[6007] Accordingly, the therapeutic effectiveness of a lysosomal sulfatase enzyme
preparation depends on the level of mannose-6-phosphate, and on the presence of active

enzyme, in that preparation.

[0008] Thus, there exists a need in the art for an efficient and productive system for the
large-scale manufacture of therapeutically effective, active highly phosphorylated lysosomal
sulfatase enzymes for management of lysosomal storage disorders caused by or associated

with a deficiency of such lysosomal sulfatase enzymes.
SUMMARY OF INVENTION

[0009] The present sveentiondisclosure relates to the discovery that when a CHO-K1 cell
line derivative {designated G71) that is defective in endosomal acidification is engineered to
express recombinant human sulfatase modifying factor 1 (SUMF1), the modified G71 cells
produce high yields of active highly phosphorylated recombinant lysosomal sulfatase
enzymes in part by preventing loss of material to the lysosomal compartment of the

manufacturing cell line. In one esmbedinentexample, the mvensenpresent disclosure

provides an END3 complementation group cell line that co-expresses recombinant human
SUMF1 and recombinant human N-acetylgalactosamine-6-sulfatase (GALNS), resulting in
high yields of active highly phosphorylated enzyme. Exemplary cell lines are G71, G718,
and derivatives thereof, which retain the desired property of G71, i.e., the ability to produce
high yields of activate highly phosphorylated recombinant lysosomal sulfatase enzymes.
This application of an END3 complementation group modified CHO-K1 cell line co-
expressing recombinant human SUMF1 and a recombinant lysosomal sulfatase enzyme
would be especially useful for the manufacture of active highly phosphorylated lysosomal
sulfatase enzymes to be used for management of lysosomal storage diseases by enzyme

replacement therapy (ERT).

[0010] Disclosed is ale-s-frstaspectthe-presentinvention-featres-a-soevel method of producing
active highly phosphorylated recombinant human lysosomal sulfatase enzymes or biologically active
fragments, mutants, variants or derivatives thereof in an END3 complementation group CHO cell or
derivative thereof in amounts that enable their therapeutic use, In a-broad-embedinentone example,
the method comprises the steps of: (a) culturing a CHO-derived END3 complementation group cell or
derivative thereof; (b) preparing a first mammalian expression vector capable of expressing the active
highly phosphorylated recombinant human lysosomal sulfatase enzyme or biologically active
fragment, mutant, variant or derivative thereof in the CHO-derived END3 complementation group

cell or derivative thereof; (c) preparing a second
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mammalian expression vector capable of expressing recombinant human sulfatase modifying
factor I (SUMF1) or biologically active fragment, mutant, variant or derivative thereof in the
CHO-derived END3 complementation group cell or derivative thereof; (d) transfecting the
CHO-derived END3 complementation group cell or derivative thereof with the first and
second expression vectors; (e) selecting and cloning of a transfectant of a CHO-derived
END3 complementation group cell or derivative thereof that expresses the active highly
phosphorylated recombinant human lysosomal sulfatase enzyme or biologically active
fragment, mutant, variant or derivative thereof; and (f) optimizing a cell culture process
method for manufacturing the highly phosphorylated recombinant human lysosomal sulfatase
enzyme or biologically active fragment, mutant, variant or derivative thereof. The
recombinant human Iysosomal sulfatase enzyme is selected from the group consisting of
arylsulfatase A (ARSA), arylsulfatase B (ARSB), iduronate-2-sulfatase (IDS),
sulfamidase/heparin-N-sulfatase (SGSH), N-acetylglucosamine-sulfatase (G6S) and N-
acetylgalactosamine-6-sulfatase (GALNS).

[0011]) The method involves the steps of transfecting a cDNA encoding all or part of the
lysosomal sulfatase enzyme and a cDNA encoding all or part of the human SUMF1 into a CHO-
derived END3 complementation group cell or derivative thereof. In some
ersbodimentscramples, the first and second expression vectors, which are capable of expressing
the encoding the active highly phosphorylated recombinant human lysosomal sulfatase enzyme

and human SUMF1, respectively, are transfected simultaneously into the CHO-derived END3
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full-length human lysosomal sulfatase enzyme is used, whereas in other embeodimentsexamples a

cDNA encoding for a biclogically active fragment, mutant, variant or derivative thereof is used.

In some embedinentsexamples, a cDNA encoding for a full-length human SUMF1 is used,

whereas in other embodimentsexamples a cDNA encoding for a biologically active fragment,

mutant, variant or derivative thereof is used. In some embedimmentscxamples, multiple expression
vectors are used to transfer the human lysosomal sulfatase enzyme and human SUMF1 ¢DNAs
simultaneously or sequentially into the CHO-derived END3 complementation group cell or
derivative thereof. In some embedimenisexamples, a single expression vector is used to transfer
the human lysosomal sulfatase enzyme and human SUMF1 ¢cDNAs simultaneously into the

CHO-derived END3 complementation group cell or derivative thereof. In onee-prefersed




embodimentexample, the CHO-derived END3 complementation group cell or derivative
thereof'is a G71 cell line, a G718 cell line, or a G71 or G718 derivative.

[0012] In a-preferredembodimentone example, the method comprises producing an active
highly phosphorylated recombinant human lysosomal sulfatase enzyme, e.g., arylsulfatase A
(ARSA), arylsulfatase B (ARSB), iduronate-2-sulfatase (IDS), sulfamidase/heparin-N-sulfatase
(SGSH), N-acetylglucosamine-sulfatase (G6S) or N-acetylgalactosamine-6-sulfatase (GALNS),
from an END3 complementation group CHO cell ine or denivative thereof. In e-particuiashy

sreferrea-erbedunentanother example, the method comprises producing active highly

phosphorylated recombinant human N-acetylgalactosamine-6-sulfatase (GALNS) from an END3
complementation group CHO cell line or derivative thereof. An END3 complementation group
cell ine is any modified CHO cell line that retains the properties of an END3 complementation
example, the CHO-derived END3 complementation group cell or derivative thereof is a G71 cell
line, a G718 cell line, or a G71 or G718 derivative.

[0013]  Also disclosed istrusecond-aspectthe-prosent-inventionprovides an endosomal

acidification-deficient mammalian cell line characterized by its ability to produce active highly
phosphorylated recombinant human lysosomal sulfatase enzymes in amounts that enable use of
the lysosomal sulfatase enzyme therapeutically. In preferred-embodimentsone example, the

inventionpresent disclosure provides CHO-K1-derived END3 complementation group cell lines,

designated G71, G718, or derivatives thereof, which are capable of producing high vields of
active highly phosphorylated recombinant human lysosomal sulfatase enzymes, thereby enabling
the large scale production of such therapeutic lysosomal sulfatase enzymes. In sere-preforsed
embodimentsone exarmple, the cell line expresses and secretes a recombinant human lysosomal
sulfatase enzyme in amounts of at least about 0.5, preferably at least about 0.75, more preferably

at least about 1.0, and even more preferably at least about 1.25 picograms/cell/day.

[6014] An END3 complementation group cell line is any modified CHO cell line that
retains the properties of an END3 complementation group cell line, such as defective
endosomal acidification. In one embedimentexample, the END3 complementation group
CHO cell line is derived from G71 or a derivative thereof and comprises (a) an expression
vector for recombinant human sulfatase modifying factor 1 (SUMF1) and (b) an expression
vector for a recombinant human lysosomal sulfatase enzyme, wherein the recombinant
human lysosomal sulfatase enzyme is selected from the group consisting of arylsulfatase A
(ARSA), arylsulfatase B (ARSB), iduronate-2-sulfatase (IDS), sulfamidase/heparin-N-

sulfatase



(SGSH), N-acetylglucosamine-sulfatase (G6S) and N-acetylgalactosamine-6-sulfatase (GALNS).
In a-preferred-embodimenione example, the END3 complementation group CHO cell line
comprises the expression vector for recombinant human N-acetylgalactosamine-6-sulfatase

(GALNS). In a-mere-preferred-embedimentanother example, the END3 complementation group

CHO cell line expresses and secretes recombinant human GALNS. In another prefersed
extbodimentexample, the END3 complementation group CHO cell line is selected from the group
consisting of clone 4, clone 5, clone C6, clone C2, clone C3, clone C7, clone C10, clone C11 and

clone C30. In a-mere

-ed-esmbodimentanother example, the END3 complementation group
CHO cell line is clone C2. In another preferred-embodimentexample, the END3

complementation group CHO cell line is adapted to growth in suspension.

[0015] Also disclosed arehs-a-thi

rivention-provides recombinant human

lysosomal sulfatase enzymes produced in accordance with the methods of the present
enzymes therapeutically. The lysosomal sulfatase enzymes may be full-length proteins, or
fragments, mutants, variants or derivatives thereof. In some embodimentsexamples, the
lysosomal sulfatase enzyme or fragment, mutant, variant or derivative thereof according to

the isventionpresent disclosure may be modified as desired to enhance its stability or

pharmacokinetic properties (e.g., PEGylation, mutagenesis, fusion, conjugation). In preferred
embadisentsone example, the enzyme is a human lysosomal sulfatase enzyme, a fragment of
the human lysosomal sulfatase enzyme having a biological activity of a native sulfatase
enzyme, or a polypeptide that has substantial amino acid sequence homology with the human
lysosomal sulfatase enzyme. In some embeodismentsexamples, the lysosomal sulfatase
enzyme is a protein of human or mammalian sequence, origin or derivation. In other
embodimentsexamples, the lysosomal sulfatase enzyme is such that its deficiency causes a
human disease, such as Metachromic Leukodystrophy or MLD (i.e., arylsulfatase A
(ARSA)), Maroteaux-Lamy syndrome or MPS VI (i.e., arylsulfatase B (ARSB)), Hunter
syndrome or MPS II (i.e., iduronate-2-sulfatase (IDS)), Sanfilippo A syndrome or MPS Illa
(i.e., sulfamidase/heparin-N-sulfatase (SGSH)), Sanfilippo D syndrome or MPS Illd (i.e., N-
acetylglucosamine-sulfatase (G6S)) and Morquio A syndrome or MPS IVa (i.e., N-
acetylgalactosamine-6-sulfatase (GALNS)). In a-pasticularivpreferred-embodimentone
example, the lysosomal sulfatase enzyme is such that its deficiency causes Morquio A
syndrome or MPS IVa (i.e., N-acetylgalactosamine-6-sulfatase (GALNS)). In another

deficiency 1s associated with a

~prefemed-embeodimentexample, the lysosomal sulfatase enzyme is such that its



human disease, such as Multiple Sulfatase Deficiency or MSD (i.e., N-acetylgalactosamine-
6-sulfatase (GALNS)).

0015} In one aspect, there is provided a compositon purified as defined above, said

composition comprisine a recombinant human N-acetvlealactosamine-6-sulfatase (GALNS)

enzyme. said GALNS enzyme comprising an amino acid sequence at least 95% identical to

amino acids 27 1o 522 of SEQ 1D NO:4, wherein said GALNS enzvme:

{1} has a purity of ai least shout 95% as determined by Coomassie Blue

staining when subiected to SDS-PAGE under non-reducing conditions

(i1} has at least about 50% conversion of the cysteine residue at position 53 to

Co-formvlglveine (FGlv), and

{111} has between 0.5 10 0.8 bis-vhosphorviated oligomannose chains per

monomeric protein chain,

and wherein at least 98% of said GALNS enzvme 15 in the precursor form as

determined by SDS-CGE,

[0016] The lysosomal sulfatase enzyme can also be of human or mammalian sequence
origin or derivation. In yet other embedimentsofthe-inventionexamples, in each of its
espestsexamples, the lysosomal sulfatase enzyme is identical in amino acid sequence to the
corresponding portion of a human or mammalian lysosomal sulfatase enzyme amino acid
sequence. In other embeadamentsexamples, the polypeptide moiety is the native lysosomal
sulfatase enzyme from the human or mammal. In other embedimentsexamples, the
lysosomal sulfatase enzyme polypeptide is substantially homologous (i.e., at least about 80%,
85%, 90%, 95%, 96%, 97%, 98%, or 99% identical in amino acid sequence) over a length of
at least about 25, 50, 100, 150, or 200 amino acids, or the entire length of the polypeptide, to
the native lysosomal sulfatase enzyme amino acid sequence of the human or mammalian
enzyme. In some emmbodimentscxampics, the lysosomal sulfatase enzyme is human N-
acetylgalactosamine-6-sulfatase (GALNS). The amino acid sequence of human GALNS is
set forth in SEQ ID NO: 4, of which amino acids 27 to 522 correspond to the secreted
precursor protein. In some emvedimentsexamples, this GALNS enzyme comprises or
consists of an amino acid sequence at least about 50%, 55%, 60%, 65%, 70%, 75%, 80%,
85%, 90%, 95%, 96%, 97%, 98%, or 99% identical to amino acids 27 to 522 of SEQ ID NO:
4, or a sequence identical to amino acids 27 to 522 of SEQ ID NO: 4. The GALNS enzyme
preferably retains the catalytic site amino acids corresponding to the Cys at position 53 of the

secreted precursor protein (amino acid 79 of SEQ ID NO: 4), which is capable of being



converted to Co~formylglycine. The GALNS enzyme may also retain other amino acids in
the active site cavity, including at least 1, 2, 3, 4, 5, 6, 7, 8 or all of the charged amino acids:
Asp288, Asn289, Asp39, AspS4, His236, Lys140, His142, Lys310 and the a-helix: Arg83.
Sukegawa, Human Molecular Genetics, 2000, Vol. 9, No. 9 1283-1290, incorporated herein
by reference in its entirety, describes additional mutations that decrease GALNS activity in
patients and correlates the severity of various mutations to their respective 3-dimensional

, the subject to which the

location within the enzyme. In other embedimentseramples

lysosomal sulfatase enzyme is to be administered is human.

[0017] In preferred-embodimentsone example, the lysosomal sulfatase enzyme is a highly
phosphorylated recombinant human lysosomal sulfatase enzyme produced by an endosomal
acidification-deficient cell line, e.g., a CHO-derived END3 complementation group cell line.
An END3 complementation group cell line is any modified CHO cell line that retains the

properties of an END3 complementation group cell line, such as defective endosomal
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acidification. In e-preferred-embodimnentone example, the CHO-derived END3
complementation group cell or derivative thereofis a G71 cell line, a G718 cell line, or a G71
or G718 derivative. Alternatively, the lysosomal sulfatase enzyme may be produced by any
host cell, e.g., any CHO cell or CHO cell-derived line, cultured under conditions that permit
expression and secretion of highly phosphorylated recombinant lysosomal sulfatase enzyme
at relatively high yield, e.g., in amounts of at least about 0.5, at least about 0.753, at least about

1.0, or at least about 1.25 picograms/cell/day.

[0018] In morepreferred-embeodisnentsone example, the recombinant human lysosomal
sulfatase enzyme has a high level of phosphorylated oligosaccharides (i.e., greater than about
0.25, preferably greater than 0.5, and more preferably greater than about 0.75 bis-

phosphorylated oligomannose chains per protein chain).

[0019] In some embodimentsexamples, the mvestioapresent disclosure provides a

recombinant human lysosomal sulfatase enzyme, e.g., GALNS, with a specified high level of
phosphorylated oligosaccharides. For example, the lysosomal sulfatase enzyme has from 0.5
to 1.0 bis-phosphorylated oligomannose chains per monomeric protein chain, or from 0.5 to
0.9 bis-phosphorylated oligomannose chains per monomeric protein chain, or from 0.5 to 0.8
bis-phosphorylated oligomannose chains per monomeric protein chain, or from 0.5 to 0.75
bis-phosphorylated oligomannose chains per monomeric protein chain, or from 0.54 to 0.75
bis-phosphorylated oligomannose chains per monomeric protein chain. Other similar ranges
are contemplated, e.g., at least 0.4, 0.45, 0.5, 0.55, 0.6 or 0.65 bis-phosphorylated
oligomannose chains per monomeric protein chain, up to 0.7, 0.75, 0.8, 0.85, 0.9, 0.95, 0.98,
or 1.0 bis-phosphorylated oligomannose chains per monomeric protein chain, or any
combination of any of these numbers. In prefewed-embadiraentsone cxample, the enzyme is

a recombinant human N-acetylgalactosamine-6-sulfatase (GALNS), e.g., of SEQ ID NO: 4.

[0020] In some embedimentsezamples, the recombinant human lysosomal sulfatase
enzyme has a high percentage (i.e., at least about 50%, 55%, 60%, or 65%, preferably at least
about 70%, 75%, 80%, 85%, 90%, or 95%) of conversion of the active site cysteine residue
to Co-formylglycine (FGly). In preferred embeodimentsexamples, the enzyme is an active

recombinant uman N-acetylgalactosamine-6-sulfatase (GALNS) and the active site cysteine

residue is the Cys at position 53 (position 79 of SEQ ID NO: 4).

[0021] In particular emsbedimentsexamples, the recombinant human lysosomal sulfatase enzyme

has a high level of phosphorylated oligosaccharides, e.g., any of the ranges or levels of bis-



phosphorylated oligomannose chains per monomeric protein chain described herein, together
with a high percentage of conversion of the active site cysteine residue to C,-formylglycine
(FGly), e.g., any of the percentages described herein. In preferred smbedimentsexamples, the
enzyme is an active highly phosphorylated recombinant human N-acetylgalactosamine-6-
sulfatase (GALNS), e.g., of SEQ ID NO: 4.

[0022] In any of the preceding embedimentsexamples, at least 99.5%, at least 99%, at least
98.5%, at least 98%, at least 97%, at least 95%, at least 90%, at least 85%, at least 80%, at
least 75%, at least 70%, or at least 65% of the recombinant human lysosomal sulfatase
enzyme, e.g., GALNS (SEQ ID NO: 4), is in the precursor form as determined by Coomassie
Blue staining when subjected to SDS-PAGE under reducing conditions or by SDS-capillary
gel electrophoresis (SDS-CGE).

[0023] In addition, the lysosomal sulfatase enzyme, e.g., GALNS (SEQ ID NO: 4),
optionally also exhibits a specific activity that is at least about 30% (e.g., 35%, 40%, 45%,
50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, 2-fold, 2.5-fold, 3-fold, 4-fold, 5-
fold, 10-fold, 15-fold, 20-fold, 30-fold, 40-fold or 50-fold) greater than the specific activity of
a control lysosomal sulfatase enzyme of the same amino acid sequence that has been
produced in host cells (e.g., CHO cells or CHO-derived cells) that do not express

recombinant human SUMF1.

[0024] In any of the preceding embeodirsentsexamples, the lysosomal sulfatase enzyme
described, e.g., GALNS (SEQ ID NO: 4), exhibits a specific uptake (Kuptake) into
fibroblasts that is about 0.1 to 10 nM, or about 0.1 to 7 nM, or about 0.5 to 5 nM, or about 1
to 5 nM, or about 1 to 3.5 nM, about 1 nM, about 1.5 nM, about 2 nM, about 2.5 nM, about 3

oM or about 3.5 nM, or any combination of any of these numbers.

[0025] In any of the preceding embedimentsexamples, at least about 50%, at least about
55%, at least about 60%, at least about 65%, at least about 70%, at least about 75%, or at
least about 80% of the recombinant human lysosomal sulfatase enzyme, e.g., GALNS (SEQ

ID NO: 4), binds a mannose-6-phosphate receptor column.

[0025a] I one aspeet, there is provided a formulation comprising

{2} recombinant human N-acetyloalactosamine-6-sulfatase (GALNS) enzyme

purified as defined herein, said GALNS enzvime comprising an amine acid sequence at least

959% identical to amino acids 27 10 522 of SEQ 1D WO:4, and




(i) havine a purity of at least about 95% as determined by Coomassie

Blue staining when subjected to SDS-PAGE under non-reducing conditions,

{11) having at least about 50% conversion of the cvsieine residue at

position 53 to C-formylglycine (FGly). and

{ii1} having between 0.5 to 0.8 bis-phosphorviated onlicomannose

chains per monomeric protein chain,

wherein at least 98% of said GALNS enzvme 18 in the nrecursor form

as determined by SDS-CGE. and

(b} one or more pharmaceutically acceptable carriers, diluents or excipients

COMPrising:

(i} an amount of phosphate bulfer effective to reduce

dephosphorviation of said GALNS enzvine: and

{11} a stabilizing amount of one or more stabilizers selected from the

groun consisting of amine acid salts, amino acid buffers, surfactants

and polvols;

wherein said formulation is at a pH of about 5.0-5.8.

[0026] According to this aspect, purified preparations of any of these
embodimentscxamples of the lysosomal sulfatase enzyme are provided in which the
lysosomal sulfatase enzyme component, e.g., GALNS (SEQ ID NO: 4) has a purity of at least
about 90%, 95%, 97%, 98%, or 99% as determined by Coomassie Blue staining when
subjected to SDS-PAGE under non-reducing conditions or by another method of determining
purity (e.g., SDS-PAGE under

9z



reducing or non-reducing conditions followed by staining with Coomassie Blue or silver, or
chromatographic separation by HPLC, including C4 reverse phase (RP) or C3 RP), or size
exclusion chromatography (SEC)). In some embedimentsexamples, a significant amount of
the lysosomal sulfatase enzyme component of the purified preparation is in the secreted
precursor form (e.g., at least 65%, 70%, 75%, 80%, 85%, 90%, 95%, 97%, 98%, 98.5%, 99%
or 99.5% precursor), as determined by Coomassie Blue staining when subjected to SDS-
PAGE under reducing conditions or by another method of detecting precursor (e.g., SDS-
PAGE under reducing conditions with Coomassie Blue or silver staining, or chromatographic
separation by HPLC (e.g., C4 reverse phase (RP), C3 RP) or size exclusion chromatography
(SEC), or a combination of electrophoretic separation and chromatographic separation, e.g.,

SDS-PAGE followed by capillary gel electrophoresis (SDS-CGE)).

[0027] In particular embedimentsexamnles, the lysosomal sulfatase enzyme component of
the purified preparation has a high level of phosphorylated oligosaccharides, e.g., any of the
ranges or levels of bis-phosphorylated oligomannose chains per monomeric protein chain
described herein, together with a high percentage of conversion of the active site cysteine

residue to Co-formylglycine (FGly), e.g., any of the percentages described herein. In more

particular embedimentscxamples, the purified preparation has a Kuptake as described herein.

U LARS

[0028] In related aspects, the isventienpresent disclosure provides sterile compositions

containing any of the lysosomal sulfatase enzyme or purified preparations described herein,
together with a sterile pharmaceutically acceptable diluent, carrier and/or excipient. Such
sterile compositions may take the form of solutions or lyophilized powder, optionally in vials,

that may be reconstituted by the addition of sterile diluent.

[0029]  Also disclosed isln-o-fourth-aspect-thetnvention-provides a method to purify

recombinant human lysosomal sulfatase enzymes produced by the methods of the present
inventiondisclosure. In a preferred embodimentexample, lysosomal sulfatase enzymes are
purified using a two-column process (dye-ligand chromatography, e.g., Blue-Sepharose, and
cation exchange chromatography, e.g., SE Hi-Cap) comprising at least five purification steps: (1)
filtering the harvest, i.e., culture medium from an END3 complementation group CHO cell line or
derivative thereof that expresses human sulfatase modifying factor 1 (SUMF1) and the
recombinant human lysosomal sulfatase enzyme; (2) pH adjusting the filtered harvest to pH 4.5
(to induce precipitation of contaminating proteins); (3) loading the pH-adjusted filtered harvest
onto a dye-ligand column, e.g., Blue-Sepharose column, washing the column and eluting the

lysosomal sulfatase enzyme from the column; (4) loading the eluate from the dye-ligand

10



column onto a cation exchange column, e.g., SE Hi-Cap column, washing the column and
eluting the lysosomal sulfatase enzyme from the column; and (5) ultrafiltrating and
diafiltrating the eluate from the cation exchange. Optionally, the filtered harvest in step (1) is
concentrated 10-20 fold by ultrafiltration before adjusting the pH. Optionally, the
ultrafiltrated and diafiltrated lysosomal sulfatase enzyme in step (5) is formulated in a
formulation buffer. In a-pasticulsslyv-preferred-embeodiraentone cxample, the lysosomal
enzyme is a recombinant human N-acetylgalactosamine-6-sulfatase (GALNS).

.

291 In one aspect. there is provided a method of purifving a recombinant human

N-acetvigalactosamine-6-sulfatase (GALNS) enzvme, said GALNS enzvme comprising an

amino acid sequence at least 95% identical fo amino acids 27 10 322 of SEQ 1D NO:4

wherein said GALNS enzvme:

(1} has a purity of at least about 95% as determined by Coomassie Blue

staining when subiected to SDS-PAGE under non-reducing conditions,

(i) has at least gbout 50% conversion of the cysteine residue at position 53 to

Co-formylglveine (FGlv), and

{111 has berween 0.5 to 0.8 bis-phosrhorviated olisomannose chains per

. ot .
TV OFLOSEYE O MITAOYEOTTE S A
IGOnomMorIe Prowein Onain,

and wherein at least 98% of said GALNS enzvme is in the precursor form as

determined by SDS-CGE. comprising:

3} filtering a culture medium containing the GALNS enzvme secreted from a

mammalian cell lne that expresses human sulfatase modifving factor |

{(SUMFL) and the recombinant human GALNS envvme

ultrafiltering/diafiltering the filtered culture medium, whereby the

ultrafiltered/diafiltered culture medium is concentrated about 20X, and

charcoal [iltering the 20 X concentrated ultrafiltered/drafiltered culiure

medium;

b loading the charcoal filtered 20X ultrafiltercd/dialfilicred culture medium

from step a) onto a Zn-chelating Sevharose FF capture column, washing the

column under conditions such that the GALNS enzvime is retained on the

column, and eluting the GALNS enzvme from the column:

¢} optionally, filterine the cluate from the Zn-chelating Sepharose FEF canture

column in sten b) throush 2 filter fo remove viruses:

11



) adiusting the nH of the eluate from the Zn-chelating Sepharose FF capture

column from step bl or the filtrate from step ¢} to about pH 4.5 0.1, and

"

filtering the pH 4.5-adiusted eluate from the Zn-chelating Sepharose Fi

capture column or filtrate;

e} loading the pH 4.5-adiusted eluate from the Zn-chelating FF capture column

or filtrate from step d) onte a Fractogel EMD SE Hi-Cap cation exchange

column, washine the columm under conditions such that the GALNS enzvme

is retained on the column., and cluting the GALNS enzvme from the columng

) adiustine the nH of the eluate from the Fractogel EMD SE Hi-Cap cation

exchange column from step ¢) to about pH 3.5 + 0.1 for viral inactivation:

o) adinsting the nH 3.5 viral inactivated eluate from step £) to about pH 5.0,

then loading the nH 5.0-adiusted viral inactivated eluate onto 2 TovoPear]

Butyl 650 M polishing column, washing the column under conditions such

that the GALNS enzvme is retained on the column., and cluting the GALNS

enzyme from the columa:

h) buffer exchaneine the eluate from the TovoPsarl Butyl 630 M polishing

column from step g} into a formulation compnsing 20 mM NaQAd/HO A, 50

mM NaH»POq4. 30 mM arginine HCL 2% (w/v) sorbitol, pH 3.4, and adjusting

the concentration of the GALNS enzvme in the formulation to about 2 me/mbL:

i) removing any residual virus and/or DNA by filterine the buffer exchanged

formulation in step h) with 2 DV20 filter and a Mustang O filter; and

1) addinge polvsorbate 20 (PS20) to the formulation in step 1) to a final

concentration of 0.61% (wiv),

[0030] In another preferred-embeodimentexample, lysosomal sulfatase enzymes are purified
using a three-column process (capture chromatography, e.g., cation exchange SE Hi-Cap;
intermediate chromatography, e.g., dye-ligand Capto Blue, Zinc Chelating Sepharose FF or
Capto Adhere; and polishing chromatography, e.g., ToyoPearl Butyl 650M, Phenyl
Sepharose Hi-Sub or Phenyl Sepharose Low-Sub) comprising at least five purification steps:
(1) ultrafiltering the harvest, i.e., culture medium from an END3 complementation group
CHO cell line or derivative thereof that expresses human sulfatase modifying factor 1
(SUMF1) and the recombinant human lysosomal sulfatase enzyme, by, e.g., Sartocon
Cassettes, (30 kDa, Hydrosart); (2) pH adjusting the filtered harvest to pH 4.5 (to induce

precipitation of contaminating proteins); (3) loading the pH-adjusted filtered harvest onto a



capture column, e.g., Fractogel EMD SE Hi-CAP (M) cation exchange, washing the column
and eluting the lysosomal sulfatase enzyme from the column; (4) loading the eluate from the
capture column onto an intermediate column, e.g., dye-ligand Capto Blue, Zinc Chelating
Sepharose FF or Capto Adhere, washing the column and eluting the lysosomal sulfatase
enzyme from the column; and (5) loading the eluate on a polishing column, e.g., ToyoPearl
Butyl 650M, Phenyl Sepharose Hi-Sub or Phenyl Sepharose Low-Sub, washing the column
and eluting the lysosomal sulfatase enzyme from the column. The eluted lysosomal sulfatase
enzyme from step (5) is formulated in a formulation buffer. Optionally, the eluted lysosomal
sulfatase enzyme from step (5) is ultrafiltrated and then formulated in a formulation buffer.
Optionally, the lysosomal sulfatase enzyme from the column in step (4) is exposed to pH 3.5
for low pH viral inactivation prior to loading onto the polishing column in step (5). In &
parbienlarb-preferred-embeodimentone cxample, the lysosomal sulfatase enzyme is a

recombinant human N-acetylgalactosamine-6-sulfatase (GALNS).

[0031] In another sreferred-embodimentexample, lysosomal sulfatase enzymes are purified
using a different three-column process {capture or immobilized metal affinity
chromatography (IMAC), e.g., dye-ligand Capto Blue, Zinc Chelating Sepharose FF or Capto

dhere;
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intermediate chromatography, e.g., Fractogel EMD SE Hi-Cap cation exchange; and
polishing chromatography, e.g., ToyoPear] Butyl 650M, Phenyl Sepharose Hi-Sub or Phenyl
Sepharose Low-Sub) designed to reduce proteolytic digestion (i.e., clipping) of the lysosomal
sulfatase enzyme comprising at least six purification steps: (1) filtering the harvest, i.e.,
culture medium from a mammalian cell line, e.g., an END3 complementation group CHO
cell line or derivative thereof, that expresses human sulfatase modifying factor 1 (SUMF1)
and the recombinant human lysosomal sulfatase enzyme, ultrafiltering/diafiltering the filtered
harvest by, e.g., Sartocon Cassettes (30 kDa, Hydrosart), resulting in a concentrated filtered
harvest, e.g., 20X concentrated, and charcoal filtering the concentrated filtered harvest; (2)
loading the charcoal filtered, concentrated harvest onto a capture or IMAC column, e.g., dye-
ligand Capto Blue, Zinc Chelating Sepharose FF or Capto Adhere, washing the capture
column under conditions such that the lysosmal sulfatase enzyme is retained on the capture
column, and eluting the lysosomal sulfatase enzyme from the capture column; (3) optionally,
filtering the eluate from the capture column with a filter, e.g., a Mustang Q filter, for removal
of viruses; (4) adjusting the pH of the eluate or filtered eluate from the capture column to an
acid pH, e.g., pH 4.5 + 0.1, then filtering the acid pH-adjusted eluate or filtered eluate from
the capture column; (5) loading the filtered, acid pH-adjusted eluate or filtered eluate from
the capture column onto an intermediate column, e.g., Fractogel EMD SE Hi-CAP cation
exchange column, washing the intermediate column under conditions such that the lysosomal
sulfatase enzyme is retained on the intermediate column, and eluting the lysosomal sulfatase
enzyme from the intermediate column; (6) adjusting the pH of the eluate from the
intermediate column to low pH, e.g., pH 3.5 + 0.1, for viral inactivation; and (7) loading the
low pH viral inactivated eluate from the intermediate cation exchange column onto a
polishing column, e.g., hydrophobic interaction chromatography (HIC) column, e.g.,
ToyoPearl Butyl 650M, Phenyl Sepharose Hi-Sub or Phenyl Sepharose Low-Sub, washing
the polishing column under conditions such that the lysosomal sulfatase enzyme is retained
on the polishing column, and eluting the Iysosomal sulfatase enzyme from the polishing

column. In s-preferred-embedimentone cxample, step (3) is included in the purification process. In

&

another preferred-¢ i example, step (3) is omitted in the purification process. Optionally, (8)
the eluted lysosomal sulfatase enzyme from step (7) is buffer exchanged into a formulation,

e.g., including but not limited to those formulations described herein, such as 20 mM

NaOAc¢/HOAc, 50 mM NaH,PQOy, 30 mM arginine HCL, 2% (w/v) sorbitol, pH 5.4, and the
concentration of the eluted lysosomal sulfatase enzyme in the formulation is adjusted to an

appropriate concentration, e.g., 3 mg/mlL; (9) any residual virus and DNA present in the
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formulation of purified lysosomal sulfatase enzyme are removed by filtering through a viral
filter and a DNA filter; and (10) a non-ionic surfactant, e.g., polysorbate 20 (PS20 or Tween-
20), 1s added to the formulation of purified lysosomal sulfatase enzyme. The final
formulation of purified lysosomal sulfatase enzyme (the Bulk Drug Substance) is stored at 2-
included in the purification process. In a-pasticularh-preferred-embodinentone example, the
lysosomal sulfatase enzyme is recombinant human N-acetylgalactosamine-6-sulfatase
(GALNS).

[0032] In some embodimentsexamnples, the harvest is collected in step (1) at a pH of about
6.5. In some embeodimentsexamples, the charcoal filter in step (1) is a Zeta Plus R55

Activated Carbon filter. In some embedimentsexamples, the capture column in step (2) is a

(2) or (3) is adjusted in step (4) to about 4.5 + 0.1. In some embeodimentsexamples, the
intermediate column in step (5) is a cation exchange column. In some
embodimentsexamples, the cation exchange column is a Fractogel EMD SE Hi-Cap column.
In some embedimentsexamples, the low pH of the eluate from the intermediate column from
step (6) is adjusted in step (6) to about 3.5 £ 0.1. In some embedimentsexamples, the

feg

polishing column in step (7) is a hydrophobic interaction chromatography (HIC) column. In

some embodimentsexamples, the HIC column is a ToyoPear]l Butyl 650M column.

[0633] In some embodimentsexamples, the formulation comprises 20 mM NaOAc/HOAc,
50 mM NaH,PCOy4, 30 mM arginine HCL, 2% (w/v) sorbitol, pH 5.4. In some
embodimmentsexamples, the non-ionioc surfactant is polysorbate 20 (PS20). In some
asmbedimentsexamples, the concentration of lysosomal sulfatase enzyme in the formulation is
adjusted to about 3 mg/mL. In some embodimentsexamples, the viral filter is a DV20 filter
and the DNA filter is a Mustang Q filter. In some embodimentscxamples, the non-ionic
surfactant added to the formulation is polysorbate 20 (PS20) to a final concentration of 0.01%
(w/v).

1003351 In vet ancther aspect. there is provided a formulation comprising

{a) recombinant human N-acetvieglactosamine-6-sulfatase (GALNS) ¢nzvme

purified as defined above, said GALNS enzvine comprising an amino acid seguence at least

95% identical to amino acids 27 10 322 of SEOQ 1D NO:4 and
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(1) having a purity of at least about 95% as determined by Coomassie

Blue staining when subiected to SDS-PAGE under non-reducing conditions,

(i1} having at least sbout 50% conversion of the cysteine residue at

position 53 to C,-formylglyeine (FGly), and

{iii) having between 0.5 to 0.8 bis-phosphorvlated glicomannose

chains per monomeric protemn chain,

wherein at least 98% of said GALNS enzvme is in the precursor form

as determined by Coomassic Blue staining when subijected 10 SDS-PAGE

under reducing conditions, and

(b} one or more pharmaceutically acceptable carriers, diluents or excipients

comprising:

(i} NaQAc/HOAc and NaH,POy as buffering agents, wherein the

concentration of NaOAc/HOAc is about 20 +/- 10 mM and the concentration

of NaH PO 1s about 30 +/-25 M

{11} Arginine HCL Tween-20 and sorbitol as stabilizers. wherein the

concentration of Areinine HCT is about 30 +/- 20 mM. the concentration of

Tween-20 is about 0,01% +/- 0.005% (w/v) and the concentration of sorbitol s

about 2.0% +/- 1.0% (w/v) and

(111} a nH of gbout 5.4 +/- 0.4,

[0034]  Also disclosed istea-fifthaspe

s¢ a purified preparation of

active highly phosphorylated recombinant human N-acetylgalactosamine-6-sulfatase
(GALNS) or biologically active mutant, variant or derivative thereof useful for treating a
subject suffering from a lysosomal storage disease that is caused by (e.g.,
Mucopolysaccharidosis type IVa (MPS IVa) or Morquio A syndrome) or associated with
(e.g., Multiple Sulfatase Deficiency (MSD)) a deficiency in the GALNS enzyme. Ina
preferredembedimentone example, the purified preparation of active highly phosphorylated
recombinant human GALNS has a GALNS



enzyme component having: (a) a purity of at least about 90%, 95%, 97%, 98%, or 99% as
determined by Coomassie Blue staining or silver staining when subjected to SDS-PAGE
under non-reducing conditions; (b} at least about 80%, 85%, 90%, or 95% conversion of the
cysteine residue at position 53 to C,-formylglycine (FGly) (position 79 of SEQ ID NO: 4);
(c) N-linked glycosylation at the asparagine residues at positions 178 and 397, wherein some
of the oligomannose chains attached to the asparagine residue at position 178 are bis-
phosphorylated; (d) from 0.5 to 1.0, or from 0.5 to 0.9, or from 0.5 to 0.8, or from 0.5 to 0.75,
or from 0.54 to 0.75 bis-phosphorylated oligomannose chains per monomeric protein chain
(e.g., at least 0.4, 0.45, 0.5, 0.55, 0.6, or 0.65 and up to 0.7, 0.75, 0.8, 0.85, 0.9, 0.95, 0.98, or
1.0 bis-phosphorylated oligomannose chains per monomeric protein chain, or any
combination of any of these numbers); and () at least 65%, or at least 70% (e.g., at least
75%, 80%, 85%, 90%, 95%, 97%, 98%, 98.5%, 99% or 99.5%) of the GALNS enzyme is in
the precursor form as determined by Coomassie Blue staining when subjected to SDS-PAGE
under reducing conditions or by SDS-capillary gel electrophoresis (SDS-CGE). In addition,
the GALNS enzyme may optionally also (f) exhibit a specific activity that is at least about
30% (e.g., 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, 2-fold,
2.5-fold, 3-fold, 4-fold, 5-fold, 10-fold, 15-fold, 20-fold, 30-fold, 40-fold or 50-fold) greater
than the specific activity of a control GALNS enzyme of the same amino acid sequence that
has been produced in host cells (e.g., CHO cells or CHO-derived cells) that do not express
recombinant human SUMF1. Optionally, the GALNS enzyme exhibits a specific uptake
{Kuptake) into fibroblasts that is about 0.1 to 10 nM, or about 0.1 to 7 nM, or about 6.5 t0 5
oM, or about 1 to 5 nM, or about 1 to 3.5 nM, about 1 nM, about 1.5 nM, about 2 nM, about

2.5 nM, about 3 nM or about 3.5 nM, or any combination of any of these numbers.

[0035] The purified, active highly phosphorylated recombinant human GALNS consists of
a major band of about 55-60 kDa (i.e., precursor human GALNS being at least about 75%, or
at least 80%, preferably at least about 85%, more preferably at least about 90%, and even
more preferably at least about 95%, at least 97%, at least 98%, at least 98.5%, at least 99%,
or at least 99.5% of the visible proteins) and minor bands at ~39 kDa and ~19 kDa (i.e.,
mature or processed human GALNS being less than about 25%, less than about 20%,
preferably less than about 15%, more preferably less than about 10%, and even more
preferably less than about 5%, less than about 3%, less than about 2%, less than about 1.5%,
less than about 1% or less than about 0.5% of the visible proteins) when subjected to SDS-

PAGE under reducing conditions, or as determined by SDS-CGE. In ones-particulart-preferred
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embodimentexample, the purified, active highly phosphorylated recombinant human GALNS
consists essentially of a single band of about 55-60 kDa (i.e., precursor human GALNS) when
subjected to SDS-PAGE under reducing conditions, or as determined by SDS-CGE. In one
ermbedimentexample, the purified, active highly phosphorylated recombinant human GALNS is
useful for treating MPS IVa or Morquio A syndrome. In one embedimentgxample, the purified,
active highly phosphorylated recombinant human GALNS is useful for treating MSD.

[0036] Also disclosed isls-a-sinth-aspect

caused all or in part by deficiency, or are associated with a deficiency, of a lysosomal sulfatase

~vides a method of treating diseases

enzyme. The method comprises administering a therapeutic recombinant human lysosomal
sulfatase enzyme produced by the methods of the present investiondisclosure, wherein the
lysosomal sulfatase enzyme binds to an MPR receptor and is transported across the cell

membrane, enters the cell and is delivered to the lysosomes within the cell.

[0037] In one embodimentexample, the method comprises treating a subject suffering from
a deficiency of a lysosomal sulfatase enzyme comprising administering to the subject in need
thereof a therapeutically effective amount of said lysosomal sulfatase enzyme, wherein said
lysosomal sulfatase enzyme is a recombinant human lysosomal sulfatase enzyme or
biologically active fragment, mutant, variant or derivative thereof produced by a CHO-
derived END3 complementation group cell or a derivative thereof. In some

human lysosomal sulfatase enzyme, or a biologically active fragment, mutant, variant or
derivative thereof, alone or in combination with a pharmaceutically acceptable carrier, diluent

or excipient. Preferred-embodimentsSome examples include optimizing the dosage to the

needs of the subjects to be treated, preferably mammals and most preferably humans, to most

effectively ameliorate the deficiency of the lysosomal sulfatase enzyme.

[0038] Such therapeutic lysosomal sulfatase enzymes are particularly useful, for example,
in the treatment of patients suffering from lysosomal storage diseases caused by a deficiency
of a Iysosomal sulfatase enzyme, such as patients suffering from Metachromatic
Leukodystrophy or MLD, Mucopolysaccharidosis type VI (MPS VI) or Maroteaux-Lamy
syndrome, Mucopolysaccharidosis type II (MPS II) or Hunter syndrome,
Mucopolysaccharidosis type HlIa (MPS Iila) or Sanfilippo A syndrome,
Mucopolysaccharidosis type 1IId (MPS 1IId) or Sanfilippo D syndrome, and

Mucopolysaccharidosis type IVa (MPS 1Va) or Morquio A syndrome. In apariie
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and the lysosomal sulfatase enzyme is recombinant human N-acetylgalactosamine-6-sulfatase

(GALNR). In yet other ermbedimentsoxamples, the sventionpresent disclosure also provides

pharmaceutical compositions comprising the deficient lysosomal sulfatase enzyme causing

the lysosomal storage disease and a pharmaceutically acceptable carrier, diluent or excipient.

[0039] In another emsbeodimentoxample, the method comprises treating a subject suffering
from a lysosomal storage disease that is associated with a deficiency in one or more
lysosomal sulfatase enzymes comprising administering to the subject in need thereof a
therapeutically effective amount of a lysosomal sulfatase enzyme, wherein said lysosomal
sulfatase enzyme is a recombinant human N-acetylgalactosamine-6-sulfatase (GALNS) or
biologically active fragment, mutant, variant or derivative thereof produced by a CHO-
derived END3 complementation group cell or a derivative thereof. In some
emboaimentsexamples, the method comprises administering therapeutic recombinant human
GALNS enzyme or a biologically active fragment, mutant, variant or derivative thereof alone
or in combination with a pharmaceutically acceptable carrier, diluent or excipient. In e
Sulfatase Deficiency (MSD).

one example, the lysosomal storage disease is Multiple

16040]  In particslarlyprefered-embedimentsanother example, the CHO-derived END3
complementation group cell or a derivative thereof is a G71 cell line, a G718 cell line or a

G71 or G718 derivative thereof,

[06041] In still another embedimenicxample, the present inventiendisclosure provides for a
method of enzyme replacement therapy by administering a therapeutically effective amount
of lysosomal sulfatase enzyme to a subject in need of the enzyme replacement therapy,
wherein the cells of the patient have lysosomes which contain insufficient amounts of the
lysosmal sulfatase enzyme to prevent or reduce damage to the cells, whereby sufficient
amounts of the lysosomal sulfatase enzyme enter the lysosomes to prevent or reduce damage
to the cells. The cells may be within or without the CNS or need not be set off from the
blood by capillary walls whose endothelial cells are closely sealed to diffusion of an active

agent by tight junctions.

[0042]  In a particular embedimentexample, the isvessionpresent disclosure provides compositions and

pharmaceutical compositions comprising an active recombinant human lysosomal sulfatase
enzyme having a biological activity which is reduced, deficient, or absent in the target
lysosome and which is administered to the subject. Preferred active human lysosomal

sulfatase enzymes include, but are not limited to, arylsulfatase A, arylsulfatse B, iduronate-2-
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sulfatase, sulfamidase/heparan-N-sulfatase, N-acetylglucosamine-6-sulfatase, and N-
acetylgalactosamine-6-sulfatase. In a-preferred-embodimentone example, N-

acetylgalactosamine-6-sulfatase is the active recombinant human lysosomal sulfatase enzyme.

[0043] In spreferred-embodimentong example, the imventionpresent disclosure provides a method

of treating a subject suffering from MPS IVa or Morquio A syndrome, or MSD, by administering to the
subject a therapeutically effective amount of any of the recombinant human N-acetylgalactosamine-6-

sulfatase (GALNS), purified preparations and/or sterile compositions described herein.

[0044] In s-merepreferred-embeodimentone cxample, the inventionpresent disclosure

provides a method of treating a subject suffering from MPS IVa or Morquio A syndrome, or
MSD, by administering to the subject a therapeutically effective amount of recombinant
human N-acetylgalactosamine-6-sulfatase (GALNS) produced by END3 complementation
group cells, wherein the recombinant human GALNS has a high level of conversion of the
active site cysteine residue to Co-formylglycine (FGly) (i.e., at least about 50%, preferably at
least about 70%, more preferably at least about 90%, even more preferably at least about 95%
conversion), and high levels of phosphorylation (i.e., greater than about 0.25, preferably
greater than 0.5, and more preferably greater than about 0.75 bis-phosphorylated

oligomannose chains per protein chain).

o |

[0045]  In spastonkibopisie smbedimentone example, the imventienpresent disclosure

provides a method of treating a subject suffering from MPS IVa or Morquio A syndrome, or
MSD, by administering to the subject a therapeutically effective amount of a purified, active
highly phosphorylated recombinant human GALNS preparation that has a GALNS enzyme
component having: (a) a purity of at least about 90%, 95%, 97%, 98% or 99% as determined
by Coomassie Blue staining or silver staining when subjected to SDS-PAGE under non-
reducing conditions; (b) at least about 80%, 85%, 90% or 95% conversion of the cysteine
residue at position 53 to Cy-formylglycine (FGly) (position 79 of SEQ ID NO: 4); (c) from
0.5 to 1.0, or from 0.5 to 0.9, or from 0.5 to 0.8, or from 0.5 to 0.75, or from 0.54 to 0.75 bis-
phosphorylated oligomannose chains per monomeric protein chain (e.g., at least 0.4, 0.45,
0.5, 0.55, 0.6 or 0.65 and up to 0.7, 0.75, 0.8, 0.85, 0.9, 0.95, 0.98, or 1.0 bis-phosphorylated
oligomannose chains per monomeric protein chain, or any combination of any of these
numbers); and (d) at least 65%, or at least 70% (e.g., at least 75%, 80%, 85%, 90%, 95%,
97%, 98%, 98.5%, 99% or 99.5%) of the GALNS enzyme is in the precursor form as
determined by Coomassie Blue staining when subjected to SDS-PAGE under reducing
conditions or by SDS-capillary gel electrophoresis (SDS-CGE). In addition, the GALNS

enzyme may optionally also (e) exhibit
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a specific activity that is at least about 30% (e.g., 35%, 40%, 45%, 50%, 55%, 60%, 65%,
70%, 75%, 80%, 85%, 90%, 95%, 2-fold, 2.5-fold, 3-fold, 4-fold, 5-fold, 10-fold, 15-fold,
20-fold, 30-fold, 40-fold or 50-fold) greater than the specific activity of a control GALNS
enzyme of the same amino acid sequence that has been produced in host cells (e.g., CHO
cells or CHO-derived cells) that do not express recombinant human SUMF1. Optionally, the
GALNS enzyme exhibits a specific uptake (Kuptake) into fibroblasts that is about 0.1 to 10
nM, or about 0.1 to 7 nM, or about 0.5 to 5 nM, or about 1 to 5 nM, or about 1 to 3.5 nM,
about 1 nM, about 1.5 nM, about 2 nM, about 2.5 nM, about 3 nM or about 3.5 nM, or any

combination of any of these numbers.

[0046] The purified, active highly phosphorylated recombinant human GALNS consists of
a major band of about 55-60 kDa (i.e., precursor human GALNS being at least about 75%, or
at least about 80%, preferably at least about 85%, more preferably at least about 90%, and
even more preferably at least about 95%, at least about 97%, at least about 98%, at least
about 98.5%, at least about 99% or at least about 99.5% of the visible proteins) and minor
bands at ~39 kDa and ~19 kDa (i.e., mature or processed human GALNS being less than
about 25%, or less than about 20%, preferably less than about 15%, more preferably less than
about 10%, and even more preferably less than about 5%, less than about 3%, less than about
2%,1ess than about 1.5%, less than about 1% or less than about 0.5% of the visible proteins)
when subjected to SDS-PAGE under reducing conditions, or as determined by SDS-CGE. In
s-mrore-parbeularbr-preferred-embedimentone example, the purified, active highly
phosphorylated recombinant human GALNS consists essentially of a single band of about 55-
60 kDa (i.e., precursor human GALNS) when subjected to SDS-PAGE under reducing
conditions, or as determined by SDS-CGE.

[0047] In some embodimentsexamples, the subject is suffering from MPS IVa or Morquio
A syndrome. In some embedimentsexamples, the subject is suffering from MSD.

[0048] Corresponding use of active highly phosphorylated lysosomal sulfatase enzymes of

the iswentionpresent disclosure, which are preferably produced by methods of the

wwentonpresent disclosure, in preparation of a medicament for the treatment of the

lysosomal storage diseases described above is also contemplated.

[0049]  Also disclosed archwaseventh-aspes

s
PR ¥ Sy

pharmaceutical compositions comprising an active highly phosphorylated recombinant
human lysosomal sulfatase enzyme as described hereinabove which is useful for treating

diseases caused all or in part by, or are
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associated with, the deficiency in such lysosomal sulfatase enzyme, and one or more
pharmaceutically acceptable carriers, diluents or excipients. In e-preferred-emboedimentone
example, the pharmaceutical composition comprises an active highly phosphorylated
recombinant human N-acetylgalactosamine-6-sulfatase (GALNS) or biologically active

fragment, mutant, variant or derivative thereof produced by the methods of the

mventionpresent disclosure and one or more pharmaceutically acceptable carriers, diluents or
excipients. Such pharmaceutical compositions may be suitable for administration by several
routes such as intrathecal, parenteral, topical, intranasal, inhalational or oral administration.
In a-preferred-embodimentone example, the pharmaceutical compositions are suitable for
parenteral administration. Within the scope of this aspest-are-emboadimentsexamples
featuring nucleic acid sequences encoding the full-length lysosomal sulfatase enzymes or
fragments, mutants, variants or derivatives thereof, which may be administered in vivo into

cells affected with a lysosomal enzyme deficiency.

I [0050] In a-merepreferved-embeodimentone example, the pharmaceutical composition
comprises an active highly phosphorylated recombinant human N-acetylgalactosamine-6-
sulfatase (GALNS) or biologically active fragment, mutant, variant or derivative thereof

{ produced by the methods of the #ventionpresent disclosure and one or more

pharmaceutically acceptable carriers, diluents or excipients in a formulation comprising one

’ or more buffering agents, and one or more stabilizers. In certain embedimentsexamples, the
composition comprises an amount of phosphate buffer effective to reduce dephosphorylation
of said GALNS enzyme; and a stabilizing amount of one or more stabilizers selected from the
group consisting of amino acid salts, amino acid buffers, surfactants and polyols; wherein

said formulation is at a pH of about 5.0-5.8.

[0051] In some emst ssexamples, the GALNS enzyme comprises an amino acid sequence at
least 95% identical to amino acids 27 to 522 of SEQ ID NO:4, and has: (i) a purity of at least

about 95% as determined by Coomassie Blue staining when subjected to SDS-PAGE under
non-reducing conditions, (ii) at least about 80% conversion of the cysteine residue at position

53 to Cy-formylglycine (FGly), and (iii) optionally, between 0.5 to 0.8 bis-phosphorylated
oligomannose chains per monomeric protein chain, wherein at least 70% of said GALNS

enzyme is in the precursor form as determined by Coomassie Blue staining when subjected to
SDS-PAGE under reducing conditions. In some enstbadientsexamples, the GALNS enzyme is at
least 95% pure as determined by RP-HPLC. In some embedimentsexamples, at least 80%, at least

85%, at least 90%, at least 95%, at least 97%, at least 98%, at least 98.5%, at least 99% or at

least 99.5% of the GALNS enzyme is in the precursor form as determined by Coomassie
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Blue staining when subjected to SDS-PAGE under reducing conditions. In some
embodimentsexamples, at least 80%, at least 85%, at least 90%, at least 95%, at least 97%, at
least 98%, at least 98.5%, at least 99% or at least 99.5% of the GALNS enzyme is in the
precursor form as determined by SDS-capillary gel electrophoresis. In some
ernbodimentsexamples, the GALNS enzyme has at least about 90% conversion of the cysteine
residue at position 53 to C,-formylglycine (FGly). In some embedimentsexamples, between 50%
to 80% of the GALNS enzyme binds to a mannose-6-phosphate receptor column. In some
erpbodimenisgxamples, the GALNS enzyme exhibits a specific uptake (Kuptake) into fibroblasts
that is about 1 to 5 nM. In some embedinentseramples, the GALNS enzyme exhibits a specific

uptake (Kuptake) into fibroblasts that is about 1 to 3.5 nM.

[0052] The concentration of GALNS or biologically active fragment, mutant, variant or
derivative thereof in the formulation is from about 0.1 to 10 mg/mL, preferably from about

0.5 to 5 mg/mL and more preferably from about 0.5 to 1.5 mg/mL.

[0053] In certain embedimentsexamples, formulation comprises an amount of phosphate
buffer effective to reduce dephosphorylation of said GALNS enzyme. In related
erpbodimentsexamples, the phosphate buffer is NaH,POjq or its equivalent. In a further
embodimentexam

e, the formulation further comprises a second buffer. In one
srabedirsestexample the second buffer is an acetate buffer. In another embedimentexample,
the acetate buffer is NaOAc/HOAc or its equivalent. Exemplary buffers are described in

greater detail in the Detailed Description.

[0054] It is contemplated that the concentration of NaOAc/HOAc or its equivalent in the
formulation is from about 5 to 100 mM, preferably from about 5 to 50 mM, and more
preferably from about 10 to 30 mM. In a related embedimentexample, the concentration of
NaH,PO; or its equivalent in the formulation is from about 5 to 100 mM, preferably from
about 25 to 100 mM, and more preferably from about 25 to 75 mM. In certain
embedimentsexamples, the pH of the formulation is about pH 4.5-6.5, preferably about pH
5.0-6.0, and more preferably about pH 5.0-5.8.

[0055] In still another embedisnentexample, the formulation comprises a stabilizing
amount of one or more stabilizers selected from the group consisting of amino acid salts,
amino acid buffers, surfactants and polyols. In one embedimentexample, the stabilizer is an
arginine or histidine salt or buffer, optionally arginine hydrochloride. In a related
embedirentexample, the stabilizer is a polysorbate, optionally polysorbate 20. In a further
embadimentezample, the stabilizer is a trihydric
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or higher sugar alcohol, optionally sorbitol. Exemplary stabilizers are described in greater
detail in the Detailed Description.
[0056] In certain embedimentsexamples, the stabilizers are selected from Arginine HCl or

its equivalent, Tween-20 (Polysorbate 20) or its equivalent, and sorbitol or its equivalent. In

Tween-20 or its equivalent in the formulation is from about 0.001 to 1.0% (w/v), preferably
from about 0.005 to 0.2 % (w/v), and more preferably from about 0.005 to 0.015% (w/v). In
a related embodimentexample, the concentration of sorbitol or its equivalent in the
formulation is from about 0.1 to 10% (w/v), preferably from about 0.5 to 5 % (w/v), and
more preferably from about 1.0 to 3.0% (w/v). In one embedimentexample, the formulation

comprises an arginine salt or buffer, a polysorbate, and a polyol.

[0057] The isvestienpresent disclosure further provides a method of preventing

dephosphorylation of a recombinant human GALNS enzyme comprising mixing GALNS
enzyme and a phosphate buffer, to a final concentration of phosphate buffer that is between
about 25 mM and 75 mM. In exemplary-embodinentsone example, the amount of
dephosphorylation is reduced compared to a formulation of the same enzyme in 1 mM
phosphate buffer, e.g. when tested after 1 week, 2 weeks, 3 weeks, 1 month, 2 months, 3

months, 4 months, 5 months or 6 months of storage at room temperature (e.g. 25 °C).

[0S 7al In another aspect. there is provided the use of 2 commposition comprising a

nurified recombinant human N-acetvlgalactosamine-6-sulfatase {CALNS) enzvme purified as

defined above In the manufacture of a medicament for treating a subiect suffering from

Muconolvsaccharidosis tvoe Vg (PSS 1Va) or Morguio A syndrome. said GALNS enzyvme

comprising an amino acid sequence at feast 95% identical 1o aminoe acids 27 10 522 of SEQ

ID NO:4. wherein said GALNS enzvme:

(1) has a purity of at least about 95% as determined by Coomassie Blue

staining when subiected to SDS-PAGE under non-reducing conditions,

{11} has at least about 50% conversion of the ovsteine residue at nosition 53 10

C-formviglycine (FGlvy, and

{(ij1) optionally. has between 0.5 10 0.8 bis-phosphorviated oligomannose

chains per monomeric protein chain,

and wherein at least 98% of said GALNS enzvme ig in the precursor form as

determined by SDS-CGE.
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l [0058] In e-pertienlaslypreferred-embodimentone example, the pharmaceutical
composition comprises an active highly phosphorylated recombinant human N-

acetylgalactosamine-6-sulfatase (GALNS) or biologically active fragment, mutant, variant or

l derivative thereof produced by the methods of the swertisnpresent disclosure and one or
more pharmaceutically acceptable carriers, diluents or excipients in a formulation comprising
NaOAc¢/HOAc¢ and NaH,POyq as buffering agents, and Arginine HCl, Tween-20 (Polysorbate
20) and Sorbitol as stabilizers. The concentration of GALNS in the formulation is about 1.0
+/- 0.5 mg/mL. The concentration of NaOAc¢/HOAc in the formulation is about 20 +/- 10
mM, and the concentration of NaH,POy in the formulation is about 50 +/- 25 mM. The pH of
the formulation is pH 5.4 +/- 0.4. The concentration of Arginine HCl in the formulation is
about 30 +/- 20 mM. The concentration of Tween-20 in the formulation is about 0.01 +/-

0.005% (w/v). The concentration of sorbitol in the formulation is about 2.0 +/- 1.0% (w/v).



[6059] Also disclosed ists-another-aspeetH

ides a method for detecting activity of a

lysosomal sulfatase enzyme comprising (a) culturing chondrocyte cells from a patient
suffering from lysosomal sulfatase enzyme deficiency, e.g., a patient suffering from Morquio
syndrome, under conditions that promote maintenance of chondrocyte differentiation; (b)
contacting the chondrocytes with a lysosomal sulfatase enzyme that degrades keratan sulfate;
and (c) detecting levels of keratan sulfate in the cells, wherein a reduced keratan sulfate level
in cells contacted with the lysosomal sulfatase enzyme compared to cells not contacted with
the lysosomal sulfatase enzyme is indicative of lysosomal sulfatase enzyme activity. In some
smbodimentsexamples, the lysosomal sulfatase enzyme is N-acetylgalactosamine-6-sulfatase
(GALNS). In some embedimentscramples, the culturing is carried out in media comprising
insulin growth factor 1 (IGF1), transforming growth factor beta (TGF-f), transferrin, insulin
and ascorbic acid. In some embodimentsexamples, the keratan sulfate is detected by confocal
microscopy, or via binding to anti-keratan sulfate antibody. The method may be carried out
with any lysosomal sulfatase enzyme, including naturally occurring or recombinant human
enzyme, or fragments or variants thereof, including variants comprising an amino acid
sequence at least 80%, 85%, 90%, 95% or 100% identical to the precursor human enzyme,

without signal sequence, or the mature form thereof.

[6060] Also disclosed isla-vet-anstheraspest-the-inventionprovides a cell-based assay for measuring the

activity of a recombinant human lysosomal enzyme to degrade natural substrates. The
method comprises (a) culturing an isolated human cell deficient in the lysosomal enzyme
under conditions in which natural substrates for the lysosomal enzyme accumulate; (b)
contacting the cell with the lysosomal enzyme; (c) lysing the cell; (d) adding to the cell lysate
an enzyme that (i) is specific for the natural substrates, and (ii) cleaves small oligosaccharides
from the natural substrates; (e} labeling the small oligosaccharides with a detectable moiety;
(f) optionally separating the labeled small oligosaccharides; (g) detecting the labeled small
oligosaccharides; and (h) determining the activity of the lysosomal enzyme to degrade the
natural substrates by comparing (i) the amount of labeled small oligosaccharide from cells
contacted with the lysosomal enzyme with (ii) the amount of labeled small oligosaccharides
from cells not contacted with the lysosomal enzyme, wherein a reduction in (h)(i) as
compared to (h)(ii) indicates the activity of the lysosomal enzyme to degrade natural

substrates. In one embodimentexample, the small oligosaccharide is a mono-, di, or tri-saccharide. In

A it =

lysosomal enzyme is selected from the group consisting of arylsulfatase B (ARSB),
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iduronate-2-sulfatase (IDS), sulfamidase/heparin-N-sulfatase (SGSH), N-acetylglucosamine-
sulfatase (G6S) and N-acetylgalactosamine-6-sulfatase (GALNS). In some
embedimentsexamples, the lysosomal enzyme is a-L-iduronidase (IDU). In some
embodirsentsexamples, the lysosomal enzyme is acid a-glucosidase (GAA). In some
embodimentsexamples, the lysosomal enzyme is B-glucoronidase (GUSB). In some

embeodimentsexamples, the lysosomal enzyme is $-galactosidase (GLB1).

10061}  Suitable human cells that can be used in the cell-based assay include any human
cell that is deficient in the lysosomal enzyme to be tested, such that can accumulate the
natural substrates for the lysosomal enzyme. For example, cells naturally exhibiting a full
(100%) or partial deficiency in activity, e.g., 30%, 50%, 70%, 80%, 90%, 95% reduction or
more in activity, may be used. Cells expressing a mutant enzyme with diminished activity, or
cells derived from patients suffering from a lysosomal storage disease, e.g. a
mucopolysaccharidosis, may be used. Cells recombinantly altered to knockout or reduce
lysosomal enzyme activity, e.g. through introducing a mutation to the encoding gene or its
promoter or other regulatory region, may be used. Cells treated to reduce lysosomal enzyme

activity, e.g. treated with antisense or RNAI to reduce enzyme expression, may be used.

[6062] Suitable enzymes that cleave (digest) small oligosaccharides from carbohydrates
and that are “specific for” (i.e. predominantly digest) the natural substrates of the lysosomal
enzyme may be selected by those of ordinary skill in the art. For example, for detection of
activity of GALNS or GLB1 (enzymes that degrades keratan sulfate) the enzyme of step (d)
may be Keratanase I or any enzyme that acts primarily on keratan sulfate. As another
example, for detection of IDU, ARSB, IDS or GUSB (enzymes that degrade dermatan
sulfate), the enzyme of step (d) may be Chondroitinase ABC or any enzyme that acts
primarily on dermatan sulfate. As another example, for detection of IDU, IDS, SGHS, G6S
or GUSB (enzymes that degrade heparan sulfate), the enzyme of step (d) may be
Heparanase [ or Heparanase I, or both. As yet another example, for detection of GAA (an
enzyme that degrades glycogen), the enzyme of step (d) may be a-amylase or any enzyme

that acts primarily on glycogen.

[0063] This cell-based method is capable of great sensitivity in detecting lysosomal
enzyme activity. In some embodimentscxamples, the lysosomal enzyme activity is detectable
when the concentration of lysosomal enzyme is as low as about 10 nM, or about 5 nM, or
about 1 nM, or about 0.75 nM, or about 0.5 nM, or about 0.25 nM, or about 0.1 nM, or about
0.05 nM, or about 0.01 nM, or about 0.005 nM, or about 1 pM, or about 0.5 pM.
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WHAT IS CLAIMED:

1. A method of purifying a recombinant human N-acetylgalactosamine-6-
sulfatase (GALNS) enzyme, said GALNS enzyme comprising an amino acid sequence at
least 95% identical to amino acids 27 to 522 of SEQ ID NO:4, wherein said GALNS enzyme:

(1) has a purity of at least about 95% as determined by Coomassie Blue

staining when subjected to SDS-PAGE under non-reducing conditions,

(it) has at least about 50% conversion of the cysteine residue at position 53 to

Cy-formylglycine (FGly), and

(i11) has between 0.5 to 0.8 bis-phosphorylated oligomannose chains per

monomeric protein chain,

and wherein at least 98% of said GALNS enzyme is in the precursor form as
determined by SDS-CGE, comprising:

a) filtering a culture medium containing the GALNS enzyme secreted from a

mammalian cell line that expresses human sulfatase modifying factor 1

(SUMF1) and the recombinant human GALNS enzyme,

ultrafiltering/diafiltering the filtered culture medium, whereby the

ultrafiltered/diafiltered culture medium is concentrated about 20X, and
charcoal filtering the 20 X concentrated ultrafiltered/diafiltered culture
medium;

b) loading the charcoal filtered 20X ultrafiltered/dialfiltered culture medium

from step a) onto a Zn-chelating Sepharaose FF capture column, washing the

column under conditions such that the GALNS enzyme is retained on the
column, and eluting the GALNS enzyme from the column;

c) optionally, filtering the eluate from the Zn-chelating Sepharaose FF capture

column in step b) through a filter to remove viruses;

d) adjusting the pH of the eluate from the Zn-chelating Sepharose FF capture

column from step b) or the filtrate from step ¢) to about pH 4.5 % 0.1, and

filtering the pH 4.5-adjusted eluate from the Zn-chelating Sepharose FF
capture column or filtrate;

e) loading the pH 4.5-adjusted eluate from the Zn-chelating FF capture column

or filtrate from step d) onto a Fractogel EMD SE Hi-Cap cation exchange

column, washing the column under conditions such that the GALNS enzyme

is retained on the column, and eluting the GALNS enzyme from the column;
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