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The lacto-series gangliosides 3’-isoLM1 and 3’,6'-isoLD1 have been identified as tumor-associated anti-
gens whose formation is initiated by the Lc3-synthase. Until now, high-affinity IgG monoclonal antibod-
ies (mAbs) against 3’-isoLM1 and 3',6'-isoLD1, which are highly expressed in gliomas, have not been
developed, although mAbs against lacto-series gangliosides are powerful tools for functional studies.
We previously produced the Lc3-synthase gene f3Gn-T5 knockout mice. In this study, we immunized
B3Gn-T5 knockout mice with 3’-isoLM1/3/,6’-isoLD1 and produced the anti-3’-isoLM1/3’,6'-isoLD1 mAb
GMab-1, of the IgGs subclass, which should be useful for functional analysis of lacto-series gangliosides
and for antibody-based therapy of gliomas.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Gangliosides are sialic acid-containing glycosphingolipids
highly enriched in the vertebrate nervous system. Although their
functions have not been fully clarified, they are thought to mediate
neural cell-cell recognition and modulate intracellular signaling
[1]. Gangliosides are implicated in various neural disorders, primar-
ily the autoimmune neuropathies, but also in storage disorders, e.g.,
Tay-Sachs disease or Sandhoff disease [2-4]. High-affinity IgG anti-
ganglioside antibodies may be used to develop animal models of
autoimmune neuropathies and probe normal ganglioside functions.
However, it has been difficult to produce high-affinity IgG antibod-
ies against major brain gangliosides, especially GM1, GD1a, and GT
1b [5]. This unresponsiveness has been attributed to poor immuno-
genicity, T-cell independence, and tolerance [5-7]. Advances in
genetics provide a potential solution to this problem. Several stud-
ies have shown that mice genetically engineered to lack the glyco-
syltransferase gene for ganglioside synthesis do not express

Abbreviations: p3Gn-T5, B1,3-N-acetylglucosaminyltransferase-V; BSA, bovine
serum albumin; ELISA, enzyme-linked immunosorbent assay; FBS, fetal bovine
serum; Kj, affinity constant; kassoc, association rate constant; kg;ss, disassociation
rate constant; mAb, monoclonal antibody
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complex gangliosides [8-12]. These mice, immunologically naive
to complex gangliosides, have been used for raising new antibodies
against complex gangliosides [2,6,13,14].

The Lc3-synthase gene (B1,3-N-acetylglucosaminyltransferase-
V: B3Gn-T5) enzyme initiates the formation of the lacto-/neolac-
to-series ganglioside by transferring GIcNAc in a B1,3-linkage to
lactosylceramide (Fig. 1A) [15]. The p3Gn-T5 is detected in mouse
development and then again later mainly in the spleen and pla-
centa in adult mice. Additionally, Lc3-synthase transcripts are
found in cerebellar Purkinje cells of the adult mouse brain. On
the other hand, lacto-series gangliosides such as 3’-isoLM1 and
3/,6’-isoLD1 have been reported to be major mono- and oligo-sialo-
gangliosides, respectively, of human gliomas [16-18]. In those
studies, monoclonal antibodies (mAbs) such as SL-50, DMab-14,
or DMab-22 recognizing lacto-series gangliosides were success-
fully produced; however, those antibodies proved to be of the
low-affinity IgM subclass. In this study, we immunized B3Gn-T5
knockout mice with purified 3’-isoLM1 and 3',6’-isoLD1 to over-
come these problems and generated an anti-lacto-series ganglio-
side IgG antibody with high affinity.

Materials and methods

Animals, cell lines, xenograft, and tissues. The 3Gn-T5 knockout
mice were previously developed at Duke University Medical
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Fig. 1. Production of an anti-3'-isoLM1/3',6’-isoLD1 ganglioside antibody. (A) Biosynthesis of lacto-/neolacto-series ganglioside. (B) Electrophoresis of 2 pig of GMab-1 under
reducing conditions on 4-10% NuPAGE gel. (C) ELISA of GMab-1 against 3’-isoLM1. The 3’-isoLM1 conjugated with BSA was immobilized. After blocking, the plates were

incubated with GMab-1 and isotype control at several concentrations.

Center. P3U1 cells were obtained from the American Type Culture
Collection (Manassas, VA), and we established a D54MG glioblas-
toma cell line at Duke [16]. P3U1 and D54MG cells were cultured
at 37 °C in a humidified atmosphere of 5% CO, and 95% air in RPMI
1640 medium including 2 mM L-glutamine (Invitrogen Corp.,
Carlsbad, CA) and 1% of penicillin-streptomycin solution (Invitro-
gen Corp.) or Zinc Option medium supplemented with 10% heat-
inactivated fetal bovine serum (FBS; Sigma, St. Louis, MO), respec-
tively. We established and maintained a D54MG xenograft at Duke,
derived from cultured D54MG cells. Human tissues slides from
anonymous donors were obtained from the Tissue Bank at the
Preston Robert Tisch Brain Tumor Center at Duke University.
Antibodies and gangliosides. Anti-ganglioside antibodies SL-50,
DMab-14, and DMab-22 were previously produced at Duke and
the University of Gothenburg [16-18]. Isotype control of mouse
IgG3 was purchased from eBioscience, Inc. (San Diego, CA). All gan-

gliosides used for immunization or enzyme-linked immunosorbent
assay (ELISA) were isolated and characterized at the University of
Gothenburg as described previously [16,17,19].

Hybridoma production. The f3Gn-T5 knockout mice were immu-
nized by neck s.c. injections of 20 pg of purified 3’-isoLM1 and
3/,6’-isoLD1 coupled to Salmonella minnesota with Imject Freund’s
Complete Adjuvant (Thermo Scientific Inc., Rockford, IL). One week
later, secondary i.p. immunization of 20 pg of purified gangliosides
was performed. After additional immunization of 20 pg of purified
gangliosides, a booster injection was given i.p. 2 days before spleen
cells were harvested. The spleen cells were fused with mouse mye-
loma P3U1 cells by using Sendai virus (hemagglutinating virus of
Japan: HV]) envelope: GenomONE-CFgx (Cosmo Bio USA, Inc., Carls-
bad, CA) according to the manufacturer’s instructions. The hybrid-
omas were grown in RPMI medium including hypoxanthine,
aminopterin, and thymidine selection medium supplement
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(Sigma), 2 mM L-glutamine (Invitrogen Corp.), 10% heat-inactivated
FBS (Sigma), 5% BriClone (QED Bioscience Inc., San Diego, CA),
and 1% of penicillin-streptomycin solution (Invitrogen Corp.).
The culture supernatants were screened by ELISA for the binding
to 3’-isoLM1 conjugated with fatty-acid free-bovine serum albu-
min (BSA). Single cell cloning was performed with ClonaCell-HY
Hybridoma Selection Medium (Medium D; StemCell Technologies
Inc., Vancouver, BC, Canada). The IgG subclass was determined by
IsoStrip Mouse Monoclonal Antibody Isotyping Kit (Roche Diagnos-
tics Corp., Indianapolis, IN).

Enzyme-linked immunosorbent assay (ELISA). For evaluation by
ELISA, gangliosides conjugated with BSA were immobilized on
96-well plates at 1 pg/ml for 30 min. After blocking with 1% BSA
in PBS, the plates were incubated with primary antibodies at sev-
eral concentrations, followed by 1:1000 diluted horseradish-per-
oxidase-conjugated anti-mouse IgG (GE Healthcare UK Ltd.,,
Buckinghamshire, England). The enzymatic reaction was con-
ducted with a substrate solution containing 3,3',5,5'-tetramethyl-
benzidine (TMB; Thermo Scientific Inc.). After the reaction was
stopped with 2 M H,SO,4, the optical density was measured at
450 nm with a microplate reader (Bio-Rad Laboratories, Inc., Phil-
adelphia, PA). These reactions were performed with a volume of
50 pl at room temperature.

SDS-PAGE. For sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis, 2 |1g of each protein was electrophoresed under reduc-
ing conditions on 4-10% NuPAGE gel (Invitrogen). The gel was
stained with Bio-Safe Coomassie (Bio-Rad Laboratories, Inc.).

Flow cytometry. D54MG or D54MG xenograft cells, which were
collected by 0.6 mM EDTA treatment, were incubated with
GMab-1 or isotype control (10 pg/ml) for 1 h at 4 °C. Then the cells
were incubated with the Oregon green-conjugated anti-mouse
antibody (1/200 dilution; Invitrogen Corp.) for 30 min. Flow
cytometry was performed with a FACS Calibur instrument (Becton
Dickinson, Franklin Lakes, NJ).

Affinity constant determination by surface plasmon resonance. To
determine the affinity constant (K,), purified GMab-1 was immobi-
lized on the surface of biosensor chips for analysis by using the
BlAcore 3000 system (BIAcore, Piscataway, NJ). Coupling of
GMab-1 was achieved by using N-ethyl-N'-(3-dimethylaminopro-
pyl) carbodiimide/N-hydroxysuccinimide according to the instruc-
tions of the manufacturer. The running buffer was 10 nM HEPES,
150 mM NaCl, and 3.4 mM EDTA (pH 7.4). The gangliosides conju-
gated with BSA and control BSA were passed over the biosensor
chip and affinity rate constants (association rate constant, kissoc,
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and disassociation rate constant, kq;ss) were determined by nonlin-
ear curve-fitting using the Langmuir one-site binding model of the
BlAevaluation software (BIAcore). Ka at equilibrium was calculated
as Ka = Kassoc/Kaiss-

Immunohistochemical analysis. All procedures were performed
with the Ventana Discovery XT system (Ventana Medical Systems,
Inc., Tucson, AZ). Briefly, acetone-fixed 5- to 8-pum frozen tissue
sections of human glioblastoma tissues were incubated with
GMab-1 (10 pg/ml) or isotype control (10 pg/ml) for 30 min. The
universal biotin-conjugated secondary antibody was incubated
with tissue sections for 20 min followed by the horseradish-perox-
idase-conjugated streptavidin for 16 min. Color was developed by
using 3,3’-diaminobenzidine tetrahydrochloride for 8 min, and
hematoxylin was used for counterstained.

Results and discussion
Production of an anti-3'-isoLM1/3',6'-isoLD1-specific antibody

Monoclonal antibodies recognizing lacto-series gangliosides
such as 3’-isoLM1 and 3',6’-isoLD1 were previously produced and
fully characterized [16,17]. The 3’-isoLM1 and 3’,6'-isoLD1 ganglio-
sides are highly expressed in human glioblastomas and are rarely
detected in the normal adult brain. Therefore, 3'-isoLM1 and 3,6/~
isoLD1 are ideal molecular targets for immunotherapy against glio-
blastomas using specific mAbs. However, those established mAbs
have relatively low-affinity against 3’-isoLM1 and 3’,6’-isoLD1 be-
cause they are of the IgM subclass. In several studies, anti-ganglio-
series ganglioside IgGs with high affinity have been developed by
immunizing GalNAcT/~ mice with ganglio-series gangliosides
[2,6,13,14]. Similarly, in this study, we immunized p3Gn-T5 knock-
out mice with purified 3’-isoLM1 and 3',6'-isoLD1 coupled to S. min-
nesota to generate high-affinity anti-lacto-series ganglioside mAbs
(Fig. 1A). Because the hybridomas that we previously produced from
B3Gn-T5 knockout mice using the conventional polyethylene glycol
fusion method had low viability (data not shown), for this study, we
selected a low-toxicity, high-efficiency fusion method using a Sen-
dai virus envelope [20]. After single cell cloning, one of the clones,
GMab-1 (IgGs subclass) was established (Fig. 1B). As shown in
Fig. 1C, GMab-1 reacted with 3’-isoLM1 in a dose-dependent manner
in ELISA. Furthermore, both D54MG cells and D54MG xenograft
cells, which express lacto-series gangliosides, were recognized by
GMab-1 as demonstrated by flow cytometry (Fig. 2). To determine
the association and dissociation rate constants (kssoc and kgjss) and
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Fig. 2. GMab-1 recognition of lacto-series ganglioside on the cell surface of glioblastoma cells by flow cytometry. D54MG cell line (A) or D54MG xenograft cells (B), which
were collected by 0.6 mM EDTA treatment, were incubated with GMab-1 or isotype control.
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to calculate the affinity constants (K, ), we next performed a kinetic
analysis of the interaction of GMab-1 with 3’-isoLM1 by surface
plasmon resonance (BIAcore). Determination of the association
and dissociation rates from the sensorgrams revealed a kissoc Of
5.07 x 10* (mol/1s)~! and a kgiss of 2.74 x 10~ s~ . The K, at bind-
ing equilibrium, calculated as Ka = Kassoc/Kaiss, Was 1.85 x 108 (mol/
1)~!, indicating that GMab-1 has high affinity against 3’-isoLM1.
Likewise, the K, of the interaction of GMab-1 with 3’,6/-isoLD1
was calculated as 6.58 x 107 (mol/1)~}, indicating that GMab-1 also
has high affinity against 3’,6’-isoLD1.

Specificity of GMab-1 against gangliosides

To determine the epitope of GMab-1, we performed ELISA using
15 different gangliosides, including lacto-series (3’-isoLM1, 3',6'-
isoLD1, isoLA1, and Fuc-3’-isoLM1), neolacto-series (3’-LM1 and
3/,8’-LD1), globo-series (Gb3), asilalo-series (GA1), a-series (GM2
and GM1), and b-series (GD3, GD2, GD1b, and GT 1b) (Fig. 3). As
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previously reported [16,17], SL-50 reacted with 3’-isoLM1 and
not with 3/,6’-isoLD1 (Fig. 3C), whereas DMab-22 reacted with
3/,6’-isoLD1 and not with 3’-isoLM1 (Fig. 3D). We have observed
no cross-reaction with the other gangliosides using SL-50 and
DMab-22. DMab-14 reacted with both 3’-isoLM1 and 3’,6'-isoLD1;
however, there is slight reactivity with the other gangliosides
(Fig. 3B). On the other hand, we did observe activity that distin-
guished GMab-1 from SL-50, DMab-22, and DMab-14. GMab-1 rec-
ognized both 3’-isoLM1 and 3',6’-isoLD1, and the reactivity with
3/,6’-isoLD1 was stronger than with 3’-isoLM1 (Fig. 3A). Although
DMab-14 reacted with both 3’-isoLM1 and 3',6’-isoLD1, the reac-
tivity with 3’-isoLM1 was stronger than with 3',6-isoLD1
(Fig. 3B), which indicates that the epitope of GMab-1 is slightly dif-
ferent from that of DMab-14. Furthermore, there is no cross-reac-
tion with the other gangliosides using GMab-1 (Fig. 3A). These
results indicate that GMab-1 defines the epitope NeuAco2-
3GalpB1-3GIcNAc, the terminal sequence of 3’-isoLM1 and 3,6/~
isoLD1.
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Fig. 3. Epitope determination of GMab-1 in ELISA. Fifteen gangliosides conjugated with BSA were immobilized. After blocking, the plates were incubated with GMab-1 (A),

DMab-14 (B), SL-50 (C), and DMab-22 (D) at a concentration of 10 pg/ml.
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Fig. 4. Immunohistochemical analysis by GMab-1 against glioblastoma tissues. Glioblastoma tissues were stained by GMab-1 (A,C) or isotype control (B,D). Magnification:

200x.

Immunohistochemical analysis by GMab-1 against glioblastoma
tissues

Since lacto-series gangliosides such as 3’-isoLM1 and 3',6'-
isoLD1 are known to be expressed in glioblastoma tissues [18],
immunohistochemistry was performed using 33 glioblastoma fro-
zen tissue specimens. GMab-1 immunoreactivity was detected in
26 of 33 (78.8%) glioblastomas. Representative staining by GMab-
1 in glioblastoma samples is shown in Fig. 4. Immunostaining by
GMab-1 demonstrated predominantly both cell-surface patterns
(Fig. 4A) and cell-surface/cytoplasmic patterns (Fig. 4C) in glioblas-
toma cells. Proliferating endothelial cells were negative for GMab-
1 (Fig. 4A). The concentration-matched isotype control of mouse
IgG3 did not stain any tumor cells (Fig. 4B and D). These results fur-
ther suggest that GMab-1 specifically reacted with lacto-series
gangliosides in glioblastoma tissues.

In conclusion, we immunized p3Gn-T5 knockout mice with 3’-
isoLM1 and 3’,6'-isoLD1. GMab-1, of the IgGs subclass, specifically
recognized both 3’-isoLM1 and 3’,6’-isoLD1 and showed high bind-
ing activity. GMab-1 was also reactive against glioblastomas in
immunohistochemical analyses, which indicates that GMab-1
should be useful in antibody-based therapy of glioblastomas.
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