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Abstract

Introduction—Mucopolysaccharidoses are a family of lysosomal disorders caused by mutations
in genes that encode enzymes involved in the catabolism of glycoaminoglycans. These mutations
affect multiple organ systems and can be particularly deleterious to the nervous system. At the
present time, enzyme replacement therapy and hematopoietic stem-cell therapy are used to treat
patients with different forms of these disorders. However, to a great extent the nervous system is
not adequately responsive to current therapeutic approaches.

Areas Covered—Recent advances in gene therapy show great promise for treating
mucopolysaccharidoses. This article reviews the current state of the art for routes of delivery in
developing genetic therapies for treating the neurologic manifestations of mucopolysaccharidoses.

Expert Opinion—Gene therapy for treating neurological manifestations of
mucopolysaccharidoses can be achieved by intraventricular, intrathecal, intranasal, and systemic
administration. The intraventricular route of administration appears to provide the most wide-
spread distribution of gene therapy vectors to the brain. The intrathecal route of delivery results in
predominant distribution to the caudal areas of the brain while the intranasal route of delivery
results in good distribution to the rostral areas of brain. The systemic route of delivery via
intravenous delivery can also achieve wide spread delivery to the CNS, however, the distribution
to the brain is greatly dependent on the vector system. Intravenous delivery using lentiviral vectors
appear to be less effective than adeno-associated viral (AAV) vectors. Moreover, some subtypes
of AAV vectors are more effective than others in crossing the blood-brain-barrier. In summary,
the recent advances in gene vector technology and routes of delivery to the CNS will facilitate the
clinical translation of gene therapy for the treatment of the neurological manifestations of
mucopolysaccharidoses.
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1.0 INTRODUCTION

1.1. Mucopolysaccharidoses

The mucopolysaccharidoses (MPS) are a group of recessively inherited disorders included in
the larger family of more than 40 identified lysosomal storage diseases (LSD). LSD
comprise approximately 14% of all inherited metabolic diseases and affect nearly 1:7,700
births, of which ~30% are MPS (1,2). MPS are caused by mutations in genes that encode
lysosomal hydrolases, that are responsible for the degradation of glycosaminoglycans
(GAG), primarily found in the extracellular matrix.. Deficiency for any of the enzymes
involved in this process results in lysosomal accumulation of GAG storage material and
resultant progressive, multisystemic disease (3). MPS diseases are typically manifest as
symptoms including growth delay, organomegaly, cardiopulmonary disease, skeletal
dysplasias, and obstructive airway disease. Additionally, patients with severe forms of MPS
I, I, 111, and VII exhibit severe neurocognitive decline. Symptoms develop within the first
two years of life and, without treatment, severe MPS patients typically succumb to disease
complications within the first decade of life. Current available therapies used to treat the
MPS include allogeneic hematopoietic stem cell transplantation (HSCT) and recombinant
enzyme replacement therapy (ERT) for MPS 11, VI, and I. Although somewhat efficacious
in treating manifestations of disease in peripheral organs, the benefits of ERT in the central
nervous system (CNS) are limited due to the inefficiency of lysosomal enzymes to cross the
blood brain barrier (BBB) (4). Thus, the focus of this article is to review gene therapy and
routes of delivery as an alternative form of treatment that could be used as a supplement to
HSCT and ERT in order to more effectively deliver lysosomal enzymes to the CNS.

1.2. Current Therapies for MPS Diseases

The molecular basis for developing treatments for MPS was first discovered in the
laboratory of Elizabeth Neufeld in 1968. Cultured fibroblasts from a MPS | patient and
fibroblasts from a MPS 1l patient demonstrated progressive accumulation of GAG over time.
However, when cells from both genotypes were mixed together, they were able to
complement each other and degrade GAG in normal fashion (5). This suggested that
lysosomal enzymes made in one cell could be taken up by another cell to achieve “cross-
correction” of the respective enzymatic deficiencies. Additional experiments revealed that
lysosomal enzymes are translated in the rough endoplasmic reticulum (RER) before being
transported to the lumen of the organelle through interaction between a hydrophobic amino
terminal signal peptide on the nascent protein and an 11S signal recognition
ribonucleoprotein (6,7). In the lumen of the RER and Golgi, the lysosomal proteins undergo
posttranslational modification by the addition of oligosaccharide moeities (mannose and/or
mannose 6-phosphate) to Asn residues (8). These modified proteins are then sorted in the
Golgi by binding to mannose 6-phosphate receptors (MPRs) (9,10). The ligand-receptor
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complexes are then coalesced into coated vesicles, which travel to lysosomes where the
ligand-receptor complexes are dissolved by the acidic pH of the lysosome, thereby
delivering the lysosomal proteins to their destination (11).

Although most of the lysosomal enzymes are effectively delivered to the lysosome, between
5-20% of the enzymes are released to the extracellular space without being trafficked to the
lysosome (12). These extracellular enzymes can interact with MPRs on the surface of
neighboring cells and become internalized before being shuttled to the lysosome. This
“cross-correction” mechanism by which lysosomal enzymes produced in one cell are able to
travel to and degrade GAG storage material in the lysosomes of neighboring cells forms the
molecular basis for treating MPS. Current therapies based on this molecular principle
include hematopoietic stem cell transplantation and recombinant enzyme replacement
therapy.

1.2.1. Hematopoietic Stem Cell Transplantation (HSCT)—Treatment of MPS by
transplantation of hematopoietic stem cells (HSC) is based on the rationale that donor-
derived HSC are able to engraft in the recipient and differentiate into many cell types,
including Kupffer cells in the liver (13), tissue macrophages in the spleen and lungs, and
microglial cells in the brain (14). These and other donor-derived cells then provide enzyme
to deficient cells via metabolic cross-correction, thereby clearing GAG storage material
from host tissues. The first bone marrow transplant (BMT) for the treatment of MPS was
performed in 1980 on a child with Hurler syndrome (MPS | H) (15). Since then, there have
been approximately 500 children who have received BMT for MPS I, 11, 111, 1V, VI, and
VII. Most of these, to date, have been MPS | H patients (16). These patients have received
cells from a variety of donor sources including bone marrow or peripheral blood stem cells
(PBSCs) from either related or unrelated heterozygous or unaffected individuals as well as
HSCs from unrelated umbilical cord blood (UBC) units. Since it is only possible to identify
non-carrier human leukocyte antigen (HLA) matched bone marrow donors for about 1 in
every 16 patients, many patients have recently been treated with unrelated HLA-matched
cord blood as an alternate source of donor cells (17).

Prior to infusion of donor cells, patients receive a preconditioning regimen to create space
for engraftment of donor cells by treatment with cyclophosphamide (Cy) and either
busulphan (Bu) or total body irradiation (TBI) (17-19). In MPS | H, successful donor cell
engraftment seems to be dependent on cell dose (greater success in patients receiving more
than 3.5 x 108 cells/kg). 15-37% of patients failed to engraft and displayed autologous
recovery after receiving more than 3.5 x 108 cells/kg. However, patients who received fewer
than 3.5 x 108 cells/kg bone marrow cells failed to engraft at a rate of 72% (19-22). Of
patients that did engraft, 45-86% engrafted to levels of 295% donor chimerism. Patients
receiving unrelated cord blood transplants have overall fared better, with a graft rejection
rate of 8% and with 97% of engrafted patients exhibiting 290% donor chimerism (23).

Following successful engraftment of donor HSC, patients rapidly display phenotypic
correction. Within a few months of receiving a transplant, the lungs, spleen, liver, and upper
respiratory symptoms show evidence of improvement. Most patients experience resolution
of hepatosplenomegaly within a year after transplant. There is a decrease in cardiac
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hypertrophy, although cardiac valve deformities still persist (23). Growth and development
of the musculoskeletal system improves following transplant and many patients report an
increase in joint mobility. Typically, corneal clouding partially resolves and many patients
demonstrate improved hearing. Most importantly, overall survival of Hurler patients
following transplant is between 50-85% with some of the first transplant patients living into
the third decade of life.

With respect to neurological outcomes following HSCT, the age and severity of disease of
the patient at the time of transplant is paramount to the overall benefit achieved (18-23, 24).
The earlier the transplant is performed, the better chance of preventing lysosomal
accumulation of GAG and associated secondary storage materials GM2 and GM3
gangliosides within the brain (25). There exists a wide variability in overall success of
neurological outcomes of Hurler patients following HSCT. However, it has been reported
that hydrocephalus improves and neurocognitive decline stabilizes in many patients
following transplantation. Nonetheless, recipients continue to exhibit below-normal 1Q and
impaired neurocognitive capability (26,27). Furthermore, although some improvements in
white matter and cribiform lesions have been detected using MRI brain-imaging techniques
in patients with MPS Il and V1 after BMT, these improvements are incomplete, variable, and
do not occur in all patients (28).

1.2.2. Enzyme Replacement Therapy—As recently as 2003, ERT was approved by the
U.S. Food and Drug Administration for the treatment of MPS I. Today, ERT is available for
the treatment of MPS I, 11, and IVA, and V1 in the forms of aldurazyme®, elaprase®,
vimizim®, and naglazyme® respectively. The resultant drugs are administered by weekly
intravenous infusion and most patients begin ERT immediately upon diagnosis. In the case
of MPS 1, mildly affected patients with Scheie syndrome (MPS I S) typically receive ERT
while more severely affected Hurler-Scheie (MPS | H/S) and Hurler patients receive ERT
followed by HSCT once an appropriate cell donor source has been identified.

Similar to the experience with HSCT, the response to ERT seems related to the severity of
disease at the onset of treatment. Generally, following treatment with ERT, patients display
a decrease in urine GAG excretion, resolution of hepatoslenomegaly, and improvement in
cardiopulmonary function as measured by a 6-minute walk test within the first six months of
treatment (29). Although greater than half of the patients treated with ERT develop
antibodies to the recombinant proteins, they are mostly IgG antibodies and no connection
has been made between development of these antibodies and decrease in efficacy of the
drugs (30). Although the results of ERT are promising, intravenous infusion of ERT fails to
provide enzyme to the CNS due to inability of the enzymes to efficiently cross the blood-
brain barrier (31-36). This limitation has led to recent, ongoing clinical trials whereby these
drugs are being infused intrathecally into the leptomeningeal space in order to directly
access the CNS (37-38).

The goal of intrathecal ERT is to treat spinal cord compression and to provide enzyme to the
brain through circulation within the cerebrospinal fluid (CSF). Following intrathecal
infusion of laronidase into MPS I dogs, high levels of IDUA activity have been detected in
the spinal, cervical, and lumbar meninges, associated with a 57-70% reduction in GAG
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storage material in these tissues. Furthermore, in MPS | dogs, infusion of laronidase into the
cisterna magna resulted in clearance of storage material in glia, perivascular cells, and
neurons as well as normalization of quantified GAG (32,39). Currently, several clinical trials
are underway to assess the safety and efficacy of intrathecal laronidase in MPS | patients.
with results expected to be published shortly.

HSCT and ERT have both proved to be efficacious for the treatment of MPS. However,
many challenges remain, including providing enzyme that is able to penetrate the cardiac
valves, deep skeletal tissue, and the CNS in sufficient levels to prevent/reverse clinical
outcomes. In the case of HSCT, identifying a proper source of donor HSC is not trivial and
takes precious time during which patients continue to deteriorate. Additionally there is
significant morbidity and mortality related to the transplantation procedure itself. With ERT,
major limitations include the frequency of intravenous infusions (weekly) as well as the
estimated costs of treatment that are among the highest for all diseases, between $250,000-
$1,000,000 annually per patient (40)(http://www.medicalbillingandcoding.org/blog/the-11-
most-expensive-medicines-in-america/). Moreover, questions remain regarding the overall
efficacy of HSCT in preventing and/or reversing neurocognitive symptoms. Intrathecal ERT
is a promising approach for delivering enzyme to the CNS, although effective infusion
regimens need to be validated. At this time, more effective and affordable strategies to
deliver lysosomal enzymes to the CNS, such as by gene transfer, must be developed as
viable alternatives and/or adjunctive approaches to treat patients with MPS disorders.

2.0. GENE DELIVERY SYSTEMS

Many preclinical studies have been conducted during the course of the last few decades
investigating the use of gene therapy vectors to deliver lysosomal enzymes to the CNS in
animal models of MPS. Viral vectors generally have been used in these experiments
including retroviruses, lentiviruses, adenoviruses, and adeno-associated viruses (AAV).
However, non-viral approaches using Sleeping Beauty transposons have also been tested.
Different routes of administration have been investigated including ex vivo transduction of
HSC and in vivo infusions through intravenous, intrathecal, intracisternal, intraparenchymal,
and hydrodynamic injections. The advantages and disadvantages of each system are
discussed below.

2.1. Retroviral and Lentiviral Vectors

Retroviruses are a group of spherical 80-100nm diameter viruses that utilize two identical
strands of RNA as genetic material. The basic retroviral genome contains three genes, gag,
pol, and env, which encode proteins necessary for viral infection and reproduction. These
sequences are flanked by long-terminal repeat (LTR) sequences required in cis for reverse
transcription and integration. The reverse transcriptase enzyme, encoded by pol, produces a
double-stranded DNA copy of the RNA viral genome (41) upon entry into a host cell. Once
converted into double-stranded DNA and transported to the nucleus, the viral DNA is able to
integrate into the host genome through interaction between the virally encoded integrase and
the host genome, thereby creating a provirus. Activation of transcription and translation of
the integrated viral genes by the host-cell machinery then results in production of viral
genomes and proteins necessary to produce additional virions and complete the lytic life
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cycle. Replication of viral vectors is generally unwanted. Hence, replication-incompetent
vectors have been engineered whereby the viral genes and their promoter have been replaced
by an alternative expression cassette comprised of a cellular promoter juxtaposed to the gene
encoding the desired therapeutic protein, in this case a specific lysosomal hydrolase that is
deficient in MPS patients. These vectors can be used to mediate integration of the
therapeutic expression cassette into the host genome. Thus, long-term expression of the
desired gene product can be achieved in target cells. We did the first clinical trial of gene
therapy for a MPS disease, employing a gammaretroviral vector (42, 43). However, the use
of gamma retroviral vectors as gene transfer vehicles is hindered by their inability to
transduce non-dividing cells, which is necessary for transducing most cells in the brain.

HIV-1-based lentiviral vectors have been engineered to deliver therapeutic genes of interest
into target cells (44). The advantage of lentiviral vectors compared to gamma retroviral
vectors is that they are able to transduce non-dividing cells, including terminally
differentiated cells such as neurons (45). However, since retroviruses and lentiviruses
integrate selectively into transcriptional regulatory regions of the host genome (46),
concerns remain about the risk of insertional mutagenesis when using these types of vectors.
During clinical trials for X-linked Severe Combined Immunodeficiency (SCID) in France
and the United Kingdom, several patients developed leukemia following treatment with a
gamma retroviral vector due to insertional mutagenesis (47,48). However, further studies of
integrating vectors has revealed that in most cases, adverse events have arisen from
combinations of the vector, the transgene, and the corrected cells (49).

2.2. Sleeping Beauty (SB) Transposon System

The Sleeping Beauty (SB) transposon system is a nonviral, plasmid-based gene-transfer
system that was constructed by reverse engineering of extinct DNA sequences found in
salmonid fish (50-52). The system consists of two components - the transposon that is
defined by inverted repeat (IR) sequences that flank a desired genetic cargo (an expression
cassette encoding a therapeutic protein), and the SB transposase enzyme. The gene encoding
SB transposase can be included on the same plasmid as the transposon (cis configuration) or
on a separate plasmid (trans configuration). Following delivery into a target cell, two SB
transposase molecules interact with each IR to excise the transposon from the plasmid
delivery vehicle and simultaneously integrate the transposon into any of the approximately 2
x 108 TA dinucleotide sequences contained in mammalian genomes (53). These integration
events allow for stable, long-term expression of genes contained in the genetic cargo of an
engineered SB gene-therapy vector. The advantages of using the SB transposon system
rather than viral vectors as gene therapy vehicles include that they are easier and less
expensive to manufacture, and that the plasmids themselves have low immunogenicity in
comparison to viruses (53). However, like retroviruses, the SB transposon system does have
the potential risk of insertional mutagenesis. It should be noted that the SB transposon
system is currently being used in clinical trials to treat B-cell lymphoid malignancies (54).

2.3. Adeno-associated Viral Vectors (AAV)

AAYV is a small (26nm in diameter) single-stranded DNA parvovirus that causes no known
pathogenic disease in infected humans. The wild type AAV genome is 4.7 kilobases in
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length and contains two open reading frames, rep and cap, flanked by inverted terminal
repeat sequences (ITRs). Rep encodes four overlapping genes encoding Rep proteins
required for the viral life cycle. Cap includes three overlapping sequences encoding the
capsid proteins VP1, VP2, and VVP3, which assemble in a 1:1:20 ratio to form the
icosohedral viral capsid (55-57). AAV requires co-infection by adenovirus or herpes
simplex virus to complete its viral life cycle (58-60). To generate therapeutic AAV vectors,
the rep and cap sequences are removed from the viral genome and replaced by an expression
cassette including a promoter regulating expression of a therapeutic gene of interest. Three
plasmids (one containing the ITRs flanking the therapeutic gene, one containing cap and
rep, and one containing helper proteins) are co-transfected into producer HEK293 cells. The
viral genome is packaged into virions produced within the triply transfected cells.
Recombinant AAV then can be purified from cell lysates using density gradients, affinity
columns, or ion exchange purification methods (61-62).

Recombinant AAVs (rAAV) have become effective tools for use as gene therapy vectors for
several reasons. rAAVSs are non-pathogenic and are capable of transducing a variety of
tissues and cell types including brain, liver, heart, and muscle (63-66). Despite persisting in
the form of extrachromosomal DNA once inside a host cell, rAAVSs are able to maintain
stable expression of transgenes for periods greater than 1.5 years in various animal models
including mice, dogs, and hamsters. rAAV vectors have led to transgene expression for up to
eight years for hemophilia (67). Although wild-type AAVSs are capable of integrating into
the AAVSL site on chromosome 19 through interaction between the ITRs and the
chromosome with the help of Rep proteins, rAAVSs integrate into the host genome at very
low frequency when the viral Rep gene has been removed (63,68). The low frequency of
viral integration reduces the likelihood of insertional mutagenesis. In addition to these
advantages of using rAAV vectors, several different serotypes have been identified and
different capsid mutants have been either isolated from animal tissues or synthetically
engineered. AAV serotype 2 (AAV2) was the first serotype discovered and cloned into
bacterial plasmids and used to created rAAV vectors (59,69). Consequently, AAV?2 is the
most widely studied AAV serotype and, as of 2012, had been used to date in 75 clinical
trials worldwide. Included in these clinical trials are 14 trials to treat neurological disease
including Parkinson’s disease, Alzheimer’s disease, amyotrophic lateral sclerosis, and
epilepsy. Most of the preclinical studies involving the treatment of animal models of MPS
disease have used AAV?2 vectors, although as described below, several other serotypes such
as AAV9 and rhAAV10 have advantages with respect to breaching the blood-brain barrier to
treat neurological manifestations of disease.

3.0. ROUTES OF GENE THERAPY DELIVERY TO TREAT
NEUROPATHOLOGICAL ASPECTS OF MPS

Gene therapy vectors have been administered in animal models of MPS disease with the
intention of achieving gene transfer in the CNS to treat neurological manifestations of
disease. Vectors have been infused into these animal models by the intravenous route as well
as by direct injection into the CNS. Early studies demonstrated the limitations of the
intravenous route to mediate gene transfer in the CNS due to the challenge of crossing the
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blood-brain barrier. This has led to many studies that have explored different strategies for
direct infusion of gene therapy vectors to the brain. The results of these experiments are
outlined below.

3.1. Systemic Delivery

3.1.1. Intravenous Infusion—Extensive studies of intravenous vector administration
have been conducted in animal models of MPS disease. In a seminal study, Daly et al.
initially reported intravenous infusion of an AAV2 vector expressing murine -
glucuronidase (GUSB) into newborn MPS VII (GUSB-deficient) mice that resulted in
GUSB expression in the brain; neurons, microglia, and meninges were cleared of
pathological storage material (70). Similarly, intravenous infusion of an AAV2 vector
expressing a-L-iduronidase (IDUA) into 1 day-old MPS I mice resulted in detectable
expression of IDUA in the brain, clearance of pathological GAG, and improved
neurobehavior in an open field test (71). Whether or not this high-level expression following
vascular delivery in neonatal animals reflects non-physiological injury to the blood-brain
barrier has been debated. Ponder and Haskins have conducted extensive studies of
intravenous retroviral vector administration in rodent and larger animal models of MPS VI
and MPS | (72). For example, intravenous infusion of a retroviral vector into newborn MPS
VI and MPS | animals reduced accumulation of storage material in the brain, with the effect
related to dosage (73). Intravenous infusion of a lentiviral vector at birth resulted in
transduction of neurons in the brain, consistent with detectable IDUA expression and
reduction of GAG storage material in the CNS that also was dose dependent (74) . MPS |
dogs have been infused at birth with a gamma retroviral vector expressing canine IDUA,
demonstrating that this route of administration can be used to deliver IDUA expression to
the brain and clear GAG storage material from the CNS (72,75). Long-term studies of MPS
VII dogs infused with retroviral vector encoding p-glucuronidase have demonstrated
substantial correction of cardiac (76) and skeletal (77) manifestations of metabolic disease,
with the potential for substantial neurological effectiveness as well (78).

Intravenous infusions into adult mice have also resulted in mixed outcomes. Tail-vein
injection of a lentiviral vector encoding IDUA into 8 to 10-week old MPS | mice failed to
mediate detectable IDUA expression or to decrease levels of GAG in the CNS of treated
mice as assessed one month post-treatment (79). Lack of detectable IDUA expression was
likely due to an immune response against human IDUA transgene product as enzyme-
specific antibodies were detected, and a cytotoxic T-lymphocyte response resulting in
clearance of IDUA-expressing transduced cells (80). However, immunomodulation prior to
infusion with a gamma-retroviral vector resulted in a small amount of detectable IDUA
activity (< 3% of normal) in the brains of treated MPS | mice with some evidence of
reduction in pathological GAG storage (80). The immune response reported in these studies
could be avoided by the use of a liver-specific promoter. Intravenous infusion into MPS 11
mice using an AAV2/8 vector expressing iduronate 2-sulfatase under transcriptional
regulation of a liver-specific promoter resulted in detectable levels of IDS activity in brain
tissue , reduction of GAG storage accumulation, and partial correction of neurobehavior as
determined using an open field test (81). Use of a liver-specific promoter allowed for
creation of a factory organ, from which the enzyme was produced , released into the
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bloodstream, and then taken up by non-transduced organs via its receptor. Liver directed
expression of B-glucuronidase and IDUA has been demonstrated after hydrodynamic
delivery of Sleeping Beauty transposons encoding these proteins (82—84). Long-term,
therapeutic levels of enzyme were achieved, however, only in animals that were
immunodeficient or in animals that were immunosuppressed, again emphasizing the
importance of dealing with the immune response.

Recent advances in delivery of therapeutic enzyme to the brain have been reported by
systemic administration of AAV vectors packaged using alternate capsid types and by
expression of enzymes that have been engineered to facilitate transit across the blood-brain
barrier. Chen et al. used phage biopanning to identify peptides binding to brain endothelium
of MPS VII mice, then demonstrated expanded biodistribution of AAV vector to the brain in
MPS VII mice when the vector had been packaged using capsid engineering to display this
peptide (85). Effective delivery to the CNS has been demonstrated after systemic
administration of AAV serotype 9 in murine models of MPS I11A (86) and MPS I11B (87),
resulting in substantial correction of CNS storage disease. Interestingly, AAV9-mediated
delivery to the CNS is reportedly inhibited by increased levels of sialic acid in the CNS of
MPS VII mice (88). For increased delivery of therapeutic enzyme to the brain, fusion of
IDUA protein to antibodies targeting molecules expressed in the brain endothelium has been
explored (89,90). Liver-directed expression of a minicircle DNA-based system provided
continuous expression that resulted in substantial delivery of gene product (91). Results
from these studies foster confidence that neurologic manifestations of MPS disease will
eventually be addressed either by systemic administration of vector that achieves transit
across the blood-brain barrier and transduction of target cells within the CNS, or by
peripheral expression of a gene product that subsequently crosses the blood-brain barrier to
the CNS for correction of storage disease.

3.1.2. Ex Vivo Transduction of HSC—The strategy of introducing autologous
hematopoietic stem cells that have been genetically modified ex vivo builds upon the
extensive experience accumulated in treatment of MPS disease by allogeneic HSC
transplantation, particularly MPS | (see above, 1.2.1). Anticipated effectiveness for CNS
manifestations is based on the engraftment of microglial cells in the brain derived from
myelomonocytic differentiation of transduced donor HSC. The concept of ex vivo gene
transfer for MPS disease was first demonstrated by Wolfe et al. (92), in which HSC from
MPS VII mice were transduced with a retroviral vector encoding -glucuronidase and
engrafted in recipient MPS VII mice, indicating that low levels of transgene product were
sufficient to reduce storage material, not only in a hematopoietic organ (the spleen), but in
liver as well. Early studies of ex vivo IDUA gene transfer into a canine model of MPS | were
confounded by immune response against the transgene product (93,94)). In another
approach, stromal cells from the bone marrow were harvested and transduced ex vivo with a
retroviral vector prior to being infused directly into the lateral ventricles of the brains of
MPS VII mice (95). Two weeks after infusion, GUSB-positive cells were detected in the
olfactory bulb, striatum, and cerebral cortex. GAG levels were reduced to normal, and the
animals displayed neurocognitive improvement in a Morris water maze test. However, after
8 weeks, GUSB expression disappeared, likely due to an elicited immune response.
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The MPS | mouse has proven to be a useful model for testing ex vivo gene therapy. In MPS |
mice, transplantation of unmodified wild-type bone marrow cells into 6 to 8-week old
animals did not result in detectable IDUA levels or reduced storage material in the brain
(96). However, ex vivo transduction of bone marrow cells from MPS | mice with an IDUA-
expressing retrovirus prior to transplantation into IDUA™~ recipients resulted in expression
of IDUA as well as in partial correction of pathology, and detection of normal donor-derived
microglia in the brain. Ex vivo transduction using a lentiviral vector encoding IDUA proved
more successful as reported by Visigalli et al. (97), perhaps due to an overwhelming level of
IDUA expression, leading to immune tolerance as well as correction of peripheral and
neurologic manifestations of disease. Effective in vivo expression of IDUA can also be
restricted to specific hematopoietic lineages after transduction of hematopoietic stem cells,
as recently demonstrated for erythroid cells (98) and platelets (99).

For MPS diseases that are not known to be responsive to allogeneic HSC transplant, ex vivo
gene transfer into HSC presents the opportunity for improved effectiveness through
overexpression of the transgene product and a greater degree of metabolic cross-correction
in the periphery as well as in the CNS. Ex vivo transduction of the sulfaminidase-encoding
gene resulted in substantial correction of neurologic disease in MPS I11A mice when using
lentiviral transduced wt HSC (100), but effectiveness of transduced HSC from MPS I11A
mice required use of a myeloid-specific promoter to regulate sulfaminidase expression
(101). Ex vivo iduronate sulfatase gene transfer into HSC from MPS |1 mice also resulted in
substantial correction of metabolic disease and prevention of neurocognitive deficit in a
murine model of Hunter syndrome (102). Ex vivo IDS gene transfer into human T cells has
also been tested as an approach to provide IDS activity for mild Hunter syndrome, a trial
that was conducted prior to the availability of ERT for this disease (42,103). Engraftment of
genetically engineered hematopoietic cells remains a potentially feasible approach for gene
therapy of MPS disease.

3.2. Direct Delivery to the CNS

3.2.1. Intracranial Infusion Into the Brain Parenchyma—Lysosomal enzymes have
been expressed in the brain, mediated by direct intrastriatial infusion of therapeutic vectors.
Following delivery of AAV2 and AAV5 vectors to the striatum by direct injection into the
putamen, animals exhibited high levels of NAGLU expression in the brain, especially in the
injected hemisphere of adult MPS I11B mice (104) . Expression of NAGLU within neurons
contributed to improved lysosomal function, reduced levels of GM2 and GM3 gangliosides,
and improved neurobehavior in an open field test, elevated plus maze, and in a home-cage
analysis. However, only partial neurological improvements were observed in many mice.
AAV?2 and AAVS5 vectors encoding GUSB have been injected intrastriatally into MPS VI
mice. Unilateral infusion of an AAV2 vector into adult MPS VII mice resulted in GUSB
levels equivalent to that of unaffected heterozygote animals and cleared lysosomal storage
lesions in the injected hemisphere of the brain (105). Bilateral intrastriatal infusions of a
similar vector packaged into AAV5 capsids had a more successful outcome as GUSB was
expressed at levels that cleared lysosomal storage material in both hemispheres. Since
components of the striatal area of the brain are known to play a role in cognitive function
these animals displayed improvement in a learning and spatial memory deficit using a
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repeated acquisition and performance chamber (RAPC) assay (106). Furthermore, AAV2
and AAVS5 vectors have been shown to mediate expression of IDUA throughout the brain of
adult MPS I mice following a single unilateral intrastriatal infusion (107). This treatment
prevented accumulation of GM2 and GM3 gangliosides and reversed lysosomal distension
with the treatment being more effective in mice that received AAV5 vector compared to
mice that received AAV2 vector. AAV5 vector has subsequently been injected into the
striatum and cerebellum of adult MPS | dogs (108, 109) . Dogs that were fully
immunosuppressed using a combination of mycophenolate mofetil and cyclosporine during
the treatment exhibited widespread IDUA expression as well as reduced neuropathology,
GAG, and secondary ganglioside accumulation. However, dogs receiving only partial
immunosuppression with cyclosporine alone presented with subacute encephalitis, produced
antibodies recognizing IDUA, and eliminated genetically modified cells (108).

Besides intrastriatal infusion, other direct intracranial approaches to delivery have been
investigated. In contrast to a single unilateral intrastriatal infusion, multiple injections into
both cerebral hemispheres combined with injection into the cerebellum of an HIV-1-based
lentiviral vector expressing GUSB resulted in widespread expression of GUSB and
reduction in pathology (110) . Another approach involved injections of an AAV2 serotype
vector into the anterior cortex and hippocampus of newborn MPS VII mice. GUSB activity
reached wild-type levels in the brain 18 weeks post-infusion, although much of the GUSB
activity was concentrated near the injection sites. Lysosomal distention was prevented as
was the CNS accumulation of GM2 and GM3 gangliosides. This resulted in improved
performance of treated animals in a Morris water maze test of spatial navigation (111).
Direct hippocampal injection of HIV-based lentiviral vector has been tested in a mouse
model of MPS I11B (112). Correction of CNS lesions has also been observed after
intraparenchymal administration of AAV vector in MPS I11A (113) and MPS 111B (114)
mice. Finally, AAV serotype rh10 was tested for intracranial delivery of the sulfaminidase
gene in a gene therapy clinical trial for MPS I11A (115). Early results from this trial show
stabilization in 3 patients and possible improvement in one patient, although further follow
up investigation is necessary.

3.2.2. Intracerebroventricular Infusion—An alternative strategy to direct infusion of
therapeutics into the parenchyma of the brain is to take advantage of the ventricular system.
There are four cerebral ventricles located within the mammalian brain, which are remnants
of the neural tube formed during early development. Two paired, lateral ventricles are
situated within the cerebrum and run parasagittally along much of the dorsal basal ganglia.
The lateral ventricles communicate with the third ventricle, located within the center of the
diencephalon, by way of the intraventricular foramina. The third ventricle is further
connected to the fourth ventricle, located within the hindbrain, by the cerebral aqueduct,
which runs through the midbrain. Three foramina further adjoin the fourth ventricle to the
subarachnoid space and the central canal allows access between the fourth ventricle and the
spinal cord. All of these ventricular spaces are filled with cerebrospinal fluid (CSF), which
bathes the brain and spinal cord and protects these structures from injury.

Fraldi et al. exploited the ventricular system as a route of access to multiple brain structures
using an AAV5 vector that co-expressed sulfaminidase (SGSH) and sulfatase-modifying

Expert Opin Drug Deliv. Author manuscript; available in PMC 2015 April 10.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wolf et al.

Page 12

factor-1 (SUMF) for treatment of a mouse model of MPS I11A (113). The investigators
infused the vector bilaterally into newborn pups and detected SGSH activity throughout the
brain while demonstrating that co-expression of SUMF and SGSH resulted in increased
SGSH activity in comparison to animals infused with SGSH vector alone. With a similar
AAVS5 vector expressing green fluorescent protein (GFP), many transduced cells were
visualized in the olfactory bulb, fewer cells in the choroid plexus and cerebral cortex, and
very few cells in the striatum, hippocampus, thalamus, and cerebellum. Animals treated with
the SUMF /SGSH bicistronic vector displayed a reduction in neuropathological storage
material and GM2 ganglioside, decreased microglial activation, and prevention of
astrogliosis compared to AAV5-GFP treated control animals. The functional results of the
analysis demonstrated that the animals displayed improvement in gait as well as in both
neurobehavioral and neurocognitive tests as measured using an open-field test and Morris
water maze test, respectively.

Ventricular GUSB gene delivery using lentivirus vector was compared with intravenous
delivery and found to provide superior transduction and GUSB expression in the CNS and
improved neurobehavioral outcomes in MPS VII mice (116). Intracerebral ventricular (ICV)
infusion of AAV vector has also been tested in MPS VII mice, demonstrating the
effectiveness of GUS gene delivery to the fetal brain (117), and reversal of established
neurocognitive deficit (118). ICV infusion of AAV8 vector into neonatal MPS | mice
resulted in high level IDUA expression in all areas of the brain with correction of storage
materials and prevention of neurocognitive deficit in the Morris water maze (119). Direct
delivery to the CNS thus provides a strategy to achieve high levels of therapeutic enzymes in
the brain to address neurologic manifestations of MPS disease.

3.2.3. Intracisternal Infusion—An alternative route of administration to deliver gene
therapy vectors into the CSF is direct infusion into the subarachnoid cisterns. The cisterns
are openings in the subarachnoid space located between the pia matter and arachnoid layers
of the meninges, which surround the brain. The cerebellomedullary cistern (cisterna magna)
is the largest of the subarachnoid cisterns and is connected by the flow of CSF from the
fourth ventricle by the lateral and median apertures. Following intravenous administration of
mannitol, an osmotic agent, used to increase extracellular space between epithelial cells in
the CNS, infusion of an AAV2 vector expressing NAGLU into the cisterna magna resulted
in increased longevity of MPS 111B mice treated at 4—-6 weeks of age (120). The overall
effectiveness of the infusions was dose dependent. Animals treated with a high dose (5 x
1010 vector genomes) of the vector fared better than animals receiving a low dose of vector
(1 x 1010 vector genomes). Long-term activity of NAGLU was detected in the brains of
treated animals, and the highest levels occurred in the hind portion of the brains of animals
treated with the high vector dose (about 4-fold higher than wild-type). IHC analysis revealed
NAGLU expression in Purkinje cells of the cerebellum as well as in neurons of the
brainstem and hypothalamus. GAG content in the brain was partially reduced and animals
treated with a high dose of the AAV vector displayed improvement in a Morris water maze
task, although there was no improvement in a rotarod test of motor function. Intracisternal
infusion of AAV vector has recently been tested in the canine model of MPS VII,
demonstrating considerable distribution and correction of lysosmal pathology in the brain

Expert Opin Drug Deliv. Author manuscript; available in PMC 2015 April 10.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wolf et al.

Page 13

(121). In spite of efficacy of preclinical models using the intracisternal approach, clinical
translational via the intracisternal route is more problematic since areas of the human brain
involved in cardiac and pulmonary function would be susceptible to potential mechanical
injury.

3.2.4. Intrathecal Infusion—Yet another strategy for delivering gene therapy vectors into
the CSF is intrathecal injection into the leptomeningeal space of the spinal cord via lumbar
puncture. Intrathecal delivery of an AAV2 vector expressing GUSB resulted in restoration
of between 3% and 30% of wild-type GUSB activity levels in the brains of MPS VII mice
treated as neonates and 8% of wild-type levels in animals treated as adults (122) . This
treatment resulted in a reduction of lysosomal storage vacuoles present in the cerebral
cortex. Similarly, intrathecal infusion of an AAV?2 vector expressing IDUA into adult MPS |
mice resulted in enzyme activity levels in the hindbrain (123). IDUA-producing neurons
were detected in the brains of treated animals by immunostaining of histologic sections, with
the highest density of reactive cells detected in the olfactory bulb and cerebellum. In
general, IDUA levels correlated with AAV vector dose, and the brains of animals treated
with a high dose of vector (4 x 1010 particles) appeared to be entirely cleared of storage
vacuoles. More recently, high levels of IDUA activity have been achieved throughout the
brain following intrathecal infusion of AAV9-IDUA vector (124). Results from these studies
support the concept of direct gene transfer to the CNS for MPS disease employing a less
invasive route of administration into the CSF.

3.3. Comparison of Routes of Gene Delivery

A comparison of intra-carotid arterial (IA) and intracerebral ventricular (ICV) delivery of
rAAVS5 in MPS | mice was conducted by Janson et al. (125). In both approaches mannitol
was also administered for disruption of the blood-brain barrier and the ependymal-brain
interface. Both routes of delivery resulted in significant increases in enzyme activity in the
brain, and corresponding decreases in GAG levels. However, rAAV5-IDUA delivery via the
ICV route of administration allowed superior vector distribution within the brain whereas
the 1A route of administration was limited to the ipsilateral hemisphere.

A study of intraventricular vs. intravenous gene delivery for MPS 111A was conducted by
Mclntyre et al. (126) using a lentiviral vector. Sulphamidase enzyme activity was detectable
in various regions of the brain throughout the rostro-caudal axis in MPS I11A mice after
intraventricular administration. Enzyme activity was undetectable in the brains of mice after
intravenous administration and in untreated controls.

Bielicki et al. (116) compared intraventricular vs. intravenous lentiviral mediated gene
therapy for MPS VII. Intraventricular delivery resulted in f-glucuronidase activity
thoughout the mid-rostro to caudal regions of the brain. Intravenous delivery resulted in no
detectable enzyme levels in corresponding areas of brain. In addition, B-hexosaminidase
activity, elevated in MPS VII mice, was reduced to wild-type levels in the brain after
intraventricular treatment, while there was no decrease in activity observed in the brain
following intravenous delivery of GUS vector. Histological analysis of the brain revealed
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decreases in lysosomal storage in the frontal cortex, cerebellum, and other regions of the
brain after intraventricular administration, but not after intravenous administration.

4.0. CONCLUSION

Gene therapy can improve neuropathological and functional deficits associated with
neuropathic mucopolysaccharidoses. Preclinical studies demonstrate that a variety of vector
systems can be used to deliver corrective genes to the brain. Intraparenchymal gene delivery
usually results in very high level, but more focal distribution in the brain, whereas
intracerebral, intraventricular or intracisternal delivery typically results in lower level, but a
more global expression. Intravenous delivery of vector or vector-transduced hematopoietic
stem cells can also provide widespread distribution of vector, but intraventricular delivery
appears to provide the greatest distribution pattern within the brain for effective global
therapy, at least in the preclinical setting.

5.0. EXPERT OPINION

POTENTIAL

GOAL

Achieving limited therapeutic benefit in the central nervous system for MPS disorders has
been achieved through HSCT in the case of Hurler syndrome, demonstrating proof-of —
principle for the potential development of effective clinical treatments for CNS
manifestations of MPS. However, other MPS disorders have proved remarkably
unresponsive to this approach. Gene therapy is developing rapidly as a viable treatment
option as many preclinical studies have been conducted with success and several clinical
trials have begun to yield promising results in patients.

Gene therapy represents a viable method for widespread delivery of missing enzymes to
multiple tissues including the CNS. However, the effectiveness of CNS-directed gene
therapy for MPS disorders remains to be clearly demonstrated with respect to clear
neurologic functional response in the clinic.

Affordable treatments that restore full function to somatic tissues as well as neurological
tissues. The biggest challenge in achieving this goal is the longevity of expression in the
brain with restoration of cognitive function, or prevention of cognitive deficits when gene
therapy is administered early.

CHALLENGES

In moving the field of gene therapy for neuropathic mucopolysacarridoses forward advances
will be needed in understanding and blunting potential immune responses. Expansion of
scale-up processes will also be needed to meet the demands of producing vector systems.
Additionally, more detailed characterizations of the neurological benefits achieved are
needed in both preclinical models and in the clinical setting. This could include both the
standardization of neurobehavioral tests that are used in order to more easily compare the
results obtained from different studies and also to develop clinically translatable biomarkers
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of neurologic disease using brain imaging modalities such as MRI and PET and to
incorporate these tests into future clinical trials.

FUTURE PROSPECTS

A Phase I clinical trial of gene therapy using direct surgical injection of rhAAV10 into the
brain parenchyma of patients with Batten disease, and AAV9 into the brain of patients with
MPS II1A are being followed for evaluation of efficacy, and appear to relatively safe thus
far. Similar studies in MPS 111B are in progress. This approach is promising, and could yield
an immediate treatment for those disorders of the brain. Safer, less invasive approaches to
the CNS are being developed in animal models, and hold promise for even more practical
therapies.

ACKNOWLEDGEMENTS

We thank Kyle Schaible for editorial assistance. This work was supported by the National Institutes of Health
(5P01HD032652, U54NS065768, and T32 DE007288). The Lysosomal Disease Network is a part of the National
Institutes of Health (NIH) Rare Diseases Clinical Research Network (RDCRN), supported through collaboration
between the NIH Office of Rare Diseases Research (ORDR) at the National Center for Advancing Translational
Science (NCATS), the National Institute of Neurological Disorders and Stroke (NINDS) and National Institute of
Diabetes and Digestive and Kidney Diseases (NIDDK). The content is solely the responsibility of the authors and
does not necessarily represent the official views of the National Institutes of Health.

REFERENCES

1. Meikle PJ, Hopwood JJ, Clague AE, Carey WF. Prevalence of lysosomal storage disorders. Jama.
1999; 281:249-254. [PubMed: 9918480]

2. Poorthuis BJ, Wevers RA, Kleijer WJ, et al. The frequency of lysosomal storage diseases in The
Netherlands. Hum Genet. 1999; 105:151-156. [PubMed: 10480370]

3. Neufeld, EF.; Muenzer, J. The mucopolysaccharidoses. In: Beaudet, AL.; Scriver, CR.; Sly, WS.;
Valle, D., editors. The metabolic and molecular bases of inherited disease. New York: McGraw
Hill; 2001. p. 3421-3452.
4. Tolar J, Grewal SS, Bjoraker KJ, et al. Combination of enzyme replacement and hematopoietic stem
cell transplantation as therapy for Hurler syndrome. Bone Marrow Transplant. 2008; 41:531-535.
[PubMed: 18037941]
5. Fratantoni JC, Hall CW, Neufeld EF. Hurler and Hunter syndromes: mutual correction of the defect
in cultured fibroblasts. Science. 1968; 162:570-572. [PubMed: 4236721] **This seminal article
provides evidence that certain enzymes associated with mucopolysaccharidoses can be secreted
from one cell and transported to other cells for metabolic correction. This observation is the
underlying basis for which gene therapy can be effective in treating mucopolysaccharidoses.
6. Kornfeld S. Trafficking of lysosomal enzymes. Faseb J. 1987; 1:462-468. [PubMed: 3315809]
7. Walter P, Gilmore R, Blobel G. Protein translocation across the endoplasmic reticulum. Cell. 1984;
38:5-8. [PubMed: 6088076]
8. Kornfeld R, Kornfeld S. Assembly of asparagine-linked oligosaccharides. Annu Rev Biochem.
1985; 54:631-664. [PubMed: 3896128]
9. Kornfeld S. Trafficking of lysosomal enzymes in normal and disease states. J Clin Invest. 1986;
77:1-6. [PubMed: 3003148]
10. von Figura K, Hasilik A. Lysosomal enzymes and their receptors. Annu Rev Biochem. 1986;
55:167-193. [PubMed: 2943218]

11. Gonzalez-Noriega A, Grubb JH, Talkad V, Sly WS. Chloroquine inhibits lysosomal enzyme
pinocytosis and enhances lysosomal enzyme secretion by impairing receptor recycling. J Cell Biol.
1980; 85:839-852. [PubMed: 7190150]

Expert Opin Drug Deliv. Author manuscript; available in PMC 2015 April 10.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wolf et al.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Page 16

Vladutiu GD, Rattazzi MC. Excretion-reuptake route of beta-hexosaminidase in normal and I-cell
disease cultured fibroblasts. J Clin Invest. 1979; 63:595-601. [PubMed: 438323]

Fujii H, Hirose T, Oe S, et al. Contribution of bone marrow cells to liver regeneration after partial
hepatectomy in mice. J Hepatol. 2002; 36:653-659. [PubMed: 11983449]

*Krivit W, Sung JH, Shapiro EG, Lockman LA. Microglia: the effector cell for reconstitution of
the central nervous system following bone marrow transplantation for lysosomal and peroxisomal
storage diseases. Cell Transplant. 1995; 4:385-392. [PubMed: 7582569] *This article was the first
to demonstrate that the efficacy of bone marrow transplants for the treatment of
mucopolysaccharidoses is mediated by microglia like cells that crossed the blood-brain-barrier to
provide enzymatic cross correction. This observation also provided the basis for the notion that
systemic administration of gene corrected cells may be an approach for treating lysosomal storage
disorders affecting the brain.

Hobbs JR, Hugh-Jones K, Barrett AJ, et al. Reversal of clinical features of Hurler’s disease and
biochemical improvement after treatment by bone-marrow transplantation. Lancet. 1981; 2:709—
712. [PubMed: 6116856]

Prasad VK, Kurtzberg J. Transplant outcomes in mucopolysaccharidoses. Semin Hematol. 2010;
47:59-69. [PubMed: 20109613]

Boelens JJ, Rocha V, Aldenhoven M, et al. Risk factor analysis of outcomes after unrelated cord
blood transplantation in patients with hurler syndrome. Biol Blood Marrow Transplant. 2009;
15:618-625. [PubMed: 19361754]

Guffon N, Souillet G, Maire I, et al. Follow-up of nine patients with Hurler syndrome after bone
marrow transplantation. J Pediatr. 1998; 133:119-125. [PubMed: 9672523]

Peters C, Balthazor M, Shapiro EG, et al. Outcome of unrelated donor bone marrow transplantation
in 40 children with Hurler syndrome. Blood. 1996; 87:4894-4902. [PubMed: 8639864]

Whitley CB, Belani KG, Chang PN, et al. Long-term outcome of Hurler syndrome following bone
marrow transplantation. Am J Med Genet. 1993; 46:209-218. [PubMed: 8484412]

Peters C, Shapiro EG, Anderson J, et al. Hurler syndrome: Il. Outcome of HLA-genotypically
identical sibling and HLA-haploidentical related donor bone marrow transplantation in fifty-four
children. The Storage Disease Collaborative Study Group. Blood. 1998; 91:2601-2608. [PubMed:
9516162]

Souillet G, Guffon N, Maire I, et al. Outcome of 27 patients with Hurler’s syndrome transplanted
from either related or unrelated haematopoietic stem cell sources. Bone Marrow Transplant. 2003;
31:1105-1117. [PubMed: 12796790]

Prasad VK, Mendizabal A, Parikh SH, et al. Unrelated donor umbilical cord blood transplantation
for inherited metabolic disorders in 159 pediatric patients from a single center: influence of
cellular composition of the graft on transplantation outcomes. Blood. 2008; 112:2979-2989.
[PubMed: 18587012]

Staba SL, Escolar ML, Poe M, et al. Cord-blood transplants from unrelated donors in patients with
Hurler’s syndrome. N Engl J Med. 2004; 350:1960-1969. [PubMed: 15128896]

Walkley SU. Secondary accumulation of gangliosides in lysosomal storage disorders. Semin Cell
Dev Biol. 2004; 15:433-444. [PubMed: 15207833]

Ziegler, R.; Shapiro, E. Metabolic and neurodegenerative diseases across the life span. In: Donder,
SHJ., editor. Principles and Practice of Lifespan Developmental Neuropsychology. Cambridge
University Press; 2007. p. 427-448.

Vellodi A, Young E, Cooper A, et al. Long-term follow-up following bone marrow transplantation
for Hunter disease. J Inherit Metab Dis. 1999; 22:638-648. [PubMed: 10399096]

Seto T, Kono K, Morimoto K, et al. Brain magnetic resonance imaging in 23 patients with
mucopolysaccharidoses and the effect of bone marrow transplantation. Ann Neurol. 2001; 50:79-
92. [PubMed: 11456314]

Muenzer J, Gucsavas-Calikoglu M, McCandless SE, et al. A phase /11 clinical trial of enzyme
replacement therapy in mucopolysaccharidosis 11 (Hunter syndrome). Mol Genet Metab. 2007;
90:329-337. [PubMed: 17185020]

Rohrbach M, Clarke JT. Treatment of lysosomal storage disorders: progress with enzyme
replacement therapy. Drugs. 2007; 67:2697-2716. [PubMed: 18062719]

Expert Opin Drug Deliv. Author manuscript; available in PMC 2015 April 10.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wolf et al.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41

42.

43.

44,

45.

46.

47.

48.

Page 17

Altarescu G, Hill S, Wiggs E, et al. The efficacy of enzyme replacement therapy in patients with
chronic neuronopathic Gaucher’s disease. J Pediatr. 2001; 138:539-547. [PubMed: 11295718]

Kakkis E, McEntee M, Vogler C, et al. Intrathecal enzyme replacement therapy reduces lysosomal
storage in the brain and meninges of the canine model of MPS I. Mol Genet Metab. 2004; 83:163—
174. [PubMed: 15464431]

Lidove O, Joly D, Barbey F, et al. Clinical results of enzyme replacement therapy in Fabry disease:
a comprehensive review of literature. Int J Clin Pract. 2007; 61:293-302. [PubMed: 17263716]
Miranda SR, He X, Simonaro CM, et al. Infusion of recombinant human acid sphingomyelinase
into niemann-pick disease mice leads to visceral, but not neurological, correction of the
pathophysiology. Faseb J. 2000; 14:1988-1995. [PubMed: 11023983]

Begley DJ, Pontikis CC, Scarpa M. Lysosomal storage diseases and the blood-brain barrier. Curr
Pharm Des. 2008; 14:1566—1580. [PubMed: 18673198]

Enns GM, Huhn SL. Central nervous system therapy for lysosomal storage disorders. Neurosurg
Focus. 2008; 24:E12. [PubMed: 18341388]

Munoz-Rojas MV, Vieira T, Costa R, et al. Intrathecal enzyme replacement therapy in a patient
with mucopolysaccharidosis type | and symptomatic spinal cord compression. Am J Med Genet A.
2008; 146A:2538-2544. [PubMed: 18792977]

Vera M, Le S, Kan SH, et al. Immune response to intrathecal enzyme replacement therapy in
mucopolysaccharidosis | patients. Pediatr Res. 2013; 74(6):712-720. [PubMed: 24002329]
Dickson P, McEntee M, Vogler C, et al. Intrathecal enzyme replacement therapy: successful
treatment of brain disease via the cerebrospinal fluid. Mol Genet Metab. 2007; 91:61-68.
[PubMed: 17321776]

Beutler E. Lysosomal storage diseases: natural history and ethical and economic aspects. Mol
Genet Metab. 2006; 88:208-215. [PubMed: 16515872]

. Temin HM, Baltimore D. RNA-directed DNA synthesis and RNA tumor viruses. Adv Virus Res.

1972; 17:129-186. [PubMed: 4348509]

*Whitley CB, Mclvor RS, Aronovich EL, et al. Retroviral-mediated transfer of the iduronate-2-
sulfatase gene into lymphocytes for treatment of mild Hunter syndrome (mucopolysaccharidosis
type I1): human gene therapy protocol. Hum Gene Ther. 1996; 7(4):537-549. [PubMed: 8800749]
*This report is one of the first gene therapy protocols for treating mucopolysaccharidoses

Whitely CB. U.S. Food and Drug Administration BB-IND: #5370. Autologous Peripheral Blood
Stem Cells Cultured Ex-Vivo with Anti-CD3 (OKT3, Ortho) and Interleukin-2 (Chiron);
Transduced (L2SN, University of Minnesota) Expressing IDS Gene; approved to initiate clinical
trial. 1995

Naldini L, Blomer U, Gallay P, et al. In vivo gene delivery and stable transduction of nondividing
cells by a lentiviral vector. Science. 1996; 272:263-267. [PubMed: 8602510] **This report is one
of the first to demonstrate the transduction of non-dividing cells using lentiviral vectors.

Blomer U, Naldini L, Kafri T, et al. Highly efficient and sustained gene transfer in adult neurons
with a lentivirus vector. J Virol. 1997; 71:6641-6649. [PubMed: 9261386]

Bushman F, Lewinski M, Ciuffi A, et al. Genome-wide analysis of retroviral DNA integration.
England. 2005:848-858.

Hacein-Bey-Abina S, Garrigue A, Wang GP, Sollier J, Lim A, Morillon E, Clappeir e, Caccaveli
L, Delabesse E, Beldjord K, Asnafi VV, Macintyre e, Dal Cortivo L, Radford L, Brousse N, Sigaux
F, Moshous D, Hauer J, Borkhardt A, Belohradsky BH, Wintergerst U, Velez MC, Leiva L,
Sorensen R, Wulfffraat N, Blance S, Bushman FD, Fischer A, Cavaazana-Calvo M. Insertional
oncogenesis in 4 patients after retrovirus-mediated gene therapy of SCID-X1. J.Clin.Invest. 2008;
118:3132-3142. [PubMed: 18688285]

Howe SJ, Mansour MR, Schawrzwaelder K, Bartholomae C, Hubank M, Kempski H, Brugman
MH, Pike-Overzet K, Chatters SJ, De Ridder D, Gilmour KC, Adams S, thornhills SI, Parsley KL,
Staal J, Gale RE, Linch DC, Bayford J, Brown L, Quaye M, Kinnon C, Ancliff P, Webb KD,
Schmidt M, Von Kalle C, Gaspar HB, Thrasher AJ. Insertional mutagenesis combined with
acquired somatic mutations causes leukemogenesis following gene therapy of SCID-X1 patients.
J.Clin.Invest. 2008; 118:3143-3150. [PubMed: 18688286]

Expert Opin Drug Deliv. Author manuscript; available in PMC 2015 April 10.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wolf et al.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Page 18

Hackett PB, Largaespada DA, Switzer KC, Cooper LC. Evaluating risks of insertional mutagenesis
by DNA transposons in gene therapy. Transl Res. 2013; 161(4):265-283. [PubMed: 23313630]

vics Z, Izsvak Z, Minter A, Hackett PB. Identification of functional domains and evolution of Tcl-
like transposable elements. Proceedings of the National Academy of Sciences of the United States
of America. 1996; 93:5008-5013. [PubMed: 8643520] **This report is one of the first articles on
the Sleeping Beauty transposition vector system.

Izsvak Z, Ivics Z, Hackett PB. Characterization of a Tc1-like transposable element in zebrafish
(Danio rerio). Molecular & General Genetics. 1995; 247:312-322. [PubMed: 7770036]

Ivics Z, Hackett PB, Plasterk RH, 1zsvak Z. Molecular reconstruction of Sleeping Beauty, a Tcl-
like transposon from fish, and its transposition in human cells. Cell. 1997; 91:501-510. [PubMed:
9390559]

Hackett PB, Largaespada DA, Cooper LJ. A transposon and transposase system for human
application. Mol Therapy. 2010; 18:674-683.

Singh H, Huls H, Kebriaei P, Cooper LJ. A new approach to gene therapy using Sleeping Beauty
to genetically modify clinical-grade T cells to target CD19. Immunol Rev. 2014; 257:181-190.
[PubMed: 24329797]

Muzyczka N. Use of adeno-associated virus as a general transduction vector for mammalian cells.
Current Topics in Microbiology and Immunology. 1992; 158:197-129.

Rose JA, Maizel JV, Inman JK, Shatkin AJ. Structural proteins of adenovirus-associated viruses. J
Virology. 1971; 8:766—770. [PubMed: 5132697]

Berns K1, Linden RM. The cryptic life style of adeno-associated virus. BioEssays : news and
reviews in molecular, cellular and developmental biology. 1995; 17:237-245.

Conway JE, Zolotukhin S, Muzyczka N, et al. Recombinant adeno-associated virus type 2
replication and packaging is entirely supported by a herpes simplex virus type 1 amplicon
expressing Rep and Cap. J Virology. 1997; 71:8780-8789. [PubMed: 9343238]

Hoggan MD, Blacklow NR, Rowe WP. Studies of small DNA viruses found in various adenovirus
preparations: physical, biological, and immunological characteristics. Proceedings of the National
Academy of Sciences of the United States of America. 1966; 55:1467-1474. [PubMed: 5227666]

Atchison RW, Casto BC, Hammon WM. Adenovirus-Associated Defective Virus Particles.
Science. 1965; 149:754-756. [PubMed: 14325163]

Kaludov N, Handelman B, Chiorini JA. Scalable purification of adeno-associated virus type 2, 4,
or 5 using ion-exchange chromatography. Human Gene Therapy. 2002; 13:1235-1243. [PubMed:
12133276]

Summerford C, Samulski RJ. Viral receptors and vector purification: new approaches for
generating clinical-grade reagents. Nature Med. 1999; 5:587-588. [PubMed: 10229239]

Tenenbaum L, Chtarto A, Lehtonen E, et al. Recombinant AAV-mediated gene delivery to the
central nervous system. J Gene Med. 2004; 1(6 Suppl):S212-S222. [PubMed: 14978764] *This
report is one of the first demonstrations of the capability of AAV vectors to transduce nervous
system cells.

Wang L, Wang H, Bell P, et al. Systematic evaluation of AAV vectors for liver directed gene
transfer in murine models. Mol Therapy. 2010; 18:118-125.

Moulay G, Masurier C, Bigey P, et al. Soluble TNF-alpha receptor secretion from healthy or
dystrophic mice after AAV6-mediated muscle gene transfer, Gene Ther. 2010; 17:1400-1410.
[PubMed: 20596058]

Zincarelli C, Soltys S, Rengo G, et al. Comparative cardiac gene delivery of adeno-associated virus
serotypes 1-9 reveals that AAV6 mediates the most efficient transduction in mouse heart. Clin
Transl Sci. 2010; 3:81-89. [PubMed: 20590676]

Neimeyer GP, Herzog RW, Mount J, et al. Long-term correction of inhibitor-prone hemophilia B
dogs treated with liver-directed AAV2-mediated factor IX gene therapy. Blood. 2009; 113(4):797-
806. [PubMed: 18957684]

Schultz BR, Chamberlain JS. Recombinant adeno-associated virus transduction and integration.
Mol Therapy. 2008; 16:1189-1199.

Expert Opin Drug Deliv. Author manuscript; available in PMC 2015 April 10.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wolf et al.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Page 19

Samulski RJ, Berns Kl, Tan M, Muzyczka N. Cloning of adeno-associated virus into pBR322:
rescue of intact virus from the recombinant plasmid in human cells. Proc Nat Acad Sci USA.
1982; 79:2077-2081. [PubMed: 6281795]

Daly TM, Vogler C, Levy B, et al. Neonatal gene transfer leads to widespread correction of
pathology in a murine model of lysosomal storage disease. Proc Natl Acad Sci U S A. 1999;
96:2296-2300. [PubMed: 10051635]

Hartung SD, Frandsen JL, Pan D, et al. Correction of metabolic, craniofacial, and neurologic
abnormalities in MPS | mice treated at birth with adeno-associated virus vector transducing the
human alpha-L-iduronidase gene. Mol Therapy. 2004; 9:866-875.

Ponder KP, Haskins ME. Gene therapy for mucopolysaccharidosis. Expert Opinion on Biological
Therapy. 2007; 7(9):1333-1345. [PubMed: 17727324]

Chung S, Ma X, Liu Y, et al. Effect of neonatal administration of a retroviral vector expressing
alpha-L-iduronidase upon lysosomal storage in brain and other organs in mucopolysaccharidosis |
mice. Mol Genet Metab. 2007; 90:181-192. [PubMed: 16979922]

Kobayashi H, Carbonaro D, Pepper K, et al. Neonatal gene therapy of MPS I mice by intravenous
injection of a lentiviral vector. Mol Therapy. 2005; 11:776-789.

Traas AM, Wang P, Ma X, et al. Correction of clinical manifestations of canine
mucopolysaccharidosis | with neonatal retroviral vector gene therapy. Mol Therapy. 2007;
15:1423-1431.

Bigg P, Sleeper M, O’Donnell P, et al. The effect of neonatal gene therapy with a gamma retroviral
vector on cardiac valve disease in mucopolysaccharidosis VII dogs after a decade. Mol Gen &
Metab. 2013; 110(3):311-318.

Xing EM, Knox VW, O’Donnell PA, et al. The effect of neonatal gene therapy on skeletal
manifestations in mucopolysaccharidosis V11 dogs after a decade. Mol Gen & Met. 2013; 109(2):
183-193.

Wang B, O’Malley TM, Xu L, et al. Expression in blood cells may contribute to biochemical and
pathological improvements after neonatal intravenous gene therapy for mucopolysaccharidosis VII
in dogs. Mol Gen & Met. 2006; 87(1):8-21.

Di Domenico C, Villani GR, Di Napoli D, et al. Gene therapy for a mucopolysaccharidosis type |
murine model with lentiviral-IDUA vector. Hum Gene Ther. 2005; 16:81-90. [PubMed:
15703491]

Ma X, Liu Y, Tittiger M, et al. Improvements in mucopolysaccharidosis | mice after adult
retroviral vector-mediated gene therapy with immunomodulation. Mol Therapy. 2007; 15:889—
902.

Cardone M, Polito VA, Pepe S, et al. Correction of Hunter syndrome in the MPSII mouse model
by AAV2/8-mediated gene delivery. Human Mol Gen. 2006; 15:1225-1236.

Aronovich EL, Bell JB, Belur LR, Gunther R, Koniar B, Erickson DC, Schachern PA, Matise I,
Mclvor RS, Whitley CB, Hackett PB. Prolonged expression of a lysosomal enzyme in mouse liver
after Sleeping Beauty transposon-mediated gene delivery: implications for non-viral gene therapy
of mucopolysaccharidoses. J Gene Med. 2007; 9:403-415. [PubMed: 17407189]

Aronovich EL, Bell JB, Khan SA, Belur LR, Gunther R, Koniar B, Schachern PA, Parker JB,
Carlson CS, Whitley CB, Mclvor RS, Gupta P, Hackett PB. Systemic correction of storage disease
in MPS | NOD/SCID mice using the sleeping beauty transposon system. Mol Therapy. 2009 Jul;
17(7):1136-1144.

Aronovich E, Hall B, Bell J, et al. Quantitative analysis of a-L-iduronidase expression in
immunocompetent mice treated with the Sleeping Beauty transposon system. PLoS One. 2013;
8(10):e78161. [PubMed: 24205141]

Chen YH, Chang M, Davidson BL. Molecular signatures of disease brain endothelia provide new
sites for CNS-directed enzyme therapy. Nat Med. 2009; 15(10):1215-1218. [PubMed: 19749771]
Ruzo A, Marco S, Garcia M, et al. Correction of pathological accumulation of glycosaminoglycans
in central nervous system and peripheral tissues of MPSITIA mice through systemic AAV9 gene
transfer. Human Gene Ther. 2012; 23(12):1237-1246. [PubMed: 22909060]

Expert Opin Drug Deliv. Author manuscript; available in PMC 2015 April 10.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wolf et al.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Page 20

Fu H, Dirosario J, Killedar S, et al. Correction of neurological disease of mucopolysaccharidosis
I1IB in adult mice by rAAV9 trans-blood-brain barrier gene delivery. Mol Therapy. 2011; 19(6):
1025-1033.

Chen YH, Claflin K, Geoghegan JC, Davidson BL. Sialic acid deposition impairs the utility of
AAVY9, but not peptide-modified AAVSs for brain gene therapy in a mouse model of lysosomal
storage disease. Mol Therapy. 2012; 20(7):1393-1399.

Boado R, Zhang Y, Zhang Y, et al. Genetic engineering of a lysosomal enzyme fusion protein for
targeted delivery across the human blood-brain barrier. Biotech & Bioeng. 2008; 99(2):475-484.
Boado R, Hui E, Lu J, et al. Reversal of lysosomal storage in brain of adult MPS-I mice with
intravenous Trojan horse-iduronidase fusion protein. Mol Pharmaceutics. 2011; 8(4):1342-1350.

Osborn MJ, McEImurry RT, Lee CJ, et al. Minicircle DNA-based gene therapy coupled with
immune modulation pemits long-term expression of a-L-iduronidase in mice with
mucopolysaccharidosis type I. Mol Therapy. 2011; 19(3):450-460.

Wolfe JH, Sands MS, Barker JE, et al. Reversal of pathology in murine mucopolysaccharidosis
type VII by somatic cell gene transfer. Nature. 1992; 360(6406):749-753. [PubMed: 1465145]
Shull R, Lu X, Dube I, et al. Humoral immune response limits gene therapy in canine MPS I.
Blood. 1996; 88(1):377-379. [PubMed: 8704199]

Lutzko C, Kruth S, Abrams-Ogg AC, et al. Genetically corrected autologous stem cells engraft, but
host immune responses limit their utility in canine alpha-L-iduronidase deficiency. Blood. 1999;
93(6):1895-1905. [PubMed: 10068662]

Sakurai K, lizuka S, Shen JS, et al. Brain transplantation of genetically modified bone marrow
stromal cells corrects CNS pathology and cognitive function in MPS VII mice. Gene Ther. 2004;
11:1475-1481. [PubMed: 15295619]

Zheng Y, Rozengurt N, Ryazantsev S, et al. Treatment of the mouse model of
mucopolysaccharidosis | with retrovirally transduced bone marrow. Mol Gen Metab. 2003;
79:233-244.

Visigalli I, Delai S, Politi LS, et al. Gene therapy augments the efficacy of hematopoietic cell
transplantation and fully corrects mucopolysaccharidosis type | phenotype in the mouse model.
Blood. 2010; 116(24):5130-5139. [PubMed: 20847202]

Wang D, Zhang W, Kalfa TA, et al. Reprogramming erythroid cells for lysosomal enzyme
production leads to visceral and CNS cross-correction in mice with Hurler syndrome. Proc Nat
Acad Sci USA. 2009; 106(47):19958-19563. [PubMed: 19903883]

Dai M, Han J, EI-Amouri SS, et al. Platelets are efficient and protective depots for storage,
distribution, and delivery of lysosomal enzyme in mice with Hurler syndrome. Proc Nat Acad Sci
USA. 2014; 111(7):2680-2685. [PubMed: 24550296]

100. Langford-Smith A, Wilkinson FL, Langford-Smith KJ, et al. Hematopoietic stem cell and gene

therapy corrects primary neuropathology and behavior in mucopolysaccharidosis I11A mice. Mol
Therapy. 2012; 20(8):1610-1621.

101. Sergijenko A, Langford-Smith A, Liao AY, et al. Myeloid/Microglial driven autologous

hematopoietic stem cell gene therapy corrects a neuronopathic lysosomal disease. Mol Therapy.
2013; 21(10):1938-1949.

102. Podetz-Pedersen KM, Karlen AD, Buckvold MP, et al. Prevention of Neurocognitive Deficit by

Ex Vivo Lentiviral Transduction of Hematopoietic Stem Cells in a Murine Model of
Mucopolysaccharidosis Type Il. Mol Therapy. 2013; 21:191.

103. Braun S, Pan D, Aronovich E, et al. Preclinical studies of lymphocyte gene therapy for mild

Hunter syndrome (mucopolysaccharidosis type 11). Human Gene Ther. 1996; 7(3):283-290.
[PubMed: 8835216]

104. Cressant A, Desmaris N, Verot L, et al. Improved behavior and neuropathology in the mouse

model of Sanfilippo type 111B disease after adeno-associated virus-mediated gene transfer in the
striatum. J Neurosci. 2004; 24:10229-10239. [PubMed: 15537895]

105. Bosch A, Perret E, Desmaris N, Heard JM. Long-term and significant correction of brain lesions

in adult mucopolysaccharidosis type VII mice using recombinant AAV vectors. Mol Therapy.
2000; 1:63-70.

Expert Opin Drug Deliv. Author manuscript; available in PMC 2015 April 10.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wolf et al.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Page 21

Liu G, Chen YH, He X, et al. Adeno-associated virus type 5 reduces learning deficits and restores
glutamate receptor subunit levels in MPS VII mice CNS. Mol Therapy. 2007; 15:242-247.

Desmaris N, Verot L, Puech JP, et al. Prevention of neuropathology in the mouse model of Hurler
syndrome. Ann Neurol. 2004; 56:68-76. [PubMed: 15236403]

Ciron C, Desmaris N, Colle MA, et al. Gene therapy of the brain in the dog model of Hurler’s
syndrome. Ann Neurol. 2006; 60:204-213. [PubMed: 16718701]

Ellinwood NM, Ausseil J, Desmaris N, et al. Safe, efficient, and reproducible gene therapy of the
brain in the dog models of Sanfilippo and Hurler syndromes. Mol Therapy. 2011; 19(2):251-259.

Bosch A, Perret E, Desmaris N, et al. Reversal of pathology in the entire brain of
mucopolysaccharidosis type VII mice after lentivirus-mediated gene transfer. Hum Gene Ther.
2000; 11:1139-1150. [PubMed: 10834616]

Frisella WA, O’Connor LH, Vogler CA, et al. Intracranial injection of recombinant adeno-
associated virus improves cognitive function in a murine model of mucopolysaccharidosis type
VII. Mol Therapy. 2001; 3:351-358.

Di Domenico C, Villani GR, Di Napoli D, et al. Intracranial gene delivery of LV-NAGLU vector
corrects neuropathology in murine MPS 111B. Am J Med Genet A. 2009; 149A(6):1209-1218.
[PubMed: 19449420]

Fraldi A, Hemsley K, Crawley A, et al. Functional correction of CNS lesions in an MPS-111A
mouse model by intracerebral AAV-mediated delivery of sulfamidase and SUMF1 genes. Hum
Mol Genet. 2007; 16:2693-2702. [PubMed: 17725987]

Fu H, Samulski RJ, McCown TJ, et al. Neurological correction of lysosomal storage in a
mucopolysaccharidosis I11B mouse model by adeno-associated virus-mediated gene delivery.
Mol Therapy. 2002; 5(1):42-49.

Tardieu M, Zérah M, Husson B, et al. Intracerebral Administration of Adeno-Associated Viral
Vector Serotype rh.10 Carrying Human SGSH and SUMF1 cDNAs in Children with
Mucopolysaccharidosis Type I1IA Disease: Results of a Phase I/Il Trial. Hum Gene Ther. 2014
[Epub ahead of print].

Bielicki J, MclIntyre C, Anson DS. Comparison of ventricular and intravenous lentiviral-mediated
gene therapy for murine MPS VII. Mol Genet Metab. 2010; 101(4):370-382. [PubMed:
20864369]

Karolewski BA, Wolfe JH. Genetic correction of the fetal brain increases the lifespan of mice
with the severe multisystemic disease mucopolysaccharidosis type VII. Mol Therapy. 2006;
14(1):14-24.

Liu G, Martins I, Wemmie JA, et al. Functional correction of CNS phenotypes in a lysosomal
storage disease model using adeno-associated virus type 4 vectors. J Neurosci. 2005; 25(41):
9321-9327. [PubMed: 16221840]

Wolf DA, Lenander AW, Nan Z, et al. Direct gene transfer to the CNS prevents emergence of
neurologic disease in a murine model of mucopolysaccharidosis type 1. Neurobiol Dis. 2011;
43(1):123-133. [PubMed: 21397026]

Fu H, DiRosario J, Kang L, et al. Restoration of central nervous system alpha-N-
acetylglucosaminidase activity and therapeutic benefits in mucopolysaccharidosis I11B mice by a
single intracisternal recombinant adeno-associated viral type 2 vector delivery. J Gene Med.
2010; 12:624-633. [PubMed: 20603889]

Gurda B, Wang P, Bell P, et al. Evaluation of Intrathecal rAAV Vectors in Canine
Mucopolysaccharidosis VII. Mol Therapy. 2014; 22:5100.

Elliger SS, Elliger CA, Aguilar CP, et al. Elimination of lysosomal storage in brains of MPS VII
mice treated by intrathecal administration of an adeno-associated virus vector. Gene Ther. 1999;
6:1175-1178. [PubMed: 10455422]

Watson G, Bastacky J, Belichenko P, et al. Intrathecal administration of AAV vectors for the
treatment of lysosomal storage in the brains of MPS | mice. Gene Ther. 2006; 13:917-925.
[PubMed: 16482204]

Belur L, Nan Z, Buckvold M, et al. High Level Expression of Human Iduronidase Throughout the
Brain in a Murine Model of Mucopolysaccharidosis Type | After Non-Invasive AAV-Mediated
Gene Delivery to the CNS. Mol Therapy. 2014; 22:5236.

Expert Opin Drug Deliv. Author manuscript; available in PMC 2015 April 10.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Wolf et al. Page 22

125. Janson CG, Romanova LG, Leone P, et al. Comparison of endovascular and intraventricular gene
therapy with adeno-associated virus-a-L-iduronidase for Hurler disease. Neurosurgery. 2014;
74(1):99-111. [PubMed: 24077583]

126. Mcintyre C, Byers S, Anson DS. Correction of mucopolysaccharidosis type 111A somatic and
central nervous system pathology by lentiviral-mediated gene transfer. J Gene Med. 2010; 12(9):
717-728. [PubMed: 20683858]

LIST OF ABBREVIATIONS

AAV adeno-associated vector

BBB blood-brain-barrier

BMT bone marrow transplantation

CNS central nervous system

CSF cerebral spinal fluid

ERT enzyme replacement therapy

GAG glycosaminoglycan

GFP green fluorescent protein

GUSB glucuronidase beta

HLA human leukocyte antigen

HSC hematopoietic stem cell

HSCT hematopoietic stem cell transplantation
ICV intracerebroventricular

IDUA iduronidase

LSD lysosomal storage disease

LTR long terminal repeat

MPR mannose-6-phosphate receptor
MPS mucopolysaccharidoses

MPS 1H mucopolysacarridosis type 1 Hurler
NAGLU N-acetylglucosaminidase

PBSC peripheral blood stem cell

SB Sleeping Beauty

SCID severe combined immunodeficiency
TBI total body irradiation

uBC umbilical cord blood
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