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A convergent synthesis of a unimolecular pentavalent-MUC1 glycopeptide has been accomplished. A tan-
dem repeat of unglycosylated human tumor-associated MUC1, a potential target for cancer immunother-
apy, was incorporated into the known unimolecular pentavalent carbohydrate construct (5). This is an
important step toward the development of a new fully synthetic anticancer vaccine candidate (1).

� 2009 Elsevier Ltd. All rights reserved.
Our laboratory has been exploring the possibility of harnessing
the power of the human immune system as an anticancer treat-
ment course. In particular, we focus on the development of carbo-
hydrate-based anticancer vaccines elaborated through chemical
synthesis.1 Our research efforts are based on the observation that
tumor cells display abnormal levels and types of cell surface carbo-
hydrates, anchored to the cancer cell through either a lipid tail or a
protein domain.2 This distinguishing feature of malignantly trans-
formed cells could potentially be exploited to induce the immune
system to selectively recognize and eradicate circulating cancer
cells and micrometastases.

In this context, we have developed a range of fully synthetic,
carbohydrate-based anticancer vaccine conjugates. To date a series
of monomeric3 and clustered4 vaccines have been prepared and
evaluated in preclinical and clinical settings. These synthetic con-
structs are typically attached through a linker domain to an immu-
nogenic carrier protein, such as Keyhole Limpet Hemocyanin
(KLH). Preclinical and clinical trials have confirmed the capacity
of such constructs to induce antibodies which selectively bind to
the carbohydrate-bearing tumor cells in question.

We recently turned our attention to the development of mul-
tiantigenic vaccines, in which several different cancer-associated
carbohydrates are presented on a single peptide backbone and con-
jugated to KLH carrier protein. By combining multiple carbohy-
drate antigens associated with a single cancer type, it will
hopefully be possible to generate a diverse range antibodies,
increasing the percentage of tumor cells targeted by the immune
system.5 Several unimolecular multiantigenic vaccines have now
been synthesized and evaluated in preclinical settings.6 Of particu-
lar interest is a KLH-conjugated pentavalent construct, which
incorporates five breast and prostate cancer-related antigens (Glo-
ll rights reserved.

: +1 212 772 8691.
anishefsky).
bo-H, GM2, sTn, TF, and Tn). This conjugate has shown very prom-
ising results in preclinical studies.

We sought to introduce an additional immunogenic component
to our multiantigenic cancer vaccine constructs. Thus, most carbo-
hydrate epitopes are able to induce only weak T-cell independent
B-cell responses. In contrast, peptide domains may be much more
immunogenic, as they have the capacity to bind to major histo-
compatibility complex (MHC) molecules, and, in favorable cases,
to trigger the desired T-cell-mediated reaction.7 This fact has led
us to focus our attention on the human tumor-associated epithelial
mucin, MUC1.8 Over-expressed on the tumor cell surface as a high
molecular weight glycoprotein, MUC1 contains numerous repeat-
ing units of a 20-amino acid sequence (HGVTSAPDTRPAPGSTAPPA)
in the extracellular portion of the molecule. Monoclonal antibody
studies focused on tumor MUC1-induced antibodies reveal the
PDTRP9 amino acid segment within the repeating units to be the
most antigenic epitope. Importantly, expression of MUC1 on nor-
mal tissues is largely restricted to the apical surface of secretory
cells, a site with minimal access to the immune system.10 The
over-expression of MUC1 is correlated with the progression of
breast,11 ovarian,12 and colon13 carcinoma, and MUC1 has long
been used as a marker for monitoring recurrence of breast can-
cer.14 Animal studies and clinical trials show that the MUC1 anti-
gen is capable of inducing a T-helper type I response.15 MUC1
could thus presumably serve as a key synergic component in the
development of carbohydrate vaccines, in that the robust forma-
tion of antibodies depends on the cooperative interactions be-
tween T- and B-cells.

As shown in Figure 1, we envision the preparation of a hybrid
vaccine construct (1) incorporating the previously synthesized uni-
molecular pentavalent carbohydrate domain as well as the MUC1
peptide. Accomplishment of this goal is not a trivial matter in that
it requires considerable forethought in the orchestration of the
orthogonal protections of the carbohydrate and peptidic domains.
In addition to its intrinsic interest, we viewed this challenge as part
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Figure 1. Unimolecular KLH-conjugated pentavalent-MUC1 construct (1).
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of our broader goal of arriving at biologic level structures through
chemical synthesis. Needless to say, if this goal is feasible, it would
enable considerably more room for structural changes than would
be imaginable by total reliance on biological pathways to generate
biologics.

The strategy for the synthesis of the KLH-conjugated unimo-
lecular pentavalent-MUC1 construct (1), outlined in Figure 1, is
highly convergent. The synthetic methods to be employed must
be compatible with both the carbohydrate and peptide domains.
The three main synthetic components are: (1) the fully protected
unimolecular pentavalent glycopeptide, equipped with a C-ter-
minal diaminopropyl spacer; (2) the fully protected unglycosy-
lated MUC1 tandem sequence, possessing a b-alanine spacer
and a terminal thiol functionality as a handle for late-stage con-
jugation; and (3) the KLH carrier protein. The protected glyco-
peptide and MUC1 peptide domains are to be assembled
through direct amide coupling or chemical ligation. Subsequent
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Scheme 1. Preparation of the unimolecular
global deprotection and, finally, conjugation to the carrier pro-
tein should yield construct (1).

The unimolecular pentavalent carbohydrate domain (5)6d was
prepared though the ‘cassette’ approach, developed by our labora-
tory some time ago (Scheme 1).16 Thus, the pre-assembled, pro-
tected glycosylamino acids were coupled via iterative Fmoc
deprotection and coupling reactions, as described previously, lead-
ing to the fully glycosylated polypeptide backbone. Each deprotec-
tion and coupling step proceeded in >75% yield, and our coupling
conditions allowed us to access 5 in 35% overall yield for eleven
transformations.

We next turned to the preparation of the peptide domain (8)
(Scheme 2). In designing the unglycosylated MUC1 peptide, it
was decided to position a glycine on the C-terminus, to avoid the
possibility of a-epimerization during the subsequent coupling
phase. We also elected to install a protected thiol functionality,
to be utilized in the late-stage conjugation to KLH, at the N-termi-
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nus during the solid-phase peptide synthesis. The fully protected
unglycosylated MUC1 tandem repeat (8) was thus prepared by
automated solid-phase peptide synthesis on a commercially avail-
able trityl resin (6) using Fmoc amino acid derivatives, according to
standard procedures.17 Cleavage from the resin using TFA/TFE fur-
nished the desired MUC1 peptide (8)18 as a carboxylic acid.

Having gained synthetic access to both the pentavalent carbo-
hydrate domain (5) and the desired peptide (8), we now sought
to merge the two domains, thus assembling the complete frame-
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Scheme 3. Preparation of the unimolecular pen
work of the target vaccine. First, the C-terminal Boc group on the
diaminopropyl spacer (5) was removed under acidic conditions
(TFA/CH2Cl2). Next, the fully protected MUC1 peptide (8), activated
with HATU/HOBT, was coupled to the carbohydrate domain (5) in
the presence of DIEA, leading to the desired fully protected glyco-
peptide in 72% yield over 2 steps after purification by preparative
HPLC (Scheme 3). All acid-labile side chain-protecting groups of
the peptide were simultaneously removed by a cleavage cocktail
(TFA/PhOH/H2O/Et3SiH). Finally, global deprotection of the O-acet-
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3) TFA/PhOH/H2O/Et3SiH(8.75:0.5:0.5:0.25), rt, 3 h
4) 0.3M NaOH/MeOH (1:2), rt, 24 h (60%, 2 steps)

tavalent-MUC1 glycopeptide construct (9).



2170 D. Lee, S. J. Danishefsky / Tetrahedron Letters 50 (2009) 2167–2170
yl and methyl groups with NaOH/MeOH afforded the desired
unconjugated unimolecular pentavalent-MUC1 glycopeptide (9)19

in 60% over 2 steps after purification by preparative HPLC.
In summary, the pentavalent-MUC1 glycopeptide construct (9)

has been synthesized in a highly convergent and efficient way.
Conjugation to KLH carrier protein and immunological testing of
the resultant vaccine conjugate (1) will be reported in due course.
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