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adjuvanted with FSL-1 for cancer immunotherapy†
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MUC1 is an attractive target for cancer vaccines as a result of its over-expression and aberrant glycosylation

pattern on many tumor cells. However, the low immunogenicity of MUC1 and immune tolerance have lim-

ited its application. Herein, we designed MUC1-based tricomponent antitumor vaccines adjuvanted with fi-

broblast stimulating lipopeptide 1 (FSL-1). Immunological results indicate that the glycosylated

tricomponent vaccine candidate has elicited both humoral and cellular immune responses. The induced

antibodies could effectively bind to MCF-7. Furthermore, the vaccine exhibited an obvious reduction in tu-

mour burden.

Introduction

Recent years have witnessed the rapid development of cancer
immunotherapy, which overcomes the shortcomings of tradi-
tional methods to treat cancer.1 Therapeutic cancer vaccines
have emerged as a highly attractive class of cancer immuno-
therapeutics. The transmembrane glycoprotein MUC1 is an
important target of cancer vaccines.2 The extracellular domain
of MUC1 consists of variable number of tandem repeats
(VNTRs). A VNTR is composed of 20 amino acids, and the se-
quence is HGVTSAPDTRPAPGSTAPPA.3 Five Ser/Thr residues
of this sequence may be O-glycosylated.4 Compared with nor-
mal cells, MUC1 is overexpressed on tumor cells and charac-
terized by a truncated and over-sialylated glycosylation pat-
tern. Tumor-associated carbohydrate antigens (TACAs), such
as the T antigen, Tn antigen, and their sialylated forms, are
glycan side chains expressed on MUC1.5 Both the peptide epi-
topes and saccharide epitopes can be recognized by the im-
mune system, therefore, MUC1 becomes a target of cancer
vaccines.

However, MUC1 glycopeptide-based antigens are T-cell in-
dependent and they are tolerated by immune systems, so
they are weakly immunogenic.6 To solve these problems,
many studies have been conducted to develop effective

MUC1-based cancer vaccines.7–14 The Payne group
constructed tricomponent vaccines utilizing a per-
glycosylated MUC1 peptide as a B epitope, Pam3CysSer as an
immune stimulator, and a tetanus toxin peptide as a T-helper
epitope. The three components were connected through cova-
lent bonds. Immunological evaluation proved that these vac-
cines elicited high IgG antibody levels in mice.15 The Boons
group has also constructed a tripartite vaccine composed of
Pam3CysSK4, a peptide T helper epitope KLFAVWKITYKDT
derived from polio virus and an aberrantly glycosylated
MUC1 peptide SAPDT(αGalNAc)RPAP. This tripartite vaccine
elicited robust IgG antibody levels in wild-type mice.16 Using
the humanized mouse model with mammary cancer, they
found that this vaccine produced CTLs and ADCC-mediating
antibodies, and immunization with this tripartite vaccine
exhibited superior antitumor effects.17 The Fukase group has
developed a fully synthetic N-propionyl STn trimer vaccine
possessing a helper T-cell epitope and Pam3CSK4, and it can
induce high triSTn specific IgGs with minimal autoimmunity
and immunosuppression.18 Although many reported vaccines
have shown decent immunogenicity, the development of
novel MUC1-based vaccines which can be used for cancer im-
munotherapy is still desperately needed.

Fibroblast stimulating lipopeptide 1 (FSL-1, Pam2-
CGDPKHPKSF) derived from Mycoplasma salivarium can acti-
vate macrophages.19 FSL-1 promotes the generation of cyto-
kines including interleukin (IL)-6, IL-8, IL-10, and IL-12 and
tumor necrosis factor (TNF)-α through recognition by TLR2
and TLR6.20 In our previous work, we have constructed
MUC1–FSL-1 conjugates as potential anti-tumor vaccines.
Both the relatively higher IgG1 level and IL4 level induced by
the designed vaccines have shown robust T cell dependent
immune responses. Strong specific binding affinities between
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antisera and MCF-7 tumor cells further proved that these vac-
cines were effective.21

As is known, the intensity of immune responses is quite
dependent on the efficacy of the T-helper epitope in most
cases.10 To improve the effectiveness of a MUC1-based vac-
cine adjuvanted with FSL-1 and deepen the research on its
therapeutic effects, herein, we develop a three-component
cancer vaccine candidate, composed of a glycosylated MUC1-
derived glycopeptide connected with the immunoadjuvant
FSL-1 and T helper epitope through covalent bonds. We
designed the sequence Pam2-
CysGDPKHPKSFGQYIKANSKFIGITEGHGVTSAPDT(α-GalNAc)-
RPAPGSTAPPA (compound 1). QYIKANSKFIGITE, a peptide
from the tetanus toxoid, was introduced as a helper T-cell
epitope.22 Glycine was used as a linker to combine the sepa-
rate components (Fig. 1). To explore the importance of the
carbohydrate group in the constructed vaccine, compound 2
was designed, and it is similar to compound 1 in structure
apart from the O-glycosylated threonine residue in the MUC1
B epitope. The vaccine candidate designed in our previous re-
port, i.e. a peptide sequence excluding the T helper epitope
(compound 3), was introduced as a control to study whether
the tricomponent design is more effective than the two-
component design. To research whether covalent bonds be-
tween epitopes and adjuvants are necessary for immune re-
sponses, a mixture of lipopeptide FSL-1 (compound 4) and
QYIKANSKFIGITEGHGVTSAPDT(α-GalNAc)RPAPGSTAPPA
(compound 5) in PBS was also prepared. A tricomponent de-
sign of a vaccine composed of an adjuvant, the sequence
QYIKANSKFIGITE and the MUC1 peptide
HGVTSAPDT(α-GalNAc)RPAPGSTAPPA has been reported be-
fore.23 However, this is the first time that FSL-1 was conju-

gated with a T epitope and a tumor associated antigen
through covalent linkages in a tripartite manner.

Results and discussion

As is known, the synthesis and purification of the designed
compounds are very challenging due to their amphipathic
character and the difficulty in deprotection of the acetyl
groups. In order to overcome these problems, a variety of
strategies were reported.24–26 Herein, the preparation of the
above peptides was carried out as we previously reported.21

The solid-phase peptide synthesis (SPPS) for preparing com-
pound 1 was performed with 2-chlorotrityl resin preloaded
with Fmoc-alanine. Amino acids protected with Fmoc groups
were introduced with HBTU/HOBt. The glycosylated amino
acid was introduced with HATU/HOAt and its acetyl groups
were removed with sodium methoxide dissolved in methanol
at a pH between 10 and 11. Fmoc-Pam2Cys-OH was coupled
to the sequence with HATU/HOAt and DIPEA. The acid-
sensitive side chain protecting groups were removed and the
glycopeptide was detached from the resin with a mixture of
90% TFA, 5% TIPS, and 5% H2O (Scheme 1). The glycopep-
tide was purified with a C18 column by semi-preparative
HPLC. Compounds 2, 3, 4 and 5 were prepared in a similar
way. The structures of the synthesized peptides were con-
firmed with the HPLC spectrum and MS data (see the ESI†).

The immunological evaluation of the designed vaccines
was then conducted. Female C57BL/6 mice were divided into
groups and there were 6 mice per group. The mice were im-
munized every two weeks four times via intraperitoneal

Fig. 1 Structures of the synthetic compounds. Scheme 1 Solid-phase synthesis of vaccine candidate 1.
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injection of the vaccine candidates. Each mouse was immunized
with 3.2 nmol vaccine candidates dissolved in 100 μL sterile PBS
solution, while mice injected with PBS were taken as control
groups. Sera were collected one week after the last immunization.

The antibody level was evaluated with MUC1-antigen-
specific-ELISA. Compared with other groups, the glycosylated
tricomponent vaccine candidate 1 elicited the highest levels
of IgG (Fig. 2). It elicited a higher titer of IgG than vaccine 2,
showing the importance of glycosylation in MUC1-based vac-
cines. The comparison of 1 and 3 demonstrated that the
tricomponent vaccine was more effective than the two-
component vaccine. The mixture of compounds 4 and 5 elic-
ited low antibody levels, illustrating that the covalent linkage
of FSL-1 with the T helper epitope and MUC1 epitope was
critical for robust antigenic responses.

We further examined the vaccine candidates by titration
against dilution of different IgG isotypes (Fig. 3). It's proven
that generation of IgG1 reflects the effects of type 2 T-helper
(Th2) cells, and IgG2a signifies Th1 responses.27,28 Vaccine 1
elicited the generation of both IgG1 and IgG2a, indicating
mixed Th1/Th2 responses.29 High IgG3 antibody levels were
induced by vaccine 1. This isotype is specific against carbohy-
drates.30 The strong IgG3 titer elicited by vaccine 1 may indi-
cate its capability to generate anti-glycopeptide humoral im-
munity.31 The robust production of IgG isotypes induced by
vaccine 1 confirmed its advantageous immunogenicity.

We also tested the release of cytokines in mice sera in-
duced by the vaccine candidates by ELISA. Production levels
of IL-6 and IL-12 are shown in Fig. 4. As is known to us, the
generation of IL-6 and IL-12 indicates humoral immunity
and cellular immunity, respectively.32,33 Both compounds 1
and 2 elicited elevated levels of IL-6 and IL-12. The cytokine
release demonstrated effective humoral immunity and cellu-
lar immunity induced by compounds 1 and 2.

The binding affinity of the antibodies induced by the
designed vaccines to MCF-7 tumor cells that express MUC1
was evaluated with flow cytometry (FACS). Antisera from im-
munized mice were incubated with MCF-7 cells, and then
they were cultured with fluorescein isothiocyanate (FITC)-la-
beled rabbit anti-mouse antibodies. As shown in Fig. 5, the
fluorescence peak of anti-1 sera drifted remarkably compared

with the other groups. It's supposed that the anti-1 sera from
the mice intensively bind to MUC1 exposed on the surface of
MCF-7 cells. The FACS results between the antibodies and
MUC1-expressing B16-MUC1 further supported the close
binding of anti-1 sera with tumor cells (Fig. S1†).

It has been reported that a MUC1-based vaccine could cause
a slowdown of tumor progression and an increase in survival of
breast tumor-bearing mice.34 Besides, it was supposed that ac-
tive immunization of patients with their own tumor tissues
might be feasible.35 Herein, we tested the in vivo anti-tumor ef-
ficacy of the designed groups. Female C57BL/6 mice were sub-
cutaneously challenged with the B16-MUC1 tumor cells (4 ×
105) into the right flank.36 One week after transplant, the diam-
eter of the tumor reached 5 mm. Then, the designed vaccines
were subcutaneously injected into the peritumoral area three
times every four days and the tumor sizes were monitored every
two days. As depicted in Fig. 6, injection of compound 1
exhibited significant inhibition effects compared with the other
groups. Vaccination with compound 1 exhibited a significant
reduction in tumor burden, reflecting its efficacy in killing tu-
mor cells. This is consistent with the robust humoral and cellu-
lar immunity elicited by vaccine candidate 1.

Conclusions

In conclusion, we have constructed a MUC1-based
tricomponent antitumor vaccine adjuvanted with FSL-1. It

Fig. 2 Analysis of the antisera induced by the vaccine candidates
through ELISA. Microtiter plates were coated with MUC1
glycopeptides. Data are shown as mean ± SD (n = 6).

Fig. 3 Analysis of antibody isotypes of the antisera induced by the
vaccine candidates through ELISA. Data are shown as mean ± SD (n =
6).

Fig. 4 IL-6 and IL-12 released from mice serum were tested by ELISA
kit. Data are presented as mean ± SD (n = 6).
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elicited robust humoral and cellular immune responses. In
particular, the constructed vaccine led to an obvious reduc-
tion in tumor burden, proving its potential as a vaccine for
cancer immunotherapy. It is noteworthy that, compared with
our previous design, the constructed vaccine showed much
higher immunological activities and anti-tumor effects. It is
demonstrated that covalent attachment of the TLR agonist
FSL-1, the tricomponent design, and glycosylation of the
MUC1 peptide are critical factors for the optimal immune re-
sponses. This rational design of the MUC1 glycopeptide vac-
cine also indicated its possible application to other carbohy-
drate antigens for further research on cancer immunotherapy.

Experimental section
Materials and instruments

Mouse IgG antibodies and a monoclonal antibody isotyping
kit were purchased from Sigma-Aldrich (USA). ELISA kits for
detecting IL-6 and IL-12 were purchased from BioLegend
(San Diego, CA, USA). The MCF-7 cell line and B16-MUC1 cell
line were purchased from China Infrastructure of Cell Line
Resources.

Immunological studies

Vaccine immunization. C57BL/6 female mice (6–8 weeks)
were fed at the Institute of Radiation Medicine, Chinese

Academy of Medical Sciences. The mice were immunized
with injections of 3.2 nmol vaccine in 100 μL PBS intraperito-
neally. The immunization was conducted every two weeks
four times (six mice per group). Blood samples were prepared
by eyeball extirpation one week after the last vaccination. The
anti-sera were collected for evaluation. The experimental pro-
tocols were evaluated and approved by the Animal Ethics
Committee of the Institute of Radiation Medicine, Chinese
Academy of Medical Sciences. All animal procedures were
performed in accordance with the Institutional Animal Care
and Use Committee-approved protocols (approval number
IRM-DWLL-2018018).

Analysis of antibody titers. 96-Well ELISA plates were
coated with 20 μg mL−1 MUC1 glycopeptide (100 μL per well)
dissolved in a 0.1 M NaHCO3 solution (pH = 9.6) for 12 h at 4
°C. 1% BSA solution was used to block the plates. The sera
were respectively diluted and added into the plates (100 μL
per well). Then, the plates were incubated for 2 h at 37 °C. Af-
ter washing, IgG antibodies (goat anti-mouse, diluted to 1 :
3000) were added into the plates and incubated for 1 h at 37
°C, then HRP-labeled IgG antibodies (rabbit anti-goat, diluted
to 1 : 3000) were added. TMB solution was added, followed by
the addition of a 0.5 M H2SO4 solution 0.5 h later. The ab-
sorption was measured at 450 nm wavelength. All the tests
were repeated three times.

Analysis of antibody isotypes. Analysis of antibody isotypes
was carried out in the same way as that of antibody titers ex-
cept that the IgG 1/IgG 2a/IgG 2b/IgG 3 antibodies were di-
luted to 1 : 1000.

Analysis of cytokine levels in anti-sera. The levels of IL-6
and IL-12 in the anti-sera were determined by ELISA using
mouse IL-6 and mouse IL-12 ELISA Max™ Set Deluxe kits
(BioLegend) in accordance with the manufacturer's
instructions.

The binding of sera to MCF-7 cells. MCF-7 cells (2 × 104)
were incubated with 100 μL sera (diluted with 1 : 50) for 1 h
at 4 °C. After washing, FITC-conjugated IgG antibodies (rab-
bit anti-mouse, diluted with 1 : 1000) were added and incu-
bated for 1 h at 4 °C. FACS analysis was performed on a BD
LSRFortessa.

Analysis of anti-tumor immune response. B16-MUC1 tu-
mor cells (4 × 105) were administered subcutaneously into
the right flank of C57BL/6 female mice (4–6 weeks). Seven
days after transplant, the mice with a 5 mm tumor diameter
were grouped (six mice per group). The mice were given
peritumoral injections of 3.2 nmol designed vaccine candi-
dates every four days and a total of three injections were
conducted. PBS was used as the blank control. Tumor sizes
were measured every two days. According to animal ethics
guidelines, the mice were euthanized in case that the length
of the tumor exceeded 15 mm. The tumor volume was calcu-
lated by 0.5 × length × width.

Conflicts of interest

The authors declare no competing financial interests.

Fig. 5 FACS analysis of the antisera binding with MCF-7 cells. The sera
from mice injected with PBS were used as the control (black).

Fig. 6 (A) Schematic illustration of immunization against B16-MUC1
tumors. (B) Tumor volumes were monitored. (C) Image of tumors of
mice euthanized at day 22.
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