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synthetic, self-adjuvanting, and
self-assembling anticancer vaccines based on
a minimal saponin adjuvant and the tumor-
associated MUC1 antigen†

Carlo Pifferi, ‡a Leire Aguinagalde, a Ane Ruiz-de-Angulo,a Nagore Sacristán,a

Priscila Tonon Baschirotto,a Ana Poveda, b Jesús Jiménez-Barbero, bcde

Juan Anguita *cf and Alberto Fernández-Tejada *ac

The overexpression of aberrantly glycosylated tumor-associated mucin-1 (TA-MUC1) in human cancers

makes it a major target for the development of anticancer vaccines derived from synthetic MUC1-(glyco)

peptide antigens. However, glycopeptide-based subunit vaccines are weakly immunogenic, requiring

adjuvants and/or additional immunopotentiating approaches to generate optimal immune responses.

Among these strategies, unimolecular self-adjuvanting vaccine constructs that do not need

coadministration of adjuvants or conjugation to carrier proteins emerge as a promising but still

underexploited approach. Herein, we report the design, synthesis, immune-evaluation in mice, and NMR

studies of new, self-adjuvanting and self-assembling vaccines based on our QS-21-derived minimal

adjuvant platform covalently linked to TA-MUC1-(glyco)peptide antigens and a peptide helper T-cell

epitope. We have developed a modular, chemoselective strategy that harnesses two distal attachment

points on the saponin adjuvant to conjugate the respective components in unprotected form and high

yields via orthogonal ligations. In mice, only tri-component candidates but not unconjugated or di-

component combinations induced significant TA-MUC1-specific IgG antibodies able to recognize the

TA-MUC1 on cancer cells. NMR studies revealed the formation of self-assembled aggregates, in which

the more hydrophilic TA-MUC1 moiety gets exposed to the solvent, favoring B-cell recognition. While

dilution of the di-component saponin–(Tn)MUC1 constructs resulted in partial aggregate disruption, this

was not observed for the more stably-organized tri-component candidates. This higher structural

stability in solution correlates with their increased immunogenicity and suggests a longer half-life of the

construct in physiological media, which together with the enhanced antigen multivalent presentation

enabled by the particulate self-assembly, points to this self-adjuvanting tri-component vaccine as

a promising synthetic candidate for further development.
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Introduction

Vaccination represents one of the key achievements in the
history of medicine, making it possible to reduce the burden of
life-threatening viral and bacterial diseases, and having saved
millions of lives to date.1–3 More recently, in the context of
cancer immunotherapy, impressive advances have been made
over the last decades, enabling the development of a variety of
strategies devoted to the selective targeting and clearance of
malignant cells.4,5 Among these approaches, anticancer
vaccines are a type of antigen-specic active immunotherapy6

aimed at triggering the patient's immune system to mount
a tumor-selective, adaptive response that can lead to eradication
of the tumor with minimal impact on neighboring healthy
cells.7 The vast majority of cancer vaccines reported to date have
incorporated tumor-associated antigens (TAAs) in their
Chem. Sci., 2023, 14, 3501–3513 | 3501
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formulations.8 TAAs include differentiation antigens expressed
only on tumor cells and the tissue of origin (e.g. prostate-
specic antigen “PSA”),9 overexpressed antigens found on
normal cells only at low levels (e.g. breast and ovarian “HER2/
neu”),10 and cancer testis antigens, which are aberrantly
expressed in a wide variety of cancer types restricted to repro-
ductive tissues (e.g. melanoma antigen gene “MAGE”).11

Because of their shared expression proles across many tumors
and their ability to elicit cancer-specic cellular and humoral
immunity, TAAs represent attractive targets in cancer immu-
notherapy. In particular, the well-known tumor-associated
mucin-1 (TA-MUC1) oncoprotein (and its glycoforms),12–16

regarded as a high-ranked antigen by the National Cancer
Institute pilot project,17 is being included in a growing number
of experimental vaccines.18–20 Thus, established antigens such
as the TA-MUC1 glycoprotein represent a gold standard to
design improved strategies for the development of potent and
safe anticancer vaccines that can lead to long-lasting, adaptive
immune responses. A widely used approach to generate subunit
vaccines based on homogeneous antigenic fragments exploits
the use of immunogenic carrier proteins to enhance the
immunogenicity of the covalently attached hapten as well as to
activate helper T lymphocytes.21–23 On the other hand, fully-
synthetic vaccines rely on modular chemical approaches
whereby subunit components can be obtained separately and
then subsequently assembled.24–26 These subunit vaccines are
molecularly-dened minimal constructs, devoid of unnecessary
elements that could negatively inuence the immunological
outcome.27,28 They are tractable and monodisperse entities
compared to protein conjugates, enabling a more reliable
characterization via benchmark laboratory techniques (e.g.
mass spectrometry, liquid chromatography, nuclear magnetic
resonance), while drastically minimizing batch-to-batch varia-
tions. Leveraging on synthetic building blocks and orthogonal
ligation chemistries, unimolecular multicomponent anticancer
vaccines can benet from efficient “plug-and-play” design
approaches that facilitate in vivo evaluation of various B-cell
antigens,29,30 T-cell epitopes,31–33 adjuvants,34–36 linkers/
spacers,37,38 and scaffolds.39,40

Over the last few years, growing attention has been paid to
the role of vaccine adjuvants, not only as enhancers but also as
“directors” of the immune response.41 In addition to increasing
the immunogenicity of the antigen, adjuvants can indeed shape
the fate of the immune response either by unspecicmeans (e.g.
emulsions, controlled release, nanomedicine),42–44 or via
receptor-mediated mechanisms involving the innate immune
system.45–47 While the large majority of vaccines are simply
coformulated with adjuvants, self-adjuvanting vaccines are
state-of-the-art constructs in which the antigen and the adju-
vant modules are covalently attached within the samemolecule,
thus enabling their simultaneous uptake by the same antigen-
presenting cell (e.g. B lymphocytes, dendritic cells),48–51 ulti-
mately leading to enhanced antigen-directed immune
responses.52 Pioneering examples of such fully-synthetic self-
adjuvanting vaccines featuring the MUC1 tumor-associated
antigen include those reported by Boons and co-workers
based on the TLR1/TLR2 agonist Pam3CysSK4,53–55 a design
3502 | Chem. Sci., 2023, 14, 3501–3513
that inspired other research groups to develop further MUC1-
based synthetic vaccine candidates with mixed outcomes.56–59

In the framework of our research program on adjuvant
development, we have applied a versatile semisynthetic strategy
to develop a streamlined saponin platform inspired by the
potent QS-21 natural product adjuvant (Fig. 1A). This includes
one of our saponin lead compounds (2)60 and its free amine
containing analogue 3 (“QA”),61,62 which is amenable to late-
stage chemoselective functionalization (Fig. 1B).60–66 QS-21 is
a puried saponin fraction extracted from the bark of the
Quillaja saponaria (QS) tree67 that consists of az 2 : 1 mixture of
isomers sharing the four main structural domains but differing
at the terminal apiose (QS-21Api = 1a), or xylose (QS-21Xyl = 1b)
residue (Fig. 1A). Despite its potent adjuvant activity and clinical
promise,68,69 the scarcity, heterogeneity and dose-limiting
toxicity of natural QS-21 prompted us to develop optimized
synthetic saponin adjuvants overcoming such
constraints.47,60,70,71 In a recent report, we exploited our minimal
saponin platform 3, featuring a 6-aminohexanoic acyl chain, to
covalently link the Tn carbohydrate antigen as a preliminary
glycoconjugate design.72 Herein, we have gone one step further
with the development of di- and tri-component, self-
adjuvanting vaccine candidates that incorporate both peptide
(MUC1) and glycopeptide (TnMUC1) TAAs (Fig. 2), investigating
the immunological and structural properties of the synthetic
conjugates. The target constructs (4–7) were assembled using an
expedient and efficient synthetic strategy involving one (for 4
and 5) or two (for 6 and 7) late-stage conjugation steps for nal
coupling of advanced, unprotected saponin and peptide
building blocks. The immunological evaluation in mice showed
that administration of tri-component vaccines 6 and 7 alone
induced signicantly higher antibody levels than their respec-
tive di-component constructs and/or combinations of their non-
conjugated admixed components, eliciting antibodies that
recognized the native TA-MUC1 antigen on the cancer cell
surface. NMR studies provided early insights into the structural
features of the conjugates in solution, showing the presence of
self-assembled aggregates with a solvent-exposed multivalent
(Tn)MUC1 display, and different concentration-dependent
aggregation behaviors that correlated with their in vivo
immunogenicity.

Results and discussion
Design and synthesis

In our previous di-component design, covalent linkage of the
simplest tumor-associated Tn carbohydrate antigen (GalNAc-a-
O-Thr) to our minimal saponin scaffolds provided saponin–Tn
conjugates that induced modest Tn-specic antibody responses
in mice.72 With the aim of enhancing immunogenicity, we
reasoned that presentation of the Tn antigen in a context more
closely resembling the TA-MUC1 glycoprotein (i.e. as a TnMUC1
glycopeptide antigen) would result in a better mucin mimic and
therefore in a more immunogenic construct. Further, as a well-
established cancer biomarker,73,74 the underlying MUC1 peptide
would also provide additional antigenic epitopes. In principle,
this could lead to higher levels of antigen-specic antibodies
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) QS-21 is a mixture of isomers comprising four principal domains: a branched trisaccharide, a central triterpene core (quillaic acid),
a linear tetrasaccharide terminating in either apiose (1a) or xylose (1b), and a glycosylated diester acyl chain. Selected modifications based on
structure–activity relationships enabled the streamlined chemical synthesis of homogeneous minimal variants endowed with increased stability,
potent adjuvant activity and reduced toxicity. (B) Minimal saponin adjuvant 2was obtained upon key structural modifications, including: branched
trisaccharide deletion, ester-to-amide replacement and backbone simplification of the acyl chain, and truncation of the fourth sugar residue on
the “eastern” domain. Minimal saponin scaffold 3 (“QA”) features a shorter acyl chain terminating with a primary amine, providing a more suitable
chemical handle for chemoselective conjugation strategies.
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View Article Online
that could recognize better the native MUC1 antigen expressed
on cancer cells. Thus, we designed two di-component saponin
(“QA”)–MUC1 conjugates incorporating part of the MUC1
tandem repeat sequence, both non-glycosylated (QA–MUC1, 4)
and displaying the Tn antigen on its most immunogenic and
protective SAPDTRPAP epitope (QA–TnMUC1, 5) (Fig. 2).30,75

Moreover, with a view to achieving efficient isotype switching
to IgG antibodies via helper T-cell (Th) activation, we also
designed the corresponding tri-component conjugates
including the well-established mouse MHC class II-restricted
Th epitope (PV103–115, KLFAVWKITYKDT) derived from polio-
virus (PV).76 Processing and presentation of this CD4+ peptide
Fig. 2 Structure of di-component (4 and 5), and tri-component (6 an
Conjugations of TA-(Tn)MUC1 antigens were performed at the acyl chai
was derivatized with an oxime-functionalized helper T cell (Th) peptide

© 2023 The Author(s). Published by the Royal Society of Chemistry
fragment in complex with MHC-II molecules on the antigen
presenting cell surface should lead to Th cell priming, which in
turn activates B-cells, resulting in class switch from IgM to high-
affinity IgG antibody production. Thus, inclusion of this addi-
tional immunostimulatory element should increase the
immunogenicity of our constructs, leading to stronger T-cell
dependent immune responses. With the above design criteria
in mind, we developed a streamlined synthetic strategy to
access the multicomponent, self-adjuvanting constructs
building upon our optimized, quillaic acid-based saponin
adjuvant platform (“QA”).61,72 Di-component conjugates 4 [QA–
MUC1] and 5 [QA–TnMUC1], as well as tri-component
d 7) constructs evaluated as lead compounds in the present study.
n terminal amine, while the C4 aldehyde of the quillaic acid triterpene
epitope (KLFAVWKITYKDT) through oxime condensation.

Chem. Sci., 2023, 14, 3501–3513 | 3503
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candidates 6 [QA(PV)–MUC1] and 7 [QA(PV)–TnMUC1] were
obtained via a convergent synthetic approach that exploits the
unique versatility of our streamlined saponin scaffold featuring
two distal conjugation points (Scheme 1). For the attachment of
the corresponding B-cell antigens [i.e. the MUC1 peptide 8
(Scheme S1, ESI†) and TnMUC1 glycopeptide 9 (Scheme S2,
ESI†)], we chose a diethylene glycol-based spacer as a exible
linker to minimize the potential steric congestion around the
saponin domain and to favor antigen accessibility and presen-
tation. Thus, both antigenic fragments were rst reacted with
an excess of homobifunctional, p-nitrophenyl-activated spacer
10 (Scheme S3, ESI†) to afford the respective intermediates 11
and 12 (Scheme 1) in ca. 70% yield and with excellent hydrolytic
stability aer RP-HPLC purication and lyophilization.

At this stage, key saponin scaffold 3 (“QA”)61 was reacted
through its acyl chain primary amine with 11 and 12 to generate
QA–MUC1 (4) and QA–TnMUC1 (5) constructs, respectively
(Scheme 1). In addition to these conjugates, we synthesized the
corresponding tri-component candidates by incorporating the
Scheme 1 Synthesis of di-component constructs 4-5 and tri-compone
lethylamine), RT (room temperature), TFA (trifluoroacetic acid). Isolated

3504 | Chem. Sci., 2023, 14, 3501–3513
PV103–115 Th epitope into the saponin scaffold via chemo-
selective oxime ligation at the triterpene C4-aldehyde. Thus,
starting from di-component constructs 4 and 5, facile oxime
condensation with an aminooxy-bearing PV peptide 13 gener-
ated tri-component candidates 6 and 7 in very good yields aer
HPLC purication and lyophilization (89% and 73%,
respectively).

For the functionalization of the PV epitope, resin-bound
side-chain protected peptide S7 (synthesized by SPPS) was
reacted at its N-terminus with a slight excess of (Boc-aminooxy)
acetic acid NHS ester (Scheme S4, ESI†). Acidic cleavage from
the resin in the presence of scavengers afforded ready-to-use,
free-aminooxy peptide 13 upon HPLC purication and
lyophilization.

Thus, by applying our versatile and modular synthetic
approach involving facile sequential conjugation of the spacer-
containing B-cell epitopes 11/12 and the aminooxy Th peptide
13 to the saponin scaffold 3, we were able to efficiently prepare
the complex tri-component constructs 6 [QA(PV)–MUC1] and 7
nt constructs 6-7. DMF (dimethylformamide), DIPEA (N,N-diisopropy-
yield reported between brackets.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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[QA(PV)–TnMUC1] over two steps in 80% and 61% overall yield,
respectively (Scheme 1).
Immunological evaluation

With the successful synthesis of this saponin-based adjuvant–
antigen platform incorporating MUC1 and TnMUC1 (glyco)
peptides, we next assessed the self-adjuvanting properties of the
di- and tri-component conjugates to induce robust immune
responses in vivo. In our initial immunological evaluation in
mice, we rst investigated the effect of conjugation versus co-
administration of the discrete vaccine components using the
synthetic constructs bearing the MUC1 peptide antigen. Groups
of ve mice (C57BL/6) were administered with equimolar
amounts of the relevant MUC1 compounds (based on a 50 mg
dose of MUC1 peptide 8 as standard for each administration) in
three bi-weekly subcutaneous injections (Fig. 3A). As controls,
mice from Group A received MUC1 peptide 8 alone in PBS,
whereas Group B mice were injected an admixture of the same
MUC1 peptide with the PV103–115 peptide (compound S8,
Scheme S5, ESI†). As test groups, Group C was immunized with
di-component conjugate 4 [QA–MUC1] co-administered with
PV, while Group D was vaccinated with the tricomponent MUC1
construct 6 [QA(PV)–MUC1], probing the importance of covalent
attachment of the Th peptide in the resulting immune
response, as assessed in terms of isotype-switched, anti-MUC1
IgG antibody production. It is worth emphasizing the absence
of any particular formulation of the constructs (e.g. emulsi-
cation or liposomal preparation) before their administration
into mice. Immunization doses were readily prepared from
stock solutions of the compounds atz2 mgmL−1 in sterile PBS
(pH 7.4, 10 mM) and diluted to the required volume with the
same buffer.

Mice were bled one week before (day 21) and two weeks aer
(day 42) the third immunization (Fig. 3A), and the sera was
analyzed for anti-MUC1 antibodies by ELISA using a BSA–MUC1
conjugate (Scheme S6, ESI†) (0.05 mg per well) for coating. Serial
serum dilutions plotted against IgG optical density (OD) values
Fig. 3 (A) Immunization schedule: three bi-weekly injections at day (D
collection on D42. Immunization groups of five C57BL/6 mice (A–D) wer
MUC1 antibody levels from middle-point (D21), and (C) end-point (D42)
sera from each individual mouse and represented as mean values of five
for each group. ELISA plates were coated with a BSA–MUC1 conjugate
response curves (OD) at the various dilutions was assessed by comparing
way ANOVA analysis with Dunnett's multiple comparisons test. *p # 0.0

© 2023 The Author(s). Published by the Royal Society of Chemistry
at 450 nm clearly showed dilution-dependent curves for all mice
immunized with tricomponent candidate 6 [QA(PV)–MUC1,
Group D] (Fig. 3B and C), indicating considerable induction of
anti-MUC1 IgG antibodies by these mice. Notably, good levels of
IgG antibodies were already reached just one week aer the
second immunization (day 21) (Fig. 3B), which were similar at
the 1/100 dilution to those observed with the endpoint sera (day
42) (Fig. 3C), thus suggesting the prospect of shortening the
immunization schedule and reducing the amount of construct
administered with consequent dose sparing (see immunization
series below with TnMUC1-based constructs). In contrast, all
other groups of mice, including that injected with a combina-
tion of di-component conjugate 4 [QA–MUC1] plus PV peptide
(Group C), did not show any signicant OD signal above the
baseline, indicating that the three components (i.e. saponin
adjuvant, MUC1 B-cell antigen, and PV Th epitope) must
be covalently linked to elicit high IgG antibody levels. In addi-
tion, subtyping of the IgG antibodies induced from Group D
mice resulted in OD values consistent with those observed for
total IgGs with the following trend IgG1 > IgG2b > IgG2c > IgG3,
where IgG1 and IgG2b subtypes were clearly predominant
almost to the same extent (see Fig. S49, ESI†). ELISA analysis
for anti-PV IgG antibodies showed negligible OD signal in all
cases, indicating that the IgG antibody response was directed
towards the MUC1 antigen as intended, without interference or
immune suppression caused by the Th epitope (see Fig. S51,
ESI†).

Encouraged by these initial results with the tri-component
MUC1 peptide conjugate 6, we next performed in vivo immu-
nological studies with an extended set of compounds based on
the relevant TnMUC1 glycopeptide antigen 9 (Scheme 1). This
epitope resembles more closely the aberrantly glycosylated,
cancer-related MUC1 protein that is characterized by the pres-
ence of truncated tumor associated glycans such as the Tn
antigen, which has been proposed to be important for antibody
induction and to enhance the immunogenicity of the MUC1
antigen,30,54 presumably due to potential conformational effects
of the carbohydrate on the underlying peptide.77–79
)0, D14, and D28. Sera bleeding performed on D21, end-point sera
e administered different constructs as shown in the inset table. (B) Anti-
sera. ELISA dilution curves were plotted including post-immunization
mice; the respective error bars indicate variability between those mice
(Scheme S6, ESI†). Statistical significance across the different antibody
to the group administered theMUC1 construct (8) (Group A) using two-
5; ***p # 0.001; ****p # 0.0001.

Chem. Sci., 2023, 14, 3501–3513 | 3505
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Fig. 4 (A) Immunization schedule: two bi-weekly injections at day (D)
0 and D14. Sera bleeding performed on D10, endpoint sera collection
on D24. Immunization groups (A–G) were administered with different
constructs as reported in the table. (B) Anti-MUC1 antibody titers from
end-point (D24) sera. ELISA dilution curves were plotted including
post-immunization sera from each individual mouse and represented
as mean values of five mice; the respective error bars indicate vari-
ability between those mice for each group. ELISA plates were coated
with a BSA–TnMUC1 conjugate (Scheme S6, ESI†). Statistical signifi-
cance across the different antibody response curves (OD) at the
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In addition to the QA–TnMUC1 conjugate (5) and the PV-
containing construct QA(PV)–TnMUC1 (7), we included
another control group to investigate the effect of covalent
linkage of the different modules of the vaccine candidate on the
antibody response. As key previous studies have consistently
demonstrated that a two-component conjugate involving
attachment of the PV Th peptide to a TnMUC1 epitope elicits
very low IgG antibodies in mice [53, 54], we prepared the
saponin–PV conjugate 14 as a control (Scheme 2). Such di-
component molecule lacking the B-cell epitope, referred to as
QA(PV), was synthesized by linking the PV Th peptide 13 to the
C4-aldehyde of adjuvant-active saponin 2 (Scheme 2),60 and was
administered in combination with the TnMUC1 antigen 9.

Based on our rst study above, in vivo immunological eval-
uation of the saponin–TnMUC1 constructs 5 and 7 followed
a shorter immunization schedule involving two subcutaneous
vaccinations (a prime injection on day 0 and a single boost
injection on day 14), with endpoint sera collection on day 24,
ten days aer the boost (Fig. 4A). Groups of ve mice were
administered with equimolar amounts of the compounds
(based on a 50 mg dose of TnMUC1 glycopeptide 9 as standard
for each administration) as follows. As controls, Group A
received PBS alone whereas two groups were injected mixtures
of saponin adjuvant 2 and TnMUC1 B-cell antigen (Groups B
and C), the latter coadministered with the PV Th epitope as well.
Two groups received the saponin–TnMUC1 conjugate, either
alone (Group D) or in combination with PV (Group E), while
another control group was injected with the saponin–PV
conjugate, QA(PV) 14, coadministered with TnMUC1 antigen 9
(Group F). Finally, Group G was immunized with the tri-
component construct QA(PV)–TnMUC1 (7) alone.

As in our previously described assay, we checked the pres-
ence of TnMUC1-specic IgG antibodies in mouse sera by ELISA
(Fig. 4B) using the corresponding BSA–TnMUC1 conjugate
Scheme 2 Synthesis of saponin–PV conjugate QA(PV) 14. Synthetic
saponin adjuvant 2 was covalently conjugated to the aminooxy-
functionalized PV103–115 peptide 13 via oxime ligation. TFA (trifluoro-
acetic acid). Isolated yield reported between brackets.

various dilutions was assessed by comparing to the group adminis-
tered PBS (Group A) using two-way ANOVA analysis with Dunnett's
multiple comparisons test. *p # 0.05; ***p # 0.001; ****p # 0.0001.

3506 | Chem. Sci., 2023, 14, 3501–3513
(Scheme S6, ESI†) for coating. Generally, IgG antibody
responses were in line with those observed for the MUC1-based
synthetic constructs above (Fig. 3B and C). Likewise, a further
experiment including an additional boost injection (three in
total) following the same MUC1 immunization scheme did not
result in higher anti-TnMUC1 antibody levels (data not shown).

Compared to the other groups, mice from Group G immu-
nized with tri-component conjugate 7 generated signicantly
higher levels of anti-TnMUC1 IgG antibodies (Fig. 4B), high-
lighting the requirement for covalent attachment of all three
vaccine components. Finally, IgG subtyping showed the preva-
lence of IgG1 and IgG2b subclasses (see Fig. S52, ESI†), as in the
case of the MUC1 peptide-based constructs.

Next, we tested whether the anti-sera from mice immunized
with tri-component vaccine constructs QA(PV)–MUC1 (6) and
QA(PV)–TnMUC1 (7) were able to recognize the TA-MUC1
antigen in its native context, i.e. displayed on the surface of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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cancer cells. For this purpose, we performed a uorescence
immunoassay by confocal microscopy (Fig. 5A) using the MCF7
human cancer cell line, which is well-known to express TA-
MUC1 on their surface.80 The antisera from mice from both
groups (immunized with 6 and 7 respectively) stained MCF7
cells (surrounding green color; Fig. 5A, panels (d) and (f)) but
not negative control HEK293 cells lacking TA-MUC1 (Fig. 5A,
panels (e) and (g)). Likewise, sera from PBS-administered mice
(Fig. 5A, panel (b)) did not provide any signal under the same
Fig. 5 Cell-surface reactivity of antisera against MUC1-expressing tumor
flow cytometry. (A) Staining with anti-CD227 monoclonal antibody as
control (b). MCF-7 immunofluorescent staining with antisera from mice
vidual animal sera were used as representative examples of the respec
(negative control) with antisera from PBS-treated mice (c) as well as with
TnMUC1 (7) (g). Nuclei were stained with 4′,6-diamidino-2-phenylindo
Ab2). (B) Flow cytometry analysis of HEK293 (top, negative control) and
(control; black line), or QA(PV)–MUC1 (6) and QA(PV)–TnMUC1 (7) (red li
Alexa Fluor-488-conjugated anti-mouse IgG secondary antibody.

© 2023 The Author(s). Published by the Royal Society of Chemistry
conditions. As expected, a surface pattern of labeling was
observed when the cells were incubated with the CD227 mAb as
positive control (green color; Fig. 5A, panel (a)). These confocal
microscopy results are in agreement with the results obtained
by ow cytometry (see Fig. 5B), showing that immunizations
with both tri-component constructs induce antibodies able to
selectively recognize the native TA-MUC1 on the cancer cell
surface.
cells (MCF7) by (A) immunofluorescence confocal microscopy and (B)
positive control (a) and with sera from PBS-treated mice as negative
immunized with QA(PV)–MUC1 6 (d) and QA(PV)–TnMUC1 7 (f); indi-
tive group of mice vaccinated with each conjugate. HEK293 staining
antisera from mice immunized with QA(PV)-MUC1 (6) (e) and QA(PV)-
le (DAPI). FITC-labeled anti-mouse IgG secondary antibody (Anti-IgG
MCF7 (bottom) cells using antisera from mice immunized with PBS

nes). The cells were stained with 1 : 100 dilution of sera, followed by an
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NMR studies

To gain insights into the structural features and molecular
behavior of the di- and tri-component constructs 4–7 in aqueous
media, especially their ability to form particulate/three-
dimensional structures (e.g. aggregates) that could be impor-
tant for multivalent antigen presentation, we next performed
the analysis of the compounds in solution by conducting NMR
experiments in aqueous conditions (i.e. PBS/D2O). We rst
recorded the 1H-NMR spectra of QA–MUC1 (4), QA–TnMUC1 (5),
QA(PV)–MUC1 (6), and QA(PV)–TnMUC1 (7) in PBS (pD 7.4)/D2O
at the concentration of immunization (CIMM = 0.3 mM) (Fig. 6,
blue spectra). The low intensity (Fig. 6A and B, blue spectra) or
absence (Fig. 6C and D, blue spectra) of characteristic signals
from the saponin fragment at this CIMM suggested aggregation
in all cases. Indeed, the 1H-NMR spectrum acquired with ten-
fold diluted samples (CIMM/10, red spectra) provided sharper
signals for the di-component constructs 4 and 5, as well as the
increase/emergence of diverse saponin signals within the
conjugate, from which some isolated resonance signals were
identied: X (triterpene C4–CHO), Y (rhamnose and 4-amido-4-
deoxygalactose anomeric protons) and Z (triterpene H-12)
(Fig. 6A and B, red spectra). This strongly suggests the partial
disruption of the aggregates with the concomitant appearance
of monomeric species. On the other hand, no substantial
changes were evident in the 1H-NMR spectra of the tricompo-
nent vaccines 6 and 7 upon 10-fold dilution (CIMM/10) (Fig. 6C
and D, red spectra). In addition, the aromatic amino acid
signals corresponding to the PV peptide (Trp, Tyr) were always
nearly invisible at both concentrations (see 1H NMR spectra of
Fig. 6 1H-NMR spectra of QA–MUC1 4 (A), QA–TnMUC1 5 (B), QA(PV)–M
concentration (CIMM = 0.3 mM, blue) and ten-fold diluted (CIMM/10 = 0.0

3508 | Chem. Sci., 2023, 14, 3501–3513
the free PV peptide S8 in Fig. S38, ESI†). Thus, these data point
out that the aggregation observed with these conjugates is more
likely to be disrupted in di-component constructs QA–MUC1 (4)
and QA–TnMUC1 (5) compared to tri-component vaccines
QA(PV)–MUC1 (6) and QA(PV)–TnMUC1 (7), which are still
aggregated even at lower concentrations. Moreover, whereas the
saponin and the PV peptide are the key domains within the
conjugates in forming the aggregate core, at the concentration
of immunization (CIMM) the (Tn)MUC1 B-cell antigen appears to
be more exposed to the solvent, which would facilitate multi-
valent antigen presentation and interactions with B-cell
receptors.

Next, diffusion-ordered spectroscopy (DOSY NMR) experi-
ments on the above samples (compounds 4–7, both at CIMM and
CIMM/10) were carried out (Fig. 7) to obtain molecular diffusion
parameters that provide key information on the hydrodynamic
properties of the different species coexisting in solution (see
Table S3, ESI†). At CIMM, the di-component constructs 4 and 5
generate large molecular weight aggregates that are disrupted
upon ten-fold dilution (CIMM/10), as deduced from the observed
marked changes in the estimated diffusion coefficients. This
strongly suggests the presence of monodisperse, free mono-
mers of the di-component constructs at this diluted CIMM/10

(Fig. 7A and B). In contrast, ten-fold dilution of the tri-
component vaccine samples (6 and 7) did not translate into
any signicant variation of the measured diffusion coefficients
when compared to those estimated for their respective CIMM

samples (Fig. 7C and D), indicating that the aggregation degree
stays similar. As deduced from the 1H-NMR experimental data,
UC1 6 (C), and QA(PV)–TnMUC1 7 (D) in PBS/D2O at the immunization
3 mM, red).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Superimposition of DOSY-NMR spectra of QA–MUC1 4 (A), QA–TnMUC1 5 (B), QA(PV)–MUC1 6 (C), and QA(PV)–TnMUC1 7 (D) in PBS/
D2O at immunization concentration (CIMM, blue) and ten-fold diluted (CIMM/10, cyan).
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the aggregation state of the tri-component vaccines 6 and 7 is
less sensitive to dilution, whereas for the di-component
constructs 4 and 5 the ten-fold dilution led to a partially
aggregated system with an increased and signicant fraction of
monomeric conjugate species in solution.

Overall, these NMR studies demonstrate the existence of
distinct aggregation properties and states for the di-component
constructs relative to the tri-component conjugates (see
proposed model in Fig. 7, right side). While all the molecules
showed tendency to aggregate, the PV-containing constructs
QA(PV)–MUC1 (6) and QA(PV)–TnMUC1 (7) exhibited superior
aggregation and a more compact and stable particulate struc-
ture, which is not disrupted upon 10-fold dilution.

On the other hand, although the di-component conjugates
lacking the Th peptide, QA–MUC1 (4) and QA–TnMUC1 (5),
generated larger aggregates than 6 and 7, they were also less
stable and could be disrupted upon dilution. Considering the
above NMR-based observations, we propose the schematic
representation in Fig. 7 (right side) as a putative model for the
formation of aggregated/particulate structures for the corre-
sponding constructs (4/5 and 6/7, respectively), whereby the
most hydrophilic portion of the conjugates [i.e. the (Tn)MUC1
(glyco)peptide, red rectangle in Fig. 7] encloses the hydrophobic
core that contains the more aggregation-prone saponin and PV
peptide units. In this way, the solvent accessible area is reduced,
with the concomitant stabilization of this three-dimensional
structure. In addition to potentially increasing the conjugates
half-life and stability against degradation, the more compact
molecular organization of the tri-component vaccine candi-
dates could also be connected to their superior immunogenicity
compared to the di-component molecules as shown in our
mouse in vivo studies.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Conclusions

In conclusion, leveraging our saponin adjuvant platform 3 as
a core scaffold, we have successfully developed tri-component
synthetic vaccine candidates (6 and 7), via a streamlined two-
step chemoselective strategy, providing immunogenic
constructs with self-adjuvanting and self-assembling proper-
ties. In this work, we focused on conjugates containing the
tumor-associated (Tn)MUC1 (glyco)peptides as important
cancer antigens and assessed in vivo their ability to elicit anti-
body responses in mouse immunization studies. The incorpo-
ration of a promiscuous Th peptide epitope (PV103–115) in the tri-
component constructs 6 and 7 was key for inducing good levels
of anti-(Tn)MUC1 antibodies, which were able to recognize the
native tumor antigen on the cancer cell surface as assessed in
immunouorescence and ow cytometry assays. In contrast,
mice injected with the three components (i.e. saponin adjuvant,
(Tn)MUC1 B-cell antigen, and PV Th epitope) either unconju-
gated (as an admixture) or in partially conjugated combinations
failed to elicit anti-(Tn)MUC1 antibody levels as high as those
induced by tri-component vaccines QA(PV)–MUC1 (6) and
QA(PV)–TnMUC1 (7).

It is worth highlighting the versatility and modularity of our
synthetic strategy, in which unprotected saponin 3 can be
subjected to a rst conjugation via its acyl chain terminal amine
to provide the respective di-component constructs 4 and 5. In
a second, straightforward step, the corresponding tri-
component constructs 6 and 7 can be readily accessed in very
good yields via facile oxime condensation at the triterpene C4
aldehyde of the parent compounds (4 and 5, respectively).
Despite their amphiphilic character, these compounds showed
optimal solubility in aqueous media and were easily isolated via
standard semi-preparative HPLC procedures. Notably, this
Chem. Sci., 2023, 14, 3501–3513 | 3509
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modular approach is generalizable and enables the rapid,
divergent synthesis of a variety of di-component and, addi-
tionally, complex tri-component conjugates incorporating
different combinations of antigens, epitopes and further
immunoactive moieties. This aspect is particularly appealing in
light of recent advances in cancer immunotherapy focusing on
tumor-specic antigens (TSAs), which unlike tumor-associated
antigens (viz TA-MUC1), are not found in normal cells, but
can originate from oncogenic viral proteins, somatic mutations,
translocation or aberrant splicing of normal proteins (neo-
antigens). While individual oncoviral antigens are expressed in
specic tumor types (e.g. human papillomavirus E6 and E7
antigens in cervical cancer), most neoantigens are unique to
specic tumors of individual patients (referred to as “private
neoantigens”) and therefore require customized approaches.
Recently, important steps have been made towards the devel-
opment of personalized anticancer vaccines,81–84 emphasizing
the scope of a personalized immunogenomic strategy,
combined with state-of-the-art vaccine design.85,86 In such
scenario, modular approaches such the one presented herein
are attractive for their potential to be implemented in trans-
lational pipelines that originate from neoantigen identication.

With a view to rationalize the above immunological results,
we investigated the physicochemical properties of constructs 4–
7 by performing NMR experiments at the concentrations used
for mouse immunization and in ten-fold diluted samples. These
structural studies revealed the self-assembly of the molecules
into aggregates, forming particulate structures with implica-
tions in the immunogenicity and immunostimulatory proper-
ties of the constructs. For instance, in terms of enhanced,
multivalent antigen presentation as well as improved delivery of
the vaccine to the lymph nodes, leading to increased uptake by
antigen-presenting cells. In the case of the di-component
constructs, the aggregates were partially disrupted upon dilu-
tion with the emergence of some free/monomeric species. On
the other hand, the aggregated structures were more stable for
the tri-component conjugates, with a molecular organization
presenting the more hydrophilic B-cell antigen (glyco)peptides
on the surface as multivalent clusters, and the less polar PV
peptide and the triterpene saponin forming the core. The
increased stability of these particles with the surface-exposed
clustered display of the (Tn)MUC1 antigen could translate
into higher resistance to physiological degradation as well as
enhanced trafficking/internalization of the particulate system
and improved multivalent antigen presentation to B-cell
receptors. Overall, these structural insights provide a correla-
tion and a potential molecular rationale for the superior
immunogenicity observed for the tri-component candidates.

Finally, it is remarkable how these synthetic tri-component
vaccines, QA(PV)–MUC1 (6) and QA(PV)–TnMUC1 (7), were
able to elicit good levels of anti-(Tn)MUC1 antibodies recog-
nizing the naturally occurring antigen on tumor cells without
the need for any additional formulation step and only upon 3
and 2 administrations, respectively. In contrast, other self-
adjuvanting synthetic vaccine strategies based on TA-MUC1
(glyco)peptide antigens52–59 but incorporating the highly lipo-
philic Pam3CysSK4 suffer from challenging ligations as well as
3510 | Chem. Sci., 2023, 14, 3501–3513
purication and isolation issues associated to the low solubility
of the resulting conjugates. Moreover, immunological evalua-
tions of most of these candidates have been carried out through
extended protocols involving 3 to 5 bi-weekly injections in pre-
formed liposomal formulations. Overall, the broadly applicable
approach and signicant results presented in this study high-
light the promise of our synthetic, saponin-based modular
platform to gain access to tri-component vaccine constructs
with great translational potential.

Data availability

Experimental details for chemical syntheses, HPLC and MS
analytical data, 1H-NMR spectra for synthetic intermediates and
nal constructs; immunological evaluation procedures
including mouse immunization protocol, antibody quantica-
tion and subtyping, antibody reactivity against human cancer
cell line analyzed by confocal microscopy and ow cytometry;†
experimental information on NMR structural studies, including
1H-NMR and DOSY experiments and their spectra at immuni-
zation concentration and 10-fold dilution. See the ESI for
complete details.†
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