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Abstract

Background: Aim of this study was to evaluate the relative biological effectiveness
(RBE) of carbon (12C) and oxygen ion (160)-irradiation applied in the raster-
scanning technique at the Heidelberg lon beam Therapy center (HIT) based on
clonogenic survival in hepatocellular carcinoma cell lines compared to photon
irradiation.

Methods: Four human HCC lines Hep3B, PLC, HepG2 and HUH7 were irradiated
with photons, 12C and 160 using a customized experimental setting at HIT for in-
vitro trials. Cells were irradiated with increasing physical photon single doses of 0,
2,4 and 6 Gy and heavy ionsingle doses of 0, 0.125, 0.5, 1, 2, 3 Gy (12C and 160).
SOBP-penetration depth and extension was 35 mm +/—4 mm and 36 mm +/

—5 mm for carbon ions and oxygen ions respectively. Mean energy level and mean
linear energy transfer (LET) were 130 MeV/u and 112 keV/um for 12C, and

154 MeV/u and 146 keV/um for 160. Clonogenic survival was computated and
realtive biological effectiveness (RBE) values were defined.

Results: For all cell lines and both particle modalities o- and p-values were
determined. As expected, a-values were significantly higher for 12C and 160 than
for photons, reflecting a steeper decline of the initial slope of the survival curves for
high-LET beams. RBE-values were in the range of 2.1-3.3 and 1.9-3.1 for 12C and
160, respectively.

Conclusion: Both irradiation with 12C and 160 using the rasterscanning technique
leads to an enhanced RBE in HCC cell lines. No relevant differences between
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achieved RBE-values for 12C and 160 were found. Results of this work will further
influence biological-adapted treatment planning for HCC patients that will undergo
particle therapy with 12C or 160.

Introduction

Treatment options for patients with advanced hepatocellular carcinoma (HCC)
are limited and prognosis still remains poor [1]. Potential curative treatments
such as surgery, liver transplantation or locoregional therapies including
radiofrequency ablation or chemoembolization can only be administered in early-
stage disease [2]. Conventional radiotherapy (RT) has been applied for treatment
of HCC in the past with only modest results. Better results with high local control
rates can be achieved by using modern high-precision radiation techniques such
as stereotactic body radiotherapy (SBRT) with large single doses [3,4]. Dose
tolerance of surrounding normal liver tissue is a limiting factor for the application
of high local doses [5,6]. However new radiation modalities such as particle
therapy offer promising physical and biological characteristics and present
therefore an alternative treatment option for patients with HCC [7-9]. Ion beams
are characterized by an inverse dose-depth profile with a maximal dose deposition
in a predefined depth in tissues (Bragg-peak) while the surrounding organs at risk
can be spared as far as possible. A further advantage of this treatment modality
compared to photons is the high-LET (Linear Energy Transmission) character of
heavy ion beams such as carbon (12C) and oxygen (160) ions [10]. High-LET
irradiation exerts a higher relative biological effectiveness (RBE) in tumour cells
which therefore can overcome relative radio-resistance induced by hypoxia
through induction of clustered DNA double-strand breaks [11, 12]. Oxygen ions
(160) have a higher mass compared to carbon ions (12C) which can therefore
theoretically be translated into a slight biological superiority with the advantage of
achieving higher RBE values in irradiated tissues.

Aim of this study was to evaluate in-vitro effects of carbon and oxygen ion-
irradiation applied in the raster-scanning technique on clonogenic survival in
hepatocellular carcinoma cell lines compared to photon radiotherapy. Results of
this work will further influence biological-adapted treatment planning for HCC
patients at HIT.

Materials and Methods

Cells and cell culture

All cell lines were obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA). The three human HCC lines Hep3B, PLC and HUH7 were
grown in DMEM (Dubelco’s modified Eagle Medium; Biochrom, Berlin,
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Germany), HepG2 cells were maintained in RPMI 1640 medium (Biochrom,
Berlin, Germany). Both media were supplemented with 10% heat-inactivated fetal
bovine serum (FBS) (Gibco, Life Technologies, Vienna, Austria) and 1%
penicillin-streptomycin (Sigma-Aldrich GmbH, Munich, Germany). Cells were
stored lying flat in 175 cm® tissue plastic flasks in an incubator at 37°C in
humidified air with 5% CO, and passaged weekly. Mycoplasma screening was
performed regularly by a dedicated laboratory.

Photon irradiation

Photon irradiation was performed with a biological cabinet X-ray irradiator
(XRAD 320 Precision X-ray Inc., N. Bradford, CT) at single doses of 2, 4, 6 and
8 Gy. Irradiation was performed at room temperature.

Carbon and oxygen ion irradiation

Carbon and oxygen ion treatment was performed at the Heidelberg Ion-Beam
Therapy Center (HIT) using the raster-scanning technique. Single doses of 0.125,
0.5, 1, 2 and 3 Gy were delivered with an extended Spread-Out Bragg peak
(SOBP) that was adjusted using a 3.5-cm acrylic shield and positioning cell
monolayers in the middle of the SOBP. SOBP-penetration depth and extension
was 35 mm +/—4 mm and 36 mm +/—5 mm for carbon ions and oxygen ions
respectively. Mean energy level and mean linear energy transfer (LET) were

130 MeV/u and 112 keV/um for carbon ions, and 154 MeV/u and 146 keV/um
for oxygen ions. Irradiation was performed at room temperature. Experiments
were done as previously described by our group [13].

Colony forming assay

In order to generate reliable results every experiment was performed in triplets
two or three times at independent days. Clonogenics were performed as
previously described by our group [13, 14]. Firstly, a defined and increasing
amount of cells, adjusted to the increasing doses of irradiation were seeded into
25 cm” flasks filled with medium and incubated for 24 h before irradiation.
Secondly, after irradiation cells were incubated 5 to 14 days depending on cell line
and its individual extent of forming colonies. Thirdly, cell fixation was done using
4 ml of 70% ethanol followed by 5 ml of methylene blue for 10 min. Finally,
colony counting was performed under the microscope with a threshold of
minimum 50 cells per colony. From the determined surviving fractions the plating
efficiency and clonogenic survival were calculated. These results were used to
generate survival curves, to define o- and B-parameters and to calculate RBE-
values. SigmaPlots’ (Systat Software GmbH, Erkrath, Germany) non-linear
least-squares regression option was used to fit the linear-quadratic expression
[-In(S) =0(*D+B*D2] to the resulting averaged survival fractions after normalizing
plating efficiencies to the untreated samples (S is the number of surviving cell
following a dose of D, and o and B are the respective sensitivity coefficients).
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Results

Photon irradiation

In a first set of experiments HCC cell lines HepG2, HuH7, Hep3B and PLC were
irradiated with increasing doses of 0, 2, 4, 6 and 8 Gy. Cell lines showed a dose-
dependent suppression of clonogenic survival as can be seen by typical shoulder-
shaped curves (figure 1). The surviving fractions determined were used to
perform linear quadratic fits and calculate clonogenic survival curves for each cell
line in order to compare the effectiveness of photon and 12C as well as 160
irradiation.

12C and 160 irradiation

In a second set of experiments the above mentioned cell lines were treated with
12C and 160 ion beams and again clonogenic survival was assessed by a colony
forming assay. Applied physical doses were 0, 0.125, 0.5, 1, 2 and 3 Gy dependent
on cell line and particle modality. All cell lines showed a dose-dependent
suppression of clonogenic survival (figure 2).

In comparison to the photon-RT derived survival data of the tested cell lines,
survival fractions for 12C and 160 treated cells were even lower (figure 3).
Therefore, both particle beam modalities 12C and 160 showed an enhanced
efficacy towards clonogenic cell death induction than low-LET irradiation with
photons.

RBE calculation and determination of a- and pB-parameters

For all cell lines and both particle modalities o- and B-values were determined and
are presented in table 1. As expected, a-values were significantly higher for 12C
and 160 than for photons, reflecting a steeper decline of the initial slope of the
survival curves for high-LET beams. RBE values are calculated at 10% cell survival
(RBE,() and consistent for all 12C- and 160-treated cell lines (table 2). Resulting
RBE-values were in the range of 2.1-3.3 and 1.9-3.1 for 12C and 160,
respectively. Obviously there are no significant differences between achieved RBE-
values for 12C and 160. Only for PLC cells the RBE value for 160 was
exceptionally low compared to the other cell lines.

Discussion

Charged particle beams with carbon or oxygen ions applied using the raster-
scanning technique at HIT lead to high RBE values in four tested HCC cell lines.
Clonogenic cell survival was dose-dependent and detectable in all examined cell
lines. Resulting RBE-values (RBE;o, determined at 10%-survival) were compar-
able for 12C and 160 and in the range of 2-3. Based on these data future
adoptions and corrections in the context of biological optimized particle therapy
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Figure 1. Fitted survival curves after photon-irradiation of HepG2, Hep3B, HuH7 and PLC cell lines determined by colony forming assay. Applied
doses were 0, 2, 4, 6 and 8 Gy. All survival curves showed a dose-dependent decrease of clonogenic cells.

doi:10.1371/journal.pone.0113591.9001

of HCC patients at HIT will be possible with the aim of a more exact computation
of RBE-tables in the treatment planning environment.

Our work represents the first experimental dataset with 12C- and 160-ion
beams performed at HIT with the active raster-scanning method in HCC cell
lines. In general, data on in-vitro RBE-evaluation of heavy ion beams are sparse,
especially for 160. Recently, our group reported RBE-datasets for 12C-irradiation
of pancreatic cancer and glioblastoma cell lines and examined the effect of
additional anti-tumorigenic substances [13-16].

Previously, an Indian group examined the influence of several charged particle
beams (including 160, 12C and lithium ions, 7LI) compared to Cobalt irradiation
(°°Co) in V79 Chinese hamster cells [17]. In their setup Chinese hamster cells
were exposed to high-LET 160-beams (625 keV/m) with doses ranging from 0—
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Figure 2. Fitted survival curves after 12C- (on the left) and 160-irradiation (on the right) of HepG2, Hep3B, HuH7 and PLC cells lines determined by
colony forming assay. Applied doses were 0, 0.125, 1, 2 and 3 Gy for both radiation modalities. All survival curves showed a dose-dependent decrease of

clonogenic cells.

doi:10.1371/journal.pone.0113591.9002
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9.83 Gy. Cell survival, micronuclei formation, chromosomal aberrations and
apoptosis-induction were studied. Finally, the dose response curves revealed that
7Li-beam was most effective in cell killing as well as inducing other nuclear
damages followed by 12C, 160 and ®’Co, in that order. The presented results are
basically in accordance with our data regarding higher RBE-values for heavy ion
beams. But, in contrast to our results, 12C had a higher impact on cell survival
than 160. One explanation can be the different experimental setup. The Indian
group used 160 beams with a different energy and the examined cells are non-
cancerous fibroblasts, so finally different biological effects may result.

Ofuchi and colleagues determined RBE-values for hepatoma cell lines (HLE and
HLF) after photon and 12C irradiation using the premature chromosome
condensation (PCC) technique and colony formation [18]. Hereby, carbon ion
beams of 13 and 76 keV/micron were compared to x-rays and lead to RBE-values
of 1.10-1.24 and 2.57-2.59, respectively. These results are comparable to our
findings regarding RBE values in HCC cell lines, even when the experimental
setup and used cell lines are slightly differing. With a focus on cell death
mechanisms, a Chinese group recently measured survivin expression in HepG2
cells after low- (x-rays) and high-LET (12C) irradiation. Survivin is an important
protein involved in the inhibition of apoptosis (IAP, inhibitor of apoptosis
proteins), mainly expressed in a wide variety of tumor cells. The group generated
evidence of a differential expression pattern of survivin after RT with both
modalities. Carbon ion beams increased survivin expression and a more
pronounced G2/M-cell cycle arrest than photon-RT up to 4 Gy, with higher doses
leading to a further decrease of its expression. The authors therefore conclude that
an anti-apoptotic function of survivin may not be evident, possibly because of a
serious damage caused by densely ionizing 12C-RT.

December 2, 2014 6/10



@PLOS ’ ONE

Evaluation of Carbon and Oxygen lon Beam RT in HCC Cell Lines

surviving fraction (%) surviving fraction (%)

surviving fraction (%)

surviving fraction (%)

Hepls Hepl8
100 g 100 =
‘ . photons .« 8 " photons
.\‘ Carbon ions \, -~ o Oxygenions
10 o T\ _ ; . |' 10 4 \\‘\_. ;
\I ! N \! L ~8
14 I - l ' 6 l
‘ -
0.1+ l 0.1+
0 2 H ‘ 8 10 ° 2 : ¢ s 10
dose [Gy) dose [Gy]
HepG2 HepG2
100 g |ooF,
N\ - \, ~—
\ photons L s photons
® o\ - Carbon lons \’ . o Oxygen lons
LN N = Ny N3
104 \\ 2 1 ’\\\ ;5 10 + \'&.,\ I \\\
AN . ) G ¢
. 4 8 NG
. \ g \.1
1 E > o - 1 \\
F 3 \
z \.\
: g \.s
0.1+ N 0.1+ 1.
) 2 H H H 10 0 2 H H H 10
dose (Gy] dose [Gy)
M7 HUHT
100 g Y 1ooi, - .
N\ photons ~ photons
o, " Carbon ions '\ e *  Oxygen iong
o IN T o 10+ N\ )
N g N
S 1 = N\ oy
’_ \\' . s \‘ v
14 . e & ' [ .
e
£
0.1+ i 0.14
v L T T v i 4 Ll T
[} 2 4 L] ] 10 0 2 4 & 8 10
dose [Gy] cose [Gy)
e PLC
!00; - 100 . =  pholons
. s Carbon kons N * Oxygen ks
.\. e | - b4
w0{ \‘i L 3 104 . \\; ~]
AN I~ £ ! I~
3 e g .
1 1 l - : 1
g
0.14 2 01 1
T T Ll T M T T T
] 2 4 & 8 10 o 2 4 ] 8 10
dose [Gy] dose [Gy)

PLOS ONE | DOI:10.1371/journal.pone.0113591

December 2, 2014

7/10



@'PLOS | ONE

Evaluation of Carbon and Oxygen lon Beam RT in HCC Cell Lines

Figure 3. Fitted survival curves after photon, 12C- and 160-irradiation of Hep3B, HepG2, HuH7 and PLC cell lines determined by colony forming
assay (shown in descending order). Applied photon doses were 0, 2, 4, 6 and 8 Gy and applied ion doses for 12C and O16 were 0, 0.125, 1, 2 and 3 Gy.
Survival curves of HCC cell lines after photon and 12C irradiation are shown on the left side, survival curves after photon and O16 irradiation are shown on

the right side.

doi:10.1371/journal.pone.0113591.g003

A further important aspect of our work is the possible integration of our data
into biologically individualized dose calculation algorithms for the treatment
planning procedure for HCC patients. Currently the phase-I/—II clinical trial
PROMETHEUS is recruiting HCC patients for a four fraction protocol of
increasing doses from 10 to 15 Gy(RBE) [9, 19]. Until now treatment planning is
performed with Syngo PT Planning developed by Siemens Oncology Care Systems
(OCS, Erlangen, Germany) including biologic plan optimization, originally based
on the Local Effect Model (LEM) developed by GSI (Gesellschaft fiir
Schwerionenforschung) [20]. Finally, the system is designed for RBE-computation
for different tissue types and selected endpoints. An integration of tumor-specific
radiobiological parameters (e.g. o/p-values) will help to further improve the dose
calculation via the TPS (Treatment Planning System) and thus optimize patient
treatment.

Future improvements may also incorporate LET-painting in particle therapy
treatment planning systems for tumor regions that are hypoxic and therefore
more radio-resistant. For this purpose, Bassler and colleagues recently came up
with strategies to overcome the relative radio-resistance of hypoxic tumor regions
with LET-painting using 12C and 160 [10]. They could show that ions heavier
than 12C may be necessary to overcome hypoxic target regions sufficiently.
Finally, they conclude that a 160 boost would be promising to target hypoxic
structures of 1-4 cm’ in size. Together with the results of a recent meta-analysis
on the prognostic relevance of tumor hypoxia in HCC patients, these findings
have to be considered in TPS dose calculation based on in-vitro derived
radiobiological parameters to optimize particle RT for future HCC patients [21].

The acquired data will be valuable for biologically adapted treatment planning
in clinical trials on carbon ion therapy of hepatocellular carcinoma such as our
running clinical PROMETHEUS trial (hypofractionated carbon ion therapy for

Table 1. Calculated a- and B-values for HepG2, Hep3B, HuH7 and PLC cells after irradiation with photons, 12C and 160.

I N - S [

photons o 0.1482 0.3966 0.2973 0.3817

B 0.0927 0.02301 0.03963 0.01244
12C o 1.733 0.8659 1.892 1.531

B —0.1685 0.4962 -0.1272 —0.07204
160 o 1.65 1.398 1.527 0.6025

B —0.20857 0.1028 —0.01935 0.06914

RBE Relative Biological Effectiveness, ph photons.

doi:10.1371/journal.pone.0113591.t001
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Table 2. RBE values determined for 12C- and 160-irradiation of HepG2, Hep3B, HuH7, and PLC cells.

| [Hepc2 [RBE____|Hep38 _|RBE____|HuW7 ___IRBE___|PLC ___|RBE___|

photons 4.2769
12C 2.04784
160 2.10514

4.19983 4.6062 5.30342
2.08849 1.43932 29179 1.40869 3.2698 1.7277 3.0696
2.03165 1.465 2.86678 1.51044 3.0496 2.85986 1.8544

RBE Relative Biological Effectiveness, ph photons.

doi:10.1371/journal.pone.0113591.t002

HCC). The presented results represent the biological fundamentals of the clinical
application for charged particle treatment using the raster-scanning technique.

Acknowledgments

We want to thank Beate Straub (Institute of Pathology, University of Heidelberg)
for kindly providing the HCC cell lines.

Author Contributions

Conceived and designed the experiments: DH. Performed the experiments: LO SB
DH. Analyzed the data: DH KI SD SB KJW SEC. Contributed reagents/materials/
analysis tools: JD SEC KJW TH KI. Wrote the paper: DH SEC. Performed all cell
survival calculations: SD. Organized and helped to conduct the ion beam
experiments: SB. Performed the photon and ion beam experiments: LO. Helped to
compute and analyse the experimental data: KJW. Supervised the irradiation
experiments: KJW SR SEC. Helped to interpret the data and contributed to their
analysis: SR SD SB KJW JD SEC. Contributed with regard to scientific context and
financial support: TH JD SEC. Conceived of the study and helped to finalize the
manuscript: SEC. Helped with the interpretation of the data, read and approved
the final manuscript: DH KI SD SR LO SB TH KJW JD SEC.

References

1. Colombo M, Raoul JL, Lencioni R, Galle PR, Zucman-Rossi J, et al. (2013) Multidisciplinary
strategies to improve treatment outcomes in hepatocellular carcinoma: a European perspective.
Eur J Gastroenterol Hepatol 25: 639-651.

2. NCCN (2013) Hepatobiliary Cancers. NCCN Guidelines: National Comprehensive Cancer Network.

3. XiM, Zhang L, Zhao L, Li QQ, Guo SP, et al. (2013) Effectiveness of stereotactic body radiotherapy for
hepatocellular carcinoma with portal vein and/or inferior vena cava tumor thrombosis. PLoS One 8:
€63864.

4. Bujold A, Massey CA, Kim JJ, Brierley J, Cho C, et al. (2013) Sequential phase | and Il trials of
stereotactic body radiotherapy for locally advanced hepatocellular carcinoma. J Clin Oncol 31: 1631—
1639.

5. Jung J, Yoon SM, Kim SY, Cho B, Park JH, et al. (2013) Radiation-induced liver disease after
stereotactic body radiotherapy for small hepatocellular carcinoma: clinical and dose-volumetric
parameters. Radiat Oncol 8: 249.

PLOS ONE | DOI:10.1371/journal.pone.0113591 December 2, 2014 9/10



@'PLOS | ONE

Evaluation of Carbon and Oxygen lon Beam RT in HCC Cell Lines

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

PLOS ONE | DOI:10.1371/journal.pone.0113591

Son SH, Jang HS, Lee H, Choi BO, Kang YN, et al. (2013) Determination of the alpha/beta ratio for the
normal liver on the basis of radiation-induced hepatic toxicities in patients with hepatocellular carcinoma.
Radiat Oncol 8: 61.

Komatsu S, Fukumoto T, Demizu Y, Miyawaki D, Terashima K, et al. (2011) Clinical results and risk
factors of proton and carbon ion therapy for hepatocellular carcinoma. Cancer 117: 4890-4904.

Imada H, Kato H, Yasuda S, Yamada S, Yanagi T, et al. (2010) Comparison of efficacy and toxicity of
short-course carbon ion radiotherapy for hepatocellular carcinoma depending on their proximity to the
porta hepatis. Radiother Oncol 96: 231-235.

Combs SE, Habermehl D, Ganten T, Schmidt J, Edler L, et al. (2011) Phase i study evaluating the
treatment of patients with hepatocellular carcinoma (HCC) with carbon ion radiotherapy: the
PROMETHEUS-01 trial. BMC Cancer 11: 67.

Bassler N, Toftegaard J, Luhr A, Sorensen BS, Scifoni E, et al. (2014) LET-painting increases tumour
control probability in hypoxic tumours. Acta Oncol 53: 25-32.

Antonovic L, Brahme A, Furusawa Y, Toma-Dasu | (2013) Radiobiological description of the LET
dependence of the cell survival of oxic and anoxic cells irradiated by carbon ions. J Radiat Res 54: 18—
26.

Friedrich T, Scholz U, Elsasser T, Durante M, Scholz M (2012) Calculation of the biological effects of
ion beams based on the microscopic spatial damage distribution pattern. Int J Radiat Biol 88: 103—107.

El Shafie RA, Habermehl D, Rieken S, Mairani A, Orschiedt L, et al. (2013) In vitro evaluation of
photon and raster-scanned carbon ion radiotherapy in combination with gemcitabine in pancreatic
cancer cell lines. J Radiat Res 54 Suppl 1: i113—-119.

Harrabi S, Combs SE, Brons S, Haberer T, Debus J, et al. (2013) Temozolomide in combination with
carbon ion or photon irradiation in glioblastoma multiforme cell lines - does scheduling matter?
Int J Radiat Biol 89: 692-697.

Combs SE, Bohl J, Elsasser T, Weber KJ, Schulz-Ertner D, et al. (2009) Radiobiological evaluation
and correlation with the local effect model (LEM) of carbon ion radiation therapy and temozolomide in
glioblastoma cell lines. Int J Radiat Biol 85: 126-137.

Combs SE, Schulz-Ertner D, Roth W, Herold-Mende C, Debus J, et al. (2007) In vitro responsiveness
of glioma cell lines to multimodality treatment with radiotherapy, temozolomide, and epidermal growth
factor receptor inhibition with cetuximab. Int J Radiat Oncol Biol Phys 68: 873-882.

Pathak R, Dey SK, Sarma A, Khuda-Bukhsh AR (2007) Cell killing, nuclear damage and apoptosis in
Chinese hamster V79 cells after irradiation with heavy-ion beams of (16)O, (12)C and (7)Li. Mutat Res
632: 58-68.

Ofuchi T, Suzuki M, Kase Y, Ando K, Isono K, et al. (1999) Chromosome breakage and cell lethality in
human hepatoma cells irradiated with X rays and carbon-ion beams. J Radiat Res 40: 125-133.

Habermehl D, Debus J, Ganten T, Ganten MK, Bauer J, et al. (2013) Hypofractionated carbon ion
therapy delivered with scanned ion beams for patients with hepatocellular carcinoma - feasibility and
clinical response. Radiat Oncol 8: 59.

Scholz M, Kellerer AM, Kraft-Weyrather W, Kraft G (1997) Computation of cell survival in heavy ion
beams for therapy. The model and its approximation. Radiat Environ Biophys 36: 59-66.

Zheng SS, Chen XH, Yin X, Zhang BH (2013) Prognostic significance of HIF-1alpha expression in
hepatocellular carcinoma: a meta-analysis. PLoS One 8: e65753.

December 2, 2014 10/10



	Figure 1
	Figure 2
	Figure 3
	TABLE_1
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	TABLE_2
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21

