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ABSTRACT: Glycopeptides derived from the mucin-1 (MUC1) glycoprotein hold
significant promise as cancer vaccine candidates, but their clinical utility is limited
by proteolytic degradation and the poor bioavailability of L-α-amino acid−based
peptides. In this study, we demonstrate that substitution of multiple α-amino acids
with homologous β-amino acids (same side chain, but extended backbone) in O-
glycosylated MUC1 derivatives significantly enhances their proteolytic stability. We
further show that α-to-β substitutions within the most immunogenic epitope of
MUC1 impede binding to an anti-MUC1 antibody, while substitutions outside the
same epitope preserve antibody recognition. Structural investigations using circular
dichroism, NMR spectroscopy, and molecular dynamics simulations reveal that the
strongest α/β-peptide binders retain native-like conformations in the epitope region, both in their unbound state and when bound to
the anti-MUC1 antibody. Conjugation of these high-affinity α/β-peptide analogs to gold nanoparticles induces robust immune
responses in mice comparable to that of the native glycopeptide. Additionally, these α/β-analogs elicit elevated levels of the cytokine
IFNγ, one of the key proteins for tumor cell elimination, surpassing levels produced by the native MUC1 glycopeptide. In contrast, a
low-affinity α/β-analogue with lower proteolytic stability produces minimal cytokine responses, underscoring the critical role of these
biochemical properties in vaccine efficacy. Collectively, our findings highlight that α-to-β modifications in the peptide backbone offer
an effective strategy for developing biostable, highly immunogenic glycopeptide-based cancer vaccines, exemplifying the power of
structure-based rational design in advancing next-generation vaccines.
KEYWORDS: mucin, glycopeptide, cancer vaccine, β-peptides, gold nanoparticles, proteolytic stability

■ INTRODUCTION
Mucin-1 (MUC1) is a glycoprotein that is found on the surface
of epithelial cells. The extracellular domain of MUC1 contains
tandem repeats of 20-amino acid residues that are heavily O-
glycosylated at five different S/T sites (potential glycosylated
serine and threonine residues are shown in bold letters in
Figure 1).1,2 These O-glycosylation features allow MUC1 to
play a key role in critical biological functions, such as cell
protection, inflammation, and cell signaling. In cancer cells,
however, glycosylated MUC1 residues display altered O-glycan
profiles.3−5 Instead of being decorated by branched and
extended chains of glycans, these glycosylated residues bear
only simple glycans, such as N-acetylgalactosamine (GalNAc).
This substantial change in the glycosylation profile exposes
different antigens within MUC1 that are otherwise hidden,
such as the peptide fragment APDTRP (shown in pink in
Figure 1) or tumor-associated carbohydrate antigens,6−8

including the structurally simple Tn antigen (α-O-GalNAc-S/
T or α-O-GalNAc-Ser/Thr).9 Cancer patients have been

shown to develop anti-MUC1 antibodies early in the
disease,10−12 likely in response to the exposure of antigens
due to abnormal glycosylation patterns. Notably, the US
National Cancer Institute ranked MUC1 as the number two
prioritized antigen for the development of a cancer vaccine,
underscoring the relevance of this glycoprotein as a tumor-
associated antigen.13

Several vaccine candidates based on tumor-associated
MUC1 (TA-MUC1) glycopeptides have been reported.14−20

However, the results of these attempts in clinical trials remain
mostly unsatisfactory.1,21−23 In fact, there are two major
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challenges for the clinical application of MUC1 vaccines. First,
MUC1 glycopeptides are self-antigens, which means that they
are generally tolerated by the immune system and fail to
induce a robust immune response. Second, peptides composed
of L-α-amino acid residues, including MUC1 glycopeptides,
are prone to rapid proteolytic degradation in the blood or
other biological fluids, which significantly reduces their
bioavailability. Attempts to overcome these limitations include
the use of artificial antigens containing unnatural residues with
subtle chemical modifications18,24−26 and the development of
peptide analogs with unusual backbone subunits, such as those
derived from D-α-amino acids,27 peptoids (N-alkyl-gly-
cine),28,29 oligoureas,30 thioamides,31 or β-amino acids.32−35

Such antigens are deemed to display greater immunogenicity
with respect to the natural antigen, possibly evading tolerance
while maintaining close enough structural homology to allow
for immunological cross-reactivity. Additionally, such mod-
ifications can provide enhanced resistance against proteolysis.

Here, we evaluated the effect of replacing L-α-residues with
homologous β-residues (same side chain but extended
backbone; Figure 1) on the immunogenicity of MUC1-derived
glycopeptide multivalently presented on the surface of gold
nanoparticles (AuNPs). Although the impact of incorporating
β-residues on recognition by the machinery of the immune
system has been previously reported,36 to our best knowledge,
this type of backbone modification has not been previously
evaluated for any TA-MUC1 glycopeptide. Arvidsson and co-
workers37,38 tested short glycopeptides composed entirely of β-
amino acids for their ability to be recognized by plant lectins
and, in many cases, the all-β-glycopeptides displayed a lower
affinity for the lectin when compared to the all-α glycopeptide.
Still, there were a few instances when the backbone
modification increased the affinity of β-glycopeptides for the
lectin.

We aimed to develop immunogenic formulations with
unnatural MUC1 analogs containing β-amino acids that
mimic the native antigen while enhancing their resistance
against proteases. We were guided by previous efforts of the
Gellman group involving periodic α-to-β replacements in
various α-helical peptides, which showed that replacement of
∼30% of the residues can result in considerable resistance
against proteolysis.32,39−41 However, from the structural point
of view, the impact of α-to-β replacements on the extended
conformation of MUC1 glycopeptides in aqueous solution24 is
unknown.

In this work, we present the synthesis of several MUC1
glycopeptides with single or multiple α-to-β replacements and
investigate their ability to bind to SM3, a murine monoclonal
anti-MUC1 antibody,42 used as a proxy protein for predicting
immunogenicity in mice, as recently reported by us.43 We also
show that multiple α-to-β replacements conferred to the
unnatural MUC1 glycopeptides enhanced their resistance
against proteolysis. The two strongest SM3 binders, along
with a different α/β-derivative that displays weaker SM3
affinity, were immobilized on the hydrophilic coating of gold
nanoparticles (AuNPs)44 and tested as vaccine candidates. Our
results demonstrate that AuNP-MUC1 formulations were
indeed immunogenic and generated antibodies that were cross-
reactive toward the natural antigen found on two different
human cancer cell lines. We then show that the AuNP-MUC1
formulations, which feature high-affinity glycopeptides for the
SM3 antibody, elicited cellular immunity in mice, as evidenced
by the release of IFNγ cytokine by isolated murine splenocytes
after restimulation. Overall, our results highlight the benefit of
the backbone modification approach for the development of
vaccine candidates based on artificial MUC1 glycopeptides.

Figure 1. MUC1-derived glycopeptides studied in this work, featuring replacements of L-α-amino acid residues with homologous β3-amino acids
residues (side chain on the carbon adjacent to nitrogen) within the primary epitope (APDTRP) recognized by the SM3 antibody (3−7) or within
and outside of this epitope (8−16). Each MUC1 derivative encompasses the tandem repeat sequence of the MUC1 glycoprotein, with the Tn
antigen (T* = α-O-GalNAc-T) incorporated into the peptide sequence.
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■ RESULTS AND DISCUSSION

Design, Synthesis and Affinity of MUC1 α/β-Glycopeptides
toward SM3 Antibody
We prepared peptides 1-7 by solid-phase peptide synthesis
(SPPS; Figure 1). Peptides 1 and 2 represent nonglycosylated
and glycosylated TA-MUC1 antigens, respectively, based on
the 20-residue-long tandem repeat sequence of MUC1.
Peptides 3-7 are glycosylated MUC1 analogs in which one
L-α-residue has been replaced by a homologous β3-residue
(side chain on the carbon adjacent to nitrogen). The Fmoc-
protected β3-homoamino acids are commercially available, and
they can be readily incorporated into peptides by SPPS. All
glycopeptides contain the natural Tn antigen (T* = α-O-
GalNAc-Thr) and were synthesized by stepwise microwave-
assisted solid-phase synthesis with Rink Amide MBHA resin
using the Fmoc strategy, as previously described.44 Crude
products were purified by RP-HPLC, lyophilized, and
characterized (ESI).

For glycopeptides 3−7, single α-to-β replacements were
incorporated into the immunodominant sequence
(APDTRP)6−8 of the MUC1 glycopeptide. We investigated
the affinity of these MUC1 variants for the SM3 antibody using
a surface plasmon resonance (SPR) assay (Table 1, Figures

S1−S4). SM3 is a well-characterized monoclonal antibody that
was developed to recognize TA-MUC1.42 SPR experiments
were conducted at 25 °C using a Biacore X-100 system with a
HBS-EP buffer (pH 7.5). The SM3 antibody was immobilized
on a CM5 sensor chip via amine coupling, and glycopeptides
were injected for affinity analysis, with data fitted to a two-site
binding model by using Prism software. As expected, the SM3
antibody bound the glycosylated MUC1 peptide 2 with a 5-
fold higher affinity compared to the nonglycosylated peptide 1
(Table 1; Figures S1 and S3), indicating that the GalNAc
glycan O-linked to the side chain of threonine plays an additive
role in the recognition of the MUC1 peptide backbone by
SM3.6,45 We observed a significant decrease in SM3 affinity
among all α/β-glycopeptides 3−7 when compared to the
natural glycopeptide 2 (Table 1; Figures S1 and S3). The
strongest SM3 antibody binder in this set was glycopeptide 3
(α-to-β replacement at residue A7; ∼27-fold larger dissociation
constant, KD). Together, these results indicate that the SM3
antibody is highly sensitive to single α-to-β replacements
within the APDTRP motif of the MUC1 glycopeptide.

Based on the data for single α-to-β replacements, we
prepared additional α/β-glycopeptides 10-16 (Figure 1).
These new analogs contained either four β3 residues adjacent

to the immunodominant region of the MUC1 tandem repeat
peptide (APDTRP)6 or three β3 residues proximal to this
region in addition to a β3-homoalanine residue replacing
alanine within the APDTRP region (Figure 1). New all-α
controls, peptides 8 and 9, were synthesized as well (Figure 1).
Compared to the original peptides 1−7, derivatives 8-16 were
modified with an N-terminal cysteine residue that allowed for
subsequent conjugation to gold nanoparticles (AuNPs). Our
goal was to incorporate β3 residues throughout the MUC1
sequence to provide significant protection from proteolysis;
previous studies indicated that a portion of the α-residues, such
as every third or fourth L-α-residue, can be replaced with a β-
residue without disrupting the peptide’s secondary struc-
ture.32,39 The SPR assays (Table 2) demonstrated that the

unnatural glycopeptides 10 and 12, which retain the unaltered
natural epitope APDTRP, exhibit affinities that are comparable
to that of the all-α glycopeptide 9 (only ∼1.5- and 3-fold
higher KD, respectively; Table 2, Figures S2 and S4).
Glycopeptide 13 was the next strongest SM3 binder (∼15-
fold higher KD relative to glycopeptide 9); the decrease in SM3
affinity by glycopeptide 13 relative to the all-α glycopeptide 9
is likely due to the A7 modification within the critical
APDTRP motif (Figure 1). The remaining four glycopeptides
(11 and 14−16) showed significantly lower SM3 affinity
(∼35−345-fold higher KD relative to glycopeptide 9); each of
these analogs also contains an A7 modification within the
APDTRP segment of MUC1.
Conformational Analysis of MUC1 α/β-Glycopeptides
To understand the favorable binding behavior of glycopeptides
10, 12, and 13 with the SM3 antibody at the molecular level, a
detailed conformational analysis was carried out. This analysis
included the evaluation of conformational states of the
glycopeptide alone in solution and in the bound state with
the SM3 antibody. Initial insights were gained by examining
the circular dichroism (CD) spectra of these MUC1 α/β-
analogs in comparison to their natural counterparts, 8 and 9
(Figure 2A). Each of the peptides exhibited a strong local
minimum at 198 nm, which is representative of the random
coil conformation.46,47 These experiments revealed that the
incorporation of four β3-residues distributed within the MUC1
glycopeptide does not introduce any significant changes to the
secondary structure of the glycopeptides alone in aqueous
solution in comparison to the natural variants, 8 and 9.

Table 1. Binding Affinities (KD) of Peptides 1−7 for the
SM3 Antibody Were Determined with Surface Plasmon
Resonance (SPR)

peptide KD (μM)a KD
b relative

1 6.50 ± 0.73 5
2 1.30 ± 0.51 1
3 35 ± 5.9 27
4 910 ± 140 700
5 56 ± 2.6 43
6 1700 ± 130 1308
7 50 ± 3.6 38

aKD (μM) values represent mean ± standard deviation from 3
independent assays. bBinding affinity normalized to peptide 2.

Table 2. Binding Affinities (KD) of Peptides 8−16 for the
SM3 Antibody Were Determined with Surface Plasmon
Resonance (SPR)

peptide KD (μM)a KD
b relative

8 12 ± 1.3 11
9 1.10 ± 0.48 1
10 1.60 ± 0.28 1.5
11 60 ± 9.4 55
12 3.30 ± 0.29 3
13 17 ± 2.2 15
14 38 ± 8.4 35
15 270 ± 29 245
16 380 ± 82 345

aKD (μM) values represent mean ± standard deviation from 3
independent assays. bBinding affinity normalized to peptide 9.
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To obtain a more detailed understanding of conformational
behaviors by MUC1 α/β-glycopeptides in water, we employed
a synergistic approach involving NMR spectroscopy and
molecular dynamics (MD) simulations. We performed these
experiments using glycopeptide 12, which displayed a very
high affinity for the SM3 antibody using SPR (Table 2). We
first analyzed the 1H,13C-HSQC spectrum of glycopeptide 12’
(a variant of glycopeptide 12 without the N-terminal Cys to
prevent disulfide bridge formation; Figure 2B) in aqueous
solution. For comparative purposes, we also conducted the
same analysis on its natural variant, glycopeptide 2. The
superimposition of the Cα and Cβ atoms of the DTR residues
in MUC1, observed in the 1H,13C-HSQC spectra, demon-
strated a good match between glycopeptides 2 and 12’ (Figure

2B). Then, a detailed analysis of the 2D-NOESY spectra for
these glycopeptides was conducted (Figure 2C). This analysis
revealed strong NOE contacts between Hα(i) and NH(i + 1)
for all residues in both glycopeptides, providing additional
insights into their structural arrangements. As in previous
studies, a distance between Hα(i) and NH(i + 1) of 2.1 ± 0.2
Å was used as a time-averaged restraint in experiment-guided
MD simulations (Figure 2C,D). These simulations revealed
that compounds 2 and 12’ exhibit unstructured peptide
backbone conformations in solution (Figures 2D, E, and S6).
However, an extended conformation is observed near the
glycosylation site corresponding to the APDTRP epitope in
both glycopeptides, with torsional angles (ϕ/ψ) for each
residue in the APDTRP fragment approximating −80°/160°,

Figure 2. Conformational analysis of glycopeptides 2 and 12’ in water. (A) Near-UV circular dichroism data for MUC1 peptides (100 μM)
measured in 10 mM phosphate buffer, pH 7.4. (B) Superimposition of the 1H,13C HSQC spectra for glycopeptides 2 (blue) and 12’ (red) acquired
in a 10 mM phosphate buffer, pH 6.0, at 283 K at 500 MHz. The carbons belonging to the DTR region and GalNAc are marked. An expansion of
the Cγ-Thr10 is highlighted by a gray dashed box. The labels of the CH2 groups of the β-amino acid residues are also shown. (C) Superimposition
of the NH region of the 2D NOESY spectrum (200 ms mixing time) of glycopeptides 2 (blue and green) and 12’ (red and purple). (D) Overlay of
several frames of glycopeptides 2 and 12’ sampled from 300 ns experimental-guided MD simulations. RMSD values (±SD) of the APDTRP
peptide backbone for both glycopeptides are shown. (E) φ/ψ distributions of the peptide backbone derived from 300 ns experimental-guided MD
simulations for glycopeptide 12’.
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consistent with previous studies48 (Figure 2D). This result
suggests that the distal substitution of α-amino acids with β-
amino acids does not disrupt the conformational behavior of
this epitope and could explain the similar affinity of
glycopeptides 2 and 12’ for the SM3 antibody. Additionally,
both glycopeptides displayed the characteristic “eclipsed”
conformer for the α-O-glycosidic linkage in which the
threonine residue is involved,49 with the sugar oriented
perpendicularly to the peptide backbone (Figure S7). These
findings suggest that the protease resistance observed for our
unnaturally modified peptides (see the next section) is unlikely
to arise from structural changes induced by the incorporation
of β-amino acids. Instead, it is likely due to the chemical
modification of the peptide backbone, which alters protease
recognition, binding, and/or activity.

To study the binding interactions of glycopeptides 10, 12,
and 13 with the SM3 antibody, we performed extensive
molecular dynamics (MD) simulations. These simulations
were initiated using coordinates derived from the crystal
structure of the SM3 Fab fragment bound to a MUC1 peptide
(PDB entry: 1SM3,42 Figures 3 and S8). The stability of the
glycopeptide-antibody complexes was confirmed throughout
the MD trajectories. A previously reported X-ray structure45

revealed that the all-α MUC1 glycopeptide (APDT*RP, where
T* denotes the Tn antigen−α-O-GalNAc-Thr−) forms
multiple hydrogen bonds and CH/π interactions with the
SM3 antibody. Notable interactions include

Figure 3. Structural characterization of MUC1 α/β-glycopeptides in complex with the SM3 antibody through MD simulations. Representative
snapshots depicting the conformational arrangements of glycopeptides 10 (A), 12 (B), and 13 (C) bound to the Fab region of the SM3 antibody.
The antibody is depicted as white ribbons, while the glycopeptides are depicted as sticks. The N-terminal Cys residue was removed in these
calculations to facilitate a direct comparison with natural glycopeptide 2. Unnatural β3-residue carbon atoms are highlighted in blue, while GalNAc
residues are shown in yellow. Antibody residues engaged in interactions with glycopeptides are shown as purple sticks. Hydrogen bonds and CH/π
interactions are denoted by blue and orange dashed lines, respectively. The complexes are overlaid with the X-ray structure of the glycopeptide
APDT*RP (in orange) in complex with scFV-SM3 (PD entry: 5A2K).45 (D) Mean distance (±SD) between the atoms involved in hydrogen
bonds and CH/π interactions across multiple complexes, computed from MD simulations. The center of mass of aromatic rings was used to
calculate the distances involved in the CH/π interactions. The AMBER names were used for the atoms involved in the hydrogen bonds. The
numbers in blue inside parentheses indicate the distances in the X-ray structure of a small glycopeptide containing the APDT*RP epitope in
complex with SM3 (PDB entry: 5A2K).45 See also Figure S8.
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• CH/π interactions between Pro2, Asp3 and Arg5 side
chains of the peptide and Trp91L, Trp33H and Tyr32H of
the antibody, respectively.

• Additional CH/π interactions involving Ala1 and Thr4
with Tyr32L.

• Hydrogen bonds between the main chain of Thr4 and
Gln97H, and between the carboxylate moiety of Asp4
and Trp33H.

The MD simulations of glycopeptides 10, 12, and 13
revealed that they maintain these key interactions (Figure 3A−
C). However, significant differences were observed for
glycopeptide 13. The monitored distances for key interactions
in this glycopeptide were greater than those for glycopeptides
10 and 12. This increase in distance may explain the lower
affinity of glycopeptide 13 for the SM3 antibody (Table 2).
Notably, the substitution of the alanine residue 7 (A7) with a
β3-homoalanine residue in glycopeptide 13 allows for a CH/π
interaction with Tyr32L, though the slightly greater distance
between the methyl group and the aromatic ring center
impacts binding affinity.

Finally, to validate our approach, we also performed MD
simulations for glycopeptide 6, which exhibited a very low
affinity for the SM3 antibody (KD = 1700 μM; Table 1). In
contrast to glycopeptides 10, 12, and 13, compound 6 changed
its binding mode during the simulations (Figure S8A). This
shift prevented the formation of stabilizing contacts, such as
hydrogen bonds and CH/π interactions, observed in the
higher-affinity glycopeptides 9, 10, 12, and 13. The increased
measured distances between interacting residues, as shown in
Figure S8, further support this observation.
Proteolysis of MUC1 α/β-Glycopeptides
Incorporation of β-residues into peptides has been shown to
hinder proteolysis.32,39−41 We therefore analyzed the proteo-
lytic stability of α/β-glycopeptides 10, 12, and 13 in the
presence of proteinase K, a highly aggressive and promiscuous
serine protease.50 While MUC1 glycopeptides would not
naturally encounter proteinase K in biological fluids, this
protease provides a stringent test for the ability of α-to-β
replacements to protect the MUC1 peptide against proteolysis
due to its low substrate specificity (Figure 4A; eight cleavage
sites were predicted for the MUC1 peptide). The Peptide-
Cutter tool in Expasy predicts eight cleavage sites that are
dispersed within all-α glycopeptide 9 (Figure 4A). Proteolysis
reactions were monitored by UPLC, enabling the experimental
determination of the half-life for each glycopeptide and clearly
highlighting differences in degradation patterns among the
compounds (Figures 4B and S5 and Table 3). Nonglycosylated
and glycosylated all-α peptides 8 and 9 displayed comparable
susceptibility toward cleavage by proteinase K, suggesting that
the glycan on the side chain of T10 does not provide extra
protection (1.5- and 1.1 min half-lives, respectively; Table 3).

Notably, two of the three α/β-glycopeptides, 10 and 12,
exhibited a considerable increase in stability, displaying ∼100-
fold greater stability compared to that of the glycosylated
MUC1 peptide 9 (Table 3). In contrast, α/β-glycopeptide 13
displayed a more moderate enhancement, with a ∼30-fold
increase in peptide half-life against proteinase K relative to 9.
Biological Analysis of MUC1 α/β-Glycopeptide
AuNP-Conjugates
Our extensive structural analyses have so far demonstrated that
the conformational behaviors of MUC1 α/β-glycopeptides 10
and 12 closely match the conformational behavior of their

natural counterpart (2), both free in solution or when bound
to the anti-MUC1 antibody, SM3. Therefore, based on this
analysis and our recent findings with a different unnatural
MUC1 analog,43 we deemed MUC1 α/β-analogs 10 and 12 to
be excellent candidates for vaccine formulation, vide infra. We
also used analogue 13, with lower affinity for the antibody SM3
(Table 2), for the preparation of a vaccine candidate. The N-
terminal Cys residue present in these glycopeptides allowed
conjugation to maleimide-functionalized PEGylated gold
nanoparticles (AuNPs),12,43,44 to provide conjugates AuNP-
10, AuNP-12, and AuNP-13 (Figures 5A and S9). A positive
control (all-α glycopeptide 9)43 was conjugated to provide
AuNP-9. It is important to note that the conjugation of these
glycopeptides to AuNPs can further enhance their stability
against enzymatic degradation.51,52 The completion of
conjugation reactions was confirmed by gel electrophoresis
and dynamic light scattering analyses (Figure S10 and Table
S1). All prepared AuNP-MUC1 conjugates were negatively
charged, as indicated by their electrophoretic migration toward
the cathode and confirmed by their negative ζ-potentials

Figure 4. Proteolysis measurements for MUC1 peptides 8, 9, 10, 12,
and 13. (A) Predicted cleavage sites for MUC1 peptide against
proteinase K obtained using the Expasy PeptideCutter tool. The
cleavage occurs at the right site (C-terminal direction) of the amino
acid marked with a vertical line. (B) Proteolysis time course curves of
MUC1 glycopeptides in the presence of proteinase K, as monitored
by UPLC. Uncertainties are expressed as the standard error of the
mean (SEM). Normalized data were fit to a one-phase decay model
and represent the average of 2 independent experiments (see Table
3).

Table 3. Proteolytic Stability of Selected MUC1 Peptides
against Proteinase K

peptide t1/2 (min)a t1/2
b relative

8 1.5 1.4
9 1.0 1.0
10 124 113
12 118 107
13 32 29

at1/2 (min) represent half-lives determined from one phase decay
curves plotted using data obtained from two independent experi-
ments. bHalf-life normalized to glycopeptide 9.
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(Table S1). The number of antigen copies per AuNP was
estimated by amino acid analysis, which suggested a loading of
approximately 200 glycopeptides/AuNP.44

The four different AuNP-MUC1 conjugates (Figure 5A)
formulated in phosphate-buffered saline (PBS) were used for a
vaccination campaign, with each conjugate evaluated on a
group of five BALB/c mice. AuNPs without any peptide
conjugation (AuNP-PEG; Figure S9) were used as a negative
control throughout these experiments. The animals were
immunized with a prime dose followed by three equal booster
doses (corresponding to 2 μg of glycopeptide for each
formulation) at 14-day intervals. To analyze antibody

production over time, murine blood was collected the day
before the immunization (negative control) and 14 days after
each injection. Mice were sacrificed 14 days after the last
booster dose, and sera were collected (Figure 5B). Anti-MUC1
IgG antibodies were already detected after the first prime dose,
and they reached their highest level after the first booster dose
with either of the MUC1 conjugates (Figures 5C and S11);
after this point, no further significant increase in the IgG
antibody level was observed. Interestingly, the analysis of the
total IgG levels showed that vaccine candidates with the
unnatural glycopeptides (AuNP-10, -12, or -13) generated
similar (AuNP-10) or superior (AuNP-12) antibody level

Figure 5. Schematic representation of vaccine candidates and in vivo studies. (A) Glycopeptides 9, 10, 12, and 13 were conjugated to
functionalized gold nanoparticles (AuNP-linker) via the N-terminal Cys residue. (B) Vaccine administration scheme used in this work. (C) Area
under the curve (AUC) values for sera from different vaccine candidates measured using ELISA plates coated with either the natural or an
unnatural BSA-conjugate. Statistical significance was calculated using a two-way ANOVA. **p < 0.01; ***p < 0.001; ****p < 0.0001. Data
represent mean + SD. (D) Th1 cytokine levels (IFNγ; n = 5), in mice treated with the different conjugates. Statistical significance was calculated
using one-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001). “Unst” stands for unstimulated cells (negative controls). (E) Confocal microscopy
images show that mice antisera after vaccination with AuNP-10 positively stain breast (MCF7) and colorectal adenocarcinoma (DLD-1) cancer cell
lines that express tumor-associated MUC1, but not HEK293T cells, which lack MUC1 on their surface. The commercially available antibody
αCD227 was used as a positive control for staining both the MCF7 and DLD-1 cancer cell lines.53 Blue = Hoechst (nuclei); red = Alexa Fluor594-
labeled goat antimouse IgG. (B) was created using BioRender.
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compared to the formulation with the natural analogue AuNP-
9 (Figures 5C and S11); in contrast; AuNP-13 elicited slightly
lower IgG levels relative to AuNP-9. These experiments were
carried out using an ELISA assay, in which plates were coated
with bovine serum albumin (BSA) conjugates of either the
natural or unnatural MUC1 glycopeptide for sera analysis (ESI
and Figure S11).

Also of note is that cross-reactivity was detected among
antibodies elicited by various MUC1 formulations. However,
as an exception, the antibodies induced by AuNP-13 were
significantly more selective toward recognition of BSA-13 than
BSA-9 (Figure 5C); this is likely because AuNP-13 contains a
backbone modification at the A7 residue of the critical
APDTRP motif of MUC1 (Figure 1). In the remaining two
cases where the A7 residue is unmodified, immunization with
AuNP-10 or AuNP-12 elicited IgG antibodies with equal
reactivity toward the used unnatural antigen (BSA-10 or BSA-
12) or the natural antigen, BSA-9.

The antisera of mice immunized with the AuNP-10
conjugate were evaluated for their ability to stain human
cancer cell lines displaying the tumor-associated MUC1 (TA-
MUC1) on the cell surface. AuNP-10 was chosen for these
experiments because it demonstrated the strongest ability to
enhance IFNγ cytokine production among the three unnatural
MUC1 conjugates relative to AuNP-9 (see below). We used
MCF754 and DLD-155 cell lines, which are known for a high
expression of TA-MUC1 on their cell surfaces; the MUC1-
deficient HEK293T cell line56 and PBS served as negative
controls. Each of these cell lines was exposed to sera collected
from mice immunized with AuNP-9 or AuNP-10. Confocal
microscopy experiments showed strong positive staining of
TA-MUC1-expressing MCF7 and DLD-1 cell lines by the sera
obtained from both AuNP-MUC1 formulations (Figure 5E).
The commercially available anti-MUC1 antibody αCD227 was
used as a positive control for staining both MCF7 and DLD-1
cancer cell lines.53 As expected, we observed no staining of the
TA-MUC1-lacking HEK293T cell line by sera collected from
mice immunized with either of these MUC1 conjugates. A
faint staining was observed when using AuNP-10 sera on
HEK293T cells, which is likely the result of cross-reactivity
with antigens other than MUC1. This interpretation is
supported by the lack of staining observed with the
monoclonal anti-CD227 antibody.

We also assessed the production of the cytokine IFNγ by
splenocytes isolated from C57BL/6 immunized mice after
restimulation with individual AuNP-MUC1-conjugates (Figure
5D). The production of IFNγ serves as an indicator of the
development of cellular immunity, including B cell help by
CD4+ T cells and cytotoxic CD8+ T cell responses, which is
particularly relevant for anticancer responses.57 The vaccine
candidate formulated with glycopeptide 10 (AuNP-10)
induced the production of higher levels of IFNγ compared
to those of the natural formulation (AuNP-9, Figure 5D).
AuNP-12 induced similar IFNγ levels compared to AuNP-9.
Notably, vaccination with AuNP-13, featuring a single α-to-β
replacement at A7 of the APDTRP region of MUC1, resulted
in lower IFNγ levels, suggesting that the backbone
modification at A7 likely precludes or leads to suboptimal
presentation of the APDTRP motif by major histocompati-
bility complex I (MHC I) to CD8+ T cells. Supporting this
view, vaccination with the other three MUC1 conjugates
(AuNP-9, 10, or 12), whose glycopeptides lack any
modifications to their immunogenic APDTRP motif, generates

higher levels of IFNγ (Figures 1 and 5D). These results are
consistent with our past studies where we demonstrated that α-
to-β replacements within MHC I peptides (i.e., MHCI/peptide
complexes recognized by CD8+ T cells) can modulate IFNγ
cytokine levels in either direction.33,36,58−61 Of note, none of
the restimulation conditions produced detectable levels of IL-4
(data not shown), suggesting a strong bias toward a Th1-like
response.

■ CONCLUSIONS
In this study, we have explored a novel strategy for modulating
the efficacy of peptide-based cancer vaccine candidates: a
backbone modification via homologous α-to-β replacements of
a 20-residue glycopeptide derived from the MUC1 glyco-
protein. Our original modification strategy focused on residues
of the immunodominant sequence (APDTRP segment) of the
variable number of tandem repeats domain of MUC1, a key
region known to elicit B and T cell responses against MUC1
antigens.22 However, we discovered that single α-to-β
replacements within this segment of the peptide can
dramatically decrease the binding affinity of the corresponding
peptides (3-7) against anti-MUC1 antibody SM3 (Table 1).
These results underscored the importance of the APDTRP
backbone for recognition by the SM3 antibody and possibly
other anti-MUC1 antibodies.6,45

Guided by these early results, we focused on introducing α-
to-β replacements mainly outside of the APDTRP segment for
all subsequent MUC1 analogs. This effort led to seven
additional MUC1 analogs (10-16) containing four dispersed
α-to-β replacements, with each modification positioned three
or four residues apart from another to maximize protection
against proteolysis and inflict minimal perturbation to the
secondary structure of the glycopeptide.32,39,41 In particular,
two of these analogues (10 and 12) displayed a comparable
binding affinity relative to that of the natural glycopeptide
against the anti-MUC1 antibody (Table 2). Furthermore,
analyses using CD and MD simulations demonstrated that
glycopeptides 10 and 12 can adopt conformations that
resemble those of the natural glycopeptide alone in aqueous
solution or when bound to the Fab region of the anti-MUC1
antibody (Figures 2 and 3).

Interestingly, each of these three MUC1 α/β-analogs was
less susceptible to proteolysis with proteinase K relative to the
natural glycopeptide (Figure 4B and Table 3). These results
are consistent with the known ability of β-residues to protect
peptide bonds from proteolysis.32,39−41,62,63 At this point, we
concluded that MUC1 α/β-analogs 10 and 12 represent
excellent vaccine candidates because the presence of multiple
unnatural modifications should, in theory, increase the
corresponding vaccine’s immunogenicity and biostability. We,
however, were unable to predict how these exact α-to-β
replacements would modify MUC1 glycopeptide processing
and loading onto MHCs or B cell receptors; a prediction of
optimal peptide modifications and their processing patterns
does not seem possible at this point for vaccine conjugates.

Gold nanoparticle (AuNP)-based vaccine formulations
containing unnatural glycopeptides (AuNP-10 and AuNP-
12) elicited robust immune responses in mice, characterized by
high IgG antibody levels in sera, comparable to the antibody
levels generated using the natural antigen (AuNP-9; Figure
5C). More importantly, the antisera produced after vaccination
with AuNP-10 or AuNP-12 were cross-reactive against natural
antigen 9 at comparable reactivity (Figure 5C). In addition, the
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antisera from AuNP-10 successfully stained two different TA-
MUC1-positive cancer cell lines (Figure 5E). Additionally, we
demonstrated that AuNP-10 and AuNP-12, which display
unnatural antigens with high affinity for SM3, could trigger
cellular immunity to levels similar to that of AuNP-9, which
displays the natural antigen (Table 2). This conclusion is
supported by the detection of IFNγ levels upon splenocyte
restimulation, which were comparable to or even higher after
vaccination with unnatural antigens compared to natural
antigens (Figure 5D). On the other hand, vaccine candidate
AuNP-13, which carries antigen 13 possessing lower affinity
for SM3 and shows reduced protection against proteolysis
(Tables 2 and 3), elicited a weaker immune response and
production of negligible levels of IFNγ when compared
formulations with antigens 9, 10, and 12.

From a vaccine design perspective, we acknowledge that
direct comparisons between different immunization strategies
are difficult due to the different animal models and
experimental conditions used in various studies. However,
under comparable experimental conditions, our results suggest
a correlation between the strength of the immune response, as
measured by antibody levels, and the in vitro binding affinity of
the antigen to the SM3 antibody.

A key advantage of our gold nanoparticle (AuNP)-based
approach is its ability to elicit a strong immune response
without the need for an external adjuvant.43,44 In contrast,
carrier proteins such as KLH and CRM197 require an adjuvant
to achieve high antibody levels.26,64 Nonetheless, carrier
proteins offer the benefit of presenting a limited number of
antigens per conjugate. This was particularly evident in our
CRM197 study,26 where conjugation of a single antigen copy
resulted in high antibody levels.

Overall, this study helps address two key challenges in
peptide-based vaccines: immunological tolerance and the low
bioavailability of the peptides. The beneficial properties of
MUC1 α/β-analogs highlighted here, along with the
commercial availability of many β-amino acids in Fmoc-
protected form, should encourage further exploration of α/β-
peptides and glycopeptides as promising antigen mimics.

■ METHODS

Solid-Phase Peptide Synthesis (SPPS)
(Glyco)peptides were synthesized by stepwise microwave-assisted
solid-phase peptide synthesis on a Liberty Blue synthesizer using the
Fmoc strategy on Rink Amide MBHA resin (0.1 mmol). Fmoc-
Thr[GalNAc(Ac)3-α-D]−OH was synthesized as described in the
literature.65 This Fmoc-protected glycosyl amino acid (2.0 equiv) was
manually coupled using HBTU [(2-(1H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate] (0.9 equiv) and diisoprop-
yl ethyl amine (DIPEA, 2.0 equiv), while all other Fmoc amino acids
(5.0 equiv) were automatically coupled using oxyma pure/DIC
(N,N’-diisopropylcarbodiimide). O-acetyl groups of GalNAc moiety
were removed by treating the resin-bound peptide with a mixture of
NH2NH2 and MeOH (7:3), 3 × 5 mL. (Glyco)peptides were then
released from the resin, along with removal of the acid-sensitive side
chain protecting groups, using TFA 95%, triisopropylsilane (TIS)
2.5%, and H2O 2.5% (3 mL) for 4 h at 25 °C. Glycopeptides
containing an N-terminal Cys residue were treated with a solution of
TFA/TIS/H2O/EDT (92.5:2.5:2.5:2.5, 3 mL) for 4 h at 25 °C.
(Glyco)peptides were then precipitated with cold diethyl ether (30
mL), and the mixture was centrifuged for 5 min at 3500 rpm. The
supernatant solution was discarded, and this process was repeated
once. Finally, (glyco)peptides were dried and redissolved in water to
be purified by reverse-phase semipreparative RP-HPLC.

Surface Plasmon Resonance (SPR) Assays
SPR experiments were performed with a Biacore X-100 apparatus
(Biacore, GE) in HBS-EP buffer at pH 7.5 (Hepes 10 mM, NaCl 150
mM, EDTA 3 mM, with 2% DMSO and 0.05% Tween X100) as the
running buffer at 25 °C. The antibody SM3 (Abcam, ab22711) was
immobilized on a CM5 sensor chip (Biacore, GE) following a
standard amine coupling method. Briefly, the carboxymethyl dextran
surface of flow-cell 2 was activated with a 7 min injection of a 1:1 ratio
of aqueous 0.4 M 1-ethyl-3-(3-(dimethylamino)propyl) carbodiimide
(EDC) and 0.1 M sulfo-N-hydroxysuccinimide. The antibody was
coupled to the surface by adding 100 μg/mL protein solution diluted
with 10 mM sodium acetate (pH 4.0) buffer using a flow rate of 10
μL/min for 7 min. The unreacted active esters on the surface were
quenched by a 7 min injection of aqueous 0.1 M ethanolamine-HCl
(pH 8.0). Flow cell 1, treated exactly like flow cell 2 but without the
antibody, was used as a reference. Prior to use, 50 mM stock solutions
of peptide ligand were diluted to the desired final concentration in
running buffer. Typically, a series of different glycopeptides was
injected onto the sensor chip at a flow rate of 30 μL/min for a period
of 1 min, followed by a dissociation period of 1 min. No regeneration
was needed. Sensorgram data were double referenced using the
Biaevaluation X100 software (Biacore, GE). Three independent assays
were performed for all evaluated glycopeptides. The experimental data
of affinity measurements were fitted to a two-site-specific model
binding using Prism software (Figures S1−S4).
Proteolysis Stability Studies
The PeptideCutter tool in Expasy predicts 8 cleavage sites that are
dispersed within the Cys-residue containing natural glycopeptide 9
(Figure 4A, main text). For each proteolysis reaction, 20 μL of a 1
mM H2O stock of peptide was diluted with 60 μL of DPBS, followed
by the addition of 20 μL of proteinase K (25 μg/mL; freshly prepared
in DPBS; Millipore Sigma, 70663−4). The final reaction solution
contained 200 μM peptide and 5 μg/mL proteinase K. At each time
point, a 10 μL aliquot of the reaction mixture was removed and
immediately mixed with 20 μL of the quenching solution: 49.5%
H2O/49.5% MeCN/1% TFA. A “0 min” control was prepared by
mixing 3 μL of a 1 mM H2O stock of peptide with 12 μL of DPBS,
after which 10 μL of this solution was removed and mixed with 20 μL
of the quenching solution described above. A 10 μL aliquot of each
quenched reaction solution was injected onto a Waters Acquity H-
Class UPLC equipped with an Acquity BEH C18 column. 0% B hold
over 1 min, followed by a 0−70% B gradient (A: Nanopure H2O +
0.1% TFA; B: RP-HPLC-grade MeCN + 0.1% TFA) over the next 5
min, with a 0.3 mL/min flow rate was used for elution. The relative %
of peptide remaining was quantified by integration of the peptide peak
area at 220 nm and normalization to the “0 min” control (Figure S5).
Each reaction was run in duplicate. Half-lives were determined by
fitting normalized data to a one-phase decay model in GraphPad
Prism 8.
Circular Dichroism (CD)
CD measurements of peptides were conducted at 25 °C on a JASCO
J-1500 CD spectrometer. Peptides (100 μM) were dissolved in 10
mM phosphate buffer (pH 7.4), and the peptide solutions were then
transferred to 1 mm quartz cuvettes. The CD spectrum was measured
from 270 to 190 nm with 0.1 nm intervals and 4 s digital integration
time at 100 nm/min scanning speed. CD data was averaged over 10
spectral scans. The data are presented as mean residue ellipticity in
deg·cm2·dmol−1·res−1.
NMR Spectroscopy: Peptide Characterization
The glycopeptides (550−750 μM) were prepared in a buffer
containing 10 mM sodium phosphate buffer (90:10, H2O/D2O) at
pH 6.0. The 1H NMR resonances of the glycopeptides were
completely assigned through standard 2D-TOCSY (80 and 30 ms
mixing time), and 2D NOESY (200 ms mixing time) experiments
were acquired on a 600 MHz Bruker Avance III spectrometer
equipped with a 5 mm inverse detection triple-resonance z-gradient
cryogenic probe at 283 K. The 1H,13C HSQC spectra were acquired
on a 500 MHz Bruker Ascend spectrometer equipped with a Prodigy
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cryoprobe CRPN2-TR-1H&19F/13C/15N-5 mm-EZ at 283 K. The
resonance of 2,2,3,3-tetradeutero-3-trimethylsilylpropionic acid
(TSP) was used as a chemical shift reference in the 1H NMR
experiments (δ TSP = 0 ppm). All spectra were processed and
calibrated with TopSpin 4.4.0. The assignments were done using the
software CARA (Computer Aided Resonance Assignment)66 version
1.9.1.7.

Molecular Dynamics (MD) Simulations of Glycopeptides 6,
10, 12, and 13 in Complex with the SM3
The simulations were carried out with the AMBER 20 package67

implemented with ff14SB,68 GAFF,69 and GLYCAM06j70 force fields.
The parameters and charges for the unnatural amino acids were
generated with the antechamber module of AMBER, using the GAFF
force field and the AM1-BCC method71 for charges. The N-terminal
Cys residue was removed in these calculations to facilitate a direct
comparison with natural glycopeptide 2. The crystal structure of the
Fab structure of SM3 in complex with a peptide (PDB entry:
1SM3)42 was used in these studies. Each molecule was then immersed
in a water box with a 10 Å buffer of TIP3P water molecules.72 The
system was neutralized by adding explicit counterions. A two-stage
geometry optimization approach was performed. The first stage
minimizes only the positions of solvent molecules, and the second
stage is an unrestrained minimization of all of the atoms in the
simulation cell. The systems were then gently heated by incrementing
the temperature from 0 to 300 K under a constant pressure of 1 atm
and periodic boundary conditions. Harmonic restraints of 30 kcal·
mol−1 were applied to the solute, and the Andersen temperature-
coupling scheme was used to control and equalize the temperature.
The time step was kept at 1 fs during the heating stages, allowing
potential inhomogeneities to self-adjust. Long-range electrostatic
effects were modeled using the particle-mesh-Ewald method.73 An 8 Å
cutoff was applied to Lennard-Jones interactions. Each system was
equilibrated for 2 ns with a 2 fs time step at a constant volume and
temperature of 300 K. Production trajectories were then run for an
additional 1.0 μs under the same simulation conditions (Figures 3,
main text, and S8).

Preparation and Characterization of Gold Nanoparticles
(AuNPs)
All glassware employed for nanoparticle preparation was cleaned with
aqua regia and HCl (37%)/HNO3 (65%) 3:1. Ultrapure deionized
water (Milli-Q Advantage A10 Water Purification System, 18.2 MΩ
cm) was used for the preparation of all aqueous solutions. All
solutions used for nanoparticle preparation were filtered through 0.22
μm membrane filters (cellulose acetate, Whatman Puradisc 30/0.2 or
Corning cat. # 430513). AuNPs were characterized by Dynamic Light
Scattering (DLS) (Litesizer DLS 500, Anton Paar). AuNP core
diameter was measured via TEM (JEOL JEM-1011 transmission
electron microscope operating at an accelerating voltage of 100 kV).
UV/vis measurements were carried out using a TECAN Infinite
M200 Pro plate reader. The concentration of AuNPs was determined
by measuring the absorbance at 526 nm of samples dispersed in water
in comparison with AuNP samples whose concentration was
independently quantified via inductively coupled plasma-optical
emission spectrometry (ICP-OES), assuming the nanoparticles were
spherical. Citrate-coated AuNPs with a diameter of 13.0 ± 1.0 nm
were synthesized according to a literature procedure.74 AuNPs were
passivated by the formation of self-assembled monolayers of alkyl-
PEG600 thiols on their surface. We used mixtures of carboxy- and
amino-terminated PEG600-thiols, with the molar fraction of amino-
terminated derivative being xNHd2

= 0.20 (Figure S8). Stock solutions of
thiols in EtOH (5 mM) were freshly prepared and directly used. Final
concentrations in the passivation reaction were: ∼100 nM AuNPs, 25
mM NaHCO3, 1 mM thiols (total), and therefore the reaction
contained 20% v/v of EtOH. Stirring at room temperature was
continued for 96 h, after which AuNP-PEG was purified by
ultrafiltration in 100 kDa Amicon Ultra-15 centrifugal filters (1 ×
15 mL 25 mM NaHCO3, 1 × 15 mL 2:8 v/v EtOH/50 mM
NaHCO3, and 2 × 15 mL 50 mM NaHCO3 buffer). Once purified,

AuNP-PEG was taken up in H2O at a final concentration varying in
the interval 400−600 nM (Figure S9). Glycopeptides 9, 10, 12, and
13 were coupled to AuNP-PEG according to a previously reported
procedure, with minor modifications.43 Shortly, AuNP-PEG were
resuspended in 30 mM phosphate buffer at pH 8.2 (approximately
100 nM) and reacted with SM(PEG)2 linker (cat. nr. 22102 Thermo
Scientific, 5 mM in the reaction mixture). The reaction mixture was
shaken for 4 h at 1 °C and 500 rpm. AuNP-Linker was then purified
from excess linker via ultrafiltration in 100 kDa Amicon Ultra-4
centrifugal filters (1 × 4 mL H2O, 1 × 4 mL 2:8 EtOH/20 mM
phosphate buffer pH 8.2, and 2 × 4 mL H2O) while performing all
steps on ice, in a 4 °C-cooled centrifuge, and using ice-cold wash
solutions. Purified AuNP-linker was taken up in water at a
concentration of approximately 400 nM. In parallel, 200 μL of 500
μM glycopeptide solutions in H2O were incubated with 10 mM tris(2-
carboxyethyl)phosphine hydrochloride (TCEP) for 2 h at 0 °C to
reduce any possible symmetric disulfide formation. For the coupling
reactions, the necessary amount of freshly TCEP-treated glycopeptide
was added to a freshly prepared cold solution of AuNP-linker and
shaken overnight at 4 °C, 500 rpm. Typical conditions for the
coupling reactions were: volume 600 μL, AuNP-linker ∼140 nM, 15
mM phosphate buffer pH 7.0, 50 μM glycopeptide (final
concentrations in the reaction mixture). Excess of the uncoupled
glycopeptide and TCEP was removed by centrifugation (20,800×g, 45
min, 18 °C), removal of the supernatant, and resuspension in 25 mM
NaHCO3 (2×) followed by purification using Vivaspin Turbo 4
Ultrafiltration Units (washing with 1 × 4 mL 10 mM NaHCO3, 2 × 4
mL 2:8 v/v EtOH/10 mM NaHCO3 and 1 × 4 mL 10 mM
NaHCO3). AuNPs were then taken up in 10 mM NaHCO3 and
further purified by gel filtration on NAP-10 columns preconditioned
with 10 mM NaHCO3. AuNP eluates were concentrated by
centrifugation to approximately 500 μL and sterile filtered using
Costar Spin-X Centrifuge Tube Filters with 0.22 μm cellulose acetate
porous membranes. The filtered solutions (approximately 100 nM)
were added to 10x phosphate-buffered saline (PBS) and diluted with
sterile Milli-Q water to afford the final AuNP formulations used for
mice vaccination (45 nM AuNPs in 1 × PBS).
Gel Electrophoresis
Gel electrophoresis was carried out on a 0.6% agarose gel using
sodium boric acid (SB) buffer pH 8.5, for approximately 2 h at 60 V
(Figure S10).75 Nanoparticle samples were diluted with a loading
buffer (1:1 SB buffer/glycerol) to 25 nM AuNPs before being loaded
on the gel (∼10 μL/lane).
Dynamic Light Scattering (DLS) and Zeta-Potential
Measurements
The mean z-average diameter and the PDI of the AuNPs were
determined by dynamic light scattering via cumulant analysis of the
time autocorrelation function. AuNPs were suspended in 10 mM
NaHCO3. Zeta potentials were measured using the same conditions
(Table S1).
Preparation of Glycopeptide BSA Conjugates for ELISA
Plate Coating
Bovine serum albumin (BSA, A0281 Sigma-Aldrich) was first
derivatized using the SM(PEG)2 amine-to-sulfhydryl heterobifunc-
tional linker, followed by conjugation of glycopeptides 9, 10, 12, and
13. Shortly, SM(PEG)2 (5 × 10−3 mmol in 100 μL dry acetonitrile,
final conc. Five mM in the reaction mixture) was added to an aqueous
solution of BSA in phosphate buffer at pH 8.2 (final reaction volume
1.0 mL, BSA 30 μM, buffer 30 mM). The reaction mixture was
incubated at 1 °C for 3 h. Excess linker was then removed by
ultrafiltration on Microcon-30 kDa Centrifugal Filter Unit with
Ultracel30 membrane (washing with 3 × 500 μL 20 mM phosphate
buffer pH 7.0). All cleaning steps were performed on ice, in a 4 °C
centrifuge, and with ice-cold wash solutions. Purified linker-function-
alized BSA was taken up in 1.0 mL of 20 mM phosphate buffer, pH
7.0, at a concentration of 1.4 mg/mL (∼21 μM). In parallel, 400 μL
of 500 μM of the corresponding glycopeptide in water was incubated
with 250 μM tris(2-carboxyethyl)phosphine hydrochloride (TCEP)
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for 1 h at rt to fully reduce any possible symmetric disulfide. For the
peptide coupling reaction, 325 μL of freshly TCEP-treated
glycopeptide was added to the freshly prepared cold solution of
linker-functionalized BSA (480 μL, 21 μM) and shaken at 500 rpm
overnight at 4 °C. The typical reaction volume was 1500 μL, and the
final concentrations in the reaction mixture were: linker-function-
alized BSA ∼6.7 μM, 30 mM phosphate buffer pH 7.0, 108 μM
peptide. Excess uncoupled peptide was removed by ultrafiltration on
Amicon Ultra-4 Centrifugal Filter Units, regenerated cellulose − 30
kDa (3 × 4 mL PBS). Purified conjugates were taken up in 500 μL of
PBS at a concentration of 1.2 mg/mL (∼18 μM). The sample was
stored protected from light at +4 °C and used to coat the ELISA
plates for the determination of antigen-specific antibody titers (Figure
S10).
In Vivo Studies
Animal experiments were conducted at the Animal Facility of CIC
bioGUNE, an AAALAC Intl.-accredited facility. Animal work was
performed in accordance with Spanish and European regulations and
followed FELASA guidelines and recommendations concerning
laboratory animal welfare. All animal experiments were approved by
the Competent Authority (Diputacioń de Bizkaia) and the authorized
Animal Ethics Committee (CIC bioGUNE′s Committee of Animal
Welfare and Biosafety, CBBA). Balb/c (BALB/cAnNCrl) andC57Bl/
6 (C57BL/6J) mice (8 weeks old) were purchased from Charles River
(Spain). Animals were maintained under 12 h light/dark cycles while
receiving food and water ad libitum. In the experiments, we
conducted the experiments with Balb/c mice. Mice, in groups of
five, received subcutaneous injections of AuNP-9, AuNP-10, AuNP-
12, or AuNP-13 at 14-day intervals. Each injection contained 2 μg of
the corresponding peptide. AuNPs without any peptide conjugation
(AuNP-PEG, Figure S9) were used as a negative control. To analyze
antibody production over time, murine blood was collected by
submandibular puncture the day before the immunization and 14 days
after each injection, and by cardiac puncture at sacrifice. Blood was
collected in BD Microtainer tubes with serum separator gel,
centrifuged at 10,000x rpm for 10 min, and the sera were stored at
−80 °C until further use. At sacrifice, spleens were also collected in
PBS and kept at 4 °C until splenocyte isolation. We found that the
antibody titers did not change after the second, third, or fourth
immunization (Figure S11).
Antibody Titer Determination by Enzyme-Linked
Immunosorbent Assay (ELISA)
Antibody production was measured by an indirect enzyme-linked
immunosorbent assay (ELISA). NUNC plates (Thermo Fisher) were
coated at 4 °C overnight in 0.2 M sodium carbonate at pH 9.6,
containing 0.2 μg/mL of BSA-conjugated glycopeptide 9, 10, 12, or
13 or unconjugated BSA. Following four washes with 0.05% Tween-
PBS (PBST), plates were blocked for 1 h with filtered 1% BSA-PBST.
After aspiration, 2-fold serial dilutions of the sera, starting at 1/100,
were applied and incubated for 1 h at room temperature. After six
washes with PBST, the plates were incubated for 45 min with a goat
antimouse total IgG antibody conjugated to horseradish peroxidase
(HRP) (Jackson ImmunoResearch), diluted 1/5.000 in PBST. The
plates were washed eight times with PBST and twice with PBS. 100
μL of 3,3′,5,5′-tetramethylbenzidine peroxidase substrate solution
(TMB, SeraCare) was added to each well and incubated for 30 min.
After the reaction was stopped with 100 mL of 1 M sulfuric acid
solution, the absorbance at 450 nm of each sample was measured with
a BioTek Epoch Microplate Spectrophotometer.
Splenic T-Cell Stimulation
The spleens from the immunized mice were disrupted using a 5 mL
syringe plunge and filtered through a 70 μm pore cell strainer
(Corning). Cells were collected in Dulbecco’s Modified Eagle
Medium (DMEM, Gibco) and centrifuged at 300×g for 5 min at 4
°C. The cells were resuspended in ammonium chloride potassium
(ACK) lysis buffer and incubated for 5 min at room temperature. Red
blood cell lysis was stopped by adding 2 volumes of 1x PBS. The cell
solution was then pelleted by centrifugation at 300 g for 5 min at 4 °C

and resuspended in 1%FBS-PBS. Automatic cell counting was
performed using a 0.4% solution of trypan blue (Invitrogen) in a
Countess II Automated Cell Counter (Invitrogen). The cells were
finally resuspended in TexMACS medium (Miltenyi Biotec)
supplemented with a 1% penicillin/streptomycin antibiotic solution
(P/S, Gibco). The cells were seeded in 48-well plates (2 × 107 cells/
well) and restimulated with 10 μg/mL of each peptide. A solution of
PBS was used as the negative control. As a positive control,
splenocytes were incubated with 100 ng/mL PMA and 125 ng/mL of
ionomycin. The restimulation supernatants were recovered after 48 h
and analyzed for IFNγ levels by capture ELISA using the BD OptEIA
Mouse IFNγ ELISA Set (BD Biosciences), following the manufac-
turer′s instructions.

Antibody Reactivity toward MUC1 Positive Cancer Cells
Analyzed by Confocal Microscopy
MCF7 and DLD1 tumor cells were cultured in DMEM and Roswell
Park Memorial Institute (RPMI) 1640 medium (Gibco), respectively,
supplemented with 10% FBS (Gibco) and 1% P/S. HEK293T cells
were used as a negative control and cultured using DMEM
supplemented with 10% FBS and 1% P/S. For microscopy assays,
MCF7 and DLD1 cells were collected by trypsinization (0.05%
Trypsin-EDTA, Gibco), seeded on top of sterile round cover glasses
in 24-well plates (2 × 105 cells/well), and allowed to adhere
overnight. HEK293T cells were collected by pipetting and seeded on
top of sterile round cover glasses pretreated with poly-L-lysine for 5
min and then extensively washed with MiliQ water and dried
overnight at room temperature. After washing with 1x PBS, the cells
were fixed with 4% paraformaldehyde in PBS for 20 min at 4 °C. After
three washes, cells were incubated with 10% FBS-PBS blocking buffer
for 1 h at 37 °C and then 2 h at 4 °C with antisera of immunized mice
at a 1/100 dilution in blocking buffer, a CD227 monoclonal antibody
(clone VU-3C6, Bio-Rad, 1/500) or blocking buffer (control). The
cells were washed three times and then incubated for 2 h at 4 °C in
the dark with AlexaFluor594-labeled goat antimouse IgG secondary
antibody (Invitrogen, 1/1000). After three washes, cell nuclei were
stained with 0.2 μg/mL DAPI (Invitrogen) for 10 min at 4 °C. Glass
coverslips were then mounted onto a microscope slide containing
ProLongTM Gold Antifade Mounting reagent (Invitrogen). The
preparations were analyzed by using a TCS SP8 confocal system
(Leica Microsystems). Image analysis was performed by using the
Leica Application Suite X software (version 3.7).
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