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Towards a Self-Adjuvanting Multivalent B and T cell Epitope Containing
Synthetic Glycolipopeptide Cancer Vaccine

Olivier Renaudet,”™ Lbachir BenMohamed,” Gargi Dasgupta,” Ilham Bettahi,

Malignant tumor cells are characterized by the overexpression
of altered glycoproteins or glycolipids resulting from the de-
regulation of glycosylation processes." The identification of
these tumor-associated carbohydrate antigens (TACA) has
largely contributed to the development of cancer diagnostic
and immunotherapy. Particularly, TACA present strong anti-
body determinants (B cell epitopes) which are primarily target-
ed by tumor-specific antibodies (Abs). Although TACA are
rightly considered as tremendous potential targets for cancer
vaccines, their poor immunogenicity still hampers their use as
therapeutic vaccines. To address this challenge, both careful ra-
tional design and robust chemical procedures should be con-
sidered to construct TACA-based vaccine prototypes capable
of promoting a strong and selective Ab response against
tumor cells.

In the last decade, intensive research has focused on the de-
velopment of molecularly defined TACA-based vaccine proto-
types.” These studies have clearly defined that not only the
display of TACA, but also their nature and molecular formula-
tion are crucial to improve immunity against tumors. First, a
multivalent presentation of TACA, either on carrier protein®
(for example keyhole limpet hemocyanin) or on synthetic deliv-
ery systems containing CD4+ T helper (Th) cell epitope' (for
example multiple antigen glycopeptide) is required to elicit
strong B cell responses and raise high affinity tumor-specific
Abs. In addition, it was established that priming and sustaining
of both Ab and CD8+ cytotoxic T cell (CTL) responses, the
latter also crucial in cancer immunity, requires CD4+ Th cell
help.”’ This suggests that an ideal cancer vaccine formulation
must incorporate B cell, CD4+, and CD8+ T cell epitopes to
ensure both humoral and cellular eradication of tumors.”” Fi-
nally, these synthetic multivalent vaccines should be delivered
together with potent and safe external immunoadjuvants to
ensure an early and strong immunity.”” To avoid the potential
toxicity related to most of external adjuvants, especially often
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in immunocompromised cancer patients, recent reports have
highlighted that palmitoyl-tailed B and T cell epitope peptides
delivered in adjuvant-free saline are clinically safe, eliciting
strong, long-lasting, and multivalent protective immunity.”!

However, except for a few studies reporting the synthesis of
up to three-component multivalent or “polytope” vaccines,®®
no molecular constructions have been designed so far on the
basis of these overall structural features. This is presumably be-
cause of inherent difficulties,” despite recent progresses in the
synthesis, assembly, and formulation of oligosaccharide and
glycoconjugate biomolecules." In this communication, we
report for the first time on the design, synthesis, safety, immu-
nogenicity, and protective efficacy of a prototype, molecularly
defined, fully synthetic, self-adjuvanting multivalent glycolipo-
peptide (GLP) cancer vaccine.

As illustrated on Figure 1, our GLP vaccine prototype associ-
ated four essential components displayed on a molecular deliv-
ery system: 1) a cluster of TACA B-cell epitope; 2) a CD4+ Th
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Figure 1. lllustration of the palmitoyl-tailed chimeric B-Th-CTL vaccine proto-
type (with dA: L-alanine; Cha: cyclohexyl alanine; Ahx: L-2-aminohexanoic
acid).

peptide epitope; 3) a CD8+ CTL peptide epitope; and 4) a pal-
mitic acid (PAM) that serves as a built-in immunoadjuvant. We
first focused on developing a controlled assembly of such a
multiepitopic molecule based both on oxime and disulfide
bond formation.

In comparison with classical synthetic methods, such chemo-
selective procedures offer several advantages: 1) each counter-
part (carbohydrate, peptide backbone, and lipid) are synthe-
sized separately, thus preventing critical manipulations of mul-
tiple protecting groups and activating reagents; 2) oxime liga-
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tion and disulfide bond formation are compatible, reproduci-
ble, and highly chemoselective coupling chemistries which
permit construction of the molecular assembly from deprotect-
ed building blocks under mild aqueous conditions in a control-
led manner; 3) the resulting multivalent GLP vaccine proto-
types are molecularly defined and water soluble molecules al-
lowing their in vivo delivery in adjuvant-free saline for immu-
nogenicity and protective efficacy studies.

In the last few years, we have developed new cyclodecapep-
tide scaffolds based on the TASP (template assembled synthet-
ic protein) model." These regioselectively addressable func-
tionalized template molecules (or RAFT) exhibit two independ-
ent and chemically addressable domains. This structural feature
allows sequential and regioselective assembly of biomolecule-
based ligands and biologically functional units to confer both
recognition and effector properties by preventing steric hin-
drance. In particular, we have recently demonstrated that a
molecularly-defined RAFT core displaying clustered Tn antigen
analogue represents an effective nonimmunological carrier
molecule. This preliminary study has thus provided a serious
molecular basis for the design of next generation synthetic
TACA-based cancer vaccines.

In this study, we took advantage of the synthetic versatility
of the RAFT platform, and synthesized a GLP prototype cancer
vaccine 7 and its corresponding glycopeptide (GP) structural
analogue 6, used as positive control (Scheme 1). Both GLP and
GP molecules are composed of a RAFT core displaying clus-
tered Tn analogues as B-cell epitopes to ensure an efficient Ag
delivery to antigen presenting cells (APCs). For this purpose,
we report herein an efficient ligation strategy that allows the
incorporation of carbohydrates and lipopeptide on the RAFT
core. This strategy first requires the preparation of aminooxy-

lated carbohydrate to be assembled onto the cyclic decapep-
tide template displaying glyoxoaldehyde functions.'*' The
GalNAc moiety containing the aminooxy function at the alpha
anomer position was prepared as a Tn analogue following our
recently described procedure.™ The RAFT core 1 was assem-
bled from an orthogonally protected linear decapeptide which
was prepared on the acido labile SASRIN resin using Fmoc/tBu
strategy under standard activation with PyBOP/DIPEA (benzo-
triazole-1-yloxytripyrrolidinophosphonium hexafluorophos-
phate/diisopropyletylamine). The glycine was linked to the C-
terminal end to secure the subsequent cyclization step from
epimerization. Cyclization of the linear peptide in solution fol-
lowed by successive steps of regioselective deprotection and
coupling of serine residues afforded 1. After oxidative cleavage
of serines with sodium periodate, the aminooxy aGalNAc was
coupled as a cluster on the upper domain of 1 by oxime liga-
tion. This chemoselective coupling reaction occurred in an
aqueous solution of acetic acid to provide the pure tetravalent
glycocluster 2. A cysteine residue bearing the activating group
S-3-nitro-2-pyridinesulfenyl (Npys) was finally incorporated at
the free lysine side chain pointing below the RAFT core 2. After
acidolysis of the Boc protecting group with trifluoroacetic acid,
the pure and stable compound 3 was used without further pu-
rification. The presence of a Npys group enables the regiose-
lective conjugation of any biomolecule containing free thiol
group through disulfide bridge formation.!'

The OVA,s;, peptide (SIINFEKL)" was used as a target
CD8(+) T-cell epitope and synthesized in line with the Pan-DR
universal CD4(+) Th peptide (PADRE, (dA)K-
(Cha)VAAWTLKAA(dA)(Ahx) with dA: l-alanines, Cha: I-cyclohex-
yl alanine and Ahx: aminocaproic acid,"” see Scheme 1). The
PADRE CD4* Th epitope helps to prime and sustain both B
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Scheme 1. Chemoselective assembly of glycopeptide (GP) 6 and glycolipopeptide (GLP) 7 vaccine prototypes.
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and CTL responses.”” A cysteine residue was linked to the C-
terminal end of the resulting Th-CTL chimeric peptide 4 to pro-
vide the anchoring site for further conjugation on the lower
face of the RAFT core 3. The resulting Th-CTL-RAFT GP back-
bone 4 was extended at the N-terminal end with a palmitic
acid moiety (PAM) to confer the self-adjuvanting property of
the resulting GLP molecule. Molecules tailed with fatty acid
moieties target and induce maturation of dendritic cells, when
delivered in adjuvant-free saline.”? Lipopeptide construction
was carried out in two steps using a previously reported proto-
col that provides high yield, molecularly pure, and water solu-
ble compounds.” Unlike the first generation of lipopeptide
synthesized on solid support, the palmitic acid moiety was in-
troduced in the chimeric Th-CTL 4 in solution after synthesis
and purification of the peptide backbone to afford PAM-Th-
CTL lipopeptide 5. This method is compatible with water or
saline formulation and solubility of lipopeptides with hydro-
phobic sequences, such as PADRE epitope. Indeed, full solubili-
ty was obtained when PAM-Th-CTL 5 was formulated in water
or in PBS solutions at concentrations as high as 5 mgmL™". Chi-
meric Th-CTL peptide 4 and lipopeptide 5 were eluted as a
single peak on analytical RP-HPLC and exhibited the expected
molecular weight and sequence when analyzed by mass spec-
trometry.

Chimeric Th-CTL peptide 4 or chimeric PAM-Th-CTL lipopep-
tide 5 were next assembled to 3. The disulfide bond formation
was performed under argon gas in a degassed solution of iso-
propanol and sodium acetate buffer to ensure good solubility
and under dilution to minimize the intermolecular dimer for-
mation of chimeric epitopes. In both cases, the reaction course

showed a clean crude reaction mixture and completeness
within one hour, as assessed by analytical reverse phase HPLC
(Figure 2). Glycopeptide (GP) 6 and glycolipopeptide (GLP) 7
were obtained after HPLC purification over a C,5 or C; column,
respectively. Although the crude reaction mixtures emphasize
the efficiency of the ligation protocol, we assume that the
moderate yields (~~48-65 %) recovered after purification might
be due to the precipitation of the GP 6 or GLP 7 on the semi-
preparative column. These well-defined, water soluble synthet-
ic constructs were finally analyzed by electrospray mass spec-
trometry (ES-MS) and their purity determined by analytical
HPLC (Figure 2B and C). As expected, ES-MS analysis revealed
signals corresponding to the multicharged ions of 6 and 7.

We next investigated the safety and immunogenicity of this
multivalent B-Th-CTL, self-adjuvanting GLP 7. Three groups of
twenty BALB/c mice each were immunized subcutaneously at
the base of the tail with: 1) the GLP 7, delivered in adjuvant-
free saline (Group 1); the GP analogue 6 delivered with cyto-
sine-phosphate-guanine (CpG,g,) adjuvant (positive controls,
Group 2); and saline alone (nonimmunized controls; Group 3).
Unlike the GP/CpG;g,, the GLP vaccine was well tolerated with
no local or general adverse reactions, such as local inflamma-
tion at the sites of injection or weight loss, recorded in immu-
nized mice. Two weeks following the second immunization,
RAFT-specific Abs, PADRE-specific CD4" T cell, and OVA,s; 54~
specific CD8™ T cells were studied. To determine whether the
Abs developed against the Tn cluster displayed in our vaccine
construct can recognize the native form of Tn antigen dis-
played on human tumor cells, we first performed a flow cy-
tometry based binding assay between the immune serum IgG
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Figure 2. Analysis of glycolipopeptide 7: A) Example of HPLC profile of the crude reaction mixture of disulfide bond formation between RAFT carrier 3 and
lipopeptide 5 after 1 h. B) HPLC profile of pure glycopeptide 7; C) ES-MS (positive mode) of 7 after purification.

ChemMedChem 2008, 3, 737 - 741

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

739

www.chemmedchem.org


www.chemmedchem.org

MED

and breast cancer cell line MCF7. Figure 3 shows the binding
profile of the immune serum IgG collected from mice immu-
nized with either GP 6 + CpG,q, adjuvant (Figure 3A) or GLP
7 in adjuvant-free saline (Figure 3B), and nonimmune serum
IgG collected nonimmunized control mice with MCF7 cells.
Both GP and GLP immune sera, tested at a 1:250 dilution,
showed a strong positive shift of mean binding (22.74 and
24.06 respectively, Figure 3C) when compared with the nonim-
munized sera at the same dilution (4.54). This result clearly in-
dicates that mice immunized by the GLP 7 or GP 6 + CpGgy
elicit 1gG antibodies capable of recognizing human tumor cell
lines expressing Tn carbohydrate antigen. Unlike their recogni-
tion of tumor cells, immune sera did not recognize nontumor
cells (that is, T 2 cell line, not shown). As tested in ELISA,
serum IgG induced by GLP 7 and GP 6 specifically recognized
the RAFT glycocluster. In addition, the GLP vaccine 7 induced
strong PADRE-specific CD4™ T cell and OVA,s;_,s,-specific CD8*
T cells responses, highlighting correct APCs processing and T-
cell presentation of both Th and CTL epitopes displayed by the
prototype GLP structure.®

We next explored the protective efficacy of this multivalent
B-Th-CTL GLP prototype vaccine 7, using the MOS5/BALB/c
tumor mouse model."” Ten days after the last immunization,
mice in all three groups were challenged subcutaneously with
MOS5 cells in their right flank and monitored for tumor growth
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(Figure 4A) and survival for up to 90 days (Figure 4B). The
tumor growth was measured and recorded until the tumor
volume reached a maximum limit of 2800 mm?® when mice
were euthanized and scored as “dead”. As indicated in Fig-
ure 4A, after MO5 cell challenge in nonvaccinated control
mice, there was a lag of ~35 days for tumor growth to initiate.
In the GLP 7 immunized group, none of the twenty mice de-
veloped a tumor in the monitoring period of 90 days after in-
oculation of MO5 cells. In contrast, in the GP 6 + CpG;g, iM-
munized positive control group, 4 out of 20 mice developed
tumor whereas 16 mice remain tumor free up to 90 days.
Therefore the survival rates are 100% in GLP 7 vaccinated
mice, whereas 80% survived in GP 6 + CpG,g immunized
mice (Figure 4B). In contrast, the survival rate in nonimmu-
nized control group was less then 30%. Together, these results
demonstrate that vaccination with a totally synthetic self-adju-
vanting GLP prototype vaccine 7, induces a strong protection
against tumors.

In conclusion, this report consists, to our knowledge, a first
demonstration of the synthesis, safety, immunogenicity, and
protective efficacy of a new generation GLP cancer vaccine
containing four components: 1) a clustered carbohydrate B-cell
epitope, 2) a CD4+ T cell epitope peptide, 3)a CD8+ T-cell
epitope peptide, and 4) a build-in adjuvant lipid moiety. The
strength of induced antitumor B and T cell protective immuni-
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Figure 3. Recognition of breast cancer cell line (MCF7) bearing Tn antigen by mice sera immunized either with A) Glycopeptide 6 + CpGg,s or B) Glycolipo-
peptide 7. MCF7 cells (4x 10° cells) were incubated with 10 uL of immunized mice sera (solid line) or non-immunized mice sera (broken line) at 1:250 dilution
and the binding was detected by flow cytometry using FITC labeled anti-mouse IgM. The mean fluorescence intensity (MFI) were calculated and shown in C).
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Figure 4. Glycolipopeptide vaccine 7 induces protective immunity against
tumors: The survival rate of the mice immunized in each case three times
with 200 mg of glycopeptide 6 and CpG1826 (25 mg) glycolipopeptide 7 or
PBS (control). The C57BL/6 mice were subcutaneously charged with 5x10°
MO5 melanoma cells given into the flank.

ty, together with the modularity of construction, saline solubili-
ty, and safety of this totally synthetic self-adjuvanting GLP, pro-
vide a molecularly defined vaccine formulation that could
open new perspectives in human cancer immunotherapy.
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