
Long Circulating Enzyme Replacement Therapy Rescues Bone
Pathology in Mucopolysaccharidosis VII Murine Model

Daniel J. Rowan1,†, Shunji Tomatsu2,†, Jeffrey H. Grubb3,†, Bisong Haupt4, Adriana M.
Montaño5, Hirotaka Oikawa5, Catalina Sosa5, Anping Chen3, and William S. Sly3

1School of Medicine, Saint Louis University, St. Louis, Missouri, USA
2Departments of Biomedical Research and Orthopedic Surgery, Alfred I. duPont Hospital for
Children
3Edward A. Doisy Department of Biochemistry and Molecular Biology, Saint Louis University, St.
Louis, Missouri, USA
4Department of Pathology, Saint Louis University, St. Louis, Missouri, USA
5Department of Pediatrics, Saint Louis University, St. Louis, Missouri, USA

Abstract
Mucopolysaccharidosis (MPS) type VII is a lysosomal storage disease caused by deficiency of the
lysosomal enzyme β-glucuronidase (GUS), leading to accumulation of glycosaminoglycans
(GAGs). Enzyme replacement therapy (ERT) effectively clears GAG storage in the viscera.
Recent studies showed that a chemically modified form of GUS (PerT-GUS), which escaped
clearance by mannose 6-phosphate and mannose receptors and showed prolonged circulation,
reduced CNS storage more effectively than native GUS. Clearance of storage in bone has been
limited due to the avascularity of the growth plate.

To evaluate the effectiveness of long-circulating PerT-GUS in reducing the skeletal pathology, we
treated MPS VII mice for 12 weeks beginning at 5 weeks of age with PerT-GUS or native GUS
and used micro-CT, radiographs, and quantitative histopathological analysis for assessment of
bones.

Micro-CT findings showed PerT-GUS treated mice had a significantly lower BMD.
Histopathological analysis also showed reduced storage material and a more organized growth
plate in PerT-GUS treated mice compared with native GUS treated mice. Long term treatment
with PerT-GUS from birth up to 57 weeks also significantly improved bone lesions demonstrated
by micro-CT, radiographs and quantitative histopathological assay.

In conclusion, long-circulating PerT-GUS provides a significant impact to rescue of bone lesions
and CNS involvement.
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1. Introduction
The mucopolysaccharidoses (MPS) are a group of lysosomal storage disorders (LSDs) that
result from a deficiency of lysosomal enzymes necessary for the degradation of
glycosaminoglycans (GAGs). In mucopolysaccharidosis type VII (MPS VII; Sly syndrome)
the GAGs, dermatan sulfate, heparan sulfate, chondroitin 4-sulfate, and chondroitin 6-
sulfate, accumulate in lysosomes in the absence of the catabolic enzyme β-glucuronidase
(GUS) [1]. Around 50 different mutations in the GUS gene have been identified producing a
wide range of clinical severity [2]. MPS VII is characterized by short stature, dysmorphic
features, corneal clouding, hepatomegaly, skeletal abnormalities collectively referred to as
dysostosis multiplex, and developmental delay. These clinical manifestations become
progressively worse over time if left untreated. MPS VII patients with the most severe
phenotype have hydrops fetalis prenatally and often are stillborn or survive only a few
months. At the other extreme, patients with attenuated manifestations of MPS VII have
survived into the fifth decade of life.

Murine models of MPS VII have characteristics similar to the human disease [3,4]. MPS VII
mice show GAG storage in lysosomes of visceral organs, skeleton, and brain. They have
facial dysmorphism, growth retardation, deafness, behavioral deficits, and a shortened
lifespan. Radiographic analysis showed significant bone dysplasia including shortened and
thick long bones, sclerosis of the calvarium, and a narrow thorax. Microscopically, the
epiphyseal growth plate is hypercellular and irregular and osteoblasts in the bone marrow
contain vacuoles. In addition, synovial proliferation, vacuolated synovial cells, and articular-
synovial synechiae have been described.

Several LSDs have been treated with enzyme replacement therapies (ERTs), which rely on
mannose 6-phosphate receptor (M6PR) or mannose receptor-mediated uptake of enzymes
into target cells [5-8]. This receptor-mediated ERT strategy has been used with substantial
success to treat storage in visceral organs in murine MPS VII. However, GAG storage in the
central nervous system (CNS) has been resistant to clearance by ERT using conventional
doses of enzyme unless begun during the newborn period [9,10]. In several disease models
partial correction in some areas of the brain followed repeated injections of large doses of
enzyme [11-14]. Grubb et al. recently reported that a chemically modified form of GUS,
treated to make it resistant to clearance from circulation by mannose and mannose 6-
phosphate receptors (PerT-GUS), showed prolonged circulation (half-life over 18 hours) and
was more effective than native enzyme at clearing storage from cortical and hippocampal
neurons. Higher levels of enzyme in other tissues suggested improved delivery to other
organs as well [15]. The mechanism, by which PerT-GUS enzyme escapes uptake by the
mannose and mannose 6-phosphate receptors, relies on chemical inactivation of its terminal
sugars by treatment of sodium metaperiodate followed by borohydride reduction. How long-
circulating PerT-GUS gains the entry to some cell types remains unknown.

Prior studies showed that treatment with native GUS from birth to six weeks of age reduced
clinical evidence of skeletal disease even though clearance of storage from chondrocytes
was not seen [9,16]. In this study, we compared the skeletal response of MPS VII mice to
treatment with 12 weeks of either PerT-GUS or native GUS ERT. We also assessed the
skeletal effects of long-term treatment of MPS VII mouse models with PerT-GUS ERT.
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Micro-CT, radiographs, and quantitative histopathology were used in parallel to define the
bone pathology in MPS VII mice and their response to treatments.

2. Materials and Methods
2.1 MPS VII Tolerant Mouse

A tolerant mouse model for MPS VII [4] was developed from the original Birkenmeir GUS
deficient mouse (gusmps/mps) [17] and has been used for evaluation of the effectiveness of a
variety of experimental treatments [11,15,18-20]. This mouse has characteristics similar to
humans with MPS VII including a shortened face, facial dysmorphism, growth retardation,
deafness, shortened lifespan, and behavioral deficits. In addition, it is immunotolerant to
administered human GUS.

2.2 Purification of GUS
GUS was purified by a multistep procedure with conventional column chromatography as
described [15]. Purified enzyme was frozen at -80°C where it was stable indefinitely until
thawed for treatment with periodate.

2.3 Treatment of GUS with Periodate and Borohydride
The M6P and mannose recognition sites on GUS are contained in the oligosaccharide side
chains of the enzyme. To inactivate the exposed carbohydrates, the enzyme was treated with
sodium metaperiodate followed by sodium borohydride [15]. At the final step, the enzyme
was dialyzed against two changes of 20 mM sodium phosphate, 100 mM NaCl (pH 7.5) at
4°C, and was stable when stored in this buffer at 4°C before use.

2.4 Comparison of Response to Treatment of MPS VII Mice with Native GUS and PerT-GUS
MPS VII mice were treated IV with 2 mg/kg native GUS (n=4) or PerT-GUS (n=4) for 12
weeks beginning at 5 weeks of age. One week after the last treatment, mice were euthanized
and tissues were treated using the protocol described below for long-term treatment with
PerT-GUS.

2.5 Long-Term Treatment of MPS VII Mice with PerT-GUS Intraperitoneally
MPS VII mice were treated from birth to six weeks with IP infusions of PerT-GUS (2 mg/kg
body weight). After 6 weeks of age, mice received 2 mg/kg of the enzyme IP every other
week for 27-57 weeks. One week after the last infusion, tissues from untreated (n = 4) or 2
mg/kg PerT-GUS treated MPS VII mice (n = 5; ages 27, 38, 41, 57, and 57 weeks old) were
perfused at necropsy with 25 mM Tris and 140 mM NaCl (pH 7.2), fixed in 2%
paraformaldehyde and 4% glutaraldehyde, postfixed in osmium tetroxide, and embedded in
Spurr resin. For evaluation of lysosomal storage, toluidine blue-stained 0.5-μm-thick
sections of knee joints were assessed by light microscopy. We also euthanized untreated
MPS VII mice at 1 day old and ages 2.5, 5, 10, 23, 29, 32, and 36 weeks old and age-
matched wild-type mice to understand the progression of the disease.

2.6 Micro-CT Analysis and Radiography
Mice were euthanized using CO2. At dissection, leg bones, spines, and ribs were placed in
95% ethanol. A micro-CT scan was performed on each bone using a Scanco μCT40 system
(Scanco Medical; Brüttisellen, Switzerland) according to manufacturer's instructions [21].
Scans were focused on cervical vertebrae 1 and 2 and the knee joint. The bones were then
fixed in formalin in preparation for the micro-CT imaging, which was performed on a
micro-CT scanner at 16-μm isotropic voxel size, with 250 projections, integration time of
300 msec, photon energy of 50 keV, and current of 160 μA. A three dimensional

Rowan et al. Page 3

Mol Genet Metab. Author manuscript; available in PMC 2013 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



reconstruction of each bone was made and the bone mineral density (BMD) of each knee
joint was measured. Radiographs were also done for each leg, spine, and ribcage and
compared. Leg measurements were recorded using plain radiographs (Supplemental Fig. 1).
Measurements were recorded on mice older than 10 weeks, and the mean length
measurement and standard deviation were calculated.

2.7 Quantitative Analysis of Histopathology
Cartilage thickness—The thickness of the tibia growth plate or articular cartilage was
measured at five different places and averaged. This average for each mouse was then used
to calculate the mean cartilage thickness for wild-type, untreated MPS VII, GUS treated
MPS VII, and PerTGUS-treated MPS VII groups.

Cellularity—The number of cells in three predetermined areas of equal size in the tibia
growth plate proliferative zone and articular cartilage were counted and averaged. The
values reported are means and standard deviations of the average cellularity for the mice in
each group.

Cell Area—Cells in the proliferative zone of tibia growth plate and articular cartilage were
outlined as shown in Supplemental Figure 2 and ImageJ (National Institutes of Health,
Bethesda, MD) was used to calculate the area within the outlined area. An average cell area
was calculated for the proliferative zone of the growth plate and articular cartilage for each
mouse. Areas reported are means with standard deviations of the average area for each
mouse group.

Cells/Column—The number of cells stacked in columns perpendicular to the long axis of
the tibia growth plate was counted, and the mean value was reported.

Perimeter/Length Ratio—The length and perimeter of the tibia growth plate region were
measured as shown in Supplemental Figure 3 [22]. The values reported are means and
standard deviations for each mouse group.

2.8 Rationale of Experimental Design
In prior experiments which compared the CNS response to GUS and PerT-GUS ERT, we
used a 12 week regimen of weekly infusions and euthanized mice one week after the last
infusion for examination of the storage in brain [15]. In order to compare response in bone,
we used a similar regimen administering 2 mg/kg of native GUS and PerT-GUS IV. In prior
studies of the response, treatment of MPS VII from birth with IV native GUS enzyme was
shown to improve growth, fertility, longevity, and histology of visceral organs. However,
the response of bone (chondrocytes) to ERT was limited even if treatment began at birth
[9,11,16].

In experiments described elsewhere, we observed that many responses to IP PerT-GUS were
equivalent to those observed in IV injections. In addition, despite the fact that PerT-GUS
was taken up poorly by peritoneal lining cells, IP infused enzyme reached the same
concentrations in the blood as IV infused PerT-GUS, with a 30-60 minute delay. For these
reasons, we carried out a long-term treatment experiment using IP delivered PerT-GUS to
see whether the results in bone compared favorably with those described in earlier trials
from birth with native enzyme.
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3. Results
3.1 GUS and PerT-GUS ERT Treatment of MPS VII Mice

3.1.1 Growth Plate and Articular Cartilage Histology
Growth Plate: The resting, proliferative, and hypertrophic zones of the growth plates in
GUS and PerT-GUS treated mice contained enlarged and vacuolated cells (Fig. 1). Resting
and proliferative zonal chondrocytes appeared larger in size in GUS treated mice compared
with PerT-GUS treated mice. The growth plate was thicker and less organized in GUS mice.
The normal columnar structure of the proliferative zone was also better preserved in PerT-
GUS treated mice compared with GUS treated mice.

Articular Cartilage: Cells of the articular cartilage and meniscus were enlarged and
vacuolated in both GUS and PerT-GUS treated mice. The articular cartilage chondrocytes
were moderately smaller in PerT-GUS treated mice than in GUS treated mice. Cells in the
meniscus of PerT-GUS treated mice contained noticeably less storage material compared
with meniscal chondrocytes in GUS treated mice.

3.1.2 Quantitative Histopathological Analysis—To assess the morphology of the
growth plate and articular cartilage in GUS and PerT-GUS treated MPS VII mice, we
measured the thickness of the cartilage layer in the growth plate and articular cartilage, the
cellularity in the articular cartilage and proliferative zone of the growth plate, a cross-
sectional area of chondrocytes in the articular cartilage and proliferative zone of the growth
plate as an estimate of cell volume, the mean number of cells aligned in columns
perpendicular to the growth plate, and the ratio of the perimeter of the growth plate to its
length as an indication of the amount of irregularity in the morphology of the growth plate
(Supplemental Figs. 2 and 3).

These measurements supported our histological observations. The thickness of the articular
cartilage in GUS and PerT-GUS treated mice was similar, however the growth plates in
GUS treated MPS VII mice showed a trend towards increased thickness compared with
PerT-GUS treated mice (p = 0.51; Fig. 2A). The cellularity of the articular cartilage and
growth plate was similar in GUS and PerT-GUS treated mice (Fig. 2B). Cross sectional cell
area was lower in the proliferative zone of the growth plate (p < 0.05) of PerT-GUS treated
mice compared with GUS treated mice. Cross sectional cell area in articular cartilage
chondrocytes was also lower in PerT-GUS treated mice compared with GUS treated mice,
however this difference did not reach statistical significance (Fig. 2C). Two quantitative
measures of growth plate organization (cells/column and growth plate perimeter/length
ratio) showed that the growth plate of PerT-GUS treated mice is significantly more
organized than that of GUS treated mice. The mean number of cells per proliferative zone
column was higher in PerT-GUS treated mice (p < 0.05; Fig. 2D) and the growth plate
perimeter/length ratio was lower in PerT-GUS treated mice compared with GUS treated
mice (p< 0.05; Fig. 2E).

3.1.3 Micro-CT and Radiographic Findings—Micro-CT analysis of the bones of the
knee joint and spine (Fig. 3) of GUS and PerT-GUS treated MPS VII mice showed that both
GUS and PerT-GUS treatments significantly reduced the exophytic bone formation and
cortical bone thickening which is seen in untreated MPS VII mice. Micro-CT scans also
provided the (BMD) of the bones of the knee joint. GUS treated mice had a mean BMD of
459.11 ± 9.59 mgHA/ml, PerT-GUS treated mice had a significantly lower BMD 444.86
mgHA/ml (p < 0.05). This reduced BMD is evident in leg X-rays of GUS and PerT-GUS
treated MPS VII mice (Fig. 4). Measurement of the thickness of the femur at its midpoint
showed that the femurs of GUS treated mice remained abnormally thick (1.25 ± 0.29 mm)
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compared with the femurs of PerT-GUS treated mice (1.13 ± 0.25 mm; p < 0.05). However,
tibia length is similar in both GUS (1.60 ± 0.04 cm) and PerT-GUS (1.63 ± 0.03 cm) treated
mice.

3.2 Skeletal Effects of Long-Term Treatment with PerT-GUS
3.2.1 Micro-CT Findings—Micro-CT analysis of the bones of the knee joint and spine
(Fig. 5) in untreated MPS VII mice showed progressive abnormalities with age.

Knee joints: At 5 weeks of age, bones in the knee joints of untreated MPS VII mice had
modest changes from those of wild-type: 1) less ossified bone, and 2) reduced amounts of
trabecular bone (Fig. 5). By 23 weeks of age, the differences in the knee joints were marked.
The cortical bone of the tibia and femur were thickened and abnormal periosteal bone
formations were observed on the articular surfaces of the tibia and femur. The abnormalities
were even more severe in 36 week-old mice (Fig. 5). Micro-CT scans also allowed BMD of
mouse knees to be measured. The mean BMD of WT mice over 10 weeks-old was 496.2 ±
38.8 mgHA/mL (n = 14) and the mean BMD for untreated MPS VII mice (n = 4) was 568.5
± 66.5 mgHA/mL, which is significantly elevated compared with WT mice (p < 0.05).

Treatment effects: PerT-GUS treated MPS VII mice showed marked improvements of the
knee joint when compared with those of untreated MPS VII mice. Thicknesses of cortical
bone of the femur and tibia were normalized and there were fewer periosteal bone
formations, although the knee joints were still distinguishable from wild-type mouse knee
joints (Fig. 5). Treatment reduced BMD to 499.7 ± 34.2 mgHA/mL (n = 5; p = 0.08,
compared with untreated MPS VII mice).

Cervical spine: At 5 weeks of age, the vertebrae of untreated MPS VII mice appeared to
have less ossified bone than those of the wild-type mice (Fig. 5). By 23 weeks of age, the
vertebral arches were abnormally thickened and periosteal bone formation was seen on the
transverse processes of the vertebrae. The vertebral bodies were flattened and wider
(platyspondyly) than those in wild-type mice. In addition, the enlarged vertebrae encroached
on the spinal canal causing spinal canal narrowing. These findings were even more
prominent in 36-week-old untreated mice.

Treatment effects: A micro-CT scan (n = 1) of the spine of a 38-week-old treated MPS VII
mouse showed less abnormal thickening of the bone than in untreated MPS VII mice (n = 4),
resulting in less spinal canal narrowing. In addition, the vertebral bodies were not
abnormally wide like those in untreated MPS VII mice (Fig. 5). Only one cervical spine
from a PerT-GUS long-term therapy mouse was available for micro-CT study due to
dissection-related damage to CV1-2 on the other specimens.

3.2.2 Radiographic Analysis—Radiographs comparing the lower extremities of wild-
type, untreated MPS VII, and PerT-GUS-treated MPS VII mice are presented in Figure 6A.
The tibias of MPS VII mice older than 10 weeks were shortened (1.54 ± 0.09 mm) when
compared with those of wild-type mice (1.88 ± 0.03 mm; p < 0.05) (Fig. 6B). The long
bones were also broad and sclerotic at 36 weeks of age when compared with those of wild-
type mice. The ribcage was narrow with short and thick ribs. The sternal ends of the ribs
showed decreased radiodensity on plain radiographs. The cervical vertebrae showed
severely increased radiodensity when compared with those in wild-type mice.

Treatment effects: The tibia length of treated MPS VII mice (1.73 ± 0.03 cm) was
significantly increased compared with untreated MPS VII mice (1.54 ± 0.09 cm, p < 0.05).
In addition, the ribs of treated mice were longer and had significantly reduced radiodensity
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compared with those of untreated mice. The cervical vertebrae of treated MPS VII mice had
significantly reduced radiodensity compared with those in untreated mice (Fig. 6A).

3.2.3 Histopathologic Analysis of Knee Joints
Untreated MPS VII Mice
Articular cartilage: The knee joints of affected mice showed noticeable lysosomal storage
within the articular cartilage even in the newborn mouse (day 1 or 2). Most articular
chondrocytes had vacuoles, although the structure was organized (Supplemental Fig. 4).
Affected mice showed marked lysosomal storage within the articular cartilage by 2.5 weeks
of age. The articular cartilage layers (tangential, transitional and radial layers) were
abnormally thickened. The chondrocytes were increased in number and ballooned with
vacuoles although all three layers were still distinguishable and organized. The 10-week-old
affected mice showed abnormal proliferation of the meniscal fibro-cartilage with ballooned
vacuolated cells. The articular cartilage layers were slightly irregular and hypercellular, and
chondrocytes were enlarged and vacuolated. The three layers were thinner compared with
those seen at 2.5 weeks, and their structure was disorganized. The articular cartilage layers
at 32 weeks of age showed more disorganization with almost complete loss of the normal
arrangement of cells (Fig. 7). The surface of articular cartilage was irregular, and few
chondrocytes in the tangential layer were observed. The transitional and radial layers
showed hypercellularity compared with those in the age-matched wild-type mice. There
were articular-meniscal-synovial fusions with marked abnormal proliferation of articular and
meniscal cartilage, with thickened and vacuolated cells in the meniscus and synovium. The
synovial space was markedly diminished. All articular cartilage cells showed marked
distention, producing a thicker layer. The cells in the periosteum also had marked vacuolar
distension.

Growth plate: The growth plate region in 1- or 2-day-old MPS VII mice had ballooned
vacuolated chondrocytes in resting and proliferative zones. By 2.5 weeks of age, the growth
plate was thickened but showed normal resting and proliferative zonal organization
(Supplemental Fig. 4). The cells were swollen with increased fibrillary or vacuolar contents,
which were especially prominent in the resting zone. The hypertrophic zone, although
hypercellular, showed disorganization with a distorted arrangement of cells. The primary
calcification zone was also increased in size. The longitudinal arrangement of the primary
trabeculae was abnormal with the trabeculae increased in number and thickness and
contained a marked increase of cartilage. Osteoblasts appeared to be increased in number,
especially in the proximal intertrabecular spaces, and contained numerous vacuoles.

At 10 weeks of age, the growth plates were thicker and their boundaries became irregular.
The column structure through all layers of the growth plate was disorganized. The
chondrocytes were ballooned with vacuoles. The osteoblasts surrounding diaphyseal bone
trabeculae and the cells lining bone marrow sinusoids contained a large amount of clear
cytoplasmic vacuoles (data not shown).

At 32 weeks of age, the column structure through all layers of the growth plate was
markedly disorganized and all chondrocytes were prominently ballooned with vacuoles (Fig.
7). The growth plates had a marked decrease in the number of cells in the proliferating zone.
The storage was marked, with lysosomal distention in osteoblasts lining the cortical and
trabecular bone and in the sinus-lining cells in the bone marrow. The light microscopic
views revealed a loss of the parallel order of the bone matrix with loss of the concentric
arrangement of lamellae or haversian system formation. The cortex was markedly thickened
in affected mice. The osteocytes showed clearly increased cytoplasmic volumes filled with
vacuoles.
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PerT-GUS Treated MPS VII Mice: PerT-GUS treatment from birth to older than 6 months
provided substantial improvement in bone pathology. The articular cartilage region showed
reduced cellularity and improvement in irregular articular surfaces, although reduction of
storage materials in chondrocytes was limited at all cartilage layers. Marked improvement
was observed in the abnormal proliferation of articular and meniscal cartilage, leading to
reduced articular-meniscal-synovial fusion (Fig. 7). Ligaments and connective tissues
surrounding the articular cartilage in treated mice had fewer storage vesicles.

The growth plate region in treated mice showed the following: 1) improvement of
architecture by reduction of thickened cartilage layer and irregular surface, and 2) reduced
cell area in the proliferative zone, although vacuolated chondrocytes with lysosomal
distension remained obvious (Fig. 7). Treated mice had reduced storage materials in bone
marrow and restoration of bone architecture. The amount of lysosomal storage vesicles in
osteoblasts was markedly reduced. The sinus lining cells in bone marrow and bone marrow
cells showed complete clearance of storage vesicles. The osteocytes within the bone had
substantially reduced storage material with recovery of cortical bone architecture. These
pathological improvements correlated with marked improvements shown on X-ray images.

3.2.4 Quantitative Analysis of Histopathology—Quantitative analysis of the
histopathology of wild-type and untreated and treated MPS VII mouse knees was carried out
using the same methods described for the comparison of GUS and PerT-GUS treated mice.
These measurements supported our histopathological observations. Untreated MPS VII mice
(n = 4) had thicker growth plates (p < 0.005) and articular cartilage (p < 0.02) compared
with those in wild-type mice (n = 5). PerT-GUS treatment (n = 5) reduced the thickness of
both the growth plate (p = 0.14) and articular cartilage (p = 0.24) compared with those in the
untreated MPS VII mice (Fig. 8A).

The articular cartilage cellularity in untreated MPS VII mice was increased (p < 0.001)
compared with that in wild-type mice and was significantly reduced by PerT-GUS treatment
(p < 0.03; Fig. 8B). By contrast, the cellularity in the proliferative zone of growth plate was
not different statistically between wild-type, untreated MPS VII, and PerT-GUS-treated
mice (Fig. 8C). Cell sizes in the growth plate and articular cartilage were greatly increased
in untreated MPS VII mice compared with wild-type mice (growth plate, p < 0.001; articular
cartilage, p < 0.001). PerT-GUS treatment caused a reduction in cell size at the growth plate
(p < 0.001) and articular cartilage (p < 0.03; Fig. 8D). The number of cells/column in the
growth plate of MPS VII mice was decreased when compared with wild-type mice (p <
0.02) and there was no difference when compared with PerT-GUS treatment (p = 0.19; Fig.
8E). The perimeter-to-length ratio of the growth plate in MPS VII mice was elevated when
compared with wild-type mice (p < 0.001), showing the irregular morphology of the growth
plate in untreated MPS VII mice. The perimeter to length ratio was reduced and approached
normal in the PerT-GUS-treated mice (p < 0.001; Fig. 8F).

4. Discussion
This study had three main aims: 1) to compare the effectiveness of native GUS and PerT-
GUS ERT and on bones in a murine model of MPS VII, 2) to evaluate the effectiveness of
long-term treatment with PerT-GUS ERT on bones in MPS VII mice, and 3) to characterize
the developmental skeletal pathology of untreated MPS VII mice with age using micro-CT
of knee joints and cervical spine, radiography, and histopathology with quantitative analysis.
Although there have been several reports on the bone pathology of MPS VII using light or
electron microscopy and radiographs[9,10,16,23], this is the first analysis of bone pathology
in MPS VII using micro-CT. Micro-CT can assess the three-dimensional bone structure and
provide an objective measure of BMD. Quantitative histopathological analyses can also
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provide objective measurements of severity in bone lesions at the cellular level. We used
these two techniques to compare GUS and PerT-GUS ERT and to study the progression of
bone dysplasia in untreated MPS VII mice up to 36 weeks of age, which is the normal
lifespan of untreated MPS VII mice.

One of the limitations of ERT for LSDs has been the inability to correct bone pathology
because of the avascularity of the growth plate unless treatment is begun in newborn period
[9,16,24]. Given the effectiveness of PerT-GUS therapy in the CNS by the greatly prolonged
blood clearance, the question of whether PerT-GUS treatment also works to improve bone
pathology and clear skeletal GAG storage was of great interest. In the short term
experiments (in which mice were treated with intravenous (IV) ERT therapy since 5 weeks
old) several quantitative measurements of histopathology showed significant improvement
in mice treated with PerT-GUS compared with native GUS treatment. Micro-CT studies
showed greater reduction in BMD with PerT-GUS treatment which was also evident in X-
rays and reduced femur thickness.

In work to be presented elsewhere, PerT-GUS was nearly as effective if given IP as if given
IV (this contrasts with earlier observations with native enzyme which was much less
effective if given IP because much of the delivered dose was taken up by peritoneal lining
cells and never reached the circulation) (Grubb and Sly unpublished observation). Mice
treated from birth to six weeks with 2 mg/kg PerT-GUS IP and then treated biweekly with
the same dose showed improved growth, normal fertility, and lived beyond one year (data
not published). This was the treatment paradigm used in this study.

We performed a direct comparison of the skeletal effects of ERT using native GUS or PerT-
GUS in MPS VII mouse models. Micro-CT showed that both GUS and PerT-GUS treated
mice had only minor exophytic bone formation and minimal cortical bone thickening, as
seen in the mice treated with long-term PerT-GUS therapy. We also showed that treatment
with PerT-GUS reduced BMD to a significantly lower level than GUS treatment. These
findings were supported by the X-ray findings of lower radiodensity in PerT-GUS treated
mouse legs than those of GUS treated mice.

We have also demonstrated here that MPS VII mice treated with IP injected PerT-GUS from
birth had substantial correction of bone pathology seen on micro-CT and radiographs. Our
results show that PerT-GUS treatment from birth to more than 6 months of age reduced
cortical bone thickening and reduced the amount of shortening seen in long bones of the leg.
In addition, PerT-GUS reduced exophytic bone formation, diminished spinal stenosis, and
normalized radiodensity of the cervical spine and ribs in the MPS VII mice. The BMD of
PerT-GUS treated MPS VII mice was reduced to the level of wild-type mice, however this
was not a statistically significant reduction. Thus, IP injected PerT-GUS treatment addresses
major components of the dysostosis multiplex associated with MPS VII.

The micro-CT and X-ray findings described here are in substantial agreement with those of
Vogler et al., who reported that the joints of large limbs of weanling and older MPS VII
mice had synovial proliferation with occasional villous projections and vacuolated synovial
cells and showed occasional articular-synovial synechiae with hypercellular articular
cartilage [3]. Similar bone proliferation in joints and tendons was observed in 39- to 40-
week-old MPS II mice [25]. Severe periosteal bone formation was seen at the lateral aspect
of the distal tibia in the MPS II murine model. Simonaro et al. showed that the mechanism
of such abnormal bone proliferation is caused by elevated expression of inflammatory
molecules in MPS diseases, which causes enhanced proliferation of cells in the connective
tissue [26]. We described decreased bone formation in young MPS VII mice compared with
wild-type mice, which may also be explained by the findings of Simonaro et al., that
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osteoclast activity is increased due to overexpression of RANKL which is caused by the
presence of increased inflammatory cytokines [26].

Another recent study [27] of the mechanism of bone shortening in MPS VII mice showed
that growth plates had a marked decrease in the number of cells in the proliferating zone at
age 3 weeks. Metcalf et al. concluded that the reduction in chondrocyte proliferation in the
growth plate results in less ossification and shorter bones [27], which is consistent with our
findings by micro-CT in 5-week-old MPS VII mice. These observations contrast with those
reported by Vogler et al. in 3-month-old MPS VII mice in which hypercellularity of
chondrocytes was seen in the growth plate [3]. The basis for these divergent observations is
not yet clear.

The direct comparison of native GUS and PerT-GUS confirmed that PerT-GUS treated mice
have significantly reduced storage material at the growth plate and while not statistically
significant, storage material was also reduced in the articular cartilage, as indicated by cell
area measurements (Fig. 2C). In addition, we show that the growth plate is less disorganized
in PerT-GUS treated mice, compared with GUS treated mice as indicated by an increase in
number of cells per growth plate column (Fig. 2D) and a perimeter/length ratio (Fig. 2E)
which is significantly reduced towards normal in PerT-GUS treated mice. Our quantitative
histological analysis showed that long-term IP injected PerT-GUS ERT improves epiphyseal
growth plate organization and GAG storage and reduces growth plate thickness, cell size of
chondrocytes, perimeter/length ratio of growth plate, and abnormal proliferation of articular
and meniscal cartilage and connective tissue in knee joints. Previous reports on MPS VII
and other types of MPS mouse models also showed clinical improvements of skeletal
disease if treated with native enzyme from birth. However, chondrocytes were refractory
[9,16,28]. This study with PerT-GUS showed significant reduction in size of chondrocytes
(both articular and epiphyseal chondrocytes, which were half of the size of untreated
chondrocytes: Fig. 8D).

It may be possible to achieve even better correction of GAG storage and pathology using a
larger dose of PerT-GUS, using weekly instead of biweekly administration, or using a
specifically bone-targeted form of the enzyme, which has been shown to enhance delivery to
bone [24,29,30]. Even without further improvements, the results presented here suggest that
PerT-GUS treatment, which has been shown to correct CNS storage in MPS VII mice,
prevents skeletal pathology to a greater extent than treatment with native GUS enzyme. If
similar results could be achieved in humans with MPS VII, ERT with PerT-GUS may
reduce the need for corrective surgeries and improve the quality of life in MPS VII patients.

An open question is the mechanism by which Pert-GUS is taken up by the cells that show
correction of storage. One possibility is that long-circulating enzyme is slowly delivered to
targeted cells by non-specific fluid phase pinocytosis involving no requirements for cell
surface binding. Alternatively, Pert-GUS may bind glucuronide residues of heparan sulfate
in the cell surface and be slowly taken up with the internalized membrane during membrane
recycling. Another mechanism by which PerT-GUS might correct bone pathology indirectly
is by correcting storage in visceral macrophages that elaborate inflammatory cytokines like
TNF-α. In this context, Simonaro et al. recently reported that an antibody to TNF-α could
substantially reduce the skeletal pathology of rats with MPS VI [31].

In conclusion, Pert-GUS ERT provides a significant impact to rescue of the bone lesions as
well as CNS involvement. This therapy could be applicable to other LSDs causing bone and
brain lesions.
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Highlights

• Clearance of storage in bone has been limited due to the avascularity of the
growth plate.

• Long circulating enzyme replacement therapy rescues bone pathology.

• Improvement of bone lesions was demonstrated by micro-CT and quantitative
histopathological assay.

Rowan et al. Page 14

Mol Genet Metab. Author manuscript; available in PMC 2013 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Histopathology of the knee joint of 17 week-old IV GUS and PerT-GUS treated MPS VII
mice. Images are of the growth plate and articular cartilage. Tissue was stained using
toluidine blue. PerT-GUS treated mouse shows substantial reduced number of vacuolated
cells compared with native GUS treated mouse. Arrows show vacuolated cells in the growth
plate, articular cartilage and meniscus area. AC: articular cartilage, GP: growth plate, M:
meniscus.
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Figure 2.
Quantitative analysis of histopathology of 17 week-old IV GUS (n = 4) and PerT-GUS (n =
4) treated mice. (A) Articular cartilage and growth plate thickness. (B) Articular cartilage
and growth plate cellularity (the number of chondrocytes in a given area of the articular
cartilage or growth plate). (C) Average cell area of chondrocytes in the proliferative zone of
the growth plate and articular cartilage. (D) Mean number of cells per column in the
proliferative zone of the growth plate in GUS and PerT-GUS treated mice. (E) The
perimeter to length ratio of the growth plate in GUS and PerT-GUS treated mice, this is a
measure of the irregularity of the growth plate. * represents p < 0.05. AC: articular cartilage,
GP: growth plate
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Figure 3.
Micro-CT reconstructions of the knee joints (A) and cervical spines (B) of 17 week-old IV
GUS and PerT-GUS treated MPS VII mice. The left side of each picture shows the
unsectioned bones, the right side of each picture shows a midline sagittal cross-sections.
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Figure 4.
Radiographs of the legs (A) and spine (B) of 17 week-old IV GUS and PerT-GUS treated
mice.
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Figure 5.
Three dimensional micro-CT reconstructions of knee joints and spines of wild-type,
untreated MPS VII, and IP PerT-GUS treated MPS VII mice. Each picture shows
unsectioned bone (left side) or sagittal-sectioned bone (right side). Cross sections are sagittal
through the midlines.
A.) The long arrows identify areas of thickened cortical bone. The short arrows identify
abnormal exophytic bone formations on articular surfaces. Ages of wild-type and untreated
MPS VII mice are 5, 23, and 36 weeks old. Ages of 2 mg/kg PerT-GUS treated mice are 27,
41, and 57 weeks-old.
B.) The arrow on the 5-week-old MPS VII spine identifies an area of decreased bone
formation. Arrows on 23- and 36-week-old MPS VII mice identify areas of extra bone
formation. Wild-type and MPS VII mice ages are 5, 23, and 36 weeks old. The mouse age
treated with 2 mg/kg PerT-GUS is 38 weeks old.
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Figure 6.
Radiographs of wild-type, untreated MPS VII, and IP PerT-GUS treated MPS VII mice.
A. Radiographs of legs, spine, and ribcages. Arrows identify areas of bone thickening and
increased radiodensity in the femur, cervical spine, and ribs.
B. Leg measurements in X-ray pictures. Values are means (wild-type, n = 5; MPS VII, n =
4; PerT-GUS treated MPS VII, n = 3) with error bars representing one standard deviation.
*significantly decreased compared with wild-type
**significantly decreased compared with untreated MPS VII mice. See Supplemental Fig. 2
for measurement details.
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Figure 7.
Histopathology of wild-type (36 weeks old), untreated MPS VII (32 weeks old), and IP
PerT-GUS treated MPS VII mice (27 weeks old). Images are of the growth plate, articular
cartilage, trabecular bone/bone marrow, and cortical bone. Tissue was stained with toluidine
blue. Arrows on growth plate and articular cartilage micrographs identify distended
chondrocytes. Arrows on cortical bone micrographs identify distended osteocytes, which are
more prevalent in untreated MPS VII bone than in PerT-GUS treated MPS VII bone. GP:
growth plate, BM: bone marrow, M: meniscus, AC: articular cartilage.
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Figure 8.
Quantitative analysis of histopathology of tibias in wild-type (n = 5), untreated MPS VII (n
= 4), and IP PerT-GUS treated MPS VII mice (n = 5). (A) Shows growth plate and articular
cartilage thickness. (B) Number of chondrocytes in a given area of the articular cartilage
(cellularity). (C) Number of chondrocytes in a given area of the proliferative zone of the
growth plate (cellularity). (D) Cross sectional cell area of chondrocytes in the proliferative
zone of the growth plate or articular cartilage, values reported are means of measurements
taken for all chondrocytes in one 40X microscope field. (E) Number of cells in each
proliferative zone column in the growth plate. Values reported are means of the number of
cells in each column in one 40X microscope field. (F) Perimeter to length ratio measured as
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shown in Supplemental Fig. 4. * represents p < 0.05. Error bars represent one standard
deviation.
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