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Mucopolysaccharidosis | (MPS 1) is a lysosomal storage
disease due to deficiency in a-L-iduronidase (IDUA) that
results in accumulation of glycosaminoglycans (GAGs)
throughout the body, causing numerous clinical defects.
Intravenous administration of a y-retroviral vector (y-RV)
with an intact long terminal repeat (LTR) reduced the clin-
ical manifestations of MPS 1, but could cause insertional
mutagenesis. Although self-inactivating (SIN) y-RVs in
which the enhancer and promoter elements in the viral
LTR are absent after transduction reduces this risk, such
vectors could be less effective. This report demonstrates
that intravenous (i.v.) injection of a SIN y-RV expressing
canine IDUA from the liver-specific human o, -antitrypsin
promoter into adult or newborn MPS | mice completely
prevents biochemical abnormalities in several organs,
and improved bone disease, vision, hearing, and aorta
to a similar extent as was seen with administration of
the LTR-intact vector to adults. Improvements were less
profound than when using an LTR-intact y-RV in new-
borns, which likely reflects a lower level of transduction
and expression for the SIN vector-transduced mice, and
might be overcome by using a higher dose of SIN vec-
tor. A SIN y-RV vector ameliorates clinical manifestations
of MPS | in mice and should be safer than an LTR-intact
Y-RV.
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INTRODUCTION
Mucopolysaccharidosis I (MPS I) is a lysosomal storage disease
that occurs in ~1 in 100,000 live births and is due to mutations
in the enzyme o-L-iduronidase (IDUA; EC 3.2.1.76) (ref. 1). This
results in accumulation of the glycosaminoglycans (GAGs) hepa-
ran sulfate and dermatan sulfate, which can result in coarse facial
features, joint stiffness, skeletal deformities, visual impairment,
deafness, hernias, cardiac valve and aortic disease, and mental
retardation.’

Treatment for MPS I currently consists of hematopoietic
stem cell transplantation’ or enzyme replacement therapy.*’

In hematopoietic stem cell transplantation, cells from a normal
donor migrate to organs where they secrete IDUA modified with
mannose-6-phosphate (M6P), which is taken up by adjacent cells
via the M6P receptor. In enzyme replacement therapy, IDUA
modified with M6P is injected intravenously, and enzyme diffuses
into organs and is taken up via the M6P receptor. Both treatments
have reduced clinical manifestations of MPS I, but are expensive.
Furthermore, hematopoietic stem cell transplantation requires
a compatible donor and enzyme replacement therapy involves
weekly injections.

Gene therapy is a promising alternative to existing treat-
ments for MPS I, and has improved clinical manifestations of the
disease in a variety of animal models.® Neonatal administration
of y-retroviral vectors (y-RV),”® lentiviral vectors,” or adeno-
associated virus vectors'® expressing the IDUA gene have pre-
vented many aspects of MPS I disease in mice, while y-RV have
been effective in dogs and cats."""* However, administration of
a 7-RV7 or a lentiviral vector®'* to adult mice without immuno-
suppression resulted in a cytotoxic T lymphocyte response and
subsequent loss of IDUA expression and thus had no therapeutic
effect. Administration of a y-RV expressing IDUA in conjunc-
tion with transient immunosuppression prevented an immune
response and resulted in long-term expression,” but immu-
nosuppression carries inherent risks, and avoiding this option
would be preferred. Engineering a y-RV to prevent expression
in nonhepatic cells by inversion of the expression cassette rela-
tive to an intact long terminal repeat (LTR) resulted in stable
expression, although expression was lower and the vector was
less effective at preventing disease manifestations than an LTR-
intact vector with the expression cassette in the same orientation
as the LTR.’* Adult administration of a lentiviral vector with a
liver-specific promoter' or a plasmid vector to immunodeficient
mice' reduced disease manifestations in MPS I mice.

A second problem with using integrating vectors for gene
therapy is the risk of insertional mutagenesis.'"® One way to lower
this risk is to create a self-inactivating (SIN) y-RV with a deletion
in the U3 region of the 3’ viral LTR that is copied to the 5"-LTR
position after transduction. This results in deletion of the viral
promoter/enhancer elements, leaving only an internal promoter
to drive expression.'”?' A SIN y-RV reduced the risk of insertional
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mutagenesis affecting cellular growth to ~10% of that seen with an
LTR-intact vector in hematopoietic cells.>*

In this study, we produced a SIN y-RV with the liver-specific
human o, -antitrypsin promoter (hAAT), the canine IDUA com-
plementary DNA (cIDUA), and an optimized woodchuck hepa-
titis post-transcriptional regulatory element (oPRE). This vector
was administered to both neonatal and adult MPS I mice, and
reduced or prevented many manifestations of disease.

RESULTS

Description of RVs and injection into mice

The y-RV designated SIN-hAAT-cIDUA-oPRE is diagrammed in
Figure la. This vector has a deletion of the retroviral enhancer
and promoter sequences in the U3 region of the 3’-LTR, resulting
in a ALTR, which lacks promoter function at the 5’- and 3’-ends of
the provirus after integration." The liver-specific hAAT promoter
drives expression of the canine IDUA complementary DNA, and
the oPRE improves expression.”! This vector resulted in cIDUA
expression in vitro in human hepatoma HepG2 cells but not in
murine fibroblast NTH3T3 cells (data not shown). The previously
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Figure 1 Vectors. (a). SIN-hAAT-cIDUA-oPRE. The diagram shows the
SIN-hAAT-cIDUA-oPRE vector. The 5-end contains the simian virus 40
enhancer (§V40) and the Rous sarcoma virus (RSV) long-terminal repeat
(LTR) instead of the Moloney murine leukemia virus U3 (unique to the
3’-end of the RNA). Most of the U3 region of the 3’-LTR has been deleted
to form a AU3 lacking enhancer and promoter elements, with only 22bp
from the 5’-end and 14 bp from the 3’-end of the original 449bp U3.
The U5 (unique to the 5-end of the RNA) and the R (redundant; present
at both the 5’- and the 3’-end of the RNA) are also shown. Upon inte-
gration, the U3 region of the 3’-ALTR is copied to the 5-LTR position,
and both ALTRs are transcriptionally inactive. The human o,-antitrypsin
(hAAT) promoter drives expression of the canine o-L-iduronidase gene
(cIDUA) in hepatic cells, as indicated by the black arrow. The optimized
post-transcriptional regulatory element (oPRE) lacks open reading frames
and lacks the sequence and promoter of the potentially oncogenic X
protein. (b) hAAT-cIDUA-WPRE. The diagram shows the LTR-intact hAAT-
cIDUA-WPRE vector. The LTR is complete at both ends, and upon inte-
gration can drive expression of the cIDUA in nonhepatic cells. This vector
also contains the woodchuck hepatitis virus post-transcriptional regula-
tory element (WPRE), which is similar to the oPRE but is longer and does
not have the modifications noted above. SIN, self-inactivating.
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described LTR-intact y-RV designated hAAT-cIDUA-WPRE’ is
diagrammed in Figure 1b.

The group designated hereafter as Neonatal-SIN are MPS I
mice that received intravenous (i.v.) injection of 1 x 10" transduc-
ing units (TU)/kg of SIN-hAAT-cIDUA-oPRE vector at 2-3 days
of age. Most (81% of 16 mice) achieved stable expression of IDUA
activity in serum, and animals with stable expression had an average
serum IDUA activity of 127 £ 10 U/ml (Figure 2a; 63-fold the value
in homozygous normal mice). The group designated as Adult-SIN
were MPS I mice that received iv. injection of 1 x 10"°TU/kg of
SIN-hAAT-cIDUA-oPRE at 6 weeks of age after injection of hepa-
tocyte growth factor to induce hepatocyte replication, as detailed
in the Materials and Methods section. No immunosuppression
was given to this group. Most (88% of 8 mice) achieved high and
stable IDUA activity (Figure 2b), with an average of 71 = 7U/ml.
Stable expression suggests that an immune response did not occur,
which is consistent with the hypothesis that avoiding expression in
antigen-presenting cells could prevent an immune response from
occurring. The group designated Adult-LTR were MPS I mice that
received 1.7 x 10" TU/kg of the LTR-intact hAAT-cIDUA-WPRE
vector at 6 weeks of age after administration of hepatocyte growth
factor. These mice were also immunosuppressed with CTLA4-Ig
and anti-CD40 ligand, as detailed in the methods. This dose was
167% of that in a previous study, and involved slightly different
times of y-RV injection relative to that of hepatocyte growth fac-
tor."® All mice (N = 10) had stable IDUA expression in serum, that
averaged 23520 U/ml, as summarized in Figure 2c. Serum IDUA
activity in Adult-LTR mice was threefold the value observed in
Adult-SIN mice. Finally, results of the three groups analyzed in this
study will be compared with historical controls from a group desig-
nated Neonatal-LTR that were analyzed with similar methods and
received 1 x 10'°TU/kg of the LTR-intact vector hAAT-cIDUA-
WPRE at 2-3 days after birth. These mice achieved stable serum
IDUA activity at 1,240 £ 147U/ml) (ref. 7), as summarized in
Figure 2c, which was tenfold the value in the Neonatal-SIN mice.

As the efficacy of gene therapy depends on the amount of
IDUA that is secreted in a usable form, the amount of serum
IDUA activity with M6P modification was examined. While 49 +
9% of serum IDUA in normal mice was M6P modified, only 11 +
1% of serum IDUA in Neonatal-SIN mice and 14 £ 2% of serum
IDUA in Adult-SIN mice were M6P modified (Figure 2d). This is
similar to the percentage of M6P-modified IDUA that was seen
previously with the LTR-intact hAAT-cIDUA-WPRE vector.”'¢

Heparin cofactor II (HCII)-thrombin (IIa) complex formation
is potentiated by dermatan sulfate, and the presence of such com-
plexes in MPS I, but not normal, serum likely reflects the presence
of dermatan sulfate in blood. The disappearance of these complexes
has been used to evaluate the efficacy of treatment in humans.*
An immunoblot for HCII confirms that normal mice do not form
HCII-IIa complexes in their serum, whereas MPS I mice have high
levels of HCII-IIa complexes. HCII-IIA complexes were absent in
Neonatal-SIN and Adult-SIN mice at 8 months (Figure 2e).

Biochemical abnormalities

For the SIN-hAAT-cIDUA-oPRE vector, the liver is expected to
be the organ that produces and secretes IDUA into serum, as
the vector has a liver-specific hAAT promoter and the ALTR is
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transcriptionally inactive. For the LTR-intact vector, we have pre-
viously shown that liver had the highest level of expression, but
expression did occur in other organs.”’* Adult-LTR, Neonatal-
SIN, and Adult-SIN mice had 20 £ 5, 33 £ 11, and 33 + 4U/mg
of IDUA activity in liver, as shown in Figure 3a, which was >3.5-
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Figure 2 Serum o-L-iduronidase (IDUA) activity and heparin cofac-
tor Il (HCIl) complexes after transduction. (a) Serum IDUA activity
in Neonatal-SIN mice. Neonatal-SIN mice were mucopolysaccharidosis
I (MPS 1) mice that received 1 x 10 transducing units (TU)/kg of SIN-
hAAT-cIDUA-oPRE at 2 days of age. Serum IDUA activity was determined
periodically, and each line represents an individual animal. The red arrow
indicates the age of y-retroviral vector (RV) injection. The blue bar rep-
resents the average serum IDUA activity in homozygous normal mice
+2 SD. (b) Serum IDUA activity in Adult-SIN mice. Adult-SIN mice were
MPS | mice that received hepatocyte growth factor to induce hepato-
cyte replication followed by 1 x 10'°TU/kg of SIN-hAAT-cIDUA-oPRE at
6 weeks of age. No immunosuppression was given. (c) Average serum
IDUA activity for different groups of treated MPS | mice. Neonatal-SIN
(Neo-SIN) and Adult-SIN mice are described above; all animals with <10
U/ml of serum IDUA activity at any time of evaluation were excluded
from these averages and from any subsequent analyses. The Neonatal-
LTR (Neo-LTR) mice received 1 x 10'°TU/kg of hAAT-cIDUA-WPRE at 2
days of age and were evaluated for clinical improvement previously,” and
will be evaluated for RNA and DNA below. The Adult-LTR mice received
hepatocyte growth factor followed by 1.7 x 10'°TU/kg of hAAT-cIDUA-
WPRE and were immunosuppressed transiently with CTLA4-lg and
aCD40 ligand as detailed in the Materials and Methods section; this
vector dose was ~1.7-fold that in a previous report.'® The average serum
IDUA activity £ SEM is shown for the indicated number of mice (N) in
each group. (d) Percentage of IDUA with mannose-6-phosphate (M6P)
modification. The percentage of IDUA activity that was retained on an
M6P receptor column and eluted with M6P was determined for samples
obtained at 8 months of age. Double asterisks indicate P < 0.01 for the
indicated group versus normal using analysis of variance with Tukey’s
post hoc analysis. (e) Immunoblot for HCll-thrombin (lla) complexes.
Sera obtained from animals of the indicated groups at 8 months of
age were electrophoresed on a sodium dodecyl sulfate—polyacrylamide
gel and immunoblot for HCIl was performed, as dermatan sulfate can
potentiate the formation of HCll-lla complexes. The position of free
HCIl and the covalent HClI-lla complexes is shown. cIDUA, canine o-L-
iduronidase; hAAT, human o, -antitrypsin promoter; LTR, long-terminal
repeat; oPRE, optimized woodchuck hepatitis post-transcriptional regu-
latory element; SIN, self-inactivating; WPRE, woodchuck hepatitis virus
post-transcriptional regulatory element.
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fold the IDUA activity in normal liver (6 = 1 U/mg). Neonatal-SIN
and Adult-SIN mice had spleen, kidney, and lung IDUA activity
that was >37% of normal; these organ were not analyzed in the
Adult-LTR mice evaluated in this study, as these organs were cor-
rected biochemically in a prior study using a lower dose of the
LTR-intact hAAT-cIDUA-WPRE vector.”” IDUA activity was low
in all groups including normal animals in the aorta, and could not
be quantified accurately.

MPS I mice typically exhibit an increase in activity of other
lysosomal enzymes and in GAG levels in organs. Therefore, we
examined whether gene therapy could normalize these levels.
Although reductions in [B-glucuronidase (GUSB) activity in
liver, spleen, kidney, and lung (Figure 3b) did not always achieve
statistical significance for the Neonatal-SIN and Adult-SIN
groups, reductions in GAG levels were significant in these organs
(Figure 3c). The aorta has been one of the most difficult organs
to correct with gene therapy. GUSB activity and GAG levels were
significantly reduced in Adult-LTR, Neonatal-SIN, and Adult-SIN
mice when values were compared with those in untreated MPS I
mice. Although GUSB activity and GAG levels in all treated groups
were not statistically different from those in normal mice, they
appeared to be elevated, and the failure to detect differences was
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Figure 3 Enzyme activity and glycosaminoglycan (GAG) content of
organs at 8 months of age. Tissues from five normal, six mucopolysac-
charidosis | (MPS 1), six Adult-LTR, four Neonatal-SIN, and three Adult-
SIN mice were obtained at 8 months of age, and homogenates were
prepared. (a) o-L-lduronidase (IDUA) activity. The average IDUA activ-
ity £ SEM for each group is shown, and statistical comparisons of each
group were with values in untreated MPS | mice using analysis of vari-
ance with Tukey's post hoc analysis, and asterisk indicates P=0.01-0.05,
while double asterisks indicate P < 0.01. IDUA activity is not shown for
aorta as the activity was too low to be accurately determined in any sam-
ples including those from normal mice. Some organs from the Adult-LTR
group were not evaluated here, as biochemical abnormalities in those
sites was normalized with a lower dose of vector in a previous study.'
(b) B-Glucuronidase (GUSB) activity. (c¢) GAG content. (d) Cathepsin S
activity. LTR, long-terminal repeat; SIN, self-inactivating.
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likely due to the small numbers of mice that were evaluated and
the fact that five groups were compared statistically using analysis
of variance with Tukey’s post hoc analysis. Indeed, histopathology
of aortas from the treated mice demonstrated that there was accu-
mulation of lysosomal storage material to a varying extent that
correlated well with the levels of GAGs determined biochemically
for individual mice (data not shown).

We recently reported that cathepsin S was upregulated in the
aorta of MPS I mice, and postulated that this elastin-degrading
enzyme contributed to the development of elastin fragmenta-
tion in the aorta.® Organs were therefore evaluated for cathe-
psin S enzyme activity, as shown in Figure 3d. As is similar to
our previous report, cathepsin S activity was 30-fold normal in
aorta in MPS I mice (P < 0.01). Cathepsin S activity was signifi-
cantly reduced in aorta in Adult-LTR, Neonatal-SIN, and Adult-
SIN mice as compared with untreated MPS I. Values in treated
mice were two- to threefold normal, which were not significantly
different from values in normal mice. Cathepsin S activities in
liver, kidney, and lung in MPS I mice were not statistically differ-
ent from levels in normal mice, although the values were two- to
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Figure 4 Bone analysis. Mice were untreated or were treated with gene
therapy as described above, and bone analyses were performed at 8
months. (a) Femur width. The average width of the femur + SEM was
determined at the point halfway between the proximal and distal ends
of the femur for the indicated number of mice. (b) Bone mineral density
(BMD). Double asterisks indicate P < 0.01 for comparison of values in the
indicated group with those in untreated mucopolysaccharidosis | (MPS 1)
mice using one-way analysis of variance with Tukey’s post hoc analysis.
SIN, self-inactivating.
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Treatment of MPS | Using a SIN Retroviral Vector

fivefold normal, and the failure to detect differences with analysis
of variance with Tukey’s post hoc analysis may reflect the small
numbers of animals and the large number of groups. These data
suggest that upregulation of cathepsin S activity was much greater
in the aorta than in other organs that were evaluated.

Skeletal defects

Most MPS I mouse bones are thicker than in normal mice,
with the femurs being 119 * 2% of normal width (Figure 4a).
Neonatal-SIN and Adult-SIN femur diameters were significantly
reduced to 105 % 2 and 103 * 4% of normal width, respectively
(for both groups, P < 0.001 versus MPS I, and not significant ver-
sus normal). Normal mice have a bone mineral density of 0.049 *
0.001 g/cm?, while MPS I bones were significantly more dense
at 0.059 % 0.001 g/cm? (Figure 4b). This defect was nearly com-
pletely corrected in Neonatal-SIN and Adult-SIN mice, who had
bone mineral density of 0.051 £ 0.001 and 0.050 + 0.001 g/cm?,
respectively (for both groups, P < 0.001 versus MPS I, and not
significant versus normal). Because Adult-LTR mice that received
a lower dose of RV in a previous study had marked improvements
in bone,"” bone was not evaluated in the Adult-LTR mice that
received the higher dose in this study. These data suggest that the
Neonatal-SIN and Adult-SIN mice have marked improvements in
skeletal abnormalities.

Eye and ear defects

MPS 1 patients and mice have abnormalities in eyesight due to
corneal clouding and retinal dysfunction, and in hearing due to
conductive defects. To evaluate eye defects in our mice, sections
of the eye were stained with hematoxylin and eosin. MPS I mice
had a reduced number of photoreceptor cells per column in the
outer nuclear layer of the retina (Figure 5a,b), as normal eyes had
9.9 + 0.2 cells/column in the outer nuclear layer, while MPS I eyes
had far fewer cells at 5.9 + 0.3 cells/column (59% normal; P < 0.001
versus normal). Adult-LTR mice were almost completely cor-
rected, with 9.1 £ 0.1 cells/column (92% normal; P < 0.001 versus

Neo-SIN Adult-SIN

P

Cells/colum

10 kHz

Figure 5 Analysis of eye and ear. (a) Histopathology of the eye. Hematoxylin and eosin stains of sections of the retina were obtained for animals
that were sacrificed at 8 months. The retinal pigmented epithelium (RPE), outer segments (OS), inner segments (IS), outer nuclear layer (ONL), outer
plexiform layer (OPL), inner nuclear layer (INL), and inner plexiform layer (IPL) are indicated. Bar = 10 um. (b) Number of cells in the ONL. The aver-
age number of cells in one thickness of the ONL (top to bottom in the photographs) was determined for individual animals, and the average + SEM
for the group determined. Asterisk indicates P = 0.01-0.05, double asterisks indicate P < 0.01 versus mucopolysaccharidosis | (MPS I) using one-way
analysis of variance with Tukey’s post hoc analysis. The number of animals tested are shown above each bar. (c) Electroretinograms. Dark-adapted
a- and b-wave measurements from electroretinograms. (d) Auditory-evoked brainstem responses. The decibels of sound needed to evoke a response
in the brainstem that was determined at varying frequencies of sound are shown. LTR, long-terminal repeat; SIN, self-inactivating.
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MPS I, not significant versus normal), while Neonatal-SIN and
Adult-SIN mice were only partially corrected, with 7.9 + 0.5 cells/
column (80% normal; P = 0.002 versus MPS I and P = 0.002 versus
normal), and 7.6 0.4 cells/column (77% normal; P = 0.02 versus
MPS I and P = 0.005 versus normal), respectively. In addition, the
lengths of the outer segments, where light activates a signal trans-
duction pathway that results in vision, were reduced in untreated
MPS I'mice and to a varying extent in the treated mice (Figure 5a).
To evaluate eye function, electroretinograms (ERGs) were per-
formed. Dark-adapted ERG is primarily indicative of rod function
although it also measures function of the middle retinal layers.
Dark-adapted ERG in MPS I mice showed a significant decrease in
the a-wave (27 £ 10% of normal; P = 0.007 versus normal) and the
b-wave (40 £ 27% of normal; P < 0.001 versus normal) (Figure 5¢).
This defect was completely corrected in Adult-LTR mice. For
Neonatal-SIN mice, the a-wave was partially corrected at 53 * 6%
normal (P = 0.01 versus normal and P = 0.02 versus MPS I), and
values for the b-wave were also intermediate at 75 = 17% normal
but were not significantly different from values in normal or MPS
I mice. Similarly, for the Adult-SIN mice, the a-wave was partially
corrected at 44 £ 12% normal (P = 0.009 versus normal and P =
0.025 versus MPS I) and the values for the b-wave were intermedi-
ate at 67 + 30% normal, which was significantly different from in
normal mice (P < 0.001) but did not differ statistically from MPS I
mice. Light-adapted ERG, which is indicative of cone function, was
normal in MPS I mice (data not shown).

Hearing was evaluated using auditory-evoked brainstem
responses. In normal mice, 39 £ 6 decibels (dB) were required to
elicit a signal in the auditory nerve at a sound frequency of 10kHz,
while MPS I mice were nearly deaf and required an average of
89 + 2dB (Figure 5d; 2.3-fold normal; P < 0.001 versus normal).
All treated groups had significant improvements in the audito-
ry-evoked brainstem responses at 10 kHz, as Adult-LTR mice
required 59 * 2dB to elicit a response (1.5-fold normal, P = 0.002
versus MPS I), Neonatal-SIN required 61 £ 6 dB (1.6-fold normal
P =0.004 versus MPS I), and Adult-SIN required 50 £ 8 dB (1.3-
fold normal; P < 0.001 versus MPS I). However, although values
for the Adult-SIN mice were not statistically different from those
in normal mice, those in Neonatal-SIN mice were statistically dif-
ferent from in normal mice (P = 0.04) and those in Adult-LTR
mice approached significance (P = 0.08 versus normal). These
data suggest that improvements in hearing were only partial in
the treated mice.

Aorta defects

MPS I mice have dilated aortas, as shown with two-dimensional
echocardiography in Figure 6a. At the position of the ascend-
ing aorta (see Supplementary Figure S1 for a diagram of the
regions of the aorta that were evaluated), the inner diameters of
the MPS I aortas were 2.4 £ 0.2mm (150% the normal value of
1.59 £ 0.51 mm; P < 0.001), as shown in Figure 6b. In addition,
MPS I aortas were dilated at most other positions that were evalu-
ated. The diameters of ascending aortas in Adult-LTR mice were
nearly completely normal at 1.64 = 0.11 mm (103% normal; P not
significant versus normal, P < 0.01 versus MPS I), while values in
Neonatal-SIN mice were partially corrected at 1.9 £ 0.1 mm (117%
normal; P not significant versus normal; P < 0.01 versus MPS I).
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Ascending aorta diameters in Adult-SIN mice were 2.1 + 0.2 mm
(131% normal), which was not statistically better than in untreated
MPS I mice, although the small numbers of animals evaluated
could contribute to a failure to achieve significance. Diameters at
the aortic arch and descending aorta were nearly completely cor-
rected in all treated MPS I mice (Figure 6b). In addition, MPS
I mice had aortic insufficiency (Figure 6c), with an aortic insuf-
ficiency jet that averaged 47.2 + 8.0 grayscale units in a Doppler
echocardiogram (3.1-fold the value of 15.2 & 0.7 grayscale units
of intensity in normal mice; P = 0.01). Aortic insufficiency was
significantly reduced for Neonatal-SIN mice (21.6 + 3.5 units, 1.4-
fold normal; P = 0.03). Values were partially reduced for Adult-
LTR mice (27 £ 5 units; 1.8-fold normal) and for Adult-SIN mice
(36 + 13 units, 2.4-fold normal), although neither of these were
statistically different from values in untreated MPS I mice.
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Figure 6 Aorta. (a) Echocardiograms at 8 months. Representative exam-
ples of 2 dimensional (2D) echos, M-mode echos, and electrocardiograms
(EKGs) performed at the time of M-mode echo are shown. The dashed
lines on 2D echos indicate the position at which M-mode analysis was
performed; the aortic valve is on the left and the first branch of the aorta
is on the right. The arrows indicate the inner edge of the aorta; for the
M-mode the arrows indicate the position of the aorta during systole. (b)
Aorta’s diameter. The average inner diameter of the aorta + SEM at the
aortic valve (AV), Sinus of Valsalva, sinotubular junction (STJ), ascending
aorta (Asc Aorta), aortic arch (Arch), and descending aorta (Des Aorta)
were determined by 2D echo for 7 normal, 11 mucopolysaccharidosis |
(MPS 1), 10 Adult-LTR, 11 Neonatal-SIN, and 6 Adult-SIN mice. (c) Aortic
insufficiency. Aortic insufficiency was determined by the intensity in gray-
scale units on a scale of 0-255 of the aortic insufficiency jet as measured
by Doppler echocardiography. (d) Aortic strain. The average aortic strain +
SEM was determined using the formula: Aortic strain = (systolic diameter —
diastolic diameter)/diastolic diameter and plotted as the percent increase.
Asterisk indicates P = 0.01-0.05, double asterisks indicate P < 0.01 versus
MPS | using one-way analysis of variance with Tukey’s post hoc analysis.
LTR, long-terminal repeat; SIN, self-inactivating.
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Figure 7 Nucleic acid analysis. (@) RNA. Real-time reverse transcriptase
PCR was performed to determine the level of canine o-L-iduronidase
(cIDUA) RNA + SEM in liver, spleen, bone marrow (BM), and white blood
cells (WBCs), and plotted as the ratio of the signal to that of B-actin.
Note the break in the scale, and that samples that are plotted as hav-
ing cIDUA RNA levels that were 0.0007% of B-actin were below the
level of sensitivity, which was 0.001% of B-actin. (b) Liver DNA. cIDUA
DNA copy numbers in mice of the indicated genotype and treatment
group were determined using real-time PCR and plasmid standards. The
limit of sensitivity was 0.02 copies/cell. LTR, long-terminal repeat; MPS |,
mucopolysaccharidosis I; SIN, self-inactivating.

It was recently reported that human patients with MPS I have
stiff aortas that have a reduced increase in diameter during systole
as compared with aortas from normal controls.”” The M-mode
echocardiograms in Figure 6a show that the diameter of an aorta
of a normal mouse increased by 10.5 + 0.4% during contraction of
the heart in systole, as quantified in Figure 6d. In contrast, MPS I
mice have stiff aortas that only increase in diameter by 3.1 £ 0.4%
during systole (P < 0.001 versus normal). Gene therapy partially
corrects this defect, with Adult-LTR faring the best at a 8.8 £0.9%
increase (P < 0.001 versus MPS I; not significant versus normal),
while Neonatal-SIN were slightly lower at a 6.9 £ 0.7% increase
(P=10.001 versus MPS I; P = 0.01 versus normal). Adult-SIN mice
had an increase in aortic diameter of 5.4 + 1.0% during systole
(not significant versus MPS I; P < 0.001 versus normal).

RNA and DNA analysis

RNA and DNA were analyzed at 8 months of age to determine the
level of expression in different organs for the Neonatal-SIN and
Adult-SIN groups, and to determine the expression and transduc-
tion efficiency in liver for all groups including historical controls
that received the LTR-intact hAAT-cIDUA-WPRE vector. cIDUA
RNA expression was undetectable (<0.001% of B-actin) in normal
and MPS I livers (Figure 7a). Neonatal-LTR livers had the highest
levels of cIDUA RNA at 39 & 26% of B-actin, while the levels in
Adult-LTR (0.8 £ 0.3% of B-actin), Neonatal-SIN (1.1 + 1.2% of
B-actin), and Adult-SIN (1.4 +0.2% of B-actin) mice were similar
to each other and were only 2-3% of that in Neonatal-LTR mice.
cIDUA RNA levels were not detected in spleen, bone marrow,
white blood cells, or brain for Neonatal-SIN and Adult-SIN mice,
suggesting that the SIN-hAAT-cIDUA-oPRE vector is indeed
liver-specific, and that enzyme activity in other organs is due to
uptake of enzyme from blood. In addition, cIDUA RNA was not
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detected in brain in the Adult-LTR mice, which is consistent with
our prior study that used a lower dose of vector.”

A similar trend was seen in liver DNA levels (Figure 7b).
cIDUA DNA was not detectable (<0.03 copies/cell) in liver in nor-
mal and MPS I mice. Neonatal-LTR mice had the highest copy
number of cIDUA in liver, at 1.5 £ 1.6 copies/cell, while other
treatment groups had much lower copy numbers, with 0.10 *
0.04 copies/cell for Adult-LTR mice, 0.13 £ 0.07 copies/cell for
Neonatal-SIN mice, and 0.09 = 0.04 copies/cell for Adult-SIN
mice, which were 6-8% of the values in the Neonatal-LTR mice.
The relatively high amounts of RV DNA in the liver in Neonatal-
LTR mice relative to that in Neonatal-SIN mice that were intended
to receive the same dose of vector could reflect errors in titering of
different preparations at different times with different standards,
or could be due to other causes as discussed below.

DISCUSSION

Sustained IDUA activity

This study demonstrates that Neonatal-SIN and Adult-SIN mice
that received 1 x 10" TU/kg of SIN-hAAT-cIDUA-oPRE with-
out any immunosuppression had sustained IDUA activity in
serum in most mice at 127 + 10 and 71 * 7 U/ml, respectively,
while Adult-LTR mice that received a higher dose of the LTR-
intact hAAT-cIDUA-WPRE vector (1.7 x 10"°TU/kg) and tran-
sient immunosuppression achieved 235 + 20U/ml (Figure 2).
All values were lower than the level of 1240 £ 147 U/ml of serum
IDUA activity achieved previously after neonatal administration
of the LTR-intact vector.” The stable expression in Adult-SIN
mice without immunosuppression likely relates to the fact that
the SIN vector achieved liver-specific expression (Figure 7), and
thus avoided expression in antigen-presenting cells. This result
is similar to that in our previous study in which inversion of the
hAAT-cIDUA expression cassette relative to the LTR resulted
in liver-specific expression and long-term expression without
immunosuppression,'® although the level of expression achieved
with the SIN vector here was higher than for the reverse hAAT-
cIDUA-WPRE vector, the degree of biochemical correction was
greater, and the utilization of a SIN vector is an important safety
advantage. This result differs from our previous result with Adult-
LTR mice, where immunosuppression was necessary to achieve
long-term expression,”” which likely reflected the fact that LTR-
initiated transcripts in nonhepatic cells could be translated into
IDUA protein.

Correction of biochemical abnormalities

Dermatan sulfate can potentiate the formation of HCII-Ila com-
plexes in serum. Such complexes have been used as a biomarker
for patients with MPS I, and their disappearance with enzyme
replacement therapy provided evidence for biochemical correc-
tion.** The disappearance of HCII-IIa complexes in Neonatal-SIN
and Adult-SIN mice in this study (Figure 2e) suggests that derma-
tan sulfate was indeed cleared from blood.

Biochemical evaluation also involved analysis of organs for IDUA
activity, secondary lysosomal enzymes, and GAG levels. Secondary
lysosomal enzymes are lysosomal enzymes other than IDUA whose
levels generally increase with time in untreated animals, and fall
to normal levels with effective treatments. Secondary lysosomal
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enzymes that were evaluated here include GUSB (deficient in MPS
VII) and cathepsin S. Cathepsin S is an elastin-degrading proteinase
that is of particular interest in the aorta, where we have postulated
that it plays a role in the elastin fragmentation that contributes to
aortic dilatation.® The liver, spleen, kidney, and lung of all groups
that were evaluated had biochemical improvements in GUSB activ-
ity, GAG levels, and cathepsin S activity (Figure 3), which is con-
sistent with data from several laboratories demonstrating that these
organs are relatively easy to correct. The failure to achieve complete
biochemical correction in the aorta is discussed below.

Reduction in manifestations of MPS |

The most important measure of the success of gene therapy for
MPS 1 is the ability to improve manifestations that are associated
with morbidity or mortality. A key question is whether or not this
new SIN vector is as effective as the LTR-intact vector used in our
previous studies, and to define the reasons for any differences. In
our previous study with neonatal administration of the LTR-intact
hAAT-cIDUA-WPRE vector, Neonatal-LTR mice had complete
correction of disease manifestations in bone, eye, ear, and heart.
In this study, Adult-LTR, Neonatal-SIN, and Adult-SIN mice all
achieved complete correction of the femur width and bone min-
eral density, suggesting that expression was sufficient to correct
disease in bone.

In the eye, although all treated groups evaluated in this study
had improvements in the number of photoreceptors in the outer
nuclear layer and in the ERG a-wave amplitude, only the Adult-
LTR had statistically significant improvements in the b-wave
amplitude, and some parameters in mice that were treated with
the SIN vector were significantly worse than in normal mice. The
greater degree of improvements in the Adult-LTR mice as com-
pared with the groups that received the SIN vector may reflect
the somewhat higher levels of serum IDUA activity (245 U/ml)
in the Adult-LTR mice than in the Neonatal-SIN (127 U/ml) or
the Adult-SIN (71 U/ml) mice and the fact that we have already
demonstrated that improvements in the eye are only partial when
serum IDUA activity is 30-100 U/ml (refs. 7,15).

In the ear, all treated groups evaluated in this study had
improvements in hearing, although these were only partial.
Histopathological evaluation of the ear demonstrated that all
Adult-LTR, Neonatal-SIN, and Adult-LTR mice had a middle
ear exudate, and that cells within the exudate had evidence of
lysosomal storage (data not shown). This is consistent with the
hypothesis that enzyme does not diffuse effectively from blood
into the middle ear, and the fact that expression of IDUA in white
blood cells was not detected for the Neonatal-SIN and the Adult-
SIN groups (Figure 7), and was very low (0.004% of -actin) for
Adult-LTR mice in our previous study.”® In contrast, white blood
cells from Neonatal-LTR mice had 0.2% as much RV RNA as
[-actin, which is 50-fold higher than for the Adult-LTR mice. We
hypothesize that the loss of expression in white blood cells con-
tributed to the failure to correct the middle ear exudate, which
was likely responsible for the partial reduction in hearing.

The aorta has been one of the most difficult sites to correct
with gene therapy in our experience. In this study, ascending
aortas from the Adult-LTR mice with 235 U/ml of serum IDUA
activity were almost completely corrected to a normal diameter,
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while in our previous study, aortas from Adult-LTR mice that
received a lower dose of vector and achieved 84 U/ml had little
or no correction in aortic diameters."”” The partial improvement
in aortic diameters seen in Neonatal-SIN mice with 127 U/ml of
serum IDUA activity and the lack of improvement seen in Adult-
SIN mice with 71 U/ml is not surprising, and reflects the fact that
aorta is a difficult organ to treat.

A parameter of aortic function that was evaluated for the first
time here was aortic strain, which is the difference in the diam-
eter of the aorta during systole and diastole divided by the aortic
diameter during diastole. MPS I mice had a marked reduction
in aortic strain, which likely reflects the fragmentation of elastin
in the aorta and subsequent loss of elasticity.® Aortic strain was
partially and significantly improved for the Adult-LTR and the
Neonatal-SIN mice, which reflects a reduction, but not complete
prevention, in the number of fragmented elastin fibers seen with
histopathology (data not shown). Aortic strain was at best mini-
mally improved for the Adult-SIN mice, which is consistent with
the increased number of fragmented elastin fibers as compared
with the other treated groups, and with the degree of aortic dilata-
tion. Loss of elasticity of the aorta likely contributes to hemody-
namic abnormalities and development of heart failure in MPS I
mice. All treated MPS I mice had significant reductions in GUSB
activity, GAG levels, and cathepsin S levels in aorta as compared
with untreated MPS I mice (Figure 3).

Comparison of the LTR-intact and the SIN vector

The key question for this gene therapy approach is to assess the
relative efficacy of the SIN vector as compared with the LTR-intact
vector, and to determine why differences exist. For MPS I mice
that were treated as adults, administration of the SIN vector in
this study had a similar effect as was seen in mice that received
the same dose of the LTR-intact vector in our previous study,'
and was slightly inferior to the effect of a higher dose (1.7-fold) of
the LTR-intact vector in this study. For the adult-treated groups
evaluated in this study, the transduction efficiency and the expres-
sion in liver were similar, which is consistent with the hypothesis
that the SIN vector is almost as effective as the LTR-intact vector
after transfer to adult mice.

For mice that were treated as newborns, the LTR-intact vector
evaluated in a previous study’ was clearly superior to the SIN vec-
tor in terms of its ability to correct disease in difficult-to-treat sites
such as the eye, ear, and aorta in MPS I mice. To investigate why
the LTR-intact vector was better, levels of DNA and RNA from
these previously treated mice were compared with levels in the
mice treated in this study in the same real-time PCR assays. This
demonstrated that the Neonatal-LTR mice had 11-fold as many
copies of the y-RV as the Neonatal-SIN mice, and 35-fold as much
RNA. This is consistent with the fact that the Neonatal-LTR mice
had liver IDUA activity of 290 U/mg (ninefold that in Neonatal-
SIN mice) and serum IDUA activity was 1,240 U/ml (tenfold that
in Neonatal-SIN mice). This suggests that the major difference was
that the Neonatal-LTR mice had a higher transduction efficiency
in liver, although slightly higher expression from the LTR-intact
vector may have also played a role. This difference in transduction
efficiency despite administration of the same dose in TU/kg could
reflect inaccuracies in titer (done at different times), or a reduced
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efficiency of temporal vein injection in the more recent study
(done by different people in the two studies). It is also possible that
the lack of expression in hematopoietic cells in the Neonatal-SIN
mice contributed to a reduced therapeutic effect in some sites such
as the ear. Further studies will attempt to obtain the SIN-hAAT-
cIDUA-oPRE vector at a higher titer, and test whether a higher
dose of vector can result in more complete correction. The effi-
cacy of the SIN-hAAT-cIDUA-oPRE vector in treating the brain
is being investigated and will be reported later.

Implications for MPS | gene therapy

The availability of a safe and effective gene therapy treatment
would be a major step forward for MPS L. This report demon-
strates that a SIN y-RV expressing IDUA from a liver-specific pro-
moter results in stable expression of IDUA in serum after transfer
into adult MPS I mice, and amelioration or prevention of many
clinically relevant parameters to a similar extent as an LTR-intact
vector after transfer to adults. Although the SIN vector was not as
effective as an LTR-intact vector after transfer into newborns, this
difference likely relates to a lower transduction efficiency with the
SIN vector. A greater therapeutic effect should be achieved with
administration of a higher dose of vector, a hypothesis that is cur-
rently being tested. The safety advantage of a SIN vector will be
important if an in vivo gene therapy approach is to translate into a
therapy for humans. No tumors were observed in animals in this
study and we did not observe an increased risk in liver or other
tumors in mice at 1.8 years after neonatal i.v. injection of an LTR-
intact y-RV.* However, one MPS VII dog that received neonatal
gene therapy with an LTR-intact vector expressing GUSB devel-
oped an increase in serum GUSB activity at 7.5 years, and likely
had a splenic neoplasm with a y-RV integration that is currently
being characterized (K. Ponder and M. Haskins, unpublished
results), so the rationale for proceeding with development of a safe
and effective SIN vector exists. It is hoped that a SIN vector will
eventually be used to treat MPS I in humans, although additional
studies on efficacy and safety will be required.

MATERIALS AND METHODS

All reagents were purchased from Sigma-Aldrich Chemical (St Louis,
MO) unless otherwise stated.

Vector construction. The y-RV designated hAAT-cIDUA-WPRE #835
was described previously.”* SIN-hAAT-cIDUA-oPRE #925 was generated
as follows: pSERS11-EFS-GFP-oPRE is a SIN y-RV with the backbone of
PpSERS11 (ref. 20), the EF1o promoter upstream of GFP, and the oPRE;*
the EFS-GFP sequence was removed with NotI digestion, the ends were
blunted, and a Sall/Xbal phosphorylated linker (Operon, Huntsville, AL)
was ligated in to generate clone #924. The hAAT-cIDUA sequence contain-
ing the canine IDUA complementary DNA* was removed from hAAT-
cIDUA-WPRE #835 using BglII and Xbal, and cloned into the Sall- and
Xbal-digested clone #924 to form SIN-hAAT-cIDUA-oPRE #925.

This plasmid was transfected into the amphotropic GP+AMI12
packaging cells with PGK-neo, and G418-resistant colonies were screened
for the ability to transfect the human liver hepatoma cells HepG2 and result
in secretion of IDUA activity into the media. The conditioned medium
from the best clone was concentrated by ultrafiltration, purified over a
size exclusion column, and frozen as previously described.” Titer was
determined by transduction of NIH 3T3 cells and assessing RV DNA copy
number after 1 week (ref. 7), and the vector was shown to be replication-
incompetent with a marker-rescue assay.

Molecular Therapy vol. 18 no. 2 feb. 2010

Treatment of MPS | Using a SIN Retroviral Vector

MPS | Mice. All animal studies were approved by the authors’ institutional
review board and MPS I mice on a C57BL/6 background® were used. Some
MPSImice were injectedi.v. via the temporal vein with 1 x 10" TU/kg of SIN-
hAAT-cIDUA-oPRE in 100 pl at 2-3 days after birth (Neonatal-SIN). Other
MPS I mice were injected via the tail vein with SIN-hAAT-cIDUA-oPRE at
6 weeks of age (Adult-SIN); these mice received intraperitoneal injections of
5mg/kg hepatocyte growth factor with 15mg/kg dextran sulfate per dose at
0,3, 6,9, and 12 hours after initiation of the transduction protocol to induce
hepatocyte replication, and then received 0.2 x 10" TU/kg of RV per dose
via the tail vein at 30, 36, 40, 44, and 48 hours after initiation of transduction,
for a cumulative dose of 1 x 10*°TU/kg. Adult-SIN mice did not receive
immunosuppression. Other MPS I mice were injected via the tail vein with
the LTR-intact vector hAAT-cIDUA-WPRE at 6 weeks of age (Adult-LTR)
as described above except that the dose was higher at 0.33 x 10"°TU/kg
per dose, for a cumulative dose of 1.7 x 10" TU/kg. Adult-LTR mice also
received transient immunosuppression with 25mg/kg per dose of human
CTLA4-Ig given 6 hours before the first dose of hAAT-cIDUA-WPRE and
then again at 4, 7, and 11 days, and 25 mg/kg per dose of aCD40 ligand at
day 1 and day 3 after the first dose of RV. Finally, comparisons were made
between mice evaluated in this study with MPS I mice that received neona-
tal i.v. injection of the LTR-intact vector hAAT-cIDUA-WPRE (Neonatal-
LTR); the dose stated here is higher than stated previously due to an error in
the previous titer calculations. Additional MPS I animals were left untreated
(MPS 1), while heterozygous litter mates (Normal) were maintained as
controls. ERG,** auditory-evoked brainstem responses,” and echocardio-
grams with a Vevo 770 echocardiography machine (VisualSonics, Toronto,
Ontario, Canada) were performed as previously described.'® At 8 months
of age, mice were anesthetized with 80 mg/kg ketamine and 15 mg/kg xyla-
zine given intraperitoneally and perfused transcardially with either 20ml
of phosphate-buffered saline (PBS) (when designated for biochemistry), or
with 20ml of 4% paraformaldehyde and 2% glutaraldehyde in PBS (when
designated for brain pathology). Bone radiographs were taken using an
MX-20 Specimen Radiography System (Faxitron, Lincolnshire, IL) at 20kV
for 15 seconds. Bone mineral density scans were performed using a PixiMus
dual energy X-ray absorption machine (Lunar, Madison, WT).

Biochemical analyses and histology. Approximately 75 mg of tissue from
PBS-perfused mice was homogenized in 300l of homogenization buffer
containing 100 mmol/l sodium acetate, 150 mmol/l sodium chloride, 0.2%
Triton X-100, and 0.02% sodium azide at pH 5.5, using a Kontes Pellet
Pestle Motor (Kimble Chase, Vineland, NJ), and the same homogenate
was used for enzyme and GAG assays. Protein concentration was deter-
mined using the Bradford assay (BioRad Laboratories, Hercules, CA),
while IDUA"® and GUSB* assays were performed using the fluorescent
substrates 4-methylumbelliferyl-o-L-iduronide (Calbiochem, San Diego,
CA) for IDUA and 4-methylumbelliferyl-B-L-glucuronide (Calbiochem)
for GUSB, using a Fluoroskan Ascent microplate fluorometer (Thermo
Electron, Milford, MA) as previously described. One unit of enzyme
activity equals 1nmol of product produced per hour at 37°C. GAG lev-
els were determined using a Sulfated Glycosaminoglycan Kit (Blyscan,
Newtownabbey, Northern Ireland).* The amount of M6P-modified
IDUA was determined using an M6P receptor column and elution with
ME6P as previously described.'® Cathepsin S assays were performed with
the substrate Z-Phe-Arg-AMC at 100 umol/l in a buffer with 100 mmol/1
NaAcetate at pH 7.5 as detailed previously.® Eyes and aortas from both
PBS-perfused and fixative-perfused mice were fixed with PBS with 4%
paraformaldehyde and 2% glutaraldehyde and paraffin-embedded sections
were stained with hematoxylin and eosin.

HCllla complexes. HCII-1Ia complexes were examined with an immuno-
blot. The diluted equivalent of 0.5l of serum was run on a 7.5% polyacryl-
amide separating gel containing 0.375mol/l Tris—-HCI, pH 8.8, 0.1% sodium
dodecyl sulfate, 0.05% ammonium persulfate, and 0.05% tetramethylethyl-
enediamine, and a 4% polyacrylamide stacking gel containing 0.125mol/l
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Tris-HCI, pH 6.8, 0.1% sodium dodecyl sulfate, 0.05% ammonium persul-
fate, and 0.05% tetramethylethylenediamine, transferred to a nitrocellulose
membrane, blocked with 5% milk, then incubated with goat antihuman HCII
(Affinity Biologicals, Hamilton, Ontario, Canada) at 3 ig/ml for 1 hour at room
temperature. The membrane was rinsed with water, then 5% milk, followed
by incubation with horseraddish peroxidase-anti-goat IgG (Sigma-Aldrich)
at 1:5,000 dilution for 1 hour at room temperature and development.

Nucleic acid analysis. RNA was isolated using an RNeasy Mini Kit
(Qiagen, Germantown, MD) according to the manufacturer’s instruc-
tions, and samples were treated with DNase 1. Reverse transcription was
performed using a Superscript III First Strand Reverse Transcription Kit
(Invitrogen, Carlsbad, CA) with 1ug of RNA and reverse mouse B-actin
and reverse cIDUA primers in a volume of 20 ul according to the manufac-
turer’s instructions. DNA was isolated in guanidinium as described.” Real-
time PCR was performed using primers and Tagman probes for canine
IDUA and mouse B-actin as previously described,'® with either 2ul of
complementary DNA (10% of the reverse transcriptase reaction) or 100 ng
of genomic DNA. For DNA analysis, standards were dilutions of a cIDUA-
containing plasmid in mouse genomic DNA.

Statistics. All statistics were performed using Sigma Stat software (Systat
Software, Point Richmond, CA). Statistical significance was analyzed using
one-way analysis of variance with Tukey’s post hoc analysis. Errors are
reported as mean £ SEM.

SUPPLEMENTARY MATERIAL

Figure S$1. Diagram of aorta.
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