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Abstract
The tumor-associated glycoprotein Mucin 1 (MUC1) is aberrantly glycosylated
on cancer cells and is considered a promising target for antitumor vaccines. The
weak immunogenicity and low sequence homology ofmousemucins andhuman
MUC1 are the main obstacles for the development of vaccines. Herein, a self-
adjuvanted strategy combining toll-like receptor 2 lipopeptide ligands and T-cell
epitopes and the multivalent effect were used to amplify the immune response
and evade the unpredictable immunogenicity, generating two self-adjuvanted
three-component MUC1 vaccines (mono- and trivalent MUC1 vaccines). To sim-
ulate the aberrantly glycosylated MUC1 glycoprotein, the MUC1 tandem repeat
peptide was bounded with Tn antigens at T9, S15, and T16, and served as B-cell
epitopes. Results showed that both vaccines elicited a robust antibody response
in wild-type mice compared with a weaker response in MUC1 transgenic mice.
The trivalent vaccine did not elevate the antibody response level compared with
the monovalent vaccine; however, a more delayed tumor growth and prolonged
survival time was realized in wild-type and transgenic mouse models treated
with the trivalent vaccine. These results indicate that the self-adjuvanted three-
component MUC1 vaccines, especially the trivalent vaccine, can trigger robust
antitumor effects regardless of sequence homology, and, therefore, showpromise
for clinical translation.
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1 INTRODUCTION

Mucins are heavily O-glycosylated proteins that are pri-
marily produced by glandular and ductal epithelial cells
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and play critical roles in lubrication and protection from
various exogenous and endogenous insults.1 Mucin 1
(MUC1), which is the first murine mucin to be identified
and characterized,2 contains an extracellular domain with
a variable number of tandem repeats (VNTRs), each com-
posed of 20 amino acids (PDTRPAPGSTAPPAHGVTSA)
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with five potential sites for O-glycosylation.3 Due to
the misregulation of 1,3-galactosyltransferase (T-synthase)
and α-N-acetylgalactosaminide α−2,6-sialyltransferase-1
(ST6GalNAc-1),4 MUC1 is overexpressed in human ade-
nocarcinomas with truncated and immature Tn/STn O-
glycans.5 These are tumor-associated carbohydrate anti-
gens found in clinical specimens of different types of
cancers, with the Tn, T, and STn antigens being most
relevant.6 Based on the aspects such as therapeutic func-
tion, immunogenicity, specificity, and expression level,
the NCI Translational Research Working Group priori-
tized MUC1 as the second-best potential target out of 75
tumor-associated antigens for the development of cancer
vaccines.7
As MUC1 isolated from tumor cells carries antigens

typical of tumor cells as well as healthy cells, these gly-
coproteins are not only weakly immunogenic but can
also cause severe autoimmune reactions against normal
MUC1.8 Fully synthetic glycopeptide epitopes with dif-
ferent glycosylation patterns afford the development of
MUC1 vaccines. The first fully synthesized vaccinesmainly
focused on coupling MUC1 glycopeptide with carrier pro-
teins (such as bovine serum albumin and keyhole limpet
hemocyanin), adding additional adjuvants such as Fre-
und’s adjuvant. Although high titers of specific antibodies
have been induced in animals, the resulting weak overall
immune response, unexpected anticarrier reactions, and
intense inflammatory response caused by the added adju-
vant has restricted application of these vaccines.9,10 As a
result, multicomponent approaches aimed at eliminating
the carrier protein and boosting the immune response have
been pursued. For example, newly developed vaccines
adopted MUC1 glycopeptide as a B-cell epitope coupled
with T-cell epitopes from different sources and/or toll-
like receptor (TLR) agonists.8,11–16 These self-adjuvanted
vaccines are state-of-the-art constructs, enabling simulta-
neous uptake of antigens and agonists by the same antigen
presenting cell and leading to enhanced antigen-directed
immune responses.12 Moreover, T helper (Th) cell acti-
vation evokes an essential class switch from low-affinity
and short-lived immunoglobulin M (IgM) antibodies to
high-affinity immunoglobulin G (IgG) antibodies.12
Numerous studies have shown that glycosylation mode

of MUC1 is crucial for immune efficacy.17–19 The anti-
serum produced by the nonglycosylated MUC1 vaccines
do not specifically bind to tumor cells expressing MUC1.20
The MUC1 glycosylation sites and types can affect the
conformation of peptide epitopes. The glycosylated MUC1
glycopeptide vaccines have high selectivity towards tumor
cells, which is related to specific glycosylation patterns.21,22
Furthermore, the glycosylation of immunodominant epi-
tope PDTRP can greatly improve the level of immune
response.23 The conformation of PDTRP can also be

affected by the glycosylation of adjacent Ser/Thr onVNTRs
and cause higher levels of immune response.24 There have
also been reports suggesting that the STAPPA region prob-
ably induces the adoption of a helical conformation and
leads to tumor selectivity13,25; however, excessive glycosy-
lation may hinder antigen recognition and lead to reduced
immunogenicity.13
Based on existing research, we hypothesized that a

self-adjuvanted strategy utilizing Pam3-Cys-Ser-Lys4
(Pam3CSK4) as the ligand of TLR2, the peptide P30
(TT947-967: FNNFTVSFWLRVPKVSASHLE) derived
from tetanus toxoid as a Th cell epitope, and the MUC1
tandem repeat peptide (HGVTSAPDTRPAPGSTAPPA)
as a B-cell epitope could be used to amplify the immune
response and evade anticarrier immune responses. Tn
antigens were designed to bind to the MUC1 tandem
repeat peptide at positions T9, S15, and T16 to achieve
selectivity and immune amplification. Additionally, the
multivalent effect, which promoted receptor protein
aggression on the cell membrane surface and led to
an enhanced immune response from vaccines,26 was
employed to obtain mono- and trivalent MUC1 self-
adjuvanted vaccines. As human MUC1-transgenic (Tg)
mice were considered a powerful tool for simulating
human MUC1-tolerant environments,27 vaccine efficacy
was evaluated in both wild-type (WT) and MUC1-Tg
mouse models. Notably, the described three-component
self-adjuvanted vaccines were expected to exhibit effective
antitumor immune responses in both mouse models,
especially in the case of trivalent vaccines.

2 RESULTS

2.1 Synthesis of the three-component
mono- and trivalent glycopeptide
immunogens

We previously applied copper (I)-catalyzed alkyne-azide
3 + 2 cycloaddition (using click chemistry) to synthe-
size a trivalent, three-component HIV-1 V3 glycopeptide
immunogen, which consisted of a 33-mer V3 glycopep-
tide epitope, a universal Th epitope P30, and a lipopeptide
(Pam3CSK4) functioned as a ligand of TLR2.28 The syn-
thesis of the mono- and trivalent three-component MUC1
immunogen followed a similar strategy (Figure 1).
First, one or three Fmoc-Lys(N3)-OH moieties were

installed at the C-terminus during solid phase peptide
synthesis, followed by P30 T-cell epitope FNNFTVS-
FWLRVPKVSASHLE installation and Pam3CSK4
lipopeptide attachment. To minimize the potential
steric congestion around the different components
and favor antigen accessibility and presentation,12 the
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F IGURE 1 Schematic illustration of synthesis of self-adjuvanted multivalent Mucin 1 (MUC1) glycopeptides. Synthesis of
three-component monovalent (A) and trivalent (B) glycopeptide immunogens.

6-aminohexanoic acid residues were placed to function
as flexible spacers as was commonly used for vaccine
development.29–31 The crude peptide was cleaved from
the resin using cocktail R solution (trifluoroacetic
acid/triisopropylsilane/water = 90:5:5) and then puri-

fied on a polar-CN column for mono- and trivalent
lipopeptide scaffolding, as previously reported.28 In par-
allel, the glycopeptide antigen 2 with three Tn antigens
linked at T9, S15, and T16 of the MUC1 domain HGVT-
SAPDTRPAPGSTAPPA was synthesized in solid phase
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F IGURE 2 Characterization of self-adjuvanted multivalent MUC1 glycopeptides. High-performance liquid chromatography (HPLC) and
high-resolution mass spectrometry (HRMS) analysis of the synthetic three-component mono- and trivalent glycopeptide immunogens. (A)
Three-component monovalent glycopeptide 3. (B) Three-component trivalent glycopeptide 5. Left panel, the analytical HPLC profile; right
panel, the HRMS spectra. Analytical HPLC was run on a CN column using a linear gradient of 20−80% acetonitrile containing 0.1%
trifluoroacetic acid (TFA) over 60 min. The HRMS analysis was performed on an Orbitrap Fusion Lumos Tribrid Mass Spectrometer.

and N-terminally acylated with an alkyne-functionalized
spacer, carboxylic acid, as described previously.23 The
Tn antigens were synthesized according to our previ-
ous method and incorporated as building blocks onto
the peptide skeleton.32 Subsequently, the glycopeptide
was released from the resin, and the protecting groups
were removed from the carbohydrate portions. After
purification by high-performance liquid chromatogra-
phy (HPLC), the glycopeptide was conjugated to the
mono- and triazido-functionalized lipopeptides (1 and
4) via click chemistry to obtain the mono- and trivalent
glycopeptide-lipopeptide vaccine candidates. The purity
and structure of these glycopeptides were confirmed by
analytical HPLC and high-resolution mass spectrometry
(HRMS), respectively (Figure 2).

2.2 Immunological evaluation of mono-
and trivalent MUC1 vaccines

Following the successful synthesis of the mono- and
trivalent MUC1 vaccines, we evaluated their immune
responses induced in mice. Female C57BL/6 mice (n = 5
per group) were subcutaneously immunized five times at
intervals of 2 weeks (day 1, 14, 28, 42, and 56). The dosage
was calculated based on the amount of MUC1 peptide,
and both mono- and trivalent vaccines were adminis-
tered with 8 µg of MUC1 glycopeptide per mouse. A
control group was immunized with phosphate-buffered
saline (PBS; 100 µL per mouse). One week after the
fifth immunization, sera were collected to evaluate the
antibody responses using enzyme-linked immunosorbent
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F IGURE 3 Self-adjuvanted multivalent MUC1 glycopeptide vaccines strongly elicited the production of antibodies. Total IgG antibody
(A) and antibody isotype analysis of the antisera induced by the monovalent glycopeptide (B) and trivalent glycopeptide (C) in wild-type (WT)
mice. Total IgG antibody (D) and antibody isotype analysis of the antisera induced by the monovalent glycopeptide (E) and trivalent
glycopeptide (F) in MUC1 transgenic (Tg) mice.

assays (ELISA). We detected the total IgG against MUC1
glycopeptide. As shown in Figure 3A, both the mono-
and trivalent vaccines strongly induced the production
of antibodies specifically against the MUC1 glycopep-
tide, whereas the monovalent vaccine appeared to induce
higher antibody concentrations. We then used goat-anti
mouse IgG1, IgG2a, IgG2b, IgG3, IgM, and Immunoglob-
ulin A (IgA) as the secondary antibodies and alkaline
phosphatase-conjugated donkey-anti goat IgG as the third
antibody to analyze the antibody isotypes. As shown in
Figures 3B and C, the administration of the mono- and
trivalent vaccinesmainly induced the production of IgG2b,
IgG1, and IgG3, and the apparent increase in IgG2a, IgM,
and IgA indicated an effectively specific immune response
against the MUC1 glycopeptide. The high production of
IgG2b showed that a T-cell-independent response was
induced.33 The significantly enhanced expression of IgG1
indicated strong antibody-dependent cell-mediated cyto-
toxicity and/or antibody-dependent cellular phagocytosis
due to its strong affinity with activating Fcγ receptors
(FcγRs).34 IgG3 is considered a carbohydrate antigen-
associated isotype.35 The increase in IgG1 and IgM con-
centrations further suggest that effective immunememory
was established.36
Encouraged by the promising results and to simulate

the MUC1 response in humans, we further tested the vac-
cines in MUC1-Tg mice. Total IgG showed a significant
immune response induced by both the mono- and triva-
lent vaccines, as shown in Figure 3D. Similarly, the highest

concentration of IgG2b was induced by the monovalent
vaccine, and a similar expression of IgG1 and IgG3 was
observed for the Th2 and Th1 isotypes, respectively, sug-
gesting a mixed Th1/Th2 response was induced by the
trivalent candidate (Figures 3E and F).37
We then investigated the binding ability of anti-MUC1

antibodies from the vaccinated mice to MUC1-expressed
B16-MUC1 cells using fluorescence-activated cell sorting
(FACS). B16-MUC1 cells were incubated with both WT
(Figure 4A) and Tg (Figure 4B) mice antisera (1:100
dilution) and thenwith goat anti-mouse IgG antibody con-
jugated toAlexaFluor488 as a secondary antibody. The sera
antibody-recognized cells labeled by fluorescence were
then captured and counted via FACS analysis. As shown
in Figure 4, the sera induced by the monovalent vaccine
showed a stronger binding ability than that elicited by the
trivalent candidate, which was consistent with total IgG
results. In contrast, the antisera showed no specific bind-
ing ability to HEK293T cells (Figure S1), which was used as
a negative control.

2.3 Evaluation of antitumor immune
activity in a solid tumor model of WTmice

To further characterize the potential therapeutic activity
of the two candidate vaccines, we explored the antitu-
mor activity in vivo in the B16-MUC1 murine model.
Twenty-seven days after the fifth immunization, female
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F IGURE 4 Antibodies from the vaccinated mice specifically
bound to MUC1-expressed B16-MUC1 cells. Flow cytometry analysis
of the binding ability of the antisera (1:100 dilution) fromWT (A)
and Tg (B) mice to B16-MUC1 cells. PBS: incubation of the cells with
sera from the mice that were not immunized.

C57BL/6 mice were subcutaneously inoculated with B16-
MUC1 cells in the right flank (2.5 × 105 cells/mouse,
n = 5), and the tumor volume was monitored every other
day (Figure 5A). Repeat injection of the two vaccines
showed no significant biocompatibility threats compared
with the nonimmunized group. The results suggested that
the mono- and trivalent vaccines delayed the mean tumor-
growth process (Figure 5B) and prolonged the survival
time of mice (Figure 5D). Three mice from the trivalent
group lived more than 40 days with apparently delayed
tumor growth, and one mouse had no tumor growth at all
(Figure 5C). Accordingly, we rechallenged B16-MUC1 cells
in these three mice on the 71st day after final immuniza-
tion. The tumor rechallenges still failed to induce tumor
growth in these mice. These results indicated that the
two vaccines could potentially induce strong and effective
immune memory to defend against the attack of tumor
cells in vivo for a long period.

2.4 Evaluation of antitumor immune
activity in a solid tumor model of MUC1-Tg
mice

Based on the promising results in WT mice and the low
sequence homology between mice and human mucins,

we subsequently performed the same experiments using
human MUC1-Tg mice. Ten days after the fifth immu-
nization, we implanted 2.5 × 105 B16-MUC1 cells subcu-
taneously to construct the solid tumor model of MUC1-Tg
mice (Figure 6A). Programmed cell death 1 ligand 1 (PD-
L1) is highly expressed on the surface of many tumors
and is a cosuppressor of immune responses.38 Studies have
shown that tumor cells expressing MUC1 exhibit upregu-
lation of PD-L1, and downregulation of MUC1 and PD-L1
can exert a synergistic effect, demonstrating superior anti-
tumor effects.39–41 Therefore, PD-1 antibody (aPD-1) for
blocking the interaction between PD-1 and PD-L1 was
administered intraperitoneally to the mice on day 18, 21,
and 24 (200 µg per mouse). Although the tumor growth
was faster in the Tg mice compared with the WTmice, the
trivalent vaccine significantly delayed tumor growth com-
pared with the control group and monovalent candidate,
and also improved themouse survival ratewhen combined
with aPD-1 (Figures 6B, C, and D).

3 DISCUSSION

Successful vaccines tend to be multifunctional, and self-
adjuvanted multicomponent vaccines can achieve many
functions within a limited structure. The self-adjuvanted
MUC1 vaccines that have been previously reported mainly
include two- and three-component vaccines incorporating
MUC1 glycopeptide, T-cell epitopes, and/or adjuvants such
as TLR agonist.7,12–15,23,24 T-cell epitopes include the pep-
tides P2, P4, and P30 derived from the tetanus toxoid,42,43
and the Th cell peptide from ovalbumin (OVA323–339).10
Pam3CSK4 is the most commonly used adjuvant.7,16 The
differences between MUC1 glycopeptides are reflected in
glycosylation sites (T4, S5, T9, S15, andT16)13 and types (Tn,
T and STn).16
Here, we synthesized three-componentmultivalent self-

adjuvanted vaccines comprising Pam3CSK4, P30, and
MUC1 glycosylated at T9, S15 and T16 with Tn, and studied
their immune effects in Tg mice. Although the struc-
tures proposed by Boons and cowokers,7 Corzana and
cowokers,24 and Li and workers43 share some similarities
with the vaccines, theMUC1 glycopeptide sequence, glyco-
sylation pattern, and the types of TLR agonists are varied,
resulting in different levels of immune responses. In one
of our previous works,44 a similar structure induced high
levels of specific antibodies, but the effect of the vaccine
in Tg mice was not studied. In addition, we introduced a
multivalent strategy to improve the immune response as
themultivalent vaccineswere reported to bemore effective
than themonovalent vaccine.23 Structures of both vaccines
are slightly different from our previously reported mono-
, di-, and tetravalent MUC1 vaccines, mainly reflected
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F IGURE 5 Self-adjuvanted multivalent MUC1 glycopeptide vaccines induced effective antitumor immune responses in a solid tumor
model of WT mice. Schedule of immunization and tumor inoculation of WT C57BL/6 mice (A). Tumor growth curves (B). Mean tumor
volumes and standard errors of the mean are shown (n = 5). Statistical analysis using one-way analysis of variance (ANOVA): *, p < 0.05.
Tumor growth kinetics (C). Survival curves (D). Statistical analysis using a Log-Rank (Mantel–Cox) test: *, p < 0.05.

F IGURE 6 Self-adjuvanted multivalent MUC1 glycopeptide vaccines induced effective antitumor immune responses in a solid tumor
model of MUC1-Tg mice. Schedule of immunization and tumor inoculation of MUC1 Tg C57BL/6 mice (A). Tumor growth curves (B). Mean
tumor volumes and standard errors of the mean are shown (n = 5). Statistical analysis via one-way analysis of variance (ANOVA): *, p < 0.05;
**, p < 0.01. Tumor growth kinetics (C). Survival curves (D). Statistical analysis using a Log-Rank (Mantel–Cox) test: **, p < 0.01.

in the glycosylation patterns and T-cell epitopes.23 How-
ever, both caused a similarly lower antibody level in the
multivalent group compared with that of the mono- and
divalent groups. A better antitumor effect was inconsis-
tently induced by the trivalent vaccine. This can be partly
explained in terms of antibody subtypes. Specifically, in Tg
mice, IgG1 levels in the trivalent group were much higher
than IgG2a, leading to a higher Th2 immune response.45
And the IgG2a levels in the trivalent group were lower
than the monovalent one. With the same dose of MUC1
administration, the trivalent group received relatively less
T-cell epitopes and adjuvants, structurally explaining the
Th1/Th2 immune response. The higher levels of IgG3 and
IgM in the trivalent group relative to themonovalent group
may also indicate that its immune response is primar-

ily caused by MUC1 glycopeptides.17 This may result in
the elicited immune response acting more specifically on
tumor cells.46 This difference in antibody subtypes was not
observed in the WT mice, possibly because their immune
systems also recognized tumor cells as foreign,whereas the
immune systems of the Tgmicemainly targeted theMUC1
glycopeptide vaccine.1 This further illustrates the superior-
ity and necessity of Tg mouse models for the development
of clinical drugs. The more biased Th2 immune response
in the trivalent group may lead to more cytokine secre-
tion and, therefore, elicit a more potent antitumor effect.47
In addition, given the unique structural characteristics of
the two self-adjuvantedmulticomponent vaccines, we pro-
pose that the vaccines self-assemble in vitro or undergo
self-assembly in vivo upon binding to the macrophage
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galactose-type lectin (MGL) receptors,14 and that the dif-
ferent self-assembly properties of them lead to differences
in antitumor effects. AsMUC1 is overexpressed on the sur-
face of tumors, the multivalent vaccine may better mimic
the form in which MUC1 is present in the tumors, thereby
inducing specific high levels of immune responses and
better antitumor effects.
Although there are still some unresolved issues like the

conformation of the two vaccines, the fact that the antitu-
mor effects of them have been enhanced in a number of
ways and validated in both WT and more human-adapted
Tg mice models suggests that they are vaccines with clin-
ical potential and provides an idea for the development of
an effective antitumor vaccine.

4 MATERIALS ANDMETHODS

4.1 Cells and mice

B16-MUC1 and HEK293T cells were obtained from BMCR
and maintained in Dulbecco’s modified eagle medium
(Gibco) supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin. The cells were incubated at 37◦C
in a 5% carbon dioxide atmosphere.
Female C57BL/6 mice were obtained from GemPhar-

matech Co., Ltd. and were bred in-house at the School
of Pharmaceutical Sciences (Shenzhen), Sun Yat-sen Uni-
versity, Guangzhou, Guangdong, China. The animals were
housed in groups with unlimited access to food and water.
All mouse studies were performed in compliance with
the Institutional Animal Care and Use Committee of Sun
Yat-sen University.

4.2 Peptide synthesis

Peptides were synthesized by standard solid phase
synthesis11,43 of Fmoc chemistry with Nα Fmoc-amino
acids (GL Biochem Ltd., Shanghai). The peptides were
synthesized at the 0.1 mmol scale and prolonged start-
ing from H-Ala-2-Cl-Trityl resin with a loading of
0.13 mmol/g. Fmoc removal was executed using a solution
of 20% piperidine in N,N-dimethylformamide (DMF).
Coupling reactions of Fmoc amino acids and spacer were
carried out by activation with 2-(1H-benzotriazole-
1-yl)−1,1,3,3-tetramethylhexafluorophosphate
(HBTU)/N-hydroxybenzotriazole (HOBt) using N,N-
diisopropylethylamine (DIEA) in N-Methylpyrrolidone
(NMP). The Fmoc amino acids (6.0 equiv.), HBTU (6.0
equiv.), HOBt (6.0 equiv.), and DIPEA (12 equiv.) were
added automatically. The protected Tn glycosyl Ser/Thr
building blocks were activated by O-(7-azabenzotriazole-

1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate
(HATU)/N-hydroxy-7-azabenzotriazole (HOAt) using
DIEA in NMP, while the glycosyl amino acid building
blocks (2.0 equiv.), HATU (2.5 equiv.), HOAt (2.5 equiv.),
and DIEA (5.0 equiv.) were dissolved in NMP and mixed
manually with the resin. After coupling of all the building
blocks, the resin was transferred from the peptide synthe-
sizer into a flask. The resin was treated with a mixture
of TFA/TIS/H2O (90/5/5, v/v/v) for 2 h to detach the
peptides. The crude glycopeptides were purified by HPLC.
After lyophilization, the glycopeptides with Tn were
deprotected by treatment with a solution of 1% MeONa
in MeOH (pH 10.0). Then, the target glycopeptides were
obtained after purification and lyophilization.

4.3 Peptide purification

Analytical reverse-phaseHPLCwas performed on aWaters
e2695 HPLC system equipped with a dual absorbance UV
detector. All the MUC1 peptides and glycopeptides were
run on aC18 column (YMC-Triart C18; 4.6× 250mm, 5 µm)
at a flow rate of 1mL/min using a linear gradient of 10−30%
acetonitrile containing 0.1% trifluoroacetic acid for 20min.
The lipopeptides were run on a CN column (YMC-Pack
CN; 4.6× 250mm, 5 µm) using a linear gradient of 20−80%
acetonitrile containing 0.1% trifluoroacetic acid for 60min.
HRMS spectra were measured on an Orbitrap Fusion
Lumos Tribrid Mass Spectrometer. For the MUC1 pep-
tides and glycopeptides, preparative reverse-phase HPLC
was performed on a Waters 2489 HPLC system equipped
with a dual absorbance UV detector using a C18 column
(Waters SymmetryPrep™; 19× 300mm, 7 µm) at a flow rate
of 20 mL/min. The preparative HPLC purification of the
lipopeptide was performed on a CN column (YMC-Pack
CN; 10 × 250 mm, 5 µm).

4.4 Synthesis of three-component
monovalent immunogen 3

Lipopeptide 1 (0.5 mg, 0.11 µmol), MUC1
alkyne glycopeptide 2 (0.4 mg, 0.15 µmol), tris-
hydroxypropyltriazolylmethylamine (THPTA; 0.2 mg,
0.46 µmol), and catalytic equivalent CuOAc were dis-
solved in 50 µL of water. The mixture was stirred at 40◦C
for 18 h. The reaction mixture was diluted with 1 mL water
and then lyophilized. The crude product was purified
using RP-HPLC on a CN column to obtain immunogen
3 (0.39 mg, 50%). HRMS: calculated, M = 7042.9724;
found (m/z): 1006.9970 [M+7H]7+, 1174.6665 [M+6H]6+,
1409.3992 [M+5H]5+, and 1761.5020 [M+4H]4+. RP-HPLC
retention time, tR = 44.8 min.
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4.5 Synthesis of three-component
trivalent immunogen 5

Lipopeptide 4 (0.5 mg, 0.1 µmol), MUC1 alkyne glycopep-
tide 2 (1.1 mg, 0.4 µmol), THPTA (0.4 mg, 0.92 µmol), and
catalytic equivalent CuOAc were dissolved in 50 µL water.
The mixture was incubated at 40◦C for 18 h. The reaction
mixture was diluted with 1 mL water and then lyophilized.
The crude product was purified via RP-HPLC on a CN col-
umn to obtain immunogen 5 (0.74 mg, 57%). HRMS: calcu-
lated,M = 12963.8388; found (m/z): 1081.3319 [M+12H]12+,
1179.5387 [M+11H]11+, 1297.3929 [M+10H]10+, 1441.4324
[M+9H]9+, 1621.4849 [M+8H]8+, and 1852.9785 [M+7H]7+;
tR = 44.3 min.

4.6 Immunization

Female SPF C57BL/6mice aged 6−8 weeks were randomly
divided into three groups with five mice in each group.
The mice were immunized subcutaneously every 2 weeks
with mono- (24 µg per immunization) or trivalent vaccines
(14 µg per immunization) diluted in PBS (pH = 7.4) for
five times. The sera were collected via retro-orbital bleed-
ing after the final vaccination and then centrifuged at 587 g
for 30 min for serum separation. The MUC1-Tg mice were
subjected to the same protocol with seven mice in each
group.

4.7 ELISA to determine antibody titers
and isotypes

Sera collected on day 70 were pooled by group and
analyzed using ELISA. The 96-well ELISA microtiter
plates were coated with 5 µg/mL of Neutravidin in PBS
(100 µL/well) and incubated at 4◦C overnight. The plates
were washed with washing buffer (PBS/0.05% Tween-20)
and blocked with 2% bovine serum albumin (w/v) in PBS
at room temperature for 1 h. After washing three times,
2 µg/mL of the biotinylated glycopeptide (glycosylated
MUC1 peptide coupling with D-biotin via solid phase pep-
tide synthesis; Figure S2) dissolved in 1% bovine serum
albumin (100 µL/well)was added and incubated at 37◦C for
1 h. After washing the plates with washing buffer, the sera
were diluted with coating buffer in two-fold serial dilu-
tions starting from 1:100 in triplicate (100 µL/well). After
incubating for 2 h at room temperature, the plates were
washedwithwashing buffer four times and then incubated
with alkaline phosphatase-labeled goat anti-mouse IgG
(Invitrogen, Thermo Fisher Scientific) diluted at a ratio
of 1:3000 in PBS (100 µL/well) at room temperature for
1 h. After washing, 1-step para-nitrophenyl phosphate sub-

strate (Thermo Fisher Scientific) was added (100 µL/well)
and the reaction was stopped after 15 min by adding 2 M
sodium hydroxide (50 µL/well). The absorbance at 405 nm
was then determined using a Tecan microplate reader.
The distribution of IgG1, IgG2a, IgG2b, IgG3, IgA, and

IgM in the sera was determined via ELISA using a simi-
lar procedure as described for the peptide-specific antibody
detection. After the sera were added to the plates and incu-
bated, goat anti-mouse IgG1, IgG2a, IgG2b, IgG3, IgM, and
IgA isotype antibodies were added (Sigma–Aldrich). After
washing the plates, alkaline phosphatase-labeled donkey
anti-goat IgG (Sigma–Aldrich) was added. All other steps
were as described for the peptide ELISA.

4.8 Flow cytometry

B16-MUC1 cells were cultured as previously described and
harvested. The cells were then washed with FACS buffer
(PBS containing 1% fetal bovine serum) and resuspended
in 200 µL of FACS buffer in a 1.5-mL Eppendorf tube at
500,000 cells/tube in triplicate. The cells were then incu-
bated for 1 h at 4◦C with mouse serum diluted by 1:100 in
FACS buffer. After washing twice with FACS buffer, the
cells were stained with a goat anti-mouse IgG antibody
conjugated to AlexaFluor 488 (Thermo Fisher Scientific)
diluted at 1:1000 in FACS buffer. The cells were again
washed twice with FACS buffer and resuspended in 500 µL
FACS buffer for immediate analysis using a BD Accuri C6
plus flow cytometer and FlowJo v10.8.1 software.

4.9 In vivo tumor challenging

The mouse melanoma cell line B16-MUC1 was cultured
and harvested as described above. After washing with PBS,
the cells were resuspended in the medium at a concen-
tration of 2.5 × 106/mL and 100 µL was subcutaneously
injected into the right flank of each mouse (n = 5) for
14 d after the fifth immunization. Tumor volumes were
monitored and recorded every other day. The tumor size
was measured using digital calipers and calculated as fol-
lows: (width2 × length)/2. When the tumor size reached
1000 mm3, the mice were euthanized. Similar strategies
were used on the Tg mice.

4.10 Statistical analysis

Data reported in the figures were analyzed and charts
were generated using Prism 5 (GraphPad Software). Statis-
tical significance was determined using two- or one-way
analysis of variance. Survival data were compared using
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Mantel–Cox (log-rank) and/or Gehan–Breslow–Wilcoxon
tests. In the figures, asterisks represent the following p
values: *p < 0.05, **p < 0.01, and ***p < 0.001.
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