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ABSTRACT Mucopolysaccharidosis type VII (Sly syn-
drome) is a lysosomal storage disease caused by inherited
deficiency of the lysosomal enzyme $3-glucuronidase. A murine
model of this disorder has been well characterized and used to
study a number of forms of experimental therapies, including
gene therapy. We produced recombinant adenovirus that
expresses human f-glucuronidase and administered this re-
combinant adenovirus to B-glucuronidase-deficient mice in-
travenously. The -glucuronidase activities in liver and spleen
were elevated to 40% and 20%, respectively, of the heterozygote
enzymatic level at day 16. Expression persisted for at least 35
days. Pathological abnormalities of these tissues were also
improved, and the elevated levels of urinary glycosaminogly-
cans were reduced in treated mice. However, the f-glucuron-
idase activity in kidney and brain was not significantly
increased. After administration of the recombinant adenovi-
rus directly into the lateral ventricles of mutant mice, the
B-glucuronidase activity in crude brain homogenates in-
creased to 30% of heterozygote activity. Histochemical dem-
onstration of B-glucuronidase activity in brain revealed that
the enzymatic activity was mainly in ependymal cells and
choroid. However, in some regions, the adenovirus-mediated
gene expression was also evident in brain parenchyma asso-
ciated with vessels and in the meninges. These results suggest
that adenovirus-mediated gene delivery might improve the
central nervous system pathology of mucopolysaccharidosis
in addition to correcting visceral pathology.

The mucopolysaccharidoses (MPSs) are a group of lysosomal
storage diseases, each characterized by an inherited deficiency
of one of the lysosomal acid hydrolases catalyzing degradation
of glycosaminoglycans (GAG; ref. 1). The enzyme deficiency
results in an accumulation of GAG in tissues. The MPSs are
divided into seven distinct subgroups, each resulting from a
deficiency of a different enzyme. The clinical symptoms of
MPSs include coarse facies, dysostosis multiplex, joint abnor-
malities, hepatosplenomegaly, corneal clouding, varying de-
grees of central nervous system (CNS) abnormalities, and
premature death. The only therapy reported to provide clinical
benefit for MPS patients has been allogeneic bone marrow
transplantation (2, 3). Although a number of patients have
responded to bone marrow transplantation, broad application
of this therapy is limited by availability of compatible donors,
the high mortality and morbidity of the procedure, and the risk
of graft-versus-host disease after bone marrow transplanta-
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tion. Many efforts are being made to develop gene therapy as
an alternative treatment for lysosomal storage disorders (4).

The deficiency of human B-glucuronidase (HBG) results in
MPS type VII (MPS VII), also known as Sly syndrome, for
which murine and canine models are available (5-8). Using the
murine mouse model (mps/mps), enzyme replacement with
infused enzyme produced improvements in visceral and CNS
findings (9, 10). However, unlike Gaucher disease, the rarity of
MPS VII and many similar conditions makes it unlikely that
corrective enzymes can be produced at reasonable costs for
treatment of humans with these disorders.

Mice with MPS VII responded well to bone marrow trans-
plantation therapy also, though little improvement was seen in
brain (11-13). In experimental gene therapy (14-20), the
therapeutic gene has been transferred to hematopoietic cells
(14, 18) and skin fibroblasts (16, 17, 19) by retroviral vectors
ex vivo, and genetically modified cells were transplanted into
mutant mice. Both approaches improved visceral symptoms
but did not improve the CNS abnormalities. Gene transfer to
CNS by corneal inoculation using the herpes simplex virus
vector has also been reported (15). The potential of this vector
is still limited by its pathogenicity to the CNS and relatively
short period of expression of the transgene (21, 22). Recently,
adenovirus was injected intravitreally in the MPS VII mouse
and led to disappearance of storage vacuoles in the retinal
pigment epithelium (20). We explored the feasibility of intra-
venous adenovirus-mediated gene therapy to address visceral
storage in MPS VII mice by infusing an adenovirus vector that
expresses HBG and measuring the level of HBG enzymatic
activity in tissues, the disappearance of storage, and the
excretion of urinary GAG following intravenous administra-
tion of the recombinant adenovirus. To evaluate the potential
to address the CNS storage with this vector, we also deter-
mined histochemically the cells expressing HBG following
intraventricular injection of virus.

MATERIALS AND METHODS

Adenovirus Preparation. The structure of the replication-
defective recombinant adenovirus carrying HBG cDNA (Ax-
CAHBG) is shown in Fig. 1. The viruses were constructed
essentially according to Saito et al. (23, 24). Briefly, to generate
AxCAHBG, we first cloned HBG cDNA into a cassette cosmid
pAxCAwt carrying an adenovirus type-5 genome lacking the
E3, E1A, and E1B region to prevent virus replication (25). In
this construct, the HBG cDNA is located downstream of the
CAG (cytomegalovirus-enhancer-chicken B-actin hybrid) pro-

Abbreviations: MPS VII, mucopolysaccharidosis type VII; GAG,
glycosaminoglycan(s); CNS, central nervous system; HBG, human
B-glucuronidase; pfu, plaque-forming units.
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Fic. 1. Recombinant adenovirus AXCAHBG. The HBG cDNA
was cloned downstream of the CAG (cytomegalovirus enhancer-
chicken B-actin hybrid) promoter in pAxCAwt. A rabbit B-globin
poly(A) sequence was located downstream of the HBG cDNA.

moter (26). A rabbit B-globin poly(A) sequence was located
downstream from the HBG cDNA. The resulting cosmid was
cotransfected to 293 cells with the appropriately cleaved
adenovirus genome lacking the E3 region. Recombinant virus
was propagated and isolated from the 293 host cells (27) and
purified by two rounds of CsCI centrifugation (28).

Mice. Breeding pairs of (+/mps) were purchased from The
Jackson Laboratory and bred. Mutants were identified by
genetic analysis of DNA from tail using mismatched PCR and
restriction fragment length polymorphism analysis (29, 30).
Enzymatic activity of tail was measured as described below as
a confirmation of the DNA diagnosis.

Infections. Five- to 6-week-old (mps/mps) mice were used
for the study (Table 1). Two different amounts of recombinant
adenovirus (4.48 X 10% or 1.79 X 10° pfu) were injected
through tail veins, two mice receiving each dose. One of the
injected mice receiving each dose was killed at day 16 or day
35 for analysis. Urine specimens were collected at day 0 or day
35. Recombinant adenovirus (4.48 X 108 pfu) was injected into
the lateral ventricle of another mouse using a 30-gauge needle.
This mouse was killed at day 15 for analysis.

Biochemical Analysis of HBG Activity. Tail or tissues were
isolated and homogenized in water using a glass homogenizer.
The homogenates were spun at 14,000 X g for 10 min at 4°C
in a microcentrifuge. The clear supernatant was assayed flu-
orometrically for HBG activity with the artificial substrate
4-methylumbelliferyl B-D-glucuronide (Sigma; ref. 31). Pro-
tein concentration was determined by the bicinchorinic acid
(BCA) kit (Pierce).

GAG Determinations. The amount of urinary GAG was
determined using 1,9-dimethylmethylene blue chloride (Poly-
sciences; ref. 32). Urinary creatinine was measured by mixing
10 wl of a 10-fold diluted urine sample with 50 wl of saturated
picric acid and 50 ul of 0.2 M NaOH. Absorbance at 490 nm
was read after 20 min and compared with the standard. The
concentrations of GAG in liver and kidney were also deter-
mined by a published method (33) with minor modification
(11).

Histological Analysis. The activity of HBG in liver was also
assayed histochemically. The tissues were isolated and sub-
mersed in OCT embedding compound (Miles) and the samples
were frozen in a liquid nitrogen bath. Ten-micrometer sections

Table 1. Description of each treated mps/mps mouse

Age at Sacrifice Amount of

injection, day after injected Route of
days treatment virus, pfu injection
46 16 1.79 x 10° Intravenous
46 16 4.48 X 108 Intravenous
44 35 1.79 X 10° Intravenous
39 35 4.48 x 108 Intravenous
38 15 4.48 X 108 Intraventricular

pfu, Plaque-forming units.

Proc. Natl. Acad. Sci. USA 94 (1997)

were cut by cryostat. The sections were fixed in 70% acetone/
30% chloral hydrate-formalin fixative (1% chloral hydrate in
20% vol/vol neutral buffered formalin). HBG histochemical
staining was performed using naphthol AS-BI B-D-glucuro-
nide and pararosaniline (29, 30). After HBG staining, the
sections were counterstained by methylene green. Thin sec-
tions (0.5 um) were obtained from 3% glutaraldehyde-fixed
tissue and stained with toluidine blue.

RESULTS

HBG Enzymatic Activity in Various Tissues from Mice.
HBG activity levels in liver, spleen, kidney, and brain are
shown in Table 2. Mouse B-glucuronidase enzymatic activities
in tissues from control heterozygote (mps/+) mice are also
shown. Enzymatic activities in all tissues from homozygote
(mps/mps) mice were nearly null. At 16 days after intravenous
virus injection (1.79 X 10° pfu), the enzymatic level in liver was
increased to 40% of the heterozygote level. The HBG activity
in spleen was increased to 20% and 10% of heterozygote
activity at day 16 when 1.79 X 10° pfu virus and 4.48 X 108 pfu
virus were injected, respectively. The HBG enzymatic activity
in liver and spleen subsequently fell but was detectable up to
35 days after injection. In contrast to liver and spleen, the
increase in enzymatic activity in kidney was minimal.

Histochemical Demonstration of HBG Activity in Liver.
HBG activity is shown histochemically in Fig. 2. Liver from
untreated mice revealed no positive stain (Fig. 2.4 and B). At
16 days after injection of 1.79 X 10° pfu (Fig. 2 C and D), many
cells were positive for HBG activity. The positive cells asso-
ciated with sinusoids may be sinus lining cells. Occasional large
polygonal cells morphologically consistent with hepatocytes
also showed HBG activity. The number of HBG-positive cells
was decreased at 35 days after injection, but enzyme activity
was still present (Fig. 2 E and F).

HBG Activity in Brain. HBG activity in brain homogenate
from mice that received virus intravenously did not increase
(Table 2). Histochemically, virtually no positive cells were
observed in brain from mice that received virus intravenously
(data not shown). In brain from the mouse that received virus
intraventricularly, most of the B-glucuronidase activity was
demonstrable in the ependyma and choroid lining of the third
ventricle (Fig. 3 4 and B). Scattered HBG-positive cells were
also seen associated with vessels in the parenchyma (Fig. 3C)
and in the meninges (Fig. 3D).

Histological Evidence of Correction. Light microscopic ex-
amination of liver and spleen is shown in Fig. 4. The extensive
lysosomal storage in Kupffer cells and the small amount of
storage in hepatocytes were reduced at day 35 in treated
animals (Fig. 4 A and B). In spleen, the abundant lysosomal
storage in red and white pulp had almost disappeared at day
35 (Fig. 4 C and D). The disappearance of storage was
observed even at the lower dose of virus injected (4.48 X 108
pfu; data not shown). Electron microscopic findings confirmed
the reduction or disappearance of lysosomal findings in liver
and spleen (data not shown).

Table 2. B-Glucuronidase activity in organs after intravenous
injections of virus

Amount of Days after Activity in organs, units/mg

Genotype virus, pfu  injection Liver Spleen Kidney Brain

+/= 0 — 56.9 100.3 9.93 7.0

—/= 0 — 0.10 0.10  0.05 0.13
—/= 4 x 108 16 8.4 8.9 017  0.11
—/= 1.7 x 10° 16 21.2 16.8 022  0.12
-/= 4 x 108 35 2.0 1.9 0.06 0.06
—/= 1.7 X 10° 35 3.0 2.0 0.08 0.11
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F1G. 2. Histochemical staining for B-glucuronidase activity in the liver of an untreated MPS VII mouse (4 and B) shows no enzyme activity.
Sixteen days after receiving 1.79 X 10° pfu of recombinant adenovirus, the liver from an MPS VII mouse (C and D) shows numerous
B-glucuronidase-containing cells. Their distribution and location suggest that many are sinus lining cells. Scattered large polygonal cells
morphologically consistent with hepatocytes also contained B-glucuronidase. Thirty-five days after receiving 1.79 X 10° pfu of recombinant
adenovirus (E and F), B-glucuronidase-containing cells are still seen, although they are less numerous than at 16 days after injection. (4, C, and

E, X20; B, D, and F, X210.)

Effect of Treatment on GAG Content of Liver, Kidney, and
Urine. GAG contents were determined in liver, kidney, and
urine (Table 3). The GAG content in liver was reduced in
treated mice. Although treated animals showed little change in
HBG activity in kidney, GAG content in kidney after treat-
ment was decreased in three of four treated mice, though not
to the level of GAG in kidney of the heterozygote. Untreated
homozygote (mps/mps) mice also excreted increased amounts
of GAG in their urine compared with normal and heterozygote
mice. After intravenous injection of both doses of AXCAHBG
virus, the level of GAG in urine collected at day 35 was reduced
(Table 3).

DISCUSSION

Several efforts have been made to develop gene therapy for
MPS disorders using the murine MPS VII model. Approaches
have included retroviral-mediated gene transfer to hemato-
poietic cells (14, 18) and fibroblasts (16, 17, 19). Reimplanta-
tion of transfected cells after retroviral-mediated gene transfer

to hematopoietic cells and fibroblasts did improve somatic and
visceral findings. However, CNS pathology was not altered by
either approach. Moreover, gene transfer to hematopoietic
stem cells in human trials showed very low efficiency (1/3,000
to 1/1,000,000 cells; ref. 34). Until efficiency of gene transfer
to stem cells can be improved, this approach to gene therapy
for MPS disorders has limited application in humans.

Herpes simplex virus-mediated gene transfer to brain by
corneal inoculation was also tried, but this approach did not
change CNS pathology (15). More recently, adenovirus was
injected intravitreally and subretinally and resulted in the
disappearance of storage vacuoles in the retinal pigment
epithelium (20).

The promising results from some of these approaches to
gene transfer stimulated us to evaluate using an adenovirus
vector delivered by direct injection into the tail vein or into the
cerebral ventricles. Intravenous injection is a routine proce-
dure in clinics, and intrathecal injections, corresponding to
intraventricular injections, are common clinical procedures.
Our results indicated that the pathologies of visceral organs,
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F1G. 3. The ependyma (solid arrow) and choroid lining (open arrow) of the third ventricle (4 and B) contained histochemically demonstrable
B-glucuronidase activity 15 days after 4.48 X 108 pfu of recombinant adenovirus was injected into the lateral ventricle. In the same mouse, scattered
B-glucuronidase-positive cells were also seen in cells associated with vessels (C) in the parenchyma. The meninges (D) contained perivascular and
parenchymal cell B-glucuronidase activity. (4, X50; B, X210; C and D, X130.)

including liver and spleen, were improved by a single intrave-
nous injection of recombinant virus. Moreover, even the
smaller amount of virus (4.48 X 108 pfu) administered intra-
venously corrected the pathology of liver and spleen.
Nonetheless, there are limitations to this approach. Adeno-
virus vectors induce immune responses in the recipient, both
to the virus and to virus-infected cells. This is caused by
expression of small amounts of viral proteins together with
therapeutic gene products, which activate the host-cytotoxic T
cells, which, in turn, destroy the virus-infected cells (35-38).

Possibly, this problem may be overcome by newly developed
adenovirus vectors (39, 40).

Other limitations of adenovirus vectors include the difficulty
in obtaining detectable gene transfer upon a second admin-
istration of virus (41), and the transient duration of expression.
These disorders require life-long expression of the transgene.
Immunosuppressants have been tried as means of inhibiting
antibody production to get more prolonged expression (42).
Recently, Yang et al., using a mouse model (43), demonstrated
that interleukin 12 prevents formation of blocking IgA anti-

Fic. 4. The liver of an un-
treated, age-matched MPS VII
mouse (A4) showed lysosomal dis-
tention in Kupffer cells and a lesser
amount of storage in hepatocytes.
Thirty-five days after receiving re-
combinant adenovirus (B), both
hepatocyte storage and Kupffer
cell storage were markedly re-
duced. The untreated MPS VII
mouse spleen (C) contained abun-
dant lysosomal storage in sinus lin-
ing cells in the red pulp. Thirty-five
days after recombinant adenovirus
(D), there was a similar marked
reduction in the amount of lysoso-
mal storage. (4-D, toluidine blue;
A-D, X190.)
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Table 3. Effect of treatment on liver, kidney, and urinary
GAG levels

Amount of
Organ Day post injection injected virus GAG*
Liver Untreated control (—/—) — 2595
16 4.48 X 108 1389
16 1.79 X 10° 399
35 4.48 X 108 336
35 1.79 x 10° 319
Heterozygote (+/—) — 821
Kidney  Untreated control (—/—) — 3585
16 4.48 X 108 3601
16 1.79 X 10° 2363
35 4.48 X 108 2517
35 1.79 x 10° 2243
Heterozygote (+/—) — 652
Urine* Untreated control
(=/—n=2) 1674, 758
35 4.48 X 108 488
35 1.79 x 10’ 469
Untreated +/+ normal — 163
Untreated +/— — 63

*Urinary GAG is expressed in pg/mg creatinine; GAG levels in liver
and kidney are expressed in ug/mg protein.

bodies to recombinant adenovirus and allows repeated gene
therapy. The MPS VII mice provide an attractive model to
explore such methods to overcome limitations of adenovirus-
mediated gene therapy.

Another important consideration in gene therapy for MPS
is that CNS storage needs to be addressed in most of these
disorders. Neither retrovirus-mediated gene transfer to hema-
topoietic cells nor transfer to fibroblasts has produced changes
in CNS pathology in MPS VII mice, nor has expression after
herpes simplex virus-mediated gene transfer to CNS by corneal
inoculation. We attempted to evaluate access to the CNS by
adenovirus-mediated gene delivery, injecting virus directly
into the lateral ventricles. This resulted mainly in ependymal
and meningeal cell infection. However, adenovirus was re-
cently shown to infect parenchymal cells (mainly glial cells)
when osmotic pressure was altered to open the blood brain
barrier (44).

Another approach to correcting CNS storage in the MPS
VII mouse is introducing neural progenitor cells into the
mutant mouse brain that migrated extensively and produced
some improvement in CNS pathology (45). It will be of interest
to determine whether this approach to correcting CNS storage
or the adenovirus-mediated gene therapy described here can
modify the CNS pathology (46) and behavioral abnormalities
of the MPS VII mouse (47). Bony abnormalities form still
another important component of the phenotype of the MPS
VII mouse. Additional experiments are necessary to deter-
mine whether improvements in bone findings such as those
reported for enzyme replacement therapy (10) are induced by
intravenous administration of recombinant adenovirus.
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