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YEAST STRAIN FOR THE PRODUCTION OF PROTEINS WITH
MODIFIED O-GLYCOSYLATION

FIELD OF THE INVENTION

[0001] The present invention relates to the field of molecular biology, in particular
the invention is concerned with lower eukaryotic cells, such as yeast strains,
genetically engineered to produce glycoproteins having humanized O-glycosylation
and their production from recombinant expression systems.

BACKGROUND OF THE INVENTION

00021 Significant structural differences exist between the O-glycosylation pathways
and patterns of lower eukaryotes (i.e., yeast and filamentous fungi) and mammals
(particularly humans). Because the human immune system may recognize the
alternative glycosylation of lower eukaryotes as foreign, any protein-based therapeutic
products produced in fungal systems have the potential to provoke an immunogenic
response when injected into humans. This response may limit the effectiveness of a
therapeutic over multiple administrations and, in the most serious cases, may cause
adverse effects in the patient.

[0003] In fact, the presence of fungal glycosylation is a common signal for clearance
by the innate human immune system; see, e.g., Ballou, C.E., 1990 Methods Enzymol.
185:440. This raises concern about the potential for rapid clearance or
immunogenicity of therapeutic proteins produced in yeast, such as Pichia pastoris and
injected info humans, including but not limited to protems having N and O glycans
typical of yeast.

[0004] Previous attempts at reducing the immunogenicity of therapeutic proteins
produced in yeast have largely focused on reducing the immunogenicity of N glycans
(see, e.g., Gerngross US Patent 7,029,872). More recent attempts have focused on
reducing or eliminating altogether fungal O-glycosylation in order to reduce or
eliminate this response; see, e.g., Tanner, US Patent 5,714,377, and Bobrowicz et al.,
W02007/061631. By contrast, the present inventors have surprisingly found
unexpected advantages in producing a protein with certain O-glycosylation patterns
similar to the O-glycosylation observed on native human glycoproteins, or closer to
the O-glycosylation.observed on recombinant glycoproteins produced in mammalian
cells.
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SUMMARY OF THE INVENTION

[0605] The present invention provides methods and materials for the prc}ductioﬂ of
recombinant glycoproteins with improved properties useful in the development of
human therapeutics or veterinary therapeutic products. In certain embodiments, the
invention comprises lower eukaryotic host cells (including yeast and filamentous
fungi) which have been engineered to produce glycoproteins having a predominant
human-like O-glycan. In preferred embodiments, the host cells produce glycoproteins
having predominantly a human-like O-glycan selected from OwManﬂGicNAc, O-Man-
GleNAc-Gal, or O-Man-GlcNAc-Gal-Sia.

[0006] As a first aspect, the present invention provides lower eukaryotic host cells
for use in the methods of the present invention which are moditied by the knock-out
and/or inactivation of one or more genes involved in O-glycosylation, including but
not limited to those encoding beta-mannosyltransferases (bmits; see, e.g., US
2006/0211085), phosphomannose transferases, or one or more additional genes
involved in O-glycosylation.

[0007] As a second aspect, the present invention provides lower eukaryotic host cells
such as those described above for use in the methods of the present invention which
are modified to express exogenous (non-native) genes involved in the human or
mammalian O-linked glycosylation pathways by transfection or transformation with
exogenous genes involved in O-glycosylation, and in particular genes encoding
protein O-mannose B-1,2-N-acetylglucosaminyltransferase 1 ("PomGnT1") or the
catalytic domain thereof as well as one or more additional genes encoding for one or
more steps in the human or mammalian O-glycosylation pathways. In particular
embodiments, these one or more additional genes encode, without limitation, the
following enzymes or catalytic domains thereof: UDP-GlcNAC¢ transporter; o-1,2-
mannosidase; 3-1,4-galactose transferase (" 1,4GalT"); UDP-galactose transporter
(UGT); UDP-Gal epimerase; o-2,6-sialic acid transferase ("o2,681alT"); ¢-2,3-s1alic
acid transferase ("02,351alT"); UDP-N-acetylglucosamine-2-epimerase/N-
acetyimannosamine kinase("GNE"); N-acetylneuraminate-9-phosphate
synthase("SPS"); sialylate-9-P phosphatase ("SPP"); CMP-sialic acid
synthase("CSS"); and CMP-sialic acid transporter ("CS1).

[0008] As a third aspect, the present invention provides lower eukaryotic host cells
such as those described above for use in the methods of the present invention which
are modified to express a recombinant glycoprotein of interest by the transfection or
transformation of the host cell with an exogenous gene encoding the glycoprotein.
Thereby, when cultured under appropriate conditions for expression, the host celis as
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describe herein will express and secrete improved recombinant glycoproteins
comprising particular human-like O-glycosylation.

[0009] The present invention further comprises methods for producing a recombinant
glycoprotein having predominantly a human-like O-glycan, said method comprising
a) selecting a lower eukaryotic host cell; b) attenuating one or more endogenous
glycosylation enzymes in the host cell (where said host cell of step (a) is not already
so attenuated); ¢) transforming the host cell with nucleic acid sequence encoding an
O-linked mannose 31,2-N-acetylglucosaminyltransferase 1 (POMGnT1), a UDP-
GlcNAc transporter, an alpha-1,2 mannosidase, and the glycoprotein; and d) culturing
the cell under conditions suitable for expression of the nucleic acid sequence to
preduce the recombinant glycoprotein having predominantly a human-like O-glycan.
In particular embodiments, the host cell is further transformed with nucleic acid
encoding, without limitation, the following enzymes or catalytic domains thereof: 3-
1,4-galactose transferase ("p1,4GalT"); UDP-galactose transporter (UGT), UDP-Gal
epimerase; o-2,6-s1alic acid transferase ("o2,651alT"); a-2,3-sialic acid transferase
("o2,351alT™); UDP-N-acetylglucosamine-2-epimerase/N-acetylmannosamine
kinase("GNE"); N-acetylneuraminate-9-phosphate synthase("SPS™); sialylate-9-P
phosphatase ("SPP"); CMP-sialic acid synthase("CSS"); and CMP-sialic acid
transporter ("CST").

10010] In other embodiments, the present invention comprises recombinant
glycoprotein compositions produced from the lower eukaryotic host cells of the
invention.

[0011] The lower eukaryotic host cells of the present invention may optionally be
engineered to produce glycoproteins having a predominant human-like N-glycan. In
preferred embodiments, the host cells produce glycoproteins having a predominant N-
glycan selected from: Man5GlecNAc2, GleNAcMan5GIeNAc2,
GalGleNAcManSGleNAc2, SiaGalGleNAcManSGleNAc2, Man3GlcNAc2,
GleNAcMan3GleNAc2, GalGleNAcMan3GleNAc2, SiaGalGleNAcMan3GleNAc2,
GicNAcZMan3GlcNAc2, GalGleNAc2Man3GlcNAc2,
GalZGleNAc2Man3GlecNAc2, S1aGal2GIcNAc2ZMan3GleNAc2, or
S1a2Gal2GlcNAc2ZMan3GleNAc2.

[0012] In particular embodiments, the glycoprotein compositions provided herein
comprise glycoproteins having fucosylated and non-fucosylated hybrid and complex
N-glycans, including bisected and multiantennary species, including but not limited to
N-glycans such as GleNAc .4 ManzGlcNAc,; Gal.4GleNAc.oMansGlcNAc,;
NANAq.40al.4yGleNAcq.sMansGleNAc;.
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[0013] In particular embodiments, the glycoprotein compositions provided herein
comprise glycoproteins having at least one hybrid N-glycan selected from the group
consisting of GleNAcMan;GlcNAcy; GalGleNAcMan;GleNAc,:
NANAGalGIcNAcMan;GicNAc,; GleNAcMansGleNAc,: GalGleNAcMansGleNA¢,:
and NANAGalGleNAcMansGlcNAc. In particular aspects, the hybrid N-glycan is
the predominant N-glycan species in the composition. In further aspects, the hybrid
N-glycan is a particular N-glycan species that comprises about 30%, 40%, 50%, 60%,
70%, 80%, 90%, 95%, 97%, 98%, 99%, or 100% of the hybrid N-glycans in the
composition.

[0014] In particular embodiments, the glycoprotein compositions provided herein
comprise glycoproteins having at least one complex N-glycan selected from the group
consisting of GlcNAc;ManiGleNAc;; GalGleNA¢,Man;GleNACc):
Gal,GleNAcManz;GleNAco, NANAGal,GleNAcyMansGleNAc,; and
NANA;Gal,GleNAc,ManzGlcNAc,. In particular aspects, the complex N-glycan is
the predomimant N-glycan species in the composition. In further aspects, the complex
N-glycan 1s a particular N-glycan species that comprises about 30%, 40%, 50%, 60%,
70%, 80%, 90%, 95%, 97%, 98%, 99%, or 100% of the complex N-glycans in the
composition,

[0015] In particular embodiments, the N-glycan is fusosylated. In general, the fucose
i1s in an ¢.1,3-linkage with the GlcNAc at the reducing end of the N-glycan, an a1,6-
linkage with the GlcNAc at the reducing end of the N-glycan, an o.1,2-linkage with
the Gal at the non-reducing end of the N-glycan, an al,3-linkage with the GleNac at
the non-reducing end of the N-glycan, or an o1,4-linkage with a GicNAc at the non-
reducing end of the A-glycan.

[0016] Therefore, in particular aspects of the above the glycoprotein compositions,
the glycoform 1s in an a1,3-linkage or al,6-linkage fucose to produce a glycoform
selected from the group consisting of GleNAcMansGleNAc(Fuce),
GleNAcMan;GleNAcy(Fac), GicNAc;MansGleNAc(Fuc),
GalGleNAc,ManyGleNAcx(Fuc), Gal;GleNAc;Man; GleNAcay(Fue),
NANAGal,GlcNAc;MansGleNAcz(Fue), and

NANA,Gal,GleNAc;Manz GleNAc,(Fuc); in an a1,3-linkage or al,4-linkage fucose
to produce a glycoform selected from the group consisting of
GleNAc(Fuc)MansGleNAc,, GleNAc(Fuc)Man;GleNAcs, GleNAca(Fuc.
2)ManyGleNAc,, GalGleNAc,(Fuci.o)Man;GleNAc,, Gal,GleNAcy(Fucl -
2Man3GleNAc2, NANAGal2GIcNAc2(Fuc2)Man;GleNAc,, and
NANA2GalbGIcNAcy(Fucy.2)MansGIeNAcs; or in an a1,2-linkage fucose to produce a
glycotorm selected from the group consisting of Gal(Fuc)GlcNAc,Man;GleNAcs,
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Galy(Fuc5)GleNAc,MansGleNAcy, NANAGal,(Fuci.o)GleNAcMan;GleNAc;, and
NANA,Galy(Fuci2)GleNAc;ManiGlcNA¢s,

[0017] In further aspects of the above, the complex N-glycans further include
fucosylated and non-fucosylated bisected and multiantennary species.

[0018] In further aspects, the glycoproteins comprise high mannose N-glycans,

including but not limited to, MansGlcNAc,, or N-glycans that consist of the
Man3GlcNAcy N-glycan structure.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0019] FIGURE 1 illustrates an overview of a process for generating sialylated O-
mannosyl glycans in Pichia pastoris.

10020] FIGURES 2A-B illustrate TNFRII-F¢ O-glycans from Strain GFI SO-1 (see
Figure 1} compared to that from Strain GFI 2.0. Shown are fraces from HPAEC-PAD
(see below for method) for O-glycans on a reporter protein (INFRII-Fc¢) expressed in
strain YGL Y6428 (Panel A) which has no POMGnT]1, and strain YGL Y7879 (Panel
B) which harbors the mouse POMGnT1-ScMNNG6-s fusion. Results indicate a
POMGnT1-dependent O-glycan in YGLY 7879 that co-migrates with the arabitol
standard. Arabitol is added to the samples at a concentration that typically gives a
maximum reading of ~100 nano coulombs (nC) in strains lacking POMGnT1,
However, with co-elution of both arabitol and Man-GlecNAc, which have an additive
effect, the magnitude is increased {0 approximately 450nC in strains harboring
POMGnT1. This increase in magnitude is highlighted by the circles positioned on the
Y-axis.

[0021] FIGURES 3A-B illustrate TNFRII-Fc¢ O-glycans from Strain GFI 50O-1
(YGLY7879 [mouse POMGnTI-ScI\zﬁ\lNé-S]) following hexosaminidase treatment 1o
remove GlcNAc., Shown are HPAEC-PAD ftraces of glycans from strain YGLY 7879
without (PANEL A) and with (PANEL B) hexosaminidase treatment to remove
terminal GlcNAc. The treatment results in the reduction of the putative arabitol +
Man-GlcNAc peak, appearance of a new peak at T=23.909 which is free GleNAc, and
an increase in the manitol (manl) peak. This verifies that the sugar co-migrating with
arabitol in POMGnT1-containing GFI SO-1 strains is Man-GlcNAc.

[0022] FIGURES 4A-B illustrate TNFRII-Fc¢ O-glycans from Strain GFI SO-2
compared to that from Sirain GFI 2.0. Shown are HPAEC-PAD traces of TNFRII-Fc
O-glycans from GFI 2.0 strain YGL Y6428 (PANEL A) which has no POMGnT1, and
GFI SO-2 strain YGLY7880 (PANEL B) which harbors galactose transfer genes and
human POMGnTI1-ScCMNN2-s. Results indicate a novel POMGnT1-dependent O-
glycan 1n YGL Y7880 migrating at ~T=21.38 that 1s Man-GlcNAc-Gal. Note, the peak
eluting at T==21.38 has been described as a sorbitol peak by the instrument, as this
peak elutes within the range of the sorbitol standard peak, which has been defined
during calibration. It 1s obvious from Figure 5 that this peak 1s Man-GleNAc-Gal, due
to its hydrolysis with galactosidase and hexosaminidase treatments.
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[0023] FIGURES 5A-B illustrate TNFRII-Fc O-glycans from GFI SO-2 strain
YGLY7880 treated with galactosidase and hexosammidase. Shown are HPAEC-PAD
traces of TNFRII-F¢ O-glycans from GFI SO-2 strainYGLY 7880 untreated (PANEL
A), or treated with galactosidase to remove terminal galactose plus hexosaminidase to
remove terminal GleNAc (PANEL B). The treatment results in the elimination of the
putative Man-GlcNAc-Gal peak, appearance of a peak for free GIcNAc at T=23.909,
an increase in the manitol (manl) peak, and the appearance of a galactose peak at
T=38.35. These results indicate that the POMGnT1-dependent O-glycan in GFI SO-2
strains that migrates at ~T=21.38 is Man-GlcNAc-Gal. Note, the peak eluting at
T=21.38 has been labeled as a sorbitol peai{ by the mnstrument, see Figure 4.

[0024] FIGURES 6A-B illustrate TNFRII-Fc O-glycans from GFI SO-3 strain
YGLY8750 (musPOMGnT1-ScMNNG6-35), treated with neuraminidase, galactosidase
and hexosaminidase. Shown are HPAEC-PAD traces of TNFRII-Fc O-glycans from
YGLY8750 untreated (PANEL A), or treated with neuraminidase to remove terminal
sialic acid, galactosidase to remove terminal galactose, plus hexosaminidase to
remove terminal GIcNAc (PANEL B). A sub-optimal dose of enzymes was added in
order to generate all possible species. The treatment results in the reduction of the
putative Man-GlcNAc-Gal-Sialic acid peak at T=45.8, the reduction of the Man-
GleNAc-Gal peak at T=21.7, appearance of a peak for free GlcNAc at T=23.5, an
increase in the manito] (manl) peak, and the appearance of a galactose peak at
T=37.9. These results indicate that the POMGnT1-dependent O-glycan in GFi SO-3
strains that migrates at ~T=45.8 1s Man-GIcNAc-Gal-sialic acid.

[0025] FIGURE 7 illustrates Western blotting with lectin SNA-1-AP to detect
terminal sialic acid. Shown is a coomassie stained SDS-PAGE gel (bottom) showing
TNFRII-Fc protein levels in samples 1-12, and a Western blot (top) using detection by
alkaline phosphatase-conjugated lectin SNA-1. Lanes 1-9 are supernatants (2, 6, and
10 uLL per strain) from three separate colonies of GFI SO-2 strain YGLY 7880
transformed with sialylation vector pGLY1758; lanes 10-12 are from non-transformed
YGLY7880. Lectin SNA-1 binds to terminal sialic acid, and thus will detect terminal
sialic acid on O-glycans 1n Strain GFI SO-3 that harbors genes for sialic acid
synthesis and transfer. Resulis indicate strong lectin binding to TNEFRII-F¢ from
samples 1-9 which are from GFI SO-3 strains, but no binding to TNFRII-Fc from
samples 10-12 which are from GFI SO-2 strains that lack the ability to transfer sialic
acid.
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[0026] FIGURES 8A-B illustrate TNFRII-F¢ O-glycans from GFI SO-3 strain
YGLY11603 (musPOMGnT1-ScMNNG6-s) which has been optimized for O-
sialylation as described in the text. PANEL A shows HPAEC-PAD traces of TNFRII-
Fc¢ O-glycans; PANEL B lists percentages of each major O-glycan species.

[0027] FIGURE 9 illustrates how increased O-sialylation of a glycoprotein results in
increased bioavailability in B6 mice. Serum concentrations of mice 48 hours after
subcutaneous administration of different doses of TNFRII-Fc are shown. Total sialic
acid content (mol/mol) was as follows: Form 5-A: 21; Form 5-B: 16; and Form 5-C:
11.

10028] FIGURES 10A-B illustrate how increased O-sialylation of a glycoprotein
results in increased serum half-life in rats. Serum time-concentration curves
following intravenous ("IV") [Figure 10A] and subcutaneous ("SC") [Figure 10B]
administrations at | mg/kg are shown. Total sialic acid content (mol/mol) was as
follows: Form 5-A: 21; Form 5-B: 16; and Form 5-C: 11.

[0029] FIGURE 11 illustrates the TD-POMGnT1 expression/integration vector
pGLY3136.
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BRIEF DESCRIPTION OF THE SEQUENCES
[0030] SEQUENCE ID NOs: 1-108 illustrate various ER and/or Golgi localization

leader sequences.
[6031] SEQUENCE ID NOs: 109-118 illustrate POMGnT1 sequences.

[0032] SEQUENCE ID NOs: 119-120, 122-123, 125-126, 133-134, 135-136 and
141-148 illustrate PCR primers utilized in Examples.
[0033] SEQUENCE ID NOs: 121 and 124 illustrate PpHI3 ORF and 3" untranslated

fragments, respectively. |
[0034] SEQUENCE ID NO: 127 illustrates a DNA fragment encompassing the

PpALG3 transcriptional termination sequence.

[0035] SEQUENCE ID NO: 128 illustrates a Pp(GAP promoter sequence.
[0036] SEQUENCE ID NO: 129 illustrates a ScCYC ! transcriptional terminator

sequence.
[0037] SEQUENCE ID NO: 130 illustrates a PpAOX] promoter sequence.

[0038] SEQUENCE ID NOs: 131-132 and 138-140 illustrate sequences comprising
TNFR-Ig(G1 sequence.

10039] SEQUENCE 1D NO: 137 illustrates sequence encoding the HSA pre-signal
peptide.
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DETAILED DESCRIPTION OF THE INVENTION

[0040] The present invention relates to methods and materials for generating
glycoproteins having human O-glycosylation in lower eukaryotes, e.g., yeast
(including but not limited to Pichia pastoris), or filamentous fungi which do not
inherently have human O-glycosylation synthesis and transfer machinery.
Recombinant glycoproteins produced using the disclosed methods and materials bear
glycosylation patterns common with human or mammalian-produced proteins and, as
such, are able to be injected into humans with greatly reduced or eliminated potential
for an immunogenic response.

10041] Applicants have found, moreover, that humanizing the O-glycans can enhance
the bioactivity (such as bioavailability and serum half-life) of therapeutic proteins
particularly sialylated O-glycans, for example, by improving pharmacokinetic
properties, hence facilitating better control over in vivo drug activity.

16042]) Accordingly, the present invention relates to the development of protein
expression systems for veasts and filamentous fungi, such as Pichia pastoris, based on
improved vectors, novel nucleic acids, host cell lines, and methods for using the
foregoing in the production of recombinant glycoproteins with decreased
immunogenicity and/or better pharmacokinetic properties.

[0043] The present inventors have found that improved glycoprotein therapeutics can
be obtained in recombinant lower eukaryotic host cells by moditying the
glycosylation machinery present in the lower eukaryotic cells. The cells as will be
described herein are or have been genetically modified (e.g., through particular
deletions and insertions) so as fo specifically produce recombinant glycoproteins
having certain human like O-glycosylation. More specifically, Applicants found that,
through the steps of (i) attenuating the lower eukaryotic host cell’s endogenous O-
glycosylation pathway (or, alternatively, exploiting host cells so attenuated) and (11)
expressing heterologous genes encoding particular O-glycosylation enzymes, the host
cell was able to produce proteins having particular human-like O-glycans instead of
the native, lower eukaryotic immunogenic O-glycans. Following the changes
described and transfection with an exogenous gene of interest, Applicants found that
the modified lower eukaryotic host cells were able to produce glycoproteins
(including therapeutic glycoproteins) with particular human-like O-glycosylation
(and, in particular embodiments human-like N-glycosylation as well). Figures 9 and
10 illustrate how increased O-sialylation of a glycoprotein as disclosed in the present
invention results in increased bioavailability in B6 mice and both increased
bioavailability and serum half-life in rats, In addition, the lower eukaryotic host cells,
such as Pichia pastoris, are able to produce therapeutic glycoproteins in high fiters,
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with the predominant species of glycoprotein having human O-glycans (and
optionally N-glycans) which exhibit improved efficacy compared to therapeutic
olycoprotein produced in mammalian cells or in lower eukaryotic host cells retaining
the endogenous glycosylation machinery.

[0044] Although a previous invention from Bobrowicz et al., WO2007/061631, has
described methods for reducing fungal O-glycans to a single O-linked mannose, 1t
may be advantageous to produce a protein that has similar or identical O-
glycosylation to certain O-glycoforms observed from mammalian cell culture or of
human origins. For purposes of the present invention, such proteins with similar or
identical O-glycosylation to certain O-glycoforms observed from mammalian cell
culture or of human origin ("human-like" O-glycans for purposes herein) are proteins
having as the predominant O-glycan species, glycans comprising (1) a terminal
GleNAc linked to a single mannose residue which is linked to a serine or threonine
residue on the protein (i.e., O-Man-GlcNAc); (2) a terminal GlcNAc-Gal (i.e.,
galactose linked to the terminal GlcNAc referred to above) linked to a single mannose
residue which is linked to a serine or threonine residue on the protemn (i e., O-Man-
GlcNAc-Gal); or (3) terminal GlcNAc-Gal-Sia (i.e., sialic acid linked to the terminal
GlcNAc-Gal referred to in (2)) linked fo a single mannose residue which 1s linked to a
serine or threonine residue on the protein (i.e., O-Man-GilcNAc-Gal-S1a). These
structures are closely related to O-glycan structures typically observed on nerve cells
and other brain-related or neural-related cells (See, Zamze et al., Glvcobiology, 9:823-
831 (1999). The most well studied example of the mammalian sialylated O-mannose
glycan is on alpha-dystroglycan ("Alpha-DG"); Chiba ef al., 1997 J Biol. Chem
272:2156; Sasaki et al., 1998 Biochem. Biophys. Acta 1425:599. Alpha-DG contains
the O-glycan (sialic acid-alpha-2,3-Gal-beta-1,4-GIcNAc-beta-1,2-mannose) in "high
abundance" on Ser/Thr within a mucin-like domain located at the N-terminal end of
mature alpha-DG. Manya ef al., 2007 J Biol Chem 282:20200, identified at least
some of the O-mannosylated residues.

[0645] The present invention provides methods and materials uselul for producing
recombinant glycoproteins bearing predominantly human-like O-glycan structures (as
defined herein) in lower eukaryotic expression systems. Lower eukaryotes such as
yeast are preferred for expression of glycoproteins because they can be economically
cultured, give high vields, and when appropriately modified are capable of suitable
glycosylation. Various yeasts, such as Kluyveromyces lactis, Pichia pastoris, Pichia
methanolica, and Hansenula polymorpha are preferred for cell culture because they
are able to grow to high cell densities and secrete large quantities of recombinant
protein. In specific embodiments, the lower eukaryote 1s Pichia finlandica, Pichia

11
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trehalophila, Pichia koclamae, Pichia membranaefaciens, Pichia minuta (Ogataeq
minuta, Pichia lindneri), Pichia opuntiae, Pichia thermotolerans, Pichia salictaria,
Pichia guercuum, Pichia pijperi or Pichia stiptis. likewise, filamentous fungi, such
as Aspergillus niger, Fusarium sp, Neurospora crassa and others can be used to
produce glycoproteins of the invention at an industrial scale.

[0046] As a first aspect, the present invention provides lower eukaryotic host cells
for use in the methods of the present invention which are modified by the knock-out
and/or inactivation of one or more genes involved in O-glycosylation, including but
not limited to those encoding beta-mannosyltransferases (bmts; see, e.g., US
2006/0211085 and Trimble RB ef af.,, 2003 Glycobiology 14:265-274),
phosphomannose transferase (see, e.g., Trimble RB er al., 2003 Glycobiology 14:265-
274), or one or more additional genes involved in O-glycosylation. In particular
embodiments, the one or more genes involved in O-glycosylation which are knocked
out and/or inactivated encode enzymes selected from: beta-mannosyl transferases
(e.g., BMT 1, 2, 3 and 4 genes; see, e.g., Mille ef al., 2008 J. Biol. Chem. 283:9724-
9736; US 2006/0211085) or phospho-mannose transferases (e.g., MNN4A4 |also
known as MNN4], MNN4B |also known as MNN4LI or MNNS, see, e.g., US
7,259,001] and PNOI {see, e.g., US 7,198,921] genes; Li et al., 2006 Nat. Biotechnol.
24:210-215). In specific embodiments, genes encoding Kir and Kre2/Mntl
mannosyltransferases, including Kirl and Kir3 (K7TR7 and KTR3 genes) and alphal,2-
mannosyltransferase Kre2 (KRE2 gene, see, e.g., US Patent 7,217,548) are left intact
or in a state that enables them to produce functional protein. In alternative
embodiments, the gene encoding Kitrl is deleted or inactivated while the other MNT
genes are left in a state that enables them to produce functional protein. It has been
found that inactivation of KTRI increases level of O-Mani 2-fold. In specitic
embodiments, at least one of the genes encoding Mnnda, Mnn4b and Pnol are
deleted. In alternative embodiments, genes encoding Kirl, Kir3 and Kre2 are deleted
or inactivated.

[0047] Disruption of genes can be done by any method suitable in the art to disrupt
the gene and/or translation into the encoded protein; and includes but is not limited to
disrupting the open reading frame of the gene, disrupting expression of the open

reading frame or abrogating translation of RNAs encoding the intended protein and
using interfering RNA, antisense RNA, or the like. Suitable methods include, for
example, the procedure of Rothstein, 1991 Methods Enzymol. 194:281-301, or the
PCR-mediated approach of Baudin ef gl., 1993 Nucleic Acids Res. 21:3329-3330. In
specific embodiments, alternative genes in the above families not specifically
mentioned above are left intact (i.e., not distupted).

12



CA 02827732 2013-08-19
WO 2012/115903 PCT/US2012/0235809

[0048] As a second aspect, the present invention provides host cells (in particular,
those described above in the first aspect) for use in the methods of the present
invention which are modified to express recombinant, exogenous (non-native) genes
involved in the human or mammalian O-linked glycosylation pathways. In specific
embodiments, the host cells express an extra copy of each of the exogenous genes
involved in the human or mammalian O-linked glycosylation pathways. The cells
may be obtained through transfection or transformation of cells with exogenous genes
involved 1n O-glycosylation, and in particular genes encoding protein O-mannose 3~
1,2-N-acetylglucosaminyltransferase 1 ("PomGnT1"), or the catalytic domain thereof,
as well as one or more additional genes encoding for enzymes responsible for one or
more steps in the human or mammalian O-glycosylation pathways, including but not
limited to the following enzymes or the catalytic domains thereof: UDP-GlcNAc
transporter; a-1,2-mannosidase (see, e.g., WO 2007/061631); p-1,4-galactose
transferase ("B 1,4GalT"); UDP-galactose transporter (UGT); UDP-Gal epimerase; o
2,6-s1alic acid transferase ("o2,6S1alT"); o-2,3-sialic acid transferase ("o2,38ialT™);
UDP-N-acetylglucosamine-2-epimerase/N-acetylmannosamine kinase ("GNE™); N-
acetylneuraminate-9-phosphate synthase ("SPS"); sialylate-9-P phosphatase ("SPP");
CMP-sialic acid synthase ("CSS"); and CMP-sialic acid transporter ("CST"). In
additional embodiments, nucleic acid encoding genes for O-fucosylation may be
added. O-fucose ‘giycans may, in specific embodiments, range from the
monosaccharide Fuc-O-Ser/Thr to the tetrasaccharide NeuAco2, 3/6 Galf1, 3 Fuc-O-
Ser/Thr and the di- and tri-intermediates. In specific embodiments, the host cell is
transformed with nucleic acid encoding genes for adding fucose, NeuAca2, 3/6
GalfB1, or Fuc-O-Ser/Thr (GDP-fucose protein O-fucosyltransferase; POFUT?1);
and/or one or more genes for adding GlcNAc-linked B1,3 to Fuc-O-Ser/Thr: Manic,
Radical and/or Lunatic Fringe. Nucleic acid introduced may be operatively linked to
a fungal-derived promoter and transcription terminator as well as a fungal-derived
leader sequence having a signal sequence and an endoplasmic reticulum ("ER")- or
Golgi-localizing transmembrane domain. The genes encoding PomGnT1, B1,4GalT,
a2,651alT and o2,38:alT, 1n particular embodiments, are operatively linked to a
fungal-derived (in particular embodiments, that derived from Saccharomyces
cerevisiae, Pichia pastoris, or Kluyveromyces lactis) promoter and transcription
terminator as well as a fungal-derived leader sequence having a signal sequence and
an endoplasmic reticulum ("ER")- or Golgi-localizing transmembrane domain. The
signal sequence serves to direct the nascent protein to the ER. The transmembrane
domain 1s utilized to localize and anchor the protein to an ER or Golgi membrane.
The gene encoding a-1,2-mannosidase is operatively linked to a fungal-based (in
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particular embodiments, Pichia-derived) promoter and transcription terminator as
well as a fungus-derived signal sequence (in specific embodiments wherein the signal
sequence is the Saccharomyces alphaMAT pre-signal sequence). The genes encoding
UDP-GleNAc transporter, UDP-galactose transporter, UDP-Gal epimerase, GNE,
SPS, SPP, CSS and CST are operatively linked to a fungal-based (in particular
embodiments, Pichia-derived) promoter and franscription terminator, In particular
embodiments, the promoter utilized is the Pichia AOX1 promoter or the GAP
promoter. In other embodiments, the promoter utilized is the Pichia TEF promoter or
the PMA promoter; see, e.g., Hamilton et al., 2006 Science 303:1441-1443. In
specific embodiments, the o2,6SialT gene is operatively linked to the Pichia TEF
promoter. In specific embodiments, the CST gene is operatively linked to the PMA
promoter.

[0049] In specific embodiments, the POMGnT1 enzyme or catalytic domain encoded
is that of, or derived from that of, human, mouse or frog. .
[0050]1 In specific embodiments, the POMGNT1 enzyme comprises sequence SEQ 1D
NO: 110, SEQ ID NO: 112, or SEQ ID NO: 118. In specific embodiments, the
POMGnT sequence is selected from: SEQ ID NO: 109, SEQ ID NO: 111, or SEQ ID
NO: 117. SEQ ID NOs: 109, 111 and 117, codon-optimized sequences encoding the
POMGnT1 enzyme form specific embodiments of the present invention.

[0051] In specific embodiments, the UDP-GlcNAc transporter 1s that of, or derived
from that of, Kluyveromyces lactis or mouse UDP-GlcNAc transporter.

[0052] The alpha 1,2-mannosidase of the cell lines and methods of the present
invention must be active on O-linked alpha 1,2-mannose. In specific embodiments,
the alpha 1,2-mannosidase is a fungal alpha 1,2-mannosidase and in specific
embodiments is that of, or derived from that of, Trichoderma reesei alpha-1,2-
mannosidase, Saccharomyces sp., Coccidiodes species (e.g., C. immitis such as that
described in accession no. EAS32290, or C. posadasii mannosidase such as that
described in accession no. ABAS4911; see, e.g., U.S. application serial no.
61/369157, filed July 30, 2010 [Attorney Docket No. GF2010.7158L01US]|) or
Aspergillus sp. (see, e.g., Bobrowicz etf. al., WO2007/061631) alpha-1,2-
mannosidase. In specific embodiments, the alpha-1,2-mannosidase is under the
control of the Pichia AOX]1 promoter. Thus, upon switching the methano! med:a, the
mannosidase 1s expressed generating single mannose structures.

[0053] Cells in accordance with the present invention may be generated utilizing

procedures available in the art, within publications referenced herein, and as described
herein; see, e.g., Hamilton ef al., 2006 Science 313: 1441-1443; and WO 07/136752.
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[0054] Expression of exogenous genes in a host requires the use of regulatory
regions functional in such hosts, whether native or non-native, or introduced or
present in cell line utilized. A wide variety of transcriptional, translational,
localization and other regulatory sequences can be employed. In specific
embodiments, the regulatory sequences are those of other yeast or filamentous fungi.
In specific embodiments, the regulatory sequences are vertebrate, including but not
limited to frog, murine or human sequences.

[0055] In particular instances, as described above, the exogenous genes are
operatively linked to an endoplasmic reticulum ("ER") or Golgi localization sequence,
see, e.g., Choi et al., 2003 PNAS 100:5022, and US 7,449,308. The ER or Golgi
leader/localization sequence utilized targets the sequence operatively linked therewith
to the endoplasmic reticulum or the early Golgi. In specific embodiments, the
ER/Golgi leader sequence is a membrane targeting region from an ER and/or Golgi
residing membrane protein of S. cerevisiae, P. pastoris, or K. lactis. In specific
embodiments, the ER/Golgi leader sequence comprises a signal sequence to direct the
nascent protein to the ER and a localization signal consisting essentially of: (1) the
cytoplasmic tail and a segment of the transmembrane domain capable of retaining the
dperatively linked protein in the ER and/or Golgi for a period of time to permit the
desired function; (i1) part or all of the entire stem region; or (iii) the entire stem region
and optionally parts of the catalytic domain. In specific embodiments, the ER and/or
Golgi leader sequence is an ER and/or Golgi leader sequence, or derived from an ER
and/or Golgi leader sequence of a protein selected from: SCMINS1-s, ScSEC12-m,
SCMNNI-s, ScKRE2-s, SCMNN2-s or SCMNN6-s. In specific embodiments, the ER
and/or Golgi leader sequence is derived from an ER and/or Golgi leader sequence of a
protein selected from: SCMNS1-s, SCMNN9-s, PpKRE2-5, KIGNT1-s, SCMNN2-s,
ScMNN2-m, ScCMNNS-s, SCMNN6-s, SCPMT5-m, PpPMT1-m or PpBET1-s.

Certain leaders falling into this category are disclosed in the prior art, see, e.g., Chol
et al., 2003 PNAS 100:5022 and US 7,449,308. The disclosed leaders and
combinations thereof comprising the leader and exogenous gene as described herein,
optionally containing a transcription terminator sequence, form specific embodiments
hereof. Specific embodiments relate to the PMT, BETI, BOSI and SECZ22 leaders and
leader combinations as described herein. In particular, the present invention relates to
leaders and their corresponding SEQ 1D NOs disclosed in Table 1, in specific
embodiments, Leader #s 33-34, 27-32 and 35-54, as well as combinations comprising
the foregoing leaders and exogenous genes.

[0056] In specific embodiments, the ER and/or Golgi leader sequence is that of, or
derived from that of, the leader sequence of a protein selected from: S. cerevisiae
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alpha-glucosidase I encoded by GLSI, S. cerevisiae alpha-1,2-mannosidase encoded
by MNS1, S. cerevisiae and P. pastoris nucleotide exchange factor encoded by SEC/2
which cycles between the ER and Golgi, S. cerevisiae and P, pastoris protein O-
mannosyltransferases encoded by PMT 1,2,3,4,5&6 that encode integral ER
membrane spanning domains, or SNARE proteins encoded by BOS!, BET], and
SEC22 from S. cerevisiae and P. pastoris. The region typically 1s an amino-terminal
signal sequence followed by a transmembrane or other anchoring domain. In specific
embodiments, the sequences listed immediately above are used as ER localization
sequences.

[0057] In specific embodiments, the ER and/or Golgi leader sequence is that of, or
derived from that of, the leader sequence of a protein selected from: P. pastoris
Ochlyp, S. cerevisiae Mnn9p, Vanlp, Anplp, Hoclp, Mnni0Op or Mnnlip (and 1n
particula<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>