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The cell membrane mucin MUC1 is over-expressed and
aberrantly glycosylated in many cancers, and cancer-
associated MUC1 glycoforms represent potential targets
for immunodiagnostic and therapeutic measures. We have
recently shown that MUC1 with GalNAca1-O-Ser/
Thr (Tn) and NeuAca2-6GalNAca1-O-Ser/Thr (STn)
O-glycosylation is a cancer-specific glycoform, and that
Tn/STn-MUC1 glycopeptide-based vaccines can override
tolerance in human MUC1 transgenic mice and induce
humoral immunity with high specificity for MUC1
cancer-specific glycoforms (Sorensen AL, Reis CA, Tarp
MA, Mandel U, Ramachandran K, Sankaranarayanan V,
Schwientek T, Graham R, Taylor-Papadimitriou J,
Hollingsworth MA, et al. 2006. Chemoenzymatically
synthesized multimeric Tn/STn MUC1 glycopeptides
elicit cancer-specific anti-MUC1 antibody responses and
override tolerance. Glycobiology. 16:96–107). In order
to further characterize the immune response to
Tn/STn-MUC1 glycoforms, we generated monoclonal
antibodies with specificity similar to the polyclonal
antibody response found in transgenic mice. In the
present study, we define the immunodominant epitope
on Tn/STn-MUC1 glycopeptides to the region including
the amino acids GSTA of the MUC1 20-amino acid
tandem repeat (HGVTSAPDTRPAPGSTAPPA). Most
other MUC1 antibodies are directed to the PDTR region,
although patients with antibodies to the GSTA region
have been identified. A panel of other MUC1 glycoform-
specific monoclonal antibodies was included for compari-
son. The study demonstrates that the GSTA region of the
MUC1 tandem repeat contains a highly immunodominant
epitope when presented with immature short O-glycans.
The cancer-specific expression of this glycopeptide epitope
makes it a prime candidate for immunodiagnostic and
therapeutic measures.
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Introduction

Human mucin-1 (MUC1) is a large, heavily glycosylated
transmembrane protein, with an extracellular region formed
mainly of variable number of tandem repeats (25–125) of
20 highly conserved amino acid residues (HGVTSAPDTR-
PAPGSTAPPA), each with five potential sites for O-
glycosylation (underlined). In normal cells, MUC1 is
expressed on the apical surfaces of simple and glandular
epithelia and in normal breast epithelia covered with
branched Galb1-3[GlcNAcb1-6]GalNAca1-O-Ser/Thr (core
2) O-glycans with lactosamine extensions (Lloyd et al. 1996;
Dalziel et al. 2001). In many adenocarcinomas, MUC1 is
highly over-expressed and aberrantly O-glycosylated, leading
to the exposure of immunogenic truncated glycans including
the pancarcinoma carbohydrate antigens GalNAca1-O-
Ser/Thr (Tn), NeuAca2-6GalNAca1-O-Ser/Thr (STn), and
Galb1-3GalNAca1-O-Ser/Thr (T) (Springer 1984; Taylor-
Papadimitriou and Epenetos 1994). In breast cancer patients,
the presence of circulating antibodies directed to the under-
glycosylated MUC1 tandem repeat peptide sequence is
correlated with a better prognosis (Rughetti et al. 1993; von
Mensdorff-Pouilly et al. 2000a, 2000b), and CD8þ T cells
specific for MUC1 peptides have been identified in the
peripheral blood of breast cancer patients (Feuerer et al.
2001; Correa et al. 2005). Hence, MUC1 has long been
considered a target for immunodiagnostic and therapeutic
measures in adenocarcinoma patients (Taylor-Papadimitriou
and Epenetos 1994; Samuel and Longenecker 1995).

In the past, a large number of monoclonal antibodies
(MAbs) have been produced to purify MUC1 and synthetic
peptides and glycopeptides derived from MUC1. The
epitopes of these MAbs have traditionally been defined by
scanning overlapping short peptides, and most of the MAbs
define epitopes in the heavily O-glycosylated mucin tandem
repeat domain. One large group of MAbs have been raised
against human milk fat globule (HMFG) including HMFG1
(Taylor-Papadimitriou et al. 1981), 115D8 (Hilkens et al.
1984), and SM3 (Burchell et al. 1987), most of which react
with an epitope in the PDTR region of the MUC1 tandem
repeat considered to be the immunodominant peptide epitope
in wildtype mice. Only a few MAbs defining tandem repeat
epitopes outside the PDTR region have been reported. One
generated against breast cancer tissue extract, DF3, is used in
the CA 15-3 screening assay in combination with 115D8 and
defines the peptide epitope TRPAPGS (Kufe et al. 1984).
Immunization with unglycosylated MUC1 peptide has given1To whom correspondence should be addressed; e-mail: hc@imbg.ku.dk
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rise to a low-affinity MAb (BCP9) reactive with the GSTAP
peptide (Xing et al. 1992).

Most MUC1 antibodies react with the peptide backbone,
but often the binding is modulated by the presence of
glycans. In some cases, the presence of a particular glycan
can enhance binding as seen with B27.29 (Grinstead et al.
2002; Grinstead et al. 2003), 115D8 (Dai et al. 1998), and
VU-2-G7 (Ryuko et al. 2000). In other examples, glycans can
inhibit binding, as seen with SM3 and HMFG1. SM3 was
raised against chemically deglycosylated HMFG and exhibits
high preference for cancer-associated MUC1—opposed to
other MAbs raised against HMFG—because the antibody
binding to the PDTR region is selectively blocked by large-
branched O-glycans as found in normal breast epithelium
(Burchell et al. 2001).

A few antibodies reacting specifically with MUC1 glyco-
forms have been reported. One MAb, BW835, was generated
by alternating injections of cancer cell lines MCF-7 and
SW-613, and the specificity is reported to be restricted to the
glycopeptide epitope VTSA, where Thr is substituted with
the T antigen (Hanisch et al. 1995). The MAb MY.1E12
(Yamamoto et al. 1996) was raised against HMFG and the
epitope maps to the same peptide sequence, but here sialyla-
tion of the T structure (rendering the ST structure) enhances
reactivity (Takeuchi et al. 2002). Recently, we found that
immunization with long Tn- or STn-MUC1 tandem repeat
glycopeptides can override tolerance in humanized MUC1
transgenic Balb/c mice (Sorensen et al. 2006). The humoral
immune response induced with the glycopeptide vaccines
was highly specific for the Tn/STn-MUC1 glycoforms and
MUC1 expressed by human cancer cells. In order to further
characterize immunity to these glycopeptides, we generated
MAbs that mimic the polyclonal response elicited in MUC1
transgenic mice.

In the present study, we report on the fine specificity of
anti-MUC1 antisera and MAbs (5E5 and 2D9) raised against
MUC1 Tn/STn glycopeptides. By using a panel of different
well-defined MUC1 tandem repeat glycopeptides, we show in
direct binding and streptavidin–biotin capture enzyme-linked
immunosorbent assay (ELISA) that the reactivity of 5E5 and
2D9 is restricted to MUC1 glycopeptides, with Tn- or STn-
glycosylation in the GSTA region. The same specificity was
found with total serum antibodies from human MUC1 trans-
genic mice vaccinated with Tn-MUC1 glycopeptide. The
study defines a novel immunodominant glycopeptide epitope
in the MUC1 tandem repeat, which is specifically expressed
in cancer.

Results

Generation of MUC1 MAbs

The MAb 5E5 (IgG1) was raised against 60-mer MUC1
tandem repeat peptide carrying 15 N-acetylgalactosamine
(GalNAc) residues conjugated to KLH as described pre-
viously (Sorensen et al. 2006). This antibody was shown to
specifically react with MUC1 carrying Tn or STn in the
tandem repeat domain and reacts with the vast majority of
breast carcinomas, although showing no reactivity with
normal breast epithelia (Sorensen et al. 2006). 5E5 was orig-
inally selected because its reactivity pattern essentially mir-
rored that of total sera from MUC1 transgenic mice

immunized with MUC1 tandem repeat glycopeptides with
complete Tn- or STn-glycosylation (Sorensen et al. 2006). In
the present study, we have reproduced the immunization and
screening protocol and isolated another MAb, 2D9 (IgG1),
which exhibits essentially the same specificity, demonstrating
that such antibodies are prevalent.
Two additional MUC1 antibodies were raised against

purified recombinant secreted MUC1 (rMUC1) expressed in
CHO ldlD cells grown in GalNAc to produce the Tn glyco-
form (5E10) or grown in galactose (Gal) and GalNAc to
produce the ST glycoform, which after neuraminidase treat-
ment was reduced to the T glycoform (1B9). By immunocyto-
chemistry, MAb 5E10 reacted with all the MUC1-expressing
cell lines tested and therefore potentially could serve as a
universal anti-MUC1 MAb. MAb 1B9 was selected because it
showed specificity for neuraminidase-treated cells presenting
the T glycoform of MUC1 (data not shown).

Epitope mapping of MAbs 5E5 and 2D9 raised against
Tn-MUC1 tandem repeat glycopeptides

The specificity of the antibodies was initially determined by
direct-binding ELISA using a panel of 60-mer glycopeptides
produced by chemoenzymatic methods (Figure 1) (Sorensen
et al. 2006). The MAbs 5E5 and 2D9 exhibited a similar
reactivity pattern with high selectivity for MUC1 tandem
repeat glycopeptides with Tn and STn O-glycans and both
antibodies showed preference for Tn-MUC1 glycoforms with
highest O-glycan occupancy; however, in direct-binding
assays, 2D9 showed significantly better reactivity with Tn
glycoforms compared with STn glycoforms (not shown). In
order to fully assess the binding specificity of the antibodies
and eliminate issues with differences in adsorption and pres-
entation of MUC1 peptides and glycopeptides in direct-
binding ELISA, a streptavidin–biotin capture ELISA was
developed using a large panel of 60-mer-based MUC1-bioti-
nylated glycopeptides (Figure 1). The results shown in
Figure 2 clearly confirm that the two MAbs, 5E5 and 2D9,
react with a glycopeptide epitope where the glycan can be Tn
or STn, with at least two O-glycans and preferably three or
five O-glycans per MUC1 repeat. This could suggest that an
O-glycan in either the VTSA or the GSTV region of the
sequence is required for the epitope (Figure 1). Recombinant
expression of MUC1 in CHO ldlD cells allows presentation
of different glycoforms of MUC1 (Sorensen et al. 2006).
MAbs 5E5 and 2D9 reacted with Tn-MUC1 but not with
T-MUC1 glycoforms, as predicted by the lack of reactivity
with T and ST-MUC1 glycopeptides (Figure 2A and D).
Interestingly, weak reactivity was observed with the core 3
O-glycosylated glycoform (GlcNAcb1–3GalNAca1-O-Ser/
Thr) but only when this is presented with three and not with
five O-glycans per tandem repeat. This may be due to a
minor residual amount of partially b3GlcNAc-substituted
glycopeptide, as suggested by matrix-assisted laser deso-
rption/ionization time of flight mass spectrometry (MALDI-
TOF MS) analysis of this glycopeptide (data not shown).
Further glycopeptide variants are required to more pre-

cisely define the epitopes; however, present enzymatic glyco-
sylation of 60-mer MUC1 peptides are limited by the
substrate specificities of polypeptide GalNAc-transferases
(Wandall et al. 1997; Bennett et al. 1998). Therefore, two
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25-mer peptides with valine substitutions of selected threo-
nine residues were used to chemoenzymatically produce gly-
coforms with Tn at individual sites utilizing GalNAc-T11
(Figure 1) (Hassan et al. 2000; Schwientek et al. 2002).
Besides Tn-glycosylation of the initial Thr, the two glycopep-
tides were Tn-glycosylated at Thr either in the VTSA region
(2Tn-TAP25V21) or in the GSTA region (2Tn-TAP25V9).
Enzymatic Tn-glycosylation of both Ser and Thr in the
GSTA region, which was observed to increase reactivity with
the biotinylated 60-mer peptide, was not possible with the
TAP25V9 peptide (Wandall et al. 1997; Hassan et al. 2000).
As shown in Figure 2B and E, 5E5 and 2D9 did not react
with 2Tn-TAP25V21, with Tn-glycosylation at Thr in the
VTSA region, whereas strong reactivity was found with the
2Tn-TAP25V9 glycopeptide, with Tn-glycosylation at Thr in
the GSTA region. This reactivity pattern was confirmed in
direct-binding ELISA with a panel of synthetic MUC1 glyco-
peptides with one single Tn or T O-glycan (Karsten et al.
1998) (Figure 1). 5E5 and 2D9 showed strong reactivity
towards the glycopeptide, with Tn at the Thr in the GSTA
region, whereas no reactivity was seen when the T glycan
was carried on this threonine or with the other Tn- or T-gly-
cosylated glycopeptides (Figure 2C and F). In summary, 5E5
and 2D9 reacted with MUC1 glycopeptides when Thr in
GSTA is Tn- or STn-glycosylated and stronger when both
Ser and Thr are glycosylated.

Specificity analysis of total serum from Tn-MUC1-immunized
MUC1 transgenic mice

Total serum of mice immunized with the 15Tn-MUC1 60-
mer glycopeptide conjugated to KLH showed the same pre-
ference for high-density Tn- and STn-MUC1 glycopeptides
(Figure 3A). More importantly, the same specificity for the
Tn-glycosylated GSTA sequence was observed with the
valine-substituted glycopeptides (Figure 3B). Taken together,
these results clearly indicate that the GSTA region of the
MUC1 tandem repeat glycosylated with Tn and/or STn
represents a novel immunodominant MUC1 glycopeptide
epitope.

Characterization of MAbs 1B9 and 5E10

The two MAbs raised against recombinant MUC1 glyco-
protein expressed in CHO ldlD cells were analyzed with the
capture ELISA, using the panel of MUC1 60-mer biotiny-
lated glycopeptides. MAb 1B9 showed strong reactivity with
the MUC1 glycopeptide with three T O-glycans per tandem
repeat, whereas only an extremely weak reaction was
observed with the glycopeptide fully substituted with five T
O-glycans per tandem repeat (Figure 4A). Intermediate reac-
tivity was seen with peptides substituted with core 3 and ST,
but only with peptides with three glycans per tandem repeat
(Figure 4A). ELISA with MUC1 glycopeptides with one

Fig. 1. Glycopeptides used for the characterization of MAb specificities. Biotinylated 60-mer glycopeptides: prefix numbers indicate number of O-glycans
in peptides. Biotinylated 25-mer valine-substituted glycopeptides: TAP25V9, valine-substituted in position 9; TAP25V21, valine-substituted in position 21;
2Tn-TAP25V9 and 2Tn-TAP25V21 are glycosylated with Tn in the indicated positions. 21-mer: synthetic glycopeptides with a single Tn or T glycan in the
indicated positions.
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single T O-glycan showed reactivity with the peptide T-gly-
cosylated at Thr in the amino acid sequence GSTA, but also,
although weaker, with the peptide T-glycosylated at Thr in
the amino acid sequence VTSA (Figure 4B). No reactivity
was seen with the MUC1 glycopeptides with one single Tn
O-glycan. Furthermore, 1B9 did not react with CHO ldlD

MUC1-expressing cells when grown in GalNAc alone, but
only when Gal is added to the growth medium, leading to
expression of ST-MUC1. Significantly enhanced reactivity
was seen after neuraminidase treatment of the cells to expose
T-MUC1 (Figure 4C). These data suggest that the epitope for
1B9 is not a glycopeptide epitope, but rather a conformational

Fig. 2. Specificity analysis of MAbs 2D9 and 5E5 by ELISA. [(A) and (D)] Reactivity of MAbs 2D9 and 5E5 with biotinylated 60-mer glycopeptides by
capture ELISA (Figure 1). Strong reactivity is seen for both MAbs with high-density Tn and STn glycoforms. [(B) and (E)] Reactivity of MAbs 2D9 and 5E5
with biotinylated valine-substituted 25-mer glycopeptides by capture ELISA. Strong reactivity is seen for both MAbs with the peptide Tn-glycosylated at Thr in
the GSTA region. A indicates Tn-glycosylation. [(C) and (F)] Reactivity of MAbs 2D9 and 5E5 with 21-mer glycopeptides glycosylated with a single Tn or T
glycan by direct-binding ELISA. Strong reactivity is seen for both MAbs, with the peptide Tn-glycosylated at Thr in the GSTA region. A indicates Tn-
glycosylation. Controls for 25- and 21-mer peptides are shown with MAb 5E10 in Figure 5B and C.
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epitope requiring glycosylation with b1-3-linked disacchar-
ides (T or core 3) in either the VTSA or the GSTA regions,
but not the PDTR region.
The MAb 5E10 showed highest reactivity with biotinylated

MUC1 60-mer peptide or when the peptide is either unglyco-
sylated or substituted with only two Tn glycans per tandem
repeat. Reactivity towards Tn-glycosylation decreased with
increasing density of glycosylation. An additional decrease in
reactivity was seen with the introduction of T-glycosylation,
followed by a further decrease by introduction of core 3 gly-
cosylation. Lowest reactivity was seen with increasing
degrees of sialylation, especially when sialic acid (NeuAc) is
a2-6-linked to GalNAc (STn). No reactivity at all was seen
with the peptide fully substituted with STn (Figure 5A). In
ELISA with biotinylated, valine-substituted, in vitro Tn-gly-
cosylated MUC1 peptides, equal reactivity was seen with all
four peptides regardless of glycosylation (Figure 5B).
In ELISA with MUC1 glycopeptides with one single Tn or T
O-glycan, equal reactivity was seen with all peptides except
for the peptide T-glycosylated at Thr in the amino acid
sequence GSTA (Figure 5C). In immunocytology, 5E10
reacted independently with CHO ldlD MUC1-expressing

cells on co-culturing with GalNAc, Gal, or no sugar at all
(data not shown). In summary, 5E10 reacted with all MUC1
glycoforms tested with the exception of complete STn
occupancy.

Comparison with other MAbs previously reported to react
with MUC1 glycoforms

The MAb SM3 binds the PDTR region of the MUC1 tandem
repeat, and Tn-glycosylation of the Thr enhances its binding
(Burchell et al. 1989; Dokurno et al. 1998). In agreement
with previous reports, SM3 preferentially reacted with the
unglycosylated peptide and the glycopeptides with complete
O-glycan occupancy of five O-glycans per tandem repeat,
and reactivity with glycopeptides with two and three
O-glycans was lower (Figure 5D) (Reis et al. 1998). These
results confirm and extend our previous studies to demon-
strate that T, ST, and core 3 O-glycans react equally well. For
this study, we did not have core 2 glycoforms, but studies
with cell lines clearly indicate that core 2 glycosylation of
MUC1 blocks the SM3 epitope (Beum et al. 1999; Dalziel
et al. 2001; Mungul et al. 2004). Little reactivity was
observed with the biotinylated, valine-substituted peptides,
whether unglycosylated or with Tn-glycosylation of Thr in
the amino acid sequences VTSA or GSTA (Figure 5E).
In ELISA with MUC1 glycopeptides with one single Tn or T
O-glycan, high reactivity was seen when Thr in the amino
acid sequence PDTR is substituted with either T or Tn.
Lower reactivity was seen with the remaining T-MUC1
glycopeptides, whereas hardly any reactivity was observed
with the remaining Tn-MUC1 glycopeptides (Figure 5F).

MAb BW835 reacted in the capture ELISA with biotiny-
lated MUC1 60-mer glycopeptides fully glycosylated with
the disaccharides T (Figure 4C). Interestingly, BW835
reacted equally well with the core 3 O-glycosylated peptide,
indicating that the antibody does not require the T-MUC1
glycoform per se but rather a b1-3-linked disaccharide in the
VTSA region of MUC1. Lower reactivity was also found
with the fully ST-glycosylated peptide. Weak reactivity was
observed with the T glycopeptide with only three O-glycans,
and similar weak reactivity was found with the fully Tn-
glycosylated glycopeptide. No reactivity was found with
glycopeptides carrying two or three Tn glycans per TR, STn-
glycosylated, or unglycosylated peptides. These results are in
agreement with and extend previous characterization of the
epitope.

In accordance with earlier published data (Takeuchi et al.
2002), MY.1E12 showed strict specificity for the ST-glyco-
forms of MUC1, as evaluated with biotinylated 60-mer gly-
copeptides (Figure 4D). In contrast to BW835, MY.1E12
showed preference for the peptide with three ST O-glycans
per tandem repeat, suggesting that the epitope is at least par-
tially destroyed when both Thr and Ser in the VTSA region
are glycosylated.

Discussion

The primary objective of this study was to define the unique
glycopeptide epitope of antibodies elicited in wildtype and
human MUC1 transgenic mice to large Tn- and STn-MUC1
60-mer glycopeptides. In our previous studies, we defined a
MUC1 glycopeptide vaccine capable of overriding tolerance

Fig. 3. Specificity analysis of serum from MUC1 transgenic mice
immunized with 15Tn-MUC1 60-mer glycopeptide. (A) Reactivity with
60-mer glycopeptides by direct-binding ELISA. Strong reactivity is seen
with glycopeptides with three or five Tn glycans per tandem repeat. Lower
reactivity is seen with the fully STn-glycosylated peptide. No reactivity is
seen with the unglycosylated peptide. (B) Reactivity with biotinylated valine-
substituted 25-mer glycopeptides by capture ELISA. Strong reactivity is seen
with the peptide Tn-glycosylated at Thr in the GSTA region. A indicates
Tn-glycosylation.
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Fig. 4. Specificity analysis of MAbs 1B9, BW835, and MY.1E12 by ELISA. (A) Reactivity of MAb 1B9 with biotinylated 60-mer glycopeptides. Reactivity is
also seen with core 3 and ST glycans (see text for details). (B) Reactivity of MAb 1B9 with biotinylated valine-substituted 25-mer glycopeptides. Reactivity is
seen with glycopeptides, with T glycans at Thr in the GSTA region and Thr in the VTSA region. (C) Reactivity of MAb 1B9 with CHO ldlD cells grown in
Gal/GalNAc. 1B9 reacts with approximately 2% of the cells expressing ST-MUC1 (no neuraminidase treatment), whereas it reacts with approximately 20% of
cells presenting T-MUC1 (neuraminidase treated). (D) Reactivity of MAb BW835 with biotinylated 60-mer glycopeptides. Published epitope listed in
parentheses, where W indicates T-glycosylation. Strong reactivity is seen with the glycopeptides with five T or core 3 glycans per tandem repeat. Lower
reactivity is observed with five ST glycans per tandem repeat. (E) Reactivity of MAb MY.1E12 with biotinylated 60-mer glycopeptides. Published epitope listed
in parentheses, where * indicates ST-glycosylation. Strong reactivity is seen with the glycopeptide with five ST glycans per tandem repeat. Lower reactivity is
observed with three ST glycans per tandem repeat.
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in human MUC1 transgenic mice and eliciting highly cancer-
specific MUC1 immunity (Sorensen et al. 2006). Further
defining the epitope is important for understanding the under-
lying molecular mechanism for biosynthesis and expression

of the antigen and may aid in further optimization of vaccine
designs. A novel glycopeptide epitope was identified in the
GSTA region of the MUC1 tandem repeat, and both MAbs
and total sera from immunized MUC1 transgenic mice were

Fig. 5. Specificity analysis of MAbs 5E10 and SM3 by ELISA. (A) Reactivity of MAb 5E10 with biotinylated 60-mer glycopeptides. Reactivity is seen with all
tested peptides except when fully glycosylated with the STn glycan. Preference is seen for unglycosylated and Tn glycoforms, followed by T and ST
glycoforms. Lowest reactivity is seen with the glycopeptide with three STn glycans per tandem repeat. (B) Reactivity of MAb 5E10 with biotinylated valine-
substituted 25-mer glycopeptides. Strong reactivity is seen with all peptides independent on Tn-glycosylation. (C) Reactivity of MAb 5E10 with 21-mer
glycopeptides glycosylated with a single Tn or T glycan. Relatively strong reactivity is seen with all glycopeptides with exception of the peptide with a T
glycan at Thr in the PDTR region. (D) Reactivity of MAb SM3 with biotinylated 60-mer glycopeptides. Strongest reactivity is seen with unglycosylated peptide
or peptides with five O-glycans per tandem repeat. The glycoforms of preference are Tn, STn, core 3, T, and ST in the mentioned order. (E) Reactivity of MAb
SM3 with biotinylated valine-substituted 25-mer glycopeptides. Weak reactivity is seen with the unglycosylated peptides and where the Thr in the GSTA region
is Tn-glycosylated. No reactivity is seen with the glycopeptide glycosylated in the Thr in the VTSA region. (F) Reactivity of MAb SM3 with 21-mer
glycopeptides glycosylated with a single Tn or T glycan. Strongest reactivity is seen with glycopeptides with T- or Tn-glycosylation at Thr in the PDTR region.
Low reactivity is seen with the remaining T-glycosylated and some of the Tn-glycosylated glycopeptides.
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directed almost exclusively to this epitope. The epitope was
extensively defined with respect to requirements for glyco-
form and site occupancy and limited essentially to the Tn and
STn structures in the GSTA region of the tandem repeat of
MUC1. Past studies have defined the PDTR region as the
major immunodominant epitope of unglycosylated MUC1
tandem repeat peptides in the mouse, as the vast majority of
mouse MAbs generated to MUC1 are directed to this region.
All but a few exceptions, with SM3 being the most notable
example, do not exhibit cancer-associated reactivity patterns.
Interestingly, our studies with immunization of MUC1 glyco-
peptides failed to show antibodies towards the PDTR region
in wildtype mice as well as in human transgenic mice. Mouse
MAbs directed against the glycosylated GSTA region have
not been found previously using different MUC1-based
immunogens (Xing et al. 2001). Thus the results described
here suggest that the Tn/STn glycopeptide epitope in the
GSTA region represents a novel, valuable, immunodominant,
mixed glycopeptide epitope with significant immunodiagnos-
tic and therapeutic potential.

Many MUC1 antibodies with epitopes in the PDTR region
are affected by O-glycosylation of Thr in the PDTR region as
well as in either of the sites in the VTSA or GSTA regions.
The binding of the antibody SM3 to the PDTR region of
MUC1 has been studied in detail by X-ray crystallography
and NMR spectroscopy (Dokurno et al. 1998; Moller et al.
2002), and GalNAc O-glycosylation of the Thr residue in
PDTR induces conformational changes in the peptide region,
enhancing antibody interaction with the peptide core, but
without siginificant interaction with the GalNAc residue.
Similarly, binding of the MAb C595 to the RPAP peptide
epitope is enhanced by conformational changes induced by
Tn-glycosylation of Thr in VTSA as well as Ser and Thr in
GSTA regions (Spencer et al. 1999). In contrast, NMR
studies of the binding of the antibody B27.29 suggest that the
antibody epitope maps to two separate parts of the glycopep-
tide, with the core peptide epitope spanning the PDTRP
sequence and a second carbohydrate epitope comprising
Tn-glycans at Thr and Ser in the VTSA region (Grinstead
et al. 2002). The antibodies 5E5 and 2D9 and sera from
15Tn-MUC1-immunized MUC1 transgenic mice do not bind
unglycosylated MUC1 peptides and exhibit high selectivity
for glycoform (Tn and STn) and site of glycosylation (GSTA
region), indicating that the antibody-binding site involves
both peptide and carbohydrate moieties. It is quite surprising
that antibodies to glycoforms in the GSTA region have not
been previously identified considering that Tn and STn glyco-
forms of MUC1 are highly overexpressed in cancer cells
(Sorensen et al. 2006). Cancer patients have been found to
have antibodies to Tn glycopeptides, although the fine speci-
ficity of these have not been determined (von Mensdorff-
Pouilly et al. 2000a). Human antibodies to peptide epitopes
in the RPAP and APPAH regions have also been mapped
(Nuti et al. 1992; Petrarca et al. 1996).

In preliminary studies, we have assessed immunogenicity
of rMUC1 expressed in CHO ldlD cells with Tn (Tn-rMUC1)
or T (T-rMUC1) glycosylation. Interestingly, Tn-rMUC1 eli-
cited antibody responses in wildtype mice directed to both
unglycosylated and glycosylated MUC1 tandem repeat (gly-
co)peptides (not shown), and thus not similar to the immune
response observed with Tn-MUC1 glycopeptide

immunization. One MAb, 5E10, with representative speci-
ficity was selected from mice immunized with Tn-rMUC1 for
further characterization, and the specificity of this antibody
was found to be essentially similar to antibodies such as
HMFG1 and 2 (Taylor-Papadimitriou et al. 1981). It is pre-
sently unclear why Tn-rMUC1 did not induce Tn glycopep-
tide-specific antibodies, but it may be related to lower
O-glycan density of the tandem repeat region of rMUC1
expressed in CHO ldlD cells. Secreted rMUC1 expressed in
CHO K1 cells was found to have 4.3 O-glycans per repeat
(Backstrom et al. 2003), and the density of O-glycans
in CHO ldlD is expected to be lower. Immunogenicity of
T-rMUC1 was poor (not shown), but one MAb, 1B9, specifi-
cally reacting with T-MUC1 glycopeptides was selected.
Epitope mapping suggested that the epitope was likely con-
formational, because there was no absolute requirement for
T-glycosylation at a particular site, but rather T-glycosylation
in either the VTSA or the GSTA regions was sufficient for
binding. Further studies of vaccines based on secreted
rMUC1 are clearly required, but we believe it is essential to
use any of the cancer-associated glycoforms Tn, STn, and T,
which makes CHO ldlD cells ideal. In this respect, we have
recently shown that rMUC1 expressed in CHO K1 cells with
ST-glycosylation, which is a normal glycoform found on
many cells, in fact, may serve immunosuppressive functions
because it impairs the differentiation and function of dendri-
tic cells (Rughetti et al. 2005).
Human immunity to MUC1 tandem repeat-derived pep-

tides has been explored in some detail. Karanikas et al.
(1997) found that immunizing cancer patients with a
mannan-MUC1 fusion protein elicited strong antibody
responses in 13 of 25 patients directed against the
STAPPAHG and PAPGSTAP regions of unglycosylated
MUC1 tandem repeat peptides. These antibodies, however,
did not react with MUC1 expressed by human cancer cells
and hence are likely to be blocked by O-glycosylation. The
same group has recently reported on a pilot phase III study
with early-stage breast cancer patients receiving the mannan-
MUC1 vaccine (Apostolopoulos et al. 2006). None of the
vaccinated patients had recurrence, and 9 of 13 vaccinated
patients developed MUC1-specific antibodies, whereas the
control group receiving placebo had 27% recurrence and no
immune responses to MUC1. Whether the generated MUC1
antibodies reacted with cancer-associated MUC1 is unknown.
Gilewski et al. (2000) found that a KLH-conjugated 30-mer
unglycosylated MUC1 tandem repeat peptide induced high
IgM and IgG titers reactive with the immunogen, but only
weak IgG reactivity with the breast cancer cell line T47D
was observed. Immunization of late-stage breast cancer
patients with 33 or 105-mer MUC1 tandem repeat peptides
coupled to KLH induced antibodies preferentially reactive
with unglycosylated MUC1 peptides, although reactivity with
Tn-MUC1 glycopeptides inversely proportional with density
of Tn-glycosylation density was observed (Snijdewint et al.
2001). In a phase I study in non-small-cell lung cancer
patients, vaccination with an unglycosylated MUC1 25-mer
peptide in a liposomal formulation (BPL25) did not result in
significant humoral immune responses (Palmer et al. 2001).
In another phase I study enrolling 16 pancreatic cancer
patients, vaccination with a 100-mer unglycosylated MUC1
peptide induced low levels of MUC1-specific antibodies in
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some patients (Ramanathan et al. 2005). Whether these anti-
bodies reacted with cancer-associated MUC1 is unknown.
Recognition of O-glycopeptide epitopes by the cellular

immune system may further enhance immunity to the cancer-
specific glycopeptide epitopes identified in this study. It has
been shown that T cells can specifically recognize Tn-glyco-
sylated peptides presented by MHC class II molecules
without cross-response to other glycopeptides (Galli-
Stampino et al. 1997). In one example, a 16-mer MUC1
tandem repeat peptide with Tn-glycosylation of Thr in the
VTSA region was modified in the MHC anchor positions to
optimize binding to the A(d) MHC class II molecule in the
Balb/c mouse (Gad et al. 2003). Some of the anchor-
enhanced glycopeptides were able to induce strong MUC1-
specific T cell responses in Balb/c mice cross-reacting with
the wildtype MUC1 glycopeptide. Furthermore, it has been
shown that Tn-glycosylation of an anchor residue in an 8-mer
MUC1 peptide can increase affinity to an MHC class I mol-
ecule by 100-fold compared with the corresponding unglyco-
sylated peptide, and that GalNAc points into the central C
anchor pocket (Apostolopoulos et al. 2003). Although O-gly-
cosylation seems to be an unavoidable factor for driving a
cancer-specific humoral response, O-glycosylation in the
VTSA region has been reported to protect against the proteol-
ysis required for processing and presentation by MHC class II
molecules in antigen-presenting cells (Vlad et al. 2002). The
latter may explain why we have, to date, been unable to
detect evidence of cellular responses to the Tn/STn-MUC1
glycopeptide vaccines in MUC1 transgenic mice (unpub-
lished observation).
Recent advances in the availability of recombinant glyco-

syltransferases have allowed chemoenzymatic synthesis of
large glycopeptides with multiple O-glycans such as the
60-mer glycopeptides with up to 15 O-glycans. At present,
this is not practical, using organic synthesis. Although, com-
plete flexibility with respect to attachment sites of O-glycans
cannot be accommodated, availability of an array of recombi-
nant polypeptide GalNAc-transferases does allow a large
degree of site-directed O-glycosylation (Defrees et al. 2006;
Sorensen et al. 2006). In the present study, we extended pre-
vious chemoenzymatic synthesis of MUC1 glycoforms to
include T, ST, and core 3. Similar to the finding with
synthesis of STn (Sorensen et al. 2006), complete in vitro
glycosylation of two and three O-glycans per MUC1 repeat is
efficiently achieved; however, complete glycosylation of all
five sites in all repeats was more difficult to obtain and in
some cases impossible. Because glycoforms with 13–15
O-glycans are generally obtained, it is likely that the flanking
repeats of the 60-mer peptide design are the cause of
this, but further studies to address this will be needed.
Chemoenzymatic synthesis of the extended MUC1 glycopep-
tides was performed in milligram scale with over 50% yields
and it should be feasible to scale up the process for manufac-
turing. Alternatively, further studies to define the minimum
glycopeptides required may be used for the design of a
smaller hapten vaccine.
Interesting reactivity with the GlcNAcb1-3GalNAca1-O-

Ser/Thr core 3 structures was observed with several anti-
bodies. In particular, BW835, previously reported to define
T-MUC1 (Hanisch et al. 1995), did not distinguish between
the core 3 and T structures when presented on a fully

glycosylated MUC1 peptide, and the results therefore suggest
a broader specificity for this antibody. It should be noted that
expression of GlcNAc-terminated core 3 structures is likely
to be highly limited. Expression of the b3Gn-T6 enzyme
synthesizing the core 3 O-glycan structure is limited to
stomach, colon, and small intestine (Iwai et al. 2002).
Moreover, masking of terminating GlcNAc residues as a
result of galactosylation and sialylation would be expected.

In conclusion, we have demonstrated the existence of a
novel, immunodominant, combined glycopeptide epitope in
the MUC1 tandem repeat strictly dependent on a specific Tn/
STn-glycosylation pattern with a remarkable cancer-specific
expression pattern. The epitope is able to override tolerance
in MUC1 transgenic mice, suggesting that it represents a
prime target for vaccine design. We propose that a similar
strategy may be applied with success to other cancer-
associated mucins. Knowledge of the molecular nature and
the availability of potent MAbs to this cancer-specific epitope
are important for developing immunodiagnostic and thera-
peutic strategies based on MUC1.

Materials and methods

A MUC1 60-mer peptide (VTSAPDTRPAPGSTAPPAHG)n¼3

representing three tandem repeats was synthesized (by
Cancer Research UK) as originally reported (Fontenot et al.
1993). For the immunization of mice, the peptide was com-
pletely Tn-glycosylated in vitro by concerted action of
GalNAc-T2 and -T4 (see Chemoenzymatic synthesis of
glycopeptides). For capture ELISA, an NH2-terminal-
biotinylated variant of the 60-mer peptide was in vitro-
glycosylated to form 11 different glycoforms (Figure 1).
Furthermore, as control peptide, a MUC2 33-mer peptide
(PTTTPITTTTTVTPTPTPTGTQTPTTTPISTTC) corre-
sponding to 1.4 tandem repeat (kindly provided by Dr P.O.
Livingston) was Tn-glycosylated by GalNAc-T2 with an
occupancy of approximately 12 out of 20 potential acceptor
sites. Two valine-substituted, NH2-terminal-biotinylated 25-mer
MUC1 peptides, TAP25V9 (T1APPAHGVV9SAPDTR
PAPGST21APPA) and TAP25V21 (T1APPAHGVT9SAPD
TRPAPGSV21APPA), were synthesized and their glycosylation
products with different polypeptide GalNAc-transferases
characterized as previously described (Hassan et al. 2000).
These peptides were enzymatically in vitro-glycosylated at Thr1

and Thr21 or Thr1 and Thr9, respectively, using GalNAc-T11
(Schwientek et al. 2002) (Figure 1). Furthermore, eight different
21-mer MUC1 glycopeptides with either a single Tn-glycan
(Tn-A1–Tn-A4) or a single T-glycan (T-A1–T-A4) based on
the sequence AHGVTSAPDTRPAPGSTAPPA were chemically
synthesized (Karsten et al. 1998) (Figure 1).

Chemoenzymatic synthesis of glycopeptides

All glycosylation reactions contained 0.4 mg peptide/mL
and enzyme added as needed for terminal glycosylation.
Synthesis of glycopeptides carrying the Tn-epitope
(GalNAca-O-Ser/Thr) was performed in reaction mixtures
containing 25 mM sodium cacodylate buffer (pH 7.4),
10 mM MnCl2, 0.25% Triton X-100, and 2 mM UDP-
GalNAc. The density of glycosylation was controlled by the
use of three different human polypeptide N-acetylgalactosa-
minyltransferases (GalNAc-transferases) (EC 2.4.1.41).
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GalNAc-T11 (Schwientek et al. 2002) was used to add two
GalNAc residues per tandem repeat, GalNAc-T2 (White
et al. 1995) to add three residues, and sequential use of
GalNAc-T2 and -T4 (Bennett et al. 1998) to glycosylate all
five potential O-glycosylation sites per tandem repeat.
Sialylation of the Tn structure, rendering the STn structure,
was performed with ST6GalNAc-I, a human a-N-acetylgalac-
tosaminide a-2,6-sialyltransferase (Ikehara et al. 1999) (EC
2.4.99.3). The reaction mixture contained 50 mM MES (pH
6.5), 20 mM EDTA, 2 mM DTT, and 2 mM CMP-NeuAc.
Core 1 synthesis was performed with dC1Gal-T1 (core 1
synthase), a glycoprotein-GalNAc 3-b-galactosyltransferase
from Drosophila melanogaster (Ju et al. 2002) (EC
2.4.1.122). The reaction mixture contained 100 mM MES
buffer (pH 6.5), 0.1% Triton X-100, 20 mM MnCl2, and
2 mM UDP-Gal. Sialylation of the T structure, rendering the
ST structure, was done in 100 mM MES (pH 6.5), 8 mM
EDTA, 4 mM DTT, and 2 mM CMP-NeuAc by the use of
ST3Gal-I, a human b-galactoside a-2,3-sialyltransferase
(Shang et al. 1999) (EC 2.4.99.4). Core 3 synthesis was
performed by using b3Gn-T6 (core 3 synthase), a human
acetylgalactosaminyl-O-glycosyl-glycoprotein b-1,3-N-acetyl-
glucosaminyltransferase (Iwai et al. 2002) (EC 2.4.1.147).
The reaction mixture contained 50 mM sodium cacodylate
buffer (pH 7.4), 0.4% CF-54, 10 mM MnCl2, and 2 mM
UDP-GlcNAc. Samples from enzyme reactions were diluted
in 0.1% TFA to a final concentration of 40 ng/mL, and
0.5 mL was applied to the sample plate and mixed with
0.5 mL 2,5-DHB matrix (25 mg/mL in 30% acetonitrile).
Samples were analyzed by MALDI-TOF MS on a Voyager-
DETM Pro Biospectrometry Workstation (Applied
Biosystems, Stafford, TX) in positive linear or reflectron
mode. Semipreparative reversed-phase high performance
liquid chromatography (RP-HPLC) was performed on an
1100 series HPLC system mounted with a Zorbax 300SB-
C18 column (Agilent Technologies, Waldbronn, Germany)
eluting with a 40-min gradient from 0% to 90% acetonitrile
in 0.1% TFA. Glycopeptides were lyophilized on a Labconco
Lyph-lock 1L (Labconco Corporation, Kansas City, MO).

Conjugation of MUC1 60-mer glycopeptide for immunization

MUC1 peptide of 60-mer, carrying 15 GalNAc residues, was
conjugated to Imjectw mariculture keyhole limpet hemocya-
nin (mcKLH) (Pierce Biotechnology, Inc., Rockford, IL)
using glutaraldehyde (Harlow and Lane 1988) in a molar
ratio of glycopeptide:mcKLH 300:1. Excess glutaraldehyde
was removed on PD-10 desalting columns (Amersham
Biosciences, Uppsala, Sweden) eluting in PBS. Fractions
were pooled on the basis of OD readings at 280 and 210 nm.
The fractions corresponding to the elution time of the uncon-
jugated peptides did not contain peptide according to OD
reading at 210 nm. Furthermore, in ELISA, the rate of conju-
gation was estimated to be nearly complete by comparing
reactivity of the conjugates and the corresponding unconju-
gated glycopeptides with MAbs directed to the glycopeptide
or the glycan alone.

Production of recombinant MUC1 in CHO ldlD cells

CHO ldlD cells stably transfected with a soluble MUC1-
murine IgG2a fusion construct containing 16 tandem repeats

were cultured in the Iscove modified Dulbecco medium with
10% FCS and 600 mg/mL G418. Exploiting the deficiency of
UDP-Gal/UDP-GalNAc 4-epimerase in these cells (Kingsley
et al. 1986), culturing with 1 mM GalNAc yielded cells
expressing soluble Tn-MUC1, whereas culturing with 1 mM
GalNAc and 0.1 mM Gal yielded cells expressing soluble
ST-MUC1. Glycoproteins (6 � His-tagged) were purified on
Ni-NTA agarose (Qiagen, Hilden, Germany). Purified ST-
MUC1 was treated with neuraminidase (0.2 U/mL in 50 mM
sodium acetate buffer, pH 5.5) to render T-MUC1, followed
by re-purification on Ni-NTA agarose for the removal of
neuraminidase.

Generation of MAb 2D9

Similar to MAb 5E5, female Balb/c mice were immunized
with 15Tn-MUC1 60-mer glycopeptide conjugated to KLH
(Sorensen et al. 2006). Tail bleeds were collected 7 days after
the third immunization and sera tested by ELISA, with the
Tn-MUC2 glycopeptide serving as negative control, or by
immunocytochemistry with CHO ldlD MUC1F cells expres-
sing Tn-MUC1, ST-MUC1 (T-MUC1 after neuraminidase
treatment) or unglycosylated MUC1, T47D (human ductal
breast carcinoma), MCF7 (human breast carcinoma), and
MTSV1–7 (human breast). Three days after the fourth immu-
nization, spleen cells from one mouse were fused with NS1
myeloma cells (Kohler and Milstein 1975). Hybridomas
specific to the antigens of interest were cloned by limiting
dilution at least three times.

Other MAbs

Two control antibodies were raised in female Balb/c mice
against purified soluble MUC1 from CHO ldlD MUC1 cells
grown in GalNAc (MAb 5E10) or Gal and GalNAc, followed
by neuraminidase treatment (MAb 1B9). Immunizations were
performed by one subcutaneous injection of 40 mg/100 mL
of immunogen emulsified in Freund’s complete adjuvant, fol-
lowed by two injections with Freund’s incomplete adjuvant at
2–3 weeks intervals, and finally a boost without adjuvant.
The two clones were selected by immunocytochemistry, as
described in Generation of MAb 2D9, with different selection
criteria. MAb 5E10 was selected because it reacted with
all the tested MUC1-expressing cell lines independently
of O-glycosylation and therefore potentially could serve as
a universal anti-MUC1 MAb. MAb 1B9 was selected
because it showed specificity for neuraminidase-treated cells
presenting the T antigen.

Enzyme-linked immunosorbent assays

ELISA were performed using Nunc-Immuno MaxiSorp F96
plates (Nunc, Roskilde, Denmark). Unbiotinylated glycopep-
tides were serially diluted from an initial concentration of
2 mg/mL and coated 1 h at 378C or overnight at 48C in car-
bonate–bicarbonate buffer (pH 9.6). For capture ELISA,
plates were coated 1 h at 378C or overnight at 48C with
1.5 mg/mL of streptavidin (Sigma-Aldrich, St Louis, MO) in
carbonate–bicarbonate buffer (pH 9.6). Plates were blocked
with SuperBlock Blocking Buffer (Pierce) for 1 h at room
temperature. The streptavidin-coated plates were incubated
with biotinylated glycopeptides serially diluted from an
initial concentration of 2 mg/mL and incubated for 1 h at
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378C or overnight at 48C. Subsequently, plates were incu-
bated with MAbs for 2 h at room temperature or overnight at
48C. 5E5, 2D9, 1B9, 5E10, and SM3 were used as undiluted
culture supernatants, whereas MY.1E12 ascites were used
1:1000 and purified BW835 was used at 1 mg/mL. MY.1E12
was kindly provided by Dr T. Irimura, and BW835 by Drs
F.-G. Hanisch and T. Schwientek. Sera from MUC1 trans-
genic mice immunized with Tn-MUC1 were serially diluted
in 2% BSA in PBS from an initial dilution of 1:100 or 1:200.
Bound antibodies were detected with HRP-conjugated poly-
clonal rabbit anti-mouse immunoglobulins (Dako, Glostrup,
Denmark). Plates were developed with TMBþ one-step sub-
strate system (Dako), reactions stopped with 1 N H2SO4, and
read at 450 nm.

Immunocytochemistry

Cell lines were fixed for 10 min in ice-cold acetone. Fixed
cells were incubated overnight at 48C with undiluted MAb
supernatants, followed by incubation for 45 min at room
temperature with fluorescein isothiocyanate-conjugated rabbit
anti-mouse immunoglobulins (Dako). Slides were mounted
in glycerol-containing p-phenylenediamine and examined
in a Zeiss fluorescence microscope (FluoresScience,
Hallbergmoos, Germany).
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