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GM1-gangliosidosis is a progressive neurodegenerative glyco-
sphingolipidosis resulting from a GLBI gene mutation causing
a deficiency of the lysosomal enzyme B-galactosidase, which
leads to the abnormal accumulation of GM1 ganglioside in
the central nervous system. In the most severe early infantile
phenotype, excessive ganglioside accumulation results in a
rapid decline in neurological and psychomotor functions,
and death occurs within 2 years of age. Currently, there is no
effective therapy for GM1-gangliosidosis. In this study, we eval-
uated the therapeutic efficacy of ex vivo gene therapy targeting
hematopoietic stem cells using a lentiviral vector to increase
enzyme activity, reduce substrate accumulation, and improve
astrocytosis and motor function. Transplanting GLB1-trans-
duced hematopoietic stem cells in mice increased -galactosi-
dase enzyme activity in the central nervous system and visceral
organs. Specifically, this gene therapy significantly decreased
GM1 ganglioside levels in the brain, especially in the cerebrum.
More important, this gene therapy rectified astrocytosis in the
cerebrum and improved motor function deficits. Furthermore,
the elevation of serum B-galactosidase activity in secondary-
transplanted mice suggested the ability of transduced hemato-
poietic stem cells to repopulate long term. These data indicate
that ex vivo gene therapy with lentiviral vectors is a promising
approach for the treatment of brain deficits in GM1 gangliosi-
dosis.

INTRODUCTION

GM1 gangliosidosis (MIM: 230500) is an autosomal recessive lyso-
somal storage disorder (LSD) caused by mutations in the GLB1
gene encoding lysosomal acid B-galactosidase (Bgal), which hydro-
lyzes the terminal B-galactosyl residues of GM1 ganglioside, glyco-
proteins, and glycosaminoglycans." Deficiency of Bgal results in the
accumulation of GM1 ganglioside and its asialo derivative GA1 in
the central nervous system (CNS).” In the visceral organs, it results
in the accumulation of partially degraded keratan sulfate, oligosac-
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charides, and glycoproteins,” causing skeletal dysplasia, hepatosple-
nomegaly, and cardiomyopathy. There are three main clinical vari-
ants: early infantile (type I), late-infantile/juvenile (type II), and
adult (type III), categorized by severity and onset of symptoms.*
The early infantile form, the most severe subtype, with a profound
reduction of enzyme activity, is characterized by early-onset (3-
6 months), with a rapid decline in neurological functions. As the dis-
ease progresses, the patient dies within 2 years of age.” In other forms,
clinical features are either milder or absent, depending on the residual
enzyme activity level.” Currently, no effective treatment for GM1 gan-
gliosidosis is available.

Viral vectors are potent tools for the transduction of therapeutic
genes into various cells, and several gene therapy approaches
have been tested in GMI1 gangliosidosis animal models using
adenovirus,” oncoretrovirus,® and adeno-associated virus (AAV)
7719 Bgal secreted from genetically modified cells are taken
into various cells by “cross-correction” via a mannose-6-phosphate
receptor on the cell surface to function as a functional lysosomal
enzyme. This uptake mechanism is key to gene therapy approaches
for LSD, enabling active lysosomal enzymes to be distributed
throughout the body. For type II GM1 gangliosidosis, a Phase
I/IT clinical trial to study the safety and efficacy of a single-dose
gene transfer vector AAV9/GLBI by intravenous infusion (Clinical-
Trials.gov: NCT 03952637) is ongoing. However, AAV-mediated
gene transfer has a few drawbacks, such as limited cloning capac-
ity,"" host immunity to the vector,'”” and unknown sustainability.
Since LSDs cause damage to a broad region of the CNS, it is ex-
pected that the topical administration of AAV will not be able to
treat the entire brain.

vectors.
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We formed 4 different groups, WT (wild-type) mice, KO (Bgal’/’) mice, LV-GFP (LV-SMPUR-MCU3-EGFP-treated Bgal’/’) mice, and LV-GLB1 (LV-SMPUR-MCU3-cGLB1-
treated Bgal’/’) mice. For biological and histological analyses, we irradiated LV-GLB1 mice with 9 Gy at 8 weeks old, and at 24 weeks old, we harvested plasma, brain, liver,
spleen, and bone marrow. For behavioral analysis, we irradiated LV-GLB1 and LV GFP mice with 9 Gy at 8 weeks old. Rotarod was performed at 8 weeks old (before the

irradiation), and at 32 weeks old, an open field test was performed at 30 weeks old.

Lentiviral vector (LV)-mediated ex vivo hematopoietic stem cell gene
therapy (HSC-GT) may be suitable for a systematic disease such as
LSD compared to AAV gene therapy. It has been tested in an animal
model of LSD, such as metachromatic leukodystrophy,"* mucopoly-
saccharidosis (MPS) type L'* MPS type IL'">'® and MPS type
IITA." In humans, ex vivo gene therapy for metachromatic leukodys-
trophy provided evidence of the safety and therapeutic benefit of
HSC-GT,” and has already been approved by the European Medi-
cines Agency. It appears that enhanced secretion of Bgal from
HSCs is an attractive approach to ameliorate CNS lesions in GM1
gangliosidosis, but the effect has not yet been clarified. In this study,
we assessed the therapeutic efficacy of HSC-targeted ex vivo gene
therapy in GM1 gangliosidosis mice using LV-expressing mouse lyso-
somal Pgal.

RESULTS

Overview of the study

We obtained lineage-negative cells from 8- to 12-week-old donor
Bgal '~ mice (2.0 x 10° cells/mouse), transduced at a multiplicity
of infection of 50 with LV carrying the codon-optimized mouse
GLB1 gene (cGLB1) or enhanced green fluorescent protein (EGFP)
gene. For the recipient, mice were conditioned with 9 Gy lethal total
body irradiation 24 h before the injection of the transduced cells. For
biochemical and histological analysis, mice were terminated at
24 weeks of age (n = 12 for wild-type [WT] mice, n = 10 for
Bgalqi [knockout, KO] mice, n = 10 for LV-SMPUR-MCU3-
cGLB1-treated Bgalf/ ~ [LV-GLBL1] mice). For the behavioral study,
rotarod was conducted at 8 and 32 weeks, and the open-field test
was conducted at 30 weeks (n = 7 for WT mice, n = 6 for LV-GLB1

mice, and n = 6 for LV-SMPUR-MCU3-eGFP treated Bgalf/ ~[LV-
GFP] mice) (Figure 1).

The characteristic of the LV-transduced donor HSCs

To investigate the effect of lentiviral gene delivery to HSCs, we trans-
fected lineage-negative cells derived from Bgal ™'~ mouse bone
marrow cells with a LV encoding ¢cGLB1 and analyzed the activities
of the enzyme. Cells were transduced at a multiplicity of infection
(MOI) of 50 with LV-SMPUR-MCU3-cGLB1 (titer 9.0 x 10° IU/
mL), and cells and media were collected 72 h later. Lentiviral gene
transduction increased Bgal enzyme activity in lineage-negative cells
and media (Figure 2A).

Lentiviral ex vivo HSC gene therapy increases Bgal activities in
Bgal”™ mouse

We evaluated Bgal activity in the plasma and organs of LV-GLBI1 (n =
10), LV-GFP (n =6), KO (n = 10), and WT mice (n = 12) (Figures 2B-
2H). From 4 weeks after transplantation, the level of Bgal activity in
plasma increased dramatically (50-fold higher than WT mice) in
LV-GLBI1 mice and remained elevated for 16 weeks after transplanta-
tion at 8 weeks old (Figure 2B). Since no increase in enzyme activity
was observed between the LV-GFP group and the KO group, it can be
assumed that the LV-GFP group will follow the same biochemical
course as the KO group. In visceral organs (Figures 2C-2E, bone
marrow cells, spleen, and liver), Bgal activity was also increased in
the LV-GLB1 mice (2- to 5-fold higher than WT mice). In the CNS
tissue, Bgal activity levels were significantly increased in the cerebrum
(p < 0.0001), hippocampus (p < 0.0001), and cerebellum (p < 0.0001)
than in KO mice. Bgal activity levels were restored to 8.4%, 8.0%, and
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19.7% in WT mice of the same organ (Figures 2F-2H). These results
indicated that ex vivo gene therapy increased Bgal activity not only in
peripheral tissues but also in the CNS of GM1 gangliosidosis mice.

Lentiviral ex vivo HSC gene therapy reduces the accumulation of
GM1 ganglioside in the CNS

We analyzed the amounts and distribution of GMI ganglioside in
different brain regions of LV-GLBI mice and compared them with
those in age-matched WT and KO mice using liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS) and immunoflu-
orescence staining. In the LC-MS/MS analysis (LV-GLBI n = 10,
KO n = 10, and WT n = 12), a significant reduction in GM1 gangli-
oside isoforms (C18) was observed in the cerebrum (p = 0.0003) and
cerebellum (p < 0.0001) of LV-GLBI mice compared to KO mice
(Figures 3A-3C). Although not statistically significant, GM1 ganglio-

450

KO mice. No statistically significant reduction

was observed in the hippocampus and cere-
bellum. The combined results of LC-MS/MS and CTX-B staining
indicated that lentiviral ex vivo HSC gene therapy reduced but did
not completely normalize the accumulation of gangliosides in the
CNS in this instance.

Ex vivo gene therapy and astrocytosis/myelination response in
Bgal™™ mice

We evaluated the astrocytosis in the brain by identifying astrocytes
using immunobiological labeling with an anti-glial fibrillary acidic
protein (GFAP) antibody (Figure 4A), and the fluorescence intensity
was quantitatively analyzed by Image]J (n = 3; Figure 4B). In KO mice,
there was an increase in GFAP" areas in the cerebral cortex, cere-
bellum, and hippocampus, indicating that astrocytosis was induced.
In the LV-GLB1 mice, there was a decrease in the GFAP* area in
the cerebral cortex and cerebellum, but no noticeable reduction was
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observed in the hippocampus (Figure 4A). The result of the quantita-
tive analysis of fluorescence intensity was in line with the immunoflu-
orescence image result (Figure 4B). To quantitatively evaluate the
above results, western blotting was performed to determine the

NeuN

Figure 3. GM1 ganglioside content storage in the CNS
GM1 ganglioside storage of the cerebrum, hippocampus,
and cerebellum was evaluated by LC-MS/MS and immu-
nostaining. (A-C) GM1 ganglioside content in the cerebrum
(A), hippocampus (B), and cerebellum (C) of the WT, KO,
and LV-GLB1 measured by LC-MS/MS. Results are shown
as means + SEMs. (D) Immunostaining of selected brain re-
gions (cerebrum, hippocampus, and cerebellum). Stained
with NeuN (blue) and CTX-B (green). Scale bar, 50 um.
(E) Immunostaining of selected brain regions (cerebrum,
hippocampus, and cerebellum) with CTX-B was quantified
by using Imaged. The statistical analysis was performed by
unpaired Student’s t test. Two groups at the edge of the
horizontal line indicate a significant difference, *p < 0.05,
*p < 0.01, **p < 0.001, ****p < 0.0001.

expression levels of GFAP in the LV-GLBI,
KO, and WT mice (n = 3) (Figures 4C and S1).
The results showed an increase in GFAP in KO
mice compared to WT mice in all three regions.
In the LV-GLBI group, a significant decrease
was observed only in the cerebrum compared
to that in KO mice. There were no statistically
significant changes in the cerebellum and hippo-
campus compared to those in the KO mice.

Another feature of CNS damage in LSD is axonal
injury/demyelination.”*" The extent of demye-
lination was assessed using the anti-myelin basic
protein (MBP) antibody (Figure S2). In the cere-
bral cortex, KO mice showed an apparent
decrease in MBP" myelin findings compared to
WT mice. In LV-GLB1 mice, the MBP* area
was increased compared to that in KO mice.

Ex vivo gene therapy effect on neurological
function

To evaluate the neurological function in Bgal /~
mice and the efficiency of transplanted gene-
modified HSCs, we conducted two types of
behavioral tests: a rotarod test for motor coordi-
nation and an open-field test for locomotor activ-
ity and general anxiety, on LV-GLB1 mice (n =
6), LV-GFP mice (n = 6), and WT mice (n = 7).

There was no difference between KO and WT
mice at 8 weeks of age in the rotarod test. At 16
and 24 weeks, LV-GFP and LV-GLB1 mice ex-
hibited a decrease in motor function compared
to WT mice. At 32 weeks, LV-GLB1 mice ex-

hibited significantly longer latency to fall from the rotarod compared
to LV-GFP mice (Figure 5A). In the open-field test at 30 weeks, the
total traveling distance and moving speed of LV-GLB1 and LV-
GFP mice were lower than those of the WT mice, suggesting the
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deterioration of locomotor activity in both treated and KO mice,
which cannot be ameliorated by gene therapy (Figures 5B and 5C).
The percentages of time spent in the central region of the open-field
arena and total movement duration were indistinguishable among all
groups, suggesting that anxiety-related behavior was not affected
among them (data not shown). The result of the rotarod test sug-
gested that improvement in motor function was achieved after treat-
ment, but was not completely normalized.

Biodistribution of the LV after ex vivo gene therapy

Real-time PCR (n = 5 for each) was performed in leukocytes, bone
marrow cells, spleen, liver, cerebrum, and cerebellum to evaluate
whether LV-transduced HSCs could engraft in transplanted mice
and then be widely distributed in the central and peripheral organs
(Figure 6A). The results showed that the virus was detected not
only in peripheral organs but also in the CNS, indicating that it was
widely distributed throughout the body.

Gene-corrected HSCs and their translocation into the brain

To determine whether the transplanted HSCs migrated to the CNS
and differentiated into microglia-like cells, we performed immuno-
staining of the cerebral cortex of LV-GFP mice using a microglia/
macrophage-specific anti-Ibal antibody to analyze the localization
of EGFP and microglia-like cells in the cerebral tissue (Figure 6B).
EGFP fluorescence was observed in the cerebral cortex and was colo-
calized with Ibal* cells, mainly in layers II/IIl. A similar result was
observed in the hippocampus and cerebellum. These results strongly
suggest that transplanted monocytes either migrate into the cerebra
or blood vessels surrounding the region and play a role in the thera-
peutic effect in CNS disease in GM1 mice.

Secondary transplantation

To evaluate the long-term repopulating ability of transduced HSCs,
secondary transplantation using bone marrow cells from LV-GLB1
mice (32 weeks after transplantation) was conducted. We evaluated
the enzyme activity in the plasma, liver, spleen, bone marrow, and
cerebrum of these mice 16 weeks after transplantation (n = 5). Conse-
quently, the enzyme activity in all five organs was increased, indi-
cating that long-term repopulating cells were efficiently transduced
by LV (Figure 7).

DISCUSSION

Here, we show that ex vivo HSC gene therapy with LV ameliorates
biochemical and pathological abnormalities in the CNS of GM1 gan-
gliosidosis with reduced deterioration of motor functions. To our
knowledge, this is the first report to show that ex vivo gene therapy
with LV can ameliorate CNS disease in GM1 gangliosidosis.

Our study showed that LV ex vivo HSC gene therapy increased
the levels of Pgal activity in the cerebra and peripheral tissues
of GM1 gangliosidosis mice. In HSC transplant (HSCT)-
effective LSDs, such as metachromatic leukodystrophy (MLD) and
mucopolysaccharidosis type I (MPS 1), transplanted HSCs pass
through the blood-brain barrier (BBB) and differentiate into micro-
glial cells in the brain, thereby improving neuropathic disorders.*”
Indeed, we found the presence of vector sequences in genomic
DNA from the cerebral tissues of LV-GLB1 mice, and also detected
the colocalization of GFP™ cells with microglia/macrophage marker
Ibal™ cells in the cerebra of LV-GFP mice. Therefore, as a known
fact, we confirmed that the transplanted HSCs passed through the
BBB and reached the cerebral tissues and then differentiated into
Ibal® microglia-like cells (or macrophages entered from the blood
vessel to the brain parenchyma), which secrete enzymes, and the
enzyme is incorporated into surrounding neurons and other cells
by cross-correction in the GM1 gangliosidosis model mouse. Another
factor could be that the enzyme overexpressed in the serum pene-
trated the BBB and reached the CNS, as it was previously reported
that the administration of a high dose of enzyme resulted in a high
level of the enzyme in serum, which penetrates BBB in MPS II and
VII mice.****

As a result of elevated enzyme activity in the CNS, there was a signif-
icant decrease in substrate accumulation in the brain, 40% in the ce-
rebrum and hippocampus, and 70% in the cerebellum when
compared to KO mice, but complete normalization was not achieved.
It was reported that in several LSDs, such as MPS IIIA and GM1 gan-
gliosidosis, at least 10% of normal enzyme activity is required to clear
the substrate accumulation and prevent disease onset in an in vitro
study.*>* For MPS IIIA, achieving 10% of normal enzyme activity af-
ter ex vivo gene therapy was sufficient to normalize substrate accumu-
lation, and a significant improvement in behavioral correction was
obtained.'”” For GM1 gangliosidosis, our ex vivo gene therapy
achieved nearly 10% in the cerebrum but could not completely
wash out the substrate storage. Sano et al. also reported ex vivo
gene therapy with onco-retrovirus in a GM1 gangliosidosis mouse
model, and the results showed increased Pgal activity in different
brain lesions and reduced GM1-ganglioside to some extent,’ which
was very similar to our result. This difference between the degree of
increase in enzyme activity and therapeutic effect for substrate reduc-
tion may be caused by the difference in the amount of enzyme
required for normalization, which varies from cell to cell or from dis-
ease to disease. In our study, another possible reason for incomplete
substrate reduction may be due to the timing of the transplant. GM1
gangliosidosis model mice begin to show progressive motor dysfunc-
tion and weight loss at approximately 16 weeks of age.”” We expected
that ex vivo gene therapy at 8 weeks of age, before the onset of

Figure 4. Neuropathologic features

Astorcytosis was evaluated with immunostaining and western blot using anti-GFAP antibody. (A) GFAP (blue) and DAPI (white) staining in the cerebrum, hippocampus, and
cerebellum. Scale bar, 50 um. (B) Immunostaining of selected brain regions (cerebrum, hippocampus, and cerebellum) with GFAP was quantified by using ImageJ. (C)
Quantitative analysis of western blot (cerebrum, hippocampus, and cerebellum). The values are shown as means + SEMs. The statistical analysis was performed by unpaired
Student’s t test. Two groups at the edge of the horizontal line indicate a significant difference, *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.
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Figure 5. Behavioral performance

Behavioral evaluation with rotarod test and open field test was conducted. (A)
Rotarod testing: Highest latency achieved on 4-40 rpm accelerating rotarod over
300 s over 3 trials. (B-C) Open field test. Total distance traveled (B) and moving
speed (C) were analyzed. The results are shown as means + SDs. Two groups at
the edge of the horizontal line indicate a significant difference, *p < 0.05, **p < 0.01,
**n < 0.001, ***p < 0.0001 (1-way ANOVA, followed by Tukey-Kramer post
hoc test).

symptoms, would suppress disease progression and promote rescue
from dysfunction. However, the pathology of this model mouse
shows granules in the neurons in the first few days of life, and vacuoles
in the cell membrane begin to appear at 1-2 weeks, and by 8 weeks of
age, there are, to some degree, pathological changes in all areas of the
CNS.?® From this, we speculate that by the time of treatment, a certain
amount of substrate was already accumulated enough to cause invis-
ible pathological change. Thus, ex vivo gene therapy at 8 weeks will
not reverse the pathological damage that already exists; earlier inter-
vention, before the occurrence of pathological change, should be
important.

In this study, we found that the cerebellum profoundly increased
enzyme activity and decreased GM1 ganglioside compared to the ce-
rebrum and hippocampus. This phenomenon was also observed in
ex vivo onco-retrovirus- or lentivirus-mediated gene therapy for
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GMI gangliosidosis® and other LSD model mice, such as MPS II'/
and MLD;'*?° however, the reason for this remains unclear. Previous
reports have shown that the cerebellum and thalamus in GM1 gan-
gliosidosis mouse models express more pro-inflammatory cytokines
and chemokines than other CNS regions,” suggesting that local in-
flammatory changes, cytokines, and chemokines trigger the recruit-
ment of monocytes. In the present study, we speculate that owing
to the difference in the inflammatory environment, larger numbers
of microglia-like cells may have been recruited into the cerebellum
than to the cerebral cortex or hippocampus, resulting in increased
enzyme activity and decreased substrate accumulation. In the MLD
mouse model and ex vivo gene therapy, cells migrated from trans-
planted HSCs were evident in the cerebellum at an earlier stage
than in the cerebrum. In other words, this may not be unique to
GM1 gangliosidosis alone but may be true for ex vivo gene therapy
for LSDs in general. This phenomenon is thought to be related to
the structure of the BBB, differences in the cellular composition
and neurotransmitter network of each brain region, or differences
in whether the brain is located supratentorial, but the detailed mech-
anisms remain unclear. However, it is widely known that individual
LSDs respond differently to the same therapy, mainly due to the
different characteristics of the enzyme itself, accumulated substrate,
or both. Therefore, for LSDs, it will be necessary to evaluate each ther-
apy in animal models of each disease.

Our ex vivo gene therapy reduced the GM1 gangliosides storage,
which may be effective to CNS disorders in GM1 gangliosidosis
model mice but was not completely normalized. As mentioned above,
the timing of intervention is key to the success; however, other factors
could advance our therapy. One of these factors is the transduction
rate. Although HSCs can produce an excess of enzymes from each
cell differentiated from donor HSCs, if the transduction rate is not
high, the effect may be limited. Using agents such as prostaglandin
E2 or cyclosporine A/cyclosporine H has been reported to enhance
the gene transfer efficiency of LV to HSCs.”* >
fying secreted enzymes themselves, for example, instead of producing
a normal enzyme, creates a novel enzyme that is fused with a signal
that will penetrate the BBB to migrate into the brain.”

In addition, modi-

GM1 gangliosidosis is a systemic disease including CNS. Systemic
administration of AAV vector, even if it is neurodirectional, effect
to CNS is very limited in human trial. Thus, to treat the CNS of
LSDs using AAV, brain-directed administration is preferable. How-
ever, in this case, the effect on peripheral organs may be limited.
Alternatively, HSC target gene therapy using LV can treat peripheral
organs as well as the CNS. Moreover, AAV cannot be administered to
seropositive patients. HSC target gene therapy using LV can be per-
formed to seropositive patients. Chemical chaperones are small mol-
ecules that bind and stabilize misfolded proteins, which contribute to
increasing the residual activity and are amenable to LSDs, such as
Gaucher disease and Fabry disease.”>>> In GM1 gangliosidosis, oral
administration of N-octyl-4-epi-p-valienamine (NOEV) in a model
mouse expressing a mutant Bgal enzyme protein R201C significantly
enhanced enzyme activity in the brain and other tissues.’® However,
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Figure 6. Biodistribution and engraftment of LV-GLB1 or LV-GFP transduced HSCs
(A) The biodistribution of the vector in organs (leukocyte, bone marrow, spleen, liver, cerebrum, cerebellum, and WT liver as control) was determined by quantitative PCR at
16 weeks after transplantation in LV SMPUR-MCU3-cGLB1. (B) The cerebral cortex, hippocampus, and cerebellum from LV-GFP mice were stained with an Iba1 (red).
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chemical chaperones work only in patients with amenable mutations.
Our ex vivo gene therapy was indicated for all patients regardless of
the mutations.

The limitations of this study include the lack of evaluation of safety
issues associated with genotoxicity. Genotoxicity is an inextricable
issue, especially with ex vivo gene therapy using an oncoretroviral vec-
tor. Leukemia develops because of the random integration of vector
sequences in the host genome in gene therapy for X-linked severe
combined immunodeficiency (X-SCID) and X-linked chronic granu-
lomatous disease (XCGD).””*® In addition, in B-thalassemia treated
with LV ex vivo gene therapy, clonal expansion was observed.*
Recently, reports of the long-term efficacy of LV-mediated GT in
XCGD mouse models have demonstrated that the clinical back-
ground of the original disease may play an important role in carcino-
genicity rather than random integration.”’ In addition, recent reports
of leukemia after gene therapy for sickle cell disease have proposed
that it was not due to the conditioning regimen busulfan or the inser-
tional mutagenesis, but was caused by preexisting premalignant
clones that were expanded by the stress of gene therapy. This genotox-
icity is a very important issue, and we will conduct further evaluation
and analysis of the integration sites and any preexisting premalignant
characteristics in our future studies. In addition, in primary immuno-
deficiency such as X-linked SCID, gene-corrected cells gain a growth
advantage over not-corrected cells. This may be one reason for the
development of leukemia; however, growth advantage cannot be ex-
pected in lysosomal storage disease.

Also, staining with CTX-B may overestimate GMI expression
because of high affinity and broad cross-reactivity."' Yanagisawa
et al. noted that determining GM1 expression solely on cell staining
with CTX-B could lead to an erroneous conclusion.*' Regarding
this uncertainty, we analyzed GM1 accumulation not only with the
fluorescence of CTX-B but also with GM1-ganglioside (C18) using
LC-MS/MS. LC-MS/MS showed a significant C18 decrease in the ce-
rebrum and cerebellum, but not in the hippocampus. Quantitative
analysis of fluorescence of CTX-B in the cerebrum was significantly
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Figure 7. Secondary transplant
(A-E) Analysis of Bgal activity in systemic tissues (plasma
[A], bone marrow [B], spleen [C], liver [D], cerebrum [E]) of
primary and secondary transplanted mice (1st GT and 2nd
GT), compared with WT and KO mice (n = 5). The results
are expressed as means + SEMs.

Spleen

decreased and not decreased in the hippocampus,
which was in line with the results of the LC-MS/
MS. For the cerebellum, CTX-B intensity seems
to be reduced in the image, but not statically sig-
nificant when quantified. This difference may be
caused by the high affinity and broad cross-reac-
tivity of CTX-B; however, the results of the
LC-MS/MS and immunofluorescence showed
similarity. Therefore, for this study, using
CTX-B staining together with biochemical analysis with LC-MS/MS
was appropriate to evaluate substrate accumulation.

This is the first report of LV ex vivo gene therapy in a mouse model of
GM1. We successfully increased enzyme activity broadly in the CNS
and other peripheral organs, resulting in reduced GM1 ganglioside
accumulation and improved neurological findings. To further
improve the therapeutic effect, we need to investigate efficient trans-
duction protocols for HSCs, an efficient delivery system of the enzyme
to the CNS, and an efficient method to recruit microglia-like cells to
the cerebra so that substrate levels can be normalized.

MATERIALS AND METHODS

Animals

Bgal KO mouse (Bgal '), which was made by disrupting the mouse Bgal
gene in exon 15 by homologous recombination in embryonic stem cells®”
and heterogeneous mouse (Bgal™ ™), were obtained originally from the
Laboratory Animal Resource Bank at the National Institutes of Biomed-
ical Innovation, Health, and Nutrition (NIBIOHN, Osaka, Japan). Mice
for these experiments were generated by breeding Bgal”~ females with
Bgal”’~ males. Genotypes were determined by PCR.*” The Institutional
Animal Care and Use Committee of Jikei University approved all of the
procedures, including animal experiments and husbandry.

For studies of GM1 gangliosidosis using a murine model, most were
performed in Bgal KO mice generated by Hahn et al;** however, we
performed ours with Bgal KO mice generated by Matsuda et al.”” The
Bgal gene consists of 16 exons. Hahn et al. inactivated the Bgal gene by
inserting a neomycin-resistance gene into the middle of exon 6. Mat-
suda et al. inserted it into exon 15. Two model mice share very similar
biochemical and pathological characteristics.

LV construction and production

The self-inactivating lentiviral plasmid vector pPSMPUR-MCU3-MCS
was provided by Dr. Donald B. Kohn (University of California, Los An-
geles).”” The vector has an MCU3 promoter, the U3 region from the
MND promoter, a synthetic promoter containing the U3 region of a

456 Molecular Therapy: Methods & Clinical Development Vol. 25 June 2022



www.moleculartherapy.org

modified Moloney murine leukemia virus long terminal repeat with a
myeloproliferative sarcoma virus enhancer with substitution of the
TATA site for that of the human CMV promoter.** The cGLB1 gene
(GenScript, Piscataway, NJ) and EGFP gene were inserted into multiple
cloning sites of the vector pSMPUR-MCU3-MCS to create pPSMPUR-
MCU3-cGLB1 or pSMPUR-MCU3-EGFP. Large-scale production of
LVs was prepared following a previously described procedure.* Lenti-
viral titers were determined by enzyme-linked immunosorbent assay of
the viral p24 protein.*” The recombinant Gene Research Safety Com-
mittee of The Jikei University and the Jikei University Committee for
Laboratory Biosafety approved all of the vector constructions and pro-
cedures for generating the lentivirus vector.

Transduction and transplantation of lineage-negative bone
marrow cells

Whole bone marrow cells were harvested from the tibias and femurs of
donor Bgal ™'~ mice (8-12 weeks old) and concentrated HSCs using a
lineage cell depletion kit (Miltenyi Biotec, Auburn, CA). Lineage-nega-
tive cells were transduced at a MOI of 50, with LV carrying cGLB1 (LV-
GLB1) or EGFP (LV-GFP) genes for 24 h on a RetroNectin-coated
6-well plate (Takara Bio, Shiga, Japan) at a density of 2 X 10° cells/
mL in Dulbecco’s modified Eagle’s medium (DMEM; Fujifilm, Wako
Pure Chemical, Tokyo, Japan) with 10% fetal bovine serum (FBS;
Thermo Fisher Scientific, Waltham, MA), recombinant mouse Flt-3
ligand (rnFlt3, 100 ng/mL; R&D Systems, Minneapolis, MN), and re-
combinant mouse stem cell factor (rmSCF, 100 ng/mL; R&D Systems).

To characterize transduced cells, the cells were washed with phos-
phate-buffered saline (PBS; Fujifilm Wako Pure Chemical) after
24 h of infection and continuously cultivated by 48 h after infection.
Bgal activity was assayed in cells and medium.

For the mice study, the infected cells were washed with PBS after 24 h
and 2.0 x 10° cells were injected intravenously into Bgal '~ recipient
mice (8 weeks old) after lethal total body irradiation of 9 Gy using a
Hitachi-MBR1520-R irradiator (Hitachi, Tokyo, Japan), according to
a procedure previously described.*

For secondary bone marrow transplant, whole bone marrow cells
were harvested from the tibias and femurs of first transplanted
Bgalf/ ~ recipient mice (36 weeks old) and injected intravenously
into Bgalf/ ~ recipient mice (8 weeks old) after lethal irradiation of
9 Gy, as described earlier.

Sample collection and preparation

For the characterization of transduced cells, cultivated cells were ho-
mogenized with distilled water and centrifuged at 14,000 rpm for
10 min at 4°C, and the supernatants were stored at —80°C until the
Bgal assay. For the cultivated medium, it was collected and centri-
fuged at 14,000 rpm for 10 min at 4°C, and the supernatants were
stored at —80°C until the Bgal assay.

For the mice study, a blood sample was collected before conditioning
and then every 4 weeks until 24 weeks of age by puncturing the super-

ficial temporal vein of the mice using a heparinized microcapillary
tube. The collected blood was placed inside a microtube and centri-
fuged at 14,000 rpm for 10 min at 4°C, and the supernatants were
stored as plasma samples at —80°C until all of the samples had
been collected. At the termination of the study (16 weeks after trans-
plantation), the mice were anesthetized by isoflurane inhalation
(Pfizer, New York, NY) and perfused with 30 mL PBS. The brain,
liver, spleen, and bone marrow were collected. The right hemisphere
of the brain was separated into the cerebrum, hippocampus, and cer-
ebellum for biochemical assays. The left hemisphere of the brain was
dissected for histological analysis. The left hemisphere was fixed over-
night in 4% paraformaldehyde (Fujifilm Wako Pure Chemical) at
4°C. For cryoprotection, the brain was placed in 30% sucrose in
PBS overnight at 4°C, and then the brain was embedded in Tissue-
Tek Optimal Cutting Temperature Compound (Sakura Finetek
Japan, Tokyo, Japan) and stored at —80°C.

Bgal activity analysis

Cells, medium, frozen tissues, and plasma samples were used for Bgal
analysis. Frozen tissues were homogenized in 6 volumes of distilled
water and centrifuged at 14,000 rpm for 15 min at 4°C. The superna-
tant of cells, medium, frozen tissues, and plasma was used for the Bgal
assay. The total B-gal activity was determined using 4-methylumbelli-
feryl-B-p-galactopyranoside as the synthetic fluorogenic substrate, as
previously described. Briefly, 100 uL of the medium, 10 pL plasma
or 10 pg protein in tissue lysates were mixed with 4-methylumbelli-
feryl-B-p-galactopyranoside, and the mixture was incubated at 37°C
for 1 h. The reaction was terminated by adding 3.98 mL stop buffer."”
The total Bgal assay was performed by measuring the release of
4-methylumbelliferone at 365 nm excitation and 460 nm emission
on an RF 5300PC spectrofluorophotometer (Shimadzu, Kyoto, Japan).
Protein concentrations were determined using the Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific) following the manufacturer’s in-
structions. Enzymatic activity was expressed as either nanomoles per
hour per milliliter (plasma and medium) or nanomoles per hour per
milligram (tissues, normalized to total protein concentration).

Analysis of lentivirus copy number

DNA was extracted from leukocytes, cerebrum, cerebellum, liver,
spleen, and bone marrow using a Maxwell 16 DNA Purification Kit
(Promega, Madison, WI). The virus copy number was quantified by
quantitative real-time PCR, as described, with minor modifications.*®
Briefly, 100 ng genomic DNA (1.67 x 10* genomes) was mixed with
a TagMan Universal PCR master mix containing 900 nM each of
forward and reverse primers, and 250 nM lentiviral packaging
sequence probe. TagMan primers and probes were obtained from
Thermo Fisher Scientific. The primers and probe sequences were as
follows: forward primer, 5-ACCTGAAAGCAGAAAGGGAAAC-
3'; reverse primer, 5-CACCCATCTCTCTCCTTCTAAGCC-3;
probe, 5'-FAM-AGCTCTCTCGACGCAGGACTCGGC-TAMRA-3'.
The B-actin internal control primers and probe sequences were as fol-
lows: forward primer, 5'-GGTCGTACCACAGGCATTGT-3'; reverse
primer, 5-CTCGTA GATGGCCACAGTGT-3; probe, 5'- FAM-
CCCGTCTCCGGAGTCC- TAMRA-3'. Ultrapure distilled water
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was used as a negative control. Amplifications were performed in a
QuantStudio 5 (Thermo Fisher Scientific), with initial denaturation
for 10 min at 95°C, followed by 40 cycles of 15 s at 95°C and 60 s at
60°C. To calculate the copy number, a standard curve was generated
using the linearized pSMPUR-MCU3-cGLB1 plasmid as a template.
The copy number of the vector DNA was determined by comparing
the threshold cycle (Ct) values of the samples to the plasmid standard
reference curve.

Analysis of GM1 gangliosides content

High-performance liquid chromatography-MS/MS (HPLC-MS/MS)
was used for the quantification of GM1-ganglioside in the CNS. Total
lipids were extracted using the Folch method.* Briefly, tissues were
homogenized with distilled water, followed by extraction with
chloroform:methanol (2:1, v/v). The extracted samples were analyzed
using LC-MS/MS (LCMS-8040, Shimadzu). A Synergi MAX-RP
(150 mm x 4.6 mm, Phenomenex, Torrance, CA) was used for sep-
aration. The flow rate was 0.4 mL/min. Mobile phase A was distilled
water (Kanto Chemical, Tokyo, Japan) containing 2 mM ammonium
acetate (Fujifilm Wako Pure Chemical) and 0.1% formic acid (Nacalai
Tesque, Kyoto, Japan). Mobile phase B consisted of methanol (Fuji-
film Wako Pure Chemical) containing 2 mM ammonium acetate
and 0.1% formic acid. The mobile phase gradients were as follows:
0-2 min, 100% B; 2-30 min, 100% B; and 30.1-31 min, 0% B. GM1
ganglioside isoforms were quantified by multiple reaction monito-
ring (MRM) in negative ion mode. The transitions are as follows:
Cl16 (d18:1/16:0); m/z 1,517.35 > 290.1, C18 (d18:1/18:0); m/z
1,545.85 > 290.1, C20 (d18:1/24:0); m/z 1,573.45 > 290.1. The concen-
trations of these isoforms were calculated using a calibration curve of
GM1 ganglioside (860065, Avanti Polar Lipids, Birmingham, AL).

Histological analysis

Cryoprotected fixed-frozen brain samples were sliced into 40-pum thick-
ness usinga cryostat (CM 1950, Leica Biosystems Nussloch GmbH, Wet-
zlar, Germany). For immunohistochemistry, the sections were washed
with PBS and incubated in a blocking buffer for 30 min at room temper-
ature. The composition of the blocking buffer was as follows: 3% FBS and
1% Triton X (Sigma-Aldrich, St. Louis, MO) in PBS. The sections were
then incubated with a blocking buffer containing primary antibodies for
18 h at 4°C. After washing with PBS three times, the sections were incu-
bated in blocking buffer containing secondary antibodies and DAPI
(1:500, Fujifilm Wako Pure Chemical) for 2-3 h at room temperature.
The following primary antibodies and chemicals were used: Alexa
488-conjugated CTX-B (1:300, Thermo Fisher Scientific), chicken
anti-GFAP (1:500, Millipore, Billerica, MA), rabbit anti-Ibal (1:500, Fu-
jifilm Wako Shibayagi), mouse anti-NeuN (1:500, Millipore), and rat
anti-MBP (1:500, Abcam, Cambridge, UK). The following secondary an-
tibodies and dilutions were used (all from Biotium, Fremont, CA): Alexa
Fluor 488 donkey anti-rat (1:500), anti-chicken (1:500), Alexa Fluor 555
donkey anti-rabbit (1:500), anti-mouse (1:500), Alexa Fluor 647 donkey
anti-mouse (1:500), and goat anti-chicken (1:500).

After the sections were washed with PBS three times and mounted,
they were imaged using an Olympus FV1200 confocal laser scanning

Molecular Therapy: Methods & Clinical Development

inverted microscope (Olympus, Tokyo, Japan), which was equipped
with 405-, 488-, 561-, and 640-nm lasers. CTX-B and GFAP immu-
nofluorescence was quantified using Image] software (n = 3/group).

Western blot analysis

Western blot analysis was performed according to a previously
described procedure with minor modifications.”” Cerebral tissues
were homogenized in 9 volumes of 50 mM Tris-HCl, pH 7.5 (Tris
buffer), and protease inhibitor cocktail (PIC; Roche Diagnostics, Indi-
anapolis, IN), followed by sonication and centrifugation at 18,000 x g
for 1 h at 4°C. Residual pellets were lysed with 7 volumes of Tris buffer
containing 2% sodium dodecyl sulfate (SDS) and PIC, followed by son-
ication and centrifugation. Samples containing equal amounts of pro-
teins were resolved by SDS-PAGE on 4%-20% TGX (Tris-glycine
extended) gels and transferred onto nitrocellulose membranes using
the Trans-Blot Turbo System (Bio-Rad, Hercules, CA). The membranes
were stained with Ponceau S (Nacalai, Tokyo) for the analysis of total
proteins. After a brief wash, the membranes were dipped in a blocking
buffer (Tris buffer containing 150 mM NaCl, 0.1% gelatin, 0.1% casein,
and 0.05% Tween 20) and incubated with each primary antibody. Mem-
branes were then immunostained with peroxidase-labeled secondary
antibody (Nichirei, Tokyo, Japan) and analyzed using a Chemi Doc
XRS + System and Image Lab software (Bio-Rad). Quantitative analysis
of the target band was performed by normalizing the total protein.

Behavioral experiments

Mice were group housed (5-6 mice/cage) under a 12-h light/dark cycle
and provided with water and food ad libitum. Rotarod testing was con-
ducted using a Rotarod apparatus (LE8205, Panlab Harvard Apparatus,
Barcelona, Spain) as follows. Animals were placed on an accelerating ro-
tarod from 4 to 40 rpm over 5 min, and the latency to fall was recorded.
Testing was conducted with 1 practice trial of 1 min at 2 rpm (or 30 s at
4 rpm 2 times if complex) before the session, followed by 3 trials with
15-20 min of rest in between for 3 consecutive days (total of 9 trials).
The latency to fall for each mouse in a testing session was recorded,
and the longest time on the rotarod in any of the nine trials was reported.

Open-field experiments were conducted on a square apparatus with
gray walls (100x, 50 cm width x 50 cm depth x 30 cm height)
(O’Hara, Tokyo, Japan). Each mouse was placed in the corner of
the apparatus and allowed to freely explore the environment for a
10-min test session. During this time, the ambulation of the mice
was recorded and analyzed using a video-computerized tracking sys-
tem (TimeOFCR1, O’Hara). The total traveling distance (cm), time
spent in the center region (%), total movement duration (s), and mov-
ing speed (cm/s) were recorded and analyzed as a proxy for basic lo-
comotor activities and general anxiety levels, respectively. The entire
open-field area was divided into 25 (5 X 5) square areas, and the cen-
tral parts of any one of the 9 (3 x 3) areas over the surrounding pe-
ripheral 16 areas were expressed as the central region.

Statistical analysis
All of the data, except behavioral experiments, are reported as
means * standard deviations, and the data from the behavioral
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experiments are reported as means + standard errors of the mean. All
of the statistical analyses were performed using Prism 9 for MacOS
(GraphPad Software, San Diego, CA, and Apple, Cupertino, CA).
For data from Bgal activity analysis, GM1 ganglioside content anal-
ysis, and western blot analysis, we used an unpaired t test to calculate
the statistical significance between LV-GLB1 mice and KO mice. For
behavioral experiments, one-way ANOVA with Tukey’s test as a post
hoc test was used to calculate statistical significance between LV-GFP,
LV-GLB1 mice, and WT mice. The null hypothesis was that there was
no difference in GM1 accumulation between the treated and un-
treated groups. Similarly, the null hypothesis about enzyme activity
was that there was no difference in enzyme activity between the
treated and untreated groups. Therefore, a comparison between the
two groups was performed. Compared with WT mice, Bgal activity
is low in GM1 model mice, and it is widely known that GM1 is accu-
mulated, so it is not included in this comparison. In the behavioral
test, the GM1 model mouse had never been compared with the WT
mouse, so the comparison was made between the three groups. Statis-
tical significance was set at p < 0.05.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
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