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Abstract: Background/Objectives: Gaucher disease (GD) is an autosomal recessive lyso-
somal storage disorder caused by mutations in the GBAI gene. Type 1 Gaucher disease
is characterised by substrate accumulation in the visceral organs, which occurs in combi-
nation with acute and chronic neurodegeneration that distinguish type 2 and type 3 GD,
respectively. We have previously shown the efficacy of neonatal AAV9 gene therapy for
treating type 2 GD and aimed to investigate post-symptomatic administration into a model
of type 1 disease. Current murine models of type 1 disease are limited in their recapitulation
of early onset phenotypic manifestation and thus we aimed to create a novel model of type
1 in which to test the efficacy of adult gene therapy. Methods: The novel AAV-GD1 model
was created through intracerebroventricular injection of AAV9 containing the human GBA1
gene under control of the neuron-specific synapsin promoter (AAV9.hSynl.hGBA1) to the
pre-existing acute K14-Inl/Inl model of type 2 GD. Administration of AAV9.hSynl.hGBA1
aimed to restore glucocerebrosidase expression in the brain and extend the lifespan beyond
14 days, allowing the visceral pathology to develop further. The organ pathology was
characterised by immunohistochemistry at various time points. Once visceral disease
was confirmed, an intravenous injection of AAV9 containing a ubiquitously active CAG
promoter driving hGBAI1 (AAV9.CAG.hGBA1) was administered to post-symptomatic
mice. Animals were aged for 2 and 4 months post-treatment with AAV9.CAG.hGBA1, and
immunohistochemistry and enzymatic activity were assessed to investigate therapeutic
efficacy. Results: The AAV-GD1 model displayed visceral pathology in the spleen, lung,
and liver from 2 months of age. This allowed us to validate the efficacy of adult gene
therapy; intravenous administration of AAV9.CAG.hGBA1 transiently ameliorated the
lung pathology and rescued the spleen pathology up to 4 months post-administration.
Conclusions: The creation of the novel AAV-GD1 model with more aggressive visceral
pathology presents a unique opportunity for investigation of new therapies to treat type 1 GD.
AAV9.CAG.hGBAI represents a potential therapeutic option for all forms of Gaucher disease.

Keywords: Gaucher disease; AAV; gene therapy; mouse model; GD Type 1

1. Introduction

Gaucher disease (GD) is the most common lysosomal storage disease (LSD) world-
wide [1]. It is caused by mutations in the GBAI gene that result in absent or reduced
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activity of the lysosomal enzyme, 3-glucocerebrosidase (GCase). GCase is responsible
for catalysing the hydrolysis of its substrate, glucosylceramide (GlcCer), to glucose and
ceramide [2]. Therefore, the inherited deficiency is characterised by excess accumulation
and storage of GlcCer, and, to a lesser extent, glucosylsphingosine (GlcSph) in tissue
macrophages. Cells of the macrophage or monocyte lineage are most affected by GCase
deficiency, as they are responsible for eliminating erythroid and leukocyte cells, which con-
tain large amounts of glycosphingolipids [2]. Autophagy, mitochondria homeostasis, and
the endo-lysosomal pathway are some of the cellular processes that are affected in GD, with
engorged macrophages commonly found in the spleen, liver, and bone marrow resulting in
key clinical features such as hepatosplenomegaly, bone disease, and cytopenia [3].

Although presenting as a spectrum of pathology, Gaucher disease is broadly classified
into three subtypes based on the absence (type 1) or presence, and subsequent severity
of CNS involvement (types 2 and 3, known as neuronopathic GD [nGD]). Type 1 GD
(MIM 230800) is also referred to as the chronic adult non-neuronopathic form of disease,
and it has historically been considered as the form of disease not involving neuropathology.
Type 2 (MIM 230900) is the acute neuronopathic form of the disease, and typically presents
with the most severe symptoms such as rapid progression and severe neurodegeneration
leading to death in infancy or early childhood [4]. Type 3 GD (MIM 321000) is referred
to as the juvenile sub-acute neuronopathic form of disease, with visceral symptoms and
later-onset of neurological manifestations such as language difficulties, dementia, devel-
opmental delays, and slow horizontal saccadic eye movements [5,6]. A continuum of
phenotypes has been suggested based on most GD patients demonstrating some form of
neurological involvement of varying severity [5,7,8]. Moreover, mutations in the GBA1
gene have been identified as a common risk factor for Parkinson’s Disease [4,9-11].

Enzyme replacement therapy (ERT) is the first line therapy for targeting GD’s visceral
pathology. It is administered biweekly via intravenous administration [12] and successfully
reduces hepatosplenomegaly, improves thrombocytopenia and anaemia. However, GCase
is unable to cross the blood brain barrier (BBB) and therefore cannot be used to treat the
neurological manifestations of types 2 and 3 GD. The approach has also shown limited
efficacy for treating less-commonly reported GD manifestations such as bone disease [13]
pulmonary pathology, lymphadenopathy, and Gaucheroma [14]. Oral substrate reduction
therapy (SRT) is an alternative treatment for GD, which is used in patients who cannot
tolerate ERT or experience adverse anaphylactic responses to the therapy. It has also been
used successfully in combination with ERT in a small cohort of patients [15]. SRT’s mecha-
nism of action inhibits the glucosylceramide synthase enzyme, subsequently reducing the
amount of substrate influx into the lysosome and limiting GlcCer accumulation. There are
two FDA-approved oral SRT drugs available: Cerdelga® (eliglustat) and Zavesca® (miglu-
stat). Both eliglustat and miglustat have comparable efficacy to ERT but have increased
adverse side effect profiles and, despite miglustat being able to cross the BBB, do improve
neurologic function in patients [16].

AAV gene therapy has proved to be a safe and effective therapeutic tool for monogenic
disorders over the last decade, and the approval of new products such as Zolgensma®
(onasemnogene abeparvovec-xioi; Novartis) for Spinal Muscular Atrophy highlights the
potential of this therapeutic approach. For neurological disorders, AAV9 is the most
commonly used viral vector in both preclinical studies and clinical trials [17]. This is because
AAV9 can cross the BBB, allowing use of less invasive routes of administration, and has
potential for widespread biodistribution in the brain. AAV vectors also hold great potential
for LSDs like GD, where transduced neurons can release AAV-encoded lysosomal enzymes
for uptake by adjacent cells. This allows for cross-correction of untransduced cells and
enhanced therapeutic efficacy. This is important because small improvements in enzymatic
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activity may produce clinically meaningful benefits in patients [18]. In combination with the
AAV9 capsid, the promoter sequence plays an important role in influencing the cell-specific
and strength of transgene expression. The durability of resulting transgene expression
in human patients after AAV administration is greater than 10 years [19,20], making it a
suitable therapeutic tool for life-long inherited diseases. The current evolving global interest
in gene therapy validate the use of viral gene therapy for devastating genetic conditions for
which there is currently no cure. Moreover, the number of planned and ongoing clinical
trials for Gaucher disease by two independent agencies (NCT05324943 and NCT04411654)
highlights the demand for a more effective therapy in this patient population.

Type 1 is the most prevalent form of GD in the western world [21]; however, research
into the disease is currently limited by the availability of an animal model that accurately
recapitulates phenotypic manifestations with an early age of disease onset. Point mutation
models show some evidence of Gaucher cell infiltration in the viscera from 4 months old
but no quantitative pathology [22]. Other models, the GD mouse [23] and GBA1 mouse
model [24], recapitulate some of the type 1 pathology, however this is only detectable
from 5 months old and 14 months old, respectively. This long timeframe for pathology to
develop in these models is not conducive to quick investigation of potential therapeutic
agents. Furthermore, the models lack quantification of statistically significant pathology.
A tamoxifen-induced GD mouse model was created, which has whole body deletion
of the GBA1 gene but can model systemic pathology. Death occurs within 1 week of
tamoxifen induction, however, and therefore clinically relevant post-symptomatic gene
therapy administration could not be tested [25]. This necessitated the development of a
novel model of early onset type 1 GD.

We have previously shown that intravenous AAV9 gene therapy successfully ex-
tended the lifespan, improved locomotor function and ameliorated neuropathology of the
K14-Inl/Inl mouse model [26,27], an acute model of type 2 neuronopathic GD with a
lifespan of approximately 14 days [28]. Successful therapeutic efficacy was observed from
intravenous administration in both the fetal [27] and neonatal period [26], with the latter
using a neuron-specific promoter. The neonatally administered therapy was effective,
however there was limited amelioration of the visceral pathology despite intravenous
administration. We therefore investigated a ubiquitously active promoter in an attempt
to develop a universal therapy for the Gaucher population, which successfully rescued
pre-symptomatic pups when administered intravenously at PO [29]. These pre-clinical
results hold potential for the small portion of type 2 patients where early intervention is
possible. Ideally, a universal gene therapy for all forms of GD would be administered
early in the neonatal period. However, newborn screening for GD is not a current clinical
reality in most countries [30]. Therefore, a model to investigate adult administration in
predeveloped type 1 disease was required, mimicking the clinical reality. This would allow
us to explore whether gene therapy could reverse pre-existing extensive visceral pathology.

To create a novel model of type 1 GD we employed intracerebroventricular adminis-
tration of our neuron-directed genetic therapy, AAV9.hSynl.hGBA1, to rescue the neurode-
generation of the K14-Inl/Inl model. Previously, this vector had successfully treated the
neuropathology in this model when given intravenously [26]. Our brain-directed injection
aimed to extend the lifespan of the model beyond 14 days, allowing assessment of the time
required for visceral pathology to develop. This model will herein be referred to as the
AAV-GD1 model. The AAV-GD1 mice revealed visceral pathology comparable to type 1
disease seen in humans from the early time point of 2 months of age. Thereafter, we used
this model to investigate the efficacy of post-symptomatic intravenous administration of
AAV9.CAG.hGBAL1 to treat type 1 GD. The ubiquitous CAG promoter used in this vector
would ensure expression of therapeutic GBA1 in a broad range of cells in the body.
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2. Materials and Methods
2.1. Plasmid and Viral Vector Production

The cis plasmids pAAV.hSynl. hGBA1 and pAAV.CAG.hGBA1 and resulting AAV vectors
were produced and tested as described previously [29]. Briefly, the plasmids were cloned
into ITR-containing backbones and used to transfect HEK-293 cells. Once increased GCase
activity resulting from the plasmids was confirmed, single stranded AAV9 vectors were
produced. Endotoxin-free plasmid preparations were performed and provided to Vector
Biolabs. The AAV vectors were produced by standard triple transfection of HEK293 cells
and purified by ultracentrifugation of density gradients and subsequently caesium chloride.
Finally, the vectors were diluted in phosphate buffered saline (PBS) to a final concentration
of 6 x 1013 vg/mL.

2.2. Animal Colony Maintenance and Viral Vector Administration

All in vivo investigations were performed using the K14-Inl/Inl mouse model, and
the newly developed AAV-GD1 model described. Mouse procedures and welfare were
approved by the University College London Animal Welfare and Ethical Review Board
(AWERB) in accordance with the project and personal licences granted by the UK Home
Office and the Animal (Scientific Procedures) Act of 1986. The Animal Research Reporting
of In Vivo Experiments (ARRIVE) guidelines were also closely followed. The animals were
kept on a 12-h light/dark cycle with unlimited access to food and water. Mice were housed
in individually ventilated cages (IVCs), with appropriate husbandry and environmental
enrichment. The breeding colony was maintained as heterozygotes and genotyped as
previously described [28]. The mice were regularly monitored and culled if the humane
end point was reached. This was defined as greater than 15% body weight loss, or if
the mouse presented with spasticity, paralysis, neck hypertension, or unconsciousness
for more than 4 h. The AAV-GD1 model was created through intracerebroventricular
administration of 7.2 x 10! vg of AAV9.hSynl.hGBA1 vector to postnatal day 1 (P1)
K14-Inl/Inl knockout (KO) pups. An amount of 5 pLof the vector was administered bilater-
ally using a Hamilton syringe (Hamilton company, Reno, NV, USA) and the injection site
was identified as previously described [31]. The mice were aged to either 2 or 4 months old.
To investigate the efficacy of AAV9.CAG.hGBAI at reversing or ameliorating the pathology
in an adult type 1 model of GD, AAV-GD1 animals were injected intravenously (IV) with
4.6 x 10! vg/kg at 2 months of age. Treated animals were then aged to 2 or 4 months
post-IV injection. AAV-GD1 mice were randomly allocated to each experimental group and
no animals or data points were excluded in the study. Researchers were unblinded to the
experimental groups during the study. We calculated the group sizes (n = 3) based upon
immunohistochemical quantifications performed in previous studies using GUSB [27],
Synapsin [26] and CAG promoters, using the probability of finding an effect set at 80% and
the probability of incorrectly rejecting the null hypothesis when it is true set at 0.05 (alpha).
We used the Power and Sample Size calculator [32].

2.3. Sample Collection

Mice were collected at the experimental end point by transcardial prefusion with
phosphate buffered saline (PBS, Thermo Fisher Scientific, Massachusetts, USA) under
terminal isoflurane anaesthesia. Cardiac puncture was performed at the time of collection
to assess enzymatic activity in the plasma. Blood was collected in EDTA tubes (Sarstedt)
and centrifuged at 2000 x g for 15 min. Plasma was transferred to a new tube and stored
at —80 °C for future use. End-stage plasma readings were used as sufficient volumes of
plasma could not be collected during the in-life portion of the study in smaller animals.
The organs harvested included the brain, lungs, liver, and spleen. One part of each organ
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was fixed in 4% paraformaldehyde (PFA) solution for 48 h at 4 °C, before transfer to a
cryopreserving solution of 30% sucrose, again at 4 °C. The other half of the organ was snap
frozen on dry ice and stored at —80 °C for enzymatic analysis.

2.4. Immunohistochemical and Histological Analysis

Fixed tissues were cryosectioned at 40 um thickness using a Leica CM3050S cryostat
(Leica Microsystems, Wetzlar, Germany) at a constant temperature of —20 °C. Immuno-
histochemical staining was used to assess neuroinflammation and lysosomal status in
the brain, as well as inflammation in the key visceral organs. Staining was performed as
described previously [26], with brain sections stained with primary antibodies for CD68
(1:2000, MCA1957 Bio-Rad, Hercules, CA, USA) and GFAP (1:1000, MAB3402 Millipore,
St. Louis, MO, USA) to assess microglial activation and astrocyte activation, respectively,
LAMP1 (1:2000, ab24170 Abcam, Cambridge, UK) to investigate lysosomal accumulation,
and GCase (1:1000, G4171 Sigma-Aldrich, Milwaukee, WI, USA) for both endogenous
and vector-mediated GCase protein expression. Biotinylated anti-rat (BA-9400, Vector
Laboratories, Newark, NJ, USA) or anti-rabbit (BA-1000, Vector Laboratories, Newark,
NJ, USA) secondary antibodies were used at a final concentration of 1:1000, diluted in
0.3% Triton X-100 TBS (TBS-T). Visceral organs were also assessed for macrophage and
lysosome accumulation using CD68 and LAMP1, respectively. Hematoxylin and Eosin
(H&E) staining of visceral organs was also performed to assess tissue architecture and
Gaucher cell accumulation. To achieve this, sections were mounted onto chrome-gelatine
coated slides to air dry. The dried sections were protected from the light and stained with
filtered 0.1% Mayer Hematoxylin (Sigma-Aldrich) for 10 min. The sections were rinsed in
distilled water and stained with 0.5% Eosin solution (Sigma-Aldrich). The stained sections
were rinsed again until excess Eosin staining was removed and subsequently dehydrated
in increasing concentrations of ethanol (50%, 70%, 95%, 100%). Finally, the slides were
incubated in Histoclear (Geneflow, Lichfield, CT, USA) for 30 min and cover slipped using
a DPX mountant for histology (Sigma-Aldrich, Milwaukee, WI, USA).

2.5. Microscope Imaging and Quantitative Analysis

Average immunoreactivity of GFAP, CD68, LAMP1, and GCase antibodies was mea-
sured by quantitative thresholding image analysis as previously described [33]. Briefly,
10 non-overlapping images of discrete regions were captured using a Nikon DS-Fil camera
(Nikon, Tokyo, Japan) attached to a Nikon Eclipse E600 microscope. Light intensity and
microscope calibration settings were kept constant throughout imaging of the brain and vis-
ceral organ sections stained with the same antibody. The level of immunoperoxidase-based
staining was quantified using the Image-Pro Premier Analysis System (Media Cybernetics,
Rockville, MD, USA). A minimum threshold value for the detection of foreground pixel
intensity above the background was assigned for a specific organ group stained with a
certain antibody. The level of quantified staining was defined as pixel intensity above the
assigned threshold, which was expressed as a stained percentage of the total area of the
image which was measured.

2.6. Enzymatic Activity Assay

GCase enzymatic activity was measured as described previously [27]. Briefly, samples
were prepared by homogenising approximately 1 g of frozen tissue in distilled water on
ice, centrifugation at 12,000 x g for 20 min at 4 °C and recovery of the supernatant. Pro-
tein concentration was determined using a Pierce BCA Assay (Thermo Fisher Scientific,
Waltham, MA, USA). Samples were then incubated with the well-established synthetic
substrate 4-methylumbelliferone-{3-glucopyranoside (4-MU-pGlu, Sigma-Aldrich, Milwau-
kee, USA) in 0.15 M extraction buffer (pH 5.9) at 37 °C for one hour. The reaction was
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stopped by the addition of 1M glycine buffer (pH 11) and resulting fluorescence levels
were measured using the FluoStar Optima Plate Reader (excitation wavelength: 360 nm,
emission wavelength: 450 nm). GCase enzymatic activity was expressed as nmol/hr/ug.

3. Results

3.1. AAV-GD1 Mice Survive to at Least 6 Months of Age and Develop Splenomegaly from
2 Months Old with No Evidence of Neuropathology

K14-Inl/Inl KO mice received 7.2 x 10! vg of AAV9.hSynl.hGBA1 via intracerebroven-
tricular (ICV) injections at postnatal day 1 (P1). This created the AAV-GD1 model that
significantly extended the lifespan compared to the 14-day lifespan of untreated knock-out
mice. The AAV-GD1 animals were sacrificed at 2, 4, 5, and 6 months of age and compared to
age-matched wild-type (WT) controls (1 = 3 per group) (Figure 1A). No significant change
in the weight of AAV-GD1 mice was observed at 2 months of age. However, AAV-GD1
mice were significantly smaller at 4, 5, and 6 months of age (Figure 1B). To investigate
hepatosplenomegaly, a characteristic feature of GD in humans, the liver and spleen weights
were measured at the time of sacrifice. These were normalised to the body weight to account
for any difference in the size of the animals. No significant difference was observed for the
liver-body weight ratio (Figure 1C), while the spleen-body weight ratio was significantly
increased for AAV-GD1 mice at all ages (Figure 1D). This indicated that splenomegaly, a key
characteristic of Type 1 Gaucher disease, had developed in this model by 2 months of age.
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Figure 1. Experimental procedure and weights of AAV-GD1 mice compared to wild-type controls.
(A) Experimental procedure to create and characterise the AAV-GD1 model using ICV administration
of AAV9.hSynl.LhGBA1 to P1 K14-Inl/Inl KO pups. Once survival beyond the 14-day critical threshold
was achieved, mice were sacrificed at 2, 4, 5, and 6 months of age (1 = 3). (B) End-stage body weight
of AAV-GD1 animals compared to WT controls (n = 3); (C) liver weights expressed as a portion
of total body weight; and (D) spleen weight expressed as a portion of total body weight indicated
splenomegaly development from 2 months old. (Data presented as average & SD. Statistical analy-
sis: two-way ANOVA, adjusted for multiple comparisons using Sidak’s multiple comparison test.
*p <0.05; ** p < 0.01; *** p < 0.001; *** p < 0.0001).



Pharmaceutics 2025, 17, 650

7 of 22

The K14-Inl/Inl type 2 mouse model typically presents with acute and extensive neu-
roinflammation, microglial activation, and astrogliosis at the end stage [26—-29], which is not
typical of type 1 disease. We examined the somatosensory barrel (51BF) region of the cortex
as it is one of the most affected regions in the mouse model and is representative of the hu-
man course of disease. We compared AAV-GD1 animals to age-matched wild-type controls,
with postnatal day 14 (P14) KO brains included as a positive control for neuropathology.
The brains of untreated K14-Inl/Inl knockout mice typically show extensive microglia
proliferation. This was significantly ameliorated in the cortex of brains of AAV-GD1 mice
at all ages (p < 0.0001) and restored to wild-type levels (Figure 2A,B). Activated astrocytes
also serve as an indicator of neuroinflammation, which is detected using the GFAP marker.
These results mirrored those seen for CD68. The level of astrocyte activation in AAV-GD1
animals was restored to the WT level, significantly less than in untreated K14-Inl/Inl KO
mice (p < 0.0001) (Figure 2C,D). This is expected for a model of type 1 Gaucher disease
where neuropathology would not be a defining feature. Additionally, we investigated
expression of glucocerebrosidase post-ICV administration, which showed long-lasting,
widespread overexpression of glucocerebrosidase in AAV-GD1 brains even at 6 months
post-injection (Figure 2E,F).

o wr
& AAV-GD1
o KO(P1a)

AAV-GD1

Average immunoreactivity of GCase (%)

Figure 2. Ameliorated neuropathology and continued GCase expression in AAV-GD1 mice post-ICV
administration. (A) Representative images of CD68 staining in the S1BF region of the brain from WT
and AAV-GD1 mice, with a P14 KO brain included as a positive control, to assess microglial activation.
(B) Quantification of CD68 immunoreactivity revealed significantly reduced microglial activation in
AAV-GD1 animals at all ages compared to untreated P14 KO controls. (C) Representative images
of astrogliosis are indicated by GFAP immunostaining in the S1BF and (D) quantification of GFAP
immunoreactivity, which was also significantly reduced in AAV-GD1 animals compared to KO mice.
(E) Light microscopy images of the S1BF stained for glucocerebrosidase and (F) quantification of
immunostaining revealed persistent GCase expression even 6 months post-ICV AAV9.hSynl.hGBA1
administration. Scale bar: 100 um, higher magnification insert: 65 um. N = 3 per cohort. (Data
presented as average % SD. Statistical analysis: two-way ANOVA, adjusted for multiple comparisons
using Sidak’s multiple comparison test. * p < 0.05; **** p < 0.0001).
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3.2. Engorged Macrophages and Gaucher Cells Detected from 2 Months Old in AAV-GD1 Mice

Type 1 GD visceral organ disease is most commonly observed in the spleen and liver,
with some lung pathology. We aimed to determine the extent of visceral pathology in the
AAV-GD1 mouse, and the time of disease onset. Inmunostaining for CD68 demonstrated
engorged macrophages in all tissues which were more abundant than in WT animals. Sig-
nificant macrophage activation was observed in the spleens of AAV-GD1 mice (Figure 3A)
at 2 months (p = 0.0045), 4 months (p < 0.0001), 5 months (p < 0.0001), and 6 months of age
(p = 0.0006) (Figure 3B). The engorged macrophages were largely observed in the white
pulp (Figure 3A). Significant accumulation of engorged macrophages was also seen in
the lungs of AAV-GD1 mice (Figure 3C) at 2 months (p < 0.0001), 4 months (p = 0.0058),
5 months (p < 0.0001), and 6 months (p < 0.0001) (Figure 3D). Higher magnification im-
ages revealed engorged macrophages in the lungs of AAV-GD1 mice in comparison to the
smaller punctate staining characteristic of macrophages seen in healthy wild-type tissue
(Figure 3C). Engorged macrophages were also observed in the liver (Figure 3E), which
were significantly increased in AAV-GD1 mice at 4 months (p = 0.0258) and 6 months
of age (p = 0.0229) (Figure 3F). Although analysis at the other timepoints did not show
significant differences, both 2-month (p = 0.0926)- and 5-month (p = 0.2416)-old AAV-GD1
animals displayed a higher prevalence of engorged macrophages (Figure 3E). This increase,
although not significant, was greater and more consistent in the 5-month-old AAV-GD1
mice than in 2-month-old animals.

Lysosomal-associated membrane protein 1 (LAMP1) immunostaining was used to
detect enlarged lysosomes in the visceral organs. Lysosomes become enlarged in Gaucher
disease due to the accumulation of glycosphingolipids. Light microscopy of the spleen
revealed enlarged lysosomes in the white pulp of AAV-GD1 animals at all ages (Figure 3G).
Quantification showed a significant increase in the average immunoreactivity at 4 months
(p <0.0001), 5 months (p < 0.0001), and 6 months of age (p = 0.0001) (Figure 3H). In the lung,
quantification of immunostaining revealed no significant increase in enlarged lysosomes
at 2 months (p = 0.9823), 4 months (p = 0.7587), 5 months (p = 0.1681), or 6 months of
age (p = 0.0572) in AAV-GD1 mice (Figure 3J). However, immunostaining tended to be
higher in all AAV-GD1 animals, and higher magnification imaging revealed the presence
of enlarged lysosomes in the AAV-GD1 cohort, particularly at 5 and 6 months of age.
This was distinct from the small punctate lysosomal staining observed in the wild-type
tissues (Figure 3I). The inability of the quantification software to detect lysosome-specific
immunostaining relative to the elevated background staining level may explain why no
statistically significant results were obtained, despite the obvious presence of enlarged
lysosomes in the lungs of AAV-GD1 mice. Similar to the lung, the liver tissue from
all AAV-GD1 mice displayed an increase in enlarged lysosomes (Figure 3K). This was
statistically significantly increased at 5 months (p = 0.0110) and 6 months of age (p = 0.0008).
The increase was not statistically significant at 2 months (p = 0.9598) and 4 months old
(p = 0.1341) (Figure 3L); however, enlarged lysosomes were visible under both low- and
high-magnification microscopy. Moreover, the presence of enlarged lysosomes seemed to
increase with age in the AAV-GD1 cohort.
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Figure 3. Visceral pathology is evident from 2 months old in AAV-GD1 mice. Representative light
microscopy images and relevant quantification of macrophage activation by CD68 staining in the
(A,B) spleen, (C,D) lung, and (EF) liver of AAV-GD1 mice compared to age-matched wild-type
controls. LAMP1 immunostaining and quantification was also performed to assess lysosomal accu-
mulation in the (G,H) spleen, (I]) lung, and (K,L) liver of WT and AAV-GD1 animals. These results
suggest that some pathology is already evident in AAV-GD1 animals by 2 months of age. Scale bar:
100 um, higher magnification insert: 65 um. N = 3 per cohort. (Data presented as average + SD.
Statistical analysis: two-way ANOVA, adjusted for multiple comparisons using Sidak’s multiple
comparison test. * p < 0.05; ** p < 0.01; ** p < 0.001; *** p < 0.0001).

Tissue architecture was also assessed using microscopy analysis of H&E-stained
tissues. The overall structure of lung and liver samples from AAV-GD1 animals appeared
similar to wild-type tissues. However, enlarged Gaucher cells were observed in the lung,
liver, and spleen tissues from 2 months old (Figure 4A-C), confirming the results observed
with CD68 staining. Spleen architecture in tissue from AAV-GD1 mice was significantly
disrupted with enlarged Gaucher cells, particularly in the white pulp region from 2 months
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of age (Figure 4A). This was also evident in spleens of AAV-GD1 animals that were stained
for CD68 and LAMP1 markers.

Figure 4. Gaucher cell infiltration and disrupted tissue architecture in the viscera of AAV-GD1
mice. H&E staining of (A) spleen, (B) lung, and (C) liver tissue from AAV-GDI1 mice and
age-matched controls revealed infiltrating Gaucher cells (black arrow) and disrupted tissue ar-
chitecture, particularly the white pulp region of the spleen, from 2 months of age. Scale bar: 100 um,
higher magnification insert: 65 pm. N = 3 per cohort.

3.3. Post-Symptomatic Genetic Therapy Rescues Splenic Pathology in AAV-GD1 Model with
Limited Efficacy in Other Organs

Following development and characterisation of the AAV-GD1 model, we determined
that sufficient pathology was present at 2 months old to mimic type 1 GD. We therefore
selected this time as the point of intervention to assess the efficacy of post-symptomatic
intravenous AAV9.CAG.hGBA1 administration for treating type 1 GD. Two-month-old
AAV-GD1 mice were treated with an intravenous administration of 4.6 x 10'* vg/kg
AAV9.CAG.hGBA1 and then sacrificed at 2 or 4 months post-intravenous injection
(n = 3 per time point), along with age-matched wild-type and untreated AAV-GD1 mice
(Figure 5A). Untreated AAV-GD1 animals were smaller than wild-type controls at 4 months
old (p = 0.0056), while untreated (p = 0.0019) and treated AAV-GD1 (p = 0.0056) animals
were smaller than wild types at 6 months old (Figure 5B). As observed previously, no
significant hepatomegaly was detected in either treated or untreated AAV-GD1 mice group
at 4 and 6 months of age (Figure 5C). Splenomegaly was rescued in treated AAV-GD1 mice,
with statistically significant improvements observed in 6-month-old animals (p = 0.003)
(Figure 5D). This indicated a significant reversal of splenomegaly in this model.



Pharmaceutics 2025, 17, 650

11 of 22

AAVI.SYN.hGBA1 = AAV9.CAG.hGBA1
( K
\ s . g
(AAV-GD1 +
AAV-GD1
o { " ) AAV.CAG.hGBAI)
p | e n=6 Collection Collection
) t } |
P\'_ /," n =3 (AAV-GD1) n =3 (AAV-GD1)
n=3(AAV-GD1 + n=3(AAV-GD1 +
n=12 AAVI.CAG.hGBAI) AAVO.CAG.hGBA1)
P1 2 Months 4 Months 6 Months
Body weight
B 80 il
60
C] WT
Z % AAGD1
3 4 +  AAV-GD1+
g‘ I AAVS CAG hGBAT
-
20
o
4 6
Age (Months)
Liver/body weight Spleen/body weight
0.40 0.008 a R
0.08 &
x r £ 0008
K + g
£ o0e . s AAV-GD1 H . WT
T ® AAV-GDI + g 0.004 *  AAV-GD1
g wd & == % 3 ABV9.CAG hGBAT ] i * AAVGD1+
s % + AAVS CAG.hGBAT
i P 4 3
0.00 0.000
4 6 4 6
Age (Months) Age (Montns)

Figure 5. Experimental procedure and efficacy of post-symptomatic intravenous AAV gene therapy
in treating body weight and hepatosplenomegaly of AAV-GD1 model. (A) AAV-GD1 mice were
created as described previously (n = 12), and at 2 months old half of the AAV-GD1 groups received
an intravenous AAV9.CAG.hGBA1 injection. Two months post-IV administration (i.e., 4 months old),
half of the AAV-GD1 (n = 3) and AAV-GD1 + AAV9.CAG.hGBA1 (n = 3) experimental groups were
collected. The remaining mice (1 = 3 per cohort) were aged for a further 2 months and collected
4 months post-IV administration (i.e., at 6 months old). (B) End-stage body weight of treated
AAV-GD1 animals compared to age-matched wild-type and untreated controls. (C) Liver weights
expressed as a portion of total body weight and (D) spleen weight expressed as a portion of total body
weight revealed splenomegaly was improved in treated AAV-GD1 animals at 6 months old. (Data
presented as average + SD. Statistical analysis: two-way ANOVA, adjusted for multiple comparisons
using Sidak’s multiple comparison test. * p < 0.05; ** p < 0.01; *** p < 0.001).

Macrophage activation in the spleens of treated animals was significantly reduced at
both 4 months (p = 0.0028) and 6 months old (p < 0.0001) (Figure 6B). Light microscopy
revealed that inflammation in AAV-GD1 spleens seemed to escalate with increasing age,
as indicated by a higher prevalence of large, engorged macrophages in the white pulp of
spleen tissue at 6 months old. These large macrophages were largely absent in treated
AAV-GD1 animals with the exception of some solitary engorged macrophages seen in the
white pulp region of 6-month-old animals (Figure 6A). In the lung, no significant inflam-
mation was detected by immunostaining in 4-month-old untreated or treated AAV-GD1
mice (Figure 6D). Light microscopy images of lung sections from 4-month-old untreated
AAV-GD1 mice revealed a higher prevalence of engorged macrophages compared to those
seen in the treated animals which displayed smaller, more punctate staining (Figure 6C). At
6 months old, both the untreated and treated AAV-GD1 mice showed a significant increase
in average immunoreactivity compared to the wild-type control (p = 0.0208 and p = 0.0032,
respectively). Light microscopy of lung tissue from 4- and 6-month-old treated AAV-GD1
mice revealed that the size and number of engorged macrophages had increased between
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4 and 6 months (Figure 6C). In the liver, macrophage activation was not observed to the
same extent as previously observed in AAV-GD1 animals. No significant increase was
observed at 4 or 6 months when comparing untreated (p = 0.8952 or p = 0.6835, respec-
tively) or treated AAV-GD1 mice (p = 0.3188 or p = 0.2929, respectively) (Figure 6F). The
treated AAV-GD1 mice tended to have an increased average immunoreactivity at both
4 and 6 months of age. However, light microscopy revealed the macrophages to be smaller,
more diffuse markings compared to the darker, more engorged macrophages seen in the
AAV-GD1 mice, particularly at 6 months (Figure 6E).
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Figure 6. Post-symptomatic intravenous AAV9.CAG.hGBA1 partly ameliorates visceral pathology.
Representative light microscopy images and relevant quantification of macrophage activation by
CD68 staining in the (A,B) spleen, (C,D) lung, and (EF) liver of untreated and treated AAV-GD1 mice
compared to age-matched wild-type controls. These results suggest that intravenous gene therapy
successfully treats some organs, such as the spleen, while others such as the lung remain refractory to
treatment. Scale bar: 100 um, higher magnification insert: 65 um. N = 3 per cohort. (Data presented
as average + SD. Statistical analysis: two-way ANOVA, adjusted for multiple comparisons using
Sidak’s multiple comparison test. * p < 0.05; ** p < 0.01; **** p < 0.0001).

Lysosomal accumulation was also visualised using LAMP1 immunostaining of the
spleen, lungs, and liver. Lysosomal accumulation in the spleen was rescued in the
6-month-old AAV-GD1 treated animals (p = 0.0238) (Figure 7B). Light microscopy re-
vealed enlarged lysosomes in the white pulp region of untreated AAV-GD1 animals at
4 and 6 months old, which was largely absent in treated animals at the same time points
(Figure 7A). In the lung, lysosomes were statistically significantly enlarged in AAV-GD1
mice at 4 months old compared to wild type (p = 0.0324) (Figure 7D), as observed previ-
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ously, which was restored to wild-type levels in treated AAV-GD1 animals (p = 0.0261 vs.
untreated AAV-GD1). In 6-month-old mice, the AAV-GD1 cohort displayed significantly
increased LAMP1 staining compared to wild type (p = 0.0191). There was no statistically
significant difference between the treated AAV-GD1 cohort and age-matched wild-type
controls (p = 0.0844) or the untreated AAV-GD1 mice (p = 0.8157). However, the mean
LAMP1 immunoreactivity of 6-month-old treated AAV-GD1 mice tended to be higher
than that seen for age-matched wild-type controls (20.55 vs. 9.747, respectively). Light mi-
croscopy images of 4-month-old treated AAV-GD1 LAMP1-stained lungs revealed punctate
lysosomal staining. This was similar to the lysosomal appearance observed in age-matched
wild-type tissue (Figure 7C). In the liver, LAMP1 staining at 4 months old was similar
between AAV-GD1 mice and WT controls, while treated AAV-GD1 animals displayed
significantly increased LAMP1 staining (p = 0.0182 and p = 0.0192, respectively) (Figure 7F).
On closer examination with light microscopy, these lysosomes did not appear enlarged, as
is typical of Gaucher disease, but instead the staining appeared punctate and similar to that
seen in WT liver tissue (Figure 7E). At 6 months old, both untreated and treated AAV-GD1
cohorts displayed similar average immunoreactivity values to that seen in wild-type tissue.
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Figure 7. Post-symptomatic intravenous AAV9.CAG.hGBA1 partly ameliorates visceral lysosomal
accumulation. Representative light microscopy images and relevant quantification of LAMP1 im-
munostaining to assess lysosomal accumulation in the (A,B) spleen, (C,D) lung, and (EF) liver of WT
and AAV-GD1 mice compared with those AAV-GD1 animals treated with AAV9.CAG.hGBAI. Scale
bar: 100 um, higher magnification insert: 65 pum. N = 3 per cohort. (Data presented as average + SD.
Statistical analysis: two-way ANOVA, adjusted for multiple comparisons using Sidak’s multiple
comparison test. * p < 0.05).
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In untreated AAV-GD1 animals, H&E staining revealed significant disruption of spleen
tissue, particularly the white pulp regions, which was rescued in treated AAV-GD1 animals
(Figure 8A). In the lung, infiltrating Gaucher cells were present in both the untreated and
treated AAV-GD1 mice at 4 and 6 months old (Figure 8B). H&E staining of the liver revealed
no significant changes in tissue architecture at 4 or 6 months old in all cohorts (Figure 8C).
At 6 months old, sporadic Gaucher cells were observed in the liver tissue of both the
untreated and treated AAV-GD1 groups, but these were small, consistent with the CD68
and LAMP1 immunostaining findings.
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Figure 8. Intravenous gene therapy rescues spleen architecture in treated AAV-GD1 mice. H&E
staining of (A) spleen, (B) lung, and (C) liver tissue from WT, AAV-GD1 mice and AAV9.CAG.hGBAI-
treated AAV-GD1 mice revealed Gaucher cells (black arrow), and disrupted tissue architecture was
rescued in treated mice, particularly in the white pulp region of the spleen at both 4 and 6 months
old. Scale bar: 100 um; higher magnification insert: 65 um.

3.4. Intravenous Gene Therapy Temporarily Increased B-Glucocerebrosidase Activity

We measured the enzymatic activity of (3-glucocerebrosidase in organs and blood
plasma at 4-month and 6-month timepoints. To assess the difference in enzymatic activ-
ity compared to tissue from untreated knockout animals, tissue samples from untreated
K14-Inl/Inl (KO) collected at the P14 endpoint were included in the analysis as a control.
In the spleen, untreated AAV-GD1 mice had significantly reduced enzymatic activity com-
pared to wild-type and treated AAV-GD1 mice (p < 0.0001 and p = 0.0004, respectively), and
it was comparable to P14 KO animals (Figure 9A). The splenic enzymatic activity in treated
AAV-GD1 animals was similar to wild-type mice at 4 months old; however, this decreased
in the 6-month-old cohort. At 6 months of age, both untreated and treated AAV-GD1
animals had significantly reduced enzymatic activity (p < 0.0001 for both groups) and
were comparable to P14 KO animals. In the lung, similar results were observed to those
in the spleen (Figure 9B). Four-month-old AAV-GD1 mice had significantly decreased
-glucocerebrosidase activity compared to wild-type controls (p = 0.0063) and treated
AAV-GD1 animals (p = 0.0004), which was comparable to untreated KO mice. In compari-
son, both wild-type and treated AAV-GD1 mice showed significantly increased enzymatic
activity in the lung in comparison to the untreated P14 knockout (p = 0.005 and p = 0.0003,
respectively). At 6 months old, the enzymatic activity in treated AAV-GD1 animals tended
to be lower than wild-type controls, while the untreated AAV-GD1 and P14 KO mice had
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significantly reduced enzymatic activity (p = 0.0143 and p = 0.0228, respectively). Liver
enzymatic activity in 4-month-old treated AAV-GD1 animals was significantly increased
compared to wild-type controls (p = 0.0266) and untreated AAV-GD1 mice (p = 0.0013),
as well as in P14 KO controls (p = 0.0013) (Figure 9C). Untreated AAV-GD1 animals dis-
played comparable liver enzymatic activity to P14 KO controls at both 4 and 6 months
of age. Enzymatic activity tended to decrease between 4 and 6 months in the treated
AAV-GD1 mice, and no statistically significant differences were observed between any
of the cohorts at 6 months of age. We also investigated enzymatic activity in the brain
(Figure 9D) and plasma (Figure 9E) to assess the change in enzymatic activity afforded by
the second administration of intravenous AAV9 gene therapy. In the brain, both untreated
and treated AAV-GD1 mice had supraphysiological enzymatic activity at 4 (p < 0.0001 for
both cohorts) and 6 months of age (p < 0.0001 for both cohorts). No changes were seen in
treated AAV-GD1 animals compared to untreated, suggesting that the intravenous second
injection at 2 months old does not lead to a further increase of enzymatic activity in the
brains of treated mice. 3-glucocerebrosidase is a soluble secreted enzyme, and therefore
we examined the enzymatic activity in plasma at the sample collection point to determine
the effect of a second intravenous gene therapy administration on circulating enzyme
levels. At 4 months old, supraphysiological enzymatic activity levels were detected in the
plasma of treated AAV-GD1 mice in comparison to wild-type and untreated AAV-GD1
cohorts, as well as P14 KO animals (p < 0.0001 for all cohorts). As with the visceral organs,
mean enzymatic activity in the plasma of treated AAV-GD1 mice decreased between 4 and
6 months old. Additionally, there was a large amount of variation in the 6-month-old cohort,
making comparison difficult. Despite this, the mean enzymatic activity in the plasma of
treated 6-month-old AAV-GDI1 remains increased in comparison to untreated AAV-GD1
animals and P14 KO and is comparable to wild-type enzymatic activity.
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Figure 9. Intravenous gene therapy temporarily increases 3-glucocerebrosidase activity in visceral organs.
Enzymatic activity in the (A) spleen, (B) lung, (C) liver, (D) brain, and (E) plasma of untreated and
AAV9-treated AAV-GD1 mice compared to age-matched wild-type and P14 KO controls. Initial increases
in the visceral organs and plasma were observed at 4 months old, which decreased in the 6-month-old
group, while enzymatic activity in the brain was maintained at supraphysiological levels. (Data presented
as average + SD. Statistical analysis: two-way ANOVA, adjusted for multiple comparisons using Sidak’s
multiple comparison test. * p < 0.05; ** p < 0.01; ** p < 0.001; *** p < 0.0001).
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4. Discussion

The primary aims of this study were to investigate the following: (i) developing a
novel model of type 1 GD which was more rapidly progressing compared to other mod-
els and showed the characteristic visceral pathology, and (ii) whether an intravenous
AAV-mediated gene therapy approach could improve visceral pathology in this model.
Here, we demonstrate the creation of a novel viable and chronic type 1 GD model,
AAV-GD1, with an extended lifespan (>6 months), which develops the splenomegaly
and immunohistochemical phenotypes characteristic of GD at an early stage. We also show
that intravenous gene therapy administered when visceral pathology is already established
can have a significant therapeutic effect.

AAV-GD1 mice were significantly smaller than age-matched wild-type controls from

4 months old, similar to results seen in the Gbal444P/L444P

mouse model [34]. This may be
evidence of hypermetabolism, which has been described in patients with Gaucher dis-
ease [35] which was not addressed by the AAV9.hSynl.hGBA1 ICV localised administration.
AAV-GD1 mice also developed the splenomegaly characteristic of Gaucher disease, which
was evident from 2 months old. This is earlier than the splenomegaly development in the
type 3 GD 4L/PS-NA model [36], GD mouse model [23], and the GBA1 model [24], which
was 3 months, 12 months and 14 months, respectively. The lack of quantitative data from
other studies makes comparison with the AAV-GD1 model presented here difficult. Here,
we have shown statistically significantly increased macrophage activation compared to
age-matched wild-type controls in the lung and spleen from 2 months old, with significant
differences in the liver tissue at 4 and 6 months of age. The Gbal444P/L444P [34] and point
mutation models [22] did not develop splenomegaly. This early onset of splenomegaly is
beneficial for future research into novel therapeutic agents for GD, allowing for shorter ex-
perimental periods and faster investigation to determine the efficacy of potential therapies.

The quantification of immunohistochemical staining to characterise the temporal
development of visceral pathology in this study is unique. Further studies characteris-
ing the glycosphingolipid profile, in particular glucosylceramide and glucosylsphingo-
sine, within organs taken from the AAV-GD1 model would provide more validation of
the GD pathology. In the development and characterisation of other type 1 GD mod-
els, no quantification of visceral pathology has been reported [22-24,34]. Gaucher cells
were found in the liver and spleen of these type 1 models at time points ranging from
12 weeks to 14 months [22-24,34]. Here, we have shown statistically significantly increased
macrophage activation in the lung and spleen of AAV-GD1 mice from 2 months old, with
significant differences in the liver tissue from 4 months of age. Although the organ sys-
tems most affected in type 1 GD patients were examined, further characterization of the
haematological and osteological phenotypes of this model are required. This is necessary
as anaemia, cytopenia and bone disease are common features of type 1 GD, which were
not characterised in this study. Moreover, lipidomic assessment of glucosylceramide ac-
cumulation in the viscera of AAV-GD1 mice would also prove useful to assess the extent
of substrate accumulation. K14-Inl/Inl mice have increased levels of glucosylceramide in
the brain, liver, and spleen at birth [28], with statistically significant increases in certain
isoforms observed in the brain at P12 [27]. However, to our knowledge, this novel model
of type 1 GD demonstrates the earliest onset of visceral storage pathology to date.

The final aim of this study was to investigate whether an intravenous administration
of AAV9.CAG.hGBA1 to adult AAV-GD1 mice could reverse or ameliorate established
visceral pathology. The inability of the gene therapy to rescue the small body weight of
AAV-GD1 mice was unsurprising. This is likely due to potential disease features causing
weight restriction, such as hypermetabolism [35], being too far established for effective
intervention by 2 months old. However, the splenomegaly was reversed and ameliorated
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by the AAV9.CAG.hGBAI1 gene therapy, which was supported by reduced CD68 and
LAMP1 staining results in the spleen. Post-symptomatic gene therapy can therefore reverse
pre-existing storage pathology characteristic of GD. This is comparable to the rescue of
splenomegaly in the GD1 mouse model [23] following transplantation of HSCs transduced
ex vivo with lentiviral gene therapy in 6-9 month old mice [37]. The authors demonstrate
significantly reduced splenomegaly in treated mice compared to the untreated control,
20 weeks post-HSCT administration [37]. Similar reduction in the number of Gaucher
cells in the spleen following delayed treatment to other type 1 models has been previously
reported [23,38,39]. However, no quantification of storage pathology was performed in
these studies.

In contrast to the spleen, organ systems such as the lungs remain more refractory
to treatment. The transient improvement in macrophage activation and lysosomal accu-
mulation in 4-month-old treated AAV-GD1 mice is encouraging. However, the evidence
of severe pathology in 6-month-old treated mice requires further investigation, where a
reduction in enzymatic activity and consequent increase in CD68 and LAMP1 immunos-
taining was observed. Lung pathology in GD patients is understudied [14], and only one
other study investigated efficacy of gene therapy in treating the lung, where similar results
were observed following AAV8-GBA1 administration [39]. The authors suggest that the
limited effect of increased glucocerebrosidase in the lung may be due to extra-lysosomal
substrate in regions of the lung that have not yet been identified [39]. The potential for
enzymatic supplementation with ERT in combination with gene therapy may also be a
potential solution to a decline in activity following gene therapy administration.

No marked liver pathology was evident in the AAV-GD1 mice at 4 and 6 months
old. It is therefore difficult to ascertain the possible effect of delayed IV administration
of the AAV9.CAG.hGBA1 vector on the liver pathology. [-glucocerebrosidase expres-
sion in the visceral organs, and particularly the liver, could be due to variation in injec-
tion administration leading to increased AAV9.hSynl.hGBA1 vector escaping the CNS
and subsequently targeting the liver, owing to the high hepatic affinity of the AAV9 vec-
tor [40]. We appreciate the group sizes in this study were small, and it is possible that
larger groups would have yielded statistically significant differences particularly regarding
liver pathology.

Measurements of enzymatic activity in the affected tissues two months post-
AAV9.CAG.hGBA1 administration revealed supraphysiologic levels in the liver and plasma,
which is unsurprising based on the tissue tropism of AAV9 [40], and the secreted nature of
glucocerebrosidase. Moreover, enzymatic activity in the spleen and lung was restored to
wild-type level. A decrease in enzymatic activity was observed in all tissues, excluding the
brain, when analysed from tissues four months post-AAV9.CAG.hGBA1 administration.
Similar results have been observed previously [41]. This is likely due to AAV vectors being
largely non-integrating and they are instead maintained as episomes inside the nuclei
of transduced cells. Cell division may therefore lead to the dilution of episomal AAV
DNA, particularly in organs characterised by high cell turnover like the liver. Interestingly,
previous studies looking at intravenous AAV8 gene delivery to a mouse model of type 1 GD
reported a similar decrease in glucocerebrosidase from 2 to 4 months post-administration.
However, this initial decrease stabilised up to 6 months post-administration [39]. Therefore,
extended studies may be necessary to determine the long-term pattern of glucocerebrosi-
dase enzymatic activity in this model and the subsequent effects on pathology development.
Although we observe therapeutic efficacy to the sequential dosing of AAV9 in the AAV-GD1
model, for all the reasons above it is difficult to gauge if this would be an approach that
would be feasible in the clinic. Furthermore, the first dose would require to be given during
the perinatal stage which has not yet been investigated in humans. Early administration of
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gene therapy appears to be most effective in treating neurological aspects of the disease,
however the non-integrating nature of AAV vectors means this may be less suitable for
visceral manifestations. Therefore, improved delivery methods may be required to improve
the longevity of visceral transgene expression resulting from AAV transduction. Recent
developments in integrating AAV vectors [42] may be useful in enhancing the duration of
therapeutic efficacy, with or without dual administration; however, further research would
be required to determine if this is suitable to treat Gaucher disease.

One of the major issues encountered with virus-based gene therapy strategies is the
development of a T-cell immune response against either the therapeutic protein, and/or
humoral immunity against the viral capsid itself [43]. It is therefore important to address
the possible problematic issue with a repeated administration of an AAV9 capsid serotype
in this study. Reports from human gene therapy in haemophilia B patients revealed that a
cellular immune response was raised against the vector capsid proteins, reducing factor IX
expression [44—46] and could prevent repeated administration [47,48]. Reports indicate that
perinatal gene transfer has shown a reduced, or absent, immune response to the transgene
protein or viral capsid following AAV administration [43,49-51]; however, this may depend
on the capsid used and organ system of interest [52]. Despite the brain being an immune-
privilege organ, using the AAV-GD1 model may not be ideal for testing the efficacy of
a second AAV9 vector, due to the potential of neutralising antibodies developing from
the initial brain injection. With regards to further investigations using post-symptomatic
AAV9.CAG.hGBA1 intravenous administration, the potential development of an immune
response against the AAV9 capsid could be eluded through serotype switching [53,54]
or capsid engineering [55]. This could be achieved using other AAV serotypes or brain-
targeted engineered capsids, such as AAV-PHP.B [56], AAV-PHP.eB [57], or BI-hFTR1 [58],
to create a new version of the AAV-GD1 model.

Despite these limitations, the AAV-GD1 model described here could still be used
to study the efficacy of other AAV gene therapies and gene delivery systems, HSCT, or
small molecule therapies for type 1 Gaucher disease in a time-effective manner. The
AAV9.CAG.hGBA1 vector also has potential to reverse pre-existing Gaucher pathology, and
to be used as a single gene therapy product for all forms of GD. Mice appeared healthy at
the 6-month collection timepoint, and therefore future studies further extending the lifespan
could be used to investigate potential alpha-synuclein pathology given the link of GBA1
mutations to Parkinson’s disease. Future work using engineered thermostable enzymes
may also show greater efficacy when combined with AAV technology in the AAV-GD1
model [59,60]. While pre-existing visceral pathology is largely successfully reverted by
current ERT standards of care, the attractiveness of a single administration allowing lifelong
therapy cannot be understated. The future of gene therapy for Gaucher disease will largely
depend on the outcomes of the clinical trials that are currently ongoing (NCT05324943).

Author Contributions: Conceptualization, AFEG., GM., PA., SN.W. and A.AR.; methodol-
ogy, AFG.,, GM. and M.PH.; investigation, A.FG., GM. and M.PH.; formal analysis, A.FG,;
writing—original draft preparation, A.F.G.; writing—review and editing, G.M., M.PH., P.A., SN.W.
and A.A.R,; supervision, G.M., PA., SN.W. and A.A.R. All authors have read and agreed to the
published version of the manuscript.

Funding: A.FG., GM. and A.A.R. are supported by the NIHR Great Ormond Street Hospital Biomed-
ical Research Centre (562868). A.A.R. also receives support from UK Medical Research Council
grants MR/R025134/1, MR/R015325/1, MR/S009434/1, MR /N026101/1, MR/ T044853 /1, the Well-
come Trust, Institutional Strategic Support Fund/UCL Therapeutic Acceleration Support (TAS)
(204841/7/16/Z), the Sigrid Rausing Trust and the Jameel Education Foundation. S.N.W. receives
support from UK Medical Research Council MR/T016809/1, MR/R015325/1, MR/P026494/1, RNID,



Pharmaceutics 2025, 17, 650 19 of 22

LifeArc, GOSH Charity, SPARKS, Wellbeing of Women and Rosetrees. P.A. receives financial support
from the extramural research unit program of the South African Medical Research Council.

Institutional Review Board Statement: The animal study protocol was approved by the University
College London Animal Welfare and Ethical Review Board (AWERB) Institutional Review Board
(or Ethics Committee) of University College London and conducted under Home Office Licence
PAD4E6357 granted on 20 February 2019.

Informed Consent Statement: Not applicable.
Data Availability Statement: Dataset available on request from the authors.

Conflicts of Interest: A.A.R. and S.N.W. are academic founders of Bloomsbury Genetic Therapies
Ltd.; A.AR., SN.W,, G.M. and A FG. are also shareholders. The company had no role in the funding
or design of the work presented here.

Abbreviations

The following abbreviations are used in this manuscript:

AAV Adeno-associated virus
ARRIVE  Animal Research Reporting of In Vivo Experiments
AWERB  Animal Welfare and Ethical Review Board

BBB Blood brain barrier

ERT Enzyme replacement therapy
GCase -glucocerebrosidase

GD Gaucher disease

GD1 Gaucher disease type 1
GlcCer Glucosylceramide

GleSph  Glucosylsphingosine

H&E Hematoxylin and Eosin

Icv Intracerebroventricular

v Intravenous

IvC Individually ventilated cages
KO Knockout

LSD Lysosomal storage disease
nGD Neuronopathic Gaucher disease
PO Postnatal day 0

P1 Postnatal day 1

PBS Phosphate Buffered Saline
PFA Paraformaldehyde

SRT Substrate reduction therapy
WT Wild type

References

1.  Grabowski, G.A. Phenotype, diagnosis, and treatment of Gaucher’s disease. Lancet 2008, 372, 1263-1271. [CrossRef] [PubMed]

2. Stirnemann, J.; Belmatoug, N.; Camou, E; Serratrice, C.; Froissart, R,; Caillaud, C.; Levade, T.; Astudillo, L.; Serratrice, J.; Brassier, A.
A review of Gaucher disease pathophysiology, clinical presentation and treatments. Int. J. Mol. Sci. 2017, 18, 441. [CrossRef]
[PubMed]

3. Brady, R.; Kanfer, J.; Bradley, R.; Shapiro, D. Demonstration of a deficiency of glucocerebroside-cleaving enzyme in Gaucher’s
disease. J. Clin. Investig. 1966, 45, 1112-1115. [CrossRef]

4.  Sidransky, E. Gaucher disease: Complexity in a “simple” disorder. Mol. Genet. Metab. 2004, 83, 6-15. [CrossRef]

5. Roshan Lal, T,; Sidransky, E. The spectrum of neurological manifestations associated with Gaucher disease. Diseases 2017, 5, 10.
[CrossRef]

6.  Goker-Alpan, O.; Schiffmann, R.; Park, ].K.; Stubblefield, B.K.; Tayebi, N.; Sidransky, E. Phenotypic continuum in neuronopathic
Gaucher disease: An intermediate phenotype between type 2 and type 3. J. Pediatr. 2003, 143, 273-276. [CrossRef]


https://doi.org/10.1016/S0140-6736(08)61522-6
https://www.ncbi.nlm.nih.gov/pubmed/19094956
https://doi.org/10.3390/ijms18020441
https://www.ncbi.nlm.nih.gov/pubmed/28218669
https://doi.org/10.1172/JCI105417
https://doi.org/10.1016/j.ymgme.2004.08.015
https://doi.org/10.3390/diseases5010010
https://doi.org/10.1067/S0022-3476(03)00302-0

Pharmaceutics 2025, 17, 650 20 of 22

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Schiffmann, R.; Sevigny, J.; Rolfs, A.; Davies, E.H.; Goker-Alpan, O.; Abdelwahab, M.; Vellodi, A.; Mengel, E.; Lukina, E.;
Yoo, H.W. The definition of neuronopathic Gaucher disease. |. Inherit. Metab. Dis. 2020, 43, 1056-1059. [CrossRef]

Daykin, E.C.; Ryan, E.; Sidransky, E. Diagnosing neuronopathic Gaucher disease: New considerations and challenges in assigning
Gaucher phenotypes. Mol. Genet. Metab. 2021, 132, 49-58. [CrossRef]

Horowitz, M.; Braunstein, H.; Zimran, A.; Revel-Vilk, S.; Goker-Alpan, O. Lysosomal functions and dysfunctions: Molecular and
cellular mechanisms underlying Gaucher disease and its association with Parkinson disease. Adv. Drug Deliv. Rev. 2022, 187,
114402. [CrossRef]

Sidransky, E.; Lopez, G. The link between the GBA gene and parkinsonism. Lancet Neurol. 2012, 11, 986-998. [CrossRef]
Goker-Alpan, O.; Schiffmann, R.; LaMarca, M.; Nussbaum, R.; McInerney-Leo, A.; Sidransky, E. Parkinsonism among Gaucher
disease carriers. J. Med. Genet. 2004, 41, 937-940. [CrossRef] [PubMed]

Pastores, G.M. Recombinant glucocerebrosidase (imiglucerase) as a therapy for Gaucher disease. BioDrugs 2010, 24, 41-47.
[CrossRef] [PubMed]

de Fost, M.; van Noesel, C.].; Aerts, ].M.; Maas, M.; Poll, R.G.; Hollak, C.E. Persistent bone disease in adult type 1 Gaucher disease
despite increasing doses of enzyme replacement therapy. Haematologica 2008, 93, 1119-1120. [CrossRef]

Ramaswami, U.; Mengel, E.; Berrah, A.; AlSayed, M.; Broomfield, A.; Donald, A_; seif El Dein, H.M.; Freisens, S.; Hwu, W.-L,;
Peterschmitt, M.]. Throwing a spotlight on under-recognized manifestations of Gaucher disease: Pulmonary involvement,
lymphadenopathy and Gaucheroma. Mol. Genet. Metab. 2021, 133, 335-344. [CrossRef]

Amato, D.; Patterson, M.A. Combined miglustat and enzyme replacement therapy in two patients with type 1 Gaucher disease:
Two case reports. J. Med. Case Rep. 2018, 12, 19. [CrossRef]

Van Rossum, A.; Holsopple, M. Enzyme replacement or substrate reduction? A review of Gaucher disease treatment options.
Hosp. Pharm. 2016, 51, 553-563. [CrossRef]

Hudry, E.; Vandenberghe, L.H. Therapeutic AAV gene transfer to the nervous system: A clinical reality. Neuron 2019, 101, 839-862.
[CrossRef]

Leinekugel, P.; Michel, S.; Conzelmann, E.; Sandhoff, K. Quantitative correlation between the residual activity of 3-hexosaminidase
A and arylsulfatase A and the severity of the resulting lysosomal storage disease. Hum. Genet. 1992, 88, 513-523. [CrossRef]
Nathwani, A.C.; Reiss, U.; Tuddenham, E.; Chowdary, P.; McIntosh, J.; Riddell, A ; Pie, J.; Mahlangu, ].N.; Recht, M.; Shen, Y.-M.
Adeno-associated mediated gene transfer for hemophilia B: 8 year follow up and impact of removing “empty viral particles” on
safety and efficacy of gene transfer. Blood 2018, 132, 491. [CrossRef]

Buchlis, G.; Podsakoff, G.M.; Radu, A.; Hawk, S.M.; Flake, A.W.; Mingozzi, F; High, K.A. Factor IX expression in skeletal muscle
of a severe hemophilia B patient 10 years after AAV-mediated gene transfer. Blood |. Am. Soc. Hematol. 2012, 119, 3038-3041.
[CrossRef]

Castillon, G.; Chang, S.-C.; Moride, Y. Global incidence and prevalence of Gaucher disease: A targeted literature review. J. Clin. Med.
2022, 12, 85. [CrossRef] [PubMed]

Xu, Y.-H.; Quinn, B.; Witte, D.; Grabowski, G.A. Viable mouse models of acid 3-glucosidase deficiency: The defect in Gaucher
disease. Am. J. Pathol. 2003, 163, 2093-2101. [CrossRef] [PubMed]

Enquist, LB.; Nilsson, E.; Ooka, A.; Mansson, ].-E.; Olsson, K.; Ehinger, M.; Brady, R.O.; Richter, J.; Karlsson, S. Effective cell and
gene therapy in a murine model of Gaucher disease. Proc. Natl. Acad. Sci. USA 2006, 103, 13819-13824. [CrossRef]

Mistry, PK,; Liu, J.; Yang, M.; Nottoli, T.; McGrath, J.; Jain, D.; Zhang, K.; Keutzer, J.; Chuang, W.-L.; Mehal, W.Z. Glucocere-
brosidase gene-deficient mouse recapitulates Gaucher disease displaying cellular and molecular dysregulation beyond the
macrophage. Proc. Natl. Acad. Sci. USA 2010, 107, 19473-19478. [CrossRef]

Du, S.; Ou, H,; Cui, R;; Jiang, N.; Zhang, M.; Li, X.; Ma, J.; Zhang, J.; Ma, D. Delivery of Glucosylceramidase Beta gene using
AAV9 vector therapy as a treatment strategy in mouse models of Gaucher disease. Hum. Gene Ther. 2019, 30, 155-167. [CrossRef]
Massaro, G.; Hughes, M.P.; Whaler, S.M.; Wallom, K.-L.; Priestman, D.A.; Platt, EM.; Waddington, S.N.; Rahim, A.A. Systemic
AAV9 gene therapy using the synapsin I promoter rescues a mouse model of neuronopathic Gaucher disease but with limited
cross-correction potential to astrocytes. Hum. Mol. Genet. 2020, 29, 1933-1949. [CrossRef]

Massaro, G.; Mattar, C.N.Z.; Wong, A.M.S.; Sirka, E.; Buckley, SM.K.; Herbert, B.R.; Karlsson, S.; Perocheau, D.P,; Burke, D.;
Heales, S.; et al. Fetal gene therapy for neurodegenerative disease of infants. Nat. Med. 2018, 24, 1317-1323. [CrossRef]

Enquist, I.B.; Bianco, C.L.; Ooka, A.; Nilsson, E.; Mansson, J.-E.; Ehinger, M.; Richter, J.; Brady, R.O.; Kirik, D.; Karlsson, S. Murine
models of acute neuronopathic Gaucher disease. Proc. Natl. Acad. Sci. USA 2007, 104, 17483-17488. [CrossRef]

Massaro, G.; Geard, A.F; Nelvagal, H.R.; Gore, K.; Clemo, N.K.; Waddington, S.N.; Rahim, A.A. Comparison of different
promoters to improve AAV vector-mediated gene therapy for neuronopathic Gaucher disease. Hum. Mol. Genet. 2024, 33,
1467-1480. [CrossRef]

Ryan, E; Jong, T.; Sidransky, E. Newborn screening in Gaucher disease: A bright and complicated future. OBM Genet. 2022, 6, 165.
[CrossRef]


https://doi.org/10.1002/jimd.12235
https://doi.org/10.1016/j.ymgme.2021.01.002
https://doi.org/10.1016/j.addr.2022.114402
https://doi.org/10.1016/S1474-4422(12)70190-4
https://doi.org/10.1136/jmg.2004.024455
https://www.ncbi.nlm.nih.gov/pubmed/15591280
https://doi.org/10.2165/11318540-000000000-00000
https://www.ncbi.nlm.nih.gov/pubmed/20055531
https://doi.org/10.3324/haematol.12651
https://doi.org/10.1016/j.ymgme.2021.06.009
https://doi.org/10.1186/s13256-017-1541-7
https://doi.org/10.1310/hpj5107-553
https://doi.org/10.1016/j.neuron.2019.02.017
https://doi.org/10.1007/BF00219337
https://doi.org/10.1182/blood-2018-99-118334
https://doi.org/10.1182/blood-2011-09-382317
https://doi.org/10.3390/jcm12010085
https://www.ncbi.nlm.nih.gov/pubmed/36614898
https://doi.org/10.1016/S0002-9440(10)63566-3
https://www.ncbi.nlm.nih.gov/pubmed/14578207
https://doi.org/10.1073/pnas.0606016103
https://doi.org/10.1073/pnas.1003308107
https://doi.org/10.1089/hum.2018.072
https://doi.org/10.1093/hmg/ddz317
https://doi.org/10.1038/s41591-018-0106-7
https://doi.org/10.1073/pnas.0708086104
https://doi.org/10.1093/hmg/ddae081
https://doi.org/10.21926/obm.genet.2203165

Pharmaceutics 2025, 17, 650 21 of 22

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Kim, J.-Y.; Grunke, S.D.; Levites, Y.; Golde, T.E.; Jankowsky, ].L. Intracerebroventricular viral injection of the neonatal mouse
brain for persistent and widespread neuronal transduction. J. Vis. Exp. JoVE 2014, 51863. [CrossRef]

Dupont, W.D.; Plummer, W.D., Jr. Power and sample size calculations: A review and computer program. Control. Clin. Trials
1990, 11, 116-128. [CrossRef] [PubMed]

Rahim, A.; Wong, A.; Ahmadi, S.; Hoefer, K.; Buckley, S.; Hughes, D.; Nathwani, A.; Baker, A.; McVey, ]J.; Cooper, J. In utero
administration of Ad5 and AAV pseudotypes to the fetal brain leads to efficient, widespread and long-term gene expression.
Gene Ther. 2012, 19, 936-946. [CrossRef] [PubMed]

Mizukami, H.; Mi, Y.; Wada, R.; Kono, M.; Yamashita, T.; Liu, Y.; Werth, N.; Sandhoff, R.; Sandhoff, K.; Proia, R.L. Systemic
inflammation in glucocerebrosidase-deficient mice with minimal glucosylceramide storage. J. Clin. Investig. 2002, 109, 1215-1221.
[CrossRef]

Barton, D.J.; Ludman, M.D.; Benkov, K.; Grabowski, G.A.; LeLeiko, N.S. Resting energy expenditure in Gaucher’s disease type 1:
Effect of Gaucher’s cell burden on energy requirements. Metabolism 1989, 38, 1238-1243. [CrossRef]

Schiffer, V.; Santiago-Mujika, E.; Flunkert, S.; Schmidt, S.; Farcher, M.; Loeffler, T.; Schilcher, I.; Posch, M.; Neddens, J.; Sun, Y.
Characterization of the visceral and neuronal phenotype of 4L/PS-NA mice modeling Gaucher disease. PLoS ONE 2020, 15,
e0227077. [CrossRef]

Dahl, M.; Smith, EIM.; Warsi, S.; Rothe, M.; Ferraz, M.].; Aerts, ].M.; Golipour, A.; Harper, C.; Pfeifer, R.; Pizzurro, D. Correction of
pathology in mice displaying Gaucher disease type 1 by a clinically-applicable lentiviral vector. Mol. Ther. Methods Clin. Dev.
2021, 20, 312-323. [CrossRef]

Dahl, M.; Doyle, A.; Olsson, K.; Ménsson, J.-E.; Marques, A.R.; Mirzaian, M.; Aerts, ].M.; Ehinger, M.; Rothe, M.; Modlich, U.
Lentiviral gene therapy using cellular promoters cures type 1 Gaucher disease in mice. Mol. Ther. 2015, 23, 835-844. [CrossRef]
McEachern, K. A ; Nietupski, ].B.; Chuang, W.L.; Armentano, D.; Johnson, J.; Hutto, E.; Grabowski, G.A.; Cheng, S.H.; Marshall, J.
AAV8-mediated expression of glucocerebrosidase ameliorates the storage pathology in the visceral organs of a mouse model of
Gaucher disease. J. Gene Med. Cross-Discip. ]. Res. Sci. Gene Transf. Its Clin. Appl. 2006, 8, 719-729. [CrossRef]

Inagaki, K; Fuess, S.; Storm, T.A.; Gibson, G.A.; Mctiernan, C.F; Kay, M.A.; Nakai, H. Robust systemic transduction with AAV9
vectors in mice: Efficient global cardiac gene transfer superior to that of AAV8. Mol. Ther. 2006, 14, 45-53. [CrossRef]

Mattar, C.N.; Wong, A.M.; Hoefer, K.; Alonso-Ferrero, M.E.; Buckley, S.M.; Howe, S.J.; Cooper, ].D.; Waddington, S.N.; Chan, ].K,;
Rahim, A.A. Systemic gene delivery following intravenous administration of AAV9 to fetal and neonatal mice and late-gestation
nonhuman primates. FASEB J. 2015, 29, 3876-3888. [CrossRef] [PubMed]

Esposito, F.; Dell’Aquila, F.; Rhiel, M.; Auricchio, S.; Chmielewski, K.O.; Andrieux, G.; Ferla, R.; Horrach, P.S.; Padmanabhan, A;
Di Cunto, R. Safe and effective liver-directed AAV-mediated homology-independent targeted integration in mouse models of
inherited diseases. Cell Rep. Med. 2024, 5, 101619. [CrossRef] [PubMed]

Bockor, L.; Bortolussi, G.; Iaconcig, A.; Chiaruttini, G.; Tiribelli, C.; Giacca, M.; Benvenuti, F.; Zentilin, L.; Muro, A. Repeated
AAV-mediated gene transfer by serotype switching enables long-lasting therapeutic levels of hUgtlal enzyme in a mouse model
of Crigler-Najjar Syndrome Type 1. Gene Ther. 2017, 24, 649-660. [CrossRef] [PubMed]

Manno, C.S,; Pierce, G.F,; Arruda, V.R.; Glader, B.; Ragni, M.; Rasko, ].J.; Ozelo, M.C.; Hoots, K.; Blatt, P.; Konkle, B. Successful
transduction of liver in hemophilia by AAV-Factor IX and limitations imposed by the host immune response. Nat. Med. 2006, 12,
342-347. [CrossRef]

Nathwani, A.C.; Reiss, U.M.; Tuddenham, E.G.; Rosales, C.; Chowdary, P.; McIntosh, J.; Della Peruta, M.; Lheriteau, E.; Patel, N.;
Raj, D. Long-term safety and efficacy of factor IX gene therapy in hemophilia B. N. Engl. ]. Med. 2014, 371, 1994-2004. [CrossRef]
Gaspar, H.B.; Cooray, S.; Gilmour, K.C.; Parsley, K.L.; Adams, S.; Howe, S.J.; Al Ghonaium, A.; Bayford, J.; Brown, L.; Davies, E.G.
Long-term persistence of a polyclonal T cell repertoire after gene therapy for X-linked severe combined immunodeficiency.
Sci. Transl. Med. 2011, 3, 97ra79. [CrossRef]

Moss, R.B.; Rodman, D.; Spencer, L.T.; Aitken, M.L.; Zeitlin, P.L.; Waltz, D.; Milla, C.; Brody, A.S.; Clancy, J.P.; Ramsey, B. Repeated
adeno-associated virus serotype 2 aerosol-mediated cystic fibrosis transmembrane regulator gene transfer to the lungs of patients
with cystic fibrosis: A multicenter, double-blind, placebo-controlled trial. Chest 2004, 125, 509-521. [CrossRef]

Mueller, C.; Flotte, T.R. Clinical gene therapy using recombinant adeno-associated virus vectors. Gene Ther. 2008, 15, 858-863.
[CrossRef]

Pearson, E.G.; Flake, A.W. Stem cell and genetic therapies for the fetus. Semin. Pediatr. Surg. 2013, 22, 56-61. [CrossRef]
Nivsarkar, M.S.; Buckley, S.M.; Parker, A.L.; Perocheau, D.; McKay, T.R.; Rahim, A.A.; Howe, S.J.; Waddington, S.N. Evidence for
Contribution of CD4+ CD25+ Regulatory T Cells in Maintaining Immune Tolerance to Human Factor IX following Perinatal
Adenovirus Vector Delivery. J. Immunol. Res. 2015, 2015, 397879. [CrossRef]

Hu, C.; Lipshutz, G.S. AAV-based neonatal gene therapy for hemophilia A: Long-term correction and avoidance of immune
responses in mice. Gene Ther. 2012, 19, 1166-1176. [CrossRef] [PubMed]

Halbert, C.L.; Rutledge, E.A.; Allen, ].M.; Russell, D.W.; Miller, A.D. Repeat transduction in the mouse lung by using adeno-
associated virus vectors with different serotypes. J. Virol. 2000, 74, 1524-1532. [CrossRef] [PubMed]


https://doi.org/10.3791/51863
https://doi.org/10.1016/0197-2456(90)90005-M
https://www.ncbi.nlm.nih.gov/pubmed/2161310
https://doi.org/10.1038/gt.2011.157
https://www.ncbi.nlm.nih.gov/pubmed/22071970
https://doi.org/10.1172/JCI0214530
https://doi.org/10.1016/0026-0495(89)90165-0
https://doi.org/10.1371/journal.pone.0227077
https://doi.org/10.1016/j.omtm.2020.11.018
https://doi.org/10.1038/mt.2015.16
https://doi.org/10.1002/jgm.901
https://doi.org/10.1016/j.ymthe.2006.03.014
https://doi.org/10.1096/fj.14-269092
https://www.ncbi.nlm.nih.gov/pubmed/26062602
https://doi.org/10.1016/j.xcrm.2024.101619
https://www.ncbi.nlm.nih.gov/pubmed/38897206
https://doi.org/10.1038/gt.2017.75
https://www.ncbi.nlm.nih.gov/pubmed/28805798
https://doi.org/10.1038/nm1358
https://doi.org/10.1056/NEJMoa1407309
https://doi.org/10.1126/scitranslmed.3002715
https://doi.org/10.1378/chest.125.2.509
https://doi.org/10.1038/gt.2008.68
https://doi.org/10.1053/j.sempedsurg.2012.10.010
https://doi.org/10.1155/2015/397879
https://doi.org/10.1038/gt.2011.200
https://www.ncbi.nlm.nih.gov/pubmed/22241178
https://doi.org/10.1128/JVI.74.3.1524-1532.2000
https://www.ncbi.nlm.nih.gov/pubmed/10627564

Pharmaceutics 2025, 17, 650 22 of 22

53.

54.

55.

56.

57.

58.

59.

60.

Weinstein, D.A.; Correia, C.E.; Conlon, T.; Specht, A.; Verstegen, J.; Onclin-Verstegen, K.; Campbell-Thompson, M.; Dhaliwal, G.;
Mirian, L.; Cossette, H. Adeno-associated virus-mediated correction of a canine model of glycogen storage disease type Ia.
Hum. Gene Ther. 2010, 21, 903-910. [CrossRef] [PubMed]

Wang, L.; Calcedo, R.; Nichols, T.C.; Bellinger, D.A.; Dillow, A.; Verma, I.M.; Wilson, ].M. Sustained correction of disease in naive
and AAV2-pretreated hemophilia B dogs: AAV2/8-mediated, liver-directed gene therapy. Blood 2005, 105, 3079-3086. [CrossRef]
Vandenberghe, L.; Wilson, J.; Gao, G. Tailoring the AAV vector capsid for gene therapy. Gene Ther. 2009, 16, 311-319. [CrossRef]
Deverman, B.E.; Pravdo, P.L.; Simpson, B.P.; Kumar, S.R.; Chan, K.Y.; Banerjee, A.; Wu, W.-L.; Yang, B.; Huber, N.; Pasca, S.P.
Cre-dependent selection yields AAV variants for widespread gene transfer to the adult brain. Nat. Biotechnol. 2016, 34, 204-209.
[CrossRef]

Chan, K\Y,; Jang, M.].; Yoo, B.B.; Greenbaum, A.; Ravi, N.; Wu, W.-L.; Sdnchez-Guardado, L.; Lois, C.; Mazmanian, S.K.; Deverman, B.E.
Engineered AAVs for efficient noninvasive gene delivery to the central and peripheral nervous systems. Nat. Neurosci. 2017, 20,
1172-1179. [CrossRef]

Huang, Q.; Chan, K.Y,; Wu, ].; Botticello-Romero, N.R.; Zheng, Q.; Lou, S.; Keyes, C.; Svanbergsson, A.; Johnston, J.; Mills, A. An
AAV capsid reprogrammed to bind human transferrin receptor mediates brain-wide gene delivery. Science 2024, 384, 1220-1227.
[CrossRef]

Milenkovic, I; Blumenreich, S.; Hochfelder, A.; Azulay, A.; Biton, LE.; Zerbib, M.; Oren, R.; Tsoory, M.; Joseph, T.; Fleishman, S.J.
Efficacy of an AAV vector encoding a thermostable form of glucocerebrosidase in alleviating symptoms in a Gaucher disease
mouse model. Gene Ther. 2024, 31, 439-444. [CrossRef]

Pokorna, S.; Khersonsky, O.; Lipsh-Sokolik, R.; Goldenzweig, A.; Nielsen, R.; Ashani, Y.; Peleg, Y.; Unger, T.; Albeck, S.; Dym, O.
Design of a stable human acid-B-glucosidase: Towards improved Gaucher disease therapy and mutation classification. FEBS J.
2023, 290, 3383-3399. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1089/hum.2009.157
https://www.ncbi.nlm.nih.gov/pubmed/20163245
https://doi.org/10.1182/blood-2004-10-3867
https://doi.org/10.1038/gt.2008.170
https://doi.org/10.1038/nbt.3440
https://doi.org/10.1038/nn.4593
https://doi.org/10.1126/science.adm8386
https://doi.org/10.1038/s41434-024-00476-8
https://doi.org/10.1111/febs.16758

	Introduction 
	Materials and Methods 
	Plasmid and Viral Vector Production 
	Animal Colony Maintenance and Viral Vector Administration 
	Sample Collection 
	Immunohistochemical and Histological Analysis 
	Microscope Imaging and Quantitative Analysis 
	Enzymatic Activity Assay 

	Results 
	AAV-GD1 Mice Survive to at Least 6 Months of Age and Develop Splenomegaly from 2 Months Old with No Evidence of Neuropathology 
	Engorged Macrophages and Gaucher Cells Detected from 2 Months Old in AAV-GD1 Mice 
	Post-Symptomatic Genetic Therapy Rescues Splenic Pathology in AAV-GD1 Model with Limited Efficacy in Other Organs 
	Intravenous Gene Therapy Temporarily Increased -Glucocerebrosidase Activity 

	Discussion 
	References

