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Abstract

There is currently no cure or effective treatment available for mucopolysaccharidosis type IIID 

(MPS IIID, Sanfilippo syndrome type D), a lysosomal storage disorder (LSD) caused by the 

deficiency of α-N-acetylglucosamine-6-sulfatase (GNS). The clinical symptoms of MPS IIID, 

like other subtypes of Sanfilippo syndrome, are largely localized to the central nervous system 

(CNS), and any treatments aiming to ameliorate or reverse the catastrophic and fatal neurologic 

decline caused by this disease need to be delivered across the blood-brain barrier. Here, we 

report a proof-of-concept enzyme replacement therapy (ERT) for MPS IIID using recombinant 
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human α-N-acetylglucosamine-6-sulfatase (rhGNS) via intracerebroventricular (ICV) delivery in 

a neonatal MPS IIID mouse model. We overexpressed and purified rhGNS from CHO cells with 

specific activity of 3.9x104 units/mg protein, with a maximal enzymatic activity at lysosomal 

pH (pH 5.6), and which was stable for over one month at 4°C in artificial cerebrospinal fluid 

(CSF). We demonstrated that rhGNS was taken up by MPS IIID patient fibroblasts via the 

mannose 6-phosphate (M6P) receptor and reduced intracellular glycosaminoglycans to normal 

levels. Delivery of 5 micrograms of rhGNS into the lateral cerebral ventricle of neonatal MPS IIID 

mice resulted in normalization of the enzymatic activity in brain tissues; rhGNS was found to be 

enriched in lysosomes in MPS IIID treated mice relative to control. Furthermore, a single dose 

of rhGNS was able to reduce the accumulated heparan sulfate and β-hexosaminidase. Our results 

demonstrate that rhGNS delivered into CSF is a potential therapeutic option for MPS IIID worthy 

of further development.
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INTRODUCTION

Mucopolysaccharidosis (MPS) III (also known as Sanfilippo syndrome) is caused by 

mutations in enzymes that degrade heparan sulfate, a glycosaminoglycan (GAG) that has 

important structural and functional roles in the brain and elsewhere. There are four subtypes 

of MPS III that are categorized by deficiencies of different lysosomal enzymes: MPS 

IIIA (OMIM: 252900; N-sulfoglucosamine sulfohydrolase, SGSH; EC 3.10.1.1); MPS IIIB 

(OMIM:252920; α-N-acetyl glucosaminidase, NAGLU; EC 3.2.1.50); MPS IIIC (OMIM: 

252930; heparan sulfate acetyl CoA: α-glucosaminide N-acetyltransferase, HGSNAT; EC 

2.3.1.78); and MPS IIID (OMIM: 252940, α-N-acetylglucosamine-6-sulfatase, GNS; EC 

3.1.6.14) 1. MPS IIID (also known as Sanfilippo syndrome type D) was first characterized 

in 1980 2 and is one of the rarest autosomal recessive MPS disorders with an estimated 

prevalence of 0.02-0.10 per 100,000 live births worldwide 3. Due to deficiency of 

GNS, patients with MPS IIID accumulate heparan sulfate within lysosomes, triggering 

autophagy and cell death 4. All MPS III subtypes result in childhood neurodegeneration 

and premature death 5. Additionally, affected individuals can manifest severe behavioral 

problems, poor sleep, seizures and loss of ability to walk 1. Unlike some other MPS types, 

children impacted by MPS III do not manifest significant symptoms early on or develop 

developmental problems until later in childhood 6.

Wang et al. Page 2

Mol Pharm. Author manuscript; available in PMC 2022 January 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Despite more than 45 years of efforts to develop treatments for MPS III 5, 7-10, there 

are as yet no approved therapies. However, preclinical studies in MPS III animal models 

show promise that restoration of enzymatic activity and GAG catabolism can improve the 

phenotype.

Previous studies that administrated of a NAGLU-IGF-II fusion protein ICV to adult MPS 

IIIB mice showed clearance of heparan sulfate and reduction of secondary lysosomal 

defects and neuropathology, which lasted for at least 28 days following the last dose of 

4 treatments over 2 weeks 11. A clinical trial based on this study is underway 12. Aside 

from enzyme replacement therapy (ERT), there are several other alternative approaches 

under investigation for treatment of MPSIIIB. Adeno-associated viral gene therapy led to 

sustained NAGLU enzymatic activity in MPS IIIB mice 13, and combined intravenous and 

an intracisternal injection following intravenous infusion of mannitol increased lifespan 

and improved behavior in mice 14, 15. Bone marrow transplant and intracranial AAV2/5­

NAGLU resulted in synergistic effects on hearing and CNS lysosomal inclusions but 

were antagonistic for motor function and lifespan, while gene therapy alone was the most 

efficacious for lifespan in MPS IIIB mice 16. In 2017 the results from a phase 1/2 clinical 

trial with intracerebral gene therapy for MPS IIIB using a rAAV2/5 vector suggested this 

was well tolerated with the best results obtained in the youngest of 7 patients 17.

Injection of rhSGSH into the CSF via the cerebellomedullary cistern resulted in reduction of 

heparan sulfate, reduced lysosomal vesicle formation, and improved behavior in MPS IIIA 

mice 18. In addition, MPS IIIA mice dosed with rhSGSH via several routes of administration 

into the CSF (intrathecal lumbar, cisternal and ventricular) suggested ventricular and 

cisternal injection most effectively delivered enzyme to brain and spinal cord regions. 

Ventricular delivery of rhSGSH decreased heparan sulfate levels and reduces microglial 

activation 19. Delivery of rhSGSH to the MPS IIIA dog model via slow infusion produced 

significant reductions in heparan sulfate 20. In 2016, a phase 1/2 clinical study of intrathecal 

recombinant human heparan-N-sulfatase (rhHNS) was well tolerated and declines in a CSF 

heparan sulfate was observed in patients 21. In a less invasive approach, IV administration of 

a rhSGSH fused with the IgG domain of a monoclonal antibody against the human insulin 

receptor derived in a rhesus monkey has been shown to reduce sulfate incorporation into 

GAGs and uptake of rhSGSH into cells 22.

Gene therapy for MPS IIIA using a retroviral vector was able to transduce and correct MPS 

IIIA fibroblasts resulting in phenotypic correction 23. Intracerebral delivery of AAV2/5­

CMV-SGSH-IRES-SUMF1 vector resulted in reduction of lysosomal storage, inflammatory 

regions, and improved motor and cognitive functions 24. Hydrodynamic delivery of SGSH 

encoding the vector pFAR4 into MPSIIIA mice led to high serum levels of the protein 

and reduced heparan sulfate 25. Intraparenchymal administration of AAVrh10-SGSH-IRES­

SUMF1 vector into MPS IIIA mice improved heparan sulfate catabolism in regions only 

near the site of injection 26. Another approach such as siRNA has been used to silence 4 

genes whose products are involved in GAG synthesis in MPS IIIA fibroblasts 27. Efforts to 

correct MPS IIIC are limited because the deficient enzyme is membrane bound. However, 

gene therapy with a novel AAV-TT vector corrected the neurological phenotype in MPS IIIC 

mice 28.
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As described above, there are multiple approaches currently in development to treat 

lysosomal storage disorders, the most prevalent approach amongst approved treatments is 

ERT. The ERT approach administers the deficient enzyme, often from a recombinant source, 

to correct the metabolic deficiency. This therapeutic approach has had considerable success 

in several forms of MPS 29, 30, as well as Gaucher 31, 32, Pompe 33, Fabry diseases 34 

and Batten disease 35. The success of ERT relies on the cellular uptake of the exogenous 

protein and transport to the lysosomal compartment, which occurs primarily via the 300 

kDa, cation-independent M6P receptor. The M6P receptor is expressed throughout the CNS 

in addition to several other cell types 36 and has been shown to bind at the cell surface to 

multiple ligands, including M6P-containing lysosomal enzymes. Therefore, the presence of 

glycosylation rich M6P has been shown to be critical to the success of a candidate enzyme 

for ERT 37.

ICV is a well-tolerated and long-term approach for the administration of drug directly into 

the CNS 38-40. Even so, there are concerns about safety and patient compliance 41. To 

address these issues, several non- and minimally-invasive CNS drug delivery systems via 

trans-nasal or trans-vascular are under development 42. A therapeutic protein fused with a 

ligand or antibody that targets receptors at the blood-brain barrier (BBB) is another potential 

route for brain drug delivery 43-45. Target-based nanoparticles are another way to deliver 

therapeutic proteins cross BBB 46. Overall, there are multiple alternative drug targeting or 

delivery systems that can be developed to treat MPS III with ERT.

The post-translational signal for mannose 6-phosphorylation during transport through 

the cis-Golgi network remains to be elucidated. However, the utilization of mammalian 

expression systems, such as Chinese hamster ovary (CHO) cells, has been shown to produce 

M6P modification of recombinant lysosomal enzymes and thereby improving uptake by 

cells 37. GNS has been found to be glycosylated with M6P 47, enter cells efficiently, and 

reduce lysosomal storage in vitro 48. An early study of recombinant caprine GNS in a single 

MPS IIID goat found that the intravenously-administered enzyme reduced liver heparan 

sulfate accumulation 49. In addition, an adeno-associated viral GNS gene therapy delivered 

into CSF corrected pathological storage, improved lysosomal functionality in the CNS 

and somatic tissues, resolved neuroinflammation, restored normal behavior and extended 

lifespan of treated MPS IIID mice 50. Overall, these studies strongly support delivery of 

functional GNS to MPS IIID patients as a potential treatment. Both gene therapy delivering 

DNA and ERT delivering a recombinant protein are critical options for patients. Here, we 

developed a proof-of-concept ERT to treat MPS IIID patients.

In this study, recombinant human GNS (rhGNS) was expressed and purified from CHO 

cells, characterized to determine glycosylation and M6P content, and shown to be 

enzymatically active using two optimized in vitro assays. Delivery of rhGNS to MPS IIID 

patient fibroblasts demonstrated intracellular uptake and reduction of GAG storage in vitro. 

In MPS IIID knock-out mouse model we demonstrated in vivo normalization of brain GNS, 

reduction of accumulated heparan sulfate, and lysosomal localization of rhGNS throughout 

the brain.
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EXPERIMENTAL PROCEDURE

1. Molecular cloning of rhGNS

An expression cassette containing the full-length of human GNS cDNA coding for the 

552 amino acids (NM_002076.3), a short unstructured (GGGGS)4 linker, and c-myc tag 

(EQKLISEED) was synthesized using codon optimization in Chinese hamster ovary (CHO) 

cells by Genscript USA Inc. (Piscataway, NJ). The C-terminal c-myc tag allows affinity 

purification using anti-myc agarose. The expression cassette was further subcloned into an 

expression vector pCI-Neo driven by a CMV promoter (Promega Corporation, Madison, 

WI). We introduced a TEV protease cleavage site with a longer linker in the C-terminus 

of this construct using the QuikChange II XL site-directed mutagenesis kit (Agilent 

Technologies, Inc., Santa Clara, CA) with primers 1 and 2 listed in Table S1. The final 

cDNA sequence was confirmed by Sanger-based sequencing (Laragen, Inc., Culver City, 

CA). The G-418 selection rhGNS plasmid number is TCB469 (Table S2) for which a map is 

shown in Figure S1A.

We subcloned rhGNS into the pOptiVEC™-TOPO® vector using the pOptiVEC™­

TOPO™ TA Cloning™ Kit (Gibco, Cat # 12744017) with primers 3 and 4 listed in 

Table S1. Sequencing Primers 5 to 11 listed in Table S1 were used, and the final cDNA 

sequence was confirmed by Sanger-based sequencing (Laragen, Inc., Culver City, CA). 

The methotrexate selection rhGNS plasmid number is TCB616 (Table S2) and a map is 

illustrated in Figure S3A.

2. Cell culture and CHO cell expression lines

CHO-K1 (American Type Culture Collection [ATCC], Manassas, VA) cells were cultured 

in Ham’s F12/DMEM, which contains glutamine (Corning Incorporated, Corning, NY) 

supplemented with 10% fetal bovine serum, 100 units/mL Penicillin and 100 μg/mL 

Streptomycin (Lonza, Walkersville, MD) at 37°C with 5% CO2. The first rhGNS expression 

vector pCI-Neo (Figure S1 A) was transfected into CHO-K1 cells using BioT Transfection 

Reagent (Bioland Scientific, Paramount, CA), and transfected cells were selected by 700 

μg/ml G418 (Sigma-Aldrich, St. Louis, MO) for 14 days. Transfected cells were dissociated 

by trypsin and stained by propidium iodide (Thermo Scientific, Waltham, MA) for viability 

and sorted by FACSAria III (BD Biosciences, Franklin Lakes, NJ) with gating based on cell 

viability (negative for propidium iodide staining). Single cells were isolated into a 96-well 

plate and cultured with media containing 700 μg/mL G418 until colonies were formed. 

Stable CHO cell clones were maintained and expanded in culture media with 300 μg/mL 

G418.

Single colonies were cultured in protein expression media (HyClone serum-free PF CHO 

media [GE Healthcare Life Sciences, Logan, UT] supplemented with 4 mM L-glutamine, 

200 μg/mL G418, and nucleosides [10 mg/L each of adenosine, cytosine, guanosine, 

hypoxanthine, thymidine, and uridine]). Secreted culture media were used for initial 

screening by GNS enzyme activity and western blotting with anti c-myc antibody (Thermo 

Scientific, Waltham, MA).
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For methotrexate (MTX) selection, the second rhGNS expression vector pOptiVEC™ 

TOPO (Figure S3A) was transfected into CHO-K1 cells using BioT Transfection Reagent 

(Bioland Scientific, Paramount, CA). Forty-eight hours after transfection, cells were replated 

and treated with 100 nM of MTX. MTX-resistant clones formed after 6 weeks under 

MTX treatment and clones were picked up with Cloning Cylinders (Bel-Art™, Cat # 

F378470100).

For protein production, stable clones were inoculated into roller bottles (Thermo Scientific, 

Waltham, MA) and grown until confluence, at which time the medium was replaced with 

protein expression media. Secreted rhGNS was monitored daily by both GNS assay and 

western blot until full-length GNS expression reached a plateau (day 10-15) before media 

were harvested for rhGNS purification.

3. Purification of rhGNS-myc protein

Following harvest, conditioned media were concentrated using Vivaflow® Crossflow 

devices with a molecular weight cut-off of 50 kDa (Sartorius Corporation, Bohemia, NY) to 

10 % of original volume. The concentrated media was desalted/buffer-exchanged to artificial 

CSF (150 mM NaCl, 0.8 mM MgSO4, 3 mM KCl, 1.4 mM CaCl2, 0.8 mM Na2HPO4, and 

0.2 mM NaH2PO4) at 4°C. Approximately 50 mL of concentrated media was mixed with 

500 μL of c-myc affinity beads (50% slurry; Medical & Biological Laboratories Co., Ltd., 

Nagoya, Japan) and incubated overnight at 4°C under rotation.

The slurry was then loaded onto a 25 mL chromatography column for rhGNS purification. 

The flow-through was collected and loaded back into the column one more time. The 

column was washed with artificial CSF (10 mL x 3 times). Bound rhGNS was eluted using 

3 mL of 0.2 mg/mL c-myc peptide (Medical & Biological Laboratories Co., Ltd., Nagoya, 

Japan) and concentrated to a final concentration of approximately 1 mg/mL protein by 

Microcon 50,000 MWCO Centrifugal Filter (Merck Millipore, Billerica, MA).

4. Enzymatic activity assays for rhGNS

A two-step fluorometric measurement of GNS activity was performed as described 

previously 51 with modifications. Media or purified enzyme (2.5 μL) was incubated with 

2.5 μL of 10 mM 4-methylumbelliferyl alpha-N-acetylglucosaminide-6-sulfate (4-MUGNS; 

Toronto Research Chemicals, Toronto, Canada) in the reaction buffer (0.2 M sodium acetate, 

pH 5.6; 20 mM lead acetate, 0.01% Triton X-100) at 37°C for 1 hour, and the reaction was 

then stopped by addition of 10 μL of phosphate-citrate buffer (0.4 M Na2HPO4 / 0.2 M 

citric-acid buffer, pH 4.7). To release 4-MU fluorophore from the reaction mixture, 5 μL of 

concentrated rhNAGLU-IGFII conditioned medium (specific activity > 100 nmol/hr/μL) or 5 

μL of purified, myc-tagged rhNAGLU-IGFII was added and incubated for 2 hours at 37°C. 

Reactions were quenched by the addition of 50 μL of glycine carbonate buffer (pH 10.5). 

Fluorescence measurements were obtained using a SpectraMax iD5 Multi-Mode Microplate 

Reader (Molecular Devices, Sunnyvale, CA) at excitation and emission wavelengths of 360 

nm and 450 nm, respectively. One activity unit of GNS was defined as 1 nmol of 4-MU 

converted substrate per hour (first step) at 37 °C. Protein concentration was determined 

using Bradford Reagent (Bio-Rad Laboratories, Inc, Irvine, CA). Specific activity was 
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normalized with the protein concentration and presented in units/mg protein. Commercial 

rhGNS (R&D Systems; Minneapolis, MN) was used as a positive control, and 4-MU 

standard curves were present on all readings to account for differences in read conditions 

between assays. In addition to the two-step fluorescence assay, we also used a colorimetric 

sulfatase assay that directly measures GNS activity using para-nitrocatechol sulfate as a 

substrate. The detailed assay optimization is described in the supplemental method.

5. Glycosylation analysis

Deglycosylation of rhGNS was performed with two different enzymes: PNGase F and 

Endo H (New England BioLabs, Ipswich, MA). Approximately 3.5 μg of purified rhGNS 

underwent glycosidase digestion with either enzyme for one hour at 37°C, according to 

manufacturer instructions. The digestion was then visualized via SDS-PAGE, followed 

by staining with Imperial™ Protein Stain or further by immunostaining with anti-c-myc 

antibody, as described in the supplemental method sections.

6. Composition analysis of N-glycan isolated from rhGNS sample using HPAEC-PAD 
analysis

HPAEC-PAD analysis was performed at GlycoAnalytics (UCSD). Purified rhGNS (100 μg) 

was used for N-glycan isolation using PNGase F, followed by purification of N-glycans 

using SPE extraction. Purified N-glycan was hydrolyzed using 2 N trifluoroacetic acid at 

100°C for 4 h, the acid removed by dry nitrogen flush, and monosaccharides were finally 

dissolved in milli-Q water and injected on HPAEC-PAD. A Carbo-Pac PA-1 column (4 

x 250 mm) was used with NaOH-NaOAc gradient as a mobile phase for separation. A 

standard M6P was used to quantify and assign the retention time.

7. Steady-state kinetic analysis

A Michaelis-Menten kinetics curve was generated when 3 ng/mL rhGNS was incubated for 

1 hour at 37 °C at 8 different concentrations of 4-MUGNS ranging from 0.2 to 25 mM with 

a 4 h 4-MU release step under standard reaction conditions. All calculations of Vmax, Kcat, 

and Km were made using GraphPad Prism 7.0 (GraphPad, Inc., La Jolla, CA) by fitting data 

to Equation 1.

v = Vmax
∗[4‐MUGNS] ∕ (Km + [4‐MUGNS]) Equation (1)

In order to determine the optimal GNS activity over a range of pH, we use three buffer 

conditions to cover the range of pH values (pH 3.8 to 5.8 using acetate/acetic acid buffer 

(pKa = 4.76) and pH 6.2 to 7.6 using HEPES buffer (pKa = 7.5). rhGNS (2.5 μL of 3 ng/uL) 

was incubated with 10 mM 2.5 μL of 4-MUGNS (10 mM made with at different pH value in 

proper buffer at 37°C for 1 h. The remaining steps are described above.

8. Enzyme Uptake in MPS IIID fibroblasts

Four fibroblast cell lines used in this study were purchased from the Coriell Institute 

(Camden, NJ). GM05093 is homozygous for a C>T transition at nucleotide 1063 in exon 

9 of the GNS gene (1063C>T) resulting in the substitution of a termination signal for 
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arginine at codon 355 [Arg355Ter (R355X)]. The genotype of GM17495 is not available 

from Coriell Institute. We verified there is no GNS activity present in both GM05093 and 

GM17495. Intracellular rhGNS enzyme uptake was determined using fully-confluent MPS 

IIID human skin fibroblasts (GM17495) in DMEM supplemented with 1% L-Glutamine, 1% 

Penicillin Streptomycin solution, and treated with purified rhGNS at 37°C for 2.5 or 5 hours. 

Cells were then washed with PBS and harvested using TrypLE Select (Thermo Scientific, 

Waltham, MA), and cell pellets were further washed with artificial CSF buffer before lysing 

in GNS Lysis buffer (GNS reaction buffer supplemented with 0.1% Triton X-100 and 0.1 

mM DTT) by vigorous pipetting followed by incubation on ice for 20 minutes. Samples 

were centrifuged at 10,000 g for 15 minutes, and supernatants were recovered for GNS 

activity assay as described above. Intracellular GNS enzyme activity was normalized to the 

protein concentration from the lysed pellet.

Uptake inhibition was performed by pre-incubating MPS IIID human skin fibroblasts 

(GM17495) with 10 mM M6P (Sigma-Aldrich, St. Louis, MO) for 10 minutes before 

applying an equal volume of medium containing 3.9x103 units/mL purified rhGNS for 5 

hours at 37 °C, reaching a final concentration of 1.95x103 units/mL for rhGNS and 5 mM 

for M6P. Following treatment, intracellular GNS activity in treated cells was measured as 

described above.

9. Intracellular GAG quantification

GAG in cultured MPS IIID human skin fibroblasts (GM05093 and GM17495) and control 

skin fibroblasts (IMR90 and GM01392) was measured by labeling newly synthesized GAG 

with H2
35SO4 as described previously with minor modifications 52, 53. In brief, cells were 

grown to confluence in 6-well plates supplemented with 25 μCi/mL H2
35SO4 (Perkin-Elmer, 

Waltham, MA) in the presence of purified 2 units/mL rhGNS at 37°C and 5% CO2. After 72 

hours of labeling, cells were washed and then harvested by trypsinization and centrifugation. 

Intracellular GAG was extracted from cell pellets by re-suspending and boiling in 85% 

ethanol supplemented with 1μg/mL glycogen. The extracted GAG was centrifuged and 

dissolved in 10% sodium hydroxide and neutralized with 2 M acetic acid. Radiolabeled 

GAG was measured via scintillation counting (Tri-Carb 2800 TR, Perkin-Elmer, Waltham, 

MA). Radioactive counts per minute were normalized to protein concentration. The estimate 

of Kcorrection for GAG reduction was further performed with different concentrations 

(0, 0.0011, 0.0054, 0.011, 0.054 and 0.27 units/mL) of rhGNS with MPS IIID human 

skin fibroblasts (GM17495) as described above. Data were normalized and presented as 

percentage of cpm/mg protein compared to untreated MPS IIID cells and were best fit to an 

exponential decay using GraphPad Prism 7.0. The half-maximal concentration for correction 

was calculated using the pharmacokinetics module (IC50) in GraphPad Prism 7.0.

10. In vivo Study using MPS IIID constitutive knockout mouse

Animal experiments were approved by the Institutional Animal Care and Use Committee 

at the Lundquist Institute (formally Los Angeles Biomedical Research Institute) at Harbor­

UCLA Medical Center, which is accredited by the Association for Assessment and 

Accreditation of Laboratory Animal Care (AAALAC).
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A MPS IIID constitutive knockout mouse model was generated by Taconic Biosciences 

(Rensselaer, NY) and maintained on an inbred background (C57BL/6), which has been 

shown to display deficiency of GNS activity and accumulates lysosomal storage 54. Mutant 

male MPS IIID mice (Gns−/−) were mated with heterozygous (Gns+/−) females to obtained 

homozygous affected mice and heterozygous controls. Genotype was determined with MPS 

IIID primers 12 to 14 listed in Table S1.

Neonatal mice (both genders) were toe-clipped and genotyped at birth. Sterile-filtered (0.2 

μm), purified rhGNS (5 μL; 13.4 units/μL or 40.2 units /μL) or vehicle (5 μL) was injected in 

the left lateral ventricle as previously described 55. The injection site was ~2.5 mm between 

the bregma and eyes, 2 mm away laterally from the sagittal suture, and 2.5 mm in depth.

We harvested brains from MPS IIID mutant (Gns−/−) mice treated with or without rhGNS 

along with age-matched carrier control (Gns+/−) mice. The lysosome fractions from mouse 

brains were enriched using the Lysosome Enrichment Kit for Tissue and Cultured Cells 

(Thermo Scientific, Waltham, MA) according to the manufacturer’s instructions. Isolated 

lysosomes were lysed in GNS lysis buffer for the enzyme activity assays and western blots

11. Biochemical evaluations in MPS IIID mice with rhGNS ERT

Tissues were homogenized using a bullet blender (Next Advance, Inc., Troy, NY) with 

GNS assay buffer containing 0.1% TritonX-100. Homogenized tissues were assayed for 

GNS and β-hexosaminidase activities. The catalytic activity of GNS was described above, 

and β-hexosaminidase (combined A and B isoforms) was determined by hydrolysis of 

4-methylumbelliferyl-N-acetyl-β-glucosaminide (EMD Millipore, Burlington, MA) using 

1.25 mM substrate in the incubation mixture.

12. Brain heparan sulfate detection

This experiment was performed at GlycoAnalytics Core (UCSD) as described previously 56. 

Mouse brains were homogenized and digested overnight with Pronase (Sigma-Aldrich) in 

phosphate-buffered at 37°C and centrifuged at 14,000 rpm for 20 min. The supernatant was 

passed through a DEAE column and the bound GAG was eluted with 2 M NaCl. The GAG 

was then desalted on PD10-size exclusion column and purified GAG was lyophilized. Dried 

GAG disaccharides were dissolved in aniline and reacted with freshly prepared sodium 

cyanoborohydride solution in dimethyl sulfoxide: acetic acid mixture (7:3, v/v). Reactions 

were carried out at 65°C for 1 h followed by 37°C for 16 h. The samples were then dried 

using speed vacuum at room temperature and used for further analysis by glycan reductive 

isotope labeling (GRIL) LTQ-MS. Aniline-tagged disaccharides were separated on a C18 

column using an ion pairing solvent mixture and analyzed by mass spectrometry in negative 

ion mode.

13. Statistical analysis

Experiments were performed in triplicate, and data are shown as mean ± SD. Statistical 

comparisons were made using one-way analysis of variance (ANOVA) for the mouse study.

Additional experimental details can be found in the supplemental method sections.
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RESULTS

1. Expression and characterization of rhGNS-myc from CHO-K1 cell line using G418 
selection

Different organisms exhibit bias towards use of certain codons that encode the same amino 

acid; such bias can significantly impact recombinant protein expression. To increase the 

protein level we used GenScript Condon Optimization algorithm to optimize GNS codon 

for expressing in CHO cells 57. Drug resistance strategies are a highly efficient and less 

time consuming method to generate stable recombinant protein expression cell lines 58. To 

determine whether we can purify rhGNS using the codon optimized sequence in CHO cells 

and to characterize rhGNS in a shorter time frame, pCI-Neo was used as the expression 

vector (Figure S1A). Fifty G418-resistant clones were isolated and 12 were positive for 

rhGNS secretion (Figure S1B). Clone TCB469 B2 was used for subsequent purification. 

A continuous increase of GNS activity in cell culture supernatant was observed over 11 

days (Figure S1C). Supernatant was harvested and concentrated at day 15, and analyzed 

by SDS-PAGE (Figure S1D). After affinity purification using myc-agarose (Table S3), a 

western blot assay was performed using both anti-GNS and anti-myc antibody (Figure 

S2A) to identify rhGNS-myc. Commercial rhGNS proteins are a mixture of two proteins, 

Val37-Leu552 and Thr44-Leu552, both with a C-terminal 10-His tag purified from CHO 

cells. Due to difference in amino acid sequence and the affinity tag, R&D GNS is slightly 

higher molecular weight on the western blot (Figure S2A). To confirm identify of rhGNS 

and detect impurity, trypsin digested purified rhGNS was analyzed by LC/MS/MS and 

successfully mapped to human GNS (Table S4). The SDS-PAGE showed a band with the 

expected molecular weight (80 kDa) as detected in western blot (Figure 1A). The purity of 

rhGNS was estimated to be 49% based on the quantification of band area on the gel using 

Image Lab (Table S5); two major contaminant proteins are Histone H4 and Isoform 3 of 

T-complex protein 1 subunit eta (CCT7) (Table S4).

The protein secreted from CHO cells is approximately 80 kDa as determined by SDS-PAGE 

potentially from N-glycosylation at one or more of the 13 potential N-glycosylation sites 

(Figure 1A) 59. To understand the glycosylation pattern of rhGNS, the purified enzyme 

was treated with endoglycosidases PNGase F or Endo H to remove attached carbohydrate 

molecules. PNGase F hydrolyzes almost all types of N-linked oligosaccharides, whereas 

Endo H cleaves mannose rich N-linked oligosaccharides within the chitobiose core 60. The 

rhGNS was sensitive to digestion with both PNGase F and Endo H, producing a molecular 

weight shift from 80 kDa to 58 kDa, which suggests that the protein was N-glycosylated 

with high-mannose residues (Figure 1B). Additionally, high performance anion exchange 

chromatography with pulsed amperometric detection (HPAEC-PAD) showed the secreted 

rhGNS was mannose-6 phosphorylated at approximately 0.87% (W/W) (Figure 1C) 61. 

A native polyacrylamide gel electrophoresis was performed to resolve rhGNS in a non­

denaturing environment; the molecular weight was estimated to be ~160-200 kDa, indicating 

a dimeric structure (Figure S2B).
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2. Biochemical characterization of purified rhGNS-myc protein

To characterize the enzymatic activity of rhGNS, we optimized a two-step GNS activity 

assay which used 4-MUGNS as a specific GNS substrate 51. This is a coupled assay 

that requires a subsequent enzyme, NAGLU to release the fluorogenic product, 4-MU, 

and we optimized this to a 384-well plate format. We then determined the steady state 

kinetic constants of rhGNS by performing a GNS activity assay with increasing amounts 

of 4-MUGNS and generated a Michaelis-Menten kinetics curve (Figure 2A). The calculated 

Km was 4.0 mM, and the estimated kcat was determined to be 1.68x104 units/mg (1 unit = 1 

nmol converted substrate per h at 37°C).

We also performed pH rate profiling to determine how pH affects enzymatic activity of 

rhGNS. Consistent with the acidic pH in lysosome, the purified rhGNS in this study 

exhibited a peak activity at pH 5.6, with GNS enzymatic activity at neutral pH 7 

approximately 10-fold lower than at the pH 5.6 (Figure 2 B). To avoid the pH effect on 

the step 2 NAGLU enzyme and subsequently have an effect on the final 4MU release, we 

also performed a colorimetric sulfatase activity assay using para-nitrocatechol sulfate as the 

substrate and observed similar optimal pH as the GNS activity assay (Figure S2C). The 

subsequent GNS activity assay in this study was performed with 5 mM of 4-MUGNS, which 

is close to Km and at the optimal pH of 5.6. Under this condition, the specific activity 

of rhGNS purified from G418 selected CHO cells stably expressed rhGNS was 1.34x104 

units/mg. We estimated the titer as 0.4 mg/L (Table S3).

To determine how sensitive rhGNS is to temperature, we assayed rhGNS over a range of 

temperatures (24 to 65°C) and found rhGNS was active at wide range of temperatures. GNS 

activity was 1.5-fold at 37°C compared to 24°C and was almost double at 49°C compared 

to room temperature. Overall, GNS exhibited good enzymatic activity at body temperature 

(37°C) and remained active up to 65°C (Figure 2C).

Artificial CSF is the most common buffer formulation used in FDA approved drugs for 

brain injection. Therefore, we have chosen to determine the stability of rhGNS in artificial 

CSF by using the thermal shift assay, which utilizes intrinsic tryptophan fluorescence to 

measure the inflection temperature (Ti) of rhGNS at 83.6°C (Figure 3A). In addition, the 

GNS activity assay also showed that purified rhGNS was active for one month at 4°C in 

artificial CSF, with greater than 80% of initial enzyme activity remaining (Figure 3B). Both 

results indicated rhGNS was stable in artificial CSF.

3. Enhanced expression of rhGNS-myc from CHO-K1 cell line utilizing dihydrofolate 
reductase (dhfr) gene amplification using methotrexate (MTX) selection

Large-scale recombinant protein production is crucial for biopharmaceutics development 

since both efficacy and safety evaluation demand large amounts of protein. In addition, 

industrial manufacturing processes of biopharmaceuticals are dependent on high-yielding 

cell-based production platforms in order to maximize production yields but also to reduce 

associated costs 62. The factors which affect the productivity of recombinant proteins 

include cell lines, expression constructs, gene optimization, selection methods and cell 

culture conditions 58.
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Our initial results demonstrated that the codon optimized sequence encoding rhGNS was 

able to express in CHO cells but had low productivity. The yield was 0.16 mg with 

specific activity of 1.34x104 units/mg and purity of 49% when rhGNS was purified from 

the G418 selected CHO cells stably expressing rhGNS. To improve the productivity, rhGNS 

encoding sequence was cloned into pOptiVEC™-TOPO vector (TCB616, Figure S3A), 

which utilizes dihydrofolate reductase (dhfr) gene amplification using methotrexate (MTX) 

selection. The highest expression clone C2 was identified from screening 13 clones and used 

for subsequent purification (Figure S3B). Cell culture supernatant was harvested at day 6 

when the increase of total GNS activity reached plateau (Figure S3C). Compared to TCB469 

B2, the amount of rhGNS secreted from TCB616 C2 increased 100-fold (Figure 4A), and 

the GNS specific activity of cell culture supernatant increased 28-fold (Figure 4B). After 

anti-myc affinity purification, the GNS specific activity was 3.9x104 units/mg, which was 

4.5-fold higher than that of cell culture supernatant (Table S6).

The percentage of secreted rhGNS in media was 22% or 28% of total proteins estimated 

from specific activity measurement and Western blot quantification, respectively (Figure 

S3D). The titer of rhGNS secreted from TCB616 C2 was 26 mg/L, estimated from GNS 

specific activity, and this is a 65-fold increase over the G418 selected clone (0.4 mg/L, 

TCB469 B2). From the SDS-PAGE gel, we observed a prominent band at molecule weight 

of 80 kDa in cell culture supernatant from TCB616 C2 (Figure 4C) but not from TCB469 

B2 (Figure S1D). This observation was consistent with a higher level of rhGNS produced 

in media. The purity of rhGNS was 95.2% quantified by SDS-PAGE (Figure 4C), 99% by 

size exclusion chromatography (Figure S3E), and 98% by LC/MS/MS analysis (Table S7); 

this purity was almost 2-fold higher than rhGNS purified from TCB469 B2 (Figure 1A). 

The improved purity of rhGNS purified from TCB616 C2 explained the higher specific 

activity as well as kcat (Figure S3F). In addition, the Km, optimal pH, temperature effect, and 

glycosylation pattern of rhGNS purified from TCB616 C2 were similar to rhGNS purified 

from TCB469 B2 (Figure S3G to J). These data also suggested that the impurity from 

previous purification does not affect the biochemical profile of rhGNS and only affects the 

specific activity and kcat due to the difference of 49% versus 95% purity. The high inflection 

temperature (83.7°C) indicated the high thermal stability and rigid conformation of rhGNS. 

This stability indicated that higher temperature might promote the conformational change 

of rhGNS to bind substrate or release product and therefore, the optimal temperature of 

its enzymatic activity was at 50°C. Overall, our results indicated that utilizing the dhfr 
gene amplification system dramatically increased the productivity of rhGNS with a similar 

biochemical profile.

4. rhGNS entered into MPS IIID fibroblasts by M6P receptors and cleared accumulated 
GAGs

The cellular uptake of lysosomal enzymes is thought to primarily rely on cell-surface 

receptors recognizing N-glycan features, including the M6P receptors (MPRs), Ashwell–

Morell receptor (AMR), and mannose receptor (MR) 63. We have identified rhGNS was 

N-glycosylated and mannose-6 phosphorylated as described above. To determine the cellular 

uptake of rhGNS, MPS IIID patient fibroblasts were incubated for 2.5 or 5 hours with 

3.9x103 units/mL of rhGNS, and the intracellular rhGNS activity was measured. The 
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intracellular rhGNS activity detected in the 5-hour treatment group was almost 2-fold higher 

than that of the 2.5-hour group (Figure 5A), which indicated that the uptake of rhGNS by 

fibroblasts was time-dependent. When we treated fibroblasts with a different concentration 

of rhGNS for 5 hours (Figure 5B), the amount of rhGNS taken up by fibroblasts increased 

dose-dependently. The uptake of rhGNS into MPS IIID human fibroblasts was inhibited 

72% by the addition of M6P at the final concentration of 5 mM, thus suggesting that the 

majority of intracellular rhGNS uptake is mediated by the M6P receptor.

We next assessed whether the rhGNS taken up by the MPS IIID fibroblasts was able 

to catabolize intracellular GAG using a 35S incorporation assay. Two different MPS IIID 

patients’ fibroblast cell lines, GM05093 and GM17495, accumulated consistently higher 

levels of 35S-labeled GAGs after 72-hour labelling, as compared to wild-type cell lines, 

IMR90 and GM01392. In the presence of 2 units/mL purified rhGNS during labelling, the 

total intracellular 35S-labeled GAGs in these MPS IIID lines were restored to wild-type 

levels (Figure 5C). We further titrated rhGNS in the labelling media and observed that a 

level as low as 0.01 units/mL rhGNS was sufficient to reduce GAG storage to levels similar 

to wild-type. The calculated concentration required for half-maximal correction was 0.005 

units/mL (Figure 5D).

5. Intracerebroventricular (ICV) enzyme replacement in MPS IIID mice with rhGNS

Administering therapeutic enzyme directly into the left cerebral ventricle to bypass the 

blood brain barrier had been proven successful in an animal model of MPS IIIB 64. To 

assess its efficacy in vivo, we performed ICV injection of rhGNS into one lateral cerebral 

ventricle of newborn GNS knockout mice (Gns−/−) 54 (Figure 6A). A child with MPS 

III inherits two copies of the altered Gns gene, one from each parent. Both parents are 

non-affected carriers, who have one copy of the altered gene and one normal copy of WT 

gene. Therefore, we used carriers (Gns+/−) as positive control in our in vivo experiments. We 

detected a statistically significant return of brain GNS activity to 100% of the carrier levels 

24 hours after single dosing with 5μL of 67 units purified rhGNS (Figure 6B). To assess 

the bio-distribution of rhGNS in the brain, we treated a separate cohort of MPS IIID mice 

as described above. After harvesting the tissue, we sliced the brain into 3 sections along 

the rostrocaudal axis for biochemical assays separately (Figure 6A). We were able to detect 

GNS activity throughout the neonatal brain in all 3 sections at 24 h post-injection (Figure 

6C), which indicated that rhGNS spread throughout the brain from the injection site. To 

estimate the in vivo half-life of rhGNS in the brain, we measured GNS activity at 1, 2, and 

3 days post-injection in MPS IIID mice, which resulted in a tissue half-life estimate of 1.1 

days (Figure 6D).

To determine whether rhGNS reached lysosomes, we separated the lysosomal fraction 

from fresh brain homogenates of MPS IIID mice 1-day following ICV rhGNS, using a 

discontinuous density gradient centrifugation. Our western blot results showed increased 

relative level of lysosome marker-LAMP1 in lysosome-enriched fraction than in total lysate, 

which indicated the enrichment of lysosome (Figure 7A). Strong GNS bands detected in 

the lysosome-enriched fraction of the ERT group proved that rhGNS is targeted to the 

lysosomes. The relative GNS activity in the lysosome-enriched fraction was higher than 
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levels in the crude lysate, also supporting lysosomal localization of rhGNS (Figure 7B). 

Interestingly, we detected stronger GNS signal by western blot but similar GNS activity in 

rhGNS treated mice compared to the carrier control (Gns+/−), which might due to difference 

of rhGNS and endogenous GNS in binding to anti-GNS antibody or their specific activity. 

Since the brain lysate and lysosome fraction were obtained 2 days after treatment with 

rhGNS, it could be the endogenous GAG in rhGNS-treated MPS IIID mice is inhibiting 

rhGNS activity in hydrolysing the 4-MUGNS artificial substrate.

Deficiency of GNS in the MPS IIID mouse brain led to the accumulation of heparan 

sulfate (Figure 8A) and was accompanied by increased activity of other lysosomal enzymes, 

including β-hexosaminidase (Figure 8B) as shown in other MPS III models 49, 50, 64. Seven 

days after the mice were treated with a single dose of ICV rhGNS, we still detected 

a significant decrease of heparan sulfate in the ERT group. In addition, we observed 

significantly lower β-hexosaminidase activity in brains of mice treated with a single dose 

of ICV rhGNS as compared to vehicle-treated control mice at 3 days and 7 days following 

injection.

DISCUSSION

There is currently no FDA or EMA approved treatment for any form of MPS III including 

MPS IIID. MPS IIID has perhaps the mildest phenotype and slowest progression of all 

the forms. While each type of MPS III is individually rare, MPS IIID is the rarest with 

an estimated prevalence of 0.02-0.10 per 100,000 live births worldwide 3, which would 

indicate at least a world-wide number of 7,500 patients. Publications referring to Sanfilippo 

syndrome type D usually refer to the number reported as around 15-20 65, 66. An analysis of 

papers has identified patients in the Netherlands 67, Turkey 66, Italy 65, Pakistan 68, Poland 
69, USA 70, Australia 71, Belgium 72 and Saudi Arabia 73. We are aware of at least four 

MPS IIID patients in the USA, two in Australia, one in Argentina, one in Bulgaria, two in 

France, one in Mexico, one in the UK and one in Spain currently. Because MPS IIID is 

generally difficult to recognize (due to relatively mild physical features) and is known to 

be underdiagnosed, we estimate there are more MPS IIID patients globally that might be 

identified.

Of the possible therapeutic approaches to treat MPS IIID, ERT is appealing as there 

are examples of successfully commercialized therapeutic enzymes for MPS and other 

lysosomal diseases. Arguably, no therapy for any inborn error of metabolism comes 

close to the commercial success that ERT has achieved for lysosomal diseases 74. These 

include laronidase (MPS I), idursulfase (MPS II), galsulfase (MPS VI), alglucosidase alfa 

(Pompe disease), imiglucerase (Gaucher disease), and agalsidase beta (Fabry disease), and 

more recent approval for ICV ERT with cerliponase alfa for late-infantile neuronal ceroid 

lipofuscinosis (CLN2 Batten Disease) 75. Research on the canine model of MPS type I 

shows that intrathecal ERT can distribute broadly throughout the neuraxis, penetrate into 

deep brain structures, and achieve therapeutic concentrations there 76, 77. The success of the 

intrathecal approach in animal models has led to clinical trials of intrathecal ERT for MPS 

I, II and IIIA, metachromatic leukodystrophy 75. These experimental therapies demonstrate 

the proof of principle for pursuing the CSF to deliver enzyme to the human brain. ERT also 
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avoids potential barriers to gene therapy such as the prevalence of pre-existing anti-capsid 

antibodies which can profoundly impact the transduction efficiency 78. Furthermore, an 

advantage to ERT is that it can be dosed repeatedly, allowing the possibility of adjusting 

dose and frequency as is traditionally the case for modulating medications. Adverse effects 

with other approved ERT seem to be mild 79, however there remains the potential for 

immune reactions as with other protein therapeutics 80.

The full-length of the engineered rhGNS fusion protein is 579 amino acids with a calculated 

molecular weight of 64.8 kDa and pI of 8.60, and the mature rhGNS is 543-amino acid 

long with the first 36 amino acid being cleaved as signal peptide 59 and the expected 

molecular weight is approximately ~58 kDa without glycosylation. We found properties of 

rhGNS favorable for an ERT in MPS IIID. The uptake of rhGNS into human fibroblasts 

was inhibited by addition of M6P, which indicates the uptake is mediated by M6P receptors 

(Figure 5B). The rhGNS protein was likely N-glycosylated with high-mannose residues 

(Figure 1 C), showed an optimal pH in the acidic range (pH 5.6), catabolized the natural, 

GAG substrate of GNS, was thermostable up to 65°C and showed stability for a month at 

4°C in artificial CSF, an ideal formulation for ICV delivery.

We generated a stable CHO cell line expressing TCB616 using the dhfr gene amplification 

system. The titer of rhGNS secreted from this clone (TCB616 C2) reached 26 mg/L and 

can be potentially increased further by modifying culture conditions. These data indicated 

that the dhfr gene amplification system is capable of increasing the productivity of rhGNS. 

However, there are some limitations of our current method to produce rhGNS. 1) We used 

affinity purification of rhGNS with a carboxyl terminal myc tag for our proof of concept in 
vivo study. The product for clinical study should not contain the tag; 2) The dhfr system is 

more suitable to CHO cell lines deficient in dhfr gene than the WT CHO k1; 3) TCB616 C2 

is an adherent cell line while the large scale production of recombinant proteins in industry 

usually requires suspension culture; 4) Purification using anti-myc beads is not cost-effective 

for large scale production of rhGNS. To address these limitations, we have established new 

clones using the dhfr gene amplification system in CHO/dhfr− cells to produce rhGNS 

without a myc tag. The new clones were also adapted to suspension culture.

MPS III types A to D cause paediatric neurodegeneration and some cause premature 

death 5. The earlier the intervention the better the outcome is for MPS III patients to 

prevent their neurodegeneration. Therefore, our initial in vivo studies were performed on 

a neonatal GNS KO mouse model. Our in vivo studies are the first attempt to reveal the 

pharmacokinetic (PK) and pharmacodynamics (PD) profile of rhGNS. To be able to detect 

the activity and distribution of rhGNS in the brain, we chose one day post injection as 

endpoint, and by separating brain into three sections we demonstrated that rhGNS distribute 

throughout the brain from the injection site (Figure 6A and C). The in vivo half-life of 

rhGNS in the brain was estimated to be 1.1 days (Figure 6D). Immunostaining is a direct 

and widely used method to detect co-localization. We were unable to find any anti-GNS 

antibody suitable to determine lysosome co-localization using immunostaining or IHC; 

hence, we used subcellular fractionation to identify co-localization of rhGNS in lysosome 
81, 82. The increased ratio of GNS/total proteins and specific activity indicated that the 

isolation of lysosomes enable us enrich GNS, supporting the notion that rhGNS localizes 
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in lysosome. To reveal the PK and PD profile of rhGNS, we used GNS activity to estimate 

the concentration and the reduction of β-hexosaminidase activity to reflect PD response after 

ICV. The estimated rhGNS brain half-life was approximately 1.1 days but the PD response 

last until 7 days post ICV.

Our preliminary in vivo studies with a single dose of rhGNS showed therapeutic GNS 

activity in all areas of the brain and localized the lysosomal compartment. Single-dose 

recombinant enzyme studies are limited in their estimation of the therapeutic potential, 

as repeated dosing will significantly reduce the GAG substrate accumulation over time, 

as well as “even out” biodistribution irregularities that are inevitable with the use of the 

slow-flowing, unpredictable CSF route for delivery. The estimated rhGNS tissue half-life 

of approximately 1.1 days appears short. However, the dosing interval for this lysosomal 

storage disease will likely depend on the rate of substrate accumulation, not enzymatic 

half-life. In our in vivo studies we found that the GNS substrate heparan sulfate in MPS 

IIID mice accumulated to 115.8 ng/mg protein and was significantly reduced 7 days 

post-treatment with a single dose of rhGNS to 68.1 ng/mg protein; this level is still 

about 150% of the unaffected carrier level, which is 42.6 ng/mg protein (Figure 8A). 

Our results suggested that heparan sulfate was cleared out quickly after ERT and the 

reaccumulation occurred slowly. Interestingly, the β-hexosaminidase activity remained at the 

unaffected carrier level 7 days post-treatment (Figure 8C). The accumulation of heparan 

sulfate likely needs to cross a threshold to cause pathological cellular response such as 

increased β-hexosaminidase activity; crossing this threshold occurs slowly in the absence of 

rhGNS activity. These results indicate that an optimal dosing regime in patients with rhGNS 

can improve the enzymatic activity, reduce lysosomal storage, and rescue the metabolic 

phenotype.

In our ongoing in vivo studies, repeated dosing with rhGNS will be performed on adult MPS 

IIID mice at three different doses up to 200 μg. According to the half-life (1.1 days) and PD 

response (last for 7 days) detected from our initial studies, ICV is performed twice per week 

for 2 weeks. The reduction of HS in both CSF and brain is considered as the primary PD 

endpoint and the β-hexosaminidase activity as the secondary PD endpoint. The long term 

follow up of biochemical and phenotypic analyses on MPS IIID mice will be completed in 

due course. In addition, we are generating human cortical neurons derived from MPS IIID 

patient cells to evaluate the effects of rhGNS on human neuronal cells.

For the potential clinical translation, repeat dosing with rhGNS will be performed via ICV. 

The dose and dosing interval will be decided according to the results of dose-responsive and 

toxic studies. Considering the small size of patients, the clinical trial design will be n of 1 

study. The reduction of HS in CSF will be the primary PD endpoint.

CONCLUSIONS

We have developed a proof of concept ERT for MPS IIID in which rhGNS protein was 

purified from CHO cells. We generated high expression CHO cell lines utilizing the dhfr 
gene amplification system. The titer of rhGNS reached 26 mg/L and can be potentially 

increased further by modifying culture conditions. The specific activity of rhGNS was 
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3.9x104 units/mg with maximal enzymatic activity at pH 5.6, which is closer to lysosomal 

pH. The rhGNS purified from the CHO TCB616 C2 clone reached 95% purity. The rhGNS 

was stable for over one month at 4°C in artificial CSF buffer. We also demonstrated cellular 

uptake of rhGNS and GAG clearance in MPS IIID patient’s fibroblasts treated with rhGNS. 

Moreover, ICV injection of rhGNS in neonatal mice returned GNS activity to the unaffected 

carrier levels throughout the whole brain. Furthermore, rhGNS localized to the lysosome, 

and cleared the accumulated heparan sulfate; this effect lasted longer than the estimated 

half-life of rhGNS (1.1 days). The β-hexosaminidase activity remained at the unaffected 

carrier levels up to 7 days. Overall, our results demonstrate the therapeutic potential of 

ICV-administered rhGNS for treatment of MPS IIID.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

This study was supported by grants from the National Institutes of Health 1R41NS89061, R42NS089061, 
R44NS089061, and U44NS089061 to Phoenix Nest Inc., and R01NS088766 to P.I.D. S.-h.K. was supported by 
a T32 fellowship in the UCLA Medical Genetics Training Program (GM008243). The MPS IIID mouse model was 
developed by Taconic as a generous prize to Jonah’s Just Begun as part of the Rare Disease Science Challenge 
2012, hosted by Assay Depot and the Rare Genomics Institute. The authors gratefully acknowledge the monthly 
meetings and encouragement of Dr. Emily Caporello, Dr. Jill Morris, and colleagues (NIH/NINDS). We appreciate 
Ms. Rachel Dokko and Caitlin Yumori for their initial work on this project. The authors also kindly acknowledge 
the support of MPSIIID families and the MPS Society. We thank the anonymous reviewers for constructive 
criticism.

ABBREVIATIONS

MPS IIID mucopolysaccharidosis type IIID

LSD lysosomal storage disorder

GNS α--N--acetylglucosamine-6-sulfatase

rhGNS recombinant human α-N-acetylglucosamine-6-sulfatase

ERT enzyme replacement therapy

CSF cerebrospinal fluid

M6P mannose 6-phosphate

CHO cells Chinese hamster ovary cells

ICV intracerebroventricular
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Figure 1. 
Identification and glycosylation of rhGNS. A) SDS-PAGE of purified rhGNS. B) Western 

blots of purified rhGNS treated by glycosidase PNGase F and Endo H using anti-myc 

antibody (a: c-myc). The extra bands in lane 1 are the glycosylated forms of rhGNS; 

the extra bands in lanes 2 and 3 are incomplete de-glycosylated forms of rhGNS. C) 

Composition of N-glycans isolated from purified rhGNS using HPAEC-PAD analysis. Fuc: 

fucose; GlcNH2: glucosamine; Gal: galactose; Glc: glucose; Man: mannose; Man-6-P: M6P.
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Figure 2. 
Biochemical characterization of purified rhGNS. A) rhGNS activity towards the fluorogenic 

substrate 4-MUGNS was measured at increasing substrate concentrations. B) GNS assay 

was performed from pH 3.8-5.8 (Acetate/Acetic Acid Buffer) and 6.2-7.6 (HEPES Buffer) 

at 37°C to assess the optimal pH range. C) Purified rhGNS activity was assessed at different 

temperatures to assess its thermal stability (GNS activity is normalized to 24°C). Units 

represent nmol of 4-MU released by rhGNS in an hour (nmol/h). The entire experiment was 

performed in triplicates, and data was shown as mean ± SD.
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Figure 3. 
Stability of rhGNS in artificial CSF buffer. A) Thermal stability of rhGNS in artificial CSF 

was detected utilizing intrinsic tryptophan fluorescence. B) Purified rhGNS was stored in 

artificial CSF at 4°C and activity was measured over a 28-day period. Means (black circle) 

and standard deviation of three independent experiments are shown for each figure. Activity 

assay was performed in triplicates and data is shown as mean ± SD.
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Figure 4. 
Overexpression and purification of rhGNS utilizing the dhfr gene amplification system. 

A) The total amount of rhGNS secreted from CHO cells. B) GNS specific activity of 

secreted rhGNS. C) SDS-PAGE of rhGNS in media and in the myc peptide eluted fraction. 

In addition to the rhGNS band, the other bands detected in the media sample were CHO 

proteins released to the media. All activity assays were performed in triplicate, and data are 

shown as mean ± SD.
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Figure 5. 
rhGNS enters and reduces GAG accumulation in human MPS IIID fibroblasts. A) Cellular 

uptake of rhGNS in vitro. MPS IIID human fibroblasts GM05093 were seeded in 6-well 

plates. Purified rhGNS was applied and incubated with cells for 2.5 h or 5 h at 37°C. 

B) Three amounts of purified rhGNS were applied to GM05093 cells for 5 h at 37°C 

with and without M6P. NT: not treated; M6P: 5 mM M6P. C) 35S-GAG assay. Two 

human MPS IIID patient fibroblast lines (GM05093 and GM17495) and two normal 

human fibroblast lines (IMR90 and GM1392) were labeled with 25 μCi/ml H2
35SO4 in 

a culture medium without serum for 72 hours at 37°C. Purified rhGNS (2 units/mL) was 

then added to experimental wells and intracellular counts per minute (CPM) normalized 

to intracellular protein concentration. D) Dose-response study of 35S-GAG incorporation 

in MPS IIID fibroblasts (GM17495). Radioactive counts per minute were normalized to 

protein concentration and expressed as a percent of untreated MPS IIID fibroblasts (“% 

GAG Storage”). Kcorrection was calculated using exponential decay with a bottom of 40% 

(equal to WT levels). Experiments were performed in triplicate, and data are shown as mean 

± SD. Statistical analysis was performed using one-way ANOVA. ** p < 0.01.
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Figure 6. 
ICV injection of rhGNS in MPS IIID (Gns−/−) mice. A) Schematic of neonatal mouse brain 

showing the site of injection. B) GNS activity in mouse brain lysate 1 day after treatment, 

Gns+/− VEH (n=4), Gns−/− VEH (vehicle treated, n=5), Gns−/− ENZ (rhGNS treated, n=5). 

C) rhGNS distribution in 3 sections of the brain as determined by GNS activity in mouse 

brain lysate 1 day after treatment in 3 sections. Gns+/− VEH (n=6), Gns−/− VEH (n=5), 

Gns−/− ENZ (n=6.) D) Estimated half-life of rhGNS in the mouse brain. GNS activity in 

whole brain lysate 1, 2, and 3 days after treatment with a single dose of 201 units rhGNS 

delivered ICV at PND 2 of Gns−/− mice. Decay plot of GNS activity in treated mice to 

estimate the half-life of rhGNS, n= 6. Data was shown as mean ± SD, and individual 

animal means are indicated by symbols. Statistical analysis was performed using one-way 

ANOVA.*** p < 0.001; **** p < 0.0001.
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Figure 7. 
Lysosomal localization of rhGNS in the mouse brain. A) Western blot and Ponceau S 

staining of crude lysates and lysosome fraction of whole brain 1 day following a single 

dose of 201 units rhGNS administered into the lateral cerebral ventricle of 2-day-old mice. 

Lysosomal-associated membrane protein 1 (LAMP 1) was used as a marker for lysosome to 

confirm lysosomal enrichment, and Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

was used as a marker for cytoplasm. B) GNS activity in crude lysates or lysosome-enriched 

fraction. Gns+/− VEH (n=4), Gns−/− VEH (n=2), Gns−/− ENZ (n=3). Data was shown as 

mean ± SD, and individual animal means are indicated by symbols.
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Figure 8. 
Efficacy of ICV ERT in MPS IIID mice with rhGNS. A) The amount of heparan sulfate in 

the mouse brain 7 days following a single dose of 67 units, Gns+/− VEH (n=6), Gnsr−/− VEH 

(n=5), Gnsr−/− ENZ (n=5). B, C) β-hexosaminidase activity in mouse brain lysate 3 and 7 

days after treatment. Gns+/− VEH (n=4), Gns−/− VEH (n=5), Gns−/− ENZ (n=5) for day 3 

and Gns+/− VEH (n=6), Gns−/− VEH (n=5), Gns−/− ENZ (n=5) for day 7. Data are shown as 

mean ± SD, and individual animal means are indicated by symbols. Statistical analysis was 

performed using one-way ANOVA. * * p < 0.05, *** p < 0.001.
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