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Śıntesis Qúımica, E-26006 Logroño, Spain.

jesusmanuel.peregrina@unirioja.es
bCIC BioGUNE, Bizkaia Technology, Park Bu
cInstitute of Biocomputation and Physics of

Zaragoza, Zaragoza, Spain
dInstituto de Medicina Molecular, Faculdad

Avenida Professor Egas Moniz, 1649-028 Lis
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rmational analysis and in vivo
assays of an anti-cancer vaccine that features an
unnatural antigen based on an sp2-iminosugar
fragment†

Iris A. Bermejo,a Claudio D. Navo, ab Jorge Castro-López,c Ana Guerreiro,d

Ester Jiménez-Moreno,a Elena M. Sánchez Fernández,e Fayna Garćıa-Mart́ın, f

Hiroshi Hinou,f Shin-Ichiro Nishimura, f José M. Garćıa Fernández, g

Carmen Ortiz Mellet, e Alberto Avenoza,a Jesús H. Busto,a

Gonçalo J. L. Bernardes, dh Ramón Hurtado-Guerrero,cij Jesús M. Peregrina *a

and Francisco Corzana *a

The Tn antigen (GalNAc-a-1-O-Thr/Ser) is a well-known tumor-associated carbohydrate determinant. The

use of glycopeptides that incorporate this structure has become a significant and promising niche of

research owing to their potential use as anticancer vaccines. Herein, the conformational preferences of

a glycopeptide with an unnatural Tn antigen, characterized by a threonine decorated with an sp2-

iminosugar-type a-GalNAc mimic, have been studied both in solution, by combining NMR spectroscopy

and molecular dynamics simulations, and in the solid state bound to an anti-mucin-1 (MUC1) antibody,

by X-ray crystallography. The Tn surrogate can mimic the main conformer sampled by the natural

antigen in solution and exhibits high affinity towards anti-MUC1 antibodies. Encouraged by these data,

a cancer vaccine candidate based on this unnatural glycopeptide and conjugated to the carrier protein

Keyhole Limpet Hemocyanin (KLH) has been prepared and tested in mice. Significantly, the experiments

in vivo have proved that this vaccine elicits higher levels of specific anti-MUC1 IgG antibodies than the

analog that bears the natural Tn antigen and that the elicited antibodies recognize human breast cancer

cells with high selectivity. Altogether, we compile evidence to confirm that the presentation of the

antigen, both in solution and in the bound state, plays a critical role in the efficacy of the designed

cancer vaccines. Moreover, the outcomes derived from this vaccine prove that there is room for

exploring further adjustments at the carbohydrate level that could contribute to designing more efficient

cancer vaccines.
Introduction

The Tn antigen is a specic human tumor-associated carbohy-
drate antigen (TACA) formed byN-acetylgalactosamine (GalNAc)
a-O-linked to either serine (Ser) or threonine (Thr) residues.1
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The overexpression of this simple structure correlates well with
several types of tumors and it has been associated with meta-
static behavior and tumor expansion. In general, the Tn antigen
appears on the surface of epithelial cells as part of tumor-
associated mucins. Mucins are heavily glycosylated proteins
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Fig. 1 (a) Structures of a-sp2GalNAc-Thr 1a and Tn antigen with
threonine 1b. (b) Structures of unnatural a-sp2GalNAc-glycopeptide
2a and the natural variants 2b and 2c.

Fig. 2 Two-component cancer vaccine candidates KLH-3a (upper
panel) and KLH-3b (lower panel) synthesized in this work from
glycopeptides 3a and 3b, respectively.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
on

 7
/2

9/
20

25
 1

2:
07

:2
6 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
that play a key role in several biological processes,2 such as
tissue inammation, immune response or intercellular recog-
nition. One of the most relevant mucins is MUC1,3,4 which is
composed of 20–125 tandem-type repeats of a core sequence of
20 amino acids “HGVTSAPDTRPAPGSTAPPA”. This sequence
presents ve potential O-glycosylation sites made up of two Ser
and three Thr residues (shown in bold letters in the tandem
repeat sequence). In general, although this glycoprotein is
decorated with complex O-glycans in healthy cells, in tumor
tissues it usually presents simple carbohydrates, due mainly to
the malfunction or relocation of GalNAc-transferases or muta-
tions in COSMC, which is a chaperone for the follow-up glyco-
syltransferase C1GalT.1,3,4 Consequently, different antigens that
are masked in healthy cells, such as the Tn antigen, are exposed
in malignancies and can trigger an immune response. Several
studies have demonstrated the occurrence of anti-MUC1 anti-
bodies in cancer patients that can limit tumor outgrowth and
dissemination.5–7 Moreover, the sequence PDTRP of MUC1 is
the most immunogenic epitope recognized by anti-MUC1 anti-
bodies,8–10 such as the SM3 antibody, which has great potential
to be used in early diagnosis and treatment of breast cancer.11

For these reasons, MUC1 is considered a promising target for
the development of cancer vaccines.12–14 To date, most of these
vaccines have failed in clinical trials.3 An important drawback of
these potential vaccines is their tendency to suffer from
immunotolerance due to the presence of TACAs at low
concentrations in healthy cells.15 Additionally, the short bio-
logical half-life that some of these O-glycopeptides present is
related to enzymatic degradation.15,16 Thus, the use of unnatural
TACA analogs that are more resistant to degradation and able to
provide stronger and longer lasting immunogenicity represents
an attractive and required niche of research in the development
of anti-cancer vaccines.17 Given that the O-glycosidic bond is
particularly sensitive to enzymatic degradation in biological
media, the incorporation of GalNAc moieties chemically
modied in the anomeric region into carbohydrate-based
cancer vaccines has attracted much attention in recent
years.18–22 These modications included the use of C- and S-
glycosides23–25 or deoxyuoroglycosides,26–31 among others. We
have recently contributed to this eld by reporting the rst
examples of Tn antigens that feature a serine or a threonine
glycosylated with a bicyclic sp2-iminosugar moiety with
a substitution and congurational pattern of structural
complementarity to a-GalNAc (a-sp2GalNAc),32 namely
compound 1a and the corresponding mucin-related glycopep-
tide 2a (Fig. 1). The presence of the sp2-hybridized pseudoamide
nitrogen at the position of the endocyclic oxygen in mono-
saccharides drastically enhances the anomeric effect in sp2-
iminosugar glycomimetics, which enables access to chemically
and enzymatically stable a-linked conjugates with total stereo-
control.33–35 We have also proved that the antibody scFv-SM3
exhibits a 2-fold higher affinity towards unnatural glycopep-
tide 2a (KD ¼ 1.60 � 0.16 mM) relative to the natural variant 2b
(KD ¼ 3.30 � 0.84 mM).32

Here, we go one step further and report the synthesis and
evaluation in vivo of a two-component anti-cancer vaccine
(derivative 3a), composed of Tn mimic a-sp2 GalNAc-Thr (1a) in
This journal is © The Royal Society of Chemistry 2020
the most immunogenic domain of a MUC1 fragment and
immunogenic carrier protein Keyhole Limpet Hemocyanin36

(KLH, Fig. 2). This protein was selected because it is one of the
most popular protein carriers for carbohydrate-based cancer
vaccines. Conjugates of this protein with several TACAs, such as
Tn, GM2, GD2, Globo-H, and MUC1, have been used in clinical
trials.37–42 Moreover, it has been observed that KLH-MUC1
conjugates can elicit anti-MUC1 antibodies in human
patients.37,43–45 Conjugate 3b, which displays natural Tn-Thr
antigen GalNAc-a-1-O-Thr in its structure, was also synthe-
sized and tested for comparison. In addition, and with the aim
of providing a rational explanation for the higher binding
affinity of the unnatural derivative, glycopeptide 2a was
synthesized and its structure was studied both in solution,
through a combination of NMR spectroscopic experiments and
molecular dynamics (MD) calculations, and in the solid state, by
X-ray crystallography.
Chem. Sci., 2020, 11, 3996–4006 | 3997
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Fig. 3 (a) Section of the 2D NOESY spectrum (400 MHz) of glycopeptide 2a in H2O/D2O (9 : 1) at 298 K, showing the amide region. Diagonal
peaks and exchange cross-peaks connecting NH protons and water are negative (red). NOE contacts are represented as positive cross-peaks
(blue). (b) Ensembles obtained from 20 ns experiment-guided MD simulations in explicit water for glycopeptide 2a. Glycopeptide carbon atoms
are shown in tan and the sugar moiety is in plum. (c) Distribution for the glycosidic linkage (f/j) of 2a derived from the 20 ns experiment-guided
MD simulations.
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Results and discussion

Unnatural glycopeptide 2a presents a relatively high affinity
towards the SM3 antibody. To verify this as a general trend, we
analysed the binding of this derivative, as well as compounds 2b
and 2c, with commercially available monoclonal antibody VU-
Fig. 4 Key binding interactions of glycopeptide 2b (a) and 2a (b) with anti
and 6TGG, respectively). Pink dashed lines indicate the hydrophobic inte
lines indicate hydrogen bonds. The geometry of the glycosidic linkage is
(blue) contoured at 2.0s for glycopeptide 2a. (d) Superposition of the pep
Peptide backbone carbon atoms are shown in tan. The sugar moiety in

3998 | Chem. Sci., 2020, 11, 3996–4006
11E22,9,10 by using a microarray assay (Fig. S1 and S2†). The
results derived from these experiments indicated that the
antibody VU-11E2 has a preference for the glycosylated
derivatives 2a and 2b relative to the naked peptide 2c, which
is in good agreement with previous studies.9 However, in
contrast to the SM3 antibody,32 a slightly higher affinity of the
body scFv-SM3, as observed in the X-ray crystal structure (pdb id: 5A2K
raction between the sugar and the scFv-SM3 surface and black dashed
shown in parentheses. (c) Electron density maps are FO–FC syntheses
tide backbone of glycopeptides 2a and 2b in complex with scFv-SM3.
2a and 2b is in plum and yellow, respectively.

This journal is © The Royal Society of Chemistry 2020
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VU-11E2 antibody was observed for natural glycopeptide 2b.
Therefore, the binding studies accomplished with SM3 and
VU-11E2 antibodies showed that they recognize the unnatural
glycopeptide 2a and the natural variant 2b with a comparable
affinity, exhibiting a worse binding to the naked derivative 2c.

To provide a rational explanation of the relatively high
affinity of 2a towards these anti-MUC1 antibodies, we
Scheme 1 Synthesis of KLH-conjugated-a-sp2GalNAc-glycopeptide KL

This journal is © The Royal Society of Chemistry 2020
performed the conformational analysis of this glycopeptide in
solution and in the SM3-bound state.

In solution, 2D NOESY experiments showed key sequentially
strong NH/Ha (i, i + 1) connectivities, such as NHAsp/HaPro,
NHArg/HaThr or NHThr/HaAsp, along with weak or absent NH–NH
(i, i + 1) NOE interactions, which suggests a preference for
extended conformations of the peptide in solution46 (Fig. 3a and
Table S1†). These proton–proton distances were then used as
H-3a as a two-component cancer vaccine candidate.

Chem. Sci., 2020, 11, 3996–4006 | 3999
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Fig. 5 Total IgG and sub-typing (IgG1) anti-MUC1 antibody titrations
after immunization with either vaccine KLH-3a or KLH-3b. ELISA plates
were coated with natural MUC1-like glycopeptide 3b. The horizontal
lines indicate the mean for the group of mice (n ¼ 3). An asterisk
indicates a statistically significant difference (*P < 0.05).
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restraints in experiment-guided MD simulations (MD simulations
with time-averaged restraints; MD-tar),47 following our well-
established protocol.48 These calculations were performed with
AMBER 18 soware,49 implemented with ff14SB,50 GLYCAM 06
(ref. 51) and general Amber force eld (GAFF)52 forceelds, and
provided a distribution of low-energy conformers able to repro-
duce NOESY data. The good agreement between the experimental
and calculated distances validates the theoretical study (Table
S1†). Fig. 3b shows the structural ensemble derived from 20 ns
experiment-guided MD simulations. According to these calcula-
tions, and in agreement with the NOE contacts, the peptide
backbone of unnatural glycopeptide 2a adopts an extended
conformation in water (see also Fig. S3†). Moreover, the side-chain
of the threonine derivative is quite rigid (c1 close to 60�), in
agreement with previous studies.53,54 Therefore, the conforma-
tional space sampled by the peptide fragment of compound 2a is
similar to that reported for the natural variant 2b.55

Concerning the glycosidic linkage, the torsional angle j

takes values of around 120�, which is characteristic of an
eclipsed conformation (Fig. 3c).53,54 This geometry is supported
by a medium-size NOE cross-peak between the NH group of the
threonine (NHThr4) residue and the NH of the sugar
(NHiminosugar, Fig. 3a). Of note, a low-populated conformer of
the glycosidic linkage (population < 10%), characterized by
values of j in the range of 60–90�, is also observed in solution.
Markedly, this geometry of the glycosidic linkage, which is not
populated by the natural variant 2b,55 is recognized by the SM3
antibody (see below).

Next, to evaluate compound 2a in the bound state, we
prepared high-quality crystals of the antibody scFv-SM3 in
complex with this antigen and performed the subsequent
crystallographic analysis. The structure, obtained at a resolu-
tion of 2.11 Å (Table S2†), reveals that the surface groove of the
antibody nicely ts all the peptide residues (Fig. 4a), as previ-
ously observed for the natural glycopeptide 2b and its naked
variant (compound 2c in Fig. 1).55 Moreover, the conformation
of the peptide backbone is almost identical to that displayed by
2b, indicating that the presence of the unnatural sp2-iminosu-
gar within the GalNAc moiety does not signicantly modify the
overall conformation of the glycopeptide in the bound state
(Fig. 4c).

The non-covalent interactions between the antibody and the
unnatural antigen are the same as for 2b and 2c, involving
several hydrogen bonds, some of them water-mediated, and
stacking interactions. Thus, Pro2 stacks with Tyr32L, Trp91L
and Trp96L, while Asp3 and Arg5 interact hydrophobically with
Trp33H and Tyr32H, respectively. In addition, the CO group of
Thr4 and Pro6 interacts through a hydrogen bond with Gln97H
and Tyr32H, respectively.

The torsional angle f of the glycosidic linkage takes a value
close to 73�, in accordance with the exo-anomeric effect,56 while
j is close to 66�. This value of j, which is also exhibited by
glycopeptide 2a in the free state in solution, has not been
detected for natural glycopeptide 2b in the SM3-bound state.
This characteristic geometry of the glycosidic linkage can
enhance the CH/p interaction between the methyl group of the
sugar and Trp33H (Fig. 4b).
4000 | Chem. Sci., 2020, 11, 3996–4006
It can be concluded that glycopeptide 2a is quite rigid in
solution and displays mainly a similar conformation to the
natural variant 2b. In the SM3-bound state, these two glyco-
peptides adopt a different disposition of the sugar moiety. Of
note, in derivative 2a, the N-acetyl group of the sugar is closer to
a tryptophan residue, which is partly responsible for the better
binding of the unnatural glycopeptide. This, together with the
occurrence of this conformer in solution, may explain the better
affinity reported for unnatural glycopeptide 2a relative to the
natural derivative 2b.

Encouraged by the high capacity of derivative 2a to mimic
the natural antigen, we carried out the synthesis of two-
component cancer vaccine57 KLH-3a (Fig. 2), together with
the natural variant KLH-3b for comparison. Vaccine KLH-3a
combines MUC1-glycopeptide 3a (Scheme 1), which features
sp2-iminosugar Tnmimic 1a in the tandem repeat sequence of
MUC1 and a Cys residue at its N-terminus to allow the
conjugation to the immunogenic carrier protein KLH. The
synthesis of 3a was accomplished by using microwave-
assisted solid phase peptide synthesis (MW-SPPS). Once
puried by reverse-phase (RP)-HPLC and lyophilized,
compound 3a was conjugated to the KLH protein by the
maleimide protocol by using succinimidyl-4-(N-
maleimidomethyl)cyclohexane-1-carboxylate (SMCC) as a het-
erobifunctional linker (Scheme 1). Natural MUC1 derivative
3b and naked peptide 3c (see the ESI†), which contain antigen
1b or a threonine residue, respectively, were prepared
following the same protocol as described in Scheme 1. The
yield of the conjugation reactions of derivatives 3a and 3b to
KLH was estimated by immunoassay experiments58 and
determined by UPLC/MS (see Experimental section).

Next, Balb/c mice were immunized with KLH-3a and KLH-3b
four times at biweekly intervals. The rst immunizations were
performed with complete Freund's adjuvant and the others
were accomplished with incomplete Freund's adjuvant. One
week aer the last immunization, the mice were sacriced, and
serum was harvested. Murine IgG and IgM antibody responses
of sera were characterized by ELISA. As can be seen in Fig. 5 and
S4,† mice immunized with these vaccine candidates elicited
a specic anti-MUC1 IgG antibody response and, more impor-
tantly, the unnatural vaccine KLH-3a was able to elicit higher
levels of IgG antibodies in comparison to the natural variant
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 a) Staining of living cells with the antisera of mice immunized with KLH-3a analyzed by flow cytometry: HEK293T (red line), T47D (blue
line) and MCF7 (grey line). Staining with a 1 : 100 dilution of sera and visualization with a mouse secondary a-IgG-488 antibody. (b) Confocal
microscopy images show that mice antisera after vaccinationwith KLH-3a stain breast cancer cells MCF7 and T47D expressing tumor-associated
MUC1, but not those that do not express tumor-associated MUC1 on their surface, HEK293T. Blue ¼ Hoechst (nuclei); green ¼ secondary anti-
mouse IgG Alexa 488 (tumor-associated MUC1).
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KLH-3b. Regarding sub-typing of the IgG antibodies, both
vaccines show IgG1 titers signicantly higher than IgG2a (Fig. 5
and S4†), which indicates a prevalence of a Th1 response
(humoral immunity).59,60 The data also reveal that a T cell-
mediated class-switching takes place, because IgM antibody
values were low with both vaccines (Fig. S4†).14 However, anti-
bodies produced by both vaccines recognized likewise glycosy-
lated and naked MUC1 epitopes (Fig. S5†). This result indicates
that the elicited antibodies target mainly the peptide and not
the glycan moiety.

Finally, it is important to note that the elicited antibodies
can selectively recognize native tumor associated MUC1 pre-
sented on the surface of human cancer cells. To demonstrate
This journal is © The Royal Society of Chemistry 2020
this, MCF7 and T47D cell lines, which express tumor associ-
ated MUC1 on their surface, together with a human embry-
onic kidney cell line (HEK293T), which was used as a negative
control, were treated with antisera obtained aer immuniza-
tion with KLH-3a and analyzed by ow cytometry.48 The
experiments showed that MCF7 and T47D strongly react with
the antisera, while HEK293T cells were not targeted (Fig. 6a).
These results support subsequent confocal microscopy
experiments (Fig. 6b). Taken together, this result suggests
that antibodies generated aer the immunization of mice
with unnatural vaccine KLH-3a can selectively recognize
human cancer cells.
Chem. Sci., 2020, 11, 3996–4006 | 4001
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Conclusions

A MUC1-like glycopeptide with an unnatural Tn antigen that
features a threonine glycosylated with an sp2-iminosugar Gal-
NAc mimetic has been conjugated to the carrier protein KLH
and tested in mice. The experiments in vivo show that this
vaccine elicits specic anti-MUC1 IgG antibodies that
outnumber those obtained with the natural analog. More
importantly, these antibodies are able to recognize human
cancer cell lines that express tumor associated MUC1 on their
surface. On the one hand, the absence of the sp2-iminosugars in
organisms might enhance the immunogenicity of the designed
antigen. This feature, combined with the resistance of this
unnatural scaffold to degradation, could contribute signi-
cantly to the effectiveness of the vaccine. On the other hand, the
conformational analysis performed by NMR spectroscopy and
MD simulations demonstrates that the unnatural derivative is
rigid in solution and adopts a geometry similar to that found for
the natural Tn-glycopeptide. According to the crystallographic
analysis, the SM3-bound state reveals that the glycosidic linkage
of the unnatural glycopeptide displays an orientation that
facilitates the CH/p interaction between the methyl of the N-
acetyl group of the sugar and a tryptophan residue, which is
partly responsible for the better binding of the unnatural
glycopeptide. As we have previously reported, rather exible
determinants can hinder the boosting of the immune system.61

Thus, according to the present work, when the engineered
antigen is capable of copying the conformational landscape of
the natural Tn antigen and exhibits a good affinity towards anti-
MUC1 antibodies, this determinant is a priori a good candidate
to develop effective cancer vaccines.48

Therefore, the results reported in this work can contribute to
exploiting the rational design of cancer vaccines.
Experimental section
Reagents and general procedures

Commercial reagents were used without further purication.
Solvents were dried and redistilled prior to use in the usual way.
1H and 13C NMR spectra were measured with Bruker Avance-400
and Bruker ARX-300 spectrometers in D2O or H2O/D2O (9 : 1) at
298 K. Spectra were assigned by using COSY and HSQC. High-
resolution electrospray ionization (ESI) mass spectra were
recorded on a microTOF-Q-BRUKER spectrometer; accurate
mass measurements were achieved by using sodium formate as
an external reference.
NMR experiments

NMR experiments were performed with a 400 MHz spectrom-
eter at 298 K. Magnitude-mode ge-2D COSY spectra were
acquired with gradients by using the cosygpqf pulse program
with a pulse width of 90�. Phase-sensitive ge-2D HSQC spectra
were acquired by using a z-lter and selection before t1,
removing the decoupling during acquisition by use of the
invigpndph pulse program with CNST2 (JHC) ¼ 145.
4002 | Chem. Sci., 2020, 11, 3996–4006
2D NOESY experiments

NOESY experiments were performed with a Bruker Avance 400
MHz spectrometer at 298 K and pH 6.0–6.5 in H2O/D2O (9 : 1).
The experiments were conducted by using phase-sensitive ge-2D
NOESY with WATERGATE for H2O/D2O (9 : 1) spectra. NOE
intensities were normalized with respect to the diagonal peak at
zero mixing time. Distances involving NH protons were semi-
quantitatively determined by integrating the volume of the
corresponding cross-peaks. The number of scans used was 16
and the mixing time was 500 ms.
Microwave assisted solid-phase peptide synthesis (MW-SPPS)

This synthesis was performed automatically with Rink Amide
MBHA resin (0.05 mmol) and an automated synthesizer. DIC/
Oxyma Pure® was used as the coupling reagent and 20% (v/v)
solution of piperidine in dimethylformamide (DMF) was used
for uorenylmethyloxycarbonyl (Fmoc) deprotection. The gly-
cosylated amino acid building blocks were synthesized as
described in the literature:32,62 the corresponding amino acid
(1.5 equiv.) together with 2-(1H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexauorophosphate (HBTU; 0.9 equiv.)
and 0.25 mL of N,N-diisopropylethylamine [DIPEA; 2.0 M in N-
methyl-2-pyrrolidone (NMP)] were dissolved in 2 mL of DMF.
The reaction mixture was added to the resin and vortex mixed
for 3 h, until the coupling was completed as deduced by the
Kaiser test. O-Acetyl groups of the carbohydrates were depro-
tected with 5 mL (3 � 15 min) of a hydrazine/MeOH (7 : 3)
solution. (Glyco)peptides were detached from the resin and
acid-sensitive sidechain protecting groups by treatment with
a solution of triuoroacetic acid (TFA)/triisopropylsilane (TIS)/
H2O/1,2-ethanedithiol (EDT; 92.5 : 2.5 : 2.5 : 2.5) for 3 h at
25 �C. (Glyco)peptides were then precipitated with cold diethyl
ether and centrifuged, to afford the crude derivatives. Purica-
tion by RP-HPLC afforded the corresponding (glyco)peptides
(for experimental details see the ESI†).
Microarrays

Anti-MUC1 mouse monoclonal antibody VU-11E2 (0.86 mg
mL�1) and FluoroLinkTM CyTM3-labeled goat anti-mouse IgG
were used in these experiments. Themicroarray printing and the
microarray monoclonal antibody binding assay were performed
following the same protocols previously reported by us63 (for
experimental details see the ESI and Fig. S1 and S2†).
Molecular dynamics simulations with time averaged
restraints (MD-tar)

The simulations were carried out with the AMBER 18 package,49

and implemented with ff14SB (ref. 50) and GAFF.52 Parameters
for the unnatural sugar mimic were generated with the ante-
chamber module of AMBER 18, with partial charges set to t the
electrostatic potential generated with HF/6-31G(d) by RESP.64

The charges were calculated according to the Merz–Singh–
Kollman scheme with Gaussian 16.65 The system was neutral-
ized by adding explicit counter ions (Cl�). Prior to MD-tar47

productive simulation on glycopeptide 2a, we performed an
This journal is © The Royal Society of Chemistry 2020
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equilibration protocol consisting of an initial minimization of
the water box of 5000 steps, followed by a 2500-step minimi-
zation of the whole system. Then, the TIP3P66 water box was
heated at constant volume until 298 K by using a time constant
for a heat bath coupling of 1 ps. The equilibration nished with
200 ps of MD simulation without restraints, at a constant
pressure of 1 bar and temperature of 298 K, turning on the
Langevin temperature scaling with a collision frequency of 1 ps.
An 8 Å cutoff was applied to Lennard-Jones interactions. Peri-
odic boundary conditions and the particle mesh Ewald
method67 were turned on in every step of the equilibration
protocol to evaluate the long-range electrostatic forces, using
a grid spacing of 1 Å. 20 ns MD-tar47 simulations were run with
the same settings used in the last step of the equilibration
protocol. A time step of 1 fs was used. The NOE-derived
distances shown in Table S1† were imposed as time-averaged
restraints, applying an r�6 averaging. The equilibrium
distance range was set to rexp � 0.2 Å # rexp # rexp + 0.2 Å. The
force constants rk2 and rk3 used in each case were
10 kcal mol�1$Å�2. A decay constant of 2000 ps was used
throughout the MD simulations. The coordinates were saved
each 1 ps, thus obtaining MD trajectories of 20 000 frames. The
analysis of the MD-tar trajectories has been carried out with the
cpptraj module of AMBER 18.

Crystallization

Expression and purication of scFv-SM3 has been described
previously by us.55 Crystals were grown by sitting drop diffusion
at 18 �C. The drops were prepared by mixing 0.5 mL of protein
solution, which contained 15 mg mL�1 scFv-SM3 and 10 mM
glycopeptide 2a with 0.5 mL of the mother liquor. Crystals of
scFv-SM3 with the peptide above were grown in 20% PEG 3350
in 0.2 M disodium hydrogen phosphate. The crystals were cry-
oprotected inmother liquor containing 15% ethylene glycol and
frozen in a nitrogen gas stream cooled to 100 K.

Structure determination and renement

Diffraction data were collected on synchrotron beamline I24 of
the Diamond Light Source (Harwell Science and Innovation
Campus, Oxfordshire, UK) at a wavelength of 0.97 Å and
a temperature of 100 K. Data were processed and scaled with the
XDS package68 and CCP4 soware.69,70 Relevant statistics are
given in Table S2.† The crystal structures were solved by
molecular replacement with Phaser69,70 and by using the PDB
entry 1SM3 as the template. Initial phases were further
improved by cycles of manual model building in Coot71 and
renement with REFMAC5.72 The nal models were validated
with PROCHECK.73 Coordinates and structure factors have been
deposited in the Worldwide Protein Data Bank (wwPDB; PDB id
6TGG).

Conjugation

Conjugation of MUC1 derivatives was conducted by INYCOM
Biotech (Zaragoza, Spain) following a standard procedure as
follows. First, SMCC (2 mg) was dissolved in 10 mL of DMF and
then added to a KLH solution (50 mL, 20 mgmL�1 in phosphate-
This journal is © The Royal Society of Chemistry 2020
buffered saline (PBS), pH 7.2). The mixture was diluted by
adding 25 mL of PBS. Aer 1 h at room temperature, the mixture
was diluted with 175 mL of PBS and puried by using dialysis (14
kDa MWCO) against PBS for 24 h. Glycopeptides (2 mg dis-
solved in 500 mL of PBS) were treated with KLH-SMCC (2 mg in
200 mL of PBS). Aer 2 h at room temperature, the mixture was
puried by using dialysis (14 kDa MWCO) against PBS for 24 h.
The total protein concentration (absorbance at 280 nm) was 1.1
and 1.0 mg mL�1 for KLH-3a and KLH-3b, respectively. The
glycopeptide/KLH ratio was determined by UPLC/MS,74 using
glycopeptides 3a and 3b as standards (Fig. S6†). The experi-
mentally calculated values were 3a/KLH ¼ 3305 and 3b/KLH ¼
3420.

Immunizations

Immunizations were carried out by INYCOM Biotech (Zaragoza,
Spain). Three female MUC1.Tg mice (Balb/c) that express
human MUC1 at the physiological level (14-week-old, average
weight ¼ 24 g) were immunized four times at biweekly intervals
at the base of the tail intradermally with vaccine KLH-3a or
KLH-3b (25 mg), together with complete or incomplete Freund's
adjuvant. The endpoint was one week aer the 4th
immunization.

Serologic assays

Anti-MUC1 IgG, IgG1, IgG2a, IgG2b, IgG3 and IgM antibody
titers were determined by enzyme-linked immunosorbent
assay, which was conducted by INYCOM Biotech (Zaragoza,
Spain) as follows. ELISA plates (JetBioFil, China) were coated
with 75 mL of a 5 mg mL�1 solution of either 3b or 3c in PBS and
incubated for 1 h at 37 �C. Unreacted sites were blocked with
225 mL of BSA 1% in washing buffer (0.05% Tween-20 in PBS 1�)
for 1 h at 37 �C. Aerwards, wells were washed twice with
washing buffer. 75 mL of serum samples (blood taken from each
mouse's tail diluted in 800 mL of BSA 1% solution) were allowed
to bind to immobilized antigens for 30 min at 37 �C. Wells were
then washed twice with washing buffer, prior to incubation with
75 mL of biotinylated anti-mouse antibodies (1 : 1000 dilution in
conjugated solvent) for 30 min at 37 �C. Aer washing three
times with washing buffer, incubation with 75 mL streptavidin-
HRP (Sigma), 1 : 500 dilution in conjugation solvent, was
carried out for 30 min at 37 �C. Wells were washed ve times
with washing buffer. 75 mL of TMB were then incubated for
5 min at room temperature. For the nal color-developing step,
75 mL of 0.2 M HCl were added to stop the reaction. Absorbance
at 450 nm was read, using an iMark™ BIO RAD Microplate
Reader. Comparisons were performed by using an unpaired t
test with equal SD. Differences were considered signicant
when P < 0.05.

Culture of cell lines

Three different cell lines were used for the in vitro studies,
namely HEK293T (a human embryonic kidney cell line), MCF7
(a human breast adenocarcinoma cell line) and T47D cells (a
human breast ductal carcinoma cell line). The cells were
maintained in a humidied incubator at 37 �C under 5% CO2
Chem. Sci., 2020, 11, 3996–4006 | 4003
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and grown by using 1� DMEM (Dulbecco's modied Eagle's
medium) with sodium pyruvate and without L-glutamine (Invi-
trogen, Life Technologies) supplemented with 10% heat-
inactivated fetal bovine serum (FBS) (Gibco, Life Technolo-
gies), 1� MEM NEAA (Gibco, Life Technologies), 1� GlutaMAX
(Gibco, Life Technologies), 200 units per mL penicillin and 200
mg mL�1 streptomycin (Gibco, Life Technologies) and 10 mM
HEPES (Gibco, Life Technologies). The medium of the T47D
cells was supplemented with 10 mg mL�1 insulin (Gibco, Life
Technologies).

Reactivity of antibodies towards human cancer cell lines
determined by ow cytometry analysis

The reactivity of the antibodies elicited by KLH-3a towards
breast cancer cell lines was determined by staining the cells
with the antisera followed by ow cytometry analysis. For this
purpose, MCF7 and T47D cells (with high expression of TA-
MUC1) and HEK293T cells (with no expression of TA-MUC1)
were xed with an ice-cold solution of 4% paraformaldehyde
in PBS (100 000 cells per FACS tube) for 10 min. Aer xation,
the cells were subjected to a permeabilization step with 0.1%
Triton-X100 in PBS for 15 min, followed by a blocking step with
10% FBS in PBS for 30 min. The cells were then incubated with
50 mL of 1 : 50 dilution of mice sera. Aer 1 h of incubation, cells
were incubated with 50 mL per$well of goat anti-mouse poly-
clonal IgG H&L Alexa Fluor 488 (1 : 2000) secondary antibody
from Abcam, for an additional 1 h. All the incubation periods
were completed at rt and were followed by washing steps with
PBS (with 4 min centrifugation at 4000 rpm to remove the
supernatant). Acquisition was done with a BD LSR Fortessa
setup with a 488 nm laser and a 530/30 nm band-pass lter
(combination used for Alexa488 detection). Data analysis was
done with FlowJo (version 6.3.4, FlowJo) soware.

Reactivity of antibodies towards human breast cancer cell
lines analyzed by confocal microscopy

Antiserum staining of cell lines MCF7, T47D and HEK293T
(negative control) was investigated by confocal microscopy. To
this end, 30 000 cells per well were seeded in 8-well m-Slide Ibidi
Plates and grown for 24 h. The cells were then incubated with
CellMask Deep Red membrane dye (1 : 1000) for 10 min at
37 �C, followed by a xation step with 4% paraformaldehyde in
PBS for 10 min at 37 �C. The cells were then washed with PBS
and permeabilized with 1% Triton X-100 in PBS for 15 min at rt.
The cells were then incubated with the mice sera (1 : 100 dilu-
tion) at 4 �C overnight. The cells were washed with PBS and
incubated with 200 mL per well of goat anti-mouse polyclonal
IgG H&L Alexa Fluor 488 (1 : 2000) secondary antibody from
Abcam, for 2 h at rt. Finally, the cells were washed and incu-
bated with Hoechst (1 mg mL�1) for 10 min at rt to stain the
nuclei and analyzed with a Zeiss LSM 710 confocal laser point-
scanning microscope with a 40� oil objective and numerical
aperture ¼ 1.3. The secondary antibody was visualized with an
argon laser source (488 nm, emission 500–550 nm), while
CellMask Deep Red stained membranes were visualized upon
excitation with a DPSS 561-10 laser (561 nm, emission 570–640
4004 | Chem. Sci., 2020, 11, 3996–4006
nm), and nuclei were visualized with a diode 405-30 laser
(450 nm, emission 420–470 nm).

Author contributions

I. A. B., C. D. N. and A. A. synthesized, puried and character-
ized the glycopeptides. J. H. B. and J. M. P. and F. C. performed
and analyzed the NOESY experiments. J. C.-L. and R. H.-G.
puried antibody scFv-SM3, crystallized the complex and
rened the crystal structure. A. G. and G. J. L. B. carried out the
ow cytometry and the confocal microscopy experiments. E. M.
S. F, J. M. G. F. and C. O. M. performed the synthesis, puri-
cation and characterization of the unnatural building bock with
the sp2-iminosugar to use in solid-phase peptide synthesis. F.
G.-M., H. H. and S.-I. N. carried out the microarray assays. I. A.
B. and E. J.-M. determined the glycopeptide/KLH ratio by using
UPLC/MS. F. C. performed the conformational analysis of the
antigen in solution. F. C. and J. M. P. wrote the article with the
other authors' contributions. All authors read and approved the
nal manuscript.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

We acknowledge the Ministerio de Ciencia, Innovación y Uni-
versidades and the Agencia Estatal de Investigación (projects
RTI2018-099592-B-C21 and RTI2018-097609-B-C21), the Minis-
terio de Economı́a y Competitividad (SAF2016-76083-R), Euro-
pean Regional Development Funds (FEDER-UE), the Royal
Society (URF\R\180019 to G. J. L. B.) and FCT Portugal (PhD
studentship, SFRH/BD/115932/2016 to A. G. and FCT Investi-
gator IF/00624/2015 to G. J. L. B.). M. C. O further thanks CITIUS
for technical support. I. A. B. thanks the Asociación Española
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17 N. Mart́ınez-Sáez, J. M. Peregrina and F. Corzana, Chem. Soc.

Rev., 2017, 46, 7154–7175.
18 Z. Guo and Q. Wang, Curr. Opin. Chem. Biol., 2009, 13, 608–

617.
19 Q. Wang, S. A. Ekanayaka, J. Wu, J. Zhang and Z. Guo,

Bioconjugate Chem., 2008, 19, 2060–2067.
20 Q. Wang and Z. Guo, ACS Med. Chem. Lett., 2011, 2, 373–378.
21 C.-C. Liu and X.-S. Ye, Glycoconjugate J., 2012, 29, 259–271.
22 B. Richichi, B. Thomas, M. Fiore, R. Bosco, H. Qureshi,

C. Nativi, O. Renaudet and L. BenMohamed, Angew. Chem.,
Int. Ed., 2014, 53, 11917–11920.

23 B. Kuberan, S. A. Sikkander, H. Tomiyama and R. J. Linhardt,
Angew. Chem., Int. Ed., 2003, 42, 2073–2075.

24 L. Awad, R. Madani, A. Gillig, M. Kolympadi, M. Philgren,
A. Muhs, C. Gérard and P. Vogel, Chem.–Eur. J., 2012, 18,
8578–8582.

25 D. R. Bundle, J. R. Rich, S. Jacques, H. N. Yu, M. Nitz and
C.-C. Ling, Angew. Chem., Int. Ed., 2005, 44, 7725–7729.

26 C. Mersch, S. Wagner and A. Hoffmann-Röder, Synlett, 2009,
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M. Escudero-Casao, A. Avenoza, J. H. Busto, S. Castillón,
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D. Madariaga, I. Compañón, V. J. Somovilla, M. Salvadó,
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