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Abstract

The mucin MUCL is overexpressed and aberrantly glycosylated by many epithelial cancer cells
manifested by truncated O-linked saccharides. Although tumor-associated MUC1 has generated
considerable attention because of its potential for the development of a therapeutic cancer vaccine,
it has been difficult to design constructs that consistently induce cytotoxic T-lymphocytes (CTLS)
and ADCC-mediating antibodies specific for the tumor form of MUC1. We have designed,
chemically synthesized, and immunologically examined vaccine candidates each composed of a
glycopeptide derived from MUC1, a promiscuous Thejper Peptide, and a TLR2 (PamzCysSKy) or
TLR9 (CpG-ODN 1826) agonist. It was found that the Pam3CysSK4-containing compound elicits
more potent antigenic and cellular immune responses, resulting in a therapeutic effect in a mouse
model of mammary cancer. It is thus shown, for the first time, that the nature of an inbuilt
adjuvant of a tripartite vaccine can significantly impact the quality of immune responses elicited
against a tumor-associated glycopeptide. The unique adjuvant properties of Pam3CysSKy, which
can reduce the suppressive function of regulatory T cells and enhance the cytotoxicity of tumor-
specific CTLs, are likely responsible for the superior properties of the vaccine candidate 1.
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Introduction

A large number of carcinomas of breast, ovary, colon, rectum, pancreas, and prostate exhibit
striking overexpression of the mucin MUC, resulting in a loss of polarized expression.[]
Furthermore, tumor-associated MUCL is often aberrantly glycosylated, due to an increase in
sialylation!2] or a lack of core 1,3-galactosyltransferase (T-synthase),l3] resulting in the
expression of truncated carbohydrate structures such as Tn (aGalNAc-Thr) and STn
(aNeu5Ac-(2,6)-aGalNAc-Thr) antigens.

MUCL1 is immunogenic, with both humoral and cellular immune responses against tumor-
associated MUC1 having been observed in cancer patients. The presence of circulating
antibodies against MUC1 at the time of cancer diagnosis has been correlated with a
favorable disease outcome in breast cancer patients.[ Furthermore, cytotoxic T-
lymphocytes (CTLs) isolated from patients with breast carcinoma can recognize epitopes
present on MUC1 tandem repeat peptide.[®! It has been proposed that T-cell epitopes from
the MUCL1 core domain are packaged within tumor cells in their truncated glycosylation
state into major histocompatibility complex (MHC) class | molecules, leading to natural
MHC-restricted recognition of hypoglycosylated epitopes.[8] Several MUC1-derived HLA-
A2-binding peptides have been identified; they include STAP-PAHGV, SAPDTRPAPG,
STAPPVHNV, LLLLTVLTV, ALGSTAPPV, and NLTISDVSV, [ 7 although only
STAPPVHNV, LLLLTVLTV, and NLTISDVSV have been directly eluted from the HLA-
A2 molecules from cancer patients or cancer cell lines.[7P.:8]

The inherent immunological properties of tumor-associated MUC1 have stimulated the
development of cancer immune therapies; however, it has been difficult to design
therapeutic vaccines that can elicit IgG antibodies and CTLs against tumor-associated
MUCL1. Recently, we addressed this deficiency by identifying the minimum structural
requirements for consistent induction of CTLs and ADCC-mediating (ADCC: antibody-
dependent cell-mediated cytotoxicity) antibodies specific for the tumor form of MUCL,
resulting in a therapeutic response in a mouse model of mammary cancer.[®] The lead
vaccine is composed of the immunoadjuvant PamzCysSKy, a peptide Thejper €pitope derived
from polio virus,[1% and an aberrantly glycosylated MUC1 peptide (compound 1, Scheme 1,
below). The vaccine produced CTLs that recognized both glycosylated and nonglycosylated
peptides, whereas a similar nonglycosylated vaccine gave CTLs that recognized only
nonglycosylated peptide. Antibodies elicited by the glycosylated tripartite vaccine were
significantly more lytic than those elicited by the nonglycosylated control. As a result,
immunization with the glycosylated tripartite vaccine was superior in tumor prevention in a
mouse model of breast cancer. Furthermore, we established that covalent attachment of the
three components is critical for achieving optimal immune responses. Subsequently, several
other multicomponent MUC1-based cancer vaccines that exhibit some of the properties of
compound 1 have been described.[11]
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The inbuilt immunoadjuvant Pam3CysSK,, which is a potent agonist of Toll-like receptor
2/6 (TLR2/6),112] induces the production of cytokines and chemokines that promote the
expression of a number of costimulatory proteins that are required for optimum interactions
between antigen-presenting B- and T-cells. 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 T-helper-1 (Th-1) or T-
helper-2 (Th-2) phenotype,[*3] which in turn is critical for the mechanism by which
microbes or cells are neutralized.

In addition to Pam3CysSKy, several other TLR agonists have received attention as vaccine
adjuvants: examples include monophosphoryl lipid A, flagellin, and CpG oligodeoxynucleo-
tides (CpG-ODNSs).[121 Compounds of the last type are short single-stranded synthetic
unmethylated DNA fragments, the natural counterparts of which are abundant in microbial
genomes but rarely observed in vertebrate ones.[*4] The immunomodulatory activity of CpG
is mediated by the pattern recognition receptor TLR9. Several studies have shown that CpG-
ODNs can augment the immunity of MUC1-based experimental cancer vaccines.[1%]
Furthermore, conjugation of a CpG-ODN to a protein antigen can result in the induction of
more prominent T-cell responses than are obtained with administration of free CpG mixed
with a protein antigen.[16] Covalent attachment of CpG to an antigen results in a more
efficient cellular uptake, and this in turn facilitates the presentation of MHC-I and |1
epitopes.[17] Interestingly, cross-presentation of OVA-linked CpG occurs independently of
TLR9 expression, but TLR9 expression is essential for activation of the dendritic cells
(DCs). On the basis of these observations, we felt compelled to investigate immune
responses of a tripartite vaccine candidate composed of a CpG-ODN, a Thejper €pitope, and a
MUCL1 glycopeptide and to compare the responses elicited by such a vaccine candidate with
those elicited by a similar and previously reported compound!®fl with Pam3sCysSKj as an
inbuilt adjuvant.

Results and Discussion

Chemical synthesis

Tripartite vaccine 3 (Scheme 1) contains CpG ODN 1826, which is a CpG-ODN type B
specific for mouse TLR9. It is based on nuclease-resistant phosphorothioate linkages,
thereby increasing in vivo stability, and it enhances immune-stimulating properties. A CpG-
ODN can exhibit antitumor activity on its own, so compound 4, lacking the MUC1
glycopeptide, was also prepared as a control. Furthermore, compounds 1 and 2 were
synthesized to examine possible differences in activity between CpG- and Pam3CysKy-
containing vaccine candidates.[®°]

Compound 3 was prepared by conjugation of glycopep-tide 7, derivatized at its N terminus
with an electrophilic bromoacetyl moiety, with 3/-SH-modified CpG (5). Glycopeptide 7
was synthesized by a linear SPPS protocol with a Rink amide AM resin, Fmoc-protected
amino acids, Fmoc-Thr-(3,4,6-tri-O-acetyl-a-D-GalNAc), and 2-(1H-benzotriazol-1-
yl)-1,1,3,3-tetra-methyluronium hexafluorophosphate (HBTU) and N-hydroxy-benzotriazole
(HOBt) as coupling agent. After the last amino acid coupling step, the N-terminal Fmoc
group was removed with piperidine in DMF, and this was followed by saponification of the

Chembiochem. Author manuscript; available in PMC 2015 July 07.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Abdel-Aal et al.

Page 4

acetyl esters of the sugar residue (hydrazine in MeOH). Next, an N-terminal bromoacetyl
moiety was installed by treatment with bromoacetic acid N-hydroxysuccinimide ester. The
fully assembled compound was treated with tri-fluoroacetic acid (TFA), triisopropylsilane
(T1S), and H,0 to remove the side chain protecting groups and to release the compound
from the resin. Homogenous glycopeptide was obtained after purification by C18 column
chromatography.

CpG modified with a C-3’ thiol (compound 6) was obtained by treatment of commercially
available CpG-S-S-propyl alcohol (5) with Cleland’s Reductacryl reagent,[18] an
immobilized form of DTT on polyacrylamide resin that has the advantages that it can easily
be removed by filtration and its use does not require compound purification prior to the
conjugation step. Next, bromoacetyl-modified glycopeptide 7 was exposed to 6, and, after a
reaction time of 48 h, MALDI-TOF mass spectrometry indicated completion of the reaction.
The compound was purified by reversed-phase HPLC with a C18 column, and its structural
identify was confirmed by mass spectrometry and UV spectroscopy. Reference compound 4
was prepared by a similar methodology starting from peptide 8 and CpG derivative 6. The
Pam3CysSKy-containing compounds 1 and 2 were prepared by previously reported
methodologies.®!

Glycolipopeptide 1 and lipopeptide 2 were incorporated into phospholipid-based small
unilamellar vesicles (SUVs) by hydration of thin films of the synthetic compounds, egg
phos-phatidylcholine, phosphatidylglycerol, and cholesterol in HEPES buffer (10 my, pH
6.5) containing NaCl (145 my), followed by extrusion through a 100 nm Nuclepore
polycarbonate membrane. Compounds 3 and 4 were mixed with incomplete Freund’s
adjuvant (IFA) to create emulsions.

Immunizations and immunology

Groups of MUC1.Tg mice (C57BL/6; H-2°) that express human MUC191 were immunized
three times intradermally at the base of the tail at biweekly intervals with compounds 1-
41201 After 35 days, the mice were challenged with 1 0 108 MT.MUC1 mammary tumor
cells (positive for MUC1 and Tn), followed by one more boost after one week. One week
after the last immunization, the mice were sacrificed, and the efficacies of the candidate
vaccines were determined by tumor weight. Furthermore, the robustness of humoral immune
responses was assessed by titers of MUC1-specific antibodies and the ability of the antisera
to lyse MUC1-bearing tumor cells. In addition, cellular immune responses were evaluated
by determining the lytic activity of CD8* T-cells.

As expected, immunization with tripartite vaccine candidate 1 led to a significant reduction
in tumor burden relative to the control compound 2, which does not contain a MUCL1 glyco-
peptide epitope (Figure 1). Surprisingly, the CpG-containing multicomponent vaccine
candidate 3 did not exhibit a significant improvement in anticancer properties relative to
control immunization with 4.

Anti-MUC1 antibody titers were determined by coating mi-crotiter plates with the MUC1-
derived glycopeptide CTSAPDT-(aGalNAC)RPAP conjugated to maleimide-modified BSA.
Compound 1 had elicited robust IgG antibody responses, and subtyping of the antibodies
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indicated a mixed Th1/Th2 response (Table 1 and Figure S1 in the Supporting Information).
Compound 3 had elicited substantially lower titers of antibodies, thus highlighting the
importance of the nature of the inbuilt adjuvant for robust antigenic responses. As expected,
the controls 2 and 4, containing no MUC1-derived epitope, did not elicit substantial anti-
MUCL1 antibody responses.

ADCC was examined by labeling MUC1-expressing mammary cancer cells with 51Cr,
followed by the addition of antisera and cytotoxic effector cells (NK cells) and measurement
of released ®1Cr. As can be seen in Figure 2A, the antiserum obtained by immunization with
1 was able to increase cancer cell lysis significantly relative to the control compound 2,
whereas this was not the case for CpG-containing compound 3 and control 4.

The lytic activity of the isolated CD62L'°W T-cells was examined by a 51Cr-release assay
with EL4.MUC1 cells as the target. As can be seen in Figure 2B, CTLs activated by
compound 1 exhibited significantly greater cytotoxicity than control 2. T-cells isolated from
mice immunized with compound 3 exhibited low lytic activity, thus further demonstrating
the importance of the nature of the inbuilt adjuvant for immunological responses.

There is emerging evidence that successful cancer vaccine development benefits from a
multimodal treatment that activates several arms of the immune system at once.[21]
Previously, we demonstrated that a tripartite vaccine composed of a glycopeptide derived
from MUCL, a promiscuous Thejper Peptide, and a TLR2 agonist!®l can elicit IgG antibodies
that can lyse MUC1-expressing cancer cells and stimulate the cytotoxicity of T-
lymphocytes, thereby reversing tolerance and generating a therapeutic response in a mouse
model of mammary cancer.

CpG-ODN has received considerable interest as an immunoadjuvant,[*4] and it has been
shown that it can enhance immune responses of several MUC1-based experimental cancer
vaccines.[13] We therefore felt compelled to investigate whether replacement of
Pam3CysSKy, in vaccine candidate 1 by a CpG-ODN might further improve its properties.
Surprisingly, it was found that compound 3, which is modified with CpG-ODN 1826,
elicited weaker antigenic and cellular immune responses than compound 1, which contains
Pam3CysSKy as the inbuilt adjuvant, and it did not significantly reduce the tumor burden
over control in a mouse model for mammary cancer.

The studies presented here demonstrate, for the first time, that the nature of an inbuilt
adjuvant of a tripartite vaccine significantly impacts the quality of immune responses
elicited against a tumor-associated glycopeptide. Specifically, it was found that
Pam3CysSKy is a superior adjuvant to CpG. A recent study demonstrated that TLR1/2
agonists have a unique ability to reduce the suppressive function of Foxp3* regulatory T-
cells (Tregs) and to enhance the cytotoxicity of tumor-specific CTLs in vitro and in vivo and
have more favorable antitumor effects than other TLR agonists.[22] These adjuvant
properties are likely responsible for the superior properties of vaccine candidate 1, which
contains an inbuilt TLR1/2 agonist.

Although considerable efforts have been directed to the design of vaccines composed of
tumor- or viral-derived proteins conjugated to a TLR9 ligand,[*6] much less information is
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available in the case of similar vaccines containing antigenic peptide or glycopeptide
components. A model vaccine composed of CpG conjugated to specific T-cell epitopes
derived from immune-dominant antigens of HIV, which in turn were linked to @ The|per
epitope, was able to elicit potent immune activity against vaccinia virus expressing the full-
length HIV antigen.[23] In another study, it was shown that a synthetic long peptide
conjugated to CpG greatly enhanced in vitro antigen presentation relative to a mixture of
free TLR ligand and peptide.[24] This study, however, did not evaluate immunological
properties of the conjugates in animal models. The underperformance of vaccine candidate 3
might be due to the fact that MUCL is a self-antigen to which the mice are tolerant.

Conclusions

Fully synthetic multicomponent vaccines are receiving considerable interest, and the studies
described here highlight the fact that appropriate selection of the inbuilt adjuvant is critical
for eliciting optimal ADCC-mediating antibody and CTL responses, which in turn leads to
superior therapeutic antitumor effects.

Experimental Section

Cell culture

Cell lines used in these studies include MT mammary gland tumor cells derived from
MUC1.Tg mice crossed with MMTV-PyV MT micel2] and transfected with full-length
human MUC1, C57mg.MUC1 mammary gland tumor cells,[26] NK cells (KY-1 clone), and
EL4.MUCL cells. Cells were maintained in Dulbecco’s modified Eagle’s medium
supplemented with FCS (5 %), penicillin (100 U mlI~1), streptomycin (0.1 ug mL™1), L-
glutamax (2 mp), and G418 (150 ug mL™1). All cells are derived originally from C57BL/6
mice.

Immunizations and tumor palpation

MUCL1.Tg mice (8 to 12 weeks old, C57BL/6; H-2b) that express human MUCL1 at
physiological level were immunized three times at biweekly intervals at the base of the tail
intradermally with liposomal preparations of the three-component vaccine construct
(containing 3 pg of carbohydrate) and its control lacking the tumor-associated MUC1
epitope or with nonliposomal three-component vaccine construct (3 pg of carbohydrate) and
its control emulsified in an equal volume of IFA (100 L total volume injected). After 35
days, the mice were challenged with transfected MMT mammary tumor cells (1 0 108 cells),
which express MUCL1 and Tn. On day 42, one more immunization was given. Palpable
tumors were measured with calipers, and tumor weight was calculated according to the
formula: grams = [(length) 0 (width)2]/2, where length and width are measured in
centimeters. On day 49, the mice were sacrificed, the tumors were surgically removed, and
tumor weight was determined. These animal studies have been approved by the Institutional
Animal Care and Use Committee (IACUC) of the Mayo Clinic.
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Serologic assays

Anti-MUCL IgG, 1gG1, 1gG2a, 1gG2b, 1gG3, and IgM antibody titers were determined by
enzyme-linked immunosorbent assay (ELISA) as described previously.[27] Briefly, ELISA
plates (Thermo Electron Corp.) were coated with a conjugate of the MUC1 glycopeptide
conjugated to BSA through a maleimide linker [BSA-MI-CTSAPDT (aGalNAC)RPAP].
Serial dilutions of the sera were allowed to bind to immobilized MUCL. Detection was
achieved by the addition of alkaline phosphatase-conjugated anti-mouse antibodies and p-
nitrophenyl phosphate (Sigma). To determine anti-body titers against the Thejper (polio)
epitope, Reacti-bind NeutrAvidin coated and preblocked plates (Pierce) were incubated with
biotin-labeled Theyper (10 pgmL=1, 100 pL per well) for 2 h. Next, serial dilutions of the sera
were allowed to bind to immobilized Thejper epitope. Detection was achieved as described
above. The antibody titer was defined as the highest dilution yielding an optical density of
0.1 or greater over that of normal control mouse sera.

Determination of ADCC

Tumor cells (C57mg.MUC1) were labeled with 51Cr (100 uCi) for 2 h at 37 °C, washed, and
incubated with serum (1 in 25 dilutions) obtained from the vaccinated mice for 30 min at 37
°C. NK cells (KY-1 clone), which have high expression of CD16 receptor, were used as
effectors. These cells were stimulated with 1L-2 (200 units mL™1) for 24 h prior to assay.
Effector cells were seeded with the antibody-labeled tumor cells in 96-well culture plates
(Costar high binding plates) at an effector/target cell ratio of 50:1 for 4 h. Radioactive 51Cr
release was determined with a Topcount Microscintillation Counter (Packard Biosciences).
Spontaneous and maximum release of 51Cr was determined. The percentage of specific
release was calculated according to the formula: (release—spontaneous release/maximal
release—spontaneous release)0 100.

51Chromium (Cr) release assay

Cytolytic activity was determined by a standard 51Cr release method with CD62L'°W cells
from tumor-draining lymph nodes, which were cultured for two weeks with pulsed or
unpulsed DCs, as effector cells. Target cells (EL4.MUC1) were loaded with >1Cr
(Amersham Biosciences, 100 uCi per 10° target cells) for 2 h before incubation with
effectors. Radioactive 51 Cr release was determined as described above.

Statistical analysis

Multiple comparisons were performed by use of one-way ANOVA and Bonferroni’s
multiple comparison test. Differences were considered significant when P <0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Glycosylated multicomponent vaccine reduces MT.MUC1 tumor burden in MUCL1.Tg mice.

MUC1.Tg mice were immunized with IFA as control, 1 and 2 in liposomes, or 3 and 4
together with IFA. Three biweekly immunizations were given prior to a tumor challenge
with MUC1-expressing MT tumor cells (1 0 106 cells), followed by one boost one week
after. The animals were sacrificed seven days after the last injection, and tumor wet weight
was determined. Each data point represents an individual mouse, and the horizontal lines
each indicate the mean for the group of mice. Asterisks indicate statistically significant
differences (** P <0.01), and ns indicates no significant difference.
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Figure 2.
The tripartite Pam3CysSKjy-containing vaccine generated both cellular and humoral

responses. A) Induction of ADCC. Tumor cells (C57mg.MUCL1) were labeled with
chromium for 2 h and then incubated with serum (1:25 diluted) obtained from mice
immunized with IFA, 1 and 2 in liposomes, or 3 and 4 together with IFA for 30 min at 37
°C. The tumor cells were then incubated with effector cells (NK cells, KY-1 clone) at an
effector/target ratio of 50:1 for 4 h. Spontaneous release was 14 % of complete release. B)
Induction of cytolytic T-cells in MUC1.Tg mice. CD62L'°W T-cells—isolated from lymph
nodes of mice immunized with IFA, 1 and 2 in liposomes, or 3 and 4 together with IFA and
cultured for two weeks with DCs pulsed with glycopeptide SAPDT-(aGalNAC)RPAP for 1-
4 or unpulsed for IFA—were subjected to a ®1Cr-release assay with EL4.MUCT1 cells as
targets. Spontaneous lysis was less than 15 % of total lysis. Each data point represents an
individual mouse, and the horizontal lines each indicate the mean for the group of mice.
Asterisks indicate statistically significant difference (** P <0.01, *P <0.05), and ns indicates
no significant difference.
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Scheme 1.
Chemical structures and synthesis of tripartite vaccine candidates 1 and 3, control

compounds 2 and 4, and synthetic intermediates 5-8.
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