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Abstract 

Background:  As an antioxidant, hydrogen (H2) can selectively react with the highly toxic hydroxyl radical (·OH) in 
tumor cells to break the balance of reactive oxygen species (ROS) and cause oxidative stress. However, due to the 
high diffusibility and storage difficulty of hydrogen, it is impossible to achieve long-term release at the tumor site, 
which highly limited their therapeutic effect.

Results:  Photosynthetic bacteria (PSB) release a large amount of hydrogen to break the balance of oxidative stress. 
In addition, as a nontoxic bacterium, PSB could stimulate the immune response and increase the infiltration of 
CD4+ and CD8+ T cells. More interestingly, we found that hydrogen therapy induced by our live PSB did not lead to 
the up-regulation of PD-L1 after stimulating the immune response, which could avoid the tumor immune escape.

Conclusion:  Hydrogen-immunotherapy significantly kills tumor cells. We believe that our live microbial hydrogen 
production system provides a new strategy for cancer hydrogen treatment combining with enhanced immunother-
apy without up-regulating PD-L1.
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Introduction
As the lightest gas in nature, the biological effects of H2 
have attracted widespread attention. As early as 1975, 
Dole et  al. found that H2 could inhibit tumor growth 
in mice with squamous cell carcinoma [1]. H2 pos-
sesses the properties of biological reduction and has 
been found to have a good therapeutic effect in some 
oxidative stress and inflammatory diseases [2–11]. 
ROS in tumor cells were in a high balance state. H2 
can react with highly toxic free radicals in ROS such 
as ·OH [12], which disrupted the steady-state balance 
of ROS in cancer cells and caused redox stress [13, 14]. 
In addition, different from chemical drugs, H2 is safe 
and non-toxic [15, 16]. Therefore, hydrogen therapy 
has attracted more and more attention in recent years. 
He et al. synthesized a series of metal palladium com-
pounds to store and produce hydrogen for tumor H2 
therapy [17–19]. In addition, other strategies that using 
tumor acidic microenvironment such as Mg, Fe nano-
particle as reductant for hydrogen production have 
also been fabricated [20, 21]. However, these strategies 
were limited by the non-biocompatible materials, and it 
was difficult to achieve long-term release of H2. There-
fore, developing a new long-term hydrogen-production 

strategy plays a key role in improving the effect of 
hydrogen therapy.

Recently, the use of bacteria and other microorgan-
isms as living carriers and therapeutic drugs for dis-
ease treatment has received widespread attention 
[22–24]. For example, S. typhimurium [25–27] and 
Clostridium [28, 29] have been widely used in tumor 
therapy. However, the mentioned bacteria are usually 
toxic and need complicated detoxication procedure. 
In addition, transgenic technology should be used to 
construct anti-tumor agents releasing engineered bac-
teria [30, 31]. PSB is a facultative anaerobic bacterium 
that could multiply in light and hypoxic environments 
[32, 33]. Our previous work has utilized nontoxic PSB 
as a hypoxia-targeting photothermal agent for tumor 
therapy [34]. More interestingly, we have found H2 was 
released as a product during photosynthesis of PSB 
[35, 36]. Chlorophyll and carotenoids of PSB captured 
photon and transmitted them to photosynthetic system 
upon light irradiation. Hydrogen was produced by the 
action of hydrogenase and nitrogenase [37]. Further-
more, our previous work has demonstrated PSB as a 
natural bacterium can increase the infiltration of CD4+ 
and CD8+ T lymphocytes to stimulate the immune 
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response [34]. Thus, we believe PSB is a good hydrogen 
"storage container" for in  situ and long-term H2 pro-
duction in tumor hypoxia with the capacity of hypoxia 
and light-chemotaxis.

Inspired by this, in this work, PSB with long-term 
hydrogen releasing capability was developed for cancer 
treatment. PSB autonomously targeted to the hypoxic 
area and continuously released hydrogen under the irra-
diation of xenon lamp. H2 diffused into cells and caused 
oxidative stress to kill tumor cells. Antigens were released 
by apoptotic cells to activate dendritic cells  (DCs) and 
stimulate immune response. More interestingly, as 
chemotherapy always induce the up-regulation of PD-L1 
and induce immune escape [38–41], we found that PSB-
based therapy did not induce the increased expression 
of PD-L1, which would enhance tumor immunotherapy 
(Fig. 1). Thus, the combination of hydrogen therapy with 
self-activated immunotherapy provided a new strategy 
for cancer treatment.

Results
Characterization of PSB
The morphology of the bacterium was first character-
ized by scanning electron microscope (SEM) (Fig. 2A). 
It was found that PSB was ovoid in shape with a size of 
about 2 μm. Transmission electron microscope (TEM) 
results affirmed that PSB had flagella, which supported 

their motility (Fig.  2B). Gram staining showed that 
PSB was a gram-negative bacterium (Additional file  1: 
Fig. S1). As shown in the UV–Vis absorption spec-
trum (Fig.  2C), PSB had absorption peaks at 375  nm 
and 590 nm, confirming the presence of carotenoids in 
PSB. In addition, we found strong absorption peaks at 
804 nm and 870 nm, which were characteristic absorp-
tion peaks of bacterial chlorophyll. Chlorophyll and 
carotenoids acted as a photon capture platform, pho-
tons were absorbed by chlorophyll and carotenoids and 
energy was transferred to the photosynthetic reaction 
center, thereby generated a high-energy electron. High-
energy electrons generated ATP by cyclic phosphoryla-
tion. Nitrase and hydrogenase consumed the ATP and 
electrons to reduce protons to hydrogen. The hydro-
gen production process of PSB was completed. Then, 
we verified the hydrogen production performance of 
PSB in  vitro. H2 was reducible and could reduce the 
methylene blue solution into colorless methyl blue. 
The absorption peak at 664  nm was measured using 
UV–Vis spectrum. The concentration of H2 production 
was calculated according to MB’s standard curve line 
(Additional file 1: Fig. S2). The absorption peak showed 
that the amount of hydrogen production increased with 
the increase of PSB concentration (Fig. 2D, Additional 
file  1: Fig. S3) and light intensity (Fig.  2E, Additional 
file 1: Fig. S4). Glucose was very easy to be used by PSB. 

Fig. 1  Schematic diagram. PSB with long-term hydrogen releasing capability was developed for hydrogen therapy and enhanced immunotherapy
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It can be used as a carbon source for PSB growth and 
as a hydrogen production substrate for PSB. Different 
glucose concentrations affected the H2 production of 
PSB. Our results indicated that hydrogen production by 
PSB gave a concentration-dependent behavior (Fig. 2F, 
Additional file 1: Fig. S5). In addition, when alternating 
radiation was given, it was found that H2 can continue 
production after radiation re-giving. This demonstrated 
the persistence of H2 production by PSB. Furthermore, 
we found that a small amount of H2 was still produced 
when switching was “OFF”. That probably because H2 
production of PSB was a biological process that took 

some time to completely stop the process (Fig.  2G). 
Later, the production of H2 was shown by monitor-
ing the color change of solution at different times. As 
shown in Fig. 2H, the blue color gradually grew lighter 
indicating the hydrogen production. Then we studied 
the effect of different light sources on hydrogen pro-
duction using 808 laser (1 W), LED red light and xenon 
light (14 A) (Additional file  1: Fig. S6). Our results 
showed that PSB had stronger hydrogen release behav-
ior exposure to xenon lamp comparing with other light 
source. Furthermore, since we have proved the PSB had 
a photothermal effect for cancer therapy, we studied 

Fig. 2  Characterization of PSB. A SEM image of PSB. B TEM image of PSB. Scale bar is 1 μm. C UV−Vis−NIR absorption spectra of PSB. D H2 released 
at different concentrations. E H2 releasing behavior produced by PSB (107 CFU/mL) under various power intensities (12, 13 and 14 A) and F various 
glucose concentration (0, 15 and 30 g/L). G H2 production of PSB by irradiation with power “On” or “Off” alternately. H The pictures of H2 production 
in different times of radiation



Page 5 of 13Yan et al. Journal of Nanobiotechnology          (2022) 20:280 	

the temperature change under the same irradiation 
intensity of H2 production. Our studies showed that the 
PSB induced a slight photothermal effect under xenon 
lamps (Additional file  1: Fig. S7) because of the low 
irradiation intensity. Our results indicated that H2 ther-
apy may play an important role on cancer killing under 
low irradiation intensity.

Hydrogen therapy effect of PSB
In order to prove the production of H2 and diffusion into 
cells, MCF-7 cells were stained with methylene blue solu-
tion and gave different treatments (Con, Con + Light, 
PSB, PSB + Light). As shown in Additional file  1: Fig. 
S8, under PSB + Light (L) treatment, the blue color was 
faded, which confirmed that H2 released by PSB and 
could diffuse into cells. Blue color in the other three 
groups had not faded. Later, MTT results showed that 
different concentrations of PSB had no obvious effect on 
cell viability, indicating their biosafety (Additional file 1: 
Fig. S9A). Next, live-dead cell staining analysis was used 
to verify the killing efficiency of hydrogen from PSB. 
After receiving different treatments, MCF-7 cells and 
MCTSs were co-stained by calcein acetoxymethyl ester 
and propidium iodide (Calcein AM and PI) (Fig.  3A, 
Additional file 1: Fig. S10). It was observed from confocal 
fluorescence microscope that the PSB + L group showed 
strong red fluorescence, while the other three groups 
showed green fluorescence with slight red fluorescence. 
It was proved that all the cells in the PSB + L group were 
killed and almost all the cells in the other three groups 
still survived. MTT results was consistent with the Live-
Dead staining results indicating that H2 had a good kill-
ing effect on tumor cells (Additional file 1: Fig. S9B).

H2 induced cells apoptosis by destroying mitochondrial 
function
Next, we studied the killing mechanism induced by H2. 
First, flow cytometry was used to determine the apop-
tosis of cells after hydrogen treatment (Additional file 1: 
Fig. S11). It was found that the PSB + L group induced 
33.81% of cells apoptosis. The other three groups had no 
killing effect, indicating that H2 could cause cancer cells 
apoptosis. Tumor microenvironment contained high lev-
els of ROS, which included a large number of highly toxic 
hydroxyl free radicals with a steady equilibrium. H2 can 
react with ·OH to destroy the redox balance of tumor 
cells by reducing the level of ROS, and then causing oxi-
dative stress. The oxidative stress greatly increased the 
level of ROS. DCFH-DA fluorescence probe was used to 
detect the level of intracellular ROS (Fig.  3B). The fluo-
rescence intensity in MCF-7 cells had a downward trend 
within 3  h, and then increased significantly. Fluores-
cence quantification was consistent with the previously 

speculated redox stress process in tumor cells (Fig. 3C). 
We verified the ·OH level in MCF-7 cells and found that 
the ·OH level was indeed up-regulated after hydrogen 
treatment, and the ·OH level was increase after a period 
of time, indicating that H2 caused the oxidative stress 
of tumor cells and increase ·OH (Additional file  1: Fig. 
S12). Elevated ROS levels resulted in the change of mito-
chondrial transmembrane potential (MMP) (Fig.  3D) 
and reduction of ATP (Fig.  3E). The change of MMP 
promoted the release of caspase-3 (Fig. 3F), which indi-
cated that cells apoptosis was caused by the destruction 
of mitochondrial function by H2. Then we examined the 
mechanism of H2 therapy on B16-F10 cells. In consistent 
with H2 therapeutic effect in MCF-7 cells, we found H2 
caused oxidative stress by disrupting ROS levels, which 
disrupted mitochondrial function and resulted in cells 
apoptosis in B16-F10 cells. In addition, the expression of 
ATP was down-regulated and the expression of apoptotic 
protein was up-regulated (Additional file 1: Fig. S13).

Evaluation of in vivo hydrogen therapeutic efficacy
Fluorescence imaging was performed on mice to evaluate 
the biological safety of PSB (Additional file 1: Fig. S14). PSB 
were labeled with NHS-Rhodamine B (RhB) and injected 
to mice. It could be seen that the PSB was retained in the 
tumor site and did not spread to other organs. In addition, 
we verified the vivo metabolism of PSB. The results showed 
that no fluorescence of PSB was observed on the seventh 
day. This supported the PSB injection cycle (Additional 
file 1: Fig. S15). The blood biochemistry and blood routine 
were tested and confirmed PSB was non-toxic (Additional 
file  1: Fig. S16). 30-day body weight of mice monitoring 
also indicated their biological safety (Additional file 1: Fig. 
S17). After having demonstrated their safety, the thera-
peutic effect of H2 in  vivo was then studied. The MCF-7 
tumor-bearing mouse model was constructed (Fig.  4A). 
Tumor-bearing mice were randomly divided into PBS, 
PBS + L, PSB, PSB + L. Samples were injected every 7 days 
and the light was given every 2 days with sustaining treat-
ment for 21 days. Tumor images (Fig. 4B) and their weights 
(Fig.  4C) were recorded. Body weight of mice increased 
steadily within 21  days. The tumor volume was recorded 
every 2  days. As shown in Additional file  1: Fig. S18 and 
Fig. 4D, the PSB + L group could significantly inhibit tumor 
growth. Compared with the PBS group, the tumor of the 
PSB group was slightly reduced. That probably because 
PSB would stimulate the immune response and in turn 
suppresses tumor growth. After 21  days, the mice were 
euthanized and the tumor tissues and major organs were 
collected for H&E staining and other histological analysis. 
As shown in Fig. 4E, the PSB group showed slightly dam-
aged to tumor cells. There was more tumor cells necrosis 
in the PSB + L group, and little tumor cells damage in the 
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Fig. 3  H2 induced apoptosis through mitochondria-dependent pathways. A Calcein AM and PI staining showed confocal fluorescence images 
of MCF-7 cells with or without xenon lamp irradiation for 10 min. (green: living cells; red: dead cells). Scale bar, 400 μm. B ROS changed in MCF-7 
cells after hydrogen treatment. Scale bar, 100 μm. C Fluorescence quantification of ROS. D Detection of MMP changed with JC-1 staining after 
treatment with H2 for 6 h. Scale bar, 100 μm. E ATP activity and F Caspase-3 released in MCF-7 cells after treatment with H2. Data are presented as 
the mean ± s.d. (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001
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other two groups. H&E staining was performed on the 
major organs (Additional file 1: Fig. S19), and it was found 
that the treatment of four groups did not cause damage to 
the major organs. Terminal deoxynucleotidyl transferase 
(TdT)-mediated dUTP nick-end labeling staining (TUNEL) 
results also shown that PSB + L caused more severe can-
cer cells apoptosis (Fig. 4F). Our results illustrated that H2 
therapy had a good therapeutic effect on the inhibition of 
cancer cell growth. By measuring the contents of Caspase-3 
and Cytochrome C (Cytc) in the tumor tissues (Additional 
file  1: Fig. S20), we found the damaged contents of the 
PSB + L group was significantly higher than that of PBS 
group. The results were consistent with the conclusion of 
previous experiments and indicated that hydrogen therapy 
could cause apoptosis by up-regulating apoptotic proteins 
such as Caspase-3.

Hydrogen therapy increased immune cell infiltration
Firstly, we demonstrated in  vitro that hydrogen ther-
apy could promote an immune response. As shown in 
Fig. 5A and Additional file 1: Fig. S21, the expression of 
CD86 and MHC II proteins on DC was up-regulated. 
It indicated that hydrogen therapy could cause anti-
gen released and promote the maturation of DC, thus 
enhancing the immune response. Then the B16-F10 
mouse model was used to verify the immunotherapy 
effect of hydrogen (Fig.  5B). We recorded the images 
of the mice, survival curve, tumor volume, and mouse 
body weight over 21  days (Additional file  1: Fig. S22). 
After 21 days treatment, various cytokines in the blood 
of mice were tested (Fig.  5C). The results showed that 
the levels of cytokines such as TNF-α, IFN-γ, IL-1β 
and IL-6 were significantly up-regulated, indicating 
PSB promoted immunity by releasing cytokines. The 
cytokines level of the PSB + L group was slightly lower 
than the PSB group. It was mainly attributed that H2 had 
anti-inflammatory properties and could down-regulate 
the expression of certain anti-inflammatory cytokines. 
Then the mice tumor tissues were taken to analyze 
the expression levels of CD4+ T and CD8+ T cells 
by flow cytometry (Fig.  5D). Compared with the PBS 
group, the PSB group had more immune cell infiltra-
tion, indicating that PSB could indeed stimulate immu-
nity. The immune cell infiltration level of the PSB + L 
group also increased compared with the PSB group, 
which was attributed to the release of antigen induced 
by H2 therapy. In addition, immunohistochemistry and 

immunofluorescence of tumor tissues were examined. 
As shown in Fig.  5E and F, CD4+, CD8+ and CD161 
expression were increased. Results illustrated that the 
infiltration of CD4+, CD8+ T cells and NK cells was 
promoted after PSB-mediated hydrogen treatment in 
tumor tissue. However, the decreasing of Foxp3 expres-
sion indicated reduced Treg cells. In addition, gram 
staining of tumor tissue demonstrated the presence of 
PSB (Additional file 1: Fig. S23). These results suggested 
that PSB and hydrogen treatment could promote the 
immune response in tumor tissues.

PSB reduced immune escape in B16‑F10 cells
The tumor tissues were taken to test the level of PD-L1 
(Fig.  6A). Results showed that the PD-L1 level in the 
tumor tissue remained unchanged (Fig.  6B, C). Both 
hydrogen therapy and PSB can stimulate immunity 
and promote the release of TNF-α. TNF-α have been 
reported to up-regulate the level of PD-L1 on the sur-
face of tumor cells. Therefore, 10  ng/mL of TNF-α and 
107  CFU/mL PSB were added to detect the effect on 
PD-L1 expression in cells. The results were found that 
TNF-α indeed up-regulated PD-L1, while PSB decreased 
the expression of PD-L1. When the PSB and TNF-α were 
mixed and administrated together at the same time, the 
expression of PD-L1 was remain unchanged compar-
ing with the control group (Fig.  6D). Flow cytometry 
test also showed the same results (Fig. 6E). It was found 
that the expression level of PD-L1 increased with the 
increase of TNF-α concentration indicating a concen-
tration-dependent manner (Additional file  1: Fig. S24). 
Therefore, we speculated that although cytokines such as 
TNF-α can up-regulate PD-L1 on the tumor cells surface, 
some components from PSB could down-regulate PD-L1 
expression, resulting in the constant levels of PD-L1 in 
the final tumor tissue (Fig.  6F). This indicated that PSB 
could reduce the immune escape of tumor cells and have 
a positive effect on immunotherapy.

Conclusions
In summary, we successfully used PSB as a microbial 
hydrogen production for tumor-targeted hydrogen and 
immune therapy. PSB could continuously release H2 via 
photosynthesis under visible light. The results showed 
that H2 had good therapeutic effects both in vitro and 

(See figure on next page.)
Fig. 4  In vivo antitumor study. A Schematic diagram of MCF-7 tumor model. B Images of MCF-7 tumor-bearing mice in different treatment groups. 
C Body weight (n = 6) and D Tumor volume of each mouse in each group (n = 6). E Amplifying H&E and TUNEL staining assay of the tumor from 
the mice in all groups after treatment for 21 days. F Bar graph of quantitation of TUNEL positive cells. Scale bar, 100 μm. Data are presented as the 
mean ± s.d. (n ≥ 3). *P < 0.05; **P < 0.01; ***P < 0.001
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Fig. 4  (See legend on previous page.)
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in  vivo. More interestingly, due to the presence of 
PSB, PD-L1 levels will not be up-regulated, which was 
helpful for increasing immunotherapy and reducing 
immune escape. Therefore, the combination of hydro-
gen therapy and self-activated immunotherapy pro-
vides a new strategy for cancer treatment.

Methods
Measurement of H2 release using methylene blue (MB) 
probe
Under the catalysis of Pt, blue MB can be quickly 
reduced to colorless MBH2 by H2 [42]. Accord-
ing to this feature, the MB probe usually detects 
the H2 release based on the color change during the 
MB hydrogenation process. The MB solution had a 

characteristic absorption peak at 664  nm, and the 
decrease in absorbance was related to the release 
of hydrogen. 107  CFU/mL of PSB was dispersed in 
4 mL MB solution (9 μg/mL), and then 30 g/L glucose 
and 100  μg/mL Pt solution were added. The solution 
was irradiated with a xenon lamp at 14 A for 70 min. 
UV–Vis spectrum was used to detect the absorption 
peak at 664 nm every 10 min. The amount of hydrogen 
produced was detected by the decrease in the inten-
sity of the absorption peak. The amount of hydro-
gen released under different light sources (808 laser 
and LED), different light intensities (12, 13 and  14 
A) and different glucose concentrations (0, 15, and 
30 g/L) were also detected using the above-mentioned 
method.

Fig. 5  Hydrogen therapy stimulated immunity in vivo. A The expression of CD86 and MHC II in DC. B Schematic diagram of B16-F10 tumor model. 
C TNF-α; IFN-γ; IL-1β and IL-6 level in the serum. D Flow cytometry analysis of CD4+ T, CD8+ T cells in mice tumor tissues. E Immunohistochemical 
and immunofluorescence analysis of CD4+, CD8+, CD161 and Foxp3 in tumor tissues. Scale bar, 50 μm. F Bar graph of CD4+, CD8+, CD161 and 
Foxp3. Data are presented as the mean ± s.d. (n ≥ 3). *P < 0.05; **P < 0.01; ***P < 0.001
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H2 release of PSB in MCF‑7 cells
MCF-7 cells were cultured in a 6-well plate, and 9 μg/mL 
of MB-Pt solution was added to incubate in serum-free 
medium for 3  h. The cell uptake of MB-Pt was stained 
blue under the microscope. Divide the cells into four 
groups: Con, Con + L, PSB, and PSB + L. Then xenon 
lamp was used as a light source to irradiate the cells at 14 
A for 5 min. Cells were incubated for another 2 h for fur-
ther observing the blue color under microscopy.

Detection of intracellular ROS level
DCFH-DA fluorescent probe was used for detection of 
intracellular ROS. MCF-7 cells with a concentration of 
1 × 105 were plated in a 12-well plate until they adhered, 
and the changes of ROS after hydrogen treatment for dif-
ferent periods of time were detected. 107 CFU/mL of PSB 
was added at 0, 1, 3, 6, and 8 h and irradiated under xenon 
lamp at a intensity of 14 A for 5  min. Finally, fluorescent 
microscopy was used to observe the fluorescence in the cells 
treated at different times (Nanjing Jiancheng, E004-1-1).

Mitochondrial membrane potential
JC-1 staining was used to measure the loss of MMP. 
MCF-7 cells were cultured in a 6-well plate and incu-
bated overnight. PSB (107  CFU/mL) was added to two 
wells, one of which was given xenon lamp irradiation for 
5 min at the intensity of 14 A and incubated for 6 h. Cells 
were stained with JC-1 (Beyotime, C2006) for 20  min 
and the excess dye was washed away with PBS. Red and 
green fluorescence were observed with a fluorescence 
microscope.

Detection of intracellular ATP Level
Intracellular ATP was detected using an ATP assay 
kit (Beyotime, S0026). MCF-7 cells were cultured in a 
6-well plate and divided into four groups: Con, Con + L, 
PSB, PSB + L. Cells were exposed under xenon lamp for 
5  min at the intensity of 14 A and then ATP level was 
measured using a microplate reader according to the kit 
instructions.

Measuring caspase‑3 in cytoplasm
MCF-7 cells (1 × 105 cells/mL) were seeded in the 6-well 
plate. After treatment with PSB and light, the cells were 
collected, and caspase-3 activity was measured by a cas-
pase-3 assay kit according to manufacturer instructions 
(BestBio, BB-4106). The expressions of caspase-3 were 
detected at 405 nm using a microplate reader.

In vivo systemic toxicity evaluation
To evaluate the physiological effects of PSB on mice, the 
mice were first injected with PSB and the blood at differ-
ent time periods (0, 12, 24 h) was collect for blood bio-
chemistry and blood routine analysis. In addition, we also 
studied the effect of concentrations (0, 105, 106, 107 CFU/
mL) on mice. Weight changes were recorded for 30 days.

In vivo FL imaging
The IVIS system was used to observe the PSB fluorescence 
of mice in vivo. PSB (1 × 107 CFU/mL) was labeled with the 
red fluorescence using NHS-RhB. When the tumor volume 
reached 0.2 cm3, the mice were randomly divided into two 
groups, and the mice were injected with RhB-labeled PSB 

Fig. 6  PSB-based H2 therapy avoided immune escape in B16-F10 mice model. A PD-L1 analysis in tumor tissues after different treatments. Scale 
bar, 50 μm. B Bar graph of quantitation of PD-L1 positive cells. C The expression levels of PD-L1 were determined by tumor tissues with PD-L1 ELISA 
Kit. D Detection of PD-L1 expression after different treatment with or without TNF-α and PSB. E The expression of PD-L1 was detected by flow 
cytometry. F Schematic diagram of PD-L1 expression. Data are presented as the mean ± s.d. (n ≥ 3). *P < 0.05; **P < 0.01; ***P < 0.001
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(107 CFU/mL) with peritumoral injection. IVIS was used to 
observe the distribution of PSB in mice at different times. 
After 48 h, the mice were euthanized, and the organs were 
removed for further vitro imaging.

Cytochrome C and caspase‑3 level detection
Tumor tissues from different groups were lysed, the 
supernatant was taken for further detection. The sam-
ples were subjected to Cytochrome C (Cloud-Clone, 
SEA594Hu) and Caspase-3 (Jianglai, JL2027596t) detec-
tion according to the operating steps in the instructions.

Identification of DCs activation
B16-F10 cells and DCs were divided into four groups (Con, 
Con + L, PSB and PSB + L) and 107 CFU/mL of PSB was 
added into B16-F10 cells. And then B16-F10 cells were 
irradiated for 10  min with xenon lamp (14A) and incu-
bation for 24  h. The PSB was removed by centrifugation 
and the supernatant was added to DCs for incubation for 
24  h.  The cell supernatant was used for TNF-α and IL-6 
cytokine detection, and the cells were stained with MHC 
II/FITC (BioLegend Cat. No. 125508) and CD86/FITC 
(BioLegend Cat. No. 105005) respectively. The fluores-
cence expression levels were detected by flow cytometry.

Detection of cytokine levels in blood
The mice were euthanized after treatment. Blood was 
taken from the eyeballs, and the supernatant was col-
lected after centrifugation. TNF-α (Bioss, bsk12002), IL-6 
(Bioss, bsk12004), IFN-γ (Bioss, bsk12001), IL-1β (Bioss, 
bsk12015) in the blood were detected with Elisa Kit.

Detection of PD‑L1 level in B16‑F10 cells
PD-L1 levels after PSB and TNF-α treatment were meas-
ured: 1 × 105 cells /mL B16-F10 cells were cultured in six-
well plate, and incubated overnight, and divided into four 
groups. Each group was added with PBS, 1 × 107  CFU/
mL PSB, 10  ng/mL of TNF-α cytokines, both PSB and 
TNF-α (Peprotech, 315-01A). After 24  h of incubation, 
PD-L1 ELISA Kit was used to detect the expression level 
of PD-L1 (Cloud Clone, SEA788Mu).
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10 min. (green: living cells; red: dead cells). Scale bar,100μm. Figure S11. 
Cell apoptosis measured by flow cytometry using Annexin V/PI staining 
after treatment with H2 for 6 h. Figure S12. Detection of ·OH levels in 
MCF-7 cells after hydrogen treatment. Figure S13. The mechanistic of 
H2 therapy on B16-F10 cells. (A) Detection of MMP changed with JC-1 
staining in B16-F10 cells. Scale bar, 400 μm. (B) ROS changed in B16-F10 
cells after hydrogen treatment. Scale bar, 1000 μm. (C) Fluorescence quan-
tification of ROS. The change of (D) ·OH, (E) ATP activity and (F) Caspase-3 
released in B16-F10 cells after treatment with H2. Figure S14. In vivo 
fluorescence imaging of mice in control and PSB group at different time 
after injection. Figure S15. The vivo metabolism of PSB at different time 
points. Figure S16. The blood biochemistry and blood routine of ICR mice 
after injection PSB (107 CFU/mL) for different times. Figure S17. Weight 
changes in ICR mice for 30 days after the injection of PSB with different 
concentrations. Figure S18. Tumor volume in each group after different 
treatments (n=6). Figure S19. H&E staining analysis of heart, liver, spleen, 
lung and kidney in different treated groups. Scale bar, 50 μm. Figure S20. 
Expression levels of Caspase-3 and Cytochrome C after the different treat-
ments in vivo. Figure S21. Antigen stimulated DC activation. (A) The MHC 
II and (B) CD86 proteins were measured by flow cytometry on the DC after 
H2 treatment. Figure S22. The effect of H2-immunotherapy in vivo. (A) 
Images of mice within 14 days after different treatments. (B) Survival curve, 
(C) Tumor volume and (D) Body weight of mice after different treatments. 
Figure S23. Gram staining in the tumor tissue. Scale bar, 50 μm. Figure 
S24. Effects of different concentrations of TNF-α on PD-L1 expression.
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