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Abstract
Epithelial cancer cells often over express mucins that are aberrantly glycosylated. Although it has
been realized that these compounds offer exciting opportunities for the development of
immunotherapy for cancer, their use is hampered by the low antigenicity of classical immunogens
composed of a glycopeptide derived from a mucin conjugated to a foreign carrier protein. We have
designed, chemically synthesized, and immunologically evaluated a number of fully synthetic
vaccine candidates to establish a strategy to overcome the poor immunogenicity of tumor-associated
carbohydrates and glycopeptides. The compounds were also designed to study in detail the
importance of TLR engagement for these antigenic responses. We have found that covalent
attachment of a TLR2 agonist, a promiscuous peptide T-helper epitope, and a tumor-associated
glycopeptide, gives a compound (1) that elicit in mice exceptionally high titers of IgG antibodies
which recognize MCF7 cancer cells expressing the tumor-associated carbohydrate. Immunizations
with glycolipopeptide (2), which contains lipidated amino acids instead of a TLR2 ligand, gave
significantly lower titers of IgG antibodies demonstrating that TLR engagement is critical for
optimum antigenic responses. Although mixtures of compound 2 with Pam3CysSK4 (3) or
monophosphoryl lipid A (4) elicited similar titers of IgG antibodies compared to 1, the resulting
antisera had an impaired ability to recognize cancer cells. It was also found that it is essential to
covalently link the helper T-epitope to B-epitope probably because internalization of the helper T-
epitope by B-cells requires assistance of the B-epitope. The results presented here show that synthetic
vaccine development is amenable to structure activity relationship studies for successful optimization
of carbohydrate-based cancer vaccines.
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Introduction
The over-expression of oligosaccharides, such as Globo-H, LewisY, and Tn antigens is a
common feature of oncogenically transformed cells.[1–3] Numerous studies have shown that
this abnormal glycosylation can promote metastasis[4] and hence the expression of these
compounds is strongly correlated with poor survival rates of cancer patients. A broad and
expanding body of preclinical and clinical studies demonstrates that naturally acquired,
passively administered or actively induced antibodies against carbohydrate-associated tumor
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antigens are able to eliminate circulating tumor cells and micro-metastases in cancer patients.
[5–8]

Traditional cancer vaccine candidates composed of a tumor-associated carbohydrate (Globo-
H, LewisY, and Tn) conjugated to a foreign carrier protein (e.g. Keyhole limpet hemocyanin;
KLH and Bovine serum albumin; BSA) have failed to elicit sufficiently high titers of IgG
antibodies in most patients. It appears that the induction of IgG antibodies against tumor-
associated carbohydrates is much more difficult than eliciting similar antibodies against viral
and bacterial carbohydrates. This observation is not surprising because tumor associated
saccharides are self-antigens and consequently tolerated by the immune system. The shedding
of antigens by the growing tumor reinforces this tolerance. In addition, a foreign carrier protein
such as KLH can elicit a strong B-cell response, which may lead to the suppression of an
antibody response against the carbohydrate epitope. The latter is a greater problem when self-
antigens such as tumor-associated carbohydrates are employed. Also, linkers that are utilized
for the conjugation of carbohydrates to proteins can be immunogenic leading to epitope
suppression.[9,10] It is clear that the successful development of a carbohydrate-based cancer
vaccine requires novel strategies for the more efficient presentation of tumor-associated
carbohydrate epitopes to the immune system, resulting in a more efficient class switch to IgG
antibodies.[11–20]

Advances in the knowledge of the cooperation of innate and adaptive immune responses[21–
26] is offering new avenues for vaccine design for diseases such as cancer, for which traditional
vaccine approaches have failed. The innate immune system responds rapidly to families of
highly conserved compounds, which are integral parts of pathogens and perceived as danger
signals by the host. Recognition of these molecular patterns is mediated by sets of highly
conserved receptors, such as Toll-like receptors (TLR), whose activation results in acute
inflammatory responses such as direct local attack against invading pathogens and the
production of a diverse set of cytokines. Apart from antimicrobial properties, the cytokines
and chemokines also activate and regulate the adaptive component of the immune system.
[27] In this respect, cytokines stimulate the expression of a number of co-stimulatory proteins
for optimum interaction between T-helper cells and B-cells and antigen presenting cells (APC).
In addition, some cytokines and chemokines are responsible for overcoming suppression
mediated by regulatory T-cells. Other cytokines are important for directing the effector T-cell
response towards a Th-1 or Th-2 phenotype.[28]

Self-adjuvanting synthetic vaccines provide an attractive remedy for protein conjugate vaccine
candidates and have been pursued in the field of peptide-based vaccines. [29,30] Recently, we
described a fully synthetic three-component vaccine candidate (compound 1,Figure 1)
composed of a tumor-associated MUC-1 glycopeptide B-epitope, a promiscuous helper T-cell
epitope and a TLR2 ligand.[31,32] The exceptional antigenic properties of the three-component
vaccine were attributed to the absence of any unnecessary features that are antigenic and may
induce immune suppression. It contains, however, all the mediators required for eliciting
relevant IgG immune responses. Furthermore, attachment of the TLR2 agonist Pam3CysSK4
(3)[30,33,34] to the B- and T-epitopes ensures that cytokines are produced at the site where
the vaccine interacts with immune cells. This leads to a high local concentration of cytokines
facilitating maturation of relevant immune cells. Apart from providing danger signals, the
lipopeptide 3 facilitates the incorporation of the antigen into liposomes and promotes selective
targeting and uptake by antigen presenting cells and B-lymphocytes.

To establish the optimal architecture of a fully synthetic three-component cancer vaccine, we
have chemically synthesized, and immunologically evaluated vaccine candidates 1–6. The
compounds were also designed to establish the importance of TLR signaling for optimal
immune responses. In this respect, recent studies employing mice deficient in TLR signaling
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have cast doubt about the importance of these innate immune receptors for adaptive immune
responses.[35–38]

Results
Chemical synthesis

Compound 1 (Figure 1), which contains as B-epitope a tumor-associated glycopeptide derived
from MUC-1,[39–45] the well-documented murine MHC class II restricted helper T-cell
epitope KLFAVWKITYKDT derived from the Polio virus,[46] and the TLR2 agonist 3,[34]
was previously shown to elicit exceptional high titers of IgG antibodies in mice.[31] Compound
2 has a similar architecture as 1, however, the TLR2 ligand has been replaced by lipidated
amino acids.[47] The lipidated amino acids do not induce production of cytokines, however,
they enable incorporation of the compound into liposomes. Thus, glycolipopeptide 2 is ideally
suited to establish the importance of TLR engagement for antigenic responses against tumor-
associated glycopeptides. To determine the importance of covalent attachment of the TLR
ligand, liposomal preparations of compound 2 and Pam3CysSK4 (3) or monophosphoryl lipid
A (MPL-A) (4), which are TLR2 and TLR4 agonists, respectively were employed.[34,48]
Finally, compounds 5 and 6, which are composed of a MUC-1 glycopeptide B-epitope linked
to lipidated amino acids and the helper T-epitope attached to Pam3CysSK4, were employed to
establish the importance of covalent linkage of the B- and helper T-epitope. Compound 1 was
prepared as described previously.[31,32] Compound 2 was synthesized by solid phase peptide
synthesis using a Rink amide resin, 9-fluorenylmethoxycarbonyl (Fmoc) protected amino
acids, Fmoc-Thr-(AcO3-α-D-GalNAc) (8),[49–51] and Fmoc protected lipidated amino acid
(9).[52,53] The standard amino acids were introduced using O-(benzotriazol-1-yl)-N,N,N’,N'-
tetramethyl-uronium hexafluorophosphate (HBTU)/1-hydroxy-benzotriazole (HOBt) as
activating reagent, the glycosylated amino acid was installed with O-(7-azabenzotriazol-1-yl)-
N,N,N’,N'-tetramethyl-uronium hexafluorophosphate (HATU)/ 1-hydroxy-7-azabenzotriazole
(HOAt) and the lipidated amino acids with benzotriazole-1-yl-oxy-tris-pyrrolidino-
phosphonium hexafluorophosphate (PyBOP)/HOBt. After completion of the assembly of the
glycolipopeptide, the N-terminal Fmoc protecting group was removed with 20% piperidine in
N,N-dimethylformamide (DMF), and the resulting amine capped by acetylation with acetic
anhydride and diisopropylethyl amine (DIPEA) in N-methylpyrrolidone (NMP). Next, the
acetyl esters of the saccharide moiety were cleaved with 60% hydrazine in methanol and
treatment with reagent B (trifluoroacetic acid (TFA), H2O, phenol, triethylsilane (TES),
88/5/5/2, v/v/v/v) resulted in removal of the side chain protecting groups and release of the
glycopeptide from the solid support.

Pure compound 2 was obtained after purification by RP-HPLC on a C-4 semi-preparative
column. A similar protocol was used for the synthesis of compound 5. Derivative 6 was
synthesized by solid phase peptide synthesis on a Rink amide resin and after assembly of the
peptide, the resulting product was coupled manually with N-Fmoc-(R)-(2,3-bis(palmitoyloxy)-
(2R-propyl)-(R)-cysteine (10).[54] The N-Fmoc group of the product was removed with 20%
piperidine in DMF and the resulting amine was coupled with palmitic acid using PyBOP,
HOBt, and DIPEA in DMF. The lipopeptide was treated with reagent B to release it from the
resin and to remove side chain protecting groups.

Compound 7, which is composed of the helper T-epitope linked to biotin, was required for
ELISA studies and conveniently synthesized by automated solid-phase peptide synthesis on
Rink amide resin using standard Fmoc-chemistry. The biotin was coupled manually to the N-
terminal amino-group by reaction with succinimidyl-6-(biotinamido)hexanoate (EZ-link®
NHS-Biotin reagent; Pierce Endogen, Inc.) in the presence of DIPEA. The biotinylated peptide
was subsequently released from the resin with concomitant removal of the side-chain protecting
groups by treatment with reagent B.
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Immunizations and Immunology
Compounds 1 and 2 were incorporated into phospholipid-based small uni-lamellar vesicles by
hydration of a thin film of egg phosphatidylcholine (PC), phosphatidylglycerol (PG),
cholesterol (Chol), and compound 1 or 2 (molar ratios: 65/25/50/10) in a HEPES buffer (10
mM, pH 6.5) containing NaCl (145 mM) followed by extrusion through 100 nm Nuclepore®
polycarbonate membrane. Incorporation of compounds 1 and 2 into the liposomes were
determined by quantitative carbohydrate analysis using high pH anion exchange
chromatography (HPAEC-PAD). Only small batch-to-batch variations were observed in
antigen concentration in the liposomes. Groups of five female BALB/c mice were immunized
subcutaneously four times at weekly intervals with liposomes containing 3 µg of saccharide.
Furthermore, similar liposomes were prepared of a mixture of glycolipopeptide 2 with
Pam3CysSK4 (3) or MPL-A (4) (molar ratios: PC/PG/Chol/2/3 or 4, 65/25/5/5/5) in HEPES
buffer and administered four times at weekly intervals prior to sera harvesting. Finally, mice
were immunized with a liposomal preparation of compound 5 and 6 (molar ratios: PC/PG/
Chol/5/6, 65/25/5/5/5) employing standard procedures.

Anti-MUC-1 antibody titers of anti-sera were determined by coating microtiter plates with the
MUC-1 derived glycopeptide TSAPDT(α-D-GalNAc)RPAP conjugated to BSA and detection
was accomplished with anti-mouse IgM or IgG antibodies labeled with alkaline phosphatase.
Mice immunized with 1 elicited exceptional high titers of anti-MUC-1 IgG antibodies (Table
1 and Figure 2). Sub-typing of the IgG antibodies (IgG1, IgG2a, IgG2b, and IgG3) indicated
a bias towards a Th2 immune response. Furthermore, the observed high IgG3 titer is typical
of an anti-carbohydrate response. Immunizations with glycolipopeptide 2, which contains
lipidated amino acids instead of TLR2 ligand, resulted in significantly lower titers of IgG
antibodies demonstrating that TLR engagement is critical for optimum antigenic responses.
However, liposomal preparations of compound 2 with the adjuvant 3 or 4 elicited IgG (total)
titers similar to 1. In the case of the mixture of 2 with Pam3CysSK4, the immune response was
biased towards a Th2 response as evident by high IgG1 and low IgG2a,b titers. On the other
hand, the use of monophosphoryl lipid A lead to significant IgG1 and IG2a,b responses, and
thus this preparation elicited a mixed Th1/Th2 response. Finally, liposomes containing
compound 5 and 6 did not induce measurable titers of anti MUC-1 antibodies, indicating that
the B- and T epitope need to be covalent linked for antigenic responses. Next, possible antigenic
responses against the helper T-epitope were investigated. Streptavidine-coated microtiter
plates were treated with the helper T-epitope modified with biotin (7). After the addition of
serial dilutions of sera, detection was accomplished with anti-mouse IgM or IgG antibodies
labeled with alkaline phosphatase. Interestingly, compound 1 elicited low, whereas mixtures
of 2 with 3 or 4 elicited no, antibodies against the helper T-epitope.

Compounds 3 or 4 have been employed for initiating the production of cytokines by interacting
with TLR2 or TLR4, respectively, on the surface of mononuclear phagocytes.[55] After
activation with 3, the intracellular domain of TLR2 recruits the adaptor protein MyD88
resulting in the activation of a cascade of kinases leading to the production of a number of
cytokines and chemokines. On the other hand, LPS and lipid As induce cellular responses by
interacting with the TLR4/MD2 complex, which results in the recruitment of the adaptor
proteins MyD88 and TRIF leading to the induction of a more complex pattern of cytokine.
TNF-α secretion is the prototypical measure for activation of the MyD88-dependent pathway,
whereas secretion of IFN-β is commonly used as an indicator of TRIF-dependent cellular
activation.

To examine cytokine production, mouse macrophages (RAW γNO(−) cells) were exposed over
a wide range of concentrations to compounds 1–4, E. coli 055:B5 LPS and prototypic E. coli
bisphosphoryl lipid A.[56] After 5.5 h, the supernatants were harvested and examined for
mouse TNF-α and IFN-β using commercial or in-house developed capture ELISAs,
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respectively (Figure 3). Potencies (EC50, concentration producing 50% activity) and efficacies
(maximal level of production) were determined by fitting the dose-response curves to a logistic
equation using PRISM software. Compounds 1 and 3 induced secretion of TNF-α with similar
efficacies and potencies, indicating that attachment of the B- and T-epitopes had no effect on
cytokine responses. As expected, none of the compounds induced the production of INF-β.
Furthermore, compound 2 did not induce TNF-α and IFN-β secretion, indicating that its lipid
moiety is immunosilent. Compound 4 stimulated the cells to produce TNF-α and INF-β but it
was less potent than E. coli 055:B5 LPS. It displayed a much larger efficacy of TNF-α
production compared to compounds 1 and 3. The reduced efficacy of compounds 1 and 3 is
probably a beneficial property, because LPS can over-activate the innate immune system which
leads to symptoms of septic shock.

Next, the ability of the mouse antisera to recognize native MUC-1 antigen present on cancer
cells was established. Thus, serial dilutions of the serum samples were added to MUC-1
expressing MCF7 human breast cancer cells[57] and recognition was established using a FITC-
labeled anti-mouse IgG antibody. As can be seen in Figure 4, anti-sera obtained from
immunizations with the three-component vaccine 1 displayed excellent recognition of MUC-1
tumor cells whereas no binding was observed when SK-MEL-28 cells, which do not express
the MUC-1 antigen, were employed.

Although sera obtained from mice immunizations with a combination of 2 and 3 elicited equally
high IgG antibody titers as 1 (Table 1), a much-reduced recognition of MCF7 cells was
observed. This result indicate that covalent attachment of the adjuvant 3 to the B-T epitope is
important for proper antibody maturation leading to improved cancer cell recognition.
Immunizations with a mixture of compound 2 and 4 led to variable results and two mice
displayed excellent, and three modest, recognition of MCF7 cells.

Discussion
Most efforts aimed at developing carbohydrate-based cancer vaccines have focused on the use
of chemically synthesized tumor-associated carbohydrates linked through an artificial linker
to a carrier protein.[1,3,58,59] It has been established that the use of KLH as a carrier protein
in combination with the powerful adjuvant QS-21 gives the best results. However, a drawback
of this approach is that KLH is a very large and cumbersome protein that can elicit high titers
of anti-KLH-antibodies,[60] leading to immune suppression of the tumor-associated
carbohydrate epitope. Furthermore, the conjugation chemistry is often difficult to control as it
results in conjugates with ambiguities in composition and structure, which may affect the
reproducibility of immune responses. Also, the linker moiety can elicit strong B-cell responses.
[9,10] Not surprisingly, preclinical and clinical studies with carbohydrate-protein conjugates
have led to results of mixed merit. For example, mice immunized with a trimeric cluster of Tn-
antigens conjugated to KLH (Tn(c)-KLH) in the presence of the adjuvant QS-21 elicited
modest titers of IgG antibodies.[61] Examination of the vaccine candidate in a clinical trial of
relapsed prostate cancer patients gave low median IgG and IgM antibody titers.[62] In another
study, a number of MUC-1-derived glycopeptides conjugated to KLH were investigated as
immunogens.[63] It was found that only glycopeptides composed of multiple repeat units that
are highly glycosylated with Tn antigens could elicit IgG antibodies that could recognize cancer
cells.

The studies reported herein show that a three-component vaccine (1), in which a MUC-1
associated glycopeptide B-epitope, a promiscuous murine MHC class II restricted helper T-
cell epitope, and a TLR2 agonist are covalently linked, can elicit robust IgG antibody responses.
Although covalent attachment of the TLR2 ligand to the T-B glycopeptide epitope was not
required for high IgG antibody titers, it was critical for optimal recognition of cancer cells
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expressing MUC-1. In this respect, liposomes containing compound 1 or a mixture of
compound 2 and TLR2 agonist 3 elicited similar high anti-MUC-1 IgG antibody titers.
However, antisera obtained from immunizations with 1 recognized MUC-1 expressing cancer
cells at much higher sera dilutions than antisera obtained from immunizations with a mixture
of 2 and 3. It appears that immunizations with three-component vaccine 1 lead to more efficient
antibody maturation resulting in improved cancer cell recognition.

Differences in antigenic responses against the helper T-epitope were also observed. Thus, 1
elicited low titers of IgG antibodies against the helper T-epitope whereas a combination of 2
and 3 induced no antigenic responses against this part of the candidate vaccine. Thus, the
covalent attachment of the TLR2 ligand makes compound 1 more antigenic resulting in low
antibody responses against the helper T-epitope.

It was observed that a mixture of compound 2 with 3 or 4 induced similar high titers of total
IgG antibodies. However, a bias towards a Th2 response (IgG1) was observed when the TLR2
agonist Pam3CysSK4 (3) was employed whereas mixed Th1/Th2 responses (IgG2a,b) were
obtained when the TLR4 agonist MPL-A (4) was used. The difference in polarization of helper
T-cells is probably due to the induction of different patterns of cytokines by TLR2 or TLR4.
In this respect, it was previously observed that Pam3Cys induces lower levels of Th1 inducing
cytokines Il-12(p70) and much higher levels of Th2-inducing IL-10 than E. coli LPS.[64] The
differences are likely due to the ability of TLR4 to recruit the adaptor proteins MyD88 and
TRIF whereas TLR2 can only recruit MyD88. The results indicate that the immune system can
be tailored in a particular direction by proper selection of an adjuvant, which is significant
since different IgG isotypes perform different effector functions.

The results described herein also show that compound 2 alone, which contains an immuno-
silent lipopeptide, elicits much lower IgG titers compared to compound 1, which is modified
by a TLR2 ligand. In particular, the ability of compound 2 to elicit IgG2 antibodies was
impaired. Recent studies employing mice deficient in TLR signaling have cast doubt about the
importance of these innate immune receptors for adaptive immune responses.[35–38] In this
respect, studies with MyD88 deficient mice showed that IgM and IgG1 are largely, but not
completely, dependent on TLR signaling whereas the IgG2 isotype is entirely TLR-dependent.
[35] These observations, which are in agreement with the results reported here, were attributed
to a requirement of TLR signaling for B-cell maturation. However, another study found that
MyD88−/−/TRIFlps/lps double knockout mice elicited similar titers of antibodies as wild type
mice when immunized with trinitrophenol-hemocyanin or trinitrophenol-KLH in the presence
or absence of several adjuvants.[36] It was concluded that it might be desirable to exclude TLR
agonists from adjuvants. It has been noted that the importance of an adjuvant may depend on
the antigenicity of the immunogen.[37,38] In this respect, proteins conjugates of trinitrophenol
are highly antigenic and may not require an adjuvant for optimal responses. However, self-
antigens such as tumor-associated carbohydrates have low intrinsic antigenicity and the results
reported here clearly show that much more robust antibody responses are obtained when a TLR
ligand is co-administered. In addition, it is demonstrated here that the architecture of a candidate
vaccine is critical for optimal antigenic responses and in particular covalent attachment of a
TLR ligand to a T-B epitope led to improved cancer cell recognition.

The failure of a mixture of compounds 5 and 6 to elicit anti-MUC-1 glycopeptide antibodies
indicates that covalent attachment of the T- to the B-epitope is essential for antigenic responses.
In this respect, activation of B-cells by helper T-cells requires a similar type of cell-cell
interaction as for helper T-cell activation by antigen presenting cells. Thus, a protein or peptide-
containing antigen needs to be internalized by B-cells for transport to endosomal vesicles,
where proteases will digest the protein and some of the resulting peptide fragments will be
complexed with class II MHC protein. The class II MHC - peptide complex will then be
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transported to the cell surface of the B-lymphocyte to mediate an interaction with helper T-
cell resulting in a class switch from low affinity IgM to high affinity IgG antibody production.
Unlike APCs, B-cells have poor phagocytic properties and can only internalize molecules that
bind to the B-cell receptor. Therefore, it is to be expected that internalization of the helper T-
epitope is facilitated by covalent attachment to the B-epitope (MUC-1 glycopeptide) and as a
result covalent attachment of the two epitopes will lead to more robust antigenic responses.

Recently, several other fully synthetic vaccines have been described. For example,
immunizations with a compound composed of a clustered Tn-antigen, a CD4+ and CD8+ T-
epitope, and a palmitoyl moiety elicited robust immune responses in mice that provided
protection against a challenge with MO5 melanoma cells.[65,66] Furthermore, Bundle and co-
workers demonstrated that an antigen composed of a mannam trisaccharide derived from
Candida albicans, a CD4+ helper T-epitope and an immuno-stimulatory peptide from
interleukin-1β was able to elicit IgG antibody responses that could recognize C. albicans cell
wall extract.[67] Kunz and co-workers described a two-component vaccine composed MUC-1
glycopetide containing a Tn and STn moiety and a helper T-epitope, which was able to elicit
IgG antibodies in mice that were specific for the glycopeptide.[68] Based on the results reported
here, it is to be expected that the antigenicity of these fully synthetic vaccine constructs can be
enhanced by covalent attachment of a TLR agonist.

In conclusion, it has been demonstrated that antigenic properties of a fully synthetic cancer
vaccine can be optimized by structure-activity relationship studies. In this respect, it has been
established that a three-component vaccine in which a tumor-associated MUC-1 glycopeptide
B-epitope, a promiscuous helper T-cell epitope, and a TLR2 ligand are covalently linked can
elicit exceptionally high IgG antibody responses, which have an ability to recognize cancer
cells. It is essential that the helper T-epitope is covalently linked to the B-epitope, probably
since internalization of the helper T-epitope by B-cells requires the presence of a B-epitope. It
has also been shown that incorporation of a TLR agonist is important for robust antigenic
responses against tumor associated glycopeptide antigens. In this respect, cytokines induced
by the TLR2 ligand are important for maturation of immune cells leading to robust antibody
responses. A surprising finding was that improved cancer cell recognition was observed when
the TLR2 epitope was covalently attached to the glycopeptide T-B epitope. The result presented
here provides important information of the optimal constitution of three-component vaccines
and will guide successful development of carbohydrate-based cancer vaccines.

Experimental Section
Peptide synthesis

Peptides were synthesized by established protocols on an ABI 433A peptide synthesizer
(Applied Biosystems), equipped with a UV-detector using Nα-Fmoc-protected amino acids
and HBTU/HOBt as the activating reagents. Single coupling steps were performed with
conditional capping. The following protected amino acids were used: Nα-Fmoc-Arg(Pbf)-OH,
Nα-Fmoc-Asp(OtBu)-OH, Nα-Fmoc-Asp-Thr(ΨMe,MePro)-OH, Nα-Fmoc-Ile-Thr
(ΨMe,MePro)-OH, Nα-Fmoc-Lys(Boc)-OH, Nα-Fmoc-Ser(tBu)-OH, Nα-Fmoc-Thr(tBu)-OH,
and Nα-Fmoc-Tyr(tBu)-OH. The coupling of glycosylated amino acid Nα-Fmoc-Thr-(AcO3-
α-D-GalNAc)[51] was carried out manually using HATU/HOAt as a coupling agent. The
coupling of Nα-Fmoc-lipophilic amino acid (Nα-Fmoc-D,L-tetradeconic acid)[52,53] and Nα-
Fmoc-S-(2,3-bis(palmitoyloxy)-(2R-propyl)- (R)-cysteine,[54,69] which was prepared from
R)-glycidol, were carried out using Py BOP/HOBt as coupling agent. Progress of the manual
couplings was monitored by standard Kaiser test.
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Liposome preparation
Egg PC, egg PG, Chol, and compound 1 or 2 (15 mmol, molar ratios 65:25:50:10) or PC/PG/
Chol/2/3 or 4 (15 mmol, molar ratios 60:25:50:10:5) or PC/PG/Chol/5/6 (15 mmol, molar ratios
65:25:50:5:5) were dissolved in a mixture of trifluoroethanol and methanol (1:1, v/v, 5 mL).
The solvents were removed in vacuo to give a thin lipid film, which was hydrated by shaking
in HEPES buffer (10 mM, pH 6.5) containing NaCl (145 mM) (1 mL) under argon atmosphere
at 41 °C for 3 h. The vesicle suspension was sonicated for 1 min and then extruded successively
through 1.0, 0.4, 0.2, and 0.1 µm polycarbonate membranes (Whatman, Nucleopore Track-
Etch Membrane) at 50 °C to obtain SUVs. The GalNAc content was determined by heating a
mixture of small unilamellar vesicles (50 µL) and aqueous trifluoroacetic acid (2 M, 200 µL)
in a sealed tube for 4 h at 100 °C. The solution was then concentrated in vacuo and analyzed
by high-pH anion exchange chromatography using a pulsed amperometric detector
(Methrome) and CarboPac columns PA-10 and PA-20 (Dionex).

Dose and immunization schedule
Groups of five mice (female BALB/c, age 8–10 weeks; The Jackson Laboratory) were
immunized four times at weekly intervals. Each boost included 3 µg of saccharide in the
liposome formulation. Serum samples were obtained before immunization (pre-bleed) and one
week after the final immunization. The final bleeding was done by cardiac bleed.

Serologic assays
Anti-MUC-1 IgG, IgG1, IgG2a, IgG2b, IgG3, and IgM antibody titers were determined by
enzyme-linked immunosorbent assay (ELISA), as described previously.[9] Briefly, ELISA
plates (Thermo Electron Corp.) were coated with a conjugate of the MUC-1 glycopeptide
conjugated to BSA through a maleimide linker (BSA-MI-MUC-1). Serial dilutions of the sera
were allowed to bind to immobilized MUC-1. Detection was accomplished by the addition of
phosphatase-conjugated anti-mouse IgG (Jackson ImmunoResearch Laboratories Inc.), IgG1
(Zymed), IgG2a (Zymed), IgG2b (Zymed), IgG3 (BD Biosciences Pharmingen), or IgM
(Jackson ImmunoResearch Laboratories Inc.) antibodies. After addition of p-nitrophenyl
phosphate (Sigma), the absorbance was measured at 405 nm with wavelength correction set at
490 nm using a microplate reader (BMG Labtech). Antibody titers against the T (polio)-epitope
were determined as follows. Reacti-bind NeutrAvidin coated and pre-blocked plates (Pierce)
were incubated with biotin-labeled T-epitope 7 (a stock solution of 7 in DMSO (4 mg mL−1)
was diluted to 10 µg mL−1; 100 µL) for 2 h. Next, serial dilutions of the sera were allowed to
bind to immobilized T-epitope. Detection was accomplished as described above. The antibody
titer was defined as the highest dilution yielding an optical density of 0.1 or greater relative to
normal control mouse sera. Experiments were performed in triplicate.

Cell culture
RAW 264.7 γNO(−) cells, derived from the RAW 264.7 mouse monocyte/macrophage cell
line, were obtained from ATCC. The cells were maintained in RPMI 1640 medium with L-
glutamine (2 mM), adjusted to contain sodium bicarbonate (1.5 g L−1), glucose (4.5 g L−1),
HEPES (10 mM) and sodium pyruvate (1.0 mM) and supplemented with penicillin (100 u
mL−1) / streptomycin (100 µg mL−1; Mediatech) and FBS (10%; Hyclone). Human breast
adenocarcinoma cells MCF7,[57] obtained from ATCC, were cultured in Eagle’s minimum
essential medium with L-glutamine (2 mM) and Earle’s balanced salt solution (BSS), modified
to contain sodium bicarbonate (1.5 g L−1), non-essential amino acids (0.1 mM) and sodium
pyruvate (1 mM) and supplemented with bovine insulin (0.01 mg mL−1; Sigma) and FBS (10%).
Human skin malignant melanoma cells SK-MEL-28 were obtained from ATCC and grown in
Eagle’s minimum essential medium with L-glutamine (2 mM) and Earle’s BSS, adjusted to
contain sodium bicarbonate (1.5 g L−1), non-essential amino acids (0.1 mM) and sodium
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pyruvate (1 mM) and supplemented with FBS (10%). All cells were maintained in a humid 5%
CO2 atmosphere at 37 °C.

TNF-α and IFN-β assays
RAW 264.7 γNO(−) cells were plated on the day of the exposure assay as 2 × 105 cells/well
in 96-well plates (Nunc) and incubated with different stimuli for 5.5 h in the presence or absence
of polymyxin B. Culture supernatants were collected and stored frozen (−80 °C) until assayed
for cytokine production. Concentrations of TNF-α were determined using the TNF-α DuoSet
ELISA Development kit from R&D Systems. Concentrations of IFN-β were determined as
follows. ELISA MaxiSorp plates were coated with rabbit polyclonal antibody against mouse
IFN-β (PBL Biomedical Laboratories). IFN-β in standards and samples was allowed to bind
to the immobilized antibody. Rat anti-mouse IFN-β antibody (USBiological) was then added,
producing an antibody-antigen-antibody “sandwich”. Next, horseradish peroxidase (HRP)
conjugated goat anti-rat IgG (H+L) antibody (Pierce) and a chromogenic substrate for HRP
3,3’,5,5’-tetramethylbenzidine (Pierce) were added. After the reaction was stopped, the
absorbance was measured at 450 nm with wavelength correction set to 540 nm. Concentration-
response data were analyzed using nonlinear least-squares curve fitting in Prism (GraphPad
Software, Inc.). These data were fit with the following four parameter logistic equation: Y =
Emax / (1 + (EC50/X)Hill slope), where Y is the cytokine response, X is the concentration of the
stimulus, Emax is the maximum response and EC50 is the concentration of the stimulus
producing 50% stimulation. The Hill slope was set at 1 to be able to compare the EC50 values
of the different inducers. All cytokine values are presented as the means ± SD of triplicate
measurements, with each experiment being repeated three times.

Evaluation of materials for contamination by LPS
To ensure that any increase in cytokine production was not caused by LPS contamination of
the solutions containing the various stimuli, the experiments were performed in the absence
and presence of polymyxin B, an antibiotic that avidly binds to the lipid A region of LPS,
thereby preventing LPS-induced cytokine production. TNF-α and IFN-β concentrations in
supernatants of cells preincubated with polymyxin B (30 µg mL−1; Bedford Laboratories) for
30 min before incubation with E. coli O55:B5 LPS for 5.5 h showed complete inhibition,
whereas preincubation with polymyxin B had no effect on TNF-α synthesis by cells incubated
with the synthetic compounds 1 and 3. Therefore, LPS contamination of the latter preparations
was inconsequential.

Cell recognition analysis by fluorescence measurements
Serial dilutions of pre-and post-immunization sera were incubated with MCF7 and SK-
MEL-28 single-cell suspensions for 30 min on ice. Next, the cells were washed and incubated
with goat anti-mouse IgG γ-chain specific antibody conjugated to FITC (Sigma) for 20 min on
ice. Following three washes, cells were lysed in passive lysis buffer (Promega). Cell lysates
were analyzed for fluorescence intensity (485 ex / 520 em) using a microplate reader (BMG
Labtech). Data points were collected in triplicate and are representative of three separate
experiments.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
ELISA anti-MUC1 and anti-T-epitope antibody titers after 4 immunizations with 1, 2, 2/3, 2/
4 and 5/6. ELISA plates were coated with A-F) BSA-MI-MUC1 conjugate or G) neutravidin-
biotin-T-epitope and titers were determined by linear regression analysis, plotting dilution
vs. absorbance. Titers were defined as the highest dilution yielding an optical density of 0.1 or
greater relative to normal control mouse sera. Each data point represents the titer for an
individual mouse after 4 immunizations and the horizontal lines indicate the mean for the group
of five mice.
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FIGURE 2.
TNF-α and IFN-β production by murine macrophages after stimulation with synthetic
compounds 1–4, E. coli LPS, and E. coli lipid A. Murine 264.7 RAW γNO(−) cells were
incubated for 5.5 h with increasing concentrations of 1–4, E. coli LPS, or E. coli lipid A as
indicated. A) TNF-α and B) IFN-β in cell supernatants were measured using ELISAs. Data
represent mean values ± SD (n=3).
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FIGURE 3.
Cell recognition analysis for specific anti-MUC1 antibodies. Reactivity of sera was tested on
MCF7 cells and SK-MEL-28 cells. Serial dilutions of serum samples after 4 immunizations
with A) 1, B) 2/3, or C) 2/4 were incubated with MCF7 cells. D) Control sera (media, conjugate,
and mouse (normal control mouse sera) controls) and the serum samples (1:30 diluted) were
incubated with MCF7 and SK-MEL-28 cells. After incubation with FITC-labeled anti-mouse
IgG antibody, the fluorescence intensity was assessed in cell lysates. AU indicates arbitrary
fluorescence units.
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SCHEME 1.
Chemical structures of A) synthetic antigens and B) synthetic building blocks.
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