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Editorial on the Research Topic

Ionizing Radiation and Human Health: A Multifaceted Relationship

Ionizing radiation is indispensable in medicine (diagnostically and therapeutically) and industry,
and humans are exposed to ionizing radiation (IR) at varying doses and dose rates. This Research
Topic, entitled “Ionizing Radiation and Human Health: A Multifaceted Relationship,” presents the
opportunity to gather novel insights into what is essentially a very diverse field, encompassing
several disciplines and broad expertise. It was proposed with the aim to collect studies with
relevance to human health, such as cancer or non-cancer risk associated with IR exposure, along
with up-to-date perspectives on strategies to increase the therapeutic benefit for the treatment of
malignant or benign diseases, studies with a focus on innovative aspects in radiation protection or
mitigation and radiotherapy, and animal-based or mathematical models for a better understanding
of radiation responses at cellular, tissue/organ, or systemic levels. This Research Topic consists of 27
papers (three Review articles, one Mini Review article, one Perspective article, 20 Original Research
articles, one Methods article, and one Brief Research Report article) published in the Radiation
Oncology section of Frontiers in Oncology or in the Radiation and Health section of Frontiers in
Public Health. Of these, many papers were submitted in conjunction with the 45th Annual Meeting
of the European Radiation Research Society (ERRS) held in Lund, Sweden on September 13–17,
2020. Provided below is a brief outline of these papers.

There have been immense developments in various radiotherapeutic modalities. Of these,
boron neutron capture therapy (BNCT) is one of the most effective therapeutic modalities
for treating locally invasive and/or radioresistant malignant tumors thanks to the large
neutron-capture cross sections of 10B along with the short ranges of their high-linear
energy transfer (LET) secondary particles (1). Maliszewska-Olejniczak et al. review molecular
mechanisms of DNA damage response and repair during BNCT. Bláha et al. propose
an approach conceptually similar to that of BNCT, termed proton boron capture therapy
(PBCT), as a strategy to make proton therapy amenable toward radiotherapy-resilient
tumors, toward which proton therapy is of little avail in spite of its physical advantages
in terms of tumor-conformed precision in dose deposition and sparing of normal tissue.
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PBCT would exploit the highly DNA-damaging secondary
particles generated by the reaction between low-energy protons
and 11B.

There is a revival in the interest of using ultra-high dose
rate IR exposure, a field that has been long neglected, but
has come under the public eye for the promising results
shown by the so-called FLASH radiotherapy. This consists of
administering therapeutic doses at very high dose rates (over
40Gy s−1) which has been shown to increase sparing of normal
tissues, possibly due to oxygen depletion and transient hypoxia
while unchanging local tumor control, thereby improving the
therapeutic index over radiotherapy carried out at conventional
dose rates (i.e., at a few Gy min−1). Adrian et al. report
that a FLASH effect appears at low doses under normoxic
conditions for several cell lines in vitro with Konradsson et al.
adding their experience of veterinary FLASH radiotherapy in
canine patients. Radioimmunotherapy is an increasingly used
strategy. Medler et al. define radioimmunogenic tumors that
are responsive to immunotherapy combined with radiation.
Lai et al. show that tumor immunogenicity is the dominant
characteristic that could predict the abscopal effect of local
radiotherapy. Bermúdez-Guzmán et al. address the question
of circadian-based therapy and the timing of radiotherapy
for treatment outcome. Paunesku et al. report on the use
of X-ray fluorescence microscopy to evaluate the location of
microspheres and radionuclides in liver and tumor samples
following radioembolization in animal models of hepatocellular
carcinoma. Li et al. performed a longitudinal quality-of-life study
during concurrent chemoradiotherapy and survival in patients
with advanced nasopharyngeal carcinoma.

Tumor radiosensitization is very important to improve the
therapeutic index, and several novel physics and biology-
based strategies are explored. To this end, Cunningham et
al. demonstrate sensitization to protons by very small gold
nanoparticles. Miles et al. review mouse double minute (MDM)
inhibitors as radiosensitizers in the context of glioblastoma,
while Nikolakopoulou et al. propose inhibitors of the Ataxia
telangiectasia mutated kinase (ATM), ataxia telangiectasia-Rad3
related kinase (ATR), and the checkpoint kinase 1 (Chk1)
as radiosensitizers.

In terms of modeling of IR responses at a cellular and
subcellular level, Guardamagna et al. propose a unified molecular
model of the chain of events initiated by radiation to interpret
all experimental results in cancer cells. Rudigkeit et al. propose
a deep-learning algorithm to detect and analyze cells during
phase-contrast microscopy. Finally, McMahon and Prise put
forward the application of amechanistic DNA repair and survival
model (Medras) for intrinsic radiosensitivity, relative biological
effectiveness, and dose rates.

Normal tissue reactions following radiation exposure (e.g., of
brain and heart) remain a significant concern (2–4). Zhao et al.
propose global functional connectivity density to predict

radiation encephalopathy at a pre-symptomatic stage. Grigorieva
reviewed our current understanding of radiation effects on
the brain extracellular matrix. Azimzadeh et al. show data for
proteomic change in the serum following local heart irradiation
in mice. Montay-Gruel et al. demonstrate that systemic delivery
of extracellular vesicles derived from human embryonic stem
cells ameliorates radiation-induced normal tissue complications
in the lung. Yang et al. estimated the risk of second primary
rectal cancer following radiation therapy for pelvic cancer. Zhao
et al. report that miR-486 inhibits the proliferation of lymphoma
cells and tumorigenesis induced by radiation. In addition to
the aforementioned studies on tissue level changes, five papers
addressed radiation-induced cytogenetic, or genotoxic changes.
Bogdanova et al. show that DNA double-strand break repair foci
persist in breast epithelial cells and lymphocytes after repeated
exposure to diagnostic CT scans. Belmans et al. report that
low dose irradiation leads to increases in DNA double-strand
break repair foci in dental mesenchymal stromal cells. Habibi
et al. demonstrate cytogenetic or genotoxic changes in blood
lymphocytes following interventional cardiology procedures.
Alsbeih et al. report the establishment of the national reference

dose-response calibration curve of Saudi Arabia for dicentrics
in peripheral lymphocytes to estimate radiation dose following
accidental exposures. For the purpose of a rapid radiation triage,
Maltar-Strmečki et al. propose the use of salty crackers as
dosimeters. Pertinent to microbeam radiotherapy, Lobachevsky
et al. assessed DNA damage response in non-targeted cells but
receiving signals from irradiated cells.

The Editors of this Research Topic are grateful to all
distinguished authors for their invaluable contributions and are
indebted to the expert reviewers for their time, dedication, and
constructive comments. We wish to acknowledge the Radiation
Oncology section of Frontiers in Oncology and the Radiation and
Health section of Frontiers in Public Health for the opportunity
to guest edit this Research Topic. Many thanks also go to
the ERRS2020 Organizing Committee for the tie-in with this
Research Topic.
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Radiotherapy is an important therapeutic approach to treating malignant tumors of

different localization, including brain cancer. Glioblastoma multiforme (GBM) represents

the most aggressive brain tumor, which develops relapsed disease during the 1st

year after the surgical removal of the primary node, in spite of active adjuvant

radiochemotherapy. More and more evidence suggests that the treatment’s success

might be determined by the balance of expected antitumor effects of the treatment and its

non-targeted side effects on the surrounding brain tissue. Radiation-induced damage of

the GBMmicroenvironment might create tumor-susceptible niche facilitating proliferation

and invasion of the residual glioma cells and the disease relapse. Understanding

of molecular mechanisms of radiation-induced changes in brain ECM might help

to reconsider and improve conventional anti-glioblastoma radiotherapy, taking into

account the balance between its antitumor and ECM-destructing activities. Although

little is currently known about the radiation-induced changes in brain ECM, this review

summarizes current knowledge about irradiation effects onto the main components of

brain ECM such as proteoglycans, glycosaminoglycans, glycoproteins, and the enzymes

responsible for their modification and degradation.

Keywords: glioblastoma radiotherapy, brain irradiation, extracellular matrix, proteoglycan expression, chondroitin

sulfate, heparan sulfate, heparanase, metalloproteinase

INTRODUCTION

Adjuvant chemoradiotherapy with temozolomide is a conventional protocol for the standard
treatment for newly diagnosed glioblastoma multiforme (GBM) (1). Last decades, new treatment
approaches have shown promise in improving GBM outcomes and are described in details in the
reviews (2, 3).

Radiotherapy (RT) represents an essential part of this post-surgery GBM treatment, and the
current standard usually includes 30 X-ray fractions × 2Gy, although multiple non-conventional
RT sources and regimens are under active investigation (3–5).

RT aims to destroy the residual GBM cells at the resection border and prevent the disease
relapse, but it has wide biological effects on different molecular and physiological parameters
in the irradiated brain tissue as well (6). Negative side effects of X-ray radiation include:
increased permeability of the blood-brain barrier (7, 8); brain necrosis (9); morphological changes,
microvascular injury, and activation of astrocytes after irradiation of mouse brain (10); metabolic
and histopathological changes in the specific rat brain regions (11); suppressed cell proliferation in
the hippocampal subgranular zone (12) and long-term neurocognitive impairment (13, 14).

Along with that, RT-induced lymphodepletion and subsequent suppression of immune response
contribute to the insufficient efficiency of conventional RT and may be limiting the success of GBM
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treatment (15). Also, irradiation affects the expression
of microRNA (16) and numerous biomarkers related to
inflammation, DNA damage and repair, cell activation and
damage, angiogenesis pathways, which are involved in the
pathogenesis of GBM and its radioresponse (17, 18). Latest
knowledge on radiation-induced genetic and epigenetic changes
as well as a role of reactive oxygen species (ROS), GBM
heterogeneity, and tumor microenvironment (TME) in brain
tumor biology is presented in the comprehensive review by
Raviraj et al. (19).

At present, more and more evidence is accumulating
showing that TME is actively involved in the molecular fate
of GBM tumor-initiating cells and tumor development, and
significantly modifies the epigenetic landscape of GBM cells
with unknown mechanism (19). Irradiation affects normal
brain microenvironment, resulting in changes in hippocampal
neurogenesis and attenuates tolerance of normal brain after
cranial irradiation (20). These results are supported by the
fact that after complete resection of the tumor mass and
chemoradiotherapy, GBM commonly recurs around the tumor
removal site, suggesting that the microenvironment at the
tumor border provides therapeutic resistance to GBM cells
(21). These interactions between glioma cells and the brain
microenvironment can influence glioma pathobiology and
contribute to its poor prognosis (22).

The presented data demonstrate that different components
of the GBM TME (including oxidative stress and inflammation,
immune response, and angiogenesis) actively respond to X-ray
irradiation, whereas the contribution of extracellular matrix
(ECM) to radiation-induced changes in both GBM tumor and
normal brain tissue remain much less investigated. The available
information on this issue is very scanty and fragmentary, but
it may be useful to summarize it in order to outline possible
directions for future research in this scientific field.

Here, the effects of experimental and clinical irradiation
onto key brain ECM components (such as proteoglycans,
glycosaminoglycans, glycoproteins, and their modifying
enzymes) in normal brain tissue and GBM cells/tumors will
be reviewed.

PROTEOGLYCANS

Proteoglycans (PGs) are the main components of brain
ECM and play important roles in normal brain physiology
and gliomagenesis (23). They represent core proteins with
covalently-attached polysaccharide chains of glycosaminoglycans
(GAGs), which are responsible for cell-cell and cell-matrix
communication and signaling and related to the formation of
a permissive provisional matrix for tumor growth (24, 25). PGs
are both involved in primary glioma development and contribute
to therapeutic resistance of cancer stem cells (CSCs) and GBM
relapse development (26). Irradiation-induced changes in PGs
composition, content, or localization can be one of the potential
molecular mechanisms related to accelerated proliferation and
invasion of GBM cells and the disease progression.

Chondroitin Sulfate Proteoglycans
A major component of the brain ECM is chondroitin
sulfate proteoglycans (CSPGs), which are actively involved in
the organization of GBM TME and glioma invasion (27). The
complex distribution of CSPGs in the tumor microenvironment
can determine the invasion potential of glioma cells through
the coordination of ECM-cell adhesion and dynamic changes
in stromal cells (28). Among the main brain CSPGs are
neurocan, brevican, CSPG4/NG2, CD44, aggrecan, versican,
decorin, and biglycan.

The few available data on radiation effects on CSPGs
are quite controversial, although expression of CSPG-coding
genes has a tendency to be down-regulated in non-tumor
tissues and up-regulated in glioma cells or tissues upon X-
ray irradiation (Table 1, Figure 1). Cranial radiotherapy of
patients with small-cell lung cancer with a dose of 60–
80Gy significantly decreases brevican and neurocan content
in cerebrospinal fluid at 3- and 12-months’ time-points after
irradiation (34). Expression profiling of main CSPG core proteins
in normal mouse brain upon single X-ray irradiation with a
dose of 7Gy demonstrates quick (24–72 h) decrease of brevican
and neuro-glial antigen-2 (NG2/CSPG4) mRNA levels (3–10
and 8–9-fold, respectively), whereas expression of neurocan,
versican, CD44, decorin, and biglycan was not affected (30). As
neuro-glial antigen2 (NG2/CSPG4) is a specific biomarker of
oligodendrocyte progenitor cells (OPCs) and glioma cancer stem
cells (CSC) (26), indirect data on the changes in NG2 expression
upon irradiation could be deducted from the changes of OPC
cells, which are characterized by high NG2 content. X-irradiation
of the adult rat spinal cord decreases the number of OPCs at 4 and
10 days after irradiation (41). According to Irvine and Blakemore,
irradiation results in almost complete depletion of OPCs within
the telencephalon (cortex, corpus callosum, and hippocampus)
by 7 days post-irradiation, which was followed by progressive
repopulation of OPCs from non-irradiated areas of the cortex. By
contrast, within the lower brain centers (the diencephalon and
mesencephalon), the OPC loss occurred much more slowly so
that 26% of the OPCs still remained 4 weeks after X-irradiation
(42). These results suggest that OPCs may induce stemness
and chemo-radioresistance in GBM cells and participate in
the formation of a “border niche,” a unique microenvironment
that allows GBM cells to survive and recur at the tumor
border (21).

In contrast with normal brain tissue, experimental irradiation
of the U251 orthotopic tumors in the brain of Nude-
nu female mice by 0.2 mCi iodine-125 (125I) seed results in
an increase of NG2 content in the brain tissue. The U251 cells
with activated NG2 expression (U251–NG2) were significantly
more resistant to 5 Gy irradiation compared to the NG2-
negative U251 cells suggesting NG2 as an important prognostic
factor for radiotherapy resistance (35). X-ray irradiation of
U87MG GBM cells (137Cs τ -rays source, 2 Gy/day for 3
days) activates the expression of CD44 in these cells (37),
and CD44 protein content was elevated in primary human
GBM tumors that were developed in nude rat brain and
undergone irradiation at a dose of 50Gy, by 4 weeks after
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TABLE 1 | Irradiation effects onto brain ECM components.

Irradiation

zone

Irradiation

type

Regimen

dose, Gy

Detection

after

Analyzed Methods ECM

components

Non-ECM

parameters

References

Normal brain tissue

1. Fisher 344-Brown

Norway male rats

Brain 137Cs

γ-irradiator

Single, 10Gy 4, 8, 24 h Brain tissue IHC, RT-PCR

zymography

Collagen IV (ց),

MMP2 (ր),

MMP9 (ր)

TIMP-1, TIMP-2 (29)

2. C57BL/6 male mice Brain 137Cs

γ-irradiator

8×5Gy, twice

a week

4, 8, 24 h Brain tissue IHC, RT-PCR

zymography

Collagen IV (ց),

MMP2 (ր)

TIMP-2 (29)

3. CBL/6Bl male mice Brain Synchrotron

and clinical

linear

accelerators

ElektaAxess

Single, 7Gy 24, 48, 72 h Brain tissue RT-PCR Syndecan-1 (=),

Glypican-1 (=),

Perlecan (=),

Versican (=),

CD44 (=),

Brevican (ց),

Neurocan (=),

NG2/CSPG4(ց),

Decorin (=),

Biglycan (=)

(30)

4. Mouse brain

microvessel

endothelial cells

Cell culture 137Cs

γ-irradiator

4.4–5.7Gy 6, 24 h Cells Cell morphology

zymography

Heparanase (ր) Mitogenic

factors

(31)

5. Rhesus macaques

male

Brain Clinical linear

accelerator

8 × 5Gy,

twice a week

6 months Brain tissue RT-PCR Fibronectin I (ր),

MMP2 (ր)

SERPINE1,

VEGFB,

TNFSF15, SYP,

CCL2, GRIA4,

CD68, GRIN2A

(32)

6. Rhesus macaques

male

Brain Clinical linear

accelerator

8 × 5Gy,

twice a week

6 months Brain tissue IHC Fibronectin I (ր),

Collagen I (ր),

Collagen IV (=),

MMP9 (ր)

Rho/ROCK,

RAAS signaling

pathways

(33)

7. SCLC patients Brain Clinical linear

accelerator

15 × 2Gy or

20 × 4Gy

3 months,

12 months

Cerebrospinal

fluid

ELISA Brevican (ց),

Neurocan (ց)

Chemokine,

cytokine and

proinflammatory

panels

(34)

Glioma cells and tumors

8. U251 cells Cell culture Clinical linear

accelerator

Clinac 600

C/D

2, 5, 10, and

20 Gy

Cells MTS test GBM cell survival (35)

9. Nude-nu female

mice

Orthotopic

U251 brain

tumor

Implanted
125 I seeds

0.2 mCi for

26 days

26 days Brain tissue IHC NG2/CSPG4 PRDX-1, ATM,

Chk2, ASK,

pH2AX

(35)

10. U87MG, U251 cells Cell culture 137Cs

(Gammacell

1,000 unit)

2, 4, and 6Gy 24 h Cells WB zymography MMP2,

(ր) in U87 cells,

(=) in U251 cells

TIMP2, p53 (36)

11. U87 xenografts in

nude mice

Orthotopic

U87 brain

tumor

Linear

accelerator

CLINAC 21EX

Single, 6Gy

or 5 × 2Gy

11–16 days Tumor tissue IHC zymography MMP2 (ր) P53, GFAP (36)

12. U87 cells Cell culture 137Cs

γ-irradiator

2 Gy/day for

3 days

Cells,

conditioned

medium

RT-PCR ICC, IHC,

ELISA, Western

blot

Brevican (=),

Versican (=),

Neurocan (=),

Aggrecan (=),

CD44 (ր),

HA (ր),

COL1A1 (=),

COL3A1 (=)

HAS1 (–), HAS2

(+), HAS3 (–),

VIM, CDH-2,

NF-kB,

cytokines

(37)

13. U87 xenografts in

mice

Brain 137Cs X-rays

source

2.5 Gy/day

for 3 days

Tumor tissue IHC CD44 (ր),

HA (ր)

HAS2 (37)

(Continued)
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TABLE 1 | Continued

Irradiation

zone

Irradiation

type

Regimen

dose, Gy

Detection

after

Analyzed Methods ECM

components

Non-ECM

parameters

Reference

14. Human GBM tissues Glioma Clinical

accelerator

Tumor tissue IHC CD44 (ր),

HA (ր)

HAS2, VIM,

ZEB1

(37)

15. Primary human

GBM cells

xenografts in nude

rats

Orthotopic

tumor area

Collimated

dorso-ventral

beam of 6MV

X-rays

Single, 50Gy 7 weeks Brain tissue IHC CD44 (ր),

MMP2 (ր)

Ki-67, SDF-1a,

HIF-1a, vWF

(38)

16. U87 and U251 cells Cell culture X-rays

accelerator

2Gy 1–13 h Cells qRT-PCR Circ_VCAN (ց) miR-1183 (39)

17. Glioma patients Glioma tissue qRT-PCR Circular RNA

from versican

(Circ_VCAN)

miR-1183 (39)

18. Human GBM tissues Glioma

relapse tumor

Clinical linear

accelerator

30 × 2Gy 6–12 months Tumor tissue IHC HS (=),

Heparanase (=)

(40)

Arrows correspond to up-regulation (ր) or down-regulation (ց) of the gene expression, =, no change in the expression level upon irradiation.

irradiation (38). At the same time, expression levels of brevican,
neurocan, aggrecan, and versican in irradiated U87MG cells
was not changed (37). Although a significant decrease in
the expression of circular noncoding RNA from versican
(circ_VCAN, hsa_circ_0073237) in irradiatedU87 andU251 cells
by 13 h post-irradiation was demonstrated (4–5- and 8–9-fold,
respectively), it was significantly up-regulated in radioresistant
glioma tissues compared with the radiosensitive tissues. Both
irradiation and knockdown of circ_VCAN inhibit proliferation,
migration, and invasion of the cells, while overexpression of
circ_VCAN promotes migration and invasion of the irradiated
glioma cells (39).

As to the contribution of polysaccharide CS chains in
radiation sensitivity, there are no data up-to-date.

Overall, the presented data suggest brevican and neurocan
as sensitive targets for X-ray radiation, while high expression
levels of NG2 and versican impart radioresistance to glioma cells,
and all the CSPGs contribute to the irradiation-induced ECM
reorganization during GBM radiotherapy.

Hyaluronic Acid
Hyaluronic acid (HA) is an integral component of any tissue,
but it plays a particularly important role in the brain, where it
represents a major component of intercellular space (43).

Irradiation effects onto HA remain to be almost
uninvestigated. The only study by Yoo et al. demonstrates
that irradiation of GBM U87MG cells (2 Gy/day for 3
days) or U87MG orthotopic brain tumors (2.5 Gy/day for
3 days) results in a significant increase of HA content in
GBM cell-conditioned medium and experimental tumors,
respectively. The increase of HA content in tumor tissue affects
the biomechanical tension in the GBM microenvironment
and provides pro-invasive extracellular signaling cue due to
binding with CD44 receptor and SRC activation sufficient for
a mesenchymal shift of GBM cells. These findings suggest
an explanation for the frequent brain tumor relapse after
radiotherapy (37).

Heparan Sulfate Proteoglycans
Heparan sulfate proteoglycans (HSPGs) represent one of the
main components of the neurogenic niche. Tight involvement
of both the polysaccharide heparan sulfate (HS) chains and
their degrading enzyme heparanase in the development of the
nervous system and growth and invasion of glioma tumors are
comprehensively described by Xiong et al. (44, 45). Among the
main brainHSPGs are syndecan (1-4) and glypican (1-6) families,
perlecan/HSPG2, agrin, and collagen XVIII.

There is just fragmentary information on the irradiation
effects onto these macromolecules.

Experimental irradiation of normal mouse brain (7Gy in
a single dose) did not change expression levels of syndecan-
1, glypican-1, and perlecan in short-term period (24–72 h)
(30). However, HSPGs content is deteriorated in the brain
tissue of GBM patients: high expression of glypican-1 in GBM
patients who received adjuvant radiochemotherapy significantly
correlates with their survival and predicts poor prognosis (46). At
the same time, immunohistochemical analysis for polysaccharide
chains of HS in primary and post-radiochemotherapy relapsed
GBM tumors from the same patients (matched pairs) did not
reveal significant changes in HS content (40).

GLYCOPROTEINS

Despite the common extracellular glycoproteins (fibronectin,
collagens, laminin, and elastin) not being much abundant in
brain tissue, they are intrinsic components of brain ECM.
Radiation-induced changes in their expression contribute to
pathological brain ECM reorganization during radiotherapy.

Whole-brain irradiation of experimental animals (a single
dose of 10Gy for rats or 8 fractions × 5Gy for 4 weeks for
mice) decreases collagen IV content in brain tissue by 24 h after
irradiation, while no significant changes are shown at 4 or 8 h
after irradiation. Simultaneous up-regulation of expression and
enzymatic activity of MMP2 and MMP9 seems to be a molecular
mechanism for irradiation-induces ECM degradation (29).
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Long-term effects (6 months) of irradiation of the whole brain
of Rhesus macaques (age 6–11 years), which had received 40Gy
(8 fractions of 5Gy each, twice per week), increased expression
of fibronectin 1 (FN1) in brain tissue at mRNA level (32) and
protein content of fibronectin and collagen I (COL1), whereas
collagen IV (COL4) protein level was not affected (33).

Irradiation of U87 GBM cells (2 Gy/day for 3 days) does not
affect the expression of collagen type-I alpha 1 (COL1A1) and
collagen type III alpha 1 (COL3A1) (37).

ECM MODIFYING ENZYMES

Brain ECM structure is tightly determined by a complex interplay
between the expression of ECM glycoproteins/PGs/GAGs and
their proteolytic remodeling by matrix metalloproteinases
(MMPs) and GAG-degrading enzymes (47, 48). Radiation
affects both the expression/deposition of ECM components and
activation/repression of the ECM-modifying enzymes, directly
contributing to the overall ECM remodeling upon irradiation
(Table 1, Figure 1).

Metalloproteinases
X-ray irradiation of animal brain results in a quick (4–24 h)
up-regulation of expression and enzymatic activity of MMPs:
MMP2 and MMP9 (for rats, single dose) and MMP2 (for mice,
8 × 5Gy, twice a week) (39). Irradiation-induced changes in
MMPs expression seem to possess long-term effect—brain tissues

of Rhesus macaques irradiated at a similar regimen (8 × 5Gy,
twice a week) demonstrate significantly increased mRNA level
for MMP2 (32) and MMP9 protein content (33) at 6 months
after irradiation.

Irradiation of U87MG GBM cells at 2–6Gy doses increases
expression and enzymatic activity of MMP2 in these cells and
experimental orthotopic U87 tumors obtained from them (36).
This result perfectly corresponds to the data on irradiation
effects on the primary human GBM tumors developed in nude
rats described by Shankar et al. (38) Immunohistochemical
staining confirmed a significant increase of MMP2 content
in the irradiated experimental tumors after 4 weeks
after irradiation.

Heparanase
Heparanase (HPSE) is the main enzyme responsible for the
degradation of polysaccharide chains of HS at the cell surface
and ECM of all tissues. It involved in normal physiology
and pathological reorganization of ECM into TME and cancer
progression and metastasis (31, 45, 49).

Gamma-irradiation of brain microvessel endothelial cells
results in a significant increase in the release of heparanase, which
degrades [35S]-labeled heparan sulfate from the subendothelial
matrix. This was most pronounced at the 24 h after irradiation
and can affect the interactions of tumor cells with endothelial
cells and their microenvironment, which in turn facilitate the
formation of metastasis in irradiated tissues (32). The relapsed

FIGURE 1 | Schematic illustration of irradiation-induced changes in the expression of various ECM components in glioma cells/tumors and normal brain tissue. The

genes, which expression changes were shown at least in a single study, are depicted on the scheme. Arrows correspond to up-regulation (ր) or down-regulation (ց)

of the gene expression.

Frontiers in Oncology | www.frontiersin.org 5 October 2020 | Volume 10 | Article 57670113

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Grigorieva Radiation Effects on Brain Tissue

post-radiochemotherapy GBM tumors demonstrate significantly
higher intertumor and intratumor heterogeneity of heparanase
(HPSE) content and distribution compared with the matched
primary GBM tumors from the same patient (40).

DISCUSSION

According to the presented data, X-ray radiation affects all key
components of normal brain ECM (PGs, collagens, MMPs, and
heparanase) in different extent and directions (Figure 1).

An interesting observation is that radiation has a much
pronounced effect on normal brain tissue than on tumor
cells. There is a common tendency to the increased
expression of glycoproteins (collagen and fibronectin) and
decreased expression of main proteoglycan components
of brain ECM (brevican, neurocan, and NG2/CSPG4)
indicating significant changes of normal structure of
brain ECM (Figure 1). Replacement of negatively-charged
PGs with more neutral glycoprotein molecules results in
the decrease of overall negative charge, and attenuated
molecular signaling and cell-cell/cell-matrix interactions.
Activation of metalloproteinases (MMP2, MMP9) and
heparanase (degradating protein- and polysaccharide
ECM components) contributes to even more significant
reorganization of brain ECM and its transformation to
pro-invasive microenvironment.

On the other side, GBM cells and tumors demonstrate more
resistant phenotype to X-ray irradiation and completely different
pattern of radiation-induced changes. Only three of fifteen ECM
components (CD44, MMP2, and hyaluronic acid) respond to
irradiation by activation of their expression/content (Figure 1).
The coordinated increase of hyaluronic acid and its receptor
(CD44) in tumor tissue affects the biomechanical tension in the
GBM microenvironment tightly related to invasive capacity of
glioma cells (37).

These radiation-induced changes in brain ECM and
the residual GBM cells cooperate to provide a favorable
microenvironment for GBM progression. Moreover,
multiple studies show that radiotherapy not only serves
as a therapeutic mean to eliminate glioma cells but
also activates proliferation and invasion of those cells
which survived irradiation. This seems to occur due to
the selection of radioresistant GBM clones and their
active invasion in previously irradiated GBM tumor
microenvironment (50).

Molecular mechanisms of negative side effects of irradiation
are tightly related to GBM TME: subcurative irradiation
of primary human GBM tumors in rat brain results in the
increased proliferation (3-fold), migration, and invasion
of the survived GBM cells associated with increased
expression of CD44 and activation of MMP2 expression
(38); irradiation increases the invasion of U87 cells and the
capacity of GBM cells to contract collagen gels, indicating that
radiation changes biomechanical tension (37); irradiation of
U87MG cells activates invasion of these cells and increases

tumor margin invasiveness in nude mice in vivo, possibly
through the imbalance between MMP2 and TIMP2 and
ECM degradation (36). Besides the direct influence on the
proliferative and invasive potential of glioma cells, radiation
stimulates them to secrete regulatory molecules which in turn
contribute to TME reorganization. For example, conditioned
medium/ECM from irradiated U87 cells was more pro-
invasive compared with ECM conditioned by non-irradiated
cells (37).

Radiation induces also significant changes in immune
components of brain microenvironment, which contributes
to poor efficacy of anti-GBM radiochemotherapy. Irradiation
results in activation of the expression of immune-associated
genes (especially related to the chemokine signaling and IL-
6 signaling pathways) in murine glioma and human glioma
U87 cell line, leading to changes in immune microenvironment,
glioma cells radioresistance, and treatment failure (51). Cranial
irradiation reduced CD206 expression and increased IL1-beta
expression in the mouse brain associated with the absence of
monocyte-derived macrophages and long-lasting inflammation
(52). Irradiation-induced release of pro-inflammatory cytokines
in brain tissue microglial activation might be caused by
microglial activation and is mediated by the PIDD-C/NF-
κβ transcription pathway (53). In common, these data reveal
immune component of brain TME as potential theraupeutic
targets for combined immunotherapy and radiotherapy to treat
GBM patients.

Thus, GBM radiotherapy possesses a double effect—it directly
affects brain ECM and induces GBM cells to modulate their
microenvironment. The balance between these modalities might
be responsible for the ambiguous functional effect in vivo,
where the initial positive effect on inhibition of GBM tumor
growth by 14 day is followed by the tumor relapse and
higher mortality for the mice with a smaller tumor volume
by 21 day (54). Overall, the presented data underline the
importance of further studies of radiation effects on GBM TME
and molecular mechanisms of the normal brain’s tolerance to
irradiation, which may provide opportunities to improve the
conventional anti-glioblastoma radiotherapy and prevent GBM
relapse development.
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Innovation Center for Cancer Medicine, Sun Yat-sen University Cancer Center, Guangzhou, China, 3Department of

Nasopharyngeal Carcinoma, Sun Yat-sen University Cancer Center, Guangzhou, China

Background and Aims: To investigate the longitudinal trend of health-related quality of

life (HRQOL) from the start to the end of concurrent chemoradiotherapy and survival in

patients with advanced nasopharyngeal carcinoma (NPC).

Methods: A total of 145 patients with stage II–IVb NPC, who were a subsample of a

randomized phase III clinical trial, were recruited in this study. HRQOL was measured

weekly for a total of 6 weeks during concurrent chemoradiotherapy by the Chinese

version of the European Organization for Research and Treatment of Cancer Quality

of Life Questionnaire core 30. Longitudinal trends of HRQOL domains over time were

analyzed usingmixedmodels. Survival rates were estimated using Kaplan-Meier method.

Results: During a median follow-up of 45 months, the 3-year progression-free survival

rate, overall survival rate, and distant metastasis-free survival rate were highly at 86.8%

(95% CI: 80.1%, 91.4%), 95.1% (95% CI: 90.1%, 97.6%), and 91.0% (95% CI: 84.9%,

94.6%), respectively. The average weekly declines of five functioning domains were 1.83–

3.52 points during the treatment period, with role functioning having the largest decline

rate (−2.52 points per week, 95% CI: −4.50, −2.55; p < 0.001). Loss of appetite is

the most affected symptom, with severe appetite loss ranging from 35.9 to 61.1%. The

average increases of symptoms were 0.63–5.16 points per week during treatment period

(all p-values for time <0.001, except for financial difficulties), with pain symptoms having

the largest increase (5.16 points, 95%CI: 4.25, 6.08; p < 0.001), followed by fatigue

(3.62 points, 95%CI: 2.90, 4.35; p < 0.001).

Conclusion: The HRQOL of patients with advanced NPC is poor and substantially

deteriorated during the concurrent chemoradiotherapy (CCRT) period. Psychological

care and support is necessary for patients with advanced NPC during the

treatment period.

Keywords: longitudinal trend, health-related quality of life, cheomotherapy, nasopharyngeal carcinoma,

radiotherapy
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INTRODUCTION

Nasopharyngeal carcinoma (NPC) is a malignant tumor arising
from nasopharynx epithelium with an extremely unbalanced
geographical global distribution. There were about 129,000 new
cases worldwide in 2018, with more than 70% of new cases
in East and Southeast Asia (1, 2). In China, the world age-
standardized incidence rate of NPC was 2.17/100,000, and the
highest rate was observed in Southern China from Guangdong
and Guangxi province (3, 4). Most patients with NPC were in
stage II–IVb at initial diagnosis. Concurrent chemoradiotherapy
(CCRT), recommended by the National Comprehensive Cancer
Network, is the standard treatment for patients with stage II–IVb
NPC (5). Some studies have indicated that the local control rate
and 5-year overall survival rate of patients with NPC are up to
90 and 80%, respectively (6, 7). However, the complications and
treatment-related adverse effects are still non-ignorable. Patients
with NPC are significantly affected by difficulties in swallowing,
hearing loss, xerostomia, speech impediments, and psychological
issues (e.g., depression, anxiety), which further aggravate their
health-related quality of life (HRQOL) (8, 9).

The majority of previous studies mainly focused on the
endpoints of overall survival, progression-free survival, or local
control rate from the physician’s point of view. In recent years,
HRQOLhas been recognized as an important treatment endpoint
from patients’ experience to perform a comprehensive evaluation
and has been increasingly used in oncology trials for clinical
decision making (10). HRQOL is an important outcome for
patients with head and neck cancers, especially for NPC. The
diagnosis and treatment of NPC is a life-threatening event,
and patients with locally advanced NPC experience distressing
issues such as pain, loss of appetite, and impairment in social
and role functioning in terms of HRQOL at diagnosis (11).
These problems are common not only at diagnosis and during
treatment, but also for several years after (12). Pretreatment
HRQOL has been reported as a predictor of survival for patients
with NPC (13, 14) and other advanced cancers [e.g., lung cancer
(15), breast cancer (16), colorectal cancer (17), and hepatocellular
carcinoma (18)]. A change in scores of many HRQOL domains
from initial to 6 months after radiation therapy has been
significantly associated with overall survival in patients with head
and neck cancers (19). Results has also shown that HRQOL
(i.e., physical functioning, fatigue, appetite loss) after treatment
significantly predicted disease-free survival and overall survival
in patients with NPC (20). In addition, it was found that global
quality of life, insomnia, and fatigue were significant predictors
of weight loss (21), which has been associated with poor survival
of patients with NPC (22, 23). Therefore, maintaining a high level
of HRQOL during the treatment period is important for patient
prognosis and psychological well-being. It has been reported
that advanced NPC patients who received CCRT reported
worse HRQOL compared to those who received radiotherapy
(24). HRQOL in head and neck cancer patients deteriorates
immediately after treatment and then gradually recovers to
pretreatment levels at around 12 months after treatment (25).
To the best of our knowledge, the variation trend of HRQOL
during the CCRT period has not yet been established among

patients with NPC. Such evidence may be helpful for physicians
to act preventively or come up with recommendations for
improving HRQOL in patients with NPC during and after the
treatment period.

In this study, we explored the longitudinal trend of HRQOL
during the CCRT period and survival among patients with II–IVb
NPC, using the longitudinal data from a randomized phase III
clinical trial (26). It is hypothesized that HRQOLwould gradually
deteriorate during the CCRT period.

METHODS

Study Design and Participants
Participants in this study were a subsample from a multicenter,
open label, non-inferiority, randomized phase III trial (26).
In the trial, between 16 January 2012 and 16 July 2014,
a total of 402 patients aged 18–65 years with stage II–IVb
NPC, a Karnofsky score of ≥70, and adequate hematological,
renal, and hepatic function were randomly assigned (1:1) to
intravenously receive either nedaplatin (100 mg/m2) or cisplatin
(100 mg/m2) on days 1, 22, and 43 for three cycles concurrently
with intensity-modulated radiotherapy. The exclusion criteria
included previous radiotherapy or chemotherapy for NPC; the
presence of relapse or distant metastasis; a previous malignancy
(apart from carcinoma in situ of the cervix, or basal or squamous
cell carcinoma of the skin); the presence of uncontrolled life-
threatening illness; pregnancy or lactation; and any mental
disorder or somatic comorbidities of clinical concern.

Among the 402 randomized patients, 145 (36%) returned
completed the European Organization for Research and
Treatment of Cancer Quality of Life Questionnaire core 30
(EORCT QLQ-C30) surveys at baseline (before radiotherapy),
making them suitable for the current study. The study was
approved by the ethics committee or institutional review
board at each participating center, and all patients provided
written consent.

Data Collection Procedures
All patients were randomly assigned to receive intravenous
nedaplatin or nedaplatin (100 mg/m2) on days 1, 22, and 43 for
three cycles concurrently with intensity-modulated radiotherapy
(2·00–2 33Gy per fraction with five daily fractions per week for
6–7 weeks) (26).

HRQOL was assessed using the EORTC QLQ-C30, version
3.0 (27). Its Chinese version has been validated in a previous
study (28). The EORTC QLQ-C30 is a 30-item generic
cancer instrument which evaluates a global quality of life
(QoL), five multi-item functioning scales (i.e., physical, role,
emotional, cognitive, and social functioning), three multi-
item symptom scales (fatigue, pain, and nausea/vomiting), and
six single symptom items (dyspnea, insomnia, appetite loss,
constipation, diarrhea, and financial difficulties). HRQOL scales
were summarized as standard scores ranging from 0 to 100
according to the scoring manual (29). A higher score for global
QoL and functioning scales represents a better level of global QoL
or functioning, whereas a higher score for symptom scales/items
indicates a higher level of symptomatology/problems.
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EORTC QLQ-C30 was self-administered weekly for a total
of 6 weeks during the CCRT period. All assessments were
carried out by a well-trained clinical research coordinator
at the clinics. Sociodemographic characteristics were collected
at the recruitment interview. After completion of treatment,
participants were followed up at least every 3 months during
the first 3 years and every 6 months thereafter until death.
Progression-free survival was assessed by the investigator and
defined as the time from the date of randomization to
documented local or regional relapse, distant metastasis, or death
from any cause, whichever occurred first. Overall survival was
defined as the time from the date of randomization to death
from any cause or censored at the date of last follow-up. Distant
metastasis-free survival was defined as the time from the date
of randomization to distant metastasis, or death from any cause.
The censored date of the study was 31 June 2017.

Statistical Analysis
Descriptive analysis was presented as mean with standard
deviation or frequency with percentage when appropriate. The
longitudinal trend of the HRQOL scale scores from the beginning
to the end of treatment was analyzed with mixed models using
restricted maximum likelihood estimation and an unstructured
covariance structure. Each mixed model included one of the
HRQOL domains as a dependent variable, an intercept, and
an independent variable representing time points during CCRT
period, by univariable and adjustment of sociodemographic and
clinical covariates separately. Two random effects were included
in the mixed models: a random patient effect representing an
individual baseline HRQOL (intercept) and a random subject
by time effect respecting an individual linear change per week
during the treatment period (slope of time variable). Regression
coefficients along with 95% confidence interval (95% CI) of time
were reported.

Given that scores of ≤50 for global QoL and functioning
scales or scores of >50 for symptom scales/items indicate a
need for intervention (30), we applied an absolute threshold
value of 50 points for describing very low global QoL and
functioning scores as worse global QoL / functioning or very
high symptom scores as severe symptoms. The distributions
of worse HRQOL were presented stratified by measurement
time points.

All statistical analyses were performed using SAS for windows
version 9.4 (SAS Institute, Cary, NC, USA). A two-sided p < 0.05
was considered statistically significant. The original randomized
phase III clinical trial is registered on ClinicalTrials.gov with
number NCT01540136 (26). The key raw data of this study have
been uploaded onto the Research Data Deposit platform (RDD),
with approval number RDDA2018000932.

RESULTS

Social-Demographic and Clinical
Characteristics
Among 145 patients at baseline, 51.7% received cisplatin-based
CCRT, and 48.3% received nedaplatin-based CCRT. The mean
age of the patients was 44.3 years old (standard deviation: 9.8),

TABLE 1 | Sample characteristics.

n %

Age at randomization, years, mean ± SD 44.3 ± 9.8

≤45 80 55.2

>45 65 44.8

Sex

Male 108 74.5

Female 37 25.5

Smoking habit

No 92 63.4

Yes 53 36.6

Drinking habit

No 109 75.2

Yes 36 24.8

BMI, kg/m2, mean ± SD 23.0 ± 2.9

<18.5 6 4.1

18.5–24.9 104 71.7

25.0–29.9 34 23.5

≥30 1 0.7

Percentage of weight loss during CCRT

period, mean ± SD

−6.7% ± 6.6%

No change or increase 25 17.2

<5% 37 25.5

5–10% 41 28.3

>10% 42 29.0

T stage

T1 1 0.7

T2 27 18.6

T3 90 62.1

T4 27 18.6

N stage

N0 14 9.7

N1 56 38.6

N2 66 45.5

N3 9 6.2

AJCC stage

II 15 10.5

III 95 65.5

IV 35 24.0

Epstein-Barr virus DNA test

DNA <1,500 copies per mL 79 54.5

DNA ≥1,500 copies per mL 66 45.5

Intervention

Cisplatin 75 51.7

Nedaplatin 70 48.3

Chemotherapy cycles

Two or less 39 26.9

Three 106 73.1

Duration of radiotherapy

≤42 days 55 37.9

>42 days 90 62.1

CCRT, concurrent chemoradiotherapy; AJCC, American joint committee on cancer; SD,

standard deviation.
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FIGURE 1 | Kaplan–Meier survival curve in patients with advanced nasopharyngeal carcinoma. OS, overall survival; DMFS, Distant metastasis-free survival; PFS,

progression-free survival.

74.5% of whom were male, 36.6% had a history of smoking,
and 24.8% had a history of drinking. Around 24.2% of patients
were overweight or obese at baseline, and more than half of
patients (57.3%) were observed to experience 5% or more of
weight loss during the treatment period as compared to their
baseline bodyweight (Table 1).

Treatment Completion
All of 145 patients completed the recommended radiotherapy.
The median dose of RT was 70Gy (Range: 70–70Gy), and
the median dose per fraction was 2.33Gy (Range: 2.12–
2.33Gy). Almost all patients (99.3%, 144/145) received at
least two cycles of chemotherapy, with 73.1% (106/145)
of patients completed the three cycles. Besides, 38.6%
(56/145) received chemotherapy with dosage 300 mg/m2,
and 93.8% (136/145) patients received chemotherapy with
dosage≥200 mg/m2.

Survival Rate
During a median follow-up of 45 months, the progression-free
survival rate was 95.9% (95% CI: 91.0, 97.7%) at 1 year and 86.8%
(95% CI: 80.1, 91.4%) at 3 years, and the overall survival rate was
99.3% (95% CI: 95.2, 99.9%) at 1 year and 95.1% (95% CI: 90.1,
97.6%) at 3 years, whereas the distant metastasis-free survival rate
was 95.9% (95% CI: 91.0, 98.1%) at 1 year and 91.0% (95% CI:
84.9, 94.6%) at 3 years (Figure 1).

HRQOL Completion
Of 145 patients who completed baseline surveys, 96 (66.2%), 139
(95.9%), 106 (73.1%), 128 (88.2%), and 144 (99.3%) provided
valid data at week 2 to week 6 during the CCRT period,
respectively. The attrition rate was the greatest at week 2 of
the CCRT period. Participants were more likely to miss EORTC
QLQ-C30 questionnaires at week 2 if they received two or less
cycles of chemotherapy, were progression-free, were alive or were
distant metastasis-free during the study period, while there were
no significant differences of other sample characteristics between
participants with and without EORTC QLQ-C30 questionnaires
at week 2 (see online Supplementary Table 1). A total of 62.8%
of patients completed all six-point assessments, 89.7% patients
completed more than three assessments, and only 2.1% missed
four of six assessments during the treatment period.

Trend of Global QoL and Functioning
Domains
After adjusting the social-demographic and clinical
characteristics listed in Table 1, the mixed models indicated a
substantial deterioration across the 6-week treatment period in
global QoL and five functioning domains. The global QoL had
the lowest values compared to the five functioning domains in
all six time points from 57.6 to 46.6, with an average decline
of 2.18 points per week (95% CI: −3.07, −1.30). (Table 2 and
Figure 2A).
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TABLE 2 | Temporal trend of health-related quality of life (HRQOL) during the concurrent chemoradiotherapy period using the mixed model.

Measurement time points Regression coefficient (95% CI)

Week 1 Week 2 week 3 Week 4 Week 5 Week 6 Timea Timeb

Global quality of life† 57.6 ± 21.5 56.2 ± 21.5 56.1 ± 21.0 49.4 ± 19.4 49.2 ± 21.4 46.6 ± 22.1 −2.19 (−3.07, −1.30)*** −2.18 (−3.07, −1.30)***

Psychical function† 84.0 ± 13.8 80.6 ± 15.4 77.7 ± 17.8 73.4 ± 17.4 72.7 ± 19.5 70.4 ± 19.4 −2.73 (−3.36, −2.09)*** −2.72 (−3.36, −2.08)***

Role function† 81.9 ± 22.3 77.6 ± 24.4 74.6 ± 25.2 68.7 ± 26.5 65.2 ± 27.6 64.9 ± 28.3 −3.52 (−4.49, −2.55)*** −3.52 (−4.50, −2.55)***

Emotional function† 80.7 ± 17.2 81.8 ± 18.5 78.5 ± 18.6 73.9 ± 20.7 72.9 ± 21.5 72.0 ± 20.4 −1.83 (−2.41, −1.25)*** −1.83 (−2.41, −1.26)***

Cognitive function† 85.9 ± 15.9 83.9 ± 15.4 83.3 ± 16.6 78.3 ± 19.4 77.0 ± 21.5 74.4 ± 21.6 −2.21 (−2.85, −1.57)*** −2.21 (−2.85, −1.57)***

Social function† 70.2 ± 26.9 68.2 ± 26.7 68.3 ± 26.4 62.3 ± 28.6 62.2 ± 28.1 59.8 ± 27.9 −2.05 (−2.86, −1.23)*** −2.06 (−2.88, −1.25)***

Fatigue ‡ 31.3 ± 20.6 30.3 ± 19.2 37.0 ± 21.2 42.1 ± 22.4 44.4 ± 22.4 48.2 ± 21.8 3.64 (2.92, 4.36)*** 3.62 (2.90, 4.35)***

Nausea and vomiting‡ 31.3 ± 28.4 25.0 ± 21.9 30.0 ± 26.9 37.7 ± 26.3 35.7 ± 24.8 38.4 ± 25.5 2.26 (1.35, 3.18)*** 2.25 (1.34, 3.16)***

Pain‡ 17.8 ± 19.3 22.7 ± 23.1 24.9 ± 22.4 34.9 ± 26.1 38.5 ± 27.6 44.8 ± 27.4 5.17 (4.25, 6.08)*** 5.16 (4.25, 6.08)***

Dyspnea‡ 12.6 ± 20.1 12.8 ± 19.6 14.4 ± 19.7 18.2 ± 23.5 19.5 ± 23.5 19.2 ± 21.4 1.43 (0.68, 2.18)*** 1.44 (0.69, 2.19)***

Sleep disturbance‡ 25.1 ± 25.6 27.4 ± 24.7 30.0 ± 26.1 35.8 ± 27.9 36.7 ± 27.4 39.6 ± 27.6 2.94 (1.93, 3.94)*** 2.93 (1.93, 3.94)***

Appetite loss‡ 41.6 ± 30.3 44.4 ± 27.6 50.1 ± 26.7 56.0 ± 27.8 54.7 ± 26.4 59.7 ± 27.8 3.60 (2.50, 4.71)*** 3.61 (2.50, 4.72)***

Constipation‡ 20.2 ± 26.1 19.4 ± 24.0 27.6 ± 28.1 33.6 ± 27.0 33.3 ± 31.9 33.1 ± 30.9 2.71 (1.45, 3.96)*** 2.69 (1.44, 3.94)***

Diarrhea‡ 3.4 ± 10.9 5.2 ± 14.0 4.6 ± 12.2 5.3 ± 13.9 5.5 ± 14.4 6.7 ± 14.5 0.63 (0.21, 1.06)*** 0.63 (0.21, 1.06)***

Financial difficulties‡ 41.8 ± 35.1 38.9 ± 33.4 40.0 ± 33.4 44.3 ± 36.7 43.5 ± 34.6 44.8 ± 35.8 0.43 (−0.31, 1.17) 0.43 (−0.30, 1.17)

95% CI: 95% confidence interval.
†Scale 0–100: higher score represents better quality of life.
‡Scale 0–100: higher score represents more severe symptoms.
aregression coefficients obtained by univariable mixed models.
bregression coefficients obtained by mixed models after adjusting of age (≤45 vs. >45), sex (male vs. female), smoking habit (no vs. yes), drinking habit (no vs. yes), BMI (<25 kg/m2 vs.

≥25 kg/m2 ), weight loss during CCRT (no change/increase, <5%, 5–10%, >10%), T stage (T1–2, T3, T4), N stage (N0–1 vs. N2–3), AJCC stage (II, III, IV), pretreatment Epstein–Barr

virus DNA copies (<1,500 vs. ≥1,500), intervention arm (cisplatin vs. nedaplatin), number of chemotherapy cycles (≤2 cycles vs. >2 cycles), and duration of radiotherapy (≤42 days

vs. >42 days).
***p < 0.001.

The average declines per week of the five functioning domains
were 1.83–3.52 points across the CCRT period. Role functioning
had the largest decline rate (−2.52 points per week, 95% CI:
−4.50, −2.55; p < 0.001), followed by physical functioning
(−2.72 points per week, 95% CI: −3.36, −2.08; p < 0.001).
Cognitive functioning remained at a relatively higher level during
the treatment period. Social functioning and role functioning
had the lowest values compared to the other three functioning
domains. (Table 2 and Figure 2A).

The proportion of patients who scored ≤50 points in global
QoL had a relatively high level at all six time points, increasing
significantly from 42.8% at week 1 to 64.6% at week 6. The
proportion of worse functioning (scores ≤50 points) increased
from 1.4 to 15.3% for physical functioning, from 15.3 to 33.3%
for role functioning, from 7.6 to 16.8% for emotional functioning,
from 4.1 to 15.4% for cognitive functioning, and from 24.8
to 35.2% for social functioning during the treatment period
(Figures 3A–F).

Trend of Symptoms
The domain of financial difficulties remained at a stable and
medium level from 41.8 points at week 1 to 44.8 points at the
end of treatment, whereas the other eight symptoms significantly
increased during the treatment period. The average increase of
symptoms was 0.63–5.16 points per week during the treatment
period (all p-values for time < 0.001), with pain symptoms
having the largest increase (5.16 points, 95% CI: 4.25, 6.08; p <

0.001), followed by fatigue (3.62 points, 95% CI: 2.90, 4.35; p <

0.001). The diarrhea symptom had the lowest values in the nine
symptom domains during the treatment period, with a slight but
significant increase from 3.4 to 6.7 (p < 0.001). The first three
prominent symptoms were loss of appetite, financial difficulties,
and fatigue (Table 2 and Figure 2B).

The proportion of patients with severe diarrhea symptoms
(from 0.7 to 1.4%) and dyspnea (from 3.4 to 6.9%) were small
during the treatment period compared to those of the other
symptoms. The proportion of patients with severe loss of appetite
(from 35.9 to 61.1%), fatigue (from 13.8 to 43.8%), pain (from
2.8 to 32.9%), and sleep disturbance (from 14.5 to 34.0%) largely
increased during the treatment period. (Figure 3G–O).

DISCUSSION

In this longitudinal study, the survival rate of patients with
advanced NPC is very high, which is similar to previous studies
(31, 32). We observed a substantially deteriorated trend among
all domains except financial difficulties in terms of HRQOL
during the CCRT period. Global QoL largely declined, with more
than 64% of patients scoring a severely worse level at the end of
CCRT. This indicates that CCRT significantly degrades HRQOL
in patients with advanced NPC. As a radiosensitive cancer,
radiation-related toxicity and complications (e.g., neuropathy,
hearing loss, and xerostomia) could reduce HRQOL in patients
with NPC (8, 33). Previous studies have outlined a deterioration
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FIGURE 2 | Trend of health-related quality of life during the concurrent chemoradiotherapy period. QL, global quality of life; PF, physical functioning; RF, role

functioning; EF, emotional functioning; CF, cognitive functioning; SF, social functioning; FA, fatigue; NV, nausea and vomiting; PA, pain; DY, dyspnea; SL, sleep

disturbance; AP, appetite loss; CO, constipation; DI, Diarrhea; FI, financial difficulties. For (A), a higher score represents better quality of life or functioning; for (B), a

higher score represents more severe symptoms.

of HRQOL during the first 3 months after the initial treatment in
patients with head and neck cancers (19, 34). Therefore, more
psychological care and support is necessary for patients with
advanced NPC during the CCRT period. Physicians should take
necessary actions to improve the HRQOL of patients with NPC
during the CCRT period.

We found that social functioning and role functioning are
two of the most affected functioning domains by NPC and
chemoradiotherapy, with role functioning having the largest
decline in the five functioning domains. The findings were
consolidated by the report of Hammerlid et al. reporting that
patients with NPC had the worst social and role functioning
compared to those with other head and neck cancers (11).
Similarly, a previous study reported that role emotional and
social function, which weremeasured by the Shot Form 36Health
Survey Questionnaire, were lower at week 3 of radiotherapy
than those before therapy (35). Social functioning was also
reported as the lowest of the five functioning domains among
patients with recurrent NPC (36). This might be explained by
the effects of symptoms and complaints (e.g., cancer-related pain,
fatigue, xerostomia) caused by radiotherapy and chemotherapy.
NPC patients with severe symptoms and side effects might
avoid social eating and interactions with friends/relatives, and
then be vulnerable to social difficulties and interpersonal and
role maladjustment.

The symptom of pain is common among head and neck
cancer patients. A pooled prevalence of pain is over 50% in all
cancer types, with the highest prevalence of 70% in head and
neck cancer patients (37). Similarly, in our study, pain is the
largest worsening symptom in NPC patients during the CCRT
period, with the percentage of those experiencing severe pain
sharply increasing from 2.8% at the beginning to 32.9% at the
end of CCRT. Oral mucositis, which was highly prevalent among

NPC patients who received radiotherapy, might be the major
source of pain (38). Pain could substantially and adversely affect
patients’ quality of life, adherence to therapy, treatment efficacy,
and satisfaction with care, and might be a clinically indicator of
tumor progression (39, 40). Therefore, pain management should
be vital and considered in cancer care, which could substantially
improve the patient-perceived value of cancer treatment (40).

We found that loss of appetite and fatigue are two of the most
severe symptoms during the CCRT treatment. Mouth dryness,
tasted changes, salivary gland damage, pain, and difficulties in
swallowing are common adverse effects caused by radiotherapy,
which undoubtedly induce patients’ loss of appetite and eating
difficulties (41) and then further caused malnutrition (42).
Cancer-related fatigue is significantly associated with patients’
psychological distress and poor quality of life, and is a risk
factor for reduced survival (43). In our study, fatigue largely
deteriorated during the CCRT period. It was reported that 30
to 60% of cancer patients suffer from moderate to severe fatigue
during the treatment, which may reduce treatment efficacy due
to non-compliance with treatment (44).

Currently, cancer-related symptoms (i.e., pain, loss of appetite,
fatigue) are still undertreated and poorly controlled in clinical
practices (40, 45). The findings in our study can provide useful
information for physicians conducting CCRT in patients with
advanced NPC. Although the benefit of better survival for
advanced NPC through CCRT has been well-confirmed in our
study and previous reports, it is necessary to provide appropriate
support and management for such patients to improve their
HRQOL and psychological well-being during the CCRT period.
These findings indicate that advanced NPC patients suffered
from severe symptoms (i.e., appetite loss, fatigue, and pain) and
the associated functional limitations. The deteriorating trend
of HRQOL during the CCRT period could serve as an alert
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FIGURE 3 | (A-O) Distribution of worse global quality of life (score ≤50), worse functioning (score ≤50) and severe symptoms (score >50) in the European

Organization for Research and Treatment of Cancer Quality of Life Questionnaire core 30 scales during the concurrent chemoradiotherapy period.

for physicians to provide effective and supportive care or refer
patients to the appropriate services when necessary.

The main strength of our study is that HRQOL was measured
weekly with 6 time points from the beginning to the end of
treatment, which allowed us to explore the longitudinal trend
and the changes in HRQOL during the CCRT period more
precisely and robustly. Another major advantage is that the
design and homogeneity of patients along with data quality
are robust, as our study is based on a randomized phase III
clinical trial (26). However, there are some limitations when
interpreting the results in the present study. First, the sample

size in this study is relatively small, and the findings is warranted
for further confirmation by large-sample prospective studies.
Second, due to the short-term period of follow-up in this
study, only a small number of events were observed during
the study period (i.e., death, disease progression, and distant
metastasis), which did not allow us to estimate the potential
effects of impaired HRQOL during the treatment period on
subsequent survival outcomes among patients with advanced
NPC. Third, it is necessary to highlight that our findings
could only reflect the trend of HRQOL during the treatment
period. Considering that HRQOL is highly dynamic during and
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after treatment, the longitudinal trend after treatment is still
unclear. Fourth, there may have selection bias considering the
large attrition rate. The large attrition rate might be partially
attributable to the better treatment effect and lower treatment-
related toxicities during the CCRT period, as these patients may
feel well and did not present in the clinics for follow-up as
scheduled. Hence, the assumption that missing data are missing
at random might not be appropriate in this study (29). HRQOL
during CCRT period among patients with advanced NPC might
be underestimated.

In conclusion, our study revealed that HRQOL in patients
with advanced NPC is poor and largely deteriorated during
the CCRT period. Social functioning and role functioning are
two of the most affected functioning domains, while loss of
appetite, fatigue, and pain are the three major symptoms during
the CCRT period. These findings are useful for clinicians
in conducting relevant clinical treatment and in designing
interventions for future studies. Longitudinal studies that
measure HRQOL during and after treatment over a long time
frame are highly warranted to explore the long-term trends of
HRQOL and their impact on survival outcomes among patients
with NPC.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by the ethics committee of Sun Yet-
san University Cancer Center. The patients/participants
provided their written informed consent to participate in
this study.

AUTHOR CONTRIBUTIONS

J-BL, H-QM, and S-SG: study concepts. J-BL and H-QM: study
design. J-BL, S-SG, and L-QT: data acquisition. S-SG, L-QT,
LG, H-YM, and Q-YC: quality control of data and algorithms.
J-BL: data analysis and interpretation and statistical analysis.
J-BL and S-SG: manuscript preparation. J-BL, S-SG, and H-
QM: manuscript editing. H-QM: manuscript review. All authors
contributed to the article and approved the submitted version.

FUNDING

This study was partly supported by grants from National
Natural Science Foundation of China (Grant No. 81803105,
81425018, 81672868, and 81802775), Natural Science Foundation
of Guangdong Province (Grant No. 2018A030310238 and
2017A030312003), Medical Science and Technology Research
Fund of Guangdong Province (Grant No. A2018201), and the
Sun Yat-sen University Clinical Research 5010 Program. The
funding sources had no roles in the design and conduct of the
study collection, management, analysis, and interpretation of the
data; preparation, review, or approval of the manuscript; and
decision to submit the manuscript for publication.

ACKNOWLEDGMENTS

We thank the patients who participated in this study and their
families, as well as the medical, nursing, and research staff at the
study centers.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fonc.
2020.579292/full#supplementary-material

REFERENCES

1. Bray F, Ferlays J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global

cancer statistics 2018: GLOBOCAN estimates of incidence and mortality

worldwide for 36 cancers in 185 countries. CA Cancer J Clin. (2018) 68:394–

424. doi: 10.3322/caac.21492

2. Chen YP, Chan ATC, Le QT, Blanchard P, Sun Y, Ma J. Nasopharyngeal

carcinoma. Lancet. (2019) 394:64–80. doi: 10.1016/S0140-6736(19)30956-0

3. Wei KR, Zheng RS, Zhang SW, Liang ZH, Li ZM, ChenWQ. Nasopharyngeal

carcinoma incidence and mortality in China, 2013. Chinese J Cancer. (2017)

36:90. doi: 10.1186/s40880-017-0257-9

4. Cao SM, Simons MJ, Qian CN. The prevalence and prevention of

nasopharyngeal carcinoma in China. Chin J Cancer. (2011) 30:114–

9. doi: 10.5732/cjc.010.10377

5. Network NCC. NCCN Guidelines: Head and Neck Cancers Version 2.

NCCN (2020).

6. Zhang MX, Li J, Shen GP, Zou X, Xu JJ, Jiang R, et al. Intensity-modulated

radiotherapy prolongs the survival of patients with nasopharyngeal carcinoma

compared with conventional two-dimensional radiotherapy: a 10-year

experience with a large cohort and long follow-up. Eur J Cancer. (2015)

51:2587–95. doi: 10.1016/j.ejca.2015.08.006

7. Lin S, Lu JJ, Han L, Chen Q, Pan J. Sequential chemotherapy and intensity-

modulated radiation therapy in the management of locoregionally advanced

nasopharyngeal carcinoma: experience of 370 consecutive cases. BMC Cancer.

(2010) 10:39. doi: 10.1186/1471-2407-10-39

8. Tsai WL, Huang TL, Liao KC, Chuang HC, Lin YT, Lee TF, et al. Impact of late

toxicities on quality of life for survivors of nasopharyngeal carcinoma. BMC

Cancer. (2014) 14:856. doi: 10.1186/1471-2407-14-856

9. McDowell LJ, Rock K, Xu W, Chan B, Waldron J, Lu L, et al. Long-Term late

toxicity, quality of life, and emotional distress in patients with nasopharyngeal

carcinoma treated with intensity modulated radiation therapy. Int J Radiat

Oncol Biol Phys. (2018) 102:340–52. doi: 10.1016/j.ijrobp.2018.05.060

10. Calvert M, Blazeby J, Revicki D, Moher D, Brundage M. Reporting quality

of life in clinical trials: a CONSORT extension. Lancet. (2011) 378:1684–

5. doi: 10.1016/S0140-6736(11)61256-7

11. Hammerlid E, Bjordal K, Ahlner-Elmqvist M, Boysen M, Evensen JF,

Biorklund A, et al. A prospective study of quality of life in head and neck

cancer patients. Part I: at diagnosis. Laryngoscope. (2001) 111 (4 Pt. 1):669–

80. doi: 10.1097/00005537-200104000-00021

12. Bjordal K, Kaasa S, Mastekaasa A. Quality of life in patients treated for head

and neck cancer: a follow-up study 7 to 11 years after radiotherapy. Int J Radiat

Oncol Biol Phys. (1994) 28:847–56. doi: 10.1016/0360-3016(94)90104-X

13. Guo SS, Hu W, Chen QY, Li JM, Zhu SH, He Y, et al. Pretreatment

quality of life as a predictor of survival for patients with

nasopharyngeal carcinoma treated with IMRT. BMC Cancer. (2018)

18:114. doi: 10.1186/s12885-018-4003-8

Frontiers in Oncology | www.frontiersin.org 8 October 2020 | Volume 10 | Article 57929224

https://www.frontiersin.org/articles/10.3389/fonc.2020.579292/full#supplementary-material
https://doi.org/10.3322/caac.21492
https://doi.org/10.1016/S0140-6736(19)30956-0
https://doi.org/10.1186/s40880-017-0257-9
https://doi.org/10.5732/cjc.010.10377
https://doi.org/10.1016/j.ejca.2015.08.006
https://doi.org/10.1186/1471-2407-10-39
https://doi.org/10.1186/1471-2407-14-856
https://doi.org/10.1016/j.ijrobp.2018.05.060
https://doi.org/10.1016/S0140-6736(11)61256-7
https://doi.org/10.1097/00005537-200104000-00021
https://doi.org/10.1016/0360-3016(94)90104-X
https://doi.org/10.1186/s12885-018-4003-8
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Li et al. Health-Related Quality of Life in NPC

14. Fang FM, Tsai WL, Chien CY, Chen HC, Hsu HC, Huang TL, et al.

Pretreatment quality of life as a predictor of distant metastasis and survival

for patients with nasopharyngeal carcinoma. J Clin Oncol. (2010) 28:4384–

9. doi: 10.1200/JCO.2010.28.8324

15. Fiteni F, Vernerey D, Bonnetain F, Vaylet F, Sennélart H, Trédaniel J, et al.

Prognostic value of health-related quality of life for overall survival in

elderly non-small-cell lung cancer patients. Eur J Cancer. (2016) 52:120–

8. doi: 10.1016/j.ejca.2015.10.004

16. Efficace F, Therasse P, Piccart MJ, Coens C, van Steen K, Welnicka-Jaskiewicz

M, et al. Health-related quality of life parameters as prognostic factors in a

nonmetastatic breast cancer population: an international multicenter study. J

Clin Oncol. (2004) 22:3381–8. doi: 10.1200/JCO.2004.02.060

17. Fournier E, Jooste V, Woronoff AS, Quipourt V, Bouvier AM, Mercier M.

Health-related quality of life is a prognostic factor for survival in older patients

after colorectal cancer diagnosis: a population-based study. Digest Liver Dis.

(2016) 48:87–93. doi: 10.1016/j.dld.2015.09.006

18. Steel JL, Geller DA, Robinson TL, Savkova AY, Brower DS, Marsh JW, et al.

Health-related quality of life as a prognostic factor in patients with advanced

cancer. Cancer. (2014) 120:3717–21. doi: 10.1002/cncr.28902

19. Meyer F, Fortin A, Gélinas M, Nabid A, Brochet F, Têtu B, et al. Health-

related quality of life as a survival predictor for patients with localized

head and neck cancer treated with radiation therapy. J Clin Oncol. (2009)

27:2970–6. doi: 10.1200/JCO.2008.20.0295

20. Tsai WL, Chien CY, Huang HY, Liao KC, Fang FM. Prognostic value

of quality of life measured after treatment on subsequent survival in

patients with nasopharyngeal carcinoma. Qual Life Res. (2013) 22:715–

23. doi: 10.1007/s11136-012-0213-8

21. Qiu C, Yang N, Tian G, Liu H. Weight loss during radiotherapy for

nasopharyngeal carcinoma: a prospective study from Northern China. Nutr

Cancer. (2011) 63:873–9. doi: 10.1080/01635581.2011.582223

22. Zeng Q, Shen LJ, Guo X, Guo XM, Qian CN, Wu PH. Critical weight loss

predicts poor prognosis in nasopharyngeal carcinoma. BMC Cancer. (2016)

16:169. doi: 10.1186/s12885-016-2214-4

23. Du XJ, Tang LL, Mao YP, Guo R, Sun Y, Lin AH, et al. Value of the

prognostic nutritional index and weight loss in predicting metastasis and

long-term mortality in nasopharyngeal carcinoma. J Transl Med. (2015)

13:364. doi: 10.1186/s12967-015-0729-0

24. Pan XB, Huang ST, Chen KH, Jiang YM, Ma JL, Qu S, et al. Concurrent

chemoradiotherapy degrades the quality of life of patients with stage II

nasopharyngeal carcinoma as compared to radiotherapy. Oncotarget. (2017)

8:14029–38. doi: 10.18632/oncotarget.14932

25. Høxbroe Michaelsen S, Grønhøj C, Høxbroe Michaelsen J, Friborg J, von

Buchwald C. Quality of life in survivors of oropharyngeal cancer: a systematic

review and meta-analysis of 1366 patients. Eur J Cancer. (2017) 78:91–

102. doi: 10.1016/j.ejca.2017.03.006

26. Tang LQ, Chen DP, Guo L, Mo HY, Huang Y, Guo SS, et al. Concurrent

chemoradiotherapy with nedaplatin versus cisplatin in stage II-IVB

nasopharyngeal carcinoma: an open-label, non-inferiority, randomised phase

3 trial. Lancet Oncol. (2018) 19:461–73. doi: 10.1016/S1470-2045(18)30104-9

27. Aaronson NK, Ahmedzai S, Bergman B, Bullinger M, Cull A, Duez NJ, et al.

The European organization for research and treatment of cancer QLQ-C30: a

quality-of-life instrument for use in international clinical trials in oncology. J

Natl Cancer Inst. (1993) 85:365–76. doi: 10.1093/jnci/85.5.365

28. Zhao H, Kanda K. Testing psychometric properties of the standard Chinese

version of the European organization for research and treatment of cancer

quality of life core questionnaire 30 (EORTC QLQ-C30). J Epidemiol. (2004)

14:193–203. doi: 10.2188/jea.14.193

29. Fayers PM, Aaronson N, Bjordal K, Groenvold M, Curran D, Bottomley A.

On Behalf of the EORTC Quality of Life Group. The EORTC QLQ-C30 Scoring

Manual. 3rd ed. Brussels: European Organisation for Research and Treatment

of Cancer (2001).

30. Klinkhammer-Schalke M, Koller M, Ehret C, Steinger B, Ernst B, Wyatt JC,

et al. Implementing a system of quality-of-life diagnosis and therapy for breast

cancer patients: results of an exploratory trial as a prerequisite for a subsequent

RCT. Br J Cancer. (2008) 99:415–22. doi: 10.1038/sj.bjc.6604505

31. You R, Sun R, Hua YJ, Li CF, Li JB, Zou X, et al. Cetuximab or

nimotuzumab plus intensity-modulated radiotherapy versus cisplatin plus

intensity-modulated radiotherapy for stage II-IVb nasopharyngeal carcinoma.

Int J Cancer. (2017) 141:1265–76. doi: 10.1002/ijc.30819

32. You R, Hua YJ, Liu YP, Yang Q, Zhang YN, Li JB, et al. Concurrent

chemoradiotherapy with or without anti-EGFR-targeted treatment for stage

II-IVb nasopharyngeal carcinoma: retrospective analysis with a large cohort

and long follow-up. Theranostics. (2017) 7:2314–24. doi: 10.7150/thno.

19710

33. Langendijk JA, Doornaert P, Verdonck-de Leeuw IM, Leemans CR,

Aaronson NK, Slotman BJ. Impact of late treatment-related toxicity on

quality of life among patients with head and neck cancer treated with

radiotherapy. J Clin Oncol. (2008) 26:3770–6. doi: 10.1200/JCO.2007.14.

6647

34. Bjordal K, Ahlner-Elmqvist M, Hammerlid E, Boysen M, Evensen JF,

Biörklund A, et al. A prospective study of quality of life in head and neck

cancer patients. Part II: longitudinal data. Laryngoscope. (2001) 111:1440–

52. doi: 10.1097/00005537-200108000-00022

35. Chen J, Liu P, Wang Q, Wu L, Zhang X. Influence of intensity-

modulated radiation therapy on the life quality of patients

with nasopharyngeal carcinoma. Cell Biochem Biophys. (2015)

73:731–6. doi: 10.1007/s12013-015-0638-0

36. Chan YW, Chow VL, Wei WI. Quality of life of patients after salvage

nasopharyngectomy for recurrent nasopharyngeal carcinoma. Cancer. (2012)

118:3710–8. doi: 10.1002/cncr.26719

37. van den Beuken-van Everdingen MH, de Rijke JM, Kessels AG, Schouten

HC, van Kleef M, Patijn J. Prevalence of pain in patients with cancer:

a systematic review of the past 40 years. Ann Oncol. (2007) 18:1437–

49. doi: 10.1093/annonc/mdm056

38. Hua X, Chen LM, Zhu Q, Hu W, Lin C, Long ZQ, et al. Efficacy of

controlled-release oxycodone for reducing pain due to oral mucositis

in nasopharyngeal carcinoma patients treated with concurrent

chemoradiotherapy: a prospective clinical trial. Support Care Cancer.

(2019) 27:3759–67. doi: 10.1007/s00520-019-4643-5

39. Reis-Pina P, Lawlor PG, Barbosa A. Cancer-related pain management

and the optimal use of opioids. Acta Medica Portuguesa. (2015) 28:376–

81. doi: 10.20344/amp.5801

40. Neufeld NJ, Elnahal SM, Alvarez RH. Cancer pain: a review of

epidemiology, clinical quality and value impact. Future Oncol. (2017)

13:833–41. doi: 10.2217/fon-2016-0423

41. Fang FM, Chiu HC, Kuo WR, Wang CJ, Leung SW, Chen HC, et al. Health-

related quality of life for nasopharyngeal carcinoma patients with cancer-

free survival after treatment. Int J Radiat Oncol Biol Phys. (2002) 53:959–

68. doi: 10.1016/S0360-3016(02)02838-9

42. Jin T, Li KX, Li PJ, Huang S, Chen XZ, Chen M, et al. An evaluation

of nutrition intervention during radiation therapy in patients with

locoregionally advanced nasopharyngeal carcinoma. Oncotarget. (2017)

8:83723–33. doi: 10.18632/oncotarget.19381

43. Hofman M, Ryan JL, Figueroa-Moseley CD, Jean-Pierre P, Morrow GR.

Cancer-related fatigue: the scale of the problem. Oncologist. (2007) 12 (Suppl.

1):4–10. doi: 10.1634/theoncologist.12-S1-4

44. Bower JE. Cancer-related fatigue–mechanisms, risk factors, and treatments.

Nat Rev Clin Oncol. (2014) 11:597–609. doi: 10.1038/nrclinonc.2014.127

45. Vogelzang NJ, Breitbart W, Cella D, Curt GA, Groopman JE, Horning SJ, et al.

Patient, caregiver, and oncologist perceptions of cancer-related fatigue: results

of a tripart assessment survey. The fatigue coalition. Semin Hematol. (1997)

34 (3 Suppl. 2):4–12.

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Li, Guo, Tang, Guo, Mo, Chen and Mai. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Oncology | www.frontiersin.org 9 October 2020 | Volume 10 | Article 57929225

https://doi.org/10.1200/JCO.2010.28.8324
https://doi.org/10.1016/j.ejca.2015.10.004
https://doi.org/10.1200/JCO.2004.02.060
https://doi.org/10.1016/j.dld.2015.09.006
https://doi.org/10.1002/cncr.28902
https://doi.org/10.1200/JCO.2008.20.0295
https://doi.org/10.1007/s11136-012-0213-8
https://doi.org/10.1080/01635581.2011.582223
https://doi.org/10.1186/s12885-016-2214-4
https://doi.org/10.1186/s12967-015-0729-0
https://doi.org/10.18632/oncotarget.14932
https://doi.org/10.1016/j.ejca.2017.03.006
https://doi.org/10.1016/S1470-2045(18)30104-9
https://doi.org/10.1093/jnci/85.5.365
https://doi.org/10.2188/jea.14.193
https://doi.org/10.1038/sj.bjc.6604505
https://doi.org/10.1002/ijc.30819
https://doi.org/10.7150/thno.19710
https://doi.org/10.1200/JCO.2007.14.6647
https://doi.org/10.1097/00005537-200108000-00022
https://doi.org/10.1007/s12013-015-0638-0
https://doi.org/10.1002/cncr.26719
https://doi.org/10.1093/annonc/mdm056
https://doi.org/10.1007/s00520-019-4643-5
https://doi.org/10.20344/amp.5801
https://doi.org/10.2217/fon-2016-0423
https://doi.org/10.1016/S0360-3016(02)02838-9
https://doi.org/10.18632/oncotarget.19381
https://doi.org/10.1634/theoncologist.12-S1-4
https://doi.org/10.1038/nrclinonc.2014.127
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Frontiers in Oncology | www.frontiersin.org

Edited by:
Lorenzo Manti,

University of Naples Federico II, Italy

Reviewed by:
Valentina Lancellotta,

Catholic University of the Sacred
Heart, Italy

Uzoma Kevin Iheagwara,
University of Pittsburgh Medical

Center, United States

*Correspondence:
Xishan Wang

wxshan1208@126.com
Xu Guan

drguanxu@126.com

Specialty section:
This article was submitted to

Radiation Oncology,
a section of the journal
Frontiers in Oncology

Received: 16 July 2020
Accepted: 05 October 2020
Published: 29 October 2020

Citation:
Yang R, Guan X, Liu E, Wei R, Zhao Z,
Chen H, Liu Z, Yang M, Jiang Z and

Wang X (2020) Risk and Prognosis of
Secondary Rectal Cancer After

Radiation Therapy for Pelvic Cancer.
Front. Oncol. 10:584072.

doi: 10.3389/fonc.2020.584072

ORIGINAL RESEARCH
published: 29 October 2020

doi: 10.3389/fonc.2020.584072
Risk and Prognosis of Secondary
Rectal Cancer After Radiation
Therapy for Pelvic Cancer
Runkun Yang1, Xu Guan2*, Enrui Liu2, Ran Wei2, Zhixun Zhao2, Haipeng Chen2,
Zheng Liu2, Ming Yang2, Zheng Jiang2 and Xishan Wang1,2,3*

1 Department of Colorectal Surgery, The Second Affiliated Hospital of Harbin Medical University, Harbin, China, 2 Department
of Colorectal Surgery, National Cancer Center/Cancer Hospital/National Clinical Research Center for Cancer, Chinese
Academy of Medical Sciences and Peking Union Medical College, Beijing, China, 3 Colorectal Cancer Institute, Harbin
Medical University, Harbin, China

Background: The relationship between pelvic radiation therapy (RT) and second primary
rectal cancer (SPRC) is unclear. The aim of this study was to assess the risk and prognosis
of SPRC after pelvic RT.

Materials and Methods: Data for patients who had primary pelvic cancer (PPC)
between 1973 and 2016 were retrieved from the Surveillance, Epidemiology, and End
Results (SEER) database. Multiple primary standardized incidence ratios (SIRs) were used
to assess the risk of SPRC. Five-year overall survival (OS) and rectal cancer-specific
survival (RCSS) were calculated using Kaplan–Meier curves.

Results: A total of 573,306 PPC patients were included, 141,225 of whom had been
treated with RT. Primary cancers were located in the prostate (50.83%), bladder
(24.18%), corpus uterus (16.26%), cervix (5.83%), and ovary (2.91%). A total of 1,491
patients developed SPRC. Overall, the patients who received RT were at increased risk of
developing SPRC (SIR = 1.39, 95% confidence interval [CI]: 1.27–1.52). The risk of SPRC
decreased in patients who did not undergo RT (SIR = 0.85, 95% CI: 0.80–0.91). The SIR
for SPRC in patients who underwent external beam radiation therapy (EBRT) was 1.22
(95%CI: 1.09–1.36). The SIR for SPRC in patients who underwent a combination of EBRT
and brachytherapy (EBRT–BRT) was 1.85 (95% CI: 1.60–2.14). For patients who received
RT, the SIR for SPRC increased with time after a 5-year latency period from PPC
diagnosis. The survival of RT-treated SPRC patients was significantly worse than that of
patients with primary rectal cancer only (PRCO).

Conclusions: Patients receiving pelvic RT were at an increased risk of developing SPRC.
Different pelvic RT treatment modalities had different effects on the risk of SPRC. We
suggest that long-term surveillance of SPRC risk is required for patients who have
undergone pelvic RT, especially young patients.

Keywords: pelvic cancer, radiation therapy, second primary cancer, rectal cancer, Surveillance; Epidemiology; End
Results database
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INTRODUCTION

Radiation therapy (RT) has formed part of the treatment
regimen for at least 50% of all cancer patients because of the
associated reduction in recurrence and improved prognosis (1,
2). RT destroys cancer cells by depositing high-energy radiation
on cancer tissues. High doses of ionizing radiation can directly or
indirectly (through the production of free radicals) damage the
genome of the cell (3). Nevertheless, acute and late toxicity due to
RT cannot be ignored.

The risk of developing a second primary cancer (SPC) is one
form of late toxicity (4). Nearly 1 in 12 patients diagnosed with a
common cancer develop a SPC. More than 55% of patients with
two incident cancers die as a result of a secondary cancer (5).
During RT for pelvic cancer, the rectum is likely to receive more
radiation than organs in the non-pelvic area (6–8), and it is
important to understand how radiation affects SPC risk within
the field of irradiation.

Studies have shown conflicting results for second primary
rectal cancer (SPRC) risk after pelvic RT (9–11). A study based
on a Dutch population demonstrated that patients receiving
pelvic RT were at an increased risk of developing a SPRC (12),
while other studies reported that the tumor incidence in patients
receiving pelvic RT did not differ from that of the general
population (13, 14). These observations indicate that the
relationship between pelvic RT and SPRC requires further
determination. Theoretically, different RT modalities may have
different effects on SPRC risk; however, there is currently
insufficient evidence to reach such a conclusion (15–17).

Compared with primary rectal cancer (PRC), the etiology of
RT-related SPRC can be very different. Moreover, whether
SPRCs and PRCs are equally sensitive to RT after pelvic RT
treatment remains unclear (18). In addition, fibrosis resulting
from pelvic RT might make complicate surgery and lead to an
increase in surgery-related complications (19). Because of these
differences, the survival outcomes between PRC and RT-related
SPRC patients might be different.

The aims of the present study were to identify how pelvic RT
affects the risk of developing SPRC and compare the survival
outcome between PRC and RT-related SPRC patients.
METHODS

Data Source
The processed, publicly available data on the SEER database was
access between January 1, 1973, and December 31, 2016, from 9
registries (Atlanta, Connecticut, Detroit, Hawaii, Iowa, New
Mexico, San Francisco–Oakland, Seattle–Puget Sound, and
Utah). The demographic and incidence data collected by the
SEER registries cover approximately 28% of the US population,
and are considered representative of the US population as a
whole. Because patients’ records in the SEER database were
anonymized and de-identified before analysis, information on
cancer cases can be retrieved from the database. The study design
was approved by the Ethics Committee of the National Cancer
Center/National Clinical Research Center for Cancer/Cancer
Frontiers in Oncology | www.frontiersin.org 227
Hospital; the Chinese Academy of Medical Sciences and
Peking Union Medical College institutional review board; and
the Second Affiliated Hospital of Harbin Medical University
review board. All the methods performed in our study
followed the latest guidelines stated in the SEER database.

Identification of First Primary Pelvic
Cancer (PPC)
Solid pelvic cancers in five sites that are routinely treated with RT
were included as first primary cancers in this cohort study,
including cancers of the cervix uteri, corpus and uterus, ovary,
prostate, and urinary bladder. The SEER database strictly
adheres to the coding rules for the classification of topography
or histology of the International Classification of Diseases for
Oncology (ICD-O) guidelines to identify multiple primary
malignancies and distinguish between primary and recurrent
cancers. The exclusion criteria for a first pelvic primary cancer in
this study were as follows: patients with distant cancers; patients
under 20 years of age; and patients of unknown race, survival
month, cause of death, or RT status.

Treatment for PPC
The SEER database contains information on the first course of
treatment. In this study, patients with a first PPC were classified
according to the type of RT received, including external beam
radiation therapy (EBRT), a combination of EBRT with
brachytherapy involving implants or isotopes (EBRT–BRT),
and no radiation therapy (NRT). However, the dosages of
radiation administered were not registered in the SEER database.

Identification of SPRC
Because it takes 5 years from radiation exposure to solid cancer
induction (20), the primary outcome of interest was the
development of SPRC or second primary rectosigmoid cancer,
which was defined as a nonsynchronous malignancy occurring
within 5 years after treatment of the first PPC. In addition,
patients diagnosed with a third-order or higher multiple PRC
were excluded from the study.

Identification of Primary Rectal Cancer
Only (PRCO)
Patients with PRCO were defined as those presenting only with
PRC, and without any other malignancy diagnosed during
their lifetime.

Statistical Analysis
Baseline patient and tumor characteristics were compared using
the c2 test or Fisher’s exact test, in case of an expected cell count
<5. Survival outcomes were calculated using Kaplan–Meier
curves, and the log-rank test was applied to compare these
curves. The definition of overall survival (OS) was the time
from SPRC diagnosis to the date of all-cause death, and the
definition of rectal cancer-specific survival (RCSS) was the time
from SPRC diagnosis to the date of SPRC-cause death.

SPSS (version 22.0; IBM) was used for the analysis of
characteristics and survival, and a p-value <0.05 was considered
statistically significant. Multiple primary standardized incidence
October 2020 | Volume 10 | Article 584072

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Yang et al. Secondary Rectal Cancer After Radiotherapy
ratios (SIRs) were used as a key measure of the risk of developing a
SPC. Here, SIR was defined as the ratio of SPRC incidence to the
number of expected SPRC cases in the general US population
according to the SEER ascertainment area. The SIR results were
stratified by gender, age, and calendar time, and a p-value <0.05
(two-sided) was considered statistically significant. Exact Poisson
methods were used to calculate 95% confidence intervals (CIs) for
the ratio of observed events to expected events (21).All SIR analyses
were conducted using SEER*Stat software, version 8.3.6.d.
RESULTS

Patient Characteristics
We identified 573,306 patients meeting the selection criteria
(average age, 65 years). Patient demographics are depicted in
Table 1. A total of 141,225 patients (24.63%) were treated with
RT for a PPC, 103,947 of which were treated with EBRT only,
and 37,278 with EBRT–BRT. Meanwhile, 432,081 (75.37%)
patients received no RT. Primary cancers were located in the
prostate (50.83%), bladder (24.18%), corpus uteri (16.26%),
cervix (5.83%), and ovary (2.91%).

After a minimum latency of five years from PPC diagnosis, a
total of 91,359 patients (15.94%) developed a SPC. Among
patients who underwent RT, 15.65% went on to develop a
SPC. In total, 16,366 (15.74%) patients in the EBRT group and
5,740 (15.40%) patients in the EBRT–BRT group developed a
SPC. In the NRT group, 69,253 (16.03%) patients developed a
SPC. The number of patients who developed a SPRC was 1,491
(0.23%), 325 (0.31%), and 187 (0.50%) for the NRT, EBRT, and
EBRT–BRT groups, respectively. The above data showed that,
compared with the NRT group, a greater proportion of patients
who received EBRT and EBRT–BRT for their PPC developed a
SPRC; no difference was found between the latter two groups.

Comparison of SPRC With and Without RT
The characteristics of the patients who developed a SPRC after a
minimum latency of five years from PPC diagnosis are shown in
Table 2. Patients who developed a SPRC after RT (RT-SPRC)
were older than those who developed a SPRC without RT (NRT-
SPRC) (76.20 ± 9.20 vs. 74.74 ± 10.29, p = 0.007). There was no
significant difference between the NRT-SPRC group and the RT-
SPRC group in terms of gender, race, tumor grade, and whether
the patients underwent surgery or not. The proportion of SPRCs
that were located in the rectum in the RT-SPRC group was
significantly higher than that in the NRT-SPRC group (81.25 vs.
72.93%, p < 0.001). Patients in the RT- SPRC group had a greater
proportion of mucinous adenocarcinomas (8.59%) than those in
the NRT-SPRC group (4.80%) (p = 0.001). Compared with those
in the NRT-SPRC group, patients in the RT-SPRC group had a
smaller proportion of localized stages (50.75 vs. 48.13%,
respectively; p = 0.045) and a greater proportion of regional
stages (33.41 vs. 36.68%, respectively; p = 0.045). A significantly
greater percentage of patients in the NRT-SPRC group received
chemotherapy for their SPRC compared with those from the RT-
SPRC group (32.89 vs. 26.17%, respectively; p = 0.009). Only
Frontiers in Oncology | www.frontiersin.org 328
9.75% of the patients in the RT-SPRC group received RT again
for their SPRC. However, 30.34% of the patients in the NRT-
SPRC group received RT for their SPRC.
SIR of SPRC
Compared with the general US population, patients who received
RT for their PPC were at an increased risk of developing a SPRC
(SIR = 1.39, 95% CI: 1.27–1.52). The SIR of SPRC was 1.22 (95%
CI: 1.09–1.36) in the EBRT group and 1.85 (95% CI: 1.60–2.14)
in the EBRT–BRT group (Table 3). The increased risk of
developing a SPRC was due to RT, as evidenced by the SIR of
1.39 in the RT group compared with a SIR of 0.85 for the NRT
group (95% CI: 0.80–0.91). The SIR of SPRC tended to be higher
in patients who underwent EBRT and EBRT–BRT than in
patients who had not received RT. This tendency was found
for the cervix uteri, corpus and uterus, prostate, and bladder, but
not the ovary. Among patients who did not receive RT, those
with prostate cancer (SIR = 0.75, 95% CI: 0.67–0.8) and bladder
cancer (SIR = 0.84, 95% CI: 0.75–0.94) were at a reduced risk of
developing a SPRC.

We next calculated the SIRs of SPRC according to age range,
gender, race, latency from PPC diagnosis, year of diagnosis, and
PPC site, respectively. NRT and EBRT–BRT patients presented a
tendency for a deceasing risk of developing SPRC with increasing
age at diagnosis (Figure 1A). This showed that patients who were
younger at PPC diagnosis were at an increased risk of developing
SPRC. Furthermore, we found that the risk of developing SPRC
increased with time after a 5-year latency from the diagnosis of
PPC in the EBRT and EBRT–BRT groups, but not in the NRT
group (Figure 1B). Additionally, we found that the risk of
developing a SPRC increased with increasing calendar year of
diagnosis (Figure 1C).
Survival Outcomes for SPRC Patients
We separately matched NRT-SPRC and RT-SPRC patients with
PRCO patients by age at diagnosis, gender, race, tumor stage,
chemotherapy, radiotherapy, and surgery by propensity score
matching (PSM) at a ratio of 1:5. Demographic data of patients
after PSM were shown in Supplementary Data.

Significant differences in five-year OS were found between
NRT-SPRC patients and matched PRCO patients (p = 0.002;
Figure 2A). We also found that the 5-year OS for RT-SPRC
patients was significantly shorter than that for matched PRCO
patients (p < 0.001; Figure 2B). The hazard ratio (HR) was 1.18
(95% CI: 1.06–1.31) for the NRT-SPRC group vs. the matched
PRCO group and 1.33 (95% CI: 1.14–1.55) for the RT-SPRC vs.
the matched PRCO group. In addition, the survival analysis
showed that there was a significant difference in RCSS between
RT-SPRC patients and matched PRCO patients (p = 0.004, HR =
1.30, 95% CI: 1.07–1.58; Figure 2D). No significant difference in
RCSS was observed between patients in the NRT-SPRC group
and those in the PRCO group (p = 0.116; HR = 1.11, 95%
CI: 0.97–1.28; Figure 2C). These results suggested that the
prognosis was worse for RT-receiving SPRC patients than for
PRCO patients.
October 2020 | Volume 10 | Article 584072
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TABLE 1 | Characteristics of the primary pelvic cancer (PPC) patients.

RT Type

EBRT
n = 104,194

EBRT–BRT
n = 37,637

SD na n (%) or mean ± SD na n (%) or mean ± SD

103,947 66.02
± 11.04

37,278 62.02
±

12.11
23,165 (22.29) 14,885 (39.93)
80,782 (77.71) 22,393 (60.07)

103,947 37,278
79,563 (76.54) 18,651 (50.03)
24,384 (23.46) 18,627 (49.97)

103,947 37,278
81,755 (78.65) 28,489 (76.42)
14,296 (13.75) 5,868 (15.74)
7,896 (7.60) 2,921 (7.84)

103,947 37,278
16,366 (15.74) 5,740 (15.40)
87,581 (84.26) 31,538 (84.60)

103,947 37,278
325 (0.31) 187 (0.50)

103,622 (99.69) 37,091 (99.50)
103,947 37,278

5,930 (5.70) 10,495 (28.15)
15,128 (14.55) 8,093 (21.71)
795 (0.76) 24 (0.06)

73,106 (70.33) 18,634 (49.99)
8,988 (8.65) 32 (0.09)

97,798 32,259
49,537 (50.65) 17,243 (53.45)
48,261 (49.35) 15,016 (46.55)

103,947 37,278
14,717 (14.16) 7,869 (21.11)
16,124 (15.51) 10,775 (28.90)
73,106 (70.33) 18,634 (49.99)

103,947 37,278
8,000 (7.70) 4,403 (11.81)

95,947 (92.30) 32,875 (88.19)
103,154 36,439

35,393 (34.31) 11,219 (30.79)
67,761 (65.69) 25,220 (69.21)

, second primary cancer; SPRC, second primary rectal cancer.
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Total
N = 574,253

NRT
N = 432,422

RT
N = 141,831

na n (%) or mean ± SD na n (%) or mean ± SD na n (%) or mean ±

Age at diagnosis 573,306 65.00
±

12.36

432,081 64.67
±

12.75

141,225 66.02
±

11.04
≤60 191,026 (33.32) 152,976 (35.40) 38,050 (26.94)
>60 382,280 (66.68) 279,105 (64.60) 103,175 (73.06
Gender 573,306 432,081 141,225
Male 395,647 (69.01) 297,433 (68.84) 98,214 (69.54)
Female 177,659 (30.99) 134,648 (31.16) 43,011 (30.46)
Race 573,306 432,081 141,225
White 479,744 (83.68) 369,500 (85.52) 110,244 (78.06
Black 57,981 (10.11) 37,817 (8.75) 20,164 (14.28)
Other 35,581 (6.21) 24,764 (5.73) 10,817 (7.66)
SPC 573,306 432,081 141,225
Yes 91,359 (15.94) 69,253 (16.03) 22,106 (15.65)
No 481,947 (84.06) 362,828 (83.97) 119,119 (84.35
SPRC 573,306 432,081 141,225
Yes 1,491 (0.26) 979 (0.23) 512 (0.36)
No 571,815 (99.74) 431,102 (99.77) 140,713 (99.64
Site 573,306 432,081 141,225
Cervix 33,428 (5.83) 17,003 (3.94) 16,425 (11.63)
Corpus uteri 93,201 (16.26) 69,980 (16.20) 23,221 (16.44)
Ovary 16,680 (2.91) 15,861 (3.67) 819 (0.58)
Prostate 291,395 (50.83) 199,655 (46.21) 91,740 (64.96)
Bladder 138,602 (24.18) 129,582 (29.99) 9,020 (6.39)
Grade 516,100 386,043 130,057
I~II 315,974 (61.22) 249,194 (64.55) 66,780 (51.35)
III~IV 200,126 (38.78) 136,849 (35.45) 63,277 (48.65)
Stage 573,306 432,081 141,225
Localized 221,450 (38.63) 198,864 (46.02) 22,586 (15.99)
Regional 60,461 (10.55) 33,562 (7.77) 26,899 (19.05)
Localized/regional (prostate-related cases) 291,395 (50.83) 199,655 (46.21) 91,740 (64.96)
Chemotherapy 573,306 432,081 141,225
Yes 40,210 (7.01) 27,807 (6.44) 12,403 (8.78)
No 533,096 (92.99) 404,274 (93.56) 128,822 (91.22
Surgery 569,351 429,758 139,593
Yes 393,432 (69.10) 346,820 (80.70) 46,612 (33.39)
No 175,919 (30.90) 82,938 (19.30) 92,981 (66.61)

aNumber of patients for whom data was available.
NRT, no radiation therapy; RT, radiation therapy; EBRT, external beam radiation therapy; EBRT–BRT, combination of external beam with brachytherapy; SPC
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DISCUSSION

Our SEER-based study was the largest patient cohort in the
literature and investigated the relationship between pelvic RT as
a treatment for PPC and the risk of developing SPRC. Our data
confirmed that patients who received pelvic RT for their PPC
were at an increased risk of developing SPRC. Recent studies
have reached similar conclusions (4, 16, 21). In addition, our data
showed that while a greater proportion of patients who
underwent RT also developed SPRC, the proportion of patients
who developed SPC after pelvic RT was similar to that for
patients who did not receive RT. This indicated that the
increased incidence of SPC was associated only with the
rectum, which is also the area most likely to be affected by
pelvic RT.

Moreover, among patients who received RT for their PPC, the
risk of developing a SPRC was higher for patients who received a
Frontiers in Oncology | www.frontiersin.org 530
combination of EBRT and BRT than for those who received
EBRT only. Studies have reported that SPC rates were similar
overall for high- or low-dose RT treatment for pelvic cancer (risk
ratio (RR) = 0.97, 95% CI: 0.89–1.06), as were the rates for site-
specific cancers. There was a significant reduction in colon
cancer rates following BRT compared with those after EBRT
(22). In our study, we did not compare different doses of RT.
However, we confirmed that the EBRT–BRT combination
increased the SPRC risk compared with EBRT alone, which
may have been due to the higher doses of radiation associated
with combination treatment. Our results showed that the RT-
related SPRC risk was associated with the pelvic RT treatment
modality, which may also be associated with the radiation dose.
This difference resulting from the different RT modalities
employed or different radiation doses cannot be ignored. We
suggest that patients undergoing the EBRT–BRT combination
treatment should be considered as having a higher SPRC risk.
TABLE 2 | Comparison of the characteristics of second primary rectal cancer (SPRC) patients receiving radiotherapy (RT) or not.

NRT-SPRC
n = 979

RT-SPRC
n = 512

p-value

na n (%) or mean ± SD na n (%) or mean ± SD

Age at diagnosis 979 74.74 ± 10.29 512 76.20 ± 9.20 0.007
≤60 96 (9.81) 30 (5.86)
>60 883 (90.19) 482 (94.14)
Gender 979 512 0.836
Male 632 (64.56) 327 (63.87)
Female 347 (35.44) 185 (36.13)
Race 979 512 0.178
White 837 (85.50) 419 (81.84)
Black 74 (7.56) 50 (9.77)
Other 68 (6.95) 43 (8.40)
Site 979 512 <0.001
Rectum 714 (72.93) 416 (81.25)
Rectosigmoid junction 265 (27.07) 96 (18.75)
Pathological type 979 512 0.001
Adenocarcinoma 831 (84.88) 436 (85.16)
Mucinous adenocarcinoma 47 (4.80) 44 (8.59)
Other 101 (10.32) 32 (6.25)
Grade 775 413 0.43
I~II 632 (81.55) 326 (78.93)
III~IV 143 (18.45) 87 (21.07)
Stage 865 428 0.045
Localized 439 (50.75) 206 (48.13)
Regional 289 (33.41) 157 (36.68)
Distant 137 (15.84) 65 (15.19)
Tumor size 394 239 0.017
≤2 cm 89 (22.59) 39 (16.32)
>2 cm, ≤5 200 (50.76) 138 (57.74)
>5 cm 105 (26.65) 62 (25.94)
Chemotherapy 979 512 0.009
Yes 322 (32.89) 134 (26.17)
No 657 (67.11) 378 (73.83)
Radiation 979 512 <0.001
Yes 297 (30.34) 49 (9.57)
No 682 (69.66) 463 (90.43)
Surgery 967 504 0.151
Yes 735 (76.01) 366 (72.62)
No 232 (23.99) 138 (27.38)
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The risk of SPRC appeared to be reduced among patients who
did not receive pelvic RT after a PPC, and a similar observation
was made for prostate cancer and bladder cancer. These results
were consistent with those of other studies (12, 16).

We also observed that patients diagnosed with a PPC at a
younger age were at the highest risk of developing a SPRC. A
study based on a Swedish population showed that the SIRs for
colorectal cancer were higher for men diagnosed with Hodgkin
Frontiers in Oncology | www.frontiersin.org 631
lymphoma before the age of 35 years than for those diagnosed
later in life (23). Clearly, younger patients would have a longer
lifespan after being cured, which also implies a greater cancer
risk. We also concluded that the risk of developing SPRC
increases with time after a 5 year latency period from PPC
diagnosis. This tendency was not observed in the NRT group,
indicating that the increased risk of developing SPRC was indeed
due to the pelvic RT and not other factors. Considering the
TABLE 3 | Standardized incidence ratio (SIR) of second primary rectal cancer (SPRC).

NRT EBRT EBRT–BRT

Observed SIR 95% CI Observed SIR 95% CI Observed SIR 95% CI

Total 979 0.85# 0.80–0.91 325 1.22# 1.09–1.36 187 1.85# 1.60–2.14
Age at diagnosis (years)
20–59 82 1.12 0.89–1.40 8 1.21 0.52–2.38 18 3.00# 1.78–4.74
60–74 365 0.78# 0.7–0.87 97 1.23 1.00–1.50 70 1.77# 1.38–2.24
75+ 532 0.88# 0.81–0.96 220 1.21# 1.06–1.38 99 1.79# 1.45–2.18
Gender
Male 632 0.80# 0.74–0.87 236 1.15# 1.01–1.31 91 1.63# 1.32–2.01
Female 347 0.97 0.87–1.08 89 1.43# 1.15–1.76 96 2.12# 1.72–2.59
Race
White 837 0.83# 0.78–0.89 267 1.24# 1.10–1.40 152 1.87# 1.59–2.20
Black 74 0.96 0.75–1.21 31 1.02 0.69–1.44 19 1.49 0.90–2.33
Other 68 1.23 0.96–1.56 27 1.29 0.85–1.87 16 2.35# 1.34–3.82
Latency
60–119 months 509 0.88# 0.8–0.96 163 1.04 0.88–1.21 63 1.22 0.94–1.56
120–239 months 385 0.84# 0.76–0.92 135 1.39# 1.16–1.64 95 2.33# 1.89–2.85
240+ months 85 0.81 0.65–1.00 27 2.14# 1.41–3.12 29 3.42# 2.29–4.91
Year
1975–1984 18 0.85 0.51–1.35 2 0.51 0.06–1.84 1 0.50 0.01–2.80
1985–1994 132 0.92 0.77–1.09 28 1.20 0.80–1.74 21 1.68# 1.04–2.57
1995–2004 271 0.92 0.81–1.03 62 1.13 0.87–1.45 35 1.67# 1.16–2.32
2005+ 558 0.82# 0.75–0.89 233 1.26# 1.10–1.43 130 1.99# 1.66–2.36
Site
Cervix 49 1.22 0.90–1.62 19 2.94# 1.77–4.60 49 2.44# 1.80–3.22
Corpus uteri 211 1.00 0.87–1.14 65 1.27 0.98–1.62 47 1.87# 1.38–2.49
Ovary 42 1.21 0.87–1.64 2 0.89 0.11–3.22 0 0 0–100.45
Prostate 359 0.75# 0.67–0.83 220 1.13 0.99–1.29 91 1.63# 1.32–2.01
Bladder 318 0.84# 0.75–0.94 19 1.45 0.87–2.26 0 0 0–174.55
Oct
ober 2020 | Volum
e 10 | Artic
SIR, standardized incidence ratios; CI, confidence interval; NRT, no radiation therapy; EBRT, external beam radiation therapy; EBRT–BRT, combination of external beam with
brachytherapy.
#p < 0.05.
A B C

FIGURE 1 | The standardized incidence ratio (SIR) tendency for second primary rectal cancer (SPRC) in surviving pelvic cancer patients. (A) SIR tendency at
different ages of diagnosis. (B) SIR tendency at different latency periods from diagnosis. (C) SIR tendency according to the calendar year of diagnosis.
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expanding effect, the latency period of SPRC could be very long
indeed. This suggests that a long follow-up is needed for patients
undergoing pelvic RT, especially for young patients.
Interestingly, we found that the SPRC risk increased with
increasing calendar year of diagnosis in RT-treated patients.
This tendency did not exist in patients who did not receive RT,
indicating that this effect was also due to the RT. With the
advancement of RT technology, more cancer patients would
have been cured, and an increasing number of pelvic cancer
survivors would also result in an increased SPRC potential.

The OS and RCSS were worse for patients in the RT-SPRC
group than for those in the PRCO group. For the NRT patients, no
significant difference in RCSS was found between them and those
in the PRCO group. This indicated that pelvic RT may affect the
pathogenesis and biological characteristics of rectal cancer, and
lead to differences in survival outcome. Combined with the
observation that patients in the RT-SPRC group had a greater
Frontiers in Oncology | www.frontiersin.org 732
incidence of mucinous adenocarcinoma, we suggest that clinicians
should consider these differences when treating RT-related SPRC
patients and pay special attention to the treatment modality.

This study had several limitations. First, environmental factors
thatmay have had a significant influence on cancer incidence, such
as smoking, were not considered as no records were available in the
SEERdatabase. Because of the lack of precise RT information in the
database, the time frame included in the study does not account for
the change to favoring IMRT in many pelvic malignancies. The
purpose of this study was to analyze the impact of pelvic RT on
SPRC; however, no specific radiation doses were available as a
reference, which made it difficult to analyze whether this risk was
related to the radiation dose. Nonetheless, as a remedy, we
distinguished between patients who underwent EBRT as the only
form of RT and those who received a combination of EBRT and
BRT. In theory, the EBRT–BRT group should have received higher
radiation doses, allowing us to analyze the effect of different RT
A B

DC

FIGURE 2 | Kaplan–Meier curves for the overall survival (OS) and rectal cancer-specific survival (RCSS) of primary rectal cancer only (PRCO) patients versus those
with second primary rectal cancer (SPRC; with radiotherapy [RT] or without radiotherapy [NRT]). (A) OS of PRCO versus NRT-SPRC patients. (B) OS of PRCO
versus RT-SPRC patients. (C) RCSS of PRCO versus NRT-SPRC patients. (D) RCSS of PRCO versus RT-SPRC patients.
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modalities and doses on the risk of developing SPRC. Also, this
study is greatly limited by the number of confounders thatmight be
minimized in a Metanalysis from prospective clinical trials.

In conclusion, compared with the U.S. general population,
patients who received RT for PPC were at an increased risk of
developing a SPRC. Moreover, this RT-related risk for SPRC was
associated with the RT treatment modality they had received. We
suggest that a long follow-up time is needed for patients
undergoing pelvic RT, especially for young patients. Special
consideration should be given to SPRC patients given the
differences between this group and PRCO patients.
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In cases of nuclear and radiological accidents, public health and emergency response

need to assess the magnitude of radiation exposure regardless of whether they arise

from disaster, negligence, or deliberate act. Here we report the establishment of a

national reference dose–response calibration curve (DRCC) for dicentric chromosome

(DC), prerequisite to assess radiation doses received in accidental exposures. Peripheral

blood samples were collected from 10 volunteers (aged 20–40 years, median= 29 years)

of both sexes (three females and seven males). Blood samples, cytogenetic preparation,

and analysis followed the International Atomic Energy Agency EPR-Biodosimetry 2011

report. Irradiations were performed using 320 kVp X-rays. Metafer system was used

for automated and assisted (elimination of false-positives and inclusion of true-positives)

metaphases findings and DC scoring. DC yields were fit to a linear–quadratic model.

Results of the assisted DRCC showed some variations among individuals that were not

statistically significant (homogeneity test, P = 0.66). There was no effect of age or sex

(P > 0.05). To obtain representative national DRCC, data of all volunteers were pooled

together and analyzed. The fitted parameters of the radiation-induced DC curve were as

follows: Y = 0.0020 (±0.0002) + 0.0369 (±0.0019) ∗ D + 0.0689 (±0.0009) ∗ D2. The

high significance of the fitted coefficients (z-test, P < 0.0001), along with the close to

1.0 p-value of the Poisson-based goodness of fit (χ2
= 3.51, degrees of freedom = 7,

P = 0.83), indicated excellent fitting with no trend toward lack of fit. The curve was

in the middle range of DRCCs published in other populations. The automated DRCC

over and under estimated DCs at low (<1Gy) and high (>2Gy) doses, respectively, with

a significant lack of goodness of fit (P < 0.0001). In conclusion, we have established

the reference DRCC for DCs induced by 320 kVp X-rays. There was no effect of age
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or sex in this cohort of 10 young adults. Although the calibration curve obtained by the

automated (unsupervised) scoring misrepresented dicentric yields at low and high doses,

it can potentially be useful for triage mode to segregate between false-positive and near

2-Gy exposures from seriously irradiated individuals who require hospitalization.

Keywords: dose-response curve, radiation exposure, chromosome aberration, biodosimetry, Dicentric

Chromosome (DC), Dicentric chromosome assay (DCA), radiation emergency preparedness

INTRODUCTION

Exposure to ionizing radiations poses an increasing threat to
public health, from accidents involving medical radiological
equipment failure, nuclear reactors, lost radioactive sources,
and terrorist events incriminating radiation dispersal devices,
radiation exposure devices, and improvised nuclear devices
(INDs) (1). Regardless of whether radiation overexposure arises
from disaster, negligence, or deliberate act, professionals working
in the management of nuclear and radiological accidents are
usually confronted with an array of complex issues when reacting
to a radiation emergency (2). An important medical aspect is
the estimation of the biological radiation dose received by the
victims, in order to provide suitable dose assessment, medical
triage, diagnoses, and treatment (3).

To provide diagnostic information to treating physicians,
the effective medical management of suspected acute radiation
overexposures includes recording dynamic medical data,
performing appropriate radiation bioassays for dose estimation,
and measuring radioactivity for dose reconstruction (4).
These include observing and documenting radiation-induced
prodromal signs and symptoms, obtaining initial blood sample
for complete blood counts and white blood cell differentials,
assessing physical dose directly from the accident scene and
personal dosimeters if available, and sampling blood for radiation
bioassays. This is important because in the cases of radiation
accidents with estimated exposures greater than 1Gy, treating
physicians may expect a range of dose-dependent deterministic
effects, including serious acute radiation syndromes (ARSs)
arising in the following weeks and months (5). In these
cases, dose estimation will help attending physicians to set an
appropriate tactic when or before symptoms of ARS appear
(6). On the other hand, in the cases of radiation exposures with
doses of less than 1Gy, dose estimation is informative because
of the potential risk of developing late stochastic effects, such as
cancer, which mainly require long-term follow-up of exposed
individuals (7).

The critical element in dealing with the health consequences
of accidental radiation exposure is to provide a reliable measure
of the biologically absorbed dose in the victims. The so-called
biodosimetry is the dose estimation after exposure to ionizing
radiation by means of changes in biological endpoints, or
biomarkers (8). In the cases of radiological accidents, whether
physical dosimetry is not available or disputed, these biomarkers
can be used to identify individual exposure cases. The basic
principle of biodosimetry is to utilize biologic changes induced
by ionizing radiation in body components of exposed individuals

to estimate the radiation dose received. This absorbed dose
can predict the clinically relevant response and the biological
consequences of accidental radiation exposure. Ideally, the
biologic changes should be, as much as possible, specific for
ionizing radiation, and the biomarkers should be minimally
affected by physiological or prior medical variations among
people, including changes that might be caused by the stress and
trauma from the radiation accident (9).

It is well-known that ionizing radiations produce several
biological effects; some of them are quantifiable and thus can
be used to estimate the radiation dose. Hence, research in the
field of biodosimetry has advanced significantly, with expansion
into the disciplines of genomics, proteomics, metabolomics,
and transcriptomics, in addition to the classic cytogenetic
approaches. However, when looking for a biological dosimeter,
it is necessary to consider other characteristics such as
reproducibility, cost, minimal-invasiveness, and potential for
standardization. As the DNA is the critical biological target
for ionizing radiation, methods analyzing lesions to cellular
DNA constitute logic targets for biological dosimeter when they
meet the required properties of biomarkers. Among the various
radiation-induced lesions [including single-strand breaks and
double-strand breaks (DSBs), base damage, and DNA-protein
cross-links], the DSBs are the most interesting for biodosimetry.
This is because DSBs misrepair can produce translocation
between two broken chromosomes that generates chromosomal
aberrations observable at metaphase (10). Actually, the cell-
based analysis of DSBs and chromosomal aberrations, including
the well-established dicentric chromosome (DC) assay (DCA),
and the cytokinesis-block micronucleus assay, remain the most
reliable for radiation injury assessment (11) and are the most
advanced biodosimetry methods to quantify ionizing radiation
doses received in exposed individuals (6).

Currently, the cytogenetic analysis of DCs observed in
metaphases from peripheral lymphocytes is the routine technique
used to assess doses in cases of radiation exposures. DCA
stands alone as the corner stone “gold standard” biodosimetry
assay, recommended by the International Atomic Energy Agency
(IAEA) (12) and standardized by the International Organization
for Standardization (ISO) with constant update (13). The
DCA has many advantages, such as a high specificity to
ionizing radiation, the slow DC decay with the possibility
of assessing exposure even months after irradiation, the
potential to detect partial body exposure, and its sensitivity
to doses down to 20 mGy when scoring a few thousand
metaphases (14). Consequently, many countries have established
specialized cytogenetic biodosimetry laboratories as part of the
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radiation protection program and the first medical responders
to radiological and nuclear threats (15–19). We have previously
described the establishment of a cytogenetic biodosimetry
laboratory in Saudi Arabia along with producing a preliminary
calibration curve composed of four volunteers (20). Since
then, we have gained experience in cytogenetic preparation
and chromosomal aberrations scoring. Here we report the
establishment of a final reference dose–response calibration
curve (DRCC) for DCs induced by X-rays (320 kVp), prerequisite
to assess radiation doses received in accidental radiation
overexposure in Saudi Arabia.

MATERIALS AND METHODS

Volunteers, Blood Samples, and Ethical
Considerations
Ten healthy Saudi volunteers, aged between 20 and 40 years, were
enrolled in this project. The study was approved by the Basic
Research and the Ethics Committees of King Faisal Specialist
Hospital and Research Centre (KFSHRC) institutional review
board (KFSHRC, RAC#2170 005). Data related to the history of
significant diseases, prior radiation exposure, smoking, or drug
use were collected at the time of blood donation. Volunteers’
data were anonymized with no donor’s identifiable script. After
signing the informed consent, each volunteer donates a one-
time 20mL peripheral blood sample, which was taken by routine
laboratory venipuncture in heparinized tubes (Vacuette; Greiner
Bio-One GmbH, Germany). The fresh whole-blood sample was
visually checked for any potential clotting and then aliquoted
into 10 × 25-mL cell culture flasks (2mL each), transferred to
5% CO2 incubator, and kept at 37◦C to stabilize for a short time
before irradiation.

X-Ray Irradiation
Whole-blood peripheral lymphocytes were irradiated with 320
kVp X-rays. Each blood aliquot was irradiated with a single X-
ray dose of either 0, 0.10, 0.25, 0.50, 0.75, 1, 2, 3, 4, or 5Gy.
The X-RAD 320 (Precision X-ray, CT, USA) biological irradiator
was used for irradiation at a maximum energy of 320 kVp,
2mm Al filter, and 1 Gy/min of dose rate. The source-to-surface
distance was 70 cm, with maximum field size of 30 × 30 cm
(uniformity across field: 93–100%). The measured half value
layer was 1.12mm Cu. Flasks containing blood samples were
positioned horizontally in the middle of the irradiation field and
were irradiated sequentially. The deviation between the preset
dose and the delivered dose was within 3.1% as measured using
calibrated ionizing chamber (PTW, Freiburg, Germany) and
checked with GAFCHROMIC film (EBT2 model) as described
previously (21).

Whole-Blood Lymphocytes Culture
After 2 h of whole-blood incubation at 37◦C following
irradiation, 18mL of prewarmed complete RPMI-1640
medium (including L-glutamine; Sigma–Aldrich, USA)
and complemented with 15% fetal bovine serum (Hyclone,
ThermoScientific, USA) and 1% of 100× penicillin–streptomycin
antibiotic solution (100 IU and 100 µg per mL; respectively;

Sigma–Aldrich) were added to each flask along with 400 µL
phytohemagglutinin (Remel Europe Ltd., ThermoScientific,
USA) to stimulate lymphocytes division. Flasks of blood
culture were incubated at 37◦C, 5% CO2 atmosphere, for 48 h
as recommended by the EPR-Biodosimetry 2011 (12), and
optimized to capture first-division metaphases. Colcemid (Irvine
Scientific, CA, USA) was added at a final concentration of
0.10µg/mL, for the last 4 h to arrest lymphocyte cell division
at metaphase.

Hypotonic Treatment and Cell Fixation
Procedures
Lymphocyte cell cultures were centrifuged at 1,100 rpm (200 g)
for 8min in 50-mL tubes, and the supernatant was gently
removed. Cell pellet was resuspended; 10mL of fresh hypotonic
solution (0.075M KCl) was gradually added and incubated at
room temperature (RT) for 12min. Soft fixation was performed
by smoothly adding 2mL of fresh fixative (3:1 methanol/acetic
acid) and let to stand at RT for 10min. Cells were then
centrifuged, pellet was resuspended, and fresh fixative (10mL)
was added and incubated for 10min at RT for 2 cycles. The fixed
cells were stored overnight at−20◦C prior to slides preparation.

Giemsa Staining and Slide Preparation
Fixed lymphocytes were centrifuged (200 g) for 8min and
resuspended in an adequate volume of fixative to obtain a
cloudy preparation to achieve suitable concentration of cells. To
prepare metaphase spreads, 40 µL was pipetted and dropped
on a moistened precleaned microscope slide (Superfrost; Fisher
Scientific, Waltham, MA, USA). The spreads were dried on a
slide warmer set at 40◦C. Staining was performed in a coplin
jar using a solution of 10% Giemsa in phosphate buffer (4mL
Giemsa in 36mL PBS, pH 6.8) for 10min. The slides were rinsed
in distilled water, air-dried, mounted with Eukitt medium (Fluka;
Sigma–Aldrich), covered with a coverslip, and sealed.

Metaphases and Dicentric Chromosome
Aberrations Scoring
The automated Metafer5 system (MetaSystems, Altlussheim,
Germany) was used for the autocapture of metaphases, which
include finding, image acquisition, storing, and relocation. This
motorized microscope system allows to autoprocess up to 80
slides with the robotic SlideFeeder x80 module. Depending on
cell density, at least three slides were loaded for each data
point, and after initial image focus and alignment adjustment,
the systems ran unattended overnight or over the weekend.
Scoring of DC aberrations was carried out by exporting the files
of the stored images into the DCScore image analysis system
(MetaSystems). This module identifies and uniquely scores DCs
using a trainable classifier preset from international collective
data and tuned for each individual biodosimetry laboratory. The
system classifies metaphases as containing 0, 1, 2, 3, 4, or 5
dicentrics, depending on the number of DCs found. The raw
automated scoring (unsupervised), as set by the manufacturer,
provides results with a certain inherent error related to the nature
of the image analysis and the quality of metaphases and DCs in
the cytogenetic preparation.
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The assisted scoring is a semiautomated (supervised) counting
that involved human verification and correction. It is conducted
by reexamining the images of the automated electronic scoring
files to determine the validity of the scores (elimination of
false-positives and inclusion of missed true-positives). The
x- and y-stage coordinates were used to allow metaphase
relocation and reexamination when required. Validation steps
were conducted by staff where images were reviewed for
adequacy of both metaphases and DC scoring, and results were
corrected accordingly. Only complete metaphases with nearly
46 discernable centromeres were included in the analysis. Other
aberration types, including ring chromosomes and acentric
fragments, were manually tracked at this stage wherever
observed. To comply with the IAEA recommendations, we aimed
to scan thousands of metaphases for each point, which was often
achievable at the lower radiation doses. At higher doses, we
targeted, as much as possible, to score at least 100 DCs. Three
to six slides were scanned per data point, and results were pooled
to acquire a sufficient number of metaphases or dicentrics (≥100
DCs for the high radiation doses) for proper data analysis.

Statistical Analysis
The analysis of DC aberrations frequency and the construction
of the DRCCs followed the methods described in details in the
IAEA Technical Report 405 (10), EPR-Biodosimetry 2011 (12),
and described previously by our group (20). Briefly, the yield
(Y) of DCs was calculated by dividing the total number of
dicentrics found by the entire number of metaphases counted
per radiation dose. The variance (Var), standard error (SE),
dispersion index (DI), and U-test were computed, taking into
consideration Poisson distribution of the number of dicentric per
metaphases. This stipulates that ideally the values of the standard
U-test are included between ±1.96. Thus, if the magnitude of
the U-value is out of that range, the dispersion of dicentrics
is considered significant at the 5% level. The Dose Estimate
software was used for computation, including correction when
variance (Var) exceeded mean DC yield (Y), correction for
overdispersion as needed, and conduction of goodness-of-fit
test (22). Subsequently, the dose–response relationship was
established for DCs. As sufficient number of degrees of freedom
(DF) is required for adequate curve fitting, 10 different radiation
doses were included in the range between 0 and 5Gy according to
ISO guidelines (13). Data were fitted using the linear–quadratic
dose–response curve (Y = C + αD + βD2) by the method of
maximum likelihood using Dose Estimate and the free statistical
software package R (version 3.6.3). The coefficients of the fitted
curves (the intercept C, the linear α, and the quadratic β

components) were derived for each of the 10 individuals and for
respective pooled donors’ data. The 95% confidence interval of
the fitted curves was computed assuming Poisson distribution
of the DC yields. A χ

2 test for homogeneity was used to
test for differences between data sets in observed numbers of
dicentrics in scored cells. For differences in DCs yields between
groups of volunteers, the parametric one-way repeated-measures
analyses of variance or the non-parametric Friedman repeated-
measures analyses of variance on ranks tests were performed

using SigmaPlot software (version 13; Systat Software Inc., San
Jose, CA, USA). P < 0.05 was considered statistically significant.

RESULTS

The 10 healthy volunteers had no noticeable history of significant
diseases, radiation exposure, or drug use at the time of blood
donation. Four donors were active smokers with no obvious
effects on DC yield. There were three females and seven males.
Ages ranged between 20 and 40 years (median= 29 years). Yields
of DCs were determined in first-division metaphases obtained
from optimized 48-h blood cultures (12). The automated
Metafer5 system was used to autocapture metaphases, detect,
and score DC aberrations. The important validation step makes
use of staff expertise in reviewing metaphases and, where
needed, ascertain dicentrics by observing other aberrations. The
DCs were frequently associated with the presence of acentric
(Ac) fragments and sometime rings (R), which were spotted
manually during the validation step as they are not scored by
Metafer system. However, the documentation of chromosomal
aberrations other than dicentrics is not exhaustive as they
are not used to construct the DCs dose–response relationship
of biodosimetry. While the main reported DC results are
those obtained with the assisted (semiautomated or supervised)
scoring, the Metafer-generated raw DC results of automated
(unsupervised) scoring were also presented and discussed in
relevance to their potential application in triagemode in the cases
of mass-causality accidents.

Illustrative examples of Metafer5 interface and normal, DCs,
and other aberrations containing metaphases are presented
in Figure 1. The data of each individual volunteer, obtained
with the assisted (supervised) scoring, are listed in the
Supplementary Material 1. The resulting individuals’ DC dose–
response curves, along with the curve fitting parameters, are
shown in Figure 2. The goodness of fit was satisfactory (P >

0.05, i.e., no significant lack of fit) in the 10 individuals. Note
that all data were corrected for both, variance (Var) exceeding
mean DC yield, and SE for overdispersion, as needed, using
the Dose Estimate software. The results show that the DC
yields increase quickly with increasing dose in a trend that
is similar in the 10 individuals. The comparison between the
fitted curves displayed little variation between the 10 individuals
(Figure 3). For example, the fitted DC yield at the highest
radiation dose of 5Gy showed a narrow range between 1.8 and
2.1 (mean= 1.95) dicentric/cell.

To construct a national reference DRCC representative of the
population in Saudi Arabia, the data of the 10 individuals were
pooled together and analyzed. The pooled DC data, obtained
by assisted (supervised) scoring, are shown in Table 1, which
enlists the number of metaphases analyzed, dicentrics observed,
distribution of dicentrics, the average number of DCs per
metaphase (DC yield), and related statistics. Obviously, there
was a sharp decrease in the recorded number of metaphases
with increasing radiation doses, which was offset by relative
rise in the number of DCs observed. Hence, while tens of
thousands of metaphases were recorded at the lower radiation
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FIGURE 1 | Representative examples of Metafer5 interface screenshot (upper) along with normal metaphase, and metaphases with dicentrics (DCs; arrows) and

other observed aberrations, such as acentric fragments (Ac) and ring (R) (lower). The average number of dicentric per metaphase (i.e., DC yield) and the appearance

of other aberations increase with increasing radiation dose received by the lymphocytes in the blood samples.

doses, thousands of DCs were scored at the higher doses. The DI
was about 1 at the different radiation doses, and its normalized
unit (U-test) was included in the range of ±1.96, indicating
good compliance with Poisson distribution. In total, there were
21,963 DCs found in 147,100 analyzed metaphases (average

yield of 0.15 DC per metaphase). The DC background level
determined by the examination of 37,954 metaphase spreads of
unirradiated blood samples was ∼2 DCs per 1,000 metaphases.
After the exposure to increasing radiation doses from 0.10 to
5.0Gy, the number of DCs increased including some metaphases
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FIGURE 2 | Individuals’ linear–quadratic dose–response curves (solid lines) for dicentric chromosome aberrations induced by 320 kVp X-rays in lymphocytes derived

from 10 Saudi volunteers. Data points represent the yield of dicentric per metaphase scored using assisted (supervised) mode. Dashed lines indicate the 95%

confidence limits calculated assuming Poisson distribution of the dicentrics data. Error bars represent the standard errors of the dicentric yield.
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FIGURE 3 | Left: Comparison of the individuals’ dose–response curves for dicentric chromosome aberrations induced by 320 kVp X-rays in lymphocytes derived

from 10 Saudi volunteers. Right: The reference dose–response calibration curve (solid line) generated from the pooled data of the 10 volunteers. Dashed lines indicate

the 95% confidence limits calculated assuming Poisson distribution of the dicentrics data. Error bars represent the standard errors of the dicentric yield.

TABLE 1 | Yield and intercellular distribution of dicentric chromosomal aberrations induced in vitro in peripheral blood lymphocytes by X-rays exposure.

Dose (Gy) No. metaphases No. dicentrics D0* D1* D2* D3* D4* D5* Y SE DI U-value

0 37,954 76 37,878 76 0 0 0 0 0.002 0.000 1.00 −0.27

0.1 24,220 156 24,064 156 0 0 0 0 0.006 0.001 0.99 −0.71

0.25 19,789 317 19,474 313 2 0 0 0 0.016 0.001 1.00 −0.33

0.5 16,322 625 15,710 599 13 0 0 0 0.038 0.002 1.00 0.30

0.75 14,367 933 13,459 885 21 2 0 0 0.065 0.002 0.99 −0.59

1 13,028 1,408 11,690 1,278 51 8 1 0 0.108 0.003 1.01 0.57

2 8,212 2,860 5,813 1,977 387 31 4 0 0.348 0.007 1.00 0.28

3 5,645 4,198 2,674 2,017 725 191 32 6 0.744 0.011 0.99 −0.27

4 4,516 5,575 1,293 1,662 1,019 348 139 55 1.235 0.017 1.00 0.11

5 3,047 5,815 407 986 733 495 252 174 1.908 0.025 0.97 −1.04

Results of pooled data of 10 healthy Saudi blood volunteers.

U-value: a U-value between −1.96 and +1.96 indicates a Poisson distribution.

*Number of metaphases with 0, 1, 2, 3, 4, and 5 dicentrics, respectively.

No. metaphases, number of cells in metaphase assessed; No. dicentrics, total number of dicentrics found in the metaphases assessed; Y, yield of dicentrics, i.e., the number of dicentrics

per metaphase (cell); SE, standard error on yield (Y); DI, dispersion index.

exhibiting 2, 3, 4, and even 5 (the maximum number recorded
by Metafer system) DCs (Table 1). The increasing dose was
associated with a steep decline in the number of scorable
metaphases (about 10-fold reduction; from 24,220 for 0.10Gy
down to 3,047 for 5Gy). Conversely, the yield of DCs had
sharply increased with increasing dose from 0.006 to 1.908
dicentric per metaphase. The fitted DRCC for DCs constructed
from the pooled data is presented in Figure 3. The curve
exhibits a characteristic linear–quadratic shape, and all data
points are included within the 95% limits of the confidence
interval, which is calculated assuming Poisson distribution.
The fitted coefficients were: Y = 0.0020 (±0.0002) + 0.0369
(±0.0019) ∗ D + 0.0689 (±0.0009) ∗ D2). The goodness
of fit for the curve of DC induction (weighted χ

2
= 3.51,

DF = 7, P = 0.83; i.e., there is no significant lack of fit) and
the p-values for coefficients (z-test, P < 0.0001) indicate an
excellent fitting.

In addition, we have compared the potential influence of age
and sex on the DCs dose–response curve. For age, we have
split the 10 volunteers, according to the median age of 29 years,
into 2 groups (20–29 years old, n = 5 individuals; 30–40 years
old, n = 5 individuals). The resulting dose–response curves
were almost identical in this group of young adults (Figure 4).
The Friedman repeated-measures analysis of variance on ranks
confirmed this observation by showing no significant difference
in the median number of DC yields (0.088 vs. 0.085) between
the two groups (P = 0.75). The comparison between males
(n = 7) and females (n = 3) showed slight decrease in DC
yields in females [mean = 0.44, standard deviation (SD) = 0.64]
compared to males (mean = 0.46, SD = 0.67) that did not reach
statistical significance (one-way repeated-measures analysis of
variance, P = 0.09).

The results of the pooled data of the Metafer5 automated
(unsupervised) scoring are shown in Table 2. Overall, in
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FIGURE 4 | The effect of age (left) and sex (right) on the dose–response curves (solid lines) of dicentric chromosome aberrations in 10 Saudi volunteers. Dashed

lines are the 95% confidence limits calculated assuming Poisson distribution of the dicentrics data. Error bars represent the standard errors of the dicentric yield.

TABLE 2 | Metafer automated scoring of dicentric chromosomal aberrations induced in vitro in human lymphocytes by X-rays exposure.

Dose (Gy) No. metaphases No. dicentrics D0* D1* D2* D3* D4* D5* Y SE DI U value

0 40,792 2,278 38,550 2,209 30 3 0 0 0.056 0.001 0.98 −3.08

0.1 27,245 2,192 25,151 2,004 82 8 0 0 0.080 0.002 1.02 1.90

0.25 22,665 1,819 20,936 1,642 84 3 0 0 0.080 0.002 1.02 2.35

0.5 18,160 1,819 16,454 1,601 97 8 0 0 0.100 0.002 1.03 3.14

0.75 16,605 2,142 14,605 1,869 121 9 1 0 0.129 0.003 1.01 1.35

1 14,641 2,200 12,619 1,862 142 18 0 0 0.150 0.003 1.03 2.40

2 9,943 2,636 7,641 2,021 234 42 4 1 0.265 0.005 1.03 2.39

3 7,137 2,898 4,766 1,895 437 28 10 1 0.406 0.008 1.00 0.12

4 6,076 3,746 3,306 1,912 763 74 19 2 0.616 0.010 0.98 −1.04

5 3,978 3,553 1,612 1,541 547 206 60 12 0.893 0.015 1.03 1.48

Results of pooled data of 10 healthy Saudi blood volunteers.

U-value: a U-value between −1.96 and +1.96 indicates a Poisson distribution.

*Number of metaphases with 0, 1, 2, 3, 4, and 5 dicentrics, respectively.

No. metaphases, number of cells in metaphase assessed; No. dicentrics, total number of dicentrics found in the metaphases assessed; Y, yield of dicentrics, i.e., the number of dicentrics

per metaphase (cell); SE, standard error on yield (Y); DI, dispersion index.

unsupervised scoring, there were obviously higher number of
metaphases and DCs scored compared to assisted scoring. In
total, there were 25,283 DCs in 167,242 metaphases autocounted;
however, the average yield of DCs per metaphases (0.15)
remained similar to assisted scoring. More importantly, there
was overestimation of DCs at low radiation doses compared with
higher doses with a relative overdispesion of DC as indicated
by the U-test (Table 2). The resulting automated DRCC is given
in Figure 5. The fitted coefficients for automated scoring were
as follows: Y = 0.0622 (±0.0035) + 0.0695 (±0.0104) ∗ D +

0.0176 (±0.0031) ∗ D2). The goodness of fit for the fitted curve
(weighted χ

2
= 97.4, DF = 7, P < 0.0001) indicates significant

lack of fit. The p-values for coefficients (z-test) were all significant,
P < 0.001. In comparison with assisted scoring, there was an
overestimation of DC yields under 1Gy and underestimation

greater than 2Gy, leading to an overall steep decrease in DC
yields at high doses (Figure 5).

DISCUSSION

The establishment of biodosimetry resources is critical for
public health, medical planning, and response to events of
individual or mass casualties involving radiological or nuclear
incidents (23). The search for proper radiation biomarkers is
gaining momentum in recent years because of the increased
risks of accidental radiation overexposure and maleficent acts
(24). Although many candidate markers (genomics, proteomics,
metabolomics, and transcriptomics) are in the pipeline of
development, the cytogenetic approaches remain the most
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FIGURE 5 | Assisted (supervised) and automated (unsupervised) reference dose–response calibration curves (solid lines) for dicentric chromosome aberrations

induced by 320 kVp X-rays in lymphocytes derived from 10 Saudi volunteers. Data points represent the yield of dicentric per metaphase scored. Dashed lines indicate

the 95% confidence limits calculated assuming Poisson distribution of the dicentrics data. Error bars represent the standard errors of the dicentric yield.

widely used biomarkers for radiation exposure. In particular,
the well-established DCA continues to be the gold standard
of biodosimetry (12). In addition, the DCA persists as
the cornerstone for retrospective dosimetry in acute and
recent radiation accidents after whole-body or partial-body
exposure (22).

The main aim of this study was to establish a reference DRCC
for DC, representative for people in Saudi Arabia using the
cytogenetic expertise gained in our radiation biology laboratory.
Most likely, radiological accidents are anticipated to happen
because of external exposure to low LET radiation. Therefore,
we set up to establish the national DRCC for DCs induced by
X-rays as prerequisites to provide first-responder capabilities to
assess radiation doses received in accidental exposures. Another
planned development includes other types of ionizing radiations
and a broader spectrum of cellular and molecular radiation
biomarkers currently in active research (11).

In this study, we report the establishment of a national
DRCC for DCs induced by X-rays of 320 kVp. The study
comprised blood samples from 10 healthy volunteers (seven
males and three females) aged between 20 and 40 years.
The donors’ median age was 29 years. This average age is
representative of the active workforce who may well be at
risk of accidental radiation exposure. The individuals’ dose–
response curves showed that the yield of DCs increased with
dose in a linear–quadratic manner (Figure 2). The goodness
of fit was satisfactory with no significant lack of fit (P-values
were included between 0.13 and 0.72; Figure 2). Although each

blood sample showed an individual dose–response curve, there
were little differences between the 10 volunteers (Figure 3).
At the highest radiation dose of 5Gy, where the largest
variations were seen, the fitted DC yields were included in a
narrow range between 1.8 and 2.1 (mean = 1.95, SD = 0.10)
DCs per metaphases. In addition, a homogeneity test on the
actual cells/aberrations’ counts showed no significant difference
between the 10 volunteers (χ2

= 6.8, DF= 9, P= 0.66). Although
individual variations cannot be totally excluded, these are small
and within experimental variations as has already been seen in
interlaboratory comparisons (25).

An interesting observation in this study, frequently ignored
in the literature, is to underline that there were no differences
in DC yields between age or sex groups in this small cohort of
young adults (Figure 4). The comparison between the age groups
(20–29 vs. 30–40 years) showed similar dose–response curves
that were confirmed by the absence of significant difference
in the median number of DC yields between the two groups
(P = 0.75). In addition, homogeneity test showed that the
background level of DCs did not differ significantly between the
two age groups (χ2

= 3.3, DF = 1, P = 0.07), neither between
the 10 individuals (χ2

= 15.8, DF = 9, P = 0.07). In fact, age
was mainly reported to be an influencing factor for chromosomal
translocations and micronuclei particularly at a much higher
age (12). The comparison between males (seven volunteers) and
females (three volunteers) showed basically the same conclusion.
Although females showed a slight decrease in the mean number
of DC yields (mean = 0.44, SD = 0.64) compared to males
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(mean = 0.46, SD = 0.67), the difference was not statistically
significant (P = 0.09), generally leading to comparable dose–
response curves (Figure 4). Thus, the 10 volunteers showed a
mostly comparable DC yield induced by X-rays in the peripheral
blood lymphocytes. This has essentially produced comparable
linear–quadratic dose–response curves, characteristic of low LET
radiation (Figure 3). Nevertheless, the sample size in this study
(10 volunteers) is underpowered to detect subtle variations in
DC yields between individuals and age and sex groups. While
testing more samples of larger number of volunteers is required
to confirm this conclusion, it nevertheless suggests low dicentrics
variability among individuals, which implies that the data can be
pooled and generalized to the related population.

The pooled assisted scoring results of the 10 volunteers
have considerably produced a set of expanded data to improve
reliability and representativity of the population (Table 1). This
is in agreement with the IAEA recommendations on maximizing
the number of metaphases scored and also as commonly
practiced in biodosimetry field (26). In total, there were 21,963
DCs scored in 147,100 metaphases counted. This is fairly large
number that exceeds other studies and gives strength to the
results (12). In compliance with Poisson distribution, the DI was
about 1 at the different radiation doses, and its normalized unit
(U-test) was included in the range of ±1.96. The yield of DCs
steadily increased with increasing radiation dose from 0.10 to
5Gy. The lower dose tested of 0.10Gy showed a yield (0.006
dicentric/cell) that is distinguishable from the background level
(0.002 dicentric/cell). A homogeneity test indicates a statistically
significant difference (χ2

=78.1, DF= 1, P < 0.0001). Therefore,
the 0.1Gy can be considered the lower detection limit tested
(Table 1). Additional improvement can, however, still be brought
about by testing lower doses and potentially improving dicentrics
background level of nearly 1 dicentric per 1,000 metaphases
(12, 26, 27).

The resulting reference DRCC combined from the 10
volunteers exhibited a classic linear–quadratic shape (Figure 4).
The fitted national radiation-induced DC aberrations curve
[Y = 0.0020 (±0.0002) + 0.0369 (±0.0019) ∗ D + 0.0689
(±0.0009) ∗ D2] is representative of the population for both
males and females. Along with the high significance of the
fitted C, α and β coefficients (z-test, P < 0.0001), the close to
1.0 p-value of the Poisson-based goodness of fit (χ2

= 3.51,
DF = 7, P = 0.83) indicates clearly excellent fitting of the
data with no trend toward lack of fit (12). The comparison
between our dose–response relationship for DC induction with
those from similar published studies that used X-ray irradiation
(19, 26, 28–35) showed quite large range of DC yields (Figure 6).
These interlaboratory differences could emanate from the energy
of the X-ray irradiation used, the dose rate, technical or
methodical variances, metaphases and DC scoring criteria, and
the professional experience of the scorers. For examples, although
most authors used X-rays of 220–250 kVp (26, 28, 29, 32–34),
others used 100–180 kVp (19, 30, 31, 35). In addition, the dose
rate varied from 1 Gy/min (26, 30, 32), to about 0.5 Gy/min
(31, 34), to 0.27 Gy/min or less (19, 35) (Figure 6).

As a matter of fact, the wide variations of more than 2-fold in
DC yields between various laboratories preclude the likelihood of

FIGURE 6 | Comparison of the published dose–response calibration curves of

dicentric chromosome aberrations induced by X-rays: 1. Germany, 90 kVp at

0.1 Gy/min (in (26); 2. Italy, 100 kVp at 1 Gy/min (30); 3. Canada, 250 kVp (29);

4. Preliminary dose–response curve in Saudi Arabia, 320 kVp at 1.33 Gy/min

(20); 5. Germany, 250 kVp at 1 Gy/min (in (26); 6. The Netherlands, 100 kVp at

0.4 Gy/min (31); 7. Saudi Arabia, this study, 320 kVp at 1 Gy/min; 8. England,

250 kVp (28); 9. Germany, 240 kVp at 1 Gy/min (26); 10. Serbia, 250 kVp (33);

11. Germany, 220 kVp at 0.5 Gy/min (34); 12. Spain, 180 kVp at 0.27 Gy/min

(in (26); 13. United States, 250 kVp at 1 Gy/min (32); 14. Indonesia, 122/250

kVp at 0.17 Gy/min (19).

using a dose–response curve established in a particular laboratory
to estimate radiation doses in other biodosimetry test centers.
For example, while the DC yield induced by 2-Gy dose ranged
in other populations between 0.17 and 0.51 (mean = 0.36;
SD = 0.10), it was 0.35 in our laboratory, which is in range with
cytogenetic radiosensitivity of other populations. Comparatively,
the reference DRCC in Saudi individuals is positioned in the
middle of those published in other populations (Figure 6). Of
particular note, our curve is very close to that published by Lloyd
and colleagues (28), with both of them falling in the middle of
all other published curves. Although the comparison with the
previously published preliminary curve [Y = 0.0017 (±0.0004)
+ 0.0260 (±0.0046) × D + 0.0807 (±0.0024) × D2] (20)
indicates slight reduction in the mean DC yields (0.49 vs. 0.45
dicentric/cells), the current results represent more refined curve
computed from larger set of data. Such refinement is witnessed by
the improvement in the minimum resolvable dose from 0.12 to
0.09Gy (for six aberrations) between the preliminary and the up-
to-date reference dose–response calibration curves; respectively.
Therefore, this accurate reference DC DRCC can be applied to
assess radiation overexposure and estimate the radiation doses
received in cases of suspected accidental irradiation. For instance,
a radiation dose received in a hypothetical accidental exposure
that yields, for example, 141 dicentrics per 1303 metaphases,
i.e., a yield of 0.11 dicentric per metaphase (this is the average
assessment from the 10 volunteers), would be caused by an
absorbed radiation dose of 1.00 (±0.05) Gy with a lower
and upper 95% confidence limits, from combined Poisson and
calibration curve errors on yield, of 0.90 and 1.10Gy; respectively.
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Acknowledging that the DCA is currently the best-established
cytogenetic technique for absorbed radiation dose assessment,
it is somewhat impractical for triage of mass casualty events
owing to its labor-intensive and time-consuming procedures.
While lymphocyte culture for 48 h is inevitable, many research is
directed to streamline DCA processes by automating DC scoring
in metaphase images using machine learning image processing
techniques (36–40). Hence, many image training classifiers were
created to improve the specificity of automated DC analysis
algorithm. However, accuracy and efficiency of the automated
(unsupervised) DC scoring are still requiring more optimization
for accurate dose estimation (41). In this study, we have used the
embedded Metafer DCScore algorithm to evaluate the usefulness
of the automated DC score. Recognizing that the two calibrations
curves obtained by the automated (unsupervised) and the
assisted (supervised) dicentrics and metaphases scoring modes
exhibited wide dissimilarities (Figure 5), results presented may
reveal a potential use of the automated scoring mode for triage
purposes (42). Of course, the relative overestimation of DC yields
less than 1Gy renders the reliability of automated (unsupervised)
scoring at low radiation dose somewhat questionable and flawed
with large portion of false-positive exposure. Furthermore,
the steep underestimation greater than 2Gy, along with the
significant lack of goodness of fit (P < 0.0001), precludes the
use of automated scoring for accurate dose estimation. However,
providing a quick preliminary dose estimate can help decision
making based on clinical signs in early triage of radiation
casualties. Confirmation of results can follow after completing
the assisted scoring.

The criteria for triage assumptions require performing the
dose assessments on the analysis of as low as 50 metaphase
spreads (43). The relevance is considered sufficient only for a
preliminary assessment in a mass-casualty event. In general,
the output of biodosimetry triage needed by physicians in a
radiation emergency is to quickly place the victim into one
of four dose ranges (1–2, 2–4, 4–6, and >6Gy) to provide
timely information for patient treatment planning (12). However,
because of the uncertainty on triage dose estimation, it is
probably more realistic to assign victims according to the
following three categories adopted from Swartz et al. (44)
with modifications:

• Category 1. Identify false-positives and near 2-Gy exposure:
A triage-estimated dose less than 2Gy may contain false- and
true-positives low-radiation exposure who would not need
urgent medical care. Those individuals can be discharged and
followed later for accurate dose estimate and potential risks of
long-term effects.

• Category 2. Exposure between 2 and 5 Gy: Those individuals
require medical admission and observation for probable
manifestation of hematopoietic ARS, which is curable with
active medical care as needed.

• Category 3. Exposure greater than 5 Gy: This level identifies
individuals with critical radiation exposure who may need
intensive care.

The actual dose threshold level may vary with the associated
trauma and the capacity of the healthcare system. The automated
triage mode can provide valuable preliminary diagnostic

evidence to segregate between these various categories of risk
groups (41). Of particular significance, the automated mode can
provide dose estimations that are close to those calculated by
the assisted mode in the critical dose exposure range of 2Gy,
which can rapidly identify low risk victims (<2Gy), who do not
require urgent medical attention and high-risk victims (>2Gy),
requiring immediate medical countermeasures and potential
therapeutic intervention.

CONCLUSIONS

We have successfully established the reference DRCC for
DC aberrations induced by X-rays of 320 kVp. There was
no effect of age or sex groups in this cohort of 10 young
adult volunteers. The national calibration curve obtained
by the assisted (supervised) scoring of dicentric in Saudi
Arabia was in the middle range of those described in other
populations. Although the calibration curve obtained by the
automated (unsupervised) scoring misrepresented dicentric
yields at low and high doses, it can potentially be useful
for triage mode to segregate between false-positives and
near 2-Gy exposure and seriously irradiated individuals who
require hospitalization. The biodosimetry laboratory is now
participating in the evaluation of eventual accidental radiation
exposures and contributing to the national preparedness
plan in response to radiation emergencies. It can provide
valuable information about the magnitude of radiation
exposure to public health officials and decision-makers who
evaluate the extent and consequence of public, medical, and
occupational irradiation.
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Stem cells contained within the dental mesenchymal stromal cell (MSC) population are

crucial for tissue homeostasis. Assuring their genomic stability is therefore essential.

Exposure of stem cells to ionizing radiation (IR) is potentially detrimental for normal

tissue homeostasis. Although it has been established that exposure to high doses

of ionizing radiation (IR) has severe adverse effects on MSCs, knowledge about the

impact of low doses of IR is lacking. Here we investigated the effect of low doses of

X-irradiation with medical imaging beam settings (<0.1 Gray; 900 mGray per hour), in

vitro, on pediatric dental mesenchymal stromal cells containing dental pulp stem cells

from deciduous teeth, dental follicle progenitor cells and stem cells from the apical

papilla. DNA double strand break (DSB) formation and repair kinetics were monitored

by immunocytochemistry of γH2AX and 53BP1 as well as cell cycle progression by flow

cytometry and cellular senescence by senescence-associated β-galactosidase assay

and ELISA. Increased DNA DSB repair foci, after exposure to low doses of X-rays,

were measured as early as 30min post-irradiation. The number of DSBs returned to

baseline levels 24 h after irradiation. Cell cycle analysis revealed marginal effects of IR

on cell cycle progression, although a slight G2/M phase arrest was seen in dental pulp

stromal cells from deciduous teeth 72 h after irradiation. Despite this cell cycle arrest, no

radiation-induced senescence was observed. In conclusion, low X-ray IR doses (< 0.1

Gray; 900 mGray per hour), were able to induce significant increases in the number of

DNA DSBs repair foci, but cell cycle progression seems to be minimally affected. This

highlights the need for more detailed and extensive studies on the effects of exposure to

low IR doses on different mesenchymal stromal cells.

Keywords: dental stem cell, DNA damage response, DNA double strand break, low dose radiation exposure, cell

cycle, cellular senescence
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INTRODUCTION

Stem cells contained within the dental mesenchymal stromal
cell (MSCs) population are of paramount importance for tissue
homeostasis which are potentially important targets of ionizing
radiation (IR) exposure. They can accumulate genotoxic damage
following IR exposure, which is either repaired efficiently, or they
can accumulate irreversible damage. This irreversible damage can
trigger apoptosis or senescence, and misrepaired or unrepaired
DNA damage can persist and could potentially lead to malignant
transformation of the stem cells (1). Changes in the functionality
of MSCs could therefore be considered as a predictive indicator
for future health hazards (2, 3).

In 2000, Gronthos et al. identified and isolated odontogenic
progenitor cells from the dental pulp from adult patients (4).
These cells were dubbed dental pulp stem cells (DPSCs). In the
following years, several more types of dental stem cells were
described, such as the dental follicle stem cells (DFSCs), stem
cells from the apical papilla (SCAPs), pulp stem cells from
human exfoliated deciduous teeth (SHEDs), and periodontal
ligament stem cells (PDLSCs) (5–8). However, the International
Society for Cellular Therapy has prompt to define the isolation
of mesenchymal stem cells as non-clonal cultures of stromal
cells containing stem cells with different multipotent properties,
committed progenitors, and differentiated cells (9–11). An
overview of these cells and their potential use in dentistry is given
by Bansal and Jain (12).

Today, one of the greatest challenges in radiation protection
is unraveling the detrimental effects of exposure to low doses of
IR. This is important because people are exposed to low dose IR
on a daily basis, either from natural sources, or from man-made
sources, such as medical diagnostics (13). Although there are
epidemiological data on exposure to doses higher than 100 mGy
(e.g., from atomic bomb survivors, medically and occupationally
exposed populations and environmentally exposed groups), no
conclusive data exists on exposure to low doses of IR (14).
Currently, risk estimation for low dose exposure is based on
linear extrapolation from these high dose data. This model is
the famous linear-no-threshold (LNT) model (15–17). The LNT
model assumes that there is a linear relationship between IR dose
and the excessive cancer risk. When applying the LNT model,
the following is assumed: (1) that there is a linear relationship
between IR dose and the amount of radiation-induced DNA
double strand breaks (DSB), (2) that each DNA DSB has the
probability of inducing cellular transformations, and (3) that
each transformation has the same probability of resulting in
carcinogenesis (18). However, in the low dose range (<100
mGy), other phenomena than a linear response can occur. There
is evidence that low doses of IR could have beneficial effects,
such as hormesis and adaptive responses (19, 20). Hormesis
occurs when exposure to low IR doses produces a favorable
effect, whereas high IR doses result in detrimental effects (21).
Adaptive responses occur when a very low dose, or priming dose,
stimulates cells which results in increased resistance to a second,
larger dose of the same trigger at a later time point. This could
include the activation of genes associated with DNA damage
repair, stress scavenging, cell cycle control and apoptosis (19, 20).

DNA DSBs are the most crucial DNA lesions that are
associated with increased cancer risk and IR exposure. If
not repaired correctly, DSBs can cause genomic instability,
mutations, chromosome aberrations and translocations, and cell
death (22–25). To protect the DNA against these types of damage,
eukaryotes have developed the DNA damage response (DDR)
(24, 25). In short, cellular responses to IR-induced DNA DSBs
are triggered by the activation of the ataxia telangiectasia mutated
(ATM) kinase. The phosphorylation of histone H2AX on serine
139 (γH2AX) in the vicinity of the DNA DSB is one of the
earliest ATM-dependent responses, although other kinases are
also capable of phosphorylating histone H2AX on serine 139
(23, 26, 27). γH2AX forms so called DNA damage foci in the
nucleus, or in the case of IR-induced DNA damage “IR-induced
foci” (IRIF). In general, IRIF are distinct sub-nuclear structures
to which the DDR proteins re-localize. After phosphorylation,
γH2AX initiates a signaling cascade leading to the recruitment of
multiple DDR proteins, including tumor suppressor p53-binding
protein 1 (53BP1) (22, 24, 28, 29).

53BP1 is a known DNA DSB sensor and a mediator and
effector in the DDR to DSBs (24, 30, 31). Similar to γH2AX,
53BP1 has several functions in the DDR, such as recruitment of
DSB repair proteins, checkpoint signaling, determining the DSB
repair pathway and synapsis of distal DNA ends during non-
homologous end-joining (reviewed in Panier and Boulton) (30).

Evidence shows that both γH2AX and 53BP1 show a
quantitative relationship between the number of foci and the
number of DNA DSBs (24, 29, 32, 33). Although γH2AX is a
powerful tool to monitor DNA DSBs, artifacts do occur even
in the absence of DSBs (25). Both γH2AX and 53BP1 foci can
be visualized using immunofluorescence microscopy and are
detectable within minutes following exposure to IR (29, 34).
Therefore, using an immunostaining protocol for simultaneous
detection of γH2AX and 53BP1 allows for better estimation of
the amount of DSBs present and it reduces the impact of artifacts,
since it is known that γH2AX and 53BP1 co-localize in IRIF
(24, 35, 36).

DNA DSB could be efficiently repaired by the DDR, although
misrepair can occur. However, DNA DSBs could persist. This
could lead to cell cycle arrest, premature cellular senescence, or
apoptosis. As part of the DDR, cells halt their passage through
the cell cycle, allowing DDR proteins to repair DNA damage. If
this damage persists, the cell cycle could be irreversibly arrested.
This cell cycle arrest can occur in all phases of the cell cycle,
but it was found that most cells are most sensitive to IR-
induced DNA damage in the G2/M phase (37–39). Cellular
senescence is a state of irreversible growth arrest. This growth
arrest occurs in the G1 phase of the cell cycle, therefore cellular
senescence is linked with changes in cell cycle progression.
A hallmark of senescent cells is the increased β-galactosidase
activity in comparison to normal cells. This can be detected
by the so-called X-gal assay, which is considered as the gold
standard for senescence testing (40, 41). Senescent cells also
display a senescence-associated secretory phenotype (SASP),
which consists of several chemokines, cytokines, and regulatory
factors. Some of these SASP factors are linked with IR exposure,
such as IL-6, IL-8, IGFBP-2, and IGFBP-3 (42, 43). IL-6 and
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IL-8 interact with their surface receptors, which initiates several
intracellular pathways. Besides that, they can both induce or
reinforce senescence in damaged cells in a paracrine/autocrine
manner (42, 43). IGFBP-2 and IGFBP-3 interact with insulin-like
growth factor (IGF). They sequester IGF so it cannot bind to its
receptor, which eventually leads to inhibition of cell proliferation
(44). It is known that premature cellular senescence can be caused
by several stresses, such as (persisting) DNA damage or reactive
oxygen species (45). It has been reported before that exposure to
(high) IR doses can cause premature cellular senescence. This was
observed both in mesenchymal stem cells and normal tissue cells
(46–51). For low doses of IR, data is more scarce (3, 52). Besides
senescence, quiescence is also an important process in stem cells.
Quiescence is characterized by a cell cycle arrest in the G0 phase.
This phase is similar to the G1 phase, however cells do not
progress into the S phase. Unlike senescence, quiescence is a state
of reversible growth arrest. Quiescence occurs in cells that require
a strict proliferation regime, such as stem cells. It allows stem cells
to assure genomic integrity until they are needed for tissue repair,
which is when they are stimulated to reprise the normal cell cycle
(53). Evidence on the effects of IR on quiescence in mesenchymal
stem cells are scarce (54, 55). Finally, cells can undergo apoptosis
or programmed cell death. Like premature cellular senescence, it
is a response to extensive cellular stress and mostly occurs when
DNA damage repair is slow and/or incomplete (56).

The aim of this study is to investigate the effects of low
dose X-ray exposure with medical imaging beam settings (< 100
mGy; 900 mGy/h) on SHED, DFSCs, and SCAPs extracted
from pediatric patients. DNA DSB formation and repair, cell
cycle progression, cellular quiescence, and cellular senescence
were monitored at several time points after exposure. Our data
evidences that, although low doses of IR induce significant
amounts of DNA DSBs, DNA damage is effectively repaired and
does not affect cell cycle progression, nor induces premature
cellular senescence in dental mesenchymal stromal cells.

MATERIALS AND METHODS

Ethical Approval for the Use of
Donor-Derived Dental Mesenchymal
Stromal Cells
The cells were gifted by Prof. Benjamin Salmon (Dental Medicine
Department of the Bretonneau Hospital (Paris, France). All
experiments and methods were performed in accordance with
relevant guidelines and regulations. All experimental protocols
were approved by a named institutional/licensing committee.
Ethical approval was obtained at the Comité d’Evaluation de
l’Ethique des projets de Reserche Biomédicale Paris Nord,
N◦16-021 in France.

Culturing Dental Stem Cells
Three types of dental mesenchymal stromal cells from different
pediatric donors were used in this experiment: dental pulp
stem cells from deciduous teeth (SHED−3 donors), dental
follicle stem cells (DFSC−2 donors), and stem cells from the
apical papilla (SCAP−3 donors). These cells were extracted

TABLE 1 | Overview of dental stromal cell donors.

Age Gender

Donor 1 12 Male

Donor 2 11 Female

Donor 3 8 Female

from teeth as previously described (4, 5, 8). Yet, criteria
recommended by The International Society for Cellular Therapy
were not systematically verified and our findings rely on the
extensive expertise of Prof. Benjamin Salmon (57–61) First, teeth
were decontaminated using a povidone-iodine solution. Second,
they were sectioned and exposed pulp tissues were collected.
Third, their tissues were enzymatically digested using a type I
collagenase and dispase solution. Finally, the cells were ready to
be cultured. After extraction, the cells were seeded at a density of
104 cells per cm². They were grown in Dulbecco’s Modified Eagle
Medium (DMEM) containing 1 g/l D-glucose, GlutaMAXTM

and 10% fetal bovine serum (FBS) at 37◦C with 5% CO2 in a
humidified incubator. Themediumwas refreshed every 2–3 days.
At 70–80% confluence the cells were passaged and seeded again
at 104 cells per cm², or frozen in liquid nitrogen for later use.
To be sure that the stem cells keep their phenotype, all stem
cells were used between passage 1 and 5. Once enough cells were
obtained they were seeded either into 8-chamber Labtek II slides
at 2 x 104 cells per well or in 24-well plates at 4 × 104 cells
per well (Greiner Bio-One, Frickenhausen, Germany) 24 h before
irradiation. Six wells in each Labtek were used, resulting in six
technical replicates. Each Labtek represented one time point per
dose. In the 24-well plates cells were seeded in triplicates. For
each cell type (SHED, SCAP, or DFSC), cells from three donor
children were used (N = 3). For each experiment, the cell type
from one donor child was considered as being one biological
replicate (Table 1).

X-irradiation Conditions
Samples were irradiated at the Belgian Nuclear Research Centre
(SCK CEN) with a XStrahl 320 kV Generator (Surrey, UK).
In this experimental design, it is of importance to mimic
commercially available Cone Beam Computed Tomography
devices as closely as possible. To this end X-rays with RQR9 beam
settings were used since it can be used to simulate entrance beams
used in diagnostic radiology. The X-ray tube used a tube voltage
of 120 kiloVolt and a current of 1.8 milliAmpere. The X-ray beam
was filtered by 2.9mm of aluminum. Using these parameters low
doses and lower dose rates can be achieved which allows the
simulation of diagnostic examinations. Using a dose rate of 900
mGy per hour the samples were irradiated with doses of 100 ±

1.9, 50± 0.9, 20± 0.38, 10± 0.19, and 5± 0.10 mGy.

Immunocytochemical Staining for γH2AX
and 53BP1
At specific time points after irradiation exposure (0.5, 1, 4, and
24 h) the culture medium was removed from the LabteksTM

(NuncTM, ThermoFisher Scientific, Waltham, MA, USA). Then
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the cells were washed twice using 1x phosphate buffered saline
(PBS). After washing, they were fixed in 2% paraformaldehyde
(PFA) in 1x PBS for at least 15min at room temperature (RT).
Next the PFA was removed and the cells were washed twice
with 1x PBS.

Fixed stem cells were double stained for γH2AX and 53BP1,
both markers for DNA DSBs. The 1x PBS was removed and
then the cells were permeabilized by incubating them in 0.25%
Triton X-100 in 1x PBS for 3min at RT. Then the cells
were washed three times in 1x PBS on a rocking platform.
Next the cells were blocked in pre-immunized goat serum
(PIG). The PIG was diluted (1:5) in Tris-HCl – NaCl blocking

buffer (50mM Tris-HCl, 150mM NaCl, 0.1% Tween 20, 0.5%
blocking reagent (FP1012, Perkin Elmer) (TNB). The cells
were blocked for 1 h at RT on a rocking platform, during
which the primary antibody solution was prepared. Primary
antibodies were diluted in TNB, the mouse anti-human γH2AX
monoclonal antibody (05-636, Millipore, Massachusetts, USA)
was diluted 1:300 and the rabbit anti-human 53BP1 polyclonal
antibody (NB100-304, Novus Biological, Abingdon, UK) was
diluted 1:1,000. After blocking, the cells were incubated with the
primary antibody solution for 1 h at 37◦C on a rocking platform.
After incubation, the cells were washed three times using 1x
PBS. Next the secondary antibody solution was prepared. An

FIGURE 1 | DNA double strand break formation and repair kinetics. (A) Dental pulp stromal cells from deciduous teeth show a significantly increased number of DNA

double strand breaks following irradiation with 50 and 100 mGy 30min and 1 h after radiation exposure. (B) The number of co-localized foci, observed in stromal cells

from the apical papilla after exposure to 100 mGy, was significantly increased compared to 0 mGy 30min, 1 and 4 h after irradiation (P < 0.0001, P < 0.0001, P =

0.0267, respectively). 50 mGy irradiated samples showed more foci 30min and 1 h p.i (P = 0.0018, P = 0.0004, respectively). (C) In dental follicle stromal cells, more

foci were observed 30min, 1 and 4 h after exposure to 100 mGy (P < 0.0001, P < 0.0001, P = 0.0374, respectively). Thirty minutes and one hour after exposure to

50 mGy and 30min after exposure to 20 mGy the amount of co-localized foci was increased as well in DFSC (P < 0.0001, P = 0.0015, P = 0.0030, respectively). The

number of foci returns to control levels 24 h after irradiation. (D–G) Representative image from stromal cells from the apical papilla taken 60min after irradiation with

100 mGy. The nucleus (D) shows five clear γH2AX (E) and 53BP1 (F) foci, which co-localize (G). *P ≤ 0.05; **P ≤ 0.001; ****P < 0.0001.
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Alexa fluor 488-labeled goat anti-mouse antibody (A11001, Life
Technologies, Oregon, USA) and an Alexa fluor 568-labeled goat
anti-rabbit antibody (A11011, Life Technologies, Oregon, USA)
were diluted 1:300 and 1:1,000 in TNB, respectively. The cells
were incubated with the secondary antibody solution for another
hour at 37◦C on a rocking platform. After this final incubation
step, the cells were washed twice using 1x PBS. Next the
chambers were removed from the Labteks R©. Then the samples
were mounted using Prolong R© Diamond Antifade Mountant
with 4’,6-diamidino-2-phenylindole (DAPI) (P36962, Molecular
ProbesTM by Life Technologies, Oregon, USA) as nuclear counter
stain. After mounting, the samples were stored at −20◦C
until imaging.

Images were acquired with a Nikon Eclipse Ti fluorescence
microscope using a 40x dry objective (Nikon, Tokyo, Japan).
Per technical replicate (n = 6 = number of chamber of a
LabtekTM used) at least 250 cells were counted. Afterwards,
the images were analyzed using Fiji open source software
(62). Fiji allows for analysis of each separate nucleus based
on the DAPI signal. Within each nucleus, the intensity signal
for the Alexa fluorophores were analyzed, after which the
number of co-localized γH2AX and 53BP1 foci per nucleus were
determined in a fully automated manner by using the Cellblocks
tool (63).

Cell Cycle Analysis
Cell cycle analysis was performed 1, 4, 24, and 72 h after
X-irradiation as described before (46). In short, dental stem
cells were treated with 10µM of BrdU for 1 h. Afterwards,
the cells were fixed with ice-cold 70% ethanol and stored for
a minimum of 24 h. Next, the cells were permeabilized and
stained with rat anti-BrdU antibody, diluted 1 in 600 (AB6326,
Abcam, Cambridge, UK). They were also stained with 10µg/ml
of a 7-amino-actinomycin D (7-AAD) solution (Sigma-Aldrich).
Samples were analyzed on a BD Accuri C6 flow cytometer, with

TABLE 2 | Linear dose response relationship of co-localized γH2AX and 53BP1

foci in dental stromal cells.

Cell type Time after

irradiation

Slope

(foci/mGy)

R²-value P-value

Dental pulp stromal cells from

deciduous teeth

(SHEDs)

30min 0.020 0.97 0.0003

1 h 0.022 0.99 <0.0001

4 h 0.008 0.96 0.0005

24 h −0.002 0.18 0.40

Dental follicle stromal cells

(DFSCs)

30min 0.026 0.99 <0.0001

1 h 0.020 0.91 0.003

4 h 0.008 0.75 0.025

24 h −0.0001 0.013 0.83

Stromal cells from the apical

papilla

(SCAPs)

30min 0.019 0.98 0.0002

1 h 0.022 0.99 <0.0001

4 h 0.009 0.94 0.0012

24 h 0.005 0.47 0.13

a maximum flow speed of 300 events per second. At least 20,000
cells were counted per sample.

Quiescence Assay
G0 phase cells were identified 1, 4, 24, and 72 h after X-irradiation
using a quiescence assay. Dental stem cells were fixed with ice-
cold 70% ethanol following X-irradiation. Next, the cells were
washed twice with 5% FBS (Gibco, Massachusetts, USA) and
0.25% Triton X-100 (Sigma-Aldrich, Missouri, USA) in 1x PBS
(PFT). Next, the cells were stained with 10µg/ml 7-AAD (A9400-
1MG, Sigma-Aldrich, Missouri, USA) and 0.4µg/ml pyronin Y
(83200-5G, Sigma-Aldrich, Missouri, USA) for 20min at RT.
Samples were analyzed on a BD Accuri C6 flow cytometer, with
a maximum flow speed of 300 events per second. At least 20,000
cells were counted per sample (64).

β-galactosidase Assay
Senescence was assessed 1, 3, 7, and 14 days after X-irradiation
using the senescence-associated β-galactosidase assay (ab65351,
Abcam, Cambridge, UK) (41). Cells were fixed for 15min at RT
using the fixative solution provided with the kit. Next the cells
were washed twice with 1x PBS. Then, the cells were stained
with 1 mg/ml X-gal solution at 37◦C for 18 h. Afterwards, the
staining was stopped by adding 1MNa2CO3. Next, the cells were
incubated for 1 h at RT with a Giemsa dye, diluted 1:50 in 0.2M
acetate buffer (pH = 3.36). Finally, the cells were washed twice
with Milli-Q water and allowed to air dry. At least 300 cells
per sample were analyzed using a Nikon Eclipse Ti bright field
microscope using a 5x dry objective (Nikon, Tokyo, Japan).

Enzyme-Linked Immunosorbent Assay:
IL-6, IL-8, IGFBP-2, and IGFBP-3
For senescence assays on cytokine secretion, supernatant was
collected 1, 3, 7, and 14 days following irradiation. Dental stem
cells were grown in 12-well plates. One milliliter of medium
was collected at each time point. After the supernatant was
collected, the cells were collected and counted by microscope.
Supernatant samples were used for the ELISA for the detection
of IL-6, IL-8, IGFBP-2, and IGFBP-3. ELISA was performed
following manufacturer’s instructions (DY206, DY208, DY674,
and DY675, R&D Systems). Briefly, 96-well plates were coated
overnight with a capture antibody. Next, the wells were washed
with washing buffer. Blocking buffer was added and the plate
was incubated for 1 h at RT. After blocking, the plate was
washed one with washing buffer. Next, the supernatant was
added and incubated for 2 h at RT. The plate was washed
again, after which the detection antibodies were added and the
plate was incubated for 2 h at RT. Next, the plate was washed
with washing buffer and a streptavidin-horse radish peroxidase-
labeled antibody was added and the plate was incubated
for 20min in the dark at RT. Then, the plate was washed
with washing buffer. Next, the substrate solution was added
and the plate was incubated for 20min in the dark at RT.
Afterwards, 2M H2SO4 was added to stop the substrate
reaction. The optical density was measured at 450 nm and
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570 nm using a spectrophotometer (CLARIOstar, BMG Labtech,
Offenburg, Germany).

Statistical Analysis
Statistical analyses were performed using GraphPad Prism 8.0.0
(GraphPad Software Inc., San Diego, USA). Graphs show mean
± standard error of the mean. Two-way analysis of variance
followed by post-hoc tests was performed to analyse both
time- and dose-dependent effects. P < 0.05 was considered
statistically significant.

RESULTS

Exposure to Low Doses of X-rays Induces
DSBs and Activates the DNA Damage
Response in Dental Mesenchymal Stromal
Cells
DNA DSB formation and repair kinetics were monitored in
dental mesenchymal stromal cells (SHED, DFSC, and SCAP),

that were isolated from pediatric donors, by microscopic analysis
of co-localized γH2AX and 53BP1 foci (N = 3). The number of
co-localized foci was determined 30min, 1, 4, and 24 h after X-
irradiation with 0, 5, 10, 20, 50, and 100 mGy (dose rate: 900
mGy/h; Figure 1). The number of co-localized foci increased
with increasing radiation dose. Typically, the peak response was
seen between 30 and 60min post-irradiation. After this period,
the number of foci decreased until baseline levels were reached
24 h after exposure. More specifically, in SHED, exposure to 100
mGy induced significantly more co-localized foci 30min and
1 h after irradiation compared to control cells (0 mGy) (P <

0.0001). A dose of 50 mGy also resulted in more co-localized
foci 1 h after irradiation compared to 0 mGy (P = 0.0303). In the
SCAPs, the number of co-localized foci, observed after exposure
to 100 mGy, was significantly increased compared to 0 mGy
30min, 1 and 4 h after irradiation (P < 0.0001, P < 0.0001, P =

0.0267, respectively). Furthermore, compared to control samples,
50 mGy irradiated samples showed more foci 30min and 1 h p.i
(P = 0.0018, P = 0.0004, respectively) and 20 mGy irradiated
samples showed more foci 1 h after irradiation (P = 0.0416). In

FIGURE 2 | Cell cycle analysis of dental pulp stromal cells from deciduous teeth. Dental pulp stromal cells from deciduous teeth (SHEDs) show a significantly

decreased number of G1/G0 phase cells 72 h following X-irradiation with 100 mGy. Coincidently, a significant increase in the number of G2/M phase cells was

observed. *P ≤ 0.05.
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DFSC, more γH2AX and 53BP1 co-localized foci were observed
30min, 1 h and 4 h after exposure to 100 mGy (P < 0.0001, P <

0.0001, P = 0.0374, respectively). Thirty minutes and one hour
after exposure to 50 mGy and 30min after exposure to 20 mGy
the amount of co-localized foci was increased as well in DFSC
(P < 0.0001, P = 0.0015, P = 0.0030, respectively). Furthermore,
linear regression plots show a linear dose response 30min, 1 h
and 4 h after irradiation. Moreover, the slope decreased over
time returning to a constant basal response 24 h after irradiation.
Our linear regression analysis also resulted in a slope of about
0.020 DNA DSBs per mGy (Table 2). No difference in radiation
sensitivity was observed between the different stromal cell types.

Cell Cycle Progression Is Not Influenced by
Low Doses of X-rays in Dental
Mesenchymal Stromal Cells
Analysis of the percentage of cells that reside in a specific phase
of the cell cycle has revealed that exposure to low doses of

FIGURE 3 | Dose response of the percentage of G0 phase dental pulp stromal

cells from deciduous teeth and stromal cells from the apical papilla following

low dose X-irradiation. The percentage of G0 phase cells is plotted against the

time after X-irradiation. Significances are summarized in the Table 3.

X-rays (< 100 mGy; 900 mGy/h) does not induce major cell
cycle changes in dental stromal cells (SHEDs sand SCAPs) (N
= 3 for each cell type), while a high dose of 2Gy of X-rays does
(500 mGy/min; Supplementary Figure 1). Except for a slightly
reduced number of G1/G0 phase cells 72 h after irradiation in
SHED (P = 0.019) and a slight increase in G2/M phase cells
72 h after irradiation in SHED (P = 0.040) following a dose
of 100 mGy, no changes were observed (Figure 2). We did
observe that the amount of G1/G0 phase cells increases over
time, whereas the amount of S- and G2/M phase cells decreases
over time, with almost no more cells in the S-phase after 72 h.
Positive controls after exposure to 2Gy of X-rays can be found in
Supplementary Figure 1.

Low Dose X-irradiation Rapidly Decreases
the Amount of Quiescent Cells
The effect of exposure to low doses of X-rays on cellular
quiescence, determined by measuring the percentage of G0 phase
cells, was most pronounced 1 h after irradiation with 100 mGy.
This was observed in SHEDs and SCAPs (N = 3). However,
SHEDs showed still significant dose-dependent decreases in the
percentage of quiescent cells 4 and 72 h after irradiation (Figure 3
and Table 3). In SCAPs, only a decrease was seen 1 h after
irradiation with 100 mGy (P = 0.030). It was also observed that
the number of G0 decreased significantly over time (Figure 3 and
Table 3).

Low Dose Radiation Does Not Induce
Premature Senescence in Dental
Mesenchymal Stromal Cells
Enzyme-linked immunosorbent assay (ELISA) for SASP markers
IL-6, IL-8, IGFBP-2, and IGFBP-3 showed no signs of radiation-
induced premature cellular senescence in SHEDs, DFSCs, and
SCAPs up to 14 days after exposure (N = 3 for each cell type).
Although the values for IL-6 and IL-8 in SHEDs increased
significantly 14 days after irradiation exposure, this was mostly
due to the time in culture, rather than a radiation-induced effect
(Ptime = 0.006 and Ptime = 0.004, respectively). Levels of IGFBP-
2 in SHEDs showed changes over time, but overall there was a
decreasing trend, which was not influenced by radiation dose

TABLE 3 | Significant differences in the percentage of quiescent cells in dental

stromal cells.

Comparison Dental pulp stromal

cells from

deciduous teeth

(P-value)

Stromal cells from

the apical papilla

(P-value)

1 h:CTRL vs. 50 mGy 0.0107 N.A.

1 h:CTRL vs. 100 mGy <0.0001 0.0296

1 h:20 mGy vs. 100 mGy 0.0011 N.A.

4 h:CTRL vs. 50 mGy 0.0072 N.A.

4 h:CTRL vs. 100 mGy 0.0064 N.A.

72 h: CTRL vs. 100 mGy 0.0025 N.A.

72 h:20 mGy vs. 100 mGy 0.0145 N.A.
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(Ptime = 0.022). Finally, in SHEDs, IGFBP-3 showed a time
dependent increase (Ptime = 0.005; Figure 4).

The data from SASP markers were confirmed by the
β-galactosidase assay (41). Data from dental stromal cells show
that there is an increase in the percentage of senescent cells, but
this increase is time-dependent. Low dose radiation exposure
(<100 mGy; 900 mGy/h) does not induce cellular senescence in
SHEDs, DFSCs, and SCAPs (N = 3 for each cell type; Figure 5).

DISCUSSION

Determining the biological effects of low dose IR exposure is
currently the greatest challenge in radiation protection. We
aimed to investigate the DDR and its consequences in human
dental mesenchymal stromal cells (i.e., SHEDs, DFSCs, and
SCAPs) after exposure to X-ray doses with the use of medical
imaging beam settings (<100 mGy; 900 mGy/h). SHEDs, DFSCs,
and SCAPs are dental mesenchymal stromal cells defined as

non-clonal cultures of stromal cells containing stem cells with
different multipotent properties, committed progenitors, and
differentiated cells. MSCs support the maintenance of other cells,
and the capacity of MSCs to differentiate into several cell types
makes the cells unique and full of possibilities (65). Therefore,
maintaining the genetic stability of MSCs is of paramount
importance. MSCs can accumulate genotoxic damage following
IR exposure, which is either repaired efficiently, or they can
accumulate irreversible damage. This persisting damage could
lead to malignant transformation of the stem cells (1).

The formation and repair kinetics of DNA DSBs was
monitored via γH2AX/53BP1 immunostaining. Additionally, the
impact of low dose radiation on cell cycle progression, cellular
quiescence and premature cellular senescence were investigated.
We report a significant increase in the amount of DNA DSBs
30min and 1 h after low dose IR exposure (<100 mGy; 900
mGy/h). As γ-H2AX foci may not always be associated with
DNA DSB, co-localization with repair proteins 53BP1 has thus
been used to further optimize the sensitivity of DNA DSB

FIGURE 4 | Senescence-associated secretory phenotype (SASP) proteins secretion in dental pulp stromal cells from deciduous teeth (SHEDs) following low dose

ionizing radiation exposure. The amount of interleukins (IL)-6 and IL-8, as well as the levels of insulin-like growth factor binding proteins (IGFBP)-2 and IGFBP-3 are

indicate as normalized by the amount of cells. Two-way analysis of variance shows that time after exposure is the major contributor to the observed effects

(Ptime = 0.023).
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FIGURE 5 | β-galactosidase assay in dental mesenchymal stromal cells. The

percentage of senescent cells are indicated as normalized to the levels of the

control samples at day 1 post-irradiation. Two-way analysis of variance shows

that time after exposure is the major contributor to the observed effects (Ptime
< 0.0001 for all cell types).

quantification (66, 67). Repair kinetics clearly showed that the
number of DSBs in dental stromal cells returned to baseline levels
24 h after IR exposure. Despite the DNA DSBs being repaired,

there is a possibility that misrepair has occurred as a consequence
of non-homologous end joining (68, 69). Furthermore, a slight
G2/M phase arrest was seen 72 h after irradiation in SHEDs, but
not in SCAPs or DFSCs. Next, IR exposure resulted in reduced
levels of G0 cells in SHEDs and SCAP. However, in SCAP the
decrease was only statistically significant 1 h after irradiation and
only for irradiation with 100 mGy. For SHEDs, on the other
hand, also 4 and 72 h after irradiation a statistically significant
decrease was observed. Finally, low dose X-ray exposure (<100
mGy; 900 mGy/h) did not result in radiation-induced premature
senescence in SHEDs, DFSCs, and SCAPs.

It is well-known that exposure to X-rays can induce
DNA DSBs, which are considered very harmful because
unrepaired/misrepaired DSBs could result in mutations,
chromosome rearrangements/aberrations, and loss of genetic
information (28, 66, 70, 71). Our results show that exposure to
low dose IR with medical imaging beam settings (< 100 mGy;
900 mGy/h) induces significant increases in the number of
DNA DSBs in dental mesenchymal stromal cells 30–60min after
irradiation (72). Similar results have been reported in human
mesenchymal stem cells before (3, 47, 73–77). However, some
studies report a persistent increase of γH2AX foci up to 48 h
after irradiation, which was not observed in our study (3, 73, 74).
Linear regression analysis showed that the number of DNA
DSBs increases linearly with the IR dose. The slopes in SHEDs,
DFSCs and SCAPs ranged from 0.019 to 0.026 DNA DSBs per
mGy. This is equivalent to 19–26 DNA DSBs per Gy, which is
consistent with data published previously (24, 78–81).

The formed DNA DSBs did not affect cell cycle progression
in SCAPs, but we did observe a slight G2/M phase arrest in
SHEDs 72 h following 100 mGy exposure. Although this increase
was minimal, it was statistically significant. This is in line with
previous publications indicating that cells exhibit G2/M phase
arrest following exposure to high IR doses (37–39, 47). However,
there are data indicating that exposure to high doses of IR results
in G1 arrest in mesenchymal stem cells (75). Furthermore, the
lack of cell cycle changes in SCAPs is in line with data from
Kurpinski et al., who also observed no changes in cell cycle
distribution in bone marrow mesenchymal stem cells following
X-irradiation with 100 mGy (82). Our data, taken together with
data from literature, indicate that the effect of X-irradiation on
cell cycle progression is cell type dependent.

Our cell cycle data reveal minimal changes in the G1/G0 phase
of the cell cycle. However, our data show for the first time a
significant decrease in the amount of quiescent or G0 phase cells
in SHEDs 72 h after X-irradiation with 100 mGy (dose rate: 900
mGy/h). This would indicate that if the amount of G1/G0 phase
remains constant, but the amount of G0 phase cells decreases,
that the amount of G1 phase cells increase proportionally to the
decrease of G0 phase cells. This indicates that low doses of IR
stimulate SHEDs to re-enter the cell cycle. It has been described
that certain extrinsic stresses such as IR-induced reactive oxygen
species, which are generated by radiolysis of water following IR
exposure, can stimulate stem cell to re-enter the cell cycle (83).
This could, at least partly, explain our observations.

Finally, we did not observe radiation-induced cellular
senescence following exposure to low doses of IR except for
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SHEDs where a slight increase in G2/M arrest was observed
72 h after irradiation with 100 mGy (dose rate: 900 mGy/h).
However, our data clearly showed a time-dependent induction
of senescence. This was seen both in results from the X-gal
assay, which is considered the gold standard, as in analysis of
the SASP. It has been reported before that high doses of IR
can induce cellular senescence in mesenchymal stem cells (47–
49, 51, 84). However, evidence of low dose IR-induced senescence
is scarce (3, 85) and contradict our data. On the other hand,
there are studies that support our findings (74, 86). Due to these
contradicting data and the fact that low dose radiation-induced
senescence is poorly investigated, it is impossible to conclude at
this time whether low doses of IR do cause cellular senescence
in these cell or not. More detailed studies on this matter are
warranted (13).

In addition, future research from our studywould benefit from
the investigation of cell apoptosis and cell proliferation. Indeed,
analysis of cell apoptosis would increase our understanding if
after DNA damage the processes of cell death are triggered
or not. Analysis of cell proliferation would confirm the results
shown with the analysis of the cell cycle and could highlight
a possible change in proliferation as a result of DNA damage.
Other techniques for investigating cellular senescence, such as
looking at different protein levels by Western Blotting, would
clarify the relationship between senescence and cell cycle status
after low dose IR. Differentiation potential after low dose IR
exposure would also be an additional point to investigate. In
conclusion, we found that exposure of dental mesenchymal
stromal cells to low doses of X-rays with medical imaging
beam settings (<100 mGy; 900 mGy/h) results in the induction
of DNA DSBs and that the number of DNA DSBs increases
linearly with the radiation dose. After 24 h, these DNA DSBs
are efficiently repaired and returned to baseline levels. Yet, how
these initial DNA DSBs affects long-term functionality of dental
mesenchymal stromal cells is inconclusive. We report for the first
time, to the best of our knowledge, that exposure to low IR doses
results in an acute dose-dependent decrease in the number of
quiescent SHEDs and SCAPs, which is still observed 72 h after
irradiation after X-irradiation in SHEDs. However, we did not
find adverse effects on cell cycle progression. No persistent cell
cycle changes, nor induction of premature cellular senescence
were observed. Although this is in line with previous studies,
there are also studies indicating that low doses of IR, albeit
with different beam qualities, can cause cell cycle arrest and
senescence. Our data highlight the need for more detailed and
extensive studies on the effects of exposure to low doses of IR as
used in CBCTs.
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Critical Regulator by Targeting
IGF2BP3 mRNA
Hainan Zhao1,2†, Suhe Dong3†, Jicong Du1†, Penglin Xia1, Ruling Liu1, Tingting Liu1,
Yajie Yang4, Ying Cheng1, Jianming Cai1, Cong Liu1*, Fu Gao1* and Hu Liu1*

1 Department of Radiation Medicine, Faculty of Naval Medicine, Second Military Medical University, Shanghai, China,
2 Department of Radiology Intervention, Changhai Hospital Affiliated to the Second Military Medical University, Shanghai,
China, 3 PLA Rocket Force Characteristic Medical Center, Beijing, China, 4 College of Basic Medicine, Second Military
Medical University, Shanghai, China

Ionizing radiation is one of the common environmental carcinogens. miRNAs play critical
roles in the processes of tumor occurrence, development, metastasis. However, the
relationship between radiation-induced carcinogenesis and miRNA rarely reported. This
study is aimed to investigate the effect of miRNAs on radiation-induced carcinogenesis. In
this study we established the radiation-induced thymic lymphoma mice model. By using
miRNA array of RTL tissue and predicting for miRNAs target genes, a miRNA-mRNA
crosstalk network was established. Based on this network, we identified a critical miRNA,
miR-486, which was the most down-regulated in the radiation-induced carcinogenesis.
Then the function of miR-486 was confirmed by using knockout mice and cellular
experiments. As a result, miR-486 could inhibit proliferation of mouse lymphoma cells
by targeting IGF2BP3 mRNA. The adenovirus over-expression miR-486 vector reduced
tumorigenesis in vivo. MiR-486 knockout mice have a strong tendency of radiation-
induced carcinogenesis. In conclusion, miR-486 inhibits the proliferation of lymphoma
cells and tumorigenesis induced by radiation through targeting IGF2BP3.

Keywords: ionizing radiation, radiation-induced thymic lymphoma, miR-486, miRNA-mRNA regulatory
network, IGF2BP3
BACKGROUND

Carcinogenesis couldbe inducedbyenvironmental factorswhichmainly includephysical, chemical, and
biological factors, and ionizing radiation is one of the common physical carcinogens (1–3). Radiation-
induced carcinogenesis is the late effects of irradiation exposure and shares a very complicated process
involving genomic instability and abnormal signal transduction pathways (4–6). Radiation-induced
Abbreviations: RTL, radiation-induced thymic lymphoma; EL4, mouse lymphoma cells line; miR-486 ASO, miR-negative
control antisense oligo; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes Genomes.
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carcinogenesis has been studied in our lab since 1999, and we
successfully established a radiation-induced thymic lymphoma
(RTL) mice model by using fractionated irradiation. Using this
model, a series of studies have been conductedon themechanismof
radiation-induced carcinogenesis (7).

In recent years, the miRNA is followed with powerful
interests. miRNAs play critical roles in the processes of tumor
occurrence, development, metastasis, and miRNA generation (8,
9). However, the relationship between radiation-induced
carcinogenesis and miRNA expression is rarely revealed.
Benefited by the model of RTL, we had reported the roles of
MiR-21 (10) and MiR-467 (11) an RTL since 2011. However, the
critical miRNAs are still unclear.

With the development in molecular biology and
bioinformatics, more and more studies have verified the roles
of miRNAs in cancer. The identification of miRNA-mRNA
regulatory modules has proven to be important for
understanding cellular systems. It is already found that one
miRNA could target multiple mRNAs meanwhile one mRNA
could be regulated by several miRNAs (12). Therefore the
identification of critical miRNAs in RTL may depend on a
mass of miRNA/mRNA data and exact bioinformatics analysis.

In this study, we performed genome-wide mRNA and
miRNA expression profiling studies between RTL and normal
thymus tissues. By constructing regulatory network between
miRNAs and their targets, we screened out the miR-486 as the
potential regulator in the process of RTL. Further, the effect of
miR-486 on mouse lymphoma cells was investigated and its
target gene was identified.
MATERIALS AND METHODS

Mice and Treatment
Four-week-old female BALB/c mice (Chinese Academy of Sciences,
Shanghai), China) were housed in a specific pathogen free facility.
The RTL model and 60Co g-ray whole body irradiation were
described as our previous work (10). In short, un-anaesthetized
mice were placed in well ventilated plastic boxes and exposed to
ionizing radiation. The RTL model was induced by 60Co g-ray
whole body irradiation with fractional dose of 1.75 Gy. The total
irradiation dose was 7.0 Gy dividing into four times and dose rate
approached to 0.58 Gy/min. The split irradiated mice (n = 400) and
non-irradiation group (n = 100) were examined daily. Subsequently,
RTL tissues and parallel non-irradiated thymus tissues were
randomly selected as paired samples. RNAs and proteins were
extracted to quantify their expression.

Sample Processing
Once establishment of RTL, the mice were sacrificed after
being anaesthetized with 1% pentobarbital sodium. Then the
tissues of RTL and normal thymus were removed to divide
into three portions. One portion was placed in 10% formalin,
and subsequently was performed H&E staining and
immunohistochemical staining. Another part of samples was
extracted RNA and proteins to detect their expression by RT-
Frontiers in Oncology | www.frontiersin.org 262
PCR andWestern blotting. The remains were conducted Affymetrix
miRNA chip and mRNA sequencing.

Cell Culture and Transfection
Mouse lymphoma cells line (EL4), obtained from Chinese Academy
of Sciences (Shanghai, China), was cultured at 37°C in a humidified
atmosphere of 5% CO2 with 1640 Medium (PAA Laboratories)
containing 10% fetal bovine serum (PAA Laboratories). MiR-486
mimics, miR-NC mimics (miR-negative control mimics), miR-486
ASO (miR-486 antisense oligo), and miR-NC ASO (miR-negative
control antisense oligo) were obtained fromGene pharma company
(Shanghai, China). The cells were planked originally in the 24 wells
plate with density of 0.5–2 × 105/well. When the planked cells reach
to 80%, miRNAs were transfected using Lipofectamine 2000
(Invitrogen). Specific procedure of transfection was in accordance
with previous study (13).

Cell Viability Test
The cell viability was detected by CCK-8 assay. Firstly, EL4 cells
were seeded in a 96-well plate with the density of 5,000/well.
Twenty-four hours after transfection the plates were added CCK-
8 reagent (DOJINDO Biochemical reagent Company, CK04).
Culturing 1 h, then the OD value was measured to indicate
cell viability.

Apoptosis Detection
The apoptosis of EL4 cells were determined by flow cytometry.
Twenty-four hours after irradiation of 8 Gy, the EL4 cells were
digested and stained using Annexin V-FITC/PI Cell Apoptosis
Detection Kit (TransGen Biotech Corp., Ltd, Beijing, China) for
20 min, then flow cytometry was used to analyze apoptosis rate
of EL4 cells.

RNA Extraction and miRNA/mRNA Array
Total RNA was isolated from thymic lymphoma tissues and normal
thymus tissues using Trizol (Invitrogen, USA) according to the
manufacturer’s instructions (14). Reverse Transcription and qPCR
was subsequently performed in triplicate using the mi Script RT Kit
and mi Script PCR system (Qiagen). Relative quantities of each
miRNAwere calculated using the DDCt method after normalization
with endogenous reference U6-small nuclear RNA.

Normal and RITL tissues were sent to Capital Bıó Company
(Beijing, China) for miRNA biochip analysis. The miRNA gene
chip used in this experiment is a commercial miRNA
oligonucleotide expression profile designed by Agilent based
on the miRNA sequence of the database (Sanger miRBase
release 16.0: http://microrna.sanger.ac.uk/sequences/,
AgilentTechnolo gies) Chip (8×60K). The chip contains probes
for human miRNA (1,205 in total) and human virus miRNA
(142 in total), which basically covers the currently known human
miRNA. This chip is highly sensitive and specific, and can also
distinguish mature and precursor miRNAs.

The mRNA chip covers 30,656 human genes and transcripts.
It basically covers mRNAs with known functions. The design of
each probe is optimized through trial and error, and the average
data has more reliable statistical significance, which improves the
accuracy of chip detection.
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miRNA/mRNA Microarray Data Analysis
The differential miRNAs were screened using the SAM software
from Agilent Inc., which provides a variety of powerful statistical
tools that can be used to analyze differential gene expression. This
software could normalize the miRNA expression profile data, and
then screen the difference genes between groups. Optionally, log2FC
and the absolute value of the multiple of the difference between
groups were used to represent the multiple of difference. It is
required that [log2FC] > 1.0 and P < 0.001, and the two sets of
data used for comparison have at least one set of data. Fifty percent
of the samples are not Not Detected.

The SAM software was used to normalize the mRNA
expression profile data. The difference of mRNA between
groups was screened using log2FC and the absolute value of the
multiple of difference between groups to represent the multiple of
difference, and the filtrated criterion as: (1) p-value ≤0.05 and
Fold Change ≥5 in up-regulated mRNAs; (2) p-value ≤0.05 and
Fold Change ≤0.2 in down-regulated mRNAs.

Correlation Analyses of miRNA-mRNA
Expression
The MAGIA online software was used to conduct correlation
research on the miRNA-mRNA expression. First, the
standardized data of the differential miRNA and mRNA is
converted into.txt format. In this study, the same sample is
used for the detection of miRNA and mRNA chip. Using the
MAGIA official website (http://gencomp.bio.unipd.it/magia/
start), a Pearson correlation analysis was conducted. calculation
for the parameter setting (P < 0.05). Then we can select the
miRNA/target stored in the TargetSCan prediction library Gene
association database, and imported the txt file. MAGIA software
will integrate the miRNA and mRNA differential expression
profile chip data to obtain mutually regulated miRNA-mRNA
set. The node status and degree distribution of the miRNA-
mRNA regulatory network could be analyzed. The distribution of
a node refers to the number of adjacent nodes or connected edges
that the node catch. The more neighbors associated with a node
means that the influence on other factors in the network is
more extensive.

Plasmids
The murine IGF2BP3 over-expression vector was generated
by introducing the full length murine IGF2BP3 cDNA into
the pcDNA3.1 vector (Invitrogen) in a method like many
published papers (13, 15). All PCR products were verified by
DNA sequencing.

Luciferase Assay
Luciferase system was used to detect activity of miR-486 in
IGF2BP3 3’ UTR. First, the cells were transfected the suitable
plasmid in the 24-well plate. Then, cells were collected to test
luciferase assay 48 h after transfection with a reporter plasmid
containing IGF2BP3 wt-3’UTR and a plasmid expressing renilla
luciferase. Using the luciferase detection kit (e1910, Promega)
luciferase detection was performed based on the manufacturer’s
protocol (16).
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Enzyme-Linked Immunosorbent Assay
IGF2BP3 secreted from EL4 cells was detected by ELISA. Briefly,
the supernate of EL4 cells was collected to measure the contents
of IGF2BP3 by ELISA kit (R&D Systems, America). According to
the establishment of standard curve, secreted IGF2BP3 level
could be quantified.

Histopathology and
Immunohistochemistry
The fixed femur and spleen were thoroughly washed using 0.01
M PBS (pH 7.4) and embedded in paraffin. Paraffin sections cut
at a 4 mm thickness for HE. The changes of histopathology were
visualized by optical microscope (×200). Immunohistochemistry
analyses were performed using paraffin sections. IGF2BP3
expression was investigated. The tissues were incubated in
primary antibodies overnight at 4°C and then in horseradish
peroxidase (HRP)-conjugated secondary antibodies.
Immunoreactive cells were visualized using DAB.

Functional Annotation
To gain insights into the biological functions of these miRNA
target genes, the Gene Ontology (GO) classification was
performed. Kyoto Encyclopedia of Genes Genomes (KEGG)
was used to analyze the potential pathway of miRNA target
genes. The online based software GENECODIS was utilized for
those functional annotation (17).

Tumorigenesis Assay In Vivo
48 hours after infection with the ad-virus or negative control,
EL4 cells (1 × 106) were subcutaneously injected into the backs of
NOD/SCID mice. The tumor formation incidences and the
tumor size were measured twice weekly for 30 days.

Statistical Analysis
Two class unpaired method in SAM was used to analyze
expression profile chip. Student’s t-test was utilized to compare
the difference between experimental groups and relevant
controls. Data were represented as mean ± SD and P < 0.05
was considered significant.
RESULT

miRNAs Expression Profile Analysis and
Q-PCR Validation in Radiation-Induced
Thymic Lymphoma Tissues of Balb/c Mice
Firstly, we detected the miRNA expression in RTL tissue and
normal thymus tissue using Affymetrix miRNA chip. Cluster
analysis was performed to analyze the result of miRNA chip and
demonstrated a significant difference between RTL tissue and
normal thymus tissue. Then the SAM software statistical analysis
was further used to select objective miRNAs ([log2FC] > 1.0 and P <
0.001). As a result, 63 miRNAs were screened out, of which 44
miRNAs were up-regulated and 17 miRNAs were down-regulated
(Figure 1A, Table S1). Next, the mRNAs expression between RTL
tissues and normal thymus tissues were performed by mRNA array.
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A

B

D E

F G
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FIGURE 1 | miRNAs expression profile analysis, Q-PCR validation, and establishment of miRNA-mRNA network in RTL tissues of Balb/c mice: (A) The miRNAs
expression between mouse normal thymus tissues and RTL tissues were primarily screened by using miRNA array (n = 3 mice, each group). Green bar indicates
down-regulated miRNA and Red Bar indicates up-regulated miRNA. (B) show all differentially expressed mouse genes in RTL tissues (T) versus normal tissues
(C) using mRNA array (n = 3 mice, each group). Red bar: up-regulated genes; Blue bar: down-regulated genes. (C) show different locus of different genes on the
chromosome, and different color labeling can clearly show the difference information of different groups. The expression of miRNA was verified by Q-PCR. Up-
regulated miRNA (D) and down-regulated miRNA (E) were displayed. Combined the predicted genes and achieved mRNA expression profile, the genuine miRNA
targets were finally revealed. Subsequently miRNA target gene pairs with an inverse correlation of expression formed the miRNA-mRNA regulatory network in up-
regulated miRNAs (F) and in down-regulated miRNAs (G).
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Data were statistical analyzed by SAM software and data were
filtrated as criterion: (1) p-value ≤0.05 and Fold Change ≥5 in up-
regulated mRNAs; (2) p-value ≤0.05 and Fold Change ≤0.2 in
down-regulated mRNAs. As a result, 49 up-regulated and 46 down-
regulated mRNAs in RTL tissues were selected (Figure 1B and
Table S2). Further, all these differently expressed mRNAs were
located on the corresponding chromosomes. As shown in Figure
1C, the three inner circles indicated control groups (normal thymus
tissues) and the three outer circles represented RTL tissues. As a
result, there were no significant differences between the 20 pairs
of chromosomes.

To figure out the biological roles of differently expressedmRNAs,
the GO classification enrichment analysis was performed.We found
that transcription, DNA templated was significantly enriched in
biological processes (Figure S1A), cytoplasm was indicated as most
enriched cellular component (Figure S1B) and protein binding was
focused as molecular functions (Figure S1C). Besides, KEGG
pathway enrichment analysis was performed to indicate
significantly difference between RTL tissues and normal thymus
tissues. Hypergeometric test with p value <0.05 were used as the
criteria for pathway detection. Finally, the most significant pathway
was referred in cancer pathway (Figure S1D).

Finally, 26 miRNAs were validated by Q-PCR. Compared
with the normal thymus tissues, miR-762, miR-714, miR-467a,
miR-699, miR-685, miR-181d were most significantly up-
regulated in RTL tissues (Figure 1D), while miR-143 and miR-
486 were most obviously down-regulated (Figure 1E), of which
miR-486 had the highest fold change.

Prediction for miRNAs Target Genes and
Establishment of miRNA-mRNA
Regulatory Network
Based on the screened and validated 26 miRNAs, we conducted
their target genes prediction using four bioinformatic algorithms
(TargetScan, miRanda, PicTar, miRBase) and a total of 1,070
target genes were obtained. Combined the predicted genes and
achieved mRNA expression profile, the genuine miRNA targets
were finally revealed. As a result, 761 miRNA target gene pairs
with an inverse correlation of expression were formed and
miRNA-mRNA regulatory network was accordingly established
(Figures 1F, G). In this network, miR-486, miR-152, miR-200c,
miR-181d, and miR-467 demonstrated the highest connectivity.

miR-486 Was Potential Tumor Suppressor
and Inhibited the Proliferation of Mouse
Lymphoma Cells (EL4)
The miRNA-mRNA regulatory network demonstrated that miR-
486 had one of the highest connectivity indicating its critical roles
in development of RTL. In addition, miRNAs expression profile
had revealed that miR-486 was the most down-regulated miRNA.
Many studies had confirmed the association betweenmiR-486 and
cancer, such as breast cancer (18), hepatocellular carcinoma (19).
In this study the role of miR-486 in thymic lymphoma was
investigated. The mouse lymphoma cell EL4 was used to study
the effect of miR-486 on the proliferation of EL4 cells. By
transfection of miR-486 mimics (miR-486) and recombinant
Frontiers in Oncology | www.frontiersin.org 565
adenovirus miR-486 (Ad-miR-486), the expression of miR-486
was up-regulated (Figure 2A) and subsequently significantly
inhibited the viability of EL4 cells compared with miR-NC
group (Figure 2B). In contrast miR-486 ASO (miR-negative
control antisense oligo) significantly promoted EL4 cells
proliferation and rescued their vitality (Figure 2C).

miR-486 Increase Sensitivity of Mouse
Lymphoma Cells (EL4) to Irradiation
Next, we investigated the effect of miR-486 on radiation sensitivity
of EL4. Here, we mainly studied the effects of miR-486 on
apoptosis, cell cycle, and autophagy after irradiation exposure,
which are the important radiobiological effects. Twenty-four hours
after being transfected withmiR-486mimics or miR-NC, EL4 cells
were received 8Gy irradiation exposure. The autophagy, cell cycle,
and apoptosis were detected at 12 and 24 h, respectively. The
results showed that irradiation can induce apoptosis (Figures 3A,
B), cause G2/M phase arrest (Figures 3C, D), and increase cell
autophagy (Figure 3E, conversion of LC3 I to LC3 II increases).
miR-486 significantly up-regulated apoptosis (Figures 3A, B) and
increased cycle arrest (Figures 3C, D), and increase cell autophagy
(Figure 3E, conversion of LC3 I to LC3 II increases) after
irradiation exposure, but it had no obvious effect on cell
autophagy (Figure 3E). These results indicated that miR-486
can not only inhibit the proliferation of EL4, but also increase
its sensitivity to radiation, suggesting that miR-486 plays an
important role in radiation-mediated tumor injury.

IGF2BP3 Was Identified as miR-486 Target
At present, it is believed that miRNA plays a critical biological
function by targeting specific mRNA and subsequently
degrading it. Previous experiments had suggested miR-486 as
pivotal regulator in RTL development. Further, we try to find the
target mRNA of miR-486 to clarify involved mechanism.
Prediction for miRNAs target genes had involved 37 genes for
miR-486 (Table 1), of which IGF2BP3 had the highest fold
change (3.87), which reminded us that miR-486 might work by
targeting IGF2BP3 genes.

To verify above speculation, the mRNA and protein
expression of RTL tissues were detected by RT-PCT assay and
ELISA respectively. The results demonstrated that mRNA and
protein of IGF2BP3 were highly expressed in RTL tissue
compared with normal thymus tissue (Figures 4A, B). Next,
Luciferase (DLR) assay was carried out to test the IGF2BP3
mRNA activity. A mouse 3 ‘UTR of IGF2BP3 gene named p-P16
YUTR was established and consequently miR-486 was confirmed
to inhibit the 3 ‘UTR activity of IGF2BP3 mRNA (Figure 4C).
ELISA verified the reduced IGF2BP3 secretion from EL4 cells
transfected with miR-486 mimics (miR-486) and recombinant
adenovirus miR-486 (Ad-miR-486), while miR-486 ASO (miR-
486 antisense oligo) rescued the secretion of IGF2BP3 (Figure
4D). To further confirm IGF2BP3 effect, we measured the
viability of EL4 cells and detected apoptosis induced by 8 Gy
of irradiation. The results demonstrated that over-expression of
miR-486 could significantly inhibit the viability and increase
radiation-induced apoptosis of EL4 cells, while added
February 2021 | Volume 10 | Article 574001
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recombinant IGF2BP3 could rescue EL4 cell viability and reduce
apoptosis (Figures 4E–G). Above results fully demonstrate that
IGF2BP3 is the target of miR-486, and miR-486 can inhibit the
proliferation of lymphatic cancer cells by inhibiting the
expression of IGF2BP3.
COMBINED SEQUENCES OF MIR-486
TARGETING IGF2BP3 3 ′UTR REGION

Information retrieval demonstrated that miR-486 contained two
complementary sequences within IGF2BP3 mRNA 3’UTR. To
further clarify the functional sequences, we performed IGF2BP3
mRNA 3’UTR mutation vector experiments with construction of
one wild-type and three 3’UTR mutant vectors of IGF2BP3 gene
in which MUT1 was 899th C into A, and the 901bpG will be
replaced by A; MUT2 was 931bp C into A, and the 933bp G for
A; MUT3 was MUT1 and MUT2 combination (Figure 4H). The
results showed that both MUT1 and MUT2 could weaken the
inhibition of miR-48 to IGF2BP3 3 ‘UTR region, and MUT1 was
stronger than MUT2 (Figure 4I), which indicated that miR-486
plays a role by inhibiting both two complementary sequences
(896-903bp and 928-934bp) in the 3 ‘UTR region of IGF2BP3.
Frontiers in Oncology | www.frontiersin.org 666
THE ADENOVIRUS OVER-EXPRESSION
MIR-486 VECTOR REDUCED
TUMORIGENESIS IN VIVO

To evaluate the effects of miR-486 on tumorigenicity, EL4 cells
were infected with an adenovirus vector of miR-486 to over-
express miR-486. As described above, the validation of increased
miR-486 level was done (data not shown). Then, 1 × 106 infected
EL4 cells were injected into the back of five NOD/SCID mice 48 h
after adenovirus vector infection, and cells infected with the
adenoviral vector were similarly injected into the control mice.
We examined all mice with lymphoma and found that the EL4/
Ad- miR-486 cells formed smaller tumors than these in the EL4/
Ad-NC group (Figures 5A, B, C). To understand the effects of
miR-486 on cell proliferation, we used Ki67 staining to evaluate
the proliferation of tumor and found that tumors proliferation was
significantly decreased in the miR-486 group compared with the
NC group (Figure 5D). Then we detected the levels of IGF2BP3
and IGF2 by using immunohistochemistry assay. The results
showed that the number of IGF2BP3+ and IGF2+ cells per
screen was decreased in miR-486 group compared with the NC
group (Figures 5D, E). These results suggested that miR-486
exhibited a strong suppressive effect on lymphomagenesis in vivo.
A

B C

FIGURE 2 | MiR-486 inhibits the proliferation of mouse lymphoma cells (EL4). Synthetic double-stranded DNAs, which code miR-486 mimics, miR-NC mimics (miR-
negative control mimics), miR-486 ASO (miR-486 antisense oligo), and miR-NC ASO (miR-negative control antisense oligo), were transfected into EL4 cells. The miR-
486 expression was detected (A) and cell viability was tested at different time points after transfection (B, C). *P < 0.05, **P < 0.01.
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MIR-486 KNOCKOUT MICE HAVE A
STRONG TENDENCY OF RADIATION-
INDUCED CARCINOGENESIS

In order to better study the role of miR-486, we established miR-
486 knockout mice. The RTL model and 60Co g-ray whole body
irradiation were described in our previous work. Compared with
the wild-type mice, the tumor incidence of miR-486 knockout
mice were significantly increased, indicating that miR-486
knockout promoted the occurrence of radiation carcinogenesis
(Figure 6A). The tumor volumes of miR-486 knockout mice
were larger than those of wild-type mice, which indicated that
miR-486 knockout could promote tumor growth in vivo (Figures
6B, C). The immunohistochemistry results showed that the
positive rate of Ki67 in tumor tissues of miR-486 knockout
mice was significantly higher than that of the control group,
indicating that miR-486 knockout could promote tumor
Frontiers in Oncology | www.frontiersin.org 767
proliferation (Figure 6D). And the positive rates of IGF2BP3
and IGF2 were also higher than that of wild type mice, indicating
that by miR-486 knockout, the inhibitory effect on IGF2BP3 was
significantly attenuated, and the expression of IGF2BP3 could
promote the expression of IGF2 (Figures 6D, E).
INVOLVED SIGNAL PATHWAYS OF MIR-
486 TARGETING IGF2BP3 IN REGULATING
RADIATION CARCINOGENESIS

Based on the determination of miR-486 targeting IGF2BP3 to
regulate radiation carcinogenesis, we further explored its possible
downstream signaling molecular pathways. According to the
results suggested by our previous GO analysis of mRNA
expression profile (Figures S1A–C) and KEGG pathway
(Figure S1D) analysis, the cell cycle pathway (Figure S2A),
A

B

D
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C

FIGURE 3 | miR-486 increase sensitivity of mouse lymphoma cells (EL4) to irradiation: 24 h after being transfected with miR-486 mimics or miR-NC, EL4 cells were
received 8 Gy irradiation exposure. At 24 h, the apoptosis of EL4 cells were detected by flow cytometry (A, B). Twelve hours after irradiation, the cell cycle was
analyzed by flow cytometry (C, D) and the expression of LC3 was detected to indicate autophagy by western blotting (E) *P < 0.05, **P < 0.01.
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apoptosis signaling pathway (Figure S2B), and P53 signaling
pathway (Figure S2C) were indicated as the most significant
signaling pathway to regulate radiation-induced carcinogenesis.
To validate above results, we further investigated the expression
of IGF2BP3, IGF2, PI3Ka, PI3Kr, PI3K3, PI3K100, P85, AKT,
and mTOR (these proteins were important indicators of cell
cycle pathway, apoptosis pathway and P53 signaling pathway) in
EL4 cells with/without miR-486 mimics by western blotting
experiments. As a result, miR-486 mimics down-regulated the
expression of IGF2BP3 (Figure 7A), concomitantly inhibit the
expression of cell cycle related proteins D1, D3, CDK2, CDK4,
CDK6, P21, P27 other proteins (Figures 7B, C), indicating that
miR-486 may inhibit the proliferation of EL4 cells by regulating
the cell cycle.
DISCUSSION

With the wide application of nuclear energy, ionizing radiation
exposure becomes increasingly common. The atomic bombings
are the most dangerous environmental factor while it does not
Frontiers in Oncology | www.frontiersin.org 868
happen easily. Epidemiological studies of the survivor of the
Hiroshima and Nagasaki atomic bombings provide strong
evidence that high doses and high dose rates of radiation
increase the risk of solid cancers and leukemia. In addition,
increased risk has also been demonstrated in cohorts of radiation
workers who have been exposed to lower doses of radiation
generally and over extended periods of time. Radiation-induced
carcinogenesis is one of the late effects of ionizing radiation and
is also the nuclear great concern from professionals and people
(2). Since 1999 our laboratory began to study the mechanism of
radiation-induced tumor and successfully established fractional
irradiation induced thymic T lymphoma model in Balb/c mice.
Using this mice model, we identified and validated some genes
involved in RTL development. However, most of these studies
mainly focused on genes and proteins.

Recent studies showed that the expressions of miRNAs are
closely related to tumor occurrence, development, metastasis, and
prognosis (8, 9), but there are few reports on radiation induced
carcinogenesis. Through the analysis, screening, and validation of
miRNA expression profiles, our team reported the roles of miR-21
and miR-467 in radiation-induced mouse thymus T lymphoma in
TABLE 1 | Target genes corresponding to miR-486 by miRNA-mRNA association analysis.

microRNA Ratio_microRNA mRNA_Symbole Ratio_mRNA Database source

mmu-mir-486 0.17 RTKN 3.62 Sanger
mmu-mir-486 0.17 IGF2BP3 3.87 Sanger
mmu-mir-486 0.17 ITGA9 2.12 Sanger
mmu-mir-486 0.17 TANC1 2.27 TargetScan
mmu-mir-486 0.17 SKP2 2.05 Sanger
mmu-mir-486 0.17 9530058B02RIK 2.82 Sanger
mmu-mir-486 0.17 AGPAT2 2.84 Sanger
mmu-mir-486 0.17 FARSB 2.12 Sanger
mmu-mir-486 0.17 RPL14 2.58 Sanger
mmu-mir-486 0.17 MICAL3 2.3 Sanger
mmu-mir-486 0.17 2700023E23RIK 2.83 Sanger
mmu-mir-486 0.17 FSTL1 2.29 Sanger
mmu-mir-486 0.17 PCCA 2.19 Sanger
mmu-mir-486 0.17 XRCC5 2.04 Sanger
mmu-mir-486 0.17 STOML2 2.26 Sanger
mmu-mir-486 0.17 BIVM 3.6 Sanger
mmu-mir-486 0.17 TREX1 2.72 Sanger
mmu-mir-486 0.17 ELFN2 2.05 TargetScan
mmu-mir-486 0.17 SRM 3.43 Sanger
mmu-mir-486 0.17 PSRC1 2.96 Sanger
mmu-mir-486 0.17 IMPDH2 2.07 Sanger
mmu-mir-486 0.17 DENND2D 2.4 Sanger
mmu-mir-486 0.17 THOP1 2.65 Sanger
mmu-mir-486 0.17 CAD 2.97 Sanger
mmu-mir-486 0.17 TMEM132A 3.12 Sanger
mmu-mir-486 0.17 SSBP4 2.06 Sanger
mmu-mir-486 0.17 ABCB6 2.47 Sanger
mmu-mir-486 0.17 ATIC 2.69 Sanger
mmu-mir-486 0.17 SERPINF1 2.37 Sanger
mmu-mir-486 0.17 A230050P20RIK 2.12 Sanger
mmu-mir-486 0.17 DYX1C1 2.05 Sanger
mmu-mir-486 0.17 PYCR2 3.18 Sanger
mmu-mir-486 0.17 GSTZ1 2.39 Sanger
mmu-mir-486 0.17 DCLRE1A 2.12 Sanger
mmu-mir-486 0.17 NIF3L1 2.24 Sanger
mmu-mir-486 0.17 CTDSPL 2.96 TargetScan
mmu-mir-486 0.17 WSCD1 2.01 Sanger
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FIGURE 4 | IGF2BP3 was identified as miR-486 target: Prediction for miRNAs target genes had involved 37 genes for miR-486 (Table 3), of which IGF2BP3 had highest
fold change (3.87). Thus, the role of IGF2BP3 in RTL was investigated. Using the RTL tissues and normal thymus tissues, their expressions of IGF2BP3 mRNA and
protein were detected by QT-PCR and ELISA respectively (A, B). EL4 cells were transfected with synthetic double-stranded DNAs, which code miR-486 mimics, miR-NC
mimics (miR-negative control mimics), miR-486 ASO (miR-486 antisense oligo), and miR-NC ASO (miR-negative control antisense oligo). At 48 h after transfection a
reporter plasmid containing IGF2BP3 wt-3’UTR and a plasmid expressing renilla luciferase were co-transfected into EL4 cells. Luciferase activities were measured at 48 h
after transfection with the plasmids (C); Secreted content of IGF2BP3 from EL4 cells (D) and cells viability (E) were also detected by ELISA and CCK-8 assay
respectively. With the irradiation (8 Gy) the apoptosis of EL4 cells was induced. Then 24 h after irradiation exposure the apoptosis rate of EL4 cells was detected by flow
cytometry (F, G). Predicted wild type (WT) and mutant (MUT) miR-486 binding sites at mouse IGF2BP3 mRNA 3’UTR (H). Forty-eight hours after transfection with a
reporter plasmid containing IGF2BP3 mut-3’UTR and a plasmid expressing renilla luciferase, the luciferase activities of EL4 were measured (I). *P < 0.05.
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FIGURE 5 | Effect of over-expression of miR-486 on tumorigenesis in nude mice. After inoculation with EL4 cells, the tumor weight and volume were measured
(A–C). By immunohistochemistry analysis, the expression of IGF2BP3 and IGF2 were detected (D, E). *P < 0.05, ***P < 0.001.
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FIGURE 6 | MiR-486 knockout mice has a strong tendency of radiation-induced carcinogenesis. MiR-486 knock out mice were subjected to 60Co g-ray whole body
irradiation with fractional dose of 1.75 Gy. The total irradiation dose was 7.0 Gy dividing into four times and dose rate approached to 0.58 Gy/min. The occurrence of
radiation-induced carcinogenesis was observed and recorded (A). Subsequently, the tumors were taken to compare volume and weight (B, C).
By immunohistochemistry the expression of IGF2BP3, IGF2, and Ki67 were detected (D, E). *P < 0.05.
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the early stage (10, 11). MiRNAs play biological roles by targeting
corresponding mRNAs. One miRNA could target multiple genes,
meanwhile one mRNA could also be regulated by several miRNAs
(12). Thus, the miRNA-mRNA regulation forms a complicated
crosstalk network, which perplexes searching critical miRNAs.
Benefited by high-throughput screens and bioinformatic analysis,
in recent years, we have approaches to effectively detect the target
miRNAs or genes from the complex, interlocking, and interacted
network (20).

Firstly, miRNA expression profile analysis was performed to
screen out 63 differential expressed miRNAs, and 26 miRNAs
were validated by Q-PCR assay. Compared with the normal
thymus tissues, miR-762, miR-714, miR-467a, miR-699, miR-
685, miR-181d were the most significant up-regulation in RTL
tissues, whereas miR-143 and miR-486 were obvious down-
regulated (21–23), and we had verified the up-regulation of
miR-467 in RTL (11). Despite the function of these miRNAs
have been proven, miR-486 demonstrated the highest fold
change in down-regulation suggesting its critical role in
development of RTL.
Frontiers in Oncology | www.frontiersin.org 1171
Next, the mRNAs expressions in RTL tissues were investigated
with mRNA array and 49 up-regulated and 46 down-regulated
mRNAs in RTL tissues were identified. Besides, to clarify the
functions of these differential expressed mRNAs, the GO
classification and KEGG pathways analysis were performed.
Then the transcription, DNA templated was significantly
enriched for biological processes, and cancer pathway was
recommended as most significant pathway. This analysis
forcefully indicated that the differential expressed mRNAs are
related to cancer development.

Based on the screened and validated 26 miRNAs, their target
genes were predicted. Combined the predicted genes and
achieved mRNA expression profile, the genuine miRNA targets
were finally revealed. A total of 761 miRNA target gene pairs
with an inverse correlation of expression formed the complicated
miRNA-mRNA network. As expected, the network displayed
that miR-486 was just located in critical regulatory point.
Therefore miR-486 was selected as the research objective.
Actually, miR-486 has been reported as a powerful regulator in
the process of tumor growth (24), metastasis (25), and recurrence
A

B C

FIGURE 7 | Involved signal pathways of miR-486 targeting IGF2BP3 in regulating radiation carcinogenesis. With miR-486 inhibitor and mimics transfection, the
expression of IGF2BP3 was detected by western blotting (A). Besides, proteins of cell cycle pathway, apoptosis pathway and P53 signaling pathway, were also
detected (B, C).
February 2021 | Volume 10 | Article 574001

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zhao et al. miR-486 Inhibits Tumorigenesis
(26). However, the role of miR-486 in radiation-induced
carcinogenesis remains unknown.

Next, by using mouse lymphoma cells (EL4), we test the
biological function of miR-486 and found that overexpression of
miR-486 could significantly inhibit the proliferation of EL4 cells,
confirming that miR-486 is a critical cancer suppressor. We
investigated the target mRNA of miR-486 by using miRNA-
mRNA correlation analysis, and found that 37 associated
mRNAs were involved, in which IGF2BP3 was recognized as
the most significant gene. Luciferase experiments further
demonstrated that the suppressive effect of miR-486 was
dependent on IGF2BP3 mRNA 3’UTR activity, verifying that
miR-486 targets IGF2BP3 mRNA. Considering that miR-486
contained two complementary sequences combining with
IGF2BP3 mRNA 3 ‘UTR, we investigated which one is the
functional area of miR-486. With construction of different
areas of the mutant IGF2BP3 mRNA 3’UTR region, we
demonstrated that both two complementary sequences
(896-903bp and 928-934bp) play an inhibitory role in
IGF2BP3 expression.

To better understand the function of miR-486, we established
adenovirus over-expression miR-486 vector and found that the
EL4/Ad- miR-486 cells formed smaller tumors than these in the
EL4/Ad-NC group. Moreover, the number of IGF2BP3+ and
IGF2+ cells was decreased in miR-486 group compared with the
NC group in vivo. These results suggested that miR-486
exhibited a strong suppressive effect on lymphomagenesis in
vivo. In addition, miR-486 knockout mice were established, and
RIL model was produced as described. Compared with the wild-
Frontiers in Oncology | www.frontiersin.org 1272
type mice, the tumor incidence of miR-486 knockout mice were
significantly increased, indicating that miR-486 knockout
promoted the occurrence of radiation carcinogenesis. The
tumor volumes of miR-486 knockout mice were larger than
those of wild-type mice, which indicated that miR-486 knockout
could promote tumor growth in vivo. The immunohistochemistry
results showed that the positive rate of Ki67 in tumor tissues of
miR-486 knockout mice was significantly higher than that of the
control group, indicating that miR-486 knockout could promote
tumor proliferation. And the positive rates of IGF2BP3 and IGF2
were also higher than that of wild type mice, indicating that by
miR-486 knockout, the inhibitory effect on IGF2BP3 was
significantly attenuated.

Above experiments and results had demonstrated that
microRNA-miRNA network was indeed a novel and effective
strategy to find important target miRNA in various of disease
including radiation-induced tumorigenesis. Moreover, the role of
miR-486 was also confirmed in the development of RTL.
Actually, in recent years, many studies have also shown that
miR-486 plays a very important role in the occurrence and
development of a variety of tumors. For example, Chen H
found that the deletion of the miR-486 genome promotes the
progression of gastric cancer, and the expression level of miR-
486 has a certain reference value for the prognosis of patients
with gastric adenocarcinoma (27). In lung cancer, miR-486 was
down-regulation and some scholars believe that it promotes
tumor invasion and metastasis by targeting ARHGAP5 (25).
For other types of cancer, such as breast cancer, cervical cancer,
osteosarcoma, and liver cancer, miR-486 was also identified as a
FIGURE 8 | Schematic Illustration of Research Content: Radiation down-regulates the expression of miR-486 which target IGF2BP3. IGF2BP3 is an important
molecular to inhibits apoptosis but promotes proliferation of lymphocyte. Finally, the down-regulated miR-486 induces the generation of Thymic Lymphomas by
increasing IGF2BP3 expression.
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critical regulator though their specific mechanism and targets
were different (28–31). However, for above studies, the
investigation of miR-486 was mainly depended on the
expression profile of microRNAs, while rarely using
microRNA-miRNA network analysis. Thus, to our knowledge,
this is the first study that reporting a complete miRNA
expression profile of mouse RTL, moreover, revealing the
mechanism of radio-carcinogenesis, which suggested a novel
potential therapeutic target for RTL (Figure 8).
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Extracellular Vesicles for the
Treatment of Radiation-Induced
Normal Tissue Toxicity in the Lung
Pierre Montay-Gruel1‡, Yafeng Zhu2†‡, Benoit Petit 3, Ron Leavitt 1, Mike Warn1,
Erich Giedzinski1, Jonathan Ollivier3, David A. Sinclair 2, Marie-Catherine Vozenin3*
and Charles L. Limoli 1*

1 Department of Radiation Oncology, University of California, Irvine, CA, United States, 2 Department of Genetics, Blavatnik
Institute, Paul F. Glenn Center for the Biology of Aging Research, Harvard Medical School, Boston, MA, United States,
3 Laboratory of Radiation Oncology, Department of Radiation Oncology, Lausanne University Hospital and University of
Lausanne, Lausanne, Switzerland

Human stem cell-derived extracellular vesicles (EV) provide many advantages over cell-
based therapies for the treatment of functionally compromised tissue beds and organ sites.
Here we sought to determine whether human embryonic stem cell (hESC)-derived EV could
resolve in part, the adverse late normal tissue complications associated with exposure of the
lung to ionizing radiation. The hESC-derived EV were systemically administered to the mice
via the retro-orbital sinus to explore the potential therapeutic benefits following exposure to
high thoracic doses of radiation (14 Gy). Data demonstrated that hESC-derived EV treatment
significantly improved overall survival of the irradiated cohorts (P < 0.001). Increased survival
was also associated with significant reductions in lung fibrosis as quantified by CBCT
imaging (P < 0.01, 2 weeks post-irradiation). Qualitative histological analyses revealed
reduced indications of radiation induced pulmonary injury in animals treated with EV. EV
were then subjected to a rigorous proteomic analysis to ascertain the potential bioactive
cargo that may prove beneficial in ameliorating radiation-induced normal tissue toxicities in
the lung. Proteomics validated several consensus exosome markers (e.g., CD68) and
identified major classes of proteins involved in nuclear pore complexes, epigenetics, cell
cycle, growth and proliferation, DNA repair, antioxidant function, and cellular metabolism
(TCA cycle and oxidative phosphorylation, OXYPHOS). Interestingly, EV were also found to
contain mitochondrial components (mtDNA, OXYPHOS protein subunits), which may
contribute to the metabolic reprograming and recovery of radiation-injured pulmonary
tissue. To evaluate the safety of EV treatments in the context of the radiotherapeutic
management of tumors, mice harboring TC1 tumor xenografts were subjected to the
same EV treatments shown to forestall lung fibrosis. Data indicated that over the course of
one month, no change in the growth of flank tumors between treated and control cohorts
was observed. In conclusion, present findings demonstrate that systemic delivery of hESC-
derived EV could ameliorate radiation-induced normal tissue complications in the lung,
through a variety of potential mechanisms based on EV cargo analysis.
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INTRODUCTION

Compared to stem cell therapies, the ability of extracellular vesicles
(EV) to stimulate regenerative healing while eliminating risks of
teratoma/tumor formation and confounding complications
associated with immune suppression, indicate their potential
translational utility. While regenerative approaches for
implementing stem cell treatments in the context of radiation
injury hold tremendous potential (1), EV circumvent certain stem
cell-based caveats due to their low immunogenicity, long circulating
half-life, and ability to cross the blood-brain barrier (2–4). Recent
work from our laboratory has demonstrated the functional
equivalence of EV and human stem cells in resolving radiation-
induced cognitive dysfunction and associated pathology following
intra-cranial delivery to the irradiated hippocampus (5, 6).

EV are secreted by nearly every mammalian cell type and
contain a wealth of bioactive cargo capable of modulating target
cell physiology and function though a variety of paracrine
signaling mechanisms (7). Depending on such factors as
cellular origin, cargo contents, membrane composition, and
target cell indications, interactions of EV with damaged,
diseased or otherwise compromised tissue beds can promote
functional recovery (3, 7). As membrane bound vesicles, EV are
typically divided into two groups based on size and mode of
formation. Microvesicles (MV) tend to be larger (100 nm–1 µm)
and are directly assembled from cellular contents and released by
outward budding of the cell membrane (8). Exosomes are smaller
(30–100 nm) intraluminal vesicles within endosome-derived
multivesicular bodies (MVB) that then fuse with and release
from the plasma membrane (9). For the resolution of radiation
injury, no clear evidence has demonstrated a therapeutic
advantage of MV over exosomes or vice versa, although there
are many distinctions between these different subclasses of EV
(10). For this reason, EV-based treatments included the full-size
range of vesicles secreted into the conditioned medium.

Migration of EV through the extracellular space or circulation
provides the routes whereby EV can interact with target cells,
presumably through interactions between transmembrane
proteins on the EV and specific receptors on the surface of the
target cell. Recipient cells internalize EV via either fusion with
the plasma membrane or more commonly by endocytosis (11).
This then initiates the functional transfer of critical bioactive
cargo containing lipids, proteins, organelles, and an assortment
of nucleic acids including microRNA (miRNA). The ability of
EV to target and functionally interact within the radiation-
injured tissue bed provides a heretofore unexplored area for
resolving a wide range of dose limiting normal tissue toxicities
assoc ia ted wi th rad ia t ion exposure inc luding the
radiotherapeutic management of cancer. Here, through a series
of proof of principle studies, we highlight the remarkable abilities
of human embryonic stem cell (hESC)-derived EV, delivered
systemically to functionally resolve radiation-induced lung
toxicity, and importantly, without promoting tumor growth.
Furthermore, proteomic analysis of EV contents identified a
variety of potentially beneficial protein classes including those
comprising complexes I–V of the mitochondrial electron
transport chain. This together with the presence of
Frontiers in Oncology | www.frontiersin.org 276
mitochondrial organelles, points to multiple candidates by
which the bioactive EV cargo might functionally resolve
radiation-induced normal tissue injury.
MATERIAL AND METHODS

Stem Cell Culture and Isolation of EV
Growth, culturing, and maintenance of human embryonic stem
cells was approved by the Institutional Human Stem Cell
Research Oversight (HSCRO, #2007-5629) and Institutional
Biosafety (IBC) Committees. The hESC line H9 (WA09 Wicell
Research Institute, Inc., Madison, WI) was cultured and
expanded in Nutristem XF medium (Biological Industries,
Cat# 05-100-1A; Cromwell, CT) in a humidified incubator (5%
CO2, 37°C). No exogenous serum was used under any of our
culture conditions. Six well tissue culture plates (Corning, NY)
were coated with Vitronectin XF diluted in Cell Adhere Dilution
Buffer (STEMCELL Technologies, Cat. # 07180; Vancouver, CA).
Cells were passaged every 4–6 days with manual selective
passaging technique using an EVOS4 microscope. Conditioned
medium was collected from cells between passage 45 and 60. Cell
pluripotency was confirmed by staining for Oct3/4 and Nanog
markers. The cells were shown regularly to test negative for
mycoplasma with MycoAlert Mycoplasma Detection Kit (Lonza,
Cat# LT07-118; Basel, Switzerland).

For the harvest of conditioned media from hESC, culture
medium was changed every day with 2 ml from plating to 50%
confluence. At 50% confluence, the medium is replaced with 4 ml
per well and conditioned medium harvested from optimal
colonies (<5% differentiation) for three days until 80%
confluency was achieved. Yield from a single 6 well plate is
48 ml and cell surface area of colonies in one 6 well plate at 50
and 80% confluence is 28.5 cm2 and 45.6 cm2, respectively.
Conditioned medium is briefly stored at 4°C until ~420 ml total
volume is obtained, sufficient for most applications
described herein.

For the isolation of EV, pooled stocks of conditioned media
collected over the duration cell culturing were stored at 4°C
before biweekly ultracentrifugation. Details describing EV
isolation via ultracentrifugation have been described (6).
Briefly, while maintaining sterility, conditioned media is spun
at 2500×g at 4°C for 20 min to remove subcellular debris and the
supernatant is bulk filtered (0.45 µm). The filtrate is transferred
to 70 ml polycarbonate ultracentrifuge bottles (Beckman) and
spun at 100,000×g at 4°C for 90 min. The supernatant is
discarded and pelleted EV are collected in PBS. EV from six
isolations are typically pooled into smaller polycarbonate
ultracentrifuge bottles for ease of collection and washed with
PBS, pelleted once more at 100,000×g at 4°C for 120 min.
Concentrated EV are resuspended in small volumes of PBS,
quantified and characterized using a Zetaview instrument
(ZetaView PMX 110; Meerbusch, Germany) with yields
varying between 1×109-12/ml depending on initial conditioned
media volumes and pellet recovery efficiency during isolation
with a typical size distribution of 100 ± 55 nm (diameter).
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Thoracic Irradiation and Post-Irradiation
Survival After hESC-Derived EV Therapy
Animal experiments were approved by the Swiss (VD3236)
Ethics Committee for Animal Experimentation and performed
within institutional guidelines. Female C57BL/6J mice were
purchased from Charles River Laboratories (France) at the age
of 10–12 weeks. Mice were anesthetized (2% isoflurane) and
received local thoracic irradiation using using a XRad 225Cx
irradiator (Precision X-ray). The prescribed dose was determined
at 10 mm depth with a 15 mm circular collimated field according
to previous depth dose measurements in a solid water phantom.
Irradiations were performed at 225 kV, 13 mA, with a 0.3 mm
copper filter and delivered after fluoroscan imaging to position
the mice at the treatment isocenter. Whole thorax irradiation was
performed with two opposite vertical beams delivering 14.4 Gy in
total (n = 18 mice). Twenty-four hours post-RT mice were
randomly divided in two groups. Control group (n = 7)
received iv. injection of PBS whereas the EV group (n = 11)
was injected with 1×1010 hESC-derived EV. Intravenous
injections were performed under isoflurane anesthesia and via
the retro-orbital sinus.

Cone Beam Computed Tomography
(CBCT) Analysis of Lung Fibrosis
Lung density was monitored at 0, 2, 6, and 12-weeks post-RT by
CBCT imaging (80 kV; 1 mA) using the XRad 225Cx system (Pxi
Precision X-Ray) and under isoflurane anaesthesia. Lung
contouring and reconstruction were performed using the Osirix
Lite Software. Lung density was evaluated for each animal and at
each time-point by Hounsfield Unit (HU) measurements. Values of
DHU were calculated for each animal at each timepoint by the
formula DHUt(x) = HUt0 – HUt(x) over the time-course of the
experiment at 2, 6, and 12-week post-irradiation. Results are
expressed as the ratio between the value obtained at a dedicated
time point and the initial base-line value (DHU).

Histological Staining of Lung Fibrosis
Animals were euthanized by cervical dislocation at the first
appearance of macroscopic symptoms that included weight
loss and respiratory distress syndrome. Lungs were sampled
and gently inflated by the injection of 1 ml of FineFIX (#84-
1717-00/Biosystems) directly in the trachea. The organs were
then fixed in the same solution and kept at 4°C before being
paraffin embedded and cut into 4 µm sections. The sections were
stained with a solution of hematoxylin-eosin (HE) and Sirius
Red, examined using an inverted brightfield microscope (Evos
XL Core/Thermo Fisher Scientific).

Proteomic Analysis of hESC-Derived EV
Lysis buffer (4% SDS, 50 mM HEPES pH 7.6, 1 mM DTT) was
added into 80 µl hESC EV sample (in PBS buffer) to reach 200 µl.
The total protein amount was estimated (Bio-Rad DC). Protein
digestion (LysC and trypsin, sequencing grademodified, Pierce) was
performed using a modified protocol for SP3 protein clean up (12)
followed by SCX peptide clean up. Each sample was separated using
a Thermo Scientific Dionex nano LC-system in a 3 h 5–40% ACN
Frontiers in Oncology | www.frontiersin.org 377
gradient coupled to Thermo Scientific High Field QExactive. The
software Proteome Discoverer vs. 1.4 including Sequest-Percolator
for improved identification was used to search the Homo sapiens
Uniprot database for protein identification, limited to a false
discovery rate of 1%. We used a precursor ion mass tolerance of
10 ppm, and product ion mass tolerances of 0.02 Da for HCD-
FTMS. The algorithm considered tryptic peptides with maximum
two missed cleavage; carbamidomethylation (C) as fixed
modifications; oxidation (M) as variable modifications. The
protein network was generated using Cytoscape v 3.7.2 (13).

Mitochondrial Assessments
To determine whether hESC-derived EV contained
mitochondrial (mt) DNA, PCR was undertaken. Primers
designed to amplify across the mt encoded tRNA-Leu(UUR)
gene were used under standard amplification conditions (35
cycles: 5 min 95°C; 30 s 62°C; 1 min 72°C). Primers for the
forward sequence 5’-CACCCAAGAACAGGGTTTGT-3’ and
reverse sequence 5’-TGGCCATGGGTATGTTGTTA-3 yield a
107 bp amplicon unique to the human mt-genome.

Tumor Studies
Lung carcinoma cells TC1 (14) were injected to generate
subcutaneously growing lung tumors in C57Bl6 mice. Cells
were cultured in DMEM + 10% FBS + 1% HEPES at 37°C, 5%
CO2. Fifty thousand cells were injected in 100 ml of PBS solution
in the left flank of C57Bl/6J mice under isoflurane anesthesia.
The same day, animals were treated with either a sham injection
of PBS (Vehicle group, n = 14) or 1x1010 hESC-derived EV (EV
group, n = 16) injected via retro-orbital sinus injection. Tumor
growth was evaluated three times a week by caliper measurement
and tumor volume was calculated with the hemi-ellipsoid

volume formula as: Volume = width2�length
2 .

Statistics
Statistical analyses were carried out using GraphPad Prism (v6)
software. CBCT data were analyzed using one-way ANOVA
followed by Tukey’s range test. Survival data were analysed using
the log-rank test. Tumor growth data were analyzed using Kruskal-
Wallis one-way ANOVA followed by Mann-Whitney U test. Data
in the text are presented as means ± SD or SEM, and all analyses
considered a value of P ≤0.05 to be statistically significant.
RESULTS

Growth, Isolation, Characterization
of hESC-Derived EV
Preparations of hESC-derived EV were used to investigate
possible benefits of this preclinical strategy to ameliorate
radiation-induced normal tissue injury. For these studies we
focused on the lung, a target organ known to respond late (many
months) after exposure and to express multifaceted injury
responses following irradiation. To evaluate the feasibility and
therapeutic efficacy of EV delivered systemically, hESC-derived
EV were delivered retro-orbitally (RO). Follow up studies then
March 2021 | Volume 10 | Article 602763
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quantified functional outcomes in the lung. A schematic of this
approach is presented (Figure 1A).

For the hESC-derived EV used in this study, we characterized
the background contribution of EV derived from the trace serum
in unconditioned culture medium alone versus conditioned
medium derived from the hESC cultures. Data shown indicates
that the overall contribution of EV from the media serum is
negligible (<4%) when compared to that obtained in the presence
of the cultured hESC (Figure 1B). Further size characterization
of the hESC-derived EV shows a prominent peak at 100 nm,
indicating that the majority of the EV used in the current study
were in fact exosomes (Figure 1C).

EV Therapy Rescues Mice From Acute
and Delayed Radiation-Induced Lung Injury
To extend the applicability of EV-therapies, we investigated their
ability to counteract radiation-induced lung injury in mice. A single
fibrogenic dose of 14.4 Gy was administered to the whole thorax of
mice. Twenty hours post-irradiation EV were RO injected and the
Frontiers in Oncology | www.frontiersin.org 478
occurrence of acute and late lung toxicity was longitudinally
followed by cone beam computed tomography (CBCT) over 16
weeks. A significant reduction of pulmonary density was observed
at 2 weeks post-irradiation in the EV-treated group as compared
with the irradiated group (Figure 2A). At later time points, the
pulmonary density was similar in all groups (6, 12 weeks post-RT)
(Figure 2A). The significance of CBCT results at earlier post-
irradiation times was explored further at later times using
histology which showed preservation of pulmonary structure in
EV-treated animals as well as anti-fibrotic efficacy. Sixteen weeks
post-irradiation histology indeed showed typical fibrotic remodeling
with collagen deposition, macrophage alveolitis and focal
inflammatory foci in the irradiated animal, whereas EV-treated
animals showed significant reductions in collagen, macrophage
infiltration and inflammation (Figure 2B). Finally, in irradiated
animals, radiation-induced lung toxicity reduced survival as early as
3.5 weeks post-irradiation and only 25% of mice were still surviving
16 weeks post-RT whereas 91% of mice were alive and free of
fibrosis in the EV-treated group (Figure 2C).
A

C

B

FIGURE 1 | Isolation and characterization of hESC-derived EV isolation and administration. (A) Conditioned medium collected from cultures of hESC or hNSC) were
processed by ultracentrifugation for the isolation and quantification of EV. EV were subsequently delivered as systemic, retro-orbital (RO) injections to evaluate their
potential therapeutic efficacy in resolving radiation-induced injury to the lung. EV isolated from the serum alone or those from actual hESC cultures were subjected to
the isolation and purification protocol described. (B) Media accounted for a trace fraction (< 4%) of the total hESC-derived EV used in these studies. Mean EV
concentration ± SD. (C) Size distribution of hESC-derived EV reveals a prominent exosome peak at 100 nm.
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Proteomic Analysis of hESC-Derived EV
To ascertain the nature of the bioactive cargo having the potential
capability to resolve radiation-induced injury to the lung, we
undertook an extensive proteomic analysis of hESC-derived EV.
This analysis revealed a surprising wealth of potential cargo
capable of impacting a wide range of physiological processes
(Figure 3). Given the broad scope of cell cycle, growth and
proliferation, antioxidant, DNA repair and metabolic proteins
present within these hESC-derived EV, we have focused on
those protein classes considered most likely to affect the lung at
protracted post-irradiation times. Data regarding the other protein
classes can be found in the supplemental information (SI) section,
where the identities of exosome markers (Supplementary Figure
1), histone deacetylases and DNA methylation (Supplementary
Figure 2), nuclear pore complex (Supplementary Figure 3), DNA
repair and cell cycle (Supplementary Figure 4), and NAD
biosynthesis (Supplementary Figure 5) proteins are provided.

Proteins involved in cell growth and proliferation influence the
recovery of tissues damaged from radiation or compromised by
disease and age. Many proteins related to the IGF (IGF2BP1,
IGF2BP3, IGFALS, IGF1R, GRB10) and Notch (NOTCH1,2,3)
signaling pathways were identified in hESC-derived EV that could
clearly impact downstream physiology following irradiation (Figure
4). Radiation exposure is known to cause a cascade of oxidative and
Frontiers in Oncology | www.frontiersin.org 579
inflammatory damage that persist in a dose, time and tissue specific
manner. In this regard, hESC-derived EV were also found to
contain a wealth of antioxidant proteins and in particular all
members of the peroxiredoxin family (PRDX1-6) of antioxidant
enzymes (Figure 4).

The most abundant class of proteins identified were those that
mediate cellular metabolism through the tricarboxylic acid (TCA)
cycle (or Krebs cycle) and mitochondrial mediated oxidative
phosphorylation (OXYPHOS). In all, 34 proteins were identified
between these two critical biochemical pathways (Figure 5).
Proteins and respective subunits important for the TCA cycle
include citrate synthase (CS), isocitrate dehydrogenase (IDH2,3B),
fumarase (FH), and malate dehydrogenase (MDH2). Proteins
involved in mitochondrial OXYPHOS include those of NADH:
ubiquinone oxidoreductase (Complex 1: NDUFS3,4;
NDUFA2,8,9,11), succinate dehydrogenase (Complex II: SDHA,
B), ubiquinol:cytochrome-c oxidoreductase (Complex III: CYCS,
CYCS1,CYB5B; UQCRB,C1,C2,FS1,11), cytochrome-oxidase
(Complex IV: COX4I1,5B,7A2,7A2L, MT-CO2), and ATP
synthase (Complex V: ATP5ME,MG,PB,O; ATP5F1A,B,C; MT-
ATP6, MT-CO2). Intriguingly, EV were also found to contain the
enzyme nicotinamide phosphoribosyltransferase (NAMPT) that
catalyzes the production of nicotinamide mononucleotide (NMN)
(Supplementary Figure 5).
A B

C

FIGURE 2 | EV therapy rescues mice from acute and delayed radiation injury. (A) Cone beam computed tomography (CBCT) was used to longitudinally investigate
the occurrence of radiation-induced pulmonary density. Mice (n = 15) were imaged before irradiation to define a base-line level of lung density (HU) for each mouse.
This measurement was used to normalize data over the time-course of the experiment. Mice were then divided in three groups: non-irradiated (n = 6), 14.4 Gy
irradiated (n = 4), and 14.4 Gy irradiated + EV-treated mice (n = 5) and imaged at 2, 6, and 12-week post-irradiation. Results are expressed as the ratio between the
value obtained at a dedicated time point and the initial base-line value (delta HU) ± SEM. Data were analysed using one-way ANOVA and Tukey test ***p < 0.0005
and **p < 0.009. (B) Histological staining (HE and Sirius Red staining) showed typical late radiation-induced fibrosis remodeling 16 weeks post-RT. In controls, no
signs of radiation injury were evident. However, in the single animal remaining in the IRR group, fibrotic indications included a thickening of alveoli with extracellular
matrix and alveolar infiltration with spumous macrophages (arrow) and foci of inflammatory cells (i). In contrast, EV-treated animals showed reduced signs of radiation
injury and fibrosis (image/s derived from an animal showing minimal pulmonary fibrosis). (C) Survival curves. The percent survival of irradiated (RT) and irradiated plus
EV treated (RT+EV) cohorts is shown. Data were analyzed using the log-rank statistical test, ***p < 0.0007.
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Detection of mtDNAWithin hESC-Derived EV
The abundance of proteins and enzymatic subunits found in EV
that orchestrate the metabolic generation of ATP, including the
repertoire of Complex I-V protein subunits mediating oxidative
phosphorylation (OXYPHOS) was noteworthy, and prompted
efforts to determine whether EV contained other mitochondrial
components. The presence of mtDNA in the EV used to resolve
radiation-induced lung injury was confirmed by PCR, by the
presence of an amplicon specific for the human tRNA(Leu) locus
(Supplementary Figure 6). The presence of mtDNA within EV
Frontiers in Oncology | www.frontiersin.org 680
suggests that certain functional benefits of EV therapy may be
derived from the horizontal transfer of mt constituents to target
cells during EV fusion events.

hESC-Derived EV Do Not Enhance the
Growth of Xenograft Tumors
While the functional benefits of EV therapy to the irradiated
normal lung are promising, in the context of cancer therapy,
such benefits must be tempered until their impact on tumor
growth can be assessed. To address this important issue, 50,000
TC1 cells were inoculated in the flank of immunocompetent
mice and evaluated for changes in growth following identical EV
treatments (via RO injections). No difference in tumor growth
was observed between the sham-injected and the EV-treated
groups, evident from the individual (Figure 6A) and grouped
(Figure 6B) tumor volume measurements. These results show
that that hESC-derived EV injected systematically do not
influence tumor growth, neither in its initiation nor in the
growth rate and independently of other antitumor treatments.
DISCUSSION

While certain applications of EV-based therapies have begun,
their potential for the resolution of radiation-induced normal
tissue toxicities remains relatively unexplored. Our past work
demonstrating the neuroprotective benefits of cranially grafted
EV, when substituted for stem cells, into the irradiated brain laid
the foundation for much of the current work. Here we focused on
the lung, a late responding organ known to express radiation
injury at protracted exposure times. The ability of EV to
ameliorate radiation-induced lung fibrosis is noteworthy,
especially given that a single treatment (systemic injection) was
successful in reducing this serious normal tissue complication.
Further, we have demonstrated that a highly beneficial functional
outcome could be obtained through a non-surgical route of
FIGURE 3 | Protein classes present within hESC-derived EV. Relative
abundance of the 10 major classes of proteins identified by proteomic
analysis of hESC-derived EV.
FIGURE 4 | Cell growth, proliferation and antioxidant proteins in hESC-
derived EV. Relative abundance of cell growth and proliferation proteins and
antioxidant enzymes identified by proteomic analysis.
FIGURE 5 | Metabolic bioactive cargo in hESC-derived EV. Relative abundance
of metabolic proteins known to participate in the tricarboxylic acid cycle and
mitochondrial oxidative phosphorylation identified by proteomic analysis.
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administration, thereby providing a more tractable and
appealing alternative for translating EV therapies to the clinic.

Present data document for the first time, the efficacy of EV-
therapy for the resolution of radiation-induced lung injury when
administered 24 h post-exposure. Our data suggest that EV-therapy
is able to interrupt the acute pathogenic cascade activated at early
times after irradiation. In addition, present results show a major
reduction of the infiltration of immune cells and macrophages after
EV-therapy. The relevance of macrophages is especially interesting
in the lung, as recent studies have reported a role for macrophages
as critical regulators of fibrosis (15) with an involvement of M2-
polarized macrophages in various models of fibrosis including
radiation-induced lung fibrosis (16). While the impact of EV-
therapy on the activation of major fibrogenic cascades (17)
remains to be investigated in detail, the reduction of fibrosis and
pulmonary density observed in the present study is consistent with a
modulation of proinflammatory and profibrotic signaling pathways
in the irradiated lung.

Whether all the beneficial effects of EV on radiation-induced
lung pathology are the direct result of the protein (or possibly
miRNA) cargo derived through the fusion of EV with alveoli and
other pulmonary target cells remains uncertain. Nonetheless,
present data indicates the marked capability of hESC-derived EV
to resolve a serious complication associated with radiation exposure
to the lung, when administered after irradiation. The protein classes
identified by proteomic analysis (summarized in Figure 7) suggest
several potential avenues by which EV fusion events with select
target cell of the lung could restore function to radiation injured
tissues. By altering the acetylated and methylated landscape of the
epigenome, HDAC and DNMT can repress and/or activate
multiple gene expression patterns to impact long-term changes in
tissue functionality (18). Components of the nuclear pore found in
EV could facilitate access and transport of molecules required for
nuclear and cytoplasmic repair and homeostatic functions (19).

The presence of proteins able to modulate the signaling and
activities of insulin growth factor (IGF) (20–22), NOTCH, Wnt/
beta-catenin (23), and KEAP (24), provide multiple routes for
Frontiers in Oncology | www.frontiersin.org 781
modulating cell growth and proliferation in response to radiation
and redox stress. Similarly, the presence of various antioxidants
such as SOD (25), GPX4 (26) including the PRDX1-6 enzymes
(27–32) may provide the capability to recover from pro-oxidant
damage produced by prior radiation exposure.

The predominance of TCA enzymes and OXYPHOS proteins
identified as EV cargo suggest the potential capability of hESC-
derived EV to metabolically reprogram cells to more functionally
active states. This idea is supported further by the presence the
enzyme NAMPT that catalyzes the production of nicotinamide
mononucleotide (NMN). NMN is a co-factor for mitochondrial and
sirtuin activities, and has been shown to possess tissue specific-
protective roles and to be important in a number of anti-aging
pathways (33–35). That metabolic reprogramming may underlie
many of the beneficial effects of EV-based therapies is supported by
studies in the brain (36, 37), heart (38–41), spinal cord (42), and
lung (43–45), where damage from ranging from stroke and ischemia
to trauma could in part, be resolved by rejuvenating target cells
through mitochondrial replenishment. While multiple strategies
involving cellular transfer, injection or transplantation have shown
promise [reviewed in (46–49)], the use of EV for similar protective
therapies provide a more practical route toward translation.

Augmented ATP production derived from an enhancement of
the TCA cycle and OXYPHOS may help maintain, or redirect
cellular energetics to optimize macromolecular syntheses necessary
for cellular repair and survival. Indeed, the preponderance of
electron transfer proteins within EV suggest that such metabolic
modulation could be driven by the transfer of mt, mt fragments or
other mt components from EV to target cells to rescue and/or
augment aerobic respiration (50). Based on the average size of our
EV (100 nm) and that of an intact mt (0.5–1 mm) it seems plausible
that EV retained mt membrane fragments bound with OXYPHOS
proteins in addition to mt DNA. Additional work will be needed to
assess whether human mtDNA and/or mt components were in fact
transferred to target cells in the murine pulmonary epithelium,
evidence that would serve to further substantiate the functional
relevance of mt EV cargo.
A B

FIGURE 6 | EV do not promote the growth of xenograft tumors. In an initial safety screen, EV were not found to promote the growth of xenograft tumors. Mice
injected (SQ) with 50,000 TC1 cells and treated with vehicle or hESC-derived EV the same day, were followed for tumor growth over 1 month. While some individual
variation in tumor growth was observed (A), averaged data (B) reveals no significant difference in tumor volumes between either cohort. Mean tumor volume ± SEM,
n = 14–16 animals per group.
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As the therapeutic benefits of EV are finding broader
applicability [reviewed in (3, 7)], in part due to their ease of
administration and minimal immunogenicity, certain safety
concerns in the context of resolving cancer treatment-induced
normal tissue toxicities warrant further consideration. Radiation
remains a primary treatment modality for lung cancer and is
used in roughly half of all cancer cases. The use of EV to
ameliorate radiation-induced toxicities is most logical in the
adjuvant setting, where only residual disease might confound
this therapeutic approach. Nonetheless, the capability of EV to
stimulate secondary tumor regrowth, formation and/or activate
distal disease sites is a potential confounder to the use of EV
following cancer therapy. While this question will require further
and more rigorous evaluation, our proof-of-principle study did
provide the first evidence that EV derived from hESC did not
promote the growth of implanted tumors over a 1 month follow
up. While risky to generalize these findings to other EV and
cancer types, data to date does not suggest that stem-cell derived
EV would be unsafe under certain clinical settings.

Further investigations are now required to pinpoint the
relevant functional roles of different protein classes following
radiation injury. Nonetheless, potential target cell interactions
Frontiers in Oncology | www.frontiersin.org 882
with hESC-derived EV afford multiple opportunities to exploit a
plethora of bioactive cargo in tailoring a physiological response to
prior insult. So where does the field of EV therapy stand for the
treatment of radiation-induced normal tissue toxicities? Future
studies should seek to define optimal cellular sources of EV to
delineate the mechanism of action, to identify bioactive cargo
(not exclusive to miRNA) and to pinpoint optimal EV dosing
regimens. While current data points to several possible options
for EV administration, systemic (RO) or intravenous (in human)
routes are likely to provide the best combination of widespread
availability and feasibility for repeated treatment regimens. While
the lack of teratoma formation and reduced immunogenic
response inherent to EV therapies are clear benefits, certain
safety issues remain to be thoroughly addressed, especially in
the area of cancer treatments. Further work must determine
whether such approaches activate “cold” or latent cancers or
alter the growth of recurrent malignancies when administered
after the cessation of specific cancer treatments. Despite the
caveats associated with any burgeoning therapy, EV provide a
potentially attractive therapeutic avenue for resolving normal
tissue toxicities associated with radiotherapy. Studies here
provide the proof of principal that highlight the tremendous
FIGURE 7 | Summary of the major proteins and classes identified in hESC-derived EV by proteomic analysis. Major protein classes show that EV contain exosome
markers, antioxidant enzymes, cell growth and proliferation, cell cycle, metabolic (TCA, OXYPHOS, NAMPT), DNA repair, nuclear pore complex and epigenetic
modifier (HDAC, DNMT) proteins.
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potential of EV-based therapy and underscore that such pursuits
are clearly warranted.
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In the cancer literature tumors are inconsistently labeled as ‘immunogenic’, and
experimental results are occasionally dismissed since they are only tested in known
‘responsive’ tumor models. The definition of immunogenicity has moved from its classical
definition based on the rejection of secondary tumors to a more nebulous definition based
on immune infiltrates and response to immunotherapy interventions. This review
discusses the basis behind tumor immunogenicity and the variation between tumor
models, then moves to discuss how these principles apply to the response to radiation
therapy. In this way we can identify radioimmunogenic tumor models that are particularly
responsive to immunotherapy only when combined with radiation, and identify the
interventions that can convert unresponsive tumors so that they can also respond to
these treatments.
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INTRODUCTION—IS MY TUMOR IMMUNOGENIC?

Betteridge’s law of headlines states that if the title poses a question, the answer is “no”. So, this
review starts with the proposition that if you have a tumor, it is not immunogenic. It is reasonable to
think that years of immunoediting and cancer evolution (1) in the presence of a functional immune
system will result in a tumor that is at baseline resistant to immune mechanisms. To help classify
tumors and identify appropriate treatments, it is worthwhile to answer two questions: 1. What
makes a tumor develop an immune response in the first place?; 2. What determines cancer cell
resistance to immune control? Cancer cell resistance to immune control is a highly reviewed topic
that focuses on critical immunoregulatory mechanisms such as relative proportions of suppressive T
regulatory cells and macrophages, or cancer intrinsic features such as PDL1 expression and antigen
processing and presentation. This review will focus on the first question and consider elements of
the cancer cells and the tumor environment that determine why some tumors are immunogenic at
presentation, which has enormous impact on the choice of treatments and whether they are likely to
work. This is much more than a semantic issue of whether an investigator or paper reviewer gets to
describe a cell line as immunogenic – there must be some shared absolute measure of
immunogenicity that allows us to compare tumor models, identify effective treatments, and
extrapolate these data to patients.

To suggest that tumors that present in patients are not immunogenic is a strong statement that
goes against the data from patients treated with currently approved immunotherapies. For example,
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PDL1/PD1 blocking agents can cure some patients of
their tumors purely by blocking a single molecular
interaction restraining T cell function. Surely these patients’
tumors are immunogenic. This raises the issue of how we
assess immunogenicity. The classic method comes from
murine models, where mice are given a first tumor exposure,
whether vaccinated with irradiated cancer cells, given a sublethal
dose, or given a lethal dose followed by surgical resection, and
then the mice are evaluated for their ability to reject a subsequent
challenge with a normally lethal dose of the same tumor (2–5). If
the tumor does not grow on the second tumor challenge, then it
is immunogenic (Figure 1). If the first exposure does not cause
rejection of the second challenge, it is not immunogenic.
Obviously, this measure of immunogenicity cannot be assessed
in patients. As we will discuss, this classic model of
immunogenicity does not break down the mechanisms of
immune rejection, which may result from a failure to
sufficiently vaccinate, being resistant to effector destruction, or
some combination of both.
ANTIGENICITY AND IMMUNOGENICITY

In murine models it has long been known that there is a
difference between induced and spontaneous tumors. In mice,
tumors formed by highly mutagenic agents such as MCA,
or oncogenic viruses that leave viral oncoproteins, are
immunogenic as measured by their ability to protect against
secondary tumor challenge (3, 4). Tumors that occurred
spontaneously in mice (sporadic tumors that lead to classic cell
lines such as B16 and 4T1) were not immunogenic – as in
they did not protect against rechallenge (2, 3). This
mutagenized origin of immunogenic tumors points to
antigenicity as a requirement for classic immunogenicity. In
agreement with this concept, classic studies showed that
treatment of spontaneously derived cancer cells with a
mutagen ex vivo generated variants that were able to protect
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against rechallenge (6–9). Importantly, this could include
protection against challenge by the parental un-mutagenized
strain (6–9). This suggests that in these cases the lack of
rejection of the original strain by the immune system was not
due to an inability for the cancer cells to be killed, since these
tumors can readily be rejected with appropriate vaccination.
Rather, these cells fail to elicit sufficiently effective T cell
responses on vaccination without the additional supporting
antigens (Figure 2A). These studies led to multiple
investigative approaches testing modifications to the cancer
cells that can render a poorly immunogenic tumor
immunogenic, purely acting on the priming side of immune
responses. For example, the B16 cell line and its multiple variant
subclones are poorly protective against rechallenge, but strategies
that make them a better vaccine, such as fusion or loading to DCs
(10, 11), transfection with cytokines (12, 13), the addition of
adjuvants (14), or similar approaches, allows them to protect
against rechallenge with the parental clone. Thus, where T cells
can be generated, B16 tumors can readily be controlled.
Similarly, B16 can be controlled with as few as 104 infused
tumor-specific CD8 T cells (15), and where B16 tumor
implantation does not generate sufficient T cells to control
tumor growth, expansion of these cells ex vivo followed by
adoptive transfer is protective (16). Since by this definition an
untreated, growing B16 tumor does not have sufficient T cells to
result in its control, it should not be susceptible to treatments
that require these T cells. For example, checkpoint inhibitors
such as anti-PD1 require existing suppressed T cells to cure the
tumor that can be derepressed with PD1-PDL1 blockade. In
support of these data, B16 tumors are resistant to checkpoint
blockade, but become susceptible following tumor-specific
vaccination of tumor-bearing mice (17, 18). In this way, the
B16 model nicely shows the difference between generating an
initial anti-tumor immune response, and being susceptible to
immune control.

These data suggest that non-immunogenic tumors are
deficient in T cells needed for tumor cure. In support of this,
FIGURE 1 | Classic immunogenicity. Classical models of immunogenicity involve a priming step with either injection of a bolus of cancer cells followed by complete
surgical resection, injection of irradiated cancer cells, or a suboptimal number of cancer cells that fails to induce tumor formation (left), leaving a tumor-free animal. A
challenge step follows, whereby an optimal dose of cancer cells, which would otherwise result in 100% tumor formation in naïve animals, is injected into the animal
(center). The animal is followed and if the tumor is rejected, the tumor cells are immunogenic (right, top). If a tumor forms, the cells are poorly immunogenic (right, bottom).
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Lechner et al. demonstrated that three immunogenic tumors
exhibited more T cells in the tumor than three poorly
immunogenic tumors (19). However, since the tumor is still
growing in mice, these data imply that immunogenic tumors are
able to grow despite extensive T cell infiltrates, and thus must
have additional resistance mechanisms (Figure 2B). In some
cases, this is simply the presence of immune checkpoint
molecules inhibiting local immunity. In agreement with this,
these studies showed that the T cell rich tumors could be
controlled by treatment with checkpoint inhibitors, while the
poorly immunogenic tumors that lacked T cells at baseline could
not be controlled by the same treatment (19). Alternatively,
poorly immunogenic tumors may make inappropriate T cell
responses that are incapable of controlling the tumor. For
example, tumor antigen-specific T cells found in the draining
lymph node of growing B16 tumors develop amongst Th2-type
cytokine responses, and are incapable of effective anti-tumor
immunity (20). Such Th2 cells may drive further immune
suppression on exposure to antigen in the tumor environment
via effects on myeloid cells (21), contributing to tumor
progression (22). Thus, in some models, the quality of
response when antitumor immunity is initiated can be highly
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impactful to whether the tumor is considered immunogenic or
poorly immunogenic.

According to the criteria discussed above, we can start fitting
cancer cells into their categories. For example, B16 is poorly
immunogenic because it fails to generate an effective T cell
response, though it remains responsive to T cells. MC38
immunogenic since it generates a T cell response, but those T
cells cannot kill the tumor without additional intervention so it is
relatively unresponsive. However, as you follow the spectrum of
immunogenicity to its logical conclusion, there are the tumors
that do not grow at all, or are rapidly rejected in immune
competent mice. An example of this are tumors generated by
MCA mutagenesis in immunodeficient mice (23). These tumors
did not evolve under immune pressure and so are spontaneously
rejected on injection into immune competent animals (23). Of
course, on the other end of the spectrum, it should possible for a
tumor to both fail to generate T cells and be resistant to T cells
should they be provided. Together, these criteria generate 4
immunogenicity classes of tumors in mice (Figure 2C).

In this model, the difference between an immunogenic tumor
and a poorly immunogenic tumor is that the immunogenic
tumor generates T cells on implantation, but still grows.
A B

C

FIGURE 2 | T cell priming versus responsiveness. (A) Immunogenic tumors with sufficient antigens and priming elicit good T cell responses in the tumor draining
lymph node, while poorly immunogenic tumors fail to generate T cell responses. The ability of tumors to respond to T cell control is not necessarily linked to their
ability to prime T cell responses. (B) In instances where priming occurs, tumors can either respond to tumor control or fail to respond. Conversely, tumors can either
be responsive or unresponsive to T cell control, despite a lack of T cell priming. (C) This dichotomy leads to strategies for therapeutic interventions based of whether
T cell priming occurs and whether tumors are responsive to immune control. In the case where priming fails yet tumors are prone to immune control, effective
strategies may include vaccines or radiation to boost priming or instead ex vivo expansion and adoptive transfer of tumor-specific T cells. Alternatively, in tumors
where T cells are primed but fail to exert immune control, therapeutic options may include checkpoint inhibitors, costimulation, or therapies that may improve
immune recognition. Instances where both priming and responsiveness are low, tumors may require multiple therapeutic modalities to improve outcomes.
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However, it should be noted that the immunogenicity of tumor
injection into mice compared to the growth rate of that tumor is
a tunable phenomenon. For example, one of the most important
things to know when working with a new tumor cell line is
the minimal dose needed for 100% tumor growth. This varies
significantly between cell lines, and even a poorly immunogenic
tumor can fail to grow if you give too few cancer cells, and a
highly immunogenic tumor can grow even in immune
competent mice if you give sufficient numbers of cancer cells.
The rejection of the primary tumor has long been known to
impact immune control secondary challenge with the same
tumor line (24), since at the time of secondary challenge the
animal will have a larger pool of tumor-specific T cells that may
tip the balance towards rejection. This can explain why a prior
exposure to immunogenic tumors such as MC38 can help cure a
rechallenge with the same tumor, but the primary tumor still
grew. At rechallenge, the small number of injected cancer cells
can be readily rejected, while a large established tumor can have
many log fold larger numbers of cancer cells and also an
established, suppressive tumor environment.

For those tumors that fail to make strong T cell responses, we
have no information with which we can classify their
responsiveness to T cell control. A tumor could be classified as
poorly immunogenic based on its inability to protect against
rechallenge, but might remain resistant even if tumor-specific T
cells were provided by vaccination or adoptive transfer. This
means that it would be incorrect to predict that poorly
immunogenic tumors merely need a large dose of T cells. Since
it would be difficult to distinguish between a poorly immunogenic
tumor and an unresponsive tumor until you attempt treatment,
this model may need some refinement to be useful to classify
tumors. However, it does fit well with more common practical
assessments of tumor immunogenicity. Today’s tumor
immunologist is less likely to discuss protection against
rechallenge, and instead discuss the extent of T cell infiltration
or general responsiveness to immunotherapies. These provide a
measurable and translationally relevant assessment of the tumor –
either tumors are responsive to treatments, or they are not. As
each lab works with their favorite tumor models over years of
research, investigators come to understand their own models;
however, since there isn’t a consistent standard and not everyone
attempts the same treatments, this can lead to discrepancies
between labs. So, one lab may classify a B16 tumor as
immunogenic because it responds to T cell adoptive transfer,
but another lab may classify it as poorly immunogenic because it
fails to respond to checkpoint blockade. This makes classifying
tumors as immunogenic based on a functional response difficult
for inter-lab comparisons.

Assessing immunogenicity based on the functional response
of a tumor to immunotherapy also generally makes a direct link
between the baseline tumor environment and the tumor’s
responsiveness to immunotherapy. This fits existing data, since
the degree of T cell infiltration is correlative with outcome
following checkpoint inhibition in preclinical models (19) and
in patients (25, 26). However, the cutoff is ambiguous, as some
patients with poorly infiltrated tumors can respond to treatment,
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and some with highly infiltrated tumors can be unresponsive. For
this reason, studies are ongoing by many labs to determine
whether there are features of the tumor that predict their
sensitivity or lack of sensitivity to specific immunotherapies,
and the results of these analyses have clear clinical impact for the
use of these therapies. One such effort employs patient-derived
organoids, which are emerging as a tool to assess whether
patients will respond to checkpoint inhibitors (27). Because
they retain both myeloid and lymphoid populations, they can
serve as a readout of whether antigen specific T cells
are preexisting within a tumor and whether they can be
derepressed by immunotherapy (28, 29). Importantly, there is
evidence that mechanistic insights gleaned from patient-derived
organoids similarly occurs in subsets of patients treated with
anti-PD-1 therapy (29). While these models may also be used to
identify resistance mechanism and possible combinatorial
strategies, caution must be used in interpreting results given
the lack of recirculation and the inability to evaluate the ability to
prime new responses in such systems.
MUTATIONAL LOAD, ANTIGENICITY, AND
RESPONSE TO TREATMENT

As discussed above, tumors generated by application of mutagens
were shown to bemore immunogenic than tumors of spontaneous
origin, and that treatment of spontaneously-derived cancer cells
with a mutagen ex vivo generated variants that were able to protect
against rechallenge (6–9). These data suggest that the mutational
load in the cancer cells is a critical feature of immunogenicity. In
the past decade the ability to identify antigens has changed rapidly
with the advances in whole genome sequencing and large-scale
bioinformatic identification of neoantigens (30). By modeling the
MHC binding properties of predicted mutated neoantigens there
is evidence of fewer than expected mutations that are MHC-
binding (31), suggesting that there is ongoing immunoediting
during tumor formation. Analyses of the overall mutational
burden in patients has revealed that a higher mutational burden
is associated with an improved outcome in patients treated with
PD1 or CTLA4 blockade (32). However, these patients may
respond better to any intervention. Hugo et al. demonstrated
that while a high mutational burden does not predict outcome to
immunotherapies in their analyses, it is associated with increased
overall survival regardless of treatment (33). However, there is not
a direct link between the mutational burden of tumors and their
infiltration with immune cells (34), one of the key features of
immunogenicity. Rather than a single factor, mutational burden is
best considered along with a range of other tumor-associated
features including epithelial-mesenchymal transition phenotypic
shifts and other patterns of cancer gene expression that impact the
tumor environment (33). In addition, rather than an absolute
number of mutations, it has recently become appreciated that a
‘mutator phenotype’ associated with loss of mismatch repair
pathways is a stronger predictor of outcome than quantity of
mutations (32, 35). Ex vivo damage of the mismatch repair
pathways can generate tumors that acquire increased mutational
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burdens (36), and importantly this generates tumors with an
impaired ability to grow in immune competent mice but
unchanged growth in immune deficient mice (36). Thus,
tumors with a high mutator phenotype are classically
highly immunogenic.

The different impact of mutations versus a mutator
phenotype are important, since not all mutations are
equivalent. A recent study demonstrated adding non-clonal
mutations can limit immune control of primary tumor growth
(37). In these studies, despite adding more neoantigens through
UV radiation, the more heterogenous the tumor the more likely
it was that the tumor would escape immune control. This didn’t
result from outgrowth of resistant variants (37). Rather, failure of
control related more to an inefficiency of tumor-specific T cells in
controlling tumors where not all cells shared the same antigens.
Such non-clonal mutations have also been observed in patients
and is termed intratumor heterogeneity (38). Detecting
non-clonal mutations represents a problem for standard
bioinformatic pipelines, since the majority of the cancer cells
along with normal cells will be showing an unmutated base,
meaning that the minority of sequenced transcripts will read a
mutation, so that the mutation is difficult to distinguish from
sequencing artifacts (39). By considering the intratumoral
heterozygosity as well as the neoantigen burden there is an
improved ability to identify patients with longer overall
survival (40), and also patients with improved response to PD1
blockade (40). These data suggest that immune responses that
can control tumors are most effective when the antigens are
shared between all targets, which in turn suggests a role for
immunodominant antigens in effective anti-tumor immunity.

Immunodominance is most clearly described in antibody
responses, where despite multiple antigenic targets in a foreign
antigen, the combination of competitive clonal expansion and
ongoing affinity maturation results in a dominance of antibody
responses to a small proportion of the range of potential epitopes
(41). Affinity maturation does not occur in T cells, but it is
common for T cell responses to dominantly focus on specific
epitopes in a heterogenous mix despite a range of potential MHC
and peptide combinations (42). This is due in part to the finding
that only about 1% of potential peptides binds a class I MHC
with sufficient affinity to elicit endoplasmic reticulum export and
presentation (43). This is particularly evident in influenza, where
humans with HLA-B27 generate a T cell response to influenza
that is dominated by T cells specific for the influenza
nucleoprotein NP383–391, and providing this HLA to mice
results in immunodominance to the same peptide (44). In
antiviral immunity, immunodominance can present a problem
for control of viruses that can alter their target antigens through a
high degree of variability (41). Similarly, it is reasonable to think
that an immunodominant response to a T cell neoantigen target
could present problems if that antigen is not widely shared.

The existence of immunodominance suggests that the initial
immune responses to an implanted tumor in preclinical models
may result in similar patterns of T cell responses in different mice
and even across tumor types. This has been observed to occur in
a number of cancers, including MC38 colon adenocarcinoma,
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B16 melanoma, and MCA-205 fibrosarcoma, where an
immunodominant epitope has been identified targeting the
endogenous C57BL murine leukemia virus (45). Expression of
viral proteins is repressed in normal tissues but has been
derepressed in these and other cancer cell lines (45–47). The
envelope p15E region is efficiently presented on H2Kb and
recognized by CD8 T cells. Expansion and adoptive transfer of
these antigen specific cells conferred protection against tumor
growth and reduced metastasis across multiple tumor types (45).
While a major caveat in these experiments is that the mice are
genetically identical and share MHC, importantly an alternative
viral envelope acts as an immunodominant antigen in tumors
such as CT26 (47) and 4T1 (48) in BALB/c mice that have a
different MHC haplotype, via the AH1 epitope. It is reasonable to
think that even in humans, immunodominance towards select
targets may still occur despite the diverse neoantigen peptide-
HLA combinations. There is practical evidence for this in
patients, where investigators have only successfully expanded a
small diversity of T cells in each patient – typically T cells specific
for 1-3 neoantigens – out of tens to hundreds of identified
neoantigen targets in patient tumors (49, 50). One of the
reasons why limited numbers of T cell specificities are
identified in tumors is technical, relating to the isolation
procedure that relies on their ability to grow out of tumor
fragments cultured with IL-2. More T cell specificities can be
identified by isolating T cells based on expression of activation
markers prior to culture (51), which removes competing non-
specific or less specific T cells. However, prior to treatment only a
small proportion of the potential T cells specific for neoantigen
targets can be detected in tumors (52), and in some cases 11 TCR
sequences accounted for 90-99% of the tumor specificity (53).
The limited diversity of T cell specificities for antigenic tumors
presents a problem for therapy. The reliance on individual
specificities can result in a huge selective pressure for antigen
loss or antigen-presentation loss variants – as has been seen
following monoclonal T cell therapy for cancer using highly
selected adoptive transfer approaches (49).

The fact that tumors with a mutator phenotype exhibit
improved overall survival and response to immunotherapy, yet
intratumoral heterozygosity results in the opposite consequence,
presents a conundrum. If each cancer cell is capable of
accumulating additional mutations via its mutator phenotype,
each cell should accumulate unique mutations as the tumor
progresses – there is no reason for these to be shared. So, it would
be expected that a tumor with a mutator phenotype would
become increasingly heterologous over time – and so less
responsive to immunotherapy. Since this doesn’t match with
the data, this means much of the mechanism remains to be
determined. Importantly, there are indirect mechanisms that
may play a role. For example, tumors with the mutator
phenotype exhibit increased expression of a range of
biomarkers of response to immunotherapy, including increased
PDL1 expression (32, 54), and broadly the increased T cell
infiltrate in these tumors is counterbalanced by evidence of
multiple negative regulatory pathways in the tumor (55).
Together these data suggest that immune responses have been
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generated to antigens in the tumors, but these responses are not
curing the tumors. This would be an immunogenic, but
unresponsive tumor and it makes sense that the tumor would
be responsive to checkpoint inhibition to improve responses.
However, this doesn’t explain why the mutator phenotype is
correlated with increased mutations and increased infiltration
(32, 54, 55), while a high mutation burden in general does not
correlate with T cell infiltration (34). The presence of a mutator
phenotype can shorten the timeline of tumorigenesis (56),
potentially resulting in rapid emergence of tumors without
significant immunoediting to eliminate highly immune reactive
cancer cell clones. However, early mutator phenotype tumors are
highly inflamed before exhibiting a high mutational burden (57),
suggesting it is some additional feature of the tumor that drives
the immune response (58).

The mutational pathway that leads to carcinogenesis can
dramatically impact the immune interactions with the resulting
tumor. This can result from cancer cell intrinsic regulation of their
immune environment, due to oncogene-driven effects. For
example, LBK1 mutant lung cancers have poor immune
involvement and respond poorly to immunotherapy (59). The
mechanism appears to be via LBK1 loss resulting in loss of STING
expression in cancer cells (60). The resulting cells are unable to
sense aberrant cytosolic DNA forms in the cell that would
ordinarily activate the cGAS-STING pathway, and the cells
therefore do not activate type I IFN pathways, are less visible to
immune cells, and are poorly infiltrated (60). STING expression is
inconsistent within a tumor type due to this epigenetic regulation
(61), and can vary significantly between different tumor types (62).
Other dysregulated programs in cancer cells can activate the
STING pathway. Recently, chromosome unstable cancers were
shown to accumulate micronuclei at a high rate, and these
micronuclei activate cGAS-STING DNA sensing pathways (63).
Interestingly, in these experiments activation of the STING
pathway accelerated the rate of metastases formation, via cancer
cell intrinsic NFkB signaling. However, the experiments were
performed in immune deficient settings (63), so it is likely that
the cancer cell intrinsic effects will be offset by immune regulation
of the more visible cancer cells that have an activated STING
pathway. Nevertheless, this positive selective pressure for STING
expression may explain why STING loss is not an oncogenic event
in cancers. In addition, since cGAS-mediated formation of STING
ligands can impact neighboring cells via intercellular transmission
of cGAMP (64, 65), or microvesicle transfer of nucleic acids (66),
STING loss in the cancer cell may not eliminate STING sensing in
the tumor (62).

These data suggest that features of cancer cells resulting from
their mutational pathway to tumorigenesis can impact both their
biology and that of the developing tumor. This of course makes
sense, as we know that implanting two different cancer cell lines
into genetically identical mice can result in two very different
tumor environments. Clearly the cancer cells dictate the immune
environment. Having some ability to predict the response of the
tumor to therapy according to its genomics is one of the major
goals in targeted therapy, but we currently have few clear
pred ic tors for immunotherapy and few approved
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immunotherapies. Nevertheless, in some circumstances
genomic features of the tumor are used to guide the clinical
use of checkpoint inhibitors (67). To better understand how the
tumor directs the immune environment of the tumor, it is critical
to understand how these immune responses first develop.
HOW DOES A GROWING TUMOR
GENERATE ENDOGENOUS ANTI-TUMOR
IMMUNE RESPONSES?

To understand how a tumor may generate T cells in the first
instance, we must explore the mechanisms that control the
priming of tumor specific CD8 T cells in immunogenic versus
poorly immunogenic tumors. Chen andMellman propose that as
part of the cancer-immunity cycle, T cell priming against tumor
antigens requires: 1) tumor antigens to be released;
2) professional antigen presenting cells (APCs) to take up these
antigens; and, 3) adjuvants to be released to activate APCs (68).
Defects in any of these steps would result in a failure to prime a
productive anti-tumor CD8 T cell response.

Naïve T cells require the extensive costimulatory support of a
professional APC to generate fully functional memory and
effector populations. Moreover, CD8 T cell responses are most
efficiently generated via coordinated CD4 T cell help (69–71), so
MHC-II expressing APCs are critical for a comprehensive T cell
response to tumor-associated antigens. Thus, for initial tumor
reactive T cell priming to occur, tumor antigens must first be
released and become available to professional APCs. Commonly,
antigen release is discussed as a part of cancer therapies, such as
following chemotherapy or radiation therapy that result in
cancer cell death (72); however, this does not explain how
immune responses first develop in untreated tumors. The
preclinical data on immunogenicity is skewed by the artifact of
tumor implantation into mice. The majority of preclinical tumor
experiments involve syngeneic murine cancer cell lines
implanted in immune competent mice. This event has long
been described as an immunological vaccine-like event,
resulting in immune responses to the cancer cells in immune
competent mice (73–77). The adaptive immune response
generated following tumor implantation can be followed over
time to map initial populations of tumor-specific CD8 T cells
that can engender anti-tumor immunity, and later development
of T regulatory cells that suppress anti-tumor immune control by
the CD8 T cells (73–77). This pattern of immune response,
suppression, and resistance to subsequent tumor challenge can
be impacted by the dose of cancer cells implanted into the
animal, which can result in immunological tolerance within
critical dose ranges (78, 79). The progressive development of
the tumor environment can in part be followed in a progressively
growing tumor, such that smaller tumors can exhibit a more
permissive immune environment with increased infiltrates of
CD8 T cells, but larger tumors proportionally decrease CD8 T
cell infiltrates and increase infiltrates of suppressive Treg and
myeloid cells (80). As discussed above, that tumors still form in
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these mice despite the adaptive immunity generated on
implantation may be dependent on a dominance of
suppression over immunity. However, this suppression is
generally a local event, since it is very common that a growing
primary tumor can engender sufficient systemic anti-tumor
immunity that the mice can reject a second tumor challenge
even while the primary continues to grow. This rejection of a
second tumor by a mouse with an identical growing primary
tumor, first described by Ehrlich, is termed concomitant tumor
immunity (81, 82). A range of mechanisms have been considered
to explain concomitant immunity (83), but the dominant
mechanism is now known to be immunological rejection of the
second tumor due to responses initiated following injection of
the first tumor. The mechanisms resulting in immunity to
injected tumors involves dendritic cells (DCs) functioning as
professional antigen presenting cells, since tumors that are
ordinarily rejected are able to grow when injected into Batf3-/-

mice that lack cross-presenting DCs (84). Thus, cancer cell
injection into immune competent mice generates an initial
CD8 T cell response via cross-presenting DCs, which is
therefore a critical feature of immunogenicity in murine models.

In patients, or in mouse models of progressive tumorigenesis
that occur without cancer cell injection, this effect may be more
difficult to observe. Without the initial bolus of cancer cells to
provide debris that may serve as a vaccine event, other mechanisms
are required to generate immunity. For example, experiments that
use surgical implantation of tumor fragments do not result in anti-
tumor immune responses that are observed with implantation of
tumor cell suspensions (85, 86). In such cases, to generate T cell
responses, cancer cells must transfer antigenic material to APCs in
another manner. Soluble cancer-associated antigens can be released
from tumor cells – for example PSA is secreted from prostate cancer
cells and can be a T cell target for immunotherapy, and mesothelin
can be released from pancreatic cancer cells and also serves as a T
cell target (87, 88). However, the majority of cellular proteins are not
secreted, and therefore will require transfer of cellular material for
uptake by APCs. Cancer cells have been shown to release exosomes,
which can deliver tumor-associated antigens directly to APCs (89–
92). Engineering a tumor to express a model tumor antigen in
exosomes resulted in increased tumor immunogenicity, with
significantly slower tumor growth than matched tumors
engineered to secrete the same antigen, and this growth delay was
dependent on an intact immune system (91). Tumors with antigens
directed to exosomes were also more immunogenic than those with
antigens directed to non-secretory components (93), indicating that
the subcellular localization of antigens may be a critical feature of
immunogenicity or immunodominance of an individual
neoantigen. Importantly, redirection of potential antigens to
autophagosomes can increase the immunogenicity of the tumor
by generating vesiculated particles that are efficiently cross-
presented (94, 95), which may provide an option to increase the
immunogenicity of tumors where the potential antigens are not
generally directed to exosomes.

Normal programmed tumor cell death is an alternative
mechanism for antigens to be released and taken up by APCs.
Despite generally increased resistance to cell death in cancer cells
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(96), DNA damage and metabolic stressors can result in cancer
cell death and is particularly pronounced as their growth
outstrips the supply nutrients in their environment (96, 97).
Multiple types of cell death have been described, however, the
two most extensively studied forms are apoptosis and necrosis
(98). Apoptotic cell death is typically thought of as being
immunologically silent (99, 100) as compared to necrotic cell
death, which results in the release of inflammatory signals (101,
102). However, recent work has suggested these pathways are
more nuanced and depending on the circumstances, both
pathways can lead to the release inflammatory signals (103–
106). Thus, some tumors might be classified as poorly
immunogenic because they are more resistant to natural tumor
cell death, resulting in a failure to release adequate tumor
antigens for T cell priming. Alternatively, a cancer cell that is
proportionally more resistant to apoptosis may still die if the
environment is sufficiently toxic, but through non-apoptotic
mechanisms (107). A high rate of cell death in a region of the
tumor can overwhelm local phagocytic capacity and result in
necrosis. Necrotic material includes a range of endogenous
adjuvants with varying ability to stimulate immune responses
to associated proteins (102). However, in patients, the presence
of pathological necrosis in their tumor is generally associated
with poor outcomes across a range of malignancies (108–111).
There are likely a wide range of conflicting mechanisms at work
in a tumor with extensive pathological necrosis, since a high level
of cancer cell death is often correlated with a high rate of cancer
cell proliferation (112), and necrotic regions are enriched for
macrophages (113) that drive biological pathways to repair
necrotic damage (114). As has widely been discussed, these
macrophages can be associated with a poor prognosis in
patients. These data suggest that the most efficient means of
antigen transfer to antigen presenting cells is not necessarily
related to high rates of cancer cell death, but may depend on the
specific mode of cell death and the means of transfer to antigen
presenting cells.

Released tumor antigens will ultimately fail to trigger an
immune response unless professional APCs are present to take
up these antigens. Dendritic cells excel as professional APCs and
multiple dendritic cell subsets exist, each with their own
specialized function in immunity (115). Thus, in addition to
considering the availability of suitable antigens and maturation
signals in tumors, the appropriate type of dendritic cell still needs
to be localized in the vicinity of these signals to initiate T cell
priming. Conventional type I dendritic cells (cDC1s) are
particularly potent at priming cytotoxic CD8 T cell responses
(116). Importantly, cDC1s are thought to be the primary cell type
capable of cross-presenting tumor-associated antigens to CD8 T
cells (117–121). As mentioned above, mice entirely lacking cross-
presenting DCs via deletion of the cDC1-specific transcription
factor Batf3-/- fail to develop anti-tumor T cell responses and
even highly immunogenic tumors that are ordinarily rejected can
grow in these mice (84). Increased cDC1 signatures in patient
tumors correlates with improved survival (119, 122, 123).
Moreover, in tumors with very few cDC1s at baseline,
administration of drugs that expand cDC1 numbers in the
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tumor results in improved responses to therapy in murine
models (124, 125).

While cDC1s have been shown to have some limited
proliferative capacity in peripheral sites, they are typically
short-lived and need to be continuously replaced in the tissues
by cDC precursors from the blood (126–128). In mice, the
chemokine receptors CCR1, CCR5 and CCR6 have been
implicated in the recruitment of cDC precursors from blood
into tissues, though these requirements likely change during
tissue inflammation (129–131). Spranger et al. reported that in
their melanoma model, tumor intrinsic b-catenin signaling leads
to decreased CCL4 production by tumor cells and impaired
recruitment of CCR5-expressing cDC1s into the tumor,
ultimately resulting in a failure to prime anti-tumor CD8 T cell
responses (132). Alternatively, NK cell-derived XCL1 has also
been shown to promote the mobilization of XCR1-expressing
cDC1s into tumors and this recruitment is inhibited in tumors
that secrete PGE2 (122). Tumors implanted into mice that
cannot synthesize PGE2 are spontaneously rejected, indicating
that PGE2 is a critical suppressor of immunogenicity in mice
(122). These data suggest that different tumors may actively
secrete factors that either promote or suppress the recruitment of
cDCs to the tumor, and this regulation is highly impactful to
classical immunogenicity.

To take up antigens, cDC1s must express receptors that enable
them to phagocytose dead or dying cells. These include some of the
key markers of the dendritic cell lineage, such as DC-SIGN,
CLEC9A, DEC-205 and DCIR (133–137). CLEC9A for example
binds to actin filaments that are exposed on dying cells and diverts
these antigens be processed in the cross-presentation pathway (135,
138). AXL is another receptor expressed by dendritic cells that is
capable of indirectly recognizing apoptotic cells through Gas6 which
is bound to phosphatidylserine on the outside of dying cells (139).
Moreover, tumor cells themselves have been known to express
signals that might prevent them from being recognized and
phagocytosed by dendritic cells in the first place, including the
“don’t eat me” signal CD47 (140). Elimination of CD47 on tumor
cells enhances the development of anti-tumor immune responses in
preclinical models via dendritic cell-dependent mechanisms (141).
Taken together, these data suggest that there are multiple signals
that can promote or suppress the uptake of dying cells by dendritic
cells and crosstalk between these pathways has important
implications for whether or not tumor antigens are taken up by
dendritic cells to prime tumor reactive T cell responses.

While many types of material released from dying cells are
likely capable of being phagocytosed by APCs, the additional
signals released from these cells are critical to determining
whether successful priming occurs. Dendritic cells are
professional APCs uniquely capable of sensing and integrating
signals in their environment to determine whether to initiate an
adaptive immune response. In tissues, immature dendritic cells
are constantly sampling antigens, but in the absence of
maturation signals, productive T cell priming will fail to occur.
When dendritic cells receive maturation signals, this leads to a
shift from antigen uptake to antigen presentation with increased
expression of migratory receptors, cytokines, and T cell co-
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stimulatory molecules. Naïve T cells lack the receptors for
recirculation through tissues, and so must meet dendritic cells
presenting tumor-associated antigens in tumor-draining lymph
nodes. Dendritic cells also provide T cells with additional co-
stimulation and cytokine signals that further support T cell
development. During viral or bacterial infection, innate danger
signals trigger dendritic cell maturation through pattern
recognition receptors such as toll-like receptors (TLRs), C-type
lectin receptors or cytosolic nucleic acid sensors. Signaling
through these pathways results in the release of type I
interferons (IFN) that can further signal back on dendritic cells
to promote their maturation. In the absence of infection, dying
cells must trigger dendritic cell maturation by releasing
endogenous activators of these innate signaling pathways
(142). In support of this concept, dendritic cells have been
shown to produce type I IFN following tumor implantation in
murine models (143). Additional work has demonstrated that
when type I IFN is blocked with neutralizing antibodies (144), or
instead when dendritic cells lack type I IFN receptors, mice
ultimately fail to reject highly immunogenic tumors (145). These
data suggest that innate signaling pathways are required for the
development of spontaneous tumor reactive T cells.

To understand the nature of the upstream pathways that
result in type I IFN release in the absence of infection or therapy
it is necessary to study the mechanisms by which nucleic acid
sensors are triggered in the tumor environment. Recent work has
suggested that following injection of cancer cells into mice,
dendritic cells can detect tumor cell derived DNA through
stimulator of interferon genes (STING) (146). Woo et al.
demonstrated that signaling through the STING pathway
resulted in increased expression type I IFN and blocking
components this pathway led to diminished tumor specific T
cell priming and a failure to reject highly immunogenic tumors
(146). It’s also plausible that nucleic acid sensors such as MDA5,
RIG-I, or TLR3 function to detect various forms of RNA released
by dying tumor cells to trigger interferon pathways. Endogenous
retroviral elements are embedded throughout the genome and
though their expression is typically silenced, some tumors might
be better than others at suppressing the expression of these
potentially immunostimulatory RNAs (147, 148). Other
potential signals include high mobility group box 1 (HMGB1),
a danger signal that has been shown to be released from dying
tumor cells that is capable of inducing dendritic cell maturation
and tumor regression (149). These data suggest tumors lacking
signals that promote dendritic cell maturation may be poorly
immunogenic, despite effectively transferring antigen to
dendritic cells.

As mentioned earlier, certain tumor-derived metabolites can
function to inhibit dendritic cell maturation. Tumors that
successfully release antigens and maturation signals, but also
secrete factors that inhibit dendritic cell maturation will ultimately
result in a failure for these dendritic cells to prime tumor-specific T
cell responses. This is illustrated by work from Villablanca et al.,
which showed that tumors can produce and secrete oxidized
cholesterol ligands that bind to the liver X receptor (LXR) and
signaling through this pathway in dendritic cells suppresses the
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expression of CCR7 on maturing dendritic cells (150). As a result,
signaling through LXR impaired dendritic cell migration to the LN
to prime CD8+ T cells, and knockout of LXR in dendritic cells
reversed these effects. Other metabolites and signaling pathways that
have been shown to suppress dendritic cell function in the tumor,
including PGE2 as described above and adenosine (122, 151–153).
These data suggest that dendritic cell are capable of sensing both
activating and inhibitory signals within tumors and the integration
of these signals in critical to determining whether a productive anti-
tumor immune response is generated. The combination of these
mechanisms can determine whether an untreated, growing tumor
will have a pre-existing anti-tumor immune response that can be
targeted with immunotherapies, or will require additional
treatments to initiate anti-tumor immunity.
CHARACTERISTICS OF A HIGH
SURVEILLANCE TUMOR

As discussed above, alongside the mutational burden the degree
of immune infiltrate helps predict whether a patient is responsive
to immunotherapy, but these are not necessarily linked (34).
There is commonly a coregulated pattern of cell infiltration into
tumors, where tumors with a high infiltration of dendritic cells
are likely to also have a high infiltrate of T cells and be capable of
generating T cell anti-tumor immune responses (132, 154). Since
these are potentially overlapping or interrelated mechanisms, it is
important to understand what dictates T cell infiltration. One
framework outlining the different tumor immune phenotypes is
described by Hegde et al. (155) and expanded upon by Chen and
Mellman (156). On one end of the spectrum is the immune
desert phenotype, largely devoid of T cells in the tumor stroma,
with or without infiltrating myeloid cells, that is largely
refractory to immune checkpoint blockade. These tumors may
have never successfully primed T cells, have deleted the T cells
with tumor specificity, or do not recruit T cells into the tumor
(155, 157). The second phenotype is an immune excluded tumor,
which contains T cells in the tumor periphery or invasive margin,
but T cells are absent within other subregions of the tumor, in
particular the tumor core. Since tumor-specific T cells are
thought to exist in this setting but are restricted to the
periphery, the distribution of immune cells in this group of
tumors must relate to some difference in recruitment between
the different tumor regions. These differences are largely
attributed to tumor/stroma interactions, such as a dense
fibrotic stroma or vascular features that prevent immune
infiltration into the tumor core (155). The third phenotype is
the broadly inflamed tumor that has abundant T cell infiltration
throughout the tumor, and importantly extends into the tumor
parenchyma. Tumors with an inflamed phenotype tend to
exhibit type I and type II IFN signatures and respond better to
checkpoint inhibitors than those with immune excluded or
immune desert phenotypes (158, 159).

Type I and type II signatures characteristic of highly inflamed
tumor indicate that efficient cross-presentation by cDC1s has
occurred, and retain an ongoing T cell-mediated immune
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response mechanistically described above. IFNg signatures are
tightly associated with activated lymphocytes, which are the
primary source of IFNg within tumors. CD8+ T cells, Th1-type
CD4+ T cells, gd T cells, and NK cells are potential sources of
IFNg and are indicative of an immune response against the
tumor [reviewed in (160)]. The pleiotropic effects of IFNg are
regulated by cell type-specific expression of IFNg receptors and
their downstream effectors (e.g. JAK2, STAT1, SOCS proteins,
IRF proteins, and others) that regulate expression of hundreds of
IFNg responsive genes and cellular behavior. In CD8+ T cells,
exposure to IFNg promotes cytotoxic effector functions, motility,
and survival (160). In CD4+ T cells, paracrine IFNg signaling
reinforces Th1-type responses and actively represses Th2- and
Th17-type differentiation (160). Additionally, IFNg regulates
several processes involved in tumor-immune cell interactions,
including direct antigen processing and presentation via
regulation of MHCI, B2M, TAP, and immunoproteasome
components (161–164), as well as feedback inhibition of T cell
responses via the expression of the IFN-regulated molecules PD-
L1 and PD-L2 in both tumor and immune cells (165, 166). IFNg
also regulates T cell recruitment via regulation of key
chemokines (159, 167). Upon exposure to IFNg, chemokines
CXCL9, CXCL10, and CXCL11 are produced by immune cells
within the tumor, including macrophages and CD103+ DCs
(159, 167). This results in chemotaxis into the tumor of
activated CD8+ T cells that have upregulated CXCR3, the
canonical receptor for these ligands (168). CXCR3 is highly
expressed on effector CD8+ T cells (169) and Th1-
differentiated CD4 T cells (170, 171), and their trafficking into
tumors is dependent on expression of CXCR3 (168). The
importance of CXCR3 and its ligands for CD8+ T cell
infiltration is underscored by studies revealing CXCR3 and its
ligands are prognostic indicators of improved outcome (172–
174). Additionally, reduced T cell numbers and worsened
outcomes were observed in a subset of ovarian cancer patients
in whom CXCL9 and CXCL10 were epigenetically repressed
(175). CXCR3 expression on CD8+ T cells was recently shown to
be repressed by TGFb, a protein associated with worsened
outcomes in patients in colorectal cancer (176). As part of its
feedback inhibitory functions, IFNg also regulates PD-L1 and
PD-L2 expression, which negatively regulate CD8+ T cell
function (165, 166), and at least partially explains anti-PD-1
efficacy in patients bearing an IFNg signature (177, 178).
Together, these data indicate that patients bearing IFNg
signatures, yet still have a growing tumor, have mounted an
immune response against their tumor that was subsequently
repressed. Logically, de-repression is an appropriate therapy for
these patients, and they would therefore be expected to be more
responsive to checkpoint therapies.
RADIOIMMUNOGENICITY

The effects of radiation therapy on the tumor immune
environment have been extensively reviewed. Much of the
excitement about the immune component of radiation therapy
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has been because immune responses provide a large portion of
tumor control following radiation therapy in many preclinical
tumor models. These data often suggest that the direct effects of
cancer cell death initiated by radiation is a minor but essential
component of treatment efficacy. While conventional radiation
treatment regimens are carefully optimized to ensure cancer cell
death while sparing normal cells in the field, it is widely discussed
that these regimens could be revisited to optimize their
contribution to immune responses (72, 179, 180). In this
discussion, as with the discussion of immunogenicity, there is
the question of whether radiation is serving as a vaccine event –
serving to initiate new immune responses against the tumor or
boosting existing immune responses to improve their function –
or whether it is assisting effector phase responses to clear residual
cancer cells. Certainly, radiation can directly upregulate antigen
processing and presentation function in cancer cells, serving to
increase their ability to be targeted for effector destruction (181,
182). However, this cannot easily explain the out-of-field effects
that have been described in preclinical models and in patients
treated with combination therapies (183, 184).

Much of the effort in exploring radiation therapy as a
potential endogenous vaccine event have appropriately focused
on critical issues in dose, timing, and sequencing of treatments,
as well as optimal immunotherapy combinations (180, 185, 186).
As the field has developed, it has become clear that as with all
other therapies, there are tumor models that are particularly
responsive to radiation therapy and radiation therapy
combinations. However, studying radiation therapy as a de
novo endogenous vaccine has been complicated by the in vitro
model phenomenon of the initial vaccine effect of implanting
cancer cells into immune competent mice, as discussed earlier.
The initial immune response of implantation means that it is
difficult to distinguish a de novo effect of radiation from a vaccine
boost event (187). Notably, in our studies when we blocked the
initial vaccine effect of tumor implantation, radiation therapy
was no longer able to combine with immunotherapies for tumor
cures (187), even in ordinarily immunogenic tumor models. This
is consistent with radiation serving to boost pre-existing T cell
responses, but being poorly capable of initiating new immune
responses. Importantly, the extent of radiation’s function as an
endogenous vaccine is highly model-dependent (188). The
importance of radiation therapy as a vaccine event is
questioned by studies showing that radiation therapy cannot
simply be replaced with strong vaccines (181) – the radiation
therapy evidently provides signals that are not present in a
vaccine. Similarly, many of the distant tumor therapy models
are affected by issues of implantation artifacts. The most
common approach used to test distant tumor responses uses
implantation of a primary tumor on one flank, and a secondary
tumor on the distant flank. Notably, the second tumor is
implanted 2-3 days following the primary. This timing avoids
the full effect of concomitant immunity that would ordinarily
result in rejection and allows the second tumor to grow in the
mice. However, the second tumor can develop with a more
pronounced immune infiltrate than the primary, different
trajectory of immune infiltrates between the tumors (80), and
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different responses to immunotherapies. This can result in
distinct outcomes in the two tumors. For example, in an
implanted murine lung carcinoma model, the delayed
administration second tumor can respond to systemic anti-
OX40 monotherapy with slowed growth, while the primary
tumor is not affected (189). Similarly, for highly immunogenic
tumors such as MC38, delayed injection of a second tumor can in
some cases result in cure of the primary tumor and/or secondary
tumor without any additional treatment (190). This cure of the
primary wouldn’t happen if a single tumor was injected, so it is
possible that since the second injection acts as a vaccine boost
event, it increases the overall immunogenicity in the system.
While the delayed second tumor injection is a useful tool to
readily detect distant tumor effects of primary tumor therapies, it
exploits the immune artifact of tumor implantation. It is unclear
whether this is relevant to the treatment of metastases, since it is
unlikely that in patients metastatic tumors have a more
permissive immune environment than the parental tumor.

Despite this caveat, there are a range of tumor models such as
the BALB/c mammary tumor cell line 4T1 that are classically
poorly immunogenic and are not treatable with checkpoint
inhibitor monotherapy. However, following the combination of
radiation therapy with checkpoint inhibitors, both the irradiated
tumor and the unirradiated tumor can be controlled (191). This
tumor is not immunogenic, so is this tumor radioimmunogenic?
The term ‘radioimmunogenic’ is a useful tool to discriminate
those tumors that may be treatable by adding radiation therapy
to immunotherapy (Figure 3). In addition, by comparing such
tumors it may help us identify features of the tumor that dictate
responsiveness to radiation. For example, in our hands, the
Panc02 model of pancreatic adenocarcinoma is unresponsive
to any T cell targeted therapy combined with radiation therapy.
This includes therapeutic antibodies to targets such as CTLA4,
PD1, and OX40, which work very well in other models. However,
Panc02-SIY, which has been engineered to express the strong
model antigen SIY is responsive to these combinations (181,
187). Thus, while the parental Panc02 cell line was generated by
MCA carcinogenesis (192), it appears insufficiently antigenic to
be radioimmunogenic. As we have compared tumor models to
understand why some tumors respond to radiation and others do
not, we identified that the poorly responsive tumors failed to
mature DCs in the tumor environment following radiation
therapy (188). In radioimmunogenic models such MC38 and
MOC1, DCs in the tumor upregulated maturation markers
following radiation therapy, showed similar maturation in the
tumor draining lymph node, and the eventual tumor control was
dependent on trafficking of T cells through the blood and to the
tumor (188). In poorly immunogenic tumors such as Panc02 and
MOC2, this loop was broken, and T cells were not able to
contribute to tumor control following radiation. This could be
restored through application of DC-targeted adjuvant to the
tumor environment, restoring DC maturation and T cell control
of the tumor (188). In radio-immunogenic MC38 tumors, the
therapeutic efficacy of radiation has been shown to rely on
STING-dependent cytosolic DNA sensing pathways in DCs
(193) and reports have suggested that radiation is capable of
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driving the expression of enzymes in tumor cells that function to
degrade potential immunostimulatory DNA signals (194). This
suggests that the adjuvant balance in poorly radio-immunogenic
tumors following radiation therapy is suboptimal and these
result may explain why immunological adjuvants have long
been described as effective immunotherapies in combination
with radiation therapy (195, 196). Since myeloid cells in the
tumor are a critical target for immunological adjuvants (195, 197,
198), this suggests that myeloid cells may be a limiting factor in
poorly radioimmunogenic tumors. This fits our experience with
the parental Panc02 tumor model, since while it is unresponsive
to T cell targeted therapies as discussed above, it has proven
responsive to radiation therapy combined with therapies
targeting myeloid populations in the tumor environment,
including therapies targeting NFkB p50, Mertk, TGFb, and
STING (199–201).

Unbiased exploration of features of the tumor immune
environment clearly demonstrate that patterns of myeloid
infiltrate can correlate with patterns of T cell infiltrate and
impact patient outcome. For example as discussed earlier, DC
infiltration and CD8 T cell infiltration are commonly correlated
(167, 202). This can present a chicken and egg question as to
which population causes infiltration of the other, but as discussed
above, limiting DC infiltration into tumors also limits T cell
infiltration (132), and mice lacking DCs fail to generate tumor
infiltrating T cell populations (84). Together these data suggest
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that in poorly radioimmunogenic tumors the initial biology that
results in DC activation and subsequent generation of anti-tumor
T cell responses are deficient. However, improving DC responses
following radiation therapy using CD73 blockade also improves
responses to radiation and anti-CTLA4 in 4T1 tumors (203), so it
is likely that DC targeting has the potential to be widely applicable
to improve responses in radioimmunogenic tumors.

The effects of radiation therapy and immunotherapy in these
models can be seen as altering the threshold of immunogenicity. A
growing, established tumor given no further treatment is lethal
and so any immune responses are by definition below the
threshold to eliminate the tumor (Figure 3A). Some tumors
may be responsive to checkpoint inhibitor therapy, which means
that blocking suppressive mechanisms can permit a substandard
immune response to successfully eliminate the tumor (Figure 3B).
These responsive models do not need radiation therapy for tumor
control. A second group of tumors do not respond to checkpoint
inhibitors alone, but can be cured by radiation therapy combined
with checkpoint inhibitors (Figures 3C, D). In these
radioimmunogenic models, the addition of radiation therapy
alters the threshold of response. This can occur by priming or
boosting T cell responses, by improving effector function within
the field due to effects on inflammatory or antigen presentation
effects, or some combination of local and systemic effects. A final
group of tumors remain resistant, where combination therapies
remain unable to cure these tumors. If we consider 4T1 tumors,
A B
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C

FIGURE 3 | Radiation alters the response threshold to immunotherapy. (A) Growing tumors are by definition below the immune control response threshold since a
lack of treatment will ultimately be lethal. (B) Checkpoint inhibition alone will result in cure for a portion of tumors that have an established T cell response and are
responsive to immune control. (C) Radiation therapy boosts T cell responses by priming or boosting T cell responses and improves response to immune control
within the treatment field due to increased antigen presentation or other inflammatory effects. (D) Immunotherapy changes the response threshold while radiation
further changes the response threshold in radioimmunogenic tumors. A portion of remaining tumors fail to respond well to checkpoint inhibition with or without
radiation therapy and will require additional therapeutic modalities that target additional resistance mechanisms.
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these are classically poorly immunogenic, aggressive tumors in mice.
However, they are clearly radioimmunogenic, since they respond
very well to radiation therapy plus anti-CTLA4, and provide an
excellent model of local and distant tumor control by
experimental immunotherapies.

This ability to control distant tumors is obviously an
extraordinarily important opportunity to impact patients with
metastatic disease. In some tumors, radiation therapy is unable to
prime new T cell responses in the draining lymph node, so would
not be expected to impact a distant tumor outside of the treatment
field (Figures 4A, B). If radiation therapy successfully primes or
boosts T cell responses resulting in increased circulating tumor-
specific T cells, then there remain multiple options. If the out-of-
field tumor is responsive to T cells, then the distant tumor may be
controlled (Figure 4C). However, tumors that are resistant to
effector mechanisms could be unaffected by radiation (Figure 4D).
For example, some tumors already have a good T cell infiltrate, but
grow regardless. More T cells may not greatly alter the threshold
for these tumors since they already suppress local immunity via a
range of mechanisms that include PDL1-PD1 or CD80/86-CTLA4
interactions. This can result in differential responses in the in-field
versus out-of-field tumors. If radiation is optimal it may result in a
range of local effects such as increased inflammation and direct
antigen presentation due to nucleic acid sensing (195, 197), and
loco-regional effects that include tumor antigen cross presentation
in an inflamed draining lymph node (188).While this can result in
increased numbers of tumor specific T cells entering the
circulation, the effects of radiation therapy on antigen
presentation and inflammation will not be taking place out in
the out-of-field tumor. This means that while we can optimize the
dose and timing of radiation therapy to increase in-field
inflammation and T cell priming, these events will not affect a
distant, unresponsive tumor. Using these criteria we can start to
identify responsive versus unresponsive tumors. If our therapies
can impact the distant tumor, they must be responsive to immune
therapies that rely purely on increased tumor-specific T cell
numbers. A recent example of this can be seen in Ruckert et al.,
where using a dual flank tumor model, they demonstrated that
systemic vaccination against tumor specific antigens only
impacted the growth of the irradiated tumor (204). Although
the distant tumor was injected a few days following primary tumor
injection and therefore had an improved tumor environment, it
remained resistant to increased circulating tumor-specific T cells
(204). Systemic immunotherapies can impact these thresholds in
the distant tumor. As single agents, systemic administration
checkpoint therapies can cause an increase in baseline
inflammation in tumors by eliminating negative regulation of T
cells. This may alter the threshold in a distant unresponsive tumor
that allows it to be controlled by T cells, becoming responsive. This
agrees with the published data, since tumors that have higher
numbers of T cells and increased clonal expansions of T cells are
also the most responsive to checkpoint inhibitor therapy (205,
206). However, it is difficult to isolate the effects of these systemic
therapies. For example, anti-CTLA4 has been shown to improve T
cell responses to tumors associated antigens in the tumor-draining
lymph node, the treatment site, and in the distant tumor. This can
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result in control of both the irradiated and unirradiated tumor. In
this case, did anti-CTLA4 function primarily to increase priming,
to remove resistance, or is it always some combination of both?

The relative effects of immunotherapies on ‘in field’ versus
‘out of field’ tumors may be clearer where the therapy is focused
specifically on one mechanism. For example, in mammary
carcinoma models, CD73 blockade increases DC infiltration in
the irradiated tumor, but not the non-irradiated tumor (203).
While this improved local control, it did not improve control of
distant tumors that were established either as spontaneous
metastases or via dual flank injection. Therefore, the distant
tumor remained resistant to T cell responses that were generated
by treatment. In the above dual tumor model used by Ruckert
et al., the addition of anti-PD1 to radiation therapy improved
primary and distant tumor control, but distant tumor control
was still not impacted by tumor-specific vaccination (204).
Notably, the immunomodulatory effects of radiation including
upregulation regulatory molecules such as PDL1 were restricted
to the tumor in the radiation field, and did not impact the out of
field tumor (204). Therefore, the out of field tumor remained
resistant, despite in field success. As another example, in our
hands direct injection of STING ligands into Panc02 pancreatic
adenocarcinoma tumors in combination with radiation therapy
resulted in local tumor cure (199). Using Panc02 tumors
expressing the model antigen SIY allowed us to demonstrate
that the combination generated more tumor-specific T cells in
the circulation, but this had only a moderate effect on the distant
tumor and was not observed with either treatment alone (199).
However, in B16 tumors expressing SIY, STING ligand
administered to a tumor was able to result in systemic tumor-
specific T cell responses and caused distant tumor cure as a single
agent (207), implying that the distant B16 tumors are highly
responsive to T cells once they are generated. In a lung
metastases model where STING ligands were delivered to both
lungs via inhalation but only one region irradiated, the
combination with radiation was able to control tumors inside
and outside the field (208). Importantly, both the in-field and
out-of-field tumor control was dependent on CD8 T cells. Thus,
in-field therapies that generate T cells are not necessarily able to
control resistant out-of-field tumors, unless the out-of-field
tumor also receives treatment. When we deliver systemic
immunotherapies, such as PD1 or CTLA4 blocking antibodies,
it can be difficult to discriminate where these therapies produce
their effect.
CONCLUSION

According to the above discussion, an immunogenic tumor may
have a tumor-specific T cell response, but since it is a growing
tumor it will be resistant to these T cells without additional
intervention. These tumor-specific T cells will have been
generated via DC cross-presentation, despite any negative
pressures from tumor-infiltrating macrophages, T regulatory
cells, or metabolic effects of the tumor. For such tumors,
overcoming T cell suppression could be sufficient to result in
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FIGURE 4 | Local and distant responses to radiation therapy or combined radioimmunotherapy in immunogenic or poorly immunogenic tumors. (A) In dual
treatment models, immune responses initiated in one tumor must be able to affect distant tumors to result in their control. (B) In poorly immunogenic tumors that
have limited pre-existing immunity, if radiation is unable to prime new immune responses then distant tumors will be unaffected. (C) If radiation successfully primes
new responses or boosts existing responses, if the distant tumor is responsive to increased numbers of T cells then distant tumor control will be observed. (D) If
radiation successfully primes new responses or boosts existing responses but the distant tumor is unresponsive to these T cells, then distant tumor control will not
be observed. However, since radiation has additional in-field effects on inflammation and antigen presentation, the treated tumor may still be cured through immune
mechanisms. Gray lettering, low occurrence; solid black lettering, moderate occurrence; bold black lettering, high occurrence. TDLN, tumor draining lymph node.
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tumor control, and these tumors also appear more responsive to a
range of conventional therapies (209). For poorly immunogenic
tumors, the result is less clear. It is possible that the tumor can be
manipulated to generate effective T cell responses through
treatment, adoptive transfer, or vaccination. However, we still
will not know whether the tumor will additionally be resistant to
control by the effector phase of immune responses, just like the
immunogenic tumor. Therefore, for tumors that present with
absent immune infiltrates it is likely that combination therapies
will be necessary.

In answer to the question posed at the start of this review “Is
my tumor immunogenic?”, one would hope that the answer is
“Yes”. In that case, many therapies will work optimally, not just
immune therapies. For the remaining patients, there will be some
who have tumors that are radioimmunogenic. In these patients,
radiation therapy in combination with immunotherapies have
the potential to control their tumor. For this to impact patients
with metastatic disease, then the out-of-field tumors will also
need to be responsive to immunotherapies, since these distant
tumors will not receive radiation. For this reason, clinical studies
designed to treat metastatic tumors with radiation therapy to a
distant site should incorporate approaches that increase the
responsiveness of the out-of-field tumor potentially through
administration of systemic agents that target the suppressive
tumor environment, and not just improve radiation’s ability to
act as a vaccine. By contrast, a therapy that aims to increase local
Frontiers in Oncology | www.frontiersin.org 1498
control following radiation therapy may not require systemic
therapy and can focus on immune mechanisms that assist the
radiobiological response to radiation treatment within the field.
Therefore, it will be critical to match the trial design to the agent,
as well as the agent to the intended outcome (210). In either case,
an ability to discriminate immunogenic and radioimmunogenic
tumors will help us understand how our preclinical models
might apply to specific clinical scenarios. This will help ensure
we are developing appropriate therapies for patients, and not just
for our artificial preclinical settings. This will better address why
radiation plus immunotherapy is overwhelmingly successful in
preclinical models, but these do not necessarily result in
successes in randomized clinical trials.
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Salty Crackers as Fortuitous
Dosimeters: A Novel PSL Method for
Rapid Radiation Triage

Nadica Maltar-Strmečki 1*, Monica Vidotto 1, Sara Della Monaca 2, Ina Erceg 1,

Paola Fattibene 2, Maja Vojnić Kortmiš 1, Maria Cristina Quattrini 2 and Emanuela Bortolin 2

1Division of Physical Chemistry, Ruder Bošković Institute (RBI), Zagreb, Croatia, 2Core Facilities, Istituto Superiore di Sanità

(ISS), Roma, Italy

When a radiological and nuclear (R/N) emergency occurs, the categorization of

individuals into those who are unaffected and those requiring medical intervention is

a high priority. At times, a professional dosimeter is not available and therefore some

common belongings may be used as fortuitous dosimeters. The preparation of these

objects for the measurement should be such as to give the most accurate and precise

results. This paper focused on the Photo-Stimulated Luminescence (PSL) response of

salty crackers confronts the problem of sample preparation (mass, grain size), dose

response and signal stability. The dose response was determined for doses up to 5Gy,

which allowed the calculation of the limit of detection. Additionally, the signal stability

was investigated for samples irradiated with 0.3 and 3Gy. The observed decrease of

the signal does not prevent the detection in the dose range typical for R/N emergency.

The main dosimetric characteristics were investigated by using two different models of

PSL readers equipped with single (infrared) or double (infrared, blue light) stimulation.

The results indicated that the limit of detection can be improved by applying blue light

stimulation. Moreover, strong correlation of the measurements performed in the two

different instruments, as well as the rapidity of the analysis and the simplicity of the

operations, suggest that this method can be suitable for a rapid radiation triage of a large

number of civilians in a mass casualty event. The study was simultaneously conducted by

two laboratories (Ruder Bošković Institute, RBI, Croatia and Istituto Superiore di Sanità,

ISS, Italy) involved in the BioPhyMeTRE project (grant No. G5684) supported by NATO

Science for Peace and Security Programme.

Keywords: retrospective dosimetry, fortuitous dosimeters, photo-stimulated luminescence, radiation triage, salty

snacks

INTRODUCTION

Retrospective dosimetry plays a key role in the determination of the absorbed dose due to an
accident in a nuclear reactor, a terrorist attack, a nuclear weapon explosion or a small-scale accident
that could occur in medicine or industry (1–3). In the absence of a professional dosimeter, some
common objects belonging to the individuals involved in the accident could serve as fortuitous
dosimeters. Those are analyzed by different physical techniques. The stimulated luminescence
techniques, in particular, have been successfully applied to various materials taken from personal
objects like watches, electronic devices, ID cards, cigarettes, banknotes, paper tissues, mobile phone
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parts, salty snacks, etc. (4–9). Of particular interest are the results
obtained with objects of no considerable value which people
would easily donate in an emergency situation. Starting from
these findings, a novel method, based on the use of a low-cost
portable instrument for Photo-Stimulated Luminescence (PSL)
have been tested on above mentioned inexpensive matrices. This
type of PSL reader was primarily designed to identify irradiated
food by detecting the luminescence emitted, after infrared
stimulation, by the silicates contaminating the foodstuffs but,
in principle, it could be applied for different purposes on other
materials with luminescence properties. Different models/brands
are available around the world and used mainly for food control;
their characteristics are small size and weight which make them
portable, low cost and simple for application on the scene of
the accident. New models are also available, additionally offering
double stimulation by infrared and visible radiation which makes
themmore suitable for the application in retrospective dosimetry.
These PSL systems allow to perform measurements directly
on the materials without any pre-treatment, thus making the
analyses extremely rapid. All these aspects/advantages allow to
propose the method for a fast triage of a large number of
potential victims which would considerably improve response
speed, quality, cost and effectiveness of medical care in general.
Fast triage of a large group of people is needed to separate
individuals needing specific treatment followed by timelymedical
decisions according to the dosimetric triage categorization. The
individuals should be divided in three different categories (low:
<1Gy, medium: 1–2Gy, and high: >2Gy). Therefore, chosen
dose range is related to the doses of interest for emergency
triage, which are >0.5Gy (1, 2). Particular attention was
given to 1Gy limit which divides individuals in those needing
medical care and those who are mostly unaffected not requiring
immediate care.

This paper reports the results of a PSL study carried out on
a popular brand of salty crackers which are very popular among
children and adolescents worldwide. The consumption of salt-
containing snacks is increasing (10) and we can expect to find
them on the location of the accident. In this work the main
dosimetric characteristics, i.e., dose response, detection limit and
signal stability, were investigated by using two different models of
PSL readers equipped with single (infrared) or double (infrared
and blue light) stimulation. Particular attention was paid to the
sample preparation procedure, of crucial importance for the
reproducibility of the data.

MATERIALS AND METHODS

TUC crackers (Original) were purchased at a local store or
vending machines for snacks and drinks. Declared salt content
of all samples is 1.7 g/100 g independently of the country were
distributed. The allowed salt content uncertainty is ±0.3 g/100 g
according to EU Regulation (11). All samples were packed in the
characteristic yellow non-transparent polypropylene bag.

Irradiation was carried out with Cobalt-60 in a calibration
teletherapy unit Co-60 Alcyon, CIS Bio International, available
at RBI and with the Cs-137 source of the Gammacell 40 facility

available at ISS with a dose rate of about 3.26 Gy/min and
0.7 Gy/min, respectively.

Sample preparation and sample storage were carried out at
room temperature in dry air, and to avoid the bleaching of PSL
signal in absence of light. The crackers were crumbled with a
pestle, weighted and placed in Petri dishes (50mm in diameter).
Measurements were carried out with different models of SUERC
PSL readers (Scotland/UK): a portable OSL Reader V.2.4 with
three types of stimulation: infrared (890 nm), blue light (470 nm)
and both simultaneously combined and an Irradiated Food
Screening System with infrared stimulation (890 nm). Further in
the text, the first one will be referred to as Reader 1, while the
second one will be referred to as Reader 2. Data was acquired
for 60 s for each sample and is expressed in “total counts”—an
arbitrary unit of the instrument.

Measurements regarding the dose response within the range
0.1 to 5.0Gy were performed within 1 h after the irradiation
process; those obtained for the determination of the effects of
sample mass (1 g and 2 g with an error of ±1%) and grain size
(bigger∼1 cm, medium∼0.5 cm, completely crumbled<0.1 cm)
were done 24 h after irradiation, while those meant to determine
the signal stability took place at different times after irradiation
ranging from 1 h to 20 days. Each different set of measurements
was repeated 6 times. The data was analyzed using the software
SigmaPlot V13 (Systat Software GmbH).

RESULTS AND DISCUSSION

Effects of Mass and Grain Size
One of the main goals of this study was to determine the most
suitable method to prepare the cracker samples for the potential
application. The cracker’s component that gives the PSL signal are
the defects in the salt crystals (7–9) that seem to bemostly present
on the surface of the cracker. This opens the possibility of dealing
with a non-homogeneous sample that would prevent a proper
assessment of the dose absorbed by the individual involved in the
R/N accident.

Tables 1, 2 represent the response with the corresponding
relative standard deviations for samples of masses 1 g and 2 g, for
the unirradiated and irradiated with 1Gy, respectively. Besides
sample mass (samples weighting 1 g or 2 g) and the size of the
cracker grains that are meant to be placed in the Petri dish
(three different grain sizes), three different stimulations, blue
light (470 nm), infrared (890 nm) and combined using Reader 1
were applied so they could be compared.

The justification for the different grain sizes of the crumbled
crackers is related to the fact that salt may not be homogenously
spread in the cracker. Moreover, two different masses of the
samples were chosen to verify if this parameter would affect the
results and, in case it does not, weighting of the samples may be
omitted to save time.

There are a number of conclusions that can be drawn
from Tables 1, 2. Firstly, the relative standard deviations of the
measurements made on the unirradiated samples are on average
smaller compared to the ones obtained from the measurements
on the irradiated samples. This can be explained with the
non-complete stabilization of the radiation-induced PSL signal
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Maltar-Strmečki et al. Salty Crackers as Fortuitous Dosimeters

TABLE 1 | Number of counts measured for the unirradiated samples for two different masses and three different grain sizes (data acquired with Reader 1).

Stimulation type Mass/g Crumbled <0.1 cm Grains ∼0.5 cm Grains ∼1 cm

λ = 890 nm 1 242 ± 8% 244 ± 7% 231 ± 20%

2 240 ± 18% 261 ± 7% 257 ± 9%

λ = 470 nm 1 938 ± 8% 835 ± 5% 798 ± 4%

2 896 ± 5% 843 ± 3% 869 ± 4%

Both 1 877 ± 7% 758 ± 13% 788 ± 10%

2 846 ± 4% 861 ± 5% 823 ± 6%

TABLE 2 | Number of counts measured for the samples irradiated with 1Gy for two different masses and three different grain sizes (data acquired with Reader 1).

Stimulation type Mass/g Crumbled <0.1 cm Grains ∼0.5 cm Grains ∼1 cm

λ = 890 nm 1 414 ± 22% 503 ± 12% 705 ± 15%

2 512 ± 9% 570 ± 14% 785 ± 21%

λ = 470 nm 1 9,713 ± 10% 6,821 ± 39% 13,719 ± 36%

2 13,422 ± 10% 9,711 ± 14% 16,519 ± 21%

Both 1 9,421 ± 30% 7,298 ± 18% 11,496 ± 43%

2 12,959 ± 37% 11,604 ± 27% 19,806 ± 25%

intensity after 24 h from irradiation, as it will be shown later on
(Signal Stability).

As far as different stimulations are concerned, the relative
standard deviations from the average values are the highest
when both, the blue and the infrared stimulations are applied
simultaneously. To our knowledge, this kind of combined
stimulation was never applied for salty crackers so, one can only
speculate that the deviations in the case of such stimulation is
a superposition of the standard deviations of each stimulation
alone, but further investigation of this phenomenon is required.
Moreover, blue light gave a better response compared to infrared
light. This behavior is the consequence of the shorter wavelength
of blue light directly influencing the depth of electromagnetic
wave penetration into the material. Therefore, it has better
accessibility to “shadowed” salt.

Still, the grain size is directly related to the non-homogeneous
distribution of salt in the sample, independently on the
stimulation wavelength. Therefore, the standard deviation of
the response increases with the grain size for all applied
light stimulations.

From presented results, it can be concluded that the grain
size is a relevant parameter for the preparation of crackers as
fortuitous samples. The samples with the smaller grain size
are least affected by mass, while the samples with the largest
grains (∼1 cm) have bigger relative standard deviations, which
is probably a consequence of the non-homogenous distribution
of salt in the cracker.

Dose Response
Figures 1, 2 show the dose response, as well as the calibration
curves, of completely crumbled crackers (<1mm) determined
for blue light and infrared stimulations using Reader 1.

In both cases the curves show a linear behavior for lower doses
(up to 300 mGy for infrared stimulation and 200 mGy for blue

FIGURE 1 | Dose response for blue light (470 nm) stimulation (data acquired

with Reader 1).

light stimulation), while for higher doses the response assumes
the characteristic supralinear dependence. Figure 3 represents
dose response curve for data acquired with Reader 2. The
dose response behavior appears similar to that one reported in
Figure 2 with linear response up to 500 mGy, followed by typical
supralinear trend. These findings are expected as a similar dose
response behavior have been already reported for household salt
and salty snacks (9, 12, 13).

The linear part of all curves was analyzed, and calibration
curves were obtained by making a linear fit, where k is the slope
and l is the y-intercept. The parameters of these curves and the
respective standard deviations are shown in Table 3 and used for
the calculation of the limit of detection. The results obtained for
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FIGURE 2 | Dose response for infrared (890 nm) stimulation (data acquired

with Reader 1).

FIGURE 3 | Dose response for infrared (890 nm) stimulation (data acquired

with Reader 2).

the l parameter (Table 3) are in agreement (within 1 SD) with
the number of counts measured for the unirradiated samples
(Table 1), which supports the reliability of fitting curves.

As there doesn’t seem to be a standard method (14) for the
calculation of the lowest measurable value that is statistically
different from the zero-dose value, in this work two different
approaches were taken. The first method for the calculation
of the limit of detection is the one used by Currie et al. (15,
16). It consists in calculating the limit of detection from the
average value of the zero-dose plus three corresponding standard
deviations. The results of Reader 1 for the limits of detection
for measurements are 70 mGy for the infrared stimulation and
20 mGy for the blue stimulation, while 100 mGy was obtained
with Reader 2. The other method for the calculation of the
limit of detection is the one reported by Geber-Bergstrand et al.
(17). It considers the uncertainty of the calibration curves of the

TABLE 3 | Parameters obtained from the calibration curves for infrared (Reader 1

and Reader 2) and blue light stimulation (Reader 1).

k/counts Gy−1 l/counts

λ = 890 nm (Reader 1) 183 ± 31 240 ± 6

λ = 470 nm (Reader 1) 3,628 ± 567 959 ± 58

λ = 890 nm (Reader 2) 90,529 ± 4,045 −389 ± 1,197

dose response. The limit of detection for both stimulations was
calculated with the expression proposed in their study:

LOD =

〈S0〉

k
+ 3 ·





√

(

σS

〈S0〉

)2

+

(

σk

k

)2
·

〈S0〉

k



 (1)

where LOD is the limit of detection, 〈S0〉 is the average number of
counts of the zero-dose samples, k is the slope of the calibration
curve, σS is the standard deviation of 〈S0〉 and σk is the standard
deviation of k. By inserting obtained results into the Equation
1, the limits of detection of Reader 1 are 0.37Gy for the blue
light stimulation and 2.33Gy for the infrared stimulation and
0.6Gy for Reader 2. The two methods give results that differ
by an order of magnitude for both stimulations. Evidently, the
standard deviations of the parameters of the calibration curves
sensibly affected the obtained results. It has to be highlighted
that the construction of statistical model is a delicate process
as it is specific for each sample type and additional pertinent
information about instrument.

Comparing the data reported for Reader 1 and Reader 2, it
is evident that the PSL responses (total counts) recorded in the
same conditions (infrared stimulation, same dose of ionizing
radiation) with the two different models of PSL systems used
in this study, are very different. The Reader 2 provides a more
intense PSL responses with total counts which differ by more
than one order of magnitude. Despite that, results obtained by
two different Institutes and instruments can be compared and
correlated as reported in Figure 4. Obtained results show that
the proposed method can be successfully used for the triage
according to the categorization protocol (1, 2). Furthermore, the
results were not influenced by the difference in dose rates applied
by the two Institutes.

This is an important result that suggests the possibility
of harmonization of sample preparation and measurement
procedure allowing different laboratories to simultaneously
estimate the dose for this type of snacks and correlate results
in the mass causality nuclear accident event when urgent dose
assessment is required.

Signal Stability
The stability of the signal was determined with Reader 1 for
completely crumbled samples irradiated to 0.3Gy and 1Gy and
for all three stimulations and is represented in Figures 5, 6.
Blue light stimulation gives the strongest signal, followed by the
combined stimulation, while the infrared stimulation gives the
weakest signal. A decrease in the signal intensity is evident for
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FIGURE 4 | Total counts correlation between Reader 1 (RBI) and Reader 2

(ISS) for infrared (890 nm) stimulation.

FIGURE 5 | Signal stability for samples irradiated to 0.3Gy (data acquired with

Reader 1).

both irradiation doses and for all the stimulations. During the
first 24 h the signal obtained with blue light drops by about
40%, the one measured for combined stimulations by about 30%
and about 20% for infrared stimulations for both irradiation
doses. After 48 h the signal continues to weaken for the samples
irradiated to 1Gy, while it stabilizes for the sample irradiated with
0.3Gy. The results are in line with fading properties obtained for
pure NaCl (18) as expected as the main response of the crackers
is due to the salt present in them.

On the other hand, the PSL signal recorded with Reader 2 on
crackers irradiated with 0.3 and 3Gy during the period from 48 h
to 20 days after irradiation remains fairly constant. The number
of counts for the sample irradiated with 0.3Gy is on average 7,397
with a relative standard deviation of 22%, while for the cracker
irradiated with 3Gy this value is 67,582 with a relative standard
deviation of 19%.

FIGURE 6 | Signal stability for samples irradiated to 1Gy (data acquired with

Reader 1).

CONCLUSION

In this work a specific brand of crackers (TUC original)
was investigated with two PSL systems equipped with
different stimulations (single or double). The main problems
confronted in this paper were the dose response, the method
of sample preparation, the advantages and disadvantages
of the different stimulations and the signal stability
in time.

The optimal sample preparation was determined by changing
grain size, mass and stimulation. It was found that the results
were the most accurate when the crackers were completely
crumbled, had a larger mass and were exposed to blue
light stimulation.

Although the instruments used in different Institutes have
different response and limits of detection, the correlation
is strong and opens the possibility of harmonization
allowing simultaneous estimation of the dose for this
type of snacks and the correlation of results in the mass
causality nuclear accident event when urgent dose assessment
is required.

In the case of salty snacks, the blue light stimulation is farmore
promising as it reduces the limit of detection.

The short (first 48 h) and long term (20 days) signal
stability were determined for samples irradiated with 0.3Gy
and 3Gy. The first one shows a fast decrease response for
both doses, while the signal stays roughly stable 2 days
after irradiation.

In general, the encouraging results as well as the simple
sample preparation (crumbling of the cracker), rapidity of
the analysis (60 s for each sample) and the simplicity of the
operations make this method suitable for a rapid radiation triage
of a large number of civilians in a mass casualty event with
a portable PSL instrument. The transport of the instrument
and the operator on the location of the event is probably
the most time-consuming step in the estimation of the dose
from the proposed samples. Until studies regarding that topic
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are not conducted, the advice is to protect the samples from
conditions such as humidity (influence of water on the salt
crystal), as well as keeping them away from UV light due
to the possibility of bleaching (loss of recombination centers).
The influence of other parameters, such as possible changes
in environmental conditions, also remain open questions for
future studies.
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Copyright © 2021 Maltar-Strmečki, Vidotto, Della Monaca, Erceg, Fattibene, Vojnić
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DNA double-strand break (DSB) induction and repair have been widely studied in radiation
therapy (RT); however little is known about the impact of very low exposures from
repeated computed tomography (CT) scans for the efficiency of repair. In our current
study, DSB repair and kinetics were investigated in side-by-side comparison of RT
treatment (2 Gy) with repeated diagnostic CT scans (≤20 mGy) in human breast
epithelial cell lines and lymphoblastoid cells harboring different mutations in known DNA
damage repair proteins. Immunocytochemical analysis of well known DSB markers
gH2AX and 53BP1, within 48 h after each treatment, revealed highly correlated
numbers of foci and similar appearance/disappearance profiles. The levels of gH2AX
and 53BP1 foci after CT scans were up to 30% of those occurring 0.5 h after 2 Gy
irradiation. The DNA damage repair after diagnostic CT scans was monitored and
quantitatively assessed by both gH2AX and 53BP1 foci in different cell types.
Subsequent diagnostic CT scans in 6 and/or 12 weeks intervals resulted in elevated
background levels of repair foci, more pronounced in cells that were prone to genomic
instability due to mutations in known regulators of DNA damage response (DDR). The
levels of persistent foci remained enhanced for up to 6 months. This “memory effect”may
reflect a radiation-induced long-term response of cells after low-dose x-ray exposure.

Keywords: computed tomography, low-dose x-ray exposure, DNA double-strand breaks, persistent repair foci,
radiation-induced long-term response
INTRODUCTION

Computed tomography (CT) and radiotherapy (RT) are currently used for diagnosis and treatment
of different diseases, and both rely on ionizing radiation (IR). In regard to known inter-individual
variation in radiosensitivity (1), the applicable dose and severity of side effects may be influenced not
only by the total dose applied, the dose per fraction, tumor volume and individual cellular
radiosensitivity, but also by genetic factors (1, 2). The use of CT has increased over the past
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decades (3), and recurrent radiological imaging procedure
impacts higher cumulative radiation doses to patients than
anticipated (4) thereby raising concerns about the possible
risks associated with diagnostic ionizing radiation exposure,
since evidence has indicated the presence of residual DNA
double-strand breaks (DSBs) in human cells exposed to very
low radiation doses (5, 6) and probably less efficient repair of
DSBs induced by low doses (7). Various factors, including CT
parameters which influence the dose in clinical settings (8), and
other individual components such as radiosensitivity or capacity
for repair, can have an impact on the biological radiation damage
in terms of diagnostic and interventional radiology (9).

The cumulative risk of cancer from diagnostic CT scans has
been estimated between 1.5 and 2.0% in the United States (10)
and ranged from 0.6 to 1.8% in another 13 developed countries
(11) with younger persons at the highest risk due to their possibly
increased radiosensitivity and longer life expectancy (11–13).
These estimates are based on the linear non-threshold model,
suggesting that cellular effects occur proportionally to ionizing
radiation exposure at all levels; thus no point can be considered
risk-free (14). Others have suggested the presence of a damage
threshold determining the efficiency of repair (5, 15), especially
in terms of the hyper-radiosensitivity phenomenon, which
describes radiation survival response of mammalian cells at
doses below 0.5 Gy (or at very low doses below 10 cGy) after
acute exposure (16).

Ionizing radiation is a well-known genotoxic agent that
causes several lesions in affected cells, the most critical being
DSBs which can lead to cell death or malignant transformation
(17–19). Once DNA gets damaged after x-ray exposure and
DSBs form, the histone H2 variant H2AX is phosphorylated at
Ser139 through PI3K related kinases, including DNA-PK and the
ataxia telangiectasia mutated (ATM) proteins (20, 21).
Phosphorylated H2AX, termed gH2AX is required for the
assembly of DNA repair proteins at DSB sites and for the
activation of checkpoint proteins which arrest the cell cycle
progression (22). Another damage sensor, the P53-binding
protein 1 (53BP1), accompanies gH2AX at DSBs and signals
chromatin damage (23). At the microscopic level, the
recruitment of gH2AX or 53BP1 to DSBs leads to the
formation of nuclear foci, a phenomenon also described
(though less pronounced) for other proteins involved in DNA
damage repair or signaling, such as ATM, NBN, RAD50 or
MRE11 (23, 24). DSBs lead to gH2AX formation within minutes,
and its accumulation in vitro shows a linear relationship with the
radiation dose over a broad dose range (5, 25), so that the
counting of stimuli-induced foci per nucleus in relation to their
background levels can be used as a biomarker for DNA damage
(5, 26) and their kinetic profiles in biological dosimetry (27, 28).
For instance, an association between foci number and absorbed
dose has been established in vitro after molecular radiotherapy
(29) or after short-term partial-body irradiation for CT scans
in vitro (30, 31), in vivo (30, 32) and for patients in radiation
oncology including breast cancer (BC) (33, 34). Radiation-
induced DSBs evaluated by counting gH2AX and 53BP1 foci as
direct responses to radiation and the sensitivity of these assays
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have provided a basis for the adoption of both these DSBmarkers
as well-established quantitative readouts for DNA targeted
treatments in terms of radiation therapy, radionuclide therapy,
certain chemotherapies, or combinations thereof (27, 33, 35, 36).
However, most of these studies were typically performed at high
doses, while only a few addressed the radiation response after low
radiation doses (5, 6) or less efficient repair of DSBs, induced by
low doses (6, 7).

We have been interested in investigating how radiation-induced
repair foci formation is affected by systematic diagnostic CT scans.
The main objective of this study was to evaluate the effects of
diagnostic chest–abdomenmono-phasic CT on theDSB repair and
kinetics through immunocytochemical analysis of gH2AX and
53BP1 foci in a human breast epithelial cell model. A secondary
objective was to investigate how radiation-induced repair may vary
in repeated diagnostic CT scans by different genetic mutational
backgrounds in comparative analyses of breast cancer cell lines and
additionally in lymphoid cells with mutations in known regulators
of DNA damage repair. We therefore monitored, in parallel, the
accumulation and fate of radiation-induced foci within 48 h after
conventional radiotherapy treatment and after three rounds of
periodic CT scans in order to test the possibility of genetically
modulated changes in radiosensitivity after repeated CT exposures.
MATERIALS AND METHODS

Cell Culture
We employed the reference breast epithelial cell line MCF10A as
a model for non-malignant breast epithelium. Selected
experiments were extended to two triple-negative BC cell lines
HCC1395 and HCC1937 and, as an ancillary tissue type,
lymphoblastoid cells (LCLs) from a healthy donor and from
ataxia-telangiectasia (A-T) patient providing controls with
different radiosensitivity phenotypes. Epithelial cell lines were
obtained from the American Type Culture Collection (ATCC).
MCF10A cells were cultured in MEBM, supplemented with
MEGM™ Single Quots™ according to the manufacturer’s
instructions (Lonza). Breast cancer epithelial cell lines
HCC1395 and HCC1937 were cultured in RPMI 1640 with
10% fetal calf serum, 500 U/ml penicillin, 0.5 mg/ml
streptomycin, and 2 mM L-Glutamine. Lymphoblastoid cells
HA56 (A-T) and HA325 (healthy donor’s cells) were established
via transformation of B-lymphocytes from peripheral blood by
Epstein–Barr virus (37) and were cultured in RPMI1640 with
15% fetal calf serum and supplements as above. Additionally, for
each irradiation setting non-immortalized peripheral blood
lymphocytes (PBLs) from one healthy donor were included.
PBLs were isolated through Ficoll (GE Healthcare) density-
gradient and kept in culture for 3 days in LCL medium. All
cells were grown at 37°C in a humidified atmosphere
supplemented with 5% CO2. After each CT round one portion
of the cells (except in the case of PBLs) were kept and further
cultured for 6 weeks (or additionally for 12 weeks in a replication
study on MCF10A) in order to undergo subsequent diagnostic
CT scans. Cells underwent a total of three rounds of CT with
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either 6 or 12 weeks (replication experiment on MCF10A)
intervals in between each round.

X-Ray Irradiation In Vitro
In order to achieve dose values for the cells which would be
comparable to routine staging exams, an Alderson-Rando
phantom (Alderson Research Laboratories Inc, Long Island
City, New York, USA) was used to simulate a patient of
approximately 70 kg. The cell cultures were placed on the
chest area of the phantom (Supplementary Figure 1). CT
scans were performed using a 16-slice Lightspeed scanner (GE
Health CareMilwaukee, US). The applied protocol was a mono-
phasic CT chest–abdomen scan as used for routine staging
examinations. The scan parameters were: tube voltage 120 kV,
total collimation 20 mm (16 × 0.6126 mm) with a pitch of 1.375,
rotation time 1 s, tube load 170 mAs and noise index 22 for
automatic exposure control. The scan length was 30 cm in order
to cover the chest. The resulting computed tomography dose
index (CTDIvol) was 10.5 +/− 0.4 mGy, and the total dose length
product was 360 +/− 13 mGy * cm. The displayed CTDIvol value
at the scanner console at the end of the examination is directly
correlated with a mean dose value inside the irradiated volume of
interest. We did not directly measure the dose in the samples, but
employed a well-known and accepted approach to quantify and
evaluate real patient dose values using CTDIvol and DLP
together with conversion factors. Applying the software CT-
Expo we matched the CT scanner and estimated the organ dose
for the breast region with a given value of 18 mGy (38). CT scans
were repeated every 6 weeks (or 12 weeks in a replication study
on MCF10A cells) to simulate the time delay between
consecutive staging examinations in a clinical setting. We first
employed the time interval of 6 weeks between CT scans,
replicating a shortest follow-up period in oncology, which
typically ranges from 6 to 12 weeks. In total, we performed
three rounds of CT, such that all cell lines had single, double, and
triple CT treatments. Untreated values were included in each
experimental setting in such a way that for every cell investigated
an age-matched control was incorporated. IR at a dose of 2 Gy
was applied to all the cell lines using a Mevatron MD-2
accelerator (Siemens, Munich, Germany), under conditions
equivalent to the usual application of one fraction for breast
cancer radiotherapy. This dose of 2 Gy also served as a positive
control for DSB formation since it constitutes the upper end of
the linear response range for counting foci (gH2AX) using ICC
methods (39).

Immunocytochemistry
For immunocytochemistry, breast epithelial and BC cells were
seeded on cover glasses in sterile non-coated six-well plates two
days before treatment in sub-confluent condition. One six-well
plate was seeded per condition and time-point. On every day of
the next two days fresh medium was added to the cells and cells
with more than 80% confluency were treated either with 2Gy or
underwent diagnostic CT. Immediately after X-ray application,
1 ml of appropriate fresh medium was added to the cells. At the
time of irradiation, adherent cells were immersed in 2 ml
medium. Suspensions LCLs and PBLs were also treated in
Frontiers in Oncology | www.frontiersin.org 3112
six-well plates, containing 2 ml of appropriate medium and
centrifuged at various time points after IR or CT on cover
glasses using a Cytospin ROTANTA 460/460R centrifuge
(Hettich). All cells were fixed with 3% (w/v) PFA, 2% (w/v)
Sucrose in PBS for 10 min and permeabilized with 0.2% (v/v)
Triton X-100 in PBS. Cells were incubated simultaneously with
antibodies against Phospho (S139)–Histone H2AX (Millipore,
clone JBW301) at a ratio of 1:200 and against 53BP1 (Bethyl
Laboratories, #A300-272A) at a ratio of 1:400 in 2% (w/v)
normal goat serum (NGS, Dianova) for 1 h. After several PBS
washing steps, the cells were incubated simultaneously with
Alexa Fluor anti-mouse IgG 488 or Alexa Fluor anti-rabbit IgG
546 (Invitrogen, both at a ratio of 1:250) for 45min. The DNA
was counterstained with DAPI (Invitrogen), and the cells were
mounted with ProLong® Gold (Invitrogen).

ICC Data Evaluation
For quantitative analyses, foci were counted by two independent
trained observers using a Leica DMI6000B microscope with 63×
objective and a 1.6× magnification. One observer was blinded to
the nature of the samples. In order to detect foci in all three
dimensions, the observer manually focused on each z-stack
throughout the nucleus. The counting process for suspension
cells was performed independently in several (up to five)
different areas of slide until at least 50 “positive” cells (with
foci) per position were detected and registered. In adherent cells,
the counting process was performed until a minimum of 1,000
cells were registered. Every responsive cell (with one or more
repair foci) was included in the evaluation. Of note, in the
replication study on MCF10A, freshly used cell cultures
exhibited somewhat higher basal levels of foci. Cells were
counted independent of the cell-cycle phase, but cells with
apoptotic morphology or cells with an intensely stained
nucleus were excluded from the counting process. For PBLs,
monocytes and granulocytes were excluded from the analysis
according to the morphological criteria. For counting of foci in
LCLs and PBLs, an Olympus FV1000 confocal microscope was
used to overcome layer problem by visualization. For the
replication study, automated foci quantification was also
performed (to test for any observer bias). Automated counting
procedure was applied using “LAS X 2D Analysis Multi Channel
Extension” licensed software module for quantitative
microscopy. The results from manual and automated counting
approaches exhibited very high similarity and were not
statistically different (Supplementary Figure 2).

Cell Proliferation and Senescence-
Associated Beta-Galactosidase Activity
Cell proliferation was measured by 5-ethynyl-2′-deoxyuridine
(EdU) incorporation into newly synthesized DNA and its
recognition by azide dyes via a copper mediated “click”
reaction, using Click-iT® EdU Imaging Kit (Invitrogen).
Briefly, cells were seeded on cover glasses in sterile non-coated
six-well plates in sub-confluent condition and incubated with 10
mM of EdU for 4 h. The cells were then fixed with 3.7%
paraformaldehyde; EdU detection was carried out according to
the supplier’s instructions, and nuclei were stained with Hoechst
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33342 for the following analysis. For the detection of cells with
replicating DNA, Alexa Fluor® 488 labeled cells were counted
with a Leica DMI6000B microscope using a 20× objective and
1.6× magnification. The counting process was performed
independently in several (up to five) different areas of the slide
until at least 500 cells per slide were detected and registered.

SA-ß-gal staining was performed using the staining kit (Cell
Signalling Technology) to detect the pH-specific (pH 6.0) activity
of b-galactosidase, which is associated with senescence (40). The
procedure was followed according to the manufacturer’s
instructions. Briefly, sub-confluent cells were seeded either in
12-well plate or cover glasses (for additional staining procedures
afterwards), and the development of blue color was documented
24 h after the fixation and staining procedure. To interfere with
replication fork progression and induce replicative stress
associated with a senescence-like state, 0.5 mM hydroxyurea
treatment for 96 h was performed prior to fixation as a control
for b-galactosidase activity in MCF10A cells (41). Pictures of 12-
well plates with the staining solution remaining on the cells were
taken using Nikon Eclipse TS100 inverse microscope.
Quantification was performed using Image J software. The
number of senescent cells was normalized to the total cell
number counted (up to 1,000 cells per well). In parallel to EdU
incorporation and SA-b-gal activity measurement, cells were
additionally stained for 53BP1 (as above). Briefly, cells treated
with SA-b-gal solution were permeabilized (0.5% v/v
Triton X-100 in PBS) and blocked with 2% NGS for 20 min;
whereas cells treated with EdU prior to nuclei staining were
blocked with 2% NGS for 20 min. Both were incubated
with antibodies against 53BP1 and Alexa Fluor anti-rabbit
IgG 546; DNA was counterstained either with DAPI or
Hoechst 33342, respectively. The cells were then mounted with
ProLong® Gold.

Statistical Analysis
Formation and resolution of foci within 48 h after each treatment
was statistically analyzed using GraphPad Prism (version 9.0.0;
Graphpad Software). 1% False discovery rate (FDR) was used to
identify and eliminate outliers from each dataset using the
ROUT method. In order to compare differences between two
groups, a student’s t-test was performed. Three or more groups
were compared using one-way ANOVA (a repeated-measures
analysis of variance), and a linear trend test was performed for
multiple comparison between consecutive groups where
indicated. P values at a < 0.05 were considered significant.
Irradiation experiments in the main run were performed in
biological triplicates (for some values also technical replicates
are included). In the replication study, biological duplicates were
analyzed. Data are presented as bar plots with average foci
number (+/− SEM) per cell. “Aged” untreated estimates were
not statistically different from untreated estimates before the first
CT (student’s t-test, data not shown), thus those values were
pooled together as untreated (“UNT”) for more convenient
graphical presentation. Pearson correlation coefficients (r) were
calculated between the average number of gH2AX and
53BP1 foci.
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RESULTS

gH2AX and 53BP1 Foci in MCF10A
Breast Epithelial Cells
To investigate the DDR in our cell culture model, we first
monitored gH2AX and 53BP1 foci formation in MCF10A cells
up to 48 h after exposure to x-rays (2 Gy and single CT
application). For CT implementation we utilized a specifically
developed phantom for a precise estimation of a clinically
comparable dose to be applied to cell cultures. As expected for
irradiation with 2 Gy, the average numbers of gH2AX and
53BP1 foci were highest at 0 .5 h af ter treatment
(Supplementary Table 1) with a notable decrease (similar to
untreated cells) within 48 h after irradiation (Figure 1) with
almost 100% of foci removal for gH2AX and 53BP1 respectively
(Supplementary Table 2). After a single dose of ≤20 mGy for the
CT treatment, a comparable to the 2 Gy experiment trend was
observed with a 0.5 h peak and similar time course (Figure 1 and
Supplementary Tables 1, 2). MCF10A cells showed significantly
induced levels of gH2AX and 53BP1 foci at 0.5 h after CT
treatment, with a reduction at 24 h. At 48 h after stimuli, the foci
numbers further decreased and were almost comparable to
untreated levels for gH2AX (p = 0.19) (Figure 1 and
Supplementary Tables 1, 2) with nearly 90% of foci removal
for gH2AX, although levels for 53BP1 with about 25% of residual
foci (Supplementary Table 2) were somewhat elevated. We then
examined whether the course of DDR would be altered if cells
were treated by multiple rounds of CT. At first, the reference cell
line, MCF10A, was examined in three rounds of subsequent CT
scans with intervals of 6 weeks. After each CT round, the number
of foci was evaluated at 0.1, 0.5, 1, 24, and 48 h after treatment
(Figure 2). MCF10A cells showed significantly elevated levels of
gH2AX and 53BP1 foci after each CT treatment, with maximum
at 0.5 h in every round (p < 0.0001 for both types of foci), with a
reduction at 24 h (around 80–90% for both foci types) and
further decrease at 48 h with similar time course over all three
rounds of CT (Figure 2, Supplementary Tables 1, 2). However,
cells which had undergone CT exhibited an elevated number of
persisting background foci at the beginning of the next round of
the CT, suggesting an accumulation of DNA damage (Figures 2
and 3 upper panel, Supplementary Table 3). This difference was
notably significant for gH2AX foci in each individual round
(CT1: p < 0.003 and CT2: p < 0.001) and less significant for
53BP1 foci (CT1: p < 0.05 and CT2: p < 0.04). Moreover, from
the second CT round on, the remaining foci levels were
apparently elevated in contrast to the untreated state
(Supplementary Table 3). Overall, the CT treatment evoked
about 20–25% the level of gH2AX and 53BP1 foci compared with
the 2 Gy treatment. It thus seemed that 2 Gy dose was more
efficient in the foci induction (higher foci appearance rate at 0.5
h), whereas foci from CT application were slower in their
disappearance rate (Figure 1, Supplementary Tables 1, 2, 4)
up to 48 h after stimuli. There was a highly significant correlation
between gH2AX and 53BP1 foci (Supplementary Figure 3, right
panel). Subsequently we repeated the experiment for MCF10A
cells with fresh cell cultures used. The analysis was restricted to
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three time-points (0, 0.5, and 48 h). Cells were additionally
subjected to prolonged intervals of 12 weeks between CT scans,
and elevated numbers of persisting foci were again seen after
each round of CT with 6 and/or 12 weeks intervals in the
replication study (Figure 3A, upper panel). The difference
between untreated cells and pre-treated cells at CT2 was
significant for gH2AX foci after both 6 and 12 weeks intervals,
whereas, for 53BP1 foci, it was only nominally significant
(Figure 3, upper panel). Both automated and manual
procedures of foci counting were not statistically different
(Supplementary Figure 2).

gH2AX and 53BP1 Foci in Breast
Cancer Cell Lines
We then tested whether these observations can also be extended
to commonly used breast cancer cell models that have gathered
DDR deficiencies. Therefore, HCC1395 and HCC1937 TNBC
cell lines were additionally investigated. Both cell lines are
BRCA1-mutant BC lines with HCC1395 carrying an additional
mutation in NBN that impairs gH2AX accumulation (42) among
other mutations that possibly could modify the DDR response.
As expected for irradiation with 2 Gy, there were clear differences
between the cell lines with different mutational backgrounds,
especially in contrast to the reference MCF10A cells
(Supplementary Figure 4, Supplementary Tables 1, 2, 5).
However, HCC1395 had a higher ratio of 53BP1/H2AX foci
which was consistent with its known NBN deficiency (42). After
CT application, a trend comparable to the 2 Gy experiment was
observed with a 0.5 h peak and similar time course for both
breast cancer cell lines exposed to a single dose of ≤20 mGy
(Supplementary Figure 4, Supplementary Tables 1, 2). As
expected, HCC1395 cells displayed reduced yield of both
gH2AX and 53BP1 foci in comparison to MCF10A at 0.5h
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after CT (Supplementary Table 5), but these foci remained
elevated at 24h (p = 0.01 for gH2AX and p=0.03 for 53BP1,
respectively) and 48h (p = 0.04 for gH2AX and p=0.01 for 53BP1
foci,) after stimuli in comparison to the untreated condition
(Supplementary Figure 4). The HCC1937 cell line exhibited an
increase in gH2AX and 53BP1 foci at 0.5 h after CT and also
showed increased residual levels of foci at 24 h after treatment
(p < 0.001 for both types of foci in comparison to the untreated
condition (Supplementary Figure 4, Supplementary Tables 1,
2). Similar to MCF10A, gH2AX and 53BP1 foci numbers in
comparison to the untreated condition were reduced at 48 h after
CT (p = 0.52 for gH2AX and p = 0.20 for 53BP1 foci) in
HCC1937 cells. Overall, the CT treatment evoked about 30–
35% the level of gH2AX and 53BP1 foci compared with the 2 Gy
treatment (Supplementary Table 1). Similar to MCF10A,
relative to the untreated state, foci levels remained elevated 48
h after CT application with some increment across the rounds
for both cell lines (Supplementary Table 3), more prominently
in HCC1395. There was a highly significant correlation between
induced gH2AX and 53BP1 foci for both cell lines
(Supplementary Figure 3, right panel). The higher ratio of
53BP1/gH2AX foci in HCC1395 observed with 2 Gy was
similarly observed with diagnostic CT scans. Additionally, an
analysis of our BC cell lines restricted to three time-points (0, 0.5,
and 48 h) showed similar trends towards elevated background
levels of foci after subsequent CT treatments (Supplementary
Figure 5, Supplementary Table 3). This difference was
significant in HCC1395 and HCC1937 cells after each round
of CT for gH2AX (CT1: p < 0.05 and p < 0.05, respectively,
CT2: p < 0.001 and p < 0.05, respectively), and for 53BP1
some trend was observed in the first CT round for HCC1395
(CT1 p = 0.07) and in the second round for HCC1937 (CT2
p = 0.05), respectively.
FIGURE 1 | Immunocytochemical analysis of repair foci after single dose in MCF10A cells. Evaluation of gH2AX foci (left) or 53BP1 foci (right) after irradiation with
either 20 mGy (CT) or 2 Gy, respectively; using conventional fluorescence microscopy (Leica DMI6000B). Data are presented as bar plots with the average foci
number (+/− SEM) per cell per experiment from at least three independent experiments (UNT, untreated values with included “age-matched” controls; p values on
graph represent comparison to UNT; ns, not significant; SEM, standard error of the mean). ***P≤0.001, ****P<0.0001.
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gH2AX and 53BP1 Foci After Single-Dose
Irradiation And Multiple CT Treatments in
Lymphoblastoid Cells and Lymphocytes
We tested and confirmed the robustness of our findings in
lymphoblastoid cells, including one LCL from an A-T patient
expected to display a radiosensitivity phenotype. Foci in the
LCLs were evaluated and counted using confocal microscopy.
After 2 Gy IR treatment, the ATM-deficient LCL (HA56) showed
significant differences in gH2AX and 53BP1 foci induction at
0.5h when compared to the wild-type control line (HA325), as
well as a significantly elevated number of residual gH2AX and
53BP1 foci up to 48 h (Supplementary Figure 6 upper panel,
Supplementary Tables 1, 2, 5). Upon CT treatment, the A-T
cells were able to accumulate gH2AX and 53BP1 foci to a similar
extent as the control LCL at 0.5h after irradiation
(Supplementary Table 1) but showed evidence for an
attenuated repair at 24 h; however, the number of gH2AX
Frontiers in Oncology | www.frontiersin.org 6115
and 53BP1 foci remained significantly increased until 48h
post treatment (Supplementary Figure 6, upper panel,
Supplementary Table 2). Upon the multiple CT treatment
both LCLs exhibited similar foci kinetics as by single-dose
(Supplementary Figure 7). The trend with elevated
background levels of gH2AX and 53BP1 foci in successive CT
rounds was visible for LCLs HA325 and HA56 (Supplementary
Figure 7, Supplementary Table 3) as well, though with statistical
significance only in HA56 cells (gH2AX: p = 0.003 for CT1 and
p = 0.0003 for CT2, respectively; and 53BP1: p = 0.044 for CT1
and p = 0.047 for CT2, respectively). Foci levels in contrast to the
untreated state remained elevated 48 h after CT application with
some increment across the rounds for LCLs, especially in A-T
cells (Supplementary Table 3). This was consistent for both
markers which again were highly correlated in the LCLs
(Supplementary Figure 3, left panel). We additionally
included native PBLs for each experimental condition to verify
FIGURE 2 | Immunocytochemical analysis of repair foci after repeated CT scans in MCF10A cells. Evaluation of gH2AX foci (top) and 53BP1 foci (bottom) after
systematic diagnostic CT scans with ~20 mGy per round (in total three rounds) using conventional fluorescence microscopy (Leica DMI6000B). Data are presented
as bar plots of average foci number (+/− SEM) per cell per experiment from at least three independent experiments (UNT, untreated values with included “age-
matched” controls; CT1, 1st round of computed tomography; CT2, second subsequent diagnostic CT; CT3, third subsequent diagnostic CT; p values on graph
represent comparison to UNT; SEM, standard error of the mean). *P≤0.05 , **P≤0.01, ***P≤0.001.
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that the CT effects can be observed through quantitative
evaluation of gH2AX and 53BP1 foci in primary lymphocytes.
PBLs behaved in a similar manner to wild-type LCLs in 53BP1
monitoring, though the average yield of gH2AX foci appeared
somewhat lower after CT treatment (Supplementary Figure 6
lower panel, Supplementary Tables 1, 2, 4). Overall, the CT
treatment evoked around 20% (in lymphocytes) and ˜30% (in
lymphoblastoid cells) of gH2AX and 53BP1 foci compared to the
2 Gy treatment (Supplementary Table 1), which was similar to
the effect seen in breast epithelial cells. gH2AX and 53BP1 foci
from CT application showed slower resolution in PBLs 24 h after
stimuli (Supplementary Figure 6 lower panel, Supplementary
Tables 2, 4).
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Persisting DSBs and Senescence in
MCF10A Cells

We tested whether higher background levels of persistent foci
after subsequent CT treatments are the cause of senescence
or aging in the long-term cell culture, and therefore measured
b-galactosidase activity and EdU incorporation in MCF10A cells
which had undergone diagnostic CT scans and were further
cultured for 6 or 12 weeks intervals between subsequent CT
rounds. Senescence was assessed in MCF10A cells by means of b-
galactosidase activity. We observed no elevation in the numbers
of senescent cells and no reduction in EdU incorporation after
diagnostic CT scans along with elevated number of persisting
FIGURE 3 | Immunocytochemical analysis of background persisting foci number after repeated CT scans in MCF10A cells (replication study). Upper Panel:
Evaluation of gH2AX foci (left) and 53P1 foci (right) from repeated experimental settings in 6 and 12 weeks intervals after systematic diagnostic CT scans
with 20 mGy per round (in total three rounds) using conventional fluorescence microscopy (Leica DMI6000B). Data are presented as bar plots of average number of
foci (+/− SEM) per cell. Each data point represents randomized counting area of slide from two independent experiments (biological replicates) and two technical
replicates (UNT, untreated values with included “age-matched” controls; CT 1, cells, which went once through the CT and were further cultured for 6 or 12 weeks,
respectively; CT 2, cells, which went twice through the CT after 6 or 12 weeks; ns, not significant; SEM, standard error of the mean). Lower panel: Example of H2AX
foci (green) and 53BP1 foci (red) double immunostaining. DNA is counterstained with DAPI (UNT, untreated value “age-matched” to UNT_CT 2; UNT_CT 1, cells
were cultured 6 weeks after the 1st round of computed tomography; UNT_CT 2, cells were further cultured for 6 weeks after the second subsequent diagnostic CT
and went through two CT rounds). *P≤0.05 , **P≤0.01, ***P≤0.001.
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53BP1 background foci (Figure 4 and Supplementary Figure 8).
Furthermore, cells showing SA-ß-gal activity did not show more
53BP1 foci in comparison to ß-gal negative cells as assessed by
ICC (Supplementary Figure 8). These results excluded
senescence or proliferative exhaustion as the main mechanism
behind the accumulation of foci after repeated CT scans. EdU
incorporation analysis, along with 53BP1 foci staining and
53BP1 foci evaluation after b-galactosidase stain, was
performed in age-matched untreated and pre-treated at CT2
MCF10A cells after 6 weeks intervals, since the difference for this
time point was significant in the main and following experiment
(Figures 2, 3).
DISCUSSION

Ionizing radiation induces an extensive DSB repair that helps
cells to survive radiation toxicity and avoid subsequent
chromosomal translocations (17, 18). While the response
towards radiation in higher dose ranges, typically used for
radiation therapy, has been well characterized, there is still a
need to elucidate the consequences of low-dose ionizing
radiation typically used in diagnostic applications such as
Frontiers in Oncology | www.frontiersin.org 8117
computed tomography. Approximately 14% of the total annual
exposure to IR is caused by diagnostic x-ray procedures (10). CT
provides the largest input to medical radiation doses (4, 43) with
the risk of possible additional DNA damage. Furthermore,
modern, often expensive oncologic therapies require regular
follow-up studies for therapy response assessment and
restaging. Consecutive CT studies with intervals between 6 and
12 weeks are the accepted standard in patient care. However, due
to more expensive and faster acting anti-cancer drugs, there is a
trend towards shorter follow-up cycles to assess early response.
Hence the risk of low dose radiation exposure is a topic of intense
and sometimes controversial discussions, emphasizing the
necessity of studies investigating the effects of low radiation
doses (44, 45), since evidence is accumulating that risk estimates
based on the LNT (linear-no-threshold) model may potentially
underestimate the risks of CT procedures.

In the present study the experimental setup utilized a
standard CT used in our hospital. Ionizing radiation was
applied to the cell cultures embedded in an Alderson phantom,
thus realistically simulating daily clinical practice. To assess the
effects of the ionizing radiation, we monitored the accumulation
of the two repair proteins gH2AX and 53BP1 at DNA DSBs, both
of which are well-established quantitative readouts for
A B

DC

FIGURE 4 | Cell proliferation and senescence-associated beta-galactosidase (SA-bgal) activity analysis in MCF10A cells. Evaluation of SA-bgal staining (A, B) and
EdU incorporation (C, D) in cells, which went through diagnostic CT scans and were further cultured for 6 weeks, using either inverse microscopy (Nikon Eclipse
TS100)—(A), or conventional fluorescence microscopy (Leica DMI6000B) — (B–D). Data are presented as bar plots +/− SEM. (A) Percentage of SA-bgal positive
cells in untreated (12 weeks “aged”) and pre-treated at different CT rounds MCF10A cells in 6 and 12 weeks intervals. (B) Percentage of SA-bgal positive cells with
or without 53BP1 foci. (C) Percentage of EdU positive cells. (D) Average 53BP1 foci number per cell, assessed after EdU labeling. Data from two independent
experiments includes one technical duplicate. Each dot in (C) represents counting area (UNT, untreated age-matched to UNT_CT2_6 weeks control; CT1, cells after
the 1st round of computed tomography; CT2, cells after the second subsequent diagnostic CT, HU, 0.5 mM hydroxyurea treatment for 96 h prior to fixation in
MCF10A cells as a control for senescence-like state and replicative stress; SEM, standard error of the mean).
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chromosome breaks in radiation therapy (26, 27, 33, 34).
However, they are not yet commonly used to evaluate
diagnostic CT scans, albeit gH2AX foci analysis by
immunofluorescence represents a very sensitive method for
detection of DSBs after irradiation in smaller doses such as 1–2
mGy (5, 6). Our data are in line with some results from a previous
study (46), in which DNA damage was induced by a single cardiac
CT in blood samples that also were placed within a phantom. A
correlation between the physical exposure parameters and gH2AX
was reported. Our present work has compared breast epithelial cells
and lymphoid cells, additionally investigated the effect on 53BP1
foci, and, most notably, further analyzed the effect of repeated CT
scans with defined intervals. Our study is, to the best of our
knowledge, also the first to provide a side-by-side comparison of
a radiation therapy treatment (2 Gy) with repeated computed
tomography scans (≤20 mGy) in their effects under clinical
conditions that are routinely applied to patients.

Several studies reported on the induction of gH2AX foci by x-
ray CT exposure in adult and pediatric patients and association
with elevated DNA damage levels (8, 30–32, 47). Our data are in
line with these published studies. We assessed elevated levels of
foci per cell, corresponding to induced DSBs, with a maximum
seen at 30 min after exposure. The disappearance rate of gH2AX
foci, which reflects the completion of the repair process (5, 48),
has been previously shown to be associated with sensitivity to x-
rays (32, 35), and gH2AX foci analysis has been proposed for
radiosensitivity screening in terms of clinically relevant doses of
radiation (32, 34, 35) or to determine dose-related effects on IR
induced DSBs levels (5, 8). Of note, the kinetics for the loss of
gH2AX foci has been shown to depend on the radiation dose
applied, and cellular response to DSBs was found to be
substantially different for low versus high radiation doses with
slower repair after doses in the mGy range (5, 6, 49).

The levels of gH2AX and 53BP1 foci after CT scans were up to
30–60% of those occurring after 2 Gy irradiation with similar
appearance/disappearance profiles. The kinetic profiles in our
experimental settings were highly similar for both gH2Ax and
53BP1 proteins. Our correlation analysis shows that 53BP1 foci
can be used largely equivalently to gH2AX foci. Both are sensitive
biomarkers for low doses commonly applied in CT and can be
reliably assessed also in lymphocytes as shown in the current
study, although their use is limited due to the fact that this cell
line harbors. In one previous study, both gH2AX and 53BP1 have
been investigated in radioiodine based therapy setting, and the
authors found that both markers were similar in foci number,
suggesting that both proteins are useful markers for detecting
radiation exposure after radionuclide incorporation, even for
absorbed doses in the blood below 20 mGy (27). This is largely
confirmed in our study, although we also report one epithelial
cell line in which gH2AX foci are underrepresented in
comparison to 53BP1 foci. This is possibly due to the fact that
this line harbors a mutation in the NBN protein that is known to
interact with H2AX and thereby selectively triggers its formation
of extended foci (42). In a more recent study, 53BP1 has been
also suggested as a more sensitive marker for the evaluation of
induced DNA repair foci in human lymphocytes (28). Our
Frontiers in Oncology | www.frontiersin.org 9118
findings are partially in line with these observations, since we
monitored a lower yield of gH2AX foci in PBLs after CT
irradiation. Further, 53BP1 foci from CT application appeared
somewhat “slower” in resolution 24 h after CT application,
possibly due to a higher technical sensitivity at low doses. It is
interesting to note, that all investigated cells showed some
“slower” rate of foci loss after CT treatment.

We have further observed that background levels of gH2AX
foci and 53BP1 foci were elevated in comparison to the “age-
matched” untreated cells after each following CT round in 6 and
12 weeks intervals in our reference breast epithelial cell line
MCF10A. This observation was then reproduced and found to be
particularly pronounced in 6 weeks interval analysis in cells that
were impaired in DNA double-strand break repair, harboring
mutations in BRCA1 (HCC1395, HCC1937) and NBN
(HCC1395), respectively. The double mutant HCC1395 line
showed the most pronounced response. Further work would be
needed to determine whether these differences seen were in fact
due to mutation in BRCA1 and/or NBN, since additional somatic
events during long-term culturing, which might have impacted
on DDR response in these cells, could not be excluded. However,
similarities in elevated background levels of repair foci were also
observed in ATM deficient lymphoblastoid cells known to be
radiosensitive. Thus, residual DSBs induced by repeated CT
scans seemed to accumulate especially in radiosensitive cells,
while they were seemingly more efficiently repaired by wild-type
cells. Such damage accumulation in the mutant cells might
translate to cellular radiosensitivity even at low doses. All
investigated cells showed significant contrasts of the second
and third rounds of CT to the first CT round, although
irradiation responses in each CT round behaved as
independent acute insults, reflecting some adaptation
mechanism. The kinetics of strand break rejoining was found
to be not influenced by adaptation to irradiation in previous
experiments with low dose (50) and therapeutic doses of x-ray
(51). Induction of gH2AX foci was found to be affected by the
initial radiation exposure with a smaller number of foci induced
by subsequent exposures in both studies, but research from
Mariotti et al. (51) reported a recovery time of 12 h for full
induction of gH2AX foci upon the next insult. Our observations
extend these findings, insofar that in our settings cells were
challenged with subsequent irradiation after 6 weeks and showed
similar foci induction as after single dose application. Regarding
the increase in background levels of repair foci, we cannot
exclude the formation of some de novo DSBs as a result of cell
metabolism, which is a steady process in every cell. However,
without assuming a “memory effect”, this likely had to occur to
the same extent in untreated and pre-treated cells, being a natural
phenomenon. In our analysis of “age-matched” untreated cells
and cells pre-treated with CT, a significant difference in numbers
of foci per cell was found, suggesting some other mechanisms
than de novo formed DSB or temporary lesions. It is noteworthy
that these foci seem to persist for more than 6 months. Over the
past years, a number of studies reported a small but significant
number of focal DDR signals persistent in irradiated cells, which
were termed ‘unrepairable DSBs’ (52–54). However, these studies
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were typically performed at high radiation doses, with only a few
addressing the radiation response after low exposure, and the
effects were largely assessed after only one application of
radiation or total observation time was no longer than 24 h
(28, 52–55).

Unrepairable foci which persisted for a minimum of 70 days
have been described in normal human skin diploid fibroblasts
after 6 Gy irradiation (55). The authors further found
that cultured irradiated cells, after an additional challenge with
x-rays, were competent in repairing newly generated foci, similar
to the foci resolution kinetics after only an initial dose. However,
newly arisen breaks formed additional unrepairable DSBs, which
then accumulate. These foci may be distinct from our
observations with regard to dependence on radiation doses and
growth conditions, since Noda and co-authors observed the
formation of unrepairable DSB foci at high dose and in non-
replicating, irradiated cells. The authors also observed induction
of premature senescence along with formation of the
unrepairable foci. This close association between the formation
of radiation-inducible unrepairable DSBs and senescence has
been also described by others (53, 55–59). The results from our
study, with regard to the low doses used, do not indicate that
unrepairable foci in our experimental settings are the cause of
senescence, nor do they appear to occur due to accumulation of
rare, spontaneous DNA damage during long-term cell culture
(Figure 4 and Supplementary Figure 8). Moreover, in regard to
mitotic catastrophe after irradiation, which in low dose ranges is
linked to a so-called low-dose hypersensitivity phenomenon, and
is related as a long-term outcome to senescence, one recent study
described an experimental in silico model showing that in the
case of DNA repair accommodation after a low-dose radiation,
survival rate is higher and mitotic catastrophe index is lower
(60). It has been also demonstrated by others that persistent
gH2AX and 53BP1 foci do not block cell proliferation, being
compatible with cell-cycle progression and transmission into
daughter cells after high-dose (5 Gy) irradiation (61), or were
induced by low dose (80 mGy). This may allow, in principle, a
long-term persistence of residual foci. Alternatively, a more
frequent formation of de novo foci could be hypothesized,
perhaps due to pre-sensitized DSB signaling pathways.
Residual gН2АХ foci were predominantly observed in the
proliferating cells and do not play a role in delayed irradiation
consequences associated with cellular senescence (62).

Residual, unrepaired DSB foci have been reported in cells that
were treated for mild replication stress (63, 64) or were exposed
to very low IR doses (5, 6). The authors found that chromosome
breaks on top of the persistent level of ~0.1 gH2Ax foci per cell
do not lead to the accumulation of DSBs through an efficient
repair, whereas repair at/or below this level is strongly
compromised (5), and the kinetics of gH2AX foci loss in
confluent cells is substantially compromised after doses of 10
mGy and lower (6). An effect of longer persisting residual foci at
low doses ≤10 cGy than at a higher dose was further described in
human lymphocytes (28). Along with this, the authors report
that effects of low doses can be, in principal, extrapolated from
higher doses using gH2AX residual foci and proposed both
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gH2AX and 53BP1 as very useful markers for low dose
biodosimetry in vitro. This is an important issue for radiation
protection and prediction of possible health effects. Thus, the
observation of persistent DSB repair foci may also be relevant for
cancer risk inference. Studies of either the induced or persistent
DNA damage foci have reported some predictive value to
estimate subsequent cancer risk (31, 65). These parameters are
not equivalent: Foci at 0.5 h are markers of intact DSB signaling
while persistent foci are markers of inefficient DSB repair.
Both defective signaling and defective DNA repair can give
rise to cancer so that measures at different time-points after
treatment should be most informative. Persistent foci may thus
be taken as markers of cancer risk. If no residual foci are found, it
needs to be taken into account whether DNA damage signaling
was in the normal range since chromosome breaks may
otherwise have gone undetected, and the cancer risk would be
nevertheless increased.

The structures containing persisting DSBs, their role and
consequences are still unclear and largely a matter of debate.
Several mechanisms could be discussed for persisting gH2AX
foci, as, for instance delayed or ineffective gH2AX de-phosphorylation
or gH2AX removal from the chromatin (66, 67). However, our results
are seen for 53BP1 foci as well. It is also worth to notice bystander
effects, the mechanism of which is implicated in the hypersensitivity
phenomenon and contributes to adaptive response and is not cell
cycle-based. The production of such “secondary” DNA DSBs in
bystander cells (68) may also impact on levels of persistent foci.
Considering the complexity of the cellular response to ionizing
radiation and common knowledge gaps in some aspects (especially
in low dose ranges), one could hypothesize that DSBs induced by ≤20
mGy low doses x-rays of CT scans in our experimental settings can
remain unrepaired and lead to persisting foci. It is possible that such
residual foci just mark unrepairable damage or they may serve to
“prime” the cell at particularly vulnerable sites for a more efficient
DNA damage response upon the next insult (adaptive response).
Although radiation exposure induces DSBs randomly in the
chromosome, DNA lesions that resist cell repair activities and
became persistent in the form of genuine DSBs (69) are proposed
to occur proximal to telomeres or mark unrepairable telomeric DNA
(53, 70), or possibly remain as unrepairable DSBs inside the
chromosome (54). Bystander or secondary foci can be also
generated by transcriptional activity (71), indicating perhaps the
existence of some transcriptional program in “primed” cells, which
results in modification of chromatin structure with broken DNA
ends, possibly protecting the DNA from genomic catastrophe and
may be transmitted to progeny. More recently, a role of damage-
induced non-coding RNAs in determining breakpoint recognition in
heterochromatic DNA was revealed (72). It will be interesting to see
which alterations in damage sensing and repair activities are
associated with this form of long-term “memory” of the
DNA damage.

Apart from the novel insights obtained in the present study,
some limitations should be acknowledged. First, the utilization of
established cell lines could have partially affected some results
and cannot fully recapitulate the in vivo situation. This is due to
the need of immortalization which affects cell cycle regulation
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and genomic stability. However, our study design included long-
term (up to six months) observations for which primary cell
cultures could not be employed. Second, only two cell types were
investigated, and although our observations were largely
consistent between them, DNA repair capacity might vary
between tissues and more models might provide an even more
comprehensive evaluation of DSB dynamics in systematic
diagnostic CT scans.
CONCLUSIONS

We have shown that a DDR can be reliably monitored and
quantitat ively determined in breast epithelial cel ls ,
lymphoblastoid cells, and peripheral lymphocytes exposed to
diagnostic x-ray at doses below 20 mGy. Our findings indicate
that gH2AX or 53BP1 foci are largely equivalent biomarkers for the
assessment of DSB repair capacity, which is crucial for estimating
the response to radiation exposure. In the clinical perspective, such
foci analysesmay prove to be valuable tools to determine individual
radiosensitivity during the diagnostic process, and automation will
facilitate and improve the screening of larger cohorts with
potentially valuable impact on the individualization of diagnosis
and treatment. Importantly, our observations indicate that repeated
diagnostic CT scans can result in elevated levels of background
gH2AX and 53BP1 foci that persist over a longer period of time.
This outcome was notably evident in both cells with and without
genomic instability but it seemed tobehigher in thosewithgenomic
instability. This kind of “memory effect” may reflect a radiation-
induced long-term response of cells after low-dose x-ray exposure.
Further studies will be necessary to elucidate the mechanisms
behind these observations.
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Supplementary Figure 1 | Parameters of CT examination settings. Typical
exposure protocol with dose report (left panel). Volume rendering of the Alderson-
Rando phantom with the applied cell cultures (right panel).

Supplementary Figure 2 | Comparison of manual and automated (software
based) procedures for foci counting. gH2AX foci (left) or 53BP1 foci (right) scored
with either manual (M) or automated method (LAS), respectively. Conventional
fluorescence microscopy (Leica DMI6000B) “per eye” and “LASX 2D Analysis Multi
Channel Extension” licensed software module for quantitative microscopy for
automated technique were applied. Exemplary results from replication study on
MCF10A in 6 weeks intervals after systematic diagnostic CT scans are presented as
bar plots with the average foci number (+/− SEM) per cell. Each data point
represents one counting area on slide from two independent experiments
(biological replicates) and two technical replicates. (CT, cells, which went once
through the CT and were further cultured for 6 weeks, respectively; CT 2, cells,
which went twice through the CT after 6 weeks; SEM, standard error of the mean; p
values generated using student’s t-test).

Supplementary Figure 3 | Correlation analysis of CT-induced repair foci. The
correlation between average gH2AX and 53BP1 foci numbers in cell lines was
tested after systematic diagnostic CT scans, shown here as scatter plots. Left panel
represents LCLs: wild-type control (HA325) and A-T cell line (HA56). Right panel
shows reference breast epithelial cell line MCF10A and BC cell lines HCC1395,
HCC1937. X-axis: mean number of 53BP1 foci; Y-axis: mean number of
gH2AX foci.

Supplementary Figure 4 | Immunocytochemical analysis of repair foci after
single dose in BC cell lines. Evaluation of gH2AX foci (top) or 53BP1 foci (bottom)
after irradiation with either ˜20 mGy (CT) or 2 Gy, respectively, using conventional
fluorescence microscopy (Leica DMI6000B). Data are presented as bar plots with
the average foci number (+/− SEM) per cell per experiment from at least three
independent experiments (HCC1395, BC cell line, double-mutant in BRCA1/NBN
and HCC1937, BC cell line with BRCA1 mutation, UNT, untreated values with
included “age-matched” controls; p values on graph represent comparison to UNT;
ns, not significant; SEM, standard error of the mean). *P≤0.05 , **P≤0.01,
***P<0.0001.

Supplementary Figure 5 | Immunocytochemical analysis of repair foci after
repeated CT in BC cell lines. Evaluation of gH2AX foci (top) and 53BP1 foci (bottom)
after systematic diagnostic CT scans with ˜20 mGy (in total three rounds) using
conventional fluorescence microscopy (Leica DMI6000B). Data are presented as
bar plots of average foci number (+/− SEM) per cell per experiment from at least
three independent experiments (UNT, untreated values with included “age-
matched” controls; CT1, 1st round of computed tomography; CT2, second
subsequent diagnostic CT; CT3, third subsequent diagnostic CT; ns, not
significant; SEM, standard error of the mean). *P≤0.05 , **P≤0.01.

Supplementary Figure 6 | Immunocytochemical analysis of repair foci after
single dose in lymphoid cells. Evaluation of gH2AX foci (left) or 53BP1 foci (right) after
irradiation with either 20 mGy (CT) or 2 Gy, respectively, using confocal microscopy
(Olympus FV1000). Upper panel: wild-type and A-T LCLs, lower panel: PBLs from
healthy donor. Data are presented as bar plots of average foci number (+/− SEM)
per cell per experiment from at least three independent experiments (HA325, wild-
type LCL, HA56, A-T LCL. Lower panel—PBLs from healthy donor. UNT, untreated
values with included “age-matched” controls; p values represent comparison to
UNT; ns, not significant; SEM, standard error of the mean). *P≤0.01, **P≤0.001,
***P<0.0001.

Supplementary Figure 7 | Immunocytochemical analysis of repair foci after
repeated CT in lymphoblastoid cells. Evaluation of gH2AX foci (top) and 53P1 foci
(bottom) after systematic diagnostic CT scans with ˜20 mGy (in total three rounds)
using confocal microscopy (Olympus FV1000). Data are presented as bar plots of
average number of foci (+/− SEM) per cell per experiment from at least three
independent experiments (UNT, untreated values with “age matched” controls, CT,
1st round of computed tomography, CT2, second subsequent diagnostic CT, CT3,
third subsequent diagnostic CT; ns, not significant; SEM, standard error of the
mean). *P≤0.05 , **P≤0.01, ***P≤0.001.
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Supplementary Figure 8 | Cellular senescence-associated beta-galactosidase
(SA-bgal) activity andcellproliferation inuntreatedandpre-treated inCTscansMCF10A
cells. (A)SA-bgal activity incells, went throughdiagnosticCTscansand further cultured
for 6 and 12 weeks, using inverse microscopy Nikon Eclipse TS100 (UNT, untreated
“agematched” to UNT_CT2_6weeks; CT1, 1st round of computed tomography;CT2,
second subsequent diagnostic CT; CT3, third subsequent diagnostic CT; HU, 0.5mM
hydroxyurea treatment for96hprior to fixationasacontrol for senescence-likestateand
replicative stress. (B) Average 53BP1 foci number per cell, assessed after SA-bgal
staining, using conventional fluorescence microscopy Leica DMI6000B. 53BP1 foci
Frontiers in Oncology | www.frontiersin.org 12121
numbers were evaluated in SA-bgal+, SA-bgal—cells, in total minimum 100 cells per
condition were counted. Data are presented as bar plots +/− SEM (UNT, 12 weeks
“aged” untreated; CT2, second round of diagnostic CT; HU, 0.5 mM hydroxyurea
treatment; SEM, standard error of the mean). (C) Example of 53BP1 foci (red)
immunofluorescence labeling after senescence-associated SA-bgal staining. DNA is
counterstainedwithDAPIand (D)exampleof53BP1 foci (red) immunostainingafterEdU
incorporation (green). DNA is counterstained with Hoechst (UNT, untreated “age
matched” to UNT_CT2_6 weeks; UNT_CT 2, cells were cultured in 6 weeks intervals
after two rounds of CT, HU, 0.5 mM hydroxyurea treatment).
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Five decades ago, Franz Halberg conceived the idea of a circadian-based therapy for
cancer, given the differential tolerance to treatment derived from the intrinsic host rhythms.
Nowadays, different experimental models have demonstrated that both the toxicity and
efficacy of several anticancer drugs vary by more than 50% as a function of dosing time.
Accordingly, it has been shown that chemotherapeutic regimens optimally timed with the
circadian cycle have jointly improved patient outcomes both at the preclinical and clinical
levels. Along with chemotherapy, radiation therapy is widely used for cancer treatment,
but its effectiveness relies mainly on its ability to damage DNA. Notably, the DNA damage
response including DNA repair, DNA damage checkpoints, and apoptosis is gated by the
circadian clock. Thus, the therapeutic potential of circadian-based radiotherapy against
cancer is mainly dependent upon the control that the molecular clock exerts on DNA
repair enzymes across the cell cycle. Unfortunately, the time of treatment administration is
not usually considered in clinical practice as it varies along the daytime working hours.
Currently, only a few studies have evaluated whether the timing of radiotherapy affects the
treatment outcome. Several of these studies show that it is possible to reduce the toxicity
of the treatment if it is applied at a specific time range, although with some inconsistencies.
In this Perspective, we review the main advances in the field of chronoradiotherapy, the
possible causes of the inconsistencies observed in the studies so far and provide some
recommendations for future trials.

Keywords: chronobiology, circadian cycle, radiotherapy, radiobiology, cell cycle, DNA repair
INTRODUCTION

The Nobel Prize in Physiology or Medicine 2017 was awarded jointly to Jeffrey C. Hall, Michael
Rosbash and Michael W. Young for their work on the molecular mechanisms controlling the
circadian rhythms (1, 2). The term circadian is derived from the Latin circa diem which means
“around a day” and was coined by the pioneer physician Franz Halberg (3). Thus, circadian rhythms
are daily cycles that control physiological processes at the transcriptional level through networks of
genes that oscillate in this 24-hour fashion (4). The circadian transcriptional machinery consists of
two transcription factors, CLOCK and BMAL1 (the activators) that heterodimerize and bind to the
E-Box sequences of the promoters of ~10-15% of our genes to direct their rhythmic transcription
(5, 6). This transcriptional activity peaks during the day but is inhibited at night by the
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proteins period (PER) and cryptochrome (CRY) (the repressors)
(5). Additionally, several kinases and phosphatases regulate the
phosphorylation of both activators and repressors, controlling
the localization and stability of these integral clock proteins (6).

The central circadian clock, the circadian pacemaker, is found
in the hypothalamic suprachiasmatic nucleus (SCN) (7) which
exerts control over several aspects of human physiology,
including metabolism and sleep regulation. In addition, the
SCN is also responsible for storing seasonal day-length
information (8), allowing our circadian clock to adapt to seasonal
changes in the natural light-dark cycle (9). Mechanistically, the
SCN receives information about the time of day through light
detected by ganglion cells of the retina and transmitted through the
retinohypothalamic tract (RHT). Consequently, the daily patterns
of physiology and behavior can be severely altered in blind people
due to the lack of photic entrainment. In fact, more than 50% of
blind people who lack a conscious perception of light cannot
synchronize to the 24-hours day (10).

The phase of the circadian clock (the stage in the cycle relative
to external time) is determined by environmental cues named
“zeitgebers” (such as light, temperature and food intake). The
strength of the stimulus and the circadian phase during which it
is applied will determine the response of the circadian clock to
zeitgebers (11). Notably, these stimulus can function as
“synchronizers” which in turn can reset the body’s circadian
clock and place all cells in the same phase of circadian oscillation,
in a process called circadian rhythm synchronization (12).
Internal representations of the time of day are transmitted to
the rest of the body through hormones, the sympathetic/
parasympathetic nervous system, and the core body temperature
(11). Thus, the central pacemaker can drive peripheral clock
rhythms that are under the control of endogenous regulatory
factors from the SCN (12). For instance, the SCN ensures that the
pineal gland rhythmically produces melatonin (peak levels at
night) to promote sleep in diurnal animals. Likewise, the SCN
drives the release of adrenocorticotropic hormone (ACTH), which
in turn causes an increase in corticosterone release from the
adrenal gland in the mornings (13). Figure 1 summarizes the
core components of the circadian clock at the molecular and
systemic levels.
CIRCADIAN CYCLE IN CANCER

Circadian Cycle and Cancer Susceptibility
More than a decade ago, the International Agency for Research
on Cancer (IARC) listed shift work (day/night) as a probable
human carcinogen (classified in Group 2A) (14). Nowadays, it is
well known that the disruption of the circadian cycle is associated
with a higher incidence of different types of cancer (15).
Although the association has been established in several
epidemiological studies, the causes and factors related to this
interruption remain unclear. However, a recent study reported
that circadian dysregulation of DNA repair may increase DNA
damage and predispose to elevated cancer risk in night shift
workers (16). Even when some studies provide compelling
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information on association between the circadian cycle and
cancer, it is not yet clear whether there is any specificity for
different types of cancer (17, 18).

Some studies have already demonstrated that polymorphisms
in the circadian clock genes are associated with higher cancer
risk. For instance, one study demonstrated that several SNPs in
different core circadian genes were associated with susceptibility
to prostate cancer (19). Similarly, NPAS2 has been associated
with an increased predisposition to sarcoma and breast cancer
risk (20, 21). Another study showed a relationship between an
increased breast cancer risk and polymorphisms in CRY2, PER2
and PER1 (22). Polymorphism in NPAS2, PER1 and PER2 have
also been associated to gastric cancer predisposition (23). Three
CRY2 SNPs were also found to be significantly associated with
risk of non–Hodgkin’s lymphoma (24). A polymorphism in the
CLOCK1 gene was shown to increase the risk for colorectal
cancer development (25). Besides these associations related to
cancer susceptibility, the role of the circadian clock in cancer can
be analyzed from three different perspectives: 1) the circadian
clock disruption as a carcinogenic agent, 2) the circadian control
of carcinogenesis and 3) the circadian rhythm as a guide to
administer anticancer treatment (26). We will focus on this last
aspect for the purpose of this work.

Circadian Cycle in Cancer Treatment
Five decades ago, Franz Halberg conceived the idea of a
circadian-based therapy (chronotherapy) for cancer, given the
differential tolerance to treatment derived from the intrinsic host
rhythms (27). Since that moment, the idea behind chronobiology
has been relevant to understand how time-related events shape
our daily biological responses including response to anticancer
treatment (28). Different experimental models have
demonstrated that both the toxicity and efficacy of over 30
anticancer agents vary by more than 50% as a function of
dosing time (29). The rationale for this relies on the fact that
time-dependent efficacy of treatments may vary according to
three general aspects: 1) the mechanism of action, 2) the
pharmacokinetics/metabolism and 3) the variable toxicity
depending on circadian rhythms (30). Accordingly, it has been
shown that regimens optimally timed with the circadian cycle
have jointly improved patient outcomes in terms of tolerance
and efficacy of chemotherapeutic treatments, both at the
preclinical and clinical level (31, 32). One of the best examples
of this is the use of chronochemotherapy for gynecological and
genitourinary cancers (33).
CHRONOTHERAPY IN
RADIATION ONCOLOGY

Preclinical Studies
Human cells undergo daily cycles in gene expression, protein
levels and enzymatic activity. Accordingly, circadian rhythm-
dependent cell cycle progression can produce variations in the
response to radiological treatment as cells are most radiosensitive
in the G2-M phase (34). Radiation Therapy (RT) is widely used
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for cancer treatment, but its effectiveness relies mainly on its
ability to damage DNA. In fact, radioresistance partly emerges
because of efficient and redundant DNA repair capacities (35). It
is also known that a two-way connection between DNA repair
Frontiers in Oncology | www.frontiersin.org 3126
and cell cycle ensures genomic integrity within cells (36).
Notably, the DNA damage response (DRR) including DNA
repair, DNA damage checkpoints, and apoptosis is also gated
by the circadian clock (37). Thus, the therapeutic potential of
FIGURE 1 | Schematic depiction of the rhythmic expression of the circadian transcriptional machinery. The transcriptional activity of CLOCK-BMAL1 peaks during
the day but is inhibited at night by the transcription repressors PER-CRY. RORs activate the transcription of BMAL1 and CLOCK, whereas REV-ERBs repress
BMAL1 and CLOCK through retinoic acid-related orphan receptor response element (RORE) binding. Zeitgebers such as light, temperature, and food synchronize
the phase of the internal circadian clock relative to the external time. Light is detected by ganglion cells of the retina and transmitted through the retinohypothalamic
tract (RHT) to the suprachiasmatic nucleus (SNC). The SCN in turns ensures that the pineal gland rhythmically produces melatonin and drives the release of
adrenocorticotropic hormone (ACTH) from the hypophysis. This promotes daily peaks of melatonin and cortisol release at different times of the day.
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circadian-based radiotherapy against cancer is mainly dependent
upon the control that the molecular clock exerts on DNA repair
enzymes across the cell cycle. In mammalian cells, the ATM/
Chk2 signaling pathway is activated by double-strand breaks that
are mainly induced by ionizing radiation (IR) (38). The circadian
protein PER1 participates in this ATM-Chk2 signaling pathway
in response to IR by directly interacting with both proteins
(37, 39). Consequently, PER1 is upregulated by radiation and is
required for radiation-induced apoptosis (39). Table 1
summarizes some the most important preclinical studies
addressing the effect of the circadian clock on DDR and
the toxicity and response to radiation therapy. A better
understanding of the control that these clock proteins exert
on DRR at the molecular level will provide further insights
at the clinical level to develop accurate circadian-based
radiotherapy regimes.

Clinical Studies
In clinical practice, the time of treatment administration is not
usually considered and varies along the daytime working hours.
Currently, only a few studies have evaluated whether the timing
of radiotherapy (chronoradiotherapy) affects the treatment
outcome. Some of these studies have determined that it is
possible to reduce the toxicity of radiotherapy if it is
administered at a specific time, although this is dependent on
the type of cancer (47). Despite this, there are inconsistencies in
the literature regarding the treatment outcomes of this approach.
However, we consider that part of the inconsistencies derives
from important differences in methodology. Additionally, it is
well known that the circadian time-dependent interaction
between host, cancer and treatment outcome is further
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impacted by inter-individual differences and clock genes
polymorphisms (29).

To date, three studies (47–49) have compiled the conclusions
of the main prospective and retrospective studies that have
evaluated the effect of time of day with respect to treatment
outcome after radiotherapy. From these studies, only three are
randomized prospective trials. Most of these studies used
different sources of irradiation, used different time intervals for
morning/afternoon groups, used symptoms as the primary
endpoint, and only few used consensus guidelines to evaluate
treatment outcome. This makes it difficult to present definitive
claims about the effect of chronoradiotherapy. Therefore, we will
highlight the most remarkable aspects of these studies that can be
useful for future trials.

The three prospective randomized studies (n = 611) analyzed
the effect of time of day on the prevalence of mucositis after
radiotherapy delivered in the morning and afternoon. Two of the
studies looked at the severity and prevalence of radiation-
induced oral mucositis in head and neck cancer but found no
clear difference between the two groups (50, 51). However, a
consistent trend between both studies was that patients treated in
the afternoon exhibited a more rapid progression in the grade of
mucositis and the median time to development of grade III/IV
mucositis was significantly longer in morning patients (50, 51).
What is remarkable from one of these trials (51) is that the study
was based on the previous demonstration of a circadian rhythm
in the human oral mucosa cell cycle, with most cells in the G1
phase in the morning and M phase at night. Interestingly, a
recent retrospective study (n = 617) evaluating the impact of
delivery daytime and seasonality of radiotherapy for head and
neck cancer found higher acute toxicity for radiotherapy
TABLE 1 | Preclinical studies on the role of the circadian clock in DNA repair and radiotherapy.

Type of
study

Model Hypothesis Main findings Reference

In vitro Mouse
splenocytes

Day and night variations influence
IR-induced DNA damage repair

IR-induced DNA damage is more efficiently repaired during the light phase due to day-
time-dependent expression levels of clock-associated genes (especially DNA repair genes).

(40)

In vitro
In vivo

Hair follicles/
Transgenic
mice

The circadian clock influences the
mitotic activity and regeneration of
anagen hair follicles.

Hairs grow faster in the morning than in the evening leading to a remarkable time-of-day–
dependent sensitivity of growing hair follicles to genotoxic stress. Same doses of g-
radiation caused dramatic hair loss in WT mice when administered in the morning,
compared with the evening, when hair loss is minimal.

(41)

In vivo Xenografted
BALB/c (nu/
nu) mice

Topotecan (TPT) and RT can be
chronomodulated to get better
results in a model of human
nasopharyngeal carcinoma.

The TPT-RT combination was more effective than TPT or RT as single agents. The TPT-RT
combination at 15 hours after light onset (HALO) was best and TPT-RT at 3 HALO was
worst.

(42)

In vivo mPer2-/-
mice

The mPer2 gene functions in tumor
suppression by regulating DNA
damage-responsive pathways.

mPer2-/- mice show a neoplastic growth phenotype and an increased sensitivity to g-
radiation, manifested by premature hair graying, increased tumor occurrence, and reduced
apoptotic response in thymocytes.

(43)

In vitro Human
fibroblasts

The cellular response to DNA
damage is related to the
endogenous expression levels of
PER2.

Clonogenic cell survival, double-strand break repair kinetics, and TP53 activation were
affected in irradiated cells with low endogenous PER2 protein levels (compared to high
levels).

(44)

In vivo WT and
Per1/2 KO
Mice

The circadian system plays
regulatory roles in minimizing the
IR‐induced cardiotoxicity.

Compared to control mice (day shift), circadian clock disruption either environmentally
(rotating shift) or genetically (Per 1/2 mutant) significantly exacerbated post-IR
cardiotoxicity.

(45)

In vivo Sprague–
Dawley male
rats

Per1 and Per2 can increase the
radiosensitivity of glioma.

High expression of Per1/2 was associated with increased sensitivity to x-irradiation only in
glioma tissue. The high expression of Per1/2 can induce cell cycle arrest and increase
tumor sensitivity to x-rays through a p53-dependent mechanism.

(46)
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delivered in dark seasonality (each year was divided into dark
and light by the March and September equinoxes) (52).

The third prospective randomized study evaluated the
prevalence of acute gastrointestinal mucositis in cervical
cancer. Interestingly, contrary to what was observed in head
and neck cancer, patients in the morning group exhibited a
higher prevalence of grade III/IV mucositis than patients treated
in the afternoon (53). However, we consider that the endpoint of
this retrospective study should be addressed with the current
management guidelines for cervical cancer using radiation
therapy. Additionally, a different study found that RT in the
morning reduces severe hematological toxicity in inoperable
cervical cancer patients (using a very similar time range) (54).
Taken together, two main aspects can be highlighted from these
three prospective randomized studies: 1) all used the Radiation
Therapy Oncology Group (RTOG) toxicity criteria and 2) the
time range for the morning and afternoon groups was specific
and more consistent (morning ranging from 8:00 to 11:00 and
afternoon from 15:00 to 20:00).

Four retrospective studies (n = 840) evaluated the effect of
chronoradiotherapy on non-small cell lung cancer brain
metastases. Two studies found no correlation between time of
day and overall survival or local control (55, 56). One study
found a trend towards improved median and 2-year overall
survival for morning group when a cut-off point of 11:42am
was used (57). The last study found that the morning group
experienced significantly improved 3-month local control,
median overall survival and fewer CNS-related deaths (58).
However, the influence of the small sample size on the results
of this last study cannot be ruled out. The differences between
these retrospective studies may be due to several factors, but we
consider that the main drawback in terms of chronotherapy is
using a specific time point to separate morning and afternoon
groups. We believe that a better option is to define a specific time
interval for morning and afternoon cohorts with a significant gap
of time between both groups. This would be more appropriate
considering that the intention is to translate the biological effects
of the circadian cycle at the cellular level on the therapeutic
response. Another retrospective study (n = 755) including
patients (median age = 66) with multiple brain metastases,
found that the time of whole-brain radiotherapy delivery for
brain metastases was significantly related to overall survival upon
univariate analyzes in females only (59). However, in this study
the patients were grouped according to the percentage of sessions
(i.e., 100%, 80%, 60%) that they received in one specific time
frame. Additionally, patients with many types of primary cancer
were included. In fact, when it comes to brain metastases, it has
been shown that treatment response, clinical outcomes, and
quality of life, are influenced by certain prognostic factors (like
number of tumor lesions, functional status, age, comorbidities,
etc.) (60, 61). Following this idea and based on these
retrospective studies, we recommended to have a cohort of
patients as homogeneous as possible when analyzing the
impact of chronoradiotherapy on patient outcomes.

For primary brain cancer, few studies have addressed the
utility of chronoradiotherapy. One study demonstrated that
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time-of-day-dependent sensitivity to radiation was different in
normal and cancerous cell lines of the central nervous system
based on PER2 expression (48). Both rat and human GBM cell
lines were more affected by radiation at different times compared
to SCN cells, suggesting that timing of radiation could be
optimized to improve detrimental effects on healthy tissue,
while stil l providing effective antitumoral doses. A
retrospective study (n = 109) evaluating the impact on
chronoradiotherapy in high grade gliomas found no difference
in overall survival and progression free survival for patients
treated in the morning or afternoon (62). However, in terms of
timing, patients were included in the morning group if ≥50% of
fractions were delivered before 12:00 h.

Two different studies (n = 1275) analyzing toxicity associated
with breast cancer radiotherapy found opposite results. The first
showed a higher incidence of worse reactions in the morning
(63) (in both retrospective and prospective cohorts) while the
other reported a higher incidence of grade 2 skin reactions in the
afternoon (after 15:00 h) (64). Notably, the clinicopathologic
characteristics were relatively well balanced between the
treatment groups in the latter study. Additionally, it is also
remarkable that the former study showed that an increased late
effect in the group receiving morning radiotherapy was
associated with carriage of a variable number tandem repeat
(4/4 genotype) in PER3 and a SNP (rs131116075) in the NOCT
gene (AA genotype) (63).

One retrospective study (n = 409) in patients undergoing
definitive high-dose RT for prostate cancer (median 78 Gy)
found that evening RT may lead to more gastrointestinal
complications, especially in patients older than 70 years old
(65). However, the specific time point to define daytime
treatment (before 5 PM) is very broad in our opinion.
Additionally, it should be considered that for prostate cancer,
there must be an adequate patient preparation (rectum and
bladder) to reduce the movement of the gland during or
between sessions of radiotherapy as that may affect treatment
outcome. Another study (n = 168) in patients with localized
prostate cancer found that lower urinary tract symptoms were
significantly ameliorated in patients who received proton beam
therapy in the morning (before 10:30 AM) (66).

A retrospective study (n = 155) in patients with locally
advanced rectal cancer found that those who received the
majority of their radiotherapy fractions after 12:00 pm were
more likely to show a complete or moderate pathological
response and improved nodal downstaging (67). Notably, less
tumor response was reported in females when compared to
males, but this may be caused by gender imbalance (45 females
versus 110 males). Additionally, there was no defined time range,
but patients were separated according to the percentage of
fractions received after a specific time point (12:00 pm).
DISCUSSION AND FUTURE DIRECTIONS

Although the evidence so far indicates that chronoradiotherapy
could represent a promising approach in clinical practice, some
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variables still need to be standardized to extend its use.
Additionally, more basic research is needed to guide potential
clinical trials in different types of cancer, especially those that rely
more on radiological treatment. In the next section, we will
discuss some aspects that must be either improved or taken into
consideration for future chronoradiotherapy trials (Figure 2).

Time of Treatment
For most studies so far, there is a lack of consensus when defining
a time range for morning and afternoon cohorts. Although we
recognize that it might be difficult to reach this consensus, we
suggest to define time ranges similar to the ones reported in the
head and neck cancer retrospective studies (50, 51). Short
periods of time for the morning (i.e., 8:00-10:00am) and
afternoon (i.e., 16:00-18:00) groups would be useful to evaluate
whether it is possible to capture significant biological differences
Frontiers in Oncology | www.frontiersin.org 6129
derived from the circadian rhythm. Likewise, separating both
groups by at least 4-6 h would allow the differences observed
between groups to be attributed to the circadian cycle with
greater certainty. We do not recommend using a specific time
point to separate patients in the morning/afternoon arms. It can
also be useful to analyze the existing evidence on the circadian
rhythm dependent cell cycle progression of the tissue that is
being irradiated to guide clinical trials. This approach was shown
to be useful for head and neck cancer, where a circadian rhythm
in the human oral mucosa cell cycle was demonstrated, leading
to the hypothesis that morning radiotherapy would cause less
oral mucositis (51).

A complementary approach could be to define the
chronotype of the patients under study in prospective trials.
The chronotype is a representation of the patient’s circadian
rhythm and refers to preferences for timing of sleep and
FIGURE 2 | General recommendations for some of the aspects that must be improved or addressed in chronoradiotherapy.
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wakefulness. Early-type subjects (commonly known as larks)
naturally wake up and fall asleep earlier than late-type
individuals (known as night owls) (68). Identifying patient’s
chronotypes can be done via different ways including survey,
either by using the well-known Morningness-Eveningness
Questionnaire (MEQ) (69) or the Munich ChronoType
Questionnaire (MCTQ) (70). Determining the chronotype is
important since the internal time is not the same between
individuals as their endogenous circadian clocks have different
phase relationships with respect to external clock time (71).
None of the studies carried out so far evaluating the effect of
chronoradiotherapy has determined the chronotype of the
patients. In contrast, some studies have found a relationship
between the patients’ chronotype and chemotherapy-associated
toxicity. For example, one study found that late chronotypes are
associated with neoadjuvant chemotherapy-induced nausea and
vomiting in women with breast cancer (72). For this reason, we
encourage to carry out prospective trials that consider
patients’ chronotypes.

Patient Genotype
Different clock genes polymorphisms have been associated with
cancer susceptibility, especially colorectal (25), breast (22), and
gastric cancer (23). Although the involvement of these genes in
different cellular pathways is known, little is known about their
influence on the response to cancer treatment, especially in
radiotherapy. Circadian clock PER proteins (PER1, PER2, and
PER3) are important repressors of the transcriptional activity of
the CLOCK/BMAL1 complex. Additionally, PER1 participates in
the ATM-Chk2 signaling pathway in response to IR by directly
interacting with both proteins (37, 39) as it is upregulated by
radiation and required for radiation-induced apoptosis (39). So
far, only one study evaluating chronoradiotherapy in breast
cancer has shown that certain alleles of two circadian rhythm
genes (PER3 and NOCT) predict worse outcome in the morning
group (63). Although it may be somewhat difficult to incorporate
into clinical practice, future trials should evaluate the
polymorphisms of those clock genes that have been linked to
cancer susceptibility and treatment response. Thus, when
considering the genotype of patients, it could be determined
which polymorphism are associated with a better or worse
response to chronoradiotherapy.

Biomarkers
The variations in hormonal levels during the day are also closely
linked to the circadian cycle. For example, serum cortisol shows
low values at night, a peak early in the morning (7:00-8:00am)
and decreasing values during the day (73). On the other hand,
serummelatonin presents high values at night and extremely low
values during the day (74). It has been shown that stress
hormones can increase DNA damage and alter transcriptional
regulation of the cell cycle (75). For instance, long exposures
(24 h) in dose-response experiments with norepinephrine or
epinephrine induced significant increases in DNA damage in
treated cells compared to that of untreated cells (76). Likewise,
acute exposure to cortisol and norepinephrine significantly
increased levels of ROS/RNS and DNA damage in breast
Frontiers in Oncology | www.frontiersin.org 7130
cancer cell lines (77). One study in patients with metastatic
breast cancer (n = 104) found that the variability in the diurnal
cortisol rhythm is a significant predictor of survival time (78).

On the other hand, it has been demonstrated that melatonin
exerts some anticancer activity especially mediated by interfering
with various cancer hallmarks (79). It is well known that
melatonin modulates DNA damage response and DNA repair
pathways (80). For instance, melatonin induces phosphorylation
of p53 inhibiting cell proliferation, preventing DNA damage
accumulation of both normal and transformed cells (81).
Additionally, melatonin showed to enhance the effects of
radiotherapy (82), by sensitizing cancer cells to ionizing
radiation (83, 84). Likewise, pre-treatment with melatonin was
also shown to ameliorate harmful effects of irradiation-induced
oxidative damage in rat peripheral blood (85). Notably, a meta-
analysis of human trials using melatonin as adjunct treatment
concurrent with chemotherapy or radiotherapy found that
melatonin significantly improved tumor remission, 1-year
survival, and alleviation of radiochemotherapy-related side
effects across different types of cancer (86). Another study
(n = 30) showed that survival at 1 year was significantly higher
in patients treated with RT plus melatonin than in those
receiving RT alone (87). Additionally, RT or steroid therapy-
related toxicities were lower in patients concomitantly treated
with melatonin. Taken together, these hormones could be used
as response or prognostic markers for chronoradiotherapy since
they have been shown to play an important role in DNA repair
and response to radiation therapy. However, none of the studies
carried out so far evaluating the effect of chronoradiotherapy
have also measured the serological levels of these hormones to
assess whether they can serve as biomarkers correlating to
treatment response.

Clock-Modulating Compounds
Many studies have identified several small-molecule agonists and
antagonists for clock-related proteins, especially for CRY, ROR
and REV-ERB (88, 89). For instance, a recent study showed that
that two agonists of REV-ERBs (SR9009 & SR9011) are lethal to
cancer cells and oncogene-induced senescent cells but have no
effect on the viability of normal cells (90). Another study
identified a small molecule called KL001 that specifically
interacts with CRY (91). This molecule prevented proteasomal
degradation of CRY, resulting in lengthening of the circadian
period. Other studies have employed high-throughput chemical
screening to identify novel clock-modulating compounds. For
example, from a screening of over 1,000 small molecules using an
FDA-approved drug library and the International Drug
Collection, 5% of the drugs screened altered the circadian
period (92). Other studies using high‐throughput screening
and circadian luciferase reporter assays have found several
compounds targeting the circadian clock out of thousands of
molecules (93–95). Future preclinical trials evaluating the effect
of chronoradiotherapy in different types of cancer should
consider the use of circadian-modulating compounds to prove
their potential as adjuvant therapy. Perhaps in the future, clinical
trials will be able to optimize the effects of circadian-based
radiotherapy with the use of these modulating compounds.
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Source of Irradiation and
Consensus Guidelines
Although it could be considered that different irradiation sources
might not have a significant impact on chronoradiotherapy, we
suggest that new trials should evaluate the use of more precise
and higher-dose therapies as optimal doses can be directed to the
tumor without causing greater toxicity to adjacent organs. In
fact, most studies to date have evaluated the effect of
chronoradiotherapy on the toxicity generated by the treatment
in the surrounding healthy tissue but few studies have found a
direct effect on local tumor control. We believe that the use of
Stereotactic Radiosurgery (SRS) (a form of radiation therapy that
focuses a high dose of energy on a small area of the body) could
be an interesting approach to evaluate chronoradiotherapy. For
instance, it has been shown that SRS using Cyberknife generates
better local tumor control in some types of cancer (96–99). We
consider that the high doses and high precision provided by SRS
could be a promising approach to assess tumor response to
chronoradiotherapy given the fact that the main target of
radiation will be the tumor tissue and not the surrounding tissue.
In addition, using SRS ensures shorter treatment schedules (1-2
weeks versus 4-8 weeks or more), reducing the possible effects that
other variables apart from timing have on the treatment outcome.

Another important aspect that must be considered is the
consensus guidelines used to assess the toxicity following
radiation therapy. Only few studies evaluating the effect of
chronoradiotherapy have used consensus guidelines such as
the toxicity criteria of the Radiation Therapy Oncology Group
(RTOG) (100) and The Response Evaluation Criteria in Solid
Tumors (RECIST) (101). Future trials should seek to use these or
other recognized guidelines in order to make the results obtained
between studies more comparable.
CONCLUSION

Although we are far from having some general guidelines,
chronoradiotherapy represents an approach that deserves to be
Frontiers in Oncology | www.frontiersin.org 8131
studied further given the cumulative evidence on the reduced
toxicity of circadian-based radiotherapy. However, although the
trials carried out so far have shown that it is possible to reduce
the toxicity associated with radiotherapy in a time-of-day-
dependent manner, many inconsistencies persist due to the
lack of guidelines that standardize this practice. We hope that
this perspective will provide some new insights and
recommendations that guide future clinical trials evaluating the
impact of chronoradiotherapy not only in terms of toxicity but
also tumor control in different types of cancer.
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of Clinical FLASH Radiotherapy
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FLASH radiotherapy has emerged as a treatment technique with great potential to
increase the differential effect between normal tissue toxicity and tumor response
compared to conventional radiotherapy. To evaluate the feasibility of FLASH
radiotherapy in a relevant clinical setting, we have commenced a feasibility and safety
study of FLASH radiotherapy in canine cancer patients with spontaneous superficial solid
tumors or microscopic residual disease, using the electron beam of our modified clinical
linear accelerator. The setup for FLASH radiotherapy was established using a short
electron applicator with a nominal source-to-surface distance of 70 cm and custom-made
Cerrobend blocks for collimation. The beam was characterized by measuring dose
profiles and depth dose curves for various field sizes. Ten canine cancer patients were
included in this initial study; seven patients with nine solid superficial tumors and three
patients with microscopic disease. The administered dose ranged from 15 to 35 Gy. To
ensure correct delivery of the prescribed dose, film measurements were performed prior
to and during treatment, and a Farmer-type ion-chamber was used for monitoring.
Treatments were found to be feasible, with partial response, complete response or
stable disease recorded in 11/13 irradiated tumors. Adverse events observed at follow-up
ranging from 3-6 months were mild and consisted of local alopecia, leukotricia, dry
desquamation, mild erythema or swelling. One patient receiving a 35 Gy dose to the nasal
planum, had a grade 3 skin adverse event. Dosimetric procedures, safety and an efficient
clincal workflow for FLASH radiotherapy was established. The experience from this initial
study will be used as a basis for a veterinary phase I/II clinical trial with more specific
patient inclusion selection, and subsequently for human trials.

Keywords: flash, ultra-high dose rate, radiotherapy, radiation oncology, canine cancer patients, normal
tissue, dosimetry
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INTRODUCTION

FLASH radiotherapy (FLASH-RT) has emerged as a treatment
modality with the potential to revolutionize the field of
radiotherapy. The radiation dose is delivered in a fraction of a
second, which is considerably faster than conventional
radiotherapy, where the dose rate is typically a few Gy per
minute. In 2014, Favaudon et al. presented the concept of
FLASH (1), showing that delivering the dose at ultra-high dose
rates resulted in reduced normal tissue toxicity in mice compared
to delivering the dose at conventional dose rates, while being
equally effective in killing cancer cells. Since then, several in vivo
studies have been conducted confirming the sparing effect (2–7)
and the retained tumor control (6–8). One veterinary trial has
been published on FLASH-RT, including six feline cancer
patients with squamous cell carcinoma of the nasal planum,
also proving the potential of this technique (5). So far, one
human treatment has been reported, with promising results (9).
This patient suffered from a CD30+ T-cell cutaneous lymphoma
and the treatment was administered as a single fraction of 15 Gy.

These intriguing findings have resulted in an increased
interest in advancing FLASH-RT towards clinical trials (7, 10,
11). The progression towards this goal has been limited by the
low availability of accelerators that can deliver ultra-high dose
rate electrons in a clinical setting. Most of the studies mentioned
above, including the first human treatment, have been conducted
in research environments intended for preclinical experiments,
with accelerators that are not designed for medical use (1–5, 7–9,
12). However, it has recently been shown, by our group and
others, that clinical linear accelerators can be modified to deliver
the dose rates needed to observe a FLASH effect (13–15). Our
group has modified an Elekta Precise linear accelerator (14) so
that it can operate at dose rates of 400-500 Gy/s at a source-to-
surface distance of 70 cm. The possibility to perform FLASH
studies using clinical linear accelerators opens up for more
widespread research in this area, and facilitates translation into
clinical studies.

To further explore the potential of FLASH-RT, a feasibility
and safety study of FLASH-RT in canine cancer patients with
spontaneous superficial solid tumors or microscopic residual
disease using the electron beam of our modified clinical linear
accelerator was initiated. Radiotherapy in canine cancer patients
is well documented as a standard of care treatment modality for
multiple tumor pathologies (16). However, in Europe,
radiotherapy is used less commonly for treatment of veterinary
cancer patients compared to the human situation, mainly due to
lack of availability, cost and the need for multiple anesthesias
required for conventional fractionated radiotherapy. Companion
animal cancers are comparable to their human counterparts.
They develop spontaneously in an immune competent host, at
similar sizes, types, biological environment, and with similar
clinical approaches to diagnosis and treatment modalities used
(17, 18). This allows for veterinary clinical trials with similar
radiation qualities, field sizes and targets as for human patients.
Therefore, companion animal cancer patients provide an
opportunity for performing cross-disciplinary research that has
the potential to benefit human and veterinary cancer patients
Frontiers in Oncology | www.frontiersin.org 2136
alike. In a recent review article by Nolan et al., the authors
describe previous translational studies, where canine cancer
patients have been used to model normal tissue response,
tumor oxygenation and DNA damage response, and to
optimize irradiation parameters for human radiotherapy (19).
Companion animal cancer patients are usually treated with
radiotherapy over a period 2-4 weeks, typically 16-20 fractions
with a fractional dose of 2.5-4 Gy (19), requiring multiple
anesthesia sessions which may be stressful for the patient. In
contrast, FLASH-RT is delivered in a single or a few fraction(s),
making this modality practical and attractive for companion
animal radiotherapy. Although, previous preclinical studies have
shown that fractionation of FLASH treatment does not
negatively affect tumor control, some have indicated that the
normal tissue sparing of FLASH is lost for fractionated
treatment, where the fraction dose is below 10 Gy (7, 8). For
these reasons, the canine cancer patients included in the current
study received single fraction FLASH-RT, a treatment modality
not otherwise available to them, which also provided us
important data not attainable in preclinical rodent models.

In this paper the establishment of a clinical workflow for
electron FLASH-RT in canine cancer patients is presented, with
the initial overall aim of describing dosimetric procedure,
treatment parameters, possible adverse events and treatment
responses. This is an important step in the development of a
safe and efficient workflow for FLASH-RT in a clinical setting,
which could inform future human clinical trials.
MATERIALS AND METHODS

Irradiation Source
The irradiation source was a clinical Elekta Precise linear
accelerator (Elekta AB, Stockholm, Sweden) with Integrity
software version 1.2 temporarily modified for electron FLASH
irradiation, previously described by Lempart et al. (14). The
accelerator could be modified for FLASH delivery and switched
back to clinical mode in a few minutes. To achieve maximal
radiation output the accelerator was operated with increased
electron gun filament current and without primary and
secondary scattering foils. The radiation was delivered with the
standard pulse structure of 3.5 µs pulses at a pulse repetition
frequency of 200 Hz. To allow the accelerator to be controlled on
a pulse-by-pulse basis, an in-house built electronic circuit and a
microcontroller unit was used with a diode as a beam pulse
detector. Due to slight day-to-day variations, the gun filament
current and magneton frequency needed to be manually tuned to
achieve maximum output. This was facilitated by relative
measurements with an ion-chamber.
Setup, Beam Characterization, and
Dosimetric Procedure
A setup for FLASH-RT in companion animals was established
using an electron applicator with a nominal source-to-applicator
distance of 65 cm. For practical reasons, the source-to-surface
May 2021 | Volume 11 | Article 658004
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distance was fixed at 70 cm, i.e. 5 cm distance from the distal
edge of the electron applicator. Custom-made Cerrobend blocks
of various sizes were created and attached to the end of the
electron applicator for field collimation. To characterize the
beam, dose profiles at 2 cm depth and depth dose curves
(0-4.2 cm depth) were measured in a Solid Water HE phantom
(Gammex Inc., Middleton, Wisconsin, USA) using dose rate
independent (20) radiochromic film (GafChromic EBT-XD,
Ashland Specialty Ingredients G.P., Bridgewater, New Jersey,
USA). The radiochromic film batch was calibrated in a clinical 10
MeV beam, against an ion-chamber traceable to a standard
laboratory for a dose range of 1-40 Gy. Dose maximum, half-
value depth, therapeutic range, full width at half maximum
(FWHM) and penumbra widths (80%-20%) were determined
for each given field size.

Prior to each treatment, film measurements were performed
in phantoms mimicking the treatment geometry (Figure 1) to
Frontiers in Oncology | www.frontiersin.org 3137
determine the total dose as well as the dose-per-pulse (DPP) and
number of pulses to be delivered to the given patient. These
measurements were related to the signal from a Farmer-type ion-
chamber (NE 2505/3-3A) positioned in a custom-made holder in
the applicator. During treatment, the Farmer-type ion-chamber
was used as an on-line monitor. In addition, EBT-XD film was
used for in vivo dose measurements at the skin surface in the
center of the beam to verify the delivered dose (Figure 2). The
treatment volumes (≥80% of the prescribed dose) were estimated
based on vertical film measurements in the solid water phantom.

Canine Cancer Patients
The patients enrolled in this study were diagnosed during
routine work up and staging with superficial solid cancers such
as carcinomas, sarcomas, mast cell tumors and malignant
melanomas or post-operative microscopic residual disease,
where radiotherapy is the standard of care or only treatment
FIGURE 1 | In preparation for each patient treatment, measurements with radiochromic film were performed in phantoms mimicking the treatment geometry, to
determine the total dose as well as the dose-per-pulse and number of pulses to be delivered to the patient. A Farmer-type ion-chamber positioned in a customized
holder in the electron applicator was used as an output monitor.
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alternative or where the owners had declined other treatment
options. Diagnosis was confirmed with histopathology. Patients
evaluated as poor candidates for anesthesia, such as patients with
hepatic or renal insufficiency or severe heart disease, were
excluded from the trial. This initial clinical feasibility and
safety study included ten canine cancer patients; seven patients
with a total of nine solid tumors and three patients with
microscopic residual disease (Table 1).

Study Design
This clinical feasibility and safety study was designed as a dose-
escalation trial, starting at a dose level of 15 Gy. Two-three
patients were included at each dose level. A dose escalation of 5
Gy was successively performed provided no grade 3 toxicities
were observed. Further consideration of different normal and
tumor tissues’ sensitivity to radiotherapy was taken into account
in the prescription. The primary endpoint was to evaluate the
feasibility and safety of FLASH-RT with this setup, and thus this
initial study was not designed to provide statistically valid results
of tumor response following FLASH-RT. Though not a primary
purpose of the study, a clinical benefit to the patients treated in
the study was also expected.

FLASH-RT
The ten canine cancer patients were treated during the period
from March to November 2020. All tumor sites received a single
beam single fraction of FLASH-RT, except for one tumor (patient
no. 5) which was re-irradiated one month after the first treatment.
Frontiers in Oncology | www.frontiersin.org 4138
To improve the dose distribution, treatments were planned in
terms of field size and bolus thickness based on 1) clinical
examination and caliper measurements, 2) CT images and/or
photographs of the tumor, and 3) the beam characteristics. Tissue
equivalent bolus material (Elasto-Gel EP Padding, Southwest
Technologies, North Kansas City, Missouri, USA) was used for
some treatments to reduce the treatment depth of the electron
beam and to increase the surface dose. For oral tumors and
tumors of the eyelid, an internal lead shield was used as a beam
stopper to protect normal tissue. Treatment margins of 5-10 mm
was used for solid tumors, and 10-20 mm for surgical scars. Set-
up and treatment angle was determined when the patient was
positioned on the treatment couch. Prior to treatment, patients
were sedated using an adapted protocol, which enable recovery
within minutes after completion of the treatment. The radiation
dose was prescribed at the depth of dose maximum and was
decided through discussion between medical physicists and
board-certified veterinary oncologists based on tumor type and
any adverse events observed in previous treatments.
Follow-Up Procedure
Follow-up clinical evaluation occurred at approximately 7 days,
1 month and 3 months post FLASH-RT. At each follow-up
evaluation, tumor response or signs of progression or relapse was
evaluated together with evidence of local radiation adverse
events. Tumor response was estimated based on the veterinary
RECIST 1.0 criteria for patients with solid tumors (21), and
disease-free interval was calculated for patients with microscopic
FIGURE 2 | The treatment setup for patient no. 1 (left panel), with a source-to-surface distance of 70 cm and a Cerrobend plate to collimate the 8x4 cm2 radiation
field. During the treatment, in vivo film measurements (right panel) were performed at the skin surface of the patient to verify the delivered dose.
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disease. Possible adverse events were graded using the Veterinary
Radiation Therapy Oncology Group (VRTOG) grading scheme
for adverse events following radiotherapy (22). If the observed
toxicity was found to be low-grade and well tolerated at follow-
up, dose escalation to the subsequent patients was considered,
taking the properties of the surrounding normal tissues
into account.
Additional Therapy
Patients already on treatment with NSAIDs for arthritic disease,
continued this treatment throughout the study period. Canine
cancer patients with gross mast cell tumors were treated with
antihistamines and or prednisolone for approximately one week
before and after radiotherapy to reduce the risk of anaphylaxis or
oedema related to mast cell degranulation. Patients receiving
radiotherapy to the eyelid were treated with artificial teardrops
after radiotherapy to increase lubrication of the eye. One
patient (patient no. 8) with unilateral submandibular lymph
node metastasis diagnosed prior to radiotherapy underwent
surgery to remove the affected lymph node three weeks after
radiotherapy. This patients went on to receive adjuvant
chemotherapy to reduce risk of further metastasis. Patient no.
5 had the irradiated eye surgically removed one month after
the second dose of radiotherapy. Patient no. 9 was started on
oral therapy with a tyrosine kinase inhibitor one month
after radiotherapy.

Ethics
Owners were asked to sign an informed written consent form,
prior to enrollment of their animal in the study. The study was
approved by the Local Ethical and Administrative Committee at
Department of Veterinary Clinical Sciences, University of
Copenhagen, the Danish Experimental Animals Inspectorate
(2020–15–0201–00429) and the Swedish Board of Agriculture
(reference number 5.2.18-02830/2020).
Frontiers in Oncology | www.frontiersin.org 5139
RESULTS

Beam Characteristics
The dose profiles and the measured depth dose curves
demonstrated the typical characteristics of electron beams,
with a high surface dose and a rapid drop in dose beyond dose
maximum (Figure 3). The measured dose maximums, R50-
values, R80-values all increased with increasing field size, up to
a field size of Ø=4 cm, after which the values were not further
increased. The therapeutic range (R80-value) and half value
depth (R50-value) were 2.3 cm and 3.1 cm, respectively, for the
smallest field size (Ø=2 cm), and 3.1 cm and 3.8 cm for the
largest field size (10x10 cm2). The FWHMs and penumbra
widths at 2 cm depth increased with increasing field size,
ranging from 2.0 to 10.3 cm and from 0.1 to 1.1 cm, respectively.

Treatment Parameters
The prescribed dose for the ten patients ranged from 15 to 35 Gy
at dose maximum, depending on tumor type, tumor size,
macroscopic/microscopic disease, previously published
information (5, 9), and experience from prior patient
treatments. The smallest field size used for treatment was a
circular field with a diameter of 2 cm, and the largest was a
rectangular field of 8x4 cm2 (Table 2). Two patients (no. 4 and 7)
were irradiated at two tumor sites and one patient (no. 5) was re-
irradiated one month after the first treatment, which meant that
a total of 13 doses were administered during the study period.
Based on the Farmer-type ion-chamber signal, 92% (12/13) of
the treatments were measured to be within 5% of the prescribed
dose. This was subsequently confirmed by the film based in vivo
dosimetry, showing an average agreement between prescribed
and delivered skin dose of -1.8% (range -9.4% to +5.0%). Average
dose rates ranged between 400-500 Gy/s and treatments were
delivered in 7-16 pulses corresponding to a total treatment time
ranging from 30 ms to 75 ms (Table 2). The instantaneous dose
rates, i.e., the dose rate within each pulse, were ~7·105 Gy/s.
TABLE 1 | Description of the ten canine patients.

Patient
no.

Breed Age
[years]

Weight
[kg]

Target site Diagnosis State of disease Post-op
RT?

Est. gross tumor volume
[cm3]

1 French Bulldog 7 13.9 Front limb Soft tissue sarcoma Grade 1 Yes n/a
2 Xoloitzcuintle 10 10.3 Front limb Soft tissue sarcoma Grade 1 Yes n/a
3 French Bulldog 7 12.7 Front limb Mast cell tumor Grade 2 Yes n/a
4 Sibirian Husky 11 15.9 Hind limb Plasmacytoma n/a No 1.3

Hind limb Soft tissue sarcoma Unknown No 11
5 Labrador

Retriever
11 42.0 Eyelid Melanoma Amelanotic

malignant
Yes† 0.3

Eyelid Melanoma Amelanotic
malignant

Yes 0.5

6 Border Collie 13 9.7 Oral
(mandible)

Basosquamous
carcinoma

Unknown Yes† 2.6

7 Pug 8 11.6 Ear Mast cell tumor Unknown No 0.5
Eyelid Mast cell tumor Unknown No 0.5

8 Cross breed 10 5.0 Oral (lip) Mast cell tumor Unknown No 0.1
9 Bull Terrier 6 15.1 Abdomen Mast cell tumor S.C MI 5/10 HPF No 80
10 Labrador

Retriever
10 42.0 Intranasal Squamous cell

carcinoma
Unknown No 2.0
May 2021
†For patients no. 5 and 6, the surgery prior to FLASH-RT was performed with unclean margins and there was local recurrence prior to initiating FLASH-RT.
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Follow-Up Evaluation
In general, observed adverse events were mild and consisted of local
alopecia, leukotricia (whiteness of the fur), dry desquamation, mild
erythema or swelling (Table 3). However, patient no. 10, which
received a 35 Gy dose to the nasal planum, had a moist
Frontiers in Oncology | www.frontiersin.org 6140
desquamation affecting the part of the nasal planum included in
the radiation field (Figure 4). This was assessed as a grade 3 skin
adverse event. The desquamation started approximately 14 days
after the initial therapy and had resolved completely at 1month post
radiotherapy. The irradiated skin adjacent to the nasal planum only
TABLE 2 | Treatment parameters for the ten canine patients.

Patient
no.

Field
size

Bolus
[cm]

Est. volume receiving ≥80% of prescribed
dose [cm3]

Prescribed dose
[Gy]

Number of
pulses

Treatment time
[ms]

Average dose rate
[Gy/s]

1 8 x 4
cm2

1.0 48 15 7 30 500

2 6 x 2
cm2

1.5 8.1 15 8 35 430

3 6 x 4
cm2

1.5 20 20 10 45 440

4 Ø = 2
cm

1.0 1.9 20 11 50 400

Ø = 5
cm

1.0 34 25 12 55 450

5 Ø = 3
cm

1.5 4.3 25 12 55 450

Ø = 3
cm

1.5 4.3 20† 9 40 500

6 Ø = 3
cm

1.5 4.3 30 15 70 430

7 Ø = 2
cm

1.0 1.9 30 15 70 430

Ø = 2
cm

1.0 1.9 30 15 70 430

8 Ø = 2
cm

1.0 1.9 30 15 70 430

9 Ø = 5
cm

0 47 35 16 75 470

10 5 x 2
cm2

0 13 35 16 75 470
May 2021 | Volu
†Patient no. 5 was re-irradiated approximately 4 weeks after the first treatment.
FIGURE 3 | Dose profiles at 2 cm (left panel) and percentage depth dose curves (right panel) measured in a solid water phantom, for various field sizes of the
Cerrobend plates fitted in the electron applicator. The therapeutic range (R80-value) ranged from 2.3-3.2 cm, depending on field size.
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showed evidence of mild grade 1 adverse events in terms of alopecia
and mild dry desquamation. This patient received topical therapy
with fucidic acid to reduce the risk of infection in the exposed
dermis. Another patient (patient no. 2) developed a small ulcer in
the treatment field, which was thought to be a suture reaction from
Frontiers in Oncology | www.frontiersin.org 7141
previous surgery but could not be excluded as a grade 3 adverse
event. This resolved with no further treatment.

The efficacy of the treatment during the follow-up period is
summarized in Table 4. For patients with microscopic disease,
no recurrence was observed during the study period. For 5/7 of
the patients with solid tumors, the treatment resulted in stable
disease or partial response after 1 month. Patient no. 7 showed a
complete response in both tumors 3 months post irradiation. For
patient no. 10 the tumor was located intranasally and response
was evaluated based on clinical improvement of nasal airflow
before and after therapy and visual inspection of the affected
nostril. Whether the tumor response was partial or complete
could not be determined clinically. Two patients (patient no. 5
and 9) had clear progressive disease after initially showing partial
response to the treatment. For patient no. 7 and 8 exact
measurements of tumor response were estimated partly based
on clinical and visual examination rather than caliper
measurement due to small size and subcutaneous or mucosal
localization of tumors.
DISCUSSION

With the setup and dosimetric procedures described in this
paper, initial experience of clinical FLASH-RT in canine cancer
FIGURE 4 | Photographs of patient no. 1 with post-operative microscopic residual disease on the front limb (top row) and patient no. 10 with intranasal squamous
cell carcinoma (bottom row) at 7 days, 1 month, and 3 months post FLASH-RT.
TABLE 3 | Adverse events (in general mild cases of local alopecia, leukotricia,
dry desquamation, mild erythema or swelling) graded using the VRTOG grading
scheme for adverse events following radiotherapy.

Patient no. 7 days 1 month 3 months

1 0 1 1
2 0 1† 0
3 0 1 1
4 0 1 1

0 1 1
5 0 1 1

n/a n/a n/a
6 0 1 1
7 0 1 1

0 1 1
8 0 1 1
9 0 1 1
10 0 3†† 3††
†Patient no. 2 developed a small ulcer which was thought to be a suture reaction from
previous surgery.
††Patient no. 10 developed moist desquamation of the part of the nasal planum included in
the radiation field.
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patients using a modified clinical linear accelerator is presented.
The measured depth dose curves showed that the beam can
deliver >80% of the prescribed dose to a volume along the central
axis ranging from the skin surface to a depth of 2-3 cm in tissue,
after which the dose drops off sharply due to scattering and
energy loss. These features make the beam suitable for treatments
of superficial or subcutaneous tumors, but of limited use for
deeper seated tumors. Hence, only superficial and subcutaneous
tumors were included in this trial.

As the ten canine cancer patients included in this study were
the first patients treated with FLASH-RT at our clinical
accelerator, we started at a dose level that was considered as safe
based on previously published information (5, 9). For one of the
patients that initially showed partial response (patient no. 5), the
dose administered was likely too low to control the cancer growth
and hence progressive disease was seen at 4 weeks post treatment.
For the second patient showing progressive disease 4 weeks post
treatment (patient no. 9), the initial tumor was multilobulated and
part of the tumor was seated in the abdominal musculature
reaching a depth of 4.1 cm, hence it is likely that the deeper part
of the tumor only received a limited part of the prescribed dose.
The normal tissues showed a good tolerance during the follow-up
period when irradiated with high single doses of FLASH-RT, also
for the patients given 30 and 35 Gy, where mainly mild or
moderate transient adverse events were observed, indicating
possible further opportunities for dose escalation and extended
margins to enhance the probability of tumor control. The mucous
membranes in the oral cavity are generally sensitive to acute
radiation side effects which can have impact on the patients’
appetite and ability to eat and have negative effect on quality of
life (23). In the current study we found that FLASH-RT to the oral
cavity was well tolerated and side effects were limited to grade 1
early and late side effects in terms of light injection of the mucous
Frontiers in Oncology | www.frontiersin.org 8142
membranes and alteration in pigmentation. This suggests that this
single fraction treatment modality can be applied to treat
oropharyngeal tumors without negative impact on quality of life.
This initial feasibility and safety study, with a small and
heterogeneous group of participants, was not designed to
provide statistically verifiable results of tumor response to
FLASH-RT. A larger study is required to investigate statistical
significance for the therapeutic benefit for specific cancer types
and different dose levels. In addition, to investigate whether
FLASH-RT is superior in sparing normal tissue compared to
conventional radiotherapy, with equally effective tumor control,
a comparative randomized trial with both modalities would be
required in a more homogeneous patient group.

A limitation of this study is the lack of a treatment planning
system for the FLASH beam to display the dose distribution in the
patients. Instead, the treatment volumes were estimated based on
vertical 2D film measurements in a phantom, and presented
together with the estimated gross tumor volume. Using the in
vivo film measurements, we could confirm that the prescribed dose
was delivered to the patient surface with an agreement within 10%.
Complex treatment geometries, such as tissue inhomogeneities,
uneven air gaps and sloping surfaces, made it difficult to predict the
dose distribution in advance. The ideal situation, with the electron
beam impinging along the normal towards a flat surface of a
homogeneous tissue, was not fulfilled in the treatments, which may
have led to degrading of the dose distribution estimated to be less
than 10%. Ion-chambers, which are the standard real time
dosimeter in conventional radiotherapy, experience a large drop
in ion collection efficiency at the ultra-high dose rates associated
with FLASH radiation (24–26), making them imprecise and
impractical for real time dose measurements. Therefore, the
Farmer-type ion-chamber used in the current setup was
functioning solely as an output monitor. Approaching human
clinical trials, novel dosimetric procedures that ensure accurate
delivery of the prescribed dose at FLASH irradiations, by real time
dose measurements, are required. We have previously shown that
the ion collection efficiency in a built-in monitor chamber can be
increased by increasing the polarizing voltage over the chamber
(25), and we are currently working on employing this knowledge
for the setup used for our companion animal treatments by using
an external monitor chamber positioned at the top of the electron
applicator.We believe this approach will bring clinical dosimetry in
FLASH up to the standards of conventional radiotherapy. In
addition, human clinical studies will require a redundant safety
system, which is an added technical challenge when using a clinical
linear accelerator for FLASH-RT. When the accelerator is operated
in FLASHmode, interruption of the electron beam after delivery of
the desired number of pulses, is solely dependent on a diode placed
in the radiation field functioning as a pulse counter. To further
increase the safety during FLASH delivery, we are working on a
solution where the two independent channels in the external
monitor chamber can be used to interrupt the beam, similar to
the method used for controlling the dose delivery in conventional
radiotherapy. Furthermore, it would be favorable to be able to
adjust the electron beam energy depending on the depth and size of
the tumor. Currently, our FLASH beam is limited to a single energy
TABLE 4 | Tumor response at 7 days, 1 month and 3 months post FLASH-RT,
estimated based on the veterinary RECIST 1.0 criteria for patients with solid
tumors, and disease-free interval for patients with microscopic disease.

Patient no. 7 days 1 month 3 months

1 NR NR NR
2 NR NR NR
3 NR NR NR
4 SD SD PR

SD SD SD
5 SD† PD n/a

SD† PD n/a
6 SD PR PR
7 SD PR CR

SD PR CR
8 PR PR PR
9 PR PD PD
10 SD†† PR/CR†† CR††
R, Recurrence; NR, No recurrence; SD, Stable disease; PR, Partial response; CR,
Complete response; PD, Progressive disease; n/a, Not applicable.
†The patient showed PR at 14 days followed by PD at 4 weeks after both the first and
second treatment. At 4 weeks after the second treatment the tumor was surgically
resected.
††The tumor response for patient no. 10 was based on clinical response and evaluation of
nasal airflow.
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of 10 MeV, although attempts to adjust the energy is ongoing. This
would allow us to choose the treatment depth by applying an
appropriate energy, and thus better exploit the advantages of an
electron beam.

In addition to the companion animal cancer patients
receiving superior treatment and providing valuable experience
in setting up a clinical workflow for human treatments,
companion animal cancer patient studies have the potential to
greatly inform radiobiology studies. The mechanisms behind the
FLASH sparing effect are yet to be fully understood, but the main
hypothesis so far is oxygen depletion. We have previously shown
in vitro that the FLASH effect depends on oxygen concentration
(27). Due to the similarities between the tumors of companion
animals and humans, also in terms of oxygen profiles (19),
canine cancer patients provide an opportunity for further
studying the oxygen dependence in a clinically relevant setting.

In conclusion, the first experience of electron FLASH-RT in
canine cancer patients in a clinical setting is presented.
Treatments were found to be feasible, with partial response,
complete response or stable disease recorded in 11/13 irradiated
tumors. Adverse events observed at follow-up ranging from 3-6
months were mild and consisted of local alopecia, leukotricia, dry
desquamation, mild erythema or swelling. Only one patient
receiving a 35 Gy dose to the nasal planum, had a grade 3 skin
adverse event. Dosimetric procedures, safety and an efficient
clinical workflow for FLASH-RT was established. The experience
from this initial trial, in terms of a safe and efficient workflow for
FLASH-RT in a clinical setting, will be used as a basis for a
veterinary phase I/II clinical trial with more specific patient
inclusion selection, and subsequently for human trials.
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The impact of a mixed neutron-gamma beam on the activation of DNA damage response
(DDR) proteins and non-coding RNAs (ncRNAs) is poorly understood. Ionizing radiation is
characterized by its biological effectiveness and is related to linear energy transfer (LET).
Neutron-gamma mixed beam used in boron neutron capture therapy (BNCT) can induce
another type of DNA damage such as clustered DNA or multiple damaged sites, as
indicated for high LET particles, such as alpha particles, carbon ions, and protons. We
speculate that after exposure to a mixed radiation field, the repair capacity might reduce,
leading to unrepaired complex DNA damage for a long period and may promote genome
instability and cell death. This review will focus on the poorly studied impact of neutron-
gamma mixed beams with an emphasis on DNA damage and molecular mechanisms of
repair. In case of BNCT, it is not clear which repair pathway is involved, and recent
experimental work will be presented. Further understanding of BNCT-induced DDR
mechanisms may lead to improved therapeutic efficiency against different tumors.

Keywords: neutron mixed-beam, BNCT (boron neutron capture therapy), DNA damage, DNA repair, high-LET,
low-LET radiation, complex DNA damage
INTRODUCTION

Boron neutron capture therapy (BNCT) is a radiation therapy that can selectively target neoplastic
tissue with an advantage over conventional radiotherapies. BNCT is a binary approach in which
boron-10 (10B)-labeled compounds such as low molecular weight boron-containing drugs,
boronophenylalanine (BPA) or sodium borocaptate (BSH), are administered before irradiation
with thermal or epithermal neutrons (1–4). BNCT is effective in treating high-grade gliomas,
recurrent head and neck tumors, and cutaneous and extra-cutaneous melanomas (1, 2). 10B-
enriched compounds deliver high concentrations of 10B to the target tumor cells, followed by
thermal neutron or epithermal neutron irradiation, thermalized inside tissues. Research began in
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the 1930s, shortly after Chadwick discovered neutron in 1932,
when Taylor and Goldhaber described the (10B(n, a)7 Li) capture
reaction in 1935 (5). However, the idea of exploiting the neutron
capture reaction in cancer therapy was put forward by Gordon
Locher in 1936. This concept assumes that the interaction of
thermal neutrons (<0.4 eV) with tissue deposit a radiation dose
that can be kept under tolearnce levels. The essence of this
therapy is the interaction between 10B and thermal neutrons
which is sufficient to kill the tumor cells (2):
To obtain the desired results, an optimal amount of 10B must
be selectively delivered to all cancer cells (20 µg/g weight or ~109

atoms/cell) and an optimal fluence of thermal neutrons should
be absorbed to obtain a lethal effect using the (10B(n, a)7 Li) capture
reaction (6). The a (4He) particles and lithium (7Li) nuclei released
from the neutron capture reaction (10B(n, a)7Li) are short-ranged
(5–9 µm), making the 10B distribution critical for BNCT, thus
limiting the damage to the cells containing only 10B (7). If the
boron compounds are selectively delivered to tumor cells and
accumulate there, BNCT meets the premise that this therapy
selectively destroys only tumor cells (1). Therefore, the biological
effect of this therapy depends critically on the gross and
microscopic distributions of boron in tissues.

Neutrons undergo a great variety of nuclear reactions in
biological targets, thus producing a mixed field of secondary
particles, and nuclear reaction cross-sections are strongly
dependent on neutron energy (8). The mixed radiation field
consists of a mixture of components with different linear energy
transfer (LET) characteristics that act independently (3).
Epithermal neutrons (0.4 eV < Eepi < 10 keV); penetrating
tissue are reduced to the thermal energy range (< 0.4 eV) as a
consequence of collisions with atoms of hydrogen and captured
by the 10B nucleus. Released a-particles and 7Li nuclei have high
LET. The interaction of the neutron beam with the nuclei of
elements in tissue causes a nonspecific background, consisting of
a mixture of high- and low-LET components, to appear. Low-
LET g-rays are released due to thermal neutron capture by
hydrogen in the (1H(n, g)2H) reaction, whereas high-LET
protons are released after the capture of thermal neutrons by
nitrogen in the tissue by the (14N(n,p)14C) reaction. High-LET
recoil protons also appear through collisions with hydrogen
nuclei (1H(n, n’)p) reaction in tissues and are produced by fast
neutrons (>10 keV) in the neutron beam. g-rays come from the
beam infrastructure, reactor core, and beam shaping assembly.
Therefore, in BNCT, mixed radiation of primary and secondary
particles of various energies are involved. Undoubtedly, BNCT
involves mixed-field irradiation (7). Early trials of BNCT were
limited in their ability to estimate and predict responses to a
complex, mixed radiation field (7).

It was demonstrated that DNA damage increases with LET of
radiation (1). Recent studies have reported that radiation with
high LET is also observed in proton and carbon ion therapy, and
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is more effective than low-LET radiation such as in X-rays or g-
rays (9). The higher the LET, the higher is the relative biological
effectiveness (RBE). This enhanced RBE is determined by a
unique type of DNA damage, characterized by clustered,
complex lesions that override DNA repair capacity in tumor
cells. These sites are two or more lesions, in close proximity
(within 1 to 2 helical turns of DNA) owing to radiation, and are
integrated into complex DNA-double stranded breaks (DSBs)
(10, 11).

In this study, we aimed to describe the molecular mechanisms
of cellular response to DNA damage, DNA damage response
(DDR) induced by BNCT with an emphasis on mixed field
radiation, and effects of low and high LET radiation in different
cancer cell lines. The impact of the mixed beam on the activation
of DDR proteins and repair pathways is poorly understood,
especially involving BNCT (9, 11–13).
DNA DAMAGE RESPONSE AND REPAIR
PATHWAYS AFTER THE MIXED
RADIATION FIELDS

The effect of radiation on cells can be described as a double
action. Ionizing radiation (IR) has anticancer effects by inducing
DNA damage in proliferating cancer cells or injuring healthy
cells (14). IR most commonly causes DSBs, the most genotoxic
DNA lesions, leading to cell death or mutations that can be
repaired via specific repair pathways. DNA repair is one of the
most critical processes essential to genome integrity, maintaining
all cellular functions and survival (15). IR is characterized by its
RBE and is related to the LET by depositing energy in specifically
structured tracks (9). High-LET radiation produce denser
ionization than low-LET radiation, which is sparsely ionizing
(Figure 1A). Neutrons are high-LET and can induce complex
DNA damage, like other high LET particles (alpha particles,
carbon ions, protons), while g-rays is low-LET radiation (9, 11).
The effects of both low- and high-LET radiation are observed
within a single cell in the case of mixed beams (Figure 1A).
Interestingly, during their lifetime, humans are exposed to mixed
fields of low- and high-LET radiation, like during plane and
space flights (exposure to neutrons, g-rays, and protons), in
closed spaces and areas high in alpha-emitting radon-222, and
alpha and g-emitting radium-226. Cancer patients are exposed to
a mixed field during radiation therapy (18). Many cancer
therapies besides BNCT, such as intensity-modulated
radiotherapy (IMRT), proton therapy, and hadron therapy
produce mixed fields of radiation (12, 13, 19, 20), and recent
studies have focused on the measurement of secondary g-rays
(prompt-g production) emitted during proton beam and carbon
ion irradiation (21, 22).

Radiation-induced DNA-DSBs in higher eukaryotic cells are
repaired either by the non-homologous end-joining pathway
(NHEJ) or homologous recombination repair (HRR) (Figure 2).
Phosphorylation of histone g-H2AX (a variant of the H2A
protein family) at serine-139 by ATM (Ataxia telangiectasia
mutated kinase) belonging to the PI3 (phosphatidylinositol-3)
10B + nth-> [11B*]       4He + 7Li + 2.79 MeV (6.1 %) 

   4He + 7Li + 2.31 MeV + γ 0.48 MeV (93.9 %) 
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kinase family is the initial step of DSB induction (24, 25).
g-H2AX is dephosphorylated when DNA repair is completed;
therefore, the DSB marker g-H2AX is studied extensively
through the characterization of foci formation, size, and
quantity. Ionizing radiation-induced foci (IRIF) are brighter
and larger after high-LET exposure compared with low-LET
radiation (9, 18, 26). The formation of g-H2AX foci leads to the
recruitment and accumulation of DNA damage response (DDR)
proteins and chromatin-modifying factors, such as 53BP1 (P53
binding protein 1), MDC1 (mediator of DNA damage
checkpoint), BRCA1 (Breast Cancer 1 protein), Mre11/Rad50/
Nbs1, PARP-1 (poly(ADP-ribose) polymerase 1), and many
others, thus forming radiation-induced foci and co-localization
with g-H2AX through direct or indirect binding (10, 11, 27).
53BP1 is a transcriptional coactivator of the P53 tumor
suppressor and acts as an early participant in the cellular
response to DNA-DSBs (28). P53 is a transcription factor
closely associated with radiation-induced damage response in
cells (14). P53 plays a key role in regulating the cell cycle
checkpoint and modulating the base excision repair (29).
Moreover, it repairs IR-induced DNA damage via direct
protein-protein interactions with ATM or indirectly by
regulating the transcription of genes responding to P53
signaling. The NHEJ pathway involves the Ku70/80
heterodimer, which binds to DNA ends after DSB appearance.
Frontiers in Oncology | www.frontiersin.org 3147
This leads to the recruitment of DNA-PK catalytic subunit
(DNA-PKcs) to the DSBs, phosphorylation of DNA-PKcs,
Ku70/80 heterodimer, and proteins involved in the regulation
of the cell cycle. The next step involves Ku70/80 binding to the
ends of DSBs, resulting in open access to Ligase IV-XRCC4 (X-
ray cross-complementing gene 4) complex. In the HRR
mechanism, the Rad52 epistasis gene family is involved, and
Rad51 and Rad54 are the key human recombination factors
involved in repair mechanisms related to DNA breaks in
eukaryotes (30). Rad51 acts by binding to single-stranded
DNA (ssDNA) and promotes a search for homolog and DNA
strand exchange, while Rad54 activates the pairing function of
Rad51 (31). Downregulation of HRR pathway was found to favor
error-prone NHEJ pathway machinery, highlighting the
significance of HRR repair in genome stability.

The repair of mixed radiation-induced complex DNA
damage is poorly understood (9, 12). The mechanism defining
which repair pathway is selected is not clear; however, the cell
cycle or an inducing factor may be responsible (9, 32, 33). NHEJ
acts mainly in G1 and early S phase, with no need for an
undamaged DNA template to operate, while HRR operates in
the S phase using sister chromatid as the template in a rather
error-free manner (10). DSBs that occur in the late S or G2 phase
of the cell cycle are repaired by any of the pathways. High-
resolution microscopy and real-time imaging show that simple
A

B

FIGURE 1 | (A) Types and effect of radiation according to linear energy transfer (LET): Low-LET radiation produces sparse ionization along its track,
homogeneously within a cell. High-LET radiation causes dense ionization along its track. Mixed beam— both effects observed within a single cell (11, 12, 16,
17). (B) Radiation-induced DNA damage: DSBs induced by low-LET radiation are repaired by non-homologous end-joining pathway (NHEJ) alone or NHEJ and
homologous recombination (HR). Mechanisms of repair of complex DSBs induced by high-LET radiation are not fully determined (9). Created with
BioRender.com.
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DSBs are quickly repaired by proteins belonging to NHEJ, except
DNA-PKcs (10). Interestingly, complex DSBs are slowly
repaired, and DNA-PKcs is only recruited to longer-lived
complex DSBs (34, 35). DSBs induced by high LET were
repaired by NHEJ slowly because of clustered DNA damage
(Figure 1B). Recent reports have focused on the role of NHEJ in
the repair of carbon ion-induced and BNCT-induced damage (9,
35). Moreover, NHEJ has been shown to play a crucial role in
DSB repair induced by both clinical proton and carbon ion
beams (36). Additionally, NHEJ-deficient cells are more resistant
to high LET radiation, relying only on HRR. It was also proposed
that complex DNA damage induced by high LET irradiation
from high-energy iron ions is repaired by homologous
recombination (HR) and not by NHEJ in mammalian cells (37).

The reduced repair capacity after high-LET radiation keeps
DNA damage unrepaired for a long time, leading to genome
instability and cell death (9, 12, 16). This could be explained by
the inability of the DNA repair machinery to relax the chromatin
to repair these breaks. Thus, clustering of DSBs after high-LET
radiation makes DNA repair more challenging. The health risks
of exposure to mixed fields have not been fully determined. It
was proposed that the effects of a mixed field of alpha and X-rays
exposure could be higher than the additive effects of single beam
components (12). Alpha particles and X-rays together produce
micronuclei and chromosomal aberrations in peripheral blood
lymphocytes (PBLs), above the level assumed by the additive
effects of both types of radiation (38, 39). The authors have
Frontiers in Oncology | www.frontiersin.org 4148
demonstrated that alpha particles and X-rays interact to produce
DNA damage greater than predicted and that DDR is delayed.
Moreover, the highest levels of DDR proteins, ATM, P53, and
DNA-PK, were observed in cells exposed to the mixed field.
Based on the obtained results, the future application of the
combination of high and low LET radiation in radiotherapy
was proposed. However, more thorough research is needed with
high-LET radiation and mixed beams concerning repair
dynamics of clustered DNA damage for the application of
cancer radiotherapies.
THE UNDERESTIMATED ROLE OF SMALL
ncRNAs IN DNA DAMAGE RESPONSE
AND REPAIR

RNA transcripts and DDR proteins are known to interact
functionally (40). Many recent studies have reported the
pivotal role of ncRNAs in DNA repair and genomic
rearrangements in different research models (41–44). There is
growing evidence that ncRNAs regulate the DDR, especially
small microRNAs (miRNAs), which are induced at DNA-
DSBs, thus mediating repair (23, 41, 45). Regulatory short
miRNAs are ncRNAs encoded in intronic regions of protein-
coding genes or in the intergenic regions of the genome (23, 42).
Small ncRNAs generated at DNA-DSBs, critical for DDR
FIGURE 2 | DNA-double-stranded breaks repair pathways: homologous recombination repair (HRR) and non-homologous end-joining (NHEJ) pathway induced by
low and high linear energy transfer (LET) radiation (15, 23). Created with BioRender.com.
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activation, are termed DDR small RNAs (DDRNAs) and are
described in details in a review by Rzeszutek et al. (41). It is
considered that some small ncRNAs can regulate the expression
of genes encoding DDR proteins, especially those involved in
DSB repair; however, the mechanisms are not fully understood
(45). DDRNAs are specifically localized to damaged homologous
genomic sites in a transcription-dependent manner. Following
DNA damage, RNA polymerase II binds to the MRE11/RAD50/
NBS1 complex, recruits it to DNA-DSBs, and synthesizes
damage-induced long ncRNAs (dilncRNAs) (41, 43). Both
dilncRNAs and DDRNAs are involved in DDR focus
formation and are associated with 53BP1. For example,
overexpression of miR-34c-5p, from the miR-34s family,
suppresses Rad51 and upregulates g-H2AX. These findings
highlight a novel mechanism of HR pathway regulation
through miRNAs (45). The correlation between miRNAs and
DDR is supported by the direct role of mediator proteins ATM
and BRCA1 in the synthesis of specific miRNAs (23). Moreover,
a variety of studies have shown that miRNAs regulate ATM and
DNA-PK. ATM is a target of miRNA-421, miRNA-18a, miRNA-
101, and miRNA-100 (23, 46–48). Interestingly, miRNA-101 also
suppresses DNA-PKcs in the NHEJ pathway in in vitro and in
vivo cancer models, significantly changing the radiosensitivity of
tumors (48). In HR pathway, other miRNAs play an important
role in DSB repair: miR-138 targeting H2A.X in osteosarcoma
cells, miR-146a and miR-146b-5p targeting BRCA1 in breast
cancer, miR-1 targeting BRCA1 in prostate tumor cell lines, and
miR-1245 targeting BRCA2 in breast cancer cell lines (23). To
attain a deeper understanding of the cellular response to DNA
damage, we need a thorough understanding of how DNA
damage regulates miRNA expression and how miRNAs affect
DDR. This raises the possibility that crosstalk between miRNAs
and DDR can efficiently repair DNA and maintain genomic
stability. It has been proposed that miRNAs are key regulators
for the correct choice among DNA-DSB repair pathways and for
repair itself. miRNAs could be useful prognostic markers and
miRNA-based therapies could improve the sensitivity of tumor
cells to different radiotherapies (49).
THE IMPACT OF BNCT MIXED RADIATION
FIELD ON DNA DAMAGE RESPONSE
AND REPAIR

Recently published data have reported that BNCT induces tumor
type-specific DNA damage and repair pathways. BNCT has
greater potential than conventional photon radiotherapy in
cancer treatment, especially in aggressive tumors, and destroys
cancer cells with limited effect on healthy cells. However, little is
known about the effects of DNA damage induced by a mixed
radiation field, such as that used for BNCT (13, 35, 50). However,
effects of neutrons have been tested in processes such as DNA
damage, apoptosis, chromosomal aberrations, and cell viability.
Kondo et al. have shown that DNA damage induced by BNCT is
partially repaired by a key player of the NHEJ pathway, ligase IV
Frontiers in Oncology | www.frontiersin.org 5149
(35). The authors analyzed the sensitivity of the mouse embryonic
fibroblast cell lines Lig4−/− p53−/− and Lig4+/+ p53−/− to
irradiation using a thermal neutron beam in the presence or
absence of BPA. It was demonstrated that the Lig4−/− p53−/− cell
line was more sensitive than the Lig4+/+ p53−/− cell line to
irradiation with only the beam or with beam and BPA. Another
study performed by the same research group using an in vivo
mouse model after BNCT showed that the DSBs induced by the
(10B(n, a)7Li) reaction were more difficult to repair and stayed
longer than g-rays, suggesting that BNCT has a stronger effect
than conventional X-ray or g-ray radiotherapy (51). The desirable
anti-tumor effect of BNCT may be due to the unrepaired DSBs
induced by the (10B(n,a)7Li) reaction. Kinashi et al. presented a
study using an in vitro model, Chinese hamster ovary CHO-K1
cells deficient in Ku80 protein belonging to the NHEJ pathway
(xrs-5 cells), which showed sensitivity to IR during BNCT (52).
The DNA-DSBs induced by BNCT were not fully repaired in xrs-
5 cells with a high cytotoxicity, and irradiated cells were found to
have a reduced DSB repair capacity. Another study on the human
thyroid follicular cancer cell line (WRO) demonstrated that HRR
is the main activated pathway based on high expression of Rad51
and Rad54 after BNCT (50). The results were different in the
human melanoma cell line (Mel J) where both pathways, NHEJ
and HRR, were activated after BNCT irradiation. An additional
study of DDR after boric acid-mediated BNCT in hepatocellular
carcinoma showed inhibition of the growth of Huh7 human HCC
cells by induction of DNA-DSBs and apoptosis (53). The authors
suggest that HCC cells may undergo G2/M cell-cycle arrest and
use the HR pathway to repair BNCT-induced DNA-DSBs.

There is growing evidence and correlation between the tumor
suppressor P53 status and the cytotoxic effect of high-LET beams;
however, limited studies have been conducted on BNCT (1, 54).
P53 is mutated in some glioblastoma cells, but it is unclear if this
mutation affects cellular sensitivity to neutron irradiation. The
role of P53 mutation in the effect of BNCT was tested on several
cell lines, including oral squamous cell carcinoma (SCC), and the
results obtained by Fujita et al. indicated that mutant-type SCC
cells are more resistant than cells with wild-type P53 due to the
lack of G1 arrest and related apoptosis (1). These cells were tested
using different methodologies: colony formation assays,
proliferation and cell cycle analysis, and expression of cell
cycle-associated proteins. Interestingly, the combination of
BNCT with adenoviral-mediated gene therapy to introduce the
wild-type P53 gene enhances radiation sensitivity of cells and the
effectiveness of BNCT. Another study was performed by Kinashi
et al. using glioblastoma cell lines T98G (P53-mutant) and A172
(P53-wild type) to investigate the relationship between P53
mutations and sensitivity in combination with the DNA-
alkylating agent temozolomide (TMZ) and neutron radiation
(54). T98G cells were more resistant to TMZ than A172 cells,
and T98G cells were more resistant to neutron irradiation when
BPA was administered.

Interestingly, there is scientific evidence that the epidermal
growth factor receptor (EGFR) modulates DNA repair after
radiation-induced damage by associating with the catalytic
subunit of DNA protein kinase (55). It was noticed that cells
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with certain EGFR gene mutations and different levels of EGFR
in cancer cells may make the cells differently sensitive to low or
high LET radiation because radiation differentially affects tumors
and healthy cells (56). In some cases, an increase in the amount
of EGFR in cancer was observed after radiotherapy. The
invasiveness of neoplastic cells after radiotherapy increased
relative to that of the control cells. Overexpression of EGFR
and P53 mutations have been linked to treatment resistance in
head and neck cancers, including squamous cell carcinoma
(HNSCC). EGFR is overexpressed in 90% of HNSCCs, and P53
is the most common somatic mutation. Both EGFR and P53 are
implicated in the repair of radiation-induced DNA damage by
forming an EGFR–DNA-PK complex. Additionally, EGFR is
present on the plasma membrane and upon radiation, evades
degradation, and translocates to the nucleus and cellular
organelles that generate resistance in cancer cells (57). The
results indicate that the dual inhibition of EGFR and HER2
(human epidermal growth factor receptor 2) by afatinib, used for
the treatment of non-small cell lung carcinoma (NSCLC), makes
cells sensitive to radiation and reduces cell invasiveness. Afatinib
is an anilino-quinazoline derivative and inhibitor of the
receptor tyrosine kinase (RTK) epidermal growth factor
receptor (ErbB; EGFR) family, with antineoplastic activity.
Afatinib more effectively sensitizes lung cancer cells (Lewis
lung carcinoma cells) to radiation and decreases metastasis by
inhibiting phosphorylation of EGFR and HER2 and partly by
decreasing matrix metalloproteinase 9 (MMP-9) production
(56). Cancer cell resistance to chemotherapy and radiotherapy
through EGFR overexpression negatively affects therapeutic
success (56, 58). Expression of the wild-type EGFR in glioma
cancer cells (F98EGFR) and its morbid mutant (F98EGFRvIII)
isoform has contributed to the development of novel targeted
dual therapy in combination of anti-EGFR drugs with BNCT. On
the one hand, anti-cancer compounds containing a BPA
conjugate with an epidermal growth factor (EGF) ligand or
anti-EGFR antibody (mAbs, cetuximab (C225)) or anti-
EGFRvIII mutation antibody (L8A4), and specifically recognize
wild-type EGFR and EGFRvIII. However, they selectively deliver
large amounts of boron to gliomas necessary for BNCT. In vivo
studies in rats bearing complex tumors (F98EGFR/F98EGFRvIII)
have shown that it is necessary to target BPA to cells expressing
both EGFR and EGFRvIII to homogeneously distribute boron in
gliomas, enabling the breakthrough therapeutic effects of BNCT
(59). This type of dual therapy reduces the chemotherapeutic and
radiological resistance in cancer cells.

Only a limited number of in vitro studies during BNCT have
been undertaken regarding the heterogeneity of the tumor
microenvironment including hypoxia, cancer stem cells, low
blood flow, or low nutrition (60). These factors can cause
tumor cells to become quiescent (Q), reducing radiosensitivity
or inhibiting drug entrance, making the tumor more resistant to
the treatment and causing recurrence. Oxygenated Q tumor cells
have a greater ability to recover from DNA damage after anti-
cancer therapy and suggest an interrelationship with CSCs (60,
61). CSCs are a subpopulation of cells within a tumor with stem
cell-like properties (62). This population is considered to be
Frontiers in Oncology | www.frontiersin.org 6150
resistant to conventional radiotherapies and chemotherapies,
and is widely omitted in in vitro BNCT studies. However,
recent research was performed using glioma stem-like cells
(GSC), subpopulation of glioma cells, responsible for the
stemness, quiescence, and therapy resistance, maintained by
GSC niches in the microenvironment of the tumor (63). This
study aimed to investigate BPA uptake by GSCs using flow
cytometry (in vitro) and a mouse orthotopic tumor model (in
vivo) and demonstrated that BNCT can target the destruction of
GSCs and be an efficient therapy for malignant gliomas.
Including this population in in vitro studies will further
enhance the therapeutic properties of BNCT. Since
glioblastoma (GBM) is the most lethal primary brain tumor
and finding novel effective combined therapies is an urgent issue,
we propose a useful model system for glioblastoma cell lines,
M059K and M059J, to study the role of DNA protein kinase in
cellular and molecular processes involving DNA damage
recognition and repair. Based on the description in American
Type Culture Collection (ATCC), M059K cells express normal
levels of DNA-PKcs from the NHEJ pathway, whereas M059J
cells lack DNA-dependent protein kinase activity. M059K cells
are approximately 30-fold less sensitive to ionizing radiation
than M059J cells. This model system could be used to study the
kinetics of DNA repair after BNCT, similar to the study on g-
radiation (64). Detailed evaluation of repair pathways and the
response to ionizing radiation in different cell subpopulations,
including tumor microenvironment and niches, is essential to
elucidate the molecular mechanisms of radiation-induced DNA
damage and repair. Further understanding of BNCT-induced
DDR mechanisms will lead to improved therapeutic efficiency
against different tumors.
DISCUSSION

DNA-DSB repair is a composite process that relies on different
factors, including DSB-inducing agents, cell cycle phase, cell
cycle checkpoints, ncRNAs, and gene mutations in different
cancer cell lines (36, 53). Based on many studies, it is known
that the presence and quality of radiation-induced DSBs depend
on the density of radiation, which should potentially have a
significant impact on the choice of the repair pathway. In the
present study, we pointed out that the molecular mechanisms
activated by BNCT are poorly established, with no clear
conclusions, prompting us to describe DDR by comparing the
repair mechanisms in different cell lines. The NHEJ, in
comparison with HRR, acts as an effective repair pathway
across the entire cell cycle. Phosphorylated DNA-PKcs
involved in this pathway plays a crucial role by binding to the
DNA ends, and thus, making a choice between the two pathways.
Moreover, DNA-PKcs is only recruited to longer-lived complex
DSBs and could play an essential role in repair after the BNCT
mixed radiation field (26, 34).

Understanding the molecular mechanisms of the effects of
mixed radiation causing both complex and simple DSBs is
important from the point of view of radiation protection and
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future design of combined radiotherapies, including the side
effects and secondary emitted g-rays. It is unclear how
mammalian cells react after exposure to BNCT mixed
radiation field, and how cells preferentially select a specific
pathway to repair DSBs generated by high LET radiation. Do
these cells express the highest levels of genes encoding proteins in
DDR pathways? Are cells mainly focused on repairing simple
DSBs leaving the repair of complex DNA damage? Finally, how
can small ncRNAs regulate DDR during BNCT? These questions
remain unanswered.
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Synchrotron radiation, especially microbeam radiotherapy (MRT), has a great potential to
improve cancer radiotherapy, but non-targeted effects of synchrotron radiation have not yet
been sufficiently explored. We have previously demonstrated that scattered synchrotron
radiation induces measurable g-H2AX foci, a biomarker of DNA double-strand breaks, at
biologically relevant distances from the irradiated field that could contribute to the apparent
accumulation of bystander DNA damage detected in cells and tissues outside of the irradiated
area. Here, we quantified an impact of scattered radiation to DNA damage response in “naïve”
cells sharing the medium with the cells that were exposed to synchrotron radiation. To
understand the effect of genetic alterations in naïve cells, we utilised p53-null and p53-wild-
type human colon cancer cells HCT116. The cells were grown in two-well chamber slides,
with only one of nine zones (of equal area) of one well irradiated with broad beam or MRT.
g-H2AX foci per cell values induced by scattered radiation in selected zones of the unirradiated
well were compared to the commensurate values from selected zones in the irradiated well,
with matching distances from the irradiated zone. Scattered radiation highly impacted the
DNA damage response in both wells and a pronounced distance-independent bystander
DNA damage was generated by broad-beam irradiations, while MRT-generated bystander
response was negligible. For p53-null cells, a trend for a reduced response to scattered
irradiation was observed, but not to bystander signalling. These results will be taken into
account for the assessment of genotoxic effects in surrounding non-targeted tissues in
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preclinical experiments designed to optimise conditions for clinical MRT and for cancer
treatment in patients.
Keywords: synchrotron radiation, microbeam radiation therapy (MRT), scattered radiation, radiation induced
bystander effect (RIBE), DNA damage, gamma-H2AX (gH2AX), p53
INTRODUCTION

Abscopal, or distant, effects of ionising radiation (IR) were first
described by Mole in 1953 (1), and have been regularly
documented subsequently (2). This definition refers to non-
targeted radiation responses in parts of the body distant from
the irradiated volume. The radiation-induced bystander effect
(RIBE) is the counterpart in vitro phenomenon that describes the
effect of IR in non-irradiated (naïve) cells sharing the milieu with
targeted cells (3, 4). The implicated mechanisms underlying
RIBE involve cell-signalling cascades, release of reactive
oxygen/nitrogen species, growth factors, cytokines, and, very
recently, exosomes (3, 5, 6). RIBE is thought to be transmitted
via gap-junction intercellular communication (7), or
extracellular soluble factors (8). X-ray beams produced by the
third-generation synchrotron source such as Australian
Synchrotron (AS) in Melbourne, Australia and the first fourth-
generation European Synchrotron Radiation Facility (ESRF) in
Grenoble, France, have the advantage of delivering high
radiation doses to a very small volume with low beam
divergence (9, 10). These features facilitate the study of in vitro
and in vivo non-targeted effects.

Our group has reported non-targeted biological effects in
partially irradiated cell populations in vitro, and in mouse
models at the imaging medical beamline (IMBL) at the AS
(11–14). Various biological endpoints were employed in these
studies, namely DNA damage response (DDR), apoptotic cell
death, oxidative stress, senescence and the immune response.
Mothersill’s group has studied non-targeted radiation effects in
non-tumour and tumour bearing animals irradiated at the ESRF.
Fernandez-Palomo et al. (15, 16) reported non-targeted effects
following synchrotron irradiation of tumour-free and tumour-
bearing rat brains, occurring within partially irradiated rats and
between irradiated and non-irradiated rats caged together.
Synchrotron experiments of this group involved clonogenic cell
survival, calcium flux, role of 5-hydroxytryptamine (5HT),
reporter assay cell death and proteomic profile of non-
irradiated organs as end-points (17). Still, there is a lot of
research to be done to understand the physical extent of these
non-targeted effects, their mechanisms, to minimise the risks to
non-irradiated normal tissues, and to simultaneously optimise
abscopal anti-tumour effects.

In our previous studies we have employed the g-H2AX assay
(18, 19) as a sensitive quantitative tool to detect both substantial
and marginal differences in cellular DDR, in particularly, in
occurrence and resolution of DNA double-strand breaks (DSBs)
in non-targeted cultured cells (20–23), 3-D tissue models (24)
and animal organs (12, 25, 26). We have found that, in contrast
to the g-H2AX response in directly irradiated cells and tissues,
RIBE and abscopal effects are characterised by a delayed peak of
2154
g-H2AX foci formation and maintaining unrepaired DSBs for a
longer time period. The extent of this delay varies between
experimental models, being hours in cultured cells and days in
tissue and animal models.

The possible contribution of scattered radiation to observed
bystander and abscopal effects has been acknowledged (11), but
not thoroughly addressed experimentally. Our radiochromic film
dosimetry and g-H2AX-based biodosimetry studies in
transformed human keratinocytes FEP1811 have revealed that
scattered radiation from both broad beam (BB) and a spatially
fractionated beam, or microbeam radiotherapy (MRT)
synchrotron radiation, induced g-H2AX foci in a dose-
dependent manner, and that the exposure from scattered
radiation contributed to the observed RIBE (11). This study
also provided a guidance to estimate scatter doses following
exposure of biological targets to high dose-rate synchrotron
radiation. It is acknowledged that biological effects of scattered
radiation, such as accumulation of DNA damage, genomic
instability, mutagenesis and ultimately secondary cancers, can
follow synchrotron radiotherapy, as it has been reported for
conventional radiotherapy and particle irradiation (4, 27).

Here, we investigated a spatio-temporal generation of RIBE,
by scoring g-H2AX foci induced by synchrotron BB and MRT
radiation in non-irradiated cell cultures. We utilised an
experimental system that allowed direct comparison of the
level of bystander DNA damage with the level of DNA damage
generated by scattered radiation. Finally, we compare DDR in
human colon cancer cells bearing p53 wild-type (WT) or p53-
null, to further understand a role of this “guardian of the
genome” in response to low-dose IR and in propagation of
RIBE. This study provides the basis for consequent in vivo
studies of non-targeted effects of synchrotron RT which could
have a profound effect on the planning of cancer MRT regimens.
MATERIALS AND METHODS

Cell Cultures
Human colon cancer cells HCT-116, p53-wild type (WT) or p53-
null, generated by targeted disruption of the p53 alleles in
parental HCT116 cells, were originally obtained by B.
Vogelstein, Johns Hopkins University School of Medicine (28).
The cells were a gift to Dr Carleen Cullinane at Peter MacCallum
Cancer Centre in Melbourne and then passed to the OAM group.
The cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) complemented with 10% Foetal Bovine Serum (FBS),
2.0 ml-glutamine, 100 U/ml Penicillin and 100 µg/ml
Streptomycin (all reagents from Life Technologies, Australia).
Cell cultures were maintained at 37°C in a humidified
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environment of 5% CO2. The cells were plated in two-well
chamber slides (BD, Franklin Lakes, NJ, USA) and incubated
overnight prior to irradiation and irradiated at 75-
80% confluency.

Experimental Set-Up and Irradiations
Irradiations were conducted at the IMBL, AS, Melbourne. The
chamber slides with sealed covers containing adherent cell
cultures in growth medium in each well, were oriented with
the glass base perpendicular to the beam. The flasks were filled
with medium before having a plastic film (Parafilm, Sigma-
Aldrich, Australia) placed over the chamber wells. After
irradiation the film was removed and the medium volume was
reduced to the original volume (1 ml) for cell growth. The
original lid for the chamber wells was used for post-irradiation
incubation, which allows gas exchange with the surroundings.

The X-ray beam was used for irradiations, with a constant
electron current of 200 mA, dose-rate of 49.3 Gy/s and weighted
mean photon energy of 94.4 keV (9). The beam dimension was
set to 8 mm width and 1 mm height, for both BB and MRT
modes. For MRT irradiation, an array of microbeams was
produced by placing a collimator in the beam that generated 5
planar 25 µm-wide beams with a 175 µm vertical inter-beam
separation. With the aid of a motorized stage, eight consecutive
811 ms beam pulses were applied with a vertical increment of the
stage position by 1 mm after each pulse, resulting in 8x8-mm
irradiated area and 40 Gy peak-dose in BB and MRT. Given the
geometry of the microbeam collimator, it is expected that for an
“ideal”microbeam the peak and inter-beam (valley) doses would
be 40 and 0 Gy respectively, and the average dose integrated over
the whole irradiated area (8x8 mm) would be equal to 1/8 of the
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peak dose, i.e. 5 Gy. For the real microbeam, however, the valley
doses are greater than 0 Gy and peak doses are less than expected
40 Gy, thus the real average integrated dose was not known at the
time of the experiment. Therefore, we decided to compare the
effect of BB and MRT for equal duration of irradiation (811 ms).
This implied, in the context of the study objectives, that the
results would allow to establish which factor, peak dose or
average dose, determines the extent of RIBE. As it was
subsequently calculated and reported in (11), the average
integrated dose for MRT irradiations was 4.64 Gy.

Note that the dose rate exceeds the defined for FLASH-RT,
initially characterized as using dose-rate >40 Gy/s for
conventional radiation (29). Recently however, the biological
FLASH-RT effect was found to be reproducible when the whole
dose of radiation (the peak-dose in the case of MRT) is delivered
in less than 200 milliseconds (30). Therefore, not all MRT
sources will be able to have a FLASH effect since the biological
FLASH-RT effect, as, for example, the delivery of a peak-dose of
400 Gy requires a dose rate of 2000 Gy/s as a minimum to be
delivered in 200 milliseconds. It was not the case in our study,
where the dose-rate of 49.3 Gy/s and peak-dose of 40 Gy have
been used.

Only one 8x8 mm area was irradiated in well 2 of each slide.
Well 1 was not irradiated. Experimental set-up is shown in
Figure 1. Mock-irradiated reference cells were processed in a
similar way, but without irradiation. For each cell line, several
variables were used; two irradiation modalities - BB and MRT,
three post-irradiation time-points for BB (0.5, 4 and 24 hours)
and two time-points for MRT (0.5 and 24 hours).

For a study of a low-dose radiation response, p53 WT and p53-
null HCT-116 cells grown in two-well chamber slides were exposed
FIGURE 1 | Experimental set-up for BB and MRT irradiations. The image is a schematic presentation of a two-well chamber slide; the chambers are divided by
a plastic separator. Each well is considered as nine 8x8mm zones, with only cells in the upper top left zone of well 2 (orange) being irradiated. Well 1 was not
irradiated. Because well 1 was physically separated from the irradiated well 2, it was only used for the assessment of DDR induced by scattered radiation. In well
2, irradiated and non-irradiated cells shared the medium, therefore the non-irradiated cells were exposed to both scattered radiation and bystander signalling
from the irradiated cells. g-H2AX foci per cell values in cells from the non-irradiated well 1 at different distances from the irradiated site were compared to the
commensurate distance values in the irradiated well 2 (distance 1: next to the irradiated area, dark blue and dark green; distance 2: far from the irradiated area,
blue and green). The distances that did not have a sufficient match (light blue and light green), were not considered. Average doses delivered by the beam or
scattered radiation are shown in right part of the figure for BB and MRT irradiations.
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to conventional X-ray irradiations. Irradiations were conducted
on an X-RAD iR-160 X-ray source (Precision X-ray Inc., North
Branford, CT) operating at 160 kVp, 19 mA with built-in 0.8 mm
Be and 2 mm Al filters at a dose rate of 1.87 Gy/min. The cells
were irradiated with doses in the range 10 - 1000 mGy) and fixed
at 0.5, 4 and 24 hours post-irradiation.

Immunocytochemistry, Microscopy and
Image Analysis
After irradiations, the cells were returned to the cell culture
incubator and incubated at 37°C, 5% CO2 for indicated times.
The cells were fixed for 20 min in 2% paraformaldehyde in
phosphate buffered saline (PBS) and processed for
immunostaining as described elsewhere (31–33). Briefly, the
samples were washed in PBS, blocked for 30 min in 1% bovine
serum albumin in PBS-TT (0.5% Tween 20 (Merck KGaA,
Darmstadt, Germany), 0.1% Triton X-100 (Sigma-Aldrich, St.
Louis, MO, USA), and incubated with primary mouse
monoclonal anti-g-H2AX antibody (Abcam, Cambridge, UK),
and then with secondary Alexa Fluor 488 goat anti-mouse IgG
(Invitrogen, Australia). The slides were mounted with
Vectashield mounting medium containing propidium iodide
(PI, Vector Laboratories, Burlingame, CA, USA). Laser
confocal scanning microscopy was performed using an
Olympus FV1000 laser scanning microscope (Olympus, Tokyo,
Japan), and images collected for each of the unirradiated zones of
interest indicated in Figure 1; 5 zones in well 1, and 7 zones in
well 2, each corresponding to distances D1 or D2 from the
irradiated zone in well 2.

Data Analysis
Automatic foci counting was performed using the in-house
developed JCountPro software, which is an improved version
of the TGI software that has been reported previously (34–37).

All images were classified into groups according to the various
combinations of the tested experimental variables. These
categorical variables included: 1) ‘Beam’ (two levels, BB and
MRT); 2) ‘Well’ (two levels, Well 1 – scatter and Well 2 – scatter
and RIBE); 3) ‘Distance’ (two levels, distance 1 (D1) and distance
2 (D2) as shown in Figure 1), 4) ‘Time’ (three levels – 0.5, 4 and
24 hours for BB and two levels – 0.5 and 24 hours for MRT); and
5) ‘p53 status’ (two levels, WT and KO). This classification
produced 40 experimental groups. JCountPro software was
used for preliminary analysis including classification of images
and calculation of weighted average ± SE values for foci count per
cell for each group. The weight for each image was assumed to be
proportional to the number of counted cells per image. Standard
error values reflected the experimental errors associated with
inter image variability. The total number of counted cells per
group varied from 470 to approximately 3000. JCountPro was
also used to generate a set of data records for each individual
image that included, apart from information on variables, the
results of the image and counting analysis, such as the mean foci
number per cell (fpc), number of cells in the image, cell area, cell
and focus average intensity, etc. This data set incorporated
entries for 364 analysed images.
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We used this dataset to identify variables (factors) that
significantly influenced the mean number of fpc. We applied
the linear model generated using R language and tested a few
models with various combinations of variables. We used Akaike’s
Information Criterion (AIC) to evaluate models and Likelihood
Ration Test to compare the models.
RESULTS

Dosimetry
We estimated the doses of scattered radiation based on the
measurements and approach reported previously (11, 12) for a
similar irradiation setup. We assumed that the scattered dose is
proportional to the geometrical area and the dose in the
irradiated zone and the following range of distances from the
nearest edge of the irradiated field: 2 - 12 mm and 10 – 18 mm for
D1 and D2 groups respectively (Figure 1). We obtained the
following dose values (mean ± SD): for BB D1, 200 ± 85 mGy
(range 95 – 395 mGy); for BB D2 72 ± 20 mGy (range 50 – 120
mGy); for MRT D1, 24 ± 10 mGy (range 12 – 45 mGy); for MRT
D2, 10 ± 3 mGy (range 6 – 15 mGy).

g-H2AX Response Generated by Scattered
Radiation and Bystander Signalling
The mean counts of g-H2AX fpc in each experimental group, in
p53-WT and p53-null HCT116 cells, are presented in Figure 2
for well 1 (scatter) and well 2 (scatter and RIBE), and for two
distances from the irradiated site, D1 (adjacent to the irradiated
site), and D2 (adjacent to D1, as shown in Figure 1).

Scattered radiation (Figure 2A) generated by both BB andMRT
induced significant DNA damage in both p53-WT and p53-null
cell lines at both distances. The maximum extent of DNA damage
was the highest at 0.5 hours post-irradiation which is consistent
with well-described g-H2AX response in directly irradiated cells
(23, 32). Interestingly however, although diminished at later time-
points, under all variable conditions at 24 hours post-irradiation
the residual numbers of foci were substantially higher than the
values prior to irradiation. From our earlier study (23), the g-H2AX
response of HCT-116 cells to 2.5-Gy conventional X-ray radiation
was common for targeted cells, where most of DNA damage was
efficiently repaired by 24 hours post-irradiation. It has been shown
that prolonged maintaining of unrepaired DNA damage is a
signature of RIBE (20). Therefore, DDR in well 1, generated by
scattered radiation can be described as a mixed response of
irradiated and bystander cells.

g-H2AX foci counts in well 2 are presented in Figure 2B. In
this well, irradiated cells in the top left corner (area 8x8 mm)
shared mediumwith the cells that were not directly irradiated, but
received the same range doses of scattered irradiation as cells in
well 1. In addition, the cells in well 2 were exposed to the
signalling from the irradiated cells. We hypothesised that by
subtracting the scatter-generated foci values scored in well 1 from
the both scatter and RIBE-generated values scored in well 2, we
would be able to calculate the true RIBE-generated DNA damage
in non-targeted cells, and therefore will be able to quantitate the
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input of scattered radiation in generation of DNA damage in non-
targeted cells. We expected that due to contribution of an
additional factor, communication between irradiated cells and
non-irradiated neighbours, the DNA damage in non-targeted
cells would be higher in well 2 than in well 1. Indeed, the early
induction of g-H2AX foci in well 2 at similar distances from the
irradiated area was substantially higher (almost 2-fold) in BB-
irradiated cells compared to well 1. However, it was not the case
for MRT-irradiated cells. Quantitative analysis of the results is
presented in the next section.

Analysis of the g-H2AX Response to
Synchrotron Radiation
To evaluate the impact of various factors on the measured fpc
numbers, we used the linear statistical model that was applied for
the data set of 367 images described in Materials and Methods,
considering the mean fpc number as the cellular response end-
point. The sequence and logic of our analysis is illustrated by a flow
chart in Figure 3. We initially generated a model that included the
following factors: ‘Beam’, ‘Well’, ‘Distance’, ‘Time’, ‘p53 status’, and
considered these factors as independent categorical variables.
There are three levels for ‘Beam’ (no beam, BB, MRT) and
‘Time’ (0.5 h, 4 h, 24 h), and two levels for ‘Well’ (Well 1, Well
2), ‘Distance’ (D1, D2) and ‘p53 status’ (WT, null). The first listed
level for each variable was considered as a zero (baseline) level
relative to which the effect of variables was estimated. The results
of this analysis shown in Table 1 (Model 0) indicated that all these
factors, except ‘p53 status’, have significant impact on the cellular
response. As the next step, we included in Model 0 interactions
between different two variables and found that interactions ‘Well/
Time’, ‘p53 status/Time’ and ‘Beam/Well’ had a significant impact
on the cellular response (Model 1 in Table 1). Inclusion of these
interactions significantly improved the model, as indicated by the
decreased value of AIC and p<0.001 for likelihood ratio test, and
did not affect the significance of individual factors.
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Table 2 summarises parameter estimates for factors used to
predict the mean fpc number that provides an indication of the
impact of individual factors and their interaction. A positive
value of ‘Intercept’ (3.21 ± 0.86, p = 0.00021) shows the
background fpc number. Substantial positive values for ‘Beam’
(7.13 ± 1.02, p < 0.0001 for BB and 5.57 ± 1.09, p < 0.0001 for
MRT) indicate significant induction of DNA damage by
scattered radiation at 0.5 hours in WT cells, that is more
efficient for BB than for MRT. A negative parameter value for
‘Distance’ (-1.23 ± 0.32, p = 0.00013) reflects the expected effect
of lower scatter doses at D2 compared to D1. The role of RIBE in
the induction of DNA damage is illustrated by a substantial
positive value of the parameter estimate for ‘Well’ (3.39 ± 0.71,
p < 0.0001). A negative value for ‘p53 status’ (-0.97 ± 0.55) shows
a trend for the reduced response in p53-null cells, however this
result is not statistically significant (p = 0.075). The overall
impact of ‘Time’ is not statistically significant at 4 hours (p =
0.661) and results in the reduced response at 24 hours (-2.97 ±
0.66, p < 0.0001), reflecting DNA DSB repair.

Analysis of the interaction of factors shows a significant
impact of ‘Time’ for well 2, resulting in a reduced response for
both 4 and 24 hours, and an increased response at 24 hours for
p53-null group (2.25 ± 0.71, p = 0.0016), ie an effect of p53-null
status on DNA repair.

An interesting observation is a parameter estimate for ‘Beam/
Well’ interaction factor (1.50 ± 0.78, p = 0.038) indicating a
higher response in well 2 for BB exposure prompting an
interpretation of reduced RIBE following MRT irradiation. To
further clarify this question, we applied Model 1 (without ‘Beam/
Well’ interaction) separately to BB and MRT data subsets. The
results indicated a significant positive impact of ‘Well’ for the BB
data subset (6.53 ± 0.67, p < 0.0001) and non-significant trend of
‘Well’ impact for the MRT subset (0.84 ± 0.79, p = 0.29), thus
supporting the higher RIBE following BB irradiation. The
separate analysis of the ‘Beam’ subsets revealed two more
A B

FIGURE 2 | Mean numbers of g-H2AX fpc induced in well 1 (A) and well 2 (B) following irradiation of the targeted field with 40-Gy synchrotron BB and MRT pulse in
p53-WT and p53-null HCT-116 cells, at two distances from the irradiated field. An 8x8 mm zone of well 2 was irradiated, therefore the non-targeted cells in well 2
were exposed to factors emitted by the irradiated cells. Well 1 was physically separated from the irradiated field in well 2, therefore the cells in well 1were not
exposed to the factors emitted by irradiated cells. After irradiation, the cells were fixed at noted times and processed for immunostaining. The values are the mean
number of foci per cell ± standard error calculated from inter image variability.
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interesting observations. We did not find a statistically significant
interaction between ‘Beam’ and ‘p53 status’ factors in Model 1 for
complete data set, and the impact of ‘p53 status’ was not
significant for the BB subset (0.30 ± 0.74, p = 0.68). However,
it was negative and statistically significant for the MRT subset
(-2.24 ± 0.73, p = 0.00269). We suggest an interpretation that
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assumes the reduction by p53-null status of the response to
scattered radiation, which is a major contributor in MRT case,
but not to bystander signalling, which significantly contributes in
BB case. We also found that the impact of ‘Distance’ was not
significant for the MRT subset (-0.17 ± 0.44, p = 0.70), while it
remained negative and statistically significant for the BB subset
(-1.97 ± 0.41, p < 0.0001),
The g-H2AX Response to Low Doses of
Conventional X-Ray Irradiation
To better understand the radiation dose response of g-H2AX foci
induction by scattered radiation, we studied the response of
HCT-116 cells to graded low doses of conventional X-rays (in the
range from 10 to 1000 mGy). The results of this study are
presented in Figure 4 as a dose response of g-H2AX fpc detected
at 0.5, 4, and 24 hours post-irradiation for both p53WT and p53-
null cells. These results demonstrate some important features.
The dose response is not linear, with a linear component that is
only evident at doses above 100 mGy, and a non-linear
component with a complex pattern at lower doses. The
classical linear component is associated with induction of DNA
DSB from clusters of ionisation and hydroxyl radical formed by
irradiation in the vicinity of DNA. We calculated the yield of foci
per Gy for each time point. The results of this calculation (shown
in Figure 4 legend) indicate a trend for a reduced response in
FIGURE 3 | Flow chart illustrating the sequence and logic of the analysis of the g-H2AX response. The flow chart maps out the steps taken to the modelling
approach to test various assumptions and comparisons of the foci datasets analyzed in Tables 1, 2 and outlined in the text.
TABLE 1 | Comparison of two linear models of response (mean foci per cell
count) and statistical significance of response predictors.

Variables (Levels) Model
0

Model
1

Beam (BB/MRT) ***/*** ***/***
Well (Well 2) *** ***
Distance (D2) *** ***
p53 status (null) ns ns
Time (4 h/24 h) ***/*** ns/***
Well (Well 2)/Time (4 h/24 h) na **/***
p53 status (null)/Time (4 h/24 h) na ns/**
Beam (BB)/Well (Well 2) na *
AIC – Akaike’s Information Criterion 1993.7 1941.0
c2 – chi squared statistics/difference in degrees of freedom for
Likelihood Ratio Test (LRT)

62.7/5

p – value (LRT) <0.001
In parenthesis, levels of variables are indicated for which statistical significance of effect
was calculated relative to the baseline, as defined in the text. Statistical significance codes:
***p < 0.001, **p < 0.01, *p < 0.05, ns - p > 0.05, na – not applicable.
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p53-null cells compared to WT cells (15.1 versus 18.8) however
the difference is not statistically significant (p = 0.093, df =7, two-
sided test). DNA damage repair was substantial at 4 hours and 24
hours post-irradiation for both WT and p53-null cells.

The non-linear component, shown in the insets in Figure 4,
which presumably reflects DNA damage from endogenous
cellular factors induced by IR, follows a complex pattern.
There is an increase in fpc at 0.5 hours for doses 10-20 mGy,
which is more pronounced for WT cells, followed by a decrease
in above 20 mGy region. At larger doses (>100 mGy), the
contribution of the linear component becomes noticeable and
dominant. Interestingly, the decrease is well pronounced at 4
hours, with fpc values below background values, presumably due
to repair of the majority of induced DNA DSB, as well as the
background DNA DSB. In summary, such complex dose
Frontiers in Oncology | www.frontiersin.org 7159
response may be related to the activation of cellular competing,
damaging and protecting mechanisms at various doses.

Our extended analysis (data not shown) also revealed over-
dispersion of foci frequency distributions, as compared to the
random (Poisson) statistics, since non-linear component effects
are associated only with a subpopulation of cells with abnormally
high foci numbers, while Poisson distribution is a feature of the
linear component.
DISCUSSION

In this study we employed the g-H2AX assay, a recognized
biomarker of DNA damage and a well-established end-point
for RIBE studies. In our earlier studies at the AS, detection of
A B

FIGURE 4 | Induction of g-H2AX foci in p53 WT (A) and p53-null HCT-116 cells (B) by low doses of X-rays. Cells were irradiated with various doses of 160 kVp
X-rays and fixed 0.5 hours (circles), 4 hours (squares) and 24 hours (triangles) post-irradiation. Inserts in the top left corner of each panel show detailed pattern of the
dose response in the region of small doses from 10 to 100 mGy. Solid lines in the main panels represent results of linear regression (ignoring 10 – 50 mGy data).
Values of foci per cell yield per Gy (the slope of linear component) are as follows: 18.8 ± 1.4, 6.05 ± 0.74 and 1.31 ± 0.19 for p53 WT at 0.5, 4 and 24 hours
respectively; 15.1 ± 1.3, 4.78 ± 0.65 and 1.20 ± 0.44 for p53-null at 0.5, 4 and 24 hours, respectively.
TABLE 2 | Parameter estimates for factors used to predict the response.

Variables (Levels) Estimate (b) Std Error b p-value

Intercept 3.21 0.86 0.00021
Beam (BB) 7.13 1.02 1.5e-11
Beam (MRT) 5.57 1.09 5.35e-7
Well (Well 2) 3.39 0.71 2.85e-6
Distance (D2) -1.23 0.32 0.000126
p53 status (null) -0.97 0.55 0.075
Time (4 h) 0.369 0.84 0.661
Time (24 h) -2.97 0.66 7.99e-6
Well (Well 2)/Time (4 h) -2.66 1.00 0.0080
Well (Well 2)/Time (24 h) -4.04 0.72 3.14e-8
p53 status (null)/Time (4h) -1.86 0.97 0.057
p53 status (null)/Time (24 h) 2.25 0.71 0.0016
Beam (BB)/Well (Well 2) 1.50 0.58 0.038
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H2AX phosphorylation was utilized to trace the induction and
repair of non-targeted DNA damage induced by synchrotron
radiation in vitro (11) and in vivo (12–14). Post-irradiation
kinetics of g-H2AX foci formation and decline for targeted
normal tissues are well-studied and dose-dependent. The
maximum foci formation is detected within 15 min to 1 hour
post-radiation exposure, peaking at about 1 - 2 hours followed by
a progressive decline and returning to near-baseline levels by 24
hours post-exposure (18, 31, 32). g-H2AX foci form to various
extents in tumour cell lines, and generally follow the typical post-
irradiation kinetics (38). Relevant to this study, earlier we have
reported an efficient DNA damage repair in HCT-116 WT cell
line (23).

The DNA damage response of bystander cells has several
signature characteristics. The kinetics is distinctly different –
commonly, g-H2AX foci slowly accumulate and slowly disappear
(20, 24). Under certain conditions, eg co-culturing of shielded
(bystander) and unshielded (exposed) portions of sensitized
HCT-116 cultures after exposure to UVA light to generate
DSBs, a quick (30 min) but long-lasting bystander response
was generated (23). In addition, highly proliferating and
transcribing cells have been identified as the most vulnerable
to bystander signalling (21). RIBE seems to be genetically
controlled; eg DNA repair-deficient cells have been reported to
produce bystander responses to a larger extent (39). Biological
consequences of RIBE are cell type- and tissue-specific (40), and
tumour cells are particularly susceptible (32).

Here we quantified g-H2AX foci induced in non-irradiated
cells at different distances from the 8x8-mm zone irradiated with
BB-or MRT to a peak-dose of 40 Gy, and compared the values
generated by scattered irradiation and by cel l-cel l
communication in the irradiated and unirradiated wells. We
detected that substantial numbers of g-H2AX foci were induced
by scattered radiation in well 1, that stayed elevated even at 24
hours post-irradiation. The long maintenance of unrepaired
DNA damage after low-dose IR has been reported (41). We
suggest an ongoing exchange of bystander signalling between
cells exposed to low-dose scattered irradiation as an explanation
of this observation in well 1. We detected even higher numbers of
g-H2AX foci in bystander cells in well 2, thus addressing the
importance of the contribution of scatter radiation in studies of
RIBE induced by partial irradiation of cell populations. We
found a more pronounced bystander response following
irradiation with BB compared to MRT. g-H2AX foci numbers
were generally dependent on the distance from the irradiated site
at the earlier, but not at the later time-points, thus reflecting the
scattered dose gradient in well 1 and the time-dependent transfer
of bystander signals from cells that were exposed to targeted
irradiation or scatter.

Considering the doses of scattered radiation in our bystander
experiments, and based on the results of conventional X-ray
irradiation, we can conclude that both linear and non-linear DSB
induction components contribute to the measured foci number
for broad beam scattered radiation (95–395 mGy for D1 and 50–
120 mGy for D2), in contrast to the mainly non-linear
component involved for MRT beam (12–45 mGy for D1 and
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6–15 mGy for D2). The different roles of the two components to
BB and MRT response are supported by the observation that the
distance from the irradiated site is a significant factor for BB and
not significant for MRT beam. The extent of response to
scattered radiation is broadly consistent with conventional X-
ray irradiation data, however large variability in scattered
radiation doses obtained by individual cells in each group
makes an accurate comparison quite difficult. Assuming that
the shape of the non-linear dose response for X-rays is related to
the activation of two competing mechanisms, the role and
contribution of these mechanisms for scattered radiation is not
clear, due to the scattered dose variability within an irradiated
cell population.

We also addressed a question whether loss of p53 would
modify DDR in non-irradiated cell cultures. More than 50% of
human cancers carry mutations in this major tumour suppressor
gene (42). The mutations are very diverse, with the vast majority
resulting in loss of p53’s ability to bind DNA in a sequence-
specific manner and activate transcription of canonical p53-
target genes (43). Changes in its function along with other
tumour suppressors/oncogenes lead to metabolic alterations
necessary for tumour progression such as high rates of
glycolysis, lactate production, biosynthesis of lipids and
nucleotides, and the altered immune response (44, 45). p53 has
a central role in DNA damage responses; it affects the cell’s
ability to induce cell cycle arrest, senescence, apoptosis and DNA
repair (46). It modulates homologous recombination (HR) by
regulation of repair factors such as Rad51 and ATM/ATR, and
has genetic interactions with components of non-homologous
end joining (NHEJ) repair pathway (47). The HCT116 53-null
cells from Vogelstein’s group used in this study were generated
by sequential disruption of the two p53 alleles by two
promoterless targeting vectors, each containing a geneticin- or
hygromycin-resistance gene in place of genomic p53 sequences
of the parental cell line (28). HCT116 p53-null cells, although
they had a selective growth advantage, could not normally enter
mitosis and replicate after being exposed to DNA-damaging
agents, such as ionizing radiation (28). Investigations of a role of
p53 in RIBE in vitro have been more or less consistent. In a study
that employed the medium transfer protocol, both HCT-116 WT
and p53-null cells have been found to induce RIBE, however
there were variations in its extent for different end-points
(viability, micronuclei, apoptosis and senescence) (48).
Another medium-transfer study, by clonogenic survival end-
point, has reported that both HCT-116 WT and p53-null cells
produce bystander signals, but only p53 WT cells respond to the
signals (49). The p53 status of bystander human lymphoblastoid
cell lines sharing medium with irradiated cells was considered in
the study of Zhang et al. (50), and no differences in bystander
signal production/response measured by radiation mutagenesis
were found. In in vivo model, when athymic female nude mice
implanted with HCT-116 p53 WT and p53-null cells into both
flanks, and only one flank was irradiated, the growth of non-
irradiated WT tumours was inhibited to a larger extent (ie anti-
tumour abscopal effect) due to the apoptotic pathway activation,
compared to non-irradiated p53-null tumours (51).
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In this study, a common trend for overall reduced response
was observed to both scattered and conventional low-dose X-ray
irradiation, but not to bystander signalling. The deviations from
linearity for the low-dose response (Figure 4) may indicate the
low-dose hyper-radiosensitivity (HRS) phenomenon. By
monitoring single cell proliferation, cell cycle markers and
apoptosis in tumour cell lines, including p53 WT and p53-null
HCT116 cells, Enns et al. reported p53-dependent HRS (52).
Studies focused on complex relationship between HRS/increased
radioresistance at low doses and RIBE have been conducted in
Mothersill’s group. Earlier work by Mothersill et al. on 13 tumour
cell lines with or without p53 abnormalities, revealed that cell
lines with large RIBE do not show HRS, without clear dependence
on the p53 status (6). RIBE and HRS/radioresistance seemed to be
mutually exclusive after irradiation with doses >1 Gy. A study by
Fernandez-Palomo et al., by employing two tumour cell lines, one
with a strong transition fromHRS to induced radioresistance, and
another that lacked HRS, suggested that cell killing in the HRS
region can be associated with RIBE (53). The authors have shown
that in the part of the survival curve showing HRS there was
RIBE, but when the dose increased and the radioresistance
portion of the survival curve was reached, RIBE was lost. In the
clinical scenario, slower DNA damage repair in out-of-field
tissues may cause tumour and normal tissue HRS to low-dose
scattered radiation in individuals carrying p53 deficiencies.

Thus, the g-H2AX end-point is a useful tool to follow spatio-
temporal changes of scatter radiation- and RIBE-induced DNA
damage in two colon carcinoma cell lines, WT and p53-deficient.
For the first time, we showed that in RIBE studies that exploit a
microbeam irradiation of a subcomponent of cultured cells, there
is a substantial contribution of the scattered radiation to
bystander DNA damage, that needs to be considered for the
correct evaluation of RIBE. On the other hand, cells exposed to
the low-dose scatter generate unrepairable DNA damage,
possibly due to an ongoing exchange of bystander signalling.
These results need to be taken into account for risk estimate of
side effects when conducting synchrotron radiation
experimentation on living biological targets and for cancer
treatment in patients.

In conclusion, biological effects of FLASH-RT and MRT are a
“hot topic” in current translational radiation research, as many
studies have shown in animal models that both FLASH andMRT
provide equivalent or better tumour control than conventional
fractionated RT, with a major benefit being the significantly
reduced damage to normal tissues within the field (29, 54, 55).
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Accordingly, here we report a more pronounced bystander
response following irradiation with broad beam compared to
MRT. Better understanding of non-targeted effects of novel
radiation modalities will allow increasing the therapeutic ratio
by minimising DNA damage in non-targeted normal tissues, as
well as by contributing to development of strategies for
enhancement of anti-tumour abscopal effects.
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While technological advances in radiation oncology have led to a more precise delivery

of radiation dose and a decreased risk of side effects, there is still a need to better

understand the mechanisms underlying DNA damage response (DDR) at the DNA and

cytogenetic levels, and to overcome tumor resistance. To maintain genomic stability, cells

have developed sophisticated signaling pathways enabling cell cycle arrest to facilitate

DNA repair via the DDR-related kinases and their downstream targets, so that DNA

damage or DNA replication stress induced by genotoxic therapies can be resolved.

ATM, ATR, and Chk1 kinases are key mediators in DDR activation and crucial factors in

treatment resistance. It is of importance, therefore, as an alternative to the conventional

clonogenic assay, to establish a cytogenetic assay enabling reliable and time-efficient

results in evaluating the potency of DDR inhibitors for radiosensitization. Toward this

goal, the present study aims at the development and optimization of a chromosomal

radiosensitivity assay using the DDR andG2-checkpoint inhibitors as a novel modification

compared to the classical G2-assay. Also, it aims at investigating the strengths of this

assay for rapid radiosensitivity assessments in cultured cells, and potentially, in tumor

cells obtained from biopsies. Specifically, exponentially growing RPE and 82-6 hTERT

human cells are irradiated during the G2/M-phase transition in the presence or absence

of Caffeine, VE-821, and UCN-1 inhibitors of ATM/ATR, ATR, and Chk1, respectively,

and the induced chromatid breaks are used to evaluate cell radiosensitivity and their

potency for radiosensitization. The increased yield of chromatid breaks in the presence

of DDR inhibitors, which underpins radiosensitization, is similar to that observed in cells

from highly radiosensitive AT-patients, and is considered here as 100% radiosensitive

internal control. The results highlight the potential of our modified G2-assay using VE-821

to evaluate cell radiosensitivity, the efficacy of DDR inhibitors in radiosensitization, and

reinforce the concept that ATM, ATR, and Chk1 represent attractive anticancer drug

targets in radiation oncology.
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INTRODUCTION

Radiation therapy (RT) has become one of the most common
treatments for many types of cancer, and while rapid
technological advances have led to a more precise delivery
of radiation dose and, thus, to a decreased risk of side effects,
there is a need to further improve RT by overcoming tumor
cell radioresistance (1). Double-stranded breaks (DSBs) are
considered the most cytotoxic type of DNA damage being
induced by exogenous agents such as ionizing radiation (IR) and
chemotherapeutic drugs (2–4). DSBs delay cells from entering
mitosis and cause chromosomal aberrations, mitotic cell death,
and tumorigenesis (2, 4). To maintain genomic stability after
genotoxic treatments, cells activate a complex network of
sophisticated signaling pathways, known as the DNA damage
response (DDR), which includes the activation of cell cycle
checkpoints that slow down or arrest cell cycle progression
to facilitate DNA repair or, alternatively, apoptosis (4, 5).
During cancer therapy which utilizes agents that induce DNA
damage and/or replication stress, DDR activation leads to tumor
resistance. The Ataxia telangiectasia mutated kinase (ATM),
ataxia telangiectasia-Rad3 related kinase (ATR), as well as the
checkpoint kinases 1 (Chk1) and 2 (Chk2) are key components
of DDR (6–8). Although a considerable body of information is
available regarding the function of these kinases, there is still a
need to further elucidate the mechanisms underpinning tumor
cell resistance to radiation.

Indeed, decreasing tumor cell resistance by inhibiting these
kinases is an attractive therapeutic concept in radiation oncology
and cancer therapy (8). The ATM and ATR kinases are important
in the activation of checkpoints and play crucial roles in the
cellular responses to DNA damage and replication stress; they are
considered, therefore, promising targets for radiosensitization
(9). Current experimental work is focusing on the hypothesis
that the use of potent inhibitors of DDR components can
selectively sensitize cancer cells at the molecular level to
DNA damaging treatments, and, thus, enhance the efficacy
of conventional genotoxic cancer therapies (i.e., radiotherapy
and chemotherapy) (10, 11). Indeed, several proof-of-principle
studies have demonstrated that the functional loss of ATR leads
to the abrogation of the DNA damage-induced G2/M cell cycle
arrest and sensitization of cells to IR (9, 12–15).

The earliest inhibitor of phosphatidylinositol 3-kinase (PI3K)
related family of protein kinases (PIKK) to be discovered was
the fungal metabolite wortmannin (16). Wortmannin showed a
very strong potency against almost all PI3K members. However,
low selectivity, irreversible inhibition, and the high in vitro and
in vivo toxicity of this compound prevented its further use in
cancer therapy (16, 17). The other naturally occurring inhibitor
of ATM and ATR is Caffeine (18–20). The attractiveness of ATM
and ATR kinases as targets is well-reflected in the intensive efforts
of several pharmaceutical companies and academic institutions
to develop small selective inhibitors for these kinases (20, 21).
Some advanced ATM inhibitors (e.g., KU-60019) exhibit strong
and safe radio- and chemosensitization in tumor cells, and
suppress cell proliferation and migration (22). Some studies
even find radiosensitization using DNA repair pathway inhibitors

in various types of cancer without severe toxicity in normal
tissue (23–25).

It is of importance, therefore, to establish a cytogenetic assay
enabling reliable and time-efficient results in evaluating the
potency of DDR inhibitors for radiosensitization. The main
objectives of the present study are: (1) To develop and optimize a
G2-chromosomal radiosensitivity assay using the DDR and G2-
checkpoint inhibitors as a novel modification compared to the
classical G2-assay. (2) To investigate the strengths of this assay,
as an alternative to the conventional clonogenic assay, for rapid
radiosensitivity assessments of cultured cell lines and, potentially,
of primary tumor cells obtained from biopsies. (3) To examine
the strengths and feasibility of the assay in enabling time-
efficient results regarding the evaluation of the potency of DDR
inhibitors in radiosensitizing cells. Specifically, exponentially
growing 82-6 hTERT human fibroblasts and human epithelial
RPE cells are irradiated during the G2- to M-phase transition,
and the contribution of ATR, ATM, and Chk1 inhibition to
chromatid break yield is analyzed. Experiments were carried
out with untreated cells, as well as with cells incubated with
the ATM/ATR inhibitor Caffeine, the ATR inhibitor VE-821,
and the CHK1 inhibitor UCN-1 to suppress the G2-checkpoint
activation. As a result, the time for repair decreased and
cells progressed to the metaphase with an increased yield of
chromatid breaks. Analysis of chromatid breaks in the presence
or absence of the DDR and G2-checkpoint inhibitors is a key
modification in our G2-assay. In fact, the increased yield of
chromatid breaks following treatment with the DDR inhibitors,
which underpins cell radiosensitization to killing, is similar
to that observed in the cells from highly radiosensitive AT-
patients, and is considered as 100% radiosensitive internal
control (26). Collectively, our observations highlight the
potential use of the proposed modified G2-assay using VE-
821 as an alternative to the conventional clonogenic assay
for a time-efficient evaluation of cell radiosensitivity and
the radiosensitizing efficacy of DDR inhibitors developed for
genotoxic therapies.

MATERIALS AND METHODS

Cell Culture and Irradiation Conditions
82-6 hTERT immortalized human fibroblasts were grown in
the MEM medium with 10% fetal bovine serum (FBS) and
antibiotics at 37◦C in 5% CO2 and 95% air. Experiments
were also carried out using retinal pigment epithelium (RPE)
cells grown in the DMEM with 10% serum at 37◦C in 5%
CO2 and 95% air.

Irradiation was carried out using the X-ray machine (GE
Healthcare) of the Institute of Medical Radiation Biology,
University of Duisburg-Essen, Medical School, at room
temperature. The machine was operated at 320 kV, 10mA with
a 1.65mm Al filter (effective photon energy ∼90 kV), at a
distance of 50 cm, and a dose rate of ∼1.3 Gy/min. Dosimetry
was performed with a PTW or a chemical dosimeter. An even
exposure to radiation of cell cultures was ensured by rotating the
radiation table (27).
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Treatment of Cells With Kinase Inhibitors
Caffeine (Sigma-Aldrich) was dissolved in distilled water
at 100mM and used at a final concentration of 4mM. 7-
hydroxystaurosporine (UCN-01, Chk1i, Calbiochem) was
dissolved in DMSO at 100µM and was used at 50 nM final
concentration. 3-Amino-6-[4-(methylsulfonyl)phenyl]-N-
phenyl-2pyrazinecarboxamide (VE-821, ATRi, Haoyuan
Chemexpress) was dissolved in DMSO at 10mM and was used
at a 2.5µM final concentration, unless indicated otherwise. All
inhibitors were added to exponentially growing cells 1 h before
irradiation and were maintained until collection for analysis.

The Modified G2-Assay–Statistical Analysis
For radiosensitivity testing using the classical G2-assay, the
yields of chromatid breaks following the G2-phase irradiation
of the test cells are compared to the distribution of the yields
obtained for normal cells, e.g., lymphocytes obtained from a large
number of healthy individuals. In our modified G2-assay, DDR
inhibitors and G2-checkpoint abrogators are used to obtain the
increased yields of chromatid breaks similar to those observed in
cells of the highly radiosensitive AT patients (considered 100%
radiosensitive). This increased yield of chromatid breaks in cells
obtained from the same cell test system is employed here instead
of the AT cells for radiosensitivity testing purposes, as a highly
radiosensitive internal control (100% radiosensitive).

Specifically, the attached RPE and 82-6 hTERT exponentially
growing cells were treated with three different DDR inhibitors:
Caffeine (4mM), VE-821 (2.5µM), and UCN-01 (50 nM) 1 h
before the irradiation with 0.5 or 1Gy. The spontaneous
aberration yield was subtracted to obtain the radiation-induced
yield of chromatid breaks (CB), as well as the yield obtained
in the presence of each inhibitor (CBinh). Using these two
yields at 0.5 or 1Gy with and without inhibitors, the following
three “G2-assay” parameters were calculated as described below:
Cell line resistance parameter, RP = CBinh-CB; G2-checkpoint
effectiveness parameter, EP = (CBinh–CB)/CBinh; and the cell
line individual radiosensitivity parameter, IRS = [1–(CBinh-
CB)/CBinh]× 100%.

For the analysis of the radiation-induced chromatid breaks,
metaphases were analyzed at 1 and 2 h post-irradiation. To
accumulate the metaphases, colcemid was added for each time
point during the final hour. Cells were collected by trypsinization
and, following centrifugation, standard procedures were used
for chromosome preparation and staining. Briefly, cells were
treated in a hypotonic 75mMKCl for 10min and fixed two times
in methanol:glacial acetic acid (3:1 v/v). Fixed cells were then
spread onmicroscope slides, air-dried, stained in 3%Giemsa, and
processed for cytogenetics analysis. For each experimental point,
∼50 cells were scored for chromatid damage. Chromatid breaks
and gaps were scored; the latter, only when it was longer than
a chromatid width. For chromosome analysis, metaphases were
located manually and analyzed using an image analysis system.

Standard deviations of the mean values from three
independent experiments were calculated. Statistical testing
was performed using a one-tailed Student’s t-test, and a p-value
of p ≤ 0.05 was considered of borderline statistical significance.
Furthermore, a two-tailed Student’s t-test was used to compare

FIGURE 1 | Representative examples of CBs in RPE metaphases treated with

VE-821 or left untreated. (A) CBs in a cell analyzed 1 h after exposure to 1Gy.

(B) As in A for a cell also exposed to VE-821 1 h before IR. Note the increase

in the yields of CBs.

the difference between the three inhibitors, adopting the
significance criterion of p ≤ 0.05.

RESULTS

The core hypothesis in this work is that the inhibition
of radiation-induced G2-checkpoint via the inactivation of
key regulated kinases will cause radiosensitization, and that
this radiosensitization will be accompanied by an increase
in the yields of CBs. We analyzed, therefore, the effects
of Caffeine, VE-821, and UCN-01 on the CB yields in the
irradiated 82-6 hTERT and RPE cells, using the G2-chromosomal
radiosensitivity assay (26) with some modifications. When
exponentially growing cells are irradiated and the metaphases
are analyzed for CBs 1–2 h later, only the cells irradiated in the
G2-phase are assayed and the response measured reflects that
of the G2-phase-irradiated cells. Figure 1A shows a metaphase
cell collected 1 h after exposure to 1Gy. When cells are treated
with VE-821 (Figure 1B), more chromatid breaks are scored.
We conclude that abrogation of the G2-checkpoint through ATR
inhibition compromises the processing of chromatid breaks.

Figure 2 summarizes the results obtained with the 82-6 hTert
cells exposed to 0.5 or 1.0Gy and analyzed 1 or 2 h later.
Cells were either left untreated or treated with Caffeine to
abrogate the G2-checkpoint. The yields of CBs obtained at 1 h
following exposure to 0.5 and 1Gy was 3.7 and 6 CBs/metaphase,
respectively. However, in the presence of Caffeine, the yields
increased to 6.2 and 9.2 CBs/cell, respectively, following exposure
to 0.5 or 1Gy. There is also a small increase in the number of
CBs/cell after the treatment with Caffeine in the sham-irradiated
cells, but it fails to reach a statistical significance (p > 0.1). To
optimize the G2-assay with reference to the harvesting times,
mitotic cells were collected at two different post-irradiation time
points–1 and 2 h. No significant differences in the CB numbers
were observed between the two harvesting time points examined.
We conclude that for the purpose of the G2-assay, the 1 h harvest
time point typically used is sufficient.

Similar trends in the yields of chromatid breaks were also
obtained for the 82-6 hTERT cells when the G2-checkpoint
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FIGURE 2 | (A) Yield of CBs in 82-6 hTERT cells, treated with Caffeine or left untreated, following exposure to 0.5Gy. (B) As in (A) for cells exposed to 1Gy. The cells

were harvested at 1 and 2 h after IR. Both graphs also show the yield of chromatid breaks in the unirradiated control groups (Mean ± SD based on three independent

experiments; statistically significance criterion: p ≤ 0.05).

was abrogated using VE-821 (Figure 3) or UCN-01 (Figure 4).
Specifically, the mean values of chromatid breaks were at 3.7
and 6 chromatid breaks/cell after exposure to 0.5 and 1Gy,
respectively (Figure 3). Interestingly, in the presence of VE-
821, the yields increased to 6.8 and 10.6 chromatid breaks/cell
following exposure to 0.5 or 1Gy, respectively. A non-significant
increase in the chromatid breaks after treatment with VE-821
was also observed in the sham-irradiated cells as compared in
the control cells (p > 0.1). Furthermore, VE-821 significantly
increased the number of CBs compared to Caffeine at 0.5Gy
and at 1Gy (p < 0.01), as shown in Figure 8, and compared to
UCN-01 (p< 0.01). However, no significant differences in the CB
numbers were observed between Caffeine and UCN-01 at 0.5Gy
and at 1Gy (p > 0.05).

Figure 4 shows the results obtained with the 82-6 hTert cells
exposed to 0.5 or 1.0Gy and analyzed 1 or 2 h later. Cells were
either left untreated or treated with UCN-01 to abrogate the
G2-checkpoint. The mean value of chromatid breaks 1 h after
exposure to 0.5 and 1Gy was 3.7 and 6 CBs/cell, respectively,
and increased to 6 and 9 CBs/cell after treatment with UCN-01.
There is also a very small increase in the number of CBs/cell after
treatment with UCN-01 in the sham-irradiated cells as compared
to the control cells (p > 0.1).

To confirm that the above responses are not a peculiarity of the
82-6 hTert cells, we carried out similar experiments using the RPE
cells. The results obtained are shown in Figures 5–7. Figure 5
shows that abrogation of the G2-checkpoint in the RPE cells
treated with Caffeine increases the yield of CBs. Thus, following
exposure to 0.5 and 1Gy, CBs increased to 5.9 and 9.3 CBs/cell
after treatment with Caffeine 1 h later (Figures 5A,B). We also
observed a non-significant increase in chromatid breaks after
treatment with Caffeine in the sham-irradiated cells (p > 0.1).

Similar trends in the yields of CBs were also obtained with the
RPE cells when the G2-checkpoint was abrogated using VE-821
(Figure 6) or UCN-01 (Figure 7). Specifically, the mean number

of CBs in the RPE cells 1 h after exposure to 0.5Gy is 3.8 CBs/cell,
while the mean number of chromatid breaks after treatment with
VE-821 is 6.8 breaks/cell (Figure 6A). Following 1Gy exposure,
the yield of 6 CBs/cell increases to 10.6 CBs/cell after treatment
with VE-821 (Figure 6B). There is a downward trend in the
number of CBs 2 h later in the groups treated with VE-821
or left untreated (Figure 6). Furthermore, VE-821 significantly
increased the number of CBs compared to Caffeine at 0.5Gy and
at 1Gy (p < 0.01), as shown in Figure 8, and compared to UCN-
01 (p< 0.01). However, there is no significant difference between
Caffeine and UCN-01 at 0.5 or 1Gy (p > 0.05).

Figure 7 shows the increased number of CBs in the RPE cells
treated with the Chk1 inhibitor UCN-01 after exposure to 0.5
and 1Gy. The yields of CBs obtained 1 h following exposure
to 0.5 and 1Gy is 3.6 and 5.8 CBs/cell, respectively. In the
presence of UCN-01, the yields increase to 5.9 and 8.7 CBs/cell
following exposure to 0.5 or 1Gy. Figure 7 also shows a small
non-significant decrease in the number of chromatid breaks 2 h
after exposure in all groups.

Table 1 presents the calculated values of the G2-assay
parameters, defined under the Materials and Methods, using the
82-6 hTERT and RPE cells exposed to the indicated IR doses and
analyzed at the indicated post IR times, when either left untreated
or incubated with the indicated inhibitors. The first parameter RP,
which is related to the resistance of the cell line to radiation and
to the potency of an inhibitor to abrogate the radiation-induced
G2/M checkpoint, is defined as the difference CBinh-CB. Higher
RP values are observed when the VE-821 ATR inhibitor is used
in both cell lines after exposure to 1Gy. The second parameter is
the effectiveness parameter of the G2 checkpoint (EP) as revealed
by the inhibitor used and calculated according to the formula
(CBinh-CB)/CBinh). The highest EP values are observed with
VE-821 at 0.5 and 1Gy. Based on the effectiveness parameter of
the G2-checkpoint, the individual radiosensitivity is evaluated by
the IRS = [1–(CBinh–CB)/CBinh] × 100%, i.e., as percentage
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FIGURE 3 | (A) Yield of chromatid breaks in the 82-6 hTERT cells, treated with VE-821 or left untreated, following exposure to 0.5Gy. (B) As in (A) for cells exposed

to 1Gy. Other details as in Figure 2 (Mean ± SD based on three independent experiments; statistically significance criterion: p ≤ 0.05).

FIGURE 4 | (A) Yield of chromatid breaks in the 82-6 hTERT cells, treated with UCN-01, or left untreated, following exposure to 0.5Gy. (B) As in (A) after exposure to

1Gy. Other details as in Figure 2 (Mean ± SD based on three independent experiments; statistically significance criterion: p ≤ 0.05).

of the highly radiosensitive AT cells used as an internal control
(100% radiosensitive) (26). The values of IRS parameters for the
82-6 hTERT and RPE cell lines treated with Caffeine, VE-821, and
UCN-01 are also presented in Table 1.

DISCUSSION

When actively growing populations of cells are exposed to IR
and metaphases are analyzed for cytogenetic damage 1 h later,
chromatid breaks are exclusively assessed. This represents the
response of cells that were in the last part of the G2-phase at
the time of irradiation. The approach and the related protocol
are frequently referred to as the “G2-assay” to reflect the phase
of the cell cycle in which the induced DNA damage, if not

repaired, is transformed into chromatid breaks as cells proceed to
the metaphase. High relative numbers of chromatid breaks (CB)
detected by the “G2-assay” have been proposed to be predictive
of cancer propensity (28) and cell radiosensitivity to killing
(26, 29–32).

When the assay includes the measurements of chromatid
breaks at the metaphase at multiple time points after IR, instead
of only the 1 h time point, it detects repair of a subset of DSBs
that have the distinct property of breaking the chromosomes—
estimated to be ∼10% of the total DSBs induced. This approach
has been extensively used by Peter Bryant to study the pathway
engagement in the repair of this specific subset of DSBs in the G2-
phase (33). We have extensively used the same approach to study
the pathway engagement for this subset of DSBs, and our recent
work demonstrates that at low doses of IR (<2Gy), repair of
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FIGURE 5 | (A) Yield of chromatid breaks in the RPE cells, treated with Caffeine or left untreated, after exposure to 0.5Gy. (B) As in (A) for cells exposed to 1Gy.

Other details as in Figure 2 (Mean ± SD based on three independent experiments; statistically significance criterion: p ≤ 0.05).

FIGURE 6 | (A) Yield of CBs in the RPE cells, treated with VE-821 or left untreated, following exposure to 0.5Gy. (B) As in (A) for cells exposed to 1Gy. Cells were

harvested at 1 and 2 h after IR (Mean ± SD based on three independent experiments; statistically significance criterion: p ≤ 0.05).

chromatid breaks requires active HR (27) and intact checkpoints
(34), suggesting an epistatic relationship between these two
endpoints. Notably, as the IR dose increases, contributions by c-
NHEJ become clearly detectable in an impressive demonstration
of a dose-dependent pathway switch from HR to c-NHEJ (35).

The results presented here show that when the exponentially
growing RPE and 82-6 hTERT cells are analyzed using our
modified protocol of the G2-assay, including suppression of the
G2-checkpoint response using Caffeine, VE-821, or UCN-01, a
marked increase of CB yields are obtained. This result is in line
with the above indicated requirement for intact checkpoints for
an efficient CB repair that mainly relies on HR. We postulate
that the increase in the CB measured after treatment with the
checkpoint inhibitors reflect the repair inhibition of essential

subsets of DSBs, which are converted into chromatid breaks as
G2-cells are forced to enter the M-phase. This is well-known
and documented by the dramatic increase of mitotic index and
aberrant metaphases, which are subsequently reflected in cell
radiosensitivity to killing. Therefore, the mechanistic insights
underlying the effects of pretreatments with the inhibitors of
DDR signaling in theG2-phase aremainly focused on their ability
to disrupt the G2/M-checkpoint, thus, affecting DNA repair by
decreasing the time available for repair of the radiation-induced
DNA damage.

Chromosomal aberrations are the culprits of ionizing
radiation-induced cell killing. For cells irradiated in the G2-
phase of the cell cycle, all known DSB repair pathways (HR, c-
NHEJ, alt-EJ, and SSA) are active and, in principle, capable of
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FIGURE 7 | (A) Yield of chromatid breaks in the RPE cells, treated with UCN-01 or left untreated, following exposure to 0.5Gy. (B) As in (A) for cells exposed to 1Gy.

Other details as in Figure 2 (Mean ± SD based on three independent experiments; statistically significance criterion: p ≤ 0.05).

FIGURE 8 | Yield of chromatid breaks in the 82-6 hTERT cells pre-treated with

Caffeine, VE-821, UCN-01 or left untreated following exposure to 1Gy (Mean

± SD based on three independent experiments; statistically significance

criterion: p ≤ 0.05). VE-821 significantly increased the number of CB

compared to Caffeine or UCN-01 (p < 0.01).

processing DSBs. These processing benefits from the activation
of the G2/M checkpoint, which, by delaying cell progression into
mitosis, gives the cell time to engage in DSB repair. Chromatin
condensation associated with mitotic entry is likely to take apart
the ends of unrepaired DSBs and make subsequent repair during
the M-phase of the following G1-phase more difficult; it may
also cause a mitotic catastrophe. Indeed, we have previously
reported (31) that chromatin condensation during the G2 to M-
phase transition facilitates the conversion of unrepaired DSBs
into CBs. Not surprisingly, the G2-checkpoint is one of the
strongest checkpoints activated by DSBs throughout the cell cycle
(5). Thus, DSB repair mechanisms and cell-cycle regulation by
checkpoint activation are important determinants of the G2-
phase cell radiosensitivity (28), and our recent demonstration for
the epistatic requirement of HR and checkpoints to achieve CB
repair in the G2-phase is in line with this expectation (27, 34).

In this intellectual background, therapeutic radiosensitivity could
be improved equally efficiently either by checkpoint abrogation
or by suppression of HR (34). The results presented here
corroborate this expectation. Our results are in line with the
documented role of ATM and ATR kinases in the G2-checkpoint
activation, and suggest that the response of the 82-6 hTert
fibroblasts is similar to that of the epithelial RPE cells. Caffeine, by
inhibiting ATM and ATR, causes an ∼60% increase in CB, while
VE-821, by highly specifically inhibiting ATR, causes an almost
80% increase in CB. UCN-01, on the other hand, increases CB by
only∼50%. These responses are in line with our previous results
on the mechanistic regulation of the G2-checkpoint in cells
irradiated in the G2-phase of the cell cycle (13). Furthermore,
VE-821 significantly increased the number of CB compared to
Caffeine and UCN-01 at 0.5 and 1Gy, as shown in Figure 8, for
both cell lines used (p < 0.01).

The G2-assay, as modified here and as outlined before (26, 31,
32, 36, 37), can be very useful in the determination of intrinsic
radiosensitivity to killing of a particular cell line, and may also
be used to quantitate radiosensitization following treatment with
DDR inhibitors. Particularly, the difference CBinh-CB (in the
yields of chromatid breaks in the presence or absence of an
inhibitor, respectively) is related to the resistance parameter (RP)
of the cell line to radiation, and to the potency of a selective
inhibitor to abrogate the radiation-induced G2/M checkpoint.
The higher the RP value, the higher the resistance of the cell
line in the G2 phase, and the potency of a selective inhibitor
to abrogate the G2-checkpoint arrest. In contrast, the lower the
value of this parameter, the higher the radiosensitivity of the cell
line used. As the RP value approaches zero, the radiosensitivity
of the cell line will be close to that of the highly radiosensitive
Ataxia Telangiectasia (AT) cells, which have compromised the
G2/M checkpoint (31).

Furthermore, the effectiveness parameter of the G2
checkpoint (EP), calculated as the ratio (CBinh-CB)/CBinh,
reflects the potency of DDR to resolve the radiation-induced
DNA damage (37), and revealed by the use of the DDR
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TABLE 1 | G2-assay parameters (1 h post-irradiation with 0.5 and 1Gy).

Cell line 82-6 hTERT RPE

Dose 0.5Gy 1.0Gy 0.5Gy 1.0 Gy

Inhibitors Caf. VE-821 UCN-01 Caf. VE-821 UCN-01 Caf. VE-821 UCN-01 Caf. VE-821 UCN-01

RP (breaks/cell) 2.5 3.1 2.3 3.2 4.6 3.0 2.3 3.1 2.3 3.4 4.7 2.9

EP 0.4 0.45 0.38 0.35 0.44 0.33 0.38 0.45 0.39 0.37 0.44 0.33

IRS(% of AT cells radiosensitivity) 60% 55% 62% 65% 56% 67% 61% 54% 62% 63% 55% 67%

inhibitors. Therefore, the higher the EP value, the higher the
resistance of a particular cell line to an ionizing radiation. In
highly radioresistant cells (i.e., CB = 0), the EP value becomes
1, and in highly radiosensitive (i.e., CB = CBinh), it becomes
0. Based on the effectiveness parameter of the G2-checkpoint,
the individual radiosensitivity (IRS) of a cell line can then be
evaluated using the parameter IRS = [1–(CBinh–CB)/CBinh]
× 100%, i.e., as a percentage of the high radiosensitivity level of
cells from AT patients (100% radiosensitive) (26). Based on the
G2-assay parameters and the RP values presented in Table 1, the
inhibitor VE-821 exhibits the maximum potency to suppress
CB repair, and has also been shown to effectively suppress the
G2 checkpoint in the 82-6 hTERT cells, as well as in the RPE
cells (13). Also, considering the EP values in Table 1, it can be
concluded that the inhibitor VE-821 has the maximum potency
in both cell lines used. Regarding the radiosensitivity testing
by means of the G2-assay for the two cell lines used, the three
inhibitors showed a radiosensitivity level from 55 to 67% for the
82-6 hTERT cells, and 54–67% for RPE cells, as compared to the
highly radiosensitive cells of AT patients.

The use of the proposed modified G2-assay instead of the
conventional clonogenic assay, predicts that both cell lines are
equally radiosensitive. This conclusion agrees with the results
that were recently reported by Soni et al. (38), and supports
our hypothesis that an increased yield of chromatid breaks
underpins radiosensitization to killing. Based on the G2-assay for
the prediction of individual radiosensitivity reported by Pantelias
and Terzoudi (26), normal human cells are considered to have
up to 50% the radiosensitivity of AT cells. Consequently, when
this value is compared to the IRS values revealed by the three
inhibitors used in this work (Table 1), the potent G2-checkpoint
inhibitor VE-821 gives the best prediction for the radiosensitivity
of the RPE and 82-6 hTERT normal human cells (54–56% of AT
radiosensitivity). The mechanism underpinning the high efficacy
of VE-821 may be derived from its potential to abrogate very
efficiently the G2-checkpoint, as reported recently by Mladenov
et al. (13). These authors reported that ATR completely controls
the G2 checkpoint induced in G2-phase cells exposed to low
radiation doses. This is an unexpected and novel observation,
as it is widely accepted that ATM is the main regulator of the
G2-checkpoint, and that ATR has a much smaller role (13).

Therefore, our modified G2-assay using VE-821 instead
of caffeine can be used as an alternative to the laborious
conventional clonogenic assay. In fact, for both assays, basic
expertise in tissue culture methods is required to obtain

exponentially growing cells. From this stage on, however, the
radiosensitivity testing using the G2-assay can be performed
within 24 h, whereas more than 2 weeks are needed for the
clonogenic assay. Of course, the G2-assay requires skilled
cytogeneticists with experience in the analysis of chromatid
breaks at metaphase cells. However, the experimentations
can be considerably assisted currently by the availability
of powerful image analysis systems, e.g., IKAROS software,
MetaSystems, Germany.

Overall, the results generated here led to the development
and optimization of a modified G2-assay using the VE-821 ATR
inhibitor enabling time-efficient radiosensitivity assessments of
cultured cells, and, potentially, of primary tumor cells obtained
from biopsies. In fact, our observations paved the way to the
testing of various cell lines using the G2-assay as an alternative
of the conventional clonogenic assay. The assay could also be
used as a powerful tool for radiosensitization screening of future
DDR inhibitors. Such inhibitors are developed with the idea to
sensitize cancer cells to DNA damaging agents without inducing
severe systemic toxicities in normal tissues. Furthermore, our
results using radiation cytogenetics reinforce the concept that
ATM, ATR, and Chk1 represent attractive anticancer drug targets
in radiation oncology since (i) resistance to genotoxic therapies
has been associated with an increased DDR signaling, and
(ii) many cancers have defects in certain components of the
DDR, rendering them highly dependent on the remaining DDR
pathways for survival.
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Colorectal cancer is among the three top cancer types for incidence and the second in
terms of mortality, usually managed with surgery, chemotherapy and radiotherapy. In
particular, radiotherapeutic concepts are crucial for the management of advanced rectal
cancer, but patients’ survival remains poor, despite advances in treatment modalities. The
use of well-characterized in vitro cell culture systems offers an important preclinical
strategy to study mechanisms at the basis of cell response to therapeutic agents,
including ionizing radiation, possibly leading to a better understanding of the in vivo
response to the treatment. In this context, we present an integrated analysis of results
obtained in an extensive measurement campaign of radiation effects on Caco-2 cells,
derived from human colorectal adenocarcinoma. Cells were exposed to X-rays with doses
up to 10 Gy from a radiotherapy accelerator. We measured a variety of endpoints at
different post-irradiation times: clonogenic survival after ~ 2 weeks; cell cycle distribution,
cell death, frequency of micronucleated cells and atypical mitoses, activation of matrix
metalloproteases (MMPs) and of different proteins involved in DNA damage response and
cell cycle regulation at earlier time points, up to 48 h post-exposure. Combined
techniques of flow cytometry, immunofluorescence microscopy, gelatin zymography
and western blotting were used. For selected endpoints, we also addressed the impact
of the irradiation protocol, comparing results obtained when cells are plated before
irradiation or first-irradiated and then re-plated. Caco-2 resistance to radiation, previously
assessed up to 72 h post exposure in terms of cell viability, does not translate into a high
clonogenic survival. Survival is not affected by the irradiation protocol, while endpoints
measured on a shorter time frame are. Radiation mainly induces a G2-phase arrest,
confirmed by associated molecular markers. The activation of death pathways is dose-
and time-dependent, and correlates with a dose-dependent inhibition of MMPs. Genomic
aberrations are also found to be dose-dependent. The phosphorylated forms of several
proteins involved in cell cycle regulation increase following exposure; the key regulator
FoxM1 appears to be downregulated, also leading to inhibition of MMP-2. A unified
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molecular model of the chain of events initiated by radiation is proposed to interpret all
experimental results.
Keywords: Caco-2, ionizing radiation, cell survival and death, cell cycle, metalloproteases, G2/M arrest,
genomic aberrations
INTRODUCTION

According to data collected by the International Agency for
Research on Cancer [available via the Global Cancer Observatory
platform (1)], colorectal cancer (CRC) is the third most common
cancer worldwide in terms of incidence, with a burden of 10.2% of
the total ~18.1 million new cancer cases (both sexes, all ages)
registered in 2018. When it comes to mortality, CRC is ranked
second (after lung cancer), with a burden of 9.2% of the estimated
~9.5 million deaths in the same year. The choice of first-line
treatment for CRC patients currently involves a multimodal
approach that allows classifying patients in risk groups. This is
done considering: tumor-related characteristics, as the presence of
metastases (number and localization), stage of tumor progression,
possible biochemical markers, etc.; and patient-related factors, such
as co-morbidity, prognosis, etc. (2). Based on the risk group,
different therapeutic strategies can be adopted. Radiotherapy was
originally introduced in CRC treatment as an option to face relapses
or oligometastatic states, and has now been established as an
essential part of perioperative care. Limitations exist for the
application to colon cancer: the colon is mobile (hence the target
can be poorly defined), and surrounded by dose-limiting structures
(small bowel, kidney and liver). The anatomical structure of the
rectum, and the fact that it is situated below the organs that have a
limited tolerance to radiotherapy, better justifies the use of
radiotherapy for rectal cancer (3). Generally, CRC patients can be
treated with radiotherapy and chemotherapy before surgery
(neo-adjuvant therapy) or following surgery (adjuvant therapy).
Different complementary strategies for neo-adjuvant therapies
exist, in particular: a short-course radiotherapy with a 5 × 5 Gy
scheme, or a long-course radiotherapy with normofractionated
irradiation, for a total dose between 45 and 50.4 Gy, with
simultaneous application of chemotherapy (4). Chemotherapy
remains the most important adjuvant treatment for colon cancer,
while postoperative radiation is currently administered to high-risk
patients with rectal cancer. Finally, radiotherapy can also be used
for palliation of symptoms, particularly for colon cancer, either
from primary lesions, or caused by distant metastases (3).

Overall, radiotherapeutic concepts are recognized as crucial
for the primary management of locally advanced rectal cancer
(4). Despite advances in treatment modalities however, patients’
survival remains poor. This calls for further research efforts to
target drug resistance (5), explore new treatments [including
immunotherapy applications (6)], as well as to develop novel
combinations of treatments, taking advantage of their possible
synergy. In this context, preclinical research greatly benefits from
the availability of well-characterized in vitro cell and/or tissue
systems, which allow to study the mechanisms underlying the
response to the treatment in controlled laboratory conditions.
2175
The human cell line Caco-2 has been originally derived from
a colon adenocarcinoma. Caco-2 cells have been widely adopted
as a model of the intestinal epithelial barrier, thanks to their
ability to differentiate and create a functional polarized
monolayer when cultured on a porous membrane (7). With
such an experimental model, a great deal of studies has focused
on measurements of interaction, uptake and cellular transport of
drugs and food components, while Caco-2 response to radiation
has been less investigated. However, particularly in comparison
to other colorectal cancer cell lines, Caco-2 exhibit peculiar
features, among which: their poorly aggressive tumor
phenotype allow studying mechanisms at play at an early stage
of cancer progression, also using radiation as a probe to gain
molecular understanding; their p53null status (8), given the well-
recognized role of this gene in altering the responses to cancer
therapeutic agents (9), offers the chance to focus on p53-
independent pathways that might also play an important role
in the treatment response. This suggests further investigations to
identify and measure some of the unknowns in Caco-2 response
to radiation. Recent works with this cell line have focused on its
response to different doses of X-rays from a conventional
radiotherapy accelerator, with Caco-2 cells alone or co-cultured
with peripheral blood mononuclear cells (PBMCs) from healthy
donors (10, 11). Doses up to 10 Gy have shown not to alter
significantly Caco-2 viability (MTT assay) in a timeframe of 72 h
from the irradiation. Also, the epithelial layer integrity (assessed
with TEER measurements) seemed not to be affected by
radiation only, but permeability was altered and the signaling
protein spectrum was modulated when in presence of PBMCs
(10). Different questions arose from these results, in particular: i)
whether Caco-2 radioresistance in terms of viability, measured in
a short time frame, actually translates into a high survival
probability when evaluating their clonogenic potential; ii)
which mechanisms are at the basis of such radioresistance. A
colony formation assay can be used to address the first question.
Such assay represents the method of choice to determine cell
reproductive death following exposure to radiation, as well as to
explore the effectiveness of other agents and their combination,
when mimicking a treatment to cancer cells (12). Two essentially
different ways exist to perform studies with this assay: in one
option, cells are harvested from a stock culture and plated at
appropriate density before the treatment; in the second one, cells
are first treated and then re-plated, either immediately or with
some delay. Treated cells are then followed in time for a sufficient
number of replications, leading to colony formation. For a cell
line to be fully characterized in terms of radiation response,
comparing results obtained with the two options is desirable, as
the choice of the protocol can influence cell survival. Limited to
the shorter-term effects, a variety of mechanisms driving
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radiation response can be investigated with different techniques.
Flow cytometry is an excellent tool to characterize how the
progression in the cell cycle is perturbed by radiation for viable
cells, as well as to quantify cell death and identify death
mechanisms. As known, activation of cell cycle checkpoints
with resulting delays in cell cycle progression might allow cells
to successfully repair radiation-induced DNA damage, thus
contributing to radioresistance. At the same time though, cells
might be forced to exit the cycle (cell death) if the repair is
unsuccessful, or might progress fixing alterations leading to
genomic aberrations. Complementary information on cell fate
in terms of replicative potential can be obtained from
morphological features: using fluorescence microscopy, we can
monitor cells in their mitotic stage, targeting the occurrence of
atypical mitosis, as well as the emergence of micronuclei, as
signature of replicative stress and possible markers of
chromosomal instability (13).

In the background of the above information and building on
already acquired data on the same cell line, we present in this
work an integrated analysis of the response of Caco-2 cells to X-
ray doses up to 10 Gy. We assessed cell survival with the colony
forming assay and we measured a variety of radiobiological
endpoints (cell cycle distribution, cell death, micronuclei and
atypical mitosis as markers of mitotic instability), obtaining
time-series data in the course of 48 h post-irradiation, to make
the bridge between long-term replicative potential and short-
term mechanisms activated by radiation exposure. For selected
endpoints, we also addressed the impact of the irradiation
protocol, comparing results obtained when cells are plated
before irradiation (here referred to as the “Seed + Treat”
method) or first irradiated and then re-plated (referred to as
the “Treat + Seed” method). Choosing the most appropriate
protocol, we also performed western blotting and gelatin
zymography analyses to gain a molecular insight on our
dataset, measuring the regulation of different proteins involved
in radiation response and of matrix metalloproteases (MMPs).
MATERIALS AND METHODS

Cell Culture and Irradiation Protocols
Caco-2 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM [Gibco]) supplemented with 10% fetal bovine serum (FBS
[Life Technologies-Gibco]), 2 mM L-glutamine (Life Technologies-
Gibco), 100 U/ml penicillin, 100 mg/ml streptomycin (Life
Technologies-Gibco) at 37 °C in a humified atmosphere with 5%
CO2. Caco-2 cells were at passage 20th to 30th for all experiments.
Irradiations were performed at the radiotherapy department of
Istituto di Ricovero e Cura a Carattere Scientifico (IRCCS) S.
Maugeri (Pavia, Italy) with a linear accelerator routinely used for
radiotherapy treatment, as previously described (10), with X-ray
doses of 0 Gy (control condition, sham), 2, 5, and 10 Gy.
Experiments were carried out in parallel with two different
experimental protocols, as shown in Figure 1, that illustrates the
temporal sequence of cell seeding and irradiation (“Treat + Seed” or
“Seed + Treat”) and summarizes all measured endpoints. Stock
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cultures, either for irradiation (“Treat + Seed”) or for further seeding
before treatment (“Seed + Treat”) were always at ~70%
confluence level.

Colony Formation Assay
The clonogenic survival of Caco-2 cells was evaluated for both
protocols of Figure 1. In the “Seed + Treat” protocol, cells were
plated at low density (250 cells for the untreated condition and
500 cells for the samples that were later irradiated). In the
“Treat + Seed” protocol, cells were exposed to X-rays and, after
30 min, plated at low density (500 cells); also in this case,
250 cells were plated as control for the untreated condition.
After 2 weeks from the treatment, colonies were fixed and stained
with a solution containing 1% Crystal Violet (Sigma-Aldrich).
The day after, colonies were counted by a colony counter
(SC6Plus, Stuart). For the highest 10 Gy dose, dedicated
replicates were foreseen to verify that seeding 5000 cells does
not have an impact on the number of scored colonies. The
number of colonies scored for the sham condition defines the
plating efficiency. Surviving fraction (SF) data were obtained
from colony scoring after normalization to the number of
colonies counted for the sham. SF data as a function of dose
(D) were fitted with the linear quadratic model to obtain a and
b parameters.

Flow Cytometry Analysis
The cell cycle analysis was performed for both protocols of
Figure 1. Results were obtained for the distribution of Caco-2
cells (3 × 105 cells in 60 × 15 mm2 Petri dishes) in the different
cell cycle phases, up to 48 h after X-ray exposure. After
irradiation, cells were incubated with 2 µg/µl EdU for 1 h, then
fixed following the manufacturer’s instructions with minor
changes. Briefly, cells were harvested and fixed 5 min in
paraformaldehyde (PF) 4%, then permeabilized in 70% EtOH
diluted in physiological buffer (NaCl 0,9% in ddH2O). Cells were
incubated in a blocking solution (BS) containing 1% BSA
(Sigma) in 0,2% PBTween-20 (PBT) for 30 min, then
incubated with the primary antibody anti-phospho H3 (Ser 10)
[dilution 1:5000, Millipore (RRID : AB_310177)] for 1 h at RT
and the secondary antibody goat anti-rabbit IgG 555 [dilution
1:200, Molecular Probes (RRID : AB_141784)] for 30 min at RT.
EdU detection was revealed by Click-iT Plus EdU Alexa Fluor
488 Flow Cytometry Assay Kit (Invitrogen, USA) and the DNA
content was measured by FxCycle Violet dye (4’,6-diamidino-2-
phenylindole, dihydrochloride, Invitrogen).

The cell death analysis was performed for both protocols of
Figure 1: 3 × 105 Caco-2 cells were seeded in 60 × 15 mm2 Petri
dishes, and samples collected up to 48 h after X-ray exposure.
The analysis to identify apoptosis and necrotic fragments was
performed following the manufacturer’s instructions for the
eBioscience Annexin V Apoptosis Detection Kit (Invitrogen).
All analyses were performed with Attune NxT software v 3.1.

Cytological Analysis
For the “Treat + Seed” protocol, Caco-2 cells (1.3 × 105) were
seeded on coverslips, and their cytological features were
evaluated at 48 h after X-ray exposure. Cells were incubated
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10 min with a hypotonic solution (75 mM KCl), fixed with 25%
glacial acetic acid in methanol and 1% glacial acetic acid in
methanol and stained by May-Grünwald Giemsa solutions (14);
images were acquired by a Nikon Eclipse i80 microscope.

Atypical Mitosis and Micronuclei
For the “Treat + Seed” protocol, the occurrence of atypical
mitosis and micronucleated cells was quantified with
fluorescence microscopy. Caco-2 cells (1.8 × 105) were seeded
on coverslips and cultured for 48 h, then fixed in 4% PF and
permeabilized in 70% EtOH diluted in ddH2O. Coverslips were
incubated with BS for 30 min at RT, then with the primary
antibody anti-phospho H3 (Ser 10) [dilution 1:5000, Millipore
(RRID : AB_310177)] for 1 h at RT and the secondary antibody
goat anti-rabbit IgG 488 [dilution 1:100, Molecular Probes
(RRID: AB_1904025)] for 30 min at RT, finally washed with
Hoechst 33342 dye (Abnova) and mounted with Mowiol
(Calbiochem) containing 0.25% 1,4-diazabicyclo-octane
(Sigma-Aldrich) as antifading agent. Mitotic spindle and
micronuclei were visualized with fluorescent microscopy
(Olympus BX51). Images were acquired by digital CCD
camera (Retiga-2000R). Scoring was performed manually.

Gelatin Zymography
For the “Seed + Treat” protocol, measurements of Matrix
Metalloproteases (MMP-9 and MMP-2) in the culture medium
were performed following the experimental procedure already
published in (10), with minor changes. Conditioned media (500 ml,
from samples used for Western Blotting analysis, see later) were
collected, centrifuged at 4,600g (Thermo Scientific CL31R) and
supernatants mixed in Sample Buffer 2× (0.5 M Tris-HCl pH 6.8,
20% glycerol, 10% SDS, 0.1% Bromophenol blue), ratio 1:1, and
stored at −80°C. 20 ml of each sample were loaded on a 10%
polyacrylamide gel containing 1 mg/ml Bovine Type B Gelatin
(Sigma-Aldrich). Gels were stained with Coomassie Blue R-250
(0.5% w/v) and subsequently de-stained and acquired with Image
Gel Analyzer (Bio-Rad) (15).
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Western Blotting
Caco-2 cells (3 × 105 seeded, following the “Seed + Treat”
protocol) were collected by trypsinization after 6, 24 and 48 h
after radiation exposure. Cells were centrifuged at 300g for 3 min
at RT, washed in PBS, centrifuged at 3,400g for 5 min at RT and
the pellets were stored at −80°C. Pellets were sonicated in a lysis
buffer [10 mM Tris-HCl, 2.5 mM MgCl2, 0.5% Triton X-100,
1 mM PMSF, 1× Nuclear Extraction Phosphatase Inhibitors
(Caymann Chemical Company), 1× Nuclear extraction Protease
Inhibitors Cocktail (Caymann Chemical Company) and 25 U/µl
Benzonase®] at 50% (Omni Sonic Ruptor 400) for 10 seconds and
incubated for 20 min at RT. Samples were centrifuged at 10,000g
for 5 min at 4°C, and the supernatants were quantified with
Bradford (VWR) method at UV-3100 spectrophotometer
(VWR). For each sample, 30 mg of proteins were mixed with a
3× SDS-loading buffer (65 mM Tris-HCl pH 7.4, 100 mM DTT,
10% glycerol, 1% SDS, 0.02% Bromophenol blue). Proteins were
electrotransferred to nitrocellulose membranes through a semi-
dry system, and membranes were blocked for 30 min in 5% BSA
in PBST buffer. Proteins were detected with specific primary
antibodies: anti-cdc25C (dilution 1:1000, Cell Signalling [RRID :
AB_560956]), anti-P-cdc25C (S216) [dilution 1:1000, Cell
Signalling (RRID : AB_331215)], anti-Chk2 [dilution 1:1000,
Cell Signalling (RRID : AB_2229490)], anti-P-Chk2 (T68)
[dilution 1:1000, Cell Signalling (RRID : AB_331479)], anti-
H2A.X [d i lu t ion 1 :1000 , Ce l l S igna l l ing (RRID :
AB_10860771)], anti-P-H2A.X (S139) [dilution 1:1000, Abcam
(RRID : AB_1640564)], anti-CyclinB1 [dilution 1:1000, Cell
Signalling (RRID : AB_2233956)], anti-FoxM1 [dilution 1:1000,
Cell Signalling (RRID : AB_2798842)] and anti-GAPDH [dilution
1:1000, Cell Signalling (RRID : AB_10622025)]; the secondary
HRP-conjugated antibodies were used: sheep anti-mouse IgG
[dilution 1:2000, GE Healthcare (RRID : AB_772210)] and
donkey anti-rabbit IgG [dilution 1:2000, GE Healthcare (RRID :
AB_772206)]. To reveal protein levels, a chemiluminescent
enhancer (Bio-Rad) was used. Densitometric analysis was
performed using ImageJ software (NIH, MD).
FIGURE 1 | Schematic illustration of the experimental protocols and summary of investigated endpoints. Results presented in this work are obtained with two
different experimental protocols: in the “Treat + Seed” protocol cells are first irradiated and then immediately re-plated; in the “Seed + Treat” protocol cells are plated
~48 h before irradiation. In both protocols, cells are exposed to X-rays (doses: sham irradiation at 0 Gy, 2, 5 and 10 Gy) and several endpoints are measured at
different time points (6, 24 and 48 h) from the exposure. Cell clonogenic potential is assessed at ~ 14 days from the exposure. Part of illustration created with
BioRender.com.
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Statistical Analysis
For the different endpoints, each experimental value represents
the mean of at least three independent measurements; errors are
given as standard error of the mean (SEM) or standard deviation
(SD) (details are specified in figure captions). To determine
whether radiation exposure and time induced a statistically
significant change in experimental results, we performed a
two-way analysis of variance (ANOVA) test with post-hoc
pairwise t-test for repeated measurements, with Bonferroni
correction for data on cell cycle perturbation and cell death.
The statistical significance (p) was calculated by means of the
Frontiers in Oncology | www.frontiersin.org 5178
two-tailed Student’s t-test for data on mitotic instability markers,
MMPs activity and western blot analysis. Details are given in the
Figure captions.
RESULTS

Cell Survival
In Figure 2A, we report data on the survival fraction of Caco-2
cells exposed to different doses of X-rays as measured with the
two different protocols schematized in Figure 1. Clonogenic cell
A

B

FIGURE 2 | Cell survival and cytological staining. (A) Survival fraction (SF) of Caco-2 cells exposed to 0 (sham), 2, 5 and 10 Gy of X-rays following the “Treat +
Seed” and “Seed + Treat” experimental protocols (details in the text). Data are mean ± SD, obtained from ≥3 independent experiments. SF data are fitted with the
linear quadratic model to obtain a and b parameters, details in the text. (B) Illustrative cytological images of cells (scale bar: 10 mm) 48 h after exposure to the same
X-ray doses for the “Treat + Seed” protocol, with evidence of micronuclei (MN), typical and atypical mitoses (M and AM) and cell death (D) events.
June 2021 | Volume 11 | Article 688919
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survival decreases with increasing dose, and data are almost the
same for the “Seed + Treat” and “Treat + Seed” protocols. In
particular, very few colonies can be scored for the 10 Gy
irradiation condition, leading to an almost negligible survival
fraction. As data for the two protocols are always within
statistical uncertainties, a single fit with the linear quadratic
model was performed, leading to the following parameters:
a = 0.50 ± 0.09 Gy−1 and b = 0.01 ± 0.01 Gy−2.

Illustrative images of cells (seeded at high density, see
Material and Methods), obtained 48 h after the exposure for
the “Treat + Seed” protocol (Figure 2B) and analyzed in relation
to survival data, suggest what follows: in the Sham condition (0
Gy) colonies soon become dense and well distributed; a first
alteration of these features is already evident following
irradiation with 2 Gy, and it becomes more evident at 5 and
10 Gy: replicating cells form “colonies” that are smaller in
dimensions and cell number, and the frequency of cells with
morphological features like micronuclei (MN) and atypical
mitoses (AM) increases, as well the frequency of cell death (D)
events. What is observed at 48 h for the 10 Gy condition seems to
indicate that cells initially try to cope with the radiation exposure
and attempt to replicate and form colonies (later discussed in
relation to cell viability at the same dose from previous
measurements), though numerical data from Figure 2A
demonstrate that cell death is prevailing in the longer term.

Cell Cycle Perturbations
Flow cytometry analysis was performed to evaluate Caco-2 cell
cycle perturbation after exposure to different doses of X-rays.
Measurements were performed for both methodological
approaches; results are summarized in Figures 3 and 4,
respectively for the “Treat + Seed” and “Seed + Treat”
protocols. For both figures, the structure of the panel is as
follows: panel A shows illustrative flow cytometry data for the
sham condition at a selected time point (48 h); panel B shows the
same set of data for a selected irradiation condition (dose and
time point). The first distribution in both panels is obtained with
FxCycle violet, a fluorescent stain that marks DNA. The
measured fluorescence intensity is proportional to the overall
amount of DNA in a cell, and this allows to obtain an overview of
how the asynchronous cycling population is distributed in the
cell cycle with a single parameter distribution. In the central plot,
the signal from the S-phase specific marker EdU is correlated to
the FxCycle signal, thus allowing the gating of cells in G1 (low
DNA amount, no EdU), cells in G2-M (double DNA amount, no
EdU) and cells in the S-phase, that are replicating DNA
(increasing FxCycle signal and positive EdU signal). In the last
plot, cells in G2-M are further analyzed looking at the correlation
between the M-phase specific marker anti-phosphoH3(Ser10)
and the FxCycle signal, thus allowing the gating of cells in the M
and G2-phase separately. Panels A and B therefore demonstrate
the gating strategy that is applied to obtain quantitative data
on the percentage of cells in each phase, normalizing cell counts
in the gate for a specific phase to the sum of counts for all four
phases. Panel C further shows for illustrative purposes relative
DNA content distributions for the whole cell population,
obtained normalizing to 1 the average of the FxCycle signal for
Frontiers in Oncology | www.frontiersin.org 6179
cells in G1. Such normalized distributions are shown for different
time points for the sham condition (left) and for a selected
irradiation condition (right). Histograms in panel D finally
report the full dataset of percentages of cells in the different
cell cycle phases as a function of time, and for all the irradiation
conditions. Scatter plots in panel E show how the percentage of
cells in a specific phase at the different time points after
irradiation varies as a function of the X-ray dose.

When comparing data (see Figures 3D and 4D) it is
important to keep in mind that the difference in the protocols
implies a sort of an overall “time-shift” in the progression of cells
in the cycle already for the non-irradiated condition: indeed, the
48 h condition for the “Treat + Seed” protocol (Figure 3D)
resembles the 6 h condition for the “Seed + Treat” protocol
(Figure 4D). Following the “Treat + Seed” protocol, cells are first
treated and then seeded, and soon after seeding they start to
progress in the cycle. Following the “Seed + Treat” protocol, at
the moment of being irradiated cells have already been
progressing in the cycle starting from the initial seeding:
therefore, at early time points after irradiation, cells are found
in a condition that is similar to that reached at later time points
for the “Treat + Seed” protocol.

Looking at Figures 3E and 4E, the perturbation of the cell
cycle distribution is more clearly assessed as a function of
radiation dose: in particular, an increase of cells in G2 is
observed after exposure, which suggests a possible activation of
the G2-M checkpoint. For the “Treat + Seed” protocol (Figure
3E), the percentage of cells in G2 is higher at 24 h for doses below
5 Gy, while at 10 Gy the block seems to be more persistent in
time and almost 40% of the total cell population is found in G2 at
48 h after the exposure. For the “Seed + Treat” protocol (Figure
4E), the percentage of cells in G2 seems to be higher at 24 h for all
exposure conditions, though larger error bars are visible in the
scatter plot. In both cases, the increase of cells in G2 seems to
happen mainly at the expense of the S-phase, which is the more
populated already in the sham condition (with percentages
around ~60% at all time points). A dose-dependent decrease of
cells in G1 is also observed at 24 h for both the “Treat + Seed” and
“Seed + Treat” protocols. A decreasing trend for cells in M can
also be guessed as radiation dose increases, but the percentages of
mitotic cells are always small and with too large error bars to
make conclusions.

Cell Death
Cell death events were analyzed and quantified by flow cytometry
with the Annexin V/PI method for both methodological
approaches; results are summarized in Figures 5 and 6,
respectively for the “Treat + Seed” and “Seed + Treat”
protocols. For both figures, panels have the following structure:
panel A shows illustrative flow cytometry data for the earliest time
point (6 h) of the sham condition (left) and for a selected
irradiation condition (5 Gy, 24 h). Panel A therefore
demonstrates the gating strategy in the biparametric plot: cells
that are negative for both signals (-/-) are identified as living cells
(label: “Alive”); cells positive for Annexin V and negative for PI
(+/-) are identified as apoptotic cells (“Apoptosis”); finally, events
with double positive signals, Annexin V and PI (+/+), are
June 2021 | Volume 11 | Article 688919
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A

B
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E

C

FIGURE 3 | Cell cycle analysis with flow cytometry following the “Treat + Seed” protocol. Hierarchical gating strategy for the distribution of Caco-2 cells in the cell
cycle demonstrated with illustrative data for: (A) Sham condition at 48 h; (B) 5-Gy-irradiated cells at 24 h. From left to right in both panels: monoparametric
distribution of FxCycle violet signal with gate on all cells; biparametric plot of EdU vs. FxCycle signals for all cells with gates on G1, S and G2/M phases; biparametric
plot of Phospho-H3 vs. FxCycle signals for all G2/M cells with gates on G2 and M phases. (C) Illustrative relative DNA content distributions for the whole cell
population (average FxCycle signal for cells in G1 normalized to 1) for the sham (left) and 5-Gy condition (right) overlayed at different time points. (D) Percentages of
cells in G1, S, G2 and M for the different irradiation conditions as a function of time. (E) Percentages of cells in each phase for the different time points as a function
of X-ray dose (same data as in panel D, lines are a guide to the eye). Data are mean ± SEM, obtained from ≥3 independent experiments. Statistical significance
(post-hoc pairwise comparisons with Bonferroni correction) is as follows: *p < 0.05, **p < 0.01.
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FIGURE 4 | Cell cycle analysis with flow cytometry following the “Seed + Treat” protocol. Hierarchical gating strategy for the distribution of Caco-2 cells in the cell
cycle demonstrated with illustrative data for: (A) Sham condition at 48 h; (B) 10-Gy-irradiated cells at 24 h. From left to right in both panels: monoparametric
distribution of FxCycle violet signal with gate on all cells; biparametric plot of EdU vs. FxCycle signals for all cells with gates on G1, S and G2/M phases; biparametric
plot of Phospho-H3 vs. FxCycle signals for all G2/M cells with gates on G2 and M phases. (C) Illustrative relative DNA content distributions for the whole cell
population (average FxCycle signal for cells in G1 normalized to 1) for the sham (left) and 10-Gy condition (right) overlayed at different time points. (D) Percentages of
cells in G1, S, G2 and M for the different irradiation conditions as a function of time. (E) Percentages of cells in each phase for the different time points as a function
of X-ray dose (same data as in panel D, lines are a guide to the eye). Data are mean ± SEM, obtained from ≥3 independent experiments. Statistical significance
(post-hoc pairwise comparisons with Bonferroni correction) is as follows: *p < 0.05, **p < 0.01.
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identified as due to “Necrotic fragments” (or intermediate cell
death forms). Histograms in panel B report the full dataset of
percentages of cells in the different classes as a function of time,
and for all the irradiation conditions (normalization is to the sum
of events in the three gates). Scatter plots in panel C show how the
percentage of living, apoptotic and necrotic cells at the different
time points after irradiation varies as a function of the X-ray dose.

At the earliest time point for the sham conditions, living cells
represent respectively ~85% and ~68% of the whole population for
the “Treat + Seed” (Figure 5B) and “Seed + Treat” (Figure 6B)
protocols. As noted for cell cycle data however, considering the
Frontiers in Oncology | www.frontiersin.org 9182
“time-shift” that is caused by the differences in the two protocols,
the percentage of living cells for the “Treat + Seed”method at 48 h
gets closer to that for the “Seed + Treat” method at 6 h. As a
function of radiation dose, the percentage of living cells decreases
in favor of apoptotic cells for the “Treat + Seed” method at 48 h
(Figure 5C), which starts to be visible at 5 Gy, becoming more
evident following exposure to the highest 10 Gy dose. For the
“Seed + Treat” method (Figure 6C) a dose-dependent increase in
the percentage of apoptotic cells can be observed already at 24 h,
and the effect is more marked at 48 h, also starting from a lower
percentage of apoptotic cells in the sham condition. The
A

B

C

FIGURE 5 | Cell death analysis with flow cytometry following the “Treat + Seed” protocol. (A) Gating strategy to identify in the Caco-2 population living cells (Alive),
apoptotic cells (Apoptosis) and any intermediate cell death form (Necrotic fragments) in the biparametric plot of Annexin V vs. PI signals, demonstrated with
illustrative data for: sham condition at 6 h (left); 5-Gy-irradiated cells at 24 h (right). (B) Percentages of living, apoptotic cells and necrotic fragments for the different
irradiation conditions as a function of time. (C) Percentages of living, apoptotic cells and necrotic fragments for the different time points as a function of X-ray dose
(same data as in panel B, lines are a guide to the eye). Data reported are mean ± SEM, obtained from ≥3 independent experiments. Statistical significance (post-hoc
pairwise comparisons with Bonferroni correction) is as follows: *p < 0.05.
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percentage of necrotic fragments seems also to increase as a
function of radiation dose at 24 h, though data are affected by
large statistical variations.

Genomic Aberrations
Micronucleated cells and cells presenting mitotic atypia (e.g.
anaphase bridges, multipolar, ring, dispersed, asymmetrical, lag-
type mitoses) were identified as markers of mitotic instability
following exposure to X-rays. The morphological analysis was
carried out 48 h after exposure following the “Treat + Seed”
protocol, using fluorescence microscopy images (Figure 7A)
obtained with DNA staining (left column) and pH3(Ser10)
Frontiers in Oncology | www.frontiersin.org 10183
antibody (central column), a specific mitotic marker (merged
images are shown in the right column).

On average, mitotic events were about 10% of all analyzed
cells already in the sham condition, including both typical and
atypical mitosis, with a 1,8% of atypical mitosis. Figure 7B shows
the percentage of atypical mitoses (normalized to all mitotic
cells) as a function of radiation dose. The percentage of atypical
mitosis increases as a function of dose in a seemingly linear way,
starting from ~20% in the sham condition and reaching more
than 60% at 10 Gy. The high percentage of atypical mitoses
already for non-irradiated cells can be seen as characteristic of a
tumor cell line.
A

B

C

FIGURE 6 | Cell death analysis with flow cytometry following the “Seed + Treat” protocol. (A) Gating strategy to identify in the Caco-2 population living cells (Alive),
apoptotic cells (Apoptosis) and any intermediate cell death form (Necrotic fragments) in the biparametric plot of Annexin V vs. PI signals, demonstrated with
illustrative data for: sham condition at 6 h (left); 5-Gy-irradiated cells at 24 h (right). (B) Percentages of living, apoptotic cells and necrotic fragments for the different
irradiation conditions as a function of time. (C) Percentages of living, apoptotic cells and necrotic fragments for the different time points as a function of X-ray dose
(same data as in panel B, lines are a guide to the eye). Data are mean ± SEM, obtained from ≥3 independent experiments. Statistical significance (post-hoc pairwise
comparisons with Bonferroni correction) is as follows: *p < 0.05.
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A similar trend was observable also for micronuclei formation
(Figure 7C, percentages referring to the total number of analyzed
cell), caused by an incorrect chromosomal segregation during
mitosis. However, the percentage of micronucleated cells reaches
its maximum (~37%) at 5 Gy. The further decrease observed at
10 Gy can be attributed to difficulties in the identification of
micronucleated cells, due to the concomitant increase in the
number of cells that have activated cell death mechanisms at the
same 48 h time point (see Figure 5C).

Gelatin Zymography
Gelatin zymography experiments were performed to evaluate the
activity of metalloproteases MMP-9 and MMP-2. Measurements
Frontiers in Oncology | www.frontiersin.org 11184
were performed on conditioned media collected from samples of
the “Seed + Treat” protocol. Figure 8A shows representative
images of gelatin zymography. Figures 8B, C reports the
quantification of MMP-9 and MMP-2 activity, respectively:
after quantification of the intensity of white bands, data are
expressed as relative percentage to the sham condition at the
same time point. Overall, MMP-9 activity seems not to be
affected by radiation. A decreasing trend as a function of dose
could be guessed for the latest 48 h time points, but statistical
variations are too high to make any conclusive statement. MMP-
2 activity is inhibited by radiation, and the effect is visible both at
24 h and 48 h, being statistically significant for the highest 10
Gy dose.
A

B C

FIGURE 7 | Mitotic instability markers with fluorescence microscopy. For Caco-2 cells 48 h after X-ray exposure following the “Treat + Seed” protocol: (A) Illustrative
fluorescence microscopy images (scale bar: 10 mm) for the different irradiation conditions, obtained with Hoechst (for nuclear DNA, left) and pH3 (as a specific mitotic
marker, center) staining and their merge (right), used to identify micronucleated cells and cells presenting mitotic atypia (e.g. anaphase bridges, multipolar, ring,
dispersed, asymmetrical, lag-type mitoses); (B) Percentage of atypical mitoses (normalized to all analyzed mitotic cells) as a function of X-ray dose (line is a guide to
the eye); (C) Percentage of micronucleated cells (normalized to all analyzed cells) as a function of X-ray dose (line is a guide to the eye). Data are mean ± SD,
obtained from ≥3 independent experiments. Statistical significance (Student’s t-test) is as follows: *p < 0.05, **p < 0.01, ***p < 0.001.
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Western Blotting
Western blotting analysis was performed on cell samples obtained
following the “Seed + Treat” protocol, to offer a molecular
interpretation of the collected dataset. We evaluated the
regulation of several proteins involved in the radiation response,
including markers of DNA damage (g-H2AX) and a variety of
proteins more specifically involved in cell cycle progression,
focusing on the G2/M transition (Chk2, Cdc25C, CycB1), as well
as of the key regulator FoxM1. Figure 9A shows for illustration
purposes images of films with expression patterns of all measured
proteins at the different time points and irradiation conditions
(including GAPDH as loading control). Data are quantified and
presented as follows in the different panels of Figure 9: for H2AX
(Figure 9B), Chk2 (Figure 9C) and Cdc25C (Figure 9D) we plot
the intensity ratio of their phosphorylated form (respectively,
g-H2AX (S139), phospho-Chk2 (T68), phospho-Cdc25C (S216))
to total protein content for the different time points, as a function of
X-ray dose; for CycB1 (Figure 9F) and FoxM1 (Figure 9E) we plot
the intensity ratio of the protein content to the loading control,
Frontiers in Oncology | www.frontiersin.org 12185
for the different time points, after further normalization to the result
for the sham condition at the same time point (bar set to 1, not
shown in the histogram).

The g-H2AX signal is found to increase as a function of dose
at all time points (Figure 9B). Also signals from phospho-Chk2
(Figure 9C) and phospho-Cdc25C (Figure 9D) increase in a
dose-dependent manner, the effects seeming to be more
pronounced at later time points. FoxM1 (Figure 9E) is inhibited
as dose increases at 24 h and 48 h, while no-significant variation
is observed at the earliest time points. Also CycB1 (Figure 9F) is
not affected at 6 h, its concentration with respect to the sham
condition is first increased as a function of dose at 24 h and then
found to decrease.
DISCUSSION

The large data set presented in this work on colorectal
adenocarcinoma Caco-2 cells exposed to X-ray doses up to 10 Gy
A

B C

FIGURE 8 | Activity of MMPs with gelatin zymography analysis. For Caco-2 cells following the “Seed + Treat” protocol: (A) Representative images of gelatin
zymography for the different irradiation conditions and time points, with identification of bands corresponding to MMP-9 and MMP-2; Quantification of MMP activity
as a function of time for the different irradiation conditions (normalization is to the sham condition at the same time point) for: (B) MMP-9; (C) MMP-2. Data reported
are mean ± SD, obtained from ≥3 independent experiments. Statistical significance (Student’s t-test) is as follows: *p < 0.05, **p < 0.01, ***p < 0.001.
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offers the opportunity to conduct an integrated analysis of a variety
of endpoints, measured with different techniques, to characterize the
radiation response of this cell line, also gaining molecular insight
into underlying mechanisms elicited by radiation.
Frontiers in Oncology | www.frontiersin.org 13186
First of all, new data allow assessment of the impact of the
experimental protocol, in terms of temporal sequence of cell
seeding and irradiation (Figure 1), on measured radiobiological
endpoints. To this aim, we compared two protocols, both
A
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C

FIGURE 9 | Activity of proteins involved in DNA damage and cell cycle regulation with Western blot analysis. For Caco-2 cells following the “Seed + Treat” protocol:
(A) Illustrative images of films with expression patterns of all measured proteins at the different time points and irradiation conditions. Selected proteins are quantified
and expressed as a function of time for the different irradiation conditions as follows: (B) ratio g-H2AX (S139) to total H2AX; (C) ratio phospho-Chk2 (T68) to total
Chk2; (D) ratio phospho-Cdc25C (S216) to total Cdc25C; (E) ratio FoxM1 to the GAPDH loading control, normalized to the same ratio for the sham condition at the
same time point; (F) ratio CycB1 to the GAPDH loading control, normalized to the same ratio for the sham condition at the same time point. Data reported are
mean ± SD, obtained from ≥3 independent experiments. Statistical significance (Student’s t-test) is as follows: *p < 0.05, **p < 0.01, ***p < 0.001.
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established and in use in different laboratories, whose differences
have been particularly discussed for the clonogenic assay (12): i)
in the “Treat + Seed” method, cells are first irradiated and then
seeded for further measurements (either immediately, as in this
study, or introducing a time delay, also to address the issue of
sub-lethal damage repair). Generally speaking, this approach
seems more commonly adopted in pharmacological studies; ii) in
the “Seed + Treat” method on the contrary, cells are first seeded
and then irradiated after an appropriate time interval (~ 48 h in
our study, to allow for a whole cell cycle duration after seeding),
which is more common practice for radiobiological studies.
In both cases, cell samples are further analyzed at the desired
time point after irradiation. Our results (Figure 2) indicate that
Caco-2 clonogenic potential, measured in terms of cell colonies
scored after 2 weeks from the irradiation, is not affected by
the choice of the protocol. Results for endpoints measured at
earlier time points (up to 48 h from the irradiation) are instead
found to be different between the two protocols, also for the
non-irradiated condition. This has been observed for the
distribution of cells in cell cycle phases (Figures 3 and 4) and
for cell death events (Figures 5 and 6) measured by means of
flow cytometry. As already noted in the description of results,
differences observed for the sham condition can be mainly
attributed to an overall “time-shift” between cell populations
that is induced by differences in the two protocols. Starting from
an asynchronous and proliferating cell population, with a basal
percentage of dead cells, unirradiated cells at the earlier
time point for the “Seed + Treat” protocol (temporal sequence:
seeding, ~ 48-h interval, sham-irradiation and then early
measurement) are found to be in a similar condition with
respect to unirradiated cells at the latest time point for the
“Treat + Seed” protocol (temporal sequence: sham-irradiation,
~ immediate seeding, measurement at ~ 48 h). This needs to be
taken into account when comparing results obtained with the
two methods also for the irradiated conditions, in which
radiation acts as a perturbation of cell populations differently
progressing in time. It is also interesting to notice that statistical
variations associated with measurements following the “Seed +
Treat” protocols generally appear to be higher. Nevertheless,
similar conclusions can be drawn in terms of radiation effects on
cell cycle and cell death, particularly in terms of the accumulation
of cells in G2 following irradiation and of the dose-dependent
increase in the percentage of apoptotic cells. Quantitative results
and the specific perturbation pattern (e.g. the time point at which
the maximum effect is reached) remain dependent on the chosen
protocol. Most importantly, measured differences in the initial
response up to 48 h have no consequence on long-term cell
replicative potential, which can be equally assessed with either of
the two methods. For the additional endpoints measured in this
work, we limited ourselves to the most appropriate protocol,
depending on the specific endpoint under consideration. As an
example, we have previously shown that the measurement of
MMPs activity can be significantly altered if cells are seeded after
treatment, as MMPs are activated by the use of trypsin, which is
used to detach cells after irradiation in the “Treat + Seed”
method (15). As a consequence, MMPs activation induced by
Frontiers in Oncology | www.frontiersin.org 14187
trypsin can overcome any radiation-induced inhibition effect
(later discussed), thus leading to wrong conclusions on the role
of MMPs in the radiation response.

Results on Caco-2 cell survival, complemented by cytological
staining (Figure 1), fluorescence microscopy images (Figure 7)
and quantification of cell death (Figure 5), further add to
previous findings (10, 11) that led to the description of this cell
line as “radioresistant”: in particular, in our previous works,
Caco-2 viability measured with the MTT assay was found to
remain as high as in the sham condition for cells irradiated with
10 Gy and followed in time up to 72 h from the exposure. The
percentage of dead cells measured with the Trypan Blue assay
was found to increase in a dose-dependent manner, starting from
a basal condition at ~10% and reaching a maximum at around
20% at 24 h and 48 h. Results presented in this work indicate that
such behavior, that can be described as “radioresistant” in terms
of short-term effects, does not translate into a persistent
clonogenic potential: already at 2 Gy, only ~30% of cells are
able to form colonies at ~2 weeks, this survival probability
decreases to ~10% at 5 Gy and few or no colonies are observed
at 10 Gy. Results at 5 Gy are quite in agreement with what
observed in a previous work after X-ray exposure of Caco-2 cells
seeded 48 h before irradiation (16), while a slightly higher
surviving fraction was assessed by the authors at 2 Gy (~ 50%).
In this latter work, colonies were scored at 11 instead of 14 days,
and the number of cells seeded, used for calculating the plating
efficiency, was determined with a separate sample that was fixed
immediately after cells were allowed to adhere, which could lead
to a higher plating efficiency and higher surviving fraction data.
Caco-2 exposure with a 137Cs g-ray source (cells seeded 12 h
before) led to the same survival fraction at 14 days at 2 Gy
(~29%), but to a lower survival (~2%) at 5 Gy in (17), with
a = 0.62 ± 0.05 Gy−1 and b = 0.03 ± 0.03 Gy−2 for the linear
quadratic model, quite in agreement with our parameter
estimates. Data in (18) for Caco-2 (seeded 18 h prior to
irradiation), also exposed to 137Cs g-ray source, show instead
higher survival fractions (around 20 - 30% at 5 Gy and a few % at
10 Gy) at 8 - 14 days, with a = 0.09 Gy−1 and b = 0.01 Gy−2

(parameter uncertainties not given in the text), at odds with our
findings. In the context of this latter work, Caco-2 cells are
described as radioresistant in terms of clonogenic potential, also
compared to other colorectal cancer cell lines, which is associated
with their p53null status. Such variability in experimental results
could be (at least partially) attributed to the heterogeneity of
Caco-2 cell line and to the impact of cultivation condition, in e.g.
selecting subpopulations of cells with properties that may differ
from the original cell line (7). This further calls for the need of
integrating the measurements of different endpoints (as stated
above, also considering the impact of specific treatment
protocols) to have a well-characterized cell model, which is the
approach followed in this work. Images for cytological analysis
show that cells, even if irradiated with 10 Gy, initially try to cope
with the radiation insult and to replicate within 48 h from the
exposure, which might explain the persistent viability measured
in our previous works in the same time interval. However, cell
death events start occurring with an increased frequency due to
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radiation, which can be observed both from cytological and
fluorescence microscopy images, and quantified with the
Annexin V/PI method by flow cytometry.

Finally, the new data set offers the chance to propose an
interpretation of different results in the common scheme of
specific pathways activated by radiation. In particular, despite the
p53null status of Caco-2, results presented in this work show a
significant impact of radiation on such cell line in terms of short-
term effects, as well as a reduced long-term replicative potential.
This suggests focusing on a p53-independent pathway that can
however lead to delays in cell cycle progression and possible
associated arrest of cell-population growth. The proposed
reconstruction of the chain of events started by radiation
exposure at a molecular level is illustrated in Figure 10. As well
known, one of the main critical targets of ionizing radiation is
nuclear DNA, whose damage causes the activation of signaling
pathways that lead to the regulation of DNA repair mechanisms
and progression in the cell cycle. One of the early markers of DNA
damage is the phosphorylation of histone H2AX: at our time points
(certainly at 24 and 48 h), measured g-H2AX signals correspond to
forms of residual DNA damage, as the kinetics of DNA repair is
known to be quicker (19). H2AX phosphorylation is induced by the
ATM kinase in response to radiation. ATM induces as well the
activation of Chk2, phosphorylating the T68 residue, and causing
the subsequent phosphorylation of S216 residue of the Cdc25C
phosphatase, which is exported to the cytosolic compartment and
sequestrated by 14-3-3 proteins family. This mechanism drives
specific molecules (e.g. WEE1, Myt1) to inactivate the Cdc2/CycB
complex by hyperphosphorylation, causing a G2/M transition arrest
Frontiers in Oncology | www.frontiersin.org 15188
(20). The inactivated Cdc2/CycB complex is not able to
phosphorylate FoxM1 at S251, suppressing its transcriptional
activity (21). In a recent study, it was demonstrated by means of
ChIP-Seq analysis that FoxM1 is able to bind chromatin regions of a
wide variety of genes, inducing their regulation (22, 23), thus playing
an important role in different pathways including cell proliferation,
migration, invasion, epithelial-to-mesenchymal transition. If this
signaling cascade is inhibited in presence of a G2 arrest, FoxM1
cannot activate neither cell cycle regulator genes, such as CycB1, nor
MMP-2.

The scheme of Figure 10 allows to give a coherent interpretation
of results reported in Figures 8 and 9 and integrate them in the
analysis of the other endpoints discussed in this work, overall
suggesting the validity of this regulatory chain: increased levels of
g-H2AX are measured as a function of radiation dose, leading to
increased levels of phosphorylated proteins induced by the initial
DNA damage response (Chk2 and Cdc25C). The induction of the
cell cycle arrest at the G2/M transition is confirmed by flow
cytometry data (measured for both experimental protocols, data
in Figure 4 for cells undergoing the “Seed + Treat” protocol as
those used for western blot analysis). As mentioned, the cause of
such arrest (the inactivation of the Cdc2/CycB complex) has an
impact on FoxM1 activity, which is measured to be down-
regulated by radiation. The downstream signal of CycB1 is first
increased with dose at 24 h after exposure, where flow cytometry
data reveal the largest accumulation of cells in G2/M, and finally
found to decrease at 48 h, this time following down-regulation of
FoxM1. Within the same 48-h interval from the exposure, we also
know from fluorescence microscopy images (Figure 7) that
FIGURE 10 | Pathway scheme of Caco-2 response to X-rays. Illustration with the proposed reconstruction of the chain of events started by radiation exposure of
Caco-2 cells at a molecular level, starting from initial DNA damage and including several proteins involved in cell cycle regulation, particularly focusing on the G2/M
transition. Illustration created with BioRender.com.
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radiation is able to induce a higher mitotic instability, related to
an incorrect regulation of G2 to M phase progression mediated by
Cdc2/CycB1. This incorrect regulation can lead to a so-called
mitotic catastrophe, evaluable with the premature chromatin
condensation and the activation of death mechanisms e.g.
apoptosis (24), which is also confirmed by flow cytometry data
(Figure 6). Finally, down-regulation of FoxM1 also leads to the
inhibition of MMP-2 activity (25, 26), confirmed by gelatin
zymography (Figure 8).

Concluding, the collection of the results and the integrated
analysis presented in this work deliver: i) a full characterization
of the radiation response of Caco-2 cells, including how such
response is affected by different experimental protocols. Starting
from this characterization, Caco-2 cells can be further used as a
peculiar colorectal cancer cell model, possibly extending this
work to additional cell lines (e.g.HT-29 and DLD-1) identified as
more aggressive colorectal cancer cell models; ii) a molecular
characterization of mechanisms behind Caco-2 radiation
response, that can as well be exploited in preclinical studies (as
mentioned above, also comparing results for different CRC
models) to identify possible targets to increase therapeutic
effectiveness for CRC. In this latter framework, it is of note
that FoxM1 appears to be a candidate target protein to address
colorectal cancer resistance to one of the most chemotherapeutic
drugs Fluoropyrimidine (5-Flourouracil, 5-FU), as suggested by
new evidences: FoxM1 depletion has been associated with
reduced CRC carcinogenesis and growth after exposure to
carcinogens (27); resistance after drug treatment is known to
be dependent on the p53 status of cells (9), but it is also
modulated by FoxM1 (23), which makes the investigation of
FoxM1 particularly interesting in Caco-2 cells (p53null)
compared to colorectal cancer cell lines with different p53
status; FoxM1 is also involved in regulation of the cell
microenvironment, e.g. regulating the promoters of matrix
metalloproteases MMP-2 and MMP-9. MMP-2 activity and
expression are strongly associated with advanced tumor stage
or poor survival (28, 29).

In this research framework, this work sets the basis for future
in vitro experimental studies [as well as for the development of
computational models (30)] to develop new therapeutic
strategies or explore synergistic effects in combined treatments
Frontiers in Oncology | www.frontiersin.org 16189
(e.g. radiation, including the effect of fractionation as in a more
realistic clinical setting, and other cytotoxic agents as
chemotherapeutic drugs) using Caco-2 cell line [also,
foreseeing the possibility of a 3D culture to better mimic the
in vivo situation (31)] as a model for colorectal cancer.
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS

IG, LL, and GB: conceived of the experiments. IG and LL:
performed the experiments. IG, LL, MS, LAS, and GB:
performed data analysis and data interpretation. IG, LL, and
GB: wrote and edited the manuscript. MS, LAS, AO, and GB
critically read the manuscript. All authors contributed to the
article and approved the submitted version.
FUNDING

This work was funded by the University of Pavia, Pavia, Italy.
ACKNOWLEDGMENTS

The authors acknowledge Dr. Marco Liotta and Dr. Paola
Tabarelli de Fatis, Unit of Medical Physics, and Dr. Giovanni
Battista Ivaldi, Unit of Radiation Oncology, ICS Maugeri, IRCCS,
Pavia, Italy, for carrying out sample irradiations at the
Radiotherapy Department of the IRCCS S. Maugeri (Pavia,
Italy) and for the necessary coordination and management
activity. The authors also acknowledge Dr. Cristina Pulimeno,
Dr. Rossella Semerano and Dr. Virginia Uggè for their
experimental support.
REFERENCES

1. Stewart BW, Wild CInternational Agency for Research on Cancer, World
Health Organization.World Cancer Report 2014. Global Cancer Observatory.
(2014). Available online at: http://gco.iarc.fr/ (accessed May, 2021).
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Although abscopal tumor regression remains a rare phenomenon, interest in exploiting
how radiation stimulates the immune system to induce systemic abscopal response is
increasing. Here, we tested the hypothesis that tumor immunogenicity determined the
ability of radiotherapy to induce abscopal effects. We established highly (MC-38 and
E.G7-OVA) or poorly (LL/2 and B16-F10) immunogenic tumor models in this study and
treated them with sham radiation, a single dose of 15 Gy, or three fractions of 5 Gy on
three consecutive days. Alterations in the tumor microenvironment after radiation were
examined by flow cytometry and RNA sequencing. Our results demonstrated the positive
correlation between tumor immunogenicity and the abscopal effect of radiotherapy. The
single dose of 15 Gy radiation was an effective regimen for inducing abscopal effects in
highly immunogenic tumors. Local radiation reshaped the tumor microenvironment of
irradiated and non-irradiated distant tumors by increasing CD8 T-cell infiltration and
reducing suppressive immune cell accumulation. However, radiation alone was insufficient
to elicit abscopal effects in poorly immunogenic tumors. No significant alterations were
detected in the non-irradiated distant tumor microenvironment after radiation of poorly
immunogenic tumors. In addition, tumor immunogenic subtypes were associated with the
radiological response and clinical outcome of patients receiving radiotherapy. These
findings indicated that tumor immunogenicity was the dominant characteristic that could
predict the abscopal effect of radiotherapy. Our study provides an in-depth understanding
of the immunological mechanisms involved in abscopal effects and highlights the impact of
tumor heterogeneity on the therapeutic efficacy of radiotherapy and their combination with
immunotherapy in clinical trials.

Keywords: radiation, abscopal effect, immunogenicity, tumor microenvironment, CD8 T cells
INTRODUCTION

Radiotherapy is the standard-of-care treatment for localised cancers and palliative treatment in
metastatic disease (1). The abscopal effect is a phenomenon in which local radiotherapy is associated
with the regression of metastatic cancer outside of the irradiated field (2). Currently, most
researchers believe that radiation induces oxidative stress or injury in tumors, thus leading to the
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liberation of neoantigens and cellular damage-associated
molecular patterns (DAMPs), such as tumor-associated
antigens, necrotic tumor cells and debris. A significant increase
in the diversity and number of neoantigens can activate a tumor-
specific immune response, with tumor-associated antigens
recognised by antigen presenting cells (APCs) and then
presented to effector T cells. Effector T cells can then recognise
and eliminate both irradiated tumors and metastatic tumors (3).
Although the abscopal effect is a rare event in metastatic tumor
patients receiving radiotherapy alone, the growing consensus is
that radiotherapy combined with immunotherapy provides an
opportunity to boost the abscopal effect in some clinical trials (4–
6). To date, the biological mechanisms underlying the abscopal
effect in different tumor types are not yet fully understood.

The goals of our study were to explore the cellular and
molecular mechanisms by which radiotherapy reshaped the
tumor microenvironment and induced abscopal effects in
murine models. Our study strongly indicated that the
radiation-induced abscopal effect was positively correlated
with tumor immunogenicity, which is the ability of cancer
cells to induce adaptive immune responses (7). Cancer cells that
can elicit a protective immune response to inhibit tumor
growth are considered to have high immunogenicity.
Conversely, cancer cells that only stimulate a weak immune
response and fail to control tumor growth are classified as
having poor immunogenicity (8). In this study, we observed the
efficacy of radiotherapy in both highly and poorly
immunogenic tumor models and found that single high-dose
radiation was optimal for stimulating a localised antitumor
immune response and provided an opportunity to boost
abscopal response rates in highly immunogenic tumors.
Nevertheless, radiation alone was insufficient to elicit
abscopal effects in poorly immunogenic tumors. Therefore,
the abscopal effect of radiation appears to be correlated with
tumor immunogenicity.
MATERIALS AND METHODS

Mouse Strains and Cell Lines
Female C57BL/6 mice (age, 6–8 weeks) were purchased from
Beijing Vital River (Beijing, China) and housed in pathogen-free
facilities in the Experimental Animal Centre of Fujian
Medical University.

Most mouse tumor cell lines were purchased from ATCC
(Manassas, USA), including B16-F10 melanoma cells, LL/2 Lewis
lung carcinoma cells (LLC1) and E.G7-OVA OVA-expressing
EL4 thymic lymphoma cells. MC38 colorectal carcinoma cells
were obtained from the laboratory of Dr. Lieping Chen (Yale
University). All tumor cell lines were tested to be free of
mycoplasma before use.

Animal Experiments
A total of 0.5 × 106 MC-38, E.G7-OVA, LL/2 or B16-F10 cells
were injected subcutaneously into the right flank (irradiated
tumors) and left flank (non-irradiated tumors) of C57BL/6
Frontiers in Oncology | www.frontiersin.org 2192
mice. The perpendicular tumor diameters were calculated
using the equation (l + w)/2, where l and w refer to the larger
and smaller dimensions, respectively. Mice were randomised into
different treatment groups when the irradiated tumor diameters
reached 5–6 mm. In the irradiation group, mice were
anaesthetised with isoflurane and placed under lead shielding
with a 15 mm diameter aperture aligned over the tumor. Only
the irradiated tumor in the right flank was exposed to irradiation
while the rest of the body was kept outside the radiation field.
Radiation was performed using an RS-2000 Biological Irradiator
(RadSource, Canada) at 160 kV, 10 mA and a dose rate of 1.05
Gy/min. Depletion of CD8 T cells was achieved by
intraperitoneal injection of 200 µg of CD8-depleting antibody
(anti-mouse CD8a, clone 53.6.7) once a week three consecutive
times. All the mice were regarded as dead from humane
treatment after the irradiated or non-irradiated tumors reached
20 mm in size for each dimension.

Flow Cytometry
Single-cell populations were isolated from fresh tumor tissue
using a Gentle MACS mechanical dissociator in the presence of
lysis buffers (Miltenyi Biotec, Germany). Cells were blocked with
anti-mouse CD16/32 (TruStain fcX, USA) and then stained with
antibodies against mouse CD3e, CD4, CD8a, CD45.2, CD11b,
F4/80, Gr-1, CD25, PD-1 (programmed cell death protein-1),
TIM-3 (T cell immunoglobulin domain and mucin domain-3),
Foxp3 (forkhead box P3), IFN-g, TNF-a, death marker and
matched isotype controls depending on the experiment. For
cytokine staining, the cells were restimulated with ionomycin
and PMA (phorbol 12-myristate 13-acetate) for 4 h in the
presence of GolgiPlug (BD Biosciences, USA) before
intracellular staining. The gating strategy is shown in
Supplementary Figure 1A. These antibodies and staining
agents were obtained from Thermo Scientific and BD
Biosciences. Samples were run on a BD FACSVerse system
and analysed using FlowJo software version 10 (BD
Biosciences, USA).

RNA Isolation and Sequencing
RNA sequencing was performed on samples isolated 8 days after
the first dose of radiation. Total RNA from the irradiated tumors,
non-irradiated tumors and sham-irradiated tumors was
extracted using TRIzol (Sangon, China) according to the
manufacturer’s instructions. To construct Illumina sequencing
libraries, a total amount of 2 mg RNA per sample was used as the
input material for the RNA sample preparations. Sequencing
libraries were generated using the VAHTSTM mRNA-seq V2
Library Prep Kit for Illumina® following the manufacturer’s
recommendations, and index codes were added to attribute
sequences to each sample. The libraries were subsequently
quantified and pooled. Paired-end sequencing of the libraries
was performed on HiSeq XTen sequencers (Illumina, USA).
Normalised and log2-transformed TPM values from RNA-Seq
based on the expectation maximisation data, which reflect
relative mRNA expression, were analysed using the Mann–
Whitney test.
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Immune Cell Analysis and Gene Functional
Enrichment Analysis
The Immune Cell Abundance Identifier (ImmuCellAI-mouse,
http://bioinfo.life.hust.edu.cn/ImmuCellAI-mouse/#!/) has been
recently developed to estimate the abundance of 36 immune cell
types, including 11 T-cell subsets, from mouse gene expression
data (9). For each queried sample, the enrichment score of the
total expression deviation of the signal gene sets was calculated
and assigned to each immune cell type by the Single-sample
Gene Set Enrichment Analysis (ssGSEA) algorithm. GSEA
(https://software.broadinstitute.org/gsea/index.jsp) was applied
to analyse signalling pathway enrichment in non-irradiated
and control tumors using the KEGG database in MSigDB
(version 7.3). The enriched pathways were arranged in the
order of their normalised enrichment scores (NESs), and
p <0.05 and FDR <0.25 were considered statistically significant
in the GSEA analyses.

Bioinformatics Data Analysis
The following three independent datasets were downloaded from
the Gene Expression Omnibus (GEO) database: GSE35452
(rectal cancer), GSE116918 (prostate cancer), and GSE7696
(glioblastoma). We first quantified the enrichment levels of the
29 immune signatures in each sample by the single-sample gene-
set enrichment analysis (ssGSEA) score (10). Next, the ssGSEA
scores for each immune cell type were standardised and tumors
were divided into a predominant immune group (PI) and a low
immune group (LI) using Ward’s hierarchical clustering method.
Kaplan–Meier survival curve analysis was used to analyse
survival between the PI and LI groups.

Statistical Analysis
Statistical analyses were performed using Prism 8 (GraphPad,
Canada). All data are shown as the mean ± SD unless otherwise
stated, and significant differences were determined using a two-
tailed Student’s t-test or one-way ANOVA with Tukey’s multiple
comparison test. The survival difference was analysed by
Wilcoxon and log-rank tests. p <0.05 was considered
statistically significant. The results represent at least two
experiments unless otherwise stated.
RESULTS

Tumors Were Stratified as Highly or Poorly
Immunogenic According to the Number of
Infiltrating Immune Cells and Expression
of MHC-I Molecules
Tumor immunogenicity is defined as the ability of a tumor to
stimulate an immune response that can inhibit tumor growth (7).
Here, we assessed the immunogenicity of four murine tumor
models (MC-38, E.G7-OVA, LL/2, and B16-F10). The
percentages of tumor-infiltrating immune cells (gating on live
cells) were higher in the MC-38 and E.G7-OVA tumors than the
LL/2 and B16-F10 tumors (Figure 1A). The absolute numbers of
CD8 and CD4 T cells were significantly increased in the MC-38
Frontiers in Oncology | www.frontiersin.org 3193
and E.G7-OVA tumor tissues. In addition, CD8 T cells displayed
higher levels of PD-1, TIM-3 and IFN-g in theMC-38 tumors than
the LL/2 tumors (Figure 1B and Supplementary Figure 1B).
Higher infiltration of CD3 T cells was also observed in the MC-38
tumors than the LL/2 tumors by immunofluorescence staining
(Figure 1C). Previous studies have identified a significant
correlation between MHC-I expression in tumor cells and
immunogenicity (11). Our data showed that MHC-I (H-2Kb)
expression was high in the MC-38 and E.G7-OVA cells but not
observed in the LL/2 and B16-F10 cells (Figure 1D). In addition,
the RNA-seq analysis revealed that the expression of multiple
immune-related genes was upregulated in the MC-38 tumors but
not the LL/2 tumors (Supplementary Figure 1C). Altogether, our
results indicated that MC-38 and E.G7-OVA cells were highly
immunogenic tumor cells while LL/2 and B16-F10 cells were
poorly immunogenic tumor cells.

Radiation-Induced Abscopal Effect Was
Associated With Tumor Immunogenicity
and the Radiotherapy Regimen
Highly immunogenic tumors (MC-38 and E.G7-OVA) and
poorly immunogenic tumors (LL/2 and B16-F10) were used to
establish bilateral tumor models (Figure 2A). We observed that
radiotherapy (15 Gy or 3 × 5 Gy) significantly inhibited
irradiated tumor growth and induced abscopal effects in both
the MC-38 and E.G7-OVA tumor models (Figures 2B, C, left
and middle panels). Furthermore, the percentages of both
irradiated and non-irradiated tumors with complete regression
were higher with a single dose of 15 Gy radiation than with three
doses of 5 Gy radiation (Supplementary Figures 2A, B).
Moreover, we also found that 15 Gy radiation prolonged
mouse survival in the MC-38 and E.G7-OVA models
(Figures 2B, C, right panel). In the LL/2 and B16-F10 tumor
models, although radiotherapy with 15 Gy or 3 × 5 Gy was
effective at controlling the growth of the irradiated tumors, both
regimens failed to trigger abscopal effects in the non-irradiated
tumors (Figures 2D, E and Supplementary Figures 2C, D).
Radiation did not lead to prolonged mouse survival in the LL/2
and B16-F10 tumor models (Figures 2D, E, right panel).

Abscopal Effect of Radiotherapy Was
Dependent on CD8 T Cell Activation and
Infiltration Into Non-irradiated Tumors
The abscopal effect induced by a single high dose of radiation in
highly immunogenic tumors prompted us to investigate
alterations in the tumor immune microenvironment after
radiation (Figure 3A). We observed that the percentages and
absolute numbers of CD8 T cells in the irradiated and non-
irradiated tumors were higher in the 15 Gy radiation group than
the control group (Figure 3B and Supplementary Figure 3A).
Correspondingly, CD8 T cells showed more intense IFN-g
production in the irradiated and non-irradiated tumors that
received 15 Gy radiation (Figure 3C and Supplementary
Figure 3C). Meanwhile, the percentages of tumor-associated
macrophages (TAMs) and myeloid-derived suppressor cells
(MDSCs) were reduced in irradiated and non-irradiated
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tumors after 15 Gy radiation (Figures 3E, F). Unexpectedly, the
percentages of regulatory T cells (Tregs) were increased in
irradiated and non-irradiated tumors of mice receiving 15 Gy
or 3 × 5 Gy radiation (Figure 3D). In addition, the percentages of
CD8 T cells, CD4 T cells and Tregs were all increased in the MC-
38-irradiated and non-irradiated tumor-draining lymph nodes
(TDLNs) (Supplementary Figure 4A). However, for the poorly
immunogenic LL/2 tumors, upregulation of the absolute
numbers of CD8 T cells, increased the percentages of
CD8+IFN-g+ T cells and downregulation of immune cells
(MDSCs and TAMs cells) was only observed in the irradiated
Frontiers in Oncology | www.frontiersin.org 4194
tumors receiving 15 Gy radiation. No significant change in these
immune cells was detected in the non-irradiated tumors
(Figures 3G–K and Supplementary Figures 3B, D). Similar
results were obtained in the B16-F10 tumor model
(Supplementary Figure 4C). Moreover, the percentages of
CD8 T and CD4 T cells were also increased in the TDLNs of
the irradiated tumors but not in the TDLNs of the non-irradiated
tumors (Supplementary Figures 4A, B). Furthermore, to
elucidate the role of effector T cells in the abscopal effect of
local radiation therapy, we depleted CD8 T cells via the systemic
administration of an anti-CD8 antibody in MC-38 tumor
A

B

D

C

FIGURE 1 | Tumor immunogenic levels of four murine tumors. Mice were inoculated with MC-38, E.G7-OVA, LL/2 and B16-F10 tumors, and then tumor infiltrating
cells were isolated for cytometry analysis when the tumor lengths reached approximately 5–6 mm (on days 7–9). (A) Percentages of CD45-positive lymphocytes in
four types of tumor tissues are shown in representative FACS plots (left graph) and pooled from two independent experiments. (B) Absolute numbers of CD8 T and
CD4 T cells in four types of tumor tissues were counted, and percentages of CD8+IFN-g+ and CD8+PD-1+TIM-3+ cells were analysed in MC-38 and LL/2 tumor
tissues. (C) Infiltrating T cells in MC-38 and LL/2 tumors were stained with anti-CD3 (purple) and DAPI (blue, nuclei staining) and detected by immunofluorescence.
Scale bars, 200 mm. (D) Histograms of MHC-I molecule expression on MC-38, E.G7-OVA, LL/2 and B16-F10 cells in vitro. Representative results from one of at
least three independent experiments are shown. *p < 0.05, **p < 0.01, ***p < 0.001.
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models. The data showed that depletion of CD8 T cells
completely abolished the distant antitumor effect induced by
15 Gy radiation, which was demonstrated by tumor growth
(Supplementary Figure 5).
Single High Dose Radiation Reshaped
Immune Microenvironment of
Non-Irradiated Tumors in Highly
Immunogenic Tumors
To further explore the immunomodulatory mechanisms of
radiation in highly or poorly immunogenic tumors, we
Frontiers in Oncology | www.frontiersin.org 5195
harvested the irradiated tumors, non-irradiated tumors and
control tumors of MC-38 and LL/2 cells and performed
mRNA sequencing (RNA-seq) on day 8 after irradiation.
Volcano plots were used to visualise differential immune gene
expression between the non-irradiated tumors and control
tumors. The results showed that 29 and 58 immune genes
were upregulated and downregulated in the MC-38 tumors,
respectively, while only three and two genes were upregulated
and downregulated in the LL/2 tumors, respectively (Figure 4A).
The hierarchical cluster analysis showed that the dissimilarity
of immune gene expression between the non-irradiated tumors
and control tumors was most similar in the LL/2 model while a
A
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C

FIGURE 2 | Response to radiotherapy in highly and poorly immunogenic tumors. (A) Four types of murine tumor cells were subcutaneously inoculated in the
bilateral flanks of C57BL/6 mice. Irradiated (in the right flank) tumors received 3 × 5 Gy, 15 Gy or sham radiation when tumor lengths reached 5–6 mm. (B–E) Left:
Tumor growth curve of irradiated and non-irradiated tumors treated with 3 × 5 Gy, 15 Gy or sham radiation in the (B) MC-38 model (n = 12), (C) E.G7-OVA model
(n = 10), (D) LL/2 model (n = 12) and (E) B16-F10 model (n = 12); Right: Survival rate of the mice in each group for the MC-38, E.G7-OVA, LL/2 and B16-F10
models. Percent survival of mice in the different groups depicted with a Kaplan–Meier plot. One-way ANOVA was used to compare tumor sizes at the endpoint of
these three groups *p < 0.05, **p < 0.01, ***p < 0.001, ns, no significance.
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high-dimensional space of gene expression was found in the
MC-38 model (Figure 4B). Heat maps were utilised to exhibit
the expression of immune-related genes, including markers
of immune cell populations, immune activation, immune
suppression and the tumor microenvironment. We found that
the non-irradiated tumors displayed upregulated immune gene
expression compared with the control tumors in the MC-38
model. In contrast, significant differences in gene expression
between the non-irradiated tumors and control tumors were not
observed in the LL/2 model (Figure 4C).

Next, an online tool named ImmuCellAI-mouse was used to
estimate the abundance of seven immune cells, including 11 T-
cell subsets, based on the gene expression profile from the RNA-
seq data (9). Our results demonstrated that macrophages and
dendritic cells accounted for the majority of immune cell subsets
Frontiers in Oncology | www.frontiersin.org 6196
in the MC-38 tumors and T cells were significantly abundant in
both the irradiated and non-irradiated tumors compared with
the control tumors (Figure 5A). Among these T-cell subsets,
CD8 T cells increased significantly in both the irradiated and
non-irradiated tumors (Figure 5C and Supplementary
Figure 6), including CD8 cytotoxic cells, CD8 central memory
cells, CD8 effector memory cells, CD8 exhausted cells and naive
CD8 T cells (Figure 5B). In addition, a GSEA of signalling
pathway enrichment in the non-irradiated tumors compared to
the control tumors in the MC-38 model was performed.
According to the KEGG enrichment results, pathways related
to immune responses, including the T cell receptor signalling
pathway, NOD-like receptor signalling pathway, antigen
processing and presentation pathway, were upregulated in the
non-irradiated tumors (Figure 5D).
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FIGURE 3 | Alteration of the tumor immune microenvironment induced by radiation in highly and poorly immunogenic tumors. (A) Tumor-infiltrating immune cells
from MC-38 and LL/2 tumors that received 3 × 5 Gy, 15 Gy or sham radiation were analysed 8 days after radiation by flow cytometry. (B) Percentages and absolute
numbers of CD8 T cells (gating CD45+ immune cells) are presented for the MC-38-irradiated and non-irradiated tumors. (C) Tumor-infiltrating T cells were stimulated
with PMA and ionomycin in vitro, and then the percentages of CD8+IFN-g+ cells were detected in irradiated and non-irradiated MC-38 tumors. (D–F) Percentages of
Tregs, MDSCs and TAMs in the irradiated and non-irradiated MC-38 tumors. (G) Percentages and absolute numbers of CD8 T cells in the LL/2-irradiated and non-
irradiated tumors. (H) Percentages of CD8+IFN-g+ cells in the LL/2 tumors. (I–K) Percentages of Tregs, MDSCs and TAMs in the LL/2-irradiated and non-irradiated
tumors. IR, irradiated sides; Non IR, contralateral non-irradiated sides. Representative results from one of at least two independent experiments are shown. *p <
0.05, **p < 0.01, ***p < 0.001, ns, no significance.
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Tumor Immunogenic Subtypes Were
Associated With the Radiological
Response and Clinical Outcome of
Patients Receiving Radiotherapy
Tumor immunogenicity varies considerably among different
types of cancer, and tumor mutation burden (TMB) was
recently proven to be positively associated with the
immunogenicity of a variety of tumors. Previous studies have
shown that rectal cancer is a highly immunogenic tumor with
high TMB and prostate cancer and glioblastoma are low
immunogenic tumors with low TMB (12–14). Here, we utilised
GEO databases to explore the association of radiotherapeutic
effects and immune infiltration between the low TMB and high
Frontiers in Oncology | www.frontiersin.org 7197
TMB tumors. A total of 29 immune-related gene sets linked to
immune infiltration were applied to characterise the two major
immunogenicity subtypes in these types of cancer, namely, the
predominant immune subtype (PI) and low immune subtype
(LI). In the rectal cancer database (GSE35452), patients were
classified as “responders” when tumors were assigned a
regression grade of 2 or 3 and as “nonresponders” when
tumors were assigned a regression grade of 0 or 1 (15). Forty-
six tumor samples were divided into the PI group (17/46) and LI
group (29/46) according to the ssGSEA scores. Our analysis
clearly showed that most radiotherapy responders belonged to
the PI group (Figure 6A), suggesting a good prognosis among
high immune infiltration patients. However, differences in
A B

C

FIGURE 4 | Differentially expressed genes of irradiated tumors, non-irradiated tumors and sham-radiated tumors in the MC-38 and LL/2 tumors. (A) Volcano
plots for gene expression of non-irradiated tumors and sham-radiated tumors in the MC-38 and LL/2 tumor models. The red and green dots represent up- and
downregulated DEGs (differentially expressed genes), respectively. (B) Cluster tree showing the dissimilarity and relevance within the irradiated tumors, non-irradiated
tumors and sham-radiated tumors in the MC-38 and LL/2 tumors. (C) Heat map of immune-related gene expression in the MC-38 tumors and LL/2 tumors 8 days
after radiation, including markers of immune cell populations and genes involved in immune activation, immune suppression, cell adhesion and inflammation (n = 3).
To compare the immune-related gene expression levels between the non-irradiated tumors and sham-radiated tumors, RNA-seq data were normalised and analysed
by the Mann–Whitney test. *p < 0.05, **p < 0.01,***p < 0.001, ns, no significance.
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survival were not observed between the PI group and the LI
group of prostate cancer (GSE116918) and glioblastoma
(GSE7696) (Figures 6B, C).
DISCUSSION

Abscopal effects are rare phenomena in which tumors outside of
the irradiated field regress due to the systemic antitumor effects
of local radiotherapy (2). Previous reports documented that the
majority of clinical cases of radiation-induced abscopal effects
occurred in immunogenic tumors, such as renal cell carcinoma,
melanoma and hepatocellular carcinoma (16–18), indicating that
the abscopal effect was correlated with tumor immunogenicity.
Tumor immunogenicity differs in different types of advanced
solid tumors. In this study, we stratified tumors as highly and
poorly immunogenic according to the densities of intratumoral
immune cell infiltration and the MHC-I expression of tumor
cells. We found that the abscopal effect was only induced in the
highly immunogenic tumor models (MC-38 and E.G7-OVA) but
not in the poorly immunogenic tumor models (LL/2 and B16).
Many studies have revealed that irradiation stimulates the
immune system through numerous pathways, including the
release of previously hidden tumor-associated antigens (TAAs)
and immune-stimulatory molecules from tumors, which could
activate and prime an antitumor immune response (19–21).
Considering that highly immunogenic tumors were more likely
Frontiers in Oncology | www.frontiersin.org 8198
to harbour neoantigens and an associated increase in cytotoxic T
cells occurred in the tumor microenvironment, it would seem
reasonable to speculate that the abscopal effect of radiation may
be correlated with tumor immunogenicity.

Apart from the tumor microenvironment, the dosage and
fraction regimen of radiation may also have a substantial impact
on the abscopal antitumor effect. To address this question, two
different treatment regimens, namely, a single dose of 15 Gy or
fractionated dose of 3 × 5 Gy irradiation, were applied in this
study. Our results demonstrated that single high-dose radiation
(15 Gy) was optimal for eliciting a robust local immune response
and inducing an abscopal effect in highly immunogenic tumors
compared to 3 × 5 Gy radiation and radiotherapy was insufficient
to elicit an abscopal effect in poorly immunogenic tumors. Thus
far, an “optimal” radiation scheme has not been developed for
the induction of abscopal effects. Dewan et al. showed that the
abscopal effect was only induced in fractionated regimens (22).
Conversely, other groups reported that the antitumor immunity
elicited by high single-dose radiation was more potent than that
by fractionated treatments (23). However, most of these previous
studies applied single high-dose radiation or hypofractionated
regimens (≥6 Gy) to induce abscopal effects. In our opinion,
these paradoxical results are based on differences in immune-
relevant changes in the tumor microenvironment induced by
distinct radiotherapy regimens.

Many mechanisms have been proposed to elucidate the
abscopal effect of radiation (24). Previous studies have revealed
A B
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FIGURE 5 | Single high-dose radiation triggered the immune response of non-irradiated tumors in the MC38 model. (A, B) Distributions of 7 immune cell and 11 T
cell subsets in the irradiated tumors, non-irradiated tumors and control tumors of the MC38 model were assessed by immune cell abundance identifier (immuCellAI-
mouse). (C) Enrichment scores of CD8 T cells were significantly higher in both irradiated and non-irradiated tumors than in control tumors. (D) Significantly enriched
KEGG pathways from the GSEA in non-irradiated tumors. *p < 0.05.
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that local irradiation can activate a cascade of innate and
adaptive immunity through numerous pathways, including the
release of DAMPs, activation of the STING (stimulator of
interferon genes) signalling pathway, cross-presentation of
TAAs, etc. (25–27). Our latest research study confirmed that
radiation-induced local immune responses are largely dependent
on CD8 T cells, which is consistent with other reports (28).
Considering that tumor immunogenicity was correlated with a
higher level of immune cell infiltration (Figures 1A–C and
Supplementary Figures 1B, C), immune cell infiltration in
tumors should play a crucial role in mediating the response to
radiotherapy. In this study, we found that CD8 T-cell infiltration
and IFN-g production were upregulated by 15 Gy radiation
in both the irradiated and non-irradiated tumors with
high immunogenicity, which was accompanied by the
downregulation of suppressive immune cells (MDSCs and
TAMs) at the tumor sites (Figure 3 and Supplementary
Figure 3). However, the infiltration of CD8 T cells was
decreased in the irradiated tumors receiving 3 × 5 Gy radiation
(Figure 3B). These results have several potential explanations,
including fractionated radiation-induced effector CD8 cell death,
which dampens the antitumor immune response (29), and the
Frontiers in Oncology | www.frontiersin.org 9199
spatiotemporal dynamics of CD8 T cell infiltration after
radiation. Radiation-induced CD8 T cell infiltration occurred
in a narrow time window (30). Furthermore, cytotoxic T cells
displayed a radiation-sensitive phenotype that might be affected
during reirradiation (31). Interestingly, although CD8 T cells
were decreased in the irradiated tumors of the 3 × 5 Gy group,
abscopal effects were still observed in the 3 × 5 Gy group
(Figure 2B and Supplementary Figure 2A). These results
confirmed that fractionated irradiation was directly toxic to the
T cells in the irradiated tumors. Compared with the irradiated
tumors, higher concentrations of CD8 T cells were observed in
the non-irradiated tumors after radiation (3 × 5 Gy and 15 Gy)
(Figure 3B left), indicating that a systemic antitumor immune
response was triggered by the newly infiltrated CD8 T cells after
radiation treatment. In addition, upregulation of Treg infiltration
induced by radiation (3 × 5 Gy and 15 Gy) was observed in the
irradiated and non-irradiated tumors (Figure 3D). Treg cells are
an important regulator of inflammation and homeostasis of the
immune system (32). An increase in Treg cells has been widely
reported as a mechanism underlying the radiation resistance and
immunoregulatory function of irradiated tumors, and it is
preceded by the infiltration of CD8 T cells. However, the
A
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FIGURE 6 | Association between immune profiles of the tumor microenvironment and radiological response in three types of cancer patients. (A) Unsupervised
clustering of 46 rectal cancer patients who received radiotherapy. The tumor microenvironment was divided into predominant immune groups (PI) and low immune
(LI) groups according to single-sample gene-set enrichment analysis (ssGSEA) scores of 29 immune cell types. Patients were classified into two types of radiation
response (responder and nonresponder) based on a semiquantitative classification system. (B, C) Kaplan–Meier survival curves for the PI and LI groups of cancer
patients with (B) prostate cancer and (C) glioblastoma.
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decrease in CD8 T cells and increase in Tregs observed in the
irradiated tumors that received 3 × 5 Gy may have been related
to the decrease in CD8 T cells after fractionated irradiation
and the presence of radioresistant Treg cells inside the tumors.
Moreover, radiation can cause the release of immunosuppressive
cytokines (TGF-b and IL-10) and increase the fraction of Tregs
in the spleen and circulation (33). Therefore, one explanation for
the increase in Tregs in non-irradiated tumors was that radiation
enhanced the recruitment of circulating Tregs to abscopal
tumors. Taken together, these results indicated that high-dose
radiation alone increased CD8 T cell infiltration and reduced the
percentage of MDSCs and TAMs in non-irradiated tumors,
which induced an abscopal effect in highly immunogenic
tumors. Some barriers in the tumor microenvironment might
prevent the responding immune cells from migrating and
infiltrating into non-irradiated tumor sites of poorly
immunogenic tumors.

Our results revealed that local irradiation induced a strong
systemic immune response and altered the gene expression
profiles of non-irradiated tumors with high immunogenicity
and showed that irradiation alone was not sufficient to change
non-irradiated tumors with poor immunogenicity. Intriguingly,
the increase in CD8 T-cell infiltration and upregulation of
immune-related genes were observed in the irradiated tumors
but not in the non-irradiated tumors with poor immunogenicity.
Collectively, these immune characterisations could at least
partially explain why radiation alone could trigger abscopal
effects in highly immunogenic tumors but not in poorly
immunogenic tumors. Our findings indicated that tumor-
mediated tolerance or barriers could be overcome by radiation-
induced systemic antitumor responses in highly immunogenic
tumors and primed CD8 T cells could recognise and attack both
local tumors and distant tumors outside the radiation field. In
contrast, low immunogenicity indicated that TAAs were
downregulated in tumors and evasion of host immunity
occurred in the tumor microenvironment, which lacked
chemokine-mediated trafficking and showed poor adaptive
immune cell activation (8, 11). The rarity of the abscopal effect
suggests that even primed antitumor CD8 T cells could not
overcome a suppressive tumor microenvironment with low
infiltration of responding immune cells. Radiation has been
reported to modulate tumor immunogenicity in various tumor
types by converting the biology of surviving tumor cells to render
them more sensitive to T cell-mediated immunity (34, 35). Here,
our data further confirmed that the immune profiles of the tumor
microenvironment played a critical role in whether an abscopal
effect occurred (36).

In clinical studies, high TMB represents genomic instability
and enriched tumor neoantigens, which is associated with
increased tumor immunogenicity. Recent evidence suggested
that TMB and immune cell infiltration were promising
biomarker for immunotherapy response in cancer patients
(37–41). Valero et al. reported that combining neutrophil-to-
lymphocyte ratio (NLR) with TMB provided more accurate
prediction for immunotherapy. They found that NLR-low/
TMB-high group had higher immunotherapy response rates
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and better outcome (40). The results of these studies raised the
intriguing possibility that tumor immunogenicity combined
with immune infiltration may be used as predictive biomarkers
in the context of radiotherapy. Our analysis of data from the
GEO database suggested that there was a positive correlation
between immune infiltration and radiotherapy effects
in high immunogenicity tumors. Tumor-infiltrating immune
cells represent actual conditions of the tumor immune
microenvironment. Radiotherapy promotes the release of
tumor neoantigens in highly immunogenic tumors, which is
beneficial to activate the immune cells and be able to recognize
and attack cancer cells. In addition, tumor microenvironment
and immune status are associated with peripheral blood immune
status. Immune status in peripheral blood provided a
comprehensive view of the status of the immune system and
correlated with T cell function in the tumor microenvironment
(42). Many studies have revealed that peripheral blood
immune cell subsets can be served as biomarkers to predict
immunotherapy efficacy (43). Zhou et al. reported that
peripheral blood immune cells including NKT cells
and neutrophils can be used as predictive biomarkers for
immunotherapy (44). Of note, peripheral blood can be
obtained easily and be repeated compared to tissue biopsy,
particularly during the evolving phases of therapy. However,
relationship between tumor immunogenicity and peripheral
blood immune status remains unknown. Future considerations
on the role of local/systemic immune status and tumor
immunogenicity in radiotherapy should be explored.

A l toge ther , our find ings ind ica t ed tha t tumor
immunogenicity is a critical determinant of the abscopal effect
of cancer radiotherapy and showed that the systemic antitumor
response generated by radiation may be based on differences in
the immune infiltration densities and immune activities between
highly immunogenic tumors and poorly immunogenic tumors.
Furthermore, in our study, PD-1 and TIM-3 expression was
increased in CD8 cells after radiation, thereby representing the
exhausted phenotype by failure to produce IL-2 and IFN-g (45).
The upregulation of PD-L1 has also been observed in irradiated
tumors in many reports (46, 47). This evidence provides an
opportunity for PD-1/PD-L1 blockade to normalise host
immunity against tumors. Based on these data, follow-up
studies were carried out to examine whether the combination
of radiotherapy and PD-1 blockade could induce different
antitumor immunity and abscopal effects between highly
immunogenic and poorly immunogenic tumors.
CONCLUSION

In summary, our study suggested a direct connection between
the abscopal effect and tumor immunogenicity. Although local
radiation has the ability to convert the irradiated tumor into an
immunogenic hub, it fails to induce an abscopal effect in poorly
immunogenic tumors. However, in highly immunogenic tumors,
single high-dose radiation was optimal for eliciting robust CD8
T-cell infiltration and inducing an abscopal effect. These findings
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provide valuable information to improve our understanding of
the abscopal effect and boost the application of radiotherapy for
the treatment of both local and metastatic disease in the clinic.
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Protontherapy is a rapidly expanding radiotherapy modality where accelerated proton
beams are used to precisely deliver the dose to the tumor target but is generally considered
ineffective against radioresistant tumors. Proton-Boron Capture Therapy (PBCT) is a novel
approach aimed at enhancing proton biological effectiveness. PBCT exploits a nuclear fusion
reaction between low-energy protons and 11B atoms, i.e. p+11B! 3a (p-B), which is
supposed to produce highly-DNA damaging a-particles exclusively across the tumor-
conformed Spread-Out Bragg Peak (SOBP), without harming healthy tissues in the beam
entrance channel. To confirm previous work on PBCT, here we report new in-vitro data
obtained at the 62-MeV ocular melanoma-dedicated proton beamline of the INFN-Laboratori
Nazionali del Sud (LNS), Catania, Italy. For the first time, we also tested PBCT at the 250-MeV
proton beamline used for deep-seated cancers at the Centro Nazionale di Adroterapia
Oncologica (CNAO), Pavia, Italy. We used Sodium Mercaptododecaborate (BSH) as 11B
carrier, DU145 prostate cancer cells to assess cell killing and non-cancer epithelial breast
MCF-10A cells for quantifying chromosome aberrations (CAs) by FISH painting and DNA
repair pathway protein expression by western blotting. Cells were exposed at various depths
along the two clinical SOBPs. Compared to exposure in the absence of boron, proton
irradiation in the presence of BSH significantly reduced DU145 clonogenic survival and
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increased both frequency and complexity of CAs in MCF-10A cells at the mid- and distal
SOBPpositions, but not at the beam entrance. BSH-mediated enhancement of DNA damage
response was also found at mid-SOBP. These results corroborate PBCT as a strategy to
render protontherapy amenable towards radiotherapy-resilient tumor. If coupled with
emerging proton FLASH radiotherapy modalities, PBCT could thus widen the
protontherapy therapeutic index.
Keywords: protontherapy, chromosome aberrations, proton-boron (B) fusion-enhanced proton therapy (PBFEPT),
BSH, alpha-particle, cancer cell killing
INTRODUCTION

Protontherapy (PT) is a radiotherapy (RT) modality exploiting
the favorable physical properties of accelerated charged particles
(1). These deposit a low dose at the beam entrance, releasing
most of their energy near the end of their range, the Bragg peak,
which can be conformed to the tumor (Spread-Out Bragg Peak,
SOBP). Hence, compared to conventional cancer radiotherapy
(CRT) using high-energy photon/electron beams, PT reduces the
integral dose to healthy tissues, which implies an overall lower
risk of RT-induced secondary cancers, and grants greater
precision in contouring the dose to the tumor (2, 3). On the
other hand, the relative biological effectiveness (RBE) at tumor
cell killing of clinical protons is similar to that of CRT (4), hence
PT offers no obvious advantage against cancer radioresistance, a
major cause of treatment failure (5). Conversely, carbon-ion
based RT is more effective because of the higher linear energy
transfer (LET) these particles exhibit in the SOBP (6), resulting in
mostly clustered and poorly reparable DNA damage (7).
However, radiobiological and cost-effectiveness issues still
affect this particle-based RT approach (8).

Recently, Proton-Boron Capture Therapy (PBCT) has been
proposed as a possible strategy to potentiate proton biological
effectiveness (9). Conceptually similar to the long-known Boron-
Neutron Capture Therapy (BNCT), where highly-DNA damaging
high-LET particles are released by thermal neutrons interacting
with 10B (10), PBCT exploits the nuclear fusion reaction p+11B!
3a (p-B). Themaximumprobability for the p-B reaction occurs for
low-energyprotons, i.e. at an energyof around675keV(11), suchas
those slowing down across the tumor-confined SOBP in PT. Being
emittedwith anenergyof around4MeV(12),which corresponds to
a rangeof less than30mmandan initial LETof around100 keV/mm
in water, these a-particles can cause a highly localized pattern of
clustered DNA damage in the tumor (13). At the same time, the
high proton energies at the beam entrance preventa-particles from
being generated in healthy tissues.We obtained a first experimental
demonstration of PBCT-assisted enhancement of proton biological
effectiveness (14) using the ocular melanoma-dedicated 62-MeV
clinical proton beam at INFN-Laboratori Nazionali del Sud in
Catania (Italy). SodiumMercaptododecaborate (BSH)wasusedas a
boron carrier, at a nominal 11B concentration of 80 ppm. Prostate
cancerDU145 cells were used tomeasure clonogenic survival along
the SOBP and non-cancer mammary epithelial MCF-10A cells to
measure chromosome aberration (CA) frequency at mid-SOBP.
2204
Here we report novel work carried out at INFN-LNS on the
yield and degree of complexity of CAs in MCF-10A cells exposed
at the entrance and distal SOBP positions: complex CAs are a
well-known biomarker of exposure to high-LET radiation (15,
16). Expression of proteins involved in DNA repair pathways
was also studied in MCF-10A cells irradiated at mid-SOBP.
Moreover, for the first time we used the high-energy clinical
proton beam available at the Centro Nazionale di Adroterapia
Oncologica (CNAO) in Pavia, Italy. CAs were revealed by FISH
techniques (17): together with whole chromosome painting
(WCP) of chromosomes 1 and 2, karyotype reconstruction and
analysis by multicolor(m)-FISH were carried out to better
evaluate the yield of complex chromosomal rearrangements
(18). Proton biological effectiveness is increased in the presence
of BSH at both clinical facilities. PBCT could therefore represent
a clinically exploitable strategy to expand the range of tumors
treatable by PT. Furthermore, if coupled with the emerging
proton FLASH-RT regimes, seemingly associated with a
reduction in normal tissue late-occurring adverse effects (19,
20), PBCT could contribute to further widening the PT
therapeutic index.
MATERIALS AND METHODS

Cell Lines
Details on the cell lines used in this study can be found in Cirrone
et al. (14). Briefly, human prostate cancer DU145 cells were grown
inRPMImediumsupplementedwith 10%fetal bovine serum, 1%of
l-glutamine and 1% of penicillin/streptomycin. Human mammary
epithelialMCF-10A cells required twoDMEM/F12-basedmedia as
describedbyDebnath et al. (21): one for optimal growth, containing
5% horse serum, EGF (20 ng/ml), hydrocortisone (0.5 mg/ml),
insulin (10mg/ml)andcholera toxin (100ng/ml); theotherwasused
for routine subcultivation, devoid of all supplements but serum-
enriched (20%) to quench the action of trypsin during cell
resuspension and counting dilutions. Penicillin/streptomycin was
added to both media (1%). Both cell lines were grown in standard
tissue culture flasks kept in a humidified atmosphere of 5% CO2 in
air at 37°C.

Boron Carrier
As a boron carrier, sodium mercaptododecaborate (BSH)
Na2B12H12S (purchased from Katchem Ltd. Czech Rep., CAS
June 2021 | Volume 11 | Article 682647
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144885-51-8), with naturally occurring boron isotopic abundance
(80% 11B and 20% 10B), was used. Prior to irradiation, it was
weighed out and thoroughly dissolved in the appropriate volume
ofcell growthculturemedium.Thefinalworking concentrationwas
80 ppm of 11B by weight, which corresponds to approximately 0.17
mg/ml of BSH. To ensure sterility, BSH-containing medium was
syringe-filtered (0.22-mmpores) before being added to cell cultures.
The pre-treatment of cell cultures with BSH-enriched medium
started about 6-8 hours before irradiation. BSH-treated cells were
irradiated in the presence of boron, hence immediately before
exposure, flasks were completely filled with the appropriate
medium containing 0.17 mg/ml BSH. This was necessary in order
tominimize cellular stress sinceflasks were irradiated in the vertical
position at INFN-LNS or CNAOdue to the horizontal incidence of
the proton beams. The same procedure was followed for control
flasks filled up with BSH-free medium. After irradiation, media
were removed, and cells assayed as below specified.

Irradiations
Clinical Low-Energy Proton Beamline
Irradiations with the ocular melanoma-dedicated 62MeV proton
beamline were performed at the Centro di AdroTerapia e
Frontiers in Oncology | www.frontiersin.org 3205
Applicazioni Nucleari Avanzate (CATANA) at INFN-LNS
(Istituto Nazionale di Fisica Nucleare-Laboratori Nazionali del
Sud) in Catania, Italy (22, 23). Details on cellular irradiation set-
up can be found elsewhere (14). Briefly, a clinical SOBP with a
modulation width of 11 mm and a penetration range of 29.5 mm
in water was used. Cells were irradiated in three positions, i.e.
entrance, mid- and distal SOBP, corresponding to water
equivalent depths of 1, 23.76, and 29.45 mm, respectively, to
which primary LET-dose values of 1.58, 5.02, and 16.32 keV/mm
were associated. Figure 1 shows the energy distribution within
the SOBP at such positions and the LET at different positions
along the SOBP, which was calculated by means of Monte Carlo
simulations and microdosimetric measurements. The CATANA
beamline was entirely simulated using the Hadrontherapy
Geant4 advanced example (24, 25). The averaged LET-dose
total and LET-dose primary were then calculated according to
the procedure reported in (26). Microdosimetric spectra were
measured with three detectors: mini-TEPC (27), Silicon
telescope (28) and MicroPlus probe (29), and the dose mean
lineal energy yD was derived as the ratio between the mean
energy imparted and the mean track length of primary protons
in the irradiated sensitive volumes. The comparison of
A

B

FIGURE 1 | Top panel (A): The LET-dose primary computed for only primary protons (blue line) and LET-dose total calculated considering also the contribution of
generated secondary particles (indigo line) are reported. The dotted line represents the dose values measured in a water phantom with the Markus Chamber (mod.
3002). Experimental yD values are obtained with the mini-TEPC (gray circles), MicroPlus (black squares), Silicon telescope (gray diamonds). Light blue diamonds
represent the silicon data multiplied by a factor k=0.65. Bottom Panel (B): Incident proton energy distribution corresponding to the positions where cells were placed
as calculated by Hadrontherapy Geant4 advanced example.
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experimental yD with the simulated LET is reported in Figure
1A. The best agreement between the averaged LET-dose total
and the dose mean lineal energy yD was found for the mini-
TEPC, as was expected mainly because: i) the mini-TEPC is
tissue-equivalent; ii) it has a smaller sensitive volume (1 mm
water equivalent) than that simulated by the Silicon telescope,
that is 3.3 mm, and by the MicroPlus probe, that is 17.2 mm; iii) it
has a higher sensitivity (30, 31). The dosimetry of the clinical
proton beam was performed just before each cellular irradiation
with an uncertainty in absolute dose measurement within 1.5%
as detailed elsewhere (14). Beam was extracted in air and cell
culture tissue flasks were placed in front of the beam collimator
on a remotely controlled in-house built sample holder (see
Supplementary Figure 1). MCF-10A cells for CA studies were
irradiated at the entrance and distal SOBP positions, with doses
of 0.5, 2 and 4 Gy; in these cells, protein expression was studied
after irradiation with 2 Gy at mid-SOBP.

Clinical High-Energy Proton Beamline
Cell flask irradiations were performed in a 3-D motorized water
phantom (MP3-P, PTW Freiburg, Germany) at three different
water-equivalent depths (40, 150 and 175 mm), corresponding to
the entrance plateau, middle and distal portion of a
homogeneous SOBP, respectively. Dose-averaged LET values
calculated using Monte Carlo FLUKA code (32) at the three
reported depths were 1.96, 3.33 and 4.75 keV/mm, respectively as
shown in Figure 2A. By analogy with the values reported in
Figure 1B for the INFN-LNS SOBP, in Figure 2B the energy
distributions of the incident proton beams within the SOBP are
shown for the cell irradiation positions. A 60-mm width SOBP
(120-180 mm in water) was achieved using 16 discrete proton
energies (range: 131.5-164.8 MeV) generated by the CNAO
synchrotron (33). Pencil beam scanning irradiation modality
was adopted, similarly to the standard clinical scenario at CNAO
(3-mm scanning step for proton beam spot). The absorbed dose
to water was measured using a calibrated Farmer-type ionization
chamber, following the IAEA TRS-398 code of practice (32, 34).
The estimated relative standard uncertainty in the determination
of absorbed dose to water under reference conditions was around
2% (34). Cell tissue culture flasks were placed in a water tank as
shown in Supplementary Figure 2. DU145 cells were irradiated
for measurement of radiation-induced cell death with doses of up
to 4 Gy. To evaluate DNA damage complexity by analysis of
radiation-induced CAs, MCF-10A cells were exposed to the same
doses as at LNS-INFN, that is 0.5, 2 and 4 Gy.

Measurement of Cellular Radioresponse
Clonogenic Assay
Cell death was measured in prostate cancer DU145 cells by loss
of colony-forming ability. At least three replicates were used for
each dose point and treatment condition (irradiation in the
presence or the absence of BSH). Three independent
experiments were carried out for each depth along the SOBP at
CNAO. After incubation at 37°C in a 5% CO2 atmosphere for 12
days to allow for colony formation, cells were fixed and stained
by 0.5% crystal violet dye in 85% methanol in water for 45
minutes at room temperature. Manually counted colonies with
Frontiers in Oncology | www.frontiersin.org 4206
more than 50 cells were considered as survivors. Surviving
fractions (SF) are obtained by dividing the number of colonies
by the number of cells seeded at a given dose D, normalized by
the plating efficiency (PE). Dose-response curves were thus
constructed fitting the SF values to the linear-quadratic
equation SF(D) = exp (–aD–bD2) by least square
minimization according to modified Marquardt-Levenberg
Algorithm for weighted nonlinear regressions (SigmaPlot
v.14.0 SYSTAT). The fitting procedure was repeated setting a
as the only free parameter if b was found consistent with zero.

Chromosome Aberration (CA) Assays
CAs were studied in MCF-10A cells at 36 h post irradiation by
chemical induction of premature chromosome condensation
(PCC). PCC was obtained following 30-min incubation in
calyculin A (50 ng/ml, Sigma Aldrich) and collected by
standard cytogenetic protocol as elsewhere described (35, 36),
slightly modified for adherent cells. Detection of structural CAs
was carried out by Fluorescence-in Situ Hybridization (FISH)
techniques: Whole Chromosome Painting (WCP) and
multicolor (m)-FISH (14, 37). For WCP, two pairs of
homologous chromosomes were labelled with probes
(MetaSystems, Germany) directed to chromosomes 1 and 2
emitting in the green (chromosome #1, XCP-1 FITC-
conjugated probe) or red (chromosome # 2, XCP-2 orange)
A

B

FIGURE 2 | Top panel (A): Dose- and LET-depth profiles for the CNAO
SOBP used during the cellular irradiations. Bottom panel (B): Incident proton
distributions at the three positions where cells were irradiated; from right to
left, energy distribution at entrance, mid-and distal SOBP.
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spectrum under UV light. Denaturation (72°C for 3 min)
followed by hybridization (37°C for 4 h) of 72-h room-
temperature aged s l ides was performed using the
programmable HyBrite chamber system (Vysis, USA). After
post-hybridization washes, chromosomes were counterstained
by DAPI/antifade (250 ng/ml). For mFISH, the 24XCyte probe
cocktail, made up of five fluorochromes by MetaSystems
(CyTM5, DEAC, FITC, Spectrum OrangeTM, Texas Red), was
applied to PCC spreads harvested as described above. A detailed
protocol can be found in Cirrone et al. (14).

Aberration Scoring
Coded slides were viewed at an epi-fluorescence microscope
(Axioplan2 imaging MOT, Carl Zeiss) connected to an
automated platform (Metafer 4, MetaSystems) for slide scanning
and color image acquisition. In the case of labelling by WCP, CAs
were analyzed in FISH-stained chromosomes 1 and2 on computer-
stored images. All slides were blind-scored by the same scorer. All
types of structural aberrations were scored separately and
categorized in simple exchanges (i.e. translocations and
dicentrics), either visibly structurally complete or incomplete,
acentric excess fragments and complex exchanges, these being
assessed as the result of an exchange involving not less than three
breaks in at least two chromosomes (37, 38). For the study’s
purpose, we considered the frequency of all chromosome
exchanges, calculated as the ratio between all exchange-type
aberrations (simple plus complex, both reciprocal and non-
reciprocal) and the number of cells scored; frequencies for
complex-type CAs were also reported separately. No centromere
probe was used but centromeres were clearly distinguishable as
bright bands under DAPI illumination. Not less than 500
chromosome spreads were counted for each dose, SOBP position
and boron treatment status, with more than 1,000 PCC being
analyzed for unirradiated controls. Frequency of aberration
exchanges was fitted to the equation Y = Y0+aD+bD2. For
mFISH analysis, karyotype reconstruction was manually carried
out on PCC spreads acquired and processed using the system
described above and by means of the ISIS imaging software
(MetaSystems, Germany), which attributes a false color pattern
depending on overlap signals intensity, according to 24XCyte
labeling scheme provided by the manufacturer. Not less than 100
karyotypes were analyzed for each experimental point. As in the
case of WCP, all types of aberrations were scored separately and
categorized as simple exchanges (either complete or incomplete)
and complex exchanges. To classify the degree of complexity in the
chromosomal rearrangements due to high-LET a-particles, the
number of chromosomes and the number of breaks involved per
complex exchange were evaluated, similar to Lee et al. (39), and
presented as frequencies (ratios to the number of cells scored). A
Poisson statistics was assumed to evaluate standard errors (SE) on
aberration mean frequencies and significance between frequency
datawas assessedbyZ-test using the StatCalc 3.02 software (Acastat
Software, USA).

Western Blotting
Total cell lysates from BSH-treated and untreated MCF-10A cells
were obtained by using a solubilization and denaturation buffer
Frontiers in Oncology | www.frontiersin.org 5207
(8 MUrea, 4% CHAPS, 65 mMDTE, 40 mMTris) supplemented
with protease and phosphatase inhibitors (Sigma-Aldrich).
Protein concentration was determined by the Bradford protein
assay (Bio-Rad). Aliquots of 30 µg cell lysates were subjected to
the SDS polyacrylamide gel electrophoresis (SDS-PAGE),
performed in a range of gel concentrations from 6 to 12%
according to the molecular weight of the proteins to be
separated. Protein transfer was carried out into nitrocellulose
membrane (HyBond ECL, Amersham) by electroblotting at
100 V for 60 min at 4°C in the transfer buffer (25 mM Tris,
190 mM Glycine, 20% Methanol). Membranes were treated with
a blocking solution (5% non-fat dehydrated milk in 0.05% TBST)
for 1 h at room temperature and then incubated with a primary
antibody in the appropriate dilution in a 0.05% TBST solution
with 1% dry milk, overnight with stirring at 4°C. The primary
antibodies used were the following: DNA Polymerase beta
(Novus Biologicals), Phospho-ATR (Abcam), Phospho-XPA
(Thermo Fisher Scientific), Ku70/XRCC6 (Novus Biologicals),
Phospho-gH2AX BioLegend), b-Actin (Sigma-Aldrich).
Following incubation with the appropriate secondary antibody
peroxidase-linked, chemiluminescent reactions were detected by
using the Chemidoc system as per manufacturer’s instructions
(Biorad). Protein quantification was performed with the
ImageMaster 2D Platinum software (Amersham Biosciences)
by densitometric analysis of the immune-reactive bands. The
expression of b-actin was used as an internal standard for data
normalization, the signal of each protein band was normalized to
the densitometric value of b-actin and the protein quantification
expressed as fold-change in respect of the control
sample (untreated).
RESULTS

Irradiations at the Low-Energy
INFN-LNS Facility
In previous experiments, the non-tumorigenic MCF-10A cell
line was used to assess enhancement of DNA damage by BSH in
the form of CAs in samples exposed at the mid-SOBP position of
the 62-MeV proton beam of LNS-INFN (14). Here, for the first
time, MCF-10A cells were irradiated at the beam entrance and at
the distal SOBP position as detailed in 2.3.1 and CA yield and
complexity were analyzed. The purpose was to investigate the
clinically-relevant dependence on proton energy, hence on depth
along the SOBP, of boron-mediated radiosensitization due to the
p-B reaction. The expression of DNA damage-activated repair
proteins was also studied at mid-SOBP.

Chromosome Aberration (CA) Induction and
Complexity Along the INFN-LNS Proton SOBP
CA frequencies were measured by both WCP and mFISH
analysis. Figure 3 shows the frequency of all CA types revealed
by WCP as a function of proton dose from cells exposed at the
entrance and distal SOBP positions. For sake of comparison, data
previously obtained from cells exposed at mid-SOBP are also
shown (Figure 3B). A dose-dependent increase in the amount of
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CAs in non-BSH treated cells can be observed at all positions. After
4 Gy of protons, a 4.5-fold and 3-fold elevation in the frequency of
aberrations per cell was recorded at the distal position (Figure 3C)
in comparison to entrance (Figure 3A) andmid-SOBP (Figure 3B)
positions, respectively. More importantly, DNA damage is
increased by the p-B reaction. Proton irradiation results in a
significant elevation of CA frequency in BSH-treated cells
compared to their counterparts irradiated in the absence of BSH
at the distal position (Figure 3C), while no effect due to the boron
carrier is observed at the beamentrance (Figure 3A). Specifically, at
the distal position, for BSH-treated samples, about 0.83 and 1.61
aberrations per cell are recorded after 2 Gy and 4 Gy of protons
compared to 0.50 and 1.37 found in non-BSH samples at the same
doses, with a BSH-associated fold changeof 1.7 and1.2, respectively
(Figure 3C). A greater proportion of complex-type rearrangements
as detected by WCP and mFISH was measured in PCC spreads at
the distal SOBP compared to entrance and mid-SOBP (Figure 4),
reflecting the increase in LET of the primary beam (Figure 1A).
Furthermore, the absolute values of such complex-type CAs were
greatest in BSH-treated irradiated cells andwhenmFISH technique
was used.No such a difference could bemeasuredwhen scoringwas
carried out with either WCP or mFISH on PCC spreads from cells
irradiated at the beam entrance. At the latter position, in fact, very
low frequencies of complex exchanges and no BSH dependence
were found, even at the highest dose used, with 4 Gy yielding less
than 0.05 complex CAs per cell after WCP analysis (Figure 4A).
Conversely, at the distal position, the measured frequency of
complex-type CAs as revealed by WCP in BSH-treated cells was
greater than that measured for their non-BSH counterparts at all
proton irradiation doses, such an increase being more than 3-fold
already at a dose as low as 0.5 Gy (0.052 in BSH-treated samples vs.
0.014 innonBSH-treated ones); after 2Gy and 4Gy, about 0.52 and
0.91 complex CAs per cell were observed following proton
irradiation in the presence of the boron compound compared to
around0.08 and 0.33 scored innon-BSHsamples (Figure 4A). BSH
per se did not influence the overall yield of CAs in unirradiated
MCF-10A cells, with a baseline frequency similar to that previously
reported (14).

By allowing detection of chromosome exchanges involving all
chromosomes, mFISH-based karyotyping is best suited to
accurately quantify LET-dependent aberration complexity. In
Frontiers in Oncology | www.frontiersin.org 6208
fact, a greater amount of complex-type CAs than that revealed by
WCP was observed when this technique was used (Figure 4B) in
all irradiated samples, particularly at the distal SOBP position.
Moreover, mFISH data confirmed a greater occurrence of
complex-type CAs in BSH-treated samples compared to those
exposed to the proton beam in the absence of the boron carrier at
mid- and distal SOBP positions, with no significant difference
due to BSH at the beam entrance. In particular, at the distal
SOBP the frequency of complex CAs after 2 Gy and 4 Gy proton
irradiation reached 0.6 and 1.3 aberrations per cell in PCC
spreads from BSH-treated cells compared to frequency values
of 0.26 and 1.0 measured in non-BSH samples, respectively
(Figure 4B). To further characterize the degree of complexity
in the aberrations scored by mFISH, the number of
chromosomes involved in complex exchanges per cell and the
number of breaks in complex exchanges per cell were also
measured (Figure 5) for the newly acquired data at entrance
and distal; previously acquired data obtained at mid-SOBP (14)
were also re-assessed in light of such parameters. Complex
exchanges scored in BSH-treated irradiated cells at mid- and
distal SOBP positions consistently show a higher frequency of
chromosomes per complex exchange (Figure 5A) and of breaks
per complex exchange (Figure 5B) than that found in complex
exchanges detected in cells exposed to protons in the absence of
the boron carrier. For example, following 4 Gy proton irradiation
at distal, almost 6 chromosomes per complex exchange per cell
and 8 breaks per complex exchange per cell were found in BSH-
treated cells compared to figures of 4 chromosomes and 5 breaks
measured in complex CAs found in non-BSH samples. No
appreciable difference could be instead observed for samples
irradiated at entrance for either parameter. Overall, these results
are consistent with a boron-mediated increase in the yield and
complexity of proton irradiation-induced DNA damage as a
result of the p-B reaction.

Western Blotting Analysis of DNA Damage
Repair Machinery
In order to detect the expression of proteins involved in DNA
damage repair and to highlight putative differences due to the
presence of BSH, Western Blotting (WB) analyses were
performed in MCF-10A cells after irradiation with 2 Gy of
A B C

FIGURE 3 | Chromosome aberration frequency measured by WCP analysis in cells exposed along the INFN-LNS proton beam SOBP in the presence or the absence of
BSH: left panel (A) refers to the entrance position, central panel (B) to mid-SOBP data from Cirrone et al. (14), and right panel (C) to distal position. Error bars depict SE
of at least three independent replicates. Data were fitted to a linear-quadratic function Y=Y0+aD+bD2 with Y0 being the CA frequency in unirradiated cells.
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protons at mid-SOBP. Two time points of analysis were chosen
to examine the activation and downregulation of the DNA
Damage Response (DDR), which usually reaches a peak of
activity at 30 min and gradually declines over the course of 24
hours (40), thus samples were assayed at 30 min and 24 h past
the exposure (Figure 6A). Protein quantification was performed
by densitometric analysis using the b-actin expression as
housekeeping protein for data normalization: expression values
for each protein are reported as fold change with respect to
controls (Figure 6B), as described in the method section. ATR
(Ataxia Telangiectasia Mutated and Rad-3) is generally activated
when both single- and double-strand breaks occur (41). WB
analysis of ATR at 30 min after irradiation showed an increase of
protein expression with a fold change of 1.6 in the 2 Gy sample
and 2.9 in the 2 Gy + BSH sample, while at 24 h a fold change of
1.1 and 1.7, respectively, was observed. For Ku70, a DNA-
binding protein involved in the non-homologous end joining
pathway (NHEJ) as reviewed in (42), WB analysis showed an
increase in expression by a factor of 4.1 and 5.1 in the 2 Gy and 2
Gy + BSH samples 30 min post irradiation, respectively.
However, no difference between the two samples was observed
at 24 h, although a 3.3-fold increased expression of Ku70 was
measured. Polymerase Beta (POLB) plays a key role in Base
Excision Repair (BER), which is activated in response to base
lesions and abasic sites that occur during single-strand repair
(43). An increased POLB expression of 2.0 and 3.9 at 30 min
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post-irradiation was revealed in the 2 Gy and 2 Gy + BSH
samples, while in the samples assayed at 24 h an increase by a
factor of 1.1 and 1.9, respectively, was observed. Similar to POLB,
XPA is activated by single-strand breaks and in particular during
Nucleotide Excision Repair (NER) (44). The XPA WB analysis
revealed an increased expression by 2.1 and 1.8 in the 2 Gy and 2
Gy+BSH samples at 30 min after irradiation, respectively, and an
increase of 1.4 and 1.3 at 24 h. We also investigated the
expression of the phosphorylated form of the histone H2AX.
At 30 min post-irradiation, an increase of 3.0 and 4.8 in the 2Gy
and 2 Gy+BSH samples, respectively, was observed, while at 24 h
the protein expression increased by a factor of 2.4 and 2.7,
respectively. Altogether, these results suggest a BSH-mediated
increase in the DNA damage response machinery. However,
additional analysis will be performed in the near future to further
clarify the role of BSH in inducing a higher DNA damage yield
with respect to proton irradiation alone.

Irradiations at the High-Energy
CNAO Facility
For the first time, the pre-clinical feasibility of the PBCT
approach was tested at the synchrotron-generated proton
SOBP routinely used to treat deep-seated tumors at CNAO.
Loss of colony-forming ability and aberration induction were
investigated to assess whether proton irradiation in the presence
of BSH, similarly to what was found at the lower-energy LNS-
A B

FIGURE 5 | Classification of complex exchanges revealed by mFISH analysis in terms of number of chromosomes involved in complex exchanges per cell, left panel
(A), and number of breaks in complex exchanges per cell, right panel (B) for MCF-10A cells irradiated at entrance, mid, and distal positions of the INFN-LNS
low-energy clinical proton beam.
A B

FIGURE 4 | Frequency of complex-type aberrations as revealed by WCP, left panel (A), or by mFISH, right panel (B), as a function of dose and position along the
INFN-LNS proton beam SOBP for samples irradiated in the presence or absence of BSH. Data from previous experiments (14) obtained for mid-SOBP are also
presented for comparison. Error bars depict SE of the mean from at least three independent replicates.
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INFN PT facility, resulted in an increase of cancer cell death due
to complex DNA damage caused by the high-LET a-particles
from the p-B reaction. To this end, prostate cancer DU145 cells
and non-tumorigenic MCF-10A cells were irradiated at three
different positions along the CNAO SOBP as specified in 2.3.2.

Clonogenic Dose-Response Curves
Figure 7 shows the clonogenic dose-response curves obtained
from DU145 cells exposed at beam entrance, mid- and distal
SOBP positions in the presence or absence of the boron carrier
BSH. As shown by the curve fitting parameters (Table 1), the
effectiveness at cell killing generally increases with depth along
the SOBP, this being maximal at the distal position where the
clonogenic dose-response curve of non-BSH cells is best fitted by
a pure exponential function. This is in line with the increase in
LET as shown in Figure 2A. More interestingly, at the entrance
position of the SOBP (Figure 7A) no difference in surviving
fraction (SF) was observed between BSH-treated and non-BSH
samples. At mid- and distal SOBP positions, instead, SF values
are significantly lower for cells irradiated in the presence of the
boron carrier than those recorded for cells irradiated in the
absence of BSH (Figures 7B, C), with fitting curves from BSH-
treated cells at such positions exhibiting a pure exponential
decrease with dose (Table 1). An SF2 value of about 0.42 was
found for non-BSH samples compared to a value of 0.26 as
Frontiers in Oncology | www.frontiersin.org 8210
measured in BSH-treated cells at mid-SOBP (Figure 7B). Boron
treatment did not affect clonogenic survival of unirradiated cells
as PE values did not differ between BSH-treated and untreated
cells and were on average around 55% (data not shown). To
quantify the BSH-induced increase in proton irradiation-
induced cell killing, the Dose-Modifying Factor at 10% level
(DMF10) was calculated and was about 1.3 at mid-SOBP (Table
1): the presence of BSH thus resulted in an increase of the
effectiveness by proton radiation dose to reduce the SF of DU145
cells to 0.1 by about 30% compared to pristine proton irradiation.
A slight but not statistically significant increase was observed for
DMF10 at distal position. These results are consistent with the
p-B reaction as being responsible for an increase of the
effectiveness of the CNAO clinical proton beamline at tumor
cell killing.

Chromosome Aberration Induction and Complexity
Along the CNAO Proton SOBP
Proton irradiation-induced CAs were scored in PCC spreads
from MCF-10A cells exposed at the beam entrance, mid- and
distal SOBP position of the CNAO clinical beamline in the
presence or the absence of the boron carrier BSH. The dose-
response curves for total aberration frequencies show that the
yield of DNA damage generally increases with dose and, at each
dose, with depth in BSH-untreated cells, the presence of boron
A B C

FIGURE 7 | Clonogenic survival of prostate cancer DU145 cells irradiated along the CNAO proton beam SOBP. Effect of the presence or absence of 80 ppm of 11B
from BSH on the survival fraction (SF) in three positions: Left panel (A) entrance, (B) mid SOBP, and right panel (C) distal. Error bars depict SE of at least three
independent replicates. Data were fitted to a linear-quadratic function SF=exp-(aD+bD2).
A B

FIGURE 6 | Western Blotting analysis of DNA damage response in the MCF-10A cell line irradiated with 2 Gy of proton beam with or without BSH, studied at two
time points: 30 min and 24 h post-irradiation. (A) Western Blot gel example with the studied proteins; (B) Fold change of protein expression. The data shown are
representative of three independent experiments and are expressed as the mean ± standard error of the mean (SEM). The significance level compared to the
untreated sample was set to p < 0.05 and displayed with the asterisk (*).
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significantly exacerbating proton irradiation-induced DNA
damage at mid- and distal SOBP positions but not at the beam
entrance (Figure 8). In fact, after 2 Gy, between 0.08 and 0.06
aberrations per cell were measured in BSH-treated and untreated
cells, respectively, at the beam entrance (Figure 8A); at such a
dose, the recorded CA frequency was 0.12 and 0.18 at mid-SOBP
and distal in PCC from cells irradiated in the absence of boron,
while rising to 0.18 and 0.26 when irradiation had occurred in
the presence of BSH (Figures 8B, C). At the highest dose used,
i.e. 4 Gy, about 0.30 aberrations per cell were measured at the
entrance, irrespective of boron presence, while rising to 0.37 and
0.43 at mid-SOBP and distal, respectively, for cells irradiated in
the absence of BSH. At the same dose and positions, BSH-treated
cells exhibited 0.49 and 0.52 aberrations per cell (Figure 8). As
seen for CA measured following irradiation at INFN-LNS, BSH
did not exert any cytotoxic action per se as similar baseline
frequencies were observed (data not shown), in keeping with
values previously reported (14).

The yield of complex chromosomal rearrangements as well
the degree of complexity associated with such exchanges were
measured along the SOBP (Figures 9 and 10). In particular, the
frequency of complex-type aberrations was determined by WCP
(Figure 9A) and mFISH (Figure 9B) techniques. At mid-SOBP,
following 2 Gy and 4 Gy of proton irradiation, WCP-based
analysis showed 0.07 and 0.13 complex CAs per cell in BSH-
treated samples compared to values of 0.01 and 0.08 in their non-
BSH treated counterparts at the same doses (Figure 9A). These
values rose to 0.10 and 0.20 following 2 Gy and 4 Gy at distal
SOBP in BSH-treated cells compared to complex CA frequencies
of 0.05 and 0.11 detected in PCC from non-BSH samples. At the
entrance position, no complex aberrations could be found by
WCP following either 0.5 Gy or 2 Gy, while similar values were
measured after 4 Gy between BSH and non-BSH samples
(Figure 9A). Analysis by mFISH confirmed the occurrence of
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a greater proportion of complex rearrangements in BSH-treated
samples compared to PCC from cells that had been irradiated in
the absence of BSH, with overall higher absolute frequency values
in all scored samples due to the karyotype-wide sensitivity of the
technique (Figure 9B). Indeed, mFISH analysis made possible to
ascertain that a greater degree of complexity was associated with
the greater occurrence of complex exchanges found in samples
irradiated in the presence of BSH, showing a higher number of
chromosomes involved per complex exchange per cell (Figure
10A) and a higher number of breaks per complex exchange per
cell (Figure 10B) compared to non-BSH samples: after 4 Gy, for
example, twice as many chromosomes per complex exchange
could be found in BSH-treated samples compared to non-BSH
samples at mid- and distal SOBP (Figure 10A). The frequency of
breaks per complex exchange was also twice as much after 4 Gy
at mid-SOBP in BSH-treated samples compared to non-BSH
ones, becoming 3-fold greater at distal SOBP following the same
dose (Figure 10B).

Figure 11 clearly demonstrates the different degree of
aberration complexity revealed by mFISH between samples
scored from cells exposed to the same dose, in this case 4 Gy,
but at different positions of the CNAO beamline: in Figure 11A a
translocation is visible in the karyotype obtained from a cell
exposed at the entrance. Figure 11B, on the other hand, refers to
a karyotype reconstructed from a cell irradiated at the distal
position containing several aberrations, namely: a complex
exchange between chromosomes 1, 6, and 9, entailing 5 breaks;
a complex exchange between chromosomes 4, 8, and 10 (with 3
breaks); a complex exchange between chromosomes 8, 11, 16,
and the X chromosome (for a total of 6 breaks); a dicentric
between chromosomes 12 and 13. Excluding the latter, which is a
simple-type exchange, the number of chromosomes and breaks
involved in the complex exchanges for this particular karyotype
amounts to 10 and 14, respectively (Figure 11B).
A B C

FIGURE 8 | CA frequency measured by WCP analysis in cells exposed along the CNAO proton beam SOBP: left panel (A) refers to entrance position, central panel
(B) to mid-SOBP, and right panel (C) to distal SOBP. Error bars depict SE of at least three independent replicates. Data were fitted to a linear-quadratic function
Y=Y0+aD+bD2.
TABLE 1 | Linear-quadratic fitting parameters and DMF10 for survival curves obtained after irradiation of DU145 along the CNAO proton beam SOBP.

Fitting parameters a (Gy-1) b (Gy-2) DMF10

Entrance 0.346 ± 0.017 0.017 ± 0.005
Mid-SOBP No BSH 0.421 ± 0.034 0.017 ± 0.010 –

Mid-SOBP BSH 0.640 ± 0.037 – 1.29 ± 0.14
Distal No BSH 0.565 ± 0.012 – –

Distal BSH 0.752 ± 0.064 – 1.33 ± 0.12
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DISCUSSION

Hadrontherapy is an advanced cancer radiotherapy (RT)
modality using accelerated charged particle beams. The
charged particles’ inverted dose-depth profile (Bragg curve)
translates in greater sparing of healthy tissues and improved
precision in dose delivery thanks to the tumor-conformed
Spread-Out Bragg Peak (SOBP) compared to conventional
radiotherapy (CRT) based on high-energy photon/electron
beams (1, 45). Currently, protons and carbon ions are being
used. However, clinical protons exhibit a relative biological
effectiveness (RBE) at tumor cell killing similar to that of CRT,
with a fixed value of 1.1 universally adopted in treatment
planning. Carbon ion beams, on the other hand, have a higher
linear energy transfer (LET), around 50 keV/mm compared to the
4-5 keV/mm of protons at mid-SOBP (33), leading to mostly
clustered DNA damage, whose poor reparability leads to a
greater RBE compared to both PT and CRT. However, carbon-
ion RT is affected by radiobiological uncertainties on long-term
consequences from normal-tissue damage and the presence of a
fragmentation tail leading to unwanted dose beyond the SOBP
(8, 46). Hence, PT represents a safer choice to lower the overall
risk of RT-induced secondary cancers, especially in the case of
pediatric patients (3, 47). Moreover, carbon-ion clinical facilities
are still considerably more expensive than PT ones (8). As a
result, PT is rapidly growing worldwide (see statistics
periodically updated by the Particle Therapy Co-operative
Group or PTCOG, accessible online at www.ptcog.ch), despite
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ongoing debate as evidence-based medicine critics dispute its
overall cost-effectiveness (48). However, because cancer
radioresistance, either intrinsic or acquired during RT, is a
major cause for treatment failure by favoring metastasization
and disease recurrence, increasing proton biological effectiveness
remains an attractive prospective in hadrontherapy. In fact,
although PT is generally regarded as ineffective against
radioresistant cancers, there exists evidence for a peculiarly
different radiobiological behaviour exhibited by protons
compared to photons (49), with reports showing greater
radiosensitization ability than that expected based solely on
LET, for instance in causing ROS-mediated damage to cancer
stem cells (50). Together with the known higher RBE at the distal
position of clinical proton SOBP (51), this has led to urge the
implementation of a variable RBE in PT (52). Indeed, several
biology-based radiosensitizing strategies are being explored, such
as combining particle therapy with targeting of specific
molecular pathways involved in radioresistance, as recently
reviewed by Konings et al. (53), although more pre-clinical
research is needed.

One alternative to potentiate proton biological efficacy is
based on nuclear physics and stems from the proposed
adoption of a binary approach, termed Proton-Boron Capture
Therapy or PBCT (9), in which a highly localized emission of
high-LET a-particles resulting from the interaction between low-
energy protons and atoms of 11B (p-B reaction, in brief) is
supposed to severely damage cancer cells’ DNA. We obtained a
first pre-clinical demonstration of PBCT at the relatively low-
A B

FIGURE 10 | Classification of complex exchanges revealed by mFISH analysis in terms of frequencies of number of chromosomes, left panel (A), and number of
breaks [right panel (B)] involved; for MCF-10A cells irradiated at entrance, mid, and distal positions of the CNAO clinical proton beam.
A B

FIGURE 9 | Frequency of complex CA as revealed by WCP, left panel (A), or mFISH, right panel (B), as a function of dose and position along the CNAO proton
beam SOBP for samples irradiated in the presence or absence of BSH.
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energy clinical proton beamline of the INFN-LNS (Catania,
Italy) reporting a significant reduction in the colony-forming
ability of prostate cancer DU145 cells irradiated in the presence
of the boron carrier BSH (14). Non-cancer human mammary
epithelial MCF-10A cells were used to study DNA damage (in
the form of chromosome aberrations, CAs) in order to avoid the
confoundingly high baseline CA frequency from genomically
unstable cancer cells: the presence of BSH resulted in an
elevation of CA induction, and particularly of complex-type
exchanges, compared to cells irradiated with protons alone at
mid-SOBP (14). In this work, we present further in vitro results
on the biological effects of the p-B reaction triggered by proton
irradiation in clinical settings. Novel data on CA induction and
complexity, as well as on repair protein expression, were
obtained at the INFN-LNS facility. Moreover, for the first time,
experiments were carried out at the high-energy proton beamline
routinely used for deep-seated cancer protontherapy at the
Centro Nazionale di Adroterapia Oncologica (CNAO),
Pavia (Italy).

The p-B Reaction Enhances the Yield and
Complexity of Proton-Induced DNA
Damage Along the SOBP of the INFN-LNS
Proton Beamline
Structural chromosomal rearrangements reflect both the amount
and the pattern of energy deposition events by ionizing radiation
on the (sub)micrometric scale. Therefore, their frequency
correlates with overall radiation-induced DNA damage, and an
increased proportion of complex aberration types reflects
exposure to higher radiation LET, such as that of the a-
particles from the p-B reaction. CAs as revealed by WCP and
mFISH were analyzed in MCF-10A cells irradiated at the beam
entrance and distal position at the INFN-LNS therapeutic proton
beamline. The yield of CAs was greater in BSH-treated samples
compared to that measured in cells exposed to protons in the
absence of the boron carrier at the distal position (Figure 3C)
while no BSH-related difference was observed in cells irradiated
at the beam entrance (Figure 3A). Moreover, the CA frequency
Frontiers in Oncology | www.frontiersin.org 11213
measured in BSH-treated MCF-10A cells at the distal SOBP
position was also greater for all radiation doses than that
previously recorded at the mid-SOBP (14) and shown in
Figure 3B. These results, therefore, confirm those showing a
depth-dependent increase in BSH-mediated enhancement of
clonogenic cell killing in DU145 cells at this facility (14) and
further corroborate the notion that proton-induced DNA
damage is exacerbated by the p-B reaction. Since the latter is
triggered by low-energy protons, that is at around 700 keV, it can
be expected that as protons slow down across the SOBP, the
magnitude of the DNA-damaging effect brought about by
the reaction-generated a-particles will increase with depth
along the SOBP, i.e., with the decrease in the mean incident
proton energy. As shown by the spectra reported in Figure 1B, at
the distal position, the incident proton energy distribution is
centered around about 5 MeV while being about 20 MeV at mid-
SOBP and slightly less than 60 MeV at the beam entrance. It is
worth noticing that also for non-BSH treated samples, the
frequency of CAs increases with depth at all doses, such an
increase being more marked at the distal position compared to
either entrance or mid-SOBP, which reflects the significant
differences between LET values at such depths, i.e. about 16
keV/mm vs. 1.6 and 5 keV/mm, respectively (Figure 1A). This is
in keeping with a greater proton effectiveness at cell killing
towards the distal part of the SOBP as found by Chaudhary
et al. (51) at the same facility. Indeed, the sharp increase in RBE
at the distal position used in this work may result in a dose-
dependent “saturation effect”, partially masking the fold increase
due to the p-B reaction: this can explain why the measured 6.5-
fold increase in complex-type CA frequency measured by WCP
labelling after 2 Gy was reduced to a factor of 2.7 after 4 Gy at the
distal SOBP (Figure 4A). At this position, a similar attenuation
in the enhancing effect on damage complexity of the p-B reaction
is observed at the highest dose used following mFISH analysis
(Figure 4B).

As mentioned, the rationale underlying PBCT as a means to
increase proton biological effectiveness is the exploitation of the
high-LET a-particles generated by the p-B reaction because the
A B

FIGURE 11 | Examples of CA analysis by mFISH. Images depict karyotypes from samples irradiated at the CNAO beamline with 4 Gy of protons in the presence of
BSH and show typical aberrations types found at two positions, i.e. a simple exchange between chromosomes 2 and 17 from a cell exposed at the entrance [left
panel, (A)] and several complex rearrangement detected in a PCC spread from a cell irradiated at the distal position [right panel, (B)]. See main text for details.
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highly spatio-temporally clustered nature of the lesions created
by such densely ionizing particles at the DNA level will
compromise cellular repair proficiency. Moreover, compared to
sparsely ionizing radiation, more chromosomal domains will be
likely to be traversed by a single a-particle track, which will in
turn cause multiple DNA breakage sites. This will manifest itself
as an increase in the overall complexity of the chromosomal
rearrangements arising from mis-repair of such damage (8).
Thus, to gather further evidence in support of the
radiosensitizing action of the p-B reaction, measurement of the
yield of complex-type CAs was carried out by two FISH-based
techniques, Whole Chromosome Painting (WCP) and
multicolor(m)-FISH karyotyping. The latter, in particular, was
used because it allows a detailed quantification of the number of
chromosomes and breaks involved in each complex-type
chromosomal rearrangement, thereby providing an accurate
estimate of the degree of complexity. In fact, the higher LET at
the distal position caused a significant increase in complex CAs
in all irradiated samples in this work. However, both WCP and
mFISH analysis concurred in showing that irradiation of MCF-
10A cells at the distal position in the presence of BSH resulted in
a much greater occurrence of complex CAs than in non-BSH
treated samples, with mFISH being able to unveil a consistently
greater proportion of such exchanges compared to those detected
by WCP (Figure 4). No effect due to the presence of BSH could
be instead measured at the beam entrance, where, as expected on
the basis of the low LET of the primary proton beam, the
proportion of complex exchanges never exceeded 0.15
aberrations per cell as measured at the highest dose used (4
Gy) by mFISH analysis. Conversely, at distal SOBP, 2 Gy of
protons yielded a frequency of complex aberrations per cell in
BSH-treated samples that is twice as much as that measured by
the same technique at the same dose in non-BSH samples
(Figure 4B). Furthermore, the proportion of complex CAs
scored by WCP in BSH-treated compared to non-BSH samples
increased with the depth along the SOBP, rising from a factor of
around 4 at mid SOBP to more than 6 at distal after 2 Gy. More
significantly, mFISH analysis allowed the detection at mid- and
distal SOBP, but not at the beam entrance, of a greater number of
chromosomes per complex exchange per cell in BSH-treated cells
compared to non-BSH samples at all doses (Figure 5A).
Accordingly, the frequency of breaks per complex exchange was
found to be consistently higher in cells irradiated in the presence of
the boron carrier (Figure 5B). The appropriateness of FISH
techniques, and specifically of combinatorial painting (mFISH),
to detect high LET radiation-associated chromosome damage
complexity has been long supported (54, 55). Although a
straightforward comparison with existing results obtained for in
vitro cellular exposures to external beams of a-particles may hold
little significance considering thebinaryprocess under investigation
here, our results are consistent with the level of CA complexity
expected following similar LETvalues for these particles (56) aswell
asother ions (39).Overall, thesedata allowto conclude that the yield
of proton-induced DNA damage is significantly increased by the
presence of the boron carrier BSH at therapeutically relevant
positions along the SOBP, i.e. at the mid- and distal SOBP, but
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not at the beam entrance, where the healthy tissue would lie.
Moreover, based on the CAB (Chromosome, Arm, Break)
criterion for assessing chromosomal damage complexity (38), the
results on the occurrence of complexCAs in irradiatedBSH-treated
cells point to the high-LETa-particles from the p-B reaction as the
most likely underlying mechanism.

The p-B reaction Results in an Increased
Upregulation of the DNA Damage Response (DDR)
Machinery at the Mid-SOBP of the INFN-LNS
Proton Beamline
The effect of the presence of the boron carrier BSH on the
expression of key molecules belonging to specific DNA repair
pathways was investigated by means of Western Blotting (WB)
assays following the exposure of MCF-10A cells at the mid-SOBP
at the INFN-LNS facility. In particular, we analyzed the
expression of 5 proteins: The X-Ray Repair Cross
Complementing 6 (XRCC6/KU70) involved in NHEJ, the
Xeroderma Pigmentosum Group A-Complementing Protein
(XPA) involved in NER, the Polymerase Beta (POLB) involved
in BER, the Ataxia Telangiectasia and Rad3-Related kinase
(ATR), involved in both SSBs and DSBs repair. In addition to
this pool of DNA damage biomarkers, we also analyzed the
expression of the phosphorylated form of histone H2AX
(gH2AX), since it represents a well-known early marker of
DNA DSBs (57). Since tumor cells often display defective or
not functional DNA repair mechanisms, the non-tumorigenic
MCF-10A cell line, commonly used as a healthy control
epithelial cell line (58, 59) was thus used to study the
activation of DDR pathways.

ATR is activated upon DSB formation and represents a
master regulator of HR; moreover, it phosphorylates the
histone gH2AX downstream of a DNA damage event (60, 61).
Thus, ATR expression can be related to DSB levels in response to
proton irradiation in combination with the p-B reaction. In our
analysis, the expression of ATR increased at the time point of
30 min after irradiation (2 Gy) in the BSH-treated samples
(Figure 6). This is consistent with the peak in the onset of
activated gH2AX foci at this time (62). As expected, ATR signal
decreased at 24 hours post irradiation in the non-BSH samples,
still remaining higher in samples pretreated with BSH. One of the
master regulators of NHEJ is the heterodimer formed by two
proteins, Ku70/Ku80, thus the expression of Ku70 can be
indicative of the triggering of non-homologous recombination.
NHEJ, which is prevalent in mammalian cells, however, should
not be considered as an exclusive mechanism of DSB repair and
its activation can be simultaneous and also modulate the HR
alternative pathway of DSB repair (63). As expected, Ku70
expression increased 30 min post irradiation in the presence of
BSH, thus suggesting that NHEJ is likewise activated in response
to DNA DSB during proton irradiation, like HR. Similar to the
ATR modification, the Ku70 levels at 24 hours post irradiation
remained high, with and without the BSH pre-treatment, respect
to the controls. The elevated levels of DSB repair markers even at
24 hours are in keeping with the findings from CA analysis, due
to the error prone DSB machinery, especially of the NHEJ.
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On the other hand, ionizing radiation also induces DNA
SSBs, BER being considered as one of the main pathways
involved in the repair of SSB sites (64). One of the most
important enzymes involved in BER is the Polymerase Beta
which is required to remove the 5´-deoxyribose-5-phosphate of
an abasic site and to fill the gap between DNA strands (65). As
for the DSB repair pathways, also BER was affected by the
presence of the boron carrier and POLB expression was higher
in BSH-treated cells, meaning that both double- and single-
strand break repair systems were active together at the same time
and contributed to DDR. Since HR and NHEJ converge to the
phosphorylation of the histone H2AX, also its phosphorylated
form was increased after BSH treatment in our cell samples.
Unexpectedly, NER, and in particular its master regulator XPA,
did not show a level of expression correlated to BSH treatment,
hence NER could be a less-activated mechanism of SSB repair
following irradiation in the presence of BSH.

The p-B Reaction Increases the Biological
Effectiveness of the High-Energy CNAO
Therapeutic Proton Beamline
The presence of 80 ppm of 11B from BSH during irradiation
resulted in an increase in clonogenic cell death of prostate cancer
DU145 cells (Figure 7) and in an increase in the yield and
complexity of DNA damage assayed by FISH-labelled CAs
(Figures 8–10) in non-tumorigenic MCF-10A epithelial cells
along a clinical proton SOBP at CNAO. Such effects were
observed at mid- and distal SOBP positions but not at the
beam entrance.

The Presence of BSH Causes In Vitro Enhancement
of Radiation-Induced Cancer Cell Death at the
Clinical CNAO Proton Beamline
DU145 cells were exposed at three depths, corresponding to the
beam entrance, mid- and distal positions, along a clinical 180-
mm SOBP (Figure 2). Clonogenic dose-response curves show
that the presence of BSH led to an enhancement of radiation-
induced cell death at mid- and distal SOBP positions (Figures
7B, C). No BSH-dependent difference in measured surviving
fraction (SF) was instead observed for samples irradiated at the
beam entrance (Figure 7A). As shown by the curve fitting
parameters for the non-BSH treated samples reported in Table
1, proton effectiveness moderately increases with depth along the
SOBP, in accordance with the increase in radiation LET (Figure
2A), being greater at the clinically relevant mid- and distal
positions. BSH-related radiosensitization slightly increased,
albeit not significantly, from mid to distal position, while being
null at beam entrance. Thus, SF2 values in BSH-treated cells were
0.26 and 0.20 at mid- and distal SOBP compared to 0.42 and 0.34
measured for non BSH-treated cells, respectively. The level of
radiosensitization induced by BSH was quantified by the Dose-
Modifying Factor at the 10% cell survival level (DMF10). This
was around 1.3 at both mid- and distal positions (1.29 and 1.33,
respectively, as shown in Table 1), indicating an increase of
about 30% in dose-dependent proton biological effectiveness at
cancer cell killing by the p-B reaction. DMF10 values from our
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previous experiments with the same cell line were 1.46 and 1.75
at the mid- and distal SOBP positions at the INFN-LNS facility
beamline (14), which was also used in this work in relation to the
DNA damage results reported above (The p-B Reaction
Enhances the Yield and Complexity of Proton-induced DNA
Damage Along the SOBP of the INFN-LNS Proton Beamline).
The fact that the magnitude of the radiosensitizing effect due to
the p-B reaction was slightly smaller at CNAO can be explained
by the overall higher energy distributions of the incident proton
beam along the SOBP compared to those at INFN-LNS: Figures
1B and 2B clearly show that at mid-SOBP, for example, mean
proton energy distributions were centered at around 60 MeV at
CNAO and at around 20 MeV in the case of INFN-LNS. At the
distal position, the differences between the beams from the two
facilities in terms of LET (Figures 1A and 2A) and mean incident
energy (Figures 1B and 2B) become even wider, thereby
accounting for the more pronounced differences seen in terms
of both overall radiosensitivity of non-BSH samples and the
enhancing effects of the p-B reaction at this position between
the two facilities. Thus, the greater LET exhibited at the distal
position by the lower energy proton beamline at INFN-LNS leads
to a steeper dose-response curve compared to that measured for
samples exposed at the distal SOBP at CNAO, as shown by the
value for the fitting alpha parameter of 0.314 ± 0.022 Gy-1 found at
INFN-LNS (14) compared to the value of 0.565 ± 0.012 Gy-1

found in this study (Table 1); the differences in mean incident
proton energy, on which triggering of the p-B reaction depends,
are exemplified by the above-mentioned differences between the
DMF10 values found at the distal position of the two beamlines.

Increase in Chromosome Damage Yield and
Complexity in BSH-Treated MCF-10A Cells
Irradiated at the High-Energy Clinical CNAO
Proton Beamline
The presence of BSH exacerbated proton-induced DNA damage
in MCF-10A cells irradiated along the CNAO proton SOBP.
DNA damage was evaluated by measuring the frequency of CAs.
The positions where MCF-10A cells were exposed were the same
as those used for irradiation of the cancer DU145 cells assayed
for cell death. At mid- and distal SOBP positions, but not at the
beam entrance, a significant increase in the overall yield of FISH-
painted CAs, scored in chemically induced PCC spreads, was
measured following irradiation in the presence of BSH (Figure
8). The role of the p-B reaction is supported by the greater
proportion of complex-type aberrations (Figure 9) as well as the
higher degree of complexity (Figure 10) that accompanied these
complex exchanges as found in BSH-treated cells at mid- and
distal SOBP positions, which implicates exposure to high-LET
radiation, such as the a-particles emitted by the nuclear fusion
reaction between slowing down protons and the 11B atoms
contained in BSH. No evidence of an increase in overall CA
frequency nor of complex-type CAs was observed in MCF-10A
cells irradiated at the highest proton energy, i.e. at the beam
entrance. Compared to the results found following irradiation at
the lower energy proton beam line, i.e., INFN-LNS, similar
values for both the overall CA frequency and that of complex-
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type CAs were found for samples irradiated at the entrance and
the mid-SOBP positions. A lower yield of all types of CAs, and
particularly of complex ones, was instead observed following
irradiation at the distal SOBP position of the CNAO beamline.
This is in keeping with the lower LET associated with the latter,
which is less than 5 keV/mm (Figure 2A), compared to an LET
value of around 16 keV/mm for the distal SOBP at INFN-LNS
(Figure 1A). Together with the data on clonogenic survival, the
in vitro results on aberration yield and complexity obtained at
CNAO are consistent with those from INFN-LNS and concur to
support the potential usefulness of the binary PBCT strategy to
enhance the effectiveness of a high-energy clinical proton beam.

The Proton-Boron Capture Therapy
(PBCT) Approach and Its Perspectives
in Protontherapy
Marrying the advantageous ballistic properties presented by
accelerated proton beams with a greater biological effectiveness
by means of the PBCT approach is an arguably attractive
perspective. This could make it possible, in principle, to
achieve greater tumor local control as a consequence of dose-
escalated/hypofractionated regimens in protontherapy (PT)
treatment planning while mitigating the risk of adverse
normal-tissue toxicity. More importantly, enhancing PT
effectiveness could also expand the range of cancers eligible for
treatment by PT by including those refractory to CRT. The first,
and thus far to the best of the authors’ knowledge, only
experimental proof by Cirrone et al. (14) that the p-B reaction
can indeed increase the biological effectiveness of a clinical
proton beam, has sparked interest on PBCT as demonstrated
by recently published studies (66–70). It is worth pointing out
that all these studies are in silico ones, speculating exclusively on
the basis of theoretical calculations and modelling. Moreover,
opposed to Ganjeh and Eslami-Kalantari (70), whose simulations
using a phantom model of brain tumor agree with the potential
benefits deriving from the p-B reaction, the recurrent criticism
put forward by those arguing against the meaningfulness of
PBCT is that the increase in the deposited dose within the target
volume by the a-particles from the p-B reaction would be
negligible, hence insufficient to elicit a measurable, clinically
relevant effect (68, 69). However, it has been long known that
macroscopically absorbed dose is just one factor on which the
radiobiological efficiency of ionizing radiation depends; other
physical parameters reflecting the inherently inhomogeneous
pattern of energy deposition events at the micro- and
nanometric scale, such as particle track structure, impact the
fate of irradiated cells. Thus, DNA damage complexity, rather
than the mere dose-dependent quantity of inflicted DNA
damage, is mostly responsible for the increase in RBE observed
with densely ionizing radiations (13, 18, 71). As far as low-energy
a-particles are concerned, for example, exhaustive work
compiled by Tracy et al. (72) substantiate how a single particle
traversal through a cell’s nucleus is highly effective at cell killing,
far beyond the actual dose being there deposited. Such
effectiveness is mainly the consequence of the highly clustered
DNA damage being generated along the track, which can be
Frontiers in Oncology | www.frontiersin.org 14216
detected as complex chromosomal rearrangements (15, 17), in
line with our results. Furthermore, even more difficult-to-model
phenomena can influence cellular and tissue response to ionizing
radiation. It has been known for over two decades that so-called
non-targeted effects may play an important role in determining
biological responses to ionizing radiation: these are not
quantitatively reconcilable with the directly induced initial
damage (e.g. radiation-induced genomic instability) nor
confined to physically hit cells, as is the case for the wide range
of radiation-induced bystander effects (RIBEs) recently reviewed
by Kadhim and Hill (73). There exists indeed consensus that the
magnitude of such non-targeted effects increases with increasing
radiation LET (74, 75). High-LET exposure, such as that
following a-particle irradiation, appears to be particularly
prone to elicit RIBEs (75–77) mediated by signaling factor(s)
being released by directly hit cells that can propagate for
considerable distances from the site of the initial energy
deposition event (78, 79). In fact, the impact of such non-
targeted effects becomes especially relevant in low-fluence
scenarios, when relatively low numbers of particles are
involved, hence fewer cells are likely to be directly hit (80).
This is, in principle, precisely the scenario corresponding to our
experimental set up, where a relatively low fluence of a-particles
is deemed to be generated by the p-B reaction. Indeed, the
contribution of RIBEs as a concomitant mechanism assisting the
enhancement of proton biological efficacy by PBCT is being
currently investigated by us, together with the use of other 11B
carriers, namely boronophenylalanine (BPA), in line with work
from Hideghéty et al. (67), whose overall positive assessment on
the potential of PBCT was accompanied by suggestions on the
use of more clinically viable boron delivery agents based on a
thorough assessment of the experience accumulated in BNCT.
With regard to this, it is important to highlight that the choice of
the agent (BSH) and concentration (80 ppm) used in this study
as well as in the previous experimental work on PBCT (14) was
indeed based on the BNCT experience with similar 10B-enriched
compounds (81–85), the BSH molecule having a high boron
content in its natural isotopic abundance (80% 11B, 20% 10B). In
fact, being well aware of the poor penetrability of BSH into the
cell, compared for example to the above-mentioned BPA,
irradiations were always performed on cells that had been pre-
treated with BSH and that were in BSH-containing medium at
the moment of the irradiation.

The results presented here provide radiobiological evidence-
based proof of the feasibility of the PBCT approach in clinical PT
settings showing that the p-B reaction is able to exacerbate
proton irradiation-induced cyto- and genotoxicity. It can
therefore be speculated that not only could PBCT increase
anti-tumor response by PT, but it may further widen its
therapeutic ratio if coupled with the so-called FLASH-RT
regimes that envisage dose rates far exceeding those used by
conventional RT (e.g. above 40 Gy s-1). Wilson et al. (86) have
recently reviewed the latest experimental evidence and the
perspectives for a clinical translation of the reported benefits
by FLASH-RT in terms of significantly reduced normal-tissue
toxicity in face of identical tumor control rates. As expected,
June 2021 | Volume 11 | Article 682647

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
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FLASH dose rates are being increasingly explored for therapeutic
applications, both radiobiologically and technically, also with
proton beams (19, 20, 87–89). Moreover, recent developments in
the field of optically driven particle acceleration techniques have
made the availability of extremely high-intensity laser sources a
concrete possibility that could be exploited in the near future for
ultra-high dose rate laser-driven PT (90, 91) such as at the
ELIMAIA beamline, part of the ELI consortium (Prague, Czech
Rep). In this context, the International Biophysics Collaboration
for applied biomedical research has been recently launched with
the aim of networking the growing number of particle accelerator
facilities (92), either based on the above-mentioned laser-matter
interaction or on conventional beam production and transport
techniques that are being upgraded towards unprecedented beam
intensities (e.g. FAIR at the GSI, Germany). This will provide an
ideal platform for investigating what could represent a new
frontier in evidence-based PT: achieving increased tumor
control, even in radioresistant cancers currently untreated by
PT, owing to the PBCT approach, and fewer late-arising normal
tissue reactions through the FLASH dose delivery regimes.

Conclusions
Using both low- and high-energy clinical proton beamlines, we
demonstrated that Proton-Boron Capture Therapy increased
proton biological efficacy. Our data point to the highly
radiobiologically effective a-particles generated by the
interaction of slowing down protons with 11B atoms
exclusively across the SOBP-enveloped tumor volume as the
main underlying, but not exclusive mechanism, as other
peculiar biological responses elicited by such particles, may
also play a role. A significant increase in clonogenic cell death,
with a Dose-Modifying Factor at 10% cell survival of around
1.3, which was accompanied by an upregulation of the DNA
damage response machinery and an increased yield of
chromosomal aberrations, particularly of those highly
complex in nature deriving from misrepaired clustered DNA
lesions, were recorded in the samples irradiated in the presence
of the boron agent at mid- and distal SOBP positions. No excess
damage was measured at the beam entrance, in line with the
predicted dependence on proton energy of the p-B reaction.
PBCT might therefore be a therapeutically viable option to
enhance PT biological effectiveness. These results, albeit
encouraging, are far from being conclusive as data shown
here need to be strengthened by additional in vitro preclinical
data, using more clinically suitable boron delivery agents, and
then carefully designed in vivo studies. Nevertheless, coupled
with fast-growing FLASH-PT modalities, PBCT could re-shape
protontherapy as currently administered making it even safer
and more effective.
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Variations in the intrinsic radiosensitivity of different cells to ionizing radiation is now widely
believed to be a significant driver in differences in response to radiotherapy. While the
mechanisms of radiosensitivity have been extensively studied in the laboratory, there are a
lack of models which integrate this knowledge into a predictive framework. This paper
presents an overview of the Medras model, which has been developed to provide a
mechanistic framework in which different radiation responses can be modelled and
individual responses predicted. This model simulates the repair of radiation-induced
DNA damage, incorporating the overall kinetics of repair and its fidelity, to predict a
range of biological endpoints including residual DNA damage, mutation, chromosome
aberration, and cell death. Validation of this model against a range of exposure types is
presented, including considerations of varying radiation qualities and dose-rates. This
approach has the potential to inform new tools to deliver mechanistic predictions of
radiation sensitivity, and support future developments in treatment personalization.

Keywords: radiation biology, computational biology, radiosensitivity, radiotherapy, Medras
INTRODUCTION

Radiotherapy remains a key modality in the treatment of cancer, a role which has expanded through
the development of novel technologies enabling improved imaging of tumor targets and precise
delivery of individually-tailored treatment plans (1). This physical precision has led to reduced
doses to organs at risk, and improved treatment outcomes across a range of cancers.

However, in contrast to this physical precision, biological precision remains an under-explored
avenue of treatment optimization. The majority of cancers are treated in a one-size-fits-all
approach, with all patients with a given type of cancer receiving the same treatment dose and
fractionation. While this has been successful at delivering effective treatments on the population
level, there is now significant evidence of inter-patient heterogeneity in radiosensitivity which could
be exploited to maximize patient benefit (2–4).

Efforts to reach this goal have been hampered by the difficulties in generating a robust model of
how cells respond to ionizing radiation. While simple approaches such as the Linear Quadratic (LQ)
June 2021 | Volume 11 | Article 6891121221

https://www.frontiersin.org/articles/10.3389/fonc.2021.689112/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.689112/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.689112/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.689112/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.689112/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:stephen.mcmahon@qub.ac.uk
https://doi.org/10.3389/fonc.2021.689112
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2021.689112
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2021.689112&domain=pdf&date_stamp=2021-06-29


McMahon and Prise The Medras Radiation Response Model
model have proven effective at describing overall patient
responses (5), the development of more detailed mechanistic
approaches have proven challenging (6). Much of the
mechanistic modelling of radiation responses has focused on
the earliest stages of radiation interaction with biological
systems. Here, it is known that differences in how densely
energy is deposited within the cells (characterized in terms of
Linear Energy Transfer, LET) impacts on the sensitivity of cells
to a given dose of radiation, and numerous models seek to link
this with the Relative Biological Effectiveness (RBE) of different
types of radiation. A range of models have been developed and
applied to predict physical differences in DNA DSB yield
and distribution, using different underlying approaches and
assumptions (7–15).

These physical differences in DNA damage represent only the
first stage in radiation’s biological effects, however. These initial
damages are then processed by a range of cellular repair
processes, and the cell’s ability to detect, repair and respond to
this data is critical in determining its radiation sensitivity, more
so than the better-studied physical effects. In many models these
biological effects are reflected through cell-specific fitting
parameters which, while useful in describing individual
systems, are of limited use in more general predictions or
possible treatment personalization approaches. The most
widely used of these include the Local Effect Model (LEM) (16)
and the Microdosimetric Kinetic Model (MKM) (17), which
have seen clinical adoption as tools to predict RBE in clinical
carbon ion therapy for cancer. However, these approaches still
lack patient-specific predictive power.

One approach which has seen significant attention in recent
years is through the definition of genetic or transcriptional
signatures of radiation sensitivity which can be used to
personalize radiation therapy. While a number of signatures
have been proposed (most notably the Radiosensitivity Index/
Genetically Adjusted Radiation Dose approach, but also a range
of others (18–21)) and some have been tested in limited clinical
datasets, these signatures have proven highly heterogeneous, and
often difficult to reproduce in independent studies or using other
techniques, suggesting they are not capturing the true underlying
mechanisms of radiation response (21).

A range of mechanistic modelling work has been carried out
in this area, seeking to develop new approaches to link from early
DNA damage to biological effects (22–26). However, in many
cases these models are closely linked to original datasets, and
there remains few models which have been independently
validated across a wide range of cell types and endpoints,
suggesting significant further development is needed in this area.

In this manuscript, we present a significant update to the
Medras mechanistic model of DNA repair and cell death (27, 28).
This model begins from initial distributions of DNA damage,
and simulates how these DSBs interact to either repair
successfully or misrepair and lead to significant genetic
alterations, and the subsequent likelihood of cell death
following these events. This model has been updated to enable
the simulation of a range of radiation deliveries, including
different dose-rates and fractionation schedules, and is
Frontiers in Oncology | www.frontiersin.org 2222
validated against a broad panel of experimental endpoints for a
range of radiation qualities. Significantly, this model makes use
of no empirical cell-specific fitting parameters, potentially
opening the way for its use as a platform for treatment
personalization. This model is also available as an open-source
tool for other investigators to explore and expand in their
own work.
METHODS

Medras simulates the response of a cell to radiation beginning
from a distribution of DNA Double Strand Breaks (DSBs), and
simulates how these breaks may be (mis-)repaired as a function
of time. Based on this simulated misrepair pattern, the
probability of cell survival is then predicted, taking in various
death pathways available to the cell in a particular condition.
This is schematically illustrated in Figure 1, and each of the
stages is summarized below.

DNA Damage Distributions
Medras focuses on DNA Double Strand Breaks (DSBs) as the
primary driver of radiation response, as there is strong evidence
that they are the key lesion giving rise to cell death following
radiation exposure (29, 30). It is thus assumed that the initial
pattern of DSBs (in terms of both number and spatial
distribution) determines the biological consequences of a given
radiation exposure (31). Medras currently considers three key
methods of simulating radiation exposures.

For the most commonly used sparsely ionizing radiation,
such as X-rays and energetic electrons, a uniform distribution of
damage is assumed, within a spherical nucleus. The number of
breaks is taken to be directly proportional to the delivered dose
of radiation, with a yield of DSBs of 5.738 GBP-1 Gy-1,
corresponding to 35 DSB/Gy per human cell, in line with
published studies (32). This assumption of a uniform
distribution gives rise to a response which is purely determined
by the dose delivered to the cell, as described in more
detail below.

Two options are provided to describe the effects of particles
with a higher Linear Energy Transfer (LET), such as protons or
carbon ions. Firstly, Medras provides a tool to rapidly calculate
distributions of DSBs around representative tracks for a range of
particle LETs. To achieve this, radial track structures were
modelled using Geant4 10.2 (33–35) and the Geant4-DNA
toolkit (13, 36, 37). Ions of different species and energies were
directed along the center of a cylindrical water phantom with
radius 200 mm and depth 22 mm. Within the central 2 mm of
depth, energy deposition from both the primary ion and
secondary electrons were recorded and scored in terms of radial
distance to the primary particle trajectory as it entered the scoring
region. This provides a radial energy distribution, scored in
logarithmic bins (smallest bin 0.1 nm radius, 100 bins per
factor of 10 change in radius). Primary counts ranged from 600
to 20,000 depending on primary particle. Example radial energy
distributions are presented in the Supplementary Information.
June 2021 | Volume 11 | Article 689112
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It is then assumed that all radiation types lead to the same
number of DSBs per cell per unit dose - 5.738 GBP-1 Gy-1. The
number of DSBs in a given radial bin around an ion track can thus
be calculated as E(r)

EDSB
, where E(r) is the energy in the bin at a distance

r from the ion track, and EDSB is the energy associated with the
creation of on average one DSB. It should be emphasized that EDSB
is independent of the distribution of the energy within the nucleus,
so it is assumed that it leads to an average of one DSB whether it is
uniformly distributed throughout the nucleus, or densely clustered
around a single ion track.

This assumption enables the yield of DSB to be readily
calculated for any given energy deposit. However, it also
represents a degree of simplification, as there is some evidence
that the yield of DSBs is affected by LET. However, robust
quantification of an RBE for DSBs has proven challenging.
Different DSB assays produce very different measurements for
this value, with some identifying increases, some decreases, and
some more complex patterns (38, 39). While the evidence as a
whole suggests that an excess of DSBs is produced within the
track of charged particles, the total size of this effect is small –
with many assays suggesting at most an increase in DSBs of a
factor of around 1.4 for particles with LETs of 100 keV/mm (39).
By contrast, the RBE for cell killing at this LET is several-fold
higher, suggesting the increased lethality per DSB, rather than an
Frontiers in Oncology | www.frontiersin.org 3223
increase in the number of DSBs is the primary driver of increased
RBE, similar to observations elsewhere in the literature (40).

As dose is defined as energy deposited per unit mass, EDSB is
closely related to the volume of the nucleus. In particular,
assuming a human cell which experiences 35 DSB/Gy, we can
say 35 = 1  Gy�VNuc

EDSB
, where VNuc is the volume of the nucleus and a

density of 1 g/cc has been assumed. If EDSB is expressed in keV
and VNuc is mm3, this can then be expressed as VNuc =5.16EDSB, or
equivalently rnuc = 1:1

ffiffiffiffiffiffiffiffiffi
EDSB3

p
, which provides a useful

benchmark for the value of EDSB. EDSB is not determined a
priori, and has instead been fit to observed RBE data, as described
in previous publications (28) and summarized below. In this
approach, a best-fitting value of EDSB=56.5keV has been
obtained, equivalent to rnuc=4.23 µm, in agreement with typical
estimates of cell nucleus radii.

Finally, this radial DSB distribution can be used to calculate
the average number of intra-track DSBs as a function of distance
from an average break within the track. The interaction rate of
breaks within the track can then be calculated as described below,
and combined with the inter-track break distribution (which is
taken as random and uniform on average) to provide an estimate
of the total rate of misrepair.

For very high-LET exposures, it is also important to note that
each track will likely cause multiple DSBs and each exposure may
FIGURE 1 | Schematic of key stages in Medras simulation of damage. 1) Cells are initialized, based on provided characteristics, determining rates and fidelity of
repair. 2) Damage patterns are generated, either in Medras based on a described exposure or a provided SDD input file, incorporating details of track structure as
relevant. 3) Repair is simulated as a function of time, tracking both amount of repair and distribution of misrepaired DSBs, with misrepair probability governed by
inter-break separation d. Interacting breaks indicated by grey lines. 4) Biological endpoints are quantified. This can include number of unrepaired and misrepaired
DSBs, but also mutations and chromosome aberrations, taking into account a simplified chromosome model, where spherical territories (dashed circles) are
modelled to identify inter-chromosome (left) and intra-chromosome (right) aberrations.
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only consist of a few particle traversals. This gives rise to a non-
Poisson distribution of initial damage, and can significantly
increase observed survival. To account for this, when the
expected number of DSBs per track is greater than 0.5, cell
responses as described below are simulated for a range of
different incident particles, weighted assuming a Poisson
distribution of tracks with a mean equal to that which delivers
the prescribed dose, and the average responses are returned.

As an alternative approach to these averaged estimates of DSB
induction for ions, damage distributions can also be imported
using the Standard for DNA Damage (SDD) file format (41). The
SDD format provides a standardized method for recording DSB
damage from physical simulations so they can be imported into
repair code, such as their spatial and temporal distribution, as
well as genetic and break complexity info. Medras provides an
interface through which these files can be read and repair
simulated within them, and can also export representative
damage distributions based on the assumptions above for
reference. This facility for arbitrary input enables the
simulation of full details of DSB distributions without any
simplifying assumptions, and the possibility of benchmarking
repair predictions comparing different DNA damage models.

Regardless of the method used to generate these DSB
distributions, they can then be imported into the core Medras
repair simulation, and used to predict radiation responses as
described below.

Repair Rates
Within Medras, breaks are separated into broad categories of
‘simple’ and ‘complex’. Currently, the model deliberately does
not explicitly consider the details of break complexity on the level
of features such individual base or strand damages, local
chromatin environment, or other biological factors, as it
remains unclear which of these features are key to determining
break repair process (42). Instead, within Medras break
complexity is assigned randomly with a probability pcomplex at
break creation, or it can be read from data provided in the
SDD file.

Double strand breaks can be repaired by one of three
pathways – Nonhomologous End Joining (NHEJ) ,
Homologous Recombination (HR) and Microhomology
Mediated End Joining (MMEJ, also known as alternative end
joining, alt-EJ), depending on cell cycle phase and pathway
activity (43–45). In normal cells, simple breaks are repaired by
NHEJ in all cell cycle phases, while complex breaks are repaired
by NHEJ in G1, and HR in later phases once replicated sister
chromatids are available to act as a template. However, in cells
with repair defects, some DSBs which attempt to repair through
these pathways will fail and instead be repaired by the backup
MMEJ pathway, with probability pfail.

This gives rise to up to three populations of breaks, repaired
by different kinetics. “Fast” repair represents the simple breaks
which are repaired by NHEJ throughout the cell cycle. “Slow”
repair represents complex breaks which require more time to be
processed, either by NHEJ following a degree of end processing
to reduce end complexity (in G1) or HR (in S and G2) (46).
Frontiers in Oncology | www.frontiersin.org 4224
Finally, a subset with “Very Slow” repair kinetics is present in
cells with DNA repair defects requiring the use of MMEJ, which
is significantly slower than any other process.

Medras simulates all of these repair pathways as a two-step
process, schematically illustrated in Figure 2A. Each DSB
initially consists of two free ends, which are rapidly bound by
a selection of sensing and repair proteins. Such breaks are
detected on both ‘physical’ assays which detect break structure
such as Pulse Field Gel Electrophoresis (PFGE) or Premature
Chromosome Condensation (PCC), as well as through
immunofluorescent staining of associated repair proteins. Pairs
of break ends can then be bound together to restore the physical
structure of DNA. At this stage, the DSB ends are no longer free,
can no longer interact with other break ends, and the break will
not be detected through physical assays. However, repair
proteins remain bound at the site of the break for some time
after this physical rejoining, and it is not until these proteins have
been cleared that the break will no longer be detected
by immunofluorescence.

Both of these stages in repair are simulated in the analytic
model as simple exponential processes. For a simple acute
exposure which induces N0 initial DSBs, the kinetics of
physical breaks Nphys is given by:

Nphys = N0 pf e
−lf t + pse

−lst + pme
−lmt

� �
(1)

Where px and Lx are the probability of a break being repaired
by pathway x and the associated repair rate, where x corresponds
to is fast (f), slow (s) or MMEJ (m) repair. In repair competent
cells, these probabilities are given by pf=(1-pcomplex), ps=pcomplex

and pm=0 If either one or both of the preferred repair mechanism
are knocked out, then these probabilities are updated to reflect
the rate of failure. For example, if a cell in G2 is deficient in HR,
the repair probabilities would become pf = (1-pcomplex),
ps=pcomplex(1-pfail), and pm=pcomplexpfail. A full tabulation of
possible combinations of break complexity and repair capacity
and the resulting repair rates is presented in the Supplementary
Information. Each of the rate repair coefficients is taken as a
model fitting parameter.

In a more general case where breaks are not initially generated
in a single acute exposure but rather over some time, the number
of breaks repaired by each pathway can be described by a rate
equation. For example, for breaks repaired through the fast
pathway the rate of change in physical breaks repaired with
fast kinetics, Nf

phys, is:

dNf
phys

dt
= −lf N

f
phys + pf k _D(t) (2)

Where _D(t) is the dose rate at time t, and k is the yield of
double strand breaks per Gy. The first term thus represents the
standard exponential decay of breaks, and the second term
represents the number of fast-repairing breaks induced as a
function of time. Similar expressions can be formulated for
breaks repaired through the other pathways. This can be
readily solved numerically to provide the kinetics of physical
DSBs for an arbitrary pattern of dose delivery. In particular,
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time-varying dose rates can be considered by using a time-
dependent value of _D(t), which can include fractionation by
modelling inter-fraction gaps as a period where _D(t) = 0. At
present this expression is only accurate for quiescent cells, as
proliferation during exposures is not incorporated.

For joined breaks which still bear repair proteins, the
expression is somewhat more complex, as these are not created
directly by radiation, but rather after some delay associated with
initial end joining. We can define the kinetics of the number of
protein-bearing rejoined breaks being repaired with fast kinetics,
Nf

prot as:

dNf
prot

dt
= lf N

f
phys − nf N

f
prot (3)

Where vf is the rate at which proteins are cleared in this
pathway. Similar expressions apply to the other pathways. In
general, this then introduces a complex dependence on the
pattern of dose-rate and physical break repair, and requires
numerical solutions for many approaches. For the specific case
of a single acute exposure inducing N0 initial breaks, however,
this can be explicitly solved to give (see Supplementary
Information):
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Nf
prot =

N0pf lf e−lf t − e−nf t
� �
nf − lf

(4)

Which gives rise to an initial rise and then fall in the number
of protein-bearing joined breaks, as expected. Of more relevance
to experimental endpoints, immunofluorescence studies of
markers such as gH2AX foci thus measure the total number of
both physical and protein-bearing breaks, for a total count
of visible foci being repaired with fast kinetics,Nf

foci, of:

Nf
foci = Nf

phys + Nf
prot = N0pf e

−lf t +
N0pf lf e−lf t − e−nf t

� �
nf − lf

= N0pf
nf e−lf t + lf e−nf t

nf − lf
(5)

And similar expressions for each of the other pathways. Using
these expressions, the yields of both physical breaks and foci can
be calculated for any acute or protracted radiation exposure.
These can both be used for direct comparison with experimental
observations of DNA repair kinetics, as well as to support
calculations of misrepair following different radiation exposures.
A B

DC

FIGURE 2 | Illustration of DNA repair kinetics. (A) Key modelled stages in DNA repair. Break ends are initially free, and interact physically with a nearby end with a
rate which is related to the break complexity and initial separation. Once joined, the associated foci is cleared after a delay which depends only on break complexity.
(B) Break kinetics for physical breaks and foci (solid and dashed line) in normal cells. Points represent measured breaks via PFGE (solid) and PCC (open). Error bars
not shown for clarity. (C) Break kinetics compared to measurements via foci (points) illustrating impact of foci clearance on repair kinetics. (D) Measurements of
repair in ATM-defective lines for both physical breaks (filled) and foci (open), showing similar impact on kinetics and final breaks for both endpoints.
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Repair Fidelity – Analytic
As breaks repair, the model then simulates the probability that
each break undergoes either ‘correct’ repair or misrepair.
Misrepair is here defined as when ends from two distinct DSBs
are joined together, leading to at least some degree of genetic
rearrangements and potentially significant genetic alterations. In
Medras, we define the probability of any given pair of ends being
joined together as

z (r) ∝ e
−r2

2s2 (6)

Where z(r) is the relative interaction rate of two breaks
separated by a distance r, and s is a scaling coefficient related
to the characteristic rejoining range of breaks within the cell. As
the two ends of a single DSB are naturally in close proximity, for
correct repair z ≈ 1, while the rate of incorrect joining depends
on the number and distribution of other breaks within
the nucleus.

The total rate of misrepair depends on the sum of these rates
of incorrect misrepair, that is

hi = 2o
N

j≠i
z ri,j
� �

(7)

Where the total misrepair rate for the i-th break, ni is equal to
the sum of (ri,j) over the other N-1 breaks, multiplied by two to
reflect each break consists of two free ends. For a single break
repair event, the probability of correct repair is then given by the
rate of correct pairing as a fraction of the total rate, that is:

pcorrect =
1

1 + hi
(8)

Where we assume the rate of correct interaction is equal to 1.
We have previously shown (27) that for a situation where all
breaks are fully repaired, the total probability of each break being
correctly repaired is given by:

Pcorrect =
1 − e−h

h
(9)

Which was validated against a range of experimental and
theoretical benchmarks in previous work (27, 28). However, this
formulation is only applicable for complete repair from a single
fraction – it cannot be applied to scenarios of e.g. fractionated or
prolonged exposures. A general summation of equation 8
reflecting the discrete nature of breaks is not possible, but it
can be closely approximated by a continuous integration for
more than a few breaks. However, this cannot be simply used
directly, as when a misrepair event happens, the other ends of the
two involved DSBs have lost their partner, and thus are no longer
able to correctly repair. This necessarily leads to an additional
misrepair events following a first event, which leads to a small
but significant increase in misrepair events after a first repair
event. To take this into account, we add an additional term of n2i
to the misrepair rate, reflecting the first-order contribution of
misrepaired breaks. Thus we have:
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Pcorrect =
Z 

pcorrect(h)dh =
Z  1

1 + hi + h2
i
dh (10)

To solve this, we define h = h'N, where N is the number of
breaks present and h' is the average value of z across all breaks
within the system. We can thus say the number of correct repair
events when the number of breaks repaired goes from N0 initial
breaks to N1 final breaks is:

Ncorrect =
Z N0

N1

1
1 + h0N + h02N2 dN

= 2atan
2h0N + 1ffiffiffi

3
p

� �	 
N0

N1

(11)

Substituting in N0 and N1 into the final part of equation 11,
simplifying through trigonometric identities and dividing by
h'(N0 – N1) to express this as a probability gives a probability
of correct repair of:

Pcorrect =
2ffiffiffi

3
p

 h0 N0 − N1ð Þ atan
ffiffiffi
3

p
 h0 N0 − N1ð Þ

2 + h0 2h0N0N1 + N0 + N1ð Þ
� �

(12)

While somewhat unwieldy, this gives a flexible way to predict
the degree of correct and incorrect repair following any amount
of repair, for any initial and final yield of DSBs. This enables
generalized predictions to be made for any combination of
fractionated exposures, or prolonged exposures through
numerical integration. In the special case of complete repair
(N1=0), Pcorrect simplifies to

Pcorrect =
2ffiffiffi

3
p

 h0N0

atan

ffiffiffi
3

p
 h0N0

2 + h0N0

� �
(13)

Which can be compared to the form in equation 9 to confirm
it accurately reproduces misrepair rates at a broad range of doses
(see Supplementary Information). This enables the analysis of a
broad range of scenarios not covered by the original Medras
model for further validation and testing. by the original Medras
model, and the integration of new endpoints for validation and
ras model, and the integration of new sce

The value of h' can be estimated in a number of ways. For a
known break distribution it can be calculated explicitly, while for
a uniform break distribution within a spherical nucleus it can be
estimated analytically. As described previously, this analytical
estimate is given by:

h0(R,s ) =
6

4pR3 q(R,s ) (14)

Where R is the radius of the nucleus and q is the rejoining rate
between two randomly placed DSB ends, given by:

q(R,s ) =
2ps 2

R3

ffiffiffiffiffiffi
2p

p
 R2s  erf

R
ffiffiffi
2

p

s

� �
− e

−4R2

2s2 s 2 − R2s2� �
+ s 2 − 3R2s 2� �

 

� �
(15)

To incorporate intra-track events, based on the break
separation distributions as described above we can calculate an
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htrack value, reflecting the average intra-track contribution for a
randomly given break for a given particle and energy. This can
then be combined with the h′ value described above to give the
total misrepair rate per track, that is h′track=h′+htrack, and this
can be used directly in equation 12 or 13 to calculate the rates of
correct repair, incorporating intra-track effects in an
analytic way.

Finally, even in the absence of incorrect end joining, repair
pathways have an inherent probability of misrepair. For NHEJ
and MMEJ, this is reflected with an additional reduction in the
total rate of correct repair independent of binary misrepair,

defined as Pcorrect = mx(
2ffiffi

3
p

 h0N0
atan(

ffiffi
3

p
 h0N0

2+h0N0
)), where mx is a

process-specific fidelity factor. For HR, it is instead assumed
that repair is always correct, giving Pcorrect=1.

Repair Fidelity – Monte Carlo
As an alternative to the above analytic approach, physical
misrepair rates can also be simulated via Monte Carlo
approaches. This uses a simple sampling approach to replicate
the assumptions of the analytic model, but enables a flexible
calculation for more complex DSB distributions (as those
imported from external packages using the SDD interface
(41)), and enables the temporal impact of misrepair to be
accounted for.

The Monte Carlo simulation begins from a full distribution of
all of the DSBs resulting from each exposure. It calculates and
stores the full set of zi,j interaction rates for every pair of break
ends, and then calculates the total interaction rate hi for each
break end with all other free break ends, including the correct
partner. This total interaction rate then scales the effective repair
rate for a given break, Li, as:

li = lxhi (16)

Where Lx is the repair rate associated with the pathway
through which the break end will be repaired as described
above (f,s,m), and Li is the effective rate of repair for the i-th
break. This enables the Monte Carlo model to reflect the slight
elevation in repair rate seen in regions with many DSBs, and the
significant fall in repair rate if the correct partner end is repaired,
which substantially reduces hi.

For each break end, the associated time of repair is then
randomly sampled as:

ti = −
log (X)
li

(17)

Where ti is the time until the break end is repaired, and X is a
randomly uniformly distributed value between 0 and 1,
replicating the exponential distribution of repairs. This
approach is conceptually similar to those used in, for example,
independent reaction times modelling in chemistry
simulations (47).

The simulation then proceeds by identifying the break end
with the smallest ti to be the next end to undergo repair. A
partner end is then selected at random from all remaining ends,
with probabilities weighted by their interaction rates zi,j. This
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pair of break ends are then logged as a repair event, removed
from the simulation, and values for hi and ti are updated for all
remaining breaks. Then the process is repeated with the next-
smallest ti until all break ends have been rejoined.

Protracted exposures are modelled in a similar fashion. In
addition to ‘active’ breaks which have already been created, a list
of breaks induced at later timepoints is also stored. If the next
repair is predicted to occur after a new break will be induced, that
break will instead be added to the simulation, and hi and ti
updated for all breaks as above to reflect the newly available
repair partners.

Once all breaks have been repaired, a full list of repair events
is then available, and can be used to plot the kinetics of repair of
physical breaks, have a delay associated with repair protein
clearance added to predict the yields of foci as for analytic
breaks, or the patterns of misrepair can be analyzed to produce
predictions of not only total misrepair, but also model-specific
information on consequences of misrepair such as affected genes,
chromosomes, and types of aberrations form, if underlying data
is available.

This approach has been shown to accurately reproduce the
behaviors of the analytic approach, as illustrated in the
Supplementary Information.

Misrepair Consequences
Misrepair events represent a broad category of events, ranging
from smal l de le t ions to large-sca l e chromosomal
rearrangements. In addition to simply predicting the yield of
misrepairs, Medras also estimates the yield of several relevant
types of alteration, particularly mutations and significant
chromosomal aberrations. These have been described in
previous work (27), and the concepts are summarized here
for completeness.

Chromosome aberrations are the most significant class of
genetic rearrangement for cell survival, potentially leading to
large genetic losses or aberrant chromosomes which cannot
separate during mitosis. They reflect large-scale rearrangements
of chromosome structure, and can be classified as inter- or intra-
chromosome, depending on which chromosomes contained the
DSB ends involved in the repair. As a simplified analytic model of
chromosome structure, chromosomes are modelled as spheres
packed within the nucleus with radius rc =

Rffiffiffi
nc3

p , where nc is the
number of chromosomes in the nucleus. While this neglects
variations in factors such as chromosome size and packing, as it
focuses on average rates across the whole nucleus the impact of
these factors is reduced.

From this, when misrepair occurs the probability of the
interaction being intra-chromosome is given by the average
interaction rate within a chromosome compared to that
throughout the nucleus, that is:

Pintra =
q(rc,s )
q(R,s )

(18)

A second classification is whether the exchange is symmetric
(both resulting chromosomes contain a centromere) or
asymmetric (at least one acentric fragment is produced).
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Symmetric exchanges leave a relatively intact chromosome
structure and are typically non-lethal, while asymmetric
exchanges include acentric fragments, dicentrics, rings
and other rearrangements which are often incompatible with
cell survival (48). As the symmetry of the break is solely
determined by the alignment of DSB ends which are otherwise
treated as identical, this model assumes symmetric
and asymmetric exchanges occur with equal frequency,
Pasym=0.5. Thus, the number of deletion (asymmetric intra-
chromosome) and dicentric (asymmetric inter-chromosome)
events can be calculated as Ndic=0.5Nmis(1-Pintra) and
Ndel=0.5NmisPintra, where Nmis is the number of misrepaired
breaks as calculated above.

The size of deletions is also important for their lethality. By
assuming that the separation of breaks in base pairs increases
monotonically with distance between the break ends, the size of a
deletion can be given by D = 2Lr3D

R3 , where L is the total length of all
chromosomes and rD is the separation of the break ends. The rate
of deletions smaller than D is given by the rate of misrejoiing
events over distances shorter than rD , given both events occur
within the same chromosome. This is given by Pdel<D = q(rc ,s ,rD)

q(rc ,s )
where the generalized q is given by:

q rc,  s ,   rDð Þ = ps 2

4r3c
ð8 ffiffiffiffiffi

2p
p

r3cs erf
rd

ffiffiffi
2

p

s

� �

− e
r2
D

2s2 ðr4D + 4r2D s2 − 3r2c
� �

+ 16rDr
3
c + 8s2 s2 − 3r2c

� � Þ
+ 8s4 − 24r2cs

2� � Þ

(19)

And we can then express the number of deletions larger than
some threshold size as Ndel>D=0.5NmisPintra(1-Pdel<D). For this
work, we define a ‘large deletion’ of the type typically associated
with cell death as one of 3 MBP or greater size, as this has been
shown to correlate well with cell death in Giemsa-stained
cells (49).

This relationship between spatial separation and genetic
separation can also be used to calculate the rate of inter-arm
interactions (relevant for chromosome aberration visibility in
G2) and the rate of mutation in a particular gene (by calculating
the probability a misrepair event spans some or all of the gene of
interest). For the specific case of mutation, mutations can also be
caused even during correct end joining, where NHEJ can
introduce small changes in sequence to one or a few base
pairs, affecting the sequence but not overall structure. This is
accounted for with a point mutation probability, pmut, which
applies when a break is correctly repaired within a gene but may
still cause a mutation.

Cell Death
Medras considers three cell key mechanisms – genetic damage
which renders the cell unviable, apoptosis, and mitotic
catastrophe. The impact of genetic damage is determined
directly from the yields of misrepair, and in particular lethal
chromosome aberrations. We define lethal aberrations as those
which prevent segregation at mitosis (dicentrics, rings) or those
which remove enough genetic material to prevent cell function
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(large deletions). Cell death in quiescent cells has been shown to
correlate extremely well with such aberrations measured in
Giemsa-stained cells, an assay which is sensitive to deletions
greater than 3 MBP in size (49). Thus, the rate of cell death from
such aberrations in quiescent and G1 cells is given as S =
e−Ndic−Ndel>3MBP , assuming aberrations occur with a Poisson
distribution. For cells irradiated in G2 a single large deletion is
insufficient to lead to cell death, as DNA has already been
replicated and both daughter cells must see genetic loss to be
rendered unviable. As a result, survival in such cells is given by
S=e-Ndic-Ninterarm. This neglects the small contribution of cells
dying due to multiple independent large deletions, but this is rare
at relevant doses.

In addition to these misrepair-driven events, the presence of
unrepaired breaks at mitosis can also lead to cell death through
mitotic catastrophe. This may be due to either newly formed
breaks, or escaping the G2 DNA damage checkpoint (observed
when fewer than 20 DSBs remain (50)). Extensive experimental
evidence (51) indicates that the dependence of mitotic
catastrophe on induced DSBs is a simple exponential kinetic,
with similar rates across cell lines. Medras thus models the
probability of successfully completing mitosis as Smitosis=e

-fNm,
where Nm is the number of DSBs present in mitosis, and f is a
rate constant shared across all cells.

Finally, cells can also undergo long-term arrest (senescence)
or programmed cell death (apoptosis) following irradiation.
These are complex processes depending on a range of genetic
and environmental factors, but play a particularly important role
in in vitro survival in G1, where they are most commonly
observed. Experimental quantification of their relative
importance remains difficult (52), and even a partial systems
biological model remains outside the scope of this work. Instead,
a simple empirical approach is applied, based on experimental
evidence which shows that the likelihood of cells escaping the G1
checkpoint is an approximately exponential function of dose.
Thus, as with mitotic catastrophe, the probability of escaping
apoptosis in G1 is modelled as Sapop = e−yxNG1 , where NG1 is the
number of DSBs induced in G1. For cells irradiated while non-
cycling or in other phases of the cell cycle, apoptosis does not
occur.Yx has two possible values. For cells with fully functional
DNA damage sensing and apoptotic processes, it has the value
Yfull. However, dysregulation or mutation of this pathway is very
common in many cancer cells, particularly through mutation in
TP53 and associated genes (53). As a result, this process is
inhibited in many cells, and happens at a much lower rate of
Ybase The exact values of these two rate parameters was fit to
experimental data in acutely irradiated cells as described below.

Data Acquisition
To test and validate the model, a broad panel of data was
acquired from the literature. As described in previous work
(27, 28), data was obtained for DNA repair kinetics, misrepair
via PFGE, chromosome aberrations, mutation rates, and cell
survival following a range of exposure conditions. Values were
extracted from published tables or figures along with
uncertainties. An additional 5% uncertainty was added to all
points to reflect uncertainties in data extraction.
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For all experimental data used in this work, the cell line(s)
used was identified, and related back to published datasets to
determine a set of key cell-specific features. These are the genome
size, chromosome number, NHEJ repair capacity, HR repair
capacity, activity of G1 arrest (typically via p53 status) and the
cell cycle phase of the irradiation. These parameters impact on
response pathways as summarized in Table 1, and are the only
cell-specific parameters used in a given simulation. No fitting
parameters are adjusted on a cell- or experiment-specific basis.

A number of different data types were extracted from a range
of publications to characterize different endpoints. For DNA
repair kinetics, data was obtained for measurements of
chromosome breaks measured using premature chromosome
condensation (PCC) (54, 55), DSBs measured using Pulse Field
Gel Electrophoresis (PFGE) (56–58), and DSB foci measured
using immunofluorescent labelling (59, 60). Misrepair rates were
obtained from PFGE measurements (61, 62). Mutation data was
obtained for gross and point mutations in the HPRT gene (63–
65). Yields of total chromosome aberrations measured through
Giemsa staining were obtained for normal human cells (66–70),
human-hamster hybrid cells (71), and NHEJ-defective cells (72)
for acute exposures, and a number of human cells exposed at low
dose rates (70, 73–75). Clonogenic survival data was obtained for
a range of human (49, 55, 60) and hamster lines, including
NHEJ-defective sublines (32, 76–78). Clonogenic survival values
were also obtained for a number of cell lines exposed at varying
dose rates to validate low dose-rate predictions (79–93).

To provide broader datasets for overall predictions of
intrinsic sensitivity and to analyze the effects of RBE on
survival, the proton RBE dataset published by Paganetti (94)
was used for basic model fitting. This analysis focused on single-
fraction exposures of adherent cells in oxic conditions, excluding
exposures where the primary particle had an extremely low range
(<1 cell diameter), or very limited dose rantes (max dose < 2 Gy).
For each experiment which satisfied these conditions, the cell
line, proton LET, and X-ray and proton a and b values
were extracted. Mean Inactivation Doses (MID) were then
calculated based on provided a and b parameters to
characterize the overall sensitivity of the cells. The MID is
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defined as the average dose required to kill a cell in the
population, equivalent to the area under the LQ response
curve, and is given by ∫0+∞e−aD−bD2 dD, with units of Gy.
This was used as a measure of overall survival, and to fit RBE
parameters as described below.

To validate the RBE model predictions, the Particle
Irradiation Data Ensemble (PIDE) (95) was used as a
validation dataset, as it included proton data together with a
range of other ions. For validation, all proton experiments not
represented in the Paganetti dataset, as well as all carbon ion
exposures were extracted from the PIDE, and analyzed in the
same fashion as above to calculate MIDs and the resulting RBEs.
This data was not used for fitting, but instead to test predictions
made using parameters fit to the lower LET proton dataset.

Model Parameter Fitting
The full set of model parameters used in this work is presented in
Table 2 together with their best-fitting values. To obtain these
parameter values, the model was implemented in Python and fit
using nonlinear regression in a number of stages, as described in
previous work (27, 28). Some details on parameter covariance are
presented in the Supplementary Information.

The first stage of the model focused on the DNA repair
model. In this, a single simultaneous fit was performed across
all DNA repair model parameters, fitting to data on repair
kinetics, misrepair, mutation and aberration in a single step. A
weighted least-squares regression was performed using Scipy
(96) across all data in the dataset. Overall performance was good,
with a mean c2 of in a single step. oss all DNA repair model
parameters, fitting to data on repair kinetics, misrepair,
aberration ross all model 1.04. Parameter confidence intervals
were also generally small, and covariance between parameters
was low, supporting that the model could be adequately fit across
this diverse dataset.

In the second stage of the fit, parameters relating to cell death
pathways were obtained. As with the DNA repair model, data
was collected for a range of different cell lines, genetic
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TABLE 1 | List of cell-specific features which define the minimal radiation
phenotype used to predict the sensitivity of cells in this model.

Radiation Phenotype Parameters

Parameter Description

Genome size Total genome size of cell in MBP
Chromosome
number

Total number of chromosomes in cell

NHEJ repair
capacity

Availability of NHEJ pathway

HR repair
capacity

Availability of HR pathway

G1 Arrest
function

Availability of G1/S phase damage arrest checkpoint

Cell cycle phase Phase of cell during irradiation (specified as single phase or
asynchronous)
All parameters determined from published literature and genetic status, without free fitting
parameters.
TABLE 2 | Best-fit MEDRAS model parameters with uncertainty.

DNA Repair Parameters

Parameter Interpretation Value

s Rejoining range 0.0418 ± 0.0003 R
mNHEJ NHEJ misrepair probability 0.985 ± 0.001
mMMEJ MMEJ misrepair probability 0.44 ± 0.05
pm Point mutation probability 0.046 ± 0.004
pc Complex break probability 0.43 ± 0.02
pfail Repair failure probability 0.74 ± 0.09
lf Fast repair rate 2.1 ± 0.2 h-1

ls Slow repair rate 0.26 ± 0.02 h-1

lm MMEJ repair rate 0.0085 ± 0.001 h-1

nf Fast foci delay 8.1 ± 0.9 h-1

ns Slow foci delay 0.41 ± 0.09 h-1

Survival model parameters
F Mitotic catastrophe rate 0.014 ± 0.001 DSB-1

yfull Full apoptosis rate 0.012 ± 0.001 DSB-1

ybase Base apoptosis rate 0.0007 ± 0.0002 DSB-1

High LET parameters
EDSB Average energy per DSB 56.5 ± 15 keV
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backgrounds and irradiation conditions, and the model was fit
using Scipy’s nonlinear least-squares regression, with the best
fitting DNA repair model parameters used as a fixed input.
Robust parameters were once again obtained, although survival
data is subject to more heterogeneity and significant outliers than
the DNA damage data (mean c2=7.7, dominated by a small
number of outliers with individual c2>100).

Finally, to enable RBE predictions, EDSB was fit. A nonlinear
least squares regression was carried out, varying EDSB to
maximize correlation between the model’s predicted MID for a
given exposure and those experimentally observed in the
Paganetti dataset, using Scipy’s nonlinear least-squares
regression. The PIDE data was deliberately not used in this fit,
but retained as a testing dataset to both confirm the model’s
ability to predict RBE in proton data, as well as its ability to
extrapolate from a fit performed on protons to other
radiation qualities.

Code Availability
The Medras model has been made publicly available on Github.
The analytic version of the model is available at https://github.
com/sjmcmahon/MEDRAS, whi le the Monte Car lo
implementation is available at https://github.com/sjmcmahon/
Medras-MC. A current version of the code is also available as
Supplementary Material to this paper, but these models are
undergoing continuing evolution and up-to-date versions will be
available online.
RESULTS

DNA Repair Kinetics
A characterization of Medras’ ability to predict the kinetics of DNA
repair is shown in Figure 2. Here, model predictions for the kinetics
of physical breaks (solid line) and visible foci (dashed line) in repair
competent cells are shown, compared to relevant experimental
observations. In Figure 2B, points show physical breaks measured
via Pulse Field Gel Electrophoresis (PFGE) or Premature
Chromosome Condensation (PCC), while in Figure 2C points
show the yield of foci. Good agreement is seen with both types of
damage, suggesting that this two-stage model with only a simple
categorization of simple and complex damage can effectively
reproduce results between these different approaches.

These panels currently focus on repair-competent cells for
brevity, but the model has also been shown to effectively
reproduce repair kinetics in a range of cell lines with DNA
repair defects, as presented in previous work (27).

Figure 2D shows further validation of this by considering
data from ATM-deficient cells which has been plotted for both
physical breaks and foci. In ATM-deficient cells, a subpopulation
of breaks have long-term repair failure, here modelled as 22% of
the total breaks. Both physical breaks and foci show the same
impact of this knockout, on both the initial kinetics as well as
long-term levels of damage, further supporting the ability of the
model to classify damage in this way and effectively reproduce
observed repair kinetics.
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DNA Repair Fidelity
A summary of key Medras predictions relating to DNA repair
fidelity and cell survival is presented in Figure 3, covering DSB
misrepair, mutation yields, chromosome aberrations and cell
survival in a selection of systems.

Figure 3A shows a comparison of Medras predictions (line)
against experimental observations of DNA DSB misrepair
measured by PFGE. The updated repair kinetic model
effectively reproduces the yield of misrepair over the entire
dose range, ranging from 5 to 80 Gy. Similarly, Figure 3B
shows good agreement between model predicted rates of
mutation (solid line) and experimentally observed mutations in
the HPRT gene in a variety of studies in hamster lines.
Significantly, the model also provides a good estimate of the
rate of intra-gene point mutations compared to experimental
observations, based on the spatial and genetic distribution of
breaks (dashed line).

Figure 3C presents data on the yield of chromosome
aberrations in a number of systems. Much of the data in this
work has been obtained for human lines, and good agreement is
seen with model predictions (solid line). However, it can be
shown that by taking into account differences in genome size and
chromosome number, the model also effectively reproduces the
rate of chromosome aberrations in human-hamster hybrid cells
(dashed line). Finally, if DNA repair defects are taken into
account, the model also effectively reproduces the rate of
misrepair in NHEJ-defective cell lines also (dash-dot line). We
have also shown that this model provides a good estimate of the
fraction of dicentric breaks compared to the total yield (27).

Finally, Figure 3D compares observed and predicted survival
for a range of cells – Chinese hamster cells (top, solid line),
normal human fibroblast (middle, dash line), and NHEJ-
defective hamster cells (bottom, dash-dot line). In all three
cases, the model effectively reproduces trends in sensitivity
across the different lines without any cell-specific fitting,
reflecting differences in their underlying genome, DNA repair
capability, and cell cycle checkpoints. Of note, for both the
normal and repair-defective Chinese hamster cells no direct
fitting is performed to the survival data, with survival being
entirely predicted from the mechanistic DNA repair model.

Intrinsic Radiation Sensitivity
As described above, Medras makes no use of cell-specific fitting
parameters in its predictions of sensitivity, instead using a
simplified phenotypic description to predict cellular responses.
Thus, it is possible to compare its predicted radiosensitivity to
that observed in a range of cell lines, to evaluate its overall ability
to predict intrinsic radiation sensitivity.

This is illustrated in Figure 4, which compares the model-
predicted and observed MID for acute X-ray exposure across a
panel of more than 200 experimental observations. The majority
of these (over 170) are extracted from the PIDE and Paganetti
databases, and have not been used to fit any of the DNA repair or
cell survival points and thus can be viewed as true predictions.

The performance across the entire range of data is good, with
a correlation coefficient of R2=0.75, and a best fitting slope of
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0.93, showing both good correlation and good overall agreement.
Good correlation can be seen across a range of cell lines from
different species, with different genetic alterations, and different
irradiation conditions. Notably, some significant unexplained
variance remains among cells with the same model phenotype –
seen in the large groups of P53-competent human cells, P53
negative human cells, and hamster cells (around 2.2, 3.4, and 3.8
Gy MID, respectively) showing broad ranges of sensitivity.
Possible factors impacting on this will be discussed below, but
even taking this into account overall performance is good.

Impact of High LET Irradiation
Similar predictions for a range of different LETs are shown in
Figure 5. Here, data for both proton and carbon ion irradiations
are plotted, compared to experimental observations, for a total of
590 observations, of which 325 are carbon ion exposures and 265
are proton exposures. As with the overall sensitivity prediction
above, the overall correlation is good, with R2 = 0.78 and a slope
coefficient of 0.96. There is also significant heterogeneity, but
significantly the model is able to effectively capture the responses
Frontiers in Oncology | www.frontiersin.org 11231
across a wide range of LETs and cell backgrounds by fitting a
single damage complexity parameter to proton data, and
extrapolating this across carbon ion exposures with LETs up to
50 times greater, providing confidence in the underlying
mechanistic interpretation. Significantly, this good agreement
at very high LETs indicates that the model effectively captures the
initial rise and eventual turnover in RBE with increasing LET
(being driven by Poisson statistics of arriving tracks) which leads
to an increase in MID at very high LETs. Similarly, the model
also correctly identifies the negligible impact of elevent LET on
RBE, as the death of these cells is dominated by misrepair
through the MMEJ pathway, as discussed in previous work (28).

Impact of Dose Rate
This paper presented significant improvements in how Medras
handles damage which is not induced instantly, enabling it to
now incorporate the impacts of dose-rate on a range of
endpoints. This is illustrated in Figure 6 exploring the impact
of dose-rate on chromosome aberrations. In Figure 6A, yields of
chromosome aberrations are compared for human cells
A B

C D

FIGURE 3 | Comparison of model prediction and misrepair endpoints. (A) Model prediction (line) compared to observed rates of DSB misrejoining. (B) Mutation
rates of HPRT gene, considering either all mutations (circles, line) or only point mutations (triangles, dashed line); (C) Chromosome aberration yield, for normal human
cells (circles, line), human-hamster hybrid cells (upwards triangle, dashed line) or NHEJ-defective human cells (downward triangles, dash-dot line); (D) Cell survival for
normal Chinese hamster (solid line, triangles), normal human (dashed line, circles) or NHEJ-defective hamster (dash-dot line, downward triangle) cells. For all plots,
colours are used to indicate different data sources.
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irradiated in acute (solid line, >5 Gy/hr dose rate) or chronic
(dashed line, <0.1 Gy/hr dose rate) exposures. It can be seen that
the updated model effectively distinguishes between these
limiting cases, separating out binary misrepair from single-hit
misrepair events.

This is further illustrated in Figure 6B, which shows
the dependence of chromosome aberration as a function of
dose, compared to published data for dose rates from 0.05 to
Frontiers in Oncology | www.frontiersin.org 12232
4 Gy/hour. Medras effectively reproduces both the kinetics
and magnitude of recovery with low dose rates across several
different doses, suggesting it also effectively handles
intermediate doses.

To evaluate this over a broad range of conditions, Figure 6C
presents a correlation plot of modelled and observed chromosome
aberration yields for a variety of cell lines, conditions, dose rates and
doses. Points have been colored according to the delivered dose-rate.
Medras effectively reproduces the observed yield of chromosome
aberrations across the whole range considered here, including both
low- and high-dose and dose-rate conditions (0.05 to 120 Gy/hour).
It also effectively reproduces the observation that DNA repair
defective cells are largely insensitive to changes in dose rate (note
cell lines with very low dose rates and high yields of aberrations).

For these predictions, it is important to note that only one set
of limiting low dose-rate chromosome aberration data was used
to fit the underlying model parameters in this dataset (70), with
all predictions for intermediate dose-rate recovery emerging
from the model kinetic fits to DNA repair.

Finally, a similar analysis can be performed for predictions
of survival. This is shown in Figure 7, comparing model-
predicted and experimentally observed MID for a selection of
exposures at different dose rates. Good correlation is seen across
the whole range of sensitivities and dose-rates (an R2 of 0.84
and a slope coefficient of 1.0 ± 0.03), including effectively
identifying lines where dose rate is significant and where it is
not (E.g. DNA repair defective cells, bottom left). Significantly,
this correlation is achieved despite parameters governing the
rates of DNA repair being fixed based on fundamental
mechanistic mechanisms and not being allowed to vary to
improve the quality of the survival fit. Due to limitations in
available data a similar MID benchmarking is not possible for
fractionation, but illustrations of the ability of Medras to predict
the impact of fractionation on dose response is presented in the
Supplementary Information in Figure S4.
DISCUSSION

Predicting the intrinsic radiosensitivity of cells is of both
scientific and clinical interest. After more than a century of
research into the radiosensitivity of cells, we now know a great
deal about the physical and biological processes which drive cell
death and their genetic determinants, but an integrated
predictive framework remains elusive, hampering our scientific
understanding of this system as a whole. This limitation is a
significant challenge to the translation of preclinical knowledge
into clinical applications, including the use of intrinsic
radiosensitivity as a method for treatment personalization (3, 4).

The Medras model presented here offers a step towards more
integrated prediction of radiation sensitivity. This model offers a
high-level mechanistic summary of key processes involved in
DNA repair, misrepair and cell death, and has been shown to
effectively reproduce radiation-induced effects across a range of
endpoints including misrepair, mutation, chromosome
aberration, and cell death. This integrated approach has a
FIGURE 4 | Intrinsic radiosensitivity predictions. Predicted MID for acute X-
ray irradiation (x-axis) is compared to observed MID (y-axis) for a range of cell
lines (points, coloured by species of origin). The model effectively captures the
impact of a range of modifications on radiosensitivity. Best fitting slope line
has a slope of 0.93, and an R2 of 0.75.
FIGURE 5 | Impact of high LET on radiosensitivity. Predicted MID for acute
ion exposures (x-axis) is compared to observed MIDs for a range of cell lines
(points, coloured by species of origin) for LETs between 1 and 1,000 keV/mm.
Again, the model effectively captures the range of sensitivity, and its
dependence on both underlying biology and physics. Best fitting line has a
slope of 0.96, with an R2 of 0.78.
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number of advantages over other models which focused more
closely on individual pathways or endpoints.

Firstly, by developing a model which mechanistically
considers a range of intermediate states before cell death, it is
able to naturally generate predictions across a range of
measurable endpoints. This means the model is able to be
draw on a wide range of types of data to constrain its
parameters – spanning over 1,000 measurements of different
radiation responses analyzed in this work. Thus, while survival
itself depends on more than a dozen parameters, many of these
are strongly constrained by other measurements – such as s on
the rate of misrepair as a function of dose – enabling robust, well-
constrained fits to be developed. Significantly, this single
parameter set also has cross-endpoint predictive power
enabling, as in the examples presented here, the impact of dose
rate on cell death to be informed by measurements of DNA
repair kinetics.

A second key strength of this model is that it involves no
empirical cell-specific fitting parameters. While many models
Frontiers in Oncology | www.frontiersin.org 13233
require individual fitting parameters as input (such as a and b
from the LQ model, or equivalent parameters), predictions in
Medras are based on a minimal radiation ‘phenotype’, which
contains a small number of explicitly measurable quantities
which characterize key aspects of the cell’s radiation response.
We have shown that this minimal set of data captures much of
the intrinsic sensitivity variation of cell lines, and provides a
foundation for more detailed experimental investigations.

These benefits provide a useful complement to much of the
radiation response modelling within the literature. A large
number of published models have been developed which
incorporate predictions of the yield and type of DSBs caused
by different qualities of radiation, building on a range of
underlying Monte Carlo toolkits to provide models of physical
interactions including Geant4-DNA, Topas-nBio, PATRAC and
KURBUC (9, 97–102), as well as a number of more empirical and
analytic approaches to initial damage and consequent death
(103–105). These models provide valuable insights into initial
yields and distributions of damage in a range of cell and radiation
A B

C

FIGURE 6 | Impact of dose rate on misrepair. (A) Comparison of modelled and observed chromosome aberration yields for acute X-ray exposures (circles, solid
line) and chronic low dose-rate exposures (triangles, dashed line). Different colours are used to represent different data sources. (B) Impact of dose-rate on dicentric
aberration yield at a series of different dose levels in human lymphocytes. (C) Correlation of modelled and observed chromosome aberration yields, across a range of
doses, dose-rates, and underlying biologies, with points coloured according to the delivered dose rate. Best fitting line has a slope of 0.99, with an R2 of 0.97.
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types. However, in most cases these models apply in ‘generic’
cells, and do not incorporate genetically-dependent features
which are known to modulate radiation sensitivity such as
DNA repair or activation of apoptosis, and so cannot be used
to predict individual sensitivity. There have also been a number
of models developed to explore some aspects of biological
response, in particular DNA repair pathways, through a range
of analytic and stochastic approaches (23–25, 106, 107). These
models provide some further insight into the underlying
mechanisms of these repair pathways, but are also typically not
useful for comparisons between cell lines, as they often involve
large numbers of cell-line specific parameters, or do not fully
describe the consequences of misrepair and so cannot be linked
to biological endpoints such as survival. More detailed
discussions on these model differences can be found elsewhere
(6). By offering a model which combines sufficient detail in the
pathways to reflect the heterogeneity between cell lines with
representation of the key biological features of cells, Medras
offers a potential way to incorporate knowledge into individual
predictions of intrinsic sensitivity.

In addition to its core development, Medras has been used in
other mechanistic studies, including investigations of the impact
of changing chromosome number and DNA content on
radiation sensitivity (108) and the use of different physical and
genomic models on the predicted yields of DNA damage and
chromosome aberrations (109). It is hoped that by making this
code more widely available and providing integration with the
SDD format for import of DNA damage data from other models,
Medras can help support further investigations in this area.

A number of limitations and challenges do remain, however.
One major challenge is that Medras still involves a number of
14234
simplifying assumptions about how cells respond to ionizing
radiation, including around the nature and spatial distribution of
DNA damage, the distribution of DNA within chromosome
territories within the nucleus, and the relatively simple binary
model of misrepair pathways. All of these can potentially be
refined by drawing on additional sources of mechanistic
information such as improved Monte Carlo models of DNA
damage distributions (109), models incorporating realistic
chromosome territories (110), and new systems biology models
of the key DNA damage repair and cell death pathways.

The nature and role of damage complexity remains a
significant area of potential future development. In the current
model, break complexity is treated as a probabilistic binary
factor, with breaks deemed as either complex or not, which
impacts on the overall repair kinetics and likelihood of repair
failure. This repair failure rate is relatively small in repair
competent cells the repair failure rate is relatively low and
most effects, both at low and high LETs, are dominated by
interactions between independent DSBs, rather than local
complexity around individual DSBs. However, there is
evidence that there may be sub-classes of DSBs which are
more difficult to repair due to complexity on a scale of tens to
hundreds of bases, due to additional strand breakage, base
damage, and other local sequence alterations (111, 112). As
this local break complexity depends strongly on LET, this may
play a role in the LET-RBE relationship which is currently
unaccounted for. Unfortunately, to date there is no clear
consensus on what constitutes a complex DSB from the point
of repair processes, and thus no robust quantification of these
effects which can be used to parameterize models. As a result,
Medras’ current model focuses on binary misrepair as a driver of
lethality, which has been shown to effectively capture key trends
in radiation sensitivity across a wide range of scenarios. Future
work drawing on additional data sources, such as precise
quantification of DSB complexity or Monte Carlo simulations
on the base-pair scale may enable these two contributions to
lethality to be separated and understood in more detail.

One other major challenge in this area is the degree of data
heterogeneity seen in radiation response data, particularly relating
to survival. While many studies of mechanistic endpoints show
relatively consistent results (as seen in Figures 2, 3), survival
measurements are subject to significant heterogeneity, even for
cell lines which are believed to respond similarly (Figure 4).
However, how much of this variation reflects real underlying
biology remains an outstanding question. It is now widely
acknowledged that challenges in dosimetry in a range of
experimental systems can introduce uncertainties on the order of
20-30% in reported doses and derived sensitivity parameters (113,
114). In addition, extensive sequencing studies have shown
significant genetic differences in cell lines once they have been
cultured in different laboratories, in many cases dramatically
changing their sensitivity to targeted therapies (115). This
potential variation is supported by reports of variations of 15-30%
in published radiosensitivity parameters across over 100 studies of
A549 lung cancer cells, which were not adequately explained by any
reported experimental factors (116). A better understanding of these
FIGURE 7 | Model predictions of survival at varying dose rate. Modelled MID
is compared to observed MID across a range of cell lines and dose rates,
with points coloured according to delivered dose rate. Good correlation can
be seen, with the increase in radioresistance reflected for cells with
competent repair, but not for cells with DNA repair defects (bottom left). Best
fitting slope has a slope coefficient of 1.0 ± 0.03, with an R2 of 0.84.
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effects, ideally supported by matched characterization and response
data, is essential to future model refinement.

If this can be achieved, however, there remains significant
potential to deliver novel insights into intrinsic radiation
sensitivity and translate this into clinical impact. While the
current radiation phenotype parameters in the model depend
on direct measurement, many of these parameters are closely
linked to particular genetic pathways, which are very well-
characterized. If models could be developed which linked these
phenotypic parameters to factors which are measurable for
patient tumors at the time of treatment – such as gene
expression and mutation – then these models could in
principle be applied to patient samples as part of the treatment
workflow, enabling robust patient sensitivity stratification and
the possibility of personalized radiotherapy treatment schedules,
incorporating potentially not only overall sensitivity but also
variations in, for example, sensitivity to fraction size.

In conclusion, Medras provides a mechanistic model which
enables prediction of a range of experimentally and clinically-
relevant endpoints, without the use of any cell-specific fitting
parameters. This has the potential to be valuable not only for
improving our understanding of the processes involved in response
to ionizing radiation, but also potential clinical translation of these
effects for treatment personalization and optimization.
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The fundamental basis in the development of novel radiotherapy methods is in-vitro
cellular studies. To assess different endpoints of cellular reactions to irradiation like
proliferation, cell cycle arrest, and cell death, several assays are used in radiobiological
research as standard methods. For example, colony forming assay investigates cell
survival and Caspase3/7-Sytox assay cell death. The major limitation of these assays is
the analysis at a fixed timepoint after irradiation. Thus, not much is known about the
reactions before or after the assay is performed. Additionally, these assays need special
treatments, which influence cell behavior and health. In this study, a completely new
method is proposed to tackle these challenges: A deep-learning algorithm called CeCILE
(Cell Classification and In-vitro Lifecycle Evaluation), which is used to detect and analyze
cells on videos obtained from phase-contrast microscopy. With this method, we can
observe and analyze the behavior and the health conditions of single cells over several
days after treatment, up to a sample size of 100 cells per image frame. To train CeCILE,
we built a dataset by labeling cells on microscopic images and assign class labels to each
cell, which define the cell states in the cell cycle. After successful training of CeCILE, we
irradiated CHO-K1 cells with 4 Gy protons, imaged them for 2 days by a microscope
equipped with a live-cell-imaging set-up, and analyzed the videos by CeCILE and by hand.
From analysis, we gained information about cell numbers, cell divisions, and cell deaths
over time. We could show that similar results were achieved in the first proof of principle
compared with colony forming and Caspase3/7-Sytox assays in this experiment.
Therefore, CeCILE has the potential to assess the same endpoints as state-of-the-art
assays but gives extra information about the evolution of cell numbers, cell state, and cell
cycle. Additionally, CeCILE will be extended to track individual cells and their descendants
throughout the whole video to follow the behavior of each cell and the progeny after
irradiation. This tracking method is capable to put radiobiologic research to the next level
to obtain a better understanding of the cellular reactions to radiation.
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INTRODUCTION

Radiotherapy forms, together with surgery, chemotherapy, and
immunotherapy, the four pillars of cancer treatment. Radiation
acts on all traversed tissues, resulting in the promising
therapeutic outcome of killing tumor cells as well as in acute
and late side effects in healthy tissue. The damaging effects of
radiation on biological tissue have already been known since the
beginning of the 20th century. Since then, there have been efforts
to qualify, quantify and understand these effects as well as the
disparate reactions of different cell and tissue types (1). In the last
100 years, accompanied by fast technological developments,
assays have been developed that measure and quantify
radiation sensitivity on large cell populations in-vitro (2). This
led to fundamental new knowledge on the cellular response
including the discovery of cancer stem cells (3, 4) or deep
knowledge on the effect of different types of radiation (5, 6).
This basic knowledge has been used to improve cancer therapy
(7, 8) and risk assessment for radiation exposure, whether
medical, occupational, or in space missions (9). Furthermore, it
opens the possibility to develop countermeasures or therapy to
radiation injury (10).

The gold standard method established in in-vitro analysis of
direct radiation response is the colony forming assay (CFA) (11).
This assay is used to assess radiosensitivity in-vitro and to
investigate the effects of agents, which are meant to have an
impact on the survival when applied before, during, or after
radiation exposure of cells. In this assay, the overall ability of cells
to proliferate into colonies is used to define the cellular reaction
to radiation (10). Although the ability to form colonies is the
main quality of cellular response to radiation exposure
concerning the reaction of organs or a whole organism, the
detail of individual cellular reactions is of interest to analyze and
predict the time course of reaction of healthy and tumor tissues.
Thus, the time and type of cell death as well as the kind of cell
death, i.e., apoptosis, necrosis, or senescence, combined with cell
survival results in a more detailed look in the mechanisms of
radiation effects (12).

However, this way of performing radiobiology has several
challenges: the first is that for each endpoint and each timepoint
which is examined by classical approaches, a certain experiment
has to be performed requiring a large number of cells (i.e. ten
thousand to millions in total) to get statistically significant results
(13, 14). This limits the applicability particularly in modern
therapy approaches such as particle minibeam or microbeam
research, where only small cell numbers are irradiated (15–19).
Second, one assay alone is less meaningful since only one
property can be studied with each assay. Therefore, different
types of assays must be applied to form a comprehensive picture
of radiation response. Thus, cells are used in different
experiments and samples with slightly different conditions
depending on the type of assay. This adds uncertainties to the
results and aggravates comparability. Third, the assays are ended
at one selected timepoint. This means that the effect is integrated
over a certain time interval in some assays or only a snapshot of
the effects can be investigated in others. Thus, the time dynamic
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is lost. The last challenge is, that most of the assays used or at
least their evaluation cannot be performed using living cells.
Cells must be killed and treated using chemicals such as fixing,
permeabilization, or labeling agents. These agents disturb the
chemical structures of the cells and might disguise the real
radiation effects by adding treatment effects. Furthermore,
almost all assays require washing and transferring of cells
resulting in the loss of cells that cannot be used for analysis
then. This can distort the results especially for high-LET
radiation, where many cells die quickly. Some of these
challenges can be overcome by increasing the number of
performed experiments and thus being able to add more
samples, assays, or timepoints per assay. This increases the
complexity and the number of necessary investigations per
research question.

To analyze the radiation response on a single-cell basis, well-
established assays using single-cell analysis such as comet assay
(20), fluorescence microscopy (21), or gene sequencing are
available (22). These methods of single-cell analysis are time
and resource expensive. The more complex and informative a
single-cell analysis method gets the fewer amount of cells can be
investigated as e.g. in super-resolution microscopy analysis,
where only a few cells can be observed in a reasonable time
(17, 23). In recent history with further biological developments,
such as the use of siRNA or CRIPS/Cas9 and other emerging
technologies, it is possible to measure effects also with a low
number of cells or even single cells and to increase the
throughput (10). Nevertheless, it is quite difficult to interpret
these results correctly and the ability to conclude the cellular
radiosensitivity and behavior upon radiation exposure with only
a single assay is very limited.

This fact leads to a need for a new analysis method, where
cells are kept undisturbed in their physical environment and all
reactions on a single-cell level can be quantified over several
proliferation cycles in one experiment. Such a method is long-
term label-free live-cell microscopy (24). State-of-the-art
microscopes provide a variety of techniques for label-free live-
cell imaging, including phase-contrast, differential interference
contrast, and holography-based methods (25, 26). Using these
techniques on living cells acquiring videos provides the
possibility for accurate tracking of cells and single-cell
reactions to radiation exposure. The major challenge is that a
huge amount of data is produced, which must be analyzed in
detail by detecting and tracking every single cell. Cell tracking
methods for microscopic images are already used in
radiobiology, mostly for fluorescent images. Here, methods like
thresholding (27), region growth (28), or watershed (29, 30) can
be applied to segment interesting structures in these images.
Also, Forrester and co-workers (31) propose a method for
analyzing cell death on time-lapse videos by fluorescent
imaging using fluorescent labeling. But detecting and tracking
cells on images derived by label-free microscopy is much more
challenging. The contrast of the cells compared with the
background is low and the cell shape varies throughout the cell
cycle. One option for analysis is the identification and labeling of
each cell by hand, which is time-consuming and makes the
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conduction of reasonable and quantitative meaningful radiation
experiments almost impossible. Hence, software packages are
tackling the recognition problem like cell profiler (32) or the Fiji
plugin iTrack4U (33). However, these programs have great
limitations, as cell profiler cannot handle single cells in phase-
contrast videos and iTrack4U has an optimization for phase-
contrast images but is limited to data with a high edge contrast.
To achieve this contrast special imaging conditions are needed,
where information about the health status and cell cycle are lost.
These limitations exclude the use of these programs as standard
recognition tools for phase-contrast images in all kinds of
brightness and contrast combinations. In the cell segmentation
and tracking challenge (34), it was shown that deep-learning
based algorithms outperform conventional image analysis
approaches in cell detection in phase-contrast images,
regarding performance and speed and are even able to
outperform human inspection in complex image classification
and object detection tasks (35). We, therefore, decided to build
an artificial intelligence algorithm that can detect and classify
cells in phase-contrast images to be used as a tool for
radiobiologic research.

In this study, we introduce a state-of-the-art deep-learning
algorithm to solve the complex image analysis task for label-free
live-cell imaging. With this method, a model is trained which can
automatically evaluate the lifecycle of cells in live-cell microscopy
videos. The algorithm can provide information on, among
others, the amount, type, and time of cell death, the cell-cycle
duration, possible cell cycle arrest and proliferation rate as well as
family trees for every single cell including also temporal
information. With this powerful method, single-cell reactions
can be perfectly studied and differences between cells of a single
population can be identified. We are aware of currently existing
limitations of the introduced algorithm, regarding the amount of
detectable cells and generalization but we also show its great
potential for the future. Nevertheless, we decided to publish this
first proof-of-principle to use such an algorithm in
radiobiological research, as since decades a method of this kind
is urgently needed. We think it is important to address as much
beneficiaries as possible, to be able to adapt further developments
to the needs of possible users in future.

We propose, in the first step, to use phase-contrast imaging.
This technology is the most common contrast-enhancing
technology, which is normally included in a well-equipped
laboratory microscope. Furthermore, good and reliable videos
can be acquired with less amount of data, compared to e.g.
holographic methods. Nevertheless, recognizing cells on phase-
contrast images is a challenging task, as cells in culture have poor
contrast. Additionally, depending on cell cycle phase, cells show
different shapes and morphologies. Therefore, simple methods
like thresholding or region growth, which rely on the intensity of
regions for differentiation to segment the cells, cannot be applied.
Rather, a method based on pattern recognition is needed. In the
last decade, one method for recognizing patterns on images was
most successful – the deep-learning based Convolutional Neural
Network (CNN) – and is now used in most of the algorithms for
the classification of objects in images (36–38). The accuracy of
Frontiers in Oncology | www.frontiersin.org 3241
the CNN is highly dependent on the datasets used for training
and validation and the CNN architecture. The model ResNet-101
(39) is best suited for classification due to its high accuracy in a
short training time and is commonly used in object detectors (40,
41). Therefore, the algorithm developed in this study takes the
ResNet-101 as a basis.

The detection of objects, i.e. the identification of an object
within an image containing an unknown number of objects
together with the correct classification, is an even more complex
task. There are many approaches to solve this, where the most
accurate results are achieved by the RCNN (Region based
Convolutional Neural Network) family. This model family
outperforms other commonly used models like the YOLO
(You Only Look Once) family in terms of recognizing tiny
objects and detecting them in crowded areas (42), which is the
case for cells on microscopic images. All members of the RCNN
family are two-stage detectors. Hence, these models consist of
two separate networks. One is responsible for detecting objects in
an image (learning the so-called “objectness”) and predicting
their bounding boxes. The other network classifies these objects
with a CNN. The computationally most efficient and most
accurate network of this family is the “faster RCNN” (43). Its
efficiency is due to the usage of a backbone fully convolutional
network which extracts a feature map from the input image from
where the predictions can be made. This approach makes the
algorithm additionally end-to-end trainable resulting in high
accuracy. Furthermore, this model is well established, and fast in
training and is the commonly used building block in many object
detection tasks (41, 44, 45). Hence, this model is chosen as a basis
for CeCILE.

In this study, we introduce the faster RCNN based algorithm
CeCILE (Cell Classification and In-vitro Lifecycle Evaluation),
which can detect and classify cells of three different categories of
vital cells (living, round, and dividing) and one category of dead
cells in live-cell phase-contrast videos. We show the whole
process of the creation of a proper data set up to the final
object detection algorithm. Furthermore, we test the algorithm in
a radiobiological experiment, where we irradiated CHO cells
in-vitro with 4 Gy of 20 MeV protons. The results achieved with
the algorithm accompanied by manually analysis, as the
performance of CeCILE is limited at the moment, are compared
to cell survival measured with the gold-standard colony forming
assay as well as FACS (fluorescence activated cell sorting) based
apoptosis and necrosis assay.
MATERIALS AND METHODS

Cell Culture
For the experiments in this study, two epithelial cell lines Chinese
Ovarian hamster cells (CHO-K1) and human cervical carcinoma
cells (HeLa) were used.

CHO-K1 were used for the radiation experiments and the
generation of the dataset. The cells were cultivated in RPMI
growth medium (R8758-500ML, Sigma Aldrich, USA),
June 2021 | Volume 11 | Article 688333
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supplemented with 10 % FCS (F0804-500ML, Sigma Aldrich,
USA), 1 % Penicillin-Streptomycin (P4333-100ML, Sigma
Aldrich, USA) and 1 % Sodium Pyruvate (S8636-100ML,
Sigma Aldrich, USA) grown at a temperature of 37°C, 5 %
CO2 and 100 % humidity, which is denoted in the following as
cell culture conditions.

Additionally, HeLa cells were used to generate the dataset for
training the algorithm. HeLa cells were cultivated in RPMI
growth medium (R8758-500ML, Sigma Aldrich, USA)
supplemented with 10 % FCS (F0804-500ML, Sigma Aldrich,
USA) and 1 % Penicillin-Streptomycin (P4333-100ML, Sigma
Aldrich, USA) at cell culture conditions.

Irradiation
The experiments were performed at the ion-microprobe SNAKE
(46, 47) at the tandem accelerator of the Maier-Leibniz-
Laboratorium in Garching near Munich, Germany.

Irradiation and Sample Preparation for CFA Assay
and Caspase 3/7-Sytox Assay
CHO-K1 cells for Colony-forming and Caspase3/7-Sytox assay
were seeded 24 h before irradiation in self-designed sample
holders (15). These sample holders keep the cells under
physiological conditions and saturated atmosphere, while there
is no medium on the cells during irradiation. A detailed
description can be found in (15, 47). In these containers, the
cells grow on a 6 μm Mylar foil coated with gelatin to encourage
the growth on the foil. For coating, the gelatin was warmed up to
37°C and solved in distilled water to a 0.1 % (w/w) solution. 1 ml
of the solution was then added on the Mylar foil in the area of
the sample holders, where the closed sample holder has a
window only covered by two Mylar foils, and incubated for
30 min at 37°C. Then the gelatin solution was removed and the
sample holder was washed two times with PBS. Finally, the
sample holders dried on air for a minimum of 2 h. For seeding
the cells in a well-restricted area of approx. 6 mm x 6 mm, a
silicon insert (Culture insert 2 well, Ibidi, Germany) was used.
This insert restricts the growth area to two rectangular areas with
a gap of 500 μm in between. The inserts stick themselves on the
gelatin-coated stretched Mylar foil and every insert was put in
the middle of the window area of the sample holders at the same
position by using a self-made template. In each well of the insert,
30.000 cells were added in 100 μl growth medium. CHO-K1 cells
were then incubated in the inserts for 24 h at cell culture
conditions. Before irradiation, the insert was removed, 3 ml
growth medium was added, and the sample holder was closed.
Five samples were irradiated for colony forming assay and four
samples for Caspase 3/7-Sytox assay. The field size of the
irradiation field was 6.5 mm x 6.5 mm. The CHO-K1 cell
samples were mounted in the irradiation position in the
beamline at an upright rotated microscope. With this
microscope, the position of the cells could be visualized and the
sample holders could be aligned to the beam. The irradiation
procedure in upright position lasted about 10 min. Consequently,
the unirradiated sham samples were treated the same as irradiated
samples, without switching on the irradiation. The CHO-K1 Cells
Frontiers in Oncology | www.frontiersin.org 4242
were irradiated with a target dose of 4 Gy of 20 MeV protons at a
dose-rate of 3.7 Gy/min. The dose was monitored during
irradiation with an ionization chamber between the sample and
the ion beam. The detector was connected to an electrostatic beam
switch, which switched off the beam after the dose limit was
reached as given from the ionization chamber. The ionization was
calibrated with EBT3 gafchromic films (Ashland Advanced
Materials, USA) and verified for each irradiation by a film
placed behind the sample. The dosimetric measurements using
the EBT3 gafchromic films showed an actual mean irradiation
dose of (3.8 ± 0.7) Gy (standard deviation, cf. Supplementary
Tables 3 and 4). This dose will later be referred as the 4 Gy
irradiation. Variation of dose came from variations in ionization
gas concentrations and beam current variations coming from the
accelerator, which could not be fully compensated. The mean dose
was calculated by the 9 irradiated samples. The large dose error
originates from an outlier, which received only 2.29 Gy, which
almost doubles the standard deviation.

Irradiation and Sample Preparation for
Phase-Contrast Analysis
CHO-K1 cells were seeded in a self-designed live-cell-imaging
(LCI) container as described in detail by Hable and co-workers
(48). In this experiment, a glass window was used in the LCI
container instead of a scintillator window, because the ion-
detection was performed between beam and sample and
therefore a scintillator window was no longer needed. To
encourage the cells to grow on glass, the glass window was
coated with gelatin in the same way as described above, except
adding 700 μl of the gelatin solution on the glass window instead
of 1 ml, because of the smaller area. A four-well insert (micro
insert 4 well, Ibidi, Germany) was used to restrict the growth
area. This insert has a circular shape and contains four
rectangular wells for growing the cells in smaller restricted
rectangular areas. The insert was positioned in the middle of
the window of the LCI container. In each well, 1000 cells were
added in 10 μl growth medium solution and another 300 μl of
medium was added as a medium reservoir on top of the insert.
The samples were incubated after seeding for 24 h at cell culture
conditions. Before irradiation, the insert was removed and the
container was closed. The cells were covered with polypropylene
foil to keep them at saturated conditions and prevent drying of
the cells during irradiation. For proton irradiation, the LCI
container was mounted at the microscope in the beamline and
the sample with CHO-K1 cells was aligned to the beam. One of
the four wells was irradiated with 4 Gy of 20 MeV protons by
moving the sample in a position, where only the cells of one area
are irradiated. The second well was left unirradiated and served
as sham. The last two wells of cells were irradiated with 4 Gy at
different dose-rates and are not analyzed here. After irradiation,
the medium was removed and 6 ml medium was added. The
irradiated dose was measured using an ionization chamber. The
calibration from 33 independent dose measurements, where
the measured 4 Gy of the ionization chamber was calibrated
against gafchromic films, gave a mean dose of (3.9 ± 0.6) Gy. This
dose is in the following referred to as 4 Gy.
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Irradiation and Sample Preparation for Generation of
Data for Training of the Algorithm
HeLa cells were seeded in LCI-containers on a scintillator
window. The scintillator window was coated with Cell-TAK
(Cat. No. 354240, Corning, USA) to improve cell growth. For
coating, 5 μg of Cell-TAK was solved in a 30x-Na-bicarbonate-
buffer, added on the surface of the scintillator window, and
incubated for 20 min at room temperature. Then, the Cell-TAK
solution was removed and the coated surface was washed with
sterile water. The samples were then completely dried for a
minimum of 2 h. An insert (micro insert 4 well FulTrac, Ibidi,
Germany) with small 4 round wells (diameter of 0.4 mm) was
placed on the coated surface. In each of the wells, 600 cells were
added in 10 μl. The samples were incubated at cell culture
conditions for 1 h. Afterward, the insert was gently removed
and 6 ml medium was added to the cells and they were incubated
for another 23 h at cell culture conditions. For irradiation, the
container was closed with polypropylene foil. The sample was
positioned in the beamline and aligned for irradiation with the
microscope. The issue of underrepresented dead cells in the
images was addressed by an additional type of irradiated
samples. These were irradiated with 55 MeV carbon ions,
which are known to induce a higher amount of cell death
compared to 20 MeV protons (49). One cell area on the
sample was irradiated with 1 Gy of 55 MeV carbon ions, the
second with 2 Gy, and the third area with 4 Gy. The last area was
left unirradiated as direct control. The carbon ions were detected
with a photomultiplier behind the sample as described
before (48).

Live-Cell Phase-Contrast Imaging
CHO-K1 or HeLa cells were imaged using a standard phase-
contrast microscope with a motorized stage (Axio Observer Z1,
Zeiss, Germany). Additionally, the microscope was equipped
with a stage top incubator (Tokai-hit STX, Tokai-hit, Japan). The
cells were kept at culture conditions during the observation.
Therefore, we were able to image for more than 5 days. Since the
incubator enriches the air within with over 95 % humidity and
prevents the sample from drying, the water in the incubator’s water
bath has to be refilled every day. Every second day the growth
medium in the sample was refilled to ensure optimal conditions for
the cell growth. The cells were imaged with a 10x objective (Plan-
Apochromat 10x/0.45 Ph1, Zeiss, Germany) and recorded with a
camera (AxioCam MRm, Zeiss, Germany) with a pixel size of
6.45 μm x 6.45 μm and a field size of 1388 x 1040 pixels. A 1x
adapter (60N-C 1” 1,0x Adapter, Zeiss, Germany) between camera
and microscope was used. HeLa cells were imaged with the
condenser annuli Ph 2 every 15 min for 5 days. CHO cells were
imaged with the condenser annuli Ph 1 every 5 min for 2 days.

Colony Forming Assay
For colony forming assay, 5 samples were irradiated and 5
samples serve as a sham. Immediately after irradiation, the
cells were trypsinized to be removed from the mylar foil and
counted two times in a Fuchs-Rosenthal chamber (C-Chip,
NanoEntek, South Korea). A total number of 400 to 700 cells
was counted for each sample. The cells of each sample were
Frontiers in Oncology | www.frontiersin.org 5243
seeded in three 12-well-plates (Greiner, Germany). A seeding
density of 100 cells/ml was chosen for unirradiated cells and
400 cells/ml for irradiated cells to ensure similar colony density
on the 12-well-plates. In every well of the plates, 1 ml of the cell
solution was added. The cells were incubated for 5 days at cell
culture conditions in a water-jacketed incubator (Uniequip,
Germany). After five days the cells were rinsed with PBS
(D8537-500ML, Sigma Aldrich, Germany) and fixed with
Methanol (SupraSolv® Methanol, Merck, Germany) for 5 min.
They were stained with a 0.1 % crystal violet (Kristallviolett,
Merck, Germany) solution for 2 min and finally washed with
water and dried at room temperature for one day according to
(49). The plates were scanned with GelCount (Oxford Optronix
Ltd., UK) and counted manually. For evaluation, only colonies
were counted with a minimum of 50 cells. For the analysis, the
plating efficiency (PE) is defined as the percentage of cells that
have formed a colony of all seeded cells. To calculate the survival
fraction (SF) the PE value for a sample was divided by the mean
PE value of the unirradiated cells (PE0). The mean PE value for
the unirradiated cells in this study was 0.53 ± 0.04, where the
uncertainty (DPE) was the SEM (standard error of the mean)
among 5 samples. This measured PE value correlates to the PE of
previous experiments (49). The uncertainty of SF (DSF) was
calculated by using the Gaussian error propagation as

DSF = SF ·

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DPE
PE

� �2

+
DPE0
PE0

� �2
s

:

The results of the experiment were compared with a reference
measurement with 200 kV x-rays (49, 50). These data were fitted
by a commonly used linear quadratic curve

SF =   exp ( − (a · D + b · D2)),

where D denotes the irradiated dose and a and b are fitting
parameters. For the fit, the parameters a = (0.156 ± 0.045) Gy-1

and b = (0.0235 ± 0.0055) Gy-2 were derived from the results of
two independent experiments, performed by K. Ilicic (49, 50) at
comparable conditions as in the experiment described here.
Caspase3/7-Sytox Assay
Directly after irradiation of the cells, the medium was changed
and the cells were incubated for 24 h at cell culture conditions.
Then, the cells were trypsinized by keeping the supernatant of all
steps. Afterward, cells were stored at room temperature for
45 min while moving them to the analyzing laboratory. Finally,
the solution of trypsinized cells and the supernatant were mixed
and centrifuged at 500 g for 5 min at room temperature. After
centrifugation, the supernatant was removed to the last 1 ml of
the fluid, which also contained the cells. This solution was gently
vortexed to distribute the cells equally in the fluid. The cells in
the solution were stained with Caspase3/7 and Sytox
(CellEvent™ Caspase-3/7 Green Flow Cytometry Assay Kit,
Invitrogen, USA) by following the instructions of the
manufacturer. First 1 μl of CellEvent™ Caspase-3/7 Green
Detection Reagent was added to the solution to end up in a
final concentration of 500 nM of the reagent and the samples
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were incubated at 37°C for 30 min. Finally, 1 μl of SYTOX™

AADvanced™ was added to the cell solution to obtain a
concentration of 1 μM and the solution was incubated for
another 5 min at 37°C. The stained cells were analyzed using the
FACSCalibur flow cytometer (BD Biosciences, USA). To detect the
Caspase 3/7, a 530/30 bandpass filter (FL1) was used to collect
the fluorescence emission after a 488 nm excitation and for Sytox a
690/50 bandpass filter (FL3) was used. The data analysis was
performed using CellQuest software (BD Biosciences, USA). Cells
with a positive Caspase 3/7 and positive Sytox staining were
classified as late apoptotic cells. Cells with a positive Caspase 3/7
and negative Sytox staining were classified as early apoptotic cells.
Cells with a negative Caspase 3/7 and positive Sytox staining were
denoted as necrotic cells and cells with no staining signal were
classified as vital cells.

Manual Labeling of Cells
For manual labeling, phase-contrast images were used. Images
containing several cells were uploaded in the open-source
browser-based software VGG image annotator (VIA) (51).
Here, cells were labeled using rectangular boxes, and
classification, as identified by eye by a human expert, was
added as a tag. Identification was based on the development of
cell morphology up to 25 frames before and after the labeled
frame, corresponding to changes within 4 hours.

CNN Algorithm
For classification, a CNNwith four convolutional layers based on the
architecture of LeNet-5 (52) was used. Each of the convolutional
layers was followed by a max-pooling layer to minimize the number
of learnable parameters. The first convolutional layer applied
32 filters to the images of the dataset, the second convolutional
layer had 64 filters and the last two convolutional layers applied
96 filters each. Two fully connected layers with 512 and
4 connections follow the convolutional layers. As activation
function ReLU (Rectified Linear Unit) was chosen, which is
commonly used in CNNs. ReLU was applied in all convolutional
layers and the first fully connected layer. In the second fully
connected layer, a softmax function was implemented as
activation. The network had a total number of 4,143,236 trainable
parameters. This algorithm is python based and was implemented
using the TensorFlow 1.12.0 backend. The CNN was trained on the
classification dataset. For this dataset the labeled boxes of the dataset
of CeCILE were cropped to obtain images containing only one
object. To tackle class imbalances, the images of the classes div and
round were upsampled via data augmentation methods. In the class
round every second image was vertically flipped and for the class div
the augmentation methods enhance brightness, contrast, and
sharpness, lower brightness and contrast were applied on the
images and on vertically flipped images to increase the number of
images in this class by a factor of 11. During training time the
augmentation methods random rotations, random zoom, random
width shift, randomhorizontal shift and horizontal flip were used for
all classes to make the training more robust and to improve the
generalization. For training and testing the CNN, the classification
dataset was randomly split into 75 % for training and 25 %
for testing.
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Faster RCNN Algorithm
The object detector is python based and implemented using the
TensorFlow Object Detection API (53) with TensorFlow version
1.12.0. The detailed configuration is described in (54). As a
backbone architecture, a ResNet101-CNN was used topped by a
classification head and a localization head as designed by Ren
et al. (43). The finetuned final parameters for CeCILE are shown
in Table 1 in the Supplementary.

Additionally, an algorithm for detecting the cells in a video
stream was developed using OpenCV 4 and TensorFlow 1.12.0.
The algorithm takes the object proposals from the TensorFlow
API and calculates positions and classes of the objects over the
video frames. CeCILE was trained on an Nvidia RTX 2080 Super
GPU. One training cycle took eight hours. To optimize the
algorithm 200 training cycles were performed, each with
varying parameters. For training and validation, the dataset
was split randomly in subset containing 75 % of the labeled
images for training and 25 % for testing.
RESULTS

Generation of the Dataset
A dataset containing images with marked locations of the cells and
their respective labels is needed for training and validation of the
model. We decided to use an easily applicable method to generate
the dataset by using rectangular boxes around the cells, so-called
bounding boxes. Hence, the dataset can be extended for applications
at different cell lines or microscopes. To get a more generalized
dataset, CHO-K1 and HeLa cells were used. Both cell lines are
epithelial cells, grow in a monolayer and are well established in
radiobiology. Furthermore, we imaged the cells with different phase-
contrast illuminations, resulting in a variation of brightness, inner
cell contrast, and edge contrast. Overall 329 images were manually
labeled containing 28,576 cells from 5 different samples with 2
different imaging conditions (imaging modality Ph 2 for HeLa cells
and Ph 1 for CHO cells). 46 % of all labeled cells were HeLa cells and
the other 53 % were CHO cells. In Supplementary Figure 1,
example images of both cell lines with their specific imaging
modalities are shown. This dataset serves as ground truth for
training and validation of CeCILE.

Our goal was to follow cells during the whole cell cycle and to
be able to detect them in every state. Throughout the cell cycle,
the morphology of a cell in culture changes. This change can, in
the first approximation, be assigned to three classes. The three
classes show a transition circle, which is shown in Figure 1A. In
the first state, the cell is attached to the surface of the cell culture
flask and shows a very flat “fried egg” like shape, where the cell
nucleus looks like the yolk and the surrounding part of the cell
containing the cell plasma and the organelles looks like the egg
white, as shown in Figure 1B. Cells of the same cell line can have
very different outlines in this stage depending on the environment
and mutations. All of them belong to the class living cell (liv). In
the second class, the cells are no longer attached to the surface and
show a round shape. Therefore, this class is called round cell
(round). This state occurs during mitosis shortly before cell
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division or shortly after division. The round cell has, unlike the
living cell, a high contrast at its edges, as shown in Figure 1C.
Since the transition between living cell and round cell state is
smooth, a cell is labeled as round cell when most of the cell edges
show this high contrast and therefore, most of the cell is no longer
attached to the surface. The third class is named cell division (div)
and contains cells that undergo cell division, as shown in
Figure 1D. A cell is counted as div if it is no longer round, the
ongoing separation can be seen and as long as the two daughter
cells are not completely separated from each other. These three
classes describe vital cells. However, cells can die at any stage of the
cell cycle (cf. Figure 1A). Therefore, we included a fourth class
(dead) in our algorithm, which contains all dead cells. Dead cells
Frontiers in Oncology | www.frontiersin.org 7245
typically turn dark inside during the dying process and form
bubbles, as shown in Figure 1E.

At normal conditions, approx. 80 % of the labeled cells in an
image belong to the class liv. This leads to a high imbalance of the
dataset. To combat this problem, additional data were acquired,
where HeLa cells were irradiated using 55 MeV high-LET carbon
ions, increasing the number of dead cells. Overall, the whole dataset
including CHO-K1 and HeLa samples contained 65.7 % of the cells
in the class liv, 10.6 % in the class round, 0.4 % in the class div, and
the last 23.3 % belong to the class dead. All specifications of the
dataset are summarized in Table 2 in the Supplementary. An
imbalance is still visible in the dataset with an underrepresentation
of the classes round, div, and dead. The used algorithms give
A

B D EC

FIGURE 1 | In (A) all possible transitions between the classes are depicted. Example images of cells of the dataset in the four states are shown in (B–E) defining the
classes for training. The contrast of the raw data images was enhanced for better visibility and raw data can be found in the Supplementary Figure 2.
June 2021 | Volume 11 | Article 688333
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system-specific methods to compensate for this imbalance and will
be explained later on for each case separately.

CNN Algorithm to Classify Cells
In our first step of developing an algorithm for object detection,
we started with a classification task using a simple CNN based on
LeNet-5 (52) instead of a more advanced CNN like ResNet-101,
because of the much shorter training time. The boxes of the
manually labeled images of the dataset were snipped out to get
images containing only one object and the algorithm learned to
assign class labels to these images. To counteract the imbalance
of the dataset, the minor classes were upsampled as described in
Methods Section CNN Algorithm by using the different
augmentation methods to obtain 1,320 images in the class div
and 4,617 images in the class round forming the classification
dataset. In training time additional augmentation was applied on
all classes. The augmentation only adds minor changes to the
images, which do not affect the appearance of the cells
themselves, but for the algorithm, it results in completely new
images. A further advantage of augmentation is that these
changes make the algorithm more robust and prevent
overfitting (55). However, if too many augmentation methods
are applied the algorithm tends to overfit and will then not be
able to generalize well for analyzing completely new images.
Hence, careful evaluation of the classification was performed at
each step of training.

One important evaluation step is to analyze the confusionmatrix
on the test dataset (containing 25 % of the classification dataset)
depicted in Figure 2. The confusion matrix shows the correlation
between the manually labeled classes (True Class) of the training
dataset and the prediction from the algorithm (Predicted Class) for
all cells. The better the algorithm, the more entries are on the main
diagonal. Figure 2 shows that in our case most of the entries are on
the main diagonal and therefore most of the images of the test
dataset were classified correctly. Overall 5.5 % of the cells were
classified in the wrong class. 5.1 % of the dead cells, 1.6 % of the
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dividing cells, 3.8 % of the living cells, and 13.0 % of the round cells
were predicted wrong. The largest error of the algorithm is between
the classes round and liv, where 237 cells were predicted wrong.
This corresponds to 5.0 % for the class liv and 20.4 % for the
class round.

Another evaluation of the algorithm in classification tasks is
performed by the scores precision, recall, and f1score defined as

precision =  
TP

TP + FP
,

recall =  
TP

TP + FN
 and

f 1score =  
2 · recall · precision
recall + precision

TP indicates the true positives representing the number of cells
that are correctly predicted. FP are the false positives. These are
all images that are falsely predicted to the considered class. The
last group are the false negatives (FN). They would belong to the
considered class but were falsely categorized to another class.
These scores must be calculated for each class separately. The
precision gives the proportion of correctly predicted positive
identifications to all positive identifications. It tells how precise
are the predictions one gets. Recall, on the other hand, is defined
by the proportion of actual positives that were correctly
identified. This generates the sensitivity of finding positive
predictions and how many predictions are missed. The f1score
gives the harmonic mean of precision and recall and therefore
provides the quality of the algorithm for each class. All three
values are 1.0 for an ideal algorithm.

Table 1 lists the precision, the recall, and the f1score of all
classes. The precision and recall scores for all classes lied between
0.87 and 0.98. The classes dead, liv and round have similar
precision and recall scores, while the recall score of the class div
(0.98) is higher than its precision score (0.90). The class liv shows
the highest score with an f1score of 0.96 followed by dead and div
with f1score of 0.95 and 0.94, whereas the class round has the
smallest f1score of 0.87. The mean f1score of all classes is 0.93,
which is a very good value and proofs the successful classification
using the four classes and acquired dataset.

CeCILE - An Algorithm for Cell Detection
on Microscopic Videos
After the successful proof of cell classification with the
used classes and acquired data, the next step is to set up an
June 2021 | Volume 11 | Article 688333
FIGURE 2 | The confusion matrix of the classification of the dataset on a
simple CNN.
TABLE 1 | Evaluation of the classification by a simple CNN on the upsampled
dataset.

precision recall f1score

dead 0.96 0.95 0.95
div 0.90 0.98 0.94
liv 0.97 0.96 0.96
round 0.87 0.87 0.87
mean over all classes 0.93 0.94 0.93

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Rudigkeit et al. CeCILE
object detection. For this study, a detector based on a faster
RCNN was designed. The basic idea is to use a backbone fully
convolutional neural network to extract the features from an
image and to predict the bounding boxes and the classes of the
objects in two separate heads. A detailed description of the basic
architecture of the faster RCNN can be found elsewhere (43). To
save computational time, transfer learning with a pretrained
ResNet-101 model trained on the COCO dataset (56) from the
TensorFlow 1 Model Detection Zoo was used. Transfer learning
provides the basic low level features. For identification of the cell
specific appearance, classification, and location, CeCILE was
trained on the dataset described in this study. The model was
finetuned while training on our dataset with the four classes. The
data preparation and training pipeline for faster RCNN is
implemented as described by Rosebrock (54) with modifications
due to the input data.

In the first step of the faster RCNN, the image is fed into the
backbone convolutional neural network. This gives a
representation of image features, the so-called feature map.
Afterward, a set of boxes, called anchors, with different aspect
ratios and scales is placed around each pixel in the input image.
We used aspect ratios of 1:1, 1:2 and 2:1 on four scales of 0.25,
0.5, 1.0 and 2.0. Here, 1.0 equals a size of 256 x 256 pixel. For
each anchor, the model infers whether an object is inside or not.
The anchor which suits best for each object is finetuned to the
position of the object and forwarded as a bounding box. The
bounding box defines the object location and extension and is
compared for validation to the manually labeled ground truth
boxes later. The classification head infers the class label to each
bounding box and calculates a confidence score of the algorithm
for the respective prediction. In Figure 3, a scheme of the design
of faster RCNN is displayed. Crowded areas can lead to
overlapping bounding boxes of different objects. To account
for this, a method called NMS (Non-maximum Suppression) is
used, where only bounding boxes are kept with an IoU
(Intersection over Union) score smaller than a chosen
threshold. The IoU is calculated by dividing the intersection
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area of two boxes by the union area of the two boxes and is
therefore a score for the overlap of two bounding boxes in an
image. To increase the generalization of the model, three data
augmentation methods were used during training: random
image horizontally flips, random brightness, and random
contrast adjustments. To compensate for the imbalance of the
classes, class weights were implemented. The class liv, containing
the majority of the cells, gets the smallest weight of 0.25. The
class div gets a four times higher weight and the other two classes
both get the medium weight of 0.5. The object detector is trained
and optimized for the best classification and detection (cf.
Supplementary Table 1) in a single image. It was then
extended to detect the cells in a video stream forming the final
CeCILE algorithm.

Validation of CeCILE
The performance of CeCILE is qualified using the experimental
data of this study. In this study, CHO-K1 cells were in the first
sample irradiated with (3.9 ± 0.6) Gy 20 MeV Protons, referred
in the following as 4 Gy, and in the second sham irradiated. After
irradiation, the cells were imaged via phase-contrast for 2 days
every 5 min. Between irradiation and observation, no treatment
was applied and the cellular behavior can be investigated without
disturbing the cells by any other treatment besides the irradiation.
The videos were analyzed by the deep-learning based object detector
CeCILE. Additionally, 14 frames in each video were analyzed by a
human expert, in the following denoted as ground truth, and the
results of both methods were compared. The predictions of CeCILE
for both videos are listed in Supplementary Tables 5 and 6, from
the ground truth in Supplementary Tables 7 and 8. The videos with
the boxes predicted by CeCILE are shown in Supplementary
Videos 1 and 2. In order to improve the performance of CeCILE
on the videos of the study and to make the image analysis more
reliable, 11 frames from the ground truth data from each video were
included in the dataset. The frames 288, 432 and 576 were not
included here as they contain more than 100 cells. The dataset was
split randomly into 75 % for training and 25 % for testing.
FIGURE 3 | The schematic design of faster RCNN as object detector.
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The generalization of CeCILE was validated on the test data set and
on unknown video data.

To quantify the performance and therefore qualify the
algorithm the mAP (mean Average Precision) score, which is
commonly used to qualify object detection algorithms (39, 53,
57), is used. In this score, a bounding box is indicated as true
positive if the class is predicted right and the predicted box and
the ground truth box, i.e. the manually labeled box, overlap by at
least a certain percentage defined by the IoU threshold. A
bounding box is false positive if either the class is predicted
wrong or the box has a smaller overlap with the ground truth box
than the IoU threshold. False negative is an object that is not
detected at all. The average precision (AP) score is the area under
the interpolated precision-recall curve, indicated as light blue
area in Figure 4. Here, the AP was calculated for the class liv and
has a value of 89.15 %. To achieve the precision-recall curve, all
boxes of one class are sorted by their confidence score and for
each score, the precision and the recall are calculated. Finally, the
precision is plotted against the recall and the interpolated area
under this curve is calculated as AP. The average AP for each
class ½AP(class)� is calculated as the mean of each AP at different
IoU thresholds from 50 % to 95 % in 10 steps (# IoU) of 5 % as

AP(class) =  
S95%
IoU= 50% in 5% steps AP(IoU)

#   IoU

This is done for every class separately and the mAP

mAP =
Sclasses(liv,  round,  div,  dead)AP(class)

#   class

is calculated as the mean of all AP(class) over all four classes
(# class). For an ideal algorithm, the mAP equals 100 %.

In Figures 5A, B the boxes of the ground truth and the boxes
predicted by CeCILE are shown on a phase contrast image for
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visualization. The overlap of the ground truth boxes and the
boxes predicted by CeCILE are depicted in Figure 5C. From such
an overlap now the mAP-score can be calculated.

Figure 6A depicts the mAP-score for each analyzed frame of
the two samples, one irradiated (red curve) and one sham
irradiated control (black curve). The mAP-score in this study
was calculated according to (58). For the irradiated sample, the
detector gains scores higher than 98 % until frame 200, except
from frame 1 (49 %) and frame 40 (90 %). For higher frame
numbers, the mAP-score dramatically decreases to scores of
30 % (frame 432) – 60 % (frame 288). In the sham sample, the
mAP-scores are higher than 98 % until frame 60. Then, the
mAP-score drops to 55 % at frame 80 followed by an increase to
98 % at frame 120. For frames between 140 and 200, the mAP-
score is between 83 % and 92 % and decreases after frame 200
quickly to a score of 9 % at frame 576, which corresponds to 48 h
after irradiation. The mean mAP-score of the frames of both
samples containing less than 100 cells is (91 ± 3) %. The
uncertainty is here given by the standard error of the mean.
For a better visualization of how the here described mAP-scores
were composed, the AP(class)-scores of the four classes in the
here analyzed frames are listed together with the mAP-scores in
Supplementary Table 9.

In Figures 6B–D the number of either predicted cells by
CeCILE (P) or manually labeled cells as ground truth (GT) for
the four classes are shown in stacked bar graphs. In each graph,
the results are shown for one frame. For visualization, frames 1
(Figure 6B), 200 (Figure 6C) and 576 (Figure 6D) are chosen. In
the graph for frame 1, the bars in both samples for both the
prediction and the ground truth have almost the same height
(56 cells and 55 cells in the sham sample and 45 cells in the
irradiated sample). For the sham sample, the same number of
living cells (36 cells) and of dead cells (1 cell) is determined from
both the ground truth and CeCILE, while 1 round cell less is
predicted by CeCILE than by the ground truth in this case. On
this frame, no cell division is visible. The mAP for this frame in
the sham sample is 98 %. In frame 1 of the irradiated sample,
CeCILE predicts 6 living cells more than the ground truth and 5
round cells less. The dead cell from the ground truth is not
predicted. This discrepancy in classification results in an mAP of
48 %. In frame 200 for both samples, the same cell number is
predicted. The cell numbers in the classes round and div coincide
between the ground truth and prediction. Whereas, in the class
liv, CeCILE predicts 1 cell more than the ground truth and in the
class dead CeCILE predicts 1 cell less than the ground truth. This
results in an mAP of 91 %. In the irradiated sample, CeCILE
predicts the same number of cells for all classes as the ground
truth, resulting in an mAP-score of 100 %. At frame 567, CeCILE
predicts overall 77 % less cells in the sham sample than the
ground truth and 53 % less cells in the irradiated sample. In the
sham sample, CeCILE predicts 24 % of the living cells, 33 % of
the round cells, and 13 % of the dead cells determined by the
ground truth. The cell division is not detected by CeCILE. This
results in an mAP-score of 9.23 %. In the irradiated sample, 48 %
of the living cells, 77 % of the round cells, and 8 % of the dead
cells are predicted by CeCILE compared to the ground truth.
FIGURE 4 | Precision-recall curve (blue dotted line) to calculate the AP of
class liv as example. The AP is calculated as the area of the interpolated
precision-recall curve colored here in light blue and corresponds to 89.15 %.
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The mAP-score is 32 %. The decreased mAP-scores in frame 576
in both samples are not due to the wrong classification as in
frame 1 in the irradiated sample, but due to too few detected cells
by CeCILE. Therefore, the frames with low mAP-scores can be
sorted into these two groups, either with low classification
accuracy or low detection efficiency. The decreased performance
of CeCILE after frame 200 originates from a problem caused by
the algorithm (56), that was used as a basis of the model via
transfer learning. In this model, the maximum detections which
Frontiers in Oncology | www.frontiersin.org 11249
can be performed on an image are limited to 100 objects.
Therefore, our model fails to detect all objects in images with
more than 100 objects, which is the case for the frames after frame
200. Solving this problem is currently work in progress.

CeCILE performed very well on partly known video data with
frames containing < 100 cells. The generalization of an algorithm
provides the performance of the algorithm on unknown data.
Here, the generalization is measured on the one hand on the
test dataset and on the other hand on unknown video data.
A B C

FIGURE 5 | The ground truth boxes are shown in (A) and in (B) the boxes predicted by CeCILE. White frames label round cells, green frames living cells and orange
frames dead cells. In (C) the box areas from the ground truth are depicted in green and the box areas of CeCILE in magenta. The overlap of the boxes from CeCILE
and the ground truth is shown as white areas.
A B

DC

FIGURE 6 | (A) shows the mAP scores of the irradiated and the non-irradiated (sham) sample over all frames. In (B–D) the number of cells (CHO-K1) in each class are
depicted by the bars for frame 1, 200 and 576, respectively. Here, the number of cells of the ground truth labeling (GT) and the prediction of CeCILE (P) are compared.
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CeCILE achieved a mAP of 38.14 % on the test dataset. Since in
the test dataset are also images containing more than 100 cells,
this might lower generalization than it actually is. Therefore, we
retrained CeCILE on our dataset after excluding the ground truth
data of the videos of the here described study. Then, the videos
were again analyzed by the unknowing CeCILE and the mAP was
calculated based on 22 frames of both videos, which are part of the
ground truth data. Here, unknowing CeCILE achieved a mAP of
51.51 %. While cells of the class liv and round were predicted
reliably with mean AP(class)-scores of 74.10 % and 70.87 %, the
generalization was very low for the classes dead and div with mean
AP(class)-scores of 6.48 % and 16.67 %. The here calculated mAP-
scores for each frame are listed in Supplementary Table 10.

Cellular Response to Radiation Evaluated
With CeCILE
In the next step, we analyze the cellular response to irradiation
with 4 Gy 20 MeV Protons using the phase-contrast videos,
which were also used for validation on the section before. For the
biological analysis of the videos, the frame number is replaced by
the acquisition time with frame 1 being timepoint 5 min and the
time between the frames equals 5 min.

The initial cell number at 5 min is 56 cells (36 liv, 19 round, 0
div, and 1 dead) at the sham sample and 45 cells (30 liv, 14
round, 0 div, and 1 dead) at the irradiated sample. For
quantitative analysis, the cell numbers at each timepoint are
normalized by the initial cell number in the corresponding
sample and are displayed in Figure 7. The results of the sham
sample are shown in black and in red for the irradiated sample.
For comparison, the predictions of CeCILE (P) are shown by
continuous lines, while the ground truth (GT) is visualized by
dashed lines. In Figure 7A, the fraction of all vital cells, i.e.
combination of classes liv, div, and round, is shown.

The ground truth shows a phase of constant cell numbers at the
beginning of the imaging period up to 5 h. This phase originates
from a cell cycle arrest due to the stress of handling during the
experiment. At 48 h, the number of cells in the sham sample is
6.4 ± 0.6 times higher compared to the start. A factor of 4.7 ± 0.5 is
reached in the irradiated sample, corresponding to 73.4 % growth
of irradiated cells compared to sham irradiated controls. These
results are statistical different (p < 0.05, unpaired t-test).

For automatic detection using CeCILE in the first 5 h of
observation, also here the number of cells stays constant and
after that, both populations start to grow with comparable results
to the ground truth until 20 h when the normalized number reaches
1.5. For later time points, CeCILE gives no reliable results as already
explained above. Therefore, no analysis is done here. In Figure 7B,
the normalized number of cell divisions is shown. In the irradiated
sample, CeCILE detects 6 cell divisions until 20 h with a maximum
of 1 div per timepoint and in the sham sample 125 cell divisions
until 20 h with a maximum of 3 div per sample. Therefore, cell
divisions are detected 21 times more often in the sham sample than
in the irradiated sample in the first 20 h. After 20 h, in the ground
truth of the irradiated sample no more than 1 cell division per
timepoint is observed, whereas, in the sham sample, a maximum of
2 div is detected by the ground truth. The form of the graphs for the
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living cells (Figure 7C) is very similar to the graphs of the vital cells
between 10 h and 48 h. Until 3 h, the normalized number of living
cells in the sham sample decreases by 36 % from 0.64 to 0.41. After
that, it increases steadily to a value of 6.0 at 48 h. The living cells in
the irradiated sample decrease by 13%within the first 5 h from 0.67
to 0.58. From 5 h till the end, it increases steadily to a value of 4.4.
Between 3 h and 5 h, where the living cells show their minimum in
both groups, the normalized number of round cells in Figure 7D
increases from 0.32 to amaximum of 0.55 at 5 h in the sham sample
and from 0.32 to a maximum of 0.44 at 3.5 h for the irradiated
sample. From there, the normalized number of round cells
decreases until a minimum is reached for the irradiated cells at
24 h and 37 h for sham cells. Finally, the number of round cells
increases to 0.3 at 48 h for both groups. In Figure 7E, the
normalized number of dead cells is shown. The normalized
number of dead cells chitters until 24 h between 0 and 0.044 in
the irradiated sample and between 0 and 0.07 in the sham sample.
Between 24 h and 48 h, the normalized number of dead cells
analyzed by a human expert increases to 0.27 for both groups.

Cell Survival After Irradiation Using CFA
The colony forming assay is a commonly used assay and is also
often referred to as the “gold standard” in radiobiology for
addressing cell survival. The cell survival in this assay is
determined by the number of cells, which were able to form a
colony containing more than 50 cells. In our experiment, the
colony forming assay of CHO-K1 cells after irradiation with
(3.8 ± 0.7) Gy, referred later as 4 Gy, using 20 MeV protons was
used. The results are shown in Figure 8.

The SF for the irradiated cells of (56 ± 5) % is significantly
smaller than for the unirradiated cells. The results are comparable
within the uncertainty range of a reference measurement using
x-rays (49, 50), fitted by a common linear quadratic curve, which is
indicated by a black line in Figure 8. All results are listed in
Supplementary Table 3. The overlap between the mean SF for the
cells irradiated with 4 Gy protons with the reference measurement
is decreased when the data point of sample 5, which received only
a dose of 2.29 Gy, was excluded. But as this exclusion does not
change the meaning of the result we decided to take this data point
into account for evaluation.

Apoptosis and Necrosis After Irradiation
Using a Caspase3/7-Sytox Assay
In the second experiment, we measured the number of dead cells
and the type of ongoing and completed cell death of irradiated
cells. The cells were irradiated with (3.8 ± 0.7) Gy of 20 MeV
protons, referred to later as 4 Gy. 24 h after irradiation, all cells
were fluorescently stained with a Caspase3/7 and Sytox staining
kit. Caspases 3 and 7 indicate if a cell undergoes apoptosis, while
Sytox accumulates only in cells with a damaged membrane (59).

In Figure 9, the results of the Caspase3/7-Sytox assay are
shown. The group dead cells includes all cells, which are late
apoptotic or necrotic. In the irradiated group (3.4 ± 0.5) % of the
cells are in early apoptosis, (4.5 ± 0.6) % of the cells are in late
apoptosis and (0.010 ± 0.004) % died due to necrosis. Whereas,
(1.59 ± 0.24) % of all cells in the unirradiated group are early
June 2021 | Volume 11 | Article 688333
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apoptotic, (2.7 ± 0.6) % of all cells are late apoptotic and
(0.008 ± 0.001) % died due to necrosis. Therefore, 43 % of the
apoptotic cells in the irradiated group are early apoptotic and
57 % are late apoptotic, while in the sham samples 37 % of the
apoptotic cells are early apoptotic and 63 % are late apoptotic. In
the irradiated sample, the percentage of late apoptotic cells is
1.6 times higher than in the sham sample and the percentage of
early apoptotic cells is 2 times higher. There is only a small
number of necrotic cells (between 0 % and 0.01 %) in the
Frontiers in Oncology | www.frontiersin.org 13251
experiment both in irradiated and sham samples. All results
are listed in Supplementary Table 4.

Comparison of Clonogenic Survival
Between Imaging Analysis and
Conventional Methods
Next, we wanted to know, whether the new method based on
live-cell phase-contrast imaging gives comparable results to
conventional radiobiological assays.
A B

D

E

C

FIGURE 7 | Results for the normalized cell number of the different classes. The number of cells is normalized by the number of cells on the first frame. The classes
are vital cells (A) containing cells from the three classes cell divisions (B), living cells (C), round cells (D), and the last class is dead cells (E). The results for the sham
sample and the irradiated sample are visualized in black and in red, respectively. The predictions of CeCILE (P) are shown by continuous lines for 20 h and the
ground truth (GT) by dashed lines for 48 h.
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The growth, derived by time lapse imaging from ground truth
data follows an exponential function, which is fitted to all data
points to model the cell growth. The fit function of the number of
normalized cells n(t) = N(t)

N0
for t > t0 is defined as
Frontiers in Oncology | www.frontiersin.org 14252
n(t) = (1 − A) + A ∗ exp
t − t0
t

� �

A is the amplitude, which is added to the initial number of 1. t0 is
the offset, defined by the cell cycle arrest. t gives the growth
constant. The fit parameters for the irradiated sample results are
t0,irr = (5.8 ± 1.4) h, Airr = 0.37 ± 0.11 and tirr = (17 ± 2) h and
t0,sham = (5.7 ± 1.0) h, Asham = 0.37 ± 0.12 and tsham = (15.3 ± 0.9) h
for the sham sample. The goodness of the fit was X2 = 0:0008,
R2
cor = 0:97896, andX2 = 0:004,R2

cor = 0:99239, respectively. This
fit shows different growth constants of (15.3 ± 0.9) h for the faster-
growing sham population and (17 ± 2) h for the slowed-down
irradiated population. The fits to the data are shown in
Figure 10A. The cell growth defined cell survival (CGSF) was
evaluated at t = 24 h and t = 48 h after 4 Gy irradiation by dividing
the corresponding normalizednumber of vital cells of the irradiated
sample by the correspondingnormalizednumber of vital cells of the
sham sample resulting in CGSF24h = (91 ± 4) % and CGSF48h =
(74±4)%, respectively,where theuncertainties arederived fromthe
63 % confidence band.

Since the evaluation of the videos are limited due to the fact
that CHO cells can grow so densely that they are hard to
differentiate and identify, what was the case after 48 h in the
sham sample, a longer evaluation of the cells was not possible.
However, it was checked whether CGSF values extrapolated to 5
days can serve as a substitute to cell survival obtained from
colony formation in future. We, therefore, quantified the
maximum number of occurred cell divisions per cell, shown in
Figure 10B. For example, four cell divisions per cell means that
at least one daughter cell is from the fifth generation. Analysis
shows significant higher numbers of non-dividing cells in the
irradiated sample (p < 0.05) compared to sham sample. Whereas,
the majority of cells undergo several divisions in both cases with
a maximum of four divisions. The sham sample shows significant
higher numbers of cells with four cell divisions compared to the
irradiated sample (p < 0.05). CHO-K1 cells show a cell cycle
duration of 12 h - 16 h, which would give three to four divisions
in 48 h. This is also reflected by the data, measured here.

Colony forming assay shows a cell survival of (56 ± 5) % for
4 Gy 20 MeV proton irradiation. The cells were harvested 5 days
after irradiation. When using the derived exponential growth
curves an expected CGSF at 5 days of (40 ± 22) % can be
estimated originating from different speeds of the irradiated and
the sham sample in cellular growth and the cell death occurring
in the first days after irradiation. Within the error bars, these two
values coincide. Furthermore, it also matches the error band
derived in the dose-response curve of the reference measurement
with x-rays, which shows an SF of (37 ± 10) % at 4 Gy.

Comparison of Cell Death Analyzed by
CeCILE and a FACS-Based Assay
To be able to compare the data achieved using CeCILE and the
FACS data for cell death, a closer look at the FACS analysis
working principle is necessary. FACS analysis was performed at
24 h after irradiation, but all cells were counted. Especially the
medium was also analyzed to keep all cells that died in the last
24 h for the analysis. For comparison, it is, therefore, necessary to
FIGURE 8 | Cell survival curve of CHO-K1 cells obtained after irradiation with
20 MeV protons. The black line denotes a common linear quadratic fit to
reference measurements with x-rays with a = (0.156 ± 0.045) 1/Gy and b =
(0.0235 ± 0.0055) 1/Gy2. The dashed lines indicate the uncertainty range of
the fit. The mean over all samples irradiated with a dose of 4 Gy is indicated
in red and the mean over the sham samples is indicated in blue. The dose
error is the standard error of the mean of the irradiated doses and the SF
error is obtained as described in the Methods section.
FIGURE 9 | The analysis of dead cells 24 h after irradiation with 4 Gy of 20
MeV protons with a Caspase3/7-Sytox assay. * indicates a p-value < 0.1 and
** a p-value < 0.05. The uncertainties shown as error bars are the standard
errors of the respective means.
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collect all dead cells in the phase-contrast video as well as to track
every dead cell, and count the total number of dead cells in the
first 24 h. The tracking was done by hand from the images
labeled by the algorithm. Dead cells were followed throughout
the video until 24 h to make sure that every dead cell is only
counted once. In the sham irradiated control, 5 cells died in the
first 24 h resulting in a fraction of (4.6 ± 2.1) % (5 out of 108),
whereas in the irradiated sample (6.0 ± 2.4) % (5 out of 83) of the
cells died. The uncertainties derived from Poisson statistics are,
due to the small numbers of dead cells, very high (46 % and 40 %).
The differences obtained by CeCILE are, therefore, not statistically
significant. Nevertheless, the dead cell fractions are similar but in
both cases slightly larger than the results obtained from FACS
analysis, where in the irradiated group (4.5 ± 0.6) % of the cells
were late apoptotic or necrotic and can therefore be considered as
dead. In the sham sample, this fraction is (2.7 ± 0.6) %. Both assays
show a trend that irradiated samples show more dead cells than
sham samples. The image based data are considered to be not
statistically different to FACS data, when comparing irradiated and
sham samples of both assays. But a significant difference is visible
between the fraction of dead cells when the data for non-irradiated
sample analyzed using FACS is compared to irradiated sample
from both analysis methods (p < 0.1).
DISCUSSION

The aim of this study was to demonstrate a novel method
for investigating the effects of radiation on eukaryotic cells.
Frontiers in Oncology | www.frontiersin.org 15253
This novel method is based on observing the cells for several
days after irradiation via live-cell phase-contrast microscopy and
analyzing the obtained data with an algorithm based on artificial
intelligence. The introduced algorithm called CeCILE can detect
cells on microscopic videos and classify them into four cell states
depending on their morphology. For the first time, an artificial
intelligence based algorithm is presented for the analysis of the
response of cells to radiation on live-cell phase-contrast videos.
In this study we present the whole process of developing such
an algorithm.

First, we needed to set up a dataset of labeled cell images,
which can be used to train the algorithm. We separated cells into
vital and dead and defined three subclasses by differentiating vital
cells further into living, round, and dividing cells. We labeled the
cells by surrounding each cell with a rectangular bounding box
and tagging the box with the label of the cell class. In the dataset
images of two different cell lines, CHO-K1 and HeLa, are
included to increase the generalizability and to widen the
window of possible applications. We started here for a proof of
principle study with these two cell lines, which were often used in
radiobiology. For a better generalization, the dataset should be
extended with more cell lines depending on the application.
However, it has to be tested how good CeCILE generalizes on
different cell lines. But as our data set can be quickly extended,
CeCILE can be quickly adjusted to different needs. We tested
whether our dataset was suitable for training a deep-learning
based neuronal network using a simple CNN algorithm, which
was trained to classify the cells. The quality is measured with the
so-called F1score, which combines the precision and the recall of
the algorithm and has a maximum of 1.00. We achieved an
A B

FIGURE 10 | In (A) the normalized cell numbers of the vital cells of the ground truth data are shown with dots, the black rectangular dots for the sham sample and
red circular dots for the irradiated sample. The data were fitted by exponential growth and indicated as lines. In light red and grey the 63 % confidence band is
shown. In B the number of cell divisions per each cell on the two videos followed for 48 h is shown. The results for the irradiated sample are indicated with red bars
and for the sham sample with black bars. Errors in (A, B) were derived from Poisson statistics. * indicates a p-value < 0.05.
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F1score of 0.93 with precision of 0.93 and recall of 0.94. The largest
error is made in the class round, where the precision and recall is
0.87. This means that 13 % of the round cells were not classified
as such. This problem occurs since there is a fluent transition
between living, round and dividing cells. Therefore, it is difficult
for the human expert as well as for the algorithm to sort a cell in
the right class when it is directly at the transition step. To
minimize the labeling error, the human expert takes the time
information into account and looks at the cell morphology
several frames before and after the labeled frame. The algorithm
instead only gets the single frame image for classification. Therefore,
a discrepancy between the human expert decision and the
classification from the algorithm is expected. Nevertheless, the
most occurring false predictions were round cells classified as
living cells or the other way around. Since the transition between
the two classes is very continuous, some cells can be classified for
both classes and the occurring errors between these classes are
negligible. The inaccuracy of the other classes is 5 % for dead cells
and much below 5 % for cell divisions and living cells.

The results from classification looked promising so we went
further and implemented object detection. CeCILE was developed
based on a faster RCNN algorithm, which was headed by a
classification and localization head. With this algorithm, it
should be possible to detect, locate, and classify every single cell
in each frame of a phase-contrast live-cell video, with sufficient
accuracy. We faced two major problems developing the algorithm.
The algorithm is only able to detect a certain number of cells.
When the number of cells in an image exceeds this limit the
additional cells are not detected at all. For our algorithm, we used
transfer learning meaning that we used a pretrained model (56)
which was already able to detect objects in images. In the basic
programming architecture of this model, a maximum number of
detectable objects is defined. Therefore, we were not able to use
images with more than 100 cells. To solve this problem, the basic
architecture of the algorithm must be changed which could not be
accomplished up to now due to limited resources. The second
problem is that the generalization of CeCILE is not yet sufficient.
The generalization and performance is measured with the mAP-
score, which compares the ground truth (manually labeled cells)
with the detection from CeCILE, regarding detection and
classification of the cells as well as location and shape of the
bounding box. CeCILE achieves a mAP-score of 38.14 % by
evaluation on the test dataset and 51.51 % for the evaluation of
the unknowing CeCILE on 22 frames of the ground truth data of
the two videos of this study. The generalization measured on the
test dataset is smaller, because in the test dataset are also images
included containing more than 100 cells, therefore the
generalization on video data of this study by unknowing
CeCILE is here taken into account. For classes liv and round,
here, quite high mean AP(class)-scores of over 70 % were
achieved. But for the classes div and dead the generalization was
very low, as the mean AP(class)-scores were 16.67 % and 6.48 %.
This low generalization for the two classes came from the fact, that
either dead and dividing cells are much less represented in the
images as round and living cells. So, here a further extension of the
dataset is necessary, preferably with images containing many dead
Frontiers in Oncology | www.frontiersin.org 16254
cells as for example after high-LET irradiation or irradiation with
x-rays with doses above 10 Gy and images containing many cell
divisions, which can be achieved by synchronization of the cell
population. Additionally further finetuning of the model will also
improve the generalization. To improve the performance on the
videos of this study and, therefore, make the analyzation of the
videos more reliable, 11 frames in each video were labeled
manually and were included in the dataset used for training and
testing CeCILE. By giving the algorithm hints by providing ground
data is not a new approach and is also used for One-Shot Video
Object Segmentation (60). The generation of ground truth data
and the retraining of CeCILE is very time consuming. So, this
approach limits the applicability in radiobiology and, therefore,
our goal is to increase the generalization to be able to analyze
unknown videos with CeCILE in future. However, the actual
version of CeCILE contained everything for this first proof of
principle study when using partly known images that contain less
than 100 cells. In our experiment, this corresponds to
approximately the first 20 h of imaging. For later timepoints, we
based our analysis on the ground truth labeled by a human expert.
In the following versions of CeCILE that are under progress, it is
planned to extend the number of detectable cells and increase the
generalization to use the algorithm routinely in radiobiological
analysis. Nevertheless, this basic version of CeCILE already
demonstrated the potential of this new analysis method.

We qualified also the performance of the algorithm using the
mAP. As expected at times larger than 20 h, the mAP-score
decreases as the larger the cell numbers get the more cells are not
detected. We, therefore, decided to trust the algorithm only
below 20 h. Here, a mean mAP-score of (91 ± 3) % was
achieved overall analyzed frames of both the irradiated and the
non-irradiated sham sample, containing less than 100 cells. This
is a very good result compared e. g. to best performing algorithm
on the VOC 2012 test set reaches a mAP of 85 % (61). We
conclude that CeCILE in this early stage of developing is very
much suited to detect cells in partly known non-labeled phase-
contrast live-cell videos.

The next step of development should contain the extension to
the detection of non-limited cell numbers, the improvement of
the generalization, and the tracking of cells through the videos.
This would give the unique opportunity to follow every single cell
over several cell divisions and track all changes individually.
From this information, the history of each single cell after the
irradiation can be evaluated. Thus, occurring cell deaths could
also be combined with the cells’ cell-cycle state. This information
tells us more about the cause of cell death than the type of cell
death (apoptosis, necrosis, etc.) (62) and is, therefore, an
important endpoint in radiobiology. The tracking itself can
also improve the classification if combined with a logic. For
example, a missed cell division could be assigned accordingly, if a
second round cell suddenly occurs in the proximity of another
round cell in the video. Therefore, the implementation of a
tracking method will improve the results further and will
increase the evaluation possibilities a lot.

An important step in the qualification of a new analysis
method is the comparison to established methods. Therefore,
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we contrast the detection with the state-of-the-art methods
colony forming assay (CFA) for cell survival and FACS
analysis for cell death. The assessment of cell survival is based
on different principles for CFA and our method. While in the
colony forming assay the number of colonies containing more
than 50 cells is evaluated 5 days after irradiation, in the
microscopic videos the normalized cell numbers in total were
recorded. As the performance of CeCILE is in the moment
limited we extended the analysis done by CeCILE with a
manually analysis of the microscopic videos to show the full
potential of our new approach. In future, we plan to improve
CeCILE to achieve a fully automated analysis. The evaluation of
the image-based analysis shows that up to four cell divisions
occur in the analyzed time. Our assay at the moment only counts
the number of cells rather than showing a family history of each
cell which would be a perfect surrogate for cell survival. We are
aware that therefore at the moment the comparison of our data
with CFA data has to be taken with caution. This limited
comparability of assays reflecting proliferation in some way
such as MTT were already addressed in several studies (63–
66). One major result of these studies is that under certain
circumstances proliferation assays can be used to address the cell
survival, as done by CFA. The two major criteria are, that the
cells are in exponential growth phase and that a sufficient
number of cell divisions is used in the analysis. Both criteria
are fulfilled here, which gives a hint that calculations performed
here could be used as a prediction for cell survival in the first
order. Nevertheless, we think that the analysis performed here
can only be a guide to the potential of the algorithm when used
on images with the corresponding length, and also when the
tracking of each cell through time is possible. Furthermore, the
results by CeCILE show the development of the cell population
over time. For example growth stagnation in the first 5 h after
irradiation could be detected, which can be connected to the
enhanced stress of the cells by the handling during the irradiation
treatment. This enhanced stress can also be seen in the increased
amount of round cells in both populations at this time. So,
CeCILE provides additional information besides cell number.
We, therefore, conclude that this proof-of-principle was a success
but the implementation of a true cell survival measurement
needs much more data which are analyzed quantitatively and
with more detail in the future. To do so further improvements on
CeCILE are necessary. At the moment the limiting factor in the
analysis of the videos is the increasing cell density over time on the
sample until the cells could no longer be properly distinguished on
the videos. In future experiments, a smaller initial cell density and a
larger observation field can lead to a longer recording time and
therefore to a better analysis by CeCILE. To further improve the
measure of cell survival by CeCILE a tracking method will be
implemented, that will measure the proliferation on a single-cell
level andwill also be able to quantify the cell cycle of each single cell.
With this approach also events like cell death can be correlated to
the cell cycle and the cellular history and lineage.

By looking at the analysis of cell death within 24 h after
irradiation, similar results within the uncertainty range were
achieved by the Caspase3/7-Sytox assay and the analysis by CeCILE.
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While the results of the FACS analysis were statistically different
by a p-value of 0.1, the results of CeCILE were not significantly
different, because of the high uncertainty coming from Poisson
statistics and the low initial cell number. To decrease these
uncertainties we plan to increase the observation field on the
samples in future experiments. In the next version of CeCILE it is
planned to overcome the limitation of detectable cells. Therefore,
the numbers of analyzed cells will be dramatically increased,
which leads to a significant decrease of the error. Nevertheless,
the fact that results of both methods are in the same range, shows
the potential of our new method. Another aspect is, that the
Caspase3/7-Sytox assay can additionally differ between necrosis,
late and early apoptosis. However, differing between different cell
deaths doesn’t answer the question of the cause for cell death. So
here an approach, which investigates the circumstances of cell
death would provide more information for the radiobiologic
research (62). Extending CeCILE with a tracking method will
allow to analyze this endpoint.

To conclude, we introduced a new analysis method to
automatically detect and quantify the radiation response of
single cells in live-cell phase-contrast images using the deep-
learning based algorithm CeCILE. This algorithm shows great
potential for application in radiobiology. It is easy to use and it
shows already a high accuracy when compared to manual
assignments. CeCILE has the potential to analyze the same
endpoints as state-of-the-art assays. Besides, it can give
information on cell status, cell cycle duration, and once
finalized about the lineage of every single cell. It furthermore
exceeds conventional radiobiological methods as cells are
observed and analyzed under physiological conditions and
additional time information can be gathered. We conclude that
this new method enables fast evaluations of phase-contrast
microscopic data to gain new and deeper insights in the field
of radiobiology.
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Background and Purpose: Cardiotoxicity is a well-known adverse effect of radiation

therapy. Measurable abnormalities in the heart function indicate advanced and often

irreversible heart damage. Therefore, early detection of cardiac toxicity is necessary

to delay and alleviate the development of the disease. The present study investigated

long-term serum proteome alterations following local heart irradiation using a mouse

model with the aim to detect biomarkers of radiation-induced cardiac toxicity.

Materials and Methods: Serum samples from C57BL/6J mice were collected

20 weeks after local heart irradiation with 8 or 16Gy X-ray; the controls were

sham-irradiated. The samples were analyzed by quantitative proteomics based on

data-independent acquisition mass spectrometry. The proteomics data were further

investigated using bioinformatics and ELISA.

Results: The analysis showed radiation-induced changes in the level of several serum

proteins involved in the acute phase response, inflammation, and cholesterol metabolism.

We found significantly enhanced expression of proinflammatory cytokines (TNF-α, TGF-β,

IL-1, and IL-6) in the serum of the irradiated mice. The level of free fatty acids, total

cholesterol, low-density lipoprotein (LDL), and oxidized LDL was increased, whereas that

of high-density lipoprotein was decreased by irradiation.

Conclusions: This study provides information on systemic effects of heart irradiation.

It elucidates a radiation fingerprint in the serum that may be used to elucidate adverse

cardiac effects after radiation therapy.

Keywords: radiation therapy, proteomics, data-independent acquisition, inflammation, ionizing radiation,

biomarker, radiation-induced heart disease, cardiac lipid metabolism
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INTRODUCTION

It is, nowadays, commonly acknowledged that the exposure of
the heart to ionizing radiation, as in radiation therapy for breast
cancer, Hodgkin’s disease, or other cancers of the chest, increases
the risk of heart disease (1, 2). This has become a growing
problem with the advancements in cancer therapy that have
successfully reduced both mortality rates and the recurrence,
expanding the life expectancy of the survivors (3, 4).

Manifestations of radiation-induced heart disease include
pericarditis, pericardial fibrosis, diffuse myocardial fibrosis,
coronary artery disease, microvascular damage, and stenosis
of the valves (5, 6). Considering causal biological processes
in the development of the disease, persistent inflammation
and oxidative stress, fibrosis, and pre-mature endothelial
senescence are thought to be salient (7–9). Recently, the role of
mitochondrial dysfunction and related metabolic perturbations
has become more and more evident (10–12).

Detecting cardiac toxicity by assessing left ventricular
function often requires a large amount of myocardial damage,
characteristic of irreversible heart injury (13, 14). There is
increasing emphasis on the use of biomarkers to detect
cardiotoxicity at a stage before it becomes irreversible.

The most important blood biomarkers of heart injury are
cardiac troponins T (cTnT) and I (cTnI), heart proteins
controlling the calcium-mediated interaction between actin and
myosin filaments (15). While cTnT is expressed to a small extent
in skeletal muscle, cTnI has been found only in the myocardium.
A previous study by Skyttä et al. showed that cTnT levels
increased during adjuvant whole-breast radiation therapy in one
out of five patients. Moreover, the increase in cTnT release was
positively associated with cardiac radiation dose and with minor
changes in the left ventricular diastolic function (16). A sustained
irreversible leakage of cardiac troponins to the blood stream is
due to the degradation of the myofibrils after heart damage (17).

Since irradiation tends to stimulate inflammatory processes,
C-reactive protein (CPR), an acute phase protein, could be an
additional potential predictive marker of cardiotoxicity after
irradiation. Increased CRP level was associated with the severity
of radiation-induced cardiomyopathy after radiation therapy of
lung or breast cancer (18). We have shown elevated levels of
inflammatory cytokines such as interleukin (IL)-1, IL-6, and
tissue necrosis factor alpha (TNF-α) in serum after local cardiac
irradiation in mice (19), but data on their role in the prediction of
myocardial changes in clinical trials are lacking to date (20, 21).

Although cardiac troponins and CRP are established sensitive
biomarkers of myocardial injury and inflammation, respectively,
there is no specificity for radiation-associated heart disease. In
fact, there are no biomarkers available to identify radiotherapy
patients who are in the process of developing radiation-
associated heart disease, although the current data suggest that
certain blood biomarkers may be associated with myocardial
dysfunction (20, 22, 23).

Proteomics represents a promising global technology to
discover new types of biomarkers for radiation-induced cardiac
injury (11, 24). However, identification and quantification of
serum/plasma proteins remains an analytical challenge, mainly

due to the dominance of albumins and immunoglobulins
and the high dynamic range of protein abundances (25).
This is particularly true for disease-specific biomarkers that
are mainly low-abundance proteins (26, 27). The newly
established quantitative proteomics technology based on the
data-independent acquisition (DIA) mass spectrometry (MS)
was introduced recently to overcome the limitation of previous
approaches (26). The aim of this study was to identify biomarkers
of cardiac toxicity in the serum proteome of mice after local heart
irradiation by using DIA-MS.

MATERIALS AND METHODS

Irradiation and Sample Preparation
Local heart irradiation was carried out on male C57BL/6J mice
at the age of 8 weeks as previously described (28). Briefly, mice
were irradiated with a single X-ray dose of 8 or 16Gy locally
to the heart (200 kV, 10mA) (Gulmay, West Byfleet, UK). The
age-matched control mice were sham irradiated. Mice were not
anesthetized during irradiation but were held in a prone position
in restraining jigs with the thorax fixed using adjustable hinges.
The position and field size (9 × 13 mm2) of the heart was
determined by pilot studies using soft X-rays; the rest of the
body was shielded with a 2-mm-thick lead plate. With this beam
size, 40% of the lung volume receives, by necessity, the full
heart dose (29). Blood samples were collected from all mice by
cardiac puncture after animals were sacrificed 20 weeks post-
radiation. The serum was isolated and kept at −80◦C for further
analyses. All animal experiments were approved and licensed
under Bavarian federal law (Certificate No. AZ 55.2-1-54-2532-
114-2014). Altogether, 15 mice were used in this study, with five
mice in each group.

Proteome Profiling
Serum protein concentrations were determined by Bradford
assay, and 50 µg per sample was prepared using PreOmics’
iST Kit (Preomics GmbH, Martinsried, Germany) according
to manufacturers’ specifications. After drying, the peptides
were resuspended in 2% acetonitrile (ACN) and 0.5%
trifluoroacetic acid. The HRM Calibration Kit (Biognosys,
Schlieren, Switzerland) was added to all of the samples according
to the manufacturer’s instructions.

The MS data were acquired in DIA mode on a Q Exactive
HF mass spectrometer (Thermo Fisher Scientific Inc., Waltham,
MA, USA). Samples were automatically loaded to the online
coupled RSLC (Ultimate 3000, Thermo Fisher Scientific Inc.)
HPLC system. A Nano-Trap column was used (300-µm inner
diameter (ID) × 5mm, packed with Acclaim PepMap100 C18,
5µm, 100 Å from LC Packings, Sunnyvale, CA, USA, before
separation by reversed-phase chromatography (Acquity UPLC
M-Class HSS T3 Column 75µm ID × 250mm, 1.8µm from
Waters, Eschborn, Germany) at 40◦C. Peptides were eluted from
the column at 250 nl/min using increasing ACN concentration in
0.1% formic acid from 3 to 40% over a 45-min gradient.

The DIA method consisted of a survey scan from 300 to 1,500
m/z at 120,000 resolution and an automatic gain control (AGC)
target of 3e6 or 120-ms maximum injection time. Fragmentation
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was performed via higher-energy collisional dissociation with
a target value of 3e6 ions determined with predictive AGC.
Precursor peptides were isolated with 17 variable windows
spanning from 300 to 1,500 m/z at 30,000 resolution with an
AGC target of 3e6 and automatic injection time. The normalized
collision energy was 28, and the spectra were recorded in
profile type.

Selected LC-MS/MS data encompassing 164 raw files were
analyzed using Proteome Discoverer (Version 2.1, Thermo
Fisher Scientific Inc.) using Byonic (Version 2.0, Proteinmetrics,
San Carlos, CA, USA) search engine node maintaining 1%
peptide and protein FDR threshold. The peptide spectral
library was generated in Spectronaut (Version 10, Biognosys,
Schlieren, Switzerland) with default settings using the Proteome
Discoverer result file. Spectronaut was equipped with the
Swiss-Prot mouse database (Release 2017.02, 16,869 sequences,
www.uniprot.org) with a few spiked proteins (e.g., Biognosys
iRT peptide sequences). The final spectral library generated
in Spectronaut contained 10,525 protein groups and 322,041
peptide precursors. The DIA-MS data were analyzed using
the Spectronaut 10 software applying default settings with the
exception: quantification was limited to proteotypic peptides,
data filtering was set to Q-value 25% percentile, summing-up
peptide abundances. For this study, the proteins with a q-value
<0.05 were considered as significantly differentially expressed.

Additional differential abundance testing was performed in
Spectronaut as unpaired ratio based t-test on peptide level to
identify the candidates’ differential between the experimental
groups (i) sham irradiation, (ii) 8-Gy irradiation, or (iii) 16-
Gy irradiation.

Interaction and Signaling Network Analysis
The analyses of protein–protein interaction and signaling
networks were performed by the software tools INGENUITY
Pathway Analysis (IPA) (Qiagen, Inc., Hilden, Germany, https://
www.qiagenbioinformatics.com/products/ingenuity-pathway-
analysis) (30).

Serum Inflammatory Molecule Analysis
The expression levels of different mediators including TNF-α,
TGF-β, monocyte chemoattractant protein 1 (MCP1), IL-1 α,
IL-1 β, IL-6, IL-10, IL-12, interferon (IFN) gamma, granulocyte-
colony stimulating factor (G-CSF), and granulocyte–macrophage
colony-stimulating factor (GM-CSF) were measured using
ELISA strip colorimetric kits #EA-1401, # EA-1051, and # EA-
1131 (Signosis, Inc., Santa Clara, CA, USA) according to the
manufacturer’s instructions.

Serum Lipid Profiling
The levels of circulating free fatty acids (ab65341), triglyceride
(ab65336), total cholesterol, low-density lipoprotein (LDL), and
high-density lipoprotein (HDL) (ab65390), all from Abcam,
Cambridge, MA, USA, and oxidized low-density lipoprotein
(oxLDL) (MBS2512757, MyBioSource, San Diego, CA, USA)
were measured according to the manufacturer’s instructions.

Statistical Analysis
The 3D principal component analysis (PCA) was performed
by R (4.0.5) (https://www.R-project.org/) and the hierarchical
clustering using the Heatmapper web server (http://www.
heatmapper.ca/) (31). Student’s t-test (unpaired) was used for
proteomics and ELISA comparisons. The error bars were
calculated as the standard error of the mean (SEM).

Data Availability
The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium via the PRIDE (32) partner
repository with the dataset identifier PXD024446.

RESULTS

Serum Proteome Alterations Following
Local Heart Irradiation
The serum proteome of mice was analyzed 20 weeks in
sham-irradiated and irradiated (8 and 16Gy) mice using
DIA-MS. The analysis identified and quantified 499 proteins
(Supplementary Table 1). Among the quantified proteins, the
expression of 42 and 59 proteins was significantly changed (q-
value <0.05, identification by at least two unique peptides) at 8
and 16Gy, respectively, suggesting a dose-dependent increase in
the number of significantly deregulated proteins (Table 1). The
majority of these proteins (76% at 8Gy and 83% at 16Gy) have
been previously annotated as serum proteins based on the Plasma
Proteome Database (PPD) (http://plasmaproteomedatabase.org/
index.html).

To assess the global variation in the samples, a multivariate
analysis was performed using three-dimensional principal
component analysis (3D-PCA). The 3D-PCA, based on the
normalized intensities of all serum proteins, showed a clustering
among the different groups (PC1: 15.9%, PC2: 15.1%, and PC3:
12.3%) (Figures 1A,B). The 8- and 16-Gy treated samples were
separated mainly on the PC2 axis, whereas the discrimination
between the controls and 8-Gy treated samples was visible on the
PC3 axis.

In particular, apolipoproteins, serpins, immunoglobulins, and
inter-alpha-trypsin inhibitors were differentially regulated in
the irradiated mice at both doses (Table 1). These shared
proteins are mainly involved in the inflammatory response,
and cholesterol and lipid metabolism. A detailed analysis
of functional interactions and biological pathways based on
differentially regulated proteins showed that acute phase
response signaling, LXR/RXR cascade, cholesterol metabolism,
coagulation system, and atherosclerosis signaling were the most
affected pathways (Figure 1C and Supplementary Table 2). The
differentially regulated proteins are associated with several
heart pathologies such as infarction, hypertrophy, and fibrosis
(Figure 1D and Supplementary Table 3). The analysis indicated
a dose-dependent increase in the significance of the influenced
pathways and in the cardiac pathologies.

Based on the list of canonical pathways (Figure 1C) the
deregulated proteins belonging to two of the significantly
affected pathways, namely, HDL/LDL metabolism and acute
phase response signaling, were subjected to hierarchical
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TABLE 1 | Significantly deregulated serum proteins in heart-irradiated mice.

# Protein accession Protein ID Protein description Total unique peptides Ratio 8/0 Gy Ratio 16/0 Gy

1 P48410 ABCD1 ATP-binding cassette subfamily D member 1 20 0.712

2 P29699 AHSG Alpha-2-HS-glycoprotein 12 0.989 1.043

3 P05064 ALDOA Fructose-bisphosphate aldolase A 48 0.435

4 Q91Y97 ALDOB Fructose-bisphosphate aldolase B 5 0.476

5 P12246 APCS Serum amyloid P-component 3 2.375

6 P09813 APOA2 Apolipoprotein A-II 3 0.812

7 P06728 APOA4 Apolipoprotein A-IV 28 0.891 0.993

8 E9Q414 APOB Apolipoprotein B-100 16 1.301 1.271

9 P34928 APOC1 Apolipoprotein C-I 3 0.801

10 P08226 APOE Apolipoprotein E 24 1.340

11 Q02105 C1QC Complement C1q subcomponent subunit C 5 0.857

12 Q80X80 C2CD2L C2 domain-containing protein 2-like 31 0.039

13 P01027 C3 Complement C3 99 1.153 0.895

14 P01029 C4B Complement C4-B 45 1.452 1.151

15 P06684 C5 Complement C5 20 1.134

16 P55284 CDH5 Cadherin-5 27 1.468

17 P04186 CFB Complement factor B 19 0.923

18 P06909 CFH Complement factor H 45 1.234

19 Q61129 CFI Complement factor I 8 0.870

20 P12960 CNTN1 Contactin-1 59 1.214

21 Q61147 CP Ceruloplasmin 54 1.116

22 P09581 CSF1R Macrophage colony-stimulating factor 1 receptor 5 1.178

23 P63037 DNAJA1 DnaJ homolog subfamily A member 1 26 0.258

24 Q61508 ECM1 Extracellular matrix protein 1 18 0.767 0.846

25 Q01279 EGFR Epidermal growth factor receptor 46 1.137

26 P19221 F2 Prothrombin 26 0.972

27 Q9QXC1 FETUB Fetuin-B 8 1.214

28 E9PV24 FGA Fibrinogen alpha chain 30 1.435

29 P11276 FN1 Fibronectin 145 1.008

30 P21614 GC Vitamin D-binding protein 23 1.253

31 P13020 GSN Gelsolin 44 0.902 0.987

32 P01898 H2-Q10 H-2 class I, Q10 alpha chain 11 1.212

33 P01942 HBA Hemoglobin subunit alpha 18 1.467

34 P02088 HBB-B1 Hemoglobin subunit beta-1 19 1.460 1.309

35 Q61646 HP Haptoglobin 14 3.311

36 Q91X72 HPX Hemopexin 24 1.328

37 P06330 IG HEAVY C Ig heavy chain V region AC38 205.12 3 1.116

38 P01864 IGG Ig gamma-2A chain C region secreted form 4 1.310 1.849

39 P01867 IGH-3 Ig gamma-2B chain C region 9 1.821 2.659

40 P01872 IGHM Ig mu chain C region 16 1.585 1.696

41 P01837 IGK Ig kappa chain C region 5 1.242 1.514

42 Q61702 ITIH1 Inter-alpha-trypsin inhibitor heavy chain H1 17 1.174

43 Q61703 ITIH2 Inter-alpha-trypsin inhibitor heavy chain H2 33 0.907

44 Q61704 ITIH3 Inter-alpha-trypsin inhibitor heavy chain H3 14 1.518 0.937

45 A6X935 ITIH4 Inter alpha-trypsin inhibitor, heavy chain 4 23 1.632 0.993

46 P04104 KRT1 Keratin, type II cytoskeletal 1 10 0.533

47 P08730 KRT13 Keratin, type I cytoskeletal 13 30 0.933

48 Q6NXH9 KRT73 Keratin, type II cytoskeletal 73 10 0.588

49 Q61233 LCP1 Plastin-2 44 0.672

50 P42703 LIFR Leukemia inhibitory factor receptor 25 0.736 0.712

(Continued)
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TABLE 1 | Continued

# Protein accession Protein ID Protein description Total unique peptides Ratio 8/0 Gy Ratio 16/0 Gy

51 Q80XG9 LRRTM4 Leucine-rich repeat transmembrane neuronal protein 4 9 0.751

52 P51885 LUM Lumican 12 0.922

53 O09159 MAN2B1 Lysosomal alpha-mannosidase 40 0.800

54 P04247 MB Myoglobin 13 1.354

55 Q99KE1 ME2 NAD-dependent malic enzyme, mitochondrial 37 0.751

56 P28665 MUG1 Murinoglobulin-1 63 0.877

57 P11589 MUP2 Major urinary protein 2 8 0.896

58 P97863 NFIB Nuclear factor 1 B-type 21 0.358

59 O89084 PDE4A cAMP- 3′,5′-cyclic phosphodiesterase 4A 21 0.718

60 P52480 PKM Pyruvate kinase PKM 60 0.605

61 Q60963 PLA2G7 Platelet-activating factor acetylhydrolase 18 1.110

62 P20918 PLG Plasminogen 39 1.073

63 P55065 PLTP Phospholipid transfer protein 12 1.102 1.420

64 P52430 PON1 Serum paraoxonase/arylesterase 1 14 1.137

65 Q62009 POSTN Periostin 39 1.183

66 Q61171 PRDX2 Peroxiredoxin-2 17 1.303 1.280

67 Q61838 PZP Pregnancy zone protein 70 1.052

68 P07758 SERPINA1A Alpha-1-antitrypsin 1-1 18 0.963

69 P22599 SERPINA1B Alpha-1-antitrypsin 1-2 6 0.824

70 Q00897 SERPINA1D Alpha-1-antitrypsin 1-4 8 0.835 0.832

71 P07759 SERPINA3K Serine protease inhibitor A3K 14 1.076

72 Q91WP6 SERPINA3N Serine protease inhibitor A3N 17 1.503

73 P32261 SERPINC1 Antithrombin-III 26 0.926

74 P49182 SERPIND1 Heparin cofactor 2 9 0.994

75 P97298 SERPINF1 Pigment epithelium-derived factor 18 0.946

76 Q61247 SERPINF2 Alpha-2-antiplasmin 6 0.841

77 P97290 SERPING1 Plasma protease C1 inhibitor 12 1.149

78 P70441 SLC9A3R1 Na(+)/H(+) exchange regulatory cofactor 29 1.156

79 P35441 THBS1 Thrombospondin-1 63 1.233

80 Q9Z1T2 THBS4 Thrombospondin-4 23 1.220

81 P07309 TTR Transthyretin 10 1.242

82 P29788 VTN Vitronectin 10 1.168 1.042

The UniProt protein identifiers (ID), protein IPA code, full name, and fold changes (FC) of significantly differentially expressed proteins (q-value < 0.05) following local heart irradiation at

8 or 16Gy are shown. Cells without any value mean that the protein did not pass the selection criteria in the proteomics analysis (q-value < 0.05, protein identification with at least two

unique peptides). The shared proteins are in bold.

clustering analysis (Figures 1E,F) (31). The heat map
showed a clustering associated with the irradiation status of
the groups.

The significantly deregulated proteins built a functional
network associated with cholesterol metabolism and
transport (Figure 2 and Supplementary Table 4). All
deregulated proteins formed a tight cluster interacting with
regulatory proteins of the inflammatory and acute phase
response pathways.

The prediction analysis of the upstream regulators of

the significantly deregulated proteins identified transcription

factors involved in proinflammatory response (IL-6, TGF-
β, and STAT3) and lipid metabolism (PPARα, PGC-1). The

proinflammatory regulators were predicted to be activated,

while PPARα was predicted to be inactivated (Figure 3 and
Supplementary Table 5).

Radiation-Induced Serum Inflammatory
Markers
Since the inflammatory response was the main affected pathway
in the serum proteome following local heart irradiation, the
level of 11 different cytokines and inflammatory mediators was
measured in serum using ELISA. At 8Gy, only the level of IL-
6 significantly increased. In contrast, following 16Gy, the serum
levels of TNF-α, TGF-β, MCP-1, IL-1 α and β, IL-6, IL-12, and
G-CSF were significantly increased in comparison with controls
(Figure 4). The level of IFN-γ, IL-10, and GM-CSF remained
unchanged after irradiation.

Radiation-Associated Changes in Serum
Lipids
The changes in the serum proteome indicated alterations
in lipid metabolism. Therefore, the level of free fatty acid
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FIGURE 1 | Multivariate, pathway, and cardiotoxicity analyses of the significantly differentially expressed serum proteins after local heart irradiation using 0 (control), 8,

or 16Gy. The principal component analysis (PCA) performed on normalized intensities of all proteins resulted in PC1, PC2, and PC3 as follows: PC1 15.9%, PC2

15.1%, and PC3 12.3%. The control samples are represented as yellow balls, the samples exposed to 8Gy in green cubes, and the 16Gy treated samples in blue

pyramids (A,B). A dose-dependent alteration is observed in the pathways involved in the inflammation and lipid metabolism (C). Several proteins were identified

associated with different heart pathologies (D). The pathway and cardiotoxicity scores are displayed using a purple color gradient; the darker the color, the higher the

scores and, thereby, statistical significance. The score is the negative log of the p-value derived from the Fisher’s Exact test. By default, the rows (pathways) with the

highest total scores across the set of observations are sorted to the top. The analysis was performed using Ingenuity Pathway Analysis (IPA) (Qiagen Inc., https://www.

qiagenbioinformatics.com/products/ingenuity-pathway-analysis). The heat maps show hierarchical clustering (complete linkage, Spearman ranked correlation) of

significantly deregulated proteins belonging to the high-density lipoprotein (HDL)/low-density lipoprotein (LDL) metabolism (E) and acute phase response (F) pathways

in the control and irradiated samples. The green bars indicate downregulation and the red bars upregulation. The analysis was performed by the Heatmapper web

server (http://www.heatmapper.ca/) (31). Detailed information of the proteomics features and individual samples is given in Supplementary Table 1.

(FFA), total cholesterol, high-density lipoprotein (HDL), low-
density lipoprotein (LDL), and triglyceride (TG) was measured
in the serum of the control and irradiated mice. The level
of FFA was increased at both radiation doses, while the
levels of total cholesterol and LDL were increased only at

16Gy. Similarly, the level of HDL was reduced only at
16Gy (Figure 5). The level of TG remained unchanged in
irradiated mice.

To examine the effect of oxidative stress on the level of serum
lipids, the level of oxidized LDL (oxLDL) was analyzed. The
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FIGURE 2 | Graphical representation of cholesterol-associated networks based on radiation-induced alterations in the serum proteome. The protein clusters are

shown at 8Gy (A) and 16Gy (B). The upregulated proteins are marked in red and the downregulated in green. The nodes represent proteins connected with arrows;

the solid arrows represent direct interactions and the dotted arrows indirect interactions. The cholesterol nodes are marked inside red circles and boxes. The IPA

codes and corresponding full protein names are shown in Table 1 and in Supplementary Table 1. The analysis was performed using the Ingenuity Pathway Analysis

(IPA) (https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis).

analysis confirmed an enhanced level of oxLDL at both radiation
doses (Figure 5).

DISCUSSION

The serum proteome is a reliable mirror of the individual’s
healthy and diseased states (33). In this study, we used global
serum proteomics analysis as a starting point to predict radiation
effects outside the target tissue. Applying a multivariate analysis
on the data, in this case principal component analysis and
hierarchical clustering, we could separate the control group
from the irradiated groups. Although the analysis could even
differentiate between the two irradiated groups based on the
radiation dose, it also highlighted a panel of proteins being
differentially expressed in both irradiated groups. This panel,
rather than one single protein, can be considered as a radiation
biomarker in the serum proteome.

This analysis also clearly showed that local heart irradiation is
able to induce systemic inflammation and hypercholesterolemia
in mice. These two responses are similar to those found in a
multiomics study comparing atherogenic and dyslipidemic mice
with wild-type mice and, more importantly, when comparing
familial hypercholesterolemia patients with healthy controls (34).

The degree of this systemic inflammatory and dyslipidemic
effect was dose-dependent and thereby presumably also related
to the degree of the heart damage. The dose of 8Gy was only
partly able to induce similar proteome changes as the 16-Gy
dose, and the proteome was, in general, altered to a lesser extent.

Furthermore, the lower radiation dose was not able to alter
the cytokine or lipid profile of the serum as strongly as the
higher dose.

The pathological changes in the locally irradiated heart
tissue of these mice have been described in our previous study
(35) where we showed radiation-induced elevation of inactive
phosphorylated PPARα and increased expression levels of
proteins involved in SMAD-dependent and SMAD-independent
TGF-β signaling. Furthermore, we showed enhanced levels of
proteins involved in fibroblast to myofibroblast conversion and
inflammation at 16Gy. Some, but not all, of these protein
expression changes were also present at 8Gy (35). Histological
examination in similarly treated C57BL/6J mice revealed a
significant increase in epicardial thickness (8 and 16Gy),
enhanced levels of inflammatory cells, and iron-containing
macrophages (16Gy) after 20 weeks (36). These changes are in
line with the alterations found in the serum of irradiated mice in
this study.

We have shown previously that, particularly, cardiac
endothelial cells respond to high-dose radiation by secreting
proinflammatory cytokines in vivo and in vitro (19, 37–39).
TNF-α that we found significantly elevated at the 16-Gy
dose modulates the inflammatory response by activating the
expression of IL-1 and IL-6 (40). These cytokines that also
were upregulated in the serum of irradiated animals serve as
significant predictors of cardiovascular disease (40, 41). In
agreement with our data, elevated levels of IL-1 and IL-6 were
found in patients after radiation therapy for lung cancer (42).
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FIGURE 3 | Predicted upstream regulators of the deregulated serum proteins. Predicted upstream regulators are displayed using a purple color gradient where the

intensity of the purple color corresponds to statistical significance (the deeper the color, the higher the significance). The score is the negative log of the p-value

derived from Fisher’s exact test. By default, the rows (upstream regulators) with the highest total scores across the set of observations are sorted to the top (A). The

predicted upstream regulators and their activity status at 16Gy are shown: TGF-β (B), IL-6 (C), PPARα (D), and STAT3 (E). The orange and the blue color of the

nodes indicate activation and deactivation, respectively; the solid arrows represent direct interactions and the dotted arrows indirect interactions. The deregulated

proteins forming the wheel around the nodes are marked in red (upregulation) and green (downregulation). The IPA codes and corresponding full protein names are

shown in Table 1 and in Supplementary Table 1. The analysis was performed using Ingenuity Pathway Analysis (IPA) (https://www.qiagenbioinformatics.com/

products/ingenuity-pathway-analysis).

We found in this study changed levels in serum proteins
involved in blood clotting in irradiated mice, indicating not
only inflammatory but also thrombotic changes. Among these
were several serpins, plasminogen, fibronectin, and fibrinogen.
Fibrinogen is a serum adhesionmolecule identified in individuals
with a high risk for cardiovascular disorders (43). IL-1 and
IL-6 positively influence the synthesis of fibrinogen (44, 45).
Fibrinogens contribute to atherosclerotic plaque formation by
inducing endothelial permeability and increase the probability
for thrombus formation by enhancing the blood viscosity and
platelet aggregation (44, 46, 47). In agreement with our results,
previous studies show an induction of thrombotic responses
in locally irradiated carotid and saphenous arteries and in the
heart (48–50).

The proteomics data in this study predicted radiation-induced
activation of TGF-β, and its upregulation in the serum was
confirmed at 16Gy using ELISA. TGF-β is a multifunctional
cytokine regulating inflammation and fibrosis in the heart (51,
52). The consequences of cardiac fibrosis are severe including
contractile dysfunction, deformation and remodeling of the

cardiac structure, and heart failure (53). Enhanced levels of
TGF-β mediate also radiation-induced cardiac fibrosis that is
characterized by excess fibroblast proliferation and deposition of
collagen fibers (36, 54). We have shown previously the activation
of TGF-β signaling and induction of fibrosis in the mouse heart
exposed to local high-dose radiation (16Gy) (35, 55).

In contrast to the systemic inflammatory effect, this is, to
the best of our knowledge, the first study to show that local
heart irradiation has a profound effect on serum lipids. Enhanced
levels of free fatty acids and total cholesterol that we find here,
especially in the 16-Gy irradiated mice, are strong risk factors
for cardiovascular disease (56, 57). Similarly, increased LDL and
decreased HDL levels, particularly in combination, are associated
with increased risk for cardiovascular disease in humans since, if
long lasting, they are known to lead to hardening of the arteries
and atherosclerosis (58). The enhancement of oxLDL serum level
that we have observed already in a previous study (19) is a strong
predictive marker for upcoming coronary heart disease events
in healthy men and a potential risk factor for cardiovascular
disease (59, 60). OxLDL is involved in the early progression of the
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FIGURE 4 | The ELISA analysis of serum cytokines. The level of cytokines was

measured in 100 µg of serum in mice following 8 or 16Gy local heart radiation

using ELISA (t-test; *p < 0.05, mean with SEM, n = 5).

FIGURE 5 | The ELISA analysis of serum lipid levels. The levels of free fatty

acid (FFA), triglyceride (TG), total cholesterol, HDL, LDL, and oxidized

low-density lipoprotein (oxLDL) were measured in 100 µg of serum of mice at

8- or 16-Gy local heart irradiation using ELISA (t-test; *p < 0.05, mean with

SEM, n = 5).

atherosclerotic plaque formation including endothelial injury,
increased levels of adhesion molecules, leukocyte recruitment
and extravasation, and foam cell and thrombus formation (61).
Moreover, it activates the inflammatory response and increases
the production of cytokines (62).

The transcription factor PPARα that was predicted to be
inactivated in irradiated animals, based on the serum proteome
profiling, is the main regulator of lipid metabolism (63).
Furthermore, it exerts anti-inflammatory effects in the vascular
wall and, thereby, protects against initiation and progression
of atherosclerosis (64). The PPARα protein is highly expressed
in the heart but not excreted in the serum. We have shown
previously that cardiac PPARα is inactivated after local heart
irradiation in mice (28). More importantly, it was inactivated in
a dose-dependent manner in the cardiac left ventricle of Mayak
nuclear workers exposed to varying total body doses of external
gamma radiation when compared with Mayak workers not
exposed to irradiation (10). Both exposed and control workers

were diagnosed and died of ischemic heart disease. These data
indicate that, although deactivation of PPARα is a common
feature in ischemic heart disease and has been observed in
human heart failure patients (65–69), it is especially prominent in
radiation-induced heart disease and, therefore, a radiation target
in the heart. It is particularly interesting that this is reflected in
the serum proteome and cytokine and lipid profiles.

Immunoglobulins G and M were significantly upregulated
in the serum of irradiated mice. Increased levels of both
immunoglobulins in blood have been associated with adverse
cardiovascular events, particularly in dyslipidemic men, but the
epidemiological data are contradictory (70–73). In contrast, we
did not identify cardiac troponins that are immediate markers
of cardiac damage in humans as in mice. In mice, cardiac TnI
concentrations in serum peaked at 1 to 4 h and declined to
baseline by 48–72 h after a single administration of isoproterenol
(74). This rapid decline is probably the reason why we did
not find it elevated in the mouse serum 20 weeks after local
heart radiation. Nevertheless, cardiac troponins seem to stay
downregulated in the cardiac tissue a long time after radiation
exposure. We have shown previously a dose-dependent decrease
in cTnT in the human left ventricle in the Mayak worker study
(10) and cTnI in the locally irradiated mouse heart (8 and 16Gy)
(28) suggesting an early leakage of cardiac troponins to the serum
after radiation-induced myofibril degradation.

All in all, the data presented here suggest that the serum
proteins and lipids function as potential biomarkers of cardiac
injury following heart high-dose radiation exposure. They
confirm our previous findings in the heart proteome following
high-dose irradiation suggesting radiation-associated activation
of TGF-β but inactivation of PPARα (35, 56). Especially, PPARα

has become an interesting therapeutic target due to its pleiotropic
activity in controlling lipid metabolism and energy homeostasis,
inhibiting inflammation, reducing oxidative stress and apoptosis,
and ameliorating contractile function. However, the clinical trials
using PPARα agonists have shown contradictory outcomes so
far (75). We suggest that administering such agonists could be
particularly beneficial in connection with radiation therapy for
thoracic malignancies where the heart may receive considerable
radiation doses leading to adverse cardiovascular events (76).
Furthermore, the data from this serum study could be beneficial
in identifying patients who may develop radiation-associated
cardiac toxicity.
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Inhibition of the MDM2/X-p53 interaction is recognized as a potential anti-cancer strategy,
including the treatment of glioblastoma (GB). In response to cellular stressors, such as
DNA damage, the tumor suppression protein p53 is activated and responds by mediating
cellular damage through DNA repair, cell cycle arrest and apoptosis. Hence, p53
activation plays a central role in cell survival and the effectiveness of cancer therapies.
Alterations and reduced activity of p53 occur in 25-30% of primary GB tumors, but this
number increases drastically to 60-70% in secondary GB. As a result, reactivating p53 is
suggested as a treatment strategy, either by using targeted molecules to convert the
mutant p53 back to its wild type form or by using MDM2 and MDMX (also known as
MDM4) inhibitors. MDM2 down regulates p53 activity via ubiquitin-dependent
degradation and is amplified or overexpressed in 14% of GB cases. Thus, suppression
of MDM2 offers an opportunity for urgently needed new therapeutic interventions for GB.
Numerous small molecule MDM2 inhibitors are currently undergoing clinical evaluation,
either as monotherapy or in combination with chemotherapy and/or other targeted
agents. In addition, considering the major role of both p53 and MDM2 in the
downstream signaling response to radiation-induced DNA damage, the combination of
MDM2 inhibitors with radiation may offer a valuable therapeutic radiosensitizing approach
for GB therapy. This review covers the role of MDM2/X in cancer and more specifically in
GB, followed by the rationale for the potential radiosensitizing effect of MDM2 inhibition.
Finally, the current status of MDM2/X inhibition and p53 activation for the treatment of GB
is given.

Keywords: p53, MDM2 & MDMX, radiation, glioblastoma, radiosensitizer, radiotherapy, targeted therapy
INTRODUCTION

The classification of gliomas is traditionally based on histologic type and malignancy grade. It varies
from low grade glioma, classified as benign with a high curative chance, to high grade glioma which
is typically associated with rapid proliferation linked to disease evolution (grade I - IV). Since 2016,
the World Health Organization (WHO) classification no longer relies solely on histological criteria
but incorporated additional molecular biomarkers to improve diagnosis and prognosis of glioma
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patients. Especially the use of molecular techniques, such as
arrays and next generation sequencing, play an integral role in
the identification of mutations in gliomas (1, 2). Glioblastoma
multiforme (GB) is classified as a grade IV, the highest grade in
the WHO classification of brain tumors, and is the most
common malignant central nervous system (CNS) tumor with
a global incidence of 0.59–3.69 per 100 000 (3–5).

Despite numerous attempts over the past decade to find more
effective treatments, the standard care for GB has remained
essentially unchanged. This involves maximal safe surgical
resection, external beam radiation therapy (EBRT) plus
concomitant and adjuvant chemotherapy using the alkylating
agent temozolomide (TMZ) - this is known as the Stupp protocol
(6). Various avenues have been explored to improve GB therapy,
such as targeting the immune system through gene therapy, viral
vectors and targeted drug therapy to name a few (7, 8). Sadly,
despite multiple clinical trials, median survival from diagnosis is
still only 15-17 months (1, 6, 9–12). Treatment challenges often
derive from the molecular and cellular heterogeneity inherent to
these tumors. They include innate and acquired resistance with
subpopulations of tumor cells harboring stem-like properties
rendering them more resistant to therapy (13–15). Another
major challenge in GB patients is tumor recurrence, which is
unfortunately inevitable and results in a more aggressive and
radioresistant secondary tumor. The standard of care for patients
with recurrent GB is not well defined (1).

There has been an increased interest in the molecular
pathogenesis of malignant tumors and this led to the
development of monoclonal antibodies (mAbs) and small
molecule (SM) inhibitors blocking critical pathways involved
in tumor resistance and progression. These include the targeting
of DNA repair pathways, cell cycle control enzymes/genes and
their downstream pathways, as well as growth factor receptors
(16, 17). Secondly, these targeted drugs can often function as
radiosensitizers to enhance the cytotoxicity of subsequently
administered radiation therapy (RT) while minimizing
deleterious side effects towards surrounding normal tissues
(18, 19).

In this review, the rationale for influencing the p53 and mouse
double minute 2 (MDM2) pathway as a radiosensitizing and
therapeutic strategy for GB will be covered. 84% of GB patients
show a deregulation of the p53-MDM2 pathway (4, 20). MDM2
plays an imperative role in down regulating p53 activity via
ubiquitin-dependent degradation and is amplified or
overexpressed in 14% of GB cases. Hence, suppression of
MDM2 through different approaches, offers an opportunity for
urgently needed new therapeutic interventions for GB. In
addition, the combination of MDM2 inhibitors with ionizing
radiation (IR) may offer a valuable therapeutic radiosensitizing
strategy by influencing the DNA damage response (21). Since the
release of the structure of the MDM2–p53 interaction 25 years
ago (22), numerous SM MDM2 inhibitors have been discovered
and investigated, including SAR405838, HDM-201, NVP-
CGM097, MK-8242, RG7112, RG7388, ALRN-6924 and
AMG232 (23–31). Many of these inhibitors are currently being
investigated in clinical trials as novel cancer treatments. The
Frontiers in Oncology | www.frontiersin.org 2271
growing interest is reflected by the amount of reviews published
in the last years (30–41). However, to date, only a limited number
of MDM2 inhibitors have been tested for the treatment of GB or
in combination with RT.
RADIOTHERAPY AND
RADIORESISTANCE OF GB

Radioresistance of GB
GB tumors have been identified as therapy resistant due to
multiple molecular mechanisms including inadequate drug
blood-brain barrier (BBB) passage, intra- and intertumoral
heterogeneity, redundant signaling pathways resulting in rescue
mechanisms, adaptive radioresistance and an immunosuppressive
tumor micro-environment (TME) promoted by a chronic state of
hypoxia (15, 42–44). Hypoxic niches limiting the formation of
reactive oxygen species (ROS) and a hyperactivation of the DNA
damage response machinery induced by glioma stem cells (GSC)
contribute to glioma radioresistance (44, 45). In addition, a cross-
talk between TME populations via shared pathways, such as
STAT3, Wnt and Notch play a role (15, 46).

New Developments in GB
Radiation Therapy
Alternative RT technologies to improve therapy effectiveness in
GB, including dose escalation, a stereotactic radiosurgery boost,
brachytherapy and boron neutron capture therapy, have failed to
become incorporated in the routine management of newly
diagnosed malignant glioma (47, 48). However, several
technological advances can contribute to a reduction of RT
induced acute and late normal tissue toxicity. Three major
examples are intensity-modulated radiotherapy (IMRT),
proton therapy (PT) and ultra-high dose rate (FLASH) RT,
which are promising to reduce cognitive impairments that
could negatively impact the quality of life of GB survivors (49,
50). Compared to photon-based therapies, dosimetric PT studies
in gliomas have shown a dose reduction to nearby organs at risk
(OARs) and a lower risk of developing RT-induced tumors,
which could even further improve with advanced intensity
modulated proton therapy (IMPT) (14, 51–53). However, this
is of less importance in GB compared to low-grade gliomas, due
to the low median survival of GB patients. A phase II trial which
compares PT with IMRT in their ability to preserve brain
function in patients with IDH mutant grade II/III glioma is
currently running (NCT03180502) (54). In conjunction with
that, the outcome of PT dose-escalation and randomized clinical
trials of PT versus IMRT are also currently under investigation
(NCT01854554, NCT04752280, NCT02179086, NCT03180502)
(54, 55).

Compared to PT, the unique physical and biological
properties of high linear energy transfer (LET) radiation, such
as carbon ion radiotherapy (CIRT), are expected to overcome
microenvironmental limitations present in GB, such as
hypoxia, and confer an improved glioma and GSC killing
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ability (56–58). In GSC models, CIRT showed to overcome
glioma radioresistance by eradicating stem cells, inducing anti-
angiogenic effects and influencing the immune system (42, 59,
60). For the treatment of brain tumors, multiple clinical studies
have suggested that CIRT is effective with a favorable toxicity
profile, mainly through the delivery of a carbon ion boost
following conventional RT or PT (61, 62). This led to the
prospective CLEOPATRA Trial at Heidelberg Ion Therapy
Center (HIT) and a Phase I/III clinical by the Shanghai Proton
and Heavy Ion Center (NCT04536649) (42, 48, 61, 63). First
results applying particle RT at a dose ≥60 gray-equivalents
showed to be safe and potentially effective with an 18-month
overall survival (OS) rate of 72.8% and progression free survival
(PFS) rate of 59.8% (48). CIRT is also being investigated in
recurrent GB, with results of the randomized phase I/II
CINDERELLA trial pending (64). For recurrent high-grade
glioma, the recent study of Eberle et al. deemed carbon ion
reirradiation as safe and feasible (65).

In FLASH RT, the dose is delivered at ≥ 40 Gy/sec compared
to dose rates of approximately 1-4 Gy/min in conventional EBRT
(66). This technique provided encouraging results in an in vivo
study using a murine GB model, but is currently still limited to
superficial tumors using electron beams (67). New developments
in FLASH proton and heavy ion beam therapy look promising
and could pave the way to treat deeper seated tumors in a clinical
context, such as GB (68, 69). The combination of FLASH with
mini-beams, could even further increase the protection of
healthy tissue and preserve anti-tumoral immunological
reactions (70).
ROLE OF THE MDM2X-p53 PATHWAY IN
CANCER AND GB

The MDM2/X-p53 Pathway
TP53 is markedly the most studied tumor-suppressor gene. It
encodes the tumor suppressor protein p53 which, in light of its
nature and action, has been defined as the “guardian of the
genome”. It is a multifunctional transcription factor that can be
activated through cellular stresses, such as hypoxia, DNA
damage, or oncogene activation. Upon activation, p53 acts as a
tumor suppressor and responds to cellular damage by mediating
cell proliferation, arrest, DNA repair, metabolism, angiogenesis,
senescence and apoptosis, as depicted in Figure 1 (20). The most
critical downstream targets of p53 are the apoptotic proteins, as
they are responsible for the activation of various cell death
pathways (35). The activation of the latter plays a role in
prohibiting the replication of damage-causing genetic lesions,
as these could result in unconstrained cell growth and
oncogenesis (71).

In normal conditions and in the absence of cellular stress,
cellular homeostasis is set to preserve low p53 levels. This level is
regulated by MDM2, a E3 protein ligase which is responsible for
p53 degradation through a ubiquitin-dependent pathway. When
the amino-terminal domain of MDM2 binds to p53, the
transcriptional activity of p53 is inhibited and the p53 protein
Frontiers in Oncology | www.frontiersin.org 3272
complex is exported from the nucleus to the cytoplasm for
degradation by cytoplasmic proteasomes. In this way, both the
p53-mediated cell cycle arrest and the apoptosis functions of p53
are affected (Figure 2A) (72, 73). Hence, targeting the interaction
between p53 and the E3 ligase MDM2 represents an attractive
anti-cancer approach with the condition that the tumor is wild-
type (wt) TP53 or functional TP53 is present (40). The p53-
MDM2 pathway is also referred to as the p53-ARF-MDM2
pathway, since ARF (alternative reading frame), is a tumor
suppressor that interacts with MDM2. This interaction
prevents MDM2 shuttling between the nucleus and cytoplasm
and thereby circumvents p53 degradation (76).

Secondly, upon sensing DNA damage, ataxia telangiectasia
mutated (ATM) becomes activated and induces phosphorylation
of p53 and MDM2 directly or indirectly via checkpoint kinases,
such as hCHK1 and hCHK2. The latter prevents their interaction
and guarantees the stabilization of p53, see Figure 2B (72, 77).
DNA damage has also shown to induce MDM2 auto-
degradation (78). However, high levels of p53 in their turn
activate transcription of downstream targets, including MDM2.
Hence, the above mechanisms form a autoregulatory loop to
control the amount of p53 and MDM2 proteins (74, 79, 80).

The MDM2 homologue protein MDMX (also known as
MDM4) shares some similarity with MDM2 in the p53
binding domains, but they are not identical and MDMX
exhibits no E3 ligase activity. MDMX is able to inactivate p53
in two ways: by binding to the N-terminus of p53 directly or by
heterodimerization with MDM2 stimulating its ubiquitination
function. This is called the p53-MDM2/MDMX loop, in which
both MDM2 and MDMX act as inhibitors of p53’s tumor
suppressor function (81, 82). At variance to MDM2, MDMX
appears not to be transcriptionally regulated by p53, as explained
by Marine et al. (83).

The Role of the MDM2/X-p53
Pathway in GB
Alterations of the p53 pathway are common in multiple cancer
types, including GB. It is clear that the most common cause for
TP53 deregulation is due to MDM2 and MDMX amplification as
well as missense mutations in the TP53 gene, which results in the
demise of its role as a tumor suppressor. This area has been
extensively reviewed by Zhang et al. (20). The complicated
genetic profile of GB was confirmed by genomic profiling and
the Cancer Genome Atlas project, which revealed a set of three
core signaling pathways that are commonly altered in GB: the
p53 pathway, the receptor tyrosine kinase/Ras/phosphoinositide
3-kinase (PI3K) signaling pathway, and the retinoblastoma (Rb)
pathway (74, 77, 84, 85). Alterations of the p53 pathway play a
key role in GB development, cell invasion, migration,
proliferation, apoptosis, cancer cell stemness and resistance to
TMZ treatment (86–88). Interestingly, genomic characterization
of human GB genes and its core pathways showed that p53
signaling was altered in 87% of GB cases (84). More specifically,
84% of GB patients and 94% of GB cell lines showed a
deregulation of the p53-ARF-MDM2 pathway (4, 20). In
primary GBs, TP53 is relatively infrequently mutated (25-
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30%), while in secondary GB, alterations of p53 are observed in
60-70% of cases (89). The prevalence of TP53 mutations also
depends on the GB molecular subtype: proneural (54%),
mesenchymal (32%), neural (21%) and classical (0%)
respectively (20, 90). However, even in p53 wt GB, p53
availability is frequently reduced because of interactions with
overexpressed MDM2 proteins (86–88). An amplification and
overexpression of MDM2 gene is observed in 14% of GB cases
(84). Concerning MDMX, a 5- to 25-fold amplification in 2.4%
of 208 glioma cases was assessed by Riemenschneider et al. and
interestingly, all had a retained p53 wt status. Of these, none
showed MDM2 amplification (91). Another study performed
qPCR on 86 GB samples and found an amplification of the
MDMX gene in 27% of these samples. They also observed a
28.6% MDMX amplification of low-grade astrocytic tumors and
deduced that this could signify an early event in carcinogenesis
(92, 93). Hence, reactivating p53 activity through inhibition of
MDM2/X offers a tenable opportunity for therapeutic
intervention in GB.
MDM2 INHIBITORS AS AN
ANTI-CANCER STRATEGY

As previously mentioned, TP53 function can also be suppressed
in p53 wt tumors via MDM2 overexpression, limiting the p53
protein to perform its tumor suppressor role and thereby
Frontiers in Oncology | www.frontiersin.org 4273
promoting cancer progression (94, 95). As such, the re-
activation of the p53 pathway is regarded as a plausible anti-
cancer strategy and has the potential to increase the
radiosensitivity of cancer cells. The main p53-based targeted
therapies involve either the use of targeted molecules to convert
the mutant (mut) p53 back to its wt form or MDM2 inhibitors
which allow tumors with a p53 wt form but with MDM2
amplification to consequently restore p53 functioning (35,
71, 96).

One of the first attempts at understanding the mechanisms
behind p53 reactivation entailed the phosphorylation and
acetylation of its complex. Studies revealed that although the
latter plays a role in weakening the p53-MDM2 interaction, it is
not critical for p53 stabilization upon DNA damage (72).
Consequently, the MDM2 protein itself became the principal
target. Since the structure of the MDM2-p53 interaction has been
revealed, multiple SM MDM2 inhibitors have been developed
against the p53-binding pockets of MDM2 (95). These include
nutlins, spiro-oxindole derivatives and piperidinone-containing
compounds, such as MI-77301/SAR405838, APG-115, MK-
8242, RG7112, RG7388, DS-3032b, and AMG232. An overview
of different categories of MDM2 inhibitors, their design and the
current status in the clinic has been reviewed elsewhere (31, 32,
34, 41, 74). Peptides have also been studied as potent inhibitors
of the p53-MDM2 interaction and a number of these induced
p53 mediated cell cycle arrest and apoptosis in solid cancers and
hematological malignancies (88, 97–100). However, it is
important to note that tumors harboring p53 mutations are
FIGURE 1 | The various cellular processes regulated by p53 in response to cellular stressors.
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not responsive in contrast to p53 wt tumors. Furthermore,
sensitivity to MDM2 targeted therapy increases when p53 wt
tumors also show MDM2 amplification (29, 98, 99). Clinical
trials on MDM2 inhibitors are ongoing in acute myeloid
leukemia (AML) (NCT02319369, NCT03634228), soft tissue
sarcoma (NCT03217266), malignant salivary gland carcinoma
(NCT03781986), pediatric cancers (NCT03654716) and small
cell lung cancer (NCT04022876) (51, 52).

Additionally, MDMX antagonists have shown to inhibit the
MDMX-p53 interaction. As an example, Pellegrino et al.
identified a peptide that mimics the MDMX C-terminus, and
binds MDM2, thereby blocking the MDMX/MDM2 complex
(101). Importantly, the amount of MDMX influences the
sensitivity to MDM2 inhibitors and the susceptibility to
Frontiers in Oncology | www.frontiersin.org 5274
MDMX targeting appears to be dependent on the levels of p53
and especially of MDM2 (102, 103). Hence, studies have shown
that combination therapy using MDM2/MDMX inhibitors result
in a more effective anti-tumor reaction by more actively inducing
apoptosis and cancer cell cycle arrest (81, 101, 104). For more
extensive reviews on targeting MDM2 and MDMX in cancer
therapy, see (30, 37, 74, 102, 105–107).

Two tumor characteristics enable a selection of patients who
could benefit from MDM2- and MDMX-based therapies aimed
at reactivating p53 function: a p53 wt status and overexpression
of MDM2, MDMX or both. In addition, through the
understanding of the dysregulation and functioning of MDM2
and MDMX in GB cancers, diagnostic and prognostic methods
could be improved for a more personalized approach (29).
A

B

FIGURE 2 | (A) The p53-MDM2 autoregulatory feedback loop. p53 stimulates MDM2 expression while MDM2, in turn, inhibits p53 activity by stimulating its
degradation in the nucleus and the cytoplasm (1, 2), promoting its nuclear export (2) and blocking its transcriptional activity (3) (72, 73). (B) Upon DNA damage, both
MDM2 auto-degradation and phosphorylation of p53 is activated. This in turn disrupts the MDM2 binding, increasing transcription activation and stability of the p53
protein. In addition, ATM phosphorylation of MDM2 is critical for MDM2 destabilization, leading to less p53 ubiquitination (74, 75).
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MDM2 INHIBITORS AS
RADIOSENSITIZERS

Rationale for the Radiosensitizing Effect of
MDM2 Inhibition
The concept behind radiosensitizers is based on their ability to
enhance the radiosensitivity of cancer cells, resulting in increased
radiation-induced cell killing. This can be achieved by targeting
specific radiation response mechanisms, such as DNA repair
mechanisms, and in the case of MDM2/X inhibitors, the p53
transcription factor pathway (18, 82). The actions of p53 are
critical in determining the effectiveness of IR and/or
chemotherapeutic agents (79). The cellular effects induced by
IR are mediated by the DNA damage response (DDR) pathway,
which facilitates MDM2-p53 signaling via activated kinases, such
as ATM (see Figure 2). In cancer cells with p53 wt genes, the
level of both MDM2 and p53 expression is directly correlated to
the amount of IR induced DNA damage. Radiosensitive tissues
have shown prolonged p53 signaling after IR, while more
resistant tissues show transient p53 activation (108). Within
the two major pathways in DNA double-strand break (DSB)
repair, p53 interacts with both non-homologous end-joining
(NHEJ) proteins as well as with protein RAD51 which plays a
major role in homologous recombination (HR), influencing their
expression (82, 109).

The effectiveness of IR to treat cancer is hampered by
MDM2 mediated p53 inhibition, causing a decrease in DNA
damage cell cycle arrest and apoptosis (110). As a result, MDM2
overexpression has been correlated with a decreased therapeutic
response and failure of p53 to induce p21BAX expression has been
linked to radioresistance in GB cells (79, 111). Blocking of the
negative regulators MDM2 and MDMX could be a promising
strategy to improve RT outcomes of wt TP53 GB - see
Figures 2A, B. Sustaining p53 using MDM2/X inhibitors has
shown radiosensitizing effects pre-clinically in lung cancer,
prostate cancer, adenocarcinoma and colon cancer (21, 82,
108, 110, 112, 113). Remarkably, glioma cells lacking p53 wt
function seem to be susceptible to IR-induced apoptosis due to
an increased caspase-8 activity, which may be triggered by
ceramide (114, 115).

Some critical factors will have to be considered when MDM2/
X inhibition is combined with IR. Firstly, the effects on non-
cancerous (brain) tissue have been poorly researched. Different
cells/tissues can show different levels of apoptotic response to IR
and the restoration of p53 in non-cancerous tissues levels after
non-lethal DNA damage should take place rapidly to avoid
unnecessary cell death. MDM2 inhibitors could however
promote cell cycle arrest in non-cancerous cells and tissues
that surround the tumor, without affecting tumor cells in case
the tumor is p53 mut. However, the toxicity to healthy tissues
might be limited since MDM2 inhibitors, such as nutlins (MI-
219), have shown to activate p53 in normal tissues with limited
p53 accumulation in contrast to a robust accumulation of p53 in
normal tissues induced by chemo/radiotherapy (94, 116). An
optimal approach would be to influence the dynamics of p53
differently between tumor and normal tissues following
Frontiers in Oncology | www.frontiersin.org 6275
genotoxic therapies (108). Secondly, MDM2 has been reported
to have p53-independent functions, also influencing the cell
cycle, and DNA repair, amongst others (117). Particularly the
interaction between MDM2 and the DNA repair complex
(Mre11/Rad50/NBS1 or MRN) at DNA damaged sites is
important concerning the response to IR. Nbs1 has been
identified as a p53-independent MDM2 binding protein. This
interaction in turn reduces DNA damage signaling levels and
causes significant delays in DNA break repair, which might be an
important side effect to take into consideration in the normal
tissue response (118, 119).

For the aforementioned reasons, the synergy between MDM2
inhibitors combined with IR exposure may offer a more effective
cancer treatment strategy, but more research is needed to reveal
the exact mechanism of action and possible normal tissue
toxicities (72). Two aspects must be considered: 1) MDM2
inhibitors may not be effective in GB tumors with inactivation
of p53, 2) MDM2 inhibition combined with IR may lead to the
radiosensitization of normal tissues (74, 116). Therefore, the
targeted delivery of MDM2 inhibitors is crucial to induce
targeted apoptosis of cancer cells and limit toxicity in
normal tissues.

Activating the p53 Pathway in
Combination With Different
Radiation Qualities
Different apoptotic signaling mechanisms and p53 dependency
have been suggested between different radiation qualities (120–
124). For increasing LET a tendency towards an increased
apoptotic response has been observed (121, 125, 126). In
normal human fibroblasts, the induction of TP53 and
CDKN1A was dependent on the dose and LET (123). Also,
p53 was slightly induced by both proton and X-ray irradiation,
while a significant increase in protein expression of a
downstream regulator of p53, CDKN1A, was seen after low-
energy proton irradiation (127). A greater TP53 protein
accumulation was observed after carbon ion exposure,
compared to that of iso-doses of X-rays (123). In GB cell lines,
X-rays, CIRT or alpha-particle IR all induced p53-dependent p21
accumulation (128).

Compared with photon radiation, PT has shown to induce
more robust DNA damage and reduced cell cycle recovery from
G2 arrest, leading to apoptosis and cytotoxicity (127, 129, 130).
In addition, the mechanism of cell death induced by high LET
CIRT is significantly different when compared to low LET
radiation. This includes a greater ability of inducing the
ceramide pathway and more complex DNA DSB damage
resulting in increased levels of autophagy and apoptosis (131–
133). High LET radiation phosphorylated p53 at serine 37, which
is involved in cell death, more extensively compared to low
LET irradiation (134). Different amounts of ROS induced by
different radiation qualities will also impact the activation of p53,
which can in turn activate cell survival and/or cell death
processes (135).

Importantly, the presence of p53 seems to be crucial for the
induction of apoptosis by PT, while the induction of apoptosis by
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high LET (in the order of 70 keV/μm) radiation, such as iron
ions, was seen regardless of TP53 gene status in cancer cells (122,
124). Instead, in case of high LET radiation, caspase-9 activation
plays a role in apoptosis enhancement in mutated p53 cancer
cells and suppression of AKT (serine/threonine protein kinase
B)-related signaling inhibits cell growth (122, 136). The response
of GB cells to photon and CIRT irradiation also included an p53
independent G2/M phase arrest and subsequent appearance of
mitotic catastrophe, while a ceramide-dependent-apoptotic cell
death was observed (131). However, studies on p53 targeted
drugs, such as MDM2 inhibitors, and the potential differences in
radiosensitizing effects for different radiation qualities
remain limited.

MDM2/X Inhibition Combined With
Irradiation for GB Therapy
In non-GB cancer types, preclinical evidence has been provided
of a RT sensitization effect induced by MDM2 inhibitors,
including nutlins, serdemetan/JNJ-26854165, APG-115, PM2
and MI-219 (21, 112, 113, 116, 137–141). Interestingly, data
showed that Nutlin-3 acted as a radiosensitizer under hypoxic
conditions and as a radiosensitizer of tumor vasculature (140,
141). One of the main conclusions of this literature review is the
fact that the combined strategy of MDM2/X inhibitors with RT is
underexplored for GB. In p53 wt glioma cell lines, an enhanced
radiosensitivity was observed when Nutlin-3 was combined with
X-rays (142). RG7388 and RT also showed synergism, however,
long-term treatment induces resistance (29). The RG7388/RT
combination is also included in a phase I/IIa trial in patients with
newly diagnosed GB without O(6)-methylguanine-DNA
methyltransferase (MGMT) promotor methylation (N²M²
(NOA-20), NCT03158389). Nutraceutical resveratrol, which
has been reported to induce p53 and its downstream targets,
acted as a radiosensitizing anticancer agent for highly
radioresistant human SU-2 GSC both in vitro and in vivo
(143, 144).
CURRENT STATUS OF MDM2/X
INHIBITION AND P53 ACTIVATION FOR
THE TREATMENT OF GB

Despite the limited studies performed on the combination of IR
andMDM2/X inhibitors for the treatment of GB, this section will
give an extensive overview of all GB studies investigating
MDM2/X inhibitors and other approaches to activate
p53 (Table 1).

Targeting the MDM2-p53 Interaction
Nutlins
Nutlin-3 is the first potent MDM2 SM inhibitor that was identified
(181). Its analogue Nutlin-3a was effective at inhibiting GB cell
growth, inducing varying levels of apoptosis and senescence,
decreasing TMZ resistance and acting as a radiosensitizer (88,
142). The first modified MDM2 inhibitor that reached clinical
Frontiers in Oncology | www.frontiersin.org 7276
trials was a more potent Nutlin analogue RG7112 (182). RG7112
showed a potential cell killing effect in GB both in vitro and in vivo,
with up to a 44 times higher efficacy in MDM2-amplified and p53
wt GB cell lines (147, 183). In several Phase I trials in solid and
hematological malignancies, RG7112 was successful in activating
p53 and subsequently increasing the expression of downstream
pro-apoptotic proteins. However, the higher dose that was
required to attain satisfactory p53 activation caused significant
toxicities (184–187). A second-generation nutlin analogue,
RG7388 (idasanutlin), showed an increased potency, selectivity,
and had a better pharmacokinetic profile. This SM inhibitor has
been studied in both solid and hematological malignancies (188–
190). RG7388 is included in the N²M² (NOA-20) trial in
conjunction with RT with the aim to increase OS of patients
with GB with an unmethylated MGMT promoter status
(NCT03158389) (54).

Piperidinones
After nutlins, piperidinone-based compounds were identified as
potent MDM2-p53 interaction inhibitors. Their discovery and
development for targeted cancer therapy has been reviewed
elsewhere (34). AMG232 consists of a piperidinone scaffold
which is similar to that of nutlins. AMG232, as a single
therapy or in a combined treatment strategy, is under clinical
evaluation for the treatment of advanced solid tumors, metastatic
melanoma, multiple myeloma, soft tissue sarcoma and AML. At
the moment, one clinical phase I trial is running in primary and
recurrent GB (NCT03107780) (30, 54). In a phase I trial in p53
wt solid tumors which included GB, AML and multiple myeloma
patients, AMG232 showed an acceptable patient tolerability and
safety and favorable dose-proportional pharmacokinetics (191).
AMG232 has also shown to increase the radiation response in
several in vitro and in vivo experiments across a variety of p53 wt
tumor types, but this was not studied in GB (21). However, it has
been observed that AMG232 inhibition is more specific and
highly regulated compared to RG7112 and its effect on GSCs was
more potent (26, 148).

Spirooxindole Derivatives
ISA27 has a spirooxoindolepyrrolidine core structure that has
the ability to reactivate the antitumor capacities of p53 in GB
cells by dissociating the MDM2-p53 complex. It has been shown
to be non-toxic and it inhibited the growth of GB U87MG cells,
with the implication that a lowering of the dose of TMZ as part of
a combination therapy was suggested (88). The modified
compound spiropyrazoline oxindole 1a was tested on the
glioma cell line GL-261, alone and in combination with TMZ.
These studies revealed an effective reduction in stemness through
the reduction of the SOX2 protein levels, thereby promoting
chemotherapy sensitization (149). Other spirooxindoles entered
clinical trials and have been or are being studied in patients with
advanced solid tumors and AML (MI77301(SAR405838), DS-
3032b/milademetan, APG-115) (27, 54). In patient-derived
xenograft (PDX) models of GB, the effectiveness of MI77301
(SAR405838) was dependent on MDM2 expression but limited
by poor distribution across the BBB (28). In a phase I study in
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TABLE 1 | Overview of single or combined GB treatment strategies with MDM2/X inhibitors.

Treatment Type C/
PC

GB in vitro / in vivo model Results Reference

MDM2/X inhibition combined with irradiation
MDM2 - RT Nutlin-3 + X-

rays (0, 2, 4, 6,
8 Gy)

SM PC U87MG wt, T98G mut Varying levels of apoptosis and senescence and an enhanced
radiosensitivity among the different p53 wt GB cell lines. GB
cell lines with mutated or knockdown p53 were completely
unresponsive to the drug

(142)

Resveratrol +
X-rays (2, 4, 6
Gy)

Na PC SU-2 GSCs Radiosentizing effect on GSCs. The combination has
synergistic antitumor properties like blockade of proliferation,
triggering of autophagy, facilitation of apoptosis as well as
preclusion of DNA repair

(145)

RG7388£ SM C GB patients with an
unmethylated MGMT
promoter

Included in active N²M² (NOA-20) trial in in conjunction with RT NCT03158389
(54)

PC U87MG wt Combination with RT showed inhibited clonogenicity. Induced
cell cycle arrest and apoptosis. However, long-term treatment
induces resistance to treatment (2Gy and 4Gy)

(29)

Targeting the MDM2-p53 interaction
Nutlins Nutlin-3a SM PC NOD.Cg-Prkdcscid

IL2rgtm1Wjl/Sz (NSG) mice
Three cycles of TMZ/nutlin3a resulted in a significant survival
increase of the GB10 intracranial in vivo model compared with
single therapy

(146)

RG7112 SM PC SJ-GBM2, GBM2, BT-39,
D645, D456, CB17SC
scid -/- female mice

Reduced tumor growth in GB PPTP& models in vitro and in
vivo

(23)

PC U373MG mut, LN18 mut,
U251MG mut, A120wtT,
DBTRG-05MGwt, U87MG
wt.

A greater sensitivity of wt cell lines were observed, while the
mutant p53 cell lines showed resistance

(26)

PC U251MG mut, U87MG wt
LN229 mut

Restored p53 activity inducing strong p21 expression and
apoptosis. PK profiling demonstrated crossing of the BBB.
Cytotoxicity was observed, but treatment reduced tumor
growth and increased survival.

(147)

RG7388 SM C,
PC

See£ NCT03158389
(29)

Piperidinones AMG232 (KRT-
232)

SM C Recurrent or newly diagnosed
GB

Included in active N²M² (NOA-20) trial in conjunction with RT
and a phase I trial

NCT03158389
(54)

PC U373 mut, LN18 mut, U251
mut, A1207wt, DBTRG-
05MGwt, U87MG wt

9.5-fold more effective than RG7112 in p53 wt GB cells NCT03107780
(54)

10 patient-derived GSCs MDM2-amplified stem cells (464T) were 35-fold more sensitive
to AMG232

(148)

100 patient derived GB cell
cultures, with computational
modelling

Potentiated the effect of bortezomib in multiple GB cell lines by
increasing apoptotic effects

(26)

Spirooxindole
Derivatives

ISA27 SM PC U87MG wt Synergy with TMZ: effective in inhibiting cell growth, to such an
extent to possibly lower the dose of TMZ

(88)

Spiropyrazoline
oxindole 1a

SM PC GL-261 Treatment showed a decrease in SOX2 protein levels, thereby
reducing stemness. In addition, chemotherapy sensitization in
combination with TMZ was observed

(149)

MI77301
(SAR405838)

SM PC PDX models of GB A sensitivity was observed in MDM2-amplified PDX lines with
high MDM2 expression in comparison to MDM2 control lines
in both in vitro and heterotopic models. Contradictory results
for orthotopic tumors: inefficiency

(28)

Other MK-8242
(formerly SCH
900242)

SM PC PPTP& cell line panel
including GB cell lines SJ-
GBM2, GBM2, BT-39, D645,
D456

Cell lines with wt TP53 showed a sensitivity, while a resistance
for cell lines with mut TP53 was observed. Results showed a
reduction in tumor growth for most of the PPTP& panel as well
as the xenograft models

(25)

Other approaches to enhance p53 activity in GB
Blocking
MDM2
expression

SP-141 SM PC U87MG, SNB19, U251,
LN229, T98G, GBM10,
SF188, UW18 and UW28 cell
lines

Effectively induced cell cycle arrest and apoptosis. Effective
antitumor activity against U87MG intracranial xenografts and
combination treatment with TMZ resulted in more effective cell
killing and suggested to aid in TMZ resistance

(146)

miR-129 miRNA PC U251 mut and U87MG wt rtPCR done on cell lines significantly reduced the expression
of MDM2, resulting in cell cycle arrest

(150)
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TABLE 1 | Continued

Treatment Type C/
PC

GB in vitro / in vivo model Results Reference

miR-17 miRNA PC U87MG wt Repressed MDM2, resulting in decreased cell proliferation and
drug resistance

(151)

miR-4486 miRNA PC Glioma cells - U87MG, U251,
SHG-44, SW-38

Down-regulation of MDM2 by miR-4486 increased the
abundance of p53 in glioma cells

(152)

Restoration
p53
expression or
active
conformation

CP-31398 SM PC LN-18, U138MG, U87MG,
LN-428, D247MG, T98G, LN-
319, LN-229, A172,
U251MG, U373MG, LN-308

p53 reporter gene activity in all of tested glioma cell lines
harboring either wt or mut p53 was induced. All cell lines
underwent a caspase-independent and bcl-xL-insensitive cell
death after prolonged incubation

(153)

PRIMA-1 SM PC Multiple p53 mut GB cell lines Despite showing selective single agent activity in p53 mut
cells, it did not increase bortezomib activity

(154)

GB mouse models Restores p53 wt conformation by altering p53 mut protein
folding - inhibition of cell growth and stemness as well as
apoptosis induction

(19)

NSC319726 SM PC GB patient derived cells Induces copper-dependent cell cycle arrest at picomolar
concentrations

(155)

RITA SM PC U251 mut and U87MG wt Inhibited proliferation of p53 mut U251 more effectively than
p53 wt U87MG GB cell lines

(156)

P53R3 SM PC T98G, U251, U373MG,
U138MG, LNT-229

Restored p53 expression and induced antiproliferative effects,
resulting in a higher apoptotic induction rate

(157)

p53p-Ant P PC Human: U138, U87MG, Rat:
9L, D74, F98, NL

A 3-fold increase in extracellular membrane Fas expression,
resulting in activation of p53 function and consequently
induction of apoptosis in both p53 mut and wt cell lines

(158)

SGT-53 gene
therapy

Nanocomplex
that delivers

p53 wt

PC GL261 Enhanced anti-tumor effects and reduced tumor cell
proliferation

(159)

Retroviral-
mediated gene
transfer

GT PC U87MG wt Retroviral-mediated gene transfer of the p53 (175H) mut
promotes apoptosis in association with adenoviral-mediated
p53 wt gene transfer

(160)

CRAd#

AdDelta24-
p53 + RT

GT
(adenovirus)

PC glioma cells in vitro and
in vivo

Combination of RT and AdDelta24-p53 caused an increase in
apoptosis. In vivo, combination therapy increased tumor
regression and long-term survival

(161)

p53-NLS-Ln-
11R%

P PC glioma cells – YKG1 mut,
T98G mut, U87MG wt

This protein-transduction method inhibited the proliferation of
human glioma cells, whether the p53 gene had mutated or not

(162)

Influencing
MDM2-
proteasome
interaction

JNJ-26854165
(Serdematan)

SM PC SJ-GBM2 Shows activity against both p53 wt and p53 mut cell lines and
xenografts, including GB

(163)

Inhibition of
the E3
ubiquitin
ligase activity
of MDM2

USP2a Ubiquitin-
specific

protease 2a

PC U87MG wt Results suggest that USP2a binds to and stabilizes MDMX,
with subsequent higher mitochondrial localization of p53 and
apoptosis

(164)

Natural
compounds

Curcumin Na PC SH-SY5Y neuroblastoma Inhibits cell growth, arrests cells at S phase and induces
apoptosis by decreasing the MDM2 protein level

(165)

U87MG wt xenograft Increased cell death, reduced cell growth and inhibited
migration and invasiveness

(166)

U251 Inhibited cell growth and induced G2/M and S-phase arrest in
a dose dependent manner

(167)

Flavopiridol Na PC A172, CCF-STTG1, T98G,
U87MG, U118MG, U251MG,
and U373MG

Inhibited cell growth, arrested cells at G2/M phase and
induced apoptosis by decreasing the MDM2 expression at
mRNA level

(168)

Chalcone Na PC U87MG wt cells and
xenograft

Inhibits cell growth, arrested cells at G1 phase and induces
apoptosis by decreasing the MDM2 protein level. Inhibited
tumor growth in U87MG xenograft mouse model

(165)

Resveratrol Na PC U87MG wt cells Activates transcription of downstream p53 targeted genes,
which leads to a decreased affinity for MDM2, causing an
increase in p53 stability and thereby cell cycle arrest and
apoptosis

(144)
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TABLE 1 | Continued

Treatment Type C/
PC

GB in vitro / in vivo model Results Reference

Dual MDM2/MDMX inhibitors
Peptide
based
MDM2/
MDMX
inhibitors

D-PMI-beta P PC U251 mut and U87MG wt Works in a p53-dependent manner as U251 mutated cells
were resistant to treatment and successful growth inhibition
was observed in U87MG wt cell lines

(97)

liposome-PMI1-
4

P PC U87MG wt and U251 PMI failed to inhibit cell growth through MDM2/MDMX
targeting. Peptide-loaded liposomes were designed to improve
cellular uptake of the drug. Liposome-PMI-1 was the most
effective in inducing apoptosis of U87MG cells, but not U251,
indicating a p53 dependent interaction

(169)

PM2 P PC 4-10 GB cell lines Potentiated the effect of the protease inhibitor bortezomib in
multiple GB cell lines by effectively inducing cell death after
treatment

(154)

RGD-M/sPM€ RGD-peptide
micelle

PC U251 mut and U87MG wt RGD-liposomal pDP treatment increased the median survival
time of intracranial U87MG GB nude mice. Western blot assay
validated the reactivation of p53 through MDM2 inhibition in
both cell lines

(170)

Other NSC623731 SM PC U87MG wt Demonstrated to possess anti-proliferative activity (171)
MDM2/X inhibition and other combined treatment strategies
MDM2-
chemotherapy

Nutlin-3a +
Doxorubicin

SM PC U87MG wt Treatment resulted in the reactivation of the p53 pathway,
leading to an increase in p53 activity and consequently
sensitization of the GB cells

(172)

Spiropyrazoline
oxindole 1a +
TMZ

SM PC GL-261 Chemotherapy sensitization in combination with TMZ (149)

RITA + TMZ SM PC U251 mut and U87MG wt Inhibited proliferation of p53 mut U251 more effectively than
p53 wt U87MG GB cell lines. In both instances, apoptosis
was induced more effectively in combination with TMZ

(156)

RGD-M/sPM€

+ TMZ
RGD-peptide

micelle
PC U87MG wt Anti-glioma effect through activation of the p53 pathway in

vitro and in vivo. Synergistic with TMZ
(170)

Resveratrol +
TMZ

Na PC Human GB-initiating cells Enhanced the sensitivity to TMZ via activation of the DSB/
ATM/ATR/p53 pathway, leading to the activation of apoptosis

(173)

RG7112 siRNA SM siRNA PC U87MG wt cells and in vivo
DK-MG (p53 wt), LN308 (p53
null), and U251 (p53 mut)

Enhanced the sensitivity to TMZ, reversing the YB-1 protein
mediated TMZ drug resistance

(174)

MDM2-
integrins

Compound 9 Pe PC U87MG wt cells Effective in inducing long term cell cycle and proliferation arrest
of GB cells by targeting MDM2/X as well as a5b1/avb3
integrins

(175)

MDM2-Akt/
mTOR

FC85 +ISA27 SM PC U87MG wt cells Synergic effect on the inhibition of cell viability and on the
reactivation of p53 pathway. Also blocked proliferation and
promoted the differentiation of GSCs

(176)

MDM2-CDK4 Ent-4g* S PC T98G mut, U251 mut,
U87MG wt

Induced apoptosis and cell cycle arrest. Cells treated showed
up-regulation of proteins involved in P53 and cell cycle
pathways. Anti-tumor efficacy against GB xenografts in mice

(177)

MDM2-MEK RG7388 +
Trametinib

SM PC U87MG, A172, T98G,
LN428, LN308 and LN229;
Xenograft mouse model

Clonogenicity synergistically inhibited through the combination,
resulting in a restored sensitivity towards RG7388 in U87MG
and A172 cell lines. In vivo, results demonstrated a reduction
of tumor growth

(29)

MDM2/X-
CXCRX

RS3594 +
AMD3100

SM PC Human GB cells and GB
stem-like cells (neurospheres)
U87MG, T98G, U343MG

Reduced GB cell invasiveness and migration in single agent
treatment but this increased in the combined treatment
regimen with synergic effects on cancer stem components.

(178)

MDM2/V-
ATPase

Nutlin-3a + V-
ATPase
inhibitor
(archazolid)

SM PC U87MG wt Synergistic for inducing cell death in different p53 wt tumor cell
lines and highly activated pro‐apoptotic pathways.
Combination is more efficient in reducing tumor growth
compared to single treatment in vivo

(179)

Other p19Arf gene
transfer and
nutlin-3

SM PC C6 wt GB cell line C6 cells were quite susceptible to both, yet p53 was further
activated by the combination. Results showed a marked
increase in cell cycle alterations and an increase in p53 activity,
thereby resulting in cell death

(180)
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patients with advanced solid tumors, MI77301 had an acceptable
safety profile but had limited single agent activity (54, 192). Pre-
clinically, other spirooxindoles are currently being evaluated,
such as MI-219, MI-63, MI-319, MI-43, MI-88, MI-137, but
none of them include GB results (32).

Others
Novartis (Basel, Switzerland) designed a new category of MDM2
antagonists based on the dihydroisoquinolinone core which are
being tested in clinical trials. These include CGM097 and HDM-
201 (siremadlin) (38, 193, 194). A phase I study of CGM097 and
HDM-201 in adult patients with selected advanced solid tumors
was recently completed (NCT01760525, NCT02143635) (54,
195). Another SM inhibitor of the MDM2-p53 interaction,
MK-8242 (SCH-900242), has been investigated in a phase I
trial in patients with advanced p53 wt solid tumors and AML.
An acceptable safety and tolerability was shown after MK-8242
treatment, with a successful activation of the p53 pathway (196).
In GB, data is limited, but the compound was included in the in
vitro pediatric preclinical testing program (PPTP) that included
GB and proved to be effective in reducing tumor growth by
inhibiting MDM2 expression (25).
Other Approaches to Enhance p53
Activity in GB
Next to blocking the interaction between MDM2 and p53, other
strategies have been studied in GB to enhance p53 activity:
blocking MDM2 expression, restoring p53 expression or its
active conformation, influencing the MDM2-proteasome
interaction and inhibiting MDM2 ubiquitin ligase activity (197).

Blocking MDM2 Expression
In vitro effects of the novel brain-penetrating SM MDM2
degrader SP-141 was assessed on numerous GB cell lines.
Binding of SP-141 to MDM2, induces MDM2 auto-
ubiquitination and proteasomal degradation and inhibits its
expression (146). Because SP-141 crosses the BBB adequately
and due to its ability to eliminate MDM2 irrespective of the p53
gene status, this compound gained interest as a GB therapy agent
(146, 198). Treatment in vitro resulted in a marked decrease of
MDM2 and increase in p53 as well as G2/M cell cycle arrest and
apoptosis. The inhibition of brain tumor growth by SP-141
therapy was confirmed in vivo and the combination with TMZ
showed a synergistic cell death ratio (146).

Small interfering RNA (siRNA) and microRNA (miRNA) are
other possibilities to influence MDM2 expression (150, 174). The
miRNA precursor miR-129 significantly reduced MDM2
expression in glioma cell lines, resulting in cell cycle arrest
(150). miR-126 expression is abnormally low in glioma cells
and miR-126 inhibits the course of glioma through targeted
regulation of phosphatase and tensin homolog (PTEN)/PI3K/
AKT and MDM2-p53 pathways, which, therefore, can be used as
a new potential biomarker (199). miR-4486 has also shown to
target MDM2 expression and increased the abundance of p53 in
glioma cells (152). miR-17 transfected GB cells also showed a
Frontiers in Oncology | www.frontiersin.org 11280
down-regulation of MDM2 expression, which resulted in an
effective decrease in drug resistance and cell proliferation (151).

Restoration of p53 Expression or
Active Conformation
The current approaches for (re)activating p53’s tumor
suppressor role using SMs were recently reviewed by Silva
et al. (200). In GB, stabilizing the active conformation of p53
by altering mutant p53 protein folding, has been explored with
the SMs CP-31398, PRIMA-1, P53R3, NSC319726 and RITA
(Reactivation of p53 and Induction of Tumor cell Apoptosis).
CP-31398 induced p53 reporter gene activity in all of the tested
p53 wt and mutated glioma cell lines. High concentrations of
CP-31398 resulted in the reduction of MDM2 mRNA expression
(153). In GB cells, PRIMA-1 induces an inhibition of cell
growth and stemness as well as apoptosis induction (20, 154).
Its methylated analog PRIMA-1Met (APR-246) is currently
being studied in a phase I/II study in combination with
pembrolizumab in subjects with solid malignancies
(NCT04383938) (54). However, compound P53R3 blocks
glioma proliferation in a p53-dependent manner with a higher
specificity and over a broader concentration range than PRIMA-
1 (157). In vivo in GB, RITA showed synergistic effects when
combined with TMZ and an inhibition of cell growth and
stemness, as well as apoptosis induction. Interestingly, RITA
acted independently of the p53 status (156). Protein expression
studies showed that RITA suppressed cell proliferation by
targeting the p53 associated protein ASK1 (156). Johansson et
al. tested its efficacy in combination with the proteasome
inhibitor bortezomib and despite showing specific single-agent
activity in p53 mut cells, it did not strengthen bortezomib
activity (154).

Since the p53 protein binds to DNA through a zinc-stabilized
structurally complex domain, zinc plays a critical role in function
of p53. It was shown that zinc aids in the transition of p53 mut
into a functional conformation. In GB cells expressing the
R273H mutation, this recovered their chemosensitivity (201).
Also, NSC319726 was able to restore the p53(R175) mutant to a
functional p53 wt structure by acting as a zinc ionophore. This
compound arrests GB-patient-derived cells, mediated by its
binding to copper (155). Restoration of p53 function was also
shown in glioma cells in vitro and in vivo upon exposure to a
peptide called p53p-Ant (COOH-terminal peptide of p53 linked
to the truncated homeobox domain of Antennapedia). The Fas
extrinsic apoptotic pathway seemed to play a role in cell death
induced by this protein (158).

Another possible approach to induce p53 reactivation is
targeted gene therapy. This strategy enhanced radiosensitivity
of p53 wt human glioma cells (202). The introduction of p53mut
into p53 wt human glioma cells promotes adenoviral-mediated
p53 wt (175H) gene transfer induced apoptosis (160). SGT-53 is
a liposomal nanocomplex that delivers the p53 wt gene to tumor
cells and has shown chemo-sensitization effects of GB in vitro
and in vivo (28). However, the phase II trial of SGT-53 combined
with TMZ in recurrent GB was terminated (NCT02340156) (54).
The intratumoral administration of the adenovirus p53 gene was
July 2021 | Volume 11 | Article 703442
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further explored in a phase I trial in patients with malignant
primary glioma. However, a beneficial anti-tumor effect but
widespread distribution of this agent remains a significant goal
(159, 203). Nutlin-3 drug treatment combined with p19Arf gene
transduction further activated p53 compared to single therapy in
C6 GB cells. This vector is able to introduce p19Arf into p53 wt
glioma cells, inducing viral expression of p19Arf with a
subsequent activation of p53 (180). The adenovirus
AdDelta24-p53, which encodes the p53 protein and only
replicates in Rb mutant cells, achieved potent anti-glioma
effects in vitro when combined with RT (161). As an
alternative for gene therapy, trans-membrane peptide therapy
showed promising results in glioma cells. This technique uses a
peptide derived from the MDM2 binding site of p53 (162).

Influencing the MDM2-Proteasome Interaction
Next to a direct MDM2-p53 interaction regulating the stability
and ubiquitylation of p53, MDM2 also links with multiple
subunits of the 26S proteasome increasing proteasomal
turnover of p53. This lead to an increased interest in targeting
the MDM2-26S proteasomal subunit interactions (106). This is
achieved by SM JNJ-26854165 (Serdemetan), which binds the
RING domain of MDM2. Results showed activity against both
p53 wt and p53 mut GB cell lines and xenografts. However, a
phase I clinical trial in advanced or refractory tumors did not
proceed to phase II (204).

Inhibition of the E3 Ubiquitin Ligase
Activity of MDM2
Multiple inhibitors of ubiquitin E3 ligases and deubiquitinating
enzymes (DUBs) have been found to have potential anti-cancer
properties. As reviewed by Antao et al., ‘thus far, USP2a, USP4,
USP5, USP7, USP9X, USP10, USP11, USP15, USP24, USP29,
and USP49 have been linked with p53 regulation’ (205). In vitro
in glioma, the binding of USP2a to MDMX increased the
mitochondrial location of p53 and stimulated apoptosis (164).

Natural Compounds
A handful of natural compounds/nutraceuticals have been
studied for their MDM2 inhibitory or p53 activating effects in
GB, as reviewed by Qin et al. (165). The BBB permeable
nutraceutical curcumin has shown to exert anti-proliferative
effects on glioma cells by modulating TP53/MDM2/MDMX/
p14ARF signaling. In particular, curcumin upregulates p53
expression in GB in vitro and induces cell cycle arrest in a
p53-dependent manner (167, 206). Pre-clinically in GB, chalcone
derivatives and flavopiridol have shown to decrease MDM2
protein level or inhibit MDM2 expression at mRNA level,
respectively (168, 207). Resveratrol showed inhibitory effects
on the growth and metastatic capacity of both GB and GSCs,
by partially acting through AKT inhibition and p53 activation,
and suppressed GB growth in vivo (144).

MDM2/MDMX Dual Inhibitors
For optimal efficacy, concomitant targeting of both MDM2 and
MDMX may be necessary, since overexpression of MDMX can
act as a MDM2 substitute, causing drug resistance (41, 208, 209).
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MDM2/X dual inhibitors have been reviewed elsewhere (37,
103). In a study by Chen et al., NSC623731 was identified as the
most potent dual specificity inhibitor via virtual screening and
computational models and demonstrated anti-proliferative
activity on the U87MG p53 wt GB cell line (171). In combined
treatment strategies dual MDM2/X inhibitor RS3594 and
CXCRX inhibition presented synergic effects against GB pre-
clinically (178). Other MDMX/2 inhibitors which have, to the
best of our knowledge, not been studied for GB include SJ-
172550, XI-006, XI-011, RO-2443, RO-5963, WK23 and WK298
(36, 37, 210, 211). RO-2443 and its chemically optimized analog
RO-5963 are indolyl hydantoins which appeared to be MDM2/X
antagonists with promising preclinical results (36, 210). In adult
patients with advanced or metastatic solid tumors and in
pediatric cancer, a phase I trial evaluating the MDM2/X
inhibitor ALRN-6924 is currently active (NCT03725436,
NCT03654716) (54).

Peptides and peptidomimetics in the p53/MDM2/MDMX
circuitry are also emerging as interesting anti-cancer
compounds given their increased selectivity linked to less
toxicity and a lower propensity in developing cancer resistance,
when compared to SMs (103). Liu et al. tested the D-peptide
inhibitors of the p53-MDM2 interaction DPMI-a and DPMI-
#xD835;#xDEFD; on U87MG and U251 GB cell lines and results
confirmed p53 targeting. Interestingly, this group showed that
D-peptide antagonists of MDM2 exert anti-GB effects in vivo,
when encapsulated in liposomes linked to an integrin-targeting
cyclic-RGD (Arg-Gly-Asp) peptide (212). Subsequently, a series
of d-amino acid mutational PMI analogues, PMI-1-4, were
reported to have a higher proteolytic resistance and showed
increased anti-tumor effects in vitro. Liposome-PMI-1 showed a
stronger inhibitory activity against the U87MG p53 wt cell lines
than Nutlin-3, without an effect on the U251 p53 mut GB cell
line (169). PM2 potentiated the effect of protease inhibitor
bortezomib in multiple GB cell lines by effectively inducing cell
death after treatment. Interestingly, PM2 also radiosensitized
p53 wt tumors but this needs to be confirmed in GB (137).
ATSP-704, a progenitor of the first stapled a-helical peptide
entering clinical trials, binds both MDM2 and MDMX with high
affinities and effectively activates the p53 pathway in tumors in
vitro and in vivo but was not studied in GB. However, in vivo,
[3H]-ATSP-7041 did not distribute to the brain and CNS tissues
(213). Chen et al. tried to circumvent the BBB penetration issue
by developing a cyclic RGD peptide-conjugated poly (ethylene
glycol)-co-poly(lactic acid) polymeric micelle (RGD-M) that
carried a stapled peptide antagonist of both MDM2 and
MDMX (sPMI). RGD-M/sPMI inhibited GB growth both in
vitro and in vivo (214).
MDM2/X INHIBITION AND OTHER
COMBINED TREATMENT STRATEGIES

Although MDM2 inhibition has shown promising anti-cancer
effects, not all p53 wt cell lines are sensitive to this treatment
strategy and induction of apoptosis in p53 wt cell lines is
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sometimes limited (27, 189). In addition, therapeutic effects have
been documented to be short-term due to acquired resistance or
acquisition of p53 mutations (38, 107, 215). Hence, a combined
treatment strategy might be necessary to reach optimal
therapeutic effectiveness. Kocik et al., recently reviewed the
current status of drug combinations to support MDM2
antagonists. These include targeted therapy, DNA damaging
agents (chemical or IR) and apoptosis inducers. Targeted
therapy strategies included tyrosine kinase inhibitors, Ras/Raf/
MEK/MAPK inhibitors, cyclin-dependent kinase (CDK)
inhibitors and PI3K/AKT/mTOR inhibitors. Dual inhibitors
that have been reported to co-inhibit MDM2 include
proteasome, histone deacetylases (HDAC), ATPase, XIAP,
zinc, antibiotics, NF-kB pathway, translocator protein (TSPO),
heat shock protein (HSP) inhibitors, integrin and mitotic
inhibitors. Apoptotic inducers included BCL-2 inhibitors and
tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) agonists (38, 175, 176, 216–218).

Saiki et al. screened an 1169-compound library for potential
compounds that synergize with MDM2 inhibition in inducing
tumor cell death with the goal to circumvent resistance. They
observed a robust synergy in inducing apoptosis with MEK
or PI3K inhibitors, BH3 mimetics, BCR-ABL antagonists,
and HDAC inhibitors (219). A phase II study combining
MDM2 inhibitors in combination with immunotherapy, such
as pembrolizumab (targeting programmed cell death protein
1) are currently undertaken in patients with advanced solid
tumors, where p53 mutation status is an inclusion criteria
(NCT03611868) (54, 220). PromisingMDM2 inhibitor combination
strategies for the treatment of GB will be briefly summarized in
this section.

MDM2-Chemotherapy
The synergism of combining MDM2 inhibition with
chemotherapeutics has shown to be effective in AML and
multiple trials are running in diverse tumor types
(NCT04190550, NCT03725436, NCT03031730, NCT04113616,
NCT04275518) (54). In GB, multiple pre-clinical studies
have already proven that MDM2 inhibition induces
chemosensitization, including Nutlin-3a, RG7112, spiropyrazoline
oxindole 1a, RITA, SP-141 and SGT-53 therapy (146, 149, 159, 160,
174, 217, 221). Nutlin-3a enhanced antitumor activity of TMZ in a
humanized intracranial patient-derived xenograft model of GB
(222). Nutlin-3a-loaded targeted micelles in combination with
doxorubicin or the RGD MDM2/X targeting peptide-conjugated
micelle (RGD-M/sPMI) in combination with TMZ showed
effective synergism against GB in vitro and in vivo (170, 172).
Resveratrol also enhanced the sensitivity of TMZ resistant GB-
initiating cells via the activation of the DSB/ATM/ataxia
telangiectasia and Rad-3 related (ATR)/p53 pathway. However,
blocking NF-kB-MGMT pathway thereby averting TMZ-
resistance also plays a role (223). Genetic inhibition of MDM2
expression of glioma cells in vitro and in vivo by siRNA
technologies or chemical inhibition by RG7112 also increased
TMZ sensitivity of glioma cells, reversing the YB-1 protein
mediated TMZ drug resistance (174).
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MDM2-Integrins
Merlino et al. investigated the effectiveness of peptidomimetic
compounds targeting MDM2/X as well as a5b1/avb3 integrins.
Studies were conducted on p53 wt glioma cells and showed that
compound 9 was the most effective in inducing long term cell
cycle and proliferation arrest of cancer cells. Results also revealed
a consequent reduction in cell invasion and migration, thereby
confirming its potential as a novel class of integrin/MDM
inhibitors (175).

MDM2-AKT/mTOR
The interplay between the p53-MDM2 pathway and the PI3K/
AKT pathway plays an important role in the determination of
cell death and/or survival since this network involves two tumor
suppressor genes (TP53 and PTEN) and two oncogenes (MDM2
and AKT) (224–226). AKT has shown to enhance MDM2
mediated p53 degradation (227). Data obtained from The
Cancer Genome Atlas revealed that ∼88% of GB have
activated PI3K pathways, which is linked with a poor
prognosis (169, 228).

Among the different GB subtypes, the mesenchymal type
shows the highest drug resistance, most frequent PTEN
mutations (37%) and hyperactivation of PI3K/AKT (90).
Daniele et al. explored the outcome of targeting both pathways
by treating U87MG cells with the AKT/mTOR inhibitor FC85 in
combination with the established MDM2 inhibitor ISA27 in an
attempt to effectively treat GB by targeting their stem cells. Results
showed a synergic effect on the inhibition of cell viability and on
the reactivation of the p53 pathway leading to increased cell
killing. Co-therapy also resulted in promoting differentiation,
blocking proliferation and consequently apoptosis of GSCs
(176). Synergy between MDM2 and PI3K/AKT/mTOR
antagonists was also shown in liposarcoma and AML (226, 229).
Interestingly, Saiki et al. noted that PI3K pathway mutations are
not a prerequisite for this synergistic effect (219).

MDM2-CDK4
Dual inhibitor ent-4g was developed to target both MDM2 and
CDK4. Gene expression studies were performed on U251 GB cell
lines and a noteworthy alteration in the cell cycle and p53
signaling pathways were observed. Flow cytometric results
showed apoptotic induction and cell cycle arrest. This was
confirmed in GB xenografts (230).

MDM2-MEK
Pre-clinically, the MDM2 inhibitor RG7388 has shown
promising results for the treatment of GB and synergism with
irradiation but acquired resistance limits its potential. Combined
treatment with the MEK inhibitor trametinib resulted in a
restored sensitivity towards RG7388 therapy and a decrease in
tumor growth in vivo (29).

MDM2-CXCR4
Daniele et al. investigated the potential synergy between CXCR4
antagonists and MDM2/X inhibitors for GB therapy. The dual
MDM2/X inhibitor RS3594 and the CXCR4 antagonist
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AMD3100 presented synergic effects on cancer stem components
and appears to be a valuable strategy to inhibit GB proliferation
and reduce invasiveness (178).

MDM2-V-ATPase
Inhibition of the proton pump V‐ATPase (vacuolar-type
ATPase) by archazolid has shown to induce p53 protein levels
in cancer cells. Subsequently, evidence was found that archazolid
and nutlin‐3a combined therapy increased cell death in multiple
p53 wt tumor cell lines and robustly activated IGFBP3 and Bax
pro‐apoptotic pathways inducing caspase‐9 and PARP
inactivation. Interestingly, the combination was more efficient
in reducing U87MG GB growth in vivo compared to single dose
treatment (179).
CONCLUSION AND FUTURE
PERSPECTIVE

There is an urgency to develop novel agents directed at relevant
pathways to increase effectiveness of GB therapy (231). Since
84% of GB patients show a deregulation of the p53-ARF-MDM2
pathway, the avenue of upregulating p53 and downregulating
MDM2 has been explored extensively (4, 20). However, current
data on single MDM2/X therapy in GB (see Table 1) is mostly
preclinical and only a few clinical trials with MDM2 inhibitors
are running in GB patients (NCT03107780, NCT03158389)
(54, 154).

In addition, despite the acknowledged rationale, limited data
is available on the use of MDM2/X inhibitors as radiosensitizers
for the treatment of GB. p53 activation using MDM2/X
inhibitors has shown radiosensitizing effects pre-clinically in
lung cancer, prostate cancer, adenocarcinoma and colon cancer
(21, 82, 108, 110, 112, 113). The first in vitro results on p53 wtGB
cells show a potential synergy, but acquired resistance could be
an issue (29, 142). This is further explored in GB patients under
the active N²M² (NOA-20) trial, which investigates RT and
molecularly matched targeted therapies, including RG7388
(idasanutlin) (NCT03158389) (NCT03158389) (54).

Importantly, dual inhibition of MDMX/MDM2 could
help achieve full activation of p53, increasing therapeutic
efficacy. In particular, inhibition of the p53-MDMX interaction
presents an excellent opportunity for overcoming MDM2
inhibitor resistance when cancer cells overexpress MDMX (36).
However, dual inhibitory drug development is proving to be
challenging mainly due to the difference in the size of the Leu26
subpocket in MDM2 and MDMX (31). In addition, specific
potent MDMX inhibitors are rare. There has been a recent trend
in the emergence of peptides and peptidomimetics as attractive
molecules due to their advantages compared to SMs, including
their selectivity and tolerability, however, major drawbacks
remain their intrinsic instability and their delivery to the
target, including BBB crossing. Accordingly, only a few are
currently in clinical trials compared to numerous SMs (103).
The transfer of drug molecules to the tumor site could be
improved using a wide range of carriers: liposomes, solid lipids
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nanoparticles, dendrimers, polymers, silicon or carbon materials
and magnetic nanoparticles (232). As an example, DPMI-a16, a
D-peptide inhibitor of the p53–MDM2 interaction, encapsulated
in liposomes decorated via a poly(ethylene glycol) spacer with a
cyclic RGD peptide was effective in GB models (97, 103).
Convection-enhanced delivery is also an option to improve
delivery of targeted drugs to GB, applying local drug delivery
that bypasses the BBB, while limiting associated systemic
toxicities (233).

In light of recent RT developments and the promising role of
particle therapy in GB treatment, more research is also needed to
discover variations between different radiation qualities in
inducing apoptosis signaling mechanisms, dependency of the
p53 and MDM2 status and ROS production (120, 121). It is still
not clear what determinants render cells susceptible towards cell
death in response to MDM2 inhibitors, aside from functional
p53 (39). More research will also help to clarify the
determination of cell fate by the MDM2-p53 axis after DNA
damage and other pathways in which the MDM2 protein and its
diverse isoforms are involved. In cancer drug design, the p53
independent function of MDM2 in NBS1 regulation should be
considered (39, 74, 234). For more open questions on the
function of MDM2, see the recent publication of Dobbelstein
et al. (39). In this regard, p53 targeted drugs including MDM2
inhibitors could elucidate new information.

Challenges such as acquired resistance and toxicity upon
MDM2/X inhibition are not overcome yet, including effects on
healthy tissues (29). New ways to interfere with MDM2 function
are currently being developed, including proteolysis targeting
chimera (PROTAC) degraders. However, it remains unclear
whether these will improve efficacy without substantially
increasing toxicity in human cancer patients (31, 39). Acquired
resistance could be overcome by targeting multiple pathways
concomitantly due to pathway redundancy, known to be present
in GB. The first multi-targeted therapy strategies are only
starting for GB and the ideal combination of inhibitors is
unknown. Others drugs that might be worth to explore include
MDM2 inhibitors with potent DNA damage repair pathway
inhibitors targeting e.g. PARP, ATM, ATR, Checkpoint kinases
CHK1, CHK2, WEE1, DNA-dependent protein kinase (DNA-
PK) or other cell cycle pathway inhibitors targeting e.g Aurora
kinase A and B, Polo-like kinase 1, RAD51 (4, 235, 236).

The main factor to select patients that are likely to benefit from
MDM2/X treatment is the p53 status of the tumor and the level of
MDM2 expression, although a combination of gene signatures
might be necessary (27). For example, the CDKN2A gene
encoding for tumor suppressor ARF that blocks MDM2 (76).
MDM2 overexpression with or without gene amplification(s) is
observed mainly in GB without p53 gene mutations (237). Up
until now, the prognostic significance of MDM2 expression in GB
is not confirmed (238). However, recent phase 1 clinical trials with
SM MDM2 antagonists have indicated significant association
between pre-treatment MDM2 expression levels and therapeutic
response in patients with AML (25). Hence, there is a need for
non-invasive predictive biomarkers for MDM2 targeted therapies.
Fluorescence in situ hybridization and immunohistochemistry, the
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most commonly used methods for assessing MDM2 gene
amplification and MDM2 protein overexpression in tumors,
respectively, are invasive and do not permit monitoring the
treatment response in vivo (239).

To address these needs, positron emission tomography (PET)
and single-photon emission computed tomography (SPECT)
radiotracers are promising to foresee a non-invasive way of
imaging not only MDM2 but also other DNA damage repair
proteins. This would lead to a more personalized approach,
including treatment follow-up after MDM2/X therapy. PET/
SPECT imaging agents for the oncoprotein MDM2 and p53
are limited at the moment. MDM2 antisense oligonucleotides
were radiolabeled with [99mTc], MDM2 inhibitor SP-141 was
radiolabeled with [18F] and the peptide PM2 was radiolabeled
with [125I], all in a pre-clinical stage (137, 240). Next to
diagnostic information that radiolabeled MDM2/X inhibitors
can reveal, they could also be useful for targeted radionuclide
therapy when labelled with therapeutic radionuclides. In this
way it would be possible to combine MDM2/X targeted
treatment with targeted IR, taking advantage of the possible
radiosensitizing effect of the combined treatment (241).
Frontiers in Oncology | www.frontiersin.org 15284
However, this is a field that needs further investigation and
more preclinical research.
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The diagnostic efficiency of radiation encephalopathy (RE) remains heterogeneous, and
prediction of RE is difficult at the pre-symptomatic stage. We aimed to analyze the whole-
brain resting-state functional connectivity density (FCD) of individuals with pre-
symptomatic RE using multivariate pattern analysis (MVPA) and explore its prediction
efficiency. Resting data from NPC patients with nasopharyngeal carcinoma (NPC;
consisting of 20 pre-symptomatic RE subjects and 26 non-RE controls) were collected
in this study. We used MVPA to classify pre-symptomatic RE subjects from non-RE
controls based on FCD maps. Classifier performances were evaluated by accuracy,
sensitivity, specificity, and area under the characteristic operator curve. Permutation tests
and leave-one-out cross-validation were applied for assessing classifier performance.
MVPA was able to differentiate pre-symptomatic RE subjects from non-RE controls using
global FCD as a feature, with a total accuracy of 89.13%. The temporal lobe as well as
regions involved in the visual processing system, the somatosensory system, and the
default mode network (DMN) revealed robust discrimination during classification. Our
findings suggest a good classification efficiency of global FCD for the individual prediction
of RE at a pre-symptomatic stage. Moreover, the discriminating regions may contribute to
the underlying mechanisms of sensory and cognitive disturbances in RE.
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INTRODUCTION

Nasopharyngeal carcinoma (NPC) is amalignancy stemming from
the nasopharyngeal epithelium, andmore than 70%of all new cases
are confirmed in the east and southeast Asia (1). Recently, the
optimization of radiotherapy and chemotherapy strategies has
considerably improved disease control and survival (2).
Nevertheless, some long-term treatment-related complications
still seriously affected the patients’ quality of life. This is especially
true of radiation encephalopathy (RE), which has captured the
attentions of clinicians and researchers alike for its deteriorating
neuropsychiatric symptoms, sometimes even causing death (3).
Early intervention has been reported to improve patient prognosis;
however, existing conventionalmagnetic resonance imaging (MRI)
techniques can only discern RE at the irreversible stage (4). The
early identification or individualized prediction of RE is therefore
crucial for improving quality of life and prognosis in patients
with RE.

The advent of other neuroimaging techniques has enabled the
earlier detection of radiation-induced alterations in patients with
NPC (5–7). The neuroimaging index reflects a disease-specific
pathological or neurophysiological property and may even be an
early biomarker of such alterations. For morphology, one gray
matter morphology-based study has suggested that cortical
surface area might be a morphological marker of patients with
early-stage RE (8). In addition, a white matter connectivity-based
structural network study revealed a network-level reorganization
in the late-delayed stages of RE (9). However, most studies have
mainly focused on the differences at group levels; far less
attention has been paid to the potential value of individual levels.

With the emergence of multivariate pattern analysis (MPVA),
the individual recognition of neurological diseases is possible.
Several recent reports about the individualized prediction of RE
have been promising. For example, a machine-learning study used
texture features to develop radiomics models for the dynamic
prediction of RE (10). However, these texture features were from
themedial temporal lobe, and information fromoutside themedial
temporal lobe was insufficiently investigated. Another recent
support vector machine (SVM) study based on white matter
integrity reported good abilities for diagnoses in different periods
of RE (11). Unfortunately, the above discriminative power of gray
matter-derived features has been largely overlooked.

A recent study has demonstrated that functional parameters
are altered earlier and are more vulnerable than those that reflect
structural integrity (5), suggesting that aberrance in functional
domains may play a critical role in the pathogenesis of RE.
Furthermore, using resting-state functional MRI (rs-fMRI), the
Abbreviations: 2DCRT, two-dimensional radiation therapy; ACC, anterior
cingulum cortex; DPABI, Data Processing & Analysis for Brain Imaging; DMN,
default mode network; fALFF, fractional amplitude of low-frequency fluctuations;
g/lFCD, global/local functional connectivity density; IMRT, intensity-modulated
radiation therapy; MPVA, multivariate pattern analysis; NPC, nasopharyngeal
carcinoma; PRoNTo, Pattern Recognition for Neuroimaging Toolbox; RE,
radiation encephalopathy; ReHo, regional homogeneity; ROC, receiver
operating characteristic; rs-fMRI, resting-state functional MRI; SBM, surface-
based morphometry; STG, superior temporal gyrus; SVM, support vector
machine; VBM, voxel-based morphology.
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fact that neurophysiological characteristics of neuroimaging
function alterations in RE involved the whole brain (12) makes
large-scale functional evaluation notable. Functional connectivity
density (FCD) allows researchers to evaluate the whole-brain
functional brain connectivity patterns at the voxel level (13). It
can reflect the early patterns of disease-specific neuronal activity
changes (14–16). To the best of our knowledge, FCD has not yet
been used to predict RE at the pre-symptomatic stage. Therefore,
the combination of FCD and machine learning strategies in the
present study may contribute to a better understanding of the
pathological mechanisms of RE and aid in its early prediction.
MATERIALS AND METHODS

Study Design and Subjects Enrollment
We developed the MVPA from a cohort of 46 NPC patients. All
participants were right-handed and had pathologically confirmed
NPC. Other specific inclusion criteria were as follows: 1) aged
between 20 and 60 years with over 6 years of education; 2) NPC
patients who underwent radiotherapy within the previous 6months;
3) no abnormalities of RE; and 4) no presentation of any other
intracranial or central nervous system diseases. Patients were
excluded if they had a consciousness disorder, central nervous
system disease, or any other disease. All patients were treated with
radiotherapybefore the studyusing either two-dimensional radiation
therapy (2DCRT) or intensity-modulated radiation therapy (IMRT).
To control the confounding effect of chemotherapy on the FCD
changes, all the enrolled patients treated with chemotherapy had
balanced between group clinical stages, chemotherapy mode,
regimens and chemotherapy type by reading their MR images and
medical records (Table 1) (8). The detailed information of
chemotherapy (such as chemotherapy agents, dose for each agent,
time for medication administration, number of courses, and
duration) for patients with NPC in this study could be obtained in
Supplementary Materials (Table S1). The NPC patients were then
divided into subgroups based on whether or not their conventional
imagesmeet theREdiagnoses criterion (3)during the follow-up (72±
8 months). Specifically, the subsequent neuroimaging analysis was
based on original data rather than followed-up data. The exact
procedures are shown in the overall flowchart in Figure 1.
Informed consent was obtained from all subjects, and the ethics
committee approved the study before its execution.
MRI Acquisition
MRI images were collected using a 3.0-T MRI scanner
(MAGNETOM Tim Trio, Siemens, Germany). Functional
imaging data were generated from echo-planar imaging
sequences, and the main parameters were as follows: repetition
time = 2,400 ms, echo time = 30 ms, matrix size = 64 × 64, flip
angle = 90°, number of timepoints = 240, field of view = 230 mm ×
230 mm, and 40 axial slices. During the rs-fMRI sessions,
participants were asked to keep their eyes closed, without falling
asleep or thinking of anything. Three-dimensional T1-weighted
magnetization-prepared rapid acquisition with gradient echo
sequences were taken as follows: 176 sagittal slices overall, voxel
July 2021 | Volume 11 | Article 687127
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size = 1.0 mm× 1.0 mm× 1.0 mm, slice thickness/gap = 1.0/0 mm,
matrix size = 256 × 256, field of view = 256 mm × 256 mm,
repetition time = 2,300 ms, echo time = 2.98 ms, flip angle = 9°.
Routine sequences were scanned to ensure a diagnosis of RE and
exclude other diseases.

FCD Analysis
The rs-fMRI data were first preprocessed using the Data
Processing & Analysis for Brain Imaging (DPABI) toolbox
(https://rfmri.org/dpabi) (17), and the initial 10 volumes were
removed. Next, slice-timing, realignment, spatial normalization,
regression of nuisance covariance, and temporal filtering steps
were performed. The preprocessed data were then used for FCD
mapping calculation with an in-house script in MATLAB
according to the methods described by Tomasi and Volkow
(13). FCD mapping was used to compute the global FCD (gFCD)
as well as the local FCD (lFCD) in identified distributions of hubs
in the brain (18). Further details are documented below.

Data Preprocessing
A toolbox for Data Processing & Analysis for Brain Imaging (19)
(DPABI; https://rfmri.org/dpabi) pipeline was used to preprocess
the rs-fMRI data, as follows: (1) The first 10 volumes were
removed to adapt subjects to the scanning environment and
lower the magnetization equilibrium; (2) Slice-timing correction:
the proper slice order and reference order were selected;
(3) Realignment: the time series of each subject were realigned
Frontiers in Oncology | www.frontiersin.org 3293
using a linear transformation with six-parameter (rigid-body)
and head motion correction [translational displacement [x, y, or
z directions] <2.0 mm, or maximum rotation <2.0° (20)] were
carried out; individual three-dimensional T1 images were
subsequently co-registered to mean resting images using linear
transformations (6° of freedom) without re-sampling and were
later segmented into the different components of gray matter,
white matter and cerebrospinal fluid; (4) Spatial normalization
was performed using the DARTEL tool (21) for transformations
from the individual native space to the MNI space (3 mm ×
3 mm × 3 mm voxel size); (5) Linear regression was performed
for nuisance covariates, including head motor parameters from
the realignment step (the Friston 24-parameter model), global
mean signals, white matter, and cerebrospinal fluid signals; and
(6) All available images were temporally filtered with a 0.01–0.08
Hz bandpass to minimize the effects of high-frequency
physiological noises and low-frequency drift.

FCD Calculation
The FCD calculation was restricted to voxels within the gray
matter mask, which was predefined through tissue with
probabilities of more than 20% in the gray matter probability
template (22). Pearson correlation coefficient at the threshold of
R >0.6 determined the functional connectivity between voxels.
We selected this threshold of 0.6 because of its relatively high
specificity and sensitivity (14). The related scripts were showed in
Supplementary Material.

lFCD
The lFCD of a given voxel (x0) was computed using a “growing”
algorithm. Specifically, the number of functional connections for
any given voxel (xn) and its adjacent voxels (xni) was calculated.
First, the time series of a given voxel (x0) and its adjacent voxels
(xi) were calculated using Pearson correlation analysis. Each xi
was added to a cluster only when the Pearson correlation
coefficient was larger than the threshold (Ri0 >0.6). Next, the
Pearson correlation for a time-varying series between x0 and a
voxel (xj) adjacent to xi was also evaluated; similarly, each xj was
added to the aforementioned cluster when Rj0 >0.6. This process
was repeated in an iterative way for all other voxels (N − 1) that
were adjacent to voxels in the aforementioned cluster and
functionally connected to x0, until no fresh voxels were able to
be added to the cluster. The lFCD at x0 was defined as the
number of units in the local functional connectivity cluster, k
(x0). After finishing this process for a given voxel (x0), the
calculation was initiated for a different given voxel. This
calculation was performed for all N voxels.

gFCD
The gFCD for a given voxel x0 was defined as the global number
of functional connections, k(x0), between x0 and all other global
voxels. This calculation was also iterated for all given voxels (N)
in the global brain and underwent the operation of N × (N − 1)/
2 correlations.

All FCD maps were normalized to the average FCD of
individual whole brains (FCD normalized [x, y, z] = FCD [x, y, z]
/mean FCD [k0]). Finally, all FCD maps were spatially smoothed
TABLE 1 | Demographic and clinical characteristics.

Characteristics NPC patients
followed-up

with RE (n = 20)

NPC patients
followed-up
without RE
(n = 26)

P-value

Age (year) 45.10 ± 9.63 44.54 ± 11.24 0.86
Gender (male/female) 15/5 17/9 0.53
Clincial stage 0.883
I/II, n 5 (10.87%) 7 (15.22%)
III/IV, n 15 (32.61%) 19 (41.30%)
Teatment option 0.289
Radiotherapy only, n 2 (4.35%) 7 (15.22%)
Radio-chemotherapy, n 18 (39.13%) 19 (41.30%)
Radiotherapy time (month) 22.70 ± 28.43 32.54 ± 27.43 0.89
Chemotherapy mode for
patients treated with radio-
chemotherapy 0.604
Neoadjuvant and concomitant
chemotherapy, n

16 (43.24%) 18 (48.65%)

Others, n 2 (5.41%) 1 (2.70%)
Chemotherapy regimens for
patients treated with radio-
chemotherapy 0.447
TPF/TP/PF, n 13 (35.14%) 16 (43.24%)
GP, n 5 (13.51%) 3 (8.11%)
Chemotherapy type NA
Target-directed chemotherapy, n 0 (0) 0 (0)
Conventional chemotherapy, n 18 (48.65%) 19 (51.35%)
Note: NPC, nasopharyngeal carcinoma; RE, radiation encephalopathy; TPF, docetaxel,
cisplatin and fluorouracil; TP, docetaxel and cisplatin; PF, cisplatin and fluorouracil; GP,
gemcitabine and cisplatin; NA, not available. Clinical stage were obtained according to the
7th edition of the UICC/AJCC (2009) TNM. Stage I: T1N0M0; Stage II: T0-1N1M0 and
T2N0-1M0; Stage III: T0-2N2M0 and T3N0-2M0; Stage IV: T4N0-2M0,or N3 or M1.
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using an 8 mm full-width at half-maximum (FWHM) Gaussian
kernel before the subsequent analysis.

Statistical Analysis
Demographic information and FCD maps were compared
between pre-symptomatic RE and non-RE groups. Unpaired t-
tests and c2 tests were used to analyze demographic information.
Unpaired t-tests were conducted to compare FCDmaps with age,
gender, and years of education as covariates. P <0.05 was
considered to indicate statistical significance.

SVM Analysis Using FCD
A linear kernel SVM algorithm was applied based on Pattern
Recognition for Neuroimaging Toolbox (PRoNTo version 2.0,
http://www.mlnl.cs.ucl.ac.uk/pronto) to estimate the underlying
brain regions that most contributed to classifying pre-
symptomatic RE versus non-RE subjects (23). The central
bodies of the SVM method were briefly concluded as follows:
1) features extraction and selection, 2) discriminative regions
selection, 3) the SVM classifier model training using the training
Frontiers in Oncology | www.frontiersin.org 4294
data, and 4) evaluation of the performances of the SVM model
using the evaluation data.

In this present study, feature selection consisted of the FCD
values that were expected to show statistical significance between
the two groups. The procedures aforementioned above were
automatically processed using Prepare feature set pipeline
of PRoNTo.

The leave-one-out cross-validation method was applied to
validate the SVM classifier’s validation. Each time, feature
selection was conducted using the training data to avoid
circularity effects. The training data in this step involved (n −
1) subjects, and the excluded single subject was used to test the
generalization ability (i.e., the ability to reliably classify new
samples). These above steps were repeated n times (n = the
number of subjects) until the classifier generalizability was
unbiased. The process was automatically computed using the
‘specify model’ pipeline of PRoNTo.

Classifier performance was evaluated by its accuracy,
sensitivity, specificity, and area under the receiver operating
characteristic operator curve (AUC), with the procedure
FIGURE 1 | The flowchart of this study. *, patients with radiation encephalopathy were confirmed by Merritt’s Neurology; NPC, nasopharyngeal carcinoma; RE,
radiation encephalopathy; BOLD, blood oxygen level-dependent; T2, T2 weighted image; T1+C, T1 weighted image + contrast.
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repeated for each pair of the subject. Furthermore, a 5,000 times
non-parametric permutation test performed the evaluation, with
corrected P <0.05 denoting significance in this evaluation. The
aforementioned procedures were selected and automatically
computed using the ‘run model’ and ‘display results’ pipelines
of PRoNTo.

The ‘compute weights’ and ‘display weights’ pipelines were
also run using PRoNTo. These pipelines produced the voxel
weight vectors and a list of regions in descending order according
to their contributions to the classification model. The voxel
weight vectors were subsequently converted to a map, which
was visualized using the BrainNet Viewer (24).
RESULTS

Demographic and Clinical Characteristics
The demographic and related clinical results are displayed in
Table 1. The two groups were matched for age, gender, clinical
stage, treatment options, and therapy time. Chemotherapy
parameters such as chemotherapy mode, regimens, and types
were not significantly different between the two groups (P >0.05).

Classification Results
The gFCD was significantly different between the two groups
(P <0.05), while the lFCD was not. We therefore selected the
gFCD as the feature for classification. The linear SVM analysis
predicted a diagnosis of RE using gFCD with a total accuracy of
89.13% and a balanced accuracy of 88.08% (sensitivity of 80.00%,
and a specificity of 96.15%). The receiver operating characteristic
(ROC) curve and AUC were also plotted (Figure 2). The AUC
was 0.97, and permutation tests for the AUC revealed
statistical significance.

Brain Weighted Location Model
For the gFCD, we presented the weighted voxel distribution to
classify between RE patients and non-RE patients (Figure 3).
The top 20 spatial distribution in terms of normalized weights
per region was revealed to 43.29% of the predictive weights
(Table S2). These regions identified (Figure 4) through weighted
landmarks mainly included the bilateral temporal pole and
cuneus. Unilateral regions of the left hemisphere covered the
superior temporal cortex, middle occipital cortex, amygdala,
angular and supramarginal cortex, and anterior cingulum
cortex (ACC). In contrast, regions of the right hemisphere
consisted of the opercular and triangular parts of the inferior
frontal cortex, the parahippocampus, and the postcentral and
precuneus gyri, together with part of the right regions of the
cerebellum and its crus.
DISCUSSION

This was the first study to examine FCD alterations between pre-
symptomatic RE and non-RE NPC patients, which were then
used to predict the occurrence of RE using a machine learning
approach. The FCD analysis revealed that gFCD was altered in
Frontiers in Oncology | www.frontiersin.org 5295
patients with pre-symptomatic RE. Upon closer inspection of
these results, we revealed that brain regions with gFCD
abnormalities were mainly found in the bilateral temporal lobe,
as well as in regions involved in the visual pathway, the
somatosensory system, and the default mode network (DMN).
Moreover, gFCD alterations in these brain regions were able to
predict RE in high performance with an accuracy of 89.13%. This
finding suggests that gFCD may be a novel imaging biomarker
for the early detection of RE, which may contribute to a better
understanding of its pathogenesis.

Classification Interpretation
In this current study, the predictive performance of the model
was generally favorable, as evidenced by its accuracy of 89.13%
and an AUC of 0.97. The prediction efficiency observed in our
study was also higher than those of previous MVPA studies (10,
11, 25). For example, using functional connectivity as a feature,
Ma et al. reported an accuracy of 81.36% for differentiating
patients with and without RE (25). Another MVPA study used
fractional anisotropy or white matter connections to identify the
individuals at a high risk of RE, with a maximum accuracy of
84.5% (11). Furthermore, based on conventional MRI, a recent
radiomics model study reported a maximum AUC of 0.83 for
predicting RE (10). We speculated that different feature selection
and/or modeling strategies might be responsible for the
inconsistencies in the prediction accuracies for RE among
these studies. Given that distinct features may reflect a specific
physiological process, our findings of a better performance in the
prediction of RE using FCD suggested that FCD may be a
sensitive neuroimaging biomarker for reflecting the radiation-
induced functional impairments.

Brain Weight Location Model
Notably, we found that gFCD, rather than lFCD, made a
substantial contribution to the predictive model for the early
FIGURE 2 | Receiver operator curve (ROC) for individual prediction of RE at
the pre-symptomatic stage in patients with NPC. RE, radiation encephalopathy;
NPC, nasopharyngeal carcinoma; AUC, the area under the curve.
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diagnosis of RE. Our results are partially supported by those of
previous studies, which demonstrated that gFCD is more sensitive
to individual differences than lFCD in terms of functional
connectivity (18). It has been well documented that altered
Frontiers in Oncology | www.frontiersin.org 6296
gFCD is linked to functional deficits in multiple domains [such
as attention (15), cognition (26), memory, and visual perceptual
(16)], which are all common clinical symptoms in patients with RE
(3, 27). Although the potential factors secondary to pathological
FIGURE 3 | The brain maps of pre-symptomatic RE and non-RE based on gFCD at the voxel level. RE, radiation encephalopathy; NPC, nasopharyngeal carcinoma;
FCD, functional connectivity density.
FIGURE 4 | The top 20 weighted brain regions’ distribution spatially. The color bar denotes the percentage of total normalized weights that each brain region
explains. DMN, default mode network.
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alterations of radiation-induced vascular endothelial cell injury
and vascular stenosis may lead to FCD abnormalities (28), the
exact neural mechanisms underlying the observed patterns of FCD
changes remain unclear.

The current study revealed that gFCD in the temporal regions
and cuneus had good identification efficiency in patients with RE.
These results were not surprising; the temporal areas [including
the medial and inferior aspects (29)] are located in the radiation
field and are thus vulnerable to injury (30). Recently, several
neuroimaging studies (7, 8) have reported structural alterations
in the temporal lobe following radiation therapy (31). For
example, using voxel-based morphology (VBM) (31),
decreased cortical volumes of the temporal regions were
reported after radiation therapy in patients with NPC. One
surface-based morphometry study reported increased cortical
thickness of the left superior temporal gyrus (STG) in patients
with NPC following radiation therapy (7). Another SBM study
(32) revealed an increased cortical surface area in the temporal
lobe and decreased cortical thickness in the bilateral temporal
pole and STG. Aside from the structural evidence, our findings of
altered gFCD in the temporal lobe are further supported
by previously documented radiation-induced functional
impairments (such as abnormal regional homogeneity (ReHo)
and functional connectivity) in the temporal pole and STG
(5, 12). Of note, the temporal gyrus and cuneus, where gFCD
was altered in our study, can integrate visual information from
the anterior visual pathway (33), whose lower stream (eyes lens,
optic nerve, and optic chiasm) undergoes severe radiation-
induced damage (34). We therefore speculated that the altered
gFCD in the cuneus and temporal regions might reflect
functional impairments in the anterior visual processing
pathway (cuneus–temporal lobe loop). Furthermore, a
previously reported increase in visual evoked potential latency
and a decrease in the amplitude (35) of the anterior visual
pathway of patients with RE may further support our hypothesis.

In our study, gFCD in the postcentral gyrus and ACC also
contributed substantially to the early diagnosis of RE. Our
findings are partially supported by several previous functional
studies (6, 12), which reported increased ReHo in the postcentral
gyrus and decreased FC in the postcentral gyrus and ACC.
Furthermore, one SBM study provided structural evidence with
cortical thickness abnormalities in the postcentral gyrus and ACC
inpatientswithNPCafter radiation therapy (7).Physiologically, the
ACC receives inputs from the spinothalamic tract (36), which then
projects to the postcentral gyrus, thus constituting the
somatosensory pathway. One case report has also demonstrated
that the injury of the spinothalamic tract can occur as a result of the
primary brainstem injury (37), as the brainstem is located in the
radiation field and receives a high radiation dose in patients with
NPC (34). Taken together, the abnormal brain activity of the
postcentral gyrus and ACC thus be a secondary response to the
damagedsensoryneural circuit in thebrainstem.Moreover, sensory
deficits, such as facial (38) and limb numbness or pain perception
(39), that are observed in NPC patients after radiotherapy suggest
that functional impairments occur in the sensory in the
neural circuit.
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We observed that the gFCD within the precuneus,
supramarginal gyrus, and angular gyrus was crucial for
predicting RE. The precuneus (32), and the inferior parietal
cortex (supramarginal gyrus and angular gyri), are functionally
connected and formed a resting-state brain network, known as
the DMN. As has been reported, the DMN has self-referential,
introspective-state functions, and processes an individual’s
thoughts and feelings (40, 41). To date, many previous studies
have identified structural and functional abnormalities in DMN-
associated brain regions, such as decreased cortical thickness (7),
the abnormal fractional amplitude of low-frequency fluctuations
(fALFF) (5), ReHo, and FC (6, 12). Thus, together with the
previous observations, our results indicated that the activity of
DMN activity might be a potential neurological biomarker for
radiation-induced cognitive impairments; however, this needs
further investigation.

Limitations
Some limitations were presented in this study. First, the study
contained a relatively small series of patients because of the
relatively low morbidity of RE as well as low patient compliance
during follow-up. Although the current SVM algorithm was
appropriate for a small sample size, future studies would
benefit from a larger sample and would have a more stable
predictive performance. We have thus started to create a larger
RE database for further investigations. Secondly, the lack of any
comprehensive assessments of cognitive function weakens the
interpretability of our results. Future studies that use detailed
cognitive scales will be indispensable for the validation of such an
investigation. Thirdly, chemotherapy has been reported to exert
side effects on the cerebral functional domain in patients with
NPC following radiotherapy. We tried to control for the effects of
confounding factors by keeping TNM stages and chemotherapy
regimens consistent. However, further research is warranted to
exclude the chemotherapy-related confounding effects on the
radiation-induced functional impairments.
CONCLUSIONS

In the current study, we analyzed FCD maps using a machine
learning SVM algorithm to predict RE in NPC patients for the
first time. The gFCD was revealed to have a good prediction
efficiency. This finding provides insights into voxel-level cerebral
information and suggests that gFCD might be a valid biomarker
of RE. Furthermore, brain regions within the temporal pole and
those involved in visual processing, the somatosensory system,
and the DMN showed high discrimination, which may help to
explain the sensory and cognitive disturbances that occur in RE.
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The effect of the reportedly low ionizing radiation doses, such as those very often

delivered to patients in interventional cardiology, remains ambiguous. As interventional

cardiac procedures may have a significant impact on total collective effective dose, there

are radiation protection concerns for patients and physicians regarding potential late

health effects. Given that very low doses (<100 mSv) are expected to be delivered

during these procedures, the purpose of this study was to assess the potency and

suitability of current genotoxicity biomarkers to detect and quantitate biological effects

essential for risk estimation in interventional cardiology. Specifically, the biomarkers

γ-H2AX foci, dicentric chromosomes, andmicronuclei, which underpin radiation-induced

DNA damage, were studied in blood lymphocytes of 25 adult patients before and after

interventional cardiac procedures. Even though the mean values of all patients as a group

for all three endpoints tested show increased yields relative to baseline following medical

exposure, our results demonstrate that only the γ-H2AX biomarker enables detection of

statistically significant differences at the individual level (p < 0.001) for almost all patients

(91%). Furthermore, 24 h after exposure, residual γ-H2AX foci were still detectable in

irradiated lymphocytes. Their decline was found to vary significantly among the individuals

and the repair kinetics of γ-H2AX foci was found to range from 25 to 95.6% of their

maximum values obtained.

Keywords: γ-H2AX foci, chromosomal aberrations, cardiac interventional procedures, low dose radiation effects,

micronuclei

INTRODUCTION

The extensive use of low doses of ionizing radiation (≤100 mSv) for diagnostic and therapeutic
purposes increases concern on the radiation safety of both patients and physicians (1, 2). Ionizing
radiation (IR) exposures have been significantly increased during the last decade (3), mainly due
to the rise in medical diagnostic and therapeutic interventions, which are responsible for ∼40%
of the cumulative effective dose of radiation to the population (4, 5). Despite the wide use of
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low-ionizing-radiation doses and the recent evidence that cancer
risk may increase even at lower doses (50–100 mSv) (4, 6),
the effects of such exposures in patients exposed to cardiac
images and interventional cardiology procedures remain unclear.
According to epidemiologic literature, the impact of low doses is
hampered by limited statistical power at radiation levels of <100
millisieverts (mSv), even for very large studies (7, 8).

The IR induced DNA damage includes double and single-
strand breaks DSBs, base damage BD and DNA protein
crosslinks. Among the induced biological effects, DSBs as a
genuine type of clustered lesions, are considered the most
cytotoxic and carcinogenic. DSBs can be repaired giving
apparently normal chromosomes in daughter cells (9) that may
promote genomic instability (10). There are several biological
endpoints applied for genotoxicity studies and biomonitoring
purposes. Among these, the phosphorylation of the H2AX
histone to form γ-H2AX foci has been shown to be an accurate
biomarker of IR exposure, especially at low doses (11, 12). So,
the induction and repair processes of DSBs can be visualized
and quantified by using the highly sensitive epigenetic biomarker
γ-H2AX, a phosphorylated histone H2A variant (12). Especially,
studies have shown that the immunofluorescence analysis of
the γ-H2AX foci in peripheral blood lymphocytes is a very
sensitive method to visualize DSBs after medical radiographic
examinations (11, 13) and very low doses. The γ-H2AXmethod is
a more recent method for radiation dose assessment as compared
to earlier established methods like the dicentric chromosome
analysis, the cytokinesis-block micronucleus assay (CBMN) and
the FISH-translocation assay (14).

In the present study we evaluate the potency and suitability of
current genotoxicity biomarkers in peripheral blood lymphocytes
to detect and quantitate biological effects, which may be
proved critical for risk estimation in interventional cardiology.
Lymphocytes are advantageous for exposure assessments because
they circulate throughout the body and are continuously
exchanged with lymphocytes in tissues. This means that
lymphocytes with chromosome aberrations that have been
induced anywhere in the body will eventually be present in
the peripheral blood (15). Specifically, the biomarkers γ-H2AX
foci, dicentric chromosomes, and micronuclei, which underpin
radiation-induced complex DNA damage, usually misrepaired
or not repaired at all, were studied in 25 adult patients before
and after interventional cardiac procedures. Previous studies (16,
17) have shown that chromosomal aberrations and micronuclei
(MN) frequencies detected in peripheral blood lymphocytes are
directly linked to damage caused by IR and are both crucial
predictors of the degree of radiation damage. From one side, it
is reported that among the biological dosimetry assays applied
in radiation emergency medicine, conventional chromosome
analysis using Giemsa-staining to detect dicentric and ring
chromosomes has been established as the gold standard for
biological dosimetry (18). Studies also report that chromosomal
abnormalities such as dicentrics and rings can be detected
following chronic or low-dose radiation exposure (19). From the
other side, the key advantages of the micronucleus assay lie in
its ability to detect both clastogenic and aneugenic events (20).
However, an overall estimation of IR risk at very low doses is

complicated and depends on the category and dose of radiation,
irradiation conditions, body and tissue radiosensitivity, all of
which hugely impact the degree of damage and potential late
health effects.

MATERIALS AND METHODS

Patients and Blood Sampling
Medical history was obtained from every patient, including
demographic data and anthropomorphic variables [weight,
height, body mass index (BMI)].

Blood samples (6–7ml) from 25 patients who underwent
ordinary interventional cardiology procedures, such as Coronary
Angiography (CA), Percutaneous Transluminal Coronary
Angioplasty (PTCA), and ablation were collected directly before,
and immediately after the end of the procedure and incubated
in heparin-containing vials for two time intervals (0 and 24 h).
The blood were stored on ice to inhibit DNA repair (21) during
their transfer from the hospital to the laboratory where they
were incubated at 37◦C for about 20min for either cell culture
initiation or cell lymphocyte isolation and fixation, depending
on the assay performed.

Moreover, blood samples of each patient obtained before the
cardiac procedures were transferred to the laboratory where
they immediately irradiated in vitro with 1Gy of γ-rays (Co-
60 Gamma Cell 220 irradiator, Atomic Energy of Canada
Ltd., Ottawa, Canada) at the National Center for Scientific
Research (NCSR) “Demokritos,” to be used as a positive control.
After the in vitro irradiation, the experimental procedures were
performed according to the detailed protocols described in the
next paragraphs. Written informed consent was obtained as
the project involves the use of human genetic material and
biological samples.

INCLUSION CRITERIA: Patients older than 18 years old
scheduled for interventional cardiology procedures (CA, PTCA,
and ablation).

EXCLUSION CRITERIA:

(1) Patients with an acute myocardial infarction and
primary PTCA

(2) Patients with a history of cancer treated with radiation
therapy or receiving chemotherapeutics

(3) Patients who underwent myocardial scintigraphy within the
last month

(4) Patients who underwent computed tomography within the
last month

(5) Patients with a PTCA, ablation, or CA, within the last month
(6) Patients with a history of leukemia or lymphoma.

γ-H2AX Foci Analysis for Estimation of the
DSBs and Repair
For γ-H2AX foci analysis peripheral blood samples were kept for
20min at 37◦C and then lymphocytes are isolated using Biocoll
Separating Solution (1:2) (22) following standard procedures.
The cells are kept at 37◦C for two time intervals (0 and
24 h). Lymphocytes were washed with a mammalian cell culture
medium (RPMI 1640), centrifuged at 1,400 rpm for 10min and
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washed with a hypotonic KCl solution (75mM). An appropriate
amount of the cell pellet was placed on microscope slides
by means of a cytospin centrifuge at 800 rpm for 4min.
The fixation process and the immunostaining were performed
according to the protocol described by Rogakou et al. (12).
Afterwards, indirect immunofluorescence assay was performed.
The main steps were the permeabilization of the cells, blocking
of non-specific binding, immunostaining with primary γ-H2AX
antibody (rabbit 1:1,000, Cat: NB100-79967, Novus Biologicals,
Abingdon, UK) and secondary fluorescent antibody (Rhodamine
Red-X anti-rabbit, 1:4,000, Cat: R6394, Life Technologies). The
slides were dried and DAPI gel mount (2%) was added to
the cells, then covered with coverslips and stored in the dark
prior to analysis under a fluorescent microscope (Axioplan 2,
Carl Zeiss Microscopy GmbH, Hamburg, Germany), using the
Isis imaging software by Metasystems, Altlussheim, Germany.
The number of foci in 200 nuclei were analyzed for each
experimental point.

Peripheral Blood Culture for Dicentric
Chromosomal Analysis
For dicentric chromosome analysis, cells were cultured in RPMI
1640 medium containing 10% fetal bovine serum, 1% glutamine,
and antibiotics [penicillin: 10,000 U/ml; streptomycin:
10,000µg/ml (Sigma-Aldrich)]. Phytohaemagglutinin (PHA)
was dissolved in water at a concentration of 0.24 mg/ml.
Cultures were incubated at 37◦C in a humidified incubator
in an atmosphere of 5% CO2 and 95% air for 48 h. Colcemid
solution was added 3 h before cell harvest, and cells were
collected by centrifugation, treated in 75mM KCl for 10min,
fixed in methanol: glacial acetic acid 3:1 (v/v) and processed
for cytogenetic analysis. Giemsa staining was achieved by
immersing slides in 2% Giemsa solution for 10min, then
washed with distilled water and air dried. Slides were covered
with coverslips and analyzed using a microscope (Axioplan
2, Carl Zeiss Microscopy GmbH, Hamburg, Germany). The
chromosome aberration analysis, was greatly facilitated by the
use of the specific software IKAROS by the semi-automated
image analysis system (MetaSystems, Germany). The number
of metaphases analyzed was 1,000 for each experimental
time point.

Cytokinesis-Block Micronucleus Assay
(CBMN Test)
The cytokinesis-block micronucleus assay (CBMN test) is a
robust quantitative assay of chromosome damage by developing
the cytokinesis-block technique. In this technique cytochalasin-
B (Cyt-B), is added to cell cultures, an inhibitor of the mitotic
spindle that prevents cytokinesis. As a consequence, cells that
have completed one nuclear division are identified by their
binucleated appearance.

The peripheral blood samples obtained were cultured at 37◦C
with RPMI 1640 medium for 26 h. Cytochalasin-B (Sigma, St.
Louis, MO; final concentration, 5.56µg/mL) has been added
and samples were incubated for another 46 h. Cells were then
harvested and fixed according to the standard methods (23)

and stained for 12min in 5% Giemsa. For each sample, 1,000
binucleated cells were analyzed using optical microscopy for
micronuclei (MN).

Determination of Mean Effective Dose to
Each Patient per Examination
Themost commonly available measurement of patient’s exposure
to IR is the dose area product (DAP), since all modern
angiographs are equipped with a DAP meter. The physical
quantity DAP quantifies IR output, combined with the irradiated
area, and provides a patient dose measure (24). The risk
of inducing a radiogenic malignancy from a given X-ray
examination can be calculated using the absorbed dose delivered
to each exposed organ in the body weighted by those organs’
radiosensitivity. Multiplying DAP by a conversion factor is
the method of choice for calculating effective dose (ED)
[in millisievert (mSv)] in several studies. In this study, a
conversion factor of 0.26 mSv/Gycm2 was used (25), which
has been shown to be more relevant to current practice as
it is calculated for higher filtration, routinely implemented in
modern systems.

Statistical Analysis
The statistical analysis of the results was performed as follows:
Continuous variables were expressed as the mean ± standard
deviation (SD), and the categorical variables were expressed as
counts and percentages. Continuous variables were compared
using a Student’s t-test or paired t-test for normally distributed
value. All tests were considered to be significant at a 0.05 level
of statistical significance. Evaluation of normal distribution was
performed using the Shapiro-Wilk and Kolmogorov-Smirnov
tests. Differences between 2 not normally distributed populations
have been tested for significance with the 2-tailed Mann–
Whitney and Wilcoxon signed-rank tests for unpaired and
paired data sets, respectively (95% confidence level). Categorical
variables were compared using chi-square analyses or the Fisher
exact test, as appropriate to the cell frequencies. All statistical
calculations have been performed with the SPSS 16.0.2 program
(SPSS Inc., Chicago, IL).

Calculation of Lifetime Attributable Risk
(LAR)
This study was not specifically designed for risk estimation.
Nevertheless, indicative assessments of the lifetime attributable
risk (LAR) for cancer incidence and mortality due to exposure
during the interventional procedure were performed using two
distinct approaches, to facilitate comparison with corresponding
results in the literature. Estimates of sample patient effective dose
were combined with sex and age specific LAR estimates per unit
dose from the BEIR VII report (26) under the assumption of
the linear-no threshold (LNT) model. Additionally, the above
mentioned sex and age specific LAR estimates per unit dose were
weighted by the relative number of γ-H2AX foci per cell induced
by the interventional procedure and the ex vitro irradiation for
each sample patient.
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RESULTS

Baseline patients’ demographics in the overall cohort are shown
in Supplementary Table 1. The dicentric analysis was performed

in 24 out of 25 patients, immunofluorescence analysis (γ-H2AX
foci) in 22 out of 25 patients, whereas the CBMN assay was
performed in 20 out of 25 patients. The mean effective dose to

the 25 patients was 14.33 ± 12.8 mSv (median 11.2 mSv, range
1.74–52.52 mSv). The mean value of BMI was 29.2 ± 4.8 kg/m2

and the mean age was 63± 13 years.
The exposure even to low doses of IR (<100 mSv) seems

to have biological effects on DNA. Particularly, with the
immunofluorescence analysis, we observed significantly higher
γ-H2AX foci frequencies (Figures 1A–C) after the interventional
procedures and after in vitro irradiation compared to baseline (γ-

H2AX foci frequencies before cardiac interventional procedures)
(from 0.64 ± 0.43 at baseline to 1.66 ± 1.03 and 11.59 ±

0.89 for in vivo and in vitro 1Gy exposures, respectively,
p < 0.001 by paired t-tests, Tables 1, 2). All patients presented
higher γ-H2AX foci after the interventional cardiac procedures
and in the 91% of them the increase was statistically significant
compared to baseline (p < 0.001 by paired t-tests, Figure 2).
However, the number of γ-H2AX foci declined after 24 h but
rarely reached the baseline level, irrespective if the exposure
was at low or at high doses (0.91 ± 0.52 and 2.15 ± 1.10
for 24 h after in vivo and in vitro exposures, respectively, p <

0.001 compared to baseline, Tables 1, 2). After reaching their
maximum value, the percentage of γ-H2AX foci that were
repaired 24 h after the cardiac procedure varied between 25% and
95.6% (Table 1). The percentage of the remaining foci 24 h after
in vivo exposure for the whole study group was 33.5% of their
maximum value, whereas the percentage of the remaining foci
after in vitro exposure was 13.7%. Finally, it was found that there
is a correlation between the frequency of γ-H2AX foci and the
fluoroscopy time (r= 0.520 and p= 0.013, by regression analysis)
as well as a positive correlation between the frequency of γ-H2AX
and the effective dose delivered to the patients (0.540 and p =

0.010, by regression analysis).
Regarding the dicentric analysis and based on 1,000 analyzed

cells per experimental point, we observed significantly higher
frequencies of dicentric chromosomes and centric rings for the
total study group after the exposure compared to the baseline
(Table 1). The baseline mean value of chromosomal aberrations
was 0.00038 ± 0.000875 per cell and the yield increased to
0.00163 ± 0.00128 (p < 0.001 by Wilcoxon signed-rank test)
following interventional cardiac procedures and exposure to
low doses. In contrary, no significant increase in chromosomal
aberrations frequency was observed at the individual patient
level (p > 0.05 by Wilcoxon signed-rank test). Images from
chromosomal aberrations are shown in Figure 1D.

Using the CBMN assay, the number of micronuclei in 1,000
binucleated lymphocytes after the interventional procedures
were significantly increased (p < 0.001 Wilcoxon signed-rank
test) for the total study at the group level (0.0204 ± 0.0143) as
compared to the cells analyzed before medical exposure (0.0073
± 0.0032) (Table 1). Only in 25% of the donors showed a
statistical significant increase in the number of micronuclei after

FIGURE 1 | γ-H2AX foci are visualized by means of immunofluorescence

staining. (A) Before the exposure, (B) after in vivo exposure, (C) after in vitro

irradiation with 1Gy, (D) using Giemsa staining, rings, and dicentric

chromosomes can easily and accurately be detected and quantified in

patients’ blood samples. Arrows indicate chromosome aberrations. On the left

there is a centric ring with acentric fragment and on the right there is a

dicentric chromosome with acentric fragment, (E) using Giemsa staining:

micronuclei can easily and accurately be detected and quantified in patients.

Arrows indicate micronuclei.

the interventional cardiac procedures. Images from micronuclei
are shown in Figure 1E.

Finally, concerning the calculation of the lifetime attributable
risk, under the assumption of the LNT model, the median LAR
for total cancer incidence andmortality in the patient sample was
found equal to 0.046% (range: 0.005–0.291) and 0.032% (range:
0.004–0.179), respectively. Corresponding results from γ-H2AX
foci measurements were 0.625% (range: 0.051–1.999) and 0.423%
(range: 0.036–1.354).

DISCUSSION

In the present study, we used biomarkers such as γ-H2AX
foci and formation of dicentric chromosomes and micronuclei
(MN), which underpin radiation-induced DNA damage, to assess
the potency and the suitability of these genotoxicity endpoints
to detect and quantitate biological effects in peripheral blood
lymphocytes of 25 patients undergoing interventional cardiology
treatment. Even though the mean values of all patients as a group
for all three endpoints tested show increased yields relative to
baseline followingmedical exposure, our results demonstrate that
only the γ-H2AX biomarker enables detection of statistically
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TABLE 1 | Mean values of chromosomal aberrations, frequency of Micronuclei (MN), and γ-H2AX foci per cell before the exposure, immediately after the interventional

procedure (in vivo radiation), and 24 h later, as well as the percentage of γ-H2AX foci repaired at 24 h.

Patients Chr. aberrations

before

the exposure

Chr. aberrations

after the

procedure

Frequency of

MN before

the exposure

Frequency of

MN after

the procedure

γ-H2AX foci

before the

exposure

γ-H2AX foci

after the

procedure

γ-H2AX foci

24 h after

the procedure

Percentage of

γ-H2AX foci

repaired in 24 h

1 0.001 0.002 0.018 ± 0.147 0.024 ± 0.153 – – – –

2 0 0.003 0.007 ± 0.083 0.016 ± 0.09 0.39 ± 0.76 2.53 ± 2.12 0.54 ± 0.83 92.9%

3 0.003 0.003 0.005 ± 0.070 0.007 ± 0.083 1.19 ± 1.69 4.7 ± 2.21 1.94 ± 2.29 78.6%

4 0.003 0.004 0.006 ± 0.077 0.012 ± 0.108 0.50 ± 1.09 1.25 ± 1.75 0.83 ± 1.34 56%

5 0 0.003 0.01 ± 0.099 0.013 ± 0.11 0.62 ± 1.16 1.5 ± 2.19 0.98 ± 1.31 59.09%

6 0 0 0.005 ± 0.07 0.010 ± 0.09 0.23 ± 0.54 0.9 ± 1.21 0.41 ± 0.69 73.1%

7 0.001 0.004 0.009 ± 0.09 0.016 ± 0.125 0.85 ± 1.41 1.26 ± 1.51 1.03 ± 1.42 62.04%

8 0 0 0.003 ± 0.05 0.007 ± 0.08 0.63 ± 0.81 1.78 ± 1.47 0.68 ± 1.01 95.6%

9 0 0 – – 0.52 ± 1.16 2.1 ± 2.03 0.74 ± 1.02 86%

10 0 0 – – 0.03 ± 0.23 0.12 ± 0.483 0.07 ± 0.25 55.5%

11 0 0.003 – – 0.01 ± 0.16 0.12 ± 0.4 0.08 ± 0.27 36.3%

12 0 0.002 – – 0.07 ± 0.38 0.15 ± 0.39 0.13 ± 0.33 25%

13 – – – – 0.44 ± 0.83 1.42 ± 1.81 0.87 ± 1.09 56.1%

14 0 0.001 0.007 ± 0.083 0.014 ± 0.117 0.78 ± 1.26 1.29 ± 1.78 0.82 ± 1.09 92.1%

15 0.001 0.001 0.005 ± 0.07 0.04 ± 0.20 1.59 ± 1.48 1.69 ± 2.03 1.63 ± 1.78 60%

16 0 0 0.007 ± 0.08 0.066 ± 0.24 1.02 ± 1.48 2.18 ± 2.16 1.2 ± 1.8 84.4%

17 0 0.001 0.006 ± 0.077 0.019 ± 0.136 0.38 ± 0.70 1.3 ± 1.35 0.65 ± 0.96 70.6%

18 0 0.001 0.009 ± 0.094 0.011 ± 0.104 0.35 ± 0.57 0.88 ± 1.46 0.64 ± 1.02 45.2%

19 0 0.002 0.003 ± 0.054 0.028 ± 0.165 – – – –

20 0 0.002 0.009 ± 0.09 0.017 ± 0.129 0.79 ± 1.62 1.16 ± 1.92 1.03 ± 1.31 35.1%

21 0 0.002 0.009 ± 0.094 0.013 ± 0.113 0.58 ± 0.73 0.95 ± 1.45 1.46 ± 1.78 63.4%

22 0 0.001 0.007 ± 0.083 0.016 ± 0.125 0.98 ± 1.66 1.89 ± 2.1 1.32 ± 1.7 62.6%

23 0 0.002 0.008 ± 0.089 0.023 ± 0.15 1.59 ± 2.04 1.85 ± 2.55 1.66 ± 1.75 73%

24 0 0.002 0.005 ± 0.070 0.013 ± 0.113 0.49 ± 0.88 2.31 ± 2.51 0.94 ± 1.23 75.2%

25 0 0.001 0.008 ± 0.089 0.042 ± 0.20 – – – –

Mean value 0.00038 ±

0.000875

0.00163 ± 0.00128 0.0073 ± 0.0032 0.0204 ± 0.0143 0.64 ± 0.43 1.66 ± 1.03 0.91 ± 0.52

significant differences at the individual level (p < 0.001) for
almost all patients (91%).

The present observations agree with cytogenetic studies
carried out in patients exposed to low IR doses. Particularly,
according some studies the numbers of dicentric and ring
chromosomes were significantly increased after a CT scan
in patients (13, 19, 27–29). In our study, after the cardiac
interventional procedures, which have resulted in a mean dose
of about 14 mSv a total of 48.000 cells have been analyzed. The
mean frequency of chromosomal aberrations caused by cardiac
interventional procedures is 0.00163± 0.00128 per cell. However,
despite the statistically significant increase in the frequency of
chromosomal aberrations as compared to the baseline of the
whole group of patients, no significantly higher frequency of
dicentrics was observed for each patient individually after the
interventional procedures.

Moreover, several reports noted significantly higher numbers
of micronuclei after exposure to low doses of IR (13, 29). Our
results are in agreement with these findings implying that even
low ionizing radiation doses may cause a higher incidence ofMN.
Specifically, in our study our recorded values of effective doses for
these catheterization procedures ranged between 2–52 mSv and

there was a significant higher frequency in MN for the total study
group reaching the mean value of 0.0204 ± 0.0143, as compared
with the baseline (0.0073 ± 0.0032) per cell. Nevertheless, at the
individual level, only in 25% of them the increase was statistically
significant. Themicronucleus assay in human lymphocytes is one
of the most commonly used method for measuring DNA damage
(20) but it is considered to have a less sensitivity compared to the
dicentric analysis (30). On the other side, the key advantage of the
micronucleus assay lies in its ability to detect both clastogenic and
aneugenic events such as asymmetrical cell divisions, which may
partially explain our results. The disadvantage of the CBMN assay
is related to the variable micronucleus background frequency,
and this is an important limitation in these studies (31).
However, MN and chromosomal aberrations are considered to be
cellular biomarkers of chromosome damage and early predictors
of increased cancer risk (32). Indeed, radiation-induced MN
may contribute to genomic instability through chromosome
shattering and chromothripsis within MN caused by premature
chromosome condensation in case of asynchronous cell-cycle
progression between main and MN (33). Also, according to
Vral et al., the conventional CBMN assay is a thoroughly
validated and standardized technique in the field of radiation
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TABLE 2 | Mean values of γ-H2AX foci and frequency of Micronuclei (MN) per cell after cardiac interventional procedures (in vivo radiation) and after irradiation with 1Gy

in the laboratory (in vitro radiation).

Patients Frequency of MN

after the procedure

Frequency of MN

after irradiation

with 1 Gy

γ-H2AX foci

after the

procedure

γ-H2AX foci

after irradiation

with 1 Gy

1 0.024 ± 0.153 – – –

2 0.016 ± 0.09 0.03 ± 0.19 2.53 ± 2.09 12.6 ± 3.11

3 0.007 ± 0.083 0.052 ± 0.23 4.7 ± 2.21 13.4 ± 2.38

4 0.012 ± 0.108 0.08 ± 0.28 2.65 ± 2.31 12.9 ± 2.41

5 0.013 ± 0.11 0.065 ± 0.26 1.5 ± 2.19 10.9 ± 2.48

6 0.010 ± 0.09 0.060 ± 0.237 2.01 ± 3.18 10.9 ± 2.48

7 0.016 ± 0.125 0.064 ± 0.248 2.51 ± 2.08 10.9 ± 2.39

8 0.007 ± 0.08 0.057 ± 0.25 1.78 ± 1.47 11.9 ± 2.45

9 – – 1.28 ± 1.6 12.6 ± 2.39

10 – – 0.12 ± 0.483 10.6 ± 2.31

11 – – 0.12 ± 0.4 11.7 ± 2.5

12 – – 0.15 ± 0.39 10.6 ± 2.3

13 – – 1.42 ± 1.81 11.01 ± 2.1

14 0.014 ± 0.117 – 1.29 ± 1.78 11.03 ± 2.17

15 0.04 ± 0.20 0.23 ± 0.54 1.69 ± 2.03 11.4 ± 3.23

16 0.066 ± 0.24 0.18 ± 0.38 2.18 ± 2.16 10.7 ± 2.48

17 0.019 ± 0.136 0.114 ± 0.33 0.86 ± 1.13 10.6 ± 4.43

18 0.011 ± 0.104 0.058 ± 0.233 1.38 ± 1.84 12.7 ± 2.42

19 0.028 ± 0.165 0.114 ± 0.317 – –

20 0.017 ± 0.129 0.064 ± 0.244 1.16 ± 1.92 11.3 ± 2.44

21 0.013 ± 0.113 0.066 ± 0.248 2.99 ± 3.04 13.02 ± 2.33

22 0.016 ± 0.125 0.12 ± 0.325 1.89 ± 2.1 10.9 ± 2.31

23 0.023 ± 0.15 0.061 ± 0.239 1.85 ± 2.55 11.8 ± 2.49

24 0.013 ± 0.113 0.1 ± 0.31 2.31 ± 2.51 11.6 ± 2.58

25 0.042 ± 0.20 0.085 ± 0.279 – –

Mean value 0.0204 ± 0.0143 0.089 ± 0.049 1.66 ± 1.03 11.59 ± 0.89

biology as it can be used to evaluate in vivo radiation exposure
of occupational, medical, and accidentally exposed individuals
and to assess individual in vitro radiosensitivity or cancer
susceptibility. Radiation-induced chromosome aberrations such
as MN are mainly the result of unrepaired or misrepaired
DSBs (31).

At a molecular level, there are certain studies that report
an increase of DSBs after exposure to low ionizing radiation
doses. Kuefner et al. (34) and Alipoor et al. (35) observed an
increase in the percentage of DSBs after exposure to angiography,
compared to pre-exposure time. Similarly, in our study, not only
a statistically significant increase in the mean value of DNADSBs
was observed for the total study group, but also at the individual
level, this increase was statistically significant in the 91% of
patients after their cardiac interventional procedures and residual
γ-H2AX foci were still detectable in irradiated lymphocytes, 24
h after.

Among the three biomarkers used, the γ-H2AX foci assay,
demonstrated a positive correlation between the frequency of
γ-H2AX foci and the fluoroscopy time (r = 0.520 and p= 0.013)
and a linear positive correlation between the frequency of γ-
H2AX foci and effective dose (r = 0.540 and p = 0.010). This

result is in accordance with earlier studies that reported a positive
correlation in patients exposed to low radiation doses (35, 36).

Furthermore, Geisel et al. (37) found that 1 day (24 h) after
irradiation there was a complete repair of DSBs (as visualized
by γ-H2AX foci) to background levels, whereas Grudzenski
et al. found that barely any foci loss was observed after 24 h
after 10 mGy (38). These results are in agreement with several
studies which showed a higher significant foci mean value 24 h
following irradiation compared to the pre-irradiation baseline
mean value (38, 39). However, the decline in the γ-H2AX
foci values 24 h after irradiation varied significantly among the
different individuals, ranging from 25 to 95.6%.These results
indicate a great variability in the repair kinetics of γ-H2AX foci.

The repair kinetics of γ-H2AX foci are complex and depend
on many factors (36). Studies indicate that the rate of foci loss
and presence of residual foci has been correlated with cellular
radiosensitivity (40). One cannot exclude the possibility of de
novo generation of DSBs due to the processing (repair) of
clustered DNA lesions even at such low doses (41).

It has become apparent over recent years that there is a
variability in the radiation sensitivity among different individuals
in the population (42). The detrimental effects of IR on DNA
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FIGURE 2 | γ-H2AX foci for 22 individuals before the exposure, immediately after interventional cardiology procedure and 24 h following exposure.

are well-known and profound, however, the dependence of
radiosensitivity on the repair capacity is also explored to clarify
the open questions in radiobiology which may be very crucial
at the level of low doses. The DNA damage induced after
low dose exposure in combination with a possible increased
intrinsic radiosensitivity, may underlie the increased level of
γ-H2AX foci in individuals 24 h following the interventional
cardiac procedures.

It has also been reported by Grudzenski et al. that the kinetics
of γ-H2AX foci loss are strongly dependent on dose, with cells
exposed to 200 mGy or higher showing much faster repair
kinetics than cells irradiated with a few milligray of X-rays (38).
Furthermore, a recent study from Jakl et al. indicated that human
lymphocytes seem to be more sensitive to low doses (≤10 cGy)
as compared to higher doses as ionizing radiation-induced foci
(IRIF) induced in human lymphocytes by low doses persist longer
(43). It is important though to be mentioned that in our study,
our experiments were not performed at 72 h post-irradiation
time point but up to 24 h and that was accomplished into the
laboratory in vitro. So, we didn’t receive blood samples from each
patient 24 h after their medical treatment to investigate the repair
kinetics in an in vivo way. The in vitro repair of DSBs may be
less efficient than it could be the after in vivo repair. According
to Belyaev it is more likely that residual foci represent some
unprepared changes in chromatin conformation (44) so, some
of complex DSB require longer time to be repaired. In this way
formation of chromosomal exchanges may be produced (44).

Moreover, the fate of the misrepaired radiation-induced
DSBs still remains to be elucidated and the potential ability
of chromosome aberrations to induce asymmetric cell division,

micronuclei, and chromosomal instability according to the
intrinsic radiosensitivity of each individual. Erroneous repair of
DNA DSBs can result in chromosomal rearrangements which
are associated with tumorigenesis. An increase in chromosomal
aberrations as it happens in ataxia-telangiectasia patients, leads to
genetic instability which enhances the rate of cancer development
(45). Even though many studies point toward a link between
carcinogenesis and exposure to radiation, the exact mechanism
is still not clear. Induction of genomic instability is suspected
to play a major role in malignant transformation after high-
dose irradiation, and it might be responsible for potential
carcinogenesis after exposure to lower doses (46).

Finally, results of γ-H2AX foci induction per cell of this work
also suggest a considerably greater LAR from the interventional
procedure in the patient sample relative to that estimated under
the LNT model assumption. This is in agreement with findings
of Beels et al. (47) reporting mortality risk estimates based on
γ-H2AX foci much higher than those expected from the LNT
model in a sample of pediatric patients who underwent cardiac
catheterization procedures. The remarkable difference in the
magnitude of this increase [∼4-fold in Beels et al. (47) relative to
13-fold in this work] is explained, in part, by the use of 60Co for
the in vitro irradiation in this work, since the risk from exposure
to x-rays could be greater than that for γ rays by a factor of 2 or
3 (26).

The estimation of the radiation risk of low-dose radiation
(≤100 mSv), remains challenging and our study is in line
with Beels et al. (47). Especially, according to Raavi et al. (48)
measurement of γ-H2AX foci is a rapid and sensitive method
that does not require culturing and thus it can be used as a
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potential marker to study the levels of DNA damage after CT
procedures (48). CBMN assay has limitations on using as a
biological dosimeter particularly for low doses due to the great
variability (49).

CONCLUSION

From the three different endpoints investigated in the present
study the γ-H2AX foci could function as biomarker of exposure
after interventional cardiac procedures displaying low dose
radiation effects. In addition, the number of γ-H2AX foci
declined 24 h following exposure, but rarely reached the baseline
level, irrespective of the radiation dose, illustrating variability in
the kinetics of the γ-H2AX foci among the different individuals.
Furthermore, in this study, it is clearly being proved that the
immunofluorescence assay is a very sensitive method to detect
DNA damage after exposure to very low doses as the increase was
statistically significant in the 91% of patients studied.

Regarding the cytogenetic and MN data obtained, an increase
in the frequency of chromosomal aberrations and MN after
the interventional procedures was observed for the whole study
group but not at the individual level for the dicentrics, whereas
only a 25% of the whole group studied showed a significant
increase in the MN. These observations point up the clear
advantage of the use of γ-H2AX foci over the conventional
dicentric and micronuclei assays for low level doses. Finally,
results of γ-H2AX foci induction per cell of this work also show
a considerably greater LAR from the interventional procedure
in the patient sample relative to that estimated under the
LNT model assumption. Thus, more radiobiological research is
needed and a better understanding of the molecular mechanisms
involved would be crucial for low-dose exposure risk estimation
for radiation workers, patients, and people exposed to high
background radiation.

STUDY LIMITATIONS

An undoubted limitation of our study is that patient’s follow-
up is not available. This leads unavoidably to a true difficulty in
delineating the risk of the biological effects and investigating the
repair mechanisms after exposure to low-doses as the samples
from patients could not be repeatedly obtained.

MN assay also has some limitations that need to be
acknowledged. The value of MN frequency as a long-
term predictor of cancer was recently established, but more
confirmatory data, which means more patients are certainly

needed at this point. In addition, a wide range of clastogenic
and aneugenic agents (i.e., agents causing chromosome breakages
and abnormal number of chromosomes, respectively) can
induce MN.
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Background: Irradiation with ultra-high dose rate (FLASH) has been shown to spare
normal tissue without hampering tumor control in several in vivo studies. Few cell lines
have been investigated in vitro, and previous results are inconsistent. Assuming that
oxygen depletion accounts for the FLASH sparing effect, no sparing should appear for
cells irradiated with low doses in normoxia.

Methods: Seven cancer cell lines (MDA-MB-231, MCF7, WiDr, LU-HNSCC4, HeLa [early
passage and subclone]) and normal lung fibroblasts (MRC-5) were irradiated with doses
ranging from 0 to 12 Gy using FLASH (≥800 Gy/s) or conventional dose rates (CONV, 14
Gy/min), with a 10 MeV electron beam from a clinical linear accelerator. Surviving fraction
(SF) was determined with clonogenic assays. Three cell lines were further studied for
radiation-induced DNA-damage foci using a 53BP1-marker and for cell cycle
synchronization after irradiation.

Results: A tendency of increased survival following FLASH compared with CONV was
suggested for all cell lines, with significant differences for 4/7 cell lines. The magnitude of
the FLASH-sparing expressed as a dose-modifying factor at SF=0.1 was around 1.1 for 6/
7 cell lines and around 1.3 for the HeLasubclone. Similar cell cycle distributions and 53BP1-
foci numbers were found comparing FLASH to CONV.

Conclusion: We have found a FLASH effect appearing at low doses under normoxic
conditions for several cell lines in vitro. The magnitude of the FLASH effect differed
between the cell lines, suggesting inherited biological susceptibilities for FLASH irradiation.

Keywords: FLASH, ultra-high dose rate irradiation, clonogenic assay, normoxia, radiotherapy, radiobiology,
radioresistance, cancer cell lines
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INTRODUCTION

The FLASH effect denotes the radiobiological phenomenon that
a given absorbed dose of ionizing radiation produces less damage
at ultra-high dose rates (>40-100 Gy/s), as compared to the lower
dose rates conventionally used in radiotherapy (CONV, about
0.1 Gy/s). Experimental evidence for the FLASH effect has been
demonstrated in vivo in various preclinical settings (1–5), as well
as in one first-in-human case of a patient with multi-resistant
cutaneous lymphoma (6).

Although there is no proven mechanistic explanation for the
FLASH effect, the limited in vivo data available suggest that more
sparing may occur in physoxic normal tissues than in severely
hypoxic or nearly anoxic tumors (7). One plausible theory
describes the FLASH effect as a protective, radiation-induced
hypoxia, tentatively explained by the so-called transient oxygen
depletion (TOD) hypothesis as a net effect of radiolytic oxygen
consumption exceeding the physiologic supply (8–10).
According to the TOD hypothesis, the degree of sparing would
be largest for already hypoxic tissues, where further oxygen
depletion can be substantial. No effect would be expected at
normoxia, where radiolytic oxygen consumption would not be
sufficient for producing hypoxic radioresistance, or at anoxia
where there can be no further oxygen depletion. However, recent
work by Labarbe et al. has indicated, based on simulations and
mathematical modelling, that the TOD hypothesis is most likely
not sufficient to account for the FLASH effect reported at dose
levels limited by normal tissue toxicity (11). Consequently, the
authors suggest that other mechanisms may regulate the process
and that a FLASH effect may be present also at normoxic
conditions, even at relatively low dose levels.

Surprisingly, few recent in vitro studies with clonogenic assays
have been reported to support these basic assumptions, and the
limited data available suggests that different cell lines may have
different susceptibility to the FLASH effect. In previous work, we
studied clonogenic survival of the human prostate cancer DU145
cell line and found a FLASH effect at lower oxygen
concentrations but no significant differences in normoxic
conditions (12). Montay-Gruel et al. studied the murine
glioblastoma H454 cell line and demonstrated significant
FLASH effects both at 4% oxygen concentration and in
normoxic conditions (13). For normal human lung fibroblasts
(14) and lung cancer A549 (15), no difference in survival at
different dose-rates in normoxia was reported. Neither has the
use of laser-accelerated protons revealed any dose-rate
dependent differences in normoxia (16–18). Contrary to these
findings, for two murine pancreatic cancer cell lines, Venkatesulu
et al. found a reversed FLASH effect at normoxic conditions (19).

Consequently, there is a need for further in vitro studies
allowing for experiments in a controlled oxygen environment
(1, 20). In the present work, we have performed a comparative
study of FLASH vs. CONV and assessed clonogenic survival,
DNA damage, and cell cycle synchronization under normoxic
conditions for a range of different cell lines. Our investigations
show that the FLASH effect may occur at relatively low doses
under normoxic conditions and that it depends on cell-line
specific variations in susceptibility.
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MATERIAL AND METHODS

Cell Culture
The human breast cancer cell lines MCF7 and MDA-MB-231,
the human fibroblast cell line MRC-5, and the human cervix
cancer cell line HeLa (in the study two different HeLa cells were
used; early passage cells and a high passage subclone) were
acquired from American Type Culture Collection (ATCC).
The human colon cancer cell line WiDr was acquired from
LGC Promochem (Teddington, UK). The squamous cell
carcinoma LU-HNSCC4 was established in our laboratory
from a patient with a squamous cell carcinoma in the floor of
the mouth (21). Cells were grown in monolayers in DMEM
(MCF7, MDA-MB-231, WiDr, HeLa, LU-HNSCC4) or EMEM
(MRC5) media with 10% fetal bovine serum and 1% penicillin-
streptomycin at 37°C in a humidified atmosphere with 5%
CO2. All cell lines were confirmed to be negative for
mycoplasma infection.

Clonogenic Assays
Exponentially growing cells were trypsinized and plated in
appropriate cell densities in 2.50 ml medium per Falcon T12.5
flask (Thermo Fischer Scientific TM,Waltham, MA) and allowed
to adhere overnight before irradiation. Control flasks for
determination of the plating efficiency and the FLASH- and
CONV-flasks were prepared identically on the same occasion,
for each repetition. FLASH and CONV-flasks were irradiated
minutes apart with doses from 0-9 Gy (12 Gy for HeLasubclone).
Irradiation was performed under normoxic conditions at room
temperature with the flasks lying flat and irradiated from beneath
(beam angle 180 degrees). After irradiation, the flasks were
returned to the incubator for 9-14 days. All flasks, including
the non-irradiated controls, were terminated at the same
occasion. Cells were fixed and stained with methylene-blue in
70% ethanol. Flasks were scanned using a flatbed scanner in
1,200 dpi resolution. Colony counts were performed with a
standardized ImageJ-code (version 1.53e, Wayne Rasband,
National Institute of Health, USA) and manually checked.
Surviving fraction (SF) was determined as the number of
colonies with at least 50 cells divided by the number of plated
cells (corrected for plating efficiency).

DNA-Double Strand Break Foci Formation
150 000 - 500 000 cells were plated in Slide-Flasks (Thermo
Fischer Scientific Nunc, Roskilde, Denmark) and allowed to
adhere overnight before irradiation with 3 Gy. At specific time
points after irradiation, cells were washed with PBS and fixed
with 4% paraformaldehyde for 20 min. After washing, cells were
permeabilized with 0.5% Triton-X100 in PBS for 20 min, washed,
blocked in blocking buffer (0.2% skimmed milk, 0.1% TritonX-
100, 5% FBS in PBS) for 1 hour followed by 1 hour incubation
with 53BP1 primary antibody (Invitrogen PA146147) and 1 hour
of incubation with a secondary antibody (AlexaFluor anti-rabbit
488) . Cel l nucle i were countersta ined with DAPI.
Permeabilization, washing, blocking and staining steps were all
performed at room temperature. Foci formation were assessed
with a widefield fluorescence microscope, AxioOberver Z.1
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(Zeiss, Oberkochen, Germany), equipped with ×63/1.40 Plan-
Apochromat oil-immersion objective lens and Colibri 7 solid
state LED light source (Zeiss), and an ORCA-Flash4.0 V3 Digital
CMOS camera (Hamamatsu Photonics, Hamamatsu City,
Japan). In each sample, at four different positions, fifteen Z-
stack images were acquired, deconvoluted with a GPU-based
deconvolution module and averaged using a Maximum Intensity
Projection-algorithm (Black Zen Imaging Software, Zeiss).
ImageJ was used for automated foci identification and
quantification of DNA-double strand break (DSB) foci.

Cell Cycle Analyses
150 000 - 500 000 cells were plated in 35 mm or 60 mm Petri
Dishes (Corning, Corning, NY, USA) and allowed to adhere
overnight before irradiation with 6 Gy (and 3 Gy for the
HeLasubclone cells). At 24 h (6 h and 24 h for HeLasubclone cells),
after irradiation cells were washed with PBS, harvested and
fixated with ice-cold ethanol (70%). Cell nuclei were stained
with propidium iodide (10 lg/ml, RNase A 0.1 lg/ml) for 30 min at
room temperature and DNA content was determined with an
Accuri C6 Flow Cytometer (Becton Dickinson, Franklin Lakes,
NJ, USA). DNA-histograms were analyzed in ModFit LT 5.0 for
Mac (BD Biosciences).

Irradiation and Dosimetry
Irradiation and dosimetry were performed as described
previously (12). In summary, a modified (22) Elekta Precise
(Elekta AB, Stockholm, Sweden) medical linear accelerator
(LINAC) was used for irradiations with FLASH and CONV
dose rates with a 10 MeV electron beam. The average dose rate
for CONV irradiation was 14 Gy/min. For FLASH irradiation,
the average dose rate was ≥800 Gy/s, delivered with an integer
number of 3.5 ms pulses, with a dose-per-pulse of 3.0 Gy, and a
pulse repetition frequency of 200 Hz. Thus, the instantaneous
pulse dose rate was 0.86 MGy/s, which is the same as the average
dose rate for the 3 Gy single pulse delivery, while the average
dose rate was 1.2 kGy/s for the 6 Gy delivery, 900 Gy/s for the 9
Gy delivery, and 800 Gy/s for the 12 Gy delivery. GafChromic
EBT3 film (Ashland Specialty Ingredients G.P., Bridgewater, NJ)
was used for dosimetry for both FLASH and CONV irradiation.
Dose measurements were performed in conjunction with each
cell experiment. In addition, online dose delivery verification
measurements were performed. For CONV irradiation, these
were performed with the built-in monitor (transmission)
chamber. For FLASH irradiation, a Farmer-type ionization
chamber placed at a specific position in the ceiling of the
treatment room (furthest possible distance from the source)
was used.

Statistical Analyses
RStudio v. 1.0.136 (RStudio Team (2015). RStudio, Inc., Boston,
MA, URL http://www.rstudio.com/) was used for statistical
calculations. The parameters of the linear–quadratic model
(23) (SF=exp(−aD−bD2)) were fitted to the log (SF) using the
nonlinear least-squares method (‘nls’ in RStudio). Two
alternative models were fitted, one with separate a and b
parameters for the CONV and FLASH data, and one with
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common a and b parameters for all data. The residuals were
tested for normality using the Kolmogorov-Smirnov test, and the
F-test was used to determine whether the fit was significantly
improved by using separate parameters. Using the model fitted
with separate a and b parameters for the CONV and FLASH
data, dose-modifying factors (DMF) were determined as the ratio
of DFLASH/DCONV at a survival fraction of 0.1 (SF=0.1) and 0.01
(SF=0.01). Boot-strapping was used to calculate the median and
the interquartile range of the DMF. In addition, the difference in
survival fraction at the individual dose levels were tested for
statistical significance, without assuming normality, by using the
Wilcoxon rank-sum test. All tests were two-sided with a chosen
significance level of 5%. Experiments were repeated 2-4 times.
RESULTS

Clonogenic Assays
A tendency of increased survival after FLASH compared with
CONV was suggested for all cell lines (Figure 1), with significant
differences for four of the seven cell lines. A general FLASH-
sparing was also indicated by a DMF at SF=0.1 of around 1.1 for
all cell lines, except the HeLasubclone, for which it was around 1.3
(Table 1). The use of separate a and b parameters for FLASH
and CONV resulted in significantly improved fits for the MCF7,
LU-HNSCC4, HeLaearly passage and HeLasubclone, indicating
differences across the curves as a whole. Significant survival
differences were also observed for MDA-MB-231 at 6 Gy and 9
Gy. The WiDr and MRC-5 cell lines did not show any significant
differences in survival after FLASH compared with CONV in the
dose range studied.

DSB—Foci With 53BP1
Three of the cancer cell lines, LU-HNSCC4, MDA-MB-231 and
HeLasubclone, were further studied for radiation-induced DNA-
DSB using the 53BP1-marker at 2 h and 24 h after irradiation
with 3 Gy (Figure 2). A marked induction of DNA-DSB foci was
seen at 2 h after irradiation, and declined substantially at 24 h.
Comparing FLASH and CONV, median foci numbers were
similar with overlapping interquartile ranges, for all three
studied cell lines (Table 2).

Cell Cycle Analyses
To further investigate potential differences in radiation response
between FLASH and CONV, radiation-induced cell cycle arrest was
investigated for MDA-MD-231, LU-HNSCC4 and HeLasubclone
cells. At 24 hours after irradiation with 6 Gy, both FLASH and
CONV induced cell cycle synchronizations in the three cell lines
(Figures 3A–C). Interestingly,HeLasubclone cells were predominantly
synchronized in early S-phase (the S-phase was sub-analyzed in
three compartments, Supplementary Figure S1), whereas the
MDA-MB-231 and LU-HNSCC4 cells were synchronized in the
G2/M-phase. To elucidate if the HeLasubclone cell synchronization in
early S-phase was due to a previous transient G2/M-arrest, we
studied an earlier time point, 6 h after irradiation and an additional
dose level, 3 Gy, and found radiation-induced G2/M-arrest
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FIGURE 1 | Surviving fraction assessed by clonogenic assay comparing FLASH with conventional dose rates (CONV) for human in vitro-cell lines; (A) Breast cancer
cell line MDA-MB-231, (B) Breast cancer cell line MCF7, (C) Cervix cancer cell line HeLaearly passage, (D) HeLasubclone (E) Head&neck cancer cell line LU-HNSCC4,
(F) Colon cancer cell line WiDr, and (G) Normal lung fibroblasts MRC-5. Blue circles denote FLASH, red squares denote CONV, and grey circles denote the non-
irradiated controls. The empty symbols represent the individual flasks and the filled symbols represent the average surviving fraction at the dose indicated. The
dashed lines illustrate the fitted survival curve according to the linear quadratic model. Diamond symbols denote samples below the detection limit (no surviving
colonies). Statistical analyses using Wilcoxon Rank-Sum test; ns, not significant, *p < 0.05, **p < 0.01. Data from three independent experiments.
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(Figure 3D). The cell cycle analyses could not resolve any significant
differences between FLASH and CONV.
DISCUSSION

We have found in vitro evidence of a FLASH sparing effect measured
with clonogenic survival occurring under normoxic conditions for
several cancer cell lines. The magnitude of the FLASH effect differed
between the cell lines and was most pronounced for HeLasubclone cells,
Frontiers in Oncology | www.frontiersin.org 5314
with a significant sparing already apparent at 3 Gy. The normal lung
fibroblasts did not show any significant difference in survival between
FLASH and CONV. Cell cycle synchronization and DSB-foci
formation were assessed for three of the cancer cell lines with
similar responses for FLASH and CONV exposures.

It is well recognized that FLASH spares normal tissues in vivo
(2–4, 13, 24). However, available in vitro results with clonogenic
assays in normoxia are inconsistent both in recent (12–15, 19)
and older studies (25–30). Consistent with our current findings,
an increased survival fraction after irradiation with ultra-high
A

B DC

FIGURE 2 | Evaluation of radiation-induced DNA-double strand break foci using 53BP1. (A) Representative microscopy image showing (left to right) 53BP1, DAPI,
merged image, and the resulting analyzed image after processing in ImageJ. (B–D) Number of 53BP1 foci at 2 h and 24 h after 3 Gy irradiation with FLASH (blue) or
conventional dose rate (CONV, red) compared with controls (grey) for LU-HNSCC4 (B; 1,532 scored cells), MDA-MB-231 (C; 2,583 scored cells), and HeLasubclone
(D; 2,973 scored cells). The box and whisker plots illustrate median (thick line), interquartile range (box) and the lowest/highest observation within ±1.5* interquartile
range (IQR) from the box (whiskers). The individually scored cells are indicated with transparent circles. Data from two independent experiments.
TABLE 2 | Number of DSB-foci per cell with the 53BP1-marker for three cell lines at 2 h and 24 h after irradiation with FLASH or conventional dose rate (CONV), and
for non-irradiated controls (Ctrl).

Cell line Ctrl at 2 h FLASH at 2 h CONV at 2 h Ctrl at 24 h FLASH at 24 h CONV at 24 h
Median (IQR) Median (IQR) Median (IQR) Median (IQR) Median (IQR) Median (IQR)

LU-HNSCC4 6 (3–12) 25 (20–31) 26 (22-33) 4 (2-8) 10 (6-16) 10 (6-16)
MDA-MB-231 2 (1-5) 26 (22-31) 25 (20-30) 2 (1-4) 6 (3-9) 6 (4-10)
HeLasubclone 4 (2-9) 32 (25-40) 30 (24-37) 3 (1-6) 5 (3-8) 5 (2-9)
July 2021 | Volume 11 |
IQR, Inter-quartile range.
TABLE 1 | Dose modifying factors (DMF) at a surviving fraction (SF) of 0.1 and 0.01 for the various cell lines.

Cell line DMF (SF=0.1) IQR (SF=0.1) DMF (SF=0.01) IQR (SF=0.01) F-test p-value

WiDr 1.16 1.03-1.29 1.20 1.10-1.30 0.34
MCF7 1.10 1.00-1.20 1.16 1.11-1.21 0.03
LU-HNSCC4 1.12 0.94-1.30 1.15 1.06-1.24 0.007
MRC-5 1.09 0.97-1.21 1.05 1.00-1.10 0.24
MDA-MB-231 1.14 1.02-1.26 1.12 1.07-1.17 0.15
HeLaearly passage 1.12 1.02-1.22 1.13 1.09-1.17 0.04
HeLasubclone 1.32 1.19-1.45 NA NA 0.05
The F-test denotes the significance level for separate parameter sets for FLASH and CONV, compared with one common fit. IQR; inter-quartile range; NA, Not Applicable.
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dose rate in normoxia have been reported (13, 29, 30), whereas
other results indicate no difference (14, 15, 25–28) or a reversed
effect (19). The inconsistent results could indicate differing
intrinsic biological susceptibility for FLASH. In addition,
survival differences have been shown for hypoxic in vitro-
conditions (12, 27, 28, 31, 32). In the present study, the
magnitude of the FLASH effect, expressed as DMF at SF=0.1,
was around 1.1 for six of the seven cell lines, while a DMF of 1.3
was found for the HeLasubclone. The values are in line with
previously published in vivo data, generally showing a DMF of
1.2-1.5 (7). The HeLasubclone data (with passage number
approaching 40) show a distinct behavior compared to the
other cell lines, with a larger DMF and also earlier cell cycle
arrest. In comparison with HeLaearly passage, the HeLasubclone was
considerably more radioresistant and lacked a shouldered
survival curve for the CONV-irradiated samples. It has
previously been reported that phenotype changes can occur
with high passage numbers, affecting radiation responses (33).
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The present results showing differences between cell lines,
together with the inconsistent findings by others, suggest that
the FLASH effect might not be an independent, universal dose-
modifying factor. Instead, the sparing effect could involve
biological determinants varying from cell line to cell line.

DSB-foci formations were numerically in the same range for
the three studied cancer cell lines, with similar foci numbers for
FLASH compared with CONV irradiation. Fouillade et al., using
the same DSB-marker at an earlier time point (30 minutes),
showed a lower number of foci for FLASH compared with
CONV for normal lung fibroblasts, but no differences for the
A549 lung cancer cell line (24). Cell cycle synchronization after
irradiation was seen for the three studied cell lines in the current
study, but with similar effects after both FLASH and CONV
irradiation. Auer et al. also studied cell cycle synchronization of
HeLa cells after irradiation with 3 Gy using laser-accelerated
protons at different dose rates. They found a less pronounced
G2/M-accumulation at 10 h for cells irradiated with ultra-high
A B

DC

FIGURE 3 | Cell cycle distributions determined by flow cytometry after irradiation with FLASH or conventional dose rate (CONV). In (A–C), cell cycle distribution 24 h
after irradiation with 6 Gy for LU-HNSCC4 (A), MDA-MB-231 (B) and HeLasubclone (C). In (D) an earlier time-point (6 h) after irradiation with 3 Gy and 6 Gy using the
HeLasubclone. Bars illustrate G1 (light grey), S-phase (grey), and G2/M (black). The figures in the bars denote the percentage of cells (with standard deviations). Data
from two independent experiments.
July 2021 | Volume 11 | Article 686142

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Adrian et al. Clonogenic FLASH Sparing in Normoxia
dose rate compared with conventional dose rate, but no
differences at 24 h (34). The HeLasubclone cells used in the
current study revealed no synchronization in G2/M-phase at
24 h after irradiation, instead the cells were synchronized in early
S-phase. Additional experiments at an earlier time-point (6 h
after irradiation) with two different doses (3 Gy and 6 Gy)
indicated an earlier radiation induced G2/M-synchronization,
suggesting a peak of the G2/M-arrest at a time point before 24 h
(Supplementary Figure S1). However, the cell cycle
synchronization was similar after FLASH and CONV at both
6 h and 24 h.

FLASH effects are typically seen at doses ≥ 10 Gy. The current
study showed a separation of the survival curves at doses below
10 Gy. Interestingly, also using a low dose of 4 Gy, Chabi et al.
found FLASH irradiation to be more efficient than conventional
dose rate exposures for two cases of T-cell lymphoblastic
leukemia (T-ALL), but an opposite relation for a third case
(35). The results underpin that FLASH effects do not exclusively
occur at high doses and also suggest that intrinsic biological
factors might determine the FLASH response. The authors
proposed that genomic profiles might predict when FLASH is
beneficial. Additional investigations in the nature and
mechanism of such biological determinants, and their
influence on the radiochemical and biological steps of the
radiation response remain to be investigated. Many of the steps
are likely to be influenced by the available oxygen concentration,
and we have previously shown the dependence on oxygen
concentration for a FLASH effect (12). However, differences
between FLASH and CONV at low doses in well-oxygenated
environments, i.e. where oxygen depletion is considered to be
negligible, imply that the TOD hypothesis is insufficient to
account for the whole FLASH effect. We therefore deduce that
the FLASH effect, in part, must be caused by other mechanisms.

FLASH radiotherapy is a promising new technique and
convincing reports show its ability to protect normal tissue
from radiation damage (2–5, 13, 24). Most in vivo experiments
also suggest an iso-effective tumor control compared with
CONV (2, 5, 36–38), even though some studies have found
other results (19, 35). The tumor’s response to radiation in the
complex in vivo environment is dependent not only on direct cell
kill but also on inflammatory reactions and the immune system,
involving surrounding connective tissues. Considering a possible
inherited susceptibility for cancer cells to exhibit a FLASH effect
(35), which would be detrimental for tumor control, further
investigation in the differential response between tumor and
normal tissue is clearly indicated. Ideally, such studies will
generate models that describe tissues and tumors for which a
differential response can be exploited.

The current study has some limitations. Since the FLASH
irradiation was delivered with an integer number of pulses (1-4),
the average dose rate varied between the different dose levels.
However, the dose-per-pulse and the instantaneous/pulse dose
rate were constant and the average dose rate exceeded 800 Gy/s
at all dose levels. Further, we have chosen to perform a pure in
vitro study to enable studies of different cell lines under well-
controlled oxygen concentrations where the impact of biological
Frontiers in Oncology | www.frontiersin.org 7316
interactions was minimized. Thereby, the results are valid under
these circumstances, and their generalizability to more complex
biological systems need to be further investigated. The lack of a
difference in the DSB-foci induction between FLASH and CONV
warrants future experiments using additional methods to assess
DNA-damage and repair after irradiation. The varying results
between cell lines suggest that biological determinants may affect
the response, but this study alone does not identify any
underlying mechanisms or predictive signatures that could be
further examined in a preclinical or clinical translation.

To conclude, we have found a FLASH effect under normoxic
conditions for several cell lines in vitro, and that the magnitude
of the FLASH effect differed between the cell lines. The results
indicate that the FLASH effect cannot be solely explained by
TOD and that other mechanisms are involved. The nature of
such possible biological susceptibilities and their dependence on
oxygen concentrations will be subject to further investigations.
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Supplementary Figure 1 | Cell cycle distributions determined by flow cytometry
after irradiation with FLASH or conventional dose rate (CONV) for the HeLasubclone
cell line 24 h after irradiation with 6 Gy. The S-phase was sub-divided into S1 (early),
S2 (middle) and S3 (late). Bars illustrate G1 (light grey), S-phase (grey), and G2/M
(black). The figures in the bars denote the percentage of cells (with standard
deviations). Data from two independent experiments.
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The number of proton therapy facilities and the clinical usage of high energy proton

beams for cancer treatment has substantially increased over the last decade. This is

mainly due to the superior dose distribution of proton beams resulting in a reduction

of side effects and a lower integral dose compared to conventional X-ray radiotherapy.

More recently, the usage of metallic nanoparticles as radiosensitizers to enhance

radiotherapy is receiving growing attention. While this strategy was originally intended for

X-ray radiotherapy, there is currently a small number of experimental studies indicating

promising results for proton therapy. However, most of these studies used low proton

energies, which are less applicable to clinical practice; and very small gold nanoparticles

(AuNPs). Therefore, this proof of principle study evaluates the radiosensitization effect of

larger AuNPs in combination with a 200 MeV proton beam. CHO-K1 cells were exposed

to a concentration of 10µg/ml of 50 nm AuNPs for 4 hours before irradiation with a

clinical proton beam at NRF iThemba LABS. AuNP internalization was confirmed by

inductively coupled mass spectrometry and transmission electron microscopy, showing

a random distribution of AuNPs throughout the cytoplasm of the cells and even some

close localization to the nuclear membrane. The combined exposure to AuNPs and

protons resulted in an increase in cell killing, which was 27.1% at 2Gy and 43.8% at 6Gy,

compared to proton irradiation alone, illustrating the radiosensitizing potential of AuNPs.

Additionally, cells were irradiated at different positions along the proton depth-dose curve

to investigate the LET-dependence of AuNP radiosensitization. An increase in cytogenetic

damage was observed at all depths for the combined treatment compared to protons

alone, but no incremental increase with LET could be determined. In conclusion, this

study confirms the potential of 50 nm AuNPs to increase the therapeutic efficacy of

proton therapy.

Keywords: gold nanoparticles (AuNPs), proton therapy, radiation therapy, radiosensitization effect, dose

enhancement effects, particle therapy, nanomedicine

INTRODUCTION

Approximately 50% of the patients with malignant tumors receive radiotherapy (RT) as part of
their initial cancer treatment (1). However, delivering a curative radiation dose to the tumor while
limiting the dose to surrounding healthy tissue, remains one of the biggest challenges in RT.
Furthermore, the physical location of the lesion may prevent effective and complete irradiation of
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the tumor. Despite recent advances in treatment planning
and image-guided intensity-modulated RT, several new
treatment strategies are continuously being developed (2).
Particle therapy and novel radiosensitizers are part of these
recent developments, which offer the potential to augment the
therapeutic efficacy (2–5).

Gold nanoparticles (AuNPs) with a diameter of 100 nm or less,
have several properties that make them ideal radiosensitizers,
including their high atomic number (Z = 79), biocompatibility
and low cytotoxicity (6, 7). Several preclinical studies illustrated
that AuNPs are potent radiosensitizing agents (8–11). Most
studies focused on conventional RT with high-energy
megavoltage (MV) and low energy kilovoltage (kV) X-rays,
as reviewed in (4, 9, 11–14). Up until now, the radiosensitizing
effect of AuNPs are most pronounced for kV X-rays and while
there is a motivation to use this radiation quality in the clinic
alongside MV X-rays, its usage remains limited due to its shallow
penetration depth in the patient (12, 15).

The application of AuNPs as potential radiosensitizers in
particle therapy has recently gained momentum, reflected by
an increase in both simulation and experimental radiobiology
studies (16–18). The growing interest in this type of studies
is closely linked to the emerging number of proton therapy
(PT) facilities around the world, where the interplay with
nanomedicine could potentially further improve the treatment
outcome and enlarge the clinical scope. The rationale for the
clinical use of proton beams is primarily motivated by their
dosimetric advantage compared to conventional X-ray RT. In
contrast to X-rays which are characterized by a depth-dose profile
reaching a maximum after a short build-up of a few centimeters
with an exponential attenuation thereafter, protons have a depth-
dose profile with a low entrance plateau region that reaches a
maximum peak just before the end of the proton range. This
results in a depth dose curve with a sharp dose fall-off towards
the end, beyond which no radiation dose is deposited. The range
of protons depends on their initial energy and can be adjusted
to treat tumors at different depths (19). By combining several
proton beams of different energies, a spread-out Bragg Peak
(SOBP) can be obtained to cover the target volume. This allows
the positioning of the region of maximal energy within the
treatment target, while limiting damage to surrounding healthy
organs and tissues (20, 21). Due to the superior targeting, PT is
arguably most beneficial for the treatment of tumors in proximity
to critical organs at risk and for specific subsets of the population
who are more prone to develop late effects, such as pediatric
patients (22, 23).

The high-energy proton beams (60–260 MeV) that are used
in clinical practice and MV X-rays are both considered to be
low linear energy transfer (LET) radiation qualities. However, the
energy of the protons drops rapidly at the end of their range,
resulting in a higher ionization density and a corresponding
increase in LET (24). This translates into more complex,
unrepairable biological damage and an associated increase in
the relative biological effectiveness (RBE) in the distal region of
the SOBP (25, 26). However, despite evidence in support of a
variable RBE for clinical proton beams, a fixed RBE of 1.1 is still
adopted in clinical practice (27). This RBE of 1.1 indicates that the

biological effectiveness of high-energy protons to kill tumor cells
is only 10% higher than that of sparsely ionizing X-rays. From
this point of view, protons are less attractive for the treatment of
radioresistant tumors where heavier ions (such as carbon ions),
with a higher RBE, are proven to be up to four times more
effective than X-rays (28–30). Therefore, radiosensitizers, such as
AuNPs, are a promising approach to amplify the proton dose that
is delivered within the tumor tissue. Furthermore, the addition of
AuNPs may decrease the heterogeneity in tumor response, which
is caused by areas in the tumor microenvironment containing
cancer stem cells and regions of hypoxia.

At first, AuNPs were not expected to be effective
radiosensitizers in PT. Mainly due to the decrease in collision
stopping power of charged particles as a function of Z, in contrast
to the high photoelectric absorption with strong Z-dependence
of kV X-rays. However, charged particles are nevertheless able
to activate a non-linear avalanche of electron emissions from
AuNPs and surface plasmon excitations can result in a large
production of secondary electrons, which could also make
AuNPs effective radiosensitizers in PT (18). A growing number
of studies indicate that the Coulomb nanoradiator (CNR) effect
and the chemical damage by reactive species plays a major role
in the dose enhancement effects that are observed for high Z
nanoparticles and high-energy proton beams (31, 32). The first
biological assessments confirm the radiosensitization potential of
AuNPs in PT, but this line of research is only at its beginning. The
underlying mechanisms that are responsible for the observed
radiosensitization effects are not completely understood and
there are currently only a limited number of in vitro and in
vivo studies combining proton irradiation and AuNPs (33–43).
This in vitro study with larger 50 nm AuNPs was designed
as a proof of principle to investigate the uptake, cytotoxicity,
radiosensitization effect and the potential LET-dependence of
this effect, for a high-energy (200 MeV) clinical proton beam.

MATERIALS AND METHODS

AuNPs
Spherical AuNPs of 50 nm stabilized in a citrate buffer (Sigma-
Aldrich Co. LLC, St. Louis, Missouri, United States) were stored
at 4◦C to ensure stability over time and filtered through 0.2µm
filters (Whatman, Maidstone, UK) before addition to the cells
to ensure sterility. The size and stability of the AuNPs in
suspension was confirmed using Ultraviolet-visible (UV-visible)
spectroscopy, as previously described (44). AuNP colloidal
solutions were recorded as a function of wavelength using a
POLARstar R©Omega (BMG Labtech, Ortenberg, Germany) UV-
vis spectrophotometer from 400–800 nm at a path correlation of
2.94 and resolution of 1mm. More details and results on AuNP
characterization can be found in the Supplementary Material.

Cell Culture
CHO-K1 cells were kindly donated by the Medical University of
Southern Africa (passage 16) and originally purchased from the
American Type Culture Collection (ATCC) (Manassas, Virginia,
USA). This cell line was originally derived as a subclone from the
parental CHO cell line initiated from a biopsy of an ovary of an
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adult Chinese hamster by T. T. Puck in 1957 (45, 46). Since this
is a proof of principle study, this CHO-K1 cell line was selected
as it is often used in radiobiology studies and its radiosensitivity
was well characterized in previous studies at our institute
(47, 48). Cells were cultured in RPMI-1640 medium [(Gibco,
Dun Laoghaire, Dublin, Ireland) supplemented with 10% Fetal
Bovine Serum (FBS) (Gibco) and 1% Penicillin and Streptomycin
(Gibco)]. Incubation took place under standard cell culture
conditions at 37◦C in a humidified 5% CO2 atmosphere. The
CHO-K1 cells were periodically screened for Mycoplasma.

AuNP Uptake
To determine the quantity of AuNPs internalized by the cells,
inductively coupled mass spectrometry (ICP-MS) (7900 ICP-MS
Agilent, California, USA) was performed at the Central Analytic
Facility (CAF) of Stellenbosch University. CHO-K1 cells were
exposed to 2.5, 5 and 10µg/ml of 50 nm AuNPs and incubated
for 4 hours to mimic the exposure conditions of the proton
irradiation experiments. The CHO-K1 cells were then harvested,
counted, and exposed to aqua reagia (1:1 HNO3, HCL) to
dissolve the AuNPs. The quantity of gold atoms in solution was
detected in parts per billion (ppb) and subsequently converted to
a volume (pg/ml) normalized for the counted cell number. Based
on the outcome of these first uptake experiments, all consequent
experiments were performed with the highest concentration of
10µg/ml or 37µMAuNPs for 4 hours (unless stated otherwise).

Transmission electron microscopy (TEM) was performed to
visually confirm the presence of AuNPs within the CHO-K1 cells.
As described above, the adherent cells were treated with 50 nm
AuNPs and incubated. Cells exposed to the AuNPs were fixed
in 4% paraformaldehyde and then placed in a series of heavy
metal stains as described in (49, 50). Sections were visualized with
a Zeiss MERLIN Field Emission Scanning Electron Microscope
(FESEM) (Carl Zeiss, Oberkochen, Germany) operated at 6-
8 kV acceleration voltage with a 10 nA probe current, using
Backscattered Electron Detection. Electron images were captured
as TIFF files, using a pixel averaging noise reduction algorithm.

Cell Proliferation
The crystal violet assay was used to investigate the impact
of AuNPs on the cell proliferation of CHO-K1 cells in the
absence of proton irradiation. The difference in absorbance
(λmax) between crystal violet (570 nm) and 50 nm AuNPs is
about 10-60 nm, so spectral overlap can be excluded ensuring
that false negative/positive results are prevented. The cells were
seeded into three 96-well plates (Sigma Aldrich) at a density
of 2,500 cells/well (population doubling time of this cell line
is less than ±18 hours), allowed to adhere overnight, enter log
phase, and treated with 10µg/ml AuNPs for 4 and 24 hours.
Cell cultures without AuNP treatment were incorporated in
the experiment to serve as controls. Following the respective
incubation periods, the cells were stained according to the
methods described in (51). Briefly, cells were fixed in 1%
Gluteraldehyde (Sigma), washed with Phosphate Buffered Saline
(PBS), and stained with 0.5% Crystal Violet for 30 minutes.
Thereafter, the plates were rinsed with dH2O and after drying
overnight, 0.1% Triton-X 100 was used to solubilize the crystal

violet and lyse the cells to extract proteins and other cellular
organelles. The plates were at 570 nm using a POLARstar R©

Omega UV-vis spectrophotometer (BMG Labtech, Ortenberg,
Germany) and the optical densities (OD570) recorded for each
well. The average OD570 of the non-treated control cells at 4
and 24 hours was set to 100% to determine the percentage of
viable, proliferating cells after exposure to AuNPs at the same
time points.

Proton Irradiation
The irradiations were performed with the 200 MeV passive
scattering clinical proton beam line at NRF-iThemba LABS.
For these experiments, the 200 MeV proton beam coming
from the Separated Sector Cyclotron (SSC) was degraded to
a modulated proton beam with a 50mm SOBP, R50 range in
water of 120mm and a circular field size of 100mm diameter
was used (with an incident energy of roughly 120 MeV).
All cell irradiations were performed in a Perspex phantom
consisting of individual plates of various thicknesses which were
placed upstream of the cells to obtain measurement positions
at different water equivalent depths (WED) with increasing
dose averaged LET (LETd) values as previously measured in
(48). The physical depth-dose profile of the proton beam was
measured with a MarkusTM ionization chamber (model 30-
329) to determine the output factors (Gy/MU) at the different
positions that were used for the cell irradiations (Figure 1).
A monolayer of CHO-K1 cells was irradiated in a T25 cell
culture flask (NEST Biotechnology Co., Ltd., Wuxi, China)
perpendicular to the beam direction. For each assay, two sets
of culture flasks containing CHO-K1 cells were irradiated, one
with, and one without AuNPs exposure prior to irradiation.
The media of all the culture flasks was replaced with new
media just before irradiation, to ensure that only the AuNPs
that were taken up by the cells would be responsible for the
observed effects.

Colony Survival Assay
CHO-K1 cells were seeded at a density 750 000 cells in T-25
flasks and allowed to attach overnight. Half of the cell culture
flasks were treated with AuNPs, while the other half was left
untreated. Following the incubation period of 4 hours, cells
were harvested, counted, and seeded in triplicate into 60mm
petri-dishes (Greiner Bio-one, Kremsmunster, Germany). This
ensured that cells could internalize AuNPs for the allotted
incubation period prior to irradiations and that only effects of
internalized AuNPs were considered as AuNPs were not left to
react in media during irradiation. The seeding of cells whether
pre- or post-irradiation have been shown to have negligible
effects on cell behavior and data output (52). The petri-dishes
were irradiated in the middle of the SOBP (Figure 1) with
doses ranging from 2 to 8Gy to produce a full dose response
curve. After irradiation, the cells were placed at 37◦C in a
humidified 5% CO2 atmosphere to proliferate into colonies for
6 days (≥ 50 cells per colony), followed by fixation and staining
(0.01% amido black). The number of visible colonies were then
manually scored, where each colony is considered to represent
a surviving cell. Firstly, the plating efficiency (PE) (with and
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FIGURE 1 | Illustration of the five different irradiation positions with a

modulated 200 MeV proton beam with a 50mm spread-out Bragg peak

(SOBP) and a range of 120mm; with the corresponding Water Equivalent

Depth (WED) in the Perspex phantom and the increasing LETd values. Created

with Biorender.com.

without AuNPs) as described in (53) and denoted as equation 1
was considered:

PE =

number of colonies formed

number of cells seeded
× 100% (1)

In this study, there was a PEAuNP and a PEcontrol. Thereafter, the
surviving fraction (SF) was calculated for the different exposure
conditions according to equation 2.

SF =

number of colonies formed

number of cells seeded × PE
× 100% (2)

Experimentally obtained colony survival data was fitted using the
linear quadratic (LQ) model, represented in equation 3.

S = e−(αD−βD2) (3)

S represents the fraction of surviving cells for a dose (D)
expressed in Gray (Gy), and α and β are the model constants.

To assess the radiosensitization effect of 50 nm AuNPs on
proton irradiation, sensitization enhancement ratio (SER) was
calculated as outlined in equation 4.

SER =

Survival fraction without AuNPs (Control)

Survival fraction treated with AuNPs (AuNP Treated)

(4)

Additionally, the amplification factor (AF) was calculated at
different radiation doses ranging from 2 up to 8Gy, to evaluate
the amplification of radiation induced cell death. AF was
calculated from the fitted surviving curve as follows (equation 5).

AF =

SF

fitted curve
control

− SF

fitted curve
AuNPs

SF

Fitted curve
control

× 100% (5)

Cytokinesis-Block Micronucleus Assay
The cytokinesis-block micronucleus (CBMN) assay was used for
scoring micronuclei (MNi), reflecting chromosome breakage or
whole chromosome loss, because it is restricted to binucleated
cells (BN) that have undergone one cycle of cell division. This
prevents confounding effects caused by suboptimal or altered
cell division kinetics (54). The CHO-K1 cells were seeded (750
000 cells/T-25 flask) and allowed to attach overnight, followed
by treatment with AuNPs. Thereafter, the cells were irradiated
at different positions along the SOBP (Figure 1) with a radiation
dose of 2Gy. Sham-irradiated control flasks were included.
Immediately after irradiation, cytochalasin-B (2.25 ug/ml) was
added to the flasks. The cells were incubated for 24 hours,
trypsinized and centrifuged at 1000 rpms for 8 minutes and
Permeabilized with Potassium Chloride (KCl). Afterwards, the
cells were fixed in 10:1:11 Methanol/Acetic Acid/Ringer solution
overnight. The next day, the cell suspension was centrifugated
and further fixed with 10:1 Methanol/Acetic Acid solution. After
fixation, 30 µl of the fixed cell suspension was dropped onto
a glass slide according and stained in a 1% Acridine Orange
solution, followed by 0.1M Gürr Buffer and covered with a
coverslip. MNi were scored manually with a 20× objective in
approximately 500 binucleated cells per slide using an Axioscope
fluorescent microscope (Carl Zeiss). At least three slides were
scored per condition and the average values were calculated. The
assay was performed in biological triplicate.

Statistical Analysis
All statistical analysis was performed using GraphPad Prism
(version 5.0). Statistical comparisons were performed by way
of paired t-test and/or one-way analysis of variance (ANOVA).
A significance level (α) of 0.05 was used in all tests, hence
P < 0.05 were considered statistically significant, p < 0.01 highly
significant and p < 0.001 extremely significant. Data is reported
as average values ± standard deviation (SD). All assays were
performed in biological triplicate.

RESULTS

AuNP Uptake
The uptake and localization of the 50 nm AuNPs in CHO-K1
cells was confirmed with ICP-MS and TEM respectively. For
the ICP-MS experiments, the cells were exposed to different low
concentrations of 50 nmAuNPs (2.5, 5 and 10µg/ml) for 4 hours,
based on concentrations and incubation times that were used
in previous studies (36, 55). A dose dependent uptake in the
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FIGURE 2 | Quantities of AuNP internalized per cell after a 4-hour incubation

with different concentrations of 50 nm AuNPs. ICP-MS results show the

dose-dependent uptake of AuNPs. The highest internalization of 50 nm AuNPs

was observed at a concentration of 10µg/ml (37µM). The error bars represent

the standard deviation of three biological replicates per concentration.

CHO-K1 cells was observed, with an increase from 0.31 ± 0.047
pg/ml for the lowest concentration up to 0.89 ± 0.044 pg/ml of
gold per cell for the highest concentration (Figure 2). The gold
uptake per cell increased by almost a factor 3 and therefore,
it was decided to select the highest concentration of 10µg/ml
(37µM) for the proton irradiation experiments. Additionally,
TEM provided visual confirmation of AuNP internalization
and showed a random distribution of AuNPs throughout the
cytoplasm of the cells, with some close localization to the nuclear
membrane but no nuclear entry was observed (Figures 3A–F).

Impact of AuNPs on Cell Proliferation
To determine the impact of the 50 nm AuNPs on the viability of
the CHO-K1 cells, cell proliferation was assessed with a crystal
violet assay at two incubation times of 4 and 24 hours. A minimal
impact on cell proliferation was observed in the cultures that
were exposed to 10µg/ml AuNPs compared to the non-treated
cultures at both time points (4 and 24 hours), with a non-
statistically significant decrease to 89.45 ± 13.87% and 93.87 ±

8.2% in the exposed cultures respectively.

Radiosensitization Effect of AuNPs

Evaluated With the Colony Survival Assay
The combined effect of AuNPs and protons on cell killing was
investigated by the colony survival assay. A paired comparison
revealed a statistically significant reduction in cell survival was
observed between the cells that were pre-treated with AuNPs
and irradiated with protons, compared to the cells that were
irradiated with protons alone (Figure 4) (p < 0.05). By fitting

FIGURE 3 | Confirmed uptake of AuNPs in CHO-K1 cells with TEM. Image (A)

represents three untreated control cells captured at a higher magnification

than panels (B-F), which represent cells that were exposed to 50 nm AuNPs.

Images (B–F) show that low numbers of AuNPs were taken up by the cells,

but were successfully internalized. AuNPs localized randomly into vacuoles

within the cells (B, C and D). AuNPs were also located within proximity to the

nuclear membrane (F) as well as integrated into the nuclear membrane of the

cells (D and E).

the linear quadratic model to the cell survival fractions, α-values
of 0.023 ± 0.017 and 0.125 ± 0.019 and β-values of 0.056 ±

0.002 and 0.044 ± 0.003 were obtained for protons alone and
protons combined with AuNPs respectively. The sensitization
enhancement ratio (SER) was calculated at 10 and 50% survival
as described in (35, 39), resulting in a SER values of 1.11 and 1.33
respectively. These results confirm the radiosensitization effect of
50 nm AuNPs, which resulted in an increased cell killing effect
with proton irradiation. Furthermore, the amplification factor
(AF) was calculated for the different radiation doses used in this
study, as previously described in (35, 37). The largest AF of 43.8%
was observed at a proton dose of 6Gy, while the AF at a clinically
relevant fractionation dose of 2Gy was 27.1%.

Evaluation of the LET-Dependence of AuNP

Radiosensitization Using the CBMN Assay
To explore whether the radiosensitization effect of AuNPs is
dependent on the LET of the proton beam, the CBMN assay
was performed at five different positions along the SOBP.
The CBMN assay was selected over the colony survival assay
for this evaluation, since it has a higher sensitivity to detect
slight changes in the radiosensitization effect. Induced MNi
frequencies are reported for this comparison, which means that
the average background MNi values were deducted from the
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FIGURE 4 | Surviving fractions of cells after the concurrent treatment with

various doses of protons, with (red) and without (blue) internalized 50 nm

AuNPs. All samples were irradiated in the middle position of the SOBP. The

values represent the average SF and standard deviation of three biological

repeats.

values obtained with proton irradiation. These values were 13.00
± 2.61 MNi/500 BN cells and 15.50 ± 6.47 MNi/500 BN cells
for the unirradiated samples without AuNP incubation and
with AuNP incubation respectively. There was no statistically
significant difference between both non-irradiated control values.
This confirms that the 4 hours incubation with 50 nm AuNPs
does not induce a cytotoxic effect on the CHO-K1 cells, which is
in line with the cell proliferation results. As expected, an increase
in chromosomal damage was observed with increasing SOBP
depth (or LET) in cells exposed to 2Gy proton irradiation in
the absence of AuNPs (Figure 5). Using the entrance plateau
position as a reference, the MN frequency showed a gradual
increase with a factor of 1.16 ± 0.30, 1.16 ± 0.11, 1.27 ± 0.26
at the proximal, middle and distal end of the SOBP; going up
to 1.45 ± 0.32 at the distal fall-off position. This confirms the
expected increase in DNA damage and RBE at the end of the
proton range.

Paired analysis showed that pre-incubation with AuNPs
significantly enhanced the chromosomal damage at all positions
along the SOBP when compared to the results obtained with
proton irradiation alone (p < 0.01). This finding supports the
radiosensitization effect of AuNPs observed with the colony
survival assay, but one should consider that the error bars on the
average MNi frequency are large at some positions. A statistical
analysis of the MNi results per individual position only shows
a statistically significant radiosensitization effect of AuNPs at
the entrance plateau, proximal SOBP and 80% Dmax position

(Figure 5). In addition, no incremental increase with LET was
observed for the combined treatment with AuNPs, so this proof-
of-principle study does not illustrate a potential LET-dependence
of the radiosensitization effect.

DISCUSSION

The combination of the excellent sparing of surrounding healthy
tissue with PT and the potential of AuNPs to enhance the
biological effect within the tumor, could offer a new opportunity
to increase the clinical efficacy of PT. While many questions
remain unsolved, the initial biological findings are encouraging
and boost future research efforts on the synergistic effects
of PT and AuNPs (16, 17). Since the pioneering experiment
of Hainfeld et al., the number of biological studies using
kV and MV X-rays are steadily growing (5, 9, 11, 12, 56–
61). The number of experimental studies that investigated the
radiosensitization effect of AuNPs in PT are currently still
limited, and are summarized in Table 1 (33–43). However, as
outlined in Table 1, the PT studies show considerable differences
in experimental conditions including variations in AuNP size,
shape, and functionalization as well as exposure conditions such
as incubation times, concentration, and proton beam energy.
This underlies the differences in experimental findings and
consequently impedes conclusions on the potential of AuNP
radiosensitization in PT.

The 4 hours incubation time in this study was based on the
findings of Chithrani et al., a foundational report for many AuNP
based experiments, where a significant uptake of 50 nm AuNPs
was observed via suspected endocytosis in the first 2 hours,
reaching a plateau after 4–6 hours (55). The same rationale was
applied in the study of Jeynes et al. who also used 50 nm AuNPs
(36). The relatively short incubation time was particularly helpful
to counter potential delays in beam delivery, which are inherent
to experiments at accelerator facilities. Previous studies showed
that AuNP update and cytotoxicity are cell type dependent, with
a preferential uptake by cancer cells in comparison to normal
cells (62–65). This brings us to one of the main limitations of the
current proof of principle study, since only one non-cancerous
cell type was used for this evaluation.

However, the size of the AuNPs might have an even larger
impact on the uptake than the cell type. Several studies reported
maximum uptake and retention within the cells for 50 nmAuNPs
(55, 63, 66, 67). The efficient suspected endocytic capabilities of
the 50 nm AuNPs are conjectured to be due to the similarity
in required vesicle size for the initial cellular entry of several
viruses (68). In this context, it is worth to mention that the
hafnium oxide nanoparticle NBTXR3 (Hensify R©), which also
has a size of 50 nm, is currently undergoing several clinical
trials (NCT02721056; NCT02379845) and making its way to
the clinic for combinations with RT as a radio-enhancer (69).
It is anticipated that nanoparticles up to 100 nm in diameter
enter the cells via clathrin-mediated endocytosis (70, 71). On the
contrary, AuNPs smaller than 30 nmmight leave the cell again by
passive diffusion (72, 73). However, nanoparticle internalization
can occur via a vast array of mechanisms (74, 75), and at
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FIGURE 5 | (A) The effect of protons and AuNPs on the MNi expression of CHO-K1 cells. Where (*) denotes p < 0.05, (**) = p < 0.01 and (***) = p < 0.001. (B)

Binucleated cells without MNi (proton alone). (C) Binucleated cells containing MNi (protons + 50nm AuNPs). The plotted values in the graph represent the average

number of MNi/500 BN cells and the respective standard deviation of three biological repeats. Created with Biorender.com.

TABLE 1 | Overview of the existing radiobiological studies which investigated the potential radiosensitization effects of AuNPs in combination with proton irradiation.

References Incoming proton beam energy

(radiation quality)

Gold nanoparticle size Concentration Incubation time

Polf et al. (33) 160 MeV (within SOBP region) ±44 nm AuNP phage

nanoscaffolds

1 ng/cell Not defined

Kim et al. (43) 45 MeV (within SOBP region) 2 and 13 nm AuNP 0.1–2 mg/ml Overnight

Kim et al. (34) 45 MeV (Bragg peak/entrance

plateau)

5 nm ligand coated AuNPs 100 or 300mg/kg

(in vivo)

1, 6, 12, 24 and

48 h

Penninckx et al.

(35)

1,3 MeV (LET: 25 keV/µm) 10 nm conjugated AuNPs 50 ug/ml 6 and 24 h

Jeynes et al. (36) 3 MeV (LET: 12 keV/µm) 50 nm conjugated AuNPs 5,5 ug/ml 4 h

Li et al. (37) <2 MeV (LET: 10 or 25 keV/µm) 5 and 10 nm amine

functionalized AuNPs

0,05 mg/ml 24 h

Li et al. (38) 1,3 MeV (LET: 25 keV/µm) ±40 nm Cetuximab AuNPs 5 ug/ml 30 min

Abdul Rashid et al.

(39)

150 MeV (within SOBP region) 1.9 nm AuNP nanoprobes 1 mMol/L Not defined

Torrisi et al. (40) 2.0 MeV 5 nm AuNP 5.5 × 10 13 NPs/ml 1 week

Enferadi et al. (42) 200 MeV (within SOBP region) 1.8 nm conjugated AuNP 90 µg (45µg/ml) 24 h

Liu et al. (41) 3.0 MeV 6.1 ± 1.9 nm coated AuNP 500 µM (41) Not defined

present, definitive conclusions cannot be made regarding the
precise mechanism of nanoparticle entry in this study, but it
is most likely by endocytosis. As a proof of principle study on
the potential radiosensitization effect of AuNPs in PT, uncoated,
standard AuNPs were used in this work. TEM micrographs
show AuNPs update in the cytoplasm of cells (Figure 3B) and
some AuNP were even located close to the nuclear membrane
(Figure 3D, E). However, the specific type of endocytosis that

was responsible for the uptake in this study requires further
investigation (76). Since several studies demonstrated that larger
AuNPs exhibit lower in vitro cytotoxicity compared to smaller
AuNPs (up to 5 nm), this provided an additional motivation to
select AuNPs with a size of 50 nm (77–79). The cell proliferation
results showed no significant in vitro cytotoxic effects in CHO-K1
cells after an incubation period of 4 hours. The low cytotoxicity is
in line with previous observations for 50 nm AuNP sizes (77, 80).
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Even after 24 hours, there was only a minimal, non-significant
decrease in cell proliferation observed in this study. However, it
is also important to take into consideration that larger AuNPs
will result in an increased self-absorption resulting in a loss of the
desired dose enhancement effect (32). It is therefore important
to look for the ideal balance between the gain in enhancement
due to the greater gold mass and the self-absorption, which will
also depend on how the AuNPs cluster within tumor cells and the
incident proton energies. Furthermore, the charge of the AuNPs
could also influence the result, as findings by Goodman et al.
showed that positively charged AuNPs were cytotoxic whereas
a later study by the same group showed no cytotoxicity with
negatively charged AuNPs (81). The charge of the AuNPs in
this study was negative (−35.1mV), possibly protecting the cells
against cytotoxicity.

Several simulation studies have investigated the potential dose
enhancement effects of AuNPs in PT in silico. One of the first
studies came from Walzlein et al., who explored the possible
dose enhancement at nanoscale level with monoenergetic proton
beams at energies of clinical interest (82). The study reported
a relevant increase in local dose around the nanoparticle,
which was mainly attributable to the production of low-energy
electrons (including Auger cascades). The Auger cascades are
limited to a very short nanometer range around the nanoparticle
which limit the chance of interaction with the DNA. Even
though the Auger electrons do not always reach the DNA, their
effects are not negligible (83). A comprehensive overview of
Monte Carlo studies on proton interaction with NPs can be
found in (16, 17, 84). Alternative biological mechanisms for
the observed AuNP radiosensitization have been hypothesized
over the past few years, such as enhanced reactive oxygen
species (ROS) production (12, 85). This biological, instead of
physical enhancement effect has recently been supported by the
in-silico findings of Fuss et al. (83) and Peukert et al. (86).
Although physical effects are not entirely outside of the realm
of possibilities, their dose enhancement effects are localized. It
is therefore expected that biological pathways are more likely to
play a key role in the observed effects. The results in this study are
closest to the Monte Carlo study of Martinez-Rovira and Prezado
where 4 and 50 nm AuNPs were irradiated with several proton
beam configurations (87). While a dose enhancement of 1.7 was
observed for the 50 nmAuNPs, the local dose enhancement effect
was negligible when a more realistic beam configuration was
used with the source further away from the target. Again, this
illustrates that physical effects seem to play a minor role in the
amplification of the biological effect and confirms that biological
and chemical processes may be responsible for the enhanced
radiosensitization in biological studies.

A statistically significant decrease in cell survival was observed
between the CHO-K1 cells irradiated with protons in the absence
of AuNPs and the irradiated cells containing AuNPs (Figure 4).
This finding supports the radiosensitization effect described by
Abdul Rashid and co-workers, in which an SER50 of 2.64 was
reported (39). However, this is considerably higher than the
SER50 of 1.33 in this study. The SER10 in this study was only 1.11,
while the study of Enferadi et al. reported a very similar SER10

value of 1.17 for a high energy proton (200 MeV) beam, however,

very small AuNPs (1.8 nm) and amurine glioma cell line was used
for the colony survival analysis (42). The AF was also calculated
in this study, which is an illustration of the enhance proportion
of dead cells in cultures with and without AuNPs that have
been exposed to proton irradiation. The AF value reported by
Li et al. was approximately 30% at 2Gy using 10 nm AuNPs is
relativelyclose to the AF at 2Gy of 27.1% for 50 nm AuNPs in
our study, while Enferadi et al. report and AF at 2Gy of 17.7%
(37, 42). Enferadi et al. calculated their highest AF value of 70.4%
at 6Gy, while the AF value in our study was also highest at
6Gy in our study, but only 43.8% (42). However, it is important
to note that the differences in cell lines, incubation times and
AuNP size, will result in cell uptake variations as well as observed
radio-enhancement effects. In addition, the LET of the proton
beam varies significantly, which contributes to the discrepancies
in different in vitro studies. As outlined in Table 1, there is very
little consistency in the methodology of the in vitro studies that
are published so far.

As expected, proton irradiation induced an incremental
increase in MNi frequency with increasing depth along the
proton SOBP and reached a maximum at the distal fall-of
position (Figure 5). This is a direct consequence of the increase
in ionization density with depth along the SOBP, which is also
reflected in the increasing LET values in Figure 1. When cells
were exposed to both AuNPs and protons, greater levels of
chromosomal damage were observed at all positions compared
to proton irradiation in the absence of 50 nm AuNPs. This
effect did not increase gradually with LET which contradicts
the previous observations of Li et al., where a LET-dependent
radiosensitization was observed between 5 and 10 nm AuNPs
(37). However, findings in this study are in line with the recent
study of Fuss et al., who reported a lower efficiency of AuNP
radio-enhancement at low particle energies close to the track-end
(83). To date, no complete explanation for the LET dependence
is available. In the present study, the radiosensitization effect
of the AuNPs on chromosomal damage is highest at the
entrance plateau and proximal SOBP position (Figure 5), which
confirms this hypothesis. Despite the fact that this study was
only performed with one cell line and designed as a proof of
principle study, it presents the first in vitro results on the potential
LET dependence of the AuNP radiosensitization effect with a
proton beam of therapeutically relevant energy. The LET values
in the current study are similar to the LET values applied by
Schlathölter et al. to investigate the nanoscale damage of 3 nm
platinum (Z = 78) and 5 nm gadolinium (Z = 64) nanoparticles
using plasmid DNA probes with a proton energy of 150 MeV
(88). The LET values of 0.44 and 3.6 keV/µm were representing
the radiation quality at the entrance and the end of the proton
track respectively, which are close to the LET values used in the
current study of 0.90 keV/µm at the entrance plateau and 2.28–
3.81 keV/µm in the SOBP (Figure 1). The beam quality used in
the current study is closer to clinical practice than the high LET
values applied in studies with low-energy proton beams listed
in Table 1. While low-energy proton beams can be used as a
substitute of high-energy proton beams to study radiobiological
effects in the distal fall-off region, it is important to take
some differences into consideration. The momentum spread
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(or energy spread) of the incident beam from an accelerator
increases with the beam energy and is therefore significantly
larger for high-energy beams compared to low-energy beams.
The straggling of the protons near the distal edge of the beam
also increases significantly as the beam energy increases. As a
result of these two factors, the distal fall-off of a high-energy
proton beam is considerably wider compared to a low-energy
beam. Furthermore, due to these two factors, the proton energy
spectrum for a high-energy proton beam is expected to be
broader at a given relative position in the distal falloff, resulting
in a lower fluence-weighted LET for a high-energy proton beam
compared to a low-energy beam (89). Additionally, the secondary
radiation field of a low-energy proton beam (≤8 MeV) differs
from a high-energy proton beam since inelastic nuclear scattering
processes and non-elastic nuclear reaction channels are closed
at these lower energies. It was decided to perform the colony
survival experiments in the mid-SOBP position (position 3 in
Figure 1). Due to the weighted superposition of proton beams
to form a clinical SOBP, we consider this position with its
corresponding LET to be a representative location to mimic
tumor response.

While the radiation quality in this study is more applicable
to clinical practice, it is paramount to note some limitations
of the current proof-of-principle study. The use of untargeted
AuNPs could be a limitation, however this “passive targeting”
approach has been applied by other groups (90, 91). In clinical
practice, this principle is based on the enhanced permeability and
retention (EPR) effect, which is attributable to the leaky tumor
vasculature and doesn’t require a targeted delivery mechanism to
accumulate AuNPs in the tumor. However, there are constraints
to this approach, including arbitrary targeting and inefficient
dispersion in the tumor. Additionally, not all tumors exhibit the
EPR effect and the AuNP uptake seems to be cell type dependent,
while only one cell line was used in this proof-of-principle study
(63, 92). Therefore, active targeting by functionalizing the surface
of AuNPs with suitable tumor specific ligands that have a specific
affinity to interact with the tumor cells, might be a more advisable
approach to obtain higher intra-tumoral concentrations of
AuNPs in vivo (93). This is another limitation in the current
study, since the TEM images show only a very low number of
AuNPs which are localized in the cells. However, these AuNPs
are freely distributed and not localized in endosomes. According
to Lin et al., the AuNPs freely distributed in the cytoplasm can
result in a higher dose enhancement than those aggregated inside
the endosomes because of lower internal absorption of secondary
electrons in the AuNPs (42, 94).Provisional in silico results show
that AuNP shell coatings lead to a decreased electron yield,
which may not be beneficial to the improvement of RT in the
presence of AuNPs (85). A recent in vitro study of Klebowski
et al. described the radiation enhancement effect of bimetallic
gold-platinum nanocauliflowers, with a highly developed surface
area and average size of 66 nm, for the treatment of colon cancer
with PT (95). A clinical proton therapy system (IBA Proteus C-
235 cyclotron) with a beam energy of 225MeV was used for these
experiments, which showed a significant reduction in cancer cell
viability compared to normal cells. Another alternative approach
is the application of iron oxide nanoparticles (FeO NPs) as

radiosensitizers. Their systemic toxicity is lower than gold or
carbon nanomaterials, since they are efficiently degraded to
ferritin, which can be assimilated by the body (96). A previous
study of Kim et al. showed an inferior radiosensitizing efficacy
of FeO NPs compared to AuNPs in combination with protons.
However, recent study with magnetosomes showed increased
radiosensitization (43, 97). The radiosensitizing potential of
magnetosomes was obtained with both X-ray and PT, both in
vitro and in vivo (97). Unfortunately, the proton beam energy is
not defined in the paper, but the description points to a clinical
proton beam line (energy > 45 MeV).

In conclusion, this study confirms the radiosensitization
potential of AuNPs in PT, which may enhance the therapeutic
efficacy of PT as a cancer treatment modality. However,
more biological studies are needed to confirm the LET
independence that was observed in this study and to identify
the underlying biological and chemical mechanisms that
are responsible for the radiosensitization of larger (50 nm)
AuNPs in PT. Finally, the lack of conformity amongst
biological assessments makes it difficult to correctly
compare findings from different groups. Future studies
into this field require standardization, including more careful
consideration of the selection of AuNP size, concentration and
irradiation conditions.
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Introduction: TheraSphere® microspheres containing yttrium 90Y are among many

radioembolization agents used clinically to reduce liver tumor burden, and their effects

on cancer volume reduction are well-established. At the same time, concerns about off

target tissue injury often limit their use. Deeper investigation into tissue distribution and

long-term impact of these microspheres could inform us about additional ways to use

them in practice.

Methods: Healthy rat liver and rabbit liver tumor samples from animals treated with

TheraSpheres were sectioned and their elemental maps were generated by X-ray

fluorescence microscopy (XFM) at the Advanced Photon Source (APS) synchrotron at

Argonne National Laboratory (ANL).

Results: Elemental imaging allowed us to identify the presence and distribution of

TheraSpheres in animal tissues without the need for additional sample manipulation or

staining. Ionizing radiation produced by 90Y radioactive contaminants present in these

microspheres makes processing TheraSphere treated samples complex. Accumulation

of microspheres in macrophages was observed.

Conclusions: This is the first study that used XFM to evaluate the location

of microspheres and radionuclides in animal liver and tumor samples introduced

through radioembolization. XFM has shown promise in expanding our understanding

of radioembolization and could be used for investigation of human patient samples in

the future.

Keywords: radioembolization of liver malignancies, X-ray fluorescence microscopy, rabbit (Lagomorph), yttrium

90 microspheres, hepatocellular carcinoma

INTRODUCTION

Cancers affecting liver tissue are among themost difficult to treat, regardless of their origin. Primary
liver cancers account for more than 700,000 deaths per year worldwide and show an annual 2%
increase among causes of mortality over the last 13 years (1). As much as 70–90% of primary
liver cancer cases are attributed to hepatocellular carcinoma (HCC) (2). In cases when surgical
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resection is impossible, HCC treatments include the use of
“small molecules” such as sorafenib (3) or external beam
radiation such as stereotactic body radiotherapy (SBRT) (4).
While the liver blood supply is primarily venous, the HCC
blood supply is arterial (5) and this peculiarity allows use
of intra-arterial HCC therapies such as chemoembolization
and radioembolization (6–9). Each one of these treatments
also has its own set of possible complications. Sorafenib, for
example, can cause skin toxicity that is severe enough to
necessitate dose reduction or discontinuation of therapy (10).
Radiotoxicity can be an outcome of either external beam
radiotherapy or radioembolization and careful calculation of
allowable doses makes up a part of any treatment regimen
(6, 11). Despite the fact that radiopharmaceutical therapy is
generally considered effective for treatment of many types
of cancer (12), liver cancer radioembolization is discontinued
just prior to treatment in as many as one third of all
patients due to a variety of concerns (13). New approaches
for safer radioembolization or combination treatments are
needed. To this end, detailed evaluation in animal models
of liver cancer treatments needs to be developed beyond
current capabilities.

In order to investigate the feasibility of different treatment
combinations and approaches, the use of animal models is
extremely important for evaluation of radioembolization. Among
them, the rabbit VX2 liver cancer model is one of the most
valuable as the size of these animals permits use of diagnostic
and treatment approaches similar to those used in human
patients. Clinically used agents for chemoembolization (5) and
radioembolization (14) were explored in this model for a long
while. More recently, this model is used for testing of novel
therapeutic and diagnostic agents such as nanoparticles (15–
19) and targeted nanoparticles (20, 21), both alone and in
combination with radionuclides (22–24). VX2 cells are a rabbit
cell line, originally induced by cottontail rabbit papilloma virus
(25), that grows well in immunologically competent animals.
The tumors generated by VX2 implantation are well-vascularized
and, in liver, similar to HCC. We have used this animal model
for different types of studies for more than 15 years (14, 20,
23, 26–31). Over the same period, we have also worked on
introducing a unique imaging technique, x-ray fluorescence
microscopy (XFM), into pathology (20, 32–36). Although we
have previously used XFM to image liver VX2 samples (20), this
is the very first study where we have developed and implemented
necessary sample preparation techniques to process radioactive
tissue samples and make them suitable for XFM imaging. In
this work, we were able to identify individual TheraSpheres
used for radioembolization both by their silica and yttrium
content. At the same time, we could see the tissue and cell
outlines through their biological element content, as 2D features
in phosphorus, sulfur, iron, zinc etc. This approach has great
promise for evaluation of processes ongoing in tissues containing
radionuclides. Due to natural elemental content, XFM maps
of biological samples are analogous to images of hematoxylin-
and-eosin (H&E) stained samples, while radionuclides and
other inorganic materials present in tissues can be registered
and quantified.

METHODS

Animals
This study used New Zealand white rabbits weighing between 12
and 20 lbs, used as either donor rabbits or liver-cancer animals
(with VX2 tumors implanted into the liver under ultrasound
guidance). The institutional animal care and use committee of
Northwestern University approved all work in this study. As
mentioned in the introduction, our work with VX2 rabbits has
been extensive over the past 15 years, in different studies we
used VX2 tumor bearing rabbits for a wide variety of endpoints
(6, 14, 20, 23, 26–31).

VX2 cells, originally procured from National Cancer Institute
(NCI, Frederick, MD, USA) were injected in the hind limb of a
donor rabbit and allowed to grow for 3–4 weeks. Tumor growth
was checked by palpation and the donor animals were sacrificed
when the tumors reached 2–3 cm. These tumors were excised and
dissected, and the viable tumor tissue was then cut into small
sections and suspended in sterile Hank’s solution (Sigma).

Recipient liver cancer rabbits were anesthetized by
intramuscular injection of ketamine at 44 mg/kg and xylazine
3–5 mg/kg, and the rabbit was maintained under inhalational
isoflurane at 2–3% during the procedure. Rabbit’s abdomen
was shaved and a preliminary ultrasound (Mindray M7, Midray
Medical Intl Ltd.) was done with a L14-6S transducer. A
millimeter long incision in the skin above liver was done
under aseptic conditions and a coaxial introducer was inserted
into the liver under direct ultrasound guidance. Several small
tumor fragments were pushed through the introducer into
the liver and a final ultrasound was performed to assess for
complications including bleeding. The anesthetic was reversed
with yohimbine 0.5 mg/kg (Lloyd Laboratories). Meloxicam 0.2
mg/kg (Norbrook Laboratories Ltd., Newry, Northern Ireland)
was administered for pain. After tumor implantation procedure
the rabbits were monitored daily for pain, lethargy, appetite
and mobility. Two weeks after surgery, the tumor growth was
monitored using 7T magnetic resonance imaging. This work
followed procedures used routinely in the past (14, 26–31, 37).

Radioembolization
For these experiments we used clinical microspheres
TheraSphere R© (BTG Interventional Medicine) containing
yttrium 90Y. The beads were made of glass, 20–30µm in
diameter with specific gravity of 3.6 g/cc. The use of glass 90Y
microspheres for research was approved and monitored by the
Radiation Safety Office of the Northwestern University.

Rabbit treatments with microspheres were done in
animals with liver tumor growth confirmed by MRI imaging.
Microspheres were injected using a microcatheter (Renegade
HI-FLO, Boston Scientific) and microwire (Glidewire R© GT;
0.018", 180 cm) used under fluoroscopic guidance (OEC 9800
Plus mobile C-arm and vascular platform workstation, GE
Medical Systems) in order to approach the left hepatic artery via
celiac artery and femoral artery. Digital subtraction angiography
(Omnipaque, GE Healthcare) was used to identify the anatomy
and confirm the target treatment volume, native arterial flow, and
reflux. Radioembolization was done with 9mg of microspheres
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TABLE 1 | Administered activity (primarily 90Y, for additional explanation see

Table 2) on the day of animal treatment.

Animal Administered activity (Bq) Date

Rabbit 843382 80,586,899.58 10/25/15

Rabbit 827185 92,169,487.58 8/23/15

Rabbit 827186 69,696,624.87 8/23/15

Rabbit 762071 84,036,896.28 11/9/14

“Rat 21” 33,881,260.94 10/25/15

TABLE 2 | MDS Nordion measurement of by-products at 60 days post-calibration

for TheraSphere with Calibration dates after January 1, 2010.

Isotope Half-life Energy line(s) Average activity per unit mass

Days keV Bq/mg SD (n = 13)

Y-91 58.51 1,204.7 2,504 271

Y-88 106.65 898 895 64

Cr-51 27.7 320.1 78.9 9.1

Total for all other nuclides: 81 7.5

(∼1 GBq) per animal, followed by 30–40ml of sterile 0.9% saline
over 3–5min. Finally, the femoral artery was ligated and the
animals were maintained for 2–3 more weeks depending on
their health status. The rabbits were monitored daily for pain,
lethargy, appetite and mobility.

TheraSpheres treatments of healthy animals were done
with healthy Sprague-Dawley rats (Charles River Laboratories,
Wilmington, MA), 450–500 g of weight. Catheterization of
hepatic lobe in a rat required a surgical procedure where the
animal’s abdomen was opened, mesenteric venous drainage was
used to select the right portal vein and a catheter was used to
inject 9mg of TheraSpheres and 6–8ml of sterile 0.9% saline
over 1–2min. In this case partially decayed microspheres (day
5 after calibration to 1 GBq, corresponding to 0.2738GBq) were
used. Ligation was done after infusion, the bowel was returned
into the abdominal cavity, and the abdomen was closed in two
layers. Animals were monitored daily and sacrificed 2 months
after this procedure.

Administered activity on the day of animal treatment is
provided in Table 1. While activity indicated in Table 1 came
primarily from 90Y, several other radionuclides are also present in
TheraSpheres. Some of them have a significantly longer half-life
than 90Y (Table 2), and this generated additional concerns with
sample processing and handling.

Sample Preparation
At necropsy, the livers were separated into pieces suitable for
freezing in molds with optimum cutting temperature solution
(Tissue-Tek R© O.C.T. Compound, Sakura R© Finetek). Frozen
samples were stored in a −80◦C freezer and allowed to decay
before further use.

Samples for X-ray fluorescence microscopy were prepared
from livers of four rabbits (each with a VX2 tumor) and one rat,

(example of “radio-surgery”) treated with TheraSpheres. Seven-
micrometer-thick frozen tissue sections were prepared on a Leica
cryostat dedicated to work with radioactive samples, placed on
Ultralene membrane (SPEX Sample Prep, LLC, 15 Liberty St.,
Metuchen, NJ, USA) and allowed to air dry. Radioactivity of these
samples was followed with a hand-held Geiger counter in order
to monitor possible contamination during processing. Once
dried, these samples were positioned on an in-house 3D printed
PLA sample support, Ultralene membrane backing was glued
onto the PLA frame and trimmed. Samples were wrapped with
the Ultralene membrane and the entire assembly secured with
Kapton tape (Kapton Tape Com.) in order to prevent potential
radioactive contamination of X-ray fluorescence microscope.

X-Ray Fluorescence Microscopy
Elemental mapping was done at the Advanced Photon Source
Synchrotron at two different instruments: X-ray microprobe
at Sector 2, beamline station 2ID-E; and with the “large area
instrument” at the Sector 8 bending magnet beamline 8BM-B).
At the large area instrument, at the beamline station 8BMB, KB
mirror are used to obtain a 30 micron beam spot size for a
high throughput overview of elemental distribution in tissues.
Spectra were collected with a SII Vortex ME4 4-element silicon
drift detector (SII NanoTechnology USA, Northridge, CA). For
calibration we used thin film AXO standards (Applied X-ray
Optics, Dresden, Germany) and the peaks were deconvoluted
using MAPS software (38). Per pixel counts were converted to
elemental concentrations (µg/cm2). Hard X-rays energy of 21
and 15 keV were both used for scanning at 8BM-B station. While
K line of Y was imaged at 21 keV, scanning at 15 keV was
also used in order to increase yield of fluorescent signals from
biologically relevant elements. At this combination of energies all
elemental components of interest were detected by their K alpha
fluorescence. This included not only “native biological elements,”
but also silica—major component of glass microspheres and
yttrium itself.

For higher resolution scans at the Sector 2-ID-E samples were
raster-scanned with a beam focused to 0.3 micron using Fresnel
Zone Plates. At this station only hard X-rays of 21 keV were
used. Silicon drift energy dispersive detector positioned was used
to collect the fluorescence signal from samples, at 90◦ to the
incident beam. Per pixel elemental concentration was obtained
by comparison with the thin-film standards NBS-1832 and NBS-
1833 from the National Bureau of Standards (Gaithersburg, MD),
and the analysis was done using MAPS software (38) as detailed
in other studies (20, 34–36).

RESULTS

“Radio-Surgery” of Healthy Rat Liver
The distribution of TheraSpheres was investigated in four rabbit
VX2 liver cancer samples and a single rat with tumor free liver,
all exposed to TheraSpheres as a means of “radio-surgery” (see
Table 1). One additional rabbit treated with cold TheraSpheres
was included in the analysis (Supplementary Figure 1, obtained
at station 2-ID-E with X-ray energy of 21 keV). This sample
allowed us to see how much of the XFM yttrium signal can
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FIGURE 1 | Rat liver tissue elemental map obtained with 30 micron spot size scanning, X-ray energy 15 keV (Station 8BM-B). Elemental maps were obtained

simultaneously while sample was moved by rapid raster scanning (so called: “fly scans”) through the X-ray beam. Scale bar−2mm, color bar indicates elemental

quantity as represented by false colors, from black (no signal) to red (highest signal). Hematoxylin and eosin (H&E) staining of the same region in one of the adjacent

tissue sections is shown in the right-hand panel. White diamonds in Si and Y maps correspond to a TheraSpheres rich area; white circle indicates fibrotic area in Fe

map and H&E image. Orange rectangle in Fe image and black rectangle in H&E image correspond to areas shown in Figure 2 (due to imaging setup, in Figure 2

these areas are horizontally flipped).

FIGURE 2 | Elemental map of a detail of rat liver tissue obtained with 300 nanometer spot size (station 2ID-E), X-ray energy 21 keV. At this x-ray energy fluorescence

produced by yttrium overwhelms signals of most biological elements and the speres “appear in all elemental channels.” Elemental maps were obtained simultaneously

while sample was moved by rapid raster scanning (so called: “fly scans”) through the X-ray beam. Scale bar−200 microns, color bar indicates elemental quantity as

represented by false colors, from black (no signal) to red (highest signal). Elemental signal maxima in micrograms per cm square for different elements were: 804 for Si,

14.5 for S, 0.499 for Cu, 37.1 for Fe, 7.79 for Zn and 774 for Y. Hematoxylin and eosin staining of the same region in one of the adjacent tissue sections is shown in

the right hand panel; white arrow points to a TheraSphere. Please note that the same areas were scanned at lower magnification in Figure 1, as explained.

be ascribed to the “overflow” of the very strong Si signal.
In samples treated with cold and hot TheraSpheres Si signal
maxima were comparable (191 and 227 micrograms per square
centimeter) while signal maxima for artifact Y signal vs. true
Y signal differed 1,000-fold (0.56 vs. 515 micrograms per
square centimeter).

For sample prep for XFM, tissues were frozen in optimum
cutting temperature (O.C.T.), sectioned at 7 microns on a
cryostat and placed onto an Ultralene membrane to be scanned
by X ray fluorescence microscopy (XFM). XFM images of the
rat liver were obtained with different X-ray energies. We first

obtained a large overview image shown in Figure 1 with 15 keV
energy X-rays at 8BM-B beamline (30 micron spot size). The
XFM technique gives simultaneous maps for biological elements
P, S, Cl, K, Ca, Mn, Fe, Cu, Zn, as well as elements that make
the TheraSphere microparticles—Si and Y (in scans at 21 keV).
It should be noted that the sample area with the highest Si
signals (dots in red color which represents the highest signal) is
outlined by a white diamond. This region of the sample also has
the highest Fe signal. We have noticed in other tissue samples
that accumulation of fibroblasts (fibrosis) is associated with an
increase in iron accumulation. Fibrotic area in Fe signal and H&E
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images are outlined by white ovals. Weak staining in the necrotic
area of the H&E image corresponds with the development
of fibrosis in the same area of the sample. Subsequent high-
resolution imaging of the same sample at 21 keV energy was done
in a sub-area of this tissue, labeled in Figure 1 as described in the
Figure 1 legend.

A closer look into the same area (Figure 2) was obtained by
conducting XFM at the 2ID-E beamline where the sample was
scanned with a beam size of 300 nm and at an X-ray energy
of 21 keV (optimal for K alpha excitation of yttrium). Figure 2
shows a spread of microspheres (strong Si and Y signals of
clearly spherical, 20–30 micron beads) surrounding an area with
little iron and high sulfur signals, matching a region of necrotic
changes where cell debris and extracellular matrix create a dense
protein mesh (proteins are the major source of S in XFM images)
with gradually accumulating fibrosis (Fe rich signal outside of the
microsphere rich area). H&E image of the same sample region
in one of the subsequent tissue sections shows the appearance
of TheraSpreres in visible light images. Their identification is
difficult and depends mostly on the appearance of the spherical
shape itself.

In Figure 1 we can note that the microsphere rich area of the
sample has the occasional “spots” with concentrated Zn signal
that are independent from spots in Si and Y which correspond to
microspheres. A closer investigation of one such Zn high region
(Figure 3) has shown an accumulation of mostly “crushed”
microspheres (although at least one found in the upper middle
portion of the image retained its’ spherical shape). The ratio
of Zn and Fe in the same area of Figure 3 was an order of
magnitude greater than Zn and Fe concentration in the overall
region of microsphere spread (e.g., Figure 2). At the same time,
concentration of yttrium within this region was smaller than in
intact microspheres (Y maximum in Figure 2 in 774 vs. only
0.635 microgram per cm square in Figure 3). This suggests that
the zinc rich structure in Figure 3 is a macrophage that has
ingested several microspheres and damaged them structurally
which led to a decreased Y concentration compared to Y maxima
in intact microspheres.

Radioembolization of VX2 Tumors in
Rabbits
In rabbit liver embolization experiments, the same quantity of
miscrospheres (in terms of glass/silica content, although not with
respect to 90Y, see Table 1) was injected as in rats. Therefore,
much fewer microspheres were noted in rabbit liver samples
compared to rat liver (Figure 4). A “lacey-like” tissue consistency
of tumor tissue in rabbits was notable, elemental concentration
for chlorine was the greatest in the same region of the sample.
The most dynamic region of tumor growth and the region with
the best vasculature was found at the border between tumor
and healthy liver parenchyma. In this region of the tissue, the
concentration of iron was the highest as well as the concentration
of copper Cu. No comparative modulation of copper was seen in
rat liver tissue and it is possible that this increase in Cu is driven
by the presence of the tumor. It is known that Cu is one of the
elements that shows intense redistribution during angiogenesis

FIGURE 3 | A detail of rat liver tissue elemental map obtained with 300

nanometer spot size (station 2ID-E), X-ray energy 21 keV. Scale bar −100

microns, color bar indicates elemental quantity as represented by false colors,

from black (no signal) to red (highest signal). Signal maxima in micrograms per

cm square for different elements were: 125 for Si, 5.45 for S, 0.199 for Cu,

50.9 for Fe, 23.7 for Zn, and 0.635 for Y.

(39). Considering that VX2 tumors are hypervascular, it is
possible that increased Cu signal corresponds to the area of the
tissue with the most active growth of tumor blood vessels.

DISCUSSION AND CONCLUSIONS

Use of XFM in investigation of biological samples has
rapidly grown over the past decade with the development of
third generation synchrotrons with beamlines and endstations
dedicated to biological samples (34, 37, 40–45). While some of
these capacities existed at the Advanced Photon Source since
early 2,000 s, only recently could they be utilized for samples with
large areas of interest such as pathology samples. This possibility
opened after development of rapid scanning protocols and
introduction of new detectors. While these new developments
enabled tomographic imaging of single cells or whole small
organisms such as zebrafish embryos (46–49), they have also
allowed rapid screening of large sample areas. Today, the samples
as large as few centimeters can be imaged at sub-micrometer
resolution. In this work we used XFM to investigate animal
liver tissue samples and evaluate elemental distribution of native
biological elements as well as materials introduced into this organ
by injection of TheraSpheres, glass microspheres containing
radioactive 90Y for radioembolization and radio-lobectomy.

While different approaches can be used to follow distribution
of TheraSpheres in vivo (6, 14), these methods lack the resolution
necessary to establish micro-dosimetry in ex vivo samples. It is
conceivable that different patterns of TheraSphere distribution
could be correlated to different treatment outcomes. While
cytotoxicity is the primary reason for use of TheraSpheres,
it has been observed in some patient cases that the healthy
liver remnant may initiate liver regeneration after TheraSphere
treatment. If this type of beneficial development can be correlated
with specific TheraSphere distribution patterns, this could be
exploited to improve HCC care.
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FIGURE 4 | Rabbit liver with VX2 tumor necrotic region (left half of the sample) and VX2 viable part of the tumor (right-hand side of the sample). Elemental map was

obtained with 30 micron spot size scanning, at X-ray energy 15 keV (station 8BM-B). Scale bar−2mm, color bar indicates elemental quantity as represented by false

colors, from black (no signal) to red (highest signal). Hematoxylin and eosin staining of the same region in one of the adjacent tissue sections is shown in the right hand

panel.

In addition, by using XFM to evaluate TheraSphere
treated samples, it may be possible to monitor the process
of neoangiogenesis by focusing on Cu accumulation and
redistribution in viable regions of the tumor. This may be of
particular importance for investigation of HCC because of
its hypervascularity. In fact, tumor microvasculature density
can be used as a predictor of recurrence in surgically treated
patients (50). Because of HCC hypervascularity, therapies
that target neoangiogenesis have long been considered as a
good approach for treatment of HCC. For example, anti-
angiogenesis coupled with the antiproliferative drug sorafenib,
the current standard of care for HCC, inhibits the receptor
tyrosine kinases vascular endothelial growth factor receptor
2 (VEGFR-2), platelet-derived growth factor receptor-beta
1/2 (PDGFR-β), and the kinase RAF (51). Use of XFM for
screening of HCC samples would allow us to monitor the
response to sorafenib or other anti-angiogenesis treatments.
It should be noted that radioembolization is also often
used in combination with sorafenib (8, 52) therefore, XFM
investigation of HCC samples from such patients could be
doubly interesting.

Finally, investigation of radio-lobectomy by XFM was also
shown to be informative. Investigation of a liver sample from
a TheraSphere treated but otherwise healthy, rat demonstrates
elemental changes caused by necrosis and fibrotic changes in
this organ caused by the cytotoxic effect of TheraSpheres. In
addition, presence of broken microspheres leached from most of
the yttrium in the rat sample suggest that macrophages may be
capable of redistributing the TheraSpheres. In HCC treatment
such involvement of the macrophages would be detrimental
to therapy.

In conclusion, this is an early pilot study that established
operating procedures for imaging of highly radioactive

samples by XFM. Next, this work also documented that
tissue elemental mapping at different energies (15 and 21
keV) provides informative data both about the biological
elements and the TheraSpheres. Nevertheless, much more
work is still needed in order to fully develop procedures
for tomographic and high throughput imaging of these
samples. Some of the work could be done with samples
generated with cold TheraSpheres. For example, procedures
for tomographic imaging of samples that contained only
silica and approaches for precise quantification of silica
would support the work with samples generated from tissues
exposed to radioactive TheraSperes in the distant the past.
On the other hand, addition of complementary approaches
for imaging of radioactive samples such as use of high-
resolution beta-microimagers (e.g., from Biospace Lab) or 3D
autoradiography (53) would complement studies conducted with
fresh samples prepared soon after treatments with radiolabeled
TheraSpheres. In short—many possible avenues are opened
for continuation of these studies and deeper evaluation of
TheraSphere treatments.
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