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Abstract
Hydrogen peroxide (H2O2) induces oxidative stress and cytotoxicity, and can be used 
for treating cancers in combination with radiotherapy. A product comprising H2O2 
and sodium hyaluronate has been developed as a radiosensitizer. However, the ef-
fects of H2O2 on antitumor immunity remain unclear. To investigate the effects of 
H2O2, especially the abscopal effect when combined with radiotherapy (RT), we im-
planted murine tumor cells simultaneously in two locations in mouse models: the hind 
limb and back. H2O2 mixed with sodium hyaluronate was injected intratumorally, fol-
lowed by irradiation only at the hind limb lesion. No treatment was administered to 
the back lesion. The H2O2/RT combination significantly reduced tumor growth at the 
noninjected/nonirradiated site in the back lesion, whereas H2O2 or RT individually 
did not reduce tumor growth. Flow cytometric analyses of the tumor-draining lymph 
nodes in the injected/irradiated areas showed that the number of dendritic cells in-
creased significantly with maturation in the H2O2/RT combination group. In addition, 
analyses of tumor-infiltrating lymphocytes showed that the number of CD8+ (cluster 
of differentiation 8) T cells and the frequency of IFN-γ+ (interferon gamma) CD8+ 
T cells were higher in the noninjected/nonirradiated tumors in the H2O2/RT group 
compared to those in the other groups. PD-1 (programmed death receptor 1) block-
ade further increased the antitumor effect against noninjected/nonirradiated tumors 
in the H2O2/RT group. Intratumoral injection of H2O2 combined with RT therefore 
induces an abscopal effect by activating antitumor immunity, which can be further 
enhanced by PD-1 blockade. These findings promote the development of H2O2/RT 
therapy combined with cancer immunotherapies, even for advanced cancers.
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1  |  INTRODUC TION

Radiotherapy (RT) plays an important role in the treatment of can-
cer, along with surgery and anticancer drugs, and is currently used 
for a variety of purposes, including curative and palliative therapy.1,2 
However, radioresistance occurs at times; this is partially caused 
by the presence of hypoxic cells and antioxidant enzymes, such as 
peroxide and catalase, that neutralize the reactive oxygen species 
generated by RT.3 To overcome this, hydrogen peroxide (H2O2) 
mixed with sodium hyaluronate (KRC-01 or KORTUC®) was devel-
oped as a radiosensitizer.4 When H2O2 is injected into the tumor, 
antioxidant enzymes, such as peroxidase and catalase, are deacti-
vated. Simultaneously, oxygen molecules are produced from the 
decomposition of H2O2; this can improve hypoxic conditions in tu-
mors.5 Clinical trials for breast (NCT03946202) and cervical cancer 
(NCT05570422) have been conducted.6,7

The concept of the abscopal effect was first introduced by Mole in 
1953, and it refers to the regression of metastatic tumors located far 
from the irradiated field.8 Since then, abscopal effects have been re-
ported in breast cancer,9 melanoma,10,11 hepatocellular carcinoma,12 
renal cell carcinoma,13 and non-small-cell lung cancer.14,15 The mecha-
nism of this abscopal effect in response to radiation is not fully under-
stood; however, the prevailing hypothesis is that the effect is primarily 
due to the activation of antitumor immunity.16 Irradiated tumors re-
lease damage-associated molecular patterns (DAMPs), which activate 
the immune system, leading to an abscopal effect.16 However, the 
abscopal effect of H2O2 with RT has not been evaluated. Here, we in-
vestigated the abscopal effects and mechanisms underlying the com-
bination therapy using intratumoral H2O2 injection and RT in mouse 
models. In addition, we evaluated the efficacy of the combination 
therapy with PD-1 blockade using the same model.

2  |  MATERIAL S AND METHODS

2.1  |  Cell lines and reagents

The MC-38 cell line (murine colon cancer) was obtained from 
Kerafast. The B16F10 cell line (murine melanoma) was obtained 
from the American Type Culture Collection. These cell lines were 
maintained in DMEM (FUJIFILM Wako Pure Chemical Corporation) 
supplemented with 10% fetal bovine serum (FBS; Thermo Fisher 
Science). All tumor cells were used after confirming that they were 
Mycoplasma (−) using the PCR Mycoplasma Detection Kit (TaKaRa), 
according to the manufacturer's instructions. The rat anti-mouse 
PD-1 monoclonal antibody (mAb) (RMP1-14) and control rat IgG2a 
mAb (RTK2758) were obtained from BioLegend.

2.2  |  In vitro HMGB1 and calreticulin assay

MC-38 cells (1 × 105) were treated with H2O2 (10 μM or 50 μM), 
RT (5 Gy), or a combination of both. Twenty-four hours later, the 

supernatants and cells were collected for HMGB1 and calreticulin 
assays, respectively. HMGB1 levels were measured by ELISA using 
an HMGB1 detection kit (Promega) according to the manufacturer's 
instructions. For calreticulin, we evaluated its expression on the cell 
surface using flow cytometry.

2.3  |  In vivo animal models

Female C57BL/6J mice (6–8 weeks old) were purchased from SLC 
Japan. C57BL/6J-Prkdc<scid>/Rbrc mice (B6 SCID; RBRC01346) 
were obtained from RIKEN BRC. Cells were inoculated subcu-
taneously into the left hind limb (MC38:1 × 106, B16F10:5 × 105) 
and right back (MC38:5 × 105, B16F10:2.5 × 105). Tumor volume 
was monitored every 3 days. The means of the long and short di-
ameters were used to generate tumor growth curves. Tumors and 
iliac lymph nodes (tumor-draining lymph nodes [TDLNs]) were har-
vested 14 days after tumor cell inoculation for evaluation using flow 
cytometry. All in vivo experiments were performed at least twice. 
All the mice were maintained under specific pathogen-free condi-
tions at the animal facility of the Institute of Biophysics. Animal 
experiments were approved by the Animal Committee for Animal 
Experimentation of Okayama University. All experiments met 
the US Public Health Service Policy on Human Care and Use of 
Laboratory Animals.

2.4  |  In vivo treatment

When tumor volume in the left hind limb reached approximately 
100 mm3 (before day 10), 0.25 mL of 0.5% w/v H2O2 (Oxydol; Ken-ei 
Pharmaceutical) mixed with 0.83% w/v sodium hyaluronate (Meiji 
Seika Pharma) was immediately administered directly into the center 
of the tumors at one site in the left hind limb. Within 30 min after 
dosing, 15-Gy single dose irradiation was applied to the same tumors 
using MBR-1520R-3 (15 mA with a 0.5 mm Al and 0.2 mm Cu filter; 
Hitachi) at a rate of approximately 1 Gy/min. During irradiation, a 
custom fixation device was used to prevent irradiation of tumors on 
the back (Figure S1). Anti-PD-1 mAb (200 μg/mouse) or control mAb 
was administered intraperitoneally three times every 3 days after 
H2O2 injection and irradiation on day 10.

2.5  |  Flow cytometry analyses

Flow cytometry assays were performed as previously described.17,18 
Briefly, the cells were washed with PBS containing 2% FBS and 
stained with surface antibodies. The samples were assessed 
using FACS Fortessa (BD Biosciences) and FlowJo software (BD 
Biosciences). Staining antibodies were diluted according to the man-
ufacturer's instructions. For intracellular cytokine staining, a protein 
transport inhibitor (BD Biosciences) was added for the last 4 h of 
culture with phorbol myristate acetate (PMA; Selleck) and ionomycin 
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    |  3KEMMOTSU et al.

(Cayman Chemical). The antibodies used in the flow cytometry anal-
yses are summarized in Table S1.

2.6  |  Statistical analysis

GraphPad Prism 8 (GraphPad Software) was used for statistical anal-
yses. The relationships among groups were compared using one-way 
analysis of variance (ANOVA). The relationships between tumor vol-
ume curves were compared using two-way ANOVA. For multiple 
testing, Bonferroni corrections were employed. All tests were two-
tailed and P values <0.05 were considered statistically significant.

3  |  RESULTS

3.1  |  The H2O2/RT combination treatment induces 
an abscopal effect

First, we examined whether H2O2/RT combination treatment in-
duced an abscopal effect in mouse models, using MC38 and B16F10 
cell lines (Figure 1A). In clinical settings, H2O2 mixed with hyaluro-
nate is injected into multiple sites on large tumors.7 However, in our 
mouse models, the tumors were so small that the mixture would 
spread over the entire tumor after injecting at one site, therefore we 
injected at only one site in the center of the tumors. Tumor growth 

F I G U R E  1  In vivo efficacy of hydrogen peroxide/radiotherapy (H2O2/RT) combination treatment in wild-type immunocompetent mice. 
(A) Experimental schema. Cells were inoculated subcutaneously in the left hind limb and right back. Tumor volume was monitored every 
3 days. When the tumor volume in the left hind limb reached approximately 100 mm3 (before day 10), H2O2 was administered intratumorally 
in the left hind limb. Within 30 min after dosing, 15-Gy single-dose irradiation was performed at the tumor sites. During irradiation, a 
custom fixation device was used to prevent irradiation to the tumors on the back. (B, C) Tumor growth at the injected/irradiated sites in 
wild-type immunocompetent mice (n = 5 per group). The data for MC-38 (B) and B16F10 (C) are shown. (D, E) Tumor growth in noninjected/
nonirradiated sites of wild-type immunocompetent mice (n = 5 per group). The data for MC-38 (D) and B16F10 (E) are shown. All in vivo 
experiments were performed in duplicate and similar results were obtained. Two-way analysis of variance with Bonferroni's multiple 
comparisons test was used in (B)–(E) for statistical analyses. The means and SEMs are shown. **P < 0.01, ****P < 0.0001; n.s., not significant.
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4  |    KEMMOTSU et al.

in the injected/irradiated sites was suppressed comparably in both 
the RT alone and H2O2/RT combination groups (Figure 1B,C). Tumor 
growth at the noninjected/nonirradiated site was also compara-
ble among the control, H2O2 alone, and RT alone groups; however, 
the suppression was significant in the H2O2/RT combination group 
(Figure 1D,E). These findings indicate that H2O2 enhances the ab-
scopal effect when combined with RT.

3.2  |  The enhanced abscopal effect by 
H2O2 administration is mediated through the 
immune system

We evaluated tumor growth using immunodeficient SCID (severe 
combined immunodeficiency) mice with the same experimental de-
sign to investigate the influence of the immune system (Figure 1A). 
Neither RT alone nor H2O2/RT combination treatment suppressed 
tumor growth at the noninjected/nonirradiated site, and there 
was no significant difference from the other groups (Figure 2A,B), 

therefore the H2O2/RT combination treatment induces the abscopal 
effect via the immune system.

We evaluated DAMPs, which are released after cellular 
stresses such as cell death and damage, and could influence the 
abscopal effect.19,20 HMGB1 is a multifunctional protein. In the nu-
cleus, HMGB1 acts as a chromatin conformational change factor 
that converts the conformation of chromatin to an optimal state 
for transcription by replacing histone H1 and relaxing the nucleo-
some structure; it is widely recognized as one of the DAMPs.19–22 
HMGB1 in the supernatant of cultured MC-38 cells was signifi-
cantly increased in the RT alone group, and the addition of H2O2 
further increased the release in a concentration-dependent man-
ner (Figure 3A). Next, we analyzed the cell surface expression of 
calreticulin, a protein regulating intracellular Ca2+ homeostasis and 
the Ca2+ capacity of the endoplasmic reticulum, using flow cytom-
etry.19,20 Calreticulin on the cell surface activates antitumor immu-
nity.23 Calreticulin expression on the cell surface was significantly 
increased by H2O2 alone in a concentration-dependent manner; 
this was further increased by the combination with RT (Figure 3B). 

F I G U R E  2  In vivo efficacy of hydrogen peroxide/radiotherapy (H2O2/RT) combination treatment in immunodeficient SCID mice. In vivo 
experiments were performed as described in Figure 1A, using the MC-38 cell line and immunodeficient SCID mice (n = 5 per group). The data 
for the injected/irradiated (A) and noninjected/nonirradiated (B) sites are shown. All in vivo experiments were performed in duplicate and 
similar results were obtained. Two-way analysis of variance with Bonferroni's multiple comparisons test was used for statistical analysis. The 
means and SEMs are shown. ****P < 0.0001; n.s., not significant.

F I G U R E  3  DAMPs evaluated in vitro. MC-38 cells were treated with hydrogen peroxide (H2O2), radiotherapy (RT), or a combination of the 
two. Twenty-four hours later, the supernatants and cells were collected for HMGB1 and calreticulin assays, respectively. HMGB1 levels were 
measured using ELISA, and calreticulin expression on the cell surface was analyzed using flow cytometry. HMGB1 concentration (A) and 
calreticulin expression (B) are shown. In vitro experiments were performed in quintuplicate. One-way analysis of variance with Bonferroni's 
multiple comparisons test was used for statistical analysis. The means and SEMs are shown. ***P < 0.001, ****P < 0.0001; n.s., not significant; 
CALR, calreticulin; PE, phycoerythrin.
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    |  5KEMMOTSU et al.

H2O2/RT combination treatment can therefore further activate 
antitumor immunity by releasing and exposing DAMPs compared 
to individual treatments.

3.3  |  The H2O2/RT combination treatment 
activates antitumor immunity in the noninjected/
nonirradiated site

DAMPs are recognized by pattern recognition receptors (PRRs) on 
dendritic cells (DCs), leading to the activation and maturation of 
DCs,19,20 therefore we analyzed DCs in TDLNs. Flow cytometric 

analysis of irradiated areas revealed a significant increase in the 
number of DCs (CD11c+I-A/I-E+) in the TDLNs from the H2O2/RT 
combination group compared to that in the control and RT alone 
groups (Figure 4A). Next, we evaluated DC maturation; CD80 and 
CD86 are the most common indicators of DC maturation.24 The ex-
pressions of both CD80 and CD86 were significantly increased in 
the DCs in the H2O2/RT combination group compared to that in the 
other groups (Figure 4B,C). In addition, a significant increase in MHC 
class II expression in DCs was observed in the H2O2/RT combination 
group (Figure 4D).

We next investigated tumor-infiltrating lymphocytes (TILs) at the 
noninjected/nonirradiated sites using flow cytometry. We found a 

F I G U R E  4  Tumor-draining lymph node (TDLN) and tumor-infiltrating lymphocyte (TIL) analyses. In vivo experiments were performed 
as described in Figure 1A, using the MC-38 cell line and immunocompetent wild-type mice. TDLNs in the irradiated/injected areas and 
tumors in the noninjected/nonirradiated areas were harvested on day 14 for evaluation using flow cytometry (n = 5 per group). (A) Number 
of dendritic cells (DCs) in TDLNs at the irradiated/injected areas. (B–D) CD80 (B), CD86 (C), and I-A/I-E (D) expression in DCs in TDLNs at 
the irradiated/injected areas. Representative flow cytometry staining (left) and summary (right) are shown. (E) The number of CD8+ T cells 
in the noninjected/nonirradiated tumors. (F) The proportion of IFN-γ+CD8+ T cells in noninjected/nonirradiated tumors. Representative 
flow cytometric staining (left) and summary (right) images are shown. One-way analysis of variance with Bonferroni's multiple comparisons 
test was used for statistical analysis. The means and SEMs are shown. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; n.s., not significant. 
H2O2, hydrogen peroxide; RT, radiotherapy.
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6  |    KEMMOTSU et al.

significant increase in the number of CD8+ T cells in tumors in the 
H2O2/RT combination group compared to that in the control or RT 
alone group (Figure 4E). In addition, the frequency of IFN-γ+CD8+ 
T cells was significantly increased in the H2O2/RT combination 
group (Figure 4F). Altogether, the H2O2/RT combination treatment 
increased DC infiltration and maturation, leading to the abscopal ef-
fect via T-cell activation at the nonirradiated/noninjected sites.

3.4  |  H2O2/RT combination with anti-PD-1 mAb 
shows additional tumor regression

Cancer immunotherapy has been used in clinical settings in recent 
years.25 Cancer immunotherapy can activate antitumor immunity; 
combination treatment with PD-1 blockade and RT can further 

increase antitumor immunity and is more likely to generate abscopal 
effects.26 We therefore added anti-PD-1 mAb to the same model 
(Figure 5A); we found complete tumor regression in the injected/ir-
radiated site (Figure 5B) and significant tumor regression in the non-
injected/nonirradiated site (Figure  5C). These results indicate that 
the combination of H2O2, RT, and anti-PD-1 mAb is more likely to 
induce an abscopal effect.

4  |  DISCUSSION

RT exhibits antitumor effects through DNA cleavage and free 
radical generation.1,2 The presence of abundant oxygen increases 
free radical production because oxygen molecules are powerful 
oxidants. However, as the tumor grows, the tumor core becomes 

F I G U R E  5  In vivo efficacy of combination with hydrogen peroxide (H2O2), radiotherapy (RT), and anti-PD-1 mAb. (A) Experimental 
schema. Cells were inoculated subcutaneously in the left hind limb and right back. Tumor volume was monitored every 3 days. When 
the tumor volume in the left hind limb reached approximately 100 mm3 (before day 10), H2O2 was administered intratumorally in the left 
hind limb. Within 30 min after dosing, 15-Gy single-dose irradiation was administered to the same tumor. During irradiation, a homemade 
fixation device was used to prevent irradiation to the tumors on the back. Anti-PD-1 mAb (200 μg/mouse) or control mAb was administered 
intraperitoneally three times every 3 days after H2O2 injection or irradiation. (B, C) Tumor growth in the injected/irradiated sites (B) 
and the noninjected/nonirradiated sites (C) of wild-type immunocompetent mice (n = 5 per group). The data of MC-38 are shown. CR, 
complete regression. All in vivo experiments were performed in duplicate and similar results were obtained. Two-way analysis of variance 
with Bonferroni's multiple comparisons test was used for statistical analysis. The means and SEMs are shown. *P < 0.05, ***P < 0.001, 
****P < 0.0001; n.s., not significant.
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    |  7KEMMOTSU et al.

hypoxic; in addition, the tumor produces excess amounts of anti-
oxidant enzymes to protect itself from reactive oxygen species, 
which makes local control of the tumor by RT difficult.3 Ogawa 
et al. therefore developed a method to inject H2O2 directly into 
the tumor.4 Neutralizing with H2O2, an active oxygen, eliminates 
antioxidant enzymes such as peroxidase with the production of 
oxygen as the end product; this ameliorates hypoxia. In addition, 
H2O2 itself causes DNA damage and induces cell death via apop-
tosis and necrosis27–30; exposure to H2O2 may increase the expres-
sion of inflammatory cytokines.31,32 KORTUC®, a mixture of H2O2 
and sodium hyaluronate, was developed for clinical applications in 
the UK and Japan.6,7

The abscopal effect is defined as the simultaneous regression 
of both the irradiated tumor and the tumor outside the irradiated 
area. This effect is seen relatively rarely in clinical settings.9–15 In 
this study, we found that intratumoral injection of H2O2 immediately 
followed by irradiation suppressed tumor growth in mouse models 
not only at the irradiated site, but also at the noninjected/nonirra-
diated site. There are various hypotheses explaining the abscopal 
effect; one hypothesis is that irradiation activates antitumor immu-
nity, which kills distant tumor cells.16 There is an increase in CD8+ T 
cells in TILs following chemoradiotherapy, partly due to radiation-
induced reprogramming of the tumor microenvironment toward an-
titumor immune responses.33,34 Radiation reportedly activates DCs 
in tumors35; a significant increase in mature DCs was observed in 
TDLNs in the mouse model used in this study. In addition, we found 
significant increases in CD8+ T-cell infiltration and IFN-γ production 
in CD8+ T cells of noninjected/nonirradiated tumors. In vitro exper-
iments showed that HMGB1 release and calreticulin expression on 
the cell surface increased in the H2O2/RT combination treatment. 
These molecules are DAMPs that are recognized by PRR on DCs, 
leading to DC maturation,19,20 therefore H2O2/RT combination 
treatment promotes DC maturation via increased DAMPs, leading to 
activated systemic antitumor immunity.

We irradiated mice with 15 Gy in one fraction. Although this dose 
is rarely used in clinical settings, hypofractionated radiotherapy has 
been reported to induce a strong abscopal effect.36 In this present 
study, we used the same dose and fraction as those previously re-
ported in the H2O2 study,37 resulting in an abscopal effect. However, 
the optimal dose and fraction for the abscopal effect are yet to be 
determined. Thus, the optimal irradiation method to induce the 
strongest abscopal effect should be determined in future research.

PD-1 blockade exerts its antitumor effect by activating T-cell 
immune responses, which may be more effective when combined 
with RT.35 The combination of PD-1 blockade therapy and RT has 
been effective in several clinical trials. In addition, the administra-
tion of PD-1/PD-L1 inhibitors with local RT to the metastatic site in 
advanced lung cancer can improve the patient's prognosis.38,39 We 
have shown that antitumor immunity can be activated by H2O2 in-
tratumoral injection combined with RT in mouse models; in addition, 
we evaluated PD-1 blockade to the same mouse model. The combi-
nation of H2O2/RT with anti-PD-1 mAb further suppressed tumor 
growth at noninjected/nonirradiated sites, therefore the combina-
tion of H2O2, RT, and anti-PD-1 mAb could provide additional thera-
peutic benefits, even against advanced cancers.

In summary, H2O2/RT combination treatment activates antitu-
mor immunity and suppresses tumor growth in noninjected/nonir-
radiated sites as an abscopal effect (Figure 6). The addition of PD-1 
blockade further increased the antitumor effects at noninjected/
nonirradiated sites. These findings indicate the promising efficacy 
of the combination of H2O2, RT, and anti-PD-1 mAb, even against 
advanced cancers.
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Intratumoral administration of H2O2 combined with RT increases 
the release of damage-associated molecular patterns (DAMPs), 
leading to dendritic cell infiltration and maturation. This results in 
the activation of antitumor immunity and the suppression of tumor 
growth in noninjected/nonirradiated tumors.
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