Nevertheless,

our results demonstrated that AAV1- or AAV9-mediated expression of hPGRN in Tmem106b�/�Grn�/�

mice significantly, but not completely rescued hindlimb weakness and motor dysfunction.

AAV1/9-mediated hPGRN expression partially ameliorates neuropathology in the spinal cord

of Tmem106b�/�Grn�/� mice

Since Tmem106b�/�Grn�/� mice exhibit a severe neuronal loss in the spinal cord,73,80,81 we examined the

numbers of neurons in the spinal cord from 5-month-old WT and Tmem106b�/�Grn�/� mice injected

with buffer control, AAV1-GRN or AAV9-GRN. A significant rescue in the numbers of NeuN-positive neu-

rons in the spinal cord sections was observed in AAV1- or AAV9-GRN injected Tmem106b�/�Grn�/� mice

treated at 6-week-of-age (not in mice at 9-week-of-age due to the variabilities between individual mice),

but not in mice receiving buffer control (Figures 5A and 5B). Previously, we have shown that motor neurons

are selectively affected by the loss of both TMEM106B and PGRN in mice.73 This loss of motor neurons is

completely rescued by AAV1/9-mediated hPGRN expression, as shown by immunostaining with antibodies

against choline acetyltransferase (ChAT) in the ventral horn region of the spinal cord (Figures 5C and 5D).

In addition, loss of TMEM106B and PGRN in mice results in excessive activation of microglia and astro-

cytes.73,80,81 Significantly decreased intensities of GFAP, a marker for astrocytes, and CD68, a marker for

activated microglia, were observed in spinal cord sections of Tmem106b�/�Grn�/� mice treated with

Figure 2. Experimental design and timeline

(A) Diagram of the single-stranded AAV (ssAAV) vector containing the human GRN gene under the eukaryotic translation

elongation factor 1 a (EF-1a) promoter flanked by AAV2-ITRs. The ssAAV-GRN was packaged within AAV serotypes 1 or 9.

(B) Timeline of the study. Serum collected from all the mice 2 days before injection was used as the negative control. 6- or

9-week-old Tmem106b�/�Grn�/� mice were intracerebroventricularly (ICV) injected the hPGRN expressing AAV1 or

AAV9 viruses. Behavioral tests were preformed within 1 week before sacrificing the mice. Terminal serum, brain, and

spinal cord tissues from all the mice were collected at 5 months of age.
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AAV1- or AAV9-GRN compared to mice injected with buffer control (Figures 6A and 6B). Analysis of micro-

glial morphology in the spinal cord revealed a significant increase in the number of microglia processes in

AAV1- or AAV9-GRN treated Tmem106b�/�Grn�/� mice (Figures 6C and 6D), indicating a reduced micro-

glia activation with restored PGRN expression. In addition, the protein levels of GFAP were significantly

reduced in the frontal cortical lysates of Tmem106b�/�Grn�/� mice receiving the AAV1- or AAV9-GRN

Figure 3. Efficient transduction of AAV1/9-GRN viruses following intracerebroventricular AAV1/9-GRN injection

(A–C) Human PGRN in the frontal cortex (FCtx) (A), spinal cord (SC) (B), and serum (C) lysates from 5-month-old WT or

Tmem106b�/�Grn�/� mice injected with buffer control, AAV1-GRN or AAV9-GRN were measured by ELISA assay (n = 4–

5). Data are presented as mean G SEM. One-way ANOVA tests with Tukey’s multiple comparisons: ***, p < 0.001, ****,

p < 0.0001; ns, no significance.

(D) Brain sections from 5-month-old mice injected with buffer control or AAV-GRN viruses at 9 weeks of age were stained

with NeuN, IBA1, and hPGRN antibodies, and Hoechst. Sinal cord sections (C1-C4) from 5-month-old mice injected with

buffer control or AAV-GRN viruses at 6 weeks of age were stained with NeuN, GFAP, and hPGRN antibodies, and

Hoechst. Scale bar: 20 mm.

(E) Brain and spinal cord sections (C1-C4) from 5-month-old mice injected with buffer control or AAV-GRN viruses at

6 weeks of age were stained with anti-hPGRN antibodies and Hoechst. Scale bar: 20 mm for brain ventricles, and 10 mm for

spinal canal.
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injection at 6-week-of-age, but not in the mice treated at 9-week-of-age (Figures S3). No significant differ-

ence was observed in CD68 signals in the brain sections in either group, which might be due to the variabil-

ities in the volumetric spread of AAV viruses in the brain between individual mice (data not shown).

AAV1/9-mediated hPGRN expression partially rescue lysosomal defects in the spinal cord of

Tmem106b�/�Grn�/� mice

Numerous evidence suggests that both PGRN and TMEM106B play important and non-overlapping roles

in proper lysosomal function.26,27,73,79–81 Deletion of both TMEM106B and PGRN in mice results in severe

lysosome abnormalities, including lipofuscin accumulation and upregulation of lysosomal proteins.73,80,81

We found a significant decrease in lipofuscin signals (Figures 7A and 7B) and levels of lysosome proteases

cathepsin D (Cath D) (Figures 7C and 7D) in the spinal cord of Tmem106b�/�Grn�/� mice treated with

AAV1- or AAV9-GRN compared to the mice treated with buffer control. However, no obvious difference

was detected in lipofuscin signal in the thalamus (data not shown) and in protein levels of CathD in the fron-

tal cortical lysates from AAV1- or AAV9-GRN and buffer control injected Tmem106b�/�Grn�/� mice (Fig-

ure S3). These results indicated a partial rescue of lysosome defects in Tmem106b�/�Grn�/�mice following

AAV1/9-GRN injection.

AAV1/9-mediated hPGRN expression partially rescues ALS/FTLD-related pathology in

Tmem106b�/�Grn�/� mice

The accumulation of ubiquitin-positive aggregates, autophagy adaptor protein p62, and phosphorylated

TDP-43 deposits is a hallmark of ALS/FTLD.39 These pathological features were observed in the spinal cord

of 2-month-old (Figures 2A and 2B) and 5-month-old Tmem106b�/�Grn�/� mice.73,80,81 A reduction in

levels of ubiquitinated proteins, p62 and phosphorylated TDP-43 (S409/S410) deposits in the spinal cord

Figure 4. AAV1/9-GRN mediated PGRN expression partially rescues motor deficits in Tmem106b�/�Grn�/� mice

(A and B) Representative images of mouse tracing in open field test from 4.75-month-old WT or Tmem106b�/�Grn�/�

mice injected with buffer control, AAV1-GRN or AAV9-GRN at 6 weeks of age (A). The total movement was quantified. n =

3–12. Data are presented as mean G SEM. One-way ANOVA tests with Tukey’s multiple comparisons: *, p < 0.05, **,

p < 0.01, ***, p < 0.001, ****, p < 0.0001; ns, no significance.

(C) The time for mice to flip back was quantified in the rolling-over test. n = 4–6. Data are presented as meanG SEM. One-

way ANOVA tests with Tukey’s multiple comparisons: ****, p < 0.0001; ns, no significance.

(D) The stride length is quantified in the footprint test. n = 4–6. Data are presented as mean G SEM. One-way ANOVA

tests with Tukey’s multiple comparisons: ***, p < 0.001, ****, p < 0.0001; ns, no significance.
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(Figures 8A, 8B, and S4) was detected in Tmem106b�/�Grn�/� mice treated with AAV1- or AAV9-GRN at

6-week-of-age compared to buffer control, although not to the levels of WT mice. In the cortex, we also

detected a reduction in the levels of ubiquitinated proteins and p62 in Tmem106b�/�Grn�/� mice treated

with AAV1- or AAV9-GRN at 6-week-of-age (Figure S4). However, there is no significant change observed in

the mice treated at 9-week-of-age due to the variabilities between individual mice. Together, these data

suggest that PGRN expression mediated by AAV1/9-GRN partially rescues the ALS/FTLD-related pathol-

ogy in Tmem106b�/�Grn�/� mice.

DISCUSSION

Tmem106b�/�Grn�/� mice as a mouse model to test PGRN therapeutics

Since PGRN loss of function has been linked to many neurodegenerative diseases, elevating PGRN levels

and functions has been considered as a therapeutic approach for FTLD and other diseases with PGRN defi-

ciency.12,50,51 Although PGRN haploinsufficiency results in FTLD in humans, PGRN-haploinsufficient mice

exhibit minimal phenotypes,37,53,89 and PGRN-deficient mice only show limited phenotypes during aging,

including lipofuscinosis, lysosomal deficits, and microgliosis.37,38 Thus, it is critical to develop a new mouse

model to test the efficacy of therapeutic drugs targeting PGRN. Recently, we and other groups found that

deletion of both PGRN and TMEM106B in mice leads to reduced motor activity, hindlimb weakness, and

altered clasping behavior.73,80,81 Severe lysosomal abnormalities, neuronal loss, and glial activation were

Figure 5. AAV1/9-mediated PGRN expression partially ameliorates neuronal loss in the spinal cord of

Tmem106b�/�Grn�/� mice

Representative images of spinal cord sections (C1-C4) from 5-month-old WT or Tmem106b�/�Grn�/� mice injected with

buffer control or AAV-GRN viruses at 6 weeks of age were stained with NeuN (A) or ChAT (C) antibodies. The numbers of

NeuN- and ChAT-positive neurons were quantified (B, D). 3 sections/mouse and 3–6 mice were analyzed for

quantification. Data are presented asmeanG SEM.One-way ANOVA tests with Tukey’s multiple comparisons: *, p < 0.05,

**, p < 0.01, ***, p < 0.001, ****, p < 0.0001; ns, no significance. Scale bar: 100 mm (A); 20 mm (C).
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Figure 6. AAV1/9-mediated PGRN expression partially ameliorates glia activation in the spinal cord of

Tmem106b�/�Grn�/� mice

(A and B) Representative fluorescence images of spinal cord sections (C1-C4) from 5-month-old WT or Tmem106b�/�Grn�/�

mice injected with buffer control or AAV1/9-GRN viruses at 6 weeks of age were stained with GFAP or CD68 antibodies (A), and

the intensity of GFAP or CD68 were quantified (B). 3–5 sections/mouse were used for quantification. n = 4–6. Data are presented

as mean G SEM. One-way ANOVA tests with Tukey’s multiple comparisons: *, p < 0.05, **, p < 0.01, ***, p < 0.001, ****,

p < 0.0001; ns, no significance. Scale bar: 100 mm.

(C and D) High magnification images from the spinal cord sections (C1-C4) from 5-month-old Tmem106b�/�Grn�/�mice

injected with buffer control or AAV1/9-GRN at 6 weeks of age were stained with IBA1 antibody and Hoechst. The
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observed both in the spinal cord and brain.73,80,81 More importantly, the motor defects in the

Tmem106b�/�Grn�/� mice were observed as early as 2.5 months and progressed with age.73 A significant

increase in the protein levels of lysosomal enzymes, and accumulation of ubiquitinated proteins and p62

were detected in the spinal cord of Tmem106b�/�Grn�/� mice at 2 months of age (Figure 1). The severe

motor defects and pathological changes in young Tmem106b�/�Grn�/� mice make them a robust mouse

model to test the efficacy of PGRN targeting drugs. Our studies with hPGRN expressing AAV1 or AAV9 vi-

ruses in these mice clearly demonstrate the advantages of using these mice to test the efficacy of AAV-

mediated human GRN gene therapy at the behavioral, pathological, molecular, and cellular levels.

AAV-mediated gene therapy for FTLD-GRN

rAAV viruses have been shown to mediate stable, efficient, non-cytotoxic, and non-integrated gene deliv-

ery. rAAV-mediated gene therapies are in clinical trials for several neurodegenerative diseases.82–85 The

cellular tropism of AAV depends on several factors, including AAV serotypes and delivery routes.52 The

promoter used to drive gene expression also has been shown to have a big effect on gene therapy

efficacy.90

Several AAV-GRN constructs have been tested in rodent models of PGRN deficiency. In the first study of

AAV-mediated GRN gene therapy in mice, the chicken b–actin (CBA) promoter in an AAV2 vector was

used to drive the expression of mouse Grn gene fused with a C-terminal Myc tag.53,54 AAV2-PGRN was

shown to reverse social dominance deficits of 11–12-month-old Grn+/� mice,53 and rescue lysosomal ab-

normalities and reduce lipofuscinosis and microgliosis in 10–12-month-old Grn�/� mice,54 despite the

interference of PGRN binding to sortilin by C-terminal tagging.91 Moreover, AAV2 does not spread as

far from the injection site and has lower transduction levels as compared to AAV1 and AAV9.84 In subse-

quent studies, AAV9-mediated human GRN expression was chosen to correct phenotypes associated

with PGRN deficiency, either driven by a cytomegalovirus (CMV) promoter58 or a CBA promotor with a

CMV early enhancer, chimeric intron, and rabbit beta-globin polyadenylation sequence.55 However, the

CMV early enhancer/chicken b actin (CAG), CMV, and ubiquitously expressing human ubiquitin C promoter

(UbiC) promoter has been found to be associated with toxicity and inflammation when delivered via AAV to

the mouse eyes,92 and CMV promoter-mediated gene expression is known to decrease over time due to

transcriptional silencing caused by DNA methylation.93–98 The CBA promoter drives mostly ubiquitous

and high neural expression of target genes, but expression tends to be lower in motor neurons.90

In consideration of these different factors, the EF-1a promoter which has been shown to have a higher resis-

tance to transcriptional silencing than viral promoters and drive effective transgene expression in

mice,99,100 rats,101 and in non-human primates,102,103 was used in our study to drive the expression of hu-

man GRN gene in order to achieve ubiquitous, safe, strong, constitutive, and long-term expression.104–106

The ssAAV vector containing the human GRN gene was further packaged into AAV1 or AAV9 capsids due

to its advantages over other AAVs, including wide spreading from the site of injection, transduction at high

levels andwithmultiple cell types (such as neurons and astrocytes), anterograde, retrograde, and trans-syn-

aptic transport along the axons.84

In AAV-mediated gene therapy with direct injection into the brain, the exogenous gene transduction of

ependymal cells maintains a continuous source of transgenic products to achieve a long-term sustainable

supply of exogenous proteins within the CSF.107 In the previous studies, ependymal cells transduction was

observed in the brain following ICM administration of AAV1 to non-human primate model—and ICV

administration of AAV4 to PGRN-deficient mice, but not of AAVhu68 (a variant of AAV9) to NHPs.55 In

the present study, we observed efficient transduction of the ventricle and spinal ependymal cells in both

AAV1- and AAV9-infected Tmem106b�/�Grn�/� mice (Figures 3E and S1A). Interestingly, we have

observed high PGRN levels in the serum in mice receiving AAV9- but not AAV1-GRN injections (Figure 3C).

In the literature, it has been reported that AAV9 delivered via ICV can cross blood brain barrier,108 resulting

in AAV9 accumulation in the liver. On the other hand, AAV1 has been shown to lack the ability to cross the

Figure 6. Continued

ramification index (RI = 4p 3 cell area/[cell perimeter]2) was used to quantify the microglia shape in microglia

morphometric analysis. 1 = a perfectly round cell. RI is smaller than 1 if morphology deviates from perfectly circular

and RI is close to zero when the cell is ramified.88 80–100 cells/genotype were analyzed. n = 3. Data are presented as

mean G SEM. One-way ANOVA tests with Tukey’s multiple comparisons: *, p < 0.05, ***, p < 0.001; ns, no significance.

Scale bar: 20 mm.
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Figure 7. AAV1/9-mediated PGRN expression partially rescues the lysosome defects in the spinal cord of

Tmem106b�/�Grn�/� mice

(A and B) Representative fluorescence images of lipofuscin accumulation in the spinal cord sections (C1-C4) of 5-month-

old WT or Tmem106b�/�Grn�/� mice injected with buffer control or AAV1/9-GRN viruses at 6 weeks of age. The intensity

of autofluorescent puncta per section was quantified. n = 4–6. Data are presented as mean G SEM. One-way ANOVA

tests with Tukey’s multiple comparisons: *, p < 0.05, **, p < 0.01, ***, p < 0.001, ****, p < 0.0001; ns, no significance. Scale

bar: 100 mm.

(C and D) Western blot analysis of protein levels of lysosomal enzyme cathepsin D (Cath D) and GAPDH in RIPA-soluble

fractions of the spinal cord (C5-C7) from 5-month-old WT orTmem106b�/�Grn�/� mice injected with buffer control,

AAV1-GRN or AAV9-GRN at 6 weeks of age. n = 4–5. Data are presented as mean G SEM. One-way ANOVA tests with

Tukey’s multiple comparisons: *, p < 0.05, **, p < 0.01***, p < 0.001, ****, p < 0.0001; ns, no significance.
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Figure 8. AAV1/9-mediated PGRN expression partially rescues ALS/FTLD-related pathology in the spinal cord of

Tmem106b�/�Grn�/� mice

(A and B) Spinal cord sections (C1-C4) from 5-month-old WT or Tmem106b�/�Grn�/� mice injected with buffer control or

AAV1/9-GRN viruses at 6 weeks of age were stained with Ub, p62, and p-TDP-43 S409/S410 antibodies (A), and the

intensity of Ub, p62, or p-TDP-43 S409/S410 were quantified (B). n = 4–6. Data are presented as mean G SEM. One-way

ANOVA tests with Tukey’s multiple comparisons: *, p < 0.05, **, p < 0.01, ***, p < 0.001, ****, p < 0.0001; ns, no

significance. Scale bar: 100 mm.

ll
OPEN ACCESS

iScience 26, 107247, July 21, 2023 11

iScience
Article



blood brain barrier,107,109 which is consistent with our observation that AAV1-GRN ICV injection does not

lead to PGRN accumulation in the serum.

Limitations of the study

While our study demonstrates that Tmem106b�/�Grn�/� mouse strain is a robust mouse model to test the ef-

ficacy of AAV-GRN constructs at pathological and behavioral levels, there are several limitations. First of all, this

mouse model cannot be used to test the effect of molecules enhancing PGRN expression or function, since

PGRN is completely ablated in this mouse model instead of being haploinsufficient as in human FTLD-GRN pa-

tients. Secondly, since the strongest phenotypewehaveobserved inTmem106b�/�Grn�/�mice are in the spinal

cord rather than in the brain, the rescue effect of AAV-GRN constructs was hard to assess in the brain. Thirdly,

due to insufficient CSF samples, we could not compare PGRN levels in the serum versus CSF in AAV9-GRN in-

jectedmice. Finally, viruses could be injected at different times todetermine the efficacy of AAV-GRN in prevent-

ing versus rescuing motor deficits and ALS/FTD related pathologies.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

mouse anti-GAPDH Proteintech Cat# 60004-1-Ig; RRID: AB_2107436

goat anti-CathD R&D Systems Cat# AF1029; RRID: AB_2087094

goat anti-human PGRN R&D Systems Cat# AF2420; RRID: AB_2114489

sheep anti-mouse PGRN R&D Systems Cat# AF2557; RRID: AB_2114504

mouse anti-CHAT R&D Systems Cat# AF3447

mouse anti-NeuN Millipore Cat# MAB377; RRID: AB_2298772

mouse anti-GFAP (GA5) Cell Signaling Technology Cat# 3670S; RRID: AB_561049

rabbit anti-IBA-1 Wako Cat# 01919741; RRID: AB_839504

goat anti-IBA1 Novus Biologicals Cat# NB100-1028; RRID: AB_521594

rat anti-CD68 Bio-Rad Cat# MCA1957; RRID: AB_322219

rabbit anti-p62 MBL Cat# PM045; RRID: AB_1279301

rat anti-phospho TDP43 (Ser409/Ser410) Millipore Cat# MABN14; RRID: AB_11212279

mouse anti-Ubiquitin BioLegend Cat# 646302; RRID: AB_1659269

rabbit anti-TMEM106B Home-made Brady, 2013

rabbit anti-human granulin E Home-made This paper

IRDye 800CW Donkey anti-Mouse IgG LI-COR Biosciences Cat# 926-32212; RRID: AB_621847

IRDye 800CW Donkey anti-Rabbit IgG LI-COR Biosciences Cat# 926-32213; RRID: AB_621848

Donkey anti-Goat IgG Alexa Fluor 800 Thermo Fisher Scientific Cat# A-21084; RRID: AB_2535741

Donkey anti-Rabbit IgG Alexa Fluor 680 Thermo Fisher Scientific Cat# A10043; RRID: AB_2534018

Donkey anti-Mouse IgG Alexa Fluor 680 Thermo Fisher Scientific Cat# A10038; RRID: AB_2534014

Donkey anti-Mouse IgG Alexa Fluor 488 Thermo Fisher Scientific Cat# A21202; RRID: AB_141607

Donkey anti-Mouse IgG Alexa Fluor 594 Thermo Fisher Scientific Cat# A21209; RRID: AB_2535795

Donkey anti-Rabbit IgG Alexa Fluor 568 Thermo Fisher Scientific Cat# A10042; RRID: AB_2534017

Donkey anti-Rabbit IgG Alexa Fluor 647 Jackson ImmunoResearch Laboratories Cat# 711-605-152; RRID: AB_2492288

Donkey anti-Mouse IgG Alexa Fluor 647 Jackson ImmunoResearch Laboratories Cat# 715-605-150; RRID: AB_2340862

Donkey anti-Sheep IgG Alexa Fluor 680 Jackson ImmunoResearch Laboratories Cat# 713-625-147; RRID: AB_2340753

Donkey anti-Goat IgG Alexa Fluor 488 Thermo Fisher Scientific Cat# A11055; RRID: AB_2534102

Donkey anti-Goat IgG Alexa Fluor 594 Thermo Fisher Scientific Cat# A11058; RRID: AB_2534105

Donkey anti-Goat IgG Alexa Fluor 647 Thermo Fisher Scientific Cat# A21447; RRID: AB_2535864

Donkey anti-rat IgG Alexa Fluor 594 Jackson ImmunoResearch Laboratories Cat# 712-585-153; RRID: AB_2340689

Donkey anti-mouse IgG Alexa Fluor 488 Jackson ImmunoResearch Laboratories Cat# 715-545-151; RRID: AB_2341099

Critical commercial assays

Human Progranulin DuoSet ELISA Kit R&D Systems Cat# DY2420

Cone-bottom collection tube Sarstedt Cat# 41.1500.005

TrueBlack Lipofuscin Autofluorescence

Quencher

Biotium Cat# 23007

Odyssey blocking buffer LI-COR Biosciences Cat# 927-40000

protease inhibitor Roche Cat# 05056489001

Pierce BCA Protein Assay Kit Thermo Fisher Scientific Cat# 23225

O.C.T compound Electron Microscopy Sciences Cat# 62550-01
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, FenghuaHu (fh87@cornell.edu).

Materials availability

Plasmids generated in this study are available from the lead contact upon request.

Data and code availability

d Data reported in this paper and any additional information required to reanalyze the data reported in this

paper are available from the lead contact upon request.

d This paper does not report any original code.

d All other items are available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse strains

Tmem106b�/� mice (D341bp) were generated using the CRISPR/Cas9 gene editing technique.98 C57BL/6

and Grn�/� mice25 were obtained from the Jackson laboratory. Tmem106b�/� 3 Grn�/� mating was used

to produce Tmem106b+/�Grn+/� mice. Tmem106b+/�Grn�/� or Tmem106b�/�Grn+/� mice were obtained

from Tmem106b+/�Grn+/� 3 Tmem106b+/�Grn+/� mating and Tmem106b�/�Grn�/� mice were obtained

from Tmem106b+/�Grn�/� 3 Tmem106b+/�Grn�/� or Tmem106b�/�Grn+/� 3 Tmem106b�/�Grn+/� mat-

ing. All animals (1-6 adult mice per cage) were housed in a 12h light/dark cycle. Mixed male and female

mice were used for this study. The age of themice used in each experiment is indicated in the figure legend.

The animal protocol (2017-0056) was approved by Cornell University’s animal care and use committee

following the National Research Council’s guide to the care of laboratory animals.

AAV plasmids, capsids, and testing

The AAV-GRN transgene (ssAAV-EF1a-Kozak-hPGRN-WPRE-hGHpA) was generated by cloning a codon-

optimized human GRN cDNA into a single-stranded AAV vector containing a human EF1a promoter.

A human growth hormone poly(A) sequence was added to increase mRNA stability, a Kozak sequence

was added for efficient initiation of translation, and the woodchuck hepatitis virus posttranscriptional

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

Lec2 cells ATCC Cat# CRL-1736

HEK293T cells ATCC Cat# CRL-1573

Experimental models: Organisms/strains

Mouse: C57BL/6 Jackson Laboratory RRID: IMSR_JAX:000664

Mouse: Grn�/� C57BL/6 Jackson Laboratory RRID: IMSR_JAX:013175

Mouse: Tmem106b�/� C57BL/6 Feng et al. 2020 N/A

Bacterial and virus strains

AAV1-hPGRN Alector This paper

AAV9-hPGRN Alector This paper

Software and algorithms

Viewer III Software Biobserve, Bonn, Germany N/A

GraphPad Prism 9 Graphpad Software https://www.graphpad.com/

ImageJ NIH N/A

Image Studio Lite LI-COR Biosciences N/A

SlideBook 6 Intelligent Imaging Innovations, Inc. N/A
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regulatory element (WPRE) was incorporated to enhance PGRN expression.Plasmid preparation was per-

formed by GenScript and Aldevron, and plasmids were tested for effective PGRN expression and secretion

by transfecting HEK293 and Lec2 cells and measuring intracellular PGRN (using lysed cells) and secreted

PGRN (using conditional medium) via ELISA (R&D Systems kit).

The ssAAV-GRNtransgene was packaged into AAV1 and AAV9 capsids by Viralgen and AAVwere tested for

effective PGRN expression and secretion by transducing Lec2 cells and measuring intracellular PGRN (us-

ing lysed cells) and secreted PGRN (using conditional medium) via ELISA (R&D Systems kit).

METHOD DETAILS

Stereotactic injection of AAV

Mice were anesthetized with inhalation of isoflurane and mounted on a stereotactic device. Excipient con-

trol buffer (10 mM Phosphate, 138mM NaCl, 2.7 mM KCl, & 0.001% Pluronic-68), AAV1 or AAV9 particles

containing humanGrn gene at the dose of 3.02 or 3.1131013 vector genomes (vg)/mL were stereotactically

injected bilaterally into lateral ventricles (ICV) of 6-week- or 9-week-old Tmem106b�/�Grn�/� mice (2 mL/

injection/site at the rate of 0.2 mL/min). Stereotactic coordinates of injection sites from bregma were as fol-

lows: �0.3 anterior/posterior, G1.0 medial/lateral, and 1.6 dorsal-ventral relative to bregma (in millime-

ters). Mice were sacrificed at 5 months of age, and brain and spinal cord samples were dissected for immu-

nohistochemistry and biochemical analyses.

Behavioral test

2-3 days before sacrificing, all the mice were subjected to the following behavioral tests.(1) Open-field test:

Mice were placed in a clear plastic chamber (403 403 40 cm) for 10 min. Total movements in the open field

were automatically recorded by the Viewer III software (Biobserve, Bonn, Germany). The apparatus was

thoroughly cleaned with 70% ethanol. (2) Hindlimb clasping test: Briefly, mice were suspended by the

base of the tail and their behaviors were recorded for 30 seconds by the Viewer III software (Biobserve,

Bonn, Germany). (3) Rolling over test: The mice were flipped back, and the time for the mice to flip back

was recorded with a video camera. Five measurements with an intertrial interval of 1 min were performed.

(4) Footprint test: The footprint apparatus consists of a runway (50 cm in length), with a dark box at the end.

Mice are trained to walk straight to the dark box on the white paper before the trial. The hind paws of the

mice are painted with blue color. Then the mice are made to walk on the white paper. The footprint pattern

is analyzed for stride length. Stride length is determined by measuring the distance between each step of

the same side of the body. For all behavioral analyses, experimenters were blind to the genotypes of

the mice.

Tissue preparation for western blot analysis

Mice were perfused with 13 PBS and tissues were dissected and snap-frozen with liquid nitrogen and kept

at �80�C. On the day of the experiment, frozen tissues were thawed and homogenized on ice with bead

homogenizer (Moni International) in ice-cold RIPA buffer (150 mMNaCl, 50 mM Tris-HCl (pH 8.0), 1% Triton

X-100, 0.5% sodium deoxycholate, 0.1% SDS) with 1 mM PMSF, proteinase and phosphatase inhibitors. Af-

ter centrifugation at 14,0003 g for 15 minutes at 4�C, supernatants were collected as the RIPA-soluble frac-

tion. The insoluble pellets were washed with RIPA buffer and extracted in 23 v/w of urea buffer (7 M Urea,

2 M Thiourea, 4% CHAPS, 30 mM Tris, pH 8.0). After sonication, samples were centrifuged at 200,0003 g at

24�C for 1 hour, and the supernatant was collected as the urea-soluble fraction. Protein concentrations

were determined via BCA assay, then standardized. Equal amounts of protein were analyzed by western

blot using the indicated antibodies.

Human PGRN ELISA

To determine the human PGRN levels in the serum, frontal cortex, and spinal cord lysates, homemade rab-

bit anti-human granulin E antibodies were used to coat a 96-well microplate with 100 mL per well and incu-

bate overnight at 4�C. The next day, after washing with 250 ml washing buffer (0.05% Tween� 20 in PBS, pH

7.4) for 3 min, the wells were blocked with blocking buffer (1% BSA in PBS, pH 7.4) for 1 hour, followed by

incubation with the proper amount of samples or recombinant PGRN protein (Human Progranulin DuoSet

ELISA, R&D Systems) at concentrations of 62.5, 125, 250, 500, 1000, 2000 and 4000 pg/mL for 2 hours. The

wells were then washed three times before incubation with the detection Antibody (Human Progranulin

DuoSet ELISA, R&D Systems) for 2 hours. Then the plate was incubated with Streptavidin-HRP solution
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for 20 minutes at room temperature. After 3 washes, 50 mL of TMB substrate solution (Thermo Fisher Sci-

entific) was added into the wells and the plate was incubated for 5–15 min until blue color appeared.

The reaction was stopped with 2N H2SO4 solution (Thermo Fisher Scientific). The optical density was deter-

mined by a microplate reader using the readings at 450 nm and subtracting the readings at 540 nm.

Immunofluorescence staining

Mice were perfused with cold PBS and tissues were post-fixed with 4% paraformaldehyde. After dehydra-

tion in 30% sucrose buffer, tissues were embedded in O.C.T compound (Electron Microscopy Sciences).15-

mm-thick sections were blocked and permeabilized with either 0.1% saponin in Odyssey blocking buffer or

0.2% Triton X-100 in 13 PBS with 10% horse serum before incubating with primary antibodies overnight at

4�C. The next day, sections were incubated with secondary fluorescent antibodies at room temperature for

1 hour. After fluorescence immunolabeling, the sections were stained with Hoechst and then mounted us-

ing a mounting medium (Vector laboratories). To block the autofluorescence, all sections were incubated

with 13 TrueBlack Lipofuscin Autofluorescence Quencher (Biotium) in 70% ethanol for 30 seconds at room

temperature before or after the staining process. Antigen retrieval was performed by microwaving the sec-

tions in sodium citrate buffer (pH 6.0) for 15 min.

Image acquisition and analysis

Images were acquired on a CSU-X spinning disc confocal microscope (Intelligent Imaging Innovations) with

an HQ2 CCD camera (Photometrics) using 40x, 63x, and 100x objectives. Eight to ten different random im-

ages were captured, and the fluorescence intensity was measured directly with ImageJ after a threshold

application. Lower magnification images were captured by 4x, 10x, or 20x objectives on a Leica DMi8 in-

verted microscope. The fluorescence intensity was measured directly with ImageJ after a threshold appli-

cation. Data from R3 brains in each genotype were used for quantitative analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using GraphPad Prism 8. All data are presented as mean G SEM.

Statistical significance was assessed by unpaired Student’s t test (for two groups comparison), and one-

way ANOVA tests with Tukey’s multiple comparisons (for multiple comparisons). p values less than or equal

to 0.05 were considered statistically significant. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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