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A B S T R A C T   

The conventional immunoadjuvants in vaccine have weak effect on stimulating antigen presentation and acti-
vating anti-tumor immunity. Unexpectedly, we discovered that non-pathogenic Sendai virus (SeV) could activate 
antigen-presenting cells (APCs) represented by dendritic cells (DCs). Here, we designed an injectable SeV-based 
hydrogel vaccine (SHV) to execute multi-channel recruitment and stimulation of DCs for boosting the specific 
immune response against tumors. After the release of the NIR-triggered antigens from tumor cells, dendritic cells 
around the vaccine efficiently transport the antigens to lymph nodes and present them to T lymphocytes, thereby 
inducing systemic anti-tumor immune memory. Our findings demonstrated that the SHV with excellent uni-
versality, convenience and flexibility has achieved better immune protection effects in inhibiting the occurrence 
of melanoma and breast cancer. In conclusion, the SHV system might serve as the next generation of personalized 
anti-tumor vaccines with enhanced features over standard vaccination regimens, and represented an alternative 
way to suppress tumorigenesis.   

1. Introduction 

Cancer is a disease with high morbidity and fatality rate. Anti-tumor 
vaccine, as everyone knows, is one of the effective means to prevent and 
suppress tumor occurrence as an artificial initiative immune way [1,2]. 
Therefore, the research of anti-tumor vaccine has become the focus of 
many researchers [3–7]. At present, there are mainly two types of 
anti-tumor vaccines. One is to extract tumor antigens from tumor cell-
s/tissues in vitro or express them in large quantities by means of genetic 
engineering, and then to generate anti-tumor vaccines by wrapping 
tumor antigens and immune adjuvants [8–10]. The other is gene re-
combinant vaccine, which is prepared by inserting tumor antigen gene 
into virus vector, plasmid or mRNA [11–14]. Although these vaccines 
can induce immune response and inhibit tumor growth to some extent, 

the immune targets of these scheme are single, the immunogenicity is 
week and the immunoprotective effect is severely limited. 

Adjuvant is a nonspecific immuno-agonist, and plays an important 
role in the vaccine. When it is injected together with antigen or sepa-
rately in advance, it can enhance the immune response to the antigen or 
transform the type of immune response [15,16]. Adjuvants can further 
enhance the expansion ability of immune response, which may be due to 
changing the physical form of antigen, improving the efficiency of an-
tigen presentation by dendritic cells, or stimulating lymphocyte differ-
entiation [17–19]. There are many kinds of adjuvants for immune 
activation, such as aluminum hydroxide, lipopolysaccharide (LPS), cy-
tokines, alum, etc. [20–23]. The anti-tumor immunity mainly presents 
tumor antigens to mature cytotoxic T lymphocyte cells (CTLs) through 
dendritic cells (DCs), and finally induces the systemic anti-tumor 
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cellular immune response. Therefore, the development of the immune 
adjuvants to efficiently stimulate DCs is the key to the preparation of 
highly effective anti-tumor vaccine. 

Microbial-mediated immunotherapy is a promising new direction in 
the field of tumor therapy [24]. However, some harmful components in 
bacteria are difficult to completely remove, such as lipopolysaccharide, 
which may cause fever, shock or other adverse consequences [25]. As 
the smallest microorganism, virus has a simple structure and strict 
specificity for host cells, which ensures its safety [26]. Oncolytic viruses 
[27–29], adenoviruses [30] and lentiviruses [31] have been successfully 
used in the prevention and treatment of cancer in a large number of 
experiments and applications. For instance, siRNA and CRISPR/Cas9 
gene modification can be used to introduce and express 
immune-stimulating genes to activate the immune system and prevent 
the growth of cancer cells [32,33]. However, nucleic acid vaccines and 
gene therapy methods based on viral vectors not only have complex 
structures, but also have the carcinogenic risk by integrating the viral 
genome into the subject’s genome [34]. Undoubtedly, natural 
non-pathogenic viruses with immunomodulatory effects are a better 
choice in immunotherapy. Sendai virus (SeV) is a type I parainfluenza 
virus type B, which has no pathogenic to humans. It is usually used as an 
immune adjuvant in natural immune pathways to achieve functions 
similar to poly (I:C) and CpG [35,36]. Here, we accidently discovered 
that SeV can also strongly activate the immune response of DCs, and act 
as a potential natural adjuvant for DCs activation. However, we also 
found that free SeV can cause severe blood coagulation reaction, which 
limits its use in the body. 

Notablely, the conventional vaccines are usually made from single 
tumor antigen, which easily leads to immunologic escape. Tumor cells 
have high adaptability to adverse environments through a variety of 
cellular mechanisms, such as no or low expression of the previously 
inoculated tumor antigen to escape the attack of the immune system [37, 
38]. Therefore, we speculate that if the whole tumor cells are used as 
immune vaccination antigen, immunologic escape may be prevented. 
Since they have all the antigenic components of the tumor cells, the 
anti-tumor immune response can be excited in multiple ways at the same 

time, so as to prevent the protective effect of the vaccine from weak-
ening due to the down-regulation of the expression of a single tumor 
antigen. In addition, we accidently found that when tumor cells are 
incubated with macrophages after photothermal damage, the produc-
tion of type I interferon can be detected. We speculate that this may be 
due to the broken DNA fragmented from the tumor cells produced by 
thermal damage, which excite STING signaling pathway through 
phagocytosis of macrophages [39,40]. 

Based on the above considerations, we designed a SeV-based 
hydrogel vaccine (SHV) (Fig. 1). This novel anti-tumor vaccine uses 
virus as adjuvant to recruit and activate a large number of DCs, so as to 
effectively arouse the body’s immune system. The tumor cells in the 
vaccine acted as an “antigen library” and released all antigens under the 
trigger of near infrared (NIR). These antigens could be efficiently 
transported to the lymph nodes by DCs around the vaccine and pre-
sented to T lymphocytes, thus inducing systemic anti-tumor immune 
memory. At the same time, the DNA fragments released under NIR ra-
diation can also promote the activation of STING pathway in macro-
phages to secrete a large number of anti-tumor cytokines and immune 
exciting factors. In order to immobilized the tumor cells and prevent 
their random migration before NIR photothermal killing, a highly 
biocompatible hydrogel with thermo-sensitive properties was used as a 
vaccine substrate. Moreover, the hydrogel was also used to prevent SeV 
from causing blood coagulation in order to ensure the safety of the 
vaccine. Notably, the combination of the SHV and anti-OX40 (CD134) 
antibody (aOX40), an important immune checkpoint target, can greatly 
increase the activation ratio of T cells and enhanced the immune 
memory of antigens in mouse melanoma and breast cancer models [41, 
42]. Theoretically, the SHV can use any tumor cell as an “antigen li-
brary” to expand its application scope conveniently. In conclusion, the 
SHV might serve as the next generation of personalized anti-tumor 
vaccines, which has enhanced features over standard vaccination regi-
mens and represented an alternative way to suppress tumorigenesis. 

Fig. 1. Schematic diagram of SeV-based hydrogel vaccine (SHV) in preventing tumorigenesis. A highly biocompatible hydrogel as a matrix material was employed to 
fix tumor cells with temperature sensitivity for supplying all tumor antigens. Photosensitizer (ICG) was used to release tumor antigen precisely under near-infrared 
laser trigger. Tumor cells ruptured under near-infrared radiation, causing DNA fragmentation to activate STING pathway and secrete type I interferon (IFN). And the 
Sendai virus (SeV) as an immunoadjuvant efficiently recruited and activated DCs to further activate immunity. DCs then presented tumor antigens to the lymph nodes 
for maturing T cells and inducing the formation of immune memory cells. When the same tumor cells re-invade, the immune memory cells of mice immunized with 
the SHV will be efficiently stimulated to kill these invading tumor cells. 
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2. Materials and methods 

2.1. Samples preparation 

The Sendai virus (SeV) BB1 strain was donated by Researcher Lishu 
Zheng from Chinese Center for Disease Control and Prevention (China, 
CDC). The anti-OX40 antibody (OX40L-Fc (ab221340)) was purchased 
from Abcam. The monomers D, L-lactide (LA), glycolide (GA) and the 
initiator poly (ethylene glycol) (Mn 2000 Da) was bought from Sigma- 
Aldrich Corporation. Stannous octoate was purchased from Sigma and 
dissolve into anhydrous toluene at 30 mg/mL. The other chemicals were 
chemical regent grade and bought from Aladdin Corporation. The PLGA- 
PEG-PLGA triblock copolymers were prepared following typical ring- 
opening polymerization. Hydroxyl-terminated PEG as the initiator was 
continuous stirring at 150 ◦C under vacuum for 4 h, and then LA (0.232 
mol) and GA (0.029 mol) with 8/1 M ratio were added and dehydrated 
under the protection of argon at 80 ◦C for 3 h. After all the monomers 
melted, the initiator, 0.2 wt % stannous octoate was added, the mixture 
was stirred at 150 ◦C for 12 h. The unreacted monomers and toluene 
were removed under vacuum at 120 ◦C for 2 h. The crude product was 
washed three times with 80 ◦C water and lyophilized, and the final 
product was stored at − 20 ◦C. Next, take a certain amount of SeV, ICG, 
B16/4T1 cells and aOX-40 antibody and mix with the PLGA-PEG-PLGA 
solution. The mixing components were dissolved completely in ultra-
pure water to guarantee the molecular-level mixing. 

2.2. Samples characterization 

The 1H NMR spectrum was recorded in a VARIAN spectrometer 
(VARIAN INOVA 500 MHz). The sample was dissolved in CDCl3 at 
concentration 5 mg/mL. Tetramethylsilane was used as the internal 
reference. The micelle sizes in dilute copolymer aqueous solution were 
measured in a laser light scattering instrument (Zetasizer Nano ZS90. 
Malvern). The solutions were filtered through a 0.45 μm filter and 
equilibrated at each temperature for 15 min before measurement. The 
TEM experiments were carried out in a JEOL electron microscope 
(JEM100CXII). In sample preparation, an ultrathin carbon network was 
dipped in 1 wt% copolymer aqueous solution. The SEM experiments 
were carried out in a FEI electron microscope (Nanosem 430). In sample 
preparation, drop the sample on a smooth silicon wafer and heat to 37 ◦C 
to make it gel and then immediately transferred to liquid nitrogen and 
freeze-drying, then sprayed gold on the sample. Sol-gel transition of 
copolymer aqueous solutions was detected by MCR 702 MultiDrive. 
Fluorescence absorption curves and fluorescence emission curves of ICG 
solutions were detected by Thermo Scientific Lumina. Photothermal 
curve and infrared thermal imaging of ICG solutions (80 μg/ml) under 
NIR irradiation were detected by FLUKE Ti480 PRO. 

2.3. Flow cytometry analysis of activated antigen-presenting cells (APCs) 

BD Accuri 6 plus (BD Biosciences) was used for flow cytometry 
analysis. And we analyzed the results by FlowJo software. Epitope- 
specific T cells were studied using FITC anti-CD3, APC anti-CD8a and 
Percp Cy5.5 anti-CD4. Other antibodies used included the following: 
FITC anti-CD80 (104705, Biolegend), APC anti-CD86 (105011, Bio-
legend), PE anti-CD62L (104407, Biolegend), APC anti-CD44 (103011, 
Biolegend), FITC anti-CD103 (121419, Biolegend), PE anti-CD138 
(142503, Biolegend), FITC anti-CD45 (103107 Biolegend), PE anti- 
CD11c (117307, Biolegend). All staining procedures were performed 
according to the manufacturer’s recommendations. 

2.4. Animal experiments 

To evaluate the in vivo immune stimulation of the vaccine, BALB/c 
female mice (6–8 weeks, SPF level) and C57BL/6 female mice (6–8 
weeks, SPF level) were purchased from Huafukang, China, and 

maintained on standard mouse food and water for 3 days. These C57BL/ 
6 mice were divided into 6 groups, each group consisted of five mice. 
The experimental mice were immunized twice and the injection site was 
irradiated with NIR on the second day after vaccination to release tumor 
antigens. Then inoculated immunized mice with 1.0 × 106 B16 cells. 
Three days after inoculation with tumor cells, the mice were dissected to 
check the immune activation in vivo. The length (L) and width (W) of 
each tumor were measured every 2 days with a digital caliper, and the 
tumor volume was calculated using the formula: tumor volume =
(Width2 × Length)/2. Mice were sacrificed by cervical decapitation 20 
days after treatment. Tumors were fixed for immunohistochemistry 
staining. Similar experiments were performed in BALB/c mice. All the 
animal experiments involved in this work were approved by the Animal 
Ethics Committee of Tianjin University. 

2.5. Mouse specific antibody IgG detection 

We used indirect ELISA to detect mouse specific antibody IgG. The 
ELISA plate was coated with 1 μg/mL B16 or 4T1 cell membrane protein, 
100 μL per well, overnight at 4 ◦C. Cell membrane protein was extracted 
by Membrane Protein Extraction Kit (K268-50) from Biovision. Diluted 
the blood supernatant, peritoneal fluid, tumor tissue fluid and spleen cell 
supernatant of each group of mice to different multiples, then added 
HRP-marked detection antibody and incubated for 1 h at room tem-
perature. After washing with PBS (pH = 7.4) for 6 times, added 100 μl 
TMB solutions to each well and incubated in dark for 5–30 min. Finally, 
100 μl termination solution was added to each well, and the color 
changed from blue to yellow. The absorbance at 450 nm was measured 
within 30 min by microplate. If it was more than 2.1 times of the optical 
density value of the negative control, it was considered as positive. 

3. Results and discussion 

3.1. The activating effect of Sendai virus (SeV) on DC cells 

As a type B parainfluenza virus, Sendai virus (SeV) has been used as 
an immune adjuvant in previous reports [43]. According to reports, SeV 
induces the production of interferon by boosting the TLR7/8 and TLR3 
signaling pathways, leading to antiviral immune responses (Fig. 2a) [44, 
45]. We occasionally discovered in our experiments that SeV could also 
activate antigen-presenting cells (APCs), such as dendritic cells (DCs). As 
shown in Fig. 2b, after 24 h of co-incubation of bone marrow-derived 
dendritic cells (BMDCs) with 400 UT/ml SeV, the expression of phos-
phorylated IRF3 and IRF7 proteins also increased significantly. Next, we 
verified that SeV could induce interferon-β (IFN-β) expression by dual 
luciferase reporter assay system (Fig. 2c). The levels of tumor necrosis 
factor-α (TNF-α) (Fig. 2d) and interleukin-6 (IL-6) (Fig. 2e) secreted by 
BMDCs were up-regulated after SeV stimulation for 24 h. The expression 
of TNF-α (Fig. S1) and IL-6 (Fig. S2) also increased in the supernatant of 
DC 2.4 cells stimulated by SeV at a concentration of 400 UT/ml. All the 
above results indicated that SeV could activate DCs through TLR7/8 and 
TLR3 signaling pathways, and SeV might be used as a potential agonist 
of DCs. In addition, we checked the ratio of mature BMDCs by flow 
cytometry (Fig. 2f and Fig. S3). Under the stimulation of SeV, the 
expression of costimulatory molecule CD80 increased significantly. 
From the results of immunofluorescence staining of BMDCs, the 
expression of costimulatory molecule CD86 was also significantly 
increased after SeV stimulation (Fig. S4). These results indicated that 
SeV has the ability to promote the activation and maturation of DCs. 
Based on the above results, the concentration of SeV used in subsequent 
experiments was 400 TU/ml. 

We speculated that the strong immune activation effect of SeV may 
be due to its complex structure with single-stranded negative stranded 
RNA, surface glycoproteins HN and F, and three encoding nucleocapsid 
proteins NP, P and L [46]. On the other hand, it has been reported that 
the surface of SeV contains the binding sites of cell surface receptors, 
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which can promote the aggregation of different cells, and finally make 
the cell membranes fuse with each other [47,48]. We incubated SeV 
with fresh mouse red blood cells to check the safety of the virus. As 
shown in Fig. 2g, the addition of SeV caused agglutination of red blood 
cells, which may be harmful to health, thus limiting the use of SeV in the 
body. Therefore, we consider using a material to wrap the capsid of SeV 
without changing its immune activation ability. 

3.2. Generation and characterization of SeV-based hydrogel vaccine 
(SHV) 

Inspired by the above conclusions, we designed a SeV-based hydro-
gel vaccine (SHV) consisting of SeV, tumor cells, photosensitizer and 
temperature sensitive hydrogel. As an immune activator, SeV is used for 
immune activation of vaccine, recruitment and activation of DCs to 
improve the efficiency of antigen expression. The tumor cells acted as an 
“antigen library " and released all antigens triggered by near infrared 
(NIR). The thermo-sensitive hydrogel has the function of fixing tumor 
cells and preventing coagulation caused by SeV, endowing the vaccine 
with injectable property, and ensuring the safety of SHV. 

We synthesized a thermo-sensitive biocompatible hydrogel (PLGA- 
PEG-PLGA) as an important substrate for injectable vaccine. The struc-
tures of PLGA-PEG-PLGA used in the scheme were verified by 1H NMR 
(Fig. 3a). The characteristic peaks of PLGA-PEG-PLGA matched well 
with the expected chemical shifts. Next, we measured the relationship 
between the concentration of PLGA-PEG-PLGA and the phase transition 

temperature by bottle inversion method. As shown in Fig. S5, the low 
concentration PLGA-PEG-PLGA solution was still liquid at 35 ◦C. At 
35–37 ◦C (physiological temperature range), 20 wt% PLGA-PEG-PLGA 
solution transformed from a liquid state into a solid state (Fig. 3b), so 
20 wt% PLGA-PEG-PLGA solution was used in the following experi-
ments. Transmission electron microscope (TEM) images showed that the 
hydrogel was micelles with a diameter of 50–150 nm at 25 ◦C (Fig. 3c). 
Surface morphology of temperature sensitive hydrogel in the solid state 
at 37 ◦C were observed by scanning electron microscope (SEM), indi-
cating that the hydrogel has undergone phase transformation (Fig. 3d). 
This phenomenon is due to the formation of hydrogen bonds between 
polymer chains and water molecules at low temperature, some polymers 
spontaneously form micelles with hydrophobic PLGA as the core and 
hydrophilic PEG as the shell, maintaining the equilibrium of PLGA-PEG- 
PLGA polymer solution system; when the temperature increases, the 
hydrogen bond between PEG segments and water molecules weakens, 
the number of micelles in the solution increases and aggregates, leading 
to the aggregation of PLGA segments hydrophobic interaction becomes 
the main force of the system, and the sol-gel transformation takes place. 
Next, we measured the particle size of PLGA-PEG-PLGA micelle by dy-
namic light scattering (DLS). As shown in Fig. 3e, the micelles particle 
size was positively correlated with temperature, which further proved 
the occurrence of micelle aggregation when the temperature increases. 
In addition, the zeta potential of PLGA-PEG-PLGA solution remained 
almost neutral (Fig. S6). The sol-gel transition temperature of 20 wt% 
PLGA-PEG-PLGA solution was 32–35 ◦C. The addition of other 

Fig. 2. Sendai virus (SeV) activates dendritic cells 
through TLR7/8 and TLR3 signaling pathway. (a) 
Schematic diagram of SeV activated immune 
signaling pathway. (b) Phosphorylated IRF3 and 
IRF7 protein expression levels in BMDCs analyzed 
by western blotting. Experiments were repeated 
three times. (c)The expression of IFN-β after treat-
ment by SeV. Construct IFN-β-Luc plasmid and co- 
transfect it with Ren vector into HEK293T cells. 
Give different treatments for 24 h, and use Promega 
E5311 microplate reader for detection. (d, e) 
Secretion levels of TNF-α (d) and IL-6 (e) in BMDCs 
after 24 h of treatment. (f) BMDCs maturation after 
treatment by SeV. CD80 and CD11c as markers 
stained with Percp Cy5.5 anti-CD80 and APC anti- 
CD11c, respectively. (g) Incubate fresh blood from 
mice with different materials for 10 min to observe 
the coagulation of red blood cells. Scale bars, 40 
μm. Statistical significance was calculated via one- 
way ANOVA with a Tukey post-hoc test (c, d and 
e), *P < 0.05; **P < 0.01; ***P < 0.001.   
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components in the vaccine system did not change the phase transition 
temperature of PLGA-PEG-PLGA (Fig. 3f). Its temperature sensitivity 
ensured that it can be injected at room temperature and undergo sol-gel 
transition in vivo to immobilized tumor cells, photosensitizers and SeV 
under the skin. In order to verify the biocompatibility of the gel, we co- 
cultured it with dendritic cells for 24 h, and then checked the cell 
viability by staining with dead and live cells (Fig. S7) and MTT test 
(Fig. S8). Compared with the control group, the PLGA-PEG-PLGA gel 
had no obvious effect on the viability of dendritic cells, indicating that it 
had good biocompatibility. The above results confirmed that PLGA-PEG- 
PLGA gel has the characteristics of temperature-sensitive phase-change, 
and can be used to fix SeV and tumor antigens in the body to ensure the 
safe use of SHV. 

Then, we verified the role of photosensitizer indocyanine green (ICG) 
in SHV system in vitro for damaging tumor cells to promote the NIR- 
triggered release of tumor antigens. As shown in Fig. 3g and h, the 
fluorescence absorption peak of ICG is at 662 nm and 743 nm, and its 
fluorescence emission peak is at 818 nm. The absorption peaks and 
emission peaks of ICG/Gel are located at 728 nm and 835 nm respec-
tively. (Fig. 3g and h). These results indicated that NIR can stimulate ICG 
and control the precise release of tumor antigen. As shown in Fig. S9, 
under NIR irradiation, the temperature of 0.2 mg/ml ICG solution 
increased to about 50 ◦C within 10 min. When the temperature of the 
hydrogel reached 50 ◦C, the cancer cells in it would be thermally 
damaged and decomposed. Therefore, we used 0.2 mg/ml ICG in sub-
sequent experiments. In order to monitor the photothermal effect of ICG 
in vitro, the infrared thermal images and temperature change of ICG 

solution irradiated by NIR were recorded simultaneously by infrared 
thermograph (Fig. 3i and j). The temperature change of each group 
showed that ICG/Gel had better photothermal effect than PBS and single 
hydrogel. Therefore, the above results indicated that the tumor cells in 
the SHV could be destroyed to release antigens accurately under the 
trigger of NIR. 

3.3. Verification of immune activation performance of tumor cells 
destroyed by NIR 

After successfully characterizing the characteristics of hydrogel and 
ICG in vaccine, we investigated the performance of NIR-triggered tumor 
antigens release. B16 cells were incubated with gel, ICG and ICG/Gel, 
and irradiated by NIR for 10 min. As shown in Fig. 4a, the cell damage of 
ICG/Gel was negligible without the near infrared irradiation, which 
further proved the biocompatibility of the hydrogel vaccine. In addition, 
the irradiation of NIR alone had little effect on cell survival. However, 
B16 cells treated by ICG and ICG/Gel with NIR irradiation showed a 
huge amount of red fluorescence due to the severe cellular damage 
caused by photothermy. These results demonstrated that ICG/Gel could 
destroy tumor cells by NIR. Meanwhile, B16 cells in the hydrogel after 
being irradiated by NIR were taken out for separation and analysis by 
flow cytometry (Fig. S10). The results revealed that the photothermal 
effect triggered by NIR could significantly induce tumor cell apoptosis to 
precisely release tumor antigens from the SHV. At present, for the pro-
duction of tumor vaccines, the methods for extracting all tumor antigens 
mainly include freeze-thaw method and ultrasonic destruction method. 

Fig. 3. Characterization of SHV. (a) 1H NMR spectrum of PLGA− PEG− PLGA triblock copolymer in CDCl3. (b) Representative photographs of the 20 wt% copolymer 
system at the indicated temperature. Experiments were repeated three times. (c) Transmission electron microscopy (TEM) images of hydrogel’s nano micelle at 25 ◦C. 
Scale bars, 500 nm. (d) Representative cryo-scanning electron microscope (SEM) images of hydrogel at 37 ◦C. Scale bars, 50 μm. (e) Micellar particle size curves of 
PLGA-PEG-PLGA at different temperatures. (f) Sol-gel transition of copolymer aqueous solutions. (g) Fluorescence absorption curves of ICG solutions. (h) Fluores-
cence emission curves of ICG solutions. (i, j) Photothermal curve (i) and infrared thermal imaging (j) of ICG solutions (80 μg/ml) under NIR irradiation (808 nm, 100 
mW/cm2). 
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Therefore, we compared the antigen released by NIR irradiation with 
that extracted by freeze-thaw method and ultrasonic method (Fig. 4b). 
The location of protein bands of tumor antigen extracted by three 
methods was basically the same, which indicated that all tumor antigens 
can be released through NIR mediation. 

We found out by accident that the residual DNA fragment could 
activate the phosphorylation of STING protein (stimulator of interferon 
genes), which phosphorylation of STING protein was a key link in the 
excitation of cGAS-cGAMP-STING signaling pathway [49]. In natural, 
tumor cells escaped immune response by inactivating STING signaling 
pathway of APCs. However, the residual DNA fragments induced by NIR 
irradiation could arouse STING signaling pathway of macrophages, 
similar to that of the activator such as cGAMP. We analyzed the 
expression level of phosphorylated STING protein in RAW 264.7 cells by 
western blotting and quantitatively analyzed the expression of STING 
protein and internal reference protein by Image J (Fig. 4d, S11 and S12). 

The relative expression of p-STING protein in ICG/Gel group was the 
highest under NIR irradiation (Fig. S13). Next, we checked the pro-
duction of IFN-β after 24 h of different treatment through the dual 
luciferase reporter system (Fig. 4c). The expression of IFN-β increased 
significantly in ICG/Gel group. These results further confirmed that the 
residual DNA fragments could activate STING signaling pathway and 
induce anti-tumor response. 

3.4. In vitro immune activation performance of SHV 

As an attenuated strain, SeV would not cause serious diseases in vivo, 
but its biological safety must be carefully evaluated before use. When 
the free virus was incubated with fresh red blood cells of mice for 10 
min, the red blood cells gathered obviously. Because the hemagglutinin 
neuraminidase (HN) on the surface of the virus stimulated the coagu-
lation factors of red blood cells and then triggered the cascade of 

Fig. 4. Verification of immune excitation performance of SHV in vitro. (a) Live/dead cell staining of B16 cells treated with ICG/Gel (1 μM ICG) under NIR irradiation 
(808 nm, 100 mW/cm2, 10 min). Live cells (green) and dead cells (red) were stained with Calcein AM and propidium iodide (PI), respectively. Scale bars, 60 μm. (b) 
The antigen proteins were obtained by freeze-thaw, ultrasonic and photothermolysis. Coomassie brilliant blue staining of SDS-PAGE. (c) The expression of IFN-β after 
different treatment. Construct IFN-β-Luc plasmid and co-transfect it with Ren vector into HEK293T cells. Give different treatments for 24 h, and use Promega E5311 
microplate reader for detection. (d) Phosphorylated STING protein expression levels in RAW 264.7 cells analyzed by western blotting. Experiments were repeated 
three times. (e) Activated DC ratio of BMDCs after different treatment. CD80 and CD11c as markers stained with Percp Cy5.5 anti-CD80 and APC anti-CD11c, 
respectively. (f, g) Secretion levels of TNF-α (f) and IL-6 (g) in BMDCs. (h) The mature DCs of BMDC treated with vaccines containing different cancer cells as 
antigens. CD80 and CD11c as markers stained with Percp Cy5.5 anti-CD80 and APC anti-CD11c, respectively. (i) Activated DC ratio of (h). (j, k) Secretion levels of 
TNF-α (j) and IL-6 (k) in BMDCs treated with vaccines containing different cancer cells as antigens. Statistical significance was calculated via one-way ANOVA with a 
Tukey post-hoc test (c, f, g, h and i), *P < 0.05; **P < 0.01; ***P < 0.001. 
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agglutination reactions. While the virus was encapsulated into the 
hydrogel vaccine, there was almost no aggregation of red blood cells 
(Fig. S14). The above phenomenon indicates that SeV did not cause red 
blood cell agglutination after hydrogel treatment to ensures the safety of 
virus use. 

In addition, we checked the stimulated immune responses of APCs by 
the SHV in vitro. It has been reported that the activation of anti-tumor 
immune responses would be accompanied by the maturation of DCs 
and the production of relevant cytokines (such as TNF-α and IL-6) 
[50–52]. The BMDCs were collected after being treated with different 
groups for 48 h. And the proportion of matured DCs (CD80+, CD11c+) 
was detected by fluorescence activating cell sorter (FACS) (Fig. 4e and 
Fig. S15). The percentage of mature DCs in group SeV/gel increased 
significantly, indicating that SHV had immunological stimulatory effect. 
After SeV/gel treatment for 24 h, we detected the increase of two typical 
cytokines TNF-α (Fig. 4f) and IL-6 (Fig. 4g) in the cell supernatant. After 
the same treatment in macrophages (another important APC), the 
secretion level of TNF-α also increased significantly (Fig. S16). As ex-
pected, SeV/Gel resulted in higher cytokine release than the control 
group, demonstrating that SeV and hydrogel mixture effectively stimu-
late immune response. 

Subsequently, we verified the activation effect of the SHV on den-
dritic cells. We selected mouse melanoma cells (B16), mouse breast 
cancer cell (4T1), human cervical cancer cell (HeLa) and human ma-
lignant embryonic rhabdomyoma cell (RD) as vaccine antigens respec-
tively. The cancer cells were mixed with other components of the 
vaccine and irradiated by NIR for 10 min. After co-cultivating the pre-
pared vaccine with BMDCs for 24 h, the proportion of mature DCs was 
checked by flow cytometry (Fig. 4h and i). Compared with the control 
group, the DC maturation ratio of each vaccine group was greatly 
increased. The secretion level of immune cytokines was also greatly 
increased in the vaccine group, including TNF-α and IL-6 (Fig. 4j and k). 
These results all show that SHV system is universal and can activate 
dendritic cells under the cooperation of different antigens. 

3.5. Immune excitation in vivo of SHV 

After vaccination, the type and quantity of immune cells and cyto-
kines will change greatly. Prompted by the promising in vitro results, we 
proceeded to study the in vivo immunostimulatory effects for C57BL/6 
mice (6–8 weeks) after different treatment. According to the experi-
mental results in vitro, the SHV consisted of 400 Tu/ml SeV, 0.2 mg/ml 
ICG and 20 wt% PLGA-PEG-PLGA. Melanoma B16 cell line has the ad-
vantages of high tumor formation rate and convenient observation and 
measurement in C57BL/6 mice. Therefore, we used B16 cells as vaccine 
antigen model. Next, we discussed the amount of B16 cells used in the 
SHV. As shown in Fig. S17, no tumor formation was observed in mice 
injected with 1 × 103 B16 cells in the hydrogel vaccine. On the contrary, 
1 × 106 B16 cells could form obvious tumor within 7 days after sub-
cutaneous injection. In order to fully ensure the safety of the vaccine, we 
used 1 × 103 B16 cells as the SHV dose. And 1 × 106 cells were used as 
the amount of inoculation to verify the effect of the vaccine. 

In addition, we combined the SHV with anti-OX40 antibody (aOX40) 
to enhance the efficacy of the vaccine. According to the previous report, 
50 μg aOX40 per mouse has been shown to have an extremely desirable 
immune-activating effect [53,54]. Binding with OX40 ligand on the 
surface of T cells by aOX40 can greatly improve the survival and 
expansion of effector T cells and memory T cells, and reduce the 
immunosuppressive viability of Tregs, and stimulate the secretion of 
cytokines (such as IFN-γ) to further amplify the T cell excitation effect 
and enhance the immune memory effect of the antigen [53,55]. In order 
to verify the activation effect of aOX40 on T cells, we injected aOX40 
into C57BL/6 mice and examined the activation of T cells in spleen three 
days later. After aOX40 treatment, the activation ratio of CD4+ T and 
CD8+ T cells was significantly increased (Fig. S18). The results show that 
aOX40 is effective for activating helper T cells and cytotoxic T 

lymphocytes, and may enhance the immune effect of the vaccine. 
As shown in Fig. 5a, the experimental mice were immunized twice 

and then inoculated with B16 cells. There was an obvious prominence of 
the subcutaneous injection site (red circle part) after the SHV vaccina-
tion (Fig. 5b). At this time, SeV in the SHV recruited and activated the 
surrounding DCs. On the second day, NIR was used to irradiate the 
prominence and release the tumor antigen. To monitor the photo-
thermal effects of ICG in vivo, the infrared thermographic maps were 
recorded by an infrared thermal imaging camera (Fig. 5d). The SHV had 
excellent photothermal effect, which could destroy tumor cells for 
releasing tumor antigens. Then, we extracted the vaccine injection area 
tissue, tumor tissue and normal subcutaneous tissue for protein analysis. 
The protein band of the vaccine tissue was basically the same as that of 
the tumor tissue, which proved that the vaccine could release all tumor 
antigens after NIR irradiation (Fig. 5c). 

After twice immunization, C57BL/6 mice were subcutaneously 
inoculated with 1.0 × 106 B16 cells to verify the immune protection of 
the SHV in vivo. Three days after inoculation of B16 cells, various types 
of immune cells and cytokines in interstitial fluid, lymph nodes, peri-
toneal fluid, spleen and blood were analyzed by flow cytometry and 
ELISA (Fig. 5e and f). APCs are the most important immune cells for 
recognition and presentation of antigenic peptides. After immunization 
with SHV, we gave priority to monitoring the activation of APCs. After 
immunization and tumor inoculation in the middle and upper groin of 
mice, we examined the activation of DCs in inguinal lymph nodes. After 
injection of hydrogel vaccine, the expression of typical mature DCs 
surface marker molecule CD11c+ increased significantly (Fig. 5g). The 
increasing of maturation DCs in other sites was consistent with the trend 
in lymph nodes (Figs. S19 and S20). These results indicate that the SHV 
could efficiently recruit DCs under the stimulation of SeV, and trans-
ported these tumor antigens to lymph nodes under the immune 
enhancement effect of aOX40. 

Next, we examined the effect of the SHV on the polarization of T cells 
in various parts of C57BL/6 mice. CD4+ T cells can not only directly 
secrete large amounts of cytokines that kill tumor cells and inhibit tumor 
cell growth and proliferation, but also play an auxiliary role in the 
stimulation and proliferation of CD8+ T cells, which helps to generate 
and ensure long-term immunologic memory. Compared with the control 
group, the percentage of CD4+ T cells in the tissue fluid of the tumor site 
was significantly increased (Fig. 5h). And the proportion of activated 
CD8+ T cells was also increased (Fig. 5i). The increase of CD8+ T cells 
may be due to the local cross presentation of antigen by DCs, which 
triggers systemic anti-tumor immunity. The differentiation trend of T 
cells in lymph nodes, peritoneal fluid, spleen and blood of immunized 
mice was similar (Figs. S21–24). The immune activation of SeV/cell/ 
aOX40/ICG without NIR irradiation was very weak. Without irradiation, 
the antigens could not be successfully released from tumor cells, which 
reduced the immune effect of the vaccine. The Cell/aOX40/ICG group 
and SeV/aOX40/ICG group lacked SeV or tumor antigens and could not 
activate the immune system. The lack of aOX40 in SeV/Cell/ICG group 
limited the immune stimulation of the vaccine. The blood samples were 
taken from each group to detect the secretion levels of IFN-γ (Fig. 5e) 
and TNF-α (Fig. 5f). As expected, the combination of SHV and aOX40 
could enhance the secretion of cytokines, further kill tumor cells and 
enhance the anti-tumor immune response. 

3.6. SHV mediated proliferation and activation of antigen-specific T cells 

First, we aseptically isolated the spleen cells of the immunized mice 
for culture (Fig. S25). We measured the proliferation of spleen-derived 
lymphocytes stimulated by tumor antigen obtained from photothermal 
decomposition by MTT assay (Fig. 5j). The results showed that 
compared with the control group, tumor antigen could induce specific 
proliferation of lymphocytes, and other components of the vaccine had 
no effect on cell proliferation. Subsequently, we measured the activation 
of helper T cells (CD4+) and cytotoxic T lymphocytes (CD8+) after in 
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vitro stimulation. Under the stimulation of tumor antigens, the activa-
tion ratio of CD4+ T and CD8+ T cells increased noticeably (Fig. 5k and 
S26-28). These results further confirmed the antigen specificity of T cell 
activation. Next, we examined the cytokine secretion of spleen-derived 
lymphocytes after 12 h of stimulation (Fig. 5l, m). After tumor antigen 
stimulation, the secretion level of TNF-α and IFN-γ increased 

significantly. It was further proved that the SHV activated antigen- 
specific immunity. 

In addition, we also examined the antigen specificity of lymph node 
derived lymphocytes. We isolated lymphocytes from the inguinal lymph 
nodes immunized mice for in vitro culture, and then re-stimulated them 
with tumor antigen (Fig. S29). The results showed that lymphocyte 

Fig. 5. In vivo immune activation effect of SHV. (a) Schematic of various treatment steps for evaluating the tumor immunity efficiencies of different treatment in 
C57BL/6 mice. (b) Representative photographs of mice before and after vaccine injection. (c) Proteins contained in tumor tissue, normal subcutaneous tissue and 
subcutaneous vaccine tissue in vivo. Coomassie brilliant blue staining of SDS-PAGE. (d) In vivo infrared thermal imaging of different groups under the NIR irradiation 
(808 nm, 100 mW/cm2). Experiments were repeated three times. (e, f) Secretion levels of IFN-γ (e) and TNF-α (f) in the blood from immunized mice. (g) Activated DC 
ratio in inguinal lymph nodes for mice with different treatment (n = 3). APC anti-CD86 and PE anti-CD11c stained with CD86 and CD11c markers in DCs. (h) Helper 
T cells in interstitial fluid after treatment (n = 3). CD3 and CD4 as markers on CD4+ T cell surfaces stained with Percp Cy5.5 anti-CD4 and FITC anti-CD3. Ex-
periments were repeated three times. (i) Cytotoxic T lymphocytes in interstitial fluid after treatment (n = 3). CD3 and CD8a as markers on CD8+ T cell surfaces 
stained with APC anti-CD8a and FITC anti-CD3. Experiments were repeated three times. (j) In vitro proliferation of spleen cells of immunized mice. (k) Helper T cells 
in spleen cells of immunized mice after different stimulation in vitro. CD3 and CD4 as markers on CD4+ T cell surfaces stained with Percp Cy5.5 anti-CD4 and FITC 
anti-CD3. Experiments were repeated three times. (l, m) The secretion levels of IFN-γ (l) and TNF-α (m) in spleen cells of immunized mice after different stimulation 
in vitro. Statistical significance was calculated via one-way ANOVA with a Tukey post-hoc test (g, h, i, j, k, l and m), *P < 0.05; **P < 0.01; ***P < 0.001. 
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proliferation was rapidly induced after tumor antigen stimulation, while 
other components of the vaccine did not. These results manifested that 
lymph node derived lymphocytes proliferated specifically to tumor an-
tigen, but not to other components of vaccine. And revealed that the 
SHV can trigger systemic specific immune memory to play a crucial role 
in protecting the body when the same antigen invades again. 

3.7. Immune memory and the protective effect of SHV on melanoma 

Antibody is a kind of protective immunoglobulin produced by anti-
gen stimulation, which can trigger the specific killing effect of immune 
system. In order to prove the effectiveness of SHV, we tested the titer of 
anti-B16 IgG in peritoneal fluid (Fig. 6a), spleen (Fig. 6b), blood (Fig. 6c) 
and interstitial fluid (Fig. 6d) of mice in each group. Compared with the 
control group, the anti-B16 IgG titer of the experimental group after 

hydrogel vaccine containing all ingredients treatment increased signif-
icantly. Subsequently, we verified the specific binding ability of anti-
body in serum of immunized mice to B16 cells in vitro. We inoculated 
B16 cells into 96 well plates and then incubated them with PBS, WT or 
immunized mice serum for 12 h. Next, we detected the antibody bound 
to the cell surface through the HRP-labeled anti-antibody and the 
microplate reader. The results show that the antibodies in the mouse 
serum of immunized mice could bind to the corresponding cell surface, 
and then activate the immunity to eliminate tumor cells (Fig. S30). This 
result suggested that specific immunity against the tumor is produced 
after SHV vaccination. 

Antibodies are secreted by plasma cells, also known as effector B 
cells. Subsequently, the mature effector B cells were detected by flow 
cytometry. The results showed that the proportion of mature effector B 
cells in bone marrow increased by more than 10 times after the full 

Fig. 6. The immune memory effect of SHV inhibited tumor growth. (a–d) Anti-B16 IgG titer in peritoneal fluid (a), spleen (b), blood (c) and interstitial fluid (d). (e) 
Activated B cell ratio in bone marrows for mice with different treatment (n = 3). PE anti-CD138 and FITC anti-CD45 stained with CD138 and CD45 markers in B cells. 
(f) Activated Central Memory T cell ratio in inguinal lymph nodes for mice with different treatment (n = 3). PE anti-CD62L and APC anti-CD44 stained with CD62L 
and CD44 markers in Tcms. (g) Representative photographs of tumors two weeks after injection of B16 cells in pre-immunized C57BL/6 mice. (h) The growth curve of 
tumors in C57BL/6 mice. (i) The body weight change curve of B16 tumor-bearing mice during the three weeks evaluation period. (j–l) Compared with mice injected 
with free SeV, the value of ALT(j), AST(k) and Cr(l) in the blood of mice. Statistical significance was calculated via one-way ANOVA with a Tukey post-hoc test (a, b, 
c, d, e, f, j, k and l), *P < 0.05; **P < 0.01; ***P < 0.001. 
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hydrogel vaccine was immunized to C57BL/6 mice (Fig. 6e). In addition, 
we also checked the activation of B cells in the spleen (Fig. S31). Besides, 
the cells in the interstitial fluid, blood and lymph nodes were also 
collected for flow cytometry analysis. The results illustrated that the 
proportion of mature effector B cells in these sites also increased 
significantly (Figs. S32 and S33). The results showed that the SHV could 
effectively stimulate the body’s humoral immunity against tumor anti-
gens and improve the therapeutic effect of tumor. 

The above studies indicate that SHV can successfully induce the 
humoral immunity of C57BL/6 mice to efficient killing of tumor cells. As 
“inspectors”, memory T cells can prevent the recurrence of the same 
tumor after vaccination, which is the most important lymphocyte for 
long-term prevention of tumor. Central Memory T cells (Tcm) have long- 
term memory after being activated by an antigen and can home to lymph 
nodes to receive the same antigen. The activated Tcm can continue to 
produce a large number of effective memory T cells (Tem) under the 
stimulation of the same antigen again to perform a super anti-tumor 
killing effect. Compared with the control, the proportion of CD44+

CD62L+ T cells (the most important marker molecule of Tcm cells) 
increased significantly in the inguinal lymph nodes after vaccination 
with hydrogel vaccine containing all ingredients immunization (Figs. 6f 
and S34). The proportion of Tcm activation in interstitial fluid, perito-
neal fluid, spleen and blood also increased (Figs. S35–37). Moreover, the 
proportion of CD8+ T cells in tumor sections of mice after immune 
treatment increased (Fig. S38). The results of TUNEL immunohisto-
chemical analysis of tumor sections also showed that the apoptosis of 
tumor cells in the combined immunotherapy group was the most 
obvious (Fig. S39). These results indicate that the SHV not only stimu-
lated cellular immunity and humoral immunity, but also promoted the 
formation of memory cellular immunity to protect the body by rapidly 
generating specific immune responses when the same antigen invades 
next time. 

The above studies showed that after SHV immunized C57BL/6 mice, 
corresponding immune memory cells were formed in vivo. After inocu-
lation with hydrogel vaccine, C57BL/6 mice were injected with B16 cells 
subcutaneously. After inoculation with all components of the hydrogel 
vaccine, the growth of the tumor was significantly inhibited (Fig. 6g and 
h and S40). Although SeV/Cell/aOX40/ICG and SeV/Cell/ICG/NIR 
immunization groups had slight inhibitory effect on tumor growth, there 
was still significant difference compared with SeV/Cell/aOX40/ICG/ 
NIR group, which had almost no tumor growth. The reason may be that 
without laser irradiation, the antigen of tumor cells cannot be 
completely released, greatly reducing the immune protection effect of 
the vaccine on melanoma. The lack of aOX40 in the vaccine cannot 
achieve the best effect of activating T cells. The tumor volume of Cell/ 
aOX40/ICG/NIR and SeV/aOX40/ICG/NIR groups increased rapidly 
within 10 days, and the growth curve trend was similar to that of PBS 
group. This may be because vaccines lacking immune activators or an-
tigens are difficult to stimulate the body’s immune memory against 
tumor. These results indicated that the combination of SHV and aOX40 
can stimulate the adaptive immune response and effectively enhance the 
prevention of oncogenesis. 

3.8. The downstream pathway of interaction between activated immune 
cells and cancer cells ex vivo 

Next, we analyzed the interaction between activated immune cells 
and cancer cells using B16 cells as antigen. We isolated spleen-derived 
lymphocytes from WT mice and immunized mice and cultured them in 
vitro. At the same time, we also isolated subcutaneous tumor cells of WT 
mice for culture, including B16 and 4T1. After culture of spleen derived 
lymphocytes and tumor cells for 6 h, and then the apoptosis of tumor 
cells was detected. Annexin V is a sensitive indicator for detecting early 
cell apoptosis. We used FITC-labeled annexin V as a fluorescent probe to 
detect the occurrence of cell apoptosis by flow cytometry (Fig. S41). The 
spleen-derived lymphocytes of immunized mice and tumor cells co- 

incubated group showed obvious apoptosis. However, activated lym-
phocytes did not induce apoptosis of xenogeneic tumor cells. Next, we 
examined the rupture of DNA in apoptotic cells by TdT-mediated DUTP 
nick end labeling (TUNEL) (Fig. S42). The tumor cells treated with PBS 
and WT lymphocytes were almost not stained, indicating that there was 
no DNA fragmentation and 3′-OH formation. On the contrary, DNA 
fragmentation occurred in tumor cells treated with lymphocytes from 
immunized mice. DNA damage and leakage could also be observed from 
DAPI staining. The above results confirmed that activated lymphocytes 
have specific targeted killing activity and induce the apoptosis of tumor 
cells. 

Subsequently, we further studied the downstream pathway of acti-
vated immune cells inducing cancer cells apoptosis. After incubating 
with lymphocytes for 6 h, we quantitatively analyzed the expression of 
apoptosis related genes by real-time quantitative PCR detecting system 
(qPCR). Fas associated protein with a novel death domain (FADD) is a 
kind of Fas related protein in the death domain, which can activate a 
series of caspase-8, 1, 3, 7 and promote the apoptosis of the cells. The 
expression of FADD in tumor cells increased significantly after co- 
incubation with lymphocytes from immunized mice, indicating that 
Fas apoptotic pathway was activated (Fig. S43). At the same time, the 
expression of pro-apoptotic P53 and Bax in tumor cells increased 
significantly, while the expression of anti-apoptotic Bcl2 decreased, 
which indicated that the P53-Bax mitochondrial apoptotic pathway was 
also activated. Caspase-3, a common downstream effect of multiple 
apoptosis pathways, was also activated and initiated DNA degradation 
(Figs. S44 and S45). Next, we checked the expression levels of cell cycle 
related genes Cdk2 and Cyclin D1 in each group of cells. After treatment 
with lymphocytes immunized mice, the expression of Cdk2 and Cyclin 
D1 of tumor cells were significantly reduced, indicating the occurrence 
of cell cycle arrest (Fig. S46). These results indicated that activated 
immune cells can promote tumor cell apoptosis through Fas pathway 
and P53-Bax pathway, and cause tumor cell cycle arrest (Fig. S47). 

3.9. Biological safety of SHV in vivo 

Although non-pathogenic SeV has been encapsulated in hydrogel 
vaccine, the biological safety of its application in vivo needs further 
confirmation. One week after the end of immunization, we extracted the 
fresh blood of mice in each group and observed under the microscope. 
The morphology of red blood cells in mice immunized with the vaccine 
was normal, and there was no aggregation (Fig. S48). Subsequently, we 
seriously monitored the acute cytokines that usually result from viral 
infection by ELISA. After subcutaneous injection of free virus, serum 
alanine aminotransferase (ALT) (Fig. 6J), aspartate aminotransferase 
(AST) (Fig. 6K) and creatinine (Cr) (Fig. 6L) were significantly 
increased, suggesting that SeV may cause mild acute infection. Although 
this infection would not cause obvious disease, it was also not allowed in 
clinical practice. The SHV did not cause an increase in the expression 
level of acute infectious factors. After vaccination of C57BL/6 mice, the 
body weight of all groups did not change obviously, proving that these 
anti-tumor vaccines have good biocompatibility in vivo (Fig. 6i). Two 
weeks after the end of immunization, the mice were sacrificed and the 
corresponding tissues were separated for the subsequent analysis. The 
digital photos of main organs of mice in each group (Fig. S49) and the 
H&E staining (Fig. S50) of histological sections showed little difference, 
indicating that the side effects of SHV in main organs were negligible. In 
conclusion, the SHV had good biological safety and could effectively 
inhibit the occurrence of melanoma through immunological agonists 
and tumor antigen release triggered by NIR. 

3.10. SHV for systemic antitumor immune response to suppress breast 
cancer 

In order to verify the universality of the SHV system, we studied the 
immunostimulatory effect of BLAB/c mice against breast cancer. First, 
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we injected BLAB/c mice with SHV and released the tumor antigen 
under NIR radiation on the second day. Next, we used flow cytometry to 
detect the damage of 4T1 cells in thermosensitive hydrogel induced by 
NIR irradiation. Under NIR irradiation, the late apoptosis of tumor cells 
in the vaccine group increased nearly three times compared with the 
control group, resulting in the release of tumor antigen (Fig. 7a). On the 
third day after immunization, the expression levels of anti-tumor cyto-
kines TNF-α and IFN-γ in blood and body fluid samples of each group 
increased significantly (Fig. 7b and c). In addition, to further verify the 

immune activation effect of the vaccine in vivo of BLAB/c mice, inter-
stitial fluid, lymph nodes, spleen and blood were collected and analyzed 
by flow cytometry. As expected, we observed more activated DCs in 
inguinal lymph nodes for mice after vaccine immunization (Fig. 7d). 
Compared with the control group, the proportion of CD8+ T cells and 
CD4+ T cells for executing an anti-tumor cellular immunity were 
significantly increased in the interstitial fluid after immunization 
(Fig. 7e, g). The increased proportion of maturation of DCs and T cells 
indicates that the SHV immunization could initially induce the immune 

Fig. 7. SHV could suppress breast tumor in BLAB/c mice. (a) Analysis of apoptosis by flow cytometry in the injection site of mice after NIR irradiation (808 nm, 100 
mW/cm2, 10 min). (b, c) Secretion levels of TNF-α (b) and IFN-γ (c) in the blood and interstital fluid from immunized mice. (d) Activated DC ratio in inguinal lymph 
nodes for mice with different treatment (n = 3). APC anti-CD86 and PE anti-CD11c stained with CD86 and CD11c markers in DCs. (e) Cytotoxic T lymphocytes in 
interstitial fluid after treatment (n = 3). CD3 and CD8a as markers on CD8+ T cell surfaces stained with APC anti-CD8a and FITC anti-CD3. Experiments were 
repeated three times. (f) Activated B cell ratio in bone marrows for mice with different treatment (n = 3). PE anti-CD138 and FITC anti-CD45 stained with CD138 and 
CD45 markers in B cells. (g) Helper T cells in interstitial fluid after treatment (n = 3). CD3 and CD4 as markers on CD4+ T cell surfaces stained with Percp Cy5.5 anti- 
CD4 and FITC anti-CD3. Experiments were repeated three times. (h) Activated Central Memory T cell ratio in interstitial fluid for mice with different treatment (n =
3). PE anti-CD62L and APC anti-CD44 stained with CD62L and CD44 markers in Tcms. (i) Anti-4T1 IgG titer in spleen, blood, peritoneal fluid and interstitial fluid. (j) 
The growth curve of tumors in BLAB/c mice. (k) Representative photographs of tumors two weeks after injection of 4T1 cells in pre-immunized BLAB/c mice. (l) The 
body weight change curve of 4T1 tumor-bearing mice during the three weeks evaluation period. Statistical significance was calculated via one-way ANOVA with a 
Tukey post-hoc test (b, c, d, e, f, g, h, i and j), *P < 0.05; **P < 0.01; ***P < 0.001. 

B. Zheng et al.                                                                                                                                                                                                                                   



Bioactive Materials 6 (2021) 3879–3891

3890

response to kill tumor cells. 
Subsequently, we further explored the immune precaution of the 

SHV against tumor formation. It is well known that neutralizing anti-
body is the first barrier against foreign antigen, and it can clear tumor 
cells through antibody dependent cell-mediated cytotoxicity (ADCC). 
After immunization, the proportion of mature B cells secreting anti-
bodies in bone marrow and spleen increased significantly (Fig. 7f and 
Fig. S51). At the same time, the titers of IgG against 4T1 cell surface 
antigen in spleen, blood, peritoneal fluid and interstitial fluid were 
detected by ELISA (Fig. 7i). The specific binding experiment of serum 
antibody of immunized mice to 4T1 cells also proved that the antibody 
activated by the vaccine can bind to the corresponding cell surface, 
further activate the immune function of the body, and play an anti- 
tumor role (Fig. S52). These results illustrated that the SHV success-
fully induced plasma cells to produce systemic specific antibodies 
against breast cancer cell antigens. 

Cellular immunity is the most important way to eliminate tumor, so 
the formation of memory T cells is the key to the immune protection 
ability of vaccine. After immunizing BLAB/c mice twice, the Tcm cells in 
the lymph nodes were separated and analyzed by flow cytometry. The 
proportion of Tcm (CD44+, CD62L+) in lymph nodes of immunized mice 
increased nearly 10 times compared with the control group (Fig. 7h, 
Figs. S53 and S54). The above results suggested that the SHV could also 
successfully activate the systemic immune system of BLAB/c mice and 
form immune memory to prevent the invasion of breast cancer cells. 
Subsequently, 1 × 106 4T1 cells were inoculated into subcutaneous 
tissue of immunized mice to verify the protective effect of the vaccine. 
As shown in Fig. 7j and k, SHV significantly inhibited the growth of 
tumor. Meanwhile, the normal body weight changes of mice after 
vaccination showed that SHV had good biocompatibility (Fig. 7l). These 
results indicated that SHV was universal in inhibiting the occurrence of 
many kinds of tumors. 

4. Conclusions 

In order to improve the ability of immune adjuvants in anti-tumor 
vaccines to activate antigen-presenting cells (APCs), we constructed a 
SeV-based hydrogel vaccine (SHV) with non-pathogenic Sendai virus 
(SeV) as adjuvant. It can stimulate innate immune response in many 
ways for multi-channel recruitment and activation of dendritic cells 
(DCs). The thermosensitive hydrogel encapsulated tumor cells and the 
photosensitizer, which can be used for the NIR-control precise release of 
tumor antigens. All antigens of tumor cells were exposed under NIR 
irradiation and presented to lymph nodes effectively by surrounding DCs 
to induce the maturation of T lymphocytes and the formation of immune 
memory cells. The aOX40 in the vaccine could greatly improve the 
survival and expansion of effector T cells and memory T cells by binding 
to the OX40 ligand on the surface of T cells. Surprisingly, DNA fragments 
of tumor cells after photothermal damage could activate STING 
signaling pathway to improve the anti-tumor effect. In view of the 
presence of viruses in hydrogel vaccines, we had proved cautiously that 
viruses could not reproduce in vivo, did not cause acute infection, and 
did not lead to obvious histological changes. Meanwhile, the tumor cells 
that serve as antigen pools in the vaccine have no tumorigenicity after 
photothermal damage to release tumor antigen. The growth of B16 and 
4T1 tumor was apparently inhibited by SHV. The vaccine had the ad-
vantages of simple preparation process, low cost and easy large-scale 
production. Theoretically, the B16 and 4T1 cells could be replaced 
with other antigens, such as other tumor cells, pathogenic microorgan-
isms or individual antigen proteins, etc. In conclusion, the SHV system 
with excellent universality, convenience and flexibility might serve as 
the next generation of personalized anti-tumor vaccines, which repre-
sented an alternative way to suppress tumorigenesis. 
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