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ABSTRACT 

 

 Lysosomal diseases are a group of over 70 diseases with a combined 

incidence of approximately 1 in 7,700 live births. Most lysosomal diseases are 

caused by mutations in enzymes normally present in the lysosome. Lysosomal 

diseases are multi-systemic and progressive diseases. Currently, only 12 

lysosomal diseases have treatments. A challenge in drug development is the lack 

of biomarkers that reflect disease progression or show response to therapy. 

Furthermore, current therapies have difficulty reaching certain tissues that are 

major contributors to morbidity and mortality, such as the central nervous system 

(CNS) and cardiac valves. 

 The overall objective of this dissertation is to improve the delivery of 

therapeutics to targeted tissues in lysosomal diseases. To accomplish this 

objective, three main studies were performed. 

1) Validation of Chitotriosidase as a CNS Biomarker for Gangliosidoses. 

Chitotriosidase was investigated as a probable surrogate endpoint for clinical 

trials with gene therapy. The first objective was to validate chitotriosidase levels 

for important clinical outcomes in patients with lysosomal diseases. The second 

objective was to assess chitotriosidase’s ability to detect effective gene therapy 

in murine models of lysosomal diseases. In patients with gangliosidoses, the 

most severe infantile phenotype had higher chitotriosidase levels in the 

cerebrospinal fluid (CSF) and a different pattern over time than the more 

attenuated juvenile and late-onset forms. Chitotriosidase levels were also 

significantly associated with neurocognitive impairment. In mice with 

mucopolysaccharidosis type I (MPS I), there were significant differences among 

the untreated, gene-therapy treated, and mice heterozygous for a mutation in the 

IDUA gene. These results support the use of CSF chitotriosidase levels to 

diagnose different disease phenotypes and to monitor disease progression in 
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patients. As a potential biomarker of neurological improvement, CSF 

chitotriosidase can aid in the development of therapies that target the CNS. 

2) Investigation of Iduronidase Enzymes Linked to Pepcan to Improve 

Delivery to Targeted Tissues. The objective of this study was to determine if 

pepcan-12 can increase the uptake of iduronidase into the brain of MPS I mice. 

Pepcan-12 is a ligand for the cannabinoid receptor type 1 (CB1), a highly 

expressed receptor in the CNS. The hypothesis was that a fusion iduronidase 

containing pepcan-12 would have higher activity levels than iduronidase in the 

brain. Sequences of one of two linkers, Linker S or Linker T, were inserted 

between pepcan-12 and IDUA to conjugate the ligand and iduronidase. MPS I 

mice were injected with plasmids encoding either the native iduronidase or one of 

four fusion iduronidase enzymes containing: pepcan-12 + Linker S, pepcan-12 + 

Linker T, Linker S, or Linker T. The fusion enzymes and iduronidase had similar 

activity levels in the brain. Unexpectedly, the fusion enzymes had higher activity 

levels than iduronidase in the heart and plasma, which appears to be caused by 

the linkers. Therefore, these fusion enzymes may improve cardiovascular 

outcomes in MPS I. In several MPS disorders, the cardiac valves continue to 

worsen despite enzyme replacement therapies (ERT) and hematopoietic cell 

transplants. The small size of these linkers facilitates their use as fusion enzymes 

encoded in gene therapy or administered directly as ERT. Therefore, these 

linkers may aid in therapeutic development for other lysosomal diseases. 

3) Pharmacokinetic Analysis of Iduronidase and a Fusion Iduronidase 

Enzyme Encoded in Gene Therapy. In the previous study, an iduronidase 

enzyme containing Linker T, termed Linker T iduronidase, had higher activity 

levels than iduronidase in the plasma and heart. This study sought to investigate 

the mechanism of Linker T iduronidase, but a gap between the fields of 

lysosomal diseases/gene therapy and pharmacokinetics (PK)/ 

pharmacodynamics (PD) became apparent. In the field of lysosomal diseases, 

the activity level of an enzyme is an important measurement of efficacy, because 

an enzyme’s activity levels are more predictive of efficacy than its physical levels. 



iv 
 

However, pre-clinical studies in lysosomal diseases lack well-described methods 

to quantify changes in enzyme activity levels over time. In contrast, the 

pharmacokinetic field has rigorous and reproducible methods to quantify changes 

in a therapy over time in the body. However, traditional pharmacokinetic methods 

face challenges in gene therapy because of the need for uniform or convertible 

units. Furthermore, absorption, distribution, metabolism, and elimination 

processes are well-characterized for small molecule drugs but not yet adapted 

for biological therapies. To bridge the fields of lysosomal diseases/gene therapy 

and PK/PD, I aimed to develop an approach incorporating values with greater 

prediction of efficacy from the field of lysosomal diseases and the quantitative 

methods from the field of pharmacokinetics. The objective of this study was to 

perform a pharmacokinetic analysis of iduronidase and Linker T iduronidase 

administered as gene therapies. The hypothesis was that Linker T iduronidase 

would have a higher area under the curve (AUC) or half-life, estimated with 

enzyme activity levels, than iduronidase in the plasma. MPS I mice were injected 

with plasmids encoding either iduronidase or Linker T iduronidase. At ten time 

points, ranging from 0.5 to 168 hours post-injection, the enzymes’ physical levels 

in the liver, activity levels in the liver, and activity levels in the plasma were 

measured. In the liver, both the physical and activity levels over time were similar 

between the native iduronidase and Linker T iduronidase. In contrast, enzyme 

activity levels over time in the plasma showed differences between the native 

iduronidase and Linker T iduronidase. The time curves of activity in the plasma 

showed biphasic profiles for both enzymes. Iduronidase had a sharper decline 

between 24 and 48 hours, and both enzymes had approximately parallel slopes 

between 96 and 168 hours. The Linker T iduronidase had a two-fold higher AUC 

of activity than the normal iduronidase in the plasma. The AUC of plasma activity 

and other PK parameters were contextualized in gene therapy, and experimental 

data were used to deduce the mechanism of Linker T. These results suggest that 

Linker T iduronidase may have a distinct property that protects the enzyme from 

degradation or inactivation in the plasma. The enzymes were estimated to have a 
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half-life of activity in the plasma under noncompartmental analysis. Future 

studies with compartmental analysis would better characterize half-lives of 

activity in biphasic profiles. This study performs a novel approach of conducting a 

formal pharmacokinetics analysis on enzyme activity levels, a traditionally 

pharmacodynamic outcome. The resulting PK parameters can be interpreted and 

used to gain mechanistic insight on gene therapy, by integrating concepts from 

pharmacokinetics and gene therapy 

 In summary, these findings improve the therapeutic delivery in lysosomal 

disease through the validation of a CNS biomarker for lysosomal diseases, 

creation of a fusion enzyme with improved activity in the heart and plasma, and a 

novel approach and interpretation of pharmacokinetics to gain mechanistic 

insight on gene therapy. 
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1.1 Purpose and Significance of Dissertation 

Lysosomal diseases are a group of over 70 diseases with a combined 

incidence of approximately 1 in 7,700 live births (1). Lysosomal diseases are 

caused by mutations in an enzyme or protein normally present in the lysosome. 

They are multi-systemic and progressive diseases. Current therapies have 

difficulty reaching certain tissues that are major contributors to morbidity and 

mortality, such as the central nervous system (CNS) and cardiac valves. 

Currently, only 12 lysosomal diseases have treatments. One challenge of drug 

development is the lack of biomarkers that reflect disease progression or show 

response to therapy.  

 The overall objective of this dissertation is to improve delivery of 

therapeutics to targeted tissues in lysosomal diseases. To accomplish this 

objective, three main studies were performed. 

 

1) Validation of Chitotriosidase as a CNS Biomarker for Gangliosidoses 

2) Investigation of Iduronidase Enzymes Linked to Pepcan to Improve 

Delivery to Targeted Tissues 

3) Pharmacokinetic Analysis of Iduronidase and a Fusion Iduronidase 

Enzyme Encoded in Gene Therapy 

  

The remainder of Chapter 1 provides an overview of lysosomal diseases. 

Chapter 2 reviews currently existing therapies in lysosomal diseases, drug 

development in rare diseases, and unmet needs in lysosomal diseases. Chapter 

3 discusses the validation of chitotriosidase as a biomarker for gangliosidoses. 

Chapter 4 details the investigation of plasmids encoding pepcans linked to 

lysosomal enzymes. Chapter 5 discusses the pharmacokinetic analysis of a 

novel fusion iduronidase enzyme encoded in gene therapy. Chapter 6 

summarizes each study’s results and potential impact. 
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1.2 Overview of Lysosomal Diseases 

Lysosomal diseases are a group of over 70 diseases with a combined 

incidence of approximately 1 in 7,700 live births (1). Most lysosomal diseases are 

autosomal recessive disorders, with four exceptions: Mucopolysaccharidosis type 

II (MPS II) and Fabry disease are X-linked recessive diseases; Danon disease is 

an X-linked dominant disease; Neuronal ceroid lipofuscinosis 4B, one of the 

adult-onset forms of neuronal ceroid lipofuscinosis, can be inherited in an 

autosomal dominant pattern (2).  

Most lysosomal diseases are monogenic, i.e., caused by a mutation in one 

gene. However, some lysosomal diseases are caused by a biallelic mutation in 

one of several genes. For example, GM2-gangliosidosis is caused by mutations 

in either HEXA or HEXB (3). HEXA and HEXB encode for the α and β subunit of 

the β-hexosaminidase isozyme A, respectively (3). Both the α and β subunits are 

needed for the proper function of β-hexosaminidase isozyme A (3). In another 

example, mucopolysaccharidosis type III (MPS III) can be caused by mutations in 

one of four genes that each encode an enzyme that degrades heparan sulfate.  

Lysosomes are membrane-bound, cellular organelles that metabolize 

macromolecules and are present in most cell types (4). The lysosome carries out 

its metabolic function through 60 different hydrolases (4). Lysosomal enzymes 

include glycosidases, lipases, nucleases, phospholipases, and proteases (4). 

The metabolic function of these enzymes is why lysosomal diseases are 

sometimes classified as inborn errors of metabolism, inherited metabolic 

diseases, or metabolic diseases. Lysosomal diseases account for approximately 

14% of all inherited metabolic diseases (5, 6). In addition to metabolism, 

lysosomes play roles in phagocytosis, autophagy, apoptosis, signal transduction, 

exocytosis, and inflammatory responses (5).  

In most lysosomal diseases, there is a mutation in a gene encoding for a 

lysosomal enzyme, resulting in enzyme deficiency. Some diseases are caused 

by a mutation in a protein that stabilizes a lysosomal enzyme, ultimately resulting 
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in a deficiency of the lysosomal enzyme. For example, galatosialidosis is caused 

by a mutation in the protein protective protein/cathepsin A, which stabilizes the 

lysosomal enzyme β-galactosidase. Some lysosomal diseases are caused by a 

mutation in proteins that transport macromolecules. For example, impairment of 

cystinosin, a transporter in the lysosomal membrane, causes the accumulation of 

cysteine and the disease cystinosis (7). Additionally, some diseases are caused 

by mutations that affect posttranslational modification of lysosomal enzymes. For 

example, multiple sulfatase deficiency is caused by mutations in SUMF1, which 

encodes for the formylglycine-generating enzyme that normally performs post-

translational modifications on sulfatase enzymes. The lack of formylglycine-

generating enzyme prevents the activation of all sulfatase enzymes, leading to 

the accumulation of storage material (4). 

Lysosomal diseases can be categorized based on the affected enzyme or 

the primary storage material (8). The primary storage material is usually a 

substrate of the impaired enzyme or transporter. These storage materials include 

sphingolipids, glycosaminoglycans (GAG) or mucopolysaccharides, 

oligosaccharides, glycoproteins, and glycogens (8). The accumulation of storage 

compounds occurs within a cell only if that cell synthesizes or ingests those 

materials (9). For example, glucocerebrosides accumulate in macrophages due 

to macrophages phagocytosing cells and cellular debris (9). Some lysosomal 

diseases can have multiple stored compounds. For example, GAGs and 

gangliosides can accumulate in certain MPS diseases (8). 

The storage of compounds in these diseases is reflected by their historical 

name of “lysosomal storage diseases.” However, contemporary views in the field 

have shifted to the term “lysosomal diseases” because storage of material does 

not encompass the full spectrum of pathophysiology (9, 10). Other pathogenic 

cascades in lysosomal diseases include defective intracellular calcium signaling, 

oxidative stress, impaired autophagy, and chronic inflammation (11).  

The mannose 6-phosphate (M6P) receptor plays an important role in 

targeting enzymes to the lysosome and cellular uptake of lysosomal enzymes. 
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Enzymes are synthesized in the rough endoplasmic reticulum (ER) and 

translocate into the ER lumen using their signal sequence (4). In the ER lumen, 

enzymes are N-glycosylated, and the signal sequence is removed (4). A 

recognition marker for the M6P receptor is attached to the enzymes in the Golgi 

(4). The enzymes can then undergo one of two pathways. In the first pathway, 

enzymes bind to the M6P receptor in the Golgi and are trafficked to the late 

endosome, where the low pH causes dissociation from the M6P receptor (4). 

These enzymes undergo partial proteolysis, folding, and aggregation, further 

maturing in the late endosome (4). The second pathway occurs in a variable 

portion of newly synthesized enzymes that do not bind to the M6P receptor in the 

Golgi (12). Instead, these enzymes are secreted into the circulatory system, bind 

to extracellular M6P receptors on cells, and endocytosed into lysosomes, where 

they carry out their functions (12). This phenomenom of lysosomal enzymes 

being secreted and taken up into neighboring cells is termed cross-correction 

(13) 

Cross-correction and metabolic correction are the underlying mechanisms 

for enzyme replacement therapy (ERT) and hematopoietic cell transplant (HCT) 

in lysosomal diseases. Cross-correction was first described in a seminal study by 

the Neufeld group (13). They discovered that mixing fibroblasts from patients with 

MPS I and MPS II corrected the GAG accumulation in both cell types, and this 

correction was mediated by the secretion of lysosomal enzymes from fibroblasts 

(13). Metabolic correction, the reversal of accumulation of storage material and 

the disappearance of corresponding pathophysiologic correlations, was first 

described in a study by Whitley et al. (14). This pivotal study proposed four 

mechanisms of metabolic correction in the context of HCT (14). One, degradation 

of GAG by the enzyme circulating in the plasma (14). This mechanism was noted 

to be unlikely due to diminished enzyme activity in the blood’s relatively high pH 

(14). Two, transplantation of normal stem cells for marrow-derived cell 

populations (14). Three, receptor-mediated replacement of enzymes in 

lysosomes (14). Four, filtration of substrates by donor cells of the marrow (14). 
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Multi-organ manifestations are common in lysosomal diseases. Disorders 

in the CNS and cardiovascular (CV) system will be detailed in later sections, due 

to their relevance to the diseases and experiments in this dissertation. However, 

the lungs, skeletal tissue, and kidneys are also significant contributors to 

morbidity and mortality in lysosomal diseases (9).  

The clinical progression of a lysosomal disease can vary widely, creating a 

spectrum of disease severity. The onset or severity of the disease may be 

attributed to the residual activity of the enzyme (9). However, correlations 

between genotypes and phenotypes are not always well defined (9). The terms 

“form of disease” or “phenotype” generally refer to different clinical presentations 

within a lysosomal disease. In general, a disease can have two or three forms. 

The terms “infantile” or “severe” generally refer to the earliest onset and most 

rapidly progressive form of the disease. The terms “juvenile” or “intermediate” 

generally refer to the disease form with an intermediate onset and disease 

progression. “Adult,” “late-onset,” or “attenuated” refers to the latest onset and 

slowest progressing form of the disease. 

Within the 70 different lysosomal diseases, Table 1 provides information 

on diseases that are either part of the dissertation’s experiments or have 

relatively high incidences. More background information will be provided on 

GM1-gangliosidosis, GM2-gangliosidosis, and MPS I, because these diseases 

are the most impacted by this dissertation.  
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Table 1: An Overview of Selected Lysosomal Diseases 

Disease Gene Enzyme Affected Primary Storage 
Material 

Disease Forms Included in 
Dissertation 
Studies 

GM1-gangliosidosis GLB1 β-galactosidase GM1 ganglioside Infantile, juvenile, late-onset Y 

GM2-gangliosidosis 
(Tay-Sachs disease) 

HEXA β-hexosaminidase 
isozyme A (α subunit 
impaired) 

GM2 ganglioside Infantile, juvenile, late-onset Y 

GM2-gangliosidosis 
(Sandhoff disease) 

HEXB β-hexosaminidase 
isozyme A (β subunit 
impaired) 

GM2 ganglioside Infantile, juvenile, late-onset Y 

MPS I IDUA α-L-iduronidase Dermatan sulfate, 
heparan sulfate  

Severe (Hurler), intermediate 
(Hurler-Scheie), attenuated 
(Scheie) 

Y 

MPS II (Hunter 
syndrome) 

IDS Iduronate 2-sulphatase Dermatan sulfate, 
heparan sulfate  

Neuronopathic, non-
neuronopathic 

Y 

MPS III (Sanfilippo 
syndrome 

Type A: 
SGSH 

N-sulfoglucosamine 
sulfohydrolase 

Heparan sulfate  Type A, type B, type C, type D 
(depending on gene) 
 
 

Y 

Type B:  
NAGLU 

N-Acetyl-α-
glucosaminidase 

Type C: 
HGSNAT 

Heparan-α-glucosaminide 
N-acetyltransferase 

Type D: 
GNS 

N-acetylglucosamine-6-
sulfatase 

MPS IV (Morquio 
syndrome) 
 

Type A: 
GALNS 

N-acetylgalactosamine-6-
sulfatase 

Keratan sulfate, 
chondroitin sulfate  

Severe, attenuated Y 

Type B: 
GLB1 

β-galactosidase Keratan sulfate  Severe, attenuated N 

MPS VI (Maroteaux-
Lamy disease) 

ARSB Arylsulphatase B Dermatan sulfate, 
chondroitin sulfate  

Severe, attenuated N 

MPS VII (Sly 
syndrome) 

GUSB β-glucuronidase Dermatan sulfate, 
heparan sulfate, 
chondroitin sulfate  

Severe, attenuated N 
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MPS IX HYAL1 Hyaluronidase 1 Hyaluronan  N 

Multiple sulfatase 
deficiency 

SUMF1 Formylglycine-generating 
enzyme 

Sulfatides  Neonatal, late-infantile, juvenile Y 

Gaucher disease GBA Glucocerebrosidase Glucocerebroside Type I (non-neuronopathic), 
type II (acute or infantile 
neuronopathic), 
type III (chronic or juvenile 
neuronopathic) 

Y 

Anderson-Fabry 
disease 

GLA α-galactosidase A Globotriaosylceramide Type 1 (classic), type II (late-
onset) 

N 

Glycogen storage 
disease type II 
(Pompe disease) 

GAA α-glucosidase Glycogens Infantile (classic), Late-onset 
(nonclassic) 

N 

This table includes the diseases that are part of this dissertation’s studies or have the highest incidences. Mucopolysaccharidoses 

are abbreviated as MPS following the type (e.g., MPS I, MPS II, MPS III, MPS IV, MPS VI, MPS VII, MPS IX). References (4, 15-17) 
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1.2.1 Overview of Gangliosidoses 

 This section will first discuss information specific to GM1-gangliosidosis, 

then GM2-gangliosidosis, and conclude with a review of the clinical presentation 

of GM1- and GM2-gangliosidosis. 

 

1.2.1.1 GM1-Gangliosidosis 

 GM1-gangliosidosis is an autosomal recessive disease with an incidence 

of 1 in 100,000 to 200,000 (18, 19). It is caused by a mutation in the gene GLB1, 

which encodes for the enzyme β-galactosidase. GLB1 is located in chromosome 

3p22.3 and has 19 exons (20). 

 A mutation in GLB1 can lead to two different lysosomal diseases, either 

GM1-gangliosidosis or mucopolysaccharidosis type IVB (MPS IVB). Both 

diseases result in a deficiency in β-galactosidase. GM1-gangliosidosis primarily 

involves the CNS, whereas MPS IVB primarily involves the skeletal system (18). 

In the lysosomal disease, galactosialidosis, a deficiency in β-galactosidase is 

caused by a mutation in the CTSA gene. The CTSA gene encodes for protective 

protein/cathepsin A, which stabilizes β-galactosidase and N-acetyl-α-

neuraminidase (18). Patients with galactosialidosis have a partial deficiency in β-

galactosidase and severe deficiency in N-acetyl-α-neuraminidase, and the 

clinical presentation is attributed to the severe deficiency in N-acetyl-α-

neuraminidase (18). 

There are two isoforms of β-galactosidase. β-galactosidase isoform 1 

catalyzes the β-linked terminal galactosyl residues in gangliosides, glycoproteins, 

and GAG (21, 22). β-galactosidase isoform 2 plays a role in the formation of 

elastic fibers and connective tissue and lacks the catalytic activity seen in isoform 

1 (23, 24). The remainder of the discussion will focus on β-galactosidase isoform 

1. β-galactosidase contains a signal peptide, a triose phosphate isomerase barrel 

domain, β domain 1, and β domain 2 (25). The exact locations of these domains 
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vary among publications, because many forms of β-galactosidase are generated 

during protein processing. β-galactosidase is synthesized as an 85 kDa or 88 

kDa precursor, which is then N-glycosylated, transferred to the lysosome, and 

becomes enzymatically active (26). In the lysosome, β-galactosidase is 

processed into the 64 kDa mature enzyme by cleavage at the N- and C-terminal, 

possibly through proteolytic processing (25, 27, 28). The C-terminal fragment is 

thought to remain associated with the N-terminal and required for enzymatic 

activity (28). The mature 64 kDa β-galactosidase complexes with a 32 kDa 

protective protein/cathepsin A, N-acetyl-α-neuraminidase, and the 20 kDa C-

terminal end of β-galactosidase (27, 28). The protective protein/cathepsin A 

protects β-galactosidase from proteolytic degradation (26, 28). β-galactosidase 

can also form a complex with N-acetylgalactosamine-6-sulfatase (28). 

In GM1-gangliosidosis, the primary storage material is GM1 gangliosides, 

and the secondary storage materials are oligosaccharides and keratans (4). 

Because gangliosides are categorized as sphingolipids, GM1-gangliosidosis can 

be classified as sphingolipidoses disorders (4). Other sphingolipidoses disorders 

include GM2-gangliosidosis, Gaucher disease, Fabry disease, and 

metachromatic leukodystrophy (4). 

 

1.2.1.2 GM2-Gangliosidosis 

GM2-gangliosidosis has an incidence of 1 in 222,000 and 1 in 422,000 

births for Tay-Sachs and Sandhoff disease, respectively (6). It is an autosomal 

recessive disease. GM2-gangliosidosis is caused by mutations in either the 

HEXA or HEXB gene. HEXA is located in chromosome 1q23 and has 14 exons 

(29). HEXB is located in chromosome 15q13.3 and has 15 exons (30). In rare 

cases, GM2-gangliosidosis can be caused by a mutation in GM2A, which is 

located in chromosome 5q33.1 and has four exons (31).  
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GM2-gangliosidosis can have one of two names, depending on the 

affected gene. Tay-Sachs disease is caused by mutations in HEXA that encodes 

for the α subunit of the β-hexosaminidase isozyme A. Sandhoff disease is 

caused by mutations in HEXB that encodes for the β subunit of the β-

hexosaminidase isozyme A. Both the α and β subunits are needed for the proper 

function of β-hexosaminidase isozyme A (31). The gene GM2A encodes for the 

protein GM2 ganglioside activator (31). GM2 ganglioside activator is required for 

the proper catalytic activity of β-hexosaminidase isozyme A (31). Mutations in 

GM2A are called the AB variant of Tay-Sachs disease. 

There are three isoforms of β-hexosaminidase: isozyme A, isozyme B, 

and isozyme S. β-hexosaminidase isozyme A catalyzes the non-reducing end N-

acetyl-D-hexosamine of glycoconjugates or sulfated N-acetyl-D-hexosamine of 

conjugates (32, 33). Isozyme B and isozyme S have been detected in humans 

but have unknown physiological significance (32, 33). Isozyme B is composed of 

two β subunits, and isozyme S is composed of two α subunits (32, 33). The rest 

of the discussion will focus on β-hexosaminidase isozyme A, also called β-

hexosaminidase A. The α and β subunits each have an active site (34). The α 

subunit hydrolyzes GM2 gangliosides, and the β subunit catalyzes neutral 

substrates (34). The α subunit has a flexible loop that interacts with the GM2 

activator protein (34). 

The primary storage material is GM2 gangliosides, although the 

accumulation of oligosaccharides has been reported in Sandhoff disease (4). 

Because GM2 gangliosides are categorized as sphingolipids, GM2-

gangliosidosis can be characterized as sphingolipidoses disorders (4). Other 

sphingolipidoses disorders include GM1-gangliosidosis, Gaucher disease, Fabry 

disease, and metachromatic leukodystrophy (4). 
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1.2.1.3 Clinical Presentation of Gangliosidoses 

 There are three forms of GM1-gangliosidosis: infantile, juvenile, and late-

onset. Similarly, there are three forms of GM2-gangliosidosis with the same 

names. Clinical presentation is similar between GM1- and GM2-gangliosidosis, 

although GM1-gangliosidosis has greater skeletal involvement. The infantile 

phenotype has the earliest onset and most rapid disease progression. The 

juvenile phenotype has an intermediate onset and disease progression. The late-

onset form has the latest onset and the slowest disease progression.  

In the infantile form, symptoms occur by six months of age, and death 

occurs between two to five years of age (3, 35, 36). Hypotonia and 

developmental delays occur by six months of age (3). Motor skills are severely 

impaired within the first year of life (3). By 18 months of age, patients exhibit 

dysphagia and have feeding tubes placed (3). Seizures are another common 

clinical presentation, although the onset of seizures varies between seven to 18 

months of age (3). Between 18 and 28 months of age, cognitive skills rapidly 

decline and reach the floor of the scales in neurocognitive tests (3). The leading 

cause of death is respiratory complications, most commonly aspiration 

pneumonia (3). One notable difference between infantile GM1 and GM2-

gangliosidosis is skeletal abnormalities (3). Vertebral beaking and kyphosis are 

present in patients with infantile GM1-gangliosidosis but not infantile GM2-

gangliosidosis (3). The higher prevalence of skeletal abnormalities in GM1-

gangliosidosis is likely due to β-galactosidase’s role in degrading keratan sulfate. 

 Compared to the infantile form, the juvenile form has a later onset, slower 

disease progression, and a more heterogeneous clinical presentation (37). 

Furthermore, a sub-classification of the juvenile form, called late-infantile, has 

clinical characteristics similar to the infantile and juvenile forms (37). In late-

infantile gangliosidoses, symptoms first occur between one to three years of age, 

and death occurs between five and ten years of age (36-38). In the classic 

juvenile gangliosidoses, symptoms first occur between three to five years of age, 
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and the age of death varies widely, ranging between late childhood to the third 

decade of life (36, 37, 39, 40). The most common initial symptoms in the late-

infantile and classic juvenile forms are gait abnormalities, balancing difficulties, 

frequent falling, and speech difficulties (37). Patients also exhibit ataxia, 

dysarthria, dysphagia, and hypotonia (36, 37, 39, 40). The cause of death can 

vary, although one frequent cause is aspiration pneumonia (37).  

   The late-onset form has the latest onset and the slowest progression. 

The late-onset phenotype is also called the “adult” or “chronic” form of the 

disease (3). Symptoms first occur in early to mid-adulthood, and lifespan varies 

widely (36, 38, 40-43). Limb-girdle weakness is usually the first symptom, and 

patients develop ataxia, progressive neuromuscular weakness, and loss of 

ambulation (36, 38, 40-43). Difficulties with speech and psychiatric changes may 

also occur (36, 38, 40-43).  

 

1.2.2 Overview of MPS 

In this section, information specific to MPS I, including molecular biology, 

will be discussed first. The molecular biology in the other MPS disorders is 

summarized in Table 1. The clinical presentation of MPS disorders will then 

follow. 

 

1.2.2.1 MPS I 

The incidence of MPS I is 1 in 100,000 births (6, 44). MPS I is an 

autosomal recessive disease caused by mutations in IDUA, which encodes for 

the enzyme α-L-iduronidase. IDUA is located in chromosome 4p16.3 and has 16 

exons (45). An A300T mutation in the IDUA gene has been reported to cause 

pseudodeficiency (46, 47).  
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The α-L-iduronidase catalyzes the hydrolysis of the terminal α-L-iduronic 

acid in dermatan sulfate and heparan sulfate (45). The isoform A of the enzyme 

is 653 amino acids long (48). A signal sequence is located in amino acids 1-19, a 

conserved domain in the glycosyl hydrolase family 1 in amino acids 30-543, and 

a fibronectin type 3 domain in amino acids 544-636 (48).  

 In MPS I, the primary storage materials are heparan sulfate and dermatan 

sulfate. MPS diseases can be categorized as glycosidoses, which are diseases 

caused by the accumulation of complex carbohydrates or carbohydrate-

containing compounds (4). In most glycosidoses, a glycosidase enzyme is 

deficient, but a sulfatase can be deficient in some diseases (4). Deficiency in 

some sulfatases retains the sulfate resides on the ends of carbohydrate chains of 

glycol-conjugates, blocking downstream enzymes from detaching 

monosaccharide units from the non-reducing ends of glycan chains, ultimately 

resulting in GAG accumulation (4).  

 

1.2.2.2 Clinical Presentation of MPS 

There are three forms of MPS I: Hurler (MPS IH), Hurler-Scheie (MPS I 

HS), and Scheie (MPS IS). The Hurler form has the earliest onset and the most 

rapidly progressing form of the disease. Approximately 50 to 80% of patients 

have this severe form of MPS I (49). Scheie form has the latest onset and the 

slowest progressing form of the disease. The heart, bones, joints, and respiratory 

system are commonly affected among MPS disorders. MPS I, II, and VII have 

similar clinical manifestations (15).  

In the Hurler or severe for MPS I, symptoms occur by 12 months of age, 

and, if untreated, death occurs within the first decade (17). Patients with the 

severe forms of MPS I, II, and VII have similar somatic and cognitive involvement 

(15). Cardiac involvement will be discussed in detail in Section 1.2.4. Respiratory 

involvements include decreased pulmonary function, recurrent upper and lower 

respiratory tract infections, obstructive sleep apnea, and persistent nasal 
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discharge (17). Skeletal and joint symptoms include vertebral dysplasia, 

kyphosis, hip dysplasia, restricted joint mobility, short stature, carpal tunnel 

syndrome, and osteopenia or osteoporosis (17). Other symptoms include coarse 

facial features, hearing loss, vision loss, corneal clouding, and open-angle 

glaucoma (15, 17). Extensive cognitive impairment occurs in the severe forms of 

MPS I, II, and VII but not in the attenuated forms of these MPS diseases (15). 

Extensive cognitive impairment is exhibited first as a delay in developmental 

skills, then a plateau and regression (15, 50). 

Hurler-Scheie is the intermediate form of MPS I, and Scheie is the 

attenuated form of MPS I (17). Patients with the attenuated form of MPS I have a 

normal life expectancy (17).  Unlike the severe forms, there is little to no cognitive 

impairment in the intermediate or attenuated forms of MPS I, II, and VII. Patients 

with the intermediate or attenuated forms otherwise have somatic symptoms 

similar to the severe form. Typically, there are mild symptoms in multiple organ 

systems with or without severe symptoms in one or two organ systems (15). 

Cervical cord compression occurs in intermediate and attenuated forms (17). 

Progressive airway obstruction and cardiac disease can cause premature death 

(15). Airway obstruction in MPS I is caused by macroglossia, narrowed nasal 

airway, enlarged adenoids and tonsils, and thick secretions (14). 

MPS III primarily has CNS involvement (15). There are four types of MPS 

III: type A, type B, type C, and type D. Each type corresponds to one of the four 

genes that encode for a different enzyme that degrades heparan sulfate (Table 

1). In the severe form of MPS III, symptoms occur in childhood, and death occurs 

in the second to third decade of life (15). Patients exhibit severe developmental 

delays, behavioral difficulties, sleep disturbances, and dementia (15). There may 

be mild or moderate neurocognitive impairment in some patients (15).   

MPS IV primarily has skeletal or joint involvement (15). Of note, joint 

hypermobility is unique in this disease (15). Although cognition is minimally 

affected, cervical spine instability and communicating hydrocephalus are 
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common (15). MPS IVB is caused by a mutation in the same gene as GM1-

gangliosidosis. 

MPS VI has similar manifestations as MPS I, II, and VII, except there is 

little cognitive impairment (15). In the severe form, symptoms occur before two or 

three years of age, and death occurs in the second or third decade of life (15). In 

attenuated forms of the disease, symptoms may occur in the teenage years or 

early adulthood (15). 

The few reports of MPS IX describe skeletal and joint manifestations and 

frequent otitis media (15). 

 

1.2.3 Central Nervous System Dysfunction 

Two-thirds of lysosomal diseases have some CNS involvement (51). The 

clinical manifestations of CNS vary widely and include deficits in cognition, motor, 

and verbal skills, as well as seizures and psychological disorders (3, 52). In the 

infantile forms of GM1- and GM2-gangliosidosis, neurological deficits can 

severely limit motor function (3). In infantile GM1-gangliosidosis, 100% of 

patients could not support their head, 100% of patients could not sit 

independently, and 88% of patients never gained the ability to crawl (3). Patients 

with infantile GM2-gangliosidosis were also unable to reach motor milestones or 

retain motor skills: 93% of patients lost the ability to support their head, 62% of 

patients never gained the ability to sit independently, and 100% of patients never 

gained the ability to crawl (3). 

Lysosomal diseases can affect multiple areas of the brain. The affected 

brain region can vary both between diseases and within a disease. In GM1- and 

GM2-gangliosidosis, there is decreased myelination and abnormalities in 

cerebellar white matter, corpus callosum, basal ganglia, and thalamus. These 

CNS involvements are discussed below. 

Abnormalities in brain white matter have been reported in several 

lysosomal diseases. White matter abnormalities may be due to the loss of glial 
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cells that synthesize myelin or interruption of the normal recycling of gangliosides 

and oligosaccharides, causing a shortage of substrates needed to synthesize 

myelin (4). In patients with the infantile or juvenile forms of GM1- and GM2-

gangliosidosis, there was decreased volume of cerebellar white matter over time, 

whereas the volume increased over time in the healthy, age-matched group (53). 

The low cerebellar white matter may explain the impairment of cognition and 

language skills in GM1- and GM2-gangliosidosis (54, 55). In patients with MPS 

IH, MPS II, MPS III, and MPS VII, multifocal or diffuse lesions in the white matter 

are commonly reported (56-58). Abnormalities in the brain’s white matter were 

also detected in pediatric patients with Gaucher disease type I and type III using 

diffusion tensor imaging (59). Diffusion tensor imaging has also detected early 

microstructural changes in the cerebral white matter in pediatric patients with 

cystinosis (60). In cystinosis, changes in the white matter may be due to cystine 

crystal formation in myelin precursors (60, 61). In a 4-month-old patient with 

fucosidosis, a severe global hypomyelination of supra- and infratentorial white 

matter was seen after cranial magnetic resonance imaging (MRI) (62). When the 

patient was 16 months of age, these neuroradiological abnormalities progressed 

and showed involvement of the basal ganglia and thalami (62). Severe 

hypomyelination was also reported in a patient with Salla disease (63). 

Delayed myelination or dysmyelination, more specific abnormalities 

involving white matter in the brain, have been reported in GM1- and GM2-

gangliosidosis. White matter myelination indicates functional brain maturation, 

and delayed myelination has been reported in children with developmental 

delays not caused by lysosomal diseases (64). Delayed myelination has been 

observed in patients with infantile and juvenile GM1-gangliosidosis (67). An 

autopsy of two patients with infantile GM1-gangliosidosis revealed delayed 

myelination in the corpus callosum, cingulum, posterior frontal, occipital pole, and 

anterior limb of internal capsule (65). In contrast, the brainstem and cerebellar 

sites had a normal onset of myelination (65). A different study saw a persistent 

delay in the myelination of the cerebrum’s white matter, except the splenium of 
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corpus callosum, in a patient with late-infantile GM1-gangliosidosis (66). Delayed 

myelination has also been reported in an MRI study of a feline model of Sandhoff 

disease (67).  

Several studies in GM1- and GM2-gangliosidosis have reported thinning 

of the corpus callosum. The corpus callosum’s volume decreases over time in 

patients with infantile and juvenile GM1- and GM2-gangliosidosis (53). A thin 

corpus callosum has been found in patients with Sandhoff and infantile GM1-

gangliosidosis (65, 68). A thin corpus callosum has also been detected in canine 

and feline models of GM1- and GM2-gangliosidosis (69). The thin corpus 

callosum in gangliosidoses is likely due to a disruption in the formation of myelin. 

A disruption in myelin formation may also explain the presence of corpus 

callosum abnormalities in other lysosomal diseases, such as mucolipidosis type 

IV and metachromatic leukodystrophy (70).  

Several areas of the basal ganglia are affected in GM1- and GM2-

gangliosidosis, which may explain the motor impairment in these diseases (55, 

71). The caudate nuclei and putamen showed progressively decreasing volumes 

in patients with infantile and juvenile GM1- and GM2-gangliosidosis (55). 

Abnormal signal intensities in the caudate and putamen have also been reported 

in patients with Sandhoff disease (68). Hyperintensities in the putamen were 

reported in two patients with late-infantile GM1-gangliosidosis (71). Another part 

of the basal ganglia, the globus pallidum, had abnormal signal intensities in 

patients with Sandhoff disease (68). T2 scans of the globus pallidum had non-

homogenous high signal intensities in patients with infantile and juvenile GM1-

gangliosidosis (72). One study reported paramagnetic ion accumulation in the 

globus pallidum in late-infantile GM1-gangliosidosis (71). Additionally, storage of 

GM1 gangliosides were found in the basal ganglia in an autopsy of infantile, 

juvenile, and late-onset patients with GM1-gangliosidosis (73).  

The thalamus has a wide range of functions involving memory, emotions, 

executive function, processing of sensory information, and relaying sensory 
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information to the cortex (74). Patients in the early stages of Krabbe disease 

have hypointense thalamic signals on both T1- and T2-weighted imaging, 

whereas later stages of Krabbe disease have hyperintense signals on these 

sequences (74). Interestingly, the opposite pattern is observed in patients with 

gangliosidoses (74). That is, patients with gangliosidoses have hyperintense 

thalamic lesions in T1-weighted imaging and hypointense thalamic lesions in T2-

weighted imaging (74). This pattern has been reported in patients infantile GM1-

gangliosidosis and one 11-month-old patient with late-infantile GM1-

gangliosidosis (66, 75). In patients with Sandhoff disease, neuroimages show 

bilateral symmetric thalamic hyperdensity (68). These findings may be due to 

calcification and vascular malformations in the thalamus, and these patterns may 

be associated with leukoencephalopathy and cerebellar atrophy (74). 

In addition to neuroimaging, the CNS pathology in lysosomal diseases can 

be seen at the cellular level. Neurons have abnormal morphologies, most 

commonly meganeurites, ectopic dendritogenesis, and axonal spheroids (9). 

Meganeurites are enlarged axon hillocks that contain storage material related to 

the deficient enzyme (9). Meganeurites have been reported in the cerebral 

cortex, diencephalon, and brainstem in several MPS diseases (58, 76-83). 

Another abnormal neuronal morphology is ectopic dendritogenesis in cortical 

pyramidal neurons (9). Ectopic dendritogenesis is the abnormal sprouting of new 

dendrites at the axon hillock (9, 84). The accumulation of GM2 gangliosides 

initiates ectopic dendritogenesis in cortical pyramidal neurons (85). One 

supporting evidence is the presence of ectopic dendritogenesis in the cerebral 

cortex of animal models of diseases that accumulate GM2 gangliosides, 

specifically GM2-gangliosidosis, GM1-gangliosidosis, MPS I, Niemann-Pick 

disease type C, and juvenile-onset form of α-mannosidosis (86). 

Correspondingly, ectopic dendritogenesis was not detected in animal models of 

lysosomal diseases that do not accumulate GM2 gangliosides, specifically 

fucosidosis, neuronal ceroid lipofuscinosis, and adult-onset form of α-
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mannosidosis (86). Another common neuronal abnormal morphology in 

lysosomal diseases are axonal spheroids (9). Axonal spheroids are focal 

granular enlargements, and these enlargements contain storage materials that 

are unrelated to the deficient lysosomal enzyme (9, 87). Spheroids are commonly 

found on GABAergic neurons and have been reported in Niemann-Pick disease 

type A and type C, as well as α-mannosidosis (9, 87). 

The exact mechanisms of neuropathy in lysosomal diseases are unclear, 

but one mechanism may involve the accumulation of storage materials in 

neurons. Several studies in MPS have reported the accumulation of GAG and 

other metabolites within neurons. A patient with MPS I had meganeurites in 

several neurons in the cerebral cortex (80). Patients with MPS IH, MPS II, and 

MPS III had focal dendritic swellings in Purkinje cells, which appeared to 

accumulate gangliosides (81). Purkinje cells are a type of neuron located in the 

cerebellar cortex. Patients with MPS IH, MPS II, and MPS IIIA had four to sixfold 

higher total GAG levels in neurons than people without a neurological disease 

(82). Notably, a patient with the attenuated form of MPS I had normal GAG levels 

in neurons (82). While it may be evident that there is an accumulation of storage 

materials in the CNS, the development of neuropathy could occur through one of 

the many different pathogenic cascades in lysosomal diseases, such as defective 

intracellular calcium signaling, oxidative stress, impaired autophagy, and chronic 

inflammation (9, 11). 

 In addition to neurons, microglial cells are another cell type commonly 

affected in lysosomal diseases. Microglia play a critical role in neuroinflammation, 

including in lysosomal diseases (5). Microglia are the resident macrophages in 

the brain and play important roles in immune responses and CNS maintenance 

(88). It is not clear how neuroinflammation is initiated in lysosomal diseases. One 

possibility is that the excess storage material distends the lysosomes and 

disrupts the integrity of lysosomal membranes (5, 89). The lysosomal contents 

may then be released into the cytosol and subsequently presented extracellularly 
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as damage-associated molecular patterns (DAMPs) (5, 89). Microglia can sense 

DAMP signals from damaged or dying neurons, using toll-like receptors and 

other pattern recognition receptors (5, 90). Microglia may then secrete 

chemokines and cytokines to recruit and activate local microglia, astrocytes, 

neurons, and oligodendrocytes (5). Astrocytes, the most abundant cell type in the 

brain, may also participate in neuroinflammation by secreting chemokines (5). A 

chronic state of neuroinflammation could perpetuate the death of neurons, 

accelerating neurodegeneration. 

 

1.2.3.1 Neuroinflammation 

While the exact mechanism of neuroinflammation is unclear, 

neuroinflammation is widely becoming accepted as a key contributor to the 

pathology and symptoms in lysosomal diseases (5, 11, 51). Patients with 

neurodegenerative lysosomal diseases had elevated levels of inflammatory 

mediators in the cerebrospinal fluid (CSF) (91). Neuroinflammation appears to be 

the cause of neuropathological processes in lysosomal diseases rather than a 

byproduct. Neuroinflammation has been shown to precede the death of neurons 

and the onset of symptoms in several animal models of lysosomal diseases, 

including GM2-gangliosidosis, Gaucher disease type I, Niemann-Pick disease 

type C, and neuronal ceroid lipofuscinoses (92-95). Investigations of anti-

inflammatory drugs in pre-clinical studies provide further evidence of the 

importance of neuroinflammation in lysosomal diseases. Mice with Niemann-Pick 

disease type C1 that were administered a triple combination of ibuprofen, 

curcumin, and miglustat had better motor function than a dual combination of 

curcumin and miglustat (96). However, ibuprofen alone did not improve disease 

progression (96). In a different study, MPS IIIB mice treated with prednisolone 

had better performance on behavioral tests than untreated mice (97). 
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Activation of microglial cells is a critical component of neuroinflammation 

in lysosomal diseases (5, 92, 98). Microglial activation preceded the death of 

neurons in a murine model of Gaucher disease type I (94). Similarly, activation of 

microglia and astrocytes preceded neuronal death in affected brain regions in 

murine models of juvenile neuronal ceroid lipofuscinoses (95). Microglial 

activation preceded the onset of symptoms in murine models of GM1-

gangliosidosis, Tay-Sachs disease, and Sandhoff disease (92). Similar findings 

were reported in Niemann-Pick disease type C and Gaucher disease type I (93, 

94).  

Importantly, neuroinflammation may reflect the disease severity and 

disease progression. There are higher levels of neuroinflammatory mediators in 

the severe forms of GM1- and GM2-gangliosidosis compared to the attenuated 

forms (91, 92). Furthermore, neuroinflammation has increased during disease 

progression (92, 99). For example, the activation of microglia and astrocytes was 

higher at nine months than at four months in murine models of MPS I, MPS IIIA, 

and MPS IIIB (99). These findings suggest that a biomarker for 

neuroinflammation may be valuable for distinguishing among different forms of a 

lysosomal disease and monitoring disease progression. 

 

1.2.4 Cardiovascular Manifestations  

This section discusses cardiovascular manifestations in lysosomal 

diseases, particularly in MPS. The most common CV manifestations in MPS are 

cardiac valve abnormalities, ventricular hypertrophy, and coronary narrowing or 

occlusion (100). These CV manifestations in MPS are detailed in the next 

following paragraphs. The remainder of this paragraph briefly describes the CV 

manifestations in other lysosomal diseases. There is extensive cardiac 

involvement in Fabry disease, including cardiac hypertrophy, atrial fibrillation, 

heart failure, and cardiac fibrosis (101). In Pompe disease, massive left 
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ventricular hypertrophy (LVH) and cardiac failure can occur (102). Patients with 

Gaucher disease can have pulmonary hypertension, pericardial effusion, and 

valvular abnormalities (102). In Danon disease, hypertrophic cardiomyopathy and 

progressive conduction abnormalities have been reported (102).  

Approximately 60 to 100% of patients with MPS exhibit CV disease (100, 

103-109). CV disease has been reported in all the MPS diseases but is more 

common in MPS disorders that store dermatan sulfate, specifically MPS I, II, and 

VI (100, 103-107). Storage of dermatan sulfate also occurs in MPS VII, but 

cardiac findings are less commonly reported in MPS VII because this disease is 

rarer than others (105). The most common cardiac manifestations in MPS are 

cardiac valve abnormalities, ventricular hypertrophy, and coronary narrowing or 

occlusion (100).  

Abnormalities in cardiac valves are the most common cardiac 

manifestation in MPS, occurring in approximately 60 to 90% of patients (100, 

105, 107). Mitral regurgitation is the most common cardiac lesion in MPS (105). 

Cardiac valve abnormalities are more common in MPS diseases with impaired 

degradation of dermatan sulfate, more specifically, MPS I, II, and VI (100, 103-

107). MPS VII also stores dermatan sulfate, but there are few reports of cardiac 

valvular in MPS VII because this disease is rarer than others (105). Valvular 

dysfunction is classified as regurgitation (leaky valves) or stenosis (obstructive to 

flow). Valvular regurgitation is more common than stenosis in MPS (100, 104, 

105, 110-112). Left-sided valves (mitral and aortic) are more severely affected 

than right-sided valves (tricuspid and pulmonary) in patients (100, 104, 105, 110-

112).  Mice with MPS I can model some of the valvular dysfunction seen in 

patients. MPS I mice exhibit aortic insufficiency but not mitral insufficiency (113, 

114). In patients, mitral and aortic valves have thick leaflets, short chordae 

tendinae, and thick papillary muscles, limiting the mobility in leaflets (100, 115-

117). Accumulation of GAG occurs in valvular interstitial cells in patients with 

MPS IH (118). The accumulation of GAG causes morphological changes in the 

cells, altering the structural properties of the valves. 
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Regurgitation in the mitral valve is usually the first sign of cardiac 

involvement in MPS I, II, III, IV, and VI (105). Valvular dysfunction can lead to 

volume overload in the left atrium and left ventricle, as well as left ventricular 

hypertrophy (100). LVH and diastolic dysfunction occur early in the disease (100, 

106). In the later stages of the disease, left ventricular dilation and systolic 

dysfunction occurs (100, 106). Valvular dysfunction can contribute to systolic and 

diastolic dysfunction (100). Heart failure, arrhythmias, and coronary occlusion are 

cardiac causes of death in MPS (100, 108, 119, 120). 

Hypertrophy is another common cardiac manifestation in MPS (100). 

Hypertrophy may be due to valvular dysfunction and/or accumulation of GAG 

(100). High levels of GAG were detected in fibroblasts and macrophages located 

in the myocardial interstitium of a patient with MPS IH (118). Mice with MPS I do 

not reliably reflect LVH assessed by echocardiography, as LVH was detected in 

one study with MPS I mice but not in another study (113, 114). However, MPS I 

mice did have higher GAG levels in the myocardium than healthy mice, and GAG 

levels in the myocardium increased over time in MPS I mice (113). 

Coronary narrowing or coronary occlusion is a serious cardiac 

manifestation of MPS (100). Coronary narrowing and occlusion have been 

reported in all MPS diseases but are more common in MPS I and MPS II (100). 

In patients with MPS, the narrowing in coronary arteries is caused by myointimal 

proliferation from GAG accumulation (100, 121). This diffuse involvement of the 

coronary arteries poses challenges in evaluating coronary artery disease with the 

traditional methods of electrocardiograms and angiograms (100). Additionally, 

MPS I mice do not exhibit myointimal proliferation in the epicardial coronary 

arteries (113, 114). 

 The cardiovascular pathophysiology of MPS is not well understood but is 

assumed to be initiated by the accumulation of GAG (100). Sulfated heparan, 

dermatan, chondroitin, and keratan are normal components of cardiac tissue 

(100, 122-124). Dermatan sulfate is a component of normal cardiac valves, likely 

explaining the higher prevalence of valvular abnormalities in MPS I, II, and VI 
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(100, 103-107). Cells that accumulate GAG have been detected in the cardiac 

valve, endocardium, myocardial walls, coronary arteries, aorta, and conduction 

system (100, 125). Cells that accumulate GAG are described as large cells with 

clear cytoplasm or vacuolated cells with enlarged cytoplasm (100). These cells 

have been called Hurler cells, gargoyle cells, clear cells, or balloon cells. The 

accumulation of GAG can distend cells, leading to structural abnormalities in the 

heart (100). The storage of GAG in valvular interstitial cells may initiate structural 

changes in the valves that propagate other cardiac manifestations such as 

hypertrophy and heart failure. 

Cardiac valve abnormalities in MPS are inadequately treated by current 

therapies. HCT is routinely performed for patients with MPS IH (50). HCT 

preserves systolic ventricular function, regresses cardiac hypertrophy, and may 

prevent narrowing and occlusion in the coronary arteries in MPS I (100, 126-

131). However, HCT does not improve valvular dysfunction, and left-sided 

valvular dysfunction continues to progress in patients (100, 126, 132). Similarly, 

ERT preserves systolic ventricular function and resolves ventricular hypertrophy 

in MPS I and MPS II (100, 133-136). However, patients on ERT still exhibit 

progressive thickening and dysfunction of left-sided valves (100). Although 

initiating ERT at four years of age or younger may prevent the development of 

valvular abnormalities, this benefit has only been reported in two patients so far 

(100, 137, 138). HCT’s and ERT’s limited benefits on cardiac valves have been 

attributed to the poor vascularization of cardiac valves (100). Cardiac valvular 

abnormalities in MPS are surgically treated, and these procedures are one of the 

most frequent procedures performed in patients with MPS (100, 139). 
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CHAPTER 2: OVERVIEW OF CURRENTLY AVAILABLE THERAPIES FOR 

LYSOSOMAL DISEASES, DRUG DEVELOPMENT IN RARE DISEASES, AND 

UNMET NEEDS IN LYSOSOMAL DISEASES 
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In this chapter, currently available therapies for lysosomal diseases will be 

discussed first, followed by an overview of drug development in rare diseases. I 

will then discuss unmet needs in lysosomal diseases that are relevant to this 

dissertation’s studies. 

 

2.1 Overview of Currently Available Therapies for Lysosomal Diseases 

 The main classes of therapies for lysosomal disease are intravenous 

enzyme replacement therapy (ERT), oral substrate reduction therapy (SRT), oral 

pharmacological chaperones, and HCT. There are currently 22 therapies for 

lysosomal diseases approved by the Food and Drug Administration (FDA) (Table 

2). Alglucerase (Ceredase®), a placentally-derived ERT for Gaucher disease, 

was withdrawn from the market and replaced with imiglucerase (Cerezyme®) 

that is manufactured using a safer technique with genetically engineered Chinese 

hamster ovary (CHO) cells (140). Additionally, there are two therapies for 

lysosomal diseases that are approved by the European Medicines Agency 

(EMA). Agalsidase alfa (Replagal®) is an ERT for Fabry disease, and velmanase 

alfa (Lamzede®) is an ERT for alpha-mannosidosis. In 2021, pabinafusp alfa 

(IZCARGO®), an ERT for MPS II, was approved in Japan (141). In addition to 

FDA-approved treatments, HCTs are also performed for certain lysosomal 

diseases. The underlying mechanism for ERT and HCT relies on cross-correction 

and metabolic correction, which are described in Section 1.2.  

 

2.1.1 Enzyme Replacement Therapy 

 Thirteen of the 22 FDA-approved therapies are ERT. ERT is typically 

administered as an intravenous infusion. One exception is cerliponase alfa which 

is administered intracerebroventricularly. In ERT, a functional enzyme is 

produced in cell cultures and then administered to patients. In general, infusion 



28 
 

reactions are a notable adverse effect. Infusion reactions can be managed with 

antihistamines, corticosteroids, and decreasing the infusion rate (142). Patients 

can also develop antibodies to ERT, which may impact efficacy of treatment 

(143). The main advantage of ERT is the target specificity. By only replacing the 

deficient enzyme, there are minimal off-target effects. However, currently 

approved ERTs have the disadvantages of not reaching the CNS or poorly 

vascularized sites such as cardiac valves and bones. Other disadvantages of 

ERTs include infusion reactions, complex manufacturing, high cost, and 

inconvenience to patients.
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Table 2: List of FDA-Approved Therapies for Lysosomal Diseases 

Drug/Therapy Name Indication Mechanism of Action 

laronidase (Aldurazyme®) MPS I ERT 

idursulfase (Elaprase®) MPS II ERT 

elosulfase alfa (Vimizim®) MPS IVA ERT 

N-acetylgalactosamine 4-sulfatase/galsulfase 

(Naglzyme®) 

MPS VI ERT 

vestronidsae alfa (MEPSEVII®) MPS VII ERT 

imiglucerase (Cerezyme®) Gaucher disease ERT 

velaglucerase alfa (VPRIV®) Gaucher disease ERT 

taliglucerase alfa (Elelyso®) Gaucher disease ERT 

eliglustat (Cerdelga®) Gaucher disease SRT 

miglustat (Zavesca®) Gaucher disease, type I (mild to moderate) SRT 

alglucosidase alfa (Lumizyme® in US/ 

Myozyme® outside US) 

Pompe disease ERT 

alglucosidase alfa-ngpt (Nexviazyme ®) Pompe disease-late-onset, 1 year of age or 

older 

ERT 

agalsidase beta (Fabrazyme®) Fabry disease ERT 

migalastat (Galafold®) Fabry disease Chaperone therapy 

sebelipase alfa (Kanuma®) Lysosomal acid lipase deficiency ERT 

cerliponase alfa (Brineura®) Ceroid lipofuscinosis type 2 ERT (intracerebroventricular route) 

cysteamine bitartrate (Cystagon®) Cystinosis SRT 
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cysteamine delayed-release (Procysbi®) Cystinosis SRT 

cysteamine ophthalmic solution 0.44% (Cystaran®) Cystinosis corneal cystine crystal accumulation  

cysteamine ophthalmic solution 0.37% (Cystadrop®) Cystinosis corneal cystine crystal accumulation  
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2.1.1.1 Review of Selected Clinical Trials with Enzyme Replacement Therapies 

in MPS I and II 

This section will discuss the safety and efficacy results from the clinical 

trials of laronidase, valanafusp, idursulfase, and pabinafusp ERTs. Laronidase is 

discussed because it is an ERT approved for MPS I. Valanfusp is still being 

investigated for MPS I, but its clinical trials are discussed because the fusion 

iduronidase enzyme uses receptor-mediated uptake, a mechanism that is 

relevant for my study in Chapter 4. Pabinafusp is an ERT that also uses receptor-

mediated uptake and is approved in Japan for MPS II. Idursulfase, an ERT 

approved MPS II, is discussed to help frame pabinafusp’s results and because of 

the clinical similarities between MPS I and MPS II. 

In an open-labeled, phase III extension study of laronidase ERT, 45 

patients with attenuated MPS I were followed for four years (144). Patients were 

intravenously infused a dose of 100 U/kg body weight (0.58 mg/kg) of 

iduronidase once weekly (144). In the original phase III study, the coprimary 

endpoints were median changes from baseline to 26 weeks in the 6-minute walk 

test (6MWT) and the percentage predicted forced vital capacity (%FVC) (145). In 

the extension study, the change in distance walked from baseline was 23.1 

meters after one year, 31.7 meters after two years, and 17.7 meters after three 

and a half years of treatment. The %FVC declined by 0.78% each year and was 

approximately -2.73% %FVC at 3.5 years. Adverse events (AE) related to 

treatment were reported in 67% of patients, and infusion-associated reactions 

occurred in 53% of patients (144). Antibodies to laronidase were detected in 93% 

of patients during the study, and only 29% of patients were seronegative at their 

last assessment (144). Neutralizing antibodies were not reported (144). This 

phase III extension provided valuable information on how different efficacy 

parameters respond to treatment over time. Changes in urinary GAG, liver 

volume, and sleep apnea occurred within months after initiating laronidase (144). 

In contrast, changes in respiratory function, physical endurance, mobility, and 
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daily living activities took several years to detect, although this may be 

dependent on the therapy. laronidase appeared to stabilize rather than improve 

clinical parameters. This may be due to initiating therapy after irreversible 

damage from the disease has occurred.  

 Valanafusp has not been approved but is discussed in this section 

because it uses a receptor-mediated transport mechanism. An overview of 

receptor-mediated transport is in Section 2.3.2.4. Briefly, valanafusp is a fusion 

iduronidase enzyme in which iduronidase is conjugated to an antibody for the 

human insulin receptor to mediate uptake into the CNS. Valanafusp has been 

studied in a phase I/II trial in MPS I (146). In the phase I trial, six adults with the 

attenuated MPS IS were intravenously infused a dose of either 0.3 mg/kg, 1 

mg/kg, and 3 mg/kg (146). In the phase II trial, 11 pediatric patients with MPS IH 

or MPS IHS were intravenously infused a dose of either 1 mg/kg, 3 mg/kg, or 6 

mg/kg once weekly for 52 weeks (146). In the phase II trial, the mean age was 

7.6 years, and nine patients had previously been treated with laronidase ERT 

(146). The incidence of hypoglycemia was 6.4% and was resolved within 20 

minutes of a snack or glucose sachet. Hypoglycemia appeared to be dose-

dependent, as 67% of hypoglycemia occurred at the 6 mg/kg (146). Cognition 

was assessed as the developmental quotient from the cognitive domain of the 

Bayley Scales of Infant and Toddler Development®, Third Edition (146).  

In the valanafusp phase I/II trial, the mean change in developmental 

quotient (DQ) from baseline to 52 weeks was -1.2+2.8 (mean and standard error 

of mean) (146). There was no control group, so cognitive scores were informally 

compared to a previously published study by Shapiro et al. (147). The valanafusp 

publication states “if untreated, patients suffer from a severe neurocognitive 

decline starting at the age of one year, and the median DQ declines 14-17 points 

per year” (146, 147). However, this statement may be misconstrued. In the study 

by Shapiro et al., patients exhibited a decline of 14-17 DQ per year between one 

to three years of age (147). In contrast, the patients in the phase II clinical trial 

had a mean age of 7.6 years. The DQ trajectory for untreated MPS I patients 
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between seven and eight years of age in Shapiro et al. may be closer to a 

decline of 5 points a year, although there was only one patient in the age range, 

so this is difficult to compare (147). Furthermore, the cognitive improvement from 

valanafusp should be compared to the standard of care in MPS IH. Two studies 

in MPS I patients treated with HCT have reported similar changes in DQ as the 

one seen in the valanafusp phase I/II trial (148, 149). These studies may not 

have been discussed in the valanafusp publication, because of the difficulty in 

finding studies that use the same method of assessing cognition, more 

specifically, DQ from the cognitive domain of Bayley Scales of Infant and Toddler 

Development®, Third Edition. 

In an open-labeled, phase III extension study of idursulfase ERT, 94 

patients with MPS II were followed for two years (150). Patients were 

intravenously infused a dose of 0.5 mg/kg idursulfase once weekly. In the phase 

II/III clinical trial, the primary endpoint was a combination of the change from 

baseline in 6MWT and % FVC (151). In the extension study, the primary 

measures of clinical efficacy were changes in FVC and 6MWT distance (150). In 

the extension study, a positive trend in %FVC was seen between 0 to 16 months 

and a decline was seen between 16 to 36 months. At 36 months, there was a -

2% change in FVC from baseline (150). For the 6MWT, the improvement in 

distance walked from baseline was sustained and was approximately 25% at 36 

months (150). Treatment-related AE occurred in 59.6% of patients, and infusion-

related AE occurred in 53% of patients (150). Antibodies to idursulfase were 

detected in 50% of patients during the study, and 27.1% of patients were 

seropositive at the end of the study (150). Neutralizing antibodies were present in 

22.3% of patients at the end of the study, and neutralizing antibodies attenuated 

the improvements in absolute FVC (150). 

Pabinafusp is a fusion idursulfase enzyme that is conjugated to an 

antibody for the human transferrin receptor (152). In a phase II/III trial, 28 

Japanese patients with MPS II were intravenously infused pabinafusp at a dose 

of 2 mg/kg once weekly for 52 weeks (152). The primary efficacy endpoint was a 
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change in the heparan sulfate concentrations in the CSF (152). The heparan 

sulfate level in the CSF at baseline was 5856 ± 2614 ng/mL and decreased to 

2124 ± 882.6 ng/mL at week 52, which was statistically significantly different 

(p<0.001) (152). A decrease in CSF heparan sulfate levels was also seen 

separately for the patients with the severe phenotype (152). However, changes in 

neurocognitive development, a secondary endpoint, were more difficult to 

ascertain (152). Analysis of neurocognition was complicated by different disease 

phenotypes (e.g., attenuated vs severe), clinical stage within a disease (e.g., the 

initial, middle, or late phase of the severe phenotype), and different 

neurocognitive scores between phenotypes (e.g., developmental quotient vs age-

equivalent scores) (152). These challenges are unfortunately common in clinical 

trials with rare diseases. In the 20 patients with the severe phenotype, 11 

patients maintained neurocognitive scores (age-equivalent scores + 3 months), 

and two patients had improved neurocognitive scores (age-equivalent scores > 3 

months) (152). There was no comparator arm, either placebo or with idursulfase, 

due to ethical concerns (152). One reason why a clear neurocognitive benefit 

was not seen was that 52 weeks was too short to see an improvement (152). 

Serum levels of heparan and dermatan sulfate, the other secondary endpoints, 

decreased from baseline (152). The 6MWT appeared to stabilize and improve in 

both idursulfase-naïve and idursulfase-treated patients (152). There were no 

significant changes in cardiac function (152). Over the study’s 52 weeks, fourteen 

patients developed an antibody to the pabinafusp, but these were not associated 

with infusion-associated reactions or serum heparan sulfate concentrations 

(152). 

 

2.1.2 Substrate Reduction Therapy 

 SRTs are another class of therapies for lysosomal diseases. SRTs reduce 

the synthesis of the storage material. By doing so, a poorly functioning lysosomal 

enzyme can maintain normal levels of the storage material. SRTs are small 
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molecules and have the advantage of more easily crossing the blood-brain 

barrier (BBB) than ERT. Miglustat has been shown to cross the BBB in rats 

(153). However, eliglustat is not able to achieve therapeutic levels in the CNS, 

because it is a substrate for the p-glycoprotein 1, an efflux transporter located on 

the BBB (154). Another advantage is that one SRT could be used for multiple 

diseases if those diseases share a biochemical pathway. The ability to treat 

multiple diseases with one therapy is particularly attractive in orphan/rare 

diseases. However, targeting multiple biochemical pathways also increases the 

potential for off-target effects. 

 Miglustat is an FDA-approved SRT for Gaucher disease type I (the non-

neuronopathic form) but has been studied extensively in other lysosomal 

diseases (3, 155-158). Miglustat is an imino sugar and a reversible inhibitor of 

glucosylceramide synthase, which catalyzes the first committed step of 

glycosphingolipid synthesis (158). Miglustat has been studied in multiple 

lysosomal diseases because of its ability to decrease ganglioside levels and 

cross the BBB in rodents. However, clinical studies with miglustat have shown 

inconsistent improvements in neurocognition, which may be due to 

subtherapeutic levels of the drug in the CNS. In a phase IIb to phase III study in 

MPS III, miglustat crossed the BBB but did not cause a significant reduction in 

gangliosides (158). Furthermore, miglustat did not improve or stabilize behavioral 

problems in patients with MPS III (158). Miglustat did not improve neurocognition 

in other lysosomal diseases, including infantile GM1-gangliosidosis, infantile Tay-

Sachs, late-onset Tay-Sachs disease, Niemann-Pick disease type C, and 

Gaucher disease type 3 (3, 155-157). One possible reason why miglustat did not 

improve neurocognition is that patients were not administered the target dose 

because of the gastrointestinal side effects (3). However, even when patients 

reached the target dose, miglustat did not have significant neurocognitive 

improvements in patients with the infantile forms of GM1- and GM2-

gangliosidosis (3). 
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2.1.3 Chaperone Therapy 

 Chaperone therapies improve the affected enzyme’s function. Chaperones 

can change the conformation of an improperly folded enzyme to restore its 

function partially. One advantage of chaperone therapies is that they are small 

molecules, allowing for easier manufacturing. One disadvantage of chaperones 

is that they are specific for mutations. For example, they do not benefit patients 

with early nonsense mutations because no enzymes are produced. 

 

2.1.4 Hematopoietic Cell Transplant 

 In addition to FDA-approved therapies, HCT is another option for certain 

lysosomal diseases. In HCT, cells that can produce the enzyme are transplanted 

into patients. One advantage of HCT is that there is a potentially life-long and 

temporally continuous source of enzyme for patients. A disadvantage of HCT is 

reaching the CNS and poorly vascularized sites such as cardiac valves and 

bones (14). Other disadvantages of HCT include the need for myeloablative 

conditioning regimens and immunosuppressive regimens to avoid rejection (159). 

The use of HCT in clinical practice can range from investigational to standard of 

care, depending on the disease phenotype, age of diagnosis, and disease 

progression (115). 

HCT is the standard of care for patients with MPS IH, because HCT can 

preserve intellectual development in MPS IH if transplant occurs before the onset 

of neurologic damage, and the first HCT was described in a publication by Hobbs 

et al. (159, 160). In a study by Whitley et al., MPS IH patients with normal 

developmental quotient/intelligence quotient (DQ/IQ) scores (DQ/IQ >80) before 

transplantation were able to maintain normal DQ/IQ scores several years after 

transplantation had occurred (159). In contrast, patients with DQ/IQ scores <80 

prior to transplant had DQ/IQ scores that decreased by -10 to -61 several years 

after transplant (159). Possible mechanisms for the neurological improvement 
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seen in HCT may be due to HCT’s ability to reverse or prevent hydrocephalus 

and metabolic correction within the brain parenchyma in MPS IH (159). While 

HCT has been effective in preventing cognitive decline in MPS IH and MPS II, 

this effect has not been demonstrated in other lysosomal diseases (15). 

 

2.2. Drug Development in Rare Diseases 

The majority of lysosomal diseases do not have treatments that address 

the underlying pathology. Out of the 70 different lysosomal diseases, there are 

only 12 diseases with a treatment. HCT and off-label treatments have improved 

underlying pathology in some diseases. Yet, a high number of lysosomal 

diseases lack therapies that can improve or even stabilize clinical conditions. 

There are multiple challenges in developing therapies for rare diseases: lack of 

natural history studies, small sample sizes, heterogeneity within groups, difficulty 

discerning between disease phenotypes, and uncertainty in choosing efficacy 

endpoints (161). Section 2.1.1.1 discusses some of these challenges in clinical 

trials with lysosomal diseases, such as the phase II/III clinical trial with 

pabinafusp (152). 

Despite the numerous challenges, developing therapies for rare diseases 

is a rapidly expanding field. In 2019, 44% of novel drugs approved by the FDA 

were to treat rare or orphan diseases (162). Rare diseases are also called 

orphan diseases because they have traditionally been neglected in drug 

development (163). Orphan drugs are drugs that are used to treat rare diseases. 

An orphan designation is given to drugs if it meets one of the three criteria: 1) 

The condition affects less than 200,000 people in the United States; 2) If the drug 

is a vaccine, diagnostic drug, or preventive drug, less than 200,000 people in the 

United States per year will be administered the drug; 3) the condition affects 

more than 200,000 people in the United States, but the sales of the drug cannot 

reasonably be expected to cover the cost of R&D (164). 
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 Orphan drug development is a growing field because of the financial 

incentives to pharmaceutical companies. The Orphan Drug Act of 1983 

introduced financial incentives to pharmaceutical companies to offset the risk of 

drug development in rare diseases. If the FDA designates a drug as an orphan 

product, the company receives the following benefits: a tax credit for 25% of 

qualified clinical trial costs, waived fees under the Prescription Drug User Fee Act 

(PDUFA), and market exclusivity for seven years following FDA approval (161). 

The reduced costs allow small biotech companies to compete with big 

pharmaceutical companies. For example, the PDUFA fee may be insignificant to 

a large pharmaceutical company, but this fee may be substantial to a smaller 

biotech company. By waiving the PDUFA fee, an orphan drug allows smaller 

biotech companies to allocate their funds elsewhere, encouraging the growth of 

smaller biotech companies and increasing the number of potential therapies. 

Unfortunately, pharmaceutical companies may also charge high prices for drugs 

to overcome the developmental costs. 

Another incentive for developing therapies for rare diseases is that orphan 

drugs frequently qualify for FDA’s Accelerated Approval tracks, which expedite 

the approval process. The Accelerated Approval program is used to approve 

drugs that offer a benefit over current treatments for a serious or life-threatening 

illness (162). Most rare diseases do not have a treatment (163). Therefore, an 

orphan drug may qualify for one of the Accelerated Approval programs if it is 

used for a rare disease that is serious or life-threatening.  

The advantage of being the first to market is another incentive for therapy 

development in rare diseases. The advantage of a therapy being first to market is 

particularly pronounced in rare diseases. If there are only 100 people with the 

disease and 30 people are on an existing treatment, this leaves only 70 people 

that can enroll in a clinical trial. This does not take into account the strict 

exclusion criteria in clinical trials. There is even an advantage of being the first 

clinical trial in a disease, because a common exclusion criterion in clinical trials is 

if participants are enrolled in another clinical trial for an investigational therapy.  
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2.3 Review of Delivery of Therapies into the CNS: Challenges and Progress 

This section will review strategies that are being investigated to deliver 

therapies into the CNS, focusing on biological therapies. Delivery into the CNS is 

a common challenge for therapies but is particularly difficult for biological 

therapies due to their polarity and large size compared to small molecule drugs. 

This section will begin with background information on the structure of the BBB to 

provide context on the challenges of delivering therapies into the CNS. Then this 

section will discuss the strategies used by molecules to enter the CNS, 

emphasizing adsorptive transport and receptor-mediated transport, given their 

use in biological therapies. 

 

2.3.1 Structure of the Blood-Brain Barrier and Challenges to Therapeutic Delivery 

 The BBB’s structure protects the CNS from xenobiotics and endogenous 

neurotoxic substances but presents a critical challenge when delivering therapies 

into the CNS (165). The first barrier is comprised of endothelial cells that line the 

lumen of brain capillaries (166). These endothelial cells have tight junctions, 

which restrict the paracellular transport of molecules, such as proteins (166, 

167). Additionally, these endothelial cells exhibit polarization (166, 167). That is, 

the luminal and abluminal surfaces of endothelial cells have different expressions 

of transporters, receptors, and lipid composition (166, 167). The luminal surface 

is the side of the endothelial cell that is facing the blood, and the abluminal 

surface is the side that is facing the CNS (166, 167). If an endothelial cell 

expresses a transporter or receptor on its luminal surface but not the abluminal 

surface, the molecule does not transcytose, remains inside the endothelial cell 

and cannot reach the target cells such as neurons. 
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 Another challenge is the presence of efflux transporters on endothelial 

cells. Endothelial cells can express an efflux transporter on the luminal, 

abluminal, or both surfaces. An efflux transporter expressed on the luminal 

surface can decrease the intracellular concentration of a molecule low enough to 

prevent transport across the abluminal surface. A well-known example of an 

efflux transporter is the p-glycoprotein, which is expressed on the luminal surface 

and pumps multiple lipophilic drugs into the lumen (165). The transporter p-

glycoprotein 1 prevents the SRT eliglustat from crossing the BBB (154). 

The endothelial cells’ abluminal surface and a discontinuous layer of 

pericytes are enclosed by and are a part of a basal laminal layer (165). The close 

endfoot of astrocytes contributes to the neurovascular unit (165). The pericytes 

and astrocytes regulate the function and maintenance of the BBB (165). Neurons 

and microglia, which are both located relatively further away from the endothelial 

cells than the pericytes and astrocytes, also aid in the function and maintenance 

of the BBB (165). 

If the target is a specific cell type in the CNS, e.g., neuron, there is the 

additional challenge of the enzyme of interest needing to be taken up 

intracellularly again. This is particularly challenging because the enzyme’s 

mechanism of transport must be 1) non-specific enough to facilitate entry into two 

different cell types (e.g., endothelial cells and neurons) but 2) specific enough to 

limit entry into other cells present in the CNS (e.g., pericytes, astrocytes, 

microglia). 

 

2.3.2 Transport Systems into the CNS 

 There are four transport systems into the CNS: passive diffusion, carrier-

mediated transport, adsorptive transport, and receptor-mediated transport. Each 

of these transport systems and their feasibility in delivering biological therapies 

will be discussed below.  
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2.3.2.1 Passive Diffusion 

 One mechanism by which molecules can enter the CNS is through 

passive diffusion. In passive diffusion, molecules cross the lipid bilayer of cell 

membranes to travel down their concentration gradient. Transport into the CNS is 

limited by cerebral blood flow (168). A molecule’s ability to utilize passive 

diffusion is dictated by its physiochemical properties. Molecules with 

octanol/water partition coefficients between 10:1 and 100:1, less than six 

hydrogen bonds, and molecular weights of less than 450 Da have a greater 

chance of entering the CNS (165, 166). Passive diffusion is utilized by water and 

gases such as O2 and CO2 (168). This mechanism is also utilized by lipophilic 

drugs such as ethanol, nicotine, and benzodiazepines (168). However, passive 

diffusion is challenging for biological therapies, because biological therapies 

typically have a polar nature and a high molecular mass.  

 

2.3.2.2 Carrier-Mediated Transport 

 Small, polar molecules can enter the CNS if a transporter is present on the 

luminal and abluminal surfaces of endothelial cells. Molecules are transported 

across the cell membrane through their transporter. Carrier-mediated transport is 

utilized by glucose, amino acids, and small peptides (165). This mechanism has 

been investigated in ketoprofen by conjugating it to L-tyrosine, which can be 

transported by the LAT1 transporter (169). However, carrier-mediated transport 

is challenging for large biological therapies, because transporters are stereo- and 

size-selective (170).  

 

2.3.2.3 Adsorptive Transport 

 In adsorptive transport, the enzyme of interest first induces endocytosis 

either through a net positive charge or a glycoprotein-glycoprotein interaction on 
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endothelial cells (166). Endocytosis may be mediated by clathrin, caveolin, or 

neither molecule (171). Adsorptive transport is utilized by cationized albumin, 

histones, and some viral pathogens (167). For example, the human 

immunodeficiency virus type 1 utilizes a transactivator of transcription (Tat) 

protein to induce adsorptive endocytosis (167). While Tat and other cell-

penetrating peptides are the most common examples of molecules utilizing 

adsorptive endocytosis, cell-penetrating peptides can gain entry into cells 

through other mechanisms such as direct translocation (171). 

 One disadvantage of adsorptive transport is the unpredictability of 

intracellular vesicle trafficking (166). After endocytosis, the vesicle containing the 

enzyme becomes an early endosome, and this early endosome can be directed 

to various destinations (167). If there is exocytosis at the abluminal surface of the 

endothelial cells, the enzyme successfully enters the CNS (167). However, 

another possibility is that the early endosome is recycled back to the luminal 

surface, preventing the enzyme’s transcytosis (167). Another possibility is the 

early endosome maturing into a late endosome, which can transfer the enzyme 

to a lysosome (167). Other limitations of cell-penetrating peptides include 

instability, immunogenicity, cellular toxicity, and low organ specificity (171). 

 Some studies have investigated the adsorptive transport of lysosomal 

enzymes into the CNS. The most common method is to conjugate the lysosomal 

enzyme to a cell-penetrating peptide. A study by Schwarze et al. examined organ 

uptake of a β-galactosidase enzyme that contained 11 amino acids from the 

protein transduction domain from the Tat protein (172). Mice were 

intraperitoneally injected with either the Tat-β-galactosidase or the control β-

galactosidase, and an X-Gal staining was performed on the brain (172). Mice that 

were treated with the Tat-β-galactosidase showed greater staining on mid-

hemispheric sagittal brain sections at four hours post dose and on coronal brain 

sections at eight hours post dose (172). These results suggest that Tat can 

enhance the uptake of β-galactosidase into the brain, at least short-term. The 

authors also reported “no signs of gross neurological problems or systemic 
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distress” when Tat-β-galactosidase was administered once daily for 14 days 

(172). A longer assessment of safety or efficacy was not reported.  

 

2.3.2.4 Receptor-Mediated Transport 

In receptor-mediated transport, the enzyme of interest is attached to a 

molecule that binds to the receptor of interest. Either a ligand or an antibody can 

be used to bind to the receptor of interest. Receptor-mediated transport differs 

from carrier-mediated transport in that receptor-mediated transport triggers 

endocytosis. After endocytosis, intracellular trafficking of vesicles occurs, similar 

to adsorptive transport. Receptor-mediated transport is utilized by endogenous 

substances such as transferrin, insulin, and lipoproteins (167). 

Receptor-mediated transport has been investigated in several lysosomal 

enzymes. Pabinafusp, an idursulfase enzyme conjugated to a ligand for the 

transferrin receptor, is an ERT for MPS II approved in Japan (152). Valanafusp 

alpha, also called AGT-181, is an iduronidase enzyme conjugated to an antibody 

for the human insulin receptor (146). Valanfusp is currently in clinical trials for 

MPS I (146). The clinical trials for pabinafusp and valanafusp were discussed in 

Section 2.1.1.1. 

One disadvantage of receptor-mediated transport is that the uptake of 

enzyme into cells is limited by the number of available receptors. Therefore, the 

target receptor should be highly expressed on the surface of cells. Another 

disadvantage of receptor-mediated transport is the unpredictability of intracellular 

vesicle trafficking after endocytosis. 
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2.3.2.5 Direct Administration into the CNS 

 Direct administration into the CNS allows the therapy to bypass the BBB. 

These routes include intraparenchymal, intracerebroventricular, and intrathecal. 

The intranasal route of delivery is also discussed, because it bypasses the BBB. 

In the intraparenchymal route, therapy is directly injected into the brain 

tissue (173). The therapy remains within the injected area of the brain. This is 

advantageous for neurodegenerative diseases where the affected brain region is 

localized, such as Parkinson’s disease (173). As such, studies in Parkinson’s 

disease have administered gene therapy using the intraparenchymal route (173). 

However, this is problematic for lysosomal disease and other diseases in which 

multiple brain areas are affected. Neurodegenerative diseases with diffuse brain 

involvement require multiple burr holes and injection sites (173). The 

intraparenchymal route is highly invasive and poses a significant safety risk. 

In the intracerebroventricular route, therapy is injected into the lateral 

ventricle through a catheter or reservoir (174). The therapy travels within the CSF 

to reach the ventricles. One advantage of intracerebroventricular route is that the 

therapy can reach multiple regions of the brain (175). One disadvantage of the 

intracerebroventricular route is that therapies are removed with the CSF, and the 

CSF can turn over 140 times a day (176). Cerliponase alfa, an ERT for the 

lysosomal disease neuronal ceroid lipofuscinosis type 2, is delivered 

intracerebroventricularly (175). 

In the intrathecal route, therapy is injected into the lumbar spine (lumbar) 

or subarachnoid space at the cisterna magna (cisternal) (174). The therapy 

travels within the CSF to reach the ventricles. Similar to the 

intracerebroventricular route, therapy delivery to the brain is more widespread 

(173). One advantage of lumbar intrathecal delivery is that it is a more common 

route in clinical practice. For example, lumbar intrathecal delivery of baclofen is 

used to alleviate pain and spasticity (177, 178). Similar to the 
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intracerebroventricular route, intrathecal delivery has the disadvantage of a high 

turnover rate of the CSF (176).  

In general, the advantages of direct administration into the CNS are that it 

employs a local route of administration. Compared to a systemic administration, 

there is a lower chance of adverse effects, and a lower dose is needed to 

achieve a therapeutic effect. The lower dose is a compelling advantage for 

biological therapies with complex manufacturing and high costs. The primary 

disadvantage of direct administration into the CNS is the safety risk (51). 

Furthermore, direct administration into the CNS may limit the therapy from 

reaching therapeutic levels in organs not in the CNS. This may limit the clinical 

benefit on multi-systemic diseases. Cerliponase alfa, is an intracerebroventricular 

ERT for neuronal ceroid lipofuscinosis type 2, a lysosomal disease with extensive 

clinical manifestations in the CNS (175). It is not yet known whether cerliponase 

alfa has benefits on the non-CNS organs in clinical practice settings. 

 Intranasal delivery is not a direct CNS administration but does allow drugs 

to bypass the BBB. Therapies can bypass the BBB using olfactory sensory 

neurons. Intracellular transport within olfactory sensory neurons allows therapies 

to travel from the epithelium and into the CSF in the subarachnoid space (179). 

Anti-seizure medications have been reformulated for an intranasal route of 

delivery (179). These medications include diazepam (Valtoco®) and midazolam 

(Nayzilam®) (180, 181). Additionally, intranasal delivery of a biological therapy, 

insulin (Afrezza®), is FDA-approved for type 1 and type 2 diabetes (182). 

Intranasal delivery of adeno-associated virus serotype 9 (AAV9) gene therapy for 

MPS I has also been investigated (183). The advantage of intranasal delivery is 

that it is considerably safer than direct administration into the CNS. The 

disadvantages of intranasal delivery are the requirements for a high 

concentration of therapies and a drug delivery device that enhances drug 

disposition in the olfactory area of the nose (184). Another disadvantage is that 

the amount of therapy reaching its target site can vary depending on anatomical 

differences and mucosal health (184). 
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2.4 Pharmacokinetics/Pharmacodynamics and Biological Therapies for 

Lysosomal Diseases 

 In this section, I will first discuss an alternative strategy that has been 

investigated in a lysosomal enzyme to increase its uptake into organs (185-187). 

This mechanism was supported by reports of “half-life,” a familiar term in 

pharmacokinetics. The use of other pharmacokinetic terms from the perspectives 

of lysosomal disease/gene therapy fields will be discussed. Then, the 

pharmacokinetic (PK) and pharmacodynamic (PD) approaches for biological 

therapies in lysosomal diseases will be described. This section collectively 

describes a gap between the fields of lysosomal diseases/gene therapy and 

pharmacokinetics/pharmacodynamics. 

 

2.4.1 Importance of Enzyme Activity Levels in Lysosomal Diseases  

Seminal studies by the Sly group suggested that a lysosomal enzyme with 

a longer “half-life” in the plasma can increase its uptake into the CNS (185). 

These studies were conducted with β-glucuronidase, the enzyme deficient in 

MPS VII, also called Sly syndrome. In the original study, a chemically modified β-

glucuronidase with a longer “half-life” caused lower storage levels in the brain of 

MPS VII mice than the native enzyme (185). In this and other studies, t1/2 was 

estimated using the activity levels of enzymes, not physical levels of enzymes 

(185-187). Other studies from the Sly group suggested that prolonging enzyme 

activity levels in the plasma could increase uptake into organs (185-187). In 

these studies, mice with MPS VII were infused or injected with β-glucuronidase in 

the enzyme form, not as gene therapy (185-187). Most graphs of time-enzyme 

activity levels had different slopes that would have corresponded to different t1/2 

of activities (185-187). However, it is unclear how t1/2 were calculated using 
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enzyme activity levels, because there was no mention of conversion factors, 

equations, or PK software programs (185-187). One possibility is that the t1/2 of 

activities may have been estimated directly from the graphs by determining the 

time the activity decreases by 50%. However, the t1/2 of activities did not always 

reflect the graphs, and, in some cases, t1/2 of activities were reported when the 

activity had not yet decreased by 50% (185-187); these may be due to changes 

in the graph’s formatting during the publication process. Therefore, clearer 

methods are needed to characterize the t1/2 of enzyme activity. One study also 

reports an area under the curve (AUC) using enzyme activity, but it does not 

describe the calculation (187). The unit of time for the AUC was reported in the 

denominator, that is, (unit of enzyme activity)/(time) (187). This error may reflect 

how time is expressed differently between lysosomal diseases and 

pharmacokinetics. The unit for enzyme activity has time in the denominator, such 

as nmol/hr/mL. However, because AUC is an integration over time, the AUC 

should be reported as (unit of enzyme activity)*(time). For example, 

(nmol/hr/mL)*(hr), where the time for the enzyme activity is in the denominator 

but the time for the AUC is in the numerator. 

Another noteworthy study is from the Hackett group, one of the 

discoverers of the Sleeping Beauty transposon system, which revolutionized non-

viral vectors for gene therapy (188). In one study, t1/2 was calculated using 

enzyme activity levels from the Sleeping Beauty gene therapy system (188). 

Enzyme activities were measured in the plasma at multiple timepoints up to one 

year, and copies of transgenes in the liver were measured at one year (188). The 

t1/2 of enzyme activity in the plasma were reported, but the method was unclear 

(188). There are no conversion factors, equations, or reference to a PK program, 

and the t1/2 was reported when a 50% decrease in activity was not seen in graphs 

(188). Yet, one remarkable contribution of this paper was a mechanistic time 

profile that depicts a biphasic pattern (188). The authors suggested that the first 

decline in plasma enzyme activity, “initial decay” (reported as t1/2 of activity 
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approximately 1 to 2 days), will occur within one week of administering gene 

therapy. The “initial decay” was proposed to be associated with silencing of the 

CAGG promoter in female mice (188, 189). Although promoter silencing in 

CAGG can certainly attribute to this initial decline, there may be other possible 

factors, because this initial decline was also seen with the human α1-antitrypsin 

promoter that does not have gender-specific silencing (188). After “initial decay,” 

one of three outcomes can occur: “rapid decay,” “gradual decay,” or “stable 

expression” (188). A sharp decline in plasma activity, termed “rapid decay” 

(defined as t1/2 of activity <3 days), was suggested to be associated with loss of 

plasmids and transgenes from cells due to the adaptive immune response (188). 

A second possibility is a slower decline of plasma activity, termed “gradual 

decay” (reported as t1/2 of activity around 90 days), which was suggested to occur 

from low levels of transgene expression from episomes but not from integrated 

chromosomes (188). The third outcome was “stable expression,” i.e., no decline 

in plasma activity, which would occur if the transgene was integrated into 

chromosomes (188). However, the terms “rapid decay,” “gradual decay,” and 

“stable expression” could be misconstrued because these terms do not appear to 

describe the changes in plasma activity over time (188). Instead, t1/2 of plasma 

activity appears to be calculated from categorizing mice at a fixed timepoint 

(188). More specifically, whether 1) their plasma activity was 1000 nmol/hr/mL at 

one year and 2) a combination of detectable levels of transgene, excision 

products, and Sleeping Beauty transposase in the liver all assessed at one year 

(188). This post-hoc type of calculation of t1/2 can be helpful to differentiate 

between groups, but the validity of the proposed mechanisms may rely more 

heavily on how t1/2 of activity was determined, which was not clearly described 

(188). For example, it is not clear how mouse 21 was categorized as being a 

hybrid of “rapid decay” and “sustained expression” (188). Also, the plasma 

activity of mice varied considerably over time, even log-fold fluctuations, so mice 

categorized as “stable expression” at week 48 may not meet that criteria the 

following week (188). 
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 These studies highlight some of the challenges and benefits when the 

fields of lysosomal diseases and pharmacokinetics intersect. These studies are 

noteworthy because they contextualized t1/2 as biological processes to shed 

knowledge on lysosomal enzymes and gene therapy (185-188). In one study 

from the Sly group, changes in AUC of activity were used to interpret the effects 

of mannose receptors on cellular uptake of lysosomal enzymes (187). A study 

from the Hackett group proposed different biological processes occurring at 

different phases in a time profile (188). These biological processes also 

importantly considered the effects of gene therapy at the DNA level (188). 

Furthermore, their study showed greater variations in plasma activity levels when 

more complex gene therapy was used, which might be anticipated with gene-

editing therapies (188). 

There is a gap between the fields of lysosomal diseases/gene therapy and 

pharmacokinetics/pharmacodynamics. One clear example is how the term 

“enzyme levels” is interpreted. In lysosomal diseases, enzyme levels are 

synonymous with enzyme activity levels. From this field’s perspective, physical 

levels of enzymes do not hold as much value as an enzyme’s function because 

an enzyme’s function is more predictive of efficacy. The previously mentioned 

papers that used enzyme activity to calculate t1/2 were authored by thought 

leaders in their fields of lysosomal diseases or gene therapy, demonstrating the 

importance of pharmacodynamics in these fields (185-188). In contrast, 

researchers from the field of pharmacokinetics may interpret the term “enzyme 

levels” with respect to the dosage form, which would be physical levels of 

enzymes in ERT. The next section will further discuss how ERT and gene 

therapy studies are analyzed in the fields of PK and PD. 
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2.4.2 Traditional Pharmacokinetic and Pharmacodynamic Approaches to ERT 

and Gene Therapy in Lysosomal Diseases 

In the field of pharmacokinetics, therapies are assessed with respect to 

the dosage form. For example, physical levels of enzymes are used to calculate 

PK parameters for ERT. One reason is that the calculation of PK parameters 

requires matching or convertible units for dose and the PK analyte. PK studies 

have provided important information to guide dosing in small molecules and 

some biological therapies. The field of PK has rigorous, standardized, 

reproducible methods to quantify changes in a therapy over time in the body. 

However, assessing only the physical levels of enzymes may limit the scientific 

and clinical relevance of a PK model in ERT. The physical levels of an enzyme 

can be misleading because inactive enzyme can be included in the 

measurements. In contrast, measuring enzyme activity assesses the enzyme’s 

actual function. For this reason, enzyme activity is used to predict efficacy in pre-

clinical studies, clinical trials, and clinical practice. Therefore, physical levels of 

enzymes are rarely measured in lysosomal diseases outside of PK studies.  

 One way to account for enzyme activity in a PK model for ERT is to 

convert the activity levels to physical levels of enzymes using a standard curve. 

In some PK studies of ERT for lysosomal diseases, enzyme activities are 

measured, then the enzyme activity is converted to physical levels of enzymes 

using a standard curve, and the physical levels of enzymes are used for PK 

analysis (190-192). This approach provides a conversion factor between the ERT 

dose and enzyme activity needed to calculate some PK parameters. However, a 

conversion factor calculated from one timepoint may be unreliable, because the 

amount of active enzyme relative to the total number of an enzyme may vary 

among timepoints, for example, from protein folding.  

 One sophisticated method to account for enzyme activity would be to 

create PKPD models. Notably, there are even PKPD models linking physical 
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levels of enzymes to clinical parameters (e.g., urinary GAG, 6MWT) for two ERTs 

in lysosomal diseases (191, 193). In one paper, PKPD models used direct 

measurements of physical levels of the enzyme with enzyme-linked 

immunosorbent assay (ELISA) (193). In another paper, PKPD models used 

physical levels of the enzyme levels that were measured indirectly (i.e., 

converted enzyme activity) (191). However, one limitation of PKPD studies is that 

they are time- and resource-intensive. 

In an FDA guidance on early-phase clinical trials of cellular and gene 

therapy (CGT), “traditional PK study designs are generally not feasible for CGT 

products” in pre-clinical studies (194). A traditional pharmacokinetic approach to 

gene therapy would assess vector levels (DNA levels). However, there are 

challenges in applying traditional PK analysis in gene therapy. One major 

challenge is that gene therapy studies use several different units, and PK 

analysis requires uniform or convertible units (195). Another major challenge is 

that the PK processes of absorption, distribution, metabolism, and elimination are 

well-characterized for small molecular drugs but have yet to be adapted for 

biological therapies (195). Additionally, analysis of only the levels of the DNA 

levels may limit the scientific and clinical relevance of the models in gene 

therapy. The purpose of AAV and other vectors is to deliver the enzyme. The 

enzyme is the effector molecule and catalyzes the reduction of substrates. In 

other words, the vector is a pro-drug, and the enzyme is the active metabolite. 

Dose-finding studies have been able to associate the doses of gene therapy with 

efficacy (194). Therefore, a comprehensive model of DNA levels and enzyme 

levels would strengthen the impact of PKPD in gene therapy. However, these 

PKPD studies require extensive knowledge of pharmacometrics, gene therapy, 

and disease of interest. Additionally, PKPD models can be time- and resource-

intensive.  

 There are situations when enzyme activity levels should not be used for 

PK or PKPD analysis of gene therapy. First, there are gene therapy studies that 
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assess intracellular pharmacokinetics (196). Intracellular PK studies measure 

DNA levels to develop mathematical models for gene expression, and these 

studies have advanced knowledge of vectors in gene therapy (196). Second, 

DNA levels of a vector provide important information in toxicology studies of gene 

therapy. Third, some gene therapies do not encode for an enzyme. Some gene 

therapies encode for proteins, such as monoclonal antibodies, or can function as 

a nucleic acid, such as antisense oligonucleotides. Finally, some enzymes’ 

activities are hard to quantify reliably.  

A close interplay between PK and PD is exemplified in target-mediated 

drug disposition (TMDD). In TMDD, a drug binds with high affinity and high 

selectivity to its target, and the saturation of this drug-target binding causes 

nonlinear pharmacokinetics (197). The conventional view of pharmacokinetics 

affecting pharmacodynamics is reversed in TMDD, because TMDD can be seen 

as pharmacodynamics affecting pharmacokinetics (197). Interestingly, TMDD 

was originally described in a small-molecular drug in 1994, and the importance of 

TMDD emerged with the growing number of biopharmaceuticals (197, 198).  

 

2.5 Unmet Needs in Lysosomal Diseases 

 In this section, the unmet needs in lysosomal diseases that will be 

addressed by the studies in this dissertation are summarized. First, there is a 

need for a biomarker that can reflect the neuropathology in lysosomal diseases. 

Ideally, a biomarker would have a biologically plausible association with the 

disease(s) of interest (199). For example, a biomarker involved in 

neuroinflammation in lysosomal diseases. Section 1.2.3.1 details the evidence 

supporting neuroinflammation as a critical pathological process in lysosomal 

diseases. Such biomarkers could benefit the clinical care and development of 

future therapies through the diagnosis of disease phenotypes, monitoring of 

disease progression, and serving as surrogate endpoints. Different phenotypes 
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of a lysosomal disease cause extreme variations in the disease’s progression 

and degree of neurological involvement. There are challenges in predicting a 

patient’s phenotype because the mutation has not been previously reported or 

different studies predict different phenotypes (200, 201). Therefore, a biomarker 

for disease phenotypes can provide essential information on therapeutic 

decisions and clinical trial enrichment. After diagnosis with a disease subtype, 

there is still uncertainty in monitoring the progression of a disease. So knowledge 

of a biomarker’s fluctuations over time would allow clinicians and investigators to 

interpret changes in the biomarker’s levels. Additionally, there are several clinical 

trials with gene therapy in lysosomal diseases, but no known biomarker is 

responsive to gene therapy for lysosomal diseases. A biomarker that can predict 

a long-term benefit from gene therapy can accelerate approval for gene therapy 

by serving as a surrogate endpoint. 

 A second unmet need in lysosomal diseases is better therapeutic delivery 

to the CNS and the cardiovascular system. The pathology and clinical features in 

the CNS and CV disorders are discussed in Section 1.2.3 and 1.2.4, respectively. 

In general, uptake of biological therapies into the CNS is hindered by the 

presence of the BBB. The challenges in therapeutic delivery to the CNS and 

current strategies being investigated were discussed in Section 2.3. There is still 

limited knowledge on potential mechanisms to deliver biological therapies into 

the CNS, such as targeting other highly expressed receptors in the CNS. 

Additionally, improved delivery to cardiac tissues could prevent the disease 

progression in cardiac valves, improving the lives of patients with MPS disorders. 

While 60 to 90% of patients with MPS have an abnormal cardiac valve, the 

current therapies of HCT and ERT do not adequately treat the valves, possibly 

due to the poor vascularization in valves (104, 107, 109). Therefore, discovering 

a novel strategy to enhance the delivery of therapies into organs such as heart 

tissues could aid several lysosomal diseases. 
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 The final set of unmet needs addressed in this dissertation is better 

approaches to characterize and compare the functionality of biological therapies 

for lysosomal diseases. In lysosomal diseases, there is an emphasis on 

pharmacodynamic outcomes such as enzyme activity. However, the methods to 

reliably quantify pharmacodynamic outcomes require PKPD models that are 

data- and resource-intensive. A method that could capture the emphasis on 

biological activity with the rigorous, reproducible methods of PK could facilitate 

translation of pre-clinical to clinical studies in gene therapies. Such a method 

could also provide mechanistic information of therapies that could be applied to 

other rare diseases.   
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CHAPTER 3: VALIDATION OF CHITOTRIOSIDASE AS A CNS BIOMARKER 

IN GANGLIOSIDOSES 
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The majority of lysosomal diseases cause severe neurological deficits. 

Validated surrogate endpoints or biomarkers are critically important to accelerate 

approval of therapies by more rapidly detecting efficacy than clinical outcomes. 

However, there are currently no surrogate endpoints or biomarkers that can 

predict long-term clinical benefit from gene therapy for lysosomal diseases. In a 

natural history study of two lysosomal diseases, GM1-gangliosidosis and GM2-

gangliosidosis, chitotriosidase enzyme activity was one of the few analytes out of 

approximately 200 screened that appeared to relate to the most severe 

phenotypes of gangliosidoses (91). However, no clinical laboratories were 

positioned to pursue a more rigorous evaluation. Moreover, chitotriosidase has 

never been evaluated as a biomarker of gene therapy efficacy. 

To investigate chitotriosidase levels in the CSF as a probable surrogate 

endpoint for clinical trials with gene therapy, the first objective was to validate 

chitotriosidase for important clinical outcomes in patients with lysosomal 

diseases. This article was published in Molecular Genetics and Metabolism 

Reports, Vol 29, Sarah Kim, Chester B. Whitley, Jeanine R. Jarnes, 

Chitotriosidase as a biomarker for gangliosidoses, Page No 100803, Copyright 

Elsevier (2021), (202). 

The second objective was to assess chitotriosidase’s ability to detect 

effective gene therapy in murine models of lysosomal diseases.  

In this chapter, an introduction, which is from the publication, will first be 

presented. Then the clinical study’s methods, results, discussion, and 

acknowledgement will be presented. Afterward, the pre-clinical study’s methods, 

results, and discussion will be presented.  
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3.1 Clinical Study of Chitotriosidase as a Biomarker in Lysosomal Diseases 

3.1.1 Introduction 

Chitotriosidase enzyme (CHITO) (EC: 3.2.1.14) is exclusively produced by 

activated macrophages in humans (203-205). It is considered part of the innate 

immunity’s response to chitin-containing pathogens (203-205). CHITO is a 

marker of macrophage activation and has also been explored as a marker of 

inflammation in a number of disease states, including some lysosomal diseases 

(203, 206-210). For over a decade, plasma CHITO levels have been used by 

clinicians as a biomarker of inflammation in a lysosomal disease, Gaucher 

disease, including monitoring response to therapies in patients with Gaucher 

disease type I (211-215). 

Progressive neurodegeneration and associated neuro-inflammation are 

becoming increasingly recognized as important contributors towards morbidity 

and mortality in several lysosomal diseases, including GM1-gangliosidosis, GM2-

gangliosidosis, and mucopolysaccharidoses diseases (3, 91, 98, 216-219). The 

relation of CHITO levels to disease burden and disease-associated inflammation, 

however, has not been well-characterized in the majority of lysosomal diseases.     

As part of an ongoing natural history study of the gangliosidoses and 

mucopolysaccharidoses, nearly 200 analytes in the cerebrospinal fluid and 

serum from patients with GM1-gangliosidosis, GM2-gangliosidosis, and MPS 

were screened and the results reported by Jarnes et al. (2014) (91). In this 

previous work, five inflammatory mediators (ENA-78, MCP-1, MIP-1α, MIP-1β, 

and TNFR2) were identified to be persistently elevated in the CSF in the most 

severe phenotypes of the gangliosidoses (91). CHITO was not assessed in the 

initial screening. Subsequent work by the same researchers yielded additional, 

albeit preliminary data, which suggested that levels of CHITO levels were 

persistently elevated in the CSF in the severe phenotypes of GM1- and GM2-
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gangliosidosis. This was reported at WORLDSymposium annual meeting, 

Orlando, Florida, 2019 (220).   

A biomarker that reliably reflects neuroinflammation would have the 

potential for being a valuable tool for diagnosing disease phenotypes and 

assessing response to lysosomal diseases therapies. The objectives of the study 

reported herein were to develop a validated chitotriosidase assay in a clinical 

laboratory and to determine if chitotriosidase levels in the serum or CSF were 

related to important clinical parameters in patients with lysosomal diseases. More 

specifically, this study aimed to determine if chitotriosidase levels could be 

diagnostic for different lysosomal diseases or phenotypes, useful in monitoring 

for disease progression, or associated with neurocognitive impairment in patients 

with lysosomal diseases.  

3.1.2 Methods 

3.1.2.1 Participant Specimens 

This study was conducted under clinical trials (NCT00668187 and 

NCT02030015) of the Lysosomal Disease Network (U54NS065768) which is a 

part of the National Institutes of Health (NIH) Rare Diseases Clinical Research 

Network (RDCRN). This study was conducted with IRB approval and IRB-

approved consent of the patients' parents or legal guardians.  

CSF specimens were collected by lumbar puncture with a 22-gauge (1.5- 

or 3.5-inch) Quincke spinal tap needle while the patient was under general 

anesthesia for MRI imaging. CSF was collected in 1 mL aliquots directly into 

cryovials, immediately labeled, placed on dry ice, and then transported to a 

laboratory for distribution or stored in a freezer at -80°C. Blood specimens were 

obtained concurrently by phlebotomy and taken to a laboratory for centrifugation. 

Serum was aliquoted, frozen on dry ice, and then transported to the laboratory 

for distribution or stored in a freezer at -80°C.  
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3.1.2.2 Chitotriosidase Activity Assay 

Chitotriosidase activity assays were performed at two different labs. The 

original lab eventually discontinued its services for CSF specimens. At that time, 

the Gene Therapy and Diagnostics (GTD) Laboratory then developed its own 

chitotriosidase activity assay for CSF and serum specimens. Both labs used an 

artificial substrate for chitotriosidase and measured the fluorescent product. At 

the GTD Lab, I performed the chitotriosidase assay for patient specimens as 

described with minor modifications (221). Briefly, 5 μL of CSF or serum 

specimens was mixed with 100 μL of 26 μM of 4-methylumbelliferyl-β-D-N,N’,N’’-

triacetylchitotrioside (Sigma M5639) in 0.1 M/0.2 M citrate-phosphate buffer. This 

mixture was incubated at 37°C for 15 minutes. To stop the reaction, 210 μL of 0.5 

M glycine-NaOH buffer, pH 10.6, was added. Fluorescence was measured at 

360 nm excitation and 455 nm emission using a Biotek plate reader. The lower 

limit of detection at the GTD Lab was 1.0 nmol/h/mL. The reference ranges for 

serum specimens was <80 nmol/h/mL. The reference range for CSF specimens 

was 5 nmol/h/mL. 

 

3.1.2.3 Statistics 

I performed statistical analysis using R and GraphPad Prism 8. To 

compare chitotriosidase levels reported between labs, a Pearson’s correlation 

test was performed. To compare the independent disease profiles by showing 

changes in chitotriosidase levels at different ages (and therefore different times in 

disease progression) in the CSF between different lysosomal diseases, a one-

way ANOVA type III test was performed with disease as the independent variable 

and chitotriosidase levels in the CSF as the dependent variable. Chitotriosidase 

levels in the CSF were natural log transformed, and outliers were excluded 



60 
 

based on a pre-determined, studentized residual cut-off of > 2.5. Multiple 

comparisons were adjusted using Tukey’s method. These statistical steps were 

repeated for CSF specimens for different disease phenotypes, serum specimens 

for different diseases, and serum specimens for different disease phenotypes. 

To analyze the relationship between chitotriosidase levels in the CSF and 

serum and neuropsychological testing done in patients, neuropsychological 

scores from the Bayley Scales of Infant and Toddler Development®, Third 

Edition (Bayley-III®) were used. All CSF and serum specimens were taken within 

one week of neuropsychological evaluations. A multiple linear regression was 

calculated to predict the raw score of the cognitive domain in the Bayley-IIII test 

based on the disease and chitotriosidase levels in the CSF. A Pearson’s 

correlation test was performed with natural log transformed serum chitotriosidase 

levels and the raw score of the cognitive domain in the Bayley-III test. 

Chitotriosidase levels were natural log transformed, and outliers were excluded 

based on a pre-determined, studentized residual cut-off of > 2.5. 

 

3.1.3 Results 

3.1.3.1 Validation of Gene Therapy and Diagnostics Lab’s Chitotriosidase Activity 

Assay to the Original Lab’s Assay 

Since two different labs performed chitotriosidase assays for patient 

specimens, it was possible that chitotriosidase levels could differ between labs, 

which could confound further analysis. Therefore, a Pearson’s correlation test 

was performed to see if there was a correlation in chitotriosidase levels obtained 

between the two labs. Twenty-eight specimens were processed at both labs. Of 

these specimens, eight were CSF specimens and 20 were serum specimens. 

Chitotriosidase levels between the two labs were highly correlated (R2=0.91 for 

CSF and serum specimens) (Figure 1). Levels of chitotriosidase were highly 
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correlated between the two labs, regardless of the specimen type (R2=0.95 for 

CSF specimens, R2=0.90 for serum specimens) (Figure 1). Therefore, 

chitotriosidase levels reported by the two different labs were unlikely to confound 

analysis. 
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Figure 1: Comparison of Chitotriosidase Levels Between Labs 

 

Eight cerebrospinal fluid (CSF) specimens and 20 serum specimens were assayed at both the Gene Therapy and Diagnostics Lab 

and the original lab. Three Pearson’s correlation tests were performed to see if there was a correlation between chitotriosidase levels 

reported at the Gene Therapy and Diagnostics Lab and the original lab. Correlation tests were performed for serum specimens 

alone, CSF specimens alone, and CSF and serum specimens together.

CSF and serum specimens:
R² = 0.9059

CSF specimens:
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3.1.3.2 Summary of Chitotriosidase Levels in the CSF and Serum Specimens 

from Patients 

A total of 134 specimens from 34 patients were reported: 52 CSF 

specimens from 30 patients and 82 serum specimens from 33 patients. Patients 

with Gaucher disease, GM1-gangliosidosis, GM2-gangliosidosis, MPS, and 

multiple sulfatase deficiency (MSD) were included in this study.  

 

3.1.3.3 Chitotriosidase Levels in the CSF from Patients 

Patients with GM1- or GM2-gangliosidosis had higher levels of 

chitotriosidase and higher variations in levels than patients with Gaucher disease 

or MPS. To determine if there were significant differences in chitotriosidase 

levels in the CSF among diseases, a one-way ANOVA was performed. There 

was a statistically significant difference in chitotriosidase levels in the CSF 

between Gaucher disease and GM1-gangliosidosis (p=0.0349); GM1-

gangliosidosis and MPS (p<0.0001); and GM2-gangliosidosis and MPS 

(p<0.0001). 

Chitotriosidase levels in the CSF within each lysosomal disease are 

shown in Figure 2. In GM1-gangliosidosis, patients with infantile phenotype had 

increasing levels of chitotriosidase in the CSF over time (Figure 2A). One patient 

with late-infantile GM1 had eight sequential levels that showed a steady 

decrease over time, with exception of the last level (Figure 2B). CSF 

chitotriosidase appeared to be higher in the infantile and late-infantile phenotypes 

than the juvenile phenotype (Figure 2A through 2C). 

In GM2-gangliosidosis, two patients with infantile Sandhoff disease had 

lower levels of chitotriosidase levels than patients with infantile Tay-Sachs 

disease (Figure 2D). Patients with infantile Tay-Sachs had higher chitotriosidase 
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levels in the CSF than patients with juvenile or late-onset Tay-Sachs (Figure 2D 

through 2F).  

In patients with Gaucher disease, chitotriosidase levels decreased over 

time in the patient with Gaucher disease type I phenotype, which may have been 

a treatment effect (Figure 2G through 2H). It is unknown if these patients were 

receiving treatment for Gaucher disease. 

In MPS, patients with MPS III type A (Sanfilippo syndrome type A, or MPS 

IIIA), an MPS condition associated with severe CNS disease, had higher 

chitotriosidase levels in the CSF than patients with MPS I Scheie, a phenotype 

not associated with severe CNS disease (Figure 2I through 2L). Chitotriosidase 

levels were similar among patients with MPS IS, attenuated MPS II, and multiple 

sulfatase deficiency. 

To determine if there were significant differences in chitotriosidase levels 

in the CSF between among phenotypes, a one-way ANOVA was performed 

(Appendix Table 1). CSF chitotriosidase levels were significantly higher in most 

GM1-gangliosidosis phenotypes analyzed compared to Gaucher type I. Infantile 

GM1- and late-infantile GM1-gangliosidosis had significantly higher CSF 

chitotriosidase levels than nearly all MPS subtypes analyzed. Furthermore, 

infantile Tay-Sachs and juvenile Tay-Sachs had significantly higher CSF 

chitotriosidase levels compared to nearly all MPS subtypes analyzed. There was 

no significant difference between CSF chitotriosidase levels between the infantile 

and late-infantile GM1-gangliosidosis (p=1) (Appendix Table 1), between the 

infantile GM1- and juvenile GM1-gangliosidosis (p=0.17), and between the late-

infantile GM1- and juvenile GM1-gangliosidosis (p=0.19). 

Infantile Tay-Sachs had a statistically significantly higher CSF 

chitotriosidase levels than late-onset Tay-Sachs (p<0.0001). There was no 

significant difference between the infantile Tay-Sachs and juvenile Tay-Sachs 
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(p=0.16). However, juvenile Tay-Sachs had higher CSF chitotriosidase levels 

than late-onset Tay-Sachs, which was near statistical significance (p=0.06). 
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Figure 2: Chitotriosidase Levels in the CSF in Multiple Lysosomal Diseases 

A) B)  



67 
 

C) D)  
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E) F)  
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G) H)  
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I) J)  
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K)  L)  

Chitotriosidase levels in the cerebrospinal fluid (CSF) are shown for patients with lysosomal diseases. Sequential points from 

patients are connected by lines. A-C) GM1-gangliosidoses. Infantile: n=11 CSF specimens, late-infantile: n=9, juvenile: n=1. D-F) 

GM2-gangliosidoses. Tay-Sachs infantile: n=7 CSF specimens, Tay-Sachs juvenile: n=3, Tay-Sachs adult: n=3, and Sandhoff 

infantile: n=3. G-H) Gaucher disease. Non-neuronopathic/type 1: n=1 CSF specimen, neuronopathic phenotype: n=2. I-L) 

Mucopolysaccharidoses (MPS) and multiple sulfatase deficiency (MSD). MPS IS: n=3 CSF specimens, MPS II attenuated: n=1, MPS 

IIIA: n=7, and MSD: n=1. 
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3.1.3.4 Chitotriosidase Levels in the Serum from Patients 

Patients with Gaucher disease or GM1-gangliosidosis had higher CHITO 

serum levels than patients with GM2-gangliosidosis or MPS. A one-way ANOVA 

determined a significant difference in CHITO levels in the serum among all 

diseases analyzed, except GM2-gangliosidosis and MPS, which was near 

statistical significance. 

CHITO levels in the serum within each lysosomal disease group are 

shown in Figure 3. In GM1-gangliosidosis, chitotriosidase levels increased over 

time for patients with infantile and late-infantile phenotypes but remained stable 

for patients with the juvenile phenotype (Figure 3A through 3C). Serum 

chitotriosidase levels were the highest in the infantile, followed by the late-

infantile, then juvenile phenotype.  

In GM2-gangliosidosis, there were no apparent increases or decreases in 

serum CHITO over time across the GM2-gangliosidosis phenotypes (Figure 3D 

through 3F). Serum CHITO levels were similar among infantile Tay-Sachs, 

juvenile Tay-Sachs, and late-onset Tay-Sachs, suggesting that chitotriosidase 

levels in the serum may not reflect disease severity in Tay-Sachs.  

Serum CHITO levels were elevated in patients with Gaucher disease, 

independent of age (Figure 3G through 3H). CHITO levels were similar between 

for the pediatric and adult patients, suggesting that serum CHITO is not 

influenced by age in Gaucher disease. The use of enzyme replacement therapy 

may have stabilized serum chitotriosidase levels among different age groups in 

Gaucher disease.   

In MPS, patients with MPS IIIIA had levels that increased over time, but 

one patient with MPS IS subtype had levels that decreased over time (Figure 3I 

through 3L), possibly a treatment effect. MPS IV type A (MPS IVA) had higher 

serum chitotriosidase levels than other MPS diseases, although more data is 
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needed to confirm this. Patients with MPS IIIA had slightly higher chitotriosidase 

levels than patients with MPS IH, MPS IS, or MPS II attenuated. There were no 

apparent differences between the Hurler and Scheie subtypes of MPS I.  

There was a statistically significant difference in chitotriosidase levels 

among different phenotypes of lysosomal diseases (Appendix Table 2). Infantile 

GM1- and late-infantile GM1-gangliosidosis had significantly higher serum 

chitotriosidase levels than infantile GM2- and juvenile GM2-gangliosidosis, and 

most MPS subtypes analyzed. There were no significant differences between 

infantile Tay-Sachs or juvenile Tay-Sachs compared to the MPS subtypes.  

There was no difference in serum CHITO levels among the infantile and 

late-infantile GM1-gangliosidosis (p=0.97) (Appendix Table 2), but infantile GM1-

gangliosidosis had significantly higher serum CHITO levels than juvenile GM1-

gangliosidosis (p=0.03).  
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Figure 3: Chitotriosidase Levels in the Serum in Multiple Lysosomal Diseases 

 

A) B)  
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C) D)  
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E) F)  
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G) H)  
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I) J)  
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K) L)  

Chitotriosidase levels in the serum are shown for patients with lysosomal diseases. Sequential points from patients are connected by 

lines. A-C) GM1-gangliosidoses. Infantile: n=11 serum specimens, late-infantile: n=12, juvenile: n=6. D-F) GM2-gangliosidoses. Tay-

Sachs infantile: n=10 serum specimens, Tay-Sachs juvenile: n=4, Tay-Sachs adult: n=5, and Sandhoff infantile: n=3. G-H) Gaucher 

disease. Non-neuronopathic/type 1: n=7 serum specimens, neuronopathic phenotype: n=6. I-L) Mucopolysaccharidoses (MPS). MPS 

IH: n=1 serum specimen, MPS IS: n=5, MPS II attenuated: n=1, MPS IIIA: n=9, and MPS IVA: n=1. 
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3.1.3.5 Chitotriosidase Levels and Cognitive Performance in Patients 

Bailey-III cognitive raw scores and age-equivalent scores were higher in 

patients with the lowest CHITO levels in the CSF (Figure 4). The majority of the 

patients with GM1- or GM2-gangliosidosis scored at the lowest possible score of 

age-equivalent scores, which was <16 days. Therefore, the age-equivalent 

scores could not capture changes in cognitive function for most patients with 

GM1- or GM2-gangliosidosis. Patients with different diseases were tested at 

different ages, making it difficult to compare them to each other. Therefore, a 

multiple linear regression model was created to determine if there was a 

significant relationship between CSF CHITO levels and the Bayley-III cognitive 

domain’s raw score, accounting for disease. CHITO levels in the CSF were a 

significant predictor of Bayley-III cognitive raw scores (p=1.12*10-5). A significant 

regression equation was found with an adjusted R2 of 0.72 (p=9.96*10-7). Bayley-

III cognitive domain’s raw scores were equal to 60.79-[9.92*ln(CHITO level in the 

CSF as nmol/h/mL)]-(7.17*disease), where disease was coded as 1 = GM1, 0 = 

GM2, and -1 = MPS. Moreover, every increase in the natural log of CSF CHITO 

levels was associated with a decrease of 9.92 in the raw scores from the Bayley-

III cognitive domain, adjusting for disease.  

Serum CHITO levels showed a strong association with raw scores from 

the Bayley-III cognitive domain for GM1-gangliosidosis but not for GM2-

gangliosidosis or MPS (Figure 5). A Pearson’s correlation test showed that there 

was a statistically significant relationship between serum CHITO levels and raw 

scores from the Bayley-III cognitive domain (p=0.0002, R2 of 0.69). 
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Figure 4: Bayley Cognitive Domain and Chitotriosidase Levels in the CSF 

A)
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B)

 

Chitotriosidase levels in the CSF were plotted against the cognitive domain in the Bayley-III test measured as either age-equivalent 

scores (3A) or raw scores (3B). A) The floor (dotted line) designates the lowest possible score of the age-equivalent score, which is 

<16 days or 0.53 month.  
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Figure 5: Bayley Cognitive Domain and Chitotriosidase Levels in the Serum 

A)  
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B)  

Chitotriosidase levels in the serum were plotted against the cognitive domain in the Bayley-III test measured as either age-equivalent 

scores (4A) or raw scores (4B). A) The floor (dotted line) designates the lowest possible score of the age-equivalent score, which is 

<16 days or 0.53 month. 
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3.1.4 Discussion 

This is the first study to report CHITO levels in the CSF of patients with 

lysosomal diseases. In this study, CSF CHITO levels were found to be elevated 

in several lysosomal diseases with a more rapidly progressing CNS pathology, 

suggesting CSF CHITO has potential as a biomarker in lysosomal diseases that 

affect the CNS, with important applications in the diagnosing of disease 

phenotypes and monitoring disease progression. Higher CHITO levels in the 

CSF were associated with worsened cognitive function for GM1-gangliosidosis, 

GM2-gangliosidosis, and MPS. 

 

3.1.4.1 Diagnosing Disease Phenotypes 

The ability to predict phenotype (e.g., infantile vs juvenile vs late-onset) is 

becoming increasingly important in the era of newborn screening and will be 

critical for making treatment decisions for newly diagnosed infants. Currently, 

diagnosis of phenotypes is based on onset of signs and symptoms. This poses a 

problem because symptoms begin after neurological damage has already 

occurred (3). Genotype-phenotype relationships have been helpful in predicting 

disease phenotypes of gangliosidoses but are not comprehensive, and there are 

discrepancies with some genotype-phenotype that have yet to be better 

understood (200, 201). In this study, average CHITO levels were higher in more 

severe phenotypes of GM1-gangliosidosis (infantile vs juvenile) in both CSF and 

serum specimens. These results are similar to a study by Arash-Kaps et al. 

which also saw elevated serum chitotriosidase levels in patients with the more 

severe phenotypes of GM1 gangliosidosis (222). CSF CHITO levels were higher 

in more severe phenotypes of GM2-gangliosidosis (infantile vs late-onset/adult 

onset). Thus, CHITO serum and CSF levels may aid in predicting gangliosidoses 
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disease phenotypes, and thereby help guide treatment decisions and lead to 

earlier treatment.    

 

3.1.4.2 Changes in Chitotriosidase Levels Over Time 

Measurement of serum CHITO levels in patients with Gaucher disease 

type I, is often used as an aid in determining response to therapy. In the 

untreated adult patient with Gaucher disease type I, CHITO levels are typically 

elevated, relatively stable. In contrast, CHITO levels in the blood and CSF 

showed marked increases over time in the severe infantile phenotype of GM1-

gangliosidosis. Better understanding how a biomarker will fluctuate over time, if 

at all, as part of a disease natural history or assessment of response to therapy, 

will improve appropriate application and accurate interpretation of biomarker 

values.   

Increases in the CHITO levels in the CSF over time were associated with 

progressive decreases in cognitive function. For every increase of the natural log 

CSF CHITO, there was a decrease of 9.92 raw scores in the cognitive domain of 

Bayley-III, adjusting for disease. CSF and serum chitotriosidase levels increased 

after the onset of seizures in one patient with infantile GM1-gangliosidosis and 

one patient with infantile Tay-Sachs disease. In this study, a broader comparison 

of CHITO levels before and after onset of initial seizures could not be performed 

as most of the initial chitotriosidase levels were drawn after the patients were 

experiencing seizures. Future studies could examine if CHITO is associated with 

other neurological outcomes in patients, such as seizures or changes in MRI.  

 



87 
 

3.1.4.3 Serum Chitotriosidase and Bone Health 

In humans, CHITO is produced exclusively by activated macrophages. 

Osteoclasts are the resident macrophages in bones and play important roles in 

bone resorption. As such, increases in serum CHITO has been shown to be 

associated with increase bone resorption and is a biomarker in osteolytic 

diseases (223, 224). Elevated serum chitotriosidase is a known indicator of bone 

health in Gaucher disease type I (225, 226). This study demonstrated that serum 

CHITO is higher in MPS IVA than other MPS diseases, consistent with MPS IVA 

having more severe bone pathology and osteolytic pathology. In like fashion, 

serum CHITO was also elevated in GM1-gangliosidosis, a condition sharing 

numerous bone pathology with MPS conditions. Therefore, the elevated 

chitotriosidase levels in the serum may reflect the skeletal pathogenesis in 

numerous lysosomal diseases. 

 

3.1.4.4 Additional Considerations 

Approximately 5% of the general population have homozygous mutations 

in the chit1 gene resulting in significantly reduced production or no production of 

CHITO (i.e., CHITO non-producers) (227). In this study, one patient with infantile 

Sandhoff (patient 22) was a CHITO nonproducer and was excluded from the 

analysis.  It is unknown if the other subjects were heterozygotes in terms of their 

chit1 genotype. 

Recent studies have shown that chitotriosidase may induce pathogenic 

inflammation and tissue remodeling (228, 229). Evidence of microglial activation 

and elevated chitotriosidase levels were seen in the brain tissue of a patient with 

Sandhoff disease (230). Serum CHITO levels can be elevated from various non-

lysosomal conditions or diseases.  Elevations in serum CHITO levels has been 

reported in athlerosclerosis, brucellosis, and active tuberculosis (231-233). 
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Elevations in CHITO levels in the CSF has been reported in Alzheimer’s disease 

and cerebral adrenoleukodystrophy (234, 235). The elevations in CHITO levels 

from such conditions, however, are not as high as the elevations typically seen in 

untreated Gaucher disease type I, which commonly exceed levels greater than 

1000 nmol/h/mL. Likewise, serum CHITO elevations found in subjects in this 

study who had infantile GM1-gangliosidosis and MPS IVA, exceeded that 

reported in non-lysosomal conditions. 

 

3.1.5 Conclusions  

This study has shown that CSF and serum CHITO may serve as a 

candidate biomarker for select lysosomal diseases with CNS, as well as 

peripheral disease pathology. Specifically, CSF CHITO levels may distinguish the 

most severe infantile forms of the gangliosidoses from more attenuated juvenile 

and adult/late-onset forms and may be a marker of disease progression and for 

therapy outcomes.   
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3.2 Pre-Clinical Study of Chitotriosidase as a Biomarker in Lysosomal Diseases 

3.2.1 Methods 

Three different murine models of lysosomal diseases were studied: GM1-

gangliosidosis, GM2-gangliosidosis (Sandhoff disease), and MPS I. Mice for 

GM1-gangliosidosis and MPS I studies were C57Bl/6 strains, and the mice for 

Sandhoff studies were a mix of C57Bl/6 and 129S4 strains. For each lysosomal 

disease, there were three groups: untreated homozygous, gene-editing treated 

homozygous, and heterozygotes. There were three mice in each group for the 

GM1-gangliosidosis study (9 mice total) and the MPS I study (9 mice total). 

There were six mice in each group for the Sandhoff disease study (18 mice total). 

Homogenized brain samples of untreated, treated, and heterozygous mice 

were provided courtesy of Dr. Li Ou and Dr. Michael Przybilla from the Whitley 

lab. The gene-editing therapies for MPS I and Sandhoff disease were developed 

by Dr. Li Ou (236, 237). The gene-editing therapy for GM1-gangliosidosis was 

developed by Dr. Michael Przybilla (238). The details of these gene-editing 

therapies are published elsewhere (236-238). Briefly, gene editing using a 

clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9 system 

was used to insert a transgene encoding for a lysosomal gene into the albumin 

locus in hepatocytes. Mice were injected intravenously with gene editing therapy 

at one to two days post-birth. Mice with GM1-gangliosidosis received a total dose 

of 8 x1010 vg/kg of the AAV8 vector, Sandhoff mice received 3.5x1013 vg/kg, and 

MPS I mice received 3.5x1014 vg/kg. Mice were sacrificed at eight months, four 

months, or 11 months post-birth for the GM1-gangliosidosis, Sandhoff, and MPS 

I studies, respectively. At the time of sacrifice, brain samples were isolated and 

homogenized.  
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I performed the chitotriosidase assays described in Section 3.1.2.2. The 

total protein levels in the brain tissues were quantified using a modified Bradford 

assay. The PierceTM protein assay was performed as described by the 

manufacturer (PierceTM 660-nm Protein Assay Reagent ThermoFisher 22660). 

Preformulated standards of Bovine Albumin Fraction V in 0.9% NaCl were used 

(ThermoFisher 23208). Absorbance was read on a clear 96-well plate (Sarstedt 

82.1582) at 660 nm. 

An ordinary one-way ANOVA followed by Tukey’s multiple comparisons 

test was performed using GraphPad Prism version 8 for Windows, GraphPad 

Software, San Diego, California USA, www.graphpad.com.  

 

3.2.2 Results  

 There was a statistically significant difference in chitotriosidase levels 

among untreated mice with GM1-gangliosidosis, Sandhoff disease, and MPS I 

(F=238.4, p<0.0001) (Figure 6). Mice with MPS I had the highest chitotriosidase 

levels in the brain, followed by GM1-gangliosidosis, then Sandhoff disease.  

 

 

  

http://www.graphpad.com/
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Figure 6: Chitotriosidase Levels in the Brain in Untreated Mice 

 

The mean and 95% confidence intervals for each group are shown (n=3 mice in GM1-

gangliosidosis, 6 Sandhoff disease, 3 in MPS I).  
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In GM1-gangliosidosis, there was no statistically significant difference in 

chitotriosidase levels among untreated, treated, and heterozygous mice. 

(F=2.812, p=0.1375) (Figure 7). 

 

Figure 7: Chitotriosidase Levels in the Brain from GM1-gangliosidosis Mice 

Treated with Gene Therapy 

 

The mean and 95% confidence intervals for each group are shown (n=3 in each group). 
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In Sandhoff disease, there was no statistically significant difference in 

chitotriosidase levels among untreated, treated, and heterozygous mice. 

(F=0.7022, p=0.5111) (Figure 8). 

 

Figure 8: Chitotriosidase Levels in the Brain from Sandhoff Mice Treated 

with Gene Therapy 

 

The mean and 95% confidence intervals for each group are shown (n=6 in each group). 
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In MPS I, there was a statistically significant difference in chitotriosidase 

levels among untreated, treated, and heterozygous mice. (F=34.17, p=0.0005) 

(Figure 9). Untreated mice had the highest chitotriosidase levels in the brain, 

followed by heterozygous, then treated mice. 

 

Figure 9: Chitotriosidase Levels in the Brain from MPS I Mice Treated with 

Gene Therapy 

 

The mean and 95% confidence intervals for each group are shown (n=3 in each group). 
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3.2.3 Discussion  

 This study assessed chitotriosidase’s ability to respond to effective gene 

therapy in murine models of lysosomal diseases. Chitotriosidase levels appear to 

be useful in murine models for MPS I, because there was a significant difference 

among these untreated, treated, and heterozygous mice. The efficacy of the 

gene-editing system is detailed in a publication by Ou et al. (236). The 

chitotriosidase levels reported in this dissertation were quantified from the high 

dose group in the study by Ou et al. (236). In that study, the high dose group had 

statistically significantly higher iduronidase activity levels in the brain than 

untreated mice (p<0.0001) and decreased vacuolization in Purkinje cells (236). 

Therefore, chitotriosidase levels in the brain may be a biomarker for gene 

therapy’s efficacy. 

The utility of chitotriosidase in murine models of GM1-gangliosidosis and 

Sandhoff disease is uncertain. In Section 3.1.3.3, patients with GM1-

gangliosidosis had high elevations in chitotriosidase levels in the CSF. In 

contrast, mice with GM1-gangliosidosis had similar chitotriosidase levels in their 

brain compared to heterozygous mice. The lack of difference between the 

untreated and heterozygous mice may be due to a different disease progression 

or chitotriosidase’s involvement in mice with GM1-gangliosidosis. In 3.1.3.3, 

patients with Sandhoff disease had lower chitotriosidase levels in the CSF than 

patients with other gangliosidoses. Similarly, untreated Sandhoff mice had lower 

chitotriosidase levels in the brain than untreated GM1-gangliosidosis mice. The 

low chitotriosidase levels in Sandhoff mice may also be due to differences in 

murine strains (239, 240).  

 A previous study reported that mice expressed chitotriosidase in the 

gastrointestinal tract, tongue, fore-stomach, and Paneth cells in the small 

intestine (239). In that study, mRNA levels for chitotriosidase were not detected 

in the brain, which may be due to the use of wildtype mice (239). The expression 

of chitotriosidase in mice may be disease-specific, similar to humans. In one 
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study, a murine model for Gaucher disease had a significantly higher 

chitotriosidase levels in the serum than wildtype mice (609 nmol/h/mg vs 167 

nmol/h/mg) (241). 

 The strength of this study is that chitotriosidase levels in the brain were 

measured in multiple murine models of lysosomal diseases. Another strength of 

this study is that it assessed whether chitotriosidase levels could respond to gene 

therapy. While statistically significantly differences were seen, the absolute 

difference in chitotriosidase levels was small in the brain. Therefore, a sensitive 

method is needed to measure chitotriosidase levels in murine brain. Future 

studies with more mice and at various disease stages would further elucidate 

chitotriosidase’s response to gene therapies. 
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CHAPTER 4: INVESTIGATION OF IDURONIDASE ENZYMES LINKED TO 

PEPCAN TO IMPROVE DELIVERY TO TARGETED TISSUES 
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4.1 Introduction 

CNS disorders are a major contributor to morbidity and mortality in 

lysosomal diseases. Section 1.2.3 details these CNS disorders. Biological 

therapies, such as ERTs, have difficulty reaching the CNS due to their large 

molecular weight. One method to improve the delivery of enzymes is through 

receptor-mediated transport. In receptor-mediated transport, the enzyme of 

interest is physically attached to a ligand for a receptor expressed on the surface 

of the BBB. Section 2.3.2.4 discusses more details on receptor-mediated 

transport and examples from lysosomal diseases. There is still limited knowledge 

on potential mechanisms to deliver biological therapies into the CNS, such as 

targeting other highly expressed receptors. 

The long-term goal of this study is to identify a strategy to increase the 

uptake of different lysosomal enzymes into targeted tissues. MPS I, which has a 

deficiency in the iduronidase enzyme, was chosen as the initial disease model. 

The objective of this study was to determine if pepcan-12 can increase the 

uptake of iduronidase in the brain of MPS I mice. Pepcan-12 is a ligand for the 

cannabinoid receptor type 1 (CB1) that is highly expressed in the CNS. The 

primary hypothesis was that the plasmid encoding pepcan-12 in tandem with 

IDUA will cause higher enzyme activity levels in the brain than the plasmid 

encoding IDUA. More specifically, mice treated with pepcan-12+Linker S+IDUA 

or pepcan-12+Linker T+IDUA were hypothesized to have higher enzyme activity 

levels in the brain than mice treated with IDUA. The secondary hypothesis was 

that the linkers would not affect the activity levels of iduronidase. More 

specifically, mice treated with Linker S+IDUA or Linker T+IDUA would have 

similar enzyme activity levels to mice treated with IDUA in the organs and 

plasma. 
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4.1.1 CB1 as the Target Receptor 

 A strategy using receptor-mediated transport was chosen over adsorptive 

transport because adsorptive transport using cell-penetrating peptides can cause 

non-specific uptake of enzymes into organs. Non-specific uptake into organs can 

limit the amount of enzyme entering the CNS because the CNS competes with 

organs for enzymes. Moreover, non-specific uptake into organs poses significant 

safety risks.  

A target receptor with the following characteristics was desired:  

• High homology between humans and mice 

• High expression on the luminal surface of endothelial cells on BBB and 

target cells within the CNS 

• Low risk of adverse effects from disrupting the receptor’s function 

• Known ligand or antibody that can be encoded as DNA 

These considerations are discussed in this section. The characteristic of 

low risk of adverse effects from disrupting the receptor’s function will be 

discussed in Section 4.1.2 when pepcans are discussed. 

To increase the translatability of this dissertation’s study, the scientific 

rationale for the study design was considered for both humans and murine 

models. Mice are common pre-clinical models due to their high genetic similarity 

to humans, accelerated lifespan, ease of breeding, and low cost. Thus, the 

scientific rationale for selecting the target receptor and ligand needed to be 

supported by data from both humans and mice. While mice and humans have 

90% genome similarity, there are still translatability challenges (242). One 

relevant example is in the development of AGT-181 or valanafusp, which is an 

iduronidase enzyme conjugated to an antibody for the human insulin receptor. 

The initial antibody, MAb 83-14, was produced by mouse ascites cells, contained 

fragments of murine antibodies, but did not recognize the murine insulin receptor 

(243). Instead, MAb 83-14 antibody recognized the human insulin receptor, 

specifically the amino acids 469-592 of the α subunit, and thus studies with MAb 
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83-14 were performed in human cell cultures or rhesus monkeys (243-246). The 

authors state that there is no known antibody that cross-reacts to rodent and 

human insulin receptors (244, 245). Therefore, a surrogate way to study this 

mechanism in mice targeted a different receptor, more specifically, the transferrin 

receptor (245).  

The CB1 and cannabinoid receptor type 2 (CB2) receptors are part of the 

endocannabinoid system (247). The endocannabinoid system plays a role in 

neuroprotection, memory, pain modulation, appetite, immune functions, 

cardiovascular disease, cancer, and fertility (247). CB1 is primarily expressed in 

the CNS, whereas CB2 is primarily expressed in the peripheral and immune cells 

(247).   

In humans, CB1 is encoded by the CNR1 gene, which is located on 

chromosome 6q15 (248). In mice, CB1 is encoded by the Cnr1 gene located on 

chromosome 4 16.28 cM (249). The CNR1 and Cnr1 gene contain eight and 11 

exons, respectively (248, 249). In humans, CB1 is 473 amino acids long and can 

exist as three protein isoforms (248, 250, 251). In mice, CB1 is 472 amino acids 

long and can exist as two protein isoforms (249, 252). CB1 is a G-protein 

coupled receptor (GPCR) and has the canonical seven transmembrane structure 

(248, 250). A Blast 2 sequence program identified a 97.04% amino acid similarity 

between the human and mice CB1, indicating high similarity between the two 

organisms (253). 

The high expression of CB1 in the CNS makes it an attractive target for 

therapeutic delivery. The expression of receptors on the cell's extracellular 

surface is a rate-limiting step for receptor-mediated transport. CB1 is the highest 

expressed GPCR in the CNS (247). Since the test article was going to be 

administered intravenously, CB1 would need to be expressed extracellularly on 

the luminal surface of endothelial cells on BBB, as well as the target cells within 

the CNS.  

CB1 is expressed on the extracellular surface of endothelial cells on the 

BBB, which is required for receptor-mediated transport into the CNS. One study 
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detected the CB1 protein on cultured human brain microvascular endothelial cells 

using fluorescein isothiocyanate staining or Western blot (254, 255). However, it 

was not reported whether CB1 was expressed at the luminal or abluminal surface 

of human cultured cells. One study detected CB1 proteins at both the luminal and 

abluminal surface of rat brain microvascular endothelial cells using 

immunostaining and electron microscopy (256). Thus, these studies suggest that 

a fusion enzyme has the potential to be taken up from the blood vessel’s lumen 

and into endothelial cells. 

CB1 is also expressed on neurons in humans and mice, which is 

important because neurons are one of the affected cells in MPS I and in other 

lysosomal diseases (257, 258). Section 1.2.3 discusses how neurons are 

affected in lysosomal diseases. Therefore, a fusion enzyme has the potential to 

be taken up into neurons using receptor-mediated transport mediated by CB1.  

 The expression of CB1 in other tissues is important for predicting off-target 

effects. CB1 has a preferential and ubiquitous expression in the CNS but also 

expressed in other tissues. RNA-seq of tissue samples from 95 humans detected 

CNR1 in adipose tissues, adrenal gland, lung, and lymph nodes (248, 258). The 

mouse ENCODE transcriptome data reported expression of Cnr1 expression in 

the adrenal glands of adult mice (249). 

 

4.1.2 Pepcan as the Ligand for CB1 

 Pepcans, termed after peptide endocannabinoids, were first discovered in 

2003 (259). The first pepcan discovered, pepcan-9, was found in the brain of rats 

(259). Pepcan-9’s amino acid sequence in rats, PVNFKFLSH, corresponds to 

amino acid 96-104 in the α chain of hemoglobin (259). The human and murine 

homolog of pepcan-9 differs by a Phe to Leu change at position 6 (PVNFKLLSH) 

(260). Pepcan-9 is also called hemopressin due to its sequence similarity to 

hemoglobin and dose-dependent hypotensive effects in rats (259). Later studies 

demonstrated that pepcan-9 was a serendipitous artifact of the hot acid 



102 
 

extraction used in rat brains, which caused an Asp-Pro peptide bond cleavage 

(261). That is, pepcan-9 is not synthesized in vivo. Additional studies identified 

other pepcans such as pepcan-12, pepcan-23, and pepcan-14 (260, 262).  

Pepcans, a class of peptides that bind to the CB1 receptor, were chosen 

as the ligand for the CB1 receptor because they can be encoded as DNA. 

Although there are several other ligands for CB1, these ligands were ruled out for 

the following reasons. Using a canonical, endogenous ligand, such as 

anandamide, for receptor-mediated transport poses a safety risk via competition 

for CB1. Clinical trials with valanafusp, which targets the insulin receptor, have 

reported hypoglycemia, albeit transient and manageable (146). Furthermore, 

canonical, endogenous ligands or synthetic compounds, such as rimonabant, 

would be difficult for gene therapy studies. In gene therapy, the transgene is 

administered as a DNA and transcribed, translated, and processed into the 

enzyme. Compounds have to be conjugated to the lysosomal enzyme to have a 

therapeutic effect. Given the complexity of gene expression and the numerous 

macromolecules involved, finding a way to conjugate a compound to the enzyme 

intracellularly did not seem feasible. For that reason, conjugation of the enzyme 

using a biotin-avidin system to target the CB1 receptor also did not appear 

feasible. 

 Among the known pepcans, pepcan-12 was chosen as the ligand for the 

CB1 receptor for this study based on the following characteristics: 

• High affinity for CB1 

• Ability to induce internalization of the CB1 receptor 

• Information available on how it binds to CB1 

• Physiological effects, including knowledge of adverse effects  

• Relative selectivity for CB1 

Each of these characteristics are detailed below. 

One reason why pepcan-12 was chosen as the ligand is because it has a 

higher affinity for CB1 receptors than other pepcans. A seminal paper by Bauer 

et al. identified and characterized several pepcans (260). An equilibrium binding 
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assay compared pepcans’ abilities to displace radiolabeled, synthetic compounds 

that have low nanomolar affinities for human CB1 receptors (260). Pepcan-12, 

pepcan-14, pepcan-15, pepcan-17, and pepcan-20 were chosen in that study 

because they were present in murine brain, hamster brain, murine plasma, and 

human plasma (260). CHO cells expressing human CB1 were co-incubated with 

1 μM of a pepcan (pepcan-12, pepcan-14, pepcan-15, pepcan-17, or pepcan-20) 

and 0.5 nM of [3H]CP55,940 or 2.5 nM of [3H]WIN55,212-2 (260). Pepcan-12, 

pepcan-14, then pepcan-20, in the listed order, caused moderate-to-low 

displacement of radioligands (260). Pepcan-15 and pepcan-17 did not 

demonstrate displacement (260). 

Pepcan-12 induces the internalization of CB1 receptors, supporting its 

potential to mediate receptor-mediated endocytosis. Internalization of CB1 has 

been measured in studies as the % reduction of CB1 expression at the surface. 

One study reported that pepcan-12 caused a 21% reduction of CB1 expression 

at the surface (260). A second study reported an approximately 50% reduction of 

CB1 surface expression (262). In both studies, the co-administration of 

SR141716, a CB1 antagonist that inhibits the internalization of CB1, and pepcan-

12 resulted in normal CB1 expression (260, 262, 263). Information about how 

CB1 agonists induce internalization may provide further insight into pepcan-12’s 

mechanism. After binding to agonists (WIN55,212-2, CP55,940, or HU210), CB1 

was internalized after 20 minutes using clathrin-coated pits (263). This 

internalization of CB1 required its 460-463 amino acids at the C terminal but not 

the G protein α1, α0, and αs subunits (263). 

 The N-terminal of pepcan-12 is important for binding to CB1. Pepcan-12 

conjugates that had a fluorescein at the N-terminal had weaker binding to CB1 

receptors than conjugates at the C-terminal (260). Another study showed that the 

five amino acids of pepcan-9’s N-terminal were needed for CB1 recognition 

(PVNFKFLSH) (264). Pepcan-12 has also been reported to be a negative 

allosteric modulator of CB1 (260).  
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Given CB1’s role in the endocannabinoid system, the physiological effects 

of pepcan-12 were an important safety consideration. An intraperitoneal injection 

of 10 μmol of pepcan-12 once daily for 14 days decreased food consumption in 

rats, although total body weight was not affected (265). Administration of pepcan-

12 intracerebroventricularly restored impaired memory functions in Alzheimer’s 

mice (266). Because pepcan-12 could have similar physiological effects as other 

pepcans, I also considered adverse effects caused by other pepcans. Pepcan-9 

causes dose-dependent hypotensive effects in mice, but hypotension was mild 

and transient (267). Pepcans have also caused antinociceptive and hypothermic 

effects (decreased body temperature by -1.75 °C) in rodents (268). Based on 

previous reports, pepcans appeared to have anorexigenic, antinociceptive, 

hypotensive, and hypothermic effects, but these effects seemed to be 

manageable. Furthermore, while it is important to be aware of the potential 

adverse effects, these were not guaranteed to be caused by the fusion enzyme. 

The function of a 12 amino acid peptide would likely be altered when the peptide 

is attached to a large enzyme like iduronidase. 

Adverse effects can also be caused by a ligand non-selectively binding to 

receptors, potentially resulting in a fusion enzyme’s off-target effects. In addition 

to CB1 receptors, pepcan-12 can bind to CB2 receptors (260). Therefore, a 

fusion enzyme could exhibit off-target effects from binding to CB2 receptors. 

However, pepcan-12 did not bind to other receptors that are activated by 

endocannabinoids, specifically transient receptor potential cation channel 

subfamily V member 1 (TRPV1) and G protein-coupled receptor 55 (GPR55) 

(260). Pepcan-12 also did not cross-react with other physiologically important 

receptors, such as μ-opioid, Δ-opioid, α2-adrenergic, β2-adrenergic, or 

angiotensin II type 1 (AT1) receptors (262). 
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4.1.3 MPS I as the Disease Model 

MPS I was chosen as the initial disease model because iduronidase has a 

simple protein structure and has more published information on its use as a 

fusion enzyme, ERT, and gene therapy. More information on MPS’ pathology, 

clinical progression, and murine models is also available compared to other 

lysosomal diseases. Therefore, the MPS I was chosen as the initial disease 

model because of the reduced likelihood of having unknown confounding factors. 

Once a strategy to increase uptake of iduronidase was identified and optimized, 

the eventual goal was to apply it to a lysosomal disease without a therapy, such 

as GM1-gangliosidosis.  

 

4.1.4 Selection of Linkers 

 Linkers are sequences that join two protein domains together. The term 

linker is used interchangeably with the term spacer. Spacers are sequences that 

separate two protein domains. Directly fusing two domains may impair gene 

expression, protein folding, and the activity of enzymes (269). Thus, a 

linker’s/spacer’s purpose is to join two domains together on the same polypeptide 

strand but separate the domains far enough to preserve the protein’s processing 

and function.  

A DNA sequence of a linker was used to physically attach the pepcan 

sequence to the IDUA sequence. The choice of the linker was based primarily on 

one that would not decrease the activity of iduronidase. The second preference 

for a linker was that it would be a short enough sequence to fit into AAV in future 

studies. 

Previous studies with fusion lysosomal enzymes used varying linkers. 

Some linkers may have been a byproduct of plasmid cloning because the amino 

acids did not fit the traditional sequences of linkers. One study used a DNA 

sequence that encoded for six amino acids between the 5’ of IDUA and 3’ of 
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murine transferrin (270). The resulting fusion enzyme had a 15% decrease in 

activity levels (270). Another study used a linker to join iduronidase to a ligand for 

apolipoprotein E (271). In that study, IDUA was followed by a human myc tag, a 

DNA sequence encoding for the five amino acid sequence IDILE, then the 

receptor-binding domain of apolipoprotein E (271). This linker appeared to 

preserve the activity levels of iduronidase, but the linker was located in the C 

terminal end of iduronidase. 

 I chose two linkers for this study, which are denoted as Linker S and 

Linker T. Linker S contained the 45 bp DNA sequence 

GGGGGAGGCGGGAGCGGGGGAGGCGGGAGCGGGGGAGGCGGGAGC, 

which can be abbreviated as (GGGGGAGGCGGGAGC)3. Linker S is translated 

into the 15 amino acid sequence Gly-Gly-Gly-Gly-Ser-Gly-Gly-Gly-Gly-Ser-Gly-

Gly-Gly-Gly-Ser, which can be abbreviated as (Gly-Gly-Gly-Gly-Ser)3 or 

(GGGGS)3. The (GGGGS)n motif is commonly used for linkers in fusion enzyme 

studies (269). The small size of glycine allows for interaction between domains or 

increased spatial separation of domains (269). This linker has been used in non-

lysosomal enzymes and proteins (269). A similar linker, L(GGGGS)4, was used 

to fuse five cell-penetrating peptides to the C terminal of the aryl sulfamidase, a 

lysosomal enzyme (272) 

Linker T contained the 15 bp DNA sequence 

GGCGGCGGCGGAACGGGA, which is translated into the six amino acid 

sequence Gly-Gly-Gly-Gly-Thr-Gly or GGGGTG. Linker T has been studied in a 

different lysosomal disease, MPS VII (186). 

Pepcan-12 and linkers were encoded immediately downstream of 

iduronidase’s signal sequence at the N terminal. Multiple studies have shown 

that pepcan-12’s N terminal is important for binding to CB1 (260, 264). Therefore, 

the final fusion enzyme needed to have a pepcan-12 with a free N terminal, 

which would only be possible if the pepcan-12 was encoded on the N terminal of 

iduronidase. Literature and database searches were performed to determine if 

disrupting iduronidase’s N terminal would affect its activity. No structural or 
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functional domains were reported in either the N or C terminal of iduronidase, 

except for the signal sequence at the N terminal (48, 251, 273).  

 

4.1.5 Dose Rationale 

 A dose of 50 μg of plasmid was chosen in this study. Ideally, the dose 

would have been based on the levels of the fusion enzyme that is needed to 

saturate the target receptor (243). However, there was insufficient published 

literature on the quantification of CB1 receptor levels on the BBB in mice and 

humans. Moreover, there was insufficient information from studies on the levels 

of iduronidase enzymes, either physical levels or activity levels, that are 

produced from plasmids. The relationship between the dose of gene therapy and 

the resulting enzyme levels reported in other studies was difficult to extrapolate 

to this study because previous studies used different constructs for gene therapy 

(i.e., plasmid vs AAV, different promoters, different genes) and/or only one dose 

was studied. Therefore, a commonly used dose for hydrodynamic injections of 

plasmids was chosen. This dose of 50 μg of plasmid has been used previously in 

the Whitley lab and other labs (270, 271, 274). This dose had been shown to 

cause the highest expression levels for IDUA. That is, doses past 50 μg did not 

increase the activity levels of iduronidase. The 50 μg represents the maximum 

effective dose in this study because the highest activity levels of iduronidase 

would maximize the number of bound receptors and transport into the CNS. 

 

4.2 Methods 

4.2.1 Experimental Design 

The overall experimental design is shown in Figure 10.  
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Figure 10: Experimental Design for Testing Fusion Idurondase Enzymes 

A) 

 

 

B) 

 

Genotype Injection Administered Plasmid Construct
Expected Enzyme 

Produced

MPS I Lactated Ringer’s No iduronidase

Heterozygote None Normal iduronidase

MPS I IDUA Normal iduronidase

MPS I Pepcan-12 + Linker S + IDUA p12 S iduronidase

MPS I Pepcan-12 + Linker T + IDUA p12 T iduronidase

MPS I Linker S + IDUA Linker S iduronidase

MPS I Linker T + IDUA Linker T iduronidase

48 hours-post injection,

blood collection

Isolation of brain, heart, lung, 
kidney, spleen, and liver

Homogenization of organs 
and plasma processing

Enzyme activity assay on 
organs and plasma

IDUA signal 

IDUA signal IDUA remaining cDNA Pepcan-12 Linker S 

IDUA signal IDUA remaining cDNA Pepcan-12 Linker T 

IDUA remaining cDNA 

IDUA signal IDUA remaining cDNA Linker S 

IDUA signal IDUA remaining cDNA Linker T 
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A) Pepcan-12 is the ligand for the CB1 receptor. Mice injected with Lactated Ringer’s (LR) are negative controls. Heterozygotes are 

positive controls. Mice injected with IDUA are a control group for the supraphysiological enzyme activity levels produced by 

hydrodynamic injection of plasmids. Mice injected with linker + IDUA serve as control groups to determine if linkers affect the enzyme 

activity. The size of the domains are not drawn to scale and are as follows: IDUA signal (57 bp), pepcan-12 (36 bp), Linker S (45 bp), 

Linker T (18 bp), IDUA remaining cDNA (1905 bp). B) The experimental steps after injection are shown.
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4.2.2 Plasmid Cloning 

 A third-generation lentiviral transfer plasmid was used as the backbone. 

This plasmid contained a human α1-antitrypsin (hAAT) promoter and the hepatic 

control region of human apolipoprotein E (HCR-apoE) to drive the expression of 

the transgene. The hAAT promoter causes liver-specific expression of 

transgenes, and HCR-apoE enhances the expression (274, 275). The plasmid 

contained a codon-optimized sequence of human IDUA that has been used 

previously (236, 276).  

 The cDNA sequence for pepcan-12 was obtained from the human HBA1 

gene, which encodes for the α chain of hemoglobin (277-279). In humans, the 

HBA2 gene also encodes for the α chain of hemoglobin (278). In mice, there is 

only one gene, Hba-a1, which encodes for the α chain of hemoglobin (279). The 

region of nucleotides that encoded for pepcan-12 was identical among HBA1, 

HBA2, and Hba-a1 (280). The DNA sequence for pepcan-12 was 

cgggtggacccggtcaacttcaagctcctaagccac. The DNA sequence for linkers was 

codon-optimized for humans using the Codon Optimization Tool from Integrated 

DNA Technologies (281). 

 The cDNA constructs from plasmids are shown in Figure 10. The 

sequences for pepcan-12+Linker S or pepcan-12+Linker T were inserted directly 

downstream of IDUA’s signal sequence. Constructs were cloned by ligation of 

the polymerase chain reaction (PCR)-synthesized insert using the primers 

between EcoRI/BlpI sites. The pepcan-12+Linker S+IDUA and pepcan-12+Linker 

T+IDUA plasmids used the cloning primers ctcctgacaggttggtgtacagtgaattcatgc 

and tggggaacagctgccggatctgctgagcgacg. The Linker S+IDUA and Linker T+IDUA 

plasmids were generated by cloning out the pepcan-12 sequences. Linker 

S+IDUA plasmid used the cloning primers 

cagtgaattcatgcggcccctgcggcctagagccgccctgctggctctcctggcttctctgctggccGGGGGA

GGCGGGAGCGGGGGAGGCGGGA and tggggaacagctgccggatctgctgagcgacg. 

Linker T+IDUA used the cloning primers 
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cagtgaattcatgcggcccctgcggcctagagccgccctgctggctctcctggcttctctgctggccGGCGGC

GGCGGAACGGGAgctccccctg and tggggaacagctgccggatctgctgagcgacg. The 

inserts were sequenced by the primers: AGCCCTGCCCTGAGACTG and 

ATTGTACTAACCTTCTTCTCTTTC. Plasmid cloning and sequencing was 

performed by the Custom Cloning Division within the Emory Integrated Genomics 

Core. 

 

4.2.3 Hydrodynamic Injection 

Hydrodynamic delivery is a commonly used technique for gene delivery in 

pre-clinical studies with rodents, and its principles are described in this paragraph 

(282). A DNA solution that is 8 to 10% of the mouse’s weight is administered 

over five to seven seconds as an intravenous injection, typically using the tail 

vein (282). The DNA solution travels from the tail vein to the inferior vena cava 

(282). The high volume of DNA solution in the heart increases the cardiac 

preload, induces cardiac congestion, and causes retrograde blood flow to the 

liver (282, 283). The high volume of DNA solution causes a hydrodynamic force 

that separates the endothelial cells in the liver’s vessels (282, 283). The blood 

vessel’s disrupted endothelial layer allows the DNA to reach and transfect 

hepatocytes (282, 283). The liver is the major site for transgene expression, 

though minor expression has been detected in the heart, lung, spleen, and 

kidney (274). In rodents, the cardiac preload rapidly normalizes due to their high 

heart rate (283). In humans, the rapid increase of cardiac preload poses safety 

risks, limiting the clinical translatability of hydrodynamic gene delivery (282, 283). 

Mice were housed in specific pathogen-free conditions. All protocols 

involving animals were approved by the University of Minnesota Institutional 

Animal Use and Care (IACUC) committee. All mice were C57BL/6. The plasmid 

mixture was prepared by mixing 50 μg of plasmids with a volume of Lactated 

Ringer’s (LR) Injection, United States Pharmacopeia (USP), needed to achieve a 

total volume that is 10% of the mouse’s body weight. For example, a mouse 
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weighing 20 g corresponds to 2 mL of the plasmid mixture. The maximum 

volume of the plasmid mixture was 2.7 mL. 

Mice were lightly sedated with ketamine/butorphanol/acepromazine 

cocktail. The sedative cocktail was prepared by UMN’s Research Animal 

Resources (RAR) as follows: 4.5 ml of 0.9% Sodium Chloride Injection, USP, 0.4 

ml of 100 mg/ml ketamine, 0.05 ml of 1 mg/ml butorphanol, and 0.05 ml of 10 

mg/ml acepromazine maleate injection were mixed to a final volume of 5 mL. 

Mice were administered 20 μL of the sedative cocktail intraperitoneally 30 

minutes before hydrodynamic injection. The plasmid mixture was injected 

intravenously through the tail vein using a 27G butterfly needle.  

 

4.2.4 Dissection and Sample Processing 

Forty-eight hours after hydrodynamic injection, blood and organs were 

collected. Approximately 200 μL of blood was collected from the submandibular 

vein. The blood was mixed with 20 μL of 100 units/mL Heparin LockFlush 

Solution, USP, then centrifuged for ten minutes at 3,000 revolutions per minute 

(rpm). The translucent layer corresponding to the plasma was transferred to a 

new tube and stored at -80°C. 

 Mice were euthanized with CO2 asphyxiation. Cardiac perfusion was 

performed with approximately 35 mL of Phosphate-Buffered Saline (PBS) 

(Corning® ref 21-040-CV). The brain, heart, lung, liver, kidney, and spleen were 

dissected and snap frozen on dry ice. Samples were stored at -80°C. 

Organs were mechanically homogenized with either a rotor-stator 

(Kinematica Polytron® CH-6010 Kriens-lu PT 10/35) or bead impact (Next 

Advance Bullet Blender® Storm). In both methods, 1 mL of PBS (Corning® ref 

21-040-CV) was added to the organ. After mechanical homogenization, 11 μL of 

10% Triton in PBS (Triton X-100 Sigma T8787) was added. After ten minutes, 

samples were centrifuged at 13.3 rpm for 15 minutes. The supernatant was 

transferred to a new tube and stored at -80°C. 
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4.2.5 Enzyme Activity Assay 

 The enzyme activity assay for iduronidase was performed as previously 

described but with a different stopping buffer (284). Briefly, a 0.4 M formate 

buffer was prepared by mixing 4.45 mL of formic acid (Sigma F0507), 6.8 g of 

sodium formate (Sigma S2140), 4.5 g of sodium chloride (Sigma 567440), and 

sufficient distilled water for a total volume of 500 mL. The 0.4 M formate buffer 

was adjusted to a pH of 3.5 with 0.4 M formic acid and 0.4 M sodium formate. 

Standards for the enzyme activity assay were created using 4-

methylumbelliferone (Sigma M1381). The stopping buffer was 0.15 M glycine-

NaOH buffer, pH 10 (Glycine Calbiochem Sigma 3570; NaOH Sigma S0899). 

 Samples were diluted with the formate buffer when needed. Then, 25 μL 

of sample was mixed with 25 μL of 360 μM of 4-methylumbelliferyl α-L-iduronide 

(Glycosynth 44076) in a 96-well polymerase chain reaction (PCR) plate 

(GeneMate Non-Skirted, VWR 490003-750). On the same plate, 25 μL of 

standards were added to different wells. The plate was incubated at 37°C for 30 

minutes on a thermocycler (Applied Biosystems). The reaction was stopped by 

adding 200 μL of glycine-NaOH buffer. Then, 200 μL of the mixture was 

transferred to a black 96-well plate with round bottoms (Corning® 3792). The 

fluorescence was read at 365 nm excitation and 450 nm emission on a plate 

reader (BioTek SynergyTM Mx Microplate reader). 

 For tissue samples, the total protein levels were quantified using a 

modified Bradford assay. The PierceTM protein assay was performed as 

described by the manufacturer (PierceTM 660-nm Protein Assay Reagent 

ThermoFisher 22660). Preformulated standards of Bovine Albumin Fraction V in 

0.9% NaCl were used (ThermoFisher 23208). Absorbance was read on a clear 

96-well plate (Sarstedt 82.1582) at 660 nm. 

Samples were ran in triplicate for the enzyme activity assay and the 

protein assay. 
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4.2.6 Statistical Analysis 

In the initial analysis, the enzyme activity levels of all the experimental 

groups were compared. However, it became clear that the hydrodynamic 

injection of plasmids caused supraphysiological enzyme activities in the plasma 

and organs, except the brain.  

For enzyme activity levels in the brain, all experimental groups were 

compared. The enzyme activity levels in the brain were natural log transformed, 

and a Welch one-way ANOVA test followed by Dunnett’s T3 multiple 

comparisons test was performed using GraphPad Prism version 9.2.0 for 

Windows, GraphPad Software, San Diego, California USA, www.graphpad.com. 

A Welch ANOVA was chosen over ordinary ANOVA because of unequal 

variances among groups. A Dunnett’s T3 multiple comparisons test was chosen 

because the sample size in each group was less than 50. 

 For the enzyme activity levels in the plasma and remaining organs, only 

the plasmid-treated groups were compared statistically to conserve power. Data 

were natural log-transformed, and an ordinary one-way ANOVA followed by 

Tukey’s multiple comparisons test was performed using GraphPad Prism version 

9.2.0 for Windows, GraphPad Software, San Diego, California USA, 

www.graphpad.com. The enzyme activity levels for the Lactated Ringer’s and 

heterozygote groups are still shown on the graphs for contextual purposes. 

 A Pearson’s correlation test was performed for age at injection and 

enzyme activity levels in the heart. A second Pearson’s correlation test was 

performed for the age of injection and enzyme activity levels in the plasma. 

Pearson’s correlation tests were performed using GraphPad Prism version 9.2.0 

for Windows, GraphPad Software, San Diego, California USA, 

www.graphpad.com 

 

http://www.graphpad.com/
http://www.graphpad.com/
http://www.graphpad.com/
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4.3 Results 

4.3.1 Age and Gender of Mice 

 There were a total of 64 mice in this study (Table 3). The mean age of 

mice at injection was 14.2 weeks and ranged between 6.3 weeks and 24.1 

weeks. Generally, the age at injection was similar across groups, with two 

noticeable differences. Mice that were injected with Lactated Ringer’s were older 

than the rest of the groups. Mice that administered Linker T+IDUA were on 

average four weeks younger than mice administered IDUA. Genders were 

balanced across groups, except in Pepcan-12+Linker S+IDUA and Pepcan-

12+Linker T+IDUA groups, which had a greater number of females. 

 

Table 3: Age and Gender of Mice in Experiment 

Group Mean age at injection 

in weeks (minimum 

and maximum age) 

Number 

of 

females 

Number 

of 

males 

Total 

number 

of mice 

Lactated Ringer’s 17.3 (6.3-24.1) 5 5 10 

IDUA 14.9 (10.0-18.1) 4 4 8 

Pepcan-12+ 

Linker S+IDUA 

13.2 (6.3-16.9) 6 3 9 

Pepcan-12+ 

Linker T+IDUA 

13.8 (6.3-18.0) 7 4 11 

Linker S+IDUA 12.4 (11.1-18.1) 5 4 9 

Linker T+IDUA 11.0 (10.6-11.1) 3 2 5 

Heterozygotes 15.1 (8.1-18.3) 6 6 12 
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4.3.2 Enzyme Activity Levels in the Organs and Plasma 

In the brain, there was a statistically significant difference in enzyme 

activity levels among groups (F=41.12, p<0.0001). All plasmid-treated groups 

had statistically significantly higher enzyme activity than the LR group (Figure 11, 

Appendix Table 3). However, all plasmid-treated groups had statistically 

significantly lower enzyme activity in the brain than the heterozygous group. 

These statistically significant differences are not shown in Figure 11 for ease of 

viewing, and these details are reported in Appendix Table 3. Moreover, there 

were no statistically significant differences between the plasmid-treated groups.  
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Figure 11: Enzyme Activity Levels in the Brain 

 

The mean and 95% confidence intervals for each group are shown. Each symbol 

represents one mouse (n=10 mice in LR, n=5 in IDUA, n=5 in pepcan-12+Linker 

S+IDUA, n=5 in pepcan-12+Linker T+IDUA, n=9 in Linker S+IDUA, n=5 in Linker 

T+IDUA, n=12 heterozygotes). For the brain, there are fewer mice in the plasmid-treated 

groups than the LR or heterozygous groups because of the cross-contamination from 

liver samples in the rotor-stator homogenization method. 
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In the heart, there was a statistically significant difference in enzyme 

activity levels among plasmid-treated groups (F=3.344, p=0.0196). Mice treated 

with pepcan-12+Linker T+IDUA had statistically significantly higher enzyme 

activity in the heart than mice treated with IDUA (Figure 12). Intriguingly, mice 

treated with Linker T+IDUA also had statistically significantly higher enzyme 

activity in the heart than mice treated with IDUA. The results for all comparisons 

between plasmid-treated groups are reported in Appendix Table 4. 

 

Figure 12: Enzyme Activity Levels in the Heart 

 

The mean and 95% confidence intervals for each group are shown. Each symbol 

represents one mouse (n=10 mice in LR, n=8 in IDUA, n=9 in pepcan-12+Linker 

S+IDUA, n=11 in pepcan-12+Linker T+IDUA, n=9 in Linker S+IDUA, n=5 in Linker 

T+IDUA, n=12 heterozygotes). 
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In the lungs, there were no statistically significant differences in enzyme 

activity levels among the plasmid-treated groups (F=2.630, p=0.0594) (Figure 

13). Therefore, a multiple comparison test was not performed. The failure to 

detect a significant difference may have been due to the low number of lung 

samples, as the lungs were added on in later studies. 

 

Figure 13: Enzyme Activity Levels in the Lung 

 

The mean and 95% confidence intervals for each group are shown. Each symbol 

represents one mouse (n=4 mice in LR, n=5 in IDUA, n=5 in pepcan-12+Linker S+IDUA, 

n=5 in pepcan-12+Linker T+IDUA, n=9 in Linker S+IDUA, n=5 in Linker T+IDUA, n=6 

heterozygotes). 
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In the liver, there was a statistically significant difference in enzyme 

activity levels among plasmid-treated groups (F=2.692, p=0.0458) (Figure 14). 

There were no statistically significant pairwise comparisons (Appendix Table 5). 

However, mice treated with Linker T+IDUA had higher enzyme activity levels 

than mice treated with pepcan-12+Linker T+IDUA, which neared statistical 

significance (p=0.0547).  

 

Figure 14: Enzyme Activity Levels in the Liver 

 

The mean and 95% confidence intervals for each group are shown. Each symbol 

represents one mouse (n=10 mice in LR, n=8 in IDUA, n=9 in pepcan-12+Linker 

S+IDUA, n=11 in pepcan-12+Linker T+IDUA, n=9 in Linker S+IDUA, n=5 in Linker 

T+IDUA, n=12 heterozygotes). 
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In the spleen, there was a statistically significant difference in enzyme 

activity levels among plasmid-treated groups (F=4.408, p=0.0052) (Figure 15). 

Mice treated with either the Linker S+IDUA or Linker T+IDUA had statistically 

significantly higher enzyme activity than mice treated with pepcan-12+Linker 

T+IDUA (Figure 15). Similarly, mice treated with either the Linker S+IDUA or 

Linker T+IDUA had higher enzyme activity than mice treated with pepcan-

12+Linker S+IDUA, which neared statistical significance (p=0.0671, p=0.0545, 

respectively) (Appendix Table 6).  

 

Figure 15: Enzyme Activity Levels in the Spleen 

 

The mean and 95% confidence intervals for each group are shown. Each symbol 

represents one mouse (n=10 mice in LR, n=8 in IDUA, n=9 in pepcan-12+Linker 

S+IDUA, n=11 in pepcan-12+Linker T+IDUA, n=9 in Linker S+IDUA, n=5 in Linker 

T+IDUA, n=12 heterozygotes). 
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In the kidney, there was a statistically significant difference in enzyme 

activity levels among the plasmid-treated groups (F=5.594, p=0.0013) (Figure 

16). Mice treated with either the Linker S+IDUA or Linker T+IDUA had 

statistically significantly higher enzyme activity than mice treated with pepcan-

12+Linker S+IDUA. Similarly, mice treated with either the Linker S+IDUA or 

Linker T+IDUA had statistically significantly higher enzyme activity than mice 

treated with pepcan-12+Linker S+IDUA. The results for all comparisons between 

plasmid-treated groups are reported in Appendix Table 7.  

 

Figure 16: Enzyme Activity Levels in the Kidney 

 

The mean and 95% confidence intervals for each group are shown. Each symbol 

represents one mouse (n=10 mice in LR, n=8 in IDUA, n=9 in pepcan-12+Linker 

S+IDUA, n=11 in pepcan-12+Linker T+IDUA, n=9 in Linker S+IDUA, n=5 in Linker 

T+IDUA, n=12 heterozygotes). 
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In the plasma, there was a statistically significant difference in enzyme 

activity levels among plasmid-treated groups (F=7.488, p=0.0002) (Figure 17). 

Mice treated with either the Linker S+IDUA or Linker T+IDUA had statistically 

significantly higher enzyme activity than mice treated with IDUA. Mice treated 

with the Linker S+IDUA also had statistically significantly higher enzyme activity 

than mice treated with pepcan-12+Linker T+IDUA. The results for all 

comparisons between plasmid-treated groups are reported in Appendix Table 8.  

 

Figure 17: Enzyme Activity Levels in the Plasma 

 

The mean and 95% confidence intervals for each group are shown. Each symbol 

represents one mouse (n=10 mice in LR, n=8 in IDUA, n=9 in pepcan-12+Linker 

S+IDUA, n=11 in pepcan-12+Linker T+IDUA, n=9 in Linker S+IDUA, n=5 in Linker 

T+IDUA, n=12 heterozygotes). 
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One possibility for the higher activity levels in the Linker S+IDUA and 

Linker T+IDUA compared to the other plasmid-treated groups is because of the 

younger mice in the Linker groups. Age may induce anatomical or physiological 

changes that impact response to hydrodynamic injections or iduronidase activity. 

A Pearson’s correlation test was performed for plasmid-treated mice with the 

variables age at injection and enzyme activity levels in the heart. A multiple linear 

regression was not performed because the small sample sizes relative to the 

number of variables may have caused overfitting. The heart was used in the 

correlation test because the heart showed a significant difference between IDUA 

and fusion enzymes. There was no correlation between age at injection and 

enzyme activity in the heart (r2=0.01640, p=0.4190) (Figure 18). The plasma was 

another sample that showed a significant difference between IDUA and fusion 

enzymes. There was no correlation between age at injection and enzyme activity 

in the plasma (r2=-0.04050, p=0.2013) (Figure 19).  
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Figure 18: Relationship Between Age at Injection and Enzyme Activity 

Levels in the Heart 
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Figure 19: Relationship Between Age at Injection and Enzyme Activity 

Levels in the Plasma 

 

 

4.4 Discussion  

 The objective of this study was to determine if pepcan-12 can increase 

the uptake of iduronidase in the brain of MPS I mice. The primary hypothesis 

was that the plasmid encoding pepcan-12 in tandem with IDUA would have 

higher enzyme activity levels in the brain than the plasmid encoding IDUA. Based 

on the results, pepcan-12 did not appear to increase the activity levels of 

iduronidase in the brain. The heart was the only tissue that showed a difference 

in enzyme activity levels between IDUA alone and a construct containing 

pepcan-12. Unexpectedly, in the heart, Linker T+IDUA also had higher enzyme 

activity levels than IDUA alone. The secondary hypothesis was that the linkers 

would not affect enzyme activity levels. Based on the results, it appears that 
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Linker T, not pepcan-12, is causing higher enzyme activity levels in the heart. 

Furthermore, Linker S+IDUA and Linker T+IDUA had higher enzyme activity 

levels than IDUA alone in the plasma. The higher enzyme activity levels in the 

linker groups could not be explained by the age or gender of mice. The potential 

explanations for increased enzyme activities in fusion enzymes are discussed in 

Section 4.4.1.  

 

4.4.1 Potential Mechanisms for Higher Enzyme Activity Levels in Fusion 

Enzymes 

 Several possible explanations why the linkers caused higher iduronidase 

activity levels have been explored. The nucleic acid sequence of linkers may 

increase the gene expression of IDUA, indirectly increasing enzyme activity. The 

addition of linkers may have introduced a protein domain or motif, which could 

have increased enzyme activity directly or through protein-protein interaction. 

Each of these possibilities is discussed below, with a focus on Linker T.  

 While the linkers contain guanine-rich nucleic acid sequences, the linkers 

are unlikely to increase gene expression by forming a G-quadruplex. G-

quadruplexes are three-dimensional structures with the consensus sequence of 

G>3NxG>3NxG>3NxG>3 in which x denotes the number of nucleotides in loops 

(285). The function of G-quadruplexes is an active area of research. Previously 

published literature focus on G-quadruplexes’ roles in telomeres or genome 

instability, which are not applicable to plasmids (285). Additionally, the 

mechanisms that G-quadruplexes use to regulate gene expression appear to 

primarily repress transcription and translation (285). G-quadruplexes could 

theoretically upregulate transcription by displacing an inhibitory transcription 

factor. Furthermore, the Quadruplex forming G-rich Sequence (QGRS) mapper 

did not predict a putative G-rich sequence that could form a G-quadruplex in 

Linker T+IDUA, under a maximum QGRS length of 30 and a minimum G-group 

size of 3 (286).  
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 The linkers are unlikely to increase gene expression by containing an 

alternative start codon and allowing translation of multiple new open reading 

frames because linkers were encoded downstream of IDUA’s signal sequence. 

The signal sequence ensures the proper processing of an enzyme, thereby 

impacting enzyme activity. If the linkers contained an alternative start codon, the 

signal sequence would be absent in those nascent proteins. The lack of a signal 

peptide would cause improper processing of iduronidase, resulting in lower 

enzyme activity. Furthermore, two programs did not detect any open reading 

frames that began in Linker T (287, 288). Open reading frames were searched 

using the National Center for Biotechnology Information (NCBI) Open Reading 

Frame (ORF) program and SnapGene using the minimal open reading frame 

length of 30 nucleotides and alternative initiation codons (287, 288). 

The addition of Linker T within the IDUA sequence may have created a 

protein domain or motif that altered the enzyme activity. The sequences of 

iduronidase and Linker T iduronidase were compared in various databases of 

protein domains and motifs. Database searches did not detect a new protein 

domain or motif on Linker T iduronidase. MOTIF did not detect new protein 

domains or motifs using the Pfam database and NCBI Conserved Domain 

Database (289-291). PROSITE detected two N-myristoylation sites on Linker 

T+IDUA (292). These N-myristolyation sites were also detected on pepcan-

12+Linker T+IDUA (292). However, N-myristoylation sites are common in many 

protein sequences (292). Linker T sequences did not fit the known signal 

peptides in lysosomal enzymes (293, 294).  

 The glycine residues in the linkers are likely increasing flexibility in the 

fusion iduronidase enzymes. The linkers contained Gly, Ser, and Thr, which are 

all small amino acids. These small amino acids allow the linkers to be flexible 

and allow mobility between functional domains (269). Additionally, Ser and Thr 

are polar and can form hydrogen bonds with water or the peptide backbone 

(295). A review of naturally occurring linkers by Argos stated, “pentapeptides with 

only Gly, Ser and Thr would make the best general linkers as these residues 
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occur most often in and are strongly preferred by natural linkers” (295). The 

described linker is very similar to Linker T. A more recent review also found Thr 

to be preferred in naturally occurring linkers but not Gly or Ser (296).  

In addition to the types of amino acids present, the length of the linker also 

affects the production and activity of fusion enzymes (269, 297). Given the highly 

similar amino acid residues in Linker S and Linker T, the shorter length of Linker 

T is the most likely explanation for the differences seen in their corresponding 

fusion iduronidase enzymes. The review by Argos suggests that five amino acids 

are the best length (295). However, other studies suggest that longer linkers, 

such as 20 or 34 amino acids, have higher enzyme activities than shorter linkers 

(295, 297, 298). Therefore, there is no consensus on the optimal length of 

linkers, and the optimal length is likely determined by a complex combination of 

the domain’s properties, linker’s properties, and experimental conditions (269). 

This dissertation’s study suggests that shorter flexible linkers at the N terminal of 

iduronidase cause higher enzyme activity than longer linkers. Longer linkers may 

decrease enzyme activity by interfering with the sorting and processing of fusion 

iduronidase proteins. 

Linker T has been studied in a different lysosomal enzyme, β-

glucuronidase (186). In that study, the fusion enzyme was generated from a 

plasmid construct that contained GUSB + Linker T + Fc domain in human IgG 

(186). That is, Linker T was used to join the C terminal of β-glucuronidase to the 

Fc component of IgG. The fusion β-glucuronidase and the normal β-

glucuronidase were administered intravenously into MPS VII mice, and the 

enzyme activity levels were measured in the plasma at several timepoints up to 

one hour post-injection (186). The fusion β-glucuronidase had a longer half-life, 

estimated with enzyme activity levels, than the normal β-glucuronidase (186). 

More specifically, the time it took to see a 50% decrease in the enzyme activity 

was estimated to be 36 minutes and 1.7 minutes post-injection for the fusion β-

glucuronidase and the normal β-glucuronidase, respectively (186). The fusion β-

glucuronidase and normal β-glucuronidase were also administered to MPS VII 
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mice who were deficient in mannose receptors (MR) (186). In the double mutant 

mice (MPS VII-/- MR-/-), the time it took to see a 50% decrease in the enzyme 

activity was estimated to be 72 minutes and 19 minutes post-injection for the 

fusion β-glucuronidase and the normal β-glucuronidase, respectively (186). 

Moreover, fusion β-glucuronidase levels were higher than the normal β-

glucuronidase in the brain, heart, lung, liver, spleen, kidney, and eyes of newborn 

pups from moms treated during pregnancy (186). One explanation for these 

results is that the Fc region on the fusion β-glucuronidase enables recycling of 

the enzyme. It is also possible that Linker T is contributing to the prolonged 

activity of the fusion β-glucuronidase in the plasma. It is difficult to discern 

whether the prolonged enzyme activity is due to Linker T or Fc domain because 

the normal β-glucuronidase did not contain Linker T. 

 By using databases and literature, the most probable explanation is that 

the flexible glycine residues are increasing the stability or activity of the fusion 

enzymes. This may be at the protein sorting step, given that the linkers are 

located immediately downstream of the signal sequence. The flexible linkers may 

form a favorable interaction between the IDUA signal sequence and the proteins 

involved in sorting and processing.  

 

4.4.2 Study Significance 

The significance of this study was the identification of fusion iduronidase 

enzymes that have higher activity than the normal iduronidase. The linkers can 

be used in fusion enzymes encoded for gene therapy or administered directly as 

ERT, enabling multiple types of therapies. These findings can advance the 

development of therapies for patients with MPS I and other lysosomal diseases. 

Fusion iduronidase enzymes containing a Linker T could alleviate 

cardiovascular complications and may have greater cardiovascular 

improvements than existing therapies for MPS. The cardiovascular disorders in 

MPS are detailed in Section 1.2.4. Briefly, approximately 60 to 100% of patients 
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with MPS exhibit cardiovascular disease, and cardiovascular disease has a 

higher prevalence in patients with MPS I, MPS II, and MPS VI (100, 103-109). 

HCT and ERT can alleviate some CV manifestations but do not improve cardiac 

valvular thickening, left-sided valvular regurgitation, or left-sided valvular stenosis 

(100, 126, 132-136). HCT and ERT cannot access poorly vascular sites such as 

the cardiac valves (100). Approximately 60 to 90% of patients with MPS exhibit a 

cardiac valve abnormality (100, 105, 107). Thus, there is an unmet medical need 

for therapies that can alleviate cardiac valve disorders in patients with MPS. In 

this study, hearts were homogenized, so future studies will aim to characterize 

the specific benefits on cardiac valves. 

Furthermore, the linkers may increase the uptake of other lysosomal 

enzymes into organs. Linker T iduronidase had higher activity levels in the heart 

and plasma. It is possible that Linker T stabilizes the enzyme’s activity in the 

plasma, resulting in greater uptake into the heart. The longer a lysosomal 

enzyme persists in the circulation, the greater its chance of interacting with the 

M6P receptors or other extracellular receptors that mediate organ uptake. 

However, an enzyme’s longer residence time in the circulatory system can 

decrease its activity due to blood’s relatively high pH compared to the lysosome’s 

(14). Because ineffective enzymes can enter the organs, the levels of active 

enzymes in the plasma and organs should be quantified. Previous studies in 

lysosomal diseases suggest that prolonged activity levels of enzymes in the 

plasma, represented as a longer t1/2 using enzyme activity, can increase the 

uptake of enzymes into organs (166, 185, 186). Therefore, these linkers may 

prolong the activity levels in the plasma in other lysosomal enzymes, which can 

increase the uptake of enzymes into organs.  

It is uncertain why pepcan-12 did not increase enzyme activity levels in 

the brain at 48 hours. However, it is still notable that activity levels for fusion 

enzymes were comparable to the native iduronidase enzyme in the CNS. Future 

studies with other pepcans would better characterize the CB1 receptor’s ability to 

mediate the transport of biological therapies into the CNS. 
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4.4.3 Study Strengths and Considerations for Future Studies 

  One strength of this study was the extensive use of control groups. Most 

studies with fusion enzymes report the untreated mutants as a negative control 

group and heterozygotes as a positive control group. Few studies have 

administered the normal enzyme as an additional control group. Even fewer 

studies have administered the enzyme containing only the linker as a control 

group. One rationale for why studies omit the linker control group is that there is 

no need for a linker if there is no ligand. Other reasons for omitting linker control 

groups from studies are decreased cost, reduced sample size requirement, faster 

completion, and a more straightforward study design and analysis. In rare cases, 

there may be strong, extensive scientific evidence that the linker does not affect 

the enzyme’s structure and activity. Having extensive control groups is not 

always feasible. For example, certain disease models cause mice to breed 

poorly, so adding another control group could delay the study for several months. 

On the other hand, when feasible to do so, having thorough control groups may 

yield unexpected results like in this study. The serendipitous nature of this study 

is similar to 2-hydroxypropyl-β-cyclodextrin, which is currently in clinical trials for 

Niemann-Pick disease type C1 (299, 300). This compound was initially used as a 

vehicle for a different drug for Niemann-Pick disease type C1, as cyclodextrin is 

commonly used in drug formulations (299, 300). 

Another strength of this study was increasing the clinical translatability of 

results from hydrodynamic injections. Hydrodynamic injections are commonly 

used to study gene therapy in pre-clinical studies. Hydrodynamic delivery causes 

high expression of transgenes by inducing cardiac overload. Mice can quickly 

recover from cardiac overload because of their heart rate of 500 beats per 

minute. Humans have a much slower heart rate, so hydrodynamic injections 

would pose a significant safety risk. In this study, the clinical translatability of 

hydrodynamic injections was improved by the inclusion of the experimental group 
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injected with IDUA plasmids. Without the IDUA plasmid group, the enzyme 

activities from the fusion constructs would be compared to the heterozygotes and 

untreated mutants. The overwhelmingly high enzyme activity levels in the fusion 

constructs may misleadingly suggest that this is due to the fusion enzymes. In 

reality, the hydrodynamic delivery of plasmids was the cause of the 

supraphysiological levels of enzyme activity. In this study, the main negative 

control group was the IDUA plasmid group. The fusion enzymes demonstrated 

higher activities compared to normal iduronidase in near identical experimental 

conditions. 

Future experiments at the cellular level could elucidate information on the 

mechanism. Even though database searches did not detect a new protein 

domain or motif, fusion enzymes could still interact with other proteins to alter 

their activity. A future study on protein-protein interaction could be performed 

using co-immunoprecipitation followed by mass spectrometry. The proteins that 

interact with iduronidase could then be compared to proteins that interact with 

fusion enzymes to detect novel protein-protein interactions. 

 A long-term assessment of safety and efficacy would substantiate the 

therapeutic role of these fusion enzymes. In this study, enzyme activity levels 

were assessed after 48 hours. A more comprehensive study on the long-term 

safety and efficacy would be carried out in the future as follows. The transgene 

from the plasmid constructs will be cloned and packaged into an AAV vector. 

AAV vectors allow for the long-term expression of transgenes. AAV vectors were 

not used in this study because AAV is considerably more expensive than 

plasmids because of AAV’s complex manufacturing. In the long-term study, there 

would be three groups of mice: untreated MPS I mutants, MPS I mutants treated 

with AAV encoding Linker T+IDUA, and heterozygotes. Ideally, there would be a 

fourth group, MPS I mutants treated with AAV encoding IDUA, but this may not 

be feasible given the high cost of AAV. AAV would be administered intravenously 

to neonates through the facial vein. Morbidity and mortality would be observed 

daily. Plasma samples would be collected every two weeks to monitor enzyme 
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activity levels. Behavioral testing would be performed at six months of age when 

MPS I mice begin to exhibit symptoms (236). Shortly after behavioral testing, the 

brain, heart, lung, liver, kidney, spleen, and plasma would be collected. The 

enzyme activity levels in these organs and plasma would be quantified using an 

enzyme activity assay. Enzyme levels in the organs can be visualized using 

immunohistochemistry. Improvements in the cardiac valves and the CV system 

could be assessed using previously described methods (114, 118). The levels of 

glycosaminoglycans could be quantified using a Blyscan Kit (301-304).  
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CHAPTER 5: PHARMACOKINETIC ANALYSIS OF IDURONIDASE AND A 

FUSION IDURONIDASE ENZYME ENCODED IN GENE THERAPY 
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5.1 Introduction 

 In the previous chapter, I developed fusion iduronidase enzymes that had 

higher activity levels than the normal iduronidase. Linker T iduronidase had 

higher activity levels than the normal iduronidase in the plasma and the cardiac 

tissue at 48 hours post-injection. One potential mechanism for these results is 

that Linker T stabilizes the enzyme’s activity in the plasma, resulting in greater 

uptake into the heart. This proposed mechanism is partially based on the well-

established knowledge of cross-correction and the role of M6P receptors in 

lysosomal enzymes. The longer a lysosomal enzyme persists in the circulation, 

the greater chance it has of interacting with the M6P receptors or other 

extracellular receptors that mediate organ uptake. On the other hand, prolonged 

enzyme levels in the circulatory system can diminish enzymatic activity due to 

blood’s relatively high pH compared to the lysosome’s, resulting in ineffective 

enzymes entering organs (14). Previous studies in lysosomal diseases suggest 

that prolonged activity levels of enzymes in the plasma, represented as a longer 

t1/2 using enzyme activity, can increase the uptake of enzymes into organs (166, 

185, 186). However, these methods to calculate the t1/2 of activity were not well 

described. 

A formal pharmacokinetic analysis using enzyme activity could elucidate 

mechanistic information on Linker T. Linker T’s effects on enzyme activity, such 

as stabilization in the plasma, may be reflected in pharmacokinetic parameters 

such as the area under the curve (AUC) or half-life. If Linker T can stabilize the 

activity of iduronidase in the plasma, this finding could be applied to multiple 

lysosomal diseases by investigating other lysosomal enzymes’ entry into organs. 

Lysosomal enzymes can be conjugated to the peptide form of Linker T or 

encoded alongside Linker T, facilitating ERT and gene therapy studies, 

respectively. 

The objective of this study was to perform a pharmacokinetic analysis of 

iduronidase and Linker T iduronidase, which were both delivered as gene 
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therapies. The hypothesis was that Linker T iduronidase would have a higher 

AUC or longer half-life using enzyme activity than the normal iduronidase in the 

plasma. This study performs a pharmacokinetic analysis on a traditionally 

pharmacodynamic outcome (i.e., enzyme activity in gene therapy). This 

approach utilizes enzyme activity levels, one of the most important parameters 

for efficacy in gene therapy. This approach generates pharmacokinetic 

parameters that need to be interpreted in the context of gene therapy. Therefore, 

I integrate my scientific knowledge of gene therapy, lysosomal diseases, and 

pharmacokinetics to propose how different biological processes are reflected in 

time-enzyme activity curves and pharmacokinetic parameters.  

 

5.1.1 Selection of Linker T Iduronidase 

 The Linker T iduronidase, which is encoded by Linker T+IDUA, was 

chosen out of the four fusion iduronidase enzymes tested in earlier experiments 

because Linker T+IDUA had a statistically significantly higher enzyme activity 

than the normal iduronidase enzyme in more organs and plasma than the other 

fusion iduronidase enzymes. Pepcan-12 + Linker T+IDUA and Linker S+IDUA 

each had a significantly higher enzyme activity than the normal enzyme in one 

location in the body. 

 

5.1.2 Selection of Plasma and Liver 

The plasma and liver were chosen as the sites of interest in the body. The 

liver is the site of enzyme production in this study because of the liver-specific 

hAAT promoter in the plasmids, as mentioned in Section 4.2.2. The plasma was 

chosen because of the mechanism of cross-correction in lysosomal enzymes, 

described in Section 1.2.  
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5.1.3 Rationale for Performing Pharmacokinetic Analysis on a Time Curve of 

Enzyme Activity  

One of this study’s goals was to assess the potential of lysosomal 

enzymes for uptake into the organs. The most well-known mechanism in 

lysosomal enzymes is mediated by extracellular receptors on organs, namely the 

M6P receptor. 

One way to increase the uptake of enzymes into organs is to increase the 

amount of the enzyme, such as increasing the dose in ERT. Initially, adding more 

enzymes would increase the number of bound receptors. However, once all the 

receptors are occupied, adding additional enzymes has no benefit. This is 

because, in receptor-mediated transport, the uptake of an enzyme into a cell is 

limited by the number of available receptors on the cell’s surface. Furthermore, 

high doses of ERT or gene therapy are challenging and expensive to produce 

and can increase the risk of immune responses.  

Another way to enhance the uptake of enzymes into organs is to increase 

the number of receptors on the cell surface. For example, adrenaline has been 

reported to increase the expression of M6P receptors, but repeated 

administration of adrenaline poses clear safety risks (305). Mechanisms that 

affect the receptor’s expression may have a greater risk of off-target effects. 

Increasing the expression of the M6P receptor would affect the transport of 

multiple different lysosomal enzymes. 

Increasing the exposure of receptors to an enzyme, similar to the concept 

of AUC, may be another way to increase the uptake of enzymes into organs. If all 

the receptors on a cell’s surface are already occupied, the freely circulating 

enzyme must wait for a free receptor to enter organs. Increasing the duration of 

an enzyme’s circulation improves its chance of interacting with free receptors. 

One way to characterize the duration of an enzyme’s circulation is to measure its 

half-life in the plasma. However, a long residence time in the blood can diminish 

the enzyme’s activity, because of the blood’s high pH relative to the lysosome, 
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resulting in ineffective enzymes entering organs (14). Previous studies have 

suggested that prolonged levels of enzyme activity in the plasma, quantified as 

t1/2 of enzyme activity, can increase the uptake into organs in lysosomal diseases 

(166, 185, 186). However, the methods to quantify changes in enzyme activity 

levels over time are not well-described in these studies (185-188). There are no 

conversion factors, equations, no reference to a PK program, and the t1/2 was 

reported when a 50% decrease in activity was not seen in graphs (185-188). 

The half-life, and other parameters that reflect changes in a therapy over 

time in the body, are routinely quantified in the field of pharmacokinetics. 

Moreover, the PK field has rigorous, standardized, and reproducible methods for 

quantification that are used in the drug approval process. However, PK studies 

are challenging in gene therapy because gene therapy studies use different units 

that are not readily convertible. Furthermore, the classic absorption, distribution, 

metabolism, and elimination processes have yet to be adapted for biological 

therapies. Section 2.4 discusses the gap between the fields of lysosomal 

diseases/gene therapy and PK/PD in more detail. 

In this study, I aimed to integrate the emphasis of efficacy from the field of 

lysosomal diseases/gene therapy with the rigorous, reproducible methods from 

the field of PK. Therefore, the activity levels of enzymes were chosen for 

pharmacokinetic analysis because enzyme activity is more predictive of efficacy 

than the physical levels of enzymes. An alternative method of performing PK 

analysis would be to link the physical levels of the enzyme to the activity levels. 

However, since plasmids encoding the enzymes were administered, this would 

require measuring and analyzing data of both DNA and physical enzyme levels 

at several points. Future studies will be aimed at creating comprehensive PKPD 

models for gene therapy using DNA levels, physical levels of enzymes, enzyme 

activity levels, and substrate levels. 
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5.1.4 Selection of Replicate Sampling 

Replicate sampling was chosen in this study. There are three potential 

sampling strategies in pre-clinical PK studies: replicate sampling, staggered 

sampling, and serial sampling (306). Each of these sampling strategies is 

discussed below, followed by the rationale for choosing replicate sampling in this 

study. 

In replicate sampling, each animal is used for one timepoint. For example, 

a mouse is used for 0.5 hours post-injection and no other timepoints. The test 

article is administered, animals are euthanized at their timepoint, and plasma and 

organs are collected. Replicate sampling is also referred to as discrete, endpoint, 

or terminal sampling (306). Since each animal is assessed at one timepoint, the 

concentration-time curve cannot be constructed in each animal, resulting in a 

sparse dataset. Instead, a composite concentration-time profile is formed by 

pooling data from multiple animals (306). Analysis requires specialized 

population pharmacokinetics modeling tools because the conventional 

determination of pharmacokinetic parameters for individuals cannot be performed 

(306). An advantage of replicate sampling is that large sample volumes can be 

collected (306). Replicate sampling may be necessary for sample types that 

require euthanasia of animals, e.g., whole organs. The main disadvantage of 

replicate sampling is the high number of animals needed in the study (306).  

 In staggered sampling, each animal contributes to multiple timepoints but 

not all timepoints. For example, one mouse has samples taken at 0.5 hour, 4 

hour, and 24 hours; another mouse has samples taken at 1 hour, 8 hour, and 48 

hours. Similar to sparse sampling, the sparse dataset requires specialized 

population pharmacokinetics modeling tools (306). An advantage of staggered 

sampling is that fewer animals are required than replicate sampling (306). One 

unique advantage of staggered sampling is that it allows for flexibility in study 

design, similar to adaptive randomization in clinical trials. Animals can be 

reallocated from timepoints with low inter-animal variability to timepoints with high 
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inter-animal variability, resulting in more precise parameter estimates without 

increasing the total number of animals needed (306).  

 In serial sampling, each animal contributes to all the timepoints. For 

example, one nonhuman primate has blood samples taken from 0.5 hours to 7 

days. The intensive sampling allows concentration-time curves to be constructed 

in each animal (306). Thus, conventional pharmacokinetic modeling tools such 

as regression analysis can be performed (306). One advantage of serial 

sampling is the lower number of animals needed (306). A disadvantage of serial 

sampling is that the volume of samples is limited because each sample removes 

a portion of the injected dose.   

In this study, replicate sampling was chosen because future experiments 

would assess the enzyme activity in organs. This would require obtaining organs 

at multiple timepoints, and obtaining organs is a terminal procedure. 

Furthermore, staggered sampling and serial sampling may alter enzyme levels in 

the plasma, potentially decreasing uptake into organs. Additionally, staggered 

sampling or serial sampling would have required fluid replacement to comply with 

UMN RAR guidelines for multiple blood draws in rodents. Fluid replacement 

would have decreased the concentration of enzymes in the plasma, decreasing 

uptake into organs.  

 

5.1.5 Selection of Timepoints, Number of Timepoints, and Number of Mice 

 To generate a time profile of enzyme activity levels, several timepoints 

were needed: early timepoints to capture the ascending phase, timepoints near 

the approximate peak of activity, and multiple late timepoints to capture the 

descending phase activity. As this was the initial pharmacokinetic study of Linker 

T iduronidase, there was no known data on its t1/2 or Cmax of activity to guide the 

study design. Therefore, information from other studies was used to select the 

timepoints. 
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Although there is a recombinant form of iduronidase approved as ERT, 

laronidase, the half-life of laronidase was not used in this study design. Clinical 

studies of laronidase report its mean elimination t1/2 to be either 0.3 to 1.9 hours 

or 1.5 to 3.6 hours in the plasma, depending on patients’ ages (307). Two pre-

clinical studies of laronidase in MPS I canines reported biphasic clearance in the 

plasma with even shorter half-lives (307). In the first study, one canine received 

0.1 mg/kg on three consecutive days and had a “presumed distribution phase 

(t1/2 α=0.9 minutes) and a slow clearance phase (t1/2 β=18.9 minutes)” (307). In the 

second pre-clinical study, two canines received a weekly intravenous infusion of 

2 mg/kg for ten weeks (307). “At week 2, the initial decline in concentration was 

very rapid with α t½ = 0.61 and 0.94 minutes; the second, terminal phase was 

slower with β t ½ = 59.5 and 84.9 minutes. At week 10, the concentration 

declined monophasically with terminal half-lives of 66.2 and 23.8 minutes, 

respectively, in the two dogs... The reasons for these changes are not known” 

(307). Laronidase’s t1/2 may have been calculated using physical enzyme levels 

(307). Additionally, t1/2 of laronidase appeared too short for approximating Linker 

T iduronidase because Linker T iduronidase had high activity levels in the plasma 

at 48 hours. This can be explained by their considerably different method of 

delivery. More specifically, laronidase is infused intravenously as an enzyme. In 

contrast, Linker T iduronidase is delivered as a plasmid which requires certain 

biological processes to occur before its activity levels can be detected in the 

plasma, such as cell transfection, gene expression, post-translational 

modification, and distribution from the liver to the plasma. Therefore, enzymes 

administered as gene therapies would have delayed time courses than ERT, 

therefore a PK study for Linker T duronidase would require later timepoints than 

the ones used for laronidase. 

While there are several gene therapy studies for MPS I, there were 

challenges in using these studies to design a pharmacokinetic study. In studies 

that measured enzyme activity levels in the plasma at multiple timepoints, gene 

therapy constructs were intended for life-long expression such as AAV or 
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lentivirus (183, 236, 271, 276, 308). In contrast, gene therapy constructs with 

plasmids, such as the one used in this study, are expected to have short-term 

expression. However, MPS I studies with plasmids only assessed activity levels 

at one timepoint (270, 271). Furthermore, gene therapy studies used different 

promoters, transgenes, and doses, which could also affect the pharmacokinetic 

profile. 

  The timepoints chosen in this study were based on a previous study by Liu 

et al. that had the most similar study design. These timepoints were adapted 

using suggestions on pre-clinical PK studies (274, 306, 309). In the study by Liu 

et al., plasmids were hydrodynamically injected and enzyme levels were 

measured over time in mice (274). Mice were hydrodynamically injected with 10 

μg of a plasmid encoding the gene for the luciferase enzyme under either the 

hAAT promoter or cytomegalovirus (CMV) promoter (274). The luciferase levels 

were then measured at the timepoints of 2, 4, 8, 24, 72, and 144 hours in the 

heart, lung, liver, kidney, and spleen (274). The luciferase levels are reported as 

physical levels, which were derived from measuring the luciferase enzyme 

activity (274). Luciferase levels were detected as early as 2 hours, peaked at 

around 8 hours, and declined afterward (274). The decline in the rate of 

luciferase levels varied among organs (274). At 144 hours, luciferase levels in 

the heart, lung, kidney, and spleen were at the background level. In contrast, the 

liver still had detectable luciferase levels (274). Similar patterns were seen in 

both promoters (274). 

 In this study, the timepoints of 0.5, 1, 2, 4, 8, 12, 24, 48, 72, 96, and 168 

hours post-injection were chosen. In Liu et al. transgene expression occurred 

before 2 hours post-injection (274). Therefore, the 0.5 hour and 1 hour post-

injection times were included in this study. The earliest timepoint, 0.5 hour, was 

based on the workflow time needed for dissections. A 12 hour post-injection was 

included in this study to better characterize when the enzyme levels peaked. The 

48, 96, and 168 hours post-injection were included in this study to characterize 



144 
 

the elimination phase. At 168 hours, the enzyme activity levels were expected to 

be undetectable in the plasma and non-liver organs.  

Three to four mice were allotted to each timepoint. Three to five mice per 

timepoint was recommended in a review for pre-clinical PK studies (306). Having 

five mice per timepoint was considered, but the number of animals per timepoint 

needs to be balanced with the number of timepoints to maintain the study’s 

feasibility. Since this was the first PK study for Linker T iduronidase, data from 

more timepoints would be more helpful than more mice per timepoint. This is 

because data from more timepoints can be used to refine timepoints in future PK 

studies. Four mice were randomized to each timepoint, with the expectation that 

there would be three to four mice per timepoint.   

 

5.2 Methods 

5.2.1 Experimental Design 

Table 4 summarizes the design for the pharmacokinetics study and 

outlines this study’s differences from the study with iduronidase and Linker T 

iduronidase. 
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Table 4: The Pharmacokinetic Study Design and its Differences from the 

Previous Study with Iduronidase and Linker T Iduronidase 

Study Design Previous Fusion 

Enzyme Study 

Pharmacokinetic 

Study 

Plasmid/ Enzyme Tested IDUA, Pepcan-12 + 

Linker S + IDUA, 

Pepcan-12 + Linker T + 

IDUA, Linker S + IDUA, 

Linker T + IDUA 

IDUA,  

Linker T+ IDUA 

Time of Sample Collection One timepoint (48 hours 

post-injection) 

Multiple timepoints 

(0.5, 1, 2, 4, 8, 12, 24, 

48, 72, 96, and 168 

hours post-injection)* 

Blood Collection Live mice, blood 

collection from facial vein 

Euthanized mice, blood 

collected using cardiac 

puncture  

Sample Processing Organs were 

homogenized using 

either rotor-stator or 

bullet blender  

Organs were 

homogenized using 

only bullet blender 

Quantification of Activity Levels 

of Iduronidase Enzyme 

(Fusion and normal iduronidase) 

Assessed in brain, heart, 

lung, liver, spleen, 

kidney, and plasma 

Assessed in the liver 

and plasma 

Quantification of Physical Levels 

of Iduronidase Enzyme (Fusion 

and normal iduronidase) 

Not assessed Assessed in the liver 

using ELISA 

Statistical Methods One-way ANOVA, 

Pearson’s correlation 

PK analysis, Pearson’s 

correlation 

*For MPS I mice treated with Lactated Ringer’s or heterozygotes, blood and organs were 

not collected at all timepoints 
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5.2.2 Dose 

  A dose of 50 μg of plasmid was used in this study, the same dose used in 

the previous study with iduronidase and Linker T iduronidase. The dose 

remained the same for two reasons. The first reason was to maintain consistency 

between the two studies. Different doses may have resulted in differences in the 

enzyme activity kinetics. The second reason was that a different study using 

hydrodynamic injections saw that doses greater than 25 μg of plasmids did not 

increase the transgene’s protein levels in the heart, liver, spleen, and lung when 

measured 8 hours post-injection (274). The dose of plasmids that causes 

saturation of gene expression in the kidneys was not clear because the kidneys 

still exhibited an increase in gene expression at the highest dose tested, which 

was 25 μg (274). 

 

5.2.3 Quantification of Physical Levels of Enzymes using ELISA 

 An ELISA was used to quantify the physical level of normal iduronidase 

and Linker T iduronidase present in liver samples. The general principle of a 

sandwich ELISA is described below, followed by the rationale for the ELISA 

chosen in this study. 

The general principles of an indirect sandwich ELISA are as follows. In 

ELISA, antibodies are used to detect the presence of an antigen, typically a 

protein antigen. There are four types of ELISA: direct, indirect, sandwich, and 

competitive. Antibodies that are specific for the antigen are attached to a solid 

phase, typically a microplate (310). Commercially available ELISA kits may 

perform this step and provide plates that are pre-coated with an antibody. 

Samples are added, and the antigens present in the samples bind to the coated 

antibodies (310). Unbound antigens are washed away (310). A second set of 

antibodies are added, which will be called biotin-conjugated antibodies. These 

antibodies are also specific for the antigen but are conjugated to a molecule, 
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such as biotin (310). These biotin-conjugated antibodies bind to the antigen, and 

the antigen is now sandwiched between two antibodies. Unbound biotin-

conjugated antibodies are washed away (310). A third set of antibodies are 

added, for example, horseradish peroxidase (HRP)-conjugated antibodies. These 

antibodies are conjugated to avidin and an enzyme that catalyzes a detectable 

reaction like HRP. The HRP-conjugated antibodies bind to the biotin-conjugated 

antibodies via a biotin-avidin interaction. These HRP-conjugated antibodies are 

washed away (310). Then a chromogenic substrate for the enzyme is added, 

such as 3,3',5,5'-tetramethylbenzidine (TMB) for the HRP enzyme. A colorimetric 

reaction occurs, the reaction is stopped, and the change in color can be 

quantified using a spectrophotometer (310). 

In this study, a commercially available kit for human iduronidase was used 

for sandwich ELISA (abx253700, Abbexa®) (311). This ELISA kit was chosen 

over other commercially available assays because both sets of antigen-specific 

antibodies did not recognize near the N-terminal of iduronidase. The antigen-

specific antibodies recognized the 100 to 306 amino acid residues of UniProt 

P35475 (273). This allowed the kit to be used for both normal iduronidase and 

Linker T iduronidase. Furthermore, this kit was compatible with plasma and 

tissue homogenates (311). The kit had a sensitivity of 0.1 ng/mL and a range of 

0.156 ng/mL and 10 ng/mL (311).  

 Liver samples from mice treated with IDUA and Linker T+IDUA were used 

for ELISA. Livers were homogenized as described in Section 4.2.4. One mouse 

from each plasmid-treated group was assessed at the 0.5, 1, 2, 4, 8, and 12 

hours post-injection. Two mice from each plasmid-treated group were assessed 

at 24, 48, 96, and 168 hours post-injection. 

ELISA was performed per the manufacturer’s instructions which is 

described in this paragraph (abx253700, Abbexa®) (311). The kit components 

and samples were equilibrated to room temperature (18-25 °C) (311). Standards 

and samples were measured in duplicate (311). A 100 µL of each standard, 
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control, and sample were added into the appropriate wells (311). The plate was 

sealed with a cover and incubated for 1 hour at 37°C (311). The cover was 

removed, and the liquid was discarded (311). A 100 µl of the Detection Reagent 

A working solution was added to each well (311). The plate was sealed with a 

cover and incubated for 1 hour at 37°C (311). The cover was removed, and the 

solution was discarded (311). The plates were washed three times with 1X Wash 

Buffer (311). A 100 µL of Detection Reagent B working solution was added to 

each well, sealed, and incubated at 37°C for 30 minutes (311). The solution was 

discarded, and plates were washed five times with wash buffer (311). A 90 µl of 

TMB Substrate was added into each well (311). Plates were sealed with a cover 

and incubated at 37°C for 10 to 20 minutes while avoiding exposure to light 

(311). A 50 µL of Stop Solution was added to each well (311). The plate was 

read at 450 nm immediately afterward (311). The optical density at 450 nm were 

averaged for the control wells and subtracted from the average optical density at 

450 nm for each of the reference standard and sample (311). The standard curve 

was plotted with the concentration of each standard solution on the X axis and 

the relative optical density at 450 nm for the reference standard solution on the Y 

axis (311). The concentration of iduronidase in the samples were interpolated 

from the standard curve (311). 

 

5.2.4 Pharmacokinetic Analysis Using Noncompartmental Analysis 

A noncompartmental analysis (NCA) of enzyme activity levels in the 

plasma and liver was performed for mice treated with IDUA and Linker T+IDUA. 

NCA was performed using Phoenix® 64 (Phoenix 64, Build 8.3.3.33, Certara 

L.P., 100 Overlook Center, Suite 101, Princeton, NJ 08540 USA). The below 

quantification limit (BQL) was inputted for samples with fluorescence readings 

less than twice the “blank” wells. The lower limit of quantification (LLOQ) was 

substituted for BQL for the conditions before Tmax, after Tmax, and the first 
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consecutive after Tmax. The LLOQ value for enzyme activity in plasma was 0.93 

nmol/h/mL, which was calculated from “blank” wells. The LLOQ value for enzyme 

activity in the liver was 2.20 nmol/h/mg, which was calculated from “blank” wells 

in the enzyme activity assay and Pierce protein assay. 

For the therapeutic response settings, a lower boundary was set, which 

was the average levels from heterozygous mice. The lower boundary 

represented the minimum enzyme activity needed for efficacy and thus minimum 

effective concentration (MEC). The lower boundary of 6.10 nmol/h/mL for 

enzyme activity in the plasma. The lower boundary was 3.89 nmol/h/mg for 

enzyme activity in the liver. 

The NCA model type of plasma (200-202) was chosen for the enzyme 

activity in the plasma and the liver. Nominal timepoints and uniform weighting 

were used because of sparse sampling. In sparse sampling, the NCA object 

takes the mean concentration value for each unique time value for data and 

calculates the mean concentration curve of the data. The mean concentration 

curve is used to calculate the parameters. A dose of 50 μg was entered, but this 

value did not affect the pharmacokinetic parameters chosen in this study. The 

following pharmacokinetic parameters were calculated: Tmax of activity, Cmax of 

activity, Lambda_z (reported as ke of activity), HL_Lambda_z (reported as t1/2 of 

activity or half-life of enzyme activity), AUClast (reported as AUC0-168 hours of 

activity), AUCINF (AUC from time of dosing extrapolated to infinity based on last 

observed concentration; reported as AUC0-≈ of activity), TimeHigh (reported as 

Timeabove MEC of activity), AUCHigh (reported as AUCabove MEC of activity).  

A linear trapezoidal-linear extrapolation method was used to calculate the 

AUC of enzyme activity in the plasma and the liver. A linear-linear method was 

chosen because Bailer’s method, with modifications described by Phoenix, was 

planned to compare the AUC of activity between enzymes (312-314). Bailer’s 

method allows testing of equality in AUCs in study designs that use destructive 

measurements, and Bailer’s method relies on AUCs calculated by linear 



150 
 

trapezoidal rules (312). The AUC of activity’s mean and standard error of the 

mean was obtained from Phoenix. Phoenix calculates the AUC’s standard error 

of the mean using Bailer’s method with modifications from Nedelman and Jia’s 

1998 publication and Holder’s 2001 published comment (312-314). The AUC of 

activity’s mean and standard error of the mean were then entered into GraphPad 

to perform an unpaired, two-tailed t-test to compare the AUC of activity between 

enzymes.   

To calculate ke and t1/2  of enzyme activity levels in the plasma, 24 to 168 

hours were used to calculate a slope. The rationale for choosing the 24 to 168 

hours is discussed in Section 5.4.1.1. From ke of activity, t1/2 of activity was 

calculated using the equation t1/2 of activity = 0.693*ke of activity. The ke and t1/2 of 

activity using only the 96 and 168 hours were also calculated. The timepoints of 

96 and 168 hours were chosen because Linker T+IDUA appeared to be going 

through a different phase at 48 hours and to maintain consistency with IDUA. 

The rationale for calculating t1/2 for two different time ranges are included in the 

discussion. 

Graphs were generated with GraphPad Prism version 9.2.0 for Windows, 

GraphPad Software, San Diego, California USA, www.graphpad.com. 

 

5.2.5 Non-Pharmacokinetic Statistical Analysis 

Pearson’s correlation test was performed for the enzyme’s physical levels 

in the liver and the enzyme’s activity levels in the liver for mice treated with IDUA 

and Linker T+IDUA. Pearson’s correlation tests were performed using GraphPad 

Prism version 9.2.0 for Windows, GraphPad Software, San Diego, California 

USA, www.graphpad.com. 

 

http://www.graphpad.com/
http://www.graphpad.com/
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5.3 Results 

5.3.1 Age and Gender of Mice at Each Timepoint 

 There was a total of 79 mice in this study, including the four mice injected 

with Lactated Ringer’s and four heterozygotes. The age, gender, and number of 

plasmid-treated mice at each timepoint are shown in Table 5. At each timepoint, 

there were three to four mice in each plasmid-treated group. In general, age and 

gender were balanced with the following exceptions. Mice in the 0.5 hour and 1 

hour timepoints were approximately two weeks older than other timepoints. Mice 

in the Linker T+IDUA group were approximately two weeks older than the IDUA 

group at the 2 hours and 8 hours timepoints. The IDUA group at 1 hour had a 

higher percentage of females, and the Linker T+IDUA group at 96 hours had a 

higher percentage of males. The four mice in the Lactated Ringer’s group had a 

mean age of 7.6 weeks and were 50% female. The four mice in the heterozygous 

group had a mean age of 9.5 weeks and were 50% female. 
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Table 5: Age, Gender, and Total Number of Plasmid-Treated Mice at Each 

Timepoint 

 Mean age at 

sample collection 

in weeks 

Percent of 

females 

Total number of 

mice 

Time post-

injection 

(hours) 

IDUA Linker T 

+ IDUA 

IDUA Linker T 

+ IDUA 

IDUA Linker T 

+ IDUA 

0.5 10.9 11.1 50% 33.3% 4 3 

1 10.9 11.2 75% 66.7% 4 3 

2 8.4 10.2 50% 33.3% 4 3 

4 7.9 8.6 33.3% 66.7% 3 3 

8 8.1 10.1 50% 66.7% 4 3 

12 7.6 7.9 50% 66.7% 4 3 

24 8.6 8.0 66.7% 50% 3 4 

48 7.9 9.2 50% 33.3% 4 3 

96 8.8 8.7 50% 25% 4 4 

168 9.4 9.5 25% 50% 4 4 

All 

timepoints 

8.9 9.4 50% 48.5% 38 33 

 

5.3.2 Physical Levels of Enzymes Over Time in the Liver 

The physical levels of iduronidase and Linker T iduronidase in the liver 

appeared similar from 8 to 168 hours post-injection (Figure 20). Only timepoints 

from 8 to 168 hours post-injection were shown in the figure because earlier 

timepoints had absorbance readings outside the standard curve.  
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Figure 20: Physical Levels of Enzymes in the Liver Over Time 

 

Each symbol represents one mouse. The physical levels of enzymes in the liver were 

measured using ELISA. 
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The enzyme’s physical levels in the liver were compared to its activity 

levels in the liver (Figure 21). There was no correlation between the enzyme’s 

physical levels in the liver and its activity levels in the liver for either the IDUA or 

Linker T+IDUA group (IDUA r2=0.05341, p=0.5206; Linker T+IDUA r2=0.01666, 

p=0.7223).  

 

Figure 21: Relationship of Physical Levels of Enzymes in the Liver and 

Enzyme Activity Levels of Enzymes in the Liver 

 

Each symbol represents one mouse. Timepoints from 8 hours to 168 hours post-

injection were used for analysis because earlier timepoints yielded absorbance readings 

outside the standard curve. 

 

5.3.3 Enzyme Activity Levels Over Time in the Liver 

The iduronidase and Linker T iduronidase activity levels in the liver were 

similar over time (Figure 22). The parameters from the pharmacokinetics analysis 
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are presented in Table 6. Both enzymes had no detectable activity levels until 4 

hours post-injection. Both enzymes’ activities peaked at 48 hours and were 

steady afterward. Both enzymes had high activity levels at 168 hours post-

injection. The AUC of activity was similar between the two enzymes (p=0.6372). 

The ke and half-life of activity could not be calculated because there were no 

negative slopes. 

  



156 
 

Figure 22: Enzyme Activity Levels Over Time in Liver 

 

Each symbol represents one mouse. The line is the mean enzyme activity for a timepoint. Standard deviation bars are not shown in 

the figure because each timepoint had three to four mice per group. The LLOQ value was 2.198 nmol/h/mg.
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Table 6: Pharmacokinetics of Enzyme Activity Levels in the Liver 

Treatment 
Tmax 

(hr) 

Cmax 

(nmol/h/mg) 

AUC0-168 hours 

(hr*nmol/h/mg) 

Timeabove MEC 

(hr) 

AUCabove MEC 

(hr*nmol/h/mg) 

IDUA 48 2908.25 393168.77 165.90 392518.95 

Linker T + 

IDUA 

48 2835.88 360217.10  165.96 359567.22  

   p=0.6372   

 

Pharmacokinetic analysis was performed using enzyme activity levels. 
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5.3.4 Enzyme Activity Levels Over Time in the Plasma 

In the plasma, Linker T iduronidase had higher activity than iduronidase 

from 24 to 168 hours post-injection. The enzyme activity levels in the plasma 

over time are shown in Figure 23, and the exact values are in Table 8. The 

pharmacokinetic analysis is shown in Table 8. Both enzymes had no detectable 

enzyme activity levels until 4 hours post-injection. Iduronidase activity peaked at 

8 hours, and Linker T iduronidase activity peaked at 12 hours. Iduronidase had a 

higher peak activity level than Linker T iduronidase. Beginning at 12 hours post-

injection, a clear separation between the two enzymes’ activity levels can be 

seen. Linker T iduronidase had a smaller decline (less negative slope) between 

12 and 48 hours post-injection. Between 96 and 168 hours post-injection, Linker 

T iduronidase and iduronidase had similar declines (parallel slopes). When half-

lives of activity were calculated using the 24 and 168 hours, the half-lives of 

activity were similar between enzymes. However, the Linker T iduronidase had a 

two-fold higher AUC of activity than the normal iduronidase, which was 

statistically significant (p=0.0034). The MEC of activity was defined as the 

enzyme activity level in heterozygotes. Timeabove MEC of activity were similar 

between the two enzymes, but the Linker T iduronidase had a two-fold higher 

AUCabove MEC of activity. 
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Figure 23: Enzyme Activity Levels Over Time in Plasma 

   

Each symbol represents one mouse. The line is the mean enzyme activity. Standard deviation bars are not shown in the figure 

because each timepoint had three to four mice per group. Standard deviations are in Table 6. The LLOQ value was 0.926 nmol/h/mL.
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Table 7: Enzyme Activity Levels Over Time in the Plasma (Exact Values) 

 Plasmid 

 IDUA Linker T + IDUA 

Time post-

injection 

(hours) 

Mean 

(nmol/h/mL) 

SD Mean 

(nmol/h/mL) 

SD 

0.5 0.93 0 0.93 0 

1 0.93 0 0.93 0 

2 0.93 0 0.93 0 

4 1046.56 903.01 8581.39 7833.05 

8 52717.78 16902.84 29718.45 15147.67 

12 43831.24 27506.93 37624.96 20421.59 

24 10226.86 9274.89 20645.78 5564.81 

48 2423.87 2188.68 13620.37 7142.28 

96 1716.07 888.09 4941.72 583.67 

168 1571.69 1686.65 4356.35 2602.53 

The mean and standard deviation (SD) values of the enzyme activity levels in the 

plasma are reported. The LLOQ value was 0.926 nmol/h/mL. 
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Table 8: Pharmacokinetics of Enzyme Activity Levels in the Plasma 

Treatment 
Tmax 

(hr) 
Cmax (nmol/h/mL) ke (1/hr) t1/2 (hr) 

AUC0-168 hours 

(hr*nmol/h/mL) 

AUC0-≈ 

(hr*nmol/h/mL) 

Timeabove MEC 

(hr) 

AUCabove MEC 

(hr*nmol/h/mL) 

IDUA 8 52717.78 0.0105 66.03 995551.23 1145347.65 165.99 994537.88 

Linker T + 

IDUA 
12 37624.96 0.0110 63.10 1760909.40 2157474.36 166.00 1759896.02 

     p=0.0034    

  

Pharmacokinetics analysis was performed using enzyme activity levels. This table reports the ke, t1/2, and AUC0-≈ using 24 to 168 

hours. When only the 96 and 168 hours are used, the ke was 0.00122 1/hr for IDUA and 0.00175 1/hr for Linker T+IDUA. The t1/2 

using only 96 and 168 hours was 567.83 hr for IDUA and 395.83 hr Linker T+IDUA. The AUC0-≈ using 96 and 168 hours are 

2283093.03 and 4248687.12 hr*nmol/h/mL for IDUA and Linker T+IDUA, respectively.
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5.4 Discussion 

The objective of this study was to perform a pharmacokinetic analysis of 

iduronidase and Linker T iduronidase that were delivered as gene therapies. The 

hypothesis was that Linker T iduronidase would have a higher AUC or longer 

half-life of enzyme activity than the normal iduronidase in the plasma. The Linker 

T iduronidase had a two-fold higher AUC of activity in the plasma than the normal 

iduronidase. The Linker T iduronidase and iduronidase had similar half-lives of 

activity when estimated with the 24 to 168 hours, as well as the 96 to 168 hours, 

because NCA was used for a biphasic process. In the next section, I provide 

reinterpretations of these traditional PK parameters in the context of gene 

therapy by integrating my scientific knowledge of PK, gene therapy, and 

lysosomal diseases. 

 

5.4.1 Integration of Principles from Pharmacokinetics and Gene Therapy 

In this study, I performed a PK analysis directly on enzyme activity levels 

after gene therapy was administered. In this section, I interpreted the PK 

parameters generated from this approach by integrating concepts from PK, gene 

therapy, and lysosomal diseases. I also adapt some of the traditional PK 

processes of absorption, distribution, metabolism, and elimination for gene 

therapy. The following three figures show a time course profile for a part of the 

body that is important in gene therapy: site of gene expression (Figure 24), 

circulatory system (Figure 25), and the desired site of action (Figure 26). 

Hypothetical data was used for Figure 24, Figure 25, and Figure 26 to discuss 

parameters that could not be quantified using NCA, such as ka. Furthermore, 

certain phases worthy of discussion did not occur in this study, such as the 

descending phase in the liver. Importantly, the interpretation of these PK phases 

and parameters will vary greatly with respect to the body’s site.  
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Figure 24: Application of Pharmacokinetic Principles to Gene Therapy in 

the Host Organ 

 

 In Figure 24, the host organ is the site of gene expression. The site of 

transgene expression is primarily dictated by the promoter. In this study, the liver 

was the host organ because the hAAT promoter was used. If a ubiquitous 

promoter like CMV is used, there are multiple host organs. The host organ may 

also be the desired site of action, such as the liver in this study. In these 

instances, the AUC of activity in the host organ may be helpful to predict long-

term efficacy. In general, pharmacokinetic parameters of the host organ may be 

helpful for supplementing mechanistic information gained from cellular-level 

studies, such as intracellular kinetics.  
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Figure 25: Application of Pharmacokinetic Principles to Gene Therapy in 

the Circulatory System 

 

 Lysosomal enzymes can distribute from the host organ to the desired site 

of action using the circulatory system (Figure 25). Enzyme activity levels in the 

circulatory system can be measured from the serum or plasma samples, which 

are common in clinical and pre-clinical studies in lysosomal diseases, 

respectively. The pharmacokinetic parameters and different phases in the 

plasma indirectly reflect the changes in the host organ. For example, if the gene 

therapy is degraded in the liver, this would cause a downstream decrease in 

enzyme activity levels in the plasma. Additionally, the descending phase in the 

plasma may also reflect degradation and/or inactivation of the enzyme in the 

recipient organ through target-mediated drug disposition (197).  
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In previous studies in lysosomal diseases or gene therapy, a decline in 

enzyme activity levels in the plasma has been interpreted as diminished 

therapeutic efficacy (185, 189). However, pharmacokinetic profiles of 

multicompartmental therapies, like gene therapy, would be expected to have a 

descending phase in the plasma because it requires distribution into organs to 

have a therapeutic effect. Further declines in activity levels in the plasma, like an 

“elimination phase,” may even be theoretically possible, if the enzyme’s rate of 

distribution from the plasma into recipient organs is much faster than the rate of 

distribution from the host to plasma. Therefore, a descending phase in the 

plasma per se would not necessarily indicate a loss of therapeutic efficacy.  

In pharmacokinetics, the AUC represents the body’s total exposure to the 

drug. Therefore, the AUC of activity in the plasma may reflect the receptors’ 

exposure to the enzyme. For lysosomal enzymes, this may include the M6P 

receptor that has a well-known function of transporting enzymes from the 

circulatory system and into organs. However, the interpretation of AUC must be 

carefully considered in the context of other data. On the one hand, a high AUC in 

the plasma can be caused by biological processes that enhance efficacy. For 

example, a linker that stabilizes the enzyme’s activity may cause higher activity 

levels in the plasma for a longer period of time, increasing the AUC of plasma 

activity. On the other hand, a high AUC in the plasma can also be caused by 

biological processes that diminish efficacy. For example, a high AUC of plasma 

activity can be caused by decreased uptake of enzymes into organs, which 

diminishes efficacy. In the next section, I will discuss the biological processes 

that can impact the AUC of plasma activity in the context of Linker T Iduronidase.  
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5.4.1.1 Interpretation of Linker T Iduronidase’s Higher AUC of Enzyme Activity in 

the Plasma  

 In this study, the Linker T iduronidase had a two-fold higher AUC of 

activity in the plasma than the normal iduronidase. In general terms, AUC is 

impacted by the amount of drug and the clearance of the drug. AUC has the 

general equation of AUC = Dose / Clearance. When we consider AUC in the 

context of gene therapy and enzyme activity, multiple biological processes can 

impact AUC. These processes are divided as factors that would increase “dose” 

and factors that would decrease the “clearance.” These biological factors and 

their possibilities of occurring in Linker T iduronidase are discussed below. 

Biological processes that correspond to the concept of a higher effective 

“dose” of Linker T iduronidase in the plasma, which would ultimately cause a 

higher AUC of plasma activity 

• Higher production of the enzyme in the liver (e.g., greater transfection 

efficiency or higher gene expression in the liver) 

o Unlikely to occur in Linker T iduronidase because both Linker T 

iduronidase and iduronidase had similar physical levels in the liver  

• Increase in enzyme activity specifically in the liver (e.g., post-translational 

modification in hepatocytes) 

o Unlikely to occur for Linker T iduronidase because both enzymes 

had similar activity levels in the liver 

• Higher distribution of an enzyme from the liver to the plasma  

o Possible explanation for Linker T iduronidase’s mechanism. 

Assuming all other factors are the same between the enzymes in 

the plasma and other organs, a higher distribution from the liver to 

the plasma should theoretically cause downstream higher activity 

levels in at least some organs. One supporting evidence is that 
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Linker T iduronidase had higher activity levels than the native 

iduronidase in the heart at 48 hours in Chapter 4. 

• Increase in enzyme activity, specifically in the plasma 

o It is uncertain whether this occurs in Linker T iduronidase. This 

explanation/mechanism is consistent with the results from this 

chapter and Chapter 4. In the pharmacokinetic study, both 

enzymes have similar activity levels over time in the liver, and 

Linker T iduronidase has higher activity levels in the plasma. 

Similarly, in Chapter 4, both enzymes had similar activity levels in 

the liver, and Linker T iduronidase had higher activity levels in the 

plasma. However, there is currently no known biological process 

that would increase a lysosomal enzyme’s activity level in the 

plasma without affecting its levels in the host organ (e.g., liver). 

One theoretical possibility might be a change in protein folding, 

possibly from the blood’s pH. However, this or other biological 

processes that increase the activity of Linker T iduronidase in the 

plasma would have to offset the decreased activity caused by the 

relatively high pH in the blood.  

• Production of enzyme from non-liver organs 

o Unlikely explanation for Linker T iduronidase’s mechanism. 

Theoretically, a higher activity could be seen in the plasma and not 

the liver, if there was higher production of enzymes from non-liver 

organs. This explanation seems unlikely in this study because both 

enzymes were expressed from the liver-specific hAAT promoter 

(188, 274, 275, 315). The hAAT promoter causes a 1000-fold 

higher expression of the luciferase gene in the liver compared to 

other organs (e.g., heart, kidney, spleen) (274, 315). Additionally, 

the time profiles of luciferase levels in non-liver organs exhibit 

ascending and descending phases that appear parallel to the liver’s 

(274). Although these results are for luciferase and not a lysosomal 
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enzyme, the liver-specificity of the hAAT promoter is harder to 

ascertain from studies with lysosomal enzymes due to cross-

correction. 

 

Biological processes that correspond to the concept of a lower effective 

“clearance” of Linker T iduronidase in the plasma, which would ultimately cause a 

higher AUC of plasma activity 

• Decreased uptake of enzyme into organs (Note: would correspond to 

lower efficacy) 

o Unlikely to occur in Linker T iduronidase because Chapter 4’s 

results showed Linker T iduronidase had higher activity levels than 

iduronidase in the heart at 48 hours post-injection. Furthermore, 

other organs had similar activity levels of Linker T iduronidase and 

iduronidase at 48 hours. 

• Decreased elimination and/or decreased inactivation of enzyme in the 

plasma 

o Likely explanation for Linker T iduronidase’s mechanism. 

Decreased inactivation would be seen as sustained activity of 

Linker T iduronidase in the plasma (e.g., less negative slope). 

Figure 23 shows a biexponential profile in both enzymes. Linker T 

iduronidase had a smaller decline (less negative slope) between 12 

and 48 hours post-injection. Between 96 and 168 hours post-

injection, Linker T iduronidase and iduronidase had similar declines 

(parallel slopes). Decreased elimination should be reflected as a 

higher t1/2 of activity. However, in this study, enzymes had similar 

calculated t1/2 of activity, because NCA was applied to a biphasic 

profile, and later timepoints are needed to capture the terminal 

elimination phase. NCA and t1/2 of activity are discussed further in 

the next paragraph. 
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NCA calculates one t1/2, and the biological processes reflected in this t1/2 

of activity depend on the chosen timepoints. Based on the shape of the curves in 

Figure 23, distribution appears to predominate between approximately 24 to 48 

hours post-injection, and elimination between 96 and 168 hours. One purpose of 

measuring enzyme activity levels in the plasma is to associate it with distribution 

into organs (i.e., the desired sites of action). Therefore, using the 24 to 168 hours 

to calculate the t1/2 of activity would provide some information about the 

distribution of enzymes from the plasma to recipient organs. If 24 to 168 hours 

were used to calculate one t1/2 of activity, this t1/2 would combine information 

about the distribution and elimination processes. This t1/2 of activity from NCA 

would describe how the activity disappears from the plasma but would not be 

specific for the elimination process. Using 24 to 168 hours, the t1/2 of activity was 

66.06 hours in iduronidase and 63.10 hours in Linker T iduronidase. If 96 to 168 

hours were used to calculate one t1/2 of activity, this t1/2 of activity would reflect 

more of the elimination process. However, only two timepoints are used to 

calculate t1/2 of activity which can cause imprecisions in the slope estimate. When 

using 96 to 168 hours, the t1/2 of activity was 567.83 hours in iduronidase and 

395.83 hours in Linker T iduronidase. These estimates of the terminal t1/2 would 

be refined with later timepoints and analysis with compartmental models. 

 

 

  



170 
 

Figure 26: Application of Pharmacokinetic Principles to Gene Therapy in 

the Recipient Organ 

 

In Figure 26, the recipient organ(s) are the desired sites of action, i.e., the 

organs that need enzymes for therapeutic effect. The brain and heart would be 

examples of recipient organs in this study. If the host organ is also a desired site 

of action, the PK processes should be interpreted from the host organ example in 

Figure 24. Compared to the plasma, the AUC of activity in the target organ has a 

more straightforward relationship with efficacy. 

 

5.4.1.2 Important Considerations for Integrating Pharmacokinetic and Gene 

Therapy Principles 

One important consideration is that distribution and elimination can occur 

during the ascending phase. The presence of an ascending phase means that 

the rate of biological processes that increase enzyme activity (e.g., gene 
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expression) is greater than the rate of processes that decrease enzyme activity 

(e.g., distribution and elimination). Conversely, processes that increase the rate 

of enzyme activity (e.g., gene expression) can occur during the descending 

phase. This principle from pharmacokinetics is why a descending phase in the 

host organ may not necessarily correspond to inefficacy. A descending phase 

could occur if the enzyme’s rate of distribution into the circulatory system is far 

greater than the rate of processes that increase enzyme activity (e.g., gene 

expression). 

Some traditionally important PK parameters, namely clearance and 

volume of distribution, are not included because of the yet uncertain 

interpretation using enzyme activity. Additionally, some PK parameters were not 

included because can vary depending on the dose entered, which is difficult to 

define for gene therapy, because the dose of gene therapy uses different units 

than enzyme activity. Furthermore, these figures and concepts assume that there 

is no flip-flop kinetics. 

Application of pharmacokinetic principles to gene-editing therapies, such 

as CRISPR-Cas9 systems, would be more complex than the traditional gene 

replacement therapies. Gene replacement therapies, such as plasmids or AAV 

alone, add a correct copy of a gene into the cell’s genome or outside the genome 

as an episome. In contrast, gene-editing therapies correct the mutated gene in 

the genome. One potential advantage of gene-editing therapies is that efficacy 

may be sustained in rapidly dividing cells or in pediatric patients as they age. 

Gene-editing systems have more components than gene replacement therapies 

which need to be considered when applying pharmacokinetic principles. For 

example, the ascending phase in the host organ would also be impacted by co-

transfection rates, expression of Cas9, and efficiency of gene-editing. The 

complexity of gene-editing will likely be exhibited as a greater variation between 

individuals in time-course profiles. In a study by the Hackett group, mice that 

were treated with a gene therapy that required two components (e.g., transposon 
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and transposase) exhibited greater variation in enzyme activity levels in the 

plasma compared to mice treated with one-component gene therapy (e.g., 

transposon) (188). 

Another important note is that these PK parameters examine the total 

level of enzymatic activity within a body compartment. Changes in enzyme 

activity using PK analysis are different than changes in enzyme activity reported 

in other molecular studies of enzymes (e.g., Michaelis-Menten kinetics). For 

example, t1/2 of activity and 1/2Vmax are not interchangeable. The t1/2 of activity 

provides a broader picture of the enzyme activity that is more clinically 

translatable than 1/2Vmax.  

 

5.4.2 Study Significance 

 In this study, I developed a novel approach by performing pharmacokinetic 

analysis on enzyme activity, which would traditionally be a pharmacodynamic 

outcome in gene therapy. This approach combines the rigorous, reproducible 

quantitative methods from pharmacokinetics with a clinically and scientifically 

important parameter in gene therapy. Moreover, I demonstrate how biological 

and mechanistic information from gene therapy can be gained by integrating my 

knowledge from the fields of PK, gene therapy, and lysosomal diseases. 

This dissertation’s study differs from previous studies in two ways. First, 

this study performs a formal pharmacokinetic analysis directly on enzyme activity 

levels in gene therapy. More specifically, I use a PK program to conduct 

noncompartmental analysis and calculate multiple PK parameters. In contrast, 

previous studies in lysosomal diseases have reported t1/2 using enzyme activity 

but did not perform a formal pharmacokinetic analysis (185-188). That is, these 

studies have estimated one or two PK parameters, namely t1/2 measured with 

enzyme activity, and the methods for these estimations were not well described 
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(185-188). Section 2.4.1 discusses these studies in detail. Most of the graphs 

from these studies showed a biphasic profile in the plasma, similar to my study 

(185-188). In this study, estimating the t1/2 of activity in biphasic profiles was 

limited by NCA. Therefore, estimations of t1/2 of activity would be improved with 

more advanced methods, such as compartmental modeling. Another novelty of 

this study is that a formal pharmacokinetic analysis occurs in gene therapy. The 

current standard of performing pharmacokinetic analysis for gene therapy only 

utilizes the DNA levels of the vector, which can limit its application for efficacy. 

The challenges in using traditional PK or PKPD approaches for gene therapy are 

discussed in Section 2.4.2. One study by the Hackett group reported t1/2 of 

enzyme activity in the plasma from gene therapy but did not describe how it was 

calculated (188). The work in my dissertation differs by performing a formal 

pharmacokinetic analysis of enzyme activity in the plasma and the liver. 

Using this approach, I discovered that Linker T iduronidase had a 

markedly two-fold higher AUC of activity in the plasma than the normal 

iduronidase. In traditional pharmacokinetics, the AUC represents the total drug 

exposure over time. Therefore, the plasma was exposed to 100% higher enzyme 

activity from Linker T iduronidase than the normal iduronidase. The AUC of 

activity in the plasma could also represent exposure to receptors, including the 

M6P receptors that mediate uptake of lysosomal enzymes into organs. 

Therefore, adding Linker T to other lysosomal enzymes could increase their 

uptake into organs, representing therapeutic benefits in multiple lysosomal 

diseases. Furthermore, Linker T iduronidase’s higher AUC of plasma activity is 

not caused by a higher production of enzyme in the liver because the physical 

levels of Linker T iduronidase and iduronidase were similar in the liver. This is an 

important consideration for ERT, because if Linker T iduronidase’s AUC of 

plasma activity was caused by a higher production of enzyme, that is, higher 

physical levels of enzyme, then higher doses of Linker T iduronidase would be 

needed as ERT to achieve the same therapeutic effect. 
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I elucidated the potential mechanisms of Linker T iduronidase by 

combining my scientific knowledge from the fields of PK, gene therapy, and 

lysosomal diseases. When considering the data so far, there are three possible 

explanations for Linker T iduronidase’s high AUC of activity in the plasma. First, 

Linker T may cause a higher distribution from the liver to the plasma. For 

example, the Linker T may cause a higher number of enzymes to be secreted 

after protein sorting. This mechanism would be beneficial if Linker T iduronidase 

was delivered as gene therapy. Compared to the same dose of gene therapy 

encoding iduronidase, a gene therapy encoding Linker T iduronidase can cause 

more enzymes to circulate and ultimately taken up into organs. Therefore, this 

would decrease the time and cost to manufacture high doses of gene therapy 

and reduce the risk of immune responses to viral vectors from gene therapy 

(316). The second explanation for Linker T iduronidase’s higher AUC of plasma 

activity is that Linker T increases the activity of an enzyme specifically in the 

plasma. While this explanation fits with the data, there is currently no known 

biological explanation, aside from a theoretical change in protein folding from the 

blood’s pH. Nevertheless, this mechanism would still confer an advantage to 

Linker T iduronidase because a lower dose, either as ERT or gene therapy, could 

be administered to achieve a similar therapeutic effect iduronidase. A third 

explanation for Linker T iduronidase’s higher AUC of plasma activity is that Linker 

T causes decreased elimination and/or decreased inactivation of enzymes. 

Linker T’s stabilization of an enzyme’s activity in the plasma could be 

investigated in other lysosomal diseases, as other lysosomal enzymes with 

prolonged plasma activity levels had higher uptake into organs (185). Therefore, 

Linker T could improve therapeutic outcomes as ERT and gene therapies in 

several lysosomal diseases. Investigating other doses would provide more 

information on Linker T’s potential for clinical benefit.  
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5.4.3 Study Strengths and Considerations for Future Studies 

 The strengths of this study are discussed in Section 5.4.2, which 

discusses the study’s significance. 

This study used NCA on a biphasic profile, which was discussed in 

Section 5.4.1.1. Future studies with compartmental analysis and later timepoints 

would improve the estimation of the terminal t1/2 of activity in the plasma. A 

common challenge in designing pilot pharmacokinetic studies is the selection of 

timepoints (306). Section 5.1.5 discusses the rationale for the timepoints chosen 

in this study. Estimation of t1/2 of activity from previously published studies was 

challenging because of different study designs and gene therapy constructs. In 

this study, ten timepoints were assessed, but there were still high enzyme activity 

levels in the liver and plasma at the last timepoint of 168 hours. In a study by Liu 

et al., which also hydrodynamically injected plasmids with the hAAT promoter, 

there were no detectable luciferase levels in non-liver organs at 144 hours (274). 

Therefore, I did not expect the plasma to have high activity levels at 168 hours in 

my study. The results from these two studies are probably due to differences in 

the dose and transgene. Future studies with later timepoints will refine the 

characterization of PK parameters. 

Investigating a range of doses with a long-term expression vector like AAV 

would provide additional information on the clinical benefit of Linker T 

iduronidase. Testing different doses of Linker T iduronidase and seeing if PK 

parameters, such as the AUC of activity, show linear or nonlinear changes would 

further characterize this fusion enzyme and its clinical importance.  Additionally, 

data on enzyme activity levels in other organs and substrate levels in organs 

could substantiate that Linker T iduronidase is more efficacious than normal 

iduronidase. Future studies will measure enzyme activity in other organs as part 

of comprehensive PKPD models of gene therapy. The DNA levels of plasmid in 

the liver will be quantified using quantitative polymerase chain reaction (qPCR), 
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(317). A traditional PK analysis could then occur, and this PK will be linked to the 

physical levels of enzymes in the liver. The physical levels of enzymes in the liver 

will be linked to enzyme activity in the liver. This, in turn, will be linked to enzyme 

activity in the plasma and enzyme activity in other organs. Therefore, 

comprehensive PKPD models of gene therapy will be generated. PKPD models 

and simulations can provide more precise estimates of the changes in gene 

therapy over time to yield deeper mechanistic information. These PKPD models 

and simulations can serve as tools to improve the success rate of gene therapy, 

aiding in therapeutic development.   
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CHAPTER 6: CONCLUSION 
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The overall objective of this dissertation is to improve the delivery of 

therapeutics to targeted tissues in lysosomal diseases. To accomplish this 

objective, three main studies were performed. 

 

6.1 Validation of Chitotriosidase as a CNS Biomarker for Gangliosidoses 

There is an unmet need for surrogate endpoints or biomarkers that can 

predict long-term clinical benefit from gene therapy for lysosomal diseases. 

Furthermore, a biomarker that can distinguish among disease phenotypes would 

allow earlier diagnosis of phenotypes, which would improve clinical trial 

enrichment and be synergistic with newborn screening. Neuroinflammation is an 

important pathological process in lysosomal diseases. A biomarker that reliably 

reflects neuroinflammation would have the potential to be a valuable tool for 

diagnosing disease phenotypes, monitoring disease progression, and assessing 

response to therapies for lysosomal diseases. 

CSF chitotriosidase was investigated as a probable surrogate endpoint for 

clinical trials with gene therapy. The first objective was to validate 

chitotriosidase levels for important clinical outcomes in patients with lysosomal 

diseases. This study has shown that CSF and serum chitotriosidase may serve 

as a candidate biomarker for select lysosomal diseases with a CNS pathology. 

Specifically, CSF chitotriosidase levels were higher in the most severe infantile 

forms of the gangliosidoses compared to the attenuated juvenile and adult/late-

onset forms. CSF chitotriosidase was associated with neurocognitive declines 

and may reflect disease progression in gangliosidoses. The second objective 

was to assess chitotriosidase’s ability to detect effective gene therapy in murine 

models of lysosomal diseases. Chitotriosidase levels appear to be useful in 

murine models for MPS I, as there was a significant difference among the 

untreated, gene therapy treated, and heterozygous mice. The utility of 

chitotriosidase levels in murine models of GM1-gangliosidosis and Sandhoff 
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disease is uncertain. Future studies with more mice and at various disease 

stages would further elucidate chitotriosidase’s response to gene therapies with 

respect to disease progression and in different lysosomal diseases. Other future 

studies would involve sequencing the chit1 gene to determine if carriers have 

lower chitotriosidase levels. Another future study would be to directly quantify the 

elevations in serum and CSF chitotriosidase levels seen in lysosomal diseases 

compared to other conditions such as Alzheimer’s disease and cerebral 

adrenoleukodystrophy. 

These results motivate the use of CSF chitotriosidase to measure the 

therapeutic effect and response to gene therapy in clinical trials for lysosomal 

diseases. Chitotriosidase is a probable surrogate endpoint that is supported by 

strong mechanistic rationale and a clinically validated biomarker. CSF 

chitotriosidase may also be a valuable tool for clinical trial enrichment by 

objectively differentiating among the phenotypes of a lysosomal disease. As a 

potential biomarker for neurological improvement, CSF chitotriosidase can aid in 

the development of therapies that target the CNS. 

 

6.2 Investigation of Iduronidase Enzymes Linked to Pepcan to Improve Delivery 

to Targeted Tissues 

 There is an unmet need for therapies that are safe and effective for 

neurological disorders in lysosomal diseases. The objective of this study was to 

determine if pepcan-12 can increase the uptake of iduronidase in the brain of 

MPS I mice. Pepcan-12 is a ligand for the CB1 receptor that is highly expressed 

in the CNS. The primary hypothesis was that the plasmid encoding pepcan-12 

in tandem with IDUA would cause higher enzyme activity in the brain than the 

plasmid encoding IDUA alone. The secondary hypothesis was that the linkers 

would not affect the enzyme activity of iduronidase. The purpose of the linkers 

was to link the pepcan-12 ligand with the iduronidase enzyme. In the brain, 

enzyme activities were similar between fusion enzymes and normal iduronidase. 
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Unexpectedly, the fusion enzymes had higher activities than the normal 

iduronidase in the heart and plasma, which appears to be due to the linkers. 

These results are valuable in developing ERT and gene therapies with increased 

uptake into organs. The addition of these linkers to enzymes may improve 

cardiovascular outcomes in MPS I and other lysosomal diseases. These fusion 

enzymes’ therapeutic potential would be substantiated with future studies 

assessing long-term safety and efficacy. Furthermore, these linkers can be 

investigated in ERT or gene therapies for other lysosomal diseases, particularly 

diseases without treatments. 

 

6.3 Pharmacokinetic Analysis of Iduronidase and a Fusion Iduronidase Enzyme 

Encoded in Gene Therapy 

In the previous study, I developed a fusion enzyme, Linker T iduronidase, 

that had higher activity levels than iduronidase in the plasma and heart. I initially 

sought to investigate the mechanism of Linker T iduronidase using 

pharmacokinetic analysis. However, I realized there was a gap between the 

fields of lysosomal diseases/gene therapy and pharmacokinetics/ 

pharmacodynamics. 

The fields of lysosomal diseases and gene therapy emphasize 

pharmacodynamic outcomes (e.g., enzyme activity levels in ERT or gene 

therapy). However, the methods to quantify changes in enzyme activity levels 

over time were not well described. Previous studies have proposed that one 

mechanism to improve the delivery of lysosomal enzymes into organs is to 

increase the enzyme’s half-life in the plasma (166, 185, 186). These studies 

estimated half-life using enzyme activity levels but did not mention any 

conversion factors, equations, or PK programs, and the t1/2 was reported when a 

50% decrease in activity was not seen in graphs. Furthermore, PK parameters 
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and time-course profiles of enzyme activity levels have been interpreted 

differently in the field of lysosomal diseases. 

The field of pharmacokinetics routinely characterizes the t1/2 and other 

changes in a therapy over time in the body. Moreover, the pharmacokinetic field 

has rigorous, reproducible, standardized quantification methods that play integral 

roles in the drug approval process. However, traditional pharmacokinetic 

approaches are challenging for gene therapy. Gene therapy studies use different 

units, which hinders the use of PK equations. Furthermore, the PK processes of 

absorption, distribution, metabolism, and elimination are well-characterized for 

small molecular drugs but have yet to be adapted for biological therapies. 

  To begin to build a bridge between the fields of lysosomal disease/gene 

therapy and PK/PD, the objective of this study was to perform a 

pharmacokinetic analysis of iduronidase and Linker T iduronidase, which were 

both delivered as gene therapies. I aimed to develop an approach that would 

combine the emphasis on efficacy from the lysosomal diseases/gene therapy 

fields with the rigorous, reproducible, quantitative methods from the PK field. The 

hypothesis was that Linker T iduronidase would have a higher AUC or longer 

half-life using enzyme activity than the normal iduronidase in the plasma. This 

study used a novel approach by performing a pharmacokinetics analysis on a 

traditionally pharmacodynamic outcome (e.g., enzyme activity in gene therapy). 

Using this approach, the Linker T iduronidase had a two-fold higher AUC of 

activity in the plasma than the normal iduronidase. 

I interpreted the PK parameters generated from this approach and 

elucidated the potential mechanisms of Linker T, by integrating my knowledge 

from the fields of PK, gene therapy, and lysosomal diseases. Linker T 

iduronidase’s higher AUC of activity in the plasma could not be due to a higher 

production of enzymes. The liver-specific promoter causes the synthesis of 

enzymes only in the liver, and both enzymes had similar physical levels over time 

in the liver. This suggests that Linker T iduronidase has some distinct property 
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that confers stabilization of activity in the plasma. Although the time-enzyme 

activity levels in the plasma graphs showed a smaller decline for Linker T 

iduronidase, the calculated half-lives using NCA were similar for both enzymes. A 

future study with longer timepoints and compartmental analysis would better 

characterize Linker T iduronidase’s half-life. Future studies with PKPD models 

and simulations of gene therapy will yield more precise mechanistic information 

to improve the success rate of gene therapy. In this study, I integrated concepts 

from pharmacokinetics and gene therapy to provide ways for researchers to 

investigate biological and mechanistic information about their gene therapy, 

advancing ERT and gene therapies for multiple lysosomal diseases. 

 

6.4 Summary 

 In summary, these findings improve the therapeutics for lysosomal 

diseases through the validation of a biomarker for neurological function and the 

creation of a novel lysosomal fusion enzyme that has improved activity in the 

heart and plasma. Finally, I describe a novel approach using pharmacokinetic 

analysis to provide biological and mechanistic insights on gene therapy.  
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Appendix Table 1: Comparison of Average Chitotriosidase Levels in the 

CSF Between Different Lysosomal Diseases and Disease Phenotypes 

Disease Phenotype Comparisons p-value 

Gaucher I GM1, infantile 0.0003*** 

Gaucher I GM1, juvenile 0.8167 

Gaucher I GM1, late-infantile 0.0004*** 

Gaucher I MPS IS 0.8759 

Gaucher I MPS II, attenuated 1 

Gaucher I MPS IIIA 0.9981 

Gaucher I MSD 0.9998 

Gaucher I Sandhoff, infantile 0.1616 

Gaucher I Tay-Sachs, late-onset 0.9969 

Gaucher I Tay-Sachs, infantile <0.0001**** 

Gaucher I Tay-Sachs, juvenile 0.0622 

GM1, infantile GM1, juvenile 0.1704 

GM1, infantile GM1, late-infantile 1 

GM1, infantile MPS IS <.0001**** 

GM1, infantile MPS II, attenuated 0.0001**** 

GM1, infantile MPS IIIA <.0001**** 

GM1, infantile MSD 0.005** 

GM1, infantile Sandhoff, infantile 0.3447 

GM1, infantile Tay-Sachs, late-onset <.0001**** 

GM1, infantile Tay-Sachs, infantile 0.9996 

GM1, infantile Tay-Sachs, juvenile 0.341 

GM1, juvenile GM1, late-infantile 0.1944 

GM1, juvenile MPS IS 0.0209* 

GM1, juvenile MPS II, attenuated 0.6151 

GM1, juvenile MPS IIIA 0.9515 

GM1, juvenile MSD 0.9948 

GM1, juvenile Sandhoff, infantile 0.9986 

GM1, juvenile Tay-Sachs, late-onset 0.9865 

GM1, juvenile Tay-Sachs, infantile 0.0925 

GM1, juvenile Tay-Sachs, juvenile 0.984 

GM1, late-infantile MPS IS <.0001**** 
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GM1, late-infantile MPS II, attenuated 0.0001**** 

GM1, late-infantile MPS IIIA <.0001**** 

GM1, late-infantile MSD 0.0064** 

GM1, late-infantile Sandhoff, infantile 0.4022 

GM1, late-infantile Tay-Sachs, late-onset <.0001**** 

GM1, late-infantile Tay-Sachs, infantile 0.9997 

GM1, late-infantile Tay-Sachs, juvenile 0.417 

MPS IS MPS II, attenuated 0.9808 

MPS IS MPS IIIA 0.0075** 

MPS IS MSD 0.3465 

MPS IS Sandhoff, infantile <.0001**** 

MPS IS Tay-Sachs, late-onset 0.0265* 

MPS IS Tay-Sachs, infantile <.0001**** 

MPS IS Tay-Sachs, juvenile <.0001**** 

MPS II, attenuated MPS IIIA 0.9603 

MPS II, attenuated MSD 0.9947 

MPS II, attenuated Sandhoff, infantile 0.0697 

MPS II, attenuated Tay-Sachs, late-onset 0.9557 

MPS II, attenuated Tay-Sachs, infantile <.0001**** 

MPS II, attenuated Tay-Sachs, juvenile 0.0226* 

MPS IIIA MSD 1 

MPS IIIA Sandhoff, infantile 0.0822 

MPS IIIA Tay-Sachs, late-onset 1 

MPS IIIA Tay-Sachs, infantile <.0001**** 

MPS IIIA Tay-Sachs, juvenile 0.0072** 

MSD Sandhoff, infantile 0.6089 

MSD Tay-Sachs, late-onset 1 

MSD Tay-Sachs, infantile 0.0024** 

MSD Tay-Sachs, juvenile 0.366 

Sandhoff, infantile Tay-Sachs, late-onset 0.2568 

Sandhoff, infantile Tay-Sachs, infantile 0.1776 

Sandhoff, infantile Tay-Sachs, juvenile 1 

Tay-Sachs, late-onset Tay-Sachs, infantile <.0001**** 

Tay-Sachs, late-onset Tay-Sachs, juvenile 0.0615 



218 
 

Tay-Sachs, infantile Tay-Sachs, juvenile 0.1622 

A one-way ANOVA was performed with disease phenotype and chitotriosidase levels in 

the CSF. Neuronopathic phenotype of Gaucher disease was excluded from analysis 

because the exact phenotype of Gaucher was uncertain (i.e., type 2 vs type 3). Multiple 

comparisons were adjusted using Tukey’s method. Gaucher I = Gaucher disease type I. 

MPS = mucopolysaccharidosis. MPS IS = MPS I Scheie. MPS IIIA = MPS III type A. 

MSD = multiple sulfatase deficiency. * p <0.5. ** p<.01. *** p<.001. ****p<.0001. 
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Appendix Table 2: Comparison of Average Chitotriosidase Levels in the 

Serum Between Different Lysosomal Diseases and Phenotypes 

Disease Phenotype Comparisons p-value 

Gaucher I GM1, infantile 0.9868 

Gaucher I GM1, juvenile 0.0016*** 

Gaucher I GM1, late-infantile 0.3498 

Gaucher I MPS IH <.0001**** 

Gaucher I MPS IS <.0001**** 

Gaucher I MPS II, attenuated <.0001**** 

Gaucher I MPS IIIA <.0001**** 

Gaucher I MPS IVA 0.4582 

Gaucher I Sandhoff, infantile 0.0001**** 

Gaucher I Tay-Sachs, late-onset 0.0001**** 

Gaucher I Tay-Sachs, infantile <.0001**** 

Gaucher I Tay-Sachs, juvenile <.0001**** 

GM1, infantile GM1, juvenile 0.0252* 

GM1, infantile GM1, late-infantile 0.9696 

GM1, infantile MPS IH 0.0002*** 

GM1, infantile MPS IS <.0001**** 

GM1, infantile MPS II, attenuated <.0001**** 

GM1, infantile MPS IIIA <.0001**** 

GM1, infantile MPS IVA 0.8031 

GM1, infantile Sandhoff, infantile 0.0007*** 

GM1, infantile Tay-Sachs, late-onset 0.0012** 

GM1, infantile Tay-Sachs, infantile <.0001**** 

GM1, infantile Tay-Sachs, juvenile <.0001**** 

GM1, juvenile GM1, late-infantile 0.3462 

GM1, juvenile MPS IH 0.0876 

GM1, juvenile MPS IS <.0001**** 

GM1, juvenile MPS II, attenuated 0.0273* 

GM1, juvenile MPS IIIA 0.0393* 

GM1, juvenile MPS IVA 1 

GM1, juvenile Sandhoff, infantile 0.5838 

GM1, juvenile Tay-Sachs, late-onset 0.9842 
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GM1, juvenile Tay-Sachs, infantile 0.0603 

GM1, juvenile Tay-Sachs, juvenile 0.207 

GM1, late-infantile MPS IH 0.0015** 

GM1, late-infantile MPS IS <.0001**** 

GM1, late-infantile MPS II, attenuated 0.0003*** 

GM1, late-infantile MPS IIIA <.0001**** 

GM1, late-infantile MPS IVA 0.9815 

GM1, late-infantile Sandhoff, infantile 0.0085** 

GM1, late-infantile Tay-Sachs, late-onset 0.0264* 

GM1, late-infantile Tay-Sachs, infantile <.0001**** 

GM1, late-infantile Tay-Sachs, juvenile 0.0001**** 

MPS IH MPS IS 1 

MPS IH MPS II, attenuated 1 

MPS IH MPS IIIA 0.9404 

MPS IH MPS IVA 0.453 

MPS IH Sandhoff, infantile 0.9748 

MPS IH Tay-Sachs, late-onset 0.4759 

MPS IH Tay-Sachs, infantile 0.9013 

MPS IH Tay-Sachs, juvenile 0.9565 

MPS IS MPS II, attenuated 1 

MPS IS MPS IIIA 0.1424 

MPS IS MPS IVA 0.1025 

MPS IS Sandhoff, infantile 0.6765 

MPS IS Tay-Sachs, late-onset 0.0087** 

MPS IS Tay-Sachs, infantile 0.0736 

MPS IS Tay-Sachs, juvenile 0.3625 

MPS II, attenuated MPS IIIA 0.736 

MPS II, attenuated MPS IVA 0.2572 

MPS II, attenuated Sandhoff, infantile 0.8632 

MPS II, attenuated Tay-Sachs, late-onset 0.2314 

MPS II, attenuated Tay-Sachs, infantile 0.6547 

MPS II, attenuated Tay-Sachs, juvenile 0.7912 

MPS IIIA MPS IVA 0.8914 

MPS IIIA Sandhoff, infantile 1 
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MPS IIIA Tay-Sachs, late-onset 0.8819 

MPS IIIA Tay-Sachs, infantile 1 

MPS IIIA Tay-Sachs, juvenile 1 

MPS IVA Sandhoff, infantile 0.9687 

MPS IVA Tay-Sachs, late-onset 1 

MPS IVA Tay-Sachs, infantile 0.9284 

MPS IVA Tay-Sachs, juvenile 0.9319 

Sandhoff, infantile Tay-Sachs, late-onset 0.9952 

Sandhoff, infantile Tay-Sachs, infantile 1 

Sandhoff, infantile Tay-Sachs, juvenile 1 

Tay-Sachs, late-onset Tay-Sachs, infantile 0.9416 

Tay-Sachs, late-onset Tay-Sachs, juvenile 0.9667 

Tay-Sachs, infantile Tay-Sachs, juvenile 1 

A one-way ANOVA was performed with disease phenotype and chitotriosidase levels in 

the serum. Neuronopathic phenotype of Gaucher disease was excluded from analysis 

because the exact phenotype of Gaucher was uncertain (i.e., type 2 vs type 3). Multiple 

comparisons were adjusted using Tukey’s method. Gaucher I = Gaucher type I. MPS = 

mucopolysaccharidosis. MPS IH = MPS I Hurler. MPS IS = MPS I Scheie. MPS IIIA = 

MPS III type A. MPS IVA = MPS IV type A. * p <0.5. ** p<.01. *** p<.001. ****p<.0001. 
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Appendix Table 3: Pairwise Test Results for Enzyme Activity in the Brain 

Dunnett's T3 multiple comparisons 

test 

Mean 

Diff. 

95.00% CI of diff. Summary Adjusted 

P Value 

  Lactated Ringer's vs. IDUA -5.482 -9.428 to -1.537 ** 0.0024 

  Lactated Ringer's vs. Pepcan-

12+Linker S+IDUA 

-5.408 -9.422 to -1.393 ** 0.003 

  Lactated Ringer's vs. Pepcan-

12+Linker T+IDUA 

-5.285 -9.240 to -1.330 ** 0.0029 

  Lactated Ringer's vs. Linker S+IDUA -5.86 -9.794 to -1.926 ** 0.0014 

  Lactated Ringer's vs. Linker T+IDUA -5.951 -9.897 to -2.005 ** 0.0012 

  Lactated Ringer's vs. Heterozygotes -7.144 -11.14 to -3.144 *** 0.0004 

  IDUA vs. Pepcan-12+Linker S+IDUA 0.07436 -1.470 to 1.619 ns >0.9999 

  IDUA vs. Pepcan-12+Linker T+IDUA 0.1974 -1.491 to 1.886 ns >0.9999 

  IDUA vs. Linker S+IDUA -0.3776 -1.484 to 0.7283 ns 0.9148 

  IDUA vs. Linker T+IDUA -0.4686 -1.702 to 0.7642 ns 0.7747 

  IDUA vs. Heterozygotes -1.662 -2.828 to -0.4956 ** 0.0052 

  Pepcan-12+Linker S+IDUA vs. 

Pepcan-12+Linker T+IDUA 

0.1231 -1.668 to 1.914 ns >0.9999 

  Pepcan-12+Linker S+IDUA vs. 

Linker S+IDUA 

-0.452 -1.883 to 0.9786 ns 0.9104 

  Pepcan-12+Linker S+IDUA vs. 

Linker T+IDUA 

-0.543 -2.088 to 1.002 ns 0.796 

  Pepcan-12+Linker S+IDUA vs. 

Heterozygotes 

-1.736 -3.265 to -0.2073 * 0.0144 

  Pepcan-12+Linker T+IDUA vs. 

Linker S+IDUA 

-0.575 -2.228 to 1.078 ns 0.8046 

  Pepcan-12+Linker T+IDUA vs. 

Linker T+IDUA 

-0.6661 -2.355 to 1.023 ns 0.6848 

  Pepcan-12+Linker T+IDUA vs. 

Heterozygotes 

-1.859 -3.587 to -0.1320 * 0.0182 

  Linker S+IDUA vs. Linker T+IDUA -

0.09101 

-1.198 to 1.016 ns >0.9999 

  Linker S+IDUA vs. Heterozygotes -1.284 -2.084 to -0.4845 *** 0.0006 

  Linker T+IDUA vs. Heterozygotes -1.193 -2.361 to -0.02530 * 0.0228 
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Appendix Table 4: Pairwise Test Results for Enzyme Activity in the Heart 

Tukey's multiple 

comparisons test 

Mean 

Diff. 

95% CI of 

diff. 

Summary Adjusted 

P Value 

  IDUA vs. Pepcan-12+Linker 

S+IDUA 

-0.6647 -1.597 to 

0.2679 

ns 0.2662 

  IDUA vs. Pepcan-12+Linker 

T+IDUA 

-0.8971 -1.789 to  

-0.005284 

* 0.0481 

  IDUA vs. Linker S+IDUA -0.47 -1.403 to 

0.4626 

ns 0.6035 

  IDUA vs. Linker T+IDUA -1.229 -2.324 to  

-0.1351 

* 0.0211 

  Pepcan-12+Linker S+IDUA 

vs. Pepcan-12+Linker 

T+IDUA 

-0.2324 -1.095 to 

0.6303 

ns 0.937 

  Pepcan-12+Linker S+IDUA 

vs. Linker S+IDUA 

0.1947 -0.7101 to 

1.099 

ns 0.9715 

  Pepcan-12+Linker S+IDUA 

vs. Linker T+IDUA 

-0.5646 -1.635 to 

0.5060 

ns 0.5615 

  Pepcan-12+Linker T+IDUA 

vs. Linker S+IDUA 

0.4271 -0.4356 to 

1.290 

ns 0.6195 

  Pepcan-12+Linker T+IDUA 

vs. Linker T+IDUA 

-0.3322 -1.367 to 

0.7030 

ns 0.8874 

  Linker S+IDUA vs. Linker 

T+IDUA 

-0.7593 -1.830 to 

0.3113 

ns 0.2707 
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Appendix Table 5: Pairwise Test Results for Enzyme Activity in the Liver 

Tukey's multiple 

comparisons test 

Mean 

Diff. 

95% CI of 

diff. 

Summary Adjusted 

P Value 

  IDUA vs. Pepcan-12+Linker 

S+IDUA 

0.07098 -0.7013 to 

0.8432 

ns 0.9989 

  IDUA vs. Pepcan-12+Linker 

T+IDUA 

0.1344 -0.6040 to 

0.8729 

ns 0.9846 

  IDUA vs. Linker S+IDUA -0.3348 -1.107 to 

0.4375 

ns 0.7267 

  IDUA vs. Linker T+IDUA -0.7111 -1.617 to 

0.1949 

ns 0.1844 

  Pepcan-12+Linker S+IDUA 

vs. Pepcan-12+Linker 

T+IDUA 

0.06346 -0.6509 to 

0.7778 

ns 0.999 

  Pepcan-12+Linker S+IDUA 

vs. Linker S+IDUA 

-0.4058 -1.155 to 

0.3434 

ns 0.5361 

  Pepcan-12+Linker S+IDUA 

vs. Linker T+IDUA 

-0.7821 -1.669 to 

0.1044 

ns 0.1058 

  Pepcan-12+Linker T+IDUA 

vs. Linker S+IDUA 

-0.4692 -1.184 to 

0.2451 

ns 0.344 

  Pepcan-12+Linker T+IDUA 

vs. Linker T+IDUA 

-0.8456 -1.703 to 

0.01163 

ns 0.0547 

  Linker S+IDUA vs. Linker 

T+IDUA 

-0.3763 -1.263 to 

0.5101 

ns 0.7416 
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Appendix Table 6: Pairwise Test Results for Enzyme Activity in the Spleen 

Tukey's multiple 

comparisons test 

Mean 

Diff. 

95% CI 

of diff. 

Summary Adjusted 

P Value 

  IDUA vs. Pepcan-12+Linker 

S+IDUA 

0.2977 -0.4327 

to 1.028 

ns 0.769 

  IDUA vs. Pepcan-12+Linker 

T+IDUA 

0.3512 -0.3472 

to 1.050 

ns 0.6056 

  IDUA vs. Linker S+IDUA -0.3793 -1.110 to 

0.3511 

ns 0.5761 

  IDUA vs. Linker T+IDUA -0.5298 -1.387 to 

0.3271 

ns 0.4043 

  Pepcan-12+Linker S+IDUA 

vs. Pepcan-12+Linker 

T+IDUA 

0.05353 -0.6221 

to 0.7291 

ns 0.9994 

  Pepcan-12+Linker S+IDUA 

vs. Linker S+IDUA 

-0.6769 -1.385 to 

0.03164 

ns 0.0671 

  Pepcan-12+Linker S+IDUA 

vs. Linker T+IDUA 

-0.8275 -1.666 to 

0.01090 

ns 0.0545 

  Pepcan-12+Linker T+IDUA 

vs. Linker S+IDUA 

-0.7305 -1.406 to 

-0.05486 

* 0.0285 

  Pepcan-12+Linker T+IDUA 

vs. Linker T+IDUA 

-0.881 -1.692 to 

-0.07030 

* 0.0275 

  Linker S+IDUA vs. Linker 

T+IDUA 

-0.1506 -0.9890 

to 0.6878 

ns 0.9853 
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Appendix Table 7: Pairwise Test Results for Enzyme Activity in the Kidney 

Tukey's multiple 

comparisons test 

Mean 

Diff. 

95% CI 

of diff. 

Summary Adjusted 

P Value 

  IDUA vs. Pepcan-12+Linker 

S+IDUA 

0.4893 -0.3082 

to 1.287 

ns 0.412 

  IDUA vs. Pepcan-12+Linker 

T+IDUA 

0.5258 -0.2368 

to 1.288 

ns 0.2971 

  IDUA vs. Linker S+IDUA -0.4161 -1.214 to 

0.3814 

ns 0.5716 

  IDUA vs. Linker T+IDUA -0.4472 -1.383 to 

0.4884 

ns 0.6499 

  Pepcan-12+Linker S+IDUA 

vs. Pepcan-12+Linker 

T+IDUA 

0.03649 -0.7012 

to 0.7742 

ns >0.9999 

  Pepcan-12+Linker S+IDUA 

vs. Linker S+IDUA 

-0.9054 -1.679 to 

-0.1318 

* 0.0149 

  Pepcan-12+Linker S+IDUA 

vs. Linker T+IDUA 

-0.9365 -1.852 to 

-0.02111 

* 0.0428 

  Pepcan-12+Linker T+IDUA 

vs. Linker S+IDUA 

-0.9419 -1.680 to 

-0.2043 

** 0.0066 

  Pepcan-12+Linker T+IDUA 

vs. Linker T+IDUA 

-0.973 -1.858 to 

-0.08782 

* 0.0251 

  Linker S+IDUA vs. Linker 

T+IDUA 

-0.03109 -0.9465 

to 0.8843 

ns >0.9999 
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Appendix Table 8: Pairwise Test Results for Enzyme Activity in the Plasma 

Tukey's multiple 

comparisons test 

Mean 

Diff. 

95% CI 

of diff. 

Summary Adjusted 

P Value 

  IDUA vs. Pepcan-12+Linker 

S+IDUA 

-0.7917 -1.721 to 

0.1373 

ns 0.1265 

  IDUA vs. Pepcan-12+Linker 

T+IDUA 

-0.4493 -1.338 to 

0.4391 

ns 0.6004 

  IDUA vs. Linker S+IDUA -1.573 -2.502 to 

-0.6436 

*** 0.0002 

  IDUA vs. Linker T+IDUA -1.345 -2.435 to 

-0.2554 

** 0.0092 

  Pepcan-12+Linker S+IDUA 

vs. Pepcan-12+Linker T+IDUA 

0.3424 -0.5170 

to 1.202 

ns 0.7832 

  Pepcan-12+Linker S+IDUA 

vs. Linker S+IDUA 

-0.7809 -1.682 to 

0.1204 

ns 0.1163 

  Pepcan-12+Linker S+IDUA 

vs. Linker T+IDUA 

-0.5536 -1.620 to 

0.5128 

ns 0.5763 

  Pepcan-12+Linker T+IDUA 

vs. Linker S+IDUA 

-1.123 -1.983 to 

-0.2639 

** 0.0052 

  Pepcan-12+Linker T+IDUA 

vs. Linker T+IDUA 

-0.896 -1.927 to 

0.1352 

ns 0.1147 

  Linker S+IDUA vs. Linker 

T+IDUA 

0.2273 -0.8391 

to 1.294 

ns 0.9725 
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