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(57) ABSTRACT 
The invention provides highly puri?ed ot-Gal A, and various 
methods for purifying it; ot-Gal A preparations With altered 
charge and methods for making those preparations; ot-Gal A 
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mammalian host, and methods for making same; and meth 
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TREATMENT OF ALPHA-GALACTOSIDASE A 
DEFICIENCY 

RELATED APPLICATIONS 

[0001] The present application is a continuation-in-part of 
US. Ser. No. 08/928,881, ?led on Sep. 13, 1996, and 
PCT/US97/16603, ?led on Sep. 12, 1997, Which are incor 
porated herein by reference. 

FIELD OF THE INVENTION 

[0002] The present invention relates to methods and com 
positions for the treatment of ot-galactosidase A de?ciency. 

BACKGROUND OF THE INVENTION 

[0003] Fabry disease is an X-linked inherited lysosomal 
storage disease characteriZed by severe renal impairment, 
angiokeratomas, and cardiovascular abnormalities, includ 
ing ventricular enlargement and mitral valve insuf?ciency. 
Fabry disease also affects the peripheral nervous system, 
causing episodes of agoniZing, burning pain in the extremi 
ties. Fabry disease is caused by a de?ciency in the enZyme 
ot-galactosidase A (ot-Gal A). ot-Gal A is the lysosomal 
glycohydrolase that cleaves the terminal ot-galactosyl moi 
eties of various glycoconjugates. Fabry disease results in a 
blockage of the catabolism of the neutral glycosphingolipid, 
ceramide trihexoside (CTH), and accumulation of this 
enZyme substrate Within cells and in the bloodstream. 

[0004] Due to the X-linked inheritance pattern of the 
disease, most Fabry disease patients are male. Although 
severely affected female heteroZygotes have been observed, 
female heteroZygotes are often asymptomatic or have rela 
tively mild symptoms (such as a characteristic opacity of the 
cornea). An atypical variant of Fabry disease, exhibiting loW 
residual ot-GalA activity and either very mild symptoimis or 
apparently no other symptoms characteristic of Fabry dis 
ease, correlates With left ventricular hypertrophy and cardiac 
disease. Nakano et al., New Engl. J. Med. 333: 288-293 
(1995). A reduction in ot-Gal A may be the cause of such 
cardiac abnormalities. 

[0005] The cDNA and gene encoding human ot-GalAhave 
been isolated and sequenced. Human ot-Gal A is expressed 
as a 429-amino acid polypeptide, of Which the N-terminal 31 
amino acids are the signal peptide. The human enZyme has 
been expressed in Chinese Hamster Ovary (CHO) cells 
(Desnick et al., US. Pat. No. 5,356,804; Ioannou et al., J. 
Cell Biol. 119:1137 (1992)); and insect cells (Calhoun et al., 
WO 90/11353). 

[0006] HoWever, current preparations of ot-Gal A have 
limited efficacy. Methods for the preparation of ot-GalAWith 
relatively high purity depend on the use of af?nity chroma 
tography, using a combination of lectin affinity chromatog 
raphy (concanavalin A (Con A) Sepharose®) and affinity 
chromatography based on binding of ot-Gal A to the sub 
strate analog N-6-aminohexanoyl-ot-D-galactosylamine 
coupled to a Sepharose® matrix. See, e.g., Bishop et al., J. 
Biol. Chem. 256: 1307-1316 (1981). The use of proteina 
ceous lectin af?nity resins and substrate analog resins is 
typically associated With the continuous leaching of the 
af?nity agent from the solid support (Marikar et al., Anal. 
Biochem. 201: 306-310 (1992), resulting in contamination of 
the puri?ed product With the af?nity agent either free in 
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solution or bound to eluted protein. Such contaminants make 
the product unsuitable for use in pharmaceutical prepara 
tions. Bound substrate analogs and lectins can also have 
substantial negative effects on the enZymatic, functional, and 
structural properties of proteins. Moreover, ot-Gal A pro 
duced by the methods in the prior art is rapidly eliminated 
by the liver. 

[0007] Thus, a need remains in the art for a puri?cation 
protocol using conventional chromatography resins, Which 
are readily available in supplies and quality suitable for 
large-scale commercial use, and Which produces an ot-Gal A 
preparation that is free of af?nity agent. In addition, a need 
remains in the art for ot-Gal Apreparations With an increased 
circulating half-life and increased uptake in speci?c tissues 
other than liver. 

SUMMARY OF THE INVENTION 

[0008] The invention provides highly puri?ed ot-Gal A 
preparations, and various methods for purifying the ot-Gal A 
glycoforms. The invention also provides ot-Gal A prepara 
tions With altered charge and methods for making those 
preparations. Charge alterations are achieved by increasing 
the sialic acid content of ot-Gal A and/or by increasing the 
phosphorylation of ot-Gal A. The invention further provides 
ot-Gal A preparations that have an extended circulating 
half-life in a mammalian host, and methods for making 
same. Finally, the present invention further provides meth 
ods and dosages for administering an ot-Gal Apreparation to 
a subject. The ot-Gal Apreparations of the present invention 
Will be useful for treatment of individuals With Fabry disease 
or atypical variants of Fabry disease, e.g., speci?c popula 
tions of Fabry patients With predominantly cardiovascular 
abnormalities, such as ventricular enlargement, e.g., left 
ventricular hypertrophy (LVH), and/or mitral valve insuf? 
ciency, or Fabry patients With predominantly renal involve 
ment. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] FIG. 1 is a representation of the 210 bp probe that 
Was used to isolate an ax-Gal A cDNA from a human 

?broblast cDNA library (SEQ ID NO:1). The sequence is 
from exon 7 of the ot-Gal A gene. The probe Was isolated 
from human genomic DNA by the polymerase chain reac 
tion (PCR). The regions underlined in the ?gure correspond 
to the sequences of the ampli?cation primers. 

[0010] FIG. 2 is a representation of the sequence of the 
DNA fragment that completes the 5‘ end of the ot-Gal A 
cDNA clone (SEQ ID NO:2). This fragment Was ampli?ed 
from human genomic DNA by PCR. The regions underlined 
correspond to the sequences of the ampli?cation primers. 
The positions of the NcoI and SacII restriction endonuclease 
sites, Which Were used for subcloning as described in 
Example 1, are also shoWn. 

[0011] FIG. 3 is a representation of the sequence of ot-Gal 
A cDNA, including the sequence that encodes the signal 
peptide (SEQ ID NO:3). 
[0012] FIG. 4 is a schematic map of pXAG-16, an ot-Gal 
A expression construct that includes the CMV (cytomega 
lovirus) promoter, exon 1, and ?rst intron, the hGH signal 
peptide coding sequence and ?rst intron, the cDNA for 
ot-Gal A (lacking the ot-Gal A signal peptide sequence) and 
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the hGH 3‘ UTS. pcDNeo indicates the position of the neo 
gene derived from plasmid pcDNeo. 

[0013] FIG. 5 is a schematic map of pXAG-28, an ot-Gal 
A expression construct that includes the collagen Iot2 pro 
moter and ?rst exon, a [3-actin intron, the hGH signal peptide 
coding sequence and ?rst intron, the cDNA for ot-Gal A 
(lacking the ot-Gal A signal peptide sequence) and the hGH 
3‘ UTS. pcDNeo indicates the position of the neo gene 
derived from plasmid pcDNeo. 

[0014] FIG. 6 is a representation of the human ot-Gal A 
amino acid sequence (SEQ ID NO:4). 

[0015] FIG. 7 is a representation of the cDNA sequence 
encoding human ot-Gal A (Without signal peptide) (SEQ ID 
NO:5). 
[0016] FIG. 8 is a chromatogram of the ot-Gal A puri? 
cation step using Butyl Sepharose® resin. The absorbance at 
280 nm (plain line) and ot-Gal A activity (dotted line) of 
selected fractions is shoWn. 

[0017] FIG. 9 is a schematic map of pGA213C. 

[0018] FIG. 10 is a diagrammatic representation of the 
targeting construct, pGA213C, and homologous recombina 
tion With the endogenous a-galactosidase Alocus. pGA213C 
is depicted as targeting sequences aligned above correspond 
ing sequences on the X-chromosomal ot-galactosidase A 
locus. Positions relative to the methionine initiation codon, 
ATG, are indicated by the numbers above the linear maps. 
The activation unit containing murine dhfr, bacterial neo, 
and CMV promoter/aldolase intron sequences is shoWn 
above the position (-221) into Which they Were inserted by 
DNA cloning. ot-galactosidase A coding sequences are indi 
cated by the darkened boxes. ot-galactosidase A non-coding 
genomic sequences are indicated by the lightly ?lled boxes. 
Large arroWheads indicate the direction of transcription for 
dhfr and neo expression cassettes. Splicing of the GA-GAL 
mRNA folloWing successful targeting and gene activation is 
indicated by the segmented line beloW the map of the 
activated ot-galactosidase A (GA-GAL) locus. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0019] 
[0020] The invention described herein relates to certain 
novel ot-Gal A preparations and methods for making them, 
as Well as methods for treating patients With Fabry disease 
or atypical variants of Fabry disease using those prepara 
tions. Certain contemplated representative embodiments are 
summariZed and described in greater detail beloW. 

Introduction 

[0021] The invention uses ot-Gal A produced in any cell 
(an ot-Gal A production cell) for the treatment of Fabry 
disease. In a preferred embodiment, the invention uses 
human ot-Gal A produced using standard genetic engineer 
ing techniques (based on introduction of the cloned ot-GalA 
gene or cDNA into a host cell), or gene activation. 

[0022] The invention provides preparations, and methods 
for making same, that contain a higher purity ot-Gal A than 
prepared in the prior art. Using the puri?cation methods of 
the present invention, compositions of human ot-Gal A 
preparations are preferably puri?ed to at least 98% homo 
geneity, more preferably to at least 99% homogeneity, and 
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most preferably to at least 99.5% homogeneity, as measured 
by SDS-PAGE or reverse phase HPLC. The speci?c activity 
of the ot-Gal A preparations of the present invention is 
preferably at least 2.0><106 units/mg protein, more preferably 
at least 3.0><106 units/mg protein, and most preferably at 
least 3.5><106 units/mg protein. 

[0023] In one embodiment, ot-GalApreparation is puri?ed 
by separating the various glycoforms of ot-Gal A from other 
components on a hydrophobic interaction resin, but does not 
include a lectin chromatography step. In a preferred embodi 
ment, the functional moiety of the hydrophobic interaction 
resin includes a butyl group. 

[0024] In an alternative embodiment, ot-GalApreparation 
is puri?ed by ?rst binding the various glycoforms of ot-Gal 
A to a cation exchange resin in a column at acidic pH in an 
equilibration buffer. The column is then Washed With the 
equilibration buffer to elute the unbound material, and the 
various glycoforms of ot-GalAare eluted using, as an elution 
solution, a salt solution of 10-100 mM, a buffered solution 
of pH 4-5, or a combination thereof. In a preferred embodi 
ment, the equilibration buffer has a pH of about 4.4. 

[0025] In another alternative embodiment, ot-Gal Aprepa 
ration is puri?ed by separating the various glycoforms of 
ot-Gal A in a sample from the other components in the 
sample using a puri?cation procedure comprising a step of 
at least one of chromatofocusing chromatography, metal 
chelate af?nity chromatography, or immunoaf?nity chroma 
tography as a puri?cation procedure. 

[0026] The invention further provides ot-Gal A prepara 
tions and methods for making ot-Gal A preparations that 
have ot-Gal A With altered charge. The preparations may 
include different glycoforms of ot-Gal A. Charge alterations 
are achieved by increasing the sialic acid content of ot-Gal 
A preparations and/or by increasing the phosphorylation of 
ot-Gal A preparations. 

[0027] The sialic acid content of ot-Gal A preparations is 
increased by isolation of the highly charged and/or higher 
molecular Weight ot-Gal A glycoforms during or after the 
puri?cation process; (ii) adding sialic acid residues using 
cells genetically modi?ed (either by conventional genetic 
engineering methods or gene activation) to express a sialyl 
transferase gene or cDNA; or (iii) fermentation or groWth of 
cells expressing the enZyme in a loW ammonium environ 
ment. 

[0028] The phosphorylation of ot-Gal A preparations is 
increased by adding phosphate residues using cells 
genetically modi?ed (either by conventional genetic engi 
neering methods or gene activation) to express a phosphoryl 
transferase gene or cDNA; or (ii) adding phosphatase inhibi 
tors to the cultured cells. 

[0029] Using the methods of the present invention, human 
glycosylated ot-Gal A preparations are obtained, Wherein 
betWeen 35% and 85% of the oligosaccharides are charged. 
In a preferred embodiment, at least 35% of the oligosaccha 
rides are charged. In a more preferred embodiment, at least 
50% of the oligosaccharides are charged. 

[0030] Alternative preferred human glycosylated ot-Gal A 
preparations have multiple ot-Gal A glycoforms With pref 
erably at least 20%, more preferably at least 50%, and most 
preferably at least 70% complex glycans With 2-4 sialic acid 
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residues. In an alternative preferred embodiment, human 
glycosylated ot-Gal Apreparations With multiple glycoforms 
have an oligosaccharide charge, as measured by the Z 
number, greater than 100, preferably greater than 150, and 
more preferably greater than 170. In another alternative 
preferred embodiment, human glycosylated ot-Gal Aprepa 
rations With multiple glycoforms have at least on average 
betWeen 16-50%, preferably 25-50%, more preferably at 
least 30%, of glycoforms being phosphorylated. In another 
alternative embodiment, the preparations With multiple gly 
coforms have betWeen 50-75%, preferably 60%, of the total 
glycans being sialylated. 

[0031] In one embodiment of the present invention, a 
glycosylated ot-Gal A preparation having an increased oli 
gosaccharide charge is produced by ?rst introducing a 
polynucleotide, Which encodes for GlcNAc transferase III 
(GnT-III), into an ot-Gal Aproduction cell, or introducing a 
regulatory sequence by homologous recombination that 
regulates expression of an endogenous GnT-III gene. The 
ot-Gal A production cell is then cultured under culture 
conditions Which results in expression of ot-Gal A and 
GnT-III. The ?nal step consists of isolating the ot-Gal A 
preparation With increased oligosaccharide charge. 

[0032] In an alternative embodiment of the present inven 
tion, a glycosylated ot-GalApreparation having an increased 
oligosaccharide charge is produced by ?rst introducing a 
polynucleotide, Which encodes for a sialyl transferase, into 
an ot-Gal A production cell, or introducing a regulatory 
sequence by homologous recombination that regulates 
expression of an endogenous sialyl transferase gene. The 
ot-Gal A production cell is then cultured under culture 
conditions Which results in expression of ot-Gal A and the 
sialyl transferase. The ?nal step consists of isolating the 
ot-Gal Apreparation With increased oligosaccharide charge. 
Preferred sialyl transferases include an (x2,3-sialyl trans 
ferase and an (x2,6-sialyl transferase. In a preferred embodi 
ment, this method includes the additional step of selecting 
for ot-Gal A glycoforms With increased siZe or increase 
charge by fractionation or puri?cation of the preparation. 

[0033] In another embodiment, a glycosylated ot-Gal A 
preparation With increased sialylation is obtained by con 
tacting an ot-Gal A production cell With a culture medium 
having an ammonium concentration beloW 10 mM, more 
preferably beloW 2 mM. In a preferred embodiment, the loW 
ammonium environment is achieved by addition of 
glutamine synthetase to the culture medium. In an alterna 
tive preferred embodiment, the loW ammonium environment 
is achieved by continuous or intermittent perfusion of the 
ot-Gal A production cell With fresh culture medium to 
maintain the ammonium concentration beloW 10 mM, more 
preferably beloW 2 mM. 

[0034] In yet another embodiment, a glycosylated ot-GalA 
preparation With increased phosphorylation is obtained by 
?rst introducing into an ot-Gal A production cell a poly 
nucleotide Which encodes for phosphoryl transferase, or by 
introducing a regulatory sequence by homologous recom 
bination that regulates expression of an endogenous phos 
phoryl transferase gene. The ot-GalAproduction cell is then 
cultured under culture conditions Which results in expression 
of ot-Gal A and phosphoryl transferase. The ot-Gal A prepa 
ration With increased phosphorylation compared to the 
ot-Gal A produced in a cell Without the polynucleotide is 

Apr. 24, 2003 

then isolated. In a preferred embodiment, the ot-Gal A 
preparations produced by the methods of the present inven 
tion have multiple glycoforms With betWeen 16-50%, pref 
erably 25-50%, more preferably at least 30%, of glycoforms 
being phosphorylated. In a preferred embodiment, this 
method includes the additional step of selecting for ot-Gal A 
glycoforms With increased siZe or increase charge by frac 
tionation or puri?cation of the preparation. 

[0035] In still another embodiment, a glycosylated ot-Gal 
Apreparation With increased phosphorylation is obtained by 
adding a phosphatase inhibitor, e.g., bromotetramisole, to 
cultured cells. LoW levels of bovine plasma alkaline phos 
phatase can be present in the fetal calf serum used as a 
groWth additive for cultured cells. This raises the possibility 
that exposed Man-6-P epitopes on secreted ot-Gal Acould be 
a substrate for serum alkaline phosphatase. Bromotetrami 
sole has been shoWn to be a potent inhibitor of alkaline 
phosphatase; Ki=2.8 mM (Metaye et al., Biochem. Pharma 
c0l. 15: 4263-4268 (1988)) and complete inhibition is 
achieved at a concentration of 0.1 mM (Borgers & Thone, 
Histochemistry 44: 277-280 (1975)). Therefore, a phos 
phatase inhibitor, e.g., bromotetramisole can be added to 
cultured cells in one embodiment to maximiZe the high 
uptake form of ot-Gal A present in the culture medium by 
preventing hydrolysis of the Man-6-P ester groups. 

[0036] The invention further provides ot-Gal A prepara 
tions, and methods for making same, that have an extended 
circulating half-life in a mammalian host. The circulating 
half-life and cellular uptake is enhanced by increasing the 
sialic acid content of ot-Gal A (achieved as above); (ii) 
increasing the phosphorylation of ot-Gal A (achieved as 
above); (iii) PEGylation of ot-Gal A; 

[0037] or (iv) sequential removal of the sialic acid and 
terminal galactose residues, or removal of terminal galactose 
residues, on the oligosaccharide chains on ot-Gal A. 

[0038] Improved sialylation of ot-Gal A preparations 
enhances the circulatory half-life of exogenous ot-Gal A. In 
addition, improved sialylation of ot-Gal A improves its 
uptake, relative to that of hepatocytes, in non-hepatocytes 
such as liver endothelial cells, liver sinusoidal cells, pulmo 
nary cells, renal cells, neural cells, endothelial cells, or 
cardiac cells. The human glycosylated ot-Gal A preparation 
With increased sialic acid content preferably includes mul 
tiple glycoforms, With at least 20% complex glycans having 
2-4 sialic acid residues. An alternative preferred human 
glycosylated ot-Gal A preparation has multiple glycoforms, 
Wherein betWeen 50-75%, preferably at least 60%, of the 
total glycans are sialylated. 

[0039] Phosphorylation of ot-Gal A preparations also 
improves the level of ot-Gal A entering cells. The phospho 
rylation occurs Within the cells expressing the ot-Gal A. One 
preferred human glycosylated ot-Gal A preparation of the 
present invention preferably includes multiple glycoforms 
With at least on average betWeen 16-50%, preferably 
25-50%, more preferably at least 30%, of the glycoforms, 
being phosphorylated. 

[0040] In an alternate embodiment, the circulatory half 
life of a human ot-Gal A preparation is enhanced by com 
plexing ot-Gal A With polyethylene glycol. In a preferred 
embodiment, the ot-Gal A preparation is complexed using 
tresyl monomethoxy PEG (TMPEG) to form a PEGylated 
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ot-Gal A. The PEGylated-ot-GalAis then puri?ed to provide 
an isolated, PEGylated-ot-Gal Apreparation. PEGylation of 
ot-Gal A increases the circulating half-life and in vivo 
ef?cacy of the protein. 

[0041] Sialylation affects the circulatory half-life and bio 
distribution of proteins. Proteins With minimal or no sialic 
acid are readily internaliZed by the asialoglycoprotein recep 
tor (AshWell receptor) on hepatocytes by exposed galactose 
residues on the protein. The circulating half-life of galac 
tose-terminated ot-GalAcan be enhanced by sequentially (1) 
removing sialic acid by contacting ot-Gal AWith neuramimi 
dase (sialidase), thereby leaving the terminal galactose moi 
eties exposed, and (2) removing the terminal galactoside 
residues by contacting the desialylated ot-Gal A With [3-ga 
lactosidase. The resulting ot-Gal Apreparation has a reduced 
number of terminal sialic acid and/or terminal galactoside 
residues on the oligosaccharide chains compared to ot-GalA 
preparations not sequentially contacted With neuramimidase 
and [3-galactosidase. Alternatively, the circulating half-life 
of galactose-terminated ot-Gal A can be enhanced by only 
removing the terminal galactoside residues by contacting the 
desialylated ot-Gal A With [3-galactosidase. The resulting 
ot-Gal A preparation has a reduced number of terminal 
galactoside residues on the oligosaccharide chains compared 
to ot-Gal Apreparations not contacted With [3-galactosidase. 
In a preferred embodiment, folloWing sequential contact 
With neuramimidase and [3-galactosidase, the resulting 
ot-Gal A preparations are subsequently contacted With 
[3-hexosamimidase, thereby cleaving the oligosaccharide to 
the trimannose core. 

[0042] In addition, sialylation levels can vary depending 
on the cell type used. Therefore, in another preferred 
embodiment, sialylation of ot-Gal A can be enhanced by 
screening for mammalian cells, e.g., human cells, that have 
relatively high sialyl transferase activity and using such cells 
as ot-Gal A production cells. 

[0043] The invention further provides formulations of an 
ot-Gal Apreparation that are substantially free of non-ot-Gal 
Aproteins, such as albumin, non-ot-GalAproteins produced 
by the host cell, or proteins isolated from animal tissue or 
?uid. In one embodiment, the formulation further comprises 
an excipient. Preferred excipients include mannitol, sorbitol, 
glycerol, amino acids, lipids, EDTA, EGTA, sodium chlo 
ride, polyethylene glycol, polyinylpyrollidone, dextran, or 
combinations of any of these excipients. In another embodi 
ment, the formulation further comprises a non-ionic deter 
gent. Preferred non-ionic detergents include Polysorbate 20, 
Polysorbate 80, Triton X-100, Triton X-114, Nonidet P-40, 
Octyl a-glucoside, Octyl b-glucoside, Brij 35, Pluronic, and 
TWeen 20. In a preferred embodiment, the non-ionic deter 
gent comprises Polysorbate 20 or Polysorbate 80. A pre 
ferred formulation further comprises phosphate-buffered 
saline, preferably at pH 6. 

[0044] The present invention further provides methods for 
administering an ot-Gal A preparation to a subject. In a 
preferred embodiment, the ot-Gal Apreparation is an ot-Gal 
A preparation With altered charge, e.g., increased oligosac 
charide charge, and/or extended circulating half-life as 
described herein. The dose of administration is preferably 
betWeen 0.05-5.0 mg, more preferably betWeen 0.1-0.3 mg, 
of the ot-GalApreparation per kilogram body Weight Weekly 
or biWeekly. In a preferred embodiment, the dose of admin 
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istration is about 0.2 mg per kilogram body Weight biWeekly. 
In these methods, the dose can be administered intramus 
cularly, orally, rectally, subcutaneously, intra-arterially, 
intraperitoneally, intracerebrally, intranasally, intradermally, 
intrathecally, transmucosally, transdermally, or via inhala 
tion. In one embodiment, the method for delivering ot-GalA 
preparation to a subject comprises subcutaneously adminis 
tering a dose ranging between 001-100 mg, preferably 
0.1-5.0 mg, of the ot-Gal A preparation per kg body Weight 
biWeekly or Weekly. The ot-Gal A preparation can also be 
administered intravenously, e.g., in a intravenous bolus 
injection, in a sloW push intravenous injection, or by con 
tinuous intravenous injection. In any of the above methods, 
the ot-Gal A preparation can be delivered using a delivery 
system such as pump delivery, encapsulated cell delivery, 
liposomal delivery, needle-delivered injection, needle-less 
injection, nebuliZer, aeorosoliZer, electroporation, and trans 
dermal patch. Any of the ot-Gal A preparation described 
above can be administered by these methods. 

[0045] An individual Who is suspected of having, or 
knoWn to have, Fabry disease may be treated by adminis 
tration of the ot-GalApreparation described above, using the 
above-described methods of administration and doses. The 
present invention contemplates treatment of individuals With 
Fabry disease generally (“Fabry patients”), as Well as atypi 
cal variants of Fabry disease, e.g., speci?c populations of 
Fabry patients With predominantly cardiovascular abnor 
malities, de?ned here as Fabry patients With ventricular 
enlargement, e.g., left ventricular hypertrophy (LVH), and/ 
or mitral valve insufficiency, or Fabry patients With pre 
dominantly renal involvement. 

[0046] ot-Gal A 

[0047] ot-Gal A is a homodimeric glycoprotein that 
hydrolyses the terminal X-galactosyl moieties from gly 
colipids and glycoproteins. 

[0048] The terms mature “(x-Gal A” and “GA-GAL” and 
“SEQ ID NO:5” (see FIG. 7) refer to ot-Gal A Without a 
signal peptide (for ot-Gal AWith the signal peptide, see FIG. 
3 and SEQ ID NO:3). The term “(x-Gal A preparation,” as 
de?ned herein, is used interchangeably With the term “gly 
cosylated ot-Gal A preparation” and comprises various gly 
cosylated ot-Gal A glycoforms. 

[0049] A “signal peptide” is a peptide sequence that 
directs a neWly synthesiZed polypeptide to Which the signal 
peptide is attached to the endoplasmic reticulum (ER) for 
further post-translational processing and distribution. 

[0050] An “heterologous signal peptide,” as used herein in 
the context of ot-Gal A, means a signal peptide that is not the 
human ot-Gal A signal peptide, typically the signal peptide 
of some mammalian protein other than ot-Gal A. 

[0051] Skilled artisans Will recogniZe that the human 
ot-Gal A DNA sequence (either cDNA [SEQ ID NO:5] or 
genomic DNA), or sequences that differ from human ot-Gal 
A DNA due to either silent codon changes or to codon 
changes that produce conservative amino acid substitutions, 
can be used to genetically modify cultured human cells so 
that they Will overexpress and secrete the enZyme. Certain 
mutations in the ot-Gal A DNA sequence may encode 
polypeptides that retain or exhibit improved ot-Gal A enZy 
matic activity. For example, one Would expect conservative 
amino acid substitutions to have little or no effect on the 
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biological activity, particularly if they represent less than 
10% of the total number of residues in the protein. Conser 
vative substitutions typically include substitutions Within the 
following groups: glycine, alanine; valine, isoleucine, leu 
cine; aspartic acid, glutamic acid; asparagine, glutamine; 
serine, threonine; lysine, arginine; and phenylalanine, 
tyrosine. See, for example, US. Pat. No. 5,356,804, incor 
porated herein by reference. 

[0052] Fabry Disease 

[0053] Fabry disease is a genetic disorder caused by 
de?cient activity of the enZyme ot-Gal A. By “(x-Gal A 
de?ciency,” it is meant any de?ciency in the amount or 
activity of this enZyme in a patient, resulting in abnormal 
accumulations of neutral glycolipids (e.g., globotriaosylce 
ramide) in histiocytes in blood vessel Walls, With angiok 
eratomas on the thighs, buttocks, and genitalia, hypohidro 
sis, paresthesia in extremities, cornea verticillata, and spoke 
like posterior subcapsular cataracts. The deposits of this 
material can result in pain, serious renal and cardiovascular 
disease, and stroke. The glycolipid accumulation may 
induce severe symptoms as typically observed in males Who 
are suffering from Fabry disease. Alternatively, the accumu 
lation may induce relatively mild symptoms, as can some 
times be seen in heteroZygous female carriers of the defec 
tive gene. Affected individuals have a greatly shortened life 
expectancy; death usually results from renal, cardiac, or 
cerebrovascular complications at approximately age 40. 
There are no speci?c treatments for this disease. Fabry 
disease, classi?ed as a lysosomal storage disorder, affects 
more than 15,000 people World-Wide. 

[0054] Fabry disease as de?ned above is a complex clini 
cal syndrome characteriZed by multiorgan and multisystem 
involvement. Patients Who manifest the combination of 
corneal dystrophy, skin lesions (angiokeratomata), painful 
neuropathy, cerebral vascular disease, cardiomyopathy, and 
renal dysfunction are categoriZed as displaying the “classic” 
phenotype. There are, hoWever, patients Who manifest some, 
but not all aspects of the classic phenotype. These patients 
are classi?ed as “atypical variants of Fabry disease.” There 
are several atypical variant phenotypes associated With 
u.-galactosidase A de?ciency. For example, some patients 
With ot-galactosidase A de?ciency have a variation of Fabry 
disease With only cardiac involvement, e.g., left ventricular 
hypertrophy (LVH). There is also another variant phenotype 
in Which patients present With only renal involvement. 
Although both of these variant phenotypes have been 
de?ned in male hemiZygotes, the variant forms of Fabry 
disease have also been described in female heteroZygotes as 
Well. 

[0055] Patients With the atypical cardiac variant generally 
present With symptomatic disease later in life. The median 
age of diagnosis for patients With the cardiac variant phe 
notype is approximately 52 years compared to approxi 
mately 29 years for the classic phenotype (Desnick, et al., In 
The Metabolic and Molecular Bases of Inherited Disease, 
6th edition (1996). Scriver, et al., (eds), McGraW-Hill (NeW 
York). pp. 2741-2784; Meikle, et al., J. Am. Med. Assoc. 
281: 249 25-254 (1999)). Patients With this syndrome often 
present With subtle symptoms of cardiac dysfunction such as 
exertional dyspnea. Usually, standard echocardiographic 
analysis reveals that patients With the cardiac variant phe 
notype are discovered to have left ventricular hypertrophy 
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(LVH) or asymmetric septal hypertrophy. HoWever, patients 
may also present With myocardial infarction or cardiomy 
opathy (Scheidt, et al., New Engl. J. Med. 324: 395-399 
(1991); Nakao, et al., New Engl. J. Med. 333: 288-293 
(1995)). These patients often undergo myocardial biopsies, 
and the pathology of the variant syndrome is essentially 
similar to classic Fabry disease: myocardial in?ltration by 
deposited glycolipid. ot-galactosidase A enZyme assays in 
these patients reveal a broad range of enZyme levels. For 
example, cardiac variant patients have been reported to have 
as high as 30% of the normal levels of ot-galactosidase A 
enZyme activity, and, thus, up to noW have not been con 
sidered as candidates for ot-Gal A replacement therapy. 

[0056] The inventors have noW unexpectedly discovered 
that, although atypical cardiac variant or atypical renal 
variant patients may have ot-galactosidase AenZyme activity 
levels Which are relatively high compared to patients With 
the classic phenotype of Fabry disease, these patients can 
also bene?t from ot-galactosidase A enZyme therapy. For 
example, patients can have a mutation Which produces a 
kinetically unstable ot-Gal A enZyme in the cell, and in these 
patients ot-Gal A enZyme levels can be augmented signi? 
cantly by administration of ot-Gal A preparations of the 
present invention. Also, some patients With the atypical 
cardiac variant phenotype have been reported to have a point 
mutation in amino acid 215 of ot-galactosidase A. This 
amino acid in the unmutated protein is an asparagine Which 
is glycosylated (Eng, et al., Am. J. Hum. Genet. 53: 1186 
1197. (1993)). Thus, ot-Gal A enZyme replacement therapy 
With a properly glycosylated ot-galactosidase Apreparations 
of the present invention can be efficacious in these patients. 
Furthermore, patients With atypical renal variant have been 
reported Whose only clinical manifestation of Fabry disease 
is mild proteinuria. Renal biopsy, hoWever, reveals the 
typical glycolipid inclusions of Fabry disease and ot-Gal A 
enZyme assay reveals loWer than normal levels of ot-Gal A. 
HoWever, because deposited ceramide trihexoside in the 
kidney may be detected in shed renal tubular cells in the 
urine sediment of these patients, administration of ot-Gal A 
preparations of the present invention can reduce these levels 
substantially. Lysosomal enZymes such as ot-Gal A are 
targeted to the lysosomal compartment of a cell through 
interaction With the mannose-6-phosphate (M6P) receptor, 
Which binds to M6P residues present in the oligosaccharide 
moieties of enZymes destined for the lysosomal compart 
ment. Kornfeld & Mellman,Ann. Rev. Cell Biol. 5: 483-525 
(1989). The primary interaction occurs in the Golgi, Where 
enZymes bound to Golgi M6P receptors are segregated for 
transport to the lysosomes. A secondary type of interaction 
is believed to take place betWeen extracellular ot-Gal A and 
M6P receptors at the cell surface. EnZymes that escape the 
routing system are secreted by the cell via the constitutive 
secretory pathWay and are often recaptured by cell surface 
M6P receptors that return the ot-galactosidase A to the 
lysosome by the endocytic pathWay. Extracellular sub 
stances internaliZed by cells are transported through the 
cytoplasm in endocytic vesicles, Which fuse With primary 
lysosomes and empty their contents into the lysosomes. In 
this process, cell surface M6P receptors are also incorpo 
rated into endocytic vesicles and transported to lysosomes. 
In particular, the ot-Gal Apreparations of the present inven 
tion, in Which high levels of sialylation and/or phosphory 
lation are present, are preferred for the treatment of patients 
With atypical variants of Fabry disease. Such preparations, 



US 2003/0077806 A1 

for example, minimize the fraction of the injected ot-Gal A 
that is removed by hepatocytes and allow high levels of 
ot-Gal A uptake by non-liver cells, such as renal cells, 
vascular cells, tubular cells, glomerular cells, cardiac myo 
cytes and cardiac vascular cells. 

[0057] Extracellular ot-Gal A bearing M6P residues may 
bind to cell surface M6P receptors and be transported into 
the lysosomal compartment. Once in the lysosomal com 
partment, ot-Gal A can carry out the appropriate function. It 
is this aspect of lysosomal enZyme traf?cking that makes 
ot-galactosidase A enZyme replacement therapy a feasible 
therapeutic treatment for Fabry disease patients. Thus, even 
if a cell is genetically de?cient in producing ot-Gal A, the 
cell may take up extracellular ot-Gal A if the ot-Gal A is 
suitably glycosylated and the de?cient cell bears M6P recep 
tors. In patents With Fabry disease, vascular endothelial cells 
of the kidney and heart display severe histopathologic 
abnormalities and contribute to the clinical pathology of the 
disease. These cells, Which carry M6P receptors, are a 
particular therapeutic target of ot-Gal A. An object of the 
invention is to provide an ot-GalApreparation in Which M6P 
is present in the N-linked oligosaccharides. 

[0058] The degree to Which the N-linked oligosaccharides 
of ot-Gal A are modi?ed by sialylation has a substantial 
effect on ot-Gal A pharmacokinetics and biodistribution. In 
the absence of appropriate sialylation, ot-Gal A is rapidly 
cleared from the circulation due to binding by hepatic 
asialoglycoprotein receptors (AshWell receptors), folloWed 
by internaliZation and degradation by hepatocytes. AshWell 
& Harford, Ann. Rev. Biochem. 51: 531-554 (1982). This 
decreases the amount of ot-Gal A available in the circulation 
for binding to M6P receptors on cells Which contribute to the 
clinical pathology of Fabry disease, such as the vascular 
endothelial cells of the kidney and heart. ot-Gal A secreted 
by genetically-modi?ed human cells has glycosylation prop 
erties Which are suitable for the treatment of Fabry disease 
by either conventional pharmaceutical administration of the 
puri?ed secreted protein or by gene therapy, Without requir 
ing additional enZymatic modi?cation as has been reported 
to be required for the lysosomal enZyme, glucocerebrosi 
dase, in Which uptake of puri?ed glucocerebrosidase 
enZyme by clinically-relevant cells requires complex enZy 
matic modi?cation of the enZyme folloWing puri?cation 
from human placenta. Beutler, New Engl. J. Med. 325 :1354 
1360(1991). 
[0059] Cells Suitable for Production of ot-Gal A 

[0060] An individual suspected of having an ot-Gal A 
de?ciency such as Fabry disease can be treated With puri?ed 
human ot-Gal A obtained from cultured, genetically-modi 
?ed cells, preferably human cells. 

[0061] When cells are to be genetically modi?ed for the 
purposes of treatment of Fabry disease, the cells may be 
modi?ed by conventional genetic engineering methods or by 
gene activation. 

[0062] According to conventional methods, a DNA mol 
ecule that contains an ot-Gal A cDNA or genomic DNA 
sequence may be contained Within an expression construct 
and transfected into primary, secondary, or immortaliZed 
cells by standard methods including, but not limited to, 
liposome-, polybrene-, or DEAE dextran-mediated transfec 
tion, electroporation, calcium phosphate precipitation, 
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microinjection, or velocity driven microprojectiles (“biolis 
tics”)(see, e.g., a copending application, U.S. Ser. No. 
08/334,797, incorporated herein by reference). Alterna 
tively, one could use a system that delivers the genetic 
information by viral vector. Viruses knoWn to be useful for 
gene transfer include adenoviruses, adeno-associated virus, 
herpes virus, mumps virus, poliovirus, retroviruses, Sindbis 
virus, and vaccinia virus such as canary pox virus. 

[0063] Alternatively, the cells may be modi?ed using a 
gene activation (“GA”) approach, such as described in US. 
Pat. Nos. 5,733,761 and 5,750,376, each incorporated herein 
by reference. ot-GalAmade by gene activation is referred to 
herein as GA-GAL. 

[0064] Accordingly, the term “genetically modi?ed,” as 
used herein in reference to cells, is meant to encompass cells 
that express a particular gene product folloWing introduction 
of a DNA molecule encoding the gene product and/or 
regulatory elements that control expression of a coding 
sequence for the gene product. The DNA molecule may be 
introduced by gene targeting or homologous recombination, 
i.e., introduction of the DNA molecule at a particular 
genomic site. Homologous recombination may be used to 
replace the defective gene itself (the defective ot-GalA gene 
or a portion of it could be replaced in a Fabry disease 
patient’s oWn cells With the Whole gene or a portion thereof). 

[0065] As used herein, the term “primary cell” includes 
cells present in a suspension of cells isolated from a verte 
brate tissue source (prior to their being plated, i.e., attached 
to a tissue culture substrate such as a dish or ?ask), cells 
present in an explant derived from tissue, both of the 
previous types of cells plated for the ?rst time, and cell 
suspensions derived from these plated cells. 

[0066] “Secondary cells” refers to cells at all subsequent 
steps in culturing. That is, the ?rst time a plated primary cell 
is removed from the culture substrate and replated (pas 
saged), it is referred to as a secondary cell, as are all cells in 
subsequent passages. 

[0067] A “cell strain” consists of secondary cells Which 
have been passaged one or more times; 

[0068] exhibit a ?nite number of mean population dou 
blings in culture; exhibit the properties of contact-inhibited, 
anchorage dependent groWth (except for cells propagated in 
suspension culture); and are not immortaliZed. 

[0069] By “immortaliZed cell” is meant a cell from an 
established cell line that exhibits an apparently unlimited 
lifespan in culture. 

[0070] Examples of primary or secondary cells include 
?broblasts, epithelial cells including mammary and intesti 
nal epithelial cells, endothelial cells, formed elements of the 
blood including lymphocytes and bone marroW cells, glial 
cells, hepatocytes, keratinocytes, muscle cells, neural cells, 
or the precursors of these cell types. Examples of immor 
taliZed human cell lines useful in the present methods 
include, but are not limited to, BoWes Melanoma cells 
(ATCC Accession No. CRL 9607), Daudi cells (ATCC 
Accession No. CCL 213), HeLa cells and derivatives of 
HeLa cells (ATCC Accession Nos. CCL 2, CCL 2.1, and 
CCL 2.2), HL-60 cells (AT CC Accession No. CCL 240), 
HT-1080 cells (ATCC Accession No. CCL 121), Jurkat cells 
(ATCC Accession No. TIB 152), KB carcinoma cells (ATCC 
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Accession No. CCL 17), K-562 leukemia cells (ATCC 
Accession No. CCL 243), MCF-7 breast cancer cells (ATCC 
Accession No. BTH 22), MOLT-4 cells (ATCC Accession 
No. 1582), NamalWa cells (ATCC Accession No. CRL 
1432), Raji cells (ATCC Accession No. CCL 86), RPMI 
8226 cells (ATCC Accession No. CCL 155), U-937 cells 
(AT CC Accession No. CRL 1593), WI-38VA13 sub line 2R4 
cells (ATCC Accession No. CLL 75.1), CCRF-CEM cells 
(AT CC Accession No. CCL 119), and 2780AD ovarian 
carcinoma cells (Van der Blick et al., Cancer Res. 48: 
5927-5932,1988), as Well as heterohybridoma cells pro 
duced by fusion of human cells and cells of another species. 

[0071] Following the genetic modi?cation of human cells 
to produce a cell Which secretes ot-Gal A, a clonal cell strain 
consisting essentially of a plurality of genetically identical 
cultured primary human cells or, Where the cells are immor 
taliZed, a clonal cell line consisting essentially of a plurality 
of genetically identical immortaliZed human cells, may be 
generated. In one embodiment, the cells of the clonal cell 
strain or clonal cell line are ?broblasts. In a preferred 
embodiment the cells are secondary human ?broblasts, e.g., 
BRS-11 cells. 

[0072] After genetic modi?cation, the cells are cultured 
under conditions permitting secretion of ot-Gal A. The 
protein is isolated from the cultured cells by collecting the 
medium in Which the cells are groWn, and/or lysing the cells 
to release their contents, and then applying protein puri? 
cation techniques. 

[0073] Puri?cation of ot-Gal A from the Conditioned 
Medium of Stably Transfected Cells 

[0074] According to the methods of this invention, the 
ot-Gal A protein is isolated from the cultured cells (“ot-Gal 
Aproduction cells”) by collecting the medium in Which the 
cells are groWn, or lysing the cells to release their contents, 
and then applying protein puri?cation techniques Without 
the use of lectin affinity chromatography. The preferred 
puri?cation process is outlined in Example 2 beloW. 

[0075] Alternative hydrophobic interaction resins, such as 
Source Iso (Pharmacia), Macro-Prep( Methyl Support (Bio 
Rad), TSK Butyl (Tosohaas) or Phenyl Sepharose® (Phar 
macia), can also be used to purify ot-Gal A. The column can 
be equilibrated in a relatively high concentration of a salt, 
e.g., —1M ammonium sulfate or 2 M sodium chloride, in a 
buffer of pH 5.6. The sample to be puri?ed is prepared by 
adjusting the pH and salt concentration to those of the 
equilibration buffer. The sample is applied to the column and 
the column is Washed With equilibration buffer to remove 
unbound material. The ot-Gal A is eluted from the column 
With a loWer ionic strength buffer, Water, or organic solvent 
in Water, e.g., 20% ethanol or 50% propylene glycol. Alter 
natively, the ot-Gal A can be made to How through the 
column by using a loWer concentration of salt in the equili 
bration buffer and in the sample or by using a different pH. 
Other proteins may bind to the column, resulting in puri? 
cation of the ot-Gal A-containing sample Which did not bind 
the column. Apreferred ?rst puri?cation step is the use of a 
hydroxyapatite column. 

[0076] An alternative step of puri?cation can use a cation 
exchange resin, e.g., SP Sepharose® 6 Fast How (Pharma 
cia), Source 30S (Pharmacia), CM Sepharose® Fast How 
(Pharmacia), Macro-Prep® CM Support (Bio-Rad) or 
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Macro-Prep® High S Support (Bio-Rad), to purify ot-Gal A. 
The “?rst chromatography step” is the ?rst application of a 
sample to a chromatography column (all steps associated 
With the preparation of the sample are excluded). The ot-Gal 
Acan bind to the column at pH 4.4. Abuffer, such as 10 mM 
sodium acetate, pH 4.4, 10 mM sodium citrate, pH 4.4, or 
other buffer With adequate buffering capacity at approxi 
mately pH 4.4, can be used to equilibrate the column. The 
sample to be puri?ed is adjusted to the pH and ionic strength 
of the equilibration buffer. The sample is applied to the 
column and the column is Washed after the load to remove 
unbound material. A salt, such as sodium chloride or potas 
sium chloride, can be used to elute the ot-Gal A from the 
column. Alternatively, the ot-Gal A can be eluted from the 
column With a buffer of higher pH or a combination of 
higher salt concentration and higher pH. The ot-Gal A can 
also be made to How through the column during loading by 
increasing the salt concentration in the equilibration buffer 
and in the sample load, by running the column at a higher 
pH, or by a combination of both increased salt and higher 
pH. 
[0077] Another step of puri?cation can use a Q 
Sephrarose® 6 Fast How for the puri?cation of ot-Gal A. Q 
Sepharose® 6 Fast How is a relatively strong anion 
exchange resin. A Weaker anion exchange resin such as 
DEAE Sepharose® Fast How (Pharmacia) or Macro-Prep® 
DEAB (Bio-Rad) can also be used to purify ot-Gal A. The 
column is equilibrated in a buffer, e.g., 10 mM sodium 
phosphate, pH 6. The pH of the sample is adjusted to pH 6, 
and loW ionic strength is obtained by dilution or dia?ltration 
of the sample. The sample is applied to the column under 
conditions that bind ot-Gal A. The column is Washed With 
equilibration buffer to remove unbound material. The ot-Gal 
A is eluted With application of salt, e.g., sodium chloride or 
potassium chloride, or application of a loWer pH buffer, or 
a combination of increased salt and loWer pH. The ot-Gal A 
can also be made to How through the column during loading 
by increasing the salt concentration in the load or by running 
the column at a loWer pH, or by a combination of both 
increased salt and loWer pH. 

[0078] Another step of puri?cation can use a Superdex® 
200 (Pharmacia) siZe exclusion chromatography for puri? 
cation of ot-Gal A. Other siZe exclusion chromatography 
resins such as Sephacryl® S-200 HR or Bio-Gel® A-1.5 m 
can also be used to purify ot-Gal A. The preferred buffer for 
siZe exclusion chromatography is 25 mM sodium phosphate, 
pH 6.0, containing 0.15 M sodium chloride. Other formu 
lation-compatible buffers can also be used, e.g., 10 mM 
sodium or potassium citrate. The pH of the buffer can be 
betWeen pH 5 and pH 7 and should at contain a salt, e.g., 
sodium chloride or a mixture of sodium chloride and potas 
sium chloride. 

[0079] Another step of puri?cation can use a chromato 
focusing resin such as Polybuffer Exchanger FEB 94 (Phar 
macia) to purify ot-Gal A. The column is equilibrated at 
relatively high pH (e.g., pH 7 or above), the pH of the 
sample to be puri?ed is adjusted to the same pH, and the 
sample is applied to the column. Proteins are eluted With a 
decreasing pH gradient to a pH such as pH 4, using a buffer 
system, e.g., Polybuffer 74 (Pharmacia), Which had been 
adjusted to pH 4. 

[0080] Alternatively, immunoaf?nity chromatography can 
be used to purify ot-Gal A. An appropriate polyclonal or 
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monoclonal antibody to ot-Gal A (generated by immuniZa 
tion With ot-Gal A or With a peptide derived from the ot-Gal 
A sequence using standard techniques) can be immobilized 
on an activated coupling resin, e.g., NHS-activated 
Sepharose® 4 Fast How (Pharmacia) or CNBr-activated 
Sepharose® 4 Fast How (Pharmacia). The sample to be 
puri?ed can be applied to the immobiliZed antibody column 
at about pH 6 or pH 7. The column is Washed to remove 
unbound material. ot-Gal A is eluted from the column With 
typical reagents utiliZed for affinity column elution such as 
loW pH, e.g., pH 3, denaturant, e.g., guanidine HCl or 
thiocyanate, or organic solvent, e.g., 50% propylene glycol 
in a pH 6 buffer. The puri?cation procedure can also use a 
metal chelate affinity resin, e.g., Chelating Sepharose® Fast 
How (Pharmacia), to purify ot-Gal A. The column is pre 
charged With metal ions, e.g., Cu2+, Zn2+, Ca2+, Mg2+ or 
Cd2+. The sample to be puri?ed is applied to the column at 
an appropriate pH, e.g., pH 6 to 7.5, and the column is 
Washed to remove unbound proteins. The bound proteins are 
eluted by competitive elution With imidaZole or histidine or 
by loWering the pH using sodium citrate or sodium acetate 
to a pH less than 6, or by introducing chelating agents, such 
as EDTA or EGTA. 

[0081] According to the foregoing protocols, this inven 
tion provides preparations With a higher purity ot-Gal A 
preparation than prepared in the prior art, puri?ed to at least 
98% homogeneity, more preferably to at least 99% homo 
geneity, and most preferably to at least 99.5% homogeneity, 
as measured by SDS-PAGE or reverse phase HPLC. The 
ac-Gal Apreparations of the present invention may comprise 
numerous ot-Gal A glycoforms. Accordingly, the term 
“homogeneity,” as used herein in the conteXt of ot-Gal A 
preparations, refers to preparations that are substantially free 
(<2% of the total proteins) of proteins other than ot-Gal A. 
Examples of non-ot-Gal A proteins such as albumin, non 
ot-Gal Aproteins produced by the host cell, and non-ot-Gal 
A proteins isolated from animal tissue or ?uid. The speci?c 
activity of the ot-Gal Apreparations of the present invention 
is preferably at least 2.0><106 units/mg protein, more pref 
erably at least 3.0><106 units/mg protein, and most preferably 
at least 3.5><106 units/mg protein. 

[0082] Improving Circulating Half-Life of ot-Gal a Prepa 
rations by Glycan Remodeling to Increase Oligosaccharide 
Charge 

[0083] The invention provides a glycoprotein modi?cation 
program for increased uptake of a therapeutic enZyme in 
speci?c tissues other than liver and macrophages. Using the 
methods of the present invention, human glycosylated ot-Gal 
Apreparations are obtained, Wherein betWeen 35% and 85% 
of the oligosaccharides are charged, preferably at least 50% 
of the oligosaccharides being charged. 

[0084] Protein N-glycosylation functions by modifying 
appropriate asparagine residues of proteins With oligosac 
charide structures, thus in?uencing their properties and 
bioactivities. KukuruZinska & Lennon, Crit. Rev. Oral. Biol. 
Med. 9: 415-48 (1998). The present invention provides an 
isolated ot-Gal A preparation in Which a high percentage of 
the oligosaccharides are negatively charged, primarily by 
the addition of one to four sialic acid residues on compleX 
glycans, or of one to tWo phosphate moieties on high 
mannose glycans, or of a single phosphate and a single sialic 
acid on hybrid glycans. Smaller amounts of sulfated com 
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pleX glycans may also be present. A high proportion of 
charged structures serves tWo main functions. First, capping 
of penultimate galactose residues by 2,3- or 2,6-linked sialic 
acid prevents premature removal from the circulation by the 
asialoglycoprotein receptor present on hepatocytes. This 
receptor recogniZes glycoproteins With terminal galactose 
residues. Increasing the circulatory half-life of ot-Gal A 
gives important target organs such as heart and kidney the 
opportunity to endocytose greater amounts of enZyme from 
the plasma folloWing enZyme infusion. Second, the presence 
of Man-6-phosphate on high-mannose or hybrid glycans 
provides an opportunity for receptor-mediated uptake by the 
cation-independent Man-6-phosphate receptor (CI-MPR). 
This receptor-mediated uptake occurs on the surface of 
many cells, including vascular endothelial cells, Which are a 
major storage site of CTH in Fabry patients. EnZyme mol 
ecules With tWo Man-6-phosphate residues have a much 
greater af?nity for the CI-MPR than those With a single 
Man-6-phosphate. Representative glycan structures are pro 
vided in Table 1. 

TABLE 1 

Representative Glycan Structures 

A biantennary glycan: 

A tetraantennary glycan: 

SAot2,3/6Gal[51,4GlcNAcBL6 

SAot2,3/6Gal[51,4GlcNAc[51,2Manot1,6 113M115 

ManI3 1,4GlcNAcf31,4GlcNAc-Asn 

SAot2,3/6Gal[51,4GlcNAc[51,2Manot1,3 

SAot2,3/6Gal|31,4GlcNAc[51,4 

A high-mannose glycan: 

ManoL1,2ManoL1,6 

ManoL1,6 

ManoL1,2ManoL1,3 Man[51,4GlcNAc[51,4GlcNAc-Asn 

ManoL1,2ManoL1,2ManoL1,3 

A phosphorylated hybrid glycan: 

P—ManoL1,6 

ManoL1,6 

ManoL1,3 Man?l,4GlcNAc[51,4GlcNAc-Asn 

SAot2,3/6Gal|31,4GlcNAc[51,2Manot1,3 

A bisphosphorylated glycan: 

P—ManoL1,2ManoL1,6 

Manot1,6 

Manot1,3 Man[51,4GlcNAc[51,4GlcNAc-Asn 

P—ManoL1,2ManoL1,3 
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[0085] N-glycoprotein biosynthesis involves a multitude 
of enzymes, glycosyltransferases, and glycosidases. The 
majority of these enzymes function in the endoplasmic 
reticulum(ER) and Golgi apparatus in an ordered and Well 
orchestrated manner. The complexity of N-glycosylation is 
augmented by the fact that different asparagine residues 
Within the same polypeptide may be modi?ed With different 
oligosaccharide structures, and various proteins are distin 
guished from one another by the characteristics of their 
carbohydrate moieties. Recent advances in molecular genet 
ics have expedited the identi?cation, isolation, and charac 
teriZation of N-glycosylation genes. As a result, information 
regarding relationships betWeen N-glycosylation and other 
cellular functions has emerged. 

[0086] N-linked glycoprotein processing in the cell begins 
When an oligosaccharide chain With a Glc3Man9GlcNAc2 is 
added to an acceptor asparagine on a nascent peptide in the 
lumen of the ER as a single unit. A fourteen sugar oligosac 
charide chain consisting of Glc3Man9GlcNAc2 is built up on 
dolichol, a very long chain aliphatic alcohol: 

Manot1,2Manot1,6 

Manot1,6 

Manot1,2Manot1,3 

GlCOLl,2GlCOL1,3GlCOL1,3Ma1’10l1,2ManOl1,2ManOl1,3 

[0087] This oligosaccharide is transferred as a single unit 
to an acceptor asparagine residue on a nascent peptide chain 
in the lumen of the ER. The large siZe of the glycan relative 
to the peptide may guide protein folding. The three glucose 
residues serve as a signal that the oligosaccharide is com 
pleted and ready for transfer by oligosaccharyl transferase. 
This enZyme Will also transfer nonglucosylated oligosac 
charides but at only a fraction of the rate of the completed 
chain because these are sub-optimal substrates. One form of 
carbohydrate de?cient glycoprotein syndrome in humans 
has been shoWn to be caused by a de?ciency of Dolichol 
P-Glc: 

[0088] MangGlcNAcz-PP-Dolichol glucosyl transferase, 
the ?rst enZyme in the glucose addition pathWay, Which 
results in hypoglycosylation of serum proteins. Korner et al., 
Proc. Natl. Acad Sci. USA 95: 13200-13205 (1998). After 
removal of the three glucose residues and achievement of 
the correct conformation, the neWly synthesiZed glycopro 
tein is exported to the Golgi. Depending on the accessibility 
of the glycan to Golgi mannosidases after protein folding, 
the glycan chain may stay as a high mannose chain With 5-9 
mannose residues. Alternatively, the glycan chain may be 
further processed to a trimannosyl core, and become an 
acceptor for other glycosyl transferases that form complex 
chains by addition of more GlcNAc residues, folloWed by 
Gal, NeuAc and Fuc. A third possibility, if the protein has 
tWo lysine residues exactly 34 angstroms apart and in the 
correct spatial relationship to a high mannose chain, is the 
addition of GlcNAcot-l-PO4 onto carbon 6 of one, or some 
times tWo, mannose residues. CuoZZo et al., J. Biol. Chem. 
273: 21069-21076 (1998). After removal of the o-linked 
GlcNAc by a speci?c enZyme, a terminal M6P epitope is 
generated Which is recogniZed by a M6P receptor in the trans 
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Golgi netWork that then targets these enZymes to lysosomes 
in cells of mesenchymal origin. 

[0089] To target ot-Gal A to as many different tissues as 
possible, many different carbohydrate structures (glyco 
forms) are useful. Matsuura et al., Glycobiology 8: 329-339 
(1998) reported that the glycan structures on human ot-Gal 
A made in CHO cells had 41% high-mannose glycans and 
the phosphorylation level Was 24%. HoWever, the level of 
sialylated complex glycans Was only 11%. Thus, Z/3 of the 
complex chains Were not sialylated, Which results in the 
rapid elimination of ot-Gal A by the liver. The ot-Gal A 
produced in the human cells of the invention has a higher 
percentage of charged oligosaccharides than the prior art 
ot-Gal A produced in CHO cells. For example, ot-Gal A 
synthesiZed in HT-1080 cells described herein is particularly 
suitable, because ot-Gal A produced in HT-1080 cells con 
tains approximately 15% neutral structures (high-mannose 
and hybrid), approximately 16% phosphorylated glycans, 
and approximately 67% complex glycans With 2 to 4 sialic 
acid residues. Thus, essentialy all of the complex chains are 

Man[51,4GlcNAc[51,4GlcNAc-PP-Dolichol 

sialylated as compared to ot-Gal A produced in CHO cells. 
HT-1080 cell ot-GalAhas three N-linked glycosylation sites. 
TWo sites are processed to complex glycans in the Golgi 
apparatus, While the third site is occupied by a high-mannose 
glycan, 50% of Which is modi?ed by lysosomal enZyme 
speci?c phosphorylation to yield both monophosphorylated 
and diphosphorylated species. 

[0090] Four approaches are provided for carbohydrate 
remodeling on a protein containing N-linked glycan chains. 
First, the proportion of charged ot-Gal A can be increased by 
selective isolation of glycoforms during the puri?cation 
process. The present invention provides for increasing the 
proportion of highly charged and higher molecular Weight 
ot-Gal A glycoforms by fractionation of ot-Gal A species on 
chromatography column resins during and/or after the puri 
?cation process. The more highly charged glycoform species 
of ot-Gal A contain more sialic acid and/or more phosphate, 
and the higher molecular Weight glycoforms Would also 
contain the fully glycosylated, most highly branched and 
highly charged species. Selection of the charged species, or 
removal of the non-glycosylated, poorly glycosylated or 
poorly sialylated and/or phosphorylated ot-Gal A species 
Would result in a population of ot-Gal A glycoforms With 
more sialic acid and/or more phosphate, therefore providing 
an ot-Gal A preparation With higher half-life and potential 
therapeutic efficiency. 

[0091] This fractionation process can occur on, but is not 
limited to, suitable chromatographic column resins utiliZed 
to purify or isolate ot-Gal A. For example, fractionation can 
occur on, but is not limited to, cation exchange resins (such 
as SP-Sepharose®), anion exchange resins (Q-Sepharose®), 
af?nity resins (Heparin Sepharose®, lectin columns) siZe 
exclusion columns (Superdex® 200) and hydrophobic inter 
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action columns (Butyl Sepharose®V) and other chromato 
graphic column resins known in the art. 

[0092] Since ot-Gal A is produced in cells as a heteroge 
neous mixture of glycoforms Which differ in molecular 
Weight and charge, ot-Gal A tends to elute in relatively broad 
peaks from the chromatography resins. Within these elu 
tions, the glycoforms are distributed in a particular manner 
depending on the nature of the resin being utiliZed. For 
example, on siZe exclusion chromatography, the largest 
glycoforms Will tend to elute earlier on the elution pro?le 
than the smaller glycoforms. 

[0093] On ion exchange chromatography, the most nega 
tively charged glycoforms Will tend to bind to a positively 
charged resin (such as Q-Sepharose®) With higher affinity 
than the less negatively charged glycoforms, and Will there 
fore tend to elute later in the elution pro?le. In contrast, these 
highly negatively charged glycoforms may bind less tightly 
to a negatively charged resin, such as SP Sepharose(g, than 
less negatively charges species, or may not even bind at all. 

[0094] Fractionation of the glycoform species on chro 
matographic resins can be in?uenced by pH, ionic strength, 
buffer salt selection, viscosity and/or other parameters such 
choice of resin type. The use of various types of gradient 
elutions (straight line linear gradients, curved, e.g., expo 
nential gradients) or use of a series of short step elutions to 
selectively elute ot-Gal A species from the chromatography 
column can also be optimiZed for ot-Gal Afractionation. All 
of these factors, alone or in combination, can be optimiZed 
to achieve ef?cient fractionation of the glycoforms. Frac 
tionation can also occur after the puri?cation process is 
completed, on a particular chromatographic resin selectively 
optimiZed for the fractionation and selection of the desired 
glycoform population. 

[0095] Selection of glycoform populations from the frac 
tionated at-Gal A species can be achieved after analysis of 
the eluted ot-Gal A glycoforms. The elution peak can be 
analyZed by various techniques such as, but not limited to, 
SDS-PAGE, isoelectric focusing, capillary electrophoresis, 
analytical ion exchange HPLC, and/or analytical siZe exclu 
sion HPLC. Particular fractions can be selected Which tend 
toWards the desired siZe or charge pro?le. Selection can 
occur at every chromatographic step in the process, alloWing 
for gradual achievement of the desired glycoform popula 
tion, or can be limited to a particular step or steps if the 
ef?ciency of fractionation of the step(s) is high. Fraction 
ation can also occur after the puri?cation process is com 
pleted, on a particular chromatographic resin selectively 
optimiZed for the fractionation and selection of the desired 
glycoform population. 

[0096] Fractionation and selection of highly charged and/ 
or higher molecular Weight glycoforms of ot-Gal A can be 
performed on any ot-Gal Apreparation, such as that derived 
from genetically modi?ed cells such as cells modi?ed by 
conventional genetic engineering methods or by gene acti 
vation (GA). It can be performed on cell lines groWn in 
optimiZed systems to provide higher sialylation and phos 
phorylation as described above, or PEGylated ot-Gal A as 
described beloW. 

[0097] For example, in the ot-Gal Apuri?cation process as 
described herein, fractionation of ot-Gal A glycoforms can 
occur at various steps in the process. On the hydrophobic 
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resin, Butyl Sepharose® Fast How, the highest charged 
ot-Gal A glycoforms elute ?rst, folloWed by the less highly 
charges species. For Heparin Sepharose®, the highest 
charged species also elute ?rst in the elution peak, folloWed 
by the less highly charged species. The opposite occurs With 
Q-Sepharose®, Where the least highly charged species elut 
ing ?rst, folloWed by the most highly charged glycoforms. 
On siZe exclusion chromatography on Superdex® 200, the 
highest molecular Weight glycoforms elute ?rst folloWed by 
the loWer molecular Weight, less glycosylated ot-Gal A 
species. To alloW for efficient fractionation of particular 
ot-Gal A glycoform populations, multiple chromatographic 
steps can be combined, all of Which fractionate on different 
physical methods. For example, to obtain the ot-Gal A 
glycoforms containing the loWest pI (those containing the 
most negative charge) limiting the pooling the early eluting 
butyl fractions Would enhance for the more highly charged 
ot-Gal A. Proceeding With this selected pool on the Heparin 
column, and again limiting the pooling to the earlier, more 
highly negatively charged ot-Gal Aspecies further enhances 
the proportion of loW pI ot-Gal A glycoforms in the pool. 
Further ?ne tuning of the glycoform population can be done 
at various steps of the puri?cation process by monitoring the 
siZe and charge distribution of the elution pools by SDS 
PAGE and isoelectric focusing. An example of fractionation 
by siZe and charge is outlined beloW in Example 2.4. 

[0098] The second approach for carbohydrate remodeling 
involves modifying certain glycoforms on the puri?ed ot-Gal 
A by attachment of an additional terminal sugar residue 
using a puri?ed glycosyl transferase and the appropriate 
nucleotide sugar donor. This treatment affects only those 
glycoforms that have an appropriate free terminal sugar 
residue to act as an acceptor for the glycosyl transferase 
being used. For example, (x2,6-sialyl transferase adds sialic 
acid in an a 2,6-linkage onto a terminal Gal[31,4GlcNAc-R 
acceptor, using CMP-sialic acid as the nucleotide sugar 
donor. Commercially available enZymes and their species of 
origin include: fucose 0.1,3 transferases III, V and VI 
(humans); galactose 0.1,3 transferase (porcine); galactose 
[31,4 transferase (bovine); mannose 0.1,2 transferase (yeast); 
sialic acid 0.2,3 transferase (rat); and sialic acid 0.2,6 trans 
ferase (rat). After the reaction is completed, the glycosyl 
transferase can be removed from the reaction mixture by a 
glycosyl transferase speci?c af?nity column consisting of 
the appropriate nucleotide bonded to a gel through a 6 
carbon spacer by a pyrophosphate (GDP, UDP) or phosphate 
(CMP) linkage or by other chromatographic methods knoWn 
in the art. Of the glycosyl transferases listed above, the sialyl 
transferases is particularly useful for modi?cation of 
enZymes, such as ot-Gal A, for enZyme replacement therapy 
in human patients. Use of either sialyl transferase With 
CMP-S-?uoresceinyl-neuraminic acid as the nucleotide 
sugar donor yields a ?uorescently labeled glycoprotein 
Whose uptake and tissue localiZation can be readily moni 
tored. 

[0099] The third approach for carbohydrate remodeling 
involves glyco-engineering, e g, introduction of genes that 
affect glycosylation mechanisms of the cell, of the ot-Gal A 
production cell to modify post-translational processing in 
the Golgi apparatus is a preferred approach. 

[0100] The fourth approach for carbohydrate remodeling 
involves treating a:-Gal A With appropriate glycosidases to 
reduce the number of different glycoforms present. For 














































