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ABSTRACT

Relative biological effectiveness (RBE) for the survival of human melanoma cells induced
by high linear energy transfer (LET) protons was investigated. Exponentially growing
HTB140 cells were irradiated close to the Bragg peak maximum of the 62 MeV protons, as
well as with 60Co γ-rays, over single doses, ranging from 8-24 Gy. Clonogenic survival and
cell viability were assessed up to 48 h post-irradiation, therefore considered as early
inactivation effects. Dose dependent cell inactivation induced by high LET protons was
observed. Surviving fractions have shown great overlapping with estimated cell viability,
both with the increase of dose and with prolonged cell incubation. Evaluated RBEs were
higher with the rise of dose, being in the range from 2 to 3. All analyzes performed have
demonstrated a very radio-resistant nature of HTB140 melanoma cells. However, high LET
protons are able to inactivate these cells in a larger extent compared to the effects of γ–rays.
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1. Introduction

A variety of means used in cancer therapy, for instance ionizing radiation, show uneven effectiveness
against different tumour types. Although melanomas are among the most resistant, some forms of this
malignancy specially localized, such as uveal melanoma and other eye tumours are nowadays treated
with rather good results using therapeutic proton beams [1, 2]. This is based on the physical properties
of protons that are able to target the radiation dose precisely into the tumour volume whereas the
neighbouring tissue being spared. Explained qualities of protons are ascribed to their specific energy
loss per unit length, i.e. linear energy transfer (LET), that increases while the proton slows down along
its path in tissue. At the very end of the proton range this gives a rapid build-up to a sharp maximum in
ionization followed by a swift fall-off, the Bragg peak [3, 4]. When different radiation qualities are
compared, it was demonstrated that high-LET radiations have more efficient biological effectiveness
than low-LET radiations, such as X-rays or γ-rays. The assessment of radiobiological effects of
protons, being obviously of major concern in radiotherapy, is done through the relative biological
effectiveness (RBE). Since the RBE measures inactivation capacity of irradiated cells it is important to
evaluate these values both for malignant growth and normal tissue in order to be able to sterilize the
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first and not to harm the second type of cells. It is known that the RBE of protons strongly depends on
LET, therefore reaching its maximum value at about 100 keV/µm, which corresponds to the proton
energy of about 65 keV.

Results presented in this paper are a part of an in vitro study [5] aimed to analyze the early effects of
relatively high LET protons on the killing ability of HTB140 cells, radio-resistant human melanomas.
Moreover, a comparison of these protons and less lethal radiation source, such as 60Co γ-rays, was
performed on cell survival.

2. Experimental set-up

Human melanoma HTB140 cells were maintained in RPMI 1640 tissue culture medium, 10 % foetal
calf serum under standard conditions (37 0C, 5 % CO2). The plating efficiency (PE) for HTB140 cells
was approximately 70%, and the doubling time (Td), evaluated from the growth curve, was 24±2,7 h.
The thickness of the cell monolyer was between 3-6µm. Irradiations with high energy monoenergetic
protons were carried out at the CATANA treatment facility at INFN, LNS - Catania. Exponentially
growing cell monolayers were irradiated with protons obtained by a superconducting cyclotron. The
incident 62 MeV protons have a low initial LET of about 1 keV/µm at the entrance point which is
comparable with the LET values of 60Co γ-rays and high energy X-rays used in conventional therapy.
Therefore, to expose cells to higher LET values the irradiation position close to the Bragg peak, with
the corresponding relative dose of 90.4 % ± 4 % was chosen. The proton energy corresponded to less
than 10 MeV while LET to about 5 keV/µm. Applied total single doses were in the range of single
fraction used in proton therapy of eye melanoma, 8 – 16 Gy, with additional two higher doses of 20
and 24 Gy, employed to test the response of radio resistant cells, with the dose rate of 15 Gy/min.
Irradiations with 60Co γ-rays at the same dose levels were performed at the Vinca Institute of Nuclear
Sciences in Belgrade. The average dose rate was 1 Gy/min. The viability of cells was measured at
different time points by MTT assay (Roche) based on the ability of viable cells to reduce 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide into blue-purple formazan crystals. The
absorbance was measured using a microplate reader (Wallac, VICTOR2 1420 Multilabel counter,
LKB) at a test wavelength of 550nm and a reference wavelength of 690nm. For cell survival assay,
irradiated cells were seeded and incubated for 6, 24 and 48 h, when cells were fixed with methanol and
stained with 10 % Giemsa. Colonies with more than 50 cells were scored as survivors. The Student t-
Test was used for statistical analysis (level of significance, P<0.05).

3. Results and Discussion

Surviving fractions were evaluated from the best-fit survival curves, which were fitted by the linear-
quadratic expression: S = exp (– α D – β D2), where S is the surviving fraction having the dose D,
while α and β are free parameters. Obtained results are given in figure 1. At 6 h of post-irradiation
incubation cell surviving fractions for all doses applied (8 - 24 Gy) show major decrease with an
irregular distribution of experimental points, and were therefore, not submitted to fitting according to
the linear-quadratic model. At 24 h post-irradiation, the shape of the fitted curve showed the decrease
of the surviving fraction with the increase of the dose, having high standard deviation values for the
irradiation with 24 Gy. The cause of such a high standard deviation could be linked to the
heterogeneity of irradiated HTB140 cells, being in different stages of differentiation and cell cycle
phase redistribution, thus probably expressing irregular growth and different ability to respond to
damages induced by irradiation. The survival curve generated after the additional post-irradiation
incubation, up to 48 h, has shown almost the same shape compared to survival obtained at 24 h post-
irradiation. Significantly lower standard deviation values are the consequence of the extended cell
incubation. However, at higher doses, there is a slight increase in radiation sensitivity with the increase
of post-irradiation time.
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To compare the effects of high LET protons and calculate different RBE values, HTB140 cells were
also exposed to γ-rays with doses being the same as for protons. Cell surviving data for γ-rays at 6 and
24 h post-irradiation were insignificant in the sense of cell killing, thus are not presented in figure 1.
At 48h post-irradiation they were still rather high, slowly decreasing with the increase of the dose. The
corresponding survival curve obtained using the linear-quadratic model is presented in figure 1.

To differ radio-resistant from radio-sensitive normal
and malignant cells, several criteria were reported
regarding surviving fraction at 2 Gy (SF(2Gy)). Cells
having SF(2Gy) less than 0.35 were considered as
radiosensitive, while those with values greater than
0.35 were regarded as radio-resistant. As regarding
surviving fractions, which were at 48 h post-
irradiation 0.98 for γ–rays and 0.94 for high LET
protons, it could be expected that with longer post-
irradiation incubation SF(2Gy) values would
somewhat decrease. The ratios of α terms (α/αγ)
representing the effectiveness at lower doses, known
as the RBE(α), are given in table 1. Values of the
RBE(2Gy, γ), commonly used in radiotherapy for
predicting the level of radio-sensitivity of tumours,
were also presented in table 1. The RBE(2Gy, γ) is
the ratio of 2 Gy γ–ray dose and the proton dose
generating the same inactivation level as that given by
2 Gy of the reference γ–rays.            Fig. 1. Surviving fraction vs. dose.

The same table contains the RBE(Dose Gy, γ) values for 8, 12 and 16 Gy, calculated using the same
definition as for RBE(2 Gy, γ). Dose values of 20 and 24 Gy were not considered since they exceed
doses applied in proton therapy. As expected, the values of RBE(α), valid for small doses, at both time
points, are almost the same as those gained for RBE(2Gy, γ). Following the RBE(Dose, γ) values in
table 1, there is an increase with the dose. With the prolonged post-irradiation incubation time, there is
a moderate increase, which is in accordance with the short period between the two time points,
therefore with very close surviving curves shown in figure 1.

Table 1. Different RBE values for HTB140 cells

       Postirradiation             RBE(α)       RBE(2Gy, γ)       RBE(8Gy, γ)       RBE(12Gy, γ)        RBE(16Gy, γ)
         incubation

             24h    2.19             2.00            2.03              3.04 2.22
             48h    2.35             2.76            2.58              3.87 2.91

The number of viable cells after irradiation with higher LET protons was quantified using the MTT
assay at 6 and 48 h post-irradiation. Controls were maintained under the same conditions as irradiated
cells and were considered to receive 0 Gy protons. The obtained results were presented in figure 2,
estimated as percentage of the control value. Considering that the doubling time of HTB140 cells was
24 ± 2,7 h and that the early effects of irradiation were examined after 6 h, it was not expected that the
exponentially growing cells could exhibit remarkably different behavior with the incubation passing
from 24 to 48 h. This assumption was confirmed by comparing corresponding surviving fraction data.
At 6 h post-irradiation cell viability estimated by MTT assay was rather scattered with the rise of dose,
but the level of cell inactivation compared to non-irradiated controls was significant (P < 0.01).
Almost the same distribution, with respect to the same doses, was observed regarding the cell survival
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data (Mean ± S.D.), at the same time point (figure 1). This irregular behavior might be explained by
the fact that HTB140 cells, being in different stages of differentiation, react differently to proton
irradiation. After 48 h of post-irradiation, the described irregular behavior passed to linearly
decreasing number of viable cells estimated by MTT conversion, with the respect to the dose. The
level of early cell inactivation for irradiated
cells compared to non-irradiated controls was
also highly significant in the whole range of
applied doses (P < 0.01). Here again, these
results are confirmed by the cell survival data.
To estimate the ability of irradiated cells to
recover after single exposures to different doses
of protons, the data for cell viability evaluated
at two time points were compared. The
statistically significant time dependent recovery
of HTB140 cells was observed after single
exposure to 8 and 16 Gy protons (P < 0.05).
The effects of irradiation with either 12 or 24
Gy protons induced early reduction of cell
number, which remained practically unchanged,
with the additional incubation up to 48 h (P >
0.05), implying negligible recovery.                             Fig. 2. Cell viability estimated by MTT assay.

4. Conclusion

Present study revealed the capacity of high LET protons to reduce melanoma growth in vitro.
According to the cell survival curves representing values obtained using the clonogenic survival assay
and changes in cell viability, assessed by MTT assay, it appears that HTB140 melanoma cells are
among very radio-resistant cell lines. The reported results obtained with two different, but
complementary, assays have shown almost complete overlapping. With the increase of the dose, as
well as with the prolonged post-irradiation incubation, high LET protons induced cell inactivation with
the values of SF(2Gy) clearly demonstrating a high level of radio-resistance. However, different RBE
values, evaluated to illustrate the effects of low doses, irradiation effects compared to 2 Gy γ-rays and
RBEs for each dose in the range commonly seen in proton therapy, also show that this quality of
protons can inactivate a considerable amount of HTB140 melanoma cells compared to γ-rays.
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