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The development of an antitumor vaccine has to meet three
important criteria: The induced immune response has to be
strong enough to override the tolerance against tumor
associated self antigens such as glycolipids and glycoproteins,
which are structures present on normal cells:™ the presented
antigen must be tumor specific, strongly expressed, and
different from related structures on normal cells;? and the
immune response must result in the formation of highly
selective antisera,””! so that an autoimmune reaction against
healthy tissue is not triggered. The membrane-bound tumor-
associated glycoprotein MUC1™ could meet these last two
criteria. It is expressed on almost all epithelial tissues and
highly overexpressed on tumor tissue.”! The glycan pattern
from MUCI on tumor cells is distinctly altered in comparison
to that of normal cells.>! This alteration is a result of a
changed activity of glycosyltransferases in the biosynthesis of
the mucins in epithelial tumor cells: the glucosaminetransfer-
ase GnT2 is strongly down-regulated, whereas sialyltransfer-
ases are up-regulated.”®! Because of this changed enzyme
activity, in particular the Ty antigen and the sialyl-Ty antigen
are characteristic tumor-associated saccharide antigens and
have been found on epithelial tumor tissue.*”” As a result of
the modified enzyme activity, the average saccharide length of
MUCI is much shorter on epithelial tumor cells than on
normal epithelial cells. Hence, not only the saccharide,® but
also the peptide backbone from the extracellular tandem-
repeat region contribute to the tumor specific glycopeptide
epitopes.”’)

Fully synthetic vaccines, consisting of MUC1 glycopep-
tides linked through an oligoethylene glycol spacer to an
ovalbumin (OVA) T-cell epitope were shown to induce highly
selective antisera in transgenic mice.'™' These sera are
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virtually monoclonal. The antibodies recognize the tumor-
associated MUCT glycopeptide selectively; neither the iden-
tical non-glycosylated peptide sequence, nor the tumor-
associated saccharide antigen linked to a different peptide
sequence, for example MUC4, are recognized.”? The
humoral immune response is specific after the third immu-
nization, and of the IgG type. Unfortunately, it is effectual for
only every third mouse. Therefore, to overcome the barrier
for an application in humans, we linked the sialyl-Ty-MUC1
glycopeptide antigen to tetanus toxoid as a carrier protein.
Tetanus toxoid conjugates have been applied to humans in
several vaccines, in which naturally occurring viral or
bacterial structures have been attached to the toxoid.!"”

The tumor-associated MUCI1 tandem-repeat glycopeptide
antigen was synthesized on Tentagel resin!¥ 1, which is
functionalized with a trityl-anchored™ Fmoc-protected pro-
line (Scheme 1). Coupling of the Fmoc-protected amino acids
(10 equiv) was carried out using HBTU/HOBL,' and then
the glycosylated Fmoc-protected threonine building block 2
(2 equiv) was coupled using a HATU/HOAt!"! procedure as
described previously.""!I After assembly of the full MUC1
tandem-repeat sequence 3 on the resin (Scheme 1), the
glycopeptide 3 carrying the sialyl-Ty-antigen side chain was
subjected to replacement of the Fmoc group with an N-acetyl
group, and then detachment from the resin using a mixture of
trifluoracetic acid (TFA)/triisopropylsilane (TIS)/H,O. After
chromatographic purification the NeuNAc benzyl ester was
cleaved by hydrogenolysis, and the O-acetyl groups were
removed by treatment with catalytic amounts of NaOMe in
methanol at pH 9.5. The sialyl-Ty-MUCI glycopeptide anti-
gen 4a was obtained in 65% yield after preparative HPLC
methods. The MUCI glycopeptides having Ty-antigen (4b),
one sialyl-Ty-antigen, and one Ty-antigen side chain (4¢), one
sialyl-Ty-antigen and two Ty-antigen side chains (4d), as well
as one 2,6-sialyl-T-antigen"” (4e), one 2,3-sialyl-T-antigen!"”!
(4f), and one T-antigen side chain (4g), as well as the
nonglycosylated MUCI eicosapeptide 4h were synthesized
using an analogous procedure (Scheme 2).

To obtain the vaccine, which contains the tumor-associ-
ated sialyl-T\-MUCT glycopeptide antigen 4a as the imprint-
ing antigen, the resin-bound peptide 3 was functionalized with
the Fmoc-protected triethylene glycol spacer 5% to give 6
(Scheme 3). Removal of the Fmoc group, acidic cleavage
from the resin, and simultaneous removal of all acid-sensitive
protecting groups delivered the spacer—glycopeptide antigen
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Scheme 1. Solid phase synthesis of the tumor-associated MUC1 tandem-repeat glycopeptide. Fmoc=
9-fluorenylmethoxycarbonyl, NMP = N-methylpyrrolidone, HBTU = O-(benzotriazol-1-yl)-N,N,N’,N'-tetrame-
thyluronium hexafluorophosphate, HOBt = 1-hydroxybenzotriazole, DIPEA = diisopropylethylamine,

HATU = O-(7-azabenzotriazol-1-yl)-N,N,N’,N"-tetramethyluronium hexafluorophophate, HOAt = 7-aza-1-

after preparative HPLC
methods, in a 61% overall
yield based on 1. Hydroge-
nolysis of the benzyl ester and
base-catalysed transesterifi-
cation yielded the depro-
tected glycopeptide, which
was converted into the mono-
amido ester 7% with diethyl
squarate®! in ethanol/H,O.
The ester 7 was reacted with
tetanus toxoid as the carrier
protein in aquaeous sodium
phophate buffer to give the
synthetic  sialyl-Ty-MUCI-
TTox vaccine 8. Low molec-
ular weight compounds and
unreacted ester 7 were
removed through ultrafiltra-
tion (membrane 30kDa).
Washing  with  deionized
water and lyophilization
delivered vaccine 8 (7.5 mg).
The increase in mass indicates
the linking of about 40 mole-
cules of ester 7 (molecular
weight ca. 2700) per molecule
of tetanus toxoid (molecular
weight ca. 150000). In con-
trast to the MUC1-glycopep-
tide-BSA  (bovine serum
albumine) conjugates,'!! the
loading of 8 could not be
determined by Maldi-TOF
mass spectrometry because
of the high molecular weight.
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Scheme 2. Synthesized MUC]1 glycopeptide antigens according to Scheme 1.
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Equal amounts (0.5 pg/
well) each of the glycopep-
tide-TTox vaccine 8 and the

analogous glycopeptide-BSA conjugate!''! 9 were
subjected to comparative ELISA tests!'*!" using
the serum of a mouse (Figure 1; see Figure 2a),
immunized with the synthetic vaccine consisting
of sialyl-Ty glycopeptide and a T-cell epitope
from ovalbumine (described in reference [11]).
The resuts showed the binding of almost equal
amounts of the antibody. The binding of the
antibody was photometrically determined using
a biotinylated anti-mouse antibody, and subse-
quent treatment with horseradish peroxidase
(HPO).”! The glycopeptide-BSA conjugate 9
carries, on average, seven molecules of the
MUCI glycopeptide, and has about one third of
the molecular weight of 8. Thus, there must be at
least 20 molecules of the synthetic glycopeptide
bound per molecule 8. This number is only an
estimation because the relative number of gly-
copeptide antigens accessible to the antibody is
smaller for the bulky TTox vaccine than for the
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Scheme 3. Synthesis of sialyl-T-MUC]1-tetanus-toxoid vaccine 8.
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Figure 1. Comparative ELISA test to determine the loading of vaccine
8.

BSA conjugate. In addition, the ELISA test (Figure 1)
demonstrates that the antibody induced by 8 neither binds
to BSA nor to the tetanus toxoid itself.

Ten eight-week old Balb/c-mice were immunized with
20 ug of vaccine 8 (in 40 uL PBS-buffer) together with
complete Freund’s adjuvant. After 21 days a booster immu-
nization with 20 pg vaccine 8 and incomplete Freund’s
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adjuvant was performed. Five days after the second immu-
nization, blood was drawn from the mice and centrifuged. The
serum was analyzed with regard to its binding to the sialyl-Tx-
MUCI-glycopeptide-BSA conjugate 9" in a dilution series
(Figure 2b). The results show, that the sialyl-Ty-tetanus-
toxoid vaccine 8 induces a strong immune response in all
mice. Mice 8 and 6 show an antibody titer as high as 1/
100000-200000. Therefore, the initial criterion that an anti-
tumor vaccine must induce a strong, tolerance overriding
immune response, has been fulfilled. In addition, the binding
of the antigen to tetanus toxoid for the first time offers the
possibility of transfering this vaccine immunization from mice
to humans.

The selectivity of the immune response was investigated
using serum from mouse 8 in neutralization experiments
(Figure 2c¢). To this end, the sialyl-Ty-MUCI1-glycopeptide-
BSA conjugate 9 was coated onto a 96-well ELISA plate,
washed, and blocked with a PBS buffer containing 1 % BSA.
Three different dilutions of the serum were each incubated
for 1 hour at 37°C together with 100 pg of the glycopeptide
antigens 4a—4h, and then transferred to the ELISA plate. The
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Figure 2. a) Chemical formulae of compounds 9 and 10. b) ELISA of the serum from mice immunized with vaccine 8,
the microtiter plate was coated with the MUC1-BSA conjugate 9. c) Neutralization of serum from mouse 8

immunized with vaccine 8, using the (glyco)peptide antigens 4 and 10.

plate was washed with a buffer solution, and then a
biotinylated anti-mouse antibody and streptavidin-HPO
conjugate!™l were sequentially added. The dye-forming
peroxidase reaction®! allowed measurement of the residual
binding affinity of the serum to 9 at A =410 nm (Figure 2c¢).

The data indicate, that the binding of the untreated serum
from mouse 8 (line1) is completely neutralized when
incubated with the sialyl-Ty-MUCI antigen 4a (line 5), the
antigen contained in vaccine 8. The MUCI-glycopeptide
antigens 4b (line 3), 4¢ (line 6), 4d (line 7), and 4e (line 8)
inhibit the antibodies induced with 8 to a considerable extent.
All of them embody the same peptide sequence and
fundamental parts of the sialyl-Ty disaccharide, and they
too represent tumor-associated MUCT structures. In contrast,
for the unglycosylated MUCI1-peptide of the same sequence
(4h, line2), the MUCI1 glycopeptide incorporating the
Tantigen (4g, line 4), and the one with 2,3-sialyl-T side
chain (4f, line 9) only a weak binding is observed, even
though they include an identical peptide sequence. The
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Neither the saccha-
ride, nor the peptide
alone are recognized
by the antibodies.
However, the glyco-
peptide sturctures
4b-e, which are
closely related to 4a,
and are likewise
tumor-associated MUCI1 glycopeptide structures, are bound
by the induced antibody to a reduced, but distinct degree. The
scope of the recognition at the given high structural selectivity
is an advantage for the practical application as an antitumor
vaccine. It is of exceptional value, that the synthetic vaccine 8,
composed of sialyl-T\-MUCI1 glycopeptide antigen 4a and
tetanus toxoid, induces a very strong and highly selective
immune reaction. In addition, based on the use of tetanus
toxoid as carrier protein, an application of this immunization
in humans appears possible.
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