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Thesis Abstract

Mucopolysaccharidosis type Il (Hunter syndrome, MPS 11) is an inherited X-
linked recessive disease caused by deficiency of iduronate-2-sulfatase (IDS). IDS
hydrolyzes the C2 sulfate ester bond of terminal a-L-iduronic acid residues on the
glycosaminoglycans (GAGS) heparan sulfate and dermatan sulfate. Insufficient IDS
results in the accumulation of these GAGs within lysosomes and leads to progressive and
multisystemic disease. Disease manifestations include, but are not limited to,
cardiopulmonary dysfunction, arthropathy, dysostosis multiplex, and for the
neuronopathic form neurological impairment and death by early adolescence. Currently,
the only approved treatment for MPS 11 is enzyme replacement therapy (ERT,
Elaprase®); allogeneic hematopoietic stem cell transplantation (HSCT) is conducted on a
trial basis. ERT is expensive, time consuming, and administered IDS enzyme does not
readily cross the blood brain barrier, leaving the neurological manifestations of MPS 11
unaddressed. Thus, there is a great need to develop new and better therapies for MPS 11
that can address these limitations.

Ex vivo lentiviral vector (LVV) based gene therapy is a promising approach to
treat MPS 11. Chapter Il evaluates the efficacy of this strategy by the transplantation of
hematopoietic stem and progenitor cells (HSPCs) transduced with a (LVV) carrying a
codon optimized human IDS cDNA regulated by a strong, constitutively active MNDU3
promoter into MPS 11 mice. Treated mice exhibited supraphysiologic levels of IDS
enzyme activity in plasma, peripheral blood mononuclear cells (PBMCs), and in
peripheral tissues. Additionally, urine GAG excretion, GAG content in peripheral tissues,

and zygomatic arch diameter were normalized. Importantly, IDS levels in the brains of
iii



MNDU3-IDS engrafted animals were restored to 10-20% that of wild-type mice, which
was sufficient to normalize brain GAG storage and prevent the emergence of
neurocognitive deficits. Thus, these results demonstrate the potential effectiveness of ex
vivo LVV transduced HSPCs as a source of bioavailable IDS for patients with MPS I1.

In vivo gene therapy with an adeno-associated virus (AAV) vector is another
approach for the treatment of MPS II. Clinical testing of cerebrospinal fluid (CSF)-
directed administration of AAV9.CB7.hIDS (RGX-121) is currently underway to treat
the neurological manifestations of MPSII. However, it is unknown if IT administration of
RGX-121 will also improve systemic manifestations of MPS 1l or whether supplemental
systemic administration will be required. Additionally, a potential minimum effective
dose required to alleviate disease manifestations has so far been undetermined. Chapter
I11 compares the delivery of RGX-121 by two routes of administration (ROA), intrathecal
(IT) and intravenous (1V), at a range of doses. Doses of 1x107gc and 1x108gc were
ineffective. A dose of 1x10°gc by either ROA resulted in plasma IDS activity at or above
wild type levels but was insufficient to achieve wild type levels of IDS or GAGs in most
tissues, including the brain. However, doses of 1x10'°gc and 1x10*gc by either ROA
resulted in supraphysiological plasma IDS activity, and at or above wild type IDS levels
and commensurate GAG reduction in nearly all tissues. Notably, these same doses by
either ROA showed normalization of zygomatic arch diameter compared to untreated
controls, thereby demonstrating that peripheral manifestations are corrected by both IV
and IT ROAs. Administration of 1x10'gc IT resulted in the highest quantifiable levels of
IDS activity and greatest reduction in GAG content in the brain, as well as the prevention
of neurocognitive deficits. Thus, a 1x10%gc dose of RGX-121 by either ROA was
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sufficient to normalize metabolic and skeletal outcomes in MPS Il mice, but neurologic
benefit required IT administration of 1x10*gc, suggesting the prospect of a similar direct
benefit in humans.

Current MPS 11 gene therapy studies use IDS deficient strains, but future
preclinical work with human cells require the use of an immunodeficient MPS Il mouse
model of the disease. Chapter 1V details the generation and characterization of an NSG-
MPS Il mouse strain, where CRISPR/Cas9 was employed to knock out a portion of the
murine IDS gene on the immunodeficient NSG background. No IDS activity was
detected in the plasma, PBMCs, or tissues of these mice. GAG analysis revealed elevated
levels of storage material in those same tissues and in the urine. Histopathology showed
vacuolized cells in both the periphery and CNS. NSG-MPS Il mice also recapitulated
skeletal and neurocognitive manifestations associated with MPS Il in humans. This
immunodeficient model of MPS I will therefore be useful for testing potential treatments
for MPS 1l involving xenotransplantation of human cells. Overall, the data in this work
provide preclinical data supporting two different gene therapy approaches for the
treatment of MPS I, as well as the development of an immunodeficient of the disease for

future studies.
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Chapter I: Introduction



Lysosomal Diseases

Lysosomes

Albert Claude, in 1946, published a generalized technique for analyzing the
distribution of intracellular enzymes using centrifugation!?. This technique was utilized
by Charles de Duve et al when they published in 1955 on the discovery of “granules”
termed lysosomes?. In 1956, electron microscopy revealed the first images of lysosomes
in rat liver*. Claude and de Duve, along with George Palade, were awarded the Nobel

prize in physiology and medicine in 1974, in part for this work.

Lysosomes are intracellular membrane enclosed compartments that house a wide
complement of enzymes. Lysosomes are primarily known for their central role in
catabolism, where they degrade a range of macromolecules, such as proteins,
carbohydrates, and lipids®’. However, it is now appreciated that the organelle also plays a
role in several cellular processes, such as membrane repair, autophagy, immune cell
signaling, vesicle trafficking, and nutrient sensing®1°. Lysosomes are roughly 0.2-1um in
diameter but can maintain a diverse morphology in the cell based on their interior
composition and fusion events’1112, A major regulator of lysosomal morphology are
phosphatidylinositols, in particular PI3P and P1(3,5)P2%%1%-15, In addition to
phosphatidylinositols, the positioning of lysosomes in a cell is coordinated by the BLOC-
1-related complex1?3%°, Formation of lysosomes begins with the Golgi apparatus.
Transport vesicles carrying lysosomal proteins bud from the trans Golgi network (TGN)

and form primary lysosomes’. Lysosome biogenesis is controlled by transcription factor



EB (TFEB)'%Y’. Upon activation, TFEB transits to the nucleus where it can bind
coordinated lysosomal expression and regulation (CLEAR) sequences®®. Many genes
encoding lysosomal proteins have CLEAR sequences ~200bp upstream of the
transcription start site that, once bound by TFEB, induce gene transcription'®. Thus,

TFEB coordinates lysosomal function through gene expression and lysosome biogenesis.

How does endocytic cargo reach these nascent lysosomes for degradation?
Currently, four main models of lysosome biogenesis have been theorized’1°. The
maturation model proposes endocytic vesicles progressively develop to early, then late
endosomes, and finally lysosomes, that can receive Golgi vesicles?®?%, The next model,
the vesicular transport model, states that endocytic vesicles form multivesicular bodies or
late endosomes which mobilize their content via vesicles to deliver cargo to lysosomes?L.
Third, the “kiss-and-run” model which suggests endocytic vesicles form late endosomes
that briefly fuse, exchange cargo, and then dissociate from lysosomes?324. The last model
is the fusion model, where endocytic vesicles mature to late endosomes and fuse with
lysosomes to form a “hybrid” organelle, from which lysosomes can be reformed?. Like
the endoplasmic reticulum (ER), lysosomes maintain a large store of calcium ions (Ca?*),
at a concentration up to 500-600uM?28-28, This calcium reserve plays vital functions in
trafficking of lysosomes and late endosomes, vesicular fusion events involving SNAREs,

nutrient sensing, and regulating autophagy?°.

The lumen of lysosomes must maintain a pH level lower than the surrounding

environment, within a span of 4.6-5.52°-3L, This pH range is maintained by vacuolar



ATPases, which use ATP hydrolysis to move H* ions from the cytosol into the lumen3*
33, This acidic environment is essential to lysosomal function, as it plays a central role in
the activity of hydrolases and facilitates the degradation of macromolecular substrate
structures. Acid hydrolases, among other lysosomal proteins, play a central role in
lysosome function and by extension cellular homeostasis. Conversely, deficiencies in
hydrolases or their regulation leads to cellular dysfunction, which in turn manifests as
disease. Thus, it is crucial to understand the synthesis, processing, and secretion of these

enzymes.

Biosynthesis and Processing of Lysosomal Enzymes

Synthesis of lysosomal enzymes takes place at the rough ER. Soluble enzymes,
such as the nearly 60 acid hydrolases, are synthesized with a 20-25 N-terminal amino
acid sequence directing their translocation into the ER34. Newly synthesized proteins can
be modified by glycosylations, and proteolytic cleavages involved in quality control,
protein folding, activity, and sorting3*2®. Additionally, sulfatases are further modified
here by the formylglycine generating enzyme, sulfatase modifying factor 1 (SUMF1)3627,
SUMF1 generates a formylglycine residue from a cysteine residue crucial to sulfatase
activity®. Vesicular transport by COPII coated vesicles transits these proteins to the cis
Golgi network (CGN). Here, an important modification is made on N-linked mannose
glycosylations of asparagine residues, with the formation of mannose-6-phosphate
(M6P). Two key enzymes are required in this process, UDP-N-acetylglucosamine-1-
phosphotransferase (GNPTAB) and N-acetylglucosamine-1-phosphodiester o.-N-acetyl-

glucosaminidase (UCE). GNPTAB transfers a GlcNac-1-phosphate to the sixth carbon of
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mannose sugars*’. Recent work has also highlighted the role of lysosome enzyme
trafficking factor (LYSET), which acts as a chaperone for GNPTABS387:38 A GNPTAB
hydrophobic transmembrane domain is stabilized by LYSET binding, allowing the
transfer of GlcNac-1-phosphate to proceed3’. After this addition in the CGN, the proteins
transit to the TGN. Here, UCE then removes GlcNac from the mannose, leaving a
phosphate behind to generate a M6P moiety*!. In the TGN, mannose-6-phosphate
receptors (M6PR) recognize this M6P modification and bind to the protein. Once bound,
clathrin coated vesicles form around the receptor-ligand cargo*?. These vesicles then bind
to endosomes, which carry substrates for degradation, before ultimately reaching
lysosomes. Alternatively, about 40% of lysosomal enzymes are not bound to M6PRs and
can be routed for extracellular secretion*3. Soluble enzymes secreted in this way can bind
to M6PRs on the surface of the same or nearby cells and endocytosed for delivery to
lysosomes. Metabolic cross correction depends upon this alternative route for delivering
lysosomal enzymes to enzymatically deficient cells**4°. M6PR independent sorting to
lysosomes occurs via transmembrane proteins such as lysosomal integral membrane

protein 2 (LIMP2) and sortilin that act as transport receptors for lysosomal proteins*¢47,

Lysosomal Diseases

Lysosomal diseases (LD), also called lysosomal storage diseases, are a set of rare,
inherited metabolic disorders characterized by lysosomal dysfunction. Philippe Gaucher
described the LD now known as Gaucher disease in 18828, A full 16 years after, in 1898,
a second LD called Fabry disease, was simultaneously discovered by Johannes Fabry and

William Anderson®. More LDs were reported in the intervening years, but it wasn’t until



fundamental work by de Duve and others on the lysosome that led to greater molecular
understanding of LDs. In 1963 Hers and colleagues classified the first LD, by detailing
the cause of Pompe disease as a deficiency in o-glucosidase®. Today, over 70 different

diseases are grouped to comprise LDs, each with their own molecular basis described.

Although individual disease incidence for any single LD ranges from 1:50,000-
250,000, they collectively occur in ~1:5000-5,500 live births5%2, Most diseases are
autosomal in nature, but a few, such as Hunter syndrome and Fabry disease are X-linked.
LDs are multisystemic in nature, and as such disease manifestations impact several
organs. Manifestations can include cardiopulmonary dysfunctions, organ enlargement,
joint issues, blindness, deafness, skeletal dysplasias, neurocognitive (developmental)
delay, and premature death%-:53, Symptoms can first begin to emerge as early as a few
months to years after birth. Disease manifestations can vary greatly between diseases®*.
Even within a single disease, patients can present with a variety of symptoms based on
the molecular characteristics and severity of the disease. As such, disease severity is often

considered on a spectrum from mild/attenuated to severe.

All LDs are caused by deficiency in a protein related to lysosomal function.
Mainly, these consist of diseases related to a deficiency in an acid hydrolase. For
instance, deficiency in the HEXA protein leads to the accumulation of GM2 gangliosides,
leading to Tay-Sachs disease (GM2 gangliosidosis). However, some LDs result from an
insufficiency in a membrane transport protein, chaperone, activating protein, or enzyme

that modifies lysosomal proteins. One example of this is I-cell disease (mucolipidosis I1),



where GNPTAB deficiency causes lysosomal proteins to lack the M6P modification
required for lysosomal targeting. Generally, for any LD, the deficient protein leads to the
accumulation of undegraded substrate(s). These substrates are generally lipids and
polysaccharides, as well as cystine accumulation®. The traditional subset classification of
LDs relies on groupings related to the accumulated substrate, such as glycoproteinoses,

sphingolipidoses, lipidoses, and mucopolysaccharidoses.

Mucopolysaccharidoses

Mucopolysaccharidoses (MPS) are a group of recessively inherited metabolic
disorders. Nearly 30% of patients with LDs have MPS and collective incidence is ~1 per
25,000 births>>%6, All MPS are caused by deficiency in a lysosomal hydrolase that
degrades glycosaminoglycans (GAGs, formerly mucopolysaccharides)®’. MPS, as a
group, are comprised of 7 different named diseases (I, II, I11, 1V, VI, VII, and 1X).
However, the group encompasses 11 different enzyme deficiencies and has two subsets to
reflect this (MPS I11A-D and MPS IVA-B). These 11 enzymes act on at least one of five
GAG substrates: dermatan sulfate, heparan sulfate, keratan sulfate, chondroitin sulfate,
and hyaluronan. GAGs are long chain sugar carbohydrates mainly located in the
extracellular matrix attached to proteins, such as decorin and betaglycan, to form
proteoglycans. Insufficiency in any of these hydrolases leads to cellular GAG

accumulation in the lysosome.

As a result, MPS emerge as a group of multisystemic and progressive diseases. As

with LDs in general, patients exhibit a spectrum of disease severity for any given MPS.



Symptoms generally manifest within the first 2 years of life>’. Disease manifestations for
the MPS include cardiopulmonary dysfunction, organomegaly, skeletal dysplasias,
hearing loss, reduced vision, and joint stiffness®®. Neurocognitive decline is also
manifests in the severe forms of MPS I, I, I11, and VII. While attenuated patients can live
for decades, those with severe forms of disease often die from disease complications
within the first decade of life. Clinical diagnosis is complicated, given the rare and
heterogenous nature of MPS®8, MPS screening is carried out by enzyme activity assay,
generally with a blood sample. Screening for elevated urine gag excretion and molecular
analysis of the suspect gene can also be done®. Another possible screening modality is
tandem mass spectrometry (MS/MS) that allows for both protein and substrate analysis
from dried blood spots®®-%°. For those diseases with approved therapies, early screens are
pivotal, as early time to treatment results in better outcomes and a vastly improved

quality of life for MPS patients.

While no cures exist for any MPS, there are approved treatments in the form of
enzyme replacement therapy (ERT) and allogeneic hematopoietic stem cell
transplantation (HSCT). ERT is available for MPS | (Aldurazyme®), Il (Elaprase®),
IVA (Vimizim®), and VII (Naglazyme®)®8. ERT infuses recombinant enzyme into
patients that deficient cells can endocytose via the M6P pathway. Although HSCT is
available for some MPS disease, such as MPS I, its efficacy remains uncertain for others,
such as MPS Il and MPS 11182, Several other treatment approaches are under investigation
for MPS, including substrate reduction therapy and a variety of gene therapies, which are

discussed below specifically for MPS 1.



Mucopolysaccharidosis Type 11 (MPS I, Hunter syndrome)

History of MPS 11

Mucopolysaccharidosis Type Il (MPS I, Hunter syndrome) is an X-linked
recessive metabolic disorder caused by deficiency in the lysosomal hydrolase, iduronate-
2-sulfatase (IDS). Insufficient IDS impairs the catabolism of two GAGs, dermatan sulfate
(DS) and heparan sulfate (HS). Accumulation of these undegraded GAGs is pathological,

leading to a progressive, multisystemic disorder®’:8,

In 1917, the physician Charles Hunter reported a “Rare Disease in Two Brothers”,
where he described a disorder with coarse facial features, distended abdomen, broad
chest, short stature, skeletal alterations, hernias, throat issues, hearing loss, and an
enlarged liver®®. However, it wasn’t until 35 years later that a hypothesis on the molecular
basis of the disease was posited®. It was observed that substances called
mucopolysaccharides accumulated in MPS patient samples®4°, The disease was known
as Hunter-Hurler syndrome, mistaking MPS 1l and MPS | as a single disease due to
common disease characteristics and a lack of molecular understanding. The first notions
that Hunter syndrome and Hurler syndrome were separate diseases was published in
1968. The authors proposed Hunter syndrome as a related, but less severe X-linked
disease caused by faulty degradation of mucopolysaccharides (rather than an
overproduction)®. That year, seminal work from Elizabeth Neufeld’s lab described in
vitro experiments that co-cultured MPS | and MPS I1 fibroblasts®”¢8, They observed

mutual correction of disease pathology in the fibroblasts by co-culturing, suggesting a



compensation mechanism between the two. Additionally, they found simply culturing
one fibroblast line with conditioned medium from the other was enough for metabolic
correction, suggesting the compensating factor was secreted. This secreted factor would
become known as the “Hunter corrective factor”®. This was the first report of metabolic
cross correction, which is now known to occur via the M6P pathway. This was a
foundational discovery on which the first approved therapy for MPS Il, ERT, is based on
and that potential MPS 11 gene therapies utilize. The Neufeld group also discovered that
the Hunter corrective factor was a protein’. Around the same time, it was proposed that
deficits in lysosomal acid hydrolase activities were responsible for MPS diseases.
Experiments measuring hydrolase activities from patient samples gave the first concrete
evidence for this hypothesis’. A few years later, it was reported that the protein had
sulfatase activity’2. The isolation and sequencing of the first human IDS gene was carried
out in 1990s"*75, In 2006, ERT with Elaprase® (idursulfase, recombinant IDS) was

approved for Hunter syndrome’® 77,

Disease Inheritance and Incidence

MPS 11 is inherited in a recessive X-linked fashion, meaning nearly all patients
are male. Nevertheless, female cases of MPS Il have been reported’®’°. These female
cases are the result of disruptions to the IDS gene by chromosomal rearrangements or

defects in X inactivation®,

MPS 11 has a low incidence rate, but cases occur globally. Disease incidence of

MPS 11 is highly variable, with prevalence of the disease changing greatly between
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geographic regions®. Cases range from 0.13 per 100,000 in Norway to 1.09 and 2.16 per
100,000 in Portugal and Estonia, respectively®!-83, For Europe and North America, MPS
Il occurs ~1:160,0008. MPS 11 is more prevalent in Asia, reaching upwards of

~1:62,00084. In fact, MPS Il constitutes 50% of MPS cases in Asia®t.

Clinical Features of MPS II

There is significant heterogeneity in the clinical features presented by MPS I
patients. Because IDS plays a role in cellular homeostasis, pathological accumulation of
GAGs affects nearly all tissues and organs®®. While disease severity is considered to be a
spectrum, patients have commonly grouped into two main forms: mild/attenuated and
severe. However, these terms are no longer accurate, as a patient without neurocognitive
manifestations can still exhibit severe somatic manifestations. Today, MPS 1l is generally
referred to as non-neuronopathic and neuronopathic, while recognizing patients exist on a
continuum of disease phenotypes®. Non-neuronopathic symptoms are related to
dysfunction in somatic tissues and organs. There are little to no central nervous system
(CNS) manifestations, and patients can live for several decades®’. The neuronopathic
form, which occurs in about 2/3rds of cases, develops CNS manifestations®’-8°, These

include neurological impairment, developmental delay, and behavioral problems®”86.87,

Disease Presentation
MPS |1 patients present disease symptoms at variable ages. Generally, somatic
disease manifestations start before the second year of life and neurologic manifestations

within 2-4 years®”%, Patients with MPS 1l often appear normal at birth, although those
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with neuronopathic MPS Il may be heavy, develop hernias, and/or display Mongolian
blue spots®”°1. Those with neuronopathic MPS Il reach early cognitive milestones until
36-42 months of age, when development begins to stall®2. A variety of somatic
manifestations can manifest depending on the patient. Most common is the coarsening of
facial features. Inguinal and umbilical hernias are quite common and require surgical
intervention®®%3, Large amounts of GAG storage material leads to hepatosplenomegaly,
and thus a distended abdomen, in most patients®*. Enlargement of the tonsils, adenoids,
and tongue can occur, leading to difficulties swallowing and eating®*%. Food intake
becomes restrictive until finally gastric feeding tubes are required®. Epidermal
symptoms, such as thickened skin with pebble formation and Mongolian spots occur in a
small number of patients®:%. Although corneal clouding is not part of MPS Il
symptomatology, mild vision loss can happen because of changes in field of vision®’.
Conductive and sensorineural deficits lead to hearing loss, which arise in most cases of
MPS 1157949 QOtitis media is also common®’. GAG accumulation impacts connective
tissue and in combination with skeletal abnormalities leads to arthropathy. This manifests
as joint stiffness, pain, and range of motion restriction®’. Most MPS |1 patients exhibit
poor growth and short stature®” %8, Periodic episodes of watery diarrhea occur in MPS 1187,
The suggested cause of these episodes is GAG storage interfering with neural cells of the
gastrointestinal system. Other manifestations, which are discussed below, include
respiratory complications, cardiovascular problems, skeletal abnormalities, and

neurological impairments.

Morphology
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While infants with MPS 11 are born without much disease morphology, coarse
facial features (sometimes called facial dysmorphia) can manifest within 3 years®%,
Thickening of the alae nasi, lips, ear lobes, and tongue becomes apparent. These are
associated with trouble communicating and eating®. Other facial aspects include large
jowls, flared nostrils, and a broadening of the calvaria®’. This can lead to macrocephaly
features that are present throughout life. A ruddy or rosy colored complexion can
develop. Shortness of stature begins around 4 to 5 years of age in MPS Il cases®*.
Distension of the abdomen, caused by organomegaly, can appear. Hypertrichosis on the
face and body can emerge, with the hair often becoming coarse and straight®”. Mongolian
spots on the skin of MPS |1 patients, especially those of Asian, Hispanic, and African
descent®-86, Additionally, ivory white papular skin eruptions of 2-10 mm in diameter are

a distinctive trait of MPS 11,

Skeletal Manifestations

There are wide variety of skeletal dysplasias, often grouped together and termed
dysostosis multiplex, in MPS 11°4. These manifest in 80% of cases with a median onset of
four to seven years of age'®. Radiographical analysis reveals that nearly all bones show
thickening®3%. Joint and skeletal complications have been attributed to dysfunction in
chondrocytes and osteoblasts®”. Additionally, GAG storage accumulates in connective
tissue, cartilage, and bone which impacts joint and skeletal function®, Inflammation
likely plays a role in the emergence of joint and skeletal manifestations®t. Abnormal
ossification and arthropathy occur in joints of the hand, shoulder, elbow, and hip8":%,

Carpal tunnel syndrome is common and can result in loss of function in the affected
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hand®’. Ribs and clavicles are thickened and take on irregular shapes®*. Hips joints are
particularly sensitive, and severe hip dysplasia restricts ambulation. Patients with hip
dysplasias and a deformed pelvis are often wheelchair bound®’. About 30% of MPS I
cases have kyphosis®. Poor bone growth in the lumbar vertebrae results in wedging and
displacement of the vertebral column. The nature of the skeletal manifestations means
surgical interventions are not routinely undertaken in MPS Il cases. While the most
common surgery is carpal tunnel decompression, hip replacements and spinal
decompressions are almost never conducted'®. Arthropathy intensifies with age and
impacts most joints, leading to stiffness and pain. The arthropathy can lead to a restriction

in range of motion as well®4,

Cardiopulmonary Manifestations

Cardiac manifestations are prevalent in MPS I, affecting nearly all patients®,
These cardiac manifestations emerge as early as 5 years of age and can be detected by
echocardiography®:?4, Cardiac valve disease in particular occurs in approximately 50%
of MPS 11 cases®. Commonly, valvular hypertrophy will lead to mitral and aortic
regurgitation and stenosis®’. Valve replacement surgery is a potential surgical
intervention for valvular disease. Other less common heart conditions include heart
murmurs and cardiomyopathy, coronary artery occlusion, and hypertension®7:98.102,
Evidence suggests DS rather than HS accumulation may cause valve dysfunction®?, MPS
I11, in which only HS accumulates, there is a remarkable absence of a cardiac phenotype.

Conversely, MPS I, 11, and VI accumulate DS and have a cardiac phenotype.

14



Additionally, MPS I and VI patients have both a higher ratio of DS to HS and a higher

prevalence of cardiac manifestations compared to MPS 18,

Nearly 100% of MPS 11 patients develop progressive respiratory disease and/or
airway obstruction®:9%, Upper airway infections such as pneumonia occur frequently and
cause rhinitis and nasal discharge®’. Contributing factors to airway obstruction are the
weakening and narrowing of the trachea, vocal cord thickening, increased mucosal
secretions, and enlargement of tonsil, adenoids, epiglottis, and the tongue®”*4. Surgical
removal of the tonsils and adenoids is commonly carried out to ease airway obstruction®’.
Other clinical features, such as distended abdomen and joint stiffness contribute to
breathing difficulties®®. Because of respiratory manifestations, patient breathing is loud.
These breathing issues become prominent at night and evolve into obstructive sleep
apneal®, This leads to hypoxic episodes, but treatment with positive airflow from a

CPAP machine can alleviate these problems%4,

CNS Manifestations

CNS manifestations occur in approximately 2/3 of MPS |1 cases®-899, A fall off
from developmental milestones begins between the ages of 2 and 4°41%, Complete arrest
of development occurs between the ages of 5 and 8°%%4. Behavioral issues, such as
hyperactivity and aggression are common®3%, As the disease progresses, CNS
manifestations severely handicap the patient to the point where they require a full-time
care giver®’. Once handicapped, behavior becomes hypoactive in patients®. Variable

ability to sit, walk, and speak impacts self-sufficiency and communication skills®,
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Magnetic resonance imaging (MRI) scans reveal a variety of structural changes to
the brain. Extensive decrease to brain white matter volume and development occurs,
including signs of brain atrophy06-1%8, Impaired CSF maintenance leads to
hydrocephalus, large perivascular spaces, and ventriculomegaly%1%, Seizures are
reported in greater than 50% of cases®®%4. Spinal cord compression, from the narrowing
of the spinal canal, results in cervical myopathy and transverse ligament hyperplasia*°. If
left unaddressed, permanent spinal cord damage can occur. Although sleep apnea from
airway obstructions is the main cause of sleep disturbances, neurologic manifestations

can impact sleep with seizure like activity®'*.

Hearing loss is nearly ubiquitous in MPS 118625, The loss is both conductive and
sensorineural in nature!?. Causes of the loss include middle ear dysostosis, tympanic

membrane scarring, Eustachian tube dysfunction, and nerve damage®’.

Elevated intracranial pressure from hydrocephalus can contribute vision
problems®°4, This includes optic disc swelling, atrophy of the optic nerve, and
retinopathy®3. Retinopathy can lead to decreased peripheral vision and poor dark
vision®”. Exophthalmos and hypertelorism can result in some corneal problems, such as
abrasions, but clouding is almost never seen''4. Pigment changes and glaucoma rarely

occurll?,

Non-neuropathic cases of MPS 11 exhibit essentially no CNS manifestations. In
terms of development, they reach normal milestones and levels of intelligence®*1%,

Nonetheless, MRI scans show white matter abnormalities in the brain. Seizures have
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also been reported in these cases!®®. Difficulties in motor skills, executive function, and
behavior have been noted as well*?”. Overall, this suggests that while there are no
development issues in non-neuronopathic MPS 11, the brain is nevertheless impacted by

the disease.

Death

MPS |1 patients that develop extensive and severe CNS manifestations often die
early in life. Most neuronopathic MPS Il patients will die in their teenage years, aged 10-
15 years®’. While neurological degeneration plays a role, the cause of death is generally
attributed to airway obstruction or cardiac failure®”:%4. Specific common causes are
valvular disease, myocardial thickening, hypertension, coronary artery narrowing, and
myocardial disease®’. Those with non-neuronopathic forms of MPS |l can expect to
survive into adulthood. Survival depends upon the severity of the somatic symptoms,
particularly the cardiac and respiratory manifestations. Patients with extensive
complications usually live two to three decades, while those with milder symptoms can

live up to five or six decades®”#’.

Diagnosis

Diagnosis of MPS Il is difficult, as many clinical features manifest in related
MPS, LDs, and non-lysosomal diseases. As such, differential diagnosis is required to
accurately identify the disease. Further issues arise with the fact that MPS |1 cases can
show variable phenotypes, even those with the same underlying genetic mutation.

Generally, the first sign of the disease begins with recognition of coarse facial features.
17



Lack of family history related to MPS Il makes diagnosis difficult®®. These issues with
accurate diagnosis work against the need to provide treatment as early as possible®®. For
those with a known family history, prenatal diagnosis is possible. IDS activity assays can
be carried out with samples of amniotic fluid or in chronic villus tissue!'®17, Fetal sex
determination in combination with enzyme activity can also assist in prenatal
diagnosis*'®. Non-neuronopathic MPS Il is diagnosed within 3-4 years of age but can go
undiagnosed until age 88711°120 Neuronopathic MPS Il is diagnosed much earlier, due to

the severity of the disease, at 18 to 36 months of age?’.

Newborn screening has been proposed as a method to improve the time to
diagnosis, and thus hopefully time to treatment for MPS |1 patients'?!. The screening
takes the form of an enzyme activity assay or GAG quantification. Fluorometric based
assays or mass spectrometry have been used to screen for IDS'?2123, Tandem mass
spectrometry (MS/MS) has also been used for GAG detection and quantification?4-126,

MPS 1l was recently added to the recommended uniform screening panel (RUSP)%’.

Biochemical Testing

Diagnosis of MPS Il through biochemical means is carried out by two main
approaches, IDS enzyme activity and GAG analysis® 4, The enzyme activity assay uses
patient samples, such as fibroblasts, leukocytes, plasma, or serum®. Dried blood spots
have also been used for determining enzyme activity*?3128, The activity of one or more
sulfatases is also confirmed to rule out related disorders such as multiple sulfatase

deficiency®”%4. While most patients will show no activity, some non-neuronopathic and
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female carriers will show low levels of activity®#1%°, Enzyme measurements are either
made using a fluorometric substrate (4-methylumbelliferyl-a-L-iduronate-2-sulfate) or

more recently by HPLC mass spectrometry30.131,

Quantification of GAG levels is carried out by dye-based assay, or more
precisely with mass spectrometry'32-136, Elevated levels of GAGs are excreted in the urine
and are thus a common sample for GAG analysis. The dye-based assay consists of
dimethylmethylene blue (DMMB) that can bind to GAGs in a given sample. A
colorimetric readout via spectrophotometry is then used to quantify GAG levels32134,
This is often followed up by electrophoresis of GAGs for a readout of which specific
GAGs have accumulated®®”. More recently, tandem mass spectrometry (MS/MS) has
been used for rapid and precise GAG quantification in patient samples!3>%¢, These are
generally urine or blood samples, but CSF has been used to quantify elevated GAGs®%138,
Readouts from either method determine GAG composition and an excess DS and HS
may indicate MPS Il. Elevated GAGs indicate MPS I, Il, or VII. Thus, additionally
testing must be done by enzyme activity assay and/or gene analysis®’. The lack of

elevated urine GAGs does not necessarily rule out a Hunter syndrome diagnosis®.

Genetic Testing

Genetic testing is undertaken after biochemical tests have indicated Hunter
syndrome as a possible diagnosis. Sequencing of the IDS gene gives a direct mutational
readout and is a reliable way to confirm an MPS 1l diagnosis®’-%. Rapid molecular
diagnosis of MPS Il was first carried out in the 1990s using PCR amplicon sequencing®®.

PCR based methods rely on amplification of the IDS gene at the 3’ and 5’ exon
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boundaries, followed by Sanger sequencing. Newer methods of genetic testing have been
implemented for the identification of MPS Il mutations that are more complex, such as
splice variants or structural mutations. These analyses include mMRNA analysis, next
generation sequencing, and whole exome sequencing?4%-142, The presence of a
pseudogene, IDSP1, should be taken into account for genetic testing®*3. By identifying
mutations at the IDS locus in a Hunter syndrome patient relatives can be offered carrier

testing and genetic counseling®®.

IDS Gene Characteristics

In Hunter syndrome, insufficient IDS is caused by mutations at the IDS locus. The
human IDS gene spans approximately 24 kb and includes 9 exons®"?4. The gene is
located on the X chromosome and mapped to the long arm, at Xq2844. The 5’ promoter
sequence of the gene includes multiple CpG islands and binding sites for at least five
transcription factors#414°, As a housekeeping gene, the promoter lacks a TATA box, but
has GC box consensus sequences’>46, The 3’ untranslated region is recognized by five
known miRNAs4’. These regulatory features possibly contribute to the differential gene
expression across tissue types, the highest of which is found in the brain44145, IDS cDNA
is 1653 bp in length. Four mMRNA species have been identified. The gene encodes a

polypeptide of 550 amino acid in length.

Over 660 mutations in the human IDS gene have been detailed!*4. Missense and
nonsense mutations comprise nearly half of all recorded variants. Mutations in splice

sites, insertions, and deletions account for nearly 40% of variants. The remaining

20



mutations consist of large structural changes, such as large insertions, large deletions, and
rearrangements?#4, Rearrangements are often due to recombination with a pseudogene,
IDSP1%. IDSP1 is located about 20 kb from IDS with homology to exons 2, 4 and introns

2.3, and 787144148,

Genotype-phenotype correlation is challenging due to the high rate of private
mutations, poor numbers for cohort analysis, and phenotypic variability in MPS 11 cases
with identical mutations®419%144 Nonetheless, several studies have investigated the
possibility of such correlations!4%-153, Qverall, no definite correlations have been made.
One exception to this are large structural mutations which are associated with

neuronopathic MPS 11154,

IDS Enzyme Structure and Function

IDS gene expression can lead to 3 different isoforms (A, B, and C) that vary at
their C terminus. Enzyme synthesized from the A isoform produces the canonical form of
IDS, and deficiency in this form causes MPS 11'%4, The IDS enzyme is 550 amino acids in
length with a mass of 76 kDa. Post-translational modifications in the Golgi convert this to
a 90 kDa form!44, Maturation of the enzyme consists of two proteolytic cleavages that
occur at the N terminus. The first cleavage removes a signal peptide (amino acids 1-
25)'4. The second cleavage event removes an eight amino acid (26-33) propeptide!#4.
This mature enzyme has two domains, SD1 and SD2. SD1 is the larger of the two at 55
kDa (42 kDa deglycosylated)!44155, SD1 is termed the heavy chain that is formed from

amino acids 34-443. The light chain domain, SD2, is 18 kDa (14 kDa deglycosylated)
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and is comprised of amino acids 455-5501441%, Amino acids 444-454 form a disordered

loop connecting the two domainst®s.

As a lysosomal hydrolase, glycosylations and phosphorylations are crucial post-
translational modifications to IDS. N-linked M6P glycosylations are attached at 8
asparagine residues'®. The most important of these is at Asn280, where the M6P
modification is essential for trafficking IDS to the lysosome®®’. Vital to IDS activity is
the alteration of a cysteine in its active site, Cys84. In the ER, SUMF1 converts the
cysteine residue to a formylglycine residue, a modification that is conserved across
human sulfatases'#. Other structural features include 2 disulfide bonds at Cys171-184

and Cys422-Cys4321%,

IDS functions as the first step in the catabolism of DS and HS. The enzyme
catalyzes the hydrolysis of a C2 sulfate ester bond. Specifically, it hydrolyzes the sulfate

ester in the 2-O-sulfo-a-L-iduronic acid of both GAGs#4,

Heparan and Dermatan Sulfate Structure, Synthesis, and Function

HS and DS are the two GAGs which accumulate in MPS |1 patients. GAGs are a
group of linear, heterogenous, and polar sulfated glycans that are composed of repeating
disaccharide units®®, Each disaccharide unit consists of alternating hexosamine and
uronic acid*®. The uronic acid is either p-d-glucuronic, a-l-iduronic acid, or galactose
which can be incorporated instead. The hexosamine can be either glucose based (a- or f-
d-glucosamine) or galactose based (N-acetyl-B-d-galactosamine). Generally, there are six

types of GAGs: chondroitin sulfate, keratan sulfate, heparin, heparan sulfate, dermatan
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sulfate, and hyaluronan®’. Dermatan sulfate is composed of N-acetyl-B-d-galactosamine

and uronic acids'®®. Heparan sulfate contains a- or B-d-glucosamine and uronic acids'.

Synthesis of GAGs begins by linking four core monosaccharides
together'®®, Subsequent disaccharide addition to this core elongates the chain. Two
glycosyl transferases located in the Golgi apparatus are responsible for this process,
EXT1 and EXT2'61.162, These two enzymes work as a heteromeric complex. Next, several
sulfotransferases and epimerases associate to form oligomeric complexes that modify the
polysaccharide chain'63164, HS undergoes C4 or C6 sulfation on a- or B-d-glucosamine
and C2 or C3 sulfation on the uronic acid. For DS, there is sulfation of the C2 carbon of
a-l-iduronic acid as well as C4 and C6 carbons of N-acetyl-p-d-galactosamine'®>. GAGs
are biosynthesized while attached to the core protein, forming a proteoglycan. DS and HS
are attached at a serine residue of core proteins, such as syndecans and glypicans*58:16,
Proteoglycans can vary greatly, as variable place of monosaccharides, chain length, and

sulfation levels results in complex structures®®?,

HS is a core component of the extracellular matrix (ECM). There, HS
plays a role in several cellular processes, such as water accumulation, mechanical
support, cell signaling, growth, immune cell regulation, and viral cell entry*6¢-16° DS is a
part of cartilage, connective tissues, bones, and skin®:170, In these tissues, DS plays a role
in water accumulation, mechanical support, cell growth and signaling, pathogen
infectivity, and inflammation'’, The complex structures contribute to their wide-ranging

involvement in biological processes.
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Heparan and Dermatan Sulfate Degradation and Pathology

HS and DS are removed from the core protein by heparanase and chondroitinase
B, respectively®”172, Once the polysaccharide is free of the core protein, degradation
occurs in a stepwise fashion from the non-reducing end (Figure 1)%’. HS degradation is
carried out by 3 glycosidases, 1 acetyltransferase, and 3-4 sulfatases®’. The order of these
enzymes for degradation is iduronate-2-sulfatase, a-L-iduronidase, heparan-N-sulfatase,
acetyltransferase, a-N-acetyl glucosaminidase, glucuronate sulfatase, B-glucuronidsase,
and N-acetyl glucosamine 6-sulfatase®’. Deficiencies in these enzymes lead to MPS II,
MPS I, MPS 1I1A, MPS I1IC, MPS 111B, no known disease, MPS VII, and MPS I11D%8, 3
glycosidases and 2 sulfatases are needed to degrade DS®’. The enzyme sequence for
degradation is iduronate-2-sulfatase, a-L-iduronidase, N-acetylgalactosamine 4-sulfatase,
B-hexosaminidase, and B-glucuronidase®’. Hyaluronidase may also play a role in DS
degradation. Deficiencies in these enzymes lead to MPS 11, MPS |, MPS VI, Sandhoff

disease and Tay-Sachs disease, and MPS V11,

MPS |1 patients accumulate more HS than DS (that is, the ratio of HS to DS is
>1)8173 This is reflected in CSF GAG analysis, and indicates the brain accumulates
more HS than DS'"4. HS has been implicated in the CNS manifestations of MPS II,
including neurodegeneration and seizures®. Patients with lower levels of sulfated HS
have less severe CNS manifestations'’®. Elevated HS contributes to dysfunction in
neuronal growth, differentiation, neurotransmission, and glial cell scaffolding®. In the
ECM, HS binds to growth factors, such as fibroblast growth factors (FGFs) the signaling

of which is likely altered'%76, FGF1 activation by HS may be a possible explanation for
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the papular skin eruptions in MPS I1%, Improper HS sulfation leads to abnormal neuronal
proliferation and survival. Increased HS activates inflammatory responses in the CNS,
such as toll-like receptors (TLRs) and interleukin receptors'®®. There is also evidence for
inflammasome activation in the brain'’’. HS binds tau and alpha-synuclein, and is
associated with several other neurological diseases, such as Alzheimer’s disease and
Parkinson’s disease!’®18, Clearance of HS from the brains of MPS Il mice was reported
to prevent neurocognitive impairment'®, Thus, HS accumulation may contribute to aging

related neurodegeneration.

DS is associated with somatic manifestations, such as coarse facial features,
dysostosis multiplex, joint stiffness, and arthropathy. It likely also plays a role in liver
pathology of MPS I patients'®?. DS binds growth factors and cytokines, which is
disrupted in MPS patients’t. DS induced inflammatory cytokines, nitric oxide
production, and innate immunity activation contribute to arthropathy in MPS Il
patients'®3. DS may potentially activate adaptive immunity through CD3+ T cells!®,
Increased chondrocyte apoptosis from inflammatory and mechanical stresses exacerbates
bone and joint problems*®®. Aberrant transforming growth factor-g (TGF-p) and bone
morphogenetic protein (BMP) signaling may contribute to skeletal manifestations as
well'8, Evidence for tumor necrosis factor-o. (TNF-a) induced pain and physical
disability has also been reported®®’. Overall, levels of HS and DS are about six times
higher in MPS 11 patients than controls!®. The pathology of elevated HS and DS on a

cellular level is so far understudied in MPS 11.
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Palliative Interventions

Palliative treatments for MPS 1l center on supportive interventions related to the
signs and symptoms of the disease®’. Management is typically challenging due to the
complex nature of the disease, which requires monitoring and management in several
arenas®1%, Following a thorough diagnosis, several specialists are generally required to
address patient symptoms®’. Disease monitoring and management accomplished through

medications, surgical interventions, and physical/occupational therapy*°.

Somatic manifestations require palliative interventions, especially those
that are unaddressed by ERT. MPS patients often undergo surgery at a young age. The
Hunter Outcome Survey reported 83.7% of MPS |1 patients received surgical
interventions, with a median age of 2.6 years of age®'. Inguinal and umbilical hernias
require clinical examination and are treated surgically'’%'%, Diarrhea can be controlled
with diet and antimotility agents®’. Because daily activity and walking is impaired with
MPS 11, monitoring is accomplished with range of motion tests, the 6-minute walk test
(6MWT), and clinical examination’%1°, Generally, joint and skeletal manifestations can
be combated with physical/occupational therapy*’°. Issues with knee ligaments, such as
the genu valgum, may need surgery’®. Splints can be used to treat joint contraction’%1%,
Skeletal manifestations are monitored with clinical examinations. Abnormal ossification
and thickened joints mean surgical interventions are difficult!8®1%2, Surgery for hip
dysplasias is particularly challenging, due to pelvis deformation®’. Nevertheless, hip
replacements, knee replacements, arthroscopy, and dental procedures are occasionally

undertaken'®179, Cardiac manifestations are monitored by echocardiogram and MRI*7°,
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Valve disease is addressed by valve replacements in about 50% of MPS 11 cases!’%1%,
Monitoring of respiratory manifestations and airway obstructions is accomplished by
sleep studies and clinical examinations of the airway®"1’°. CPAP machines are suggested
for those struggling with sleep apnea'®. Tonsillectomy and adenoidectomy are
commonly performed in cases of MPS 1187, Respiratory physical therapy can also be
considered, and those with severely progressed disease can be placed on

ventilation8794170,

Neurological manifestations can be evaluated by cognitive testing®’®. Seizures,
hydrocephalus, and spinal cord compressions can be monitored by MRIY70, Several
palliative care options are available for MPS 11 CNS manifestations. Patients can be
placed into stimulating environments, speech therapy, and special schooling%+170,
Behavioral issues can be tackled with antipsychotics and behavioral therapy'%. Seizures
can be treated with anticonvulsants!®®. Shunts can be implanted to address
hydrocephalus!’®. Spinal cord compression requires decompression surgery to prevent
loss of motor function%. Ultrasound and nerve studies can be carried out to monitor
carpal tunnel syndrome and decompression surgery is required to relieve pressure on the
median nerve'®"1%, [ eft untreated, loss of hand sensation or function is possible. Hearing
loss and otitis can be tracked by audiological and otological assessments'’®, Hearing aids
and drainage tubes are supportive interventions for these symptoms®®°. While ocular
manifestations are rare in MPS 11, retinopathy can manifest and is corrected by

surgery®’114,
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Enzyme Replacement Therapy (ERT)

Enzyme replacement therapy is the administration of recombinant enzyme to
compensate for enzyme deficiency in a patient. The idea of administering exogenous
enzyme for metabolic disorders goes back to the 1960s and 1970520022, |solation of
protein from human tissues, such as placental tissues, proved difficult for MPS 11 because
of degradation and low enzyme abundance®®. Early attempts of replacement therapy
included plasma, serum, and leukocyte infusions?°22%3, After the development of
recombinant DNA technology, ERT for MPS Il became an FDA approved treatment
option in 20067577, The approved enzyme is idursulfase (Elaprase®) and is administered
weekly by intravenous infusion at 0.5 mg/kg?°42%, Another recombinant IDS enzyme,

idursulfase beta (Hunterase), was approved for treatment in South Korea in 2012170189,

Idursulfase is produced in the HT-1080 human cell line®”%4, These cells
were transfected with an expression plasmid encoding the full 550 amino acid IDS
cDNA'877_ Analysis of the purified protein reveals that the 8 N-linked glycosylation sites
contain M6P motifs, crucial for host cellular uptake of the administered enzyme’6.77:87,

Further analysis confirmed modification of Cys84 to a formylglycine residue’®"’.

ERT with idursulfase is beneficial in alleviating some systemic
manifestations of MPS Il. Improvements in spleen and liver volumes, cardiopulmonary
function, gastrointestinal control, epidermal manifestations, coarse facial features, joint
mobility, ambulation, and sleep have been reported?®:76:77,204206-212 phase |/|1 trials

showed reduced urine GAG excretion and hepatosplenomegaly after 24 weeks’’.

28



Treatment with ERT for 1 year in phase 11/111 trials demonstrated decreased urine GAG
excretion, reduced hepatosplenomegaly, and increased walking during the 6MWT6. A
following study confirmed these 6MWT improvements seen with ERT?2%. Further early
studies of ERT revealed improved respiratory function, a reduction in the frequency of
respiratory diseases, and cardiac valve disease in MPS Il patients?%-210, There is evidence
that ERT can increase survival in MPS 11 patients’0204212. ERT with idursulfase is
accepted as safe and well tolerated in MPS 11 patients®. The most common side effects

are infusion related adverse reactions?!1:213,

Despite improved outcomes in MPS Il patients, ERT has several
limitations. Families face practical burdens associated with the ERT protocol. Weekly
hospital visits for enzyme infusions are time consuming for families, although in some
countries home treatment with idursulfase is becoming more feasible!0189.215,
Additionally, the annual cost of ERT is exceptionally high, at around $500,000
USD170:214 An efficacy issue in patients is immunoreactivity to the recombinant enzyme.
Patient immune systems will recognize idursulfase as a foreign antigen and mount an
immune response that neutralizes the enzyme and prevents it from exerting its therapeutic
effect. Reports on immunoreactivity show 50% of treated patients generated anti-
idursulfase 1gG antibodies, a third of which were neutralizing?'%2t’. These neutralizing
antibodies were associated with lower treatment efficacy?!’. Contrary to some early
evidence, a 9-year follow-up study showed no benefit to respiratory function, skeletal
dysplasias, or neurocognitive function?!'. Why does ERT fail to improve of some

systemic manifestations, such as those found in skeletal, cardiac, and connective
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tissues?'8? A proposed explanation for this suggests the low vascularity of these tissues
means low bioavailability of the infused enzyme®8°. A secondary explanation is that
differential tissue expression of the M6PR leads to lower enzyme uptake in some
tissuest’021°, A central challenge for ERT is addressing the CNS manifestations.
Idursulfase administered intravenously does not cross the blood-brain barrier (BBB), and
thus is not available for metabolic cross correction in the CNS8170, As such, cases of
neuronopathic MPS 11 receive no benefit from ERT neurologically??%221, Studies in the
MPS Il mouse model have suggested a small percentage of recombinant IDS can cross

the BBB, but that the dose administered by ERT is too low for the this to occur328,

Modified ERT Protocols

Modified ERT consist of alternative routes of administration (ROA) and fusion
proteins. CNS directed ROAs, such as intrathecal (IT) and intracerebroventricular (ICV)
administrations have been tested in animal models. Positive data for addressing the CNS
manifestations was observed, including improved cognitive function and GAG
reduction??2223, Recently, a clinical trial extension (NCT01506141) evaluated IT
administration of idursulfase for neuronopathic MPS 11224, While CSF GAG content was
decreased, patients showed no cognitive stabilization??4414, Other similar trials evaluating
IT administration of idursulfase resulted in little to no beneficial effects®. In contrast, a
Japanese clinical trial showed promising results by ICV administration of idursulfase-
beta??>. Worth noting here is the side effects of frequent IT or ICV administration, which
have caused nearly half of enrolled patients to leave trials'8:226, These are unrelated to

the enzyme but rather the drug delivery devices. BBB penetrable ERT fuses IDS to
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another protein that can induce receptor mediated transcytosis in endothelial cells,
releasing the fusion protein into the brain parenchymat’®2?’, Clinical trials involving the
fusion of IDS to an anti-transferrin receptor antibody or transferrin peptide were initiated
by two companies, JCR Pharmaceuticals and Denali Therapeutics. In mice, JCR
Pharmaceuticals reported transferrin-based fusions showed detectable brain IDS activity
and a concomitant GAG reduction??®, A JCR Pharmaceuticals phase I/11 clinical trial
reported decreased HS levels in the CSF of MPS Il patients??°. Phase II/111 trials also
demonstrated improved neurocognition in MPS patients?3°231, The Denali Therapeutics
trial is still ongoing’®. ArmaGen Technologies conjugated IDS to an anti-insulin receptor
antibody for its clinical trial. It showed promising results in rhesus monkeys, but no trial

results have been published as of yet?32233,

Hemopoietic Stem Cell Transplantation

Cellular therapy as a source of IDS for MPS 11 patients has taken several forms.
Implantation of IDS overexpressing myoblasts, fibroblast transplantation, human amnion
membrane implantation, leukocyte infusions, and hematopoietic stem cell transplantation
have all been tested in animal models and/or clincally?°323>-238 Most of the research has
focused on HSCT, with hematopoietic stem cells sourced from either bone marrow or
umbilical cord blood*®, Essentially, HSCT for Hunter syndrome relies on engrafting
donor-derived cells (which are enzymatically competent) as a permanent source of
functional 1DS?3, In addition, it has been shown that donor-derived cells can transit the
BBB and differentiate into microglia that become a source of functional IDS in the

CNS2:23 Donor cell localization to the brain has been reported in mice and humans,
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with cells located in the perivascular spaces and brain parenchyma3®23°, A successful
transplant would result in a lifelong and durable treatment from a onetime procedure’.
This would reduce time and financial costs for patient families significantly by reducing
the reliance on ERT®. Unfortunately, HSCT comes with a myriad of safety concerns.
An inherent disadvantage to allogeneic HSCT is the possibility of graft vs. host disease
(GVHD)®%%24°_ GvHD can result in organ failure and subsequently a patient’s death®,
Immunosuppressive regimens given to ensure donor cell engraftment can result in
damage to other tissues and even oncogenic events®2240, Recurrent infections are also an
issue®?. Lastly, disease progression can place MPS Il patients at risk of death from
transplant®2. However, in recent years, the safety of HSCT procedures has improved and
death rates have dropped to below 5%%%2241, Some studies have reported 100% survival

for HSCT in MPS 1l patients, albeit with a GVHD rate of 41%52242,

Initial reports of HSCT in neuronopathic MPS |1 patients were not
positive®887.243244 In particular, the neurological outcomes were poor?43244245 This
combined with risks associated with transplantation means HSCT is not considered a
standard treatment for MPS 11, as least in Western countries®®18%, However, there is
renewed interest in HSCT for MPS I1. After evidence of donor-derived cells reaching the
brain, several case studies evaluated the treatment of MPS Il with HSCT?%*, HSCT
treated many systemic manifestations, including reduced urine GAG excretion, reduced
hepatosplenomegaly, increased growth, amelioration of epidermal manifestations,
improved cardiopulmonary function, decreased apnea, and a higher level of daily

activity?42245-253 The impact of HSCT on the joint stiffness, arthropathy, and skeletal
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manifestations for MPS 11 is unclear, with some cases reporting improvements, while
others do not?42247.2%3, More recent studies detail HSCT as an effective treatment for
stabilizing neurocognitive function in MPS patients. One long term study reported
decreased brain atrophy and reduced brain lesions?°. Importantly, these findings only
held true for patients who had no established neurocognitive deficits. One report showed
cognitive stabilization in patients treated early, but that HSCT toxicities and
musculoskeletal problems persisted?t. A 2017 combined study and meta-analysis
described 146 MPS |1 patients that received HSCT?>*. Most patients were found to
improve or show no progression neurologically by brain MRI. Based on these new data,
HSCT is an approved treatment option for MPS |1 in Brazil, China, and
Japan®2.242,246,248,250.254 \\hy the difference in outcomes between older and newer studies?
Recent advances in the safety of HSCT have certainly impacted this®2. Additionally,
earlier studies may have used suboptimal cell sources?3:244245 Patient age and disease
progression may have also played a role, as treating later does not reverse neuronal
damage, and only stabilizes neurodegeneration'’®. Treating MPS Il with ERT and HSCT
is potentially more effective than either alone. In one study, ERT/HSCT combination led
to a greater GAG reduction than either ERT or HSCT exclusively in dried blood
samples?®*, ERT is also unlikely to alter donor cell engraftment in transplant recipients,
based on data from an MPS | study?%. In fact, one investigation described a case where
an 1gG antibody response nullified the therapeutic effects of ERT?%*. The patient
displayed improved somatic outcomes after treatment with HSCT. Thus, HSCT is a

possible treatment option for those unable to receive on ERT62:254,
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Substrate Reduction and Other Possible Treatments

Substrate reduction therapy (SRT) aims to prevent the accumulation of storage
material, HS and DS for MPS 11, by partially inhibiting the rate of their
biosynthesis!’018, Often SRT takes the form of a synthetic analog of synthesis
intermediates to inhibit GAG biosynthesis’%189.25%_SRT is an approved treatment option
for other LDs, but is not for MPS 1117918 |n 2006 a soy isoflavone, genistein, showed
efficacy in reducing GAG storage in MPS 11 fibroblasts?’. Genistein may exert its
substrate reduction effects either by epidermal growth factor receptor inhibition or
correction of cell cycle dysfunction?82%%, A mouse model of MPS 1 given genistein
showed reduced GAG levels in a variety of tissues?®. A small MPS I1 clinical study
showed improvement in joint stiffness?5l. However, poor results in a related trial of MPS
[11 patients has stymied development for MPS 11213262 Inventiva Pharma has developed
Odiparcil, a substrate analog that inhibits DS synthesis?®3. However, trials are only being

run for MPS V1 patients'’©,

Other possible treatments include pharmacological chaperone therapy (PCT),
anti-inflammatory therapy, umbilical cord blood derived myeloid cells, and
encapsulations. Some IDS mutations lead to misfolded proteins, their subsequent
ER/Golgi aggregation, and eventual degradation by the ER-associated degradation
pathway®3189.264 PCT avoids this by introducing a small molecule that interacts with
misfolded proteins and assists in proper folding and/or trafficking®3. MPS disorders have
been considered good candidates for PCT, as modest increases in enzyme activity can

improve outcomes?®. One PCT has been investigated for MPS 11, D2S0, a sulfated
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disaccharide derived from heparin?®, A study of D2S0 reported a minute increase in
enzyme activity in fibroblasts expressing mutant IDS?%¢. Anti-inflammatory therapy
suppresses the role of inflammation as a mechanism of disease!83-185192 L jttle work has
been done in this area for MPS Il, but some drug studies have been carried out for related
MPS diseases'92267268 Transplantation of umbilical cord derived myeloid cells, also
known as oligodendrocyte-like cells and DUOC-01, are under investigation for MPS II.
Central to HSCT as a therapy for MPS diseases is microglia reconstitution in the CNS3,
This process can take up to six months in mice and perhaps even longer in humans,
meanwhile neurocognitive decline can continue during this period®26°. Decreasing the
time required to engraft cells in the brain could stave off neurological deficits. DUOC-01
cells are CD14+ monocytes that resemble oligodendrocytes in morphology with
remyelinating properties?’?’1, In conjunction with HSCT, these DUOC-01 cells are
given IT to shrink the aforementioned gap in CNS reconstitution?’*, A clinical trial,
(NCT02254863), is underway and recruiting patients to test this potential therapy for
MPS 118, Cell encapsulations have also been given some attention as a potential therapy
for MPS I1. With this technology, cells are placed within a semipermeable matrix. This
prevents immune cell interference, but also permits the exchange of nutrients and
proteins, such as IDS?’2, Previously, implantation of encapsulated IDS overexpressing
myoblasts in MPS Il mice showed modest IDS activity and a concomitant GAG
reduction?36, However, the transplanted cells died within a few months?%. More recently,
MPS Il mice implanted with alginate capsules containing cells overexpressing IDS

exhibited continuous plasma IDS activity and tissue GAG reduction?3,
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Models of MPS |1

Many in vitro cell models of MPS Il are available, either patient derived or lab
generated®®. Historically, patient derived fibroblasts were the model of choice to study
IMPS 11%6-68_ The fibroblasts exhibit increased GAG levels and were used to establish both
the biochemical basis of the disease and metabolic cross correction®-68.274275 More
recently, MPS Il pathophysiology research and drug testing utilized the fibroblasts5%:276,
Other important cell models include neural stem cells (NSC) and induced pluripotent
stem cells (iPSC). NSCs were derived from an MPS 1l mouse for studying the
mechanisms of neurodegeneration®”’. Use of the model has identified abnormal neuronal
differentiation, oxidative stress, impaired mitochondrial function, and increased apoptosis
as mediators of neurodegeneration?’":278, iPSC technology allows the reprogramming of
differentiated cells to a more naive state?’®. Several iPSC lines have been derived for
studying disease pathology?0-28631° The first use of iPSCs to study MPS Il was
accomplished in 2016, with 4 distinct lines derived from patient peripheral blood
mononuclear cells (PBMCs)?89-283, These lines were differentiated into NSCs and further
to cortical neurons to investigate storage vacuole pathology?®*. A separate group also
used PBMC:s to derive an MPS I1 iPSC line. The line was differentiated into neurons and
glial cells that maintained increased GAG and lysosomal-associated membrane protein 1
(LAMP1) phenotypes?®. Most recently, a third group derived NSCs from patient iPSCs

with the purpose of evaluating small molecule drugs that can reduce storage material2®,

The mouse IDS gene shares high sequence similarity (86%) to the human gene

and is located in a similar position on the X chromosome!#’. The mouse IDS gene is 22
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kb in length and, like the human gene, the coding regions consist of 9 exons4"2%2, Murine
IDS has 2 fewer N-linked glycosylation sites. The enzyme is 2 amino acids longer than

human IDS, at 552147,

MPS Il mice have been the most widely used and important model of the disease.
Four MPS Il mouse models have been generated on a C56BL/6J background. The first
was produced in 1999 by replacing a portion of exon 4 and the entirety of exon 5 with a
neomycin resistance gene?®. Further work in 2006-2007, highlighted both biochemical
and pathological features of the mice?%42%, Characterization revealed the absence of IDS
activity, elevated urine GAG excretion, GAG accumulation in tissues, increased organ
weight, skeletal manifestations, neurobehavioral deficits, and a shortened lifespan2®3-2%,
Neuronal vacuolization and death, along with increased LAMP1 and LAMP2 expression
is seen in the brain?®3-2%, Another MPS Il mouse was generated in 2010 by deleting
exons 2 and 3 and inserting a neomycin resistance gene'82%, Phenotypically, it is
comparable to the first mouse model, and hearing loss was observed in the mice?%2%7,
One study used it to interrogate neurological disease pathology and found reducing
autophagy may prevent neuronal vacuolization?®®, A third model with exons 2 and 5
deleted was generated in Japan by JCR Pharmaceuticals?®. It was characterized similarly
as the previous mice and used to study ICV delivery of ERT?%. Lastly, a fourth model
was generated by Taconic Biosciences, with exons 2 and 5 knocked out3®, This model
was used to evaluate intracisternal administration of an IDS encoding adeno-associated
virus vector 9 (AAV9)3%, Recently, a novel NOG mouse model was developed in Japan

to test human hematopoietic stem cell therapies for MPS 1121, The authors engrafted
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human CD34+ cells transduced with a lentiviral vector (LVV) encoding human IDS and

observed amelioration of biochemical pathology.

Over the last 23 years, MPS Il mouse models have been used to investigate
disease pathology and carry out preclinical studies for therapeutics development. Using
the mouse strain, one study reported that oxidative damage to glial cells contributes to
neurodegeneration?’®, The impact of inflammation in the brain has been studied and
shows undegraded GAGs activate the inflammasome!”’. Brain RNA-seq profiling of IDS
deficient mice showed altered gene expression in several pathways, such as axon
guidance, calcium homeostasis, circadian rhythm, inflammation, and Wnt signaling32.
FGF dysregulation was associated with skeletal abnormalities in MPS Il mice?®, Because
a great deal of research centers on addressing CNS disease manifestations, extensive
neurobehavioral characterization has been carried out in at least one mouse strain3%,
MPS 11 mice were used in the preclinical studies that developed ERT, where they were
dosed 0.1-1 mg/kg idursulfase3®. Treatment with ERT reduced GAG accumulation and
resulted in clinical trials that ultimately garnered ERT approval from the FDA77. Mouse
models have also evaluated HSCT for MPS 113%-3%8 One study assessed the impact of
donor chimerism on treatment and observed a high level of engraftment was necessary to
impact disease manifestations®?’. A second study evaluated anti-c-kit antibody mediated
preconditioning for HSCT in MPS Il mice and found it efficient for bone marrow
transplants®%®. A third study administered hematopoietic stem and progenitor cells
(HSPCs) ICV rather than IV and showed robust microglia engraftment in brain3°, Other

studies have examined micro-encapsulations, nanoparticles, SRT, and modified ERT as

38



potential therapies in MPS Il mouse strains?28231.234236260 The MPS Il mouse model has
been invaluable for investigating potential gene therapies, both ex vivo LVV and in vivo

AAV approaches, as well as gene editing and are discussed below?95:2%.300,310-318

Several other animal models of MPS 11 have been identified or generated. A
naturally occurring canine model of the disease was discovered in 1998, showing
elevated urine GAGs, hepatosplenomegaly, coarse facial features, osteopenia, corneal
dystrophy, and neurological deterioration?®”. However, it was never used because it was
euthanized before offspring were generated. Two zebrafish models have been developed
to study MPS II. The first employed a morpholino based knockdown of the IDS ortholog
in the fish. Morphants had altered TGF-3, SOX-10, and crestin signaling that mediated
altered cartilage pattering?®®. Further, they found abnormal cardiac development in the
fish was due to disruptions in the sonic hedgehog and Wnt/B-catenin signaling pathways
caused by GAG accumulation?828° A CRISPR/Cas9 IDS ortholog knockout zebrafish
model was generated recently?®. They found dysregulation of the FGF pathway that led
to skeletal manifestations?®, Lastly, wildtype zebrafish models have been used to study
overexpression of mutant IDS by microinjection of mutant IDS mRNA?%, The authors
noted defective phenotypes and a dominant negative effect from the mutant IDS?%%,
Lastly, a drosophila model of MPS Il was generated in 2019%°2. RNAi was used for
specific knockdown of global, neuronal, or glial cell populations. The model did not

produce a phenotype, likely due to the incomplete abrogation of enzyme activity?°2.

Gene Therapy for MPS 11
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Introduction to Gene Therapy

Gene therapy is any product or technology that mediates a therapeutic effect
through the transcription and/or translation of genetic material that has been edited or
transferred into the host cell3?°. Gene therapies necessarily require safe and efficient
introduction of genetic material and/or editing reagents. To accomplish this, there are a
wide variety of delivery modalities. There are two groups of delivery methods, viral and
non-viral delivery32322_ Viral methods rely on a recombinant viral vector to deliver
genetic material, either through chromosomal integration or existing as episomes. This
includes, among others, retroviral vectors, LVV, adenoviral vectors, and AAV321:323,
Nonviral modes of delivery depend upon either physical or chemical methods324:325,
Physical methods include microinjection or electroporation of the genetic cargo324325,
Chemical methods take the form of lipid, polymer, or gold nanoparticles to encapsulate
and deliver material®**3%, Virus like particle systems are being developed that utilize
minimal viral components to transduce cells but lack the viral genetic material present in
viral vectors®?%, Nonviral vectors are used to deliver a variety of gene or gene expression
modifying tools, such as DNA plasmids, minicircles, transposons, siRNA, and antisense
oligonucleotides®??. These methods all have advantages and disadvantages related to
safety, production costs, cargo capacity, transduction/transfection efficacy, expression
level, and activation of host immune response®?’. Besides delivery vehicles, the gene
therapy can be administered through several ROAs depending on the target tissue. These
include, but aren’t limited to, intravenous (I'V), intramuscular, intranasal, IT,

intracisternal, and ICV3°-397, Viral vectors have historically been the tools used for
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therapeutic gene transfer. They have robust transduction efficiencies and the ability to
target both dividing and non-dividing cells®?1327, In addition, many viral vectors have
been engineered to have improved safety3?8. These attributes aside, viral vectors suffer
from several disadvantages. These include the difficulty and cost of manufacture,
packaging limitations, immune reactions to the virus, and insertional mutagenesis

(oncogenesis) and are discussed below32%:327,

LDs and MPS diseases have long been thought of as ideal candidates for gene
therapy?13:329.330 As monogenic disorders, they have a well-established molecular
etiology. In addition, gene therapies for MPS diseases make use of metabolic cross
correction through the M6P pathway which benefits cells not directly modified by the
gene therapy (Figure 2)213:329.330 | astly, only a small percentage of wild type enzyme is
sufficient to improve clinical manifestations?!3329330, Gene therapy for MPS Il transfers
recombinant nucleic acids encoding a functional IDS gene to supplement the disrupted
endogenous gene in a host cell. Gene therapies for MPS 11 have been tested using two

main approaches, ex vivo gene therapy and in vivo gene therapy33L.

Ex Vivo Gene Therapy for MPS 11

Ex vivo gene therapy entails the derivation of patient cells, genetically modifying
them in vitro, and administering them back into the patient3!, Strictly speaking, this
approach is a cell therapy, a subset of gene therapy, as it relies on the infusion of
genetically modified cells rather than delivering nucleic acids directly into cells in vivo.

Most often these cells are lymphocytes or HSPCs transduced by retroviral vectors or
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LVV331332 Retroviral vectors and LVV are both based on viruses from the family

Retroviridae333-335,

Retroviral virions are spherical and enveloped, with a diameter of 80-100 nm?333,
Structurally, the virus particle is comprised of 2 envelope proteins, a transmembrane
protein and a glycoprotein receptor, which can be glycosylated. The interior core
structure of the virus is made up of matrix, capsid, and nucleocapsid proteins33. Other
interior proteins include a protease, reverse transcriptase, and integrase. Inside the virion,
the viral genome exists as a dimer of linear, positive sense, single-stranded RNA. The
SSRNA has a 5° cap and 3’ poly(A) tail, as it is synthesized by host RNA polymerase II.
The RNA structure includes long terminal repeats (LTRs) at each end®33-33, LTRs are
several hundred base pairs in length and composed of U3, R, and U5 regions. U3 contains
a promoter-enhancer that controls viral RNA transcription from the 5 LTR. R is a repeat
sequence and can contain the poly(A) signal. U5 is positioned between R and a primer
binding site. On the RNA is a primer binding site, where a tRNA binds to initiate reverse
transcription3333%4, The packaging signal (y) is a cis-acting element that regulates the
incorporation of retroviral RNA into the capsid. The polypurine tract plays an important
role in proviral DNA synthesis. Lastly, there is a rev response element which aids in
nuclear export of RNA. The coding features of the provirus are ordered 5’-gag-pro-pol-
env-3 333335 The gag polyprotein encodes the matrix, capsid, and nucleocapsid structural
proteins. Pro codes for the protease, essential for maturation of gag and pol proteins. The
third coding domain, pol, includes the reverse transcriptase critical to viral DNA

synthesis and an integrase required for viral DNA integration into the host genome. Env
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encodes the glycoprotein receptor and transmembrane proteins. Gag-pro or Gag-pro-pol
are often encoded as one polyprotein33*. Viral entry is based on the viral surface
glycoprotein and host cell receptors®®3. After endocytosis, the viral particles uncoat and
reverse transcription of the viral RNA produces the provirus. Host machinery and
possibly nuclear membrane breakdown are needed for nuclear entry of the provirus and
proteins. Once in the nucleus, integrase inserts the provirus into the host genome333-33%,
Host RNA polymerase Il then uses the provirus as a template to transcribe full-length
genomic RNA. For lentiviruses, transactivators also play a role in transcription and
nuclear export of RNA34, Following this, there is translation of viral proteins and nascent
polyproteins are matured by proteolytic cleavage of the viral protease. Capsids assemble
at the plasma membrane and are exocytosed from the cell in a budding process33.
Retroviral vectors for gene therapy are based on the Moloney leukemia virus®36337, One
potential disadvantage related to gamma retroviral vector efficacy is the need for nuclear
envelope breakdown to complete integration. Thus, retroviral vectors require cell cycling
to complete transduction33/:338, Safety concerns for gamma retroviral vectors are related

to preferential insertion near regulatory elements and transcription start sites332.

Lentiviral vectors are derived from human immunodeficiency virus 1 (HIV-1) and
have become a fundamental gene transfer tool. In addition to the aforementioned general
retrovirus characteristics, lentiviruses have their own distinct morphology and accessory
proteins. Structurally, their virion core structure is cone shaped. The lentivirus genome
codes for several additional proteins: tat, rev, vpr, vpu, vif, and nef3333% Tatis a

transactivator that promotes transcription by binding to a tat responsive element located

43



in the R region3*4. Rev binds to the rev response element to aid in the exportation of viral
RNA to the cytoplasm334, Vpr, vpu, vif, and nef are either regulate viral RNA or combat
host antiviral factors33. Lentiviruses also have specific characteristics with regards to cell
entry and integration. For cellular entry, lentiviruses bind to CD4 or CCRS5 surface
receptors and can efficiently transduce dividing and non-dividing cells because they are
imported into the nucleus by the nuclear pore complex®®2. For integration, lentiviruses
have shown preference to insert within transcriptional units of open chromatin33. The
packaging capacity of lentiviruses is ~9 kb33, In the creation of modern LVV, the HIV-1
genome has undergone extensive engineering to improve safety33®-342, Current third
generation LVV production utilizes 4 plasmids to generate the necessary components33?,
Accessory proteins tat, vpr, vpu, vif, and nef have been removed for their nonessential
role in lentiviral vector production3*. The transfer plasmid encodes the promoter and
gene of interest for gene therapy. Also on the transfer plasmid, the 5° LTR is chimeric
and is fused to a heterologous promoter, such as CMV332343 This eliminates the need for
tat or the tat response element. The 3’ U3 region is deleted to ensure transcription of the
full-length provirus is abolished and the LVV is rendered replication incompetent and
self-inactivating®*3. The transfer plasmid also incorporates a packaging signal and
polypurine tracts. Packaging machinery is split into two plasmids332343, The first contains
gag-pol with a rev response element and the second encodes rev. The fourth plasmid
codes for env, but is often pseudotyped with a sequence encoding vesicular stomatitis
virus G (VSV-G). VSV-G binds the low-density lipoprotein (LDL)-receptor and confers

broad tropism3#4. In addition, VSV-G can withstand the ultracentrifugation required to
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concentrate the viral vector to high titers. LVV transduction of target cells provides long

lasting expression of the therapeutic gene of interest330-332,

Initial gene therapy studies for MPS 11 used Moloney murine leukemia retroviral
vectors34>-347, The first of these evaluated the transduction of patient derived
lymphoblastoid cell lines by an IDS encoding retroviral vector3*®, They achieved
supraphysiological levels of enzyme (10-70x) compared to wild type lymphoblastoid
cells. GAG accumulation was also normalized in co-cultured MPS |1 fibroblasts, the first
demonstration of metabolic cross correction using genetically engineering cells3#. The
same vector was used to transduce patient lymphocytes in a preclinical study3*6. Transfer
efficiency was low (<5%), but enzyme levels were comparable to wild type lymphocytes
and reduced cellular GAG accumulation was observed3#. Transduced cell conditioned
media was also used to demonstrate the potential for metabolic cross correction34. This
work led to a clinical trial (NCT00004454) that was ultimately terminated. A second

group also evaluated gamma retroviral vector transduction of human CD34+ cells*’.

Subsequent investigations of ex vivo gene therapy for MPS 11 utilized LVV based
hematopoietic stem cell gene therapy (HSCGT). HSCGT relies on the engraftment of
HSPCs that were transduced with a LVV encoding IDS cDNA33, HSCGT for MPS Il is
predicated on three key advantages. First, donor-derived cells will overexpress IDS and
produce supraphysiological levels of IDS enzyme3®. Importantly, this enzyme will be
available for metabolic cross correction. Second, donor-derived cells of the monocytic
lineage traffic to the brain and differentiate into microglia®3#. These genetically

modified microglia secrete IDS for uptake by resident neurons. Third, the autologous
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nature of HSCGT means it does not rely on an HLA-matched donor for HSPCs and
avoids risks associated with GvHD3%8, A major limitation of HSCGT is that the
integrative nature of the therapy poses the potential risk of insertional mutagenesis and
subsequent oncogenesis®*. Previous work has shown insertional mutagenesis in patients
treated with genetically modified HSPCs can activate genes like LMO2, MECOM/EVI1,
and HMGA2 359-3% patients with these mutations developed serious adverse events,

including myelodysplastic syndrome and acute leukemia,3°0-355-389,

Preclinical studies of HSCGT for MPS Il began in 2015, when a Japanese group
found HSCGT to improve most biochemical outcomes in MPS 11 mice3!°. This included
supraphysiological levels of IDS and normalized GAG content in the liver and heart. An
IDS level in the brain of 2.9% wild type mice was observed, and improvements in short
term spatial memory were measured by the Y-maze®'°. However, some GAG content
remained in the brain and many manifestations remained unstudied, such as skeletal
abnormalities®°, In 2018, one group evaluated HSCGT using a LVV encoding IDS under
the control of a myeloid specific promoter, hCD11b3!. In addition, they investigated
fusing the IDS protein to an ApoElI receptor binding domain to assist in crossing the
BBB. Mice exhibited supraphysiological levels of IDS activity and reduced GAG content
in a variety of peripheral tissues. Reduction in the zygomatic arch, humerus, and femur
diameters was seen. HS levels in the brain were reduced with the IDS construct and
normalized with fusion construct. Brains of mice from both groups recorded lower levels
of LAMP1, GFAP, and inflammatory cytokines. Mice showed better coordination and

spatial working memory. Lastly, anti-hIDS antibodies likely did not impact the therapy,
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as no increase in antibody production was measured!. This is consistent with a previous
study that showed MPS Il mice do not mount an immune response to hIDS3*, In 2020
two HSCGT studies were reported. The first examined engraftment efficiency and its
impact on the therapeutic efficacy of HSCGT??, By modulating the precondition
regimen, the authors found supraphysiological IDS levels and reduced GAG content in
several peripheral tissues. However, neurocognitive improvements were only seen in
mice given a lethal dose of irradiation, suggesting the need for a high level of donor cell
engraftment to treat neuronopathic MPS 11312, The second study examined the pathology
of the skeletal manifestations in MPS Il mice and their amelioration by HSCGT3!3, Bone
volume, density, strength, and trabecular number were significantly increased in MPS 11
mice. GAG accumulation interfered with bone metabolism in osteoblasts and
osteoclasts®!®. HSCGT restored bone remodeling by these cells, and subsequently
reduced bone density, strength, trabecular number, zygomatic arch diameter, and

intermaxillary width3:3,

In Vivo Gene Therapy for MPS 11

Adeno-associated viruses are of the Dependovirus genus within the family
Parvoviridae®®. Productive viruses are dependent on co-infection of a helper virus, such
as herpes simplex virus or adenovirus to complete their lifecycle>>3°. Morphologically
the virions have a nonenveloped, icosahedral capsid that is 20-26 nm in diameter>>3%, In
total, 60 viral capsid proteins (\VP) comprise the entire capsid3°83>°, Three VP proteins
comprise the capsid, VP1, VP2, and VVP3, arranged in a 1:1:10 ratio. Four nonstructural

proteins, Rep40, Rep52, Rep68, and Rep78, are involved in viral replication and virion
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assembly3%8:3%9 The virus also encodes an assembly-activating protein (AAP), which
provides a scaffolding function for capsid assembly3¢°, The virus genome is a ~4.7 kb
single-stranded DNA molecule of either positive or negative sense, as packaging shows
no strand preference3°. The genome has three coding regions, cap, rep, and aap3%8:3%,
These regions code for the VP proteins, Rep proteins, and AAP, respectively. At either
end of the genome are hairpin regions called inverted terminal repeats (ITRs)3°. ITRs are
145 bp in length and contribute as cis-acting elements for gene expression and packaging
signals®835°_ Viral entry is accomplished through receptor-mediated endocytosis®*. The
primary and possibly secondary receptors for AAV cell entry vary by serotype. The viral
particle is the trafficked to endosomal compartments and eventually released from late
endosomes or lysosomes®¢?. Virions transit to the nucleus where they uncoat and release
their ssDNA genome3%8:361, Host DNA polymerases then synthesize the second-strand of
DNA. Worth noting here is that AAV genomes tend to exist as an episome in the cell
nucleus®?. However, studies have indicated that wildtype virus can integrate, particularly
into the AAVS1 locus®?°. Integration may occur in the absence of a helper virus or in the
presence of DNA damage®®%2, After second-strand synthesis, Rep proteins are
expressed to facilitate replication. Viral replication may require host cells to enter S-
phase and requires host machinery, Rep proteins, and helper virus proteins E1, E2a, E4,
and VA38415. AAP and VP proteins are synthesized, and ssDNA is packaged into the
viral particle®*®. Finally, cell lysis releases the mature virions. There are 12 naturally
occurring AAV serotypes and >100 variants361363, The 12 serotypes use different cell

entry mechanisms, and thus have different tissue tropisms®¢*. Around 80% of the human
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population is seropositive for anti-AAV antibodies®*°. However, no discernable

pathology is associated with infection3%°-362,

Recombinant AAV vectors are generated by transfecting cells with three
plasmids, a transfer plasmid, a Rep/Cap plasmid, and a helper plasmid>®36°, Although
AAYV genomes are small, up to 96% of their sequence can be removed or placed on the
Rep/Cap plasmid®™. Thus, on the transfer plasmid, only ITR sequences are kept. The rep,
cap, and aap genes are all replaced with an expression cassette of choice, generally a
promoter, gene of interest, and poly(A) sequence®5360:361 A separate plasmid codes for
the Rep and Cap proteins®. The third plasmid fulfills the role of a helper virus, encoding
the E1, E2a, E4, and VA proteins required for AAV replication3%361, For production,
HEK?293 cells are typically transfected with these plasmids and recombinant AAV
collected from cell lysates®. Density gradients, affinity columns, or ion exchange

columns are used to purify the recombinant AAV55:364,

Recombinant AAV vectors have several beneficial attributes as gene therapy
tools. AAV9 vectors enter both dividing and non-dividing cells by binding galactose
and/or a secondary receptor, laminin receptor 1 or AAV receptor®®!, Thus, AAV9 vectors
exhibit broad tropism, including transduction of CNS36%.365 AAV9 has been shown to
cross the BBB and transduce both neurons and glial cells by both 1V and CNS-directed
ROAs%5-370, AAV transduction also confers long-lasting transgene expression. In mice,
EGFP expression persisted for at least one year®’*. A long-term AAV gene therapy study
in hemophilia A canines showed factor V111 expression lasting 10 years3’2374, Human

trials of hemophilia A have reported multiyear factor V111 expression after gene transfer
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with an AAV vector 373, However, AAV mediated gene therapy has several drawbacks.
With a packaging capacity of ~4.7kb, often times dual or even triple vector systems are
required®83%°_ Self-complementary systems, which aim to skip the rate limiting step of
second-strand synthesis, have half that compacity at around ~2.5kb317:361.367 The
administration of high (or low) doses of AAV vectors can elicit a host immune response
which can interfere with the effectiveness of the gene therapy37>376, Innate immune
reactions to AAV vectors through TLR9 and cytokine production have been observed in
mice and human cell lines®">277, Humoral response via neutralizing antibodies can block
transduction completely3778:37°, Capsid presentation on transduced cells can mediated a

cytotoxic T-cell response that eliminates the cell3°,

All in vivo viral vector gene therapy work for MPS 11 has utilized recombinant
AAVs. The first reported preclinical work was done in 20062%°. An AAV2/8 vector
carrying IDS cDNA regulated by a liver specific promoter, TBG, was dosed 1V at
4x10%2gc. Peripheral tissues showed complete normalization of GAG content and
supraphysiological levels of IDS activity. Correction of skeletal manifestations and
locomotion abnormalities was also observed. However, neurological data was poor?%,
Subsequently, the group evaluated an AAV2/5 CMV-hIDS vector by systemic
administration in 2-day old pups®'*. Again, peripheral tissues were corrected, and a small
but noticeable level of IDS activity was seen in the brain. Markers of neurodegeneration,
astrogliosis, and inflammation were normalized in the brains of treated mice34. An
AAV2/8 EF1a-hIDS vector administered 1V reported similar results to the 2006 study?%.

A study examined AAV9 CAG-hIDS vector administered ICV at 3 different doses
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(3x108910gc)315, Dose-dependent IDS and GAG reduction was observed, peripherally and
in the CNS. Brain lesions were resolved, and memory was improved in treated mice3'®,
Another study investigated an AAV9 CAG-mIDS vector, and thoroughly characterized
the therapy after administration into the cisterna magna at a dose of 5x10%gc3°. Four
months post-administration, IDS activity in the brain was 40% of wild type and GAG
content was normalized. Lysosome-associated membrane protein 2 (LAMP2), Glial
fibrillary acidic protein (GFAP), and microgliosis were all reduced in the brains of treated
mice. The enzymatic activity of other lysosomal hydrolases was also restored to
homeostatic levels. Treated mice had an extended lifespan and showed correction of
locomotion and exploratory behaviors compared to controls3®. One report detailed
extensive analysis of vector biodistribution and IDS activity in the brain of mice treated
with an AAV9 CB7-hIDS vector by ICV administration at a dose of 5x10%gc36. In
addition, the study evaluated co-expressing SUMF1 with hIDS. A previous study had
shown post-translational modification by SUMF1 was a rate limiting step in the activities
of five sulfatases®!. Co-expression increased the activity of the sulfatase SGSH in MPS
I11A mice3®, However, the MPS Il study showed no benefit to including SUMFL1 in the
vector with hIDS compared to hIDS alone. IDS activities were high, and GAGs
normalized in peripheral tissues of treated mice. Biodistribution in the same peripheral
tissues was low, except for the liver at 44gc/ge. This suggests that the vector was
escaping the CNS and transducing the liver, where 1DS was synthesized and secreted into
the circulation. Brain distribution was varied from ~1gc/ge to 47gc/ge. Regardless,
through brain microdissection, the authors found the treatment conferred IDS activity 7-

40% of wild type and normalized GAG levels. Treated mice showed improved spatial
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navigation and memory when assessed in the Barnes maze compared to controls3:é,
Overall, these studies showed AAV9 vectors encoding mIDS or hIDS can transduce the
CNS and subsequently ameliorate CNS manifestations in MPS 11 mice when delivered by
a CNS-directed ROA. More recently, an investigation of a self-complementary AAV9
CMV-hIDS vector administered 1V was carried out in MPS Il mice3!’. Administration of
higher doses (2.5x10*2-2x10*3gc) conferred DS activity of 6-14% of wild type and
significant GAG reduction in the brain. AAV9 vector positive cells were observed in the
brain by gPCR analysis and neurocognitive impairment was prevented in treated mice.
These results were key, as they proved AAV9 can cross the blood brain and express IDS
in the CNS of MPS Il mice®'’. It has been observed that systemic administration of AAV
vectors generates supraphysiological levels of circulating lysosomal hydrolase
activity?%318_ Consequently, some studies have noted minimal brain transduction by
AAYV, while achieving low, but detectable hydrolase activity in the brain2%31838 Thuys,
the hypothesis of a “high dose effect” has been put forth. This hypothesis states that when
consistently high levels of circulating enzyme are present, a small fraction can enter the
CNS. For MPS 1, since as little as 1.5% of wild type activity levels are needed in the
brain to ameliorate CNS manifestations, this “high dose effect” may be enough to achieve

those levels314.318,

Gene Editing and Non-Viral Vector Based Gene Therapies for MPS |1
Gene editing is any method that institutes an insertion, deletion, or alteration of an
endogenous DNA locus in a living cell®?*, This includes zinc finger nucleases (ZFN),

transcription activator-like effector-based nucleases (TALENS), and most recently
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CRISPR/Cas9 and its derivatives®?®, For MPS Il, a single study has been done utilizing
ZFNs®18, Three AAV 2/8 vectors were administered IV to mice that ultimately delivered
ZFNs and a functional hIDS cDNA sequence at the albumin locus of hepatocytes. At a
dose of 1.5x10%gc, supraphysiological IDS enzyme levels were observed in circulation
and in most peripheral organs. GAG content was normalized in peripheral tissues as well.
Although a low level of IDS activity and a small reduction of GAG levels were observed
in the brain, this was sufficient to prevent neurocognitive deficits in the mice3!8, These
results prompted the launching of a clinical trial (NCT03041324), but it was ultimately

terminated from lack of efficacy*.

Non-viral vector-based gene therapies have low cost, low
immunogenicity, and high cargo capacity®?’. Hurdles for this approach include low
efficiency, low expression, and material toxicity3?’. For Hunter syndrome, a 2002 paper
studied non-viral gene therapy in vitro using electro-gene transfer (EGT)3%. Plasmid
carrying the hIDS sequence was injected into mouse quadriceps and stimulated by EGT.
Mouse muscle cells were transduced, resulting in 10x increase in IDS activity for 5-week
post administration. The same group more thoroughly characterized muscle directed EGT
in MPS Il mice®’. While they found elevated enzyme in the muscle, little to no

circulating IDS was measured.

Gene Therapy Clinical Trials for MPS 11
The first clinical trial (NCT00004454) of a gene therapy for MPS Il was in the

1990s using a retroviral vector, based on in vitro preclinical data®4>34, In the trial, patient
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T cells were transduced with a retroviral vector encoding hIDS. No results have been
published from the trial. The next trial, sponsored by Sangamo Therapeutics, used a gene
editing approach with ZFNs. The clinical trial (NCT03041324) was based on positive
results from the preclinical ZFN work done in the mouse described above3'8464, Patients
were dosed with the AAV8 vectors, but a lack of detectable IDS activity in patient
plasma ended the trial*®. Encouraging preclinical results from CNS directed
administration of AAV9 prompted REGENXBIO to launch two clinical trials3®. The first
trial (NCT04571970) enrolled older patients (5-17 years of age) with neuronopathic MPS
Il and were administered a dose of 6.5x10%gc/g brain mass. Positive outcomes on safety
and efficacy led to the launch of second trial (NCT03566043). This pediatric dose
escalation study is evaluating intracisternal administration of AAV9 encoding hIDS at
doses 1.3x10%, 6.5x10%, 2.0x10%%, and 2.9x10'*gc/g brain mass. Primary outcomes are
safety, GAG reduction in the CSF, and neurodevelopment function. Secondary outcomes
include plasma IDS activity levels and urine GAG reduction. Both trials are still
recruiting patients. Most recently a phase 1 clinical trial (NCT05238324) sponsored by
Homology Medicines was launched. The purpose of their trial is to investigate the safety
and efficacy of 1V administration of their hIDS encoding AAV-HSC vector, which is a
human hematopoietic stem cell derived AAV vector38538_No results have been

communicated for this trial yet.
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Figure 1. Stepwise degradation of heparan sulfate and dermatan sulfate. Each
arrow represents the reaction carried out by the labeled enzyme. The label also includes
the lysosomal disease (in blue) that arises from deficiency of said enzyme. Red labeling
on GAG structures indicates the moiety upon which a given enzyme acts. At the non-
reducing end of both heparan sulfate and dermatan sulfate, iduronate-2-sulfatase
hydrolyzes the C2-sulfate ester bond of a-L-lduronic acid. Adapted from Neufeld and

Muenzer, 2001%” and made with BioRender
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Figure 2. Metabolic cross correction by trafficking of IDS via the mannose-6-phosphate
pathway. Nascent IDS (orange circle) is translated into the lumen of the ER where it is
glycosylated and modified by SUMFL1. IDS enzyme then transits to the Golgi by COPII coated
vesicles where it obtains a mannose-6-phosphate (M6P, green and yellow circles) modification.
In the trans Golgi network a mannose-6-phosphate receptor (M6PR, blue crescent) binds to the
enzyme. IDS is then trafficked to mature lysosomes (1). A subset of enzyme is instead secreted
from the cell (2). Extracellular IDS can enter a deficient cell through M6PR mediated endocytosis
(3). Lastly, the exogenous enzyme is trafficked to the lysosome where it can carry out its
catabolic reaction on heparan sulfate and dermatan sulfate (4). Made with BioRender.
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Thesis Statement

Mucopolysaccharidosis Type Il (Hunter syndrome, MPS 11) is an X-linked
recessive disease caused by deficiency in IDS, the first enzyme required for the stepwise
degradation of the GAGs heparan and dermatan sulfates. The accumulation of
undegraded heparan and dermatan sulfate leads to a progressive and multisystemic
disease. Hunter syndrome cases exhibit a wide range of disease manifestations including
hepatosplenomegaly, joint stiffness and arthropathy, skeletal abnormalities,
cardiopulmonary dysfunction, neurodegeneration, and death by adolescence. Current
treatments for Hunter syndrome include ERT, with HSCT conducted on a trial basis.
However, these treatments fall short in addressing the whole disease and importantly do
not ameliorate the CNS manifestations. Thus, there is an unmet need to develop a therapy
that can not only treat the peripheral and CNS disease manifestations. The following
chapters describe two preclinical studies dedicated towards the development of gene
therapies for MPS 11, as well as the characterization of a novel MPS 11 mouse model for

use in future research of MPS II.

Chapter I1: Phenotypic Correction of Murine Mucopolysaccharidosis
Type Il by Engraftment of Ex Vivo Lentiviral Vector-Transduced
Hematopoietic Stem and Progenitor Cells

Previous preclinical LVV mouse work described in Ex Vivo Gene Therapy for
MPS 1 (Chapter 1) has not comprehensively characterized the approach with a strong,
constitutively active promotor. Using an established C57BL/6 mouse model of MPS II,

this project evaluated ex vivo transduction of hematopoietic stem and progenitor cells
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using LVV carrying a codon optimized human IDS coding sequence regulated by a
strong, constitutively active MNDU3 promoter. The extensive analysis of the therapy
included biochemical, histological, skeletal, and neurocognitive assessments. The
radiographical and neurologic testing are of particular relevance to clinical translation, as

ERT shows no improvement in these functional outcomes.

Chapter I11: Comparative Minimal Dose Effectiveness of Intravenous
and Intrathecal AAV9.CB7.hIDS (RGX-121) in a Murine Model of
Mucopolysaccharidosis type |1

In vivo AAV mouse work for MPS 11 has included both systemic and CNS-
directed ROAs to treat the disease. Previous CSF-directed preclinical work showed it can
address the CNS, but it is unknown if a CSF-directed approach with RGX-121 can
address both the CNS and peripheral disease manifestations or if supplementation with
systemic administration is required. Additionally, the relative effectiveness of any given
dose is not known for addressing the CNS and/or peripheral disease manifestations. Thus,
this project compared IT and IV administration of an AAV9 encoding human IDS at
varying doses and found that a dose of 10!gc by IT ROA can address both peripheral and

CNS disease manifestations in a mouse model of MPS II.

Chapter IV: Generation and Characterization of an Immunodeficient
Mouse Model of Mucopolysaccharidosis type |1

An extensively characterized immunodeficient MPS Il mouse strain is currently
not available as a research model. The immunodeficient background allows for the
engraftment human cells, such as human hematopoietic stem cells. Thus, ex vivo gene

therapies for MPS 11 can be evaluated in human cells with this mouse. For this reason,
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this project generated an NSG-MPS 11 mouse model using CRISPR/Cas9 knockout of
mIDS. The mice recapitulate the biochemical, skeletal, and neurological disease

manifestations associated with MPS II.
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Summary

Mucopolysaccharidosis type Il (MPS II, Hunter syndrome) is an X- linked
recessive lysosomal disease caused by deficiency of iduronate-2-sulfatase (IDS). Absence
of IDS results in the accumulation of the glycosaminoglycans (GAGs) heparan sulfate
and dermatan sulfate. Currently the only approved treatment option for MPS |1 is enzyme
replacement therapy (ERT), Elaprase®. However, ERT is demanding for the patient and
does not ameliorate neurological manifestations of the disease. Using an IDS deficient
mouse model that phenocopies the human disease, we evaluated hematopoietic stem and
progenitor cells (HSPCs) transduced with a lentiviral vector (LVV) carrying a codon
optimized human IDS coding sequence regulated by a ubiquitous MNDU3 promoter
(MNDU3-IDS). Mice treated with MNDUS3-IDS LVV transduced cells showed
supraphysiologic levels of IDS enzyme activity in plasma, peripheral blood mononuclear
cells (PBMCs), and in most analyzed tissues. These enzyme levels were sufficient to
normalize GAG storage in analyzed tissues. Importantly, IDS levels in the brains of
MNDU3-IDS engrafted animals were restored to 10-20% that of wild-type mice,
sufficient to normalize GAG content and prevent emergence of cognitive deficit as
evaluated by neurobehavioral testing. These results demonstrate the potential

effectiveness of ex vivo MNDU3-IDS LVV transduced HSPCs for treatment of MPS II.

Introduction
Mucopolysaccharidosis type Il (MPS 11, Hunter syndrome) is an X-linked
recessive metabolic disorder caused by deficiency of the lysosomal hydrolase iduronate-

2-sulfatase (IDS). Incidence of the disorder is approximately 1:160,000 male births®,
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Loss of IDS leads to disruption in the catabolism of the glycosaminoglycans (GAGS)
heparan sulfate and dermatan sulfate, which accumulate in lysosomes leading to
progressive and multisystemic disease®?3. Manifestations include organomegaly,
cardiopulmonary dysfunction, skeletal dysplasias, and in the most severe cases
neurodegeneration and death by adolescence®’.

The current standard of care for MPS 11 is enzyme replacement therapy (ERT),
consisting of recombinant IDS (Elaprase®) infused intravenously*!6. Patients on ERT
show several improvements that correlate with reduced urine GAG levels, including
reduced organomegaly and improved performance on the six-minute walk test*’.
However, ERT fails to address some of the systemic disease burden. A 9-year follow-up
of patients on ERT showed no improvements in pulmonary, ocular, skeletal or central
nervous system (CNS) manifestations,'8%211 which has been attributed to low
bioavailability of the enzyme in some tissues®?; for example, the administered enzyme
does not cross the blood brain barrier (BBB), leaving the neurologic manifestations of the
disease unaddressed*'8. In addition, the treatment is expensive and requires weekly
enzyme infusions.

Allogeneic hematopoietic stem cell transplantation (HSCT) has been considered
as a possible treatment for MPS 11. Potential benefits of HSCT include a consistent level
of enzyme for patients, avoiding the peaks and troughs common to periodic enzyme
infusions, thereby replacing expensive and time-consuming weekly ERT infusions with
the prospect of addressing CNS manifestations of the disease*®8%, However, HSCT is not
a standard treatment for MPS I, as initial clinical testing met with poor outcomes due to

low enzyme levels, graft vs. host disease, sepsis, and patient death?51. Recent reports on
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HSCT for MPS Il have shown some neurologic benefit, but also low levels of IDS
activity and continued musculoskeletal problems3%:2%4, Thus, MPS |1 patients still have
significant unmet need for a treatment that can address the limitations of ERT and
allogeneic HSCT.

Successful gene therapy for lysosomal diseases relies on the production of
bioavailable enzyme at a sufficient and consistent level both systemically and in the CNS
that is not achieved by currently available treatment options. Bioavailable enzyme
secreted from genetically modified cells containing the transgene would be available for
metabolic cross-correction of unmodified cells by mannose-6-phosphate receptor
mediated endocytosis*'®. For MPS I, strategies have been developed that employ either
adeno-associated virus (AAV) for in vivo IDS gene delivery to target tissues, like the
CNS, or lentiviral vector (LVV) for ex vivo IDS gene delivery to hematopoietic stem and
progenitor cells (HSPCs).

CNS directed AAV administration has shown effectiveness in transducing cells in
the brain, leading to sustained IDS expression, GAG reduction and improvement in
neurobehavior3?%:315316 Systemic approaches have also shown improvement in
neurobehavior3'7318, However, AAV-based approaches face several challenges including
the invasiveness of direct CNS administration, pre-existing anti-AAV immune response,
and scaling up to clinical doses'8:311.375,

Autologous, ex vivo LVV-based approaches look to improve upon allogeneic
HSCT by providing higher levels of bioavailable systemic IDS, addressing CNS
manifestations, and reducing the possibility of graft vs. host disease*®31:312313 | this

study, we sought to develop a therapy that provides high and sustained levels of
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bioavailable IDS to address the systemic, including skeletal, and CNS manifestations of
MPS I1. Using an MPS Il mouse model, we evaluated the efficacy of ex vivo LVV gene-
modified HSPCs encoding a codon-optimized human IDS under the control of a strong,

constitutively active MNDU3 promoter (MNDU3-1DS) for treatment of MPS II.

Materials and Methods

Animal Husbandry. Animal care and procedures were compliant with and
approved by the University of Minnesota Institutional Animal Care and Use Committee
(IACUC). Animals were maintained at University of Minnesota Research Animal
Resources facilities under specific pathogen free conditions. C57BL/6 iduronate-2-
sulfatase knockout (IDS-KQO) mice were graciously provided by Dr. Joseph Muenzer, and
offspring were genotyped by PCR?%4, These mice were backcrossed with C57BL/6
CD45.1 mice to generate IDS-KO animals on a congenic C57BL/6 CD45.1 background.
Heterogeneity at CD45 was used for determination of donor chimerism in transplant
recipients. Animals were fed food and water ad libitum.

MNDU3-IDS and MNDU3-GFP Lentiviral Vector Production. Self-
inactivating and replication deficient third generation MNDU3-IDS and MNDU3-GFP
LVVs were produced by transient transfection of HEK293T cells. The transfection
included several packaging plasmids encoding GAG/POL, REV, and VSV-G as well as a
plasmid transfer vector. Purification of LVVs was carried out by chromatography and
formulated before storage at < -65°C*%,

Lentiviral Transduction and Transplant Procedures. Whole bone marrow was

harvested, red blood cells (RBCs) were lysed using ammonium chloride, and nucleated
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cells were enriched for the HSPC population by lineage depletion using Miltenyi Biotec’s
murine Direct Lineage Cell Depletion Kit as previously described*?t. For LVV
transduction, lineage depleted cells were suspended in Dulbecco’s modified Eagle
medium (Gibco) with 10% fetal bovine serum (EquaFETAL, Atlas Biologicals) and
supplemented with penicillin-streptomycin (10,000U/mL), protamine sulfate
(600ug/mL), and stimulatory cytokines (mouse stem cell factor [nSCF, 50 ng/mL],
mouse interleukin-3 [mIL-3, 20 ng/mL], and human interleukin-6 [hIL-6, 50 ng/mL]).
Lineage depleted cells were transduced with either MNDU3-IDS or MNDU3-GFP LVV
at a multiplicity of infection (MOI) of 50 and plated onto non-treated suspension plates
for 24 hours at 37 °C, 5% CO2. One day before transplantation, MPS Il male recipient
animals 6 to 8 weeks of age were myeloablated by lethal irradiation at a dose of 900 cGy
X-ray. Lethal irradiation was chosen as the method of myeloablation after busulfan
treatment (25mg/kg daily for 4 days) resulted in low levels of donor cell engraftment. 24
hours later, transduced cells were harvested by centrifugation for 10 minutes,
resuspended in phosphate-buffered saline (PBS), and then irradiated recipient mice were
infused with 0.84-1.0x108 cells via the lateral tail vein. Animals were observed daily for
any clinical signs of declining health or unscheduled deaths and blood and urine
collections were done monthly.

Flow Cytometry. Peripheral blood was collected from the submandibular vein
into heparinized tubes and the RBCs were lysed using RBC lysis buffer (Stem Cell
Technologies, #07850). The leukocytes were stained with phycoerythrin (PE)-conjugated
anti-murine CD45.1 and allophycocyanin (APC)-conjugated anti-murine CD45.2 (all

antibodies from BioLegend) and then evaluated by flow cytometry using a BD
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Biosciences Canto cytometer. The data were analyzed using FlowJo software (BD
Biosciences) and donor cell engraftment was determined as the percentage CD45.1+ or
CD45.2+ cells present.

Vector Copy Number (VCN) Analysis in Peripheral Blood Cells. The VCN, or
number of vector copies present in diploid genomic DNA (gDNA), was assessed based
upon identification of the Psi-Gag sequence and normalization to a mouse house-keeping
gene, TERT. PBMCs were isolated following RBC lysis using ACK Lysing Buffer
(ThermoFisher-Cat-A1049201) and gDNA was extracted using Qiagen DNA Extraction
Kit (Cat # 51331) followed by quantitative Polymerase Chain Reaction (QPCR)
amplification of the Psi-Gag and mouse TERT (ThermoFisher Cat # 4458369)
sequences*??,

Tissue Processing. Animals were euthanized at 8 months of age by CO:2
asphyxiation and transcardially perfused with 50 mL of PBS. A necropsy was performed,
and tissues (liver, spleen, kidney, brain, heart, lung, spinal cord, ileum, cecum, colon,
eye, and bone marrow) were harvested, frozen on dry ice and stored at -20 °C until
processed. A wide range of tissues was collected due to the multisystemic nature of MPS
I1, relevance to patient disease manifestations, and relevance to therapeutic approach. A
portion of each tissue was fixed overnight in 10% neutral buffered formalin (VWR) at a
ratio of 1:10-20 tissue to formalin and then after 24 hours transferred to 70% ethanol for
storage until paraffin embedding. Tissues stored at -20 °C were processed for
biochemical analysis by homogenization in 0.9% saline using a Bullet Blender bead mill
(Storm 24 Homogenizer, NEXT ADVANCE) as previously described®® and clarified by

centrifugation in a 5424R Eppendorf centrifuge. The supernatants were termed tissue
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lysates and were used for protein, IDS, and GAG assays. After clarification, the tissue
lysates were stored at -20 °C until analyzed.

Iduronate-2-sulfatase (IDS) Enzyme Assay. Plasma and tissue lysates were
assayed for IDS activity in a fluorometric assay using 4-methylumbelliferyl a-I-iduronide
2-sulfate disodium salt (4-MU2S) as substrate (Cat #: M334715, Toronto Research
Chemicals) as previously described38. 4-MU2S (5 mg) substrate was dissolved in 8.33
mL distilled water to yield a 1.25 mM working solution. 20 uL aliquots of working
substrate were mixed with 10 pL aliquots of plasma or tissue lysates and incubated at 37
°C for 1.5 hours. Then, 20 uL of PiCi Buffer (0.2M Na2HPO4 + 0.1M Citric Acid,
0.02% Na-Azide, pH 4.5) was added to stop the IDS reaction. 10 uL of 5 ug/mL alpha-L-
iduronidase (IDUA) (Cat #: 4119-GH, Bio-Techne) was added and the mixture was
incubated at 37 °C overnight. The reaction was terminated by the addition of 200 L stop
buffer (0.5 M Na2CO3 + 0.5 M NaHCO3, pH 10.7). Tubes were then centrifuged at
~13,000 rpm for 1 minute. Supernatant was transferred into a black 96-well round bottom
plate and the resulting fluorescence was measured using a Bio-Tek Synergy Mx plate
reader with excitation at 355 nm and emission at 460 nm. IDS catalyzes the reaction of 4-
MU2S into non-fluorescent 4-MU iduronide, and then IDUA catalyzes cleavage of the
non-fluorescent 4-MU iduronide into fluorescent product 4-methylumbelliferone (4-MU).
A 4-MU (Sigma #M1381) standard curve was used for the calculation of 4-MU generated
in the reaction. Protein was measured using the Pierce protein assay reagent (Cat #:
22660, ThermoFisher). Enzyme activity is expressed as nmol 4-MU released per mg
protein per hour (nmol/h/mg) for tissues extracts, and as nmol/h/ml for plasma. All

reactions were assayed in duplicate.
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Glycosaminoglycan (GAG) Assay. Tissue lysates were incubated with
proteinase K (20 mg/mL) at a ratio of 1:10 (ProK:tissue lysate) at 55 °C overnight,
followed by heat inactivation of the proteinase K by boiling for 10 minutes. Tissue
lysates were further digested with 200 units of DNase and 2 mg of RNase per 50 uL
tissue lysate at room temperature overnight with gentle mixing. DNase and RNase were
heat inactivated by boiling for 10 minutes. GAG levels were then determined using the
Blyscan Sulfated Glycosaminoglycan Assay kit (Biocolor Life Science Assays, Accurate
Chemical, NY Inc. Cat # CLRB1000) according to the manufacturer’s protocol. For
tissue GAGs, protein was measured using the Pierce protein assay (Cat #: 22660,
ThermoFisher) and results were expressed as ug GAG/mg protein. For urine, GAG levels
were also assessed using the Blyscan assay, normalizing to urine creatinine levels and
expressed as pug GAG/mg creatinine. Creatinine levels were determined using a creatinine
assay kit (Sigma, MAKO080).

Histology. For Alcian blue staining of GAGs, formalin-fixed, paraffin embedded
(FFPE) tissues were deparaffinized, rehydrated, and then exposed to 1% Alcian blue in
3% acetic acid. Tissues were rinsed with distilled water and counter stained with 0.1%
Nuclear Fast Red Kernechtrot. The tissues were then dehydrated and mounted.
Semiquantitative Alcian blue staining was scored as previously described?,

For immunohistochemistry of lysosomal associated membrane protein-1 (LAMP-
1), dry FFPE slides were loaded onto a Leica BOND Rx instrument and baked at 60 °C,
placed in BOND Dewax Solution (Leica #AR9222) at 72 °C, rinsed with ethanol, and
rinsed in BOND Wash Solution 10x Concentrate (Leica #AR9590). Slides were then

pretreated with HIER Solution, BOND Epitope Retrieval Solution 2 and 1 (Leica
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#AR9961) before being washed with BOND Wash Solution. Slides were then blocked
and stained using a peroxidase block, Rodent Block “M” (Biocare Medical #RBM961L),
Primary LAMP-1 at a final concentration of 0.25 ug/mL (Biorad #MCA497G), Rat Probe
(Biocare Medical #RTP629L), Rat Polymer (Biocare Medical #RTH630L), Mixed DAB
Refine (Leica #DS9800), and Hematoxylin, with BOND Wash Solution used between
each. Finally, slides were mounted after dehydration with ethanol and xylene. LAMP-1
scoring was based on the average percentage of LAMP-1 positive cells and their average
intensity for each location. Scoring was calculated by multiplying the proportion of
stained cells by the intensity of staining.

In situ hybridization was performed using RNAscope® 2.5 LS Probe- BBB-
Lenti-G-sense (ACD Cat# 519048) to identify the LVV provirus integrated into genomic
DNA. The tissues were stained on a Leica BOND Rx robot using ACD RNAscope 2.5
LSx Reagent kit — RED (ACD Cat# 322750) according to the manufacturer instructions.
A mouse Brain Slicer Matrix (AgnThos, Lidingd, Sweden, Brain Matrice Stainless Steel,
mouse, coronal, 1 mm cut, Cat# 69-2175-1) was used to section the brains into 6 coronal
slices and images were scored based on the number of dots per cell and number of
positive cells per 200x field.

Radiography and Image Analysis. One week before mouse euthanasia,
experimental mice were sedated with 5% isoflurane and whole-body X-ray or Micro-CT
images were acquired using a Bruker Xtreme or Siemens Inveon PET/CT machine,
respectively. The acquired DICOM files were exported from the machines and converted
to Imaris image files using the Imaris File Converter software. This conversion resulted

in an X-ray or Micro-CT file that could be analyzed using the Imaris 3D Analysis
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software. Imaris 3D Analysis software was then utilized to obtain body measurements of
the X-ray or Micro-CT scans, including zygomatic arch diameter.

Barnes Maze. The Barnes maze is a measure of spatial navigation and
memory*?*. It consists of a circular platform with twenty holes positioned around the
periphery, all of which are blocked except for one hole which has an escape box
positioned underneath that the mouse can access using an inclined ramp. Visual cues are
placed on the walls around the maze for spatial navigation. The animal is released into
the center of the maze with the lights dimmed, bright overhead lights are then turned on,
and the mouse is given 3 minutes to explore the maze. If the mouse does not enter the
escape box within 3 minutes, it is guided to the escape hole and left there for 30 seconds
before returning to its home cage. The mice were trained on the Barnes maze for 4 days
at 4 trials a day, with an interval of 12-15 minutes between any two consecutive trials for
each animal. The time taken by the animal to escape was recorded as latency to escape.

Fear Conditioning. This associative learning task assesses a fear response (i.e.,
time spent freezing) to a conditioned stimulus (cue) that is predictive of an unconditioned
stimulus (mild foot shock) introduced during training trials#?®. Data collection and
analysis were semi-automated via video-monitoring (Med Associates, Inc.). On the
conditioning day (training day; day 1), the test chamber was sprayed with a solution of
Simple Green as an olfactory cue, and mice were exposed to a series (five pairings; 1-
minute intertrial interval) of cue (80-dB white noise tone and light) presentations (15
seconds in duration) that co-terminated with a mild foot shock (0.7 mA, 1 second in
duration). Twenty-four hours later, a cued fear test was performed in a test chamber with

altered contextual elements (floor, wall, and odor) and consisted of three 1-minute
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baseline (nonspecific freezing behavior) and three 1-minute light and sound cue exposure

(cued fear) periods. Freezing response was assessed during both the baseline and cue

testing sessions. Percent difference in freezing during the cued fear test was taken as:
(average freezing during cue — average freezing in baseline) *100.

Statistics. GraphPad Prism was used for all graphing and statistics. Error bars on
graphs represent group mean + standard deviation (SD). Multiple group comparisons
were evaluated by one-way or two-way ANOVA for IDS activity, urine and tissue
GAGs, and Barnes maze. Fear conditioning data were analyzed by nonparametric
comparisons using the Mann-Whitney U test. Histological data were analyzed by one-
way ANOVA and Tukey's multiple comparisons test. P values of < 0.05 were considered
statistically significant for all tests. Radiographic data were grouped into mouse treatment

types and evaluated using the student’s t-test.

Results

Ex vivo LVV gene therapy study design

To test the potential of MNDU3-IDS LVV transduced HSPCs in treating MPS 11, donor
HSPCs from MPS |1 knockout mice (IDSY"") were transduced ex vivo with an LVV
carrying a codon optimized IDS encoding gene regulated by a strong, constitutive
MNDUS3 promoter (Figure 3A). This MNDU3-1DS group was compared to three control
groups: (i) MNDU3-GFP LVV transduced group (affected control), (ii) a group
transplanted with wild-type IDSY/* bone marrow from congenic C57BL/6 littermates
(HSCT control), and (iii) an untreated wild-type group (unaffected control). For the

MNDU3-IDS and MNDU3-GFP transplantation groups, lineage-depleted IDSY" bone
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marrow was transduced overnight with either the MNDU3-IDS or MNDU3-GFP LVV at
an MOI of 50. For the HSCT group, IDSY"* HSPCs were similarly harvested and
enriched, then transplanted without transduction or ex vivo culture. Donor HSPCs were
injected into 6- to 8-week-old myeloablated (900 cGy X-ray) IDSY- C57BL/6 mice at a
dose of 0.84-1.0x10° cells/mouse. Mice at 6- to 8- weeks of age are presymptomatic and
have been used in past studies to evaluate the prevention of skeletal and neurobehavioral
manifestations3!1:312:316,

Peripheral blood and urine were collected every month (except for month 4 post-
transplant when the mice underwent neurobehavioral testing) to evaluate donor cell
engraftment, IDS enzyme activity in both the plasma and PBMCs, VCN in PBMCs, and
urine GAG excretion. At 4 months post-transplant, the mice underwent neurobehavioral
evaluation consisting of Barnes maze and fear conditioning. Approximately one week
after neurobehavior testing, the mice underwent full body skeletal analysis by X-ray or
Micro-CT imaging. At 5 months post-transplant the animals were euthanized, perfused,
and necropsied. Tissue samples were collected for measuring IDS enzyme activity and
GAG accumulation, as well as histologic evaluation. Tissues assayed included liver,
spleen, kidney, heart, lung, brain, spinal cord, eye, ileum, cecum, colon, and bone
marrow.

Donor chimerism in transplant recipients

Donor cell engraftment vs. recipient cell repopulation post-transplant was
evaluated by distinction of CD45.1 vs CD45.2 via flow cytometry. All three transplant
groups showed high levels (>60%) of engraftment at one-month post-transplant (Figure
3B). In the following months, engraftment increased 10-20% and then stabilized in all
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three transplant groups. By 5 months post-transplant, MNDU3-IDS and HSCT groups
showed engraftment of >90%, while the MNDU3-GFP group showed engraftment of
approximately 80%. PBMCs from MNDU3-GFP treated animals were on average 75%
GFP positive, comparable to the level of engraftment shown by CD45 donor chimerism
analysis (Figure 3C). Overall, these analyses revealed high levels of stable donor cell
engraftment in all 3 transplant groups, and specifically in the MNDU3-GFP group stable
engraftment of gene-modified cells, as assessed by GFP+ PBMCs.
VCN analysis in PBMCs

VCN in PBMCs of MDU3-IDS and MND-GFP transplanted groups was
determined by gPCR throughout the 5-month time course of the experiment. The
MNDU3-IDS group had PBMC VCN between 1-6 c/dg and the MNDU3-GFP group had
similar values of 2-8 c/dg during in-life collections (Figures 3D, E). One animal in the
MNDU3-GFP group initially had PBMC VCN of 13 c/dg at 1-month post-transplant but
VCN decreased to 4 c/dg by 5 months post-transplant (Figure 3E). Throughout the study
period, the average VCN in the MNDU3-GFP group trended higher compared to the
MNDU3-IDS group (shown in black lines in Figures 3D and 3E), but this difference was
not statistically significant (p=0.1320). Taken together with the donor chimerism results,
groups receiving gene-modified HSPCs exhibited stable engraftment of gene-modified
cells.
Peripheral blood IDS enzyme activity and urine GAG excretion

Expression of the MNDU3-IDS transgene was assessed by IDS enzyme activity
assay both in the peripheral blood plasma and in PBMCs. The following in-life means are

a combined post-transplant average of all samples collected monthly by group. Wild-type
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mice had a mean of 30.5 nmol/h/ml IDS in the plasma (Figure 4A) and 31.5 nmol/h/mg
protein in PBMCs (Figure 4B). The MNDU3-GFP group showed no detectable activity
above background in the plasma and low-level background activity in PBMCs.
Remarkably, MNDU3-1DS treated animals had an average of 8.2 x 10° nmol/h/ml IDS
activity in plasma, 269 times higher than the wild-type level of activity (p<0.01-0.0001)
and a mean of 5.7 x 103 nmol/h/mg protein in PBMCs, 180 times the wild-type level of
activity (p<0.01-0.001). MPS Il mice engrafted with wild-type HSPCs (HSCT group) had
a mean of 4 nmol/h/ml IDS in plasma and a mean of 15 nmol/h/mg protein in PBMC
extracts, both below wild-type levels, although this was statistically significant only for
plasma IDS (p<.001). These IDS enzyme activity levels were maintained from 1-month
post-transplant to the end of study at 5-months post-transplant. In summary,
supraphysiological levels of IDS enzyme activity were seen in both plasma and PBMCs
in the MNDU3-IDS transplant group.

Prior to treatment, all groups showed elevated levels of urine GAG excretion
(~2900 pg GAG/mg creatinine) when compared to wild-type mice (~600 pug GAG/mg
creatinine) and were not significantly different from one another. After transplant, the
MNDU3-GFP group maintained a high level of ~3000 ug GAG/mg creatinine for the
duration of the study, which was significantly higher compared to all other groups
throughout the remainder of the study (p<0.05-0.001) (Figure 4C). In contrast, the
MNDU3-IDS and HSCT groups showed normalization of excreted GAGs that was not
significantly different from wild-type. The reduction in excreted GAGs was maintained
throughout the study for both the MNDU3-IDS and HSCT groups.

Tissue IDS enzyme activity and GAG normalization in MNDU3-IDS treated mice
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The potential for IDS cross-correction was evaluated by assaying for enzyme
activity in non-hematopoietic peripheral and CNS tissues collected at end of study 5
months post-transplant. Wild-type mice showed varying levels of IDS activity by tissue,
ranging from a mean of 15 nmol/h/mg protein in the heart to 278 nmol/h/mg protein in
the brain (Figure 5A). The MNDU3-GFP group showed little to no IDS activity in any
peripheral or CNS tissues. MNDU3-IDS treated mice had IDS activities that far exceeded
those of normal unaffected controls in peripheral tissues and were significantly greater
than those of MNDU3-GFP treated mice. Tissues with resident hematopoietic cells
showed the highest IDS levels, with a 140-fold increase over wild-type levels in the liver
(p<0.0001) and a 52-fold increase over wild-type levels in the spleen (p<0.0001). Cross-
correction of non-hematopoietic tissues was also observed; there was a 14-fold increase
in IDS enzyme activity over wild-type levels in the kidney (p<0.05) and 18-fold increase
over wild-type levels in the heart (p<0.0001) (Figure 5A). In contrast, MPS Il animals
engrafted with wild-type HSPCs generally showed IDS enzyme activity levels lower than
wild-type levels in the liver (p<0.001), spleen (p<0.001), kidney (p<0.05), and lung
(p<0.01), but not heart (p=0.179).

A key goal of potential therapeutics for MPS 11 is achieving high levels of IDS in
the CNS to address neurologic manifestations of the disease. Consistent with previous
reports®11316 in wild-type mice we observed a high level of IDS enzyme activity in the
brain at an average of 278 nmol/h/mg. Animals engrafted with MNDU3-1DS transduced
HSPCs had a mean of 35.6 nmol/h/mg IDS activity in brain tissue, approximately 13%
that of wild-type on average (p<0.01) (Figure 5A) and this level of IDS activity was
sufficient to normalize GAG accumulation in the CNS (Figure 5B). In the spinal cord,
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MNDU3-IDS treated mice exhibited physiological levels of IDS activity (162.6
nmol/h/mg. MPS Il animals engrafted with wild-type HSPCs had less than 1% of wild-
type IDS activity in the brain (p<.01). In the spinal cord, the HSCT group showed only
3% of wild-type IDS activity (4.5 nmol/h/mg) (p<.0001).

Collected tissues were analyzed for GAG accumulation. In the MNDU3-GFP
affected control group, levels of GAG were consistently higher than wild-type animals in
all organs; the liver, kidney, and spleen in the MNDU3-GFP group had 36x (p<0.0001),
36X (p<0.0001), and 16x (p<0.05) significantly increased GAG compared to wild-type
animals, respectively. In CNS tissues, MNDU3-GFP mice exhibited GAG levels 2.3x
higher in the brain (p<.001) and 9.7x higher in the spinal cord (p<.0001) compared to
wild-type controls. In contrast, the MNDU3-1DS group showed normalization of GAG
levels in all peripheral tissues analyzed. In the CNS, GAG levels were normalized in the
brain and not significantly different from wild-type levels (p=0.1214) (Figure 5B).
Interestingly, the spinal cord in MNDU3-IDS transplanted animals had significantly
higher GAG accumulation than wild-type mice (p<0.05), even though wild-type levels of
IDS were observed (Figures 5A, B). However, GAG accumulation was nonetheless
reduced when compared to the affected (p<0.001) or HSCT control groups (P<0.05). For
the HSCT group, GAG levels were higher than wild-type in all tissues (p<0.01 to
p<0.001) except the ileum. There was major improvement in hemopoietic resident tissues
such as the liver and spleen, but complete GAG normalization was not observed. Lastly,
HSCT mice showed no reduction of storage material in the brain or spinal cord, which

were not significantly different from affected controls. MNDU3-1DS LVV transduced
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HSPC transplanted recipients with significantly increased tissue IDS enzyme activity thus
exhibited concomitant reduction in tissue GAG accumulation, including in the CNS.
Histologic Analysis

GAG content in the liver, kidney, bone marrow, and spleen was additionally
evaluated by Alcian blue staining. Large amounts of GAG accumulated in the bone
marrow and the spleen in the MNDU3-GFP control group, with resident macrophages
contributing to the majority of GAG accumulation in these tissues. Staining in the
MNDU3-IDS and HSCT groups revealed a substantial reduction in GAG content
compared to the MNDU3-GFP group (Figure 6C, G & Supplemental Figure 9A, D). In
MNDU3-GFP mice, GAG content in the liver was mainly located in the cytoplasm of
hepatocytes, leading to large amounts of cytoplasmic vacuolization. The HSCT group
showed a reduction of GAG content in the liver but retained a small amount of storage
material in the perivascular region. GAG levels in liver and kidney of the MNDU3-GFP
group were significantly higher than the MNDU3-IDS group (p<0.0001), which was
normalized to wild-type levels. In the kidney, GAG content of the HSCT group was not
significantly different from the MNDU3-GFP group, but scored significantly different
from the MNDU3-IDS and wild type groups. Accumulation in the kidney was largely in
the interstitium and glomeruli. (Figure 6A, B, E, & F).

Lysosomal associated membrane protein-1 (LAMP-1) is upregulated in cells with
persistent GAG accumulation, such as IDS deficient cells. Therefore, LAMP-1 can be
used as a marker for cellular damage?®?. The MNDU3-GFP group showed significantly

higher
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levels of LAMP-1 in the myocardium and aortic valve compared to wild-type mice
(p<0.05). The MNDU3-IDS group showed normalized LAMP-1 staining in the
myocardium. In the aortic valve, however, there was a reduction in LAMP-1 staining but
this was not significantly different when compared to the MNDU3-GFP group. In the
myocardium, the HSCT group was not significantly different than wild-type but did show
low levels of LAMP-1 positivity in the aortic valve (Figure 6D, H & Supplemental
Figure 9B, E). LAMP-1 positive macrophages were detected only in the colons of the
MNDU3-GFP group (Supplemental Figure 9C, F). Taken together with the GAG assay
results, this histological analysis shows that MNDU3-IDS can effectively reduce storage
material to or near wild-type levels in the tissues analyzed, with the exception of the
aortic valve and spinal cord.

LVV transduction was detected by in situ hybridization (ISH) for both the
MNDUS3-IDS and MNDU3-GFP groups. LVV positive cells were seen in the spleen and
bone marrow, but not in the liver (Supplemental Figure 10C, D). In the brain, LVV
positive cells were seen in the meninges, as well as the perivascular regions
(Supplemental Figures 10A, B, & D), supporting a mechanism of gene-modified
hematopoietic cell engraftment in the CNS. Additionally, ISH was employed to evaluate
two multicentric lymphomas that occurred in two mice from the MNDU3-IDS group.
LVV ISH performed on the spleen and liver was negative in the neoplastic lymphocytes.
Thus, the two instances of lymphoma were considered spontaneous and unrelated to the
vector.

Skeletal analysis
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This MPS 11 mouse model exhibits a skull enlargement phenotype, which includes an
increase in the cross-sectional area of the zygomatic bones?®* To assess the impact of this
therapy on skeletal manifestations, mice were imaged by either full body X-ray or Micro-
CT to evaluate zygomatic arch thickening at 4 months post-transplant. An additional
control group of untreated MPS 11 IDSY" mice (n=8) was also imaged. Figure 7A shows
representative microradiographs from all 5 groups, with arrows indicating the location of
the zygomatic arch. In these images, thickness of the zygomatic arch was measured as the
diameter of the bone at this location. MNDU3-IDS and HSCT groups showed thickness
similar to that of normal wild-type mice. However, mice from the MNDU3-GFP or
untreated MPS Il mice had significantly more bone thickening than untreated wild-type
mice (p<0.01, p<0.0001) (Figure 7B). MNDU3-GFP treated mice showed significantly
thicker zygomatic bones compared to the MNDUS3-IDS treated mice (p<0.05), although
not to the same extent as untreated MPS 11 controls (p<0.0001). These data thus reveal a
trend toward normalization of the zygomatic arch skeletal defect in MNDU3-IDS as well
as HSCT mice.
Neurobehavioral Analysis

At 4-months post-transplant (6 months of age), mice from all 4 groups underwent
neurobehavioral testing to assess neurocognitive function. A 20-hole Barnes maze was
used as a test of spatial navigation and memory and consisted of 4 three-minute trials a
day for 4 days. On day one, all groups scored ~180s latency to escape. On day 3, the
MNDU3-GFP group performed worse than the wild-type group (p<0.05), demonstrating
a latency to escape of 105s compared to 69s. In contrast, the MNDU3-IDS and HSCT

groups performed similarly to the wild-type group with a day 3 latency to escape of 58s
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for each (Figure 8A). Fear conditioning is an associative learning task measuring fear
responses to a conditioned stimulus, in this case a cue (light and sound). In this test, the
MNDU3-IDS group exhibited a fear response that was similar to wild-type controls in %
freezing during cue induction. Both the wild-type and MNDU3-1DS groups had a
significantly better fear response compared to the HSCT group (p<0.05). Wild-type and
MNDU3-IDS groups also trended with a higher percent freezing than the MNDU3-GFP
group, but this difference was not statistically significant (Figure 8B). In conclusion,
transplantation of MNDU3-IDS HSPCs into MPS Il mice showed a trend towards
normalization of neurobehavioral outcomes, indicating the potential for prevention of

neurocognitive deficiency.

Discussion

In this study, we evaluated ex vivo transduction of HSPCs using an LVV carrying
a codon optimized IDS encoding gene that is transcriptionally regulated by a strong,
constitutively active MNDU3 promoter with subsequent transplantation into MPS 11 mice
as a potential therapeutic. Circulating IDS enzyme activity was found to be >100 times
higher than wild-type levels in the plasma and in PBMCs of MNDU3-IDS transplanted
mice, indicating a high level of IDS was secreted from gene-modified hematopoietic cells
and was bioavailable for cross-correction of unmodified host tissues. Tissue analysis
confirmed supraphysiological levels of IDS enzyme activity in all analyzed peripheral
tissues. In the CNS, IDS activity levels were ~13% of wild-type, sufficient to result in
normalized GAG levels as observed both biochemically and histologically.

Neurobehavioral evaluation showed that MNDU3-1DS engrafted mice performed as well
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as wild-type mice in Barnes maze and fear conditioning analyses. Finally, skeletal
analysis determined that MNDU3-IDS mice had significant reduction in zygomatic arch
thickness.

Initial studies of ex vivo LVV-transduced HSPCs for MPS 11 showed correction of
disease in peripheral tissues, but without improvement in CNS manifestations3. Other
more recent studies have evaluated use of a tissue specific promoter, effectiveness against
skeletal manifestations, and the need for a high level of engraftment3!-313, Here we
investigated the use of a ubiquitously expressed promoter in a comprehensive evaluation
of biochemical, skeletal, histological, and neurobehavioral outcomes in MPS |1 mice.
Circulating levels of IDS observed in our study were much higher than those reported in
recent studies®?313, Reasons for these differences could include transduction efficiency,
overall levels of engraftment achieved, or vector design. The sustained,
supraphysiological levels of circulating IDS observed in this study facilitated metabolic
cross-correction of tissues, with greater than wild-type levels of IDS observed in all
analyzed peripheral tissues and commensurate normalization of GAG accumulation in
these tissues. Previous reports of both ex vivo and in vivo IDS gene transfer approaches
have similarly shown supraphysiological levels of IDS with GAG normalization3'%317,
We observed no toxic effect resulting from the high levels of IDS expressed in MNDU3-
IDS treated IDSY"- mice. One concern regarding supraphysiological levels of IDS
expression is the potential impact on post-translational modification and trafficking of
other lysosomal hydrolases*?®. However, recent reports have shown that elevated levels
of IDS in IDS deficient mice restore other lysosomal hydrolases to normal levels of
activity300:315,
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As previously reported, IDS levels measured in the brains of wild-type mice were
higher than any other analyzed tissue3'1:316:317 Qverall, these preclinical studies suggest
that regardless of gene therapy modality, achieving wild type levels of IDS in the mouse
brain remains a significant challenge3'1316317 What it is that limits IDS expression has
not been reported. By comparison, MPS | preclinical gene therapy studies generally
achieve higher than wild type levels of IDUA enzyme activity in the brain3%427:428,
Conversely, preclinical gene therapy studies of MPS I11A have also been unable to
achieve wild-type levels of N-sulfoglucosamine sulfohydrolase*?®4%, Although in this
study normal levels of IDS in the brain were not reached, MNDU3-1DS mice achieved
IDS levels in the brain that were ~13% of wild-type IDS mice and were sufficient to
normalize brain GAG levels. Previous studies have suggested that only a fraction (<5%)
of wild-type IDS is needed to impact GAG accumulation in the CNS314316_ Similar results
have been reported in conjunction with both AAV and LVV based therapies for MPS I1.
AAYV based therapies both systemic3'’ and CNS directed®%%316 have shown that increased
IDS levels in the brain between 5-40% of wild-type significantly reduced GAG content.
A similar finding was reported in an ex vivo LVV based study where ~5% of wild-type
brain IDS activity normalized brain GAG content®!!, Additionally, Laoharawee et al!8
showed that as little as 1.5% of wild-type IDS reduced GAG accumulation and positively
impacted neurocognitive function. Our data are consistent with these studies, as we
observed normalization of brain GAGs to wild-type levels, and no significant differences
were seen between MNDU3-IDS and unaffected controls in tests of spatial learning and
memory in the Barnes maze as well as learning and memory in fear conditioning.
Additionally, the MNDU3-IDS group performed significantly better than the MNDU3-
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GFP affected control group in the Barnes maze on Day 3 and the HSCT group in fear
conditioning. While we observed that the MNDU3-GFP affected control mice failed to
show as much of a deficit as expected based on previous neurobehavioral analyses of
similarly aged MPS 1l mice3!53%6 the differences between the HSCT, MNDU3-IDS and
wild-type groups highlight the potential effectiveness of LVV gene therapy over
allogeneic HSCT to impact neurological manifestations of MPS I1.

The mechanism of action of allogeneic HSCT for treatment of the
mucopolysaccharidoses, especially MPS 1, is thought to be, in part, through donor-
derived monocyte trafficking to the brain followed by differentiation into resident
microglia®. These cells can then metabolically cross-correct neurons via mannose-6-
phosphate receptors to reduce GAG levels and impact CNS manifestations associated
with the disease*®. This concept also applies to autologous LVV transduced HSPCs,
whereby the progeny of transduced HSPCs traffic to the CNS, differentiate into microglia
and mediate metabolic cross-correction. To support this mechanism, we used in situ
hybridization to demonstrate the presence of LVV positive cells in the choroid plexus,
perivascular regions of the brain, and in the brain meninges. However, we did not see any
LVV positive cells in the brain parenchyma. Another possible mechanism of enzyme
delivery to the brain is by circulating enzyme crossing the blood brain barrier or blood
CSF barrier3%0:383, Systemic based studies have provided evidence that sufficiently high
levels of circulating IDS enzyme can impact the CNS. A liver directed therapy using
AAYV 2/8 vectors encoding zinc finger nucleases targeting the albumin locus for liver-
specific expression showed a moderate level of circulating IDS, a low level of brain IDS
activity, a reduction in GAG accumulation, and neurobehavioral correction3!8, Similar
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results have been shown in studies focusing on MPS | and IDUA expression in a liver
directed strategy using intravenously administered AAV38431 However, the mechanism
by which circulating enzyme accesses the CNS has not been elucidated. Given the
extremely high levels of systemic IDS achieved in our study, it is thus possible that
circulating IDS contributed to the observed IDS levels in the brain of MNDU3-IDS mice.

Patients with MPS 11 exhibit a variety of skeletal manifestations termed dysostosis
multiplex. MPS Il mice also display skeletal evidence of disease, such as thickening of
the zygomatic arch?®*. To evaluate the impact of autologous HSCT with gene-modified
cells on skeletal manifestations associated with MPS 11, we employed full body X-ray
and Micro-CT. Wada et al**® recently showed that ex vivo gene therapy in MPS Il mice
can resolve bone lesions, including the zygomatic arch, by remodeling. Our skeletal
analyses showed similar results in which we saw a reduction in zygomatic arch diameter,
suggesting engraftment of MNDU3-IDS transduced cells could prevent the emergence of
skeletal manifestations in MPS 11 mice.

Allogeneic HSCT is not considered a standard treatment option for MPS 11 due to
the lack of evidence that it can effectively address CNS manifestations, as well as safety
issues associated with allotransplant such as graft vs. host disease®?2%L, This contrasts
with other lysosomal diseases, such as MPS |, where allogeneic HSCT is considered
standard of care and there is evidence that engraftment following allogeneic HSCT can
impede the onset of CNS manifestations. Given that MPS | and MPS |1 exhibit similar
disease manifestations, why is it that only MPS | shows neurologic stabilization
following allogeneic HSCT? Currently, one difference is that the time to diagnosis has

been faster for MPS | than for MPS 11; diagnosing and transplanting MPS |1 patients at an
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earlier age could lead to increased neurologic stabilization'”°. Indeed, some recent
evidence suggests that allogeneic HSCT, particularly when administered early, could be a
viable treatment option for MPS 11251254 [t’s also possible that the amount of IDS
expressed by engrafted cells may be insufficient to achieve therapeutic effectiveness. If
this is the case, ex vivo gene transfer may be a better option for delivering more gene-
modified cells capable of producing supraphysiological levels of enzyme compared to
allogeneic HSCT.

Here we report that MPS Il mice engrafted with MNDU3-IDS transduced HSPCs
exhibit supraphysiological levels of circulating, bioavailable IDS enzyme capable of
tissue cross-correction as evidenced by normalization of GAGs. In the CNS, increased
levels of IDS activity with concurrent GAG normalization was observed as well as a
benefit to neurocognitive function. Overall, this study supports the potential therapeutic

efficacy of ex vivo MNDU3-IDS LVV transduced HSPCs for MPS Il patients.
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Figure 3. Donor chimerism and VCN analysis in transplant recipients. (A)
Diagram of the lentiviral vector proviral construct containing a codon optimized IDS
or GFP sequence regulated by the MNDU3 promoter. dU3- deleted U3 region (self-
inactivating), R- repeat region, U5- unique 5’ region, Y- packaging signal, gag- group
specific antigen sequence, cPPT- central polypurine tract, RRE- rev response element,
MNDU3- myeloproliferative sarcoma virus U3 region with negative control elements
deleted and dI587rev primer binding site added*®, IDS- codon optimized human IDS.
(B) Mean donor engraftment for the three transplant groups as indicated in the key. (C)
Percentage of GFP positive cells for each animal in the MNDU3-GFP group. Green
lines show individuals, while the black line indicates GFP+ average over time. In D
and E, PBMCs were analyzed by qPCR to determine VCN per cell (c/dg) post-
transplant. The dark orange and dark green lines on each graph represent the MNDU3-
IDS and MNDU3-GFP average VCNs by month, respectively. (D) MNDU3-IDS LVV
transplant group VCN evaluation. Orange lines show individual animal VCN by
month. (E) MNDU3-GFP LVV transplant group, VCN evaluation. Green lines show
individual animals VCN by month. Some time points were not collected due to
COVID-19 lockdown. (For donor chimerism data this includes two month 2, two
month 3, and four month 5 MNDU3-1DS samples; one month 2, one month 3, and
three month 5 MNDU3-GFP samples; and one month 2, one month 3, and one month
5 HSCT samples. For VCN this includes two month 3 and two month 5 MNDU3-IDS
samples, and one month 3 and two month 5 MNDU3-GFP samples.) Sample size for
group engraftment: MNDU3-IDS N=9-14, MNDU3-GFP N=8-12, HSCT N=10-11.
Sample size for GFP evaluation: MNDU3-GFP: N=12. Sample size for VCN analysis:
MNDU3-IDS N=14 and MNDU3-GFP N=12. Error bars show mean +/- S.D. for B-E.
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A. Plasma IDS Enzyme Activity
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Figure 4. Plasma IDS, PBMC IDS and urine GAG excretion. (A,
B) Plasma and PBMC mean IDS enzyme activities by month for each
group indicated in the key. All MNDU3-GFP plasma samples have
been omitted, as the activity measured was below limit of
quantification (LOQ). (C) Mean excreted GAGs in urine collected 2
weeks before the study and then monthly thereafter for the groups
indicated in the key. Some time points were not collected due to
COVID-19 lockdown (for plasma, PBMC, and urine GAGs; two
month 3 and two month 5 MNDU3-1DS samples, one month 3 and
two month 5 MNDU3-GFP samples, and two month 3 and two month
5 Untreated-Wt samples). Sample size for IDS activity assays:
MNDU3-IDS N=11-14, MNDU3-GFP N=9-12, HSCT N=10, and
Untreated-Wt N=9-12. Sample size for Urine GAG assays: MNDU3-
IDS N=4-9, MNDU3-GFP N=6-10, HSCT N=1-9, and Untreated-Wt
N=1-5. Error bars show mean +/- S.D.
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A. Tissue IDS Activity Levels
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Figure 5. Tissue IDS enzyme and GAG levels for Chapter I1.
(A) Mean IDS activity in each indicated tissue for each
experimental group shown in the key. (B) Mean GAG levels in
the indicated tissue and for animal groups shown in the key.
Sample size for IDS activity and GAG assays: MNDU3-1DS

N=9-12, MNDU3-GFP N=8-11, HSCT N=7-10, and Untreated-
Wt N=8-11. Error bars show mean +/- S.D.
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A. Liver
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Figure 6. Histological evaluation. Micrographs are presented by group,
left to right: MNDU3-IDS, MNDU3-GFP, HSCT, and Untreated-Wt. (A)
Liver, Alcian blue (AB) staining. The MNDUS3-IDS and Untreated-Wt
groups are both AB negative. The MNDU3-GFP group has extensive
deposition of AB positive material in the perivascular region extending
out into the acini disrupting the architecture (asterisk). There is extensive
vacuolation of the hepatocytes with variable amounts of cytoplasmic AB
positive material in hepatocytes. The HSCT shows a small amount of AB
positive material in the perivascular regions. Scale bars = 50 um. (B)
Kidney, AB staining. The MNDU3-IDS and Untreated-Wt groups both
have a normal amount of AB positive material. The MNDU3-GFP and
HSCT groups both have AB positive material within the collecting duct
epithelial cell cytoplasm. Scale bars = 50 um. (C) Bone marrow, AB
staining. The MNDU3-IDS, HSCT and Untreated-Wt groups are AB
negative. The MNDU3-GFP group has numerous macrophages with
abundant cytoplasmic AB positive material (black arrow). Scale bar = 10
pum. (D) Aortic valve, LAMP-1 IHC. The MNDU3-IDS group has scant
LAMP-1 positivity within the valvular stroma. The MNDU3-GFP group
has extensive LAMP-1 positivity throughout the valvular stroma (black
arrow). The HSCT group has a small amount of LAMP-1 positivity
throughout the valvular stroma. The Untreated-Wt group is LAMP-1
negative. Scale bar = 50 pm. Semiquantitative scoring of AB staining in
the (E) liver, (F) kidney, and (G) bone marrow. (H) LAMP-1 IHC
guantitative scoring of the aortic valve. Error bars show SEM. Statistics
done by one-way ANOVA. *: P<.05, ****: P<,0001.
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A. Skeletal Radiographs B. Zygomatic Arch Diameter
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Figure 7. Skeletal analysis. (A) Example radiographs of mouse
skulls obtained by Micro-CT analysis for the indicated
experimental group. Arrows indicate zygomatic arch location. (B)
Comparison of zygomatic arch diameter by group. Significance
was determined by one-way ANOVA with Tukey's multiple
comparisons test. Sample sizes: MNDU3-1DS N=13, MNDU3-
GFP N=11, Untreated-MPS Il N=8, HSCT N=10, and Untreated-
W1t N=11. Error bars show SEM. ns: no significance, *: P <.05, **;
P<.01, ****: P<.0001.
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A. Barnes Maze: Latency to Escape
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Figure 8. Neurocognitive evaluation by Barnes maze and
fear conditioning cue. All four groups were evaluated
neurobehaviorally at 4 months into the study. (A) Barnes maze
as a long-term spatial memory test. Results are reported as the
mean latency to escape over four trials per day for each group.
Significance was assessed by 2-way ANOVA. *: P<.05. (B) Fear
conditioning cue test, run as a test of learning, memory, and
anxiety. Results are reported as percent difference in freezing
time between mean of 3 cued vs mean of 3 baseline timepoints
per mouse. Significance was determined by Mann-Whitney U
Test. *: P<.05. For A and B, error bars show mean +/- S.D.
Sample size for both tests: MNDU3-IDS N=12, MNDU3-GFP
N=11, HSCT N=10, and Untreated-Wt N=11.
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B. Myocardium A.Spleen

C. Colon

Figure 9. Spleen Alcian blue staining; heart and colon LAMP-1 IHC.
Micrographs are presented by group, left to right: MNDU3-1DS, MNDU3-GFP,
HSCT, and Untreated-Wt. (A) Spleen, AB staining. The MNDU3-IDS, HSCT and
Untreated-Wt groups are AB negative. The MNDU3-GFP group has numerous
macrophages with abundant cytoplasmic AB positive material (black arrow). Scale
bar = 40pum. (B) Myocardium, LAMP-1 IHC. The MNDU3-IDS, HSCT and
Untreated-Wt groups are LAMP-1 negative. The MNDU3-GFP group has
extensive mild LAMP-1 positivity within cardiac myocytes (black arrow). Scale
bar = 40um. (C) Colon, LAMP-1 IHC. MNDU3-IDS, HSCT and Untreated-Wt
groups are LAMP-1 negative. The MNDU3-GFP group has numerous LAMP-1
positive macrophages throughout the tunica muscularis and submucosa (black
arrow). There is mild multifocal LAMP-1 positivity within smooth muscles cells
of the tunica muscularis. Scale bar = 40um. (D) Semiquantitative scoring of spleen
AB staining. LAMP-1 IHC quantitative scoring of the myocardium (E) and colon
(F). Error bars show SEM. Statistics done by one-way ANOVA. *: P<.05, ***:
P<.001, ****: P<.0001.
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Figure 10. LVV detection by in situ hybridization (ISH).
Micrographs are presented by group, left to right: MNDU3-
IDS, MNDU3-GFP. (A) LVV ISH in meninges of both the
MNDU3-IDS and MNDU3-GFP groups have extensive
moderate LVV ISH positivity (black arrows). Scale bars = 20
pm. (B) LVV ISH in the perivascular region of the cortical
grey matter in both the MNDU3-IDS and MNDU3-GFP
groups has multifocal moderate LVV ISH positivity (black
arrows). Scale bars =20 um. (C) LVV ISH in the liver is
diffusely negative in both the MNDU3-IDS and MNDU3-
GFP groups for LVV ISH. Scale bars = 40 um. (D)
Quantitative ISH scoring based on positive cell rate. Errors
bars show SEM.
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Summary

Mucopolysaccharidosis type Il (MPS 11, Hunter syndrome) is an X-linked
recessive lysosomal disease caused by iduronate-2-sulfatase (IDS) deficiency.
Insufficient IDS leads to the accumulation of glycosaminoglycans (GAGS) in tissues and
the emergence of disease manifestations that include cardiopulmonary dysfunction,
dysostosis multiplex, neurological impairment, and in severe cases death by early
adolescence. Currently, the only approved treatment for MPS 11 is enzyme replacement
therapy (ERT), Elaprase®. However, systemically delivered enzyme does not readily
cross the blood brain barrier, leaving the neurological manifestations of MPS II
unaddressed. An alternative strategy for the treatment of MPS 11 is CSF-directed
administration of AAV9.CB7.hIDS (RGX-121). However, it is not known whether CSF-
directed administration of AAV9.CB7.hIDS will improve both neurologic and systemic
manifestations of MPS Il or if supplemental systemic administration will be necessary. In
this study we compared the effectiveness of a CNS-directed intrathecal (IT) route of
administration (ROA) with a systemic intravenous (IVV) ROA at a range of vector doses.
Doses of 1x107gc and 1x108gc were ineffective when administered by either ROA. A
dose of 1x10°gc by either ROA resulted in plasma IDS activity at or above wild type
levels but was insufficient to achieve wild type levels of IDS or reduced GAGs in most
tissues, including the CNS. Doses of 1x10%gc and 1x10*'gc by either ROA, resulted in
plasma IDS activity >100-1000 times the wild type level, and nearly all tissues showed at
or above the wild type IDS levels, with a commensurate reduction of GAGs. These same
doses by either ROA showed normalization of the zygomatic arch diameter compared to

untreated controls or animals administered vector at lower doses, thereby demonstrating
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the effectiveness CSF-administered vector in addressing peripheral manifestations of
disease. In the brain, the highest quantifiable levels of IDS activity, greatest reduction in
GAG content, and prevention of neurocognitive deficits was achieved by administration
of 1x10gc IT. We conclude that IT or IV administration of AAV9.CB7.hIDS at a dose
of 1x10%c normalized metabolic and skeletal outcomes in MPS Il mice, but that
neurologic improvement required IT administration of 1x10%gc, suggesting the prospect

of a similar direct benefit in humans.

Introduction

Mucopolysaccharidosis type 11 (MPS 11 or Hunter syndrome) is an X-linked
recessive lysosomal disease that affects approximately 1:160,000 male births®. The
disease is caused by mutation in the IDS gene, which leads to deficiency of iduronate-2-
sulfatase (IDS). IDS is required for the stepwise degradation of glycosaminoglycans
(GAGs) heparan sulfate and dermatan sulfate®. Insufficient IDS thus leads to lysosomal
accumulation of fully or partially undegraded GAGs in practically all tissues, including
cardiac, skeletal, and nervous tissue. Patients with MPS Il manifest organomegaly, joint
stiffness, arthropathy, hearing loss, cardiopulmonary dysfunction, and skeletal
dysplasias®’. In addition to peripheral disease symptoms, 2/3"% of patients exhibit central
nervous system (CNS) manifestations that begin around the age of 2. This neuronopathic
form of MPS 11 includes aggressive behavioral problems, seizures, developmental delay,
neurocognitive decline, and death by adolescence®’:87:88.94,

Enzyme replacement therapy (ERT), intravenously administered recombinant IDS

(Elaprase®), is the current standard of care for MPS 1177:212305 Both non-neuronopathic
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and neuronopathic forms of MPS show benefit from ERT in the periphery, such as
reduced urine GAG excretion, reduced organomegaly, and improved walking
performance’®2%, ERT can thus manage some aspects of the disease with weekly
infusions, but some peripheral and all neurological disease manifestations are left
unaddressed. Patients followed for 9 years on ERT did not improve in respiratory, ocular,
skeletal or CNS outcomes?!®. It is widely held that ERT provides no CNS benefit for
neuronopathic MPS 1l because the administered enzyme does not cross the blood brain
barrier (BBB)*®°. A recent clinical evaluation of intrathecally (1T) administered ERT
showed promise by stabilizing neurocognitive function in some patients but failed to do
so in others?®*, ERT is also problematic with regard to high cost (>$500,000 USD) and
time-consuming weekly infusions. Due to its effectiveness in other lysosomal diseases
such as MPS 1, allogeneic hematopoietic stem cell transplantation (HSCT) has also been
considered as a treatment for MPS Il. However, due to early reports of uncertain CNS
benefit and transplant complications HSCT is not currently a recommended treatment for
MPS 1143, Although more recent reports on HSCT for MPS Il have shown some
neurologic benefit, so far there is insufficient and variable clinical outcome?°1254:348,
There is thus an unmet need for treatment that can overcome the limitations of those
currently available for MPS I, particularly the neuronopathic form of the disease.

The monogenic nature of MPS 11 means metabolic correction is achievable by
supplying a functional copy of the IDS sequence via gene transfer. In addition, cells
supplied with a functional gene copy can secrete enzyme via the mannose-6-phospahte
pathway to metabolically cross correct other defective cells®?°. For in vivo gene transfer

purposes, AAV vectors have several advantageous properties for treating lysosomal
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diseases in general, such as a variety of tropisms, the potential for strong and lasting
expression; and safety®5371454455  AAV serotype 9 (AAV9) has been of particular interest
for MPS 11 gene therapy owing to its neurotropic properties and potential for systemic
transduction®%45, Delivery of AAV for MPS Il has been accomplished through both
systemic and CNS-directed routes of administration (ROA) in MPS Il mice. The earliest
reports consisted of systemic administration of an AAV2 vector, which showed
correction of skeletal and locomotor abnormalities?>314. More recently sSCAAV9 was
introduced intravenously (1) showing brain IDS activity, brain GAG reduction, and
improved neurobehavior using vector doses between 2.5x10'2gc-2x10%3gc3!’. Several
studies have explored CSF-directed AAV9 administration either intracisternal or
intracerebroventricular (ICV). Lower doses of 3x10%°gc-5x10%°gc achieved widespread
CNS transduction, IDS activity and GAG reduction in the brain, with normalized
neurocognitive function3%0314315 These results suggest that unlike ERT or HSCT, gene
therapy can address the CNS disease manifestations in MPS 11 patients. Previously
conducted MPS Il clinical trials involving transduction of patient lymphocytes ex vivo
with a retroviral vector or liver directed gene editing did not achieve significant IDS
expression. Currently, AAV9.CB7.hIDS (RGX-121) is in clinical trials where it is
administered intracisternally (NCT03566043, NCT04571970) to address the CNS disease
manifestations. However, it is not known whether RGX-121, when administered
intrathecally, is sufficient to remedy both peripheral and CNS manifestations of MPS II.
In this study, IT and IV ROAs were compared for their effectiveness and dose-response
in remedying both peripheral and CNS manifestations of murine MPS Il as a model for

genetic therapy of the human disease.
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Materials and Methods
Animal husbandry

All animal husbandry and procedures were compliant with and approved by the
University of Minnesota Institutional Animal Care and Use Committee (IACUC). Wild-
type C57BL/6 mice were purchased from the National Cancer Institute or Envigo and
C57BL/6 iduronate-2-sulfatase knockout (1dS-KO) mice were graciously provided by Dr.
Joseph Muenzer of the University of North Carolina?®4. Offspring were genotyped by
PCR and maintained at University of Minnesota Research Animal Resources facilities
under specific pathogen free conditions. Animals were provided food and water ad

libitum.

AAYV vector design and production

RGX-121 was designed, constructed, and packaged by REGENXBIO, Inc.,
Rockville, Maryland. The vector plasmid consisted of; (i) the CB7 promoter sequence
(chicken B-actin promoter and cytomegalovirus immediate-early enhancer) and chimeric
intron (chicken B-actin intron with intron 2 splice acceptor, rabbit B-globin exon 3). (ii) a
codon-optimized hIDS coding sequence; (iii) a rabbit B globin polyadenylation signal.
(iv) AAV2 ITR’s (inverted terminal repeats) flanking the IDS transcription unit. This
AAYV vector construct was packaged?!® by co-transfection with an AAV2/9 rep/cap
plasmid along with adenovirus helper plasmid pAdDF6 into HEK293 cells. Vector

product was purified from cell supernatant by affinity chromatography as previously
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described*®’. For potency assessment the vector which was titered by digital droplet

PCR4,

AAYV vector administration

Genotyped MPS Il mice were administered AAV9 vector doses of 107, 108, 10°,
10, or 10** genome copies (gc) at two months of age. Intravenous injections were given
in a 100pL volume through the lateral tail vein. Intrathecal injections were given to
conscious animals in a 10pL volume between the L5 and L6 vertebrae as previously

reported3®®,

Tissue processing

Animals were euthanized at 4 or 7 months of age by CO2 asphyxiation and
transcardially perfused with 0.9% normal saline. A necropsy was performed, and tissues
(liver, spleen, kidney, brain, heart, lung, spinal cord, and gonad) were harvested, frozen
on dry ice and stored at -20 °C until processed. A section of each tissue was fixed in 10%
neutral buffered formalin (VWR) at a ratio of 1:10-20 v/v tissue to formalin, and after 24-
48 hours transferred to 70% ethanol for storage and histologic analysis. A Bullet Blender
bead mill (Storm 24 Homogenizer, NEXT ADVANCE) was used to process tissues for
biochemical analysis by homogenization in 0.9% saline as previously described 316:318 and
clarified by centrifugation in a 5424R Eppendorf centrifuge. The clarified supernatants
were termed tissue lysates and were used for protein, IDS, and GAG assays. Unclarified
homogenates were used for gPCR analysis. Homogenates and lysates were stored at -20

°C until further processing or analysis.
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Iduronate-2-sulfatase (IDS) enzyme activity

IDS enzyme activity in plasma and tissue lysates was determined in a
fluorometric assay using 4-methylumbelliferyl a-I-iduronide 2-sulfate disodium salt (4-
MU2S) as substrate (Cat #: M334715, Toronto Research Chemicals or Cat #: EM03201,
Carbosynth) as previously described3164%, 5 mg of 4-MU2S substrate was dissolved in
8.33 mL substrate buffer (0.1M Na-Acetate buffer, pH 5.0 + 10 mM Pb-Acetate + 0.02%
(w/v) Na-azide) to yield a 1.25 mM working solution. 10 uL aliquots of plasma or tissue
lysates were mixed with 20 uL aliquots of working substrate and incubated at 37 °C for
1.5 hours. The IDS reaction was then stopped with the addition of 20 uL of PiCi Buffer
(0.2M Na2HPO4 + 0.1M Citric Acid, 0.02% Na-Azide, pH 4.5). 10 uL of 5 ug/mL
alpha-L-iduronidase (IDUA) (Cat #: 4119-GH, Bio-Techne) was added and incubated at
37 °C overnight. The reaction was terminated by adding of 200 uL stop buffer (0.5 M
Na2C03 + 0.5 M NaHCO3, pH 10.7) and then the reaction mixture was centrifuged at
~13,000 rpm for 1 minute. The supernatant was transferred into a black 96-well round
bottom plate and the resulting fluorescence was measured using a Bio-Tek Synergy Mx
plate reader with excitation at 355 nm and emission at 460 nm. A 4-MU (Sigma
#M1381) standard curve was used to calculate the amount of 4-MU produced in the
reaction. Tissue lysates were also assayed for total protein using Pierce protein assay
reagent (Cat #: 22660, ThermoFisher). Enzyme activity is expressed as nmol 4-MU
released per mg protein per hour (nmol/h/mg) for tissues extracts, and as nmol/h/ml for

plasma. All samples were assayed in duplicate.
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Glycosaminoglycan (GAG) assay

Proteinase K (20 mg/mL) was mixed with tissue lysates at a ratio of 1:10
(ProK:tissue lysate) and incubated at 55 °C overnight, followed by proteinase K
inactivation by boiling for 10 minutes. 50uL of tissue lysate was then digested with 200
units of DNase and 2 mg of RNase at room temperature overnight. Nucleases were
inactivated by boiling for 10 minutes. GAG levels were determined using the Blyscan
Sulfated Glycosaminoglycan Assay kit (Biocolor Life Science Assays, Accurate
Chemical, NY Inc. Cat # CLRB1000) according to the manufacturer’s instructions, with
results expressed as pug GAG/mg lysate protein. GAG levels were assayed in unprocessed
urine using the Blyscan kit, normalizing to urine creatinine (creatinine levels were
determined using a creatinine assay kit; Sigma, MAKO080) and expressed as pg GAG/mg

creatinine.

Vector biodistribution by quantitative PCR (qPCR)

Tissue homogenates were incubated with Proteinase K overnight at 55°C and then
genomic DNA was extracted using phenol-chloroform. For gPCR, each reaction
contained 100ng gDNA template, 2x 1Q SYBR Green Supermix (Bio-Rad), 5pmol/uL
forward primer (5’-CCCTGGTAATCCCCGTGAAC-3”), Spmol/uL reverse primer (5°-
TGGTGCGTATGGAATAGCCC-3’), and nuclease free water to a volume of 25uL.
Thermocycler parameters were: 95°C for 5 minutes, followed by 40 cycles of 95°C for
15s, 59°C for 30s, and 72°C for 45s in a Bio-Rad C1000 Touch Thermo Cycler. A

standard curve was generated by serial dilution of plasmid
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pAAV.CB7.CI.hIDS.RBG.KanR. QPCR results from analysis are expressed as vector

copies per genome equivalent.

Radiographic analysis of zygomatic arch

One week before euthanasia, all experimental animals underwent Micro-CT
imaging using a Siemens Inveon PET/CT machine. The animals were sedated with 5%
isoflurane before imaging. Micro-CT imaging resulted in DICOM files that were
converted to Imaris image files using the Imaris File Converter software. This Imaris file
was analyzed using the Imaris 3D Analysis software. This analysis obtained whole body

measurements from the converted Micro-CT scans, including zygomatic arch diameter.

Histopathology

Processing of formalin-fixed tissues was carried out by a graded series of
alcohols. For hematoxylin and eosin (H&E) analysis, tissues were embedded in paraffin
and 4 um sections were cut and stained. For Alcian Blue staining, 4 um sections were
cut, deparaffinized, and hydrated to distilled water. Sections were immersed in a solution
of 3% acetic acid for 3 minutes and subsequently stained with Alcian Blue for 30
minutes. After rinsing with running tap water and then distilled water, the slides were
counterstained with nuclear fast red. For LAMP1 IHC, 4 pm formalin-fixed, paraffin-
embedded (FFPE) sections were deparaffinized, rehydrated, and submitted to heat
induced antigen retrieval in EDTA. Slides were incubated with a 1:500 diluted rabbit

monoclonal anti-LAMP antibody (ab208943, Abcam) overnight at 4°C. Following this,
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slides were incubated with Rabbit Envision (Dako) for 30 minutes and then chromogen

3,3'-diaminobenzidine (DAB) before hematoxylin counterstaining.

Barnes Maze

The Barnes maze is a measure of spatial navigation and memory*¥’. The maze is
comprised of a circular platform with twenty holes located around the periphery, all of
which are blocked apart from the escape hole. The escape hole has a box placed
underneath, which is accessible to the mouse. Visual cues are placed on the walls
surrounding the maze, which are used by the mice for spatial navigation. The mouse is
placed in the center of the maze under bright overhead lights and given 3 minutes to
explore the maze. If the mouse does not enter the escape box within 3 minutes, it is
gently guided to the escape hole and left there for 15-30 seconds before returning to its
home cage. The mice were given trials on the Barnes maze 4 times a day for 4 days, with
an interval of 10-20 minutes between any two consecutive trials for each mouse. The

time taken by the animal to enter the escape hole was recorded as latency to escape.

Statistics

Microsoft Excel was used for calculations and analysis. GraphPad Prism was used
for all graphing and statistics. One-way ANOVA was utilized for group comparisons in
radiographic data. Multiple group comparisons were evaluated by 2-way ANOVA for

Barnes maze. P values of < 0.05 were considered statistically significant for all tests.
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Results
Study Rationale and In-life evaluations

We previously reported the prevention of neurologic deficits and metabolic
disease in MPS Il mice after either intravenous*®® or CSF-directed3
(intracerebroventricular) administration of an AAV9.CB7.hIDS vector to achieve
systemic or CNS -directed expression of iduronate sulfatase. We also observed in the
ICV studies that there was substantial release of AAV9-hIDS vector from the CSF,
transduction of the liver and secretion of IDS into the circulation3®, The current study
has been undertaken first of all to determine if the systemic level of enzyme achieved
after AAV9-hIDS delivery through the CSF is sufficient to alleviate peripheral
manifestations of disease, or if supplemental intravenously administered vector is
required for this purpose. Secondly, our previous IV and ICV studies were carried out at
very high vector doses (5 x 10%%c ICV, 1 x 10*gc 1V), so another goal of the current
study was to determine the quantitative relationship between vector dose delivered, the
level of IDS expression achieved and associated alleviation of disease manifestations. In
this study we thus compared CNS directed (IT) and systemically directed (IV)
administration of RGX-121 (AAV9.CB7.hIDS) in a murine model of MPS 1. A
depiction of the AAV9.CB7.hIDS vector is shown in Figure 11A. Briefly, the vector
construct consists of the constitutive CB7 promoter regulating expression of a codon
optimized human IDS sequence. Comparative effectiveness of IT and IV routes of
administration (ROA) was further evaluated by dose ranging; MPS Il mice at 2 months of

age were administered doses of 107-10%gc per animal.
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After vector administration, the effectiveness of gene delivery was assessed by
measuring circulating levels of IDS activity (Figures 11B, C). Supraphysiological levels
of IDS (150 to 1300 times normal) in the plasma of mice treated at the two highest doses
via both ROAs were observed. For doses 10'°gc and 10%gc, the mean enzyme activity
levels in the plasma by IV ROA were 5702nmol/h/mL and 39,400nmol/h/mL, and by IT
ROA they were 4400nmol/h/mL and 27,800nmol/h/mL. In comparison, the average
plasma enzyme activity in wild type mice was 33 nmol/h/mL (Figure 11B, C).
Interestingly, animals administered 10°gc showed a greater than 10-fold reduction in IDS
activity compared to animals administered 10'°gc (28-fold for 1V administered animals,
93-fold for IT administered animals), with the IV group generating a distinctly higher
average level of plasma IDS enzyme (176nmol/h/mL) compared to the 10°gc IT group
(47nmol/h/mL). Animals dosed with 10gc or 108gc showed diminishingly little (IV
administered mice) to undetectable (IT administered animals) levels of circulating IDS
activity. In summary, doses of 10’gc and 108gc via both ROA showed low and
inconsistent levels of enzyme, the 10°gc dose gave wild type (IT) or just above wild-type
(IV) enzyme levels, while the 10%%c and 10*'gc doses given via either ROA conferred
supraphysiological levels of circulating IDS enzyme that were consistent over the entire
study period.

Urine samples were collected over the 20-week study period to evaluate GAG
excretion. Untreated MPS Il controls had a demonstrably higher mean level of urine
GAG over the study (2010pug GAG/mg creatinine) compared to wild type controls
(775ug GAG/mg creatinine). 10°gc, 10%gc, and 10*gc doses given by IV ROA were

sufficient to normalize urine GAG levels (Figure 11D). In comparison, only the 10'°gc
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and 10*'gc doses by IT ROA were sufficient to normalize urine GAG levels (Figure
11E). The 10%jc IT group exhibited normalized urine GAG (mean 793ug GAG/mg
creatinine) at the 2-week time point, but by the end of the study at 20 weeks urine GAG
in this group had increased to affected MPS 11 levels (mean 2214ug GAG/mg creatinine).
Animals given doses of 10’gc or 108gc via either ROA showed elevated levels of urine
GAG throughout the study period. Overall, a minimal dose of 10° IV or 10% IT was

needed for normalization of urine GAG excretion in MPS Il mice.

Tissue IDS enzyme and GAG levels

At 20 weeks post-administration, all mice were euthanized, and tissues collected
to evaluate IDS enzyme, GAG storage, vector biodistribution and tissue pathology as
described in Materials and Methods. Wild type mice showed a wide range of IDS enzyme
activities depending on tissue type, with the brain showing the highest IDS activity at a
mean of 230.5nmol/h/mg protein down to a mean of 4.9nmol/h/mg protein in the heart
(Figure 12A, B). In contrast, the affected MPS Il mice had no IDS activity detectable in
any tissue, with a collective average background for all tissue samples of 0.22nmol/h/mg
protein.

Mice given 10gc IV exhibited IDS activity levels at or exceeding wild type
levels in all peripheral tissues. The liver showed the highest levels of IDS activity, with
an average of 4315nmol/h/mg protein or 181x wild type. Animals administered 10%°gc IV
also showed a high level of expression in peripheral tissues, conferring
supraphysiological levels of enzyme activity in the liver, spleen, kidney, and heart, with

other tissues showing a high percentage of wild type activity, such as 50.5% in the lung.
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The 10%gc dose was less effective, showing supraphysiological levels of enzyme activity
only in the liver. Little to no activity was observed in any of the other peripheral tissues
of animals administered 10°gc, similar to animals administered 10’gc and 108gc IV.

Tissues from IT administered animals showed a pattern similar to the 1V
administered animals at the 10'gc and 10'°%gc doses. Again, the highest levels of IDS
activity in animals dosed 10*'gc were found in the liver, with an average of
10,574nmol/h/mg protein or 443x wild type levels. All peripheral tissues at this dose met
or exceeded wild type levels except the lung which was 87.4nmol/h/mg protein (85.7%
wild type). Supraphysiological levels of enzyme activity were found in the liver, spleen,
kidney, and heart of animals dosed 10'°gc, with closer to wild type levels found in other
major organs, such as 23% wild type in the lung. Only the liver showed an appreciable
level of enzyme activity at the 10°gc IT dose, and the 107gc and 108gc doses showed little
to no activity in any peripheral tissue. Overall, the 10'°gc dose conferred similar levels of
IDS enzyme activity when comparing IV vs. IT. However, except for the liver, peripheral
tissues from mice treated by the IV ROA on average had higher levels of IDS enzyme
activity than the IT ROA at the 10''gc dose.

In peripheral tissues, normalization of GAG content was observed in all tissues of
animals dosed at 10'°gc or 10''gc 1V. Reduced storage material was seen at the 10%gc
dose by IV ROA, notably in the liver (98.6%), spleen (84.3%), and heart (82.2%), but
other tissues showed little to no correction in GAG content compared to affected MPS 11
controls (Figure 12C). By IT ROA, 10*gc conferred GAG normalization in all peripheral
tissues. 10'°gc administered IT also showed GAG normalization in most tissues as well

(Figure 12D). The lung and kidney showed incomplete but significant reduction in GAG
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to 1.7x wild type levels for both tissues (98.4% and 97.4% correction, respectively).
Reduced GAG was seen only in the liver and spleen of animals dosed 10%gc IT. Animals
given 107gc or 108gc by either ROA showed little to no reduction in GAG content of any
tissue. Overall, neither robust IDS enzyme activity nor significant reduction in GAG
content was observed in mice treated at the 10’gc or 108gc doses by either ROA. The
10°gc dose showed IDS activity comparable to wild type in the liver and GAG reductions
in some, but not all tissues analyzed. In contrast, at 10'%gc and 10*'gc doses, most tissues
showed high if not supraphysiological levels of IDS enzyme and normalization of GAG
content.

An essential part of a genetic therapy for MPS Il will be to address neurologic
manifestations of the disease. In this study, we examined the IDS activity levels of whole
brain and spinal cord. A high level of mean IDS activity was assessed in wild type
controls, 230.5nmol/h/mg protein in the brain and 126.2nmol/h/mg protein in the spinal
cord. Test animals exhibited average IDS activities of 3.8nmol/h/mg protein in the brain
and 38.4nmol/h/mg protein in the spinal cord when administered 10*gc IT (Figure 12B).
In contrast, 10'!gc administered by IV ROA conferred an average of 2.6nmol/h/mg
protein in the brain and 18.2nmol/h/mg protein in the spinal cord (Figure 12A). All other
doses by either ROA conferred <2nmol/h/mg protein in the brain and <4nmol/h/mg
protein in the spinal cord. Although these levels of IDS activity measured in the brains of
treated mice are comparatively low even at the highest dose of 10'gc IT (1.65% wild
type levels), previous reports have shown that <5% of wild type activity was sufficient to
normalize GAG content in the brain and ~1.5% was needed for significant reduction and

prevention of neurocognitive deficits in MPS Il mice314318, The same tissue lysates were
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also extracted for GAG analysis. MPS |1 controls had mean GAG content that was 4.8x
that of wild type controls in the spinal cord. The 10'°gc / 10'*gc doses showed an average
GAG correction of 55.8% /100% by IT administration and 15.6% / 34.6% by 1V
administration, respectively, in the spinal cord. Affected MPS Il controls showed mean
brain GAG levels 3x that of wild type controls. GAG content after 101%gc and 10!gc IV
administration was reduced by 26.9% and 55.9% in the brain, while MPS Il mice
administered these vector doses by IT ROA showed a higher level of correction in the

brain, 55.8% and 64.9% (Figure 12C, D).

Tissue biodistribution by qPCR

Peripheral and CNS tissues were extracted for genomic DNA and assayed for
vector biodistribution by qPCR for the human IDS-encoding sequence. All tissues were
observed to have detectable vector copies in animals administered AAV9-IDS vector by
either IV or IT ROA at 10°gc and 10*'gc doses, with the 10'*gc dose on average
showing more copies than the 10'°gc dose. The 107gc, 108gc, and 10°gc doses showed
little to no detectable vector copies, apart from liver (Figure 13A, B). For any dose, the
vast majority of vector copies were found in the liver of both IV and IT administered
animals, with the 10'*gc dose conferring the highest copy number per genome equivalent
of 11.3gc/ge and 8.8gc/ge, respectively. These data suggest that the liver was producing a
large fraction of the circulating IDS enzyme available for metabolic cross correction in
these animals. Although IT injection is a CNS directed ROA, it was found to result in
“global” biodistribution, transducing cells systemically as well as in the CNS, which is

consistent with previous reports on CNS directed AAV ROA (Figure 13B)300:315316 At

110



the two higher doses of 10'°gc and 10%gc, the IT ROA showed a notably higher vector
distribution to the spinal cord (.0064gc/ge and .1612gc/ge) than the IV ROA (.0001gc/ge
and .002gc/ge). This result is unsurprising given proximity of the spinal cord to the IT
site of injection. In the brains of 10''gc dosed mice, IT injection delivered more copies on
average compared to IV injection (.011gc/ge vs. .0035gc/ge). Conversely, at the 10%%c
dose IT injection conferred less delivery than IV injection (.001gc/ge vs. .0019gc/ge),

although this difference is not statistically significant by one-way ANOVA (P = 0.9984).

Zygomatic arch normalization by IT and IV ROA

This MPS 11 mouse model exhibits a variety of skeletal manifestations, including
a thickening of the zygomatic arch bone diameter?®, Each dose and ROA combination
was evaluated for its impact on skeletal manifestations by computed tomography at 4
months post-administration to measure the thickness of the zygomatic arch. Affected
MPS |1 controls had an average increase of 34.6% in zygomatic arch diameter compared
to unaffected littermate controls. Notably, MPS Il animals dosed IV with 10'°gc or
10 gc showed significant decreases in zygomatic arch diameter compared to untreated
MPS Il controls and were indistinguishable from wild type controls. The 10°gc group
also had significantly decreased zygomatic arch diameter, about 50% reduced compared
to affected MPS 11 controls (Figure 14A). Remarkably, IT administration of RGX-121 at
doses of 10'%c and 10**gc into the CSF resulted in systemic delivery that was sufficient
to normalize zygomatic arch diameter in MPS Il mice. Animals administered the 10°gc
dose IT were not significantly different from untreated MPS 11 controls (Figure 14B).

Animals given doses of 10’gc or 108gc by either ROA showed no decrease in thickness
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of the zygomatic arch. In summary, doses of 10°gc and 10*gc normalized zygomatic
arch diameter in MPS Il mice when delivered by either ROA, while a dose of 10°gc

partially reduced zygomatic arch diameter and only when delivered IV.

Histological analysis

Tissue samples were taken for H&E (hematoxylin and eosin) and Alcian blue
staining, as well as immunohistochemistry for lysosomal associated membrane protein-1
(LAMP-1). In contrast to wild type mice, widespread intraneuronal vacuolization in
Purkinje cells was noted in the cerebellum of MPS Il mice by H&E staining (Figure 15A,
B). H&E staining also revealed a decrease in intracellular vacuolization of Purkinje cells
neurons in cerebellum for the 10%gc 1V and 10*gc IT groups (Figure 15C, D). Liver
H&E staining of MPS 11 mice showed large amounts of vacuolization in the cytoplasm of
resident macrophages (foam cells), but not in wild type mice (Figure 15E, F). In the
10'%c IV and 10*gc IT groups, this vacuolization is absent in both the hepatocytes and
macrophages (Figure 15G, H). When compared to wild type, rarefaction of the smooth
muscle and vacuolated macrophages were found within the tunica media in aortas of
MPS 11 mice (Figure 151, J). While the smooth muscle rarefaction was noted the 10°gc
IV and 10*gc IT, vacuolated macrophages were not observed in the aorta (Figure 15K,
L). Alcian blue (AB) staining revealed blue positive material in the Purkinje and glial
cells in MPS 11, but not wild type group (Figure 16A, B). The 10%%c IV and 10''gc IT
groups showed blue stained material, but to a lesser degree than MPS 1l mice (Figure
16C, D). While the MPS I1 group had AB positive staining in liver foam cells, this was

not observed in the other 3 groups (Figure 16E-H). No differences in AB staining were
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observed in the aorta between the 4 groups (Figure 161, L). LAMP-1 is upregulated in the
cells of both MPS Il mice and patients and is considered a marker of disease
pathology*442, LAMP-1 IHC of the cerebellum was mild in the wild type group, but a
marked staining in the Purkinje and glial cells was seen in the MPS Il group (Figure 17A,
B). The 10%c IV and 10*gc IT groups showed decreased staining in the Purkinje cells,
but persistent staining in the glial cells (Figure 17C, D). In contrast to the wild type
group, the MPS 1l mice had widespread LAMP-1 staining in hepatocyte and foam cells
(Figure 17E, F). A lesser degree of LAMP-1 staining of observed in the 10°gc 1V group,
but 10*gc IT mice a similarly high amount of staining to the MPS Il group (Figure 17G,
H). MPS 11, 10°c IV and 10*gc IT groups had marked increase in LAMP-1 staining in

the aorta when compared to the wild type group (Figure 17J-L).

Prevention of neurocognitive deficits in the Barnes Maze analysis

Mice underwent neurobehavioral testing at 4 months post-administration using
the Barnes maze to evaluate neurocognitive function, as described in Materials and
Methods*3’. All animals were given 4 trials a day over a period of 4 days, assessing the
time to escape for each trial. Data for the 10'gc IT and 10'°gc IV groups are shown at
N=>10 in Figure 18. On day 1 there were no significant differences in the latency to
escape. For all groups the latency to escape the maze decreased over the next 3 days as
the animals learned the attendant task. By day 4 however, the affected MPS |1 controls
were performing the task (i.e., escaping the maze) significantly worse (79s) compared to
wild type controls (29s). The 10%gc IT group was significantly better at learning to
escape the maze by day 4 with a mean latency to escape of 28s, suggesting that this dose
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and ROA was sufficient to prevent the emergence of neurocognitive defects as measured
by the Barnes maze (Figure 18). The 10'°gc IV group showed a trend toward prevention
of neurocognitive deficits with a mean latency to escape of 47s but was not significantly
different from the affected MPS I1 controls. We conclude that an IT dose of 10''gc was

required to prevent the emergence of neurocognitive deficits in MPS 11 mice.

Discussion

In this study we compared intravenous and intrathecal routes of vector
administration to determine if IT delivery alone can remedy both CNS and systemic
disease manifestations. A broad range of AAV9.CB7.hIDS doses was tested to determine
the effective in a murine model of MPS Il. Mice administered vector by either IV or IT
ROA at a dose of 10°gc had circulating levels of IDS at or above wild type. However,
this dose was insufficient to achieve wild type levels of IDS and normalize GAG levels in
most tissues analyzed. Mice dosed at 10'°gc and 10*gc by either ROA exhibited
circulating levels of IDS activity several logs higher than wild type, and nearly all tissues
assayed met or exceeded wild type levels of IDS activity and normalized GAG storage.
While a dose of 10%°c by either IT or IV ROA was sufficient to normalize zygomatic
arch diameter, a higher dose of 10''gc administered intrathecally conferred the highest
level of IDS activity in the brain, the greatest reduction in GAG content, and prevented
the emergence of neurocognitive deficits in the Barnes maze.

The lowest doses administered, 107gc and 108gc, showed little enzyme activity,
no GAG reduction, and little to no detectable copies in the tissues analyzed. AAV vector

doses near this range were also recently reported to be biochemically ineffective in a
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mouse model of Pompe disease**8. The dose ranging revealed a “threshold” effect in the
level of transduction and circulating IDS activity that was achieved when comparing
lower to higher doses. For instance, when increasing the dose from 107g or 108gc up to
10%gc, the expected result would be a 10x stepwise increase in circulating IDS activity.
However, little to no circulating IDS was detected at 107gc and 108gc, with the 10°gc
showing at or above wild type levels of circulating activity. This “threshold” effect is
reflected in the liver biodistribution data, which comprises the majority of vector copies
for any dose by either ROA. Vector copies were not detectable at 10’gc and 108gc, so the
most significant jump in copy number was between 108gc and 10°gc (mean 40x for 1V,
44x for IT), greater than any other dose to dose comparison.

Interestingly, it appears that both the ROA and the threshold effect play a role in
IDS expression and liver transduction. Measurable plasma IDS activity and detectable
vector copies in the periphery at doses of 10%gc or greater by IT ROA reveal that vector is
released from CSF into the circulation (Figure 11C and Figure 13C). When contrasted to
wild type controls, these levels of circulating IDS enzyme correspond to an increase of
6.07x for animals administered 10°gc IV, and animals administered 10°gc IT showed
close to wild type levels at 1.42x. With regard to circulating IDS enzyme levels, these
data show that an IT dose at 10%gc confers 27% that of an 1V 10°gc dose. This is also
reflected in the vector biodistribution analysis, where an IT dose at 10°gc conferred 31%
of vector copies in the liver compared to the same dose administered V. The most
obvious explanation is that less vector transduces the liver when the same dose is
administered IT vs 1V, thereby contributing less IDS to the circulation. Interestingly,

increasing the vector dose from 10°gc to 10'°gc resulted in a greater than 10-fold increase
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in IDS activity for both 1V (28-fold) and IT (93-fold) administered animals. IT
administration shows 3.3x increase compared to 1V here. When increasing the vector
dose from 10'°gc to 10*gc, IT and 1V administered animals show a 6.3-fold and a 6.9-
fold increase in plasma activity levels, respectively. These increases are nearly the same
(IV 1.1x increase over IT) and closer to the expected 10x increase for a 10x increase in
dose. Overall, two key points emerge from these data. First, it is clear that ROA plays a
crucial role in the resultant liver transduction and circulating IDS activity. While IT
administration allowed vector to escape into the periphery, primarily transducing the liver
and subsequently contributing to circulating IDS activity, the level of transduction and
circulating enzyme were always lower than that observed after IV administration for any
given dose. Second, the threshold effect is observed in both IT and IV administered
animals. Initially it appears the threshold more greatly affects IT- than I'V-administered
animals. However, a lower level of functional AAV is available for transduction of the
liver after IT administration in comparison with 1V administration. This threshold
impacts a greater percentage of bioavailable AAV for IT vs. IV administered vector for
any given dose. It also appears that the impact of this threshold is weakened at much
higher vector doses, suggesting that threshold gives way to a saturation effect. One
possible explanation for the threshold effect is the existence of pre-existing anti-AAV
antibodies. Under these conditions, at lower capsid doses antibody-mediated
neutralization will lead to a lack of transduction, which is exactly what was observed in
our study3”®. Indeed, previous studies in both mice and non-human primates have
demonstrated that neutralizing antibody can completely block or reduce AAV vector

transduction in the liver378379460 Other mechanisms of vector neutralization are possible
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as well, such as macrophage-mediated destruction of the vector in the liver. Additionally,
this response shows a lessening impact as the dose is increased from 10°gc to 10%gc,
where a smaller percentage of the overall dose is neutralized by the threshold effect.

The 10%gc dose highlights the differences between IT and IV ROAs in outcomes seen
systemically, such as plasma IDS activity, urine GAG excretion, and zygomatic arch
diameter. A dose of 10%gc AAV9.CB7.hIDS IT conferred an overall level of IDS activity
1.4 times that of wild type in the plasma. However, this was insufficient to lower urine
GAG excretion or significantly reduce zygomatic arch diameter. In comparison, mice
treated with 10°gc AAV9.CB7.hIDS IV exhibited overall plasma IDS activity levels 6
times that of wild type. These mice also showed normalized urine GAG excretion and
significant reduction in zygomatic arch diameter, likely because of this
supraphysiological level of circulating enzyme with subsequent contribution to bone
development.

Decreasing plasma IDS activity over time was seen in animals given doses of 10°gc,
10%9%c, and 10**gc via both ROA. Except for 10'°%c IT, the circulating IDS activity at
week 20 was approximately 1/3 that of their respective 2-week time point. As previously
reported by this and other laboratories3!6:317:396429.461 ‘mych of the circulating enzyme is
expressed in the liver, given the vast majority of vector copies found there. Loss of
transduced hepatocytes could be one cause for the observed decline in circulating IDS
activity over time. It is unlikely that this was due to natural hepatocyte turnover, which
takes 200-400 days in mice*>®, greater than the 20-week study period. Loss of
hepatocytes could be due to a CD8+ T cell response389462, However, the observed effect

was not entirely consistent, as the IDS level in any given month was not always lower
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than the preceding month, and loss of IDS activity over time was not observed in the
aforementioned 10'°gc IT group. Additionally, other studies have shown that AAV
mediated gene expression can persist in mice for at least a year3’1374 and AAV mediated
gene expression in dogs and humans has been reported to persist for at least several
years372:374,

A high level of IDS activity and normalization of GAG was observed in all
peripheral tissues of animals administered vector at doses of 10%°gc and 10%gc by either
ROA. Additionally, at 10'°gc IV and 10*gc IT, histological analysis revealed reduced
vacuolization and AB staining in the liver. Previous studies of animals administered
AAV-1DS vector intracerebroventricularly at similar doses or IV at higher doses reported
normalization of peripheral tissues as well390:315316461 The highest levels of IDS enzyme
activity and vector copy number were found in the liver. In contrast, relatively low vector
copy number and high levels of IDS enzyme were observed in the other peripheral
tissues, arguing that the liver is the primary site for expression and secretion of IDS
enzyme into the circulation that consequently becomes available for metabolic cross
correction. Notably, this was demonstrated for the intrathecally injected animals, showing
that much of the administered vector escapes the CSF to transduce the liver and remedy
peripheral disease manifestations. Results from animals administered the two highest
doses of 10'%c and 10'*gc are contrasted with animals administered a dose of 10°gc,
where the level of transduction in the liver did not produce a therapeutic amount of
circulating enzyme (i.e., zygomatic arch). At this dose, low levels of enzyme and elevated
levels of GAG content were found in most tissues, even though the liver showed

normalized GAG content.
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An integral part of next generation therapy for MPS 11 will be to address
neurological manifestations of the disease that affects approximately 2/3'% of patients®.
Animals administered 10*gc IT had the highest levels of IDS activity in the CNS, at
3.8nmol/h/mg protein on average in the brain and 38.5nmol/h/mg protein in the spinal
cord. This level of activity in the spinal cord was 30% of the wild type level and was
sufficient to normalize GAG content, unlike any other dose given IT or IV. In wild-type
mice, IDS activity was highest in the brain compared to any other tissue analyzed. Thus,
the level of IDS activity achieved in mice administered 10*'gc IT corresponds to a
fraction (1.65%) of wild type activity. However, previous studies have shown that as little
as 1.5% of wild type activity in the brain is sufficient for a meaningful reduction of GAG
content in the brain that prevents emergence of neurocognitive deficits in MPS 11
mice3!1314318 Indeed, mice treated at a dose of 10''gc IT demonstrated a mean correction
of 65% in brain GAG content. In addition, this group showed a decrease in cerebellar
Purkinje cell vacuolization, AB positive material, and LAMP-1 staining, as well as
prevention of neurocognitive deficits as measured in the Barnes maze. Based on these
results, there are two questions that emerge for MPS 11 gene therapy: How is it that
endogenous levels of IDS in the brain the highest measured, and why are high levels of
IDS activity in the brain so difficult to achieve? Even ICV administration of AAV9-IDS
vector at high dose (5 x 10%°) resulted in only 40% of the endogenous level of
IDS300:315.316 By comparison, we found in a companion study on MPS | that endogenous
levels of IDUA activity the brain were 5-10nmol/h/mg protein, 23- to 46-fold lower than
the level of IDS activity detected in the brain (230.5nmol/h/mg protein). In MPS | mice, a

dose of 10'%c AAV9-IDUA administered either IV or IT produced enzyme levels in the
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brain that were greater than wild type, with the IT group achieving a mean level of
~100nmol/h/mg protein, 10 to 20-fold higher than wild-type (L.R. Belur et al, manuscript
in preparation). Why is it, given an otherwise identical vector construction and ROA, that
AAV9.CB7.hIDS performs relatively poorly in MPS Il mice compared to
AAV9.CB7.hIDUA in MPS | mice? Further investigation is needed to answer the
questions detailed here. The brains of MPS Il mice treated at higher doses of
AAV9.CB7.hIDS IV or IT show some GAG reduction and, with the exception of 10'°gc
IT, detectable IDS activity. With such evidence of activity and GAG reduction, what is
the source of this IDS enzyme? AAV9 has been shown to cross the blood brain barrier%,
and vector copies were detected in the CNS, suggesting transduction and IDS expression
in the brain. Indeed, mice administered AAV9.CB7.hIDS IT had higher vector copies
than mice equivalently dosed 1V, suggesting a higher level of CNS transduction via this
ROA. However, we cannot rule out transduction that is limited to the vasculature by
either ROA, as previously reported in IV studies®®. Another possibility is the so called
“high-dose effect” that has been reported in preclinical gene therapy studies for MPS I
and MPS I1, whereby a small fraction of sufficiently high-level circulating enzyme enters
the CNS from the blood314318:383 DS detected in the brain could also have been derived
from a combination of vector transduction in the tissue plus transit of enzyme from the
circulation. In this case, IT administered vector transduces cells in the CNS that secrete
enzyme available for cross correction. At the same time, a portion of the administered
vector is released into the circulation and transduces the liver to provide a robust and

consistent level of circulating IDS enzyme that can exert the “high-dose effect” and
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transit into the CNS. Additional study is warranted to further characterize the source of
enzyme in the CNS after CSF-directed as well as systemic AAV vector administration.

Patients with the severe form of MPS 11 suffer from a wide range of skeletal
dysplasias termed dysostosis multiplex that is left unaddressed by ERT®"2L, Similarly,
MPS Il mice display skeletal manifestations that include the thickening of bones, such as
the zygomatic arch?%. We found that mice administered AAV9.hIDS by either ROA at a
dose of 10%gc or 10*gc showed normalization of zygomatic arch diameter. This is
consistent with previous MPS | and MPS Il gene therapy studies3!%313, A lentiviral
vector-based approach to MPS Il was used to investigate skeletal complications in-depth
and found that a high level of IDS in the serum reduced GAGs and normalized bone
metabolism, leading to bone remodeling in the zygomatic arch®!3, The in vivo AAV9-
based approach reported here likely mediates zygomatic arch normalization through the
same mechanism, given the high and consistent levels of circulating enzyme assessed in
animals administered 10'°gc or 10*gc.

Comparing IV and IT ROA in the context of a dose ranging study provided
considerable insight into a prospective minimum effective dose for treatment of MPS 11
in a murine model of the disease. This study finds that dose to be 10*'gc IT, based on
effectiveness in addressing both CNS and systemic disease manifestations. A dose of
10*gc administered either IV or IT was minimally sufficient to normalize peripheral
manifestations (i.e., tissue GAG and zygomatic arch diameter). Similar dose effectiveness
has been reported in studies evaluating intracerebroventricular injection of 3x10°gc3% or
5x10%%c AAV9-hIDS vector3?:316 These slightly lower doses are similar to our optimal

dose of 10'gc IT, as in our hands ICV infusion achieves about a 10-fold higher level of
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transduction than IT infusion. IV administration of AAV9-IDS has been previously tested
at doses ranging from 2.5x10*gc up to 2x10%3gc317318:465 In contrast, we find that as little
as 10%gc (5 x 10! gc/kg) AAV9.CB7.hIDS administered IV normalizes GAG in
peripheral tissues, prevents a key skeletal manifestation, and even shows improvement in
neurocognitive analyses. In clinical trials using targeted delivery of AAV a wide range of
total doses have been administered, from 5.8x10%gc to 7.5x10%°gc3®. Given the
importance of target dosing, studies evaluating dose-dependent outcomes to determine a
preclinical minimum effective dose in are essential for clinical trial design and
translation. Minimal dosing can also address safety concerns, such as those that emerged
in a clinical trial of X-linked myotubular myopathy°24% and efficacy, as seen in clinical
trials of AAV in the treatment of hemophilia38:463,

By comparing IV vs. IT ROA at varying doses, this study highlights the use of
CNS directed vector administration to address both the neurologic and systemic disease
manifestations in a murine model of MPS Il. A dose of 10*'gc administered IT was
found to be minimally effective for these purposes. This dose and ROA provided a high
level of circulating IDS, normalized tissue GAGs, and normalized zygomatic arch
diameter as a key peripheral manifestation. This impact on the periphery was due to the
significant fraction of CSF-delivered vector that was released from the CNS with
subsequent transduction of the liver, from which a high level of enzyme was secreted into
the circulation and made available for systemic metabolic cross correction. This dose of
10*gc administered IT also conferred brain IDS activity of 1.65% wild type, sufficient to
reduce GAG storage by 65%, decrease Purkinje cell vacuolization, and prevent the

emergence of neurocognitive deficits as measured by the Barnes maze. Finally, this study
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emphasizes the value of investigating the efficacy of a new genetic therapy in a dose-
dependent manner. We conclude that this study supports the use of AAV9.hIDS delivered
through the CSF as an effective approach to remedy both neurologic and peripheral

manifestations of MPS II.
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Figure 11. AAV9.CB7.hcolDS vector, plasma IDS enzyme activity and urine GAG
excretion. (A) Illustration depicting the AAV9 vector made with BioRender. CB7;
CMV IE enhancer with chicken beta actin promotor, exon 1 and intron 1 with rabbit
beta globin splice acceptor. cohlDS; codon optimized human iduronate-2-sulfatase.
RBG Poly(A); rabbit beta globin polyadenylation sequence. ITR; AAV inverted
terminal repeat. Mean plasma IDS activities by dose and month for IV ROA (B) and IT
ROA (C). MPS Il and some 107,108 samples were omitted that were below our LOD as
determined by 4-MU IDS assay standard curve. Excreted urine GAGs by dose and
month for IV ROA (D) and IT ROA (E). For B&C, Wild Type, 10°, 10%, 10 N=3-12.
For D&E, Wild Type, Affected MPS 11, 10°, 10, 10'* N=1-11. Error bars show SEM.
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Figure 12. Tissue IDS enzyme and GAG levels in AAV treated animals. Mean IDS
activity levels by tissue and dose by IV (A) and IT (B) ROA and mean GAG levels by
tissue and dose by IV (C) and IT (D) ROA. Sample sizes are N=4-12. N values vary
depending on tissue type and dose, as some tissues were instead taken for histological
analysis. LOD (dashed line) was determined based on either IDS assay 4-MU standard
curve or GAG assay glycosaminoglycan standard.
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Figure 13. Biodistribution of vector in tissues.
Vector biodistribution in tissues by qPCR, analysis by
dose and indicated tissue for IV ROA (A) and IT
ROA (B). Sample sizes are N=4-12 depending on
tissue and dose. LOD (dashed line) was determined by
plasmid based standard curve. N values vary
depending on tissue type as some tissues were instead
taken for histological analysis. Lines show medians by
group for each tissue.
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Figure 14. Zygomatic arch analysis. Zygomatic arch diameter
measurements by Micro-CT analysis for the IV ROA by dose
(A) and IT ROA by dose (B). Significance was determined by
one-way ANOVA. Sample sizes: Wild Type N=12, Affected
MPS 11 N=11, IV 107,108 N=5, IV 10°,10'°N=10, IV 10 N=4,
IT 107,108,10° N=5, IT 10 N=3, IT 10* N=11. Error bars show
SEM. ns: no significance, **: P <.01, ***: P<.001, ****;
P<.0001.
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Affected MPS II ' ) - 10"gc IT

mice. (A-D) Cerebellar cortex: In contrast to the wild type mice (A), intracytoplasmic
vacuolization (black arrows) was noted in the Purkinje cells from the affected MPS I
mice (B). Persistent, but lesser intracytoplasmic vacuolization with noted in the
Purkinje cells from the 10'%c IV (C) and 10%gc IT (D) treated mice. (E-H) Liver: In
contrast to the wild type mice (E), numerous fine-vacuolated perivascular macrophages
(“foam cells”, black arrowheads) were seen in the affected MPS II mice (F). Foam cells
were not observed in the 10*°gc IV (G) and 10'gc IT (H) treated mice. (I-L) Aorta: In
contrast to the wild type mice (1), there was extensive rarefaction of the smooth muscle
(black star) and few finely-vacuolated macrophages (black arrowheads) within the
tunica media of the affected MPS Il mice (J). A similar magnitude of rarefaction was
noted in the 10*gc 1V (K) and 10*gc IT (L) treated mice.
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Figure 16. Alcian blue (AB) stained sections from 10%gc IV and 10gc IT mice.
(A-D) Cerebellar cortex: In contrast to the wild type mice (A), intracytoplasmic AB-
positive blue material (black arrows) was noted in the Purkinje cells and presumed
glia from the affected MPS Il mice (B). Persistent, but lesser amounts of material was
noted in the Purkinje cells from the 10'°%c 1V (C) and 10%gc IT (D) treated mice. (E-
H) Liver: In contrast to the wild type mice (E), small amounts of AB-positive blue
material (black arrowheads) was seen in presumed foam cells in the affected MPS Il
mice (F). No such material was observed in the 10'%c IV (G) and 10%gc IT (H)
treated mice. (I-L) Aorta: No significant differences were noted in the AB-stained
aortic tissues from the 4 groups of mice.
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Figure 17. LAMP-1 IHC immunostained sections from 10*°gc IV and 10*gc IT
mice. (A-D) Cerebellar cortex: In contrast to the mild intracytoplasmic LAMP1
staining in the Purkinje cells and small glia from the wild type mice (A), there was
marked intracytoplasmic LAMP1 staining (black arrows) in the Purkinje cells from
all and presumed glia from the affected MPS 1l mice (B). In both the 10'°%gc IV and
10gc IT treated mice, lesser amounts of LAMP1 staining was observed in the
Purkinje cells, but there was persistent heavy staining within presumed glia (black
arrows, C and D). (E-H) Liver: In contrast to the minimal LAMP1 staining in the
liver from the wild type mice (E), there was marked LAMPL1 staining in the
perivascular macrophages (black arrowheads) and hepatocytes (white arrowheads) in
all the affected MPS Il (F). There was lesser LAMP1 staining in the hepatocytes from
the 10°c IV treated mice (white arrowhead, G), but a similarly high amount of
staining in the hepatocytes from the 10'!gc IT treated mice (white arrow head, H). (I-
L) Aorta: In contrast to the scant LAMP1 staining in the wild type mice (1), there was
marked LAMPL1 staining within the smooth muscle and macrophages (black stars)
from the affected MPSII and 10'%c IV and 10*gc IT mice (J-L).
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Figure 18. Neurocognitive analysis by Barnes maze. All groups underwent
neurobehavioral testing at 6 months of age. (A) Barnes maze evaluation for
long-term spatial learning and memory. Results are shown as the mean latency
to escape of 4 trials per day over 4 days. Significance determined by two-way
ANOVA. Sample sizes are Wild Type N=12, Affected MPS Il N=11, IT 10
N=12, IV 10'° N=10. Error bars shown are mean +/- S.D. ***: P<(.001.
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Summary

Mucopolysaccharidosis type Il (Hunter syndrome, MPS II) is an inherited X-
linked recessive disease caused by deficiency of iduronate-2-sulfatase (IDS), resulting in
the accumulation of the glycosaminoglycans (GAG) heparan and dermatan sulfates.
Mouse models of MPS Il have been used in several reports to study both disease
pathology and preclinical studies for current and next generation therapies. Here, we
report the generation and characterization of an immunodeficient mouse model of MPS
I, where CRISPR/Cas9 was employed to knock out a portion of the murine IDS gene on
the NOD/SCID/I12ry (NSG) immunodeficient background. IDS” NSG mice lacked
detectable IDS activity in plasma and all analyzed tissues, as well as elevated levels of
GAGs in those same tissues and in the urine. Histopathology revealed vacuolized cells in
both the periphery and CNS of NSG-MPS Il mice. This model also recapitulates skeletal
and neurocognitive manifestations associated with MPS Il in humans and in
immunocompetent MPS 11 mice. We anticipate that this new immunodeficient model will
be appropriate for preclinical studies involving xenotransplantation of human cell

products intended for the treatment of MPS I1.

Introduction

Mucopolysaccharidosis type Il (Hunter syndrome, MPS I1) is an X-linked
recessive lysosomal storage disease (LSD) caused by deficiency of iduronate-2-sulfatase
(IDS). IDS functions along with other lysosomal hydrolases to catabolize the

glycosaminoglycans (GAGs) heparan sulfate and dermatan sulfate®’. Insufficient IDS
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leads to the accumulation of fully or partially undegraded GAGs within the cell and the
emergence of progressive and multisystemic disease®’. This includes, but is not limited
to, joint stiffness, hearing loss, organomegaly, cardiopulmonary dysfunction, skeletal
dysplasias (dysostosis multiplex), cognitive impairment, and death®’. Globally, MPS II
affects ~1:160,000 live male births®®,

Currently, the only FDA approved treatment for MPS 11 is enzyme replacement
therapy (ERT) with recombinant IDS (idursulfase)’®. However, ERT requires frequent
enzyme infusions and does not remedy neurological manifestations of the disease. Next
generation treatment options, such as cell and gene therapies, have thus been under
investigation to overcome the limitations of ERT. Much of the preclinical work on ERT
as well as cell and gene therapies for MPS |1 has relied on C57BL/6J MPS Il mouse
models?%32953% These mouse models have been invaluable for understanding disease
pathology and for the development of novel therapies because of their relatively short
lifespans and ability to recapitulate disease manifestations?®*. Here we report details of a
new addition to the IDS knockout mouse repertoire with the generation and
characterization of an IDS knockout on the NOD/SCID/I12ry (NSG) background. On this
background, engraftment of human cells, such as CD34+ hematopoietic stem and
progenitor cells, will be possible in future cell and gene therapy studies, as has been
previously reported for MPS 4%,

As described herein, the NSG-MPS Il mouse model is IDS deficient and shows
widespread accumulation of GAGs in all tissues analyzed. Histopathology reveals
vacuolization and GAG storage in both the periphery and in the CNS. Functional deficits

include both skeletal and neurological manifestations of disease. Overall, this model
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recapitulates many of the disease manifestations seen in C57BL/6J MPS Il mice and in
human MPS 11, while maintaining an immunodeficient background suitable for

xenotransplantation studies.

Materials and Methods

Animal care and husbandry

All animal care and procedures performed in this study were approved by the
University of Minnesota Institutional Animal Care and Use Committee (IACUC). Animal
housing and care was provided by the University of Minnesota Research Animal
Resources facilities under specific pathogen free conditions. Animals were provided food
and water ad libitum. NSG (NOD.Cg-Prkdcscid 112rgt™Wil/SzJ) mice were purchased from

The Jackson Laboratory*3.

Generation of IDS knockout mice (NSG-MPS I11)

Two sgRNAs were synthesized using the HiScribe Quick T7 High Yield RNA
Synthesis Kit (NEB #E2050) following the manufacturer’s instructions. Template DNA
used in the reaction were two gBlocks Gene Fragments of 125bp in length obtained from
Integrated DNA Technologies. These sgRNAs were designed to target Cas9 to the 5’
UTR and intron 5 of the murine IDS gene (Figure 19). Cas9 encoding mRNA was
purchased from TriLink Biotechnologies. sgRNAs and Cas9 mRNA were mixed in
RNase-free water. Ten NSG female mice aged between 8 - 9 weeks were super-ovulated

by first injection of 5 IU of Pregnant Mare Serum Gonadotropin (PMSG, C1063, Sigma),
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intraperitoneal (i. p.), per female, and 48 hours later, followed by injection of 5 1U of
human Chorionic Gonadotropin (hCG, HOR-250, PROSPEC Protein Specialists), i. p.,
per female, and these mice were immediately crossed to male NSG mice. The next
morning, zygotes were collected and washed using standard methods*t. The
sgRNA+Cas9 mRNA mixture was injected into the pronuclei of zygotes using standard
procedures. The injected embryos were then transferred into pseudo-pregnant CD-1
(Charles River Laboratory) females as previously described*®. Blood or tissues of
offspring generated from this process were subsequently genotyped for IDS gene

knockout as described below.

Genotypic analysis

The distal toe was taken from all offspring within the first week of birth for DNA
extraction using ArchivePure DNA Cell/Tissue Kit from 5Prime, Cat# 2900269. DNA
was extracted from blood using Whatman FTA Elute Micro Cards from GE Life
Sciences. Six primers were designed to evaluate potential IDS gene knockout mice. These
included primers upstream and downstream of the SgRNA target sites and primers for
exon 4. PCR reactions were run in several combinations to identify the expected presence
or absence of bands based on the location of the primers. A seventh primer (primer G)
was added to correctly identify the deletions in strains 1849 and 1850. PCR reactions
contained Taq polymerase, 350ng gDNA, 10uM primers (Table 1), Blue Master Mix,
25mM MgClz, and dH20. The reactions were run on an Applied Biosystems 2720
Thermal Cycler with the following conditions: 94°C for 5 minutes and then 35 cycles of

94°C for 45 seconds, 56°C for 45 seconds, and 68°C for 45 seconds. The presence and
136



size of PCR products was then evaluated by electrophoresis on 1% agarose gels. IDS
gene knockout alleles were then characterized by Sanger sequencing of PCR product
generated from reactions containing primers A and F, including the recombination site

(Figure 19).

Tissue processing

Animals between the ages of 7-12 months were euthanized by CO:2 asphyxiation.
Prior to necropsy, whole blood was collected by cardiac puncture into heparin-coated
tubes. Tissues (brain, spinal cord, liver, kidney, spleen, lung, and heart) were harvested,
placed on dry ice, and stored at -20 °C until processing for biochemical analysis. Tissues
were also fixed in 10% neutral buffered formalin (VWR) at a ratio of 1:10-20 tissue to
formalin overnight and then transferred to 70% ethanol until processing for histology.
Tissues were processed for biochemical analysis by homogenizing in 0.9% saline using a
Bullet Blender bead mill (Storm 24 Homogenizer, NEXT ADVANCE) as previously
described and clarified in a 5424R Eppendorf centrifuge®®. Supernatants were collected

and stored at -20 °C until analyzed.

Iduronate-2-sulfatase enzyme assay

IDS activity was determined in plasma and tissue samples by a fluorometric assay
using 4-methylumbelliferyl a-I-iduronide 2-sulfate disodium salt (4-MU2S) as substrate
(Cat #: EM03201, Carbosynth) as previously described*®. 4-MU2S (10 mg) substrate
was dissolved in 16.66 mL substrate buffer (0.1M Na-Acetate buffer, pH 5.0 + 10 mM

Pb-Acetate + 0.02% (w/v) Na-azide) to yield a 1.25 mM working substrate. 10 uL
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aliquots of plasma or tissue lysates were mixed with 20 uL aliquots of working substrate
and incubated at 37 °C for 90 minutes. The IDS reaction was then stopped with 20 uL of
PiCi Buffer (0.2M Na2HPO4 + 0.1M Citric Acid, 0.02% Na-Azide, pH 4.5). 10 puL of 5
pug/mL alpha-L-iduronidase (IDUA) (Cat #: 4119-GH, Bio-Techne) was added and the
sample was incubated at 37 °C overnight. 200 pL stop buffer (0.5 M Na2CO3 + 0.5 M
NaHCO3, pH 10.7) was added to terminate the reaction. Tubes were then centrifuged at
~13,000 rpm for 1 minute to pellet the precipitate. Supernatant was transferred into a
black 96-well round bottom plate and the resulting fluorescence was measured using a
Bio-Tek Synergy Mx plate reader with excitation at 355 nm and emission at 460 nm. A
standard curve was used for the calculation of 4-MU generated in the reaction using 4-
MU from Sigma (Cat# M1381). Pierce protein assay reagent (Cat #: 22660,
ThermoFisher) was used to measure protein content. Enzyme activity is expressed as
nmol 4-MU released per mg protein per hour (nmol/h/mg protein) for tissues extracts,

and as nmol/h/ml for plasma. All samples were assayed in duplicate.

Glycosaminoglycan assay

Tissue lysates were digested in proteinase K (20 mg/mL) at a ratio of 1:10
(ProK:tissue lysate) at 55 °C overnight. Proteinase K was inactivated by boiling for 10
minutes the next day. Samples were then incubated with 200 units of DNase and 2 mg of
RNase per 50 pL tissue lysate at room temperature overnight and heat inactivated the
next day by boiling for 10 minutes. GAG levels were then assayed using the Blyscan

Sulfated Glycosaminoglycan Assay kit (Biocolor Life Science Assays, Accurate
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Chemical, NY Inc. Cat # CLRB1000) according to the manufacturer’s instructions. For
tissues, GAG levels were normalized to protein as determined using the Pierce protein
assay (Cat #: 22660, ThermoFisher). The results are expressed as png GAG/mg protein.
For urine, GAG levels were normalized to creatinine as determined using a creatinine

assay kit from Sigma (MAKO080). The results are expressed as ug GAG/mg creatinine.

Skeletal analysis

Test animals were sedated with 5% isoflurane and whole-body micro-computed
tomography (CT) images captured using a Siemens Inveon PET/CT machine. The
acquired DICOM files were exported and converted to Imaris image files using Imaris
File Converter software. Imaris 3D Analysis software was then utilized to obtain body
measurements of the micro-CT scans, including zygomatic arch diameter (midpoint),

snout length, femur length and midpoint femur diameter.

Histology

Formalin-fixed tissues were processed through a series of graded alcohols,
embedded in paraffin, and individual 4 um sections were cut and stained with
hematoxylin and eosin (H&E). For Alcian Blue staining, individual 4 pm sections were
cut, deparaffinized, and hydrated to distilled water. Slides were immersed in 3% acetic
acid for 3 minutes followed by Alcian Blue stain for 30 minutes. Slides were then rinsed
with running tap water for 2 minutes, rinsed with distilled water and counterstained with
nuclear fast red. For LAMP1 preparations, 4 um formalin-fixed, paraffin-embedded

sections of tissue were deparaffinized and rehydrated, followed by heat induced antigen
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retrieval in EDTA. Slides were incubated overnight at 4 degrees C with a rabbit
monoclonal anti-LAMP antibody (ab208943, Abcam) diluted at 1:500. Slides were
incubated with Rabbit Envision (Dako) for 30 minutes followed by the chromogen 3,3'-

diaminobenzidine (DAB) before counterstaining with hematoxylin.

Barnes Maze

The Barnes maze is a measure of spatial navigation and memory*¥. It consists of
a circular platform with twenty holes positioned around the periphery, all of which are
blocked except for one hole which has an escape box positioned underneath that the
mouse can access using an inclined ramp. Visual cues are placed on the walls around the
maze for spatial navigation. The animal is released into the center of the maze with the
lights dimmed, bright overhead lights are then turned on, and the mouse is given 3
minutes to explore the maze. If the mouse does not enter the escape box within 3 minutes,
it is guided to the escape hole and left there for 30 seconds before returning to its home
cage. The mice were trained on the Barnes maze for 4 days at 4 trials a day, with an
interval of 12-15 minutes between any two consecutive trials for each animal. The time

taken by the animal to escape was recorded as latency to escape.

Y-Maze spontaneous alternation

The Y-maze assesses spatial learning and working memory*®. Animals are placed
in a testing room and allowed to habituate for 15-30 minutes in low light. The Y-maze

apparatus consists of three identical arms (zones) each with a distinct visual cue. The
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mouse was placed in one of the arms and allowed to explore the maze freely for a single
5-minute trial. Zone choices were recorded sequentially. Spontaneous alternation was
determined when the animal explored an overlapping triplet of three distinct zones.
Percent spontaneous alternation was scored as (# of alternations/(total zone entries-

2))*100.

Statistics

GraphPad Prism was used for all graphing and statistics. Error bars on graphs
represent group mean + standard deviation (SD) or standard error of the mean (SEM).
Multiple group comparisons were evaluated by 2-way ANOVA for Barnes maze. Y-maze
spontaneous alternation data were analyzed by nonparametric comparisons using the
Mann-Whitney U test. P values of < 0.05 were considered statistically significant for all
tests. Biochemical data and radiographic data were grouped into mouse treatment types

and evaluated using unpaired t-tests.

Results
Generation of NSG iduronate-2-sulfatase knockout mouse model

We set out to establish an immunodeficient mouse model of MPS 11 by
introducing a deletion into the mouse IDS gene using CRISPR Cas9 in NSG mouse
embryos. Guide RNA’s targeting a sequence upstream of exon 1 (in the 5’UTR) and
downstream of exon 5 (intron 5) of the IDS gene were designed and expression plasmids

encoding either of these two gRNA’s as well as Cas9 were generated by Genscript (see

141



Materials and Methods) (Figure 19). The effectiveness of these guides plus Cas9 was first
tested by PEI-mediated co-transfection of both plasmids into mouse NIH 3T3 cells,
demonstrating reduced IDS activity in extracts two days post-transfection (data not
shown). Guide RNAs were then generated by in vitro transcription, and a mixture of both
gRNA’s along with Cas9-encoding mRNA was microinjected into fertilized NSG mouse
embryos as described in Materials and Methods Out of 181 injected zygotes, 101
embryos survived. They were all transferred into 3 pseudo-pregnant CD-1 female mice
and 35 pups were born 19 days later.

Toe snips were collected for DNA extraction and used for genotyping by PCR.
Presence of the wild type IDS sequence was evaluated by PCR between exon 4 flanking
primers C and D or intron 5 primers E and F, while deletion-bearing alleles were assayed
by PCR between primers A and F, which flank the breakpoint of the intended deletion
(Figure 19). Eight candidates of the 34 offspring (#s 428, 429, 432, 447, 448, 449, 459,
and 460) exhibited one or two appropriately sized PCR products between primers A and
F, indicative of IDS knockout. Several of these animals also exhibited absence of the
wildtype PCR product between primers C and D (#s 428, 429, 447, 448, and 459) or
between primers E and F (#s 428, 429, 451, and 459), also consistent with knockout of
the IDS gene. Candidates not exhibiting absence of the wildtype allele (#s 432, 449, and
460) are likely either female monoallelic knockouts or mosaic of either gender for IDS
knockout. All candidates except #449 were deficient in IDS activity in extracts from
peripheral blood mononuclear cells.

Mice generating PCR products flanking the intended IDS deletion (i.e., between

primers A and F) using DNA from either blood and/or toe tissue were suspected as IDS
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knockouts and the PCR products were sequenced (Table 2.) Candidate IDS knockout
alleles exhibited the intended deletion between positions 172 and 5686 plus an additional
2 to 1100 bp, consistent with erroneous non-homologous end joining*3°-441, Several
animals (429, 447) were shown to be mosaic by the presence of different knockout alleles
in blood vs toe DNA extracts. To isolate the IDS KO allele, mouse f449 was mated with
male wild type mice, producing two separate lineages (1849 and 1850), male offspring of
which exhibited absence of plasma IDS activity but also absence of any test PCR product
(Table 3). Far downstream primers were required to recover PCR product from each of
these IDS alleles, sequencing of which demonstrated different deletions both of which are
distinct from the 449 founder and extend several hundred bp downstream of the intron 5
gRNA. After several generations of backcrossing to NSG mice, the 1850 lineage was

chosen for characterization.

Peripheral blood IDS activity and urine GAG excretion

A group of 5-10 lineage 1850 NSG IDS knockouts were studied to determine
metabolic and physiologic manifestations of disease in comparison to 6-11 NSG IDS+
male littermates at 7-12 months of age. Evaluation of IDS enzyme in NSG-MPS Il mice
revealed no detectable IDS activity in either plasma or PBMCs (Figure 20A, B).
Conversely, NSG IDS+ male littermates showed an average of 25.9 nmol/hr/ml in plasma
and 13.5 nmol/hr/mg protein in PBMC. Urinary GAGs were increased in NSG-MPS II
mice to an average of 4493 ug GAG/mg creatinine when compared to NSG mice with a

mean of 2331 ug GAG/mg creatinine (Figure 20C). NSG-MPS Il mice are thus deficient
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for IDS activity in the peripheral blood and show elevated levels of urinary GAG

excretion.

Tissue IDS enzyme and GAG storage

IDS activity in the tissues of NSG-MPS Il mice was undetectable i.e., below our
limit of detection. Background fluorescence was detected in some samples, notably in the
spleen, kidney, and liver, but nearly all data points were < 1 nmol/hr/mg protein and do
not reflect quantifiable levels IDS enzyme activity. In contrast, NSG mice exhibited
consistent levels of IDS in all tissues analyzed. These levels varied widely by tissue, from
a mean of 6.6 nmol/hr/mg protein in the heart to 244 nmol/hr/mg protein in the brain
(Figure 21A). Consistent with the absence of IDS enzyme activity, tissue GAG levels in
NSG-MPS Il mice were predictably elevated in all tissues analyzed. GAG levels in NSG-
MPS 11 mice were increased over NSG mice from 2.25-fold in the brain to 75.96-fold in
the lung from NSG GAG levels (Figure 21B). NSG-MPS |1 mice thus show a deficiency
in IDS enzyme activity as well as accumulation of GAGs in major systemic and CNS

organs.

Histopathology of NSG-MPS 11

Histological analysis by H&E staining revealed intraneuronal vacuolization
throughout the cerebellar cortex of the brain, especially in resident Purkinje cells, of
NSG-MPS 11 mice when compared to NSG mice. (Figure 22A, D). These same Purkinje
cells in NSG-MPS Il mice were positive for storage material when stained with Alcian

Blue (Figure 22G, J). An increase in LAMP-1, a membrane associated lysosomal protein,
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is seen in both LSD patients and models of those disease!®!44?, Elevated LAMP-1 is thus
associated with lysosomal enlargement and cellular dysfunction. LAMP-1 IHC showed
sparse staining in the cerebellar cortex of NSG mice, but NSG-MPS Il mice had
noticeable increase in intracellular LAMP-1 (Figure 22M, P). Liver staining revealed
numerous vacuolated macrophages (foam cells) in the perivascular regions of NSG-MPS
I1, but not NSG mice (Figure 22B, E). Alcian blue staining of these same foam cells
showed distinctly stained storage material (Figure 22H, K). Both the foam cells and
hepatocytes in NSG-MPS Il mice had increased and widespread LAMP-1 staining
compared to livers from NSG mice (Figure 22N, Q). Aortas of NSG-MPS Il mice
exhibited rarefaction of the smooth muscle, compared to NSG mice. Additionally,
vacuolated macrophages were present in multiple layers of the blood vessel walls,
including the tunica media and adventitia. (Figure 22C, F). No differences were noted
between groups for Alcian blue staining in the aorta (Figure 221, L). Compared to the
minimal LAMP-1 staining noted in aortas of NSG mice, NSG-MPS Il mice had extensive

staining in both smooth muscle and macrophages (Figure 220, R).

NSG-MPS |11 skeletal analysis

To evaluate the emergence of skeletal manifestations, NSG-MPS Il mice full
body micro-CT images were collected from NSG-MPS Il mice. Zygomatic arch
thickening has been observed as a skeletal manifestation in C57BL/6 IDSY"
mice®4311313 Zygomatic arch thickening was observed in the NSG-MPS Il mice when
compared to IDS+ NSG controls (Figure 23A). Analysis of NSG MPS 1l femurs showed

a significant decrease in overall length compared to NSG controls (Figure 23C).
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Differences in snout length and femur midshaft diameter between NSG and NSG-MPS 11
were not statistically significant by the Mann-Whitney U test (Figures 23B, D). These
data reveal the skeletal manifestations associated with IDS deficiency the NSG-MPS I

model.

Neurobehavioral analysis of NSG-MPS Il mice.

Neurocognitive deficits are associated with MPS Il both in patients and in mouse
models of the disease!%3%:304 To evaluate NSG-MPS Il mice for neurocognitive deficits,
test animals underwent several neurobehavioral analyses at six months of age. Mice were
first tested on the 20-hole Barnes maze, which evaluates spatial memory and learning*’.
The Barnes maze consisted of four 180s trials a day for four days (see Materials and
Methods). After the first day, NSG and NSG-MPS Il mice showed similar latency to
escape the maze with means of 175.4s and 176.8s, respectively. On day 2 of testing, a
trend emerged whereby NSG mice learned to escape the maze faster, on average, than
NSG-MPS Il mice. This trend culminated on day 4, when the mean latency to escape of
54.9s for NSG mice was significantly different compared to 94.5s for NSG-MPS Il mice
(Figure 24A). The Y-maze spontaneous alternation test relies on a mouse’s predisposition
to explore new arms during testing (see Materials and Methods)#3. The mean percent
alternation for NSG mice was 62.2%, while the mean for NSG-MPS Il was 51.8%, a
significant difference of 10.4% between the two groups (Figure 24B). NSG MPS Il mice
were also evaluated using rotarod (motor function) and fear conditioning

(neurocognitive) tests, but their performance was not significantly different from that of
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IDS+ NSG mice. We conclude that NSG-MPS 11 mice have significant neurocognitive

deficits in NSG-MPS Il mice in comparison with IDS+ NSG control littermates.

Discussion

We generated a novel NSG-MPS 1l mouse model using CRISPR/Cas9 which
included dual sgRNAs in fertilized NSG mouse embryos to create a structural deletion
from the 5’UTR to the 5™ intron of the mouse IDS gene. Male mice with a deletion in this
region had no detectable IDS activity in blood plasma, in PBMCs, and in any tissues
analyzed. Concomitantly, these mice showed elevated GAG excretion in the urine as well
as GAG storage in analyzed tissues. Histologically, vacuolized cells were seen in all
tissues analyzed, including throughout the CNS. These mice also showed functional
deficits in the form of skeletal and neurological manifestations. NSG-MPS Il mice were
observed to have an increased zygomatic arch diameter and decreased femur length.
Lastly, NSG-MPS Il mice exhibited neurocognitive deficits in spatial learning and
memory in the Barnes maze and working memory in the Y-maze.

The phenotypes we observed in NSG-MPS Il mice are similar to those previously
reported for C57BL/6J IDS knockout mice?®#2%, In addition to deficiency in IDS activity
and elevated storage material, NSG-MPS Il mice show skeletal and neurological
manifestations that are similar to the immunocompetent C57BL/6J mode|2%4:304,311,316,318
This model also recapitulates some of the biochemical and clinical manifestations that are
seen in human MPS 1188, Although we did not conduct a detailed natural history of
disease in these animals (i.e., assessment of disease manifestations over time), it is likely

that the phenotypes seen here are progressive in nature, given that disease progression is
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observed in both C57BL/6J-MPS Il mice and in the human disease®=3%. Recently,
Shimada et al published a NOG-MPS Il mouse model which was used to evaluate an ex
vivo lentiviral vector gene therapy®°t. However, this NOG-MPS Il mouse model has not
been physiologically characterized for manifestations of MPS disease.

The first clinical trial (NCT00004454) of a gene therapy for Hunter syndrome was
conducted in 1996, testing IDS gene transfer into T lymphocytes using a retroviral
vector3#6443 This study never published any results of the trial. Developments in vector
safety and technology have recently brought MPS |1 gene therapy back to the clinic3233%,
Although a gene editing approach using zinc finger nucleases (NCT03041324) was
terminated due to lack of detectable IDS enzyme in patient plasma, several other AAV-
based trials have been initiated. REGENXBIO launched the first of these trials
(NCT03566043) in 2018 evaluating a dose escalation of their AAV9 vector administered
intracisternally. An additional clinical trial (NCT04571970) evaluating the same route of
administration at a single dose in older (5-17 years of age) neuronopathic patients
launched in 2020. In 2022, Homology Medicines began recruiting for their clinical trial
(NCT05238324), which uses a novel AAV-HSC vector to deliver hIDS by 1V infusion.
New and more effective therapies for neuronopathic MPS |1 constitute a substantial
unmet need, so it is likely that other cell and gene therapies will soon make their way into
the clinic. The NSG-MPS Il mouse strain described in this paper provides an
immunodeficient animal model that recapitulates many of the metabolic, skeletal, and
neurologic manifestations of the human disease and in this regard will be useful for

preclinical testing.
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Based on the NSG background, this model will be particularly useful for studies
involving xenotransplantation, such as ex vivo transduction of autologous hematopoietic
stem cells using an integrating viral vector®3. Investigations into ex vivo gene therapy for
MPS 11 have generally involved transplantation of engineered mouse cells into syngeneic
or congenic hosts31%-313, In contrast, the NSG MPS Il mouse model presents the
opportunity to test the ex vivo approach by xenotransplantation of genetically modified
human cells, as demonstrated for other LSDs*33444, Other possible candidates for
xenotransplantation include the engraftment of human neural stem cells, other human
induced pluripotent stem cell (iPSC)-derived cell lines, human T cells, and human B
cells*45-448 A gene therapy using patient iPSC-derived NSCs has been tested in a
NOD/SCID/MPS VII mouse model**. Engraftment of lentiviral-modified human T cells
to deliver therapeutic enzymes in models of Fabry, Farber, Gaucher, and Pompe diseases
was recently evaluated in a xenograft model**°. Engraftment of genetically modified
human B cells has also been tested in an immunodeficient NSG model of MPS 142,
There is thus a wide range of cell and gene therapy technologies for which the NSG-MPS
I1 mouse model described in this paper will be highly useful for both basic and
translational research activities into the biology of and the development of new

treatments for MPS II.
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5’'UTR sgRNA Sequence 5" CTTCTTGCAAGACTGCGCCG
Intron 5 sgRNA
5" GATTACACAATGACGTACAG

Sequence
Primer A 5’ CTCAGAGACTTTGGTGGTGACAGC
Primer B 5’ GATGCAGAAGGAGCCTAGCAACA
Primer C 5" GGGGAGGAGCTACTTGCATAGTTG
Primer D 5" AGGTGGAAAAGACCAGCTATATGG
Primer E 5" ATAGAGGGTTCCAACACAACCAAGC
Primer F 5’ CAACATCAAAGGGCATACTTCCCAG
Primer G 5" AGGCTTGGACATCTTCCCTCTC

Table 1. sgRNA and primer sequences. Primers were designed to
evaluate potential mIDS gene knockout mice.
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MOUSE # SEQUENCE DELETION COMPARED
TO REFERENCE
INTENDED DELETION CACGCCACCTTCTTGCAAGACTGCG CAGAGGTGACATAAAGCCACCAGGA g.172_5686del
428T CACGCCACCTTCTTGCAAGACTGCG GACATAAAGCCACCAGGAGCCATAC g.172_5693del
428 B CACGCCACCTTCTTGCAAGACTGCG GACATAAAGCCACCAGGAGCCATAC g.172_5693del
429T (142) GCCACCAGGAGCCATACTCTTTGGA g.142_5700del
429 BU (157) GCCACCAGGAGCCATACTCTTTGGA g.157_5700del
429 BL (?) CCACCAGGAGCCATACTCTTTGGA g.? _5703del
432T (128) (5730) g.128_5730del
447 T CACGCCACCTTCTTGCAAGA AAGCCACCAGGAGCCATACTCTTTG g.166_5698del
447 BU CACGCCACCTTCTTGCAAGACTGCG GAGGTGACATAAAGCCACCAGGAGC g.172_5688del
447 BL CACGCCACCTTCTTGCAAGA GGTGACATAAAGCCACCAGGAGCCA g.167_5690del
448 T (144) AAGCCACCAGGAGCCATACTCTTTG g.144_5694del
449 T CACGCCACCTTCTTGCAAGACTGC AGAGGTGACATAAAGCCACCAGGAG g.171_5687del
1849B CACGCCACCTTCTTGCAAGACTGC (6021) g.171_6021del
1850B CACGCCACCTTCTTGCAAGACTG (6784) g.170_6784del
451B CACGCCACCTT GACATAAAGCCACCAGGAGCCATAC g.158_5693del
459 T CACGCCACCTTCTTGCA GAGGTGACATAAAGCCACCAGGAGC g.164_5688del
460 T CACGCCACCTTCTTGCAAGACT g.169_5701del

GCCACCAGGAGCCATACTCTTTGGA

Table 2. Sequence alignment of the genotyped blood (B) or toe (T) sample. T, B; toe or blood as source of DNA
template for PCR genotyping; U, L; upper or lower band present after PCR. PCR for sequencing carried out with
primers A and F, with the exception of 1849 and 1850 where F was replaced with a 7th primer (Primer G, not shown in

Figure 1).
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MOUSE #, PBMCIDS PCR PCR PCR
SEX ACTIVITY PRIMERS | PRIMERS | PRIMERS
(nmol/hr/mg AF C,D EF
protein)
Wildtype NA No band 152bp 460bp
Intended NA 411bp No band No band
Deletion
428, f 0 411bp No band No band
429, F 0 2 bands, No band No band
~300-
400bp
432,F 0 ~300bp 152bp Faint
Band
447, F 0 411bp No band Faint
Band
448, F 0 2 bands, No band Faint
150 and Band
400bp
449, F 0.34 411bp 152bp 460bp
1849, M 0 No band No band No band
1850, M 0 No band No band No band
451, F 0 411bp Unclear No band
459, M 0 411bp No band No band
460, M 0 411bp 152bp 460bp
C57Bl/6(Y/+) 1.07 NA 152bp 460bp

Table 3. Genotyping information generated from
potential IDS knockout mice. Primer pair letter
correlates to those shown in Figure 1 and the expected
fragment size from the PCR reaction.
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Figure 19. mIDS gene knockout and genotyping strategies. Partial depiction of IDS gene
showing exons 1 through 5 (labeled) with locations of SgRNA 1 and sgRNA 2 (in red) for
double sgRNA knockout strategy. Sites for Cas9 mediated double-strand break (DSB), NHEJ
generated deletion product (thick purple line) and positions of primers A through F for PCR
genotyping and sequencing (see Table 2) are shown.
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Figure 20. Plasma and PBMC IDS enzyme activities and urine GAG excretion
in NSG and NSG-MPS 11 mice. (A, B) Plasma and PBMC IDS activity at time of
euthanasia. (C) Excreted urine GAGs at the time of euthanasia. Ages at sample
collection range from 7 months to 12 months. Cross bar shows mean activity. For
plasma and PBMC, N=6 for NSG and N=5 for NSG-MPS Il. For urine, N=7 for NSG
and N=8 for NSG-MPS II. Statistical analysis was by t-test. *: P <.05, ****;

P<.0001.
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Figure 21. Tissue IDS activity and GAG storage levels in NSG and NSG-MPS
Il Mice. (A) IDS activity levels by tissue. (B) GAG storage levels by tissue. Data
for both NSG and NSG-MPS 1l are shown on superimposed columns for both
graphs. Sample sizes are N=6-10 for NSG and N=5-8 for NSG-MPS II. N values
vary depending on tissue type as some tissues were instead taken for histological
analysis. Error bars show mean +/- S.D. Statistical analysis by multiple t-tests. **:
P<0.01, ***: P<0.001, and ****; P<0.0001.
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Figure 22. Hematoxylln and Eosm (H&E) Alcian blue (AB) and LAMP-1 IHC stained
sections from NSG and NSG-MPS Il mice. (A, D) Cerebellar cortex: In contrast to the NSG
mice (A), intracytoplasmic vacuolization (black arrows) was noted in the Purkinje cells from all
NSG-MPS Il mice (D). (B, E) Liver: In contrast to the NSG mice (B), numerous fine-
vacuolated perivascular macrophages (“foam cells”, black arrowheads) were seen in all NSG-
MPS Il mice (E). (C, F) Aorta: In contrast to the NSG mice (C), there was extensive
rarefaction of the smooth muscle and moderate numbers of finely-vacuolated macrophages
(black stars) within the tunica media and adventitia from the NSG-MPS 1l mice (F). (G, J)
Cerebellar cortex: In contrast to the NSG mice (G), intracytoplasmic AB-positive blue material
(black arrows) was noted in the Purkinje cells from all NSG-MPS 1l mice (J). (H, K) Liver: In
contrast to the NSG mice (H), moderate amounts of AB-positive blue material (black
arrowheads) were seen all NSG-MPS Il mice (K). (I, L) Aorta: No significant differences were
noted in the AB-stained aortic tissues from the NSG (I) and NSG-MPS Il mice (L). (M, P)
Cerebellar cortex: In contrast to the sparse intracytoplasmic LAMPL1 staining in the Purkinje
cells from the NSG mice (M), there was marked intracytoplasmic LAMP1 staining (black
arrows) in the Purkinje cells from all NSG-MPS Il mice (P). (N, Q) Liver: In contrast to the
minimal LAMPL1 staining in the liver from the NSG mice (N), there was marked LAMP1
staining in the perivascular macrophages (black arrowheads) and hepatocytes (white
arrowheads) in all NSG-MPS Il mice (Q). (O, R) Aorta: In contrast to the minimal LAMP1
staining in the NSG mice (O), there was marked LAMP1 staining within the smooth muscle
(white stars) and macrophages (black stars) (R). Scale bars show 50um.
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Figure 23. Skeletal manifestations in NSG-MPS |1 mice.
Radiographic analysis at 6-7 months of age. (A) Zygomatic arch
diameter. (B) Snout length. (C) Femur length. (D) Femur diameter.
Significance was determined by Mann-Whitney U test. Sample sizes:
NSG N=10, NSG-MPS Il N=9. Error bars show SEM. ns: not
significance, *: P <.05, ***: P<.001.
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Figure 24. Neurocognitive analysis in NSG and NSG-MPS Il Mice. Both groups were
evaluated neurobehaviorally at 4 months of age. (A) Barnes maze evaluation for spatial
navigation and memory. Results are shown as the mean latency to escape for 4 trials a
day over 4 days. Significance was evaluated by two-way ANOVA. (B) Y-maze
spontaneous alternation for evaluation of short-term spatial memory and reported as
percent alternation. Results are shown as average of a 5-minute trial. Significance was
evaluated by Mann-Whitney test. Sample sizes are N=11 for NSG and N=10 for NSG-
MPS 1l. Error bars shown mean +/- S.D.
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Chapter V: Conclusions and Future Directions
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Iduronate-2-sulfatase is an essential enzyme required for the catabolism the GAGs
heparan sulfate and dermatan sulfate. Mutations in the IDS gene lead to a deficiency in
IDS activity, the subsequent accumulations of GAGs, and the emergence of the
lysosomal disease MPS 1157, Current treatment for MPS 1l is ERT with Elaprase®.
However, ERT is limited by the fact that it cannot fully address disease manifestations,
especially those of the CNS’. Thus, there is a need for a more effective therapy to be
developed. The work detailed in Chapter 11 and Chapter 111 took two different gene
transfer approaches towards developing a gene therapy for MPS I1. Additionally, Chapter
IV generated and characterized a novel immunodeficient model of MPS 11 for future

preclinical work.

HSCT vs HSCGT

Chapter 11 discusses the development of an HSCGT for MPS I1. Understanding
the reasons HSCT is not a current treatment option for MPS 11 gives insight into why
HSCGT is worth pursuing for MPS I1. The relatively limited and varied data on HSCT
for MPS Il make it difficult to assess its therapeutic benefit®*. In particular, it is
challenging to say how HSCT would impact the neurological manifestations. Some
studies suggest early HSCT could ameliorate neurodegeneration®%®:3%, However, many of
these reports examine HSCT patient cohorts of undetermined neurocognitive status and
long-term data on patients with severe phenotypes when treated <2 years of age is
sparse?>*348, Thus, poor and inconsistent data on HSCT situate its therapeutic potential as
uncertain for MPS 11. There simply is not enough evidence that HSCT can be a durable

and potent therapy to address the CNS pathology of Hunter syndrome.
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Contrast this with MPS | where the data are clear: HSCT shows great benefit and
is the standard of care for treating neuronopathic Hurler syndrome®224%, Why is HSCT
more efficacious for this closely related disorder than for MPS 11? Certainly, the earlier
time to diagnosis in MPS | vs. MPS I plays a role’, This effect of diagnosis can be seen
in the neurological benefit some MPS Il patients show when treated by HSCT early in
life. A possibility is that engrafted cells do not generate enough IDS to achieve
therapeutic effectiveness. The basis of HSCT affecting the CNS in patients is donor-
derived microglia that cross correct neurons in the brain®8. These microglia may express a
higher level of IDUA compared to IDS, and thus less enzyme is being made available.
However, mouse HSCT data show IDUA and IDS activity levels are similar, with IDS
actually showing higher activity levels than IDUA in plasma, PBMC, and tissues
(Chapter Il Figures 11A&B, 12A; L.R. Belur, unpublished). An alternate explanation is
that the required level of enzyme for a therapeutic benefit in the brain may be higher for
MPS 1 than MPS I. For MPS diseases, a fraction of wild type activity is needed to see a
therapeutic benefit®2°. In mouse studies, supplying as little as 1.5-5% of the deficient
enzyme is needed for brain GAG reduction and neurocognitive benefit?%>316:318 However,
that percentage reflects a much higher absolute level of IDS enzyme compared to IDUA
enzyme. Endogenous levels of IDS in the brain of mice are 250-300 nmol/hr/mg protein,
while for IDUA they are ~1-3 nmol/hr/mg protein3833%7 (Chapter Il Figure 12A). Thus,
reaching an impactful level of IDS is more difficult than it is for IDUA using the same
treatment method, i.e., HSCT.

Although HSCT is the standard therapy for MPS I, HSCGT is being pursued as

better alternative treatment option. HLA-donor matching, myeloablative preconditioning,
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GvHD, and low enzyme expression are complications that may arise with HSCT for MPS
| and MPS 1348400 \While myeloablative precondition is still required, the other three
problems are addressed by HSCGT. The autologous nature of the therapy removes the
need to find a matched donor. Additionally, risks related to GvHD are eliminated by
using the patient’s own cells. Supraphysiological levels of enzyme can be achieved by
transducing patient cells with a LVV encoding functional IDS or IDUA cDNA regulated
by a strong, constitutively active promoter. A HSCGT clinical trial for MPS | from
November 2021 reported impressive and encouraging results in patients*??, A
commentary on the work suggested it was “the beginning of the end of allogeneic
transplantation for Hurler syndrome”4%. The advantages HSCGT has over HSCT for
MPS | translate to MPS 11. The preclinical work detailed in Chapter I1, along with work
done by others, shows that a higher level of IDS expression compared to HSCT is
achievable and that it can ameliorate both peripheral and CNS manifestations in the
mouse model®11313, With the strong preclinical data generated and its impact in the MPS

I clinical trial, it is time to consider HSCGT as a treatment option for MPS 1.

Routes of Administration for AAV9 encoding IDS

Chapter 11 details a comparison of IT vs IV dosing of an AAV9 vector encoding
IDS cDNA regulated by a strong promoter. This study showed IT administration was best
able to prevent the emergence of neurocognitive disease in MPS Il mice (Chapter 111
Figure 18). Additionally, a large portion of the vector was released into the periphery to
mainly transduce liver cells that serve as a source of bioavailable IDS (Chapter 111 Figure

13B). The level of IDS produced was sufficient to normalize GAG content and zygomatic
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arch diameter in the mice (Chapter I11 Figure 12B, 14B). Overall, IT administration was
sufficient to address both peripheral and CNS disease manifestations in MPS Il mice.
This agrees with previous studies that administered AAV9 by a CSF-directed (ICV, ICM)
route3°0315316 The doses in those studies were 3x101°gc-5x10%c, similar to the most
effective dose at 10''gc described in Chapter I11. The work in Chapter 111 also shows
equivalent doses delivered IV were less efficacious in addressing the CNS compared to
IT. Additionally, studies administering systemically had to use much higher doses
(10*2gc-2x10*3gc) to achieve effective results in the CNS, with lower IDS activities
recorded overall3!"64, These comparisons suggest that the dose required to address both
peripheral and CNS manifestations is lower overall by CSF-directed administration
compared to IV administration.

Based on the preclinical data discussed in the above paragraph, and in Chapters |
and 111, a CSF-directed ROA should be favored over systemic administration for
neuronopathic MPS 11. Because of the targeted nature of CSF-directed administration, a
lower dose can be used than by systemic administration to address neurological disease in
mice. In addition to the CNS manifestations, patients also suffer from severe peripheral
disease, such as skeletal dysplasias and cardiopulmonary dysfunction®?®’. In Chapter IlI,
targeted administration into the CNS simultaneously addressed both peripheral and CNS
disease manifestations in the mouse model. Thus, no supplemental systemic
administration was required. There are efficacy and safety benefits to administering a
lower dose of AAV9. The immunogenic characteristics of AAV mean higher doses can
cause loss of efficacy through AAV capsid activation of CD8+ T cells that destroy

transduced cells®”. High dose AAV administration can lead to toxicity, particularly in the
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liver, leading to severe adverse events such as sepsis or even death*24%3, Qverall, CSF-
directed administration of AAV9 is likely to be more efficacious and safe compared to
similar IV administration for neuronopathic MPS II.

Data from Chapter 111 suggest systemic administration as a possible treatment for
non-neuronopathic MPS 1l. ERT leaves some peripheral manifestations unaddressed for
non-neuronopathic patients, such as cardiopulmonary manifestations, skeletal
abnormalities and joint stiffness®”%*. AAV9 administered IV normalized GAG content
and zygomatic arch diameter in mice. This was accomplished by a dose lower (10%°gc)
than what was needed to address CNS manifestations (10*'gc) by IT administration. In
contrast to ERT, IV administration of AAV9 benefits from reduced invasiveness and

long-term expression.

Comparison of HSCGT and AAV-vector approach to Gene Therapy for

MPS 11

While the need of a more effective therapy for MPS 11 is clear, the work detailed
in Chapter 11 and Chapter 111 raises the question: how do these two different gene therapy
approaches compare? Both CSF-directed administration of AAV9 and HSCGT can
address peripheral disease manifestations, provide appreciable levels of IDS in the brain,
and prevent neurocognitive deficits in the MPS Il mouse model. Widespread IDS activity
and GAG normalization was seen in peripheral tissues for both strategies. Treatment of a
skeletal abnormality, a thickened zygomatic arch, was normalized by both approaches as
well. In the brain, higher enzyme activity levels were achieved by HSCGT (13% of wild

type) than by 10''gc IT administration (1.65% of wild type). This is reflected in measured
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brain GAG content, which was normalized in HSCGT and 65% corrected in 10*'gc IT
administration. Regardless, functional improvements in spatial learning and memory
were observed in treated mice from both studies, in accordance with past
publications300:311.314.318 "Qyerall, the AAV-vector strategy conferred lower IDS enzyme
levels and GAG reduction in the CNS in the 10 *gc IT group compared to HSCGT.
HSCGT poses risks related to the preconditioning regimens required to allow for
engraftment of genetically modified cells. Immunosuppression to prevent rejection of
transplanted HSPCs is accomplished through chemotherapy and is toxic to the transplant
recipient®24%, However, alternative preconditioning regimens may reduce issues
regarding myeloablation related toxicity in the future3®®, As discussed in Chapter I,
insertional mutagenesis is a potential risk with HSCGT and can lead to myelodysplastic
syndrome, and leukemia®®. Nonetheless, if engrafted cells produce high and consistent
levels of IDS enzyme (including in the brain), this approach will be a substantial step
towards a more successful therapy for MPS I1. Host immune response is a still a barrier
for AAV-vector approaches®’®. Capsid related immunogenicity can decrease therapeutic
efficacy and lead to severe adverse events such as sepsis or even death374402:403,
Investigations into minimal effective dose, as done in Chapter 111, can help overcome this
barrier. By using a minimal effective dose, it is possible to maintain efficacy by
overcoming neutralizing antibodies and avoiding capsid specific T-cell activation®®.
While the MPS Il mouse model does not develop an immune response to the transgene
product, MPS |l patients can mount a response to hIDS, as seen with ERT?14:316.375 Thus,
transgene immune response may need to be considered when evaluating an AAV-vector

therapy in other preclinical models or clinically. Both of these strategies share a major
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challenge in terms of cost. While ERT with idursulfase is expensive, companies can be
expected to charge millions of dollars for gene therapies*®*. An HSCGT for beta
thalassemia is expected to cost $2.1 million USD and the list price for an AAV gene
therapy for spinal muscular dystrophy is $2.125 million USD#2453, Thus, financial
burden and equitable access are problems for gene therapy in general*®.

From a preclinical perspective, both ex vivo and in vivo gene therapy approaches
are viable options to consider as potential treatments for MPS I1. They confer high and
durable levels of IDS activity and address both peripheral and CNS disease
manifestations. In this way, HSCGT and CSF-directed administration of AAV show
distinct improvements in efficacy over ERT and HSCT. However, safety and cost are
challenges for both strategies. Thus, both are worth pursuing clinically as future treatment

options for MPS II.

Future Preclinical Work Using the NSG-MPS |1 Mouse Model

Preclinical work, such as those described in Chapters Il and 111, paves the way for
future therapies, to reach the clinic®!8464, Thus, additional tools to accomplish this work
more effectively can lead to better understanding of a therapy before moving into the
clinic. For MPS 11, a new addition to the preclinical toolbox is detailed in Chapter 1V
with the development of the NSG-MPS 11 mouse model. Cell based therapies, such as
HSCGT, can be evaluated in human cells before translating to a clinical setting. To see
the possible future uses of the model, it is helpful to look at how immunodeficient mouse
strains has been used for other MPS diseases. Gene editing of human CD34+ cells to

produce IDUA enzyme was evaluated in an immunodeficient MPS | mouse model“%, A
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recent publication used an NSG-MPS | mouse strain to investigate the role that innate and
adaptive immunity plays in aortic dilation!®*. NSG mice have also been used to study the
safety and efficacy of an ex vivo LVV HSCGT for MPS I11A%¢, Lastly, a NOG model of
MPS 11 was developed to test an ex vivo LVV based gene therapy 3°%. These examples
show that there is considerable interest in developing cell and gene therapies, as well as
investigating disease pathology using immunodeficient models. Thus, future studies can
utilize the immunodeficient model described in Chapter IV to accomplish such work for

MPS 1.

The Prospect of Gene Editing for MPS 11

Future gene editing for MPS Il has two major goals. First, the therapy must
engineer the production of high and consistent levels of IDS. Second, the enzyme needs
to be supplied to the brain to address CNS manifestations. Current ex vivo LVV work,
such as that described in Chapter 11, shows that genetically modified HSPCs can achieve
both these goals. Thus, an ex vivo gene editing approach may be ideal. In addition, gene
editing can generate targeted modifications in the genome rather than the randomly
integrating nature of an ex vivo LVV approach. Targeted integration would avoid the
insertional mutagenesis safety problems associated with LVVs that are described above.
The central question is how to engineer a highly expressing IDS cDNA in HSPCs using
gene editing. One strategy would be to employ double strand breaks (DSB) and an AAV-
vector supplied donor molecule encoding both IDS cDNA and a strong promoter“®’. Here,
a gene editing tool, such as CRISPR/Cas9, creates a DSB at a specific locus and DNA

repair machinery installs the AAV donor template at the site by homologous
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recombination. In MPS | mice, this approach generated low levels of IDUA and did not
reduce brain GAG content but showed correction of some skeletal manifestations*®.
However, DSBs can lead to unintended insertions or deletions, and in the case of
CRISPR/Cas9 off target edits are possible*®®, One approach to circumvent this problem is
to use an engineering tool that does not create DSBs. One such tool is a base editor. Base
editors use the customizable targeting of CRISPR/Cas9 combined with a deaminase to
institute a deamination reaction at a specific DNA base. Using either adenine or cytosine
base editors, it is possible to chemically modify a base from Ato GorCto T,
respectively*®®41°  An MPS | mouse model generated by an IDUA point mutation,
W392X, was treated in utero by intravenous administration of an AAV9-vector encoding
an adenine base editor targeting the mutation. The study showed some biochemical
improvements, with modest IDUA expression and GAG reduction in the liver and
heart*'!. However, it failed to show biochemical correction in most tissues, including the
CNS. This study highlights the problems base editors face for MPS Il. First, base editing
to correct a mutation in the IDS locus will not confer high and consistent levels of IDS
activity. Second, there are over 660 different recorded IDS mutations for MPS II, and
base editing will not be able to address them all, as many are not transition mutations#4.
Prime editing combines CRISPR/Cas9 targeting with a reverse transcriptase and an RNA
template (pegRNA) to insert or delete short DNA sequences at a specific locus without
generating DSBs*'?2. A major disadvantage is that insertions can only be up to 40 bp long,
too short to install a promoter and IDS cDNA*2, However, recent advances combining
prime editing with site specific recombinases has allowed the targeted insertion of DNA

sequences up to 5kb in length*'3, This strategy is called twin-prime editing and functions
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by prime editor inserting recombinase recognition sites at a specific locus and subsequent
introduction of a recombinase to integrate a DNA sequence of choice. An ex vivo strategy
could employ twin-prime editing to insert a highly active promoter and IDS cDNA at a

targeted location in the genome. Overall, treatment of genetic disease like MPS Il may be

possible with new gene editing capabilities that allow for targeted integration.

Conclusion

Collectively, the work carried out and detailed in this thesis progresses novel
therapies from the bench to the clinic for Hunter syndrome. Chapters Il and 111 describe
two different gene therapy strategies for MPS Il. HSCGT is being pursued clinically in
related diseases, such as MPS 1, and the data generated in Chapter Il gives hope that
HSCGT for MPS Il will also be translated to the clinic. The AAV-vector approach is
already in clinical trials, and Chapter 111 defines what ROA and dose would be minimally
effective for RGX-121. Lastly, it is anticipated that the immunodeficient mouse model
generated and characterized in Chapter 1V will be employed to develop new treatments
for MPS I1. Overall, the development of gene therapy technologies promises that a new

and better treatment will be available for Hunter syndrome.
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