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THE OLIGOSACCHARIDES OF GLYCOPROTEINS:
BIOPROCESS FACTORS AFFECTING OLIGOSACCHARIDE
STRUCTURE AND THEIR EFFECT ON GLYCOPROTEIN
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Deramnent of Chemical Engineering, Sanford University, Sanford, CA 94305-5025. 'Genzyme, 75 Kneeland Sc, Boston, MA
02111. *Corresponding auchors.

. B ride processing. The enzymes are: (1) ofj
concerning thcs effects ot: bioprocess fac- (2) a-glucosidase L. (3) a-glucosidase 1, (4) ER a(! 2)mannosidase,
tors on the oligosaccharide structure of g; g"&s', G'Mﬂmm'h(“}s’)";‘“ye‘ts;;wmﬂml fe"‘“f L.

. - . &-MINNOS: o ~@C ucosaminyitransfe

hum therapeutl.c glyc0pr?telns, with 11 (9) E( 1.6) fucosyltransferase, (10) ﬂ(lA)gzhaouy’imnsfe:.:f
particular emphasis on the influence of an “-(2‘32(;’1'233"’6"‘”' The Aok gre: &, S aceylgly-
. osamine : O. mannose (Man); @, ; O,
the host cell. We also discuss the effect of fucose (Fuc: 8,  Galiciose (cu)&ms? acd (pﬁfz‘; Db P
: : 1 yldiphosphate. The co-substrates for reactions 6,8,9,10 and
Ohgosac‘:hmde structure on gly coprotein 11 are the energized forms of the monosaccharides where: UDPis

properties, including antigenicity, immu- uridine diphosphate, GDP is guanosine diphosphate and CMP is

In this review, we organize the recent data | M1 A pocenial pathway of mammalian N-linked pligosaccha-
Eoucdnry transterase,

nogenicity and plasma clearance rate. | orifins moncpherphace. (Reprinied from el §with permission
ENDOPLASMIC RETICULUM

he majority of proteins secreted by mamma-
lian cells are glycoproteins. These proteins
possess oligosaccharides covalently attached
through an asparagine side chain (“aspara-
gine-linked” or “N-linked™) or through a threonine or
serine side chain (“O-linked"). A given glycoprotein may
contain only N-linked oligosaccharide chains, onl
O-linked oligosaccharide chains, or both. ! CIS-GOLGI
The oligosaccharide structures of glycoproteins can
have a profound effect on properties critical to the devel-
opment of glycoprotein products for human therapeutic s
use, including plasma clearance rate, antigenicity, immu- i
nogenicity, specific activity, solubility, resistance to ther-

mal inactivation, and resistance to protease attack (re-
viewed in refs. 1-3). MEDIAL-GOLGI —aor
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BIOPROCESS FACTORS AFFECTING 4 19
GLYCOPROTEIN OLIGOSACCHARIDE f <\ i ——-\I’Ki’
STRUCTURE

N-linked oligosaccharide processing by yeast, plaat,

insect and mammalian cells. The review article by Kornfeld TRANS-GOLGI

and Kornfeld* serves as an excellent, detailed introduction
to the assembly of N-linked oligosaccharides. In s
N-linked glycosylation begins with the synthesis of 2 lipid-
linked oligosaccharide moiety (GlcsMangGleNAc,-P-P-Doli;
abbreviauons are given in Lhesgepd to Fig. I), and its

transfer en bloc 10 a nascent polypeptide chain in the
endoplasmic reticulum (ER) (Fig. 1, reaction 1). Attach-
ment occurs through asparagine, generally at the tripep-
tide recognition sequence Asa - X - Ser/Thr. In a few
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cxceptional cases, N-linked glycosylation has been ident- -

A \M-n.n fied at sites other than Asn - X - Set/Thr (reviewed in ref, | . . {

/ \ 5). For example, protein C is N-glycosylated at the se.
Mana13) Mmbtdsietiacsaogiciae | aiience Asn - X - Cys®,
Manax1 3) A series of trimming reactions s catalyzed by exogiy-
cosidases in the ER (Fig. 1, reactions 2, 3 and 4). Further
processing of N-linked oligosaccharides by mammalian
\ cells continues in the compartments of the Golgi, where 3
28 /""“"’\ sequence of exoglycosidase- and glycosyliransferase-cata-
. M3} O GINAKL 4Gt Ac lyzed reactions generate high-mannose (Fig. 2A), hybrid-
NetAGRZNICAIB(AXRNACKY 2 ihama(1. 3y type (Fig. 2B) and complex-type (Fig. 2C-21) oligosaccha-
ride structures. One example oF mammalian  Golgi
processing is represented in l":%ure 1, reactions 5 through
NeuACS2 G 1AIINAK] M1 4) Feca(1.6) 11; the ouwcome of this pathway is the complex-type
A \ structure of Figure 2C.

2C Iu.«umwx.mu«c Yeast, insect, plant and mammalian cells share the fez.
NewAca(2.31GalfY(1.4)GIcNAS(1 2Mena(1 3) tures of N-linked oligosaccharide processing in the ER,
induding attachment of Gk,Man,CkNAq—g-EDol (Fig.
I, reaction 1) and subsequent truncation 1o 4
CaLOCENACK Tt ) Faca(1.6) Man.GlcNA‘c, structure (product of reaction 4 in Fig. 1)
\ \ However, oligosaccharide processing by these different cell
D e OsNA OGN A types diverges in the Golgi apparatus. For example, planc
Nes Ak 2GUB(1 AIGINAKT DMancx() 3} cells produce complex-type oligosaccharides containing

mammalian N-linked oligosaccharides, but plant-derived

NexASo(2 3 IGAI1 AICKNAC! 11 ) Fuoa(1.6) oligosaccharides do not possess sialic acid, a commoq

\ \ constituent of mammalian complex-type olj ides,

E NeuASa@3 0B GiNAK L) [ OCkNA A Gickae Furthermore, plant-derived N-linked oligosaccharides fre-

Meaa(1.3) quenty conuin xylose, 2 monosacchande no¢ normalily

p found in mammalian N-linked oligosaccharides (Fig. 3A
oL gtz ‘ and 3B) (reviewed in ref, 7). s

N-inked oligosaccharide processing in the Golgi by

yeast is very different from mammalian Golgi processing

(reviewed in refs. 4, 8, and 9). In most strains of yeast,

NexAA2 NG 1 AIGIN A1 & including Saccharomyces cerevisize, the oligosaccharide
x""‘"’ chains are clongated in the Golgi through stepwise addi- .
W NesconGasovienac 2 \ Foot ) tion of mannose, leading to claborate high mannose

MaB(14XCINACB(LGKMA: | (Mannan) structures sometimes containing more than 50
Mmannose monomers (Fig. 3C). The elaborate nature of

e “\“ . _‘/ these yeast N-linked oligosaccharide structures is often
NewAco(.3)Gaill1 4Gl NACK 1.2/ = reflected in the molecular weights of mammalian proteins
o N N N

produced in recombinant yeast. For example, the molec-

ular weight of aglycosyl HIV gp120 is 60 kD, while the
molecular weight of 8p120 is 120 kD when produced in
N«mléwl-‘mwumﬂl-"\ Fucat1.6) mammalian cells'? and is up to 600 kD when produced in
S. cerevisiae''. Mutant S. cerevisiae strains permit synthesis

26 AU LGB IGINAK]. ) Mead(1 A1GINACK1AIGicNAC : . T ¢
Heac s A e of recombinant proteins with truncated N-linked, high
Mema(1.3) mannose oligosaccharides (reviewed in refs. 8, 9 and 1.

NewAG(2.31G (1 41GIcNACS(1.2) For example, the mnn9 mutane synthesizes a truncated

Structure only slighty larger than a2 mammalian high-
mannase structure (Fig. 3C). Thus, the molecular weight
Gua(1 IIGUB AIGIeN ACK M amc(] E) :{) WI?O Produced in the mnn9 mutnt is reduced to 120
i N 1A The capability of insect cells for N-linked oligosaccha-

Gala(1.31GaI(1 4 IG N A1 2bamca(1 3} ride processing in the Golgi is poorly understood.
Spodoptera frugwperda S£9 cells possess the glycosidases
fiecessary to trim the GlcgManyGlcNAc, precursor to
Man,GlcNAc, (Fig. 3D)'*. However, the capability of Sf9

Paca(1.3) : h 25 9%
! for further processing to complex-type oligosaccharides is )
a1 OCkNAS1 DM 4) Foet) uncerain. Recombinant giycoproteins produced using
2 Mand(1 IGNACKILOGENA: | SFO cells fr:guendy: have lown::l molecular weights than the !
NAc corresponding native mammalian glycoproteins, suggest- ‘
G OTNACH! bttt 3) ing limﬁ?zdonsg in Sf9 glycosyltrans erascpacti\ritics reglfdve
Fumin to mammalian cells. For example, the protein component co

of erythropoietin (EPO) has a2 molecular weight of 18.4 '
RS 2 Mammalian N-linked oliagoncchzridu (A-F) Some high kD'*!3; FPO isolated from human urine or produced by
CR oype g“)’ hybﬁd"n"“, @), andbicompleé; “‘L“.f'“'é’ recombinant CHO cells has an apparent molecular weight
;.-,.;2 hr::a:l Q'a;:?emn uol!lcd fromm;:um"‘. c&,) Frf)m) near 35 kD', while EPO produced using the Sf%/baculo-
interferon-Bl expressed by recombinant C127 cells**, (I) From | virus expression system ha.q a mo!ccular weight of 26.2
human a-amylase isolated from saliva®. kD'7. Other examples illustrating lower molecular
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weights of S-produced proteins include tissue plasmino-

gen acivator (t-PA)'S, influenza virus hemaggludinin'®,

human acid p-galactosidase'?, and human interferon-g*.

Recent publications suggesting synthesis of N-linked com-
lex-type oﬁgosacdmgge structures by Sf9 cells await
urther confirmation'3-22,

The tripeptide sequence Asn - X - Ser/Thr is not 2
sufficient condition for covalent attachment of an
N-linked oligosaccharide. Gavel and Heijne® surveyed the
locations of N-linked oligosaccharides in 147 glycopro-
teins and found that 10% of 465 of the Asn - X - Ser/Thr
sites were not glycosylated.

Differences in occupancy of Asn - X - Ser/Thr sites have
been observed between mammalian cells and yeast in the
glycosylation of human interleukin-1g (hIL-18). The sin-
gle N-glycosylation site of hIL-18 at Asn-123 is unoccu-
pied when this molecule is synthesized by human macro-
phages™, but is N-glycosylated when synthesized by
recombinant §. cerevisias?® 2%,

O-linked oligosaccharide processing by yeast, insect
and mammalian cells. The initial step in O-glycosylation
by mammalian cells is the covalent attachment of N-acetyl-
galactosamine to serine or threonine via an al linkage.
This reaction is catalyzed by the enzyme UDP-Gal-
NAc:polypeptide N-acetylgalactosaminyltransferase (re-
action 1 in Fig. 4) (reviewed in ref. 25). No O-glycosylation
sequence has been identified analogous to the Asn - X -
Ser/Thr template required for N-glycosylation. In further
contrast to N-glycosylation, no preformed, lipid-coupled
oligosaccharide precursor is involved in the initiation of
mammalian O-glycosylation. Nucleotide sugars (e.g. UDP-
GalNAc and UDP-Gal) serve as the substrates for the first
and all subsequent steps in O-linked processing.

Following the covalent attachment of GalNAc to serine
or threonine, several different processing pathways are
possible for mammalian O-linked oligosaccharides in the
Golgi (reviewed in refs. 25 and 26). The most common
pathway of O-glycosylation for cell-surface glycoproteins

: and plasma glycoproteins is outlined in Figure 4. O-linked

oligosaccharide structures from this pathway are evident
in interleukin-2 (IL-2) from human lym?hocytcs and
recombinant CHO, BHK, and Lik™ cells?’*%, EPO from
recombinant CHO cells®, immunoglobulin A from
pooled human serum®, granulocyte colony-stimulating
factor (G-CSF) from recombinant CHO cells®! and plas-
minogen from human, bovine and pordne serum®?.
The biosynthesis of O-linked oligosaccharide structures
in yeast is significantly different from mammalian O-glyc-
osylation (reviewed in refs. 8 and 9). Yeast O-glycosylation
begins in the ER with the covalent atachment of mannose
to the recipient serine or threonine residue via a lipid
intermediate (Dol-P-Man), an initiation step completely
distinct from mammalian O-glycosylation. Up to four ad-
ditional mannose residues are attached in the Golgi to yield
a structure which has no in mammalian systems
{Mana(1,3)Mana(1,3)Mana(1,2)Mana(1,2)Man-Ser/Thr}*>.
Yeast and mammalian cells do aot have identical pro-
tein recognition sequences/structures for initiation of
O-linked glycosylation. Recombinant hIGF-I expressed in
§. cerevisiae is O-glycosylated at Thr-29°**%%, In coatrast,
normal human serum hIGF-I is not O-glycosylated®>->,
The capability of insect cells for ycosylation is
poorly understood. A recent report suggests that Sf9
msect cells are capable of performing the first two O-gly-
cosylation steps outlined in Figure 4 to produce dora-
bies virus gp50 containing GalNAc and Galg(1,3)GalNAc,
but unlike mammalian cells, they are unable to sialylate
this scructure®. A difference between mammalian and
insect cells in the initiation of O-linked glycosylation has
been observed in one case; recombinant Sf9 cells secrete
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RAGWRE 3 N-linked oligosaccharides from ,:hm. yeast and insect
cells. (A-B) From the plant enzyme laccase’. (C) General structure
of the N-linked oligosaccharides of $. cerevisiae glycoproteins'?,
The structure below the arrow (<€) represents a core structure
including 12 mannose units and a potential phosphorylation site
(*). Above the arrow (<) is the outer chain which can be extended
to over 10 repeats of Mana(1,6), as indicated (...). The first
Mana(1,6) of the outer chain is shown with an attached Man,PO,
group. Each Mana(1,6) of the outer chain may have such a group
or a truncated derivative, as indicated (), potendally raising the
toal number of mannose 10 more than 50. A glycoprotein
produced by wild-type §. cerevisiac may have glycosylation sites
containing both the core and outer chain, as shown above, or just
the core structure. Microheterogeneity of oligosaccharide struc-
tureata i ycosylation site is observed both in the core
and in the outer chain due to variability in both the number of
mannaosc linkages and the degree of phosphorylation. The §.
fre:euixia mand mutant is unable 10 synthesize the outer chain.

fore, glycoproteins produced by that mutant possess only
the core xu'ucturg below P(hc arrow (&) (reprinted from ref. 3
with permission of the American Chemical Society). (D) From
influenza virus hemagglutinin ex’pressed by baculovirus-infected
Spodapiera frugiperda {S(-9) cells'®.

only nonglycosylated IL-2*7, while cultured mammalian
cells secrete a mixture of nonglycosylated and O-glycosy-
lated IL-2%%,

N-linked aand O-linked oligosaccharide syntheses are
cell-type dependent among mammalian cells. Among
mammalian cells, oligosa ide processing is spedcies
dependent and cell-type dependent within a given species
(reviewed in refs. 1, 38 and 39). The influence of cell type
on giycosylation appears to be related primarily to the
presence, coacentration, kinetic characteristics, and com-
parmentalization of the individual glycosylwansferases
and glycosidases (reviewed in refs. 1 and 40). This secuon
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ASIRE 4 A common mammalian O-linked e5lycosylau'on pathway.
This 1palhwzy is evident in the O-linked oligosaccharides of
IL-2*7*, EPO®, immunoglobulin A%, G-CSF”' and plasmino-
gen*%. Enzymes are: (1) UDP-GalNAf(:folype tide N-acetylgalac-
tosaminyliransferase, (2)  UDP-Gal:GalNAca(1,0)-Ser/Thr
B(1,3)galactosyliransterase, (3) CMP-N-acetylneuraminate:8-D-
galactoside a(2.3)sialyltransferase, (4) CMP-N-acetylneurami-
nate:a-D-N-acetylgalactosaminide  «(2.6)sialyltransferase. (Re-
g:gted from ref. 3 with permission of the American Chemical
ety.)

will focus on the mechanisms underlying cell-type depen-
dent glycosylation by cultured mammalian cells.

Differences in oligosaccharide structure among mam-
malian cells are frequendy attributable to differences in
the presence of specific N-acetylglucosaminyltransferase
(GaT) activities. For example, differences in branching
structure are observed in the complex-type, N-linked
oligosaccharides of t-PA produced by a human colon
fibroblast (hcf) cell strain compared 10 those of t-PA
produced by 2 Bowes melanoma cell fine. These differ-
ences suggest that Bowes melanoma cells express GnT 111
and V11, but not GaT IV, while hcf cells express GaT 1V,
but not GnT 1 and VII*.

The presence or absence of a(l.3)galactosyltransferase
provides another basis for differences in oligosaccharide
processing among mammalian cells. This enzyme con-
structs the linkage galactose bonded a(1.3) to galactose
(i.e.. Gala(1,3)Gal] (Fig. 2H). The Gala(1,3)Gal structure
is found on the cell surfaces and some secreted proteins of
New World monkeys and non-primate mammals (e.g.
rodents, pigs. sheep, cows), but is not found on most cells
and proteins of humans, Old World primates, or anthro-
poid apes*?*3_ For example, Galili and coworkers have
detected the presence of the Gala(1,3)Gal epitope on the
surface of SP/2 myeloma cells and on secreted mouse
monoclonal antibodies**3. This structure is also present
on the N-linked oligosaccharides of recombinant interfer-
on-81* and recombinant ¢-PA*® synthesized by the
mouse C127 cell line. In contrast, the Gala(1.3)Gal epi-
tope is not found oa the cell surface of many cultured
human cells, including normal human fibroblasts and the
HL60 and HelLa cell lines*®. This epitope is also not
apparent in glycoproteins from recombinant CHO cells,
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including human interferon-81%, EPO*S47 3nd t.pate.
nor is it found in EPO produced by recombinant BHK
cells*®. These data suggest that a(1,3)galactosyltransferase
acuvity in these two rodent cell types is diminished or
absent. The CHO cell line does harbor DNA that hybrid-
izes with a probe for a murine a(1,3)galactosyltransferase,
but northern blot analysis reveals no evidence of a(l.3)ga-
lactosyltransferase message in CHO cells®®,

Differences in sialylation and fucosylation have also been
observed among mammalian cells. Two distinet sialic acid
linkages, NeuAca(2.3)Gal ané NeuAca(2.6)Gal, are found
in N-linked glycoproteins isolated from human urine or
plasma and from cultured human cell lines (Fig. 2G). For
example, EPO isolated from human urine contains about
60% of its sialylated structures with the NeuAca(2,3)Gal
linkage and 40% with the NeuAca(2,6)Gal linkage'’. [n
contrast, recombinant CHO cells generate N-linked oligo-
saccharides containing only the NeuAca(2,3)Gal linkage,
while recombinant C127 cells generace N-linked oligosac-
charides containing only the NeuAcx(2,6)Cal linkage,
suggesting that only one of the wo sialyltransferases is
active in each cell type'’. Human cells can possess an
a(1,3)fucosyltransferase activity leading to generation of a
Fuca(1,3)GlcNAc linkage (Fig. 21)*'. CHO cells appar-
endy possess the a(l,3)fucosyltransferase gene, but it is
not normally expressed®?. The feasibility of altering oli-
gosaccharide processing capabilities through expression
of exogenous glycosyltransferase genes has recently been
demonstrated independenty by several groups, who have
introduced  a(2.6)sialyltransferase®®, a(l.3)fucosyltrans-
ferase® and a(1,3)galactosyltransferase® into CHO cells.

While the examples noted above have focused on oli-
gosaccharide processing differences due to the presence
or absence of specific glycosyltransferases, differences in
oligosaccharide processing can also result from cell-spe-
cific differences in the reladve activities of competing
glycosyltransferases. For example, mammalian cells iso-
lated from carcinomas, or transformed by oncogenic

‘viruses or cellular oncogenes, frequently express in-

creased N-linked oligosaccharide branching due w0 in-
creased GaT V activity333%,

Differences in O-oligosaccharide processing have been
noted among mammalian cells. For example, significant
differences are observed in the O-linked oligosaccharide
structures of leukosialin synthesized by the K562 eryth-
roid.”HL-60 promyelocytic or HSB-2T lymphoid cell
lines®’.

Differences in O-glycosylation site occupancy are also
displayed among mammalian cells. For example, recom-
binant CHO cells secrete a ratio of giycosylated to nong-
lycosylated IL-2 on the order of 9:1, while recombinant
BHK and Ltk cells and cultured human lymphocytes
produce approximately equal proportions of glycosylated
and nonglycosylated 1L-2%7-%8,

Alterations of cell-type dependent glycosylation can
result from spontaneous mutations during serial cuitiva-
tion of mammalian cells. A series of CHO clones h:a;J bec;
isolated ing a variety of mutations affecting N- an
0-glycosr;'(l’::if:l""“"8 . M::Z CHO glycosylaton mutants
mainain a growth rate comparable to their parent popu-
fation®%0, Mutation usually diminishes a glycosylation
capability—for example, the LEC 2 CHO mutant has
reduced capacity for sialylation of both N- and O-linked
sugars due to reduced ability to transport sialic acid into
the Golgi’®%%. However, a mutation may lead to a new
glycosylation capability. For example, the LEC 10 and 11
CHO mutants express an af1,3)fucosyltransferase acusvity
not expressed in the parent CHO population®?. These
results provide a note of caution in the selection of clonal
populations in conjunction with gene amplification.

1
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N-linked and O-linked glycosylatioa are affected by
.| the cell culture enviroument. The outcome of N-linked
glycosylation is potentially influenced by cell culture var-
iables such as glucose concentration, ammoaium ion con-
centration and the hormonal content of the medium
(reviewed in ref 2). Among the potential mechanisms to
explain such effects are: (1) depletion of the cellular
energy state, (2) disruption of the local ER and Golgi
environment, (3) interference with vesicle trafficking, and
{4) modulation of glycosidase and glycosyltransferase ac-
tvities.

For example, control of mRNA transcription rate
and/or sability is presumed to be responsible for many of
the effects of hormones on oligosaccharide processing.
Recendy, this hypothesis has been confirmed in expeni-
ments demonstrating increases in specific glycosyltrans-
ferase mRNA and corresponding increases in the intra-
cellular concentrations of their respective enzymes in
response to cellular stimulation by dexamethasone®! or
retinoic acid®®.

Dowustream processing protocol may influence the set
of isolated glycoforms. Glycoprotein oligosaccharides re-
side on the protein surface, where they may interact with
both the protein and the solvent. Therefore, the effects of
oligosaccharides on protein surface chemistry are often
significant. For example, proteins possessing oligosaccha-
rides are almost always much more soluble than their
aglycosyi counterparts®®*, Significant differences in sol-
ubility between glycoforms are also possible, as demon-
strated by the reduced solubility of EPO in the absence of
terminal sialylation%s.

Since sialic acid is negatively charged at neutral pH,
differences in sialic acid content among glycoforms will
influence their behavior in ion exchange chromatogra-
phy. Oligosaccharides also have a significant effect on
glycoprotein retention time in chromatographies based on
hydrophobic interactions between column support and
protein (e.g., see ref. 41).

Thus, the protocol for protein purification may have a
| profound effect on the distribution of purified glyco-
forms, and the reproducibility of glycoform distribution
will be dependent upon the reproducibility of the purifi-
cation procedure. These considerations also point to the
possibility of adjusting the purification protocol to isolate
a subset of glycoforms with enhanced therapeutic poten-
tial—for example, if the most highly sialylated subset of
glycoforms is valued because of increased én vivo circula-
tory half-life, then one could develop a purification pro-
tocol to purify that subset.

EFFECTS OF OLIGOSACCHARIDES ON
GLYCOPROTEIN PROPERTIES

The efficacy of a human therapeutic glycoprotein is
dependent upon many properties that are potentally
affected by olij ide structure. For example, the
oligosaccharides of glycoproteins usually enhance protein
solubility, and often promote resistance to protease attack
and resistance to irreversible thermal inactivation. These
latter properties are affected by oligosaccharides on a
protein-specific basis due ta the influence of oligosaccha-
rides on protein surface chemistry and protein tertiary
structure (reviewed in ref. 3).

Specific activity is also frequently affected upon partal
or complete removal of oligosaccharides, but is rarely
abolished. In fact, the absence of oligosaccharides often
cnhances specific activity as measured in vitro, as exempli-
fied by EPO®% and «-PA%"*%. Oligosaccharides may
influence specific activity by affecting glycoprotein tertiary
structure. Alternatively, oligosaccharides may promote or
inhibit ligand-receptor interactions through a steric effect

Filed 06/29/2007

or through a charge effect related (o the presence of sialic
acid on the oligosaccharides of the ligand and/or the
receptor (reviewed in refs. 1 and 3).

Below, we present a more detailed discussion of the
potential effects of oligosaccharide structure on three
properties critical to the efficacy of human therapeutc
glycoproteins, antigenicity, immunogenicity and drcula-
tory half life.

Effect of oligosaccharides on glycoprotein antigenic-
ity. Oligosaccharide structures can serve as a basis for
antbody recognition (reviewed in ref. 69). Many mamma-
lian circulating antibodies are targeted against specific
oligosaccharide determinants. For example, approxi-
mately 1% of circulating human IgG is specific for the
terminal Gala(1,3)Gal(1,4)GlcNAc¢ epitope—that is, ap-
proximately 100 ug/ml of human IgG recognize the
“Gala(1,3)Gal” structure generated by mammalian cell
lines possessing a(1.3)galactosyltransferase (Fig. 2H). Asa
second example, most humaas have circulating antibodies
against N-linked yeast mannan chains with the general
form shown in Figure 3C7%7%,

Oligosaccharides may also contribute indirectly to gly-
coprotein antigenicity”*. For example, an oligosaccharide
may inhibit access to an antigenic site by steric hindrance
or by charge interactions contributed by sialic acid.
Alternatively, the antigenicity of a glycoprotein may be
altered due to an effect of the dligosaccharides on protein
conformation. Such conformational effects have been
proposed ta explain the differences in ‘antigenicity be-
tween glycosylated and aglycosyl forms of human chori-
onic gonadotropin*-"* (hCG), ovine luteinizing hor-
mone’® and Semliki forest virus glycoprotcin?”.

Effect of oligosaccharides oa glycoprotein imm

ugoge-
nicity. While oligosaccharides clearly affect glycoprotein

antigenicity, the effect of oligosaccharides on glycoprotein
immunogenicity (ability to eficit an immune response) is
less clear. Antibodies to oligosaccharide are elicited in
animals when the oligosaccharide is conjugated to an
immunogenic protein. For example, antibodies to plant-
specific oligosaccharide structures similar to that shown in
Figure 3A were raised in rabbits immunized with plant
glycoproteins™. As an additional example, antibodies
against 2 common O-linked yeast structure, Mana(1,3)-
Mana(1,2)Mana(1.2)Man, were raised in rabbits injected
with that oligosaccharide conjugated to the plant protein
edestin™.

Human EPO produced by recombinant CHO cells is the
only recombinant therapeutic glycoprotein for which
extensive clinical trial daca involving antibody develop-
ment has been published. No antibodies against recombi-
nant EPO have been detected in patients receiving this
product, even after chronic administradon up to 18
months®*~**. Takeuchi and coworkers*” have reported
the oligosaccharide structures from human urinary EPO
and recombinante CHO-derived EPO to be essendally
idendcal, with the exception that the CHO-produced
material contains sialic add only in an a2.8 linkage. while
the human urinary material contains both the a2,3 and
a2,6 linkages. The absence of antibodies to EPO from
recombinant CHO is an important and encouraging re-
sult. The detiled analyses of N- and O-linked oligosac-
charides from CHO-produced t-PA%, interferon-8** and
IL-2*® have also revealed oligosaccharide structures sim-
ilar to those found on their natve human glycoprotein
counterparts, although no corragonding daa concerning
immunogenicity has been published.

Proteins which are normally glycosylated can potentially
have altered immunogenicity when administered in agly-
cosyl form due to the tendency of aglycosyl proteins to
aggregate. Protein aggregation enhances immunogenicty
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through 2 mechanism thac is poorly understood. For
cxample, increased protein aggregation has been corre-
lated with increased immunogenicity of clinically admin-
istered human growth hormone preparations®. In addi-
tion, deliberate aggregation of muscle creatine kinase®
and cytochrome ¢*® has been demonstrated to signifi-
candy increase the immunogeniciy of these proteins,
eliciing antibodies that recognize the native, unaggre-
gated proteins. In some cases, it may be possible to avoid
the insolubility problems associated with aglycosyl pro-
teins through a carefully chosen formulation buffer or
through covalent attachment to the protein of an oligo-
saccharide substitute, such as polyethylene glycol. For
example, sitc-sgcciﬁc attachment of polyethylene glycol to
human recombinant E. coli-produced IL-2 at uts lone
O-linked glycosylation site increases the solubility while
significandy redudngat‘he immunogenicity of human IL-2
administered in mice™.

Antibody development has been reported in patients
receiving the E. coli-produced human glycoproteins GM-
CSF®? and interferon beta-ser®®~%°. However, these stud-
ies are inconclusive concerning the effect of missing
oligosaccharides on immunogenicity, since the results may
be complicated by other factors—for example, amino acid
point mutations, differences in N-terminal protein proc-
essing and potential impurities.

Effect of oligosaccharides on glycoprotein in vive
circulatory half-life. Oligosaccharides play a significant
role in defining the in vive glycoprotein clearance rate, a
critical property in determining the efficacy of an injected
therapeutic protein. High in vitro specific activity will be of
litde consequence if an injected protein is too rapidly
climinate:{c?mm the drculatory system. For example, the
specific activity of EPO is increased upon desialylaton, but
the in vivo activity is abolished due to rapid in wve
clearance®' -2,

Several circulatory clearance mechanisms are associated
with high affinity receptors recognizing terminal
monosaccharides of glycoprotein oligosaccharides. The
asialoglycoprotein receptor found on hepatocytes binds
glycoproteins exhibiting terminal galactose or GalNAc,
including desialylated, complex-type N-linked oligosac-
charides (e.g., Fig. 2D and 2H) and desialylated O-linked
oligosaccharides (e.g., Fig. 4A and 4B) (reviewed in ref.
93). It is presumed that this receptor serves a major role in
the wrnover of serum glycoproteins®™. The functional
receptor is an oligomer possessing multiple sites for Gal
and GalNAc atuc%ment. Binding of a glycoprotein to this
receptor is enhanced by the presence of multiple terminal
Gal and GalNAc moieties; for a given asialoglycoprotein,
binding will increase with increasing numbers of oligosac-
charide groups and with increased oligosaccharide
branched structure. The receptor guides bound glycopro-
tein to lysosomes via endocytosis, and the free receptor is
then recycled to the cell surface®. The asialoglycoprotein
receptor is thought to be primarily responsible for the
rapid in vive clearance noted for desialylated EPO™. The
loss of in vive biological activity of desialylated GM-CSF
also apparendy results from rapid dearance by the asa-
loglycoprotein receptor®.

A mannose receptor has been identified on the surface
of several cell types, including liver endothelial cells and
resident macrophage cells, espediaily those of the spleeq,
lung and liver (Kupffer cells) (reviewed in refs. 95 and
96). Oligosaccharides terminating in mannose are infre-
quendy found on the surface of mammalian ceils or on
mammalian glycoproteins, but are abundant on the sur-
faces and proteins of lower organisms, such as yeast (Fig.
3C). The mannose receptors of liver endothelial cells and
resident macrophages apparently represent a means for
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recognizing and climinating cells and glycoproteins .
ing high-mannose-ty, oh'?rosacdmridgg‘. g‘he mznb,:;
receptor exhibits ity for terminal monosaccharides
according to the order Man = Fuc>GlcNAC>Glu>>Gal,
Because of the affinity of the receptor for fucose, the
receptor is frequenty referenced as the mannose/fucose
receptor®. The receptor directs bound glycoprotein 1o
lysosomes via endocytosis and is recycled to the cell
surface. The mannose receptor is apparently responsible
for circulatory dearance of human glycosylated a-amylase
on the basis of its N-linked oligosaccharides possessin
terminal fucose bonded a(1.3) to GlcNAc (Fig. 2H)*!. The
mannose receptor also represents one means of human
t-PA clearance due to the high-mannose oligosaccharide
at Asn-117"7. Enzymatic removal of the high-mannose
oligosaccharide at Asn-117 using Endo-H® or site-di-
rected mutagenesis to eliminate the glycosylation site ar
Asn-117" results in enhanced t-PA circulatory halflife.
The mannose receptor will presumably represent a major
clearance mechanism for glycoproteins produced in re-
combinant S. cerevisiae and insect cells which possess
terminal mannose or GlcNAc moieties (Fig. 3C-3D).

Glycoprotein oligosaccharides can also affect dlearance
rate by mechanisms which do not involve high-affinity
receptors. Human proteins with molecular weights less
than about 70 kD are continuously removed from the
drculation by the kidney. The filtration rate through the
kidney glomerular tubules is sensitive to protein tertia
structure as well as molecular weight, and is inhibited by
the presence of surface charge (revicwed in ref. 100).
Oligosaccharides can prolong glycoprotein circulato
half life by increasing both size and surface charge!®*1%%,
For example, al-acid glycoprotein with its normal com-
plement of five sialylated, complex-type oligosaccharides
is deared slowly from the rat circulatory system—97%
remains in the drculatory system 10 minutes after injec-
tion. In contrast, aglycosyl al-add glycoprotein (molecu-
lar weight = 23 kD) is cleared rapidly through the
kidney—36% remains in the circulatory system 10 min-
utes after injection.'?'.

Antigenicity generated by the presence or absence of
oligosaccharide provides another basis for an effect on
glycoprotein clearance. The formation of immune com-
plexes of antigen and antbody leads to clearance of ant-
gen via mechanisms involving the complement system and
cellular receptors (reviewed in refs. 103—105). These clear-
ance mechanisms have been postulated to explain the rapid
clearance of therapeutic proteins during some clinical trials
where an immunogenic response was elicited %%, How-
ever, more rapid protein clearance has not been reported
in all cases where an immunogenic response was observed
10 an injected therapeutic protein®. Some investigators
have proposed that specific non-precipitating circulating
antubodies may in some cases lead to enhanced circulatory
haif-life of the target protein, by serving as physiological
carmiers which inhibit normal clearance mechanisms such
as kidaey filtration!'.

CONCLUSIONS

Differences in the N-linked and O-linked oligosaccha-
ride structures produced by mammalian, yeast, insect and
plant cells, as documented in the first part of this review.
make it difficult to be enthusiastic about the use of yeast,
insect and planc cells as hosts for the production of human
therapeutic glycoproteins that require substantal circula-
tory residence time. These cells synthesize oligosaccharide
structures with terminating mannose, GlcNAc and/or ga-
lactose moieties that should be recognized by the high
affinity receptors of the dirculatory clearance mechanisms
associated with hepatocytes and resident macrophages-
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Additional immunogenic effects of glycoproteins possess-
ing yeast-, insect- :lg':;lznt-spedﬁc oligosaccharide struc-
tures are possible, although as yet unproven.

Differences in oligosaccharide processing among pro-
spective mammalian host cells could be significane, al-
though the dinical data necessary to draw firm condu-
sions is not available at this time. For example, it seems
likely that the Gala(1.3)Gal moiety will have an effect on
glycoprotein circulatory half-life, given the prevalence in
human blood of antibodies directed against that epitope.
However, it would be premature to conclude at this time
that Gala(1,3)Gal will necessarily lead to more rapid
clearance. In fact, it is conceivable that circulatory half-ﬂfe
could be improved if the antibodies to Gala(1,3)Gat are
non-precipitating. A recent study examining the effect of
Gala(1,3)Gal on t-PA dearance rate in chimpanzees!!! is
incondusive on this issue due to the complexity of t-PA
dearance®™*%12113 Oyeqiions concerning the effect of
Gala(1.3)Gal on clearance extend beyond the use of
ceruin rodent cell lines to produce human therapeutic
proteins, as the Gala(1,3)Cal determinant is also likely to
be found on proteins produced by transgenic cows, sheep
and pigs.

Detailed N-linked and O-linked oligosaccharide struc-
tures have been determined for several glycoproteins
produced using recombinant CHO cells, including EPO,
t-PA, interferon-g1 and IL-2. A pleasant surprise from
these recent analyses has been the remarkable degree 1o
which the oligosaccharide structures from the CHO-
produced glycoprateins correspond to the structures of
those same proeins isolated from human urine or pro-
duced using normal human diploid cells. As a result,
Chinese hamster ovary cells have emerged as the cell line
of first choice for the synthesis of recombinant human
therapeutic glycoproteins, although CHO cells do possess
deficiendies that may limi¢ their applicability in specific
cases, such as limited capability for y-carboxylation and
inability for oligosaccharide sulfation.
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NORWAY IS YOUR SOURCE FOR
ANIMAL BLOOD PRODUCTS

THE ZOOSANITARY SITUATION IN NORWAY ENSURES OUR CUSTOMERS ANIMAL
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For the user of animai derived materials, it Is of the outmost Importance that the products are manufactured from
an snimal source with a first class zoosanitary situation. Norway Is one of the few countries In the world beeing
free of all List A diseases, as reported by the internstional Office of Epizootics (OIE). Of the List B discases,

Norway is free of BSE ( Bovine Spongiform Encephalopaty ) and rables,

The good health status enjoyed by domestic snimals in Norway stems from an effective veterinary service and e
general prohibition agsinst the Import of livestock, carcasses, semen and embryos. The use of growth hormones

and antiblotics In the feed is prohibited in Norway.

The NORGROWTH PRODUCTS from BioSmia A.S. are manufactured in USDA and EEC

inspected abbatoirs, and thus can be imported into any country without restriction.
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We produce blood platelets, leucocytes, platelet thrombin releasate, growth factors,

animal serum _and plasma. Several new products are in development.
+ We also supply monoclonal antibodies against growth factors and bacterial adhesins.

For further information please contact:

BroSura s

AGRO BIO SYSTEMS

Tel: +47 77 51 500
Fax: +47 77 51 640
MURBRAEK FARM
N-7760 SNASA, NORWAY
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