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Abstract

Mucopolysaccharidosis VII (MPS VII) is a lysosomal storage disease caused by deWcient �-glucuronidase (GUSB) activity. Accu-
mulation of glycosaminoglycans (GAGs) in bone, cartilage, and synovium likely contributes to reduced mobility in untreated MPS
VII individuals. We previously reported that neonatal intravenous injection of a retroviral vector (RV) expressing canine GUSB
resulted in hepatocyte transduction in mice and dogs, and secreted GUSB was taken up from blood by other organs. Here we report
the eVect of this therapy on bone, cartilage, and joint disease. Osteocytes and bone-lining cells from RV-treated MPS VII mice had
GUSB activity, resulting in a marked reduction, as compared with untreated MPS VII mice, in lysosomal storage in bone and at the
bone:growth plate interface where bone elongation occurs. Although chondrocytes did not have detectable GUSB activity and had
little reduction in lysosomal storage, the thickness of the growth plate was reduced toward normal. These pathological changes were
likely responsible for improvements in facial morphology and long bone lengths. The synovium had reduced hyperplasia and lyso-
somal storage, and the thickness of the articular cartilage was reduced. Similarly, RV-treated MPS VII dogs had improved facial
morphology and reduced lysosomal storage in osteocytes and synovium, but not chondrocytes. Nevertheless, the internal area of the
trachea was increased, and erosions of the femoral head were reduced. We conclude that neonatal gene therapy can improve bone
and joint disease in MPS VII mice and dogs. However, better delivery of GUSB to chondrocytes will be necessary to achieve more
profound eVects in cartilage.
 2004 Elsevier Inc. All rights reserved.
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Introduction

The mucopolysaccharidoses (MPSs) are lysosomal
storage diseases in which glycosaminoglycans (GAGs)
accumulate in lysosomes due to deWciencies in enzymes
involved in their catabolism [1]. Clinical manifestations
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of most MPS syndromes include hepatosplenomegaly,
corneal clouding, reduced hearing, neurological dysfunc-
tion, and cardiovascular disease. In addition, bone, joint,
and cartilage disease is a serious problem in MPS I, II,
IV, VI, and VII, which involve enzymes that degrade
chondroitin sulfate or dermatan sulfate. In these disor-
ders, aVected individuals have short and thick limbs, a
Xattened face, swollen joints that limit movement, and
narrowing of the internal diameter of the trachea that
can contribute to upper airway disease and lead to
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diYculties in intubation for anaesthesia [1,2]. The
accumulation of GAGs in connective tissues likely
contributes to these manifestations. GAGs are poly-
mers of sugars that are synthesized on proteins referred
to as proteoglycans (PG). PG are components of
extracellular matrices, are involved in cell:cell interac-
tions, and can augment the eVect of several growth
factors [3,4].

The intracellular accumulation of GAGs in MPS may
lead to dysfunction of cells involved in bone and carti-
lage formation and remodeling [5]. Lysosomes in osteo-
cytes and osteoblasts, and chondrocytes of the growth
plate, accumulate storage, which may contribute to the
reduced in vivo bone formation reported in MPS VII
mice after calcein labeling [6] and to reduced bone
lengths reported for MPS VII mice [5]. Osteoclasts from
MPS VII animals have been reported to fail to adhere
tightly to bone in vivo and to have reduced activity in
vitro [6], which might impair bone remodeling and con-
tribute to bone sclerosis. Chondrocytes of the articular
cartilage also have large amounts of lysosomal storage
[5,7], which may be responsible for the increased apop-
tosis of articular chondrocytes in MPS VI rats and cats
[8] and degenerative joint disease. Synoviocytes contain
lysosomal storage, which may result in hyperplasia of
the synovium and development of joint eVusions. It is
also possible that GAGs are released from diseased
cells, and these extracellular GAGs inhibit the cell sig-
naling or adhesion properties of PG, aVect collagen bio-
synthesis, or have other adverse eVects. Indeed,
chondroitin-4 sulfate inhibits matrix mineralization in
vitro [9,10], and dermatan sulfate induces secretion of
inXammatory molecules in cultured chondrocytes from
normal animals [8].

MPS VII is due to deWcient �-glucuronidase (GUSB;
EC 3.2.1.31) activity. GUSB contributes to the degrada-
tion of chondroitin-4 and -6 sulfates, dermatan sulfate,
and heparan sulfate [1]. Although rare, MPS VII pro-
vides a convenient model of MPS due to the availability
of mice [11], dogs [12], and cats [13] with the disease, and
a histochemical stain for GUSB activity. Some progress
has been made in alleviating the bone disease in MPS
VII mice with enzyme replacement therapy (ERT), bone
marrow transplantation (BMT), or liver-directed gene
therapy. ERT involves IV injection of GUSB with man-
nose 6-phosphate (M6P), which can be transported to
the lysosome by the M6P receptor [14]. Although initia-
tion of ERT in newborns reduces bone disease in MPS
VII mice [15–17], the expense and the need for frequent
infusions will restrict its use. BMT can reduce bone dis-
ease in MPS VII mice if performed early in life [18,19],
which is likely due to localized cross-correction by BM
or BM-derived cells. However, morbidity and the
requirement for a compatible donor limit BMT. Liver-
directed gene therapy is an attractive treatment option,
as it results in the continuous secretion of GUSB with
M6P by hepatocytes. Others have previously reported
that neonatal AAV vector-mediated [20–22] or adenovi-
ral vector-mediated [23,24] gene therapy can improve
some, but not all, aspects of bone disease in mice.

We previously reported that intravenous (IV) injec-
tion of neonatal mice with a retroviral vector (RV)
expressing canine GUSB (cGUSB) resulted in stable
expression of GUSB at levels that were 110-fold higher
[25] than those reported in other studies in which bone
pathology was evaluated after liver-directed gene ther-
apy. We have also reported previously that MPS VII
dogs treated with a similar neonatal gene therapy
approach achieved stable levels of GUSB in serum, and
had improved mobility and radiographic evidence of
reduced skeletal disease [26]. Here we report further the
eVect of this treatment on bone, cartilage, and synovial
disease in MPS VII mice and dogs.

Methods

Animal procedures

MPS VII mice and homozygous normal controls in a
B6.C-H-2bm1/ByBir background [11] were maintained in
a pathogen-free environment on an ad libitum diet with
11% fat (PicoLab Mouse Chow 20 5058). Dogs were
raised in the animal colony of the School of Veterinary
Medicine, University of Pennsylvania, under NIH and
USDA guidelines for the care and use of animals in
research. They were housed at 21 °C with ad libitum
food and water and 12–15 air changes per hour. MPS
VII animals were injected IV with the RV designated
hAAT-cGUSB-WPRE at 2–3 days after birth as previ-
ously described for mice [25] and dogs [26,27].

Radiographs and CT scans

Mouse limbs were isolated, cleaned of soft tissue, and
radiographed as described [18]. Bone lengths in mice
were measured on radiographs, and were evaluate by CV
and reported as values relative to normal. Tracheal com-
puted tomography (CT) was performed in dogs with a
3rd generation single-detector-row helical CT unit (GE
ProSpeed). The dogs were sedated with propofol to eVect
and placed in right lateral recumbence on the CT table
with the ventral margin of the neck oriented closely par-
allel to the CT table. Helical CT series of the cervical and
thoracic trachea were performed with 120 kVp and
160 mA settings, a scan speed of 1 s per rotation, 3 mm
slice collimation and a pitch of 1. Images were reviewed
by GS (a veterinary radiologist) on a designated CT
workstation (GE AW 3.1, Milwaukee, WI, USA) using a
soft tissue window. The software of the workstation
enabled measurements of the cross-sectional area of the
trachea lumen in mm2 at the level of the intervertebral
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disk spaces between the second and third, third and
fourth, Wfth and sixth cervical, seventh cervical and Wrst
thoracic, and third and fourth thoracic vertebrae. Axial
CT images, which represented the true short-axis of the
trachea, were reconstructed with the help of sagittally
reconstructed tracheal CT images and used for measure-
ments.

Histopathology

Ribs were embedded in optimal cutting compound
(OCT; Sakura Finetek USA, Torrance CA) and 8 �m
sections were stained overnight for GUSB activity with
0.25 mM naphthol AS-BI-�-D-glucuronide as described
[15]. Long bones from mice were Wxed in 10% formalin,
decalciWed with Rapid Cal (BBC Biochemical, Stan-
wood Washington) and 4�m sections were stained with
hematoxylin and eosin (H&E). Femurs from dogs were
treated similarly except they were decalciWed with 15%
formic acid, and sections were 8 �m. Sections were exam-
ined blindly by RLM to assess the extent of pathological
abnormalities using a scale from 0 (normal) to ++++
(severe storage) as detailed in Table 1. For mouse long
bones, at least four measurements of the thickness of the
growth plate and articular cartilage were obtained by
KPP. Care was taken to only use sections derived from
the middle portion of the bone to minimize the chance
that the regions being evaluated were cut at an angle,
which would alter the measurements. The measurements
were averaged to give the mean width for each individ-
ual animal, and then averaged again for the treatment
groups.
Results

Mouse facial morphology and body weight

MPS VII mice were injected IV at 2–3 days after birth
with a Moloney murine leukemia-based RV vector
expressing the cGUSB cDNA. GUSB activity in the
serum was maintained at stable levels ranging from 581
to 10,070 U/ml in individual mice for 6 months, as previ-
ously reported [25] and summarized in Table 1. Fig. 1A
shows that an untreated MPS VII mouse had a short,
broad face at 6 months after birth. In contrast, the facial
morphology of an RV-treated mouse with high serum
GUSB activity was almost normal. Mice with lower
serum GUSB activity had an intermediate phenotype.

The average body weight of the RV-treated MPS VII
male mice at 6 months was 32.9 § 1.0 g [standard error of
the mean (SEM)], as shown in Fig. 1B. This was similar
to that in age-matched normal male mice (33.1 § 1.6 g)
and was markedly higher than in untreated MPS VII
males (25.3 § 0.9 g; p D 0.0007 for RV-treated vs.
untreated MPS VII mice). Similarly, the average body
weight of the RV-treated MPS VII female mice
(26.0 § 1.2 g) was signiWcantly higher than the average
weight of 20.1 § 1.2 g in the untreated MPS VII females
(p D 0.02). Although the weights of the RV-treated MPS
VII females remained lower than in the normal females
(32.3 § 1.7 g), this diVerence was not statistically signiW-
cant (p D 0.08). We conclude that this neonatal gene ther-
apy approach resulted in signiWcant improvements in
body weights in both males and females with MPS VII.
Our Wnding that RV-treated males had normal body
Table 1
EVect of neonatal gene therapy on pathology in mice

Mice were treated as described in Fig. 1.
a The average serum GUSB activity in U/ml for normal or untreated MPS VII mice, and individual serum GUSB activities for animals of each

group of RV-treated MPS VII mice, are shown. The severity of pathological evidence of lysosomal storage disease at 6 months after birth was evalu-
ated as shown in Fig. 4 in the indicated cell types of normal, untreated MPS VII, or RV-treated MPS VII mice with low, medium, or high serum
GUSB activity. Pathology in articular and growth plate chondrocytes, the growth plate:bone junction, and cortical and trabecular osteocytes was
evaluated in the distal femur, proximal tibia, and proximal humerus, and were concordant at these sites for individual animals. 0 represents histology
that is indistinguishable from normal; + represents animals in which storage was absent in some Welds and present in others; ++ represents animals in
which storage was present in all Welds, but at low levels; +++ represents animals in which storage was present in all Welds at moderate levels; and
++++ represents animals with large amounts of storage material in all Welds. Synovial hyperplasia and storage in the stiXe joint was also scored using
the same system as for lysosomal storage. Unless otherwise indicated, results from all of the animals of each group in a particular cell type were con-
cordant. For results that were discordant within the group, the results for each animal that was evaluated are shown.

Normal
(N D 5)

Untreated MPS VII 
(N D 4)

RV-treated MPS VII

Low serum GUSB 
(N D 2)

Medium serum GUSB 
(N D 3)

High serum GUSB 
(N D 2)

Serum GUSB (U/ml)a 28 0.04 581 or 947 1844, 2733, or 2890 5649 or 10,070
Articular chondrocytes 0 ++++ +++, ++++ +++ +++
Growth plate 

chondrocytes
0 ++++ ++++ ++++ ++++

Growth plate:bone 
junction

0 ++++ 0 0 0

Synovial hyperplasia 0 +++, +++, +++, ++++ +++ +, ++, ++ 0
Synovial storage 0 ++++ +, +++ 0, +, ++ 0
Cortical osteocytes 0 ++++ + +, 0, 0 +, 0
Trabecular osteocytes 0 ++++ 0 0 0
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weights, but RV-treated females only had partial
improvement, is similar to what was observed in MPS
VII mice that were treated with an AAV vector shortly
after birth [21]. It is unclear why females do not have
more-complete correction.

Radiographs of mouse bone

Radiographs of untreated MPS VII mice (column 2 in
Fig. 2), demonstrated that the long bones of the fore and
hind limbs were short and thick, with enlargement of the
deltoid ridge of the humerus (panel B2), and the anterior
crest on the tibia (panel C2). These features were reduced
in the RV-treated MPS VII mice regardless of serum
GUSB activity (columns 3 and 4).

For untreated MPS VII males, the lengths of the
humerus, radius/ulna, femur, and tibia/Wbula were only
88, 88, 81, and 84% of normal, respectively, as shown in
Fig. 3. For the RV-treated MPS VII males, bones whose
lengths were signiWcantly increased included the
humerus (93 § 0.3% of normal; p D 0.009 vs. untreated
MPS VII), the radius/ulna (96 § 0.6%; p D 0.006), and the
tibia/Wbula (93 § 0.3%; p D 0.0004). Although the aver-
age length of the femur was higher at 86 § 3% of normal
for RV-treated MPS VII males, there was not a signiW-
cant diVerence when compared with values in untreated
MPS VII mice (p D 0.22). The lengths of all bones evalu-
ated except the radius/ulna remained signiWcantly
shorter in the RV-treated MPS VII males than in the
normal males (p values of 0.01–0.05).

For untreated MPS VII female mice, the lengths of
the humerus, radius/ulna, femur, and tibia/Wbula were
only 81, 87, 82, and 83% of normal, respectively. Bones
whose lengths were signiWcantly longer in RV-treated
Fig. 1. Facial morphology and body weights in mice. Normal and untreated MPS VII mice did not receive any injections prior to sacriWce. RV-treated
MPS VII mice were injected once with 1 £ 1010 transducing units (TU)/kg of the RV hAAT-cGUSB-WPRE at 2–3 days after birth [25]. The GUSB
numerical values in animals with low or high serum GUSB activity are shown in Table 1. (A) Facial morphology. Normal, untreated MPS VII, or
RV-treated mice with low (RV-treated low) or high (RV-treated high) serum GUSB activity were photographed at 6 months of age. (B) Body weight.
The weights for males (8 normal, 4 RV-treated MPS VII, and 8 untreated MPS VII mice were evaluated) and females (9 normal, 3 RV-treated MPS
VII, and 5 untreated MPS VII mice were evaluated) were determined at 6 months of age, and averages for all animals in each group § the standard
error of the mean (SEM) are shown. Brackets indicate a statistically signiWcant diVerence between two groups, as determined by the student’s t test,
where * indicates p D 0.005–0.05, ** indicates p D 0.0005–0.005, and *** indicates p 0 0.0005 in this and subsequent panels.
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MPS VII females than in untreated MPS VII females
included the humerus (93 § 0.01% of normal; p D 0.002
vs. untreated MPS VII mice), radius/ulna (95 § 0.1%;
p D 0.0009), and tibia/Wbula (93 § 0.1%; p D 0.002).
Although the femur length was slightly increased at
85 § 1.4% of normal, this was not signiWcantly diVerent
from that in untreated MPS VII females. All bone
lengths in RV-treated MPS VII females remained
shorter than in normal females (p values 00.02). We
conclude that bone lengths were improved, but not nor-
malized, in most long bones from RV-treated MPS VII
male and female mice. There was no correlation between
serum GUSB activity and bone lengths for individual
animals (data not shown).
Bone and joint histopathology in mice

Bones and joints from mice were evaluated histologi-
cally to attempt to understand the basis for the
improved lengths and radiographic features in the RV-
treated mice. Representative examples of histopathology
are shown in Fig. 4. The severity of the pathological
changes was scored from 0 (normal) to ++++ (severe
storage) in the distal femur, proximal tibia, proximal
humerus, and stiXe joint for normal, untreated MPS VII,
and RV-treated MPS VII mice with diVerent levels of
serum GUSB activity. Pathology in the bone and carti-
lage was similar in all long bones that were evaluated, as
summarized in Table 1.
Fig. 2. Radiographs in mice. Mice were treated as described in Fig. 1. Limbs were radiographed at 6 months after birth and are shown for normal
(column 1, normal), untreated MPS VII (column 2, MPS VII), and RV-treated MPS VII mice with low (column 3, RV low) or high (column 4, RV
High) serum GUSB activity. (A) Forelimb. The humerus (H), radius (R), and ulna (U) are indicated. 1£ original magniWcation. (B) Forelimb. The
white arrow indicates the deltoid ridge of the humerus (4£). (C) Hindlimb. The femur (Fem), Wbula (Fib), and tibia (T) are indicated. The white arrow
indicates the anterior crest of the tibia (2£).
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In untreated MPS VII mice that were sacriWced at 6
months of age, the articular cartilage and growth plate
cartilage were markedly thickened, as shown at low
power in panel A2 of Fig. 4. At higher magniWcation,
chondrocytes of the articular surface (panel B2) and the
growth plate (panel C2) were distended with material
that appears clear on H&E stain, which represents lyso-
somal storage that is lost in tissue processing. Articular
surface chondrocyte storage was not improved (panel B3)
or was only partially reduced (panel B4) for RV-treated
MPS VII mice with low and high serum GUSB activity,
respectively. There was no reduction in the amount of
lysosomal storage in chondrocytes from the growth plate
of RV-treated MPS VII animals regardless of the serum
GUSB activity (panels C3 and C4). However, the
unstained material between the growth plate and the
bone that was present in untreated MPS VII mice (the
edges are identiWed by yellow arrows in panel C2), which
probably represents storage in osteoblasts, was absent in
all RV-treated MPS VII mice (panels C3 and C4).

The synovium was markedly hyperplastic in
untreated MPS VII mice, as shown at low power in
panel A2 of Fig. 4. Furthermore, lysosomal storage was
observed within the synovial cells at high power (panel
D2). Synovial hyperplasia was not reduced, or was
markedly reduced, respectively, in the RV-treated MPS
VII mice with low (panels A3 and D3) and high (panels
A4 and D4) serum GUSB activity, respectively. Simi-
larly, lysosmal storage in synoviocytes was reduced more
in RV-treated mice with high serum GUSB activity than
in those with low GUSB activity (Table 1).

Osteocytes in cortical (Fig. 4, panel E2) and trabec-
ular (not shown) bone had substantial amounts of
lysosomal storage in the untreated MPS VII mice. Oste-
ocyte storage was almost completely normalized by RV-
treatment regardless of serum GUSB activity (panels E3
and E4) (Table 1), although lysosomal storage could be
detected in occasional cells.

Ribs from mice were stained for GUSB activity to
determine which cells contained enzyme. There was no
GUSB activity in BM, bone-lining cells, or osteocytes
from ribs of untreated MPS VII mice (Fig. 4, panel F2).
In contrast, these cell types had detectable GUSB activity
for normal (panel F1) and RV-treated mice with low
(panel F3) or high (panel F4) serum GUSB activity. We
conclude that the improvement in lysosomal storage in
bone in RV-treated MPS VII mice is likely due to the
ability of cells involved in bone synthesis and degradation
to take up enzyme from blood. In contrast, chondrocytes
from RV-treated MPS VII mice had no detectable GUSB
activity (data not shown), which is consistent with the
inability to prevent lysosomal storage in this cell type.

Articular cartilage and growth plate thickness

The thickness of the articular surface and growth
plate were quantiWed to better assess the eVect of neo-
natal gene therapy on these regions, as shown in Fig. 5.
For untreated MPS VII mice, the thickness of the articu-
lar cartilage from the proximal humerus, distal femur,
and proximal tibia was 249 § 27, 145 § 16, and
158 § 16 �m, which was 4.1-, 1.8-, and 1.4-fold the values
in normal mice, respectively. For the RV-treated MPS
VII mice, the articular cartilage thickness for the proxi-
mal humerus and proximal tibia was signiWcantly
reduced to 132§ 12�m (pD 0.0002 vs. untreated MPS
Fig. 3. Bone length measurements in mice. Mice were treated as described in Fig. 1. The average bone lengths relative to that in normal mice at 6
months after birth § SEM were determined separately for all males (left) and females (right) of each group as described in the Methods. For the arm
bones, values from the left and right side of the animal were averaged to give a single value for each bone, which was used to determine average values
for the group. For the leg bones, only one side was measured. The lengths of bones in males were evaluated in 12 normal, 4 RV-treated MPS VII, and
10 untreated MPS VII mice. The lengths in females were evaluated in 12 normal, 3 RV-treated MPS VII, and 4 untreated MPS VII mice. Brackets
indicate a statistically signiWcant diVerence between two groups, as described in Fig. 1.
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VII) and 108§ 6�m (pD 0.01), respectively. Although the
thickness of the articular surface of the distal femur was
reduced to 122 § 12 �m for the RV-treated MPS VII
mice, this was not signiWcantly diVerent from that in
untreated MPS VII mice (p D 0.3). The articular cartilage
thickness of the proximal humerus, and distal femur in
RV-treated MPS VII mice remained 2.2- and 1.6-fold
that of normal (p D 0.0008 and 0.05 vs. normal), respec-
tively, although the thickness of the proximal tibia was
markedly improved to 0.98-fold that of normal (p D 0.79
vs. normal). There was no correlation between the serum
GUSB activity and the articular cartilage thickness for
individual mice (data not shown).

The thickness of the growth plate from the proximal
humerus, distal femur, and proximal tibia of untreated
MPS VII mice was 303§ 26, 259 § 14, and 272§ 15�m,
respectively, which was 2.3-, 1.8-, and 1.7-fold that of nor-
mal mice. The growth plate thickness was signiWcantly
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reduced in RV-treated MPS VII mice (p D 0.0005–0.015
vs. untreated MPS VII mice) to 225 § 7 �m (1.7-fold
normal), 197 § 9 �m (1.3-fold normal), and 191 § 7 �m
(1.2-fold normal), respectively. However, the growth
plate remained signiWcantly thicker in RV-treated MPS
VII than in normal mice (p 0 0.02). There was no cor-
relation between the serum GUSB activity and the
growth plate thickness for individual mice. We con-
clude that RV-mediated neonatal gene therapy resulted
in partial improvement in the thickness of the articular
surface and the growth plate for most of the long
bones.

Transduction of MPS VII dogs

MPS VII dogs were treated with neonatal injection of
RV, as described previously [26,27]. Although improve-
ment in body weights and radiographs of the bones of the
proximal hindlimb were reported [26], the eVect upon
bone, joint, and cartilage disease has not yet been
presented in detail. One dog (M1287) received hepatocyte

Fig. 5. Thickness of the growth plate and articular cartilage in mice.
Mice were treated as described in Fig. 1 and the average thickness
of the articular surface and the growth plate § SEM was determined
from H&E-stained sections of the proximal humerus (Hum), distal
femur (Fem), and proximal tibia (Tib) as described in the Methods.
Values were determined for 5 normal, 8 RV-treated MPS VII, and 5
untreated MPS VII mice. Brackets indicate a statistically signiWcant
diVerence between two groups, as described in Fig. 1. (A) Articular sur-
face thickness. (B) Growth plate thickness.
growth factor (HGF) prior to IV injection of RV, and
achieved high levels of serum GUSB activity (18,000 U/
ml) that has been maintained at a stable level for 3 years
to date. Five dogs received an IV injection of RV with-
out preceding HGF, and achieved lower levels of serum
GUSB activity (195 § 36 U/ml) at 6 months. The role of
HGF in the higher expression observed in M1287
remains uncertain due to the small numbers of animals
and diVerences in the batch and dose of RV. For the RV-
treated dogs with low serum GUSB activity, expression
has been maintained at stable levels in three animals for
almost 3 years while two (M1312 and M1339) were sac-
riWced at 6 and 7 months, respectively [26]. Two
untreated MPS VII and three phenotypically normal
dogs that were littermates of the RV-treated dogs were
also sacriWced at 6 months of age.

Dog facial morphology

Untreated MPS VII dogs have short and broad noses
[2], as shown in Fig. 6B. The midfaces of all Wve RV-
treated dogs with low serum GUSB activity were longer
at 6 months than in untreated MPS VII dogs (data not
shown) and remained improved at 2.8 years in three
dogs, as shown for one representative animal in Fig. 6C.
The faces still appeared somewhat short and broad when
compared with normal dogs, but variation between indi-
vidual animals makes it diYcult to determine the extent
of normalization. The RV-treated dog with high serum
GUSB activity had a similar amount of improvement in
his facial morphology at 6 months (not shown) which
was maintained at 3 years (Fig. 6D).

Evaluation of tracheas in dogs

MPS VII patients have narrowing of the internal
diameter of the trachea, which can present problems
with intubation for anesthesia and may contribute to
upper airway disease. A CT scan of an untreated MPS
VII dog (Fig. 6F) demonstrated that the trachea at the
level of the disk space between the 2nd and 3rd cervical
vertebrae was thickened and had a smaller cross-sec-
tional area than that of an age-matched normal dog
Fig. 4. Pathology in mice. Mice were treated as described in Fig. 1. Unless otherwise indicated, sections from the hindlimbs of mice that were sacri-
Wced at 6 months after birth were stained with H&E. Columns are organized as in Fig. 2. (A) StiXe joint. Black arrows indicate the articular surface of
the femur, yellow arrows indicate the growth plate of the tibia, and open arrows indicate the synovium (5£ original magniWcation). (B) Articular sur-
face. The articular surface of the distal femur is shown with the joint space on the right of each panel. Yellow arrows indicate chondrocytes (60£). (C)
Growth plate. The growth plate of the tibia is shown. The articular surface (not seen) is to the right of each panel. White and black arrows indicate
chondrocytes in the proliferative and resting zones of the growth plate, respectively. The yellow arrows in panel C2 identify the left and right borders
of unstained material at the junction between the growth plate and bone. This is likely GAGs in osteoblasts 40£. (D) Synovium. Black arrows indi-
cate the edge of the synovium that is in contact with the joint space. Yellow arrows in panels 1 and 4 indicate the point where the synovium ends; for
panels 2 and 3 the synovium is thickened, and the internal edge is not present. The white arrow in panel D2 indicates lysosomal storage in synovio-
cytes 100£. (E) Cortical bone. The marrow space is on the bottom of each panel. Black arrows indicate osteocytes within the pink-staining bone 40£.
(F) GUSB activity in bone. Frozen sections of ribs were stained for GUSB activity as described in the Methods, which results in a red stain. Black
arrows designate the junction between the bone (left) and the BM (right), which appears as a dark red line for all samples except those from untreated
MPS VII mice 20£. (For interpretation of the references to colour in this Wgure legend, the reader is referred to the web version of this paper.)
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(Fig. 6E). Tracheas from RV-treated dogs with low
(Fig. 6G) and high (Fig. 6H) serum GUSB activity were
less thick and had a greater internal area than for
untreated MPS VII dogs. The tracheal cross-sectional
area at this level at 5–9 months of age was 111 § 15 mm2

(SEM) for untreated MPS VII dogs (N D 6),
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219 § 29 mm2 for RV-treated MPS VII dogs (N D 4;
includes 1 dog with high serum GUSB activity and 3
dogs with low serum GUSB activity), and 234 § 50 mm2

for normal dogs (N D 7). The cross-sectional area of the
untreated MPS VII dogs was statistically lower than for
normal dogs (p D 0.001) or for RV-treated MPS VII
dogs (p D 0.013). The cross-sectional area for the RV-
treated MPS VII dogs was not statistically diVerent
from values in normal dogs. Evaluation of the area of
the trachea at the other levels demonstrated that the
RV-treated dogs had values that were 89–111% of those
in normal dogs, while untreated MPS VII dogs had val-
ues that were 58–79% of normal. However, none of
these diVerences were statistically signiWcant in these
small groups of animals. For all untreated MPS VII
dogs, there was marked or mild overlap of the cartilage
at the dorsal aspect of the tracheas, leading to a heart
shape. This is shown for one example at the level of the
disc space between the 5th and 6th cervical vertebrae
(Fig. 6J). The overlap was mild or did not exist for all
the RV-treated MPS VII dogs (Figs. 6K and L). Gross
evaluation of the tracheas at post-mortem conWrmed
the results of the CT scans. A trachea from an untreated
MPS VII dog (Fig. 6N) was thickened with an overlap
of the ring at the dorsal aspect, and had a smaller inter-
nal diameter than tracheas from normal (Fig. 6M) or
RV-treated dogs with low serum GUSB activity (Figs.
6O–P). We conclude that RV-mediated gene transfer
resulted in improvement in the trachea in MPS VII
dogs.

Evaluation of femoral heads in dogs

Deep erosions in the femoral head have been found in
all of over 20 untreated MPS VII dogs sacriWced at »6
months of age (M.E.H., unpublished data), as shown for
one example in Fig. 6R. One of the RV-treated dogs that
was sacriWced at the same age had normal-appearing
femoral heads on gross evaluation (Fig. 6S), while the
second RV-treated dog that was sacriWced slightly later at
7 months had numerous shallow erosions on both
femoral heads (Fig. 6T). We conclude that improvements
in femoral head erosions can occur, but are inconsistent.

Pathological evaluation of bone, synovium, and cartilage
in dogs

Pathological evaluation of the bone, cartilage, and
synovium of normal, untreated MPS VII, and RV-treated
MPS VII dogs with low serum GUSB activity is shown in
Fig. 7, and summarized in Table 2. Chondrocytes in the
articular surface of untreated MPS VII dogs have large
amounts of lysosomal storage (panel A2). There was no
improvement in articular cartilage storage in either of the
RV-treated MPS VII dogs with low serum GUSB activity
(panel A3). M1339 had some erosions of the articular sur-
face that were consistent with the gross evaluation (not
shown). Untreated MPS VII dogs also had substantial
amounts of lysosomal storage in the chondrocytes in the
resting zone and moderate amounts in the proliferative
zone of the growth plate (panel B2), which was not
reduced for one RV-treated dog (M1312; panel B3). How-
ever, the clear material between the growth plate and the
bone that was present in untreated MPS VII dogs and
probably represents storage in osteoblasts (identiWed with
green arrows in panel B2) was absent in M1312. The
growth plate was absent from the second RV-treated MPS
VII dog with low serum GUSB activity (M1339), which
was likely due to his sacriWce at a later age (7 months).

Untreated MPS VII dogs have lacunae within the cor-
tical bone and storage in the osteocytes (Fig. 7, panel
C2). Both of these features were almost completely cor-
rected for the RV-treated MPS VII dogs with low serum
GUSB activity (panel C3 and Table 2). Similarly, the
osteocytes in the trabecular bone of untreated MPS VII
dogs had large amounts of lysosomal storage (panel D2),
and this was markedly improved in both RV-treated
MPS VII dogs (panel D3 and Table 2).

The synovium was markedly hyperplastic in
untreated MPS VII dogs at gross (not shown) and
microscopic (Fig. 7, panel E2) evaluation. The synovium
of one RV-treated dog with low serum GUSB activity
Fig. 6. Facial morphology, trachea, and femoral head in dogs. Normal and untreated MPS VII dogs did not receive any injections, and are shown in
the 1st and 2nd column, respectively. Six MPS VII dogs were treated with neonatal gene therapy as described previously [26,27]. Five received
3 £ 109 TU/kg of hAAT-cGUSB-WPRE without preceding HGF and achieved low levels of serum GUSB in blood (RV Low), while one (M1287)
received 1 £ 1010 TU/kg after administration of HGF and achieved high levels of GUSB activity in blood (RV High). (A–D) Facial morphology. Pho-
tographs of the faces were obtained at 6 months of age for the normal and MPS VII dogs, and at 2.7 and 2.9 years of age, respectively, for RV-treated
MPS VII dogs with low (M1337; panel C) and high (M1287; panel D) serum GUSB activity. (E–H) CT of the trachea at C2-C3. CTs of the trachea
obtained at the level of the disk space between the 2nd and 3rd cervical vertebrae at 6–8 months of age are shown for a normal dog, an untreated
MPS VII dog, an RV-treated dog with low serum GUSB activity (M1332; panel G), and an RV-treated dog with high serum GUSB activity (M1287;
panel H). The dorsal aspect of the trachea is oriented at the top for all panels, and the white bar represents 1 cm. (I–L) CT of the trachea at C5–C6.
CTs obtained as noted above at the level of the disk space between the 5th and 6th cervical vertebrae for a normal dog, an untreated MPS VII dog, an
RV-treated dog with low serum GUSB activity (M1332; panel K), and an RV-treated dog with high serum GUSB activity (M1287; panel L) are
shown. The arrow in panel J indicates overlap between of the tracheal ring at the dorsal aspect for the untreated MPS VII dog. (M–P) Gross pathol-
ogy of the tracheas. Tracheas obtained at 6 months of age from a normal dog, an untreated MPS VII dog, and M1312 are shown in panels M, N, and
O, respectively. M1339 (panel P) was sacriWced at 7 months. M1312 and M1339 are RV-treated MPS VII dogs with low serum GUSB activity. (Q–T)
Gross pathology of femoral heads. Dogs were sacriWced as noted in panels M–P.
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(M1312) was normal at gross evaluation, although it was
moderately hyperplastic for the second (M1339). These
Wndings were conWrmed by histological analysis, as
M1312 (panel E3) and M1339 (Table 2) had marked and
slight improvements, respectively, in the amount of
synovial hyperplasia. Both RV-treated dogs had histo-
logical evidence of lysosomal storage in synoviocytes,
although it was reduced relative to that in untreated
MPS VII dogs (Table 2).

Lysosomal storage was substantial in the bronchial
cartilage of untreated MPS VII dogs (Fig. 7, panel F2).
There was no reduction in chondrocyte storage in this
region in either of the RV-treated MPS VII dogs with
low serum GUSB activity (panel F3 and Table 2).

Discussion

Bone, joint, and cartilage disease results in signiWcant
clinical and cosmetic problems in patients with MPS VII
that might be treated with liver-directed gene therapy.
There are two potential mechanisms by which this neo-
natal gene approach might improve bone, joint, and
cartilage disease. First, the mannose 6-phosphorylated
enzyme that is secreted into blood from the transduced
liver [25] could get taken up by cells in other organs via
the M6PR, in a process that would resemble ERT.
Alternatively, transduced bone marrow or blood cells
might result in localized cross correction, as RNA levels
in BM are similar to those in liver at 6 weeks after trans-
duction as assessed by reverse transcriptase real-time
PCR, and BM and blood cells maintain »0.1 copy per
cell of RV for almost 2 years after transduction [32].
Similarly, there are low levels of RV-transduced BM and
blood cells for over 3 years in dogs, and RNA is detect-
able in blood cells by reverse transcriptase PCR after
this gene therapy approach (O’Malley and Haskins,
unpublished data).

Facial morphology

The Xattened and broad face characteristic of MPS is
likely due to abnormal bone and cartilage formation and
remodeling in the midface [2]. In this study, MPS VII
mice with serum GUSB activity 15000 U/ml after neo-
natal gene therapy had more improvement in facial dys-
morphism than mice with expression of 500–3000 U/ml
(Fig. 1). However, the RV-treated MPS VII dog with
18,000 U/ml of serum GUSB activity had similar facial
dysmorphism to RV-treated MPS VII dogs with
»200 U/ml (Fig. 6), although variations in the appear-
ance of outbred dogs complicate evaluation of facial
morphology. All RV-treated MPS VII dogs had less
facial dysmorphism than untreated MPS VII dogs.
Table 2
EVect of neonatal gene therapy on pathology in dogs

Dogs were treated as detailed in Fig. 6 and most were sacriWced at 6 months. M1339 was sacriWced at 7 months.
a The average serum GUSB activity in U/ml in normal and untreated MPS VII dogs, and individual serum GUSB activities for two RV-treated

MPS VII dogs with low serum GUSB activity, are shown. The severity of pathological evidence of lysosomal storage disease was evaluated as shown
in Fig. 7 and described in Table 1. Pathology in articular and growth plate chondrocytes and in cortical and trabecular osteocytes was evaluated in
the proximal femur, and pathology in the synovium was evaluated in the stiXe joint.

b Indicates that only 1 animal was evaluated for the RV-treated group due to the absence of a growth plate in M1339.

Normal (N D 3) Untreated MPS VII (N D 2) RV-treated MPS VII (N D 2)

Serum GUSB activity (U/ml)a 269 0.6 M1312: 166 M1339: 132
Articular chondrocytes 0 ++++ ++++
Growth plate chondrocytes 0 ++++ ++++b

Growth plate:bone junction 0 ++++ 0b

Synovial hyperplasia 0 ++++ +, +++
Synovial storage 0 ++++ +, ++
Cortical osteocytes 0 ++++ 0
Trabecular osteocytes 0 ++++ 0
Lung bronchial cartilage chondrocytes 0 ++++ ++++
Fig. 7. Histopathology in dogs. Dogs were treated and sacriWced at 6–7 months of age as described in panels M–P of Fig. 6. H&E-stained sections
from normal (column 1, normal), untreated MPS VII (column 2, MPS VII), and RV-treated MPS VII dogs with low serum GUSB activity (column 3,
RV) are shown. (A) Articular surface. The articular surface of the proximal femur is shown, with the joint space on the right. Black arrows indicate
chondrocytes (20£). (B) Growth plate. The growth plate of the femur is shown with the articular surface (not seen) oriented to the right of each panel.
White and black arrows indicate chondrocytes in the proliferative and resting zones of the growth plate, respectively. The space between the green
arrows in panel B2 is a clear area at the junction between the growth plate and the bone that is likely GAGs in osteoblasts 20£. (C) Cortical bone.
The cortical bone of the femur is shown. The black arrow indicates lacunae within the bone of an untreated MPS VII dog, while yellow arrows indi-
cate osteocytes in all panels 20£. (D) Trabecular bone. Trabecular bone of the femur is shown. Yellow arrows indicate osteocytes 100£. (E) Synovium.
The black arrows indicate the part of the synovium that contacts the joint space, while the yellow arrow in panels 1 and 3 indicate the internal border
of the synovium. For panel 2, all the tissue shown in synovium 40£. (F) Cartilage in bronchial rings. Chondrocytes in the bronchial rings of the lung are
indicated with black arrows. (For interpretation of the references to colour in this Wgure legend, the reader is referred to the web version of this paper.)
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Facial dysmorphism has been evaluated in previous
gene therapy studies, although a caveat here is that this
was subjective in most studies. Complete correction of
dysmorphism was reported after neonatal adminis-
tration of an adenoviral vector that resulted in serum
GUSB activity of »100 U/ml 35 days later (but was
likely higher earlier) [23], while partial correction was
reported after neonatal administration of an AAV
vector resulted in »1000 U/ml of GUSB in serum shortly
thereafter, which fell to »200 U/ml at 6 weeks or later
[21]. However, minimal to no correction occurred after
neonatal administration of a lower dose of an AAV
vector that resulted in initial expression of »30 U/ml
which fell to »10 U/ml by 10 weeks [20]. The addition of
a protein transduction domain to GUSB may have
improved delivery to bone, as substantial correction of
facial dysmorphism was reported after neonatal admin-
istration of an AAV vector that directed expression of
GUSB with a protein transduction domain resulted in
only 6 U/ml of GUSB activity in serum at 7 weeks [22].
These data suggest that achieving serum GUSB activity
above 100 U/ml in the neonatal period reduced facial
dysmorphism in mice and dogs, while serum GUSB
activity 15000 U/ml may be even more eVective in mice.
Neonatal treatment with ERT [15,17] or BMT [17,18]
also resulted in almost complete correction of facial dys-
morphism in mice.

Bone disease

This study demonstrated that mice receiving neonatal
gene therapy had improvements in radiographic evi-
dence of bone disease, with less thickening of the long
bones, and reduction in dysmorphism of the deltoid
ridge of the humerus and the anterior crest of the tibia.
Furthermore, there was signiWcant partial correction of
the lengths to 93–96% of normal for all long bones
except the femur, although long bones remained signiW-
cantly shorter than in normal mice. Although long bone
lengths were not quantiWed in RV-treated MPS VII dogs
due to variations in the distance of individual animals
from the X-ray beam and the radiographic Wlm, they
appeared to be improved in our previous study [26].

Pathology of the bones was evaluated in an attempt
to understand why the lengths of most long bones were
improved. In this study, neonatal gene therapy resulted
in easily detectable GUSB activity in cells that line the
bone, which includes osteoblasts and osteocytes. This
resulted in reduced storage in these bone-forming cells,
which may result in improved bone synthesis. Resolu-
tion of lysosomal storage in osteoblasts at the growth
plate:bone junction (Fig. 4 and Fig. 7) is likely of partic-
ular importance, as this is the region where the provi-
sional mineralization of the cartilage occurs followed by
resorption of cartilage and replacement with bone. In
addition, although chondrocytes in the growth plate still
had substantial amounts of storage material, the thick-
ness of the growth plate was reduced after gene therapy.
It is likely that some or all of these pathological
improvements contributed to improved bone lengths.

Similarly, after neonatal AAV vector administration,
most long bone lengths were improved to 93% of normal
when initial serum GUSB activity was »1000 U/ml [21],
although bone lengths were not improved with initial
expression of »30 U/ml [20]. Addition of a protein
transduction domain to the C-terminus of GUSB may
improve delivery to bone, as bone lengths were 89–94% of
normal (excluding the femur) after neonatal administra-
tion of an AAV vector that expressed low levels of GUSB
[22]. Bone lengths were also improved after neonatal gene
therapy with an adenoviral vector, although measure-
ments were not reported [24]. Pathology in the latter
study was similar to that observed here, although trans-
duction of cartilage cells may have contributed to these
improvements [24]. Both neonatal ERT [15–17] and neo-
natal BMT [18] improved bone lengths to a similar extent
to that seen in this study, which was associated with
marked reductions in storage in osteocytes, osteoblasts,
and sinus lining cells [15,16,18], with reduced thickness of
the growth plate [18], and with reduced storage at the
junction between the growth plate and bone [18].

It is unclear why the femur had less improvement in
the length than other long bones, as the pathology in the
growth plate and bone of the femurs of RV-treated MPS
VII mice appeared to be similar to that in the proximal
tibia and the proximal humerus. Others have also
reported that the length of the femur is more resistant to
correction with neonatal gene therapy than are lengths
of other long bones [21,22]. It is possible that diVusion of
enzyme into the femur is less eYcient, or that most of the
elongation of the femur occurs prior to gene therapy.

These data suggest that achieving 1100 U/ml of
serum GUSB activity in the neonatal period improved
bone lengths, but that higher levels did not result in
more-complete correction. The failure to completely cor-
rect bone length abnormalities with neonatal treatments
could be due to abnormal bone formation in utero, or to
the inability of enzyme to reach certain cells that are
important in bone development. We favor the latter pos-
sibility, as bone histology is relatively normal in MPS
VII mice at birth [5], and in utero BMT did not normal-
ize femur length abnormalities [28]. Failure to com-
pletely correct long bone lengths may be related to
diYculties in getting enzyme into growth plate chondro-
cytes, as suggested by the histopathological data pre-
sented here and seen previously after neonatal ERT
[15,16] or neonatal BMT [18].

Cartilage disease

Chondrocytes are the major cell type in cartilage,
which is a relatively avascular structure present at the
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articular surface of bones, in trachea, and at other sites.
In this study, chondrocytes from the articular cartilage
of RV-treated mice and dogs, and the bronchial rings of
lung in dogs, continued to have substantial amounts of
lysosomal storage, although there was a very modest
reduction in the amount in storage in chondrocytes from
articular cartilage in mice with 11800 U/ml of GUSB
activity in serum. Although there were substantial
amounts of lysosomal storage in its chondrocytes, the
articular cartilage was less thick in most long bones from
RV-treated MPS VII mice as compared with untreated
MPS VII mice. Similarly, although the chondrocytes of
the bronchi had substantial amounts of lysosomal
storage, the tracheal rings of the RV-treated MPS VII
dogs were less thickened and the trachea had a larger
aperture than for the untreated MPS VII dogs. Further-
more, the femoral heads of one RV-treated dog were
devoid of articular erosions, which are always found in
adult untreated MPS VII dogs, although erosions were
noted in the second RV-treated MPS VII dog that was
sacriWced at a slightly later age (7 months). These results
are consistent with our previous evaluation of radio-
graphs at 8 months after birth, in which RV-treated dogs
had less evidence of articular erosions of the femur than
untreated MPS VII dogs, but had more erosions than
normal animals [26].

The inability to prevent storage in chondrocytes is
likely due to poor uptake from blood, which may be due
to the poor blood supply of the cartilage, the large size of
the tetrameric 280 kDa GUSB protein, the dense extra-
cellular matrix, or an inability of chondrocytes to take
up enzyme with M6P from outside the cell. Since previ-
ous calculations estimated that the mouse with the high-
est serum GUSB activity (10,000 U/ml, of which 33%
contained M6P) was secreting 22 million units of GUSB
with M6P/kg/week [25], it appears unlikely that GUSB
will be delivered eVectively to chondrocytes using either
liver-directed gene therapy or ERT unless the protein
can be modiWed in some fashion to promote uptake.
Indeed, both ERT and BMT failed to prevent the accu-
mulation of lysosomal storage in chondrocytes in MPS
VII mice [15,16,18].

Synovium

MPS VII patients and animals usually have synovial
hyperplasia, which is a feature of arthritis of diVerent eti-
ologies. This may contribute to the eVusions and reduced
mobility of the joints. This study demonstrated that mice
with 1800–2900 U/ml of GUSB in serum, and dogs with
130–170 U/ml, had partial reductions in synovial hyper-
plasia and lysosomal storage in synoviocytes, while mice
with 5000–10,000 U/ml of serum GUSB activity had
almost complete correction in the synovium. We have
previously reported that RV-treated dogs had GUSB
activity in synovial Xuid that was 5.4 U/mg (60% of
normal) and an absence of joint eVusions at 14 months.
Three RV-treated dogs and one HGF/RV-treated dog
have now been followed for almost 3 years. None have
clinically detectable joint eVusions, and all maintain
mobile joints and the ability to run. Similarly, all RV-
treated mice had good mobility prior to sacriWce, while
the untreated MPS VII mice were sluggish and rarely
moved spontaneously. Improvements in the synovium
may contribute to these clinical improvements. The
RV-treated MPS VII dog with the least amount of
synovial proliferation, M1312, was the animal that did
not have erosions of the articular cartilage of the femo-
ral head, although a causal relationship cannot be
established. BMT also reduced synovial storage in
mice, although the eVect upon synovial hyperplasia was
not noted [18].

Implications for gene therapy

These studies demonstrate that neonatal gene therapy
can result in improvements in bone and joint pathology,
which are likely responsible for the improved mobility in
mice and dogs. Achieving 1100 U/ml of GUSB in serum
improved bone lengths, bone structure, and facial dys-
morphism, and should have a substantial eVect in
patients with the disease. Achieving 15000 U/ml had a
more-profound eVect on facial dysmorphism and the
synovium in mice. However, even 10,000 U/ml of serum
GUSB activity did not normalize bone lengths or pre-
vent cartilage disease, which may be due to diYculties in
delivering GUSB to the chondrocytes. Alternative strat-
egies might involve transplantation of gene-modiWed
autologous or normal allogeneic mesenchymal stem
cells, or identiWcation of ways to improve the delivery of
GUSB to chondrocytes through modiWcations of the
protein or by increasing blood Xow.

The long term risks of any gene therapy approach
need to be considered. Indeed, leukemia developed in
two children with severe combined immunodeWciency
who received BM-directed gene therapy with an RV [29]
and hepatic tumors were found in some MPS VII mice
that received neonatal AAV-mediated gene therapy [30].
However, we have not seen any evidence of tumors to
date, and overexpression per se of GUSB in transgenic
mice did not result in the development of tumors [31].
Further studies will be necessary to evaluate this poten-
tial risk prior to implementation of this approach in
patients.
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