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THESIS ABSTRACT

The lysosomal storage diseases (LSD) encompass a number of genetically inherited disorders,

which include the mucopolysaccharidoses (MPS) and the oligosaccharidoses as well as others.

Each disorder results from a primary deficiency in one specific gene product that in most

diseases is a unique eîzpe activity. These enzymes are predominantly involved in the

degradation of glycosaminoglycans, oligosaccharides and glycolipids. Failure to degrade these

macromolecules leads to their accumulation in lysosomes of most cell types which in turn

results in progressive organ dysfunction and clinical s¡rmptoms'

In all LSD there is soft tissue involvement, however, the two main sites of pathology are the

skeleton and the central nervous system. In some LSD both sites may be affected while in

others one predominates. For example, MPS VI, which is caused by a deficiency of N-

acetylgalactosamine-4-sulphatase (4S), is a disorder with mainly skeletal pathology while

fucosidosis, which results from a deficiency of a-L-fucosidase (FUC), is a largely neurological

disease. Two animal models of these disorders, the MPS VI cat and the fucosidosis dog, have

proven invaluable in studies of skeletal and neurological pathology and their treatment.

Pathology in these animal models closely parallels that observed in the human condition'

Enzyme-replacement therapy (ERT) in the MPS VI cat using recombinant human 45 from

birth has been demonstrated to be effective in improving most soft tissue and bone pathology.

Improvement in bone pathology was dependent on dose and age at commencement of therapy.

Reactions typical of anaphylaxis were observed in all cats treated with human enzyme. One of

the aims of this thesis was to evaluate the effrcacy of using species-specific enzyme, namely

recombinant feline 45, in the treatment of MPS VI cats. Towards this end, eîzpe was purified

and characterised and therapy was instigated from birth in two cats for six months. Results

indicated that there was an advantage in using species-specific enz¡rme in that the effect \ryas as

good as a five times higher dose of human 45. The implications of this result in terms of

correct dosage for treating human patients, in what is an expensive and lifetime therapy, are

significant.

In LSD with neurological s¡rmptoms, penetration of proteins from the circulation into brain is a

major limitation to effective ERT. The morphological and physiological characteristics of the

XV



cerebrovascular endothelium form the basis of the blood-brain barrier (BBB). Non-invasive

methods for delivering proteins, which are normally unable to cross the BBB, include the use

of vector systems and chemical alteration of the protein charge. The main aims of this section

were (i), to express, purify and characterise recombinant canine cr-L-fucosidase (rcFUC) which

is deficient in canine fucosidosis; (ii), to modify rcFUC by cationization, and to synthesise

chimeric proteins of rcFUC with a transport vector which is known to be transported into brain

(such as insulin), and then to test these modifications for transcytosis into brain in a normal rat

prior to evaluation in the dog model and (iii), to evaluate the efficacy of ERT ìn a fucosidosis

dog using unmodified rcFUC.

rcFUC was expressed in Chinese hamster ovary and Madin-Darby canine kidney cells and both

forms were found to be similar, apart from some differences in glycosylation. ERT was

commence d, at 2 months of age in a single fucosidosis dog and continued for up to one year of

age. This animal appeared to show a later onset of neurological s¡rmptoms compared to

untreated affected do gs.

Attempts to modify enzqe to enhance transport into brain revealed various problems' In

cationizalion studies, maintenance of enz¡rmatic activity had to be balanced against increased

cationizafion. In addition, compared to native enzpe, cationized rcFUC tested in aral showed

no evidence of improved targeting to brain. A vector system involving covalent linkage to a

tryptic fragment of insulin was ultimately considered technically too difficult and unlikely to

provide a conjugate with the required properties. The production of conjugates using rcFUC

and the mouse antibody to the rat transferrin receptor, OX26, was found to be more practicable

although some problems were encountered including the ability to control the reaction to

achieve a favourable stoichiometry of vector to passenger molecules and the maintenance of

the critical binding regions of both molecules as well as FUC activity. The conjugates

produced were not tested in a ra:, as it became increasingly obvious that the need for a more

sensitive detection system to assess accurately enzpe transported into brain tissue was

required. Initial results suggested that Europium labelling may provide this.

In terms of therapeutic strategies, the results described in this thesis indicate that use of same-

species enzyme is superior to non-same-species enzpe and although only one fucosidosis dog

was treated, ERT with unmodifred rcFUC appeared to delay onset of neurological s¡rmptoms.
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Although technically difficult to produce, chimeric proteins may provide a means of treatment

for neurological syrnptoms in LSD.
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Chapter 1: Introduction and review

1.1 Preface
The lysosomal storage diseases (LSD) comprise a group of debilitating and life-threatening

inherited diseases, each of which results from the deficiency of a unique enzpe activity. The

multitissue involvement of these disorders presents a parlicularly difficult challenge to any

single treatment regime. Enzyrne-replacement therapy (ERT) is a treatment strategy that

involves the systemic infusion of normal enzpe to replace deficient or non-functioning

enzqe. The development and evaluation of the efficacy of ERT has been expedited by the

discovery of a number of naturally occurring, and the generation of additional artificially

created, animal models of LSD and by the availability of recombinant enzyme.

Two animal models that have been intensively used to evaluate ERT in LSD are the

mucopolysaccharidosis type VI (MPS VI) cat and the MPS VII mouse. MPS VI cats exhibit the

bone pathology characteristic of many of the LSD, but have no central nervous system (CNS)

involvement. ERT from birth in MPS VI cats, using human N-acetylgalactosamine-4-

sulphatase (4S), proved largely successful in correcting somatic pathology and bone disease.

However, the use of human 45 in cats leads to immune reactions. In addition, human 45 may

be of reduced effrcacy in its non-native environment.

In contrast to the MPS VI cat, the MPS VII mouse has both CNS and bone pathology.

Commencement of ERT from birth with mouse B-glucuronidase demonstrated successful

correction of CNS, as well as most somatic pathology, including that of bone. However,

neurological improvement was fortuitous as the blood-brain barrier (BBB), which in most

animal species is impenetrable to proteins, is 'leaky' or immature for up to 10-14 days post

birth in mice (Laterra et al., 1992; Vogler et al., 1993; Sands et al., 1994). In the human

condition, for instance, endothelial tight junctions are laid down by the first trimester of foetal

life (Mollgoard and Saunders, 1975). Therefore, mouse models of the LSD are not always ideal

for the evaluation of treatments for CNS pathology and results from such studies must be

interpreted with caution. Larger animal models, such as the fucosidosis dog, provide a more

accurate reflection of the human situation where the BBB is closed at birth. Additionally, if
ERT for CNS pathology is to be successful, different strategies must be considered to

circumvent the BBB. For example, conjugation of enzqe to vectors known to cross the BBB,
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and chemical modif,rcation by cationizatioÍr, aÍe two potential methods to enhance transcytosis

of enzyrne into brain.

The main aims of the work presented in this thesis were firstly, to evaluate the efficacy of ERT

in MPS VI cats using feline, rather than human, 45, and secondly, to develop strategies for the

delivery of replacement enzyrne to the CNS via intravenous injection.

In the remainder of this chapter an overview of lysosomes, their biogenesis and function and

the substrates they degrade will be presented. This will be followed by a discussion of LSD,

with particular reference to MPS and oligosaccharidoses, their clinical description, diagnosis

and pathogenesis. Finally, a review of therapies, past, present and future, for LSD in patients

and animal models of disease will be presented. MPS VI and fucosidosis, the main subjects of

study in this thesis, will be reviewed in more detail. The specific aims of this thesis will be

outlined at the conclusion of this chapter.

1.2 Lysosomes
Historically, lysosomes were defined as cytoplasmic organelles that contained acid hydrolases

(De Duve et a\.,1955). 'We now ascribe the term lysosome to an organelle bounded by a single

membrane that contains a set of highly glycosylated integral membrane proteins and encloses

an acidic intracellular compartment rich in mature hydrolases. In particular it can be

distinguished from earlier compartments in the endocytic pathway in that it forms the terminal

high-density organelle in the endosomal system and is devoid of mannose-6-phosphate

receptors (M6PR) (Storrie, 1988; Hopwood and Brooks, 1997). Most of the properties of

lysosomes are shared with a group of cell type-specific compartments referred to as 'lysosome-

related organelles' that include, amongst others, melanosomes, lytic granules, MHC class II

compartments and basophilic granules (Dell'Angelica et al., 2000). As well as lysosomal

proteins, these organelles contain cell type-specific components that are responsible for their

specialised functions. However, this discussion will be restricted to classical lysosomes only.

The main function of the lysosome is the catabolism of intra- and extracellularly derived

macromolecules such as glycosaminoglycans (GAG), glycoproteins and glycolipids, which

enter the lysosome via endocylosis or autophagy. These macromolecules are degraded by
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lysosomal hydrolases into their constituents for reuse within, or transport out of the cell

following their exit from the lysosome. In the next sections lysosomal biogenesis and the

s¡mthesis, transport and targeting of lysosomal enzyrnes will be discussed.

1.3 Lysosomal biogenesis
The elements of the vacuolar network, of which lysosomes and endosomes are major

components, are shown in Figure 1.1 and have been reviewed in Hopwood and Brooks (1997).

Lysosomal biogenesis is believed to start with the budding of vesicles from the trans-Golgi

network (TGN). Specific adaptor proteins (e.g., HA-l adaptor), the binding of an adaptin

complex and phosphorylation of the M6PR are required for the formation of clathrin-coated

vesicles and their subsequent transport from the TGN. These vesicles fuse with early

endosomes and mature into late endosomes/prelysosomes and finally into lysosomes through a

process of progressive acidification. Proteins destined for early endosomes/lysosomes, to the

cell surface or for secretion, are sorted in the TGN on the basis of specific signals present on

these proteins. Most soluble proteins transported to endosomes/lysosomes caffy a mannose-6-

phosphate (M6P) signal (sections 1.4 and 1.5). In lysosome-associated membrane proteins

(LAMP) the tyrosine residue in the His-Ala-Gly-Tyr motif found in the C-terminal cytoplasmic

tail, and its distance from the membrane spanning domain, are critical signals for transport to

the lysosomal membrane (Peters et al.,1990a).

Endocytosis at the cell surface also occurs via clathrin-coated pit structures, although the

adaptor proteins involved in their formation are distinct from those required for vesicles

originating from the TGN (Seaman et a1.,1993). These structures deliver macromolecules from

the cell surface, as well as membrane proteins and receptor-ligand complexes, to the

endosome/lysosome network. The constant movement of organelles within the vacuolar

network is organised along microtubules. Unlike 'lysosome-related organelles' such as lytic

granules, classical lysosomes appear unable to fuse directly with the plasma membrane to

exocytose their contents. Undegraded macromolecules found in plasma and excreted in urine

are presumably the consequence of cell death.
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Figure 1.1 Elements of the vacuolar network.

N, nucleus; ER, endoplasmic reticulum; CGN, cis-Golgi network; TGN, trans-Golgi network;

MT, microtubule; SV, secretory vesicle; CS, cell surface; CCP, clathrin-coated pits; EE, early

endosome; ECV, endosome carrier vesicle (or multivesicular body); LE, late endosome (or

prelysosomal compartment); L, lysosome (Hopwood and Brooks,1997).
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1.4 Lysosomal enzymes
More than 50 acid-dependent enzyrnes (glycosidases, sulphatases, nucleases, lipases and

phospholipases, proteases and phosphatases) are found within the lumen of the lysosome.

Lysosomal enzymes are glycoproteins and their synthesis and processing (Hasilik and von

Figura, 1984; Kornfeld and Mellman, 1989; Hasillk, 1992) as well as trafficking (von Figura

and Hasilik, 1986; Kornfeld, 1987; Pfeffer, 1988; Kornfeld and Mellman, 1989; Hopwood and

Brooks, 1997) have been reviewed.

Lysosomal enzymes are initially translated in the rough endoplasmic reticulum (ER). After

removal of the signal peptide and during translocation through the ER, preassembled glycan

chains composed of nine mannose, two N-acetylglucosamine (GlcNAc) and three glucose

residues attached to dolicholdiphosphate, aÍe transferred en bloc by glycosyltransferase to an

appropriate asparagine residue, which conforms to the sequence motif asparagine-x-

serine/threonine (N-X-S/T) (Gavel and von Heijne, 1990; Mellquist et a|.,1998). Competition

between glycosylation and chaperonin-assisted folding of nascent protein chains, which occurs

concurrently, at least partly explains the lack of utilisation of all potential N-glycosylation

sites, which may be rapidly rendered inaccessible to glycosyltransferases (Holst et al., 1996).

On transport to the Golgi apparatus further carbohydrate processing occurs which involves the

addition of galactose, fucose and N-acetylgalactosamine (GalNAc) by other

glycosyltransferases, to produce one of three common subtypes of N-glycans; high-mannose,

complex and hybrid-type chains. The crucial step in complex-type glycan biosynthesis is the

attachment of GlcNAc at the ct-(l-+3)-linked D-mannose residue before the a-(1-+6)-linked

arm has been completely processed. Further introduction of GlcNAc residues results in the

generation of multiantennary structures. The arrangement of glycosyltransferases and the level

of substrates are critical and adjustable factors that control the glycosylation potential of the

Golgi apparatus (Colley, 1997; Varki, 1998). Sialylation, the final modification in complex-

tlpe chains, occurs via the action of the corresponding sialyltransferase in the TGN (Lennarz,

1e87).

Sorting of N-glycosylated proteins/enzymes to the lysosome is achieved by preferential

phosphorylation of terminal cr-(1-+2)-linked mannose units in a two-step reaction. The first

step involves the transfer of GlcNAc-l-phosphate to the C6-hydroxyl group of these mannose
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residues by UDP-GlcNAc-phosphotransferase to produce GlcNAc-1-phospho-6-mannose. In

the second step, N-acetylglucuronyl-phosphodiesterase catalyses the removal of GlcNAc from

GlcNAc-1-phospho-6-mannose units leaving a M6P moiety. Mannose-6-phosphorylation of

glycoproteins enables binding to M6PR present in the TGN with subsequent targeting to

lyso somes v i a a pr e-lyso somal/endo somal comp artment'

1.5 M6PR-mediated transport of lysosomtl enzymes

Mammalian cells possess two distinct M6PR that mediate transport of newly synthesised

soluble lysosomal enzymes from the TGN to a pre-lysosomal compartment in the endocytic

pathway (Pfeffer, 1988; Kornfeld, l9g2). The cation-independent M6PR (CI-M6PR) and the

cation-dependent M6PR (CD-M6PR) are transmembrane glycoproteins that have an apparent

Mr of 300 kDa and 46 kDa, respectively. The two receptors share a homologous

extracytoplasmic domain, which in the CI-M6PR comprises fifteen repeating units as opposed

to one in the CD-M6PR. The CI-M6PR is bifunctional and also controls extracellular levels of

insulin-like growth factor II (IGFII) by mediating its rate of internalisation.

V/hat determines which receptor is used for lysosomal trafficking from the TGN is unclear.

Studies with Cl-M6PR-deficient cells showed that between 30-50% of newly synthesised

cathepsin was retained intracellularly. This level was increased to approximately 90o/o when the

CI-M6PR was over-expressed (Lobel et a1.,1989; Johnson and Kornfeld,1992).In CD-M6PR-

deficient cells expressing wild type levels of CI-M6PR, over-expression of CD-M6PR resulted

in secretion of up to 50o/o ofnewly synthesised lysosomal enzylnes (Chao et a\.,1990)' This

implies that CD-M6PR can bind all newly synthesised lysosomal enzymes in the TGN but

releases its ligands at a site where they can access the extracellular medium. It has been

suggested that dissociation may apply preferentially to low-affinity ligands.

Analysis of M6PR-deficient cell lines from mice with targeted disruption of both M6PR genes

has shown that in the absence of both receptors 85-95% of total activity of a variety of

lysosomal enzyrnes is recovered in medium. However, over-expression of CD-M6PR only

partially compensates for loss of CI-M6PR (Watanabe et a\.,1990). In contrast, overexpression

of the CI-M6pR completely corrects the missorting of lysosomal enzymes in the absence of the

CD-M6PR. However, 25o/o of the lysosomal enzyrnes were transported along a secretion-
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recapture pathway that is sensitive to M6P. This pathway is not observed in normal cells. In

conclusion, it appears that over-expression of either receptor is not sufficient for intracellular

targeting of lysosomal proteins. Both receptors obviously contribute to the targeting of newly

s¡mthesised lysosomal enzymes but there appears to be some overlap between the complements

of lysosomal enz¡rmes transported by each receptor (Kasper et al.,1996).

Constitutive cycling of the two receptors occurs between the TGN and the endosomal

compartment. Additionally, both receptors cycle between the cell surface and the endosomal

network. However, only the CI-M6PR has the capability to bind ligands at the cell surface and

internalise them. The basis of the concept of ERT in LSD relies fundamentally on this

principle, that is, that an external source of purified mannose-6-phosphorylated enzyme can be

sequestered into cells via the CI-M6PR thus replacing the defective eîzyme. The function of

cell surface CD-M6PR is unknown. Its inability to function efficiently in endocytosis is

believed to reflect poor binding of ligand at the cell surface rather than its failure to recycle to

the plasma membrane (Stein et a|.,1987).

In the increasingly acidic environment of the late endosomal compartment, the receptor

dissociates from the lysosomal enzqe and is recycled back to the TGN' Once in the

endosomal/prelysosomal compartment further proteolytic and glycosidic processing of the

lysosomal enzyme can occur as well as removal of the M6P signal by dephosphorylation via

the action of purple acid phosphatase (Bresciani and Von Figura, 1996). There is also evidence

that lysosomal enzqes are continually recycled from end-stage lysosomes to the endosomal

compartment and hence back into lysosomes (Bright et a1.,1997).

The process of receptor recycling can be intemrpted by addition of lysosomotropic amines that

raise the pH of the endosome thus preventing the dissociation of receptor and ligand (Chang et

al., 1988). The consequent unavailability of free M6PR prevents further trafficking to

lysosomes. Under these conditions newly synthesised lysosomal enzymes are secreted from the

cell via secretory vesicles. This mechanism has been exploited in enzyme expression systems

in vitro to increase the levels of recombinant mannose-6-phosphorylated eîzyme in culture

medium.
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1.6 M6PR-independent transport of lysosomal enzymes

Not all lysosomal enzymes are transported to lysosomes via M6PR. In M6PR-deficient cells,

normal intracellular levels of acid phosphatase were observed and none was found secreted in

medium (Kasper et a1.,1996) implying another mechanism for transport to the lysosome. Over-

expression of cr-L-iduronidase in MPS I fibroblasts using retroviral vectors (Anson et al.,

I992a) resulted in the induction of a phenotype analogous to mild l-cell disease. The cr-L-

iduronidase over-corrected cells had decreased levels of several lysosomal enzyrnes but again

acid phosphatase levels were noTïnal due to an altemative M6P-independent lysosomal

targeting signal (Lemansky et al., 1985). Trafficking of newly synthesised lysosomal acid

phosphatase occurs via the cell surface. The enzyme is then re-internalised after recognition of

either aT1.r: or Phe signal in the cytoplasmic tail sequence by the adaptor complex required for

cell surface internalisation (V/aheed et a\.,1938). On the cell surface of different cell types, in

addition to the M6PR, other carbohydrate specif,rc receptors are present in various amounts

including fucose, mannose and galactose receptors and these may provide altemative targeting

mechanisms to lysosomes (Hasilik, 7992).

1.7 Glycosaminoglycans and proteoglycans
The function of lysosomal enzymes is to degrade macromolecules such as GAG,

oligosaccharides and glycolipids. The structure and role of GAG and oligosaccharides, their

synthesis and degradation will be discussed in the following sections. This thesis is concemed

with two disorders in which the degradation of such macromolecules is impaired. These are

MPS y1 and fucosidosis, which involve GAG and oligosaccharide degradation, respectively.

1.7.1 Structure and function
A detailed review of GAG structure, synthesis and degradation can be found in Roden (1980),

Fransson (1987), Hopwood and Morris (1990) and Kjellen and Lindahl (1991), accordingly

only a brief description will follow.

GAG form a distinct group of complex carbohydrates that are generally defined as unbranched

acidic polysaccharides produced from repeating disaccharide units. The composition of this

disaccharide unit gives rise to five main tlpes of GAG (Figure 1.2). Chondroitin sulphate (CS),

which is the most abundant mammalian GAG, and dermatan sulphate (DS), comprise
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altemating hexuronic acid and GalNAc residues. In CS the hexuronic acid is glucuronic while

in DS both glucuronic and its C5 epimer, iduronic acid, are present. Keratan sulphate (KS) is

devoid of hexuronic acid residues and instead has a repeating disaccharide containing galactose

and GlcNAc. Heparan sulphate (HS) differs from DS in that GalNAc is substituted by GlcNAc.

Hyaluronan (HA) is made up of alternating glucuronic acid and GlcNAc residues. In addition,

monosaccharides in the GAG chain can be variously modified. The glucosamine residues in

HS can be N-acetylated, N-sulphated or O-sulphated at the C3 and C6 positions while the

hexuronic acids (glucuronic or iduronic) can be C2 O-sulphated. These modifications, together

with variable configuration of the glycosidic linkages and length of each polysaccharide chain,

confer an enorïnous potential for heterogeneity within this class of macromolecules. Heparin,

for example, is highly substituted and is distinguished from HS by the presence of a high

proportion (>80%) of N-sulphation of glucosamine residues (Roden, 1980). HA, on the other

hand, displays the lowest degree of modihcation, is totally unsulphated and in addition is the

only GAG not found covalently linked to protein (Laurent and Fraser, 1992).

Proteins with covalently bound GAG chain(s) are referred to as proteoglycans (PG)

(Yanagishita,7993). PG are structurally diverse having core proteins which can vary from 10-

400 kDa and can contain a single GAG chain (e.g., decorin), or over a hundred (e.g., aggrecan).

The GAG chains have unique biophysical properties, such as elasticity and ability to hold

water, and thus contribute to the bulk effects of PG. They also contain avatiety of binding sites

for various extracellular cytokines, growth factors, enzyrnes and inhibitors (Turnbull et al.,

Igg2).PG are ubiquitously distributed throughout animal tissues and are the major components

of cartilage, comea and connective tissues. Aggrecan, the major PG of cafülage, is associated

with collagen, and when complexed with HA, it forms a structure that is particularly resilient to

compressional forces. Decorin and biglycan are two of the smallest PG having one and two DS

chains, respectively. Both have been associated with growth plate and newly deposited osteoid

although their precise function in bone growth and development is unknown (Poole et al',

1986; Bianco et a\.,1990).
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Figure 1.2: The five main classes of GAG.

Basic structure of the main classes of GAG. The repeating disaccharide units which make up

the five classes of GAG and their possible modifications are shown.
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The role of PG in neural tissue has been reviewed extensively (Margolis and Margolis, 1993;

Oohira et al.,l994a). Two major species of PG, chondroitin sulphate PG (CSPG) and heparan

sulphate PG (HSPG) are found in the CNS. Keratan sulphate PG are also present but in smaller

amounts. These neural PG play pivotal roles both in cell-cell and cell-substratum interactions

during various stages of brain development and function. Neurocan, a developmentally

regulated CSPG has been localised in the early post-natal rat brain and is also involved in the

pathway for early axonal extension (Oohira et al., 1994b). Expression of a 200 kDa HSPG,

designated H5-PG, is spatially and temporally regulated in the CNS. H5-PG is associated with

the axonal surface and is involved in axonal outgrowth and/or synaptogenesis in the rat brain

('Watanabe et al.,1996). High levels of HS and CS are synthesised by astrocytes, members of

the class of non-neuronal cells called neuroglial cells that comprise approximately 50o/o of the

mass of the CNS (Margolis and Margolis, 1989). In conclusion, PG are widely distributed in

organs and tissues and play pivotal structural (e.g., cartllage and connective tissue) and

developmental (e.g., neuronal development) roles, some of which are only now being

understood (Rapraeger,2000; Esko and Lindahl, 2001; Yamaguchi, 2001).

1.7.2 Biosynthesis

PG synthesis occurs via a well-defined series of reactions (Roden, 1980). Following core

protein synthesis in the ER, the transfer of xylose from UDP-xylose, by xylosyltransferase,

onto hydroxyl groups of specific serine residues within the polypeptide chain occurs during its

translocation to the Golgi apparatus. The subsequent sequential addition of two galactose

residues in the TGN is catalysed by two separate B-galactosyltransferases whose substrates are

xylose-serine and galactose-xylose-serine. Finally, attachment of glucuronic acid by

glucuronysyltransferase completes the tetrasaccharide GAG-protein linkage region, which is

identical for all four classes of GAG discussed above, and serves as a primer for further

elongation of the GAG chain. The subsequent altemating stepwise addition of an N-

acetylhexosamine or uronic acid residue requires another two enzyme activities, namely,

GlcNAc (or GalNAc) transferase and glucuronyl (galactosyl) transferase' The mechanism or

signal required for chain termination of GAG s¡mthesis is as yet unknown. Epimerisation of

glucuronic acid to iduronic acid is the result of the action of uronosyl epimerase. Further

modification of monosaccharides by sulphotransferases is then carried out at selected N and O

positions before the pG is secreted for later incorporation into extracellular matrices at the cell

surface, in pericellular matrices, and for other functions'
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1.7.3 Degradation
The reactions involved in the degradation of PG are also well established (Fransson, 1987;

Hopwood, 1989; Neufeld and Muenzer, 2001). Degradation of the protein moiety and the

polysaccharide chains occurs independently of each other. Hydrolysis of some peptide bonds

may take place extracellularly or in the cytoplasm, but the carbohydrate portion is degraded

only within the endosome/lysosome. Extracellular and membrane-associated GAG reach these

cell organelles via adsorptive pinocytosis and fusion of endocytic vesicles with lysosomes.

Intracellular GAG enter the degradative pathway via autophagy. The GAG chains released by

protease digestion are degraded to oligosaccharides ranging from 4-10 kDa by the action of

endoglycosidases in a pre-lysosomal/endosomal compartment. Fusion of endosomes with, or

maturation of endosomes to, lysosomes exposes these oligosaccharides to various glycosidases

and sulphatases culminating in their catabolism to monosaccharides and free inorganic

sulphate. The stepwise degradation commences at the non-reducing terminal end of the GAG

chain fragment and proceeds in a sequential manner relying on a series of exquisitely specific

substrate-enzqe interactions, whereby the product of one enzymatic reaction becomes the

substrate for the next enzyrne in the sequence.

As an example of these processes, the sequence of reactions involved in the degradation of DS

is shown in Figure 1.3. In this particular schema, iduronate-2-sulphatase hydrolyses the C-2

sulphate ester from the terminal iduronic acid residue. The resultant product becomes the

substrate for the next enzyrne in the pathway, o-L-iduronidase, which hydrolyses the a-(1+3)

glycosidic bond between iduronic acid and N-acetylgalactosamine-4-sulphate (GalNAc4S) thus

releasing iduronic acid. Prior to liberating GalNAc, desulphation of the C-4 sulphate by 45

must occur. p-Hexosaminidase, which comprises A and S isomers, then releases the N-

acetygalactosamine residue. The last enzqe in the DS degradation pathway is P-

glucuronidase which releases glucuronic acid.

As HS also comprises glucuronic acid, its 5'epimer iduronic acid and their C2-sulphated

variant, p-glucuronidase, ø-L-iduronidase, iduronate-2-sulphatase and glucuronate-2-

sulphatase are also necessary for the degradation of HS. In addition to these eîz.wr'e activities

degradation of HS requires five other enzymes. These are sulphamidase, a-N-

acetylglucosaminidase, glucosamine-N-acetyltransferase, glucosamine-6-sulphatase and
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Figure 1.3: The sequential degradation of DS.

A diagrammatic representation of the degradative pathway of DS oligosaccharides in the

lysosome (from Hopwood and Morris, 1990). The five exoenzymes involved and the MPS

disorders resulting from the deficiency of each eîzyme are shown. An alternate pathway of DS

degradation via the action of p-hexosaminidase, which was proposed by Hopwood and Elliott

(1985) and has since been confirmed by Ramsay et al. (2003), is also shown.
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glucosamine-3-sulphatase (Hopwood, 1989). HS is exceptional in its metabolism in that

liberation of sulphate from N-sulphated glucosamine by sulphamidase results in the formation

of a glucosaminyl residue. This residue has an unsubstituted amino group that cannot be

hydrolysed enzymatically in mammalian cells unless it is first biosynthetically acetylated with

the membrane-associated glucosamine-N-acetyltransferase that uses cytoplasmic Acetyl-CoA

as the acetyl donor.

The vital relevance of PG is illustrated by various disease states that result from impairment in

their synthesis, assembly or degradation. For example, mouse matrix deficiency is caused by a

7 bp deletion in the aggrecan gene (Watanabe et a1.,1994). There is also a correlation between

decorin deficiency and the development of a progeroid sytdrome due to reduced activity of an

abnormally thermolabile galactosyl transferase I, the enzpe that transfers galactose to xylose

in the initial step of GAG synthesis (Kresse et al., 1987; Quentin et al., 1990). The MPS, a

well-characterised class of diseases in which the stepwise degradation of GAG chains is

defective, will be discussed later (section 1.10).

1.8 Glycoproteins
1.8.1 Structure and function
The lysosome is also the site of glycoprotein degradation. Glycoproteins are proteins that have

been post-translationally modified by the addition of glycan chains (Kornfeld and Kornfeld,

l9i6; Kornfeld and Kornfeld, 1985). They may be glycosylated either by N-linked or O-linked

saccharides or a combination of both.

The presence of glycan chains on proteins adds a further level of complexity to protein

structure and can thus enlarge their capacity to encode information. Compared to amino acids

and nucleotides, saccharides have a potentially enorrnous capacity for encoding function.

However, this is aî areanot fully understood at present. Glycoproteins, like PG, occur widely

in cells and in various organelles as well as on the cell surface. The glycan moiety on proteins

may be necessary for targeting, protein stability, signal transduction and various other

biological functions. For example, complete deglycosylation of B-glucosidase causes a total

loss of activity (Grace and Grabowski, 1990) and lysosomal enzyrnes, if not glycosylated, lose

the targeting signal necessary for their delivery to the lysosome (Kornfeld, 1986). Furthermore,
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when deglycosylated, human p-chorionic gonadotrophin will still bind to its receptor with

similar affinity to fully glycosylated enzyme, but fails to transmit a signal via stimulation of

adenylate cyclase (Chen et a\.,1982). Failure of lysosomal degradation of glycoproteins results

in a group ofstorage disorders known as oligosaccharidoses (section 1.11).

1.8.2 Biosynthesis

The biosynthesis of N-linked glycoproteins is identical to that of lysosomal enzyrnes as

discussed in section 1.4. After glycosylation, depending on the particular signal motifs present

on the glycoproteins, they are sorted to either secretory vesicles for transport out ofthe cell, to

the cellular membrane or to endosomes/lysosomes. Only glycoproteins with N-linked

oligosaccharide chains that have been mannose-6-phosphorylated, such as most lysosomal

enz)¿rnes, are trafficked to the endosomal network. The M6PR-mediated transport of these

proteins is not IOO% efficient as lysosomal enzynes are also found extracellularly' This arises

from differences in affinity between the M6PR and the various glycoproteins as well as in the

availability of free M6PR. A certain percentage of mannose-6-phosphorylated proteins that are

secreted extracellularly can be recaptured by M6PR present on the cell surface (section 1'5),

which, as mentioned previously, is the mechanistic basis for systemic ERT.

1.8.3 Degradation

As glycoproteins are ubiquitous intra- and extracellular proteins, they are continuously being

degraded in lysosomes during normal cellular function and tumover. Glycoproteins destined

for degradation in the lysosome are either endocytosed from the extracellular medium in

endosomes that fuse with the vacuolar network, or undergo autophagy from within the

cytoplasm. Prior to degradation of the oligosaccharide chains, the bulk of the protein core is

proteolytically removed by cathepsin, resulting in the release of glycopeptides. These

glycopeptides are then degraded in the lysosome. The complexity of the degradation of N-

linked oligosaccharide chains is commensurate with the complexity of the oligosaccharide

present which, as previously mentioned, can be high-mannose, complex or hybrid-type' The

oligosaccharide chains can also be bi, tri, tetra or multi-antennary. The step-wise degradation is

regulated by the type of sugars present and proceeds in an orderly fashion from the non-

reducing terminus after proteolytic digestion, which leaves the glycan moiety linked to an

asparagine residue. Up to eight separate enzyme activities maybe involved depending on the

composition of the oligosaccharide chain (Aronson and Kuranda,1989; Thomas, 2001).
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Figure 1.4 illustrates the steps involved in the degradation of a complex-type oligosaccharide

structure. These structures are capped with sialic acid and, in addition, have galactose,

GlcNAc, mannose and fucose residues linked to asparagine. The sequence of reactions is as

follows. Hydrolysis occurs from the non-reducing end of the oligosaccharide chain and is

carried out by a number of exoglycosidases catalysing the sequential removal of single sugar

moieties from the oligosaccharide branches. The lysosomal enzymes involved include firstly,

neuraminidase that removes terminal sialic acid residues. This is followed by B-galactosidase,

which cleaves the bond between galactose residues and N-acetylglucosamine. The next

residue, a p-linked GlcNAc, is cleaved by the action of p-hexosaminidase A or B. Mannose

residues linked cr-(1-+4) or cr-(1+6) to the core mannoside are removed by the action of a-

mannosidase while B-mannosidase is required to hydrolyse the core p-mannoside from the

GlcNAc of the chitobiose core, which in turn, is cleaved by B-Hexosaminidase A or B'

Aspartylglucosaminidase cleaves the bond between the asparagine residue and the adjoining

GlcNAc. However, if the GlcNAc residue is fucosylated, the a-linked fucose moiety must first

be removed by u-L-fucosidase (FUC), Fucoside residues have also been found linked to

galactose or GlcNAc residues distinct from the chitobiose core, as in certain blood group

substances such as Leu,Leb and H (Watkins, 1980) and these too must be removed before the

rest of the chain can be degraded. Enzymatic digestion of the chitobiose core by endo-B-N-

acetylglucosaminidase can therefore result in fucose-containing storage products which are not

asparagine-linked. If any of the enz)¡mes involved in the catabolism of the glycan moieties of

glycoproteins are defective or missing, a specific inherited metabolic disorder will result

(section 1.11).
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Figure 1.4: Degradation of a complex oligosaccharide chain.

The stepwise lysosomal degradation of a complex oligosaccharide chain present on

glycoproteins. Shown are the exoenzyme activities involved. Deficiencies of neuraminidase, a-

mannosidase, p-mannosidase, cr-L-fucosidase and aspartylglucosaminidase result in the

oligosaccharidoses sialidosis, o-mannosidosis, p-mannosidosis, fucosidosis and

aspartylglucosaminuria, respectively. (Thomas, 2001).
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1.9 Lysosomal storage diseases

LSD are monogenic inherited metabolic disorders, the majority of which result from a

deficiency of a specific lysosomal enzpe involved in the degradation of macromolecules.

This deficiency leads to the storage and accumulation in lysosomes of substrate(s) upon which

the enzyrne normally acts. In a few cases the substances accumulating in the lysosome are not

undegraded macromolecules but are the products of hydrolytic degradation that are meant to

leave the lysosomal compartment for metabolic recycling (Mancini et a|.,2000).

Two such LSD are cystinosis and Salla disease where a specific membrane-bound transport

molecule for cystine and sialic acid monomers from the lysosome, respectively, is missing or

malfunctioning (Gahl et a\.,19S9). In three LSD a deficiency of from two to several lysosomal

eîzqe activities may occur as a result of a mutation in a single regulatory protein. In multiple

sulphatase deficiency the activity of many known sulphatases are markedly reduced due to a

mutation in the enzpe that converts the active site cysteine residue to cr-formylglycine

(Schmidt et al., 1995; Dierks et al., 1997; Dierks et al., 1998). The gene encoding the C"-

formylglycine generating enzyme has recently been cloned (Cosma et a|.,2003; Dierks et al',

2OO3).In I-cell disease lysosomal enzymes are not trafficked to the lysosome because of the

absence of the phosphotransferase activity that is responsible for introducing the M6P signal to

these enzymes (Nolan and Sly, 1989). Galactosialidosis is due to a deficiency of both B-

galactosidase and neuraminidase, which is secondary to a defect in another lysosomal protein,

the protective protein/cathepsin A (Galjart et aL.,1988).

In total at least 44 known separate LSD have been described. These can be classified according

to the affected pathway and the nature of the accumulated substrate, for example, the

mucopolysaccharidoses, oligosaccharidoses and sphingolipidoses. Within each disease gfoup,

almost all the LSD show clinical variability particularly with respect to age at onset and

progression of synptoms. Clinically three different forms are usually distinguished: severe

(infantile onset), intermediate fiuvenile onset) and mild (adult onset) although this is generally

an arbitrary separation of what is in fact a continuum of severity. Apart from Hunter, Fabry and

Danon disease, which are X-linked, LSD are transmitted in an autosomal recessive manner' All

LSD that have been subjected to molecular genetic analysis show a variety of different

mutations. Clinical severity can be explained by the nature of the mutations present, the
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corresponding level of residual enzpe activity and the amount of substrate s¡mthesised from

individual to individual. Genetic background also appears to have an influence on the

expression of the disease. The incidence of all LSD in Australia is 1 in 7,500 live births

(Meikle et al.,l999a).

1.10 The mucopolysaccharidoses
The MPS have been extensively reviewed (Dorfman and Matalon,1976; Neufeld and Muenzer,

2001). They result from defects of GAG (or mucopolysaccharide) degradation with the

resulting accumulation of oligosaccharides in lysosomes and their excretion in urine. The

discovery of mucopolysacchariduria as a diagnostic tool (Dorfman and Lorincz, 1957) was a

milestone in the elucidation of the defect in MPS. To date there are eleven known enzpe

deficiencies that result in seven distinct MPS types. These disorders, together with the

corresponding enzyrne deficiency, are shown in Table 1.1. The relationship between the

storage product and the enzqe dehciency is illustrated in Figure 1.3 showing the degradation

of DS. A deficiency of o-L-iduronidase causes MPS I (Hurler and Scheie syndromes) and

storage products derived from DS and HS have o-linked iduronic acid residues at their non-

reducing termini. MPS II or Hunter syndrome results from a deficiency of iduronate-2-

sulphatase and both DS and HS fragments having non-reducing end iduronate-2-sulphate

residues accumulate in lysosomes of most cell types, MPS III (Sanfilippo syndrome), which

was originally classified as a single disorder based on clinical and urinary analysis, comprises

four distinct subtypes (4, B, C and D) that result from different enzyme deficiencies, namely,

sulphamidase, cr-N-acetylglucosaminidase, glucosamine-N-acetyltransferase and glucosamine-

6-sulphatase, respectively. The primary storage product in MPS III is HS. MPS VI (Maroteaux-

Lamy syndrome) is the result of 45 deficiency and will be discussed in more detail in section

1.12. MPS VII (Sly syndrome) is caused by a deficiency of B-glucuronidase and both HS and

DS accumulate in tissues and are excreted in urine. Disorders of KS degradation, namely, MPS

IV A and IV B, are due to two distinct enz¡rme deficiencies, N-acetylgalactosamine-6-

sulphatase and p-galactosidase, respectively. Both diseases share a similar clinical

presentation, Morquio syrdrome, with spinal and corneal problems being particularly

damaging. MPS IX has been added to the list of known MPS after the recent report of the only

patient with hyaluronidase deficiency (Natowicz et al.,1996;Tnggs-Raine et aL.,1999). This

patient displayed a mild phenotype that included periarticular soft tissue masses, mild short
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stature and an absence of neurological and visceral involvement. Although no patients to date

have been diagnosed with deficiencies of glucuronate-2-sulphatase or glucosamine-3-

sulphatase (enzymes required for HS degradation), it is expected that a MPS condition, with

syrnptomatology similar to the Sanfilippo phenotype, would result from such a deficiency.

Table 1.1: Classification of the mucopolysaccharidoses

Stored substrates*Syndrome Enzyme defÏciencyMPS
disease

I

II

Hurler/Scheie

Hunter

IIIA Sanfilippo

IIIB Sanfilippo

ilIC Sanfilippo

IIID Sanfilippo

slv

Morquio

Morquio

Maroteaux-Lamy N-acetylgalactosamine-4-
sulphatase

p-D-glucuronidase

cr-L-iduronidase

Iduronate-2 - sulphatas e

Sulphamidase

o-N-acetylglucosaminidase

AcetylCoA: cr- gluco saminide

N-acetyltransferase

Glucosamine-6-sulphatase

Galacto se-6-sulphatase

p-D-galactosidase

DS, HS

DS, HS

KS

DS, CS

DS, HS, CS

HS

HS

HS

HS

HA

TVA

IVB

VI

VII

IX

KS, CS

Hyaluronidase

*Stored substrates are DS, dermatan sulphate; HS, heparan sulphate; KS, keratan sulphate; CS,

chondroitin sulphate; HA, hyaluronic acid.
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The MPS share clinical features though in variable degrees. These include organomegaly,

dysostosis multiplex, abnormal facies and in addition impaired vision, hearing, joint mobility

and cardiopulmonary function. Mental retardation is present in all MPS except MPS IV and VI,

which in turn manifest skeletal problems that are also found in all MPS with the exception of

the subtypes of MPS IIL As a group the incidence of MPS in Australia is 1 in 22,500live births

(Meikle et al.,1999a).

1.11 The oligosaccharidoses
The oligosaccharidoses (Thomas,2001) comprise a group of 5 disorders and are extremelyrare

(Table 1.2).Inmost of these disorders the number of cases documented worldwide is less than

100. The normal function of enz¡rmes involved in this group of disorders is the sequential

catabolism of asparagine-linked oligosaccharides on glycoproteins, as well as those derived

from glycolipids, KS and blood group substances. Impaired function of one of these enzymes

results in storage of these oligosaccharides in tissues and their urinary excretion. In fucosidosis

(FUC deficiency) fucoglycoconjugates, including glycopeptides and glycolipids, constitute the

main storage products. Sialidosis results from a deficiency of neuraminidase and storage

products are terminated in sialic acid residues. In cr-mannosidosis up to 17 different storage

products, with increasing numbers of mannose residues linked to GlcNAc, have been detected

in patient urine. p-Mannosidosis has only recently been described and only 13 patients have

been documented. A deficiency of B-mannosidase is associated with storage and excretion of

mannoside-p-(1+a)-GlcNAc. N-Acetylglucosaminyl-asparagine is the major storage product

found in aspartylglucosaminuria patients who are predominantly of Finnish origin. The enzyne

deficiency is aspartylglucosaminidase. Clinical features similar to those of the MPS, such as

coarse facies, mental and motor deterioration, dysostosis multiplex, organomegaly and

haematological abnormalities, are generally observed. Patients with oligosaccharidoses are

biochemically distinguished from MPS patients by the lack of mucopolysacchariduria. Instead

they have a characteristic urinary oligosaccharide excretion pattem (Humbel and Collart, 1975;

Sewell, 1979).
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Table 1.2: The Oligosaccharidoses

Disease Enzyme deficiency Stored substrates

cr-Mannosidosis cr-Mannosidase cr-mannoside

p-Mannosidosis p-Mannosidase B-mannoside

Sialidosis Neuraminidase sialyloligosaccharides

Fucosidosis o-L-fucosidase fucoglycoconjugates

Aspartylglucosaminuria Aspartylglucosaminidase aspartylglucosaminide

l.l2 Human MPS VI
l.l2.l Historical
MPS \/| (Maroteaux-Lamy syndrome) was first described as a separate and distinct MPS by

Maroteaux and colleagues in 1963 (Maroteaux et al.,1963). Excessive urinary excretion of DS

(HS not elevated) and absence of mental retardation were the key factors in distinguishing it

from other MPS types, particularly as a Hurler syndrome variant. A 'corrective factor' for MPS

VI was first reported as a semi-purified fraction from urine when it was shown to be able to

correct GAG storage in cultured MPS VI fîbroblasts. Later this was identified as 45 (Barton

and Neufeld,1972).

1.12.2 Genetics

MPS VI is inherited as an autosomal recessive disorder with an incidence of 1 in 250,000 live

births in Australia (Meikle et a\.,1999a). The gene for human 45 has been cloned (Peters et al.,

1990b; Schuchman et a1.,1990) and localised to chromosome 5p1 1-5q13 (Litjens et al., 1989).

The broad continuum of clinical phenotypes from mild to severe is a reflection of the many

different mutations in the 45 gene. At least 45 individual mutations (31 missense and 7

nonsense mutations, 7 small deletions and/or insertions) have been identified (Litjens and
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Hopwood, 2001). As most patients are compound heterozygotes prediction of disease severity

is generally complicated by the presence of two different mutations. However, severity is

normally a reflection of the level of residual enzpe activity and the corresponding level of

storage.

1.12.3 Clinical
The clinical features of MPS VI patients (reviewed in Neufeld and Muenzer, 2001) vary from

mild to severe. Severely affected MPS VI patients occasionally present at birth with an

enlarged or irregularly shaped head and deformed chest. Most often, however, the disease

manifests as a failure to achieve normal growth between 2-3 years of age. Typically growth

arrest occurs by 6-8 years of age with patients reaching a maximum height of between 110-140

cm. Skeletal abnormalities, termed dysostosis multiplex, are a major feature of MPS VI. They

include abnormally shaped long bones, ribs and vertebrae with epiphyseal dysplasia, flared

iliac wings of the pelvis and acetabular hlpoplasia. Spinal kyphosis and an enlarged skull as

well as hypoplastic odontoid processes are often observed. These changes are chronic and

progressive and are the result of impaired bone formation Qrleufeld and Muenzer, 2001)'

Because there is no CNS involvement in MPS VI, normal intelligence is observed. Mental

retardation has been reported although its cause has been attributed to other factors

(Vestermark et a1.,1937). The major neurological problems are caused by bone abnormalities.

Spinal cord compression in the upper cervical andlor thoracicolumbar regions can result in

paresis/paralysis and is directly related to dural thickening (Wald and Schmidek, 1984). Carpal

tunnel syndrome due to nerve entrapment is also common (Haddad et aL.,1997).

Progtessive degeneration of all joints is prominent and leads to restricted movement

culminatin g in an inability to walk. MPS VI patients also suffer from corneal clouding, which

may progress to total blindness (this is not present in MPS II or III), hearing loss, thickened

skin, facial dysmorphia and hepatosplenomegaly although the latter is not as severe as in MPS

I. Heart valve and tracheal thickening lead to cardiac insufficiency and narrowing of the air

passages, respectively. The latter, in conjunction with a shortened neck, contributes

significantly to complications during anaesthesia. Severely affected patients generally die from

cardiac and respiratory failure in the second decade of life. In less severe cases of MPS VI,

23



synìptoms are attenuated and disease progression is slower with some patients attaining normal

height and surviving to at least 60 years of age.

1.12.4 Biochemistry
1.12.4.1 Storage and pathology

As previously mentioned, storage of fragments of DS occurs in tissues and these fragments are

excreted in urine. The heterogeneity of the storage products is due to the variable species of DS

found in different tissues and to cleavage by endoglycosidases. 43 is involved in the

degradation of both DS and CS. However, CS is not stored to any great degree in MPS VI.

This is attributed to the action of hyaluronidase, a lysosomal endoglycosidase which has broad

specificity in hydrolysing internal glycosidic bonds within CS oligosaccharides. Although

elevated levels of sulphated mono, di, tri, tetrasaccharides and higher oligosaccharides are

found in MPS VI patient urine only tetrasaccharides and higher can be detected using gradient-

PAGE (Byers et al., 1998). However, mono and disaccharides that have been fluorescently

labelled can be detected on gradient-polyacrylamide gels after electrophoresis (E. Ranieri,

Department of Chemical Pathology, 'WCH, unpublished observations). Altematively, these

small saccharide species can be detected by tandem mass spectrometry (MS/N4S) (Ramsay er

a\.,2003). A distinction between CS and DS tetrasaccharides cannot be made without further

in vitro enzymatic digestion and analysis. Interestingly, GalNAc4S monosaccharides are also

found in the urine and tissues of MPS VI patients (Hopwood and Elliott, 1985). Apart from the

degradation pathway for DS described in section 1.7.3, an alternate pathway has been proposed

(Figure 1.3). It is known that B-hexosaminidase A or S can hydrolyse the glycosidic bond

between GalNAc4S and the adjacent uronic acid thus releasing free GalNAc4S. In normal

individuals, desulphation of the GalNAc4S by 45 would then follow. However, at present it is

not known to what extent this altemative pathway contributes to DS degradation in normal and

MPS VI affected individuals.

Examination of tissue storage by light microscopy gives distinctive metachromatic inclusions

while electron microscopy reveals clear vacuoles, which result from extraction of storage

material during fixation, in most cells particularly those of mesenchyrnal origin such as

fibroblasts of skin, aorta and heart valve, as well as in Kupffer cells, hepatocytes, comeal

keratocytes and cartilage chondrocytes. Distinctive storage in white blood cells ('WBC) is also

observed.
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1.12.4.2 Enzymology

45 deficiency is consistent with the type of storage product observed in MPS VI. This enzyme

has been purified from human liver and its properties studied (McGovem et aL.,1982; Gibson

et al., 1987). It is synthesised as a 66k<Da precursor polypeptide which is processed to a mature

form of 58 kDa which comprises three disulphide-linked subunits of 43, 7 and 8 kDa

(Kobayashi et al., 1992). Recombinant human 45 (rh4S), produced at high levels in Chinese

hamster ovary (CHO) cells, has similar properties (Anson et al.,l992b).45 shares nucleotide

and amino acid sequence homology with other known aryl and non-aryl sulphatases (Robertson

et a1.,1988). A CTPSRmotif is conserved amongst all the sulphatases and forms part of the

active site (Bond et al., 1997). A post-translational modification of the cysteine residue is

essential for enzyrne activity (Schmidt et al., 1995; Dierks et al., 1997; Cosma et a1.,2003;

Dierks et a1.,2003)

The production of monoclonal antibodies to human 45 has enabled the development of

immunochemical techniques to determine the level of residual 45 protein and activity and

hence catalytic capacity of mutant enzqe (Brooks et al., 1991). Some mutations in the 45

gene have been engineered into the normal 45 gene and expressed in CHO cells to determine

the effect of individual mutations on enzyrne activity, processing and targeting. In addition, the

3-D crystallographic structure of rh4S (Bond et al., 1997) has been a valuable tool in

determining the effect of mutations on enzyme structure and function (Litjens and Hopwood,

2001). While it is possible to demonstrate some correlation between MPS VI genotype and

clinical phenotype a strict correlation is not found, presumably due to the influence of genetic

background.

1.12.5 Diagnosis

A definitive diagnosis of MPS VI based solely on clinical or radiological assessment is not

possible due to similarity in presentation with other MPS types. For the same reasons

histological examination of blood smears for the presence of metachromatic inclusions in

peripheral leucocytes is also non-informative in this regard. Diagnosis of MPS VI, as with

other MPS, relies on a two-step approach. The first step involves urine analysis for elevation of

GAG. This is followed by the identification of the enzyne deficiency in cultured skin

fibroblasts or peripheral leucocytes using specific enzpe assays'
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1.12.5.1 Urine analysis

Cetylpyridium chloride (CPC) precipitation of urinary GAG followed by quantification using

the Alcian Blue method (Di Ferrante et al., 1972) is usually the first step in the diagnosis of

MPS. An elevated total GAG level, taking into account age-related reference ranges for both

urinary GAG and creatinine, is generally indicative of a MPS disorder. The main disadvantage

of this method is the inability to detect GAG of <3000 Da which are not precipitated by CPC

(Hopwood and Harrison, 1982). The other disadvantage of this method is that in some MPS

types, for example, MPS III and IV, and mild cases of MPS, total urine GAG is within normal

limits, even though one particular GAG type may be elevated.

Determination of the type of GAG stored simplifies diagnosis. This can be achieved by high-

resolution electrophoresis (HRE) where GAG classes are separated on the basis of charge and

solubility in barium-ethanol (Hopwood and Harrison, 1982) and detected by Alcian Blue

staining. A characteristic pattern is observed for the four main types of MPS (MPS I, II and VII

have a similar storage pattem), each type showing an elevation in the particular stored

substrate(s), for example, DS in MPS VL Densitometric analysis then allows for the

quantification of each GAG type. However, as this method does not give an unambiguous

diagnosis for all the MPS, confirmation of a provisional diagnosis by enzyme analysis is

required. Recently Ramsay et al. (2003) have used MS/MS to confirm the finding reported by

(Hopwood and Elliott, 1985), by showing that elevated GalNAc4S and GalNAc4,6S support

the diagnosis of MPS VI.

1.12.5.2 45 activity

An enzymatic diagnosis of MPS VI is indicated by reduced levels (<10% of normal control

values) (Hopwood et a\.,1986, Litjens et al.,1996) of 45 activity in cultured skin fibroblasts or

peripheral leucocytes. To eliminate the possibility of multiple sulphatase deficiency, normal

levels of other sulphatases must be demonstrated'

Assays to determine 45 activity have used both p-nitrophenol sulphate and the fluorophore, 4-

methylumbelliferyl sulphate (4MUS). However, these synthetic substrates have poor

specificity and are tumed over equally well by other arylsulphatases (i.e., arylsulphatases A, C,

D, E and F, although not arylsulphatase G (Ferrante et a\.,2002), and to a lesser extent by non-

arylsulphatases (Bielicki et al., 1998), thus potentially confusing diagnosis. In contrast, a

26



radiolabelled trisaccharide substrate derived from chondroitin-4-sulphate (C4S), closely

resembles the natural substrate and is both highly specific for 45 and more sensitive than

4MUS (Hopwood et a1.,1936). The detection of carriers of MPS VI by 45 assay is not reliable

as there is a large degree of overlap in the range of values for normal and carrier populations'

However, molecular genetic analysis where one family member is affected allows for

subsequent carrier detection and prenatal diagnosis.

For population studies or mass newborn screening the above methods are prohibitively time

consuming. Altemative methods under development for rapid and direct analysis of GAG for

newborn screening of MPS are the use of dimethylene blue, a cationic dye which binds to

GAG (Whitley et a\.,2002), and MS/MS (Meikle et al., 1997; Meikle et al., 1999b). The latter

method, which strives to encompass most of the LSD and not just the MPS, involves the

detection of elevated levels of markers of LSD, such as LAMP-1 and saposin C, in dried blood

spots followed by a second-tier MS/MS screen to determine the particular metabolite stored

(e.g., GalNAc4S for MPS VI).

1.13 Bone synthesis and gro\ryth

In MPS VI and other LSD, skeletal dysplasia, characterised by shortened and disfigured bones,

is a prominent feature. In order to understand the pathogenesis of this condition, a brief

description of bone syrthesis and growth follows.

1.13.1 Synthesis

S¡mthesis of bone during appositional bone formation occurs during developmental modelling,

and at skeletal maturity, remodelling (Recker, 1992; Robey et al., 1992). This is a complex

process involving the coordinate activity of two major cell types, osteoblasts and osteoclasts,

which are each regulated by the action of growth factors, hormones and cytokines. Osteoblasts

are bone synthesising cells, which produce an extracellular matrix consisting predominantly of

collagens and to a lesser extent PG. These structural components of the extracellular matrix are

then modified to allow mineralisation to occur. Osteoclasts are bone-resorbing cells that

require specific attachment to a bone surface in order to function. They dissolve bone mineral

by increasing the acidity of the surrounding microenvironment through the action of osteoclast

bound proton pumps. Acid proteases released from the osteoclast degrade protein in the
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extracellular matrix creating pits into which osteoblasts can then bind. Bone formation takes

place only where bone resorption has previously occurred.

I .13 .2 Elongation/growth
Bone elongation also entails a complex sequence of events. During vertebrate development the

fundamental mechanism for longitudinal bone growth is known as endochondral bone

formation. This involves a highly regulated sequence of cell and extracellular matrix changes

during which cartllage, an avascular tissue, is replaced by bone in a process called

endochondral ossification. During this process the epiphyseal growth plate undergoes

morphogenesis (reviewed in Howell and Dean, 1992). A region of resting chondrocytes at the

distal end of the growth plate differentiates into a zone of proliferating chondrocytes that

arraîge into vertical columns. The extracellular matrix of the septae, which separate the

columns of cells, is comprised predominantly of collagen and PG. In the hypertrophic zone,

which is at the lower end of the growth plate, chondrocytes become enlarged and extracellular

matrix modification occurs resulting in calcification of the septae via hydroxyapatite

deposition. This is followed by vascular invasion from the metaphysis to remove apoptotic

chondrocytes leaving behind mineralised cartilage septae which function as a scaffold for the

attachment of bone producing cells (i.e., the osteoblasts and osteoclasts). The net result is

lengthening of the bone while the thickness of the growth plates remains relatively constant.

The growth plate is a transitory tissue responsible for longitudinal bone growth during

childhood. At skeletal maturity the growth plate is resorbed and metaphyseal and epiphyseal

bone become continuous

In some of the MPS the process of bone synthesis and elongation is impaired and bone changes

are severe and progressive. The deposition of DS in cartilage chondrocytes of the growth plate

inhibits endochondral ossification resulting in short stature. In addition, a decrease in bone

matrix mineralisation causes osteopaenia. This may be due not only to a reduction in the

number and function of osteoblasts and osteoclasts in bone tissue but also to an incomplete

maturation of these cells. The cause of skeletal pathology in the oligosaccharidoses has not

been elucidated but presumably storage of oligosaccharides in cells associated with bone

formation may affect the processes involved in a similar way as in the MPS. In Gaucher

disease, which is one of the disorders of glycosphingolipid catabolism, bone pathology is a

direct consequence of storage in macrophages, the cell lineage from which osteoblasts are
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derived. In MPS IV, where the defect is in KS catabolism, the pattern of skeletal dysplasia is

distinctive. One of the most common findings is odontoid hypoplasia, which together with

ligamentous laxity can result in atlantoaxial subluxation that is life-threatening.

Bone formation and remodelling are complex processes and are likely to be affected in MPS

VI at several levels. However, the end result is shortened stature and dysostosis multiplex,

particularly of the pelvis, vertebrae and long bones.

l.l4 Human fucosidosis

l.l4.l Historical
In the 1960s several cases were published as pseudo-Hurler disease on the basis of bone lesions

similar to those found in Hurler disease and related conditions. Although severe CNS

involvement was observed in all these cases, a distinct aetiology \¡/as proposed as no abnormal

mucoploysacchariduria was detected. In 1966, Durand and colleagues (Durand et al., 1966)

reported two Italian siblings with progressive psychomotor degeneration, accumulation of lipid

and glycans in vacuolated liver and skin cells and death before 5 years of age. The enzyme

deficiency in this disorder was retrospectively found to be FUC after the subsequent

identification of this eîzpe (van Hoof and Hers, 1968) in a Belgian patient of Italian descent.

The disease was originally called MPS F because of its resemblance to the MPS, but it is now

referred to as fucosidosis as suggested by (Durand et al., 1969). At about the same time, cr-

mannosidosis, sialidosis and aspartylglucosaminuria were also described and together with

fucosidosis, were recognised as a new group of disorders, the oligosaccharidoses, resulting

from defects in lysosomal enzymes that are responsible for glycoprotein catabolism.

1.14.2 Genetics

The incidence of fucosidosis is extremely low with approximately 100 patients reported

worldwide. The majority of patients are from Reggio Calabria in Italy and the Mexican-Italian

population of the USA. Because of the identification of many different mutations in these

ethnic populations, a founder effect is probably not the explanation for this ethnic association.

A high incidence of consanguineous matings (40%) would appear to be a contributing factor.

Since the isolation of the human FUC gene (O'Brien et a\.,1987; Occhiodoro et aL.,1989),22

mutations, which are spread throughout the gene, have been identifred (Willems et a1.,1999).
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These include 4 missense mutations and 18 nonsense mutations consisting of 7 stop codon

mutations, 6 small deletions, 2 large deletions, one duplication, one small insertion and one

splice mutation. All but two mutations are found in homozygous form, conf,trming the high rate

of consanguinity in fucosidosis families. All the mutations result in almost the complete

absence of FUC activity and protein.

1.14.3 Clinical
A clinical review of 77 patients, from 54 sibships, affected with fucosidosis has been published

(Willems et al., 1991). Since that time only a few additional patients have been reported.

Briefly, the major clinical feature of fucosidosis is neuronal degeneration with progressive

mental and motor deterioration. The most common clinical symptom at presentation is

psychomotor delay between the ages of 0-5 years. Neurological involvement manifests as

progressive muscle hypertonicity or spasticity. Most severely affected patients are unable to

learn to talk, walk, sit or stand. Seizures are common and mental deterioration generally

progresses to dementia. Radiological examination shows signs of dysostosis multiplex with

enlarged skull, dorso-lumbar klphosis and scoliosis and oval shaped vertebral bodies that show

anterior beaking. Long tubular bones have a thin cortex and wide diaphyses and bones are

usually osteoporotic. In addition patients may have a large coarse face with prominent

forehead, a broad and flattened nose, thick lips and enlarged tongue. The skin is unusually

thick, with profuse sweating and raised NaCl levels. Angiokeratoma corporis diffusum are also

present, however, since they tend to develop at an older age this clinical sign is not usually

observed in very severe patients who die at an early age. Cardiomegaly and

hepatosplenomegaly are usually evident. Ocular abnormalities are not a major problem in

fucosidosis, in contrast to the MPS where blindness may result from comeal clouding and

glaucoma. Recurrent infections are common. Muscle wasting leads to cachexia, and death by 5

years of age is usually due to pneumonia. In less severe forms of fucosidosis, disease

progression is not as rapid and patients may live to adulthood.

1.14.4 Pathology

Neuropathologic findings include prominent neuronal loss in the thalamus, hypothalamus and

cerebral cortex, Purkinje cells and dentate nucleus (Durand et a1.,1969). Nerve cell bodies are

distended and appear empty or filled with a slightly basophilic material. Although the cells

usually appear vacuolated, unusual lamellated fibrilogranular intracellular inclusion bodies can
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also be seen possibly because of accumulation of glycolipids. Severe damage to myelin sheaths

and depletion of oligodendroglia have also been observed. Pathological abnormalities include

varying degrees of vacuolation in all cell tlpes from almost all tissues. Those cells with

extensive vacuolation have a foamy cell appearance. These vacuoles appear clear on electron

micrographs after fixation, as the storage products are water-soluble. However, in neural cells,

dark inclusions with dense granular material and so-calledzebra bodies are observed. These

result from the storage of fucoglycolipids that are not water-soluble and hence remain after

fixation. At postmortem several tissues are enlarged such as the liver, heart, brain, spleen and

pancreas. This correlates with the ultrastructural studies that demonstrate high levels of storage

in these tissues (Willems et aL.,1991).

1.14.5 Diagnosis

The deficiency of FUC activity results in elevated levels of fucoglycoconjugates in patient

urine. Fucosidosis can be distinguished from other oligosaccharidoses by the distinctive

chromatographic pattern of the orcinol/resorcinol-stained material upon thin layer

chromatography of urine (Humbel and Collart, 1975; Sewell, 1979). Following this initial

analysis, a definitive diagnosis based on residual FUC activity in either peripheral leucocytes,

or cultured skin fibroblasts, using the fluorogenic substrate 4-methylumbelliferyl

fucopyranoside (4MLIF), is possible. Enzpatic levels below l\Yo are generally indicative of a

fuco sidosis phenotyp e.

1.15 Pathogenesis of LSD
The underlying cause of the vast majority of the LSD is the deficiency of a single lysosomal

enzqe that results in the accumulation of a variety of endogenous substrates. These substrates

have terminal residues that require the hydrolytic action of the deficient enzpe for cleavage.

The type of substrate stored is dependent on the tissue or organ involved and the ensuing

pathology reflects the location of the major sites of storage where undegraded GAG has

impaired normal cell and organ function. Disease severity is dependent on the degree of

residual enzyme activity. It is proposed that mild disease presents when enzpe activity is just

below l0o/o of normal activity while <1% enzpe activity leads to a severe disease

presentation.
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Whatever the defect observed in any one LSD, the result is intracellular accumulation of

storage material which eventually leads to cell and organ dysfunction. The precise relationship

between lysosomal storage and impaired cellular function is unclear. It has been observed that

cells with massive lysosomal storage, such as in neurones and hepatocytes, not only survive for

long periods but also retain normal function (Hers, 1973). Holvever, eventually the storage

material impacts on cell function and several mechanisms have been proposed to explain this

effect. The first of these is physical obstruction of cell function and intemrption of metabolic

pathways by large, storage-laden, intracytoplasmic vacuoles. An altemate explanation is that

substances that accumulate may cause feedback inhibition in intracellular biochemical

pathways. Toxic damage to cells caused by the accumulating substrates is another possibility.

In Krabbe disease, for example, psychosine, an intermediate product, accumulates. When

psychosine is injected into normal brain tissue damage such as nerve demyelination results

(Suzuki and Suzuki,1973). Primary stored substrates may inhibit the lysosomal degradation of

other substrates. For example, HS has been shown to inhibit sialidase which is needed for the

tumover of gangliosides (Jones et al., 1997). Accumulation of gangliosides has been shown to

be neurotoxic (Walkl ey, 1995; Walkley et al., 1995). However, in general, stored substrates in

LSD do not cause cell toxicity and it appears that the act of storage itself results in functional

changes in the cell irrespective of the type of storage product (Huxtable and Dorling, 1985). It

has also been observed that ultimately storage accumulation results in cell apoptosis. In one

study it was shown that apoptotic chondrocytes from animals with DS storage disease released

nitric oxide and inflammatory cytokines suggesting that these may be responsible for

degenerative joint disease observed in the MPS (SimoÍraÍo et al',2001)'

Distension of tissues either by excessive lysosomal storage or deposition of extracellular

matrix, or both, as in enlarged and thickened trachea and aorta, also have a mechanistic

(biophysical) impact on organ function.

In all LSD pathology in viscera is observed to varying degrees. However, two crucial sites are

the skeletal system and the CNS. In those disorders where DS catabolism is affected, such as in

MPS I, II, VI and VII, skeletal pathology is paramount, manifesting as dwarfism, dysostosis

multiplex, epiphyseal dysplasia and osteopaenia. Normal bone growth in patients with these

disorders is disrupted due to accumulation of DS fragments in the lysosomes of growth plate
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chondrocytes. DS accumulation in osteoblasts and osteoclasts may also prevent proper bone

mineralisation and remodelling resulting in dysostosis multiplex in these disorders.

Compared to bone and joints, the CNS has very little extracellular matrix and therefore very

little DS. It is devoid of supporting collagenous tissue which is confined to penetrating blood

vessels and meninges which invest the entire surface of the brain. Consequently, neurological

syrnptoms are generally not seen in MPS VI where only DS is stored. In contrast, in those

conditions where only HS degradation is affected, such as MPS III, neurological pathology

predominates due to the involvement of HS in neural tissue development (Oohira et al.,

1994a). Neurological symptoms may also arise as a result of the secondary storage of

gangliosides (see comments above) due to inhibition of neuraminidase by HS (Jones et al.,

I997).In those LSD where degradation of both HS and DS are impaired, both neurological and

skeletal symptoms are observed.

In the oligosaccharidoses fucoglycoconjugate accumulation predominantly affects the CNS

although the skeletal system may also be involved. In the sphingolipidoses, for example,

Gaucher types 2 and 3, and Krabbe disease, undegraded glycosphingolipids cause severe

neurological problems (reviewed by Beutler and Grabowski, 2001; 'Wenger et a1.,2001).

1.16 Therapies for LSD
1.16.1 Medical and surgical

Management of LSD patients has mainly involved surgical and medical intervention for the

alleviation of syrnptoms as and when required (Muenzer, 1986; Neufeld and Muenzer, 2001).

For example, comeal transplantation is used to replace cloudy comeas, tracheostomy alleviates

obstructive airway disease, artificial heart valves have been used to replace diseased valves and

surgery has been used to relieve severe joint contractures due to nerve entrapment, particularly

of the carpal tunnel. Orthopaedic surgery is often used for the correction of deformed bones

and joints, and hearing aids can restore some of the lost auditory function. Liver andlor spleen

reduction or removal is also used to ease the burden of hepatosplenomegaly. However, none of

these management strategies is capable of addressing the underlying disease itself.
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1.16.2 Organ and tissue transplantation
The principle idea behind organ grafts was to replace a defective organ and at the same time

provide a pennanent self-renewing source of enz¡rme which could be taken up by deficient

cells to clear the accumulated storage material. Transplantation studies using organs such as

liver, kidney and spleen were attempted in the 1970s but without success (Desnick et al.,

1973a; Desnick et al.,1973b; Groth et al., 1973; Philippart, 1973). Transplantation of tissues

other than solid organs, for example, amnionic cells, foetal and adult fibroblasts and foetal liver

cells (Gibbs et al., 1980; Tylki-Szyrnanska et al., 1985), were considered safer than solid

organs as these are simpler to transplant, requiring no invasive surgery, and rejection of the

transplant is not life threatening. However, tissue transplants also failed to demonstrate any

substantial or sustained benefit to the recipient patients.

1.16.3 Bone marrow transplantation
Based on the results of coculture experiments, which demonstrated that transfer of enzyrne

from l¡rmphocytes to deficient fibroblasts was possible (Olsen et a1.,1981), and coupled with

the increased ability to provide effective immunosuppression and so avoid graft rejection, bone

maffow transplantation (BMT) became a feasible strategy for providing a pennanent supply of

replacement enzyrne. Because of their predominantly multivisceral involvement, LSD were

considered good candidates for BMT (Hobbs et a|.,1981).

However, BMT poses significant risks of morbidity and mortality to the patient. One of the

main problems is the lack of suitable allogeneic bone marrow donors thus forcing reliance on

the use of matched unrelated bone maffovr. This results in transplant-related mortality

estimated at between 2o-50yo, compared to I0o/o if allogeneic donor marrow were used

(Hoogerbrugge et at.,1995). The destruction of the patient's bone mano\M by cytotoxic drugs

and radiation, and immunosuppression to reduce graft versus host disease, also have significant

side effects.

Despite these complications, BMT was until recently the only therapy available to treat most

LSD. Limited numbers of MPS VI and MPS I patients have been treated with BMT and the

main effects observed after successful engraftment have been on somatic pathology with

subsequent improvement in quality of life and survival (Hobbs et a\.,1981; Krivit et al.,1984;

Hopwood et al., 1993; Hoogerbrugge et al., 1995). Joint mobility and cardiopulmonary
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function are significantly improved, hepatomegaly is reduced, and as the levels of enzyne

increase, there is a concomitant decrease in urinary GAG excretion and storage in liver and

other tissues. Corneal clouding and some skeletal pathology are not improved although their

progression is somewhat retarded. An accurate assessment of the efficacy of BMT is difficult

as the LSD are clinically heterogeneous. Additionally, the age at which the transplants are

performed is variable. It was apparent, however, that the crucial factor in effective BMT was

treatment before the establishment of irreversible pathology. For example, MPS I patients

transplanted early in life showed a slower than expected rate of mental decline (Hopwood e/

al., 1993; Whitley et aL.,1993). A comprehensive follow-up of 54 MPS I patients reinforced

the finding that children transplanted before two years of age showed a significantly better

developmental trajectory compared with children transplanted after two years of age. Thus the

older the child was at BMT the higher the likelihood of poor neuropsychological outcome

(Peters et al., 1998). In a number of MPS II patients receiving BMT, the procedure had no

apparent effect on CNS pathology (Peters and Krivit, 2000). BMT in MPS VI patients has a

similar outcome to that observed in MPS I patients with resolution of soft tissue such as

reduction in hepatomegaly and spleen size as well as improvement in cardiopulmonary

function and joint mobility. However, skeletal pathology and corneal opacity remained

unaltered (McGovem et al., 1986). Interestingly, BMT in a MPS III A patient showed no

advantage in altering the clinical course of the disease despite being transplanted before the

onset of CNS-related clinical symptoms (Sivakumur and Wraith,1999).

Following the relative success of BMT in the fucosidosis dog model (section 1.21) this

treatment was performed on an 8 month old presymptomatic fucosidosis patient whose early

diagnosis, based on low FUC levels in plasma and peripheral leucocytes, was facilitated by

having an older sibling diagnosed with the same condition (Vellodi et al., 1995). Eighteen

months after the transplant there was evidence of mild neurodevelopmental delay, which was

lar greater in his brother at the same age. Although this effect may be attributed to BMT, the

possibility of intrafamilial variation cannot be excluded. A four year follow up of a female

fucosidosis BMT patient also found improved psychomotor development as confirmed by

evaluation of evoked sensory potentials and MRI brain scans (Miano et aL.,2001).
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1.16.4 Enzyme-replacement therapy

The main focus for treatment of the LSD is to provide replacement enzyme to the affected

tissues so correcting the metabolic defect. The seminal work that laid the foundations for ERT

was carried out by Fratantoni et al. (Fratantoni et a1.,1968; Fratantoni et al.,1969) who were

f,rrst to demonstrate the cross-correction of fibroblasts from Hurler and Hunter patients by

coculturing, or by using culture supematant. Correction was subsequently observed using

urine, serum and leucocyte extracts as a source of enzyme (Mapes et al., 1970) as well as

enzyrne purified from tissues. However, initial ERT studies in patients using enzyrne infusions

were of limited success mainly due to the lack of purity of the infused errzyme, the problems of

maintaining sufficient quantities of purified enzpe for treatment and the lack of a source of

the mannose-6-phosphorylated form of the enz¡rme (Neufeld and Ashwell, 1980). V/ith a

greater understanding of cell surface receptors and the targeting mechanisms of lysosomal

enz)irnes, and better purification techniques, ERT has resurfaced as a major treatment strategy

in the 1990s. Renewed enthusiasm for ERT was brought about by the successful treatment of a

Gaucher type I patient with deglycosylated human placental p-glucocerebrosidase (Barton et

al., l99l). The N-linked complex carbohydrate chains were treated to produce mannose-

terminated oligosaccharides which facilitated specific uptake by macrophages of the

reticuloendothelial system, which in type 1 Gaucher disease, is the main site of pathology.

Treatment resulted in a reversal of splenomegaly thus eliminating the need for splenectomy, an

increase in blood platelet numbers and haemoglobin concentration as well as an improvement

in bone pathology. V/ith the isolation of the gene for human B-glucocerebrosidase and the

development of recombinant DNA technology, patients are now treated with recombinant

enzpe which has also been manipulated to have mannose-terminated N-linked

oligosaccharide chains. To date over 3000 patients with non-neuronopathic Gaucher disease,

one of the more common LSD, have been treated. No difference between the efficacy of native

placental p-glucocerebrosidase (Ceredase) and recombinant enzpe (Cerezynre) has been

noted (Friedman et al., 1999). Immunological responses to replacement enzpe have been

minimal and only two patients have had therapy discontinued due to the generation of

neutralising antibodies to B-glucocerebrosidase (Ponce et a\.,1997). A number of patients have

generated an antibody titre to replacement enzyrne. However, this has had no effect on the

efficacy of therapy. Allergic reactions are trealable with anti-histamine premedication or

slower rates of infusion (Pastotes et a\.,1993; Richards et aL.,1993).
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In 2001 the results of a one year trial in which ten MPS I patients ranging in age from 5 to 22

years, who were given weekly intravenous infusions of recombinant human a-L-iduronidase

(0.5 mg/kg body weight), were published (Kakkis et aL.,2001b). In the six prepubertal patients

the rate of growth, in terms of both height and weight, increased significantly. Hepatomegaly

was reduced and in eight patients liver size was nofinalised by 26 weeks of therapy. Urinary

GAG excretion was also reduced after 3-4 weeks of treatment with a mean reduction to 63o/o of
baseline values. There was also a significant improvement in joint flexibility, particularly of
the shoulder and elbow, and the number of episodes of apnea and hypopnoea during sleep was

decreased by 6l%. Serum antibodies to infused enzpe were detected in 4 patients but these

did not impact on therapy (Kakavanos et aL.,2003). Trials of ERT in MPS VI, MPS II, Pompe

and Fabry patients are in progress.

However, ERT has not benefited patients with the neuronopathic forms of Gaucher disease

(Bove, 1995; Altarescu, 2001). In Gaucher type 2 disease, the acute neuronopathic form, the

onset of neurological s¡rmptoms occurs between 3-6 months of age and progressive cerebral

dysfunction leads to death before 1 year of age. Intravenous infusion of p-glucocerebrosidase

in one patient with type 2 Gaucher disease, treated from 7 months of age, had no effect on

disease progress, the patient dying at age 9 months. A sibling who was treated

presynrptomatically at 4 days of age had infusions continued until death at age 15.2 months. It
appeared that therapy had prevented soft tissue pathology in this patient but had only delayed

CNS dysfunction by a few months, using the older sibling for comparison of neurological

disease progression. This study showed that ERT may have a minor effect in slowing CNS

disease progression but it does not prevent the development of lethal CNS pathology even

when initiated presymptomatically. Results of ERT in patients with type 3 Gaucher disease (the

chronic neuronopathic form) are inconsistent (Schiffmann et al.,1997).

1.16.5 Somatic cell gene therapy
The rationale behind gene therapy is the introduction of a functional copy of a defective gene

into a patient's cells, Because LSD are monogenic disorders, and since many of the genes

encoding lysosomal enzymes have been cloned, somatic-cell gene therapy for these disorders

has become feasible. This can be achieved either by direct transfer of the gene into a specif,rc

tissue (in vivo gene therapy), or by introduction of the gene into a specific cell type isolated

from a patient and then grafting these cells to an appropriate site in the patient (ex vivo gene
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therapy). Theoretically either approach can provide a perrnanent and renewable source of

eîzyrne, not only to the transduced cells but also to other cells which may recapture secreted

enzpe via receptor-mediated uptake (M6PR).

Gene transfer can theoretically be accomplished either by transfection of plasmid DNA or

transduction using viral vectors. However, in practice viral vectors are generally preferred and

retroviral, adenoviral and adeno-associated viral (AAV) vectors have all been used. Of these,

retroviral and AAV vectors are favoured as both are capable of chromosomal integration and

therefore stable expression. Recently retroviral vectors have been designed based on

lentiviruses, rather than Moloney murine leukemia virus, as lentiviruses, being able to

transduce non-dividing cells, provide greater flexibility in approach (Verma and Somia,1997).

Lentivirus-mediated gene transfer has been used to correct airway cystic fibrosis

transmembrane conductance regulator function in mice with cystic fibrosis (Limberis et al.,

2002)

There are two main approaches to somatic cell gene therapy. With the exception of

haematopoietic stem cells (HSC), ex vivo gene therapy using other cell tlpes (e.g,, fibroblasts

and myoblasts) has been generally abandoned due to problems in obtaining stable engraftment

and expression. HSC-mediated gene therapy in murine systems has demonstrated the power of

this approach but achieving efficient gene delivery to human HSC has proven difficult. In vivo

gene delivery has now been widely explored and intravenous and intracranial delivery of

vectors has been used successfully in a number of animal models. For example, a single

stereotactic intracranial injection of rAAV containing a B-glucuronidase cDNA into the adult

MPS VII mouse striatum showed that l0o/o of the injected hemisphere was positive for p-

glucuronidase activity at 16 weeks post-injection. A complete reversion of lysosomal storage in

this area, as well as in surrounding neurons and in the non-injected hemisphere, was also

observed (Bosch et al., 2000a). In a similar study intracerebral injection of the rAAV-p-

glucuronidase vector in MPS VII mouse brains resulted in levels of enzyrne activity of between

50 and 240% of normal levels and storage reduction was maintained for 3 months (Sferra et al.,

2000). Using the same vector Skorupa et al. (1999) also demonstrated persistence of P-

glucuronidase activity up to 5 months after a single intracranial injection. No evidence for the

presence of the vector genome on the contralateral side was found which indicated that

retrograde transport of the vector did not occur, However, clearance of storage in areas distant
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from transduced cells showed that correction at these sites was mediated by uptake of secreted

enzqe that had diffused through the neural extracellular matrix from the transduced cells. The

implication arising from this study was that larger areas of the brain could be treated by

multiple intracranial injections strategically spaced to achieve overlapping spheres of enzyme

diffusion. A study in which multiple injections (three into each hemisphere and one into the

cerebellum) of a lentivirus vector containing the B-glucuronidase cDNA, demonstrated that 10

and20o/o of the entire brain of adult MPS VII mice had p-glucuronidase staining at6 and16

weeks post-injection, respectively (Bosch et a\.,2000b). This was accompanied by a reduction

in lysosomal storage, which in most areas of the brain was either complete or partial at 16

weeks. In areas where correction was partial, lesions persisted preferentially in glia and

perivascular cells, but not in neurons, suggesting that eîzpe endocytosed by neural

extensions in areas of intense p-glucuronidase secretion undergoes retrograde transport to

lysosomes in remote neural bodies.

To date, intravenous infusion of viral vectors has shown no advantage in treating CNS

pathology. However, somatic pathology was improved in MPS VII mice receiving the rAAV-

B-glucuronidase vector accompanied by induction of hepatocyte replication (Gao et a|.,2000).

In addition, neonatal MPS VII dogs treated in a similar fashion with a retroviral vector showed

a marked improvement in clinical pathology including absence of comeal clouding, a

resolution of cardiac disease and a reduction in skeletal pathology which resulted in these dogs

being ambulatory to at least 17 months post-treatment in contrast to untreated affected dogs

that are unable to walk by 6 months of age (Ponder et a1.,2002).

Gene therapy approaches are also associated with the potential risk of cancer as random

insertion of retroviral vectors into the host genome can disrupt oncogenes. Two cases of

leukemia in patients treated for severe combined immunodeficiency disease with retroviruses

have been reported recently (Kaiser, 2003). A long-term study of MPS VII mice treated with

gene therapy has also shown the presence of tumours in these mice (Donsante et a1.,2001).

1.16.6 Substrate deprivation therapy

The approaches to therapy described previously rely on the direct or indirect provision of the

deficient eîzyme. Another strategy, which may be generally applicable to those LSD involving
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predominantly glycosphingolipid storage, is substrate deprivation therapy. This method

involves the use of a specific inhibitor of glycosphingolipid bios¡mthesis, thus reducing the

amounts of these compounds s¡mthesised. The success of this strategy relies on the presence of

some residual enz¡rme activity to balance the reduced rate of glycosphingolipid synthesis. N-

Butyldeoxynojirimycin is a potent inhibitor of glucosyltransferase, which is involved in the

first step of the synthesis of glucosylceramide glycosphingolipids. This compound has been

evaluated in the murine model of Tay-Sachs disease, which results from a deficiency in the B-

hexosaminidase A isoenz¡rme that degrades GMz ganglioside. Positive results were seen in this

study with an approximately 50"/o reduction in brain GM2 gangliosides compared to untreated

controls (Platt et a\.,1997). Electron microscopic analysis of neurons from the brains of treated

mice also revealed a marked reduction in lysosomes containing lipid. A similar reduction in

storage was observed with Sandhoff mice (JeyakumaÍ et al., 1999). These mice also had

increased longevity compared to untreated Sandhoff mice, which generally died within 6

weeks.

A recent trial of N-butyldeoxynojirimycin in Gaucher type 1 patients had little effect on the

haematological abnormalities although liver and spleen volume were markedly reduced. Some

adverse effects such as weight loss, diarrhoea and peripheral neuropathies \Mere also reported

(Cox et al., 2000). In Krabbe disease and metachromatic leukodystrophy, where the

biosynthesis of galactosylceramide and sulphatide storage material, respectively, are initiated

by galactosyltransferase, the same approach is feasible although a different inhibitor would be

required. The application of this therapy to human glycosphingolipid LSD such as Gaucher

disease type 2 and 3, which do not respond to ERT, as well as Fabry, Tay-Sachs and Sandhoff

disease, would appear feasible providing the treatment has few side effects. Similar approaches

are now being developed for the MPS using inhibitors of GAG synthesis (Berkin et a1.,2000).

1.16.7 Neural and embryonic stem cell therapy

Therapeutic intervention by neural cell transplantation is one means of providing a new supply

of neural tissue to replace the cells damaged by disease as well as a source of corrective

factors. Transplants of human foetal neural tissue have had encouraging results in Parkinson's

disease (Yurek and Sladek, 1990). However, the clinical use of a foetal tissue strategy is not

only limited by the availability of quality controlled foetal tissue but also by ethical and

societal issues. A possible solution to these problems lies in the recent discovery of embryonic
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neural stem cells that are self-renewing and capable of differentiating into both neurons and

brain supporting glial cells. As well as replacing cells lost to neurodegenerative disease, neural

progenitor cells may also serve as a vector for gene therapy. This approach has been applied in

the treatment of MPS VII mice (Snyder et aL.,1995). Intraventricular engraftment of neonatal

MPS VII mice with neural stem cells transduced with a B-glucuronidase expression construct

revealed diffuse migration of these cells throughout the brain and widespread correction of

lysosomal storage in neurons and glial cells. The advantage of using neural stem cells over

non-neural cell lines such as fibroblasts for the introduction of genes into the brain is the ability

of the former cells to migrate within the parenchyma as well as to differentiate and integrate

into the existing cellular architecture of the brain. However, research into both neural stem

cells and their application is still at an early stage.

Damage to neurons in the CNS is usually permanent, as neural repair and renewal are generally

not seen in the postnatal brain. However, the concept of irreversible neural damage has recently

been challenged on the basis of results from a study in which injection of a feline

immunodeficiency virus-based vector expressing B-glucuronidase into the striatum of MPS VII

mice not only corrected cellular pathology but also behavioural function (Brooks et aL.,2002).

In conclusion, many therapies are being developed to treat patients with LSD. The most

immediately applicable is ERT and the clinical use of ERT is expanding rapidly. Of the others,

the approaches that appear more likely to proceed to clinical trials in the short to medium term

include substrate deprivation therapy and some of the less contentious gene therapy

approaches.

I.l7 Animal models of LSD
Although cell culture systems have proved useful for studying the biochemical aspects of

cellular pathology and correction of the LSD, they are unable to effectively model the complex

biology/pathology of the clinical condition. Therefore, animal models of human disease for

preclinical assessment of treatment modalities are superior as they more accurately reflect the

disease state in patients. Breeding colonies of various animal models of the LSD have been

established and these have been exploited to study the pathogenesis of analogous human

disease, and more recently, to evaluate experimental treatment strategies, especially where
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these may be difficult to justify in human subjects on ethical grounds. In contrast to human

disease states where clinical heterogeneity is common because of a variety of mutations in the

same gene, breeding colonies of animal models of disease have a uniform genetic cause thus

making interpretation of results more straightforward.

A considerable number of naturally occurring animal models of LSD has been described.

These have been detailed in a recent comprehensive review (Jolly and V/alkley, 1997). Most

are large domestic or farm animals such as the MPS IIID Nubian goat, u-mannosidosis Angus

caltle, MPS VI and VII cats and dogs, GM2 gangliosidosis dog and sheep and fucosidosis dogs.

For laboratory experimentation, smaller animals have the advantage of being more easily and

inexpensively housed and handled. Some of these naturally occurring small animal models

include the MPS VII (Birkenmeier et aL.,1989) and MPS IIIA (Bhaumlk et al.,1999) mice, the

MPS \lI rat (Yoshida et al.,l993a; Yoshida et aL.,1993b) and the cr-mannosidosis guinea pig

(Crawley et a1.,1999). Recently targeted gene disruption has been used to generate knockout

murine models of MPS I (Clarke et aL.,1997) and MPS VI (Evers et al.,1996), among others.

Mice in particular are useful as animal models as they have short gestation times, large litter

sizes and their genome size and number of genes is similar to humans. Generally, these animal

models display pathology that parallels the corresponding human disease in all respects.

However, differences have been noted, such as in the Tay-Sachs mouse, which escapes disease

through pafüal catabolism of accumulated GMz by sialidase, the murine enzyme having a

greater affinity for GM2 than the human enzpe (Sango et al., 1995). Mouse and rat models

also differ anatomically and physiologically from humans in ways that may invalidate the

conclusions drawn from experimental studies in these animals. For example, BBB

development and bone growth plate closure are significantly different in rodents. This means

that great care must be taken in extrapolating results from experimentation in mice to the

human situation. The shortened time frame of mouse development can also make some

treatment strategies difficult to assess.

Animal models of LSD can also be drug-induced. Ingestion of an indolizidine alkaloid,

swainsonine, which is found in certain plant species, is a potent inhibitor of cr-mannosidase and

causes o-mannosidosis in livestock (Dorling et ø1.,1978). In addition, dicationic amphiphilic

drugs such as tilorone (Bispinck et al., 1998) and its analogues (Hein and Lullmann-Rauch,
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19S9) can induce a LSD by formation of GAG-drug complexes which cannot be degraded by

lysosomal enzymes and hence accumulate.

In the study of disease pathogenesis and effective therapies the MPS VII mouse, which has

both skeletal and CNS pathology, has been especially important. However, to simplify analysis

it may be preferable to study the somatic/skeletal system and the CNS in isolation. This is

possible as some of the LSD exhibit predominantly neurological or skeletal syrnptoms. MPS

VI in particular displays almost the full range of somatic pathology, especially joint and bone

disease, which are of major importance in the LSD, in the absence of any detectable

neurological disease. MPS VI is therefore an ideal choice to study the pathogenesis of somatic

and skeletal disease and the effects of therapies in the absence of CNS involvement.

Naturally occurring MPS VI has been described in several animal models including a Siamese

cat (Cowell et al., 1976; Jezyk et al., 1977), a miniature pinscher (Neer et al., 1995) and a rat

(Yoshida et al., 1993a). A knockout MPS VI mouse has also been created by targeted

disruption of the 45 gene (Evers et al.,1996).In all species, lysosomal storage was observed in

all somatic tissues and dysostosis multiplex and dwarfism were obvious in all species except

the mouse. Cloudy comeas and degenerative joint disease, coÍìmon in MPS VI patients, were

seen only in the dog and cat. Therefore, to study the effects of therapies on these aspects of
pathology, particularly skeletal dysplasia and joint disease, the MPS VI cat was considered an

ideal animal model and a breeding colony was established in Adelaide from 'Family 3'

heterozygotes (Haskins et al., 1979a) obtained from Professor M. Haskins at The School of

Veterinary Medicine, University of Pennsylv ania, Philadelphia, USA.

Human fucosidosis has considerable neurological and skeletal pathology but the canine model

of this disease has essentially neurological pathology only. Canine fucosidosis as a model of

CNS pathology will be discussed in detail in section 1.20.

1.18 Feline MPS VI
MPS VI was first documented in a Siamese cat in the USA (Cowell et al., 1976) and

subsequently in other Siamese cats in Italy (Di Natale et al., 1992) and various states in the

USA (Haskins et al.,1979b; Haskins et a1.,1983b). These cats had DSuria, significantly lower
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levels of 45 compared to normal cats and metachromatic inclusions in neutrophils on blood

smears. Disease severitywas similar for all cats regardless of their origin. This implied either a

predisposition for the same mutation in this breed of cats, or more likely, common ancestry.

Clinical features of feline MPS VI and disease progression were similar to that observed in

severe human MPS VI. Development in MPS VI cats is normal until 3-4 months of age at

which time facial dysmorphia, corneal clouding and failure to thrive are noticeable. Between 4-

7 months of age animals show signs of hindlimb paresis, possibly from bone growth

abnormalities of the thoracicolumbar region of the spine resulting in spinal cord compression.

Dysostosis multiplex, degenerative joint disease and lysosomal vacuolation in cells of most

tissues are also observed, Cats appear to have normal intelligence and in contrast to human

MPS VI where there is only slight liver enlargement cats display no obvious hepatomegaly

(Haskins et aL.,1983a; Haskins et al.,1983b; Haskins et al., 1992).

The gene for feline 45 was isolated in 1992 and localised to feline chromosome Al (Jackson e/

a|.,1992). The mutation responsible for feline MPS VI was identified in 1996 (Yogalingam et

al., 1996). The missense mutation L476P causes an almost complete lack of 45 activity. By

analogyto the 3-D structure of rh4S (Bond et a1., 1997), which shares 91% homologywith

rf4S, the mutation is believed to cause disruption of a B-sheet, rendering the protein unstable

and resulting in its degradation in the lysosome.

The identification of a second independently inherited missense mutation (D520N), was

instrumental in resolving some anomalies observed in the MPS VI cat, particularly with regard

to disease phenotype (Crawley et aL.,1998; Yogalingam et aL.,1998). For example, some cats

with very low levels of 45 appeared normal apart from degenerative joint disease and

inclusions in peripheral leucocytes and chondrocytes. The two mutations found in MPS VI cats

result in three different genotypes, namely, L476P homozygotes,L476P1D520N heterozygotes

and D520N homozygotes. The L476P homozygotes have the most severe phenotype (as

described above) while the D520N mutation causes a milder phenotype. 'When homozygous

the D520N mutation by itself is relatively harmless; double heterozygous cats may present late

with degenerative joint pathology. The disease mutations are interesting in that they cover a

spectrum of disease from mild to severe that is not normally observed in an animal model

(Crawley et a|.,1998). Most mild cases of disease in animals remain undetected, as the animals

aÍe gerrerally asymptomatic until old age. The development of a rapid polymerase chain
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reaction (PCR)-based screening method has facilitated genotyping of cats at birth to distinguish

between the mild and severely affected cats. This in tum has enabled better colony

management and breeding outcomes. The PA{ mutation was shown to be present in a number

of MPS VI cat colonies that have been independently established supporting the hypothesis of

a common ancestor (Crawley et aL.,2003).

1.19 Therapies for feline MPS VI and other animal models

Of LSD
1.19.1 Bone marrow transplantation
The effect of BMT in two studies using MPS VI cats has been evaluated. Two MPS VI cats

given transplants at 6 months and 2 years of age demonstrated improvement in joint mobility

and showed some resolution of facial dysmorphia. In addition, comeal clouding was reduced

and 45 activity in liver and white blood cell extracts was normalised, as was urinary GAG

excretion (Gasper et a1.,1984; Wenger et a1.,1986). In a later study five kittens treated at 10

weeks of age also showed improvement in bone density and trabecular bone formation as well

as reduced disfigurement of long bones and improved motor skills (Norrdin et al., 1993).In a

larger study involving ten MPS VI cats, allogeneic BMT at between 3 to 47 months of age

resulted in decreased GAG concentration, specifically DS (Dial et aL.,1997).

BMT has also been performed in other animal species. In newborn MPS VI rats BMT was less

encouraging for treatment of bone pathology with only one rat out of the 24 engrafted showing

clinical andlor radiographic improvement. 45 activity levels were norrnal in this animal as well

as in 20 other animals that showed clinical improvement in several visceral organs such as liver

and spleen and particularly in trachea and aorta (Simonaro et a|.,1997).

1.19.2 Enzyme-replacement therapy

The cloning of the human 45 gene (Peters et a\.,1990b; Schuchman et a|.,1990) facilitated the

production of large amounts of recombinant enzyme carrying M6P (Anson et al., I992b) and

the evaluation of ERT in the MPS VI cat. A preliminary trial of intravenously infused rh4S in

older cats, using a variety of dosing conditions, was encouraging (Crawley et al., 1996). It

showed a dose-dependent retardation in disease progression and analysis of bone pathology

indicated that an earlier onset of therapy resulted in a better prognosis. A significant antibody
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titre was reported in one adult cat and this may have reduced the efficacy of treatment. In a

second trial (Crawley et al., 1997) weekly ERT was initiated at birth with 0.2, 1, and 5 mg

rh4S/kg body weight. Apart from clearance of storage in liver Kupffer cells, virtually no effect

on soft tissue and skeletal pathology was observed with the lowest dose of enzpe. However,

with the higher dose rates a reduction in urinary GAG, tissue storage and bone pathology was

observed. These were dose-dependent (Byers et al., 1997; Crawley et al., 1997). Cartilage

chondrocytes and corneal keratocytes remained unaffected by treatment at all doses. In an

attempt to enhance penetration into joints and cornea by decreasing the net negative charge of

the enzpq it was modified with polylysine or 1-ethyl-3-(3-dimethylaminopropyl)

carbodiimide (EDC). However, this did not lead to any improvement in these tissues (Byers e/

al., 2000). Treatment of cats from birth with rh4s appeared to induce tolerance to foreign

enzyme as the majority of cats experienced only mild allergic reactions to enzyme infusions

that did not compromise therapy. In addition, none of these animals developed antibody titres

to h4S.

ERT studies in other animal models of LSD generally had similar effects. ERT in a feline

model of MPS I using weekly intravenous doses of 0.1 and 0.5 mg recombinant human o-L-

iduronidase/kg body weight over 3-6 months demonstrated enz¡rme in a wide variety of tissues,

with spleen and liver having the highest levels (Kakkis et al., 200Ia). These tissues had a

marked decrease in GAG storage and one cat in this study showed clearing of pre-existing

comeal clouding. Enzyme was also consistently found in various brain samples although no

improvement in histological appearance and ganglioside profiles v/as observed. Antibody titres

to replacement enz¡rme were detected in several cats and these were higher in animals

receiving the higher enzyme dose.

Several studies of ERT have been carried out in MPS VII mice. A preliminary trial of a single

injection of recombinant human B-glucuronidase into new born mice sacrificed one hour after

infusion indicated that enzyme \Mas present to greater than normal levels in all tissues tested

including brain (Vogler et a\.,1993). Another study compared the effects of treating MPS VII
mice with one injection at 6 weeks of age with those receiving six weekly injections from birth

(Sands et al., 1994). Mice infused with a single dose of eîzyme showed a decrease in

lysosomal distension in fixed tissue macrophages but were phenotypically identical to

untreated MPS VII mice. However, those treated from birth were difficult to distinguish from
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age-matched normal control mice. Their body weights were nearly normal and they had

reduced facial dysmorphia and skeletal pathology. Marked clearance of lysosomal storage in

liver, spleen and kidney, and to a lesser extent in osteoblasts, was also observed although there

was no improvement in chondrocytes, glia and some neurons, and cornea and aortic media had

persistent lysosomal storage. In a following study, the impact of therapy from birth for six

weeks on disease progression after discontinuation of therapy was assessed (Vogler et al.,

1996). Results indicated that although therapy improved survival and growth, storage rapidly

reaccumulated to levels seen in untreated MPS VII mice. For example, by the 29th and 85th day

after the final infusion storage in bone and fixed tissue macrophages, respectively, was

identical to that seen in untreated MPS VII mice. However, the short course of therapy

markedly improved bone growth, and morphological evidence of dysplasia was reduced even

after one year, illustrating the importance of early intervention of therapy in improving GAG

turnover in the period when the skeletal system is undergoing rapid growth.

Most of these initial studies of ERT in animal models were carried out using the human variant

of the deficient enzpe as, for example, in feline MPS VI (Crawley et al., 1996; Crawley et

al., 1997), canine MPS I (Shull et aL.,1994; Kakkis et al., 1996) and murine MPS VII (Sands

et al., 1994; Sands et al., 1997), and although clinical benefit was demonstrated, the full

potential of ERT may not have been shown as the enzpe used was not native. Therefore, one

of the aims of the work in this thesis was to determine the effects of using native enzyme, that

is feline 45, in the MPS VI cat, thus allowing a direct comparison of efficacy with the previous

study in which human 45 was used.

1.20 Canine fucosidosis
Fucosidosis was first described in English springer spaniel dogs in Australia (Hartley et al.,

1982), and later in England (Littlewood et al., 1983) on the basis of neurological symptoms

and pathological abnormalities. A retrospective diagnosis of fucosidosis was assigned when the

enzqe defect was identified in two littermates displaying similar signs of progressive

neurological disease (Kelly et aL.,1983). A breeding colony was established in Australia at the

University of Sydney, NSW by Professor Brian Farrow, Dr. Rosanne Taylor and Dr. P. Healy

in 1984 to study the natural clinical and pathological course of the disease.
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A detailed description of canine fucosidosis can be found in Taylor et al. (1987) and Kelly et

al. (1983) and only a brief description will follow. Fucosidosis pups appear physically and

neurologically normal at birth and progressively gain weight and height. However, as they

grow they develop a longer, thicker coat and excessive feathering compared to normal dogs. In

all cases of canine fucosidosis the main clinical sign is progressive neurological deterioration.

One of the earliest signs, noticeable at about 4 months of age, is excessive anxiety, particularly

on restraint. As mental dysfunction advances behavioural problems become exacerbated as

dogs lose learned behavioural pattems. By 30 months of age they appear unresponsive to their

environment and erratic, unpredictable and inappropriate behaviour develops.

Motor deficits are a characteristic feature of the disease and these become apparent at 12 to 15

months of age, although to a trained observer subtle changes are obvious much earlier. Mild
hlpermetria, a wide-based stance and limb proprioceptive deficits during movement,

þarticularly on turning) can be detected by 6-8 months of age as can other signs of significant

psychomotor degeneration including ataxia, loss of balance and postural reactions such as

wheelbarrowing, hopping and jumping. Sight and hearing progressively decline and dysphonia

and hl,peraesthesia become more pronounced. Signs of peripheral neuropatþ are not observed

and pain perception is maintained throughout the course of the disease. Most dogs with
fucosidosis do not survive beyond 3 years of age when severely ill dogs are generally

euthanased.

Although affected male dogs are sexually active until about 15 months of age, when

psychomotor problems impede their ability to mount female dogs, they can still mate naturally

with assistance up to about 20 months of age. However, affected male dogs are infertile due to

low spenn counts. Sperm also show poor motility and morphological abnormalities.

Fucosidosis females, despite irregular oestrus cycles, are reproductively normal up to 2 years

of age. They bear small litters and generally mismother their pups (Taylor et aL.,1987; Taylor

et aL.,1989b).

The disease in dogs parallels human fucosidosis in many respects although some differences

are present. These are summarised in Table 1.3. The absence of bone abnormalities in

fucosidosis dogs is presumably due to the onset of motor deficits occurring after bone

maturation which occurs at puberty (approximately 9 months of age in these dogs). Compared
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to patients, who have significantly shortened stature, fucosidosis dogs grow to a normal height.

In human fucosidosis, neurological disease causes spasticity and rigidity resulting in patients

being confined to bed from an early age. As disease progresses abnormal bone formation

including delayed bone maturation and osteoporosis result due mainly to disuse atrophy. Other

notable features of human fucosidosis not observed in the canine disease aÍe facial

abnormalities, thickened skin, profuse sweating, angiokeratoma, visceromegaly and recurrent

infections.

Gross pathological examination of affected dogs at autopsy reveals massive peripheral nerve

enlargement, especially of the cervical vagus and ulnar nerves. The latter is palpable in dogs

with advanced disease. However, abnormalities in nerve conduction due to storage are not

observed. Demyelination of nerves is also not seen although it has been reported in some

fucosidosis patients. Conversely, peripheral nerve enlargement is not a feature of the human

form of the disease (Willems et aL.,1991).

At the microscopic level, diffuse and generalised vacuolation of neurons and glial cells in the

CNS is characteristic of both human and canine fucosidosis. It is progressive from birth and in

dogs is widespread by 3 months of age. Enlargement of peripheral nerves is caused by

vacuolated phagocytic cells and Schwann cells. Despite extensive vacuolation of soft tissues

such as liver, spleen and heart in the dogs, these organs are not enlarged, whereas in human

fucosidosis they are. Vacuolated lymphocytes are also present in blood, cerebrospinal fluid

(CSF) and bone marrow in both human and canine fucosidosis.

Low FUC activity levels are detected in fucosidosis plasma, peripheral blood leucocytes, bone

marrow, CSF and in all tissues tested including brain and nerves. Diagnosis of fucosidosis is

made on the basis of low FUC activity levels (<10% of normal control levels) in plasma and

peripheral blood leucocytes using lhe afüficial fluorogenic substrate 4MUF. p-Hexosaminidase

activity, rather than protein concentration, is generally used as a reference parameter for FUC

activity. An empirically chosen discriminant function is used to differentiate between normal,

carrier and affected animals. (Healy et a\.,1984). Biochemically, the canine disease resembles

the most severe form of human disease, as there is almost complete absence of enzyme

activity.
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Table 1.3: Comparison of the disease features in human and canine fucosidosis.

Human fucosidosis Canine fucosidosis

Inheritance

Mutation

Chromosome location

Residual FUC activity

Age of onset: mild clinical signs

severe clinical signs

Motor and mental deterioration

Coarse facies

Organomegaly

Angiokeratoma

Urinary oligosaccharides

Growth retardation

Dysostosis multiplex

Weight loss

Hyperþdrosis

Dysphagia

Vision loss

Hearing loss

Tissue accumulation of substrates

Peripheral nerve enlargement

Fertility

autosomal recessive

22 different mutations

tp 32-34

<5-l0yó

5-24 months

l-3 years

+

+

+

+

+

+

+

+

+

+

+

+

+

autosomal recessive

14 bp deletion

cbromosome 2

<lyo

6-15 months

1-3 years

+

+

+l

+

+

+

+

9+/d-

Data compiled from V/illems et al. l99L and (Taylor et al., 1987; Taylor et al., 1989b; Taylor

et aL.,1989d).
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Storage is similar in both species with fucoglycoconjugates accumulating in all tissues and

excreted in urine. Fast atom bombardment mass spectrometry analysis of isolated storage

products from brain show they contain asparagine as well as fucose, galactose, mannose and

GlcNAc therefore confirming these are asparagine-linked oligosaccharides. The accumulation

of glycoasparagines suggests that the hydrolysis of fucose by FUC is the rate-limiting step in

the release of oligosaccharide from the asparagine residue (Barker et aL.,1988).

Canine fucosidosis in Australia and England can be traced back to a common English ancestor.

The isolation of the gene for canine FUC (cFUC) and the mutation responsible for fucosidosis

in dogs has been established (Occhiodoro and Anson, 1996; Skelly et al. , 1996). This mutation,

a l4bp deletion, causes a frame-shift and a premature stop codon at the 3' end of exon 1.

Consequently FUC activity and protein aÍe almost totally absent in all cells and plasma.

Discovery of the mutation in dogs has enabled the development of a PCR-based screening test

to detect both carriers and affected dogs.

Having considered the clinical, biochemical, neurological and genetic properties of canine and

human fucosidosis it is apparent that canine fucosidosis is a useful animal model of the human

disease because of the considerable similarities identified. Clinically, it more closely resembles

the intermediate form of human fucosidosis while biochemically a severe phenotype is

predicted due to almost negligible residual FUC activity. Other factors enhance the usefulness

of canine fucosidosis as an animal model. Heterozygotelheterozygote matings result in large

litter sizes (five to eight pups) thus ensuring breeding of adequate numbers of affected and

carrier animals, to study disease pathogenesis and treatments, and at the same time to establish

a breeding colony to secure the defective gene which is inherited in an autosomal recessive

manner (Healy et aL.,1984). Furthermore,late onset of disease permits breeding from affected

female dogs thereby increasing the chance of affected animals. Rapid and reliable enzymatic

analysis of plasma and circulating peripheral leucocytes for FUC/B-hexosaminidase activity

enables diagnosis within 24 h of birth. Phenotype can be confirmed later by PCR-based

mutation analysis.

Compared to cattle and goats, the dog rs a more convenrent size to handle, accommodate and

evaluate clinically under laboratory conditions. In assessing treatment strategies large animals

are preferable in that sequential tissue and blood sampling is not restricted to the same extent as
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in rodent models. ln addition neurological and clinical observations after treatment can be

monitored more easily than in smaller animals. The absence of skeletal pathology in the

fucosidosis dog does not confuse interpretation of clinical observations. It is also believed that

therapies in larger animals may more accurately reflect what would happen in affected

children. In addition, longer-term studies are possible in larger animals compared to rodents

and these are more relevant to the human condition. Finally, as disease progression in other

LSD follows a similar course, canine fucosidosis may be of more general interest to the study

of other neurovisceral LSD, particularly the oligosaccharidoses and the neurological aspects of
some MPS.

l.2l Therapies for canine fucosidosis and other animal

models of LSD
BMT has been evaluated in fucosidosis dogs aged between 4 and 30 months of age at the time

of transplant using total lymphoid irradiation as the sole form of immunosuppression (Taylor et

al., 1986). Successful engraftment was monitored by plasma and peripheral leucocyte FUC

activity levels. These increased to 30o/o and 100% of plasma and leucocyte donor levels,

respectively, after 3 months of engraftment and stabilised thereafter. FUC activity levels in

viscera and peripheral nerves were higher than in CNS, which required engraftment of greater

than 6 months to achieve 20o/o of normal levels. A reduction in the histological storage lesions

in these tissues was also observed (Taylor et al., 1989d). However, BMT in fucosidosis dogs

with advanced disease had no effect in preventing normal disease progression. In contrast, one

dog transplanted at 4 months of age developed only mild clinical syrnptoms 3 years after BMT,

whereas transplantation of slightly older dogs clearly demonstrated a delay in the onset of
neurological dysfunction (Taylor et al., 1 989a).

Two important observations arose from these studies. Firstly, early intervention before the

onset of s¡rmptoms is crucial for the successful treatment of neurological syrnptoms (Taylor e/

al., 1989a; Ferrara et al., 1992; Taylor et al., 1992). Secondly, correction of CNS pathology by

BMT is a slower process, requiring up to 6 months, compared to correction of visceral tissues

and peripheral nerves which takes place within 2 months (Taylor et aL.,1989c). Under normal

circumstances few monocytes or macrophages migrate into the CNS, except when precipitated

by immune reactions, and it would appear from the fucosidosis dog studies that at least 6
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months is necessary for donor-derived macrophages to achieve signif,rcant repopulation of the

CNS

Experimentation with BMT in other animal models of LSD has underscored the importance of

instituting BMT as early as possible to achieve optimal therapeutic outcome, especially for

CNS disease. For example, BMT in an 8-week-old cr-mannosidosis kitten resulted in the

greatest clinical improvement comparedto kittens transplanted at 10 and12 weeks of age. cr-

Mannosidase activity in the brains of these cats reached levels of up to 40'/o of normal control

levels with a corresponding decrease in storage lesions in neurones and glia (Walkley et al.,

1994). Similarly, BMT-treated MPS I dogs (Shull et al., 1987; Shull e/ al., 1988; Shull and
'Walker, 1988; Haskins et al., 7991) showed a reduction in disease severity and had slower

disease progression. Histological examination of brain tissue demonstrated a reduction in

storage lesions in neurons and brain supporting cells which was attributed to low levels of cr-L-

iduronidase activity (l-3% of normal control levels). There was also a noticeable improvement

in skeletal pathology, corneal and cardiovascular disease and urinary GAG excretion was

reduced. Response to BMT in 'twitcher mice' (a model of Krabbe disease) was also dependent

on age at transplant. Ten-day-old mice had improved eNS s¡rmptoms and increased lifespan

compared to mice transplanted af 2l-28 days of age when neurological problems are already

obvious. In 'twitcher mice' peripheral nerve demyelination is caused by psychosine toxicity as

a result of galactosylceramidase dehciency. However, in response to BMT, remyelination of

nerves has been noted (Yeager et al., 1984; Hoogerbrugge et al., 1988; Suzuki et al., 1988;

Hoogerbru gge et al., 1989).

Syngeneic BMT in MPS VII mice was effective in prolonging life span by up to three-fold and

resulted in essentially complete correction of liver, spleen, cornea and glomerular mesangial

cells while only partial correction of meninges, perivascular cells in the brain and renal tubular

epithelial cells was noted (Birkenmeier et aL.,1991). A comparative study of BMT in adult and

new born MPS VII mice (Sands et aL.,1993) revealed that lysosomal storage in many tissues,

but not skeleton or brain, was decreased in the adult mice. However, newbom bone marrow

transplanted mice enjoyed a longer life, had less severe facial dysmorphia and were more

mobile with increased levels of B-glucuronidase activity in liver, spleen, kidney and brain and a

corresponding reduction of lysosomal storage, although this was minor in brain neurons. In

bones, joints and periarticular tissue there was less histological evidence of lysosomal storage
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compared \Mith untreated MPS VII mice. Long bone growth retardation and cerebellar and

retinal dysplasia, seen in the newborn mice, were associated with the use of radiation ablation

therapy and were not seen in adult mice receiving BMT.

Most forms of therapy for LSD in animal models, whether BMT, systemic erøpe
replacement or gene therapy, have shown that somatic, and to some extent skeletal pathology,

can be prevented, reversed or delayed depending on the age ofonset oftherapy and the severity

of the disease. However, apart from BMT, which relies on the slow migration of macrophages

into brain to supply eîzpe, CNS pathology has remained refractory to those therapies that

require erzqe to penetrate into the brain from the peripheral circulation. The presence of the

highly selective BBB prevents most macromolecules, including lysosomal enzymes, from

entering the brain from circulation. The properties of the BBB and possible strategies to

circumvent it to allow effective ERT for the CNS will be discussed in the following sections.

1.22 The blood-brain barrier
Despite the demonstration of the existence of the BBB by German microbiologist Ehrlich more

than 100 years ago, it was not until 1967 that electron microscopy revealed that the BBB is an

endothelial barrier present in capillaries that surround the brain (Reese and Kamovsky, 1967).

Reviews of the BBB include Pardridge (1991), Pardridge (7993), Rubin and Staddon (1999)

and Bickel et al. (2001). Briefly, the BBB is a physical, limiting barrier, which separates the

brain interstitial fluid from the blood circulation. It serves the dual purpose of ensuring

homeostasis within the CNS and of delivering essential nutrients to the brain. The barrier

consists of a non-fenestrated, continuous endothelial lining of microvessels. The endothelial

cells are held together by tight junctions and form an epithelial-like high resistance barrier. The

major components of the BBB are illustrated in Figure 1.5. The lumen of the capillary is

thought to be very narrow, approximating the diameter of a red blood cell. The lumenal surface

of the endothelial cells is coated with a glycocalyx composed of glycoproteins, which confer a

net negative charge to this surface. Endothelial cells have few pinocytic vesicles but abundant

mitochondria, as their role in maintaining homeostasis within the brain is a highly energy-

dependent process. In addition to, or forming part of, the glycocalyt< arc receptors, cell

adhesion molecules (CAM), integrins and other ligands. The gaps or 'windows' that are

present between the cells in most tissues are absent in brain endothelial cells. Instead tight
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junctions made up of opposing plasma membranes are found (Brightman and Tao-Cheng,

1993). These tight junctions prevent trans-capillary cell migration and movement of
macromolecules. Specif,rc proteins identified in these tight junctions include ZO1 (zonula

occludens-I), ZO-2, occludin and neurolethin (a member of the Ig superfamily of CAM).

These proteins have been postulated to have both a structural and a signal transduction function

(Staddon and Rubin, 1996; Bolton et aL.,1998).

The basement membrane (BM) holds the endothelium together and helps to maintain its overall

tubular shape. It is made up of non-fibrillar type IV collagen, laminin, PG (e.g., HSPG) and

fibronectin. Embedded in the BM are pericytes. These are contractile cells analogous to the

smooth muscle cells of microvessel circulation and are involved in regulating blood flow.

Pericytes also have phagocytic activity, are involved in antigen presentation and have a role in

the regulation of the immune interface between the blood and brain. This is linked with their

role in the control of BBB permeability.

Astrocytes are members of the largest class of brain cell, the glial cells. The astrocyte end feet

(glia limitazs) ensheath the capillaries and contribute to the structural integrity of the BBB, not

just physically, but also via the production of soluble factors. These factors are involved in the

induction of tight junctions. Culturing brain endothelial cells in vitro does not result in cells

with tight junctions while co-cultivation with astrocytes or astrocyte-conditioned medium

induces their formation (Arthur et aL,,1987 Janzq and Raff, 1987).

The blood-CSF barrier is another barrier separating the CNS from the periphery (Bickel et al.,

2001). It is located at the circumventricular organs (CVO) and has the properties of a secreting

epithelium with leaky capillaries lacking endothelial tight junctions. The diffusion barrier

within the CVO lies at the level of the ependymal cells, which are connected by tight junctions.

The main CVO is the choroid plexus, which lines the ventricles and secretes CSF. Because the

surface area of the CVO is an order of magnitude smaller than that of the BBB, delivery of
therapeutics by diffusion into CSF, or intraventricular administration via intrathecal catheters,

is not considered an efficient way of delivering these substances into the brain and will not be

considered further in this thesis.

55



Figure 1.5: The blood-brain barrier.
Diagrammatic representation showing endothelial cells joined by tight junctions, which form

the basis of the BBB. The endothelial cells have large numbers of mitochondria and few

pinocytic vesicles and the lumenal surface is coated by a glycocalyx which confers a net

negative charge to this surface. Structural support is provided by the basement membrane and

astrocytes, which ensheath the endothelial cells and s¡mthesise factors important in maintaining

tight junctions. Pericytes are involved in regulating blood flow through the brain capillaries.
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1.23 Mechanisms for transport into the brain
Several strategies for brain drug delivery are known (Pardridge, 1991; Bickel et al.,2001).

These can be broadly classified as invasive or non-invasive. Invasive strategies involve

surgical intervention, for example, by intraventricular infusion via an intrathecal catheter. Due

to CSF circulation in brain being in a rostral to caudal direction, and because the rate of
turnover of CSF is very high (21 mllhr in an adult human brain), any substance administered

via CSF is rapidly cleared (Shapiro et al., 1975). Any substance taken up by brain tissue is

generally restricted to the periphery and does not penetrate into the deeper tissue layers of the

brain.

Apart from intracerebral implants, which are associated with high risk, BBB disruption is

another method for drug delivery. BBB disruption is the induction of a temporary and

reversible opening of the BBB by hyperosmolar shock which involves intra-carotid injection of
a L4 M solution of either mannitol, L*arabinose, sucrose or urea (Rapoporl, 1996). Electron

microscopy studies show that this increases permeability by shrinking endothelial cells,

resulting in the rupture of tight junctions (Greenwood et aL.,1988). The major drawbacks to the

use of hyperosmolar shock include induction of strokes, seizures and brain oedema. Repetitive

hyperosmolar opening of the BBB is associated with neuropathological changes in the brain

(Salahuddin et a|.,1988b; Salahuddin et aL.,1988a; Sokrab et a|.,1988). Moreover it involves

general anaesthesia and would not be practical to treat large numbers of patients on a regular

hasis.

Non-invasive methods are either pharmacologically based, rely on lipidization strategies for

small molecules, or emanate from an understanding of the anatomy and physiology of BBB

transport processes (Pardridge, 199I; Poduslo et al., 1994). These will be discussed in more

detail below.

Paracellular pathway: All the known mechanisms of transport across the BBB are

summarised in Figure 1.6. The paracellular pathway for the diffusion of circulating solutes

through the BBB is not applicable to macromolecules because of the existence of tight

junctions. Bulk fluid-phase endocytosis or pinocytosis, which involves the internalisation of a
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small portion of extracellular fluid environment, is also not applicable as few pinoclic vesicles

are present in BBB endothelial cells.

Transcellular path\ryay: The transcellular pathway is used to move small peptides and

proteins against their concentration gradient. It is a non-saturable, temperature and energy-

dependent process, which is also dependent on the lipophilicity and molecular weight of the

molecule. It is generally applicable to compounds of <600 Da. The large surface area of the

BBB (approximately 12 m2 with a vascular volume of L2 ml) (Zlokovic and Apuzzo,1998)

provides a vast lipid surface for this transcellular pathway. This pathway allows certain

molecules to gain ready access to the brain because they are lipid soluble, (that is, they have a

high octanol-water partition coefficient). For example, diacetylmorphine (heroin) is lipid

soluble and therefore passes readily through the BBB. Morphine, however, which is the

deacetylated form of heroin, is more polar and is taken up by brain 100 times more slowly

(Oldendorf et al., 1972).

Liposomes and nano-particles have limited application in the transport of large proteins across

the BBB. Particles larger than about 50 nm are taken up predominantly by the

reticuloendothelial system (Gregoriadis, 1989; Gennuso et al., 1993). Specific targeting to the

brain has been attempted using small particles and those of a composition which were

predicted to favour uptake at the BBB. However, these have not been successful (Umezawa

and Eto, 1988; Schroeder et aL.,1998).

Carrier-mediated transport: Canier-mediated transport is used to transport nutrients

such as glucose, nucleotides and amino acids across the BBB. This mechanism is saturable,

temperature and energy-dependent, stereospecihc and occurs via a number of highly specific

transporter molecules. GLUT-1, for example, is the brain specific glucose transporter. L-dopa

is transportedvia the neutral amino acid transporter and the tyrosine transporter will mediate

transport of small peptides with tyrosine tails, such as encephalin (Mr 5,000 Da). Although the

exact mechanism of the transmembrane movement of these molecules is not known, these

transporters are both biochemically and sterically limited to transport of specific molecules

(Broadwell, 1989). Therefore glucose or amino acids cannot be used as carriers for the

transport of larger molecules such as peptides and proteins.
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Receptor-mediated transcytosis: Two tlpes of endocytic mechanisms have also been

described for transport of molecules across the BBB (Friden, 1994; Poduslo et al., 1994;

Abbott and Romero, 1996; Pardridge, 1997). The first of these is specific or receptor-mediated

transcytosis, a process involving binding of macromolecules to specific receptor sites on the

endothelial cell surface. It is a saturable, energy and temperature-dependent process shown to

operate for insulin (Pardridge et al., 1985), transferrin (Tf) (Jefferies et al., 1984) and IGF

(Duffy et aL.,1988) via receptors found on the endothelial cell surface. The importance of these

receptors to CNS function comes from evidence that there is no synthesis of the corresponding

ligand within the CNS (that is, as shown by undetectable levels of mRNA), while the ligand

itself is found, sometimes at high levels (Baskin et a|.,1983).

The mechanism of receptor-mediated uptake involves a number of steps (Broadwell, 1989).

Binding of ligand to its specific membrane receptor initiates the process by inducing clathrin-

coated pits to invaginate and form endocytic vesicles, Fusion with an acidic pre-lysosomal

compartment causes dissociation of the receptor-ligand complex allowing the free receptor to

recycle to the plasma membrane. Following dissociation, the ligand is thought to bind to a

second intracellular receptor system to enable transport of the ligand to the ablumenal surface

for exocytosis.

Adsorptive-mediated transcytosis: The final mechanism for transport of molecules

across the BBB is adsorptive-mediated transcytosis (Pardridge, l99l). This process is ten-fold

slower compared to receptor-mediated transcytosis but there is a greater capacity to move

material by this process (due to the vast surface area of the BBB) than by receptor-mediated

transcytosis. Again it is an energy and temperature dependent process, however, it does not

involve specific plasma membrane receptors and instead is dependent on the charge

interactions between the surface of the endothelial cells (negative) and the charge of the

compound. Endocytosis is initiated by electrostatic interaction and then transcytosis proceeds

in a similar way to receptor-mediated transcytosis as discussed above.
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Figure 1.6: Mechanisms of transport across the BBB.

A diagrammatic representation of the BBB showing routes for transport across the brain

endothelium. (a) Tight junctions between endothelial cells permit the diffirsion of small water-

soluble compounds only þaracellular aqueous pathway). (b) The large surface aÍea of the lipid

membranes of the endothelium provides an effective diffusive route for small lipid soluble

compounds (transcellular lipophilic pathway). (c) Transport proteins found in the endothelium

deliver mainly nutrients such as glucose, amino acids, nucleotides and other substances. This

pathway is sometimes referred to as carrier-mediated transport. (d) Certain proteins such as

insulin and transferrin are taken up by specific receptor-mediated endocytosis. (e) Most native

plasma proteins are poorly transported, however, cationization can increase their uptake by

adsorptive endocytosis (Abbott and Romero, 1996).
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1.24 Transport of conjugates and modified proteins into the

brain
Of the non-invasive transport mechanisms discussed above the two with greatest potential for

transporting proteins and peptides into brain are receptor and adsorptive-mediated transcytosis.

1.24.1 Viø adsorptive-mediated transcytosis

Adsorptive-mediated transcytosis relies on the attraction between the endothelial cell surface

and the compound to be transported. Therefore increasing electrostatic interaction by

increasing the positive charge on the protein, a process known as cationization, should enhance

uptake through the BBB.

The chemical process of cationization converts the surface carboxyl groups of acidic side

chains of amino acids, such as aspartic and glutamic acids, into basic moieties. This is
accomplished by coupling of diamino molecules such as hexamethylenediamine, or

polyamines such as polylysine, to carboxyl groups that have been activated using EDC. This

leads to the formation of an amide bond and to the introduction of one primary amino group for

each conjugated polyamine molecule. EDC-activated polyamine cationization of proteins is

dependent on the number of surface acidic amino acids and on the temperature and pH of the

reaction. The extent of caionization is inversely related to pH and can be experimentally

determined by isoelectric focussing.

In vivo experiments in rats with BSA cationized by covalent coupling with

hexamethylenediamine (pI >10) demonstrated enhanced uptake into the brain compared with

native BSA (pI4) (Triguero et a1.,1990). Approximately l5o/o of the cationized BSA taken up

by brain was transcytosed into the brain parench¡nna as determined by capillary depletion.

Similarly, cationized rat serum albumin (RSA) accumulatedto 0.14Yo of the injected dose in

brain tissue one hour after intravenous injection while native RSA was undetectable (Pardridge

et a|.,1990b). Importantly, repeated daily injections of cationized RSA over 8 weeks were non-

toxic to rats as evident by a gain in body weight which was comparable rate to control rats

receiving native RSA (Pardridge et al.,I990b).

6l



As a means of providing antibody therapeutics to brain tissue, IgG molecules have also been

cationized with hexamethylenediamine resulting in an increase in pI >10.7 (Triguero et al.,

1990; Bickel, 1995). Cationized IgG molecules showed similar kinetics of brain uptake to

cationized BSA. Transcytosis of cationized IgG into brain was clearly demonstrated by thaw

mount autoradiography of brain slices following internal carotid artery perfusion, as well as

from total brain homogenates after capillary depletion to eliminate cationized IgG sequestered

in the vasculature. A more detailed study with cationized superoxide dismutase (SOD), using

the naturally occurring polyamines putrescine, spermidine and spermine has been reported

(Poduslo and Curran, 1996b). Putrescine has two amino groups and hence two positive

charges, while spermidine and spermine have three and four, respectively (Figure 4.17).

Cationization with these compounds therefore results in the addition of one, two and three

positive charges, respectively, for each polyamine moiety linked to an acidic carboxylic acid

group on the protein. Experiments with SOD modified at low pH (4.7), although demonstrating

a 2Z-fold increase in permeability into brain compared to unmodified SOD, also resulted in a

signilrcant loss of enzyme activity (95%). Interestingly there was an inverse relationship

between the degree of valency and transcytosis into the brain suggesting that too greal a

positive charge was not necessarily beneficial for transcytosis across the BBB. These

observations suggested that mechanisms other than simple electrostatic interaction involving

charge density play a role in enhancing permeability. In addition, polyamine-modified proteins

do not affect permeability directly at the BBB as native SOD transcytosis into brain was not

enhanced in the presence of putrescine-modified SOD (Poduslo and Curran, 1996b).

Consequently, in order to minimise the reduction in SOD activity, reaction conditions were

changed. This was achieved by performing cationization at a higher pH (5.7) resulting in the

retention of 50Yo of activity. However, this caused a ten-fold decrease in permeability (Poduslo

and Curran,7996a). Similar results were obtained with catalase, another antioxidant enzpe
(Wengenack et crl., I997b). Polyamine modified SOD with preserved enzpe activity, also

significantly reduced hippocampal CA1 neuron loss following global cerebral ischaemia in rats

('Wengenack et al., 1997 a) directly demonstrating a biological effect of an enzyme delivered by

adsorptive-mediated transcytosis.
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1.24.2 Via r eceptor-mediated transcytosis

One way of taking advantage of receptor-mediated transcytosis for transport of proteins

normally excluded from the brain is to produce chimeric peptides. This involves the formation

of a conjugate or chimera between the non-transportable protein and a transport vector, which

is known to be actively transported into the brain, such as insulin and Tf, alternatively the

transport vector can be an antibody to their receptors on the BBB. A chimeric protein can be

made by covalently joining these two protein components using a suitable crosslinkingreagent.

Such chemical crosslinkers are heterobifunctional reagents consisting of two dissimilar

functional groups of different specificities (Figure 1.7). For example, sulfosuccinimidyl 6-[3'-

(2-pyrdyldithio)-proprionamidol hexanoate (SPDP) is a heterobifunctional crosslinker which

has one reactive functional Broup, N-hydroxysuccinimide (NHS), that is selective for amino

groups, and the other, pyridyl disulphide, that is reactive towards a sulphydryl group. At

alkaline pH primary amines are unprotonated and will react by nucleophilic attack on the NHS

esters resulting in the formation of an amide bond and the release of NHS. The pyridyl

disulphide group will react with a free thiol group to form a disulphide bond, releasing

pyridine-2-thione as a by-product. In addition, some heterobifunctional crosslinkers have a

spacer ann, or bridge, connecting the two reactive ends. This has the advantage in overcoming

steric hindrance when linking two complex molecules. Other crosslinkers include N-

succinimidyl S-acetylthioacetate (SATA) and 3-(2-pyridyldithio) propionyl hydrazide (PDPH).

As these heterobifunctional crosslinkers can be used to link proteins in a step-wise manner, the

occurrence of unwanted side-reactions such as homoprotein polynrer formation can be

controlled.

The principle of chimeric peptide delivery to brain tissue is identical to receptor-mediated

transclosis as previously described (section I.23). The entire conjugate is transported across

the BBB and release of the protein from its transport vector is mediated by disulphide

reductases present in brain tissue (Pardridge et al., 1990a; Bickel et al., 1995). The released

protein can then bind to its receptor on brain cells to carry out its biological function.
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Figure L.7: Structure of heterobifunctional crosslinkers.

Shown are three heterobifunctional cleavable crosslinkers; SATA, SPDP and PDPH. They

each contain two reactive moieties such as N-hydroxysuccinimide and pyridyldisulphide as in

SPDP, which react with primary amines and sulphydryls, respectively. In PDPH the hydrazide

residue reacts with oxidised carbohydrate groups. A spacer aÍn or bridge connecting the two

reactive moieties (illustrated in SPDP) allows for greater flexibility of the crosslinker

especially in overcoming steric hindrance when joining two complex molecules. The reactions

involved in generating protein conjugates using these crosslinkers are depicted in Figure 4.12.
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Insulin was one of the first peptides for which binding to cerebral microvessels and transcytosis

through the BBB was demonstrated (van Houten and Posner, l9l9). Autoradiography of brain

slices following infusion of radiolabelled insulin demonstrated the transcytosis of the peptide

into brain parenchyma. Saturability of uptake was proved by co-infusion with a high

concentration of unlabelled insulin, which completely suppressed transcytosis of labelled

insulin. Insulin was therefore considered a good candidate for the production of chimeric

peptides. A horseradish peroxidase (HRP) insulin conjugate was detected in the brains of mice

at 0.7Yo of the injected dose (Fukuta et al., 1994). However, a major drawback to the use of
insulin was the induction of hypoglycaemia. The same authors also described the isolation of a

fragment of insulin which was reported to abrogate the hypoglycaemic effect while still able to

bind to the insulin receptor. This fragment (F007) was isolated by tryptic digestion, and when

linked to HRP, it retained the ability to bind to cultured bovine brain microendothelial cells,

although with 1O-fold diminished affinity. Experiments to determine the transcytosis of F007-

HRP in mice were not reported.

As shown by immunohistochemistry, abundant Tf receptors are found on rat BBB endothelial

cells suggesting that Tf may be another suitable vector for coupling to therapeutic reagents.

Radiolabelled Tf was found to accumulate in the brains of rats up to 0.4Yo of the injected dose

after 24 h (Friden et aL.,1991). However, due to its high endogenous plasma concentrations Tf
itself may be of limited value as a transport vector since Tf receptors are almost completely

saturated under physiological conditions. As an altemative approach, anti-receptor antibodies

have been evaluated as transport vectors. The mouse anti-rat Tf receptor monoclonal antibody,

OX26, appeared promising as it binds to an extracellular domain on the Tf receptor which is

distinct from the Tf binding site and therefore does not interfere with Tf binding (Jefferies er

al., 1984; Pardridge et al., 1987). An internal carotid artery perfusion/caplllary depletion

experiment in rats showed thal OX26 was taken up by brain in vivo. Furtherrnore, levels of
OX26 in the postvascular supernatant, which represents transcytosis through the BBB as

opposed to mere binding to the brain capillary endothelial cells, were higher than those of
cationized albumin and cationized IgG indicating that, at least for OX26, receptor-mediated

transcytosis appeared to be more efficient than adsorptive-mediated transclosis (Triguero et

al.,1990).
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OX26 has therefore been conjugated to a number of proteins to determine if it could be used as

a delivery vehicle. Nerve growth factor (NGF), a26l<Da peptide not able to penetrate the BBB

in signif,rcant amounts, is one such example (Friden et a|.,1993; Granholm et aL.,1994). When

conjugated to OX26 and delivered by intravenous injection, it was taken up by rat brain

reaching a maximum level 5 hours after administration. The level in brain after capillary

depletion was 0.5% of the injected dose. A physiological effect was demonstrated in a model

system utilising intraocular transplants of septal tissue. OX26-NGF conjugates significantly

enhanced the growth of these septal transplants compared to infusion of either NGF or OX26

alone. OX26 was also shown to deliver sufficient amounts of vasoactive intestinal peptide

across the BBB to induce a biological response (Bickel et aL.,1993; Wu and Pardridge, 1996)

and OX26-avidin conjugates reached similar levels in the brain as unconjugated OX26

(Yoshikawa and Pardridge, 1992). Observations with CD4, a cell surface glycoprotein, which

is a high affinity receptor for the HIV envelope protein gpl20, parallel these results (Walus e/

al., 1996). Intravenous administration of OX26-CD4 conjugates reached levels of
approximately 0.6Yo of the injected dose 4 hours post-injection. Similar levels were obtained in

the African green monkey when CD4 was conjugated to anti-human/primate Tf receptor

antibodies (Walus et a1.,1996).

In conclusion, in terms of delivering effective ERT to the CNS, cationization of lysosomal

enzymes and the formation of enzyme-vector conjugates for receptor-mediated transcytosis,

are two approaches that would appear as possible candidates for circumventing the BBB. One

of the main disadvantages of both treatment strategies is the rapid clearance of the modified

proteins by other tissues, particularly liver, kidney and spleen. However, given the non-

invasiveness of this strategy and the fact that only very low levels of enzyme activity in brain

are required for correction of CNS pathology (Shull et al., 1987; Shull and 'Walker, 1988), its

application to the treatment of neurological disease may have potential benefit to many

patients.
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1.25 Aims of the project
The overall objectives of this thesis were twofold. Firstly, to evaluate efficacy of ERT in MPS

VI cats from birth using same-species enzyme in order to (i), minimise the possibility of an

immune response and (ii), simulate more accurately a clinical trial of ERT in MPS VI patients.

Secondly, to explore means of modification of enzymes which would enhance transclosis into

the CNS thus allowing effective ERT in the CNS.

In order to achieve these objectives the specific aims were to:

1. purify r?lS and determine its physical, enzymatic and functional propefües in vitro.

2. undertake a six-month trial of ERT with r?lS in newborn MPS VI cats and compare its

efficacy with a previous study in which rh4S was used.

3. develop a mammalian expression system and a purification procedure for rcFUC and to

determine its physical, enzymatic and functional characteristics.

4. assess the response to rcFUC replacement therapy in a fucosidosis pup treated for up to one

year of age using unmodified en4lme.

5. modify rcFUC by catíonization and by conjugation to various transport vectors and assess

enzyme and vector functional integrity after modification.

6. analyse the effects of these modifications in enhancement of transcytosis across the BBB,

initially in normal rats.
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Chapt er 2: Materials and methods

2.1Materials
2.1.1Tissue culture
Disposable polystyrene tissue culture flasks, plates and pipettes were supplied from Corning

Glass Works, Coming, New York, USA. All other materials for tissue culture were obtained

from the following suppliers.

Dulbecco's modified Eagle's medium (DMEM)

F-l2 nutrient medium (Ham's)

o¿-Minimal essential medium (cr-MEM)

COON'S/DMEM

Foetal calf serum (FCS)

Phosphate-buffered saline (PBS)

without Ca*2lMrg*2

Trypsin-versene

L-Glutamine

Basal medium Eagle's (BME)

RPMI 1640 medium

2.1.2 Antibiotics
PenicillirVStreptomycin (P S)

G418 sulphate (Neomycin) Geneticin

Penicillin G

2.1.3 Cell lines

Chinese hamster ovary (CHO-Kl)

Madin-Darby canine kidney (MDCK)

OX26 hybridoma

4g82P3653 myeloma

H4IIE rat hepatoma

Gibco-BRL, Grand Island, NY, USA

Gibco-BRL, Grand Island, NY, USA

Gibco-BRL, Grand Island, NY, USA

CSL Ltd., Parkville, Vic., Australia

CSL Ltd., Parkville, Vic., Australia

CSL Ltd., Parkville, Vic., Australia

CSL Ltd., Parkville, Vic., Australia

CSL Ltd., Parkville, Vic., Australia

Biomedicals Inc., Aurora, Ohio, USA

Trace Scientific Ltd., Vic., Australia

CSL Ltd., Parkville, Vic., Australia

Gibco-BRL, Grand Island, NY, USA

Sigma Chemical Co., St. Louis, MO, USA

ATCC, CRL 9618

CSL Ltd., Parkville, Vic., Australia

ECCC No. 84112014

Dr. D Brooks,'WCH, SA, Australia

Dr. H. Brereton, FMC, SA, Australia
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2.1.4 Gel chromatography media

Sephadex G10

PD-l0
Affi-Gel 10

DEAE-Sephacel

Fucosylamine-linked agarose (C-24)

Fucosylamine-linked agarose (C- 1 )

TSK G3000SW Ultrapac

Superose 12

Hi-Trap Protein G

Dynamax 604C8

PBE 94 chromatofocussing medium

AG-501-X8(D) mixed bed resin

Pharmacia Fine Chemicals, Uppsala, Sweden

Amersham Biotech AB, Uppsala, Sweden

Bio-Rad Laboratories, Hercules, CA, USA

Pharmacia LKB Biotech, Uppsala, Sweden

Sigma Chemical Co., St. Louis, MO, USA

Sigma Chemical Co., St. Louis, MO, USA

LKB, Bromma, Sweden

Pharmacia Fine Chemicals, Uppsala, Sweden

Bio-Rad Laboratories, Hercules, CA, USA

Rainin, Woburn, MA, USA

Pharmacia Fine Chemicals, Uppsala, Sweden

Bio-Rad Laboratories, Hercules, CA, USA

2.1.5 Heterobifunctional crosslinkers

Sulfosuccinimidyl 6 -13' -(2-pyridyldithio)-

proprionamidolhexano ate (SPDP)

3 - (2 -pyridyldithio)propionyl hy dr azide (PDPH)

N-succinimidyl S-acetylthioacetate (SATA)

2.1.6 Enzymes

TPCK-Trypsin

PNGase F

Fucose dehydrogenase

Pierce, Rockford, ILL, USA

Pierce, Rockford, ILL, USA

Pierce, Rockford, ILL, USA

Cooper Biomedical

New England Biolabs, Beverley, MA, USA

Sigma Chemical Co., St. Louis, MO, USA

2.1.7 Antibodies
Antibodies from Silenus Labs Pty. Ltd., Melbourne, Australia included:

Sheep anti-mouse (SAM) Ig

SAM lg-horse radish peroxidase conjugate (SAM-HRP)

S AM Ig- fl uoresc ein i sothio c y anate conj ugate (SAM-FIT C)

Sheep anti-rabbit (SAR) Ig

SAR Ig-HRP conjugate (SAR-HRP)
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SAR Ig-FITC conjugate (SAR-FITC)

Serotec Ltd., Oxford, UK supplied the following antibodies

Sheep anti-dog Ig-HRP conjugate

Mouse anti-human insulin IgG-HRP conjugate

Goat anti-cat Ig was from the Jackson ImmunoResearch Laboratories Inc., 'West Grove, PA,

USA.

F58.3 monoclonal antibody was donated by CSL Ltd., Parkville, Vic., Australia.

2.1.8 Radiochemicals

All radiochemicals were from DuPont NEN Research Products, USA

Na23sSO4 (543 mCilmmol,2 mCi/ml)
3H-leucine (150 Cilmmol, 1 mCi/ml)
3H-fucose (84 Ci/mmol)
laC-inulin (2.85 mCi/g)

2.1.9 Substrates for enzyme reactions

4-methylumbelliferyl sulphate (4MUS) Sigma Chemical Co., St. Louis, MO, USA

4-methylumbelliferyl fucopyrano side

(4MLIF) Sigma Chemical Co., St. Louis, MO, USA

4-methylumbelliferyl-2-ac etamido-2 -deoxy-

B-D-glycopyranoside Melford Laboratories Ltd., England

Radiolabelled 45 trisaccharide substrate

(GalNAc4S-GlcA-GalitolNAc4S) V. Muller, Dept. Chemical Pathology, V/CH

2.1.10 Electrophoresis reagents

Acrylamide Bio-Rad Laboratories, Hercules, CA, USA

N,N'-Methylene-bis-acrylamide Gradipore, Pyrmont, NS'W, Australia

Ammonium persulphate Bio-Rad Laboratories, Hercules, CA, USA

Temed Ol,N,N',N'-Tetramethylenediamine) Bio-Rad Laboratories, Hercules, CA, USA

Biolyte@ 3/10 ampholytes Bio-Rad Laboratories, Hercules, CA, USA
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Bromophenol blue

Coomassie brilliant blue R250

Sodium dodecyl sulphate (SDS)

Phenol red

Tricine

BDH Chemicals Ltd., Poole, England

Sigma Chemical Co., St. Louis, MO, USA

Sigma Chemical Co., St. Louis, MO, USA

Merck, Darmstadt, Germany

Sigma Chemical Co., St. Louis, MO, USA

2.l.ll Animal colonies

The MPS VI cat colony in Adelaide was established from 'Family 3' heterozygotes obtained

from Professor M. Haskins at The School of Veterinary Science, University of Pennsylvania,

Philadelphia, USA.

The fucosidosis dogs used for studies described in this thesis were from a colony originally

established from purebred English springer spaniels in 1984 by Professor B. Farrow, Dr. R.

Taylor and Dr. P. Healy at the University of Sydney. The dog colony is now located at the

Vivarium, Westmead Hospital, NSV/, Australia and is under the supervision of Dr. R. Taylor.

Ethics approval for studies in MPS VI cats and normal rats was granted by the Animal Ethics

Committees of the'Women's and Children's Hospital, the Adelaide University and the Institute

of Medical and Veterinary Science, and for studies in fucosidosis dogs by the University of
Sydney and Westmead Hospital Animal Ethics Committees. All procedures carried out in these

animals were in accordance with the guidelines set out by these committees.

2.1.12 Buffers and solutions

Glycine buffer 200 mM glycine, 157 mM NazCOg, 125 mM

NaOH, pH 10.6

PBS 137 mM NaCl, 2.7 mM KCl, 4.3 mM KH2POa,

p}J7.2

I0% (wlv) sucrose, 0.2Yo (wlv) SDS, 1.88 mM

EDTA, 0.1 mg bromophenol blue/l0 ml 2 mM

Tris-HCl buffer, pH 6.8

2x Fairbank's sample loading buffer
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SD S -PAGE electrophoresis buffer

Capillary depletion buffer

Enhancement solution

Isoelectric focussing (IEF) solutions

IEF 5% (w/v) acrylamide gel

Transfer buffer

IxHAT

2.1.13 Chemicals

I -ethyl-3 -(3 -dimethylaminopropyl)

carbodiimide (EDC)

3-Phenylphenol (hydroxydiphenyl)

25 mM Tris-HCl, 192 mM glycine, 0.1% (wlv)

SDS, pH 8.3

10 mM HEPES, 141 mM NaCl, 4 mM KCl, 2.8

mM CaClz, 1 mM MgSOa, 1 mM NaHzPO+ and

10 mM D-glucose, pH7.4

0.1% (w/v) Triton X100, 6.8 mM potassium

hydrogen phthalate, 100 mM acetic acid, 50 pM

tri-n-octyl phosphine oxide, 15 pM 2-

naphthoyltrifl uoro ac etone

Monomer Concentrate:

24.25% (wlv) acrylamide, 0.75o/o (w/v) N,N'-

methylene-bi s- acrylamide

Glycerol Solution: 25% (vlv) glycerol

For one gel 2.2 ml Monomer Concentrate,2.2 ml

Glycerol Solution, 0.55 ml Biolyte ampholytes

3/10 in a total volume of 10 ml with water. Degas

5 min and then add 10 ¡rl Temed and 50 pl of 10%

(w/v) ammonium persulphate

25 mM Tris-HCl, 792 mM glycine in 20o/" (vlv)

methanol

0.1 mM hypoxanthine, 0.4 ¡rM aminopterin, 16

pM thymidine

Sigma Chemical Co., St. Louis, MO, USA

Aldrich Chemical Co., Milwaukee, USA
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4-Chloro-1-naphthol

Acetonitrile

Alcian Blue 8GX

Aminopterin

Ammonium chloride

Ammonium formate

Barium acetate

Bovine pancreatic insulin

Bovine serum albumin (BSA) Fraction V
Butyric acid

Calcein

Cetylpyridium chloride (CPC)

Chondroitin 4-sulphate (CaS) type A

Citric acid

Copper sulphate

Dextran Grade B

D-glucuronic acid lactone (glucuronolactone)

Digitonin

Dimetþlformamide

Dimethylglutaric acid (DMG)

Diploma skim milk powder

Disodium hydro gen orthophosphate,

anhydrous

Dithio-bis-(2-nitrobenzoic acid) (DTNB)

Dithioerythritol (DTE)

Ethylendiaminetetraacetic acid,

disodium salt (EDTA)

Ethylene glycol

Folin-Ciocalteu reagent

Formic acid

Freund's complete adjuvant

Sigma Chemical Co., St. Louis, MO, USA

Asia Pacific Specialty (APS) Chemicals Ltd.,

NS'W, Australia

Koch-Light Laboratories, Berks, England

Sigma Chemical Co., St. Louis, MO, USA

Ajax Chemicals, Aubum, Australia

BDH Chemicals Ltd., Poole, England, UK
BDH Chemicals Ltd., Poole, England, UK
Sigma Chemical Co., St. Louis, MO, USA

Sigma Chemical Co., St. Louis, MO, USA

Sigma Chemical Co., St. Louis, MO, USA

Sigma Chemical Co., St. Louis, MO, USA

Sigma Chemical Co., St. Louis, MO, USA

Sigma Chemical Co., St. Louis, MO, USA

APS Chemicals Ltd., NS'W, Australia

Ajax Chemicals, Aubum, Australia

BDH Chemicals Ltd., Poole, England, UK

Sigma Chemical Co., St. Louis, MO, USA

Sigma Chemical Co., St. Louis, MO, USA

Merck, Darmstadt, Germany

Sigma Chemical Co., St. Louis, MO, USA

Bonlac Foods, Melboume, Vic, Australia

APS Chemicals Ltd., NS'W, Australia

Pierce, Rockford, ILL, USA

Sigma Chemical Co., St. Louis, MO, USA

Ajax Chemicals, Aubum, Australia

Merck, Darmstadt, Germany

Merck, Darmstadt, Germany

Ajax Chemicals, Auburn, Australia

Gibco@ Laboratories, Life Technology Inc., Grand

Island, NY, USA.
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Freund' s incomplete adjuvant

Gelatine

Glycine

Heparin (porcine mucous)

HRP substrate kit (ABTS)

Hydrogen peroxide (30% (vlv))

Hydroxylamine hydrochloride

Hypoxanthine

L(-)Fucose

Lithium chloride

Mannose-6-phosphate (M6P)

N- [ I -(2,3 -dioleolyloxy)propyl] -N,N,N-

trimethylammonium methyl sulphate

(DOTAP)

N- [2-hydroxyethyl] - 1 -piperazine-N' -

f2-ethanesulfonic acid] (HEPES)

Nt -(p-isothiocyanatobenzyl)-diethylene

triamine-N',Nt,N3-tetraacetic acid

(Europium chelate)

NCS-[ Tissue solubilizer

Neocuproine

N-hydroxy succinimide (NHS)

Nicotinamide adenine dinucleotide (NAD)

OptiPhase'HiSafe' 3 scintillant

Orcinol

Ovalbumin

Oxytetracycline

Phosphate buffered saline (PBS) tablets

Polybuffer 74

Polyethylene glycol

Potassium sodium tartrate

Propidium iodide

Putrescine dihydrochloride

Sigma Chemical Co., St. Louis, MO, USA

Ajax Chemicals, Aubum, Australia

BDH Chemicals Ltd., Poole, England, UK
David Bill Laboratories, Vic, Australia

Bio-Rad Laboratories, Hercules, CA, USA

Ajax Chemicals, Auburn, Australia

Pierce, Rockford, ILL, USA

Sigma Chemical Co., St. Louis, MO, USA

Sigma Chemical Co., St. Louis, MO, USA

BDH Chemicals Ltd., Poole, England, UK
Sigma Chemical Co., St. Louis, MO, USA

Boehringer Mannheim, Germany

Sigma Chemical Co., St. Louis, MO, USA

'Wallac, Sollentuna, Sweden

Amersham Canada Ltd., Oakville, ONT, Canada

Sigma Chemical Co., St. Louis, MO, USA

Pierce, Rockford, ILL, USA

Boehringer-Mannheim, Germany

Fisher Chemicals, Leicester, England

Sigma Chemical Co., St. Louis, MO, USA

Sigma Chemical Co., St. Louis, MO, USA

Pftzer Pty. Ltd., West Ryde, NSW, Australia

Sigma Chemical Co., St. Louis, MO, USA

Pharmacia Fine Chemicals, Uppsala, Sweden

BDH Chemicals Ltd. Poole, England,IIK

BDH Chemicals Ltd., Poole, England,IJK

Sigma Chemical Co., St. Louis, MO, USA

Sigma Chemical Co., St. Louis, MO, USA
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Resorcinol

Sodium 5, 5 -diethylb arbitone

Sodium acetate

Sodium azide

Sodium carbonate

Sodium chloride

Sodium deoxycholate

Sodium dihydrogen orthophosphate,

monohydrate

Sodium formate

Sodium hydroxide

Sodium periodate

Sodium tetraborate

Sodium bicarbonate

Sulphosalycylic acid

Thymidine

Trichloroacetic acid

Trifluoroacetic acid

Tris base

Tri-sodium citrate

Triton X100

Tween 20

Urea

2.1.1 4 Miscellaneous materials
BRL Cell Porator

Cytodex 2 microcarrier beads

DC2 Hollow fibre concentrator

Diafl o@ YM 1 0 ultrafiltration membrane

Dialysis tubing for Diacult culture

Immulon 1 and lR Removawell strips

IsoStrips

Merck, Darmstadt, Germany

Ajax Chemicals, Aubum, Australia

BDH Chemicals Ltd., Poole, England, UK

Sigma Chemical Co., St. Louis, MO, USA

BDH Chemicals Ltd., Poole, England, UK

Merck Pty. Ltd., Victoria

BDH Chemicals Ltd., Poole, England, UK

BDH Chemicals Ltd., Poole, England, UK

BDH Chemicals Ltd., Poole, England, UK
Ajax Chemicals, Auburn, Australia

Ajax Chemicals, Auburn, Australia

Ajax Chemicals, Auburn, Australia

Ajax Chemicals, Aubum, Australia

Ajax Chemicals, Auburn, Australia

Sigma Chemical Co., St. Louis, MO, USA

Sigma Chemical Co., St. Louis, MO, USA

Pierce, Rockford, ILL, USA

Boehringer Mannheim, Germany

BDH Merck Pty. Ltd.

Sigma Chemical Co., St. Louis, MO, USA

BDH Chemicals Ltd. Poole, England, UK

Ajax Chemicals, Auburn, Australia

BRL Life Technologies, MD, USA

Pharmacia Fine Chemicals, Uppsala, Sweden

Amicon, Danvers, MA, USA

Amicon, Danvers, MA, USA

Cellu SepT3, Membrane Filtration Products Inc.,

Seguin, Texas, USA

Dynex Technologies Inc., Chantilly, VA, USA

Boehringer Man¡heim, Germany
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Nitrocellulose membrane (0.45 ¡rm)

Polyvinyl microtitre plates

Tapered tissue grinder

Titan III cellulose acetate plates

TLC acid resistant silica gel plates

Ultr a T 2 5 -Turrax Homo geni ser

Ultrafi ltration stirred cell

Bio-Rad Laboratories, Hercules, CA, USA

Costar, Cambridge, MA, USA
'Wheaton, Millville, NJ, USA

Helena Laboratories, Beaumont, Texas

Schleicher and Schull, Dassel, Germany

Janke & Kunkel, IKAR Labortechnik, Staufen,

Germany

Amicon, Danvers, MA, USA

2.2 Methods
2.2.1Tissue culture
All cells were cultured at 37 oC in a 5o/" CO2 humidified atmosphere.

2.2.1.1CHO-KI cells

CHO-KI cells and CHO-KI cells expressing r?lS (CHOfitS-2, see section 2.2.2) or rcFUC

(CHO/rcFUC) (CHOcFUC40-A2-4, see section 2.2.22) were routinely grown in

COON'S/DMEM, I0% (vlv) FCS and PS except where indicated otherwise. Cells were

subcultured 1:10 to 1:30 with al0o/o (v/v) solution of trlpsin-versene (stock solution is 0.1%

(w/v) trypsin,0.02Yo (w/v) versene) in PBS.

2.2.1.2 MDCK cells

MDCK cells or MDCK cells expressing rcFUC (MDCIITcFUC) (MDCKcFUC8-6 see section

2.2.22) were grown in DMEM, I}yo (v/v) FCS and PS and were subcultured l:2 to 1:10 using

0.1% (wlv) trypsin-0.02% (w/v) versene at 37 oC for 20 to 30 min depending on the degree of
confluency. Prolonged exposure to trypsin-versene was required to dissociate MDCK cells

from the culture substratum.

2.2.1.3 Human skin fïbroblasts

Human diploid fibroblasts were established from skin biopsies submitted to this hospital for

diagnosis (Hopwood et al., 1982). Cell lines were maintained at 37 oC in 5Yo COz in BME,

l0% (vlv) FCS and PS. Fucosidosis skin fibroblasts (SF2184) were diagnosed as representing

the severe form of the disease based on the almost total lack of residual FUC activity.
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Fibroblasts were subcultured no more than 1:2 as required using 0.1% (wlv) trypsin-0.02o/o

(w/v) versene.

2.2.1.4 Feline skin fìbroblasts

Normal and MPS VI feline skin fibroblasts (genotype status confirmed as P/l.l homozygotes by

PCR, section 2.2.8) were obtained from tail tip biopsies of newbom kittens as previously

described (Yogalingam et al., 1996). These were maintained in DMEM, l0% (vlv) FCS and

PS. Cells were subcultured as described above for human skin f,rbroblasts (section2.2.l.3).

2.2.1.5 H4IIE rat hepatoma cells

H4IIE cells (a generous gift of Dr. Helen Brereton, Flinders Medical Centre, Bedford Park,

South Australia) were grown in DMEM, 10o/o (v/v) FCS and PS and subcultured 1:10 to 1:50

with a 1/10 dilution of 0.1o/o (wlv) trypsin-O.\2Yo (wlv) versene in PBS. However, when

harvesting for subsequent fluorescence-activated cell-sorting (FACS) analysis (section 2.2.43)

the cells were dissociated from the substratum with PBS, 2 mM EDTA for 10 min at 37 oC.

With this method cells tended to be more clumped and required gentle pipetting to produce a

single cell suspension.

2.2.2 Large-scale production of rf4S for clinical trial
Cell culture and concentration of media were perþrmed by Jodie Varnai (Department of
Biotechnology, University of NStl).

CHOfitS-2 cells were grown to confluence on Cytodex 2 microcarcier beads at 3 {l in 12 I of
DMEM/COON'S F12 medium, 10Yo (v/v) FCS in a Bioreactor. Once confluency was attained,

the culture medium was changed by rapid perfusion to serum-free DMEM/COON'S F12

medium supplemented with 0.5 mM butyric acid and 5 mM NH4CI. The production phase of
this fermentation was run as a 12 I stirred continuous culture with perfusion carried out at

approximately 0.2 volumes/106 cells/m1/day. The culture dissolved oxygen concentration

(measured in situ with an Ingold oxygen probe) was monitored and controlled with FC4

software (Real Time Engineering, Sydney, Australia) and maintained at approximately 40%o

saturation with sparged oxygen. Culture pH, maintained at pH 7 .4 with sparged COz, was also

measured in situ using an Applikon pH probe (Enztech Pty. Ltd., Sydney, Australia) and

monitored with the same software. Collected culture supematant was concentrated using a
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Sartocon II cross-flow filtration system with a 30,000 Mr polysulphone ultrafiltration cartridge

and stored at 4oC, after the addition of 0.lo/o (w/v) sodium azide, until processing.

2.2.3 Purification of rf4S by immunoaffinity chromatography
The anti-human 45 monoclonal antibody F58.3 (Brooks et al.,1994) was coupled to Affi-Gel

10 (section 2.2.4) and used for immunopurification of r?lS. The salt concentration of the

medium from CHOrf4S-2 was adjusted to 250 mM before applying to a 100 ml Affi-Gel-F58.3

column (20 cm x25 cm) equilibratedin20 mM Tris-HCI,250 mM NaCl buffer, plH7 at 4oC.

After loading, the medium was washed in with 5 column-volumes of the above buffer followed

by elution with 20 mM tri-sodium citrate, 4 M NaCl buffer, pH 4 (4 column-volumes). The

eluted enzqe was concentrated in an Amicon stirred-cell with Diaflo@ YM 10 ultrafiltration

membrane and the buffer exchanged with PBS. The purif,red enzyme was then characterised by

physical and kinetic analysis. Enzyme to be used in the animal studies was sterile filtered (0.2

¡rm Gradipore filter) and dispensed aseptically into sterile siliconised glass vials and stored at 4
oC until use.

2.2.4 Coupling of F58.3 monoclonal antibody to Affï-GeI 10

The anti-human 45 monoclonal antibody F58.3 (Brooks et al., 1994) (donated by CSL Ltd.,

Parkville, Victoria, Australia) was stored frozen in 50 mM NaPO+ buffer, pH 7 with 0.02%

(w/v) sodium azide at a concentration of 6.45 mg/ml. The antibody was thawed and a 100 ml

volume equivalent to 64.5 mg was dialysed against 100 mM NaHCO¡ buffer, pH 8.5, overnight

at 4oC. The dialysed antibody was then added to an equal volume of Affi-Gel 10 that had been

washed in ice cold HzO. This mixture was incubated at 4 oC for 16 h with continuous rotation.

The Affi-Gel was recovered by centrifugation at 690 g for 10 min at 4oC, and washed three

times with 20 mM Tris-HCL,250 mM NaCl buffer, pH 7 (each wash t h at 4 oC; to block any

remaining reactive groups. The coupled resin was poured into a column (20 cm x 2.5 cm) and

equilibrated in 20 mM Tris-HCl, 250 mM NaCl buffer, pH 7 .The protein concentration of the

unbound antibody was determined using the Lowry method (Lowry, 1951) to allow the

calculation of the percentage antibody bound to the column.
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2.2.5 Enzyme assays

2.2.5.1Assay of 45 using 4MUS substrate

45 was routinely assayed using the fluorogenic substrate 4MUS. A 5 ¡rl aliquot of enzyme

diluted in 0.05% (v/v) Tween2}, 50 mM sodium acetate buffer, pH 5.6 was added to 95 ¡rl of 5

mM 4MUS, 50 mM sodium acetate buffer, pH 5.6, 0.05 mglml BSA and incubated at37 oC for

20 min. The reaction was stopped by the addition of 1.5 ml glycine buffer (200 mM glycine,

157 mM sodium carbonate, 125 mM NaOH, pH 10.6). Fluorescence was measured on a

Perkin-Elmer spectrofluorometer at excitation and emission wavelengths of 366 and 446 nm,

respectively, and with 142 ¡-rM 4-methylumbelliferyl as the standard.

2.2.5.2 Assay of 45 using trisaccharide substrate

45 activity was determined using a specific radiolabelled trisaccharide substrate O-(B-N-

acetylgalactosamine 4-sulphate) -$-+\-O-D-( B-glucuronic acid)-(1-+3)-O-o-N-acetyl-[1-
3Hlgalactosaminitol 4-sulphate (GalNAc4S-GlcA-GalitolNAc4S) prepared from rat

chondrosarcoma C4S (Hopwood et al., 1986). Unlike the 4MUS assay, which detects other

arylsulphatases, this assay is specific for 45 activity, The total assay volume was 12 ¡rl and

included 633 pmoles of radiolabelled substrate, 50 mM sodium formate buffer, pH 3.5, 10

nmol B-hexosaminidase inhibitor (2-acetamido-2-deoxy-D-1-gluconolactone), 1 mglml BSA

and enzyme dialysed andlor diluted in 50 mM sodium formate buffer, pH 3.5. Reactions were

incubated at 3l oC for 60 min to 24 h and terminated by snap-freezing in dry ice/ethanol.

Thawed samples were transferred to Whatman 3MM chromatography paper and subjected to

high-voltage electrophoresis in 0.75 M formic acid, pH I.7 at3,000 V for 45 min on a Shandon

Southern model L-24 system (Shandon Southem Products, Runcorn, Cheshire, IJK), to
separate substrate and product. The chromatograph paper was air-dried and then scanned on a

Packard model 7201 radiochromatogram (Packard, Chicago, lLL, USA). The percentage

conversion of substrate to product was determined by counting the areas of radioactivity of
each substrate and product fraction using a liquid scintillation counter (Wallac 1409) and the

activity was expressed as pmol/min/ml by computation with reference to the original substrate

concentration.
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2.2.5.3 Assay of FUC using 4MUF

FUC activity was determined using the fluorogenic substrate 4MUF. Reaction conditions were

0.5 mM 4MUF in 100 mM NazHPO+, 50 mM citric acid, 30 mM NaCl buffer, pIJ7. The assay

was in a total volume of 100 pl which included 5 pl of enzpe diluted in 0.9Yo (w/v) NaCl.

The reaction mixture was incubated at 37 oC for 20 min and the reaction stopped by the

addition of 1.5 ml glycine buffer (section 2.2.5.1). Fluorescence was determined as described

in section 2.2.5.L

2.2.5.4 Assay of p-hexosaminidase

Skin fibroblast and white blood cell lysates were assayed for B-hexosaminidase using the

fluorogenic substrate 4-methylumbelliferyl-2-acetamido-2-deoxy-p-D-glycopyranoside

according to the method of (Leaback and Walker, 1961). Substrate concentrations were 0.62

mM and 0.66 mM, and the pH of the reaction 4.8 and 4.6, for skin fibroblast and white blood

cell extracts, respectively.

2.2.6 Enzyme characterisation
2.2.6.1 Determination of native molecular mass

Native molecular mass was estimated by gel filtration chromatography using both a TSK

G3000SW Ultrapac (30 cm x 0.8 cm) and a Superose 12 column (28 cm x 1.25 cm)

equilibrated in 15 mM dimethylglutaric acid, 0.5 M NaCl buffer, pH 6, 0.02% (w/v) sodium

azide at a flow rate of 0.5 ml/min and pressure of 150 kPa. CHO/rcFUC was also

chromatographed in 15 mM dimethylglutaric acid buffer, 150 mM NaCl at pH 3,4,5 or 7.

Molecular mass protein standards used for column calibration were thyroglobulin (660 kDa),

aldolase (158 kDa), BSA (67 kDa), ovalbumin (43 kDa), carbonic anhydrase (30 kDa),

ch¡rmotrypsinogen (25 kDa) and RNAse (la.a kDa). The elution volume (V.) of each standard

and test sample was determined from measurement of the distance from the start of
fractionation to its peak elution height when graphed. This distance is representative of the

volume passing through the column from the application of sample to the peak elution fraction.

The elution volume of thyroglobulin was taken as the column void volume (VJ and that of
toc-gl.rcos" as the total bed volume (V,). Kuu (an approximate partition coefficient) of all

standards and samples was calculated from the formula: K':(VI-V.)/(V.V") which was

subsequently plotted against log16 of molecular mass.
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2.2.6.2 Determination of subunit molecular mass

Subunit molecular mass and the molecular mass of unreduced proteins were determined by

discontinuous SDS-PAGE according to the method of (Laemmli, 1970). Polyacrylamide gels

were generally 10 or l2Yo (w/v) acrylamide. For visualisation of larger proteins or aggregates

of >150 kDa Mr, 5% (wlv) acrylamide gels were used. Samples for electrophoresis were

dissolved in an equal volume of 2x Fairbank's buffer (10% (wlv) sucrose, 0.2% (w/v) SDS,

1.88 mM EDTA and 0.01 mg bromophenol blue,2 mM Tris-HCl buffer, pH 6.8) and denatured

by incubation at 100 "C for 2 min in the presence or absence of 30 mM DTE. Gels were stained

with 0.05% (w/v) Coomassie Brilliant Blue dissolved in 40o/" (v/v) methanol, l0o/o (v/v) acetic

acid, for 30-60 min at room temperature, with gentle agitation. Background staining was

removed by washing in repeated changes of 40% (v/v) methanol, I)Yo (v/v) acetic acid. Gels

were stored in 5%o (v/v) acetic acid or dried between sheets of cellophane using the BioRad Gel

Air Drying Frame Assembly (BioRad). Unless otherwise specified, Pharmacia molecular mass

protein standards were used for gel calibration and included phosphorylase b (94 kDa), BSA

(67 kDa), ovalbumin (43 kDa), carbonic anhydrase (30 kDa), soybean trypsin inhibitor (20.1

kDa) and cr-lactalbumin (14.4 kDa).

2.2.6.3 Determination of degree of glycosylation

Ten ¡rg of recombinant enzpe were digested with PNGase F using reagents supplied by the

manufacturer and according to the manufacturer's instructions. Briefly, to 10 ¡rg of enzyne in

10 pl PBS was added 1 ¡rl of denaturing buffer (5% (wlv) SDS, 10% (v/v) B-mercaptoethanol)

and this was incubated at 100 oC for 10 min. After cooling to room temperature, 1 ¡rl of G7

buffer (500 mM sodium phosphate, pH 7,5), 1 ¡rl of 10% NP-40 and 1 ¡rl of PNGase F

(speciflrc activity 1.8 x 106 Ulmg) were added and the reaction was incubat ed, at 37 oC for 6.5 h.

Digestion products were analysed by SDS-PAGE (12% (wlv) acrylamide).

2.2.6.4 Determination of kinetic parameters

a) 45 with 4MUS substrate

The optimum pH (pH"p,) for 45 was determined by varying the pH of the reaction described in
section 2.2.5.1from pH 3.0 to 8.73 using 15 mM dimethylglutaric acid buffers. In addition 50

mM sodium acetate buffers covering the range from pH 3.6 to 5.4 were also used. Kinetic data

(K,'. and V-u*) were obtained by determining enzyme activity at pHool with substrate

concentrations ranging from 0.5 to 5 mM. K- and V-u* values were estimated by extrapolation
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of the resultant line-of-best-fit from Lineweaver-Burk plots, in which the reciprocal of the

substrate concentration is plotted against the reciprocal of the rate of the reaction at that

particular substrate concentration. The intercept on the ordinate gives l/Vru* and the negative

intercept on the abscissa is the reciprocal of K*, which is the substrate concentration at which

the reaction rate is at YzY 
^u*.

b) 45 with trisaccharide substrate

Kinetic data of 45 using the radiolabelled trisaccharide substrate were obtained by first

ascertaining pHopt using formate buffers with pH ranging from 2.76 to 4.6I and then

determining enzyme activity as described in section 2.2.5.2 with concentrations of trisaccharide

substrate (10 to 5a pM) at the determined pHopt. K* and V,nu* were calculated as described

above for 4MUS.

c) FUC with 4MUF substrate

The pHool for FUC was established using the same assay system as detailed in section 2.2.5.3

except pH of citrate/phosphate buffers ranged îrom 4.29 to 7.39. pHoo¡ was also determined in

the following buffers: 15 mM dimethylglutaric acid, pH 2.5I to 7.87,25 mM sodium acetate,

pH 2.5 to 7.8, 25 mM glycine, pH 2.I to 3.4 and 50 mM sodium barbitone, pH 6.8 to 9.6.

Kinetic analysis was performed using concentrations of 4MUF from 0.02 to 0.5 mM at pHopl in

citratelphosphate buffer. K- and V-u*, were calculated from Lineweaver-Burk plots as

discussed above.

2.2.6.5 pI determination

a) Chromatofocussing chromato graphy

Purified CHO/rcFUC was dialysed overnight against 20 mM Tris-HCl buffer, pH 7.0 at 4 oC

and then applied to a PBE 94 column (5.5 cm x 1.0 cm) equilibrated in the above buffer at a

flow rate of 1 ml/min. After loading, the column was washed with 4 column-volumes of the

same buffer and bound FUC was then eluted with 100 ml Polybuffer 74 diluted 1 to 18 in water

and adjusted to pH 4 with HCl. The column was maintained at 4 oC. All fractions were

assessed for FUC activity (section 2.2.5.3) and pH.
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b) Isoelectricfocussing (IEF)

Isoelectric point (pI) was determined on 5% (wlv) acrylamide gels (section 2.1.12) with2o/o

(v/v) ampholytes (Biolyte@ 3/10 ampholytes) using a Bio-Phoresis Horizontal Electrophoresis

Cell (BioRad) according to the manufacturer's instructions. Gels were pre-focussed at 800 V

for 15 min before applying samples (maximum volume 10 pl) and electrophoresed at 1,300 V

for 4 h. BioRad isoelectric focussing standards covering the range from pH 4.45 to 9.6 were

used. Gels were fixed in l2Yo (w/v) trichloroacetic acid, 4o/o (w/v) sulfosalicylic acid and 30o/o

(v/v) methanol for 30 min and then stained with 0.04% (w/v) Coomassie Brilliant Blue R250

dissolved in27o/o (v/v) ethanol and 10% (vlv) acetic acid with 0.5% (w/v) CuSO¿ (dissolved in

H2O before adding to the dye solution) for 60 min. The gel was subsequently destained with

40% (vlv) methanol and l0o/o (v/v) acetic acid.

To test for the presence of sialic acid residues on enzyme samples, approximately 20 pg of
each enzyme sample was treated with 80 mU of neuraminidase for 60 min at 37 oC. These

samples were then subjected to IEF as described above along with the appropriate control, that

is, enz¡rme not digested with neuraminidase.

2.2.7 Correction of storage in feline MPS VI skin fîbroblasts with rf4S

Skin fibroblasts from normal (cat 242) and affected MPS VI (cat 236) kittens (section 2.2.I.4)

were grown to confluence in DMEM, 70% (vlv) FCS and PS in 25 cm2 flasks. 'When confluent,

the medium was replaced with fresh DMEM, l0o/o (v/v) FCS and penicillin only, for 4 h to

deplete intracellular sulphate pools. Cells were labelled for 48 h with 10 pCi /ml Na235SO4

(543 mCi/mmol) in fresh medium at 3 ml/flask. Labelled cells were rinsed with PBS and then

exposed to 2.6 nmol/min/ml, or 26 nmol/min/ml, rÊlS in the presence or absence of 5 mM

M6P, in growth medium for 48 h. Cells were then harvested by trypsin-versene treatment,

washed three times with PBS by centrifugation (895 g; 3 min; 25 oC), resuspended in 100 ¡rl of
20 mM Tris-HCl, 250 mM NaCl buffer, p}{7, and then lysed by six cycles of freezelthaw. Cell

lysates were clarified by centrifugation (13,000 g; S min; 4 oC) and then assayed for 45

activity, using the radiolabelled substrate (section 2.2.5.2), B-hexosaminidase activity (section

2.2.5.4), radioactivity and total protein (Lowry, 1951).
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2.2.8 Experimental animals for feline MPS VI ERT trial
Diagnosis of MPS VI kittens was perþrmed by Allison Crawley (Department of Chemical

Pathology, WCH).

Two male MPS VI kittens born one week apart, the result of heterozygote matings from a

naturally occurring feline model of MPS VI (Haskins et al., 1979a) were designated cat 249

and cat 250. Diagnosis of the MPS VI phenotype at birth was by the lack of stained eosinophil

inclusions in blood films (Crawley et al., 1997). Cat genotype status was later confirmed by

PCR-based mutation analysis from blood spots (Yogalingam et al., 1996). Briefly, three mm

diameter punched discs of cat venous blood that had been blotted directly onto Guthrie cards

and dried at room temperature, were soaked in PCR buffer (Biotech International Ltd., Perth,

Australia) with 2.5 mM MgCl2 (30-60 min; 4 oC) and then denatured at 99 oC for 2 h under

mineral oil. After denaturation, 330 ng each of f4S7 and ?tS9 primers (Yogalingam et al.,

1996),400 pM dNTP and 1.5 units of Za4 DNA polymerase were added in a final reaction

volume of 100 ¡rl. The PCR conditions were 40 cycles of denaturation at 94 oC/30 sec,

annealing at 58 "C/30 sec and extension at12'C145 sec. Restriction enzyne digestion of the

resultant 296 bp PCR product with HaeIII gave three fragments of 163, 7 5 and 51 bp on a 5o/o

(w/v) Hi-Res agarose gel in TAE (40 mM Tris-acetate, 1 mM EDTA, pH 8) buffer and these

were diagnostic for MPS VI (digestion products of 245 and 51 bp being indicative of a normal

phenotype).

2.2.9 ERT protocol for MPS VI cats

All veterinary procedures were carried out by Allison Crawley (Department of Chemical

Pathology, WCH).

The protocol followed in this study was essentially as documented previously (Crawley et al.,

1997). Briefly, therapy \ryas commenced within 24 h of birth by intravenous infusion of 1 mg

r?lS/kg body weight in non-fasting kittens using insulin syringes, on a weekly basis for

approximately 6 months. Throughout the course of therapy, the volume of enzyrne injected

ranged from 0.06 ml to 1.9 ml, and this was generally administered over 5-10 min. To maintain

consistency between studies, oral antihistamine premedication was administered from six

weeks of age (1 mg cyproheptadine and 1 mg chlorpheniramine at least 30 min prior to
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injection). When body weight exceeded2kg, the premedication dose was increased to 2 mg of
each of the above antihistamines. Cats were monitored on a dally basis for general well-being

by animal care attendants and observed on a weekly basis at the time of injection for

development of overt MPS VI clinical symptoms. At 90, 150 and 170 days of age, cats were

subjected to a rigorous clinical assessment, which included physical, neurological and

radiological examination.

Physical features noted included appearaîcq activity and general demeanour, facial shape, ear

size, neck and body length, corneal clarity and spinal curvature, all of which were compared to

normal litter-mates.

The neurological examination included an assessment of gait and ability to correct gait after

pushing the hindquarters off balance. Also tested were the ability to wheelbarrow and hop,

proprioceptive positioning and extensor postural thrust. Animals were graded according to the

degree of hindlimb neurological deficits observed. These were classified as being, a) normal

when they could rapidly correct overbalancing of hindquarters, b) having mild deficits when

they were more clumsy in correcting overbalancing of hindquarters or displayed other gait

changes such as a heavy tread or occasional stumbling, c) mild to moderate paresis when

hindquarters were easily overbalanced and animals had a tendency to fall over and d) paralysis

when hindlimbs were dragged and muscle wasting was apparent. Flexibility was also examined

by visually estimating the degree to which animals could move their head laterally (180o being

when the nose touched the flank either side of the midline) and to extend their hindlimbs

laterully (180" coxofemoral joint movement being when the hindlimbs were parallel to the

body).

A radiological examination under anaesthesia involved taking standard radiographic views:

lateral cervical spine, laterul lumbar spine, lateral left and right hindlimb and ventrodorsal

pelvis. These were used to visualise bone growth and remodelling. To enable quantification of
these changes, measurements of the fifth lumbar vertebra (L5) were taken from radiographs of
the lateral lumbar spine. Vertebral width (W) was measured with vernier callipers at the

narrowest point of the vertebra. At the midway point of this measurement and perpendicular to

it, the distance between the epiphyses was designated the vertebral length (L). Ratios of L:W

were calculated from these values.
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While under anaesthesia for radiological examination, blood samples were taken to test for

antibody response to r?lS in plasma and urine samples collected by bladder compression for

analysis of urinary GAG. Urine samples taken on days 23 and 49 were collected by reflex

urination in response to perineal massage.

2.2.10 Determination of antibody titre in MPS VI cats undergoing ERT

using Elisa
The wells of a 96-we11 polyvinyl microtitre plate (Costar, Cambridge, MA, USA) were coated

with 100 ¡rl of a solution containing 2 p,glml r?lS in 100 mM NaHCO¡ buffer, pH 8.5 (37 'C

for 2h and then ovemight at 4 "C). Unbound enzpe in the wells was removed by aspiration,

the plate was washed with 20 mM Tris-HCl, 250 mM NaCl buffer, pH 7 using a microtitration

plate washer (ADIL Instruments, Strasbourg, France) and any unreactive sites were blocked by

the addition of 200 ¡rl/well of Io/o (w/v) BSA in 20 mM Tris-HCl, 250 mM NaCl buffer, pH 7

(blocking buffer) (2h aI room temperature). Samples of cat plasma obtained by centrifugation

of heparinised blood (390 g;3 min; 10 "C) were serially diluted in blocking buffer, added to

wells at 100 ¡rllwell and incubated for 4 h at room temperature. The plate was washed as

described above and then HRP-labelled goat anti-cat Ig, diluted 1/1,000 in blocking buffer, was

added at 100 pllwell followed by incubation for t h at room temperature. After washing the

plate as above, the assay was developed using HRP substrate solution (ABTS) and the colour

reaction was quantified by measuring absorbance at 4I4 nm in an automated microtitre plate

reader (Ceres 900 Hdi, Bio-Tek Instruments Inc., 'Winooski, VT, USA). As a control measure,

all cat plasma was analysed for non-specific reactivity to wells coated with blocking buffer

only. To test antibody titre of rh4S-treated cats, rh4S was substituted in the assay. Control

wells with no enz)¡me andlor no plasma were included for each plate. Antibody titre was

determined as being the lowest dilution at which the absorb ance at 414 nm is above two

standard deviations of the mean background.

2.2.11'Western blot analysis of plasma from rf4S-treated MPS VI cats

rf:lS (100 pg) applied to a single 6 cm wide well, and pre-stained molecular mass protein

standards þhosphorylase b (105 kDa), BSA (82 kDa), ovalbumin (49 kDa), carbonic

anhydrase (33 kDa), soybean trypsin inhibitor (28.6 kDa) and lysozyme (19.4 kDa), BioRad),

were electrophoresed on a mini SDS 12% (w/v) acrylamide gel (Laemmli, 1970) and then
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electroblotted onto nitrocellulose membrane (0.45 pm, BioRad) at 150 V for 90 min in 25 mM

Tris-HCl, 192 mM glycine, 20% (vlv) methanol (transfer buffer). Nonspecific protein binding

sites on the nitrocellulose membrane were blocked by incubating in lYo (w/v) skim milk

powder, 20 mM Tris-HCl, 250 mM NaCl buffer, pH 7 (blocking buffer) for 2 h at room

temperature. After washing the membrane with 20 mM Tris-HCl, 250 mM NaCl buffer, pH 7

(wash buffer) (3 x 5 min) it was then assembled in a BioRad Mini-PROTEAN@ II Multiscreen

apparatus and individual channels filled with sample. Samples tested included blocking buffer

(negative control), rabbit anti-r?lS polyclonal (diluted 112,000 in blocking buffer) þositive
control) or plasma from various treated and untreated cats (600 pl each). All the cat plasma

samples were diluted Il2 inblocking buffer. After making sure that no air bubbles were present

in any of the channels the membrane \Mas incubated overnight at room temperature on a

rocking platform. The contents of each channel were then removed by vacuum aspiration and

the membrane washed with wash buffer (3 x 5 min). The membrane was then cut to separate

the tracks containing the pre-stained standards and r?lS, which had been exposed to blocking

buffer and rabbit anti-rf4S polyclonal, respectively, from the remainder of the blot. This section

was probed with SAR-HRP diluted 1/1000 in blocking buffer. The remainder of the blot was

probed with HRP-labelled goat anti-cat IgG antibody diluted 1/100 in blocking buffer, for t h
at room temperature. After washing both membranes (3 x 5 min), peroxidase substrate (12 mg

4-chloro-1-naphthol dissolved in 20 ml of 20"/o (v/v) methanol,20 mM Tris-HCl buffer, pH 7

with 12 p,l30% (vlv)H2O2) was added and the reaction continued until bands were visible. The

reaction was stopped by removing the substrate solution and rinsing the membrane in water.

2.2.l2lmmunobinding assay for 45

A 96-well polyvinyl microtitre plate was coated with 100 pllwell of sheep anti-mouse (SAM)

IgG antibody diluted 1/100 in 100 mM NaHCO¡ buffer, pH 8.5 and incubated at 37 oC for t h
and then overnight at 4 oC. It was then washed, blocked and washed again as described in

section 2.2.I0. Monoclonal antibody (100 pl/well) was added and the plate incubated for 4hat
room temperature. Monoclonal antibody F58.3 (Diacult culture medium) was diluted 1/50 in

blocking buffer, F22.I and F66 (hybridoma conditioned medium) were used without dilution.

The wash was repeated, rf4S or rh4S at 100 nglwell was then added and the plate incubaîed at

4 oC for 16 h. After incubation the plate was washed again. The assay was developed by

addition of 100 ¡rl 4MUS assay mix (as described in section 2.2.5.1), to each well and
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incubating at 37 oC for 20 min. The reaction was stopped by transferring the contents of each

well into 1.5 ml glycine buffer, pH 10.6. Fluorescence \Mas determined at 3361446 nm as

described in section 2.2.5.I. Control wells with either no monoclonal antibody and/or no

enzyme were included.

2.2.13 Sandwich Elisa of monoclonal antibody binding to 45

A 96 well polyvinyl microtitre plate was coated with rabbit anti-human 45, or rabbit anti-cat 45

polyclonal antibody at | ¡t"glml, washed and non-reactive sites blocked as described in section

2.2.10. 100 ng r?lS or rh4S was added to the wells coated with antibody to r?lS and rh4S,

respectively, the plate was then incubated at room temperature for 4 h and washed before

adding the sample (monoclonal antibody) at 100 ¡rl/well. Hybridoma medium was used

undiluted, alternatively medium from a Diacult culture was diluted 1/50. The plate was

incubated at 4oC overnight, washed and then SAM-HRP conjugate, diluted 1/1,000 in blocking

buffer, was added at 100 ¡rl/well and left at room temperature for t h. The plate was washed

againbefore finally adding the HRP substrate solution (ABTS) at 100 ¡rl/well and then reading

the absorbance aT 474 nm on an automated plate reader. Antibody titre was calculated as

described in section 2.2.I0.

2.2.14 Llrinary GAG analysis

Urine samples were collected at specified times (see section 2.2.9) and stored at -20 oC without

preservative until analysed for GAG and uronic acid concentration by the following methods.

2.2.14.1Alcian Blue spectrophotometric detection of total GAG
Total urinary GAG was measured using the Alcian Blue spectrophotometric method of
(Whiteman, 1973) as modified by (Gold, 1979). Briefly, urine samples were thawed, mixed

thoroughly and then centrifuged (1560 g; 10 min; 10 "C;. The resultant supematant was then

diluted 1/8 in 50 mM sodium acetate buffer, pH 5.8. To one of a duplicate sample of diluted

urine (250 pl each) 625 p"I of 50 mM sodium acetate buffer, pH 5.8 was added (blank sample)

and to the second (test sample) an identical volume of Alcian Blue 8GX (2 mglml solution in

50 mM sodium acetate buffer, pH 5.8). Samples were vortexed and allowed to stand at room

temperature for 30 min. The samples were then re-vortexed and absorbance at 480 nm

measured against the blank sample. Concentration of GAG was calculated from a standard
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curve generated using C4S standards ranging from 0-400 mg/ml. Urinary creatinine levels

were measured using an autoanalyser method (Synchron CXR System, Beckman Instruments,

Inc., Fullerton, CA, USA). Urinary GAG concentration was normalised to creatinine levels and

expressed as mg/mmol creatinine.

2.2.14.2 High-resolution electrophoresis of GAG

To the volume of urine equivalent to 300 mg of GAG (as determined by the Alcian Blue

method, section 2.2.14.1), an equal volume of 0.1%o (w/v) CPC in 54 mM sodium citrate

buffer, pH 4.8 was added, mixed and incubated at 37 oC for 30 min. Samples were then

centrifuged at 1,500 g for 10 min at 15 oC, the supernatant removed and the pellets resuspended

in 150 ¡tl of 2 M LiCl. After the addition of 800 pl of absolute ethanol, the samples were re-

centrifuged and the resultant pellets were allowed to dry overnight at room temperature. The

pellets were then dissolved in 10-20 ¡rl of 0.5 mg/ml phenol red and approximately 3 ¡rl loaded

on Titan III cellulose acetate plates (6 cm x 9.4 cm) for HRE according to the method of
(Hopwood and Harrison, 1982). Briefly, GAG species were separated according to their

differential solubilities in ethanol and electrophoretic mobilities in barium acetate buffer a|250

V in a Shandon Model U77 electrophoresis apparatus. The plates were stained in 0.25% (wlv)
Alcian Blue for 15 min then destained in l% (vlv) acetic acid. After drying at room

temperature the plates were scanned using a Molecular D¡mamics Personal Densitometer

Scanner with Molecular Dynamics ImageQuant software, Version 1 (Molecular Dynamics

Inc.). Densitometric estimations of the approximate relative proportions of two DS species

(DS1 and DS2) were made and these were expressed as a percentage of the total area (i.e., total

GAG) under the peaks.

2.2.14.3 Uronic acid quantification of GAG

To quantify GAG as total uronic acid, urine was buffered to pH 5 with 50 mM sodium acetate

buffer, pH 5 and chromatographed over a 1 ml DEAE-Sephacel anion exchange column

equilibrated in 50 mM sodium acetate buffer, pH 5. Under these conditions, sulphated (i.e.,

charged) GAG bound to the matrix and were subsequently eluted with 2 M NaCl in 50 mM

sodium acetate buffer, pH 5 (3 x 2 mI washes). The concentration of uronic acid in the samples

was estimated using the meta-hydroxydiphenyl method (Blumenkrantz and Asboe-Hansen,

1973). Samples were made to 200 ¡rl with HzO and cooled on ice before the addition of 1.25 ml

of 125 mM sodium tetraborate/concentrated sulphuric acid. Tubes were mixed thoroughly,
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incubated at 100 oC for 5 min and cooled on ice. A 20 ¡rl aliquot of 0.5 mglml meta-

hydroxydiphenyl dissolved in I20 mM NaOH was added and samples were mixed by

vortexing. Two hundred ¡rl aliquots were then transferred to Immunlon lR Removawell strips,

and absorbance at 550 nm was read in an automated Elisaplate reader. The concentration of
uronic acid was determined from a standard curve generated using concentrations of D-

glucuronic acid lactone (0 to 10 pglassay).

2.2.14.4 Gradient-PAGE analysis of GAG

Sulphated GAG eluted from DEAE-Sephacel (section 2.2.14.3) was desalted on Sephadex G10

(25 cm x 0.9 cm) equilibrated in 100 mM ammonium formate buffer, pH 6. Fractions positive

for uronic acid (as determined in section 2.2.14.3) but containing no NaCl were pooled,

lyophilised and redissolved in 100 mM ammonium formate buffer, pH 6. Uronic acid

concentration was re-determined as above and samples containing -I ltg uronic acid were

made l0% (vlv) with glycerol, containing trace amounts of phenol red and bromophenol blue,

and then analysed by gradient-PAcE (30-40% (w/v) acrylamide (Tumbull et al., 1997).

Electrophoresis was performed at 350 V for 16 h or until the phenol red dye was approximately

1 cm from the bottom of the gel. Standards comprising tetra-, hexa- and octa-saccharides

prepared from bovine lung heparin were a generous gift of Dr. J. Tumbull (University of
Birmingham, UK). The gel was stained with Alcian blue/silver nitrate according to the method

of (Merril et aL.,1981), and bands of interest were subjected to densitometric analysis (section

2.2.14.2). A duplicate aliquot of each sample was treated with 10 pmol/min of r?lS for 16 h at

37 oC and analysed in the same manner.

2.2.15 Post mortem examination of MPS VI cats on ERT
The post-mortem examination and assessment of lysosomal storage were perþrmed by Allison

Crawley (Department of Chemical Pathology, tlCH). Tissue processing and sectioning were

done by Richard Davey (Department of Chemical Pathology, WCH).

Following a clinical examination as detailed above (section 2.2.9), cats were euthanased with

an overdose of intravenous barbiturate 4 days after the final injection of rf4S. On autopsy,

gross examination of tissues and joints was conducted. The spinal cord was exposed and

examined for compression by the removal of dorsal vertebral arches between the fourth
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cervical and fourth lumbar vertebrae. Samples of tissues for electron microscopy were fixed in

2% (vlv) glutaraldehyde, 2Yo (v/v) formaldehyde in 100 mM cacodylate, 5 mM calcium

chloride buffer, pH7.4 overnight at 4oC, and then postfixed in lo/o (v/v) osmium tetroxide, 100

mM cacodylate buffer, 5 mM calcium chloride buffer, pH 7.4 for 30-60 min at room

temperature. They were then dehydrated through 70o/o, 90o/o and 700o/o (v/v) ethanol and

embedded in Spurr's resin. One micron thick sections were stained with I% (wlv) Toluidine

Blue in l% (wlv) borax and then ultrathin sections cut and stained wiTh 2o/o (w/v) uranyl

acetate, I% (wlv) lead citrate and examined with a Hitachi H-7000 electron microscope. For

light microscopy, tissues were fixed in l0o/o (v/v) formalin and were embedded in paraffin,

sectioned and stained with haematoxylin and eosin. To determine the degree of vacuolation in

the cells of tissues, 1 pm sections stained with Toluidine Blue \Mere assessed by light

microscopy at 100-400-x magnification and graded subjectively as follows: 31, severe degree

of lysosomal storage; 2-1, moderate; 1+, mild; +/-, very mild; 0, no vacuolation.

2.2.16 Bone histomorphometric analysis of MPS VI cats on ERT
To label newly mineralised bone animals were injected subcutaneously with the fluorochrome

dye calcein at a dose of 15 mglkg on days 12 and 13 prior to euthanasia and with

oxletracycline on days 2 and 3 before euthanasia. At autopsy, the fifth lumbar vertebra (L5)

was removed, wrapped in gauze soaked in 0.9'/o (w/v) NaCl and stored at -80 oC until analysis.

After thawing, the L5 vertebra was fixed in l9o/o (v/v) buffered formalin and dehydrated in

increasing concentrations of acetone (70-100%) before embedding in methylmethacrylate

resin. Undecalcified sections (0.5 ¡rm) were cut and stained with von Kossa stain to visualise

mineralised bone. An automated image analysis system was used to quantify trabecular bone in

the primary centre of ossification. Static parameters of bone formation including bone mineral

volume (BV/TV), bone surface density (BS/TV), trabecular thickness (TbTh), trabecular

separation (TbSp) and trabecular number (TbN) were calculated using standard morphometric

formulae (Parfitt et al., 1987). Dynamic parameters of bone formation including mineral

apposition rate (MAR) and bone formation rate (BFR/BS) were determined from unstained L5

vertebral sections by measuring the distance between the fluorochrome dyes calcein (green)

and oxytetracycline (orange) under fluorescent light (420 nm) using a routine manual point

counting technique. Standard formulae were then applied to calculate MAR and BFR/BS

(Recker, 1983).
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2.2.17 Residual 45 activity in MPS VI cat liver
Liver samples were frozen at -20 oC until processing. Samples of liver, (approximately I-2 g

wet weight) were thawed, minced and then homogenised at maximum speed for approximately

l-2 min at 0 oC in twice their volume of 20 mM Tris-HCl, 250 mM NaCl buffer, pH 7, using

an Ultra T25-Tunax Homogeniser. The homogenate \Mas freezelthawed six times and clarified

by centrifugation (13,000 g; 10 min; 4 oC) and the resulting supernatant was dialysed overnight

at 4 oC against 50 mM sodium formate buffer, pH 3,5, before being assayed for 45 activity

using the radiolabelled trisaccharide substrate (section 2.2.5.2). Randomly selected treated and

untreated cat livers were processed in the same manner. Results of assays were norTnalised to

total cell protein as estimated by the Lowry method (1951).

2.2.18 Assessment of hepatomegaly in treated MPS VI cats

To assess cats for hepatomegaly, wet weights of liver expressed as a percentage of total body

weight at autopsy were compared with those of normal, untreated MPS VI and MPS VI rh4S-

treated age and sex-matched animals (two male MPS VI cats treated with 5 mg rh4S/kg and

euthanased at 5 months \Mere included in this group). Statistical analysis was carried out using a

two-tailed I test assuming equal variance and accepting a P value of 0.05 as being statistically

significant.

2.2.19 Distribution of tH-rf4s in kittens
Purified radiolabelled r?lS was prepared as described in section 2.2.26. Four normal 8-day old

kittens were injected via the cephalic vein with 1 mg rfilS/kg body weight (total cpm/kitten

varied between 3.6 x 106 and 5 x 106), Radiolabelled r?tS was supplemented with unlabelled

rÊlS to give a final concentration of 1 mglkg. The volume injected was approximately 600 ¡rl

over 20 sec. Immediately after injection a 500 ¡rl heparinised blood sample was collected from

the jugular vein of two kittens only and similar samples were collected at time intervals up to 4

h. Blood samples were centrifuged at 1560 g for 5 min at 10 oC, the plasma collected and a 10

¡r1 aliquot added to 3 ml scintillant and counted in a'Wallac 1409 liquid scintillation counter.

After four hours the kittens were euthanased with an overdose of intravenous barbiturate.

Tissues were collected, weighed and a 1 g portion of tissue, or the entire organ if this was less

than 19, was finely minced with a scalpel before adding 5 ml of 1 N NaOH per sample. The

samples were solubilised by rotation at room temperature overnight and then centrifuged at 390
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g for 10 min at 15 oC to pellet any insoluble material. A 200 pl aliquot of each supernatant was

placed into 20 ml glass scintillation vials to which was added 500 ¡rl of NCS-tr Tissue

solubilizer:iso-propanol (1:2). Samples were mixed and left at room temperature for 60 min

and then 8 drops of 30o/" (v/v) H2O2 were added and mixed. After a further 60 min, 15 ml

scintillant was added and the samples counted in a'Wallac 7409 liquid scintillation counter.

The total number of cpm in each organ was calculated and expressed as a percentage of the

total cpm injected.

2.2.20 Construction of cFUC expression vector
This work was carried out by Maria Fuller (Department of Chemical Patholog,,, WCH).

The isolation of the rcFUC cDNA (Occhiodoro and Anson, 1996) and the expression vector

pEFNeo (Bielicki et aL.,1993) have been described previously. In order to construct the rcFUC

expression vector a NotANheI fragment encompassing bases 142 to 1577 of the cFUC cDNA

was isolated from the oFUC cDNA clone 3.1 (Occhiodoro and Anson,1996) and cloned into

the NoilNheI restricted pBluescriptllSK (Stratagene) to give pBlcFUCNotINheI. To complete

the reading frame a 169-bp fragment was slmthesised as seven complimentary overlapping

oligonucleotides encompassing a 5'NotI sticky end (bold) and EcoRI and EcoRV restriction

sites (italics and bold italics, respectively), followed by a Kozac consensus sequence

(underlined) and the coding sequence for cFUC cDNA beginning at the initiation codon

(GGCCGCGAATTCGATATCSCCGCCACCATG---) and ending with the 3'NotI sticky end

corresponding to the NotI restriction site at base 158. This fragment was then cloned into the

NolI site of the pBlcFUCNotINheI and a clone containing the sequence in the proper

orientation was identihed by DNA sequence analysis and designated pBlcFuc. The complete

cFUC coding sequence was then excised as an -EcoR[ fragment and cloned into the expression

vector pEFNeo, placing it under the transcriptional control of the human elongation factor-1cr

gene promoter, to give pEFNeocFUC.

93



2.2.21Transfection of cells with pEFNeocFUC

2,2,21.1 Electroporation

CHO-KI cells in Ham's Fl2, l0o/o (v/v) FCS and PS, and MDCK cells in DMEM, I0% (vlv)

FCS and PS, were gro\Mn to confluency, harvested by trypsin-versene treatment, washed with

PBS and finally resuspended in PBS at 1 x 107 cells/ml. Cells in 1 ml aliquots were placed into

disposable electroporation chambers kept at 0 oC. After addition of 10 pg of pEFNeocFUC

(section 2.2.20) the cells were electroporated a''275 V and 330 ¡rF or 800 ¡rF using a Cell

Porator. After transfection the cells were grown in non-selective medium for 48 h and then

subcultured 1:5 and 1:20 into medium containing 1 or 0.5 mglml total G418. Approximately 72

days later clones were visible and these were individually picked using cloning rings. Each

clone was maintained and expanded in medium containing 0.5 mglml total G418. One-day or

three-day conditioned medium from confluent cultures of each selected clone was assayed for

FUC activity. Clones expressing the highest level of activity were recloned by limiting dilution

and retested for enzyme expression levels.

2.2.21.2 DOTAP

MDCK cells were also transfected using N-[1-(2,3-dioleolyloxy)propyl]-N,N,N-

trimethylammonium methyl sulphate (DOTAP) as follows. Sterile solutions of DOTAP (a5 pl)

in 95 pl HeBS (HEPES-buffered saline), and 6.8 pl (7.8 ¡rg) pEFNeocFUC in 69.5 pl PBS,

were combined, mixed gently and left at room temperature for 15 min. This mixture was then

added dropwise onto MDCK cells at 50o/o confluency in fresh DMEM, l0% (vlv) FCS and PS.

After 48 h the cells were subcultured into G4l8-selective medium and clones selected as

described for electroporated cells (secti on 2.2.21 .l).

2.2.22 Large-scale production of rctr'UC

For large-scale production of rcFUC, CHOcFUC4}-A2-4 or MDCKcFUCS-6 cell lines

(section 4.1.1) were expanded to 15 confluentT5 cm2 flasks and were each seeded into a cell

factory (Nunc 1200 cm2). CHOcFUC4}-A2-4 cells were grown and seeded in

COON's/DMEM, l0% (vlv) FCS and PS and MDCKcFUC8-6 cells in DMEM, 10% (v/v) FCS

and PS. FCS concentration was reduced to 2o/o (v/v) once confluency was achieved in the cell

factories. Conditioned medium was collected every 3-4 days. 'When enzyme production levels

started to decrease because of cell death, cell growth was revived by the addition of FCS Io 5o/o
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or l0o/o (v/v) for 3-4 days. This cycling of high/low FCS was continued for the duration of the

culture. Conditioned medium from cell factories was clarified by centrifugation (550 g; 10 min;

4 "C).

Cell culture and collection of medium from the Bioreactor were done by Dr. Peter Clements

and Chris Boulter (Department of Chemical Pathology, WCH).

CHO/rcFUC for pharmacokinetic and ERT studies in fucosidosis dogs was also produced on a

larger scale in a Biostat@ B Bioreactor (8. Braun Biotech Intemational, Federal Republic of

Germany) which was monitored and controlled for Oz, pH, glucose and lactate. Conditioned

medium was collected either continuously at 200 ml/h or in bulk twice daily. The medium

collected from the Bioreactor was filtered using Whatman 3MM filter paper.

2.2.23 Purification of rcFUC by affinity chromatography
Medium was made 0.02% (w/v) sodium azide and stored at 4 oC and prior to enzyme

purification was concentrated approximately 10 to 20-fold in a DC-2 hollow fibre concentrator

using a 10 kDa hollow fibre cartridge. To purify rcFUC, the concentrated conditioned medium

was first dialysed against 50 mM sodium acetate buffer, pH 5 (Buffer A) at 4 oC ovemight and

then centrifuged (3,500 g; 10 min; 4 oC) to remove the precipitate that developed during

dialysis. The clarified supernatant was applied to a column of fucosylamine insolubilised on

cross-linked 4% beaded agarose via a 2|-carbon-atom spacer (Sigma F3902) equilibrated in

Buffer A. Unbound proteins were removed by washing the column with 5 to 10 column-

volumes of Buffer A. The rcFUC was then eluted with 5 column-volumes of lo/o (w/v) L-

fucose dissolved in Buffer A. Fractions were assayed for FUC activity (section 2.2.5.3) and

those fractions containing FUC activity pooled, concentrated and the buffer changed to PBS in

an ultra filtration stirred-cell. Protein concentration was determined by the Lowry method

(1951) and purity assessed by SDS-PAGE (Laemmli, 1970).

2.2.24 Purification of rat liver FUC
To purify rat liver FUC, the liver of a rat was removed, homogenised and a clarified

freezelthaw extract prepared as described in section 2.2.17. The resultant supematant was

dialysed against 50 mM sodium acetate buffer, pH 5 before chromato g.aphy on fucosylamine-

agarose as described above.
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2.2.25 Correction of storage in human fucosidosis cells with rcFfIC
Skin fibroblasts from two unaffected individuals (SF4634, SF4686) and from a clinically

severe fucosidosis patient (SF2184) were grown to confluency in 25 cm2 flasks in DMEM,

l0% (vlv) FCS and PS and then labelled with t-¡3q-nrcose (84 Cilmmol) at 10 ¡rCi/ml for 48

h. After labelling, the medium was removed, each flask rinsed with 3 ml PBS and the cells

refed with growth medium supplemented with either CHO/rcFUC, or MDCIIToFUC, at 1.6 or

16 nmol/mirVml in the presence or absence of 5 mM M6P. After 48 h cells were harvested and

cell lysates prepared as described above (section 2.2.7). Cell lysates were dialysed against 50

mM sodium acetate buffer, pH 5 (16 h; 4 "C) before assaying for FUC (section 2.2.5.3) and B-

hexosaminidase activity (section 2.2.5.4), radioactivity and total protein (Lowry, 1951).

Correction of storage in human fucosidosis cells with 16 nmol/mirVml cationized CHO/rcFUC

(section 2.2.45), was done in an identical marurer.

2.2.26 Radiolabelling of recombinant enzymes

CHO/rcFUC, MDCIITcFUC and rf:lS were radiolabelled with 3H-leucine as follows.

Routinely, 25 flasks (75 cm'; of cells expressing the relevant enzyme were grown to
confluency as described in sections2.2.l.1 and 2.2.1.2. The cell monolayer was then rinsed

with PBS and refed with 5 ml/flask of leucine-free cr-MEM containing l0% (v/v) dialysed

FCS, 5 mM NH¿CI, 20 ¡tCilml 3H-leucine and PS. After 48 h conditioned medium was

collected, centrifuged to remove cell debris (390 S; 5 min; 4 oC) and the clarified supematant

stored at 4 oC with 0.02o/o (w/v) sodium azide until processing (for methods see sections 2.2.3

and2.2.23).

To obtain intracellular CHO/3H-rcFUC, which is predominantly of the mature form, the

CHO/rcFUC cells remaining after removal of the 3H-labelled medium (25 x 75 cm2 flasks)

were rinsed with PBS, harvested with trypsin-versene and pooled. Cell lysates \ryere prepared

essentially as described above (section 2.2.7) except the cell pellet was resuspended in 25 ml

lysis buffer. The cell lysate was dialysed against 50 mM sodium acetate buffer, pH 5 before

puri fic ation on fuco sylamine - agaro se (s ection 2.2.23) .
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Activity was determined using the appropriate assay described above (sections 2.2.5.1 and

2.2.5.3) and purity determined by analysis of SDS-PAGE (Laemmli,1970).

2.2.27 Growth of OX26 hybridoma cells

OX26 hybridoma cells were purchased from the European Collection of Cell Cultures (ECCC

No. 84112014). One vial of frozen cells was thawed, resuspended in 10 ml RPMI 1640

medium containing I0% (vlv) FCS, PS and 2 mM glutamine (RPMI complete medium) and

500 pl aliquots were added to the wells of a24-well plate in which spleen feeder cells (section

2.2.29) had been seeded in 1 ml RPMI complete medium the previous day. As the OX26

hybridoma cells grew they were expanded to 75 cm2 flasks and were cultured until they

reached a cell density of 1 x 107 cells/ml, sufficient to establish a Diacult culture. The Diacult

comprised 20 ml of a cell suspension in a sterile dialysis tubing bag placed inside a I75 cm2

flask (NunclonrM; containing 100 ml RPMI complete medium. Flasks were rotated on a

Diacult 4 (Intermed) rotator in an incubator maintained at 37 oC and 5Yo COz. Medium was

changed every 2-3 days for up to 3 weeks. After this time the cell suspension containing the

OX26 antibody was removed from the dialysis tubing and clarified by centrifugation (690 g; 10

min; 10 oC;. The OX26 antibody isotype was confirmed using Iso-strips according to the

manufacturer's instructions. The OX26 was then purified as described in section 2.2.28.

2.2.28 Purification of OX26
OX26 was purified using a 1 ml HiTrap Protein G column equilibrated in PBS. The clarified

hybridoma medium was applied to the column at 1 ml/min using an Econo System (BioRad).

After loading the medium, the column was washed with 50 ml PBS before eluting with 5 ml

100 mM NaPO+ buffer, pH 2.5. The binding capacity of the column v/as approximately 7 mg.

The eluted OX26 was pooled and dialysed against PBS. Purity was assessed by SDS-PAGE

(Laemmli, 1970) and protein concentration determined using the Lowry method (1951).

2.2.29 Production of spleen feeder cells

A Balb/c mouse was sacrificed by CO2-asphyxiation and the spleen, removed under sterile

conditions, was placed in 10 ml pre-wanned RPMI complete medium in a petri dish and the

spleen cells teased from the tissue using sterile fine-tipped forceps. Spleen cells were then

separated from tissue debris by allowing the latter to settle under gravity in a Falcon tube
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(Becton Dickson Labware, Franklin Lake, NJ, USA). Spleen cells were transferred to a clean

tube and centrifuged (390 S; 10 min; 15 "C). The supematant was aspirated and the cell pellet

gently resuspended in 10 ml RPMI complete medium. This cell suspension was added to 40 ml

RPMI complete medium, mixed by inversion and the cells dispensed in 1 ml aliquots into the

wells of two 24-well plates and incubated for up to 5 days before use.

2.2.30 Production of monoclonal antibodies to rcFUC
A standard method for monoclonal antibody production was used (Harlow and Lane, 1988).

Briefly, a female Balb/c mouse was injected subcutaneously \Mith 50-100 pg CHO/rcFUC

emulsified in an equal volume of Freund's complete adjuvant. At two-weekly intervals two

more injections were given in Freund's incomplete adjuvant. Blood was sampled during

immunisation and was tested for titre to CHO/roFUC using a standard direct Elisa protocol as

described in section 2.2.10 except that CHO/rcFUC was used to coat the plate and SAM-HRP,

diluted 1/1,000 in blocking buffer, was used as the secondary antibody. 'When a titre >1,000

had developed, a final injection of enzpe in PBS was administered three days prior to
sacrifice.

Fusion of spleen cells from the immunised mouse and 4g82P3653 myeloma cells was carried

out as follows. The myeloma cells were grown in RPMI complete medium in75 cm2 flasks to a

density of 2 x 107 viable cells/ml. The immunised mouse was killed by CO2 asphyxiation and

spleen cells were extracted as described in section 2.2.29, except that PBS was used instead of
RPMI complete medium and the spleen cells were passed over glass wool to remove all traces

of tissue. The glass wool was washed with extra PBS to enhance recovery of spleen cells.

Spleen lymphocytes were pelleted at390 g for 10 min at 15 oC then resuspended in 10 ml

RPMI complete medium without FCS (RPMI incomplete medium) and cell viability

determined. Myeloma cells were harvested by centrifugation (390 g; 10 min; 15 "C) and the

cell pellet resuspendedin20 ml RPMI incomplete medium. Myeloma cells were then added to

lymphocytes in a ratio of 1:9. The cell mixture was centrifuged at390 g for 10 min at 15 oC,

the supematant discarded and the cells were gently mixed to resuspend the cell pellet. 1 ml of
pre-warmed polyethylene glycol (42% (w/v) in 75 mM HEPES buffer, pH 8) was added

dropwise over 20-30 sec with shaking. RPMI incomplete medium (10 ml) was then added

dropwise with shaking and finally another 40 ml RPMI incomplete medium was added. Cells

were pelleted by centrifugation at 390 g for 10 min at 15 oC, the supernatant discarded and the
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cells resuspended in 10 ml 0.1 mM hypoxanthine, 0.4 ¡rM aminopterin, 16 ¡rM thymidine (1 x

HAT) in RPMI complete medium which had been supplemented with spleen feeder cells (see

section 2.2.29). This cell resuspension was added to approximately 200 ml 1 x HAT in RPMI

complete medium, which was also supplemented with spleen feeder cells, mixed and plated out

inlo 24-well plates at 1 ml/well.

After 10-14 day's incubation plates were screened for hybridomas. Direct Elisa, as described at

the beginning of this section, was used to test the medium of those wells in which hybridomas

were present, for antibody reactivity against CHO/rcFUC. Hybridomas showing positive

reactivity were expanded, recloned by limiting dilution and retested. Those hybridomas still

positive after retesting were isotyped using IsoStrips according to the manufacturer's

instructions. An immunobinding assay was used to determine which hybridomas reacted with

native CHO/rcFUC. This assay was essentially the same as described in section 2.2.12 except

that CHO/rcFUC instead of rf2lS was added to each well after the addition of hybridoma

medium, and the appropriate assay mixture (4MUF; section 2.2.5.3) was used. Medium of
those hybridomas designated as positive by Elisa was also tested for immunohistochemical

detection of cFUC as describe in section 2.2.32. Cross-reactivity with rat liver FUC was also

determined using a direct Elisa as described above in this section. Western blot analysis was

carried out as in section 2.2.1I except CHO/rcFUC was electroblotted onto nitrocellulose and

this was probed with hybridoma medium from Elisa-positive clones and the secondary

antibody was SAM-HRP. As a test for positive reactivity, part of the membrane was treated

with rabbit anti-rcFUC antibody (section 2.2.31) followed by SAR-HRP antibody.

2.2.31 Production of rabbit anti-rcFUC antibody
Rabbit polyclonal antiserum to rcFUC was produced by the IMVS (Adelaide, South Australia)

by immunisation with three injections (300 pg each) of sterile CHO/rcFUC at three-weekly

intervals. The titre of the polyclonal antibody was determined using a direct Elisa method

(section 2.2.10). Briefly, a 96 well plate was coated with 500 nglwell of rcFUC, the polyclonal

serially diluted in blocking buffer and detected with SAR-HRP/ABTS substrate. Titre was

determined as described in section 2.2.10.
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2.2.32 Immunohistochemical analysis of cFLIC expression

CHOcFUC40-A2-4 cells were grown and harvested as described in section 2.2.1.1. A drop of

the harvested cells was placed into 1 ml of COON's/DMEM, 10% (v/v) FCS and PS in each

well of an eight-well Lab Tek chamber slide (Nalge Nunc Intemational, Naperville, IL, USA)

and cultured until confluent. The cells were washed twice with PBS and then fixed with 1%

(v/v) formaldehyde in PBS for 30 min at 4 oC, followed by two washes with methanol. The

wells were rinsed with PBS and then blocked with three 15-min cycles of l)Yo (v/v) FCS in

PBS (blocking buffer). Anti-CHO/rcFUC hybridoma supematant was then diluted 1:1 with 1.5

pg/ml digitonin in PBS and an amount of this mixture sufficient to cover the cell layer

(approximately 250-500 pl) was placed in each well. After incubation for 3 h at room

temperature the antibody was removed and the wells were washed with blocking buffer (three

cycles of 5 min each). FlTC-conjugated SAM antibody diluted 1/15 in blocking buffer, and

pre-absorbed against ovalbumirVBsA-Affi-Gel, was then added to each well for t h in the dark

at 4'C. After aspirating the antibody the wells were then washed with PBS (3 x 5 min), the

chambers and dividers removed, and a drop of PBS:glycerol (1:1) was added to the cells before

applying a cover slip. Cells were examined using a fluorescence microscope.

2.2.33 Preparation of insulin peptide fragment, F007

Essentially, a scaled-down version of the method as described in Fukuta et al. (1994) was used.

Bovine pancreatic insulin (10 mg) was dissolved in 1 ml 10 mM HCI and then 5 ml 100 mM

NaPO+ buffer, pIH7.4 was added followed by the addition of 1.5 mg TPCK-trypsin. The

mixture was incubated at 37 oC for 20 h and the reaction stopped by addition of 0.5 ml 1 N

acetic acid. The solution was lyophilised, resuspended in 4 ml I N HCI and then f,rltered

through a Millipore 0.2 pm filter. The insulin fragments resulting from tryptic digestion were

separated on reversed-phase HPLC (Dynamax-604c8 column) using a 0-I00o/o (v/v)

acetonitrile gradient in0.lo/o (v/v) trifluoroacetic acid. A sample from each peak fraction \Mas

analysed on Tricine-SDS polyacrylamide gels (Schagger and von Jagow, 1987) and the

structure of each of the tryptic peptides isolated was confirmed by MS/MS. Before applying to

MS/MS a sample from each peak fraction was lyophilised, resuspended in 100 pl of

ammonium acetate and boiled for I h in the presence of 30 mM DTE. Analysis of mass/charge

(rnlz) peaks together with fragmentation data and bovine insulin tryptic digest data from the

Swiss Prot databank allowed the structure of each fragment to be unambiguously determined,
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2.2.34 Pyridyldithiopropionate modification of insulin and rcFUC
Pyridyldithiopropionate modification of insulin and rcFUC was done according to a procedure

modified from Fukuta et al. (1994). Bovine pancreatic insulin was dissolved in 100 mM NaPO+

buffer, 5 mM EDTA, pH 7.4 (Buffer B) at 1 mglml and an 8-fold molar excess of the water-

soluble heterobifunctional crosslinker, sulfosuccinimidyl 6-13'-(2-pyridyldithio)-

proprionamido]hexanoate (SPDP) was added. After incubation for 15 min at room temperature,

the reaction was stopped by the addition of 10 mM Tris-HCl buffer, pH 7.To remove free

SPDP, the reaction mixture was initially chromatographed on a PD-10 column (3 cm x 1 cm)

equilibrated in Buffer B but in later experiments was dialysed extensively against Buffer B
instead. After dialysis the protein concentration was determined by the Lowry method (1951).

CHO/rcFUC was modified in a similar manner. To a 1 mglml solution of purified rcFUC in
Buffer B, L-fucose was added to 20 mM and incubated for 15 min at room temperature. This

was followed by the addition of 0.07 mg SPDP for 5 min at room temperature. The reaction

\À/as quenched and the reaction mixture was dialysed as described above for insulin. FUC

activity was monitored at each step of the procedure.

2.2.35 Quantification of pyridyldithiopropionate modification of insulin and

rCFUC

To determine the degree of pyridyldithiopropionate modif,rcation of insulin and rcFUC an

aliquot of the dialysed SPDP-derivatized protein was reduced with 25 mM DTE for 60 min at

room temperature (V/alus et al., 1996). Release of pyridine-2-thione was measured

spectrophotometrically by determination of absorbance at 343 nm. A control blank of
underivatized protein in Buffer B with 25 mM DTE was included. Using the molar extinction

coefficient of pyridine-2-thione at343 nm (8.08 x 103 M-l ..n-t), and the protein concentration

of derivatized protein after correction for background, the number of moles of
pyridyldithiopropionate bound per mole of insulin or rcFUC was calculated.
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2.2.36 Conjugation of insulin to rcFUC

SPDP-derivatized rcFUC was first treated with 25 mM DTE for t h at room temperature and

then dialysed against Buffer B at 4 oC as described above (section 2.2.34). After dialysis,

SPDP-derivatized insulin was added in a molar ratio of 1:10 (rcFUC:insulin) and allowed to

react at room temperature for 16 h with rotation. An aliquot of the reaction mixture was

analysed for conjugate formation by SDS-PAGE under non-reducing conditions (Laemmli,

r970).

2.2.37 Thiolation of rcFflC with SATA
Thiolation of rcFUC with SATA was carried out according to'a modified procedure of 'Walus

et al. (1996). To a 6 mglml solution of rcFUC in Buffer B (section 2.2.34) was added a volume

equivalent to a 5-fold molar excess of N-succinimidyl S-acetylthioacetate (SATA) dissolved in

anhydrous dimethylformamide. The reaction was incubated at room temperature for 30 min

and quenched by the addition of 10 mM Tris-HCl buffer, pH 7.4. Free SATA was removed by

dialysis against Buffer B as previously described (section 2.2.34) and FUC activity (section

2.2.5.3) and protein concentration (Lowry, 1951) determined.

2.2.38 Quantification of modification of rcFUC with SATA
The extent of modification of rcFUC with SATA was determined using Ellman's reagent (5,5'-

Dithio-bis-(2-nitrobenzoic acid), DTNB), a water-soluble compound that can be used for

quantitating free sulphydryl groups in solution (Ellman, 1959). It has high specificity for

sulphydryl goups at neutral pH values resulting in the release of a yellow product,

thionitrobenzoic acid (TNB), which can be quantified by spectrophotometry at 4I2 nm (molar

extinction coefficient of 74.15 x 103 M-r cm-r).

The method involved deacetylation of an aliquot of dialysed SATA-derivatized rcFUC by the

addition of 500 mM hydroxylamine, 50 mM NaPO+ buffer, pH 7.5,25 mM EDTA to give a

final concentration of 50 mM hydroxylamine, After incubation at room temperature for 60 min

the reaction mixture was adjusted to a final volume of 250 pl with 50 mM NaPO¿ buffer, 1 mM

EDTA, pH 7 .5 and then added to 2.5 ml of 100 mM NaPO+ buffer, pH 8. Next, 50 ¡rl of 10 mM

DTNB in 100 mM NaPOa buffer, pH 8 was added and the reaction allowed to proceed for 15

min at room temperature before measuring absorbance at 412 nm. Control blank samples
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included unmodified rcFUC in Buffer B plus 50 mM hydroxylamine. The number of moles of
free sulphydryl groups per mole of rcFUC was calculated using the molar extinction coefficient

of TNB and the protein concentration of rcFUC (Lowry, 1951).

2.2.39 Conjugation of SATA-derivatized rcFfIC with SPDP-derivatized

insulin
Conjugation of derivatized rcFUC and insulin were carried out according to a modified method

of Walus et al. (1996). SATA-derivatized rcFUC was deacetylated with 50 mM hydroxylamine

and the SPDP-derivatized insulin at a 1O-fold molar concentration greater than that of rcFUC

was then added immediately and the mixture incubated overnight at room temperature.

Western blot analysis of the resulting reaction products was carried out as described in section

2.2.1I except CHO/IoFUC, insulin and insulin-Fuc conjugates were electrophoresed on a l2o/o

(w/v) mini polyacrylamide gel. After transfer, the nitrocellulose membrane was probed with a

mouse monoclonal antibody to human insulin, which also cross-reacts with bovine insulin, and

reactivity detected using SAM-HRP as the secondary antibody.

2.2.40 Pyridytdithiopropionate modifïcation of OX26 through amine groups

OX26 was prepared and purified as described in sections 2.2.27 and2.2.28. A7 mglml solution

of OX26 in Buffer B (section 2.2.34) was treated with a s-fold molar excess of SPDP at room

temperature for 15 min according to a procedure modified from 'Walus et al. (1996). The

reaction was stopped by the addition of 10 mM Tris-HCl buffer, pH 7.4 and then dialysed

against Buffer B to remove free SPDP. Quantification of pyridyldithiopropionate modification

of OX26 was determined as described in section 2.2.35 except control blanks included OX26

instead of insulin.

2.2.41 Pyridyldithiopropionate modification of OX26 through carbohydrate

groups

OX26 (7 mglml) in 100 mM sodium acetate buffer, 150 mM NaCl, pH 5 (Buffer C) was

oxidised by addition of 1 mM sodium meta-periodate (procedure modified from Walus et al.,

1996). The reaction was incubated at 0 oC for 60 min in the dark before quenching with 15 mM

ethylene glycol. After dialysis against Buffer B (section 2.2.34) ovemight at 4oC,100 mM 3-

(2-pyridyldithio)propionyl hydrazide (PDPH) in anhydrous dimethylformamide was added to a
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15-fold molar excess relative to the (oxidised) OX26. This reaction was allowed to proceed for

60 min at room temperature and was then dialysed against Buffer B at 4 oC overnight. The

degree of modification of OX26 with PDPH was determined spectrophotometrically as

described in section 2.2.35.

2.2.42 Conjugation of rcFUC to OX26
OX26 modified with pyridyldithiopropionate either via amine or carbohydrate groups as

described above in sections 2.2.40 and 2.2.41, respectively, was conjugated to an equimolar

concentration of SATA-derivatized rcFUC (section 2.2.37) in the presence of 50 mM

hydroxylamine ovemight at room temperature with constant mixing (method modified from
'Walus et al. (1996)). Conjugates were dialysed against 50 mM sodium acetate buffer, pH 5

before chromatography over fucosylamine-agarose (section 2.2.23) to remove unconjugated

ox26.

FUC activity (section 2.2.5.3) was monitored at all stages of the procedure and conjugates were

analysed by SDS-PAGE (5% (w/v) acrylamide) under non-reducing conditions before and after

chromato graphy on fucosylamine-agaro se.

2.2.43 FACS analysis

Rat hepatoma cells (H4IIE) were grown and harvested as described in section 2.2.1.5. After

dispersing cell clumps, 0.5 ml aliquots (approximately 10s cells) were dispensed into tubes

containing 2 ml of DMEM, l0% (vlv) FCS and PS. The cells were centrifuged aT 170 g for 3

min at 15 oC, the supematant aspirated and the cells resuspended in 100 ¡rl of fresh

medium/tube. The cells were then kept at 4oC for the duration of the experiment. OX26 (7 Vg),

rcFUC (9 pg) or OX26-FUC conjugates (8 pg), in the presence or absence of 5 mM M6P, were

then added and incubated for 20 min. After this time 5 ml of cold PBS was added to each tube,

the samples centrifuged as above, the supernatant removed and the cells resuspended in 100 ¡rl

of medium. To assess binding via detection of OX26, 1 ¡.rl of SAM-FITC (that is, a 1/100

dilution) was added to cells exposed to OX26 and OX26-FUC conjugates for 20 min before

washing as above by dilution and centrifugation. Alternatively, for cells exposed to FUC or

OX26-FUC conjugates the FUC moiety was detected using rabbit anti-rcFUC polyclonal (titre

lin2 x 106, diluted 1/100 as above) andthe SAR-FITC (final dilutionof 1/100 inmedium)
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reagent with incubation of, and washing between, each antibody as described above. After a

final wash step, the cells were resuspended in 200 pl PBS containing 50 ¡rglml propidium

iodide. Appropriate control samples were included and processed as described above. Cells

were analysed for fluorescence intensity using a non-cell-sorting flow cytometer (FACScan,

Becton Dickinson) and the results were analysed using Cellquest software version 3.01f

(Becton Dickinson). The counting of FlTC-positive cells was limited to the live cell population

as defined by low propidium iodide fluorescence and by forward/side scatter plots.

2.2.44 Binding specificity of OX26 and OX26-FUC conjugates to Tf
receptors on H4IIE cells

H4IIE cells (aliquots of approximately 105 cells/l00 ¡.rl of medium) were prepared as described

above (section 2.2.43) and kept at 4oC throughout the experiment. Cells were exposed to 10-

fold incremental concentrations of OX26 (0, 0.7, 7,70 and 700 pg) for 20 min in the presence

or absence of 5 mM M6P. After washing with cold PBS, cells were resuspended in 100 pl fresh

medium and then each aliquot was treated with 8 pg of OX26-FUC conjugate and detected

with rabbit anti-rcFUC polyclonal antibody/SAR-FITC as in section 2.2.43. To determine

background levels of fluorescence control samples were treated as above but omitting OX26-

FUC.

2.2.45 Cationization of rcFUC with putrescine

In order to protect the active site of CHO/rcFUC during the cationization reaction, L-fucose

was added to 20 mM to a 1 mglml solution of the erlzpe in 100 mM NaPOa buffer, p}J7.4,5

mM EDTA, for 15 min at room temperature. Putrescine, (EDC) and N-hydroxysuccinimide

(NI{S) were then added to a final concentration of 400 mM, 14 mM and 15 mM, respectively.

Cationization was allowed to proceed for 20 min at room temperature after which time the

reaction was stopped by the addition of 100 mM sodium acetate buffer, pH 6. The reaction

mixture was dialysed against fottr 2l changes of PBS over 24 h at 4 oC and then assayed for

FUC activity (section 2.2.5.3). The degree of change in pI resulting from cationization \À/as

ascertained by IEF as described in section 2.2.6.5b.
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3H-labelled CHO/roFUC (section 2.2.26) was also cationized in the above manner and was

used to determine circulating plasma half-life and tissue distribution in rats at 1 mg/kg body

weight as detailed in section 2.2.46.

Correction of storage in human fucosidosis SF with rcFUC, cationized as described above, was

performed as described in section 2.2.25.

2.2.46 In vivo distribution studies and plasma half-life of rcFUC in rats
Hooded Wistar rats weighing between 200 and 360 g were used in the following studies to

determine plasma clearance and tissue distribution of radiolabelled enz¡rme, Rats were

anaesthetised by mask inhalation of isofluorane in conjunction with NOz:O2 at I:2. The right

jugular vein was exposed by blunt dissection through a skin incision medial to the right

shoulder. The vein was cleared of connective tissue and then ligated at its cephalad end with a

length of 4-0 silk suture which was held in place with a haemostat. Another suture was looped

loosely under the caudal exposed end of the vein and this was also held in place with a

haemostat. This rendered a degree of tension to the vein and enabled blood flow control when

an incision al45o using fine scissors \Mas made in the vein between the two sutures. The vein

was opened and stretched slightly using curved jewellers forceps, and a 10 cm silastic catheter

(id 0.064 cm and od 0.1 19 cm with cuffs of id 0. 12 cm and od 0.16 cm placed at positions 2.5

cm and 2.7 cm from the atrial end) filled with 10 U heparin/ml was inserted into the vein using

the forceps as a guide. The catheter was then threaded carefully into the right atrium, the

distance of which was designated by the position of the first cuff. The catheter was secured in

position by suturing between the first two cuffs. Throughout the procedure the catheter, which

was occluded with a syringe filled with 10 U heparin/ml, was tested for patency by

withdrawing blood into the catheter and flushing with the heparin solution.

Once the catheter was in place, a 100 pl sample of blood was taken prior to injection of

radiolabelled enzyme. The volume of enzyme and the time of infusion were between 150 and

250 ¡l and 20 to 30 secs, respectively. After injection of the radiolabelled enzyme the catheter

was flushed with 100 ¡rl heparin solution and immediately a 100 prl sample of blood was

withdrawn and this was designated the zero time point. Successive blood samples were

withdrawn at specified times and after each withdrawal the catheter was flushed with an equal

volume of heparin solution. After the I h sample had been taken the catheter was occluded and
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was tunnelled below the skin to the back of the neck through an incision made in the skin. Skin

incisions were sutured, anaesthesia was withdrawn and the animal was observed until

consciousness was regained. Food and water were supplied until the final blood sample was

taken under anaesthesia at 4 h and/or 24 h. After the last blood sample was taken, the animal

was killed by CO2 asphyxiation after exsanguination. The skull was opened and the brain

removed and treated as described in the following section. Other organs removed included the

liver, kidneys, spleen, lungs, heart, pancreas, aorta, trachea, eyes and, if available, urine. All
organs, or samples thereof, were weighed (wet weight), minced finely with a scalpel and then

solubilised with 1 N NaOH at 5 ml NaOH/gm tissue, ovemight on a rotator at room

temperature. Brain samples, including unsonicated total homogenate, parenchyrna and capillary

pellet were obtained as described in section 2.2.47 and solubilised with NaOH as detailed

above. The solubilised tissues were then analysed as described in section 2.2.19.

Heparinised blood samples collected at specified times were centrifuged at 13,000 g for 5 min

at 4 oC. The plasma was removed and 20 ¡rl samples (in duplicate) in 3 ml scintillant were

counted in a Wallac 1409 liquid scintillation counter. Circulating halÊlife was determined from

a graph of cpm plotted against time.

2.2.47 Capillary depletion

Technical assistance was provided by Dr. Don Anson (Department of Chemical Pathology,

wcH).

The method used to separate the brain parenchyna from brain capillaries was essentially that

of Triguero et al. (1990). After the brain was dissected it was rinsed in PBS to remove

extraneous blood and the two hemispheres separated and weighed. Each hemisphere, which

included the cerebrum, cerebellum and base brain, was treated separately but identically as

follows. Each hemisphere was homogenised in 3.5 ml physiological buffer (10 mM HEPES,

141 mM NaCl, 4 mM KCl, 2.8 mM CaCl2, 1 mM MgSOa, 1 mM NaHzPO+ and 10 mM D-

glucose, pH 7.$ with a manual tapered glass homogeniser applyng 5 strokes in less than 1

min. A 4 ml solution of 26% (wlv) dextran was added and the brain was rehomogenised (3

strokes). A 500 ¡rl sample of homogenate was removed, and the remainder of the homogenate

was carefully layered onto a 7 ml l3%o (w/v) dextran/physiological buffer cushion in 10 ml V-

bottom polycarbonate tube. After centrifugation at 5,400 g for 10 min at 4 oC the supernatant,

707



that is, the brain parenchyma, \Mas carefully removed so as not to disturb the capillary pellet.

This pellet was then resuspended in 500 pl physiological buffer. Aliquots of the total brain

homogenate, brain parench¡rma and capillary pellet were sonicated on ice using an Ultrasonics

Processor (Ultrasonics Inc.). Samples were pulsed at 35o/o duty cycle for 3 x 15 sec with 45 sec

intervals between sonication. After sonication the samples were centrifuged (13,000 g;5 min;4

"C) and the supernatants assayed for alkaline phosphatase (ALP) and y-Glutamyl

transpeptidase (GGT) using an autoanalyser method (Synchron CXR system, Beckman

Instruments Inc., Fullerton, CA, USA) and total protein (Lowry, 1951).

In order to test the level of contamination of brain parench5rma by radioactive protein that is

present in capillary blood leaking from the vasculature during homogenisation of the brain, a

rat was injected with 5 x 106 cpm of laC-inulin, a peptide known not to cross the BBB

(Pardridge, 1991). The rat was sacrificed 10 sec later, the brain was processed as above and

analysed for 1aC cpm. Measured radioactivity was expressed as a percentage of the total

injected dose.

2.2.48 Europium-labelling of OX26
200 pg of the Europium*3-chelate of N1-(p-isothiocyanatobenzyl)-diethylenetriamine-

N1,N2,N3-tetraacetic acid was added to I mg of OX26 in 200 ¡rl of 100 mM NaHCO3 buffer,

pH 8.5 containing 0.9% (wlv) NaCl and the reaction mixture was incubated at room

temperature for 16 h. To remove free Eu*3, and any aggregates that may have formed, the

reaction mixture was chromatographed over a Superose 12 column (28 cm x 1.5 cm)

equilibrated in 50 mM Tris-HCl buffer, pH 7.8, 09% (wlv) NaCl at a flow rate of 0.5 ml/min

and pressure of 150 kPa. Fractions containing non-aggregated Eu*3-labell ed OX26 were pooled

and concentrated using a centricon filter (Amicon) and then assayed for protein (Lowry, 1951).

The degree of Eu*3 labelling of the OX26 was determined by serial dilution of an aliquot of the

concentrated sample in Enhancement Solution (0.1% (w/v) Triton Xl00, 6.8 mM potassium

hydrogen phthalate, 100 mM acetic acid, 50 ¡rM Tri-n-octyl phosphine oxide, 15 ¡:,M 2

naphthoyltrifluoroacetone), dispensing 200 ¡I amounts into microtitre strip wells which were

then mixed gently for 10 min on a plate shaker before measuring fluorescence with a

dissociation-enhanced time-resolved fluorometer (V/allac Delfia@ Research Fluorometer). The

concentration of Eu*3 was estimated by reference to a 1 nM Eu*3 standard supplied by the
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manufacturer. The number of moles of Eu*3/mole of OX26 was then calculated from the

concentration of Eu*3 and protein concentration (Lowry, 1951).

2.2.49 Rat tissue distribution of OX26-Eu*3

OX26-Eu+t çt.ZS x 1010 counts) was injectedvia a catheter into the jugular vein of a Hooded

Wistar rut at lmglkg body weight as described in section 2.2.46. Blood samples were taken at

specified times and after 4 h the rat was killed and tissues removed and processed as described

in section 2.2.46. To determine the fluorescence of plasma samples, 2 ¡.rl aliquots, in duplicate,

were added to 198 ¡rl of Enhancement Solution (section 2.2.48) in microtitre strip wells, the

plate was shaken on a plate shaker for 10 min and then counted in a time-resolved fluorometer.

After capillary depletion of the brain and sonication to determine ALP and GGT activities

(section 2.2.47) unsonicated samples of total brain homogenate (100 pl), parenchynra (500 pl)

and capillaries (100 ¡rl) were extracted with a volume of 1 N NaOH equivalent to five times the

volume of the sample, ovemight at room temperature on a rotator. Tissue extracts were

centrifuged at390 g for 10 min at 10 oC, a sample of the supernatant was neutralised with an

equal volume of 1 N HCI and then serially diluted from 712 to 1164 in Enhancement Solution.

1^200 ¡rl aliquot of each dilution was placed in microtitre strip wells and shaken for 10 min on

a plate shaker before reading fluorescence in a time-resolved fluorometer. Other tissues were

treated by taking a known weight of each, mincing and extracting with a volume of 1 N NaOH

equivalent to hve times the weight of the tissue as above. After extraction, the supematant of
each sample was treated in the same way as described for brain in this section. Results for each

tissue were expressed as a percentage of the total fluorescent counts injected.

2.2.50Isolation and enzyme assays of canine blood leucocytes

Five ml (2-3 ml from newbom pups) venous blood collected into EDTA tubes was sent from

Westmead Hospital, NSW at 4 oC and then processed at room temperature. Leucocytes \À/ere

isolated by dextran sedimentation according to the method of (Kampine et al., 1966). Firstly

whole blood was centrifuged at 2,100 g for 5 min at 10 oC. Plasma \ryas removed to v/ithin 2-3

mm above the buffy coat and either stored at4oC (if to be assayed within 30 min), or at -20oC.

09% (wlv) NaCl was added to the packed cells to a fnal volume of 8 ml followed by 2 ml of
5% (wlv) dextran in 0.7o/o (w/v) NaCl. The blood was resuspended by gentle inversion and
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allowed to stand until the red cells had settled out to occupy the lowest one-third of the tube

(generally 20-60 min). The supematant was removed and centrifuged at 1,500 g for 2 min at 10

oC to pellet the leucocytes which were subsequently resuspended in 4 ml of 0.2% (w/v) NaCl

for 45 sec to lyse any contaminating red blood cells. Isotonicity was restored by the addition of
3.2 ml1.8% (wlv) NaCl and leucocytes isolated by centrifugation at 1,500 g for 2 min at 10 oC.

After discarding the supematant, pellets were either frozen at -20 oC or, if to be assayed

immediately, resuspended in 100-500 ¡tI 0.1% (v/v) Triton X100 and lreezelthawed 6 times.

Cell extracts were clarified by centrifugation at 1,500 g for 5 min at 10 oC and the supematant

assayed for FUC (section 2.2.5.3) and B-hexosaminidase activity (method for white blood cells,

section 2.2.5.4). Results were noñnalised to total cell extract protein as determined by the

Lowry method (1951). A discriminant function was used to determine normal, carrier and

affected dogs (Healy et aL.,1984).

2.2.51Isolation of canine fucosidosis brain storage products
Isolation and measurement of canine fucosidosis brain storage products were carried out by

Vivienne Muller (Department of Chemical Pathology, WCH).

Cerebellum and cerebrum from untreated dogs with fucosidosis were obtained from Drs.

Rosanne Taylor and Margaret Ferrara (V/estmead Hospital, NSV/). A total of 200 mg (wet

weight) of minced cerebrum was extracted using chloroform:methanol:water (1:1:0.4) with

sonication (Folch et al., 1957; Folch-Pi, 1972). The slurry was filtered through 'Whatman 
3

MM paper and the filter rinsed with extraction solvent. The upper (aqueous) phase of the

filtrate was kept, and the protein precipitate collected on the filter was sonicated again in 2 ml

water and clarified by centrifugation. The aqueous supematant and the upper phase were

combined, dried and then resuspended in 0.5 ml water. Hexose was measured by the resorcinol

colorimetric method (Monsigny et al., 1988) and fucose was measured by the fucose

dehydrogenase method (Cohenford et a1.,1989) without the neocuproine step.
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2.2.52 Thin layer chromatography of fucosidosis dog brain products
Brain products isolated as described above from the cerebrum of an affected untreated

fucosidosis dog were digested with CHO/rcFUC and MDCIIToFUC at pH values ranging from

2 to 7 . A volume equivalent to 12 ¡tg hexose was used per assay. This was made up to 22 p"l

with water and an equal volume of 50 mM buffer, which was either glycine, pH 2; sodium

formate, pH 3; sodium acetate, pH 4 and 5; sodium dimethylglutarate, pH 6; or

citrate/phosphate, pH 7 , was added followed by 1 ¡rl of a 2.5 mg/ml solution of MDCIlrcFuc

or CHO/rcFuc, and the reaction incubated at 37 oC for 20 h. Two samples, one at pH 2 and the

other at pH 7, were also incubated without the addition of enzyme. After digestion, 50 pl of
AG-501-X8(D) mixed-bed resin was added to the reaction mixture, vortexed every 5 min over

15 min, and then centrifuged (13,000 g; 1 min; 25 "C). The supernatant was removed, the resin

washed with 100 pl water and after centrifugation as above the supernatant removed and

combined with the first supematant. Samples þooled supematant) were lyophilised,

resuspended in 3 ¡rl water and applied to an acid-resistant silica gel TLC plate which was

chromatographed in butanol:acetic acid:water (2:2:l) for 6 h. A sample of L-fucose (12 ¡tg)

was included as a standard. The chromatograph was allowed to dry and was

rechromatographed as above. When dry, the chromatograph was sprayed with 0.25% (w/v)

orcinol, 0.25% (w/v) resorcinol dissolved in 2 M sulphuric acid in95'/o ethanol. The plate was

then heated at 110 oC to visualise saccharide containing material.

2.2.53 Tissue distribution of rcFUC in fucosidosis dogs

CHO/rcFUC, purified as described in section 2.2.23, was obtained from pEFNeocFUC4}-A4-z

cells grown either in two-tier cell factories or in a Bioreactor (section 2.2.22). Two male

fucosidosis dogs diagnosed by having low levels of FUC activity in plasma and peripheral

leucocles (sections 2.2.5.3 and 2.2.51) were from a breeding colony of fucosidosis English

springer spaniels housed at 'Westmead Hospital and under the supervision of Dr. Rosanne

Taylor (Department of Veterinary Science, University of Sydney). The two dogs were

littermates, were named Bobby and Biggles and at the time of enzyrne infusion they were 10

and 16 months of age, and 13 and 1 8 kg, respectively. The dogs were premedicated with 10 mg

acepromazine and 50 mg hydrocortisone 30 min before infusion of CHO/roFUC at I mglkgvia

the cephalic vein over 10 min. After infusion, heparinised blood samples were collected from

the cephalic vein at designated time intervals up to 48 h. Plasma was recovered by
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centrifugation at 2,100 g for 10 min at 10 oC and a 5 ¡rl aliquot of plasma was assayed for FUC

activity. After 48 h, the dogs were euthanased with an overdose of intravenous barbiturate.

Tissues were collected, weighed and frozen at -20 oC. These tissues were transported on dry ice

to the V/CH for processing. Typically, a I g portion of thawed tissue was finely minced with a

scalpel and then homogenised at maximum speed lor l-2 min on ice in twice its volume of 20

mM Tris-HCl, 250 mM NaCl buffer, pH 7 using an Ultra T25-Turrax Homogeniser. The

homogenate was freezelthawed six times and clarified by centrifugation at 13,000 g for 10 min

at 4 oC. The resulting supernatant was assayed for FUC activity (section 2.2.5.3) and for

protein using the Lowry method (1951). Thin sections were taken for histological analysis

using light and electron microscopy.

2.2.54 Long-term ERT in a fucosidosis dog

All veterinary procedures were perþrmed by Dr. Rosanne Taylor. (University of Sydney,

Sydney, NSW, Australia).

A female dog, named Chelsea, was diagnosed within 24h of birth as being fucosidosis-affected

based on having almost undetectable levels of FUC activity in plasma and white blood cells as

described above in the previous section. At 2 months of age Chelsea was infused with

CHO/rcFUC after premedication as described above for Bobby and Biggles. Hydrocortisone

was increased to 25 mgwhen animal weight exceeded 10 kg. Enzyme was infused on a weekly

basis at I mglkg initially and then the dose was decreased to 0.3-0.2 mglkg as shown in Figure

4.23.The final enz¡ane infusion at age 12 months was at 1 mglkg and 48 h before sacrifice.

Prior to each infusion, heparinised blood was collected to monitor for immune response to the

infused enzyme (section 2.2.55). On several occasions heparinised blood was also collected

post-infusion of CHO/rcFUC at specified times to determine circulating plasma half-life

(section 2.2.53). Urine was collected throughout the course of therapy and was stored frozen

without preservative. Urine was analysed for levels of excreted fucose-containing storage

products (section 2.2.56). Chelsea was cared for by animal care attendants at Westmead

Hospital on a daily basis and lvas assessed clinically once a week at the time of enzyme

infusion by Dr. Rosanne Taylor. Two weeks prior to euthanasia a rigorous neuroanatomical

examination was conducted by Professor Brian Farrow (University of Sydney). This

examination included assessment of cranial nerve responses, spinal reflexes, mental status,

postural reactions and gait and posture. At the time of euthanasia, a post mortem was
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performed and tissues were examined for macroscopic pathology. Designated tissues and

nerves were collected, weighed and analysed for residual FUC activity as described in section

2.2.53. Thin sections were also taken for examination of cell vacuolation by light and electron

microscopy.

2.2.55l)etermination of antibody titre in a fucosidosis dog on long-term ERT

Plasma collected post 16 weeks of therapy was analysed for antibody titre by a modification of

the Elisa method as described in section 2.2.10.Immulon 1 flat bottom Removawell strips were

coated with CHO/rcFUC at 500 nglwell. Dog plasma was diluted 1/50 and then serially with

two-fold dilutions in0.5Yo (w/v) gelatine,0.2%o (v/v) Tween20 in 20 mM Tris-HCl, 250 mM

NaCl buffer, pH 7 (gelatine buffer). The secondary antibody was sheep anti-dog IgG antibody-

HRP conjugate, diluted 1/10,000 in gelatine buffer.

2.2.56 Urinary analys¡s of L-fucose

A colorimetric test for free and bound L-fucose was used according to the method of

Cohenford (1989). Briefly, the volume of urine used in ¡rl was equivalent to 776 divided by the

urine creatinine concentration in mM. This volume was made up to 100 pl with water followed

by the addition of 100 pl of 0.2 N HCl. Acid hydrolysis was performed at 100 oC for 60 min in

capped glass tubes which were then allowed to cool on ice before centrifugation at 1000 g for 1

min to collect the condensate. The boiled samples were neutralised with 200 pl of 0.1 N NaOH

before adding 1 ml of freshly prepared L-fucose dehydrogenase (0.1 U/ml) and NAD (5.15

¡rmol) in 15 mM Tris-HCl buffer, pH 8.5. Assay tubes were incubated at room temperature for

50 min and then 1.5 ml of 3 mM CuSO+.5HzO, 8 mM neocuproine in 200 mM sodium acetate

buffer, pH 4.7 was added. The colorimetric reaction was allowed to develop for 15 min before

reading absorbance at 455 nm. L-fucose standards (0-75 nmol) were treated in an identical

fashion. L-fucose standards were also made up in urine from an affected dog, the amount of

which was based on a creatinine equivalent as determined above, and were treated as above

except that acid hydrolysis was omitted.

113



Chapter 3: Mucopolysaccharidosis type VI
3.L Purification and characterisation of rf4S

3.1 Introduction
The cloning of the human 45 gene (Peters et al., 1990b; Schuchman et al., 1990) and its

expression in CHO cells (Anson et a\.,7992b), together with the availability of a large animal

model, feline MPS VI (Jezyk et al., 1977; Haskins et al., 1979b), have been critical in the

development of ERT for this disorder. The significantly larger amounts of 'high uptake'

eîzyme produced by recombinant DNA technology as compared to the highly labour intensive,

low yield of 'low uptake' enzpe obtained by extraction from tissue sources (McGovern et al.,

1982; Gibson et al.,1987) has made it possible to undertake realistic pre-clinical trials in MPS

VI cats.

In published studies of ERT in MPS VI cats (Crawley et a\.,1996;Byers et a|.,1997; Crawley

et a\.,1997) recombinant human eîzyme was used. In the first of these studies, in which older

cats were treated with rh4S, results indicated that there were variable degrees of clearance of

storage from soft tissues and that a reduction in disease progression appeared to be correlated

with earlier age of onset of therapy. In the second study, where treatment was commenced at

birth, and continued for six months using 1 or 5 mg rh4S/kg body weight, a dose-dependent

improvement in somatic and skeletal pathology was observed. However, despite anti-histamine

premedication, most animals displayed symptoms typical of hypersensitivity reactions to

infused enzyme.

In 1992 the Ê1S gene v/as cloned (Jackson et al., 1992) and subsequently expressed in CHO

cells (Yogalingam et al., 1996), thus enabling a pre-clinical study to be undertaken using

native, that is, feline enzpe in MPS VI cats. Before doing this it was necessary to demonstrate

that r?1S had similar properties to rh4S. Therefore, the aims of the experiments described in

this section were to purify and characterise r?lS as a preliminary step towards evaluation of

species-specific ERT in feline MPS VI.
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3.1. Results
3.1.1 Large-scale production of rf4S

The cloning and expression of rf4S are described in Yogalingam et al. (1996). To enable

production of large amounts of rf4S, various parameters thought likely to affect production

andlor subsequent purification of rf4S were assessed in Nunc 1200 cm2 cell factories. These

included the concentration of FCS in, and addition of NH¿CI to, the culture medium. NHaCl, a

lysosomotropic amine, prevents the acidification of lysosomes thus enhancing secretion of
lysosomal enzyrnes by preventing the dissociation of the M6PR and its ligand (Chang et al.,

1988). CHOfilS-2 cells grown in COON's/DMEM medium with 5Yo (v/v) FCS produced

approximately 8.7 mg rf:lS/l of culture medium over 4 days as opposed to 4.2 mgll when

gro\4/n in the absence of FCS. Cells grown in medium supplemented with 2% (vlv) FCS

expressed intermediary levels of r?lS (5-6 mg/l). Inclusion of 5 mM NH4CI only marginally

increased production levels (10-15 '/o) and this was offset by increased cell death. From these

results a protocol was developed to facilitate cell growth without overly compromising enzyme

expression. This involved growth in COON'S/DMEM medium with 2%o (v/v) FCS and no

NH4CI with media changes every 3-4 days. Exposing the cells to medium supplemented with

l0% (vlv) FCS when production levels started to decline enhanced cell regrowth. By cycling

conditions in this way cells could be maintained in culture for up to 6 months with media

changes every 3-4 days.

Subsequently enzyme was produced on a large-scale in a 12litre Bioreactor by Jodie Varnai of
the Department of Biotechnology at the University of New South.Wales. Growth conditions in

the Bioreactor were evaluated in DMEM/COON'S F12 serum-free medium with NH¿C1 and

butyric acid, known to increase expression of transfected genes (Dorner et a1.,1989). Because

medium was continuously being exchanged (0.2 vol/106 cells/ml/day), and Oz and pH were

constantly monitored and adjusted, cell attrition was less pronounced in the presence of NH+CI

and butyric acid in the Bioreactor as compared with cell factories. Accordingly, optimal

conditions for enzyme production by CHOf:tS-2 cells in the Bioreactor system were

determined to be DMEM/COON'S F12 serum-free medium with 5 mM NH+CI and 0.5 mM

butyric acid.

115



3.1.2 Purification of rf4S
rh4S was purified by a one-step immunopurification procedure. A panel of ten monoclonal

antibodies that bind to h4S purified from liver (Brooks et al., I99l; Brooks et al., 1994) was

available and these monoclonal antibodies were initially screened against purified human and

feline liver 45 to determine cross-reactivity. Of these monoclonal antibodies, F58.3 andF22.l

showed highest reactivity with feline liver 45 in an immunobinding assay, while the other eight

reacted poorly or not at all. The monoclonal antibody F66 showed no cross-reactivity and was

therefore used as a negative control in subsequent analyses where appropriate. Monoclonal

antibodies F58.3, F22.1 and F66 were retested using r?1S and fh4S in a Sandwich Elisa and

immunobinding assay. Results indicated that r?lS reacted most strongly with F58.3 in the

Sandwich Elisa and this reactivity was four times better than that withF22.1 but was only 670/o

of the reactivity of F58.3 with rh4S (Table 3.1). In the immunobinding assay, F58.3 captured

approximately 2Io/o more rf4S thanF22.1, however, this was about 20% less than with rh4s.

As expected there was no binding of rf?lS with F66 in either the Sandwich Elisa or binding

assay (Table 3.1).

Table 3.1: ImmunoquantifTcation and enzyme immunobinding assays of purified rf4S and

rh4S using the monoclonal antibodies F58.3,F22.1and F66.

Immunoquantifïcation Assay

OD¿r¿
ß22.1
0.48
2.5 1.8

Immunobinding Assay

F58.3
1.8

3.01

s6.1
69.4

FU
44.5
s2.5

0
23.7

F66
rf7lS
rh4S

rf4S
rh4S

0

Immunoquantification data arc in OD¿r+ units of Elisa reactivity. Enzyrne immunobinding

assay results are in arbitrary fluorogenic units (FU).
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Because r?tS had a stronger affinity for F58.3 compared toF22.1, a 100 ml column of F58.3

linked to Affi-Gel 10 was prepared for large-scale purification of rf4S. The efficiency of
coupling was 85.4% which indicated that 6.5 mg of F58.3 was bound per ml of Affi-Gel.

Conditions for binding and elution were identical to those of rh4S (Anson et al., 1992b) and

routine yields of between 70-80% of bound enzyme (i.e., approximately 20 mg f?lS at column

capacity) were obtained. Recoveries from the newly coupled F58.3-Affi-Gel were considerably

better than that previously published (Yogalingam et al., 1996) and are attributed to diminished

binding of enz¡nne to the much used and regenerated column matrix used in the original

studies.

3.1.3 Characterisation of rf4S

3.1.3.1 Subunit Mr
To determine subunit Mr immunopurified r?lS was electrophoresed under reducing conditions

(30 mM DTE) on a SDS polyacrylamide gel. Analysis of the gel showed that rf4S comprised 2

major bands of 66 kDa and 43 þ,Da, with a minor band at 11 kDa (Figure 3.1). The 66 kDa

band is the precursor form of rf4S. The latter two bands constitute the mature form of r?lS, and

under non-reducing conditions, these two bands migrate as a 53 kDa polypeptide. It is expected

that the smaller subunit of 11 kDa, by analogy to rh4S, is comprised of two disulphide-linked

subunits of 7 and 8 kDa which require electrophoresis on Tricine-SDS gels for visualisation

(Kobayashi et al. (1992) and Bielicki, unpublished data). The relative percentage of precursor

to mature was 64:36 as determined by densitometric analysis. The Mr of the precursor form (66

kDa) is slightly smaller than that of the rh4S precursor form (67 kDa) although the relative

abundance of this form is greater in the human variant (70-80%) (Figure 3.1). These

percentages varied from one preparation to another and were also dependent on the presence or

absence of NH¿CI in the culture medium. In the presence of NH¿CI the amount of precursor

rf4S was increased by approximately 10% (results not shown). Under reducing and non-

reducing conditions, the Mr estimates for the mature form of r?lS were also marginally smaller

than those recorded for rh4S, that is, 43 kDa and 11 kDa versus 44t<Da and 12 kDa (reduced)

and 53 kDa versus 55 kDa (non-reduced) (Figure 3.1). Similar observations were made from

western blot analysis (data not shown).
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Figure 3.1: SDS-PAGE of purified rf4S.

Lane I, Mr standards, which include phosphorylase b (94 kDa), BSA (67 kDa), ovalbumin (43

kDa), carbonic anhydrase (30 kDa), soybean trypsin inhibitor (20.1 kDa) and o¿-lactalbumin

(14.4 kDa), are indicated by affows. Lanes 2 and 3, rf:tS and rh4S, respectively,

electrophoresed under reducing conditions (30 mM DTE). Lanes 4 and 5, rf2[S and rh4S,

respectively, electrophoresed under non-reducing conditions.
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3.1.3.2 Native Mr
The native Mr of either immunopurified r?lS, or r?lS in conditioned medium, was estimated by

fast protein liquid chromatography using a TSK G3000SV/ column. rfTtS consistently

fractionated at a volume equivalent to the fractionation volume of carbonic anhydrase, which is

30 kDa. In contrast, rh4S fractionated at a volume equivalent to that of BSA, Mr 67 kDa

(results not shown). This difference is attributed to interaction of rf4S with the hydrophilic

groups of the matrix, and hence retardation during fractionation. IEF data (section 3.1.3.4)

support this explanation in that r?lS has a higher pI than rh4S and is therefore more positively

charged compared to rh4S. Gel filtration chromatography on Superose 12, which is an inert

agarose-based matrix, gave an estimated Mr for r?lS of 62-68 kDa (Figure 3.2) which

corresponds to that observed on SDS-PAGE indicating that rfTlS does not interact with this

matrix. The presence of a 100 kDa homodimer form of rf4S has been suggested (McGoverr' et

al., 1982; Jackson et al., 1992). However, gel fractionation chromatography data showed no

activity at a higher Mr and nor was there evidence of a protein band at 100 kDa on SDS-PAGE

under non-reducing conditions, with only a very minor band of the expected size present on

western blot analysis (Yogalingam et al.,1996).
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Figure 3.2: Native Mr estimation.

The native molecular weights of rf7[S, rh4S and rcFUC were estimated using size exclusion

chromatography. A Superose 12 column was calibrated with the followittg Mr protein

standards: thyroglobulin (660 kDa), aldolase (158 kDa), BSA (67 kDa), ovalbumin (43 kDa),

carbonic anhydrase (30 kDa), chymotrypsinogen (25 kDa) and RNAse (13.7 kDa).

Thyroglobulin was used to determine void volume (V") and toc-glucose to determine total

column volume (Vù. IÇ, was determined as described in section 2.2.6.1.
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3.1.3.3 Kinetics

Kinetic analysis (Table 3.2) using the fluorogenic substrate 4MUS indicated that rf4S and rh4S

have identical pHool (pH 5.6) and similar K* (1.57 and 1.18 mM, respectively), V,,.u* (35.2 and

48.5 pmol/min/mg, respectively) and specific activity (27.8 and 39.4 ¡rmol/min/mg,

respectively) values. At pHool of 2.85 in 50 mM sodium formate buffer, these catalytic

parameters were also similar for both r?lS and rh4S toward the trisaccharide substrate (Table

3.2). At a concentration of 2 mglml, fils had a half-life of approximately 4 years when stored in

PBS at 4 oC under sterile conditions.

Table 3.2: Comparison of the catalytic properties of rf4S and rh4S.

V.o* SpecifTc Activity pHopt

(mM) (pmol/min/mg) (pmol/min/mg)

K-

Fluorogenic substrate

r?lS r.57 35.23 27.8 5.6

rh4S 1.18 48.49 39.4 5.6

Trisaccharide substrate

rf4S 0.024 0.48 0.34 2.85

rh4S 0.022 0.67 0.45 2.85

Recombinant f71S and rh4S were immunoaffinity purified directly from conditioned medium

using F58.3-Afh-Gel 10. K-, V-u*, specific activity and pHoo¡ were determined using the

fluorogenic substrate (4MUS) and the natural trisaccharide substrate (GalNAc4S-GlcA-

GalitolNAc4S).
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3.1.3.4 Isoelectric focussing

IEF indicated seven major forms of r?lS, and more than ten of rh4S, with pI values ranging

from 6.5 to 7.5 for r?lS, and a much broader range of 4.45 to 7.0 for rh4S, indicating that rf2lS

is more positively charged than rh4S (Figure 3.3). Digestion with neuraminidase resulted in a

change in pI towards the cathode of certain isomers of rf2tS indicating the presence of sialic

acid residues. However, no obvious changes were observed for rh4S. Because several isomers

of r?lS were still present after neuraminidase digestion this implies that there are other factors

contributing to charge differences apart from sialic acid content.

3.1.3.5 Estimation of degree of glycosylation

To determine the degree of glycosylation on rf4S and rh4S the two enzyrnes were digested

with PNGase F, an amidase that cleaves the bond between the innermost N-acetylglucosamine

and asparagine residues of high mannose, hybrid and complex oligosaccharides from N-linked

glycoproteins, that is, it removes all N-linked oligosaccharide chains. Digestion of rf4S with

PNGase F resulted in a decrease in the molecular mass of both the precursor and mature forms

by 14 and 11olo, respectively (Figure 3.4). A higher degree of glycosylation was observed for

rh4S since the change in molecular mass was greater than for rf4S (22o/o for the precursor and

20o/o for the mature form). Both the precursor and mature forms of r?lS and rh4S displayed

almost identical molecular masses (56 kDa and39-40 kDa for the precursor and mature forms,

respectively) after treatment with PNGase F indicating that the difference in Mr between the

two enz¡rmes is due to differences in glycosylation.
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Figure 3.3: IEF of neuraminidase-treated rf4S and rh4S.

Lane 1, IEF standards with their respective pI indicated by arrows; lanes 2 and 4, r?lS and

rh4S, respectively; lanes 3 and 5, r?lS and rh4S, respectively, after neuraminidase treatment.
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Figure 3.4: SDS-PAGE of PNGase F-treated rf4S and rh4S.

Lane I, Mr standards, which include phosphorylase b (94 kDa), BSA (67 kDa), ovalbumin (43

kDa), carbonic anhydrase (30 kDa), soybean trypsin inhibitor (20.1 kDa) and a-lactalbumin

(1a.a kDa), are indicated by affows. Lanes 2 and 4, untreated r?1S and rh4S, respectively; lanes

3 and 5, rfils and rh4S, respectively, after PNGase F treatment. The band in lanes 3 and 5 at

approximately 36 kDa is PNGase F.
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3.1.4 Correction of GAG storage in feline MPS VI fïbroblasts with rf4S

Feline MPS VI fibroblasts homozygous for theL476P mutation have less than lYo residual 45

activity, compared with normal feline skin fibroblasts. This deficiency of enzyme activity

results in lysosomal storage of predominantly highly-sulphated DS (Fratantoni et al., 1968;

Coster et a\.,1984). Biosynthetically labelling the accumulated GAG with Na235SO+ allows

quantification of storage. In feline MPS VI fibroblasts there was approximately 15 times more
3ts-labelled material compared to normal cat fibroblasts (Table 3.3). Addition of exogenous

rfilS at 2.6 nmollmin/ml to the culture medium, as described in section 2.2.7, resulted in

normalisation of the levels of both 45 activity and 35s-label. This effect was almost totally

reversed in the presence of M6P'with 12-fold less enzyme being endocytosed indicatingthat

uptake was via the M6PR. V/ith ten times the dose of exogenous rf2lS, intracellular levels of 45

were 4.7 times greater than in normal control cells and in the presence of M6P there was still

sufficient en4¡me endocytosed (10% of levels seen in the absence of M6P) to degrade

accumulated storage products to nearly normal levels. p-Hexosaminidase activity levels were

elevated in MPS VI cells compared to normal control cells and remained unchanged in the

treated MPS VI fibroblasts.
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Table 3.3: Correction of GAG storage in feline MPS VI fibroblasts with rf4S.

rf4S activity 3sS radioactivity p-Hexosaminidase

(pmoVmin/mg) (dpm/mg) (nmoVmin/mg)

5F242 327 !28.4 50,851 + 1,562 79+22

SF236 3.1 + 0.57 77r,939 + 22,882 tr9 + 22

SF236 + rfTls 35t.6 + 50.7 38,578 + 5,109 129 + t9

SF236+r?lS+M6P 26.4 r r2.2 421,172 + 62,246 r29 ! r0

SF236+10xr?lS 1,227.9 + 252 35,303 + 10,086 t25 !t4

SF236 + 10 x rf4S + M6P I19.9 !37 65,073 + 20,454 115 r 10

Normal (5F242) and MPS VI feline skin fibroblasts (SF236) were metabolically labelled with

Na235SO4 for 48 h and then incubated with I x (2.6 nmol/mirVml) or 10 x (26 nmol/min/ml)

purified r?lS in the presence or absence of 5 mM M6P for 48 h. Cell lysates were assayed for

"S radioactivity, total protein, p-hexosaminidase activity and 45 activity using the

radiolabelled trisaccharide substrate. Results are expressed as the mean (n: 3) + I SD.
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3.1 Discussion
rf,lS was expressed in milligram amounts using a mammalian expression system (CHO cells)

and was readily purified by a one-step immunopurification procedure. When analysed, r?lS

was shown to have similar physical and kinetic properties to rh4S. The slightly smaller Mr of

the precursor and mature forms of rÊlS compared to rh4S were attributed to the latter being

more highly glycosylated. This was supported by the lack of molecular size difference after

deglycosylation. rf4S has five potential glycosylation sites according to the canonical sequence

N-X-S/T while rh4S has 6 (Jackson et al., 1992), the equivalent of the glycosylation site at

Asn366 in h4S being missing in ?lS. Of the 5 glycosylation sites in r?lS, 3 are on the 43 kDa

polypeptide subunit of the mature form of the enzyme (4sn190, Asn281, Asn293) and the

other two are on the 7 kDa subunit (Asn 428, Asn460). No glycosylation sites are present on

the 8 kDa subunit which constitutes the C-terminus of 45. The extra glycosylation site in rh4S

(Asn366) is on the 44 kDa subunit. Periodic acid Schiff staining of electrophoretically

separated mature human 45 has confirmed that oligosaccharide chains are present only on the

43 kDa and 7 kDa subunits (Kobayashi et al. (1992) and Bielicki, unpublished data). Multiple

isomorphous replacement electron density maps of rh4S show clear evidence for glycosylation

at Asn279 and Asn426, with possible carbohydrate at Asn366 and no electron density

indicative of glycosylation at the other sites (Bond et al., 1997). However, the absence of
electron density cannot be taken as proof of lack of glycosylation at these additional sites.

Complex sialylated carbohydrate chains are present on r?lS as demonstrated by a decrease in

number, and a shift towards the cathode, of a number of the isomers seen on IEF after

neuraminidase digestion. Oligosaccharide analysis of r?tS has not been undertaken and data

from the literature is scant on the composition of N-glycan chains in other variants of 45.

Analysis of human placental 45 indicates that 98o/o of the oligosaccharide glycans comprised

no more than five mannose residues (Laidler and Litynska, 1997). A more detailed analysis of
rat liver 45 indicated that complex oligosaccharides predominate with 7lo/o being sialylated

(Przybylo and Litynsk a, 1997). However, the oligosaccharide structures of CHO-derived fTlS or

h4S cannot be determined by analogy with other 45 variants as glycosylation of any protein is

species and cell or tissue type-specific; the pattern of glycosylation being dependent on both

the peptide sequence and the cell type in which it is expressed. As both f4S and h4S are

produced in CHO cells one would expect the glycosylation pattems may be similar. However,
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analysis of oligosaccharide chains of rh4S has indicated that they are not complex or hybrid

structures but of the high-mannose type (Dr. P Clements, Department of Chemical Pathology,
'WCH, personal communication). These oligosaccharides have no sialic acid residues thus

corroborating the findings from IEF of rh4S treated with neuraminidase (section 3.1.3.4 and

Figure 3.3). The difference in Mr of the h4S polypeptide calculated from amino acid sequence

(56 kDa) and that obtained from SDS-PAGE analysis (67 kDa) is almost the same as that

determined from SDS-PAGE before and after PNGase F digestion. This difference of between

11 and 74.7 lÐa would imply that all N-glycosylation sites in rh4S are glycosylated

particularly if the carbohydrate chains are of the high-mannose type (Mr of approx. 2p00

Da/chain). As complex oligosaccharides are generally larger (3,000 Da/chain) than high-

mannose types, one would therefore expect fewer sites to be glycosylated in r?lS as the

component of Mr contributed by glycosylation (9 kDa) is less than in rh4S (14.7 kDa). It is
therefore obvious that glycosylation of r?lS is both qualitatively and quantitatively different

from that seen in rh4S. The differences between the two enzymes seen on IEF after

neuraminidase treatment, that is, a greater negative charge for rh4S, may be due to increased

phosphorylation andlor sulphation of h4S on serine and proline residues, but this has not been

determined.

Enzyrne uptake into feline MPS VI fibroblasts demonstrated that rÊ1S was endocytosed by the

M6PR-mediated pathway and was then transported to endosomes/lysosomes where it was

active in degradittg "S-labelled storage material. This phenomenon has been consistently

observed in studies of uptake of a number of lysosomal enz¡rmes (Anson et al., 1992b; Bielicki

et al.,1993; Unger et aL.,1994; Bielicki et al.,1995; Litjens et al.,1997; Bielicki et aL.,1998).

One exception is the lysosomal enzyme recombinant human a-N-acetylglucosaminidase (a

deficiency of this eîzpe results in MPS IIIB) which failed to correct storage in human MPS

IIIB fibroblasts to any substantial degree (Zhao and Neufeld, 2000; Weber et aL.,2001).It was

found that recombinant human ø-N-acetylglucosaminidase is poorly mannose-6-

phosphorylated but why this should be so compared to other recombinant lysosomal proteins is

unclear. The above observation underscores the importance of the M6P recognition signal in

proper trafficking of exogenously administered lysosomal enzyrnes.

Results of uptake studies mentioned above illustrate that only a small percentage of normal

enzyme activity is required to eliminate storage from the lysosome. These results support the
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observations made in some MPS VI patients who retain measurable amounts of enzyme

activity (5-rc% of normal levels) and who remain virtually s¡rmptom-free until late adulthood

(Neufeld and Muenzer, 2001).
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3.2 ERT in MPS VI cats using rf4S

3.2Introduction
In the previous section it was demonstrated that rf4S was similar to rh4S in its physical and

kinetic properties and that endocytosis into MPS VI fibroblasts was via the M6PR-mediated

pathway with subsequent delivery to lysosomes where it was instrumental in hydrolysing

stored substrate. These results suggested that r?lS had the necessary properties for use in ERT

trials in MPS VI cats. The aim of the experiments described in this section was therefore to

evaluate the efficacy of using rfilS in atrial of ERT from birth in MPS VI cats using a protocol

identical to that used previously with rh4S (Crawley et al., 1997) thus allowing a direct

comparison of the results of both trials.

3.2 Results

3.2.1I)isease assessment in MPS VI cats undergoing ERT
The two male MPS VI cats in this study, designated cat249 and cat 250,were treated with rf:lS

as described in section2.2.9. Cats were regularly examined forphysical and clinical signs of

MPS VI, and at 90, 150 and 170 days of age, for neurological and radiographic evidence of
disease. Blood and urine samples were collected on a regular basis. At autopsy tissues were

examined macroscopically and sections of most organs were taken for histological analysis.

Results of these analyses were compared with historical data from normal, untreated MPS VI
cats and from MPS VI cats treated with rh4S at 1 and 5 mglkg (Crawley et al.,l99l).

3.2,1.1 Physical examination

Injection of enzyme was tolerated well by both cats and neither showed any of the adverse

reactions typical of anaphylaxis/hypersensitivity at any stage of therapy. Tbroughout the course

of therapy they progressively gained weight, following the trend observed in normal cats

(Figure 3.5). Generally MPS VI cat body weight starts to diverge from normal by

approximately 90 days of age such that by 6 months of age their body weight is about 50-60%

of normal. Both cats 249 and 250 were in the normal range up to 120 days. Thereafter the

weight of cat 250 did not increase as much as that of cat 249. At the end of therapy cat 250 was

still heavier than untreated MPS VI cats and his weight was approximately 80% of normal

130



whereas the weight of cat 249 remained just above the normal range from approximately 90

days onwards.

The two cats appeared well groomed, had shiny coats and were active and playful. Cat 249 had

a more outgoing boisterous demeanour than cat 250. Facial shape, ear size, tail thickness and

neck and body lengths were normal. Mild corneal clouding, assessed visually rather than by slit

lamp examination, was present in both cats from 90 days of age and cat 250 had very mild

kyphosis of the thoracicolumbar spine which was apparent from 150 days of age. Both cats

were otherwise difficult to distinguish physically from age-matched normal cats (Figure 3.6).
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Figure 3.5: Cat body weights from birth to 6 months of age.

Body weights (grams) of cats 249 and 250 compared with normal and MPS VI male cats from

birth to 6 months of age. Error bars : I 1 SD. The number of cats at each time point indicated

varied from 3 to 18.
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Figure 3.6: Clinical appearance of cats 240 and 250 at 5 months of age.

Cats 249 and 250 were treated with intravenous injections of r?lS at 1 mg/kg body weight

weekly from birth. (A) and (B) show the facial appearance of cats 249 and 250, respectively.

Compared to a normal cat (E), facial dysmorphia has been resolved but mild corneal clouding

is present in both cats although this is not obvious in these photographs. In marked contrast, an

age-matched untreated MPS VI cat (F) shows obvious corneal opacity as well as smaller ears

and a flattened broad face which are characteristic of MPS VI. In addition, compared to

untreated MPS VI controls, cats 249 and 250 have increased body weight, size and length,

greater cervical spine flexibility and no hindlimb deficits (C) and (D). The untreated MPS VI

cat in (G) has severe hindlimb paresis, spinal kyphosis and is overall smaller.
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3.2.1.2 Neurological examination

Apart from mild gait changes (shorter, stiffer steps more pronounced in the left hindlimb than

in the right) in cat 250 in the last two weeks of therapy, no hindlimb neurological deficits were

detected in either cat. Cat 249 corrected its hindlimbs normally and rapidly when pushed off
balance and could hop and wheelbarrow proficiently whereas cat 250 appeared to be slightly

slower in this regard. Again this defect was only detected in the last two weeks of therapy.

Flexibility (lateral head movement and coxofemoral joint movement) in cat 249 remained

unchanged with age and in cat250 head/neck rotation decreased by 10" on the right side at 150

days ofage and a further 10o at 170 days.

3.2.1.3 Radiological examination

Analysis of radiographs at 90, 150 and 170 days of age for dysostosis multiplex demonstrated

reduced skeletal pathology in rfilS-treated cats compared with untreated MPS VI controls.

Changes included more uniform bone density and smooth subchondral bone surfaces in long

bone epiphyses and increased length and improved shape of vertebrae (Figure 3.7).

Measurements of L5 vertebrae were made from radiographs taken at 150 days rather than 170

days in order to allow for direct comparison with those cats treated with 5 mg rh4S/kg.

Improvements in skeletal appearaîce in rf4S-treated cats based on L5 vertebral L:W ratios

were not substantially different from those observed in rh4S-treated cats. Cats on rf7lS therapy

showed an improvement in L:W ratio up to 8lo/o of normal, indicating that remodelling of
vertebrae had occurred. The shorter, broader and more misshapen vertebrae of MPS VI cats is

illustrated by the lower L:W ratio which is only 62Yo of normal (Table 3.4). However, although

the radiological appearance was not very different among all treated groups, the quality of bone

did appear to be more improved in the rf4S-treated cats and those given 5 mg rh4S/kg, in

comparison to 1 mg rh4S. This was confirmed by bone histomorphometric analysis (section

3.2.4).
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Figure 3.7: Lateral radiographs of the lumbar spine in normal, treated and untreated

MPS VI cats.

Radiographs of the lateral view of the lumbar spine in 6 month old cats. In normal cats (A) the

vertebral bodies are long, naffow and radio-opaque, with smooth, regular epiphyses. In

contrast, in an untreated MPS VI cat (B) the vertebrae are shorter, wider and radiolucent. Cats

treated with 5 mg rh4S (C) and 1 mg rfTtS (D) show a marked improvement in bone density and

shape.
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Table 3.4: Ratio of L5 vertebral length (L) and width (W) measurements from

radiographs of normal male cats and treated and untreated male cats at age 150 days

L:\il ratio 7o normal

Normal (n: 9)

MPS VI (1 mg r?tS/kg) (n:2)

MPS VI (1 mg rh4S/kg) (n:2)

MPS VI (5 mg rh4S/kg) (n:3)

MPS VI (no ERT) (n:9)

3.576 + 0.146

2.903

(2.848,2.958)

2.867

(2.242,3.492)

3.02t t0.424

2.225 r 0.384

100

81 .3

80.2

84.6

62.3

n is the number of cats in each group. Results are expressed as the mean + 1 SD. Where f : 2,

the mean value is given and individual values are shown in parentheses.

3.2.2 Macroscopic pathology

Gross examination of the soft tissues of cats 249 and 250 at autopsy showed no abnormalities.

Cat 249 had considerable abdominal fat deposits compared to cat 250, blt the organs

themselves were of normal size; for example, liver was 2.7%o and 2.89% of body weight for

cats 249 and 250, respectively. In age and sex-matched normal male cats this has been

calculated as 3.01o/o t 0.6%. Throughout the length of the spinal cord no compression was

evident in either cat. Examination of joints showed an overall decrease in articular cartilage

thickness and improved subchondral bone quality compared to untreated controls. However,

significant joint pathology similar to that observed in untreated MPS VI controls was still

present (Figure 3.8). Abnormalities included superficial erosion of articular surfaces on both

femoral heads (cat249 only) and fissures in the glenoid surfaces of both scapulae incat250.

There v/as no hip subluxation in cat 250 and no obvious bruising on the hindlimbs to explain

the change in gait observed in the last two weeks of therapy. However, in both cats the femoral

head was slightly smaller and therefore not tightly held in the acetabulum.
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Figure 3.8: Joints of MPS VI treated and untreated cats compared with a normal control

cat.

Shoulder joints (proximal humerus and glenoid surface of the scapula, cranial aspect) were

examined at post mortem at approximately 6 months of age. (A) In a normal control cat the

articular cartllage is thin and smooth and the subchondral bone is uniform and pink and clearly

visible through the cartilage surface. (B) In an untreated MPS VI cat the cartilage thickness is

increased and hence the subchondral bone is not visible, The ball of the proximal humerus may

be irregularly shaped and the subchondral bone may be spotty and often focal erosions are

present (not shown here) on the cartilage surface. (C) Treatment with 5 mg rh4S/kg results in
joints that have thinner cartllage and fewer erosions while treatment with 1 mg rh4S/kg (D) has

a lesser effect with joints showing lesions and thicker cartilage although not as thick as in an

untreated MPS VI cat. (E) and (F) Cats 250 and249, respectively, treated with 1 mg rfilS/kg

had decreased cartilage thickness þarticularly cat 249) compared to an untreated MPS VI cat,

although there were some slight irregularities in cartilage thickness over the joint and cartilage

was generally thicker around the periphery of the glenoid surface of the scapula, No lesions

were present on the articular surface of either cat. In cat 250 a slight fissure was present in the

centre of the glenoid cavity of both shoulders.
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3.2.3 Light and electron microscopy

The results of examination of tissues by light microscopy for the degree of lysosomal

vacuolation are shown in Table 3.5. Treatment with r?lS resulted in total elimination of storage

from liver Kupffer cells. This was also observed with other treatment strategies. A marked

improvement in clearance of lysosomal storage with the feline eîzpe was seen in skin

fibroblasts, hip joint capsule fibroblasts and dura mater fibroblasts compared with the human

eîzyme at the same dose. Most striking was the complete elimination of storage in aorta

smooth muscle cells across the entire width of the aorta in cat 249 with only very mild storage

in cat 250.In comparison with the 5 mglkg dose of rh4S, storage was still evident from the

outer tunica media to the outer wall of the aorta. Figure 3.9; 1A-54, shows a representative

cross-section (x 200 magnification) of the aorta from a normal cat, an untreated MPS VI cat

and cats treated with 1 and 5 mg rh4S/kg and 1 mg rf4S/kg (cat 249), respectively, while

Figure 3.9; 1B-58, depicts an identical area of the aorta (indicated by an arrowhead), that is

toward the outer tunica media, magnified x 2000 to show detail of lysosomal storage.

Compared with normal cats, untreated MPS VI cats have a thickened aorta due to storage

across its width. Furthermore, the ordered anay of altemating layers of concentric elastin

membranes and smooth muscle cells seen in normal cats is severely disrupted in untreated

MPS VI cats. Although therapy with rfils has clearly eliminated storage, reversal of the chaotic

anay of elastic fibres has not occurred. Electron microscopy of the aorta of a 14 day old MPS

VI cat foetus clearly shows considerable storage and a disruption of aortic structures (Figure

3.10). Heart valve fibroblasts showed a similar trend in the reduction of lysosomal vacuolation

(Figure 3.11). Electron micrograph of cat 250 showed almost negligible storage. In cat249

lysosomal storage was moderate but confined to focal regions of the heart as opposed to being

spread throughout the tissue (data not shown). In contrast, brain perivascular cells showed a

mild to moderate degree of storage with 1 mg rf:tS/kg, the same tissue exhibiting only mild to

no storage at the equivalent dose of the human enzyme.In addition, compared with untreated

MPS \/I cats, no reduction in the degree of vacuolation was observed in cartilage chondrocytes

or corneal keratocytes with any of the treatment regimens,
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Table 3.5: Lysosomal storage in different cell types in untreated and treated MPS VI cats

Tissue-cell type
MPS VI
no ERT

MPS VI
I mg rf4S/kg

MPS VI
1 mg rh4S/kg

MPS VI
5 mg rh4S/kg

Liver-Kupffer cells

Skin-fibroblasts l+-2+

Dura mater-fibroblasts 0-1+ + -2+

Heart valve-fibroblasts +-1+ 7+-2+ 0-+

Aorta-smooth muscle cells 0-+ +-1+

Hip j oint capsule-fibroblasts 0-1+ 2+-3+ +-1+

Brain-perivascular cells I+ -2+ 0-1+

Cornea-keratocytes 3+

Cartilage-chondrocytes 3+

0, no lysosomal storage; !, very mild storage; 1*, mild, 2*, moderate,3+, severe lysosomal

vacuolation. No storage \ryas present in normal cats in all tissues examined. n : number of cats

in each group.

3+

3+

3+

3+

3+

3+

3+

3+

3+

0

0

0

00

+

2+

0

3+

3+

3+

3+
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Figure 3.9: Electron microscopy of aorta in a normal cat and treated and untreated MPS

VI cats.

Electron micrographs show the transverse section of aorta from a normal cat (14), an untreated

MPS \/I cat (2A), and MPS VI cats treated with 1 mg rh4S/kg (34), 5 mg rh4S/kg (44) and 1

mg rÊtS/kg (54), respectively, magnified x200. Figures 1B-58 depict an identical area of the

aorta in the outer tunica media (indicated by an arrow) magnified x 2000. No storage vacuoles

are seen in the rf4S-treated cat compared with mild storage in the 5 mg rh4S-treated cat and a

moderate degree of storage in the cat treated with 1 mg rh4S. With removal of storage, the

width of the aorta is near-norrnalised. A: Bar: 50 pm. B: Bar: 5 pm.
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Figure 3.10: Electron micrograph of aorta of a MPS VI affected cat foetus.

The electron micrograph of the aorta of an affected MPS VI cat foetus at 14 days of age

displays lysosomal storage and a disordered array of elastin fibres and muscle cells.

Magnification x 4,500. Bar:5 pm.
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Figure 3.11: Electron microscopy of heart-valve in untreated and MPS VI treated cats.

Electron micrographs of heart-valve fibroblasts of an untreated MPS VI cat (A) show cells that

are enlarged and distended with storage vacuoles, whereas no storage vacuoles are present in

the cells of a MPS VI cat treated with I mg rf4S/kg (B) compared to mild and moderate storage

in the cells of MPS VI cats treated with 5 mg rh4S/kg (C) and 1 mg rh4Slkg (D), respectively.

(E), normal control cat. Bar: 5 pm.
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3.2.4 Bone histomorphometry
The L5 vertebra was used for histomorphometric analysis of trabecular bone. Thin sections

stained with haematoxylin and eosin show the degree of bone prbsent (Figure 3.I2).In addition

to the overall improvement in the size and shape of the L5 vertebrae following ERT, an

increase in the number and thickness of the trabecular bone is also evident. From these stained

sections it is also obvious that treatment 'with 1 mg r?lS is more efficacious that the equivalent

dose ofrh4S.

Static histomorphometric parameters were measured on 5 pm undecalcified sections that had

been stained with von Kossa stain as described in section 2.2.16. Results of this analysis are

shown in Table 3.6. Treatment with rf4S resulted in an increase of bone mineral volume

expressed as a percentage of tissue volume (BV/TV) to 77Yo of normal. A similar trend was

observed for bone surface density (BS/TV, 98% of normal) upon treatment with 1 mg rf:tS/kg.

TbTh, TbN and TbS, which relate to bone architecture, were also restored to near-normal

values. Treatment with the feline enzpe appeared to have a greater effect on reversing these

static parameters of pathology compared with the same dose of human enzpq the latter

resulting in a BV/TV of 40o/o of normal; BS/TV, TbTh and TbN approximately 60Yo of normal;

and the TbSp about twice normal. Indeed, the feline enzrye was more effective than a 5 times

higher dose of human enzpe (BV/TV with 5 mg rh4S/kg was 7l%o of normal; BS/TV, TbTh

and TbN were 85olo of normal; and TbSp was 22Yo greater than normal). In contrast, MPS VI
cats are severely osteopenic having a bone volume of only 4.4o/o compared to 20o/o in age-

matched normal control cats. Overall, r?lS-treated MPS VI cats demonstrated a response to

species-specific enz¡rme that was more successful in correcting the measured static parameters

of bone architecture than a five-times higher dose of non-native (human) enzpe.
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Figure 3.l2zL5 vertebral sections of normal and treated and untreated MPS VI cats.

(A) L5 vertebral section from a normal control cat, (B) an untreated MPS VI cat, (C) a MPS VI
cat treated with I mg rh4S/kg, (D) a MPS VI cat treated with 5 mg rh4Slkg and (E) and (F)

cats 249 and 259 respectively, treated with 1 mg rf:lSikg. A1l cats are approximately 6 months

of age. Sections were stained with Haematoxylin and Eosin. Trabecular bone within the L5

vertebrae is stained black.
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Table 3.6: Histomorphometric measurements of L5 vertebral bone in normal, untreated

and treated MPS VI cats.

L5 vertebrae were treated as described in section 2.2.16. The parameters measured included

bone mineral volume (BV/TV), bone surface density (BS/TV), trabecular thickness (TbTh)'

trabecular separation (TbSp), trabecular number (TbN), mineral apposition rate (MAR) and

bone formation rate (BFR/BS). Results of histomorphometric measurements of L5 vertebrae of

cats 249 and 250 that were treated \¡/ith r?ts are compared with data obtained for normal,

untreated MpS VI cats and 1 and 5 mg rh4S-treated MPS VI cats (Byers et al',1997). Results

are expressed as the mean I 1 SD. n indicates the number of cats in each experimental group

withthe exception of *n:9 and#n: 10. The individual values for cats 249 and250 arc given

in parentheses.
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Bv/rv (%)

BS/TV (mm?mm)

TbTh (mm)

TbSp (pm)

TbN (per mm)

MAR(pm/day)

BFR/BS (mm3/mm2/day)

Normal

19.61 + 5.303

4.16 X0.77

0.081 r 0.012

0.348 r 0.076

2.384 !0.387

2.20 + Otf

0.008 r 0.002+

11

MPS VI

1 mg rf4S/þ

15.562

(14.68, 16.45)

4.618

(4.35, 5.01)

0.067

(0.068,0.066)

0.363

(0.392,0.334)

2.399

(2.r8,2.50)

2.t9

(2.21,2.10)

0.00624

(0.0056, 0.0068)

2

MPS VI

1 mg rh4S/kg

8.229 ! 1.792

2.9s2 !0.655

0.056 t 0.008

0.648 r 0.161

1.476 X0.327

2.76 t0.09

0.0034 t 0.001

MPS \rI

5 mg rh4S/þ

14.331!0.192

4.066 r 0.596

0.071 t 0.01

0.426X0.064

2.033 X0.298

2.01

0.0034

MPS VI

no ERT

4.104 r 1.105

7.943 !0.557

0.043 + 0.009

1.052 !0.254

0.911!0.218

2.09 + o.lf

0.0011 + 0.0005#
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Dynamic parameters of bone formation, namely BFR/BS and MAR were measured on an

unstained section of L5 vertebra as described in section 2.2.16.'With regard to BFIVBS a

markedly improved response to therapy was observed with rf4S in comparison with human 45,

being corrected to 75%o of normal, 1.7 times better than either dose of human eîzpe (Table

3.6). BFR/BS in MPS VI cats is severely diminished (74% of normal). MAR does not

distinguish between untreated MPS VI and normal cats. Not surprisingly MAR in rfTlS-treated

cats was not significantly different from either normal or rh4S-treated MPS VI cats. In general

bone morphometric data reinforced the view that treatment with feline enzyme resulted in a

trend toward normalisation of bone quality that, according to most parameters, was better than

a 5 times higher dose of human enzpa

3.2.5 Urinary GAG analysis

3.2.5.1 Alcian Blue method

The Alcian Blue test for GAG gives a measure of the total GAG in urine. The two cats in this

study showed a rapid decrease in total urinary GAG with age (Figure 3.13). This reduction in

GAG is a natural phenomenon and is observed in both normal and untreated MPS VI cats.

However, the absolute level of urinary GAG in untreated MPS VI cats remains elevated from

birth to six months by approximately 4-fold compared with normal cats. Within 25 days of the

initiation of treatment with rfilS, the concentration of urinary GAG was approximately halved

compared with untreated MPS VI controls, however, this was still double the level found in

normal control cats. Betwe en 25 and 45 days of therapy, the concentration of urinary GAG in

cats treated with rf:tS dropped rapidly to 1.5 times normal, or 28Yo of MPS VI, levels' From 90

to 170 days of therapy, it stabilised aT 4lo/o of MPS VI levels or 1.7 times normal levels. The

reduction in total urinary GAG in cats treated with an equivalent dose of the human eîzpe
was not as great as that seen with the feline erlzyme. The reduction was gradual and was

maintained at a level of roughly 75o/o of that in untreated MPS VI controls over the same

period. In comparison, the higher dose of human enzpe was slightly better than the 1 mg

r?lS/kg dose up to about 100 days of therapy and then a more pronounced effect was observed

to 150 days, that is, again better than the 5 mglkg dose for most of the treatment period.
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Figure 3.13: Urinary GAG excretion in normal, untreated MPS VI and ERT treated MPS

VI cats.

Cat urine was collected from birth to 6 months at the times shown. Total urinary GAG was

estimated using the Alcian Blue method (section 2.2.14.1) and was standardised to creatinine

(mmol). Error bars, r I SD. Points with no error brirs indicate n<3.
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3.2.5.2 High-resolution electrophoresis (HRE)

HRE allows a means of visualising the types and pattems of urinary GAG and their

quantification by densitometric analysis. Based on the resulting pattem of stained bands, a

preliminary diagnosis for a particular MPS can be proposed. In MPS VI, DS is elevated in

urine. On HRE, DS migrates as an intensely staining band which remains near the origin (DS1)

and as one (or two) diffusely staining bands with have greater mobility that migrate towards

the cathode (DS2) (Figure 3.I4). Therefore total DS (DSl+DS2) can be expressed as a

percentage of total GAG on HRE by densitometric analysis. Apart from the 23 day time point,

% DS remained reasonably constant throughout therapy for those cats treated with rf4S,

varying from 650/o at day 49 to 59o/o at day 170 (Table 3.7). Compared with untreated MPS VI

cats, this indicated a reduction of DS excretion of between 33-47% during therapy. This was

better than the equivalent dose of humaî enzyme, particularly towards the end of therapy (day

170) when the level of DS was the same as in untreated MPS VI cats. The greatest reduction in

% DS was observed in cats receiving 5mg rh4S/kg. In these cats % DS initially decreased to

48%o of the level seen in untreated MPS VI cats and then increased to 630/o at day 150. From

data in Table 3.7 it is obvious that although % DS fluctuates there was nevertheless an overall

increase with age in both those cats receiving therapy and in untreated MPS VI cats. In

addition there was a reduction in % DS in cats on all treatment regimes except at 170 days with

the 1 mg rh4S dose as mentioned above. Although total GAG concentration as measured by the

Alcian Blue test (section 3.2.5.1) decreased to within 1.7 times normal levels in cats on r?lS

therapy, this was not reflected in HRE results which indicated that the proportion of DS

remained elevated throughout. In normal cats Yo DS is very low, ranging from 1 .6%o at age 23

days to 4.4o/o at 170 days (HRE data not shown).
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Figure 3.14: HRE of urinary GAG from MPS VI treated and untreated cats.

Urinary GAG was precipitated with CPC prior to HRE on cellulose acetate plates. Plates were

stained with Alcian Blue to visualise GAG. (A) Lanes 1-5, urine from cat 249 treated with 1

mg r?lS/kg at26,46,89,150 and 175 days, respectively; lanes 6 and 7, urine from cats treated

with 1 and 5 mg rh4s/k g at 173 and, 149 days of age, respectively; lane 8, urine from an

untreated MPS VI cat at 175 days of age. (B) Lanes 1-4, urine from cat 250 treated with 1 mg

rf:lS/kg at days 24,97,150 and 168 days; lanes 5 and 6, urine from cats treatedwith 1 and 5

mg rh4S/k g at 173 and 149 days of age, respectively; lane 7, urine from an untreated MPS VI

cat at 175 days of age. DS (DS1 and DS2) and CS bands are indicated by arrows. The

migration position of HS is also indicated although no bands in this region were observed in

accordance with HS not being a storage product in MPS VI'

t49



A 12345678

CS*

HS+

DS1 *

CS*

HS*

t t *:. t
I

B 1234567

., :*t'DS1*



Table 3.7: Comparison of the percentage DS in total urinary GAG of cats on ERT with

normal and untreated MPS VI cats at different ages.

Age MPS VI MPS VI MPS VI MPS VI Normal

(days) (no ERT) (1 mg rf4S/kg) (1 mg rh4S/kg) (5 mg rh4S/kg)

23

49

90

150

t70

40.8 + 4.8

52.4 X 5.0

61.9 !8.2

58.9 t 3.7

62.8 t 3.8

36.6

(37 .2,35.9)

34.0*

4r.6

(39.2,44.0)

38.2

(40.2,36.r)

36.9

(35.4, 38.3)

37 .8 ! l4.I t9.4

(19.1, 19.6)

nd

37.8 r 5.3 25.8 + 7.l

nd

1.6 t 1.0

3.9

47.9

(4t.7,42.0)

59.3

(67.7,56.9)

4.4 + 3.5

37 .2 ! 1.2.9 3.6 + 1.2

4.4 Xl.5nd

The percentage DS (DS1 + DS2) was estimated from densitometric analysis of urine GAG

following HRE (Figure 3.14). Results are expressed as the mean t 1 SD where the number of

cats (n) is >3. Where n : 2 the mean value is given with the individual values shown in

parentheses. *n : 1; nd, not determined. Except for r?tS results all data were obtained from A

Crawley.
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3.2.5.3 Gradient-PAGE

Sulphated GAG were isolated from cat urine using anion exchange chromatography followed

by desalting on Sephadex G10 and then analysed by gradient-PAcE according to the method

described in section 2.2.14.4. Gradient-PAGE, as opposed to isocratic-PAGE, has greater

resolving po\Mer and can separate GAG species on the basis of charge as well as size thus

permitting a more comprehensive characterisation of GAG structures. The ladder of sulphated

GAG that is visualised after staining is a reflection of the different sized products excreted in

urine, ranging from a tetrasaccharide to large molecular sizes. The broad range of GAG species

that are observed, varying in both size and charge, implies the presence of partially degraded

chains. In all urine samples analysed, a similar pattern of multiple GAG bands was observed

(Figure 3.15). Major bands represent separation by size, with multiple bands surrounding each

size grouping being indicative of differing sulphation (i.e., charge) patterns.

Urine from normal cats is predominantly comprised of high Mr oligosaccharides. Both the type

and amount of sulphated GAG are vastly increased in untreated MPS VI cats compared with

that observed in normal cats. Analysis of cats treated with 1 mg rh4S/kg showed only a minor

change in this profile compared with untreated MPS VI cat urine. Samples from cats treated

with 1 mg rf4S/kg showed a pattem and intensity of GAG similar to that seen in cats treated

with 5 mg rh4S/kg. This differs from normal control urine mainly in the amount of low Mr

oligosaccharides present. Quantification of these results by densitometric analysis of specific

bands clearly demonstrated that the ratio of these bands (A:B and C:D as indicated in Figure

3.15) was almost completely normalised in those cats treated with rf4S (Table 3.8). This effect

was definitely much more pronounced than 1 mg rh4S/kg and only slightly different from the 5

mg rh4S/kg dose. Compared with normal ca| urine, the size and species ratios are markedly

altered in MPS VI cat urine. However, overall the concentration of charged saccharides in

urine was still higher in each treatment group compared with that in normal cats. Treatment of

the same samples with rf4S, followed by analysis on gradient gels, demonstrated a shift in

banding pattern for all samples except normal urinary GAG (Figure 3.16). The change is

indicative of the removal of a 4-sulphate moiety from the non-reducing terminal residue of the

GAG species present in urine from both treated and untreated MPS VI cats.
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Figure 3.L5: Gradient-PAGE of GAG isolated from urine of normal, untreated and

treated MPS VI cats.

Lanes 1 and 2, cat 249 and 250 urine, respectively; lane 3, untreated MPS VI cat urine; lanes 4

and 5, urine from MPS VI cats treated with 1 and 5 mg rh4S/kg; respectively; lane 6, normal

cat urine and lane T,hepainoligosaccharide standards. A and B, and C and D, indicate pairs of

bands for which densitometric ratios were obtained (see Table 3.8). Bands A, B, C and D in

normal cat urine ffe very faint and not seen to full potential in this photograph.
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Table 3.8: Comparison of the ratios of sulphated uronic acid-containing GAG fragments

isolated from urine of normal, MPS VI untreated and MPS YI treated cats after

gradient-PAcE.

Lane,Figure 3.15 A:B C:D

Cat249 (1 mg rf:lS/kg) 64:36

Cat250 (1 mg rf:lS/kg) 60:40

MPS VI (no treatment) 4456

MPS VI (1 mg rh4S/kg) 46:54

MPS VI (5 mg rh4S/kg) 64:36

Normal cat 63:37

A:B and C:D are ratios of pairs of bands (Figure 3.15) analysed by densitometry

1

2

J

4

68:32

70:30

49:51

52:48

77:23

73:27

5

6
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Figure 3.16: Gradient-pAGE of GAG isolated from urine of normal, untreated and

treated MPS VI cats following digestion with rf4S'

Lanes 1,3, 6,8, l0 and 12 ate cat 249, cat 250, untreated MPS VL MPS VI treated with 5 mg

rh4S/kg, MpS VI treated with 1 mg rh4S/kg and normal cat urinary GAG, respectively, which

have not been digested with rf4S. Lane s 2, 4, 7 , 9, 11 and 13 ate the same urinary GAG as

above but these have been digested with rf4S. Lane 5, heparin oligosaccharide standards.

154



1 2 3 4 5 6 7 I I 10 11 12 13

-
-{-

-

IID
rt
--ç?

r*
tr{}
::* +-i*

octa * |

þg¡¿ *

tetra *_ -) -

'tfe+t
*r> e æ

a
ee
-

C

õ



Figure 3.17: Western blot of plasma from cats on ERT'

Blood samples were collected from cats 249 and,250 at specified times throughout therapy and

the plasma isolated to test for antibody reactivity to r?lS as described in section 2.2.11. Lane 1'

r?lS probed with a polyclonal to r?tS followed by detection with SAR-HRP (positive control);

lanes 2-5,plasma from cat 250 at 45, g0,150 and 168 days; lanes 6-9, plasma from cat 249 at

45,g0,150 and 175 days; lane 10, plasma from cat 251(aheterozygote littermate of cat 250) at

day 175;lane 11, plasma from cat 140 (shown to have a positive antibody response to rh4S,

titre 1 in 250,000), lane 12, negative control with 1% milk. Lanes 2-12 were probed with goat

anti-cat Ig-HRP.
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3.2.6 Antibody response

No significant antibody response to rf4S was detected in plasma from cat249 either by Elisa or

westem blot, and a very low titre (1 in 5,100) was observed for cat 250 (results not shown).

The protocol used for determining antibody titre was validated using plasma from cat A, which

had a titre of 1 in 512,000 (cat A was treated with rh4S from 7 months of age (Crawley et al.,

1996). This titre was identical to that obtained by a previous analysis (Brooks et al',1997)'
'Western blot analysis of plasma from cat 250 showed a weak response that did not change

from day 90 to euthanasia (Figure 3.17). Pre-immune semm was not available to test for

background reactivity. However, cat 25I, aheterozygote littermate of cat 250 also showed a

weak antibody response to rf4S by western blot analysis (Figure 3.l7,lane 10). Cat 104, which

had a high titre to rh4S also demonstrated a positive response on a western blot.

3.2.7 Residual enzyme activity in feline liver

From various tissue distribution studies of rf4S (section 2.2.19) and rh4S in cats (Crawley et

al.,1996;Crawley et al.,lggZ)it was observed that the majority of intravenously administered

enzyme is localised to liver (Table 3.11). Liver was therefore considered a suitable organ to

compare the levels of residual 45 activity in cats treated with either ?[S, or h4S. Two doses, 1

mg and 5 mg/kg body weight were used. Liver homogenates were prepared as described in

section 2.2.17 and assayed using a specific radiolabelled substrate (section 2.2.5.2). The livers

of cats analysed had been stored at -20 oC for various periods of time as noted. Unfortunately

the only normal cat liver available at the time of analysis was from a 1 day old kitten whereas

livers obtained from all other cats were either 5 or 6 months of age. All treated cats had been

euthanased 48 h after receiving their last injection of enzyme.

The mean level of 45 activity in cats treated with r?lS, although higher than that seen in a

normal cat, rvas nevertheless approximately half that in the liver of cats treated with an

equivalent dose of rh4S. This in turn was about four times lower than in the 5 mg rh4S/kg dose

regimen. Untreated MPS \/1 cats have less than 1% residual 45 enz)¡me activity'

156



Table 3.9: Residual 45 activity in liver homogenates of normal, untreated and treated

MPS VI age-matched male cats.

45 activity

(pmoVmin/mg total protein)

Normal 7.37

MPS VI (1 mg r?tS/kg) t2.8r
(7 .43,18.81)

MPS VI (1 mg rh4S/kg) 24.08
(29.84,18.32)

MPS VI (5 mg rh4S/kg) 92.10
(t20.92,63.28)

MPS VI (no ERT) 0.057
(0.06, 0.053)

Cat status, age ateuthanasia and the time in storage of the liver sample at-20 oC (shown in

parentheses) were as follows: normal cat, I day old (S months), cats 249 and 250,6 months (6

months), two MPS VI cats treated with 1 mg rh4S/kg, 6 months (32 and 38 months), two MPS

VI cats treated with 5 mg rh4S/kg, 5 months (33 and 55 months) and two untreated MPS VI

cats, 6 months (23 and28 months). Results are normalised to total cell protein; the mean of two

measurements is shown with individual results for each liver homogenate given in parentheses'

3.2.8 Assessment of hepatomegaly in MPS VI cats

In contrast to human MPS VI, hepatomegaly does not present as an obvious clinical syrnptom

in the MPS y1 cat (Haskins et al., 1979b; Haskins et a1.,1983a; Di Natale et al., 1992) despite

the high degree of storage in liver Kupffer cells. The abdominal distension noted in affected

cats has been attributed to shortened body length and the requirement to accommodate
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relatively normal sized organs. To determine if MPS VI cats did display some degree of

hepatomegaly, wet weights of liver from autopsy data were expressed as a percentage of total

body weight. These were compared with liver weights of normal and r?lS and rh4S-treated

cats.

Analysis of liver wet weight data (Table 3.10) indicated that male MPS VI cats have livers that

are 24o/o heavier than norm al age and sex-matched controls and that this difference is

statistically significant. Furthermore, all treatments (1 and 5 mg rh4S/kg and 1 mg rf4S/kg) in

male cats resulted in a decrease in liver size to a value not statistically different from normal

male cats, but significantly different from untreated MPS VI cats. The results clearly show that

male MPS VI cats do have enlarged livers and that ERT results in both the complete

elimination of storage and normalisation of liver weight. There was no significant difference in

liver size between age-matched normal male and female cats, or between age-matched MPS VI

male and female cats. Nor was there a statistically significant difference in liver size between

age-matched normal and MPS VI female cats or between age-matched MPS VI female cats and

those that had received treatment. However, there was a trend towards that end and taken as a

group there was a statistically significant difference between age-matched MPS VI male and

female cats and those on therapy.
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Table 3.10: comparison of liver size of normal and MPS VI treated and untreated cats'

Liver size as 7o total bodY

weight

Normal male (n: 5) 3,010 + 0.597*

MPS VI no ERT male (n:9) 3.850 + 0.767

Treated MPS VI male (n: 8) 2.998 + 0.496#

Normal female (n:4) 3.293 !0.257

MPS VI no ERT female (n : 8) 3.568 L0.932

Treated MPS VI female (n:9) 3.033 r 0.387

Treated MPS VI male and female (n:22) 2.g39 + 0.459t

MPS VI no ERT male and female (n:22) 3.524 r 0.755

Results are expressed as mean I 1 SD

n : number of cats in each group'

* Significant difference at p<0.05, normal vs. MPS VI untreated.

# Significant difference at p<0.05, MPS VI treated vs. MPS VI untreated'

I Significant difference at p<0.005, MPS VI treated (males and females at all ages with all

treatment regimens) vs. MPS VI untreated males and females of all ages'
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3.2.g Tissue distribution of tH-rf4s in normal cats

Four g day old kittens were injected intravenously with 1 mg 3H-rf4S lkg and sacrificed after 4

h. Analysis of major organs after NaOH solubilisation of tissues indicated that the majority of

eîz*e (60%)was found in the liver (Table 3.11). Other organs with a significant' although

much lower, level of radiolabelled enzyme included lung, kidney and spleen. These results are

similar to all distribution studies done to date in that the majority of enzyrne is found in the

liver. This is not unexpected as the liver is extremely well vascularised, large and efficiently

endocytoses material from circulation. 
'When the distribution of what is mainly precursor rh4S

was determined there was more enzqe activity in liver (75.42%). 'When predominantly

mature rh4S was injected there was a reduced level found in the liver (56%), the level of rf?lS

was of intermediate value (60%). After 4 h, there were still detectable levels of enzyme in

plasma which may account for the low levels detected in the various brain fractions as these

cats were not perfused before sacrifice. In addition, capillary depletion (Triguero et a\.,1990)

to eliminate contamination of brain samples by radioactive enzqe from brain capillaries was

not done

160



Table 3.1L: Comparison of the tissue distribution of radiolabelled rf4S and rh4S

(precursor and mature forms) as ToID in normal kittens.

Tissue rf4S rh4S rh4S

(precursor) (mature)

Liver 60.04 + 5.73 75.42 X8.79 56.64 t 14.39

Kidney 2.t2 ! l.r4 t.48 !0.32 t.5 !0.22

Spleen 1.94 r 1.03 1.63 r 0.50 0.34 L0.20

Lung 2.94 ! 1.93 r.92 ! 0.30 1.07 + 0.28

Heart 0.35 r 0.15 0.43 + 0.27 0.28 + 0.09

Cerebrum 0.25 r 0.13 0.29 r 0.05 0.42 r 0.18

Cerebellum 0.04 r 0.03 0.02 r 0.01 0.09 t 0.03

Base brain 0.04 t 0.02 0.03 10.01 0.05 r 0.02

Plasma 0.50 r 0.12 0.52 r 0.04 0.75 r 0.55

3H-radiolabelled 45 was produced as described in section 2.2.26 and immunopurified using

F58.3-linked Affr-Gel (section 2.2.3). The precursor and mature forms of 3H-rh4S were

purified by chromatography over M6PR-linked Affi-Gel (Jones et al., 1998). Kittens were

injected with a dose of I mglkg and sacrificed 4 h later. Tissues were processed for

determination of radioactivity as described in section 2.2.19. Results are expressed as the mean

of the o/oTD + 1 SD. n : number of kittens in each group. Data for precursor and mature forms

of rh4S were obtained from Leanne Hein, Department of Chemical Pathology, V/CH'

JJ4n
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3.2.10 Plasma circulating hatfJife of rf4s in normal cats

plasma clearance of intravenously injected rf:tS was typically biphasic showing an initial steep

decline in plasma enzyme concentration followed by a longer second phase (Figure 3.18). The

plasma circulating halÊlife for the initial phase was calculated to be 5.8 min which is similar to

that for rh4S (3.6 min) when administered at a dose of I mg/kg. (The previously published

halÊtife of l3.i min (Crawley et al., 1996) was incorrectly calculated. Personal

communication, A. Crawley). The half-life of the second phase was estimated to be

approximately 102 min.
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Figure 3.18: Plasma half-life of rf4S in normal kittens.

Plasma clearance of rfils in 8 day old normal kittens after intravenous administration of 3H-

labelled rf:[S at I mg/kg.
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3.2 Discussion
Because r?tS had been cloned, expressed, purified and characterised and was found to be

similar to rh4S in most respects, small differences in glycosylation and pI being exceptions, it

was considered of clinical relevance to study the efficacy of using feline enzwr'e in a feline

model of MPS VI. It was believed that such a study would yield valuable information with

regard to what would be the analogous situation in human patient trials of species-specif,rc (i.e.,

human) ERT.

MpS 14 cats (L476P homozygotes) have less than 1olo residual 45 activity compared to normal

cats, and in a previous study in which rh4S was injected at doses of 0.2,1 and 5 mglkg body

weight weekly from birth for up to 6 or 11 months, there was a dose-dependent reduction in

pathology with the 1 mg and 5 mg rh4S doses. Urinary GAG excretion, skeletal pathology and

lysosomal distension in various cell types were also decreased with the two higher doses,

whereas the 0.2 mg dose was found to be too low to have any significant effect in altering any

of the above parameters. A dosage rate of 1 mg rf:tS/kg was chosen as firstly, differences in

pathology were noticeable at this dose of h4S although they were not as marked as at the 5 mg

dose, and secondly, the time and cost associated with production of eîzpe were limiting.

Injections were administered on a weekly basis to maintain consistency with the previous study

in which the frequency of enzqe infusion was selected on the basis of tissue distribution

studies of rh4S. These studies indicated that tissue half-life of enzyne was between2-4 days.

In addition, treatment was commenced at birth to maximise the effects of therapy on skeletal

growth and development and to minimise the possibility of antibody response. However' the

nature of the mutation in MpS VI cats suggests that some 45 protein is produced making it

unlikely that r?lS would be recognised as foreign. MPS VI kittens treated from birth with rh4S,

which is 90% homologous to r?lS, also did not develop an antibody response. An immune

response to rh4S was only found when therapy was initiated at later stages.

The two cats in this study were unrelated and were diagnosed at birth as being MPS VI

affected (L476P homozygous) on the basis of unstained eosinophils from a blood smear

(Crawley et al., lggT). Vacuolated lymphocytes and heavily stained basophilic granules in

neutrophils and basophils substantiated this diagnosis which was later confirmed by PCR

mutation analysis. Diagnosis from blood smears has proved to be reliable in all cats assigned
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L476P homozygous status by this method and has proved to be superior to analysis by aS/p-

Hex ratios in white blood cell lysates. The latter method, moreover, is inappropriate for

diagnosis of kittens at birth due to limitations of the volume of blood that can be safely taken.

External appearance: Treatment of the two cats in this study with 1 mg rÊlS/kg resulted in

signifîcant changes to physical appearance such that, apart from the presence of mild comeal

clouding, these cats were indistinguishable from age-matched littermates.

Histology: Histological analysis of tissues indicated that the 1 mg r?tS dose produced results

that were as good as, or better than, a five-times higher dose of human enzpe in most of the

cell types examined. Of particular interest was the total clearance of storage from smooth

muscle cells across the entire width of the aorta. Treatment with human 45 demonstrated a

dose-dependent gradient of correction, with storage still obvious in the inner tunica media with

the I mg dose and in the outer tunica media with the 5 mg dose. Although storage was totally

removed with feline 45, the normal architecture of the aorta was not resolved and remained

disordered. This disarray is known to occur in utero. Electron microscopic sections of aorta

from a mid-term feline MPS VI foetus show not only an already mild degree of lysosomal

storage in smooth muscle cells but also reveal some disruption of aortic structures (Figure

3.10). Whether prolonged therapy can reverse this structural abnormality, or whether it affects

aortic function in the long term, is not known. As many MPS VI patients die from cardiac

failure, the heart is a crucial site to be targeted in any therapy regime.

Both corneal keratocytes and cafülage chondrocles did not respond to therapy with either rfilS

or rh4S. This is reflected in the cloudy comeas and thickened cartilage over joint surfaces in all

animals on all forms of therapy. Both these tissues are not only avascular but are also

comprised of a dense network of extracellular matrix in which the cells are embedded.

Attempts to increase eflzymepenetration to these tissues by cationization of eîzpe with poly-

L-lysine or ethylenediamine have been unsuccessful (Byers et al., 2000). However, direct

injection into articular joint space may result in correction of cellular pathology. If this were

the case, both systemic and targeted ERT may be required to effect a complete treatment.

Although not attempted in MPS VI cats because of practical and ethical considerations, direct

application of enzyme (or an active fragment of enzyrne) onto the cornea may be worthy of

consideration in treating corneal opacity.
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Bone disease: MpS VI is a disease of predominantly skeletal and joint pathology' As discussed

above, joints were refractory to all forms of ERT including species-specific enzyrne (i.e', rf:tS)'

Bone on the other hand responded reasonably well, particularly with 1 mg r?lS and 5 mg rh4S'

Analysis of the L5 vertebra radiographically showed that bone shape and growth were nearly

normalised. Histomorphometric analysis of the L5 vertebra indicated that the rate of bone

formation and bone architecture were dramatically improved with rf4S compared with either of

the two doses of human enzyma

A study of the tibial growth plate in MPS VI cats by histomorphometric analysis has been

reported (Nuttall et al., lggg). Results from this study indicate that from birth to 20 days of age

normal and MpS VI cats show a similar pattem of development. This is characterised by a

rapid reduction in bone mineral volume due to expansion of the marrow cavity while the

specific bone mineral surface remains constant. During this time, trabecular number is halved

in both normal and MPS VI feline tibia. However, after 20 days bone mass in normal cats

increases such that by 6 months and onwards bone volume is similar to that observed at birth'

This increase in bone mass during the active growing phase is achieved predominantly by an

increase in trabecular thickness while trabecular number and surface volume remain relatively

unchanged. The situation in the MPS VI cat however, diverges from normal at 20 days of age'

Bone mineral volume remains low and although trabecular thickness increases this is to a lesser

degree than that observed in normal bone and is compounded by a continual loss of trabecular

number. In effect bone formation rate is markedly depressed and MPS VI cats demonstrate

severe osteopaenia.

Deformed and shortened bones are also observed radiographically. Short stature results from

impaired endochondral ossification which is the process whereby cartilage is transformed into

bone. This is a complex process and is described in section 1.13. The mechanisms responsible

for abnormal endochondral ossification have not been elucidated. However' DS accumulation

in chondrocytes appears to impair their function. Furtherïnore, a recent study (Gerbet et al',

1999) has shown that a vital step in the transition of cartilage to bone is the invasion of

cartilage by blood vessels which thus provide a conduit for the recruitment of the cell types

involved in cartilage resorption and bone deposition. In addition, several signals required for

normal bone morphology are provided by this vasculature. These include members of the

fibroblast growth factor family and the TGF-p family, as well as the angiogenic protein,
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vascular endothelial growth factor (VEGF). VEGF is expressed in hypertrophic chondrocytes

in the epiphyseal growth plate and was found to be an essential coordinator of chondrocyte

death, chondroclast function, extracellular matrix remodelling, angiogenesis and bone

formation in the growth plate. The action of VEGF has not been examined in MPS VI cats but

perturbation of the normal role of this factor may be one of the causes of poor bone elongation

and development.

Because MAR is not different in either normal or MPS VI bone, it implies that MPS VI

osteoblasts have the ability to support mineralisation if bone matrix is present. However, the

rate of bone formation is impaired in MPS VI suggesting that the problem may be due to the

number of osteoblasts recruited andlor their activity. Morphometric analysis of MPS VI

trabecular bone indicated that the number of osteoblasts located on the mineral surface of the

L5 vertebra was identical to that in normal controls (Byers et a1.,1997). However, this finding

is questionable as morphological identification of osteoblasts in tissue sections is problematic

as the staining procedure used obscures cell boundaries. Osteoclast function has not been

studied in the MPS \/[ cat. However, abnormal osteoclast function and morphology as well as a

slower rate of bone matrix deposition have been observed in the MPS VII mouse model

(Monroy et a1.,2002).

Hind limb paresis: The main cause of hind limb paresis in MPS VI cats is spinal cord

compression which results from bony abnormalities of vertebrae. By normalising bone through

ERT, cats retain mobility and show little or no evidence of spinal kyphosis'

GAG excretion: Excessive urinary GAG excretion is a feature of MPS VI that can be readily

quantified to produce a non-invasive method to monitor disease progression or response to

therapy as has been shown in studies of MPS VI cats treated with rf2ts (this study) and rh4S

(Crawley et a\.,1997) and in the MPS I dog (Shull et al., t994).It can also be used to diagnose

MPS y1 in kittens at birth although the procedure is more complicated and time consuming

compared with blood film analysis.

Electrophoresis of urinary GAG on gradient polyacrylamide gels provides a means of

visualising GAG chains of different sizes and sulphation patterns. The heterogeneous pattern

displayed is a reflection of storage from various tissues and cell types within those tissues. This
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has been clearly demonstrated by electrophoresis of GAG from MPS VI cat urine, serum and

other tissues including liver, lung, kidney, spleen and bone (Byers et a1.,1998). The banding

patterns of both urine and serum GAG show greatest similarity and yet are distinctive from

GAG isolated from kidney. The implication here is that urine contains GAG that are filtered

from all parts of the body while kidney GAG are peculiar to that organ.

Antibody response: The generation of an antibody response to infused enzpe in replacement

therapy is of major concern as it can have severe negative consequences. These include

possible lifethreatening hlpersensitivity/anaphylactic reactions and reduced efficacy of

treatment if neutralising antibodies, which may either inactivate eîzlirJJre or incorrectly target it

for degradation, are generated Brooks et al., 1998). In the two cats treated with rf4S, no

antibody response was detected in cat 249 and caL250 had a titre of 1 in 5,000, which is in the

normal range of normal control and untreated MPS Vl cats (Brooks et al., 1997). Those cats

treated with rh4s from birth also showed no significant antibody titres to rh4S compared to

normal control cats although hypersensitivity reactions during or soon after infusion of enzyme

were noted particularly at the higher dose of 5 mg rh4S. There was no correlation between

antibody titre and hy,persensitivity responses. Treatment from birth may be advantageous

because of the potential for inducing tolerance to foreign antigens. Cats treated with rh4S at an

older age developed high antibody titres to injected enzpe although the presence of

antibodies did not appear to be detrimental to therapy. Whether rf4S can generate an antibody

response in older MPS VI cats is unknown, as it has not been tested. Furthermore, because the

mutation in MPS VI cats is such that a very small amount of 45 protein is produced, this is

probably sufficient for the infused eîzpe not to be regarded as foreign.

3.2 Conclusions
In the study presented in this thesis, it has been shown that rf4S was more efficacious than an

equivalent dose of rh4S and in some instances as good as, if not better, than a 5-fold higher

dose of rh4S. The reasons for f4S eliciting an overall more effective therapeutic response are

not clear. Hovrever, the following factors may be involved. Firstly, it was observed that

treatment with rh4S resulted in all cats showing some adverse responses to the administration

of enzyme at some stage during therapy, despite antihistamine premedication. In some cases,

cessation of enz¡rme infusion followed by re-administration 30 minutes later coupled with a
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slower rate of infusion was necessary to abrogate this effect. In contrast, those cats treated with

rf4S demonstrated no untoward signs to enz¡rme infusion whatsoever. The reasons for the

observed reactions in the cohort of cats treated with rh4S from birth are not obvious. These cats

had low antibody titres to rh4S but these were not significantly different from those measured

in untreated MpS VI and normal control cats (Brooks et al., 1991).It is conceivable that the

antibody titre detected in these cats, although low, may nevertheless be sufficient to elicit a

transient immunogenic response such as anaphylaxis, but not one that is sufficiently severe to

necessitate termination of therapy. Analysis of IgE antibodies in these cats was precluded by

unavailability of suitable reagents. However, it is not clear that even when such a response is

present that it would have a significant effect on the efficacy of therapy. Indeed, as discussed

above, results from other animal studies (Shull et al., 1994) and clinical trials of Gaucher

disease (Richards et al., 1993; Ponce et al., 1997) suggest that the presence of even alarge

immune response is not necessarily detrimental to the therapeutic response. Therefore, it must

be considered likely that an immune response to the human enzrllrre was, at the most, only a

minor contributing factor to the observed differences between the efficacy of the human and

feline enzyrnes.

Secondly, although rf4S and rh4S share similar physical and kinetic properties, the two

enzynìes have different pI values and glycosylation. rf4S is significantly more basic and is

composed of fewer isomeric forms than its human equivalent. Based on amino acid sequence

alone, the estimated pI values of both enzymes are not greatly different (6.98 for ?lS and 7'58

for h4S) (Genetics Computer Group 1994 Program Manual for the Wisconsin Package,

Version 8, August 1994 Genetics Computer Group, Madison, WI)' The observed differences

on IEF must therefore be due to variation in secondary modifications such as glycosylation

and/or phosphorylation and sulphation. Results obtained from PNGase F treatment show that

rh4S is more highly glycosylated than rf4S. Results from neuraminidase digestion suggest that

a signihcant proportion of the rf4S has complex carbohydrate structures that terminate in sialic

acid, whereas sialylation was not apparent in rh4S. The similarity in plasma-circulating half-

life of both enzynres, namely 5.8 min for rfits and 3.6 min for rh4S when administered at a

dose of I mglkg,however, implies that any difference in sialylation is not obviously altering

the overall clearance rate of the enz¡ryre. The degree of sialylation of oligosaccharide chains of

proteins has been shown to influence bioactivity such as increasing plasma-circulating half-life

(Monell et al., l97l; Joshi e¿ at., 1995). Furthermore the tissue half-life of f4S may be
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increased in comparison with rh4S, however, this has not been determined. While it cannot be

concluded at this stage that the differences in the pI andlor glycosylation of the two enzylnes

are contributing to the observed differences in the efficacy of therapy, it remains a possibility.

Thirdly, it is clear that an enzpe could be more effective in its native cellular environment

through conserved interactions with other proteins. Although there is no evidence that 45

participates in interactions with other proteins that affect its biological activity, this remains a

possibility. For example, there is some suggestion of a physical association between some

lysosomal enzyrnes to enable substrate tunnelling (Yanagishita and Hascall, 1984; Freeman

and Hopwood, 1992). Trafficking of both r?tS and rh4S enzyrnes via the M6PR appears

similar, although binding constants for both enzylnes to the feline receptor have not been

determined. The analysis of urinary GAG from cats treated with the two enzyrnes by gradient-

PAGE reveals quantitative differences in the species of GAG secreted. This could reflect subtle

differences in substrate specificity for the two enzymes, or differences in tissue uptake of

enzyme that result in the release of different GAG species.

The results in this study suggested that since as good as an effect was observed with r?lS at

one-fifth of the dose of human eîzyme in a cat population with a relatively severe form of

MPS VI, the same may be true in human patients. Preliminary data from a Phase VII trial in

human MPS VI patients using 0.2 mgrh4S/kg body weight have indicated almost as beneficial

a response in those patients in terms of reducing urinary GAG excretion as a 1 mglkg dose

(Harmatz et al., 2001). These patients demonstrated increased respiratory function, better

ambulation, including walking up stairs, improvement in joint flexibility, and an increase in

height (which was due to realignment of hips rather than actual growth). No antibody response

to injected enzqe was detected except for one patient on low dose therapy in whom the

antibodies were not neutralising but actually kept the enzyme in circulation for longer. This

suggests that it is the intrinsic environment (i.e., same species versus other species) rather than

differences in the physical characteristics of the enzyne (i.e., glycosylation, pI, etc.) that are

responsible for the differences in efficacy seen for rf4S and rh4S in MPS VI cats exemplifying

the need to carefully model all aspects of animal trials.
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Chapter 4: FUCOSIDOSIS
4.1 FUC: expression, purification and characterisation

4.L Introduction
Of the over 40 different LSD that have been documented, approximately two-thirds can affect

brain function resulting in a progressive mental and motor retardation from an early age.

Fucosidosis is one such disease where CNS pathology is dominant. The fucosidosis English

springer spaniel is a naturally occurring large animal model of the human condition' The

fucosidosis dog has been well studied and documented with regard to development and

behaviour as well as biochemistry and pathology (Taylor et al., 1987; Taylor et al., 1989b;

Taylor et al., 1989d), In addition, the gene for canine fucosidosis has been cloned and the

causative mutation described (Occhiodoro and Anson, 1996; Skelly et a|.,1996). The result of

this mutation, a 14-bp deletion at the 3' end of exon 1 results in a frame shift from amino acid

127 leadingto a premature stop codon at amino acid 752.It is postulated that this results in the

almost complete deficiency of FUC activity in all tissues. The s¡rmptoms ensuing from this

profound loss of FUC activity in the fucosidosis dog (described in section 1.20) ate comparable

to the neurological s¡rmptoms in human fucosidosis. Although aÍafe disease, the availability of

the fucosidosis dog has made it an importantparadigm for the study and treatment of the CNS

pathology that is associated with a large proportion of LSD. BMT is somewhat effective in

treating this condition, however, its general applicability is restricted (see section 1'16'3).

Conversely, ERT, although generally successful in the treatment of somatic tissue pathology,

has limited efficacy because of the BBB. Importantly, the development of the BBB in dogs

reflects the human condition where the barrier is closed at birth. This is in contrast to mouse

models where the BBB is 'leaky' upto approximately 14 days after birth.

The BBB is composed of endothelial cells, held together by tight junctions formed between the

plasmalemma of neighbouring cells, in cerebral capillaries and surrounded by astrocyte foot

processes. The continuous membrane lining thus created separates circulating blood from the

brain interstitium. Due to exclusion on the basis of size and charge, most proteins in the

circulation, including lysosomal enzyrnes infused during ERT, do not cross the BBB. Only

those proteins for which specific transport systems exist on the endothelial cell barrier can

move from the peripheral circulation to the CNS. Examples of such proteins include insulin, Tf
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and various growth factors. These are transported into the brain by specific receptor-mediated

transcytosis. Furthermore, anti-Tf receptor antibody conjugates and anti-insulin receptor

antibodies have also been shown to cross the BBB by a similar mechanism. Adsorptive-

mediated transcytosis is another, albeit slower and less specific, mechanism where, by virtue of

a highly positive charge,proteins can be transported across the BBB. Other means of accessing

the brain, such as transient opening of the BBB following osmotic shock, or by implantation of

delivery systems such as genetically modified cells or mechanical pumps, or by direct injection

of enzyrne into brain, while all feasible, are not without significant risk.

The aims of the experiments described in this chapter were firstly, to express, purify and

characterise rcFUC; secondly, to modify rcFUC by cationization, and by conjugation to

proteins which are known to be transported across the BBB; thirdly, to test the effect of these

modifications on transcytosis of the enzpe across the BBB in normal rats and fourthly, if
warranted, in the fucosidosis dog. The last aim was to evaluate the effects of a preliminary trial

of ERT in a fucosidosis dog using rcFUC.

4.L Results

4.1.1 Expression of rcFUC

The expression vector pEFNeocFUC was constructed and electroporated into CHO cells as

described in sections 2.2.20 and2.2.21, respectively. Forty-eight clones were isolated from a

mass culture of G418-resistant cells as described in section 2.2.21.1. Medium conditioned for

one day from confluent clones was assayed for FUC activity. Enzyme activity levels ranged

from 0.6 to 24.2 nmoles/mirVml with aî average of 1.49 nmoles/min/m1. The clone producing

the highest level of FUC activity was then re-cloned twice by limiting dilution to ensure

clonality. This clone, designated CHOToFUC40-A2-4, expressed 10-13 mg of rcFUC per litre

of culture medium conditioned for three days over confluent cells. Untransfected control CHO-

Kl cells accumulate FUC to approximately 0.2 mg/l in medium conditioned in the same

manner suggesting that rcFUC purified from CHOTcFUC40-42-4 cells could contain in the

order of 2o/o Chinese hamster FUC.

In order to generate pure cFUC, MDCK (canine) cells were also transfected with

pEFNeocFUC (section 2.2.21). Under the conditions used for transfection only four G418-
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resistant clones \Mere obtained with DOTAP while many clones were generated using

electroporation at both 330 and 800 pF capacitance. Sixty-two clones were screened for

expression of FUC activity by assaying medium conditioned over confluent cultures for 3 days.

Enzyme levels ranged from 0.1 to 38.8 nmoles/min/ml (average of 6.14 nmoles/mirVml). The

six clones shown to secrete the highest levels of FUC activity were expanded and re-analysed'

Of these six, the clone identified as producing the most FUC activity was re-cloned by limiting

dilution to produce a clonal cell line designated MDCKcFUCS-6. This clone expressed

approximately 2-3 mg of rcFUC/l in culture medium conditioned as described above for

CHOTcFUC40-A2-4 cells. The level of FUC in untransfected MDCK cell-conditioned medium

was 0.05 pgll.

4.1.2 Large-scale production of TcFIJC

CHOçFUC 40-A2-4 and MDCKcFUCS-6 were seeded into two-tier cell factories and grown to

confluency. Media containing 2% (vlv) FCS, and conditioned over confluent cells for 4 days,

contained 6-7 mgll and l-2 mgll of rcFUC, respectively. These levels were less than those

obtained from CHOcFUC40-42-4 and MDCKcFUC8-6 cells grown in 5o/o or l0o/o (v/v) FCS

(13 mg/l and 3 mg/l, respectively), but were considered adequate and cost effective and

allowed longterm maintenance of the cultures.

Secretion of rcFUC from MDCK cells grown in l0'/o (w/v) FCS and in the presence or absence

of NH+CI was similar (2.1 mgll and 2.4 mgll, respectively) when the cells were conditioned

over four days. A similar effect was observed with secretion from CHO cells expressing rcFUC

in the presence or absence of NH+CI (12.I mgll and 17.6 mgÄ, respectively). However, the

percentage of what is presumably precursor FUC compared to mature enzpe was increased

(10%) in the presence of NH+CI (see section 4.I.4.I and Figure 4.7).In accordance with rf4S

(section 3.1.1), NH¿C1 was not routinely used in culture medium of MDCKcFUC8-6 or

CHOoFUC 40-A2-4 cells because of its detrimental effects on cell viability.

CHO/rgFUC for ERT in the fucosidosis dog model was also produced on a larger scale in a 2 I

Bioreactor (section 2.2.22) using growth conditions similar to those for CHO/rcFUC cells in

cell factories. CHO/rçFUC expression levels ranged from 6-10 mglVday, although after 3-4

weeks levels started to decline gradually to approximately 4 mglllday. The Bioreactor was
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generally viable for up to 6-8 weeks and during this time a total of about 150-200 mg of rcFUC

could be collected

4.1.3 Purification of rcFfJC
purification of rcFUC from conditioned medium by affinity chromatography was first

attempted according to a modified method of Barker et al. (1988). Fucosylamine linked to

agarose via a l-atom spacer (Sigma F4285) was used and under the reported conditions for

binding (50 mM sodium phosphate buffer, pH 6,8) no enzylne bound to the column. Changing

the binding conditions to 50 mM sodium acetate buffer, pH 5 resulted in 9I%o of the enzl'rne

activity loaded onto the column being found in the flowthrough and wash fractions with 9o/o

being recovered after elution with l% (wlv) L-fucose. Using a similar affinity matrix but with a

24-atom spacer (Sigma F3gO2) under identical conditions, and without exceeding the binding

capacity of the column, all the FUC bound to the column and could be eluted with Io/o (w/v) L-

fucose. Therefore for large-scale purification of rcFUC, the following protocol was adopted'

Conditioned medium was first concentrated approximately 10-15-fold by ultrafiltration and

then dialysed against 50 mM sodium acetatebuffer, pH 5 ovemight at 4 oC. The precipitate that

developed during dialysis accounted for up to l5o/o, of the original protein concentration.

However, only minor losses (5-lO%) of FUC activity were observed during dialysis. The

dialysed enzyme was clarified by centrifugation and applied to affinity matrix F3902. Bound

enz*e was eluted with 1% (w/v) L-fucose in acetate buffer resulting in yields of enzyrne

generally between 40-60% of the starting material with <1% in the flowthrough and wash

fractions as long as the capacityof the columnwas not exceeded (Figure 4'1 and Table 4.1).

Bound rcFUC could also be eluted with 20 mM Tris-HCl buffer, pH 7 with similar yields

although elution was delayed due to the time required to titrate the column buffer to pH 7'0.

Further elution of the column with 5% (w/v) L-fucose and then 7 M urea resulted in no further

recovery of FUC activity or protein (<l%). Mixing experiments in which increasing amounts

of the column flowthrough were added to purified errzyme resulted in the restoration of activity

to the original levels found in the material loaded (Table 4.2). This would indicate that the

apparent loss of eîzqe was artefactual. Isolation of the factor(s) present in the flowthrough

that was responsible for the reactivation of FUC was not pursued.

Recoveries of rcFUC from the fucosylamine-agarose matrix indicated that the binding capacity

of the column was approximately 0.15-0.2 mg rcFUC/ml of resin. The degree of purification
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was 550-fold for MDCIITSFUC and l2-fold for CHO/rcFUC. In both cases the enzyme was

purified to apparent homogeneity as assessed by SDS-PAGE (Figure 4.2). The average specific

activity of purihed CHO/rcFUC and MDCIITcFUC were 15,714 + 1,409 and 16,423 +.1,768

nmo VmirVmg, respective ly.

Figure 4.1: Purification of rcX'UC on fucosylamine-agarose.

For experimental details see section 2.2.23. F/T, flowthrough, E1-E4 represent elution fractions

from fucosylamine-agarose with 1% (w/v) L-fucose, E5-E8, with 5% (w/v) L-fucose, urea 1-3,

withT M urea. All samples \ryere dialysed prior to assaying with 4MUF. FUC activity (À) and

ODzeo (r).
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Table 4.1: Purification of CHO/rcFUC and MDCIITcFUC on fucosylamine-agarose.

FUC activity
(nmol/min)

Specific Activity
nmol/min/mq)

Protein
(me) (

CHO/rcFUC

Original medium

Dialysed medium

Original medium

68081

77,160

30,200

12.34

t2.74

r0.49

9.54

0.409

1,574

1,414

1,613

O.T2I

18,582

38.5

37.8

37.9

0.36

2r,303

Dialysed, centrifuged medium 16,920

Flow/through and wash 1.15

Eluate (1% (wlv) L-fucose) 7,600

MDCIITcFUC

Dialysed medium 27,210

Dialysed, centrifu ged medium 25,322

Flow/through and wash

Eluate (1.% (wlv) L-fucose) 12,100

785

720

667.3

675.5

0.568

240
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Table 4.2: Mixing experiment of rcFUC and flowthrough from fucosylamine-agarose

column.

FUC activitY

(nmoVmin/ml)

Stimulation

of FUC activitY

FUC 10,010

Flowthrough 0.45

FUC:Flowthrough (1:1) 13,762 t.37 X

FUC:Flowthrough (l:2) 14,529 1.45 X

FUC:Flowthrough (1:5) 15,5 81 1.56 X

FUC:Flowthrough (1 :10) 15,926 1.59 X

cHo/rcFUC was purified as described in section 2.2'23' The flowthrough from this

purification procedure was added to a fixed volume of purified rcFUC in the ratios shown'

Activity was determined using the fluorogenic substrate, 4MUF, taking into account the

dilution factor

4.1.4 Characterisation of rcFUC

4.1.4.1Subunit Mr
The subunit Mr of purified rcFUC was determined by electrophoresis on a SDS 10% (w/v)

polyacrylamide gel under reducing conditions (30 mM DTE)' Analysis of the gel demonstrated

that both MDCIITcFUC and cHo/rcFUC were comprised of a doublet of 52 and 55 kDa

(Figure 4.2). This doublet was also observed under non-reducing conditions' The larger

pol¡peptide seen on sDs-PAGE is presumably the precursor form of the eîzi1lrrre and the

smaller polypeptide is the mature, lysosomal form, rather than both polypeptides being

subunits of the precursor form. This interpretation is supported by the relative percentage of the

two bands (larger:smaller, 70:30) in the eîzvrrrle purified from conditioned medium of cells
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gro\¡/n in NH¿C1 (Figure 4.7, lane 7) in comparison to enzyrne expressed in the absence of

NH+CI (larger:sma11er, 50:50) (Figure 4.2, andFigure 4.7,lanes 3 and 5).

4.1.4.2 Native Mr

To determine native Mr, purified rcFUC was chromatographed over a Superose 12 column

(Figure 3.2). Both CHO/rcFUC and MDCIITcFUC had a native Mr of 156 kDa under the

conditions described in section 2.2.6.1. Size exclusion chromatography of rcFUC in buffers of

pH 3, 4,5 or 7, each containing 150 mM NaCl, indicated that the Mr was similar to that

obtained in 15 mM DMG, 0.5 M NaCl buffer, pH 6. Therefore, under the conditions tested

there was no evidence for dissociation of the eîzpe into subunits. V/hen applied to DEAE-

Sephacel under identical conditions, both CHO/rcFUC and MDCK/rcFUC bound to the matrix

and required 0.2 M NaCl for elution (results not shown). Therefore, there was no evidence for

the presence of two forms of rcFUC (Form I bound, Form II unbound), which could be

separated by anion-exchange chromatography, as reported by Abraham et al. (1984) for canine

liver FUC. Rat liver FUC (section 2.2.24), purified to test for cross-reactivity of monoclonal

antibodies raised to CHO/rcFUC, comprised only a bound form when subjected to the same

analysis (results not shown).
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Figure 4.2: SDS-PAGE of CHO/rcFUC and MDCIITcFUC'

Lanel,Mr standards, which include phosphorylase b (94 kDa), BSA (67 kDa), ovalbumin (43

kDa), carbonic anhydrase (30 kDa) and soybean trypsin inhibitor (20.1 kDa), are indicated by

affov/s. Lanes 2 and3, cHo/rcFUC and MDCIIToFUC electrophoresed under non-reducing

conditions, respectively; lanes 4 and5, CHO/rcFUC and MDCIITcFUC electrophoresed under

reducing conditions (30 mM DTE), respectively'
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4.1.4.3 Kinetics

Kinetic analysis using the fluorogenic substrate 4MUF, showed that both CHO and MDCK-

derived rcFUC have abroad pH range (3-9) with pHopl at 7.0 and a slight shoulder at pH 4.5-

5.0 (Figure 4.3). This was observed with all buffer systems tested, namely, citrate/phosphate,

acetaLe and dimethylglutarate (DMG). To determine activity beyond pH 7'8, barbitone buffer

was used and results indicated that at pH 8.2 CHO/rcFUC and MDCIIToFUC had 650/o and

75o/o of themaximum activity at pH 7, respectively, while at pH 9 this was reducedto l4Yo and

20o/o, respectively. When using glycine buffer to determine activity in the acidic range from pH

2.I to 3.4, astimulation of FUC activity compared to the other buffers used, was observed. At

pH 3 this activity was identical to that seen at the pHool of 7 in DMG buffer (Figure 4.3).

Digestion of the natural substrates isolated from the brain of a fucosidosis dog clearly

demonstrated a more acidic pHool of 4 (Figure 4.4). However, the tumover of natural substrate

could not be quantified with a high degree of accuracy, thus limiting kinetic analysis.

'When analysed using the 4MUF substrate at pH 7.0 the kinetic parameters (K. and V.u*), as

well as the specific activity of both enz)¡mes, were very similar (Table 4.3). Overnight storage

of CHO/rçFUC at -15 oC resulted in a loss of 7o/o activity. However, when stored at 4 oC in

PBS under sterile conditions purified rcFUC was stable for a year without significant loss of

activity.
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X'igure 4.3: pHon¡ of CHO/rcFUC and MDCK/rcFUC.

purified CHO/1gFUC (A) and MDCIITcFUC (B) were assayed in a number of buflers with

various pH ranges as sho\iln (see section2.2.6.4c). The same enzyme batches of CHO/roFUC

and MDCIITSFUC weïe used for determining pHop in DMG and glycine buffers, and a

dillerent batch of enzyme was used for citrate/phosphate and barbitone buffers.
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Table 4.3: Kinetic parameters of CHO and MDCIITcFUC in sodium dimethylglutarate

and citrate/phosphate buffers.

Kn,,

(mM)

V"'"* Specific Activity

(pmoVmin/mg) (¡rmoVmin/mg)

PHopt

CHO/rcFUC

Dimethylglutarate buffer 0.74 19.1 16.1

Citrate/pho sphate buffer 0.13 16.5 14.9

MDCIITcFUC

Dimethylglutarate buffer 0.10 16.8 15.1

Citrate/pho sphate buffer o.t4 2t.8 17.7

CHO/rcFUC and MDCIITcFUC were aff,rnity purified as described in section 2.2.23. Kinetic

parameters were determined using the fluorogenic substrate, 4M[IF (section 2.2.6.4c).

7

7

7

7
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Figure 4.4: Digestion of fucosidosis dog cerebrum storage products with rcFUC at

different pH values.

Lanes 1 and 8, the storage products at pH 2 and 7, respectively, in the absence of rcFUC; lanes

2-7 , storuge products digested with rcFUC at pH 2,3, 4,5, 6 and 7, respectively' Lane 9, the L-

fucose standard. O, the origin; F, fucose; a-f, the storage product bands in ascending order of

mobility.

t82



l-

$ '*-r

d "---

c+

bæ
e -".-

F

Fo

1 2 3 4 5 6 7I I



4.1.4.4r8ß

Chromatofocussing chromatography of CHO/roFUC indicated a single peak of FUC activity

corresponding to a pI of between 4.8 and 6 (Figure 4.5). This crude estimate was further

refined by IEF to demonstrate at least seven major forms for both enzymes and show that

MDCIIToFUC was slightly more acidic (pI 4.45-6.2) than cHo/rcFUC (pI 5.5-6.5) (Figure

4.6). Treatment of CHO/rcFUC with neuraminidase resulted in no observable change in pI.

However, after neuraminidase digestion the banding pattern of MDCIITcFUC was altered such

that it more closely resembled that of CHO/rcFUC (with the exception of the band at pH 4'5)

(Figure 4.6).

4.1.4.5 Degree of glycosYlation

To determine the degree of glycosylation of MDCIITcFUC and CHO/rcFUC both were treated

with pNGase F, an endoglycosidase that removes all N-linked oligosaccharide chains, as

described in section 2.2.6.3. This treatment resulted in the doublet as observed on SDS-PAGE

being converted to a single band of Mr 45 kDa (Figure 4'7)'
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Purifred CHO/rcFUC was applied to chromatofocussing medium PBE 94 and eluted with

Polybufier 74 (section 2.2.6.5a). Fractions were assayed for FUC activity and pH.
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Figure 4.6: IEF of neuraminidase-treated CHO/rcFUC and MDCIITcFUC.

Lane 1, IEF standards with their respective pI indicated by arrows. Lanes 2 and 4, CHO/rcFUC

and MDCIITcFUC, respectively, after neuraminidase treatment; lanes 3 and 5, untreated

CHO/rcFUC and MDCIITcFUC, respectively.
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Figure 4.7: SDS-PAGE of PNGase F-treated MDCIITcFUC and CHO/rcFUC'

Lane l,Mr standards, which include phosphorylase b (94 kDa), BSA (67 kDa), ovalbumin (43

kDa), carbonic anhydrase (30 kDa) and soybean trypsin inhibitor (20'1 kDa)' are indicated by

alTows. Lanes 2 and3, MDCIIToFUC treated with PNGase F and untreated, respectively; lanes

4 and 5, cHo/rcFUC treated with PNGase F and untreated, respectively; lanes 6 and 7,

cHo/rcFUC (expressed in the presence of NHacl) treated with PNGase F and untreated' All

samples were reduced with DTE (30 mM) prior to electrophoresis. The band at approximately

36 kDa in lanes 2,4 and 6 is PNGase F.
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4.1.5 Correction of fucosidosis SF by CHO/rcFUC and MDCIITcFIIC
As canine fucosidosis SF were not available at the time of this study, human fucosidosis SF

were used. Compared to normal control SF, the human fucosidosis SF in this study have no

detectable levels of FUC and have a coffespondingly increased (f,rve times the normal) level of
3H-L-fucose-labelled storage material (Table 4.4). Addition of exogenous enzyme resulted in a

dose-dependent correction of both the enzymatic and the storage defects. The level of 3H-L-

fucose-labelled storage v/as almost normalised, and the eîzqe levels completely normalised,

with the higher dose of enzqe (15 nmol/min/ml in medium). The lower dose used (1.5

nmol/mirVml in medium) only partially restored intracellular enzpe levels (to approximately

l4o/o and 7o/o of normal for CHO and MDCIITcFUC, respectively) with storage reduced to

approximately 6OYo and 80% of the levels in the uncorrected fucosidosis SF with CHO and

MDCK/rcFUC, respectively. In the presence of M6P the lower dose of enzyme did not result in

detectable correction of either enzymatic deficiency or storage phenotlpe. At the higher dose a

small amount of enzyme (< l0% of normal en4rme levels) was endocytosed in the presence of

M6P and this resulted in a small reduction in storage levels. Levels of B-hexosaminidase were

relatively unchanged throughout. Differences in the absolute values of the experiments using

CHO/rçFUC and MDCIITcFUC were considered to be due to the experiments being performed

on separate occasions.

4.1.6 Treatment of dog brain products \ryith rcFUC

Water-soluble compounds were isolated from the brain of a fucosidosis dog as described in

section 2.2.5L When analysed on TLC silica plates (section 2.2.52) they were seen to be

heterogeneous in nature (Figure 4.4).They ranged in size from a fragment putatively identified

as the asparagine-linked disaccharide described by Abraham et al. (1984) (band e) to larger

oligosaccharides (bands o, a-d). The mobility of band f suggests that this product is a

monosaccharide other than fucose, as fucose migrates to position F on TLC (Figure 4.4).
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Table 4.42 Correction of fucosidosis SF with CHO/rcFUC and MDCIITcFUC'

Cell line FUC

(nmoVmin/mg)

'H-Fucose

(dpm/mg x 10-3)

p-Hex

(nmoVmin/mg)

SF4686 (normal)

SF2184 (fucosidosis)

SF2184 + CHO/rcFUC*

SF2184 + CHO/roFUC#

SF4634 (normal)

sF2184

SF2184 + MDCIITcFUC*

SF2184 + MDCIITcFUC#

sF21 g4 + MDCIITcFUC* + M6P

SF21 84 + MDCIIToFUC# + M6P

3,169 t 540 222L8

0.02 + 0.05 1,925 + 89 206 !17

2.26 !0.63 736 ! 67 209 !36

1.05 + 0.05 262 tl4

902 !3ll 85110

0.07 + 0.06 716 X 192 85r16

0.97 + 0.44 324 x24 84113

814 r 173 82 !17

0.08 r 0.02 943 !222 84+2

t.44+ 0.13 610 r 38 213 !47

nd

SF2184 + CHO/rcFUCx + M6P 2,662t 119 193 113

sF2184 + CHO/rCFUC# + M6P 0.13 + 0.01 1,881 t 165 291 + t9

102r8

nd

nd

nd

Normal (sF46g6 and SF4634) and fucosidosis skin fibroblasts (SF2184) were metabolically

labelled with ,H-frcos" for 48 h and then incubated with purified CHo/rcFUC or

MDCIITcFUc in the presence or absence of 5 mM M6p for 4g h. cell lysates were assayed for

3H radioactivity, total protein, p-hexosaminidase activity and FUC activity using the

fluorogenic substrate, 4MUF. Results are expressed as the mean (n :3 ) t 1 SD' nd' none

detected. *1.5 nmol/min/ml rcFUC. #15 nmol/min/ml rcFUC.
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To ascertain which storage products were associated with a terminal fucose moiety, extracts

were digested with rcFUC at various pH values. The total disappearance of band e at pH 3-5 as

well as a shift in band b between pH 3 and 7 indicated that these species had fucose moieties

attached and hence represented storage material. These results also showed that enzyme

activity towards these species is pH dependent. Where digestion had occurred there was a

concomitant appearance of a fucose band at position F which was most intense between pH 3

and 5. As the pH increased from 5 to 7 there was a coffesponding decrease in the intensity of

this band. No digestion was observed at pH 2. Bands d and f were unchanged in the presence

and absence of rcFUC suggesting that these bands represent non-fucosylated material. No

fucose band was seen on TLC when enzpe alone was chromatographed (results not shown).

Unfortunately, equivalent extracts of normal control dog brain were not available for analysis.

4.1 Discussion
rcFUC was successfully expressed in CHO cells at 10-13 mg/l of culture medium. Because of

the relatively high level of FUC in (untransfected) CHO cells, a canine cell line (MDCK) was

also used. However, the lower levels of FUC produced in these cells (2-3 mgll of conditioned

medium) made their use impractical. The reasons for the lower levels of expression of FUC in

MDCK cells may be due to the polarised nature of these cells. Despite the possibility of small

amounts of contaminating hamster FUC in rcFUC from CHO cells, CHO/roFUC was used in

most of the studies described in this thesis because of the superior production of enzyme in this

system.

Both CHO/rcFUC and MDCK/rcFUC were readily purified using affinity chromatography.

The differences in the degree of purification (55O-fold versus 12-fold for MDCIIToFUC and

CHO/rcFUC, respectively) reflects the difference in expression levels in these cell lines as well

as the degree of contamination by other proteins. Although it was originally reported that FUC

was purified from human liver using fucosylamine linked to agarose via a one-atom spacer, it

was found that binding to this matrix was extremely poor compared to a similar matrix with a

24-atom spacer. This suggests that the binding site in rcFUC is somewhat récessed within the

molecule and that steric hindrance is preventing binding of the fucose moiety with the one-

atom spacer.
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When analysed, both CHO/rcFUC and MDCK/rcFUC were shown to have similar physical and

kinetic properties. The native Mr of CHO/rcFUC and MDCIITcFUC was estimated at 156 kDa

by gel filtration chromatography. However, gel f,rltration often gives anomalous results for Mr

of glycoproteins as it partitions proteins according to their Stoke's radii (Alhadeff et al.,1975;

Alhadeff, 1973). Generally more accurate native Mr estimations for glycoproteins can be

obtained by sedimentation equilibrium. However, this approach was not used as the equipment

for sedimentation equilibrium was not available. An attempt to verify Mr of rcFUC by

Micromass Q-TOF mass spectrometry (Macquarie University Centre for Analytical

Biotechnology, Sydney, NSW, Australia) was unsuccessful. The mass/charge (m/z) spectrum

showed a series of broad peaks at increasing distances as nlz values increased (results not

shown). The broadening of the peaks is most probably due to the presence of post-translational

modification such as glycosylation, and because of this heterogeneity a definitive native Mr

could not be determined.

SDS-PAGE analysis of rcFUC showed two protein bands of 55 and 52 kDa. These are

presumed to represent the precursor and mature forms of rcFUC, respectively. This hypothesis

is supported by analysis of purified rcFUC expressed in the presence of NHaCl, which

increases secretion of precursor forms of lysosomal enzyrnes, as the enzyme secreted in the

presence of NH+CI is enriched in the 55 kDa species (Figure 4.7,lane 7). Native Mr data in

conjunction with subunit data suggest that rcFUC is a homotrimer, or possibly a homotetramer,

if the native Mr is an underestimate (see below). As both the precursor and mature forms of

rcFUC display identical electrophoretic mobility under reducing and non-reducing conditions,

the subunits of the native forms of the precursor and mature species are not S-S bonded.

Attempts to isolate subunits of rcFUC by gel hltration chromatography in buffers of different

pH were unsuccessful. However, subunits of FUC have previously been shown to be active by

incubating non-denaturing gradient polyacrylamide gels of cFUC overlaid with filter paper

saturated with 4MUF to give fluorescent bands when viewed under UV light (Barker et al.,

1e88).

Prior to the production of rcFUC, the enzyme had been purified from various tissues of several

mammalian species including human, canine, rat and mouse liver, and from human placenta,

brain and serum (reviewed in Alhadeff, 1993), Native Mr estimates by sedimentation

equilibrium, density gradient centrifugation or gel filtration chromato graphy have indicated a
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faîge of Mr from 175-270 kDa. FUC isolated from the mammalian tissue sources mentioned

above also generally showed two closely spaced protein species of Mr ranging between 45 and

63 kDa by SDS-pAGE. Together with the native Mr data this would suggest that the enzyme

normally exists as a tetramer. FUC from the liver of the marine gastropod, Charonia lampas

(Butters et a1.,1991) was also found to be a tetrameric glycoprotein. In contrast FUC isolated

from non-mammalian sources such as streptomyces sp 142 (Sano et al., 1992), and the slime

mould Dictyosterlium discoideum (Schopohl et al.,1992), were found to exist as monomers

with native Mr of 40 kDa and 62þ.Ða, respectively'

The difference in Mr between the precursor (55 kDa) and mature (52 kDa) forms of rcFUC

appears to be in the degree of glycosylation. rcFUC has four potential N-linked glycosylation

sites per subunit at asparagines 242, 252, 269 and 383. Asparagine 252 is less likely to be

glycosylated because of a proline residue C-terminal to the N-X-S/T glycosylation consensus

sequence (Gavel and von Heijne, 1990; Mellquist et a1.,1998). When digested with PNGase F,

the difference between the two forms is eliminated and a single protein species of Mr 45 kDa is

observed. The synthesis and processing of FUC has been studied in detail only in human skin

fibroblasts (Johnson et a\.,1991). Accordingto publishedresults, the enzyme is synthesised as

a precursor of 53 kDa with two N-glycan chains, one of which is complex, the other being of

the high-mannose t¡pe. processing to the mature form did not involve carbohydrate processing

but was the result of proteolytic cleavage of a 3 kDa peptide fragment by thiol proteases which

are present in the lysosome. The authors also demonstrated that proteolytic processing was not

a requisite for enzyrnatic activation as in the presence of thiol protease inhibitors the

unprocessed precursor eîzyme was still active. However, the position of the 3 kDa fragment

was not identified. The s¡mthesis and intracellular processing of rcFUC has not been studied

and the loss of a substantially sized peptide fragment has not been observed. As both the

precursor and mature forms of rcFUC are reduced to the same, single Mr species after

deglycosylation, this would argue against such a processing event in CHO and MDCK cells'

IEF has been used to identify isoforms in most mammalian FUC (Alhadeff, 1998). In human

liver estimates of between 4 and 8 different isoforms have been published, while in human

placenta the number varies from 4 to 7. However, isoform analysis of oFUC from any tissue

has not been reported. In this study CHO/rcFUC and MDCIIToFUC were found to have

similar numbers of isoforms (seven) although their charges were different. Treatment with
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neuraminidase indicated that MDCIIToFUC had sialic acids present on its oligosaccharide

chains whereas CHO/rcFUC appeared to have none. The more acidic nature of MDCIITcFUC

isomers supports this observation. Although the a-2,6 sialyltransferase is reported to be non-

functional in CHO cells (Minch et a1.,1995) r?lS produced in CHO cells was sensitive to

neuraminidase (section 3.1.3.4), as were iduronate-2-sulphatase and c¿-L-iduronidase (T

Rozaklis, Department of Chemical Pathology, WCH, personal communication) suggesting that

this is not so. ln contrast rh4S (section 3.1.3.4), sulphamidase and cr-N-acetylglucosaminidase

(T Rozaklis, personal communication), from CHO cells are not sialylated. In the case of r?lS

and rh4S, which share approximately 90% amino acid sequence homology and hence

presumably very similar conformations, this suggests that the factors that control glycosylation

are subtle and represent complex interactions between the protein species and the cell's

biosynthetic machinery. However, in all of these cases it should be noted lhat enzyme was

prepared from a single clonal cell line. The differences in glycosylation may therefore reflect

variation in the cell's glycosylation machinery that is exposed by the cloning process'

Mammalian FUC share similar kinetic properties (Alhadeff, 1993). Most exhibit a broad pH

spectrum of activity towards the artificial substrate, 4MUF with a pHool of 5' Canine liver FUC

has a pHool of 7 with a shoulder of activity at pH 5.5. This was also observed with rcFUC

although the shoulder of activity was at pH 4.5 to 5.0. Activity was stimulated in glycine buffer

at low acidic pH (2.1to 3) compared to other buffer systems used in this pH range. This may

reflect the chemical protonation of the substrate by the glycine buffer, which would eliminate

the need for enzyme catalysed protonation'

K^ and V.u* values for human and canine liver FUC and rcFUC against 4MLIF are relatively

similar (Barker et al., 1988). The catalytic mechanism of FUC has not been elucidated.

Preliminary data from studies with human liver FUC (Alhadeff et al., 1975) showed that the

total inhibition of enzqe activity observed in the presence of Hg*3 and Ag* was prevented by

the addition of DTE (0.2-1.2 mM), implying thata cysteine residue is involved in catalysis.

This has been supported by work on monkey brain (Alam and Balasubramanian, 1979) and

porcine thyroid (Grove and Serif, 1981) FUC, which suggests carboxyl and sulphydryl groups

are necessary for enzymatic activity. More recently, as gene and amino acid sequence data of

FUC from various species have become available, a high level of identity has been observed.

Canine FUC, for example, shares 82.6% andTîo/onucleotide identity, and84o/o and77"/o amino
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acid sequence homology, with human and rat FUC, respectively. In addition, information

obtained from comparison of FUC from different species has identified a putative active site

(Prosite Database Release 12.2,Entty no. P500385). A cysteine residue at position 297 tsthe

only cysteine found to be conserved between mammalian FUC and FUC of the slime mould

Dictyostelium discoideum (Schopohl et al., 1992). This cysteine would therefore be a good

candidate for a critical active site residue. Crystallisation (in collaboration with Prof. M' Guss,

University of Sydney, NSW) of rcFUC to elucidate 3-D structure has been attempted but to

date has been unsuccessful'

FUC hydrolyse a wide array of naturally occurring fucoglycoconjugates including

glycopeptides, glycoproteins, glycolipids and blood group substances. FUC do not display the

same exquisite specificity towards substrates as observed with sulphatases (see section 1'7.3) in

that they can hydrolyse u-(1-+2), u-(I-+3), cr-(1+4) and cr-(1+6) fucose-saccharide bonds.

In general they show greater reactivity towards u-(l->2) fucose-galactose bonds than to fucose

linked a-(1-+3), cr-(l+4) or u-(1-+6) to N-acetylglucosamine (Alhadeffl 1998).

Exogenous CHO/rcFUC and MDCIITcFUC effectively overcame the enzymatic deficiency in

severely affected fucosidosis cells and in addition reversed the level of storage in the

lysosomes of these cells in a dose-dependent manner. This indicated that not only was rcFUC

taken up by these ce1ls, but that it was properly targeted to lysosomes. Both enzymatic and

storage correction was greatly reduced or eliminated in the presence of M6P, confirming that

endocytosis of the enzqe was via the M6PR-mediated pathway, as is the case for most other

lysosomal enzymes (see discussion section 3.1). Therefore rcFUC appears to be similar to

endogenous FUC, demonstrating M6PR uptake into cells and targeting to lysosomes where it

acts on natural substrates. rcFUC also shows normal activity towards natural substrates from

dog brain. In conclusion, rcFUC appears to behave in a similar manner to the endogenous

eîzqe,is of the required high uptake form and therefore would be suitable for ERT'
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4.2 Chemical modifÏcation of rcFUC

4.2.1Preparation of insulin fragment F007

It was previously reported (Fukuta et al.,lgg4) that atryptic fragment of insulin (F007) had the

potential as a vector for transport of covalently linked proteins into brain. The advantage of this

fragment over native insulin is the elimination of a potential hypoglycaemic effect which may

be induced with native insulin. In order to produce this fragment trypsin digestion of bovine

pancreatic insulin was carried out as described in section 2.2'33. This was followed by

hydrophobic chromatography, which resulted in the elution of three main peptide-containing

fractions (4, B, C) at acetonitrile concentrations of 27o/o, 38yo and 40o/o, respectively (Figure

4.8). Fractions B and C were present in almost equivalent amounts while Fraction A was half

that of Fractions B and C. Analysis of an aliquot of these fractions on Tricine-SDS

polyacrylamide gels (Figure 4.9) under reducing and non-reducing conditions showed that no

visible protein band was associated with Fraction A. However, both Fractions B and C were

associated with peptides similar in size although the Fraction C peptide was marginally larger

than the Fraction B peptide, both under reducing and non-reducing conditions. As separation of

the standard molecular weight protein markers was not ideal in the mini-gel system used, it was

not possible to estimate the Mr of the peptides in Fractions B and c.

To confirm the identity of the peptides in all three fractions, tandem mass spectrometry

together with amino acid sequence data of tryptic peptides of bovine insulin from the Swiss

prot databank were used. Analysis of tandem mass spectrometry data indicated that Fraction A

represented the tryptic peptide GFFYTPK (Mr 859 Da) (Figure 4.10). Fraction C had a Mr of

5,736 Da which corresponds to undigested bovine insulin while the Fraction B peptide, which

was the peptide (F007) required for these studies, had a Mr of 4,899 which was equivalent to

Fraction C minus Fraction A. Although this experiment showed that the F007 fragment could

be successfully made, its preparation, especially in large quantities, proved to be relatively

time-consuming. Therefore conjugates between rcFUC and native bovine pancreatic insulin

were used for preliminary experiments.
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Figure 4.8: Reversed-phase HPLC of trypsin-digested bovine insulin'

A tryptic digest of bovine insulin was applied to reversed-phase IIPLC (Dynamax 604C8)

column and tryptic pepides were eluted with an increasing concentration of acetonitrile in

0.1% (v/v) TFA. Fractions were monitored for protein at ODzoe. Three main fractions (4, B

and C) were eluted.
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Figure 4.9: Tricine-SDS-PAGE of tryptic insulin peptides.

Lane l, Mr standards with their respective molecular mass (in kDa) are indicated by arrows

and include globin I + II (14.4 kDa), globin I + III (10.7 kDa), globin I (8.2 kDa), globin II (6.2

kDa) and globin III (2.5 kDa). Lanes 2,3 and 4 are fractions A, B and C, eluted from reversed-

phase HPLC (Figure 4.8), respectively, and electrophoresed under reducing conditions (30 mM

DTE); lanes 5, 6 and 7 areFractions A, B and C, respectively, without reduction.
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A ChAiN: GIVEQCCASVC SLYQLENYCN

B ChAiN: EVNQHLC GSHLVEALYLVCGEBGFFYTPKA

Fraction A: GFFYTPK

Fraction n : GIVE QCCASVC SLYQLE'NYCN

EVNQHL C GSHLVE,ALYLV C GER

Figure 4.10: Amino acid sequence of bovine insulin and its tryptic peptides'

The amino acid sequence of the A and B chains of bovine insurin are shown. The chains are

held together by S-S bonds at Cz of the A chain and Ct of the B chain' and Czo of the A chain

andCrqoftheBchain.Anintrachains-SbondisalsopresentbetweenCoandClloftheA
chain. Also shown are the amino acid sequences of Fraction A and Fraction B peptides' The

four amino acids with free primary amino groups in intact insurin are underlined. These are the

only amino acids which can be derivatized with heterobifunctional crosslinkers' such as SPDP'

4.z.zPyridyldithiopropionate modification of insulin and rcFUC

As a frst step towards making conjugates of insulin and rcFUC' the derivatization of these

proteins with the heterobifunctional crosslinker, SPDP, was investigated' Bovine pancreatic

insulin was found to be poorly soluble at neutral pH in phosphate buffer' However' a 1 mg/ml

solution could be prepared by warmingat3T oC for 5-10 min' Insulin was thenreacted with

SPDPasdescribedinsection2.2.34.InitialattemptstoremovefreesPDPfromthereaction
mixture using a PD-10 column were unsuccessful, as there was too much overlap between the

elution profiles of insulin and free spDp. In additioru chromatography on PD-l0 resulted in an

unacceptable degree of dilution of the applied sample. In order to overcome these difficulties'

subsequent insulin modification reaction mixtures were dialysed after quenching the reaction'
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Although dialysis casing with a nominal 10,000 Da cut-off was used there was only a 10% loss

of insulin protein due to dialysis (results not shown).

'When an 8 to lO-fold molar excess of crosslinker was used, the degree of modification of

insulin as calculated from the protein concentration and the extinction coefficient of pyridine-

2-thione (released on reduction of pyridyldithiopropionate with DTE) was generally between

1.2 and 1.9 moles of pyridyldithiopropionate per mole of insulin. An 80 to 100-fold molar

excess of crosslinker resulted in modification to 3.2 moles of pyridyldithiopropionate per mole

of insulin. The less derivatized preparations of insulin were used for conjugating to rcFUC.

CHO/rcFUC was initially derivatized using conditions similar to those described for

horseradish peroxidase (HRP) (Fukuta et al., 1994) i.e., a 53-fold molar excess of SPDP to

rcFUC for 30 min. Under these conditions, rcFUC was derivatized to >10 moles of

pyridyldithiopropionate per mole of rcFUC with a substantial loss of FUC activity (up to 50%)

which was exacerbated by the subsequent reduction reaction with DTE (a further 25% loss)

(Table 4.5). Conjugation of derivatized rcFUC with derivatized insulin resulted in the

formation of high Mr enz¡rmatically inactive aggregates (Figure 4.11, A). Protection of the

active site of rcFUC with L-fucose, a dialysable competitive inhibitor, and derivatization with

lower concentrations of SPDP, that resulted in rcFUC with 1-3 moles of

pyridyldithiopropionate per mole of rcFUC, gave better yields of activity (70%) although

losses upon reduction with DTE (25%) remained the same (Table 4.5). DerivatizedrcFUC was

chosen in preference to derivatized insulin for reduction with DTE to produce a free sulphydryl

group, as the subunits of rcFUC are not disulphide-linked (section 4.1.4.I). However, since

rcFUC was shown to be inactivated (25%) with DTE, and because of further losses of activity

due to derivatization and dialysis (which was necessarily extensive to remove all traces of

DTE), it was decided instead to modify rcFUC with another heterobifunctional crosslinker,

SATA. Therefore, no further conjugation reactions with pyridyldithiopropionate-modified

rcFUC and p yridyldithiopropionate-deri v atized insulin were attempted.
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Table 4.5: Pyridyldithiopropionate modification of rcFUC.

FUC activity

(nmoVmin/ml)

Loss of activity

(%)

rcFUC

rCFUC + SPDP*

rcFUC+SPDP*+DTE

rcFUC + SPDP* + DTE + dialysis

rcFUC-Insulin conj ugationÏ

rcFUC

rcFUC + SPDP#

15,968

8,143

6,108

5,497

707

16,472

11,530

49

62

66

99

30

rcFUC+SPDP#+DTE 8,641 52

rcFUC + SPDP# + DTE + dialysis 7,350 55

* rcFUC derivatized with a 53-fold molar excess of SPDP to rcFUC. r Conjugation of

derivatized rcFUC with a lO-fold molar excess of SPDP-derivatized insulin' # rcFUC

derivatized with a 10-fo1d molar excess of SPDP to rcFUC. Reduction with 25 mM DTE (to

produce afree thiol group) and dialysis conditions are described in sections 2.2.34-36.
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Figure 4.11: SDS-PAGE of FUC-insulin coniugates'

SDS-PAGE was carried out under non-reducing conditions. (A) Lane 1, Mr standards, which

include phosphorylase b (94 kDa), BSA (67 kDa), ovalbumin (a3 kDa) and carbonic anhydrase

(30 kDa), are indicated by arrows; lane 2, CHO¡)FUC; lane 3, FUC-insulin aggregates formed

when denvatizalion of FUc is >1-2 moles sPDP/mole FUC (section 4.2.2)' (B) Lane 1, Mr

standards as in (A); lane 2, CHOi,FUC; lane 3, SATA-derivatized cHo/rcFUC after

conjugation with SPDP -denvatized insulin (section 2.2.39).
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4.2.3 Thiolation of rcFIlC with SATA

The conditions used for thiolation of rcFUC were a 5-fold molar excess of SATA compared to

rcFUC for 30 min at room temperature (see section 2.2.37). Under these conditions 2-3 moles

of SATA were added per mole of rcFUC. In addition, there was between 75-8Qo/o retention of

FUC activity,I0o/o of which was due to loss upon post-modification dialysis (Table 4'6).

Table 4.6: Thiolation of rcFUC with SATA.

FUC activity

(nmoVmin/ml)

Loss of activity

(%)

rcFUC 101,423

rcFUC-SATA 84,181 t7

rcFUC-SATA after dialysis 75,763 25

rcFUC-insulin conjugation 75,839

rcFUC was derivatized with SATA and after dialysis was conjugated to SPDP-derivatized

insulin (section 2.2.39).

4.2.4 Conjugation of SATA-derivatized rcFUC with SPDP-derivatized

insulin
SATA-derivatizedrcFUC was reacted with a 1O-fold molar excess of SPDP-deivatized insulin

in the presence of 50 mM hydroxylamine. No loss of activity was observed after an overnight

incubation at room temperature (Table 4'6).

To visualise conjugates an aliquot of the reaction mixture was electrophoresed under non-

reducing conditions on a SDS 10% (w/v) polyacrylamide gel. An increase in the Mr of rcFUC

25
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by 6,000 Da, or multiples thereof, was predicted. Care was taken to ensure identical loading

buffer conditions for native rcFUC and the conjugation reaction mixture. However, no

difference in Mr was observed between rcFUC and the putative insulin-FUC conjugates'

(Figure 4.11 B). Samples of putative conjugates of rcFUC and insulin were also reduced and

electrophoresed but no insulin bands were detected (results not shown). To further ascertain the

presence of insulin in conjugates, western blot analysis using a monoclonal antibody to human

insulin, which crossreacts with bovine insulin, was used. However, this method failed to

provide evidence for the presence of conjugates of rcFUC with insulin (results not shown).

Therefore, for the reasons discussed in section 4.2.1 (Discussion), attempts to conjugate rcFUC

to insulin were abandoned and attention was instead focussed on preparing conjugates between

rcFUC and OX26, a mouse monoclonal antibody to the rat Tf receptor.

4.2.5 SPDP modification of o)(26 through amine and carbohydrate groups

In order to make conjugates of OX26 with rcFUC derivatization of OX26 with a

heterobifunctional crosslinker was necessary. Derivatization of antibodies can be achieved

either via carbohydrate groups with PDPH or via primary amine groups with SPDP (Figure

4.12, A and B)
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Figure 4.12: Chemical conjugation of rcFUC with OX26'

A diagrammatic representation of the reactions between rcFUC and OX26 to form conjugates.

rcFUC was modified with SATA followed by deacetylation with hydroxylamine (I{H2OH) to

expose a free thiol. Sulphydryl-reactive pyridyl-disulphide residues were introduced into OX26

either by mild oxidation with sodium periodate Q.{aIOa) followed by a condensation reaction

with pDpH (A) or by modification of its primary amino groups with the heterobifunctional

crosslinker spDp (B). Reaction of the thiol-containing rcFUC with either the amine- or

carbohydrate-linked OX26 derivative results in the formation of covalent, disulphide-linked

conjugates. (Adapted from'Walus et a1.,1996)
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Figure 4.13: SDS-PAGE of OX26.

ox26 was purified from hybridoma medium by Protein G chromatography' Lane 1, Mr

standards, which include phosphorylase b (94 kDa), BSA (67 kDa), ovalbumin (43 kDa)'

carbonic anhydrase (30 kDa) and cr-lactalbumin (20.1 kDa), are indicated by afTows; lane 2'

OX26 electrophoresed under reducing conditions'
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OX26 was first purified from hybridoma medium by chromatography over Protein G agarose

(section 2.2.28). SDS-PAGE analysis showed a single heavy chain and double light chains

suggesting the antibody was essentially pure (Figure 4.13) (Yoshikawa and Pardridge, 1992).

Purified ox26 was concentrated in PBS to 5-7 mglml and stored at 4oc.

After testing various concentrations of SPDP and PDPH at different incubation times, it was

found that in order to introduce approximately one mole of pyridyldithiopropionate per mole of

OX26, either a 15-fold molar excess of PDPH and a reaction time of 60 min, or a 5 to 2O-fold

molar excess of SPDP and a reaction time of between 15 and 30 min, were required. Both

reactions were incubated at room temperature. A preparation of OX26 more highly derivatized

with PDPH (9.4 moles of pyridyldithiopropionate per mole of OX26) was achieved using a

15g-fold molar excess of PDPH and incubation for 60 min at room temperature.

4.2.6 Conjugation of SPDP-derivatized OX26 and SATA-derivatized rcFUC

When OX26 modified as above, either with PDPH through carbohydrate groups or with SPDP

through amine groups, was conjugated to rcFUC derivatized with SATA (section 2.2.42) there

was in general a loss of <3)yoFUC activity (Table 4.7).Itwas clear that under these conditions

the reaction did not go to completion as unreacted OX26 was still visible upon analysis of

conjugate material on a SDS-polyacrylamide gel (Figure 4.14, lane 1)' To remove

unconjugated OX26 from OX26-FUC conjugates, the reaction mixture \Mas dialysed and

applied to fucosylamine-agarose. Free rcFUC and OX26-FUC conjugates bound to the column

and were eluted with L-fucose as described in section 2.2.23. After dialysis and concentration

of the eluate approximat ely 50o/o of the starting FUC activity was recovered. 'When analysed on

a SDS 5% (wlv) polyacrylamide gel under non-reducing conditions, a ladder of conjugates of

Mr 200 kDa, 250 kDa and 300 kDa was observed (Figure 4.14, Iane 2). These Mr species

corresponded to one, two or three subunits of rcFUC (Mr -50 kDa), respectively, linked to

OXZ6. That the unconjugated OX26 was successfully removed by fucosylamine-agarose

chromatogtaphy is demonstrated by the corresponding disappearance of the protein band at 150

kDa. Unconjugated rcFUC was also present in the conjugation preparation but the amount was

difficult to estimate as rcFUC dissociates into its subunits under non-reducing conditions on

SDS-pAGE. Therefore the band observed at -55 kDa would comprise subunits of

unconjugated rcFUC, as well as those subunits of conjugated rcFUC which were not covalently

linked to OX26 (i.e., subunits being non-covalently linked to subunits that were themselves

205



covalently linked to OX26) and were dissociated under the denaturing conditions of SDS-

PAGE.

In contrast to SPDP-modifred OX26, PDPH-modified OX26 did not form conjugates with

rcFUC deivatizedwith SATA (Figure 4.14, lanes 3 and 4). The same reaction with the PDPH-

(over) derivatized OX26 also failed to produce conjugates or aggregates (results not shown).
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Table 4.7: OX26-FUC conjugation.

Step FUC activity

(nmol/min/ml)

%o Recovery

Original FUC activity

FUC deriv atizedwith SATA

Conjugation of rcFUC with OX26-SPDP

Loaded onto fucosylamine-agarose column

Eluate from fuco sylamine-agarose column

Conjugation of rcFUC with OX26-PDPH

121,357

r12,860

101,697

101,045

67,708

121,548

100

92.9

83.8

83.3

55.8

Eluate from fucosylamine-agarose column 78,840 65

rcFUC was derivatized with a 5-fold molar excess of SATA compared to rcFUC under the

conditions described in section 2.2.37 .It was then conjugated to SPDP-derivatized OX26 in' an

equimolar ratio and the resulting conjugates were purified on fucosylamine-agatose (section

2.2.42). OXZ6 derivatized with PDPH (l5-fold molar excess) was conjugated to SATA-

derivatized rcFUC and the products of the conjugation reaction were chromatographed on

fucosylamine-agarose as above.
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Figure 4.14: SDS-PAGE of OX26-FUC conjugates'

Conjugates of OX26-FUC were prepared and purified as described in section 2.2.42. Lane 1,

the reaction mixture of conjugates prepared from SPDP-derivatized OX26 and SATA-

derivatized rcFUc (Figure 4.12, B) showing conjugates of Mr 200, 250 and 300 kDa,

unconjugated OX26 (150 kDa) and subunits of rcFUC (55 kDa) (indicated by arrows). Lane 2,

purified conjugates after affinity chromatography on fucosylamine-agarose. Lanes 3 and 4,the

reaction mixture of conjugates prepared from SATA-derivatized rcFUC andOX26 derivatized

via carbohydrate groups with pDpH (Figure 4.12, A) before and after affinity chromatography

on fucosylamine-agarose, respectively. Lanes 5 and 6, underivatized OX26 and rcFUC,

respectively. SDS-PAGE was carried out on a 5Yo (wlv) acrylamide gel under non-reducing

conditions
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4.2.7 FACS analysis of OX26-FUC coniugates

To determine the biofunctionality of ox26-FUC conjugates, binding of conjugates to rat

hepatoma (H4IIE) cells was analysed by FACS (section 2'2.43). H4IIE cells were first tested

with OX26 and rcFUC, with and without 5 mM M6P, to establish the presence of cell surface

Tf and IGFIVM6P receptors. OX26 binding was detected with FlTC-conjugated SAM

antibody. To detect the binding of rcFUC, a rabbit anti-rcFUC polyclonal antibody (section

4.3.1) followed by FlTC-conjugated SAR antibody was used. Fluorescence intensity measured

in a non-cell-sorting flow cytometer indicated the presence of both receptors' Tf receptors

appeared to be more abundant than IGFIVM6P receptors (Figure 4.75 A and B, and Table 4'8

median linear fluorescence of 184 and 16.55, respectively). The presence of M6P appeared to

increase the number of surface Tf receptors detected by approximately 42%o (median linear

fluorescence with M6P, 316.23 and without M6P, 184). The reason for this is not clear' As

expected, M6P inhibited binding of rcFUC to the M6P receptor (median linear fluorescence

with M6P, 6.26 andwithout, 16.55, Figure 4'15, B)'

Binding of OX26-FUC conjugates was then measured, Binding was analysed via both the

oxz6 and FUC moiety of the conjugates. Little difference was seen in the binding of oX26-

FUC detected via OXZ6 with SAM-FITC in the presence or absence of M6P (median linear

fluorescenc e of 21.29 and24.55,respectively; Table 4.8 and Figure 4'15, C)' Compared with

OXZ6 alone, the mean linear fluorescence was markedly reduced (21.29 vs 316.23). However,

when binding of OX26-FUC conjugates was analysed via the rcFUC moiety there was a 2'4-

fold increase in fluorescence in the presence of M6P and this was further increased to almost 3-

fold in the absence of M6p, that is, the M6P caused a small reduction in binding. In addition,

detection of the conjugate via the FUC moiety appeared to be more efficient than detectíonvia

the OX26 moiety. However, analysis with the anti-rcFUC polyclonal will not distinguish

between binding of free and conjugated FUC'
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Table 4.8: Flow cytometry of rat hepatoma cells (H4IIE) exposed to cHo/rcFUC, OX26

and OX26-FUC conjugates.

Median Fluorescence

H4IIE cells + FUC*

H4IIE cells + FUC* + M6P

H4IIE cells * OX26#

H4IIE cells * OX26# + M6p

H4IIE cells + OX26-FUC#

16.55

6.26

184.00

3t6.23

24.55

H4IIE cells + OX26-FUC# + M6P 2r.29

H4IIE cells + OX26-FUC* 72.34

H4IIE cells + OX26-FUC* + M6P s0.48

For experimental procedure see Materials and methods section 2.2-43. x Detection of FUC by

rabbit polyclonal to CHO/roFUC followed by SAR-FITC. # Detection of OX26 by SAM-FITC

monoclonal antibody. The background median fluorescence values for SAM-FITC and rabbit

anti-rcFUC polyclonal/sAR-FlTc are 4.87 and 6.04, respectively.
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Table 4.9: Competition binding study with OX26 and OX26-FUC conjugates in the

presence and absence of M6P.

Relative concentration of Median fluorescence

+ M6P . M6P
OX26 to OX26-FUC

OX

0.1 x

1.0 x

10x

100 x

59.35

77.74

37.86

t2.86

t0.37

133.35

t07.46

42.t7

16.55

27.38

For experimental procedure see section 2.2.44. The OX26-FUC conjugate was detected via the

rcFUC moiety with rabbit polyclonal to CHO/rcFUC followed by SAR-FITC.

A competition study with free OX26 clearly showed that binding of OX26-FUC conjugates

(detected via the FUC moiety) was progressively reduced by increasing amounts of OX26

Table 4.9 and Figure 4.16). The experiment was done in the presence of M6P to minimise

binding via the M6PR. In this case the binding of OX26-FUC was reduced 5.7-fold by 100-

fold molar excess of OX26. In a parallel experiment done in the absence of M6P, the binding

of OX26-FUC was competed 4.9-fold. Overall, at all concentrations of OX26 the measured

binding of the OX26-FUC conjugates was higher in the absence of M6P. Background

fluorescence determined in the absence of OX26-FUC ranged from a median of 5-10

fluorescence units in going from 0-100 x OX26 (results not shown) and is presumably due to

cross-reactivity of SAR-FITC or the rabbit anti-rcFUC antibody with OX26. No difference in

background fluorescence in the presence or absence of M6P was seen.
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Figure 4.15: Flow cytometry analysis of rat hepatoma cetls (H4IIE).

H4IIE cells were exposed to (A), OX26 and detected with SAM-FITC; (B), CHO/rcFUC and

detected with rabbit anti-rcFUC polyclonal antibody/SAR-FITC; (C), OX26-FUC conjugates

which were detected via the OX26 component with SAM-FITC and (D), OX26-FUC

conjugates detected via the FUC moiety with rabbit anti-rcFUC polyclonal antibody/SAR-

FITC, in the presence (red line) and absence (green line) of M6P. Background fluorescence

determined with H4IIE cells exposed to SAM-FITC (A and C) or rabbit anti-rcFUC

polyclonal/SAR-FITC (B and D), in the absence of M6P, is shown by the blue line.

Background fluorescence in the presence of M6P is identical.
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Figure 4.16: Competition binding study with OX26 and OX26-FUC.

Rat hepatoma cells (H4IIE) were exposed to increasing concentrations of OX26 (0-100X) in

the presence of OX26-FUC conjugates. In (A), this was done in the presence of M6P and in

(B), in the absence of M6P. Bindng was detected with rabbit anti-rcFUC polyclonal antibody

followed by SAR-FITC. No OX26 (red line), 0.lX OX26 (green line), 1.0X OX26 (pink line),

10X OX26 (orange line) and 100X OX26 (blue line).
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4.2.8 Cationization of rcFIlC with putrescine

Besides receptor-mediated transcytosis into brain, adsorptive-mediated transcytosis offers

another possible route for delivery of lysosomal enzyrnes from the peripheral circulation into

brain. This method relies on an electrostatic interaction between the protein to be transcytosed

and the negative charge conferred by the glycocalyx on the lumenal surface. Cationization

provides a means of increasing the positive charge on a protein to facilitate this process

(section L24.1).

Cationization of rcFUC was performed by reaction with the naturally occurring polyamine,

putrescine, in combination with EDC and NHS (Figure 4.T7). Putrescine had little inhibitory

effect on FUC activity (<5% inhibition at 400 mM putrescine) (Table 4.10). However, EDC

was found to be an irreversible inhibitor of FUC activity such that a 10,000-fold molar excess

(66 mM) resulted in almost complete inhibition of activity (Table 4.10). At this concentration

of EDC and with 400 mM putrescine, rcFUC was almost completely cationized with its pI

being increased from 4.5-6 to 8.5-9.6 (Figure 4.18). Analysis of experimental variables resulted

in a protocol in which all the isomers detected by IEF were modified while approximately

70%-80% FUC activity was retained (Table 4.10). To achieve these results the conditions used

were 1 mg/ml rcFUC, 400 mM putrescine, 14 mM NHS, 16 mM EDC, 100 mM NaHPO+

buffer, pH 7 for 20 min at room temperature. Under these conditions the pI of rcFUC was

altered from pH 4.5-6.5 to pH 6.5-8 (Figure 4.19 A). The specific activity of the cationized

rcFUC was reduced to 80% of unmodified enz .l:rre. When electrophoresed on a SDS

polyacrylamide gel cationized rcFUC did not show any substantial increase in Mr per subunit.

However, a small amount of aggregates was observed (Figure 4.19 B,lane 3).
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Table 4.10: Cationization of rcFUC.

FUC activity
(nmoVmin/ml)

rcFUC

rcFUC + 100 mM putrescine

rcFUC + 200 mM putrescine

rcFUC + 400 mM putrescine

17,380

16,31 1

1 7,1 88

76,676

rcFUC + 400 mM putrescine + 66 mM EDC 3.s

rcFUC + 400 mM putrescine -| 16 mM EDC 76,229

rcFUC was treated with 0-400 mM putrescine and 16 or 66 mM EDC in the presence of 400

mM putrescine (section 2.2.45.)

Cationized rcFUC retained the ability to be endocytosed into human fucosidosis SF where it

was effective in hydrolysing stored subshate (Table 4.11). Under the conditions tested

fucosidosis SF stored approximately 10 times more fucose-containing oligosaccharides

compared to normal SF. Exposure of fucosidosis SF to 15 nmollminlml of unmodified enzyrne

in culture medium resulted in intracellular levels of FUC activity of approximately 60% of

normal. Concomitantly storage levels in these cells decreased by 3-fold compared with

uncorrected fucosidosis SF. Exposure of fucosidosis SF to an equivalent concentration of

cationized rcFUC resulted in intracellular FUC activity levels of about 88% of normal levels

and a similar reduction of storage material as ìù/as observed with unmodified errzpe.In the

presence of M6P endocytosis of both modified and unmodified enzyme was inhibited resulting

in storage levels similar to those seen in uncorrected cells. p-Hexosaminidase levels in the

fucosidosis cells were somewhat elevated compared to normal control cells and remained

essentially unchanged in the experimental samples.
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Figure 4.17= Cationization of rcFUC with polyamines.

(A) Naturally occurring polyamines such as putrescine, spermine and spermidine confer an

increase in net positive charge of +1, +2 and *3, respectively, for each mole of polyamine

covalently bound to an acidic amino acid. (B) The cationizationreaction involves the activation

of a surface carboxylic acid on the protein by EDC resulting in the formation of reactive esters

followed by reaction with the polyamines (e.g., putrescine) as nucleophilic reagents. NHS

enhances this reaction (mechanism not shown).
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Figure 4.18: Complete cationwation of CHO/rcFUC.

CHO/rcFUC was cationized with putrescine/EDC as described in section 2.2.45 and then

analysed by IEF. Lane 1, IEF standards with their respective pI values indicated by arrows;

lane 2, CHO/roFUC; lanes 3 and 4, CHO/rcFUC cationized with 10,000 and 5,000-fold molar

excess of EDC to CHO/rcFUC, respectively.
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Figure 4.19: IEF and SDS-PAGE of cationized CHO/rcFUC.

CHO/rcFUC was cationizedwith a 1,000-fold molar excess of EDC compared to CHO/rcFUC

as described in section 2.2.45. (A) IEF. Lane 1, IEF standards with their respective pI indicated

by arrows; lane 2, CHO/rcFUC; lane 3, cationized CHO/rcFUC. (B) SDS-PAGE. Lane 1, Mr

standards, which include phosphorylase b (94 kDa), BSA (67 kDa) and ovalbumin (43 kDa),

are indicated by arrows; lane 2, CHOîcFUC; lane 3, cationized CHO/rcFUC.
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Table 4.11: Correction of fucosidosis skin fibroblasts with cationized CHO/rcFUC.

Cell line FUC activity

(nmoVmin/mg)

'H-fucose

(dpm/mg)

p-hexosaminidase

(nmoVmin/mg)

sF5077 t.129!0.467 r77,9Q7r50112 66.6 t24.8

sF2184 0.002 t 0 r,769,777 + 231,949 r37.7 !9.1

SF2184 + FUC 0.68 1 0.284 592,818 + 65,75r r07.0 !27.9

sF2184+FUC+M6P 0,101t0.012 t,133,942+37,t24 95.7 + 49.9

sF2184 * FUCcat 0.994r0.2t7 656,792+ 123,867 t25.7 !16.3

sF2184 * FUCcat + M6P 0.135 t 0.018 7,695,824 + 340,759 130.9 !7 .5

CHO/rcFUC was cationized with the polyamine, putrescine, as described in section2.2.45 and

Figure 4.19. Normal (SF5077) and fucosidosis skin fibroblasts (SF2184) were metabolically

labelled with 3H-L-fucose for 48 h and then incubated with purified CHO/rcFUC or cationized

CHO/rcFUC (FUC""t) (15 nmol/mir/ml) in the presence or absence of 5 mM M6P for 48 h.

Cells were harvested and cell lysates assayed for 3H-radioactivity, total protein, B-

hexosaminidase activity and FUC activity. Results are expressed as the mean (n: 3) t 1 SD.
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4.2 Discussion
4.2.1 Insulin-F UC conjugates

Previous reports suggested that insulin might be used as a vector for transporting proteins and

other ligands into the brain. Due to the hypoglycaemic effect that was observed with insulin

conjugates Fukuta et al. (1994), used a tryptic fragment (F007) of insulin, The amino acid

sequence of insulin contains one lysine and one arginine (Figure 4.10). As trypsin cleaves on

the carboxy side of these residues, and the lysine is the penultimate residue on the B chain,

only two peptides should result from tryptic digestion of insulin. However, Fukuta et al. (1994)

report three tryptic fragments, F001, F006 and F007. Of these F006 and F007 correspond to the

two tryptic peptides predicted from cleavage specificity and F001, which has both chains

terminating in tyrosine residues, would appear to be the result of digestion by chymotr¡psin,

presumably a contaminant in their trypsin preparation. In this study TPCK trypsin was used

and two fractions, A and B, were detected. The third species detected (Fraction C) was

undigested insulin. Fraction A could not be visualised on a Tricine-SDS polyacrylamide gel,

presumably because either insufficient was loaded or, being of such small Mr, it was lost from

the gel during fixation. Fraction B was slightly smaller than undigested insulin and was shown

to be the same as F007 by mass spectrometric analysis. Although the methodology for making

these peptides was successfully established, for convenience undigested insulin was used to

establish methodology for derivatization and conjugation. It was considered that the

hypoglycaemic effect would not preclude short-term testing of the conjugates in vivo.

Preliminary experiments to make insulin-FUC conjugates encountered technical obstacles.

Poor solubility of bovine insulin was one issue and this restricted derivatization reactions to

solutions of <1 mglml insulin. Porcine insulin is also known to be poorly soluble at neutral pH,

although Fukuta et al. (1994) claim to use solutions of 7 mglml. Identifying conditions for the

reproducible and controllable derivatization of insulin and FUC with SPDP, ideally where an

average of l-2 moles of pyridyldithiopropionate is added per mole of protein, were also

challenging. This was particularly so for FUC given that these reactions were being done on a

small-scale due to constraints on enzyrne availability. Since results of the analysis to determine

the number of moles of pyridyldithiopropionate bound per mole of protein will reflect a

binomial distribution, values of between 1 and 2 were considered acceptable to proceed with

conjugation. At excessive concentrations of SPDP, the maximum number of moles of
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pyridylthiopropionate bound per mole of insulin was found to be 3.1. This is consistent with

there being only four amino acids with free amine groups (the two N-terminal amino acids of

the A and B chain and the lysine and arginine residues on the B chain, Figure 4.10), although

the guanidinyl amino group of the arginine residue is not as reactive as the e-amino group of

lysine.

Another problem encountered in the conjugation process was the DTE needed to produce a free

sulphydryl on one of the proteins derivatized with SPDP. To eliminate any potential for the

disruption of S-S-linked structure of insulin, which would consequently compromise its ability

to bind to its receptor, FUC was chosen for reduction with DTE as its native structure is not

dependent on inter-disulphide bonds. Although each subunit of rcFUC contains intramolecular

S-S bonds (there are 8 cysteine residues per subunit) at the recommended concentration of

DTE (25 mM) these should not be affected (Carlsson et al., 1978). However, the DTE

reduction of SPDP-deivatized rcFUC resulted in at least 25% loss of FUC activity, with

further losses upon the prolonged dialysis used to remove the DTE. Exhaustive dialysis for

complete removal of DTE was necessary so as not to impair the efficiency of formation of

subsequent S-S bonds between the two derivatized proteins. To overcome these problems,

SATA-derivatization of rcFUC was chosen as an alternative. This derivatization uses mild

reaction conditions, and after dialysis to remove free SATA, hydroxylamine is used in the

conjugation reaction to deacetylate the protected sulphydryl group.

The next major difficulty encountered in making insulin-FUC conjugates was in developing

methods for analysing the products of the conjugation reaction. Gel filtration chromatography

was not suitable for separation of insulin-FUC from free FUC as the difference in Mr between

the two is too small (6 kDa) to be resolved, Affinity chromatography or gel filtration

chromatography would only be suitable if conjugation of FUC with insulin had gone to

completion thus requiring the isolation of conjugates only, rather than conjugated and

unconjugated FUC from free insulin. Analysis of rcFUC by SDS-PAGE demonstrates a

relatively diffuse protein band typical of glycoproteins, making it diffrcult to resolve easily and

unambiguously small differences in Mr. V/hen the putative conjugates were reduced with DTE

and electrophoresed on a SDS polyacrylamide gel, no band corresponding to insulin was

detected. However, calculations showed that in order to visualise insulin on a polyacrylamide

gel, 128 pg of conjugate would have to be loaded, assuming a stoichiometry of 1:1 and a
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detection limit of approximately 10 ¡rg. This amount of protein may interfere with the

electrophoretic mobility of the proteins concemed. 'Western blot analysis of conjugates using a

monoclonal antibody to human insulin, which is known to cross-react with bovine insulin, was

also uninformative. Whether this was due to the absence of unconjugated insulin, or a lack of

the required sensitivity, is unclear. In conclusion, the limitations of the possible analytical tools

identified made it hard to conclusively determine whether conjugation was successful or not. In

the results reportedbyFukuta et al. (1994) the degree of derivatization of HRP or insulin are

not stated. Separation of insulin-HRP from HRP was achieved by Sephadex G75

chromatography. Conjugates eluted from the chromatography matrix \¡/ere detected by the

presence of HRP activity but by the absence of a HRP band at a position equivalent to its

native Mr of 40 kDa on SDS-PAGE. However, the size of the conjugates was not stated.

An alternative method that may provide a more sensitive analytical tool includes structuring an

Elisa assay in such a way that only conjugates are detected (Walus et al,, 1996). This can be

done with a sandwich Elisa where the first antibody recognises one half of the conjugate and

the second antibody the other. For example, in the use of insulin-FUC conjugates, the Elisa

plate could be coated with rabbit anti-rcFUC polyclonal to bind conjugate via the FUC moiety

and then detected with an anti-insulin antibody. Given appropriate washing conditions to

remove free FUC and free insulin, only covalently linked conjugates would result in a positive

signal. The limitations to this method are firstly, the possibility of free FUC competing for

binding sites which might limit the sensitivity of the assay, and secondly, the anti-insulin

monoclonal antibody may not be suitable to be used in an Elisa (according to the manufacturer

this particular antibody has not been tested by Elisa) or may not be able to detect the relevant

epitope on insulin when insulin is conjugated to the much larger FUC molecule due to steric

hindrance. 'When the anti-insulin monoclonal antibody used in these studies was tested against

the bovine insulin it gave a relatively low titre of 1 in 640 in an Elisa. Ultimately, this approach

to analysis of insulin conjugates was not pursued as for other reasons the whole idea of using

insulin as a vector was rejected (see below).

Technical problems aside, the theoretical possibilities of using insulin, or more particularly the

insulin fragment F007, as a vector for transcytosis across the BBB, became increasingly

doubtful. As already mentioned, the 3-D structure of insulin is important for binding to the

insulin receptor. This binding site is comprised of amino acids of the N-terminal of the A chain
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and the C-terminal of the B-chain. All synthetic peptides, and those produced by proteolytic

digestion, lacked either one or both of these binding domains or parts thereof, and were unable

to bind to the insulin receptor on bovine brain microendothelial cells (Fukuta et a1.,1994). In

the production of the F007 fragment, the C-terminal peptide of the B chain, GFFYTPK, is

removed by tryptic digestion. This already compromises the affinity of binding of F007 to the

insulin receptor. Fukuta et al. (1994) showed that binding of F007 to the insulin receptor was

an order of magnitude lower compared to insulin. This may well explain why there is no

hypoglycaemic effect in rats injected with F007 at the same, or even ten times the dose of

insulin that induces hypoglycaemia. That is, the effect may be one of reduced binding rather

than loss of signal transduction. The binding affinity of insulin-HRP was at least two orders of

magnitude lower than insulin, which may indicate that the chemically-linked HRP is also

masking the binding site, ostensibly by steric interference. Despite the decreased affinity of

insulin for its receptor when conjugated to HRP, Fukuta et al. (1994) showed that transcytosis

of the insulin-HRP conjugate into brain did occur at levels comparable to those seen with the

OX26 vector system (0.S% of ID) (Friden et a1.,1991). Presumably, neither the conjugation

process nor steric hindrance from HRP has adversely affected the binding of insulin to its

receptor in vivo.

It also became increasingly obvious that, in order to maintain adequate affinity of binding for

the insulin receptor, deivatization of F007 would need to be at a specific site. In F007, there

are three potential sites for derivatization; the N-terminal amino acids of both chains and the

arginine residue at the C-terminal of the B chain. The amino acids of the N-terminal of the A

chain are involved in binding and depending on how many of the amino acids of the C-terminal

of the B chain are required for binding, the arginine residue of this chain may also be involved'

Therefore, it appears that the only'safe'position for derivatization of F007 with SPDP is on

the N-terminal amino acid of the B chain. The chemistry involved in protecting those amino

goups not to be derivatized, and then deprotecting them after derivatization, is difficult. In

conclusion, the results reported by Fukuta et al. (1994) would appear to be inconsistent and

hard to rationalise. The use of an anti-insulin receptor antibody may provide a more realistic

approach to utilising the insulin transport system for transcytosis of heterologous proteins

(Coloma et al., 2000 Zhang et al., 2003).
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4.2.2 OX26-F UC conjugates

Conjugation of SATA-derivatized CHO/rcFUC with OX26 derivatized with SPDP via amine

groups resulted in the formation of three discrete heterologous protein species. On SDS-PAGE

these were visualised as protein bands of Mr 200, 250 and 300 kDa. Assuming rcFUC is

trimeric these protein bands are representative of conjugates with native Mr of 300, 450 and

600 kDa, respectively. The reason these larger Mr conjugates are not seen on SDS-PAGE is

because those subunits of rcFUC which are not covalently linked to OX26 by S-S bonds

migrate as subunits of approximately 55 kDa on denaturing SDS polyacrylamide gels as

discussed previously (section 4.1.4.I).

'When OX26 was conjugated with rcFUC, equimolar amounts of each were used. When the

conjugates were analysed on SDS-PAGE, it was obvious that the reaction had not gone to

completion as free OX26 and free rcFUC were still present, although the amount of the latter

was masked by the dissociation of non-covalently bound subunits of rcFUC which, in the

native state, would be part of the conjugate. The ability to purify conjugates would obviously

simplify analysis. OX26 was readily removed from the reaction mixture, with good recovery of

active conjugate, utilising fucosylamine-agarose affinity chromatography. Removal of free

FUC could be most easily achieved using a Protein G column. However, the low pH conditions

(100 mM NaPO¿ buffer, pH 3) required to elute bound proteins from this matrix would be

detrimental to recovery of FUC activity. An altemative is to use size exclusion chromatography

or to increase the likelihood of all rcFUC being conjugated to OX26, that is, alarge (e.9.,7-10'

fold) molar excess of OX26 could be used in the conjugation reaction. However, none of these

methods to eliminate free FUC in the conjugate was pursued due to time constraints.

Modification of OX26 via carbohydrate groups is an alternate method for making conjugates. It

has been reported that immunoglobulins modif,red via sialic acids on oligosaccharide chains

retain antigen-binding affinity (Rodwell et aL.,1986). Carbohydrate modification is a two-step

process. The first step involves oxidation of vicinal diols of sialic acid to produce aldehydes.

The second step is reaction of the aldehydes with PDPH. Interestingly, no conjugates of OX26-

FUC were observed when OX26 was derivatized through carbohydrate groups with PDPH at

low stoichiometry. Moreover, no conjugates or aggregates were generated when over-

derivatized OX26 (9.44 moles of pyridyldithiopropionate per mole of OX26) was used. As

pyridyldithiopropionate groups were detected on OX26, the lack of conjugate formation is not
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due to a failure of the deivatization process. The reason for the failure to produce conjugates is

most likely due to inaccessibility of the two reactive groups because of steric hindrance. Unlike

SPDP, PDPH has no spacer arrn or bridge connecting its two reactive terminal moieties. It may

be that steric hindrance is preventing conjugation although conjugation of OX26, derivatized

via amine or carbohydrate, with SATA-derivatized rsCD4 using similar conditions has been

documented (Walus et al.,1996).

For a conjugate to achieve its purpose, the biofunctionality of both the vector (OX26) and the

'passenger' molecule (rcFUC) must be preserved. That is, OX26-FUC conjugates should still

be able to bind to the Tf receptor and to the IGFII/M6P receptor and, in addition, FUC should

be enzymically active. During the process of derivatization and conjugation, upto 70% of FUC

activity was retained. The ability of the conjugate to bind to the Tf receptor on H4IIE rat

hepatoma cells was measured by FACScan analysis. H4IIE cells express high levels of Tf
receptor as shown by analysis of OX26 binding. As there is no free OX26 present in the

conjugate preparation, binding of the conjugate could be analysed via the OX26 moiety.

Binding of the conjugate to H4IIE cells appeared to be predominantly via the Tf receptor as it

was strongly inhibited by free OX26 but not by M6P. However, the amount of binding (median

fluorescence) was much lower for the conjugate than for free OX26. There are a number of

reasons why this may be so. Firstly, only a small percentage of the conjugate may be able to

bind to the Tf receptor due to steric hindrance by the FUC component. Secondly, conjugation

may have altered the binding site of OX26 and thirdly, steric hindrance may also be reducing

the detection of the OX26 component by the secondary antibody (SAM-FITC-labelled IgG)

although, as this is a polyclonal reagent, this effect may be less pronounced.

The specificity of binding of rcFUC to the M6PR on H4IIE cells was demonstrated by the

inhibition of binding in the presence of M6P. Analysis of the binding of conjugates via the

FUC moiety, rather than the OX26 component, is complicated by the presence of free FUC.

The difference in median fluorescence in the competition binding studies in the presence and

absence of M6P is presumably indicative of this free rcFUC present in the partially purified

conjugates, as conjugate binding (measured via OX26) is unaffected by M6P. By necessity the

detection agent in this experiment is the anti-rcFUC polyclonal/SAR-FITC. Therefore, in the

absence of M6P all rcFUC, either free or conjugated, will be detected whereas in the presence

of M6P only conjugates boundvia the OX26 vector will be reactive.
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In summary, it was possible to demonstrate binding of the OX26-FUC conjugate to the Tf
receptor only. It still remains to be shown that the M6P binding site is functional aÎter

conjugation and that these conjugates can be endocytosed into cells, targeted to the lysosome

and can turnover substrate. In order to obtain an unequivocal result, all free FUC would have to

be removed from the conjugate preparation. (Methods by which this could be done are

discussed above.) It also remains to be demonstrated that the OX26-FUC conjugate can be

transcytosed into brain across the BBB. Successful transcytosis of a number of proteins linked

to OX26 such as nerve growth factor (Friden et a|.,1993), vasoactive intestinal protein (Bickel

et al., 1993; Wu and Pardridge, 1996), rsCD4 (V/alus et al., 1996) and avidin (Yoshikawa and

Pardridge, 1992) as well as methotrexate (Friden et al., l99I) have been reported. The

percentage of the injected dose found in brain is relatively low (0.5-0.7%) compared to other

organs such as liver. However, low amounts of enz¡rme were sufficient to show a physiological

effect. For example, NGF conjugated to OX26 was shown to increase the survival of both

cholinergic and non-cholinergic neurons of the medial septal nucleus that had been

transplanted into the anterior chamber of the rat eye (Friden et al., 1993). All the above

proteins conjugated to OX26 are relatively small compared to rcFUC. NGF is 28 kDa, VIP is

30 kDa, rsCD4 is 45 kDa and avidin is 60 kDa. It is not known whether there is a size

restriction for such a large chimeric protein as the OX26-FUC conjugate let alone larger

conjugates where two or three FUC molecules are linked to OX26, to be either endocytosed

into cells or transcytosed across the BBB.

In conclusion, while active conjugates were made, and were shown to bind to the Tf receptor,

these studies need to be continued to demonstrate binding to M6PR, targeting to and activity in

the lysosome and increased transcytosis across the BBB.

4.2.3 Cationization of rcFUC
The process of protein cationization is designed to increase positive charge and thus facilitate

adsorptive-mediated transcytosis of the modified protein into brain. Cationization of

CHO/rcFUC via carboxylic acid gloups was performed by reaction with the naturally occurring

polyamine, putrescine. Activation of the carboxylic acid groups to the reactive ester is

dependent on the ionisation of the carboxylic acids which in turn is controlled by the pH of the

cationization reaction. Cationization of rcFUC such that the pI of all the isomers was altered to
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9.6 resulted in an almost total loss of FUC activity even when attempts were made to protect

the active site with the competitive inhibitor, L-fucose. In order to retain reasonable FUC

activity it was necessary to control the degree of cationization. This has also been found in

other studies of enzyme modification such as SOD and catalase (Poduslo and Curran, 1996a;

Wengenack et al.,1997b) where pH of the reaction was adjusted to achieve a balance between

cationization and enzyme activity without overly compromising the desired biological

outcome, which in this case was uptake into brain by adsorptive-mediated transcytosis. An

earlier study (Poduslo and Curran, 1996b) had shown that complete cationization of SOD,

which also resulted in almost complete enzyme inactivation, was taken up by rat brain at 2l-

fold greater rate compared to native SOD.

Putrescine modification of CHO/rcFUC did not affect the M6P recognition signal as the

enzpe was still endocytosed into lysosomes of fucosidosis cells where it was effective in

removing storage products. Compared to the preparation of conjugates, putrescine modification

was relatively straightforward and so the effect of cationization on plasma clearance, tissue

distribution and transcytosis across the BBB was assessed in vivo. These experiments are

described in section 4.3.
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4.3 In vivo analysis of biodistribution of TcFLIC

4.3.1Production of antibodies to CHO/rcFIJC

Polyclonal and monoclonal antibodies were produced to CHO/rcFUC in an attempt to make

canine specific reagents which could be used in analyses of in vivo ERT experiments by

immunohistochemistry, Elisa and immune capture activity assays.

Rabbit polyclonal antibody to CHO/rcFUC gave a titre of 1 in 2 x 106 when tested using a

standard Elisa as described in section 2.2.31. This polyclonal antibody was used for detection

of free FUC and FUC in OX26-FUC conjugates on cell surfaces by FACS analysis (section

4.2.7).

One hundred and twenty six hybridomas from two fusions of mouse spleen cells were screened

against purified CHO/rcFUC using a standard Elisa. Results of this initial screen indicated 13

positive hybridomas of which only 5 were still positive after retesting. None of the original 13

hybridomas demonstrated a positive result in an immunobinding assay (section 2.2.30) when

used for detection of purified FUC activity. However,12hybridomas gave a positive response

on a Westem blot to purified enzqe. All were of the IgM subclass (section 2.2.30).

Furthermore, all showed a negative response when tested for immunohistochemical analysis of

cFUC expression with CHOcFUC40-42-4 cells (section 2.2.32) and all cross-reacted with

FUC purified from rat liver (results not shown). Due to the lack of the required specificity (i.e',

canine specificity and immunohistochemical reactivity) of the monoclonal antibodies for cFUC

their use was not pursued.

4.3.2 Plasma clearance of 3H-radiolabelted rcFUC in normal rats

Pharmacokinetic studies to determine plasma clearance of various forms of 3H-rcFUC and their

tissue distribution were done in normal rats. Of particular interest was analysis of uptake of

enzqeby brain using capillary depletion, a technique to separate brain vasculature from brain

parenchyrna.

Four forms of 3H-rcFUC, namely, CHO/rcFUC, MDCIITcFUC, mature CHO/rcFUC prepared

from cell lysates (section 2.2.26) and cationized CHO/roFUC (section 2.2.45) were

intravenously injected into normal rats at a dose of 1 mg/kg to determine plasma circulating
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half-life and tissue distribution. CHO/rcFUC was also tested at a dose of 10 mg/kg. Regardless

of dose, the clearance of all forms of rcFUC was biphasic in nature with an initial rapid phase

having a half-life of approximately 1 min and a longer secondary phase ranging from 12 min to

180 min (Figure 4.20 and Table 4.12). The half-life of the second phase was dependent on the

type of rcFUC infused. CHO/rcFUC at I or 10 mglkg demonstrated the longest secondary

phase with a half-life of 140-180 min. Cationized CHO/rcFUC was cleared more rapidly (90

min) while MDCIITcFUC and mature CHO/rcFUC, with half-lifes of 45 min and 12 min,

respectively, were cleared even more rapidly.

The amount of 3H-rcFUC remaining in plasm a aI the end of the different distribution studies is

shown in Table 4.13. In the t h distribution studies, CHO/rcFUC and cationized CHO/rcFUC

were still present in plasma at 24.7%o (result not shown) and 28.34Yo (Table 4.13) of the

injected dose, respectively, whereas after t h only 4.73% of mature CHO/rcFUC was still

evident. In the 4 h distribution studies with CHO/rcFUC there was approximately I0% of

enzpe still in plasma irrespective of the dose (1 or 10 mglkg body weight). Cationized

CHO/rcFUC was also present in plasma at a low level after 4h (3.96%) and MDCIIToFUC

levels were 7 .78Yo aîter 4 h. Twenty four hours after administration of 1 mg CHO/rcFUC/kg,

only 1.5o/o of the injected dose remained in circulation. The relevance of these results to the

amount of FUC activity detected in brain fractions is discussed in section 4.3.1 (discussion).

The residual levels of enzyrne found therefore reflect the different half-lifes.
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Figure 4.20: circulating plasma half-life of rcFUC in normal rats.

(A), Normal rats were intravenously injected with 3H-CHO/rcFUC at 1 mg/kg and sacrificed 4

h or 24 h later. Blood samples were removed at specified times and plasma assayed for 3H

cpm. (Results to 4 h shown only). (B) As above but different forms of 3H-rcFUC were tested as

indicated. Also shown is CHO/rcFUC at l0 mg/kg. Plasma samples were analysed for 3H-cpm.

230



Table 4.12: Circulating plasma half-lifes in normal rats.

Dose

(mg/kg)

Time at

sacrifice (h)

Tttzl"'Phase

(min)

Tr,r}"d Phase

(min)

CHO/rcFUC 180

CHO/rcFUC 135

CHO/rcFUC 10 t40

CHO/roFUC"ut

Mature CHO/rcFUC t2

MDCIITcFUC 45

Normal rats were intravenously infused with 3H-labelled FUC at the doses shown and

sacrificed at either l, 4 or 24 h post infusion as indicated. Blood samples were collected

immediately after infusion and at specified times thereafter. T172 values of the two phases of

plasma clearance were determined from a plot of 3H-radioactivity (cpml2} ¡rl) against time

post-infusion (min) (Figure 4.20). The number of rats tested for each of the forms of rcFUC

was 1 except for CHO/rcFUC (4 h) and (24 h) where the number \Mas 2 and the mean values

are glven.

1 4

24

1

11

I

1

1

14

4 90I

1

1

1

4
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4.3.3 Tissue distribution of various forms of rcFIlC in normal rats

Tissue distribution of all the forms of rcFUC mentioned in the above section was similar

(Table 4.13),with the majority of the enzpe being found in the liver. Other tissues with lower

but still notable levels of enzyrne included kidney, lung, spleen and heart. In all the animals

tested only 34-58o/o of injected counts was recovered. Quenching contributed to a 15-20% loss

of counts. The distribution of CHO/rcFUC at 10 mglkg was the same as for 1 mglkg of

CHO/roFUC.

Analysis of brain samples after capillary depletion demonstrated that very little, if aîy enzpe

was found in the brain parenchyma (0.027-0.ll2o/o of the injected dose, Table 4.14).

Cationization of rcFUC appeared to have no effect on the levels of enz¡rme found in brain.

Results of ALP and GGT assays of brain parenchyrna and capillary fractions, after the capillary

depletion process, indicated that the degree of contamination of brain parenchyma with

capillaries was on average less than 10% (the parench5rma./vasculature ratios ranged from 4.83-

17.72% with respect to ALP and 0-19.3o/o with respect to GGT, Table 4.15). Analysis of

biodistribution of laC-inulin, a compound impervious to the BBB, to determine the degree of

contamination of brain parench¡nna with radioactive protein present in the blood of the brain

vasculature, indicated that this was approximately 0.062% of the injected dose (results not

shown).
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Table 4.13: Tissue distribution of various forms of 3H-labelled rcFUC in normal rats.

Normal rats were intravenously infused with I mg 3H-labelled rcFUC/kg with the exception of
* (10 mglkg). Tissue 3H-radioactivity (section 2.2.46) was determined 1, 4 or 24 h post-

infusion. Results are expressed as %o ID and where n: 2 the mean value is given. n : number

of animals in each group; nd : no activity detected; - indicates the tissue was not collected for

analysis.
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CHO

4h

CHO

24h.

CHO*

4h

CHO""t CHO"'I CHO."¡." MDCK

th 4h th 4h

oÁlD

Liver

Kidney

Lung

Spleen

MLN
Pancreas

Eye

Aorta

Trachea

Heart

Plasma

Urine

n

2r.75

0.82

0.51

0.s8

0.19

0.07

0.01

0.03

0.01

0.28

1 1.05

nd

2

33.06

0.47

0.28

0.55

0.23

0.29

0.02

0.03

0.03

0.15

t.54

0.09

2

29.09

0.56

0.30

0.47

0.13

0.09

nd

0.01

0.02

0.28

9.3r

0.03

1

15.06

0.19

0.27

Q.l7

0.01

nd

nd

0.01

0.28

28.34

0.01

I

44.56

0.33

0.16

0.66

44.64

0.14

0.09

0.57

34.02

0.23

0.t4

0.46

0.07

nd

nd

nd

0.19

7.78

0.07

I

0.08

nd

nd

0.01

0.13

3.96

0.04

I

nd

nd

nd

nd

0.08

4.73

nd
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Table 4.14: Distribution of rcFUC in the brain of normal rats.

CHO/rcFUC'CHO/rcFUC CHO/rcFUC* CHO/rcFUC.,t

4h 24h 4h 4h

olD

CHO/rcFUC

mature

th

MDCIITcFUC

4h

1 1122n

Total brain 0.041 0.r23 0.003 0,058 0.145 0.059

Parench)¡ma 0.052 0.083 0.021 0.055 0.024 0.t12

Vasculature 0.006 0.005 0.003 0.009 0.002 0.009

Rats infused with various forms of 3H-labelled rcFUC were sacrificed at the times indicated.

The brains were removed and processed for capillary depletion (section 2.2.47). 3H-

radioactivity was determined in each hemisphere. Results are expressed as %ID after

summation of results from the two hemispheres and where î:2, the mean value is given. n:
number of rats in each group.

1
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Table 4.15: ALP and GGT activity in brain fractions of rats after capillary depletion.

CHO/rcFUC CHO/rcFUC CHO/rcFUC* MDCIITcFUC CHO/rcFUC.".

4h 24h 4h 4h 4h

CHO/rcFUC

mature

th

ALP

Parenchyma 4.96 10.13

Vasculature 83.78 123.49

Ptv (%) 5.9 8.2

GGT

Parenchyma 1.38 5.56

Vasculature 38.37 60.59

Ptv (%) 3.59 9.17

Vascular enzyme activity (nmoVmin/mg)

1.01

5.89

16.9

05.36

4.66

94.49

4.83

1.01

35.55

2.83

3.58

69.07

5.18

r.87

20.86

8.96

s.18

29.23

t7.7

3.45

17.85

19.3

nd

0

Rats were infused with various forms of rcFUC and sacrificed at the times shown. To

determine the efficiency of capillary depletion (section 2.2.47) brain parenchyrna (P) and

vasculature (V) from these rats were assayed for alkaline phosphatase (ALP) and y-glutamyl

transpeptidase (GGT) activity (enzyme markers for brain capillaries). Results are expressed as

nmol/mirVmg of sonicated brain fraction lysate. PN (%) the amount of brain vasculature

contaminating the brain parenchyma expressed as a percentage. nd, no activity detected.
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4.3.4 OX26-Eu*' labelling
Because of the lack of sensitivity afforded by the use of 3H-radiolabelled rcFUC in the rat

distribution studies (see above and discussion), a more sensitive method for detecting enzyme

was trialled. Eu*3-labelling was chosen because it is a relatively simple procedure and results in
> 1010 counts/mg of protein compared to approximately 108 cpm/mg for rcFUC metabolically

labelled with 3H-leucine. OX26 was chosen as a model system to evaluate both the labelling

and the analysis of biodistribution of Eu*3-labelled material as it provides a positive control for

BBB transcytosis.

The Eu*3-chelate used for labelling reacts with primary amino groups of proteins via its
isothiocyanate group under mild reaction conditions resulting in a stable and highly soluble

chelate. In DELFIA Enhancement Solution it forms a highly fluorescent chelate with ligands

present in this solution and has a long fluorescent lifetime that enables it to be detected by

time-resolved fluorometry. OX26 was modified with Eu*3-chelate as described in section

2.2.48. Free Eu*3-chelate and a small amount of aggregates that form during the reaction were

separated from OX26-Eu+3 by gel filtration chromatography (results not shown). The

concentration of Eu*3 bound to OX26 was calculated by reference to a Eu*3 standard and was

found to be 165 pM which was equivalent to 62J5 x 1010 counts/mg. The number of moles of
Eu*3 bound /mole of OX26 was estimated to be 8.13.

4.3.5 Rat tissue distribution and plasma half-tife of OX26-Eu*3

Infusion of OX26-Eu*3 into a rat at 1 mg/kg body weight (1.25 x 1010 counts) resulted in its
rapid removal from circulation in a typical biphasic manner (Figure 4.21). The half-life for the

initial phase was less than 2 min while that of the second phase was 50 min. After 4 h there

was 3.98% of the injected dose present in plasma (Table 4.18). Analysis of the brain after

capillary depletion indicated that there was approximately 0.56% of the injected dose in the

brain parench¡rma with 0.17% in the capillary fraction (Table 4.16). The degree of
contamination of brain parench¡rma by brain vasculature after capillary depletion rwas 8.8% and

14.5% with respect to ALP and GGT, respectively. The majority of OX26-Eu*3 was found in

liver (48.32%) followed by kidney (739%), spleen (1.92%),lung (0.67'/") and minor amounts

in other organs (Table 4.18).
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Table 4.16: Distribution of Eu*3-labelled OX26 in rat brain.

OA ID

Total brain homogenate 0.98

Brain parench¡rma 0.s6

Brain vasculature 0.t7

A normal rat was intravenously injected with 1.25 x 1010 counts of Eu*3-labelled OX26 and 4 h

later sacrificed. The brain was removed and each hemisphere was treated separately as

described in section 2.2.47. Capillary depletion to separate brain parench¡rma from vasculature

was performed. Results are expressed as the %oID after summation of Eu*3 counts in both

hemispheres.
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Table 4.172 ÃLp and GGT activity in the brain fractions of a rat injected with Eu*3-

labelled OX26.

ALP GGT

(nmoUmin/mg)

Brain parenchyma 2.56 1.98

Brain vasculature 29.08 13.67

8.80 t4.sPN (W

After capillary depletion the brain parenchyma and vasculature were assayed for ALP and

GGT activity. Results are expressed as nmoVmirVmg of sonicated brain fraction lysate. PA/

(%) is the amount of brain vasculature contaminating the brain parenchyma expressed as a

percentage.
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Figure 4.21: Plasma clearance of Eu*3-labelled o){26.

A normal rat was injected with I mg/kg oX26-Eu*t çt.zs x 1010 counts) and sacrificed 4 h

later. Blood samples were removed at specified times and plasma assayed for Eu*3 counts as

described in section 2.2.49.
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Table 4.18: Distribution of Eu€-labelled OX26 in rat tissue.

Tissue o/olD

Liver 48.32

Kidney 7.39

Lung 0.67

Spleen t.92

Pancreas 0.02

Trachea 0.02

Aorta 0.004

0.008

Heart 0.274

Plasma 3.98

0.36

Eye

Urine

A single rat was intravenously injected with 1.25 x 1010 cpm of Eu*3-labelled OX26 and

sacrificed 4hlafer. Eu+3 counts were extracted as described in section 2.2.49 and results were

calculated based on the total weight of each tissue and expressed as aToD.
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4.3.6 Tissue distribution and plasma clearance of rcFIlC in fucosidosis dogs

As a prerequisite to evaluating various types of modified FUC for ERT in the fucosidosis dog

model, preliminary baseline data regarding tissue distribution and plasma clearance of rcFUC

in fucosidosis dogs were generated. Two male fucosidosis dogs, Bobby and Biggles, who were

littermates, were used, Both animals displayed overt signs of fucosidosis at the time of

experimentation (Dr. R. Taylor, University of Sydney, NSV/, personal communication). Bobby

was infused at age 10 months with 1 mg CHO/rcFUC/kg (13 mg total) which had a specific

activity of 14,051 nmol/min/mg. Biggles was infused at age 16 months at the same dose rate

(18 mg total) but with CHO/rcFUC having a slightly higher specific activity (17,000

nmol/mirVmg). The difference in the specific activity of the batches of enzyrne was due to the

prolonged storage (2 years) of the eîzpe for Bobby. CHO/rcFUC for Biggles was produced

and purified immediately after expression. The purity of both batches of enz¡rme as assessed by

SDS-PAGE was found to be similar.

Neither dog showed any adverse reaction to the infused enzpe either during infusion nor in

the subsequent 48 h. Plasma clearance of CHO/rcFUC was assessed in Biggles only. The

clearance was biphasic with an initial rapid phase and a longer secondary phase. Due to an

insufficient number of data points the initial half-life could not be determined accurately

(results not shown). However, in later studies (section 4.3.7) the half-life was estimated as 42-

43 min for the first phase and t h for the second phase (Figure 4.22). Less than 5% FUC

activity was detectable in plasma 24 h after administration.
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Figure 4.222 Clearance of infused rcFUC in Chelsea'

After a 10 min infusion of rcFUC blood samples were collected immediately after infusion and

then at specified times thereafter. Plasma was tested for FUC activity (nmoVmin/ml)' Enor

bars: t 1 SD.

Forty-eight hours after administration of enzyme the dogs were euthanased and tissues were

analysed for residual FUC activity as described in section 2.2.53. Results indicated that in both

dogs the overwhelming majority of enzyme was found in liver (94% of the injected dose in

Biggles) (Table 4.lg). other organs with detectable enzyme activity in Biggles included heart

(0.15yù, spleen (0.13%), kidney (0.12%),lung (0.05%), lymph node (0.02Yù and pancreas

(0.01olÐ with undetectable levels in the remainder of the tissues analysed. No enzyme activity

was detected in any of the brain sections. A similar trend was observed in Bobby. As weights

of tissues were not available for Bobby, YoTD Io various ofgans could not be calculated'
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Table 4.19: Tissue distribution of FUC in dogs.

Bobby, Biggles and Chelsea are fucosidosis affected dogs, Zanadu is a carrier. Bobby and

Biggles were each infused with a single dose of CHO/rcFUC at 1 mglkg body weight and

euthanased 48 h later. Chelsea was receiving ERT for one year at doses shown in Figure 4.23

and was euthanased 48 h after a final infusion of 1 mglkg. Tissues were processed as described

in section 2.2.53 and assayed for FUC activity and total protein. Results are expressed as U

(nmol/min/mg). Where tissue weights were available (Biggles and Chelsea), results are

expressed as %ID). - indicates that the tissue was not available for analysis. ND, not

determined (because tissue weight was not available). nd, no activity detected.
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Bobby

U

Biggles

U

Biggles

%ID

Chelsea Chelsea Zanadu

U %ID U

Liver
Kidney

Lung

Spleen

Pancreas

Eye

Muscle

Skin

Heart

Bone marrow

Thyroid

Salivary gland

CSF

Sciatic nerve

Vagus nerve

Cervical spinal cord

Thoracic spinal cord

Dorsal root ganglion

Frontal cortex

Thalamus

Striatum

Cerebellum

Cerebellar nuclei

Medulla

Lynrph node

Pons

Parathyroid

Corpus callosum

2.30

0.31

0.0s

0.08

0.01

0.04

nd

0.74

0.03

0.24

0.01

0.01

1.98

0.02

0.01

0.01

0.01

0.21

nd

0.02

0.02

0.23

nd

nd

0.02

nd

0.02

0.02

0.02

nd

nd

nd

nd

0.01

0.01

0.38

nd

94.41

0.r2

0.05

0.13

0.01

ND

0

ND

0.15

ND

0

0

3.07

0.02

0.01

0.09

0.01

0.02

0.01

0.01

0.02

0.07

nd

nd

0.01

0.01

nd

nd

0.01

0.02

nd

nd

nd

nd

nd

nd

95.90

0.07

0.06

0.07

0.2r

ND

ND

ND

0.09

ND

0

0

ND

ND

0

0

ND

ND

0

0

0

0

0

0

0.98

0.79

t.22

0.26

2.65

7.44

0.01

0.02

0.01

0.01

ND

0

0

ND

ND

0

0

0

0

ND

0

0.02

0

0.17

0.16

0.22

0.18

0.61

0.23

0.22

0.24

0.19

0.27

0.26

0.55

nd

nd

nd

nd

nd

nd

0.30

0.08

nd 00.01 ND nd 0.20



Table 4.20: Identification of fucosidosis phenotype in dogs.

Plasma FUC

activity

(nmoVmin/ml)

\ilBC FUC

activity

(nmoVmin/mg)

WBC p-Hex

activity

(nmoVmin/mg)

FUC activity:F-

Hex activitf

Biggles 0.023 0.022 29.r7 0.33

Chelsea 0.023 0.002 t6.52 0.39

Virgil 0.979 r.367 37.67 15.35*

Alis 0.31 r.473 23.13 77.33*

Castor 0.94 1.653 40.83 16.04*

Courtney 1.04 0.901 3r.7 13.15

Biggles and Chelseaare affected dogs, the others are carriers. # The ratio of FUC activity:p-

Hex activity is calculated from plasma FUC activity and V/BC FUC and p-Hex activity

according to the following equation:

5 x plasma FUC activity + 2.8a1(WBC FUC activity /WBC B-Hex activity) x 100]

According to this calculation dogs are classified as follows: affected, <6; carriers, 6-<14;

normal, 14-20. This calculation is valid for newborn dogs only (Healy et al., 1984). *These

three dogs are carriers but show ratios >14 as their plasma and V/BC were assayed at an older

age. Courtney, a carrter, was assayed at birth.
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4.3.7 Long-term ERT in a fucosidosis dog

Chelsea, a female fucosidosis dog was initially diagnosed within 24 h of birth by a low FUC/B-

hex ratio (Table 4.20). According to the Healy discriminant function (Healy et al., 1984)

Chelsea had a ratio of <6 which indicates affected status. This diagnosis was later confirmed by

PCR/ASO analysis (Sharon Chin, Department of Chemical Pathology, WCF, personal

communication). ERT at I mg CHO/rcFUC/kg body weight/week was coÍìmenced at2 months

of age and the dosage regimen during the course of therapy was as shown in Figure 4.23. The

changes in the regimen were determined solely by the availability of enzyme. Throughout

therapy Chelsea showed no adverse reactions to infused enz)rme. Plasma samples were

screened for antibodies to FUC as described in section 2.2.55. Only very low antibody titres in

the range of 12,000 -<1/10,000 were detected. (Figure 4.24). No antibody titre was detected in

the plasma from a carrier dog (Courtney), tested in a similar manner (Figure 4.24).In order to

determine if the low titre observed in Chelsea was due to a response to Chinese hamster FUC

present in the CHO/rcFUC preparation (section 4.I.1), reactivity to MDCIITcFUC, which

represents I00% canine FUC, was tested. Hotvever, no difference in the titre to CHO/rcFUC

and MDCK/rcFUC was observed (Figure 4.25).

Measuring urinary excretion of storage products is one way of monitoring the efficacy of

therapy in some LSD. In fucosidosis, storage products have terminal fucose moieties and are

found at hlpemormal levels in the urine of affected dogs. The method used (section2.2.56) for

fucose determination in fucosidosis dog urine does not discriminate between free and bound L-

fucose, the latter being released during the procedure by acid hydrolysis. During ERT the level

of L-fucose in Chelsea's urine fluctuated but overall there was less L-fucose than in the urine

of an affected dog, Biggles (Figure 4.26).In fact the levels in the treated dog more closely

resembled those found in a carrier dog, Virgil who had two to three-fold lower levels of urinary

L-fucose compared to Biggles. However, these results cannot be considered conclusive as age

and sex-matched normal and affected dog urine was not available for direct comparison.
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At the start of therapy Chelsea weighed 4.1kg and her progressive weight gain during the ERT

trial was initially similar to that of a carrier female dog (Courtney). However, her rate of

weight gain started to decline at about 100 days of age and remained between 22-27Yo of

Courtney's rate of weight gain for the remainder of the ERT trial (Figure 4.27). In contrast,

Biggles, an untreated male fucosidosis dog, showed an earlier cessation in weight gain (200

days) compared to Chelsea (260 days). Chelsea displayed no overt signs of fucosidosis up to

age 11 months apart from being slower to learn (first noted at 6 months of age) compared with

age-matched normal dogs. Chelsea was diagnosed with subtle but unequivocal diffuse cortical

disease when assessed neurologically two weeks prior to euthanasia. She displayed excessive

anxiety with minimal restraint, had occasional proprioceptive deficits with regards to

positioning of the rear hindlimbs particularly when turning during walking, and was slower

than normal when tested for the hopping response. Her gait and posture were normal, as were

cranial nerve responses and spinal reflexes (Figure 4.28).
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Figure 4.24: Elisa to detect antibody response to infused rcFUC.

Blood samples were collected from Chelsea prior to enzyme infusion over the treatment period

and the plasma (at the ages shown) was tested in an Elisa (section 2.2.55). Plasma from

Courtney, a carrier littermate that had received no ERT, was also tested.
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Figure 4.25: Comparison of antibody response to CHO/rcFUC and MDCK/rcFUC using

an Elisa.

Plasma from Chels ea at age 2I7 days was tested against CHO/rcFUC and MDCIITcFUC in an

Elisa (section2.2.55). Control wells without plasma were tested for non-specific reactivrty to

the two forms of enzyme.
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X'igure 4.262 Total urinary fucose excretion in Chelsea over the treatment period.

Urine was tested for both free and bound fucose according to the method outlined in section

2.2.56. Fucose levels were compared with those from the urine of Biggles, a fucosidosis

affected dog and from Virgil, a fucosidosis carrier dog. Results for Virgil and Biggles are

shown far right. Urine from neither of these two dogs was matched for age. Results are

expressed as ¡rmo Vcreatinine equivalent.
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X'igure 4.27:Body weight of dogs with age.

Body weight (kg) of Chelsea, a fucosidosis dog treated \ñrith ERT, and Biggles and Bobby

(untreated fucosidosis dogs) is compared with that of Courtney, a fucosidosis carrier dog, as a

function of age (days).
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Chelsea was euthanased 48 h after receiving a final dose of enzyme at 1 mg/kg. At autopsy

macroscopic examination of tissues revealed no disease pathology. Tissues and nerves

collected for histolo gical analysis have yet to be processed. Samples of tissues taken for

analysis of residual FUC activity showed that the majority of the activity was found in liver

(Table 4.19) with much lower levels in kidney, spleen, bone marrow and heart. The enzyrne

levels measured in brain and nerves are at the limits of detection of the assay. In contrast,

readily detectable levels of FUC activity are seen in somatic and neurological tissues of a

female carrier dog, Zanadu (Table 4.19). Again caution must be exercised in interpreting these

data as they are based on limited animal numbers'

To date the histological analysis of tissue sections has not been carried out except in CSF

where many of the mononuclear cells were seen to be vacuolated. The cytoplasmic vacuoles

ranged from multiple small vacuoles to a few large vacuoles, which in both instances tended to

push the nucleus to one side of the cell. The absolute and relative cell counts and protein

concentration fell within the normal range.
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Figure 4.28: Clinical appearance of Chelsea at 12 months of age.

Chelsea was infused with rcFUC at the dose rates shown (Figure 4.23) for approximately one

year. These photographs were taken after the fnal enzpe infusion, which was 2 days prior to

euthanasia. (A) Chelsea displayed a bright and alert demeanour. Occasionally she displayed a

wide-based stance and was beginning to show proprioceptive deficits in the pelvic limbs, (B)

The proprioceptive deficit in the right hindfoot is obvious. Also evident is distinctive thick

feathering along the ventral aspect of all limbs. Feathering is a common feature in fucosidosis-

affected English springer spaniels.
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4.3 Discussion
4.3.1Plasma circulating half-tife and tissue distribution of various forms of

rcFfIC in rats
All forms of rcFUC (CHO/roFUC, MDCIIToFUC, mature CHO/rcFUC and cationized

CHO/roFUC) were cleared from plasmain a bi-exponential manner with a rapid initial halÊlife

of between I-2min inrats. The secondaryphase was variable and dependent on the form of

enzpa Cationized CHO/rcFUC (Ttn, 90 min) was removed from circulation faster than

unmodified CHO/rcFUC (Trn, 150 min) but more slowly than MDCIIToFUC (T1¡2,45 min)

and mature CHO/rcFUC (Ttn,12 min). However, further experimentation is required to allow

determination of the statistical significance of these differences in clearance rates.

To determine if the slow clearance of CHO/rcFUC was due to saturation of M6PR, a 10 x

higher dose was tested. However, increasing the dose to 10 mglkg gave a similar bi-

exponential rate of clearance with similar halÊlifes for each phase, thus indicating that this was

not the cause for delayed clearance. The slight increase in plasma levels after the initial rapid

drop is presumably due to passage of the enzpe bolus in circulation.

Altematively, because the preparation of CHO/roFUC comprises precursor and mature forms,

it was thought that the prolonged persistence in plasma may be due to the mature form, which

lacking the M6P recognition signal, may be cleared from circulation more slowly. However,

the mature enzpe was actually cleared extremely rapidly corresponding to alarger percentage

present in liver (Table 4.I3). Although it would appear obvious that all recombinant mannose-

6-phosphorylated lysosomal enzpe would be cleared in the same manner and at similar rates,

this is not so. For example, r4S is cleared very rapidly (not detected in circulation after 2 h)

while rcFUC is cleared more slowly. Delayed plasma clearance has also been noted with

recombinant caprine N-acetylglucosamine-6-sulphatase which stays in circulation for 23.2 +

23.3 min and c¿-mannosidase of which substantial levels are still detectable in plasma up to

72.5 h in guinea pigs and 79 h in rats (B King, Department of Chemical Pathology, WCH,

unpublished observations). The reason for this may be that the different enzytnes are being

endocytosed via different receptors (i.e., other than the M6PR), that they have very different

affinities for the M6PR or that other factors are preventing uptake. The rapid uptake of mature

rcFUC suggests that uptake via othq receptors does occur. However, this does not mean that
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uptake of the precursor form is notvia the M6PR. Sialylation has been proposed as a factor that

prolongs the circulation of proteins in plasma (Monell et al., 1971; Joshi et al., 1995).

However, when MDCIITcFUC, which has been shown to have sialic acid residues, was tested

it too demonstrated a similar clearance pattern to CHO/rcFUC, which is not sialylated.

From the data presented in this thesis, which admittedly is based on limited animal numbers,

plasma clearance of cationized rcFUC is more rapid compared to unmodified eîzpe but this

is not accompanied by increased levels in tissues other than liver. No increase in enz¡rme

uptake was seen in brain. One explanation for this may be that the degree of cationization was

not sufficient and the experiment should be repeated with more highly modified enz¡rme.

However, this has the drawback of significantly reducing activity'

As mentioned previously, distribution of the various forms of enz¡rme were similar with the

majority of enzyrne found in liver. This has been observed in distribution studies of rf2lS and

rh4S in cats (Table 3.11). Sequestration of enzyme to liver is not surprising given that liver is a

Iarge, well-vascularized organ with an abundance of M6PR and other receptors. Therefore,

regardless of the modification, enzyme will be efficiently endocytosed by liver. Limiting

uptake of enz¡rme by liver is difficult. In one study using human placental p-glucuronidase in

normal rats, removal of the abdominal viscera including spleen, and intemrption of the portal

circulation before infusion showed delayed plasma clearance and allowed significant uptake by

bone and other organs (Achord et al., 1977). As a practical consideration in patient treatment,

this is obviously not feasible but it does illustrate the potential value of reducing uptake by

liver.

That cationization of rcFUC did not increase transcytosis to the brain may be due to an

insufficient degree of cationization. Studies with cationized IgG (pI 10.7) and rat serum

albumin (pI 8-9) have indicated that cationization does not lead to enhanced uptake into all

tissues. Unlike lysosomal enz)rmes, albumin and IgG are proteins that are normally abundant in

plasma and cationízation has shown to increase their uptake into brain, kidney and liver'

Cationized SOD and CAT also showed increased levels in brain (Poduslo and Curran, 1996a;

Poduslo and Cunan,1996b; 'Wengenack et aL.,1997b; Wengenack et a\.,1997a; Poduslo et al.,

1998; Poduslo et al., 2000).
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Because uptake into brain is so low compared to most other tissues it is important to be able to

evaluate this level accurately. Contamination of brain tissues with blood or vasculature has to

be eliminated or taken into consideration. In studies presented here exsanguination prior to

dissection of brain and the subsequent rinsing of the brain in PBS, were routinely performed to

minimise contamination with extraneous blood. However, contamination of brain from

vasculature may still occur and needs to be accounted for. Capillary depletion is a method

which allows differentiation between transcytosed enzyme and enzpe bound to brain

capillaries. Success of capillary depletion \¡/as measured by ALP and GGT activity, two

enzymatic markers for brain capillaries. Generally less than l}Yo activity of these enzyrnes is

detected in brain parench¡rma compared to brain capillaries. The level of these enzymes in the

parench5rma fraction also gives a good indication how well the capillary depletion procedure

was performed. Altematively, the degree of contamination from blood in brain capillaries can

be deduced from the amount of radiolabelled enz¡rme in plasma and the volume of blood in rat

brain capillaries, which is approximately 8 pl. Contamination from this source can be

significantly lowered by perfusing the animal before euthanasia or alternatively, the

distribution study could be extended to such a time when no radioactivity is detected in plasma.

The main difficulty with the latter method is the possibility of degradation of radiolabelled

eîzpe in peripheral tissues with subsequent uptake of metabolic products into brain which

can compromise pharmacokinetic evaluation. Studies using unlabelled enzyme followed by its

detection with monoclonal antibodies either by capture assays, quantification by Elisa or

immunofluorescence, were not possible as attempts to make suitable, species-specific anti-

oFUC antibodies were unsuccessful.

Considering the limited availability of enzyme for uptake into brain, as well as.the relatively

low specific radioactivity of enzyrnes using tritium labelling, a more sensitive detection

method is preferable. Europium is readily covalently bound to proteins under mild conditions

giving approximately 6 orders of magnitude more cpm than 'H-lub"ll"d eîzqe. OX26 was

used as a positive control as it has been shown to be transcytosed into brain at 0.26% of the

injected dose after 60 min and up to 0.5-0JYo after 24 h (Pardridg e et a\.,1990b). When Eu*3-

labelled OX26 was injected into a rat it had a similar biphasic plasma-clearaîce curve to

rcFUC and after 4h,3.98o/o of the injected dose was still present in plasma. Tissue distribution

was also similar but more was found in kidney compared to spleen and other tissues which may

reflect the number of Tf receptors present on the respective cells. The amount detected in brain
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parenchyma was 0.56% of the injected dose (not taking into account potential contamination

from brain capillaries (approximately l2%) and therefore in agteement with previous studies.

This method seems worthy of further investigation particularly with a view to the analysis of

OX26-FUC conjugates.

4.3.2 ERT in the fucosidosis dog

ERT in the fucosidosis dog Chelsea appeared to have an ameliorating effect on the s¡rmptoms

which are normally observed in untreated fucosidosis dogs of a similar age. Apart from being

slower to learn compared to age-matched normal dogs, no other overt signs of disease were

obvious until approximately 11 months of age. Hypermetria and a wide-based stance at age 7

months are usually the first signs of a neurological defect before incoordination and

proprioceptive deficits become evident. Chelsea displayed mild signs of CNS dysfunction at a

time when most affected dogs show obvious signs (R. Taylor, personal communication). One

affected animal, Biggles, for instance, had mild signs of hypermetria and ataxia and was

running in circles frequently at 7 months of age. By age 9 months he was not responding to

being called and by 12 months had definite proprioceptive deficits as well as increased ataxia

and difficulty in maintaining balance when jumping. Neurodegeneration \¡/as more pronounced

in a second affected dog, Bobby, and was obvious at an earlier age. His condition was

compounded by hydrocephalous confirmed on post mortem examination.

Clinical evaluation is therefore suggestive of a positive effect on CNS pathology results from

ERT. However, according to results of residual FUC activity in tissues, there \Mas no increase

in the amount of enzyrne in nerves and brain segments compared with dogs given a single dose

of replacement enzyme. Because the canine BBB is assumed to be fully developed at birth it

was not expected that systemically infused enzyme would cross the BBB. The blood-CsF-

barrier is less stringently fenestrated than the BBB but as no enzyme activity was detected in

the CSF and the macrophages of the CSF were still highly vacuolated, this would suggest that

significant amounts of enzyrne are not being transcfosed via this route to the brain.

Furthermore until histological examination of brain and nerve tissues is carried out it is

impossible to say that ERT has had any effect on any of these tissues. Therefore the result is

intriguing but without further study cannot be taken to represent areal effect.
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Interestingly, only a weak antibody response to replacement enzyme was detected despite

fucosidosis dogs having almost undetectable amounts of FUC. In addition, ERT was not

instigated at birth, a time at which tolerization to foreign antigens can occur. The antibody

response that was observed was not to the contaminating hamster FUC present in the enzpe

preparations as demonstrated by similar reactivity to MDCIIToFUC and CHO/roFUC. The

antibody response is therefore either to FUC or to a contaminant that has been carried through

the purification procedure. This could be resolved by western blot analysis.

Urine fucose levels were found to be similar to those of a normal control dog. However, lack of

urine samples from normal and affected age and sex-matched dogs precludes definitive

conclusions to be drawn from the data in this study and instead merely illustrates a trend.

However, presuming that the major proportion of urinary fucose is derived from storage

material in peripheral tissues it would be expected that ERT has decreased the storage load in

some tissues, particularly liver.
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4.L Conclusions
rcFUC was expressed in CHO and MDCK cells and both forms of the enzyme were similar

with respect to physical and kinetic parameters. One difference observed was in pI that is most

probably due to a variation in glycosylation (sialylation). Both CHO/rcFUC and MDCIITcFUC

were similar in many respects to other mammalian FUC.

In order to enhance enzyme penetration through the BBB, rcFUC was modified either by

cationization or by covalent linkage to a vector molecule. Cationization was relatively easy and

could be controlled such that a reasonable degree of modification could be achieved while

retaining a feasible level of enzpe activity. However, compared to native enzpe cationized

rcFUC conferred no advantage in transcytosis to the brain of a normal rat. This study needs to

be repeated with rcFUC cationized to a greater degree to ascertain more clearly the potential

for using this method for transcytosis into brain. The potential toxicity of cationized enzyme

also needs to be investigated although reports in the literature suggest the safety of this

approach (Pardridge et a1.,1990). In addition, potential immunogenicity has to be evaluated

although cationization of homologous proteins results in a relatively mild immune response

whereas cationized heterologous proteins have been shown to be highly immunogenic (Bickel

et a|.,2001).

Chimeric peptide technology whereby a protein therapeutic, in this case a lysosomal enzyne, is

chemically coupled to a transport vector known to cross the BBB, appears difficult, although

not impossible. Difficulties were found in controlling the modification of proteins with

chemical cross-linking agents such that the stoichiometry of modification of both vector and

'passenger'molecule is of the order of 1:1. Derivatization resulting in stoichiometries greater

than this ratio result in subsequent conjugation reactions in which aggregates or pol¡rmers are

produced. These aggregates are generally inactive and may also be too large to be transported

by receptor-mediated transcytosis across the BBB. Other problems encountered included

maintaining eîzqe activity, and the relevant binding domains of both the vector and the

passenger (enzyme) molecule, during the derivatization and conjugation reactions. The

antigenicity of the chimeric molecule also needs to be evaluated as the process may result in

new epitopes. Furthermore, if murine antibodies are used as vectors, as is OX26, constant

exposure may result in an antibody response. However, humanisation of mouse monoclonal
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antibodies, by fusing the variable region of the mouse monoclonal antibody to the constant

region of human immunoglobulin (Pardridge et a1.,1995; Coloma et a1.,2000) would minimise

this risk.

The results and theoretical arguments presented in this thesis indicate that the use of insulin,

and more particularly the insulin tryptic fragment, F007, as a transport vector has significant

limitations. The experience with OX26 shows that it is more readily coupled to the molecule of

interest. OX26 conjugated to rcFUC fulfilled some of the criteria essential for suitability as an

active conjugate. The binding domain for the Tf receptor of the conjugate and enzymatic

activity were maintained. V/ith Europium labelling of the OX26 moiety, uptake studies of

OX26-FUC into rat brain could be more accurately determined. If these conjugates show a

positive response in the rat their application in the fucosidosis dog model will be dependent on

the ability of OX26 to bind to the dog Tf receptor. It is known that the OX26 antibody does not

crossreact with the mouse Tf receptor (Lee et a|.,2000) but whether this is also the case for the

dog receptor is not known. Flow cytometry using MDCK cells, which are known to have Tf
receptors on their surface ('Wan, 1992), may be used to ascertain the cross-reactivity of OX26

with the canine Tf receptor.

Long-term ERT in a fucosidosis affected dog, Chelsea, appeared to have some effect in

delayng disease progression according to subjective clinical and neurological observations.

These were supported by reasonable weight gains with age and decreased urinary fucose

excretion. In addition, no substantial antibody response to infused enzyme was observed in the

treated dog despite the low level of hamster FUC present in the enzyme infusion and despite

the later start of therapy at 2 months of age when any advantage conferred by tolerization to

foreign antigen may have been lost. However, significant levels of residual enzpe activity in

tissues other than liver, and to a lesser extent in kidney, spleen and lung, were not observed. It

may be that the levels of enzyrne activity in some of these tissue may be below the level of

detection of the enzyme assay, especially 48 h post infusion, but this very small amount of

enzyme may be having an effect on clearance of some storage. Until histological assessment of

tissue sections is performed it is difficult to clearly state what effect ERT is having on them'

Ideally, treatment of a larger number of dogs together with age and sex-matched controls

would allow for more definitive conclusions to be drawn about the effects of ERT.
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Chapter 5: General conclusions and future work
5.1 Introduction
When the work described in this thesis was started the viability of using the systemic infusion

of replacement enzyrne for the treatment of somatic pathology in LSD had been demonstrated

in a number of small and large LSD animals and clinically for Gaucher patients. Although ERT

has proven remarkably effective this approach to therapy is not without limitations. These

limitations are exemplified by tissues such as cartrlage and comea, which are avascular, and in

which significant correction of pathology is not seen. In addition, despite the vast amount of
blood directed to the brain, it too is essentially avascular by virtue of the presence of the BBB,

which is discriminatory in terms of the type of molecules allowed access into the CNS. This

means that patients with disease states that involve substantial CNS pathology are not regarded

as suitable candidates for ERT. Considering that approximately two-thirds of all LSD patients

in Australia develop CNS pathology, this means alarge number of patients have no treatment

options at present.

As most animal trials of ERT had been studied using the human form of the missing enzpq
the first major aim of the work described in this thesis was to evaluate the efficacy of ERT

using same-species enzyme, i,e., feline 45 in MPS VI cats, the hypothesis being that native

enz¡¡¡trre in its natural environment may be more efficacious. The second main aim was to

assess the utility of chemical modification of replacement eîzyrne in facilitating its transport

into brain after intravenous administration, The success of this approach would broaden the

application of ERT to include patients with neurological disease.

5.2 Conclusions
A 6-month trial of ERT using rÊ1S in MPS VI cats and commenced at birlh demonstrated a

better outcome than a similar study using the same dose of human enzyme. In several instances

r?1S was superior or equivalent in its effect as a 5-times higher dose of rh4S. Given that human

MPS VI patients generally die from cardiopulmonary complications, it is of note that aorta was

totally cleared of storage material and heart-valve almost totally cleared. A marked

improvement in skeletal pathology with regard to bone length and bone quality was observed

with r?lS, thus contributing to improvements in mobility and quality of life. As indicated in
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previous studies, to maximise the benefits of therapy for patients, early onset of treatment is

indicated particularly for normal bone growth and development. Commencement of ERT at

birth in cats with rh4S resulted in tolerization against antibody production and therefore

eliminated possible interference in these studies to compare efficacy of r?lS and rh4S to treat

MPS VL Therefore, it would appear most likely that the intrinsic interactions of native enzpe

in its native cellular environment affect how well the enzyme functions. Differences in

glycosylation and the presence of an extra cysteine residue in ?1S (McGovern et al., 1982) may

be important factors in this process.

Therefore, the main implication arising from this study is that a lower dose of human enzyme

than that indicated by initial trials using h4S in MPS VI cats may be appropriate in the clinical

setting. This has obvious implications for the design of clinical trials. Indeed the results of this

study prompted the evaluation of a Phase II trial for MPS VI patients in which 1 and 0.2 mg

rh4S/kg were used (Harmatz et aL.,2001). Results to date indicate a comparable outcome for

both doses whereas studies using rh4S in the cat suggested thal a 0.2 mglkg had little effect on

pathology. The general conclusion that may be drawn from this project is that animal studies

should preferably use native, rather than human, eîzpe if they are most accurately to reflect

clinical usage.

Strategies for enhancement of transport of enzyrne into the CNS that were studied included

chemical cationization and the production of enzyme-vector conjugates. Cationization of

proteins has been demonstrated to be effective in the transcytosis of these compounds into

brain. However, when the preservation of catalytic function is imperative, a balance between

the degree of cationization and the level of enzyrne activity is needed. The lower degree of

cationization imposed by this constraint is reflected in less efficient transport into brain.

Cationized rcFUC, which retained approximately 70-80Yo activity, showed no evidence of

being taken up into rat brain in significant amounts.

The production of enzyme-vector conjugates proved more challenging than cationization. As

with cationization, enz;rrrrre activity needs to be preserved. In addition, the binding sites of

vector to its receptor on the BBB, and of the enzl.rne to the M6PR on brain cells, need to be

preserved, although the requirement for the latter may not be as stringent given that uptake of

enzyme via rcceptors other than the M6PR can be achieved in some cell types. 'Whether this is
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also true for brain cells is not known. Ideally a stoichiometry of 1:1 (vector:enz¡rme) is

desirable. If the stoichiometry is greater than 1 :1 for either or both molecules, aggregate

formation will occur and this may compromise eîzpe activity or mask the binding sites of

each component of the chimeric conjugate. Generally it was found to be diff,rcult to control the

modification reactions, but this may be related to the small scale of the experiments done in

these studies which were limited by the quantity of material (especially recombinant enzyrne)

that could be produced.

The use of insulin as a vehicle was ultimately considered unviable on the basis of practical

considerations regarding maintenance of its receptor binding site. OX26 as a vector molecule

showed greater potential. However, during in vivo rat distribution studies it became

increasingly obvious that the detection of 3H-labelled enzyme in brain would not be sensitive

enough to determine unequivocally that transclosis had occurred. Eu*3 labelling of OX26

provided a better approach and levels of OX26 detected in brain (056% ID) were comparable

to those reported in the literature.

A long-term ERT study in the fucosidosis dog model using rcFUC demonstrated enzyme

activity in various tissues with the highest being in liver and undetectable levels found in brain.

Urinary fucose excretion was decreased to levels seen in a heterozygote carrier dog and no

antibody response was observed during treatment. Additionally, the onset of neurological

symptoms appeared to be delayed. This may be due to normal variance in s¡rmptoms observed

in fucosidosis dogs, the result of very low levels of enzyne reaching the CNS via mauophage

migration across the BBB, access of enzyne to the brain via a BBB damaged as a result of the

disease or some mechanism as yet unknown. The colonisation of brain with macrophages after

BMT has been demonstrated in fucosidosis dogs. The process is slower than in other visceral

organs, requiring at least 6 months to reach approximately 20Yo of normal enzpe activity in

brain, A year-long trial of ERT may result in some cellular migration although obviously not to

the same extent as in BMT studies and it would necessitate a long half-life of the enzpe

within circulating macrophages. The faúthat no FUC activity was detected in brain fractions

may be due to the limits of detection of the enzyme assay. However, this does not preclude the

presence of sufficient enzyme to have some effect on storage and pathology. Histological

analysis of brain sections should shed light on whether any correction of pathology had in fact

occurred in this animal.
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5.3 Future work
The current confines of ERT are cost of enzyrne production and the limited effrcacy in

treatment of avascular tissues and the CNS. To some extent these can be addressed by more

efficient eîzpe production i.e., better expression systems, gene amplification technology

(Bielicki et al., 1998) and the co-expression of factors such as the recently described MSD

factor (Cosma et al., 2003; Dierks et al., 2003) to increase, in this instance, yields of

sulphatases. The use of transgenic animals such as the chicken (Alper, 2003) offers the

potential of reducing cost of recombinant enzpe production by lO-fold. Careful optimisation

of dose for each patient is also important in maximising clinical efficacy and minimising cost.

However, it is less obvious how effective treatment of avascular tissues can be achieved.

Targeted approaches such as direct injection of replacement enzyme into joints and topical

application of enzymatically active fragments of replacement enzyme for treating corneas

(Thiel et aL.,2002) may be effective.

Treatment of CNS pathology is still problematic. The least invasive method by which this may

be achieved is intravenous infusion of modified enz¡rme. If enzpatically active conjugates

which effect BBB transcytosis can be made, this approach still remains feasible.

Experimentally, the work done in this thesis shows that the systems used for investigation of

this approach need to be carefully chosen. For example, the use of a mouse model of LSD CNS

pathology would allow assessment of enzyrne transcytosis by analysis of both enzynatic and

storage levels. Given the low levels of enzyrne required to prevent disease pathology, the latter

may prove a more sensitive analysis, especially if analysed using a quantitative technique such

as MS/MS. Rat anti-mouse Tf receptor monoclonal antibodies are available (Lee et a1.,2000),

hovrever, monoclonal antibodies to the insulin receptor, which are reported to be more efficient

vectors than OX26 (Pardridge et al., 1995; Coloma et aL.,2000), are not available to the mouse

variant. The melanotransferrin molecule, P97, is another possible vector (Demeule et al.,

2002). Conjugates of P9l and c-L-iduronidase have been documented as being effective in

BBB transcytosis in a mouse model of MPS I (http://biomarinpharm.com/BM

ClinicalAndDevelopmentPrograms BrainResearch.html). Both cationization and the use of

vectors would appear to be clinically applicable (Pardridge et al., 1990b; Bickel et a1.,2001)

although humanisation of antibodies (Morrison et al., 1984; Mathieson ¿/ al., 7990) would

presumably be required.
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Whichever strategy is eventually used in the treatment of CNS pathology, its wider application

to other neurological diseases, in which the transport of the therapeutic agent is prohibited by

either size or charge, is also possible. Animal models of disease are an invaluable asset in the

study of disease pathogenesis and for developing and evaluating treatment strategies, provided

their limitations are recognised in the extrapolation to human conditions and therapies.
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THESIS ADDENDA

page xv, paragïaph 2, line 1. The cardiopulmonary system and the eye should be

included as major sites of pathology.

page 44,line 12. The references by Sheridan et al. (1994) and Abreu et al. (1995)
should be included.

page 39, parugraph 2. The first two sentences are replaced by the following.
Intravenous infusion of viral vectors is not expected to be advantageous in treating
CNS pathology in animal models (or patients) which have a fully developed BBB at
birth. However, both somatic and CNS pathology were improved in MPS VII mice

receiving the rAAV-B-glucuronidase vector intravenously at birth and accompanied
by induction of hepatocyte replication (Gao et al., 2000).

page 39, paragraph 2, line 8. The following sentence should be included. Gene

therapy approaches utilising direct intraocular injections of rAAV encoding B-
glucuronidase to treat the brains of MPS VII mice (Hennig et al., 2003), or of 45 to
treat the retinal epithelium of MPS VI cats (Ho et al., 2002), as well as retrovirally-
transduced bone marrow or neonatal blood cells to treat MPS VI cats (Simonaro et

al,. 1999) are also proving promising.

page 39, paragraph 3, line 5. The sentence should read'...show the presence of
hepatocellular tumours and angiosarcomas, which were virus-negative, in these
mice.'

page 45,line 3. The sentence should read 'The PA{ mutation was shown to be present
in a number of MPS VI cats on three continents.'

page 54,line 3. The following sentence should be inserted. A combination of ERT

from birth followed by BMT at 5 weeks was as beneficial as continuous ERT from
birth in its effect on reducing lysosomal storage in a number of tissues, and in
addition, lysosomal storage in corneal fibroblasts was also dramatically reduced by
these therapies (Sands et al., 1997).

page 134, paragraph 2, line 3. The following sentence should be included. With
regards to body weight, flexibility and neurological signs MPS VI cats treated with
the higher dose of rh4S showed similar responses to cats treated with rf4S and these

were in general better than those treated with the lower dose of rh4S (Crawley et al.,
I ee7).

page 158, line 4. The following sentence should be included. Although body weight
may not be the best parameter to use to normalise liver weight, as MPS VI cats are
growth retarded, have osteopaenia and muscle atrophy and as all these symptoms are
altered with treatment, it was nevertheless used in the absence of a more suitable
reference parameter.

Fig. 3.9. Legend line 3 should read'...1 mg rfilS/kg (cat 250) (54)'.''
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Fig. 3.11. Legend line 3 should read '...the cells of a MPS VI cat (cat 249) treated
with I mg r?lS/kg (B)..'

page I70,line 20. The reference by Laterra et al. (1992) should be inserted.
There has been no scientific study documented regarding the development of the
canine BBB, however, it is generally believed to be similar to the development of the
human BBB.

Table 4.4. Legend line 6. The following sentence should be included. The decrease in
storage after treatment with high-dose CHO and MDCK/rcFUC and low-dose
CHO/rcFUC was significant (p<0.05), the decrease observed with low-dose
MDCK/rcFUC was not (p>0.05).

page 232,line 5. The following sentences should be included. The skin is a large
organ and some of the radioactive counts not recovered may be attributed to uptake
in this organ. However, due to dfficulties in solubilisation of skin tissue, results were
not included as they were not considered to be accurate.

Table 4.13. The abbreviation MNL denotes mesenteric lymph node.

page 246,lines 6-13. Clinical and behavioural observations were performed by Dr. R.
Taylor and Prof. B. Farrow who have had considerable experience with normal and
fucosidosis dogs over many years.
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