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Abstract: Non-small-cell lung cancer (NSCLC) has a high incidence and poses a serious threat to
human health. However, the treatment outcomes of concurrent chemoradiotherapy for non-small-cell
lung cancer are still unsatisfactory, especially for high grade lesions. As a new cancer treatment,
heavy ion radiotherapy has shown promising efficacy and safety in the treatment of non-small-cell
lung cancer. This article discusses the clinical progress of heavy ion radiotherapy in the treatment of
non-small-cell lung cancer mainly from the different cancer stages, the different doses of heavy ion
beams, and the patient’s individual factors, and explores the deficiency of heavy ion radiotherapy in
the treatment of non-small-cell lung cancer and the directions of future research, in order to provide
reference for the wider and better application of heavy ion radiotherapy in the future.
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1. Non-Small-Cell Lung Cancer

Lung cancer is a kind of malignant tumor originating from the bronchial mucosa or
glands. According to the statistics of the World Health Organization, there were more than
2.2 million new cases of lung cancer in 2020, accounting for 11.4% of all newly diagnosed
cancers, ranking second, and the mortality rate was 18%, ranking first, and it is still
increasing year by year [1]. Among them, there were more male patients than female
patients, and the high incidence group was over 75 years old [2]. In China, the incidence of
lung cancer is 35.13/100,000, and the mortality is 28.57/100,000, ranking first among all
cancers. The incidence and mortality of lung cancer remain low in the age group under
40 years old, but the incidence and mortality of lung cancer rise sharply and reach a peak
in the age group from 80 to 84 years old [3]. Air pollution, smoking, other bad living habits,
as well as genetic factors, are the main causes of lung cancer. According to pathological
classification, lung cancer can be divided into small-cell lung cancer (SCLC) and non-small-
cell lung cancer (NSCLC), of which NSCLC accounts for approximately 80–90% of lung
cancer. Therefore, the treatment of NSCLC is of great significance.

2. Heavy Ion Radiotherapy

Although the current treatment of lung cancer is comprehensive and based on surgery,
due to the lack of awareness of regular physical examination, many patients at the time
of diagnosis are already in the late stage, which means that they are not suitable for
surgery [4]. As a main treatment means used in lung cancer, radiotherapy has a long
history. In conventional X-ray radiotherapy, it is difficult to transfer enough dose to the
tumor part since the tumor tissue is surrounded by normal lung tissue and the electron
density is low [5], which means that X-ray treatment requires a higher dose to achieve a
certain therapeutic effect, which may increase the probability of radiation damage [6]. As a
new radiotherapy method, heavy ion radiotherapy has better efficacy and fewer adverse

Int. J. Mol. Sci. 2022, 23, 2316. https://doi.org/10.3390/ijms23042316 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms23042316
https://doi.org/10.3390/ijms23042316
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0001-8495-4175
https://doi.org/10.3390/ijms23042316
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms23042316?type=check_update&version=2


Int. J. Mol. Sci. 2022, 23, 2316 2 of 14

reactions compared with photon radiotherapy. In stage I inoperable NSCLC, 5-year overall
survival for conventional radiotherapy (CRT) (20%) was significantly lower than that for
carbon ion radiotherapy (CIRT) (42%) [7]. Kubo et al. found that the residual dose of
CIRT was lower than that of X-ray radiotherapy in normal lung tissue, spinal cord, bone,
and esophagus at the same radiation dose. The main adverse event, radiation pneumonia,
occurred in 5.2% of patients receiving CIRT and 8.5% of patients receiving X-rays. Under
the same irradiation dose conditions, the target dose of heavy ion (mainly carbon ion)
treatment is higher, and the damage to surrounding normal tissues is less [8]. Wink et al.
compared the effects of carbon ions, protons, and photons on stage I NSCLC. A total of
24 patients were treated with a dose prescription of 60 Gy, delivered in eight fractions (fr).
The results showed that the mean dose of protons and carbon ions was lower than that of
photons, and the dose of carbon ions to the lung, heart, and mediastinum was the lowest;
that is, the dangerous organ dose of carbon ions was lower [9]. Ebara et al. compared
dosimetry between stereotactic body radiotherapy (SBRT) with CIRT in 13 stage I NSCLC
patients. In the CIRT group, prescription of the dose and fractionation for stage IA and
IB were 52.8 Gy/4 fr and 60.0 Gy/4 fr, respectively. SBRT group was given the same dose
as CIRT group. The results showed that the normal lung tissue dose in the CIRT group
was significantly lower than that in the SBRT group. Even for larger tumors, the normal
lung tissue dose of CIRT was lower and its target conformity was better [10]. Iwata et al.
studied 70 T2a/bN0M0 NSCLC patients who received proton or CIRT. Forty-three of them
received proton radiotherapy, and 27 received CIRT. The 4-year overall survival rate and
local control rate were 58% and 75%, respectively. Grade 3 pulmonary adverse reactions
were only observed in two patients, which was better than SBRT [11].

Taking CIRT as an example, this paper will review the biological effects of heavy ions,
the clinical progress of heavy ions in the treatment of NSCLC, and future research directions
to provide a reference for the application of heavy ions in the treatment of NSCLC.

3. Heavy Ions and Their Biological Effects

Heavy ions refer to ions with atomic numbers greater than two (helium); commonly
used are 12C and 56Fe. Heavy ions have quite unique biological effects. First, charged heavy
ions can produce a fairly high linear energy transfer (LET) when interacting with human
tissues and organs, which means that heavy ions can transfer higher energy to tissues when
traveling the same distance [12,13]. Second, the ratio of direct action is higher when the
interaction between heavy ions and human tissue occurs, and a lower oxygen enhancement
ratio (OER) and higher relative biological effectiveness (RBE) will appear, which is on the
order of threefold greater than photon radiotherapy [14]. When heavy ions interact with
DNA, they cause unique clustered DNA damage that is difficult to recover through the
cell’s own DNA repair pathway, leading to a high mortality rate of tumor cells, which is
also effective in some radiation-resistant tumors. Like protons and photons, heavy ions
can induce changes in the tumor cell membrane surface, such as increased ecto-calreticulin
exposure, which makes tumor cells more easily recognized and cleared by the immune
system and plays an important role in the activation of antitumor immunity [15]. Finally,
compared with low LET radiations, the deposition of the energy of heavy ions in the
material has a great advantage. The energy stored by heavy ions in tissues varies with
depth as follows: In the range of the flat region, energy deposition remains at a low dose
with increasing depth; while at the end of the range, energy increases suddenly and then
decreases rapidly. This increased energy is referred to as the Bragg peak. The significance
of the Bragg peak is that the physician can control the energy of the incident particle to
determine the depth of the Bragg peak, so that the maximum deposition of energy occurs at
the site of the lesion, and less deposition occurs at the site of the normal tissues. However,
the Bragg peak has a narrow half-height width of just a few millimeters, which means that
the maximum deposition energy lasts only a short time. Therefore, spread-out Bragg peak
(SOBP) is often used clinically [16,17]. Although the energy at the incident site will increase,
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it is still lower than the maximum deposited energy, and the treatment effect is guaranteed
while the damage to normal tissues is small [8].

4. Radiobiological Effects of Heavy Ions on Lung Cancer Cells and the Underlying
Molecular Mechanisms

Currently, there has been much progress in the mechanistic studies of the radiobi-
ological effects of heavy ions on NSCLC cells, which are mainly concentrated on the
following aspects:

1. Killing effects of heavy ions on NSCLC cells. Heavy ions cause apoptosis, necrosis,
and senescence of cancer cells by causing complex DNA double-strand breaks (DSBs),
which is also the main beneficial effect of heavy ions in cancer treatment. Low-LET
radiation (photon) causes simple DNA damage within one or two circles of the
DNA helix. In contrast, high-LET charged particle radiation mainly causes clustered
DNA damage, which is characterized by multiple adjacent DNA lesions [18,19].
Using high resolution transmission electron microscopy (TEM) and gold-labeled
DNA repair factors, it was found that the clustering of DSBs in heterochromatin
following high-LET irradiation perturbed efficient DNA repair, leading to greater
biological effectiveness versus that of low-LET irradiation [20]. This conclusion has
also been confirmed in clinical CIRT. Using advanced high-resolution microscopy
with deconvolution, Oike et al. observed the formation of complex DSBs in a human
tumor clinically treated with CIRT, rather than X-ray radiotherapy [21]. DNA damage
caused by heavy ions is more complex than that caused by X-rays, making it difficult
for the DNA repair pathway to function effectively [22]. In other words, inhibition of
DNA repair can enhance the effect of heavy ion therapy. Nakajima et al. investigated
the involvement of the DNA damage signaling factors ataxia telangiectasia mutated
(ATM), RING finger protein 8 (RNF8), and RNF168 in cells after high LET carbon
ion irradiation; the results suggest that inhibition of RNF8 activity or its downstream
pathway may enhance the efficacy of CIRT [23]. Yang et al. found that inhibition of
DNA-PKcs enhanced radiosensitivity and increased the expression levels of ATM and
ATR in NSCLC cells exposed to carbon ion irradiation, implying a role for DNA-PKcs
in DNA damage repair signaling induced by carbon ions [24]. For photon radiation,
they can indirectly damage DNA or other cellular structures by producing reactive
oxygen species (ROS). This effect requires the participation of oxygen in the tumor
microenvironment, so low-LET photons have poor killing effect on cancer cells under
hypoxia conditions [25]. However, DNA damage induced by carbon ions does not
depend on ROS production [26]. One explanation is the increased expression of
hypoxia inducible factor 1α (HIF-1α) after photon irradiation [27], while heavy ions
do not, so they work well in hypoxia conditions. Klein et al. irradiated A549 and
H1437 cells with different doses of photons or carbon ions under hypoxic (1% O2) or
normoxic (21% O2) conditions respectively. The inhibitors of DNA-PK and ATM were
used in parallel. The results showed that DNA-PK inhibition combined with carbon
irradiation was most effective in killing NSCLC cells under hypoxic conditions [28].
Carbon ions can cause clustered DNA damage, which is difficult to repair. This
characteristic, which is superior to photons, endows carbon ions with stronger killing
effect on NSCLC cells, even those that are hypoxic and radio-resistant. Further, many
non-coding RNAs (ncRNAs) such as microRNAs (miRNAs), long non-coding RNAs
(lncRNAs), and circular RNAs (circRNAs) play a regulatory role in the killing of
lung cancer cells by heavy ions. Liu et al. found that circRNA ZNF208 significantly
enhanced the resistance of NSCLC cells to X-rays, but the sensitivity to carbon ions
did not change [29]. In addition to circRNA ZNF208, the down-regulation of lncRNA
H19 also increases the sensitivity of NSCLC cells to heavy ions [30]. Therefore, these
ncRNAs might function as a potential therapeutic target to enhance the efficacy of
heavy ion radiotherapy for NSCLC. Despite high RBE and high tumor-killing ability
of carbon ions, the tumor recurrence after CIRT is often observed, suggesting the
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presence of a subset of tumor cells resistant to CIRT. Darwis et al. identified a pivotal
role for FGFR signaling in cancer cell survival through CIRT, and found that inhibition
of FGFR using pan-FGFR inhibitor LY2874455 sensitized multiple NSCLC cell lines to
carbon ions, which may be useful in the sensitization of CIRT-resistant cancers [31].
Besides, Amornwichet et al. found EGFR-mutant NSCLC cells, rather than KRAS-
mutant NSCLC cells, showed low RBE of carbon ions over X-rays, indicating the
potential of EGFR mutation status as a predictor of cellular response to CIRT [32].
These results suggest that clarification of the governing factors and signaling pathways
in cellular response to carbon ion irradiation will help to further improve the treatment
efficacy of CIRT.

2. Effects of heavy ions on invasion and metastasis of lung cancer cells. Photon irradia-
tion, rather than heavy ion irradiation, was found to significantly induce expression
of matrix metalloproteinases (MMPs), stem cell factor (SCF), and β1-integrin, which
promote angiogenesis and cancer cell metastasis [33–35]. Liu et al. irradiated A549
cells with carbon ions and X-rays. Carbon-ion irradiation at 1 Gy significantly re-
duced vascular endothelial growth factor (VEGF) and basic fibroblast growth factor
(bFGF) levels and inhibited endothelial cell invasion and tube formation, suggesting
inhibiting potential of angiogenesis by carbon ions [36]. Akino et al. irradiated A549
and EBC-1 lung cancer cells with 290 MeV/u carbon ion beams and 4 MeV X-rays.
The results showed that carbon ion irradiation inhibited the migration and invasion of
A549 and EBC-1 cells more effectively than X-rays. In addition, they found that carbon
ion irradiation alone induced downregulation of ANLN expression in NSCLC cells,
which is downstream of PI3K/Akt signaling and positively associated with tumor
metastasis [37]. On this basis, Ogata et al. found that low dose carbon ion irradiation
also reduced the level of phosphorylated Akt compared with untreated control group,
while photon irradiation did not, suggesting that carbon ion irradiation can effectively
inhibit the metastatic potential of A549 cells by suppressing the PI3K/Akt signaling
pathway [38]. In addition, Kamlah et al. found that irradiation of A549 cells with
X-rays (6 Gy) but not carbon ions (2 Gy) resulted in a significant increase in blood
vessel density through increased expression of SCF and subsequently phosphoryla-
tion of c-Kit [35]. In summary, carbon ions have a distinct advantage over X-rays in
preventing angiogenesis and the spread of tumors.

3. Effects of heavy ions on immunogenicity of lung cancer cells. Radiation not only has
an immunostimulatory effect, but also shows an immunosuppressive effect. There-
fore, it is important to understand the immunomodulatory properties of radiation
to enhance the curative effect of radiotherapy [39–41]. The change of immunogenic-
ity induced by heavy ions is key in the regulation of tumor immunity. Heavy ions
cause tumor cells to die in different ways and release pro-inflammatory cytokines;
chemokines; tumor antigens; and other danger signals, called damage-associated
molecular patterns (DAMPs). DAMPs can activate the immune system, and immune
cells are attracted to the area where the tumor is located [42]. Some progress has
been made in the study of heavy ion-induced DAMPs. Ran et al. used ELISA to
detect the levels of HMGB1, IL-10, and TGF-β in A549, H520, and Lewis Lung Car-
cinoma (LLC) cell lines under different “time windows” and “dose windows” after
X-ray or carbon ion irradiation. The results showed that both X-rays and carbon ions
promoted HMGB1, IL-10, and TGF-β levels in a time-dependent manner, and only
X-rays increased the HMGB1 level in a dose-dependent manner. In addition, car-
bon ions increased higher HMGB1 levels compared with X-rays, while the levels
of immunosuppressive factors IL-10 and TGF-β were relatively reduced. These re-
sults suggest that carbon ions may be superior to conventional X-rays in inducing
immune-enhancing effects [43]. Huang et al. found that carbon ions promoted the cell
surface translocation of calreticulin more strongly than protons and photons at 2 and
4 Gy, which plays a pivotal role in activating anti-tumor immunity [15]. In addition,
Wang et al. found that carbon ions noticeably induced Klrk1 gene expression and
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activated the NKG2D/NKG2D-Ls pathway in a murine Lewis lung cancer model,
which were tightly related to the functional status of NK cells. CIRT combined with
Treg inhibition significantly increased the infiltration and function of NK cells and
prolonged the survival of cancer-bearing mice [44]. Compared with photons, heavy
ions can play a better role in induction of tumor immunity, rendering the combination
of heavy ion radiotherapy and immunotherapy a promising therapy.

In conclusion, compared with X-rays, heavy ions can cause DNA damage that is more
difficult to repair, have a stronger killing effect on lung cancer cells, and play a unique
role in tumor immunity. Besides, carbon ions have a distinct advantage over X-rays in
preventing angiogenesis and the spread of tumors. Although a lot of work aiming at
elucidating the molecular mechanisms underlying the radiobiological effects of heavy ions
has been conducted, much remains to be done. First, repair of clustered DNA lesions
induced by carbon ion radiation is not well understood. Failure to repair clustered DNA
damage leads to more abnormal mitosis and mitotic catastrophe. However, it is not clear
whether homologous recombination (HR) or non-homologous end joining (NHEJ) plays a
more important role in the repair of clustered DNA damage [45,46]. Second, it is important
to understand the epigenetic regulation of the killing effects of heavy ions in lung cancer
cells. It has been shown that individual radiosensitivity is tightly related to the epigenetic
regulation of genes participating in chromatin remodeling and DNA damage repair [47].
Therefore, the study of the regulatory mechanisms of these genes will provide important
theoretical basis for more precise and effective heavy ion radiotherapy. Last but not least,
the molecular mechanism underlying immunogenicity changes induced by heavy ions
is still unclear. Also, there is no clear conclusion about the effect of dose rate and dose
fractionation on immunogenicity induced by heavy ions. In a word, there is no doubt that
the further development of these studies will greatly improve the efficacy of heavy ion
radiotherapy and reduce its side effects.

5. Research Progress on Heavy Ion Therapy for Non-Small-Cell Lung Cancer

CIRT showed high efficacy in different stages of NSCLC. For stage I NSCLC, Miyamoto et al.
treated 79 patients with CIRT, and the results showed that the 5-year local control rate of
patients reached 90%, the 5-year survival rate was 68%, and the overall survival rate was
45%, while the 5-year survival rate of patients receiving traditional radiotherapy was only
15–30% [48]. In another study, Miyamoto et al. studied 146 patients with stage I NSCLC.
The local control rate was 82%, while the overall survival rate was 59%. Only a small
number of patients developed radioactive pneumonia (2.1%) [49]. Baba et al. studied the
treatment outcomes of 129 patients with an average age of 74.5 years. The dose project was
a fixed total dose of 72 GyE in nine fractions over 3 weeks, 52.8 GyE for stage IA, 60 GyE for
stage IB. The results showed that the local control rate of all lesions was 94.7%, the 5-year
survival rate of stage IA was 68.7%, and the 5-year survival rate of stage IB was 46.4%. No
skin toxicity was observed, and no adverse reactions beyond grade 3 were observed [50].
Shioyama et al. conducted a retrospective analysis on 306 patients with stage I NSCLC
from four institutions in Japan, with a median age of 75 years. The radiotherapy dose
was 52.8–64.0 Gy/4 fr in 181 patients, a single fraction of 46.0–50.0 Gy in 97, and other
doses in 28 patients. The results showed that the 3-year overall survival rate, progression-
free survival rate, and local control rate were 83.6%, 69.4%, and 88.6%, respectively [51].
For stage II and III NSCLC, Karube et al. investigated 64 patients at three institutions.
The 2-year overall survival rate was 62.2%, the 2-year progression-free survival rate was
42.3%, and the local control rate was 81.8% [4]. For a long time, CIRT has rarely been
recommended for patients with stage III NSCLC because there is insufficient evidence of
its effectiveness. In recent years, there has been increasing evidence of its efficacy in Japan
for stage III NSCLC [52]. Saitoh et al. treated six patients with CIRT at a dose of 4 Gy each
time and a total dose of 64 Gy. The results showed that no patients had grade ≥ 3 toxic
reactions during the treatment, and all patients achieved tumor control during the survival
period. These results demonstrate that hypofractionated CIRT is feasible in the treatment



Int. J. Mol. Sci. 2022, 23, 2316 6 of 14

of stage III NSCLC with small adverse reactions, which also supports further research [53].
Anzai et al. studied 65 patients with stage III NSCLC who received a median dose of 72 GyE.
The 2-year local control rate was 73.9%, the 2-year progression-free survival rate was 38.6%,
and the overall survival rate was 54.9%. Although 1 (2%) and 5 (8%) patients developed
grade 4 and grade 3 toxicities, respectively, the authors considered these probabilities to
be acceptable [54]. The results also suggest the potential of heavy ion radiotherapy in the
treatment of advanced NSCLC. Platinum-based concurrent chemoradiotherapy has been
the standard for NSCLC patients who cannot be treated surgically. However, the results
were far from ideal. In recent years, the “PACIFIC regimen”, consisting of 12 months
durvalumab after chemoradiotherapy, has attracted global attention. Durvalumab is a
selective and high affinity human immunoglobulin monoclonal antibody that blocks the
binding of PD-L1 to PD-1 and CD80, fights tumor immune escape, and triggers immune
responses in the body. Faivre-Finn et al. conducted the placebo-controlled Pacific trial
in 709 patients with stage III NSCLC. It was found that the estimated 4-year overall
survival for durvalumab versus placebo was 49.6% versus 36.3%, and the estimated 4-year
progression-free survival was 35.3% versus 19.5%, respectively [55]. Considering the
larger immunostimulatory capacity of carbon ions over photons as mentioned above,
the combination of PACIFIC regimen with CIRT may be promising for advanced NSCLC.

Within a certain range, the higher the radiation dose, the more effective the treatment,
and the more damage to normal tissue. The choice of dose often depends on the stage of
the tumor and the individual situation of the patient [56]. Yamamoto et al. conducted a
dose escalation trial of single-fraction CIRT for stage I NSCLC. They followed 218 patients
who received CIRT with doses ranging from 28 to 50 Gy. Among them, the median age
of patients was 75 years. A total of 123 patients had stage T1 tumors, and 95 patients had
stage T2 tumors. The 5-year overall survival rate was 49.4% and the local control rate
was 72.7%. There was a statistically significant difference in local control rates between
patients receiving 36 Gy or more and those receiving less than 36 Gy. The 5-year local
control rate was 95.0%, and the overall survival rate was 69.2% in 20 patients exposed to
48–50 Gy carbon ion beams. There was only one with grade 3 toxicity in these patients,
and the proportion of grade 2 toxicity was less than 2% [57]. Regardless of photon SBRT,
proton radiotherapy, or CIRT, multiple fraction radiotherapy was used in the beginning,
but now single fraction high-dose radiotherapy is also widely used. Ono et al. also studied
the treatment of early NSCLC with 50 Gy single fraction CIRT. Fifty-seven patients with
a median age of 75 years (42–94 years) were treated and followed for a median period
of 61 months (6–97 months). The 3-year and 5-year overall survival rates were 91.2%
and 81.7%, respectively. The 3-year and 5-year local control rates were 96.4% and 91.8%,
respectively. There were no cases of ≥grade 3 pneumonitis [58]. In conclusion, high-dose
single fraction CIRT has good efficacy, and the adverse reactions are within the acceptable
range. Multiple fraction radiotherapy has good efficacy and few serious adverse reactions,
but it requires a long treatment cycle and high cost. Single fraction therapy requires a short
treatment time and relatively low cost without loss of efficacy; however, it is necessary to
bear the adverse reactions that may be caused by large doses of radiation [57]. For stage
III and above NSCLC, conventionally fractionated radiotherapy (1.8–2.0 Gy per day, total
dose 60–70 Gy) combined with chemotherapy is the standard treatment over a long time,
but the outcomes are poor, and local recurrence is common. The overall survival rate is less
than 20% [59]. Bradley et al. studied the treatment results under different doses of 60 Gy
and 74 Gy, and the results showed no significant difference, and the high dose of radiation
in normal tissue had potential harm [60]. This result could also be interpreted as indicating
that the damage caused by high doses of radiation offsets its effects. There are still many
questions to be answered about the relationship between dose and efficacy. For example,
the most serious problem is local recurrence. Low-dose radiation is a key factor in the
recurrence of NSCLC tumors [61], and approximately 10% of patients experience local
recurrence within 5 years [58]. For some lesions, the therapeutic dose is not good enough
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to control the tumor, so appropriately increasing the central dose or combining it with
chemotherapy drugs is a possible solution.

Patient individual factors, such as age and underlying diseases, will also affect the
results of CIRT. Hayashi et al. studied 32 patients over 80 years of age. The median
age of these patients was 82 years (age range 80–88 years), with 17 stage II patients and
15 stage III patients. All patients completed CIRT, including 1 case of grade 3 toxicity,
seven cases of grade 2 toxicity, and no grade 4 toxicity. The two-year local control rate,
progression-free survival rate, and overall survival rate were 83.5%, 46.7%, and 68.0%,
respectively. This study demonstrates that CIRT is safe and effective in NSCLC patients
over 80 years of age [62]. Many elderly patients with NSCLC also suffer from other diseases
such as chronic obstructive pulmonary disease (COPD), interstitial lung disease (ILD) [63],
and cardiovascular disease (CVD). These patients are generally medically inoperable [64].
Sugane et al. used CIRT to treat 28 inoperable patients over 80 years of age with stage I
NSCLC. The 5-year local control rate and survival rate were 95.8% and 30.7%, respectively.
This result suggests that CIRT is effective in elderly inoperable patients with NSCLC [65].
Shioyama et al. conducted a retrospective study on CIRT for stage I NSCLC and analyzed
the difference in treatment results between patients who could undergo surgery and those
who could not. There were 306 patients in total, 139 of whom were considered inoperable.
The results showed that the 3-year overall survival rate and progression-free survival rate
were 90% and 76%, respectively, in the operable patients, and 76% and 62%, respectively,
in the inoperable patients. The treatment outcome of operable patients was significantly
better than that of inoperable patients [51]. ILD is a risk factor. Radiation may worsen ILD
or cause severe radiation pneumonia [66]. Okano et al. analyzed the results of 124 patients
treated with CIRT for stage I NSCLC and divided them into an ILD group (26 patients)
and a non-ILD group (98 patients). The 3-year overall survival rate was 83.2% in the
non-ILD group and 59.7% in the ILD group. Radiation pneumonitis severer than grade 2
was observed in three patients (3.0%) in the non-ILD group and two patients (7.6%) in the
ILD group. The results showed that CIRT was feasible for the treatment of stage I NSCLC
in both ILD and non-ILD groups, and ILD was a high-risk factor for stage I NSCLC [67].
Nakajima et al. treated 29 patients with NSCLC with ILD, ranging in age from 62 to 90 years.
The 3-year local control rate and survival rate were 63.3% and 46.3%, respectively, and seven
patients developed exacerbation of symptoms. These results suggest that CIRT may be
a low-risk therapy for NSCLC patients with ILD who are not suitable for conventional
therapy [63].

In addition, it is difficult to treat patients with recurrent NSCLC [68]. CIRT also shows
some potential in this area. Karube et al. used CIRT to treat 29 patients with recurrent
NSCLC, whose median age was 74 years. The 2-year overall survival rate, local control
rate, and progression-free survival rate were 69%, 66.9%, and 51.7%, respectively. No case
of ≥grade 3 toxicity was recorded [69]. These results suggest that CIRT can be used as a
treatment for recurrent NSCLC. The CIRT treatment cases of different stages of NSCLC
were summarized in Table 1.

Table 1. Summary of treatment cases of different stages of NSCLC by CIRT.

Tumor
Staging

Sample
Size Dose/Fractions Overall

Survival Local Control Toxicity Reference

I 50 72 Gy/9 fr 5-year, 50% 5-year, 94.7% Grade ≥ 3: 0 (0%) [70]

I 79 52.8 Gy/4 fr for stage IA
60.0 Gy/4 fr for stage IB 5-year, 45% 5-year, 90% Grade ≥ 3: 0 (0%) [48]

I 218 28–50 Gy/1 fr 3-year, 68.3%
5-year, 49.4%

3-year, 77.9%
5-year, 72.7%

Grade ≥ 3: 1 (0.46%),
Grade 3 chest wall pain:
1 (0.46%)

[57]

I 57 50 Gy/1 fr 3-year, 91.2%
5-year, 81.7%

3-year, 96.4%
5-year, 91.8% Grade ≥3: 0 (0%) [58]
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Table 1. Cont.

Tumor
Staging

Sample
Size Dose/Fractions Overall

Survival Local Control Toxicity Reference

I/II 47 59.4–95.4
Gy/18 fr 5-year, 42% 5-year, 64% Grade ≥ 3: 3 (3.7%),

Grade 3 radiation
pneumonitis: 3 (3.7%)

[71]

I/II 34 68.4–79.2
Gy/9 fr 5-year, 84%

II/III 32 68.0–76.0
Gy/12–16 fr

2-year, 68.0%
3-year, 54.3%

2-year, 83.5%
3-year, 77.1%

Grade ≥ 3: 1 (3.1%),
Grade 3 radiation
pneumonitis: 1 (3.1%)

[62]

II/III 64 52.8–72.0
Gy/4–16 fr 2-year, 62.2% 2-year, 81.8% Grade ≥ 3: 0 (0%) [4]

III 65 64.0–76.0
Gy/16 fr

2-year, 54.9%
3-year, 42.0%

2-year, 73.9%
3-year, 70.2%

Grade ≥ 3: 6 (9.2%),
Grade 3 radiation
pneumonitis: 4 (6.2%),
Grade 3 bronchial fistula:
1 (1.5%),
Grade 4 mediastinal
haemorrhage: 1 (1.5%)

[54]

6. Discussion

Although CIRT achieved excellent efficacy in the treatment of NSCLC, it still has some
shortcomings. The first is the inevitable radiation damage. A common and serious injury is
radiation pneumonia [72]. Although radiation pneumonia is relatively rare with heavy ion
radiotherapy compared with X-rays, it can still be dangerous. Chromosomal aberrations in
lymphocytes induced by radiation are also common adverse reactions [73–75]. Lee et al.
studied 22 lung cancer patients who received different doses of carbon ion irradiation and
found that the proportion of lymphocytes with chromosomal aberrations in the peripheral
blood increased by approximately 4%. Despite obvious individual differences, it is still
a risk factor that cannot be ignored [76]. In addition, adverse reactions such as radiation
esophagitis, radiation tracheitis, bone marrow suppression, and radiation-induced fracture
are also factors that need attention [8]. Second, the effect of respiratory movement on
the treatment of lung cancer cannot be ignored [77,78]. Due to respiratory movement,
the location and thickness of the lesion will change, and this effect is unavoidable [79].
Third, as the clinical treatment of NSCLC with heavy ions has not been long enough,
there is no adequate sample size to support some speculations [80]. In addition, in some
studies, the individual differences of patients (age, underlying diseases, etc.) may have
a great impact on experimental results due to the small sample size, resulting in limited
availability of research conclusions. Fourth, the cost is high. The installation cost of
carbon ion devices is approximately 140 million dollars, while the installation cost of
proton devices is approximately 70 million dollars [81]. Besides, the average cost of
CIRT is approximately 50,000 dollars, while the treatment cost of SBRT is approximately
15,000 dollars [82]. The high cost of treatment has become an obstacle for many patients.

In our opinion, there are some possible solutions to these problems. (1) Combine CIRT
with imaging techniques such as PET/CT [12,83–85]. For example, using four-dimensional
cone beam computed tomography (4D-CBCT) reconstructed by simultaneous motion esti-
mation and image reconstruction (SMEIR) can capture the projections of all phases of lungs
on the treatment day. Therefore, better treatment planning and dose calculation can be
performed for CIRT, and the effect of periodic lung movement on the curative effect will
be reduced [83,86,87]. In addition, the Compton camera is capable of detecting 511 keV
annihilation gamma rays produced by carbon ion beams interacting with target tissues and
is small enough to be easily installed in a treatment room. Therefore, the determination
of the peak intensity and beam range of the carbon ion beams by Compton camera may
reduce the dose distribution degradation during treatment, which would contribute to
the more accurate and effective application of CIRT in cancer treatment [88]. (2) Adjuvant
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chemotherapy drugs related to heavy ion radiotherapy should be studied to improve the
efficacy [89–94]. Ma et al. studied 25 patients with small cell lung cancer who received
proton and carbon ion combined radiotherapy. Among them, the median dose of protons
and carbon ions was 67.1 Gy, and chemotherapy drugs included etoposide and platinum,
for a total of four to six cycles. Radiotherapy and chemotherapy were carried out simul-
taneously. The 2-year overall survival rate was 81.7%. The progression-free survival rate
was 66.7%, and five patients (20.0%) had grade 3 adverse reactions. These results have
implications for combination therapy [95]. (3) A combination of immunotherapy and CIRT
may improve the efficacy. Although there has not been enough clinical data to prove
the efficacy of the combination of CIRT with immunotherapy in the treatment of NSCLC,
it was found that, combined treatment with carbon ions and immune checkpoint inhibitors
reduced the lung metastases efficiently in a syngeneic murine osteosarcoma model while
radiation or checkpoint inhibitors alone were not sufficient to reduce the growth of the
abscopal tumors, suggesting immense potential of the combination of immunotherapy and
CIRT [96]. Besides, durvalumab, as an immune checkpoint inhibitor, has been proved effec-
tive in the control of advanced NSCLC after concurrent chemoradiotherapy [55], whose
efficacy deserves further verification when combined with CIRT. (4) Actively carry out
cooperation among multiple organizations, and carry out large-scale multicenter prospec-
tive research on heavy ion therapy, which is of great significance for clinical application.
(5) Seek technological breakthroughs and industrial innovation. In the treatment cost of
CIRT, the technology cost is approximately $28,000, so reducing the technology cost is
of great importance. In addition, Okazaki et al. compared CIRT with SBRT in terms of
cost-effectiveness for treating stage I NSCLC and found CIRT is a more cost-effective treat-
ment approach. The incremental cost-effectiveness ratios (ICER) were 64,891 dollars/life
year and 32,123 dollars/life year for all patients and propensity score-matched patients,
respectively. Hospitalization and examination costs were significantly higher in the CIRT
group and even showed greater impact on ICER than technical costs, implying that reason-
able planning of examination frequency and hospitalization time are also the directions of
reducing treatment costs [82].

According to the current tumor prevalence, NSCLC is still a major threat to human
health. Since conventional radiotherapy combined with chemotherapy has little effect
on NSCLC, we summarize the research progress of heavy ion radiotherapy for this kind
of lesion, aiming to provide an effective way for patients to achieve a good therapeutic
efficacy. In recent years, heavy ion treatment technology has developed rapidly. Japan, Ger-
many, Italy, China, and Austria have their own heavy ion radiotherapy centers, and France,
South Korea, the United States, and other countries are also actively preparing to construct
heavy-ion therapy centers. Cooperation between countries and institutions is becoming
increasingly close, such as the establishment of tumor proton therapy centers for interna-
tional cooperation between China and the United States. Currently, there are two heavy
ion hospitals in operation in China (mainland), namely, Shanghai Proton and Heavy Ion
Center and Heavy Ion Center of Wuwei Cancer Hospital, while a number of regions are
preparing to build heavy ion treatment centers.

Although heavy ion radiotherapy has a considerable curative effect, there are still
many problems to be solved if we want to popularize it to more patients and expand its
application fields, such as the optimization of the dose division method, the application and
optimization of respiratory gating technology, and the combination with other therapies.
The solution of these problems depends on generous efforts from both radiobiologists and
clinical radiologists. It is believed that in the future, heavy ion radiotherapy will have
broader application prospects for NSCLC and other tumors.

Author Contributions: Conceptualization, S.L. and W.H.; Writing—Original Draft Preparation, S.L.
and W.H.; Writing—Review and Editing, W.H. and G.Z.; Supervision, G.Z. All authors have read and
agreed to the published version of the manuscript.



Int. J. Mol. Sci. 2022, 23, 2316 10 of 14

Funding: This work was funded by the National Natural Science Foundation of China (Nos. 32071243
and 82192883).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We are grateful for a project funded by the Priority Academic Program Develop-
ment of Jiangsu Higher Education Institutions (PAPD).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer statistics 2020: GLO-BOCAN

estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

2. Okuyama, A.; Matsuda, T. Age-specific lung cancer incidence rate in the world. Jpn. J. Clin. Oncol. 2020, 50, 836–837. [CrossRef]
[PubMed]

3. Liu, S.; Chen, Q.; Guo, L.; Cao, X.; Sun, X.; Chen, W.; He, J. Incidence and mortality of lung cancer in China, 2008−2012. Chin. J.
Cancer Res. 2018, 30, 580–587. [CrossRef]

4. Karube, M.; Yamamoto, N.; Shioyama, Y.; Saito, J.; Matsunobu, A.; Okimoto, T.; Ohno, T.; Tsuji, H.; Nakano, T.; Kamada, T.
Carbon-ion radiotherapy for patients with advanced stage non–small-cell lung cancer at multicenters. J. Radiat. Res. 2017, 58,
761–764. [CrossRef] [PubMed]

5. Durante, M.; Loeffler, J.S. Charged particles in radiation oncology. Nat. Rev. Clin. Oncol. 2009, 7, 37–43. [CrossRef]
6. Shirai, K.; Kawashima, M.; Saitoh, J.-I.; Abe, T.; Fukata, K.; Shigeta, Y.; Irie, D.; Shiba, S.; Okano, N.; Ohno, T.; et al. Clinical

outcomes using carbon-ion radiotherapy and dose-volume histogram comparison between carbon-ion radiotherapy and photon
therapy for T2b-4N0M0 non-small cell lung cancer—A pilot study. PLoS ONE 2017, 12, e0175589. [CrossRef]

7. Grutters, J.P.; Kessels, A.G.; Pijls-Johannesma, M.; De Ruysscher, D.; Joore, M.; Lambin, P. Comparison of the effectiveness of
radiotherapy with photons, protons and carbon-ions for non-small cell lung cancer: A meta-analysis. Radiother. Oncol. 2010, 95,
32–40. [CrossRef]

8. Kubo, N.; Saitoh, J.-I.; Shimada, H.; Shirai, K.; Kawamura, H.; Ohno, T.; Nakano, T. Dosimetric comparison of carbon ion and
X-ray radiotherapy for Stage IIIA non–small cell lung cancer. J. Radiat. Res. 2016, 57, 548–554. [CrossRef]

9. Wink, K.C.; Roelofs, E.; Simone, C.; Dechambre, D.; Santiago, A.; van der Stoep, J.; Dries, W.; Smits, J.; Avery, S.;
Ammazzalorso, F.; et al. Photons, protons or carbon ions for stage I non-small cell lung cancer—Results of the multicen-
tric ROCOCO in silico study. Radiother. Oncol. 2018, 128, 139–146. [CrossRef]

10. Ebara, T.; Shimada, H.; Kawamura, H.; Shirai, K.; Saito, J.-I.; Kawashima, M.; Tashiro, M.; Ohno, T.; Kanai, T.; Nakano, T.
Dosimetric analysis between carbon ion radiotherapy and stereotactic body radiotherapy in stage I lung cancer. Anticancer Res.
2014, 34, 5099–5104.

11. Iwata, H.; Demizu, Y.; Fujii, O.; Terashima, K.; Mima, M.; Niwa, Y.; Hashimoto, N.; Akagi, T.; Sasaki, R.; Hishikawa, Y.; et al.
Long-Term Outcome of Proton Therapy and Carbon-Ion Therapy for Large (T2a–T2bN0M0) Non–Small-Cell Lung Cancer. J.
Thorac. Oncol. 2013, 8, 726–735. [CrossRef] [PubMed]

12. Castro, J.R. Result of Heavy-Ion Radiothrapy. Radiat. Environ. Biophys. 1995, 34, 45–48. [CrossRef] [PubMed]
13. Loeffler, J.S.; Durante, M. Charged particle therapy-optimization, challenges and future directions. Nat. Rev. Clin. Oncol. 2013, 10,

411–424. [CrossRef] [PubMed]
14. Chun, S.G.; Solberg, T.D.; Grosshans, D.R.; Nguyen, Q.N.; Simone, C.B.; Mohan, R.; Liao, Z.; Hahn, S.M.; Herman, J.M.; Frank, S.J.

The Potential of Heavy-Ion Therapy to Improve Outcomes for Locally Advanced Non-Small Cell Lung Cancer. Front. Oncol. 2017,
7, 201. [CrossRef] [PubMed]

15. Huang, Y.; Dong, Y.; Zhao, J.; Zhang, L.; Kong, L.; Lu, J.J. Comparison of the effects of photon, proton and carbon-ion radiation on
the ecto-calreticulin exposure in various tumor cell lines. Ann. Transl. Med. 2019, 7, 542. [CrossRef]

16. Petti, P.L.; Lyman, J.T.; Renner, T.R.; Castro, J.R.; Collier, J.M.; Daftari, I.K.; Ludewigt, B.A. Design of Beam-Modulating Devices
for Charged-Particle Therapy. Med. Phys. 1991, 18, 513–518. [CrossRef]

17. Kanai, T.; Furusawa, Y.; Fukutsu, K.; Itsukaichi, H.; EguchiKasai, K.; Ohara, H. Irradiation of mixed beam and design of spread-out
Bragg peak for heavy-ion radiotherapy. Radiat. Res. 1997, 147, 78–85. [CrossRef]

18. Chatterjee, A.; Holley, W.R. Biochemical mechanisms and clusters of damage for high-LET radiation. Adv. Space Res. 1992, 12,
33–43. [CrossRef]

19. Ward, J. The Complexity of DNA Damage: Relevance to Biological Consequences. Int. J. Radiat. Biol. 1994, 66, 427–432. [CrossRef]
20. Lorat, Y.; Timm, S.; Jakob, B.; Taucher-Scholz, G.; Rübe, C.E. Clustered double-strand breaks in heterochromatin perturb DNA

repair after high linear energy transfer irradiation. Radiother. Oncol. 2016, 121, 154–161. [CrossRef]

http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.1093/jjco/hyaa096
http://www.ncbi.nlm.nih.gov/pubmed/32577729
http://doi.org/10.21147/j.issn.1000-9604.2018.06.02
http://doi.org/10.1093/jrr/rrx037
http://www.ncbi.nlm.nih.gov/pubmed/28992088
http://doi.org/10.1038/nrclinonc.2009.183
http://doi.org/10.1371/journal.pone.0175589
http://doi.org/10.1016/j.radonc.2009.08.003
http://doi.org/10.1093/jrr/rrw041
http://doi.org/10.1016/j.radonc.2018.02.024
http://doi.org/10.1097/JTO.0b013e318288ab02
http://www.ncbi.nlm.nih.gov/pubmed/23459403
http://doi.org/10.1007/BF01210545
http://www.ncbi.nlm.nih.gov/pubmed/7604160
http://doi.org/10.1038/nrclinonc.2013.79
http://www.ncbi.nlm.nih.gov/pubmed/23689752
http://doi.org/10.3389/fonc.2017.00201
http://www.ncbi.nlm.nih.gov/pubmed/28929085
http://doi.org/10.21037/atm.2019.09.128
http://doi.org/10.1118/1.596655
http://doi.org/10.2307/3579446
http://doi.org/10.1016/0273-1177(92)90087-E
http://doi.org/10.1080/09553009414551401
http://doi.org/10.1016/j.radonc.2016.08.028


Int. J. Mol. Sci. 2022, 23, 2316 11 of 14

21. Oike, T.; Niimi, A.; Okonogi, N.; Murata, K.; Matsumura, A.; Noda, S.-E.; Kobayashi, D.; Iwanaga, M.; Tsuchida, K.; Kanai, T.; et al.
Visualization of complex DNA double-strand breaks in a tumor treated with carbon ion radiotherapy. Sci. Rep. 2016, 6, 22275.
[CrossRef] [PubMed]

22. Mohamad, O.; Sishc, B.J.; Saha, J.; Pompos, A.; Rahimi, A.; Story, M.D.; Davis, A.J.; Kim, D.W.N. Carbon Ion Radiotherapy:
A Review of Clinical Experiences and Preclinical Research, with an Emphasis on DNA Damage/Repair. Cancers 2017, 9, 66.
[CrossRef] [PubMed]

23. Nakajima, N.I.; Yamauchi, M.; Kakoti, S.; Cuihua, L.; Kato, R.; Permata, T.B.M.; Iijima, M.; Yajima, H.; Yasuhara, T.;
Yamada, S.; et al. RNF8 promotes high linear energy transfer carbon-ion-induced DNA double-stranded break repair in
serum-starved human cells. DNA Repair 2020, 91–92, 102872. [CrossRef] [PubMed]

24. Yang, L.N.; Liu, Y.Y.; Sun, C.; Yang, X.R.; Yang, Z.; Ran, J.T.; Zhang, Q.N.; Zhang, H.; Wang, X.Y.; Wang, X.H. Inhibition of
DNA-PKcs enhances radiosensitivity and increases the levels of ATM and ATR in NSCLC cells exposed to carbon ion irradiation.
Oncol. Lett. 2015, 10, 2856–2864. [CrossRef]

25. Brown, J.M.; William, W.R. Exploiting tumour hypoxia in cancer treatment. Nat. Rev. Cancer 2004, 4, 437–447. [CrossRef]
26. Nakano, T.; Suzuki, Y.; Ohno, T.; Kato, S.; Suzuki, M.; Morita, S.; Sato, S.; Oka, K.; Tsujii, H. Carbon beam therapy overcomes the

radiation resistance of uterine cervical cancer originating from hypoxia. Clin. Cancer Res. 2006, 12, 2185–2190. [CrossRef]
27. Wozny, A.-S.; Lauret, A.; Battiston-Montagne, P.; Guy, J.-B.; Beuve, M.; Cunha, M.; Saintigny, Y.; Blond, E.; Magne, N.; Lalle, P.; et al.

Differential pattern of HIF-1α expression in HNSCC cancer stem cells after carbon ion or photon irradiation: One molecular
explanation of the oxygen effect. Br. J. Cancer 2017, 116, 1340–1349. [CrossRef]

28. Klein, C.; Dokic, I.; Mairani, A.; Mein, S.; Brons, S.; Häring, P.; Haberer, T.; Jäkel, O.; Zimmermann, A.; Zenke, F.; et al. Overcoming
hypoxia-induced tumor radioresistance in non-small cell lung cancer by targeting DNA-dependent protein kinase in combination
with carbon ion irradiation. Radiat. Oncol. 2017, 12, 208. [CrossRef]

29. Liu, B.T.; Li, H.B.; Liu, X.X.; Li, F.F.; Chen, W.Q.; Kuang, Y.B.; Zhao, X.S.; Li, L.Y.; Yu, B.Y.; Jin, X.D.; et al. Cir-cZNF208 enhances
the sensitivity to X-rays instead of carbon-ions through the miR-7-5p /SNCA signal axis in non-small-cell lung cancer cells. Cell.
Signal. 2021, 84, 110012. [CrossRef]

30. Zhao, X.S.; Jin, X.D.; Zhang, Q.N.; Liu, R.F.; Luo, H.T.; Yang, Z.; Geng, Y.C.; Feng, S.W.; Li, C.C.; Wang, L.N.; et al. Silencing of
the lncRNA H19 enhances sensitivity to X-ray and carbon-ions through the miR-130a-3p /WNK3 signaling axis in NSCLC cells.
Cancer Cell Int. 2021, 21, 644. [CrossRef]

31. Darwis, N.D.M.; Nachankar, A.; Sasaki, Y.; Matsui, T.; Noda, S.-E.; Murata, K.; Tamaki, T.; Ando, K.; Okonogi, N.; Shiba, S.; et al.
FGFR Signaling as a Candidate Therapeutic Target for Cancers Resistant to Carbon Ion Radiotherapy. Int. J. Mol. Sci. 2019,
20, 4563. [CrossRef] [PubMed]

32. Amornwichet, N.; Oike, T.; Shibata, A.; Nirodi, C.S.; Ogiwara, H.; Makino, H.; Kimura, Y.; Hirota, Y.; Isono, M.; Yoshida, Y.; et al.
The EGFR mutation status affects the relative biological effectiveness of carbon-ion beams in non-small cell lung carcinoma cells.
Sci. Rep. 2015, 5, 11305. [CrossRef] [PubMed]

33. Cordes, N.; Blaese, M.A.; Meineke, V.; Van Beuningen, D. Ionizing radiation induces up-regulation of functional beta 1-integrin in
human lung tumour cell lines in vitro. Int. J. Radiat. Biol. 2002, 78, 347–357. [CrossRef]

34. Cordes, N.; Hansmeier, B.; Beinke, C.; Meineke, V.; van Beuningen, D. Irradiation differentially affects substratum-dependent
survival, adhesion, and invasion of glioblastoma cell lines. Br. J. Cancer 2003, 89, 2122–2132. [CrossRef] [PubMed]

35. Kamlah, F.; Hänze, J.; Arenz, A.; Seay, U.; Hasan, D.; Juricko, J.; Bischoff, B.; Gottschald, O.R.; Fournier, C.; Taucher-Scholz, G.; et al.
Comparison of the Effects of Carbon Ion and Photon Irradiation on the Angiogenic Response in Human Lung Adenocarcinoma
Cells. Int. J. Radiat. Oncol. 2011, 80, 1541–1549. [CrossRef] [PubMed]

36. Liu, Y.Y.; Liu, Y.; Zhang, H.; Sun, C.; Zhao, Q.Y.; Di, C.X.; Li, H.Y.; Gan, L.; Wang, Y.L. Effects of carbon-ion beam irradiation on
the angiogenic response in lung adenocarcinoma A549 cells. Cell Biol. Int. Rep. 2014, 38, 1304–1310. [CrossRef]

37. Akino, Y.; Teshima, T.; Kihara, A.; Kodera-Suzumoto, Y.; Inaoka, M.; Higashiyama, S.; Furusawa, Y.; Matsuura, N. Car-Bon-Ion
Beam Irradiation Effectively Suppresses Migration and Invasion of Human Non-Small-Cell Lung Cancer Cells. Int. J. Radiat.
Oncol. Biol. Phys. 2009, 75, 475–481. [CrossRef]

38. Ogata, T.; Teshima, T.; Inaoka, M.; Minami, K.; Tsuchiya, T.; Isono, M.; Furusawa, Y.; Matsuura, N. Carbon Ion Irradiation
Suppresses Metastatic Potential of Human Non-small Cell Lung Cancer A549 Cells through the Phosphatidylinosi-to1-3-
Kinase/Akt Signaling Pathway. J. Radiat. Res. 2011, 52, 374–379. [CrossRef]

39. Falcke, S.E.; Rühle, P.F.; Deloch, L.; Fietkau, R.; Frey, B.; Gaipl, U.S. Clinically Relevant Radiation Exposure Differentially Impacts
Forms of Cell Death in Human Cells of the Innate and Adaptive Immune System. Int. J. Mol. Sci. 2018, 19, 3574. [CrossRef]

40. Takahashi, Y.; Yasui, T.; Minami, K.; Tamari, K.; Hayashi, K.; Otani, K.; Seo, Y.; Isohashi, F.; Koizumi, M.; Ogawa, K. Carbon
ion irradiation enhances the antitumor efficacy of dual immune checkpoint blockade therapy both for local and distant sites in
murine osteosarcoma. Oncotarget 2019, 10, 633–646. [CrossRef]

41. Wennerberg, E.; Lhuillier, C.; Vanpouille-Box, C.; Pilones, K.A.; García-Martínez, E.; Rudqvist, N.; Formenti, S.C.; DeMaria, S.
Barriers to Radiation-Induced In Situ Tumor Vaccination. Front. Immunol. 2017, 8, 229. [CrossRef] [PubMed]

42. Carvalho, H.D.; Villar, R.C. Radiotherapy and immune response: The systemic effects of a local treatment. Clinics 2018, 73.
[CrossRef] [PubMed]

http://doi.org/10.1038/srep22275
http://www.ncbi.nlm.nih.gov/pubmed/26925533
http://doi.org/10.3390/cancers9060066
http://www.ncbi.nlm.nih.gov/pubmed/28598362
http://doi.org/10.1016/j.dnarep.2020.102872
http://www.ncbi.nlm.nih.gov/pubmed/32502756
http://doi.org/10.3892/ol.2015.3730
http://doi.org/10.1038/nrc1367
http://doi.org/10.1158/1078-0432.CCR-05-1907
http://doi.org/10.1038/bjc.2017.100
http://doi.org/10.1186/s13014-017-0939-0
http://doi.org/10.1016/j.cellsig.2021.110012
http://doi.org/10.1186/s12935-021-02268-1
http://doi.org/10.3390/ijms20184563
http://www.ncbi.nlm.nih.gov/pubmed/31540114
http://doi.org/10.1038/srep11305
http://www.ncbi.nlm.nih.gov/pubmed/26065573
http://doi.org/10.1080/09553000110117340
http://doi.org/10.1038/sj.bjc.6601429
http://www.ncbi.nlm.nih.gov/pubmed/14647148
http://doi.org/10.1016/j.ijrobp.2011.03.033
http://www.ncbi.nlm.nih.gov/pubmed/21621345
http://doi.org/10.1002/cbin.10327
http://doi.org/10.1016/j.ijrobp.2008.12.090
http://doi.org/10.1269/jrr.10102
http://doi.org/10.3390/ijms19113574
http://doi.org/10.18632/oncotarget.26551
http://doi.org/10.3389/fimmu.2017.00229
http://www.ncbi.nlm.nih.gov/pubmed/28348554
http://doi.org/10.6061/clinics/2018/e557s
http://www.ncbi.nlm.nih.gov/pubmed/30540123


Int. J. Mol. Sci. 2022, 23, 2316 12 of 14

43. Ran, J.T.; Wang, J.T.; Dai, Z.Y.; Miao, Y.D.; Gan, J.; Zhao, C.P.; Guan, Q.L. Irradiation-Induced Changes in the Immunogenicity
of Lung Cancer Cell Lines: Based on Comparison of X-rays and Carbon Ions. Front. Public Health 2021, 9, 666282. [CrossRef]
[PubMed]

44. Wang, J.; Dai, Z.; Miao, Y.; Zhao, T.; Gan, J.; Zhao, C.; Ran, J.; Guan, Q. Carbon ion (12C6+) irradiation induces the expression of
Klrk1 in lung cancer and optimizes the tumor microenvironment based on the NKG2D/NKG2D-Ls pathway. Cancer Lett. 2021,
521, 178–195. [CrossRef] [PubMed]

45. Zafar, F.; Seidler, S.B.; Kronenberg, A.; Schild, D.; Wiese, C. Homologous recombination contributes to the repair of DNA
double-strand breaks induced by high-energy iron ions. Radiat. Res. 2010, 173, 27–39. [CrossRef]

46. Gerelchuluun, A.; Manabe, E.; Ishikawa, T.; Sun, L.; Itoh, K.; Sakae, T.; Suzuki, K.; Hirayama, R.; Asaithamby, A.; Chen, D.J.; et al.
The major DNA repair pathway after both proton and carbon-ion radiation is NHEJ, but the HR pathway is more relevant in
carbon ions. Radiat. Res. 2015, 183, 345–356. [CrossRef]

47. Kravets, A.P.; Sokolova, D. Epigenetic factors of individual radiosensitivity and adaptive capacity. Int. J. Radiat. Biol. 2020, 96,
999–1007. [CrossRef]

48. Miyamoto, T.; Baba, M.; Sugane, T.; Nakajima, M.; Yashiro, T.; Kagei, K.; Hirasawa, N.; Sugawara, T.; Yamamoto, N.; Koto, M.; et al.
Carbon Ion Radiotherapy for Stage I Non-small Cell Lung Cancer Using a Regimen of Four Fractions during 1 Week. J. Thorac.
Oncol. 2007, 2, 916–926. [CrossRef]

49. Miyamoto, T. Heavy ion therapy for non-small cell lung cancer–new, radical radiotherapy for advanced-age patients as an
alternative to surgery. Gan To Kagaku Ryoho. 2003, 30, 209–214.

50. Baba, M.; Sugane, T.; Nakajima, M.; Miyamoto, T.; Imai, R.; Ezawa, H.; Kandatsu, S.; Kamada, T.; Mizoe, J.; Tsujii, H. Car-bon ion
radiotherapy for peripheral stage I non-small cell lung cancer. J. Thorac. Oncol. 2007, 2, 916–926. [CrossRef]

51. Shioyama, Y.; Yamamoto, N.; Saitoh, J.I.; Fujii, O.; Matsunobu, A.; Ohno, T.; Okimoto, T.; Tsuji, H.; Kamada, T.; Nakano, T.; et al.
Multi-institutional Retrospective Study of Carbon Ion Radiation Therapy for Stage I Non-Small Cell Lung Cancer: Japan Carbon
Ion Radiation Oncology Study Group. Int. J. Radiat. Oncol. Biol. Phys. 2016, 96, S10. [CrossRef]

52. Takahashi, W.; Nakajima, M.; Yamamoto, N.; Yamashita, H.; Nakagawa, K.; Miyamoto, T.; Tsuji, H.; Kamada, T.; Fujisawa, T.
A prospective nonrandomized phase I/II study of carbon ion radiotherapy in a favorable subset of locally advanced non-small
cell lung cancer (NSCLC). Cancer 2015, 121, 1321–1327. [CrossRef] [PubMed]

53. Saitoh, J.-I.; Shirai, K.; Abe, T.; Kubo, N.; Ebara, T.; Ohno, T.; Minato, K.; Saito, R.; Yamada, M.; Nakano, T.; et al. A Phase I
Study of Hypofractionated Carbon-ion Radiotherapy for Stage III Non-small Cell Lung Cancer. Anticancer Res. 2018, 38, 885–891.
[CrossRef] [PubMed]

54. Anzai, M.; Yamamoto, N.; Hayashi, K.; Nakajima, M.; Nomoto, A.; Ogawa, K.; Tsuji, H. Safety and Efficacy of Carbon-ion
Radiotherapy Alone for Stage III Non-small Cell Lung Cancer. Anticancer Res. 2019, 40, 379–386. [CrossRef] [PubMed]

55. Faivre-Finn, C.; Vicente, D.; Kurata, T.; Planchard, D.; Paz-Ares, L.; Vansteenkiste, J.F.; Spigel, D.R.; Garassino, M.C.; Reck, M.;
Senan, S.; et al. Four-Year Survival with Durvalumab after Chemoradiotherapy in Stage III NSCLC—An Update from the
PACIFIC Trial. J. Thorac. Oncol. 2021, 16, 860–867. [CrossRef] [PubMed]

56. Willner, J.; Baier, K.; Caragiani, E.; Tschammler, A.; Flentje, M. Dose, volume, and tumor control predictions in primary
ra-diotherapy of non-small-cell lung cancer. Int. J. Radiat. Oncol. Biol. Phys. 2002, 52, 382–389. [CrossRef]

57. Yamamoto, N.; Miyamoto, T.; Nakajima, M.; Karube, M.; Hayashi, K.; Tsuji, H.; Tsujii, H.; Kamada, T.; Fujisawa, T. A Dose
Escalation Clinical Trial of Single-Fraction Carbon Ion Radiotherapy for Peripheral Stage I Non–Small Cell Lung Cancer. J. Thorac.
Oncol. 2017, 12, 673–680. [CrossRef]

58. Ono, T.; Yamamoto, N.; Nomoto, A.; Nakajima, M.; Isozaki, Y.; Kasuya, G.; Ishikawa, H.; Nemoto, K.; Tsuji, H. Long Term Results
of Single-Fraction Carbon-Ion Radiotherapy for Non-Small Cell Lung Cancer. Cancers 2020, 13, 112. [CrossRef]

59. Ma, L.; Men, Y.; Feng, L.; Kang, J.; Sun, X.; Yuan, M.; Jiang, W.; Hui, Z. A current review of dose-escalated radiotherapy in locally
advanced non-small cell lung cancer. Radiol. Oncol. 2019, 53, 6–14. [CrossRef]

60. Bradley, J.D.; Paulus, R.; Komaki, R.; Masters, G.; Blumenschein, G.; Schild, S.; Bogart, J.; Hu, C.; Forster, K.; Magliocco, A.; et al.
Standard-dose versus high-dose conformal radiotherapy with concurrent and consolidation carboplatin plus paclitaxel with
or without cetuximab for patients with stage IIIA or IIIB non-small-cell lung cancer (RTOG 0617): A randomised, two-by-two
factorial phase 3 study. Lancet Oncol. 2015, 16, 187–199.

61. Li, Y.; Kubota, Y.; Kubo, N.; Mizukami, T.; Sakai, M.; Kawamura, H.; Irie, D.; Okano, N.; Tsuda, K.; Matsumura, A.; et al. Dose
assessment for patients with stage I non-small cell lung cancer receiving passive scattering carbon-ion radiotherapy using daily
computed tomographic images: A prospective study. Radiother. Oncol. 2020, 144, 224–230. [CrossRef] [PubMed]

62. Hayashi, K.; Yamamoto, N.; Nakajima, M.; Nomoto, A.; Ishikawa, H.; Ogawa, K.; Tsuji, H. Carbon-ion radiotherapy for
octogenarians with locally advanced non-small-cell lung cancer. Jpn. J. Radiol. 2021, 39, 703–709. [CrossRef] [PubMed]

63. Nakajima, M.; Yamamoto, N.; Hayashi, K.; Karube, M.; Ebner, D.K.; Takahashi, W.; Anzai, M.; Tsushima, K.; Tada, Y.;
Tatsumi, K.; et al. Carbon-ion radiotherapy for non-small cell lung cancer with interstitial lung disease: A retrospective analysis.
Radiat. Oncol. 2017, 12, 144. [CrossRef]

64. Rowell, N.P.; Williams, C.J. Radical radiotherapy for stage I/II non-small cell lung cancer in patients not sufficiently fit for or
declining surgery (medically inoperable): A systematic review. Lung Cancer 2000, 29, 164–165. [CrossRef]

http://doi.org/10.3389/fpubh.2021.666282
http://www.ncbi.nlm.nih.gov/pubmed/33968889
http://doi.org/10.1016/j.canlet.2021.09.003
http://www.ncbi.nlm.nih.gov/pubmed/34492331
http://doi.org/10.1667/RR1910.1
http://doi.org/10.1667/RR13904.1
http://doi.org/10.1080/09553002.2020.1767819
http://doi.org/10.1097/JTO.0b013e3181560a68
http://doi.org/10.1097/01.JTO.0000283295.33830.69
http://doi.org/10.1016/j.ijrobp.2016.06.039
http://doi.org/10.1002/cncr.29195
http://www.ncbi.nlm.nih.gov/pubmed/25641119
http://doi.org/10.21873/anticanres.12298
http://www.ncbi.nlm.nih.gov/pubmed/29374716
http://doi.org/10.21873/anticanres.13963
http://www.ncbi.nlm.nih.gov/pubmed/31892590
http://doi.org/10.1016/j.jtho.2020.12.015
http://www.ncbi.nlm.nih.gov/pubmed/33476803
http://doi.org/10.1016/S0360-3016(01)01823-5
http://doi.org/10.1016/j.jtho.2016.12.012
http://doi.org/10.3390/cancers13010112
http://doi.org/10.2478/raon-2019-0006
http://doi.org/10.1016/j.radonc.2020.01.003
http://www.ncbi.nlm.nih.gov/pubmed/32044421
http://doi.org/10.1007/s11604-021-01101-z
http://www.ncbi.nlm.nih.gov/pubmed/33608792
http://doi.org/10.1186/s13014-017-0881-1
http://doi.org/10.1016/S0169-5002(00)80556-5


Int. J. Mol. Sci. 2022, 23, 2316 13 of 14

65. Sugane, T.; Baba, M.; Imai, R.; Nakajima, M.; Yamamoto, N.; Miyamoto, T.; Ezawa, H.; Yoshikawa, K.; Kandatsu, S.;
Kamada, T.; et al. Carbon ion radiotherapy for elderly patients 80 years and older with stage I non-small cell lung cancer. Lung
Cancer 2009, 64, 45–50. [CrossRef] [PubMed]

66. Ando, M.; Okamoto, I.; Yamamoto, N.; Takeda, K.; Tamura, K.; Seto, T.; Ariyoshi, Y.; Fukuoka, M. Predictive factors for interstitial
lung disease, antitumor response, and survival in non-small-cell lung cancer patients treated with gefitinib. J. Clin. Oncol. 2006,
24, 2549–2556. [CrossRef]

67. Okano, N.; Kubo, N.; Yamaguchi, K.; Kouno, S.; Miyasaka, Y.; Mizukami, T.; Shirai, K.; Saitoh, J.-i.; Ebara, T.; Kawamura, H.; et al.
Efficacy and Safety of Carbon-Ion Radiotherapy for Stage I Non-Small Cell Lung Cancer with Co-existing Interstitial Lung
Disease. Cancers 2021, 13, 4204. [CrossRef]

68. Mizobuchi, T.; Yamamoto, N.; Nakajima, M.; Baba, M.; Miyoshi, K.; Nakayama, H.; Watanabe, S.; Katoh, R.; Kohno, T.;
Ka-miyoshihara, M.; et al. Salvage surgery for local recurrence after carbon ion radiotherapy for patients with lung cancer. Eur. J.
Cardiothorac Surg. 2016, 49, 1503–1509. [CrossRef]

69. Karube, M.; Yamamoto, N.; Tsuji, H.; Kanematsu, N.; Nakajima, M.; Yamashita, H.; Nakagawa, K.; Kamada, T. Carbon-ion
re-irradiation for recurrences after initial treatment of stage I non-small cell lung cancer with carbon-ion radiotherapy. Radiother.
Oncol. 2017, 125, 31–35. [CrossRef]

70. Miyamoto, T.; Baba, M.; Yamamoto, N.; Koto, M.; Sugawara, T.; Yashiro, T.; Kadono, K.; Ezawa, H.; Tsujii, H.; Mizoe, J.-E.; et al.
Curative treatment of Stage I non–small-cell lung cancer with carbon ion beams using a hypofractionated regimen. Int. J. Radiat.
Oncol. 2007, 67, 750–758. [CrossRef]

71. Miyamoto, T.; Yamamoto, N.; Nishimura, H.; Koto, M.; Tsujii, H.; Mizoe, J.-E.; Kamada, T.; Kato, H.; Yamada, S.; Morita, S.; et al.
Carbon ion radiotherapy for stage I non-small cell lung cancer. Radiother. Oncol. 2003, 66, 127–140. [CrossRef]

72. Cannon, D.M.; Mehta, M.P.; Adkison, J.B.; Khuntia, D.; Traynor, A.M.; Tomé, W.A.; Chappell, R.J.; Tolakanahalli, R.; Mohindra, P.;
Bentzen, S.M.; et al. Dose-Limiting Toxicity After Hypofractionated Dose-Escalated Radiotherapy in Non–Small-Cell Lung
Cancer. J. Clin. Oncol. 2013, 31, 4343–4348. [CrossRef] [PubMed]

73. Yovino, S.; Kleinberg, L.; Grossman, S.A.; Narayanan, M.; Ford, E. The Etiology of Treatment-related Lymphopenia in Patients
with Malignant Gliomas: Modeling Radiation Dose to Circulating Lymphocytes Explains Clinical Observations and Suggests
Methods of Modifying the Impact of Radiation on Immune Cells. Cancer Investig. 2013, 31, 140–144. [CrossRef] [PubMed]

74. Pignalosa, D.; Lee, R.; Hartel, C.; Sommer, S.; Nikoghosyan, A.; Debus, J.; Ritter, S.; Durante, M. Chromosome inversions in
lymphocytes of prostate cancer patients treated with X-rays and carbon ions. Radiother. Oncol. 2013, 109, 256–261. [CrossRef]

75. Tang, C.; Liao, Z.X.; Gomez, D.; Levy, L.; Zhuang, Y.; Gebremichael, R.A.; Hong, D.S.; Komaki, R.; Welsh, J.W. Lymphopenia
Association With Gross Tumor Volume and Lung V5 and Its Effects on Non-Small Cell Lung Cancer Patient Outcomes. Int. J.
Radiat. Oncol. Biol. Phys. 2014, 89, 1084–1091. [CrossRef]

76. Lee, R.; Yamada, S.; Yamamoto, N.; Miyamoto, T.; Ando, K.; Durante, M.; Tsujii, H. Chromosomal aberrations in lymphocytes of
lung cancer patients treated with carbon ions. J. Radiat. Res. 2004, 45, 195–199. [CrossRef]

77. Ohara, K.; Okumura, T.; Akisada, M.; Inada, T.; Mori, T.; Yokota, H.; Calaguas, M.J.B. Irradiation Synchronized with Respiration
Gate. Int. J. Radiat. Oncol. Biol. Phys. 1989, 17, 853–857. [CrossRef]

78. Wong, J.W.; Sharpe, M.B.; Jaffray, D.; Kini, V.R.; Robertson, J.M.; Stromberg, J.S.; Martinez, A.A. The use of active breathing control
(ABC) to reduce margin for breathing motion. Int. J. Radiat. Oncol. 1999, 44, 911–919. [CrossRef]

79. Tashiro, M.; Ishii, T.; Koya, J.-i.; Okada, R.; Kurosawa, Y.; Arai, K.; Abe, S.; Ohashi, Y.; Shimada, H.; Yusa, K.; et al. Technical
approach to individualized respiratory-gated car-bon-ion therapy for mobile organs. Radiol Phys Technol 2013, 6, 356–366.
[CrossRef]

80. Castro, J.R.; Quivey, J.M. Clinical Experience and Expectations with Helium and Heavy-Ion Irradiation. Int. J. Radiat. Oncol. Biol.
Phys. 1977, 3, 127–131. [CrossRef]

81. Demizu, Y.; Fujii, O.; Iwata, H.; Fuwa, N. Carbon Ion Therapy for Early-Stage Non-Small-Cell Lung Cancer. BioMed Res. Int. 2014,
2014, 727962. [CrossRef] [PubMed]

82. Okazaki, S.; Shibuya, K.; Takura, T.; Miyasaka, Y.; Kawamura, H.; Ohno, T. Cost-effectiveness of carbon-ion radiotherapy versus
stereotactic body radiotherapy for non-small-cell lung cancer. Cancer Sci. 2022, 113, 674–683. [CrossRef] [PubMed]

83. Chen, G.T.Y.; Singh, R.P.; Castro, J.R.; Lyman, J.T.; Quivey, J.M. Treatment Planning for Heavy-Ion Radiotherapy. Int. J. Radiat.
Oncol. Biol. Phys. 1979, 5, 1809–1819. [CrossRef]

84. Kessler, M.L.; Pitluck, S.; Petti, P.; Castro, J.R. Integration of Multimodality Imaging Data for Radio-Therapy Treatment Planning.
Int. J. Radiat. Oncol. Biol. Phys. 1991, 21, 1653–1667. [CrossRef]

85. Shirai, K.; Nakagawa, A.; Abe, T.; Kawahara, M.; Saitoh, J.-I.; Ohno, T.; Nakano, T. Use of FDG-PET in Radiation Treatment
Planning for Thoracic Cancers. Int. J. Mol. Imaging 2012, 2012, 609545. [CrossRef]

86. Shrestha, D.; Tsai, M.Y.; Qin, N.; Zhang, Y.; Jia, X.; Wang, J. Dosimetric evaluation of 4D-CBCT reconstructed by Simulta-neous
Motion Estimation and Image Reconstruction (SMEIR) for carbon ion therapy of lung cancer. Med. Phys. 2019, 46, 4087–4094.
[CrossRef]

87. Kijewski, P.K.; Bjarngard, B.E. Use of Computed Tomography Data for Radiotherapy Dose Calculations. Int. J. Radiat. Oncol. Biol.
Phys. 1978, 4, 429–435. [CrossRef]

88. Shiba, S.; Parajuli, R.K.; Sakai, M.; Oike, T.; Ohno, T.; Nakano, T. Use of a Si/CdTe Compton Camera for In Vivo Real-Time
Monitoring of Annihilation Gamma Rays Generated by Carbon Ion Beam Irradiation. Front. Oncol. 2020, 10, 635. [CrossRef]

http://doi.org/10.1016/j.lungcan.2008.07.007
http://www.ncbi.nlm.nih.gov/pubmed/18762351
http://doi.org/10.1200/JCO.2005.04.9866
http://doi.org/10.3390/cancers13164204
http://doi.org/10.1093/ejcts/ezv348
http://doi.org/10.1016/j.radonc.2017.07.022
http://doi.org/10.1016/j.ijrobp.2006.10.006
http://doi.org/10.1016/S0167-8140(02)00367-5
http://doi.org/10.1200/JCO.2013.51.5353
http://www.ncbi.nlm.nih.gov/pubmed/24145340
http://doi.org/10.3109/07357907.2012.762780
http://www.ncbi.nlm.nih.gov/pubmed/23362951
http://doi.org/10.1016/j.radonc.2013.09.021
http://doi.org/10.1016/j.ijrobp.2014.04.025
http://doi.org/10.1269/jrr.45.195
http://doi.org/10.1016/0360-3016(89)90078-3
http://doi.org/10.1016/S0360-3016(99)00056-5
http://doi.org/10.1007/s12194-013-0208-3
http://doi.org/10.1016/0360-3016(77)90238-3
http://doi.org/10.1155/2014/727962
http://www.ncbi.nlm.nih.gov/pubmed/25295269
http://doi.org/10.1111/cas.15216
http://www.ncbi.nlm.nih.gov/pubmed/34820994
http://doi.org/10.1016/0360-3016(79)90564-9
http://doi.org/10.1016/0360-3016(91)90345-5
http://doi.org/10.1155/2012/609545
http://doi.org/10.1002/mp.13706
http://doi.org/10.1016/0360-3016(78)90073-1
http://doi.org/10.3389/fonc.2020.00635


Int. J. Mol. Sci. 2022, 23, 2316 14 of 14

89. Takayasu, Y.; Kubo, N.; Shino, M.; Nikkuni, O.; Ida, S.; Musha, A.; Takahashi, K.; Hirato, J.; Shirai, K.; Saitoh, J.; et al. Carbon-ion
radiotherapy combined with chemotherapy for head and neck mucosal melanoma: Prospective observational study. Cancer Med.
2019, 8, 7227–7235. [CrossRef]

90. Combs, S.E.; Zipp, L.; Rieken, S.; Habermehl, D.; Brons, S.; Winter, M.; Haberer, T.; Debus, J.; Weber, K.J. In vitro evaluation of
photon and carbon ion radiotherapy in combination with chemotherapy in glioblastoma cells. Radiat. Oncol. 2012, 7, 9. [CrossRef]

91. Furuse, K.; Fukuoka, M.; Kawahara, M.; Nishikawa, H.; Takada, Y.; Kudoh, S.; Katagami, N.; Ariyoshi, Y. Phase III Study of
Concurrent Versus Sequential Thoracic Radiotherapy in Combination with Mitomycin, Vindesine, and Cisplatin in Unresectable
Stage III Non–Small-Cell Lung Cancer. J. Clin. Oncol. 1999, 17, 2692. [CrossRef] [PubMed]

92. Perez, C.A.; Pajak, T.F.; Rubin, P.; Simpson, J.R.; Mohiuddin, M.; Brady, L.W.; Pereztamayo, R.; Rotman, M. Long-Term
Observations of the Patterns of Failure in Patients with Unresectable Non-Oat Cell Carcinoma of the Lung Treated with Definitive
Radiotherapy Report by the Radiation Therapy Oncology Group. Cancer 1987, 59, 1874–1881. [CrossRef]

93. Marino, P.; Preatoni, A.; Cantoni, A. Randomized Trials of Radiotherapy Alone Versus Combined Chemotherapy and Radiother-
apy in Stages Iiia and Iiib Nonsmall Cell Lung-Cancer—A Metaanalysis. Cancer 1995, 76, 593–601. [CrossRef]

94. Pritchard, R.S.; Anthony, S.P. Chemotherapy plus radiotherapy compared with radiotherapy alone in the treatment of locally
advanced, unresectable, non-small-cell lung cancer. A meta-analysis. Ann. Intern. Med. 1996, 125, 723–729. [CrossRef]

95. Ma, N.-Y.; Chen, J.; Ming, X.; Jiang, G.-L.; Lu, J.J.; Wu, K.-L.; Mao, J. Preliminary Safety and Efficacy of Proton Plus Carbon-Ion
Radiotherapy with Concurrent Chemotherapy in Limited-Stage Small Cell Lung Cancer. Front. Oncol. 2021, 11, 766822. [CrossRef]
[PubMed]

96. Helm, A.; Tinganelli, W.; Simoniello, P.; Kurosawa, F.; Fournier, C.; Shimokawa, T.; Durante, M. Reduction of Lung Metas-tases in
a Mouse Osteosarcoma Model Treated with Carbon Ions and Immune Checkpoint Inhibitors. Int. J. Radiat. Oncol. Biol. Phys. 2021,
109, 594–602. [CrossRef]

http://doi.org/10.1002/cam4.2614
http://doi.org/10.1186/1748-717X-7-9
http://doi.org/10.1200/JCO.1999.17.9.2692
http://www.ncbi.nlm.nih.gov/pubmed/10561343
http://doi.org/10.1002/1097-0142(19870601)59:11&lt;1874::AID-CNCR2820591106&gt;3.0.CO;2-Z
http://doi.org/10.1002/1097-0142(19950815)76:4&lt;593::AID-CNCR2820760409&gt;3.0.CO;2-N
http://doi.org/10.7326/0003-4819-125-9-199611010-00003
http://doi.org/10.3389/fonc.2021.766822
http://www.ncbi.nlm.nih.gov/pubmed/34858845
http://doi.org/10.1016/j.ijrobp.2020.09.041

	Non-Small-Cell Lung Cancer 
	Heavy Ion Radiotherapy 
	Heavy Ions and Their Biological Effects 
	Radiobiological Effects of Heavy Ions on Lung Cancer Cells and the Underlying Molecular Mechanisms 
	Research Progress on Heavy Ion Therapy for Non-Small-Cell Lung Cancer 
	Discussion 
	References

