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ABSTRACT 

Despite available therapies, residual central nervous system (CNS) disease is still a significant 

contributor to disease burden in mucopolysaccharidosis type I (MPS I). This includes 

complications such as myelopathy and cognitive impairment in more severely affected 

Hurler/Scheie patients. Treatment for non-Hurler patients consists of intravenous enzyme 

replacement therapy (laronidase), which is assumed not to cross the blood-brain barrier. We 

evaluate a liposomal formulation of laronidase, aiming to deliver enzyme to the CNS. 

No reduction of GAG levels in brain was observed in a pilot study where 4 IDUA -/- mice 

were treated with unshielded laronidase (free ERT) for 4 weeks at a dose of 0.6 mg/kg/week. 

In mice treated with a single injection of glutathione PEGylated liposomal laronidase (lipo-

ERT) the area under the curve for IDUA activity in serum was higher than that of free ERT 

treated mice. There was no difference in GAG levels in brain between mice treated for 10 

weeks with free ERT or lipo-ERT, but both groups showed a slight decrease in brain GAG 

levels compared to untreated IDUA -/- controls (p<0.05). In both treatment groups a 

significant antibody response was seen with serum concentrations up to 20 μg/ml. 

GSH-PEG liposomal ERT does not improve treatment of GAG storage in brain in MPS I mice 

compared to regular ERT. Both treatment modalities have a slight impact on GAG levels in 

brain. Efficacy might have been hampered by the observed immune response. 

 
 

INTRODUCTION 

Mucopolysaccharidosis type I (MPS I) is a rare lysosomal storage disease caused by a 

deficiency of α-L-iduronidase (IDUA) [1]. Consequently, there is accumulation of the 

glycosaminoglycans (GAGs) heparan sulfate (HS) and dermatan sulfate (DS) throughout the 

body and a complex pathophysiogical cascade is triggered, leading to a progressive 

multisystem tissue and organ dysfunction. Central nervous system (CNS) involvement 

depends on disease severity, with cognitive decline in untreated Hurler patients (MPS I-H) 

and no cognitive impairment in patients with the more attenuated Scheie syndrome (MPS I-

S).  

The two available treatment modalities are hematopoietic stem cell transplantation (HSCT) 

and enzyme replacement therapy (ERT, laronidase). In HSCT, donor macrophages are 

considered to migrate into the central nervous system and mature into microglia cells 

producing IDUA. Through cross-correction and mitigation of inflammatory processes by 

changes in cellular microenvironment, progressive neurodegeneration is halted [2,3]. With 

ERT, recombinant enzyme is administered intravenously and subsequently taken up by 

peripheral cells via the M6P-receptor, similar to enzyme produced by donor cells [4]. 

However, as the protein does not cross the blood-brain barrier, ERT alone is insufficient to 

treat CNS disease [5]. 

Although significant improvement in clinical outcomes is achieved by both HSCT and ERT, a 

substantial residual disease burden is seen, including CNS involvement. Cognitive decline is 

variable and difficult to predict in MPS I-H/S (intermediate phenotype) patients [6,7]. Not all 

MPS I-H/S patients are considered eligible for HSCT as this procedure carries considerable 

risk of graft failure and transplant related morbidity, such as graft-versus-host disease. 

Consequently, these patients are often treated with ERT alone, with a risk of developmental 

delay. Also, spinal cord compression and subsequent myelopathy is seen in MPS I patients 

despite treatment [8–10].  

In recent years, modifications to existing drugs have been explored to improve their 

effectiveness. One of these modifications is liposomal encapsulation. Encapsulation of drugs 

in liposomes coated with polyethylene glycol (PEG) has been shown to increase circulation 
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time [11]. This may be combined with ligands targeted at specific blood-brain barrier 

transporters to enhance delivery of the drug to the CNS. The natural anti-oxidant glutathione 

has an active transport receptor, abundantly expressed at the blood-brain barrier. 

Glutathione-conjugated-PEG coated liposomes (GSH-PEG) has been successful in delivery of 

multiple drugs to the CNS including doxorubicin and methylprednisolone [12,13]. 

In this study, we evaluate GSH-PEG liposomal encapsulation of laronidase in an MPS I mouse 

model for reduction of GAG storage in the CNS, plasma half-life and immunogenicity. 

 
METHODS 

ANIMALS 

Mice (B6.129-Iduatm1Clk/J ) were purchased from The Jackson Laboratory and maintained as a 

heterozygote line on an inbred C57BL/6J background. The mice were housed at 21 ± 1°C, 40-

50% humidity, on a 12/12 hour light/dark cycle with food and water provided ad libitum. 

Animals were genotyped by PCR, using a protocol provided by The Jackson Laboratory.  

LIPOSOMAL ENCAPSULATION 

Glutathione PEGylated (GSH-PEG) liposomal laronidase (lipo-ERT) was prepared using a post-

insertion method. Briefly, 225 mM phospholipid 1,2-dimyristoyl-sn-glycero-3-

phosphocholine (DMPC; Lipoid, Cham, Switzerland), 25 mM cholesterol (Sigma) and 2.6 mM 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine conjugated polyethylene glycol MW 2000 

(mPEG-DSPE, 1 mol%; Lipoid) were dissolved in absolute ethanol and mixed (1:9 / vol:vol) 

with 2.0 mg/ml Iaronidase in PBS. This lipid/protein mixture was extruded through 200 nm 

and 100 nm Whatman filters (Instruchemie, Delfzijl, the Netherlands) to reduce particle size 

and obtain uniform liposomes. Micelles were prepared by mixing 32.5 mg/mL glutathione 

(Sigma) and 25 mg/mL DSPE-PEG-maleimide (NOF, Grobbendonk, Belgium) at a 1.5:1 M ratio 

for 2 hours at room temperature. GSH-PEG-DSPE micelles (10.5 mM, 4 mol% of total lipids) 

were incubated with the extruded liposomes for 2 hours to obtain GSH-PEG liposomal 

Iaronidase. Non-encapsulated enzyme was removed via size exclusion chromatography, 

using a Sepharose 6 Fast Flow XK16/40 column equilibrated with PBS on an ÄKTA Purifier (GE 

 
 

Healthcare). The size and polydispersity index (PdI) of the liposomes was measured using a 

Malvern Zetasizer Nano ZS90 (Malvern Instruments, Worcestershire, UK) and was found 114 

nm with a PdI of 0.115. The amount of encapsulated enzyme was quantified using HPLC 

analysis (Perkin Elmer 200 series with a Waters Xbridge BEH300 C4 3.5μm, 2.1 x 150 mm). 

Liposome preparations were stored at 4°C. 

ANIMAL EXPERIMENTS 

A series of animal studies were performed to evaluate the substrate clearance, 

bioavailability and immunogenicity of lipo-ERT versus unshielded enzyme (free ERT). Drugs 

were administered intravenously via the tail vein. 

Pilot experiment 

Multiple studies suggest that the blood-brain barrier in (very) young mice may allow for ERT 

to reach the CNS [5,14]. Also, ERT at 2 to 20x the regular dose was found to reduce GAG 

storage in brain [15]. The pilot experiment of this study was therefore aimed at determining 

whether the studied mice provide a suitable animal model, where ERT at a regular dose does 

not lead to storage reduction in the CNS. Four groups of 3 male IDUA -/- mice were included. 

Three groups received 4 weekly injections of free ERT from the age of 4 weeks (± 1 day) at 

half the regular dose (0.3 mg/kg/week), the regular dose of 0.6 mg/kg/week or a double 

dose (1.2mg/kg/week). The fourth group was left untreated. At the age of 7 weeks and 3 

days (± 1 day) the animals were euthanized and blood and tissues were collected. Following 

the results of the pilot experiment, all subsequent animal studies were performed with an 

ERT dose of 0.6 mg/kg/week. 

Single injection experiment 

Two groups of 4 male IDUA -/- mice received a single dose of free ERT or lipo-ERT at the age 

of 4 weeks (± 1 day). Venous blood was drawn prior to injection (baseline) and 5, 20, 60, 120, 

240 and 480 minutes post-injection. Animals were euthanized at 8 hours post-injection, and 

tissues were collected for analysis. 

Efficacy experiment 

Two groups of 8 IDUA -/- male mice received either lipo-ERT or free ERT at weekly intervals 

from the age of 4 weeks (± 2 days) for 10 weeks. Control groups consisted of 8 untreated 
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IDUA -/- male mice and 8 IDUA +/+ male mice. Blood was drawn in all 32 mice at age 4 weeks 

(baseline) and (prior to injection) at 5, 6, 8, 10 and 12 weeks and at sacrifice at the age of 13 

weeks and 3 days. Tissues were collected for analysis. 

BLOOD AND TISSUE COLLECTION 

Blood was drawn from the saphenous vein and collected in 100ul serum tubes (Microvette®, 

Sarstedt Inc, Newton, NC). Samples were centrifuged at 240 x g for 10 minutes and serum 

was stored at -20°C until analysis. 

Euthanasia was performed by exsanguination under deep anesthesia induced by 

intraperitoneal injection of 100 mg/kg pentobarbital. Animals were perfused with NaCl 0.9%. 

Heart, liver, spleen and kidney were collected and snap frozen in liquid nitrogen. Brain was 

sectioned on the midline and one hemisphere was snap frozen in liquid nitrogen.  

BIOCHEMICAL MEASUREMENTS 

Brain and liver tissues were homogenized in PBS and protein content was determined using 

Pierce® BCA Protein Assay Reagent A (Thermo Scientific) as described by the manufacturer. 

Tissue storage of GAGs was analyzed by quantification of enzymatically digested GAGs by LC-

MS/MS as previously described by De Ru et al [16] with the modification that for both brain 

and liver 12.5 μg protein was used.  

 IDUA activity was determined as described by Kingma et al [17] with the following 

adjustments. Final protein concentration was 0.1 mg/ml for liver samples and 0.15 mg/ml 

for brain. Samples were incubated for 1 hour. 

Immune response was evaluated for the efficacy experiment in sequential serum samples 

with ELISA. ELISA plates were coated with 5ug/ml laronidase overnight at 4°C. Plates were 

washed with wash buffer (PBS 0.2% Tween) 3 times, blocked with blocking buffer (1% BSA 

0.02M Tris/HCl, 025M NaCl) for an hour and washed again 3 times with wash buffer. 

Standard (mouse anti-human IDUA antibody) and mouse serum samples were applied to the 

plates and incubated for 1 hour at room temperature. Plates were washed 3 times with 

wash buffer and incubated with biotinylated goat anti-mouse IgG antibody diluted in dilution 

buffer (5ug/ml; PBS 0.05% Tween, 0.01% BSA) for 1 hour at room temperature. Plates were 

 
 

washed 3 times, incubated with Vectastain ABC kit for 30 minutes at room temperature 

followed by TMB substrate for exactly 3 minutes. 2.5M H2SO4 was added to the plates to 

stop the reaction. Plates were then read at 450nm to determine the maximum absorbance 

and at 570nm to correct for measurement errors. 

STATISTICAL ANALYSIS 

Statistical analysis was performed using SPSS Statistics software version 22 (IBM Corp., 

Armonk, NY, USA). Average levels of GAG storage or IDUA activity were compared between 

groups using the Mann-Whitney-U test.  

 
RESULTS 

PILOT EXPERIMENT 

GAG levels in brain and liver of the four groups of IDUA -/- mice treated with free ERT are 

presented in figure 1. In all three treatment groups, GAGs in liver were significantly reduced 

compared to controls (Fig. 1A). No difference was observed between the untreated control 

group and any of the treatment groups in brain GAG levels, although levels in mice treated 

with 1.2 mg/kg/week appeared to be slightly reduced (Fig. 1B).  

BIOAVAILABILITY EXPERIMENT 

Eight hours after a single injection of free ERT or lipo-ERT, IDUA activity in liver was elevated 

to approximately 3x wild type level (Fig 2A). There was no difference in brain IDUA activity 

between the two groups and activity did not increase from knock out levels (Fig 2B). Two of 

the four mice that received Lipo-ERT showed markedly higher peak serum IDUA activity (Fig 

2C). At 8 hours post-injection, serum IDUA activity was higher in the lipo-ERT group (p<0.05). 

The mean AUC in the free ERT group was 303 x 103 and 1,624 x 103 in the lipo-ERT group. 

EFFICACY EXPERIMENT 

GAG levels in liver were reduced to WT control levels in both treatment groups (free ERT and 

lipo-ERT, Fig. 3A). In brain, GAG levels were slightly reduced in both the free ERT and lipo- 
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Figure 1. Total GAG levels in liver and brain of mice – pilot experiment.  

Each group consisted of 3 male mice, IDUA -/-. Error bars represent standard deviation. 

A: Total GAG levels in liver. 

B: Total GAG levels in brain. 

 

ERT group compared to the IDUA -/- controls (p<0.01 and p <0.05 respectively), but still 

significantly higher than wild type control levels (p<0.01, Fig. 3B).  

In the two control groups, there was no change in antibody concentration over time (Fig. 

3C). In both treatment groups, a gradual increase in antibody level was observed (Fig. 3C), 

with higher levels in the lipo-ERT group. Median area under the curve was 37.8 in the free 

ERT group vs 79.1 in lipo-ERT mice (p = 0.05). 

 
DISCUSSION 

In this study, we have evaluated GSH-PEG liposomal encapsulation of laronidase in an MPS I 

mouse model. Our hypothesis that this would enable laronidase to cross the blood-brain 

barrier and significantly resolve storage in the central nervous system could not be 

confirmed. There was no difference in GAG levels in brain of mice who received regular 

laronidase (free ERT) versus the GSH-PEG liposomal encapsulated laronidase (lipo-ERT). 

While liver GAG levels were at wild-type levels after even four weeks of treatment, GAG  
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Figure 2. IDUA activity in liver, brain and serum of mice – single injection 
experiment.  

Each group consisted of 4 male mice, IDUA -/-. Error bars represent standard deviation. 

A: IDUA activity in liver. Wild type levels average at ~70 nmol/mg/hr. 

B: IDUA activity in brain. Wild type levels average at ~10 nmol/mg/hr. 

C: IDUA activity in serum for each individual mouse. 

 

levels in brain were still significantly elevated after 10 weeks. In both groups however, the 

brain GAG levels were slightly lower than levels observed in untreated mice of the same age. 
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A: Total GAG levels in liver. 

B: Total GAG levels in brain. 

 

ERT group compared to the IDUA -/- controls (p<0.01 and p <0.05 respectively), but still 

significantly higher than wild type control levels (p<0.01, Fig. 3B).  

In the two control groups, there was no change in antibody concentration over time (Fig. 

3C). In both treatment groups, a gradual increase in antibody level was observed (Fig. 3C), 

with higher levels in the lipo-ERT group. Median area under the curve was 37.8 in the free 

ERT group vs 79.1 in lipo-ERT mice (p = 0.05). 

 
DISCUSSION 

In this study, we have evaluated GSH-PEG liposomal encapsulation of laronidase in an MPS I 

mouse model. Our hypothesis that this would enable laronidase to cross the blood-brain 

barrier and significantly resolve storage in the central nervous system could not be 

confirmed. There was no difference in GAG levels in brain of mice who received regular 

laronidase (free ERT) versus the GSH-PEG liposomal encapsulated laronidase (lipo-ERT). 

While liver GAG levels were at wild-type levels after even four weeks of treatment, GAG  
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Figure 2. IDUA activity in liver, brain and serum of mice – single injection 
experiment.  

Each group consisted of 4 male mice, IDUA -/-. Error bars represent standard deviation. 

A: IDUA activity in liver. Wild type levels average at ~70 nmol/mg/hr. 

B: IDUA activity in brain. Wild type levels average at ~10 nmol/mg/hr. 

C: IDUA activity in serum for each individual mouse. 

 

levels in brain were still significantly elevated after 10 weeks. In both groups however, the 

brain GAG levels were slightly lower than levels observed in untreated mice of the same age. 
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Previous studies of ERT in mice show similar capacity of the free ERT to reach the CNS, but 

only in higher dosages [14,15]. In our pilot study, there was no effect of 4 weeks of 0.6 

mg/kg laronidase on GAG levels in brain and 8 hours after a single injection IDUA activity in 

brain was not elevated from knock out level. Our findings in mice treated for 8 weeks 

however suggest that ERT at a regular dose may reach the CNS in very small quantities and 

lead to some GAG reduction in a long-term treatment setting. Enzyme activity analysis in 

tissue might not be a sensitive enough method to detect these very low levels after a single 

injection. If ERT leads to a small GAG reduction in the CNS, the currently used dose of 0.58 

mg/kg/week is almost certainly insufficient to complete correct CNS disease. Despite ERT, 

hydrocephalus occurred in MPS I-H patients, cognitive decline was observed in MPS I-H/S 

patients and MPS I-S patients developed cervical cord compression [6–8,18]. Future studies 

on CNS outcomes and GAG levels in CSF of patients treated with ERT alone are needed to 

investigate to what extent ERT crosses the blood-brain barrier in humans, and whether this 

dose-depended.  

The inability of GSH-PEG liposomal ERT to improve GAG reduction in the brain is may be due 

to an immune response, either to laronidase or the liposomes. Previous studies on MPS I 

mice treated with non-liposomal laronidase report a significant antibody response in non-

neonatal animals [14,15], but all were treated with doses >0.6 mg/kg. Although ERT was well 

tolerated at a dose of 0.6 mg/kg/week and no dexamethasone pre-treatment was required, 

the free ERT group displayed a significant antibody response, likely to interfere with 

treatment efficacy [19–21]. Even higher antibody levels were observed in the lipo-ERT mice. 

Liposomes may carry a wide range of molecules and compounds may remain unrecognized 

or induce tolerance [22]. But liposomal encapsulation may also enhance the immunogenicity 

of the compound [23]. This mechanism is used in the development of several vaccines, and 

might explain the higher antibody levels in this study. Also, the higher AUC in the lipo-ERT 

treated mice might have led to a higher antigen presentation. 

Furthermore, liposomes by themselves may be immunogenic due to their size and lack of 

self-discriminating molecules [22,24–26]. More specific, repeated administrations of 

PEGylated liposomes may induce a counter-intuitive phenomenon known as accelerated 

blood clearance, resulting in a short plasma half life [27]. Although this immune response 

was not investigated by us, such a process might have affected the pharmacokinetic profile  

 
 

 

Figure 3. Total GAG levels in liver and brain and antibody levels of mice – 
efficacy experiment.  

Each group consisted of 8 male mice.  
Free ERT: IDUA -/- mice were treated with 0.6 mg/kg/week unshielded laronidase.  
Lipo ERT: IDUA -/- mice were treated with 0.6 mg/kg/week GSH-PEG liposomal laronidase.  
KO control: IDUA -/- mice, untreated.  
WT control: IDUA +/+ mice, untreated. * = p<0.05, ** = p<0.01 

A: Total GAG levels in liver. Error bars represent standard deviation. 

B: Total GAG levels in brain. Error bars represent standard deviation. 

C: Antibody levels during the treatment period. Error bars represent standard error of the mean. 

ERT-fr
ee

ERT-lip
o

KO co
ntro

l

WT co
ntro

l
0

1000

2000

3000

**
**

**
**

*

Treatment group

To
ta

l G
AG

 le
ve

l (
ng

/  
g 

pr
ot

ei
n)

ERT-fr
ee

ERT-lip
o

KO co
ntro

l

WT co
ntro

l
0

250

500

10000

20000

**
**

**

Treatment group

To
ta

l G
AG

 le
ve

l (
ng

/  
g 

pr
ot

ei
n)

A B

0 5 10
0

10

20

30 WT control
KO control
ERT-free
ERT-lipo

Baseline

Week

An
tib

od
y 

co
nc

en
tr

at
io

n 
(  

g/
m

l)

C



137

Ch
ap

te
r 

6

GHS-PEG liposomal ERT for MPS I 
 

Previous studies of ERT in mice show similar capacity of the free ERT to reach the CNS, but 

only in higher dosages [14,15]. In our pilot study, there was no effect of 4 weeks of 0.6 

mg/kg laronidase on GAG levels in brain and 8 hours after a single injection IDUA activity in 

brain was not elevated from knock out level. Our findings in mice treated for 8 weeks 

however suggest that ERT at a regular dose may reach the CNS in very small quantities and 

lead to some GAG reduction in a long-term treatment setting. Enzyme activity analysis in 

tissue might not be a sensitive enough method to detect these very low levels after a single 

injection. If ERT leads to a small GAG reduction in the CNS, the currently used dose of 0.58 

mg/kg/week is almost certainly insufficient to complete correct CNS disease. Despite ERT, 

hydrocephalus occurred in MPS I-H patients, cognitive decline was observed in MPS I-H/S 

patients and MPS I-S patients developed cervical cord compression [6–8,18]. Future studies 

on CNS outcomes and GAG levels in CSF of patients treated with ERT alone are needed to 

investigate to what extent ERT crosses the blood-brain barrier in humans, and whether this 

dose-depended.  

The inability of GSH-PEG liposomal ERT to improve GAG reduction in the brain is may be due 

to an immune response, either to laronidase or the liposomes. Previous studies on MPS I 

mice treated with non-liposomal laronidase report a significant antibody response in non-

neonatal animals [14,15], but all were treated with doses >0.6 mg/kg. Although ERT was well 

tolerated at a dose of 0.6 mg/kg/week and no dexamethasone pre-treatment was required, 

the free ERT group displayed a significant antibody response, likely to interfere with 

treatment efficacy [19–21]. Even higher antibody levels were observed in the lipo-ERT mice. 

Liposomes may carry a wide range of molecules and compounds may remain unrecognized 

or induce tolerance [22]. But liposomal encapsulation may also enhance the immunogenicity 

of the compound [23]. This mechanism is used in the development of several vaccines, and 

might explain the higher antibody levels in this study. Also, the higher AUC in the lipo-ERT 

treated mice might have led to a higher antigen presentation. 

Furthermore, liposomes by themselves may be immunogenic due to their size and lack of 

self-discriminating molecules [22,24–26]. More specific, repeated administrations of 

PEGylated liposomes may induce a counter-intuitive phenomenon known as accelerated 

blood clearance, resulting in a short plasma half life [27]. Although this immune response 

was not investigated by us, such a process might have affected the pharmacokinetic profile  
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of lipo-ERT, resulting in low availability of laronidase for GAG reduction in brain. No such 

complications have been described in mice treated repeatedly with GSH-PEG liposomal 

encapsulated drugs [13,28], but the compounds and liposomal composition were different 

from our study.  

In conclusion, GSH-PEG liposomal laronidase does not lead to increased GAG reduction in 

brain compared to regular, unshielded laronidase. A slight reduction of GAG levels in brain is 

seen in both treatment groups.  This suggests that even at a regular dosis ERT might reach 

the CNS in very low amounts, despite observations that in MPS I patients ERT alone does not 

provide prevention of CNS disease.  
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