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Enhanced Galactosylation
of Monoclonal Antibodies

Using Medium Supplements and
Precursors of UDP-Galactose, Part 2

Roger Anderson, Lindsay Hock, Rachel Yao, and Sadettin S. Ozturk

n Part 1 of this report, we described

our development of a high-

throughput assay for analyzing

monoclonal antibody (M ADb)
glycans and how we used it to evaluate
the effects of medium supplements on
galactosylation of M Abs produced by
two different cell lines (1). This month,
we examine galactosylation of a MAb
produced by a third cell line. A
discussion follows on the benefits of
this high-throughput assay before we
highlight the similarities and
differences in galactosylation among
the three M Abs in our study.

ResuLTs FOR CELL LINE 3

Our study on the third cell line was
similar to the studies for cell lines 1
and 2. Cell line 3 was cultivated in
shake flasks with Gibco Dynamis
medium and supplemented with
EfficientFeed C+ supplement (EFC+),
both from Thermo Fisher Scientific.
Maximum cell densities ranged from
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Table 1: Uridine, manganese, and galactose concentrations added to cultures of cell line 3

Supplement Low Dose Mid Dose High Dose Higher Dose
Concentration added per day

Uridine 0.06 mM 0.24 mM 0.48 mM 0.72 mM
Manganese 0.12 uM 0.48 uM 0.96 uM 1.44 uM
Galactose 0.3 mM 1.2 mM 24 mM 3.6 mM
Concentration added in total

Uridine 0.66 mM 2.64 mM 5.28 mM 7.92 mM
Manganese 1.32 uM 5.28 uyM 10.56 uM 15.84 uM
Galactose 3.3 mM 13.2 mM 26.4 mM 39.6 mM

1.7 to 2.5 x 107 cells/mL, and culture
viabilities at harvest were 42-78%.
Despite those wide ranges, the
galactose-enhancing supplements had
little effect on MAD production in this
case: The control culture contained
480 mg/mL, whereas the treated
cultures produced 490-550 mg/mL.

We supplemented these cultures
with feeds designed to enhance
galactosylation: EX-CELL
Glycosylation Adjust (Gal+) supplement
trom MilliporeSigma; Gibco Glycan
Tune C+ (Thermo Fisher Scientific)
starting on day 3 or day 8 of culture; or
one of four concentrations of a mixture
containing uridine, manganese (Mn),
and galactose. The first three mixtures
were equivalent to the low, middle, and
high doses of uridine-Mn~—galactose
used to treat cell line 1; the fourth dose
used here is identified as the “higher
dose” mixture in Table 1.

GOF content of MAD 3 at harvest
was about 80%, greater than its content
in M Abs 1 and 3 (which were about
60% and 70%, respectively). Despite the

greater GOF content of MAb 3, the
uridine-Mn~-galactose mixtures and
commercial supplements enhanced
MADB3 galactosylation (Figures 1 and
2). However, by contrast with M Abs 1
and 2, all supplements enhanced
galactosylation — not just of G1F(1—6),
but also G1F(1—3) and G2F. The same
control is shown in both figures.

The time course for MAb
galactosylation depended on the cell
line and culture supplement.
Examination of the data in Figures 3
and 4 confirms that the relative amount
of GOF glycan is 80% at harvest
because data from the preceding days
lead to 80%. Supplements reduced the
quantity of GOF glycan to <40% of the
total glycan and increased the quantity
of G2F glycan from ~1% to amounts
ranging from 4% to 14% of the total
glycan. It appears that the extent of
galactosylation can be controlled by
adding GlycanTune C+ supplement to
cultures starting on day 3 or day 8. One
observation in common with the
previously described studies was a
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Figure 1: Effects of uridine-Mn-galactose mixtures on glycosylation of
MAD 3 at culture harvest
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larger change in G1F(1—6) galactosylation than in
G1F(1—3) galactosylation. The controls in Figures 3 and 4
are from Figures 1 and 2, respectively.

DiscussioN

High-Throughput (HTP) Assay: The biopharmaceutical
industry needs HTP assays to quantify glycan moieties on
proteins made by recombinant means, including MAbs (2).
Our assay meets the requirements for rapidity, precision,
and the capacity to test a large number of samples at a
time. The assay uses a suspension of negatively charged
magnetic beads to adsorb glycans released from MAb
glycoproteins by peptide-N-glycosidase F (PNGase F).
Glycans adsorbed to beads are separated from the fluid
phase without the need for pipetting. Glycan isolation and
labeling can be accomplished in a day; samples can be
analyzed overnight using capillary electrophoresis.

Glycan analysis based on fluorescent labeling has been in
widespread use since the 1990s. Although the methods of
analysis have remained constant, the methods of preparing
glycans for analysis have varied considerably. Glycoproteins
have been denatured before treatment with PNGaseF (3-5).
Enzyme treatments typically were performed at 37 °C for
1624 hours (6, 7). Methods used to isolate glycans from
protein have been lengthy in some cases (3,4, 8). Reaction of
glycans with fluorescent molecules such as 8-aminopyrene-
1,3,6-trisulfonic acid (APTS) under acidic reducing
conditions often were performed overnight (4, 9). Reaction
mixture clean-up ranged from dilution with water (10) to
column chromatography and concentration of samples (5, 7).
Teams led by Royle and Ruhaak used 96-well plates (10, 11).
A method developed by Varadi et al. shortened and
simplified the method for preparation of MAb samples for
glycan analysis by shortening incubation times and using
charged magnetic beads to effect separations (12).

Modulation of MAb Galactosylation: Changes to the
cultivation medium and cell line affected MAb
galactosylation. The extent of GlcNAc, Gal, and NANA
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Figure 2: Effects of commercial supplements on glycosylation of MAb 3
at culture harvest; control is that used in Figure 1.
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addition depends on the concentration of nucleotide sugars
in Golgi vesicles and on activities of mannosidases and
glycosyltransferases (13-15). The use of two commercial
medium supplements designed to enhance glycosylation —
with a mixture of uridine, MnCl,, and galactose —
increased MAb galactosylation. Uridine and galactose are
precursors of uridine diphosphogalactose (UDP-galactose),
which donates galactose to glycans, and Mn is a cofactor
for an enzyme that synthesizes it. Increased galactosylation
of MAbs in our studies reported herein was similar to that
seen in other studies that used similar mixtures of uridine,
MnCl,, and galactose.

Gramer et al. supplemented cultures with increasing
concentrations of uridine-MnCl,-galactose at a molar ratio of
1:0.002:5 (16). MAb galactosylation increased from 3% to
21% when the supplement concentration increased from 0 to
8x, which was nearly equivalent to the control and low-dose
mixture we used. Further increases in concentration from 8x
to 20x resulted in a minimal increase in galactosylation from
only 21% to 23%; those findings were consistent with ours
obtained using mid- and high-dose mixtures. With a second
cell line, galactosylation increased from 0% to 29% when
supplement concentration was increased from 0 to mid-dose
(17). And Fan et al. showed that galactosylation was limited
by UDP-galactose synthesis, which in turn was linked to low
concentrations of glucose and glutamine in culture media
(18). Addition of 20 mM galactose to the medium increased
the galactose content of IgG glycans from 14% to 25% (19).

Adding manganese and galactose increased the galactose
content of MADb glycans, suggesting that the two compounds
are rate limiting. Concentrations of manganese and galactose
are increased enough to bring them near their K values for
UDP-galactosyltransferase (20). K and optimal
concentrations for UDP-galactose are in the millimolar
range. Thus, the supplement mixture brings both
compounds into a relevant range for galactosyltransferase.

Preferential Galactosylation on the Glycan’s a1,6 Arm:
Our results showed preferential galactosylation of the
glycan’s 01,6 arm over its 1,3 arm. Because the glycans face
inward, galactosylation is limited by inaccessibility of
GlecNAc on the molecule to the galactosyltransferase
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enzyme. In addition, galactosylation
and sialylation increased when two
phenylalanines at positions 241 and 243
were changed because the
phenylalanines contributed to

stabilizing glycan—protein interactions
through hydrophobic CH-nt
interactions (21, 22). The effect of steric
interference is not limited to IgG; it has
been shown to affect the glycosylation

Figure 3: Effect of uridine-Mn-galactose mixtures on galactosylation of MAb 3 glycans during
cultivation; #--# Efficient Feed C+ (EFC+ = control); m--m EFC+ with uridine-Mn-galactose (low
dose); A--a EFC+ with uridine-Mn-galactose (mid-dose); x--x EFC+ with uridine-Mn-galactose
(high dose); #--x EFC+ with uridine-Mn-galactose (higher dose); day 13 data are from Figure 1.
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Figure 4: Effect of commercially obtained supplements designed to enhance glycosylation on the
galactosylation of MADb 3 glycans during cultivation; ¢--4 Efficient Feed C+ (EFC+ = control);
m--m EFC+ with GAL (low dose); a--a EFC+ with GlycanTune C+ (day 3); x--x EFC+ with GlycanTune

C+ (day 8); day 13 data come from Figure 2.
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of Sindbis virus glycoproteins (23),
carboxypeptidase Y, and invertase (24).
Some data are consistent with
preferential galactosylation of the al,6
arm. When both arms were
galactosylated, nuclear magnetic
resonance (NMR) scanning of the
solution showed that both arms were
mobile at physiological temperature (23,
25,26). Movement of the galactosylated
al,6 arm was more restricted than that
of the a1,3 arm, indicating a greater
interaction between the a1,6 arm and
the protein, which is in part
attributable to galactose—protein
interaction (26,27). However, removing
the galactose increased the mobility of
the a1,6 arm and altered the glycan’s
interaction with the protein. It also
increased hydrogen bonding between
the a1,3 arm and the protein, perhaps
making the arm less accessible to
galactosyltransferase or UDP-galactose.
Fortunato and Colina found that the
al,6 arm had greater mobility than was
originally thought (26). They also used
X-ray crystallographic structures and
molecular simulations to examine the
motions of galactosylated and
nongalactosylated glycans on IgG
molecules. When nongalactosylated, the
al,6 arm showed more mobility than
the a1,3 arm. That resulted from
interactions between the terminal
GleNAc and the protein. There was
little interaction of the terminal GlcNAc
on the al1,6 arm with the polypeptide.
The contemporary studies cited
above are consistent with earlier in vivo
and in vitro studies — in particular,
indicating favored galactosylation of the
al,6 arm and suppressed
galactosylation of the a1,3 arm. In a
study using nongalactosylated
glycopeptides from a human IgG
myeloma, NMR data showed that 17%
of the a1,6 arms were galactosylated,
whereas the a1,3 arms had no galactose
(28). Galactosyltransferase from porcine
mesenteric lymph node (EC 4.2.1.38)
added galactose to the terminal
GlcNAc of one arm on glycopeptides
— the more mobile al,6 arm — and
slowed incorporation of galactose on
the a1,3 arm (29). Thus, there is more
G1F(1—6) glycan than G1F(1—3).
Preferential galactosylation of a
terminal GIcNAc on a 1,6 arm was
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observed during studies using the
branched trisaccharide
GIcNAcB1—3(GlcNAcp1—6)Gal (30)
Galactosyltransferase from bovine
colostrum added galactose to the a1,6
arm 20x faster than to the a1,3 arm.
In just one report, galactosylation of
the 01,3 arm was favored over the al,6
arm. Purified rat liver Golgi UDP-
galactose:a-glucosamine [3-1,4-
galactosyltransferase incorporated more
galactose onto the al,3 arm of
glycopeptides in an in vitro system (31).
Because all such studies have used
glycopeptides or glycans as galactose
acceptors, it is possible that not all
glycan—protein interactions seen in
more recent studies were present

Structural and Physiologic Roles of
MADb Galactosylation: Galactosylation of
the IgG glycan affects the conformation
of the CH, domain by keeping the two
polypeptide chains in an “open” state.
Galactose, along with other residues in a
glycan, interacts with amino acids
predominantly through CH-n
interactions to stabilize the polypeptide
in a conformation that facilitates
antibody binding to Fey receptors, to the
complement component Clq, and to
FcRn receptors. Galactosylation thus has
a role in modulating the effector
functions of IgG, in particular by
attenuating inflammation and enhancing
complement-dependent cytotoxicity.

Functionally, galactosylation extends
the half-life of IgG in circulation by
preventing interactions between
terminal GlcNAc residues with the
mannose receptor (32). Terminal
galactose residues can affect
complement-dependent cytotoxicity
(33). Uridine 5"-triphosphate (UTP) and
UDP-galactose synthetases were
limiting to Chinese hamster ovary
(CHO) cells in fed-batch cultures with
serum-free Roswell Park Memorial
Institute (RPMI) medium (34). The
immune response — in particular, the
quelling of inflammation — depends
on the galactosylation of IgG (35).
Inflammation is modulated by at least
two mechanisms: In the first, the
association of galactosylated IgG1 with
FeyRIIB and dectin-L lowers
complement C5a receptor functions
(36). In the second case, galactosylated
IgG binds to blood dendritic cell
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antigen 2 on plasmacytoid dendritic
cells to suppress inflammation (37).
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