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Higher levels of sialylated Fc glycans in immunoglobulin G
molecules can adversely impact functionality

Bernard J. Scallon ∗, Susan H. Tam, Stephen G. McCarthy, Ann N. Cai, T. Shantha Raju
Discovery Research, Centocor R&D, Inc., Radnor, PA 19087, United States

Received 4 August 2006; received in revised form 25 August 2006; accepted 4 September 2006
Available online 11 October 2006

bstract

Although it is now clear that certain Fc glycan structures on immunoglobulin G (IgG) antibodies (Abs) can have a dramatic influence on
inding to selected Fc� receptors (Fc�R) and on Fc-mediated immune functions, the effects of all known Fc glycan structures still have not
een exhaustively studied. We report that in vitro analyses of pairs of monoclonal human IgG Abs that differ in the amount of sialic acid in
heir Fc glycans revealed that, for each of the three Ab pairs we examined, higher levels of sialylation were associated with reduced activity in
b-dependent cellular cytotoxicity (ADCC) assays. This relationship between sialylation and ADCC activity was observed regardless of whether

he differences in the extent of sialylation were derived by different Ab production processes, use of a lectin column to separate monoclonal Ab
reparations into differentially sialylated fractions, or use of direct in vitro glycoengineering methods to convert a lesser sialylated Ab into a highly

ialylated Ab. Subsequent investigations revealed that, depending on the individual Ab and how the differences in sialylation were derived, the
ower ADCC potency of the more sialylated variants was apparently due to lower-affinity binding to Fc�RIIIa on natural killer (NK) cells and/or,

ore interestingly, lower-affinity binding to cell-surface antigen. Our data provide the first example of an Fc glycan structure impacting antigen
inding and suggest that avoiding Fc glycan sialylation can offer another means of optimizing ADCC activity of Abs.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

The constant region of human IgG Abs contains a single site
or asparagine (Asn)-linked glycosylation, i.e. the Asn residue at
osition 297 (EU numbering system) on the two identical heavy
hains, which maps to the Fc domain (Fig. 1). These Fc glycans
onsist predominantly of the complex biantennary structures,
hich display a high degree of heterogeneity due to the pres-

nce or absence of various terminal sugars (reviewed by Jefferis,
005; Raju, 2003). It has been known for two decades that the

resence of this Asn-linked glycan is critical for Ab activity in
mmune effector function assays, such as complement activa-
ion and ADCC (Nose and Wigzell, 1983; Leatherbarrow et al.,

Abbreviations: Abs, antibodies; ADCC, antibody-dependent cellular cyto-
oxicity; Ag, antigen; Asn, asparagine; CPMs, counts per minute; Fc�R, Fc�

eceptor; GlcNAc, N-acetylglucosamine; IgG, immunoglobulin G; mAbs, mon-
clonal Abs; NK, natural killer; PBMC, peripheral blood mononuclear cells;
GA, wheat germ agglutinin
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985; Tao and Morrison, 1989). Multiple noncovalent contact
ites between the glycan and the Fc backbone, along with inter-
ctions between the glycan on one heavy chain and the glycan on
he other heavy chain, serve to define Fc conformation (Huber et
l., 1976; Deisenhofer, 1981). Consequently, the absence of the
c glycan, whether in Abs deglycosylated by enzymatic removal
f the glycan or in aglycosylated Abs genetically engineered to
ack the amino acid consensus sequence for Asn-linked glyco-
ylation, results in a misconformation that perturbs the binding
egions for C1q complement protein and the Fc� receptors
Fc�R), including the so-called high-affinity receptor, Fc�RI
CD64) and the lower-affinity receptors, Fc�RIIa (CD32a) and
c�RIIIa (CD16a) (Mimura et al., 2000; Krapp et al., 2003;
ijstelbloem et al., 2001). The affinity of such nonglycosy-

ated Abs for their antigens, however, has been shown to remain
ssentially unchanged, which speaks to the apparent functional
eparation between the Fc structure of an Ab and its intrinsic

ffinity for antigen.

Differences in Fc functions of Abs that differ only in the
ne structure of the Fc glycan are generally much less dramatic,
ith the exception being Abs that differ in their fucose con-

mailto:BScallon@cntus.jnj.com
dx.doi.org/10.1016/j.molimm.2006.09.005
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Fig. 1. Schematic depiction of an IgG Ab showing an Fc glycan structure.
The position of the single Asn-linked glycosylation site at Asn297 of both
heavy chains, and one of numerous possible glycan structures, are shown (SA,
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ialic acid; Gal, galactose; GlcNAc, N-acetylglucosamine; Man, mannose; Fuc,
ucose; Asn, asparagines).

ent. Compared to fully fucosylated IgG1 Abs, afucosylated
ersions of the same Ab show a 50-fold greater affinity for
c�RIIIa and a greater than 100-fold enhanced ADCC activ-

ty (Shields et al., 2003; Shinkawa et al., 2003; Yamane-Ohnuki
t al., 2004). The same enhanced ADCC effects can be accom-
lished by co-expressing an IgG Ab with an enzyme that attaches
bisecting GlcNAc residue, which also serves to reduce fucose

evels (Umaña et al., 1999). These observations took on increas-
ng importance following the first report of clinical evidence that
atients with an Fc�RIIIa allotypic variant that binds IgG1 with
reater affinity showed better clinical responses to the therapeu-
ic IgG1 Ab, rituximab, compared to patients with a different
c�RIIIa allotypic variant that binds IgG1 with lower affinity
Cartron et al., 2002). Aside from the effects of fucose, func-
ional effects of other variations in Fc glycan structure that have
een reported appear to have much more subtle effects, such
s the approximately two-fold reduced levels of in vitro com-
lement lysis activity of Campath-1H and rituximab variants
hat have reduced levels of galactosylation (Boyd et al., 1995;
odoniczky et al., 2005). Effects of Fc sialic acid on Ab func-

ions have received relatively little attention, presumably in part
ue to purified Ab preparations typically containing only low
mounts of sialic acid and also due to challenges associated
ith preparing variants of the same Ab that differ significantly

n their sialic acid content but do not differ in other ways that
ight influence activity. Removal of sialic acid from IgG1 Ab
ampath-1H was reported to have no effect on ADCC activ-

ty, but the Fc glycans on the original Ab preparation that was
sed as a reference appeared to be less than 5% sialylated, mak-
ng it difficult to detect any effect (Boyd et al., 1995). The Fc
ctivity of native (heterogeneous) IgG1 Fc and IgG1 Ab were
ompared to the same material after treatment with both sialidase
nd �-galactosidase, but not compared to material treated with
ialidase only, which may have allowed an analysis of the effects
f sialic acid (Mimura et al., 2000). A mutated human IgG3 Ab
hat was highly sialylated via an �2,3 linkage was observed to
e two- to three-fold less active than its wild-type, lesser sia-
ylated counterpart in Fc�RI-dependent and Fc�RII-dependent

unctional assays, but a variant of the same Ab that contained a
ix of two sialic acid linkages (�2,3 and �2,6) showed activi-

ies comparable to the wild-type (Lund et al., 1996; Jassal et al.,
001). Although this demonstrated that the type of sialic acid
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inkage can have at least some effect on Fc function of a mutant
gG3 Ab, the study did not compare Fc functions of an IgG with
iffering amounts of sialylation. Kumpel et al. (1994) did sug-
est that high levels of sialylation in Ab JAC10 may be a reason
or its low activity in ADCC assays, but reasons for not being
ble to draw firm conclusions about sialic acid effects include
he facts that (a) the same Ab with lower levels of sialylation
as not included in the analyses to more clearly point to sialic

cid effects, (b) the Ab lot with high sialylation was not the same
b lot used in their ADCC assays, (c) data shown with another
b with the same degree of sialylation was far more active, and

d) it was not known whether the Abs samples also differed in
ucose levels, an important parameter to control for ADCC com-
arisons. Finally, it was reported that an IgG1 Ab expressed in
mutant CHO cell line that was defective in sialylation and the

ame Ab expressed in a wild-type CHO cell line showed no dis-
ernible difference in Fc�RI binding, but the comparisons did
ot include binding to Fc�RIIIa, the receptor primarily respon-
ible for in vitro ADCC activity (Wright and Morrison, 1998).
iven the lack of definitive comparisons in previous studies, and
uestions on the effect of the far-reaching, negatively charged
ugar on Fc glycan and protein structure (see Fig. 1), we sought
o more carefully test whether sialic acid content influences Ab
unction.

. Materials and methods

.1. Source, preparation, and analytical characterization of
est Abs

Ab1, Ab2, and Ab3 are all monoclonal IgG Abs with human
gG1 and kappa constant regions that were stably expressed in
ransfected mouse myeloma cells as described (Knight et al.,
993). No post-purification modifications were performed with
he sialic acid variants of Ab1 and Ab2 termed Ab1-20, Ab1-
9, Ab2-0, and Ab2-26, which have 20%, 29%, 0%, and 26%
ialylated Fc glycans, respectively (see Table 1).

Ab3 sialic acid variants were prepared after first enzymati-
ally modifying the Fc glycan to be fully galactosylated prior
o wheat germ agglutinin (WGA) lectin fractionation. The in
itro galactosylation reaction was performed using bovine �-
,4-galactosyltransferase as described by Raju et al. (2001). Fc
lycans of the modified Ab, Ab3-GT, was confirmed to be fully
alactosylated after release of glycans using PNGase F and char-
cterization by MALDI-TOF-MS and HPLC. Highly sialylated
b molecules were then separated from lesser sialylated Ab
olecules by buffer-exchanging Ab3-GT (∼10 mg) into 20 mM
ris–HCl buffer (pH 7.0) containing 20 mM CaCl2 and 20 mM
gCl2 and passing the Ab through a WGA lectin–agarose col-

mn. The column was washed with the same buffer and 1 ml
ractions collected while monitoring OD at 280 nm. Bound
ntibody was eluted with 200 mM GlcNAc solution and buffer-
xchanged into phosphate-buffered saline (PBS). Bound and

nbound material contained 67% and 5% sialylated Fc gly-
ans, respectively, and were termed Ab3-GT-WGA-67 and Ab3-
T-WGA-5. The same procedure was also used to fractionate
b1-29 on a WGA lectin column, but without first treating with
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Table 1
Summary of test Abs

Parent Ab Name of sialic
acid variant

% Fc glycans with
sialic acid

Source of variation in
Fc sialic acid content

% Fc glycans
with fucose

Difference observed

ADCC Fc�RIIIa binding Ag bindinga

Ab1 Ab1-20 20 93.4 √ √ √
Ab1-29 29 Production process 94.8

Ab2 Ab2-0 0 97.4 √ √
Ab2-26 26 Production process 96.5

Ab3 Ab3-GT-WGA-5 5 94.8 √ √
Ab3-GT-WGA-67 67 GalT, WGA fractionation 95.0

Ab1 Ab1-WGA-29 29 94.7 √ √
Ab1-WGA-41 41 WGA fractionation 94.5

Ab1 Ab1-20 20 93.4 √
Ab1-GTST-90 90 SialylT treatment 94.9 Not tested Not tested
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a Refers to cell-surface antigen.

-1,4-galactosyltransferase. The resulting fractions were termed
b1-WGA-41 and Ab1-WGA-29. An in vitro glycoengineer-

ng method was used to prepare a highly sialylated sample of
b1 by simultaneously treating purified Ab1-20 with bovine
-1,4-galactosyltransferase and rat liver �-2,3-sialyltransferase
s described (Raju et al., 2001). The resulting Ab was found
o contain 90% sialylated Fc glycans and was therefore termed
b1-GTST-90. Enzymatically deglycosylated Abs, referred to

s Gno variants, were prepared by treating Ab1, Ab2, and Ab3
ith PNGase F and characterizations performed as described
reviously (Raju and Scallon, 2006). Each Gno Ab showed
00-fold reduced binding to Fc�R on human U-937 cells in
ompetition binding experiments (data not shown) performed
s described below, with the trace binding believed to be due
o incomplete deglycosylation. The negative control Ab (CNTO
198) used in U-937 Fc�R binding experiments is a recom-
inant, monoclonal mouse IgG1,k Ab with irrelevant antigen
pecificity that was prepared at Centocor.

To determine what proportion of glycans were sialylated in
ach Ab sample, PNGase F-released glycans were derivatized
ith anthranilic acid (2-aminobenzoic acid) and analyzed by
ormal phase HPLC as described (Papac et al., 1996, 1998; Raju
t al., 2000; Anumula, 1995). The extent of Fc fucosylation was
etermined by digesting Abs (∼50 �g) with PNGase F in 10 mM
ris–HCl buffer (50 �l) pH 7.0 for 4 h at 37 ◦C and analyzing

he released glycans by MALDI-TOF-MS as described else-
here (Papac et al., 1996, 1998; Raju et al., 2000). To quantitate

ggregates, Ab samples were analyzed by SEC using Agilent
100 HPLC system (Agilent, Palo Alto, CA). A TOSO HAAS
SK 3000SWXL (Tosoh Biosep LLC, Montgomeryville, PA)
.8 mm × 30 cm column (5 �m particle size) was used at ambi-
nt temperature. The mobile phase was PBS, and the flow rate
as 0.5 ml/min.
.2. ADCC assays

Target cells for assays involving Ab1 and Ab3 were pre-
ared at Centocor by transfecting Sp2/0 mouse myeloma cells

r
d
t
t

ith cell-surface, transmembrane-anchored forms of human
ntigens Ag1 and Ag3, respectively. The Ag1-expressing and
g3-expressing cell lines both expressed 50,000–70,000 Ag
olecules per cell. The Ag1-expressing and Ag3-expressing

ells were cultured in IMDM containing 5% heat-inactivated
etal bovine serum (FBS), 2 mM l-glutamine, 1 mM sodium
yruvate, 0.1 mM nonessential amino acids. Target cells for
ssays involving Ab2 were a human cell line from ATCC
hat expresses 90,000–120,000 cell-surface, transmembrane-
nchored human Ag2 molecules per cell. These cells were
ultured in DMEM medium containing 10% FBS, 2 mM l-
lutamine, 1 mM sodium pyruvate and 0.1 mM nonessential
mino acids.

ADCC assays were performed using a DELFIA EuTDA-
ased cytotoxicity assay (Blomberg et al., 1996) kit (Perkin-
lmer, Boston, MA) according to the manufacturer’s instruc-

ions, with minor modifications. Briefly, target cells were
oaded with BATDA (bis-(acetoxymethyl)-2,2′:6′,2′′-terpyrid-
ne-6,6′′-dicarboxylate) for 30 min at 37 ◦C, washed with
BS, and resuspended in the appropriate culture medium at
× 105 cells/ml. Peripheral blood mononuclear cells (PBMC)
ere isolated from blood of healthy donors by density gradient

entrifugation on Ficoll-Paque (Amersham Biosciences, Upp-
ala, Sweden) (Robinson et al., 2001), washed twice with PBS,
nd resuspended at 1 × 107 cells/ml in the same culture medium
sed for the Ag-expressing cells.

Ab dilutions in 100 �l culture medium were added in a
ound-bottom 96-well plate with 50 �l BADTA-loaded target
ells and 50 �l PBMC at a ratio of 50:1. The plate was cen-
rifuged for 5 min at 500 × g and then incubated for 2 h at
7 ◦C. DELFIA europium solution was added to cells and then
uorescence was measured on an EnVision instrument (Perkin-
lmer). The percentage of specific cytotoxicity was calculated
s (experimental release − spontaneous release)/(maximum

elease − spontaneous release) × 100. Spontaneous release was
etermined by incubating the targets with media instead of effec-
or cells, and maximum release was determined by incubating
arget cells with 10 �l of DELFIA lysis solution. Data were fit-
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ed to a sigmoidal dose–response curve using Graphpad Prism
4 (GraphPad Software, San Diego, CA).

.3. Ab binding to cellular FcγRs

Human PBMCs were isolated as described above and NK
ells isolated from the PBMCs by negative selection with mag-
etic beads (Miltenyi Biotec, Auburn, CA). NK cells were
ultured overnight in 10% FBS at 37 ◦C with 5% CO2. Anti-
c�RIIIa mouse IgG1 mAb 3G8 (Fleit et al., 1982) (BD Bio-
ciences, San Diego, CA) was labeled with 125I using Iodogen
ubes (Pierce, Rockford, IL) to a specific activity of 11 �Ci/�g.
25I-3G8 was premixed with varying amounts of unlabeled com-
etitor Ab in culture media and the Ab mixture added to the NK
ells for a final concentration of 0.3 �g/ml 125I-3G8. Cells were
ncubated at 4 ◦C for 16 h and unbound IgG removed by wash-
ng with PBS. Bound CPMs were quantitated using a gamma
ounter.

U-937 cells cultured in RPMI 1640 medium supplemented
ith 2 mM l-glutamine, 1 mM sodium pyruvate, and 10% FBS

U-937 medium) were seeded into 96-well plates with 3 × 105

ells per well in 50 �l medium. Ab3 was labeled with 125I to a
pecific activity of 17 �Ci/�g. 125I-Ab3 Ab was premixed with
arying amounts of unlabeled competitor Abs in media. Fifty
icroliters of the Ab mix was added to 50 �l of U-937 cells for
final concentration of 0.2 �g/ml of 125I-Ab3 in all wells. Cells
ere incubated at 4 ◦C for 16 h and the unbound Ab was removed
y washing with medium. Bound CPMs were determined using
gamma counter.

.4. Binding of Abs to cell-surface antigen

The same Ag-expressing cell lines used in the above-
escribed ADCC assays were used in binding assays to test
or differences among sialic acid variants in their antigen bind-
ng avidity. Assays were performed in a competition format,
n which one of the radiolabeled Abs (either Ab1, Ab2, or
b3), kept at a fixed concentration, was incubated with the Ag-

xpressing cells in the presence of varying amounts of unlabeled
est Abs. 125I-Abs, prepared by the Iodogen method, were at a
pecific activity of ∼10 �Ci/�g.

Ag1-expressing and Ag3-expressing cells were seeded in
6-well tissue culture plates at 50,000 cells per well, and Ag2-
xpressing cells at 180,000 cells per well, in IMDM medium
ith 5% FBS. The appropriate 125I-Ab was premixed with titrat-

ng amounts of test Abs and the mixture added to the appropriate
g-expressing cells and incubated for 2 h at RT. Cells were
ashed with medium to remove unbound Ab, and cell-bound
PMs determined using a gamma counter.

For the Ab2 variants, Ag2-expressing cells were seeded in
6-well tissue culture plates at 185,000 cells per well in 50 �l
f DMEM, 10% FBS. 125I-Ab2 was premixed with titrating
mounts of test Ab and 50 �l of the mixture was added to the

g-expressing cells. Plates were incubated for 16 h at 4 ◦C (to
inimize internalization of Ag2 following Ab2 binding). Cells
ere then washed with medium, and cell-bound CPMs deter-
ined using a gamma counter.

(
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g
a

nology 44 (2007) 1524–1534 1527

.5. Binding of plate-coated Abs to soluble targets

A recombinant soluble form of the extracellular domain of
g1 was prepared at Centocor by expression in Sp2/0 mouse
yeloma cells. A mouse IgG anti-idiotype (Id) Ab specific for
b3 variable region was made at Centocor and a Fab fragment
f the anti-Id prepared by papain digestion. A 96-well break-
part plate (Nunc Maxisorp, Rochester, NY) was coated with
est Ab by adding 50 �l of Ab at 5 �g/ml in PBS and incubating
t 4 ◦C overnight. Soluble Ag1 and the Fab fragment of anti-
d3 were iodinated to specific activities of 14 and 10 �Ci/�g,
espectively. The Ab-coated plates were washed, blocked with
% BSA in Hanks-buffered saline with calcium and magnesium
HBSS), and varying amounts of iodinated target (Ag1 or anti-
d3 Fab) in 50 �l 1% BSA in HBSS were added to the plates,
nd the plates incubated at RT for 2–3 h. Plates were washed
ith PBS and individual wells counted using a gamma counter.
onspecific binding was determined using a 100-fold excess of
nlabeled target.

.6. Statistical analyses

A difference in potency between antibody variants was ana-
yzed by comparison of the curves using simultaneous four-
arameter logistic regressions with a common minimum, maxi-
um, and slope following a preliminary test for slope and range

iven a common plateau for a zero concentration (i.e. always
ssumed without testing a common minimum for increasing
urves and common top for decreasing curves). Significance
esting was done with the extra sum of squares F-test in Graph-
ad Prism v4. A p value of <0.05 was considered to be signif-

cant. Analyses of CPMs were weighted inversely by square of
PMs because the standard deviation of CPMs increases pro-
ortionally to its mean.

. Results

.1. Test Abs

Our initial studies focused on two pairs of unmodified (col-
ectively referred to here as ‘natural variants’) human IgG1

onoclonal Abs, Ab1 and Ab2, in which members of a pair
iffered in the extent of Fc sialylation, apparently due to the dif-
erent production processes used to prepare them (but produced
y the same host cell type). There were a number of differ-
nces in the production processes used, including the presence or
bsence of FBS, which correlated with production of lesser and
igher sialylated Abs, respectively. The Ab1 variants, Ab1-20
nd Ab1-29, contained 20% and 29% sialylated glycans, respec-
ively, and Ab2 variants, Ab2-0 and Ab2-26, contained 0% and
6% sialylated glycans, respectively (see Table 1). Otherwise,
embers of each pair had the same amino acid sequences, the

ame levels of Fc fucosylation and bisecting GlcNAc content

MALDI-TOF mass spectrometry analyses), and the same low
evel of Ab aggregates (<1% by SEC-HPLC analyses). The anti-
ens (Ag) recognized by Ab1 and Ab2 are referred to as Ag1
nd Ag2, respectively.
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Fig. 2. ADCC activity of sialic acid variants. Titrating amounts of Ab variants were added to the appropriate Ag-expressing target cells, followed by the addition
of freshly isolated human PBMC immune effector cells. The extent of target cell lysis was quantitated after 2 h. (A) Comparison of natural variants of Ab1 using
Ag1-expressing target cells; (B) comparison of natural variants of Ab2 using Ag2-expressing target cells; (C) comparison of WGA lectin-derived variants of Ab3
using Ag3-expressing target cells; (D) comparison of WGA lectin-derived variants of Ab1 using Ag1-expressing target cells. Gno variants represent enzymatically
deglycosylated Ab preparations that bind antigen but have greatly reduced affinity for Fc�Rs. Samples were analyzed in duplicate or triplicate (error bars represent
r or fou
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anges or S.D., respectively) and the results shown are representative of three
ifferences were statistically significant (asterisks) (p < 0.0001 for graphs A, C,

Subsequently, two additional pairs of sialic acid variants
ere prepared by using lectin affinity chromatography to frac-

ionate heterogeneous monoclonal Abs into higher and lower
ialylated species. For one pair, unmodified Ab1-29 was passed
irectly over immobilized WGA lectin. The flow-through frac-
ion and a weakly bound fraction were determined to contain
9% and 41% sialylated glycans, respectively, and were termed
b1-WGA-29 and Ab1-WGA-41. A third Ab, Ab3, which con-

ained ∼5% sialylated Fc glycans, was first treated with �-1,4-
alactosyltransferase to prepare fully galactosylated material
rior to WGA column fractionation, resulting in a large amount
f Ab3-GT-WGA-5 and a small amount of highly sialylated
aterial called Ab3-GT-WGA-67. The antigen recognized by
b3 is termed Ag3, and an anti-Id antibody specific for Ab3 is

ermed anti-Id3.
Another variant of Ab1 was later prepared using in vitro gly-

oengineering methods (Raju et al., 2001). The combination
reatment of purified Ab1-20 with �-1,4-galactosyltransferase
nd �-2,3-sialyltransferase resulted in material found to be 90%
ialylated, and termed Ab1-GTST-90.

.2. Higher levels of Fc sialylation associated with reduced
DCC activity

Our initial evaluations of the effects of sialic acid focused
n in vitro ADCC activity of the two pairs of natural variants.

b1-29 and Ab1-20 at varying concentrations were incubated
ith Ag1-expressing target cells that had been labeled with an

cetoxymethyl ester of fluorescence enhancing ligand, BADTA,
hich, when released after cytolysis, forms a highly fluores-

t
l
a
f

r independent experiments for each Ab pair. For all four pairs of variants, the
; p = 0.0016 for graph B) as determined by extra sum of squares F-test.

ent and stable europium chelate. As shown in Fig. 2A, there
as a clear difference in cytotoxic activity, wherein Ab1-29,
ith higher levels of Fc sialylation, was required at approxi-
ately seven-fold higher concentrations than Ab1-20 in order

o trigger cell lysis to the same extent. Experiments with Ag2-
xpressing target cells showed the same pattern for the pair of
b2 natural variants. In order to achieve the same degree of cell

ysis as the Ab2-0 variant with no detectable sialic acid, Ab2-
6 was required at approximately six-fold higher concentrations
Fig. 2B).

To determine whether the association of higher sialic acid
evels with lower ADCC activity would be observed with a third
b, for which natural variants were not available, WGA lectin

ractions prepared from Ab3 were evaluated in ADCC assays
sing Ag3-expressing target cells. Again, the higher sialylated
aterial was less active, although there was only a four-fold dif-

erence in their EC50 values despite their dramatic difference in
ialic acid contents (5% versus 67%) (Fig. 2C). For comparison,

GA lectin fractions prepared from Ab1 showed that 41% sia-
ylated material needed to be at approximately six-fold higher
oncentrations than 29% sialylated material to achieve the same
egree of cell lysis (Fig. 2D).

These results showed a consistent pattern, for three out of
hree Abs tested, of reduced ADCC activity associated with
igher levels of Fc sialic acid. Although there was not a neat cor-
elation between the extent of the differences in sialic acid and

he fold differences in ADCC activity across Abs, there was at
east a consistent relationship within the panel of four Ab1 vari-
nts, where the EC50 values were typically 0.3, 2, 2, and 10 ng/ml
or Ab1-20, Ab1-29, Ab1-WGA-29, and Ab1-WGA-41, respec-
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ively. The results with the lectin fractions also confirmed that
ialylated Ab preparations can contain molecular species with
arying levels of ADCC activity. It is noteworthy that, with the
xception of Ab2-0 and Ab2-26, the variants analyzed here did
ot show differences in the maximum level of lysis achieved.

.3. Increased sialylation associated with reduced
cγRIIIa binding

Because Ab activity in the ADCC assays involves simulta-
eous binding of Ab to Fc�RIIIa on NK cells and to antigen
n target cells, we analyzed both of these interactions to deter-
ine to what extent they were impacted by differences in Fc

ialic acid content. To test whether Ab variants show differen-
ial affinity for Fc�RIIIa, freshly isolated NK cells from healthy
uman donors were used in competition binding experiments
nvolving 125I-labeled mAb 3G8 (Fleit et al., 1982), an anti-
c�RIIIa Ab that competes with Fc domains for binding to
c�RIIIa, and unlabeled Abs as competitors. Free, uncomplexed
bs were used instead of immune complexes (which generally

how much greater binding to Fc�RIIIa) so that results would
ot be confounded by differences in stability of soluble immune
omplexes, which can be influenced by Fc sialic acid content
our unpublished data). Results showed that the higher sialy-
ated natural variant of Ab1, Ab1-29, had a reduced affinity for
c�RIIIa on the NK cells, being required at four-fold higher
oncentration than Ab1-20 to achieve the same degree of bind-
ng (Fig. 3A). There was a similar difference with the natural

ariants of Ab2, where Ab2-26 needed to be at a five-fold higher
oncentration than Ab2-0 to compete against mAb 3G8 to the
ame extent (Fig. 3B). Similar results were obtained in each
xperiment when using NK cells from at least two other blood

e
i
v
c

ig. 3. Binding by Ab variants to cellular Fc�Rs. (A–D) Competitive binding of Ab
Ab 3G8 at a fixed concentration was incubated with NK cells in the presence of

ompetitors. (A) Competitive binding by natural variants of Ab1; (B) competitive bind
ariants of Ab3; (D) competitive binding by WGA lectin-derived variants of Ab1. (E
ith an irrelevant 125I-labeled human IgG1 mAb at a fixed concentration and varying
b as competitors. Samples for all five graphs were analyzed in duplicate or triplica

epresentative of two or three independent experiments for each Ab pair. The differ
raphs A and B (p < 0.0001) as determined by extra sum of squares F-test.
nology 44 (2007) 1524–1534 1529

onors (data not shown; Fc�RIIIa allotype not determined).
hese results showed that higher levels of sialylation can reduce

gG affinity for Fc�RIIIa and therefore almost certainly con-
ributed to the observed reduction in ADCC activity.

When the same experiment was done with the pairs of variants
erived by lectin fractionation, however, the higher sialylated
ariants were seen to bind Fc�RIIIa just as well as the lesser
ialylated variants (Fig. 3C and D). The reasons for the differ-
nt results with the two pairs of natural variants and two pairs
f lectin-derived variants are not known, but a good possibility
s that there are differences in the locations of the sialic acid
esidues that are present, i.e. the relative amounts of sialic acid
n the �(1,6) arm versus the �(1,3) arm of the biantennary struc-
ures may differ depending on how the variants were derived,
nd such differences may affect Ab behavior.

After observing that both Ab1-29 and Ab2-26 bound to NK
ell Fc�RIIIa with less affinity than their lesser sialylated coun-
erparts, it was considered whether the effect could be due to
ncreased electrostatic repulsion between the negatively charged
ialic acid and the negatively charged cell-surface. However, we
bserved that binding to Fc�Rs on human U-937 cells did not
ollow the same pattern, arguing against an electrostatic effect
Fig. 3E). In fact, we usually observed slightly greater binding to
-937 cells by higher sialylated variants. Although U-937 cells

xpress both Fc�RI and Fc�RII, only the high-affinity Fc�RI
eceptor shows appreciable binding to single, monomeric IgG
bs. Therefore, our data from monomeric Abs suggests Fc sia-

ylation either does not affect binding to Fc�RI or may actually

nhance binding to Fc�RI. Nonetheless, neither the U-937 bind-
ng results nor the NK binding results with the lectin-derived
ariants lend support to the notion that the reduced binding to
ellular proteins is due to electrostatic effects.

s to Fc�RIIIa on freshly isolated human NK cells. 125I-labeled anti-Fc�RIIIa
varying concentrations of unlabeled Ab sialic acid variants or control Abs as
ing by natural variants of Ab2; (C) competitive binding by WGA lectin-derived
) Competitive binding to Fc�RI on human U-937 cells. Cells were incubated
concentrations of unlabeled natural variants of Ab2 or a mouse IgG1 control

te (error bars represent ranges or S.D., respectively) and the results shown are
ences between the Ab variants in their binding were significant (asterisks) in



1 Immu

3
b

b
t
t
p
w
r
p
i
s
v
t
t
G
w
l
c
f
a
i
w
T
l
F

3

l
c
a
b
h
fl
m
i
n
p
a
o
m
t
i
f
s
i
i
T

F
e
t
(
A
r
i

530 B.J. Scallon et al. / Molecular

.4. Increased sialylation associated with reduced antigen
inding

It remained possible that the different levels of activity
etween sialic acid variants in the ADCC assays were also due
o effects of Fc sialylation on Ab binding to antigen on the
arget cells. Antigen binding experiments performed in a com-
etition format with the same Ag-expressing targets cells that
ere used in the ADCC assays indeed showed that Ab1-29 was

equired at three-fold higher concentration than Ab1-20 to com-
ete for antigen binding to the same extent (Fig. 4A). Ab2-26,
n contrast, was just as competitive as Ab2-0 (Fig. 4B). The
ame analyses performed with the two pairs of lectin-derived
ariants showed similar results to the Ab1 natural variants, i.e.
he higher sialylated Ab3-GT-WGA-67 was required at four-
o six-fold higher concentration than the lesser sialylated Ab3-
T-WGA-5 (Fig. 4C), and the higher sialylated Ab1-WGA-41
as required at four- to six-fold higher concentration than the

esser sialylated Ab1-WGA-29 to achieve the same degree of
ompetitive binding (Fig. 4D). Interestingly, the unexpected dif-
erences in apparent affinity for cell-surface antigen by the Ab1
nd Ab3 variants were also observed in experiments analyz-
ng binding to soluble recombinant antigen or anti-Id Ab that

ere immobilized on 96-well EIA plates (data not shown).
hese results showed that differences in the extent of Fc sia-

ylation may affect binding to antigen as well as binding to
c�RIIIa.

A
d
s
a

ig. 4. Binding by Ab variants to cell-surface antigen. Competition binding using
xpressing cell lines in the presence of varying amounts of unlabeled Ab variants a
he presence of unlabeled natural variants of Ab1; (B) binding of 125I-labeled Ab2-
C) binding of 125I-labeled Ab3 to Ag3-expressing cells in the presence of unlabele
g1-expressing cells in the presence of WGA lectin-derived variants of Ab1 or a c

anges or S.D., respectively) and the results shown are representative of two or three i
n binding were significant (asterisks) in graphs A, C, and D (p < 0.0001) as determin
nology 44 (2007) 1524–1534

.5. Fc sialylation did not affect intrinsic affinity for targets

From the above data, we hypothesized that increased Fc sia-
ylation may serve to reduce Ab hinge region flexibility. In the
ase of Ab1 and Ab3 binding to their respective cell-surface
ntigens, this could lead to more monovalent binding and less
ivalent (high avidity) binding to antigen. It is possible that the
inge region of the higher sialylated variant of Ab2 has reduced
exibility, but flexibility may not be needed for this Ab to achieve
aximal binding to Ag2. This hypothesis would predict that the

ntrinsic affinity of each Fab arm of an Ab for antigen would
ot be affected by Fc sialylation. To test this prediction, EIA
lates were coated with Ab and then incubated with varying
mounts of a soluble target, i.e. either antigen or a Fab fragment
f an anti-Id Ab, an experimental format designed to measure
onovalent binding. The results indeed demonstrated that, for

he three pairs of sialic acid variants which showed differences
n binding to cell-surface antigen, there were no detectable dif-
erences observed between pairs of variants in their binding to
oluble targets (Fig. 5). These results confirmed that differences
n binding to immobilized targets were not due to differences in
ntrinsic affinity between each Fab arm and its respective target.
herefore, the combined observations of differences in soluble

b binding to immobilized targets and the lack of detectable
ifferences in immobilized Ab binding to soluble targets is con-
istent with the hypothesis that differences between the Ab1
nd Ab3 sialic acid variants in their binding to immobilized

125I-labeled Abs at fixed concentrations incubated with the appropriate Ag-
s competitors. (A) Binding of 125I-labeled Ab1-29 to Ag1-expressing cells in
26 to Ag2-expressing cells in the presence of unlabeled Ab2 natural variants;
d WGA lectin-derived variants of Ab3; (D) binding of 125I-labeled Ab1-29 to
ontrol Ab. Samples were tested in duplicate or triplicate (error bars represent
ndependent experiments for each Ab pair. The differences between Ab variants
ed by extra sum of squares F-test.
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Fig. 5. Binding of plate-coated Ab variants to soluble targets. A 96-well plate was coated with sialic acid variants of Ab1 or Ab3 and then incubated with varying
amounts of 125I-labeled soluble target (antigen or anti-Id Ab specific for Ab3). (A) Binding of 125I-labeled soluble Ag1 to plate-coated Ab1 natural variants; (B)
b 125 lectin 125
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For a second direct approach, we sought to use sialidase to
enzymatically remove sialic acid from a highly sialylated Ab,
and then compare the activity of the desialylated Ab to the orig-

Fig. 6. Analyses of Ab1 engineered to be highly sialylated using sialyltrans-
ferase. (A) ADCC comparison of Ab1-GTST-90 and Ab1-20. Ab1-GTST-90
was prepared from Ab1-20 by enzymatic addition of sialic acid residues in vitro.
Samples were analyzed in triplicate and the results shown are representative of
three independent experiments. (B) Competitive binding of Ab1-GTST-90 and
Ab1-20 to Fc�R on human U-937 cells. Cells were incubated with an irrelevant
125I-labeled human IgG1 mAb at a fixed concentration and varying concentra-
inding of I-labeled Fab fragment of anti-Id3 Ab to plate-coated Ab3 WGA
ectin-derived variants. Samples were tested in duplicate or triplicate (error bar
wo or three independent experiments for each Ab pair. Ab2 variants were not a

argets are due to differences in the extent of bivalent binding
o the cells. Further experimentation, such as binding compar-
sons to F(ab′)2 and Fab fragments of the Abs, would test this
ypothesis.

.6. Increasing sialylation by direct glycoengineering also
educed ADCC potency

Although data from the WGA lectin fractions described
bove showed that our monoclonal Ab preparations contained
ubpopulations of differentially sialylated molecules that dif-
ered in ADCC potency and Ag binding affinity, such data
mplicating sialic acid as being responsible is primarily correla-
ive in nature. To obtain more direct evidence for a role of sialic
cid in ADCC potency, we pursued two additional approaches.
n one approach, a sample of purified Ab1-20 was treated with �-
,4-galactosyltransferase and �-2,3-sialyltransferase to prepare
highly sialylated variant, Ab1-GTST-90, and then the original
b was compared to the glycoengineered derivative in the same
DCC assay that was used for other Ab1 variants. As shown

n Fig. 6A, the highly sialylated Ab1-GTST-90 was 10–20-fold
ess potent than the Ab1-20 from which it derived. Mass spec-
rometry and SDS-PAGE analyses showed no indications that
he reduced ADCC potency might be due to Ab degradation
esulting from the glycoengineering treatment (data not shown).
s an additional demonstration that the glycoengineering did
ot result in unknown, inadvertent modifications, a competition
inding analysis was performed with Fc�Rs on U-937 cells. That
omparison showed that the highly sialylated glycoengineered
ariant bound to Fc�R on U-937 cells even more competitively
han the starting material (Fig. 6B), making it unlikely that the
educed ADCC activity was due to unintended effects on Ab
tructure. The significantly enhanced binding to Fc�R on U-
37 cells by the highly sialylated variant is consistent with the
uggestion of enhanced binding by Ab2-26 compared to Ab2-0
hown in Fig. 3E and, as stated above, calls for more experi-
entation to test whether Fc sialylation enhances binding to the

igh-affinity Fc�RI receptor. These results with the enzymati-

ally sialylated Ab are consistent with the ADCC data described
reviously and provide the first direct evidence that sialic acid in
c glycans can adversely impact ADCC potency of an Ab. Lim-

ted availability of Ab1-GTST-90 and the sialyltransferase used

t
(
i
c
o

-derived variants; (C) binding of I-labeled soluble Ag1 to plate-coated Ab1
esent ranges or S.D., respectively) and the results shown are representative of
ed due to unavailability of soluble Ag2.

o prepare it precluded further characterizations in Fc�RIIIa and
ntigen binding assays.
ions of unlabeled test Abs as competitors. Samples were analyzed in duplicate
error bars represent ranges) and the results shown are representative of two
ndependent experiments. The differences between the Ab variants were signifi-
ant (asterisks) in both graphs A and B (p < 0.0001) as determined by extra sum
f squares F-test.
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nal sialylated Ab. However, we found this approach to be less
eliable due to resulting changes in the proportion of other glycan
pecies following sialidase treatment, particularly the propor-
ion of fucosylated to nonfucosylated glycans. Because small
hanges in fucose levels dramatically impact ADCC activity and
c�RIIIa binding, we did not pursue this approach any further.

. Discussion

The data presented here demonstrate that higher levels of
c sialylation in IgG Abs is associated with reduced activity in
DCC assays. This was routinely observed with all three of the
uman IgG1 Abs we examined, including three independently
erived pairs of variants for Ab1, including a variant derived
y in vitro glycoengineering methods. However, our analyses of
hese three Abs reveal that the reasons for the reduced ADCC
ctivity may vary depending on the Ab, and apparently depend-
ng on how the sialic acid variants are derived, i.e. whether due
o different Ab production processes (the natural variants) or
ectin-based fractionation. In the case of the higher sialylated
atural variant of Ab1, binding data suggested that both reduced
c�RIIIa binding and reduced cell-surface antigen binding prob-
bly contributed to reduced ADCC activity. For Ab2, the reduced
DCC activity may be solely due to reduced Fc�RIIIa binding.
or the higher sialylated lectin-derived variants of Ab1 and Ab3,
educed cell-surface antigen binding appears to be the sole rea-
on for reduced ADCC activity.

Our working hypothesis regarding the impact of Fc sialy-
ation on ADCC functions is that higher levels of sialic acids
an reduce flexibility of the Ab molecule, presumably around
he otherwise highly flexible hinge region, and that reduced
inge region flexibility may result in either reduced binding to
c�RIIIa, reduced bivalent binding to antigen, or both. Although
rystal structures of sialylated Abs or Fc domains have not been
eported to date, it seems clear based on structures of glyco-
ylated Fc fragments that certain of the negatively charged,
ar-reaching, and somewhat bulky sialic acid sugars may local-
ze in proximity to the hinge region. Because each glycan moiety
an have 0, 1, or 2 sialic acids, and we have no information on
hich of the two positions the sialic acid residues in our test
bs occupy, i.e. on the �(1,6) arm of the biantennary glycan

tructure or on the �(1,3) arm, one of the prevailing questions
s which sialic acid residues have the most impact on ADCC
unctions. Such differences in sialic acid distribution may be
he reason for the appreciable differences between Abs in bind-
ng affinity despite having relatively subtle differences in the
mounts of sialylation. For example, it is possible that Ab1-29
as four-fold less affinity than Ab1-20 for Fc�RIIIa on NK cells
ecause a greater proportion of the sialic acid residues in Ab1-
9 are in close proximity to the hinge region. Given existing
odels that show IgG molecules needing to assume a sharp 90◦

end at the hinge region in order to bind Fc�IIIa (Sondermann
t al., 2001), it would not be surprising for a structural mod-

fication that reduces hinge flexibility to reduce that affinity.
nterestingly, we observed significantly higher binding to Fc�RI
n U-937 cells by the higher sialylated glycoengineered variant
f Ab1 than its lesser sialylated variant, i.e. the opposite effect

a
b
t
e

nology 44 (2007) 1524–1534

bserved for Fc�RIIIa binding by the other pairs of variants.
lightly higher binding (although not statistically significant) to
c�RI by the higher sialylated natural variant of Ab2 compared

o its lesser sialylated counterpart may support that observation.
he apparent Fc�R-specific sensitivities to Fc sialylation may

eflect the effects of unique glycosylation on Fc�RIIIa (Ferrara
t al., 2006).

Reduced hinge flexibility may also explain reduced binding to
ell-surface antigen, since it may lead to less bivalent binding and
ore monovalent binding as a result of Ab molecules not being

ble to orient themselves to enable both Fab arms to simultane-
usly bind antigen. Such a difference in binding valency would
e expected to result in reduced apparent affinity, since avid-
ty effects associated with bivalent binding would be reduced.
ecause the capacity of an Ab to bind bivalently to two anti-
en epitopes will depend on epitope accessibility, orientation,
ensity, and mobility, in addition to Ab concentration, it seems
ikely that individual Abs will show varying degrees of sensitiv-
ty to Fc sialylation. However, the relative flexibility of higher
ersus lesser sialylated variants is still not known—additional
tudies would help clarify at a molecular level why Fc sialylation
mpacts ADCC functions. It should be noted that the antigen
inding effect of sialylation may also be relevant to Abs that
ecognize viral or bacterial surface antigens, and even soluble
ntigens that are homopolymers, since Ab flexibility can deter-
ine to what extent individual Ab molecules bind bivalently
ithin a soluble immune complex, where not only might some
f the Abs bind more than one antigen but some of the antigens
ay be bound by more than one Ab.
There are numerous questions that remain to be answered.

ith the test Abs described here having been expressed in mouse
yeloma cells, the sialic acid present in these Abs was the
-glycoylneuraminic acid isomer of sialic acid and not the N-
cetylneuraminic acid isomer present in CHO cell and human
ell-derived Abs. Although it seems likely that the effects of Fc
ialylation will be the same regardless of sialic acid isomer, this
emains to be confirmed. We are currently testing whether sialy-
ation impacts complement activation, and whether the extent of
ialylation of the Fc glycans affects circulating half-life of IgG
bs. It is possible that the relatively low abundance of sialylated

gG in human serum (∼15%) reflects a faster clearance of more
ighly sialylated Abs. Because sialic acid is known to be acid
abile (Varki and Diaz, 1984; Raju and Davidson, 1994), it is
ossible that purification and subsequent processing steps that
xpose Abs to low pH could alter the sialic acid content, and
herefore the ADCC activity, of an Ab. Finally, there is evidence
hat commonly used culture medium components contain one
r more sialidase enzymes that enzymatically remove sialic acid
rom the Fc glycan of Abs that have been secreted from produc-
ion cells. These issues may not be concerns for Abs that do not
epend on bivalent binding to antigen or on Fc�RIIIa binding,
ut Abs that do may be adversely impacted by production pro-
esses which result in higher levels of Fc sialic acid. Numerous

pproaches for preparing Abs with little or no sialic acid could
e considered, including culturing the production host cells in
he presence of a sialidase enzyme, blocking sialyltransferase
nzyme activity in the host cells, blocking the addition of the



Immu

G
o
p

d
g
i
d
a
a
b
w
c

(
c
t
R
t

A

v
s

R

A

B

B

C

D

D

F

F

H

H

J

J

K

K

K

K

L

L

M

N

P

P

R

R

R

R

R

R

S

B.J. Scallon et al. / Molecular

al residues to which these sialic acid residues are attached,
r expressing in plants or other transgenic systems that do not
roduce sialylated glycans.

In summary, our data show that therapeutic IgG Abs which
epend on Fc�RIIIa binding and/or binding to immobilized anti-
en as part of the mechanisms of action may show higher activity
f their Fc glycans are not sialylated. This is the first report
emonstrating that the presence or absence of Fc sialylation can
ffect ADCC activity and, to our knowledge, the first time that
ny Fc glycan structure of an Ab has been reported to affect
inding to antigen. These findings show that there are still more
ays to optimize Fc glycan structure for this very important

lass of therapeutic molecules.
Note: following submission of this manuscript, Kaneko et al.

2006) reported that Fc sialylation of mouse IgG Abs is asso-
iated with anti-inflammatory properties, at least in part due
o reduced binding to Fc�Rs by the more highly sialylated IgG.
esults shown here with human IgG and human receptors appear

o be generally consistent with their findings.
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