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Abstract

MUC1 glycopeptides are attractive antigens for anti-cancer vaccine development. One potential
drawback in using the native MUC1 glycopeptide for vaccine design is the instability of the O-
glycosyl linkage between the glycan and the peptide backbone to glycosidase. To overcome this
challenge, a MUC1 glycopeptide mimic has been synthesized with the galactose-galactosamine
disaccharide linked with threonine (Thomsen-Friedenreich or Tf antigen) through an unnatural -
glycosyl bond. The resulting MUC1-B-Tf had a much-enhanced stability toward a glycosidase
capable of cleaving the glycan from the corresponding MUC1 glycopeptide with the natural a-Tf
linkage. The MUC1-B-Tf was subsequently conjugated with a powerful carrier bacteriophage Q.
The conjugate induced high levels of IgG antibodies in clinically relevant human MUC1
transgenic mice, which cross-recognized not only the natural MUC1-a-Tf glycopeptide but also
MUC1 expressing tumor cells, supporting the notion that a simple switch of the stereochemistry of
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the glycan/peptide linkage can be a strategy for anti-cancer vaccine epitope design for
glycopeptides.
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A MUC1 glycopeptide bearing an unnatural B-glycosyl bond between the glycan and the peptide
backbone was synthesized. The mimic can induce high levels of I1gG antibodies cross-recognizing
cancer cells expressing the native MUCL1 glycoprotein.

Introduction

Cancer is a leading cause of death in the world. With an estimated ~1.8 million new cases
and ~600,000 deaths in the US alone in 2020, there is a pressing need for new and better
cancer therapeutics. One of the rising modalities is immunotherapy including vaccination.? 3
For the development of effective anti-cancer vaccines, an attractive class of antigenic targets
is tumor associated carbohydrate antigen (TACA), a representative example of which is the
mucin-1 antigen (MUC1).4

MUC1 is overexpressed in multiple cancers including breast, lung, pancreatic, colon,
prostate, and ovarian cancers, with some cancer cells expressing MUC1 100 times more than
normal cells.> 6 In addition, as a glycoprotein, the structures of MUC1 glycans are distinct
between normal and cancerous cells with C-linked glycans attached to cancer associated
MUC1 more truncated and less branched.6-8 Multiple clinical studies have shown that
patients with high titers of anti-MUC1 IgG antibodies are correlated with better prognosis in
multiple cancers.® 10 For example, non-small cell lung cancer with high MUC1 antibody
titers have a 91% one-year survival rate, which compares favorably with the 21% rate for the
patients with low levels of MUC1 antibodies.®

Much effort has been devoted to produce MUC1 based constructs that can elicit high levels
of anti-MUC1 antibodies to fight cancer.!! Initial attempts focused on the MUC1 peptide as
the antigen (Figure 1A).12 However, because MUC1 is an endogenously expressed protein in
humans, the majority of B and T cells that strongly recognize MUC1 peptides would
undergo cell death during the maturation process, rendering it challenging to elicit a
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powerful MUC1 based anti-cancer immune response.13 One strategy to overcome this
immunotolerance is to target glycosylated MUCL1 peptides, as MUC1 glycopeptides bearing
Thomsen-nouveau (Tn) antigen (aGalNAc-Ser/Thr), sialyl-Tn (STn, aNeu5Ac-(2,6)-
aGalNAc-Ser/Thr) or Thomsen-Friedenreich (Tf) antigen (BGal-(1,3)-aGalNAc-Ser/Thr)
have been shown to be more immunogenic than the peptide alone (Figure 1B).14-16
Nevertheless, no MUCL1 based vaccines have achieved clinical successes yet requiring
continued innovation in development.

In order to boost the immune response against carbohydrate containing antigens, an
interesting direction to pursue is to design mimetics such as C-glycosides, 1719 S-glycosides,
20 Artacyl-modified glycosides,?! 22 as well as deoxyfluoroglycosides.23 These analogs are
considered more resistant to hydrolysis by glycosidases in the body, thus potentially
providing longer immune stimulation upon /n vivo administration. For glycopeptides,
mimetics have also been designed and synthesized.23-30 Campo and colleagues explored the
role of stereochemistry at the glycosidic bond between the carbohydrate and the peptide.2®
Using the monosaccharide Tn conjugated to the peptide backbone through the unnatural -
O-linkage, antibodies elicited by the constructs were cross-reactive to the natural epitope. In
comparison, Vogel and coworkers prepared Tf analogs with a C-linkage replacing the native
B-Oglycosidic bond between Gal and GalNAc of the disaccharide and incorporated them
into peptides.24 Mouse immunization with these glycopeptide analogs demonstrated that the
B-C-linked analog was able to induce 1gG antibodies, which bound the p-C-anomer
specifically with little recognition of the a-C-anomer. In contrast, the a-C-linked
glycopeptide analog did not elicit detectable levels of antibodies at all. No cross-recognition
of the O-linked disaccharide bearing glycopeptide was investigated.24 Glycopeptides with
the unnatural B- O-linked Tf disaccharide have not been explored for vaccine design to date.

As MUC1-Tf has been shown to be a superior epitope for vaccine development,3! we have
become interested in studying MUC1-Tf glycopeptide mimetics to enhance the stability of
the antigen. The interstitial fluid of tumors and sera of cancer patients is known to have
increased levels of glycosidases.32 As glycosylation of the peptide can significantly improve
immune responses,14-16 we focused on the glycosidic linkage between the glycan chain and
the peptide backbone. With challenges in synthesizing C-glycosides, we have investigated
the glycopeptide bearing the more accessible unnatural - O-linkage between the Gal-
GalNAc disaccharide and the MUC1 peptide backbone to mimic the native MUC1-a-Tf
glycopeptide (Figure 1C). The unnatural MUC1-B-Tf glycopeptide was found to have a
higher stability toward the glycosidase capable of hydrolyzing the natural a-anomer.
Furthermore, antibodies generated against the MUC1-B-Tf glycopeptide in human MUC1
transgenic mice can cross-recognize the native MUCL1 glycopeptide on tumor cells,
providing a new lead in anti-cancer vaccine development.

Results and Discussion

Synthesis of MUC1-B-Tf glycopeptide

Previously, we have synthesized MUC1 glycopeptide bearing the natural a-linked Tf antigen
as potential anti-cancer vaccines.3! During the synthesis of the a-Tf antigen (Scheme 1A),
the B-Tf building block 1 was generated via glycosylation of Fmoc protected threonine 2 by
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disaccharide donor 3, albeit in a low 18% yield.3! In order to obtain sufficient quantities of
the B-linked isomer, we redesigned the synthesis. To favor the formation of the B-anomer,
the 2-amine of the galactosamine was protected using 2,2,2-trichloroethoxy carbonyl (Troc),
which is known to favor the 1,2-#rans glycosyl linkage through neighboring group
participation.33 34 Our initial approach to prepare the disaccharide was to perform 1+1
glycosylation between 4 and the Troc bearing 5,3% which gave little of the desired
disaccharide 6 (Scheme 1B). Varying the reaction solvent, temperature, and the promoter did
not improve the outcome. As similar glycosylations with an analogous N3 bearing acceptor
proceeded in good yields,31 36 it was likely the difficulties encountered in this 1+1
glycosylation was due to the steric hindrance and/or electron withdrawing effects of the Troc
moiety. To overcome the difficulty encountered in 1+1 glycosylation, an alternative strategy
was pursued by forming the glycosyl linkage between galactosamine and threonine first
(Scheme 1C). The 3-OH of the galactosamine was temporarily protected as fer#
butyldimethylsilyl (TBS) ether (donor 7), which successfully glycosylated Fmoc protected
threonine 2 with subsequent TBS deprotection giving compound 8 in 75% yield for the two
steps. The stereochemistry of the newly formed glycosyl linkage in 8 was confirmed to be B
by TH-NMR analysis (3Jq1p2 = 7.7 Hz). The extension of the glycan chain was carried out
using the per-acetylated Gal donor 4 without the need for elaborate protective groups to
glycosylate acceptor 8 producing disaccharide threonine 9 in 86% yield. The divergent
outcome in glycosylation of acceptor 5 vs 8 by the thiogalactoside donor 4 was possibly due
to the presence of the nucleophilic thiotolyl aglycon in 5 competing with the glycosylation
of the free hydroxyl group.3 Protective group manipulation of 9 led to the glycosyl amino
acid 11 (Scheme 1C). Compounds 9 and 10 proved difficult to fully dry, although the
remaining solvent did not affect the following steps. The acetylation to give 10 did not go to
completion. The trace free OH did not affect the remaining steps.

The assembly of MUC1-B-Tf glycopeptide was performed next by solid phase peptide
synthesis using Fmoc chemistry, which started with Wang resins functionalized with 1,4-
diaminobutane!® (Scheme 2). The addition of Fmoc-protected amino acids to peptide chains
was promoted by (2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU)/hydroxybenzotriazole (HOBLt). For coupling of the glycosyl
amino acid (Glyco-AA) 11, the combination of 1-[bis(dimethylamino)methylene]-1H-1,2,3-
triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate (HATU)/1-hydroxy-7-
azabenzotriazole (HOAL) was utilized. Upon completion of the synthesis, the glycopeptide
was cleaved from the resins and deprotected using 5% (v/v) hydrazine in water. The
resulting glycopeptide 12 bearing a free amine at its C-terminus was obtained from HPLC
purification in 30-40% yield (Scheme 2), which was characterized by NMR and mass
spectrometry.

MUC1-B-Tf glycopeptide 12 has enhanced stability to enzymatic degradation

To test the hypothesis that the MUC1-B-Tf glycopeptide 12 is more resistant to glycosidase
mediated hydrolysis, we treated glycopeptide 12 with the endo-a-A-acetylgalactosaminidase
from Enterococcus faecalis (E. faecalis), 8 as E. faecalis is a commensal bacterium found in
humans.3® MUC1-B-Tf glycopeptide 12 and the corresponding MUC1-a.-Tf glycopeptide
(12a)3! were incubated with £, faecalis endo-a.- N-acetylgalactosaminidase respectively.
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Aliquots of the reaction mixture were taken out and subjected to mass spectrometry analysis.
After only 20 minutes, a significant amount of the cleavage peptide product for the a-isomer
12a was observed with nearly complete cleavage after 1.75 hours (Supporting Information
Figure S1). In contrast, the B-anomer 12 showed no detectable cleavage even after 24 hours.
These observations are consistent with the crystal structure of endo-a.-\-
acetylgalactosaminidase (PDB:6M77),38 where the complex of endo-a- -
acetylgalactosaminidase with B-GalNAc monosaccharide showed the 1-hydroxy group
pointing toward the protein presumably hindering the binding of p-linked Tf glycopeptide to
the enzyme (Supporting Information Figure S2). Thus, changing the stereochemical linkage
of the glycopeptide could enhance its stability toward the endo-a.- M-acetylgalactosaminidase
in the biological system.

Synthesis of MUC1-B-Tf glycopeptide 12 conjugate with bacteriophage QP carrier

As MUCL glycopeptide itself is a weak immunogen, an immunogenic carrier is necessary to
covalently conjugate with the glycopeptide to boost the anti-MUC1 antibody responses.
Bacteriophage QP has been shown to be a superior carrier for vaccine development.© In
order to conjugate MUC1-B-Tf glycopeptide 12 with Qp, glycopeptide 12 was derivatized
with a bifunctional linker 13,41 and subsequently incubated with QB in KPB (0.1M, pH 7.0)
at 37°C (Scheme 3). Mass spectrometry analysis of the resulting conjugate (Supporting
Information Figure S3) showed an average of 220 glycopeptides per capsid.

Generation of anti-MUCL1 IgG antibodies with QB-MUC1-B-Tf conjugate

Immunological evaluation of QB-MUC1-p-Tf was performed in human MUCL1 transgenic
(MUC1.Tg) mice. As mouse mucins have low sequence identities with human MUC1,
compared to wild type mice, MUC1.Tg mice are a more suitable model for evaluation of
MUC1 based vaccines. MUCL1.Tg mice have similar expression levels and patterns of human
MUC1 and are immunotolerant toward MUC1 similar to that encountered in humans.*2
MUC1.Tg mice were immunized with QB-MUC1-B-Tf (8.6 nmol MUC1) and
monophosphoryl Lipid A (MPLA from Salmonella enterica serotype Minnesota Re 595, Re
mutant) on day 0 with two booster injections two weeks apart. MPLA is an FDA approved
adjuvant, which can enhance immune responses through the activation of Toll like
receptor-4.43 As a control, mice were immunized with Qp only following an identical
protocol as the QB-MUC1-B-Tf group. The post-immune sera were collected on day 35. The
levels of anti-MUC1 antibodies in post-immune sera were analyzed with enzyme linked
immunosorbent assay (ELISA). To avoid the interference of Qp carrier for anti-MUC1
antibody analysis, MUC1-B-Tf, MUC1-a-Tf and MUC1 peptide were conjugated to bovine
serum albumin (BSA) to generate the corresponding BSA-conjugates (Supporting
Information Scheme S1 and Figure S4).

The sera from immunized MUC1.Tg mice showed strong anti-MUC1-B-Tf IgG responses
and the mean 1IgG titer was 2,200,000 ELISA units (Figure 2A), more than 1,000 folds
higher than control mice receiving Qp only. The high 1gG antibody titers suggest the
induction of helper T cell activation and antibody isotype switching. The sera gave a similar
average lgG titer of 2,500,000 against MUC1-a-Tf indicating the antibodies induced could
recognize the MUCL glycopeptide with the native glycosyl linkage. In contrast, the average
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antibody titer against the MUCL1 peptide was only 310,000, highlighting that the glycan was
critical for antibody recognition. The subtypes of 1gG antibodies were also determined
(Figure 2B). All major 1gG subtypes were produced, indicating both Th1 and Th2 types of
immune responses were elicited by the QB-MUC1-B-Tf conjugate.

Antibodies Induced by QB-MUC1-B-Tf Conjugates Recognized Multiple MUC1 Glycoforms
in Glycopeptide Microarray Screening

To better understand the epitope profile of the antibodies induced by QB-MUC1-B-Tf, the
post-immune sera were subject to MUC1 glycopeptide microarray analysis.** 45 The
microarray contained a total of 72 MUC1 glycopeptide components with the common
backbone sequence of PAHGVTSAPDTRPAPGSTAP and a-linked Tn, Tf or cores 1-4
glycans at various serine and threonine locations representing some of the typical MUC1
glycopeptide structures. In addition, other glycopeptides/glycoproteins including mucin-5B
(MUCS5B) glycopeptides, fetuin, transferrin, mucins from porcine stomach and bovine
submaxillary glands were included on the microarray. After incubation of arrays with
individual mouse serum, unbound antibodies were removed by thorough washing and
fluorescently labeled anti-mouse 1gG secondary antibody was used to semi-quantify the
amounts of antibodies bound on the microarray through measuring the relative fluorescence
intensities.

MUCL1 glycopeptides 14-20 bear Tf at various locations of the peptide backbone. Sera from
Qp-MUC1-B-Tf immunized mice recognized well these glycopeptides (Figure 3). The
position of the glycan within the peptide backbone moderately affected antibody
recognition, which may be due to the influence of the peptide on the conformation of the
glycan or the peptide being recognized as part of the epitope. In addition, MUC1
glycopeptides containing other glycans ranging from core 1 to core 4 pentasaccharide at the
same threonine as glycopeptide 12 were also bound by the post-immune sera. In contrast,
these post-immune sera exhibited little reactivities with various MUC5B glycopeptides 101—
103 or glycoproteins 105-111 fetuin, transferrin, ICAM-1, porcine stomach mucin, and
bovine submaxillary mucin). Combined with the low binding to MUC1 peptide (Figure 1),
these results confirmed the specificity of generated antibodies toward MUC1 glycopeptides
suggesting both the glycan and the MUC1 peptide backbone are important for antibody
recognition. The antibodies could bind MUC1 glycopeptides with diverse glycosylation
patterns (e.g., 22, 29, 36, 50, 64, 71, 78, 85, 92, 98-100 in Figure 2), which is attractive as
tumor associated MUC1 can be highly heterogeneous in the glycan structures.#6-48

Antibodies Elicited by Qp-MUC1-B-Tf could Recognize and Kill MUC1-Expressing Cancer

Cells

For an effective vaccine, the induced anti-MUC1 antibodies should be capable of
recognizing the native antigen in its native environment, i.e., tumor cells. For this purpose,
the binding of post-immune sera with the MUC1 expressing tumor cells was evaluated by
flow cytometry. When sera from MUC1.Tg mice at day 35 post-immunization were
incubated with mouse melanoma cells, B16-MUCL1, significant IgG binding to cancer cell
was observed (Figure 4A). The abilities of QB-MUC1-B-Tf induced IgG antibodies to lyse
tumor cells were measured next. B16-MUC1 cells were incubated with post-immune sera
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and rabbit complement. Subsequently, cancer cell death was determined via a cell viability
assay. The sera from QB-MUC1-B-Tf immunized mice exhibited significantly higher
cytotoxicity toward B16-MUC1 cells compared to the sera from control mice administered
with Qp (Figure 4B). The levels of cytotoxicity of these sera to tumor cells were statistically
equivalent to those by sera from MUC1-a-Tf immunized mice.3!

Conclusion:

An efficient synthetic route has been developed to access the B-linked Tf MUCL1 as a mimic
of the native MUC1-a-Tf glycopeptide. The MUCL1-B-Tf has a greatly enhanced stability
toward the glycosidase that can efficiently cleave the native a-linkage. The conjugate of
MUC1-B-Tf with bacteriophage Qp carrier induced a strong anti-MUCL1 1gG antibody
response in immune-tolerant human MUCL transgenic mice. The antibodies produced could
cross-recognize the MUC1-a-Tf glycopeptide as well as a diverse range of tumor associated
MUC1 glycoforms. In addition, the antibodies induced by QB-MUC1-B-Tf could kill tumor
cells viacomplement mediated cytotoxicity. To the best of our knowledge, this is the first
time the use of glycopeptides with an unnatural stereochemistry of the glycosyl bond has
been shown to elicit an immune response capable of killing tumor cells. With the ease in
synthesis and the enhanced stability toward a glycosidase, glycomimetics with an artificial
anomeric stereochemistry could be a direction to pursue in epitope design for anti-cancer
vaccines.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Comparison of various MUC1 immunogens investigated in the literature and this work. A)

Early vaccines utilized MUC1 peptides, which induced modest immune responses; B)
MUC1 glycopeptides can enhance the immune responses. The native a-linkage between the
glycan and the peptide backbone is susceptible to glycosidase cleavage. C) In this work, we
investigate a MUC1 glycopeptide mimetic with the unnatural B-glycosy! linkage, which can
help enhance the stability toward a glycosidase.
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A) Titers of 1gG antibodies from MUC1.Tg mice immunized with the QB-MUC1-B-Tf
conjugate. For determination of anti-MUCL1 IgG titers, the ELISA measurements were
performed against the corresponding BSA-MUC1-a-Tf, BSA-MUC1-B-Tf, and BSA-
MUCL. Each symbol represents one mouse (n = 5 mice for each group). The titer numbers
were determined by regression analysis with log10 dilution plotted with optical density and
reported as the highest fold of dilution giving the optical absorbance value of 0.1 over those
of the pre-immune control sera (OD ~ 0.2). ***p < 0.001. The p values were determined
through a two-tailed unpaired Student’s t-test using GraphPad Prism. B) Titers of anti-
MUC1-B-Tf 1gG subtypes from a representative mouse immunized with the Qp-MUC1-B-Tf
conjugate indicating the generation of all major subtypes of 1gG antibodies.
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Figure 3.
Representative results of MUC1 glycopeptide microarray screening of post immune sera

from QB-MUC1-B-Tf immunized mice. The anti-sera could recognize MUC1 glycopeptides
bearing diverse glycan structures, while exhibiting little recognition to non-MUC1
glycopeptides/glycoproteins. Glycopeptide 14: PAHGVT*SAPDTRPAPGSTA, 15:
PAHGVTSAPDT*RPAPGSTA; 16: PAHGVTSAPDTRPAPGST*A; 17:
PAHGVT*SAPDT*RPAPGSTA,; 18: PAHGVT*SAPDTRPAPGST*A 19:
PAHGVTSAPDT*RPAPGST*A; 20: PAHGVT*SAPDT*RPAPGST*A. T* denotes the Tf
antigen. Glycopeptides 101-103 are various MUC5B glycopeptides. 105 is Fetuin and 108—
111 are ICAM-1, transferrin, porcine stomach mucin, and bovine submaxillary mucin
respectively. Glycan structures: glycopeptide 14: Tf; 22: C1Tf1 (for abbreviations and
structures, see Supporting Information Figure S6); 29: C1Tf2; 36: C2Tflte; 50: C2Tf2te; 64:
Tn; 71: C3Tf1; 78: C3Tf2; 85: C4Tf1; 92: C4Tf2; 98: core 1 PDT; 99: core 3 PDT; 100:
core 2 PDT. The error bars represent standard deviation (SD) from five mice with each
mouse sample measured five times.
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A) Flow cytometry analysis of sera from Qp-MUC1-p-Tf immunized mice showed
significant 1gG antibody binding to tumor cells compared with sera from QB immunized
mice. Binding to B16-MUC1 cells was tested with 1:20 dilution of the corresponding sera.
B) Antibodies induced by QB-MUCL1 conjugates exhibited significant cytotoxicity towards
B16-MUC1 cells through complement mediated cytotoxicity (CDC). CDC toward B16-
MUCL1 cells was determined by an MTS cell viability assay. Each group represents 5 mice. *
p<0.05. **p<0.01. The pvalues were determined through a two-tailed unpaired Student’s
t-test using GraphPad Prism.
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Scheme 1.
A) The azido bearing disaccharide donor 3 gave a low yield of the p-Tf building block 1. B)

1+1 glycosylation of 4 and 5 failed to give disaccharide 6. C) Successful synthesis of B-Tf
amino acid 11.
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Scheme 2.
Solid phase synthesis of MUC1 glycopeptide 12 containing the p-linked Tf.
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Scheme 3.
Conjugation of MUCL glycopeptides to bacteriophage Qp.
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