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Abstract An essential step for cancer vaccination is to break the immunosuppression and elicit a

tumor-specific immunity. A major hurdle against cancer therapeutic vaccination is the insufficient im-

mune stimulation of the cancer vaccines and lack of a safe and efficient adjuvant for human use. We

discovered a novel cancer immunostimulant, trichosanthin (TCS), that is a clinically used protein drug

in China, and developed a well-adaptable protein-engineering method for making recombinant protein

vaccines by fusion of an antigenic peptide, TCS, and a cell-penetrating peptide (CPP), termed an “all-

in-one” vaccine, for transcutaneous cancer immunization. The TCS adjuvant effect on antigen presenta-

tion was investigated and the antitumor immunity of the vaccines was investigated using the different tu-

mor models. The vaccines were prepared via a facile recombinant method. The vaccines induced the

maturation of DCs that subsequently primed CD8þ T cells. The TCS-based immunostimulation was asso-

ciated with the STING pathway. The general applicability of this genetic engineering strategy was

demonstrated with various tumor antigens (i.e., legumain and TRP2 antigenic peptides) and tumor models
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(i.e., colon tumor and melanoma). These findings represent a useful protocol for developing cancer vac-

cines at low cost and time-saving, and demonstrates the adjuvant application of TCSdan old drug for a

new application.

ª 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cancer immunotherapy has been booming in recent years. The
primary effect of cancer immunotherapy is to activate the sup-
pressed immune system and reinstall the powerful immunity to
annihilate the tumors. Therapeutic cancer vaccination has been a
long-sought goal in the field of immunotherapy. Despite the
enthusiastic input to cancer vaccine development, the clinical
success of cancer therapeutic vaccines is limited, because of their
suboptimal immunogenicity1. As a result, cancer therapeutic
vaccines are typically the products of dendritic cells (DC) that are
pre-challenged by a tumor antigen before infusion to the patients.
It is well accepted that the better adjuvants than the currently
licensed are needed, which should be potent enough to break the
immunotolerance and elicit the desired immunity2. Although
many adjuvants have been explored for cancer immunotherapy,
most of them are poorly druggable due to lack of biosafety
scrutiny. So far, only five adjuvants have been approved by U.S.
Food and Drug Administration (FDA) for human use.

Trichosanthin (TCS) is a type I ribosome-inactivating protein,
derived from the root of Trichosanthes kirilowii Maxim. that has
been used as a Chinese herb Tian Hua Fen for over a thousand
years. Trichosanthin Injection is an approved gynecological drug
in China to treat hydatidiform mole, extrauterine pregnancy,
stillbirth, as well as abortion. TCS also bears the potent antitumor
activities3. The primary anticancer mechanism of TCS is its
ribosome-inactivating effect. We have demonstrated its anticancer
potential in various tumor models including fibrosarcoma, glioma,
and drug-resistant lung tumor4e6. However, the native TCS is
hardly clinically serviceable as an i.v. administered cancer drug
candidate because of its short half-life and poor tumor distribution
and cell penetration ability. We previously found that its interac-
tion with effector T cells also played a role in its antitumor effect5,
but its feasibility in cancer immunization has not been investigated
yet.

We proposed a novel perception of TCS-assisted cancer
vaccination and developed a general method for preparing a
multifunctional genetically-engineered vaccine, in which a cell-
penetrating peptide and tumor-specific antigenic peptide were
introduced to each terminus of TCS, thus constructing an “all-in-
one” including all the functional components (i.e., tumor antigen,
adjuvant, delivery-enhanced motif) of a vaccine.

Legumain, known as asparagine endopeptidase, is a tumor-
associated protease in solid tumors and overexpressed in endo-
thelial cells of neovasculature and tumor-associated macrophages
(TAMs)7,8. Legumain is closely related to the tumoregenesis and
progression9, and can serve as a potential indicator for the tran-
sition from inflammation to cancer10, a prognostic and metastatic
biomarker11, as well as a drug target12. Its therapeutic value as a
tumor antigen for vaccination targeting TAMs has been
revealed13,14.
We designed an “all-in-one” vaccine by recombinant fusion of
three major active componentsda cell-penetrating sequence (low-
molecular-weight protamine, LMWP), the TCS adjuvant domain,
and the antigenic legumain peptide (LGMN108e120)

15dfor treat-
ing the highly malignant colon cancer. LMWP is a potent cell-
penetrating sequence identified from a clinically used drug prot-
amine, and its safety has been demonstrated in dogs16,17. Impor-
tantly, the ability of LMWP-assisted cutaneous delivery has been
demonstrated in our previous work and other groups’ works17e19.
Therefore, the local administration could take advantage of the
LMWP-assisted cutaneous delivery; LMWP could also promote
the cellular uptake of the vaccine into the epidermis antigen-
presenting cells.

Furthermore, another protein vaccine was designed by the
same method in order to test the universality of this TCS-enhanced
vaccination strategy. We used a tyrosinase-related protein-2
(TRP2) peptide as antigen, and prepared a cell-penetrating
LWMP-TCS-TRP2 fusion protein vaccine.
2. Materials and methods

2.1. Reagents

The original recombinant TCS plasmid was kindly provided by
Prof. Pang-Chui Shaw, The Chinese University of Hong Kong.
Escherichia coli (E. coli) strain BL21 (DE3) was preserved by our
laboratory. And the IMPACT (Intein-mediated purification with
affinity chitin-binding tag) system, including the expressing vector
pTXB1 and chitin resin, was obtained from New England Biolabs
(UK). Lysogeny Broth (LB) medium was purchased from Oxoid
(UK). The legumain antigenic peptide (sequence: EDVTPEN-
FLAVLR) and TRP2 antigenic peptide (sequence: SVYDFFVWL)
were synthesized by Nanjing Peptide Biotechnology Co., Ltd.
(Nanjing, China). Bovine serum albumin (BSA) was obtained from
RBC Life Sciences (USA). Succinimidyl 4-(N-maleimidomethyl)
cyclohexane-1-carboxylate (SMCC) was obtained from Pro-
teoChem (Loves Park, USA). Thiolated LMWP (sequence:
CVSRRRRRRGGRRRR) were provided by Bankpeptide Co., Ltd.,
China. Protein markers and isopropyl b-D-1-thiogalactopyranoside
(IPTG) were from Thermo Scientific (USA). Bradford and BCA
Microplate Protein Assay Kits were obtained from Beyotime
Institute of Biotechnology (Haimen, China). Cocktail protease in-
hibitor, 3-(4,5-dimethylthiazol-2-yr)-2,5-diphenyltetrazolium bro-
mide (MTT), and lipopolysaccharide (LPS) was purchased from
SigmaeAldrich (USA). Fetal bovine serums (FBS), 1640 cell cul-
ture medium, Dulbecco’s modified Eagle’s medium (DMEM) cell
culture medium and 0.25% trypsineEDTA were purchased from
Gibco� Thermo Fisher Scientific (USA). The antibiotics were ob-
tained from Amresco (USA). L-Cysteine was obtained from J&K
Scientific Ltd. (Shanghai, China). Rhodamine B was obtained from

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Meilun Biotechnology Co., Ltd. (Dalian, China). Murine GM-CSF
and murine IL-4 purchased from Novus Biologicals (R&D Sys-
tem, USA). Anti-MHCI, anti-MHCII, anti-mannose receptor
(CD206), anti-legumain, anti-TNF-a, anti-TGF-b, anti-IRF3, and
anti-STING (anti-TMEM173) antibodies were from Abcam (UK).
Anti-CD8 alpha and anti-Foxp3 antibodies were obtained from
Novus Biologicals (R&D System, USA). Anti-CD11c-PerCP-
Cy5.5, anti-CD80-FITC, anti-CD86-PE, anti-CD3 alpha-PerCP,
anti-CD4-FITC, and anti-CD8-PE antibodies were purchased from
BD Biosciences (USA). Murine TNF-a, TGF-b, IL-2, and IL-10
ELISA Kit were purchased from Shanghai Dakewe Biotech Co.,
Ltd. (Shanghai, China). Mouse IFN-g ELISA Kit was purchased
from R&D Systems (USA). All other reagents were of analytical
grade from Sinapharm Chemical Reagent Co., Ltd. (Shanghai,
China).

2.2. Cell lines and mice

Murine colon cancer cell line CT26, murine B16-F10 melanoma
cells, and dendritic cell line DC2.4 were obtained from Shanghai
Cell Bank of Chinese Academy of Sciences (Shanghai, China).
The cells were cultured at 37 �C under 5% CO2 in complete
medium consisting of RPMI-1640 medium or DMEM, supple-
mented with 10% (v/v) heat-inactivated fetal bovine serum,
penicillin (100 mg/mL), and streptomycin (100 mg/mL). Female
BALB/c mice (6e8 weeks) and female C57BL/6 mice
(6e8 weeks) were obtained from Shanghai Laboratory Animal
Center (SLAC) Co., Ltd. (Shanghai, China), and housed at the
SPF care facility with sterilized food pellets and distilled water
under a 12-h light/dark cycle. The mice were allowed to adapt to
their environment for one week before the experiments. All the
animal experimental procedures were approved by Institutional
Animal Care and Use Committee (IACUC), Shanghai Institute of
Materia Medica (SIMM), Chinese Academy of Sciences. (Note:
SIMM is an institution with AAALAC International
accreditation.)

2.3. Protein construction

The sequence of low molecular weight protamine (LMWP,
VSRRRRRRGGRRRR) was added to the N-terminus of TCS and
the legumain antigenic sequence (EDVTPENFLAVLR) to the C-
terminus of TCS by polymerase chain reaction (PCR) to prepare
the recombinant gene encoding the fusion protein of LMWP-TCS-
legumain (rLTL). The rLTL sequence was subcloned to an intein-
mediated protein expressing vector pMXB10 at Ndel and Xhol
site to prepare the pLTL plasmid, using a method modified from
our previous report40. The control fusion proteins, i.e., TCS-
legumain (rTCS-leg) and rTCS, were also prepared. Similarly,
the TCS-TRP2 (rTCS-TRP2) and LMWP-TCS-TRP2 (rLTT)
fusion proteins were prepared, respectively. The TRP2 sequence
(SVYDFFVWL) was added to the C-terminus of TCS and the
LMWP sequence to the N-terminus.

2.4. Protein expression

The recombinant plasmids were transformed into E. coli BL21
(DE3). Bacteria cultures were incubated at 37 �C in the LB me-
dium containing 100 mg/mL ampicillin sodium until the optical
density at 600 nm reached 0.5e0.8. Then the target protein
expression was induced at 25 �C overnight by the addition of
IPTG at the final concentration of 0.3 mmol/L.

2.5. Protein purification

The rTCS, rTCS-leg, rLTL, rTCS-TRP2, and rLTTwere expressed
and purified using the IMPACT system (NEB) according to the
manufacturer’s instructions with minor modifications. Briefly, the
induced bacterial culture was harvested by centrifugation at
8900�g (Sorvall ST16, Thermo Scientific, USA) for 3 min and
the bacteria were suspended in the column buffer (20 mmol/L
HEPES-Na, 500 mmol/L NaCl, 1 mmol/L EDTA, pH 8.5). The
suspensions were sonicated (400 W, 30 min) and centrifuged at
16,000�g at 4 �C for 30 min. The supernatant containing the
soluble target proteins was loaded on the pre-equilibrated chitin
gravity column at a speed of approximately 1 mL/min. The col-
umns were flushed sequentially with 20-column volumes of buffer
to remove the unbound proteins, and 3-bed volumes of cleavage
buffer (the column buffer containing 50 mmol/L cysteine) to
perform the on-column cleavage. The columns were then incu-
bated with the cleavage buffer at 4 �C for 16 h, followed by
elution and collection of the target proteins.

The proteins were purified using FPLC (AKTApurifier 10, GE
Healthcare, USA). After purification by a desalting column (GE
Healthcare, USA) with PBS buffer (pH 7.2), small molecules were
removed. The expression of the soluble protein was examined by
BCA microplate protein assay kit. The final products were char-
acterized using SDS-PAGE electrophoresis, MALDI-TOF-MS
(MALDI TOF/TOF 5800 analyzer, AB Sciex, Framingham,
MA, USA), and size exclusion chromatography (Superdex 75, GE
healthcare). The LPS content in the purified recombinant proteins
was monitored by an Endotoxin Assay Kit (Xiamen Bioendo
Technology Co., Ltd., China) according to the manufacturer’s
instructions. The proteins used in vivo experiment were all under
the endotoxin limit in FDA guideline for non-intrathecal drug
products.

2.6. Preparation of the LMWP-BSA-leg

BSA was activated by SMCC. In brief, SMCC (20 mg/mL in
DMSO) was added dropwise to the BSA solution (20 mg/mL in
PBS, pH 7.2) at a molar ratio of 2:1 and reacted under magnetic
stirring for 1 h. The activated BSA was purified using FPLC
(ÄKTApurifier 10, GE Healthcare, USA) equipped with a
desalting column (GE Healthcare, USA) and subsequently reacted
with the thiolated LMWP (sequence: CVSRRRRRRGGRRRR)
and legumain antigenic peptide (sequence: CEDVTPENFLAVLR)
in PBS (pH 7.2) for 12 h at 4 �C. The final product was purified by
using a desalting column. The concentration of the purified
LMWP-BSA-leg was determined by a standard BCA method.

2.7. In vitro cytotoxicity assay

DC2.4 cells were used to investigate the cytotoxicity of the protein
vaccines using a standard MTT assay. The cells were seeded in a
96-well plate at a density of 5000 cells per well. After exposure to
the proteins for 48 h, the cell viability was measured. All cyto-
toxicity assay experiments were performed in quintuplicate and
the cell viability was calculated using Eq. (1).

Cell viability ð%Þ Z ðAtest � AblankÞ=ðAcontrol � AblankÞ � 100 ð1Þ
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2.8. Cellular uptake
The DC2.4 cells were seeded in the 12-well plates at a density of
1 � 105 cell/well and cultured for 24 h. The proteins were labeled
by rhodamine B isothiocyanate. The DC2.4 cells were incubated
with the proteins for 4 h at 37 �C. Subsequently, the cells rinsed
with cold PBS, fixed with 4% paraformaldehyde and stained with
DAPI (40,6-diamidino-2-phenylindole). Fluorescent images were
observed with a fluorescence microscope (Zeiss, Germany). In
addition, the cellular uptake efficiency was determined by using a
flow cytometer (BD Pharmingen, USA).

2.9. Generation of mouse BMDCs

BMDCs were prepared as a previous report28 with minor modi-
fications. Briefly, the femurs and tibiae from the 6e8 weeks
BALB/c mice or C57BL/6 mice were used to collect the bone
marrow cells using PBS buffer flushing, and the RBC lysis buffer
(SigmaeAldrich, USA) was added to deplete the erythrocytes.
The collected precursors were cultured in DMEM complete me-
dium containing 20 ng/mL of recombinant murine GM-CSF and
10 ng/mL of IL-4 for 3 days and the nonadherent cells were
discarded. Following additional culture for 4 days, the loosely
adherent BMDCs were harvested and used as immature DCs
(iDCs). The purity of iDCs was measured to be >85% by
detecting the fluorescent-labeled anti-CD11c monoclonal antibody
staining using flow cytometry.

2.10. Isolation of murine T cells

T cells were isolated from the spleens of the BALB/c mice or
C57BL/6 mice and purified using lymphocyte separation medium.
Briefly, the cell suspension was prepared by cutting the spleen into
small pieces that were then extruded through a 70-mm cell strainer
(Falcon, BD, CA, USA) using a syringe plunger. After centrifu-
gation, the lymphocytes were collected and suspended in the
complete T cell medium.

2.11. Effects of the vaccines on BMDC maturation and antigen
presentation assay

The BMDCs were prepared as described above. The BMDCs were
seeded at a density of 1 � 105 cells per well in a 12-well plate and
incubated with 670 ng/mL LPS (positive control) or different
vaccine formulations for 18 h. The cells were subsequently
labeled with PerCP-Cy5.5-labeled anti-mouse CD11c, FITC-
labeled anti-mouse CD80, and PE-labeled anti-mouse CD86
monoclonal antibodies for 30 min at 4 �C. After wash, the cells
were subjected to flow cytometric assay. For the antigen presen-
tation assay, the BMDCs treated with various vaccines for 18 h
were stained with MHC I and MHC II monoclonal antibodies and
then subjected to flow cytometry.

2.12. Effects of proteins on T-cell proliferation

The responder T cells isolated from the spleens of the BALB/c
mice C57BL/6 mice were cocultured with the BMDCs that were
pretreated with different vaccines for 18 h at a ratio of 5:1 (T/DC)
for 3 days in the complete RPMI-1640 medium. The IFN-g level
in the supernatants was measured using an ELISA kit according to
the manufacturer’s instructions.

2.13. In vitro cytotoxic T cell killing assay

BMDCs were prepared as described above. The BMDCs were
seeded at a density of 2 � 105 cells per well in a 6-well plate and
incubated with 670 ng/mL LPS (positive control), rLTT, or
varying vaccine formulations for 18 h. These pretreated BMDCs
were subsequently co-cultured with the responder T cells isolated
from the spleens of the C57BL/6 mice at a ratio of 5:1 (T/DC) for
3 days in the complete RPMI-1640 medium. Meanwhile, B16-
F10 cells were seeded in a 96-well plate at a density of 2000 cells
per well. Then the cocultured cells (T/DC) were collected and
added to the B16-F10 cells at a ratio of 50:1 for 48-h incubation.
Subsequently, the non-adherent T/DC cells were washed away and
the viability of the adherent B16-F10 cells was measured ac-
cording a standard MTT assay.

2.14. In vivo antigen presentation assay

At 24-h post subcutaneous immunization, the mice were killed
and the inguinal lymph nodes and spleen were dissected to prepare
the cell suspension by extruding through a 70-mm cell strainer
(Falcon, BD, USA) using a syringe plunger. The cell suspension
was then stained with anti-CD11c-FITC, anti-MHCI-FITC, and
anti-MHCII-PE. The matured antigen-presenting cells were
stained with anti-CD86-PE and measured by flow cytometry.

2.15. In vivo antitumor immunization

To determine the therapeutic efficacy of the vaccines, the BALB/c
mice were subcutaneously injected with 0.1 mL of cell suspension
containing 4 � 105 CT26 cells in the back close to the right
shoulder. Five days after tumor inoculation, the hair on the back
skin was shaved (an area of 3 cm2). A microneedle array
(Nanomed Skincare, Cupertino, USA) was applied to the naked
skin and maintained in place for 2 min. After removal of the
microneedle, the vaccines (recombinant proteins 50 mg, equal to
3.3 mg of antigenic peptide) were applied to the same region. After
3 h, the skin was washed with saline. The microneedle-assisted
immunization was carried out for 3 times. There were five mice
per group. The tumor size was measured using a vernier caliper
and calculated by Eq. (2). The body weight was also monitored.

Volume Z L � W 2
�
2 ð2Þ

At the experimental endpoint of transcutaneous vaccination,
the spleen was collected from the immunized mice, and the T cells
from the spleen of each group were isolated as above mentioned.
The T cells were then co-stained with anti-CD3 alpha-PerCP, anti-
CD4-FITC, and anti-CD8-PE antibodies, and the percentage of
CD8þ and CD4þ cells among the total T cells was determined by
flow cytometry. Meanwhile, the isolated T cells were cultured for
24 h at 37 �C, and then treated with various protein formulations
for 24 h at 37 �C. The cytokine levels of TNF-a, IL-2, and IL-10
in the coculture medium were measured by using the ELISA kits
according to the manufacturer’s instructions.

At the experimental endpoint, the tumors and the organs were
dissected. The tumor growth inhibition rate was calculated based
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on the tumor weights. The level of IFN-g, TNF-a, IL-2, and IL-10
in the tumor were measured using the ELISA Kits.

To further investigate the cancer vaccination efficacy, subcu-
taneous injection of 5 mg of the vaccines (1/10 dose of the topical
application) was used. The mice bearing CT26 tumor on their
back close to the right shoulder were treated via subcutaneous
injection in the other side of the back (ten mice per group). The
survival rate was recorded.

For the preventive treatment regimen, the same dosage of rLTL
group (n Z 5) was applied before tumor challenge on Days �9,
�6, and �3. The CT26 cells (4 � 105 per mouse) were inoculated
(s.c.) on Day 0. Tumor growth was measured using a vernier
caliper and calculated by Eq. (2).
2.16. The immunotherapy of rLTT

The rLTT vaccine was evaluated in the melanoma mouse model.
The C57BL/6 mice were subcutaneously injected with 0.1 mL of
cell suspension containing 3 � 105 B16-F10 cells on the back
close to the right shoulder. The dose and immunization regimen
were as described as above. After the therapy of transcutaneous
vaccination, the CD8þ T cells and CD4þ T cells in spleen were
also detected by flow cytometry. The intratumoral cytokine levels
of TNF-a, IL-2 and TGF-b were determined by ELISA.
2.17. Immunofluorescence and immunohistochemistry assay

The dissected tumors at the experimental endpoint were mounted
in the embedding compound for cryosection (CM190, Leica,
Germany). The tumor slices were fixed with 4% para-
formaldehyde for 15 min, and then incubated overnight at 4 �C
with anti-legumain, anti-CD206, anti-Foxp3, anti-CD8a, anti-
STING, or anti-IRF3 antibodies, respectively, and then with
Alexa Fluor� 488-conjugated secondary antibody or 647-
conjugated secondary antibody for 1 h at room temperature, and
subsequently incubated with DAPI. The fluorescent images were
obtained by laser scanning confocal microscopy (TCS-SP8, Leica,
Germany).

The dissected tumors tissues were fixed with 4% para-
formaldehyde and the paraffin section was processed for immu-
nohistochemical examination of legumain and CD206 with a
standard protocol.
2.18. Western blotting assay

The CT26 tumors dissected at the experimental endpoint were
used to examine the expression of legumain, mannose receptor
(CD206), TNF-a, and TGF-b using a standard Western blotting
protocol.
2.19. Statistical analysis

Statistical analysis was performed by t-test and one-way ANOVA.
Each experiment was performed in triplicate, and the data are
represented as means � standard deviation (S.D, n Z 3, unless
stated otherwise). Statistically significant differences were defined
as ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, n.s,
not significant.
3. Results

3.1. Preparation, cellular uptake and biocompatibility of
recombinant protein vaccines

The plasmids pMXB10-TCS-leg and pMXB10-LTL were con-
structed to express TCS-lgmn108e120 (rTCS-leg) and LMWP-
TCS-lgmn108e120 (rLTL) fusion proteins, respectively, using the
IMPACT (intein-mediated purification with affinity chitin-binding
tag) system (Fig. 1A and Supporting Information Fig. S1). The
purified rTCS or rTCS-leg or rLTL were characterized by SDS-
PAGE electrophoresis, size exclusion chromatography, and
matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF-MS, Fig. 1BeD).

The rLTL displayed a much higher uptake efficiency in DC2.4
dendritic cells (DC) than rTCS and rTCS-leg (Fig. 1E and F), due
to the LMWP-enhanced intracellular delivery. CPP has been
considered as a potent delivery tool but with non-specific nature in
the blood stream delivery20. The cutaneous administration takes
advantage of the penetration capacity of CPP, while avoiding the
off-target to the normal organs as often seen in the i.v. injection,
and thereby, CPP has been actively explored for cutaneous
delivery21.

The recombinant vaccines were not cytotoxic to DC at a dose
up to 1 mmol/L (Fig. 1G), and thus could be safely applied as DC
vaccine.

3.2. Antigen-presenting effect

The co-stimulatory factors of CD80 and CD86, serving as the
indicators of DC maturation, are necessary to induce a potent
tumor-specific cytotoxic T lymphocytes (CTL) response. Both
CD80 and CD86 in the bone-marrow-derived dendritic cells
(BMDCs) were significantly upregulated by the rLTL treatment
compared to the control groups (Fig. 2A), as potent as the positive
group of lipopolysaccharide (LPS).

Antigen presentation is mediated by major histocompatibility
complex (MHC) molecules on the antigen-presenting cells (APCs)
that display antigenic peptide fragments to the effector T cells.
The BMDCs treated with rLTL showed an increased level of the
MHC molecules (especially MHC class II, Fig. 2B). Moreover, the
interferon-g (IFN-g) secretion from the CD8þ T cells primed with
the rLTL-treated BMDCs was significantly higher than other
groups (Fig. 2C), indicating the effective activation of CD8þ T
cells.

The antigenic legumain peptide is a short sequence (13 amino
acids). Typically, due to the small size, peptide antigens are not
sufficient to elicit robust immune response. The immunogenicity
of peptide antigens could be enhanced by conjugation with a
carrier. In order to fully verify the adjuvant function of TCS, a
control of LMWP-BSA-leg, in which BSA with non-adjuvant ef-
fect substituted TCS, was prepared. It was tested and the results
showed LMWP-BSA-leg showed a minor effect on DC matura-
tion, with an efficacy much lower than rLTL (Supporting Infor-
mation Fig. S2).

There was a significantly different efficacy between rTCS-leg
and TCS/leg. It can be explained as follows. First, the binding to
MHC molecules occurs intracellularly, and thereby, the peptide
epitopes must be delivered through the cell membrane and
transported to the endoplasmic reticulum to the newly synthesized
MHC molecules. Second, the immunogenicity of leg-peptide was
enhanced by conjugation with the adjuvant TCS. Third, TCS can
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bind with specific receptors on the cell membrane and enhance
cellular uptake22, and the fusion rTCS-leg could yield a higher
cellular uptake than the leg-peptide in a mixture of TCS/leg.

3.3. Antitumor immunotherapy studies

The treatment efficacy of the “all-in-one” rLTL vaccine was
examined in a CT26 colon tumor-bearing murine model (BALB/c
Figure 1 Characterization of the rLTL vaccine. (A) Plasmid encoding rL

rTCS-leg, and rLTL by size exclusion chromatography; retention time is

rescence images of the uptake of the fusion proteins in DC (scale bar, 50 m

fusion proteins showed minor cytotoxicity on DC at the tested dose range
mice) using microneedle-assisted transcutaneous vaccination. The
rLTL vaccine exhibited the highest efficacy against tumor growth
(82%), while the rTCS-leg group without LMWP had a tumor
inhibition rate of 66%, and the mixture rTCS/leg was 48% and the
antigenic peptide alone was merely 8% (Fig. 3AeC).

T cell-based cellular immunity is the key mechanism respon-
sible for cancer therapeutic vaccination and the activation of
effector CD8þ T cells is a prerequisite for eliminating the target
TL. (B) The SDS-PAGE electrophoresis. (C) Purity analysis of rTCS,

related to the protein size. (D) MALDI-TOF-MS analysis. (E) Fluo-

m). (F) The uptake efficiency of the protein vaccines in DC. (G) The

s. Data are presented as mean � SD (n Z 3). ***P < 0.001.
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cells. The amount of CD8þ T cells in the spleen from the mice
after treatment were measured to be 9.2% for rLTL, compared to
6.8% for the leg-peptide without TCS adjuvant, and the percent-
age of CD4þ T cells was 18.8% for rLTL, and 15.4% for the leg-
peptide (Fig. 3D). It indicated that the rLTL efficiently induced a
T cell-mediated immunity. Furthermore, the cytokine analysis in
the dissected tumors showed the significantly higher secretion of
antitumor IFN-g, tumor necrosis factor-a (TNF-a), and
interleukin-2 (IL-2) induced by the rLTL treatment than other
immunization (Fig. 3E). The antitumor CD8þ T cells and M1
macrophages are characterized by the upregulated IFN-g and
TNF-a that are cytotoxic to the cancer cells. IL-2 plays a key role
in driving the proliferation and activation of T and natural killer
(NK) cells that possess cytolytic activity23. IL-10 is a major
mediator for immune tolerance24, which was seen a decrease after
rLTL treatment (Fig. 3E).

To verify the antigen-specific cellular immunity responses, the
isolated T cells from the spleens of the immunized mice were
primed with the vaccines again, and resulted in the upregulated
TNF-a and IL-2 levels but a reduction of IL-10 (Supporting In-
formation Fig. S3).

TAM highly expressed legumain, and thus was the major target
of the legumain-based vaccines13,14. The rLTL treatment led to the
significant TAM annihilation, as represented by the reduction of
the TAM biomarkersdmannose receptors (CD206) and legumain
(Figs. 3F and 4, Supporting Information Fig. S5). TGF-b mainly
secreted from TAM is a driving factor in tumor progression and
exerts systemic immune suppression and inhibits host immuno-
surveillance25,26. The rLTL treatment reduced the TGF-b
expression (Fig. 3F), demonstrating the effective annihilation of
Figure 2 Antigen-presenting ability of rLTL vaccine. (A) The increase

Upregulation of MHC I & II molecules on BMDCs induced by the fusion p

the BMDCs challenged with various protein vaccines. Data are presented

n.s, not significant.
TAM. By contrast, there was an increase in the protumor TNF-a
production (Fig. 3F), indicating the enhanced efficacy of
immunotherapy.

Regulatory T cells (Treg) are a subset of T cells that mediate
immunosuppression in tumor microenvironment. Our results
showed that Foxp3, a Treg biomarker, was downregulated after
vaccination, and the rLTL treatment led to the lowest expression
among all the groups (Fig. 4). Importantly, the CD8þ T cells in the
tumor were significantly increased by the rLTL treatment (Fig. 4),
suggesting the alleviation of immunosuppression and the
enhanced CTL effect.

The immunological milieu of the skin is an ideal site for
cutaneous vaccine delivery because there are abundant epidermis
DCs (i.e., Langerhans cells), accounting for a network of immune
cells that underlie 25% of the total surface area in human skin27.
As a self-administration technology, microneedle-assisted trans-
cutaneous immunization has the advantages of painless and easy
handling and accessibility, and therefore, it is a useful method for
caner vaccination28.

Furthermore, we also investigated the anticancer effectiveness
of a traditional administration routedsubcutaneous vaccination at
a 1/10 dose of topical vaccination. There was a lower dosage
setting used in subcutaneous vaccination considering the higher
delivery efficiency of subcutaneous injection. Fig. 3G shows the
survival curve of the mice and the rLTL group with a significantly
prolonged survival time. Overall, these results demonstrated the
efficacy of the rLTL vaccine and indicated such an “all-in-one”
vaccine was promising for cancer immunotherapy.

Interestingly, in a tumor challenge study following vaccination,
the mice that were pretreated with rLTL showed a slower tumor
d expression of CD80 and CD86 in DC induced by the vaccines. (B)

roteins. (C) Increased IFN-g secretion by CD8þ T cells after primed by

as mean � SD (n Z 3). ****P < 0.0001, ***P < 0.001, **P < 0.01,
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development compared to the control group (Supporting Infor-
mation Fig. S4). It suggested that TAM could also play an
important role in the transplanted tumor formation and the pre-
ventive TAM annihilation retard the formation of tumor.

3.4. TCS-TRP2 vaccination for immunotherapy

To further demonstrate the universality of this TCS-adjuvant
vaccination strategy, we used a tyrosinase-related protein-2
(TRP2) peptide as another model antigen and developed a cell-
penetrating LMWP-TCS-TRP2 fusion protein vaccine (termed
rLTT). TRP2 is a highly expressed by melanoma cells and can be
recognized by the melanoma-specific CTL, and the TRP2
sequence (SVYDFFVWL) has been used as a promising cancer
antigen29,30.

The in vitro results showed an increased amount of matured
DC and an enhanced level of MHC molecules induced by rLTT
treatment (Supporting Information Fig. S6A and S6B), which
Figure 3 The immunotherapy of rLTL. (A) The treatment efficacy o

(n Z 5). (B) Tumor weight at the treatment endpoint. (C) Inhibition rate

spleens of the mice after treatment. (E) The antitumor (IFN-g, TNF-a,

treatment. (F) Western blotting assay of the TAM-associated markers in t

receiving subcutaneous injection of the vaccines (n Z 10). Data are pr

**P < 0.01, *P < 0.05, n.s, not significant.
revealed the potent antigen presentation ability. As a result, the
rLTT-primed BMDCs efficiently elicited the antitumor IFN-g
secretion from the CD8þ T cells (Supporting Information
Fig. S6C), suggesting the activation of the effector CD8þ T cells.
Importantly, the effector T cell-mediated antigen-specific cyto-
toxicity was observed in the melanoma B16-F10 cells that over-
expressed the antigen TRP2. The T cells isolated from the spleen
primed by the rLTT-treated BMDCs were able to efficiently kill
the B16-F10 cell (Supporting Information Fig. S6D).

For in vivo study, microneedle-assisted transcutaneous vacci-
nation was carried out in the B16-F10 melanoma model (C57BL/6
mice). The tumor inhibition rate in each group was 18% (TRP2),
39.5% (rTCS), 52.7% (rTCS/TRP2), 60.6% (rTCS-TRP2), or
68.1% (rLTT), respectively (Fig. 5AeC). Due to the highly
aggressive malignancy, no mice in the PBS control group survived
longer than 16 days, and by contrast, the median survival of rLTT
groups was 26 days (Fig. 5D). The amount of CD4þ and CD8þ T
cells in the spleen and the intratumoral levels of the protumor
f microneedle-assisted vaccination in the CT26 tumor-bearing mice

of tumor growth. (D) Percentage of CD8þ and CD4þ T cells in the

IL-2) and the protumor (IL-10) cytokine levels in the tumors after

he tumors. (G) Survival curve and median survival time of the mice

esented as mean � SD (n Z 3). ****P < 0.0001, ***P < 0.001,



Figure 4 Immunofluorescence staining of the TAM biomarkers of legumain and CD206, as well as the FoxP3þ Treg and CD8þ T cells in the

tumors after treatment. Scale bar, 50 mm.
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cytokines (e.g., TNF-a, IL-2, and IL-10) were also remarkably
increased by rLTT treatment (Fig. 5E and F). These results indi-
cated the successful induction of CTL-mediated antitumor
immunity.

The tumor immune microenvironment was also examined after
immunization. The expression of TAM-associated markers CD206
and legumain in the tumor were diminished after rLTT vaccination
(Fig. 5G and H), suggesting the reduction of TAM. Accordingly,
the protumor TGF-b, primarily secreted from TAM, was reduced
(Fig. 5H). Moreover, the Tregs were suppressed while CD8þ T
cells were increased in the tumor tissues (Fig. 5I). It demonstrated
that rLTT vaccination remodeled the tumor microenvironment by
Figure 5 The rLTT vaccine for immunotherapy in the B16-F10 melan

assisted transcutaneous immunization (n Z 5). (B) Tumor weight at the

curve and median survival time of the mice receiving transcutaneous vaccin

after rLTT treatment were increased. (F) Cytokine levels in the tumors aft

assay and (H) immunofluorescence staining of the TAM biomarkers (legum

staining of the FoxP3þ Treg and CD8þ T cells in the tumors after treatm

****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, n.s, not signific
activating the CTL immunity while reducing the immunosup-
pressive TAM and Treg.

3.5. The DC activation pathway

The matured DC in the lymph nodes and spleens was analyzed. It
showed that the matured DC (marked by CD86) was significantly
increased after vaccination in the colon tumor animal model,
compared to the PBS control group (Fig. 6A and B). Stimulator of
interferon genes (STING) pathway plays an essential role in
antitumor vaccination31. It was found that both STING and its
downstream factor interferon regulatory factor 3 (IRF3) were
oma-bearing C57BL/6 mice. (A) Treatment efficacy of microneedle-

treatment endpoint. (C) Inhibition rate of tumor growth. (D) Survival

ation (nZ 10). (E) CD8þ and CD4þ T cells in the spleens of the mice

er microneedle-assisted immunization treatment. (G) Western blotting

ain and CD206) in the tumors after treatment. (I) Immunofluorescence

ent. Scale bar, 100 mm. Data are presented as mean � SD (n Z 3).

ant.



Figure 6 The immunostimulating mechanism study of rLTL in the CT26 colon tumor animal model. DC maturation measurement in the lymph

node (A) and spleen (B) after treatment. (C) Immunofluorescent staining of STING and IRF3 in the tumors. Data are presented as mean � SD

(n Z 3). **P < 0.01, *P < 0.05. Scale bar, 75 mm.
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upregulated in the tumor after vaccination (Fig. 6C). The similar
results were also observed in the melanoma animal model after
vaccination (Supporting Information Fig. S7). It suggested the
importance of the STING-IRF3 pathway in the TCS-stimulating
immune responses. Yet, further investigation should be needed
to illustrate the detailed molecular mechanisms.

3.6. Preliminary evaluation of the biosafety

The body weight loss was not found in all the groups and histo-
pathological examination of the major organs did not show any
observable toxicity in the vaccinated mice (Supporting Informa-
tion Fig. S8), indicating the safety of recombinant TCS-based
vaccination.

4. Discussion

In order to escape immune surveillance and survive, the cancer
cells develop an elegant system to “educate” the immune cells and
stroma cells around, thus forming the tumor immunosuppressive
microenvironment32. For instance, an elevating amount of TAM
and Tregs is closely related to the low response to tumor anti-
gens33. A major barrier against successful translation of cancer
vaccines is the insufficient efficacy to elicit robust DC-mediated
immune effect. To develop an effective and safe immunostimu-
lant is the essential part for cancer vaccination. TCS Injection is a
clinically used gynecological drug in China for over three de-
cades. In addition, its antitumor activity has been also well
investigated. Our work demonstrated the new function of TCS as
an immunostimulant for cancer vaccination.

It is interesting that TCS plays a dual role in immunomodu-
lationdeither immunosuppression34 or immunostimulation35.
Typically, TCS was found to elicit T helper 2 (Th2)-type immune
responses in the naı̈ve mice, with the elevating secretion of anti-
inflammatory cytokines (e.g., IL-10 and TGF-b)36. Conversely,
in the tumor-bearing mice, TCS displayed the promotion of Th1-
type immunity and the prolonged survival, but in the control group
of naı̈ve mice, it showed the decrease in the percentage of CD8þ T
cells and IFN-g production35. It was also reported that TCS
inhibited tumor growth more significantly in the immunocompe-
tent mice than in the nude mice5,35, suggesting the important role
of T-cell immunity in TCS-based anticancer therapy.

Importantly, for the immunostimulating function, a low dose of
TCS (e.g., 0.25 mg/kg) can serve this purpose, compared to its ribo-
some inactivation-directed cytotoxic therapy dose of 2.5 mg/kg4,5.

Recently, the use of low-dose chemo-drugs for facilitating
immune activation has attracted great attention, of which the
mechanisms involve DC maturation, the increased expression of
auxiliary receptors in T cells, regulation of the cytokine network
in immune microenvironment, and depletion of the immunosup-
pressive cells28,37. However, such application in cancer vaccina-
tion as an adjuvant still largely remains unknown. Our results
clearly demonstrated the potency of TCS-assisted vaccination in
various tumor models and vaccines. The immunoenhancing effect
of TCS is associated with the action on promoting DC maturation
and antigen presentation. STING is involved in the adjuvant
function of TCS. Yet the molecular mechanisms still need to be
further elucidated.

TCS was initially reported with immunosuppression effects
that were associated with its anti-HIV activity. However, in the
tumor-bearing model, TCS can enhance antitumor immune re-
sponses. For example, TCS increased the percentage of effector T
cells, Th1 cytokine secretion, and elicited more memory T cells35.
TCS increased Granzyme B penetration into tumor cells by
upregulation of cation-independent mannose 6-phosphate receptor
(CI-MPR), thus promoting cytotoxic T lymphocyte-mediated
killing38. Moreover, TCS induced the cancer cells becoming
more antigenic by promoting the synthesis of antigen peptides39.
Therefore, it has been acknowledged that TCS has a bi-directional
modulation on the immune systems, depending on the physico-
pathologic conditions35.

TAM is a promising therapeutic target for cancer therapy40,41.
TAM as a vaccination target providies the unique advantages over
cancer cells, in terms of the less mutation frequency and genetic
variation.

It should be noted that a unique benefit of this reported method
was its easy preparation and versatility. Based on the genetically-
engineered TCS-based expression platform, the vaccines with
various antigens can be designed and produced by simply incor-
porating a specific antigen-encoding DNA sequence into the
plasmid system.

5. Conclusions

An efficient and safe adjuvant is an essential element for suc-
cessful anticancer vaccination. The search for novel cancer im-
mune stimuli has been active, but most of the reported ones lack
druggability, with little prospect of clinical translation. In this
work, a TCS-based fusion protein vaccine system was designed
and the TCS-assisted cancer immunization strategy was devel-
oped. We firstly reported a novel cancer immunostimulatant for
cancer vaccination and developed a versatile protein-engineering
protocol for constructing a multifunctional “all-in-one” vaccine
that were characterized by the easy fabrication and potent treat-
ment efficacy. The translation of such an old drug into the new
application would be cost- and time-saving and benefit from the
well-documented safety of TCS from the decade-long clinical
observation. The adaptability of this vaccine system is a unique
advantage, of which any antigenic peptide or protein sequences
can be incorporated into the genetically-engineered TCS-based
expression platform, and it thus provides a feasible and useful
method for cancer vaccination with potential clinical value.
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