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GENE THERAPY FOR TREATING MUCOPOLYSACCHARIDOSIS
TYPE 1l

STATEMENT OF FEDERALLY FUNDED RESEARCH
This mvention was made with government support under grant numbers

ROIDK54481, P400D010939, and P30ES013508 from the National Institutes of Health.

The US government may have certain rights i this invention.

1. INTRODUCTION
The invention relates to a gene therapy approach for treating Mucopolysaccharidosis

Type II (MPS 11), also known as Hunter Syndrome.

2. BACKGROUND OF THE INVENTION

MPS 11, also known as Hunter syndrome, 1s a rare X-linked recessive genetic disease
atfecting 1 1n 100,000 to 1 in 170,000 mndividuals, primarily males. This progressive and
devastating disease 1s caused by mutations i the 1duronate-2-sulfatase (/DS) gene, Ieading to
deficiency of the lysosomal enzyme, 1iduronate-2-sulfatase (IDS, alternatively termed 12S) —
an enzyme required for the lysosomal catabolism of heparan sulfate and dermatan sulfate.
These ubiquitous polysaccharides, called GAGs (glycosaminoglycans), accumulate 1n tissues
and organs of MPS Il patients resulting i characteristic storage lesions and diverse disease
sequelac. Morbidity and mortality are high in this patient population -- 1n patients with the
severe phenotype (characterized by neurocognitive deterioration) death has been reported to
occur at a mean age of 11.7 years; m patients with mild or attenuated phenotype, death has
been reported at 21.7 years.

Patients with MPS II appear normal at birth, but signs and symptoms of discase
typically present between the ages of 18 months and 4 years 1n the severe form, and between
4 and 8 years 1n the attenuated form. Signs and symptoms common to all affected patients
include short stature, coarse facial features, macrocephaly, macroglossia, hearing loss,
hepato- and splenomegaly, dystosis multiplex, joint contracture, spinal stenosis and carpal
tunnel syndrome. Frequent upper respiratory and ear infections occur i most patients and
progressive airrway obstruction 1s commonly found leading to sleep apnea and often death.

Cardiac disease 1s a major cause of death 1n this population and 1s characterized by valvular
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dysfunction leading to right and left ventricular hypertrophy and heart failure. Death 1s
generally attributed to obstructive airway disease or cardiac failure.

In severe forms of the disease, early developmental milestones may be met, but
developmental delay 1s readily apparent by 18-24 months. Some patients fail hearing
screening tests 1 the first year and other milestones are delayed, including the ability to sit
unsupported, ability to walk, and speech. Developmental progression begins to platcau
around 6.5 years. While half the children with MPS II become toilet tramed, most children,
if not all, will lose this ability as the disease progresses.

Patients with significant neurologic involvement exhibit severe behavioral
disturbances, mcluding hyperactivity, obstinacy, and aggression beginning in the second year
of life and continuing to age 8-9, when neurodegeneration attenuates this behavior.

Se1zures are reported 1 over half of severely affected patients who reach the age of
10, and by the time of death most patients with CNS involvement are severely mentally
handicapped and require constant care. Although patients with attenuated disease exhibit
normal intellectual functioning, MRI 1imaging reveals gross brain abnormalities 1n all
patients with MPS II including white matter lesions, enlarged ventricles and brain atrophy.

Enzyme Replacement Therapy (“ERT’) with recombinant idursulfase (Elaprase®,
Shire Human Genetic Therapies) 1s the only approved treatment for Hunter syndrome and 1s
administered as a weekly infusion. However, ERT as currently administered does not cross
the blood brain barrier (‘BBB™) and 1s therefore unable to address the unmet need 1n patients
with severe disease —i.e., MPS II with CNS/neurocognitive and behavioral involvement.

Current efforts to address this 1ssue are aimed at modifying the enzyme to enable 1t to cross

the BBB.

3. SUMMARY OF THE INVENTION

The use of a replication deficient adeno-associated virus (FTAAV™) to deliver a human
1duronate-2-sulfatase (“hIDS”) gene to the CNS of patients (human subjects) diagnosed with
MPS 11, also known as Hunters syndrome, 1s provided herein. The goal of the treatment 1s to
functionally replace the patient’s defective iduronate-2-sulfatase via rAAV-based CNS-
directed gene therapy as a viable approach to treat disease. Efficacy of the therapy can be
measured by assessing (a) the prevention of neurocognitive decline n patients with MPS 11

(Hunter syndrome); and (b) reductions 1n biomarkers of disease, e.g., GAG levels and/or

2
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enzyme activity (IDS or hexosaminidase) in the CSF, serum and/or urine, and/or liver and
spleen volumes. Neurocognition 1n mfants can be measured via Bayley Scales of Infant and
Toddler Development, Third Ed., BSID-III. Neurocognitive and adaptive behavioral
assessments (¢.g., using Bayley Scales of Infant Development and Vineland Adaptive
Behavior Scales, respectively) can be performed.

In certain embodiments, a therapeutic regimen for treating human i1duronate-
2-sulfatase (hIDS) deficiency 1s provided which comprises a co-therapy. The co-therapy
comprises co-administration of: (a) a suspension of replication deficient recombinant adeno-
associated virus (rAAV), wherem: (1) the rAAV has an AAV9 capsid and a vector genome
which comprises a nucleic acid sequence encoding hIDS under the control of regulatory
sequences which direct expression of the hIDS (rAAV9.hIDS); (1) a formulation buffer
suitable for intrathecal delivery comprising a physiologically compatible aqueous buffer, and
optional surfactants and excipients (b) at least a first immunosuppressive agent selected
from at least one of corticosteroid, an antimetabolite, a T-cell inhibitor, a macrolide, or a
cytostatic agent: and (c) at least a second immunosuppressive agent selected from at least
on¢ of a corticosteroid, an antimetabolite, a T-cell inhibitor, a macrolide, or a cytostatic
agent, wherein administration of at least one immunosuppressive agent begins prior to or on
the same day as delivery of the rAAV9.hIDS vector; and wherein administration of at Ieast
on¢ of the immunosuppressive agents continues for at least 8 weeks post-vector
administration. In certain embodiments, the rAAV9.hIDS has a vector genome selected
from: SEQ ID NO: 3; SEQ ID NO: 11: or SEQ ID NO: 14. In certain embodiments, the
patient 1s predosed nitially with an intravenous steroid prior to vector delivery. In certain
embodiments, the patient 1s dosed with an oral steroid following vector delivery. In certain
embodiments, the regimen comprises one or more macrolides comprising tacrolimus or
sirolimus, or a combination thereof. In certain embodiments, a first dose of a macrolide 1s
delivered predosing with vector. In certain embodiments, the immune suppressive regimen
1s discontinued at week 48 post-dosing with the AAV9 hIDS. In certain embodiments, the
suspension has apH of 6 to 9, or a pH of 6.8 to 7.8. In certain embodiments, the
rAAV9.hIDS is administrable by intrathecal injection at a dose of about 1.9 x 10" GC/g
brain mass. In certain embodiments, the rAAV9.hIDS 1s administrable by intrathecal

injection at a dose of about 6.5 x 10" GC/g brain mass.
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In certain embodiments, use of a suspension comprising replication deficient recombinant
adeno-associated virus (rAAV) 1s provided, which rAAV comprises an AAV9 capsid and a
vector genome which comprises a nucleic acid sequence encoding human 1duronate-2-
sulfatase (hIDS) under the control of regulatory sequences which direct expression of the
hIDS (rAAV9.hIDS), wherein the suspension comprises rAAV9 hIDS at a dose of about 1.3
x 10" genome copies (GC)/g brain mass or about 6.5 x 10'° genome copies (GC)/g brain
mass. In certain embodiments, the rAAV9.hIDS has a vector genome selected from: SEQ
ID NO: 3: SEQ ID NO: 11; or SEQ ID NO: 14. In certain embodiments, the use 1s 1 a co-
therapeutic regimen comprising two or more immunosuppressive agents. In certain
embodiments, the two or more immunosuppressive agents comprise: at least a first
immunosuppressive agent selected from at least one of corticosteroid, an antimetabolite, a T-
cell inhibitor, a macrolide, or a cytostatic agent: and at least a second immunosuppressive
agent selected from at least one of a corticosteroid, an antimetabolite, a T-cell inhibitor, a
macrolide, or a cytostatic agent. In certain embodiments, the patient 1s predosed mitially
with an intravenous steroid prior to rAAV9.hIDS delivery. In certain embodiments, the
patient 1s doses with an oral steroid following rAAV9.hIDS delivery. In certain
embodiments, the co-therapy comprises one or more macrolides comprising tacrolimus or
sirolimus, or a combination therecof. In certain embodiments, the human patient has been
diagnosed with mucopolysaccharidosis II (MPS II) or severe Hunter syndrome.

In certain embodiments, an aqueous suspension comprising replication deficient
recombinant adeno-associated virus (rAAV) 1s provided which comprises an AAV9 capsid
and a vector genome which comprises a nucleic acid sequence encoding human 1duronate-2-
sulfatase (hIDS) under the control of regulatory sequences which direct expression of the
hIDS (rAAV9.hIDS), wherein the suspension 1s formulated for intrathecal injection to a
human in need thereof at a dose of 1.3 x 10" GC/g brain mass or about 6.5 x 10" GC/g
brain mass. In certain embodiments, the suspension 1s for use 1n co-therapy with (1) at least
a first immunosuppressive agent selected from at least one of a corticosteroid, an
antimetabolite, a T-cell inhibitor, a macrolide, or a cytostatic agent: and (1) at least a second
immunosuppressive agent selected from at Ieast one of a corticosteroid, an antimetabolite, a
T-cell mhibitor, a macrolide, or a cytostatic agent, wherein dosing of the immunosuppressive

agents begins prior to or on the same day as delivery of the AAV vector; and wherein dosing
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with at least one of the immunosuppressive agents continues for at least 8 weeks post-vector
administration.

In certain embodiments, a method of treating a patient in need thercof with a
replication deficient recombinant adeno-associated virus (rAAV) 1s provided which
comprises a heterologous nucleic acid encoding human 1duronate-2-sulfatase (hIDS)
packaged in an AAV9 capsid at a dose of about 1.3 x 10'Y GC/g brain mass or about 6.5 x
10'° GC/g brain mass by intrathecal injection. In certain embodiments, the patient has been
diagnosed with mucopolysaccharidosis II (MPS II) or severe Hunter syndrome. In certain
embodiments, the rAAV9 . hIDS has a vector genome selected from: SEQ 1D NO: 3; (b) SEQ
ID NO: 11; or (¢) SEQ ID NO: 14. In certain embodiments, the dose administered 1s at least
1.3 x 10" GC/g brain mass, at least 1.9 x 10'° GC/g brain mass, at least 6.5 x 10'"° GC/g
brain mass, or 9.4 x 10'° GC/g brain mass, or about 4 x 10'! GC/g brain mass.

These and other aspects of the invention will be apparent from the detailed

description of the invention.

4. BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 1s a schematic representation of the AAV9.CB.hIDS vector genome. The IDS
expression cassette 1s flanked by mverted terminal repeats (ITRs) and expression 1s driven by
a hybrid of the cytomegalovirus (CMV) enhancer and the chicken beta actin promoter (CB7).
The transgene includes the chicken beta actin mtron and a rabbit beta-globin polyadenylation
(polyA) signal.

FIGs. 2A-2C provides IDS expression in CNS and serum of MPS II mice after IT
vector treatment. MPS 11 mice were treated at 2-3 months of age with an ICV mjection of
AAV9.CB.hIDS at one of three doses: 3 x 10° GC (low), 3 x 10° GC (mid) or 3 x 10* GC
(high). Animals were sacrificed three weeks after injection. IDS activity was measured mn
CSF (FIG. 2A) whole brain homogenate (FIG. 2B) and serum (FIG. 2C). Wild type and
untreated MPS II mice were used as controls.

FI1G. 3 provides biodistribution of vector DNA 1n MPS 1l mice administered
AAV9.CB.hIDS. MPS II mice were treated with an ICV injection of 3 x 10" GC of an
AAV9 vector. Three weeks after mjection, the animals were sacrificed and vector genomes

were quantified 1n tissue DNA by Tagman PCR.
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FIGs. 4A-4D provide correction of peripheral GAG after IT vector delivery in MPS
II Mice. MPS II mice were treated at 2-3 months of age with an ICV mjection of
AAV9.CB.hIDS at one of three doses: 3 x 10° GC (low), 3 x 10° GC (mid), or 3 x 10! GC
(high). Animals were sacrificed three months after injection. Hexosaminidase activity was
measured mn liver (FIG. 4A) and heart (FIG. 4B). Storage correction was seen at all doses 1n
the liver and at mid- and high-doses 1n the heart. GAG content was measured 1n liver (FIG.
4C) and heart (FIG. 4D). Wild type and untreated MPS 11 mice were used as controls. *p <
0.05, one way ANOVA followed by Dunnett’s test.

F1Gs. 5A-5L provide dose-dependent resolution of brain storage lesions in MPS 11
Mice. MPS II mice were treated at 2-3 months of age with an ICV 1njection of
AAV9.CB.hIDS at one of three doses: 3 x 10°GC (low), 3 x 10° GC (mid), or 3 x 10 GC
(high). Animals were sacrificed three months after injection, and brains were stained for the
lysosomal membrane protein LIMP2 and the ganglioside GM3. Cells staining positive for
GM3 (FIG 5A, 5C, 5 E, 5G and 31) and LIMP2 (5B, 5D, 5F, 5H and 3J) were quantified by a
blinded reviewer 1n four cortical brain sections from each animal. Representative cortical
brain sections are shown (GM3, FIG. 5K; LIMP2, FIG. 5L). Wild type and untreated MPS 11
mice were used as controls. *p < 0.05, one way ANOVA followed by Dunnett’s test.

FIGs. 6A-6C shows improved object discrimination in vector-treated MPS II Mice.
Untreated MPS Il mice and WT male littermates underwent behavioral testing at 4-5 months
of age. MPS II mice were treated at 2-3 months of age with an ICV mjection of
AAV9.CB.hIDS at one of three doses: 3 x 10°GC (low), 3 x 10° GC (mid) or 3 x 10! GC
(high). Two months after injection animals underwent behavioral testing. FIG 6A 1llustrates
Y maze behavior and FIG 6B 1llustrates contextual fear conditioning, which were evaluated
2 months after injection by a blinded reviewer. "Pre" indicated freezing time when
reexposed to the enclosure 24 hours after rece1ving an un-signaled 1.5mA foot shock. *p <
0.05, two-way ANOVA followed by Sidak’s multiple comparisons test. Fig. 6C shows the
percentage time spent exploring a novel or familiar object i the novel object recognition
task, which 1s used to assess long term memory. Wild type and untreated MPS 11 mice were
used as controls. *p < 0.05, t-test with Bonferroni correction for multiple comparisons.

FIGs. 7A-7B provide a comparison of enzyme expression and correction of brain
storage lesions in MPS I mice treated with IT AAV9. MPS I mice were treated at 2-3 months
of age with an ICV injection of AAV9.CB.hIDUA at one of three doses: 3 x 10° GC (low), 3
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x 10” GC (mid), or 3 x 10" GC (high). One cohort of animals was sacrificed at 3 weeks
post vector injection, and brains were harvested for measurement of IDUA activity. This 1s
shown m FIG 7A. FIG 7B shows a second cohort of animals was sacrificed 3 months after
injection, and brains were stained for the lysosomal membrane protein LIMP2. Cells staining
positive for LIMP2 were quantified by a blinded reviewer 1n 4 cortical brain sections. Wild
type and untreated MPS 11 mice were used as controls. *p < 0.05, one-way ANOVA
followed by Dunnett’s test.

FIG. 8 1llustrates the antibody response against human IDS 1 MPS II mice treated
with ICV AAV9.CB.hIDS. MPS Il mice were treated at 2-3 months of age with an ICV
injection of AAV9.CB.hIDS at one of three doses: 3 x 10° GC (low), 3 x 10° GC (mid), or 3
x 10" GC (high). Serum was collected at necropsy from mice sacrificed at day 21 or day 90
post vector administration. Antibodies to human IDS were evaluated by indirect ELISA.
Dashed line indicates 2 SD above the mean titer 1in naive serum from untreated animals.
Most animals had no detectable antibodies (1n the background level of naive sera).

FIGs. 9A-9D 1llustrate the normal open field activity and Y maze performance 1n
MPS II mice. Untreated MPS II mice and WT male littermates underwent behavioral testing
at 4-5 months of age. Open field activity was measured by XY axis beam breaks for
horizontal activity (FIG 9A), Z axis beam breaks for vertical activity (FIG 9B) and percent
center beam breaks for center activity (FIG 9C). Total arm entries (FIG 9D) were recorded
during an 8 min Y maze testing session

F1Gs. 10A-10B provides a manufacturing process flow diagram.

FIG. 11 1s an image of apparatus (10) for intracisternal delivery of a pharmaceutical
composition, including optional introducer needle for coaxial msertion method (28), which
includes a 10 cc vector syringe (12), a 10 cc prefilled flush syringe (14), a T-connector
extension set (including tubing (20), a clip at the end of the tubing (22) and connector (24)),
a 22G x 5" spial needle (26), and an optional 18G x 3.5" introducer needle (28). Also
1llustrated 1s the 4-way stopcock with swive male luer lock (16).

F1Gs. 12A-121 illustrate encephalitis and transgene specific T cell responses 1 dogs
treated with ICV AAV9. One-year-old MPS I dogs were treated with a single ICV or IC
injection of an AAV9 vector expressing GFP. All animals were sacrificed 14 days after
injection, except for I-567 which was found dead 12 days after injection. Brains were

divided 1nto coronal sections, which revealed gross lesions near the injection site
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(arrowheads) in ICV treated animals (FIGs 12A to 12F). Tissue sections from the brain
regions surrounding the gross lesions were stamned with hematoxylin and eosin (FIGs 12G
and 12H). Original magnification = 4 x (left panel), and 20 x (right panel). Peripheral blood
mononuclear cells were collected from one ICV treated dog (I-565) at the time of necropsy,
and T cell responses against the AAV9 capsid and human IDUA protein were measured by
interferon-y ELISPOT (FIG 121). T cell responses to the GFP transgene product were
measured using a single pool of overlapping 15 amino acid peptides covering the full GFP
sequence. The peptides comprising the AAV9 capsid protein were divided mto three pools
(designated pool A-C). * = positive response, defined as > 3-fold background (unstimulated
cells) and greater than 55 spots per million cells. Phytohemagglutinin (PHA) and 1onomycin
with phorbol 12-myristate 13-acetate (PMA) served as positive controls for T cell activation.

FIG. 13 1s a bar chart illustrating vector biodistribution 1in dogs treated with ICV or
IC AAV9. Dogs were sacrificed 14 days after injection with a single ICV or IC mjection of
an AAV9 vector expressing GFP, except for animal 1-567 which was necropsied 12 days
after injection. Vector genomes were detected 1n tissue samples by quantitative PCR. Values
are expressed as vector genome copies per diploid cell (GC/diploid genome). Brain samples
collected from the hippocampus or cerebral cortex are indicated as either mjected or
uninjected hemisphere for the ICV treated dogs; for the IC treated animals these are the right
and left hemispheres, respectively. Samples were not collected for PCR from the mjected
cerebral hemisphere of animal 1-567.

FIGs. 14A to 14H show GFP expression in brain and spinal cord of dogs treated with
ICV or IC AAV9. GFP expression was evaluated by direct fluorescence microscopy of brain
and spinal cord samples collected from dogs treated with ICV or IC mjection of an AAV9
vector expressing GEP. Representative sections are shown for samples of frontal cortex, and
from the anterior horn of the spinal cord collected at the cervical, thoracic, and lumbar levels.
Original magnification = 10 x.

FIGs. 15A-15Q show stable transgene expression and absence of encephalitis in an
MPS VII dog treated with ICV AAV9 expressing the lysosomal enzyme f—glucuronidase
(GUSB). A 6-week-old dog with genetic deficiency of GUSB (a model of MPS VII) was
treated with a single ICV 1njection of an AAV9 vector expressing GUSB. GUSB enzyme
activity was measured i CSF samples collected at the time of 1njection and on day 7 and 21

after injection (FIG 15A). The dog was sacrificed three weeks after injection. Gross and
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microscopic evaluation of the brain regions surrounding the mjection site was performed
(FIGs 15B to 15D). Original magnification = 4 x (center panel), and 10 x (right panel).
GUSB activity was detected i brain and spinal cord sections using a substrate which
produces a red product when cleaved by active GUSB (FIGs 15E-15N). Representative
sections are shown for samples of cercbral cortex, cerebellum, and the anterior horn of the
spinal cord collected at the cervical, thoracic, and lumbar levels. Original magnification = 4
x (cortex and cerebellum), and 10 x (spinal cord). Sections of cerebral cortex collected from
an untreated MPS VIl dog, a normal dog, and the MPS VII dog treated with ICV AAV9
were staimed for the ganglioside GM3, which pathologically accumulates i the brains of
MPS VII dogs (FIGs 150 to 15Q). Original magnification = 4 x.

F1Gs. 16A to 16B show contrast distribution after lumbar mtrathecal injection 1n
non-human primates (NHPs). Adult cynomolgus macaques received an intrathecal injection
via lumbar puncture of an AAV9 vector diluted in 5 mL of Iohexol 180. The distribution of
contrast along the spinal cord was evaluated by fluoroscopy. Representative images of the
thoracic and cervical regions are shown. Contrast material (arrowheads) was visible along
the entire length of the spinal cord within 10 minutes of mnjection 1n all animals.

FIG. 17 1s a bar chart showing vector biodistribution in NHPs treated with intrathecal
AAV9. NHPs were sacrificed 14 days after intrathecal injection via lumbar puncture of an
AAVO vector diluted in 5 mL of Iohexol 180. Two of the animals were placed 1n the
Trendelenburg position for 10 minutes after injection. Vector genomes were detected n
tissue samples by quantitative PCR. Values are expressed as vector genome copies per
diploid cell (GC/diploid genome).

FIGs. 18A to 18H show GFP expression 1 brain and spinal cord of NHPs treated
with intrathecal AAV9. GFP expression was evaluated by direct fluorescence microscopy of
brain and spial cord samples collected from NHPs treated with intrathecal injection of an
AAV9 vector. The vector was administered by lumbar puncture. Two of the animals were
placed in the Trendelenburg position for 10 minutes after injection. Representative sections
arc shown for samples of frontal cortex, and from the anterior horn of the spinal cord
collected at the cervical, thoracic, and lumbar levels. Due to the presence of autofluorescent
material in some NHP tissues, red channel images were captured to differentiate
autofluorescence from GFP signal. Autofluorescence images are overlaid in magenta.

Origmal magnification = 4 x (cortex), and 10 x (spinal cord).
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FIGs. 19A-19B 1llustrate elevated CSF spermine in MPS 1. A high throughput
LC/MS and GC/MS metabolite screen was performed on CSF samples from MPS I dogs (n =
15) and normal controls (n = 15). A heatmap of the top 100 differentially detected
metabolites (ANOVA) 1s shown (FIG 19A). The youngest animal in the MPS I cohort (28
days of age) 1s indicated by an asterisk. Spermine concentration was measured by a
quantitative 1sotope dilution LC/MS assay i CSF samples from 6 infants with MPS I and 2
normal mfants (FIG 19B).

F1Gs. 20A-20J illustrate spermine dependent aberrant neurite growth in MPS 1
neurons. Cortical neurons harvested from E18 wild-type or MPS I mouse embryos were
treated with spermine (50 ng/mL) or the spermine synthase inhibitor APCHA 24 hours after
plating. Phase contrast images were acquired 96 hours after plating (FI1Gs 20A to 20D).
Neurite number, length and branching were quantified for 45-65 randomly selected neurons
from duplicate cultures per treatment condition by a blinded reviewer (FIGs 20E&20H,
20G&20], and 20F&20I). *** p <0.0001 (ANOVA followed by Dunnett’s test).

FIGs. 21A-21K 1llustrate normalization of CSF spermine levels and brain GAP43
expression m MPS I dogs following gene therapy. Five MPS I dogs were treated with an
intrathecal injection of an AAV9 vector expressing canine IDUA at one month of age. Two
of the dogs (I-549, 1-552) were tolerized to IDUA by liver directed gene therapy on postnatal
day 1 1n order to prevent the antibody response that 1s elicited to IDUA 1 some MPS I dogs.
S1x months after intrathecal vector mjection, IDUA activity was measured 1n brain tissue
(FIG 21A). Brain storage lesions were assessed by staining for the lysosomal membrane
protein LIMP2 (FIGs 21B to 21H). GAP43 was measured 1n cortical brain samples by
western blot (FIG 211) and quantified relative to B-actin by densitometry (FIG 21J). CSF
spermine was measured at the time of sacrifice by 1sotope dilution LC/MS (FIG 21K).
Untreated MPS I dogs (n = 3) and normal dogs (n = 2) served as controls. * p < 0.05
(Kruskal-Wallis test followed by Dunn’s test).

FIGs. 22A-22B 1illustrate the use of spermine as a CSF biomarker for evaluation of
CNS directed gene therapy in MPS 1. Six MPS I dogs tolerized to human IDUA at birth were
treated with intrathecal AAV9 expressing human IDUA (10" GC/kg, n =2, 10" GC/kg, n =
2, 10" GC/kg, n = 2) at one month of age. CSF spermine levels were measured six months

after treatment (FIG 22A). Three MPS 1 cats were treated with intrathecal AAV9 expressing

10



WO 2019/060662

10

15

20

25

30

CA 03076036 2020-03-17

PCT/US2018/052129

feline IDUA (10" GC/kg). CSF spermine was quantified six months after treatment (FIG
22B). Untreated MPS I dogs (n = 3) and normal dogs (n = 2) served as controls.

FI1G. 23 illustrates the mean decrease accuracy for metabolites 1identified by random
forest analysis.

FIG. 24 1llustrates the expression of enzymes 1 the polyamine synthetic pathway n
MPS I dog brain samples.

FIG. 25 1llustrates spermine concentration in MPS VII dog CSF

FI1Gs. 26A to 26C 1illustrates that there 1s no impact of APCHA treatment on WT
ncuron growth.

FIG. 27 illustrates dose dependent reduction of MPS Il-related pathology findings in
MPS II mice (IDSY) treated with ICV AAV9.CB7.CLhIDS.rBG with various doses (3e8, 3 x
108GC: 3¢9, 3 x 10°GC; 3¢10, 3 x 10'°GC). Cumulative Pathology Scores were evaluated
and plotted on the y-axis. Heterozygous mice (IDS"") served as control. Results
demonstrated a dose dependent reduction of MPS Il-related pathology findings in MPS 11
mice treated with ICV AAV9.CB7.CI.hIDS .rBG.

FIG. 28 1llustrates CSF pleocytosis in the Rhesus Macaques described in Example 9.
White blood cells (Ieukocytes, y axis) were counted 1n the CSF samples collected at various
days (x axis, Day 0, Day 7, Day 14, Day 21, Day 30, Day 45, Day 60 and Day 90).
Diamonds represent data from RA 2198 without treatment with AAV9.CB7.hIDS. Squares,
triangles, and x represent data from RA 1399, RA 2203 and RA 2231 treated with 5x10°GC
of AAV9.CB7.hIDS respectively. *, circles and + represent data from RA 1358, RA 1356
and RA 2197 treated with 1.7 x10" GC of AAV9.CB7.hIDS respectively.

FIG. 29 shows ELISA results measuring ant1 hIDS antibody developed 1n the serum
of NHP on Day 60 as described in Example 9. Dilution was plotted as x axis while optical
density (OD) as y axis. Diamonds represent data from RA2198 without treatment with
AAV9.CB7.hIDS. Squares represent data from RA2197 treated with 1.7 x10" GC of
AAV9.CB7.hIDS while triangles and x represent that of RA 2203 and RA 2231 treated with
5x10°GC of AAV9.CB7.hIDS respectively.

5. DETAILED DESCRIPTION OF THE INVENTION

Provided herein 1s a pharmaceutical composition which 1s administrable to a human

subject mn need thereof by intrathecal injection. In certain embodiments, use of a
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pharmaccutical composition contaimning the rAAV.hIDS described herem are used mn
preparing a medicament administrable to a human subject in need thereof by intrathecal
injection. The human subject (patient) may have been previously diagnosed with
mucopolysaccharidosis 11 (MPS 1I) or severe Hunter syndrome.

Potency can be measured by in vitro cell culture assays, e.g., the in vitro potency
assay described in Example 5G herein, in which HEK293 or Huh7 cells are transduced with
a known multiplicity of rAAV GCs per cell and the supernatant 1s assayed for IDS activity
72 hours post-transduction using the 4MU-1duronide enzymatic assay.

Such rAAV hIDS vector preparations can be administered to pediatric or adult
human subjects by intrathecal/intracisternal mjection to achieve therapeutic levels of hIDS
expression 1n the CNS. Patients who are candidates for treatment are pediatric and adult
patients with severe or attenuated MPS II disease. Severe disease 1s defined as early-stage
ncurocognitive deficit with a developmental quotient (DQ) (BSID-III) that 1s at least 1
standard deviation below the mean or documented historical evidence of a decline of greater
than 1 standard deviation on sequential testing.

Therapeutically effective intrathecal/intracisternal doses of the rAAV . hIDS for
patients with Hunter syndrome range from about 1 x 10! to 7.0 x 10" GC (flat doses) — the
equivalent of 10” to 10'* GC/g brain mass of the patient. Alternatively, the following
therapeutically effective flat doses can be administered to patients of the indicated age group:

In certain embodiments, the dose administered to an MPSII patient is 1.3 x 10"
GC/g brain mass. In certain embodiments, the dose administered to an MPSII patient 1s 6.5
x 10" GC/g brain mass. In certain embodiments, the dose administered to an MPSII patient
is 1.9 x 10'° GC/g brain mass. In certain embodiments, the dose administered to an MPSII
patient is 9.4 x 10" GC/g brain mass.

In certain embodiments, the dose administered to an MPSII patient is 1.3 x 10° GC/g
brain mass. In certain embodiments, the dose administered to an MPSII patient is 1.3 x 10"
G(C/g brain mass. In certain embodiments, the dose administered to a MPSII patient 1s 1.8 x
10'" GC/g brain mass. In certain embodiments, the dose administered to a MPSII patient is
2.15 x 10" GC/g brain mass. In certain embodiments, the dose administered to a MPSII
patient 1s 5.5 x 1011 GC/g brain mass.

In certain embodiments, because of the relatively rapid brain growth that occurs early

in a developing child, the total dose of AAV9.hIDS administered IC depends on the assumed
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brain mass across different age strata. For brain mass by age for the study subjects see, ¢.g.,
(AS Dekaban, Ann Neurol, 1978 Oct; 4(4): 345-56.

The goal of the treatment 1s to functionally replace the patient’s defective iduronate-
2-sulfatase viarAAV-based CNS-directed gene therapy as a viable approach to treat disease.
Efficacy of the therapy can be measured by assessing (a) the prevention of neurocognitive
decline m patients with MPS II (Hunter syndrome); and (b) reductions 1in biomarkers of
disease, e.g., GAG levels and/or enzyme activity (IDS or hexosaminidase) in the CSF, serum
and/or urine, and/or liver and spleen volum<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>