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Therapeutic proton irradiation results in apoptosis and caspase-3 
activation in human peripheral blood lymphocytes

Justyna Miszczyk1, Kamila Rawojć2, Anna Maria Borkowska1, Agnieszka Panek1, Jan Swakoń1, Aleksander 
Gałaś3, Mansoor M. Ahmed4, Pataje G. S. Prasanna4

1Institute of Nuclear Physics Polish Academy of Sciences, Kraków, Poland; 2Department of Endocrinology, Nuclear Medicine Unit, The University 

Hospital, Kraków, Poland; 3Department of Epidemiology, Jagiellonian University Medical College, Kraków, Poland; 4Radiation Research Program, 

National Cancer Institute, National Institutes of Health, Bethesda, Maryland, USA

Contributions: (I) Conception and design: J Miszczyk; (II) Administrative support: J Miszczyk; (III) Provision of study materials or patients: J Miszczyk, 

A Gałaś; (IV) Collection and assembly of data: A Panek, J Miszczyk, K Rawojć; (V) Data analysis and interpretation: MM Ahmed, PG Prasanna, K 

Rawojć, J Miszczyk; (VI) Manuscript writing: All authors; (VII) Final approval of manuscript: All authors.

Correspondence to: Justyna Miszczyk. Institute of Nuclear Physics Polish Academy of Sciences, Kraków PL-31342, Poland.  

Email: justyna.miszczyk@ifj.edu.pl. 

Background: Proton therapy is effective in controlling many cancer types, allowing to spare the normal 
tissues and limiting the risk of adverse effects. However, cellular and molecular mechanisms by which 
protons induce cell death are still not fully understood. The purpose of this study was to investigate apoptotic 
mode of cell killing in human peripheral blood lymphocytes (HPBL) exposed ex vivo to 60 MeV proton 
beam radiation. 
Methods: HPBL obtained from 5 healthy donors were irradiated ex vivo with 60 MeV protons in spread 
out Bragg peak (SOBP), in the dose range 0.3–4.0 Gy. The average proton dose rate was 0.075 Gy/s. After 
irradiation, HPBL were stained with Annexin V fluorescein isothiocyanate (V-FITC) at different time-points 
post-radiation exposure: 1, 4 and 24 hours. To assess caspase-3 activation following irradiation with protons, 
caspase-3 DEVD-R1100 Fluorometric assay was used.
Results: The apoptotic cell fraction stained with Annexin V-FITC, analysed after 1 and 4 h post proton-
irradiation showed a dose-response increase in cell death. After 24 h post radiation exposure, the apoptotic 
fraction of cells represented a similar trend as in 1 and 4 h but less pronounced. Caspase-3 activation 
measured after 6 h of proton irradiation was significantly higher (P<0.05) compared to 24 h post-irradiation 
for all donors.
Conclusions: The data clearly demonstrates that 60 MeV therapeutic proton beam induced cell-killing in 
HPBL via apoptotic cell mode of death appears to be mediated by caspase-3 activation. 
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Introduction 

Protons are used in radiation therapy to maximize tumour 
control with minimal normal tissue complication in order 
to obtain maximum therapeutic gain (1,2). Spectacular 
technological developments over the last decade and 

establishment of new proton centres around the world are 
likely to result in an increase in the number of patients 
treated with protons for certain tumour types, including 
paediatric tumours (2,3). It is generally accepted that 
protons are radiobiologically more effective in cell-killing 
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compared to X-rays (3,4) and produce a higher frequency of 
cytogenetic damage in human peripheral blood lymphocytes 
(HPBL), when exposed ex vivo (4). 

Studies on the differences of the mechanisms of cellular 
injury by protons compared to X-rays are imperative to fully 
understand therapeutic implications, potential normal tissue 
complications and develop suitable mitigation approaches. 
A better understanding of the effects of proton therapy 
at the molecular, cellular and tissue levels is necessary for 
further improving the efficiency of this emerging treatment 
option. Immune-related or redox-related biomarkers might 
help patients with cancer evaluation and providing insight 
into improved combination of radiotherapy with biological 
treatments for each individual (5).

HPBL is a well-accepted model to study the effects 
of radiation on normal tissue. HPBL are predominantly 
in a resting phase (G0) of the cell cycle; they are a 
synchronous and homogeneous cell population, which 
is in continuous trafficking throughout the body, and 
therefore, represent normal tissue. Circulating lymphocytes 
are involved in many key mechanistic roles following 
exposure to radiation therapy of tumours, which include, 
systemic responses at distant sites, enhancement of anti-
tumour innate and adaptive immune response, enhanced 
tumour cell recognition and killing via up-regulation of 
antigen presenting machinery and induction of positive 
immunomodulatory pathways as they penetrate tumour 
microenvironment (6).  Lymphocytes show higher 
propensity to apoptosis, which seems to depend on p53 
pathway (7). Previously, we characterized the response 
of HPBL to therapeutic proton radiation of 60 MeV 
by studying the nuclear division index, DNA damage, 
cell viability and compared it with X-rays (4). A spatial 
difference in the energy deposition with protons compared 
to X-rays results in a localized intracellular manifestation of 
cytogenetic damage causing cell-killing (4). After radiation 
exposure, cells undergo different types of cell death, which 
includes apoptosis and necrosis (8). Extending our previous 
study (4), in our most recent work, using Apoptotic, 
Necrotic and Healthy Cells Quantification Kit (Biotium, 
Inc., Hayward, USA), we demonstrated that X-rays and 
protons induce cell-killing by apoptosis as well as necrosis, 
and protons are more efficient in cell-killing via necrosis 
compared to X-rays (9). Our studies also indicated that 
there might be differences among individuals in their 
response to these two radiation types (9), which may be 
the reason for the clinically observed type and intensity of 

adverse effects after proton therapy. Differences in cell-
killing modes may have implications on the potential of a 
given therapeutic modality to cause immune modulation via 
apoptosis or necrotic cell death (10).

Fluorescein isothiocyanate (FITC)-labelled Annexin V 
(Annexin V-FITC) method is a reliable quantitative method 
to detect apoptosis. The mechanism behind apoptotic cells 
detection is based on the principle that during apoptosis 
phosphatidylserine (PS) is relocated from the inner to 
outer surface of the cell membrane and Annexin V-FITC 
can detect cells in which PS is localized on the outer cell 
membrane because of its high affinity for PS by green 
fluorescence signal (11-13). Due to the difficulties in 
detection of late apoptotic cell death and distinguishing it 
from necroptosis, various cell death molecular pathways 
of apoptosis are used to study this mode of cell-killing. 
The extrinsic and intrinsic cell death pathways converge 
at caspase-3, which together with its effector caspases, 
orchestrates dismantling of cell structure through cleavage 
of specific substrates (11). Thus, there is a massive caspase 
activation (cysteine aspartic acid-specific proteases), 
which is specific to apoptosis and a key event responsible 
for apoptosis progression (11) that includes activation 
of downstream effector caspases in the caspase cascade: 
caspase-3, caspase-6, and caspase-7 (11,14). Caspase-3 
(CPP32, Yama or apopain) is recognized as one of most 
significant executioners (15). In contrast to apoptosis, 
necrosis is largely independent of caspase activity (16,17). 
Caspase-3 is a downstream effector caspase in the cascade 
(15,18). Therefore, we were interested in studying the 
role of caspase-3 activation in proton irradiation induced 
apoptosis in HPBL.

In this article, we present the results of our studies 
on apoptosis in HPBL following ex vivo irradiation with 
protons at different doses among 5 healthy donors. Early 
and late apoptotic cells were assessed using Annexin V-FITC 
staining and caspase-3 activity was measured at different 
post-irradiation time points, respectively. In addition, inter-
individual differences in apoptosis and caspase-3 activation 
were also studied. Understanding the effect of proton 
irradiation on the activation of apoptotic pathway in HPBL, 
which represents normal tissue, may lead to the discovery 
of novel biomarkers of radiation injury, allow stratification 
of patients based on a risk of toxicity, allow selection of a 
patient for a specific type of radiation treatment vs. other, 
and/or use of radioprotector or a mitigator to enhance the 
therapeutic benefit. 
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Methods

Blood collection

Whole peripheral blood was collected by phlebotomy in 
vacutainers containing lithium heparin from 5 healthy 
non-smoking donors (3 males and 2 females, age between 
36–56 years) by the specialized company ‘Diagnostics’ in 
the laboratory of the Institute of Nuclear Physics, Kraków, 
Poland. Prior to blood collection, informed consent was 
obtained as described earlier (4). The human bioethical 
committee of the Regional Medical Board in Krakow 
approved the informed consent form used in this study (No. 
124/KBL/OIL/2013). 

Lymphocytes isolation

Lymphocytes were isolated from the whole blood by density 
gradient separation using Histopaque®-1077 (Sigma-
Aldrich, St. Louis, USA). Cells were checked for viability by 
the trypan blue exclusion test. For all donors, 99–100% of 
cells were dye-excluding. 

Proton irradiations and dosimetry

Isolated lymphocytes in RPMI 1640 culture medium (PAA 
Laboratories GmbH, Pasching, Austria) were irradiated 
with proton beam in 2 mL Eppendorf vials (Eppendorf, 
Hamburg, Germany) at the Proton Therapy facility, 
Institute of Nuclear Physics Polish Academy of Sciences, 
Kraków, Poland (IFJ PAN). During irradiation, vials were 
placed into a specially designed Poly(methyl methacrylate) 
(PMMA) phantom, which was located at the irradiation 
setup isocentre [in the middle of spread out Bragg peak 
(SOBP)] and in the centre of the flat beam (40 mm broad, 
fully modulated proton field with a range of 30 mm). 
All procedures have been previously described in detail 
(4,19). HPBL at a concentration of 2×104 cells/mL were 
irradiated ex vivo with doses of 0.3, 0.5, 0.75, 1.0, 1.5, 2.0, 
2.5, 3.0, and 4.0 Gy (the average dose rate was 0.075 Gy/s).  
The proton beam dosimetry was done according to the 
TRS-398 protocol recommended by International Atomic 
Energy Agency (20) using a reference dosimeter consisting 
of a PTW TM31010 SemiFlex ionization chamber and a 
PTW UNIDOS Webline Electrometer (PTW, Freiburg, 
Germany). The dosimeter set was calibrated at the IFJ 
PAN at Theratron 780 Co-60 treatment unit. Dose 
measurements were performed in the middle of fully 
modulated SOBP and the overall uncertainty was less than 

3% with the precision of dose delivery greater than 0.5%.
Proton irradiation was performed in ambient conditions 

and immediately after irradiation cells were put to a box 
with ice water and transported for the further processing. 
After irradiation, cells were incubated at 37 ℃ in RPMI 
1640 culture medium supplemented with 20% heat-
inactivated foetal bovine serum (Gibco, Carlsbad, USA). 
Non-irradiated lymphocytes (0 Gy) were considered as a 
biological control. 

Quantification of apoptosis by Annexin V-FITC binding 
assay

In order to quantify apoptosis in ex vivo HPBL model 
after 1, 4 and 24 h following proton irradiation, Apoptotic, 
Necrotic and Healthy Cells Quantification Kit (Biotium, 
Inc.) was used. Briefly, during the experimental procedure 
after incubation time, HPBL were washed in PBS and 
resuspended in 1× Binding Buffer. Following, 5 µL of 
FITC-Annexin V and 5 µL of Hoechst 33342 solutions 
were added to each tube and incubated for 15 min at 21 ℃ 
in the dark. Subsequently, cells were washed 2 times with 
1× Binding Buffer, fixed with 2% formamide and placed on 
a glass slide covered with a glass coverslip. A total of 2×105 
cells were analysed for each donor and dose of ionizing 
radiation. 

Generally, 4–6 representative fields of at least 100 cells 
per dose, per time point were analyzed separately from 3 
independent repetitions (slides), by 2 independent scorers, 
using the fluorescent microscopy coupled to an image 
analysis system (MetaSystemsTM, Altlussheim, Germany), 
according to the criteria described by Zhang et al. (12). All 
slides were coded and blinded to scorers. Sample decoding 
was done after completing the microscopic evaluation of 
all slides used for the study to maintain scientific rigor and 
quality. The results were not statistically different between 
the slides, repetitions, and scorers; therefore, results are 
presented as mean values for each donor.

Quantification of apoptosis by caspase-3 activation

Percent of late apoptotic cells in population was determined 
by caspase-3 activation detection, which is the protease 
involved in the executive phase of this programmed cell 
death. Activation of caspase-3 by lymphocytes was detected 
at 6 and 24 h after photon and proton irradiation with the 
use of caspase-3 DEVD-R110 Fluorometric HTS Assay 
Kit (Biotium, Hayward, CA, USA). This assay enables for a 
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single-step high throughput screening (HTS) for caspase-3 
enzyme activity (21). 

Right after irradiation, lymphocytes in RPMI 1640 culture 
medium (PAA Laboratories GmbH, Pasching, Austria) were 
plated (black 96 well-plate, 50,000 cells suspended in 100 µL 
of medium per well). Generally, 5 representative fields in well 
per dose, per time point were analysed. After 6 or 24 h after 
irradiation, 100 µL of assay buffer [enzyme substrate (Ac-
DEVD)2-R110 (2 mM) with cell lysis/assay buffer at a ratio 
of 50 µL substrate per 1 mL buffer] was added directly to each 
well with cells and following plate was incubated at 37 ℃. 
After 60 min of incubation, fluorescence was measured with 
470 nm excitation and 520 nm emission (TECAN Group 
Ltd., Männedorf, Switzerland). Non-treated lymphocytes 
were subjected simultaneously to the caspase-3 DEVD-R110 
Fluorometric HTS Assay as a biological control. As a positive 
control solution of R110 was used (80 µM R110 was diluted in 
20 µM cell lysis buffer). Additionally, induced cells and caspase-3 
inhibitor as an inhibitor control were used. The fluorescence 
intensity of the blank (negative control) was measured (0 µM 
R110) and it was subtracted from each fluorescence value to 
calculate relative fluorescence units (RFU). 

Statistical analysis 

Microsoft Office Excel 2013 was used to analyse all data. 
The OriginPro 2017 (OriginLab Co., Northampton, MA, 
USA) was used for the graphic representation of the results. 
For all experimental points mean values, standard deviation 
(SD) and variance (VAR) were calculated. To investigate if 
the results derived by repetitions, slides, and scorers were 
comparable, Pearson’s correlation coefficient was used. For 
each data set Shapiro-Wilk normality test was performed, 
confirming normal distributions (P<0.05). Moreover, to 
test correlation between individual variability in apoptotic 
cells fraction (%) obtained by Annexin V-FITC staining 
and age of each patient also Pearson’s correlation coefficient 
was calculated. To evaluate the statistical significance of 
compared results three-sigma limit test was used (P<0.05).

Results

Quantitative determination of apoptosis in ex vivo HPBL 
model by Annexin V-FITC fluorescent staining after 
proton irradiation

The percentage of apoptotic cells was determined by the 
Annexin V-FITC fluorescent staining using Apoptotic, 

Necrotic and Healthy Cells Quantification Kit (Biotium, 
Inc.) in HPBL obtained from 5 healthy donors after 1, 4, 
and 24 h of ex vivo irradiation with protons. Results for 
following doses of ionizing radiation: 0.3, 0.5, 0.75, 1.0, 1.5, 
2.0, 2.5, 3.0 and 4.0 Gy are presented separately for each 
donor in Figure 1. The results show an increase in apoptotic 
cells in Annexin V-FITC detection with dose, which peaked 
at 3.0 Gy after 1 and 4 h of irradiation. At 24 h post-
irradiation, percentage of apoptotic cells were similar in all 
subjects except in donor #1 after 1.0 Gy. The percentage 
of Annexin V-FITC stained cells is significantly different 
(P<0.05) after 1 and 4 h vs. 24 h after irradiation. 

Figure 1 shows percent apoptotic cells determined with 
Annexin V-FITC fluorescent staining in ex vivo HPBL 
model after 1 h (Figure 1A), 4 h (Figure 1B), and 24 h  
(Figure 1C) after proton irradiation for each donor at 
different radiation doses in the range 0–4.0 Gy. Average 
trend for all donors is shown with the grey line. The values; 
mean, SD, and VAR are provided in Table 1. For each 
donor, the number of cells was normalized to allow direct 
comparison. The mean apoptotic cells percentage increased 
significantly (P<0.05) with the dose up to 3.0 Gy. At 3.0 Gy 
dose, variability of apoptotic cells in HPBL population after 
proton irradiation peaked. Shapiro-Wilk normality test 
confirmed normal distributions (P<0.05) for each dataset. 
At 24 h post-irradiation, individual variability is more 
pronounced at 1.0 Gy.

Confirmation of apoptosis by caspase-3 activation in HPBL 
after 6 and 24 hours of ex vivo proton irradiation

In order to confirm apoptosis, we also measured caspase-3 
activity, which is independent to necrotic mode of cell-
killing, after 6 and 24 h of proton irradiation by using 
caspase-3 DEVD-R110 Fluorometric HTS Assay Kit 
(Biotium, Inc.). Active or cleaved caspase-3 is an indication 
of cells undergoing apoptosis as opposed to the Annexin 
V staining that can only reflect early apoptosis and cannot 
distinguish necroptotic cells. Results in the dose range 
0.3 to 4.0 Gy as indicated by the fluorescent intensity 
representing caspase-3 activity after 6 and 24 h of protons 
irradiation is presented separately for each donor in Figure 2  
and Table 2. Mean fluorescence intensity after 6 h of proton 
irradiation is not statistically different between given 
doses in the studied dose-range (Figure 2, gray trend line). 
However, results suggest differences among individuals in 
caspase-3 activation (Figure 2A,B) with the highest variance 
value observed at the 0.5 Gy.
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Figure 1 Apoptotic cells percent determined with Annexin V-FITC fluorescent staining in ex vivo HPBL model after 1 h (A), 4 h (B), and 
24 h (C) after proton irradiation for each donor at different radiation doses in the range 0–4.0 Gy. Average trend for all donors is shown with 
the grey line. HPBL, human peripheral blood lymphocytes; FITC, fluorescein isothiocyanate.

Table 1 The values of mean, standard deviation (SD), and variance (VAR) of apoptotic cells in HPBL after ex vivo irradiation with protons in the 
dose range 0–4.0 Gy

Dose (Gy)
1 h 4 h 24 h

Mean value (%) SD (%) VAR Mean value (%) SD (%) VAR Mean value (%) SD (%) VAR

0 2.29 1.13 1.28 2.24 1.14 1.30 2.24 1.14 1.30

0.3 4.18 1.60 2.56 4.48 3.86 14.91 2.95 1.78 3.15

0.5 4.07 2.14 4.59 6.97 3.55 12.57 6.08 3.14 9.84

0.75 5.83 2.22 4.92 11.73 6.98 48.75# 3.39 3.11 9.65

1.0 5.07 1.58 2.50 6.92 3.42 11.72 9.45 7.22 104.43#

1.5 5.31 1.53 2.34 11.97 5.35 28.67# 5.26 2.73 7.46

2.0 5.74 2.59 6.73 14.25 9.25 85.57# 2.87 2.07 4.30

2.5 7.79 2.57 6.60 11.25 7.01 49.12# 3.67 2.59 6.72

3.0 9.34 5.86 34.34# 14.46 10.04 227.41# 3.75 0.54 0.29

4.0 7.35 2.41 5.79 6.84 6.35 40.38# 6.95 1.33 1.76
#
, the highest dispersion within a group. VAR, variance calculated from all five healthy donors after 1, 4 and 24 h post proton irradiation, 

respectively. HPBL, human peripheral blood lymphocytes.
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Table 2 Caspase-3 activity for all donors after 6 and 24 h after ex vivo proton irradiation of HPBL in the dose range 0–4.0 Gy

Dose (Gy)
6 h 24 h

Mean value SD VAR Mean value SD VAR

0 33,976.92 4,383.20 15,369,930.67 33.52 14.64 1,071.07

0.5 34,735.64 10,971.27 96,295,062.68
#

53.28 19.96 1,991.85

1.0 31,115.04 5,763.41 26,573,552.21 73.92 21.33 2,275.46

2.0 33,694.28 5,815.69 27,057,843.31 69.99 19.13 1,829.54

3.0 33,651.16 6,975.29 38,923,781.62 84.96 22.41 2,408.39
#

4.0 36,504.60 6,755.51 36,509,516.18 73.58 20.37 2,074.76
#
, the highest dispersion within a group. Mean fluorescence intensity, standard deviation (SD), variance (VAR) are calculated. HPBL, human 

peripheral blood lymphocytes.

Figure 2 Differences in caspase-3 activity among 5 donors at 6 h (A) and 24 h (B) after ex vivo irradiation of HPBL with protons in the dose 
range 0–4.0 Gy. Gray trend line represents the average caspase-3 activity for the 5 donors. HPBL, human peripheral blood lymphocytes; 
FITC, fluorescein isothiocyanate.

Differences in caspase-3 activity among 5 donors at 6 and 
24 h after ex vivo irradiation of HPBL with protons in the 
dose range 0–4.0 Gy is shown in Figure 2. Gray trend line 
represents the average caspase-3 activity for the 5 donors. 
Shapiro-Wilk normality test indicated a normal distribution 
within the donor groups (P<0.05, P=0.37, 0.91). Caspase-3 
activity is mostly observed at 6 h proton-irradiation, which 
decreased significantly after 24 h of irradiation (P<0.05). 
Moreover, the obtained results show statistical difference 
(P<0.05) for caspase-3 activity between 6 and 24 h of 
irradiation. Results showed a difference in caspase-3 activity 
among donors at 6 h post-irradiation, especially among 
donors #4 and #5, compared to donors #1, #2 and #3 
(Figure 2). Means, SD and VAR in fluorescence intensity 
representing caspase-3 activity after 6 and 24 h following 
protons irradiation are presented in Table 2. 

Inter-individual variability among donors in apoptosis 
frequency and caspase-3 activation in HPBL after proton 
irradiation

Individual variability in the frequency of apoptotic cells 
for each donor was determined by the Pearson correlation 
coefficient. The age of the donors was as follows: donor 
#1, 40 years; donor #2, 52 years; donor #3, 56 years; donor 
#4, 36 years; and donor #5, 57 years. Despite the fact that 
determined correlation was not statistically strong (P<0.05, 
r-PCC =0.39), Pearson correlation coefficient suggests that 
there might be a relationship in a larger group of donors. 

Discussion

Use of proton therapy to improve local tumour control 
and minimize collateral normal tissue damage is rapidly 
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emerging (1-3,22). Principles of proton therapy related to 
energy deposition and advances in technology for precise 
delivery of dose that allows accurate tumour targeting has 
been previously reviewed (3). Similarly, current landscape 
of strategies to improve radiotherapy with an enhanced 
understanding of radiation-induced cellular damage have 
also been reviewed (2,23,24). However, mechanistic studies 
designed to understand proton-irradiation induced cell-
killing and their potential implications are relatively sparse. 
Therefore, here we aimed our studies on understanding 
the mechanisms of proton-irradiation induced apoptosis. 
The discussion below focuses on: (I) apoptosis in the ex vivo 
HPBL model as surrogate to study normal tissue injury; (II) 
role of caspase-3 activation in proton-irradiation induced 
apoptosis in HPBL; (III) inter-individual variation in a 
small cohort of healthy human donors using apoptosis cell 
frequency and caspase-3 activity as endpoints; (IV) HPBL 
irradiated ex vivo as model to estimate normal tissue relative 
biological effectiveness (RBE); (V) combining radiotherapy 
with cancer immunotherapy; (VI) and discuss potential 
implications of these studies in the context of precision 
radiation oncology.

Normal tissues are invariably included within the 
volume of treatment thus resulting in unavoidable acute, 
intermediate, and long-term adverse effects of radiation 
therapy (24). Circulating peripheral blood lymphocytes 
is a homogeneous cell population, in which cells are in 
the G0 phase of the cell cycle. In this cell population, the 
process of cell-killing could be better studied compared 
to many other cell types in culture because confounding 
effects related to inhomogeneity of cell population, cell 
cycle phases, and any perturbations due to cell cycle arrest 
induced by irradiation do not interfere with measurements. 
Circulating lymphocytes represent normal tissue and 
traffic throughout the body including irradiated tumour 
volume. For example, radiation-induced micronucleus 
frequency in HPBL correlates with normal tissue damage 
in cervical cancer patients undergoing radiotherapy (25). 
Chromosomal aberrations in HPBL studied to determine 
radiation sensitivity among breast cancer patients indicate 
that there is a close relationship between radiation-induced 
cell-killing and chromosomal aberrations (26). Radiation-
induced lymphocyte apoptosis in specific subpopulation of 
CD4 and CD8 T-lymphocytes can predict differences in 
late toxicity between individuals (27).

Radiation induces cell-killing via multiple mechanisms, 
but our studies here focus only on apoptosis. In early stages 
of apoptosis, changes occur at the cell membrane. One of 

these plasma membrane alterations is the translocation of PS 
from the inner side of membrane to outer layer, by which 
PS becomes exposed at the external surface of the cell (28), 
which serves to recognise dying cells for phagocytosis (29).  
PS in the outer cell membrane could be experimentally 
detected with the use of Annexin V (a human 36 kDa single-
chain calcium-binding protein), which has high affinity 
to PS and can be detected with fluorescently conjugated 
probes by flow cytometry (28). While the Annexin 
V-FITC assay, which is based on translocation of PS to the 
outer cell surface, has been well-described for detecting 
apoptosis (13,30), translocation of PS to outer membrane 
can also occur during cell necrosis, especially during late  
necrosis (28). Further, a key difference between apoptosis 
and necrosis is that during the initial phase of apoptosis, cell 
membrane remains intact, but during necrosis there is loss 
of cell membrane integrity (28). Therefore, microscopic 
analysis is critical to distinguish early apoptosis from 
necroptosis. Hence, we used fluorescent microscopy by the 
Annexin V-FITC binding assay to quantify the frequency 
of apoptotic, necrotic and healthy cells; however, as it 
cannot distinguish from late necrosis from apoptosis, we 
also measured caspase-3 activation in HPBL following  
ex vivo irradiation with protons to confirm apoptotic activity 
as extrinsic and intrinsic apoptotic cell death pathways 
intersect at caspase-3 (11).

It has been shown that radiation induces apoptosis in 
lymphocytes, which increases with time after exposure (13). 
The data presented in this paper demonstrate that apoptotic 
cells were still observed 24 h after proton irradiation  
(Tables 1,2). In our studies variation in spontaneous 
background apoptosis levels of individuals was observed, 
which ranged from 1.1% to 4.2% among individuals with 
an average 2.24%±1.14% (Tables 1,2), which is in general 
agreement with literature (31). 

Canonical apoptotic mechanism that results in cell-killing 
within a few hours of irradiation is mediated via induction 
of caspase activity (32). Caspases are crucial mediators of 
apoptosis, among them caspase-3 is a frequently activated 
death protease, which catalyses the specific cleavage of 
many key cellular proteins and a key specific hallmark of 
apoptosis (33). Caspase-3 is a critical effector of caspase 
for apoptosis, which is responsible for cleaving proteins, 
including cytoskeleton and associated proteins, kinases and 
members of the Bcl-2 family of apoptosis related proteins (34).  
These studies have further shown that caspase-3 gets 
activated as early as 2 h and its activity markedly increases 
after 4–6 h; for example, after X-ray irradiation in MOLT-
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4 leukemia cells (34). Based on these time-course kinetics, 
we chose two post-irradiation time points of 6 and 24 h after 
proton irradiation to study caspase-3 activity. Our results 
confirm that proton irradiation results in apoptotic activity, 
which is mediated through caspase-3 (Figure 2A,B) at all 
doses confirming our microscopic observations. However, 
we do not rule out other modes of cell-killing, which 
includes necrosis especially with protons as we previously 
reported (9). Caspase-3 activation also shows differences 
among individuals in its activity at different radiation 
doses, similar to the observed quantitative differences with 
Annexin V-FITC binding (Figure 1A,B,C and Table 1).  
Prolonged incubation of HPBL ex vivo until 24 h after 
proton irradiation showed plateau in caspase-3 activity at 
doses above 1.0 Gy, but differences between individuals were 
still observed (Figure 2A). 

Understanding the radiotherapy influence on activation 
cell death modalities such as apoptosis, may lead to the 
discovery of novel radiation-type specific biomarkers of 
injury, identification of novel cellular targets and allow 
development of protection, mitigation, and therapeutic 
approaches to address normal tissue injury. Stratification of 
patients according to the risk of toxicity could potentially 
guide modality selection or interventions to moderate 
this risk in high-risk individuals or allow intensification 
of therapy in low-risk individuals. The differences among 
individuals in their sensitivities to proton irradiation, which 
can be measured in the HPBL model with the Annexin 
V-FITC staining and/or caspase-3 activity, following ex 
vivo irradiation. A significant difference from the mean 
for a given individual in apoptotic cell frequency or 
caspase-3 activity or outside the expected range, may reflect 
hypersensitivity to proton irradiation. This observation 
can be critical for those individuals whose lymphocytes are 
sensitive to apoptosis and can develop leucopenia adversely 
affecting the therapeutic benefit. This method could be 
also clinically useful to determine late occurring normal 
tissue injury. It has been previously reported that low 
apoptosis in HPBL is an excellent indicator of radiation 
sensitivity and a predictor of adverse late effects (27,35). 
In a study that examined the correlation between the in 
vitro apoptotic response of lymphocytes to radiation and 
risk of developing late gastrointestinal and genitourinary 
toxicities from radiotherapy of prostate cancer indicated 
that patients with late toxicity showed a lower lymphocyte 
apoptotic response to radiation, compared to patients who 
did not develop late toxicities (35). Predictive tests are 
under development such as radiation-induced lymphocyte 

apoptosis assay for patients who are at risk of developing 
late complication. Such an identification of patients who do 
not have risk of radiation-induced late complications may 
benefit from dose escalation protocol (36). In consideration 
of the importance of caspase-3 activity in radiation-induced 
apoptosis execution, caspase-3 could be potentially used 
as a bioindicator of individual radiosensitivity, in lieu of 
radiation-induced lymphocyte apoptosis or chromosomal 
aberrations. Recently, a significant inter-individual variation 
in active caspase-3 activity was reported in lymphocytes of 
healthy donors following ex vivo irradiation of peripheral 
blood samples with Co-60 gamma rays (37). 

Our results indicate that proton irradiation-induced 
apoptosis may depend individual radiation sensitivity of 
lymphocytes (Tables 1 and 2, see variance values). The 
phenomenon of inter-individual differences in radiation 
sensitivity is already well-known. This variation in radiation 
response is mainly due to the individual’s intrinsic cellular 
response to radiation. These individuals could have altered 
genetic factors regulating DNA repair processes and/or 
controlling apoptosis. From our studies it could be inferred 
that caspase-3 activity may sufficiently reflect this difference. 
However, there could also be age-dependency for caspase 
activity as seen in a previous study, where peripheral blood 
samples from three donors of different ages were exposed 
to 300 kVp X-rays or 138 MeV protons (0.2 and 9.0 Gy 
dose), in which CD4 and CD8 T-lymphocytes showed an 
age-dependent sensitivity to radiation-induced apoptosis. 
Radiation-induced apoptosis was about 4 times higher in 
CD4+ lymphocytes from the youngest donor compared to 
the oldest donor and was about 2 times greater in CD8+ 
T-lymphocytes, both after X-ray and proton exposures (38).

The concept of RBE is developed on basis of tumour cell-
killing. Current RBE models assume a value 1.1 for protons 
and used in the clinic, which is likely an underestimate (22). 
One of the main limitation of using the RBE value 1.1 in 
the clinic is that even though they may provide a reasonable 
prediction of tumour control probability, they do not address 
normal tissue complication probability (39), nor there is 
any consensus on what endpoints are more relevant for 
determining normal tissue-specific RBE (40). In general, 
increase in linear energy transfer (LET) results in increase 
in apoptotic response (40-42), which is a concern for normal 
tissue injury during treatment. In addition, RBE values will 
also depend on factors, dose depth and LET distribution (41) 
and our understanding of LET effects on normal tissue injury 
is relatively sparse (40). Furthermore, treatment planning 
approaches do not consider differences in normal tissue 



887Translational Cancer Research, Vol 7, No 4 August 2018

© Translational Cancer Research. All rights reserved.   Transl Cancer Res 2018;7(4):879-889 tcr.amegroups.com

sensitivity among individuals to protons (43). As circulating 
lymphocytes represent normal tissue and traffic in and out of 
tumour, this model may a good surrogate to directly measure 
normal tissue injury by measuring apoptosis or caspase-3 
activity and tailor proton therapy to individual patients.

Our studies may also be important in the context of 
developing therapeutic strategies based on modes of 
cell-killing and their possible relations to the immune 
consequences (44,45). Role of lymphocytes in the 
cancer immunity cycle has been studied for many 
years (46). For combining radiotherapy with cancer 
immunotherapy, knowledge of the mechanisms of cell-
killing by different radiation types is crucial for the success 
of a given therapeutic radiation type, which will help our 
understanding of contribution of a specific radiation-type 
in the development of systemic anti-tumour immunity (47).  
This will help selection of patient to a given type of 
radiation treatment and then individualize treatment 
and optimize the effectiveness of radiation therapy in 
combination with other modalities, i.e., in combination 
with chemotherapies, immune checkpoint-blocking agents, 
or immune-stimulating agents in a rational manner (48,49). 
In this context, data from the present studies might be 
highly valuable in developing appropriate response models 
to proton therapy as HPBL model can serve as a surrogate 
of normal tissue response to treatment and may allow 
optimization of treatment planning at an individual patient 
level.

Conclusions

Proton therapy is likely to become the corner stone in the 
treatment of certain malignancies because of its perceived 
radiobiological superiority in dose delivery and distribution. 
However, studies on the biological mechanisms of cell-
killing by proton irradiation are relatively few, scattered, 
often studied using cell cultures, or speculative, compared 
to studies with photons. Our results here show that the 
proton irradiation induces apoptosis in HPBL, which shows 
a dose-effect relationship after 1 and 4 h of irradiation. After 
24 h post radiation exposure, the apoptotic fraction of cells 
represented a similar trend similar to the early time-points 
of 1 and 4 h. Moreover, our results also show that caspase-3 
activation shows a peak value at 6 h post proton-irradiation 
among healthy donors. Further, our studies also point 
towards a difference in the response of peripheral blood 
lymphocytes, to protons, among different individuals. Here, 
we present studies that are aimed at providing a better 

understanding of the mechanisms of proton irradiation-
induced apoptosis, which could be exploited to identify 
radiation hypersensitive individuals and exclude them 
from radiation treatment for better clinical outcome, while 
others could possibly benefit from a dose escalation. In 
addition, an understanding the effect of proton irradiation 
on the activation of apoptotic pathway in HPBL may lead 
to the discovery of novel biomarkers of radiation injury, 
allow stratification of patients based on a risk of toxicity, 
allow selection of a patient for a specific type of radiation 
treatment vs. other, and/or use of radioprotector or a 
mitigator to enhance therapeutic benefit.
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