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Mucopolysaccharidosis | (MPS 1) (Hurler syndrome) is
due to deficient a-L-iduronidase (IDUA) activity and is
the most common of the MPS disorders. Neonatal MPS |
dogs were injected intravenously (V) with a gamma ret-
roviral vector containing a complete long-terminal rep-
eat (LTR) and an internal human «,-antitrypsin (hAAT)
promoter upstream of the canine IDUA complementary
DNA (cDNA). This resulted in stable serum IDUA activity
of 366 = 344 units (U)/ml (28-fold normal) for up to
1.8 years, which likely derived primarily from secretion
of IDUA by transduced liver cells. Retroviral vector (RV)-
treated dogs had >18% of normal IDUA activity in
organs and had decreased severity and/or incidence of
hernias, chest deformities, joint disease, facial dysmor-
phia, corneal clouding, valvular heart disease, and aortic
dilatation as compared with untreated MPS | dogs. The
marked reduction that was observed in lysosomal stor-
age in the brain of RV-treated dogs may have been due
in part to expression from the LTR of the vector in cells in
the brain. This possibility will be explored in future stud-
ies, because the potential for insertional mutagenesis
has raised concerns about using vectors with an intact
LTR. If proven safe, this gene therapy technique may be
utilized in treating children with Hurler syndrome.
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INTRODUCTION

Mucopolysaccharidosis I (MPS I) is a lysosomal storage disease
caused by deficient a-l-iduronidase (IDUA) activity that leads to
the accumulation of the glycosaminoglycans (GAG) dermatan
and heparan sulfate. It is the most common MPS, affecting nearly
1 in 100,000 live births.! In the severe Hurler syndrome, patients
have umbilical hernias, skeletal deformities, joint disease, facial
dysmorphia, corneal clouding, aortic dilatation, valvular heart
disease, mental retardation, chronic rhinitis, recurrent middle

ear infections, and liver and spleen enlargement. The attenuated
Scheie syndrome has reduced systemic symptoms without neu-
rological involvement, whereas the Hurler-Scheie syndrome is
intermediate in severity. The canine model of MPS I is caused
by a G to A transition in the 5 splice site of the first intron**
and results in disease similar to that in humans. However, dogs
also have thickening and prolapse of the third eyelid (membrana
nictitans), as well as joint laxity instead of joint stiffness; they do
not have obvious cognitive impairment, rhinitis, or middle ear
infections.

MPS I is currently treated with hematopoetic stem cell trans-
plant (HSCT) or enzyme replacement therapy (ERT). Lysosomal
enzymes acquire mannose 6-phosphate (M6P) during transport
through the Golgi, which allows the protein to bind to the M6P
receptor and translocate to the lysosome. M6P-modified enzyme
that is secreted by blood-derived cells or is injected intravenously
(IV) can be taken up by cells via the M6P receptor. HSCT can
reduce some clinical signs of disease, although bone, cartilage,
cardiac, neurologic, and corneal manifestations were not com-
pletely corrected.*® Major disadvantages of HSCT include the
need for a compatible donor, the expense, and the ~15% mortal-
ity rate. ERT has reduced hepatosplenomegaly, improved growth
when given before puberty, increased mobility and manual dex-
terity, and reduced pulmonary and cardiac symptoms, although
aortic insufficiency progressed with time.'”"* The high cost of
ERT, more than US$500,000 per year for a 50kg patient, is a
major drawback for this long-term treatment.

Systemic gene therapy could program some cells to secrete
IDUA, which could be taken up by other cells via the M6P
receptor. Indeed, neonatal gene therapy in MPS I mice with
a gamma retroviral vector (RV),'*" a lentiviral vector,'s or an
adeno-associated virus vector'” resulted in stable IDUA expres-
sion and reduced clinical manifestations. Extending these stud-
ies to a large animal model such as the MPS I dog is important,
as their response will probably be more predictive of results in
humans. However, previous attempts at gene therapy in the MPS
I dog failed to induce long-term expression of IDUA owing to
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an immune response, failure of cell engraftment, or low trans-
duction efficiency.'®* We recently reported that neonatal IV
injection of a canine IDUA-expressing gamma RV resulted in
stable serum IDUA activity in MPS I dogs for up to 1.5 years
without an immune response.” We report herein that this results
in marked reductions in clinical, biochemical, and pathological
manifestations of disease.

RESULTS

Neonatal gene therapy results in stable serum

IDUA activity

Nine MPS I dogs were injected IV at 2-3 days of age with an
average dose of 4.3 + 3.4 x 10° transducing units/kg of hAAT-
cIDUA-WPRE, as summarized in Table 1. This RV has intact
long-terminal repeats (LTRs) but can also express canine IDUA
from an internal liver-specific human « -antitrypsin promoter.”
All six RV-treated dogs that survived long term had stable serum
IDUA activity for 1 year or longer that averaged 366 *+ 344 units
(U)/ml.* Two animals (I-99 and I-101) had relatively low serum
IDUA activity at 23 and 27U/ml, respectively (twofold nor-
mal) and will be referred to hereafter as RV-treated dogs with
low serum IDUA activity. Four animals (I-107, I-140, I-171, and
I-172) had average serum IDUA activity of 553, 888, 240, and
608 U/ml, respectively (overall average 535 * 285U/ml, 41-fold
normal) and will be referred to hereafter as RV-treated dogs with
high serum IDUA activity. The IDUA activity in individual dogs
did not correlate well with the RV dose. Untreated MPS I dogs
had very low serum IDUA activity at 0.5+ 0.1 U/ml.

Survival of RV-treated dogs

Two of nine RV-treated dogs (22%) died before 2 weeks of age.
Post-mortem evaluation did not find evidence of inflammation,
and the cause of these early deaths was not clear. This frequency
was not significantly different from the 20% death rate in 10
untreated MPS I puppies between 2 days and 2 weeks after birth.
In addition, 17% of untreated MPS I puppies that were alive at
birth died within 2 days (N = 23), further suggesting that early
deaths may be due to the poor viability of MPS I puppies rather
than the gene therapy. Of the remaining seven RV-treated dogs,
one died at 2.5 months of an unclear etiology at post-mortem and
another developed a mild gait problem owing to luxation of both
shoulders at 12 months and was euthanized to obtain tissue for
analysis; the remaining five RV-treated dogs were alive and well
at the last evaluation (at 18 months) for two dogs or at the time of
euthanasia (at 21, 19, and 15 months). All untreated MPS I dogs
that were alive at 2 weeks survived at least 6 months. However, of
four untreated MPS I dogs that were followed for 12-21 months,
two dogs (50%) developed neurological disease and were eutha-
nized, as will be discussed further below.

Clinical improvement in RV-treated MPS | dogs

The RV-treated animals showed improvements in many of the
clinical signs associated with MPS I, as summarized in Table 1.
For example, all untreated MPS I dogs had umbilical hernias, but
hernias were absent or had closed over time in all RV-treated dogs.
Two of five untreated MPS I dogs had chest deformities character-
ized by a sigmoid curve of the ventral aspect of the caudal ribcage,

1424

© The American Society of Gene Therapy

resulting in mild flattening of the chest. Chest deformities were
absent in all RV-treated MPS I dogs. Joint disease was noted in
four of five untreated MPS I dogs and involved effusion, laxity,
crepitus on manipulation, and/or deformity of the normal joint
angle of the elbows, carpi, phalanges, and/or stifles (knees). No
RV-treated dogs had clinical signs of joint disease. RV-treated
dogs also showed decreased skeletal abnormalities, as will be dis-
cussed in a future publication.

Facial appearance

Untreated MPS I dogs had a characteristic depressed bridge of the
nose; this resulted in a curved muzzle that was apparent at 3-6
months of age and remained abnormal thereafter, as illustrated
at 1 year in Figure 1b. In contrast to MPS VII dogs, the snout
length of MPS I dogs appeared relatively normal. All untreated
MPS I dogs had a facial dysmorphic score of 3 (appeared severely
affected) at 7 months or older (N = 5). In contrast, RV-treated
dogs had a dysmorphic score of 0 (appeared normal) at all ages
of evaluation, as shown for representative examples in Figure 1c
and d (N =6; P < 0.001 for MPS I versus RV-treated). Four of five
untreated MPS I dogs had thickening and prolapse of the third
eyelid (Figure 1f), a triangular structure that sometimes partially
covers the lower medial part of the eye and contains cartilage and
a tear gland. The third eyelid was normal in all RV-treated dogs
(Figure 1g and h).

Corneal clouding

Corneal clouding was scored from 0 (normal) to 3 (severe).
Corneal clouding in untreated MPS I dogs resulted in a blurry
view of the fundus (Figure 1j) and an orange peel-like corneal
texture due to granular opacities (Figure 1n). Corneal clouding
was scored at 2 £ 0 at both 6 and 12 months in untreated MPS I
dogs (N = 4) and was markedly reduced in the RV-treated dogs
regardless of the serum IDUA activity (Figure 1Kk, 1, o and p),
with scores of 0.9 £ 0.5 at 6 months (N = 5; P = 0.005) and 0.6
0.5 at 12 months (N = 6; P = 0.001).

Organ lysosomal enzyme and GAG levels

In a previous study, liver had the highest expression after neonatal
RV-mediated gene therapy to MPS VII dogs, although spleen and
blood cells had 33 and 2% as much RV RNA as liver after nor-
malization to -actin levels.* Liver biopsies obtained at 4 months
from RV-treated MPS I dogs had 428 + 425 U/mg of IDUA activ-
ity, which was 15-fold the value of 27 + 8 U/mg in normal dogs
(Figure 2a). The serum IDUA activity was directly proportional to
the liver IDUA activity for individual dogs. Untreated MPS I dogs
had very low liver IDUA activity at 1.1 £ 0.2 U/mg.

Organs from post-mortem samples were evaluated for IDUA
activity for two RV-treated dogs with low serum IDUA activ-
ity (I-99 and I-101) and two RV-treated dogs with high serum
IDUA activity (I-107 and I-140), and white blood cells (WBCs)
were analyzed from two RV-treated dogs with high serum IDUA
activity (I-171 and I-172). Liver IDUA activity remained high
at 300 + 384 U/mg (Figure 2a). The percentage normal IDUA
activity in RV-treated dogs was 1,000% in spleen, 80% in brain,
30% in heart, 230% in kidney medulla, 210% in kidney cortex,
20% in aorta, and 56% in WBC. MPS I results in an elevation
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Table 1 Summary of untreated and RV-treated MPS | dogs

Gene Therapy for Canine MPS |

Dog Name Age® (mo)  Vector dose® x10°  Serum IDUA (U/ml) Comments Cause of death
Untreated MPS I dogs
I-113 Tsunami 14 None 0.6 at 4 mo Umbilical hernia, short stature, mild Euthanized due to
chest deformity, carpi varus, weak and ~ neurological disease
hyperreflexic in all four limbs
1-115 Halle 7 None 0.4 at 6.5 mo Umbilical hernia, carpi valgus, Planned euthanasia
phalangeal joint laxity, elbow effusion
I-119 Denzel 12 None 0.6 at 6 mo Umbilical hernia, carpi valgus, Euthanized due to
phalangeal joint laxity, ataxia, weak neurological disease
and hyperreflexic in hind limbs
1-120 Rudy 21 None 0.5 at 8 mo Umbilical hernia, moderate elbow Planned euthanasia
effusion and crepitus,
mild phalangeal joint laxity
1-137 Cairo 15 None Not tested Umbilical hernia, Planned euthanasia
moderate chest deformity
Average + SD None 05£0.1N=4
RV-treated MPS I dogs
1-96 Enola 3 0.68 57 +36 Too young for evaluation Unknown cause
1-99 Glennis 13 3.7 23t6 Luxated shoulders, Planned euthanasia
otherwise normal
I-101 Belle 21 34 2712 Appears normal Planned euthanasia
1-107 St. Louis 20 2.8 553 +263 Appears normal Planned euthanasia
1-108 2d. 2.8 Too young for evaluation Unknown cause
I-136 Spitfire 0.25 9.9 1221£332 Too young for evaluation Unknown cause
I-140 Schmidt 15 10.1 888 £ 546 Appears normal, Planned euthanasia
closed umbilical hernia
I-171 Tom 18 2.6 240 +138 Appears normal Still alive
1-172 Dick 18 2.5 608 +222 Appears normal Still alive
Average + SD 43+34 454 + 444
Normal dogs
Average = SD 130+19N=6

Abbreviations: MPS |, mucopolysaccharidosis I, RV, retroviral vector; IDUA, o-L-iduronidase.
At time of death or current age at time of writing (I-171 and 1-172) in months except for I-108, where values are given in days. ®Dose of RV in transducing units/kg.
‘Lifetime mean £ SD serum IDUA activity is listed for RV-treated dogs; value at the stated age in months is listed for untreated dogs.

of other lysosomal enzymes, and correction of disease normal-
izes these values. Organs of untreated MPS I dogs had total
B-hexosaminidase levels 2.1- to 4.6-fold the levels in normal
dogs (P < 0.01, Figure 2b), although values in WBC were only
1.3-fold normal. The RV-treated dogs had S-hexosaminidase
levels 1.0- to 1.9-fold normal, which were lower (P < 0.05) than
values in untreated MPS I dogs in all sites except WBC. MPS
I results in accumulation of soluble sulfated GAGs, and cor-
rection of disease normalizes these values. Untreated MPS I
dogs had organ GAG levels that were 17- to 108-fold normal
(Figure 2¢; P < 0.01), although values in WBC were only four-
fold normal. GAG levels were reduced to 1.0- to 2.6-fold nor-
mal in RV-treated dogs (not significant versus normal), which
was significantly lower than values in untreated MPS I dogs
(P <0.01) in all sites except WBC.

Heart

Figure 3a shows representative images of echocardiograms
obtained at 1 year, and Figure 3b shows average scores for
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echocardiogram-derived parametersat 6 and 12 months. Untreated
MPS I dogs had mild aortic dilatation, with a diameter of 40.1 £
9.8 mm/m”* body surface area at 12 months. At this age, RV-treated
dogs had an average aorta diameter of 24.5 * 4mm/m? (P = 0.003
versus untreated MPS I dogs), which was similar to values in nor-
mal dogs (not shown). At 12 months, untreated MPS I dogs had
a mild subjective aortic dilatation score of 1.0 + 0.8 on a scale of 0
(normal) to 4 (severely abnormal), which was significantly higher
than the value of 0 £ 0 (P = 0.015) in RV-treated dogs. Aortic valve
thickening and aortic insufficiency were mild, and there were no
significant differences between the groups at 12 months.

There were moderate amounts of lysosomal storage (sever-
ity score 2.0 = 0 on a scale from 0 (normal) to 3 (severe)) and
mild elastic fiber fragmentation (severity score on the same scale
of 1.8 £ 0.5) throughout the layers of the media of the aortas
from untreated MPS I dogs (Figure 3c). Aortas from three of
four RV-treated dogs appeared completely normal, whereas the
aorta from one RV-treated dog with low serum IDUA activity
(I-101) had mild (score = 1) storage and elastin fragmentation in
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RV-treated MPSI Normal

RV-treated

Figure 1 Facial dysmorphia and corneal clouding. Retroviral vector
(RV)-treated mucopolysaccharidosis | (MPS 1) dogs were injected with
~4 x 10° transducing units/kg of hAAT-cIDUA-WPRE at 2-3 days after
birth. (a-d) Facial profiles. (b) Photographs obtained at 1 year of age
show the pronounced scoop in the muzzle in an untreated MPS | dog,
which is emphasized by the red line drawn above it. (@) A normal dog
and RV-treated MPS | dogs with (c) low or (d) high serum a-L-iduronidase
(IDUA) activity had normal muzzle profiles. (e-h) Third eyelid. (f) Photo-
graphs obtained at ~1 year of age demonstrate the prolapse of the third
eyelid (membrana nictitans) of an untreated MPS | dog, as indicated with
a red arrow. The prolapse is absent in (e) the normal and in RV-treated
MPS | dogs with (g) low and (h) high serum IDUA activity. (i-1) Corneal
clouding. (j) An untreated MPS | dog had a blurred appearance to the
retinal blood vessels (white arrows) owing to the corneal clouding at ~1
year of age. (i) A normal dog and (k, 1) both RV-treated dogs with low
serum IDUA activity had well-defined blood vessels because the corneas
had little or no lysosomal storage. (m—p) Corneal surface. (n) Retroil-
lumination at ~1 year of age demonstrates the granular “orange peel”
appearance of the cornea of an untreated MPS | dog, which indicates
corneal storage. (m) The cornea appears smooth in a normal and (o, p)
both RV-treated dogs with low serum IDUA activity. The color difference
is due to normal variation in the color of the tapetum lucidum and is not
due to treatment or disease.

the middle region of the aortic media. This resulted in an overall
score of 0.25 £ 0.5 for both of these parameters in RV-treated
dogs, which was significantly lower (P < 0.01) than in untreated
MPS I dogs.

Mitral valve thickening analysis is shown in the bottom pan-
els of Figure 3a and is quantified in Figure 3b. Untreated MPS I
dogs had moderate mitral valve leaflet thickening, with severity
scores of 1.6 + 0.5 and 1.5 £ 0.6 at 6 and 12 months, respectively.
Mitral valve thickening scores were markedly reduced in the RV-
treated dogs at 0.5 + 0.6 (P = 0.009) and 0.3 £ 0.5 (P = 0.01) at 6
and 12 months, respectively. Mild mitral valve insufficiency was
present in both groups and also in some normal controls, and
there were no significant differences between untreated and RV-
treated MPS I dogs.

Neurological disease

Cognitive impairment was not obvious in untreated MPS I
dogs: they displayed normal canine behavior, chased balls, and
responded to their names. Human patients can have spinal cord
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Figure 2 Organ lysosomal enzyme and glycosaminoglycans (GAG)
levels. Liver biopsies were obtained from retroviral vector (RV)-treated
dogs at 4 months of age (N = 6). Samples from other organs were
obtained at post-mortem at 13-21 months after birth from two RV-
treated dogs with low expression (I-99 and I-101) and two RV-treated
dogs with high expression (I-107 and 1-140). Organs from homozy-
gous normal dogs (N = 8) and untreated mucopolysaccharidosis |
(MPS 1) dogs (N = 5) were collected at similar ages. White blood cells
(WBCs) were obtained from two RV-treated dogs with high serum a-L-
iduronidase (IDUA) activity at 17 months (I-171 and I-172) and from
normal (N =6) and MPS | (N =4) dogs at 4 to 12 months of age. Means +
SD are shown, * indicates a P value of 0.01-0.05 and ** indicates a
P value <0.01 for comparison of values in the groups that are connected
with a bracket using ANOVA with Tukey post hoc analysis. (a) IDUA
activity. IDUA activity was determined in organ homogenates and nor-
malized to the amount of protein in the extract. (b) f-Hexosaminidase
(B-hex). Total f-hex activity was determined as in a. (c¢) GAG levels.
Sulfated GAG levels were determined.

compression from bone and vertebral disc disease or thickening
of the meninges. Indeed, one untreated MPS I dog (I-113) with
narrowing of the C5/C6 intervertebral disc space on radiographs
(data not shown) was quadraparetic and had proprioceptive defi-
cits and hyperreflexia in all four limbs at 14 months. A second dog
(I-119) showed pelvic limb proprioceptive deficits and hyperre-
flexia, suggesting spinal cord disease between T3 and L3, although
disc space narrowing was not noted on radiographs. Both dogs
were euthanized for humane reasons at the onset of these signs.
Signs of spinal cord disease were absent in the RV-treated MPS I
dogs. In addition, the untreated MPS I dog I-119 developed nys-
tagmus and ataxia of the head and limbs at 12 months, suggesting
cerebellar and/or vestibular system involvement. Ataxia was not
seen in any RV-treated dogs.

Pathology of the brain

Brains were evaluated histologically for evidence of lysosomal
storage. All untreated MPS I dogs had numerous large dark
granules in most cortical neurons when 1-um sections were
stained with toludine blue (Figures 4b and f). The dark color
was similar to that seen in the synovial cells of MPS I dogs®
but differed from the clear vacuoles previously observed in
brains of MPS I mice,'”” MPS VII mice,*® or MPS VII dogs.*
Electron microscopy confirmed that the dark granules in
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Figure3 Amelioration of heartand aortadisease. (a) Echocardiograms.
Right parasternal long-axis echocardiograms were performed on nor-
mal, untreated mucopolysaccharidosis | (MPS [), or retroviral vector
(RV)-treated MPS | dogs with low (I-101) or high (I-171) serum a-L-
iduronidase activity. The top panels show the left ventricular (LV) out-
flow tract. The line across the aorta (A) indicates the approximate posi-
tion of the conotubular junction where the long-axis diameter was
measured. Note the normal narrowing at the right side of the aorta
in the normal and both RV-treated MPS | dogs, which was absent in
the untreated MPS | dog. The bottom panels show the left atrium (LA),
mitral valve apparatus, and LV. The insertion of normal chordae tendinae
(CT) into the mitral valve leaflets is indicated with white arrowheads. In
the untreated MPS | dog, the chordae tendinae and tips of the mitral
valve leaflets are thickened and nodular, as indicated by the long white
arrow. Scale bar = Tcm. (b) Quantification of the echocardiograms.
Echocardiograms were performed at 6 and 12 months after birth on
four untreated MPS | and six RV-treated MPS | dogs. In the left panel,
the long-axis diameter of the aorta was normalized to the body surface
area in square meters (m?), and the mean + SD determined. Values in
the two groups were compared with the Student’s t-test; * indicates
a P value of 0.01-0.05, and ** indicates a P value <0.01. In the other
panels, the parameter was scored from 0 (normal) to severely abnormal
(4), and the average scores were determined and compared statistically.
(c) Pathology of the aorta. Aortas were collected at the age indicated
above the panels and then stained for elastin. Lysosomal storage is iden-
tified with black arrowheads, and fragmentation of the elastin fibers is
identified with long black arrows. Scale bar = 240 um for the top panels
and 60 um for the bottom panels. Al, aortic insufficiency; AV, aortic value;
MI, mitral insufficiency; MV, mitral value; thick, thickening.

cortical neurons from untreated MPS I dogs were zebra bodies
(Figure 4j) or large lysosomes with circular whorls (not shown),
which have previously been reported to represent lysosomal
storage in patients with MPS I.' All RV-treated MPS I dogs had
a remarkable reduction in the amount of lysosomal storage in
the cortical neurons as assessed with light microscopy regard-
less of the serum IDUA activity. In addition, zebra bodies and
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Figure 4 Evaluation of brains for lysosomal storage. Samples were col-
lected at 1-1.5 years. (a—h) Light microscopy of the frontal cortex. The
groups are indicated above the panels. Sections 1um thick were stained
with toluidine blue. The white arrows indicate dark granules in the cyto-
plasm of neurons, which are consistent with lysosomal storage. Scale bar =
40um (a-d) and 10um (e-h). (i-1) Electron microscopy of the frontal cor-
tex. The short black arrows identify zebra bodies in cortical neurons, which
are consistent with lysosomal storage. The long black arrows identify small
lysosomes that were apparent in a small percentage of the neurons from
an retroviral vector (RV)-treated dog with low serum a-L-iduronidase
(IDUA) activity. Scale bar = 2um. (m-p) Light microscopy of Purkinje cells.
Sections 1um thick were stained with toluidine blue. The white arrows
indicate dark granules in the cytoplasm of Purkinje cells, which are consis-
tent with lysosomal storage. Scale bar = 10um. (q-r) Percentage of cells
with storage in neurons of the frontal cerebral cortex or Purkinje cells. The
percentage of cells with lysosomal storage was determined for cortical
neurons and Purkinje cells for the indicated number of animals, and the
mean + SD was determined. Statistical comparisons were performed as
described in Figure 2. MPS |, mucopolysaccharidosis I.

large lysosomes with circular whorls were absent when electron
microscopy was performed on brain cortex from one RV-treated
dog with low and one with high serum IDUA activity. However,
the dog with low serum IDUA activity did have occasional cells
with increased numbers of small lysosomes (Figure 4k), which
may represent modest amounts of lysosomal storage. Untreated
MPS I dogs had five or more granules that were consistent with
lysosomal storage in 79 £ 9% of cortical neurons (Figure 4q),
which was significantly higher (P < 0.01) than the percent-
age of cells with granules in normal (14 * 3%) or RV-treated
(11 + 8%) dogs. Similarly, untreated MPS I dogs had vacuoles
consistent with lysosomal storage in 98 + 4% of Purkinje cells
(Figure 4n and r). This was significantly higher (P < 0.01)
than the values of 14 + 6% in normal dogs and of 17 + 12% in
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Figure 5 Retroviral vector (RV) DNA and RNA. (a) RV DNA. RV DNA
copies were determined with real-time polymerase chain reaction
(RT-PCR) for the woodchuck hepatitis post-transcriptional regulatory
element (WPRE) of the RV with normalization to -actin. DNA was evalu-
ated in liver of two RV-treated mucopolysaccharidosis | (MPS 1) dogs
with low serum a-L-iduronidase (IDUA) activity and two RV-treated dogs
with high serum IDUA activity at 4-21 months after birth. Samples from
normal and untreated MPS | dogs had no signal (not shown). (b) Liver
RV RNA. Liver RNA was evaluated by real-time RT-PCR for canine IDUA
RNA levels with primers that amplified both the endogenous and the RV-
derived RNA, for RV sequences with primers specific for the WPRE, and
for -actin sequences for normalization. The amount of IDUA or WPRE
RNA relative to the g-actin signal was determined for two samples from
each group. (c) White blood cells (WBCs) RV RNA. WBC was evaluated
as in b for two RV-treated MPS | dogs with high serum IDUA activity at
17 months and also for MPS | (N = 4) and normal (N = 4) dogs at 4-12
months. (d) Brain RV RNA. RNA from the frontal cortex of the brain was
analyzed for IDUA, WPRE, and f-actin sequences for two samples from
each group for most assays and for three samples from MPS | dogs.

RV-treated dogs. In addition, untreated MPS I dogs had numer-
ous clear vacuoles that were consistent with lysosomal storage
in the meninges and perivascular cells, as reported previously,”
which were absent in all RV-treated dogs (data not shown).

Vector DNA and RNA in liver, blood cells, and brain

The RV DNA copy number was evaluated in liver using real-time
polymerase chain reaction (real-time PCR) for the woodchuck
hepatitis post-transcriptional regulatory element (WPRE) of
the RV with normalization to S-actin levels (Figure 5a). Livers
from RV-treated dogs with low and high serum IDUA activity
had 0.11 £ 0.02 and 3.2 £ 1.5 copies of RV per 100 cells, respec-
tively. This suggests that the 21-fold differences in serum IDUA
activity between the two groups may be due to the 29-fold vari-
ation in liver transduction efficiency. RV DNA was present at
low levels in WBC of RV-treated dogs with high serum IDUA
activity but was not analyzed in RV-treated dogs with low serum
IDUA activity. Similarly, RV DNA was present at low levels in
brain of RV-treated dogs with low and high serum IDUA activ-
ity. However, it was not possible to quantify the amount of DNA
in either WBC or brain because the C, for the WPRE was high
(35-38), which is a level where the standard curve is not linear
in our hands. The DNA concentration was estimated to be less
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than 0.1 copy per 100 cells in both organs. WBC and brain from
non-transduced MPS I or normal dogs had WPRE C, values of
40, demonstrating the specificity of the real-time PCR for RV
sequences (data not shown).

RNA was evaluated with IDUA primers that amplified the
endogenous as well as the RV-derived canine IDUA comple-
mentary DNA (cDNA), with WPRE primers specific for the RV-
derived RNA, and with f-actin primers for normalization. The
liver IDUA signal in normal and MPS I dogs was, respectively,
5.6 £ 0.4% and 22 * 5% of the f-actin signal (Figure 5b), dem-
onstrating that untreated MPS I dogs had fourfold more IDUA
RNA in liver than normal dogs. As expected, the liver WPRE sig-
nal was undetectable in both normal and untreated MPS I dogs.
RV-treated dogs with low serum IDUA activity had 67% of nor-
mal liver IDUA RNA levels, which was less than the background
in untreated MPS I dogs. However, the liver WPRE RNA was
7.4+ 4.0% of B-actin, indicating that IDUA expression was 132%
of normal—assuming that the IDUA and the WPRE primer sets
amplified equally well. This was consistent with the liver IDUA
activity of 110% of normal in these RV-treated dogs with low
serum IDUA activity. RV-treated dogs with high serum IDUA
activity had IDUA RNA levels that were 135 £ 78% of f-actin
(24-fold normal) and WPRE RNA levels that were 323 + 277%
of B-actin (58-fold normal, assuming the IDUA and WPRE
primers amplified equally well). The RNA levels in RV-treated
dogs with high serum IDUA activity were consistent with liver
IDUA activity that was 32-fold normal.

RNA was also evaluated from WBC (Figure 5¢) and cerebral
cortex (Figure 5d) to determine whether RV expression in these
sites might have contributed to the correction of lysosomal stor-
age in RV-treated dogs. MPS I dog WBC and brain had 74 and
142% as much IDUA RNA as in normal dogs, respectively, and did
not have a signal for the WPRE. The WPRE signal in WBC of RV-
treated dogs with high serum IDUA activity was 0.02 + 0.02% of
B-actin, which was 6% of the level in normal WBC if one assumes
that the WPRE and IDUA primers amplify equally well. WBC
RNA was not evaluated in RV-treated dogs with low serum IDUA
activity. The WPRE signal in brain of RV-treated dogs with low
or high serum IDUA activity was 0.2 = 0.002 or 0.5 + 0.5% of f3-
actin, respectively. This indicates that RV-treated dogs with low or
high serum IDUA activity had 10 or 24% as much IDUA RNA in
brain, respectively, as normal dogs if the IDUA and WPRE prim-
ers amplified equally well.

DISCUSSION

This study demonstrates that many clinical manifestations were
prevented in MPS I dogs that achieved stable IDUA expression
after neonatal IV injection of an RV. The RV-treated dogs with
low and high serum IDUA activity had 25 + 3 U/ml (2-fold nor-
mal) and 535 + 285 U/ml (41-fold normal) of IDUA activity in
serum, respectively. The major source of enzyme in blood was
probably the liver, which we previously demonstrated was the
organ with the highest expression after a similar gene therapy
approach in MPS VII dogs.** The lack of overt adverse effects
from very high serum IDUA activity is likely due to the fact that
IDUA functions best at a low pH and acts only upon terminal
iduronic acids in GAG chains.
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Lack of an immune response after neonatal

gene therapy

One reason for using gene therapy in MPS I dogs was to assess the
immune response in a large-animal model with a null mutation, as
such mutations are common in Hurler syndrome patients.” Serum
from these RV-treated dogs did not have anti-canine IDUA immu-
noglobulin G antibodies in an enzyme-linked immunosorbent
assay in which wells that were coated with canine IDUA were
used to capture antibodies (data not shown). This was somewhat
surprising given that MPS I dogs mounted an antibody response
to canine IDUA protein after ERT* and to canine IDUA after
HSC- or myoblast-directed gene therapy.'®** The immaturity of
the immune response at birth may have contributed to this failure
to produce anti-canine IDUA antibodies. Alternatively, the lack of
antibodies could be due to the high serum levels of canine IDUA,
as animals with 25U/ml have ~100ng/ml or ~2nmol/l of serum
canine IDUA, assuming a specific activity of 250,000 U/mg.*® This
concentration was effective at preventing an antibody response to
human Factor IX after neonatal gene therapy.

The stable expression in RV-treated dogs indicates indi-
rectly that a cytotoxic T-lymphocyte response did not destroy
transduced cells. This result differs from that in MPS I cats that
received the same canine IDUA-expressing RV as newborns and
mounted a potent cytotoxic T-lymphocyte response.> Although
we previously hypothesized that the newborn immune system
may be less mature in dogs than in cats, it is also possible that
MPS I dogs express canine IDUA epitopes and develop tolerance.
Indeed, IDUA messenger RNA was near-normal in untreated
MPS I dogs in this study, and substantial amounts of an IDUA
cDNA were amplified from blood cells of untreated MPS I dogs
with exon 3 and exon 6 primers in a previous study.?” The finding
of near-normal levels of IDUA RNA in untreated MPS I dogs in
this study differs from the result in fibroblasts from MPS I dogs,
where levels of a 2.8 kilobase RNA (which was hypothesized to
include the 450bp intron 1 and sequences from the wild-type
2.2 kilobase messenger RNA) were both low.>* The 5 splice site
mutation results in a stop codon within intron 1 at nucleotide 519
(GI:163964) and a truncated 52 amino acid protein, yet trans-
lational initiation at the second AUG at nucleotide 942 within
intron 1 would be in frame with exon 2 (starts at nucleotide 968)
and would produce a protein with MPAPSLCPS in addition to
the sequence encoded by exons 2-14. This putative protein lacks
a signal sequence and should not be secreted or transported to
the lysosome, but it could result in epitope presentation and tol-
erance. Although it was previously proposed that ex vivo gene
therapy of HSC'>? or myoblasts'® may have resulted in a cyto-
toxic T-lymphocyte response to canine IDUA, these data were
indirect. Further studies with the human IDUA gene in the MPS
I dogs may help to determine whether the prolonged expression
observed in this study was due to the immaturity of the newborn
canine immune system or to tolerance to canine IDUA epitopes.

Heart disease

Cardiac disease can result from storage in heart values, aorta,
coronary arteries, and/or myocardium. In this study, untreated
MPS I dogs had moderate thickening of the mitral valve, which
was markedly reduced in all RV-treated dogs regardless of the
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serum IDUA activity. Similarly, heart valve thickening stabi-
lized or was reduced after HSCT or ERT. Untreated MPS I dogs
had aortic diameters that were mildly dilated at 164% of nor-
mal at 1-1.5 years of age, which was associated with moderate
amounts of lysosomal storage and mild elastic fiber fragmenta-
tion throughout the thickness of the media. Pathology in dogs
was similar to that in untreated humans but less severe than in
MPS I mice."***7* This difference in severity may result from less
lysosomal storage per cell in the aorta of large animals than in
mice. Both RV-treated dogs with high serum IDUA activity (553
and 888 U/ml) had complete correction of aortic disease, which
was consistent with the ability of neonatal gene therapy to cor-
rect aortic disease in mice if serum IDUA activity is >500 U/ml.**
Although one RV-treated dog with low serum IDUA activity
(23 U/ml) that was killed at 13 months had complete pathologi-
cal correction in the aorta, the other RV-treated dog with low
serum IDUA activity (27 U/ml; I-101) that was euthanized at 21
months had mild lysosomal storage and elastic fiber fragmenta-
tion in the middle regions of the media. The failure to prevent
aortic disease in I-101 is consistent with the results in MPS I
mice, where administration of a low dose of RV to neonatal mice
resulted in only ~30 U/ml of serum IDUA activity."* Difficulties
in preventing aortic disease were also encountered with other
treatments: aortic regurgitation developed de novo in eight of
nine patients at 12 years after performing HSCT at a mean age of
2 years;’ and 60% of patients analyzed at 4-6 years after initiation
of ERT had de novo development or worsening of aortic insuf-
ficiency.'""® Evaluating aortas from additional dogs with low and
high serum IDUA activity at older ages will be important.

Neurological disease

A major problem in children with Hurler syndrome is mental
retardation, which is likely due in part to neuronal lysosomal stor-
age. In this study, all RV-treated dogs had marked reductions in
lysosomal storage in cortical neurons even when serum IDUA
activity was only ~25 U/ml. This differed from the result in MPS I
mice, where animals with ~30 U/ml after low-dose neonatal gene
therapy had substantial lysosomal storage in neurons.'”” One dif-
ference may be that the brain of RV-treated MPS I dogs with low
serum IDUA activity had 10% as much IDUA messenger RNA as
did normal dog brain; this was much higher than the level of RV
RNA found in brain in MPS I mice with low serum IDUA activity.
Expression in brain of RV-treated dogs presumably derived from
the LTR, which can drive expression of a translatable protein in
non-hepatic cells.

The presence of relatively high levels of RV RNA sequences
in the brain of RV-treated MPS I dogs at 1 year could be due
either to transduction of brain at the time of IV injection of vec-
tor or to transduction of hematopoietic cells that migrated into
brain. Analysis of DNA was not helpful at differentiating between
these possibilities, because the signal was too low in both WBC
and brain of RV-transduced dogs for meaningful quantitation.
That RV RNA in brain was as high or higher as in WBC in this
study could suggest that brain cells were transduced, but it is
also possible that the LTR was up-regulated in blood-derived
cells in brain. We similarly reported that DNA was present in the
brain of MPS VII dogs at 6 months after neonatal gene therapy,
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although RNA could not be evaluated because it was of poor
quality.?* In contrast, we previously reported that normal dogs
receiving an amphotropic RV that expressed f-galactosidase
from the LTR had undetectable protein and DNA in brain at
1 week after neonatal transduction.®® This apparent discrepancy
may be due to differences in the permeability of the blood-brain
barrier in MPS I or MPS VII as compared with normal dogs,
to a low sensitivity for protein expression and DNA copies in
the previous study with -galactosidase, or to an ability of trans-
duced WBC or neuronal cells to increase their relative represen-
tation in the brain over time. No expressing cells were identified
in the brain parenchyma using a histochemical stain at 6 months
after neonatal transduction with a -glucuronidase-containing
RV in MPS VII dogs, suggesting that the expression per cell was
relatively low.?* Future studies will attempt to identify the cell
types that express the RV in the brain using a green fluorescent
protein—expressing vector. If expression in the brain is, indeed,
the critical factor for reducing lysosomal storage in the brain,
then utilization of a self-inactivating vector to improve the
safety®® might reduce the efficacy of correction in brain. We will
therefore also test whether a self-inactivating vector that does
not express in brain is effective.

It remains possible that brain was corrected because IDUA
protein in blood crossed the blood-brain barrier. Indeed, a
recent report showed that IV injection of high doses of g-
glucuronidase protein into MPS VII mice reduced lysosomal
storage in neurons.”” Furthermore, transduction of liver cells in
adult MPS I mice reduced lysosomal storage in brain without
resulting in detectable RNA,* and neonatal administration of an
adeno-associated vector reduced storage in the cerebellum and
improved neurological function with no detectable vector copies
in brain."”” The ability to treat disease in the brain with IV injec-
tion of RV is important because some have argued that localized
injections, as recently reported by Ciron et al* in MPS I dogs,
are necessary to achieve improvement in the brain.

Implications for gene therapy for MPS I in children

The findings of this study appear promising for future ther-
apy of children with MPS I using neonatal IV injection of an
IDUA-expressing RV. It is likely that the benefits would be main-
tained, as MPS VII dogs that received a similar neonatal gene
therapy procedure**-** remain alive and well with high serum
B-glucuronidase activity at 6 years. Additional studies will deter-
mine the mechanism of improvement in the brain by testing
whether self-inactivating vectors that express only in the liver
are equally effective. The possibility of neoplasia from inser-
tional mutagenesis remains a major concern for this approach.
Although this risk appears to be low, we are currently identifying
integration sites and testing for clonal expansion in RV-treated
mice and dogs that received this neonatal IV injection procedure.
A self-inactivating vector that lacks the enhancer region of the
LTR’ should reduce this risk and will be utilized if it maintains
efficacy for treating brain disease. Although immune responses
did not occur in these dogs, such a response remains a concern
for patients with null mutations, as MPS I cats developed a cyto-
toxic T lymphocyte response after neonatal administration of an
RV expressing the canine IDUA ¢cDNA.* Finally, this approach
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requires that patients can be identified at birth. Recent progress
in techniques for newborn diagnosis of LSD including MPS I
appears to be promising,**** making it likely that patients will
be identified early enough in the near future to initiate a gene
therapy treatment similar to the one in this study. If the concerns
raised here can be addressed, then gene therapy may become a
possibility for treatment of children with MPS 1.

MATERIALS AND METHODS
All reagents were purchased from Sigma Chemical (St. Louis, MO) unless
otherwise described.

Retroviral vector. The RV designated hAAT-cIDUA-WPRE containing
intact LTRs, the human « -antitrypsin (hAAT) promoter, the canine IDUA
cDNA, and the WPRE was prepared as previously described and was
devoid of replication-competent retrovirus.'*

MPS | dogs. MPS T dogs generously provided by Dr. Emil Kakkis were
maintained at the School of Veterinary Medicine, University of Pennsyl-
vania, under NIH and USDA guidelines for the care and use of animals in
research. Dogs were outbred into a colony of mixed-breed dogs to increase
their reproductive performance and overall vigor. MPS I dogs were identi-
fied at birth by serum IDUA assay and confirmed by DNA testing. RV-
treated MPS I dogs were injected with 2-3 doses of a 5-8ml bolus of
hAAT-cIDUA-WPRE over 1-2 minutes at 4-hour intervals via an external
jugular vein catheter at 2-3 days after birth. Liver biopsies, radiographs,
eye exams, echocardiograms, euthanasia, and organ collection were per-
formed as previously described.” Dogs were not perfused before the col-
lection of tissues.

Organ IDUA, B-hexosaminidase, and GAG levels. Post-mortem tissues
were analyzed for IDUA activity, f-hexosaminidase activity, and GAG
levels as previously described.'****

Pathology. Brain samples were fixed with 4% paraformaldehyde and
2% gluteraldehyde in phosphate-buffered saline, embedded with Epon
(Electron Microscopy Sciences, Fort Washington, PA), and 1-pm sections
were stained with toluidine blue. At least 50 cells were scored for five or
more dark blue granules that were consistent with lysosomal storage. Aorta
samples were fixed in the same fashion but were embedded in paraffin, and
4-pm sections were stained with Vierhof van Giesen stain for elastin.

Vector DNA and RNA in organs. DNA was isolated from liver and RNA
was isolated from blood cells and organs as reported previously.”** DNA
copies were determined using Tagman PCR for the WPRE with normal-
ization to f-actin as described previously.* DNA samples with high -
actin C, values were excluded from analysis. RNA was reverse transcribed
with a Superscript III kit (Invitrogen, Carlsbad, CA) and a mixture either
of reverse f-actin and reverse canine IDUA primers or of reverse f-actin
and reverse WPRE primers. IDUA primers were from nucleotide 1788 to
1811 (5-CAAGTGCCTGTGGACCTATGAGAT-3") of the canine IDUA
cDNA, which contains 3 nucleotides of exon 12 and 21 nucleotides of exon
13, and from the complement of nucleotides 1870-1847 (5-TAAAGGTG
GATGGCTTCCTGCTGA-3’) from exon 13. The Tagman probe was from
nucleotide 1846 to 1817 of exon 13 (5-TCTCCGCGGATGGAGAAGT
GTACACGCCCA-3"). Real-time PCR was then performed with canine
IDUA-specific reagents with normalization to S-actin or with WPRE
specific reagents with normalization to f-actin using a Tagman PCR core
reagent kit (Applied Biosystems, Foster City, CA).* The amount of IDUA
or WPRE RNA relative to the -actin signal was determined by compari-
son of the cycle number to reach the threshold (C,).

Statistical evaluations. The mean + the SD was calculated for all values,
and comparisons were between two groups using the Student’s t-test or
between multiple groups using ANOVA with Tukey post hoc analysis.
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