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Abstract

Enzyme replacement therapy for mucopolysaccharidosis type IIIB (MPS IIIB; Sanfilippo B

syndrome) has been hindered by inadequate mannose 6-phosphorylation and cellular uptake of

recombinantly produced human α-N-acetyl-glucosamindase (rhNAGLU). We expressed and

characterized a modified, recombinant human NAGLU fused to the receptor binding motif of

insulin-like growth factor-II (rhNAGLU-IGF-II) to enhance its ability to enter cells using the

cation-independent mannose 6-phosphate receptor, which is also the receptor for IGF-II (at a

different binding site). RhNAGLU-IGF-II was stably expressed in Chinese hamster ovary cells,

secreted and purified to apparent homogeneity. The Km and pH optimum of the fusion enzyme

was similar to those reported for rhNAGLU. Both intracellular uptake and confocal microscopy

suggested MPS IIIB fibroblasts readily take up the fusion enzyme via receptor-mediated

endocytosis that was significantly inhibited (p<0.001) by monomeric IGF-II peptide.

Glycosaminoglycan storage was reduced by 60% (p<0.001) to near background levels in MPS

IIIB cells after treatment with rhNAGLU-IGF-II, with half-maximal correction at concentrations

of 3–12 pM. Similar cellular uptake mechanism via the IGF-II receptor was also demonstrated in

two different brain tumor-derived cell lines. Fusion of NAGLU to IGF-II enhanced its cellular

uptake while maintaining enzymatic activity, supporting its potential as a therapeutic candidate for

MPS IIIB.
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Introduction

Sanfilippo syndrome type B (MIM 252920; mucopolysaccharidosis IIIB, MPS IIIB) is a rare

autosomal recessive lysosomal storage disorder caused by the deficiency of α-N-

acetylglucosaminidase (NAGLU; EC 3.2.1.50), an enzyme in the heparan sulfate

degradation pathway. Cells lacking NAGLU accumulate heparan sulfate glycosaminoglycan

(GAG) in their lysosomes, and the accumulation of undegraded GAG gives rise to adverse

cellular and devastating clinical consequences. Individuals affected by this fatal disease

exhibit severe central nervous system (CNS) degeneration with progressive cognitive

impairment and aggressive behavioral problems, in addition to milder somatic symptoms

[1]. There is currently no effective treatment for MPS IIIB.

Enzyme replacement therapy (ERT) is a therapeutic approach to lysosomal storage disorders

in which the deficient enzyme is administered intravenously. ERT has been successfully

applied to treat patients in the clinical setting for some storage disorders, including MPS I,

II, and VI, Fabry, Pompe, and Gaucher diseases [2–7]. Enzyme can be administered into the

cerebrospinal fluid to correct brain storage in animal models [8–13]. However, ERT for

MPS IIIB was effective only in cells of the macrophage lineage in liver and spleen [14].

Uptake of exogenous ERT relies in most cases on binding of the mannose 6-phosphate

residues on the enzyme to the 300 kDa, cationin-dependent mannose 6-phosphate receptor.

Most cells, including neurons, depend on the M6P receptor system for uptake of exogenous

lysosomal enzymes, whereas cells of the macrophage lineage use the mannose receptor.

Previous attempts by several independent laboratories to generate recombinant NAGLU for

ERT in multiple cell types were not successful, due in large part to inadequate mannose 6-

phosphorylation of the enzyme and resultant poor intracellular uptake [15, 16]. Retroviral-

mediated gene therapy and transduced hematopoietic stem cells have both shown improved

pathology and lifespan in MPS IIIB mice [17–22]. However, cells transfected with vectors

containing NAGLU cDNA are expected to secrete poorly phosphorylated enzyme,

hampering their ability to cross-correct tissues away from the injection and implantation

sites.

The M6P receptor also binds insulin-like growth factor-II and is henceforth referred to as the

mannose 6-phosphate/insulin-like growth factor-II receptor (M6P/IGF-IIR) [23]. Here, we

have employed a fusion protein strategy to enable recombinantly produced NAGLU to gain

entry to cells through M6P/IGF-IIR which recognizes multiple ligands on its extracellular

domain, including M6P-containing lysosomal enzymes, retinoic acid, and IGF-II via distinct

binding sites on the receptor surface [24, 25]. Previous work by others showed that fusion

proteins of lysosomal enzymes and IGF-II entered cells and lysosomes via the M6P/IGF-IIR

on the cell membrane [26, 27]. We generated an expression construct of NAGLU and the

receptor binding domain of IGF-II on the C-terminus to produce recombinant human
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NAGLU-IGF-II (rhNAGLUIGF-II). In this study, rhNAGLU-IGF-II was expressed and

purified from Chinese hamster ovary (CHO) cells for biochemical characterization and

further tested for functional delivery to MPS IIIB cells and brain tumor-derived cell lines,

and correction of GAG storage in vitro.

Experimental Procedures

Molecular cloning of NAGLU-IGF-II

An expression cassette containing the full-length cDNA coding for 743 amino acids of

human NAGLU (NM_000263.3), a short unstructured linker and the c-myc epitope

(EQKLISEED), followed by a portion of the IGF-II cDNA (NM_001007139.4) encoding

amino acids 32–91 was synthesized using codon optimization for expression in CHO cells

by Genscript USA Inc (Piscataway, NJ) and provided in the cloning vector pUC57. The

DNA fragment was subcloned into pCI-neo (Promega Corporation, Madison, WI) at the

XhoI and XbaI sites and transformed into XL1-Blue Supercompetent cells (Agilent

Technologies, Santa Clara, CA) for amplification. The resulting expression vector was

named pCI-NagGScIGF. Full length human NAGLU cDNA was provided in pCMV-

NAGLU by Dr. E. F. Neufeld (University of California, Los Angeles, CA) and was

subcloned into pCI-neo at the EcoRI and XbaI sites to form pCI-NAGLU without any other

epitopes.

Cell culture and expression lines in Chinese Hamster Ovary cells

All chemical reagents were obtained from Sigma-Aldrich (St. Louis, MO), unless otherwise

specified. CHO dhfr− cells were cultured in Ham’s F12/DME (Irvine Scientific, Irvine, CA)

supplemented with 10% fetal bovine serum (SAFC Biosciences, Lenexa, KS), 1 mM non-

essential amino acids, 1 mM sodium pyruvate, 2 mM L-glutamine, and antibiotics (100

units/ml penicillin G, 100 µg/ml streptomycin sulfate, Irvine Scientific, Irvine, CA) and 50

µg/ml gentamicin sulfate (EMD Chemicals Inc., Gibbstown, NJ) at 37°C in a 5% CO2 air

atmosphere. pCI-NagGScIGF (or pCINAGLU) was linearized with Ahd I (New England

BioLabs, Ipswich, MA) and transfected into CHO dhfr− cells using PolyFect Transfection

Reagent (Qiagen Inc., Valencia, CA). The stable lines were selected by their resistance to

700 µg/ml G-418 (EMD Chemicals Inc., Gibbstown, NJ), and colonies were formed after 7–

14 days. Individual colonies were isolated and the highestyielding expressors of secreted

rhNAGLU-IGF-II (5H10) or rhNAGLU (117-1.511) were identified by NAGLU activity

assay. Stable CHO cell clones were maintained in Ham’s F12/DME with supplements

containing 250 µg/ml G-418.

For protein production, rhNAGLU-IGF-II clone 5H10 or rhNAGLU clone 117-1.511 were

seeded into roller bottles and grown to confluence, at which time the medium was replaced

with EX-CELL PF CHO serum-free medium supplemented with 4 mM L-glutamine,

nucleosides (10 mg/l each of guanosine, adenosine, uridine, cytosine, hypoxanthine, and

thymidine), 50 µg/ml gentamicin sulfate and 250 µg/ml G-418. Secreted NAGLU activity

was monitored daily for 7–14 days until NAGLU expression reached a plateau, before the

conditioned medium was harvested for enzyme purification.
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Purification of modified recombinant NAGLU enzymes

rhNAGLU-IGF-II and rhNAGLU enzymes were purified from culture medium. Conditioned

medium was filtered (0.2 µm), supplemented with methyl-α-D-glucopyranoside (10 mM) and

stored at 4°C prior to purification (below).

Medium containing rhNAGLU-IGF-II was initially concentrated using an Amicon

ultrafiltration concentrator with a YM30 membrane (EMD Millipore Corp., Billerica, MA)

to its 20% volume, dialyzed against PBS, and loaded onto an 80 ml Concavalin A (Con A)

Sepharose column (GE Healthcare Bio-Sciences Corp, Piscataway, NJ), pre-equilibrated

with binding buffer (20 mM sodium phosphate pH 6.8; 300 mM NaCl; 10 mM methyl-α-D-

glucopyranoside; 1 mM β- mercaptoethanol). The column was washed with one column

volume of binding buffer followed by two column volumes of wash buffer (20 mM sodium

phosphate pH 5.8; 10 mM methyl-α-D-glucopyranoside; 10 mM methyl α-D-

mannopyranoside). RhNAGLU-IGF-II was eluted (20 mM sodium phosphate pH 5.8, 300

mM NaCl, 10 mM methyl-α-D-glucopyranoside, 500 mM methyl α-D-mannopyranoside) and

collected in 15 ml fractions. NAGLU was identified in the fractions by enzymatic activity

assay.

The fractions containing enzyme activity were pooled and concentrated to a final volume of

6 ml. The concentrate was mixed with 300 µl of c-myc affinity beads (50% slurry; Medical

& Biological Laboratories, Nagoya, Japan) and incubated overnight at 4°C with gentle

tumbling. The beads were washed with PBS (3 times, 6 ml each) and rhNAGLU-IGF-II was

eluted by incubating the beads at 4°C with 1 ml of PBS containing 0.1 mM c-myc peptide in

3 rounds: 1 hour, 2 hours, and overnight. Purified rhNAGLU-IGF-II was sterile filtered (0.2

µm) and stored in aliquots at 4°C.

The purification of rhNAGLU was performed as described by Weber et al. [16] with some

modifications. All column and reagents were from GE Healthcare Bio-Sciences Corp

(Piscataway, NJ), unless specified otherwise. Production medium was concentrated,

followed by buffer exchange (25 mM Tris-HCl, pH 8.4) using a PD10 column. The sample

was then loaded on a 1 ml HiTrap Q Sepharose column and eluted with a NaCl step gradient

(100-200-300-400-500 mM). Fractions with the highest NAGLU activity were pooled,

buffer-exchanged (50 mM sodium acetate, pH 5.5; 50 mM NaCl), and loaded onto a 5 ml

HiTrap Heparin HP column. A linear sodium chloride gradient (100–600 mM NaCl in 50

mM sodium acetate, pH 5.5) was applied for resin wash and protein elution. After

concentrating, pooled fractions with the highest NAGLU activity were loaded onto a

Sephacryl S-200 column (25×600 mm) and eluted with S buffer (25 mM sodium phosphate,

pH 5.8; 200 mM NaCl). The purity of the enzyme was analyzed using SDS-PAGE stained

with Coomassie Brilliant Blue R-250 (Bio-Rad Laboratories; Hercules, CA).

Activity assay and protein determination for rhNAGLU enzymes

Fluorometric measurements of NAGLU activity were performed essentially as described

elsewhere with minor modifications [15, 28]. Briefly, medium or purified enzyme was

incubated with 0.1 mM 4-methylumbelliferyl-2-acetamido-2-deoxy-α-D-glucopyranoside (4-

MUNG; Toronto Research Chemicals Inc., North York, ON, Canada) in 50 µl of reaction
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buffer (0.1 M sodium acetate, pH 4.3; 0.5 mg/ml BSA) at 37°C for 1 hour. Reactions were

quenched by the addition of 1 ml of glycine carbonate buffer, pH 10.5. Fluorescence

measurements were obtained using an RF-1501 spectrofluorophotometer (Shimadzu

Scientific Instruments, Columbia, MD) at excitation and emission wavelengths of 360 nm

and 450 nm, respectively. One activity unit equaled 1 nmol converted substrate per hour.

Protein concentration was estimated using the Bradford method and bovine serum albumin

was used as a standard (Bio-Rad Laboratories, Hercules, CA). Specific activity was defined

as units of activity per mg of protein.

SDS-PAGE and Western blot

The purity of rhNAGLU-IGF-II was determined by 4–12 % Bis-Tris SDS-PAGE followed

by staining with SYPRO Ruby (Life Technologies, Carlsbad, CA). The approximate

molecular mass of the enzyme was estimated by comparison to Precision Plus Protein All

Blue Standards (Bio-Rad Laboratories; Hercules, CA). Standard immunoblotting was

performed with rabbit anti-NAGLU polycolonal antibody (1:2,500; a gift from Dr. E.F.

Neufeld, UCLA), mouse anti-c-myc monoclonal antibody (1:2,500; Santa Cruz

Biotechnology, Inc., Santa Cruz, CA), or rabbit anti-human IGF-II antibody (1:1,250;

Abcam, Boston, MA), diluted in 5% nonfat milk and incubated for 1–2 hours at room

temperature. HRP conjugated secondary antibodies, goat anti-rabbit IgG or goat anti-mouse

IgG (Southern Biotechnology, Birmingham, AL) was diluted at 1:5,000 in 5% nonfat milk,

incubated for 1 hour, and detected with SuperSignal West Dura Substrate (Thermo

Scientific, Waltham, MA).

Glycosylation analysis

Deglycosylation of the enzymes was performed by first denaturing in 0.5% SDS/40 mM

dithiothreitol for 10 minutes at 100°C. Denatured rhNAGLU-IGF-II, 50 units, was incubated

for 1 hour at 37°C with either 200 units of endoglycosidase Hf (Endo Hf; New England

Biolabs; Ipswich, MA) in 50 mM sodium citrate (pH 5.5), or 2 units of glycopeptidase F

(PNGase F; Sigma-Aldrich, St. Louis, MO) in 50 mM sodium phosphate (pH 7.5) plus 1%

nonidet P-40. Recombinant α-L-iduronidase (Biomarin Pharmaceutical, Novato, CA) was

used as an internal control for Endo Hf and PNGase F digestion (not shown). Digested

products were resolved with SDS-PAGE as described above.

Substrate kinetics

Km was determined at standard reaction conditions (50 µl reaction volume, pH 4.2, 1 hour

incubation at 37°C) with 1.6 units (12.6 ng) of rhNAGLU-IGF-II. 4-MUNG substrate

concentration ranging from 0.5 µM to 1 mM. Triplicate reactions were performed at each

substrate concentration. Data were plotted as substrate concentration versus the average

value for product formed and were best fit to a rectangular hyperbola using Sigma Plot 10.0

(Systat Software Inc, Chicago, IL) and analyzed by non-linear regression. Time course

experiments were performed as described above except using a fixed 0.8 mM 4-MUNG

substrate (8 times the Km) concentration and varied incubations times (1 min to 6 hours). To

assess the optimal pH range for the enzymatic activity of rhNAGLU-IGF-II, assays were

Kan et al. Page 5

Biochem J. Author manuscript; available in PMC 2015 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



performed with 1.6 units of enzyme in 50 µl of 200 mM/100 mM sodium phosphate-citrate

buffers over the pH range of 2.6–7.9 with 0.1 mM 4-MUNG at 37°C for 1 hour.

Uptake kinetics

Human MPS IIIB skin fibroblasts (GM1426; Coriell Institute Camden, NJ) were seeded in

6-well plates in 2 ml of Eagle’s Minimum Essential Medium (EMEM) with supplements and

antibiotics as described above at the concentration of 3.33×105 cells/well. After incubation

for 24 hours or when confluence was reached, the medium was removed, and cells were

incubated with 1 ml of EMEM without serum containing increasing amounts (10 to 320

units/ml) of purified rhNAGLU-IGF-II or rhNAGLU. Following incubation for 4 hours at

37°C and 5% CO2, cells were harvested by trypsinization, and cell pellets were washed in

PBS and resuspended in 60 µl PAD buffer (10 mM sodium phosphate, pH 5.8, 0.02 %

sodium azide, 0.1 mM dithiothreitol, 0.1% Triton X-100). Cell lysates were then sonicated

for 20 seconds and centrifuged at 13,000 rpm for 15 min. 25 µl of each supernatant was used

to measure NAGLU activity as described above. Data were analyzed in Sigma Plot 12.0

using non-linear regression.

Uptake inhibition assay

Uptake inhibition assays were performed in MPS IIIB fibroblasts and two brain tumor-

derived cell lines, Dao Y and Es (cerebellar medulloblastoma and glioblastoma,

respectively, kindly provided by Dr. J Lasky, Los Angeles Biomedical Research Institute at

Harbor-UCLA, Torrance, CA). Cells were seeded in 12-well plates and grown to

confluence. Culture medium was replaced with 0.5 ml of EMEM without serum prior to the

addition of uptake inhibitors. 5 µg/ml recombinant human IGF-II (R&D Systems;

Minneapolis, MN) or 5 mM D-mannose 6-phosphate (Sigma-Aldrich; St. Louis, MO) was

applied to the cells for 10 minutes prior to applying purified rhNAGLU-IGF-II at a final

concentration of 160 units/ml. Following 4 hours incubation at 37°C and 5% CO2, cells

were harvested and intracellular NAGLU activity was measured as described above. The

enzyme activity measured in MPS IIIB fibroblasts with rhNAGLU-IGF-II treatment alone

was defined as 100% and the intracellular enzyme activity observed in the presence of

inhibitor(s) was normalized to rhNAGLU-IGF-II activity. The endogenous intracellular

enzyme activity measured in brain tumor-derived cell lines was defined as 100% and the

enzyme uptake with or without inhibitor was normalized to this value.

GAG storage reduction

GAG in cultured fibroblasts were labeled with H2 35SO4 as described elsewhere [29, 30].

Briefly, MPS IIIB fibroblasts were grown in six-well plates until they reached confluence.

The medium was removed and replaced with 1.5 ml serum-free EMEM supplemented with

1 mM pyruvate, 1 mM non-essential amino acids, and 25 µCi/ml H2 35SO4 (Perkin-Elmer,

Waltham, MA). Purified rhNAGLU-IGF-II was applied to the cells at different

concentrations (0, 0.05, 0.1, 0.5 and 1 units per ml), and cells were labeled for 72 hours at

37°C and 5% CO2. The medium was removed and cells were rinsed with PBS twice before

harvesting by trypsinization and centrifugation. GAG extraction was performed twice from

the cell pellets by boiling briefly in 80% ethanol and centrifugation in a clinical centrifuge

(15 min, at the highest speed). Pellets were resuspended in 10% sodium hydroxide and
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neutralized with 2 M acetic acid, and radiolabeled GAG was measured via scintilliation

counting (Tri-Carb 2800TR, Perkin-Elmer, Waltham, MA). Radioactive counts per minute

were normalized to protein concentrations as determined using a Bio-Rad protein assay

described above. Data were plotted as enzyme applied in the reaction versus the average 35S

cpm per mg protein detected and were best fit to an exponential decay using Sigma Plot.

Half-maximal concentration for correction was calculated using the pharmacokinetics

module (IC50) in GraphPad Prism (GraphPad Software Inc., La Jolla, CA).

Confocal microscopy

For qualitative determination of enzyme uptake by confocal microscopy, MPS IIIB

fibroblasts were grown on Millicell EZ slides (EMD Millipore Corp., Billerica, MA) in 200

µl EMEM. Cells were treated with 160 units/ml purified NAGLU-IGF-II with or without

inhibitor (5 µg/ ml rhIGF-II peptide or 5 mM M6P) for 4 hours at 37°C and 5% CO2. To

determine whether purified enzyme could be delivered to lysosomes, 0.5 mg/mL dextran-

Texas red (Life Technologies, Carlsbad, CA) was incubated with cells in the presence of

160 units/ml purified NAGLU-IGF-II for 4 h [31]. Cells were washed 3 times with PBS,

fixed (4% paraformaldehyde in PBS), permeabilized (0.2% Triton X 100 in PBS), and

blocked (1 hour, 10% goat serum in PBS). Rabbit polyclonal antibody against NAGLU

(1:2,500) was applied and incubated overnight at 4°C. Cells were rinsed in PBS and

incubated for 1 hour at room temperature with Alexa Fluor 488-conjugated goat anti-rabbit

IgG at 1:2,500 (Life Technologies, Carlsbad, CA). After rinsing in PBS, cells were mounted

onto glass microscope slides using Vectashield with DAPI (Vector Laboratories,

Burlingame, CA). Uptake images of anti-NAGLU were captured using a Leica TCS SP2 or

SP8 confocal microscope (Leica Microsystems, Bannockburn, IL).

Statistics

For each sample assayed biochemically, the mean of triplicate experiments was calculated

along with standard deviations for each experimental point. Treatment groups were

compared using ANOVA with post-hoc Tukey-Kramer test (SYSTAT13, Systat Corp.,

Chicago, IL).

Results

Characterization of NAGLU-IGF-II expressed in a CHO cell line

Purified rhNAGLU-IGF-II had a specific activity of 127,000 units/mg with 19.4% final

recovery after the purification process (Table 1). The secreted full-length fusion protein was

engineered to be 832 amino acids in length, with a predicted molecular weight of 91.6 kDa

and theoretical pI of 5.96. However, the enzyme migrated at an apparent molecular weight

of 105 kDa on SDS-PAGE (Fig 1A), likely due to N-glycosylation at one or more of the six

potential N-glycosylation sites present on the NAGLU protein [32]. Western blotting with

anti-NAGLU, anti-c-myc, and anti-IGF-II antibodies verified the presence of all

recombinantly engineered peptide domains in the final, full-length purified product (Fig 1B).

To verify the glycosylation pattern of rhNAGLU-IGF-II, we treated it with the enzymes

PNGase F or Endo Hf to remove attached carbohydrate molecules (Fig 1C). PNGase F

hydrolyzes almost all types of N-linked oligosaccharides, whereas Endo Hf cleaves high-
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mannose N-linked oligosaccharides within the chitobiose core. The rhNAGLU-IGF-II was

resistant to digestion with Endo Hf but sensitive to PNGase F, suggesting that the protein

was N-glycosylated but lacked high-mannose residues.

We next verified that addition of the linker and IGF-II sequences did not interfere with

normal enzymatic function of the NAGLU active site. We evaluated rhNAGLU-IGF-II for

its ability to cleave the fluorogenic substrate analog 4-MUNG (Fig. 2A) as a function of

increasing substrate concentration and fit the data to the hyperbolic Michaelis-Menten

kinetic equation. The 4-MUNG substrate was utilized with a Km value of 0.2 mM. The Km

value towards 4-MUNG substrate we obtained was comparable to previous reports for wild-

type rhNAGLU produced in CHO cells that ranged from 0.22 – 5.34 mM [15, 16]. When

rhNAGLU-IGF-II was provided an excess amount of 4-MUNG substrate (0.8 mM), the

reaction followed first order kinetics, in which the cleavage product forms linearly with

increased time (Fig. 2B).

The optimal pH for maximal lysosomal hydrolase activity is typically observed in the acidic

range. We measured rhNAGLU-IGF-II activity towards 4-MUNG across a broad range of

pH optimum (from pH 3.8 to 5.0) and found that it maintained a strong bias towards acidic

environments (e.g. lysosomal pH). This is comparable to the pH optimum range reported

previously for native endogenous human NAGLU (pH 4.1–4.5, [33–35]) as well as

recombinantly produced wild-type NAGLU (pH 4.1–4.6, [15, 16]). However, at neutral pH

(e.g. extracellular pH), very little enzymatic activity was detected.

rhNAGLU-IGF-II uptake into MPS IIIB fibroblasts

We cultured human MPS IIIB fibroblasts in medium containing various concentrations of

purified rhNAGLU-IGF-II, to determine whether the IGF-II peptide improved NAGLU

uptake into cells. The intracellular enzyme activity of rhNAGLU-IGF-II increased in a dose-

dependent fashion with an apparent concentration for half-maximal uptake of 30 nM. For

comparison, we also treated MPS IIIB cells with purified wild-type human rhNAGLU that

had been overexpressed in CHO cells. Uptake of rhNAGLU lacking the IGF-II fusion was

barely detectable, and the calculated concentration for half-maximal uptake of rhNAGLU

was approximately 200 nM (Fig. 3).

rhNAGLU-IGF-II uptake via the M6P/IGF-II receptor

We performed an uptake inhibition assay to determine the extent to which rhNAGLU-IGF-II

entered cells using the M6P/IGF-II receptor (Fig. 4A). After incubating cells with

rhNAGLU-IGF-II for 4 hours, substantially greater intracellular NAGLU activity was

detected compared to cells incubated with rhNAGLU or untreated. To elucidate the entry

mechanism, we treated cells with enzyme in the presence of potential inhibitors to the

distinct ligand binding domains of the M6P/IGF-IIR and measured intracellular rhNAGLU-

IGF-II activity. The addition of IGF-II peptide (5 µg/ml) led to substantial (~80%; p<0.001)

uptake inhibition of rhNAGLU-IGF-II. A partially inhibitory effect was also observed in the

presence of M6P (5 mM). Both M6P and IGFII- containing peptides have been shown to

bind simultaneously to the M6P/IGF-IIR, although binding of one ligand may effectively

reduce affinity for the other via steric inhibition [25]. We also observed that the combined
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presence of IGF-II peptide and M6P led to very little rhNAGLU-IGF-II uptake into MPS

IIIB fibroblasts. We also performed double-labeling confocal microscopic imaging to

investigate the delivery of rhNAGLU-IGF-II into lysosomal compartments with or without

uptake inhibitor in cultured MPS IIIB fibroblasts. MPS IIIB fibroblasts treated with

rhNAGLU-IGF-II exhibited punctuate fluorescent signals distributed in the cytosol.

Intracellular NAGLU signal was significantly decreased at the presence of 5 µg/ml rhIGF-II

peptide, but was not affected by the presence of 5 mM M6P (Fig. 4B).

Lysosomal localization and reduction of GAG

In order to identify whether rhNAGLU-IGF-II reaches lysosomes, we co-incubated the

enzyme and dextran-Texas red (for lysosomal labeling) with MPS IIIB fibroblasts for 4 h

[31]. We observed partial colocalization of rhNAGLU-IGF-II with dextran-Texas red (Fig.

5).

We next tested whether delivery of rhNAGLU-IGF-II to cells restored their impaired GAG

degradation (Fig. 6). Untreated MPS IIIB fibroblasts accumulated consistently higher levels

of 35S-labeled GAGs than fibroblasts treated with rhNAGLU-IGF-II over a 72-hour period.

The concentration required for half-maximal correction was 0.04–0.14 units/ml, or

approximately 3–12 pM.

rhNAGLU-IGF-II uptake into brain tumor-derived cell lines

We further performed uptake and inhibition assays on two brain tumor-derived cell lines to

determine whether rhNAGLU-IGF-II can also enter brain cells through the M6P/IGF-II

receptor (Fig. 7). After incubating cells with rhNAGLU-IGF-II for 4 hours, substantially

higher intracellular NAGLU activity was detected compared to their endogenous levels

(p<0.05). In the presence of 5 µg/ml rhIGF-II peptide, intracellular NAGLU activity

decreased to endogenous levels.

Discussion

The potential of recombinant NAGLU as ERT for MPS IIIB patients is limited by

inadequate cellular delivery. The limitation is rooted in the inability to generate rhNAGLU

that acquires M6P during post-translational processing in CHO cells or a human cell line

[15, 16]. In this study, we improved the uptake of exogenously applied rhNAGLU into

human cells by introducing an IGF-II binding site at the carboxyl-terminus of the

recombinant enzyme. Purified rhNAGLU-IGF-II produced in CHO cells entered human cell

lines via the IGF-II binding site on the M6P/IGF-IIR in a manner which is independent of

the post-translational modification of the enzyme by mannose 6-phosphorylation. Purified

rhNAGLU-IGF-II exhibited in vitro biochemical properties similar to that reported for

rhNAGLU, which suggests that the additional C-terminal motif did not substantially change

the inherent properties of the enzyme. In addition, the enzyme retained full activity when

stored as harvested conditioned PF CHO medium (pH 7.2) in the presence of methyl-α-D-

glucopyranoside, for at least 8 months. The concentration for halfmaximal uptake was

approximately 30 nM, and the concentration for half-maximal correction was three orders of

magnitude lower at 3–12 pM. A substantially lower enzyme requirement for correction of
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lysosomal GAG accumulation than for uptake has also been observed with another α-L-

hydrolase (iduronidase) that degrades GAG [30]. Intracellular GAG accumulation did not

reach zero in the assay. One possible explanation for this phenomenon is that the in the

presence of artificially high NAGLU concentrations within treated cells, other enzymes

become rate-limiting for GAG degradation. This may also explain why the half-maximal

concentration for correction is much lower than that for uptake. Experiments in two brain

tumor-derived cell lines also showed that rhNAGLU-IGF-II used the IGF-II receptor for

uptake. Uptake into brain tumor-derived cell lines is encouraging for future applications of

rhNAGLU-IGF-II to treat CNS disease.

Within the CNS, the M6P/IGF-IIR is found in the brain and spinal cord, including the deep

cortical layers, pyramidal and granule cell layers of the hippocampus, cerebellar Purkinje

cells, and motor neurons of the brainstem and spinal cord [25]. Although ERT is typically

administered intravenously, direct delivery of enzyme to the brain is possible with

intrathecal or intraventricular injections [8–13, 36–41]. Fusion with the IGF-II domain may

also improve the uptake of enzymes which are adequately mannose 6-phosphorylated when

produced in recombinant form. An IGF-II directed targeting strategy was used previously

with recombinant human β-glucuronidase (hGUS) and tested in a mouse model of MPS VII

[27]. Intravenous hGUS-IGF-II targeted a broad range of tissues and improved reduction in

GAG storage versus wild-type GUS. Currently, a Phase I clinical trial is underway to study

recombinant acid α-glucosidase fused to the IGF-II domain for the treatment of Pompe

disease (NCT01230801).

IGF-II is a mitogenic peptide that plays a vital role in development and growth [42]. It exerts

a hormonal activation cascade through its interaction with the type I IGF receptor. IGF-II

also binds with almost equal affinity to the M6P/IGF-IIR that transports it to the lysosome

for degradation, thereby ending the growth potentiation signal [43, 44]. Our study did not

address the potential interaction of NAGLU-IGF-II with the IGF-I receptor. However, the

IGF-II peptide used in this study has an N-terminal deletion, which has been shown to

abolish its relative affinity to human IGF-I receptor [26]. This design was adopted to

possibly prevent unwanted adverse effects of stimulating the IGF-I receptor while

specifically targeting the lysosomal pathway. Other safety concerns, such as

immunogenicity, are also possible and need to be addressed with future in vivo studies.

Several groups have used adeno-associated viral (AAV) vectors to deliver NAGLU into the

brain in preclinical studies [17, 45–47]. Treated mice and dogs show increased NAGLU

activity and reduced GAG accumulation in the brain. As these studies employ the same

cDNA that has been shown to produce recombinant NAGLU without mannose 6-phosphate,

it is likely that the protein secreted by transduced cells also lacks mannose 6-phosphate and

displays inefficient uptake. Gene therapy employing our NAGLU-IGF-II construct could be

more effective with this improvement in cellular uptake. Future in vivo studies will be

needed to determine whether recombinant enzyme and gene therapy with NAGLU-IGF-II

will be a better alternative to unmodified NAGLU for the treatment of Sanfilippo B

syndrome.
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Fig. 1. Expression and glycosylation of rhNAGLU-IGF-II
A) The pCI-NagGScIGF construct generates a product of 832 amino acids with a predicted molecular weight of 91.6 kDa. A 4–

12 % SDS-PAGE stained with SYPRO RUBY resolved protein products in different purification stages (culture medium

(Medium), Concavalin A Sepharose column (Con A) and cmyc affinity column (c-myc)). After two-column purification, the

enzyme migrated at an apparent molecular weight of 105 kDa (arrow). B) Western blots with anti-NAGLU (α-NAG), anti-IGF-

II (α-IGF-II) and anti-c-myc (α-c-myc) antibodies. C) Purified rhNAGLU-IGF-II protein (lane 1) was denatured and treated

with deglycosylation enzymes Endo Hf (lane 2) or PNGase F (lane 3). After PNGase F treatment, a lower molecular weight of
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rhNAGLU-IGF-II of ~92 kDa is seen (asterisk). The enzymes Endo Hf and PNGase F appear in the treated lanes 2 and 3 as

bands at 70 kDa and 36 kDa, respectively.
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Fig. 2. Biochemical characterization of purified rhNAGLU-IGF-II
A) rhNAGLU-IGF-II activity towards the fluorogenic substrate 4-MUNG was measured as a function of increasing substrate

concentration. The reaction followed Michaelis-Menten kinetics with a Km value of 0.2 mM. The mean (black line) and 95%

confidence intervals (gray lines) of four independent experiments are shown. B) In the presence of excess substrate (0.8 mM),

rhNAGLU-IGF-II followed first order kinetics, where cleavage product concentration increased linearly with time at an apparent

rate of 7.2 nmol of 4-MU product formed per hour. C) To assess the optimal pH range for the enzymatic activity of rhNAGLU-

IGF-II, activity assays were performed in 200 mM/100 mM sodium phosphate-citrate buffer at a variety of pHs (2.6–7.9) at

37°C for 1 hour. Points and error bars represent the average and standard deviation respectively for triplicate experiments.
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Fig. 3. Uptake kinetics of rhNAGLU-IGF-II
MPS IIIB fibroblasts were cultured for 4 hours with increasing units of purified rhNAGLU-IGF-II (●) or purified human

rhNAGLU (○). Intracellular enzyme activity was determined using the substrate 4-MUNG at 0.1 mM at 37 °C for 1 hour as

described in the methods. Molar concentrations were calculated using a molecular weight of 92 kDa for rhNAGLU-IGF2 and 82

kDa for rhNAGLU. A representative of at least three independent uptake experiments is shown for each enzyme.
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Fig. 4. Uptake inhibition assay in MPS IIIB fibroblasts
Inhibition of rhNAGLU-IGF-II uptake was performed in MPS IIIB fibroblasts. Recombinant human IGF-II (final concentration

5 µg/ml) and/or D-mannose 6-phosphate (M6P; 5 mM) were applied to cells for 10 min before purified rhNAGLU-IGF-II was

added at the final concentration of 160 units/ml. A) After a 4- hour incubation, cells were harvested and NAGLU activity was

estimated. The intracellular enzyme activity measured with rhNAGLU-IGF-II treatment alone was defined as 100%, and the

intracellular enzyme activities observed with inhibitor(s) were normalized to this value. Asterisks (*) indicate a significant

difference (p<0.001) compared to rhNAGLU-IGF-II treated group. The mean of triplicate experiments is shown. B) Confocal

microscopy showing cellular enzyme uptake with or without inhibitor qualitatively. MPS IIIB fibroblasts were treated with 160

units/ml rhNAGLU-IGF-II and/or uptake competitors, 5 µg/ml rhIGF-II peptide or 5 mM M6P. rhNAGLU-IGF-II was detected

with rabbit polyclonal antibody against human rhNAGLU and Alexa Fluor 488-labeled goat-anti-rabbit secondary antibody

(green). Nuclei were stained with DAPI (blue). Scale bar is 25 µm.
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Fig. 5. rhNAGLU-IGF-II delivery to lysosomes in human MPS IIIB fibroblasts
Partial colocalization of internalized rhNAGLU-IGF-II with lysosomes after 4 h incubation. rhNAGLU-IGF-II was detected

with rabbit polyclonal antibody against human rhNAGLU and Alexa Fluor 488-labeled goat-anti-rabbit secondary antibody

(green, left) and lysosomes were labeled by dextran-Texas red (red, center). Arrowheads in the merged images (yellow, right)

indicated overlap between green and red signals. Scale bar is 25 µm.
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Fig. 6. rhNAGLU-IGF-II reduces GAG accumulation in vitro
MPS IIIB fibroblasts were labeled with 25 µCi/ml H2 35SO4 in culture medium for 72 hours with different concentrations of

purified rhNAGLU-IGF-II (0, 0.05, 0.1, 0.5 and 1 units per ml). The radio-labeled GAGs were extracted and measured via

scintillation counting. Radioactive counts per minute were normalized to protein concentrations.
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Fig. 7. rhNAGLU-IGF-II uptake in brain tumor-derived cell lines
Intracellular delivery of exogenous rhNAGLU-IGF-II was performed in Dao Y (cerebellar medulloblastoma) and Es

(glioblastoma) cell lines in the presence of 160 units/ml purified rhNAGLU-IGF-II with or without 5 µg/ml recombinant human

IGF-II as an inhibitor. The endogenous intracellular enzyme activity was defined as 100% (black bars) and the intracellular

enzyme activities observed in cells treated with rhNAGLU-IGF-II (light gray bars) and with both rhNAGLU-IGF-II and rhIGF-

II peptides (dark gray bars) were normalized to this value. The mean of triplicate experiments is shown. Asterisks (*) indicate

p<0.05 vs. control and rhNAGLU-IGF-II + rhIGF-II groups.
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