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Mucopolysaccharidosis (MPS) IIIB is a lysosomal storage dis-
ease with complex CNS and somatic pathology due to a defi-
ciency in o-N-acetylglucosaminidase (NAGLU). Using global
metabolic profiling by mass spectrometry targeting 361 metab-
olites, this study detected significant decreases in 225 and
increases in six metabolites in serum samples from 7-month-
old MPS IIIB mice, compared to wild-type (WT) mice. The
metabolic disturbances involve virtually all major pathways
of amino acid, peptide (58/102), carbohydrate (18/28), lipid
(111/139), nucleotide (12/24), energy (2/9), vitamin and
cofactor (11/16), and xenobiotic (11/28) metabolism. Notably,
the reduced metabolites included eight essential amino acids,
vitamins (C, E, B2, and B6), and neurotransmitters (serotonin,
glutamate, aspartate, tryptophan, and N-acetyltyrosine). The
metabolic impairments appear to emerge early during disease
progression before the age of 2 months. Importantly, the resto-
ration of NAGLU activity with an intravenous (i.v.) injection of
rAAV9-hNAGLU vector led to near-complete correction of all
serum metabolite abnormalities, with 201 (87%) metabolites
normalized and 30 (13%) over-corrected. While the mecha-
nisms are unclear, our data demonstrate that the lack of
NAGLU activity triggers profound functional metabolic distur-
bances in MPS IIIB. These metabolic impairments respond well
to a systemic rAAV9-hNAGLU gene delivery, supporting the
surrogate biomarker potential of serum metabolomic profiles
for MPS IIIB therapies.

INTRODUCTION

Mucopolysaccharidosis (MPS) IIIB (Online Mendelian Inheritance
in Man [OMIM]: 252920) is an autosomal recessive disorder caused
by mutations in the gene that encodes o-N-acetylglucosaminidase
(NAGLU), a lysosomal acid hydrolase that is essential in the stepwise
degradation of heparan sulfate (HS) glycosaminoglycans (GAG).'
The resulting enzyme deficiency leads to a buildup of HS-GAGs
within the lysosomes. The disease-causing alleles of MPS IIIB are
highly polymorphic, with over 80 mutations identified.” The lyso-
somal accumulation of HS-GAGs results in clinical disease, present-
ing predominantly severe progressive neurological disorders. Somatic
manifestations of MPS IIIB do occur in all patients, but are mild, rela-
tive to other forms of MPS. Infants appear normal at birth but develop
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profound neurological manifestation at the age of 3-4 years,
including reduced cognitive capacity, hyperactivity, seizures, and
ultimately death.”

The primary pathology of MPS IIIB has been characterized as the
accumulation of HS-GAGs in lysosomes in cells of virtually all
tissues/organs, especially in the CNS involving both neuronal and
non-neuronal cells."” While detailed mechanisms of pathology, espe-
cially the neuropathology of MPS III, are not yet well understood,
numerous studies have reported cascades of complex secondary
pathological events in the CNS, including broad metabolic im-
pairments,“’ neuroinflammation,” ' oxidative stress,'”'?
phagy,'>'* and neurodegeneration.””'""'*"*" It is worth noting that
many of these secondary neuropathological features of MPS IIIB,
such as B-amyloid (Ap) aggregation,">"® tauopathy,'”'® synucleinop-
athy,“”lg oxidative stress,'”'? and neuroimflammation,”’ !
common hallmarks of other neurodegenerative diseases like Alz-
heimer’s (AD)?*"** and Parkinson’s disease (PD).”>** In addition,
our recent studies demonstrate widespread profound neuropathology
in the peripheral nervous system (PNS),”” indicating that neuropath-
ological manifestation affects the entire nervous system.

auto-

are also

No definite treatment is currently available for MPS IIIB and thera-
pies have been limited to palliative treatment. The greatest challenge
in developing therapies for MPS IIT has been the presence of the
blood-brain barrier (BBB). Significant therapeutic advancements
have been made for treating lysosomal storage diseases (LSDs),
such as hematopoietic stem cell transplantation (HSCT), recombi-
nant enzyme replacement therapy (ERT), and gene therapy.”® MPS
III (A-D) disorders are not amenable to currently approved systemic
ERT or HSCT, which have shown somatic benefits, since the BBB pre-
cludes effective CNS access to either recombinant enzyme or enzyme
produced by transplanted hematopoietic stem cells. Alternative intra-
thecal ERT clinical trials are ongoing, targeting the CNS disorders in
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patients with MPS [, I, and IITA, and they require repetitive admin-
istration on a regular basis. Gene therapy has been considered an ideal
approach for treating LSDs, because of the potential for long-term
endogenous production of recombinant enzymes without the need
to treat every cell. Numerous virus-mediated gene therapy studies,
mostly designed to restore the missing enzyme activity, have shown
varying degrees of correction of lysosomal storage in vitro and in vivo
in LSD animal models, using various viral vectors.”” Recombinant
adeno-associated virus (rAAV) has been a favored vector for gene
delivery because it is non-pathogenic, with demonstrated long-term
expression in the CNS and periphery.””*® The recent finding of
trans-BBB neurotropism of AAVY offers an effective solution for
CNS gene therapy, showing great potential for the treatment of
LSDs and other neurological diseases.”” > A single systemic delivery
of rAAV9 vectors can lead to global CNS and widespread somatic
restoration of enzyme activity, correction of lysosomal storage
pathology, and functional neurological benefits in mice with MPS
IIB or ITTA.***

As therapeutic development advances and more therapies for MPS
become available, the lack of accessible biomarkers will be a critical
challenge for therapeutic assessment. Urinary GAGs and specific
lysosomal enzymes have been the only biomarkers for MPS, although
recent studies identified serum heparin cofactor II-thrombin
(HCII-T) as a biomarker for MPS I, II, and IIL;** dipeptidyl peptidase
IV (DPP-IV) for MPS I, IL, 111, IVA, and VI;** and recently the poten-
tial of disease-specific non-reducing end carbohydrate biomarkers for
MPS.*® However, there are currently no specific biomarkers for MPS
corresponding to neurological disease severity or therapeutic respon-
siveness. The critical challenge for finding CNS-specific biomarkers
stems from limited access to the CNS tissues of patients, especially
at early disease stages.

In this study, a global metabolomic profiling approach using mass
spectrometry (MS) was performed to identify metabolomic impair-
ments in MPS ITIB mice and assess their responses to our established
systemic rAAV9-hNAGLU gene delivery approach.

RESULTS

In this study, we performed global metabolomic analyses on serum
samples from MPS IIIB mice and their wild-type (WT) littermates,
at ages 2 and 7 months, to investigate metabolomic abnormalities
during the disease progression in MPS IIIB. To assess the biomarker
potential of serum metabolic profiling for MPS IIIB, we treated a
cohort of MPS IIIB mice with an intravenous (i.v.) injection of 5 X
10"* vg/kg rAAV9-CMV-hNAGLU at age 1 month (n = 19, male-
to-female ratio [M:F] = 10:9). Non-treated MPS IIIB (n = 15,
M:F =8:7) and WT (n = 16, M:F = 8:8) littermates were used for meta-
bolic studies and as controls. All non-treated MPS IIIB (n = 15) and
WT (n=16) mice and 13 AAV-treated MPS IIIB mice were tested for
behavior performance in a hidden task in the Morris water maze at
age 5-5.5 months. Necropsies were performed at ages 2 and 7 months
(n = 6/group, M:F = 1:1). Tissues were assayed for INAGLU activity
and GAG contents (n = 6/group). Serum samples were assayed for

global metabolomic profiles (n = 6/group). Animals also were
observed for longevity (n > 7/group). Serotype 9 rAAV vectors cross
the BBB, and a systemic rAAV9-CMV-hNAGLU delivery previously
was shown to result in both CNS and somatic correction of pathology
in MPS IIIB mice.””

Mass Spectrometry Provides Decisive MPS IlIB Metabolomic
Profiles

Global metabolomic profiling by mass spectrometry was performed on
the serum samples from MPSIIIB and WT mice at ages 2 and 7 months
to assess metabolic abnormalities during the disease progression. Prin-
cipal-component analyses (PCAs) (Figure 1A) and heatmap analyses
(Figure 1B) of the 361 metabolites showed clear separation of serum
metabolomic profiles in 7-month-old MPS IIIB mice from those of
age-matched WT mice and the rest of the experimental groups, with
the exception of one WT mouse that appeared to be an outlier. This
WT outlier could not be re-genotyped due to tissue availability, and
it was maintained in all data analyses, which would increase the biolog-
ical variation of the WT group and likely reduce the number of signif-
icant differences in comparison to this group (Table S1). Even so, this
clear division indicates that the detected metabolomic abnormalities
are highly likely be MPS IIIB associated and that global metabolomic
profiling may have potential for the identification of pathological me-
tabolomic signatures during MPS IIIB disease progression.

Global Metabolomics Revealed Broad Profound Metabolism
Impairments during Disease Progression in MPS IlIB Mice

Using MS, we detected significant changes (p < 0.05) in 18 metabo-
lites (8%) at the age of 2 months and 231 metabolites (64%) at the age
of 7 months in MPS IIIB mice (Table 1), in comparison to their WT
littermate controls. The majority of the altered serum metabolites
were significantly reduced in MPS IIIB mice compared to WT, with
17 (94.4%) decreased and one (5.6%) increased at the age of 2 months
and 225 (97.4%) decreased and six (2.6%) increased at the age of
7 months (Table 1). Furthermore, the detected metabolomic impair-
ments in MPS IIIB mice were associated with broad, virtually all,
metabolic pathways, involving the metabolism of amino acids (58/
102), carbohydrates (18/28), lipids (111/139), peptides (8/15), nucle-
otides (12/24), energy (2/9), vitamin and cofactors (11/16), and xeno-
biotics (11/28) (Table 2; Table S1). These data indicate that MPS IIIB
triggers profound metabolic suppression that may emerge early dur-
ing the disease progression. Data presented below are mainly focused
on serum metabolite changes in MPS ITIB mice at the age of 7 months.

Notably, in 7-month-old MPS IIIB mice, the reduced serum metabo-
lites included eight essential (8/9), five conditionally essential (5/7),
and four non-essential (4/4) amino acids (Figure 2), indicating broad
functional defects from absorption to biosynthesis of amino acids.
Our results also showed a significant disturbance in branched-chain
amino acid pathways (Figure S2) and urea cycle (Figure S3). Impor-
tantly, we also detected significant reductions in serum amino acids
and derivatives that can function as key neurotransmitters or compo-
nents critical in neurotransmitter metabolism, including serotonin,
tryptophan, 5-hydroxyindoleacetate, dihydrobiopterin, glutamate,
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Figure 1. Profound Metabolomic Impairments in MPS IlIB Mice and
Metabolic Responses to a Systemic rAAV9-CMV-hNAGLU Gene Delivery
Mouse serum samples were analyzed by global metabolomic profiling using mass
spectrometry at the age of 2 or 7 months (n = 6/group). (A) Principal-component
analyses and (B) heatmap analysis are shown. WT, wild-type mice; IlIB, MPS llIB
mice; llIB + AAV, MPS IlIB mice treated at age 1 month with an i.v. injection of 5 x
10"?vg/kg rAAVI-CMV-hNAGLU; red arrows, outlier.

4-hydroxybutyric acid, proline, N-acetyltyrosine, and phenylalanine
(Figure 3). Significant decreases also were observed in multiple serum
metabolites that are considered to be critical in neurological func-
tions, such as acetylcarnitine (ALC), N-acetylaspartate (NAA), ky-
nurenine, and scyllo-inositol (Table S1).

Of reduced serum carbohydrate metabolites in MPS IIIB mice, there
were known essential components of protein and lipid glycosylation
pathways, such as glucose, fructose, erythronate, mannose, N-acetyl-
glucosamine, N-acetylneuraminate, and fucose (Figure 4; Table 2;
Table S1). Our data also showed an extensive disturbance in lipid

794 Molecular Therapy Vol. 25 No 3 March 2017

Molecular Therapy

Table 1. Profound Metabolic Abnormalities in MPS IlIB Mice

Number of Metabolites (p < 0.05)

Groups Age (Months) Decrease Increase Total
IIB/WT 2 17 1 18
IIB/WT 7 225 6 231

Serum samples were assayed for 361 metabolites at 2 and 7 months of age, using mass
spectrometry. IIIB, MPS IIIB mice; WT, wild—type littermates of MPS IIIB mice.

metabolism in MPS IIIB mice, with a significant alteration in the ma-
jority of measured lipid metabolites (111/139, 80%), all down,
involving virtually all lipid classes measured, including fatty acids,
lipids, sterols, steroid (corticosterone), and others (Table 2; Table
S1). Furthermore, we observed a significant decrease in serum metab-
olites that are critical for the metabolism pathways of vitamins
and cofactors (11/16), including vitamin C (ascorbate, gulono-1,4-
lactone, threonate, arabonate, and oxalate), E (alpha-tocopherol),
B6 (pyridoxate), B5 (pantothenat), B2 (flavin adenine dinucleotide),
B3 (nicotinamide), and dihydrobiopterin (Figure S3; Table 2; Table
S1). It is, therefore, not surprising to see the reduction of metabolites
indicating lowered energy production (Figure S4).

Therapeutic Gene Delivery to Assess the Biomarker Potential of
Serum Metabolomic Profiles for MPS IIIB

To determine the CNS therapeutic surrogate potential of serum me-
tabolomic profiles for MPS IIIB, we treated 1-month-old MPS IIIB
mice (n = 15) with a single intravenous injection of rAAV9-CMV-
hNAGLU vector (5 x 10 vg/kg). Tissue analyses, behavior testing,
and longevity observation were performed to assess the therapeutic
impacts of the rAAV9 gene delivery.

Widespread CNS and Somatic Restoration of NAGLU Activity
and Functional Benefits of Systemic rAAV-hNAGLU Gene
Delivery in MPS IlIB Mice

At the ages of 2 and 7 months (n = 6/group), tissues were assayed for
NAGLU enzymatic activity to assess the expression and functionality
of the transgene. We detected NAGLU activity at normal or sub-
normal levels in the brain, spleen, and lung; supra-physiologic levels
in the liver, skeletal muscles, and heart; and low levels in the intestine
and kidney (Figure 5A). No detectable NAGLU activity (<0.03
unit/mg) was observed in tissues from non-treated MPS IIIB mice.

Tissues also were assayed for GAG content to quantify the impact of
rAAV9-NAGLU gene delivery on the lysosomal storage pathology in
MPS I1IB mice. The treatment resulted in a reduction of GAG content
to normal levels in the brain, liver, heart, lung, intestine, spleen, and
skeletal muscle, but with only a partial reduction of GAG in the kid-
ney (Figure 5B). These data indicate that rAAV9-mediated ANAGLU
is functional and sufficient for the correction of lysosomal storage
pathology in both the CNS and somatic tissues.

The animals were tested for behavior in a hidden task in the Morris
water maze when they were 5-5.5 months old (n = 13, M:F = 7:6).
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Table 2. Broad Metabolism Pathway Impairments in MPS IlIB Mice

Number of Metabolites

No. of Metabolites Changed (p < 0.05)

Pathways Assayed Age 2 Months ~ Age 7 Months
Amino acids 102 6 58
Carbohydrates 28 0 18
Lipids 139 9 111
Peptides 15 1 8
Nucleotides 24 0 12
Energy 9 0 2
Cofactors and vitamins 16 0 11
Xenobiotics 28 2 11
Total 361 18 231

Serum samples were assayed for 361 metabolites at 2 and 7 months of age using mass
spectrometry.
*Changes in MPS IIIB mice versus WT.

Similar to our previously published data,”””” rAAV9-treated MPS
IIIB mice exhibited significant improvement in latency to find a hid-
den platform and swimming ability in the water maze (Figure 5C),
indicating the functional correction of neurological disorders. Seven
rAAV9-treated animals were observed for longevity, showing signif-
icantly improved survival with a lifespan of 6-24 months, of which
the majority lived within the lifespan of WT mice (Figure 5D, p >
0.05). In contrast, non-treated MPS IIIB mice died at 7.2-13.5 months
of age (Figure 5D) (p < 0.0001 versus WT or AAV-treated MPS IIIB
mice). These data further support the functional neurological benefits
of the rAAV9 gene delivery, since premature death in MPS IIIB has
been attributed to neurological disorders.

Rapid and Persistent Correction of the Profound Metabolic
Impairments

At the ages of 2 and 7 months (n = 6/group), serum samples from
rAAV9-hNAGLU-treated MPS IIIB mice were analyzed by global
metabolomic profiling using mass spectrometry, to assess the respon-
siveness and surrogate biomarker potential of serum metabolomic
profiles for MPS IIIB. Data from non-treated MPS IIIB and WT litter-
mates were used as controls.

Our results showed the correction of all 231 significantly altered
serum metabolites in the rAAV9-hNAGLU-treated MPS IIIB mice,
when tested at the age of 7 months (Table 3; Figure 1; Table S1), of
which 201 (87%) were normalized. Notably, over-corrections were
observed in 30 (13%) of 225 significantly decreased metabolites and
in 27 metabolites that were decreased, but not statistically significant
(p>0.05), in non-treated MPS IIIB mice at the age of 7 months (Table
S1). Similarly, at the age of 2 months (1 month post-injection [pi]),
our data showed the correction of 89% (16/18) of the significantly
altered metabolites in rAAV9-treated MPS IIIB mice, with eight me-
tabolites significantly decreased, including two that were not cor-
rected (Table 3; Figure 1; Table S1). Importantly, following a single
i.v. rAAV9-hNAGLU gene delivery, the rapid and persistent func-

tional correction of the profound metabolomic impairments (Table 3;
Table S1; Figures 2 and 4; Figures S1-54) correlated with the effective
restoration of NAGLU activity, clearance of GAG storage, normaliza-
tion of behavior performance, and extended survival in MPS IIIB
mice (Figure 5).

DISCUSSION

We demonstrate here that MPS IIIB triggers profound metabolic
impairments, and serum global metabolomic profiles may offer great
potential as biomarkers for MPS IIIB disease progression and thera-
peutic assessments.

The primary pathology of MPS IIIB is lysosomal accumulation
of heparan sulfate GAGs in cells of virtually all tissues/organs, espe-
cially in the CNS involving both neuronal and non-neuronal cells.
While detailed mechanisms of pathology of MPS III are not yet
well understood, numerous studies have reported cascades of
complex secondary pathological changes in MPS I1IB.>***” In this
study, using metabolomic profiling of serum, we detected a severe
progressive metabolic disturbance in MPS IIIB mice, which emerges
early during disease progression. While previous studies reported
metabolic impairments in MPS IIIB secondary to lysosomal GAG
accumulation,™* this study demonstrates that the metabolic abnor-
malities in MPS IIIB mice are much more profound than previously
understood, involving virtually all metabolic pathways of amino
acids, peptides, lipids, carbohydrates, energy, nucleotides, vitamins
and cofactors, and xenobiotics. Notably, nearly all significantly
altered serum metabolites in MPS IIIB mice were predominantly
reduced (97.4%), indicating that lysosomal accumulation of heparan
sulfate GAGs triggers severe impairments in widespread biochemical
pathways, leading to profound metabolic depression. These data
further support the complexity and severity of MPS IIIB manifesta-
tions. Given the resemblance of the MPS IIIB mouse model to the
human disease,” we anticipate that the observed profound metabolic
impairments in mice in this study also may occur in patients with
MPS IIIB. Previous studies also showed broad metabolomic impair-
ments in the liver in mouse models of MPS I and MPS VII,*® suggest-
ing profound metabolic abnormalities also may occur in different
MPS disorders, given that these closely related diseases share many
pathological features.

We also demonstrate here that the depressed amino acid metabolism
in MPS IIIB mice involves the majority (virtually all) of essential,
conditionally essential, and non-essential amino acids, indicating
broad functional defects in amino acid (aa) metabolism, from absorp-
tion, transport, and biosynthesis to catabolism. Similar disturbances
also occur in virtually all metabolism pathways, involving lipids, car-
bohydrates, peptides, nucleotides, energy, vitamins and cofactors, and
xenobiotics. Therefore, our data offer critical information for better
understanding the disease pathology and therapeutic development
of MPS IIIB with regard to metabolic impairments. It is apparent
that managing diet may not be feasible for achieving therapeutic
benefits toward MPS IIIB. While the detailed mechanisms behind
the broad metabolic impairments in MPS IIIB remain unclear, a
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Figure 2. Impairments in Metabolism of Essential, Conditionally Essential, and Non-essential Amino Acids in MPS IlIB Mice during Disease Progress
(A-C) Mouse serum samples were analyzed by global metabolomic profiling using mass spectrometry at the age of 2 or 7 months (n = 6/group). Data are presented as Scaled
Intensity (y axis) using whiskers boxplots, based on p < 0.05 llIB-7 m versus WT-7 m. WT, wild-type mice; 1B, MPS IlIB mice; AAV9, MPS IlIB mice treated at age 1 month
with an i.v. injection of 5 x 10"?vg/kg rAAV9-CMV-hNAGLU.

significant reduction in key components of the glycosylation pathway  stabilities of numerous proteins, lipids, and other macromole-
indicates the profound dysfunction of protein and lipid glycosylation.  cules, because their functional domains are usually glycosylated.*
It is known that glycosylation is critical for the functionalities and  Therefore, in MPS IIIB, the depressed glycosylation may severely
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Figure 3. Abnormality in Neurotransmitter Metabolism in MPS IlIB during Disease Progress

Mouse serum samples were analyzed by global metabolomic profiling using mass spectrometry at the age of 2 or 7 months (n = 6/group). (A) Metabolomic comparison is
shown; data are presented as scaled intensity (y axis) using whiskers boxplots (p < 0.05 llIB-7 m versus WT-7 m). WT, wild-type mice; llIB, MPS 1B mice; AAV9, MPS IIIB
mice treated at the age of 1 month with an i.v. injection of 5 x 10"?vg/kg rAAV9-CMV-hNAGLU. (B) Disturbance of serotonin and kynurenine pathway is shown. (C)
Glutamate, aspartate, and the GABA pathway are shown. Bold and underlined metabolites, p < 0.05 llIB-7 m versus WT-7 m.

compromise the biological functions of macromolecules, leading to
such broad metabolic impairments, which may contribute to pro-
found cell dysfunction, and severe CNS and systemic disorders.

One of the significant novel findings in this study is that the serum
metabolomic profiles revealed severe depression of major neuro-
transmitter metabolism in MPS IIIB mice, involving pathways of
glutamate, gamma-aminobutyric acid, aspartate, serotonin, and
dopamine. In addition, there were significant reductions in multiple
metabolites in the serum from MPS IIIB mice, such as ALC, scyllo-
inositol, and NAA, which are linked to neurological functions and
may play a role in neurological dysfunctions in MPS IIIB. Of
them, ALC possesses unique neuroprotective, neuromodulatory,
and neurotrophic properties.*’ Scyllo-inositol was found to reduce
AP plaque in the brains in mice and reverse memory deficits and
other symptoms associated with the presence of AP in the brain.*’

NAA is a derivative of aspartate and the second most concentrated
molecule in the brain, involved in neuronal osmosis, lipid and
myelin synthesis in oligodendrocytes, synthesis of the important
neurotransmitter N-acetylaspartylglutamate, and energy produc-
tion in neuronal mitochondria.”> Previous studies also showed
that reduced NAA may play a role in motor neuron loss in amyo-
trophic lateral sclerosis (ALS).* 1t is unclear whether the reduced
serum levels of these metabolites are the contributors to, or conse-
quences of, the severe neuropathy in MPS IIIB. However, many
neurotransmitters are synthesized from simple and abundant pre-
cursors, such as amino acids, which are readily available from die-
tary proteins broken down by digestion and transported via blood
circulation to cells in the nervous system.'l/1 It is, therefore, possible
that the decreases in serum levels of neurotransmitters and deriva-
tives are associated with the progressive neuropathic manifestations
in MPS IIIB.
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Figure 4. Broad Disturbance of Glycosylation Pathway in MPS IlIB during Disease Progress

Mouse serum samples were analyzed by global metabolomic profiling using mass spectrometry at the age of 2 or 7 months (n = 6/group). (A) Metabolomic comparison is
shown; data are presented as scaled intensity (y axis) using whiskers boxplots (p < 0.05 llIB-7 m versus WT-7 m). WT, wild-type mice; llIB, MPS IIIB mice; AAV9, MPS IIIB
mice treated at the age of 1 month with an i.v. injection of 5 x 10'?vg/kg rAAV9-CMV-hNAGLU. (B) Disturbance of glycosylation pathway is shown. Bold and underlined

metabolites, p < 0.05 llIB-7 m versus WT-7 m.

Most importantly, we demonstrate here that the serum metabolomic
profiles in MPS IIIB mice responded well to a single systemic delivery
of the rAAV9-hNAGLU, a previously established effective gene
therapy approach targeting the root cause of the disease.”” Notably,
this systemic rAAV9-hNAGLU gene delivery approach recently has
been approved by the U.S. Food and Drug Administration (FDA)
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for a phase 1/2 clinical trial in MPS IIIB patients (IND 16671, to be
initiated). As demonstrated previously and again in this study, a sin-
gle i.v. injection of rAAV9-hNAGLU vector resulted in the efficient
restoration of functional INAGLU and clearance of GAG storage in
the CNS and broad somatic tissues, as well as functional benefits,
leading to behavioral correction and significantly extended survival
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Figure 5. Restoration of Tissue NAGLU Activity, Correction of GAG Storage, Normalized Behavior, and Extended Survival in MPS IlIB Mice following a

Systemic rAAV9-hNAGLU Gene Delivery

MPS IIIB mice were treated with an i.v. injection of 5 x 102 vg/kg rAAV9-CMV-hNAGLU at the age of 1 month. Tissues (n = 6/group) were assayed for NAGLU activity (A) and
GAG contents (B). NAGLU activity is presented as units/mg protein (means + SD, 1 unit = release of nmol 4 MU/hr). GAG contents is presented as ng/mg wet tissue (means +
SD). The animals also were tested for behavior at the age of 5-5.5 months (n = 13) in a hidden task in the Morris water maze (C) and observed for longevity (D). WT, wild-type
mice; 1B, MPS 1IIB mice; 1B + AAV or AAV, AAV9-treated MPS IIIB mice. *p < 0.05 versus WT; Ap > 0.05 versus WT; #p < 0.05 versus IIIB.

in MPS IIIB mice. Most importantly, the effective restoration of func-
tional NAGLU following rAAV9-hNAGLU gene delivery treatment
led to the normalization of the majority (>87%) and over-correction
of 13% of the serum metabolomic abnormalities in MPS IIIB mice.
This study further supports the successful functional therapeutic ben-
efits of our systemic rAAV9-hNAGLU gene therapy approach for the
treatment of both the neurological and somatic disorders of MPS IIIB,
and it supports the surrogate biomarker potential of serum metabo-
lomic signatures. We also strongly believe that serum metabolomic
profiles may provide a powerful tool for studying disease mechanisms
and identifying specific potential biomarkers for assessing disease
progression, severity, and therapeutic outcome for MPS IIIB. Notably,
previous studies showed that a single i.v. injection of recombinant
iduronidase (Aldurazyme) normalized caloric density within 48 hr
in MPS I mice.® Furthermore, this biomarker potential of serum me-
tabolomic profiling observed may be applicable to humans, given the
resemblance of the MPS IIIB mouse model to the human disease.”
This may be more important now than ever as effective gene therapy
and other therapies advance toward clinical application; since there
are no effective biomarkers, especially neurological biomarkers,
currently available for MPS IIIB; and due to the rarity and lack of
treatments. Further efforts are needed to identify more specific and
confined metabolome sets as biomarkers for MPS IIIB.

In summary, using serum global metabolomic profiling, we demon-
strate here that MPS IIIB triggers broad profound metabolic impair-

ments in mice, possibly from absorption, transport, and biosynthesis,
involving virtually all metabolism pathways. Serum metabolites
respond well to the effective gene therapy approach and offer great
surrogate biomarker potential for MPS IIIB.

MATERIALS AND METHODS

Animals

The MPS IIIB knockout mouse colony’ was maintained on an inbred
background (C57BL/6) of backcrosses from heterozygotes in the vi-
varium at NCH-RI. All animal care and procedures were in accor-
dance with the Guide for the Care and Use of Laboratory Animals
and the protocol that was approved by the Institutional Animal
Care and Use Committee at the Research Institute at Nationwide
Children’s Hospital. The genotypes of progeny mice were identified
by PCR.

MPS MIB mice and their age-matched WT littermates were
used in the experiments, as described in the previously published
manuscript.”’

Intravenous Injection of rAAV9-hNAGLU Viral Vector

A previously described rAAV vector plasmid was used to produce
rAAV9-CMV-hNAGLU viral vector.” The vector genome contained
AAV?2 terminal repeats, a CMV immediate-early promoter, SV40
splice donor/acceptor signals, a human NAGLU coding sequence,
and a polyadenylation signal from the bovine growth hormone
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Table 3. Correction of Metabolomic Abnormalities in MPS IlIB Mice by an
i.v. rAAV9-hNAGLU Gene Delivery

Number of Metabolites Altered

(p < 0.05)
Groups Age (Months) Decrease Increase Total
IIB/WT 2 17 1 18
AAVY/WT 2 2°/6" 0 8
IIB/WT 7 225 6 231
AAVY/WT 7 1° 30%/27" 58

At 2 and 7 months of age, serum samples were assayed by global metabolomic profiling
for 361 metabolites, using mass spectrometry. IIIB, non-treated MPS IIIB mice; WT,
wild-type mice; AAV9, MPS IIIB mice treated with an i.v. injection of rAAV9-CMV-
hNAGLU vector (5e12 vg/kg) at the age of 1 month.

“Number of metabolites unchanged after vector treatment.

"Number of metabolites altered after vector treatment.

gene. The viral vectors were produced in HEK293 cells using three-
plasmid co-transfection, including AAV helper plasmid encoding
serotype 9 capsid, and purified following published procedures.*’
The rAAV9-CMV-hNAGLU vector (5 x 10" vg/kg, in 150-200 uL
PBS) was delivered via tail vein to MPS IIIB mice at the age of
1 month.

Behavioral Tests: Hidden Task in the Morris Water Maze

The rAAV9-CMV-hNaGlu-treated MPS IIIB mice and controls were
tested for behavioral performance at ~5.0-5.5 months of age in a
hidden task in the Morris water maze, as previously described.’”*®
Measures of latency were taken to find the platform, swimming dis-
tance (cm), and swimming velocity (cm/min) through an automated
tracking system (San Diego Instruments).

Tissue Analyses

Necropsies were performed at 2 or 6 months of age (n = 6/group,
M:F = 3:3) for tissue analyses. After the mice were anesthetized
with an intraperitoneal (i.p.) injection of ketamine/xylazine cocktail,
blood, brain, and multiple somatic tissue samples were collected.
Tissue and serum samples were stored at —80°C before being pro-
cessed for analyses.

NAGLU Activity Assay

Tissue samples were assayed for NAGLU enzyme activity following
published procedures.”” The assay measures 4-methylumbelliferone,
a fluorescent product formed by hydrolysis of the substrate 4-meth-
ylumbelliferyl- N-acetyl-a.-D-glucosaminide. The NAGLU activity is
expressed as unit/mg protein. One unit is equal to 1 nmol 4-methyl-
umbelliferone released/hr at 37°C.

GAG Content Measurement

GAG was extracted from tissues following published procedures with
modification.**** Dimethylmethylene blue (DMB) assay was used to
measure GAG content.”” The GAG samples (from 0.5 to 1.0 mg tis-
sue) were mixed with H,O to 40 pL before adding 35 nM DMB (Poly-
sciences) in 0.2 mmol/L sodium formate buffer (pH 3.5). The product
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was measured using a spectrophotometer (ODs35). The GAG content
was expressed as pg/mg tissue.

Serum Sample Process for Metabolomic Analyses

Serum samples were assayed for metabolites at Metabolon. All serum
samples were stored at —80°C prior to analyses. At the time of the an-
alyses, serum samples were processed to extract metabolites using the
automated MicroLab STAR system (Hamilton) and Metabolon’s
standard methods via a methanol extraction, allowing maximum re-
covery of small molecules. Each resulting serum sample extract was
divided into four equal fractions, for gas chromatography-MS (GC-
MS), liquid chromatography-tandem MS (LC-MS/MS) positive,
LC-MS/MS negative, and one retained for backup, and they were sub-
jected to metabolomic analyses.

Global Metabolomic Profiling

Non-targeted global metabolomic profiling (Metabolon) of mouse
serum was performed using GC-MS and ultrahigh-performance
LC-MS/MS (UPLC-MS/MS) as previously described,”" resulting in
the identification and quantification of 361 compounds of known
identity. The UPLC-MS/MS analysis platform included an LTQ
mass spectrometer (Thermo Fisher Scientific) equipped with a
Waters Acquity UPLC system, which consisted of an electrospray
ionization (ESI) source and linear ion-trap (LIT) mass analyzer.
The GC-MS analysis platform was performed on a Thermo-Finnigan
Trace DSQ fast-scanning single-quadrupole mass spectrometer using
electron impact ionization. The information output from the raw data
files was automatically extracted, and metabolites were identified by
comparison to metabolomic library entries of purified standards or
recurrent unknown entities. Data are presented as fold of change in
(1) MPS IIIB mice versus WT, (2) MPSIIIB at the age of 7 versus
2 months, or (3) AAV-treated versus non-treated MPS IIIB mice
(>1.0, increase; <1.0, decrease).

Statistical Analysis

The Student’s t test, one-way ANOVA, and Bonferroni correction
were used to analyze NAGLU activity, GAG contents, and behavior
data for group-to-group comparison, and significance was defined
asp < 0.05. Repeated ANOVA was performed to assess group differ-
ences when combining data from all test groups. Statistical analysis of
log-transformed metabolomic data was performed using Welch’s
t test, two-way ANOVA, and the false discovery rate (FDR), and sig-
nificance was defined as p < 0.05 and q < 0.10.
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Supplementary Table S1 Metabolomic impairments in MPS 111B mice and their responses to an 1V injection of rAAV8-CMV-hNAGLU vector

Fold of Change
Pathways . 1H1B-2m IHIB-7m | AAV9-2m | AAV9-7Tm | WT-7m 1HIB-7m | AAV9-7Tm
Sub-pathways Metabolites WT2m | WT-7m | WT-2m | WT-7m | WT2m | 11B-2m | AAV9-2m
Amino Acid glycine 0.69 0 0.92 1.01 0.8 0 0.88
N-acetylglycine 0.43 0 0.64 1.3 0.68 9 1.39
sarcosine (N-Methylglycine) 122 44 0.77 0.86 0.9 181 1.01
Glveine. Seri d dimethylglycine 0.99 0.4 0.77 84 0.6 0.26
ycine, Serine an -
Threonine Metabolism betaine 0.99 0.84 1.13 0.85 0.9 0.77 0.6
serine 0.83 0.09 1.09 0.85 0.95 0 0.74
N-acetylserine 0.74 0.29 0.52 6 0.53 0 69
beta-hydroxypyruvate 1.22 0.59 0.99 1.15 0.86 0.4 1
threonine 1.45 111 0.6 1.47 0.76 0.58 1.85
alanine 1.03 0 1.17 0.72 1.02 0 0.63
] N-acetylalanine 1.01 0.28 0.73 1.2 0.89 0 1.47
Alanine and Aspartate = o v 1.23 0.51 0.52 0.56 0.84 0 0.01
Metabolism -
asparagine 0.73 0.16 0.98 0.88 0.87 0 0.79
N-acetylaspartate (NAA) 1.02 0 0.84 1.54 1.01 0 1.83
glutamate 0.95 0 0.77 0.96 0.96 0 1.19
. glutamine 1.15 0 1.01 0.92 0.97 0.4 0.89
Glutamate Metabolism
N-acetylglutamate 0.47 0.43 0.29 3.46 0.56 0.51 6.54
N-acetylglutamine 0.45 0.3 0.44 2.47 0.66 0.45 3.69
histidine 0.95 0.4 0.94 1.09 0.89 0.4 1.04
N-acetylhistidine 0.49 0.18 0.5 68 0.68 0 2.28
Lo . trans-urocanate 1.06 0 0.97 0.72 1.52 0.28 1.12
Histidine Metabolism -
cis-urocanate 0.81 0 0.76 1.2 1.17 0.4 1.85
imidazole propionate 0.55 0.64 0.32 3.06 0.58 0.68
1-methylimidazoleacetate 0.74 0.26 0.53 0.87 0 4.26
lysine 0.77 0.18 0.68 0.61 0.67 0.16 0.6
. . 2-aminoadipate 1.08 0.99 0.61 1.27 0.66 0.61 1.4
Lysine Metabolism -
pipecolate 0.98 0 0.89 8 0.77 0.4 46
5-aminovalerate 1.53 0.9 1.01 2.02 0.91 0.53 1.82
] phenylalanine 0.96 0.4 0.83 1.09 0.85 0.38 1.12
Phenylalanine and N-acetylphenylalanine 0.9 0 0.87 0.99 0.86 0 0.97
Tyrosine Metabolism
phenyllactate (PLA) 1.23 0.58 0.93 1.85 1.03 0.48 2.04




phenylacetate 1 0.49 0.99 1.05 0.64 0.31 0.68
phenylacetylglycine 0.34 0 0.25 6 0.42 0.29 0.89
tyrosine 1.12 0.72 1.03 0.82 0.94 0.6 0.75
N-acetyltyrosine 0.68 0.26 0.75 0.52 0.82 0 0.57
4-hydroxycinnamate 0 0 0 0.38 0.66 0.64 1.12
4-hydroxyphenylpyruvate 0.81 0.79 0.77 1.53 0.73 0.71 1.46
3-(4-hydroxyphenyl)lactate 1.1 0.4 0.94 1.32 0.98 0.36 1.37
phenol sulfate 0.46 0 0.46 6 0.52 0.34 294
p-cresol sulfate 0.87 0.26 0.73 3.18 0.82 0.24 3.54
2-amino-p-cresol sulfate 0.15 0.47 0.24 6.24 0.31 0.97 8.2
homovanillate sulfate 0.28 0.46 0.22 6.65 0.41 0.67 4
phenylpropionylglycine 0.44 0.23 0.59 2.71 0.95 0.49 4.39
2-(4-hydroxyphenyl)propionate 0.7 0.53 0.39 9.94 0.62 0.46
3-phenylpropionate (hydrocinnamate) 1.01 0.6 1.42 0.36 1.15 0.69 0.29
m’gggﬁ‘;’; tryptophan 0.73 0.39 0.72 0.97 0.66 0.36 0.89
N-acetyltryptophan 0.58 0.26 0.64 1.18 0 0.24 1
indolelactate 0.63 0.18 0.45 4.26 0.56 0.16
indolepropionate 1.79 0.79 1.8 1.63 0.59 0.26 0
3-indoxyl sulfate 0.92 0.64 0.69 2.8 0.65 0.46 2.66
kynurenine 0.61 0.26 0.6 0.98 0.74 0 1.21
kynurenate 0 0.62 0 3.25 0.54 1.06 6
xanthurenate 0.15 0.36 0.14 3.93 0.47 1.15 13.47
5-hydroxyindoleacetate 0.36 0 0.24 3.65 0.63 0.21 9.49
serotonin (5HT) 0.75 0.0 0.74 0.57 0.97 0.06 0.75
C-glycosyltryptophan 0.9 0.24 0.62 0.65 0 6
leucine 1 0.39 0.77 1 0.83 0 1.08
N-acetylleucine 1.01 0.46 0.8 1.05 0.86 0.39 1.12
4-methyl-2-oxopentanoate 0.46 0 0.63 0.65 0.64 0.51 0.67
Leucine, Isoleucine isovalerate 0.64 0.28 0.6 0.58 0.66 0.29 0.64
and Valine isovalerylglycine 0.3 0.28 0.26 6.33 0.38 0.36 9.34
Metabolism isovalerylcarnitine 113 0.49 0.74 1.06 0.78 0.34 1.1
3-methylcrotonylglycine 0.33 0.45 0.24 4 0.51 0.69 8.78
beta-hydroxyisovalerate 0.74 0 0.7 46 0.66 0
beta-hydroxyisovaleroylcarnitine 1.13 0 0.98 1.42 0.77 0 1.11




alpha-hydroxyisovalerate

isoleucine

3-methyl-2-oxovalerate

2-methylbutyrylcarnitine (C5)

2-methylbutyrylglycine

tigloylglycine

2-hydroxy-3-methylvalerate

valine

3-methyl-2-oxobutyrate

isobutyrylcarnitine

3-hydroxyisobutyrate

alpha-hydroxyisocaproate

Methionine, Cysteine,
SAM and Taurine

methionine

N-acetylmethionine

N-formylmethionine

2-aminobutyrate

2-hydroxybutyrate (AHB)

Metabolism
cysteine
cystine
taurine
arginine 1.27 0.98 1.61 1.04 1.22 0.94 0.79
urea 0.93 0.56 0.68 8 0.65 0.39 9
ornithine 0.99 0.16 0.53 0.35 0.75 0 0.49
Urea cycle; Arginine [ 5)ine 1.27 0 0.9 0.92 0.81 0 0.82
and Proline - -
Metabolism citrulline 1.03 0.87 0.87 0.73 0.6 1.27
N-alpha-acetylornithine 1.23 0.46 0.97 4 0.59 0 0.85
trans-4-hydroxyproline 1.1 0 1.17 0.78 0.61 0 0.41
pro-hydroxy-pro 0.64 0 0.61 9 0 0.14 1.71
. . creatine 1.04 0 0.71 1.08 0.24 1.12
Creatine Metabolism —
creatinine 0.55 0.73 0.5 0.66 0.89 3.23
Polyamine spermidine 1.63 0.9 0.8 0.98 0.54 88
Metabolism 5-methylthioadenosine (MTA) 0.67 0.5 0.58 0.6 0.45 2.93
Guanidino and
Acetamido 4-guanidinobutanoate 0.67 0.59 0.28 0.44 0.39 9

Metabolism




glutathione, oxidized (GSSG) 1.39

Glutathione cysteine-glutathione disulfide 1.32

Metabolism S-methylglutathione 0.65
5-oxoproline 1.02

Peptide gamma-glutamylalanine 1.13
gamma-glutamylglutamate 1.19
gamma-glutamylisoleucine* 0.84
gamma-glutamylleucine 1

Gamma-glutamyl -

Amino Acid gamma-glutamylphenylalanine 0.98
gamma-glutamylthreonine* 0.93
gamma-glutamyltryptophan 1.01
gamma-glutamyltyrosine 1.23
gamma-glutamylvaline 0.74

Dipeptide Derivative anserine 0.87

Dipeptide alanylalanine _ 0.56
alpha-glutamylalanine 1.08

Polypeptide bradykinin 1

Fibrinogen C|eavage TDTEDKGEFLSEGGGV* 0.86

Peptide TDTEDKGEFLSEGGGVR* 2.22

Carbohydrate 1,5-anhydroglucitol (1,5-AG) 0.8
glucose 0.92
fructose-6-phosphate 1.02

Glycolysis, 2,3-diphosphoglycerate 0.79

Gluconeogenesis, and | 3-phosphoglycerate 1.1

Pyruvate Metabolism [ y,o5phoenolpyruvate (PEP) 1.14
pyruvate 0.78
lactate 1.37
glycerate 0.76

Pentose Phosphate sedoheptulose-7-phosphate 1.81

Pathway ribulose/xylulose 5-phosphate 1.1
ribulose 0.93

. ribose 0.56

Pentose Metabolism —
ribitol 0.57
xylonate 0.41




xylose 0.77 . 9.55
xylitol 0.81 0.29 0.58 0.21
threitol 0.88 6.94 0.36
arabitol 0.67 . 0.41 0.14
fucose 0.4 0.21 6.12 0.25
fructose 0.69 0.12 0.86 1.82 0.65 0.11
Fructose, Mannose sorbitol 0.81 0.27 071 1.92 0.65 |IFPE
and Galactose —
Metabolism mannose 0.75 0.29 0.63 0.24
mannitl 0%3 S o | oe
) N-acetylglucosamine 1.15 3.33 0.18
fﬂr:tlgt?;ﬁgrir N-acetylneuraminate 0.78 2.87 m 0.25
erythronate* 0.39 0.17 21 I o2
ég&’f‘;r‘;%dug'yca“"” erythrulose 0.94 0.49 0.74 18 0.67 0.34
Energy citrate 0.82 4.18 0.47
cis-aconitate 0.89 1.74 0.78 1.8
alpha-ketoglutarate 0.51 0.29 1.11 1.15 321 1.85 3.34
TCA Cycle succinylcarnitine 0.93 0.7 1.22 1.18 0.36 04
succinate 6.65 0.44 1.23 0.84 2.34 0.15 1.59
fumarate 1.2 0.42 0.83 1.33 0.97 0.34 1.56
malate 15 0.33 0.9 0.9 1.23 0 1.23
Oxidative pyrophosphate (PPi) 0.83 0.62 0.85 0.4 1.24 0.93 0.61
Phosphorylation phosphate 1.22 6 0.74 0.62 1.36 96 1.14
Lipid caproate (6:0) 0 0.54 0.58 1.01 0.62 0.67 1.09
heptanoate (7:0) 0 0 0.84 1.08 0.87 0.8 1.12
) ) caprylate (8:0) 0.67 0.46 0.76 0.94 0.85 .:m 1.06
X';‘(’j'“m Chain Fatty =0 2 rgonate (9:0) 0.78 0.46 0.93 1.06 1.14 0.67 1.29
caprate (10:0) 0.8 0.6 0.92 0.97 1.04 0.77 11
undecanoate (11:0) 0.91 1.07 0.86 1.01 1 1.17 1.18
laurate (12:0) 0.75 0 0.89 0.85 0.98 0.69 0.94
myristate (14:0) 0.6 0.28 0.88 0.67 1.01 0.77
myristoleate (14:1n5) 0.51 0 0.82 0.54 1.17 0.77
Long Chain Fatty Acid | pentadecanoate (15:0) 0.87 0 0.79 0.97 1.09 1.33
palmitate (16:0) 0.82 0.28 0.93 1.08 0.9 1.06
palmitoleate (16:1n7) 0.5 0 0.67 0.63 1.06 1




margarate (17:0) 0.89 0.94 1.13 0.95 0
10-heptadecenoate (17:1n7) 0.64 0.84 0.71 1.17 0.29
stearate (18:0) 0.93 1.01 1.32 0.83 0
oleate (18:1n9) 0.65 0.74 0.91 0.97 0
cis-vaccenate (18:1n7) 0.62 0.94 0.94 1.07 0.4
nonadecanoate (19:0) 1.05 13 1.32 0.97 0.38
10-nonadecenoate (19:1n9) 0.64 0.92 0.7 1.07 0
arachidate (20:0) 1.19 11 1.53 0.75 0.38
eicosenoate (20:1n9 or 11) 0.94 1.22 1.06 0.99 0
stearidonate (18:4n3) 0.7 0.68 0.86 0.73 0
eicosapentaenoate (EPA; 20:5n3) 0.65 1.04 1.09 0.94 0.38
docosapentaenoate (n3 DPA; 22:5n3) 0.8 0.96 1.12 0.82 0
docosahexaenoate (DHA,; 22:6n3) 0.82 1.12 1.49 0.92 0
linoleate (18:2n6) 0.84 0.85 0.9 0.97 0
linolenate [alpha or gamma; (18:3n3 or 6)] 0.79 0.83 0.85 0.91 0.14
i‘(’:'iﬁ”(?f;t:nrgtﬁg)':a“y dihomo-linolenate (20:3n3 or né) 0.96 1.07 145 0.79 0
arachidonate (20:4n6) 0.87 1.03 1.66 0.9 0
adrenate (22:4n6) 1.25 0.96 1.23 0.94 0.29
docosapentaenoate (n6 DPA; 22:5n6) 0.94 1.2 1.81 0.84 0
docosadienoate (22:2n6) 1.58 1.55 1.45 0.87 0
dihomo-linoleate (20:2n6) 0.85 1.04 1.18 0.8 0
mead acid (20:3n9) 0.81 0.88 1.35 0.84 0.26
15-methylpalmitate (isobar with 2-
Fatty Acid, Branched methylpa)l/lr%itate) ( 0.73 0-96 089 109 0.72
17-methylstearate 0.7 1.25 0.9 0.98 0.34
2-hydroxyglutarate 0.8 0.53 5.36 1.11 0
azelate (nonanedioate) 0.86 0.68 1.29 0.83 0.66
I;gtty Acid, tetradecanedioate 0.76 0.28 0.87 0.83 1.26 0.46
icarboxylate
hexadecanedioate 0.81 0.16 0.99 0.82 1.15 0
octadecanedioate 0.78 0.24 1.12 0.73 1.14 0.34
Fatty Acid, Amide stearamide 0.73 0.58 0.58 4 0.66 0
Fatty Acid Metabolism butyrylcarnitine 1.46 0.6 1.03 1.27 0.87 0
(also BCAA butyrylglycine 0.2 0.19 0.23 4.43 0.39 0.37
Metabolism) propionylcarnitine 1.72 1.07 0.97 0.88 1.09 0.68
Fatty Acid Metabolism | valerylglycine 0.39 0.37 0.38 34 0.55 0.52

1.14
0.98
1.09
1.18
1.07
0.98
0.8
1.04
0.86
0.93
0.99
0.96
1.22
1.04
0.94
1.07
1.46
1.2
1.25
0.82
0.91
1.29

0.71
11.29
1.57
1.2
0.95
0.74

1.06

0.99

40




(Acyl Glycine) hexanoylglycine 0.12 0.0 0.22 1.29 0.53 0.24 3.06

acetylcarnitine 0.9 0 0.88 0.9 0.91 0.94

hexanoylcarnitine 1.05 0.26 0.9 0.93 0.84 0.86

octanoylcarnitine 0.9 0.4 0.71 1.02 0.88 1.26

Fatty Acid decanoylcarnitine 0.9 0.54 0.81 0.78 0.78 0.76

Metabolism(Acyl laurylcarnitine 0.38 0.58 0.69 1.18 0.5 0.85

Carnitine) myristoylcarnitine 0.42 0 0.52 0.94 0.47 0.85

palmitoylcarnitine 0.44 0 0.53 0.92 0.56 0.96

stearoylcarnitine 0.46 0.24 0.81 1.14 0.62 0.87

oleoylcarnitine 0.57 0.87 0.72 1.08

deoxycarnitine 0.98 1.02 0.95 0.98

Carnitine Metabolism | carnitine 1.05 0.9 1.03 0.88

3-dehydrocarnitine 0.81 1.2 0.87 1.29

Ketone Bodies 3-hydroxybutyrate (BHBA) 0.79 0.62 0.75 0.59

4-hydroxybutyrate (GHB) 0.78 0.93 0.55 0.66

2-hydroxypalmitate 0.8 0.81 0.94 0.95

2-hydroxystearate 0.77 0.77 0.91 0.91

Fatty Acid, 3-hydroxypropanoate 0.94 0.87 0.88 0.81

Monohydroxy 3-hydroxydecanoate 1.17 0.54 0.92 0.43

3-hydroxylaurate 1.34 0.61 1.01 0.46

16-hydroxypalmitate 0.89 0.73 0.95 0.78

13-HODE + 9-HODE 0.69 0.68 1.19 1.18

Fatty Acid, Dihydroxy | 12,13-DiIHOME 0.89 0.68 1.06 0.81

Eicosanoid 12-HETE 1.29 1.18 1.52 1.39

Endocannabinoid palmitoyl ethanolamide 0.86 0.88 1.04 1.06

myo-inositol 0.62 1.46 0.65 1.52

. . pinitol 0.23 20.97 0.37 33.8
Inositol Metabolism —

scyllo-inositol 0.57 1.52 0.64 1.73

inositol 1-phosphate (11P) 0.95 1.02 0.94 1.01

o choline 0.88 1.04 0.89 1.04

Eﬂr‘e‘i:%';?i's'ﬁ:d ethanolamine 0.69 1.83 112 2.97

phosphoethanolamine 0.48 1 0.79 0.42 1.64

2-myristoylglycerophosphocholine* 0.81 0.79 0.75 0.73

Lysolipid 1-pentadecanoylglycerophosphocholine 0.9 0.8 0.96 0.9

(15:0)*




1-palmitoylglycerophosphocholine (16:0) 0.69
2-palmitoylglycerophosphocholine* 0.57
1-palmitoleoylglycerophosphocholine 0.24
(16:1)* .
2-palmitoleoylglycerophosphocholine* 0.35
1-margaroylglycerophosphocholine (17:0) 0.52
1-stearoylglycerophosphocholine (18:0) 0.61
2-stearoylglycerophosphocholine* 0.67
1-oleoylglycerophosphocholine (18:1) 0.6
2-oleoylglycerophosphocholine* 0.55
1-linoleoylglycerophosphocholine 0.78
(18:2n6) '
2-linoleoylglycerophosphocholine* 0.53
1-dihomo-linoleoylglycerophosphocholine 06
(20:2n6)* )
2-arachidoylglycerophosphocholine* 0.48
1-eicosatrienoylglycerophosphocholine 061
(20:3)* )
1-arachidonoylglycerophosphocholine 051
(20:4n6)* :
2-arachidonoylglycerophosphocholine* 0.35
1-docosapentaenoylglycerophospho- 093
choline (22:5n3)* '
1-docosahexaenoylglycerophosphocholine 052
(22:6n3)* '
2 0.54
docosahexaenoylglycerophosphocholing* '
1-palmitoylglycerophosphoethanolamine 0.71
2-palmitoylglycerophosphoethanolamine* 0.77
1-stearoylglycerophosphoethanolamine 0.69
1-oleoylglycerophosphoethanolamine 0.81
2-oleoylglycerophosphoethanolamine* 1.09
1-linoleoylglycerophosphoethanolamine* 1.05
2-linoleoylglycerophosphoethanolamine* 0.96
1-arachidonoylglycerophosphoetha-

R 0.78
nolamine
2-arachidonoylglycerophosphoetha- 0.75

nolamine*

0.94 0.97 0.84 0.86
1.01 0.89 0.91 0.8
0.9 0.79 0.82 0.91 0.72
0.91 0.93 0.94 0.9 0.96
1 0.81 1.03 0.83
0.87 1.01 0.82 0.95
1.03 1.25 0.89 1.08
1.04 111 0.86 0.92
1.07 111 0.79 0.83
112 1.02 0.88 0.8
11 1.13 0.73 0.75
141 1.13 0.96 0.77
0.91 0.61 0.94 0.63
1.34 1.4 0.75 0.79
1.01 1.26 0.79 0.98
181 L27
1.6 2.7 0.65 1.09
112 1.56 0.71 0.99
2.11 1.39

0.95 1.02 0.86 0.92
0.93 1.15 0.78 0.96
1.2 1.2 0.73 0.73
0.93 0.85 0.98 0.9
1.33 0.85 1.17 0.75
1.01 11 0.75 0.82
1 0.96 0.92 0.88
1.04 1.43 0.75 1.03
1.29 1.52 0.71 0.84




2-docosahexaenoylglycerophosphoe-

thanolamine* 0.36 0.35 0.85 111 0.68 0.66 0.89
1-palmitoylglycerophosphoinositol* 1.28 1.26 0.96 1.15 0.24 0.87
1-stearoylglycerophosphoinositol 1.08 1.09 1.37 0.95 0.21 12
1-linoleoylglycerophosphoinositol* 1.2 1.54 1.72 1.04 0.17 1.16
1-arachidonoylglycerophosphoinositol* 1 2.43 m 0.11 1.73
2-arachidonoylglycerophosphoinositol* 0.84 1.95 0.14 1.68
Glycerolipid glycerol 0.93 0.82 0.78 1 0.67 0.95
Metabolism glycerol 3-phosphate (G3P) 0.89 0.74 1.15 0.94 0.22 1.46
1-palmitoylglycerol (1-monopalmitin) 0.91 0.64 15 0.74 0.18 1.75
1-stearoylglycerol (1-monostearin) 1.21 1.42 1.21 0.81 0.24 0.69
Monoacylglycerol - T Aoz |
1-oleoylglycerol (1-monoolein) 1.58 0.67 1.38 0.63 0.15 1.29
1-linoleoylglycerol (1-monolinolein) 181 0.73 1.18 0.8 0.11 1.31
sphinganine 0.4 0.72 0.79 0.56 0.37 0.61
Sphingolipid palmitoyl sphingomyelin 0.65 0.75 1.24 0.73 0.21 1.2
Metabolism stearoyl sphingomyelin 0.78 0.69 1.08 0.66 0.1 1.03
sphingosine 0.9 0.74 0.49 1.66 0.42 11
cholesterol 0.84 0.87 1.43 0.74 0.33 1.21
Zﬁwgg;ydroxy-3-oxo-4-choIestenoate 0.84 084 191 089 0.25 1.29
Sterol cholestanol 0.66 0.47 0.72 15 0.66 138
beta-sitosterol 0.82 0.66 1.14 1.7 0.63 0.51 0.95
campesterol 0.75 0.86 1.24 0.7 0.39 1.02
Steroid corticosterone 0.7 0.75 1.03 0.88 0.17 121
cholate 1.02 0.32 5.22 0.2 0.1 3.28
) ] ) glycocholate 0.64 0.85 0.13 4.25 0.14 0.19 4.8
primary Bile Acid taurocholate 0.43 0.07 0.01 1219 0.05
beta-muricholate 2.18 0 1.26 1.18 0.92
alpha-muricholate 0.14 0.34 0.01 25.44 0.03
deoxycholate 0.9 0 1.09 0.97 1.44
Secondary Bile Acid taurodeoxycholate 0.3 0.17 0.03 14.26 0.04
Metabolism taurolithocholate 0.47 1 0.05 26.96 0.05
tauroursodeoxycholate 0.51 0.08 0.01 32.09 0.04
Nucleotide Purine Metabolism, inosine 0.93 0.13 1.35 0.48 0.5 0.07 0.18
(Hypo)Xanthine/Inosi | hypoxanthine 1.58 0.04 0.96 2.22 1.59 0.04 3.66




ne containing xanthine 1.74 0.05 0.93 1.3 2.03 0.06
xanthosine 2.24 0.4 0.68 1.63 1.09 0.19
urate 1.35 0 0.7 0.93 1 0.09
allantoin 0.47 0.18 0.38 4 0.46 0.18
adenosine 5'-monophosphate (AMP) 0.94 4 0.72 1.36 0.72 6.4
Purine Metabolism, adenine 0.67 0.58 0.67 4.69 0.54 0.47
Adenine containing N1-methyladenosine 0.6 0 0.46 0.56 0.28
N6-carbamoylthreonyladenosine 0.56 0 0.5 4.66 0.55 0
Purine Metabolism, 7-methylguanine 0.77 111 0.35 8 0.57 0.82
Guanine containing N1-methylguanosine 0.62 0.73 0.37 4.56 05 0.59
Pyrimidine
Metabolism, Orotate orotate 0.56 0.58 0.56 4 0.48 0.5
containing
uridine 1.34 0.56 1.06 0.75 0.96 0.4
uracil 2 0.53 0.78 0.89 1.07 0.28
Pyrimidine pseudouridine 0.92 0.68 0.84 4 0.68 0
Metabolism, Uracil 5,6-dihydrouracil 0.79 0.38 1.08 1.23 1.18 0.56
containing 2'-deoxyuridine 1.04 0 0.97 1.18 0.72 0
3-ureidopropionate 0.7 0 0.38 2.37 0.55 0.14
N-acetyl-beta-alanine 1.17 0 0.86 0.8 0
Pyrimidine cytidine 1.12 0.38 0.85 0.73 0.95 0
Metabolism, Cytidine | N4-acetylcytidine 0.79 0.76 0.75 1.97 0.85 0.82
containing 2'-deoxycytidine 0.85 0.58 0.88 1.08 0.75 0
Pyrimidine
Metabolism, Thymine | thymidine 0.8 0.4 0.93 0.79 0.76 0.4
containing
Cofactors and | Nicotinate and
Vitamins Nicotinamide nicotinamide 0.94 0 0.68 1.02 0.95 0
Metabolism
Riboflavin riboflavin (Vitamin B2) 0.75 0.4 0.42 5.04 0.45 0.24
Metabolism flavin adenine dinucleotide (FAD) 1.05 0.6 0.99 1 0.9 0.56
pantothenate and CoA | pantothenate 1.08 0 0.81 2.24 0.75 0
gulono-1,4-lactone 0.44 0.19 0.32 6.0 0 0
Ascorbate and ascorbate (Vitamin C) 0.98 0.27 0.48 4.39 0.32 0.09
Aldarate Metabolism | threonate 0.79 0.08 0.66 1.69 0.76 0.08
arabonate 0.47 0 0.32 3.89 0.51 0.18

3.93

0.69
1.23

1.33

0.88

3.43

0.82

0.92

1.42

5.39
0.91

2.06

1.94




oxalate (ethanedioate)

Tocopherol

Metabolism alpha-tocopherol

Tetrahydrobiopterin . . .

Metabolism dihydrobiopterin
heme

Hemoglobin and bilirubin (E,E)*

Porphyrin Metabolism | hiliverdin
L-urobilin

Vitamin B6 .

Metabolism pyridoxate

Xenobiotics hippurate

Benzoate Metabolism

4-hydroxyhippurate

benzoate

catechol sulfate

4-ethylphenylsulfate

4-vinylphenol sulfate

Food
Component/Plant

2-oxindole-3-acetate

5-hydroxymethylfurfural

cinnamoylglycine

daidzein

equol glucuronide

equol sulfate

ergothioneine

erythritol

galacturonate

indoleacrylate

N-(2-furoyl)glycine

N-glycolylneuraminate

stachydrine

Drug 4-acetylphenol sulfate
1-(3-aminopropyl)-2-pyrrolidone
2-ethylhexanoate

Chemical 2-hydroxyisobutyrate

diisopropanolamine

EDTA




glycolate (hydroxyacetate) 0.83 0.73 1.39 0.71 1.35
iminodiacetate (IDA) 1 1 1 1 1
trizma acetate 0.76 84.69 0.61 3.98 1.05 117.21 6.82

Serum samples were assayed for 361 metabolites at 2mo and 7mo of age, using mass spectrometry (n=6/group).
Green highlight: decrease, p<0.05; Light green highlight: decrease, 0.05<p>0.10; Red highlight: increase, p<0.05; Pink highlight: increase, 0.05<p>0.10; No
highlight: p>0.10 .
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Supplementary Fig. S1 Impairments of branched-chain amino acid metabolism during disease
progression in MPS I11B mice Mouse serum samples were analyzed by global metabolomic profiling
using mass spectrometry at age 2m or 7mo (n=6/group). a. Metabolomic comparison: data are presented
as Scaled Intensity (y-axis), p<0.05 IIIB-7m vs. WT-7m; WT: wildtype mice; 111B: MPS I1I1B mice;
AAV9: MPS 111B mice treated at age 1m with an IV injection of 5x10**vg/kg rAAV9-CMV-hNAGLU. b.
Branched-chain amino acid metabolism pathway: BCAT: branched chain aminotransferase; BCKD:
branched-chain alpha-keto acid dehydrogenase complex; Bold and underlined metabolites: p<0.05
HIB-7m vs. WT-7m.
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Supplementary Fig. S2. Impairments of urea cycle during disease progression in MPS I11B mice Mouse
serum samples were analyzed by global metabolomic profiling using mass spectrometry at age 2m or 7mo
(n=6/group). a. Metabolomic comparison: data are presented as Scaled Intensity (y-axis), p<0.05 IIIB-7m vs.
WT-7m; WT: wildtype mice; I1I1B: MPS I1IB mice; AAV9: MPS 11I1B mice treated at age 1m with an IV
injection of 5x10*vg/kg rAAV9-CMV-hNAGLU. Bold and underlined metabolites in urea cycle pathway:

p<0.05 HIB-7m vs. WT-7m.
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Supplementary Fig. S3. Depressed Vitamin metabolism in MPS 111B during disease progress Mouse
serum samples were analyzed by global metabolomic profiling using mass spectrometry at age 2m or 7mo
(n=6/group). a. Metabolomic comparison: data are presented as Scaled Intensity (y-axis), p<0.05 IIIB-7m
vs. WT-7m; WT: wildtype mice; I111B: MPS I1I1B mice; AAV9: MPS I1I1B mice treated at age 1m with an
IV injection of 5x10*vg/kg rAAVI-CMV-hNAGLU. b. Disturbance of Vitamin C metabolism pathway:

Bold and underlined metabolites: p<0.05 I1I1B-7m vs. WT-7m.
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Supplementary Fig. S4. Depressed energy metabolism in MPS 111B during disease progress Mouse
serum samples were analyzed by global metabolomic profiling using mass spectrometry at age 2m or 7mo
(n=6/group). a. Metabolomic comparison: data are presented as Scaled Intensity (y-axis), p<0.05 IIIB-7m
vs. WT-7m; WT: wildtype mice; I111B: MPS I1I1B mice; AAV9: MPS I1I1B mice treated at age 1m with an
IV injection of 5x10*vg/kg rAAV9-CMV-hNAGLU. b. Disturbance of energy metabolism pathway:
Bold and underlined metabolites: p<0.05 I11B-7m vs. WT-7m.
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