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Abstract: Malignant pleural mesothelioma (MPM) is a rare aggressive cancer. This study investigated the growth-
inhibitory effects of the combination of carbon ion beam irradiation (IR) and cisplatin (CDDP) on MPM xenografts. 
Carbon-ion beam IR at 15 Gy effectively inhibited tumor growth and decreased the tumor volume more than 90% 
after 9 weeks. However, tumor regrowth was observed after 17 weeks. The combination of carbon-ion beam IR (15 
Gy) and CDDP significantly suppressed tumor growth after 9 weeks, with tumor regression being observed for more 
than 18 weeks. In contrast, X-ray IR (30 Gy) alone or in combination with CDDP effectively suppressed tumor growth 
and decreased the tumor volume after 11 weeks, but tumor growth was observed after 15 weeks. Carbon-ion beam 
IR at 25 Gy resulted in complete tumor regression without tumor regrowth in the 20-week follow-up period. Histo-
pathological analysis revealed that combination of carbon-ion beam IR and CDDP exerted effective cytotoxic effects 
on MPM xenograft tumor cells and significantly promoted tumor cell necrosis, cavitation, and fibrosis when com-
pared with individual treatment with carbon-ion beam, X-ray IR, or CDDP. Immunohistochemical analysis revealed 
that the expression levels of tumor cell migration and invasion-related proteins such as CXCL12, MMP2 and MMP9 
were not significantly affected upon low dose (15 Gy) carbon-ion beam IR alone or in combination with CDDP but 
were markedly upregulated upon treatment with CDDP alone relative to control. However, IR with a high dose (25 Gy) 
carbon-ion beam inhibited tumor growth without upregulating these proteins. In conclusion, the combination of IR 
with a low dose (15 Gy) carbon ion beam and CDDP effectively suppressed MPM tumor in vivo without significantly 
upregulating CXCL12, MMP2 and MMP9, suggesting that combination therapy of carbon ion beam IR and chemo-
therapy is a promising therapeutic strategy for MPM. 
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Introduction

The etiological factor for malignant pleural 
mesothelioma (MPM), a rare highly aggressive 
cancer, is long-term asbestos exposure [1]. The 
diagnosis of MPM is difficult at early stages [2, 
3]. The therapeutic strategy for patients with 
MPM includes surgical resection, radiation 
therapy, and chemotherapy [4-6]. As most 
patients with MPM are diagnosed with late-
stage disease, treatment options are limited, 
primarily chemotherapy or immunotherapy 
[7-9]. Carbon-ion beam, a novel promising radi-
ation therapy can target radiation-resistant 

tumors with high efficacy [10-12]. Previously, 
we had elucidated the molecular mechanisms 
underlying the cytotoxic effects of carbon ion 
beam irradiation (IR) on radioresistant cancer 
stem cells (CSCs) in colorectal, breast and pan-
creatic cancers. In particular, the combination 
of carbon-ion beam IR and DNA damaging drugs 
exert potent cytotoxic effects against CSCs [13-
17]. Additionally, our previous basic biological 
study demonstrated that carbon-ion beam IR in 
combination with cisplatin (CDDP) effectively 
exerted cytotoxic effects against MPM cells 
including CSCs [18]. However, in addition to 
evaluating the effect of the combination of car-
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bon-ion beam IR and CDDP on MPM in vitro, the 
in vivo cytotoxic effects of this combination 
must be examined to provide basic data for 
future clinical trials.

In the last 28 years, 15,000 patients with vari-
ous cancer types have been treated with car-
bon-ion radiation therapy (CIRT) and achieved 
promising results [12, 19, 20]. Furthermore, we 
have previously developed a superconducting 
carbon ion beam gantry, which can target 
tumors from all directions [21]. This gantry is 
especially suitable for treating complex-shaped 
tumors such as MPM. This study aimed to eluci-
date the growth-inhibitory effects of carbon-ion 
beam IR alone or in combination with CDDP on 
MPM xenograft tumors in vivo. To the best of 
our knowledge, this is the first study to report 
the effectiveness of carbon-ion beam IR alone 
or in combination with CDDP in targeting MPM 
xenograft. The findings of this study may pro-
vide useful information for the development of 
novel treatment strategies for this refractory 
cancer.

Materials and methods

Cell lines and reagent

Human MPM cell lines (H226 and MESO1) 
which purchased from American Type Culture 
Collection (Manassas, VA), were cultured in 
Dulbecco’s Modified Eagle’s medium supple-
mented with 10% heat-inactivated fetal bovine 
serum (Beit-HaEmek, Israel), 100 U/mL penicil-
lin and 100 μg/mL streptomycin (Invitrogen) at 
37°C and 5% CO2. The culture medium was 
replaced every other day. The stock solution of 
cisplatin (CDDP, Takara Bio Japan) was diluted 
in saline immediately before use. The dosage of 
CDDP used in this study was 5.0 mg/kg body 
weight, which was determined based on previ-
ous reports [22], and is suitable to evaluate its 
effects on mesothelioma in vivo.

Mice and irradiation

Nonobese diabetic-severe immunodeficiency 
(NOD-SCID) mice (male, aged 6-8 weeks, 
Charles River Laboratories, Yokohama, Japan) 
were maintained under defined conditions at 
the QST animal facility. The mice were divided 
into non-IR control (n = 5), CDDP group (n = 5), 
and IR groups (X-30 Gy; X-30 Gy + CDDP; C-15 
Gy; C-15Gy + CDDP; C-25 Gy; each group n = 7) 

for tumor growth delay assay. The mice were 
subcutaneously injected with 50 μL solution 
containing 1 × 106 viable H226 or MESO1 cells 
into the right thigh. Mice were irradiated with 
carbon-ion beams (accelerated by the HIMAC, 
290 MeV/n, center of 6 cm Spread-Out Bragg 
Peak (SOBP)) when the xenograft tumor size 
was approximately 7-9 mm. Tumors irradiated 
with conventional X-ray (200 kVp, TITAN-320, 
GE, USA) served as a reference. Mice bearing 
tumors with diameter of 7-9 mm were injected 
intraperitoneally with CDDP (50 mg/kg body 
weight) alone or at times after a single fraction 
of carbon-ion beam IR, twice a week for 2 
weeks. All animal experiments were performed 
according to the QST institutional animal wel-
fare guidelines. 

Morphological and histopathological analysis

Morphological changes were followed up to 18 
weeks after a single carbon ion beam, or X-ray 
IR alone or in combination with CDDP. The 
tumors were resected at week 8 or 12 post-
carbon ion beam, or X-ray IR alone or in combi-
nation with CDDP, and subjected to histopatho-
logical examination. Xenograft tumors from 
different groups were fixed with 10% neutral 
formalin, embedded in paraffin, and sectioned 
(thickness: 4 μm). The sections were stained 
with hematoxylin and eosin (HE) and observed 
under a microscope.

Immunohistochemical (IHC) analysis

IHC staining was performed according to the 
manufacturer’s protocol (Vectastain ABC Elite 
kit; Vector Laboratories) (8). Briefly, formalin-
fixed, paraffin-embedded tissue sections were 
deparaffinized, rehydrated in a graded series of 
ethanol, and incubated with 0.3% hydrogen 
peroxidase in methanol to block endogenous 
peroxidase. The sections were incubated in 
boiling 10 mmol/L citrate buffer (pH 6.0) to 
retrieve the antigen and preincubated with nor-
mal horse serum (1:50, Vector Laboratories). 
Next, the sections were incubated with anti-
CXCL12, anti-MMP2 and anti-MMP9 (human 
monoclonal; Miltenyi Biotec; 1:2000 dilution) 
iantibodies overnight at 4°C. After washing sec-
tions, they were incubated with universal sec-
ondary antibodies (Vectastain ABC Elite kit; 
Vector Laboratories) containing anti-mouse/
anti-goat IgG for 30 min, stained with diamino-
benzidine (Vectastain ABC Elite kit; Vector 
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Laboratories) for 10 min and counterstained 
with hematoxylin. Ten fields were selected and 
the expression of targeted proteins in 1,000 
tumor cells was evaluated under a high magni-
fication (400 ×) microscope. As a negative con-
trol, the sections were stained without primary 
antibodies to monitor background staining lev-
els. The CXCL12, MMP2, and MMP9 signals 
detected in the cytoplasmic and/or membrane 
were considered immunoreactive. Each section 
was evaluated for immunostaining intensity, 
background staining, and percentage of cells 
expressing the target protein.

Feasibility study of MPM

A feasibility study of treating MPM with a super-
conducting carbon ion beam gantry was per-
formed using CTV and GTV simulations accord-
ing to the evaluated doses and tumor margins.

Statistical analysis

Means between the groups were compared 
using one-way analysis of variance, followed  
by Bonferroni multiple comparison tests. All 
statistical analyses were performed using 
StatView software (SAS Institute, Inc., Cary, 
NC). Differences were considered significant at 
P < 0.05.

Results

Carbon ion beam IR alone or in combination 
with CDDP delays tumor growth 

In this study, both MESO1 and H226 cells could 
form xenograft tumors after transplantation 
into NOD-SCID mice. The time for the MESO1 
and H226 cell-derived tumors to reach 7-9 mm 
was approximately 14-15 weeks and 4-5 
weeks, respectively (Figure 1). This study pri-
marily used H226 xenograft tumors because 
the growth of MESO1 cell-derived tumors is too 
slow for use in this experiment.

To evaluate the growth-inhibitory effects of car-
bon-ion beam IR alone or in combination with 
CDDP, H226 xenograft tumors were treated 
when they achieved a dimeter of 7-9 mm. The 
growth of H226 xenograft tumors was initially 
slow. However, the tumor volume was more 
than 300 mm3 at week 5 post-subcutaneous 
implantation. 

Carbon-ion beam IR at 15 Gy effectively inhib-
ited tumor growth with the tumor volume 
decreasing by more than 90% at week 9 post-
IR. However, the regrowth of tumor was 
observed at week 17 post-IR. Carbon-ion beam 
IR (15 Gy) in combination with CDDP significant-

Figure 1. Tumorigenicity of MESO1 and H226 cells after transplantation into nonobese diabetic-severe immunode-
ficiency (NOD-SCID) mice.
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ly suppressed tumor growth at week 9 post-
treatmen. The decreased tumor size and vol-
ume were observed for more than 18 weeks. In 
contrast, X-ray IR at 30 Gy alone or in combina-
tion with CDDP effectively suppressed tumor 
growth and reduced the tumor size and volume 
by more than 90% at week 11 post-IR, but the 
regrowth of tumors was observed at week 15 
post-IR. Carbon-ion beam IR at 25 Gy resulted 

IR alone or in combination with CDDP is shown 
in Table 1.

Effect of carbon-ion beam alone or in combi-
nation with CDDP on histopathology in xeno-
graft tumors

Histopathological analysis revealed that the 
combination of carbon ion beam IR and CDDP 

Figure 2. Morphological changes in the H226 xenograft tumor after irradia-
tion with carbon ion beam or X-ray irradiation alone or in combination with 
cisplatin (CDDP). 

Figure 3. Irradiation with carbon ion beam or X-ray irradiation alone or in com-
bination cisplatin (CDDP) delayed H226 xenograft tumor growth. 

in complete regression with-
out tumor regrowth in the 
20-week follow-up period 
(Figures 2, 3). The time for 
tumor to regrow to volume 
20 mm3 was 80 days after 
low dose (15 Gy) of carbon-
ion beam IR alone treat-
ment, which was delayed 
more than 17 days compa- 
red to X-30 Gy treatment. It 
was 27 days further delayed 
when combined with CDDP. 
In contrast, treatment with 
high-dose (25 Gy) carbon ion 
beam IR alone resulted in 
complete tumor disappear-
ance without regrowth. The 
tumor growth delay in detail 
after carbon-ion beam, X-ray 
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effectively inhibited growth of MPM xenograft 
tumor cells and induced significant tumor cell 
necrosis, cavitation, and fibrosis when com-
pared with treatment with CDDP alone. This 
indicated that the combination of carbon ion 
beam IR and CDDP exerts potent cytotoxic 
effect against tumor cells. IR with high dose of 
carbon ion beam induced severe tumor cell 
cavitation, eliminate tumors, and prevented 
tumor recurrence (Figure 4).

IHC analysis of the effect of carbon-ion beam 
IR alone or in combination with CDDP on 
CXCL12, MMP2, and MMP9 expression levels

To clarify the effects of carbon-ion beam IR 
alone or in combination with CDDP on tumor 
migration and invasion-related proteins, the 
expression levels of CXCL12, MMP2 and MMP9 
expression were examined using IHC. IR with 
low dose (15 Gy) carbon-ion beam IR alone did 

Table 1. H226 xenograft tumor growth delay after carbon-ion beam or X-ray IR alone or in combina-
tion with CDDP

Time for tumor 
grow to volume 

(80 mm3)

Time for tumor 
to shrink to 

minimum volume 
(0-5 mm3)

Time for tumor to 
regrow to volume 

(20 mm3)

Time for tumor to 
regrow to volume 

(70 mm3)

Time for tumor to 
regrow to volume 

(80 mm3)

Control 34 days
X-30 Gy 52 days 63 days 77 days 84 days
X-30 Gy + CDDP 35 d (-17 days) 72 d (+9 days) 90 d (+13 days)
C-15 Gy 25 d (-27 days) 80 d (+17 days) --
C-15 Gy + CDDP 25 d (-27 days) 90 d (+27 days) --
C-25 Gy 21 d (-31 days) -- --

Figure 4. Effects of carbon ion beam or X-ray irradiation alone or in com-
bination with cisplatin (CDDP) on histopathological features of the H226 
xenograft tumor.
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not significantly affect expression of CXCL12. In 
contrast, treatment with CDDP alone or with 
high dose (30 Gy) X-ray IR alone or in combina-
tion with CDDP markedly upregulated the 
CXCL12 levels. Furthermore, the CXCL12 
expression level in the groups treated with the 
combination of carbon-ion beam IR and CDDP 
was slightly higher than that in control. IR with 
high dose (25 Gy) carbon-ion beam completely 
inhibited tumor growth without upregulating 
CXCL12 expression. Similar to CXCL12, MMP2 
expression was not significantly affected upon 
IR with 15 Gy carbon-ion beam alone but was 
upregulated upon treatment with CDDP alone 
or IR with X-ray or carbon-ion beam in combina-
tion with CDDP. In contrast, IR with high dose of 
carbon-ion beam (25 Gy) alone effectively erad-
icated tumors without inducing MMP2 expres-
sion. The expression levels of MMP9 in the 
group treated with CDDP alone or with high 
dose (30 Gy) of X-ray IR alone or in combination 
with CDDP were markedly higher than those in 
the group treated with the combination of car-
bon-ion beam IR and CDDP. IR with a low dose 
(15 Gy) of carbon-ion beam slightly downregu-
latged MMP9 expression. The expression of 
MMP9 was not detected in the group irradiated 
with a high dose (25 Gy) of carbon-ion beam 
(Figure 5). 

Feasibility study of MPM

The treatment of MPM, which is a complex-
shaped tumor, using conventional radiation 
therapy is challenging. Previously, we had 
developed a high-LET superconducting carbon 
ion beam gantry system with fast scanning and 
fast respiration gating, which can target tumors 
from all directions with a smooth IR electric 
field expansion [21]. Thus, a feasibility study 
was performed. Based on the accumulated 
data of clinical outcomes of CIRT for non-small 
cell lung cancer (NSCLC), a dose of 68.4 Gy/
RBE achieved a local control rate of 95% [23, 
24]. MPM cells are reported to be more sensi-
tive to carbon ion IR than NSCLC cells [18, 25]. 
Hence, an appropriate total dose of 64.4 GyE 
can be used to target the MPM with a certain 
margin to the GTV, CTV and PTV, and the car-
bon ion beam can be delivered from four copla-
nar beam directions for diseased lung plus one 
non-coplanar beam direction for interlobar 
pleura (Figure 6).

Discussion

This study demonstrated that H226 xenograft 
tumors were significantly suppressed by more 
than 90% at week 8 post-carbon-ion beam IR 
(15 Gy) alone. However, tumor regrowth was 
observed at week 17 post-IR. Carbon-ion beam 
IR at 15 Gy in combination with CDDP effective-
ly inhibited tumor growth and decreased the 
tumor size and volume. Tumor regrowth was 
not observed for more than 18 weeks post-IR. 
In contrast, X-ray IR at 30 Gy effectively sup-
pressed tumor growth and decreased the 
tumor size and volume at week 10 post-IR, but 
tumor regrowth was observed at week 12 post-
IR. IR with 25 Gy carbon-ion beam resulted in 
complete regression without tumor regrowth in 
the 20-week follow-up period. IR with high dose 
of carbon-ion beam or the combination of car-
bon-ion beam IR and CDDP exerted higher 
growth-inhibitory effects against MPM tumors 
than carbon-ion beam IR alone or X-ray IR in 
combination with CDDP. This finding suggests 
that combination strategies are important for 
improving tumor control when it is difficult to 
increase the dose of carbon-ion beam IR, but it 
is better to treat the tumor with a dose high 
enough to achieve a complete cure. This is con-
sistent with the results of previous studies, 
which reported that DNA damaging anticancer 
drugs can effectively induce cell death in 
tumors including MPM [26-28]. Furthermore, 
the combination of carbon ion beam IR and 
CDDP achieved a significantly higher regres-
sion of tumor size than X-ray, carbon ion beam 
IR alone, or the combination of X-ray IR and 
CDDP, suggesting that CDDP significantly sensi-
tized the MPM tumor to carbon ion beam IR.

Histopathological analysis revealed that the 
growth-inhibitory efficacy of the combination of 
carbon-ion beam IR and CDDP against MPM 
cells with significant induction of tumor cell 
necrosis, cavitation and fibrosis was higher 
than that of carbon-ion beam IR, X-ray IR, or 
CDDP treatment alone. A high dose of carbon 
ion beam IR appeared to induce severe tumor 
cell cavitation and eliminated tumor cells. This 
finding indicates that a relatively low dose of 
carbon-ion beam IR combined with CDDP, or a 
high dose of carbon ion beam IR can efficiently 
inhibit MPM growth. These findings are partially 
consistent with those of in vivo (16) and clinical 
trials studies, which reported that combination 
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of carbon ion beam IR and chemotherapy effec-
tively suppresses cancer growth [29, 30]. 

Furthermore, the effects of the combination of 
carbon ion beam IR and CDDP on tumor migra-
tion and invasion-related proteins, such as 
CXCL12, MMP2, and MMP9 were examined. 
CXCL12, a chemotactic factor for T cells, is 
reported to be associated with tumor cell pro- 
liferation, motility, and metastasis [31, 32]. 
MMP2 and MMP9 play pivotal roles in the pro-
cesses of inflammation, and tumor invasion 
and metastasis [33, 34]. The expression levels 

of CXCL12 in the group irradiated with a rela-
tively low dose (15 Gy) of carbon-ion beam 
alone or in combination with CDDP were not 
significantly different from those in the control. 
However, the CXCL12 expression levels were 
upregulated upon treatment with CDDP alone 
or with high dose (30 Gy) X-ray IR alone or in 
combination with CDDP, indicating that chemo-
therapy or conventional X-ray IR alone or its 
combination upregulates CXCL12 expression. 
However, IR with a high dose (25 Gy) of carbon-
ion beam completely inhibited tumor growth 
without inducing CXCL12 expression. We spec-

Figure 5. Effects of irradiation with carbon ion beam or X-ray irradia-
tion alone or in combination with cisplatin (CDDP) on the expression 
levels of CXCL12, MMP2, and MMP9 in H226 xenograft tumor.
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ulate that carbon-ion beam IR destroyed tumor 
cells and abolished CDDP-induced increases in 
migration and invasion. This finding suggests 
that chemotherapy or conventional X-ray IR 
alone or its combination enhances the ability of 
migration and invasion, whereas the combina-

tion of carbon-ion beam IR and CDDP sup-
presses tumor regrowth but does not markedly 
promote tumor migration and invasion. MMP2 
expression was not significantly affected upon 
IR with 15 Gy carbon-ion beam alone or in com-
bination with CDDP but was upregulated upon 

Figure 6. Feasibility study of using superconducting carbon ion beam gantry to treat malignant pleural mesothe-
lioma. The carbon ion beam can be delivered from four coplanar beam directions for diseased lung plus one non-
coplanar beam direction for interlobar pleura.
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treatment with CDDP alone or with 30 Gy X-ray 
IR alone or in combination with CDDP. In con-
trast, IR with a high dose (25 Gy) of carbon-ion 
beam alone effectively eradicated tumors with-
out inducing MMP2 expression. The MMP9 
expression levels in the group treated with 
CDDP alone or with 30 Gy X-ray IR alone or in 
combination with CDDP were higher than those 
in the group treated with the combination of 
carbon-ion beam IR and CDDP. However, IR 
with a low dose (15 Gy) of carbon-ion beam 
slightly downregulated MMP9 expression. IR 
with a high dose (25 Gy) of carbon-ion beam 
completely suppressed the expression of 
MMP9. This suggests that the combination of 
carbon-ion beam IR and CDDP may inhibit MPM 
growth without significantly upregulating tumor 
cell migration and invasion.

The results of a feasibility study of MPM 
revealed that superconducting carbon ion 
beam gantry can target tumors flexibly from any 
angle with fast scanning and smooth IR field 
expansion. An appropriate dose of carbon ion 
beam can be delivered to MPM without expos-
ing the surrounding healthy organs, such as the 
heart and lungs to radiation.

In summary, a low dose (15 Gy) of carbon ion 
beam in combination with CDDP effectively 
suppressed MPM tumor in vivo without signifi-
cantly upregulating tumor migration and inva-
sion-related proteins. Thus, combination thera-
py with carbon ion beam IR and chemotherapy 
is a promising treatment for MPM.
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