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Abstract: Gaucher disease, an autosomal recessively inherited lysosomal storage disorder, results
from biallelic mutations in the GBA1 gene resulting in deficient activity of the enzyme glucocerebrosi-
dase. In Gaucher disease, the reduced levels and activity of glucocerebrosidase lead to a disparity in
the rates of formation and breakdown of glucocerebroside and glucosylsphingosine, resulting in the
accumulation of these lipid substrates in the lysosome. This gives rise to the development of Gaucher
cells, engorged macrophages with a characteristic wrinkled tissue paper appearance. There are both
non-neuronopathic (type 1) and neuronopathic (types 2 and 3) forms of Gaucher disease, associated
with varying degrees of severity. The visceral and hematologic manifestations of Gaucher disease
respond well to both enzyme replacement therapy and substrate reduction therapy. However, these
therapies do not improve the neuronopathic manifestations, as they cannot cross the blood–brain
barrier. There is now an established precedent for treating lysosomal storage disorders with gene
therapy strategies, as many have the potential to cross into the brain. The range of the gene therapies
being employed is broad, but this review aimed to discuss the progress, advances, and challenges in
developing viral gene therapy as a treatment for Gaucher disease.
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1. Introduction
1.1. Gaucher Disease

Gaucher disease (GD) is a very heterogeneous disorder with varying clinical mani-
festations and severity. Classically, GD has been classified into three types, determined by
the presence (or absence) and varying degree of neurological symptoms. Type 1 (GD1), or
non-neuronopathic GD, is the most common form in the Western world and is enriched in
the Ashkenazi Jewish population [1]. Systemic manifestations of GD frequently include
hepatosplenomegaly, thrombocytopenia, anemia, and bone involvement, although some
patients exhibit few or no symptoms of the disease. Acute neuronopathic type 2 (GD2) is
the most severe form of the disease, with patients exhibiting rapid onset and progression
of symptoms within the first few months of life, typically succumbing to the disease be-
tween infancy and age four. Type 3 (GD3), or chronic neuronopathic GD, presents with
relatively milder neurological symptoms but a wider range of phenotypes. Neurological
manifestations in neuronopathic GD (nGD) can range from slowed horizontal saccadic eye
movements to myoclonus, ataxia, and seizures [2–4]. Due to its variable manifestations
and overlapping features with other diseases, the diagnosis of GD can be difficult and even
missed in those with milder or later-onset presentations of the disease. Making a timely
diagnosis can be critical as, in many instances, there is an optimal time to begin treatment
to avoid irreversible damage [5,6]. Treatment with the current therapies can be integral
for reversing or preventing hematological and visceral involvement as well as improving
patients’ quality of life.
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1.2. Approved Therapies for Gaucher Disease

Enzyme replacement therapy (ERT) is the first-line treatment for GD in patients of all
ages. Current ERT for GD involves the administration of exogenously infused recombinant
glucocerebrosidase to compensate for its deficiency [7]. There are three FDA-approved
recombinant enzymes for Gaucher disease (imiglucerase, velaglucerase alfa, taliglucerase
alfa), all of which are administered intravenously and appear to have similar efficacy [5].
Alleviation and reversal of most non-neuronopathic symptoms can be successfully achieved
in most patients after an optimal dosage for the individual is determined [5,8]. Long-term
cessation of enzyme replacement therapy often results in the reemergence of disease
manifestations, albeit reversibly, so long as therapy is restarted in a timely fashion [8,9].
ERT is considered very safe, with reported side effects rarely warranting discontinuation
of treatment [10]. However, despite its efficacy, ERT can be prohibitively expensive for
many patients, limiting its availability for those who are unable to afford it, especially
in developing nations [5,9,11]. Some patients cannot tolerate ERT due to poor venous
access, allergy, or, in rare instances, hypersensitivity [11]. Coordinating infusions, which are
typically administered in clinics, hospitals, or by home infusion nurses, can be challenging—
an issue that was highlighted during the SARS-CoV-2 pandemic [9,12–14]. Furthermore,
the recombinant enzyme is unable to cross the blood–brain barrier (BBB), rendering it
ineffective for the neurological manifestations of GD observed in GD2 and GD3 [8,11,15].

For adults, including those unable to access or tolerate ERT, oral substrate reduction
therapy (SRT) is a second option for the treatment of GD. While enzyme replacement ther-
apy seeks to restore deficient glucocerebrosidase levels, substrate reduction therapy inhibits
the rate of synthesis and subsequent accumulation of glycosphingolipid substrates [16].
There are currently two glucosylceramide synthase inhibitors approved as SRT for GD.
Miglustat was the first SRT available [17]; it diffuses widely and rapidly into tissue and
can cross the BBB, but many side effects have been reported [18]. A randomized controlled
trial in 30 patients with GD3 failed to show significant neurological improvements follow-
ing miglustat treatment [19]. The second SRT approved for GD, eliglustat tartrate, has
greater efficacy and milder side effects than miglustat and is thus the most commonly
used SRT [5,15,20]. However, eliglustat does not cross the BBB and is not approved for
neuronopathic GD [21,22]. Dosing for eliglustat is dependent on the patient’s CYP26
metabolism, and the therapy is not indicated for those who are ultra-rapid CYP26 metabo-
lizers or have any degree of hepatic impairment [5,23]. Currently, children are excluded
from the therapeutic indications for SRT—an undesirable aspect given the importance
of early treatment to prevent irreversible damage and developmental complications [24].
Furthermore, in contrast to ERT, the side effects observed with SRT are notably more severe,
with a greater percentage of patients ending treatment as a result [5,25,26]. SRT is also
still quite expensive–another barrier for patients worldwide [27]. A brain penetrant SRT,
venglustat, is currently in clinical trials [28].

While current therapies for GD are highly effective and life-changing for many patients,
they entail high costs and must be taken regularly for the rest of a patient’s life. Although
other treatments such as bone marrow transplant are practiced in countries unable to
afford ERT or SRT, these methods are considered less effective and carry a higher risk of
complications [27,29]. Additionally, no current therapies are effective against neurological
manifestations of GD. Thus, there is a critical, unmet need for a more affordable solution
for the treatment of GD that is also capable of improving the neuronopathic aspects of the
disease. Gene therapy holds potential as a curative therapy for GD that could address the
shortcomings associated with current treatment options.

1.3. Gene Therapy

For many decades, gene therapy has been heralded as a promising therapeutic strategy
for the treatment of different inherited disorders, including lysosomal storage disorders
(LSDs). The ultimate goal of gene therapy is to modulate or manipulate the expression
of genes in order to achieve a therapeutic effect in genetic disorders. This enables the
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introduction of healthy copies of a gene to replace diseased copies, the disruption of the
functionality of diseased genes (through transcriptional or translational modifications),
or the introduction of a novel gene for a therapeutic effect [30]. In gene therapy, the
cargo (therapeutic gene) is delivered via a carrier (vector) to targeted cells. These vectors
can be grouped broadly into viral and non-viral approaches. Non-viral gene therapy
methods include synthetic polymers and natural polymers, which take advantage of
organically derived cellular components [31,32]. Non-viral modalities offer relatively low
immunogenic responses and are not limited by the size of the DNA inserts [33]. However,
the poor selectivity and limited efficiency of genetic material transfer with non-viral gene
therapy methods make viral gene therapy more attractive for therapeutic and clinical
applications. Viral gene therapy uses vectors that are highly selective within target tissues,
while also being versatile enough to differentiate amongst cells in different stages of the
growth cycle [33].

Viruses that have been modified for gene therapy include retroviruses, adenoviruses,
lentiviruses, and adeno-associated viruses (AAVs) [33]. Retroviruses rely on modifications
of their long terminal repeats to deliver transgenes to the genome in a random integration
format. However, they are associated with potential immunogenic and toxicity compli-
cations, posing safety concerns [34]. Adenoviruses were initially considered as a viable
viral vector template due to their generally non-lethal properties when found in nature.
However, the adenovirus may trigger a strong inflammatory response when injected into
the host [35]. There are many adenovirus serotypes, but historically, group C human
serotypes 2 and 5 have primarily been used in gene therapy, as they have potent transduc-
tion capacity [36]. The immunogenic risk of adenoviruses remains the primary limitation
to their use as a gene therapy vector despite ongoing research [37]. Adeno-associated
viruses (AAVs) offer additional advantage with respect to immunogenic protection when
compared to other viral vectors [34]. Although other viral vectors have been modified
to prevent infection, AAVs have an additional level of separation from infectivity that
makes them attractive candidates for gene therapy. The reliance of AAVs on helper viruses
precludes an adaptive response, as they have been shown to be apathogenic in humans, an
important distinction to consider when comparing them to other viruses that may have
previously caused infection in patients and thus trigger a strong immune response in
gene therapy [38]. Twelve AAV serotypes with at least one hundred variants have been
identified [39]. Adeno-associated viruses contain a small single-stranded linear genome
that allows for modifications and inserts. The heterogeneity amongst these variants enables
modified AAV vectors to target multiple tissue types with high infectivity. While some
serotypes appear to be specific to certain tissue types, the targets of other serotypes remain
unclear [40]. Currently, tissue-specific promoters in conjunction with machine learning
techniques are being used to engineer more target-specific AAVs [41].

1.4. Benefits of AAV Vectors in Gene Therapy

The relatively small AAV genome is flanked on either side by 145 nucleotide in-
verted terminal repeats (ITRs), which are amenable to small therapeutic inserts of desired
genes [42]. In gene therapy applications, the AAV genome is replaced with the desired
foreign DNA, which is selectively designed for expression in tissues of interest. These
DNA inserts encode specific transgene cassettes containing the therapeutic DNA, a reg-
ulatory sequence, a promoter, and a polyadenylation (poly(A)) signal, which ensure the
appropriate mRNA processing and translation [43]. The variability amongst the many AAV
serotypes further improves tissue-specific targeting and transduction into cells. The specific
mechanisms for transduction into the cellular genome differ depending on the selected
serotype and vector design but can include random integration of the vector genome
into chromosomal regions [44] and episomal transgene expression [45]. Additionally, the
safety profile of AAVs is associated with a lower immunogenic response and improved
outcomes for transduction of the target gene into desired tissues and cells when compared
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to adenoviruses and retroviruses [34,46], suggesting that AAV is a more optimal viral gene
therapy option for genetic diseases.

Many LSDs, including GD, have neurological involvement. Gene therapy offers a
special advantage for neurological disorders, as many of the vectors have unique properties
that allow them to permeate the BBB. AAV vectors are efficient and highly selective at
transducing tissues throughout the nervous system when used in conjunction with cell-type-
specific promoters and enhancers [47,48], enabling their delivery to affected brain regions.
AAVs can deliver therapeutic proteins, antibodies, micro-RNAs, or precise DNA insertions
and deletions to alter the genomic profile of the host cells [49]. Pre-clinical studies have
suggested that direct intravenous delivery of the AAVs may be as efficacious in reversing
neuronopathic phenotypes as intracerebroventricular injections exclusively targeting the
central nervous system (CNS) [50]. Furthermore, several previous and ongoing clinical
trials offer a cautiously optimistic view of the therapeutic potential of AAV vectors for
the treatment of neurological disorders [51], supporting their safety in a clinical setting
and their overall efficacy. It has also been observed that recombinant adeno-associated
viral vectors are less immunogenic in all tissue types (including neuronal) than adenoviral
vectors [52–54]. These clinical trials support the safety of AAV gene therapy in the treatment
of heritable disorders and neurological disorders, making it a reasonable therapeutic
approach for GD.

2. Current Progress in Gene Therapy for Gaucher Disease
2.1. Historical Overview

While there are no FDA-approved gene therapy treatments for GD presently, there has
been significant interest in this field spanning several decades, including work conducted
with different murine models and viral vectors. Several studies have established a historical
precedent demonstrating promise for GD as a viable candidate for gene therapy. Choudary
et al. [55] were among the first to explore gene therapy for GD and successfully induced the
expression of human glucocerebrosidase in mammalian cells via retroviral gene transfer.
However, the expressed enzyme was inactive and did not rescue GCase levels. Shortly
after, the successful transplantation of transfected bone marrow cells into murine models
with recovery of macrophage and central nervous system microglia was reported [56].
Schiffman et al. provided support for the efficacy of retrovirally transduced bone marrow
transplantation in mice with long-term survival through repeated injections of transduced
stem cells [57]. In 1997 and 1998, three separate groups performed clinical trials to assess
the developing technology. Schuening et al. introduced peripheral blood repopulating
cells that had been transduced with a retroviral vector to patients. However, they were
unable to produce successful engraftment of transduced cells [58]. In 1998, Dunbar et al.
demonstrated long-term efficacious engraftment of infused gene-marked cells, but they
were unable to show improved GCase activity in patients [59]. Barranger et al. transduced
modified CD34+ cells into recipients and were able to observe sustained enzyme production
in one patient for at least nine months [60]. These reported levels were sufficient for the
patient to be weaned off ERT, but after 27 months, enzyme levels decreased and the patient
had to resume infusion therapy. Several of these early studies supported the use of viral
gene therapy, while cautioning about possible safety concerns related to potential oncogenic
and immunogenic side effects of the therapy [61]. The shortcomings of these clinical trials
supported the need for more vigorous pre-clinical studies.

The scope of this review was focused on describing the potential efficacy of different
viral vectors in vivo for gene therapy for GD. We evaluated the data presented in previous
studies based on the murine models used to determine feasibility of the gene therapy
treatments and their translatability, and the vector constructs and routes of administration
to understand their efficacy and selectivity to certain tissue types (Table 1).
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Table 1. A summary of the pre-clinical gene therapy studies for Gaucher disease.

Promoter Construct Serotype/Viral
Vector Mouse Model Delivery Method Outcome and Additional Info Source

human cytomegalovirus
(CMV) immediate early
promoter and enhancer

huGBA Ad2 Chemically induced via
CBE

IV to tail vein and intranasally through the
nares by inspiration

High-level expression of
glucocerebrosidase in the liver

(100-fold endogenous levels), spleen
(10-fold endogenous levels), lungs
(10-fold endogenous levels), and

serum (10 fold higher) compared to
wild-type.

Marshall et al.,
2002 [62]

DC172 promoter
(hepatic restricted) huGBA AAV2/8 D409V/null IV to tail vein @ 4 weeks

Expressions of (systemic) GC in
animals administered

AAV2/8-DC172-hGC were 50 to 100
fold higher than from the

corresponding AAV2/2 vector and
remained undiminished at 4 months.

Marshall et al.,
2004 [63]

human elongation factor
1-α huGBA AAV2 C57BL/6J IV to tail vein @ 7 weeks

GCase activity was roughly 1.5–2
times higher than untreated mice and

was maintained at least 20 weeks
post-treatment.

Hong et al., 2004
[64]

human elongation factor
1-α huGBA Recombinant

lentiviral vector C57BL/6J IV to tail vein @ 7 weeks

GCase activity was 1.9 times higher
(in spleen, lung, heart, and kidney)

than untreated mice at 8 weeks after
treatment. Increased GC activity

persisted over 4 months.

Kim et al., 2004
[65]

DC172 huGBA AAV8 D409V/null IV to tail vein @ 4 weeks and 6 months

Supraphysiologic levels of
glucocerebrosidase were achieved in

the serum and liver and lasted
roughly 6 months after treatment.

McEachern et al.,
2006 [66]

spleen focus-forming
virus promoter (SFFV) huGBA Retroviral GC vector Gba1 (flox/null); MX-Cre;

plpC induced GD

Transplants of transfected bone marrow
cells. Resuspended BM cells were

transplanted into recipient
1.5–7.5-month-old mice

Robust increase in enzyme activity in
BM, spleen, and liver from all mice
treated with GC vector, 5 months

post-transplantation.

Enquist et al., 2006
[67]

PGK, CD68, SFFV huGBA SIN Lentiviral
vector

Gba1 (flox/null); MX-Cre;
plpC-induced GD

Transplants of transfected bone marrow
cells. Resuspended BM cells were

transplanted into recipient 5–8-month-old
mice

SFFV.GBA increase GCase levels
~10 fold, PGK.GBA, and CD68.GBA
also significantly improved GCase

levels

Dahl et al., 2015
[68]
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Table 1. Cont.

Promoter Construct Serotype/Viral
Vector Mouse Model Delivery Method Outcome and Additional Info Source

GUSB * huGBA AAV9 K14-lnl

First fetal transuterine injection targeting
the anterior horn of the lateral ventricle of
the left hemisphere of the brain. Second
intracerebroventricular injection to P0

neonates. Third superficial temporal vein IV
to P0–1 neonates

IV administration improved GCase
expression both neurologically and

viscerally.

Massaro et al.,
2018 [50]

CMV Gba AAV9
Gba1(flox/flox);
UBC-creERT2

tamoxifen-induced GD
IV to tail vein injection @ 4 weeks AAV9-CMV-Gba increased mean

survival rate by 14x. Du et al., 2019 [69]

Synapsin-1 (hSynl **) Gba AAV9 Gba1(flox/flox);
Nestin-Cre IP injection on day 5 postnatal

AAV9-SYN-Gba improved GCase
activity in the brain, reducing the

neurological symptoms and extending
the lifespan in nGD mice.

Du et al., 2019 [69]

hSynI ** huGBA AAV9 K14-lnl IV to superficial temporal vein to P1
neonates

Overexpression of GCase did not
promote neurotoxicity in the brain of

injected animals and improved the
lifespan for all treated animals.

Massaro et al.,
2020 [70]

* More ubiquitous; ** drives expression in neuronal populations.
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2.2. Murine Models

Following the unsatisfactory clinical results of ex vivo gene therapy for GD, subse-
quent studies turned their focus to in vivo methods. However, animal research for GD
has persistently been hindered by a lack of an appropriate animal model that accurately
recapitulates the phenotypes observed in humans [71,72].

The feasibility of in vivo gene therapy for GD was first demonstrated in non-Gaucher
BALB/c and C57Bl/6J mouse models, which established the capability of viral vectors to
produce therapeutic and supraphysiological levels of GCase in serum and Gaucher-affected
tissues [62,64,65]. Marshall et al. also used an artificially induced murine model of GD by
treating BALB/c mice with conduritol-β-epoxide (CBE) and glucocerebroside-containing
liposomes to inhibit GCase activity and increase glycosphingolipid levels, respectively.
These mice accumulated GluCer in the lysosomal compartments of liver macrophages
(Kupffer cells), effectively replicating one of the biological hallmarks of GD. The group
demonstrated that gene transfer-induced secreted GCase could localize to Kupffer cells
despite being unmodified and that it had a longer half-life than the modified enzyme
administered in ERT. Successful targeting of GCase delivered to the macrophages efficiently
cleared GluCer accumulation in the liver, confirming that GD is a viable candidate for
in vivo gene therapy [62].

Despite the relative ease and low cost associated with generating the CBE mouse,
it is ultimately a non-genetic model that is not sufficient for evaluating the efficacy of
gene therapy in patients. Furthermore, it can be a rather variable model, as symptom
presentation is largely dependent on CBE dose, length of treatment, and age and strain of
the mouse [73]. As such, more accurate pre-clinical studies of in vivo gene therapy for GD
required a genetic murine model that displayed a consistent phenotype.

The development of the D409V/null mouse model by Xu et al. in 2003 allowed for
further investigation into this therapeutic strategy [63,66,74]. While this GBA1 variant
is not commonly encountered in patients with GD, mice with the genotype D409V/null
exhibited a >94% reduction in GCase activity, accumulation of glycosphingolipids, and
abnormal storage cells in visceral tissues. D409V/null mice appeared to have normal
behavior, fertility, and lifespans. No neurological manifestations were observed and, hence,
it best modeled mild, non-neuronopathic GD [74]. However, memory deficits associated
with the accumulation of α-synuclein were observed as these mice aged [75]. This finding
could confound the use of this mouse line in gene therapy studies by introducing additional
symptoms associated with pathologies that the vectors are not designed to treat.

Previous attempts to generate a complete knockout of Gba1 in mice resulted in rapid
neonatal death due to disruption of the skin barrier formation [76]. To circumvent this lethal
skin phenotype, Enquist et al. generated the conditional Mx1-Cre+ Gba1flox/null knockout
model, which was capable of proper fetal skin development [67]. Using the Mx1/Cre-
loxP system, Cre-mediated deletion of Gba1 exons 9–11 was postnatally induced through
the administration of polyinosinic-polycytidylic acid, which activates the Mx1 promoter.
GCase activity was abolished in the spleen and significantly reduced in the liver and bone
marrow following exon excision. The induced Gba1 knockout mice exhibited high levels
of GluCer, splenomegaly, and microcytic anemia, and Gaucher cells were observed in
hematopoietic tissue. No CNS involvement was detected due to the limited activity of
the Mx1 promoter in the brain and the lifespan was normal, rendering the model most
analogous to symptomatic type 1 GD [67,68].

The generation of models of the neuronopathic forms of GD has been challenging [77].
A K14-lnl knockout mouse line was developed by the Karlsson group in an effort to
address the challenges previously associated with the development of an nGD murine
model [78]. The loxP-neomycin disruption of Gba1 in these mice was coupled with Cre-
recombinase regulated by the keratinocyte-specific K14 promoter. This model enabled
Gba1 expression in the skin, which prevented neonatal death. At roughly 10 days of
age, the mice rapidly deteriorated. They developed motor dysfunction and seizures, and
neuropathologic evaluations revealed neuronal loss, microgliosis, and astrogliosis. K14-lnl
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mice have markedly reduced GCase activity and abnormal levels of GluCer in the brain,
liver, and spleens, as well as the presence of Gaucher cells in visceral tissues. They typically
succumbed within the first 2 weeks of life, thus providing a relevant, albeit short-lived,
model that is representative of severe type 2 GD.

To elucidate the role of GCase-deficient microglia in the neuropathology of type 2 GD,
Enquist et al. crossed their Gba1flox/flox mice with Nestin-Cre mice to generate the Nestin-
flox/flox mouse [67,78]. In this model, Gba1 was knocked out exclusively in neuronal and
neuroglial cell precursors without disturbing GCase in the microglia. Nestin-flox/flox
mice developed similar symptoms to the K14-lnl mice, including abnormal gait, limb
rigidity, and end-stage paralysis. However, symptom onset and progression were delayed
in comparison to the K14-lnl model.

Du et al. used the Gba1flox/flox mouse model to create another nGD model alongside
the Nestin-flox/flox mouse [69,78]. They crossbred Gba1flox/flox with UBC-CreERT2 mice
and Nestin-Cre mice to generate the Gba1flox/flox, UBC-CreERT2 and Gba1flox/flox, Nestin-
Cre genotypes, respectively. Similar to the Mx1-Cre+ Gba1flox/null mice, Gba1flox/flox;UBC-
CreERT2 is a conditional Gba1 knockout model. In this model, Cre recombinase, bound to a
mutant estrogen receptor (T2), is activated only after exposure to the chemical tamoxifen.
This activation, driven by the UBC promoter, subsequently deletes Gba1 throughout the
entire body. After repeated intraperitoneal tamoxifen injections, the Gba11flox/flox;UBC-
CreERT2 mice rapidly display weight loss, motor dysfunction (including abnormal gait and
hyperextension of the neck), and seizures, and died within 7 days after induction. Gaucher
cells were observed in the brain, liver, and spleen, and GCase activity was significantly
reduced in the brain, liver, and spleen [69]. The Gba1flox/flox, UBC-CreERT2 mouse provides
a viable model that mimics the systemic and CNS involvement observed in nGD, and the
conditional nature of the model allows flexibility to study the effects of therapy in mice at
different ages.

2.3. Gene Delivery Vectors and Outcomes

Glucocerebrosidase is only secreted when cells express high levels of the enzyme.
Thus, constructed vectors must be able to promote production of GCase very efficiently
in order to have a therapeutic benefit while maintaining a favorable safety profile [62]. To
achieve such an outcome, various combinations of viral vectors, serotypes, and promoters
have been tested to deliver human GBA1 (huGBA).

2.3.1. Non-AAV Gene Delivery Vector

Several non-AAV vectors have been considered for gene therapy for GD, including
the adenovirus [62], retroviruses [67,79], and lentiviruses [68].

Marshall et al. created a recombinant adenovirus vector by replacing the E1 region
of adenovirus serotype 2 (Ad2) with the human cytomegalovirus (CMV) immediate early
promoter and enhancer [62]. A high dose of this vector in wild-type mice was able to
increase GCase expression by 100 fold in the liver and 10 fold in the spleen and lungs
as well as promoting secretion of GCase into serum. Testing their construct in CBE-
induced murine models showed that both intravenous and intranasal delivery could
produce Kupffer-targeted GCase that could reduce the accumulated GluCer in the liver.
A low dose of the vector was also able to clear GluCer levels from Kupffer cells despite
producing levels of GCase that were not detected in serum, likely due to the enhanced
ability of adenoviruses to directly transduce Kupffer cells [62]. However, adenoviruses
tend to be highly immunogenic, and the uptake of adenoviruses by Kupffer cells via the
innate immune response paradoxically reduces the efficacy and longevity of the viral
vector [80,81].

Enquist et al. used a retroviral vector with the spleen focus-forming virus (SFFV)
enhancer-promoter to induce GCase expression in hematopoietic stem cells that were then
transplanted into GD mice. This vector was capable of elevating GCase enzyme activity in
the bone marrow, spleen, and liver and subsequently normalized substrate levels despite
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relatively low gene marking. Gaucher cells were almost fully eliminated in the treated
model, whereas untreated mice continued to develop and exhibit the GD phenotype [67].
However, retroviruses possess the risk of genotoxicity, particularly when combined with
a strong long terminal repeat enhancer-promoter such as SFFV and thus may not have a
suitable safety profile for clinical gene therapy [82,83].

Lentiviruses such as HIV-1 possess a narrow tropism for nondividing cells such
as primary T lymphocytes, CD34+ cells, dendritic cells, and macrophages, allowing for
improved delivery to the desired gene therapy targets for GD [84]. Lentiviruses also
demonstrate greater safety and less risk of insertional proto-oncogene activation than
gammaretroviruses [85].Kim et al. evaluated the viability of an HIV-1-based lentiviral vector
driven by the human elongation factor 1-α (EF-1α), which is a versatile and relatively potent
promoter, particularly in hematopoietic stem cells [65,86]. EF-1α has improved stability,
transgene expression, and transfection efficiency over traditional viral promoters such as
CMV [87]. In C57BL6/J mice, this vector distributed widely into various cells and produced
supraphysiological levels of GCase activity within various visceral tissues eight weeks after
portal vein or tail vein injection. This elevated expression was consistently sustained in
these tissues over the four months of the study, although no transduction was observed in
the brains of the treated mice. Mice injected via portal vein exhibited greater GCase activity
than mice injected via tail vein but developed mild hepatic toxicity post-injection.

Despite the demonstrated efficacy of the HIV-1-based lentivirus, the source of the vec-
tor carries the concern that the parent virus could reconstitute into a replication competent
virus [88]. To ease this concern and further reduce their oncogenic risk, self-inactivating
(SIN) lentiviral vectors have been developed by removing the transcriptional elements
of HIV-1 [89,90]. Dahl et al. transduced bone marrow cells with SIN lentiviral vectors
and transplanted them into pre-symptomatic and symptomatic Mx1-Cre+ Gba1flox/null mice.
They compared the safety and efficacy of two SIN lentiviral vectors containing the human
phosphoglycerate kinase (PGK) and CD68 promoters, respectively, against an SIN lentiviral
vector with the SFFV promoter [68]. PGK is a relatively weak promoter that produces
physiological rather than supraphysiological gene expression and is expressed ubiqui-
tously, whereas CD68 is a macrophage-specific promoter [91,92]. Both vectors successfully
reversed splenomegaly, elevated GCase activity, and prevented GluCer accumulation in
the bone marrow, spleen, and liver when administered pre-symptomatically. In mice that
had already developed symptoms, both vectors also significantly increased GCase activity.
However, in contrast to the SFFV-positive control vector, which increased activity levels
to 9.5 fold of wild-type levels, neither the PGK nor CD68 SIN lentiviral vectors restored
GCase activity to wild-type levels. Nonetheless, the resulting activity levels were sufficient
to reduce GluCer accumulation and dramatically reduce the number of Gaucher cells. Mice
treated with either vector also exhibited near-normal spleen size as well as improvement
in several blood parameters. All vectors displayed sustained expression up to at least
20 weeks. The SFFV promoter produced the highest levels of GBA1 expression across
all evaluated tissue types and cellular subsets, including progenitor cells. The CD68 and
PGK promoters both expressed the transgene in tissue, lymphoid compartments, and
granulocytes, but the CD68 promoter resulted in higher transgene expression in monocytes
and macrophages. Thus, although the PGK and CD68 promoters produced less robust
results than the SFFV promoter, they were still capable of preventing and reversing the
GD1 phenotype without the safety risks associated with a stronger promoter like SFFV.

2.3.2. AAV Gene Delivery Vectors

Adeno-associated viruses have been the primary viral vector used for in vivo gene
therapy of GD given their relative safety compared to adenoviruses and lentiviruses,
ability to sustain production of the transgene product, and ability to deliver the product
to both dividing and nondividing cells. Although there are dozens of AAV serotypes,
only a select few have been examined as vectors for GD, as they appear to have the most
relevant tropisms.
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The AAV2 serotype has been widely evaluated in gene therapy, and most recombinant
AAVs contain the AAV2 ITR sequence [93]. This serotype exhibits preferential tropism for
smooth muscle, skeletal muscle, CNS, liver, and kidney [94]. Hong et al. combined an AAV2
vector with the EF-1α promoter and delivered it via the portal or tail vein to determine its
therapeutic feasibility for GD [64]. Although vector distribution, GCase expression, and
GCase activity varied among tissue types, time points, and delivery methods, all treated
mice exhibited significantly increased levels of GCase activity in the liver, spleen, and lung
within two to six weeks after injection. However, activity began to decrease by 20 weeks
after injection, with GCase activity in the lung dropping to baseline levels. Treated mice did
not exhibit signs of toxicity or abnormal behavior, presenting a promising safety profile for
this recombinant AAV2 vector. Despite its established efficacy, the longevity of the vector
was not established, and Hong et al. posited that the AAV8 serotype would be a more
optimal option for GD due to its stronger expression in liver [64].

Subsequently, Marshall et al. compared the efficacy of the AAV2 serotype to the
AAV2/8 pseudotype [63]. The AAV2/8 pseudotype is a chimeric packaging plasmid in
which the AAV2 capsid is removed and the AAV2 gene is fused with an AAV8 capsid.
This pseudotype was designed to take advantage of the well-characterized longevity of
the AAV2 serotype, as well as the immunological distinctiveness and greater liver tropism
of AAV8 [95]. Marshall et al. constructed their vectors with the DC172 promoter, which
produced a significantly higher GCase hepatic-restricted transgene expression than the
CMV or DC190 promoters. This tissue-restricted promoter reduced the risk of off-target
effects and an undesired host immune response. Both vectors produced supraphysiological
levels of GCase that was secreted into the systemic circulation and normalized GluCer
levels in treated mice following intravenous injection. However, the AAV2/8 vector was
50 to 100 fold more efficacious than the AAV2 vector, indicating that the AAV8 serotype is
indeed more suitable for GD [63].

The same group then tested a pseudotyped AAV8 vector combined with the DC172
promoter administered intravenously in pre-symptomatic and symptomatic mice. In the
pre-symptomatic mice, McEachern et al. reported supraphysiologic levels of GCase in
the serum and liver and 50% of normal levels in the spleen and lungs. These findings
were accompanied by normal GluCer levels and the absence of Gaucher cells, indicating
that the vector was able to prevent GD pathology from developing. In older symptomatic
mice, supraphysiologic levels of GCase were also attained, albeit in a dose-dependent
manner. Even the lowest tested dose was sufficient to clear GluCer accumulation and
storage. For both groups, the improved GCase levels were sustained for at least six months,
demonstrating the long-term efficacy of the vector [66].

To measure the effectiveness of gene therapy for nGD, Massaro et al. developed an
AAV9 vector with a human β-glucuronidase (GUSB) promoter [47]. AAV9 has been shown
to cross the BBB and produce widespread expression in neurons as well as liver, heart, and
skeletal muscle [96]. The nGD mice that were injected in utero did not develop behavioral
symptoms, neuroinflammation, neuronal loss, or evidence of storage for up to 35 days.
Longer-term analysis indicated that mice treated in utero appeared normal and fertile at
day 70. However, by day 100, these mice performed worse on motor tasks, weighed less
than wild-type littermates, and exhibited higher than normal microglial activation and
astrogliosis. GCase activity and GluCer levels were similar to wild-type, although higher
levels of other glycosphingolipids were detected. Thus, this AAV9 vector was effective in
preventing neonatal death and delaying onset of symptoms but appeared to lose potency
later in development. Massaro et al. also examined the utility of their vector when admin-
istered intravenously or intracerebroventricularly in newborns. No behavioral changes
or weight loss was observed in treated nGD mice for up to at least 180 days, regardless of
delivery method. Supraphysiological and physiological levels of GCase were observed
in various brain regions. Evidence of neuronal loss and cortical thinning was observed
in several brain regions of mice treated via IV infusion. In visceral organs, both delivery
methods significantly increased GCase levels, with the IV route preventing splenomegaly
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and development of Gaucher cells. However, intracerebroventricular administration did
not ameliorate visceral pathology despite the increased GCase. Therefore, while the AAV9
vector was able to prevent neonatal lethality in all cases, it was most effective against both
neurological and visceral symptoms when delivered postnatally via IV injection [50].

Du et al. tested an AAV9 vector expressing mouse Gba1 driven by a CMV promoter in
tamoxifen-induced GD mice. The group administered the construct 15 and 30 days before
tamoxifen induction to achieve peak expression prior to symptom onset as the decline
following tamoxifen injection is too rapid for the vector to reach efficacious expression levels.
Administration of the vector 15 days prior to tamoxifen induction did not demonstrate a
therapeutic benefit, only prolonging survival by one to two days. However, intravenous
vector administration 30 days prior to tamoxifen induction substantially extended lifespan
to 14 times longer than untreated mice and greatly improved motor behavior. GCase
activity was significantly increased in brain, liver, and spleen, and no toxic effects were
detected even at the highest dose. However, the delay in transduction led the group to
conclude that this vector is not a feasible approach for GD2 [69].

Du et al. also developed an AAV9 vector targeted specifically for nGD by driving Gba1
expression with a neuron-specific Synapsin 1 (hSyn1) promoter in mice whose Gba1 gene
was only deleted in neural and glial cells. The vector was administered intraperitoneally
prior to symptom onset, enabling normal weight gain and doubling the lifespan of the
treated mice. GCase activity was significantly elevated in the cortex of treated nGD
mice compared to untreated, although liver and lung were unaffected. Neuronal loss,
astrogliosis, and microglial activation were also reduced, but not fully ameliorated. Thus,
the AAV9-hSyn1 vector is capable of lessening, but not preventing, brain involvement
without impacting the viscera. Furthermore, only the highest dose that was tested was
efficacious, indicating that the AAV9-hSyn1 vector requires relatively higher doses, which
may reduce the safety profile of this construct [69].

Massaro et al. also tested a single-stranded AAV9-hSyn1 vector containing a wood-
chuck hepatitis virus post-transcriptional regulatory element (WPRE) to express human
GBA1. In brain, the vector was neuron-specific, and expression was also detected in several
visceral organs, as well. The vector was administered to an nGD mouse model on the
day of birth, prolonging lifespan and enabling normal weight gain without evidence of
neurotoxicity. Compared to wild-type controls, treated mice exhibited similar motor behav-
ior, glycosphingolipid levels, and levels of neuroinflammatory markers in the brain at 60
and 66 days of age. GCase activity in the brain of treated mice was around 68% of wild-
type, but this difference was not significant. Unlike their AAV9-GUSB construct, Massaro
et al.’s AAV9-hSyn1 vector fully prevented neuronal loss and preserved cortical thickness.
The AAV9-hSyn1 vector also improved visceral pathology, preventing splenomegaly and
Gaucher cell accumulation in liver, spleen, and heart. Thus, this construct showed promise
for treating both neuronopathic forms of GD [70].

Several factors may have contributed to discrepant findings in the studies by Massaro
et al. compared to Du et al. For example, Massaro et al. tested an 8-fold higher dose and
injected their mice at a younger age [70]. Additionally, WPRE has been demonstrated to
enhance transgene expression in single-stranded AAV vectors, which likely also contributed
to the greater efficacy observed compared to the vector constructed by Du et al. [97].

3. Current Clinical Trials

Currently, there are a few active gene therapy clinical trials for the treatment of GD.
The first (GALILEO-1), “A Gene Therapy Study in Patients with Gaucher Disease Type
1” (NCT05324943), conducted by Freeline Therapeutics, involves the administration of a
liver-directed ssAAV to participants as a one-time intravenous infusion. The group made
37 GBA1 AAV constructs, which, when infused in mice with RC-04-26, resulted in the
robust uptake of GCase by cells in spleen, bone marrow, and lung [98]. At this time, no
results have been reported from the patient trial. Another active clinical trial, “Phase 1/2
Clinical Trial of PR001 in Infants With Type 2 Gaucher Disease (PROVIDE)” (NCT04411654),
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is being conducted by Prevail Therapeutics and Eli Lilly & Company. This trial involves
the injection of LY3884961, an AAV9 construct encoding wild-type GBA1, intracisternally in
type 2 infants pretreated with methylprednisolone and sirolimus. Oral prednisone is taken
concomitantly. The study aims to evaluate the immunogenicity of AAV9 and measures
GCase in the blood and cerebrospinal fluid. No results have been shared at this time. The
same companies have also initiated a phase 1/2 study in GD1, AVR-RD-02, compared to
enzyme replacement therapy, for the treatment of GD1 (NCT04145037 PROCEED), with
intravenous administration of their construct. Studies designed to evaluate the efficacy
and safety of autologous hematopoietic stem cell (HSC) gene therapy using a lentiviral
vector for GD1 and GD3 (NCT05815004) by Avrobio were recently withdrawn voluntarily
and not due to safety or medical reasons. However, outcome measures from the few
patients who completed the 52-week clinical trial indicated low vector copy numbers per
cell, slight reduction in spleen and liver size, slight reduction in glucosylsphingosine levels,
no changes in hemoglobin or platelet levels, and minimal increase in GCase enzyme activity
that decreased over time.

4. Future Directions for Gene Therapy for Gaucher Disease

The development of gene therapy for GD has focused on adeno-associated viral
vectors because of their relatively low risk of immunogenicity and stable expression of
the gene target. While the stable expression of target genes in the nervous system is the
most important factor for the development of AAVs to treat nGD, it is also desirable to
express GBA1 systemically to treat pathology in visceral organs. Since the combination of
an AAV9 serotype vector with a constitutive promoter (such as GUSB) fulfills the criteria
for neurological and visceral expression, this combination has been widely used in clinical
trials of gene therapy to treat neurological disorders [99] and other LSDs [100] and in
pre-clinical trials for GD [50,70]. Conversely, the ubiquitous expression of AAV9 may
result in undesired off-target toxic side effects [101]. To overcome this limitation, other
serotypes such as AAVrh10 have been developed. These serotypes have been shown to
enhance transgene expression in the central nervous system with lower immunogenic side
effects when compared to AAV9 [102]. However, further testing is required to analyze their
efficacy for treating nGD.

Most AAVs used in pre-clinical trials are designed using single-stranded DNA (ssAAV)
genomes. The time to peak expression for these vectors is limited, as they must first be con-
verted to double-stranded DNA to begin gene expression, which may present challenges for
successfully treating forms of GD that develop symptoms perinatally [103]. The conversion
of ssAAVs to their double-stranded counterparts may also reduce the efficacy of the vector.
An alternate AAV construct that has been proposed uses a self-complementary vector
(scAAV), which contains an inverted dimeric repeat genome that folds into dsDNA without
the aid of DNA synthesis molecules. These vectors have been notably effective at trans-
ducing multiple tissue types, including nervous tissue, and circumventing the limitations
associated with the conversion of ssAAVs. Vector construct size in scAAVs must be reduced
to approximately 2500 base pairs to prevent the dimeric repeats from exceeding the size
limitations of the normal AAV packaging capacity (approximately 4700 nucleotides); the
two halves of the scAAV are thus complementary. The transduction efficiency of scAAVs
should be considered when designing vectors for future gene therapy studies in GD [103].

When developing an efficacious construct, consideration must also be given to the
route of administration and timing of delivery of the vector. Intracerebroventricular in-
jection may be the most reliable method to cross the BBB, but the procedure is risky and
invasive and may lead to uneven distribution of the vector. Systemic injection is therefore
safer and more predictable, but these routes typically produce lower vector expression and
gene marking, which may compromise effectiveness [104].

To ensure successful clinical studies of gene therapy, more rigorous pre-clinical trials
must be designed to further establish the efficacy and safety of different adeno-associated
viral vectors, as well as variations in those vectors (including scAAVs and AAVrh10).
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Additionally, longitudinal studies are necessary to establish the longevity of adequate
GBA1 expression. This might indicate the need for additional vector injections periodically
or the need to supplement other treatment modalities such as SRT or ERT.

Although AAVs do not cause significant infection without the aid of a secondary viral
host, they could still trigger an unpredictable immune response for a variety of reasons.
Antibodies to previous infection by AAVs or adenoviruses may conceivably diminish the
response to the therapy or prevent a response altogether and could be dangerous to the
patient [105]. A prior adenoviral infection with a similar serotype of adenovirus may result
in a strong immune response post-treatment. This could give rise to serious complications
including meningitis, encephalitis, and, in rare cases, death. The immunogenicity can also
be impacted by insertional mutagenesis, which can preclude genotoxicity [106]. There
are alarming reports in both mammalian models and human subjects of the genotoxicity
resulting in hepatocellular carcinoma (HCC) [107], despite most cases in humans being
episomal and benign. Thus, it is crucial to consider vector design with respect to possible
undesirable integrations into the host genome to avoid carcinogenic outcomes [101]. One
side effect that has been observed in clinical trials of AAV gene therapy in other neurological
diseases is thrombotic microangiopathy, which is associated with an immune activation
that gives rise to vascular pathologies and may result in ischemia of the brain and other
organs [99]. This may be overcome by consideration of alternate administration routes
of AAV such as intra-CSF infusions, which could reduce the availability of circulating
AAV [99].

Treating GD2 is particularly challenging, as the window between time of diagnosis
and irreversible neurological damage may be very small. However, newborn screening
campaigns have allowed for identification of cases prior to symptom development, which
may be integral to administering treatment early enough to drastically alter the disease
course. It still remains possible, however, that irreversible CNS damage in GD2 has already
begun prenatally, as elevated glucosylsphingosine levels have been documented during
early gestation [108]. Nevertheless, we remain cautiously optimistic that viral gene therapy
can be used to ameliorate the symptoms in at least some forms of neuronopathic GD.
These therapies should be examined thoroughly and developed carefully to improve the
outcomes for individuals with nGD.

There are some ethical concerns that persist regarding the use of gene therapy in
young patients. There is still inadequate clinical data to conclude that these gene therapy
modalities will completely reverse—or cure—disease progression and manifestations. As
such, they may only partly treat a patient’s disease at a potentially very high cost [100].
Partial therapy in GD2 may prolong, but not prevent, the neurodegenerative course. Fur-
thermore, patients may need to continue to receive additional costly therapies. The risk
of minimal improvements to a patient’s quality of life is thus important to consider and
to further examine through ongoing pre-clinical and clinical trials. However, there are
indications of promising results of viral gene therapy in other LSDs [100]. We thus believe
that the further development and evaluation of improved gene therapy vectors, modes
of administration, and construct optimization can ultimately be of significant benefit to
patients with all forms of GD.

Author Contributions: Conceptualization, E.S.; data curation, A.K. and T.C.; writing–original draft
preparation, A.K. and T.C.; writing–review and editing, T.-U.H. and E.S.; visualization, A.K. and T.C.;
supervision, T.-U.H. and E.S.; project administration, E.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the Intramural Research Programs of the National Human
Genome Institute and the National Institutes of Health.

Conflicts of Interest: The authors declare no conflicts of interest.



Genes 2024, 15, 364 14 of 18

References
1. Beutler, E.; Nguyen, N.J.; Henneberger, M.W.; Smolec, J.M.; McPherson, R.A.; West, C.; Gelbart, T. Gaucher disease: Gene

frequencies in the Ashkenazi Jewish population. Am. J. Hum. Genet. 1993, 52, 85–88.
2. Schiffmann, R.; Sevigny, J.; Rolfs, A.; Davies, E.H.; Goker-Alpan, O.; Abdelwahab, M.; Vellodi, A.; Mengel, E.; Lukina, E.; Yoo,

H.W.; et al. The definition of neuronopathic Gaucher disease. J. Inherit. Metab. Dis. 2020, 43, 1056–1059. [CrossRef]
3. Sidransky, E. Gaucher disease: Complexity in a “simple” disorder. Mol. Genet. Metab. 2004, 83, 6–15. [CrossRef]
4. Stirnemann, J.; Belmatoug, N.; Camou, F.; Serratrice, C.; Froissart, R.; Caillaud, C.; Levade, T.; Astudillo, L.; Serratrice, J.; Brassier,

A.; et al. A Review of Gaucher Disease Pathophysiology, Clinical Presentation and Treatments. Int. J. Mol. Sci. 2017, 18, 441.
[CrossRef]

5. Gary, S.E.; Ryan, E.; Steward, A.M.; Sidransky, E. Recent advances in the diagnosis and management of Gaucher disease. Expert.
Rev. Endocrinol. Metab. 2018, 13, 107–118. [CrossRef]

6. Sam, R.; Ryan, E.; Daykin, E.; Sidransky, E. Current and emerging pharmacotherapy for Gaucher disease in pediatric populations.
Expert. Opin. Pharmacother. 2021, 22, 1489–1503. [CrossRef]

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

8. Barranger, J.A.; O’Rourke, E. Lessons learned from the development of enzyme therapy for Gaucher disease. J. Inherit. Metab. Dis.
2001, 24 (Suppl. S2), 89–96, discussion 87–88. [CrossRef] [PubMed]

9. Grinzaid, K.A.; Geller, E.; Hanna, S.L.; Elsas, L.J., 2nd. Cessation of enzyme replacement therapy in Gaucher disease. Genet. Med.
2002, 4, 427–433. [CrossRef]

10. Revel-Vilk, S.; Szer, J.; Mehta, A.; Zimran, A. How we manage Gaucher Disease in the era of choices. Br. J. Haematol. 2018, 182,
467–480. [CrossRef] [PubMed]

11. Shemesh, E.; Deroma, L.; Bembi, B.; Deegan, P.; Hollak, C.; Weinreb, N.J.; Cox, T.M. Enzyme replacement and substrate reduction
therapy for Gaucher disease. Cochrane Database Syst. Rev. 2015, 2015, CD010324. [CrossRef]

12. Andrade-Campos, M.; Escuder-Azuara, B.; de Frutos, L.L.; Serrano-Gonzalo, I.; Giraldo, P.; Geedl; Feeteg; Aeefeg. Direct and
indirect effects of the SARS-CoV-2 pandemic on Gaucher Disease patients in Spain: Time to reconsider home-based therapies?
Blood Cells Mol. Dis. 2020, 85, 102478. [CrossRef]

13. Mistry, P.; Balwani, M.; Barbouth, D.; Burrow, T.A.; Ginns, E.I.; Goker-Alpan, O.; Grabowski, G.A.; Kartha, R.V.; Kishnani, P.S.;
Lau, H.; et al. Gaucher disease and SARS-CoV-2 infection: Emerging management challenges. Mol. Genet. Metab. 2020, 130,
164–169. [CrossRef]

14. Sechi, A.; Macor, D.; Valent, S.; Da Riol, R.M.; Zanatta, M.; Spinelli, A.; Bianchi, K.; Bertossi, N.; Dardis, A.; Valent, F.; et al. Impact
of COVID-19 related healthcare crisis on treatments for patients with lysosomal storage disorders, the first Italian experience.
Mol. Genet. Metab. 2020, 130, 170–171. [CrossRef] [PubMed]

15. Accardo, A.; Pensiero, S.; Ciana, G.; Parentin, F.; Bembi, B. Eye movement impairment recovery in a Gaucher patient treated with
miglustat. Neurol. Res. Int. 2010, 2010, 358534. [CrossRef] [PubMed]

16. Aerts, J.M.; Hollak, C.E.; Boot, R.G.; Groener, J.E.; Maas, M. Substrate reduction therapy of glycosphingolipid storage disorders. J.
Inherit. Metab. Dis. 2006, 29, 449–456. [CrossRef] [PubMed]

17. FDA. ZAVESCA®(miglustat); Food and Drug Administration: Silver Spring, MD, USA, 2020.
18. Treiber, A.; Morand, O.; Clozel, M. The pharmacokinetics and tissue distribution of the glucosylceramide synthase inhibitor

miglustat in the rat. Xenobiotica 2007, 37, 298–314. [CrossRef] [PubMed]
19. Schiffmann, R.; Fitzgibbon, E.J.; Harris, C.; DeVile, C.; Davies, E.H.; Abel, L.; van Schaik, I.N.; Benko, W.; Timmons, M.; Ries, M.;

et al. Randomized, controlled trial of miglustat in Gaucher’s disease type 3. Ann. Neurol. 2008, 64, 514–522. [CrossRef] [PubMed]
20. Smid, B.E.; Ferraz, M.J.; Verhoek, M.; Mirzaian, M.; Wisse, P.; Overkleeft, H.S.; Hollak, C.E.; Aerts, J.M. Biochemical response to

substrate reduction therapy versus enzyme replacement therapy in Gaucher disease type 1 patients. Orphanet J. Rare Dis. 2016, 11,
28. [CrossRef]

21. FDA. CEREDELGA®(eliglustat) [package insert]. Available online: https://www.accessdata.fda.gov/drugsatfda_docs/label/20
18/205494s003lbl.pdf (accessed on 14 November 2023).

22. Wilson, M.W.; Shu, L.; Hinkovska-Galcheva, V.; Jin, Y.; Rajeswaran, W.; Abe, A.; Zhao, T.; Luo, R.; Wang, L.; Wen, B.; et al.
Optimization of Eliglustat-Based Glucosylceramide Synthase Inhibitors as Substrate Reduction Therapy for Gaucher Disease
Type 3. ACS Chem. Neurosci. 2020, 11, 3464–3473. [CrossRef] [PubMed]

23. Van Rossum, A.; Holsopple, M. Enzyme Replacement or Substrate Reduction? A Review of Gaucher Disease Treatment Options.
Hosp. Pharm. 2016, 51, 553–563. [CrossRef]

24. Baldellou, A.; Andria, G.; Campbell, P.E.; Charrow, J.; Cohen, I.J.; Grabowski, G.A.; Harris, C.M.; Kaplan, P.; McHugh, K.; Mengel,
E.; et al. Paediatric non-neuronopathic Gaucher disease: Recommendations for treatment and monitoring. Eur. J. Pediatr. 2004,
163, 67–75. [CrossRef]

25. Giraldo, P.; Andrade-Campos, M.; Alfonso, P.; Irun, P.; Atutxa, K.; Acedo, A.; Barez, A.; Blanes, M.; Diaz-Morant, V.; Fernandez-
Galan, M.A.; et al. Twelve years of experience with miglustat in the treatment of type 1 Gaucher disease: The Spanish ZAGAL
project. Blood Cells Mol. Dis. 2018, 68, 173–179. [CrossRef] [PubMed]

26. Hollak, C.E.; Hughes, D.; van Schaik, I.N.; Schwierin, B.; Bembi, B. Miglustat (Zavesca) in type 1 Gaucher disease: 5-year results
of a post-authorisation safety surveillance programme. Pharmacoepidemiol. Drug Saf. 2009, 18, 770–777. [CrossRef]

https://doi.org/10.1002/jimd.12235
https://doi.org/10.1016/j.ymgme.2004.08.015
https://doi.org/10.3390/ijms18020441
https://doi.org/10.1080/17446651.2018.1445524
https://doi.org/10.1080/14656566.2021.1902989
https://doi.org/10.1172/JCI105417
https://www.ncbi.nlm.nih.gov/pubmed/5338605
https://doi.org/10.1023/A:1012440428282
https://www.ncbi.nlm.nih.gov/pubmed/11758684
https://doi.org/10.1097/00125817-200211000-00005
https://doi.org/10.1111/bjh.15402
https://www.ncbi.nlm.nih.gov/pubmed/29808905
https://doi.org/10.1002/14651858.CD010324.pub2
https://doi.org/10.1016/j.bcmd.2020.102478
https://doi.org/10.1016/j.ymgme.2020.05.002
https://doi.org/10.1016/j.ymgme.2020.04.002
https://www.ncbi.nlm.nih.gov/pubmed/32386848
https://doi.org/10.1155/2010/358534
https://www.ncbi.nlm.nih.gov/pubmed/21152212
https://doi.org/10.1007/s10545-006-0272-5
https://www.ncbi.nlm.nih.gov/pubmed/16763917
https://doi.org/10.1080/00498250601094543
https://www.ncbi.nlm.nih.gov/pubmed/17624027
https://doi.org/10.1002/ana.21491
https://www.ncbi.nlm.nih.gov/pubmed/19067373
https://doi.org/10.1186/s13023-016-0413-3
https://www.accessdata.fda.gov/drugsatfda_docs/label/2018/205494s003lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2018/205494s003lbl.pdf
https://doi.org/10.1021/acschemneuro.0c00558
https://www.ncbi.nlm.nih.gov/pubmed/33035424
https://doi.org/10.1310/hpj5107-553
https://doi.org/10.1007/s00431-003-1363-z
https://doi.org/10.1016/j.bcmd.2016.10.017
https://www.ncbi.nlm.nih.gov/pubmed/27836529
https://doi.org/10.1002/pds.1779


Genes 2024, 15, 364 15 of 18

27. Bennett, L.L.; Fellner, C. Pharmacotherapy of Gaucher Disease: Current and Future Options. Pharm. Ther. 2018, 43, 274–309.
28. Schiffmann, R.; Cox, T.M.; Dedieu, J.F.; Gaemers, S.J.M.; Hennermann, J.B.; Ida, H.; Mengel, E.; Minini, P.; Mistry, P.; Musholt, P.B.;

et al. Venglustat combined with imiglucerase for neurological disease in adults with Gaucher disease type 3: The LEAP trial.
Brain 2023, 146, 461–474. [CrossRef]

29. Donald, A.; Bjorkvall, C.K.; Vellodi, A.; Consortium, G.; Cox, T.M.; Hughes, D.; Jones, S.A.; Wynn, R.; Machaczka, M. Thirty-year
clinical outcomes after haematopoietic stem cell transplantation in neuronopathic Gaucher disease. Orphanet J. Rare Dis. 2022, 17,
234. [CrossRef] [PubMed]

30. FDA. Center for Biologics Evaluation and Research. What is Gene Therapy? U.S. Food and Drug Administration. 2018. Avail-
able online: https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products/what-gene-therapy#footnote1
(accessed on 14 November 2023).

31. Park, T.G.; Jeong, J.H.; Kim, S.W. Current status of polymeric gene delivery systems. Adv. Drug Deliv. Rev. 2006, 58, 467–486.
[CrossRef]

32. Dang, J.M.; Leong, K.W. Natural polymers for gene delivery and tissue engineering. Adv. Drug Deliv. Rev. 2006, 58, 487–499.
[CrossRef] [PubMed]

33. Scheller, E.L.; Krebsbach, P.H. Gene therapy: Design and prospects for craniofacial regeneration. J. Dent. Res. 2009, 88, 585–596.
[CrossRef]

34. Zhang, X.; Godbey, W.T. Viral vectors for gene delivery in tissue engineering. Adv. Drug Deliv. Rev. 2006, 58, 515–534. [CrossRef]
[PubMed]

35. Ghosh, S.; Brown, A.M.; Jenkins, C.; Campbell, K. Viral Vector Systems for Gene Therapy: A Comprehensive Literature Review of
Progress and Biosafety Challenges. Appl. Biosaf. 2020, 25, 7–18. [CrossRef] [PubMed]

36. Barnett, B.G.; Crews, C.J.; Douglas, J.T. Targeted adenoviral vectors. Biochim. Biophys. Acta 2002, 1575, 1–14. [CrossRef] [PubMed]
37. Coughlan, L. Factors Which Contribute to the Immunogenicity of Non-replicating Adenoviral Vectored Vaccines. Front. Immunol.

2020, 11, 909. [CrossRef] [PubMed]
38. Hüser, D.; Khalid, D.; Lutter, T.; Hammer, E.M.; Weger, S.; Heßler, M.; Kalus, U.; Tauchmann, Y.; Hensel-Wiegel, K.; Lassner, D.;

et al. High Prevalence of Infectious Adeno-associated Virus (AAV) in Human Peripheral Blood Mononuclear Cells Indicative of T
Lymphocytes as Sites of AAV Persistence. J. Virol. 2017, 91, 10–1128. [CrossRef] [PubMed]

39. Wu, Z.; Asokan, A.; Samulski, R.J. Adeno-associated virus serotypes: Vector toolkit for human gene therapy. Mol. Ther. 2006, 14,
316–327. [CrossRef] [PubMed]

40. Perabo, L.; Endell, J.; King, S.; Lux, K.; Goldnau, D.; Hallek, M.; Buning, H. Combinatorial engineering of a gene therapy vector:
Directed evolution of adeno-associated virus. J. Gene Med. 2006, 8, 155–162. [CrossRef]

41. Becker, J.; Fakhiri, J.; Grimm, D. Fantastic AAV Gene Therapy Vectors and How to Find Them-Random Diversification, Rational
Design and Machine Learning. Pathogens 2022, 11, 756. [CrossRef]

42. Hirsch, M.L.; Green, L.; Porteus, M.H.; Samulski, R.J. Self-complementary AAV mediates gene targeting and enhances endonucle-
ase delivery for double-strand break repair. Gene Ther. 2010, 17, 1175–1180. [CrossRef]

43. Hirata, R.K.; Russell, D.W. Design and packaging of adeno-associated virus gene targeting vectors. J. Virol. 2000, 74, 4612–4620.
[CrossRef]

44. Stephen, S.L.; Montini, E.; Sivanandam, V.G.; Al-Dhalimy, M.; Kestler, H.A.; Finegold, M.; Grompe, M.; Kochanek, S. Chromosomal
integration of adenoviral vector DNA in vivo. J. Virol. 2010, 84, 9987–9994. [CrossRef]

45. Penaud-Budloo, M.; Le Guiner, C.; Nowrouzi, A.; Toromanoff, A.; Cherel, Y.; Chenuaud, P.; Schmidt, M.; von Kalle, C.; Rolling, F.;
Moullier, P.; et al. Adeno-associated virus vector genomes persist as episomal chromatin in primate muscle. J. Virol. 2008, 82,
7875–7885. [CrossRef]

46. Dismuke, D.J.; Tenenbaum, L.; Samulski, R.J. Biosafety of recombinant adeno-associated virus vectors. Curr. Gene Ther. 2013, 13,
434–452. [CrossRef]

47. Foust, K.D.; Nurre, E.; Montgomery, C.L.; Hernandez, A.; Chan, C.M.; Kaspar, B.K. Intravascular AAV9 preferentially targets
neonatal neurons and adult astrocytes. Nat. Biotechnol. 2009, 27, 59–65. [CrossRef]

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

49. Deverman, B.E.; Ravina, B.M.; Bankiewicz, K.S.; Paul, S.M.; Sah, D.W.Y. Gene therapy for neurological disorders: Progress and
prospects. Nat. Rev. Drug Discov. 2018, 17, 641–659. [CrossRef]

50. Massaro, G.; Mattar, C.N.Z.; Wong, A.M.S.; Sirka, E.; Buckley, S.M.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]

51. Hudry, E.; Vandenberghe, L.H. Therapeutic AAV Gene Transfer to the Nervous System: A Clinical Reality. Neuron 2019, 101,
839–862. [CrossRef] [PubMed]

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

53. Kaplitt, M.G.; Feigin, A.; Tang, C.; Fitzsimons, H.L.; Mattis, P.; Lawlor, P.A.; Bland, R.J.; Young, D.; Strybing, K.; Eidelberg, D.;
et al. Safety and tolerability of gene therapy with an adeno-associated virus (AAV) borne GAD gene for Parkinson’s disease: An
open label, phase I trial. Lancet 2007, 369, 2097–2105. [CrossRef] [PubMed]

https://doi.org/10.1093/brain/awac379
https://doi.org/10.1186/s13023-022-02378-7
https://www.ncbi.nlm.nih.gov/pubmed/35717194
https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products/what-gene-therapy#footnote1
https://doi.org/10.1016/j.addr.2006.03.007
https://doi.org/10.1016/j.addr.2006.03.001
https://www.ncbi.nlm.nih.gov/pubmed/16762443
https://doi.org/10.1177/0022034509337480
https://doi.org/10.1016/j.addr.2006.03.006
https://www.ncbi.nlm.nih.gov/pubmed/16762441
https://doi.org/10.1177/1535676019899502
https://www.ncbi.nlm.nih.gov/pubmed/36033383
https://doi.org/10.1016/S0167-4781(02)00249-X
https://www.ncbi.nlm.nih.gov/pubmed/12020813
https://doi.org/10.3389/fimmu.2020.00909
https://www.ncbi.nlm.nih.gov/pubmed/32508823
https://doi.org/10.1128/JVI.02137-16
https://www.ncbi.nlm.nih.gov/pubmed/27928011
https://doi.org/10.1016/j.ymthe.2006.05.009
https://www.ncbi.nlm.nih.gov/pubmed/16824801
https://doi.org/10.1002/jgm.849
https://doi.org/10.3390/pathogens11070756
https://doi.org/10.1038/gt.2010.65
https://doi.org/10.1128/JVI.74.10.4612-4620.2000
https://doi.org/10.1128/JVI.00751-10
https://doi.org/10.1128/JVI.00649-08
https://doi.org/10.2174/15665232113136660007
https://doi.org/10.1038/nbt.1515
https://doi.org/10.1038/nn.4593
https://doi.org/10.1038/nrd.2018.110
https://doi.org/10.1038/s41591-018-0106-7
https://doi.org/10.1016/j.neuron.2019.02.017
https://www.ncbi.nlm.nih.gov/pubmed/30844402
https://doi.org/10.1038/gt.2008.68
https://www.ncbi.nlm.nih.gov/pubmed/18418415
https://doi.org/10.1016/S0140-6736(07)60982-9
https://www.ncbi.nlm.nih.gov/pubmed/17586305


Genes 2024, 15, 364 16 of 18

54. Zaiss, A.K.; Liu, Q.; Bowen, G.P.; Wong, N.C.; Bartlett, J.S.; Muruve, D.A. Differential activation of innate immune responses by
adenovirus and adeno-associated virus vectors. J. Virol. 2002, 76, 4580–4590. [CrossRef]

55. Choudary, P.V.; Tsuji, S.; Martin, B.M.; Guild, B.C.; Mulligan, R.C.; Murray, G.J.; Barranger, J.A.; Ginns, E.I. The molecular biology
of Gaucher disease and the potential for gene therapy. Cold Spring Harb. Symp. Quant. Biol. 1986, 51, 1047–1052. [CrossRef]

56. Krall, W.J.; Challita, P.M.; Perlmutter, L.S.; Skelton, D.C.; Kohn, D.B. Cells expressing human glucocerebrosidase from a retroviral
vector repopulate macrophages and central nervous system microglia after murine bone marrow transplantation. Blood 1994, 83,
2737–2748. [CrossRef]

57. Schiffmann, R.; Medin, J.A.; Ward, J.M.; Stahl, S.; Cottler-Fox, M.; Karlsson, S. Transfer of the human glucocerebrosidase gene into
hematopoietic stem cells of nonablated recipients: Successful engraftment and long-term expression of the transgene. Blood 1995,
86, 1218–1227. [CrossRef]

58. Schuening, F.; Longo, W.L.; Atkinson, M.E.; Zaboikin, M.; Kiem, H.P.; Sanders, J.; Scott, C.R.; Storb, R.; Miller, A.D.; Reynolds,
T.; et al. Retrovirus-mediated transfer of the cDNA for human glucocerebrosidase into peripheral blood repopulating cells of
patients with Gaucher’s disease. Hum. Gene Ther. 1997, 8, 2143–2160. [CrossRef] [PubMed]

59. Dunbar, C.E.; Kohn, D.B.; Schiffmann, R.; Barton, N.W.; Nolta, J.A.; Esplin, J.A.; Pensiero, M.; Long, Z.; Lockey, C.; Emmons, R.V.;
et al. Retroviral transfer of the glucocerebrosidase gene into CD34+ cells from patients with Gaucher disease: In vivo detection of
transduced cells without myeloablation. Hum. Gene Ther. 1998, 9, 2629–2640. [CrossRef] [PubMed]

60. Barranger, J.M.; Novelli, E.A. Gene therapy for lysosomal storage disorders. Expert. Opin. Biol. Ther. 2001, 1, 857–867. [CrossRef]
[PubMed]

61. Goncalves, G.A.R.; Paiva, R.M.A. Gene therapy: Advances, challenges and perspectives. Einstein 2017, 15, 369–375. [CrossRef]
[PubMed]

62. Marshall, J.; McEachern, K.A.; Kyros, J.A.; Nietupski, J.B.; Budzinski, T.; Ziegler, R.J.; Yew, N.S.; Sullivan, J.; Scaria, A.; van Rooijen,
N.; et al. Demonstration of feasibility of in vivo gene therapy for Gaucher disease using a chemically induced mouse model. Mol.
Ther. 2002, 6, 179–189. [CrossRef] [PubMed]

63. Marshall, J.; Mceachern, K.; Nietupski, J.B.; Kyros, J.A.C.; Armentano, D.; Grabowski, G.A.; Cheng, S.H. Feasibility of AAV-
Mediated Gene Therapy Examined Using a New Murine Model (D409V/null) of Gaucher Disease. Mol. Ther. 2004, 9, S324–S325.
[CrossRef]

64. Hong, Y.B.; Kim, E.Y.; Yoo, H.W.; Jung, S.C. Feasibility of gene therapy in Gaucher disease using an adeno-associated virus vector.
J. Hum. Genet. 2004, 49, 536–543. [CrossRef]

65. Kim, E.Y.; Hong, Y.B.; Lai, Z.; Kim, H.J.; Cho, Y.H.; Brady, R.O.; Jung, S.C. Expression and secretion of human glucocerebrosidase
mediated by recombinant lentivirus vectors in vitro and in vivo: Implications for gene therapy of Gaucher disease. Biochem.
Biophys. Res. Commun. 2004, 318, 381–390. [CrossRef] [PubMed]

66. McEachern, K.A.; Nietupski, J.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. 2006, 8, 719–729. [CrossRef] [PubMed]

67. Enquist, I.B.; Nilsson, E.; Ooka, A.; Mansson, J.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] [PubMed]

68. Dahl, M.; Doyle, A.; Olsson, K.; Mansson, J.E.; Marques, A.R.A.; Mirzaian, M.; Aerts, J.M.; Ehinger, M.; Rothe, M.; Modlich,
U.; et al. Lentiviral gene therapy using cellular promoters cures type 1 Gaucher disease in mice. Mol. Ther. 2015, 23, 835–844.
[CrossRef] [PubMed]

69. 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]
[PubMed]

70. Massaro, G.; Hughes, M.P.; Whaler, S.M.; Wallom, K.L.; Priestman, D.A.; Platt, F.M.; 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] [PubMed]

71. Farfel-Becker, T.; Vitner, E.B.; Futerman, A.H. Animal models for Gaucher disease research. Dis. Model. Mech. 2011, 4, 746–752.
[CrossRef]

72. Cabasso, O.; Kuppuramalingam, A.; Lelieveld, L.; Van der Lienden, M.; Boot, R.; Aerts, J.M.; Horowitz, M. Animal Models for the
Study of Gaucher Disease. Int. J. Mol. Sci. 2023, 24, 16035. [CrossRef]

73. Vardi, A.; Zigdon, H.; Meshcheriakova, A.; Klein, A.D.; Yaacobi, C.; Eilam, R.; Kenwood, B.M.; Rahim, A.A.; Massaro, G.; Merrill,
A.H., Jr.; et al. Delineating pathological pathways in a chemically induced mouse model of Gaucher disease. J. Pathol. 2016, 239,
496–509. [CrossRef]

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

75. Dai, M.; Liou, B.; Swope, B.; Wang, X.; Zhang, W.; Inskeep, V.; Grabowski, G.A.; Sun, Y.; Pan, D. Progression of Behavioral and
CNS Deficits in a Viable Murine Model of Chronic Neuronopathic Gaucher Disease. PLoS ONE 2016, 11, e0162367. [CrossRef]

76. Tybulewicz, V.L.; Tremblay, M.L.; LaMarca, M.E.; Willemsen, R.; Stubblefield, B.K.; Winfield, S.; Zablocka, B.; Sidransky, E.;
Martin, B.M.; Huang, S.P. Animal model of Gaucher’s disease from targeted disruption of the mouse glucocerebrosidase gene.
Nature 1992, 357, 407–410. [CrossRef]

https://doi.org/10.1128/JVI.76.9.4580-4590.2002
https://doi.org/10.1101/SQB.1986.051.01.121
https://doi.org/10.1182/blood.V83.9.2737.2737
https://doi.org/10.1182/blood.V86.3.1218.1218
https://doi.org/10.1089/hum.1997.8.17-2143
https://www.ncbi.nlm.nih.gov/pubmed/9414262
https://doi.org/10.1089/hum.1998.9.17-2629
https://www.ncbi.nlm.nih.gov/pubmed/9853529
https://doi.org/10.1517/14712598.1.5.857
https://www.ncbi.nlm.nih.gov/pubmed/11728220
https://doi.org/10.1590/s1679-45082017rb4024
https://www.ncbi.nlm.nih.gov/pubmed/29091160
https://doi.org/10.1006/mthe.2002.0650
https://www.ncbi.nlm.nih.gov/pubmed/12161184
https://doi.org/10.1016/j.ymthe.2004.06.762
https://doi.org/10.1007/s10038-004-0186-8
https://doi.org/10.1016/j.bbrc.2004.04.040
https://www.ncbi.nlm.nih.gov/pubmed/15120612
https://doi.org/10.1002/jgm.901
https://www.ncbi.nlm.nih.gov/pubmed/16528760
https://doi.org/10.1073/pnas.0606016103
https://www.ncbi.nlm.nih.gov/pubmed/16954197
https://doi.org/10.1038/mt.2015.16
https://www.ncbi.nlm.nih.gov/pubmed/25655314
https://doi.org/10.1089/hum.2018.072
https://www.ncbi.nlm.nih.gov/pubmed/30122074
https://doi.org/10.1093/hmg/ddz317
https://www.ncbi.nlm.nih.gov/pubmed/31919491
https://doi.org/10.1242/dmm.008185
https://doi.org/10.3390/ijms242216035
https://doi.org/10.1002/path.4751
https://doi.org/10.1016/S0002-9440(10)63566-3
https://doi.org/10.1371/journal.pone.0162367
https://doi.org/10.1038/357407a0


Genes 2024, 15, 364 17 of 18

77. Liu, Y.; Suzuki, K.; Reed, J.D.; Grinberg, A.; Westphal, H.; Hoffmann, A.; Döring, T.; Sandhoff, K.; Proia, R.L. Mice with type 2 and
3 Gaucher disease point mutations generated by a single insertion mutagenesis procedure. Proc. Natl. Acad. Sci. USA 1998, 95,
2503–2508. [CrossRef]

78. Enquist, I.B.; Lo Bianco, C.; 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]

79. Kohn, D.B.; Nolta, J.A.; Weinthal, J.; Bahner, I.; Yu, X.J.; Lilley, J.; Crooks, G.M. Toward gene therapy for Gaucher disease. Hum.
Gene Ther. 1991, 2, 101–105. [CrossRef] [PubMed]

80. Wolff, G.; Worgall, S.; van Rooijen, N.; Song, W.R.; Harvey, B.G.; Crystal, R.G. Enhancement of in vivo adenovirus-mediated
gene transfer and expression by prior depletion of tissue macrophages in the target organ. J. Virol. 1997, 71, 624–629. [CrossRef]
[PubMed]

81. Worgall, S.; Wolff, G.; Falck-Pedersen, E.; Crystal, R.G. Innate immune mechanisms dominate elimination of adenoviral vectors
following in vivo administration. Hum. Gene Ther. 1997, 8, 37–44. [CrossRef] [PubMed]

82. Montini, E.; Cesana, D.; Schmidt, M.; Sanvito, F.; Bartholomae, C.C.; Ranzani, M.; Benedicenti, F.; Sergi, L.S.; Ambrosi, A.; Ponzoni,
M.; et al. The genotoxic potential of retroviral vectors is strongly modulated by vector design and integration site selection in a
mouse model of HSC gene therapy. J. Clin. Investig. 2009, 119, 964–975. [CrossRef] [PubMed]

83. Zychlinski, D.; Schambach, A.; Modlich, U.; Maetzig, T.; Meyer, J.; Grassman, E.; Mishra, A.; Baum, C. Physiological promoters
reduce the genotoxic risk of integrating gene vectors. Mol. Ther. 2008, 16, 718–725. [CrossRef] [PubMed]

84. Cooray, S.; Howe, S.J.; Thrasher, A.J. Retrovirus and lentivirus vector design and methods of cell conditioning. Methods Enzym.
2012, 507, 29–57. [CrossRef]

85. Cattoglio, C.; Facchini, G.; Sartori, D.; Antonelli, A.; Miccio, A.; Cassani, B.; Schmidt, M.; von Kalle, C.; Howe, S.; Thrasher, A.J.;
et al. Hot spots of retroviral integration in human CD34+ hematopoietic cells. Blood 2007, 110, 1770–1778. [CrossRef]

86. Kim, D.W.; Uetsuki, T.; Kaziro, Y.; Yamaguchi, N.; Sugano, S. Use of the human elongation factor 1 alpha promoter as a versatile
and efficient expression system. Gene 1990, 91, 217–223. [CrossRef]

87. Wang, X.; Xu, Z.; Tian, Z.; Zhang, X.; Xu, D.; Li, Q.; Zhang, J.; Wang, T. The EF-1alpha promoter maintains high-level transgene
expression from episomal vectors in transfected CHO-K1 cells. J. Cell Mol. Med. 2017, 21, 3044–3054. [CrossRef] [PubMed]

88. Zufferey, R.; Nagy, D.; Mandel, R.J.; Naldini, L.; Trono, D. Multiply attenuated lentiviral vector achieves efficient gene delivery
in vivo. Nat. Biotechnol. 1997, 15, 871–875. [CrossRef] [PubMed]

89. Miyoshi, H.; Blömer, U.; Takahashi, M.; Gage, F.H.; Verma, I.M. Development of a self-inactivating lentivirus vector. J. Virol. 1998,
72, 8150–8157. [CrossRef] [PubMed]

90. Zufferey, R.; Dull, T.; Mandel, R.J.; Bukovsky, A.; Quiroz, D.; Naldini, L.; Trono, D. Self-inactivating lentivirus vector for safe and
efficient in vivo gene delivery. J. Virol. 1998, 72, 9873–9880. [CrossRef]

91. González-Murillo, A.; Lozano, M.L.; Alvarez, L.; Jacome, A.; Almarza, E.; Navarro, S.; Segovia, J.C.; Hanenberg, H.; Guenechea,
G.; Bueren, J.A.; et al. Development of lentiviral vectors with optimized transcriptional activity for the gene therapy of patients
with Fanconi anemia. Hum. Gene Ther. 2010, 21, 623–630. [CrossRef]

92. Levin, M.C.; Lidberg, U.; Jirholt, P.; Adiels, M.; Wramstedt, A.; Gustafsson, K.; Greaves, D.R.; Li, S.; Fazio, S.; Linton, M.F.; et al.
Evaluation of macrophage-specific promoters using lentiviral delivery in mice. Gene Ther. 2012, 19, 1041–1047. [CrossRef]

93. Castle, M.J.; Turunen, H.T.; Vandenberghe, L.H.; Wolfe, J.H. Controlling AAV Tropism in the Nervous System with Natural and
Engineered Capsids. Methods Mol. Biol. 2016, 1382, 133–149. [CrossRef]

94. Verdera, H.C.; Kuranda, K.; Mingozzi, F. AAV Vector Immunogenicity in Humans: A Long Journey to Successful Gene Transfer.
Mol. Ther. 2020, 28, 723–746. [CrossRef]

95. Gao, G.P.; Alvira, M.R.; Wang, L.; Calcedo, R.; Johnston, J.; Wilson, J.M. Novel adeno-associated viruses from rhesus monkeys as
vectors for human gene therapy. Proc. Natl. Acad. Sci. USA 2002, 99, 11854–11859. [CrossRef]

96. 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]

97. Mattar, C.N.; Wong, A.M.; Hoefer, K.; Alonso-Ferrero, M.E.; Buckley, S.M.; Howe, S.J.; Cooper, J.D.; Waddington, S.N.; Chan, J.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]

98. Hughes, D.A.; Ferrante, F. GALILEO-1: A Phase I/II safety and efficacy study of FLT201 gene therapy for Gaucher disease type 1.
Future Rare Dis. 2023, 3, FRD35. [CrossRef]

99. Ling, Q.; Herstine, J.A.; Bradbury, A.; Gray, S.J. AAV-based in vivo gene therapy for neurological disorders. Nat. Rev. Drug Discov.
2023, 22, 789–806. [CrossRef]

100. Massaro, G.; Geard, A.F.; Liu, W.; Coombe-Tennant, O.; Waddington, S.N.; Baruteau, J.; Gissen, P.; Rahim, A.A. Gene Therapy for
Lysosomal Storage Disorders: Ongoing Studies and Clinical Development. Biomolecules 2021, 11, 611. [CrossRef]

101. Chandler, R.J.; LaFave, M.C.; Varshney, G.K.; Trivedi, N.S.; Carrillo-Carrasco, N.; Senac, J.S.; Wu, W.; Hoffmann, V.; Elkahloun,
A.G.; Burgess, S.M.; et al. Vector design influences hepatic genotoxicity after adeno-associated virus gene therapy. J. Clin. Investig.
2015, 125, 870–880. [CrossRef] [PubMed]

102. Tanguy, Y.; Biferi, M.G.; Besse, A.; Astord, S.; Cohen-Tannoudji, M.; Marais, T.; Barkats, M. Systemic AAVrh10 provides higher
transgene expression than AAV9 in the brain and the spinal cord of neonatal mice. Front. Mol. Neurosci. 2015, 8, 36. [CrossRef]

103. McCarty, D.M. Self-complementary AAV vectors; advances and applications. Mol. Ther. 2008, 16, 1648–1656. [CrossRef] [PubMed]

https://doi.org/10.1073/pnas.95.5.2503
https://doi.org/10.1073/pnas.0708086104
https://doi.org/10.1089/hum.1991.2.2-101
https://www.ncbi.nlm.nih.gov/pubmed/1911928
https://doi.org/10.1128/jvi.71.1.624-629.1997
https://www.ncbi.nlm.nih.gov/pubmed/8985392
https://doi.org/10.1089/hum.1997.8.1-37
https://www.ncbi.nlm.nih.gov/pubmed/8989993
https://doi.org/10.1172/JCI37630
https://www.ncbi.nlm.nih.gov/pubmed/19307726
https://doi.org/10.1038/mt.2008.5
https://www.ncbi.nlm.nih.gov/pubmed/18334985
https://doi.org/10.1016/B978-0-12-386509-0.00003-X
https://doi.org/10.1182/blood-2007-01-068759
https://doi.org/10.1016/0378-1119(90)90091-5
https://doi.org/10.1111/jcmm.13216
https://www.ncbi.nlm.nih.gov/pubmed/28557288
https://doi.org/10.1038/nbt0997-871
https://www.ncbi.nlm.nih.gov/pubmed/9306402
https://doi.org/10.1128/JVI.72.10.8150-8157.1998
https://www.ncbi.nlm.nih.gov/pubmed/9733856
https://doi.org/10.1128/JVI.72.12.9873-9880.1998
https://doi.org/10.1089/hum.2009.141
https://doi.org/10.1038/gt.2011.195
https://doi.org/10.1007/978-1-4939-3271-9_10
https://doi.org/10.1016/j.ymthe.2019.12.010
https://doi.org/10.1073/pnas.182412299
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/10.2217/frd-2022-0019
https://doi.org/10.1038/s41573-023-00766-7
https://doi.org/10.3390/biom11040611
https://doi.org/10.1172/JCI79213
https://www.ncbi.nlm.nih.gov/pubmed/25607839
https://doi.org/10.3389/fnmol.2015.00036
https://doi.org/10.1038/mt.2008.171
https://www.ncbi.nlm.nih.gov/pubmed/18682697


Genes 2024, 15, 364 18 of 18

104. Lee, N.C.; Muramatsu, S.; Chien, Y.H.; Liu, W.S.; Wang, W.H.; Cheng, C.H.; Hu, M.K.; Chen, P.W.; Tzen, K.Y.; Byrne, B.J.;
et al. Benefits of Neuronal Preferential Systemic Gene Therapy for Neurotransmitter Deficiency. Mol. Ther. 2015, 23, 1572–1581.
[CrossRef]

105. Sun, J.Y.; Anand-Jawa, V.; Chatterjee, S.; Wong, K.K. Immune responses to adeno-associated virus and its recombinant vectors.
Gene Ther. 2003, 10, 964–976. [CrossRef]

106. Chandler, R.J.; Sands, M.S.; Venditti, C.P. Recombinant Adeno-Associated Viral Integration and Genotoxicity: Insights from
Animal Models. Hum. Gene Ther. 2017, 28, 314–322. [CrossRef] [PubMed]

107. Venditti, C.P. Safety questions for AAV gene therapy. Nat. Biotechnol. 2021, 39, 24–26. [CrossRef] [PubMed]
108. Orvisky, E.; Sidransky, E.; McKinney, C.E.; Lamarca, M.E.; Samimi, R.; Krasnewich, D.; Martin, B.M.; Ginns, E.I. Glucosylsphingo-

sine accumulation in mice and patients with type 2 Gaucher disease begins early in gestation. Pediatr. Res. 2000, 48, 233–237.
[CrossRef] [PubMed]

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/10.1038/mt.2015.122
https://doi.org/10.1038/sj.gt.3302039
https://doi.org/10.1089/hum.2017.009
https://www.ncbi.nlm.nih.gov/pubmed/28293963
https://doi.org/10.1038/s41587-020-00756-9
https://www.ncbi.nlm.nih.gov/pubmed/33199877
https://doi.org/10.1203/00006450-200008000-00018
https://www.ncbi.nlm.nih.gov/pubmed/10926300

	Introduction 
	Gaucher Disease 
	Approved Therapies for Gaucher Disease 
	Gene Therapy 
	Benefits of AAV Vectors in Gene Therapy 

	Current Progress in Gene Therapy for Gaucher Disease 
	Historical Overview 
	Murine Models 
	Gene Delivery Vectors and Outcomes 
	Non-AAV Gene Delivery Vector 
	AAV Gene Delivery Vectors 


	Current Clinical Trials 
	Future Directions for Gene Therapy for Gaucher Disease 
	References

