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Mucopolysaccharidosis I (MPS I) and MPS VII are due to loss-of-function mutations within the genes that
encode the lysosomal enzymes o-L-iduronidase and B-glucuronidase, respectively, and result in accumu-
lation of glycosaminoglycans and multisystemic disease. Both disorders are associated with elastin frag-
mentation and dilatation of the aorta. Here, the pathogenesis and effect of gene therapy on aortic disease
in canine models of MPS was evaluated. We found that cathepsin S is upregulated at the mRNA and
enzyme activity level, while matrix metalloproteinase 12 (MMP-12) is upregulated at the mRNA level,
in aortas from untreated MPS I and MPS VII dogs. Both of these proteases can degrade elastin. In addition,
mRNA levels for the interleukin 6-like cytokine oncostatin M were increased in MPS I and MPS VII dog
aortas, while mRNA for tumor necrosis factor o and toll-like receptor 4 were increased in MPS VII dog
aortas. These cytokines could contribute to upregulation of the elastases. Neonatal intravenous injection
of a retroviral vector expressing B-glucuronidase to MPS VII dogs reduced RNA levels of cathepsin S and
MMP-12 and aortic dilatation was delayed, albeit dilatation developed at late times after gene therapy. A
post-mortem aorta from a patient with MPS VII also exhibited elastin fragmentation. We conclude that
aortic dilatation in MPS I and MPS VII dogs is likely due to degradation of elastin by cathepsin S and/
or MMP-12. Inhibitors of these enzymes or these cytokine-induced signal transduction pathways might

reduce aortic disease in patients with MPS.
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Introduction

Mucopolysaccharidosis I [MPS I'; Online Mendelian Inheritance
in Man (OMIM) #607014] and MPS VII (OMIM #253220) are autoso-
mal recessive lysosomal storage diseases with an incidence of
1:100,000 and <1:1,000,000, respectively [1,2]. MPS I is due to o-L-
iduronidase (IDUA) deficiency and results in accumulation of the
glycosaminoglycans (GAGs) dermatan and heparan sulfates, whereas
MPS VII is due to p-glucuronidase (GUSB) deficiency, and results in
accumulation of dermatan, heparan, and chondroitin sulfates. Hema-
topoietic stem cell transplantation (HSCT) can reduce clinical mani-
festations of MPS, as hematopoietic cells migrate into different
tissues and secrete mannose 6-phosphate (M6P)-modified enzyme
that can be taken up by nearby cells [3,4]. Enzyme replacement ther-
apy (ERT), which involves intravenous (IV) injection of M6P-modi-
fied enzyme that can diffuse to other organs and be taken up via
the M6P receptor, can also reduce disease manifestations [5,6]. Gene
therapy is also being tested in animal models [7]. One approach in-
volves neonatal IV injection of a y-retroviral vector (RV) expressing
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the appropriate enzyme, which results in transduction of liver cells
and secretion of enzyme into blood [8-15].

Both MPS [ and MPS VII can result in cardiovascular disease,
which can include aortic dilatation and cardiac valve stenosis or
insufficiency. Cardiac valves are thickened due to accumulation
of GAGs, resulting in stenosis and regurgitation in all types of
MPS [16-19] that has not been prevented with HSCT or ERT
[4-6]. Although aortic disease has received less attention than
valve disease in humans, aortic disease is substantial and will
likely be a source of morbidity as patients live longer due to HSCT
and ERT. In patients with attenuated MPS I, the aorta diameter was
122% of normal [20], and elasticity was reduced [21]. Furthermore,
one patient with MPS VII had narrowing and friability of the aorta
and required an aortic graft [18]. Mice with MPS I [9-12,22] and
MPS VII [23] have dilated aortas, while MPS [ mice have reduced
aortic elasticity [12]. Feline models of MPS I and MPS VI [24] and
canine models of MPS 1 [14,25] and MPS VII [26-28] also have dila-
tation of the aorta.

Our study focused on the pathogenesis of aortic dilatation in
MPS I and MPS VII dogs. The major extracellular matrix (ECM) pro-
teins of the aorta are elastin and collagen, which represent 30%
[29,30] and 35% [30,31] of its dry weight, respectively. Tropoelastin
monomers are secreted and then cross-linked into elastic fibers in
a process that involves elastin binding protein (EBP), ECM microfi-
brils, and cross-linking enzymes [32]. For fibrillar collagens, three
chains assembled into triple helices within the cell are secreted
into the ECM and cross-linked to form collagen fibrils. Elastin
was fragmented in the ascending aorta of humans, mice, and dogs
with MPS I, and in dogs with MPS VII [14,22,33-35], which likely
contributed to aortic dilatation and reduced elasticity. Hinek et
al. demonstrated that exogenous administration of dermatan sul-
fate reduced EBP levels and inhibited elastin assembly in vitro,
and proposed that reduced assembly was responsible for the elas-
tin defects in MPS I [36]. Alternatively, we reported [22] that elas-
tin fragmentation was temporally associated with increases in RNA
and enzyme activity for two elastin-degrading enzymes, cathepsin
S and matrix metalloproteinase 12 (MMP-12), which can contrib-
ute to aortic aneurisms [37-40], and proposed that degradation
was the major factor responsible for elastin fragmentation. In
MPS 1, collagen structure was loosely arrayed in the aortic valve
in humans and mice [35], which may be due to degradation, as
fragmented collagen fibrils were observed in lysosomes of mitral
valve fibroblasts [34].

HSCT and ERT have not prevented aortic disease in animal mod-
els of MPS. HSCT has reduced, but not prevented, accumulation of
GAGs, elastin fragmentation, and/or dilatation of the aorta in MPS
VII mice [41] and dogs [26], in MPS VI rats [42], and in MPS I dogs
[25] and cats [43]. ERT has had little effect on the accumulation of
lysosomal storage material in aortic smooth muscle cells (SMC) in
MPS VI cats [44].

Complete correction of aortic disease has also been problematic
with neonatal gene therapy. Although neonatal administration of a
dose of an RV that resulted in very high serum IDUA activity pre-
vented aortic dilatation and elastin fragmentation in MPS I mice,
small amounts of lysosomal storage were still present in the aorta.
Furthermore, mice with lower expression of IDUA after gene ther-
apy to newborns or adults continued to have some aortic disease
[9-12]. Similarly, when neonatal gene therapy to MPS I dogs re-
sulted in very high serum IDUA activity, there was near-complete
correction of histopathology, although gene therapy-treated MPS
I dogs with lower serum IDUA activity had lysosomal storage and
elastin fragmentation, although they did not develop aortic dilata-
tion. Aortic dilatation, lysosomal storage, and elastin fragmenta-
tion were mitigated at 2 years after neonatal gene therapy in
MPS VII dogs [27], but longer evaluation was not performed. The
goal of our study was to further evaluate the ability of neonatal

gene therapy to prevent aortic disease, and to identify the patho-
genesis of this process in MPS I and MPS VII dogs.

Materials and methods

Reagents were from Sigma-Aldrich Chemical (St. Louis, MO) un-
less otherwise stated.

Animals

National Institutes of Health (NIH) and United States Department
of Agriculture guidelines for the care and use of animals in research
were followed in the animal colony of the School of Veterinary Med-
icine, University of Pennsylvania. Some MPS I and MPS VII dogs were
injected IV with 0.3-1 x 10'° transducing units (TU)/kg of the y-RV
designated hAAT-cIDUA-WPRE or hAAT-cGUSB-WPRE, respectively,
at 2-3 days after birth. All RV-treated MPS I dogs were reported
previously [14]. Some RV-treated MPS VII dogs were reported previ-
ously [13], while others received a similar gene therapy protocol.
Echocardiograms were performed using a Phillips Sonos 7500 echo-
cardiographic machine.

Histopathology

Ascending aortas obtained from a position that was 1-2 cm
from the aortic valve were fixed with buffered formalin or with
4% paraformaldehyde and 2% glutaraldehyde in phosphate buf-
fered saline (PBS) for as briefly as 1 week, to as long as 7 years;
the conditions of fixation had no obvious effect upon the staining
characteristics. Aortas were embedded in paraffin and 6 pm sec-
tions were stained with Verhoeff’'s Van Gieson (VVG) or picrosirius
red stains. The computer program Corel PHOTO-PAINT X3 (Corel
Inc., Mountain View, CA) was used to identify the dark-staining
elastin using the Magic Wand Mask Tool, and the percent of the
elastin-containing area was determined for 3-5 different regions
for each animal.

RNA analysis

A piece of frozen ascending aorta that weighed 50-100 mg was
homogenized for 30 s with a Braun Mikro-Dismembrator (Braun
Biotech International, Melsungen, Germany), and 1 ml of Trizol
was added and RNA was isolated. Reverse transcription (RT) was
performed on 1 pg of DNase I-treated RNA with an oligo (dT) 20
primer using a Superscript III kit from Invitrogen Corp. (Carlsbad,
CA) in a 20 pl volume, followed by real-time PCR on 0.4 pl of each
cDNA sample per well using SYBR green reagents from Applied Bio-
systems (Foster City, CA). The primers are listed in Table 1 of the
supplementary methods section. The percent of a test RNA to that
of B-actin was calculated by subtracting the cycle to reach the
threshold (Cr) for a gene from the Cy for a separate real-time assay
using B-actin primers to determine the ACr, and the formula: Per-
cent B-actin = (100) x 22T, To determine the ratio of the gene in
MPS animals to that in normal animals, the percent B-actin for
MPS animals was divided by the percent p-actin in normal animals.

Cathepsin and MMP-12 assays

For the cathepsin S assay, frozen aortas were homogenized with
a hand-held homogenizer in 100 mM sodium acetate pH 5.5
containing 2.5 mM ethylenediaminetetraacetic acid (EDTA), 0.01%
Triton X-100, and 2.5 mM dithiothreitol (DTT), and centrifuged at
10,000g for 5 min at 4 °C. Approximately ~0.3 pg of the superna-
tant was incubated with 100 pM benzyloxycarbonyl-L-phenylala-
nyl-L-arginine-7-amido-4-methylcoumarin (Z-Phe-Arg-AMC) from
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Anaspec (San Jose, CA) at pH 7.5 in 100 mM sodium acetate with
2.5 mM EDTA, 0.01% Triton X-100, and 2.5 mM DTT in a microtiter
plate at 37 °C [22,45]. The amount of product was determined by
excitation at 355 nm and emission at 460 nm using Kinetic read-
ings and comparison with 7-Amino-4-methylcoumarin standards
from Anaspec. One unit (U) of enzyme released 1 nmoles of the
product per hour at 37 °C. The protein concentration was deter-
mined with the Bradford assay (BioRad Laboratories, Hercules
CA). The cathepsin B assay was performed using the same extracts
and the substrate Z-Arg-Arg-AMC at pH 6.0, while the total cathep-
sin assay used the substrate Z-Phe-Arg-AMC at pH 5.5. Cathepsin
inhibitors were from Calbiochem (San Diego, CA) and included
the cathepsin S inhibitor Z-FL-COCHO (Product #219393), the
cathepsin K inhibitor I [1,3-Bis(N-carbobenzoyloxy-L-leucyl)amino
acetone; Product #219377], and the cathepsin L inhibitor VI [N-(4-
Biphenylacetyl)-S-methylcysteine-(p)-Arg-Phe-b-phenethylamide;
Product #219495]. Samples were incubated with the inhibitor for
10 min prior to starting the assay. An MMP-12 assay kit (Enzoly-
teTM 490 MMP-12) was obtained from Anaspec for which the sub-
strate can also be cleaved by MMP-1, 2, 3, 8, and 13 and was
performed as described previously [22].

Statistics

The Student’s t-test compared values between two groups, and
ANOVA with Tukey post hoc analysis compared values between
three groups using Sigma Stat software (Systat Software, Inc., Point
Richmond, CA).

Results
Aortic dilatation in MPS VII dogs

The progression of aortic dilatation was evaluated by echocar-
diogram for untreated MPS VII dogs and for MPS VII dogs that re-
ceived IV injection of the RV designated hAAT-cGUSB-WPRE at
2-3 days of age (RV-treated). The RV-treatment resulted in trans-
duction of liver cells, which secreted M6P-modified GUSB into
blood, which could circulate to other organs and be taken up via
the M6P receptor and reduce the accumulation of GAGs. All RV-
treated animals that were evaluated here had stable GUSB activity
in serum for the duration of evaluation, which was as long as
8 years for some dogs. As previously reported, the aorta GUSB
activity averaged 16 U/mg (17.5% of normal) at 6 months of age
for 2 RV-treated MPS VII dogs with an average of 241 U/ml (113%
normal) of serum GUSB activity [27]. The relatively low activity
in the aorta as compared with serum likely reflects poor diffusion
of GUSB into the aorta. Fig. 1A shows representative images of
echocardiograms in diastole and systole, while Fig. 1B quantifies
the degree of aortic dilatation using a scale from 0 (normal) to +4
(severely dilated). A normal ascending aorta, that was evaluated
at 8 months, had a discrete narrowing at the sinotubular junction
(vertical arrows) during diastole, and showed expansion to a more
tubular shape during systole. The aorta from an untreated MPS VII
dog, that was evaluated at 6 months, did not have sinotubular nar-
rowing during diastole, and was dilated throughout the cardiac cy-
cle. In addition, the aortic valve was thickened in the MPS VII dog
and had reduced motion during systole, although there was no evi-
dence of aortic stenosis. The aorta from a 6 month-old RV-treated
MPS VII dog with 317 U/ml (148% normal) of serum GUSB activity
appeared normal. However, the aorta from an 8 year-old RV-trea-
ted dog with 111 U/ml (52% normal) of serum GUSB activity was
dilated throughout the cardiac cycle and lost the narrowing at
the sinotubular junction during diastole, while the aortic valve
showed thickening and a reduced range of motion.

Quantitative analysis showed that aortas from five untreated
MPS VII dogs were moderately dilated at 6 months with a dilata-
tion score of 1+0.5 [standard error of the mean (SEM)], and re-
mained dilated to a similar extent at 1 and 2 years with scores of
2+0 (N=2) and 1.5+0.3 (N =4), respectively. Aortas from RV-
treated MPS VII dogs were relatively normal for the first 5 years
after neonatal gene therapy, and were significantly better than in
untreated MPS VII dogs (p < 0.03 vs. normal at 0.5-2 years). How-
ever, the aortas of RV-treated dogs were dilated thereafter, with
a severity score of 1.7 + 0.4 at 8 years. Since all RV-treated dogs
that were evaluated at late times had stable serum GUSB activity
for the duration of evaluation, aortic dilatation at late ages was
likely due to an incomplete effect of the gene therapy rather than
a loss of expression at late times. We conclude that neonatal gene
therapy can reduce and delay the onset of aortic dilatation in MPS
VII dogs, but dilatation does occur at late times.

Elastin in MPS VII aortas

To evaluate the time course of development of abnormalities in
ECM proteins, aortas were obtained at various ages from normal
dogs, untreated MPS VII dogs, and MPS VII dogs that received neo-
natal gene therapy. Aortic valves from untreated MPS VII dogs that
were 1 year or older, or from RV-treated MPS VII dogs that were
4 years or older, were difficult to cut, which was likely due to the
calcification noted on radiographs (data not shown). This was con-
sistent with the poor movement of the aortic valves in such dogs.

Paraffin-embedded sections of aortas were evaluated with a
VVG stain to identify elastin as dark fibers, as shown in Fig. 2. Nor-
mal aortas had intact elastin fibers throughout the thickness of the
aorta at 3 months (Fig. 2) and at most other ages that were evalu-
ated (data not shown), although mild fragmentation was observed
in the inner region of the aortic media at 6.5 years (Fig. 2). Fig. 3
quantifies the amount of elastin in the inner region of the aortic
media by using computer software to determine the percent of
the area that stained very dark with VVG. For normal dogs,
24 + 2% (SEM) of Region 1 of the aortic media (see upper left panel
of Fig. 2 for the location of different regions) was elastin at
3 months, and 21 £ 1% of Region 1 was elastin at 6 months or older.

MPS VII aortas had modest elastin fragmentation (arrow) at
3 months of age that was limited to the inner third of the media,
where 14 + 3% of the aorta was elastin, which was significantly
lower than in normal dogs at the same age (p = 0.04). Elastin frag-
mentation in MPS VII dogs was severe in the inner third at
6 months, where elastin represented just 6 + 1% of the total area
(p <0.001 vs. normal; N = 4). In addition, elastin fragmentation ex-
tended to involve the middle region of the aortic media (Region 2)
at 6 months, although there was substantial variation in the sever-
ity for individual animals. Lysosomal storage was also visible as
clear regions (arrowheads) in aortic SMC in the inner and middle
regions of the media at 6 months. At 2 years, elastin fragmentation
remained severe in the inner region of the aortic media, where
elastin represented 6 + 1% of the aorta (p < 0.001 vs. normal), and
fragmentation generally extended throughout the entire thickness,
although variation among individual animals was again observed.
Older dogs were not evaluated, as untreated MPS VII dogs do not
survive beyond 2 years.

RV-treated dogs were first evaluated at 6 months of age, when
elastin fragmentation was very mild and limited to the inner fifth
of the aorta, and elastin represented 19 + 8% of the area of the inner
aortic media (not significant vs. normal; p =0.002 vs. untreated
MPS VII). Three additional RV-treated dogs were evaluated at 52,
90, and 99 months (individual symbols in Fig. 3), at which time
all animals had some elastin fragmentation in the inner region of
the aortic media. Elastin fragmentation was somewhat worse in a
4 year-old RV-treated MPS VII dog with relative low serum GUSB
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Fig. 1. Aorta diameters in MPS VII dogs. Echocardiograms were performed for normal dogs, untreated MPS VII dogs, and MPS VII dogs that received IV injection of 0.3-
1 x 10'° TU/kg of the RV designated hAAT-cGUSB-WPRE at 2-3 days after birth (RV-treated). The latter achieved stable expression of GUSB activity in serum for the duration
of evaluation. (A) Representative images of aortas. Images are shown for one normal dog at 6 months (aortic dilatation score 0), one of five untreated MPS VII dog at 6 months
(score + 2), one of 13 RV-treated MPS VII dog at 6 months (score 0; dog M2420 with 317 U/ml of serum GUSB activity), and one of three RV-treated MPS VII dog that was
evaluated at 8 years (score +2; M1332 with 111 U/ml of serum GUSB activity). The double-headed arrows indicate the inner diameters of the aorta at the position where
dilatation was evaluated during diastole (top) and systole (bottom), and the left ventricle (LV) is indicated. For some images, the vertical single-headed arrows identify the
narrowing of the aorta seen at the sinotubular junction in diastole, which is a normal finding. For other images, the horizontal single-headed arrow identifies a thickened base
of the aortic valve that shows little movement during systole. The size marker represents 1 cm. (B) Average aortic dilatation scores. Aortas were scored from 0 (normal) to +4
(severe dilatation) for the indicated (N) number of untreated MPS VII and RV-treated MPS VII dogs as shown in panel A, and the average + standard error of the mean (SEM)
plotted. Normal dogs are not shown but generally have scores of 0. Untreated MPS VII dogs do not survive beyond 2 years. The Student’s t-test was used to compare values in

the two groups at each time point where MPS VII dogs were evaluated, and *indicates a p value of 0.01 to 0.05, and **indicates a p value < 0.01.

activity of 88 U/ml (41% normal; M1653), than in an 8 year-old RV-
treated MPS VII dog with somewhat higher serum GUSB activity of
281 U/ml (131% normal; M1337). The average percent of the inner
media of aorta that was elastin in the older RV-treated dogs was
10 + 1% at an average age of 6.7 years, which was significantly low-
er than in normal adult dogs (p = 0.001), but was significantly high-
er than in untreated MPS VII dogs at 2 years (p =0.03). In sum,
untreated MPS VII dogs had modest elastin fragmentation that
was restricted to the inner region of the media at 3 months.
Increasing age resulted in an increase in the severity of fragmenta-
tion and an extension of the region with elastin fragmentation to
the middle and outer regions of the aorta. RV-treated dogs had re-
duced elastin fragmentation compared with untreated MPS VII
dogs, but some abnormalities still developed in the inner regions
of the aortas.

Collagen

Another major ECM protein of the aorta is collagen. On picros-
irius red-stained sections, collagen appeared red with regular light,
and yellow, red, or green with polarized light (Supplementary
Fig. 1). The red and the green light signal above background was
quantified, which demonstrated that the amount of collagen was

similar for normal, untreated MPS VII, and RV-treated MPS VII dogs
at all ages of evaluation (data not shown).

RNA analysis in MPS VII dogs

To try to identify the etiology of aortic dilatation in MPS VII
dogs, transmural pieces of frozen ascending aortas were homoge-
nized, and RNA was tested for levels of a variety of genes that play
arole in elastin or collagen biogenesis or degradation using reverse
transcriptase real-time PCR. Most genes with mRNA levels that
were elevated in MPS VII dogs were also tested in RV-treated dogs
to determine if treatment could prevent the abnormalities from
occurring. Supplementary Table 1 shows the primers that were
used and quantifies expression levels as a percentage of the B-actin
levels, which gives a measure of the abundance of the mRNA. Fig. 4
shows the levels of each gene in untreated MPS VII and in some
cases RV-treated MPS VII dogs relative to that in normal dogs. Lev-
els of elastin, collagen Io2, and collagen Il mRNA were similar in
normal and MPS VII dogs, suggesting that expression of these
genes was not affected by the disease.

Several cathepsins were tested for mRNA levels. Cathepsin S
mRNA was increased to 16 + 2-fold (SEM) normal in MPS VII dogs
(p=0.001 vs. normal), and was quite abundant in MPS VII dogs at
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Fig. 2. Elastin stain in MPS VII dog aortas. Aortas were obtained from normal, untreated MPS VII, or RV-treated MPS VII dogs. Sections were stained with VVG, which stains
elastin dark, and representative examples are shown here, which are quantified for all animals that were evaluated in Fig. 3. The left panels show low power images, where
the intima is located at the lower right and the adventitia is at the upper left, and the scale bar is 200 um. The boxes identify Region 1 (inner media), Region 2 (middle media),
and Region 3 (outer media) where high power images were obtained, which are shown in the three columns to the right, where the scale bar represents 25 um. In some
panels, the black arrows identify fragmented elastin fibers and black arrowheads identify the clear-appearing lysosomal storage. For RV-treated dogs, M2420 (317 U/ml of
serum GUSB activity), M1653 (88 U/ml), and M1337 (281 U/ml) were evaluated at 6 months, 4 years, and 8 years, respectively.

25% of the levels of B-actin. Cathepsin S is a cysteine protease with
elastin-degrading activity that maintains reasonable stability at
neutral pH. mRNA levels for cathepsin B were markedly elevated
at 17 £ 4-fold normal (p =0.02 vs. normal) in MPS VII dogs and
were abundant at 169% of the levels of B-actin, although this
cathepsin is not stable at neutral pH. Levels of mRNA for the cys-
teine proteases cathepsin K (6 + 2-fold normal) and cathepsin W

(11 £ 5-fold normal) appeared to be elevated in aortas in MPS VII
dogs, but neither of these was significantly different from values
in normal dogs, and the absolute levels of the mRNAs were rela-
tively low in MPS VII dogs at <1% of B-actin. Levels of the cysteine
protease cathepsin L mRNA were ~2-fold normal (not significant
vs. normal) and were relatively low at ~3% of B-actin levels in
MPS VII dogs (Fig. 4), while levels of cathepsin V mRNA were too
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Fig. 3. Quantitation of elastin in MPS VII dog aortas. Computer software was used to
determine the percent of the inner region of the aorta that consisted of elastin, as
detailed in the methods section, and as shown for representative examples in Fig. 2.
For normal dogs, five animals were evaluated at 3 months and are shown as the
black circle that shows the average percentage elastin + SEM, while six adult dogs
are shown as individual black circles, with the linear regression line shown for
those values. The indicated number of MPS VII dogs were evaluated at the indicated
age; values for two 3 month-old MPS VII dogs were compared with those from five
3 month-old normal dogs, and values from the nine 6 month-old, four 12 month-
old, and four 24 month-old MPS VII dogs were compared with the values in six
adult normal dogs using the Student’s t-test. Four RV-treated MPS VII dogs were
evaluated at 6 months (M1312, M2420, M2427, and M2428 with 281, 317, 1227,
and 752 U/ml of serum GUSB activity, respectively) and values were compared with
6 month-old MPS VII dogs and with adult normal dogs. Three additional RV-treated
MPS VII dogs were evaluated at older ages (M1653 at 4 years with 88 U/ml, M1328
at 7.7 years with 503 U/ml, and M1337 at 8.3 years with 281 U/ml) and are shown
as individual data points.

low to quantify, but did not appear to be increased in MPS VII dogs
(Supplemental Table 1). mRNA levels for cystatin C, a protein
inhibitor of cysteine cathepsins, were low in both normal and un-
treated MPS VII dogs. Cathepsin D is a lysosomal aspartic protease
that can activate other cathepsins and has a low pH optimum.
Cathepsin D mRNA was markedly increased at 21 * 4-fold normal,
and was abundant at 12% of p-actin (p = 0.001 vs. normal). Levels of
cathepsins B, D, K, and S were significantly reduced in RV-treated
MPS VII dogs compared with untreated MPS VII dogs (p < 0.02).
MMP mRNA levels were also determined, as shown in Fig. 4 and
Table 1. mRNA for MMP-12, which has potent elastase activity, was
increased to 148 * 21-fold normal and was abundant at 10% of the
level of B-actin in aortas in untreated MPS VII dogs (p < 0.001 vs.
normal). Levels of MMP-2 were 4 + 1-fold normal and were abun-
dant in untreated MPS VII dogs at 35% of B-actin, although this was
not significantly higher than the values in normal animals. mRNA

100 + I Normal 8 mPs viI BB Rv

Ratio to Normal

for MMP-3, MMP-8, MMP-9, and MMP-13 were all relatively low
in MPS VII dogs at <0.065% of B-actin, and were not significantly
different from values in normal dogs, while mRNA for MMP-1
was undetectable in both normal and untreated MPS VII dogs.
Levels of mRNA for natural inhibitors of MMPs known as tissue
inhibitor of metalloproteinase 1 (TIMP1) and TIMP2 were not
significantly different from the values in normal dogs. mRNA for
osteopontin (OPN), a protein that can activate some MMPs in a
non-proteolytic fashion [46], was markedly increased in MPS VII
dogs to 40 + 12-fold normal (p = 0.04) and was abundant at 87%
of B-actin. Enzymes of the ADAMTS family are metalloproteinases
that can degrade ECM proteins. ADAMTS4 was increased to
10 = 7-fold normal (p = 0.05 vs. normal) and was present at 0.9%
of B-actin levels in MPS VII dogs, while ADAMTS5 levels were too
low to quantify in both groups. RV-treated MPS VII dogs had a sig-
nificant reduction in MMP-12 mRNA levels to 6 + 4-fold normal
(p<0.001 vs. untreated MPS VII dogs; not significant vs. normal).
OPN mRNA was reduced to 5 + 4-fold normal in RV-treated MPS
VII dogs, although this was not significantly different from the val-
ues in untreated MPS VII or normal dogs.

RNA levels of signal transduction genes

We previously demonstrated that aortas from MPS I mice had
increased phosphorylation of the transcription factors known as
signal transducer and activator of transcription 1 (STAT-1) and
STAT-3 [22]. Since one mechanism for activation of STATs involves
binding of members of the interleukin (IL)-6 family of cytokines to
the IL-6 receptor or related receptors, we tested mRNA levels for
these family members in MPS VII dog aortas. mRNA for the IL-6-
like cytokine oncostatin M (OSM) was increased in MPS VII dog
aortas to 28 + 8-fold normal (p = 0.04), and was present in MPS
VII dogs at 0.16% of the level of B-actin. IL-6 was 5 + 2%-fold normal
(0.073% of B-actin) in MPS VII dog aortas, although this was not sig-
nificantly different from the values in normal dogs. mRNA levels of
other IL-6-like cytokines such as IL-11, leukemia inhibitory factor
(LIF), ciliary neurotrophic factor (CNTF), cardiotrophin 1 (CTF1),
and cardiotrophin-like cytokine 1 (CLCF1) were similar for samples
from MPS VII and normal dogs. mRNA levels for cytokine receptors
were also determined. mRNA for the OSM receptor (OSM-R) repre-
sented 1% of B-actin levels for the MPS VII dogs and was 5 + 2-fold
normal in MPS VII dogs, although this was not significantly
different from the value in normal dogs. Levels of glycoprotein
130 (GP130; 1.4-fold normal), the IL-11 receptor (IL-11 R; 0.8-fold
normal), the LIF receptor o (LIF-Rat; 0.8-fold normal), and the CNTF

RNA in MPS VII Dog Aorta at 6 Months

IL6-like
Cytokines

IL6-Receptor
Family

Fig. 4. mRNA levels of genes involved in extracellular matrix and signal transduction in MPS VII dog aortas. Real-time RT-PCR was used to determine the amount of each
mRNA in the aorta for samples from 4 normal and 9 untreated MPS VII dogs that were isolated at 6 months of age, and the ratio of expression to that in normal dogs was
determined. For genes whose expression was elevated in MPS VII dogs and was sufficiently abundant for accurate evaluation, levels were also evaluated in seven MPS VII dogs
that received neonatal gene therapy with an RV; three were sacrificed at 6 months of age (M2420, M2427, and M2428 with 317, 1227, and 752 U/ml of serum GUS activity,
respectively), and one dog each was sacrificed at 24 months (M2065 with 2089 U/ml), 52 months (M1653 with 88 U/ml), 92 months (M1328 with 503 U/ml), and 99 months
(M1337 with 281 U/ml). Since there were no major differences for samples isolated at different ages, these values were pooled. When only two groups were evaluated,
statistical comparisons were between values from normal and untreated MPS VII dogs using the student’s t-test and are indicated with the number of asterisks about the bar
for normal mice, where *indicates a p value of 0.01-0.05, and **indicates a p value < 0.01. When three groups were evaluated, ANOVA with Tukey post hoc analysis was used
to compare values between normal dogs and RV-treated dogs with those in untreated MPS VII dogs. Abbreviations are collagen 102 (Col102), collagen III (Col III), cathepsin
(Cath), and a disintegrin and metalloproteinase with a thrombospondin type 1 motif (ADAMTS).
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receptor (CNTF-R; 0.6-fold normal) were not elevated in MPS VII
dogs. In RV-treated MPS VII dogs, OSM mRNA levels were reduced
to 9 + 6-fold normal, although these values were not significantly
different from those in untreated MPS VII dogs, while the reduction
in OSM-R mRNA levels to 0.7 + 0.3-fold normal was similarly not
significant when compared with values in untreated MPS VII dogs.

Other cytokine genes were also evaluated for mRNA levels.
Tumor necrosis factor oo (TNFa) mRNA levels were elevated at
11 + 4-fold normal in MPS VII dogs (p = 0.05 vs. normal), although
transforming growth factor B (TGFB) levels were not elevated. Toll-
like receptor 4 (TLR4) has been proposed to serve as a receptor for
GAGs that can activate signaling pathways in MPS [47]. mRNA lev-
els for TLR4 were 8 + 3-fold normal in MPS VII dogs (p = 0.05),
while levels of TLR-5 were too low to quantify. In RV-treated
MPS VII dogs, TNFoo mRNA was reduced to 3 + 2-fold normal, while
TLR4 mRNA was reduced to 2+ 1-fold normal (p=0.05 vs. un-
treated MPS VII, not significant vs. normal for both genes). mRNA
for interferon y (IFN-y) and IL-1B were undetectable in both nor-
mal and untreated MPS VII dogs (Table 1). We conclude that upreg-
ulation of cytokines might contribute to the increased expression
of cathepsin S and MMP-12 in MPS VII dogs, and that neonatal gene
therapy can reduce levels of some of these cytokines. RV mRNA se-
quences were not detected in the aorta of RV-treated MPS VII dogs
(Table 1), suggesting that improvements in the aorta were due to
diffusion of enzyme from blood rather than transduction of the
aorta itself.

Cathepsin S activity

Since mRNAs for several cathepsins of the cysteine protease
class were markedly elevated in aortas from MPS VII dogs, extracts
were tested for cathepsin activity using three assays, as shown in
Fig. 5A. The cathepsin S assay used the substrate Z-Phe-Arg-AMC,
which is cleaved by many cathepsins, but was performed at pH
7.5, where human cathepsin S maintains 64% of its peak activity
at 1 h [48], but other cathepsins are unstable. The cathepsin B as-
say used the substrate Z-Arg-Arg-AMC, which is specifically
cleaved by cathepsin B. The assay for total cathepsin activity used
the substrate Z-Phe-Arg-AMC at pH 5.5, where most cathepsins are
stable and active. Cathepsin S activity was markedly elevated in
untreated MPS VII dogs at 4733 + 1781 U/mg, which was 99-fold
as high as the value in normal dogs of 48 £ 21 (p < 0.001). Cathep-
sin B activity was also markedly elevated in untreated MPS VII dogs
at 7013 + 2367 U/mg, which was 64-fold the value in normal dogs
of 109 +63 U/mg (p<0.001 vs. normal), while total cathepsin
activity was increased in MPS VII dogs at 3342 + 1014 (31-fold nor-
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mal, p = 0.005 vs. normal). Although the nmoles of substrate pro-
duced per hour, and hence the U of enzyme activity, may vary
with different substrates and pH values and, thus, activities are
not necessarily additive, these data suggest that cathepsin B and
S might account for most of the elevation in the activities of
cathepsins of the cysteine protease class. RV-treated MPS VII dogs
had reductions in all cathepsin activity assays to near-normal
(p <0.001 vs. untreated MPS VII, and not significant vs. normal).

The identity of the cathepsin(s) with activity at pH 7.5 is of par-
ticular importance, as elastin is located in the ECM and would be
expected to be at a neutral pH. To further evaluate the identity of
the cathepsin with activity at pH 7.5, cathepsin inhibitors were
used to determine the effect upon activity in extracts from MPS
VII dogs, as shown in Fig. 5B. The activity was almost completely
inhibited with 10 M or more of the cathepsin S inhibitor, while
1 UM of the cathepsin S inhibitor reduced activity in MPS VII dogs
to 11 £ 2% of the activity found with no inhibitor. In contrast, a
cathepsin K inhibitor had no effect on the cathepsin activity at
pH 7.5, while a cathepsin L inhibitor had no effect at 10 puM,
although 100 uM did reduce activity to 7 £ 5% of the value with
no inhibitor. These data support the hypothesis that the cathepsin
with activity at pH 7.5 represents cathepsin S.

MMP-12 activity

Ascending aorta extracts from MPS VII dogs were tested for
MMP activity using a substrate that can be cleaved by MMP-12
to release a fluorescent molecule. MMP-12 activity was only
2.3-fold normal in MPS VII dogs at 6 months, which was not signif-
icant vs. normal, as shown in Fig. 5C. This result seems discordant
with the fact that MMP-12 mRNA levels were 148 + 21-fold normal
in MPS VII dogs. Since MMP-12 requires activation by proteolysis
or non-proteolytic mechanisms, it is possible that such activation
did not occur. Alternatively, it is feasible that the canine version
of MMP-12 has a different substrate preference than human
MMP-12.

MPS I dogs

MPS I dogs were analyzed in a fashion analogous to that in MPS
VII dogs. We previously reported that the aortic dilatation score for
untreated MPS [ dogs was 1.0 £ 0.8 on a scale of 0 (normal) to 4
(severely dilated) at 1 year of age, which was significantly higher
than the value of 0+ 0 (p =0.015) in RV-treated MPS I dogs [14].
Furthermore, untreated MPS I dogs had substantial fragmentation
of elastin fibers in the aorta at 1-1.75 years of age, which was elim-
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Fig. 5. Cathepsin and MMP activities in MPS VII dogs. Ascending aortas were isolated at 6 months after birth from six normal and five untreated MPS VII dogs, and from two
RV-treated MPS VII dogs at 25 months (M2065; 2090 U/ml of serum GUSB activity) and at 52 months (M1653; 88 U/ml) of age and homogenenates were prepared. (A)
Cathepsin activity. Cathepsin assays were performed with Z-Phe-Arg-AMC (Phe-Arg) or Z-Arg-Arg-AMC (Arg-Arg) at the indicated pH to measure primarily activities for
cathepsin S (Cath S), cathepsin B (Cath B), or several cathepsins (All Cath) as indicated, and the mean activity + SEM is shown. Statistics were performed with ANOVA with
Tukey post hoc analysis, with **indicating a p value < 0.01 for comparison of values from the indicated group with those in untreated MPS VII dogs. (B) Effect of cathepsin
inhibitors. Only samples from three untreated MPS VII dogs were analyzed for the effect of specific cathepsin inhibitors at the indicated final concentrations upon enzyme
activity using the substrate Z-Phe-Arg-AMC at pH 7.5, which primarily measures cathepsin S activity. Values with the inhibitor were compared with values without the
inhibitor using the Student’s t-test. C. MMP-12 activity. Average MMP-12 activity + SEM was determined.
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inated in RV-treated dogs with very high serum IDUA activity
(553-888 U/ml; 5-fold normal) and 3 U/mg of IDUA activity in
the aorta (26% normal), and was only partly reduced in RV-treated
dogs with lower serum IDUA activity (~25 U/ml; 2-fold normal)
and 1 U/ml of IDUA activity in the aorta (9% normal) [14]. Fig. 6A
shows quantitative analysis of VVG (elastin) stain of aortas from
untreated MPS I dogs at 1-1.5 years, where only 5.4 + 1% of the
aorta was elastin in the inner region of the aorta, which was signif-
icantly lower than the value in adult normal dogs of 21+ 1%
(p <0.001), and was significantly lower than the value of 17 + 1%
in RV-treated MPS I dogs (p <0.001). However, the percentage of
the aorta that was elastin in the RV-treated MPS I dogs was signif-
icantly lower than in normal dogs (p = 0.03).

Aortas were also tested for mRNA levels for some of the genes
that were evaluated in dogs from the MPS VII colony, as shown
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Fig. 6. Evaluation of MPS I dog aortas. Some MPS I dogs received neonatal IV
injection of 1 x 10'° TU/kg of the RV hAAT-cIDUA-WPRE (RV-treated) as previously
described [14], while other MPS I and normal dogs were untreated. Aortas were
evaluated at 1-1.8 years of age. (A) Elastin fragmentation. Elastin fragmentation
was quantified in the inner region of the aorta (see Region 1 in Fig. 2) for the
indicated number (N) of animals, as described in Fig. 3, and the average + SEM is
shown. RV-treated MPS I dogs that were evaluated included two dogs with
relatively low serum IDUA activity [[-99 with 23 U/ml (2-fold normal) serum IDUA
activity and 1-101 with 27 U/ml (2-fold normal)], and two dogs with relatively high
serum IDUA activity [I-107 with 553 U/ml (43-fold normal), and 1-140 with 888 U/
ml (68-fold normal)]. The p value determined using ANOVA with Tukey post hoc
analysis for comparison of the groups joined with a bracket are shown. (B) mRNA
levels. mRNA levels for the indicated genes in aortas of eight normal, three
untreated MPS I, and three RV-treated MPS I dogs are shown as a ratio to the values
found in normal dogs. The RV-treated dogs that were analyzed included two dogs
with relatively low expression (I-99 and 1-101) and one dog with relatively high
expression (I-107). (C and D) Cathepsin and MMP-12 enzyme activity. Cathepsin
and MMP-12 assays were performed as described in Fig. 5A and C for the number of
animals described in panel A.

in Fig. 6B. Untreated MPS I dogs had significant elevations in mRNA
levels for cathepsin S (22 + 5-fold normal), MMP-12 (114 + 48-fold
normal), cathepsin B (9 * 2-fold normal), cathepsin D (10 + 4-fold
normal), OPN (21 = 3-fold normal), and the IL-6-like cytokine
OSM (28 + 14-fold normal). In RV-treated MPS I dogs, mRNA levels
for cathepsin B, D, and OPN were significantly reduced when com-
pared with values in untreated MPS I dogs, but values for other
genes were not significantly reduced. This may reflect the small
number of samples that were evaluated for the MPS I colony, and
that 2 of the 3 RV-treated dogs (I-99 and I-101) that were evalu-
ated had relatively low serum IDUA activity and still had some
elastin fragmentation [14].

Extracts of aortas from the MPS I colony were also evaluated
for cathepsin and MMP enzyme activities, as shown in Figs. 6C
and D, respectively. Untreated MPS I dogs had marked and sig-
nificant elevations in cathepsin S, cathepsin B, and total cathep-
sin activities, and these were significantly reduced in RV-treated
dogs. Values in RV-treated dogs were higher than in normal
dogs, although this was not significant. As was the case for
MPS VII dogs, MMP-12 activity was not significantly elevated
in untreated MPS I dogs.

Aortic dilatation and fragmentation in a patient with MPS VII

An aorta obtained post-mortem was evaluated from a young
man with MPS VII who died suddenly at age 19 years and was
found to have aspiration without evidence of aortic rupture or dis-
section, as reported previously by Vogler et al. in 1994 [19]. He was
the first reported patient with MPS VII and was known to have ~1%
of normal GUSB activity in organs [19] and ~2% of normal activity
in white blood cells [49]. Aortic dilatation was visible on a chest
radiograph, as shown in Fig. 7A. A large atheroma was present in
the inner region of his aorta, as noted previously [19], and as
shown in the VVG stain in Fig. 7B. Fig. 7C shows that some lyso-
somal storage was present in the inner half of the aortic media,
as previously reported [19]. In addition, elastin fragmentation
was present, which was better appreciated in the high power view
of the inner region of the aorta in Fig. 7D. These observations dem-
onstrated that elastin fragmentation and dilatation also occur in
the aorta of patients with MPS VIL.

Discussion

Aortic dilatation in MPS is important, as it will likely result in
aortic dissection and possibly death as patients live longer after
treatment with HSCT or ERT. Determining the pathogenesis of
the elastin fragmentation that is likely responsible for this dilata-
tion might lead to the identification of a drug that could block this
process. In addition, the natural history of aortic disease must be
understood to determine if gene therapy can prevent the associ-
ated complications.

Time course and severity of aortic abnormalities in MPS dogs

Aortas from MPS VII dogs were dilated at 6 months of age, and
appeared to be somewhat more dilated at 2 years, although values
at late times were not significantly different from values at
6 months due to the small number of animals evaluated. It should
be noted that the aortic dilatation scores reported here by MS in
untreated MPS VII dogs were lower than the scores reported
previously by a different cardiologist [26-28], which could reflect
inter-observer variation or the presence of some gene(s) that
ameliorates aortic disease in the recent studies in these outbred
dogs. Elastin fragmentation was severe in the inner regions of
the aortic media at 6 months, and extended to involve more of
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Fig. 7. Evaluation of aorta from a patient with MPS VII. This patient was the first to be diagnosed with MPS VII [19,49]. (A) Chest radiograph. At 18 years-of-age, a posterior—
anterior radiograph of this patient demonstrates dilatation of the ascending aorta, as indicated by the black arrows. (B-D) Elastin stain. The patient died at 19 years of age and
an autopsy was performed. Sections of the aorta were stained with VVG. (B) Atheroma. A low power view demonstrated a large atheroma (arrow) on the inner surface of the
aorta. Scale bar =400 pm. (C) Lysosomal storage at low power. The white arrow identifies a region in the inner third of the aorta with lysosomal storage and elastin
fragmentation. The intima is at the upper right and the adventitia is at the lower left. Scale bar = 200 um. (D) Lysosomal storage and elastin fragmentation at high power. A
high power image was obtained from the inner aortic media. The black arrow identifies fragmented elastin while the white arrow identifies the clear-appearing lysosomal

storage. Scale bar =25 pm.

the aorta at later times in MPS VII dogs. In addition, some MPS VII
dogs were evaluated histologically soon after birth, when elastin
fragmentation was not apparent (data not shown), although the
analysis was more difficult to perform as the inner region of the
aorta from both normal and MPS VII dogs appeared more disrupted
than in older animals, which may reflect incomplete cross-linking
in newborns. There were no overt collagen abnormalities detected
with picrosirius red stain with regular and polarized light (Supple-
mentary Fig. 1), or with Masson’s trichrome stain (data not shown).
Evaluation of the time course for aortic dilatation and elastin frag-
mentation was not possible in MPS I dogs, as we had not main-
tained this colony for as long, and fewer samples were available.
Although neither MPS VII nor MPS I dogs appear to die frequently
of aortic disease or heart failure, they are usually sacrificed for hu-
mane reasons due to bone and joint disease, and may have devel-
oped these cardiovascular manifestations if they had been allowed
to live longer.

Neonatal IV administration of an RV dramatically reduced aortic
disease for a few years in MPS I and MPS VII dogs, as reported pre-
viously [13,14,27,28]. However, aortic dilatation was present in
RV-treated MPS VII dogs 6 years or later despite the continued sta-
ble expression of GUSB activity in serum, which demonstrated that
this gene therapy approach was not fully effective in the aorta
long-term. In addition, elastin fragmentation was visible in the aor-
ta in RV-treated MPS VII dogs at late times, and was inversely re-
lated to the serum GUSB activity, although too few animals were
evaluated to be certain of the relationship. Occurrence of aortic
dilatation late in RV-treated MPS VII dogs calls for more-effective
gene therapy or identification of ancillary treatments to prevent
aortic disease. Similarly, HSCT and ERT have not prevented aortic
disease in large animal models or children with MPS, as reviewed
in the introduction.

The role of cathepsin S and MMP-12 in aortic elastin fragmentation

Elastin fiber fragmentation in MPS could be due to defects in
elastin assembly or to elastin degradation. Hinek et al. proposed
that elastin defects in MPS I were due to abnormalities in assembly,
and suggested that accumulation of heparan sulfate was likely
responsible [36]. However, although we cannot rule out a role for
elastin assembly in the elastin defects in MPS I and MPS VII dogs,
we favor the hypothesis that destruction is the major process. In
fact, lysosomal storage and the appearance of elastin fragmenta-
tion were modest at the time of puberty (~6 months), and became
progressively worse during young adulthood. Since elastin forma-
tion is believed to be largely completed by adulthood [32], it seems
likely that degradation plays a more important role.

There are 11 lysosomal cysteine cathepsins, all of which are
primarily destined for the lysosome but can also be secreted
[50]. Cathepsin S is an excellent candidate for a cysteine protease
that could contribute to elastin fragmentation in MPS dog aortas,
as cathepsin S has elastase activity and is relatively stable at the
neutral pH that is expected to be found in the extracellular space
[48]. Indeed, cathepsin S mRNA levels were 17- and 22-fold nor-
mal for MPS VII and MPS I dogs, respectively. Furthermore, a
cathepsin assay performed at neutral pH (that is likely specific
for cathepsin S) demonstrated that activity was 99-fold normal
for extracts from aortas of both MPS VII and MPS I dogs, and that
this enzyme activity was inhibited for extracts from MPS VII dogs
by a cathepsin S inhibitor. Upregulation of cathepsin S mRNA was
also found in the aorta of MPS I mice [22], in the aorta of MPS VII
mice (J. Metcalf and K. Ponder, unpublished data), and in the
brain of MPS I mice [51]. Although mRNA and enzyme activity
for cathepsin B were also elevated to a similar extent in both
MPS VII and MPS | dog aortas in this study, cathepsin B is not
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stable at the neutral pH expected to be found in the ECM. In addi-
tion, mRNA for the aspartic protease cathepsin D was 21- and 10-
fold normal in MPS VII and MPS I dog aortas, respectively.
Although cathepsin D does not cleave elastin, it can cleave and
activate other cathepsins, and may play a role in the marked ele-
vation of cathepsin S activity.

The matrix metalloproteinase (MMP) family has at least 20
members, of which MMP-2, -7, -8, -9, -10, -12, and -14 have
elastase activity [52]. MMP-12 could play an important role in
elastin fragmentation, as MMP-12 has elastase activity, and its
mRNA was 148- and 114-fold normal in MPS VII and MPS I dogs,
respectively. However, it was somewhat puzzling that MMP-12
activity was at most marginally increased in MPS VII and MPS
I dogs (2-fold or less), which was not significantly different from
that in normal dogs. Similarly, in MPS I mice, the increase rela-
tive to normal animals in cathepsin S activity was higher than
the relative increase in MMP-12 enzyme activity despite the fact
that cathepsin S mRNA was less elevated than MMP-12 mRNA
[22]. As MMP-12 needs to be activated by proteolysis or other
mechanisms, MPS VII and MPS [ dog aortas might fail to upreg-
ulate activators of MMP-12. Alternatively, there could be a dis-
crepancy between the mRNA and the protein levels due to
MMP-12 protein instability, or the fluorogenic substrate that is
cleaved by human MMP-12 might not be recognized by canine
MMP-12. MMPs also contributed to joint disease in MPS models
[47,53].

Mechanism for upregulation of cathepsin S and MMP-12 mRNA

Since both cathepsin S [54] and MMP-12 [55] are expressed by
vascular SMC in vitro, aortic SMC were probably the source of
cathepsin S and MMP-12 expression. The JAK-STAT pathway in-
volves binding of a cytokine to a cell surface receptor, which results
in phosphorylation and activation of a member of the JAK family of
kinases, which in turn can phosphorylate STATs at specific tyro-
sines and result in translocation to the nucleus and activation of
responsive genes [56]. We previously demonstrated that MPS |
mouse aortas activated STAT-1 and STAT-3 by phosphorylation,
and proposed that this upregulated cathepsin S and MMP-12
mRNA [22]. Indeed, cathepsin S expression can be activated in den-
dritic cells by IL-6 in a STAT-3-dependent process [57], while the
human MMP-12 promoter has a STAT binding sequence [55]. In
our study, mRNA for the IL-6-like cytokine OSM was 28-fold nor-
mal in MPS VII and MPS I dog aortas, suggesting that this is a cyto-
kine that could contribute to activation of STATs. In addition, there
was an increase in TNFoo mRNA, which is consistent with the pre-
vious studies demonstrating that TNFo. mRNA is elevated in joint
tissues in MPS [47,58].

It is important to identify the process that upregulated cyto-
kines in MPS. The TLRs are a family of proteins that bind to var-
ious ligands and result in expression of cytokines, at least in part
via activation of the JAK-STAT pathway. Indeed, heparan sulfate
oligosaccharides from the urine of patients with MPS IIIB in-
duced expression of TNFo and other cytokines in murine microg-
lia cells in vitro, and this depended upon the lipopolysaccharide
receptor TLR4 [59], while soluble heparan sulfate stimulated
dendritic cell maturation via TLR4 [60]. In addition, Simonaro
et al. noted that TLR4 was upregulated in the synovium and car-
tilage of MPS animals, and proposed that GAGs could activate
TLR4 in MPS [47]. The fact that TLR4 was increased to 8-fold
normal in the aorta in the canine models of MPS evaluated here
is consistent with the hypothesis that TLR4 could play a role in
upregulation of cytokines. We, therefore, propose that GAGs acti-
vate TLR4 in the aorta, which results in expression of cytokines,
activation of STATs, and increased transcription of cathepsin S
and MMP-12.

Implications of this study

Our findings suggest that elastin fragmentation and aortic dila-
tation are ameliorated, but not prevented, by neonatal RV-medi-
ated gene therapy for MPS dogs, which is consistent with data
from other investigators that aortic disease is not prevented with
HSCT or ERT, as reviewed in the introduction. It is, therefore, likely
that some ancillary therapy may be needed to prevent this long-
term complication. Since upregulation of cathepsin S and MMP-
12 occurs in MPS I dogs and mice [22], and in MPS VII dogs and
mice (JAM and KPP, unpublished data), it is reasonable to propose
that upregulation of one or both of these elastases may be pivotal
to aortic disease, and could serve as therapeutic targets for inhibi-
tors that are being developed [61,62]. Alternatively, inhibition of
signal transduction pathways that were implicated in this study
could play a therapeutic role. The existence of canine models of
MPS that manifest aortic disease may help to identify therapies
that can be effective in patients with MPS.
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