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ABSTRACT 

 Mucopolysaccharidosis type IIIA (MPS 

IIIA) is a lysosomal storage disorder caused by N-

sulfoglucosamine sulfohydrolase (SGSH) 

deficiency.  SGSH removes the sulfate from N-

sulfoglucosamine residues on the non-reducing end 

of heparan sulfate (HS-NRE) within 

lysosomes.  Enzyme deficiency results in 

accumulation of partially degraded heparan sulfate 

(HS) within lysosomes throughout the body, 

leading to a progressive severe neurological 

disease.  Enzyme replacement therapy has been 

proposed, but further evaluation of the treatment 

strategy is needed. Here, we used Chinese hamster 

ovary (CHO) cells to produce a highly soluble and 

fully active recombinant human sulfamidase 

(rhSGSH).  We discovered that rhSGSH utilizes 

both the CI-MPR and LRP1 receptors for uptake 

into patient fibroblasts.  A single 

intracerebroventricular (ICV) injection of rhSGSH 

in MPS IIIA mice resulted in a tissue half-life of 

nine days and widespread distribution throughout 

the brain.  Following a single ICV dose, both total 

HS and the MPS IIIA disease-specific HS-NRE 

were dramatically reduced, reaching a nadir two 

weeks post dose.  The durability of effect for 

reduction of both substrate and protein markers of 

lysosomal dysfunction and a neuro-immune 

response lasted through the 56 days 

tested.  Furthermore, seven weekly 148 µg doses 

ICV reduced those markers to near normal and 

produced a 99.5% reduction in HS-NRE levels.  A 

pilot study utilizing every other week dosing in two 

animals supports further evaluation of less frequent 

dosing.  Finally, our dose-response study also 

suggests lower doses may be efficacious.  Our 

findings show that rhSGSH can normalize 

lysosomal HS storage and markers of a neuro-

immune response when delivered ICV.  

 

Introduction 

 Mucopolysaccharidosis Type IIIA (MPS 

IIIA, Sanfilippo Syndrome Type A) is an autosomal 

recessive lysosomal storage disease caused by 

mutations in the gene encoding the enzyme N-

sulfoglucosamine sulfohydrolase (SGSH, 
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sulfamidase, EC 3.10.1.1).  Deficiency of SGSH 

activity results in the progressive lysosomal 

accumulation of partially degraded heparan sulfate 

(HS) glycosaminoglycans, with disease specific N-

sulfoglucosamine on the non-reducing end (HS-

NRE), in the brain and peripheral organs (1).  This 

lysosomal storage results in hepatosplenomegaly, 

respiratory infections, and progressive neurologic 

dysfunction in the brain.  Patients typically present 

with missed developmental milestones such as the 

onset of speech, alterations in sleep, and behavioral 

challenges.  As the neurological disease progresses, 

the attainment of developmental abilities plateaus 

and subsequently declines as regions of atrophy in 

the brain expand.  The disease progression varies 

across a wide spectrum, with the most severe 

patients succumbing to death by the second decade 

of life while the mildest patients may survive into 

their sixth decade of life (2-4).  While it is unclear 

how lysosomal storage manifests into the highly 

variable clinical phenotype of Sanfilippo 

Syndrome, which consists of four genetically and 

biochemically distinct MPS III syndromes (types 

A, B, C, and D), the profound central nervous 

system (CNS) presentation with moderate 

peripheral disease manifestations highlights the 

common HS fragments as potential drivers of 

clinical pathology (1, 5).  Currently this pathology 

in MPS IIIA patients is only treated with palliative 

care as there are no approved disease modifying 

therapies. 

 The amount of stored lysosomal HS that is 

still conducive to normal cellular function is 

unknown.  Thus, the ideal therapy for MPS IIIA 

would restore sufficient sulfamidase enzymatic 

activity to normalize HS degradation throughout 

the body.  Preclinical therapeutic attempts to 

intervene in MPS IIIA have aimed to replace the 

missing enzyme directly with recombinant human 

SGSH (rhSGSH) or indirectly through gene 

therapy.  Utilizing either strategy, the treatment has 

been administered to the brain directly or to the 

periphery with the hope that enough enzyme will 

cross the blood brain barrier.  rhSGSH enzyme 

replacement therapy (ERT) directly to the CNS has 

been evaluated previously in mice (6-11) and dogs 

(12-14).  Gene therapies have also been delivered 

directly to the CNS or administered peripherally in 

mice (15-21) and humans (22).  In the case of 

peripheral administration, strategies have been 

employed to extend the pharmacokinetics (PK) of 

the enzyme in the blood (23) or enhance brain 

uptake through a peptide tag binding to brain 

transporters (24).  Direct comparison of the 

effectiveness of the different preclinical treatment 

approaches is difficult due to the variety, 

specificity, and sensitivity of the analytical tools 

used to measure HS (25).  In MPS IIIA patients, 

these approaches have failed to normalize 

cerebrospinal fluid (CSF) HS or halt cognitive 

decline (22, 26, 27).  While storage was reduced 

both preclinically and clinically, the failure to 

normalize indicates biochemical inadequacy and 

potentially allows for continued disease 

progression.  Although substantial reductions in 

CSF HS were expected to alter the disease course, 

complicating factors affecting this interpretation 

include the noted device failures and the age of the 

patients at the start of treatment (5, 26, 27).  While 

previously published preclinical MPS IIIA ERT 

studies suggest that higher doses of enzyme 

frequently delivered ICV might normalize 

lysosomal storage in the brain, similar to what is 

seen with MPS IIIB, the age of treatment onset is 

also likely a critical component (28). 

 In order to properly interpret ERT 

biodistribution and substrate clearance results, a 

thorough understanding of cellular uptake 

mechanisms is necessary.  Many lysosomal 

enzymes can traffic from the extracellular space to 

the lysosome by the binding of their mannose-6-

phosphate (M6P) tag, on a N-linked glycan, to the 

extracellular domain of the cation-independent 

mannose-6-phosphate receptor (29).  Surprisingly, 

fibroblast uptake of recombinant human or mouse 

SGSH, produced in Chinese hamster ovary (CHO) 

cells, could only partially be blocked by 5 mM 

M6P, suggesting an additional uptake mechanism 

(30, 31).  Furthermore, mutation of a N-

glycosylation site (N264Q) in SGSH resulted in an 

enzyme unable to be blocked by M6P (32, 33).  In 

addition to the mannose-6-phosphate receptors, 

other receptors (ex. mannose receptor) have also 

been implicated in trafficking lysosomal enzymes 

independent of M6P binding (34).  The identity of 

this additional sulfamidase trafficking receptor was 

unknown. 

 In this study, we generated fully active 

rhSGSH and identified LRP1 as the second SGSH 

uptake receptor in fibroblasts.  We then evaluated 

the brain distribution, half-life, and durability of 

effect after a single dose.  Based on that evaluation, 
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we conducted a weekly 148 µg rhSGSH dosing 

study analyzing the brain for total HS, disease-

specific HS-NRE, and protein biomarkers for 

disease pathogenesis.  Lastly, we conducted a dose-

response study and tested every other week dosing 

in a pilot experiment.  Taken together, these data 

show that weekly 148 µg ICV doses, and perhaps 

less frequently, can lead to normalization of HS 

storage and reduction in disease biomarkers. 

 

Results 

rhSGSH utilizes two receptor-mediated 

mechanisms for cellular uptake in patient 

fibroblasts 

 Selected clones of CHO cells expressing 

recombinant human SGSH were generated.  

Harvest fluids from 14-day fed batch runs were 

purified using either a two-step (anion exchange 

and hydrophobic interaction chromatography) or a 

three-step (addition of ceramic hydroxyapatite type 

I) purification scheme.  Purified enzyme was 

concentrated and buffer exchanged into artificial 

CSF suitable for injection.  One lot from the two-

step (Lot 1) and one lot from the three-step 

purification (Lot 2) were used in our studies.  Prior 

to use, the enzyme was characterized for specific 

activity, percent F-gly conversion, purity, 

aggregation by size exclusion chromatography, and 

N-glycan analysis. 

 As part of the characterization process, 

rhSGSH was evaluated for uptake into MPS IIIA 

patient fibroblasts at increasing concentrations for 

four hours.  Fibroblast uptake was only partially 

blocked by competition with 5 mM M6P (Fig. 1A).  

The M6P dependent uptake contributed ~60% at 

the lowest rhSGSH exposure (0.8 nM) and 

decreased to ~20% as the rhSGSH concentration 

(51.8 nM) increased.  These data agree with 

previous studies suggesting an additional lower 

affinity rhSGSH trafficking receptor (30-33) in 

fibroblasts.  We set out to identify the additional 

receptor by competing with ligands to known 

alternative lysosomal enzyme trafficking receptors 

in the presence or absence of 5 mM M6P 

competition (34).  Ligands for low-density 

lipoprotein receptor (LDLR), lysosomal integral 

membrane protein 2 (LIMP2), sortilin, as well as an 

anti-lysosomal associated membrane protein 2 

(LAMP2) antibody were evaluated.  Only alpha-2-

macroglobulin receptor-associated protein (RAP) 

competed with rhSGSH for uptake at 50 nM (Fig. 

1A).  When rhSGSH was co-incubated with 5 mM 

M6P and 50 nM RAP, all fibroblast uptake was 

blocked (Fig. 1B).  RAP is a chaperone protein, but 

also blocks ligand binding, for the LDL receptor 

family (35).  To confirm the identity of the second 

receptor, we evaluated mouse embryonic 

fibroblasts (MEFs) with either heterozygous or 

homozygous gene deficiency in low density 

lipoprotein-receptor related protein 1 (LRP1) for 

their ability to take up rhSGSH (36).  LRP1-

deficient cells had significantly reduced ability to 

endocytose rhSGSH (Fig. 1C).  Combining LRP1 

deficiency with 5 mM M6P competition blocked all 

rhSGSH uptake into MEFs (Fig. 1D).  Thus, both 

LRP1 and CI-MPR mediate rhSGSH cellular 

uptake in fibroblasts. 

 

Intracerebroventricular administration of 

rhSGSH results in widespread distribution of 

enzyme throughout the brain 

 Twelve-week-old MPS IIIA mice were 

implanted with a cannula in the left lateral ventricle 

of the brain and dosed with either vehicle (n=6) or 

148 µg of rhSGSH (Lot 1, n=8) four times over two 

weeks.  Twenty-four hours after the last dose, the 

contralateral side of the brain was harvested, 

formalin-fixed and paraffin-embedded, and sagittal 

sections were stained for rhSGSH by fluorescent 

immunohistochemistry (Fig. 2A).  rhSGSH was 

detectable at the highest levels near the anterior 

cingulate area of the cortex but also, with various 

intensities, throughout the entire brain section as 

seen in the somatomotor areas of the cortex, 

striatum, thalamus, hypothalamus, and cerebellum 

(Fig. 2A and B).  rhSGSH staining of the cerebellar 

(Fig. 2B), ventral, and dorsal surfaces of the brain 

(Fig. 2C), which are not observed in the anti-

hSGSH stained vehicle-treated MPS IIIA mice 

(Fig. 2D), suggesting a meningeal distribution of 

rhSGSH in addition to the brain parenchyma.  

Confocal fluorescent immunohistochemistry 

imaging from another experimental animal shows 

the partial rhSGSH colocalization with the 

lysosomal marker LAMP2 within the cortex (Fig. 

2E). 

 

A single high dose of rhSGSH dramatically 

reduces stored substrate in MPS IIIA mice 

 Following a single ICV administration of 

either vehicle (n=4) or 161 µg of rhSGSH (Lot 2, 

n=6) in twelve-week-old MPS IIIA mice, brains 
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were harvested and the tissue half-life and the 

durability of effect were determined to guide future 

experimental design.  The dosed mice were 

sacrificed at one day post dose or at weekly 

intervals out to day 56 post dose or 20 weeks of age.  

The calculated brain tissue half-life was determined 

to be approximately 9.2 days (n=6) (Fig. 3A).  

Using Sensi-Pro analysis, both total HS and the 

disease-specific HS-NRE rapidly declined within 

the first day and reached a nadir two weeks post 

dose (Fig. 3B and C).  Wild-type (WT) animals 

were not originally included in this 

pharmacodynamic study; however, brain 

homogenates from the nineteen-week-old WT mice 

(n=8), shown in Fig. 4, were re-assayed in this study 

for comparison and show that WT levels were not 

achieved after the single dose. 

 In addition to rhSGSH, a total of 51 

proteins were analyzed from the brain homogenates 

over the time course by proteomics analysis using 

relative quantitation (Table S1).  A selected subset 

is shown representing different aspects of the brain 

pathology (Fig. 3D).  Lysosomal distention and 

quantity, and thus storage, is indirectly represented 

by the levels of the membrane protein lysosomal 

associated membrane protein 1 (LAMP1) and the 

soluble hydrolase Cathepsin B.  We also selected 

three proteins, glial fibrillary acidic protein 

(GFAP), Progranulin, and complement C1q 

subcomponent C (C1QC), which have been 

reported to be elevated in neurodegenerative 

diseases as part of the neuro-immune response (37-

40).  The levels of these biomarkers in the vehicle-

treated MPS IIIA mice (n=2-4) were elevated, 

while levels in rhSGSH-treated MPS IIIA mice 

(n=2-6) were significantly reduced (Fig. 3D).  

These reductions resulted in levels similar to WT 

(n=4, remeasured WT samples from Figure 4) with 

the treatment effect lasting up to 56 days post dose. 

 

Weekly dosing of rhSGSH results in near 

normalization of brain heparan sulfate storage, 

reduction in secondary lysosomal elevations, and 

reduction in selected neuro-immune response 

proteins 

 Given that total HS and HS-NRE both 

reached a nadir two weeks after a single dose (Fig. 

3B and C) and with rhSGSH having a brain tissue 

half-life of 9.2 days (Fig. 3A), we hypothesized that 

weekly dosing would lead to a further sustained 

reduction in lysosomal storage.  Beginning at 

twelve weeks of age, MPS IIIA mice received 8 

weekly 148 µg doses of rhSGSH (Lot 1, n=8) or 

vehicle (n=8) and were compared to WT mice 

treated with vehicle (n=8).  Twenty-four hours after 

the last dose, brains were harvested, and the left 

hemisphere was analyzed for total HS and HS-NRE 

levels.  Vehicle-treated MPS IIIA mice had mean 

total HS levels (288.11±29.26 pmol/mg brain) that 

were 47.4-fold above WT (6.08±0.83 pmol/mg 

brain; range: 5.00-7.17 pmol/mg brain) and mean 

HS-NRE levels (64.88±6.21 pmol/mg brain) that 

were 648.8-fold above WT (0.10±0.14 pmol/mg 

brain; range: 0.01-0.46 pmol/mg brain).  Weekly 

rhSGSH treatment reduced mean total HS by 96.5% 

(10.13±3.85 pmol/mg brain; range: 7.13-19.93 

pmol/mg brain) to 1.7-fold above WT (still 

significantly different from WT, p<0.001) and 

mean HS-NRE by 99.5% (0.35±0.68 pmol/mg 

brain; range: 0.03-2.15 pmol/mg brain) to 3.5-fold 

above WT (not different than WT, p>0.05) (Fig. 4A 

and 4B).  Seven out of eight MPS IIIA animals 

treated with rhSGSH were in a narrow range of total 

HS (range: 7.13-10.70 pmol/mg brain) and the HS-

NRE (range: 0.03-0.19 pmol/mg brain) was 

normalized to WT levels. 

 The distribution of the lysosomal and 

neuro-immune responses to substrate reduction 

were evaluated by measuring LAMP2 and GFAP 

levels, respectively, by immunofluorescence in 

sagittal sections of the right brain hemisphere.  

While globally affected, we quantified the LAMP2 

staining in four specific locations (cerebral cortex 

[two areas], thalamus, medulla, and midbrain) 

within sagittal sections of the right brain 

hemisphere (Fig. 4C).  In all four areas, the levels 

of LAMP2 staining in vehicle-treated MPS IIIA 

mice (n=8) were significantly elevated compared to 

WT mice (n=8).  All four regions were significantly 

reduced in the rhSGSH-treated MPS IIIA mice 

(n=8) compared to MPS IIIA mice treated with 

vehicle and were not significantly different than 

WT mice in three regions with the exception of the 

cerebral cortex (Fig. 4C).  Within those same brain 

regions, we quantified the levels of GFAP staining 

(Fig. 4D).  In all four areas, the levels of GFAP 

staining in vehicle-treated MPS IIIA mice were 

significantly elevated compared to WT mice.  

rhSGSH treatment resulted in a significant 

reduction in all four regions.  While GFAP staining 

was reduced in all four regions of rhSGSH-treated 

mice, it was down to WT mice levels only in the 
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medulla (Fig. 4D).  Representative images of each 

group, brain region, and marker are shown in Fig. 

S1. 

 Using the left-brain hemisphere 

homogenates, relative levels of the previously 

selected lysosomal and neuro-immune response 

proteins were determined by the LC-PRM method 

(Fig. 4E, n=8 per group).  Both LAMP1 and 

Cathepsin B were significantly elevated in vehicle-

treated MPS IIIA mice relative to the vehicle-

treated WT counterparts and, although significantly 

different than WT, were nearly normalized with the 

weekly dosing.  Progranulin and C1QC were 

significantly elevated in vehicle-treated MPS IIIA 

mice relative to vehicle-treated WT animals, and 

significantly reduced upon treatment.  While 

Progranulin levels were normalized with the 

treatment, the C1QC levels remained significantly 

elevated.  In contrast to the immunofluorescent 

staining, the relative levels of GFAP measured by 

LC-PRM remained significantly elevated and 

virtually unchanged with treatment.  Finally, serum 

levels of LAMP1, Cathepsin B, and Progranulin 

were measured by LC-PRM and compared to the 

brain levels (Fig. S2).  Overall, the levels of these 

biomarkers correlated between the brain and serum 

(R2 > 0.5).  The rhSGSH-treated MPS IIIA samples 

clustered with the vehicle-treated WT samples, 

suggesting transfer between the compartments 

(brain/CSF and blood) of either CSF-derived 

rhSGSH and its biological effects or the biomarkers 

themselves. 

 

A pilot study supports less than weekly dosing 

 The presence of rhSGSH and continued 

substrate clearance greater than one week after 

dosing suggested that every other week dosing may 

be efficacious (Fig. 3).  Therefore, we conducted a 

pilot experiment to test this hypothesis by treating 

twelve-week-old MPS IIIA mice with vehicle (n=2) 

or 148 µg of rhSGSH (Lot 1, n=2) every other week 

for four doses.  The left-brain hemispheres were 

harvested one week after the last dose and analyzed 

for total HS, HS-NRE, and the selected lysosomal 

and neuro-immune response biomarkers (Fig. 5).  

For the two rhSGSH-treated MPS IIIA mice, the 

levels of total HS were significantly reduced (19.81 

and 5.33 pmol/mg brain) when compared to the two 

vehicle-treated MPS IIIA mice (267.78 and 207.71 

pmol/mg brain) (Fig. 5A).  The levels of HS-NRE 

were also significantly reduced in the two rhSGSH-

treated MPS IIIA mice (0.55 and 0.17 pmol/mg 

brain) when compared to the two vehicle-treated 

MPS IIIA mice (58.97 and 17.68 pmol/mg brain) 

(Fig. 5B).  In addition, we also compared by LC-

PRM the brain levels of LAMP1, Cathepsin B, 

GFAP, Progranulin, and C1QC after rhSGSH or 

vehicle treatment in the MPS IIIA mice or with 

retested WT samples (n=4) from Figure 4.  LAMP1, 

Cathepsin B, Progranulin, and C1QC all showed an 

apparent reduction upon treatment (no difference 

amongst cohorts was seen with respect to GFAP).  

While a larger study is warranted to confirm these 

observations, it suggests that less frequent dosing 

may also lead to near normalization. 

 

rhSGSH dose-response in mice suggests lower 

doses are feasible 

 In addition to the pilot experiment 

assessing the dose frequency needed to achieve 

normalization, we also evaluated the dose.  Twelve-

week-old MPS IIIA mice (n=7 per group) were 

treated with a single 36 µg, 77.5 µg, 161 µg, or 

293.5 µg ICV dose (all derived from Lot 2) and two 

weeks post dose the left-brain hemisphere of each 

animal was analyzed for rhSGSH, total HS, HS-

NRE, and the selected lysosomal and neuro-

immune response biomarkers (Fig. 6).  rhSGSH 

levels were measured by LC-PRM and showed a 

dose-dependent increase with increasing dose (Fig. 

6A).  Total HS was significantly reduced by 86.4% 

for the 36 µg dose, 91.5% for the 77.5 µg dose, 

93.7% for the 161 µg dose, and 94.2% for the 293.5 

µg dose relative to the vehicle-treated MPS IIIA 

mice (Fig. 6B).  The total HS levels with the 36 µg 

dose was significantly higher than all other doses.  

The 77.5 µg dose led to significantly lower HS 

levels than the 36 µg dose, was not significantly 

different than the 161 µg dose, but remained 

significantly elevated compared to the 293.5 µg 

dose.  The total HS levels were not significantly 

different between the 161 µg and 293.5 µg doses.  

HS-NRE was significantly reduced by 91.4% for 

the 36 µg dose, 96.5% for the 77.5 µg dose, 98.5% 

for the 161 µg dose, and 99.0% for the 293.5 µg 

dose relative to the vehicle-treated MPS IIIA mice 

(Fig. 6C).  HS-NRE level with the 36 µg dose was 

significantly elevated than all other doses.  The 77.5 

µg dose led to significantly lower HS-NRE levels 

than the 36 µg dose but remained significantly 

elevated compared to both the 161 µg and 293.5 µg 

doses.  The HS-NRE levels were not significantly 
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different between the 161 µg and 293.5 µg doses.  

Lastly, we analyzed the brain levels of LAMP1, 

Cathepsin B, GFAP, Progranulin, and C1QC in the 

rhSGSH-treated MPS IIIA mice compared to the 

vehicle-treated MPS IIIA mice at the different dose 

levels (Fig. 6D).  The levels of LAMP1, Cathepsin 

B, Progranulin, and C1QC were significantly 

reduced relative to vehicle-treated MPS IIIA mice 

at all dose levels.  For GFAP, only the 161 µg and 

293.5 µg doses were significantly reduced relative 

to the vehicle-treated MPS IIIA mice.  The 

differences between dose levels of LAMP1, 

Cathepsin B, GFAP, Progranulin, and C1QC were 

not significant. 

 

Discussion 

 In this study we generated CHO-produced 

fully active rhSGSH and characterized its uptake 

into MPS IIIA patient fibroblasts.  The identity of 

the M6P-independant uptake receptor in fibroblasts 

was identified as LRP1.  In juvenile (P5) and adult 

(P60) mouse brains, LRP1 is expressed in 

microglia, astrocytes, and neurons but not in 

oligodendrocytes nor parvalbumin-positive 

interneurons (41).  The mechanism by which 

rhSGSH interacts with LRP1 is unknown.  RAP’s 

interactions with LRP1 are thought to be mediated 

by lysines on the surface of RAP (42).  

Surprisingly, recent data on CHO produced 

rhSGSH treated with sodium metaperiodate and 

sodium borohydride, to chemically alter the 

carbohydrates and thus reduce carbohydrate-

dependent cellular uptake, resulted in a nearly 

complete reduction in uptake into an MPS IIIA 

patient fibroblast line (23).  These data suggest that 

the interaction of rhSGSH with LRP1 might be 

mediated, at least in part, by a carbohydrate moiety 

on rhSGSH instead of lysine.  Regardless, the 

ability to interact with both CI-MPR and LRP1 may 

facilitate a more rapid or widespread uptake into 

cells of the brain.  Lastly, the potential for rhSGSH 

to compete with endogenous LRP1 ligands might 

favor an intermittent ERT approach over 

therapeutics that continuously deliver or secrete 

enzyme (43). 

 HS is a component of the cellular 

glycocalyx.  When it is endocytosed and reaches the 

lysosome, it is cleaved by the endoglycosidase 

heparanase (HPSE) between glucuronic acid and N-

sulfoglucosamine residues (44).  Subsequently, the 

resulting HS fragments are degraded in a stepwise 

manner from the non-reducing end by a series of 

exoglycosidases and exosulfatases as well as the N-

acetyltransferase HGSNAT (45).  Heparanase 

generates multiple fragments from each HS 

molecule that enters the lysosome, increasing the 

number of HS-NREs for the lysosomal system to 

process.  In MPS IIIA, these HS fragments are 

degraded until N-sulfoglucosamine, the substrate 

for SGSH, is revealed; SGSH deficiency blocks 

further degradation.  As a result, HS fragments with 

the MPS IIIA-specific N-sulfoglucosamine HS-

NRE moiety accumulate and are a direct measure 

of the substrate of SGSH while total HS is a 

measure of the associated HS polymer.  Thus, 

restoring SGSH activity to MPS IIIA patients is the 

most direct therapeutic approach to this disease. 

 A natural history study has shown that CSF 

HS levels in MPS IIIA patients can range from 

approximately 2 to 10 µM, nearly an order of 

magnitude (46).  Thus, a treatment that reduced 

CSF HS levels in a patient from 10 µM to 2 µM, an 

80% decrease, would still result in a level of HS 

consistent with other MPS IIIA patients.  A more 

appropriate goal for SGSH replacement therapies 

should be to reduce CSF HS and HS-NRE into the 

normal range to obtain the maximal potential 

clinical benefit.  As shown in Figure 4B, weekly 

dosing of 148 µg rhSGSH did indeed reduce the 

disease-specific HS-NRE in 7 of the 8 MPS IIIA 

animals (range: 0.03-0.19 pmol/mg brain for the 7 

mice) into the WT range (0.01-0.46 pmol/mg 

brain).  However, the mean total HS for the same 7 

rhSGSH-treated mice (range: 7.13-10.70 pmol/mg 

brain) remained just above the tested WT range 

(range: 5.00-7.17 pmol/mg brain). 

 Our studies illustrate why it is critical to use 

state-of-the-art LC-MS technologies that have 

sufficient sensitivity to measure HS in unaffected 

samples in preclinical and clinical MPS III studies.  

There are several assays that are currently used to 

measure HS, each with their own characteristics 

and sensitivities (25).  The ability to quantify 

normal levels of HS and HS-NRE in tissues and 

CSF is critical to bridge preclinical and clinical 

studies in evaluating the biochemical restoration of 

lysosomal function.  To that end, in both MPS IIIA 

and MPS II mice, brain HS levels were shown to 

correlate with CSF HS levels and, in the case of 

MPS IIIA, the correlation remained even with 

different amounts of HS reduction by recombinant 

enzyme treatment (23, 47).  These data support 
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using quantification of HS and HS-NRE in the CSF 

as a surrogate for brain accumulation.  However, 

without the ability to quantify normal levels of HS 

or HS-NRE in CSF, it is impossible to know if the 

therapeutic response is bringing patients into the 

normal range or only partially reducing the 

substrate burden.  For example, using the methods 

hereby presented, total HS was elevated 47.4-fold 

and HS-NRE 648.8-fold in the brains of MPS IIIA 

mice as compared to WT ones (Fig. 4A and 4B).  A 

hypothetical 75% reduction in those amounts 

would still result in levels of HS and HS-NRE that 

are 11.9-fold and 162.2-fold above normal, 

respectively.  While a 75% reduction might look 

significant, it is unlikely to be sufficient to restore 

lysosomal function within a normal range and 

consequently achieve therapeutic benefit.  

Furthermore, a direct correspondence between 

changes in CSF HS/HS-NRE levels and the 

worsening or amelioration of clinical disease has 

not been established.  While normalizing 

biochemical function is likely a prerequisite, 

additional factors are expected to contribute to the 

best clinical outcomes, such as the patient’s age and 

degree of brain atrophy at treatment onset, the 

duration of treatment, and the fraction of the 

delivered dose taken up by the brain versus CSF 

drainage to the periphery.  Earlier treatment in MPS 

VII mice has previously been shown to be more 

efficacious than delayed treatment (48). 

 In a phase I/II study in MPS IIIA patients, 

6 monthly intrathecal doses of rhSGSH (10 mg, 45 

mg, or 90 mg) reduced CSF HS, with the 90 mg 

cohort showing a 58-75% decline from baseline 

(26).  For the 48-week phase IIb clinical trial, a 45 

mg dose of rhSGSH was delivered intrathecally 

every other week or monthly (27).  While a 

considerable reduction in CSF HS was observed in 

both cohorts, the treatment failed to consistently 

bring HS in the CSF to normal levels.  The partial 

restoration of lysosomal HS degradation left 

substrate levels within the disease range and the 

study failed to achieve its primary end point.  These 

data imply that normalization is a prerequisite for 

efficacy and suggest that the age at treatment 

initiation is important, i.e., the earlier the better. 

 In our current preclinical studies, a 148 µg 

dose (approximately equivalent to a 296 mg human 

equivalent dose [h.e.d.]) delivered weekly ICV in 

MPS IIIA mice normalized the disease-specific HS-

NRE in 7 out of 8 mice.  In addition, similar effects 

on total HS and HS-NRE levels were seen after a 

single administration of either 161 µg (322 mg 

h.e.d.) or 293.5 µg (587 mg h.e.d.) of rhSGSH, 

suggesting a plateaued effect.  However, less 

reduction in HS and HS-NRE were observed in 

animals administered with either a 77.5 µg (155 mg 

h.e.d.) or 36 µg (72 mg h.e.d.) dose of recombinant 

enzyme.  The partial reduction in brain substrate 

levels observed with the lower doses is similar to 

the CSF data reported in the human MPS IIIA trials 

(26, 27).  In our study, both total HS and HS-NRE 

reached a nadir 14 days after a single administration 

of 161 µg of rhSGSH; HS and HS-NRE levels 

started to rebound by day 28.  For both total HS and 

HS-NRE, brain levels on day 28 were significantly 

higher than on day 14 (1.4-fold, p<0.001 and 2.7-

fold p<0.0001, respectively), suggesting a monthly 

dose of 161 µg might be insufficient.  These 

preclinical data imply that higher doses and/or 

dosing frequencies, than previously tested in the 

clinic, should bring CSF HS in MPS IIIA patients 

into the normal range, a prerequisite to clinical 

efficacy. 

 Published data in MPS IIIA mice and dogs 

suggests the process and route of administration 

may also affect the efficacy of an ERT approach.  A 

MPS IIIA dog study compared intrathecal lumbar, 

intrathecal cisterna magna, and ICV administration 

of a 3 mg dose (4 weekly followed by 4 every other 

week, 30 mg h.e.d.).  While the three routes of 

treatment showed similar responses in HS (brain 

and CSF) and secondary markers throughout the 

brain, the ICV route approached normalization of 

the activated microglia marker in both the 

superficial and deep cortex (12).  Beard et al. 

compared the effect of a single dose of 100 µg of 

rhSGSH (200 mg h.e.d.) given in mice ICV (split 

equally and injected into each of the two lateral 

ventricles), intrathecally in a cisterna magna 

injection, or through a lumbar injection.  One week 

post dosing, a hemi-coronal brain slice containing 

cerebellum and brain stem was analyzed for total 

HS.  The ICV dosing resulted in the lowest HS 

levels (9).  A two-week mouse study compared a 

weekly bolus dose of 100 µg of rhSGSH delivered 

intrathecally (cisterna magna) with ICV delivery by 

osmotic pump (over the course of the week); with 

the ICV/pump appearing to be more efficacious 

(10).  Lastly, a study in the canine model used 

intrathecal administration to compare bolus and 

pump-based continuous dosing; with the bolus 
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seemingly more efficacious (14).  Taken together, 

the published studies suggest that bolus delivery of 

rhSGSH into the cisterna magna may yield less 

brain parenchymal enzyme uptake and distribution 

than ICV resulting in suboptimal HS/HS-NRE 

clearance (49). 

 A brain half-life of 9.2 days after a single 

161 µg ICV rhSGSH administration (Fig. 3A) is 

consistent with data from others regarding in vivo 

lysosomal enzyme half-lives following ERT (50, 

51).  Such a half-life combined with a two-week 

nadir in HS and HS-NRE levels (Fig. 3B and 3C) 

potentially support weekly or every other week 

dosing in a clinical setting.  Significant re-

accumulation of HS and HS-NRE by day 28 post 

dose suggests inadequate rhSGSH activity by then.  

In a series of studies in MPS IIIA mice, Hemsley et 

al. evaluated intrathecal cisterna magna injections 

of rhSGSH at increasing dose levels every other 

week from 6-18 weeks of age (6-8).  With 

increasing dose levels from 5 µg up to 100 µg (10 

to 200 mg h.e.d.), these studies observed improved 

reduction (up to 85%) of accumulated substrate (as 

measured by glucosamine-N-sulfate hexuronic 

acid, GlcNS-UA) across the brain and spinal cord.  

Consistent with these observations, we were able to 

achieve near normalization of HS and the MPS 

IIIA-specific HS-NRE with weekly 148 µg dosing 

ICV (296 mg h.e.d.).  Our pilot study suggests that 

every other week administration might be sufficient 

to sustain the same effect (Fig. 5).  The single dose-

response study highlighted the possibility that a 

77.5 µg dose (155 mg h.e.d.) might be as equally 

efficacious as a 161 µg dose (322 mg h.e.d.).  

Additional studies could evaluate these hypotheses 

and may help define the optimal dose and treatment 

regimen. 

 The similarity of the biochemical findings 

presented here in the MPS IIIA model to those 

previously reported in MPS IIIB are striking (28, 

50).  In both cases, it was found that the ICV 

delivery of a high dose of a deficient lysosomal 

enzyme was capable of eliminating the 

accumulated substrate.  In the case of MPS IIIB, 

elimination of the disease-specific HS-NRE and 

normalization of total HS observed in the mouse 

model was effectively translated, with very similar 

effect, in a canine model (52).  More importantly, 

normalization of total HS observed in both animal 

models effectively translated into HS normalization 

in MPS IIIB patients (53, 54).  The critical 

implication from our current study is that ICV 

delivery of sufficient amount of rhSGSH, higher 

than previously tested in humans, should be 

expected to eliminate substrate accumulation in 

MPS IIIA patients. Sustained CSF HS 

normalization is a likely prerequisite to clinical 

benefits. 

 In conclusion, higher doses of rhSGSH 

delivered ICV weekly normalized the MPS IIIA-

specific HS-NRE and led to the reduction in brain 

and serum biomarkers.  The conserved 

biochemistry between mouse and human allows for 

the biochemical evaluation of therapeutics as well 

as identification of potential translatable 

biomarkers (Fig. S2).  However, the observation 

that re-accumulation of HS and HS-NRE preceded 

an increase in the lysosomal proteins LAMP1 and 

Cathepsin B highlight the importance of directly 

monitoring CSF HS and HS-NRE for dosing 

determinations.  One aspect not evaluated in our 

studies is the possibility that earlier treatment may 

lead to better outcomes, as seen in MPS VII mice 

(48); however, testing this hypothesis is 

challenging in the mild MPS IIIA mouse model (55, 

56).  Taken together, our results support further 

clinical assessment of higher doses of rhSGSH 

delivered ICV for the treatment of MPS IIIA. 

 

Experimental procedures 

 

Cell culture: Recombinant human SGSH was 

expressed using the GS Gene Expression System® 

(Lonza).  CHO clones expressing rhSGSH (pXC-

17.4, Lonza) and rhSUMF1 (pD2529, ATUM) 

were generated by MaxCyte electroporation 

(MaxCyte, Inc.) and selected using the selectable 

markers.  The clones with the highest expression 

and activity were identified and scaled up.  Selected 

clones were run in a fed-batch process at 10L scale 

with CHO CD Efficient Feed B (ThermoFisher) 

added during the run along with proprietary 

additives.  The bioreactors (10L BioFlo 320, 

Eppendorf or 10L Applikon, Applikon 

Biotechnology) were monitored for viable cell 

density, dissolved oxygen, pH, glucose, lactate, 

glutamine, and glutamate.  Glucose was maintained 

above 2 g/L and the pH was set at 7, controlled 

using 0.5 Na2CO3 and a CO2 control loop.  After a 

fourteen-day run, cell culture fluid was clarified by 

depth filtration (3M) and stored at -80 °C. 
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Purification: rhSGSH was purified from cell 

culture fluid using either a two or three step 

purification using an ÄKTA avant (GE Healthcare).  

Filtered harvest was diluted at a 1:2 volume ratio 

with 20 mM Tris, pH 7.3 and loaded onto a Capto 

Q ion exchange resin (GE Healthcare) and eluted 

with 250 mM NaCl.  The Capto Q eluate was then 

adjusted to 20 mM Tris, 1M ammonium sulfate, pH 

7.3 and loaded onto a Capto Butyl hydrophobic 

interaction chromatography resin (GE 

Healthcare).  Elution was generated by a linear 

gradient of declining ammonium sulfate.  For 

purifications with three steps, the Capto Butyl 

eluate was diluted six-fold with 2 mM phosphate, 

20 mM Tris pH 6.2 and loaded onto a Ceramic 

Hydroxyapatite Type I resin (Bio-Rad 

Laboratories).  Elution was achieved with a 50 mM 

phosphate, 20 mM Tris, 150 mM NaCl, pH 7.5 

buffer.  rhSGSH was formulated into artificial CSF 

(3 mM KCl, 5 mM Phosphate, 150 mM NaCl, pH 

7.3) and concentrated to 29.6 mg/mL for the two-

step Lot 1 and 32.2 mg/mL for the three-step Lot 2 

by ultrafiltration/diafiltration using a 30 kDa 

molecular weight cutoff PES membrane.  All lots 

were greater than 95% pure (RP-HPLC, Agilent C3 

Zorbax 300SB) and within an endotoxin 

specification of ≤0.05 EU/mg rhSGSH (Endosafe 

PTS) whether the two-step or three-step 

purification was used. 

 

Characterization: 

ELISA - rhSGSH was quantified in cell culture 

fluid, during purification, and in cell lysates by 

ELISA (capture, H00006448-D01P Abnova; 

detection, ab72617 Abcam). 

Enzyme activity - Activity was determined using a 

two-step method wherein rhSGSH desulfated 4-

MUGlcNS (EM06602, Carbosynth) followed by 

cleavage with alpha-glucosidase (G3651, Sigma) 

liberating 4-methylumbelliferone.  The specific 

activity of Lot 1 was 65.0 pmol of 4-

methylumbelliferone per ng of rhSGSH per hour 

(pmol/ng/hr) versus 67.8 pmol/ng/hr for Lot 2. 

Fibroblast uptake - For uptake studies, MPS IIIA 

patient fibroblasts (GM00643, Coriell) and mouse 

embryonic fibroblasts (MEFs) heterozygous (CRL-

2216, ATCC) or null (CRL-2215, ATCC) for LRP1 

were plated at a density of 2e5 cells per well.  One 

day later the cells were exposed for four hours to 

different concentrations of rhSGSH with or without 

competition from 5 mM mannose 6 phosphate 

(M6876, Sigma) and/or 50 nM RAP (4296-LR, 

R&D).  Cells were washed three times with HBSS, 

two times with PBS, and lysed in M-Per (Thermo 

78501) with protease inhibitor (P8340, Sigma). 

Formylglycine - To measure the level of 

formylglycine conversion, samples were labeled 

with 2-aminobenzamide and analyzed by reverse 

phase HPLC using a 100 min linear gradient of 15-

100% mobile phase B (80% acetonitrile/0.05% 

trifluoroacetic acid [TFA]) mixed with mobile 

phase A (0.05% TFA).  The integrated peak area of 

the fluorescent label (Ex: 330 nm, Em: 420 nm) was 

calculated relative to the integrated peak area for 

protein absorbance at 214 nm.  A recombinant 

human arylsulfatase B with 100 percent conversion 

served as a reference comparator to calculate the 

percent conversion. 

Size exclusion chromatography - For SEC, the 

samples were diluted to 1 mg/mL with 2X DPBS 

and 10 µg injected onto a Zenix-C SEC-300 column 

(3 µm, 300Å, 7.8x300 mm with 50 mm guard 

column, Sepax Technologies) set at 30 °C with a 

2X DPBS mobile phase and a 0.5 mL/min flow rate 

on a 1100/1200 HPLC system (Agilent 

Technologies).  The data were processed using the 

Agilent Chemstation software and compared to 

SEC molecular weight standards (Bio-Rad 

Laboratories). 

N-glycan and CI-MPR binding analysis - N-linked 

glycosylation was determined essentially as 

previously described (50, 57).  For binding analysis, 

CI-MPR was biotinylated (10:1 biotin to CI-MPR 

ratio), loaded onto a streptavidin coated biosensor 

(at 10 µg/mL), and the binding affinity of rhSGSH 

was determined by performing a global fit of the 

association and dissociation curves at different 

rhSGSH concentrations on the Octet instrument 

(ForteBio). 

Protein purity - For purity analysis, 5 µg of sample 

was injected onto a C3 Zorbax 300SB column (2.1 

x 150 mm, Agilent Technologies) set at 45 °C with 

a 0.75 mL/min flow rate on a HPLC with a UV 

detector (Agilent Technologies).  Samples were 

analyzed using mobile phase A (0.1% TFA in 

water) and mobile phase B (0.1% TFA in 

acetonitrile) in a gradient of 15% B for 3 min, 15-

80% B for 32 min, hold 80% B for 5 min, and 80-

15% B for 2 min.  Data was processed using the 

Agilent Chemstation software. 
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Animal model, husbandry, and 

intracerebroventricular injections: All studies were 

approved by the BioMarin Animal Resource 

Committee and the Institutional Animal Care and 

Use Committee of the Buck Institute for Research 

on Aging.  SGSH-deficient mice (B6.Cg-

Sgshmps3a/PstJ, Jackson Laboratory #003780) were 

maintained as a colony at the Jackson Laboratory 

and study mice maintained at the Buck Institute 

vivarium (58).  Study animals were enrolled based 

on age, mixed gender, and with the intent of equal 

distribution of gender whenever possible.  Study 

mice were fed food and water ad libitum and 

maintained on a 12hr light/dark cycle.  Five days 

before first dosing, mice underwent surgery to 

implant the cannula under isoflurane anesthesia.  

The cannula was placed into the left lateral 

ventricle, cemented in place to the skull, and 

covered with a dummy cap.  The skin was sutured 

together along with tissue glue.  For each injection, 

the dummy cap was removed, the injector needle 

was connected, and 5 µL of vehicle or rhSGSH was 

infused by pump over the course of 15 minutes.  

Since a fixed volume of 5 µL was used, minor dose 

variation occurred depending on the Lot 

administered.  Ex vivo sample analyses were 

conducted in an unblinded fashion. 

 

Fluorescent Immunohistochemistry: Twelve-week-

old MPS IIIA mice received four 148 µg doses over 

a two-week period into the left lateral ventricle.  

Twenty-four hours after the last dose the right brain 

hemisphere (contralateral side) was harvested and 

fixed in formalin.  The formalin-fixed paraffin-

embedded brains were then sectioned at 5 µm and 

collected on Superfrost plus slides.  Slides were 

stained using a Ventana Discovery Ultra autostainer 

(Ventana, Roche) using the following 

specifications.  Antigen retrieval was performed at 

95 °C for 32 minutes using Ventana Discovery CC1 

antigen retrieval solution (950-500, Ventana).  

Sections were blocked in 2% NDS, 0.1% BSA and 

0.3% Triton in 1x TBS for 1 hour and then 

incubated with primary antibody followed by a 

fluorescent secondary antibody, both for 1 hour at 

room temperature.  Antibody specifications are as 

follows: LAMP2 (ab25339, Abcam) at 1:100 

followed by a donkey anti-rat 488 (A21208, Life 

technologies) at 1:125 dilution.  GFAP (G9269, 

Sigma) at 1:2000 followed by a donkey anti-rabbit 

555 (A31572, Life technologies) at 1:125 dilution.  

SGSH (ab200346, Abcam) at 1:200 followed by a 

donkey anti-rabbit 488 (A21206, Life technologies) 

at 1:125 dilution.  Nuclei were stained by DAPI. 

Slides were imaged on a Zeiss Axio Scan.Z1 using 

a Plan-Apochromat 20x/0.8 objective equipped 

with a Hamamatsu Orca Flash camera.  rhSGSH 

brain biodistribution was qualitatively assessed 

from full slice scans.  Areas of select brain regions 

were extracted from the full slice scans and LAMP2 

and GFAP stain were quantified.  Regions were 

level adjusted in Photoshop and the percent area of 

stain was calculated using custom macros in ImageJ 

Fiji software.  Images depicting rhSGSH/LAMP2 

colocalization were acquired on a Leica SP8 

confocal microscope using a Plan Apo 63x.1.4 

objective with 2.5x zoom and pinhole set to 1AU. 

 

Tissue homogenization: After perfusion, brains 

were isolated, halved into hemispheres, and the left 

hemisphere flash frozen in liquid nitrogen.  Frozen 

samples were then homogenized in tubes preloaded 

with zirconium oxide beads (REDE-RNA, Next 

Advance) and 0.8 mL of cold HPLC grade water 

(Sigma) was added to each sample.  Samples were 

homogenized three times with a Bullet Blender 

(Next Advance) for 3 min at speed 8 in a cold room 

(4 °C) with a resting period of 5 min between 

homogenization steps.  An aliquot of this water 

brain homogenate was used for HS and HS-NRE 

analysis and another aliquot was mixed with 4 parts 

of lysis buffer (Biognosys) for proteomics analysis.  

The protein concentration of all samples was 

determined using a BCA assay (Thermo Fisher 

Scientific). 

 

Proteomics sample preparation: Proteins were 

reduced and alkylated using Biognosys’ reduction 

and alkylation buffers and digested overnight (70 

µg protein/sample) with sequencing grade modified 

trypsin (Promega) at a protein:protease ratio of 

50:1.  C18 clean-up for mass spectrometry was 

carried out on a C18 96-well Micro Spin plate (The 

Nest Group) according to the manufacturer’s 

instructions.  Peptides were dried down to complete 

dryness using a Speed Vac system, and re-dissolved 

in LC solvent A (1% acetonitrile in water with 0.1% 

formic acid [FA]) containing iRT-peptide mix 

(Biognosys) for retention time calibration.  Peptide 

concentration was measured using a BCA assay kit 

(ThermoFisher).  Six stable isotope-labeled 

reference peptides were spiked into the final 
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peptide samples at known concentrations (JPT, the 

quality grade of the reference peptides was 

Maxi_Spike_Tides_QL_AAA [±10% 

quantification precision, >95% purity]). 

 

Protein mass spectrometry and proteomics: The 

amount of rhSGSH protein in MPS IIIA mouse 

brain protein extract was determined using liquid 

chromatography (LC)-Parallel Reaction 

Monitoring (PRM)-based targeted mass 

spectrometry (MS).  Peptides (1 μg per sample) 

were injected onto an in-house packed C18 column 

(ReproSil-Pur120C18AQ, 1.9 μm, 120 Å pore size; 

75 μm inner diameter, 50 cm length, New 

Objective) on a Thermo Scientific Easy nLC 1200 

nano-liquid chromatography system.  Solvent A 

was 1% acetonitrile in water with 0.1% FA.  

Solvent B was 15% water in acetonitrile with 0.1% 

FA.  The LC gradient was 5-40% solvent B over 60 

minutes, ramped to 100% B over 2 minutes, and 

held at 100% B for 12 minutes (total gradient length 

was 75 minutes).  rhSGSH PK was determined 

using PKSolver (59). 

 

LC-PRM runs for peptide quantification were 

carried out on a Thermo Scientific Q Exactive mass 

spectrometer equipped with a standard nano 

electrospray source.  Collision energies were 25 eV 

according to the vendor’s specifications.  The 

acquisition window was 6 min.  A run in PRM 

mode was performed before data acquisition for 

retention time calibration using Biognosys’ iRT 

concept (60).  Signal processing and data analysis 

were carried out using SpectroDive™ 7.0 

(Biognosys, based on mProphet) (61).  A Q-value 

filter of 1% was applied.  The absolute 

quantification was determined by comparing the 

abundance of the known internal standard peptides 

with the endogenous peptides.  The ratio of the 

areas under the curve (between the endogenous and 

reference peptide) was used to determine the 

absolute levels of rhSGSH enzyme in the samples.  

The peptides used for absolute and relative 

quantification of rhSGSH are listed in Table S2.  

Samples for mass spectrometry ID discovery 

proteomics were prepared and run as recommended 

by Biognosys.  A total of 51 proteins (Table S1) 

consisting of lysosomal and non-lysosomal proteins 

were analyzed using relative quantitation.  These 

proteins were previously identified in an 

exploratory proteomics study as potential 

biomarkers in MPS IIIA mice.  Three proteins were 

included as controls for sample preparation and 

loading (P16858 [G3P_mouse], P56480 

[ATPB_mouse], P63260 [ATCT_mouse]).  Four 

parts of Biognosys lysis buffer was added to one 

part of brain water homogenate.  Protein intensities 

were analyzed in GraphPad Prism and discoveries 

determined using the two-stage linear step-up 

procedure of Benjamini, Krieger and Yekutieli, 

with Q = 5%. 

 

Sensi-Pro analysis: HS from mouse brain 

homogenate was purified, digested, and labeled 

with aniline as previously described (62).  Briefly, 

glycosaminoglycans were purified by anion 

exchange chromatography and subsequently 

enzymatically depolymerized into constituent HS-

NRE and internal disaccharides with heparan 

lyases.  Digestion products were then labeled by 

reductive amination with [12C6]-aniline before 

quantitative compositional analysis using liquid 

chromatography tandem mass spectrometry (LC-

MS/MS).  After labeling, digested HS samples were 

mixed with 40 pmoles of [13C6]-aniline labeled HS-

NRE (N-sulfated glucosamine, S0) and internal 

disaccharide standards as previously described (25, 

63).  The sample and standard mixture was then 

dried down in a vacuum concentrator and 

reconstituted in 80/20 acetonitrile/water (v/v).  

Samples were then analyzed for twelve HS internal 

disaccharides and the MPS IIIA-related HS-NRE 

S0 with an Acquity UPLC attached to a Xevo TQ-

S micro Triple Quadrupole Mass Spectrometer 

(Waters Corporation, Milford, MA).  The aniline-

labeled HS digestion products were separated on an 

Acquity UPLC Glycan BEH Amide column 

(Waters Corporation, Milford, MA) with a Glycan 

BEH Amide Pre-Column.  Solvent A was 

acetonitrile. Solvent B was 100 mM ammonium 

formate in water, pH 4.5.  The initial solvent 

composition was 80% A/ 20% B at a flow rate of 

0.2 mL/min.  The column was kept at 50°C.  The 

LC elution gradient was as follows: 80% A/ 20% B 

for 0.5 min, ramped to 78.8% A/ 21.2% B over 5.5 

min, then ramped to 62% A/ 38% B over 11 min, 

changed to 0% A/ 100% B for 7 min, and finally the 

column was re-equilibrated for 6 min at 80% A/ 

20% B.  Samples were ionized by ESI in the 

negative ion mode.  The capillary voltage was set 

to 2.5 kV, the desolvation temperature was set to 

300°C, and the desolvation gas flow was 800 L/hr.  
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One precursor-product ion transition was 

monitored for each of the HS residues (Table S3).  

Isobaric species were differentiated by retention 

times.  A ratio of the amount of [12C6]-aniline-

derivatized sample to the [13C6]-aniline-derivatized 

standard was used to determine the concentrations 

of the HS disaccharides and HS-NRE in each 

sample. 
 

Brain scaling factors: Approximately 200 times 

from mouse (~0.5 g) to Huntaway dog (~100 g) 

(64) and 10 times from dog to juvenile human 

(~1,000 g). 

 

Statistical tests:  Statistical analysis was performed 

using one-way analysis of variance (ANOVA) of 

the log10 transformed data followed by Tukey’s 

multiple comparisons test.  For data with two 

factors, a two-way ANOVA with interaction of the 

log10 transformed data was performed and, if the 

interaction was significant, a Tukey’s multiple 

comparison test was conducted.

 

Data availability:  Data contained in the article are available from Eric Zanelli (eric@allievex.com) upon 

request. 

Supporting information:  This article contains supporting information. 
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Figure 1. rhSGSH utilizes a two receptor-mediated mechanism for fibroblast uptake.  (A) Uptake of 

rhSGSH in MPS IIIA patient fibroblasts is partially blocked by either 5 mM M6P or 50 nM RAP.  (B) 

The combination of 5 mM M6P and 50 nM RAP competition blocks all uptake.  (C) LRP1 is partially 

required for rhSGSH uptake in MEFs.  (D) 5 mM M6P competition reduces uptake in LRP1 heterozygous 

MEFs but completely blocks uptake in LRP1 deficient MEFs. 

 

Figure 2.  Intracerebroventricular administration of rhSGSH results in widespread distribution of enzyme 

throughout the brain.  Beginning at 12 weeks of age, MPS IIIA mice received four 148 µg doses of 

rhSGSH or vehicle over two weeks and brains were processed one day after the last dose and stained with 

an anti-hSGSH antibody.  A sagittal view (A) and insets (B-C) of a rhSGSH-treated MPS IIIA mouse.  

The arrow in the cerebellum inset highlights the staining of the meninges which is also shown in the 

dorsal and ventral surface insets (C).  (D) A region-matched vehicle-treated MPS IIIA mouse stained with 

anti-hSGSH showing the rhSGSH dependency of the surface staining observed in (C).  (E) Confocal 

images from a separate rhSGSH-treated animal co-stained for anti-hSGSH and anti-LAMP2 showing the 

degree of lysosomal colocalization.  Scale bars = (A) sagittal 1000 µm, (B-D) insets 50 µm, (E) confocal 

10 µm.  n=2 of 8 rhSGSh-treated (one sagittal/insets and one confocal) and n=1 of 6 vehicle-treated mice 

shown. 

 
Figure 3. A single high dose of rhSGSH (161 µg) ICV dramatically reduces stored substrate in 12-week 

old MPS IIIA mouse brain.  (A) rhSGSH half-life in brain tissue (n=6).  PK parameters determined with 

PKSolver (59).  Sustained reduction over 56 days of (B) total heparan sulfate (HS), (C) total disease-

specific HS-NRE, and (D) selected protein biomarkers (B, C: IIIA rhSGSH n=6, IIIA vehicle n=4; D: 

IIIA rhSGSH n=2-6, IIIA vehicle n=2-4).  Relative quantitation of selected protein biomarkers (A, D) 

were determined by LC-PRM and absolute quantitation of total HS (B) and HS-NRE (C) were determined 

by LC-MS/MS with the WT samples (B, C: n=8; D: n=4) from Figure 4 being completely remeasured.   

Error bar = SD, NS = not significant, ***=p<0.001, ****=p<0.0001.  (A-C) Open symbols are female 

mice and filled symbols are male mice.  (D) Filled symbols are mixed gender. 

 

Figure 4. Eight weekly 148 µg doses of rhSGSH ICV, beginning at 12-weeks of age, result in 

normalization of brain-accumulated heparan sulfate storage and reduction in secondary lysosomal 

elevations and markers of a neuro-immune response.  Brains were harvested 24 hours after the last dose.  

Total HS (A) and HS-NRE (B) were measured by LC-MS/MS (n=8).  The levels of LAMP2 (C) and 

GFAP (D) by immunofluorescence staining in four brain regions (n=7-8).  (E) Relative quantitation 

performed by LC-PRM shows the levels of LAMP1, Cathepsin B, GFAP, Progranulin, and C1QC in total 

brain protein extract (n=8).  Error bar = SD, NS = not significant, *=p<0.05, **=p<0.01, ***=p<0.001, 

****=p<0.0001.  Open symbols are female mice and filled symbols are male mice. 

 
Figure 5.  A pilot, every other week dosing study suggests less frequent dosing is feasible.  Beginning at 

12 weeks of age, two MPS IIIA mice received rhSGSH (148 µg) and two MPS IIIA mice received vehicle 

every other week for 7 weeks (4 total doses).  Brains were harvested 7 days after the last dose to mirror 

the takedown age in Figure 4.  Absolute brain levels of total HS (A) and total HS-NRE (B) were 

determined by LC-MS/MS.  (C) Relative quantitation performed by LC-PRM shows the levels of 

LAMP1, Cathepsin B, Progranulin, C1QC and GFAP in total brain protein extract.  (C) WT samples 

(n=4) from Figure 4 were reanalyzed with these samples.  Error bar = SD, NS = not significant, 

*=p<0.05, **=p<0.01.  (A-B) Columns are labeled with gender.  (C) Open symbols are female mice and 

filled symbols are male mice. 

 
Figure 6.  A single rhSGSH dose-response in brain analyzed at 14 days post dose (n=7).  The age at 

dosing was 12 weeks.  Increasing dose leads to higher rhSGSH brain levels (A).  Multiple doses 
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significantly reduced total heparan sulfate (B), disease-specific HS-NRE (C), and selected biomarkers 

(D).  Error bar = SD, *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001.  (A-C) Open symbols are 

female mice and filled symbols are male mice.  (D) Filled symbols are mixed gender. 
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