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Abstract

Fully synthetic, carbohydrate-based antitumor vaccine candidates have been synthesized in highly
clustered modes. Multiple copies of tumor-associated carbohydrate antigens, Tn and STn, were
assembled on a single cyclic peptide scaffold in a highly convergent manner. Ring-closing
metathesis-mediated incorporation of an internal cross-linker was also demonstrated. In particular,
this rigidified cross-linked construct would enhance a cluster-recognizing antibody response by
retaining an appropriate distance between glycans attached to the peptide platform. Details of the
design and synthesis of highly clustered antigens are described herein.

Introduction

Our laboratory is seeking the development of novel, fully synthetic carbohydrate-based
vaccines for the treatment of cancer. This research program is based on the finding that
malignantly transformed cells often exhibit significant alteration in the nature and quantity of
carbohydrates presented on their cell surfaces, either as glycosphingolipids or as glycoproteins.
1 Presumably, when properly introduced to the immune system, a tumor-associated
carbohydrate-based antigen could set into motion an exploitable immune response, leading to
the generation of antibodies which would selectively bind to and hopefully eliminate those
tumor cells which over-express the carbohydrates in question. We are certainly not alone in
this area. In particular, impressive advances of carbohydrate based anticancer vaccines have
been reported by Boons,? Kunz,3 and Schmidt.# The viability of this carbohydrate vaccine
concept has been confirmed experimentally in our laboratory. Thus, when these tumor-
associated antigens are presented to the immune system as glycoconjugates appended to
immunogenic carrier molecules (such as KLH carrier protein)® and co-administered with an
immunological adjuvant (such as QS21),6 a carbohydrate-specific antibody response may be
induced. A number of complex, fully synthetic carbohydrate-based constructs, synthesized in
our laboratories, have shown significant promise in preclinical, and even clinical settings.’ In
designing a carbohydrate-based vaccine construct, it may be of considerable value to consider
the way in which the antigen is displayed in its natural environment, i.e. on the surface of the
transformed cell, to more directly mimic this natural setting in the context of the vaccine.
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Along these lines, we have taken note of the mucin-bound carbohydrate antigens, Tn and STn,
which are over-expressed on the surfaces of a variety of epithelial cancers, such as prostate,
breast, colon, and ovarian.8 On the tumor cell surface, Tn and STn are presented in broadly
conserved “clusters” of 2—4 carbohydrate units, O-linked to the mucin peptide through serine
or threonine residues.

Approaches using monomeric Tn or STn antigen, in which one glycan unit is covalently
appended to an immunogenic carrier protein, have proven beneficial.? However, it has been
shown that clustered vaccines — wherein multiple copies of the carbohydrate are incorporated
on a peptide backbone (Figure 1) —induce higher titers against some carbohydrate epitopes.
10a |ndeed, recent studies with the antitumor monoclonal antibody (MAb) B72.3 revealed that
it preferentially recognized clustered STn in preference to monovalent STn.%.10b-¢

To some extent, the lowered entropic penalty associated with the increase in valency seems to
enhance carbohydrate-protein interactions. However, the choice of template for multivalent
carbohydrate display may be crucial. Excessively flexible scaffolds will permit attached
glycans to remain far apart in most conformations thereby perhaps decreasing effective
clustering of the antigen. In considering a template for the presentation of the clustered
carbohydrates, we have been attracted to the model, depicted in Figure 2, upon which the
clustered glycans would be displayed in a well-defined orientation. Our design, clearly inspired
by Dumy!! and Robinsonl2 is amenable to variations in the number and type of carbohydrates
displayed, as well as the spacing of the carbohydrate domains. Moreover, the promise of such
templates is evidenced by recent studies demonstrating their use for clustered antigen syntheses
in our lab and elsewhere.13:14 |n fact, we have recently employed this scaffold in the context
of a separate program, directed toward the development of an HIV vaccine.1®

The essential element of our cyclic peptide design is a pair of B-turn-inducing D-Pro-L-Pro
sequences’® at both ends of the macrocycle. Positions A—F (red, with side chain projecting
“above” the plane of the scaffold) may contain handles for glycan attachment, whereas position
G is acysteine residue (blue, with side chain projecting from the “bottom” face of the scaffold),
suitable for linkage to a carrier protein or biological marker. This scaffold is tunable in that
differential placement of aspartate residues in positions A—F permits variation in the number
and spacing of the glycan attachments (1, Figure 2).

In an effort to identify an optimal presentation of the carbohydrates on the cyclic peptide
scaffold, we chose as our targets the four constructs shown in Figure 3. Structures 4 and 5
incorporate six and four replicate copies of the Tn antigen, respectively, and construct 6
presents four copies of the STn disaccharide. We also sought to prepare a multiantigenic
construct, 7, incorporating both the Tn and STn antigens.

Protected O-linked glycosylamino acids 2 and 3 (Figure 3) were prepared from the L-
hydroxynorleucine benzyl ester, according to our previously established protocol.}” These Tn
and STn “cassettes,” which we originally employed in earlier approaches to the synthesis of
clustered antigens, serve as useful building blocks for glycal assembly. In this system, the N-
termini of both the Tn and STn cassettes serve as handles for coupling to the peptide scaffold,
and the remaining carboxyl function may provide a handle for further elaboration (i.e., as T-
helper or additional B-epitope attachments).

Cyclic peptides 9, 10, and 11 (containing 4 or 6 aspartate residues) were prepared in parallel
through automated solid-phase synthesis from the prolinated trityl resin 8 (Scheme 1).
Cleavage from the resin, macrocyclization,18 and deprotection of the tert butyl esters of the
aspartate and tyrosine residues furnished 1, 12, and 13 in good overall yields.
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With the components of the target structures in hand, we directed our efforts toward the
covalent attachment of the carbohydrate antigens to the scaffolds. The Lansbury aspartylation
reaction!? is often employed in glycopeptide synthesis. However, the standard Lansbury
aspartylation protocol employs a glycosidic amine as the coupling partner of activated aspartic
acid, rather than the primary amino acid nitrogen which would be required by our strategy. In
considering the application of this protocol to our own system, there was concern that altered
nucleophilicity of the amine might favor in the emergence of nonproductive pathways. For
example, the competing, relatively facile cyclization of the peptide itself might lead to the
formation of aspartimide.20 Indeed, this side reaction was found to be a problem in the coupling
of peptide 12 with glycosylamino acid 2. Under standard conditions (HOAt, HATU, DIEA/
DMSO0), formation of the undesired aspartimide was predominant, with little indication of the
requisite hexavalent product, 14. Upon close investigation, it was found that the HOAt, which
is generally used as an activation additive, along with HATU, plays a significant role in
promoting undesired aspartimide formation. Fortunately, activation of the aspartic acids with
HATU alone in the presence of DIEA in DMSO effectively minimized aspartimide formation,
and consequently allowed high yielding conversion to the desired hexavalent product, 14
(Scheme 2).

Having identified workable coupling conditions, we were able to assemble the tetravalent
constructs 15 and 16 in a similar fashion. These less congested glycopeptides exhibit different
spatial arrangements, yet they still express the epitopes in highly clustered fashions. Following
global deprotection, the highly clustered antigens 4, 5, and 6 were in hand.

We next turned to the synthesis of the unimolecular multiantigenic construct, 7,21 wherein both
the Tn and STn carbohydrate antigens are displayed on the peptidic backbone. This type of
multivalent construct is intended to reflect the degree of carbohydrate heterogeneity associated
with most cancers.22 There is significant variation in the types of carbohydrates which are over-
expressed on the tumor cell surface, even within a particular cancer type. By combining clusters
of both the Tn and STn antigens within a single cyclic peptide scaffold, we would hope to
induce a more effective immune response, in which the antibodies raised would target a greater
proportion of transformed tumor cells. It is not unlikely that careful strategic considerations in
the peptide scaffold design could well influence the effectiveness of a multiantigenic construct.

Initial efforts to reach cyclic peptide 17 were unsuccessful, due to complications arising from
aspartimide formation at position 8, leading to the undesired product, 17a (Scheme 3). Unlike
the bulky Asp-B-tert-butyl esters, the less hindered Asp-p-allyl ester is susceptible to undesired
aspartimide formation, arising from intramolecular nucleophilic attack by the amide nitrogen
at the aspartyl C-terminus.23 However, aspartimide formation of the Asp-p-allyl ester at
position 5 was impeded by the presence of proline in position 6. Thus, we initiated a design
decision to transpose the -B-allyl and -B-tert-butyl protecting groups of positions 8 and 12.
Gratifyingly, no evidence of aspartimide formation was found in the synthesis of cyclic peptide
18.

Following selective tert-butyl deprotection of 18 under the conditions described in Scheme 1,
intermediate 13 was in hand. We then undertook the sequential attachment of the Tn and STn
carbohydrate antigens. In the event, coupling of Tn 2 with peptide 13 proceeded efficiently to
produce the Tn glycopeptide construct, as shown in Scheme 4. The liberation of additional
reaction sites by palladium-mediated allyl deprotection?4 resulted in a high yield of divalent
product 20. Addition of STn 3 to activated 20 and subsequent global deacetylation completed
the synthesis of tetravalent antigen 7.

An intriguing question concerning the clustered antigen design could be the potential flexibility
of linkers which attach the glycans to the cyclic peptide scaffold. Cross-linking elements
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between carbohydrates would rigidify the construct and prevent undesired spreading of glycan
units. This should better mimic a tightly-clustered antigen and enhance the cluster-recognizing
antibody response. Ring closing metathesis (RCM) has proven to be a powerful tool for the
formation of peptide macrocycles in numerous settings.2® In particular, fascinating works for
the synthesis of multivalent glycoconjugates by Kiessling28 have further encouraged us to
explore the ruthenium-catalyzed metathesis for the incorporation of cross-linker in our system,
which would lead to highly clustered cross-linked constructs. Our initial attempted RCM of
di-Tn precursor 23 employing Grubbs catalyst (24) proceeded to generate spacer-linked
construct 27 in modest yield (Scheme 5). Variation of the reaction conditions, including higher
catalyst loading, was unable to induce complete conversion of 23. Additionally, mass spectra
of isolated RCM products indicated the existence of inseparable contaminants in which a
methylene group has been deleted,27(®) presumably due to the ruthenium complex-mediated
isomerization?’ of the terminal olefin of 23 (Figure 4, top) prior to ring closure. Although a
significant increase in yield was observed when the Hoveyda-Grubbs I catalyst (25) 28 was
employed, terminal olefin isomerization could not be suppressed. Gratifyingly, no
isomerization of 23 occurred with the use of Hoveyda-Grubbs | catalyst (26) 2%, which afforded
the desired RCM product 27 in good yield (Scheme 5 and Figure 4 (bottom)). The product
olefins, a mixture of E- and Z- isomers, were then hydrogenated to furnish 28. The protected
aspartyl residues of 28 may serve as additional handles for further modification of the construct;
i.e. attachment of multiple different antigens, to appropriately reflect the heterogeneity of target
cancers.

Conclusion

In summary, we have described the design and synthesis of multivalent anticancer vaccine
constructs. The individual carbohydrate-based antigens were prepared in well-defined and
highly clustered modes by convergent synthesis. In addition, the successful introduction of a
cross-linker provides a wider scope of future modifications in epitope design either by spacer
length variations or additional glycan attachments on the scaffolds. Upon conjugation to KLH
carrier protein, the anticipated higher molecular ratio of Tn or STn versus KLH could offer an
additional benefit in terms of immunogenicity. We expect that these highly clustered anticancer
constructs will help in gaining further insight into the way in which carbohydrate clusters are
recognized by the immune system. Conjugation to KLH carrier protein and immunological
investigations will be reported in due course.
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Low-resolution mass spectrums of RCM products.

J Am Chem Soc. Author manuscript; available in PMC 2010 October 14.




1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jeon et al. Page 11

-

TN 1) Fmoc-AA-OH!

Y\ HATU o) StBu
! Fmoc 2) Piperidine/DBU |
H : O - RO PpX1YX2YX3PpX4CX5FX6_NH2
®~PEG/ : 8 O
o) R
1) CF3CH,0H /XG\ /X5 X4\ TFA/PhOH/ 1% Xe = A Xa. Xa Xo Xe=D
2) HATUDIEA P F p EWSIHH0 o 8 S X, XM
[ - Nqy, Ao, Ag, Ay, A5y, Ag =
N 2o ol 6567% 13: X, X = A, Xg Xg =D
Y Y P from 8 X1, X, = D(allyl)

SStBu

9: X2, X5 = A, X-|, X3, X4, X6 = D(tBU)
10: X4, Xp, X3, X4, X5, Xg = D(tBu)
11: Xp, Xz = A, Xs, Xg = D(tBU), X1, X, = D(allyl)

Scheme 1.
Synthesis of cyclic peptide scaffolds.
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Scheme 2.
Syntheses of clustered glycopeptides.
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Scheme 5.

Synthesis of cross-linked glycopeptide 28.
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