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Mucopolysaccharidoses (MPS) are due to deficiencies in activities of lysosomal
enzymes that degrade glycosaminoglycans. Some attempts at gene therapy
for MPS in animal models have involved intravenous injection of vectors
derived from an adeno-associated virus (AAV), adenovirus, retrovirus or a
plasmid, which primarily results in expression in liver and secretion of the
relevant enzyme into blood. Most vectors can correct disease in liver and
spleen, although correction in other organs including the brain requires high
enzyme activity in the blood. Alternative approaches are to transduce
hematopoietic stem cells, or to inject a vector locally into difficult-to-reach
sites such as the brain. Gene therapy holds great promise for providing a
long-lasting therapeutic effect for MPS if safety issues can be resolved.
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1. Introduction

The mucopolysaccharidosis (MPS) syndromes 1] are lysosomal storage diseases
with an overall incidence of ~ 1:25,000 2) that involve deficient activity of enzymes
which degrade glycosaminoglycans (GAGs). Table 1 summarizes the MPS
syndromes, the enzymes that are deficient, the GAGs that they metabolize, and
some of the major organs that are affected. All are autosomal recessive diseases
except for the X-linked MPS 11, and most of the syndromes have a variable pheno-
type from mild to severe, which correlates reasonably well with the level of enzyme
activity. GAGs are complicated polymers of sulfated and N-acetylated sugars that
are added to proteins post-translationally and serve a variety of important biologic
functions. Organs vary in the amounts of different GAGs that they produce, which
results in differences in the clinical manifestations for each syndrome. For example,
heparan sulfate (HS) is very abundant in the brain, and neurologic disease develops
in the disorders with deficient activity of enzymes that are important for HS
degradation (MPS [, MPS II, MPS Il and MPS VII). Conversely, as chondroitin
sulfate (CS) is abundant in cartilage, bone and joint disease are most severe in
the disorders with deficient activity of enzymes that are critical for CS catabolism
(MPS IV, VI and VII). In some sites, such as heart valves, the physical accumulation
of GAGs results in thickening of the organ, which causes dysfunction. However,
in many organs such as the brain, it is unclear as to how GAG accumulation results
in clinical symptoms.

Existing therapies for MPS include enzyme replacement therapy (ERT) (3] and
hematopoietic stem cell transplantation (HSCT) 4. Both approaches rely on the
unique pathway by which these enzymes reach the lysosome. Most soluble
lysosomal enzymes acquire a mannose G-phosphate (MGP) moiety during
processing in the Golgi. M6P-modified proteins bind t the M6P receptor
(MGPR), which transports most of the enzyme produced by a cell to its lysosomes.
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Table 1. Summary of MPS syndromes.

Disease Enzyme GAG metabolized by the Organs affected
deficient enzyme
MIPS | a-L-iduronidase Dermatan and heparan Brain, heart, bone, joints, eye, other
Hurler, Scheig sulfate
MPS I Iduronate sulfatase Dermatan and heparan sulfate  Brain, heart, bone, joints, eye, other
Hunter
MPS 1A Heparan N-sulfatase Heparan sulfate Brain
sanfilippo A {sulfaminidase)
MPS 1B a-N-acetyl-glucosaminidase Heparan sulfate Brain
Sanfilippo B
MPS NC Acetyl-Cofca-glucasaminide Heparan sulfate Brain
sanfilippo C acetyltransferase
MPS D N-acetylglucosamine B-sulfatase  Heparan sulfate Brain
sanfilippo D
MPS VA, Galactose G-sulfatase Keratan sulfate, chondraitin Bone, joints, eye, other
Morquio A sulfate
MPS IVB f-Galactosidase Keratan sulfate Heart, bone, joints, eye, other
Morquio B
MPS VI N-acetyl-galactosamine Dermatan sulfate, chondraitin Heart, bone, joints, eye, other
Maroteaux-Lamy d-sulfatase sulfate
MPS VI B-Glucuronidase Dermatan, heparan and Brain, heart, bone, joints, eye, other
Sly chondroitin sulfate
MPS [X Hyaluronidase Hyaluranan Joints, bone

GAG: Glycosaminoglycan; MPS: Mucopolysaccharidosis

However, a small fraction (~ 10%) of the enzyme is secreted
despite the fact that it contains MGE. The secreted enzyme can
be taken up by adjacent or distant cells in a process referred to
as cross-correction, as the M6PR also appears on the surface
of many cells. ERT involves intravenous (i.v.) injection of
M6P-modified enzyme, whereas HSCT results in migration
of cells into organs where they secrete enzymes locally, as well
as secretion of some enzyme into blood. ERT is now available
for MPS 15, MPS 1l s and MPS VI 7, but involves
frequent iv. infusions. In addition, it is very expensive
at $300,000 — 1,200,000 a year for adules based
on prices at the authors’ hospital. HSCT is effective for
some disorders but has a 15% risk of early death, requires
a compatible donor, and is moderately expensive
at ~ $130,000 per transplant is-11.

2. Post-translational modifications
necessary for activity

Some lysosomal enzymes require post-translational modifica-
tions that are essential for their catalytic activity. All sulfatases
are modified post-translationally in the endoplasmic
reticulum by sulfatase-modifying factor 1 (SUMFL) or
SUMEF2 [12). These convert a cysteine to the c-a-formylglycine
that is required for catalytic activity for the enzymes that
are involved in MPS II, MPS IIIA, MPS IIID, MPS IVA
and MPS VI This modification appears to be limited in

muscle (13), although liver can efficiently perform this step
and secrete sufficient amounts of active enzyme to exert a
therapeutic effect for MPS 1T (14].

3. Recent progress in gene therapy

The most common form of gene therapy is when a gene thar
encodes a functional protein is transferred into an animal,
resulting in long-term expression of the protein that was
deficient 15171, Jn wive gene therapy can involve systemic
injection of vector into a peripheral vein, an artery or the
portal vein, or localized injection into a specific organ such as
the brain or muscle. Ex vivo gene therapy refers to removal of
cells such as hematopoietic stem cells, modification in vitro,
and infusion of the modified cells back into the animal or
patient. Most viral vectors are derived from adenoviruses,
adeno-associated  viruses (AAV), retroviruses or herpes
simplex virus (HSV) and involve replacement of some
or all of the genes that encode viral proteins with the
therapeutic gene. Adenoviral vectors have a linear ~ 35 kb
double-stranded genome, and can be maintained episomally
for prolonged periods of time in non-replicating cells.
AAV vectors have a linear single-stranded DNA genome of
~ 4.7 kb, which is converted to double-stranded DNA thar
concatemerizes and can be maintained episomally long-term
in non-replicating cells, but occasionally integrates into the
chromosome. Retroviral vectors have a 5 — 10 kb RNA
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genome that is copied to DNA and integrates into the
chromosome, which is maintained stably even when cells
undergo many rounds of replication, but can result in
insertional mutagenesis as is discussed in more detail below.
Finally, HSV vectors have a ~ 150 kb linear double-stranded
DNA genome, and can be maintained episomally in
non-dividing cells.

Viral vectors are produced with packaging systems thar
express the viral proteins in #rams. The choice of different
capsid (adenowvirus and AAV) or envelope  (retrovirus)
proteins can influence the binding to the cell surface and
transduction of different cell types. Lentiviral vectors are a
subset of retroviral vectors that can transduce both dividing
and non-dividing cells, whereas y-retroviral vectors are
primarily derived from the Moloney murine leukemia virus
and can only transduce dividing cells. The requirement for
replication has potential safety advantages with in vive admin-
istration, as it should preclude germline transmission if germ
cells are not replicating, and might reduce the total number
of cells that are transduced. However, in some cases, such as
transfer to hepatocytes of adules, a stimulus needs to be given
to induce cell division. Proteins can also be expressed from
plasmids, which can direct long-term expression in the liver if
they are deleted of bacterial sequences 18] or contain
transposable elements that result in integration 1191,

4. Systemic gene therapy in mice

Systemic gene therapy has resulted in continuous secretion of
enzyme into the blood (201, and correction of disease in a
fashion analogous to ERT. High levels of these enzymes in
blood are unlikely to result in inappropriate degradation of
GAGs that are serving important biologic functions in the
extracellular space, as these enzymes only act on terminal
sugars on GAG chains and function best at a low pH.
Although serum enzyme activity can reach very high levels,
delivery to some organs is limited by diffusion barriers.
Therefore, it is important to define the serum activity needed
to result in functional and/or pathologic improvements in
organs, which varies with the specific MPS syndrome, the
vector, the age at administration, and the species. The target
intracellular level is probably > 5% of normal enzyme activity,
as heterozygous patients are normal, and those with low levels
of enzyme activity usually have less severe symptoms than
patients with no enzyme activity.

4.1 Systemic gene therapy in newborn mice

A variety of AAV, adenovirus, Y-retroviral vectors, lentiviral
and plasmid vectors have been injected iv. into newborn
mice with different MPS syndromes. As disease in liver
and spleen can be corrected with very low levels of
enzyme activity, the summary in Table 2 focuses on the
effect in sites that are more refractory to treatment. MPS VII
mice that achieved > 150-fold normal serum B-glucuronidase
(GUSB) activity after nconatal retroviral vector-mediated
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gene therapy had a profound improvement in difficule-
to-treat sites such as eye, aorta, and brain but those with
< 150-fold normal serum GUSB activity had only partial
improvements [21]. For MPS [, achieving 250- to 500-fold
normal o-L-iduronidase (IDUA) activity after neonartal
retroviral vector gene therapy had a profound effect on all
manifestations in mice, whereas 15-fold normal activity was
only partally effective in brain, eye, ear and bone, and was
not effective in aorta [22,23),

Neonatal administration of AAV vectors resulted in very
high initial serum expression, which fell to ~ 5% of the peak
serum activity in adules due to a reduction in the DNA
copies in the liver as hepatocytes divided (24). Achieving high
serum activity early may be critical for success, as MPS VII
mice with relatively low serum GUSB activity (0.05- to 5-fold
normal) 2i-26) and MPS I mice with relatively low serum
IDUA activity (5-fold normal) (27) at | month or later after
neonatal AAV vector-mediated gene therapy appeared to have
a better therapeutic effect than mice that received a retroviral
vector and achieved similar enzyme activity ar late times (21-23).

4.2 Systemic gene therapy in adult mice

Because most patients are not diagnosed at birth, it is
important to test if gene therapy can be effective in older
animals. However, immune responses have presented a
problem, as is discussed in more detail below. i.v. injection of
a retroviral vector into adult immunosuppressed MPS I mice
had a marked effect on disease in brain, bone, eye and ear [2s),
as summarized in Table 2. The failure to correct disease in
the aorta was likely duc to lower serum IDUA activity
{(40-fold normal) than was achieved after neonatal gene
therapy, and the fact that the aorta is a very difficult site to
correct. L.v. injection of an AAV vector to adult MPS II mice
improved bone disease [14].

5. Systemic gene therapy in large animals

The clinical efficacy of gene therapy in large animal models is
likely to be predictive of results in humans, as their larger size
requires efficiently scaling, and their longer lifespan allows
late efficacy and toxicity to be evaluated. A summary of the
results of gene therapy in large animals is shown in Table 3.
Untreated MPS VII dogs cannot stand beyond 6 months of
age and have severe cardiac disease, corneal clouding and
pathologic evidence of lysosomal storage in the brain.
MPS VII dogs that received neonatal i.v. injection of a retro-
viral vector with the human o, -antitrypsin promoter achieved
a mean of 75% normal GUSB activity in serum and had
profound improvements in most manifestations, including
brain lesions, aorta and heart physiology, corneal clouding
and bone disease 129-321. At 6.5 years after therapy, serum
GUSB activity remains stable (Figure 1), echocardiograms
are normal, and there is litde or no corneal clouding
(Meg Sleeper, Gustavo Aguirre, ME Haskins and KP Ponder,
unpublished data). All animals can stll run, although most

Expert Opin, Bigd. Ther. (2007) 7(9)
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Table 2. Effect of intravenous injection of vectors in mouse models when organs other than just liver and spleen
were evaluated for pathologic or functional correction of disease.

Disease  Vector Age Serum enzyme activity Effect
(fold normal)
MPS | AAV2 with CMV-B-actin Necnatal  5-fold normal at 1 month, Partially reduced disease in bone
promoter [27] probably higher earlier and cerebellum; no vector in brain
Lentiviral with MND promoter [50] Neonatal  Not tested Improved bone, survival, and brain;
vector copies in brain
Adult Not tested Little improvement
vy-Retroviral vector with liver Neonatal  High = 500-fold normal Profound improvement in brain,
hAAT promoter [22,23] Low = 15-fold normal heart, eye and aorta with high
serum activity; partial improvement
with low serum activity except in aorta
v-Retroviral vector with liver Adult 40-fold normal Partial improvement in brain, ear,
hAAT promoter [28] and eye; little improvement in aorta
MPS I AAV2 with liver TBG promoter [14]  Adult 17-fold normal Reduced storage in brain, improved
bones and locomation
MPS 1IIB Lentiviral with PGK promoter [100] Adult Not reported Some improvement in body weights
MPS VII AAV2 with CMV-B-actin promoter  Neonatal 1% normal at Reduced storage in brain, heart
2 months; higher earlier [25] valve; cornea not corrected
Neonatal ~ 100% normal at 2 moenths; Partially improved growth, bones,
higher earlier [24] hearing, vision, and lifespan
AAV2 with liver hAAT Neonatal 5% normal at 2 months; Modest reduction in brain storage,
promoter [26] higher earlier partial improvement in hearing,
vision and bones; survival
not improved
AAV2 with CMV promoter [101] Neonatal  100% normal at 2 months; Improved bone and reproduction
probably higher earlier
Gamma retroviral with liver Neonatal  High > 150-fold normal; Markedly improved bone, brain,
hAAT promoter [21] medium 50- to 150-fold eye, and aorta with high expression;
normal; low 15- to 50-fold partial improvement with medium or
normal low expression
Adenoviral with CMV-B-actin Neonatal  Not reported Improved bone, eye, brain

promoter [102,103]

AAV: Adeno-associated virus; CMV: Cytomegalovirus; hAAT: Human a-antitrypsin; MPS: Mucopolysaccharidosis; PGK: Phosphoglycerol kinase.

have an abnormal gait due to hip problems, and radiographs
show some abnormalities in bone and cartilage, particularly
in the cervical spine. One animal with very high serum IDUA
activity (70-fold normal) appeared similar clinically to those
with 75% of normal activity. Similarly, MPS I dogs that
achieved 2-fold to 64-fold normal IDUA activity in serum after
neonatal i.v. injection of a retroviral vector had marked improve-
ment in most lesions, although the aorta was only partially
corrected in one animal with low serum IDUA activity [33].
There have been no adverse effects in either model to date.

6. Local injections of vector

Local injection of an AAV2 vector with an EFlat (elongation
factor 10r) promoter into the liver resulted in high expression and
a therapeutic effect in a number of organs, including the brain,
in MPS VII mice (34 This was probably due to secretion of

enzyme from hepatocytes and uptake of enzyme from blood.
In theory, transduced non-hepatic cells could also secrete the
therapeutic protein into blood, resulting in correction of disease.
However, transduction of muscle with a GUSB-expressing AAV
vector did not result in high levels of enzyme in blood in mice,
which may be due to the large size of the tetrameric protein
(~ 300 kDa) and the barriers to diffusion 3s. Similarly,
implantation of modified cells has not been very effective
in mice for MPS Il 3361 or MPS VII [37.33].
Implantation of modified fibroblasts in MPS VII dogs 39] or
myoblasts in MPS I dogs (401 was also relatively ineffective.

in vive

7. Hematopoietic stem cell-directed
gene therapy

HSC-directed gene therapy could result in secretion of
enzyme into blood, or migration of modified blood cells into
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Table 3. Summary of systemic and local gene therapy in large animals of MPS.

Species  Disease Approach Enzyme activity Result Other comments

Dog MPS | i.v. injection of retroviral ~ 28-fold normal in serum Marked improvement  No immune response
vector to newborns [33] in heart, eye, bone, and

brain at 2 years

HSC-directed gene MNone Mo improvernent Possible immune response
therapy [45-47]
Local injection of Ay Variable but over 100% in  Reduced lysosomal Immune response without
vector to brain [74] brain near the injection site storage IMMUNosSUppression
Myoblast-directed gene  None Mo improvement Possible immune response
therapy [40]

Cog MPSVIL i, injection of 75% normal in serum or  Marked improvement Mo immune response
retroviral vector to higher at 6.5 years in heart, eye, bone, and
newborns [29-32) brain at 6.5 years

Cat MPS 1 i.v. injection of retroviral — 41-fold narmal in serum Marked improvement CTL response that

vector to newboms [80]

was blocked with
immunosuppression

in heart, eye, and bone
at 2 years

AAV: Adenc-associated virus; CTL: Cytotoxic T lymphocyte; HSC: Hematopoietic stem cell: MPS: Mucopalysaccharidosis

Expression in MPS VIl dogs
after neonatal gene therapy

@ 1000 1 2l
3 T 100 § Tenlpsw=a | Normal
ES 3 range
2= 107
3 3
1 9
- T T T
0 2 4 L]
Years after

RV transduction

Figure 1. Long-term expression of GUSB in MPS VIl dogs
after neonatal retroviral vector-mediated gene therapy.
Newborn MPS Vil dogs were injected i.v. with 3 = 10% transducing
unitskkg of a retroviral vector with the human o, -antitrypsin
promoter upstream of the canine GUSE cDMNA [29]. Serum GLSE
activity is shown on a semilog plot versus the age years after
retroviral vector transduction. The enzyme activity prior to gene
therapy was < 1 Wiml, as indicated by the initial data point. The
serum activity in normal dogs is indicated by the shaded region.
GUSE: Serum B-glucuronidase; MPS: Mucopolysaccharidosis

organs which then secrete enzyme locally. This involves ex vive
modification of autologous HSC, which are infused after
administration of partial or complete bone marrow ablation
to create space for the modified cells. The use of autologous
cells avoids the risk of graft-versus-host disease and does not
require identification of a compatible donor. HSC-directed
gene therapy has only been effective with integrating vectors,
as other vectors are lost during the extensive proliferation that
occurs. In 1992, Wolfe et 4l originally reported thar
HSC-directed gene therapy could reduce lysosomal storage in
liver (41]. This approach has recently been extended to ex wive
transduction of human HSCs that were implanted into
immunodeficient MPS VII mice, which reduced lysosomal

storage in the liver and spleen. However, this approach failed
to reduce lysosomal storage in the brain and eye (42), which
may be due to the relatively low transduction efficiency.
HSC-directed gene therapy has partially reduced the
manifestations of MPS I [43) and MPS I1IB (44 in the kidney
and brain in animal models, which was attributed to
migration of cells into these organs.

In the MPS I dog, HSC-directed gene therapy at
2 — 12 months of age with the canine IDUA cDINA was not
successful, which was attributed to an immune response 45,
HSC-directed gene therapy to fetal MPS I dogs was also not
successful, which was probably due to a low degree of
transduction and/or low expression [46.47).

8. Gene correction

An alternative approach to delivery of a functional copy of a
gene is to correct mutations in the endogenous gene. One
study involved i.v. injection of an AAV vector that contained
single-stranded DNA that was capable of correcting the
single base pair deletion present in the endogenous mutant
GUSB gene into MPS VII mice (48] Although the efficiency
in this study was too low to result in disease correction, this
approach would maintain the appropriate regulation of the
gene, and the risk of insertional mutagenesis by integration
adjacent to an oncogene would be prevented. It this
efficiency could be increased, this would be an ideal approach

to gene therapy.

9. Effect on brain disease with systemic
or hematopoietic stem cell-directed
gene therapy

The effect of gene therapy on lysosomal storage in the brain
and neurologic function is a very important issue. It has been

Expert Opin, Biol. Ther. (2007) 13)
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long-standing dogma that iv. administration of enzyme
would not improve brain disease due to the inability of
enzyme to cross the blood-brain barrier (BBB). However,
recent studies have refuted this theory. The most compelling
data are from the study by Vogler et al 1491, in which
i.v. administration of very high doses of GUSB to adult
MPS VII mice resulted in 2.5% of normal GUSB activity in
the brain, and reduced storage in neurons. In addition, the
finding that lysosomal storage in brain can be reduced with
systemic or intrahepatic gene therapy withour detectible
vector copies in the brain (26-28.34] supports the hypothesis
that some enzyme in blood can cross the BBB if levels are suf-
ficienty high. It is also possible that correction in brain after
systemic gene therapy is due to expression within the brain.
Indeed, neonatal i.v. injection of a lentiviral vector resulted in
transduction of neurons in mice [50), whereas i.v. injection of
a retroviral vector into newborn dogs resulted in the presence
of expressing cells in the brain, although it was unclear if
these were blood derived 132,331, As noted above, transduction
of blood cells can also reduce storage in the brain [43.44],
which is likely due to migration of blood cells into brain.

10. Direct injection into brain in mice

An alternative approach to the treatment of brain discase is
to inject a vector directly into the brain. Initial studies
focused on achieving high levels of enzyme and reducing
pathologic evidence of lysosomal storage; later studies
have tested if this could improve neurologic function. In
most cases, the reduction in storage extended far beyond
the region of transduction, which is probably because of
diffusion and/or secretion of lysosomal enzymes after axonal
transport from one region to another (5153 In addition,
biodistribution could be improved by the addition of a
protein transduction domain that allowed proteins to enter
cells in a MG6P-independent fashion [54).

The striatum is a part of the basal ganglia that is located
deep within the brain and plays an important role in cogni-
tion and coordination. As the striatum has numerous connec-
tions with the cortex, the hypothesis was that injection into
the striatum would result in delivery of enzyme to large
regions of the brain via axonal transport. Intrastriatal
injections with AAV vectors resulted in enzyme activity
and/or reduced lysosomal storage in mice with MP5 I (53,
MPS IIIB 561 and MPS VII 5758, and injections of an
adenoviral 159) or lentiviral (s0] vector was effective for
MPS VII. AAVS vectors were more efficient than AAV2
vectors after intrastriatal injection in mice (55,561, but were not
effective in this or other regions of the brain in cars 61].

The lateral ventricles are large fluid-filled structures
that extend throughout the cerebrum and wrap around
the basal ganglia. As they are relatively close to most cortical
regions, the hypothesis was that enzyme in the ventricles
might diffuse throughout much of the brain via the
cercbrospinal fluid. Indeed, injection of the lateral ventricle

with an AAV (62641 or an adenoviral (566] vector resulted
in enzyme activity andfor reduced storage in MIP'S VII
mice. Injection of the lateral ventricle with bone marrow
stromal cells that were transduced ex wive with a retroviral
vector resulted in cells with enzyme activity in the olfactory
bulb, striatum and cerebral cortex, and reduction in
disease manifestations [67].

Other approaches to treat the brain have included injecting
the vector into the thalamus, cortex or intrathecal space,
The thalamus is adjacent to the third ventricle deep within
the brain and has numerous connections with the cerebral
cortex. An AAV2 wvector reduced storage after injection
into the thalamus of MPS IIIB mice jss]. Injection of an
HSV vector into multiple sites, such as the striatum,
thalamus, and hypothalamus (9], multiple injections of a
lentiviral vector into the cerebral hemispheres and the
cerebellum (701, or injections of an AAV vector into the cortex
and hippocampus (71] reduced lysosomal storage in the brain
in MPS VII mice. The intrathecal space is the region that
surrounds the spinal canal, and connects with the ventricles
of the brain. Intrathecal injection of AAV vectors reduced
pathologic lesions in the brain in MPS T (72) and MPS VII 1731
mice. An important advantage to this approach is that
intrathecal injections are minimally invasive and are
frequently performed in patients.

As the ultimate goal of gene therapy to the brain is
to improve neurologic function, studies that highlight
functional improvements in mice after injection into the
brain are summarized in Table 4. It is very exciting that a
variety of approaches can improve neurologic function, and
in some cases this can occur after deficits have already
developed. For example, in one study, MPS VII mice had
substantial deficits in repeated acquisition and performance
chamber analysis at 4 months of age. Administration of a
lentiviral vector to the striatum of MPS VII mice at that age
resulted in functional improvement in this assay when they
were analyzed 1 month later (s0].

11. Direct injection into brain in large animals

It will be very important to demonstrate thar local injections
can be effective in large animals where the brain is much
bigger. The only study that has been reported that used local
injection of a vector into the brain for a large animal model
of MPS involved two injections per hemisphere, one into the
putamen and the other into the centrum semiovale. The puta-
men is a component of the striatum, and the centrum semi-
ovale is a region of white matter. This study injected an AAVS
vector with the human [DUA ¢DNA and a cytomegalovirus
(CMV) promoter into MPS [ dogs at ~ 4 months of age.
This resulted in enzyme throughout much of the brain, and
reduced biochemical and pathologic evidence of lysosomal
storage several months later (741, It was not possible to assess
the effect on cognition, as untreated dogs were not obviously
impaired at this age. However, immune responses resulted in
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Table 4. Effect of localized gene therapy to brain on neurologic function in mice.

Disease  Vector Injection route Effect

MPS B AAVS better than AAVZ; PGK promoter [6]  Striatumn of adults Improved neuralogic function and
behavior, reduced storage

MPS VI AAVS with RSV promoter (58] Striatum of adults Improved neurologic function,

AANG with RSV promoter [63)

Ex vivo transduction of bone marrow
stromal cells with retroviral vector with MND
promoter [67]

AAVT with GUSB promater [54]
AN with CWMV-B-actin promaoter [71]

Lentiviral with RSV promoter [50]

Lateral ventricle of adults

Lateral ventricle of newborns

Lateral ventricle at 15 days gestation

Anterior cortex and hippocampus of
newhaorns

Striatum of adults at 4 months

reduced storage

Improved neuralogic function,
reduced storage

Improved neurologic function and
reduced storage despite decline in
expression after 2 months

Improved survival, reduced storage

Improved neurologic function,
reduced storage

Recovery from established
neurclogic deficits

This table caly reporns studies in which evaluation of neurologic function was performed. Studies that report the effect on enzyme activity andéor lysosomal storage

in the brain are discussed in the test.

Ay Adeno-associated virus; CMV: Cytomegalovinus; GUSE: Serum f-glucuronidase: MPS: Mucopalysaccharidosis, PGE: Phosphoglycerate kinase,

RSV Rous sarcoma virus

inflammation and a loss of expression unless immunosuppression
was given. Thus, although intracerebral injections need a com-
plicated imaging and injection apparatus to ensure that the vec-
tor is delivered to the appropriate place, this approach is feasible
and can reduce lysosomal storage in brains of large animals.

12. Effect on eye disease

Patients with MPS can develop corneal clouding and/or
retinal degeneration, resulting in reduced visual acuity. Many
of the studies with systemic gene therapy have resulted
in improved visual function on electroretinogram and/for
reduced clinical or pathologic evidence of disease in the
eye, as summarized in Table 2. This is probably due to
diffusion of the enzyme into the critical regions of the
cye, and requires relatively high serum enzyme activity.
Other approaches have involved local injection. For MPS VII
mice, injection of an AAV2 vector with the CMV-B-actin
promoter into the vitrcous improved retinal function and
pathology (751, injection of an adenoviral vector with the
CMV-B-actin promoter into the anterior chamber or intra-
stromal region of the cornea reduced corneal clouding (74,
and injection of an adenoviral vector with the RSV promoter
into the vitreous or subretinal region reduced lysosomal stor-
age in the retina [77). In MPS VI cats, subretinal injection of
an AAV2 vector with the CMV-B-actin promoter resulted in
marked reduction in pathologic lesions in the retina [75).

13. Immunologic responses after
gene therapy

Immune responses pose a major hurdle for successful
gene therapy. This can be due to cytotoxic T lymphocyte

(CTL) or antibody responses, and can be directed against the
vector or the therapeutic protein. Immune responses to the
therapeutic protein are more likely to occur in patients with
null mutations than in those with missense mutations, and
null mutations are common in MPS syndromes, For example,
the most common mutations in severe MPS I are W402X
and Q70X [79], where X represents a stop codon at the
indicated position.

CTL immune responses are generally reduced in mice after
neonatal gene therapy, which is presumably due to the imma-
turity of the newborn immune system. Indeed, neonatal gene
therapy has resulted in stable expression from retroviral, AAV
or lentiviral vectors. Higher doses of a retroviral vector in
newborns were more effective at preventing a CTL response
than lower doses [s0), which may have implications for how
to implement a gene therapy trial. CTL responses have been
a significant problem after gene therapy to adule MPS I
mice (81]. These have been reduced with immunosuppressive
agents (28], or with a vector design that uses a liver-specific
promoter to reduce expression in antigen-presenting cells [s2).
[n addition, CTL responses to other genes have been reduced
by incorporating a micro RNA (miRNA) sequence into
the vector that results in degradation of the mRNA in
antigen-presenting  cells (83, Ancbody responses  have
been documented after gene therapy to adult MPS VII
mice with retroviral (s4), adenoviral (5985 or plasmid 19
vectors, and these could be delayed or prevented with
immunosuppressive agents.

Large animals appear to mount a more potent immunologic
response to foreign proteins than mice. Indeed, neonatal
administration of a retroviral vector to MPS I cats resulted in a
CTL response, which could be prevented with transient
administration of the immunosuppressive agent CLTA4-Ig [s0).
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Immune responses were not observed after neonatal
administration of a retroviral vector expressing canine IDUA
to MPS [ dogs (33, although antibodies developed after
myoblast-directed 40] or HSC-directed (45 gene therapy in
adult MPS I dogs. Antibody and possibly CTL responses
developed in MPS I dogs that received intracranial injection
of an AAV vector expressing human IDUA 174). This resulted
in substantial inflammation in the brain, which could be
prevented with immunosuppression.

14. Potential adverse effects of gene therapy

Vectors that integrate into the chromosome can upregulate
adjacent genes by their enhancer elements, or inactivate
tumor-suppressor genes. Indeed, ex vivo HSC-directed gene
therapy has resulted in leukemia in ~ 20% of patients with
severe combined immunodeficiency (SCID) (s6), a disease
due to deficiency of the common Y-chain of cytokine
receptors, as was recently reviewed by Nienhuis er al (7.
Many believe that this frequency was due to the specific gene
and disease, as leukemia has not developed in other gene
therapy trials. Liver rumors were reported in > 50% of
mice that received fetal or neonatal transfer of an equine
infectious anemia virus (EIAV)-based lentiviral vector (ss).
These investigators did not sec tumors in animals that
received  other lentiviral vectors or Y-retroviral wvectors,
suggesting that a specific element in the EIAV lentiviral
vector functioned as an oncogene. This incidence has not
been seen in other gene therapy trials in liver with retroviral
vectors. Retroviral vectors that have a deletion in the enhancer
region of the long-terminal repeats (so-called self-inactivating
retroviral vectors) have a reduced chance of acrivating
the expression of adjacent genes (s9,90], and will probably be
preferred for clinical trials in the future. An alternative
approach to increase safety might be to achieve site-specific
integration, as has been achieved for plasmid vectors with
tranposable elements (91,

Tumors developed at late times in ~ 50% of MPS VII mice
that received neonatal injection of an AAV2 vector (92,931, In
some cases, tumors had AAV sequences integrated within a
small region on chromosome 12, which was associated with
upregulation of miRNA genes within that locus 931. Although
tumors due to an AAV vector per se have not been reported in
other AAV trials, few have involved neonatal transduction
with long-term evaluation. Elements that could insulate
adjacent sequences from enhancement (94] or could promote
death of the cell if needed 93] are being developed, and could
improve the safety of any vector.

Another concern of gene therapy has been the possibility
of germline transmission. Indeed, systemic administration of
retroviral 196] and AAV 1971 vectors resulted in the transient
appearance of vector sequences in the semen of some patients,
which cleared over time. Neonatal i.v. injection of a retroviral
vector into male MPS VII dogs has not resulted in germline
transmission in any of 629 puppics that have been analyzed

to date (ME Haskins, KP Ponder, unpublished data). Thus, it
appears that the chance of germline transmission is low with
systemic approaches, which is likely to be due in part to the
barriers that prevent vectors from reaching germ cells from
blood, but could also relate to the failure of AAV vectors to
integrate efficiently, and the failure of y-retroviral vectors to
transduce non-dividing germ cells in newborns. It is unlikely
that ex vive transduction of hematopoietic stem cells or direct
injection of a vector into an isolated site such as the brain
would result in germline transmission.

15. Newborn screening

‘Treatments for MPS are most effective if applied as early as
possible. However, early treatment would require that patients
be identified at or shortly after birth. Recent progress in
techniques for newborn diagnosis of MPS appear very
promising (98.99], and it is very likely that routine screening of
newborns for some or all of these disorders will be initiated
within the next decade.

16. Conclusion

Gene therapy has many advantages as a treatment for
MPS. Systemic administration of Y-retroviral, lentiviral,
AAV, adenoviral and plasmid vectors have all resulted in a
substantial amelioration of many of the clinical manitestations
of the MPS disorders, which is probably due primarily to
secretion of enzyme into blood that diffuses to other
organs and is taken up via the M6PR. Many organs such as
liver, spleen and lung are readily corrected. The aorta, bone,
cartilage, eye and brain are more difficult to correct,
which may reflect inadequate diffusion into these sites or low
expression of the M6PR. Brain discase has also been
effectively treated with localized gene therapy. This has
involved injection into the striatum, the lateral ventricle, the
thalamus, cortex, hippocampus or cerebrospinal fluid, and
has reduced pathologic lesions in brain and/or improved
neurologic function,

17. Expert opinion

Systemic gene therapy with a variety of vectors has been
successful in several MPS syndromes, and it is reasonable that
this very simple approach could be used to treat children with
these devastating disorders. However, adenoviral vectors are
unlikely to be used clinically in the near future due their
ability to induce inflammation and their instability in a
growing liver. Although leukemias have developed in one
gene therapy trial with Y-retroviral vectors, this has not
occurred in other HSC-directed trials, and the overall risk is
almost certainly less than the risk of HSCT, which has a 15%
mortality. Present studies are attempting to define the risk of
neoplasia, and to modify vectors to reduce their carcinogenic
potential. As we believe that the leukemias that developed
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after ex wive HSC-directed gene therapy in patients
of X-linked SCID are due, in part, to the transgene and the
specific model, it is our opinion thar clinical erials with
Y-retroviral vectors or lentiviral vectors should be considered
if there are reasonable safety data in animals. There was a high
incidence of liver tumors after neonatal administration of
AAV vectors in one study that remains unexplained
and will need to be evaluated further prior to initiating
clinical trials. HSC-directed gene therapy has not been as
effective as systemic gene therapy to dare; it has documented
leukemogenic potential in patients with X-linked SCID, and
would likely require some level of bone marrow ablation to
achieve success. Nevertheless, there is a track record of
efficacy of HSC-directed gene therapy for other genetic
diseases, and HSCT has efficacy for MPS. Thus, this remains
a viable approach for the future,

Disorders with neurologic manifestations pose separate
ethical and therapeutic issues from those that are dominated
by systemic symptoms. Although it has been long-standing
dogma that enzyme in blood would not reach the brain at
clinically significant levels, there are very exciting data
suggesting thar achieving very high levels of enzyme in blood
can reduce lysosomal storage in the brain. There are also

Ponder & Haskins

many studies that demonstrate that local injection into brain
results in substantial enzyme activity and a reduction in
lysosomal storage throughout much of the brain, and can
improve neurologic function. Although some of these
injection procedures appear to be draconian, it is very reason-
able to consider that a limited number of injections could be
performed once in patients using vectors that exhibit stable
expression over time. The efficacy of intrathecal injection of
vector into the lumbar region is exciting, as this simple
and commonly used procedure could readily be performed
in patients. It is also possible that a combination of two
different gene therapy approaches, or a combination of gene
therapy with an established treatment, will result in a more
effective treatment than a single approach alone. Overall,
there is great hope that gene therapy could be effective for
this class of diseases in the relatively near future.
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