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a b s t r a c t 

Transcutaneous immunization (TCI) has the advantages of safety, high efficiency, non-invasiveness and 

convenient use. The key for a TCI system is transdermal targeted delivery of antigen to dendritic cells 

(DCs), the most powerful antigen presenting cells. DCs also play an important role in tumor immunother- 

apy, which provides a huge imagination for the application of TCI to tumor treatment. In this study, a 

transcutaneous tumor vaccine (TTV) delivery system was developed using the electrospun silk fibroin (SF) 

and polyvinyl alcohol (PVA) composite nanofibrous patch loaded with mannosylated polyethyleneimine 

(PEI man )-modified ethosome (Eth) (termed Eth-PEI man ). Eth-PEI man showed a good performance in target- 

ing DCs, and the carriers loaded with antigen (encapsulated in Eths) and adjuvant (absorbed in PEI man ) 

were observed effectively induce DCs maturation in vitro. With the tyrosinase-related protein-2 (TRP2) 

peptide as antigen and oligodeoxynucleotides containing unmethylated CpG motifs as adjuvant, the TTV- 

loaded patches (TTVP) significantly inhibited the growth of melanoma in a syngeneic mouse model for 

melanoma by subcutaneous injection of B16F10 cell lines. Moreover, the combined application of the 

TTVP and anti-programmed death-1 monoclonal antibody (aPD-1) produced a synergistic antitumor ef- 

fect, which could be related to the infiltration of more CD4 + and CD8 + T cells in the tumor tissues. The 

application of TTVP also increased the expression of IL-12, which may be part of the mechanism of syn- 

ergistic antitumor effect between the TTVP and aPD-1. These results suggest that the combination of the 

TTVP and immune checkpoint blockers could be an effective strategy for tumor treatment. 

Statement of significance 

Transcutaneous immunization has the advantages of safety, high efficiency, non-invasiveness and conve- 

nient use. In this study, a novel transcutaneous tumor vaccine patch (TTVP) was developed using tumor 

antigens-loaded ethosomes that can target dendritic cells percutaneously. Our data demonstrated that the 

TTVP can significantly inhibit tumor growth. Furthermore, the combination of TTVP and aPD-1 produced 

a synergistic anti-melanoma effect. Considering its convenience and non-invasiveness, this TTVP system 

could find good application prospects in immunotherapy. The combination of TTVP and aPD-1 could be a 

useful strategy for the prevention and treatment of tumors. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Dendritic cells (DCs) are the professional and most powerful 

ntigen presenting cells (APCs), which stimulate initial and ac- 

uired immune responses by internalizing and processing anti- 
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ens and presenting them to T cells [ 1 , 2 ]. The active epidermal

nd dermal layers of skin tissue are rich in DCs, which makes 

he skin one of the best sites for immunization and give birth to 

he concept of transcutaneous immunization (TCI) [ 3 , 4 ]. TCI is a

ew method of vaccination, in which the antigen and adjuvant are 

opically applied to the intact skin surface to induce an immune 

esponse. Compared with traditional subcutaneous or intramus- 

ular vaccination methods, TCI has the following advantages [4–

] 1: good safety (avoiding potential infections caused by acupunc- 

ure wounds or needle contamination), good compliance (eliminat- 

ng children’s fear of needle vaccination), high efficiency (a small 

mount of antigen can trigger an effective immune response) and 

asy to use (no special medical workers are needed and thus the 

ost is greatly saved). 

The success of TCI depends on making the macromolecular 

ntigen molecules break through the stratum corneum and tar- 

et DCs. Ethosome (Eth) is a special liposome containing a certain 

oncentration of alcohol (20% - 45%), which have a smaller parti- 

le size, higher encapsulation efficiency and better flexibility [7] . 

th has been demonstrated to be an useful carrier for transdermal 

rug delivery [8–12] . Our recent research showed that Eths can 

ffectively carry biomacromolecules into skin tissues and induce 

pecific immune responses [13] . There are C-type lectin receptors 

n the surface of DCs, including mannose receptor, DEC-205 and 

C-Sign, etc. [14] . Antigen-loaded carriers decorated by mannose 

ave been proved to be able to target DCs and effectively trigger 

mmune response [ 15 , 16 ]. Therefore, Eths modified with materials 

ontaining mannose groups can be useful for TCI. 

In addition to specific antigens (usually peptides with 8-10 

mino acids), the effective activation of DCs and related CTL activ- 

ties often requires the combined application of adjuvants to stim- 

late powerful immune response [17] . Oligodeoxynucleotides con- 

aining unmethylated CpG motifs (CpGs) is considered to be one of 

he most effective adjuvants and have attracted much attention in 

mmunotherapy [ 18 , 19 ]. These CpGs are common in the bacterial 

r viral genome, but are suppressed and methylated in the verte- 

rate genome [20] . CpGs can be captured by the cell surface re- 

eptor DEC-205 and delivered to the intracellular Toll-like receptor 

 (TLR9), which stimulates B cells, macrophages and DCs to se- 

rete Th1-like cytokines (such as IL-12, IL-18, and co-stimulatory 

olecules (CD80 and CD86), etc.) inducing a strong Th1 response 

nd enhancing antigen presentation [21–23] . However, the appli- 

ations of CpGs is limited because they are easily degraded and 

as low internalization efficiency [ 24 , 25 ]. Hence, it is essential to

rotect CpGs from degradation and increase its delivery efficiency 

n immunotherapy. Polyethyleneimine (PEI) has been used as a 

romising non-viral vector for gene delivery because of its high 

fficiency of transfection, low immunogenicity and easy produc- 

ion [ 26 , 27 ]. PEI plays a vital role on protecting DNA from nucle-

se degradation by concentrating DNA to form compact nanoscale 

omplexes [27–29] . The good performance of PEI for protection and 

elivery of CpGs has been confirmed recently [29] . Moreover, the 

annosylated PEI (PEI man ) showed a good ability to target DCs 

30–32] . Therefore, we hypothesize that the PEI man -modified Eth 

Eth-PEI man ) could be good vehicles for TCI. 

Microspheres fabricated by electrospray have attracted much 

ttention in recent years due to their good stability, slow and 

ontrolled release, simple preparation process [33–35] . The unique 

dvantages of high surface area and porosity make nanofibrous 

atches a good drug-carrying substrate [ 35 , 36 ]. The combination 

f nanofibers and Eth-PEI man -encapsulated microspheres may be 

 good solution to build ideal TCI patches in view of their re- 

arkable properties on drug delivery and flexible adjustment of 

rug loading. Silk fibroin (SF) nanofibers have many applications 

ue to their outstanding biocompatibility and skin affinity [ 13 , 36 ]. 

owever, electrospun SF nanofibers are easily broken and fail 
248 
o meet the needs of practical applications, and thus they are 

lended with other polymers to improve their properties [37–

1] . Polyvinyl alcohol (PVA) is a water-soluble synthetic polymer, 

on-toxic, biodegradable, and has good mechanical performance 

40–42] . Besides, PVA has good spinnability and is suitable for 

lending with SF to prepare composite nanofibers by green elec- 

rospinning [ 40 , 41 ]. Therefore, the SF-PVA composite nanofibrous 

atches loaded with Eth-PEI man -encapsulated microspheres could 

e a good choice for construction of TCI systems. 

Tumor immunotherapy kills tumor cells effectively by activat- 

ng the patient’s immune system, and has the advantages of in- 

ibiting tumor metastasis and recurrence and avoiding damage of 

ormal cells [43] . Immune checkpoint blocker can eliminate im- 

unosuppression and restart CTL effects in the tumor microenvi- 

onment [ 44 , 45 ]. Programmed death-1 (PD-1)/programmed death- 

igand 1 (PD-L1) are considered the most promising target for tu- 

or immunotherapy and anti-PD-1 monoclonal antibody (aPD-1) 

as been reported to cure advanced tumors such as gastric can- 

er, melanoma, lung cancer, and bladder urothelial cancer [43–45] . 

owever, most patients are clinically insensitive to aPD-1 therapy 

 46 , 47 ]. To improve efficacy of aPD-1, many combination thera- 

ies have been reported in recent years [47–51] . A recent study 

as shown that the antitumor effects induced by aPD-1 requires 

authorization" from DCs by expression of cytokines such as IL-12 

52] , suggesting that DCs play a key role in the immune check- 

oint blockade therapy. Furthermore, DCs are one of the best tar- 

ets in cancer immunotherapies because of their potentials as APCs 

nd their central role in coordinating innate and adaptive immu- 

ity [53] . The DCs-based vaccines can effectively trigger specific 

D8 + CTLs through the antigen peptide-major histocompatibility 

omplex class I (MHC-1) complexes and stimulate tumor killer pro- 

uction to prevent cancer from recurring [ 54 , 55 ]. Since there are

bundant DCs in the skin tissues, we speculate that the combina- 

ion of immune checkpoint blockers and DCs-targeted transcuta- 

eous tumor vaccines (TTV) could achieve better antitumor effi- 

acy. 

In this study, a syngeneic mouse model for melanoma by sub- 

utaneous injection of B16F10 cell lines was used to investigate the 

ntitumor effect of the combination therapy with TTV and aPD- 

. The complex of Eth-PEI man was firstly fabricated and character- 

zed to be used as carrier for TCI. The tyrosinase-related protein-2 

eptide (SVYDFFVWL) (termed as TRP2) was used as melanoma- 

pecific antigen and encapsulated into the Eths, and CpGs as im- 

une adjuvant adsorbed in PEI man to obtain a TTV delivery ve- 

icle complex (termed TRP2@Eth-PEI man @CpGs). After confirming 

ts ability to target and induce DCs maturation, the TRP2@Eth- 

EI man @CpGs was then mixed with polyvinylpyrrolidone (PVP) and 

prayed into microspheres on the surface of electrospun SF-PVA 

omposite nanofibers by electrospray to obtain composite nanofi- 

rous patches loaded with TTV (termed TTVP). The transcuta- 

eous performance and immune effect of the as-prepared TTVP 

as further evaluated. Finally, the in vivo antitumor efficacy of 

he combined treatment with TTVP and aPD-1 was explored using 

elanoma bearing mice. 

. Materials and methods 

.1. Materials 

Lecithin, cholesterol, octadecylamine, PEI (Mw = 25 

Da), lithium bromide (LiBr), 1,10-dioctadecyl-3,3,30,30- 

etramethylindocarbocyanine perchlorate (DiI), bovine serum 

lbumin (BSA), fluorescein isothiocyanate (FITC), Hoechst 33342 

nd Doxorubicin hydrochloride (Dox) were purchased from 

igma-Aldrich (Shanghai) Trading Co., Ltd (Shanghai, China). 

-D-mannopyranosylphenyl isothiocyanate (MPITC) was pur- 
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hased from MOLBASE (Shanghai, China). CpGs1826 (5’-TCCATGA 

GTTCCTGACGTT-3’) was synthesized by Synbio Technologies 

Suzhou, China). The TRP2 180-188 (SVYDFFVWL) were synthesized 

y Genscript (Nanjing, China). The PE-conjugated goat anti-mouse 

D80 and CD86 monoclonal antibodies (clone No. are 16-10A1 and 

L-1, respectively) and TMB ELISA kits (for detection of TNF- α, 

FN- γ and IL-6) were purchased from Pepro Tech (USA), and aPD-1 

anti-mouse, clone: RMP1-14) from BioLegend, Inc (USA). Rat anti- 

ouse CD4 and CD8 (clone No. are #MAB0707 and #MAB0708, 

espectively) were purchased from Relia Tech (Germany). Cell 

ounting Kit-8 (CCK-8) and Calcein-AM/PI Double Stain Kit and 

 

′ ,6-diamidino-2-phenylindole (DAPI) were purchased from Shang- 

ai YEASEN Biotechnology Co., Ltd (Shanghai, China). PVA and PVP 

ere purchased from Shanghai Aladdin Biochemical Technology 

o., Ltd (Shanghai, China). Cocoons of B. mori silkworm were 

rom Huzhou Silk Co. (Huzhou, China). DMEM medium, RPMI- 

640 medium and fetal bovine serum (FBS) were purchased from 

ibco Life Technology Co., Ltd (USA). Ultrapure water was used 

hroughout this study. 

.2. Cells and animals 

L929 (mouse fibroblast cell line), B16F10 (mouse melanoma 

ell line) and mouse bone-marrow-derived dendritic cells (BMDCs) 

ere used in vitro studies. L929 and B16F10 were obtained from 

he Institute of Biochemistry and Cell Biology, Chinese Academy 

f Science (Shanghai, China). BMDCs were isolated according to 

revious reports [13] . Briefly, the bone marrow cells were isolated 

rom both shinbones and thighbones of C57BL/6 mice (4-5 weeks 

ld) and cultured in RPMI-1640 complete medium (supplemented 

ith 10% FBS, 100 μg/mL streptomycin and 100 U/mL penicillin, 

00 U/mL IL-4 and 1000 U/mL GM-CSF) in a humidified incuba- 

or of 5% CO 2 at 37 ˚C. After culture of one week, the suspended

MDCs were harvested. B16F10 and L929 were cultured in RPMI- 

640 and DMEM respectively (both medium supplemented with 

0% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin) at 37 

C in incubator with 5% CO 2 . 

Male C57BL/6 mice of 5 weeks were purchased from Shang- 

ai SLAC Laboratory Animal Co. Ltd (Shanghai, China). The animals 

ere maintained in a 12 h light/dark cycle with free access to food 

nd water (SPF environment). All animal experiments were per- 

ormed according to the guidelines approved by the Institutional 

nimal Care and Use Committee at Donghua University. 

.3. Preparation and characterization of Eth-PEI man 

PEI man was prepared according to Ying Hu’s method [30] . 

riefly, 56 mg MPITC was dissolved in 10 mL methanol and this 

olution was added dropwise into PEI solution (108 mg PEI dis- 

olved in 0.5 mL methanol) and stirred at room temperature to 

issolve completely. The methanol was removed by evaporation at 

0 °C for 30 min. The residue was then dissolved in 5 mL of water

nd PEI man was finally obtained after freeze-drying. 

Eths were prepared according to the thin layer evaporation 

ethod [13] . Briefly, 100 mg lecithin, 10 mg cholesterol and 4 

g octadecylamine were sufficiently dissolved in 5 mL ethanol, 

nd the solution was rotary evaporated to form a thin film. Then, 

he film was dissolved in 10 mL of H 2 O/ethanol (7:3 in volume) 

ontaining PEI man (1 mg/mL) or TRP2 (0.5 mg/mL) to obtain Eth- 

EI man or TRP2@Eth. TRP2@Eth solution mixed with equal volume 

f PEI man (2 mg/mL) or PEI man @CpGs solution (containing different 

mounts of CpGs) followed by gentle vortexing and further incu- 

ating at room temperature for 30 min to obtain TRP2@Eth-PEI man 

r TRP2@Eth-PEI man @CpGs solution containing different amounts 

f CpGs. 
249 
Nuclear magnetic resonance (NMR) spectra were recorded on a 

ruker avance 500 using D 2 O with tetramethylsilane as an internal 

eference. Infrared spectra were recorded on a Fourier-transform 

nfrared (FTIR) spectrometer (Thermo Nicolet 6700, USA). KBr pel- 

ets of PEI and PEI derivatives were used in the infrared instru- 

ent. FTIR spectra were acquired after 16 scans between 40 0 0 and 

00 cm 

−1 . The morphology of the Eth, Eth-PEI man and TRP2@Eth- 

EI man @CpGs were examined by transmission electron microscopy 

TEM, JEM-2100F, jeol, japan). The zeta potential and particle size 

ere measured by Zetasizer Nano ZS instrument (Malvern, UK). 

he encapsulation efficiency of Eth-PEI man for TRP2 was deter- 

ined by the method of ultracentrifugation. 

.4. Gel retardation and DNase resistance assays 

DNA condensation ability of Eth-PEI man was investigated us- 

ng gel retardation assay. The plasmid DNA (pDNA)-encapsulated 

EI man (pDNA@PEI man ) were prepared at various ratios (0, 1, 

,10,15, 20) of nitrogen (of PEI man ) to phosphorus (of DNA) (N/P). 

he products were loaded on 1 % agarose gels with ethidium bro- 

ide (0.5 μg/mL) and ran in TBE buffer at 90 V for 20 min. DNA

etardation was visualized and photographed by a gel imager (FR- 

80B, Shanghai Furi Technology Co., LTD, China). 

DNase I resistance assay was performed to assess the ability of 

th-PEI man to protect DNA. Eth-PEI man @pDNA complexes (N/P ra- 

ios of 15 and 20) were placed in DNase-free EP tubes, and 1 μg 

f naked pDNA was used as control (two samples were set for each 

roup). The samples were incubated with 2 μL of DNase I for 1 h 

t 37 °C, and then treated with EDTA for 10 min to inactivate DNase 

. Subsequently, sodium dodecyl sulfate (SDS) was added to some 

f the samples. Finally, agarose gel electrophoresis (20 min at 90 

) was used to investigate changes of DNA content in each group. 

.5. Cytotoxicity assay 

Cytotoxicity of Eth-PEI man was investigated by cell proliferation 

ssay. L929 cells were seeded into 96-well plates at a density of 

 ♦10 4 cells/well cultured for 24 h. Then, different concentrations 

f Eth-PEI man were added and incubated for another 24 h. Subse- 

uently, medium was then washed with sterile PBS buffer for 3 

imes, and 100 μL fresh RPMI 1640 medium (without FBS) con- 

aining 10 μL CCK-8 reagent was added into each well and incu- 

ated for 1 h at 37 °C. Finally, a microplate reader (Multiskan MK3, 

hermo, USA) was used to record the absorbance at 450 nm (the 

bsorbance of cells without treatment used as a control). The rela- 

ive cell viability (%) was calculated by the following equation: 

ell Viability (%) = (At-Ab)/(Ac-Ab) × 100% 

(At: absorbance of the tested samples; Ab: absorbance of the 

lank wells containing culture medium and CCK-8 solution but 

ithout cells; Ac: absorbance of the controls). 

To image the above treated cells, the medium was discarded 

nd washed three times with PBS. Then, 100 μL of calcein-AM/PI 

olution was added to the wells and incubated for 15-20 min in 

he dark. Subsequently, the staining solution was discarded and 

ells were washed with PBS. Finally, the cells were observed and 

hotographed using a fluorescence microscope (DMi 8, Leica, Ger- 

any). 

.6. Assays for targeted induction of DCs in vitro 

.6.1. Phagocytosis 

To observe the DCs-targeted performance of Eth-PEI man , DiI- 

abeled Eth-PEI man (15 μg/mL) was used to treat BMDCs seeded 

n six-well plates (1 ♦10 5 /well) for 2 h at 37 °C. After washing three
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imes with PBS, the cells were fixed with 4% paraformaldehyde for 

0 min. Cells were then stained with DAPI and observed with a flu- 

rescence microscope (DMi 8). The fluorescence intensity of differ- 

nt samples was compared and analyzed by ImageJ 1.44 software 

National Institutes of Health, USA). To investigate the DCs-targeted 

rug delivery performance of Eth-PEI man , BMDCs were co-cultured 

ith free Dox or Dox-loaded carriers (Dox@Eth, Dox@Eth-PEI man ) 

or 24 h at 37 °C (the cells treated with equal volume of PBS were

sed as control). The cells were washed three times with PBS to 

emove redundant complexes and re-suspended in 300 μL PBS. Fi- 

ally, the samples were examined with flow cytometry under a 

ACSCalibur (Becton Dickinson, USA) to quantify the fluorescence 

f Dox. 

.6.2. Evaluation of DCs maturation 

To assess the maturation of DCs in response to the Eth-PEI man 

oaded with antigen and adjuvant, BMDCs were incubated in six- 

ell plates (2 ♦10 5 /well) with TRP2 or/and CpGs (free or encap- 

ulated in the carriers) for 24 h at 37 °C (the cells treated with

qual volume of PBS were used as negative control). The cells were 

ashed three times with PBS and re-suspended in 100 μL PBS 

ontaining 1 μg PE-goat anti-mouse CD80 or CD86 monoclonal an- 

ibodies and incubated at 4 °C in the dark for 20 min. After washing

hree times with PBS, the cells were re-suspended in 300 μL PBS 

nd their expression levels of CD80 and CD86 were detected with 

ow cytometry. 

.7. Preparation of the TTVP 

Raw silk fibers were degummed three times with 0.5% (W/V) 

a 2 CO 3 solution for 30 min at 100 °C and then rinsed with warm

istilled water. After drying, degummed silk was dissolved in 9.3 M 

iBr at 45 °C for 1 h to obtain a homogeneous solution. After dialy-

is (MWCO of dialysis bag is 140 0 0 KDa) at room temperature for 

hree days against water, the solution was filtered and lyophilized 

o obtain regenerated SF sponges. 

SF solution was concentrated to 6% (w/v) before the electro- 

pinning step. 8 % (w/v) PVA solution was prepared by dissolving 

VA in hot water (T = 90 °C) for about 3 h. Different ratios of SF

nd PVA solutions were mixed and stirred at room temperature 

or 12 h. The mixed solution was then transferred to a syringe and 

lectrospun onto aluminum foil with a rate of 1.0 mL/h at a voltage 

f + 15 kV and a collect distance of 15 cm. The resulting products 

ere dried and stored in a desiccator for further use in the elec- 

rospray step. 1 g PVP was dissolved in 5 mL ethanol/H 2 O (6:4 in

olume) and mixed with equal volume of drug-loaded Eth-PEI man 

olution. The mixture was then transferred to a syringe and elec- 

rosprayed onto the SF-PVA composite nanofibrous matrices fixed 

n the receiving plate with a rate of 1.0 mL/h under + 18 kV at the

ollect distance of 15 cm, and the humidity was set 8%. Surface 

orphology of the product was observed by SEM (JEOL, JSM-5600, 

apan) after sputter-coating by gold at 7 mA for 60 s. The sizes of 

he microspheres and the nanofibers were analyzed by ImageJ 1.44 

oftware. 

.8. In vitro skin permeation assay 

The transdermal performance of the TTVP was examined by 

ranz vertical diffusion method using FITC-labeled BSA (fBSA) and 

oechst 33342-labeled plasmid DNA (hpDNA) as the model drugs. 

o imitate the physiological environment of the human body, PBS 

uffer was used as receiving liquid and temperature was set to 

3 ̊C. After the ICR mice were sacrificed by necking, the abdomen 

f the mice was shaved and the skin was carefully removed from 

he abdomen. The intact skin was placed on the receiving pool 

the dermis tightly contacted with PBS buffer). 2 mL of receiving 
250 
olution was obtained and supplemented with the same volume 

f fresh PBS at each sampling time point. All samples collected 

rom the receiving solution were measured (at 490 nm for fBSA, 

54 nm for hpDNA) using a UV-vis spectrophotometer (UV1100, 

ECHCOMP, China). The cumulative release of drugs is calculated 

ccording to the following formula: 

 = 

VCn + 

∑ n −1 
i =1 CiVi 

Q ’ 
× 100% 

here Q is the cumulative amount of drug released, V is the vol- 

me of the diffusion pool, Ci is the drug concentration at the i 

ime sampling, Vi is the volume at the i time sampling and Q’ is 

he actual amount of drug contained in the Eth. 

After transdermal administration for 24 h, the skin was de- 

ydrated, paraffin-embedded and sequentially sectioned. Fluores- 

ence distribution in the skin was observed using fluorescence mi- 

roscopy (DMi 8). 

.9. Detection of the TTVP-induced cytokines 

The mice were anesthetized by intraperitoneal injection of 0.1 

L 1% pentobarbital solution. Then, the abdomen hair of each 

ouse was removed. After moistened the abdomen skin with a 

ittle PBS, the as-prepared TTVP (2 cm × 2 cm, the actual load- 

ng amounts for TRP2 and CpGs were about 125 μg and 12.56 

g, respectively) was attached to the abdomen (drug-loaded mi- 

rospheres against the skin) and fixed with medical tape for 3 

ays. The same operation was repeated on the 14 th day to boost 

he immunization. Non-administered mice served as control. Blood 

amples were collected from eye venous plexus (0.5 mL for each 

ouse) on day 10 or day 24, respectively. Serum were isolated 

rom the blood samples by further standing for 30 min at RT and 

hen centrifugation for 5 min at 30 0 0 rpm. Finally, TNF- α and IL- 

2 were detected according to the instructions of ELISA kits. Levels 

f TNF- α and IL-6 in the skin where the vaccine is applied for 24 

ours were also measured by ELISA after the skin samples being 

omogenized and filtered. 

.10. Evaluation of the antitumor effect of TTVPs and aPD-1 

Mice were randomly divided into four groups (5 mice in 

ach group): TT VP, TT VP + aPD-1, aPD-1, and blank control. For 

TVP treatment, mice were transcutaneously immunized with the 

ethod described above. For aPD-1 treatment, mice were injected 

ubcutaneously with aPD-1 (20 μg/mouse) on the 1 st day and 

he 14 th day respectively. For control group, the mice were not 

reated. On the 21 st day, all the mice were subcutaneously inoc- 

lated B16F10 cells (1 × 10 6 cells/mouse, suspended in 100 μL 

BS) on the right hind legs. Growth of the tumors was observed 

very day after inoculation, when the tumors can be observed 

nd measured (the day was defined as day 0), the length (L) and 

idth (W) of the tumors were measured with a vernier caliper ev- 

ry 3 days. Tumor volume (V) was calculated using the equation: 

 = 0.5 × L × W 

2 . Mice weight were also measured and recorded. 

To investigate the microenvironment of tumor tissue, all the 

ice were sacrificed on day 18 (based on day 0) and the tu- 

ors were taken out and fixed with paraformaldehyde. After 

taining with hematoxylin-Eosin (H&E), TUNEL, anti-CD4 (clone: 

MAB0707) or anti-CD8 (clone: #MAB0708), respectively, the tu- 

or tissues sections were examined microscopically and the fluo- 

escence intensity of different sam ples was analysed using ImageJ 

.44 software. 

To investigate the safety of the above immunotherapy, heart, 

iver, spleen, lung and kidney were collected from the above sac- 

ificed mice and fixed with paraformaldehyde. Then, paraffin sec- 
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Fig. 1. 1 H NMR spectra of PEI (A) and PEI man (B), FTIR spectra (C), TEM images (D), size and Zeta potentials (E, data are expressed as mean ±SD, n = 3) of the carriers. 
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ions of the organs were made and stained with H&E. Finally, the 

ections were examined microscopically (DMi 8). 

.11. Statistical analysis 

All experiments were conducted at least three times, and nu- 

eric data were expressed as mean ±standard deviation (SD) un- 

ess otherwise indicated. Statistical significance was analyzed by 

ne-way analysis of variance (ANOVA) with Tukey’s post hoc test. 

 p value less than 0.05 was considered significant. 

. Results 

.1. Characterization of Eth-PEI man 

The 1 H NMR spectrum of PEI man shows characteristic signals of 

he mannose group and PEI ( Fig. 1 A & B). The large peak at 4.5-5.0

pm represents water. The peak at 2.4-2.8 ppm represents the H- 

arbon unit in the PEI backbone and signal at 7.1 ppm represents 

he phenyl group in mannose [30–32] . FTIR spectra of PEI and 

PITC show that the -N = C = S band of MPITC disappeared from the

EI man spectrum at 2125 cm 

−1 , indicating that the isothiocyanate 

roup on MPITC has been successfully conjugated to the amine 

roup of PEI [30–32] ( Fig. 1 C a, b, c). This result was also con-

rmed by a new absorption peak at 1508 cm 

−1 , which belongs to 

he phenyl group on phenyl isothiocyanate [30–32] . The Eth-PEI man 

pectrum shows signal peaks at 2927 cm 

−1 and 2857 cm 

−1 corre- 

ponding to groups of the Eth. The characteristic absorption peaks 

f cholesterol at 1378 cm 

−1 and 1467 cm 

−1 were weakened due to 

he attachment of PEI man ( Fig. 1 C d&e). These results indicate that 

annose and PEI are successfully linked to Eth. Since hydrogen 

onds and van der Waals forces can be formed between the amino 

roup of PEI and the phospholipid group of Eths, PEI and Eths are 

ore likely bounded by hydrogen bonds and van der Waals forces. 

EM images show that the Eth has a multi-layered cystic struc- 

ure with uniform size and clear outline, while the Eth-PEI man is 

pproximately spherical and its size increases significantly when 

oth Eth and PEI load drugs ( Fig. 1 D). The potential of Eth in-

reased by about 4 mv with the modification of PEI man and con- 

inue to increase after loading TRP2 and CpGs ( Fig. 1 E). The par-

icle size and potential of Eth-PEI man change with the N/P value, 

igger value result in smaller particle size and higher potential 
251 
Fig.S1). As shown in Fig.S1, the ability of Eth-PEI man to condense 

NA became stronger when N/P value increase, and the optimal 

/P value between PEI man and DNA is 15, at this value Eth-PEI man 

an load more DNA and protect them from the digestion of DNase 

. The encapsulation efficiency of Eth-PEI man for TRP2 (TRP2@Eth) 

as 66.16% ±3.16%, while for CpGs (CpGs@PEI man ) was 100% at a 

/P value of 15 or more. 

.2. Cytotoxicity of Eth-PEI man 

The cytotoxicity of the carriers was investigated with L929 cells. 

fter treated with different carriers, the viabilities of L929 cells 

ere determined by CCK-8 assay. As shown in Fig. 2 A, the carri- 

rs had good cytocompatibility at concentrations of less than 15 

g/mL. When the concentration reached to 15 μg/mL or more, 

EI man showed significant cytotoxicity, while the bare Eth showed 

 much better cytocompatibility. The performance of Eth-PEI man 

s between Eth and PEI man , showing significant cytotoxicity at the 

oncentration of 20 μg/mL or above. The fluorescence images of 

he cells treated with carriers of 15 μg/mL showed a similar result 

ith that of CCK-8 ( Fig. 2 B). Based on these results, the working 

oncentration of Eth-PEI man was set to 15 μg/mL in the subsequent 

xperiments. 

.3. DCs-targeted ability of Eth-PEI man 

To examine the targeting ability of Eth-PEI man towards DCs, 

e labelled the Eths with the red fluorescent dye DiI and mon- 

tored their phagocytosis by DCs. As shown in Fig. 3 , the phago- 

ytosis of Eth-PEI man is more effective than that of the bare Eths, 

hich suggests that the existing of PEI man significantly improved 

he ability of the carriers to target DCs. To further confirm the 

Cs-targeted ability of Eth-PEI man , the phagocytic efficiency of the 

arriers loaded with drugs (Dox was used as model drugs) was in- 

estigated by flow cytometry. The results show that drugs encap- 

ulated within the Eths are more easily taken up by DCs than free 

nes (Fig.S2). Moreover, Eth-PEI man shows a much better perfor- 

ance on delivering drugs into DCs than the bare Eths do (Fig.S2), 

hich is consistent with the result in Fig. 3 and confirm the ability 

f Eth-PEI man to target DCs. 

TRP2@Eth-PEI man @CpGs was prepared as a transcutaneous anti- 

elanoma vaccine. The ability of TRP2@Eth-PEI man @CpGs to in- 
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Fig. 2. Cytotoxicity data of the carriers (A: viabilities of L929 cells co-cultured with the carriers at different concentrations for 24 h; Data are expressed as mean ±SD, n = 3; 
∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.01, compared with control whose value is set as 100%; # p < 0.05, ## p < 0.01; B: fluorescence images of L929 cells treated with the 

carriers of 15 μg/mL for 24 h; a: control; b: Eth; c: Eth-PEI man ; d: PEI man ). 

Fig. 3. Fluorescence micrograph of BMDCs after co-cultured with the carriers for 2 hours (A) and their quantitative analysis (B, data are expressed as mean ±SD, n = 3, ∗∗∗ p 

< 0.001) 

252 
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Fig. 4. The levels of CD80 and CD86 expressed by BMDCs treated with TRP2 and CpGs (A: Flow cytometry histograms; B: Quantitative analysis of the flow cytometry 

histograms (data are expressed as mean ±SD, n = 3; ∗∗ p < 0.01, ∗∗∗ p < 0.001) 
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uce the maturation of DCs was evaluated by detecting the expres- 

ion of CD80 and CD86, markers of DCs maturation. As shown in 

ig. 4 , the expression levels of CD80 and CD86 were significantly 

p-regulated in DCs following the stimulation of TRP2 or/and CpGs 

ompared with the control. Moreover, the levels of the mark- 

rs induced by TRP2@Eth-PEI man @CpGs is the highest, confirming 

he higher efficiency of Eth-PEI man to deliver antigen and adju- 

ant to DCs. Furthermore, much more CD86 + cells were observed 

n the skin of the mice after transcutaneous administration with 

RP2@Eth-PEI man @CpGs for 24 hours (Fig.S3), suggesting the mat- 

ration of many DCs in vivo. These results indicate that TRP2@Eth- 

EI man @CpGs can effectively promote the phenotypic maturation of 

Cs. 

.4. Characterization of the TTVP 

.4.1. Morphology 

The TTVP were obtained by electrospraying PVP microspheres 

ontaining TRP2@Eth-PEI man @CpGs onto the green electrospun SF- 

VA composite nanofibers. As shown in Fig. 5 , SF-PVA nanofibers 

howed a round and smooth morphology with a diameter of 
253 
42.14 ±82.37 nm. The mechanical performance of the composite 

anofibers was significantly improved compared with that of the 

eat SF nanofibers (Fig. S4). The microspheres have a round and 

mooth shape with a particle size of 622.45 ±108.43 nm, they were 

venly distributed on the surface of the SF-PVA nanofibers in the 

TVP. 

.4.2. Transdermal performance 

In vitro transdermal experiments were used to examine 

hether the TTVP could transcutaneously release the encapsu- 

ated drugs. As shown in Fig. 6 , the biomacromolecules (fBSA and 

pDNA) was released against the skin effectively with the help of 

th-PEI man . The cumulative release percentage of DNA was higher 

han that of BSA( Fig. 6 A), which is in line with their different en-

apsulation efficiency. To further assess the transdermal perfor- 

ance of the composite nanofibrous patches, the retention and 

istribution of the drugs in the skin were investigated ( Fig. 6 B&C). 

he fBSA- and hpDNA-loaded carriers (fBSA@Eth-PEI man @hpDNA) 

ere clearly shown distribution in the dermis of the skin, present- 

ng a typical ring structure of blue outer circle and green inner cir- 

le ( Fig. 6 C). The transdermal experiment with Dox as model drug 
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Fig. 5. Morphology of TTVP (A: SEM micrograph; B: fluorescent photograph, the red fluorescence refers to DiI-labeled Eth-PEI man ; C: diameters of the microspheres & 

nanofibers, data are expressed as mean ±SD, n = 100) 

Fig. 6. In vitro transdermal drug release data (A: cumulative release curve (Data are expressed as mean ±SD, n = 3; B: retention in the skin (Data are expressed as mean ±SD, 

n = 3); C: micrograph of the skin tissue sections after transdermal experiment (left: free drugs-loaded SF-PVA nanofibrous patch; right:fBSA@Eth-PEI man @hpDNA-loaded 

SF-PVA nanofibrous patch; fBSA: FITC-labeled BSA; hpDNA: Hoechst 33342-labeled plasmid DNA; green refers to fBSA, blue refers to hpDNA, the white arrows indicate 

fBSA@Eth-PEI man @hpDNA which clearly presents a structure of blue outer circle and green inner circle) 
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Fig. 7. The secretion levels of serum TNF- α and IL-12 after different treatment in mice (Data are expressed as mean ±SD, n = 4; ∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001). 
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howed that the presence of Eth is critical to the transdermal per- 

ormance of the carrier complex (Fig.S5). These data indicate that 

he Eth-PEI man loaded nanofibrous patch has a good transdermal 

rug release performance. 

.5. Expression of cytokines induced by the TTVP 

The levels of IL-6 and TNF- α in the local skin where the TTVP 

as applied for 24 hours were detected by ELISA. The results 

howed that administration of TTVP significantly enhance the skin 

evels of both IL-6 and TNF- α (Fig.S6), confirming that TRP2 and/or 

pGs encapsulated in the TTVP were successfully delivered into the 

kin to stimulate inflammatory reaction. The serum levels of TNF- 

and IL-12 was further detected to investigate whether TTVP can 

nduce an effective immune response. As shown in Fig. 7 , the ad- 

inistration of TTVP or aPD-1 induced significantly higher secre- 

ion levels of TNF- α and IL-12 than the negative control did. Inter- 

stingly, the combination treatment with TTVP and aPD-1 induced 

ore expression of the cytokines than monotherapy did. These re- 

ults indicate that both TTVP and aPD-1 can effectively activate the 

mmune response. 

.6. Antitumor effect of the combined treatment with TTVP and 

PD-1 

The antitumor activity of the TTVP was evaluated using a syn- 

eneic mouse model for melanoma by subcutaneous injection of 

16F10 cell lines. After treatment with TTVP, mice were injected 

ith B16F10 cells in their legs, and the growth of melanoma 

as measured. As shown in Fig. 8 , the tumor volume of mice in

ach group gradually increased with time, and the slowest tumor 

rowth was in the group of combination therapy with TTVP and 

PD-1 ( Fig. 8 B, E & Fig.S7). On day 18, the tumor was isolated from

he mice and weighted. As shown in Fig. 8 C, the change in tumor 

ass is consistent with the change in tumor volume. The tumor 

ass of the untreated control was significantly larger than those 

n the treatment groups ( Fig. 8 C). Also, the weight changes of the

ice during the experiment were measured and recorded to evalu- 

te the tumor growth of mice more objectively. The body weight of 

he mice in the combination therapy group did not change signifi- 

antly ( Fig. 8 D), which is consistent with the tumor growth trend. 

he effect of different treatments can also be visually seen from 

he photo of tumor-bearing mice and tumors on day 18 ( Fig. 8 E &

ig.S7). These results indicate that TTVP treatment has the same 

ood tumor inhibition as aPD-1 therapy. Moreover, the combined 

pplication of TTVP and aPD-1 showed a much stronger inhibitory 
255 
ffect on tumor growth than TTVP or aPD-1 monotherapy, suggest- 

ng that there is a synergistic antitumor effect between the two 

reatments. 

The tumor tissues of different treatment were investigated after 

&E, TUNEL and immunohistochemistry staining ( Fig. 9 ). As shown 

n Fig. 9 A, the tumor cells are closely packed and the blood vessels 

re abundant in the tissue from the untreated control group, show- 

ng the typical pathological characteristics of the tumor. While the 

umor tissues from the treatment groups showed large areas of 

hite and tan, which represents the areas of tumor necrosis, and 

he combination treatment group had the largest area of necro- 

is. The TUNEL staining (it stains apoptotic cells green) of the tu- 

or tissues showed that the green fluorescence intensity of the 

ombined treatment group is significantly higher than that of the 

ther groups, followed by the aPD-1 or TTVP monotherapy groups 

 Fig. 9 ). Anti-CD4 and CD8 immunohistochemical staining showed 

hat there were more CD4 + and CD8 + T cells in the tumor tis- 

ues of the treatment groups compared with the control, indicat- 

ng that TTVP or/and aPD-1 induced cytotoxic T lymphocyte (CTL) 

esponses. Also, the combination therapy of TTVP and aPD-1 re- 

ulted in much more T cells infiltration in the tumor tissue than 

he monotherapy did, which is consistent with the data of tumor 

ize. These data suggested that the TTVP or/and aPD-1 treatment 

ay significantly inhibit tumor growth by enhancing the infiltra- 

ion of CD4 + and CD8 + T cells in tumor tissues and thereby me- 

iating tumor cell apoptosis, during which the two treatments can 

roduce a synergistic effect through certain mechanisms. 

.7. Biosafety of the TTVP 

The safety of the treatments can be evaluated by histological 

bservation of the important organs of the treated mice. As shown 

n Fig. 10 , there is no significant difference between the treatment 

roups and the blank control. The hearts, lungs, kidneys, livers and 

pleens from the mice showed normal cell morphology and there 

ere no inflammatory cell infiltration or other lesions. Therefore, 

he treatment of TTVP or/and aPD-1 has a good biosafety. 

. Discussion 

The key of TCI is to deliver antigen molecules through the dense 

uticle and target DCs. Many studies have proved that Eth is a use- 

ul carrier for transdermal drug delivery [8–12] . Due to the pres- 

nce of C-type lectin receptors on the surface of DCs, the carri- 

rs modified with galactose or mannose have the ability of tar- 

eting DCs [14–16] . We recently reported that the electrospun SF 
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Fig. 8. Schematic illustration of in vivo antitumor experiment (A), tumor volume changes (B), average weight of tumors at day 18 (C), Body weight changes of tumor-bearing 

mice (D) and photograph of the tumors at day 18 (E) (Data are expressed as mean ±SD, n = 5; ∗ p < 0.05, ∗∗∗ p < 0.001). 
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anofibrous patches loaded with galactose-modified Eths can ef- 

ectively deliver macromolecular antigens to DCs through transder- 

al route and successfully trigger cellular and humoral immune 

esponses [13] . Since the combination of antigen and adjuvant can 

ignificantly enhance the immune response, co-delivery of pep- 

ides and CpGs to APCs is an innovative method in tumor im- 

unotherapy [ 21 , 56 , 57 ]. Here, we report a TCI system based on

F-PVA nanofibers and Eth-PEI man that simultaneously loads pep- 

ide antigens and CpGs (antigen molecules are encapsulated in Eth 

nd CpGs are adsorbed in PEI man ), and explore its anti-tumor ac- 

ivity by using mouse melanoma as a model (TRP2 180-188 used as 

ntigen). 

The particle size and potential of Eth-PEI man were both larger 

han Eths due to the existence of PEI man ( Fig. 1 ). Positively charged

arriers are easier to adhere to the negatively charged cell mem- 

rane, which makes them better candidates for drug delivery. A 

maller particle size is also conducive to endocytosis. The optimal 

/P value of PEI man against DNA was set to 15, under this condi- 

ion, Eth-PEI man can effectively protect CpGs from being degraded 

y DNase and maintain a relatively small particle size (Fig. S1). Re- 

ults of cell experiments showed that Eth-PEI man has good cyto- 

ompatibility at a concentration of less than 20 μg/mL ( Fig. 2 ). 

th-PEI man also showed a good ability to target DCs as demon- 
256 
trated by the phagocytosis experiments ( Fig. 3 ). The presence of 

EI man significantly increased the phagocytosis rate of drugs loaded 

n the Eths (Fig.S2), which further proves that PEI man can tar- 

et and bind DCs. In vitro experiments showed that TRP2@Eth- 

EI man @CpGs has more powerful ability to stimulate DCs matura- 

ion than the free antigens and CpGs do ( Fig. 4 ). The maturation 

f DCs induced by TTVP was also confirmed by the data of in vivo 

Fig.S3). TRP2 180-188 has been proven to be an effective inducer of 

ntitumor immunity, it can induce large number of tumor-reactive 

 cells in melanoma patients [ 58 , 59 ]. CpGs has strong immunos- 

imulatory properties, it can be recognized and captured by the 

EC-205 receptor on the surface of DCs, and activate the TH1 

esponse through the TLR9 signaling pathway [21–23] . Therefore, 

RP2@Eth-PEI man @CpGs can be a good anti-melanoma transcuta- 

eous vaccine. 

With high specific surface area and porosity, the electrospun 

anofibrous patches have unique advantages as substrate of drug 

elivery [ 35-36 , 60 ]. By one-step electrospinning, Yang et al. pre- 

ared SF nanofibrous patches loaded with Eths, which could ef- 

ectively deliver antigens and induce immune responses via trans- 

ermal route [13] . However, this one-step method for preparing 

ransdermal drug delivery patches has two limitations: 1) Drug 

oading is limited because the addition of Eths has a greater in- 
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Fig. 9. Micrographs of tumor tissues stained by H&E, TUNEL and antibodies of CD4/CD8 (A), fluorescent intensity of TUNEL (B) and CD4/CD8 (C) staining (Data are expressed 

as mean ±SD, n = 3; ∗ p < 0.05, ∗∗p < 0.01, ∗∗∗ p < 0.001). 
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uence on the electrospinning process (high concentration of Eths 

auses spinning failure); 2) The drug-carrying Eths are embed- 

ed in the fibers, which may affect the release of drug to a cer- 

ain extent. In this study, the transcutaneous drug delivery patches 

btained by spraying microspheres (containing drug-loaded Eth- 

EI man ) onto nanofibers using electrospray ideally overcomes the 

bove-mentioned drawbacks: the drug loading can be flexibly con- 

rolled by the time of electrospray (Fig.S8); the drug-loaded micro- 

pheres are distributed on the surface of the nanofibers, easier to 

ontact and penetrate the epidermis. In addition, SF-PVA compos- 

te nanofibers with better mechanical properties was used to re- 

lace pure SF nanofibers in this study (Fig.S4), which is conducive 

o practical application. PVP is easily soluble in water and has good 

iocompatibility [61] . It is easy to obtain drug-loaded microspheres 

y mixing PVP and drug-carrying Eths through electrospray. In this 

tudy, the microspheres containing TRP2@Eth-PEI man @CpGs were 

prayed onto the SF-PVA nanofibers to obtain TTVP ( Fig. 5 ). When 

n use, the TTVP is applied to the pre-moistened local skin so that 

t fits closely with the skin. Since PVP is very soluble in water, 
257 
he drug-carrying Eth-PEI ma can be quickly released from the mi- 

rospheres and contact with the skin. In vitro transdermal exper- 

ments proved that the microspheres-loaded nanofibrous patches 

ave good performance in delivering biomacromolecules into deep 

ayers of the skin by transdermal route ( Fig. 6 ). Therefore, the de- 

eloped TTVP in this study has good performance in transcuta- 

eous delivery of antigens and adjuvants to DCs, showing a good 

pplication potential in tumor treatment. 

The transdermal efficiency of free biomacromolecules is much 

ower than those encapsulated in the Eths, which has been proved 

y our previous study [13] . Thus, we did not set up a free TRP2

nd/or CpGs as control groups in animal experiments. We mainly 

ocused on investigating the anti-melanoma effect of TRP2@Eth- 

EI man @CpG and whether it has a synergistic antitumor effect with 

PD-1 in this study. The immune activity of TTVP was verified by 

he increased levels of cytokines. The application of TTVP signifi- 

antly promoted the expression of cytokines in both the skin (IL- 

 and TNF- α) (Fig.S6) and serum (IL-12 and TNF- α) ( Fig. 7 ). The

evels of cytokines such as IL-6, TNF- α and IL-12 are useful indi- 
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Fig. 10. Micrographs of H&E-stained tissue sections of major organs after different treatment. 
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ators of immune effect. TNF- α and IL-12 are the key regulators 

f the immune response and are highly correlated with antitumor 

mmunity, and their high-level expression is an important indi- 

ator for successfully inducing antitumor immune responses [59] . 

he subsequent antitumor studies using mouse melanoma mod- 

ls showed that the application of TTVP significantly inhibited the 

rowth of melanoma. Moreover, the combined application of TTVP 

nd aPD-1 exhibited a significantly stronger inhibitory effect on tu- 

ors than each single treatment, showing an obvious synergistic 

ntitumor effect ( Fig. 8 ). Antitumor cytotoxic T cells are usually 

D4 + or CD8 + , the two surface molecular markers are essential for 

mmune recognition and killing tumor cells [62] . The proportion of 

D4 + and CD8 + T cells infiltrating into the tumor tissues is an im- 

ortant indicator of the effect of immunotherapy [62] . The higher 

he proportion, the better the therapeutic effect and the better the 

rognosis [63] . Our data suggested that TTVP or/and aPD-1 may in- 

uce apoptosis of a large number of tumor cells through promoting 

D4 + and CD8 + T cells infiltration in tumor tissues ( Fig. 9 ). A re-

ent study has shown that the antitumor activity of aPD-1 depends 

n DCs expressing IL-12, suggesting that DCs play a key role in tu- 

or immunotherapy [52] . In this study, the application of TTVP 

nd aPD-1 was also observed significantly promoting the expres- 

ion of IL-12 ( Fig. 7 ), which might be part of the mechanism for

he synergistic antitumor effect. Our data indicates that the com- 

ination of aPD-1 and DCs-targeted vaccines can significantly en- 

ance the antitumor effect, which provides a new idea for improv- 

ng the efficacy of immune checkpoint blocking therapy. Since skin 

issue is rich in DCs, the combination of DCs-targeted TTVP and 

mmune checkpoint blockers could be an effective strategy for tu- 

or treatment. In addition, our data also shows that the applica- 

ion of TTVP and aPD-1 has good biosafety ( Fig. 10 ). 

So far, there are few research reports on TCI used to prevent 

nd treat tumors. Recently, Ye and colleagues reported a TCI sys- 

em based on microneedles, which can significantly improve the 

nti-melanoma effect when combined with near-infrared light ir- 

adiation [64] . Although microneedles are widely used in transder- 
258 
al drug delivery studies and have been proven to be effective, 

ur Eth-based TCI system has a noninvasive advantage compared 

o it. To our knowledge, we were the first to report the potential 

f Eths-based TCI serving in antitumor field [13] . Here, we demon- 

trated that combination therapy with Eths-based TCI and aPD-1 

an produce significant synergistic antitumor effect. Our data also 

uggested that aPD-1 has prophylactic activities on inhibiting tu- 

or growth and can be an effective adjuvant for antitumor im- 

une, which is worthy of further investigation in the future. For 

ntitumor vaccines, the general view is that the effect of multiple 

ntigens or epitopes is better than that of a single antigen or epi- 

ope [ 65 , 66 ]. It should be meaningful to incorporate hybrid anti-

ens into the TTVP system, which may lead to a more ideal anti- 

umor effect. 

While the combination of TTVP and aPD-1 shows an excellent 

ntitumor effect, there are some limitations in this study. The sig- 

ificantly increased infiltration of CD4 + and CD8 + T cells in tumor 

issues after the treatments with TTVP or/and aPD-1 is meaning- 

ul for understanding the mechanisms of tumor inhibition, but it 

ould be better if the frequencies of TRP2-specific CD8 + T cells 

nd basic T cells with reduced exhaustion phenotypes have been 

nvestigated. Comparing these data among the groups would pro- 

ide more clues for understanding the mechanism of synergistic 

ntitumor effect between TTVP and aPD-1. In addition, assessing 

he phenotype of DCs in lymph nodes following the treatments 

ould better confirm the ability of the vaccines to induce the mat- 

ration of DCs in vivo. More comprehensive investigation on phe- 

otypic changes of DCs and T cells in lymphoid organs and tumor 

icroenvironment is required in future studies to understand the 

etailed mechanism of the antitumor effects of TTVP and aPD-1. 

. Conclusion 

In this work, a TTV delivery system was developed by electro- 

praying microspheres containing Eth-PEI man onto the electrospun 

F-PVA nanofibrous patch. The composite patches showed good 
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erformance of transcutaneous drug delivery. The application of 

he TTVP loaded with TRP2@Eth-PEI man @CpGs significantly inhib- 

ted the growth of melanoma. Furthermore, the combined treat- 

ent with TTVP and aPD-1 produced a synergistic antitumor ef- 

ect, which may be related to the increased infiltration of CD4 + 

nd CD8 + T cells induced by the treatments. Considering its effec- 

iveness, safety, and easy to use, the combination of TTVP and im- 

une checkpoint blockers could be a promising strategy for tumor 

revention and treatment. 
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