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Mucopolysaccharidosis type II is a disease caused by organ
accumulation of glycosaminoglycans due to iduronate 2-sulfa-
tase deficiency. This study investigated the pathophysiology of
the bone complications associated with mucopolysaccharidosis
IT and the effect of lentivirus-mediated gene therapy of hemato-
poietic stem cells on bone lesions of mucopolysaccharidosis
type II mouse models in comparison with enzyme replacement
therapy. Bone volume, density, strength, and trabecular num-
ber were significantly higher in the untreated mucopolysac-
charidosis type II mice than in wild-type mice. Accumulation
of glycosaminoglycans caused reduced bone metabolism. Spe-
cifically, persistent high serum iduronate 2-sulfatase levels
and release of glycosaminoglycans from osteoblasts and
osteoclasts in mucopolysaccharidosis type II mice that had un-
dergone gene therapy reactivated bone lineage remodeling,
subsequently reducing bone mineral density, strength, and
trabecular number to a similar degree as that observed in
wild-type mice. Bone formation, resorption parameters, and
mineral density in the diaphysis edge did not appear to have
been affected by the irradiation administered as a pre-treat-
ment for gene therapy. Hence, the therapeutic effect of gene
therapy on the bone complications of mucopolysaccharidosis
type II mice possibly outweighed that of enzyme replacement
therapy in many aspects.

INTRODUCTION

Mucopolysaccharidosis type II (MPS II; Hunter syndrome) is a dis-
ease in which various organs accumulate glycosaminoglycans
(GAGs) due to iduronate 2-sulfatase (IDS) deficiency. Abnormal ossi-
fication affects all skeletal bones and joints, with significant effects on
daily life."* Recently, enzyme replacement therapy (ERT) and he-
matopoietic stem cell (HSC) transplantation (HSCT) have been intro-
duced as treatments for MPS II. Although ERT treatment can delay
disease progression,‘;’7 the associated effects on the central nervous
system (CNS) and bone lesions are reportedly poor.” ' Furthermore,

secondary ineffectiveness due to the antibodies produced via long-
term administration also constitutes a serious concern.'>'”

In HSCT, transplanted donor HSCs reported ly differentiate into mi-
croglia and engraft in the brain, thereby exerting a “cross-correction”
effect."> However, HSCT is not sufficiently effective in the CNS le-
sions of MPS II patients, resulting in negative reviews in the US
and Europe.*"” We have also demonstrated that ERT and HSCT
are ineffective in MPS II CNS and bone lesions.'®

In recent years, clinical trials of HSC gene therapy using lentiviral
vectors have proven effective in adrenoleukodystrophy, metachro-
matic leukodystrophy, Wiskott-Aldrich syndrome, and B-thalas-
semia.'” **. Furthermore, HSCs modified by gene therapy are
reportedly effective in treating mouse MPS I and MPS IIIA
models.”>** In fact, we have succeeded in improving the CNS
lesions in MPS II mouse models by administering HSCs that
had undergone lentivirus-mediated gene therapy.”> We have
also observed that high levels of IDS are continuously secreted
into the blood due to overexpression of IDS in HSCs and exert
beneficial effects on the CNS. Accordingly, we hypothesized that
gene therapy could also improve bone lesions (Figure 1). To this
end, we investigated the pathophysiologic mechanism of MPS II
bone lesions by considering the factors that have not yet been
examined, including osteoclasts, osteoblasts, bone mineral density,
and bone strength. In addition, we performed gene therapy on
HSCs using a lentiviral vector system and examined the effect
of these modified HSCs on bone lesions with the aim of establish-
ing a novel treatment for the bone complications associated with
MPS II.
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Figure 1. Treatment Protocol
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Experimental design. Diagram showing the therapeutic regimen. The therapeutic groups included gene therapy (GT), enzyme replacement therapy (ERT), and enhanced
green fluorescent protein (EGFP). Solid arrows indicate the initiation of GT, EGFP, or IDS administration. ERT treatment was initiated at 8 weeks of age, followed by weekly
infusions, which were performed 13 times. GT and EGFP treatments were carried out at 8 weeks of age. All of the mice were sacrificed 12 weeks after treatment initiation.

RESULTS

Transplantation of Mice with HSCs Engineered to Express the
Enhanced Green Fluorescent Protein (EGFP) Gene

EGFP expression in each lineage was evaluated in the peripheral
blood of 20-week-old mice transplanted with HSCs isolated from
8-week-old mice and transfected with EGFP. Expression of EGFP
was observed in 60.2% of the peripheral blood leukocytes, 79.2% of
the granulocytes (Ly-6G-positive), 56.8% of the B cells (CD45R-pos-
itive), and 52.5% of the T cells (CD3-positive) (Figure 2A). Moreover,
vector copy numbers (VCNs) measured in the cerebrum, liver, and
spleen 12 weeks after initiating the treatments were 0.005, 0.098,
and 1.131, respectively, suggesting that the transfected donor HSCs
differentiated into all hematopoietic cell lineages and were detected
in the peripheral blood and multiple organs (Figure 2B).

Ex Vivo Gene Therapy Caused Persistently High IDS Activity in
the Serum and Organs, and a Significantly Low Substrate (GAGs)
Level

IDS activity following transplantation was assessed via time-course
experiments. Sustained low IDS activity was observed in untreated,
control MPS 1II, and ERT-treated mice, compared with that in age-
matched wild-type (WT) mice. In addition, a highly significant activ-
ity (p < 0.0001), which was approximately 17.5-fold higher than that
of WT mice, was continuously observed in mice treated with gene
therapy. This observation suggests that the donor cells were stably en-
grafted following ex vivo gene therapy, and persistently expressed IDS
(Figure 3A).

Furthermore, 12 weeks after initiating the treatments, IDS activity of
the bone, cerebrum, and liver of each group was measured. In mice

treated with ERT, no significant increase in IDS activity was observed
in any organs compared with that in untreated mice. The mice that
received gene therapy had significantly higher IDS activity (p <
0.0001) in the tibia and liver than did untreated mice, with the activity
being 27-fold higher in the tibia and 14-fold higher in the liver than in
those of WT mice. Furthermore, the IDS activity in the tibia and liver
of the gene therapy mice was also significantly higher (p < 0.0001)
than that in ERT-treated mice. Moreover, the IDS activity in the ce-
rebrum of gene therapy mice was only 3.2% that in WT mice, and 6.6-
fold higher than that in the untreated mice (Figure 3B).

Overall, these results indicated that stable donor cell engraftment in
mice receiving ex vivo gene therapy contributed to the increased
IDS activity in various organs. Furthermore, to examine the effects
of gene therapy and ERT on bone and CNS lesions, GAGs of the tibia,
cerebrum, and liver were measured using liquid chromatography
(LC)-mass spectrometry (MS) 12 weeks after transplantation. The
GAG accumulations in the tibia and liver were significantly reduced
(p <0.01 and p < 0.0001, respectively) in the MPS II mice treated with
ERT compared with those in untreated mice. Furthermore, the mice
treated with gene therapy showed significantly lower GAG accumula-
tions (p < 0.01 in the tibia and cerebrum; p < 0.0001 in the liver) in all
organs than did untreated mice (Figure 3C).

Ex Vivo Gene Therapy Induced Low Bone Volume and Formation
Rate, and Low Trabecular and Osteoclast Numbers

Several components of the skeletal system of the mice were analyzed
12 weeks after transplantation. Untreated mice showed significantly
higher values (p < 0.0001) in intermaxillary width and zygomatic
arch thickness than those in WT mice. Although significantly lower
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Figure 2. EGFP Expression in Peripheral Blood, and Tissue Vector Copy Number (in the GT Group)

(A) EGFP expression in peripheral blood. Graft-derived total blood cells, T cells, B cells, and granulocytes in the recipient peripheral blood were quantitated. The peripheral
blood of the recipient mice was collected 12 weeks after the transplantation of EGFP-transfected HSCs and used for analysis. The expression rate of EGFP is presented as
percent (mean + SD, n = 6). (B) Tissue vector copy number (the GT group). The lentiviral copy numbers in the brain, liver, and spleen were determined by quantitative PCR
12 weeks after transplantation. The limit of detection was 0.0001 copy per cell. The vector copy number is expressed as vector copy number/cell (mean = SD, n = 6). It was
confirmed that the gene-transferred donor cells were differentiated, transferred, and expressed in each organ.

values of intermaxillary width (p < 0.0001) and zygomatic arch thick-
ness (p < 0.001) were observed in mice treated with ERT than in un-
treated mice, the values in the mice treated with gene therapy were
much lower (p < 0.0001 for both intermaxillary width and zygomatic
arch thickness). In addition, mice transplanted with EGFP-trans-
fected HSCs instead of IDS-transfected HSCs had similar values as
untreated mice. These results indicated that radiation had no effect
on the skull measurements of MPS II mice treated with gene therapy,
and that the therapeutic effect of gene therapy was more significant
than that of ERT (Figure 4).

Next, the histopathology of the bone was studied using the tibia of
mice 12 weeks after initiating the treatments. The bone volume and
trabecular number in the untreated mice were significantly higher
than those in WT mice. MPS II mice treated with gene therapy ex-
hibited significantly lower bone volume and trabecular number
(p < 0.01 and p < 0.0001, respectively) than did untreated mice,
unlike those treated with ERT. However, the bone volume and
trabecular number of EGFP-transfected mice were also significantly
lower than those of untreated mice (p < 0.01 and p < 0.001, respec-
tively), suggesting an irradiation effect for these factors. The trabec-
ular number was significantly higher (p < 0.01) in mice treated
with ERT than in mice treated with gene therapy (Figures 5A
and 5B).

Bone resorption and formation parameters were compared next. The
osteoclast number of the mice treated with gene therapy was signifi-
cantly greater (p < 0.001) than that of untreated mice, suggesting that
bone resorption was activated by gene therapy. The bone formation
rate in mice treated with gene therapy was significantly higher (p <
0.05) than that in untreated mice, suggesting that bone formation

was also activated by gene therapy. There was no significant increase
in either parameter in mice treated with ERT compared with those in
untreated mice. Furthermore, the osteoclast number and bone
formation rate were respectively higher and lower in the EGFP-trans-
fected mice with irradiation than in WT and untreated mice (Figures
5C and 5D).

We also performed fluorescent staining of tibia and confirmed that
more bone formation occurred in the mice treated with gene therapy
and WT mice due to the longer distance between the front lines of the
calcification labeled with fluorescence at the calcein administration
interval (Figure S1). Furthermore, the number of osteoclasts was
increased in the mice treated with gene therapy as observed by
tartrate-resistant acid phosphatase (TRAP) staining, which is specific
for osteoclasts (Figure S2).

Ex Vivo Gene Therapy Resulted in Low Bone Mineral Density,
Low Bone Strength, and Loss of Vacuolation in Osteocytes,
Osteoblasts, and Osteoclasts

Femoral bone mineral density in the diaphysis and diaphysis edge was
significantly higher in untreated mice than in WT mice (p < 0.05) but
it was significantly lower in mice treated with gene therapy than in
untreated mice (p < 0.001 and p < 0.0001 for both the diaphysis
and diaphysis edge).

Bone mineral densities in the diaphysis and diaphysis edge of the mice
treated with ERT were not significantly lower than those in untreated
mice. Moreover, although bone mineral density in the diaphysis of the
EGFP-transfected mice was significantly lower (p < 0.01) than that of
untreated mice, the bone mineral density in the diaphysis edge was
not (Figure 6A).
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Figure 4. Skull Measurement by Micro-CT Scan

Skull measurements obtained from WT, NT, ERT, GT, and EGFP mice 12 weeks after initiating the treatments. (A and B) The maximum diameter of the width of the in-
termaxillary (A) and the thickness of the zygomatic bone (B) at the forehead were measured using CT scans. Although significantly lower values of intermaxillary width and
zygomatic arch thickness were observed in ERT mice than in NT mice, the values in GT mice were much lower. Skull measurement is expressed in mm (mean + SD, n = 5-6).
Statistical analyses of the data were performed by one-way analysis of variance (Bonferroni post-test). *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

We also measured bone surface, bone mineral density, and bone min-
eral content in the skull and femur by micro-computed tomography
(micro-CT) analysis. Total bone surface in the skull of mice treated
with gene therapy was significantly lower than that of untreated
mice (p < 0.01) and mice treated with ERT (p < 0.05). Total bone min-
eral density in the femur of mice treated with ERT and gene therapy
was significantly lower than that of untreated mice (p < 0.05, p < 0.01),
and total bone mineral content in the femur of mice treated with gene
therapy was significantly lower (p < 0.01) than that of untreated mice.
A low value was also observed in mice treated with ERT; however,
there was no significant difference. Furthermore, total bone mineral

content in the skull of mice treated with gene therapy and ERT was
significantly lower than that of untreated mice (p < 0.0001), and
this tendency was the same as that observed in WT mice (Figure S3).

A bone strength test was performed using femurs 12 weeks after
transplantation. Breaking energy measured via the three-point
bending test was significantly higher (p < 0.0001) in untreated mice
than in WT mice but was significantly lower in mice treated with
ERT than in untreated mice (p < 0.05), and significantly lower
breaking energy values were also observed in mice treated with
gene therapy (p < 0.0001). In addition, breaking energy values of

Figure 3. Serum IDS Activity (Tissue IDS Activity and Tissue GAGs)

(A) Serum IDS activity. Serum was collected from WT, MPS Il (NT), ERT, and GT mice every 4 weeks after treatment. In the GT mice, a significant activity, approximately 17.5-
fold higher than that of WT mice, was continuously observed. IDS activities are expressed as nmol/h/uL serum (mean + SD, n = 5-7). (B) Tissue IDS activity. Brain, liver, and
bone tissues were obtained from WT, NT, ERT, and GT mice 12 weeks after initiating the treatments. Significantly higher IDS activity was observed in the tibia and liver in GT
mice than in NT mice, and cerebral IDS activity was higher in GT mice than in NT mice, although the difference was not significant. The IDS activity in each tissue is in nmol/h/
mg protein (mean + SD, n = 6). Statistical analyses of the data were performed by one-way analysis of variance (Bonferroni post-test). ***p < 0.0001. (C) Tissue GAGs. GAGs
in the brain, liver, and bone derived from WT, NT, ERT, and GT mice were measured using liquid chromatography-tandem mass spectrometry (LC-MS/MS) as described in
Materials and Methods. The GAG accumulations in the bone and liver of the ERT and GT mice, and in the brain of the GT mice, were significantly lower compared to those of
the NT mice. The amounts of GAGs are presented in nmol/mg protein (mean + SD, n = 6). Statistical analyses of the data were performed by one-way analysis of variance
(Bonferroni post-test).**p < 0.01, ***p < 0.001, ***p < 0.0001.
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Figure 5. Histopathology (Tibia)

Histopathological results obtained from WT, NT, ERT, GT,

and EGFP mice 12 weeks after initiating treatments. (A-D)
The bone volume (A), trabecular number (B), osteoclast

WT NT ERT GT GFP

number (C), and bone formation rate (D) were measured
using OsteoMeasure (mean + SD, n = 4-6). The bone
volume and trabecular number of the GT mice were
significantly lower than those of the NT mice. The osteo-
clast number of GT mice was significantly higher than that

Trabecular number

of NT mice. The bone formation rate of GT mice was

A B (/mm)
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Bone volume/total tissue volume
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significantly higher than that of NT mice. Statistical ana-
lyses of the data were performed by one-way analysis of
variance (Bonferroni post-test). *p < 0.05, **p < 0.01,
***p < 0.001, ***p < 0.0001.

Osteoclast number/Bone surface

EGFP-transfected mice were significantly lower (p < 0.01) than those
of untreated mice. There was no significant difference between WT
mice and untreated mice regarding the maximum load and stiffness
(Figure 6B).

To examine differences in natural history as well as the effects of gene
therapy between WT mice and untreated mice, we measured apatite
content in the femur 12 weeks following treatment initiation. There
was no significant difference among WT, untreated, gene therapy-
treated, and EGFP-transfected mice (Figure 6C).

To examine the difference between the effects of gene therapy and
ERT, the femurs of mice at 12 weeks following treatment initiation
were compared using Alcian blue staining and electron microscopy.
Alcian blue staining showed intense blue staining, which reflects
GAG accumulation, in untreated mice relative to that in WT mice.
Although ERT treatment decreased the intensity of the staining, indi-
cating a reduction in GAG amount, the gene therapy decreased the
intensity much more than ERT (Figure 7). Furthermore, EGFP-trans-
fected mice showed equally intense Alcian blue staining as untreated
mice.

Vacuolation in osteocytes reflects GAG accumulation, and electron
microscopy analysis revealed that mice treated with ERT had reduced
vacuolation relative to that in untreated mice. Importantly, such
vacuolation was not evident in the mice treated with gene therapy
(Figure 8A). Similar results were obtained for osteoblasts and osteo-
clasts (Figures 8B and 8C). These results suggested that stable donor
cell engraftment via ex vivo gene therapy contributed to efficient GAG
reduction in osteocytes, osteoblasts, and osteoclasts of MPS II mice.

DISCUSSION

The pathophysiological mechanism of bone lesions observed in MPS
type IL is not fully understood. MPS type I, I1I, and VII mouse models
reportedly exhibit high bone mineral density and GAG accumulation

Bone formation rate/Bone surface

compared with WT mice.”® >’ Some reports have indicated that these
counts tend to improve in mouse models subjected to ERT and HSCT
combination therapy, neonatal HSCT, and gene therapy. Although
skeletal changes have been reported in behavioral analyses, as well
as in X-ray and CT images, of MPS II mouse models,”’ > studies
comparing histopathology, bone mineral densitometry, and disease-
specific GAG measurements are scarce. Herein, we confirmed the ef-
fect of HSC gene therapy on bone lesions. Lentivirus-based HSC gene
therapy revealed IDS activity not only in the cerebrum and liver, but
also in the bone, and high lentiviral vector copy numbers were
observed in the cerebrum, liver, and spleen of the recipient mice. In
our previous study, high lentiviral vector copy numbers were
observed in the cerebrum of mice treated with HSC gene therapy,
in which the transplanted HSCs differentiated into microglia via
the process of transitioning to the central nerve. Cross-correction ef-
fects resulted in the improvement of CNS lesions in MPS II mouse
models.”” The results of this study indicated that ex vivo gene therapy
might improve bone lesions via differentiation of transfected HSCs or
cross-correction effects caused by the high IDS level in the blood of
MPS II mice.

In addition, IDS activity in the serum of mice treated with ex vivo gene
therapy was approximately 17.5-fold higher than that in the serum of
WT mice. Previous studies demonstrated that IDS activity in the
serum of MPS II mice treated with adeno-associated virus (AAV)-
mediated gene therapy was approximately 5-fold higher than that
of WT mice, resulting in improved CNS and bone lesions.”™** In
this study, serum IDS activity was high enough to exert similar effects.
These results suggest that donor cells were stably engrafted following
transplantation and that the persistent expression of IDS in various
organs and serum resulted in a significant reduction in disease-spe-
cific GAGs in the bone. A previous study evaluating the presence or
absence of antibody production against IDS reported a very small
expression of anti-IDS antibody under ERT.'® Furthermore, a previ-
ous study reported that antibody production for gene therapy by

266 Molecular Therapy: Methods & Clinical Development Vol. 19 December 2020
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/ GAG accumulation

Figure 7. Alcian Blue Staining
Alcian blue-stained images of the femurs from WT, NT, ERT, GT, and EGPF mice 12 weeks after initiating the treatments. Red arrows indicate GAG accumulation as light blue
region. The intensity of the light blue color is proportional to the amount of GAG. We detected lower intensity of the light blue color in GT mice compared to NT and EGFP mice.

lentivirus was in the normal range.** Therefore, it is unlikely that anti-
body affects the therapeutic effect.

Histological evaluation has indicated that gene therapy with AAV en-
hances the accumulation of substances in various organs other than
bone in MPS II mouse models,” substantiating previous reports.
Moreover, another study has demonstrated that accumulated sub-
stances in osteocytes, osteoblasts, and osteoclasts are reduced via
HSC transplantation in MPS I mouse models.”” Additionally, the cur-
rent study reported that vacuolation, which is present in osteoblasts
and osteoclasts in untreated mice, tended to be reduced in mice
treated with ERT and appeared to be absent in mice treated with
gene therapy. This observation indicated that accumulated sub-

stances, such as GAGs, decreased in both treatment groups. The
decrease of accumulated substances in mice treated with gene ther-
apy, compared with those treated with ERT, may be due to the persis-
tently high IDS levels. These tendencies were also reflected in the skull
measurements.

In histopathological analyses, the increase in bone volume and trabec-
ular number was significantly lower in mice treated with gene therapy
than in the untreated mice. However, the bone volume and trabecular
number were significantly lower even in the group subjected to radi-
ation pre-treatment followed by EGFP treatment instead of IDS. This
observation suggests that the results of gene therapy might have
been affected by radiation. However, these values were also low in

Figure 6. Femur Bone Mineral Density and Strength Measurements and Biological Apatite

(A) Femur bone mineral density measurement. The bone mineral densities of WT, NT, ERT, GT, and EGFP mice 12 weeks after initiating the treatments. Bone mineral
densities in the diaphysis and diaphysis edge were measured using pQCT. Bone mineral density is expressed as the percentage of WT (%/WT) (mean + SD, n = 4-12).
Femoral bone mineral density in the diaphysis and diaphysis edge was significantly lower in GT mice than in NT mice. Statistical analyses of the data were performed by one-
way analysis of variance (Bonferroni post-test). *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. (B) Femur bone strength measurement. The bone strength of WT, NT, ERT,
GT, and EGFP mice 12 weeks after initiating the treatments. The break energy, maximum load, and stiffness, as the three points of bending tests, were measured using the
MZ-500S (mean + SD, n = 4-6). Breaking energy values were significantly lower in GT mice than in NT mice. Statistical analyses of the data were performed by one-way
analysis of variance (Bonferroni post-test). *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. (C) Biological apatite. Biological apatite of WT, NT, GT, and EGFP mice 12 weeks
after initiating the treatments. The c-axis orientation of apatite was analyzed by microbeam X-ray analysis. The biological apatite is expressed as intensity ratio of (002)/(310)
(mean + SD, n = 6). There was no significant difference among WT, NT, GT, and EGFP mice. Statistical analyses of the data were performed by one-way analysis of variance
(Bonferroni post-test). *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.
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Osteocytes

Figure 8. Electron Micrograph of the Femur

Osteoblasts

Osteoclasts

Electron microscopy images of the femurs from WT, NT, ERT, and GT mice 12 weeks after initiating the treatments. (A-C) Electron microscopy images of the osteocytes (A),
osteoblasts (B), and osteoclasts (C) were observed using a transmission electron microscope. Black arrows indicate vacuolation. We detected no vacuolation in GT and WT
mice and reduction of vacuolation in ERT mice relative to NT mice in the osteocyte, osteoblast, and osteoclasts.

the ERT-treated mice, which did not undergo radiation. Similar re-
sults have been reported for measurements obtained via micro-CT
in HSC gene therapy for MPS VII mice under conditions in which
no pre-treatment was administered.”*®*” Therefore, although the ef-
fect of radiation needs to be taken into consideration, the reduction in
bone volume and trabecular number was presumably due to the effect
of GAG reduction induced by the gene therapy. Furthermore, this
study observed that both bone resorption (osteoclast number) and
bone formation (bone formation rate) tended to be lower in untreated
mice than in WT mice, indicating that bone metabolism was reduced
in MPS II mice. In addition, ex vivo gene therapy reactivates bone
resorption and formation, with the former being primarily activated,
resulting in reduced bone volume and trabecular number. Osteoclasts
are specialized cells responsible for bone resorption. They develop
from macrophage-derived cells under the control of osteoblasts and
osteocytes (osteoblast-lineage cells). Osteoblast-lineage cells express
receptor activator of nuclear factor kB (NF-kB) ligand (RANKL)
essential for osteoclast differentiation. They also express osteoprote-
gerin (OPG), which is a decoy receptor of RANKL, and suppress os-
teoclastogenesis. Recent findings suggest that the binding of dermatan
sulfate induced by gene therapy to the osteoclast inhibitor, OPG,
causes excessive bone resorption due to a relative increase in RANKL,
thus substantiating the promotion of bone resorption in this
study.””**** Additionally, although no study has used the same
method utilized in the current study for the quantitation of the num-
ber of osteoclasts, similar tendencies in MPS VII mice have been re-
ported when analyzed via osteoclast culture.”” In the EGFP-treated
mouse group showing radiation effects, osteoclast number tended
to be slightly higher and bone formation rate tended to be lower
than those in WT mice and untreated mice. In other studies, irradia-
tion in C57BL/6 mice induced bone loss, osteoclast activation, osteo-
cyte apoptosis, and osteoblast proliferation impairment.*"** The re-
sults of our study indicated that ex vivo gene therapy induced not

only osteoclast activation but also osteoblast activation and increasing
bone formation rate, suggesting that osteoblast proliferation exceeded
osteocyte apoptosis.

Bone mineral densities in the diaphysis as well as in the diaphysis edge
were significantly high in untreated mice compared with those in WT
mice. In mice treated with gene therapy, bone mineral density was
significantly lower than that in untreated mice, suggesting similar
trends to those observed in WT mice. In addition, analyses of
EGFP-transfected mice showed radiation effects, suggesting that radi-
ation affected bone mineral density in the diaphysis but not in the
diaphysis edge in this study.

In the micro-CT analysis of the skull and femur, differences were
observed in the therapeutic effect and radiation effect depending on
the site. The bone surface and bone mineral content in the skull, as
well as the bone mineral density in the femur, were significantly lower
in mice treated with gene therapy than in untreated mice. Although
the effects of radiation were also taken into consideration in each
case, it is considered that the treatment contributed the largest effect,
as ERT mice also exhibited a significant decrease. The results of eval-
uation of the skull also reflected the slimming of the zygomatic bone
and narrowing of the intermaxillary width, as shown in Figure 4, and
the results of evaluation of the femur were in agreement with the pe-
ripheral quantitative CT (pQCT) analysis results in Figure 6A. A pre-
vious study reported skeletal improvement in gene therapy by lenti-
virus in MPS II mice,”* consistent with this study.

Furthermore, bone quality encompasses both the structural and ma-
terial properties of the bone. Apatite orientation is an important fac-
tor when considering the material properties of bone tissue. The de-
gree of apatite orientation is an important indicator of nanoscale
microstructure, associated mechanical function, and bone disease.*’
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Thus, apatite orientation represents the material properties of the
bone tissue. Apatite orientation is considered to depend on collagen
orientation,™* and deterioration of biological apatite leads to abnor-
malities in collagen, thereby weakening bone strength.**® The cur-
rent study did not detect any significant difference in biological
apatite among the tested groups, suggesting that the effects of these
factors were low.

The break energy in the bone strength tests was significantly high in
untreated mice compared with that in WT mice, indicating that bone
strength trends in mice treated with gene therapy were similar to
those in WT mice. These results indicate that bone strength consists
of two factors, bone mineral density and bone tissue material
properties.*’

In summary, in MPS II the accumulation of GAGs in the bone re-
duces bone metabolism and increases trabecular number, resulting
in an increase in bone mineral density and strength. Consistently
high serum IDS levels, together with the release of GAGs from oste-
oblasts and osteoclasts, resulted in the reactivation of bone meta-
bolism as detected in mice treated with gene therapy. Simultaneously,
as the balance shifted toward osteoclasts, the number of trabeculae
decreased, resulting in decreased bone mineral density and bone
strength to a similar degree as in WT mice.

These results revealed the mechanism by which lentiviral vector-
mediated gene therapy targeting HSCs allows enzymes to reach
bone lineages, leading to a reduction or elimination of GAGs,
whereby actual bone lineage remodeling is reactivated. These pro-
cesses were made possible by continuously maintaining the enzyme
activity at several times higher than that provided by ERT, and based
on the evaluation, the efficacy of gene therapy is still apparent even
when considering the effects of radiation.

In conclusion, it is suggested that gene therapy targeting HSCs is an
effective treatment option for the bone lesions in MPS II and may
also be applicable to other types of MPS displaying a high degree of
bone pathology, such as Morquio syndrome.

MATERIALS AND METHODS

MPS Il Mouse Model

A female heterozygous mouse, with IDS knockout on the X chromo-
some, was obtained from Dr. Joseph Muenzer (University of North
Carolina)®® and crossed with male WT (C57BL/6) mice to generate
IDS knockout male mice (B6N.Cg-Ids™™*“"[]), Tail tips were
collected from the male offspring <7 weeks old and used for geno-
typing by PCR to identify the hemi mice (IDS knockout mice: MPS
I mice).'® The mice were housed in pairs at 24°C under a 12-h
light/12-h dark cycle. The selected mice were fed a standard diet
(CE-2; CLEA Japan, Japan; calcium, 1.15%; phosphorus, 1.08%).
The animals were bred and treated according to the regulations and
with the approval of the Genetic Recombination Experiment Com-
mittee, Pathogen Safety Committee, and Animal Experiment Com-
mittee of The Jikei Medical University (Tokyo, Japan).
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Lentiviral Vector

Codon-optimized IDS cDNA or EGFP was incorporated into the sec-
ond-generation lentiviral vector pPSMPUR-MCU3-MCS (kindly pro-
vided by Dr. Donald B. Kohn, University of California, Los An-
geles'®), and a recombinant virus was produced using a previously
described conventional method.”® The promoter used was an
enhancer of retroviral origin from a myeloproliferative sarcoma virus.
This promoter generates strong and ubiquitous expression in sys-
temic organs.*® Virus preparation was performed according to a pre-
viously described procedure.*® All treatments, including virus purifi-
cation, were approved by The Jikei University School of Medicine
(Tokyo, Japan) Genetic Recombination Experiment Committee and
the Pathogen Safety Committee.

HSCT

Bone marrow cells were collected from the femurs and tibias of
8-week-old MPS II mice, and lineage-negative cells were collected us-
ing a lineage cell depletion kit (Miltenyi Biotec, Auburn, CA, USA),
which is a system that effectively depletes mature hematopoietic cells,
such as T cells, B cells, monocytes/macrophages, granulocytes, and
erythrocytes, as well as their committed precursors, from bone
marrow. Depletion occurs via magnetic labeling of cells with a cock-
tail of biotinylated antibodies against a panel of “lineage” antigens
(CD5, CD45R [B220], CD11b, anti-Gr-1 [Ly6G/C], 7-4, and Ter-
119 antibodies) and anti-biotin MicroBeads. This labeling effectively
leaves lineage-negative cells untouched in the bone marrow. Next,
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum was mixed with recombinant murine fims-related
tyrosine kinase 3 ligand (rmFlt-3L) (100 ng/mL) (R&D Systems,
Minneapolis, MN, USA), recombinant murine stem cell factor
(rmSCF) (100 ng/mL) (R&D Systems), and Polybrene (8 pg/mL)
(Sigma-Aldrich, St. Louis, MO, USA) and added to a RetroNectin-
coated culture dish (Takara Bio, Shiga, Japan) with 1.25 x 10 ® line-
age-negative cells."” Next, IDS- or EGFP-introduced lentiviral vector
was used to infect the cells with a multiplicity of infection of 50.
After 16 h, the virus in the culture solution was washed off twice
with phosphate-buffered saline to recover the cells. Recipient MPS
IT mice (8 weeks old) were given a total body irradiation of 9 Gy
(Hitachi MBR-1520-R irradiator) 2 h before transplantation.'® Subse-
quently, they were transplanted with 1.25 x 10 ° infected lineage-
negative cells through tail vein injections (n = 12). Enzyme activity
in the serum was measured every 4 weeks following treatment, and
the mice were euthanized 12 weeks after treatment. The enzyme ac-
tivities of the serum, brain, liver, spleen, and bone, as well as the levels
of the substrate GAGs, were measured. Bone evaluation, including
histopathology analyses and bone strength measurements, was
conducted.

ERT

Human IDS (Elaprase; Shire Human Genetic Therapies, USA) was
administered at a dose of 0.5 mg/kg via the tail vein to 8-week-old
MPS II mice. The dose was in accordance with the therapeutic dose
for humans. Human IDS was provided by Sanofi Genzyme (Tokyo,
Japan).
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Treatment Plan
The treatment plan is shown in Figure 1.

The treatment groups were the ERT and gene therapy groups. Un-
treated MPS II mice (NT group), WT mice (WT group), and
EGFP-administered mice (EGFP group) were used as controls. In
the ERT group, ERT was initiated at 8 weeks of age, and IDS was
administered a total of 13 times. In the gene therapy group, gene ther-
apy was performed at 8 weeks of age. The weights of all of the mice
were measured, and blood samples were collected over time. In the
ERT group, a blood sample was always collected immediately before
the start of ERT. At 20 weeks of age, all mice were sacrificed, and tis-
sues were collected for biochemical and pathological analyses.

IDS Activity Measurement

The brain and liver from each animal were shredded with a homog-
enizer (Hiscotron; Microtec Nition, Japan), and bones were shredded
using a multi-bead shocker (Yasui Kikai, Japan). All tissues were ho-
mogenized with distilled water. The protein concentrations of the
collected serum and whole tibial bone/cerebral/hepatic homogenates
were measured using a bicinchoninic acid (BCA) protein assay kit
(Thermo Fisher Scientific, Rockford, IL, USA). The 4MU substrate
(artificial substrate 4-methylumbelliferyl-a-1-iduronide 2-sulfate;
Moscerdam Substrates, Rotterdam, the Netherlands) was allowed to
react with the above samples according to the manufacturer’s instruc-
tions. Next, IDS enzyme activity was measured using a RF5300PC
spectrofluorimeter (Shimadzu, Kyoto, Japan).”® The enzyme activity
measured was expressed as nmol/h/mg protein.

Measurement of GAG levels

The tibia, cerebrum, and liver were isolated from 20-week-old mice.
Their GAG levels were measured using LC-tandem MS (LC-MS/
MS), which is an improved version of the disease-specific GAG mea-
surement method,”* based on the analysis of levels of 2-sulfoiduronic
acid derived from the nonreducing terminal end of polysaccharides.

Flow Cytometry

The engraftment rate was analyzed using bone marrow-derived HSCs
transfected with EGFP. The peripheral blood of the recipient mice was
collected 12 weeks after transplantation, and erythrocytes were lysed
using a hemolysis buffer. Next, the obtained leukocytes were allowed
to react with anti-CD16/32 antibodies as a Fc blocker; Ly-6G-phyco-
erythrin (PE) (clone RB6-8C5), which labels granulocytes; CD45R-PE
(clone RA3-B), which labels B cells; and CD3e-PE (clone 145-2C11),
which labels T cells.”” All antibodies were obtained from eBioscience
(San Diego, CA, USA). The analysis was performed using a
MACSQuant analyzer (Miltenyi Biotec, Bergisch Gladbach, Ger-
many), and the expression rate of EGFP in each blood cell type was
analyzed using MACSQuantify version 2.5 (Miltenyi Biotec, Bergisch
Gladbach, Germany).

Quantitative PCR
Quantitative PCR was performed with a lentiviral vector (LV-IDS)
packaging sequence using a 7300 real-time PCR system (Applied Bio-

systems, CA, USA) to measure the VCN in the cerebrum, liver, and
spleen as previously described.”

Skull/Femur Measurement

The skull and femur were excised from 20-week-old mice and
scanned with a Latheta LCT-200 (Hitachi Aloka Medical, Japan).
Three-dimensional images were then constructed using VGSTUDIO
MAX 2.0 software (Volume Graphics, Germany). The bone surface,
bone mineral density, and bone mineral content were also measured
for whole bones. In the skull, the maximum diameter of the intermax-
illary width and the thickness of the zygomatic bone at the forehead
were measured. The measurement site was determined as previously
described.™

Histopathology

The bone formation marker calcein was intraperitoneally adminis-
tered to 20-week-old mice 4 or 2 d before euthanasia to label the
mineralizing bone. Euthanasia was performed under anesthesia,
and the tibias were removed. Next, undecalcified toluidine blue-
stained specimens embedded in glycol methanlacrylate acrylic
(GMA) resin were viewed under a microscope to distinguish miner-
alized bone, osteoid, cancellous bone, osteoblasts, and osteoclasts. The
area from the standard to the distal direction (1.125 mm) excluding
an area of approximately 0.15—-0.35 mm from the tibial proximal
growth plate cartilage was defined as the secondary cancellous bone
surface and observed. The area, length, distance, and number of
each tissue (primary parameters) were measured using OsteoMeasure
(OsteoMetrics, USA).”® Bone volume, trabecular number, osteoclast
number, and bone formation rate were calculated using the measured
primary parameters.

Bone Mineral Density Measurement

The femurs of 20-week-old mice were removed, and the bone mineral
density was measured using the pQCT method (XCT-Research SA+;
Stratec Medizintechnik, Germany).”””® The femurs were then placed
into a measuring container, and the diaphysis (center) and distal
metaphysis were sliced (position approximately 1.2 mm in the prox-
imal direction from the distal growth plate) at pixel dimensions of
0.12 x 0.12 mm and thickness of 0.77 mm. The volumetric cortical
bone mineral density, cancellous bone mineral density, periosteal
circumference, endocortical circumference, and strength strain index
(SSI) were analyzed using the pQCT software, rev. 6.00B. The cortical
region was determined with a threshold value of 690 mg/cm?, and SSI
was analyzed at a threshold of 464 mg/cm”.

Bone Strength Test

The femurs of 20-week-old mice were removed, and a three-point
bending test of the femoral diaphysis was conducted using a bone
strength measuring device (MZ-500S; Maruto, Japan) and a bone
strength inspection system (CTRwin version 1.05; System Supply,
Japan).””>® The specimen was placed on the sample stand with a 6-
mm distance between the fulcrums, and the fracture test was per-
formed at a fracture rate of 5 mm/min from above approximately
the central portion of the diaphysis. The load cell used was 500
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kilogram-force (kgf). Breaking time (s), axial displacement (mm),
breaking load (kgf), maximum load (kgf), and chart area (mm?)
were calculated as the primary parameters. The fracture energy
(Nm), maximum load (N), and stiffness (N/mm) were obtained as
secondary parameters via automatic calculation with software.

Biological Apatite

The femurs of 20-week-old mice were removed, and the c-axis orien-
tation of apatite was evaluated via microbeam X-ray analysis. The de-
gree of apatite orientation in the longitudinal direction of the bone
was measured at femur mid-diaphysis, and R-Axis BQ (Rigaku,
Japan) was used as the analyzer.”” The analysis method was in accor-
dance with a previously published report.”

Histological Analysis of Femurs

The femurs of 20-week-old mice were excised, decalcified with ethyl-
enediaminetetraacetate (EDTA), and embedded in paraffin without
shaping. Sections of 4-pum thickness were prepared from one spec-
imen. Afterward, the sections were dehydrated in an alcohol rising
column followed by successive immersion in xylene and paraffin.
Alcohol immersion was performed for approximately 10 min, and
xylene immersion was performed for approximately 40 min
(20 min for para-xylene removal and approximately 20 min for
alcohol removal). The samples were stained with Alcian blue and
observed using a system microscope (BX53 biological microscope;
Olympus, Japan).

Femur Electron Microscopy

The femurs of 20-week-old mice were isolated, immersed in 2% para-
formaldehyde and 2.5% glutaraldehyde, adjusted with 0.1 M phos-
phate buffer, and pre-fixed at 4°C for 3 days. After washing the
pre-fix with 0.1 M phosphate buffer, post-fixation was carried out
for 2 h with 1% osmic acid. Sample dehydration was performed using
ethanol gradients of 50%, 70%, 80%, and 90% at 4°C, followed by
100% ethanol at room temperature. Samples were then embedded
in epoxy resin (Epok 812; Oken, Japan) through propylene oxide.
Approximately 80-nm ultrathin sections sliced with a diamond knife
were electron-stained using uranyl acetate and lead citrate. Next, os-
teocytes, osteoblasts, and osteoclasts were observed under a transmis-
sion electron microscope (JEM 1400 Plus; JEOL, Japan).

Statistical Analysis

Statistical analyses were performed using GraphPad Prism software
(GraphPad). A Student’s t test or one-way analysis of variance
(ANOVA) followed by a Bonferroni post hoc test was used. Statistical
significance was set at p <0.05.
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