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Mucopolysaccharidosis type II (MPSII; Hunter syndrome) is a lysosomal storage disorder caused by a
deficiency in the enzyme iduronate 2-sulfatase (IDS). At present, the therapeutic approaches for MPSII are
enzyme replacement therapy and bone marrow transplantation, although these therapies have some limit-
ations. The availability of new AAV serotypes that display tissue-specific tropism and promote sustained
expression of transgenes offers the possibility of AAV-mediated gene therapy for the systemic treatment
of lysosomal diseases, including MPSII. We have characterized in detail the phenotype of IDS-deficient
mice, a model of human MPSII. These mice display a progressive accumulation of glycosaminoglycans
(GAGs) in many organs and excessive excretion of these compounds in their urine. Furthermore, they
develop skeleton deformities, particularly of the craniofacial bones, and alopecia, they perform poorly in
open-field tests and they have a severely compromised walking pattern. In addition, they present neuropatho-
logical defects. We have designed an efficient gene therapy approach for the treatment of these MPSII mice.
AAV2/8TBG-IDS viral particles were administrated intravenously to adult MPSII mice. The plasma and tissue
IDS activities were completely restored in all of the treated mice. This rescue of the enzymatic activity
resulted in the full clearance of the accumulated GAGs in all of the tissues analyzed, the normalization of
the GAG levels in the urine and the correction of the skeleton malformations. Overall, our findings suggest
that this in vivo gene transfer approach has potential for the systemic treatment of patients with Hunter
syndrome.

INTRODUCTION

The mucopolysaccharidoses (MPSs) are a group of disorders
that are caused by deficiencies in the lysosomal enzymes
that are needed for the catabolism of the glycosaminoglycans
(GAGs): the dermatan, heparan, keratan and chondroitin sul-
fates. GAG accumulation in lysosomes causes cell and tissue
damage, with the consequent organ dysfunction resulting in
various chronic and progressive patterns of clinical severity
(1,2).

All MPSs, with the exception of mucopolysaccharidosis
type II (MPSII), are inherited as autosomal recessive dis-
orders. MPSII, which is also known as Hunter syndrome, is
a rare X-linked inborn error of metabolism that is character-
ized by a deficiency in iduronate 2-sulfatase (IDS), the
enzyme responsible for the removal of the sulfate group
from dermatan and heparan sulfates, which are sulfate

esters. IDS, as with all of the human sulfatases, needs to be
activated by sulfatase modifying factor 1 (SUMF1) and
mutations in the SUMF1 gene result in the development of
multiple sulfatase deficiency in humans (3,4). The deficiency
of the IDS enzyme has been shown to be due to point
mutations or deletions in the 24 kb IDS gene, which maps to
chromosome Xq28.2 (5).

MPSII occurs in both severe and mild forms, covering a
broad spectrum of symptoms from rapidly to slowly progres-
sing pathologies. The severe form is characterized by pro-
gressive somatic and neurological involvement, and the
onset of the disease usually occurs between the second and
fourth years of age. Facial features, hepatosplenomegaly,
short stature, skeletal deformities, joint stiffness, severe
retinal degeneration and hearing impairment are coupled to
an incremental deterioration of the neurological system.
Death generally occurs between the ages of 10 and 14 years.
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On the contrary, no mental impairment is characteristic of the
mild form, although skeletal deformities can be present to the
same degree as in the severe form. Retinal and hearing pro-
blems are milder than in the severe form, and the patients
can survive until the fifth or sixth decades of life. Cardiac
failure or airway obstruction is usually the cause of death (1).

Currently, the treatment of MPSII is limited to enzyme
replacement therapy (ERT) and bone marrow transplantation
(BMT). However, the variable clinical phenotype has led to
controversy in the assessment of the outcome of these treat-
ments. The limit of the ERT approach is that the enzyme
has a brief circulating and intracellular half-life, and thus,
the therapy requires regular biweekly parental administration
of large amounts of the correcting enzyme. Repeated adminis-
tration of the enzyme increases the likelihood of an immune
response against the infused protein, and this can affect
the efficacy of the treatment (6). Furthermore, because of
the hemato-encephalic barrier, the enzyme cannot reach the
brain, and therefore, the ERT is not efficient when the
central nervous system (CNS) is affected, as in the severe
forms of MPSII (7). BMT is an affective treatment for selected
MPS, such as Hurler syndrome, Maratoeaux-Lamy and meta-
chromatic leukodystrophy; however, the procedure has limited
benefits for patients affected by Hunter syndrome. Of particu-
lar concern, there is the risk of fatal disease complications and
a deterioration in quality of life. Furthermore, BMT does not
improve the neuropsychological function of patients affected
by severe forms of MPSII with mental impairment (8–12).

For these reasons, we envisaged that a gene therapy
approach would provide a more prolonged therapeutic effect
and that this could thus provide a more effective treatment
for MPSII. The recent availability of a mouse model of
MPSII represents an important tool for the development of
an efficient preclinical treatment. This MPSII mouse model
(idsy/2) was generated by targeting exon 4 and part of exon
5 of the gene, and it has been partially characterized (13). In
the present study, we have further analyzed the MPSII
mouse accurately and assessed its morphology and the meta-
bolic features. We then set up an efficient AAV2/8-mediated
gene therapy approach to deliver the human IDS (iduronate
sulfatase) gene. It has been shown that AAV2 vectors have
great potential for the treatment of lysosomal storage diseases
(LSDs), and AAV2/8 is an effective AAV vector for liver-
directed gene transfer. It has efficient transduction character-
istics, such as the onset and intensity of gene expression and
tissue tropism (14–16). Furthermore, we used the liver-
specific promoter thyroxin-binding globulin (TBG) to
express IDS. The combination of AAV and TBG has been
shown to have a low reactivity to neutralizing antibodies to
the transgene, which results in increased longevity of the cir-
culating enzyme and increased duration of the therapy. This is
thought to be due to the reduced expression of the transgene in
antigen-presenting cells (17).

As with the other sulfatases, IDS is a secreted enzyme that
can be taken up from the bloodstream by the visceral tissues,
through the action of the mannose-6-phosphate receptor, and
targeted to the lysosomes (18). Taking advantage of this
characteristic, we transduced the liver with the AAV2/
8TBG-IDS vectors to create a ‘factory’ organ. The engineered
organ produced IDS and released the enzyme into the blood

stream; the IDS was subsequently taken up by the non-
transduced organs via its receptor. A complete correction of
the MPSII visceral defects was observed. Furthermore,
uptake of IDS was also observed in the brain along with a
partial decrease of the GAG storage.

RESULTS

Knock-out mouse model of Hunter syndrome

MPSII is an X-linked recessive lysosomal storage disorder that
is caused by the lack of IDS activity. Usually, only males
are affected. The phenotype of the knock-out mouse model
(idsy/2) of MPSII has been briefly described (13). Here, we
have characterized affected male animals in detail.

A cohort of male idsy/2 mice was kept under observation
from their birth until their death. The onset of the gross mor-
phological phenotype was clearly manifested at 3–4 months
of age, and it became progressively severe through their
adult life; the affected mice usually died by 60–70 weeks of
age. This phenotype includes craniofacial abnormalities,
with a short cranium (Fig. 1A) and alopecia (Fig. 1B);
thickening of the digits was also seen (data not shown).
Furthermore, the older MPSII mice weighed less than each
matched wild-type animal (data not shown). The protein
extracts prepared from tissue homogenates of the MPSII
mice were tested for IDS activity using the fluorescent sub-
strate 4-methylumbelliferyl-a-iduronate 2-sulfate (19). IDS
activity was undetectable in liver, spleen, lung, heart,
kidney, skeletal muscle, brain and eye when compared with
the activities of this enzyme in the wild-type tissues (Figs 1C
and 3A).

IDS initiates the catabolism of the dermatan and heparan
sulfate GAGs. The loss of IDS activity causes GAG accumu-
lation within all tissues, with a progressive cellular vacuoliza-
tion and the consequent cell death. We thus analyzed GAG
accumulation in the early stages of the affected mice: at
1 day of age (p1) and at 3 days of age (p3). All of the pups in
the litters were perfused and their tissues were embedded in
paraffin. Figure 2 shows Alcian-blue staining on 5 mm paraffin
sections of the liver, spleen and lung of these wild-type and
affected pups at p1 and p3. GAG accumulation, as indicated
by the blue spots, was already detectable in these tissues at
these early stages of life (Fig. 2, arrows). GAG accumulation
dramatically increased during the adult stages, and Alcian-
blue staining of the paraffin-embedded sections of liver,
spleen, lung, heart, kidney and skeletal muscle of idsy/2

mice at 3 and 9 months of age showed high levels of GAG
storage within the cells (Fig. 4A and B). This progressive
increase in GAG lysosomal storage also caused skeleton
deformation, as seen in the radiographic assays shown in
Figure 7B. In particular, a craniofacial abnormality was
evident, which was characterized by a longer length between
the base of the ears and a shorter distance across the maxilla
and the zygoma [Figs 1A and 7A and B; compare wild-type
(wt) and MPSII (idsy/2) mice]. The skeleton malformations
also affected the performance in locomotor tests. Indeed, the
MPSII mice showed irregular gait, abnormal walking pattern
and poor locomotor and exploratory abilities in the open-field
test (Fig. 8A and B).
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IDS gene delivery in the MPSII mice

MPSII is characterized by the involvement of many visceral
organs, including the liver, lung, kidney, spleen and heart.
We used the human IDS gene transfer to engineer the liver

to secrete the active sulfatase into the blood stream at suffi-
ciently high levels to systemic cross-correct the enzymatic
deficiencies in the various tissues. We had previously deter-
mined that the liver is indeed the most efficient tissue for
the production and secretion of these high amounts of active
IDS and that the uptake of IDS from the blood into the peri-
pheral tissues is efficient (data not shown). We constructed
an AAV type 2/8 vector carrying the human IDS cDNA
under the transcriptional control of the liver-specific promoter
of the TBG gene (AAV2/8TBG-IDS). As the control vector,
we used AAV type 2/8 carrying the Escherichia coli
b-galactosidase gene (AAV2/8TBG-LacZ) (20).

Adult MPSII mice (age 2 months; n ¼ 7) received
1.0 � 1011 particles of AAV2/8TBG-IDS in a volume of
200 ml via the tail vein. A group of MPSII control mice
(n ¼ 3) were injected with the same amount of particles of
AAV2/8TBG-LacZ (the control vector). Along with a group
of non-injected MPSII (n ¼ 3) and of wild-type (n ¼ 3)
mice, these mice were all then analyzed in the following ways:

(1) The mice under the therapeutic protocol were checked
each month for 7 months for IDS activity in their
plasma and for the GAG content of their urine. In
addition, the mice underwent walking-pattern and open-
field tests, and they were monitored for the development
of their gross morphological features.

(2) The mice were sacrificed at two times after transduction:
one group of injected mice (treated mice, n ¼ 3) at

Figure 1. The MPSII mouse model of Hunter syndrome. Gross morphology phenotype of male MPSII (Idsy/2) mice with respect to the wild-type (wt) mice at
6 months of age. The MPSII mice show skeleton deformation (A), seen as craniofacial abnormality and alopecia (B). The IDS activity was measured on protein
extracts from wild-type and Idsy/2 mice (C).

Figure 2. GAG accumulation in tissues of male MPSII (Idsy/2) mice.
Alcian-blue-stained tissue sections of the liver, spleen and lung from wild-type
(wt, left) and from the MPSII mice at 1 day (p1, middle) and at 3 days
(p3, right) demonstrate the accumulation of GAG. The arrows indicate the
blue spots of GAG accumulation. Tissue sections were counterstained
with Nuclear-Fast red reagent. Magnification was 20�.
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1 month (T1 ¼ short-term experiment) and the other
group of injected mice (treated mice, n ¼ 4) at 7 months
(T7 ¼ long-term experiment). In parallel, groups (n ¼ 3)
of untreated MPSII, AAV2/8TBG-LacZ-injected MPSII
and wild-type mice of the same age were sacrificed as
controls. The transduced and non-transduced tissues of
the sacrificed mice were analyzed for IDS activity and
GAG clearance.

Rescue of the IDS activity in the liver and in the
non-transduced tissues of adult MPSII mice by
AAV2/8TBG-IDS

Here, we report the data collected on the MPSII mice tissues
and plasma at 1 month (T1) and at 7 months (T7) after the
therapy. The plasma IDS activity that was monitored each
month for 7 months was extremely high, showing levels
from 16 to 70 times higher with respect to the wild-type
animals (Table 1). On average, the levels were always much
higher than the wild-type activity throughout the period of
the treatment, although in three animals, there was a decrease
in plasma IDS activity during the therapy. This fall of IDS
activity might be due to a loss over time of viral DNA
copies within the hepatocytes or to a slight immune response
toward the transgene or toward the AAV capsid. The IDS
plasma activity in untreated mice (Table 1) and in MPSII
mice injected with the AAV2/8TBG-LacZ control vector
(data not shown) was not detectable.

Three treated MPSII mice were sacrificed at T1 and four at
T7 after gene delivery. As the control, we sacrificed two
groups of three untreated, control-vector-injected MPSII and
wild-type mice of comparable ages. The IDS activities were
determined in protein extracts prepared from the liver (trans-
duced tissue) and from the non-transduced tissues. The
levels of IDS activity detected in the livers of the injected
mice were up to 10 times higher at T1 and eight times
higher at T7, with respect to the wild-type mice (Fig. 3A).
In all of the non-transduced tissues analyzed (spleen, lung,
heart, kidney and muscle), there were similar or higher IDS
activities in the injected mice, with respect to those in the
wild-type animals. As expected, in the tissues of the untreated

MPSII (Fig. 3B) and the AAV2/8TBG-LacZ-injected MPSII
(data not shown) mice, the IDS activities were not detectable.

Altogether, these results demonstrate that the tail-vein
injection of the AAV2/8TBG-IDS viral particles results in
an extremely efficient production, secretion and uptake of
the IDS enzyme.

Clearance of the lysosomal GAG accumulation in
treated MPSII mice

To determine whether the IDS activity mediated by AAV2/
8TBG-IDS was able to clear the GAG lysosomal storage of
the MPSII mice, the GAG content was measured in the
tissues and in the urine of control and treated mice.

The urine of the treated MPSII (n ¼ 7), untreated (n ¼ 3),
control-vector injected (n ¼ 3) and wild-type (n ¼ 3) mice
were analyzed for their GAG levels every 2 months for up to
7 months after the injections. The GAG levels were normalized
with respect to the urine creatinine content (GAG excretion is
expressed as a ratio of milligrams of GAGs to milligrams of
creatinine excretion) (Table 2). The GAG accumulation in the
urine of the MPSII mice was approximately double the concen-
tration found in the wild-type animals. As shown in Table 2, the
concentrations of GAGs in the treated mice returned to normal
values during the therapy.

For the tissues, we evaluated the GAG lysosomal storage
using quantitative Alcian-blue staining. At T1 and T7, the
organs of the sacrificed treated MPSII mice (n ¼ 3) were
embedded in paraffin, and the GAG accumulation analyzed
in sections. Complete clearance of GAG accumulation and
correction of the tissue vacuolization were seen in the liver,
spleen, lung, heart, kidney and muscle, with respect to the
untreated MPSII tissues (Fig. 4A and B). The reduced cellular
vacuolization was also confirmed by hematoxylin and eosin
staining (data not shown). As expected, the GAG lysosomal
storage in the control, untreated MPSII tissues was highly
positive in the Alcian-blue staining (Fig. 4A and B). Similar
positive staining was detected on sections from MPSII mice
injected with the control vector, AAV2/8TBG-LacZ (data
not shown). These data show that by using AAV2/
8TBG-IDS-mediated gene delivery, we were able to correct
the metabolic disorder for up to 7 months of treatment.

Table 1. Plasma IDS activity

IDS activity (nmol/4 h/mg proteins)

T0 T1 T2 T3 T4 T5 T6 T7

wt 320 314 300 275 267 204 184 149
Idsy/2 19 21 23 20 25 21 24 23
Idsy/2þ IDS 23 15 239
Idsy/2þ IDS 27 14 800
Idsy/2þ IDS 22 13 460
Idsy/2þ IDS 21 22 220 20 472 17 345 14 689 13 562 12 236 4 100
Idsy/2þ IDS 23 14 563 11 993 12 648 9 020 8 650 8 188 2 519
Idsy/2þ IDS 24 8 800 7 600 5 669 4 333 3 549 2 677 1 680
Idsy/2þ IDS 26 5 114 3 628 4 031 2 442 2 453 2 330 2 519

IDS activity was measured each month in the plasma of the AAV2/8TBG-IDS injected and control mice from T0 (before injection) to T1 (short-term
experiment) or from T0 to T7 (long-term experiment). The values reported for the wild-type (wt) and Idsy/2 animals represent the mean values of the
results obtained from the tests of the plasma IDS activities of three mice for each group. P , 0.05.
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To determine whether the observed GAG clearance and
increased IDS activity in the non-transduced tissues were
due to the uptake of the enzyme from the blood stream, and
not to the transduction of the tissues by the viral particles,
we analyzed the b-galactosidase activities of the group of
MPSII mice (n ¼ 3) that were injected with AAV2/
8TBG-LacZ. Sections of tissues from the mice sacrificed at
T1 were analyzed by X-gal staining. b-Galactosidase is not
a secreted enzyme, and the detection of positive staining
only in the liver ensured us that the therapeutic gene was
expressed from the TBG promoter only in the liver, as
expected (Fig. 4C). In other words, this result confirms that
even if some viral particles target other tissues in addition to
the liver, the TBG liver-specific promoter allows expression
in the hepatocytes only; therefore, the IDS activity that we
measured in the non-transduced tissues is due to the uptake
of the enzyme from the blood stream.

Finally, we performed a quantitative analysis of GAG
concentrations using a dimethyl-methylene blue assay with
protein extracts of the tissues of treated and untreated MPSII
mice and of the control-vector-injected and the wild-type
animals at T1 and T7. As expected, the untreated and the
control-vector-injected MPSII mice showed high levels of
GAG accumulation in the liver, spleen, lung, heart, kidney
and muscle when compared with the wild-type tissues
(Fig. 5A and B) (data not shown). In the injected mice at T1
and T7, the concentrations of GAGs in the tissues were
reduced to normal levels, reaching the concentrations
measured in the tissues of wild-type animals (Fig. 5A and B).

Characterization and partial correction of the brain
defects in the treated MPSII mice

The severe form of MPSII (MPSIIA) in human is character-
ized by mental retardation, cervical cord compression and
foramen magnum stenosis, possibly leading to hydrocephalus
(1). We have analyzed the MPSII mice to check for the
presence of neuropathological features within the CNS.

The IDS activity measured in brain homogenates of MPSII
mice is not detectable (Figs 1C and 6A). Histopathological
examination of brain sections were performed on MPSII
mice at 4 months after birth by Toluidine-blue staining. The
mice were perfused with paraformaldehyde (PFA) and the
two hemispheres of their brains were embedded in plastic
resin. Cellular vacuolization was detected in different
regions of the brain in all of the idsy/2 mice examined: the hip-
pocampus, thalamus, cerebellum and brainstem (Fig. 6B). In
the cerebellum, reduced numbers and atypical morphology
of the Purkinje cells were observed (Fig. 6B, arrows), prob-
ably due to the accumulation of GAGs, with consequent cell
vacuolization and death. Finally, we evaluated GAG
accumulation through Alcian-blue staining of the brain sec-
tions. GAG accumulation was detected within the choroid
plexus of the ventricular region [Fig. 6C; compare wild-type
(wt) and MPSII (Idsy/2) mice; upper and middle panels,
respectively].

Table 2. GAG accumulation in the urine

mg GAG/mg creatinine

T0 T1 T3 T5 T7

wt 17 18 17.5 20 18
Idsy/2 30 32 32 35 46
Idsy/2þ IDS 25 13
Idsy/2þ IDS 29 15
Idsy/2þ IDS 28 17
Idsy/2þ IDS 30 22 20 18.6 17
Idsy/2þ IDS 27 17 18 16 16
Idsy/2þ IDS 28 15 16 16 16
Idsy/2þ IDS 29 22 20 18 14

Urine GAG accumulation was measured in the AAV2/8TBG-IDS-injected
and control (wt) mice at T0 (before injection) and T1 (short-term experi-
ment), or at T0, T1 (1 month), T3 (3 months), T5 (5 months) and T7
(7 months) (long-term experiment). The GAG concentrations were normal-
ized against the urine creatinine contents. The value reported for the wild-
type and Idsy/2 animals represent the mean values obtained from the
samples with three mice in each group. P, 0.05.

Figure 3. IDS activity in adult MPSII mice following tail-vein injection. (A) IDS activity in protein extracts from the liver of control (wt), untreated MPSII
(Idsy/2) and AAV2/8TBG-IDS-injected MPSII (Idsy/2þ IDS) mice sacrificed at both T1 and T7 after the therapy, as indicated. (B) IDS activity in protein
extracts from the non-transduced tissues of injected and control mice sacrificed at T1 and T7. The error bars indicate standard deviations. P , 0.05.
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Figure 4. Qualitative clearance of lysosomal GAG accumulation in the treated MPSII mice. (A and B) Alcian-blue-stained tissue sections of liver, spleen,
lung, heart, kidney and muscle from untreated (Idsy/2, left) and treated (Idsy/2þ IDS, right) MPSII mice at T1 (A) and T7 (B) show the clearance of GAG
accumulation and the correction of the tissue vacuolization. (C) X-gal-stained tissue sections of liver, spleen, lung, heart and muscle from MPSII mice that
were either non-injected (Idsy/2, left) or injected (Idsy/2þ LacZ, right) with AAV2/8TBG-LacZ at T1. The blue signal shows positive staining in the liver.
Magnification was 20�.

Figure 5. Quantitative analysis of GAG accumulation in the treated MPSII mice. GAG content in the tissue homogenates (tissues as indicated) from the control
(wt), untreated MPSII (Idsy/2) and AAV2/8TBG-IDS-injected MPSII (Idsy/2þ IDS) mice at T1 (A) and T7 (B). The GAG content in all of the tissues from the
treated mice reached normal levels, as seen in the wild-type animals. The error bars indicate standard deviations.
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We systemically injected adult MPSII mice with 4.0 � 1012

AAV2/8TBG-IDS particles per kilogram and also obtained a
therapeutic effect in the CNS. We detected IDS activity in
the brains of the groups of mice sacrificed at both T1 and
T7. The activity was about 800-fold higher than the values
observed in the non-injected knock-out mice, albeit lower
than the wild-type values (Fig. 6A). Furthermore, a partial
clearance of the GAG accumulation was also evident within
the choroid plexus of the treated mice at T7 [Fig. 6C;
compare middle (Idsy/2) and bottom (Idsy/2þ IDS) panels].
This is surprising, given the presence of the hemato-
encephalic barrier. We predict that because of the very high
levels of IDS in the plasma, which ranged from 16- to
70-fold higher than the normal wild-type values, a fractional
amount of the enzyme crosses the barrier and corrects the
defect. To further confirm this result, we performed
immunohistochemistry experiments. A group of MPSII mice

were injected with 4.0 � 1012 AAV2/8TBG-IDS particles
per kilogram and sacrificed 1 month after the therapy. The
brains and the livers of the injected mice and of non-injected
and wild-type animals were included in OCT and the tissue
sections were hybridized with an anti-hIDS polyclonal
serum. This antibody recognizes only the human protein,
and not the mouse form. The brain sections were also
co-stained with an anti-Lamp2 monoclonal antibody, as a
lysosomal marker. As shown in the merged panel in
Figure 6D, positive lysosomal signals were detected in the
brain and specifically in the cortex and cerebellum of the
injected MPSII mice. A positive signal was also detected in
the liver sections, as expected (Fig. 6D). No signal was
present in the lysosomes of brains of wild-type or MPSII
mice (Fig. 6D) (data not shown). Overall, these results are
encouraging, as they show that high circulating levels of
IDS can allow the enzyme to cross the hemato-encephalic

Figure 6. Neuropathological analysis and correction of the CNS of MPSII mice. (A) IDS activity in the brain of control (wt), untreated MPSII (Idsy/2) and
AAV2/8TBG-IDS-injected MPSII (Idsy/2þ IDS) mice sacrificed at both T1 and T7 after the therapy. (B) Toluidine-blue-stained tissue sections of the hippo-
campus, thalamus, cerebellum and brain stem (as indicated) from wild-type (wt) and 4-month-old MPSII (Idsy/2) mice. Extensive vacuolization and morpho-
logical alterations are seen. Magnification was 20�. A higher magnification (40�) of the brain stem is shown in panels 1 and 2. (C) Alcian-blue staining shows
GAG accumulation within the choroid plexus of the MPSII mice (center), compared with the wild-type (up) and injected MPSII mice (down). Magnification was
20�. (D) Immuno-histochemistry of brain and liver from wild-type (wt) and injected MPSII (Idsy/2þ IDS) mice. The tissue sections were hybridized with an
anti-hIDS polyclonal serum and with an anti-Lamp2 monoclonal antibody, as a lysosomal marker. Magnification was 63�.
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barrier and at least partially rescue the defect in the brain.
Further studies to better elucidate these therapeutic effects
are needed.

Corrections of the skeleton deformation in the treated
MPSII mice and their performance at the locomotor tests

The MPSII mice showed drastic skeleton deformation at 4
months of age, which included craniofacial abnormalities,
macrodactyly and thickening of the digits (Fig. 7) (data not
shown). The group of treated mice (n ¼ 7) that were injected
before the onset of appearance of these features (2 months of
age) never developed these skeleton defects. Before the wild-
type, untreated and injected MPSII mice were sacrificed at T7,
pictures were taken and radiographic tests were carried out. As
shown in Figure 7, the facial features of the injected MPSII
mice are normal and thus similar to the wild-type. In particu-
lar, the length between the base of the ears and the distances
across the maxilla and the zygoma were comparable. In con-
trast, the untreated MPSII mice showed clear craniofacial
abnormalities, seen as a short cranium (Fig. 7).

The treated, untreated and wild-type mice of the same age
also underwent the walking-pattern and open-field tests
throughout the therapy period. Figure 8 shows the results of
the tests performed at T7. The ability to explore, the loco-
motion and the anxiety to move of the treated, untreated and
wild-type mice were determined through the open-field test.
The mice underwent three trials for 5 min each month
during the therapy. Figure 8 shows the trials at T7. We
measured the total distance traveled by the animals during
the trial (the number of squares crossed), the rearing activity,
the time the animals spent in the margin area and the number
of times the mice crossed the center. The treated MPSII mice
behaved as the wild-type ones: both of these groups were more
active, faster and had no anxiety to explore the space around
them; their rearing frequencies, where the mice stood on
their hind legs, were also comparable. In contrast, the
untreated MPSII mice were much slower and more anxious
to explore, and their rearing was poor. Furthermore, the
untreated MPSII mice spent a lot of time in the margin area
of the field and crossed the center of the open-field apparatus
only rarely; in contrast, the treated MPSII mice and the wild-
type mice moved fast from the center to the margin area and
without hesitation (Fig. 8A and Supplementary Materials,
Movies).

The MPSII mice have an impaired walking pattern: their
gait was slow and they tended to walk uncertainly; further-
more, they did not maintain a straight line in the tunnel. The
stride length of their walking was reduced, and the anterior
and posterior paw prints did not overlap. The treated MPSII
mice showed complete correction of these abnormalities
throughout the whole of the treatment period. The mice
were assessed each month after injection, and the data of the
analysis at T7 are given in Figure 8B. The locomotor activities
of the AAV2/8TBG-LacZ MPSII mice were comparable to
those of the untreated animals (data not shown).

In conclusion, the AAV2/8 IDS gene delivery completely
restored the skeleton abnormalities and the locomotor
defects of the MPSII mice. At present, three injected MPSII
animals are under therapy to analyze the effects of IDS gene

delivery on their life span. They are now 13 months old and
are doing well; they do not accumulate GAGs in their urine,
their plasma IDS levels are high (Supplementary Material,
Tables S1 and S2), their performances in the locomotor tests
are normal and they do not show skeleton malformations
(data not shown).

DISCUSSION

LSDs, such as Gaucher disease, metachromatic leukodystrophy
and MPS, include more than 40 disorders that are caused by
defective activities of lysosomal enzymes and that result in
the accumulation of undegraded metabolites within the lyso-
somes. Most LSDs exist in severe infantile forms that present
brain involvement, where the patients die within the first few
years of life. There are also adult forms of LSDs that are charac-
terized by the slow development of the peripheral symptoms,
which results in physical disabilities. Finally, there are the
juvenile forms of intermediate to severe manifestations of
LSDs (21). Although each LSD has a particular clinical and
pathological picture, the pathological features can be summar-
ized as neurological symptoms, including seizures, dementia
and brainstem dysfunction, and peripheral symptoms, including
hepatosplenomegaly, heart and kidney injury, skeleton malfor-
mations, muscle atrophy, ocular disease and hearing impair-
ment. The accumulation of undegraded metabolites within the
lysosomes is the primary cause of the disease. However, it
has been suggested that the various ranges of clinical symptoms
also activate secondary pathways, such as cellular dysfunction,

Figure 7. Correction of the skeleton malformations in the treated MPSII mice.
(A) A wild-type (wt) mouse and untreated (Idsy/2) and AAV2/
8TBG-IDS-injected (Idsy/2þ IDS) MPSII mice are shown at 9 months of
age (T7 from therapy). (B) Radiography of the same animals. Craniofacial
abnormalities are corrected in the injected mouse.
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because of the altered activation of biochemical pathways and
altered gene expression. Overall, these altered primary and sec-
ondary pathways cause tissue pathology and general organ
damage (22).

LSDs are good candidates for treatment through comple-
mentation approaches. This prediction comes from an original
observation of Fratantoni and collaborators. They were able to
cross-correct MPSI and MPSII defects in fibroblasts by
co-cultivating the cells, leading to a intercellular metabolic
complementation (23). The therapies currently at the stage
of preclinical or clinical trials for many of the LSDs are
ERT, cellular therapies, such as BMT, and virus-mediated
gene therapy.

The choice between these three therapeutic approaches
relates to their different efficacies with respect to the different
LSDs. In particular, for the treatment of MPSII, or Hunter syn-
drome, which is characterized by the inactivity of the IDS
enzyme and the consequent accumulation of heparan and der-
matan sulfates (GAGs) within the lysosomes, at present, ERT
and BMT result in doubtful prognoses for prolonged positive
outcomes (7,11). Attempts of therapy for MPSII are palliative
and focused on management of the clinical symptoms. This is
also due to the limited number of patients under treatment and
to their short length of follow-up. Thus, as a mouse model for
MPSII is available, we have designed an efficient gene-therapy
protocol.

Figure 8. Locomotor tests in treated MPSII mice. (A) The open-field exploratory activity test shows that the treated MPSII mice (Idsy/2þ IDS) performed better
than the untreated MPSII mice (Idsy/2) and that they have a similar behavior to the wild-type mice (wt). The data represent the mean values of the performances
of three animals at T7. Bars indicate standard deviations. (B) The walking-pattern test shows the correction of the skeleton deformation of a treated MPSII mouse
(Idsy/2þ IDS, bottom), compared with an untreated MPSII mouse (Idsy/2, middle) and a wild-type mouse (wt, upper). The data represent the performance of
animals at T7 of therapy.
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We have investigated the MPSII mouse model for its gross
phenotypic characteristics and metabolic defects. Furthermore,
neuropathological features within the CNS were analyzed.
Then, we systemically delivered the IDS gene into the tail
vein using AAV2/8 vectors. We have been able to specifically
transduce the liver and to promote the production of human
IDS only in the hepatocytes. The enzyme was then secreted
efficiently into the blood stream, and it targeted all of the non-
transduced tissues with great efficiency. Complete correction
of the visceral, skeleton and locomotor defects was achieved.
A partial rescue of the IDS activity in the CNS was also
observed.

The AAV vectors (24) transduce murine tissues efficiently
and their production allows the exchange of the surface pro-
teins (the capsid) between different serotypes (25–29). The
hybrid vectors contain the genome packaged in capsids from
different AAV serotypes and detain effective transduction
characteristics, resulting in excellent efficacy of gene
expression and tissue tropism. In fact, AAV2/1 and 2/7
vectors transduce muscle very powerfully (15,27,28),
AAV2/5 tranduces lung by entering the airway from the
apical side (30) and AAV2/8 is the most efficient AAV
vector for liver-directed gene transfer (15).

We used the TBG promoter to express the IDS gene. This is
a liver-specific promoter, which ensures high expression when
the liver is targeted (17). Thus, the combination of AAV8 and
the TBG liver-specific promoter was extremely useful for the
production of high levels of the circulating IDS enzyme and
could represent a valuable tool for the treatment of MPSII
patients. Liver-targeted administration of AAV2/8 vectors in
non-human primates (NHPs) has established therapeutic
levels of transgene expression (31). In addition, the targeting
of the liver of NHPs with AAV vectors appears to be safer
for the production of secreted factors, as the toxic humoral
immune responses to the transgene product is less likely to
occur than with the targeting of other tissues such as muscle
or lung (31,32). In conclusion, AAV2/8 vectors appear to
be a promising approach for future clinical applications for
the delivery of IDS in MPSII patients. Although a canine
MPSII mutant has been described (33), it is no longer avail-
able, and thus, a future step might be intraportal injections
in NHPs of the AAV2/8 vector produced with GMP (Good
Manufacturing Practice) processes, to test the toxicity, biodis-
tribution and level of transgene expression in NHPs.

Usually, the correction of MPS defects can be achieved by
restoring the enzymatic activities to up to only 1–10% of their
normal levels (14); in the present study, we have restored the
IDS activity up to and well beyond 100%, with respect to the
normal wild-type levels. We injected the viral particles at
4 � 1012 per kilogram in our experiments; however, as we
were able to obtain high levels of IDS in the plasma, which
ranged from 16 to 70 times higher than the normal wild-type
values, we are now evaluating the effects of the therapy after
decreasing the amounts of viral particles injected. For the
future, this is a valuable concept, as it should scale down
the amounts of viral particles that might be needed in the
treatment of larger animals and of humans in clinical trials.

In our system, the high levels of the circulating IDS enzyme
have resulted in its crossing of the hemato-encephalic barrier,
leading to a partial rescue of the IDS deficiency, along with

the clearance of the GAGs in the choroid plexus. Similar cor-
rection of CNS defects has been described in a mouse model
of MPSVII after intrahepatic administration of AAV2 vectors
(34). This result is important when considering the possibility
of correcting the CNS defects through this approach. Further-
more, a therapeutic effect in the brain has also been shown by
administration of high doses of enzyme through ERT. Both
b-glucuronidase and a-mannosidase were able to cross the
hemato-encephalic barrier in MPSVII and in a-mannosidosis
mouse models, respectively (35,36). Further studies are
needed to better elucidate the therapeutic effects of systemic
IDS delivery for the correction of the brain phenotype.

In addition to the liver, we tested muscle and lung as puta-
tive ‘factory organs’ for the production and the secretion of
active IDS. Injection in the anterior tibialis might be a less
invasive way of viral particle delivery. However, in our
system, the liver was the most efficient tissue in terms of
secretion efficacy. We are now targeting the muscle of
MPSII pups by injecting AAV vectors carrying both SUMF1
and IDS into the anterior tibialis. Preliminary results indicate
that SUMF1 enhances the activity of IDS in this tissue, with a
good level of IDS secretion. Therefore, engineering the
muscle with both SUMF1 and IDS might represent an alterna-
tive and less invasive approach for the therapy of MPSII.

In conclusion, the systemic delivery of IDS through AAV2/8
vectors is highly efficient and represents a promising approach
for future applications in the therapy of MPSII patients.
Furthermore, it can be considered as proof of principle for
the treatment of LSDs including other sulfatase deficits. The
systemic distribution of the active enzyme might represent
an efficient way of delivery for many of the metabolic
disorders affecting different tissues and organs.

MATERIALS AND METHODS

Blood and tissues collection

Blood (50 ml) was collected in EDTA before the injection (T0)
and each month after the injection (T0, T1, T2, T3, T4, T5, T6
and T7). The blood was centrifuged at 10 000g in an Eppen-
dorf centrifuge for 10 min at 48C, and the serum (supernatant)
was used for the enzymatic assay. Tissues were collected
1 month and 7 months after injection. The mice were sacri-
ficed by cardiac perfusion: the left ventricle was cannulated,
an incision was made in the right atrium and the animals
were perfused with PBS. Half of each tissue investigated
was fixed (for Alcian-blue, X-gal and Toluidine-blue staining)
and half was frozen in dry ice (for the IDS activity assay).

AAV vector construction and production

The human IDS coding sequence was cloned into the
pAAV2.1-TBG-LacZ plasmid (20) by replacing the LacZ
sequence. The resulting pAAV2.1-TBG-hIDS and pAAV2.1-
LacZ were then triple transfected in sub-confluent 293 cells
along with the pAd-Helper and the pack2/8 packaging plas-
mids, as described previously (15). The recombinant AAV2/8
vectors were purified by two rounds of CsCl, as described
previously (15). Vector titers, expressed as genome copies
(GC/ml), were assessed by real-time PCR (GeneAmp 7000
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Applied Biosystem), as described previously (37). The AAV
vectors were produced by the TIGEM AAV Vector Core
Facility.

IDS activity assay

The tissues for analysis were homogenized in water. Serum
and tissue protein concentrations were determined using the
Bio-Rad (Bio-Rad, Hercules, CA, USA) colorimetric assay.
The IDS assay was performed as described previously (19):
50 mg protein was incubated with 20 ml of the fluorogenic
substrate, 4-methylumbelliferyl-a-iduronide-2-sulfate, for 4 h
at 378C. Then, 10 ml of purified a-iduronidase from rabbit
liver and 40 ml of McIlvain’s buffer (0.4 M Na-phosphate/
0.2 M Na-citrate, pH 4.5) were added to the reaction
mixture, which was then incubated for an additional 24 h at
378C. The reaction was stopped by adding the carbonate
stop buffer (0.5 M NaHCO3/0.5 M Na2CO3, pH 10.7), and
the fluorescence of the 4-methylumbelliferone liberated was
measured using 365 nm excitation and 460 nm emission in a
fluorimeter (Hoefer Scientific TKO 100 Instruments,
San Francisco, CA, USA). The enzyme activities were
expressed as nmol/4 h/mg protein, as calculated through
the standard curve of the fluorogenic substrate,
4-methylumbelliferyl-a-iduronide (Sigma-Aldrich).

Alcian-blue, X-gal and Toluidine-blue staining

After the perfusion of the animals with PBS, the tissues were
collected and fixed in methacarn solution (30% chloroform,
60% methanol and 10% acetic acid) for 24 h at 48C. The
next day, the tissues were embedded in paraffin
(Sigma-Aldrich) after their dehydration with a 70–100%
ethanol gradient. Finally, the tissues were sectioned into
7 mm thick serial sections on a microtome. The tissue sections
were stained with 1% Alcian blue (Sigma-Aldrich) in hydro-
chloric acid. The counterstaining was performed for 2 min
with Nuclear-Fast red (Sigma-Aldrich).

For the X-gal staining, the tissues were collected after PBS
perfusion and fixed in 2% PFA, exposed to a 5–30% glucose
gradient, embedded in OCT (TM Compound TISSUE-TEK,
Sakamura, The Netherlands) and finally sectioned into
10 mm thick serial sections on a cryostat. b-Galactosidase-
positive cells were taken through X-gal staining to develop
the b-galactosidase positivity (20).

For the Toluidine-blue staining, after 2% PFA fixation, the
brain hemispheres were embedded in methacrylate using the
JB-4 Plus Embedding Kit (Polysciences, Inc., Warrington, PA,
USA) and sectioned into 2 mm thick sections. The brain sections
were stained with 0.1% Toluidine blue (Fisher Scientific, UK).

Immunofluorescences

Mice tissues were collected after PBS perfusion and fixed with
4% PFA for 12 h at 48C. Then, tissues were subjected to a
saccharose gradient (from 10 to 30%) and incubated over
night in 30% saccharose at 48C. Finally, tissues were
embedded in OCT embedding matrix (Kaltek) and snap-frozen
in a bath of dry ice and ethanol. Immunofluorescence analyses
were performed on 10 mm thick serial cryosections. The

specimens were incubated for 1 h with blocking solution
(1� Tris buffer saline, 0.5% Tween-20, 0.1% bovine serum
albumin; Sigma-Aldrich) and 10% goat normal serum
(Sigma-Aldrich) before incubation over night with a polyclo-
nal anti-human iduronate 2-sulfatase (hIDS) antibody and with
monoclonal anti-rat Lamp2 (Abcam, Cambridge, UK). After
washing, sections were incubated for 40 min with secondary
anti-rabbit IgG conjugated to FITC (Jackson ImmunoRe-
search, UK) and anti-rat IgG conjugated to TRITC (Molecular
Probes, Invitrogen, CA, USA). Stained sections were mounted
with Vectashield with DAPI (Vector Laboratories, CA, USA).
The polyclonal anti-hIDS antibody was generated by immu-
nizing rabbits with the full length of protein. Antiserum was
affinity purified and antibody specificity was tested.

Quantitative analysis of GAG accumulation in
tissues and urine

The protein extracts were assayed with the dimethylmethylene
blue-based spectrophotometry of glycosaminoglycans (38).
The samples were read at 520 nm and the GAG concentrations
were determined using the heparan sulfate standard curve
(Sigma-Aldrich). Tissue GAG was expressed as mg GAG/mg
protein.

Urine from individual mice was collected in metabolic
cages before the treatment (at T0) and then 1 month (T1)
and every further 2 months after the treatment (T3, T5 and
T7). The GAG levels in the urine were determined using the
dimethylmethylene blue-based spectrophotometry of glyco-
saminoglycans (38). These were normalized to the creatinine
content. Urine creatinine was measured using a Creatinine
Assay Kit (Quidel Corporation, San Diego, CA, USA). Absor-
bance was read at 490 nm. The urinary GAG was expressed as
mg GAG/mg creatinine.

Open-field and walking-pattern tests

Treated MPSII and control mice were tested during the same
sessions to minimize any variability. The motor and the
exploratory behaviors were assessed in an acrylic open arena
(39). Gait abnormalities were determined by painting the
mouse paws with non-toxic, washable paint and then placing
the mice in a corridor lined with white paper.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG Online.
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