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Abstract We have demonstrated previously that the
optimal method for inducing an antibody response
against defined cancer antigens is covalent conjugation
of the antigen to keyhole limpet hemocyanin (KLH) and
use of the potent saponin adjuvant QS-21. Single mol-
ecules of glycolipids (tetrasaccharides, pentasaccharides,
or hexasaccharides) and MUC1 peptides (containing
between one and five MUC1 tandem repeats) conjugated
to KLH have proven sufficient for antibody recognition
and vaccine construction. However, cancer specificity of
monoclonal antibodies against the monosaccharide Tn
and disaccharide sTn comes largely from recognition of
clusters (c) of these molecules on the cell surface. Tn
consists of a monosaccharide (GalNAc) O-linked to
serine or threonine on epithelial cancer mucins which are
uniquely rich in serines and threonines. We test here
several Tn constructs: Tn monosaccharide, Tn(c) pre-
pared on a triple threonine backbone, and Tn prepared
on a partially or fully glycosylated MUC1 backbone. We
determine that Tn(c) is more effective than Tn, and
conjugation to KLH is more effective than conjugation
to BSA or polystyrene beads for inducing ELISA reac-

tivity against Tn, and FACS reactivity against Tn-po-
sitive tumor cells. Surprisingly, MUC1 glycosylated with
Tn at three or five sites per 20 amino acid MUC1 tan-
dem repeat and conjugated to KLH, induced the
strongest antibody response against Tn and tumor cells
expressing Tn, and had the additional advantage of
inducing antibodies against MUC1.

Keywords Cancer vaccine Æ Conjugate vaccine Æ
Glycosylated MUC1 Æ MUC1 Æ Tn antigen

Abbreviations

BSA Bovine serum albumin
dOSM Desialylated ovine submaxillary mucin
ELISA Enzyme-linked immunosorbent assay
FACS Fluorescence-activated cell sorting
HPAEC-PAD High-pH anion-exchange chromatog-

raphy with pulsed amperometric
detection

HSA Human serum albumin
KLH Keyhole limpet hemocyanin
MBS m-Malemidobenzoyl-N-hydroxysuccin-

imide ester
PBS Phosphate buffer saline
QS21 Quillaja saponaria Molina–based

immunological adjuvant

Introduction

We have demonstrated previously that the optimal
method for inducing an antibody response against a
variety of cancer cell surface antigens is covalent conju-
gation of the antigen to keyhole limpet hemocyanin
(KLH) and the use of a potent saponin adjuvant such as
QS-21 (an immunological adjuvant consisting of a sapo-
nin fraction purified from the bark of the SouthAmerican
tree Quillaja saponaria Molina). Antigens studied in the
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past have been glycolipids such as GM2 [1, 2], GD3 [3, 4],
fucosyl GM1 [5], globoH [6, 7] and Lewis y [8], andmucin
epitopes such as MUC1 [9, 10] and sTn [11]. Single gly-
colipid and MUC1 molecules have been sufficient for
optimal antibody recognition and vaccine construction.
However, cancer specificity of monoclonal antibodies
against the disaccharide sTn comes largely from recog-
nition of clusters (c) of sTn molecules on the cell surface
[11, 12]. Vaccination with sTn(c)-KLH plus a saponin
adjuvant is the most effective approach for inducing
antibodies against sTn-positive cancer cells [12].

Tn contains a monosaccharide (GalNAc) normally
O-linked to serine or threonine on epithelial cancer
mucins. Nakada et al. [13] have reported that the
essential epitopic structure of Tn antigen recognized by
mAb MLS 128 is a cluster composed of three or four
consecutive GalNAc-serines/threonines. Cancer mucins
may have repeating sequences of two serines or threo-
nines as in the case of MUC1 tandem repeats, or four or
five serines or threonines as in the case of MUC2 tandem
repeats. These clusters can be mimicked by serine and/or
threonine trimers with GalNAca O-linked to each amino
acid [14]. An alternative approach is to attach Tn to
insoluble resin or polystyrene beads [15, 16]. Tn, Tn(c),
or even Tn(c)-KLH can be adsorbed or chemically
linked to such beads, and used for various purposes
including vaccine production. We compare here the

potency of these various approaches to Tn vaccination
for inducing antibodies against Tn-positive cancer cells.

Materials and methods

Vaccines

Antigen synthesis We prepared Tn and Tn(c) synthet-
ically linked to a single threonine or a chain of three
threonines (respectively), as described for sTn, each with
a terminal-free sulfhydryl group [14, 17]. One and
one half tandem repeats of MUC1 peptide (32aa) and
MUC2 peptide (32aa) were synthesized on a peptide
synthesizer with a terminal cysteine as previously
described [10]. The peptides were enzymatically
glycosylated using T2 and/or T4 N-acety-
lgalactosaminyltransferases (three or five sites per tan-
dem repeat for MUC1 or fully glycosylated for MUC2)
[10, 18, 19].The extent of glycosylation was confirmed by
mass spectrophotometry.

Conjugation Antigens were covalently attached to
KLH (Sigma, St Louis, MO, USA) using m-male-
midobenzoyl-N-hydroxysuccinimide ester (MBS)
(Pierce, Rockford, IL, USA), which couples the free
cysteine sulfhydryl on the antigen to amino groups on
KLH [20], see Fig. 1. In brief, the conjugation procedure
was as follows. MBS/dimethylformamide was mixed
with KLH (Sigma, St Louis, MO, USA) and incubated
at room temperature for 30 min. The unconjugatedFig. 1 Structure of Tn-TentaGel, Tn(c)-KLH, and MUC1G5-

KLH conjugates
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MBS was then eliminated by passage over a G25
Sephadex column. Maleimide-activated KLH was then
added to the activated antigen and the mixture incu-
bated at room temperature for 3 h. Free unreacted
antigen was eliminated using a 30,000 molecular cutoff
Centriprep filter. The epitope ratio (number of antigen
molecules per KLH molecule) was determined using
high-pH anion-exchange chromatography with pulsed
amperometric detection (HPAEC-PAD) assay for car-
bohydrate after acid hydrolysis [21] and Bio-Rad assay
for proteins (as described in the instrument manual).
Three batches of Tn(c)-KLH were prepared: batches A
and B at the MSKCC, and batch C in Princeton. Tn(c)
to KLH molecular epitope ratios were batch A, 201:1,
batch B, 648:1; and batch C, not determined. The Tn to
KLH ratio was 1,330:1. MUC1 to KLH ratios were
MUC1, 560:1; MUC1 G3, 251:1; MUC1 G5, 173:1;
MUC2, 977:1; and MUC2 G, 165:1.

Preparation of Tn and Tn(c) beads TentaGel resin
beads were purchased from Rapp Polymer (Tubingen,
Germany) and either left unaltered, adsorbed, or chem-
ically linked through an amide bond and on an MBS
linker to Tn monosaccharide or Tn cluster molecules [15,
16] (see Fig. 1). Tn(c) beads were made by attaching
three sugars to a tripeptide of Thr (one sugar on each
alcohol), while Tn beads had single glycosylated amino
acids. The Tn and Tn(c) molecules were either conju-
gated to KLH or BSA, or left unconjugated. All con-
structs were mixed with QS-21, which was obtained from
Antigenics Pharmaceuticals (New York, NY, USA).

Immunization of mice

Pathogen-free C57BL/6 female mice age 6–10 weeks
were obtained from Jackson Laboratory (Bar Harbor,
ME, USA). Groups of five mice were immunized three
times at 1-week intervals with 3 lg of Tn formulated in
various ways plus 10 lg QS21 (with the exception of
group 1-2, which was immunized once every 2 weeks).
Vaccines were administered subcutaneously over the
lower abdomen (with the exception of group 1-8, for
which the administration was intraperitoneal). Three
separate experiments were conducted.

Serological assays

Enzyme-linked immunosorbent assay (ELISA) For
ELISA, dOSM and Tn(c)-HSA were used as target
antigens. Antigens were coated on ELISA plates at an
antigen dose of 0.1–0.2 lg per well, and the assay was
performed as previously described [11, 14]. Mouse sera
were obtained from a bleed 10 days after the third
immunization. Phosphatase-conjugated goat antimouse
IgG or IgM antibody was added at a dilution of 1:200
(Southern Biotechnology, Birmingham, AL, USA). The
plates were read at 405 nm, and antibody titer was
determined with the highest serum dilution yielding
absorbance of 0.10 or greater.

Flow cytometry LSC human colon cancer cells
expressing Tn, and MCF-7 human breast cancer cells
expressing MUC1, were used (LSC cells were obtained
from Dr. Steve Itzkowitz at Mount Sinai School of
Medicine [22]; MCF7 cells were provided by the labo-
ratory of Dr Neil Rosen at the Memorial Sloan-Ket-
tering Cancer Center). Single-cell suspensions of
5·105 cells/tube were washed in PBS with 3% fetal calf
serum and incubated with 25 ll of 1:20 diluted test sera
for 30 min on ice. Twenty-five microliters of 1:25–di-
luted goat antimouse IgG or IgM antibody labeled with
FITC was added. Percentage positive cells and mean
fluorescence intensity (MFI) of stained cells were ana-
lyzed using a FACScan (Becton Dickinson, San Jose,
CA, USA). Prevaccination and postvaccination sera
were analyzed together and the pretreatment percentage
positive cells set at 10% as background for postvacci-
nation sera.

Statistical analysis Results in serological assays for
experimental groups were compared to controls or each
other using the Mann–Whitney two-sample t test [23].

Results

Comparison of Tn-KLH, Tn(c)-KLH, and Tn bead
vaccines

In experiment 1, group 1-9 (Tn(c)-KLH-A) induced the
highest IgG and IgM titers (see Table 1). The IgG
antibody titers in 1-9 where significantly superior to
those in all other groups except groups 1-1, 1-2, and 1-8.
In experiment 2, group 2-11 (Tn(c)-KLH-B) produced
the highest IgM and IgG antibody titers against dOSM.
The IgM antibody titers in 2-11 were significantly
superior to those of all other groups, and the IgG anti-
body titers were significantly superior to those of all
other groups except group 2-4 (Tn(c)-KLH-C). There
appears to be a variation between the preparations of
Tn(c)-KLH. While even the batch A preparation pro-
ducing the weaker titer is better than all the other Tn or
Tn(c) vaccines, the batch B preparation is significantly
superior. The B preparation had a higher Tn(c) to KLH
ratio (648:1 vs 201:1 or lower), consistent with our pre-
vious experience that higher epitope ratios result in
higher antibody titers. Consequently, in two different
experiments, Tn(c)-KLH prepared at three different
times and at two locations was the optimal immunogen
for inducing antibodies against a natural source of Tn,
dOSM.

The Tn(c) vaccine-induced antibodies also reacted
strongly with Tn-positive tumor cells. LSC cells express
Tn but express very little MUC1. In experiment 1, group
1-9 (Tn(c)-KLH-A) induced the highest IgM and IgG
titers against LSC, with the IgG antibody titers statis-
tically superior to those of all other groups. In
experiment 2, group 2-11 (Tn(c)-KLH-B) had the high-
est IgM antibody titers against LSC, statistically signif-
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icantly higher than all other groups. It also had statis-
tically significantly higher IgG antibody titers against
LSC than any other group with the exception of group
2-4 (Tn(c)-KLH-C). The individual FACS values for
mice in the different groups, represented by median
values in Table 1, were quite homogeneous, as demon-
strated in Fig. 2 for the five mice in group 2-11 before
and after immunization. These FACS results confirm the
previous ELISA results for experiments 1 and 2; Tn(c)-
KLH from various sources is the optimal immunogen of
those tested in these two experiments for inducing rele-
vant antibodies against Tn.

Comparison of vaccines containing Tn presented
on MUC1, MUC2, or Tn(c) conjugates

Groups 3-2, 3-4, 3-5, and 3-8 were optimal for both IgM
and IgG antibody titers against dOSM, with groups 3-2
(MUC1-G3-KLH) and 3-8 (MUC1-G5-KLH) having

significantly higher IgG antibody responses than the
other groups (Table 1). Using Tn(c)-HSA as target,
group 3-8 had a significantly superior antibody response
compared with all other groups except group 3-4 (Ta-
ble 2). MUC1 Tn-glycosylated at three sites was sur-
prisingly effective at inducing antibodies against dOSM,
even more effective than Tn(c)-KLH.

The highest IgG antibody response against LSC was
seen in group 3-2 (MUC1-G3-KLH). The percentage
positive cells and mean fluorescence intensity (MFI) in
group 3-2 were significantly higher than in other groups
except for groups 3-4, 3-5, and 3-8. MUC1 Tn-gly-
cosylated at three sites was a surprisingly effective
immunogen for induction of Tn antibodies.

Glycosylated MUC1-KLH conjugates also induced
high-titer antibodies against MUC1. MCF7 cancer cells
express MUC1 but little Tn. All MUC1-immunized
groups produced high titer antibody responses against
MCF7 but the highest responses were seen in groups 3-2
(MUC1-G3-KLH) and 3-8 (MUC1-G5-KLH), with

Table 1 Median ELISA and FACS results against natural sources
of Tn after vaccination of groups of five mice with Tn or MUC1
vaccines. dOSM Desialylated ovine submaxillary mucin, a natural
source of Tn; LSC a human colon cancer cell line that expresses Tn

but not MUC1; Gly glycosylated with Tn at three or five sites per
MUC1 20-aa tandem repeat or fully glycosylated MUC2 23-aa
tandem repeat; MSKCC Memorial Sloan-Kettering Cancer Center

Groupa Vaccine ELISA titer against
dOSM

FACS on LSC cells %
positive cells/mean
fluorescence intensity

IgG IgM IgG IgM

Experiment 1
gr 1-1 Tn beads-KLH-adsorbed 40 160 12/7 46/26
gr 1-2 Tn beads-KLH-adsorbed (14 day injection) 40 320 10/6 47/23
gr 1-3 Tn beads 0 80 9/6 19/22
gr 1-4 Acetylated-KLH-adsorbed 0 40 10/6 13/21
gr 1-5 Acetylated beads-Tn-KLH-adsorbed 0 0 11/7 21/27
gr 1-6 Acetylated beads-KLH-adsorbed 0 40 9/6 20/23
gr 1-7 Tn-KLH 0 40 11/8 17/27
gr 1-8 Tn-KLH(IP injection) 20 80 11/8 16/23
gr 1-9 Tn(c)-KLH-MSKCC 160 320 36/12 52/23

Experiment 2
gr 2-1 Tn(c) beads-KLH-adsorbed 0 0 12/17 10/64
gr 2-2 Tn(c) beads-BSA-adsorbed 20 80 18/23 20/63
gr 2-3 Tn(c) beads 0 40 10/16 15/42
gr 2-4 Tn(c)-KLH 160 0 77/103 52/90
gr 2-5 Tn(c)-BSA 0 80 14/20 22/62
gr 2-6 Acetylated beads-Tn(c)-KLH-adsorbed 40 40 11/17 21/49
gr 2-7 Tn-beads-BSA 20 80 13/17 14/40
gr 2-8 Tn-BSA 40 80 16/20 19/61
gr 2-9 Tn-KLH 30 40 17/28 15/60
gr 2-10 Tn(c)-KLH(old)-MSKCC 20 320 31/37 47/94
gr 2-11 Tn(c)-KLH(new)-MSKCC 320 1,280 73/75 94/293

Experiment 3—at the MSKCC
gr 3-1 MUC-1-1-KLH 0 0 15/8 10/21
gr 3-2 MUC-1-1-Gly(3 site)-KLH 3,200 20 49/13 24/39
gr 3-3 MUC-2-1-KLH 0 0 17/7 15/28
gr 3-4 MUC-2-1-Gly-KLH 0 20 40/21 14/26
gr 3-5 Tn(c)-KLH 200 80 34/7 21/34
gr 3-6 Tn-KLH 0 0 25/4 27/44
gr 3-7 MUC-1-3-KLH 0 20 15/5 9/22
gr 3-8 MUC-1-3-Gly(5 site)-KLH 1,600 20 29/10 12/27
gr 3-9 KLH 0 0 15/8 12/23

aFive mice per group

427



Fig. 2 IgG and IgM FACS
results before and after
immunization with Tn(c)-KLH
(MSKCC new) plus QS-21 for
five mice in group 2-11. Data
are percentage positive cells
(MFI mean fluorescence
intensity)
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group 3-8 showing responses which were significantly
higher than those in any other group. As opposed to the
predominantly IgM antibody response induced by Tn,
antibodies induced by the MUC1 peptide vaccines were
almost exclusively IgG.

Discussion

Of primary importance in the construction of vaccines
against cancer is that the antigen in the vaccine replicates
the antigen on the tumor. Concerning monosaccharides
or disaccharides such as Tn and sTn, others report that
epitopes recognized on cancer cells are clusters of these
small molecules. Kurosaka et al. [24] demonstrated that
sTn(c), but not sTn, was recognized by MLS102, a
monoclonal antibody against sTn with cancer specificity.
Subsequently, Nakada demonstrated monoclonal anti-
body MLS128 with cancer specificity reacted preferen-
tially with clusters of three Tn residues. We have since
confirmed that B72.3 monoclonal antibody against sTn
with a striking cancer specificity, recognized sTn clusters
[11], and have confirmed improved cancer specificity of
antibodies raised in patients with vaccines containing
sTn(c) as opposed to sTn monomers . Here we demon-
strate in three separate experiments that among various
Tn conjugates, Tn(c) is consistently a better form of Tn
for induction of antibodies against two sources of nat-
urally expressed Tn (dOSM and tumor cells).

Of great importance, as well, in the construction of
vaccines is the method of presentation of the antigen to
the immune system. The method and intensity of con-
jugation plays a major role in increasing the immuno-
genicity of an antigen. We have in the past described
KLH as the optimal carrier [3]. Here again we demon-
strate its clear superiority over BSA, and again demon-
strate that simply mixing Tn(c) and KLH is significantly
less effective than the Tn(c)-KLH conjugate.

Others describe different approaches to presentation
of the antigen (with or without a carrier molecule). One

such approach is the use of polystyrene beads. We at-
tempted this approach with both Tn and Tn(c) using
various means of preparation (adsorption, acetylation,
linked or unlinked) and conjugation (with KLH, BSA,
or unconjugated). The idea of this approach is to look at
beads as a support for presenting carbohydrates. Here
we test the efficacy of the beads as compared with our
standard of using KLH as such a support. Specifically,
we examine the possibility of mimicking the clustering of
Tn with Tn-linked beads, as well as optimizing the
presentation of Tn(c) with Tn(c)-linked beads. While the
beads increased Tn immunogenicity slightly, the optimal
approach was again Tn(c) linked to KLH with a high
Tn(c) to KLH ratio.

Building on the results of the first two experiments
which showed that Tn(c)-KLH was optimal, in experi-
ment 3, Tn(c)-KLH was compared to vaccines contain-
ing Tn monomers O-linked to MUC1 or MUC2 in place
of the three-threonine backbone of Tn(c). MUC1 is a
glycosylated cell surface mucin expressed in a variety of
epithelial cancers. We have previously demonstrated
immunogenicity of MUC1 peptide-KLH in both mice
and patients [10, 20]. Glycosylation of mucins such as
MUC-1 and MUC-2 on tumor cells occurs predomi-
nantly with small sugars such as Tn and sTn. We have
therefore created a series of MUC-1 and MUC-2 pep-
tides with varying degrees of Tn-glycosylation as a
means of reproducing this natural form. Surprisingly, we
demonstrate here that this approach is highly effective in
antibody production not only against MUC1, but also
against Tn. In fact, MUC1 glycosylated at three sites per
tandem repeat produced significantly higher antibody
titers than even the Tn(c)-KLH conjugate, and also
produced higher antibody titers against MUC1 than
unglycosylated MUC1-KLH. Based on these studies we
plan to test Tn-glycosylated MUC1-KLH in future
clinical trials as immunogen for both Tn and MUC1.
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Table 2 Median ELISA titer against Tn(c), and FACS against
MCF7 cell line (expressing MUC1), after vaccination against Tn or
MUC1. MCF7 A human breast cancer cell line that expresses

MUC1 but not Tn; Gly Glycosylated with Tn at three or five sites
per MUC1 20-aa tandem repeat or at all 14 sites per fully gly-
cosylated MUC2 23-aa tandem repeat

Groupa Vaccine ELISA titer against
Tn(c)-HSA

FACS on MCF7 cells
% positive cells/mean
fluorescence intensity

IgG IgM IgG IgM

gr3-1 MUC-1-1-KLH 160 0 97/107 21/18
gr3-2 MUC-1-1-Gly(3 site)-KLH 20,480 20 98/170 35/20
gr3-3 MUC-2-1-KLH 5,120 20 15/6 18/13
gr3-4 MUC-2-1-Gly-KLH 40,960 20 26/5 14/14
gr3-5 Tn(c)-KLH 10,240 40 26/7 37/23
gr3-6 Tn-KLH 0 0 14/6 21/24
gr3-7 MUC-1-3-KLH 2,560 0 91/54 11/11
gr3-8 MUC1-3-Gly(5 site)-KLH 40,960 40 99/258 17/13
gr3-9 KLH 0 0 13/7 13/13

aFive mice per group
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