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Editorial on the Research Topic

Multifaceted Approaches Combining Low or High LET Radiation and Pharmacological
Interventions in Cancer and Radioprotection: From Bench to Bedside

Radiotherapy (RT) using external or internal sources of ionizing radiation (IR) is a highly effective
treatment modality to treat various cancer types (1, 2). Currently about half of all cancer patients
receive RT during their lifetime often resulting in an overall increase in survival (3, 4). External
beam radiotherapy (EBRT) mainly treat tumors employing photon (X-rays) or ion beams (proton
and heavy ions) to the tumor tissue and are usually generated by a linear accelerator or cyclotron
respectively, while brachytherapy (internal RT) uses internally implanted IR sources such as seeds,
or capsules inside or in the close vicinity of the tumor tissue. Photon and electron beams based
treatment modalities are still the most widely used form of EBRT, however, due to the high linear
energy transfer (LET) characteristics protons and heavy ion radiation [such as Carbon (12C) ion]
have been demonstrated to deposit relatively higher IR-dose specifically to the tumor region.
Therefore, EBRT using protons and heavy-ions allows achieving greater normal tissue sparing,
relative to photon beams (Malouff et al.) (5). While the technological developments related to
treatment planning, image-guided beam delivery, bio-dosimetry to improve photon, proton, and
heavy-ion EBRT is ongoing, identification of targetable IR-induced signaling pathways and
development of pharmacological radio-modifiers (radiosensitizer and radioprotectors) are also
required for further advancement of RT (5, 6). This special interdisciplinary issue presents research
and review papers that touch upon biophysical, biological, and clinical aspects of RT.

RT-associated side effects are often associated with errors in bio-dosimetry, dose distribution
patterns and individual sensitivity to develop acute and late tissue toxicity. Scattered particles and
secondary neutrons may affect bio-dosimetry resulting in unexpected side effects after proton
March 2022 | Volume 12 | Article 88060715
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radiotherapy (PRT) and 12C-ion radiotherapy (7). The study by
Horendeck et al. confirmed that the Bragg peak and slightly
shorter range of the post-Bragg peak region of proton radiation
contain relatively high LET. This finding may explain the
unwanted side effects, that could be improved using a
narrower spread-out Bragg peak (SOBP). Additionally, the
report by Buglewicz et al. demonstrates that DNA double-
strand breaks (DSBs) density increases with a decrease in cell
survival at the Bragg peak. Further, they demonstrate differential
changes in the DSB in the post-Bragg peak tail regions, which has
implications in 12C-ion radiotherapy (CIRT) treatment planning
to limit its late normal tissue toxicity and risk of
secondary cancers.

RT with adjuvant chemotherapeutic agents is an established
and classical approach for cancer therapy, however, an optimal
combination of RT and targeted molecular therapy (including
immunotherapy) is still not widely used (8, 9). A case report by
Zhang suggests that a combination of RT and tyrosine kinase
inhibitors (TKI) might be optimal in patients with brain
metastasis of non-small-cell lung cancer (NSCLC) after
resistance to crizotinib. Therefore, a detailed understanding of
differential molecular responses in tumor and normal tissue after
IR and molecular therapy is important for plausible target
identification. The study by Macaeva et. al. demonstrated
variable amplitude and timing of transcription response after
photon and particle irradiation. A similar p53 related
transcriptome was observed after photon and particle
irradiation, however, immune response associated gene sets
were significantly up-regulated in response to heavy ions. This
indicates a higher immunogenic response of heavy ions and
therefore optimization of PRT and immunotherapy combination
might be required for better therapeutic outcomes. A review
paper by Elbanna et. al. provides the perspective on clinical and
preclinical aspects of combined RT and molecular therapy,
however, most have failed primarily due to the lack of robust
preclinical data. Additionally, timing and selection of molecular
therapy with IR could also affect the outcome. While IR in the
combination with immunotherapy could offer better control of
the metastatic disease, and developing these combinations are
often challenging due to discrepancies in the in vitro, in vivo, and
clinical findings. The study by Reppigen et al. emphasizes such
discrepancies between in vitro and in vivo studies, where despite
promising in vitro data, no synergistic effect of cabozantinib and
IR was evident.

Despite the higher relative biological effectiveness (RBE) of
PRT and CIRT for tumor cell killing, radiosensitizers are
required to enhance their clinical efficacy (6). The study by
Johnson et al. tested the radiosensitization effect of
hydroxamate-based histone deacetylase inhibitors (HDACi)
and found that unlike radiosensitization observed with photon
radiation, no appreciable tumor cell radiosensitization was
achieved after proton and heavy-ions. Therefore, generalization
of the widely used radiosensitizers with photons may not be
appropriate for proton and heavy-ion therapy. In pursuit of the
development of heavy-ion specific radiosensitizer, Prabhakaran
et. al. studied the effects of 12C-ion in combination with fused
Frontiers in Oncology | www.frontiersin.org 26
toes homolog (FTS) silencing on uterine cervical cancer cells.
The 12C-ion-induced overexpression of Notch signaling
molecules was attenuated after silencing of FTS leading to an
enhanced radiosensitization of the cervical cancer cells.

The recurrence of radioresistant tumors is also believed as one
of the major factors restricting the efficacy and success of RT and
some tumors respond poorly to conventional treatments after
developing radioresistant phenotype (10). While several
mechanisms implicated in the development of tumor
radioresistance have been identified, the variation among
tumor cell types is still a concern. In this direction, Yang et. al.
have demonstrated that cancer-IgG regulated PI3K/AKT/DNA-
PKcs signaling is associated with the development of
radioresistance and poor prognosis of the lung. Using the
siRNA screening approach, Nickson et. al. identified ubiquitin-
specific protease 9X (USP9X) is required to stabilize key proteins
involved in centrosome formation particularly in response to
high-LET protons. They further demonstrated that the depletion
of the (USP9X) in cancer cells (HeLa and UMSCC74A cells)
using small interfering RNA (siRNA), led to a significant increase
in the cell killing after high-LET radiation which can potentially
increase the efficacy of protons and other high LET ions in
treatment of radioresistant tumors.

Acute and late radiation toxicity is a typical adverse reaction
in patients treated with RT or RT combined with chemotherapy
(11), and there are no FDA-approved therapies to prevent or
mitigate acute and late radiation toxicity after RT. The paper by
Garcıá et. al. demonstrates that administration of recombinant
Wnt5a before irradiation could confer radioprotection to normal
gastrointestinal tissues. Additionally, using IR exposed mice,
Sanguri and Gupta demonstrated gastrointestinal and
hematopoietic tissue radioprotection by prebiotic mannan
oligosaccharide pretreatment. Furthermore, using a 5-year
phase-2 clinical survival study, Zhu et al., demonstrated
epigallocatechin-3-Gallate as a potential treatment to alleviate
esophagitis symptoms in small cell lung cancer patients exposed
to IR without reducing survival.

Cancer is expected to continue threatening human life, as the
number of new cancer diagnoses per year is expected to rise and
RT is expected to be indispensable for cancer treatment. While
EBRT is the mainstay for cancer RT, brachytherapy is still used
to treat a subset of breast, prostate, cervix, and head and neck
cancers. A review paper by Seniwal et al. provided an account of
recent developments associated with the nanotechnology-based
approach to improving brachytherapy. This paper also discusses
the dosimetry protocols for nano-brachytherapy applications
using radiolabeled nanoparticles (radio-NPs).

Finally, we appreciate the diverse participation from all the
authors who responded to our call for this interdisciplinary issue
and also extend our thanks to the esteemed reviewers who
invested their valuable time to review the submitted
manuscripts. We hope that this Research Topic will serve its
intended purpose to give visibility and insight through important
findings and ideas for the improvement of RT. We also hope that
this Research Topic will gather attention from both basic
radiobiologists and radiation oncologists.
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7 Department of Radiation Oncology, National Clinical Research Center for Respiratory Diseases, Beijing, China, 8 Department
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Diseases Prevention, Beijing, China, 9 Department of Pathology, China-Japan Friendship Hospital, Beijing, China,
10 Department of Immunology, School of Basic Medical Sciences, Peking University, Beijing, China, 11 Peking University
Center for Human Disease Genomics, Beijing, China

Background: Lung adenocarcinoma (LUAD) is the dominant type of lung neoplasms,
and radiotherapy is its mainstay treatment, yet poor prognosis caused by radioresistance
remains problematic. Cancer-derived immunoglobulin G (cancer-IgG) has been detected
in multiple cancers and plays important roles in carcinogenesis. This study aimed to
demonstrate that cancer-IgG is associated with poor prognosis of LUAD and to identify its
role in radioresistance.

Methods: Cancer-IgG expression was detected by immunohistochemistry from 56
patients with stage III LUAD and by western blot and immunofluorescence in LUAD cell
lines and in a human bronchial epithelial cell line. The effects of cancer-IgG silencing on the
proliferation and apoptosis of PC9 and H292 cells were evaluated by plate cloning and
apoptosis assay; the effects of cancer-IgG silencing on DNA damage repair ability and
radiosensitivity were evaluated by colony-forming assay, gH2AX immunofluorescence,
and neutral comet assay. Finally, we used the protein phosphorylation microarray and
western blot to explore mechanisms involving cancer-IgG that increased radioresistance.

Results: Cancer-IgG is widely expressed in stage III LUAD, and the overall survival and
disease-free survival of patients with positive expression are notably lower than those of
patients with negative expression, indicating the associations between cancer-IgG and
poor prognosis as well as radioresistance. The expression of cancer-IgG in the four LUAD
cell lines was located mainly on the cell membrane and cytoplasm and not in the normal
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lung epithelial cell. Knockdown of cancer-IgG in PC9 and H292 cells resulted in increased
apoptosis and negatively affected cancer cell proliferation. After irradiation, silencing of
cancer-IgG showed a decrease in colonies as well as increases in the Olive tail moment
and gH2AX foci in nucleus, indicating that the knockdown of cancer-IgG resulted in a
decrease in the damage repair ability of DNA double-strand breaks in LUAD cells and an
enhanced radiosensitivity. The expression of p-AKT, p-GSK3b, and p-DNA-PKcs
decreased in the knockdown group after radiotherapy, suggesting that cancer-IgG
could affect radiotherapy resistance by mediating double-strand breaks damage repair
in LUAD cells through the PI3K/AKT/DNA-PKcs pathway.

Conclusions: This study revealed that cancer-IgG regulates PI3K/AKT/DNA-PKcs
signaling pathways to affect radioresistance of LUAD and associated with poor prognosis.
Keywords: cancer-IgG, lung adenocarcinoma, radioresistance, PI3K/AKT/DNA-PKcs pathway, RP215
INTRODUCTION

Lung cancer represents the highest cancer incidence and remains
the leading cause of cancer mortality worldwide (1). More than
85% of patients with lung cancer are pathologically diagnosed as
having non-small cell lung cancer (NSCLC); accounting for
approximately 50% of NSCLC, lung adenocarcinoma (LUAD)
is the most commonly histological subtype of NSCLC (2). The
clinical application of radiation for cancer therapeutic purposes
began when x-ray was discovered by a German physicist,
Roentgen, in 1895, and radiation has now become one of the
major approaches of malignant tumor treatment after centuries
of technological and equipment-related progression (3). Many
large-scale clinical studies conducted in recent years involving
patients with NSCLC (including LUAD) confirmed the survival
time and quality-of-life improvements gained as a result of
radiotherapy, and these results consequently contributed to the
definition of radiotherapy as a standard therapy for NSCLC
(4–6). However, local recurrence, as well as poor prognosis of
patients resulting from radioresistance observed in tumor cells,
has now become a major factor restricting the efficacy and
additional development of radiotherapy; the 5-year survival
rate of NSCLC remains less than 30% (7). Consequently,
clarification about the mechanism of radioresistance in LUAD
is urgently needed, and a novel theory of radiosensitization must
be established to improve the survival of patients.

Qiu confirmed that epithelial tumors can produce
immunoglobulin G and so established a new field of research
into cancer-derived immunoglobulin G (cancer-IgG) (8).
Cancer-IgG has been confirmed in a variety of tumors and is
associated with poor prognosis (9–14). The discovery of the
monoclonal antibody RP215, which specifically recognizes
epitopes in the cancer-IgG heavy chain, has accelerated
research about cancer-IgG (15). RP215-recognizable cancer-
IgG interacts with integrin a6b4 to promote oncogenic
activities of lung squamous cell carcinomas via activation of
FAK and Src signaling (11). A recent study found that cancer-
IgG can be secreted into the tumor microenvironment and can
bind to sialic acid–binding immunoglobulin-type lectins of
29
CD4+ and CD8+ effector T cells to directly inhibit the
proliferation of CD4+ and CD8+ T cells and significantly
promote tumor growth (16). Interestingly, our studies
demonstrated that cancer-IgG can affect the radiosensitivity of
tumors; we hypothesized that cancer-IgG can participate in
irradiation-induced DNA double-strand breaks (DSBs) repair,
which is considered a critical factor for LUAD radioresistance.

Several mechanisms of radioresistance involving cancer stem
cells, apoptosis, reactive oxygen species, and DNA damage repair
have been reported (17). DSBs caused by radiation in tumor cells
are mainly repaired via nonhomologous end joining (NHEJ) and
homologous recombination pathways, and repair by NHEJ is
dominant throughout the cell cycle (18). DNA-dependent
protein kinase (DNA-PK) is a key participant in DNA damage
response and is instrumental in the NHEJ pathway, which serves
to detect and repair DSBs. Inhibition of DNA-PK has resulted in
an observable increase in tumor radiosensitivity (19). As a key
complement of DNA-PK, phosphorylation of DNA-PK catalytic
subunit (DNA-PKcs) is regulated by the PI3K/AKT pathway,
which suggests that specific inhibition of DNA-PKcs–dependent
DSBs repair via an AKT target can lead to an increase in the
radiosensitivity of tumor cells (20). Gao et al. (21) demonstrated
that bevacizumab directly inhibits the phosphorylation of
VEGR2/PI3K/AKT/DNA-PKcs signaling components in
endothelial cells induced by irradiation to inhibit endothelial
DSB repair and increases the radiosensitivity of xenograft tumors
in NSCLC. However, the effect of cancer-IgG on the
radioresistance of LUAD cells has not been determined. In this
study, we aimed to demonstrate that cancer-IgG is associated
with the prognosis of patients with LUAD and examine its role
in radioresistance.
MATERIAL AND METHODS

Collection and Processing of
Clinical Specimens
The tumor tissue of 56 patients with LUAD admitted to the
Peking University Cancer Hospital from October 2008 to
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https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Yang et al. Cancer-IgG Promotes LUAD Radioresistance
January 2017 were collected. Their basic information was
recorded, including age, gender, cigarette smoking history,
disease stage, T classification, N classification, primary lesion
diameter, visceral pleura invasion, vascular tumor thrombus,
cancer-IgG expression, and disease-free survival (DFS), which
was defined as the time from radical operation to disease
recurrence. Patients who were alive without recurrence or lost
to follow-up had their data censored at last available assessment.
Patients who died from other causes without prior recurrence
had their data censored at the date of death. Overall survival (OS)
was defined as the date from preparation for treatment to the
date of death from any cause or to the time of the last follow-up.
All patients with LUAD had undergone radical operation and
postoperative radiotherapy plus four cycles of chemotherapy; the
radiation dose was 50 Gy in 25 fractions to the clinical target
volume. All procedures were approved by the institutional
review board.

Cell Culture and Transfection
The human tracheal epithelial cell line (BEAS-2B) and the LUAD
cell lines H292 and A549 were purchased from the National
Biomedical Laboratory Cell Resource Bank. The LUAD cell lines
H1299 and PC9 were obtained from the radiation department of
the Peking University Cancer Hospital (Beijing, China). The
H292, PC9, and H1299 lines were cultured in RPMI-1640
(Hyclone) with 10% fetal bovine serum (FBS) (Gibco), whereas
the BEAS-2B and A549 cell lines were cultured in DMEM
(Hyclone) with 10% FBS at 37°C in a humidified atmosphere
of 95% O2 and 5% CO2. SiRNAs against the constant region of
the Ig g−chain (siRNA1, 5′−GGU GGA CAA GAC AGU UGAG
−3′; and siRNA2, 5′−AGU GCA AGG UCU CCA ACAA−3′)
and the non-silencing control RNA (scramble, 5′−UUC UCC
GAA CGU GUC ACGU−3′) were produced by Suzhou
GenePharma Co., Ltd. The siRNAs and scramble-RNA were
transfected into the PC9 and H292 lines for 48 hours using
lipofectamine 3000 (Thermo Fisher Scientific) and then were
harvested according to the manufacturer’s protocol.

The pGCSIL-GFP- target short hairpin RNA (shRNA)
lentiviral vectors (pGCSIL is a lentiviral vector) were
purchased from Shanghai GeneChem Co., Ltd, and the shRNA
sequences were the same as the siRNA2 sequences (5′−AGU
GCA AGG UCU CCA ACAA−3′); the scramble shRNA
sequences were the same as the non-silencing control RNA
sequence (5′−UUC UCC GAA CGU GUC ACGU−3′). The
shRNAs were transferred with polybrene (10 mg/mL; Sigma)
into PC9 and H292 cells according to the shRNA product
manual. Stable cells were screened with GFP fluorescence and
puromycin (2 µg/mL). The knockdown efficiency of cancer-IgG
was verified by western blot.

Immunohistochemistry and Scoring
RP215 was provided by professor Xiaoyan Qiu of Peking
University. We performed the experiment according to the
procedure previously described for immunohistochemistry
staining and cancer-IgG staining scores calculation (22). The
score for RP215 staining was described as negative when the
score was 0 to 3 and as positive when the score was 4 to 12.
Frontiers in Oncology | www.frontiersin.org 310
Immunofluorescence
Cells were grown on coverslips in four-well slides (Millicell EZ).
The coverslips were fixed with 95% ethanol and permeabilized in
0.1% Triton X-100. Cells were blocked goat serum (ZLI-9056;
ZSGB-Bio) and then incubated with RP215 or gH2AX (#80312;
CST) antibody. After incubation with a secondary antibody for
1 h, the samples were counterstained with DAPI and imaged by a
confocal microscope (Leica, Germany).

Irradiation
PC9 and H292 cells were selected for radiation in the logarithmic
growth phase, with the following x-ray irradiator (Varian)
parameters: 6 MV x-ray energy and a dose rate of 4 Gy/min.
After setting the dose according to the purpose, we placed the cell
culture dish on a horizontal bed at a distance of 100 cm from the
radiation source to the cell and covered it with a 1.5-cm-thick
imitation human tissue pad. According to the International
Atomic Energy Agency TRS-398 Code of Practice, a calibrated
ionization chamber dosimeter was used for radiation
dose verification.

Cell Proliferation Assay
PC9 and H292 cells transfected with the siRNAs and scramble-
RNA were cultured in six-well plates with approximately 300
cells/well and were incubated for 14 days. We discarded the
medium in the six-well plates and washed with phosphate-
buffered saline solution three times, adding 2 mL of 4%
paraformaldehyde to each well and fixing them for 15 min at
r oom t empe r a t u r e . Then , we d i s c a rd ed t h e 4%
paraformaldehyde and added 2 mL of crystal violet working
solution (DZ0056; Leagene) to each well for staining at room
temperature for 30 min, slowly washing away the excess staining
solution with running water and drying at room temperature. A
colony was considered surviving when 50 or more cells
were counted.

Cell Apoptosis: Flow Cytometry Analysis
PC9 and H292 cells transfected with the siRNAs and scramble-
RNA were cultured in six-well plates and incubated for 24 h; the
cells were harvested and then incubated with FITC-annexin V
and 7-AAD/PI staining buffer (KGA1030-50; KeyGen Biotech)
at room temperature for 15 min. Cell apoptosis was measured
with a FACS Calibur flow cytometer (BD Biosciences). Data
analysis was performed with FlowJo software (Tree Star). FITC-
annexin V– and PI-negative cells were considered viable; FITC-
annexin V–positive and PI-negative cells represented early
apoptosis cells; and FITC-annexin V– and PI-positive cells
corresponded to late apoptosis or already dead cells.

Colony-Forming Assay
After spreading the cells in a six-well plate for 24 hours, irradiate
them with 0, 2, 4, 6 or 8 Gy. The subsequent steps matched those
of section 2.6. The formula for the cell colony-forming rate and
the cell survival score of each group is as follows: colony-forming
rate plating efficiency (PE) = number of clones formed by cells
after irradiation ÷ number of inoculated cells in this group. The
cell survival fraction = PE of a certain dose irradiation group ÷
June 2021 | Volume 11 | Article 675397
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PE of the group with 0-Gy irradiation. The survival curve was
graphed according to the survival fraction and dose in GraphPad
Prism software.

Neutral Comet Assay
This assay was carried out using a Trevigen kit according to the
manufacturer’s instructions. Briefly, PC9 and H292 cells were
resuspended and collected after 3 h of 2/4-Gy irradiation. The
concentration of 2×105/mL cell suspension and low-melting-
point agarose were mixed evenly according to the volume ratio
of 1:10, and then 50 µL of the mixture was dropped into the
slice hole. The solidified slices with neutral electrophoresis
buffer were electrophoresis at 21V voltage for 45 min and
then were dried and stained with PI. Take the image under
the fluorescence microscope, download the Comet Assay
Software Project (CASP) to analyze the Olive tail moment of
the cell, select the comet image to be analyzed with the check
box, click the analysis function key and save. The main curve of
the analysis curve is unimodal, and if it is bimodal, apoptotic
cells are excluded. The distribution of DNA migration distance
(comet tail length) and DNA content (fluorescence intensity)
are linearly related to the degree of DNA damage. Olive tail
moment is defined as: the product of tail DNA content and tail
length, which is the main index to evaluate the degree of DNA
damage in a single cell.

Protein Phosphorylation
Microarray Analysis
The Phospho Explorer Antibody Microarray was conducted
by Full Moon BioSystems (Sunnyvale, CA). Whole-cell lysates
from H292-sh-scramble and H292-sh-cancer-IgG treated with
6-Gy irradiation were harvested using a protein extraction buffer
(Full Moon BioSystems). The protein microarray experiment
was performed by Wayen Biotechnology (Shanghai, China)
according to their established protocol. The fluorescence signal
of each antibody was obtained from the fluorescence intensity
of this antibody spot. A ratio computation was used to measure
the extent of protein phosphorylation. The phosphorylation
ratio was calculated as follows: phosphorylation ratio =
phospho value ÷ unphospho value.

Western Blot
Whole-cell lysates were prepared using a RIPA lysis buffer,
supplemented with complete EDTA-free protease inhibitor
mixtures and phosphatase inhibitors (Roche Diagnostics).
Protein samples were separated on SDS-polyacrylamide gels. For
western blot, separated proteins were transferred into PVDF
membranes (Thermo Fisher). The membranes were incubated
overnight at 4°C with primary antibodies and then incubated with
a corresponding secondary antibody for 1 h at room temperature,
when membranes were detected with an enhanced
chemiluminescence reaction kit (Thermo Scientific Pierce). The
primary antibodies were as follows: DNA-PKcs (ab102970,
Abcam), p-DNA-PKcs (ab103970, Abcam), AKT (#4691, CST),
p-AKT (#4060, CST), GSK3b (#12456, CST), p-GSK3b (#9323,
CST), RP215, and GAPDH (HX1828, HuaxingBio).
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Statistical Analyses
The Kaplan-Meier method was used to analyze the correlation
between cancer-IgG and OS or DFS. The survival curves were
compared using a log-rank test. Univariate and multivariate Cox
regression analysis evaluated the cancer-IgG significantly related
to OS or DFS according to P values < 0.05. Cancer-IgG and
clinicopathological features was carried out with a c2 test. Data
were presented as mean ± standard deviation. Student’s t test was
used for the comparison between two groups. P values < 0.05
were considered statistically significant. All statistical evaluations
were performed with SPSS version. 20.0.
RESULTS

Cancer-IgG Had High Expression in LUAD
and Was Associated With Poor Prognosis
Clinical data and pathological slides were collected from 56
patients with stage III LUAD for analysis of cancer-IgG
expression by immunohistochemistry staining; 21 were positive
and 35 were negative for cancer-IgG. Cancer-IgG is mostly
located in the endoplasm and cell membrane (Figure 1A). The
relationship between cancer-IgG expression and pathological
characteristics of LUAD was analyzed (Table 1). Results
showed that the expression of cancer-IgG was approximately
correlated with N classification (P = 0.093) and vascular tumor
thrombus (P = 0.069), suggesting that cancer-IgG may correlate
with tumor metastasis. Such a conclusion matched that of our
past analysis of cancer-IgG expression in NSCLC that involved
data mining and tissue microarray (23).

Studies on cancer-IgG expression level and the survival
prognosis for patients have shown that cancer-IgG expression
significantly correlates with survival time. Kaplan-Meier analysis
(P = 0.015, log-rank test; Figure 1B) and univariate/multivariate
Cox regression analyses (Figures 1C, D) have shown that
patients with positive cancer-IgG expression have poor
prognoses and that positive expression of cancer-IgG could
serve as an independent risk factor for OS. DFS refers to the
period of time from radical operation to progress of disease,
highlighting the efficacy of adjuvant radiotherapy and
chemotherapy. The significant difference (P = 0.012, log-rank
test; Figure 1E) of DFS among patients with different cancer-IgG
expressions suggests a potential association between cancer-IgG
expression and radioresistance. A significant difference in DFS
between expression levels was found through univariate/
multivariate Cox regression analyses (Figures 1F, G),
indicating that cancer-IgG could be an independent risk factor
for the prognosis of patients with stage III LUAD and could be
associated with radiosensitivity.

Cancer-IgG Knockdown Suppresses
LUAD Progression
Many studies have explored the expression of cancer-IgG in lung
cancer (11, 12, 23). We observed the expression and location of
cancer-IgG in a variety of LUAD cell lines and in normal lung
epithelial cells (Figures 2A, B), confirming the existence of
June 2021 | Volume 11 | Article 675397
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cancer-IgG in multiple LUAD cell lines (highest in PC9 and
H292 and negative in BEAS-2B), mainly located in the
endoplasm and cell membrane (consistent with previous
immunohistochemistry results). By constructing siRNA that
targets the IGHG1 (immunoglobulin heavy constant gamma 1)
gene, we performed cancer-IgG knockdown within PC9 and
H292 cells; siRNA2 presented to be more efficient (Figure 2C).

A plating cloning assay was performed to evaluate cell viability
and identified significant inhibition of PC9 and H292 cell
proliferation as the expression of cancer-IgG was suppressed
(Figure 2D). According to the result of a flow cyto-apoptosis
assay, the ratio of cells undergoing apoptosis after cancer-IgG
knockdown increased significantly, which indicated that cancer-
IgG knockdown significantly promoted apoptosis of PC9 and
H292 cells (Figure 2E). Taken together, our results suggest that
reduced cancer-IgG expression attenuates LUAD cell proliferation
and promotes apoptosis to prevent LUAD progression.

Cancer-IgG Silencing Attenuates LUAD
Resistance to Radiation Therapy
Radiation is one of the major therapeutic measures for LUAD.
High-energy x-rays induce irreversible damage to the DNA of
tumor cells, which cannot be repaired in time, and thus cause
tumor cell death (24). To investigate whether cancer-IgG plays a
role in the damage and repair process caused by radiation within
Frontiers in Oncology | www.frontiersin.org 512
LUAD cells and consequently affects radiosensitivity, the cancer-
IgG in PC9 and H292 cells was first knocked down by lentivirus
(Figure 3A). Then, the colony-forming test was conducted under
irradiation with different radiation doses (0, 2, 4, 6, and 8 Gy).
The number of colonies in the cancer-IgG knockdown group was
significantly reduced. The cell survival curve was simulated by
the single-hit multi-target model, which showed that the
sensitivity of the cancer-IgG knockdown group to radiotherapy
was enhanced (Figure 3B).

Next, the gH2AX foci formation assay and neutral comet
assay, considered critical for evaluating DNA damage process,
were performed. As shown in Figure 4A, the number of gH2AX
foci in nucleus increased 1 h after 4 Gy per fraction of irradiation
in the cancer-IgG knockdown group, and the Olive tail moment
was observed to have a significant increase 3 h after that
irradiation (Figure 4B). In addition, under 2Gy irradiation, the
results of the comet assay are consistent with the previous results
(Figure 4C). The results indicated that cancer-IgG regulates the
DSB damage repair process caused by radiotherapy, and cancer-
IgG silencing attenuates LUAD resistance to radiation therapy.

Cancer-IgG Mediates Radioresistance to
LUAD via PI3K/AKT/DNA-PKcs Pathway
H292 sh-scramble and sh-cancer-IgG cells were irradiated with 6
Gy. After 6 h, the total protein was extracted for phosphorylation
A

B D

E F G

C

FIGURE 1 | The relationship between the expression of cancer-derived immunoglobulin G (cancer-IgG) and survival outcome in 56 patients with stage III lung
adenocarcinoma (LUAD). (A) Different expression levels of cancer-IgG in LUAD tissue sections. Scale bar, 100 mm. (B) Kaplan-Meier analysis of the overall survival
(OS) between positive and negative cancer-IgG expression groups. (C, D) Univariate and multivariate analyses using a Cox proportional hazards model for the OS of
patients with LUAD. (E) Kaplan-Meier analysis of the disease-free survival (DFS) between positive and negative cancer-IgG expression groups. (F, G) Univariate and
multivariate analyses using a Cox proportional hazards model for the DFS of patients with LUAD. Age; gender: 0 (female), 1 (male); T: 1, 2, 3, 4; N:1, 2, 3; primary
lesion diameter (PLD): 0 (< 4 cm), 1 (≥ 4 cm or double lesions); cigarette smoking history (CSH): 0 (never), 1 (former or current); visceral pleura invasion (VPI): 0 (no),
1 (yes); vascular tumor thrombus (VTT): 0 (no), 1 (yes); cancer-IgG: 0 (negative expression), 1 (positive expression).
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protein microarray analysis, which found that AKT and GSK3b
protein phosphorylation ratios in the sh-cancer-IgG group were
reduced and that Bcl-2, BAD, caspase 3, caspase 9, and BAX
apoptosis-related proteins increased (Figure 5A). The results
indicated that cancer-IgG knockdown under irradiation leads to
inhibition of the PI3K/AKT pathway and increases apoptosis in
LUAD cells. Furthermore, western blot analysis on PC9 and H292
cells showed that cancer-IgGknockdownunder irradiationdid not
affect the expression of AKT, GSK3b, or DNA-PKcs proteins.
However, the expression of p-AKT and p-GSK3b decreased; this
result was consistent with that of the phosphorylation protein
microarray analysis. p-DNA-PKcs, a core component in theNHEJ
pathway for the DSB damage repair process, is phosphorylated
under cellular stress and assembled into DNA-PK with Ku70 and
Ku80 heterodimers to participate in the repair process of DSBs;
they also cascade to amplify repair signals and recruit more sensor
proteins to repair sites to promote repair (25). The results showed
that expression of the p-DNA-PKcs protein in LUAD cells
increased after radiation. Knockdown of cancer-IgG inhibited
the expression of the p-DNA-PKcs protein (Figure 5B),
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suggesting that the damage repair ability of DSBs in LUAD cells
decreased, and radiotherapy resistance was downregulated. These
results suggest that cancer-IgG can mediate radiotherapy
resistance in LUAD cells via the PI3K/AKT/DNA-PKcs pathway
and that radiosensitivity can be promoted by knocking down the
expression of cancer-IgG.
DISCUSSION

In this study, we presented evidence that the absence of cancer-
IgG downregulates the phosphorylation of key proteins in the
PI3K/AKT/DNA-PKcs pathway and thus attenuates the
radiotherapy resistance of LUAD cells. We first found that
cancer-IgG is expressed in the cell membrane and endoplasm
of LUAD cells; the shorter OS and DFS of patients with
positive cancer-IgG expression after radical postoperative
chemoradiotherapy suggested an association between cancer-
IgG and the poor prognoses as well as radiotherapy resistance.
Cytological experiments provided confirmation of cancer-IgG
expression in LUAD cells but not in normal epithelia cells and
showed that, by knocking down cancer-IgG, the proliferation of
LUAD cells can be inhibited, thus promoting apoptosis of tumor
cells. In addition, after irradiation of LUAD cells with cancer-IgG
knockdown, the cell proliferation ability was reduced even more,
and the DSB repair ability was reduced. Mechanistic studies have
shown that inhibiting cancer-IgG expression affects the PI3K/
AKT/DNA-PKcs pathway to downregulate the expression of
repair proteins, inhibit the DSB damage and repair of LUAD
cells, and enhance the radiosensitivity. To our knowledge, this
study is the first to demonstrate the role of cancer-IgG in
radioresistance and suggest that cancer-IgG is a potential
therapeutic target for LUAD radiation therapy.

Radiotherapy, considered a standard therapeutic measures for
LUAD, plays a critical role in improving the survival and
prognosis of patients but is greatly hindered by the existence of
radioresistance of cancer cells (26). Radiation therapy combined
with targeted DSB damage repair protein inhibitors has the
potential for clinical application in patients with cancer;
current drug development and clinical trials for targets such as
DNA-PKcs, ATM/ATR (i.e., ataxia-telangiectasia mutated and
Rad3-related protein kinases), and the MRN (i.e., MRE11-
Rad50-NBS1) complex are underway and may, we hope, better
explain the poor efficacy caused by radiotherapy resistance (27).
Although cancer-IgG was discovered in cancer cells decades ago,
previous studies mainly focused on the relationship between
cancer-IgG and tumorigenesis. Wang and Gan (28) found that
knockdown of cancer-IgG can regulate the PTP-BAS/Src/PDK1/
AKT pathway and thus significantly promote cisplatin-induced
apoptosis and inhibition of oral squamous cell proliferation,
migration, and invasion. Qin et al. (9) found that, in prostate
cancer, cancer-IgG staining was stronger in specimens at
advanced clinical stages; androgen deprivation therapy for
prostate cancer–induced cancer-IgG expression maintained
stemness and facilitated cancer progression through mitogen-
activated protein kinase/extracellular signal–regulated kinase
TABLE 1 | Association between cancer-IgG expression and clinicopathological
features of patients with lung adenocarcinoma.

Characteristics No. (%) of cases Cancer-IgG P

Negative Positive

Age (years) 1.000
≥60 24 (42.9) 15 19
<60 32 (57.1) 20 12

Gender 0.367
Male 25 (44.6) 14 11
Female 31 (55.4) 21 10

Disease stage 0.659
IIIA 50 (89.3) 30 20
IIIB 4 (7.1) 2 1

T classification 0.594
1 22 (39.3) 15 7
2 31 (55.3) 19 12
3 2 (3.6) 1 1
4 1 (1.8) 0 1

N classification 0.093
1 4 (7.1) 4 0
2 49 (87.5) 28 21
3 3 (5.4) 3 0

Primary lesion diameter
(cm)

0.708

<4 39 (69.6) 25 14
≥4 or double lesions 17 (30.4) 10 7

Cigarette smoking history 0.664
Never 33 (58.9) 22 11
Former 8 (14.3) 4 4
Current 15 (26.8) 9 6

Visceral pleura invasion 0.797
No 22 (39.3) 15 7
Yes 32 (57.1) 19 13
NA 2 (3.6) 1 1

Vascular tumor thrombus 0.069
No 32 (57.1) 24 8
Yes 16 (28.6) 8 8
NA 8 (14.3) 3 5
Cancer-IgG, cancer-derived immunoglobulin G; N, node; NA, not available; T, tumor.
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and AKT in prostate cancer. In our study, staining of stage III
LUAD slides suggested associations between cancer-IgG and
tumor invasiveness, because expression approximately
correlated with N staging and vascular tumor thrombus.

Building upon previous research, this study first explored
the role of cancer-IgG in tumor radiotherapy and found that it
is possible to mediate radiotherapy resistance by modulating
the PI3K/AKT/DNA-PKcs signaling pathway. AKT, a serine/
threonine kinase, is considered a core factor in the PI3K/AKT
pathway, which functions mainly according to these four steps:
survival factor induction, translocation to the cell membrane,
phosphorylation, and activation of downstream effectors (29).
The AKT protein is frequently deregulated in a variety of
human cancers, leading to overactivation and promotion of
Frontiers in Oncology | www.frontiersin.org 714
tumor cell survival, proliferation, migration, metabolism,
angiogenesis, and radiochemotherapy resistance by regulating
the function of multiple downstream molecules (29–31).
Moreover, AKT1 interacts with DNA-PKcs through its C-
terminal domain to form a functional complex, stimulates the
accumulation of DNA-PKcs at DSBs, promotes the activity of
DNA-PKcs, and enhances radiation-induced DSB damage
repair (32). PI3K/AKT inhibitors can significantly enhance
radiosensitivity of cancer cells by targeting this pathway (33,
34). Many studies have claimed that AKT binds to DNA-PKcs
and participates in promotion of binding to DNA damage sites
and mediation of the trans/autophosphorylation of DNA-PKcs,
thereby enhancing DSB damage repair in DNA (35–37). Our
study demonstrated that the expressions of p-AKT and
A

B

D E

C

FIGURE 2 | The expression and function of cancer-IgG in LUAD cell lines and normal lung epithelial cells. (A, B) Immunofluorescence staining and western blot
analysis are used to show cancer-IgG expression in a normal lung–derived cell line (BEAS-2B) and four LUAD cell lines (PC9, H292, H1299, A549). Scale bar, 30
mm. (C) Western blot is used for testing the efficiency knockdown of cancer-IgG in PC9 and H292. (D) Plate cloning assay to evaluate the effect of silencing cancer-
IgG on the proliferation of PC9 and H292 cells (n=3). (E) Flow cytometry assay to evaluate the effect of silencing cancer-IgG on the apoptotic ability of PC9 and
H292 cells (n=3). *p < 0.05; **p < 0.01; ***p < 0.001.
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p-DNA-PKcs in cancer-IgG knockdown LUAD cells were
decreased after radiation and that the repair ability of DSBs
was decreased, as shown by results of the neutral comet assay
and gH2AX immunofluorescence assay. These assays indicated
that cancer-IgG can regulate the damage repair ability of DSBs
in LUAD through the PI3K/AKT/DNA-PKcs pathway and
Frontiers in Oncology | www.frontiersin.org 815
upregulate radiotherapy resistance. Phosphorylation protein
microarray analysis showed that, in addition to the decreased
expression of damage repair proteins, apoptotic proteins of
LUAD cells were increased, which may be due to the weakened
repair ability and increased cell debris that enhance the
mechanism of cell apoptosis.
A

B

FIGURE 3 | Cancer-IgG silencing attenuates lung adenocarcinoma resistance to radiation therapy. (A) Western blotting was used to test the efficiency of lentiviral
interfering RNA in silencing cancer-IgG in PC9 and H292. (B) Colony-forming assay showed that the proliferation ability of PC9 and H292 cells at silencing cancer-IgG
decreased after 0, 2, 4, 6, and 8 Gy of irradiation, and the single-hit multi-target model was fitted to the survival curve. **P < 0.01 (n=3). ShC-IgG: sh-cancer-IgG.
A B C

FIGURE 4 | Cancer-IgG silencing attenuates lung adenocarcinoma resistance to radiation therapy. (A) Silencing cancer-IgG expression inhibited the DNA double-
strand break repair ability of PC9 and H292 cells, and the number of gH2AX fluorescence foci in the nucleus increased. Count 50 cells in each group in the
experiment. ***P < 0.001 (n=50). (B, C) The DNA double-strand break repair capacity was impaired in PC9 and H292 cells with cancer-IgG knockdown, and the
Olive tail moment was extended. Count 50 cells in each group in the experiment. Scale bar, 50 mm. (B) Irradiation 4 Gy; (C) Irradiation 2 Gy. ***P < 0.001 (n=50).
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To the best of our knowledge, this is the first study that
explains the radiosensitization effect of cancer-IgG in LUAD.
This study demonstrates that reducing the expression of cancer
IgG effectively inhibits radiation-induced PI3K/AKT/DNA-PKcs
signal transduction, resulting in impaired DSB damage repair
ability, and leads to increased sensitivity to radiation treatments.
The study provides new insights into cancer-IgG as a regulator of
radiosensitivity in LUAD.
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Background: Previous analysis of the study (NCT02577393) had demonstrated the
application of epigallocatechin-3-gallate (EGCG) could be safe and effective in the
prevention and treatment of acute radiation esophagitis in patients with advanced lung
cancer. EGCG seemed to improve the response rate of small cell lung cancer (SCLC) to
radiotherapy in a subgroup analysis. This research continued to analyze the impact of
EGCG application on cancer-radiation efficacy and patient survival.

Methods: All patients with SCLC in the NCT02577393 study were included. Patients
were randomized into EGCG group or conventional therapy group as protocol. The
primary endpoints of the study were radiation response rate and progression-free survival
(PFS). Overall survival (OS) and the efficacy of EGCG in the treatment of esophagitis were
assessed as secondary endpoints.

Results: A total of 83 patients with lung cancer in the NCT02577393 study were
screened, and all 38 patients with SCLC were eligible for analysis. No significant
differences with regard to baseline demographic and clinical characteristics were
observed between the two groups. The objective response rate (ORR) was higher than
that of conventionally treated patients (84.6 vs 50%, P = 0.045), while the median PFS and
OS were not significantly prolonged. At data cut-off (1 January 2021), 5-year PFS was
33% with EGCG versus 9.3% with conventional treatment, and 5-year OS was 30.3%
versus 33.3%, respectively. The mean adjusted esophagitis index and pain index of
patients with EGCG application were lower than conventional treatment (5.15 ± 2.75 vs
7.17 ± 1.99, P = 0.030; 8.62 ± 5.04 vs 15.42 ± 5.04, P < 0.001).
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Conclusion: The study indicates EGCG may alleviate some esophagitis-related indexes
in SCLC patients exposed to ionizing radiation without reducing survival. However, this
conclusion should be confirmed by further studies with large sample size.
Keywords: Epigallocatechin-3-gallate, lung cancer, radiation-induced esophagitis, radioprotective agent, long-
term follow-up
BACKGROUND

Acute radiation-induced esophagitis (ARIE) is a typical adverse
reaction that occurs in patients with chemo-radiotherapy/
radiotherapy, which is more common in lung cancer (1). The
incidence of grade 2–3 acute esophagitis caused by CCRT is 20–
53.4% in pulmonary carcinoma (2, 3). The most common
symptoms in patients with ARIE are odynophagia and
dysphagia two or three weeks after radiation (4). With
increasing attention to ARIE, new strategies for preventing and
mitigating it have become an active research field. Assuredly,
severe ARIE is positively correlated with the high-dose radiation
per unit volume of the esophageal mucosa (5). Great efforts are
being made to overcome its risk through the development of
novel radiation technology and treatment targeting related
signaling pathways (6).

Epigallocatechin-3-gallate (EGCG) is the main component of tea
polyphenols, accounting for an average of 65% in the total tea
polyphenols. It has been proved to have a strong protective effect
against radiation-induced damages in the normal tissue on the
cellular and animal level (7–9). Recently, the anti-irradiation
damage activity of EGCG has been preliminarily proved in
clinical trials, with our data confirming that the application of
plant-derived polyphenol can ameliorate ARIE, radiation mucositis,
and radiation dermatitis (10–16). The safety and effectiveness of
EGCGmake it one of the promising candidates for radioprotection.
No tumor-damaged repair is also an important consideration for
developing the agent, just like ensuring efficacy and acceptable
toxicity. Interesting, EGCG seems to have a certain radio-enhancing
effect on SCLC during radiotherapy in clinical practice. Therefore,
the radiation efficacy and survival follow-up of patients with SCLC
in the published trial (NCT02577393) were analyzed for verifying
the overall role of EGCG in tumor radiotherapy.
METHODS

Study Population and Study Design
NCT02577393 study as a three-arm, controlled, randomized,
prospective study was conducted to explore the preventive and
therapeutic action of EGCG against ARIE in patients with the
combination of chemoradiotherapy. The protocol was available
at Oncology and Radiotherapy online (10). EGCG was purchased
from NINGBO HEP Biotech Co., Ltd and dissolved in 0.9%
saline solution to make the concentration up to 440 umol/L with
reference to the results of phase I study (16).

The analysis described here included patients with SCLC who
received EGCG or conventional treatment in the NCT02577393
study. Patients who slowly swallowed EGCG solution with 10 ml
219
three times daily, whether at the beginning of radiation or at the
appearance of grade I esophagitis, were included in the EGCG
group. The patients in the conventional treatment group were
those who were treated with a solution containing 0.16 mg/ml
lidocaine, 0.02 mg/ml dexamethasone, and 0.16 mg/ml
gentamicin (mLDG) for symptomatic support when
esophagitis occurred. Patients in both groups stopped EGCG
or mLDG solution two weeks after radiotherapy. This research
design had been approved by our local study review board.
All patients were included with written informed consent.
Figure 1 showed an overview of the study design. In the
NCT02577393 study, there were 83 patients with lung cancer,
including 38 patients with SCLC and 45 patients with non-small
cell lung cancer. All 38 patients with SCLC were included in this
observational non-interventional study and followed up. Follow-
up visits with H&P and chest CT occurred every 3–4 months for
the first two years, every 6 months for the following three years,
and annually thereafter.
RADIOTHERAPY DETAILS

Radiotherapy was administered through three-dimensional
conformal or intensity-modulated techniques. All patients
underwent CT simulation and were immobilized supinely on
thermoplastic masks or vacuum molded bags. Gross target
volume included post-chemotherapy primary tumor and pre-
chemotherapy nodal volume. The total dose was 50.4–60 Gy (a
fraction of 1.8–2Gy once a day) or 45 Gy (1.5 Gy twice a day) for
five days weekly. Planning target volume was encompassed by
the 95% isodose, and the maximum dose is below 107%. The
dose limits for organ at risk were as before, such as less than 18
Gy mean lung dose (10).

Study Assessments
The tumor (T), node (N), andmetastasis (M) of SCLCwere graded
by the eighth edition AJCC/UICC stage classification. ARIE was
assessed according to RTOG scoring criteria weekly from onset of
radiation to 2 weeks after completion of radiation. Esophagitis-
related pain and dysphagia were graded by the numerical rating
scale. Esophagitis-related indexes (adjusted esophagitis index, AEI;
adjusted pain index, API; adjusted dysphagia index, ADI) were
calculated as previously reported (10) and shown in
Supplementary Figure 1. The curve of each patient was drawn
with the grade of esophagitis-related parameters (ARIE, pain, and
dysphagia score) as ordinate and the observation completion rate as
abscissa. The area under the three curves, namelyAEI, API, orADI,
was an integrated measurement of severity and duration of
esophagitis from different perspectives.
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Tumor response was assessed by RECIST criteria. ORR
included complete and partial response (CR and PR) rate. PFS
referred to the time from randomization until tumor progression
or death from any reasons or the last medical observation. OS
encompassed the intervening time from randomization to death
or the last medical observation.

In this study, we primarily assessed the differences between the
two groups in terms of objective response rate (ORR) and
progression-free survival (PFS). The secondary endpoints
included OS and three adjusted esophagitis-related indexes. In
order to avoid subjective deviation, an independent evaluation
group composed of two senior and well-equipped doctors assessed
the above endpoints without knowing the treatment allocation.

Data Statistics
Updated data, covering the period until January 1, 2021, were
used for this assessment. The calculation method of the sample
size had been clarified in the previously released NCT02577393
research report, while the current analysis of ORR, PFS, and OS
in SCLC was not informed. Kaplan–Meier curves and estimates
were used to deal with differing survival data including PFS, OS
and follow-up time. The 1-, 2-, and 5-years PFS rates were
compared by Z test. Univariate and multivariate Cox regression
analyses were applied to analyzed variables affecting survival
time. The differences between categorical variates were tested by
Fisher’s exact test. The measurement data of the different groups
were analyzed by t-test. Statistical significance for the hypothesis
was set at a P-value less than 0.05 with a two-sided version. The
statistical analysis was carried out using statistical package for the
social sciences software systems (v. 17.0).
RESULT

Baseline Characteristics
In this report, the first patient was enrolled in April 2015 and the
last one in April 2018. Thirty-eight patients with SCLC were
Frontiers in Oncology | www.frontiersin.org 320
eligible for analysis. The differences in baseline characteristic
variables between the two groups were not significant (Table 1).
Eight (21.1%) of them were female. Their age was 41 to 75 years
old (median 58 years). 44.7% of the patients undertook
radiotherapy and chemotherapy at the same time. Dosimetry
parameters predicting potential radiation toxicities for
esophagus were described in detail: the mean and maximum
values were 32.7 Gy (20.3–51.9) and 65.3 Gy (51.2–68.6); V30,
V35, and V50 were 57.3, 54.5, and 42.0%, respectively.

Acute Esophagitis
The median onset time of ARIE and pain symptom for patients
was 3 weeks (range, 2–5 weeks) and that of dysphagia symptom
was 3 weeks (range, 2–7 weeks). Table 2 showed the highest
grades of ARIE, pain, and dysphagia endured by patients in the
two groups during treatment, and there were no statistical
differences (P = 0.441; P = 0.796; P = 0.394). The mean AEI
and API of patients with EGCG application were significantly
lower than those of patients with mLDGmixture solution (5.15 ±
2.75 vs 7.17 ± 1.99, P = 0.030; 8.62 ± 5.04 vs 15.42 ± 5.04, P <
0.001 Figure 2). However, no statistical difference was observed
in ADI (2.88 ± 2.47 vs 4.08 ± 2.84, P = 0.193; Figure 2). There
was no significant difference in AEI, API, and ADI between
patients receiving concurrent radio-chemotherapy and patients
receiving sequential radio-chemotherapy in mLDG group and/or
EGCG group (all P > 0.05).
Response Rates to Cancer Therapy
Overall, radiographic remission was observed in 73.7% of
patients after the end of tumor treatment. No significant
difference was noted between the groups in terms of CR or PR
separately (three of 26 in EGCG group vs one of 12 in the placebo
group, P = 1.000; 19 of 26 in EGCG group vs five of 12 in the
placebo group, P = 0.081). The ORR of patients with EGCG was
slightly higher than that of patients with conventional therapy
(P = 0.045, Table 2). In the univariate regression analysis, EGCG
FIGURE 1 | An overview of the study design. EGCG, Epigallocatechin-3-gallate; PFS, progression-free survival; OS, overall survival; AEI, adjusted esophagitis index;
API, adjusted pain index; ADI, adjusted dysphagia index.
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application was positively correlated with ORR (t =2.355,
P = 0.024), and N stage was negatively correlated with ORR
(t = −2.071, P = 0.046). In multivariate stepwise logistic
regression analysis, only EGCG application was still
significantly correlated with ORR.

PFS and OS Analyses
At the deadline for data collection, the median follow-up was
56.0 months [95% confidence interval (CI): 37.1–74.9] for
patients in the EGCG group. Whereas for patients in the
mLDG group, it was 50.0 months (95% CI: 28.2–71.8).
Twenty-three patients died, twenty from disease progression,
two from heart failure, and one from radiation pneumonia. One
patient in each group was lost to follow-up.

The median time to PFS was 16.0 months (95% CI, 2.3–29.7)
for EGCG and 18.0 months (95% CI, 11.6–24.4) for mLDG.
Mean (standard error) PFS time was 31.9 (5.5) months for EGCG
and 21.2 (5.0) months for mLDG. There was no statistical
difference in PFS between the two group (chi-Square = 0.981,
P = 0.322, Figure 3). The 1-, 2- and 5-year PFS rates in patients
with EGCG solution were 53.8, 38.5, and 33.0%, respectively, and
those in patients with mLDG solution were 64.8, 27.8, and 9.3%,
respectively. The differences in PFS rates from 1 to 5 years were
also insignificant (P = 0.320; P = 0.257; P = 0.076). The median
Frontiers in Oncology | www.frontiersin.org 421
OS in the EGCG group was 22.0 months (95% CI: 3.0–41.0), and
the OS at 1, 2, and 5 years was 84.6, 50.0, and 30.3%, respectively.
While the median OS of patients with mLDG was 23.0 months
(95% CI: 12.8–33.2), and the OS at 1, 2, and 5 years was 75.0,
50.0, and 33.3%, respectively. Mean (standard error) OS times for
EGCG and mLDG were 36.2 (4.9) and 33.6 (6.6) months,
respectively. There was also no statistical difference in OS
between the two groups (chi-Square = 0.007, P =
0.936, Figure 4).

Baseline and on-treatment factors associated with survival
were analyzed. The correlation was only observed between the
ORR and PFS (P = 0.002; hazard ratio (HR): 3.7, 95% CI: 1.6 to
8.3). For all subsets of participants examined, those with ORR
had the higher PFS rates (1 year: 66.9 vs 30%; 2 years: 44.6 vs
10%; 5 years: 35.8 vs 0%). Additionally, low smoking index was
associated with a prolonged OS (P = 0.044; HR: 1.0, 95% CI: 1.0
to 1.1) in a Cox proportional hazards regression analysis. The
1-, 2-, and 5-year overall survival rates separately were
94.7, 68.4, and 51.0% for patients with smoking index less
than 500.

Updated Adverse Event Data
Most of the adverse events (AEs) were similar to previously
published data, and the EGCG-related AE were expected (10).
TABLE 1 | Pretreatment characteristics.

Characteristic EGCG application (n = 26) conventional treatment (n = 12) P

Age (years)
Median (range) 56.5 (41–75) 62.5 (50–70) 0.282

Sex (n)
Male 22 8 0.23
Female 4 4 2

KPS score (n)
80 10 3 0.48
90 16 9 6

Smoking index (years*root)
Median (range) 400 (0–1,600) 500.00 (0–1,600) 0.790
T (n)
1 0 1 0.17
2 5 3 7
3 12 2
4 9 6

N (n)
1 1 0 0.185
2 11 2
3 14 10

Treatment (n)
Sequential CRT 14 7 1.00
Concomitant CRT 12 5 0

Esophageal dosimetric parameters
Mean value (Gy)
Median (range) 31.0 (20.3–51.9) 34.2 (20.3–43.5) 0.505
Maximum value (Gy)
Median (range) 65.8 (51.2–68.6) 64.9 (57.2–67.8) 0.711
V30 value (%)
Median (range) 54.8 (27.0–80.0) 57.8 (30.0–72.0) 0.493
V35 value (%)
Median (range) 52.0 (22.0–75.0) 55.0 (25.0–65.0) 0.449
V50 value (%)
Median (range) 37.0 (19.0–70.0) 46.0 (10.0–58.0) 0.532
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The most common adverse event in patients was leukopenia. No
Grade >3 hematological adverse event was perceived including
deficiency of hemoglobin, leukocyte, and platelet. In addition to
hematological toxicity, other grade ≥3 AEs were gastrointestinal
reactions (two cases) and radiation-induced pneumonitis (one
case), which were considered to be induced by radiotherapy and
chemotherapy. Weight loss of more than 5% was seen in 10.5%
of individuals, and weight increase of more than 5% was seen in
7.9%. There was no significant difference in weight change
Frontiers in Oncology | www.frontiersin.org 522
between EGCG and mLDG groups. A low rate of late
radiation-induced dysphagia of 5.3% was observed but without
statistical difference between the two groups. All adverse
reactions mentioned above should be absent from the EGCG
or mLDG applications. Only one case experienced mild
queasiness while swallowing the EGCG solution, which could
be associated with EGCG and attributed to its weird
uncomfortable taste. No other adverse effects of EGCG
were noted.
FIGURE 2 | EGCG significantly improved the patient’s esophagitis and pain
compared with conventional treatment. The statistical differences were
observed in the mean value of AEI and API between EGCG and mLDG
groups (*P = 0.030; **P < 0.001).
TABLE 2 | Distribution of maximum grade of esophagitis-related parameters and tumor response.

EGCG application conventional treatment Total P

Tumor response
Complete response 3(11.5%) 1(8.3%) 4(10.5%)
Partial response 19(73.1%) 5(41.7%) 24(63.2%)
Stable disease 2(7.7%) 3(25.0%) 5(13.2%)
Progressive disease 2(7.7%) 3(25.0%) 5(13.2%) P = 0.145
Overall response 22(84.6%) 6(50%) 28(73.7%)
Overall non-response 4(15.4%) 6(50%) 10(26.3%) P = 0.045

Maximum acute radiation-induced esophagitis grade
1 21(80.8%) 9(75.0%) 30(78.9%)
2 5(19.2%) 2(16.7%) 7(18.4%)
3 0(0%) 1(8.3%) 1(2.6%) P = 0.441

Maximum pain grade
1 1(3.8%) 0(0%) 1(2.6%)
2 6(23.1%) 1(8.3%) 7(18.4%)
3 15(57.7%) 8(66.7%) 23(60.5%)
4 2(7.7%) 2(16.7%) 4(10.5%)
5 1(3.8%) 0(0%) 1(2.6%)
6 1(3.8%) 1(8.3%) 2(5.3%) P = 0.796

Maximum dysphagia grade
1 5(19.2%) 0(0%) 5(13.2%)
2 18(69.2%) 10(83.3%) 28(73.7%)
3 3(11.5%) 2(16.7%) 5(13.2%) P = 0.394
Ju
ne 2021 | Volume 11 | Artic
FIGURE 3 | Progression-free survival of SCLC patients (pts) treated with
EGCG (blue) or mLDG (gold) solution.
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DISCUSSION

Until now, the standard initial therapy remains concurrent
chemoradiotherapy (CRT) in most limited stage SCLC cases
(17, 18). ARIE, as a frequent acute complication of CRT, can
continuously reduce the quality of life of patients. The advanced
radiotherapy approaches cannot solve this problem completely
(19, 20). Radioprotectants may shed new light on potential
breakthroughs. The four key requirements for the development
of radioprotectants are effective protection of normal tissue, low
drug toxicity, convenience for clinical applicability, and no repair
of radiation-damaged cancer (21). Due to the failure to meet all
the above conditions, amifostine, the only radiation protective
agent approved by FDA, is not widely used in clinical practice
(22, 23). EGCG, as a representative bioactive ingredient from
medicine food homology, gradually stands out among many
potential new radioprotectants (24). The safe pharmacology
spectrum of EGCG was determined at six escalated dose levels
in our previous phase I study, resulting in a recommended
concentration of 440 umol/L (16). A subsequent single-arm
study was launched to ensure its efficacy in the treatment of
ARIE (15). Our prospective controlled trial NCT02577393
confirmed that EGCG had significantly reduced esophagitis
than conventional treatment (mLDG) during chemoradiotherapy
for lung cancer, especially when used for prophylaxis (10). The
above studies preliminarily proved that EGCG could meet
the first three of the mentioned four key requirements. The
minimum requirement for the application of protectors was not
to reduce the anti-tumor effect of radiation, preferably to enhance
it. This study was the first to report the long-term follow-up data
of EGCG in patients with SCLC after chemoradiotherapy. To
explore whether ECGC as a radioprotective agent for esophageal
Frontiers in Oncology | www.frontiersin.org 623
tissue would affect the short-term and long-term efficacy of
radiotherapy for lung cancer, the differences of objective tumor
remission rate and the follow-up survival time between
EGCG group and placebo group were taken as the clinical
endpoints (25–27).

The observations on EGCG efficacy in improving radiation-
induced esophagitis were generally consistent with previous
studies (10). Even if the number of participants was small,
there was a significant difference in the AEI. The statistical
difference was also found in the pain index. The significant
difference was not found between the EGCG and mLDG groups
with regard to ADI and the maximum grade of ARIE. Similar to
previous studies, there was an increasing trend in the severity of
esophagitis with concurrent CRT compared with sequential CRT
(28). It did not reach statistical significance due to the small
number of participants; therefore no attempt was made in the
study to evaluate the effect of EGCG on the toxicity of concurrent
chemotherapy. Our data showed a low rate of late radiation-
induced dysphagia in both groups. No new adverse reactions
related to EGCG had been found.

In terms of short-term response, we separately compared
tumor CR and PR between patients with EGCG or mLDG
solution, but found no statistical significance. However, the
ORR (CR plus PR rate) was higher in patients receiving EGCG
solution than that in patients undertaking the conventional
treatment. It had also been reported that EGCG can improve
the short-term efficacy of radiotherapy in patients with breast
cancer (29). In the long-term follow-up, EGCG-treated group
had a shorter median PFS but a longer mean PFS compared to
the mLDG-treated group, and the difference was not statistically
significant. The 1-year PFS of mLDG was higher than that of the
EGCG group while the 2- and 5-year PFS rates show reversal.
The 5-year PFS rate difference between EGCG and the control
group was 27% (33 vs 9%). The undesirable performance of 1-
year PFS in the EGCG group could be caused by non-cancer
death and the insufficient number of participants. The
association between EGCG application and ORR or between
ORR and PFS appeared, but the association between EGCG
application and PFS was not shown. The differences of OS
between EGCG and mLDG groups also failed to reveal an
obvious statistical difference. Though an overall statistically
beneficial effect of EGCG was not found in the study, the
trends suggested that it could bring a clinical benefit in SCLC
patients with RT. EGCG remarkably enhanced the efficacy of
tumor radiotherapy in the short-term and had a tendency to
increase it in the long-term.

The mechanism of EGCG is complicated. Radiation
essentially destroys the living organism by the deposition of
energy directly into key biological macromolecules such as
desoxyribonucleic acid (DNA), and a series of cascading
reactions are triggered by the production of reactive oxygen
species (30). EGCG can directly reduce radiation-induced DNA
breaks and has the anti-ROS activity, anti-inflammatory
response, anti-apoptosis function (31–33). EGCG also
influences epigenetic changes through altering histone
acetylation and DNA methylation (34–36). Surprisingly, it has
FIGURE 4 | Overall survival of SCLC patients (pts) treated with EGCG (blue)
or mLDG (gold) solution.
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been reported that EGCG can significantly reduce the damage of
normal mouse liver cell lines induced by radiation and effectively
increase the radiosensitivity of mouse liver cancer cells at the
same time. EGCG combined with radiotherapy can further
reduce the expression of the apoptosis suppressor bcl-2 and
increase the expression of apoptosis-related proteins in
hepatocellular carcinoma cell lines. However, the opposite
effects are exerted on mouse liver cell line. The regulatory
effect of EGCG may be attributed to the different expression of
miR-34a in two cells (37). The researchers also discovered that
miR-34 methylation in small cell lung cancer is lower than that in
normal cells (38). Further in vivo and in vitro tests are needed to
control the influencing factors, examine the conclusions, and
explore possible mechanisms.

Based on the above discussion, EGCG is very suitable as a
radioprotectant for patients with SCLC who undergo
radiotherapy. Still, several weaknesses of the research should be
pointed out. At first, the number of patients in the study is small.
As a follow-up observational study on a new drug, the study here
cannot continue to recruit more patients, and only patients from
the NCT02577393 study are screened for analysis. Evaluating
with fewer patients sometimes fails to reach statistical
significance (39). For example, the 5-year PFS rate difference
between the two groups was 27% with P >0.05. Moreover, the
absence of stratified randomization by chemoradiotherapy
scheme could also affect the accuracy of prognostic
conclusions, though the clinical features of patients between
EGCG and mLDG group are well balanced at baseline. Lastly,
there is a lack of research on the intricate molecular mechanism
underlying different effects of EGCG on tumor and esophageal
tissue. Nonetheless, it may be stated that the results of the pilot
study support further exploration of the EGCG application in
patients with ARIE.
CONCLUSION

Consistent with previous reports, EGCG could alleviate some
esophagitis-related indexes in SCLC patients receiving
radiotherapy with an acceptable toxicity. Furthermore, EGCG
may increase the ORR without reducing PFS or OS. Further basic
and clinical studies should be conducted to testify and clarify the
mechanisms of differential effect of EGCG on cancer and normal
tissues during radiation.
Frontiers in Oncology | www.frontiersin.org 724
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Hisashi Kitamura3 and Takamitsu A. Kato1*

1 Department of Environmental & Radiological Health Sciences, Colorado State University, Fort Collins, CO, United States,
2 National Institute of Radiological Sciences, National Institutes for Quantum and Radiological Science and Technology,
Chiba, Japan, 3 Radiation Emergency Medical Assistance Team, National Institutes for Quantum and Radiological Science
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Proton therapy is a type of hadron radiotherapy used for treating solid tumors. Unlike
heavy charged elements, proton radiation is considered to be low LET (Linear Energy
Transfer) radiation, like X-rays. However, the clinical SOBP (Spread Out Bragg Peak)
proton radiation is considered to be higher in relative biological effectiveness (RBE) than
both X-ray and their own entrance region. The RBE is estimated to be 1.1–1.2, which can
be attributed to the higher LET at the SOBP region than at the entrance region. In order to
clarify the nature of higher LET near the Bragg peak of proton radiation and its potential
cytotoxic effects, we utilized a horizontal irradiation system with CHO cells. Additionally,
we examined DNA repair mutants, analyzed cytotoxicity with colony formation, and
assessed DNA damage and its repair with g-H2AX foci assay in a high-resolution
microscopic scale analysis along with the Bragg peak. Besides confirming that the
most cytotoxic effects occurred at the Bragg peak, extended cytotoxicity was observed
a few millimeters after the Bragg peak. g-H2AX foci numbers reached a maximum at the
Bragg peak and reduced dramatically after the Bragg peak. However, in the post-Bragg
peak region, particle track-like structures were sporadically observed. This region
contains foci that are more difficult to repair. The peak and post-Bragg peak regions
contain rare high LET-like radiation tracks and can cause cellular lethality. This may have
caused unwanted side effects and complexities of outputs for the proton
therapy treatment.

Keywords: DNA damage, proton radiotherapy, linear energy transfer, Bragg peak, gamma-H2AX
INTRODUCTION

Proton therapy (PT) is a type of hadron radiotherapy for treating mainly solid tumors (1).
Accelerated protons have a unique dose distribution along their path due to the nature of
hadron radiation. The initial radiation dose is small at the entrance region. However, when
protons reach the end of their path, all of the energy is deposited in a region known as the Bragg
peak (2). In the post-Bragg peak region, a small amount of dose is produced by the reaction products
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(2). Therefore, protons can target tumors located in the body
without harming the surrounding normal tissues. In general,
hadron radiation has a superior dose distribution than
conventional photon radiation therapy (3). Among hadron
radiation, proton radiation has less of a tail region than
carbon-ion radiotherapy and less uncertainty for side effects
due to the higher biological effectiveness of carbon ion
radiotherapy (4). Therefore, PT is the preferred modality for
patients with younger ages to avoid potential secondary tumors
(5, 6). However, the proton beam can contains neutron
contamination and scattered particles, leading to poorer beam
profile (7). Unexpected side effects were recently reported after
PT, such as brain injury (6, 8–11).

The proton beam has less tail regions than carbon-ions (12, 13),
but utilizing a computer simulation by Monte Carlo calculation
suggested some dose distribution after the Bragg peak (14, 15). These
tail regions in theprotonbeamcontain relativelyhighLETparticles in
a range up to 10 keV/mm, but up to 30 keV/mm (16) or 40 keV/um
(17)were also reported. The LET range around 30–40 keV/mmis still
not considered as high as the biological maximum LET value of 100
keV/mm, but it can cause a significant increase of relative biological
effectiveness (RBE). In our previous studies, carbon-ion
monoenergetic beams with LET values between 13 and 30 keV/mm
could produce RBE values of 1.1–1.5 (18, 19). Besides RBE, other
important cellular responses such as the oxygen enhancement ratio
(OER) can also be slightly affected by radiation within this range of
LET(18).LETvalues in theprotonentranceregionareapproximately
1 keV/mmand cannot result in highRBEor lowOER (20). Currently,
the RBE of clinical proton beams in the proton SOBP region is
estimated to be approximately 1.1 to 1.2 (7, 21–23).

In order to clarify the true nature of the proton RBE from
biological responses at the Bragg peak and the surrounding area, a
position dependent analysis was carried out with 0.5 mm to a few
millimeter increments to cover the proton beam paths (24–27).We
utilized a horizontal irradiation system, which we previously
developed (28). This irradiation system can visually show cellular
cytotoxic locations in theflasks.Additionally,we combined itwith a
microscopic analysis to clarify DNA damage and distribution near
the Bragg peak to detect any specific changes in this narrow area.
Interestingly, DNA damage with track structures produced by
protons and fragments can be a good indicator of energy
deposition/LET of the fragments (29). Without using expensive
deconvolution software or super high-resolution microscopy,
clustered foci can be denoted as a particle track-like structures by
using this method (30, 31). Monoenergetic proton beams in this
study will provide clear dose and LET distribution along their path.
Thefindings in this studywillprovidemicro-bio-dosimetry analysis
for the biological significance of the proton beam.
MATERIALS AND METHODS

Cell Culture
CHOwild type (CHO 10B2) was kindly supplied by Dr. Joel Bedford
of Colorado State University (Fort Collins, CO, USA). DNA repair
deficient CHO mutants, V3 (DNA-PKcs, non-homologous end
Frontiers in Oncology | www.frontiersin.org 227
joining repair deficient) (32) and 51D1 (Rad51D, homologous
recombination repair deficient) (33) were kindly supplied by Dr.
Larry Thompson at the Lawrence Livermore National Laboratory
(Livermore, CA, USA). Cells were maintained in Alpha-MEM
(ThermoFisher, Waltham, MA) with 10% heat inactivated Fetal
Bovine Serum (Sigma, St. Louis, MO), antibiotics (Anti-Anti;
Invitrogen, Grand Island, NY) and were cultured in 37°C
incubators with 5% CO2 and humidity. We utilized CHO cells
rather than human cells for the following reasons (1): colony size
and shape: CHO cells produce dense, tightly packed colonies and the
colony shape of CHO cells is very circular. On the other hand,
colonies of many cells of human origin often spread flat and large and
form uneven shapes. In this manuscript, the location of survival
colonies has to be accurately recorded. Therefore, using CHO cells
was of the utmost importance.

Irradiation
Proton beam irradiation was conducted at the QST (National
Institutes for the Quantum and Radiological Sciences and
Technology) in Chiba, Japan. Protons were accelerated to 70
MeV using the NIRS-930 cyclotron (24). Proton beam was
delivered for the circular field of 7 cm diameter with 95%
uniformity. Dose rate was set at 3 Gy/min. Monoenergetic 70
MeV protons have a LET value of 1 keV/mm on entrance.
Exponentially growing cells were irradiated at room
temperature. Dosimetry was carried out with a Markus ion
chamber (PTW 23343, PTW, Freiburg GmbH, Germany) with
the container filled with water or complete cell culture media.
The LET values were calculated by SRIM (Stopping and Range of
Ions in Matter) program from the range of the proton beam (16).

Irradiation was carried out as previously described (28)
(Figure 1). Prior to irradiation, cell culture flasks or SlideFlasks
were placed upright with the capped end opposite to the proton
beam source. The thickness of the flask and SlideFlask was 1 mm
of polystyrene, which is equivalent to water thickness of
1.0368 mm (34). Therefore, the analysis started 1 mm from the
proton entrance for cell survival analysis. The geometric location
of the SlideFlask was matched with a micrometer and an M
Processor (LASICO, Los Angeles, CA) geometric recorder.

Colony Formation and Manual Colony
Distribution Analysis
Two hours before irradiation, 10,000 cells were plated onto a T25
flask, which has 25 cm2 of growing area to produce a density of
an average of four cells per mm2. After irradiation, cells were
disturbed minimally during transportation from the irradiator to
the incubator and kept in an incubator for 8 days to form
colonies. Colonies were fixed and stained 8 days later using
100% ethanol followed by 0.1% crystal violet. Macroscopic
colonies containing more than 50 cells were marked as
survivors (35). The cellular attachment was confirmed after
testing medium changes at different times. No colonies were
observed at the highest dose Bragg peak region, which supports
that there were no-floating cells during the trip from irradiation
to incubation.
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For a rough geometrical analysis of colony distribution,
locations of survivors were recorded with a ruler. The flasks
used have a wall that is 1 mm thick. From the end of the flask, the
proton beam entry side for every 1 mm of colony existence was
judged and recorded from the entrance up to 50 mm. Five lines
were analyzed per flask. The survival score was defined as the
presence of colonies at each distance. Five evenly different
locations were analyzed with a ruler for the presence or
absence of colonies. The survival score of five indicated the
representation of all of the colonies that survived. The colony
distribution was presented in graphs and in a heat map with
Graphpad Prism 8 software (GraphPad, La Jolla, CA, USA).

In order to evaluate the cytotoxic range of the proton beam
and maintain a fine geometrical analysis of the colony
distribution, the reappearance of colony formation following
the Bragg peak was recorded with a ruler. Colony reappearance
was defined as the average distance from the entrance for the first
observable colonies after the Bragg peak. Thirteen lines were
analyzed for each flask to obtain a sensitive analysis of the
extension of the cytotoxic range.
Frontiers in Oncology | www.frontiersin.org 328
Digital Colony Distribution Analysis
With MATLAB
To eliminate the risk of subjective analysis of manual counting,
three-dimensional surface plots were created using MATLAB
software. Flasks were imaged with the BIO-RAD ChemiDoc
chemiluminescent imager (BIO-RAD, Hercules, CA) via
ImageLab 2.0.1 software (BIO-RAD, Hercules, CA) under epi-
white, trans-white illumination utilizing a copper stain emission
filter. These images were visualized using intense bands and
converted into black and white .JPG formats. The files were
cropped to exclude ridges of the T-25 flasks and narrowing neck of
the bottle. These images were entered into an executable script
created previously (28) via the MATLAB software
(MATHWORKS, Natick, MA). The script allows .JPG files to be
analyzed by pixel shade to create three-dimensional surface plots
that can be adjusted to create virtual cell survival plots.

DNA Damage Distribution Analysis
In order to estimate proton irradiation induced DNA damage
and repair, g-H2AX foci were used for a DNA double strand
A B

D
E

C

FIGURE 1 | Colony formation after horizontal proton irradiation. (A) Proton irradiation set-up and dose distribution measurement and calculated LET values of
protons from the entrance, Bragg peak, and post-Bragg peak. The black lines indicate relative doses in water; the blue points indicate relative doses in cell culture
media, and the red line indicates the calculated LET values. (B) Representative images of colony distribution after 0–3 Gy of initial proton irradiation to CHO wild type,
V3, and 51D1 cells. The proton beam traveled from left to right. (C) Cell survival score after 0–3 Gy of initial proton irradiation to CHO wild type, V3, and 51D1 cells.
Dashed lines represent the unirradiated control. (D) Heat map of cytotoxicity after proton radiation. Maximum cytotoxicity was observed at 38 mm with 35–41 mm
from the entrance. The first 1 mm represents the flask wall. The right bar, scaled 0–4, indicates that a cell survival of 0 represents cell death, while 4 indicates the
highest cell survival. (E) Colony reappearance range in different radiosensitive cells. Error bars indicate the standard error of the means. * means statistically
significant differences (P < 0.05).
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break marker (36–38). CHO wild type cells were plated on a
SlideFlask (ThermoFisher) the day before irradiation. This did
not change the cell cycle distribution compared to re-plating
2 h before irradiation. At 30 min and 24 h after irradiation,
cells were fixed in 4% paraformaldehyde for 15 min, washed
three times in PBS for 10 min each, permeabilized for 5 min in
0.2% Triton X-100, and blocked with 10% goat serum in PBS
overnight at 4°C. The cells were incubated with anti-g-H2AX
mouse monoclonal antibody (Upstate, Charlottesville, VA) for
1 h, washed three times in PBS for 10 min each, and incubated
with Alexa Fluor-conjugated goat anti-mouse secondary
antibody (Molecular Probes, Eugene, OR) for 1 h at 37°C.
Cells were washed four times in PBS for 10 min each and
mounted by using DAPI in Prolong Gold (Molecular Probes).
Multi-dimensional fluorescence images were captured by using
a Zeiss Axioplan fluorescent microscope (Zeiss, Jena, Germany)
with a motorized z-stage and CoolSNAP HQ Cooled CCD
camera (Photometrics, Tucson, AZ) and Metamorph software
(Molecular Devices, San Jose, CA). The microscope was
equipped with an M Processor (LASICO, Los Angeles, CA)
to record the geometric location of slides.

Images were captured every 3.69 mm from the entrance of the
protons to near the Bragg peak and every 0.46 mm or 0.92 mm
from the Bragg peak to the post-Bragg peak. At each data point,
the number of g-H2AX per cell was manually obtained from at
least 30 cells per experiment for the quantitative analysis. In
order to investigate the repair-ability of foci at the different
depths, the residual foci number was divided by the initial foci
number. A track-like structure of DNA damage distribution was
visually observed as a solid or dashed line of foci, which was also
obtained quantitatively, per cell to estimate intermediate-high
LET radiation induced damage.

Statistical Analysis
Experiments were conducted independently three times. The
survival score was obtained from five locations. The colony
reappearance was obtained from 13 locations, and at least 30
cells were analyzed for foci analysis. All experimental data was
analyzed via Prism 8 software. One-way analysis of variance
(ANOVA) and Dunnett’s multiple comparison test were
conducted for statistical significance. P-values of <0.05 were
considered to indicate differences that were statistically significant.
RESULTS

Extension of Cytotoxicity Beyond Bragg
Peak of Proton Beam
The 70 MeV proton beam has approximately 39 mm of range in
water (Figure 1A). At 39.4 mm, the relative dose reached 4.12
Gy, and the mean LET values were calculated by SRIM software
as 6.59 keV/mm (Figure 1A). The horizontal irradiation system
visually presented the cell death at the Bragg peak of the proton
beam as a gap devoid of colonies with the colony formation assay
Frontiers in Oncology | www.frontiersin.org 429
(Figure 1B). The cell survival score test and heat map analysis
presented that CHO wild type had maximum cytotoxicity
between 37 and 39 mm, where the lowest survival scores were
found (Figures 1C, D). At 3 Gy of initial irradiation, elevated
cytotoxicity was observed from 34 to 39 mm. There are no clear
signs of cellular cytotoxicity after 41 mm for the CHO wild type.
Radiosensitive DNA repair deficient mutants V3 and 51D1
showed an even greater reduction of surviving colonies.
Overall, they denoted the extension of the cytotoxic range. At
40 mm, the survival scores decreased a statistically significant
amount compared to the un-irradiated control (P < 0.01).

Additionally, the extension of the cytotoxic range was
analyzed more precisely based on the reappearance of colonies
after the Bragg peak (Figure 1E). CHO wild type showed the
reappearance of colonies at 38.5 mm for 1 Gy and 39.5 mm for 3
Gy. Statistically significant extension was observed between them
(p < 0.05). 51D1 also showed reappearance of colonies at
3.93 mm for 1 Gy and 40 mm for 3 Gy, and increased doses
extended the cytotoxic range with statistical significance (p <
0.05). Additionally, the location of reappearance for 51D1 cells
was extended compared to the CHO wild type (p < 0.05). V3
showed reappearance of colonies at 40 mm for 1 Gy with
statistically significant extension compared to the CHO wild
type, but 3 Gy of initial irradiation did not extend the
reappearance of colony location. This geometric recording of
the survival analysis data showed that proton induced cellular
lethality was produced beyond the Bragg peak. The additional
lethality was observed in the 39 to 40.5 mm region. Since double
strand break repair deficient mutants showed additional
cytotoxicity compared to repair proficient wild type cells,
involvement of DNA double strand break formation is
suggested. Since V3 did not show any additional cytotoxicity
after 2Gy, it may suggest that the “dose” of fragments causing
DNA damage are rapidly decreased after the end of the
Bragg peak.

The survival analysis was confirmed with a digital image
analysis to avoid any subjective colony counting (Figure 2). This
analysis is based on the survived cellular density, not the
clonogenic activity measured by colony formation as manual
scores. Ultimately, while survivor colonies provide cellular
density, both analyses should be very close together. The most
cell deaths were observed at the site on the monoenergetic Bragg
peak, at 38 mm. Survival plots show a strong correlation with the
data obtained from survival score graphs. This shows the ability
of the MATLAB software to make an effective analytical tool for
rapid analysis. The biggest difference between manual analysis
and computer analysis is the tail region. After the Bragg peak,
manual counting showed a complete return to background level
of clonogenic ability at 40 mm even for radiosensitive cells. On
the other hand, the recovery of the computer analysis of the
density of cells was slower. This implies that colonies are formed,
but may be smaller in size due to the small amount of non-lethal
DNA damage and additional support for fragment induced
damage after the Bragg peak.
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FIGURE 2 | MATLAB image analysis of cell survival after proton irradiation. Yellow color indicates more cells; blue color indicates less cells. Three flasks were
merged for analysis.
A

B

FIGURE 3 | g-H2AX foci after 1 Gy of proton beam irradiation for CHO wild type cells. (A) Representative images of foci number and patterns at the specific
distance for CHO wild type cells after proton 1 Gy irradiation. Two images were chosen for each distance. (B) Representative images of foci alignment like a track
structure for CHO wild type cells after 1 Gy of proton beam. Green signals indicate g-H2AX foci. Blue signals are nuclei stained with DAPI. Arrows indicate track like
structures of foci distribution.
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g-H2AX Foci Distribution Beyond Bragg
Peak of Proton Beam
DNA damage, especially in the form of DNA double strand
break, is the most reasonable way to cause cytotoxicity beyond
the Bragg peak of the proton beam. The fragments of targets
including proton, neutron and electrons can cause ionization and
DNA breaks (2). Therefore, DNA damage was quantitatively or
qualitatively analyzed, with number and distribution of g-H2AX
foci at the specific location corresponding to the proton beam
path (Figure 3A). Track-like line alignments were sporadically in
10–30% of cells observed near the Bragg peak, especially between
39 and 42 mm, where clear line-like foci alignment was
visible (Figure 3B).

For the initial DSB formation after 1 Gy, g-H2AX foci
formation was analyzed 30 min after irradiation (Figure 4A).
From the entrance of the proton beam to 34.2 mm, the number
of g-H2AX foci was steady at approximately 30 foci per cell. At
the Bragg peak region, 49 foci per cell at 37.9 mm and 64 foci per
cell at 39.7 mm were observed and increases were statistically
significant when compared to the entrance region (P < 0.05).
After the Bragg peak, the foci number rapidly decreased and
returned close to the background level of 3.5 foci per cell. At
40.7 mm, 36 foci per cell and 15 foci at 41.6 mm were observed.
Generally, not many foci were observed after the Bragg peak.

Twenty four hours after irradiation, the number of residual
foci was analyzed in the same manner (Figure 4B). Foci number
was dramatically reduced at all points compared to initial
number of damages. From the entrance to 34.2 mm,
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approximately two foci per cell were observed and no
statistically significant increase was observed compared to the
foci number of the control. At the Bragg peak region, 39.7 mm, a
statistically significant greater number of foci than the entrance
were observed as 6.0 foci per cell (P < 0.05). Beyond the Bragg
peak, a noticeably greater number of foci were seen compared to
the initial foci, which rapidly decreased after the Bragg peak.
Track-like foci alignments were not observed in the cells 24 h
after irradiation.

The greater number of residual foci may be simply attributed
to the higher doses initially irradiated near the Bragg peak. In
order to normalize and obtain a fraction of residual foci, we
divided the residual foci number by the initial foci number
(Figure 4C). These un-repaired residual foci are highly
associated with complex or clusters of DNA damage that can
resemble HZE (high atomic number and energy) particle
irradiations. The fraction of residual foci was approximately
0.01 to 0.1 at the entrance region. The fraction of residual foci
was increased near the Bragg peak. In particular, a fraction of
0.05 and above was observed from 39.7 to 44.4 mm. It was
similar to the Bragg peak of the proton beam observed with
initial damage at 39.7 mm, but shifted beyond the Bragg peak.
This may be associated with DNA damage produced at the Bragg
peak, while the slightly extended post-Bragg peak contained
complex DNA damage that is difficult to be repaired.

In order to understand unrepaired residual foci at the post-
Bragg peak region, foci distribution was qualitatively analyzed.
Sporadically track-like structures of DNA damage were observed
A B

DC

FIGURE 4 | Analysis of g-H2AX foci after proton beam irradiation for CHO wild type cells. (A) Initial DNA damage 30 min after 1 Gy of irradiation. (B) Residual DNA
damage 24 h after 1 Gy of irradiation. (C) Fraction of residual DNA damage obtained by residual foci number divided by initial foci number. (D) Track like foci pattern
formation at 30 min after irradiation. Vertical lines indicate the peak of Bragg peak at 39.75 mm of initial foci formation. Horizontal line indicates the fraction of residual
foci of 0.05. Error bars indicate the standard error of the means. * indicates statistically significant differences (P < 0.05).
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in 10–30% of cells near the Bragg peak (Figure 4D). The track
number per cell was obtained to estimate DNA damage with the
track structure, which may be associated with higher LET than
regular 1 keV/mm. The track structure was seen exclusively from
37.9 to 42.5 mm with the highest fraction at 40.7 mm. The
distribution of the tracks per cell was also shifted to the post-
Bragg peak region. This suggests that track DNA damage should
contribute to the stronger biological effectiveness of protons. The
distribution of unrepaired foci and track was seen up to 42.5 mm.
This is matched with the cellular toxicity observed in DNA repair
deficient cells (Figure 1C).
DISCUSSION

Proton therapy (PT) is favorable when compared to photon therapy
because PT uses the same low LET radiation and focuses dose
distribution to tumors more effectively (2). For CIRT, (Carbon Ion
Radiotherapy) it may be dangerous to have high LET components
with unexpected side effects, including secondary tumors and
stronger late effects with a longer tail range and uncertainty of
biological effects (3). The present work with horizontal irradiation to
a monolayer cell culture showed that the proton beam has minimal
effects, but enough to cause cytotoxicity in the post-Bragg peak
region (Figure 1). As previously shown, our results confirmed that a
LET increase occurs at a greater depth slightly beyond the Bragg
peak, resulting in a small extension of the biologically effective dose
(12). The nature of the post-Bragg peak region of the proton seems
interesting. It is obviouslymuch lower in dose than the entrance and
the Bragg peak region. However, within a few millimeters after the
Bragg peak of a 70 MeV proton beam, it delivers relatively higher
LET radiation and damage that effectively cause lethality to cells.
Using a clinical proton SOBP beamwith stronger energy and longer
paths of protons, the post-Bragg peak effect may be observed in a
wider area than that currently studied. Horizontal irradiation to the
three dimensional target systems such as phantom will provide
more information in future. Although the track-like structure of foci
produced by proton radiation at the distal edge and the post-Bragg
peak region was not as frequently observed as carbon ion or other
HZE particles (Figure 3), some of them resembled HZE induced
dense track-like foci patterns (29), which may explained previously
reported higher RBE along distal edge of proton Bragg peak (39, 40).
In the clinically relevant doses of irradiation tested in this study, an
average of 6.59 keV/mm of LET values was calculated at the Bragg
peak (Figure 1A), but not all cells had tracks and are relatively rare
and sporadic events. This suggests that the cells at the Bragg peak
and the post-Bragg peak regions would be irradiated with very
heterogenic LET qualities of radiation andmight respond differently
depending on the damages produced by low to high LET
irradiation. It is not a surprise that researchers could not find the
significant biological effectiveness in the post-Bragg peak region
with the standard colony formation assay, that is unless the dose
distribution profile of irradiation was conducted with at least a
millimeter sensitivity or horizontal irradiation (24, 25), both of
which were successfully achieved in this study. Heterogenic DNA
damage amount and distribution were observed by foci analysis
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near the Bragg peak. These damages cause not only cytotoxicity but
also genotoxicity, which may increase normal tissue complication
probability. Further analysis needs a low background and high
induction assay such as reporter assays to confirm the biological
effects other than cytotoxicity at the post-Bragg peak. Moreover, the
nature of fragments should be clarified because the proton cannot be
disintegrated into smaller fragments as heavy charged particles. The
particles causing high LET track-like structures at the post-Bragg
peak region may be recoiled neutrons or scattered protons. This
needs to be confirmed with advanced physics instruments (41).

With slightly higher LET values, should PT be discouraged?
The secondary tumor risk from this middle range LET radiation
may answer this (4). However, this finding provides useful
information for proton radiotherapy. If the Bragg peak contains
a significant fraction of intermediate range LET (10–30 keV/mm)
or higher LET as observed for foci patterns, this will answer why
RBE values are 1.1–1.2 and slightly higher than the plateau region
and photon radiation (7, 21, 22). From the foci patterns, the
intermediately high LET portion of the proton beam is limitedly
distributed at the narrow region near the Bragg peak. Therefore,
the distal portion of the SOBP should be rich in high LET
radiation and is expected to have higher RBE as previously
shown (39, 42). However, within the SOBP region getting wider,
this high LET radiation would be diluted with abundant low LET
protons. If treatment can be conducted with multiple short SOBP
frommultiple directions, proton therapy could gain the advantage
over CIRT partially. It will have lower oxygen effects and higher
RBE effects. Due to limited LET value, it is hard to expect the same
degree of advantage fromCIRT. The degree of improvement is still
unclear, but it is worth investigating for the future. Additionally, in
order to decrease the potential side effects, the distal portion after
the SOBP should be monitored with extra caution to determine
the irradiation volume.

In conclusion, the horizontal irradiation confirmed that the
Bragg peak and slightly shorter range of the post-Bragg peak
region of proton radiation contain relatively high LET radiation
and induce significant biological effectiveness. This may be due
to complex DNA damage produced with a track-like structure
observed near the Bragg peak. This finding may explain the
partially unwanted side effect observations, but proton therapy
can be improved with a narrower SOBP treatment.
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Total body irradiation (TBI) results in critical injuries in a dose dependent manner that
primarily damages highly proliferating tissues including hematopoietic stem cells (HSCs)
and intestinal crypt stem cells etc. This may result in hematopoietic syndrome leading to
bone marrow failure and gastrointestinal syndrome leading to chronic intestinal functional
alterations. Death results from the gastrointestinal syndrome due to sepsis, bleeding,
dehydration, and multi-system organ failure. We demonstrate that the prebiotic mannan
oligosaccharide (MOS) pretreatment substantially prolongs survival in both male and
female mice when administered 2 h prior to radiation either through oral or intraperitoneal
route. The radioprotective efficacy of MOS was found to be age dependent and improves
survival even in aged mice (12–13 months old). MOS pretreatment effectively abrogates
radiation-induced hematopoietic injury and accelerates recovery of lymphocytes and
WBCs and alleviates depletion of circulatory blood cells. Results also illustrate that MOS
pretreatment abolishes crypt cell death and denudation of villi in comparison to the
respective irradiated animals and ameliorates the overall radiation-induced damage to the
GI system. MOS pretreatment facilitates intestinal recovery leading to enhanced animal
survival demonstrating its protection efficacy against TBI induced mortality. Moreover,
MOS pretreated animals show signs of accelerated recovery in terms of severity of
radiation sickness symptoms including weight loss and completely abolish TBI
associated mortality.

Keywords: total body irradiation, gastrointestinal syndrome, hematopoietic syndrome, radiation countermeasure
agents, mannan oligosaccharide, prebiotics, mitochondria
Abbreviations: IR, ionising radiation; ARS, acute radiation syndrome; MOS, mannan oligosaccharide; H-ARS, hematopoietic
acute radiation syndrome; GI-ARS, gastrointestinal acute radiation syndrome; HSCs, hematopoietic stem cells; TBI, total body
irradiation; TLR, toll-like receptor; RCAs, radiation countermeasure agents; BM, bone marrow.
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INTRODUCTION

Development of safe and effective radiation countermeasure
approaches, including radio-protectors, mitigators, and
therapeutics, are crucial and vital for the management of
prospective disaster scenarios comprising low and high dose
radiation exposure (1). Radiation exposure can result in
mortality or can cause long-term adverse health effects
depending upon the exposure dose, dose rate, and time of
exposure (2). Acute radiation syndrome (ARS) arises mainly
due to the intense enormity of injury to the actively proliferating
cells including hematopoietic stem cells (HSCs) and intestinal
crypts stem cells etc. resulting in hematopoietic acute radiation
syndrome (H-ARS; leading to bone marrow failure) and
gastrointestinal acute radiation syndrome (GI-ARS; leading to
chronic intestinal functional alterations) respectively. High dose
TBI can result in neurovascular acute radiation syndrome (NV-
ARS) leading to death generally within 24–48 h. NV-ARS is
considered fatal due to irreversible damage to organs. Therefore,
only H-ARS and GI-ARS are being focused for the development
of radiation countermeasures (3). Radiation exposure induces
damage to the intestinal crypt cells in the gastrointestinal tract,
compelling crypt cells to undergo apoptosis within hours after
ionizing radiation (IR) exposure (4). Since GI tract is an
extremely rapid cell turnover tissue, depletion of crypt cells
results in homeostasis imbalance, and restoration of intestinal
villi is impaired, leading to loss of villi cellularity and denudation
of the villi (5, 6). Consequently, other morphological changes
including disruption of the epithelial barrier manifest along with
compromised functional capacity leading to chronic intestinal
functional alterations comprising GI-ARS. Hence, it is obligatory
to identify efficient, medically safe, and affordable radiation
countermeasure agents (RCAs) that can potentially prevent or
manage both H-ARS and GI-ARS.

Toll-like receptor (TLR) family is one of the imperative
components of innate immune system, which is the first line of
defense against microbial invasion (7). TLRs can recognize
pathogens, molecular patterns and/or danger signals and induce
immune signaling for evasion of infection. Stimulation of TLR2,
4, 5 or 9 by corresponding ligand(s) has been shown to reduce
radiation-induced cell death in crypt cells, resulting in improved
radiation-induced GI-ARS symptoms (7). Consequently, different
TLR ligands are currently under different stages of development
as RCAs for ARS. Manipulation of TLR functions has been shown
to activate NF-kB pathway and reduce radiation-induced cell
death. Entolimod (CBLB502, a TLR5 agonist) has been granted
both Fast Track and Orphan Drug status by the US FDA during
or after a radiation disaster to reduce risk of death. Entolimod has
been shown to reduce radiation damage to both hematopoietic
(HP) and gastrointestinal (GI) tissues and improve tissue
regeneration (2, 8, 9).

Mannan oligosaccharide (MOS) is a TLR agonist and is used as
prebiotic nutritional supplement in several living organisms
including farm animals, cattle, pigs, dogs, chicken, fishes etc. for
its gastrointestinal and immunological responses (10, 11). MOS is
reported to improve health, growth status, and overall performance
Frontiers in Oncology | www.frontiersin.org 236
in animals (12–14). It is known to support the gut microflora and
stimulates epithelial barrier structure and functionality of intestinal
mucosa (12). MOS is shown to increase microvilli surface area and
goblet cell numbers in small intestine of animals (15). It stimulates
the immune system of the host and has adsorbent capacity against
toxins and it is non-toxic when administered orally, even in very
large concentration (16, 17). Under in vitro conditions, we have
demonstrated that MOS mediates alteration in mitochondrial
physiology in immortalized normal cells and offer advantages in
reducing biological effects of g-radiation in vitro and thereby
enhances cell survival (18, 19). TLRs have been reported to
express in humans and mice (3, 18, 20), we intend to utilize the
benefits of MOS supplementation against radiation induced ARS.
Since mitochondrial respiratory activity is reported to decline
during the natural aging process, we investigated the effects of
MOS pretreatment (50 mg/kg/B.W i.p. and 200 mg/kg B.W. orally;
2 h prior to irradiation) on IR-induced injury in different age groups
of BALB/c mice at lethal (7.5 Gy) and sub-lethal (3 and 5 Gy) doses
of TBI. In our preliminary experiments, we administered MOS
intraperitoneally (50 mg/kg/B.W i.p; 2 h prior to irradiation) and
observed 100% survival advantage in mice at lethal dose of TBI.
MOS as a prebiotic is non-toxic orally and has beneficial effects in
overall health of an organism. Remarkably, MOS oral pretreatment
(200 mg/kg B.W. orally; 2 h prior to TBI; 7.5 Gy) also confers 100%
radiation protection at lethal dose of TBI despite having a different
biodistribution pattern than through intraperitoneal route as
studied earlier (14). TBI instigates bone marrow (BM)
suppression resulting in loss of circulating blood cells. It also
causes significant loss of viable crypt cells in the intestine,
perturbs villus structure, disrupts mucosal layer integrity thereby
compromising proper absorption of essential nutrients. The
immune-suppression and thrombocytopenia associated with the
H-ARS favor opportunistic infections and hemorrhage. MOS
pretreatment to mice effectively minimizes radiation-induced
hematopoietic and gastrointestinal injury, accelerates recovery of
circulating blood cells, minimizes oxidative damage to important
cellular biomolecules, restores intestinal integrity and consequently
abrogates TBI-induced lethality.
MATERIALS AND METHODS

Chemicals
All chemicals used in the study were of analytical grade and were
either procured from an Indian manufacturer (SRL India, HiMedia
chemicals) or obtained from SigmaAldrich (St Louis, MO), Thermo
Fisher Scientific Inc (USA) etc. Mannan oligosaccharide (MOS),
1,3,5-trihydroxybenzene, phloroglucinol, D-xylose, ethylene
diaminetetracetic acid (EDTA), BCA kit, hematoxylin, eosin,
thiobarbituric acid, BSA, Mops, Sucrose, TBA, DTNB, NEM,
neutral buffered formalin, decalcifying solution-Lite, were
obtained from Sigma-Aldrich Chemical Co., St. Louis, MO, USA.
Phosphate buffer saline (PBS), acetic acid, hydrochloric acid, and all
other chemicals obtained were of analytical grade from SRL India.
Reagents for hematology analyzer (Isotonac 3, Hemolynac 5,
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Hemolyzing Reagent, Hemolynac 3, Cleanac 3) were procured
from Nihon Kohden, Japan.

Mice
Inbred BALB/c mice were obtained from the central
experimental animal facility of the Institute of Nuclear
Medicine & Allied Sciences (INMAS), Defence Research and
Development Organization (DRDO). Both male and female mice
of different age groups viz. 8–12 weeks, 6–8 months, and 12–13
months old acclimatized and healthy animals were chosen for
studies. Mice were housed in the facility maintained at 21 ± 2°C
with 50 ± 10% humidity on a 12 h light/dark cycle and were fed
standard rodent feed (from Golden Feeds, Delhi, India) and
water ad libitum. All surviving mice were euthanized at the
completion of the observation period.

Irradiation
Mice were subjected to total body irradiation (TBI) in 60Co
Gamma Teletherapy unit (Bhabhatron II, Panacea Medical
Technologies, Bangalore, India) at a dose rate of 2.25–2.55 Gy/
min. (dose rate of the 60Co Gamma irradiation source was
calibrated using physical dosimetry). Mice were subjected to
radiation exposure of either 3 or 5 Gy and/or lethal dose of 7.5
Gy separately with or without MOS pretreatment.

Preparation and Administration of MOS
MOS was dissolved (20 mg/ml stock) in sterile phosphate buffered
saline (PBS; 1×) under aseptic conditions. MOS was administered
(intra-peritoneally 50 mg/kg body weight or orally 200 mg/kg
body weight separately as indicated) 2 h prior to total body
irradiation (TBI) in mice for radioprotection efficacy studies.

Survival Studies
To study radio-protective efficacy of MOS, mice were divided
into the following groups: Control (sham irradiated; vehicle
treated), MOS alone, Radiation (3 or 5 or 7.5 Gy) alone, and
mice that received MOS 2 h before TBI (3 or 5 or 7.5 Gy; n = 8/
group). MOS was administered intra-peritoneally (50 mg/kg
body weight) or orally (200 mg/kg body weight) 2 h prior to
TBI in a single fraction as per groups, as indicated. All animals
were weighed, and their well-being was inspected daily from the
initiation of treatment to the end of the study.

Evaluation of Biological Effects
of Radiation
To evaluate effects of MOS pretreatment in radiation protection
and minimize biological effects of radiation, mice were exposed
to different doses of IR (3 and 5 Gy) separately. Mice were
divided into the following six groups: Control (sham irradiated,
vehicle treated), MOS alone (oral; 20 0mg/kg body weight),
radiation alone (3 or 5 Gy alone), mice that received MOS 2 h
before 3 or 5 Gy TBI (n = 8/group). MOS was administered orally
at 200 mg/kg body weight 2 h prior to TBI (3 or 5 Gy) in a single
fraction as per group. The mice were sacrificed on days 3, 7, 15,
and 40 as per ethical guidelines (by cervical dislocation), and
tissues were collected. The tissues were washed in PBS and either
Frontiers in Oncology | www.frontiersin.org 337
fixed for histology or flashed frozen in liquid N2, and stored for
further assays.

Peripheral Blood Analysis
Blood was withdrawn from the retro-orbital plexus and collected
in heparinized blood collection tubes (BD Biosciences, San Jose,
CA) on days 3, 5, 15, and 21 following various treatments. Blood
was mixed gently on a rotary shaker until acquisition and
analysis for red blood cells, hemoglobin, platelets, leukocytes,
and lymphocytes by using hematology analyzer (MEK-6400;
Nihon Kohden, Japan), and data was generated using Data
Management Software (DMS-Lite software).

Histological Examination of Bone Marrow
Mice were euthanized humanely, and femurs were isolated on
days 3, 7, 15, and 40-post IR exposure or/and MOS treatment.
Histological examination of bone marrow was done as described
by Travlos et al. with minor modifications (21). Briefly, femurs
were fixed in 10% formalin, neutral buffered (Sigma) for 12–14 h
at RT with gentle rocking followed by incubation in decalcifying
solution-Lite (Sigma) at RT with gentle rocking for 14–16 h.
Femurs were then washed thoroughly in tap water and thereafter
processed for dehydration, and paraffin blocks were made. The
micro-sections (3 mm) of tissue were prepared and stained with
hematoxylin and eosin (H&E). Slides were examined by
microscopy, and brightfield image acquisition was done using
Cell imager, Optika, Italy.

Histological Examination of Small Intestine
Histological examination of small intestine was done as
described by Morson et al. (22) with minor modifications.
Briefly, the mice were euthanized humanely, and intestine of
each animal was dissected, washed with PBS to remove intestinal
contents (on days 3, 7, 15 and 40-post IR exposure). Following
washing, jejunums were fixed in 10% neutral-buffered formalin
(Sigma) at 37°C for 24 h. The fixed tissue was thereafter
processed for dehydration, and paraffin blocks were made. The
micro-sections (5 mm) of tissue were prepared and placed on
slides for staining with hematoxylin and eosin (H&E). Slides
were examined by microscopy and brightfield image acquisition
was done using Cell imager, Optika Italy. Villus height and crypt
depth were measured and compared with that of control. Villus
height was determined by measuring the distance from the tip of
the villus up to the crypt. Spatial scale of the active image was
defined and presented in micrometer (calibrated unit, 2.55
pixels/micrometer) by converting pixels to mm using ImageJ
software for mac (Version 1.50i, NIH USA).

Crypt Microcolony Survival Assay
Non-serial transverse sections of jejunum were studied for the
number of cells per crypt and surviving crypt per T.S. Each
section was separated from the previous one by a minimum of
50 µm of tissue. Surviving crypts with ≥10 cells for each T.S. were
counted, and results are expressed as number of surviving crypt/
T.S. jejunum (23). A surviving crypt was defined as one that had
ten or more tightly and strongly packed H & E stained cells
June 2021 | Volume 11 | Article 677781

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


Sanguri and Gupta Mannan Oligosaccharide as Radiation Countermeasure Agent
(excluding Paneth cells). Only regions that were orientated
correctly and did not contain Payer’s patches were scored
(Payer’s patches influence both the number of crypts in a
normal circumference and the ability of a crypt to survive
insult). Number of cells per crypt was also counted, and results
were expressed as number of cells/crypt. Data were pooled from
three to four separate T.S. of jejunum from each mouse. Only
those crypts which were seen directly against the inner muscle
layer were counted. All counts and measurements from each
tissue specimen were obtained “blind” from a minimum of four
coded sections.

D-Xylose Absorption Assay
To quantify absorption efficacy of intestine as a physiological
indicator of mucosal barrier integrity in mice (n = 8/group) after
various treatments, a D-xylose uptake assay was performed at
various time points (0, 3, 7, 10, 15 and 40 days post 3, 5, and 7.5
Gy TBI). A 5% w/v solution of D-xylose (100 ml/mouse) in
deionized water was administered orally, and blood samples were
collected 2 h post administration. Blood was withdrawn from the
retro-orbital plexus and collected in microtainer tubes (BD
Microtainer Gold tube, BD Biosciences, San Jose, CA).
Following 30 min coagulation at room temperature, the sera
were well separated from the gel by 10 min-centrifugation at
10,000g, collected and stored at −80°C for later study. Serum
D-xylose concentration was determined according to Eberts et al.
with minor modifications (24). Then 5 ml phloroglucinol (1,3,5-
trihydroxybenzene, Sigma Chemical Co., St. Louis, MO) reagent
(0.5 g of phloroglucinol, 100 ml glacial acetic acid, and 10 ml of
conc. HCl) was added to 50 ml of plasma. This solution was
heated to 100°C in a water bath for 4 min to allow optimum color
development. After equilibration to room temperature, sample
absorption was measured using spectrophotometer at 554 nm,
and D-xylose concentration in each serum sample was calculated
using D-xylose standard calibration curve.

Isolation of Mitochondria
Kidney and liver tissues stored at −80°C were taken out, and
homogenate (10%) was prepared in ice-cold isolation medium
(0.3 M sucrose, 0.1% BSA, 1 mM EGTA, 5 mM Mops, 5 mM
KH2PO4, pH 7.4) using a Potter Elvjham homogenizer, and
mitochondria were isolated using the method of Goel et al. (25).
Briefly, the homogenate was centrifuged at 1,000g for 10 min at
4°C. The supernatant was collected and centrifuged at 10,000g
for 20 min at 4°C to obtain the mitochondrial pellet. The
mitochondrial pellet was washed three times with 50 mM
potassium phosphate buffer (pH 7.4) to remove traces of
sucrose, and integrity of mitochondria was determined by
measuring the monoamine oxidase enzyme activity (26, 27).

Mitochondrial Lipid Peroxidation
Thiobarbituric acid reactive substances (TBARSs) were
measured spectrophotometrically in liver and kidney
homogenates as described by (28) with minor modifications.
Briefly, mitochondrial protein (4 mg/ml) was mixed with an
equal volume of Buege & Aust reagent (TCA, 15% (w/v) in 0.25
M HCl; TBA, 0.37% (w/v) in 0.25 M HCl) and heated for 15 min
Frontiers in Oncology | www.frontiersin.org 438
in boiling water. After cooling, the precipitate was removed by
centrifugation at 1,000g in a refrigerated centrifuge (Sigma
3-18K, St. Louis, MO, USA) for 10 min at room temperature.
The absorbance of the supernatant was recorded at 532 nm
(IMPLEN nanodrop, Germany) against a sample containing
reagents but no sample. The concentration of TBARS was
determined using an extinction coefficient of 1.56 × 105 mol−1

cm−1 and results are expressed as nmoles of MDA per mg of
mitochondrial protein. Protein concentration in each sample was
measured by using BCA kit (Sigma-Aldrich Chemical Co., St.
Louis, MO, USA) as per manufacturers’ protocol using bovine
serum albumin (BSA) as standard.

Thiol Estimation
Acid soluble thiol was measured spectrophotometrically in liver
and kidney homogenates as described by Ellman with minor
modifications (29). Briefly, 0.3 ml mitochondrial protein
(4 mg/ml) was mixed with an equal volume of SDS (10%) and
mixed thoroughly. A 2.4 ml sodium phosphate buffer (5 mM)
was added, and the solutions were mixed properly. The
background absorbance of the solution was recorded at 412
nm using spectrophotometer. A 0.3 ml DTNB (1 mM) was then
added, and the solutions were incubated for 1 h at 37°C, and
absorbance was measured at 412 nm. The concentration of
sulfhydryls in the sample was determined using molar
extinction coefficient of TNB (14,150 M−1 cm−1), and results
are expressed as nmol of TNB per mg of mitochondrial protein.
Protein concentration in each sample was measured by using
BCA kit (Sigma-Aldrich Chemical Co., St. Louis, MO, USA) as
per manufacturers’ protocol using bovine serum albumin (BSA)
as standard.

Statistical Analysis
All the data were analyzed using Graph Pad Prism (version 5.01)
and were presented as mean ± standard deviation (SD).
Significance of difference between groups was determined by
Student’s t-test and one-way or two-way ANOVA with
Newman–Keuls’ multiple composite-tests. Survival studies’
data were analyzed using the Kaplan–Meier method followed
by Mantel–Cox (log-rank) test for assessment of significant
differences. Results were considered significant at P < 0.05.
RESULTS

Survival Studies of Mice Following
Treatment With MOS
Survival studies performed on Balb C mice showed that all the
mice exposed to lethal doses of gamma radiation (7.5 Gy) alone
died within 14 days (LD-100/14). Treatment of mice with MOS
alone (IP 50 mg/kg BW or oral 200 mg/kg BW) did not influence
the survival of mice. Moreover, oral administration of MOS
showed no toxicity in terms of survival up to 5 g/kg BW. Pre-
irradiation treatment of mice with MOS (−2 h; 50 mg/kg bw; IP)
conferred remarkable protection of mice resulting in the 100%
survival of mice (both male and female mice, age 8–12 weeks) as
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observed till 30 days (Figure 1A; p < 0.001). Interestingly, pre-
irradiation treatment of mice with MOS (−2 h; 200 mg/kg bw;
orally) also conferred 100% survival of mice (both males and
females, age 8–12 weeks and female, 6–8 months, Figures 1B, C;
p< 0.001) as observed till 30 days and thereafter also (up to 6
months) with respect to group exposed to radiation (7.5 Gy)
alone. The radioprotective efficacy of MOS was found to be age
dependent with 90, 60, and 50% survival in 6–8 months male
Frontiers in Oncology | www.frontiersin.org 539
mice, 12–13 months old female mice, and 12–13 months old
male mice respectively (Figures 1C, D; p < 0.001) observed till 30
days. At 7.5 Gy TBI dose, the radiation alone group experienced
absolute mortality and the entire cohort of animals died on (or
before) 15–16 days post TBI accompanied with symptoms of
radiation sickness such as weight loss, diarrhea, anorexia, and
lethargy. The animals treated with MOS prior to TBI showed
significantly less severity of symptoms or no symptoms at all.
A B

C D

FIGURE 1 | (A–D) MOS pretreatment protects mice from TBI-induced lethality. Protective effects of MOS (i.e. administered 2 h prior to irradiation) against lethal TBI
(7.5 Gy). (A) Mice (8 to 12 weeks old, both male and female) were injected MOS (50 mg/kg/B.W.; i.p.) and irradiated 2 h post treatment. (B) Protective effects of
MOS (i.e. administered orally 200 mg/kg B.W.; 2 h prior to irradiation) against lethal TBI (7.5 Gy) and sub-lethal TBI (5 Gy). Mice (8 to 12 weeks old, both male and
female) were administered MOS orally and irradiated 2 h post treatment. (C) Mice (6–8 months old, both male and female) were administered MOS orally (200 mg/kg
B.W.) and irradiated 2 h post treatment. (D) Mice (12–13 months old, male) were administered MOS orally (200 mg/kg B.W. and irradiated 2 h post treatment.
Kaplan–Meier survival curve depicts the 30-day survival (n = 8 in all the groups). The table summarizes the findings of Mantel–Cox (log-rank) test comparing survival
responses between un-irradiated and TBI cohorts, TBI and MOS (−2h) +TBI cohorts.
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The studies were also performed to measure survival at sub-
lethal dose of TBI (5Gy). Exposure of mice to 5 Gy radiation also
found to reduce survival by 60% (LD-60/21) with respect to
control group. Administration of MOS (male; 200 mg/kg bw
orally; −2 h) conferred 100% protection with respect to 5 Gy
alone (p < 0.001).

The result suggests that MOS treatment prior to radiation
protects animal from deleterious effects of radiation and confers
100% survival when administered from either of the two routes.

MOS Pretreatment Amends Hematological
Indices in the Peripheral Blood Post TBI
The kinetics of hematopoietic recovery in sub-lethally irradiated
mice treated with MOS was followed for 30 days post-TBI. MOS
significantly increased survival from 60 to 100% in combination
(MOS + 5Gy) cohorts compared to the TBI (5 Gy) group.
Assessment of the peripheral blood for various hematological
parameters exhibited significant decrease in peripheral blood
components (Figures 2A–E). The results revealed that exposure
to TBI significantly decreased the number of circulating leukocytes
in animals exposed to TBI (3.87 × 103 ± 0.35 cells/ml, p < 0.001)
and 3.43 × 103 ± 0.45, p < 0.001) cells/ml in 3 and 5Gy TBI cohorts
respectively) in comparison to 6.63 ×103 ± 0.5 cells/ml in un-
irradiated control cohorts, with nadir observed at day 15 post-
irradiation (0.62 ×103 ± 0.1 cells/ml, p < 0.001 and 0.217 × 103 ±
0.08 cells/ml, p < 0.001) in 3 and 5Gy TBI, respectively). Decrease
in circulating leukocytes can compromise the health status of
animals and can result in immunosuppression. Leukocyte levels
did not recover till day 30 in the TBI mice. On the contrary, MOS
pretreatment augmented the WBC count by accelerated recovery
in the leukocyte counts at day 22 (4.23 × 103 ± 0.42 cells/ml, p <
0.001 and 3.74 ×103 ± 0.73 cells/ml, p < 0.001) in MOS +3 Gy and
MOS + 5 Gy group respectively), and recovered to almost normal
levels by day 30 in animals of both MOS + 3 Gy and MOS + 5 Gy
groups. The lymphocyte percentage significantly decreased at day
3 (34.03 ± 5.43%, p < 0.001 and 31.78 ± 5.20%, p < 0.001) and
reached their nadir around day 5 (20.20 ± 0.73%, p < 0.001 and
19.82 ± 2.85%, p < 0.001) and did not recover until after day 30
post-TBI [(49.0 ± 1.97%, p < 0.001) and (43.50 ± 3.95%, p <
0.001)], in both 3 and 5 Gy cohorts, respectively (Figure 2B).
Contrarily, in MOS pretreated cohorts, the initial decrease in
lymphocyte percentage was rapid till day 5 post TBI, after which
accelerated recovery was observed and approximately normal
percentage was reached by day 30 post TBI. Erythrocytes and
hemoglobin were slower to reach their nadir (day 22), and both
recovered to almost normal levels by day 30 (Figures 2C, D) both
in TBI and MOS + TBI cohorts. Exposure to TBI in irradiated
group resulted in initial gradual decrease in platelet count at day 3
(784.07 × 103 ± 32.42 cells/ml, p = ns and 697 × 103 ± 12.00 cells/ml,
p < 0.01) followed by a subsequent sharp decrease at day 5,
reached nadir (325.60 × 103 ± 26.66 cells/ml, p < 0.001 and
259.10 × 103 ± 47.92 cells/ml, p < 0.001) at day 15 post TBI, and
recovered levels were seen in 3 and 5 Gy irradiated cohorts
respectively, by day 30 post TBI (Figure 2E). Hematopoietic
suppression was significantly lesser in TBI mice pretreated with
MOS in all studied parameters. Thus, these results suggest that
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MOS could be a potential countermeasure for the reduced number
of circulating blood cells in irradiated animals.

MOS Pretreatment Restores Bone Marrow
Cellularity in TBI Mice
TBI above a threshold dose induces hematopoietic injury and is
characterized by depletion of the bone marrow cellular content (7,
30). Effects of MOS pretreatment on the radiation-induced damage
to the bone marrow were analyzed by histological analysis of the
mice femurs on days 3, 7, 15, and 40 post TBI (3 and 5 Gy). In TBI
mice, hematopoietic stem cells and vasculature are disrupted to a
large extent, and results show dramatic decrease in bone marrow
cellularity in TBI mice. The bone marrow appears necrotic and
highly hemorrhagic, and the marrow space shows high content of
RBCs (anuclear pink cells). Scattered islands of hematopoietic cells
were found to occupy the marrow cavity with variable cellularity
and decreased hematopoiesis, till day 15 post 3 and 5 Gy TBI;
(Figures 3B, C) in comparison to un-irradiated animals that show
hypercellular marrow, with more than 90% cellularity with
trilineage hematopoiesis. Erythroid series is visible; myeloid series
show complete maturation, and megakaryocytes are adequate in
number and morphology; Figure 3A. Contrarily, MOS
pretreatment abrogated the radiation-induced cellular depletion to
a large extent with cell numbers and cellular content almost similar
to levels in the control animals, and accelerated recovery. The data
corroborates well with peripheral blood analysis and indicate that
MOS pretreatment alleviates the TBI-induced BM suppression
resulting in enhanced hematopoietic recovery.

Histological Examination of Small Intestine
H&E stained sections of the jejunum were analyzed on days 3, 7,
15, and 40-post irradiation. Jejuna from MOS treated animals
prior to TBI (both 3 and 5 Gy) and irradiated animals (both 3
and 5 Gy TBI) showed shortening of the villi and loss of
structural integrity at days 3 and 7 (Figure 4). However, the
villi blunting and loss of structure were significantly less in MOS-
pretreated animals in comparison to the respective irradiated
animals. Similarly, there was significant decline in crypt depth
post TBI in comparison to un-irradiated control, and the
decrease was less in MOS-pretreated animals. MOS pretreated
animals showed signs of accelerated recovery as demonstrated by
the increase in villi length (427 ± 48.5 mm, p < 0.05 and 359 ±
31.09 mm, p < 0.05; Figure 5A), crypt depth (Figure 5B), and the
substantial decline in blunting in comparison to the irradiated
group (villi length; 237 ± 84.2 mm, p < 0.05 and 206.66 ± 23.094
mm, p < 0.05, crypt depth) day 15, post 3 and 5 Gy TBI
respectively. By day 40 the morphology of jejuna in both
irradiated and MOS-pretreated animals had returned to
normal. The number of surviving and regenerating crypts per
intestinal circumference was scored, and the average per mouse
and per group was determined. The average viable crypts per T.S.
of jejunum in the untreated control were about 120.5 ± 3.56
(Figure 5C). MOS treatment alone exhibited non-significant
changes in the number of crypts (125 ± 3.53, 125 ± 6.36, 128 ±
3.6, and 123 ± 4.7) than that of control (on days 3, 7, 15, and 40
respectively). The 3 and 5 Gy cohorts exhibited reduced number
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of viable crypts to 81 ± 2.82, p < 0.001, 82.5 ± 3.53, p < 0.001, 86 ±
4.24, p < 0.001, 100.5 ± 3.53, p < 0.001, and 66 ± 3.53, p < 0.001,
64 ± 5.65, p < 0.001, 81 ± 2.9, p < 0.001, 94.5 ± 6.36, p < 0.001 on
days 3, 7, 15, and 40 post TBI respectively. Pre-irradiation
administration of MOS in 3 and 5 Gy TBI cohorts showed
significantly higher number of viable crypts on day 3 (113 ± 4.23,
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p < 0.01 and 90 ± 2.82, p < 0.01) and day 7 (94 ± 2.82, p < 0.01
and 87± 2.9, p < 0.01) respectively in comparison to irradiated
control group.

Numbers of cells per crypt were counted and shown in
Figure 5D. The average cells per crypt of jejunum in the
untreated control were about 35.5 ± 2.32. MOS treatment alone
A

B

C

D

E

FIGURE 2 | (A–E) MOS mediated alterations in the hematological indices in the peripheral blood. Mice were treated with MOS and/or subjected to exposure of
radiation (3 and 5 Gy) and assessed for blood cell parameters as described in Materials and Methods. Blood counts representing (A) WBC, (B) lymphocyte,
(C) RBC, (D) hemoglobin, and (E) platelets at days 3, 5, 15, 22, and 30 post TBI. (n = 10). Error bars represent mean ± SD, and *p < 0.05, **p < 0.01, and
***p < 0.001, #p < 0.05, ##p 0.01, ###p < 0.001, $p < 0.05, $$p < 0.01 and $$$p < 0.001 were considered significant, #compared to unirradiated control, *compared
to 3 Gy irradiated cohorts and $compared to 5 Gy irradiated cohorts.
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exhibited non-significant changes in the number of crypts than
that of control in all the time points studied. The number of cells
was reduced to 20 ± 2.82, p < 0.001, 23.5 ± 2.12, p < 0.001, 24 ±
2.9, p < 0.001, 29.5 ± 2.12, ns and 17.5 ± 2.12, p < 0.001, 16 ± 1.41,
p < 0.001, 20 ± 2.9, p < 0.001 24 ± 2.2, ns on days 3,7, 15, 40 post (3
and 5 Gy) TBI respectively. MOS pretreatment showed higher
Frontiers in Oncology | www.frontiersin.org 842
number of cells per crypt in MOS + 3 Gy andMOS + 5Gy cohorts
on day 3 (113 ± 4.23 and 90 ± 2.82, p < 0.05) and day 7 (94 ± 2.82,
p < 0.01 and 87± 2.9, p < 0.01) in comparison to irradiated cohorts
respectively. Significant recovery was evident in MOS-pretreated
cohorts in terms of villi height, crypt depth, number of surviving
crypts, and cells per crypt 15 days post TBI.
B

C

A

FIGURE 3 | Histological examination of bone marrow. Mice were treated with MOS and/or subjected to TBI (3 and 5 Gy) and assessed for histological examination
of small intestine on days 3, 7, 15, and 40-post MOS treatment and/or TBI as described in Materials and Methods. (A) Representative image of H&E stained femur
section of un-irradiated control mice. (B) Representative image of H&E stained femur section of 3 Gy TBI and 3 Gy +M mice. (C) Representative image of H&E
stained femur section of 5 Gy TBI and 5 Gy +M mice.
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A

B

C

D

FIGURE 5 | (A–D) Histological examination of small intestine: Mice were treated with MOS (200 mg/kg bw) and/or subjected TBI (3 Gy and 5 Gy) and thereafter
assessed for histological examinations of small intestine on days 3, 7, 15 and 40-post MOS treatment and/or TBI as described in materials and methods.
Representation of (A) Villi height (mm) (B) Crypt depth (mm) (C) No. of surviving crypts/T.S. Jejunum (D) No. of cells present per crypt observed in T.S. Error bars
represent mean ± SD, and *p < 0.05, **p < 0.01, ***p < 0.001,#p < 0.05, ##p < 0.01, and ###p < 0.001 , $p < 0.05, $$p < 0.01 and $$$p < 0.001 were considered
significant, #compared to unirradiated control, *compared to 3 Gy irradiated cohorts and $compared to 5 Gy irradiated cohorts.
FIGURE 4 | Histological examination of small intestine. Mice were treated with MOS and/or subjected to TBI (3 and 5 Gy) and assessed for histological examination
of small intestine on days 3, 7, 15, and 40-post MOS treatment and/or TBI as described in Materials and Methods. Scale bar equals 100 mm with an original
magnification of ×400.
Frontiers in Oncology | www.frontiersin.org June 2021 | Volume 11 | Article 677781943

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


Sanguri and Gupta Mannan Oligosaccharide as Radiation Countermeasure Agent
Xylose Absorption Assay
Functional regeneration and absorptive capacity of the intestines
in TBI mice were determined by measuring intestinal absorption
of D-xylose. Serum D-xylose level in non-irradiated group was
148 ± 8.88 mg/ml, and there was progressive reduction in xylose
absorption in 3 Gy TBI mice (111 ± 8.5 mg/ml, p < 0.01), 5 Gy
TBI mice (74.66 ± 5.5 mg/ml, p < 0.001), and 7.5 Gy irradiated
mice (63.66 ± 11.84 mg/ml, p < 0.001). MOS pretreatment
exhibits significant recovery in the xylose absorption 3 days
post TBI in mice exposed to 3 Gy (135 ± 4.16 mg/ml, p < 0.01), 5
Gy (134 ± 5.56 mg/ml, p < 0.001), and 7.5 Gy (112 ± 9.84 mg/ml,
p < 0.001); (Figures 6A–C). Xylose absorption further declined
on day 7 post TBI in the irradiated cohorts 3 Gy (94.33 ± 6.02 mg/
ml, p < 0.001), 5 Gy (64 ± 6.02 mg/ml, p < 0.001), and 7.5 Gy
(43.44 ± 4.9 mg/ml, p < 0.001) respectively as well as the MOS-
pretreated cohorts 3 Gy (125.21 ± 6.32 mg/ml, p < 0.01), 5 Gy
(113.41 ± 6.02 mg/ml, p < 0.001), and 7.5 Gy (90.33 ± 9.29 mg/ml,
p < 0.001). A time course study (1–40 days) showed significant
Frontiers in Oncology | www.frontiersin.org 1044
recovery of xylose absorption in MOS-pretreated cohorts at day
15 post 3 Gy (125.31 ± 6.11 mg/ml, p < 0.001), 5 Gy (117.51 ±
6.02 mg/ml, p < 0.001) 7.5 Gy TBI (102 ± 8.0 mg/ml, p < 0.001)
and continued to improve till day 40 post 3 Gy (142.31 ± 7.03 mg/
ml, p < 0.001), 5 Gy (144.51 ± 7.02 mg/ml, p < 0.001), and 7.5 Gy
TBI (109.37 ± 19 mg/ml, p < 0.001) thereby, indicating the
functional regeneration of intestine after radiation injury. The
7.5 TBI cohorts exhibited surplus decline in xylose absorption at
day 10 (35.33 ± 5.51 mg/ml, p < 0.001) and day 15 (31 ±
3.6 mg/ml, p < 0.001) with no surviving animals in the group
after day 15. The 7.5 Gy TBI animals were incapable of
demonstrating adequate xylose absorption after radiation
injury, further contributing to animal mortality. The 3 Gy
(84 ± 6.65 mg/ml, p < 0.001) and 5 Gy (55.51 ± 6.32 mg/ml,
p < 0.001) TBI cohorts exhibited further decline in the intestinal
absorptive capacity on day 15, with improvement in xylose
absorption on day 40 (127.67 ± 7.50 mg/ml, p < 0.001) and
(101.82 ± 11.21 mg/ml, p < 0.001) respectively.
A C

B

FIGURE 6 | D-Xylose absorption assay: Mice were treated with MOS (200 mg/kg bw) and/or subjected to (A) TBI (3 Gy) and assessed for absorptive capacity
of the small intestine on days 0, 3, 7, 15, and 40; (B) TBI (5 Gy) assessed for absorptive capacity of the small intestine on days 0, 3, 7, 15, and 40; (C) TBI (7.5
Gy) assessed for absorptive capacity of the small intestine on days 0, 3, 7, 10, 15, and 40 post TBI as described in Materials and Methods. Error bars represent
mean ± SD, ***p < 0.001 were considered significant compared to un-irradiated control group and ###p < 0.001were considered significant compared to
irradiated group.
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MOS Pretreatment Lowers MDA Levels
in the Kidney and Liver Mitochondria
Ionizing radiation causes extensive damage to lipid component of
biological membrane due to initiation of chain reaction of free radical
formation (31). Phospholipids along with protein components of the
biological membrane are also equally vulnerable to the free radical
mediated attack resulting in oxidative modification rendering them
non-functional (25, 32). Lipid peroxidation leads to formation of
mutagenic MDA, compromising membrane fluidity, integrity, and
biological functioning.

Results show intensive increase in MDA concentration 3 days
post 3 and 5 Gy TBI mice kidney (72 ± 4.24, p < 0.001 and 86.5 ±
6.36, p < 0.001 nM/L/mg of mitochondrial protein) in
comparison to un-irradiated control (33 ± 4.2, p < 0.001);
Figure 7. MDA concentration remained significantly high in
TBI mitochondria (of mice kidney). MOS pretreatment in
combination cohorts has shown significant decrease in MDA
levels in the kidney mitochondria in comparison to that of
irradiated animals at all the studied time points.
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MOS Administration Prior to TBI
Ameliorates Free Thiol Levels
in Mitochondria
Presence of thiols in the biological system is of great significance in
redoxmetabolism both as components of protein structures and as
metabolic intermediates. Protein thiols play an important role in
many cellular functions, including protein folding, enzyme
catalysis, and metabolic regulation. Thiols are present as protein
thiols and non-protein thiols and have ability to directly scavenge
free radicals. Exposure to IR is known to deplete GSH and other
thiols in animal tissues in dose dependent manner. Therefore,
measurement of the biological thiols is important to investigate
their roles in IR induced oxidative stress. Results show dramatic
decrease in thiol concentration 3 days post 3 and 5 Gy TBI mice
kidney (3.05 ± 0.778, p < 0.001 and 2.25 ± 0.354, p < 0.001 nM/L/
mg of mitochondrial protein) in comparison to un-irradiated
control (6.050 ± 0.35, p < 0.001); Figure 8. Acid soluble thiol
levels remained significantly lesser in TBI mitochondria (of mice
kidney) at all time points studied in comparison to that of control.
FIGURE 7 | Lipid peroxidation assay: Mice were treated with MOS (200 mg/kg bw) and/or subjected to TBI (3 and 5 Gy) and assessed for MDA levels in mice kidney
mitochondria as described in Materials and Methods. Error bars represent mean ± SD, ###p < 0.001 were considered significant compared to un-irradiated control group,
***p < 0.001 were considered significant compared to irradiated group and $$$p < 0.001 were considered significant compared to 5 Gy irradiated group.
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MOS pretreatment in combination cohorts has shown significant
increased thiol levels in the kidney mitochondria in comparison to
that of irradiated animals at all the studied time points. MOS
administration prior to TBI improved thiol levels in mitochondria
(kidney) of animals in comparison to that of irradiated group.
DISCUSSION

Prebiotic MOS is reported to have beneficial effects in overall
health of an organism, possess intestinal stimulatory capability,
Frontiers in Oncology | www.frontiersin.org 1246
and immune modulation potential. And we have earlier reported
in vitro radiation protection efficacy of MOS in normal cells with
intact respiratory function (Figure 9) (19). The present study
focuses on demonstrating radioprotective effects of MOS, a
prebiotic and understanding its role in reducing deleterious
effects of TBI on hematopoietic and gastrointestinal system.
Mannan pretreatment (IP 50 mg/kg BW or oral 200 mg/kg
BW, separately) confers 100% survival advantage to 8–2 weeks
old mice (both male and female) against lethal dose of TBI (7.5
Gy) compared to 100% mortality within 14 days after IR
exposure alone group (Figures 1A, B). Moreover, improved
survival (approximately 62 and 50%) in MOS pretreated
BALB/c mice (12–13 months old female and male mice
respectively) receiving lethal dose (7.5 Gy) of TBI was also
observed (Figure 1D). There was less decline and consequently
prompt recovery of the radiation-induced loss of body weight in
MOS pretreated cohort post total body irradiation (TBI) in
comparison to irradiated animals (data not shown).

Hematopoietic stem cells and intestinal crypt stem cells are
extremely sensitive to damage by IR because of their highly
proliferative nature (30). Sensitivity of bone marrow against TBI
has been well documented, and pancytopenia is a major factor in
radiation-induced morbidity and mortality (33). We assessed the
effects of MOS pretreatment on bone marrow and radiation-
induced suppression in the number of circulating blood cells by
exposing mice to 3 and 5 Gy TBI at days 3, 7, 15, and 40. There
was massive ablation of cellular content of the bone marrow and
consequent decrease in number of circulating blood cells after 3
and 5 Gy TBI (Figures 2A–E). Damage to hematopoietic stem
cells results in depletion of peripheral blood lymphocytes and
consequently enhances the susceptibility of organism to
opportunistic secondary infections. Results reveal reduction in
various hematological parameters post TBI, and the baseline
levels for most were never achieved in TBI mice. On the other
hand, MOS modulated rapid recovery of the constituent
parameters leading to attainment almost baseline levels of most
peripheral blood cells by day 30 (Figures 2A–E). MOS
pretreatment in mice reduced radiation induced damage to
FIGURE 8 | Total Thiol estimation using Ellman’s reagent: Mice were treated
with MOS (200 mg/kg bw) and/or subjected TBI (3 and 5 Gy) and assessed
for total thiol levels in mice kidney mitochondria as described in Materials and
Methods. Error bars represent mean ± SD, ###p < 0.001 were considered
significant compared to un-irradiated control group, ***p < 0.001 were
considered significant compared to irradiated group and $$$p < 0.001 were
considered significant compared to 5 Gy irradiated group.
FIGURE 9 | MOS mediated radiation protection in vitro: MOS mediated radiation protection in normal cells requires TLR and ETC function. Under in vitro system,
mannan counters radiation response through activation of NFkB, p38 and JNK, alteration in mitochondrial physiology, increase in MnSOD and Cu/ZnSOD
expression, and decrease in peroxidation of cardiolipin inside mitochondrial inner membrane.
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hematopoietic stem cells and instigated rapid restoration of bone
marrow cellular content (Figure 3) resulting in substantial
increase in the number of circulating blood cells (Figures 2A–
E). Stimulation of hematopoietic stem cells might be involved in
promoting prompt recovery of hematopoietic system in
comparison to irradiated group. IR poses damage to both
gastrointestinal system and hematopoietic system and both of
these losses can independently or synergistically result in
mortality. It has been shown that doses that manifest GI-ARS
also impact bone marrow tremendously and lower ability of the
body to manage the infections caused by intrusions in intestinal
mucosal barrier (34). Contrarily, findings from another study
clearly separate the effects of radiation on the GI epithelium from
those on the BM or BM-derived cells and have shown that the
radio-sensitivity of the BM does not influence radio-sensitivity of
the GI epithelium (30). The effects of MOS pretreatment on the
radiation-induced damage to the GI system were analyzed by
histological examination of the jejunum on days 3, 7, 15, and 40
post TBI. Results depict that MOS pretreatment followed by TBI
minimizes crypt cell death and denudation of villi in comparison
to the respective irradiated animals. Moreover, MOS pretreated
animals showed signs of accelerated overall recovery as
demonstrated by substantial decline in blunting, early
restoration of normal morphology, and absorption function of
small intestine (Figures 4–6).
Frontiers in Oncology | www.frontiersin.org 1347
Presence of thiols in biological system is of great significance
in redox metabolism both as components of protein structures
and as metabolic intermediates (35). Thiols play an important
role in many cellular functions, including protein folding,
enzyme catalysis, and metabolic regulation (36–38). Thiols
have the ability to directly scavenge free radicals and may act
as cofactor for enzymes involved in management of oxidative
stress (38, 39). Exposure to IR is known to deplete GSH and other
thiols in animal tissues in a dose dependent manner. Therefore,
we measured acid soluble thiols to investigate their roles in IR
induced oxidative stress. MOS administration prior to TBI
ameliorated acid soluble thiol levels in mitochondria (of liver
and kidney) of animals in comparison to that of irradiated group
(Figure 8). Ionizing radiation causes extensive damage to lipid
component of biological membrane due to initiation of chain
reaction of free radical formation (31). Phospholipids along with
protein components of the biological membrane are also equally
vulnerable to the free radical attack resulting in oxidative
modification rendering them non-functional (40). Lipid
peroxidation leads to formation of mutagenic MDA,
compromising membrane fluidity, integrity, and biological
functioning (41). MOS pretreatment in combination cohorts
has shown significant decrease in MDA levels in the kidney
and liver mitochondria in comparison to that of irradiated
animals (Figure 7). Mitochondria is an important cell
FIGURE 10 | MOS mediated radiation protection in vivo: Under in vivo condition, MOS pretreatment abates radiation-induced damage to hematopoietic system and
gastrointestinal system, accelerates recovery, and consequently abrogates TBI-induced lethality in mice.
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organelle that is both a potential source as well as target of ROS.
Correspondingly, under in vitro system, we have demonstrated
that MOS counters IR induced ROS through alteration in
mitochondrial physiology, increase in MnSOD and Cu/ZnSOD
expression, and decrease in peroxidation of cardiolipin inside
mitochondrial inner membrane (19). As aging progresses, there
is more damage accumulation in mitochondria, and there is
decline in electron transport chain function. Since mitochondrial
respiratory capacity is known to decline with age, reduction in
survival percent in mannan pretreated aged mice (50–60% in 12–
13 months old mice with respect to 100% survival in 8–12 weeks
old mice) was well expected after TBI. Another independent
study was done in our laboratory to assess the effects of ionizing
radiation on GI tract microflora in MOS treated mice post TBI.
Mice gut microflora was cultured from the fecal matter followed
by characterization of bacteria based on morphology and
differential staining. The gut microflora largely remains
unperturbed in MOS pretreated mice, and there was decline in
microflora type and number in TBI mice. The results of the study
will be discussed in detail elsewhere (unpublished data). Results
demonstrate that MOS ameliorates the radiation-induced
damage to the hematopoietic and GI system, accelerates
recovery leading to enhanced animal survival demonstrating its
protection efficacy against TBI induced mortality (Figure 10).

In summary, MOS treatment prior to TBI effectively
minimizes radiation-induced hematopoietic and gastrointestinal
injury, accelerates recovery of circulating blood cells, minimizes
oxidative damage to important cellular biomolecules, restores
intestinal integrity, and consequently abrogates TBI-induced
lethality. Earlier, we have shown that TLR and mitochondrial
ETC functions are inevitable in radio-protective efficacy exhibited
by mannan. These observations clearly demonstrate the potential
of MOS as a countermeasure agent to ameliorate biological effects
of radiation. Abrogation of damage to both GI and hematopoietic
system may play a major role in enhanced recovery of organism
and thereby improved overall survival. Further studies are
necessary to unravel the mechanisms underlying decrease in the
radiation-induced damage to stem cell compartments of tissue
and accelerated repair of tissue damage by mannan pretreatment,
besides its ability to abolish cellular oxidative stress. In recent
years, numerous radiation countermeasure agents have been
reported, most of which are efficient but relatively toxic. MOS,
as a radiation countermeasure agent, may be beneficial in case of
planned radiotherapy events. However, the present study was
Frontiers in Oncology | www.frontiersin.org 1448
done on single strain of mice model, and the results need to be
validated in other more suitable animal model at pre-
clinical levels.
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Background: Brain metastasis is the most common form of tumor recurrence after
resistance to crizotinib in patients with anaplastic lymphoma kinase (ALK)-positive non-
small-cell lung cancer (NSCLC). The treatment of brain metastasis in patients with ALK-
positive NSCLC requires a multidisciplinary approach, including targeted therapy,
chemotherapy, and radiotherapy. At present, no optimal treatment for these patients
has been identified, although radiotherapy has remained a vital treatment.

Case Presentation:We experienced a patient with ALK-positive NSCLC who developed
brain metastasis after crizotinib therapy. ALK rearrangement was not detected in a blood
sample using next-generation sequencing. In accordance with National Comprehensive
Cancer Network guidance, the patient underwent whole-brain radiotherapy. However,
the number of metastatic sites unexpectedly increased. In desperation, the patient
was empirically given alectinib after radiotherapy failure, and unanticipated success
was achieved.

Conclusions: This case revealed some new insights. First, liquid biopsy is
complementary to tissue biopsy in patients with NSCLC, mainly in those with EGFR
mutation. However, ALK rearrangement should be assessed using tissue biopsy as much
as possible. Second, brain metastasis of NSCLC might respond to second-generation
tyrosine kinase inhibitors (TKIs), such as alectinib and ceritinib, after resistance to crizotinib
regardless of the presence or absence of ALK rearrangement in liquid biopsy. Finally,
combined radiotherapy and TKI therapy appears optimal in patients with brain metastasis
of NSCLC after resistance to crizotinib in the absence of a definitive driver gene.

Keywords: anaplastic lymphoma kinase, non-small-cell lung cancer, brain metastasis, radiotherapy, alectinib
Abbreviations: NSCLC, non-small-cell lung cancer; ALK, anaplastic lymphoma kinase; ALKr, anaplastic lymphoma kinase
gene rearrangement; BM, brain metastasis; TKIs, tyrosine-kinase inhibitors; CEA, carcinoembryonic antigen; NGS, next-
generation sequencing; FISH, fluorescence in situ hybridization; WBRT, whole brain radiation therapy; SIB, simultaneous
integrated boost; MR, magnetic resonance; CEA, carcinoembryonic antigen.
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INTRODUCTION

As a drive genemutation, anaplastic lymphoma kinase (ALK) gene
rearrangement (ALKr) accounts for 2% to 7% of all cases of non-
small-cell lung cancer (NSCLC) (1). Therefore, agents targeting
ALKr might precisely treat this subtype of NSCLC. As a first-
generation drug targeting ALKr, crizotinib has proven effective in
patients with NSCLC harboring ALKr (2). However, most patients
experience tumor recurrence within 1 year after crizotinib therapy.
Moreover, brain metastasis (BM), which remains a substantial
cause of morbidity and mortality, is the most common type of
recurrence (3). The treatment of BM of ALK-positive NSCLC
requires a multidisciplinary approach, including targeted therapy,
chemotherapy, and radiotherapy. To date, no definitive treatment
has been established. Haihong et al. reported that patients with BM
of ALK-positive lung adenocarcinoma had better overall survival
following tyrosine-kinase inhibitor (TKI) treatment or cranial
radiotherapy. Moreover, cranial radiotherapy plays an important
role in the treatment of these patients (4). A lack of response to
radiotherapy has not been previously reported in patients with BM
of ALK-positive lung adenocarcinoma. In this study, we found that
alectinib was effective in a patient with BM of NSCLC refractory to
radiotherapy that was negative for ALKr after resistance to
crizotinib. In addition, we discuss the effects of different
treatments for BM of ALK-positive lung adenocarcinoma by
reviewing the relevant literature.
Frontiers in Oncology | www.frontiersin.org 251
CASE DESCRIPTION

A 67-year-old man had a greater than 20-year history of smoking
20 cigarettes/day, although he quit smoking 10 years before
presentation. In July 2015, he sought medical advice for right
supraclavicular lymph node enlargement. Physical examination
identified right supraclavicular lymph node enlargement that
was not painful. Laboratory data were normal excluding
elevation of carcinoembryonic antigen (CEA) levels (8.7).
Positron emission tomography (PET) revealed one occupying
lesion in the left lung, as well as right supraclavicular lymph node
enlargement and multiple mediastinal lymphadenopathies.
Moreover, there were multiple bone metastases, including
metastases in the fourth cervical vertebra, left first rib, and left
pubis (Figure 1A). According to the eighth edition of the
classification of lung cancer, the stage of this malignancy was
IV (T1cN3M1b). Transcutaneous needle biopsy was performed
at the site of right supraclavicular lymph node enlargement.
Based on the result of immunohistochemical analysis, a diagnosis
of poorly differentiated adenocarcinoma was made (Figure 1B).
Via next-generation sequencing (NGS) and fluorescence in situ
hybridization, ALKr was detected in biopsy samples. Therefore,
crizotinib therapy was started, which resulted in the shrinkage of
all lesions after 3 months. In addition, CEA levels had declined to
6.7 at this time. At the end of the follow-up period, all lesions
exhibited further shrinkage excluding the left lung lesion,
A

B

FIGURE 1 | A T1cN3M1b NSCLC patient. (A) PET revealed that one occupying lesion is in left lung. There is one right supraclavicular lymph node enlargement and
multiple mediastinal lymphadenopathies. Moreover, there were multiple bone metastases, including the fourth cervical vertebra, the left first rib, and the left pubis.
(B) According to the immunohistochemical analysis, a diagnosis of poorly differentiated adenocarcinoma was made.
June 2021 | Volume 11 | Article 709188
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which was stable. Laboratory analysis revealed normal CEA
levels (<5.0).

In October 2019, the patient experienced dizziness and right
hip pain. PET revealed multiple bone metastases in the right
ilium and right ischium (Figure 2A). Moreover, there were
multiple metastatic foci in the brain (Figure 2A). Contrast-
enhanced magnetic resonance imaging (MRI) disclosed nine
BMs (Figure 2B). Laboratory analysis revealed a CEA level of
3.6. We recommended biopsy of the right iliac bone. Because the
patient had high intracranial pressure and worsening dizziness,
he and his family refused biopsy. ALKr was not detected in a
blood sample examined via NGS. Following Liu’s report (5), the
patient received whole-brain radiotherapy (WBRT) combined
with simultaneous integrated boost (SIB) directed at the
metastatic foci. The dose of WBRT was 39.6 Gy delivered in
22 fractions, and that of SIB was 55 Gy delivered in 22 fractions
(Figure 2C). The patient also received radiotherapy of the right
iliac bone lesion (60 Gy in 24 courses, Figure 2D). Although
radiotherapy resulted in improvement of the patient’s right hip
pain, his intracranial pressure worsened. The patient underwent
MRI after completing 10 fractions of cranial radiotherapy. MRI
indicated that the number of BMs had increased to
approximately 50 (Figure 3A). After careful consideration, we
decided to finish WBRT. After finishing WBRT, the patient
became comatose, and MRI revealed approximately 80 BMs,
including some in the brain stem (Figure 3B). Satoh et al.
reported that the overall concordance rate of the ALK status
was 100% according to immunostaining between histologic and
paired liquid-based cytology specimens (6). However, Aldea et al.
found that the detection rate of genomic alterations was lower in
patients with isolated central nervous system (CNS) progression
(7). Because the result of blood testing was doubtful, the patient
received alectinib 600 mg twice daily. After a week of oral
alect inib treatment, the patient gradual ly regained
consciousness, and his physical symptoms had gradually
improved after a month of therapy. MRI revealed a reduction
Frontiers in Oncology | www.frontiersin.org 352
in the number of BMs to approximately 60 and a decrease in the
total metastatic tumor volume (Figure 4A). Some metastatic foci
vanished, especially in the brain stem. However, the right
thalamus hemorrhaged and ruptured into the ventricle because
the patient autonomously terminated antihypertensive therapy,
resulting in cerebral hemorrhage. The patient was treated for
cerebral hemorrhage. Meanwhile, the patient continued to take
alectinib. After a month of treatment following the development
of hemorrhage, the patient’s condition had gradually stabilized.
MRI illustrated that most of the hematoma was absorbed and the
number of BMs had further decreased to approximately 20
(Figure 4B). The total metastatic tumor volume had also
further decreased.
DISCUSSION AND CONCLUSIONS

BM, which is a frequent complication in patients with NSCLC, is
associated with poor survival outcomes, and it poses clinical
challenges for oncologists (8). At the initial diagnosis, 10% of
patients with NSCLC have BM, and the brain is the only site of
tumor relapse in 50% of patients with NSCLC (9). However, the
risk of BM is higher in patients with NSCLC harboring ALKr.
The rate of BM is approximately 20% in patients with NSCLC
harboring ALKr at the initial diagnosis and up to 75% in patients
after resistance to crizotinib (10). Therefore, the therapeutic
effect on BM plays an important role in prolonging overall
survival and improving patient quality of life. However, there
is no standard treatment for BM of NSCLC. Prior studies used
different strategies to treat BM of NSCLC, including surgery,
radiotherapy, chemotherapy, targeted therapy, immunotherapy,
and combinations of different modalities (11–15).

Radiotherapy, including WBRT (13, 16, 17) and stereotactic
radiosurgery (SRS) (16–18), plays an important role in treating BM
of NSCLC harboring driver gene mutations. In accordance with
National Comprehensive Cancer Network recommendations,
A

B D

C

FIGURE 2 | Tumor recurrence after treatment of crizotinib. (A) PET revealed multiple bone metastases in the right ilium and the right ischium. Moreover, there were
multiple metastatic focuses in the brain. (B) The contrasted MR showed that the patient had BM. (C) The dose distribution of radiotherapy in BM. (D) The dose
distribution of radiotherapy in the lesion of the right iliac bone.
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A

B

FIGURE 4 | The number of BM decreased after treatment of alectinib. (A) MR showed that the number of brain metastasis decreased to about 60. (B) The number
of brain metastasis further decreased to about 20.
A

B

FIGURE 3 | The number of BM increased after radiotherapy. (A) The MR showed that the number of brain metastasis increased to about 50. (B) MR showed that
the number of BM increased to about 80.
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the patient received WBRT. To increase local control, we used SIB
to increase the dose delivered to metastatic foci. However, during
the course of radiotherapy, the number of BMs inexplicably
increased in this patient. This phenomenon has not been
reported previously. Prior studies mainly found that WBRT
impairs cognitive function and quality of life and cited SRS as an
alternative therapy for patients with BM. Some studies reported
that SRS achieved good local control and resulted in less cognitive
deterioration in patients with one to three BMs (19, 20). Hughes
et al. reported that SRS alone could be adapted to treat patients
with five to 15 BMs (21). Recently, Robin et al. found that patients
with BM and ALKr could uniquely benefit from SRS (20). Thus,
SRS alone may become a preferred strategy for treating BMs.

NGS did not identify ALKr in a blood sample from the
patient. Therefore, the patient did not continue in using ALK
inhibitor. Because of the poor accumulation of crizotinib in the
CNS, many NSCLC patients with ALKr frequently develop BM
after treatment with the drug. Second-generation ALK inhibitors,
such as alectinib, can achieve a higher concentration in the CNS,
resulting in enhanced efficacy against BM in NSCLC patients
with ALKr (22). After crizotinib failure in patients with ALK-
positive NSCLC, Novello et al. reported that alectinib had
significantly better efficacy against BM than chemotherapy (3).
It is unclear whether the combination of radiotherapy and TKIs
has better efficacy against BM than either treatment alone. In a
meta-analysis, Singh et al. reported no significant difference in
efficacy between combined radiotherapy and TKI therapy and
radiotherapy alone. Similarly, there was no significant difference
in median overall survival between the TKI, radiotherapy,
and combination alternatives (23). Thus, treatment should be
selected according to the specific situation of the patient. In our
case, the patient empirically received alectinib after radiotherapy
failure, and unexpected success was achieved.

In summary, somenew insightswere revealed in this study. First,
liquid biopsy is complementary to tissue biopsy in patients with
NSCLC, mainly in those with EGFR mutation. However, ALK
rearrangement should be assessed using tissue biopsy as much as
Frontiers in Oncology | www.frontiersin.org 554
possible. Second, brain metastasis of NSCLC might respond to
second-generation TKIs, such as alectinib and ceritinib, after
resistance to crizotinib regardless of the presence or absence of
ALK rearrangement in liquid biopsy. Finally, combined
radiotherapy and TKI therapy appears optimal in patients with
brain metastasis of NSCLC after resistance to crizotinib in the
absence of a definitive driver gene.
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Ionizing radiation (IR) principally acts through induction of DNA damage that promotes cell
death, although the biological effects of IR are more broad ranging. In fact, the impact of IR
of higher-linear energy transfer (LET) on cell biology is generally not well understood.
Critically, therefore, the cellular enzymes and mechanisms responsible for enhancing cell
survival following high-LET IR are unclear. To this effect, we have recently performed
siRNA screening to identify deubiquitylating enzymes that control cell survival specifically
in response to high-LET a-particles and protons, in comparison to low-LET X-rays and
protons. From this screening, we have now thoroughly validated that depletion of the
ubiquitin-specific protease 9X (USP9X) in HeLa and oropharyngeal squamous cell
carcinoma (UMSCC74A) cells using small interfering RNA (siRNA), leads to significantly
decreased survival of cells after high-LET radiation. We consequently investigated the
mechanism through which this occurs, and demonstrate that an absence of USP9X has
no impact on DNA damage repair post-irradiation nor on apoptosis, autophagy, or
senescence. We discovered that USP9X is required to stabilize key proteins (CEP55
and CEP131) involved in centrosome and cilia formation and plays an important role in
controlling pericentrin-rich foci, particularly in response to high-LET protons. This was also
confirmed directly by demonstrating that depletion of CEP55/CEP131 led to both
enhanced radiosensitivity of cells to high-LET protons and amplification of pericentrin-
rich foci. Our evidence supports the importance of USP9X in maintaining centrosome
function and biogenesis and which is crucial particularly in the cellular response to high-
LET radiation.

Keywords: centrosome, DNA damage, DNA repair, ionizing radiation, protons, ubiquitin, USP9X
INTRODUCTION

Ionizing radiation (IR) is a major cancer treatment modality for primary and metastatic cancers.
Although conventional radiotherapy (e.g. X-rays) is largely employed, there is an increase in the
utilization of precision proton beam therapy (PBT) that can more accurately deliver the radiation
dose to the tumor, thus limiting any adverse side effects. In particular, PBT is used for the treatment
of solid tumors, such as head and neck squamous cell carcinoma (1). The therapeutic effect of IR is
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predominantly through the induction of DNA damage that
ultimately drives cancer cell death. As well as DNA double
strand breaks (DSBs), IR causes the formation of complex
DNA damage (CDD), which is defined as two or more DNA
lesions within one or two DNA helical turns, that contribute to
the cell killing effects of the radiation (2–4). This is particularly
relevant following high-linear energy transfer (LET) radiation
that generates increased quantities and complexity of CDD.
Indeed, PBT displays increases in LET at the Bragg peak and
at the distal edge where the majority of the radiation dose is
delivered, which creates uncertainty in the treatment because of
the different biological effects (5). Specifically within cultured
cells, CDD has been shown to persist for several hours post-
irradiation (6, 7), and therefore, its importance in promoting
genome instability and cell death following IR is recognized
(5, 8). Although the biological impact of high-LET radiation
is largely associated with the direct effects of irreparable
CDD induction, this has also been demonstrated to promote
disruption and persistent changes to chromatin structure
(9, 10), enhance cellular senescence (11), and to increase
apoptotic signaling (12). This reflects, to some degree, the
potentially diverse mechanisms through which high-LET
radiation may act.

The ubiquitin proteasome pathway, catalyzed by E3 ubiquitin
ligases and deubiquitylation enzymes (DUBs), is known to be
important in the regulation of several DNA repair pathways
where it acts to control the cellular levels of key proteins that co-
ordinate the repair of the DNA damage (13–15). Recently, we
discovered that ubiquitylation is a key factor in the cellular
response to high-LET radiation, including high-LET a-
particles and protons. Specifically, we identified that histone
H2B ubiquitylation on lysine 120, which is catalyzed by the E3
ubiquitin ligases ring finger protein 20/40 (RNF20/40) and male-
specific lethal-2 homolog (MSL2), is induced following high-LET
radiation. Induction of histone H2B ubiquitylation in turn
promotes the repair of CDD required for cell survival (6).
Subsequently, we utilized an siRNA screening strategy to
identify that ubiquitin specific protease 6 (USP6) is important
for maintaining levels of the DNA repair protein poly (ADP-
ribose) polymerase-1 (PARP-1), which is similarly essential for
efficient repair of CDD and thus survival of cells following
irradiation with high-LET a-particles and protons (7). Our
findings also highlighted the involvement of other DUBs in
controlling cell survival under these conditions, although their
precise roles and mechanisms of action in response to high-LET
radiation are yet to be determined.

The ubiquitin-specific protease 9X (USP9X) is a highly
conserved DUB, which has been suggested to play several
important roles, particularly in maintaining cell survival,
development, and polarity, as well as in protein trafficking
(16). Specifically, USP9X has been shown to regulate apoptosis
by initiating the apoptotic c-Jun N-terminal kinase (JNK)
signaling cascade in neurons and embryonic kidney cells (17,
18). Conversely, USP9X is also proposed to be involved in the
stabilization of the anti-apoptotic protein Mcl-1 by protecting
it from ubiquitylation-dependent proteasomal degradation
Frontiers in Oncology | www.frontiersin.org 257
(19, 20), indicating that the role of USP9X in cell death
regulation may be cell-type and disease specific. In fact, a role
for USP9X in cancer development is not yet clear, having been
found to act both as an oncogene and a tumor suppressor,
depending on the type and stage of cancer (16). More recently,
there has been accumulating evidence identifying USP9X as a
major player in the maintenance and stability of key centriolar
satellite proteins, consequently involved in promoting
centrosome duplication (21–24). However, a role for USP9X in
the cellular response to IR, and specifically the impact of the
enzyme following high-LET radiation, has not been
previously reported.

In this study, we have now further examined the roles of other
DUBs that are required to promote cell survival specifically in
response to high-LET radiation, with a focus on PBT that
generates increasing LET particularly at the Bragg peak distal
end. We demonstrate that an siRNA knockdown of USP9X leads
to increased cell death specifically in response to high-LET
protons and a-particle irradiation, but not to low-LET protons
and X-rays. We further show that this reduction in cell survival
in USP9X-depleted cells does not correlate with alterations
in the efficiency of CDD repair or with the activation of
cell death pathways, but is in fact mediated by centriolar
satellite accumulation.
MATERIALS AND METHODS

Antibodies and siRNA
The DUB siRNA library (ON-TARGETplus), USP9X siRNA
pool and individual siRNA targeting USP9X (USP9X_6 5′-
AGAAAUCGCUGGUAUAAAU-3 ′ and USP9X_8 5 ′-
GUACGACGAUGUAUUCUCA-3′) were from Horizon
Discovery (Cambridge, UK). The non-targeting control siRNA
(AllStars Negative Control siRNA) was from Qiagen
(Manchester, UK). The following antibodies were used: PARP-
1 (sc-53643) and Mcl-1 (sc-819; both Santa Cruz Biotechnology,
Heidelberg, Germany), gH2AX (05-636; Merck-Millipore,
Watford, UK), USP9X (A301-350A) and 53BP1 (A300-272A;
both Bethyl Labs, Montgomery, AL), LC3B (2775) and b-
Galactosidase (9860; both Cell Signaling Technology, London,
UK), Pericentrin (ab4448; Abcam, Cambridge, UK), CEP55
(23891-1-AP) and CEP131 (25735-1-AP; both Proteintech,
Manchester, UK) and tubulin (T6199; Sigma-Aldrich,
Gillingham, UK). Goat anti-mouse Alexa Fluor 555 (A21422)
or goat anti-rabbit Alexa Fluor 488 (A11008) secondary
antibodies for immunofluorescence were from Life
Technologies (Paisley, UK).
Cell Culture and Irradiation Sources
Oropharyngeal squamous cell carcinoma cells (UMSCC74A)
were kindly provided by Prof T. Carey, University of
Michigan, USA. HeLa and UMSCC74A cells were routinely
cultured as monolayers in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum, 2 mM L-
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glutamine, 1× penicillin-streptomycin and 1× non-essential
amino acids. siRNA knockdowns were performed for 48 h
using Lipofectamine RNAiMAX (Life Technologies, Paisley,
UK). Irradiation sources are as previously described (6). In
brief, cells were exposed to either low-LET X-rays (100 kV;
CellRad X-ray irradiator, Faxitron Bioptics, Tucson, USA; dose
rate of ~3 Gy/min), or with a horizontal, passive-scattered
proton beam line of 60 MeV maximal energy at the
Clatterbridge Cancer Centre. These low-energy X-rays will
generate higher LET photoelectrons and therefore a raised RBE
when compared to higher energy photon sources (25, 26). For
low-LET proton irradiations, cells were irradiated directly by a
~1 keV/µm pristine beam of 58 MeV effective energy (dose rate
of ~5 Gy/min). For high-LET proton irradiations, a modulator
was utilized to generate a 27-mm spread-out Bragg peak and a
24.4-mm absorber was used to position the cells at the distal
edge, corresponding to a mean proton energy of 11 MeV at a
dose averaged LET of 12 keV/µm (dose rate of ~5 Gy/min). The
LET was an estimation based on previous work utilizing the
Clatterbridge beam (27) and considering the proton stopping
power at this range. RBE values of 1.67 ± 0.14 (Hela) and 1.85 ±
0.15 (UMSCC74A), comparing high-LET versus low-LET
protons, have been previously determined (6). High-LET a-
particle irradiations (3.26 MeV, 121 keV/µm) were performed
on cells grown on Mylar sealed on glass cylinders using a 238Pu
irradiator at the CRUK/MRC Oxford Institute for Radiation
Oncology, as previously described (28, 29). Assuming a typical
cross-sectional nuclear area of an attached Hela and UMSCC74A
cell of ~150 µm2, these irradiations correspond to a mean
of ~940, 78, and 7.7 nuclear traversals per Gy for low-LET
protons, high-LET protons, and a-particle irradiations,
respectively (29), with the number following a Poisson
distribution and dependent on the natural variation in nuclear
cross-sectional area with the cell cycle.
Clonogenic Assays
Clonogenic assays were performed as recently described (6, 7). In
brief, following siRNA treatments, cells were irradiated in 35-
mm dishes, harvested and a defined number seeded in triplicate
into 6-well plates. Plating efficiencies for the untreated cells were
as follows: HeLa (~40%), UMSCC74A (~10%). Plating
efficiencies for USP9X siRNA-treated cells were as follows:
HeLa (~30%), UMSCC74A (~4%). Increasing cell numbers
were plated for increasing IR doses to allow for reductions in
plating efficiencies. Colonies were allowed to grow for 7 to 10
days prior to fixing and staining with 6% glutaraldehyde and
0.5% crystal violet for 30 min. Dishes were washed, left to air dry
overnight and colonies counted using the GelCount colony
analyzer (Oxford Optronics, Oxford, UK). Colony counting
settings were optimized for both cell lines, based on inclusion
of distinct colonies of specific size and intensity, although the
same settings were used across the various treatments. A colony
is defined as containing 50 or more cells. Relative colony
formation (surviving fraction) was expressed as colonies per
treatment level versus colonies that appeared in the untreated
control. Results were accumulated from at least three
Frontiers in Oncology | www.frontiersin.org 358
independent biological experiments, apart from the siRNA
screen which was from a single experiment (but containing
triplicate samples).

Cell Cycle Analysis and Immunoblotting
For cell cycle analysis, cells were trypsinized, washed twice with
ice-cold PBS (100 × g for 5 min at 4°C), fixed with ice cold 70%
ethanol and kept at 4°C until analysis. Fixed cells were
centrifuged (200 × g for 5 min at 4°C), washed with PBS
containing 0.05% Tween-20, and then resuspended in PBS
containing 0.05% Tween-20, 10 µg/ml propidium iodide and
0.1 mg/ml RNase A for 1 h at room temperature. Analysis was
performed using the Attune NxT Flow Cytometer (Life
Technologies, Paisley, UK). Whole-cell extracts were prepared,
separated by SDS-PAGE electrophoresis, and analyzed by
quantitative immunoblotting using the Odyssey image analysis
system (Li-cor Biosciences, Cambridge, UK), as previously
described (30, 31).

Enzyme-Modified Neutral Comet Assay
Detection of CDD was achieved using enzyme treatment of DNA
originally described by Sutherland et al. (32, 33), but which has
been employed in development of the enzyme-modified neutral
comet assay, as recently described (34). In brief, cells were
trypsinized, diluted to 1 × 105 cells/ml and 250-µl aliquots of the
cell suspension placed into the wells of a 24-well plate, which was
placed on ice. Cells were irradiated (4 Gy) and embedded on a
microscope slide in low melting agarose (Bio-Rad, Hemel
Hempstead, UK). The slides were incubated for up to 4 h at 37°
C in a humidified chamber to allow for DNA repair, prior to cell
lysis in buffer containing 2.5 M NaCl, 100 mM EDTA, 10 mM
Tris-HCl pH 10.5, 1% N-lauroylsarcosine, 1% DMSO, and 1% (v/
v) Triton X-100. Slides were washed three times with enzyme
reaction buffer (40 mM HEPES-KOH, 100 mM KCl, 0.5 mM
EDTA and 0.2 mg/ml BSA, pH 8.0), and then incubated with
either buffer alone (mock-treated; revealing levels of DNA DSBs)
or with buffer containing 5 pmol OGG1, 6 pmol NTH1, and 0.6
pmol APE1 (enzyme-treated; revealing levels of DNA DSBs plus
CDD) for 1 h at 37°C in a humidified chamber. Following
treatment, slides were placed in cold electrophoresis buffer [1 ×
TBE buffer (pH 8.3)] in the dark for 25 min to allow the DNA to
unwind, prior to electrophoresis at 25 V, ~20 mA for 25 min.
Slides were washed three times with 1× PBS before allowing to dry
overnight. Slides were rehydrated for 30 min in water (pH 8.0),
stained for 30 min with SYBR Gold (Life Technologies, Paisley,
UK), diluted 1:10,000 in water (pH 8.0), and again dried overnight.
Cells (50 per slide, in duplicate) were analyzed from the dried
slides using the Komet 6.0 image analysis software (Andor
Technology, Belfast, Northern Ireland) and % tail DNA values
averaged from at least three independent biological experiments.

Immunofluorescence and b-Galactosidase
Staining
Measurement of DNA repair protein foci (gH2AX and 53BP1)
was examined as previously described (30). In brief, cells were
grown on 13-mm coverslips until ~70% to 80% confluent,
irradiated at 4 Gy and incubated for up to 8 h in 5% CO2 at
July 2021 | Volume 11 | Article 671431
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37°C to allow for DNA repair. Cells were washed with PBS at
room temperature for 5 min, before being fixed using 4%
paraformaldehyde for 10 min. Cells were permeabilized with
0.2% Triton X-100 in PBS for 10 min, washed three times with
0.1% Tween-20 for 10 min, and blocked to avoid non-specific
staining via incubation with 2% BSA for 30 min at room
temperature on a rocking platform. gH2AX or 53BP1
antibodies in 2% BSA were subsequently added and coverslips
incubated overnight at 4°C. Following three washes with PBS,
coverslips were incubated with either goat anti-mouse Alexa
Fluor 555 or goat anti-rabbit Alexa Fluor 488 secondary
antibodies in 2% BSA for 1 h at room temperature in the dark.
Finally, samples were washed with PBS for 10 min on a rocking
platform and mounted on a microscope slide using Fluoroshield
containing DAPI (Sigma-Aldrich, Gillingham, UK). Cells were
examined using an Olympus BX61 fluorescent microscope with a
Photometrics CoolSNAP HQ2 CCD camera. MicroManager
software was used to capture images (~20 images/cell line/
antibody). Similarly, cells were fixed on coverslips post-
irradiation (4 Gy) and incubation (48 h), but then stained
using Pericentrin antibodies prior to incubation with
AlexaFluor488 secondary antibodies, and pericentrin-rich foci
scored using fluorescence microscopy. Analysis of senescence
was carried out using the b-Galactosidase Staining kit (Cell
Signaling Technology, London, UK) and where hydrogen
peroxide (100 µM for 2 h) was used as a positive control.

Statistical Analysis
All experiments (unless defined above) were performed in at
least triplicate as separate independent, biological experiments.
Statistical analysis of clonogenic survival data was performed
using a one-way ANOVA and comparing surviving fractions at
2 Gy (SF2) or 4 Gy (SF4). Statistical analysis of DNA damage
quantified through neutral comet assays and pericentrin-rich foci
through immunofluorescence staining was performed using
either a one-sample or two-sample t test.
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RESULTS

Screening for DUBs Involved in Response
to High-LET IR
In our recent work, we performed an siRNA screen of 84 DUBs
analyzing the survival of HeLa cells after a single dose of IR, with
a particular focus on high-LET IR, which generates increased
levels and complexity of CDD consisting of two or more DNA
lesions within one or two helical turns of the DNA (7). We have
now further interrogated these data, which demonstrates the
wide range of changes in HeLa cell survival in response to a
single dose of high-LET a-particles (121 keV/µm) versus low-
LET X-rays following individual DUB knockdowns (Figure 1A).
Similarly, a variability in cell survival in the absence of the DUBs
is observed in response to relatively high-LET protons (12 keV/
µm) generated at the Bragg peak distal edge, versus low-LET
protons (1 keV/µm) at the entrance dose of a pristine beam
(Figure 1B). Survival was normalized to the irradiated mock-
treated control sample (generating ~40% cell survival), which
was set to 1.0, and the data subsequently plotted (on a log2 scale).
The top 10 DUB candidates reducing cell survival in response to
high-LET a-particles (Table 1) and relatively high-LET protons
(Table 2), in addition to their impact on survival following low-
LET protons and X-rays, are shown.We focused our attention on
candidate enzymes whose depletion led to a specific reduction in
cell survival following high-LET radiation. This led us to identify
that depletion of USP9X caused no reduction in cell survival after
low-LET X-ray or proton irradiation, whereas survival after
high-LET a-particles and protons was reduced by ~20%
and ~40%, respectively (Tables 1, 2).

USP9X Modulates Cell Survival in
Response to High-LET IR
Following siRNA screening, we aimed to validate that depletion
of USP9X caused a decrease in cell survival following high-LET
radiation, but had no impact in response to low-LET protons, in
A B

FIGURE 1 | siRNA screen of DUBs modulating cell survival following high and low LET radiation. HeLa cells were transfected with siRNA (pool of 4 oligonucleotides)
targeting individual DUBs for 48 h, and irradiated with either (A) 0.5 Gy a-particles or 1 Gy X-rays, or (B) 2 Gy relatively high-LET protons or 2 Gy low-LET protons.
Clonogenic survival was analyzed from a single experiment (using triplicate samples) and normalized against the mock-treated control. Results are shown as a log2
plot, and indicated is the clonogenic survival following USP9X depletion. Data has been adapted from (7).
July 2021 | Volume 11 | Article 671431

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


Nickson et al. USP9X Controls High-LET Radiation Response
both HeLa cells and also cells derived from head and neck
squamous cell carcinoma. In response to USP9X siRNA (pool
of 4 siRNAs utilized in the screen), there was no impact on cell
survival following a dose titration of low-LET X-rays
(Figures 2A, B) or low-LET protons (Figures 2E, F) in
comparison to non-targeting (NT) control siRNA-treated cells.
In fact, depletion of USP9X appeared to cause a mild increase in
radioresistance following low-LET protons. However, in contrast
to low-LET radiation, USP9X siRNA led to reduced survival in
response to high-LET a-particles (Figures 2C, D), and more
dramatically in response to relatively high-LET protons
(Figures 2G, H). To further validate that our observations
were specific, we utilized two single siRNA sequences
(USP9X_6 and USP9X_8) that were demonstrated to be
effective in suppressing USP9X protein levels in both HeLa
(Figure 3A) and UMSCC74A oropharyngeal squamous cell
carcinoma cells (Figure 3B). We focused on the impact of
protons, particularly as PBT is employed clinically for the
treatment of tumors, including head and neck squamous cell
carcinoma. We confirmed that targeting USP9X had no effect on
the survival of HeLa cells (Figures 3C, D) or UMSCC74 cells
(Figures 3G, H) following low-LET protons, in comparison to
NT control siRNA-treated cells. However, significantly reduced
survival of HeLa (Figures 3E, F) and UMSCC74A (Figures 3I, J)
cells was observed following USP9X depletion in response to
high-LET protons, compared with NT control siRNA cells.
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These data confirmed the importance of USP9X in
maintaining cell survival following treatment with relatively
high-LET protons.
USP9X Does Not Interfere With CDD
Repair or Cell Cycle Progression Following
High-LET Protons
Given our demonstration that USP9X is required for
maintaining cell survival specifically in response to relatively
high-LET protons, we sought to define its mechanism of action.
In the first instance, and given the propensity for high-LET
radiation to cause increases in the levels of CDD, we utilized an
enzyme-modified neutral comet assay (34) to monitor the levels
and kinetics of repair of CDD. This assay also has the added
advantage of revealing the levels and repair of DNA DSBs (in the
absence of modifying enzymes). We demonstrate that DNA DSB
levels are not significantly different in USP9X siRNA versus NT
control siRNA-treated cells in response to relatively high-LET
protons at any time points (0-4 h) post-irradiation (Figure 4A;
compare black and red, and Figure 4B). We were able to confirm
that relatively high-LET protons caused a significant increase in
the levels of CDD in NT control siRNA-treated cells immediately
post-irradiation, followed by significantly slower kinetics of
repair from 1 to 4 h post-irradiation (Figure 4A; compare
black and grey bars, and Figure 4B), consistent with our
TABLE 2 | Candidate DUBs whose siRNA-mediated depletion enhance radiosensitivity of cells in response to high-LET protons.

DUB enzyme High-LET protons Low-LET protons a-particles X-rays

CYLD 0.47 1.76 0.57 0.79
USP7 0.50 0.21 1.30 1.02
USP31 0.59 0.38 n.d. n.d.
USP9X 0.60 1.50 0.80 0.90
USP6 0.60 1.32 0.39 0.51*
USP36 0.66 0.11 0.41 1.45
USP39 0.67 0.04 n.d. 2.64
STAMBPL1 0.72 0.31 0.52 0.67
USP43 0.74 0.11 n.d. n.d.
YOD1 0.77 0.22 0.78 0.90
July 2021 | Volume 11 | Article
Surviving fractions from a single experiment containing triplicate samples were normalized against the mock-treated control, which was set to 1.0. n.d. indicates not determined. Survival
data acquired in response to USP9X depletion is highlighted in bold. *Previously identified as a false positive result, data adapted from (7).
TABLE 1 | Candidate DUBs whose siRNA-mediated depletion enhance radiosensitivity of cells in response to a-particle radiation.

DUB enzyme a-particles X-rays High-LET protons Low-LET protons

USP6 0.39 0.51* 0.60 1.32
USP21 0.41 0.52 1.06 0.82
USP36 0.41 1.45 0.66 0.11
DUB3 0.49 2.00 0.90 1.89
STAMBPL1 0.52 0.67 0.72 0.31
UCHL3 0.56 0.59 1.69 0.33
AMSH 0.57 0.37 1.47 1.59
CYLD 0.57 0.79 0.47 1.76
UCHL5 0.57 0.64 1.51 0.54
OTUB1 0.58 1.55 1.99 0.61
USP9X 0.80 0.90 0.60 1.50
Surviving fractions from a single experiment containing triplicate samples were normalized against the mock-treated control, which was set to 1.0. Survival data acquired in response to
USP9X depletion is highlighted in bold. *Previously identified as a false positive result, data adapted from (7).
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FIGURE 3 | Specific targeting of USP9X leads to enhanced cellular radiosensitivity after relatively high-LET protons. (A–J) Cells were treated with individual USP9X
siRNAs (USP9X_6 and USP9X_8) or a non-targeting (NT) control siRNA for 48 h. Whole cell extracts prepared from (A) HeLa or (B) UMSCC74A cells were analyzed
by immunoblotting using USP9X or tubulin antibodies. HeLa cells were subsequently irradiated with increasing doses of (C, D) low-LET protons or (E, F) relatively
high-LET protons. UMSCC74A cells were also treated with increasing doses of (G, H) low-LET protons or (I, J) relatively high-LET protons. Clonogenic survival of
cells was analyzed from 3 independent experiments, and shown is the mean surviving fraction ± S.E. Shown are representative images of colonies from (D, F) HeLa
cells or (H, J) UMSCC74A cells in non-irradiated and irradiated plates, the latter of which contained four times the number of cells seeded. A comparison of the
surviving fractions at 2 Gy (SF2) by one-way ANOVA in HeLa cells reveals p < 0.05 (NT siRNA vs USP9X_6), p < 0.001 (NT siRNA vs USP9X_8) and in UMSCC74A
cells, p < 0.05 (NT siRNA vs USP9X_6 and NT siRNA vs USP9X_8). At 4 Gy (SF4), one-way ANOVA values in HeLa cells are p < 0.01 (NT siRNA vs USP9X_6),
p < 0.005 (NT siRNA vs USP9X_8) and in UMSCC74A cells, p < 0.05 (NT siRNA vs USP9X_6 and NT siRNA vs USP9X_8).
A B D

E F G H

C

FIGURE 2 | Validation of USP9X in enhancing cellular radiosensitivity in response to high-LET a-particles and protons. HeLa cells were treated with USP9X siRNA (pool of
4 oligonucleotides) or a non-targeting (NT) control siRNA for 48 h and irradiated with increasing doses of (A, B) X-rays, (C, D) a-particles, (E, F) low-LET protons, or (G, H)
relatively high-LET protons. Clonogenic survival of cells was analyzed from 2 independent experiments, and shown is the mean surviving fraction ± S.E. (B, D, F, H) Shown are
representative images of colonies in non-irradiated and irradiated plates, the latter of which contained four times the number of cells seeded.
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previously published data (6, 7). Following depletion of USP9X,
we observed that the efficiency of CDD repair in comparison to
NT control siRNA-treated cells was not significantly different, at
least at 1 to 4 h post-irradiation (Figure 4A; compare grey and
orange bars, and Figure 4B). Data, demonstrating a lack of effect
of USP9X depletion on the repair of DNA DSBs induced by
relatively high-LET protons, were supported by an absence of
any differences in the induction and resolution of gH2AX and
53BP1 foci, as surrogate markers, up to 8 h post-irradiation
relative to NT control siRNA-treated cells (Figures 4C, D). We
also analyzed the progression of cells through the cell cycle post-
irradiation. Similarly, this revealed no significant differences in
G2/M accumulation in USP9X siRNA-treated cells either before
or after high-LET proton irradiation compared to NT control
siRNA-treated cells (Figure 4E), or in the overall cell cycle
profiles (Figure 4G). Similar numbers of cells in G2/M phase
(Figure 4F) and in cell cycle profiles (Figure 4H) were also
observed in USP9X-depleted and NT control siRNA-treated cells
in response to low-LET protons. These data suggest that there is
no significantly different checkpoint activation or cell cycle arrest
in USP9X-depleted cells following either relatively high- or low-
LET protons.
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USP9X Does Not Impact Apoptosis,
Autophagy or Senescence Following
High-LET Protons
To examine the potential impact of USP9X on triggering
apoptosis post-irradiation with relatively high-LET protons, we
analyzed the cellular protein levels of PARP-1 (including cleaved
PARP-1) and Mcl-1. However, we did not observe any
differences in these proteins 1 to 24 h post-irradiation, nor in
the accumulation of cleaved PARP-1, in USP9X siRNA-treated
cells compared to NT control siRNA-treated cells (Figure 5A),
suggesting that apoptosis does not play a role in the differential
cellular response. We also compared the expression of LC3B
(Figure 5B; red text refers to time following relatively high-LET
protons) and b-Galactosidase by both microscopy (Figure 5C;
utilizing H2O2 as a positive control) and immunoblotting
(Figure 5D), as markers of autophagy and senescence,
respectively. Similarly, we observed no obvious differences in
LC3B or b-galactosidase levels between USP9X-depleted and NT
control siRNA-treated cells post-irradiation with either relatively
high- or low-LET protons, suggesting that neither autophagy nor
senescence are responsible for decreased cell survival specifically
following relatively high-LET protons.
A B

D

E

F

G

H

C

FIGURE 4 | USP9X depletion does not affect the repair of CDD or cell cycle progression in response to relatively high-LET protons. HeLa cells were treated with
USP9X or a non-targeting (NT) control siRNA for 48 h. (A) Cells were irradiated with 4 Gy relatively high-LET protons, and DNA damage measured at various time
points post-irradiation using the enzyme-modified neutral comet assay in the absence (revealing DSBs) or presence (revealing CDD; as indicated by mod) of the
recombinant enzymes APE1, NTH1, and OGG1. Shown is the mean percentage tail DNA ± S.D plus (B) representative images of comets. *p < 0.02, **p < 0.005,
***p < 0.002 as analyzed by a one-sample t-test. (C) gH2AX or (D) 53BP1 foci were analyzed by immunofluorescence staining at various time points post-irradiation.
Shown is the mean number of foci/nucleus ± S.D. (E–H) Cell cycle profiles were determined by flow cytometry analysis post-irradiation with (E, G) high-LET or
(F, H) low-LET protons. C refers to control, unirradiated cells. (E, F) Shown is the mean percentage of cells in G2/M phase ± S.E.
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USP9X Inhibition Causes Amplification
of Pericentrin-Rich Bodies After
High-LET Protons
Since recent data have shown that USP9X is an integral component
of centrosomal protein maintenance, we analyzed the impact of
USP9X depletion on stabilization of centrosomal proteins. We
observed that an absence of USP9X alone in HeLa cells caused
reduced levels of the centrosome proteins CEP55 (~60%) and
CEP131 (~40%) in comparison to NT control siRNA-treated cells
(Figure 6A; compare lanes 1 and 4). Reduced levels of CEP55 and
CEP131 (by ~50–60%) were maintained in USP9X-depleted cells
24 h post-irradiation with both low- and high-LET protons
(Figure 6A; compare lanes 2–3 and 5–6). Similar observations
were seen in UMSCC74A cells, whereby CEP55 and CEP131
protein levels were reduced by 50% and 30%, respectively, in
USP9X-depleted cells (Figure 6B; compare lanes 1 and 4). CEP55
and CEP131 protein levels were further reduced (by ~60–90%) in
USP9X-depleted cells compared to NT control siRNA-treated cells
24 h post-irradiation with both low- and high-LET protons
(Figure 6B; compare lanes 2–3 and 5–6). In addition to reduced
centrosome protein stability, we discovered a ~2.6- to 2.9-fold
increase in pericentrin-rich foci in NT control siRNA-treated
HeLa cells 48 h post-irradiation with both low and high LET
protons (Figures 6C, D). However, we observed that there was
an additional ~1.9-fold statistically significant increase in foci in
USP9X-depleted cells specifically in response to high-LET protons,
but not following low-LET protons (Figures 6C, D). Similarly, in
UMSCC74A cells, there was a ~1.8-fold increase in pericentrin-rich
foci in NT control siRNA-treated HeLa cells 48 h post-irradiation
with both low- and high-LET protons, but this further increased by
~2.2-fold in USP9X-depleted cells (Figures 6E, F). Amplification of
Frontiers in Oncology | www.frontiersin.org 863
pericentrin-foci was consequently ~6.7-fold (HeLa) and ~4.9-fold
(UMSCC74A) higher in USP9X-depleted cells irradiated with high-
LET protons compared with unirradiated cells.

To recapitulate the impact of USP9X in controlling sensitivity
of cells to high-LET protons mediated via centrosomal protein
maintenance, we specifically targeted CEP55 and CEP131 using
siRNA. We identified conditions that led to ~50% reduced
CEP55 and CEP131 protein levels in HeLa cells (Figure 7A;
lanes 4 and 8), which mimic those of USP9X depletion
(Figure 6A). We observed under these conditions that cells do
not display any increase in radiosensitivity to low-LET protons
(Figure 7B), but that there is reduced survival to relatively high-
LET protons (Figure 7C). Additionally, we discovered that there
was an a ~1.4-fold statistically significant increase in pericentrin-
rich foci in USP9X-depleted cells versus NT control siRNA-
treated cells specifically in response to high-LET protons, but not
following low-LET protons (Figures 7D, E). This suggests that
USP9X is required for maintenance of centrosomal proteins and
for controlling pericentrin-rich foci, which is important for cell
survival particularly in response to high-LET radiation.
DISCUSSION

IR, particularly at high-LET, can generate CDD known to
compromise genome integrity and to contribute to cell death due
to the inability of the cellular DNA repair machinery to accurately
repair the damage. However, high-LET radiation has also been
shown to promote persistent alterations to the structure of
chromatin (9, 10), and to enhance senescence and apoptosis (11,
12). We recently demonstrated using a DUB siRNA screen, that
A
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C

FIGURE 5 | USP9X depletion does not affect cellular levels of apoptosis, autophagy and senescence in response to relatively high-LET protons. HeLa cells were
treated with USP9X or a non-targeting (NT) control siRNA for 48 h, and unirradiated (designated C) or irradiated with 4 Gy relatively high-LET or low-LET protons and
allowed to repair for the time points indicated post-irradiation. (A, B, D) Whole cell extracts were analyzed by immunoblotting using the indicated antibodies.
(C) Cells were fixed 48 h post-irradiation and stained for b-Galactosidase, with 100 µM H2O2 used as a positive control.
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depletion of USP6 causes significantly increased radiosensitivity to
high-LET IR (relatively high-LET protons and a-particles) but not
low-LET IR (protons or X-rays), which was mediated by instability
of PARP-1 required for CDD repair (7). In the current study, we
discovered that another DUB enzyme, USP9X, is similarly required
for maintaining cell survival specifically in response to high-LET IR,
particularly high-LET protons. We demonstrated that this
phenotype was not caused by interference with CDD repair, cell
cycle progression, apoptosis, autophagy or senescence. In fact, we
discovered that an absence of USP9X caused destabilization of
centrosomal proteins, and enhanced amplification of pericentrin-
rich foci in response to relatively high-LET protons. This suggests
that maintenance of CEP55 and CEP131 is the major factor
contributing to reduced cell survival following relatively high-LET
protons in the absence of USP9X.

Our findings that USP9X does not affect cell cycle progression is
in agreement with a previous study, which demonstrated that
USP9X depletion was linked to an increased loss of anaphase-
promoting complex/cyclosome (APC/C) substrates, in particular
cyclin A, but also cyclin B and NEK2A, and that cells consequently
failed to arrest mitosis after microtubule poisoning inHeLa cells and
U2OS cells (35). USP9X has been shown to promote Mcl-1
stabilization and to increase tumor cell survival in response to
radiation and chemotherapy in several tumor types (19, 36–39).
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This is in contrast to our findings, where we observed no evidence of
a role for Mcl-1, and therefore apoptosis through lack of PARP-1
cleavage, in the USP9X-dependent radiosensitisation of HeLa and
UMSCC74A cells following relatively high-LET protons. Indeed, in
certain glioblastoma cell lines, it has been demonstrated that USP9X
loss regulates radiosensitivity by Mcl-1-independent mechanisms
(40). USP9X interacts with VMP1, indicating that there is a close
cooperation between the autophagy pathway and the ubiquitin
recognition machinery required for selective autophagosome
formation (41). On analysis of the levels of LC3B, as a marker of
autophagy, after relatively high-LET versus low-LET protons, we did
not find any evidence indicating that autophagy plays a significant
role in cell survival in response to these conditions. USP9X has
recently been suggested to stabilize the breast cancer protein-1
(BRCA1) required for DSB repair by homologous recombination
through its DUB enzymatic activity, and which is required for
resistance to the PARP inhibitor olaparib in HeLa and breast cancer
cells (42). These data are supported by another study, although it
was proposed that USP9X actually regulates BRCA1 (and RAD51)
at the transcriptional level in U2OS cells, which was independent of
its catalytic activity (43). This study also presented limited data
showing increased levels of 53BP1 foci both in the absence and
presence of IR (1 h post-irradiation), in USP9X-depleted cells.
Despite this evidence, we observed that an absence of USP9X did
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FIGURE 6 | USP9X depletion destabilizes centrosomal proteins, and induces pericentrin-rich foci amplification in response to relatively high-LET protons.
(A, C, D) HeLa or (B, E, F) UMSCC74A cells were treated with USP9X or a non-targeting (NT) control siRNA for 48 h, and unirradiated designated (C) or irradiated
with 4 Gy relatively high-LET or low-LET protons and allowed to repair for the time points indicated post-irradiation. (A, B) Whole cell extracts were analyzed by
immunoblotting using the indicated antibodies. Red and black text refers to time post-irradiation following relatively high-LET and low-LET protons, respectively.
Protein levels of CEP131 and CEP55 relative to tubulin and normalized to the unirradiated NT siRNA control treated cells which was set to 1.0 are shown. (C, E)
Analysis of pericentrin was performed by immunofluorescence 48 h post-irradiation. Shown is the mean percentage of cells with >2 pericentrin-rich foci/nucleus ±
S.D. *p < 0.03 as analyzed by a two-sample t-test. (D, F) Representative images of pericentrin staining (green stain) and nuclei (blue stain; DAPI).
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not cause any significant differences in the repair of DSBs, using
gH2AX and 53BP1 foci analysis, or in the kinetics of DSB or CDD
repair after relatively high-LET protons. This would indicate that
the ability of the cells, at least the ones utilized in our study (HeLa
and UMSCC74A), to repair DNA damage was not
heavily compromised.

USP9X has more recently been observed in U2OS and HeLa
cells to localize to centrosomes in association with PCM1, CEP55
and CEP131, where the enzyme antagonizes proteosomal
degradation of these key centriolar satellite proteins to promote
centrosome duplication (21–23). Interestingly, in MRXS99F
fibroblasts USP9X was also found to localize to the centrosome,
but had no impact on controlling the protein levels of PCM1 or
CEP131 (24). This suggests that there are cell-type–specific roles
and targets for USP9X. Here, we observed that USP9X-depleted
HeLa and UMSCC74A oropharyngeal squamous cell carcinoma
cells have reduced levels of CEP55 and CEP131. Furthermore, we
observed an increased number of pericentrin-rich foci after proton
irradiation in both non-targeting and USP9X-depleted cells, but
that this phenotype was further exacerbated specifically after high-
LET protons in USP9X-depleted cells. We also targeted CEP55
and CEP131 directly and demonstrated that their moderate
depletion (by ~50%, consistent with effects seen following
Frontiers in Oncology | www.frontiersin.org 1065
USP9X depletion) also led to amplification of pericentrin-rich
foci and enhanced sensitivity of cells specifically to high LET
protons. Pericentrin is not only a component of centrosomes but
also a feature of centriolar satellites and cilia, which are associated
with centrosome biology. Our data therefore indicate that USP9X
could play a role in centriolar satellite generation, which ultimately
maintains centrosome stability. Centriolar satellites are small,
granular structures that cluster around centrosomes and are
thought to play important roles in both centrosome assembly
and in cilia formation (44, 45). There is also evidence
demonstrating that cellular stresses, such as UV radiation,
disrupt centriolar satellites and stimulate ciliogenesis (46).
Furthermore, and consistent with our data, DNA damage
induction by IR and bleomycin has been shown to lead to
excessive formation of centriolar satellites, which is a
prerequisite for centrosome amplification (47). It is possible,
therefore, that following high-LET protons, which is more
densely ionizing leading to increased protein as well as DNA
damage, there is uncontrolled centrosome biogenesis, which is
likely to contribute to increased genome instability through
chromosomal aberrations and therefore reduced cell survival. It
is important to note that the UMSCC74A cells employed in our
study contain wild type p53 tumor suppressor protein, whereas
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FIGURE 7 | CEP55 and CEP131 depletion induces pericentrin-rich foci amplification and reduces cell survival in response to relatively high-LET protons. (A) HeLa
cells were treated with CEP55 or CEP131 siRNA (0.01, 0.1 and 1 nM) or a non-targeting (NT) control siRNA for 48 h, and whole cell extracts were analyzed by
immunoblotting using the indicated antibodies. Protein levels of CEP131 and CEP55 relative to tubulin and normalized to the NT siRNA control-treated cells which
was set to 1.0 are shown. (B–E) HeLa cells were treated with CEP55 and CEP131 siRNA (0.01 nM) or a non-targeting (NT) control siRNA for 48 h. Cells were
irradiated with increasing doses of (B) low-LET protons or (C) relatively high-LET protons. Clonogenic survival of cells was analyzed from 2 independent experiments,
and shown is the mean surviving fraction ± S.E. (D, E) Alternatively, analysis of pericentrin was performed by immunofluorescence 48 h post-irradiation (with 4 Gy).
(D) Shown is the mean percentage of cells with >2 pericentrin-rich foci/nucleus ± S.D. *p < 0.05 as analyzed by a two-sample t-test. (E) Representative images of
pericentrin staining (green stain) and nuclei (blue stain; DAPI).
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HeLa cells have significantly reduced levels of p53 due to human
papillomavirus type 18 infection that ultimately leads to p53
degradation. The phenotype of increased radiosensitivity and
elevated levels of pericentrin-rich foci in cells in response to
high-LET radiation therefore does not appear to be dependent
on loss of p53. Given that p53 is frequently mutated in human
cancers, and particularly in head and neck squamous cell
carcinoma (48), more expansive studies using cells containing
different p53 status are required to fully investigate this.
Nevertheless, and at this stage, the precise mechanism
underlying the impact of USP9X in regulating centrosome
biology specifically in response to relatively high-LET protons is
unclear. Further ongoing experiments are necessary to fully
understand centrosome biology (>100 centrosome proteins
exist) in multiple cell lines lacking USP9X pre- and post-
irradiation, particularly those originating from head and neck
cancers, which is our research and clinical focus. We also aim to
analyze more the impact of low- versus high-LET radiation at the
chromosome level, and the dependence on USP9X, which is likely
to be contributing to the increased radiosensitivity of cells lacking
USP9X specifically in response high-LET radiation. Nevertheless,
our data suggest that USP9X is essential for maintaining cell
survival, particularly following high-LET radiation.
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Significant opportunities remain for pharmacologically enhancing the clinical effectiveness
of proton and carbon ion-based radiotherapies to achieve both tumor cell
radiosensitization and normal tissue radioprotection. We investigated whether
pretreatment with the hydroxamate-based histone deacetylase inhibitors (HDACi) SAHA
(vorinostat), M344, and PTACH impacts radiation-induced DNA double-strand break
(DSB) induction and repair, cell killing, and transformation (acquisition of anchorage-
independent growth in soft agar) in human normal and tumor cell lines following gamma
ray and light ion irradiation. Treatment of normal NFF28 primary fibroblasts and U2OS
osteosarcoma, A549 lung carcinoma, and U87MG glioma cells with 5–10 µM HDACi
concentrations 18 h prior to cesium-137 gamma irradiation resulted in radiosensitization
measured by clonogenic survival assays and increased levels of colocalized gamma-
H2AX/53BP1 foci induction. We similarly tested these HDACi following irradiation with 200
MeV protons, 290 MeV/n carbon ions, and 350 MeV/n oxygen ions delivered in the Bragg
plateau region. Unlike uniform gamma ray radiosensitization, effects of HDACi
pretreatment were unexpectedly cell type and ion species-dependent with C-12 and O-
16 ion irradiations showing enhanced G0/G1-phase fibroblast survival (radioprotection)
and in some cases reduced or absent tumor cell radiosensitization. DSB-associated foci
levels were similar for proton-irradiated DMSO control and SAHA-treated fibroblast
cultures, while lower levels of induced foci were observed in SAHA-pretreated C-12
ion-irradiated fibroblasts. Fibroblast transformation frequencies measured for all radiation
types were generally LET-dependent and lowest following proton irradiation; however,
both gamma and proton exposures showed hyperlinear transformation induction at low
doses (≤25 cGy). HDACi pretreatments led to overall lower transformation frequencies at
low doses for all radiation types except O-16 ions but generally led to higher
transformation frequencies at higher doses (>50 cGy). The results of these in vitro
studies cast doubt on the clinical efficacy of using HDACi as radiosensitizers for light
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ion-based hadron radiotherapy given the mixed results on their radiosensitization
effectiveness and related possibility of increased second cancer induction.
Keywords: HDAC inhibitor, SAHA, radiosensitization, double-strand break, ionizing radiation, protons, carbon
ions, transformation
INTRODUCTION

Despite the improved dose distributions and increased relative
biological effectiveness (RBE) afforded by accelerated proton and
carbon ion-based hadron radiotherapies (1), significant
opportunities remain for enhancing their clinical effectiveness
through pharmacological means to achieve tumor cell
radiosensitization and normal tissue radioprotection.
Identifying effective radiosensitizers that synergistically
enhance charged particle-induced tumor cell killing would
allow for lower doses per fraction to be used, thereby reducing
normal tissue exposures. Alternatively, an increased therapeutic
index could be achieved using charged particle normal tissue
radioprotectors that would allow for boosting of tumor doses
(assuming the agent does not likewise radioprotect tumor cells).
Charged particles have been shown to induce higher relative
frequencies of closely localized DNA double-strand breaks
(DSBs) and clustered DNA damages along their tracks
compared to low linear energy transfer (LET) photon
radiations (2, 3). This feature underlies their higher RBE for
cell killing in vitro and tumor control in vivo (4). The density and
complexity of these lesions activate several cellular DNA damage
response (DDR) pathways, and their repair and restitution
require the participation of multiple DNA signaling and repair
pathways to properly identify them and coordinate their repair as
cells progress through the cell cycle (5–7). Compared to low LET
X- and g-rays, it has been shown the repair of intermediate to
high LET HZE ion-induced DNA damage requires relatively
more reliance on homologous recombinational repair (HRR) as
damages that were not repaired in G0/G1 phase by non-
homologous end-joining (NHEJ) and base excision repair
(BER) present themselves during subsequent chromatin
decondensation and DNA replication in S phase (8–11).
Exposures to charged particles, including low LET protons, are
consistently associated with higher relative induction of DSB-
associated foci, prematurely condensed chromosomal breaks,
and simple and complex chromosomal aberrations measured
in vitro post-irradiation compared to X- and g-rays (9, 12–15).

Targeting the charged particle-induced DDR offers multiple
promising radiosensitization approaches for hadron
CIRT, carbon ion radiation therapy;
uble-strand break; DMSO, dimethyl
se inhibitor; HRR, homologous
and E; IMRT, intensity-modulated
lamino)-N-[7-(hydroxyamino)-7-
ologous end-joining; PBRT, proton
4-phenyl-2-thiazolylcarbamoyl)hexyl]
effectiveness; SAHA, suberoylanilide
ent ratio.
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radiotherapies by directly inhibiting DNA damage signaling
and repair pathways using, e.g., PARP, ATM, and DNA-PK-
specific inhibitors, or by treating cells with agents that modulate
chromatin compaction and epigenetic status such as histone
deacetylase inhibitors (HDACi) (16, 17). HDACi prevent the
deacetylation of lysines on histone tails by different HDACs by
directly binding their catalytic site, functionally maintaining
chromatin in a hyperacetylated state that results in
decondensation and altered rates of gene expression (18, 19).
They have been shown to likewise affect the expression and
acetylation status of a number of non-histone nuclear and
cytoplasmic proteins involved in DNA repair, apoptosis
induction, cell cycle progression, proliferation, and
differentiation (20). The HDACi SAHA (suberoylanilide
hydroxamic acid; vorinostat), M344 (4-(dimethylamino)-N-[7-
(hydroxyamino)-7-oxoheptyl]-benzamide), and PTACH (S-[6-
(4-phenyl-2-thiazolylcarbamoyl)hexyl] thioisobutyrate) are
hydroxamate analogues that effectively inhibit both class I and
II HDACs at nanomolar concentrations, but not other HDAC
classes (21). SAHA is US FDA-approved as a stand-alone
treatment for cutaneous T-cell lymphoma in patients with
progressive or recurrent disease on or following two systemic
therapies (22) and shows promise for the treatment of other
hematological and solid malignancies alone or in combination
therapies (23, 24). Patients receiving 200–600 mg vorinostat
either oral ly or intravenously reach plasma/serum
concentrations of ~1–2 µM approximately 1–2.5 h following
administration (25–27). In (28), 5 µM SAHA treatments of HFS
normal human fibroblasts, A549 lung carcinoma, and LNCaP
prostate cancer cells in vitro resulted in g-H2AX foci formation,
indicating HDACi are capable of inducing DSBs. DSBs were
effectively repaired in the normal cells during continuous culture
with SAHA and after washout; however, both tumor cell lines
demonstrated a persistence of foci and decreased expression of
several key DNA damage signaling and repair proteins including
Rad50, Mre11, and ATM. HDACs and other acetyltransferases
also impact HRR and cellular radiosensitivity by modulating
acetylation status and activity of HRR proteins directly. A report
by (29) demonstrated the acetylation of Rad52 on multiple sites
by p300/CBP acetyltransferase and their impact on Rad52 foci
formation, a key step for Rad51 recruitment to IR-induced DSBs.
Increased SAHA-mediated cytotoxicity was observed by (30) in
U251tk glioblastoma cells expressing herpes simplex thymidine
kinase exposed to the nucleoside analogue ganciclovir. In cells
treated with 0.3–20 µM SAHA, Rad51 expression was
significantly reduced in a concentration-dependent manner,
and Rad51 foci formation was nearly completely inhibited at
sites of replication-associated DSBs following two cycles of
ganciclovir incorporation.
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Pretreatments with SAHA and other hydroxamate-based
“pan-HDAC” inhibitors such as M344 and panobinostat have
been shown to effectively sensitize human tumor cells in vitro to
X- and g-rays and in vivo in various chemotherapy and
radiotherapy clinical trials (20, 21, 31–33). Mechanisms by
which HDACi radiosensitize tumor cells include increasing
apoptosis induction, altering relative cell cycle distributions,
and downregulating the expression of key NHEJ and HRR
repair genes. In (34), SAHA pretreatments of DU145 prostate
cancer and U373vIII glioma cells (1 and 0.75 µM, respectively)
synergistically increased cell killing and apoptosis induction and
reduced Rad51 and DNA-PK expression post-IR in 6 Gy-
irradiated DU145 cells. This was likewise observed in (31) in
which SAHA-mediated radiosensitization of SAOS2 and KHOS-
24S osteosarcoma and RD and A-204 rhabdomyosarcoma cell
lines was associated with reduced Rad51 and Ku80 expression,
increased histone H3 acetylation, and higher levels of both G2/
M-phase cell cycle arrest and apoptosis induction following X-
irradiation. Interestingly, in this same report, 24 h pretreatment
with 1 µM SAHA did not affect the survival of normal human
osteoblasts (hFOB 1.19) or diploid fibroblasts (NHDFc).

Fewer reports exist on the responses of human normal and
tumor cells treated with HDACi and exposed to accelerated
protons or C-12 ions at energies typically employed in hadron
radiotherapy. A report by (35) showed increased C-12 ion-
induced cell killing and apoptosis, along with higher
expression of p21 and g-H2AX and proportions of G2/M-
phase arrested cells, in KHOS-24S osteosarcoma and A-204
rhabdomyosarcoma cells pretreated with 0.5–1 µM SAHA. A
radioprotective effect of 1 µM SAHA pretreatment was seen for
these same endpoints measured in C-12 ion-irradiated hFOB
1.10 osteoblasts. In (36), 24 h pretreatment of human
glioblastoma LN18 and U251 cell lines with 0.5 µM SAHA
prior to irradiation with 250 kVp X-rays or 290 MeV/n SOBP
C-12 ions resulted in delayed kinetics of g-H2AX foci resolution
and increased cell killing with sensitizer enhancement ratios
(SER) of ~1.2–1.55 reported. In (37), 3 h pretreatment with 1
mM valproic acid (VPA) sensitized hepatocellular carcinoma
(HCC) cells to 230 MeV SOBP proton-induced cell killing and
apoptosis induction. In (38), 24 h pretreatment with 0.2 or 2 µM
SAHA sensitized A549 lung carcinoma cells to cesium-137 g-
rays, 200 MeV SOBP protons, and 290 MeV/n SOBP C-12 ions,
but did not radiosensitize log-phase or quiescent G0/G1-phase
normal AG01522 fibroblasts (aside from perhaps a modest
degree of proton radiosensitization). Pretreatment with 2 µM
SAHA also significantly reduced Rad51 and RPA foci formation
in g-ray and proton-irradiated A549 cells. Results of these studies
suggest a greater potential for HDACi-mediated charged particle
tumor cell radiosensitization given the greater reliance on HRR
for repairing charged particle-induced clustered DNA damage.

We hypothesized that HDACi pretreatment would lead to
effective in vitro charged particle radiosensitization of human
normal and tumor cell lines similar to (or greater than) levels
achieved following X- and g-ray irradiation. We focused a
portion of our studies on the radiation responses of non-
transformed cells using low-passage NFF28 primary human
Frontiers in Oncology | www.frontiersin.org 370
fibroblasts as a model normal cell type, given fibroblasts are
primary constituents of both normal tissue stroma and tumor
microenvironments and contribute significantly to tissue-level IR
responses through paracrine and endocrine signaling
mechanisms (39). We first identified the most effective
concentrations of SAHA, M344, and PTACH for cesium-137
g-ray radiosensitization of quiescent G0/G1-phase NFF28
fibroblasts and asynchronously growing A549 lung carcinoma,
U2OS osteosarcoma, and U87MG malignant glioma cells using
single-cell colony formation assays. We then investigated
impacts of HDACi pretreatment on cell killing following
irradiation with accelerated 200 MeV protons, 290 MeV/n C-
12 ions, and 350 MeV/n O-16 ions in the same cell strain/lines,
with DSB-associated g-H2AX/53BP1 foci assays conducted with
quiescent NFF28 fibroblasts and cellular transformation
(acquisition of anchorage-independent growth in soft agar)
assays conducted with asynchronously growing NFF28
cultures. Charged particle irradiations were conducted in the
initial entrance/plateau region of the charged particle Bragg
curves, as opposed to the much higher relative LET (and
associated RBE) portions of the Bragg peak region typically
used for clinical hadron radiotherapies (40–43), as these more
specifically relate to clinically relevant normal tissue exposures in
proximal entrance regions prior to SOBP-targeted tumor volumes.
MATERIALS AND METHODS

Cell Culture and Irradiations
Cultures of NFF28 normal diploid primary human fibroblasts
(passage levels 3–8), A549 lung carcinoma (CRL-CCM-185),
U2OS osteosarcoma (HTB-96), and U87MG (HTB-14)
malignant glioma cells were used in these experiments. The
tumor cell lines were obtained from the American Type
Culture Collection (ATCC). Strain NFF28 was originally
isolated from neonatal foreskin by Dr. Betsy Sutherland’s
laboratory at Brookhaven National Laboratory (BNL) (44), and
photon and charged particle radiation survival and
transformation datasets are available for this fibroblast strain
as reported previously (45–48). Cells were grown in aMEM
medium supplemented with 15% fetal bovine serum (Hyclone),
100 U/ml penicillin, 100 µg/ml streptomycin, vitamins, amino
acids, and GlutaMAX™-I (GIBCO/Invitrogen) in a 37°C
incubator supplied with 95% air/5% CO2 in standard T-25
tissue culture flasks or Nalge-Nunc™ flaskettes. Cells were
maintained in asynchronous log-phase growth for survival and
transformation assays or allowed to reach density-inhibited
confluence (quiescence) for assessing NFF28 G0/G1-phase
survival and DSB-associated foci induction and repair kinetics.
For foci assays, NFF28 cells were passaged regularly prior to
reaching confluency, seeded at ~30% density into microscope
flaskettes (Nalge-Nunc™), and grown for 5 days to full confluency
with a medium change on day 2. Suberoylanilide hydroxamic acid
(SAHA), 4-(dimethylamino)-N-[7-(hydroxyamino)-7-oxoheptyl]-
benzamide (M344), and S-[6-(4-phenyl-2-thiazolylcarbamoyl)
hexyl] thioisobutyrate (PTACH) were purchased from
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Sigma-Aldrich and prepared as 10 or 100 mM stocks dissolved in
DMSO. Cultures were pretreated with 1–20 µM concentrations of
HDACi or 0.1% DMSO as a vehicle control for 18 h prior
to irradiation.

Cesium-137 662-keV g-ray irradiations were conducted using
the BNL Biology Department’s J.L. Shepherd Mark I Model 68A
cabinet irradiator at a dose-rate of ~0.7 Gy/min (dosimetry
verified by J.L. Shepherd). Charged particle irradiations were
conducted at the NASA Space Radiation Laboratory (NSRL) at
BNL. Accelerated beams of 200 MeV protons (LET = 0.45 keV/
µm in H2O), 290 MeV/n C-12 ions (LET = 13.02 keV/µm), and
350 MeV/n O-16 ions (LET = 20.90 keV/µm) were delivered in
the entrance/plateau region of the Bragg curve (as opposed to the
higher LET Bragg peak or as a SOBP) at dose-rates of ~0.1–0.6
Gy/h. Doses were confirmed by NSRL physicists at the
flask position using a NIST-traceable tissue-equivalent
ion chamber (EG&G model IC-17) used to calibrate a series
of custom parallel-plate beamline ionization chambers to
control beam delivery (49). Cell cultures were irradiated at
room temperature in sealed flasks or microscope chamber
slides. After irradiation, cells were subcultured and plated
immediately for survival, or the medium changed and cells
incubated at 37°C until subculture for transformation assays.
For measurements of DSB-associated foci levels, fibroblast
cultures in flaskettes were returned to the NSRL 37°C
incubator until collection/fixation from 10 min to 24 h post-
irradiation. Sham-irradiated cells for all assays were harvested by
identical procedures.

Immunocytochemistry and DSB-
Associated g-H2AX pS139/53BP1 Foci
Imaging/Scoring
DSB-associated colocalized g-H2AX/53BP1 foci formation was
evaluated as described previously (50, 51). The medium in
SAHA-treated cultures was not changed post-irradiation, so
cells were treated continuously with 10 µM SAHA until being
collected at the following time points. At 10 min, 30 min, 2 h, 6 h,
and 24 h post-irradiation, flaskettes were removed from the 37°C
incubator, rinsed with PBS, and fixed with fresh 4%
formaldehyde at room temperature for 15 min. Slides were
then permeabilized with 0.5% Triton X-100 on ice for 10 min,
and washed with PBS. Slides were blocked in PBS with 1% BSA,
2% fetal bovine and goat sera, 0.1% Triton X-100, and 0.05%
Tween-20 for 30 min at room temperature followed by
incubation in a 37°C humid chamber for 30 min with one of
the following primary antibody combinations diluted 1:400 in
PBS with 1% BSA: mouse monoclonal anti-g-H2AX pS139
(JBW301, Upstate/Millipore) and rabbit polyclonal anti-53BP1
(NB100-304, Novus Biologicals). Slides were rinsed in PBS and
incubated in a 37°C humid chamber for 30 min with Alexa
Fluor® 488 and 594-conjugated goat anti-mouse and anti-rabbit
F(ab′)2 fragments (Molecular Probes/Invitrogen) diluted 1:500
in PBS. Slides were rinsed in PBS, treated with 3.7%
formaldehyde to immobilize the antibodies at their target
locations, and mounted with ProLong Gold antifade reagent
with 0.2 µg/ml 4′, 6-diamidino-2-phenylindole (DAPI;
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Molecular Probes/Invitrogen). Images were captured using a
Zeiss Axio Observer Z1 epifluorescence microscope equipped
with a 63× oil immersion objective and appropriate filter sets,
and processed using Zeiss AxioVision image analysis software.
For two to three independent experiments, ≥50 cells per time-
point were scored by eye by two cross-corroborated scorers to
minimize any observer bias. Nuclei of atypical size or
morphology or those with very high foci counts (e.g., S-phase
cells) were not scored.
Survival and Transformation Assays
Post-irradiation cell survival was determined by single-cell
colony formation assays as described previously (52).
Immediately following irradiation, appropriate numbers of
cells were plated in triplicate in 10-cm culture dishes or T-25
flasks with complete medium to yield ~50–100 viable colonies
after 14 days of undisturbed growth at 37°C. Dishes were then
aspirated and rinsed with PBS, fixed with 95% ethanol, and
stained with a solution of 50% (v/v) Kopykake blue food dye
(Kopykake Enterprises), 40% methanol, and 10% glacial acetic
acid. Colonies of ≥50 viable cells were scored as survivors. Post-
irradiation transformation frequencies were assessed by
measurement of anchorage-independent (A-I) growth in soft
agar, a selective condition in which untransformed fibroblasts do
not proliferate, per established Sutherland lab protocols (45, 47,
53). For A-I growth, 8 ml of agar mix consisting of 80 ml 1.25%
Difco Bacto agar, 80 ml 2X DMEM, 20 ml iron-supplemented
FCS, 20 ml Difco tryptose phosphate broth (29.5 g/l ddH20) was
aliquoted in 60-mm culture dishes and allowed to set. They were
then overlaid with a mixture of 1 ml of medium plus serum
containing 105 cells plus 2 ml agar mix and allowed to solidify at
RT. Plates were incubated at 37°C for 20 days with weekly
medium changes to maintain proper humidity, after which A-I
colonies of ≥50 cells were counted under a dissecting
microscope. The frequency of transformants per survivor was
determined from the ratio of A-I colonies per number of
surviving cells plated, with ≥6 replicate dishes counted per data
point in at least two independent experiments.
Statistical Analyses
Statistical analyses were performed using Prism (GraphPad
Software). Survival data were fit using Prism’s weighted least-
squares linear-quadratic survival curve-fitting function; survival
datasets were best fit by either a linear-quadratic (LQ; S = e–aD–
bD^2) or linear (S = e–aD) exponential function. Transformation
data were best fit by Prism using weighted least-squares regression
hyperbolic curve fitting over the full dose range and linearly for
low doses ≤25 cGy. Low dose DSB-associated foci induction data
at low doses were also fitted by linear regression curve fits.
Statistical differences among datasets were tested using unpaired
two-tailed Student’s t-tests with Welch’s correction and one-way
or two-way ANOVA with Tukey’s HSD post hoc test (Prism) used
to identify statistically significant differences among groups;
p-values ≤0.05 were considered statistically significant differences.
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RESULTS

Gamma Ray Survival Assays
Single-cell colony formation assays were first performed with 1–
20 µM concentrations of SAHA, M344, and PTACH to determine
their optimum concentrations for cesium-137 g-ray
radiosensitization of NFF28 fibroblasts and A549 lung carcinoma,
U2OS osteosarcoma, and U87MG malignant glioma cells. Sham-
irradiated plating (cloning) efficiencies (PE) for 1–20 µM HDACi
18hpretreatments for all four cell typesare shown inSupplementary
Figure 1. Quiescent G0/G1-phase NFF28 fibroblasts showed
increased PE values following pretreatment with all three HDACi
at the concentrations tested, and the three tumor lines generally
showing reduced plating efficiencies with increasing inhibitor
concentrations. Survival curves for NFF28, A549, U2OS, and
U87MG cells irradiated with 0.5–6 Gy g-rays are shown in
Figure 1 for cultures pretreated with SAHA and Supplementary
Figures 2, 3 for cultures pretreated with M344 and PTACH,
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respectively. Significant radiosensitization of NFF28 fibroblasts was
observed for all threeHDACiathigherdoses of 1–6Gy (p=<0.0001–
0.0221 for SAHA, 0.0008–0.0457 for M344, 0.0009–0.0161 for
PTACH by one-way ANOVA). Of the three HDACi tested, SAHA
provided the highest degree of g-ray radiosensitization for the three
tumor lines (p=0.0037–0.0406 forA549 fordoses of 2–6Gy, 0.0018–
0.0317 forU2OSat6Gy, and0.0466 for2Gy-irradiatedU87MGcells
pretreated with 20 µM SAHA). M344 was only effective at
significantly radiosensitizing A549 cells at 2 Gy only (10 µMM344;
p = 0.0202) and U2OS and U87MG cells at the highest dose of 6 Gy
(p=0.0013–0.0027 for 5–20 µMM344 and p=0.0293 and 0.0374 for
10 and20µMM344, respectively).The results of the g-ray clonogenic
survival assays are summarized in Supplementary Table 1with D10

(doses required to reduce relative survival to 10%) and SER values
(calculated as the ratios of D10 values of HDACi-pretreated cells to
DMSO vehicle controls) reported.

SER values for 1–20 µM concentrations of the three HDACi are
shown in Supplementary Figure 4 with levels of g-ray
A B

C D

FIGURE 1 | Clonogenic survival of G0/G1-phase normal NFF28 primary fibroblasts (A) and asynchronously growing A549 lung carcinoma (B), U2OS osteosarcoma (C),
and U87MG malignant glioma cells (D) pretreated for 18 h with 1–20 µM SAHA and exposed to 0.5–6 Gy cesium-137 g-rays (LET = 0.91 keV/µm). Data reported as
mean ± SD; where error bars are not visible, they are smaller than the data point. Asterisks mark significant differences compared to DMSO controls at p-values of ≤0.05
(*) by one-way ANOVA.
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radiosensitization in the four cell types generally increasing in a
concentration-dependent manner. A549 lung carcinoma cells
showed the greatest degree of radiosensitization with SER values
of 1.36–1.6 following 1–20 µM SAHApretreatment (p = 0.0359 and
0.0133 for 1 and 20 µM SAHA, respectively, by two-way ANOVA),
along with values of 1.32 and 1.16 for 10 µM M344 and 5 µM
PTACH, respectively. SER values ranged from 1.16 to 1.33 for
quiescent NFF28 fibroblasts, 1.03–1.25 for U2OS osteosarcoma
cells and 1.08–1.31 for U87MG cells (p = 0.0065 for 20 µM SAHA
and 0.0072 for 10 µMM344). Both SAHA andM344 showedmore
efficient g-ray radiosensitization than PTACH in all three tumor cell
lines, while all three compounds equally radiosensitized NFF28
fibroblasts. Interestingly, slightly increased survival (i.e., mild
radioprotection) was observed for quiescent NFF28 fibroblasts
pretreated with 1 µM concentrations of all three HDACi and also
for U2OS osteosarcoma cells pretreated with 1 µM SAHA and
PTACH(botharemesenchymal-derived cell types). Basedon results
of these assays, we chose 10 µM SAHA, 10 µM M344, and 5 µM
PTACHas themost effective radiosensitizerconcentrations (thatdid
not likewise appreciably decrease PE per Supplementary Figure 1)
for the subsequent charged particle irradiations.

Proton, Carbon, and Oxygen Ion
Survival Assays
Single-cell colony formation assays were next performed with 10
µM SAHA, 10 µM M344, and 5 µM PTACH concentrations to
determine their ability to radiosensitize all four cell types to
charged particle irradiation delivered at typical hadron RT
energies. Unlike clinical SOBP irradiations employing the
higher LET portion of the Bragg peak, these irradiations were
conducted using the initial Bragg plateau region since a major
focus of this study was modeling proximal (entrance) normal
tissue effects of irradiated stromal fibroblasts. Survival curves are
shown in Figures 2–4 for low-passage G0/G1-phase NFF28
fibroblasts (panel A) and asynchronously growing A549 lung
carcinoma (B), U2OS osteosarcoma (C), and U87MG malignant
glioma cells (D) irradiated with 0.5–4 Gy of 200 MeV protons
(LET = 0.45 keV/µm in H2O; Figure 2), 290 MeV/n carbon-12
ions (13.02 keV/µm; Figure 3), or 350 MeV/n oxygen-16 ions
(20.90 keV/µm; Figure 4), respectively. All three HDACi were
able to significantly radiosensitize NFF28 fibroblasts at higher
proton doses of 3–4 Gy (p = 0.0001–0.0311; Figure 2A) and for 2
Gy of O-16 ions (p = 0.0179–0.0386; Figure 4A); however, no
significant differences were noted for C-12 ion irradiations
(Figure 3A). Significant HDACi-mediated radiosensitization
was not observed for A549 cells exposed to any of the three
charge particle types except for 50 cGy O-16 ion irradiations (p =
0.0193 for 10 µM SAHA and 0.025 for 10 µM M344; Figure 4B).
The only significant difference observed for U2OS survival was
for 5 µM PTACH-pretreated cells exposed to 2 Gy C-12 ions (p =
0.00422; Figure 3C). For U87MG survival, significant differences
were only noted for 2 and 4 Gy C-12 ion irradiations (p = 0.0442
and 0.0296, respectively; Figure 3D).

SER values for the three HDACi and four radiation qualities
used in this study are shown in Figure 5. Significant levels of
HDACi-mediated g-ray radiosensitization were observed for NFF28
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fibroblasts (p = 0.024 for 10 µM SAHA and 0.0075 for 5 µM
PTACH by two-way ANOVA), A549 cells (p = 0.0123 for 10 µM
SAHA), and U87MG cells (p = 0.0064 for 10 µMM344). Unlike the
nearly uniform radiosensitization observed for g-rays with all four
cell types, pretreatment with the optimal HDACi g-ray
radiosensitizing concentrations yielded mixed results in terms of
charged particle radiosensitization or radioprotection depending on
the cell strain/line and ion species. For 200 MeV protons, levels of
radiosensitization similar to g-rays were observed for quiescent
NFF28 fibroblasts and U87MG cells only (Figures 2A, D;
p =0.0096 for U87MG cells pretreated with 5 µM PTACH). For
A549 lung carcinoma cells (Figure 2B), pretreatment with 10 µM
SAHA radiosensitized cells to protons; however, pretreatment with
10 µM M344 and 5 µM PTACH conversely provided
radioprotection. For U2OS osteosarcoma cells (Figure 2C), only
pretreatment with 10 µM SAHA showed slight radiosensitization
for protons, while the other two HDACi provided mild
radioprotection. Results for the intermediate LET C-12 and O-16
ion irradiations were even more surprising, with all three HDACi
providing radioprotection for quiescent G0/G1-phase NFF28
fibroblasts (significantly so for O-16 ions, p = 0.0054–0.023;
Figures 3A, 4A, 5A). For the three tumor cell lines, patterns of
HDACi-mediated radiosensitization and radioprotection varied for
C-12 and O-16 ions. A549 cells showed mild HDACi-mediated
radiosensitization for C-12 ions and radioprotection for O-16 ions
(Figures 3B, 4B). U2OS cells showed the reverse pattern whereby
the inhibitors provided mild radioprotection for C-12 ions and
radiosensitization for O-16 ions (Figures 3C, 4C). For U87MG cells,
HDACi pretreatment generally resulted in radiosensitization for
both ions (Figures 3D, 4D), although pretreatment with 10 µM
SAHA resulted in C-12 ion radioprotection.

In order to compare responses to the different radiation types
alone (without HDACi treatments), survival curves for DMSO-
treated vehicle controls are shown in Figure 6. Per Figure 6A,
there is a direct correlation of cell killing with particle LET in G0/
G1-phase NFF28 fibroblasts, with exposures to cesium-137 g-
rays and 200 MeV Bragg plateau protons yielding approximately
equivalent survival. Both C-12 and O-16 ion irradiations resulted
in significantly increased NFF28 cell killing compared to g-rays
(p = 0.015–0.0268 for C-12 ions and 0.0008–0067 for O-16 ions
by one-way ANOVA). Significantly increased tumor cell killing
following C-12 and O-16 ion irradiations was also observed for
A549 cells (p = 0.0002–0.0385 for C-12 ion and 0.0011–0.0146
for O-16 ions), U2OS cells (p = 0.0032–0.0137 for C-12 ions and
0.0084–0.0429 for O-16 ions), and U87MG cells (p = 0.0104–
0.0303 for C-12 ions and 0.0179–0.0438 for O-16 ions).
Interestingly, in all three tumor lines, cell killing was greater
for 290 MeV/n Bragg plateau C-12 ions (LET = 13.02 keV/µm)
compared to higher LET 350 MeV/n Bragg plateau O-16 ions
(LET = 20.90 keV/µm; Figures 6B–D). For proton irradiations,
only A549 cells showed increased cell killing compared to g-rays
(p = 0.0094 at 50 cGy).

To summarize the charged particle clonogenic survival results
from DMSO and HDACi-treated cells in Figures 2–4, RBE values
for the three radiation types compared to reference cesium-137 g-
rays (Figure 1 and Supplementary Figures 2, 3) are reported in
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Figure 7 with RBE values for HDACi-treated cells calculated from
corresponding g-ray survival D10 values of cells pretreated with the
identical HDACi concentrations. In this case, RBE values <1 would
imply that the particular combination of charged particle and
HDACi was less effective for cell killing than the corresponding g-
ray/HDACi combination. For protons, HDACi pretreatment
provided no added advantage compared to exposing pretreated
cultures to g-rays and often was less effective (significantly so for
U87MG cells pretreated with 10 µM M344, p = 0.0365). For C-12
ions, DMSO and HDACi-pretreated cells yielded significantly
higher RBE values by ANOVA analyses in all three tumor cell
lines (p = <0.0001–0.0057 for A549 cells, 0.0002–0.0241 for U2OS
cells, and <0.0001–0.0003 for U87MG cells), and the HDACi
treatments nearly uniformly resulted in tumor cell radioprotection
compared to vehicle controls. Significantly increased cell killing was
observed in NFF28 fibroblasts following O-16 ion irradiation (p =
Frontiers in Oncology | www.frontiersin.org 774
0.0002), but this effect was lost in the HDACi-pretreated cultures.
Significantly increased U2OS and U87MG tumor cell killing was
also observed for O-16 ion irradiations (p = 0.0048–0.0197 and
<0.0001–0.0225, respectively), with little added effect seen following
HDACi pretreatments. In NFF28 fibroblasts and A549 cells,
HDACi pretreatments resulted in radioprotection for O-16 ion
exposures. Supplementary Table 2 summarizes the various D10,
HDACi SER, and charged particle RBE values for the four cell types.

DSB-Associated Foci Assays
Results of g-H2AX/53BP1 foci analyses conducted in quiescent
G0/G1-phase cultures of NFF28 fibroblasts pretreated for 18 h
with 10 µM SAHA and subsequently irradiated with 5–25 cGy
doses of cesium-137 g-rays, 200 MeV protons, and 290 MeV/n
C-12 ions are shown in Figures 8A–C, respectively, reported as
numbers of mean (± SEM) IR-induced foci per unit dose.
A B

C D

FIGURE 2 | Clonogenic survival of G0/G1-phase normal NFF28 primary fibroblasts (A) and asynchronously growing A549 lung carcinoma (B), U2OS osteosarcoma
(C), and U87MG malignant glioma cells (D) pretreated for 18 h with 10 µM SAHA, 10 µM M344, or 5 µM PTACH and exposed to 0.5–4 Gy 200 MeV protons in the
Bragg plateau region (LET = 0.45 keV/µm). Data reported as mean ± SD; where error bars are not visible, they are smaller than the data point. Asterisks mark
significant differences compared to DMSO controls at p-values of ≤0.05 (*) by one-way ANOVA.
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Multiple post-translational modifications of histone H2AX and
53BP1 occur after the initial recognition of IR-induced DSBs,
including the phosphorylation of H2AX on serine 139 (g-H2AX
pS139) by the DDR kinases ATM and DNA-PK (54–56) and
53BP1 recruitment and binding to post-translationally modified
histones (57–61). The formation and colocalization of these
cytogenetically visible DSB-associated foci permit their more
efficient detection and enumeration at low IR doses (50, 62, 63).
Peak DSB-associated foci induction was observed 30 min post-
irradiation for all three radiation types, followed by similar rates
of NHEJ-mediated DSB repair and foci resolution to at or near
background levels by 24 h, similar to the low dose responses of
other normal primary fibroblast strains reported in (50). Mean
background levels of foci measured in sham-irradiated cultures
were 1.02 foci/cell for DMSO-pretreated cultures and 0.99 foci/
cell for 10 µM SAHA-pretreated cultures. The greatest amount of
Frontiers in Oncology | www.frontiersin.org 875
radiosensitization, measured as ~1.4-fold increased levels of peak
induced foci formation, was observed following cesium-137 g-ray
irradiation (Figure 8A). Significant differences in g-ray-induced
foci levels between DMSO vehicle and 10 µM SAHA
pretreatments were observed 10 min post-IR (p = 0.0216), as
well as at the 6 and 24 h timepoints (p = 0.0208 and 0.0144,
respectively). Low-dose proton-induced foci levels were similar
in control and SAHA-pretreated cultures (Figure 8B), and foci
levels were reduced ~1.4-fold in 10 µM SAHA-pretreated cells
following low dose C-12 ion irradiation (Figure 8C). These
patterns reflect the results of the clonogenic assay results
whereby the greatest degree of low dose radiosensitization is
observed for cesium-137 g-rays, followed by similar survival of
control and SAHA-pretreated cells following low-dose proton
irradiation, and radioprotection observed for C-12 ion-irradiated
NFF28 fibroblasts pretreated with SAHA.
A B

C D

FIGURE 3 | Clonogenic survival of G0/G1-phase normal NFF28 primary fibroblasts (A) and asynchronously growing A549 lung carcinoma (B), U2OS osteosarcoma
(C), and U87MG malignant glioma cells (D) pretreated for 18 h with 10 µM SAHA, 10 µM M344, or 5 µM PTACH and exposed to 0.5–4 Gy 290 MeV/n C-12 ions in
the Bragg plateau region (LET = 13.02 keV/µm). Data reported as mean ± SD; where error bars are not visible, they are smaller than the data point. Asterisks mark
significant differences compared to DMSO controls at p-values of ≤0.05 (*) by one-way ANOVA.
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NFF28 Asynchronous Cell Survival and
Transformation Assays
Finally, the clonogenic survival of asynchronously growing
NFF28 fibroblasts and frequencies of in vitro cellular
transformation, measured as the acquisition of anchorage-
independent (A-I) growth in soft agar, following HDACi
pretreatment and irradiation with cesium-137 g-rays, 200 MeV
protons, 290 MeV/n C-12 ions, and 350 MeV/n O-16 ions are
shown in Figures 9, 10, respectively. These assays were
conducted using protocols devised by Dr. Betsy Sutherland and
colleagues that utilize asynchronously growing log-phase human
fibroblast cultures rather than quiescent G0/G1-phase cultures.
Following a 7-day culture recovery period to allow clearance of
dead cells, surviving irradiated NFF28 fibroblasts were
subcultured, plated at low density in soft agar, and incubated
for a 20-day colony formation period after which the dishes were
rinsed and evaluated for A-I colonies. In contrast to the G0/G1-
phase survival assay results reported in previous figures whereby
HDACi pretreatment was radiosensitizing for g-ray and proton
Frontiers in Oncology | www.frontiersin.org 976
irradiations but radioprotective for C-12 and O-16 ion
irradiations, 18 h HDACi pretreatment of asynchronously
growing log-phase NFF28 cultures resulted in sensitization for
all radiation types as shown in Figure 9 (suggesting that the
higher proportion of S and G2-phase cells in these cultures are
more sensitive to HDAC inhibition and subsequent charged
particle irradiation than G0/G1-phase cells). Of the three HDACi
tested, pretreatments with 10 µM SAHA consistently yielded the
best radiosensitization; however, neither 10 µM M344 nor 5 µM
PTACH was effective at radiosensitizing asynchronously
growing NFF28 cells to g-rays. Significant differences in
clonogenic survival between HDACi and DMSO vehicle-
pretreated cells were observed primarily for C-12 ions
(Figure 9C; p-values ranging from ≤0.0001 to 0.0334 by one-
way ANOVA), while only SAHA and PTACH were able to
significantly radiosensitize cells to higher doses of O-16 ions (p =
0.0127 and 0.0304 at 3 Gy, respectively).

Frequencies of IR-induced NFF28 cellular transformation,
measured as the yields of A-I colonies per 105 surviving cells, are
A B

C D

FIGURE 4 | Clonogenic survival of G0/G1-phase normal NFF28 primary fibroblasts (A) and asynchronously growing A549 lung carcinoma (B), U2OS osteosarcoma
(C), and U87MG malignant glioma cells (D) pretreated for 18 h with 10 µM SAHA, 10 µM M344, or 5 µM PTACH and exposed to 0.5–4 Gy 350 MeV/n O-16 ions in
the Bragg plateau region (LET = 20.90 keV/µm). Data reported as mean ± SD; where error bars are not visible, they are smaller than the data point. Asterisks mark
significant differences compared to DMSO controls at p-values of ≤0.05 (*) by one-way ANOVA.
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plotted in Figure 10. The lowest overall induction occurred
following 200 MeV proton irradiation (~0.74-fold that of
cesium-137 g-rays) with C-12 and O-16 ion irradiations
producing ~1.7-fold and ~3.2-fold higher maximal yields of
transformants per unit dose compared to cesium-137 g-rays,
respectively. All four radiation qualities demonstrate a rapid
increase in transformation induction for doses ≤50 cGy
(significantly so for g-ray and proton exposures), a plateauing
at 1 Gy, and in the case of protons and C-12 ions, decreasing
yields at higher doses. Both cesium-137 g-rays and O-16 ions also
showed a general plateau at higher doses up to 2 Gy; however,
yields of transformants were further increased at 3 Gy for both
radiation types. Yields of g-ray and proton-induced
transformants per unit dose measured at low doses (≤25 cGy)
were ~1.8 and 2.8-fold higher, respectively, than yields measured
at higher doses (>50 cGy), with ratios of ~1.3 and ~1 calculated
for C-12 and O-16 ions, respectively. HDACi pretreatment in the
majority of cases resulted in decreased yields of transformants at
low doses (≤25 cGy) and increased yields of transformants for all
radiation types at higher doses (>50 cGy). The only exceptions
Frontiers in Oncology | www.frontiersin.org 1077
were M344 pretreatment followed by proton irradiation and
SAHA pretreatment followed by O-16 ion irradiation. Although
per Figure 9, HDACi pretreatments were radiosensitizing for
asynchronously NFF28 fibroblast survival, the fact that yields of
transformants are weighted and reported per number of
surviving cells implies that HDACi treatments generally
increased both g-ray and charged particle-induced normal
fibroblast transformation overall (although the differences were
not statistically significant).

Given the steep increase in yield of transformants at low
doses, the frequencies of IR-induced NFF28 fibroblast
transformation per unit dose at low doses (≤25 cGy) and
higher doses (>50 cGy) following SAHA, M344, or PTACH
pretreatment are comparatively plotted in Figure 11. Low dose
transformation frequencies were calculated as the slope of
induction from 5–25 cGy, and the higher dose transformation
frequencies were obtained from the mean transformation
frequencies at 1 Gy, the dose where peak (maximal)
transformation occurs for both 200 MeV protons and 290
MeV/n C-12 ions (Figures 10B, C). As per Figures 11A, B,
A B

C D

FIGURE 5 | HDACi sensitizer enhancement ratio (SER) values ± SEM for G0/G1-phase normal NFF28 primary fibroblasts (A) and asynchronously growing A549
lung carcinoma (B), U2OS osteosarcoma (C), and U87MG malignant glioma cells (D) pretreated for 18 h with 10 µM SAHA, 10 µM M344, and 5 µM PTACH and
irradiated with cesium-137 g-rays, 200 MeV protons, 290 MeV/n C-12 ions, or 350 MeV/n O-16 ions [calculated using D10 survival values; asterisks mark significant
differences at p-values of ≤0.05 (*) and ≤0.01 (**) by two-way ANOVA].
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both cesium-137 g-rays and protons showed significantly higher
yields of transformants per unit dose at low doses compared to
higher doses (p = 0.0477 and <0.0001–0.003, respectively, by
two-way ANOVA), with HDACi pretreatment reducing the
yields of low dose transformants for both radiation types
compared to DMSO-treated controls. This pattern of low dose
transformation sparing is likewise observed for 18 h PTACH
pretreatment preceding C-12 ion irradiation and SAHA
pretreatment prior to O-16 ion irradiation. Pretreatment with
either SAHA or M344 followed by C-12 ions resulted in
equivalent yields of transformants at both low and high doses,
and pretreatment with M344 or PTACH prior to O-16 ion
irradiation increased transformation at higher doses. Low-dose
hyper-radiosensitivity for NFF28 fibroblast transformation was
generally not observed for C-12 or O-16 ions, suggesting it may
be a phenomenon particular to low LET radiations. Results of the
Frontiers in Oncology | www.frontiersin.org 1178
clonogenic survival and transformation experiments conducted
with asynchronously growing NFF28 fibroblasts are summarized
in Supplementary Tables 3, 4 (D10 values and yields of
transformants per unit dose, respectively, along with associated
HDACi SER and charged particle RBE values).
DISCUSSION

In light of previous reports of promising levels of SAHA and
other HDACi-induced X- and g-ray radiosensitization, we
sought to determine if these agents would be likewise useful
for radiosensitizing tumor cells to charge particle-based
radiotherapy modalities (without likewise doing so to
surrounding normal tissues) using normal diploid human
fibroblasts and three tumor cell lines as in vitro models. Few
A B

C D

FIGURE 6 | Clonogenic survival of DMSO-treated (vehicle control) G0/G1-phase normal NFF28 primary fibroblasts (A) and asynchronously growing A549 lung
carcinoma (B), U2OS osteosarcoma (C), and U87MG malignant glioma cells (D) irradiated with cesium-137 g-rays, 200 MeV protons, 290 MeV/n C-12 ions, or 350
MeV/n O-16 ions. Data reported as mean ± SD; where error bars are not visible, they are smaller than the data point. A LET-dependent increase in cell killing is
observed for NFF28 fibroblasts; however 290 MeV/n C-12 ions (LET = 13.02 keV/µm) were more effective than 350 MeV/n O-16 ions (LET = 20.90 keV/µm) for cell
killing in all three tumor cell lines. Asterisks mark significant differences compared to cesium-137 g-rays at p-values of ≤0.05 (*) by one-way ANOVA.
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reports exist on the utility of using HDACi as adjuvants for
proton or carbon ion radiotherapies, with available studies
generally showing increased tumor cell killing in vitro via
clonogenic survival assays and increased levels of IR-induced
DSBs measured by DSB-associated foci assays, often with
delayed foci repair kinetics in HDACi-treated cells compared
to vehicle-treated controls. In this study, we validated that the
clinically approved HDACi SAHA and two related hydroxamate
analogues M344 and PTACH were effective for radiosensitizing
normal human fibroblasts and tumor cells to cesium-137 g-rays
and 200 MeV protons (Figures 1, 2). However, the three HDACi
tested provided comparatively less radiosensitization (and in
some case radioprotection) to pretreated tumor cells prior to
C-12 or O-16 ion irradiation (Figures 3, 4). Effects of HDACi
pretreatment in NFF28 fibroblasts depended on whether cultures
were quiescent or cycling, with radioprotection afforded to
Frontiers in Oncology | www.frontiersin.org 1279
stationary G0/G1-phase cultures exposed to C-12 and O-16
ions. HDACi pretreatment radiosensitized log-phase NFF28
cells to these ions (Figure 9) and generally increased the
frequencies of IR-induced transformation following exposure
to all four radiation types (Figure 10). These studies therefore
provide mixed results on the utility of HDACi for increasing the
effectiveness of light ion-based hadron radiotherapies.

The clonogenic survival of A549 lung carcinoma and diploid
normalfibroblasts reportedherein are very similar to those reported
in (38) who used 24 h pretreatments of 0.2 or 2 µM SAHA
concentrations prior to irradiation (compared to 18 h
pretreatments in our study). We both report cesium-137 g-ray
D10 values of 6.5 Gy for control (DMSO-treated) A549 cells and
very similar D10 values of 4.31 and 4.27Gy for two low-passageG0/
G1-phase primary fibroblast strains (AG01522 and NFF28,
respectively; Supplementary Table 1). From their report,
A B

C D

FIGURE 7 | Relative biological effectiveness (RBE) values ± SEM for G0/G1-phase normal NFF28 primary fibroblasts (A) and asynchronously growing A549 lung
carcinoma (B), U2OS osteosarcoma (C), and U87MG malignant glioma cells (D) pretreated for 18 h with 10 µM SAHA, 10 µM M344, and 5 µM PTACH and
irradiated 200 MeV protons, 290 MeV/n C-12 ions, or 350 MeV/n O-16 ions compared to respective DMSO control or HDACi-pretreated cultures exposed to
reference cesium-137 g-rays [calculated using D10 survival values; asterisks mark significant differences at p-values of ≤0.05 (*), ≤0.01 (**), ≤0.001 (***), and ≤10−4

(****) by two-way ANOVA].
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pretreatment with 2 µM SAHA results in increased g-ray
radiosensitization in both cell types (D10 values of 4.67 Gy for
A549 cells and4.21Gy forAG01522fibroblasts) similar to the 1 and
5 µMSAHApretreatmentD10 values of 4.27–4.78Gy forA549 cells
and3.43–4.34Gy forNFF28fibroblasts reported inSupplementary
Table 1. For survival following 200MeV SOBP proton irradiations
(LET = 2.2 keV/µm), this group also documented that SAHA
pretreatment radiosensitized both cell types. However, per
Figure 2B, pretreatment of A549 cells with SAHA and the other
two HDACi used in our studies resulted in radioprotection
following proton irradiation (Figure 2 and Supplementary
Table 2). This group likewise observed radiosensitization in
SAHA-pretreated A549 cells exposed to 290 MeV/n SOBP C-12
ions (LET=55keV/µm), aswedid inFigure3B, but didnotobserve
any differences in the survival of DMSO versus SAHA-treated
AG01522 cells. Since we used a 5-fold higher SAHA
concentration, it is possible that the 2 µM concentration used in
their experiments may not have been sufficient to provide the
radioprotectionwe observed for NFF28 cells exposed to C-12 orO-
16 ions (Figures 3A, 4A). It should again also be noted that our
experiments employed 200 MeV proton and 290 MeV/n C-12 ion
irradiations delivered in the lower LET Bragg plateau/entrance
region (LET values of 0.45 and 13 keV/µm, respectively) to mimic
normal tissue entrance exposures.As such,we report slightly higher
corresponding D10 values for experiments presented herein—
though the patterns and relative degree of SAHA-mediated
radiosensitization or radioprotection are similar (Supplementary
Table 2). Levels of C-12 ion-induced cell killing in DMSO-treated
NFF28 fibroblasts and U87MG cells in this report are consistent
with entrance region (13 keV/µm) C-12 ion exposures of NB1RBG
fibroblasts reported in (64) andU87MGcells in (65) delivered at the
HIMAC facility in Chiba, Japan.

As seen in Figures 3, 4, HDACi-mediated C-12 and O-16 ion
radiosensitization was cell line/strain- and HDACi-specific. Along
Frontiers in Oncology | www.frontiersin.org 1380
with NFF28 fibroblasts (Figure 3A), HDACi pretreatment of U2OS
osteosarcoma cells was also radioprotective for C-12 ion exposures
(Figure 3C), as was PTACH pretreatment in A549 cells and SAHA
pretreatment in U87MG cells (Figures 3B, D). Conversely, M344
and SAHA pretreatment radiosensitized A549 cells and M344 and
PTACH radiosensitized U87MG cells to C-12 ion irradiation. For
O-16 ion irradiations, pretreatment of quiescent G0/G1-phase
NFF28 fibroblasts with each of the three HDACi was strongly
radioprotective (Figure 4A) and likewise conferred mild
radioprotection to A549 cells (Figure 4B). Only HDACi
pretreatments of U2OS and U87MG cells were effective in
moderately radiosensitizing them to subsequent O-16 ion
exposures (Figures 4C, D). Another interesting result is seen in
Figure 6 in which cell survival is plotted for DMSO vehicle-treated
controls only. While the canonical pattern of increased LET-
dependent cell killing is seen for NFF28 fibroblasts, whereby 350
MeV/n O-16 ion (20.9 keV/µm) exposures are more effective at cell
killing than 290 MeV/n C-12 ion (13 keV/µm) exposures
(Figure 6A), for all three tumor lines, the lower LET C-12 ions
are more effective for cell killing compared to O-16 ions
(Figures 6B–D). It remains to be determined if this would be
repeated using higher LET SOBP C-12 and O-16 ion irradiations.

Unlike the report by (38) and other groups that have also
examined the effects of SAHA pretreatment on post-irradiation
g-H2AX and 53BP1 foci induction and repair kinetics, we did not
identify any significant effects of inhibitor pretreatment on the
rates of DSB repair and accompanying foci resolution, rather
only observed differences in the overall foci induction levels post-
IR. It should also be noted that many of the studies that describe
HDACi-induced delayed g-H2AX foci repair kinetics report
results from human tumor cell lines (36, 66). We observed
increased colocalized g-H2AX pS139/53BP1 foci induction in
SAHA-pretreated NFF28 fibroblasts following cesium-137 g-
irradiation, which, unlike DMSO-treated vehicle controls, did
A B C

FIGURE 8 | Dose-corrected g-H2AX pS139/53BP1 foci levels in quiescent G0/G1-phase normal NFF28 primary fibroblasts pretreated for 18 h with 0.1% DMSO
(vehicle control) or 10 µM SAHA measured by immunocytochemistry/image analysis in samples fixed 10 min to 24 h post-irradiation following low dose (5–25 cGy)
exposures of cesium-137 g-rays (A), 200 MeV protons (B), and 290 MeV/n C-12 ions (C). Peak foci formation occurs at 30 min post-IR for all three radiation
qualities. Data reported as IR-induced means ± SD, background-subtracted for foci levels measured in sham-irradiated cultures (indicated by dashed line). Asterisks
mark significant differences compared to DMSO controls at p-values of ≤0.05 (*) by two-tailed Student’s t-tests.
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not return to baseline levels by 24 h (Figure 8A). Similar results
were documented in (67) demonstrating radiosensitization for g-
H2AX foci induction in G0/G1-phase HSF1 fibroblasts
pretreated for 12 h with 10 µM SAHA prior to irradiation with
0.5 Gy of 90 kV X-rays. This significant increase in g-ray-induced
foci levels following 10 µM SAHA pretreatment shown in
Figure 8A coincides with the increased radiosensitivity for
clonogenic survival in Figure 1A. No differences in g-H2AX/
53BP1 foci induction levels were noted in DMSO versus SAHA-
pretreated NFF28 cells exposed to 200 MeV protons in this study
(Figure 8B), similar to results reported in (38), and levels of
residual foci at 24 h remained above background in these
cultures. Similarly, little difference in clonogenic survival was
seen between DMSO control and SAHA-treated NFF28
fibroblasts irradiated with low-dose 200 MeV protons per
Figure 2A. However, unlike the Gerelchuluun et al. report, we
Frontiers in Oncology | www.frontiersin.org 1481
identified SAHA pretreatment as radioprotective (rather than
radiosensitizing) for C-12 ion-induced peak DSB-associated foci
induction with lower levels of DSB-associated foci induced per
unit dose in irradiated cultures, as well as levels of IR-induced
foci falling below background levels by 24 h (Figure 8C). The
lower induction of foci following C-12 ion irradiation coincides
with our finding of increased survival (radioprotection) in C-12
ion-irradiated G0/G1-phase NFF28 fibroblasts pretreated with
10 µM SAHA in Figure 3A [a finding likewise reported for
confluent AG01522 fibroblast survival in (38)]. Lower levels of g-
H2AX expression measured by flow cytometry along with
increased cell survival were also observed in 1 µM SAHA-
treated hFOB 1.19 osteoblast cells irradiated with C-12 ions at
the HIT facility in Heidelberg, Germany, as reported by (35).
Thus, for the three radiation types used in Figure 8, effects of 10
µM SAHA pretreatment on the relative induction of DSB-
A B
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FIGURE 9 | Clonogenic survival of asynchronously growing normal NFF28 primary fibroblasts pretreated for 18 h with 10 µM SAHA, 10 µM M344, and 5 µM
PTACH and irradiated cesium-137 g-rays (A), 200 MeV protons (B), 290 MeV/n C-12 ions (C), or 350 MeV/n O-16 ions (D). Data reported as mean ± SD; where
error bars are not visible, they are smaller than the data point. Unlike the radioprotection observed following HDACi pretreatment in G0/G1-phase cultures irradiated
with C-12 or O-16 ions, 18 h HDACi pretreatment of asynchronously growing NFF28 fibroblast cultures resulted in radiosensitization. Asterisks mark significant
differences compared to DMSO controls at p-values of ≤0.05 (*) by one-way ANOVA.
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associated foci directly matched the respective patterns of
radiosensitization or radioprotection observed for NFF28
clonogenic survival (Figures 1–3).

Irradiation with 200 MeV protons produced the greatest
number of induced colocalized g-H2AX/53BP1 foci per unit
dose (0.26 foci/cGy), followed by 290 MeV/n C-12 ions (0.18
foci/cGy) and cesium-137 g-rays (0.15 foci/cGy; Figure 8). A
recent study by (68) likewise documented lower g-H2AX and
53BP1 foci induction per Gy in human TIG-3-20 fibroblasts
irradiated with 190 MeV C-12 ions compared to 20 MeV protons
and 63-MeV He-4 ions, noting that it is likely multiple DSBs
would be contained with a single C-12 ion-induced focus given
the higher density of ionizations along individual particle
trajectories of these higher LET-charged particles. Assuming a
mean G0/G1-phase human fibroblast cell nucleus surface area of
~200 µm2 (69, 70), exposure to entrance region 290 MeV C-12
Frontiers in Oncology | www.frontiersin.org 1582
ions (LET = 13.02 keV/µm) in our experiments results in ~1 C-
12 ion traversal/nucleus per cGy compared to ~29.2 entrance
region 200 MeV proton (LET = 0.45 keV/µm) traversals/nucleus
per cGy and ~14.5 cesium-137 g-ray-induced photoelectron
[LET = 0.91 keV/µm at full buildup (71),] traversals/nucleus
per cGy. This equates to ~0.009 induced foci/proton, 0.01
induced foci/photoelectron, and ~0.18 induced foci/C-12 ion:
relative ratios of ~20:1 for 290 MeV/n C-12 ions and 1.15:1 for g-
rays compared to 200 MeV protons in this case. Since the relative
ratios of their respective LET values are ~33.4 for 290 MeV/n C-
12 ions and ~2.3 for cesium-137 g-rays compared to 200 MeV
protons, respectively, there is a correlation between particle LET
and DSB-associated foci induction levels when reported per
particle fluence (rather than per unit dose).

To our knowledge, this is the first study to report frequencies
of IR-induced normal cell transformation in vitro following
A B

C D

FIGURE 10 | Cellular transformation of asynchronously growing normal NFF28 primary fibroblasts pretreated for 18 h with 10 µM SAHA, 10 µM M344, and 5 µM
PTACH and irradiated cesium-137 g-rays (A), 200 MeV protons (B), 290 MeV/n C-12 ions (C), or 350 MeV/n O-16 ions (D) measured as the acquisition of
anchorage-independent colony formation in soft agar per 105 surviving cells. Data reported as mean ± SEM; where error bars are not visible, they are smaller than
the data point. A hyperlinear response is observed for low-dose exposures with transformation frequencies peaking at 1 Gy and then declining at higher doses
following proton and C-12 ion irradiation.
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HDACi pretreatment. Cellular transformation assays assessing
anchorage-independent growth in soft agar of irradiated primary
human fibroblasts or CGL1 HeLa/fibroblast hybrid cells (72)
have been employed in radiobiology for decades as a surrogate
in vitro model capable of recapitulating some of the essential
features of in vivo human carcinogenesis (73). The frequencies of
NFF28 fibroblast transformation following cesium-137 g-rays,
200 MeV protons, 290 MeV/n C-12 ions, and 350 MeV/n O-16
ions we measured in this study (Figures 10, 11) are similar to
those reported previously by the Sutherland group for low-
passage NFF28 fibroblasts exposed to other proton energies,
250 kVp X-rays and intermediate to high LET Si-28, Ti-48, and
Fe-56 ions (45–48). Overall, the HDACi pretreatments did not
significantly affect NFF28 fibroblast transformation induction for
any of the four radiation types tested (Figure 10), although 10
µM SAHA pretreatment resulted in increased proton and C-12
ion-induced transformation at higher doses. The hyperlinear
Frontiers in Oncology | www.frontiersin.org 1683
increase in cellular transformation we observed at low doses (≤25
cGy) of protons and C-12 ions documented in these figures is
concerning when considering exposures to normal tissues in
irradiated entrance regions prior to the targeted tumor volume
that may accrue over the course of a typical radiotherapy
treatment regimen. It is also relevant for the radiation
protection of astronauts exposed to the complex, chronic
mixed-field space radiation environment during long-duration
missions to the Moon and Mars, and potentially high doses they
may receive during solar particle events (SPE) (74, 75). However,
at higher (clinically relevant) doses used in this study, protons do
appear to be less capable of inducing normal fibroblast
transformation than cesium-137 g-rays. This is reflected in a
recent pooled cohort analysis of secondary cancer induction
following clinical megavoltage photon- and electron-based
IMRT or proton-based PBRT that shows incidence is
approximately threefold higher for IMRT compared to
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FIGURE 11 | Frequencies of normal NFF28 primary fibroblast anchorage-independent (A–I) colony formation in soft agar per unit dose ± SEM at low (≤25 cGy) and higher
doses (>50 cGy) of cesium-137 g-rays (A), 200 MeV protons (B), 290 MeV/n C-12 ions (C) and 350 MeV/n O-16 ions (D). IR-induced yields of transformants are
background-corrected for levels of transformants measured in DMSO and HDACi-treated/sham-irradiated cultures (~6.1–7.2). Low dose transformation frequencies are
calculated from the slope of induction from 5 to 25 cGy and the higher dose transformation frequencies obtained from the mean transformation frequencies at 1 Gy, the dose
where peak (maximal) transformation occurs for both protons and C-12 ions. Both cesium-137 g-rays and protons show a pronounced hyper-radiosensitivity for NFF28
fibroblast in vitro transformation at low doses. Asterisks mark significant differences at p-values of ≤0.05 (*), ≤0.01 (**), ≤0.001 (***), and ≤10−4 (****) by two-way ANOVA.
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PBRT (76). While our results show higher transformation
following C-12 or O-16 ions compared to g-rays, there are no
clinical reports demonstrating C-12 ion-induced second cancer
induction in CIRT patients given the low numbers of patients
treated to date with this modality and long latency periods
associated with solid cancer development (4, 77). Risk
projections for CIRT-induced second cancer induction suggest
comparable overall incidence compared to PBRT (78).

Overall, unlike the promising levels of HDACi-mediated
radiosensitization observed for cesium-137 g-rays (Figures 1, 5),
HDACi pretreatments resulted in generally more modest levels of
radiosensitization for protons (and radioprotection in the case of
A549 and U2OS cells pretreated with either M344 or PTACH;
Figures 2, 5). For C-12 ion irradiations, HDACi pretreatments had
more minimal effects on the post-irradiation survival of the three
tumor cell lines tested (Figure 3), while slight radiosensitization was
observed for U2OS and U87MG cells exposed to O-16 ions
(Figure 4). Survival assays using NFF28 fibroblasts showed the
HDACi were effective for radiosensitizing both quiescent G0/G1-
phase and log-phase cultures to g-rays and protons, but were
radioprotective when quiescent cultures were irradiated with C-12
and O-16 ions (Figures 1, 2, 9). This radioprotective effect was
recapitulated in the DSB-associated foci assay results shown in
Figure 8 whereby lower levels of foci were observed in 10 µM
SAHA-pretreated quiescent NFF28 cultures. Finally, while HDACi
pretreatments were radiosensitizing to cycling NFF28 cells exposed
to all three charged particle types, the increased yields of
transformants measured in HDACi-treated cultures at higher
doses in many cases (Figures 10, 11) suggest they may possibly
be associated with higher incidence of secondary cancer induction if
utilized as PBRT or CIRT adjuvants.
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Supplementary Figure 1 | Sham-irradiated plating efficiencies (PE) ± SEM for
G0/G1-phase normal NFF28 primary fibroblasts (A) and asynchronously growing
A549 lung carcinoma (B), U2OS osteosarcoma (C), and U87MG malignant glioma
cells (D) pretreated for 18 h with 0.1% DMSO (vehicle control) or 1–20 µM
concentrations of SAHA, M344, and PTACH. Asterisks mark significant differences
at p-values of ≤0.05 (*), ≤0.01 (**), ≤0.001 (***), and ≤10−4 (****).

Supplementary Figure 2 | Clonogenic survival of G0/G1-phase normal NFF28
primary fibroblasts (A) and asynchronously growing A549 lung carcinoma (B),
U2OS osteosarcoma (C), and U87MG malignant glioma cells (D) pretreated for
18 h with 1–20 µM concentrations of M344 and exposed to 0.5–6 Gy cesium-137
g-rays. Data reported as mean ± SD; where error bars are not visible, they are
smaller than the data point. Asterisks mark significant differences at p-values of
≤0.05 (*).

Supplementary Figure 3 | Clonogenic survival of G0/G1-phase normal NFF28
primary fibroblasts (A) and asynchronously growing A549 lung carcinoma (B),
U2OS osteosarcoma (C), and U87MG malignant glioma cells (D) pretreated for
18 h with 1–20 µM concentrations of PTACH and exposed to 0.5–6 Gy cesium-137
g-rays. Data reported as mean ± SD; where error bars are not visible, they are
smaller than the data point. Asterisks mark significant differences at p-values of
≤0.05 (*).

Supplementary Figure 4 | HDACi sensitizer enhancement ratio (SER) values ±
SEM for G0/G1-phase normal NFF28 primary fibroblasts (A) and asynchronously
growing A549 lung carcinoma (B), U2OS osteosarcoma (C), and U87MGmalignant
glioma cells (D) pretreated for 18 h with 1–20 µM concentrations of SAHA, M344,
and PTACH and irradiated with cesium-137 g-rays [calculated using D10 survival
values; asterisks mark significant differences at p-values of ≤0.05 (*) and ≤0.01 (**)].
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In the era of precision medicine, radiation medicine is currently focused on the precise
delivery of highly conformal radiation treatments. However, the tremendous developments
in targeted therapy are yet to fulfill their full promise and arguably have the potential to
dramatically enhance the radiation therapeutic ratio. The increased ability to molecularly
profile tumors both at diagnosis and at relapse and the co-incident progress in the field of
radiogenomics could potentially pave the way for a more personalized approach to
radiation treatment in contrast to the current ‘‘one size fits all’’ paradigm. Few clinical trials
to date have shown an improved clinical outcome when combining targeted agents with
radiation therapy, however, most have failed to show benefit, which is arguably due to
limited preclinical data. Several key molecular pathways could theoretically enhance
therapeutic effect of radiation when rationally targeted either by directly enhancing
tumor cell kill or indirectly through the abscopal effect of radiation when combined with
novel immunotherapies. The timing of combining molecular targeted therapy with
radiation is also important to determine and could greatly affect the outcome
depending on which pathway is being inhibited.

Keywords: cancer, DNA damage, combination (combined) therapy, radiation therapy, radiosenisitizing agent,
targeted therapy
INTRODUCTION

A plethora of factors are involved in the development and progression of cancer in individuals such
as family history, age, sex, primary site of origin and driver mutations; thus, treatment depends
upon the goal of therapy - curative or palliative. Treatment for cancer involves multiple approaches
including surgery, chemotherapy, immunotherapy, small molecules that target certain cancer
signaling pathways, and radiation depending on cancer type or status. The use of multiple
treatments concurrently is referred to as multi-modality treatment. Radiation therapy plays a
crucial role in the management of cancer. Also known as radiotherapy (RT), it is a method of
impeding cancer cell division by using high-energy ionizing radiation to induce DNA damage and
disrupt cell cycle progression. In the treatment of cancer, RT can be given alone or coupled with
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chemotherapy or surgery and is aimed at reducing local tumor
burden. The primary advantage, however, that RT confers over
chemotherapy is the ability to precisely target the tumor and
reduce systemic side effects. Epidemiological studies have
reported that almost 54% of breast cancer survivors were
treated with radiation therapy in 2016 and this is projected to
become 60% by 2030 (1). Treatment mode is usually determined
by stage and type of cancer, genetic mutations, age, and overall
health of patient.

RT can be delivered in several ways; the most commonly used
modality is broadly defined as External Beam Radiation Therapy
(EBRT), which includes Stereotactic Body Radiation therapy
(SBRT) and Stereotactic Radiosurgery (SRS). EBRT most
typically uses a linear accelerator to deliver radiation directly
into the cancer site in the form of photons. Depending on the
location of the tumor, this radiation can be of high or low energy.
For instance, high energy EBRT is used in the treatment of head
and neck cancer, breast, lung, and eye cancer (2–5) while lower
energy photons are used for more superficial cancers such as
melanoma (6). Another modality of delivery is brachytherapy,
which utilizes a radioactive source placed as close to the tumor as
possible and can be given in conjunction with EBRT (5, 7, 8).
Some examples of cancers where brachytherapy is frequently
administered are cervical, vaginal, and prostate cancer (8–11).
Ideally, RT will preferentially or more frequently damage DNA of
cancer cells, with less or reparable damage to surrounding healthy
cells. Similar to the brachytherapy concept, IntraOperative
Radiation Therapy (IORT) constitutes the precise delivery of
radiation to the tumor/tumor bed during surgery while
minimizing exposure to the surrounding healthy tissues. IORT
can be done utilizing electrons, low-kV X-rays, and high dose rate
(HDR) brachytherapy. TARGIT, an international randomized
clinical trial designed to test the hypothesis that delivering a
single dose of targeted IORT in patients eligible for breast
conserving surgery (+ EBRT in patients at high risk for local
recurrence) is equivalent to a conventional course of post-
operative EBRT showed that there was no statistically significant
difference between EBRT and the IORT approach with respect to
local recurrence-free survival, invasive local recurrence-free
survival, mastectomy-free survival, distant disease-free survival
or breast cancer mortality (12). In a study looking at brain
metastases, retrospective data suggests that IORT is a safe and
effective tool in the adjuvant setting following surgical resection of
brain metastases; an area that continues to be under debate (13).
IORT is currently under investigation in the adjuvant setting
following the maximal safe resection of recurrent glioblastoma
multiforme (GBM) (NCT04763031, NCT04681677).

Conventional fractionated EBRT was traditionally based off
the classical “four R’s” of radiation biology: reassortment, repair,
reoxygenation, and repopulation (14), to which radiosensitivity
was later added (15). IORT on the other hand is generally
performed with either low energy X-rays or electrons; both of
which are considered low linear energy transfer (LET) radiation
compared to high energy X-rays used in conventional EBRT.
Unlike high LET radiation where the linear quadratic model
(L-Q) model predicts that radiobiological effectiveness (RBE)
should decrease as the dose per fraction increases (16), evidence
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suggests that this may not be true for low-LET radiation. With a
predicted higher RBE, emerging evidence suggests that IORT can
be effective by overwhelming the repair system leading to
increased genomic instability and thus more cancer cell killing.
Additionally, IORT performed during surgery eliminates
repopulation of residual tumor cells in the tumor bed, which
could theoretically happen during wound healing (17). The
ability of IORT to eliminate repopulation could also be
attributed to the radiation-induced bystander effect (RIBE)
which is thought to be more common with high dose/fraction
as is the case with IORT. Abscopal effect in normal non-
irradiated cells in the vicinity of tumor could reduce tumor
recurrence, modifying the wound microenvironment, and
eradicating residual tumor cells when applied immediately
after surgical procedure (18).

Additionally, SBRT or SRS is used to deliver very high doses
of radiation to the primary sites or metastatic sites in few
treatments (1–5), with extraordinary precision made possible
by real-time monitoring of the patient under CT scan
throughout the duration of therapy. Together they can be
combined into a term Stereotactic Ablative Radiotherapy
(SABR). Unlike IORT, which arguably does not fit the current
L-Q model, current data suggests that this is not the case for
SABR, which behaves biologically similar to conventionally
fractionated EBRT. However, the higher tumor control that is
achievable with SABR when compared to conventional EBRT is
attributed to a more geometrically precise technique of dose
delivery that allows for prescribing high biological effective doses
(BED), which were simply unachievable with conventional dose
delivery techniques (19). Additionally, ablative effect on the
surrounding tumor endothelium provides additional
mechanism of death that is not as prominent in conventionally
fractionated EBRT. Emerging data suggest that better tumor
control with SABR could also partly be attributable to the
abscopal effect brought about by high dose radiation in non-
irradiated cells such as enhanced endothelial cell damage and/or
enhanced tumor immunity similar to what was suggested in the
setting of IORT (20).
HOW DOES RADIATION WORK: THE
BIOLOGIC EFFECTS OF RADIATION

Effects of Radiation Therapy:
DNA Damage
Ionizing radiation introduces energy into molecular structures
which then releases electrons creating ions that are capable of
breaking covalent bonds. The breakdown of these covalent bonds
within DNA produces DNA breaks, including double-stranded
breaks. Radiation also leads to the generation of reactive oxygen
species (ROS) which oxidize lipids and proteins and are capable
of damaging DNA in many ways, including single-strand breaks.
This damage leads to cell death and failure of mitosis.

Consequently, highly proliferating cells are most susceptible
to damage due to radiation. DNA damage is not an uncommon
phenomenon, with as many as 50,000 lesions, or instances of
October 2021 | Volume 11 | Article 749496
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DNA damage, in each cell, every day. Cellular mechanisms of
DNA repair are able to fix this continuous damage and maintain
functional DNA. Endogenously induced lesions are generally
isolated and more evenly distributed throughout DNA. Damage
resulting from radiation is far less dispersed. When two or more
lesions are found within two helical turns, this is referred to as a
clustered damage site, and these are far more difficult to repair
than isolated lesions (21, 22). The most highly damaging effect of
ionizing radiation is considered to be the double-stranded DNA
breaks where both phosphodiester backbones of the two strands
of DNA are broken within 10 base pairs (23–28). Double-
stranded DNA breaks are likely particularly cytotoxic as they
are not regularly induced endogenously (28–30). The linear
energy transfer (LET) ratio of the radiation determines the
type of damage it induces in the DNA. Particles with a higher
LET (e.g., protons, neutrons, alpha particles) results in roughly
90% of the damage occurring in the form of clustered damage
sites, while low LET radiation (e.g., gamma rays, x-rays, and
electrons) produces roughly 70% of its damage as isolated lesions
and the remaining 30% in the form of clustered damage sites
(23, 31).

Radiation kills cancer cells either by damaging the DNA
directly or generating excessive ROS which damages the DNA
(Figure 1). However, cancer cells can become resistant to RT via
several mechanisms which enhance their DNA repair capacity or
suppress the functions of tumor suppressors (32). Therefore,
strategies that disrupt the DNA repair machinery or the
detection of DNA damage has largely been explored to
enhance radiosensitization of tumors. Inhibitors of DNA repair
proteins have widely been studied alone or in conjunction with
radiotherapy to enhance tumor suppression. For instance, the
inhibition of the DNA base excision repair (BER) protein
apurinic/apyrimidinic endonuclease, APE1, has been shown to
suppress growth of several cancers (33, 34). Similarly,
overexpression of APE1 has been linked to radioresistance (35,
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36), and suppression has been shown to enhance cancer cells to
RT (37). Inhibition of several other DNA repair proteins such as
Poly (ADP-ribose) polymerase (PARP) and ataxia telangiectasia
mutated (ATM) have demonstrated similar effects (38, 39). The
quantity and characteristics of DNA damage are also impacted
by the tumor microenvironment, with the oxygen levels of the
tumor being of particular importance. Hypoxic tumors do not
respond as well to radiation therapy compared to tumors that are
well oxygenated. This is because oxygen reacts very quickly with
DNA radicals that result from radiation to produce DNA lesions
when it is present. Molecules that will react with the DNA
radicals can be introduced and function in a similar capacity to
oxygen, such as nitroaromatic compounds (e.g., nimorazole,
nitrotriazole or sanazole) (40, 41). Nitric oxide is another
molecule that is of interest in this regard, though some of its
effect may be due to increased oxygen tension of the tumor
microenvironment (TME) (42). Due to the potential clinical
impact, many preclinical studies have investigated the use of
radiosensitizing agents to increase tumor cells’ susceptibility to
RT which will be discussed in the sections below (43–46).

Effects of Radiation Therapy:
Cellular Damage
Traditionally, RT has been reported to arrest cancer cell
proliferation by inducing DNA damage through stimulation of
cell death mechanisms such as apoptosis, necrosis, and
senescence. However, radiation can also inhibit cell
proliferation by disrupting the neoplastic cells physically
through damage to the cell membrane and organelles, and
thereby interfering with signal transduction (47–49). Damage
to several organelles including the endoplasmic reticulum,
ribosome, lysosome, and mitochondria have been implicated in
the effects of RT-induced tumor cell death (50–59).

The mitochondria, in particular, is an important target of RT
as it regulates cellular respiration and metabolism, and altered
FIGURE 1 | Mechanism of DNA Damage Induced by Ionizing Radiation. Created in BioRender.com.
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metabolism is considered a hallmark of cancer (Figure 1) (60).
RT-induced damage within the mitochondrial DNA can induce
programmed cell death in cancer cells (61). The mitochondrial
respiratory chain generates ROS as a byproduct of cellular
respiration in normal cells. On the other hand, excess ROS
production can potentiate tumor growth. Together, this
suggests that cellular response to ROS varies according to
levels of ROS generated in the cells. For instance, tumorigenic
events such as hypoxia or oncogene activation can induce tumor
growth by generating abundant ROS to drive cell cycle
progression, metastasis, angiogenesis, etc. However, RT can
generate an ROS overload which can arrest the cell cycle and
induce apoptosis through mitochondrial collapse in cancer cells
(62, 63). For example, FLASH radiation is a novel radiotherapy
technology, defined as a single ultra-high dose-rate (≥40 Gy/s)
radiotherapy, which unlike conventional dose-rate radiation
(described above) leads to strikingly differential responses
between healthy and tumor tissues. This differential effect has
been attributed to multiple theoretical mechanisms such as
distinct mechanisms of DNA damage and the significantly
higher ability of FLASH to produce ROS at a rate that can’t be
scavenged by tumor cells compared to healthy cells which have a
lower oxidant load and higher catalase reduction reserve
capacity. More future studies are needed to better understand
the mechanism of FLASH and its clinical implications (64).

Several strategies targeting the mitochondria to sensitize
cancer cells to RT have been investigated (65–67). The
mitochondrial respiratory chain generates ROS as a byproduct
of cellular respiration, and RT also generates an ROS overload
which can induce apoptosis through mitochondrial collapse in
cancer cells (62). LKB1 (also known as serine-threonine kinase
11, STK11) is a tumor suppressor and functions in the AMPK
(adenosine monophosphate-activated protein kinase) pathway
necessary for cell metabolism, homeostasis, and autophagy (68).
In esophageal cancer, overexpressed LKB1 has been reported to
confer resistance to radiation therapy, activate autophagy, and
inhibit apoptosis (69). One of the metabolic changes that cancer
cells initiate during low glucose conditions is the switch from
glycolysis to oxidative phosphorylation (OXPHOS) to adjust to
fluctuating microenvironmental conditions (70, 71). Irradiated
human esophageal adenocarcinoma cells had a higher number of
mitochondria with additional mitochondrial mutations
compared to their non-irradiated counterparts. Analysis of
patient tumors of esophageal adenocarcinoma showed an
increase of ATP5B, a marker of OXPHOS, in patients who had
poor response to neoadjuvant chemoradiation therapy,
suggesting that changes in mitochondrial metabolism can
potentially play a role in radioresistance (71).
RADIOGENOMICS AND RATIONAL
DESIGN FOR RADIATION-TARGETED
THERAPY COMBINATIONS

The combination of radiation therapy and traditional cytotoxic
chemotherapy is a clinically well-established approach to
Frontiers in Oncology | www.frontiersin.org 491
improve overall survival of cancer patients (72). However, to
date, despite the significant advancements in developing
molecularly targeted therapy, little progress has been made in
identifying and defining optimal targeted therapy and
radiotherapy combinations to improve the efficacy of cancer
treatment (73). The rapidly growing arsenal of targeted therapies
can be categorized according to their respective effects on one or
more of the hallmarks of carcinogenesis which were coined by
Hanahan and Weinberg (74, 75). Importantly, the clinical
success of these agents was largely based on the identification
of predictive biomarkers of response, which enabled the selection
of patients and/or tumors that would benefit from these novel
agents. This subsequently led to the rise of precision medicine
and simultaneously sparked interest in the concept of ‘precision
radiation medicine’, yet that concept remains in its infancy.

Precision radiation medicine proposes to leverage genomic
information derived from human cancers or preclinical tumor
models to identify subsets that are sensitive to specific radiation/
drug combinations, radiation alone at tailored doses or predict
those at high risk for radiation-related normal tissue side effects
(76, 77). As our knowledge of how radiation works evolved over
time (as outlined above), several groups have attempted to
characterize preclinical models, particularly cell lines to
identify genomic signatures that are predictive of radiation
sensitivity. The largest effort to date was done by Yard et al.,
who underwent large-scale profiling of cellular survival after
exposure to radiation in a diverse collection of 533 genetically
annotated human tumor cell lines and were able to demonstrate
the wide range of radiation susceptibility and the novel genetic
features driving that diversity (78). Currently, there are several
genomic signatures that have been clinically validated for guiding
radiation treatment. For example, OncotypeDX®, a 21 gene
classifier that was initially validated to predict the benefit of
adjuvant chemotherapy in hormone receptor positive breast
cancer, is currently used to estimate the risk of locoregional
recurrence after radiation for invasive breast cancer and
therefore guide addition or omission of radiation in the
adjuvant setting (79). Similarly, for ductal carcinoma in situ
(DCIS), DCISionRT® is a multigene assay (80) that has been
prospectively validated in 327 patients with DCIS that
participated in the E5194 trial (81) to help inform decision-
making regarding the addition of radiation in the adjuvant
setting in conjunction with clinic-pathologic criteria (82, 83).
Decipher® is a 22 gene classifier that was developed as a
prognostic tool for men with high-risk prostate cancer and was
prospectively validated to guide that addition of post-
prostatectomy radiation in that risk group whether in the
adjuvant or salvage setting (84, 85). In the 2019, the American
Society of Clinical Oncology (ASCO) guideline on molecular
markers in localized prostate cancer, only Decipher was
recommended to guide the decision between salvage and
adjuvant radiation and Decipher® PORTOS was the only
predictive signature of radiation response (86). Nonetheless,
salvage radiation is generally preferred based on randomized
data (87) and so far genetic testing is not part of the standard of
care to guide radiation timing until validated in the randomized
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setting (NCT02783950) (88). In a collaborative novel effort to
personalize radiation dose based on genetics and transcend the
‘one size fits all’ paradigm, a novel algorithm that uses genomic
adjusted radiation dose (GARD) was proposed to independently
quantify differences in clinical outcomes across different cancers
that are not attributed to the physical radiation dose alone. This
effort aims to guide the integration of genomics into radiation
dose decisions (89–92).

While several genomic signatures have been studied in the
preclinical setting and a few have been clinically validated to
better tailor radiation therapy, limited clinical trials with RT were
designed to prospectively test whether specific patient
subpopulations with distinct genomic signatures would benefit
from radiation or not. For example, HN002 is a phase II study
that evaluated radiation dose de-escalation in patients with
human papilloma virus (HPV) positive oropharyngeal cancers
who are thought to have improved survival outcomes due to
impaired DNA repair (93–95). In that study, radiation dose de-
escalation was found to be non-inferior to standard dose, which
justifies hypothesis testing in the phase III setting. Another
eloquent example is in pediatric medulloblastoma where
several trials are investigating tailoring radiation dose and
technique based on distinct molecular subgroups rather than
clinic-pathologic characteristics per say (96). Recently, the
ACNS0331 trial demonstrated that reduction of boost volume
but not craniospinal radiation dose is safe in average risk
medulloblastoma patients and this may occur in a genetic
subgroup-dependent manner (97).

The equally important aspect of radiation therapy, which is
crucial for an optimal therapeutic ratio, is better understanding
and prediction of normal tissue toxicity, particularly late side
effects, which are usually irreversible and can severely impact
quality of life. While demographic and clinical factors are well-
recognized culprits of late tissue toxicity, the evolving field of
radiogenomics proposed genetic factors as key players as well.
Kerns et al. proposed two arching goals for the field: first,
identifying key molecular pathways that can predict radiation-
induced normal tissue toxicity and second, developing an assay
to identify the patients who are more likely to develop late tissue
toxicities and therefore require tailored treatment (98). Several
genome-wide association studies have identified associations
between specific single nucleotide polymorphisms (SNPs) and
radiation toxicity (99–101). The REQUITE international
prospective toxicity profiling effort, initiated by The
Radiogenomics Consortium, represents the largest study to
date in that regard and has led to the creation of a centralized
database of relevant clinical information including treatment,
dosimetry, toxicity, and genome-wide SNP genotyping data in an
effort to prospectively validate these findings for clinical use
(102, 103).

Despite the efforts outlined above, the radiation oncology field
significantly lags behind in designing clinical trials that are
poised to prospectively test whether specific combinations of
radiation and targeted therapy can particularly benefit a
genomically distinct patient population. To that end, several
collaborative efforts aimed to outline guidelines to usher the field
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toward optimizing the clinical development of novel drug-
radiotherapy combinations. Two key points were proposed: 1)
reconsidering novel endpoints in clinical trial design such as
local control, organ preservation, and patient reported outcomes,
and 2) prioritizing the development of promising therapeutics
that target relevant pathways to radiation such as DNA repair
inhibitors and immunotherapies (104–106).

Traditional radiosensitizing agents (such as cisplatin and 5-
fluorouracil) typically exert their effect by augmenting DNA
damage (72). As large genomic studies continue to unravel the
landscape of DNA repair pathway deficiencies across different
tumor types, it will be critical to propose novel rationally
designed combinations of radiation and targeted therapy that
fit specific genomic contexts (77). PARP1, WEE1, DNA-PK,
ATM, ATR, and CHK1 are among the most critical mediators of
DNA damage response (DDR) (Figure 1). DDR inhibitors (such
as PARP inhibitors) were initially developed as monotherapy to
target DDR defects that are present in tumor cells, but not in
normal cells. This selectivity gave rise to the concept of synthetic
lethality (107). Theoretically radiation is an attractive DNA-
damaging agent that can be combined with novel DDR inhibitors
to promote cell-selective radio-sensitization by three
mechanisms: firstly, by increasing the amount of DNA damage
to levels that induce apoptosis or cell death mechanisms rather
than DNA repair or cell cycle arrest, secondly by exploiting
synthetic lethality, and thirdly, by augmenting DNA damage and
thus increasing the tumor mutation burden which in turn
enhances tumor antigenicity and thus T-cell mediated
killing (108).

Preclinical evidence suggests that DDR inhibitors can act as
potent radiosensitizers and potentially have greater cytotoxic effects
in cancer cells compared to normal cells (Figure 2). This also
brought about the idea of synthetic lethality in which cancer cells,
unlike their healthy counterparts, carry DNA repair defects, making
them particularly vulnerable to DDR inhibitors, especially when
simultaneously targeted with a DNA damaging agent such as
radiation (109, 110). For example, PARP inhibitors have been
shown to be potent radiosensitizers, irrespective of the tumor’s
homologous recombination (HR) status (111), albeit at lower doses
in HR-deficient tumors (112). Similarly, Adavosertib, a WEE1
inhibitor is also an effective radiosensitizer (113, 114). Inhibition
of WEE1 abrogates the G2/M checkpoint which is crucial for P53
mutant cancer cells, which also lack the G1 checkpoint. Therefore,
WEE1 inhibition represents another form of tumor-selective
radiosensitization (115). Induction of replication stress is another
appealing mechanism that can selectively enhance radiation
sensitivity in cancer cells particularly in the context of cMyc and
KRAS mutations (116, 117). Several DDR inhibitors including
PARP, WEE1, and ATR inhibitors have been implicated in the
induction of replication stress either as monotherapy or in
combination with other DDR inhibitors together with RT (118).
Several clinical trials are currently testing the premise of combining
radiation with DDR inhibitors in various disease sites.

In the era of immunotherapy, modulation of the host and the
tumor microenvironment holds a lot of promise when combined
with radiation as demonstrated in a plethora of eloquent
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preclinical studies. Radiation and immunotherapy agents are
thought to interact through five distinct mechanisms based of the
modified Steel hypothesis (119): (1) spatial cooperation,
(2) temporal modulation, (3) biological cooperation, (4)
cytotoxic enhancement, and (5) normal tissue protection (120).
Radiation has immunostimulatory and immunosuppressive
effects. Radiation can induce immunogenic cell death and
increase expression of tumor specific antigens and thus
sensitize tumors to the effects of immunotherapy (121, 122). In
the preclinical setting, Twyman-Saint Victor et al. demonstrated
synergy between radiation therapy and combined anti-PD-1/PD-
L1 and anti-CTLA4 blockade. In this study, the combination led
to an increased response within the tumor as the radiation
induced the diversification of the T-cell repertoire in tumor-
associated lymphocytes and the immune checkpoint inhibitors
inhibited T-regulatory cells (Tregs), which resulted in an increase
in the CD8/Treg ratio and subsequently led to improved
outcomes compared to either modality alone in a variety of
tumor models (123). The abscopal effect of radiation refers to
another form of RT-immunotherapy synergy where anecdotal
studies (mostly in patients with melanoma) have shown tumor
response in non-irradiated lesions presumably due to an incited
systemic immune response resulting from local radiation
treatment (20, 124–127). Conversely, radiation can promote
tumor infiltration by suppressive regulatory T cells, inhibitory
macrophage and myeloid-derived suppressor cell lineages (128,
129), therefore combination with immunotherapy in that context
is crucial to maintain the anticipated cytotoxic effect of RT. The
optimal dose, fractionation, volume, and sequencing of RT with
immunotherapy remain to be elucidated to strike the balance
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between the immunostimulatory and immunosuppressive effects
of radiation and to fulfill the modified Steel criteria (76, 77, 120).

Thus far, the failure to predict treatment efficacy using genetic
variables represents one of the most significant obstacles to the
personalization of radiation-based treatment regimens. The
potential success of radiosensitizing-targeted therapy is
contingent upon our better understanding of radiogenomics,
which pertain to defining biomarkers of response and genetic
determinants of late tissue toxicity (106, 130, 131). Moving
forward, two key concepts need to be considered in order to
facilitate rational design of novel radiation-targeted therapy
combinations that are effective: redefining end points of interest
and efficacy and identifying and validating biomarkers that can
enable the early identification of ineffective or toxic compounds.
These two key concepts will require the optimization of preclinical
models that can accurately recapitulate the complexity of human
tumors and thus faithfully predict promising combinations and
subsequently re-thinking clinical trial design in a way that is
relevant to radiation and its paradigm.
BUILDING PREDICTIVE EXPERIMENTAL
MODELS IN THE VALIDATION OF
COMBINATION THERAPY THAT
INCLUDES RADIATION

For a small molecule to be maximally effective as radiosensitizer,
it must be highly specific and directly toxic to the tumor. Tumor
cells depend more heavily on certain signaling pathways over
FIGURE 2 | Potential pathways and representative small molecule inhibitors of the key proteins in those pathways with potential to enhance the sensitivity of tumor
cells to RT. Created in BioRender.com.
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normal tissues, therefore combination of RT with small molecule
inhibitors of these pathways offers an alternative strategy to
chemoradiation that is potentially less toxic to surrounding
healthy tissues. A general limitation to this is the lack of
preclinical models that mimic the human cancer to a
molecular level which provides information regarding
predictive biomarkers that differentiate between radioresistance
and radiosensitivity.

Preclinical models for studying cancer radiogenomics as well as
cancer efficacy studies require recapitulation of human cancer on
an anatomical and histological level in a manner that closely
mimics the human tumor characteristics. The driver or passenger
mutations, microenvironment, hypoxia, angiogenesis, immune
components, and therapeutic response are all important factors
to consider. Therefore, several approaches are being used to build
multi-cellular in vitro models as well as in vivo models with
appropriate genetic manipulations to capture the aforementioned
characteristics in response to RT. Methods include genetic
knockdown, knock-in, activation, tissue-specific expression,
inducible expression, and sequential expression in traditional cell
culture, 3-dimensional (3D), organoid, and xenograft models. My
laboratory has focused on generating 3D mono- and co-cultures
using various cancers such as pancreatic, colon, and bladder (132–
135). The use of both tumor cells and CAFs with distinct
fluorescent markers allows us to monitor the effects of both cell
populations following selective pathway inhibition. For example,
we demonstrated the enhancement of tumor cell killing with dual
inhibition of APE1/Ref-1 as well as CA9 (carbonic anhydrase 9), a
HIF-1a target. Through blocking the full activation of HIF-1a
through APE1/Ref-1 and the cells ability to respond to changes in
pH through CA9, the spheroid growth was dramatically reduced
(135). This model is now being interrogated to understand the
effects of RT on growth of the spheroids and the impact on the cells
of the TME as well as RT in combination with targeted agents that
would impact hypoxia as well as metabolic signaling.

In vitro models often use a panel of radiosensitive and
radioresistant cell lines and compare the effects of select small
molecule inhibitors or the effects of knocking down potentially
important signaling molecules. Other approaches include
generation of radioresistant lines and determining which
molecular factors play a role in their resistance. 3D models can
aid in recapitulating the cell-cell interactions within tumor and
stroma, cytokine signaling, hypoxia response, and combination
therapy involving RT and allow us to quantitate the effects on the
tumor as well as cells from the TME such as CAFs (136–138). A
study comparing radiosensitive and radioresistant non-small cell
lung cancer (NSCLC) demonstrated that pathways previously
implicated including DNA repair, apoptosis, and NFkB
activation in NSCLC were involved in the cellular response to
RT (54). Prostate cancer cell lines and the transgenic mouse
model TRAMP (Transgenic adenocarcinoma of mouse prostate)
used natural product, Nexrutine (Nx), to sensitize the prostate
cancer cells to RT both in vivo and in vitro. Downregulation of
ribosomal and cell cycle proteins as well as HIF-1a were
implicated in the sensitization of the tumors to Nx (56). These
are just two examples of preclinical studies that utilize various
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models to test the radioresistance and sensitivity of various
cancer types. The predictability of the model and the
complexity of the 3D or monolayer system in response to RT
will enable the preclinical studies to have a greater impact on the
rationale design of combination therapy which will ultimately
lead to translational impact.
RATIONAL COMBINATIONS
OF RADIATION AND TARGETED
THERAPY IN THE PRECLINICAL SETTING

PARP proteins are involved in DDR and inhibitors of PARP have
been widely studied for radiosensitization both preclinically and
in the clinic (discussed below and Figure 2). Currently, there are
four PARP inhibitors in the clinic: Olaparib, Rucaparib,
Niraparib, and Talazoparib (Table 1). The efficacy of this
combination therapy has also been studied in preclinical
models of human non-small cell lung cancer (NSCLC): Calu-3
and Calu-6 cell lines. Even though both cell lines exhibited
increased radiosensitization following Olaparib treatment in
vitro, only xenografts of Clau-6 showed increased response to
combination RT in vivo. Difference in response between Clau-3
and Clau-6 were most likely due to microenvironmental factors
that contributed to the sensitivity of cells, indicating that
preclinical modeling must be approached unbiased and
carefully with the appropriate TME (139). Talazoparib and
Niraparib have also been studied for their sensitizing effects.
Primary melanoma cultures treated with combination therapy of
Talazoparib, Niraparib and radiation, demonstrate that both
PARP inhibitors sensitize melanoma cells to IR (162). A short-
term phase 1 clinical trial looking at the efficacy of combination
therapy of radiation and Olaparib has determined the safety of
the combination regimen in doses up to 200 mg/day without any
side effects (163).

Apurinic/apyrimidinic endonuclease 1/Redox factor-1
(APE1/Ref-1) possesses multiple functions that could affect the
cellular response to RT (Figure 2). APE1/Ref-1 is key in the base
excision repair (BER) pathway of DNA lesions, acting as the
major AP endonuclease in both the nucleus and mitochondria
and in eukaryotic transcriptional regulation of gene expression as
a reduction-oxidation (redox) factor (164–166). APE1
contributes to the repair of ionizing radiation through its
ability to repair a 3’-phosphoglycolate end within a DNA
strand break that is generated following ionizing radiation (IR)
(167). A decrease in expression of APE1/Ref-1 in cancer cells
results in apoptosis, cell cycle arrest, a decrease in proliferative
capacity, a blockade of mitochondrial metabolism, and
sensitization to various anti-cancer agents including RT (166,
168–170). Biochemical studies using oligonucleotides with
clustered damage sites as would be encountered in a cell
following RT demonstrate that APE1/Ref-1 can repair these
types of DNA lesions (171). An inhibitor of the DNA repair
activity of APE1/Ref-1 has been difficult to identify and develop
preclinically, therefore two recent studies in pediatric and adult
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brain tumors utilized nanoparticle delivery of APE1/Ref-1
siRNA to achieve sensitivity to RT (168, 169). One of APE1/
Ref-1’s interacting protein partners is nucleophosmin 1 (NPM1)
and perturbation of the APE1/Ref-1 – NPM1 interaction can
lead to decreased DNA repair activity of APE1/Ref-1 and
increase in sensitivity to chemotherapeutic agents such as
b leomyc in (172 , 173) . Recen t l y in NSCLC ce l l s ,
radiosensitizing agent YTR107 was shown to bind to NPM1,
disrupt RAD51 foci formation, and synergize with PARP
inhibition (174). These findings highlight the complex
interplay between radiation-induced DNA damage and repair
and the potential proteins that can be exploited as drug targets to
sensitize cancer cells to RT. Due to APE1/Ref-1’s role in the
repair of DNA lesions induced by RT, the blockade of APE1/Ref-
1 DNA repair activity could be highly effective in combination
with RT. The caveat of course would be toxicity to normal
tissues, and therefore development of tumor targeting strategies
would be of paramount importance.

In addition to DNA repair activity, APE1/Ref-1 also plays an
important role in signaling within the tumor and TME through
the transcription factors (TFs) it regulates, and many of these
TFs also play a role in inflammation (166). Functioning as a
redox factor, APE1/Ref-1 stimulates the DNA binding activity of
TFs by reducing cysteine residues within the TF (175). APE1/
Ref-1 activates TFs including HIF1a, STAT3, p53, NF-kB and
others that directly govern critical cellular functions, including
hypoxia, DNA repair, inflammation, and angiogenesis (166).
Cells, both tumor and normal, possess reduction-oxidation
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systems such as NRF2, thioredoxin, peroxiredoxins, and
glutathione. In contrast, APE1/Ref-1 functions as a signaling
molecule rather than a general redox system (176, 177). Our
team has extensively characterized APE1/Ref-1 redox signaling
inhibitors in several indications including cancer as well as
chemotherapy- or IR-induced neuropathy (165, 178, 179).
Vasko et al. demonstrated that the DNA repair function of
APE1/Ref-1 was protective against the neurotoxicity induced
by IR and APE1/Ref-1 redox inhibitor, APX3330 could protect
dorsal root ganglia against IR-induced cytotoxicity (179).
Blockade of APE1/Ref-1’s redox activity could also sensitize
radioresistant cancer cells or remodel the TME to affect the
tumor’s response to RT as HIF, STAT3, NF-kB, and others have
been strongly implicated in the cellular response to RT
(180–183).

Finally, inhibition of DDR signals by enhancing p53 function
has also proven to be effective for radiosensitization in preclinical
models. Several strategies employed for this revolve around
suppressing the functions of proteins that inhibit p53. For
instance, mouse double minute 2 homolog (MDM2) inhibitors
have widely been studied for combination radiotherapy in
several different cancers which enhance anti-tumor effects in
vitro and in vivo (184–188).

Moving on from DNA damage, the traditional culprit in
radiation medicine, now significant interest exists in developing
radiosensitizers that more selectively radiosensitize tumors, but
not normal tissues, by targeting signal transduction pathways
that are more commonly activated in tumors, such as the EGFR
TABLE 1 | List of radiosensitizers, respective mechanism of actions and preclinical models used to study them.

Radiosensitizer Mechanism Cell models studied References

Olaparib Blocks DNA repair by inhibiting PARP Breast cancer: MCF-7, MDA-MB-231, MDA-MB-231, T47D,
BT-549, HCC-1954
NSCLC: Clau-3, Clau-6

(139, 140)

Rucaparib Blocks DNA repair by inhibiting PARP Cervical cancer: HeLa
Prostate cancer: PC3, LNCaP, DU145, VCaP
Neuroblastoma SK-N-BE(2c), UVW

(141–143)

Cetuximab Inhibits epidermal growth factor (EGF) from binding to its receptor HNSCC: HN30, HPV-negative HTB-43, UM-SCC1, UM-
SCC2, UM-SCC6, HPV-positive UM-SCC47, UPCI :
SCC090 cells

(144, 145)

Telaglenastat Interferes with mitochondrial metabolism by inhibiting the conversion of
glutamine into glutamate

HNSCC: FaDu, HN5, CAL-27
Lung Cancer: H460, A427, A549

(146, 147)

Tirapazamine Selective for hypoxic cells; Generates reactive oxygen species which
cause DNA damage

Human Nasopharyngeal Carcinoma: HNE-1
Cervical cancer: HeLa

(148, 149)

Everolimus Inhibits mTOR kinase NSCLC: NCI-H460, NCI-H661
Glioblastoma: GS-2

(150, 151)

Nimorazole Generates reactive oxygen species which cause DNA damage HNSC: HPV-negative FaDu, UTSCC5, UTSCC33 and HPV
positive: UMSCC47, UDSCC2 UPCISCC90

(152)

Trametinib Inhibits MEK NSCLC: A549, H460
Melanoma: A375, D04, WM1631, WM1791c

(153, 154)

Adavosertib Inhibits Wee1 and impairs the G2 DNA damage checkpoint Esophageal Cancer: OE33, FLO1 (155)
Peposertib Inhibits DNA-PK and impairs DNA repair Leukemia: Molm-13, Molt-4

HNSCC: FaDu
Colon Cancer: HCT116

(156, 157)

Silver NP Deposit high levels of energy in cells when exposed to ionizing
radiation; ROS generation and DNA damage

Glioma: C6
Colon cancer: HCT116, HT29

(158, 159)

Gold NP Deposit high levels of energy in cells when exposed to ionizing
radiation; ROS generation and DNA damage

Breast Cancer: SK-BR-3 (160)

Bismuth NP Not fully understood; Possibly by depositing high levels of energy in
cells when exposed to ionizing radiation; ROS generation and DNA
damage

Breast cancer: MCF-7, 4T1 (161)
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pathway (189, 190). Growth factors are essential for cancer cell
proliferation and inhibition of apoptosis, and therefore, can
contribute to radioresistance via several mechanisms, including
activating proteins or pathways involved in repairing radiation-
induced DNA damage (191, 192). Preclinical evidence has
supported a radiosensitizing role for EGFR inhibition (193)
and indeed, the addition of cetuximab to RT in patients with
head and neck squamous cell cancer was shown to improve
tumor control and overall survival compared with radiation
alone (189). However, understanding the impact of the
spectrum of EGFR alterations on radiosensitivity remains to be
understood (194, 195). Similarly, the blockage of ERBB2 (human
epidermal growth factor receptor2 [HER2]), which is commonly
amplified in a subset of breast cancer (196), can reverse ERBB2-
mediated radioresistance (197). These findings were translatable
into the clinic which was evident from a recent analysis of the
HERA trial which demonstrated the potential of combining
radiotherapy with trastuzumab in reducing loco-regional
recurrence rates in breast cancer patients with 1 to 3 positive
lymph nodes (198). In the prostate cancer field, the combination
of androgen deprivation therapy (ADT) and radiation in patients
with intermediate and high risk prostate cancer is a
well-established approach to prolonging survival in that subset
of patients (199). Despite being one of the earliest examples of
combining radiation with targeted therapy, the mechanism of
synergy between ADT and radiation remains controversial.
Initially much of the benefit was thought to be derived by the
orchestrated effect of radiation controlling disease locally in the
prostate and ADT treating micrometastatic disease elsewhere
(200). Newer preclinical data suggests that ADT has direct effects
in the prostate that result in radiosensitization via several
mechanisms including relieving hypoxia (201), suppressing
DNA repair (202) and deactivating androgen receptor (AR).
The blockade of AR signaling is thought to regulate the
transcription of DNA repair genes and thus mediate
radioresistance (203). The modulation of several other
oncogenic pathways could provide another approach to
enhance radiation sensitivity such as intracellular signaling (i.e.
PI3K/AKT pathway) (204) and tumor-associated epigenetic
changes (205).

As mentioned previously, the rationale for targeting tumor
metabolism to sensitize cancer cells to RT is well-established.
Mitochondrial metabolism is crucial to cancer cell survival and
RT-induced mitochondrial DNA damage as well as excess ROS
generation provides an attractive target to suppress cancer cell
proliferation and induce apoptosis (146, 147, 206). Glutamine
metabolism facilitates cancer cell survival, and breakdown of
glutamine is mediated by glutaminases, making them the focus
for development of small molecule inhibitors. Indeed, preclinical
data supports the combination of the glutaminase inhibitor,
Telaglenastat (CB-839), in radiosensitization of cancer cells
(Figure 2). Telaglenastat suppresses cancer cell proliferation
alone and in combination with 5-FU or EGFR in several
colorectal and lung cell lines (207, 208). Combination therapy
of radiation and Telaglenastat diminishes cancer progression in
cell culture and mouse models of head and neck squamous cell
Frontiers in Oncology | www.frontiersin.org 996
carcinoma. Clonogenic cell survival assays with FaDu (pharynx),
HN5 (tongue), and CAL-27 (tongue) cell lines treated with
radiation and Telaglenastat demonstrated significantly diminished
proliferation compared to radiation or Telaglenastat treatment
alone. These findings were confirmed using xenograft models in
which combination therapy was superior to monotherapy (147).
Similar results have been reported in lung cancer radiosensitization
where treatment with Telaglenastat increased efficacy of RT by 30%
in multiple cell lines and in H460-derived tumor xenografts (146).

Tumor hypoxia is another well-established mediator of
radioresistance (209) and typically indicative of aggressive and
treatment-resistant disease. Targeting tumor hypoxia by
traditional cytotoxic chemotherapy has served as a cornerstone
for concurrent chemoradiation regimens for decades. However,
the validation of biomarkers of tumor hypoxia in patients that
could guide the implementation of novel rationally designed
combinations of radiation and hypoxia-targeting agents remains
underexplored (105). Historically, several methods have been
investigated in order to override hypoxia-mediated
radioresistance. Such methods included: hyperbaric oxygen
(210), oxygen mimetics which belong to the nitroimidazole
class of agents (211), and hypoxia activated cytotoxic prodrugs
such as tirapazamine (212). More recently, with the advent of the
concept of normalizing tumor blood flow using anti-angiogenic
therapy (AAT), several studies proposed RT-AAT combinations
to alter oxygenation and improve therapeutic response. In
xenograft mouse models, PI3K targeted inhibition led to
improved tumor local control following radiation, which was
associated with normalization of vasculature and increasing
intrinsic radiosensitivity (213). In patients with NSCLC, PI3K
inhibition led to reduction in tumor hypoxia as measured by
FMISO PET in patients and was well tolerated in combination
with palliative thoracic radiation (214). In GBM where
angiogenesis is thought to be the hallmark of pathogenesis and
VEGF its main driver (215), combining VEGF/EGFR with RT
has been shown to halt the growth of glioma cells preclinically
(216) and to have a significant synergistic anti-tumor effect with
RT (217, 218).

The role of the tumor microenvironment on response to RT
alone and in combination with chemotherapy or targeted agents
is an important and understudied area. Stromal normalization is
one approach to modulating the tumor microenvironment and
reducing tumor hypoxia particularly with respect to radiation.
Cancer-associated fibroblasts (CAFs) are natural ly
radioresistant, and data suggests that radiation can induce their
pro-tumorigenic capabilities. However, the concept of
combining RT with CAF targeting has not been investigated to
date (219). Alternatively, another novel paradigm of targeting
tumor hypox i a i s th e modu l a t i on o f the tumor
microenvironment by altering tumor metabolism through the
inhibition of oxidative phosphorylation and thus decreasing
tumor oxygen consumption rate and relieving hypoxia (220).
Atovaquone, an FDA approved anti-malarial that functions
through inhibition of mitochondrial complex III has been
shown in pre-clinical models to alleviate tumor hypoxia and in
turn results in tumor radiosensitization (221).
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Finally, owing to rapid advances in nanotechnology,
nanomaterials have attracted particular attention to enhance
the anticancer efficacy of radiotherapy (158, 161, 222, 223).
Nanoparticle delivery enhances tumor targeting while
simultaneously improving effectiveness of radiotherapy by
increasing local deposition of ionizing radiation dose or by
augmenting production of ROS, DNA damage and cell cycle
arrest (224). Silver nanoparticles were reported to sensitize both
hypoxic and normoxic glioma U251 cells and C6 cells to
radiotherapy (222). In additional studies, silver nanoparticles
surface modified with polyethyleneglycol (PEG) and aptamer
improved nanoparticle penetration and targeting in 3D glioma
models, and conjugation with PEG/aptamer further enhanced
radiosensitization in C6 xenograft models as well (158). The
development of theragnostics further expand the scope of
nanoparticles for multifunctional use (161). For instance, PEG
conjugated bismuth gadolinium oxide nanoparticles (BiGdO3)
not only sensitized breast cancer MCF-7 and 4T1 lines and 4T1
xenograft models to radiation, but the bismuth and gadolinium
also allowed for MRI and CT imaging (161).

Even with the multitude of preclinical studies looking at
combining RT with targeted therapy, chemotherapy, or
immunotherapy, there are still very few examples of
combinations that have translated into success clinically. We
will now highlight some examples as well as future directions
(Table 1 and Figure 2).
RADIATION-TARGETED THERAPY
COMBINATIONS IN THE CLINIC: STORIES
OF SUCCESS AND FAILURE

A large body of preclinical evidence exists to support novel
radiation-targeted therapy combinations. However, to date the
EGFR inhibitor cetuximab remains to be the only molecular
targeted agent approved by the U.S. Food and Drug
Administration (FDA) for use with radiation therapy in head
and neck cancer (189). Interestingly however the equivalence of
cetuximab and cisplatin as radiosensitizers in head and neck
cancer has been a crucial point of contention in the field. A small
randomized trial by Margini et al. suggested that cetuximab was
inferior to cisplatin when combined with radiation in patients
with locoregionally advanced head and neck cancer (225). Two
recent large, randomized trials have provided more conclusive
evidence that cetuximab is indeed inferior. In the De-ESCALaTE
Human Papilloma Virus (HPV trial), patients with low-risk
HPV-positive oropharyngeal cancer had higher rates of local
recurrence and lower overall survival when treated with
cetuximab-RT compared to when treated with cisplatin-RT
(226). That was also the case in the RTOG 1016 trial (227).

Although cetuximab was relatively successful as a radiosensitizer
in the setting of head and neck cancer, it failed to show promising
results in other cancers where EGFR signaling is relevant (Figure 2)
(228–230). There is also a multitude of phase I/II data that
demonstrated similarly disappointing results for other EGFR
inhibitors. For example, EGFR is amplified in around 40% of
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GBM cases and its overexpression is associated with poor
prognosis (231–233). Three phase II studies have examined the
role of erlotinib, an oral tyrosine kinase inhibitor of the human EGF
receptor that is FDA approved for the treatment of non–small cell
lung and pancreatic cancers, given concurrently with RT plus
temozolomide and have demonstrated widely contrasting results
with respect to survival and toxicity. The overall trend however
pointed towards increased toxicity with no substantial survival
benefit. Phase I and II clinical trials have also been developed to
study the combination of RT with erlotinib in pancreatic cancer in
both the adjuvant and unresectable, locally advanced settings.
Although toxicity profile was acceptable, only modest increases in
efficacy have been observed (234–238). Alternative strategies for
EGFR targeting have also been attempted in the early clinical
settings. For instance, m-TOR targeting which is downstream of
the EGFR/PI3K pathway have been trialed in the GBM setting. Two
multi-institutional phase II studies have investigated the use of m-
TOR inhibitor, Everolimus, in combination with standard RT plus
TMZ, The North Central Cancer Treatment Group (NCCTG)
N057K trial (239) and The Radiation Therapy Oncology Group
(RTOG) 0913 trial (240). Despite having distinct designs, both trials
showed no improvement in survival and increased toxicity. The
rationale for the combination of EGFR inhibitors with RT is mainly
based on the role of EGFR in driving the disease rather than on how
the twomodalities might work together to kill the tumor. Perhaps in
future studies, combinations of RT with targeted agents need to be
more rationally designed in order to see greater success clinically.

Another targeted radiosensitizer that has been relatively
successful in the clinical setting is nimorazole. Nimorazole is a
targeted radiosensitizer which selectively targets hypoxic tumor
cells and has been shown in a phase III trial to significantly
improve locoregional control by 16% in patients with cancer of
the supraglottic larynx and pharynx when combined with
radiation compared to radiation alone (241). However,
nimorazole is currently only used in Denmark and has failed
to become adopted as standard of care in the United States and
elsewhere (242). In order to overcome hypoxia to sensitize
tumors to radiation, Accelerated Radiation, Carbogen, and
Nicotinamide, also known as the ARCON regimen, has
demonstrated promising locoregional control rates and yet
toxicity in a two large phase II studies in patients with head
and neck cancer (243) and bladder cancer, respectively (244).
This led to the phase III BCON trial which showed improved
locoregional control and overall survival in bladder cancer
patients who were treated using that regimen compared to
patients treated with conventionally fractionated radiation
alone (245). However, in a phase III study testing this regimen
in laryngeal cancer patients, there was no significant
improvement in either local control nor organ preservation
rates in ARCON treated patients albeit with benefit in patients
with hypoxic tumors (246). Taken together, this regimen has not
been widely adopted due to practical difficulties in delivering this
regimen, proper patient selection due difficulties in accurately
determining highly hypoxic tumors, and inconclusive results
from phase III data (247). Tirapazamine, the most clinically
developed drug among hypoxia-activated cytotoxic prodrugs,
which represent another class of hypoxia-targeted
October 2021 | Volume 11 | Article 749496

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


Elbanna et al. Radiation and Molecular Targeted Combinations
radiosensitizers (212), have failed in phase III trials to
demonstrate improved outcomes when combined with
chemoradiation compared to conventional chemoradiation
alone in both cervical (248) and head and neck cancers (249).
Similarly, VEGF targeting which theoretically represents another
attractive way of normalizing tumor vasculature and overcoming
hypoxia, failed to improve OS in GBM patients where VEGF
targeting was particularly alluring given its centrality to the
disease pathogenesis (250–252). Interestingly however, another
study showed that GBM patients that have increased tumor
oxygenation following anti-angiogenic therapy when combined
with conventional chemoradiation live significantly longer (253).
Alternatively, targeting the stroma has been clinically attempted
for radiosensitization with the goal of modulating RT-induced
inflammatory responses (247). Recently, a phase II trial in
patients with locally advanced pancreatic cancer has shown
that addition of losartan to chemoradiation enhanced tumor
shrinkage and enabled more margin negative resections likely
due to interfering with TGF-b signaling in CAFs which are
characteristic of the desmoplastic tumor microenvironment in
pancreatic cancer (254).

Predictive biomarkers of response, which served as the
premise of the systemic targeted therapy revolution, are needed
in the radiation oncology field to improve trial design and
success rates. To that goal, several early-stage clinical trials are
currently underway; testing radiation resistance pathways that
have been validated in the preclinical setting. For example, KRas,
a proto-oncogene that is frequently mutated in a wide range of
cancers (255) is a well-known driver of resistance to cancer
therapy including radiation (256–258). Several exploratory
clinical trials have demonstrated a link between KRas mutation
status and decreased likelihood of locoregional control following
radiation treatment (259–261). Midostaurin, a multikinase
inhibitor that is FDA approved for treatment of FLT3 mutant
acute myeloid leukemia (262) is currently being tested in phase
Ib trial to be given concurrently with conventional
chemoradiation in rectal cancer patients (263). This was based
on an in vitro screen of 32 cell lines that represented lung,
colorectal, head and neck, and genitourinary cell lines and
identified Midostaurin as a potential radiosensitizer for KRas
mutant cancers (264). Trametinib, a MEK inhibitor that is FDA
approved for treatment of metastatic melanoma, is also being
tested in a phase I trial in combination with chemoradiation for
locally advanced KRas mutant NSCLC (265). Importantly, KRas
has been so far inaccessible for direct inhibition until the recent
FDA approval of sotorasib for the management of KRas mutated
NSCLC based of the CodeBreaK 100 trial (266). It will be
interesting to see how this could change the landscape of
radiosensitization in the setting of KRas mutated cancer in the
near future.

As discussed previously, DNA damage response is central to
radiation response. However, so far there are many perceived
challenges to clinically implementing this combination such as
optimal sequencing, ideal genetic background, and importantly
therapeutic window to avoid increased toxicity (267). There are
numerous ongoing phase I/II trials combining radiation or
Frontiers in Oncology | www.frontiersin.org 1198
conventional chemoradiation with novel targeted DDR
inhibitors. Among DDR inhibitors, PARP inhibitors are the
most clinically developed followed by WEE1 inhibitor,
Adavosertib (Figure 2). In inflammatory or locally recurrent
breast cancer, a phase I multicenter study evaluated veliparib, a
PARP inhibitor, and concurrent RT for 30 patients. The study
showed overall acceptable toxicity with only five (16.7%) patients
experiencing a dose limiting toxicity (DLT) within 10 weeks
from RT initiation. Although severe acute toxicity did not exceed
30% at even the highest dose, nearly half of the surviving patients
demonstrated G3 adverse events at 3 years. Of the 30 patients, 15
experienced disease control failures during the 3 years of follow-
up and 13 died which highlights the importance of long-term
monitoring of toxicity in trials of radiosensitizing agents (268). A
phase II trial comparing radiation with or without Olaparib in
patients with inflammatory breast cancer, which is known to be
particularly aggressive with dismal prognosis (269), is currently
recruiting (NCT03598257). In pancreatic cancer, if the patient is
homology recombination repair deficient (HRD), this may
render the tumor particularly vulnerable to PARPi (270).
Velaparib concurrent with chemo-RT was tested in a phase I
study of 30 patients with locally advanced disease. Sixteen DLTs
were detected in 12 patients (40%). Interestingly, median OS for
DDR pathway gene-altered- and DDR-intact patients was 19 and
14 months, respectively. The most commonly mutated DDR
gene was ARID1A (n = 4). Loss of ARID1A impairs both
checkpoint activation and the repair of DSBs, which sensitizes
cells to DSB-inducing treatments such as RT and PARP
inhibitors (271). PARP inhibitors are also being tested in
conjunction with other forms of targeted therapy such as
EGFR inhibitors. A recent phase I study showed that Olaparib
may be safely combined with concurrent cetuximab and
radiation for patients with locally advanced head and neck
squamous cell carcinoma who have a long smoking history.
That combination has also demonstrated improved 2 year OS in
that subset of patients compared to historical controls (72% vs
60% 2 year OS) (272). Other classes of DDR inhibitors such as
WEE1 (Adavosertib), ATM, and DNA-PK inhibitors are
currently being tested in phase I trials either in conjunction
with radiation alone or chemoradiation in multiple disease sites.
A recently completed phase I study evaluated Adavosertib in
combination with RT and full-dose gemcitabine for 34 patients
with locally advanced pancreatic cancer (273). In that study,
median OS was 21.7 months which compares favorably with that
of patients treated in the LAP07 trial (11.9–13.6 months), which
had similar eligibility criteria and used gemcitabine (274). This
sets Adavosertib as a promising drug in terms of clinical
development compared to PARP inhibitors. The DNA-PKc
inhibitor M3814 (Peposertib) has demonstrated promising
anti-tumor activity in a recently published phase Ia study and
is currently being tested concurrent with radiation in at least four
phase I clinical trials covering different disease sites and different
radiation fractionation regimens (275). ATM, ATR, and CHK1
inhibitors are also currently in several early phase clinical trials.
Taken together, validating biomarkers of response for these
novel agents to identify the subset of patients who will derive
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the most benefit and the most acceptable toxicity in return
remains to be a challenge (276).

Nanotechnology offers a new area of exciting research where
nanoparticles can be used for targeted radiotherapy, either as
sensitizers of external beams or as delivery vehicles for
therapeutic radionuclides (277). In a phase II/III study,
NBTXR3, a first-in-class radiosensitizer hafnium oxide
nanoparticle, which is activated by radiation therapy, a
significantly higher pathologic complete response was observed
in the patients whose soft tissue sarcomas were injected with
NBTXR3 prior to radiation compared to those who were not.
There was no significant difference in toxicity between the two
groups and no treatment-related death occurred (278). Although
this is very promising data in the sarcoma field where very few
patients achieve pathologic complete response with preoperative
radiation and possibly in other cancers as well, a lot of challenges
lie ahead for the clinical implementation of this technology and
overcoming its limitations, particularly optimization of
delivery (279).

The PACIFIC trial has revolutionized the management and
therefore the outcomes of patients with locally advanced NSCLC.
It has also set unprecedented clinical evidence supporting the
interplay of chemoradiation and immunotherapy (280, 281).
Importantly however it has posed many pressing questions
regarding the optimal dosing, sequencing, and safety of
combining radiation with immunotherapy. Currently, a
plethora of clinical trials are attempting to answer those
questions. Recently, the DETERRED trial demonstrated the
safety and efficacy of adding Atezolizumab (anti-PD-L1)
concurrently with chemoradiation (282) as well as the Phase 2
KEYNOTE-799 with concurrent delivery of Pembrolizumab
(anti-PD-1) and radiation in locally advanced NSCLC (283). It
will therefore be important to compare that regimen with the
PACIFIC regimen where Durvalumab (anti-PD-L1) was given
after chemoradiation in the consolidation setting. In head and
neck cancer, a number of phase I/II clinical trials are testing the
feasibility of combining chemoradiation with immunotherapy in
the definitive setting. Collectively, those early studies have
demonstrated the safety of the combination (284–287). A
recent report by Weiss et al. showed that concurrent definitive
immunoradiotherapy for patients with stage III-IV head and
neck cancer who are ineligible for cisplatin had 24-month PFS
and overall survival rates were 71% which exceeded their
primary hypothesis (288). However, a substantial clinical
benefit is yet to be proven in the phase III setting.

In the metastatic setting, several prospective trials have been
conducted to test the abscopal effect of radiation, which stems from
many anecdotal reports and arguably stimulated much of the hype
regarding the combination of radiation and immunotherapy (289).
The abscopal effect of radiation refers to the shrinkage or
disappearance of sites of metastasis that were not directly treated
with radiation. Although the mechanisms of this observation are
still being elucidated, it is believed that the addition of
immunotherapy to radiation regimens allows the immune system
to mount a more systemic response against the tumor. PEMBRO-
RT is a phase II study which asked the question whether stereotactic
body radiotherapy (SBRT) enhances the effect of immune
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checkpoint inhibition in nonirradiated lung cancer lesions in
metastatic NSCLC. In that study, patients with metastatic NSCLC
were randomized to receiving pembrolizumab either alone or after
SBRT, which was delivered to a single tumor site. There was a trend
towards better overall response (ORR) and improved PFS in the
combination arm but did not reach statistical significance.
Interestingly, the benefit was more evident in patients with PD-L1
negative tumors and in subgroup analysis, improved ORR and PFS
reached statistical significance in that group of patients (290). This
again highlights the importance of discovering and understanding
what molecular markers are important in the response to RT alone
and in combination with targeted agents. In metastatic head and
neck cancer, a similar phase II study randomized patients to either
Nivolumab (anti-PD-1) alone or after SBRT to one metastatic site.
Unfortunately the study did not find improvement in response, PFS,
or OS between the two arms and there was no evidence of an
abscopal effect with the addition of SBRT to Nivolumab in
unselected patients with metastatic HNSCC (291). Interestingly
however, in the neoadjuvant setting in early stage resectable
NSCLC, concurrent SBRT and Durvalumab was safe and
associated with significantly better pathological response
compared to neoadjuvant Durvalumab alone demonstrating a
robust evidence of abscopal immune-modulatory effect of
radiation (292). These contrasting results could probably be
attributed to the hypothesis that immunotherapy is generally
more effective with less disease burden and therefore the abscopal
effect could be captured in that setting (293). Taken together, phase
III data is needed to validate the combinatorial benefit of radiation
and immunotherapy in the metastatic setting and also better
defining correlates of response based on biomarkers.

As outlined above there are many clinical trials testing
different radiosensitization paradigms. That is not meant to be
a comprehensive list but rather to paint a picture for the diverse
nature of signaling mechanisms that could potentially be
targeted to improve the therapeutic ratio of radiation.
Importantly, while there are examples of successful radiation-
targeted therapy combination in clinic, failures certainly
outweigh those few successes. Therefore, a lot remains to be
done in to decrease attrition rates of novel radiosensitizers in
the clinic.
THE CHALLENGES AHEAD FOR
CLINICAL IMPLEMENTATION

Oncology drug development has witnessed a significant growth over
the last decade that was coupled with improved cancer outcomes
and unprecedented drop in cancer related death rates (294).
However, the development of novel radiosensitizers lagged behind
reflecting lack of incentive by pharmaceutical industry to invest in
this pipeline. This huge gap led to holding a collaborative workshop
by the FDA-AACR-ASTRO in 2018 to bring together various
stakeholders including representatives of academia, industry,
patient advocacy groups and the FDA to identify key challenges
and design a roadmap for bridging this gap (104). This effort was
also preceded by similar efforts in the UK highlighting the
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importance of this issue in the overall goal of improving cancer
control rates where radiation therapy plays a central role as a
curative and palliative treatment (105). As highlighted in Figure 3,
the main challenges identified were: (1) lack of regulatory guidance
by the FDA detailing the approval pathway for drug-radiotherapy
combination particularly with regard to the extent of required
preclinical data, (2) choice of adequate model systems that can
reflect tumor complexity and heterogeneity and enable testing
various radiation techniques and schedules, (3) complexity of the
definition of ‘safety’ in the radiation setting as it should take into
account normal tissue toxicity and long term toxicity which are not
traditionally considered in drug only studies, (4) perceived
impracticality of traditional clinical trial regulatory endpoints
(such as OS and PFS) when testing novel drug-radiotherapy
combinations particularly in the curative setting and finally (5)
historically limited collaboration among medical and radiation
oncologists particularly in the United states which is crucial for
aligning research perspectives and goals. Moving forward,
overcoming these hurdles and prioritizing communication among
key stakeholders in the field will be crucial to propel the
radiosensitizer pipeline. The year 2020 was arguably a landmark
year for drug-radiotherapy combinations, with two novel
radiosensitizers getting fast track and breakthrough designations:
Frontiers in Oncology | www.frontiersin.org 13100
NBTXR3 and Debio 1143 respectively (294). However, the field is
yet to witness new market approvals as we strive to overcome
challenges and improve patient outcomes.
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287. Tao Y, Aupérin A, Sun X, Sire C, Martin L, Coutte A, et al. Avelumab–
cetuximab–radiotherapy Versus Standards of Care in Locally Advanced
Squamous-Cell Carcinoma of the Head and Neck: The Safety Phase of a
October 2021 | Volume 11 | Article 749496

https://doi.org/10.1001/jamaoncol.2019.0892
https://doi.org/10.1001/jamaoncol.2019.0892
https://doi.org/10.1158/0008-5472.CAN-11-2612
https://doi.org/10.1593/neo.06823
https://doi.org/10.1158/0008-5472.CAN-05-0513
https://doi.org/10.1016/j.cllc.2014.09.005
https://doi.org/10.1093/jnci/djx031
https://doi.org/10.1016/j.radonc.2020.02.008
https://doi.org/10.1177/2040620717721459
https://doi.org/10.1200/JCO.2018.36.15_suppl.e15674
https://doi.org/10.1158/1541-7786.MCR-14-0570
https://doi.org/10.1200/jco.2015.33.15_suppl.tps7585
https://doi.org/10.1056/NEJMoa1917239
https://doi.org/10.1016/j.molcel.2015.10.040
https://doi.org/10.1200/JCO.2017.77.2665
https://doi.org/10.1200/JCO.2017.77.2665
https://doi.org/10.1016/j.ijrobp.2010.07.531
https://doi.org/10.1111/cas.14565
https://doi.org/10.1016/j.ebiom.2018.12.060
https://doi.org/10.1158/1078-0432.CCR-18-0467
https://doi.org/10.1200/JCO.19.00730
https://doi.org/10.1001/jama.2016.4324
https://doi.org/10.1200/JCO.2018.36.15_suppl.2518
https://doi.org/10.1038/s41392-020-0150-x
https://doi.org/10.3978/j.issn.2218-676X.2013.08.06
https://doi.org/10.3978/j.issn.2218-676X.2013.08.06
https://doi.org/10.1016/S1470-2045(19)30326-2
https://doi.org/10.1007/s12274-020-2957-8
https://doi.org/10.1056/NEJMoa1709937
https://doi.org/10.1056/NEJMoa1809697
https://doi.org/10.1016/j.jtho.2019.10.024
https://doi.org/10.1001/jamaoncol.2019.6731
https://doi.org/10.1200/JCO.2018.36.15_suppl.6069
https://doi.org/10.1200/JCO.2018.36.15_suppl.6018
https://doi.org/10.1200/JCO.2018.36.15_suppl.6018
https://doi.org/10.1200/JCO.2017.35.15_suppl.6011
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Elbanna et al. Radiation and Molecular Targeted Combinations
Randomised Phase III Trial GORTEC 2017-01 (REACH). Eur J Cancer
(2020) 141:21–9. doi: 10.1016/j.ejca.2020.09.008

288. Weiss J, Sheth S, Deal AM, Olson JEG, Patel S, Hackman TG, et al.
Concurrent Definitive Immunoradiotherapy for Patients With Stage III–IV
Head and Neck Cancer and Cisplatin Contraindication. Clin Cancer Res
(2020) 26(16):4260–7. doi: 10.1158/1078-0432.CCR-20-0230
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Silencing of Fused Toes Homolog
(FTS) Increases Radiosensitivity to
Carbon-Ion Through Downregulation
of Notch Signaling in Cervical
Cancer Cells
Prabakaran D.S.1†, Pankaj Kumar Chaturvedi1†, Takashi Shimokawa2, Ki-Hwan Kim3

and Woo-Yoon Park1*

1 Department of Radiation Oncology, Chungbuk National University Hospital, Chungbuk National University College of
Medicine, Cheongju, South Korea, 2 Department of Accelerator and Medical Physics, Institute for Quantum Medical Science,
QST, Chiba, Japan, 3 Department of Radiation Oncology, Chungnam National University Hospital, Daejeon, South Korea

The effects of Carbon ion radiation (C-ion) alone or in combination with fused toes
homolog (FTS) silencing on Notch signaling were investigated in uterine cervical cancer
cell lines (ME180 and CaSki). In both cell lines, upon irradiation with C-ion, the expression
of Notch signaling molecules (Notch1, 2, 3 and cleaved Notch1), g-secretase complex
molecules and FTS was upregulated dose-dependently (1, 2 and 4 Gy) except Notch1 in
ME180 cells where the change in expression was not significant. However,
overexpression of these molecules was attenuated upon silencing of FTS. The spheroid
formation, expression of stem cell markers (OCT4A, Sox2 and Nanog) and clonogenic cell
survival were reduced by the combination as compared to FTS silencing or C-ion
irradiation alone. Additionally, immunoprecipitation and immunofluorescence assay
revealed interaction and co-localization of FTS with Notch signaling molecules. In
conclusion, FTS silencing enhances the radio-sensitivity of the cervical cancer cells to
C-ion by downregulating Notch signaling molecules and decreasing the survival of cancer
stem cells.

Keywords: cervical cancer, fused toes homolog, notch, spheroid, carbon-ion beam
Abbreviations: CCRT, concurrent chemo-radiotherapy; C-ion, Carbon ion; CSCs, cancer stem cells; DAPI, 4′,6-diamidino-2-
phenylindole; DMF, dose modifying factor; ECL, enhanced chemiluminescence; EGF, epidermal growth factor; FTS, fused toes
homolog; GSI, g-secretase inhibitors; Gy, Gray; h, hour; HES1, hairy and enhancer of split-1; HEY, HES related with YRPW
motif; HIMAC, Heavy Ion Medical Accelerator in Chiba; HNSCC, head and neck squamous cell carcinoma; HPV, Human
papillomavirus; IF, immunofluorescence; IP, immunoprecipitation; LET, linear energy transfer; NICD, Notch intracellular
domain; OCT4A, Octamer-binding transcription factor 4A; PBS, phosphate-buffered saline; PEN-2, presenilin enhancer 2; RT,
radiation therapy; SF, surviving fraction; SOX2, SRY-Box Transcription Factor 2.
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INTRODUCTION

Uterine cervical cancer is the fourth most commonly diagnosed
cancer with the fourth leading cause of death due to cancer in
women worldwide. There were estimates of 604,000 new cases
and 342,000 deaths in 2020. Nevertheless, it is the leading cause
of malignancies related death in sub-Saharan Africa, South
America and South-Eastern Asia (1) . The human
papillomavirus (HPV), most frequently HPV 16, is the
predominant risk factor of cervical cancer (2). Notch signaling
has been reported to play a crucial role in cervical cancer
development (3) in which E6 and E7 oncoproteins of HPV
regulate the Notch expression and conjoin to induce cellular
transformation (4).

Notch signaling is a conserved pathway that determines
mammalian cell fate (5). The transmembrane receptors of
Notch communicate with the neighboring cells which express
membrane-bound ligands. The interaction of Notch ligands with
its receptors triggers proteolytic cleavage leading to the release
and translocation of the Notch intracellular domain (NICD) to
the nucleus where NICD activates the target genes transcription.
Constitutive Notch signaling targets comprise not only the
transcriptional regulators of the hairy enhancer split (HES)
and HES related with YRPW motif-family (HEY), but also the
oncogenes like Myc or Ras (6). Thus, the Notch pathway plays a
central role in the maintenance of cancer stem-like properties
and its persistent activation may lead to cancer progression and
metastasis (7, 8).

Even though some tumors relapse, radiation therapy (RT) is
considered as one of the main modalities for cancer treatment
(9). Recently, Notch pathway has been demonstrated to mediate
resistance for RT in tumor cells (10). A thorough understanding
of Notch regulation and its interactions with other relevant
therapeutic pathways is essential for its successful targeting (11).

Carbon ion (C-ion) RT offers more advantages than
conventional RT as it enables efficient cell killing, attributable
to a more accurate dose distribution (12). Furthermore, C-ion
allows high energy deposition and high linear energy transfer
(LET) to its target compared with photon and proton beams. In
addition, the upsurge of energy deposition along the path of ion
beam in the body results in less toxicity to the neighboring
normal tissues (13). More than 27,000 patients with various types
of tumors, including adenoid cystic carcinoma, adenocarcinoma,
malignant melanoma and sarcomas, which are very often x-rays
resistant, have been treated with C-ion worldwide during 1994-
2018 (14, 15).

A favorable local control with minimal radiation toxicity by
C-ion RT alone has been reported for locally advanced cervical
cancer (16). However, despite favorable local control rates,
distant metastasis was high, disease-free survival and overall
survival rates were not too satisfactory compared to concurrent
chemoradiotherapy (CCRT) (17), therefore, efforts to improve
the efficacy of C-ion therapy are highly desirable.

Cancer stem cells (CSCs) can self-renew, differentiate and
repair DNA damage, which renders them resistant to various
therapies, including RT (18). The dose-response curves
comparison for the CSCs and non-CSCs indicated that CSCs
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are resistant to x-rays and C-ion beam (19). Therefore,
eradication of all CSCs is a prerequisite for ultimate cancer
treatment. Some researchers have reported that cisplatin or
gemcitabine in combination with C-ion RT in pancreatic,
mesothelioma and breast cancer improved the efficacy of C-ion
and overcame CSC resistance (20–22). The invasive and
migratory potential of CSCs in head and neck squamous cell
carcinoma (HNSCC) enhance their radioresistance. CSC
invasion process was significantly inhibited by the combination
of cetuximab and C-ion (23). In uterine cervical cancer C-ion
therapy overcame the radiation resistance origination from
hypoxia (24). The radioresistance in CSCs has been often
linked with Notch signaling. Thus inhibition of Notch pathway
could be used to develop an adjuvant approach to RT (25).

Our previous findings have shown FTS as a potential target
for Notch-mediated resistance upon x-ray irradiation in cervical
cancer (10). In this study, effects of the C-ion beam on the Notch
signaling and spheroid formation were investigated in FTS intact
and silenced cells with an objective to evaluate whether targeting
FTS can be a Notch-mediated adjuvant approach in improving
the efficacy of C-ion therapy in cervical cancer.
MATERIALS AND METHODS

Cell Culture and Antibiotics
Two human cervical cancer cell lines, ME180 and CaSki cells,
were procured from RIKEN BioResource Center (Japan) and
cultured in RPMI 1640 and DMEM (Invitrogen, Carlsbad, CA,
USA) supplemented with 10% fetal bovine serum (FBS),
penicillin (100 units/mL) and streptomycin (100 mg/mL). The
cells were grown in a humidified incubator at 37°C and 5% CO2.
Cell harvesting and passaging was done with the help of Trypsin-
EDTA. All standard cell culture reagents were procured from
Invitrogen. Antibodies for FTS and Actin were purchased from
Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). All other
primary and secondary antibodies were purchased from Cell
Signaling Technologies (Beverly, MA, USA).

C-Ion and X-Ray Beam Irradiation
Cells grown in T-25 flasks were irradiated at room temperature
with C-ions accelerated by the Heavy Ion Medical Accelerator in
Chiba (HIMAC) at the National Institute of Radiological
Sciences (NIRS) (Chiba, Japan). The 290 MeV/n carbon-ion
beams were adjusted to be about 70 KeV/µm at the cell surface
using a scatterer (Ta = 0.2 mm, Pb = 1.6 mm), air: 11.8 m, the
flask and PMMA range shifters: 140 mm water-equivalent. The
flasks were positioned in vertical position with the cell adhesion
surface facing the beam source. The particulars regarding the
beam characteristics of C-ion, dosimetry and irradiation
procedures have been explained previously (26–28). To
compare the radiation effects of C-ion and x-ray by FTS
silencing, cells were also irradiated with various doses of x-ray
in a field size of 20 cm x 20 cm at room temperature using a 6
MV medical linear accelerator (Oncor, Siemens, Concord, CA,
USA) at Chungbuk National University Hospital, Department of
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Radiation Oncology. QA of the medical linear accelerator is
performed in compliance to IAEA-TRS-398.

Colony Formation Assay
The cell survival by irradiation was evaluated using colony
formation assay. After C-ion/x-ray irradiation, cells were washed
with 1X PBS pH 7.5 and single-cell suspension was prepared by
trypsinization. The cells were counted and re-seeded in triplicates
into 60 mm cell culture dishes at appropriate cell densities for
colony formation. The cells were cultured for 7-9 days to make
colonies,fixedwith 20%ethanol and stainedwith0.2% crystal violet
(Sigma, St. Louis, Missouri, USA). The colonies comprising 50 or
more cells were considered as survivors and counted using a
microscope (Olympus Optical, Shinjuku, Tokyo, Japan).
Surviving fractions were calculated on the basis of the plating
efficiencies of corresponding non-irradiated cells. Three
independent experiments were performed with each cervical
cancer cell line. The graphs were plotted for surviving fractions by
C-ion andx-ray in the FTS intact and silenced cells.Dosemodifying
factor (DMF) was calculated as the ratio between FTS intact and
silenced group for the radiation doses of C-ion or x-ray with 10%
surviving fraction (SF10).

Western Blotting
After irradiation, the cells were washed in cold PBS and lysed
with 200 µl of cell lysis buffer (Cell Signaling Technology,
Danvers, MA, USA) supplemented with complete protease
inhibitor cocktail and phosphatase inhibitors (Roche,
Mannheim, Germany) for 30 min on ice . Prote in
concentration of each sample was determined using Bradford
reagent (Bio-Rad, Hercules, CA, USA). 30 µg of total protein
from each sample was resolved on SDS-PAGE gels and
transferred onto PVDF membranes (Millipore, Billerica, MA,
USA). The membranes were then probed with appropriate
primary and secondary antibodies. Finally, the membranes
were exposed to the ECL substrate solution (Thermo Scientific,
Rockford, IL, USA) and images were recorded with the help of
chemidoc (Fujifilm, Tokyo, Japan). Expression of each protein
was calculated by densitometric measurement using the Multi-
Gauge ver. 3.1 Software (Fujifilm, Tokyo, Japan). Band densities
of target proteins were normalized to actin expression to plot the
bar graphs (Supplementary Figures S2–S5).

Spheroid Formation Assay
After transfection with scrambled siRNA or FTS siRNA for 24 h,
the cells were irradiated with C-ion beam. Post-irradiation, the
cells were trypsinized, harvested and single-cell suspension was
prepared. The single-cell suspension was cultured in 60 mm
ultralow attachment plates (Corning, Lowell, MA, USA), in a
serum-free DMEM/F12 growth medium supplemented with 10
ng/mL EGF (Sigma, St. Louis, MO, USA), 10 ng/mL bFGF
(Invitrogen) and 2% B27 (Invitrogen). The images of spheroids
were taken using the Olympus IX71 microscope (Tokyo, Japan).

Cell Viability Assay in Spheroids
To analyze the number of viable cells constituting the spheroids,
7 days after spheroid culture 50 µl of WST-1 solution
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(DoGenBio, Seoul, South Korea) was added to each well. After
4 h, absorbance at 450 nm was recorded with the help of a
microplate reader (BIO-RAD, CA, USA).

FTS Silencing
Cells were seeded in T-25 or T-75 flask in antibiotic-free RPMI
and allowed to attach overnight. Next morning, the medium was
replaced with transfection medium containing 50 nM of either
scrambled siRNA (sc-37007, Santa Cruz) or FTS siRNA (sc-
93013, Santa Cruz) and incubated at 37˚C. After 6 h, the medium
was replaced with complete growth medium supplemented with
10% FBS and 1% antibiotics, and the cells were incubated for
another 24 h.

Immunoprecipitation (IP) Assay
The cells were lysed 24 h after C-ion irradiation using cell lysis
buffer (Cell Signaling Technology) for 30 min on ice and scraped
using cell scraper (SPL Life Sciences, South Korea). The cell
lysates were centrifuged at 12,000 g for 10 min at 4°C and the
supernatants were collected. 200 mg of total protein from each
sample was incubated overnight with the anti-FTS antibody at
4°C, followed by incubation with protein A/G agarose (Santa
Cruz) for 1 h. Immunoprecipitates were washed twice for 5 min
with cell lysis buffer at 4°C. Bead bound proteins were eluted
with non-reducing sample buffer (Thermo Scientific) at 95°C for
3 min and then subjected to SDS-PAGE and western
blot analyses.

Immunofluorescence (IF) Assay
Cells were grown on chamber slides (154526, Thermo Fisher,
MA, USA), transfected using scrambled or FTS siRNA,
irradiated with 1 Gy C-ion and incubated for 24 h at 37°C in a
CO2 incubator. After incubation, the cells were fixed with 4%
formaldehyde (Thermo Scientific), permeabilized with 0.1%
Triton X-100 (Amresco, Ohio, US) and blocked with 10% FBS
for 30 min followed by overnight incubation at 4°C with
respective primary antibody (1:100 dilution). Cells were further
incubated in the dark at room temperature with Alexa-488/Alexa
594-conjugated secondary antibody for 1 h. Nuclei were counter
stained with DAPI at a concentration of 1 mg/mL (Sigma). After
staining with DAPI the chambers were removed and mounted
using cover slips with anti-fade mounting solution (Dako, CA,
US). The slides were dried overnight in the dark and stored at
-20°C until imaging. Z-stack images were captured with
the help of confocal microscope (Leica DM-IRB, Mannheim,
Germany). For spheroids immunofluorescence, the cells were
irradiated with 1 Gy C-ion after transfection with scrambled or
FTS siRNA. The cells were cultured further in an ultra-low
attachment plate and allowed to form spheroids. The
spheroids were then carefully transferred onto chamber
slides and allowed to adhere overnight. Next morning
immunofluorescence protocol was followed as mentioned
above for adherent cells.

Statistical Analysis
All analytical data are presented as the means ± SD of three
independent experiments. Differences among the groups were
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calculated by GraphPad Prism (GraphPad Software, version 9.1.0
(221), La Jolla, CA, USA, www.graphpad.com) using two way
analysis of variance (ANOVA) module followed by
Dunnett’s/Tukey multiple comparison post-hoc test; p ≤ 0.05,
was considered to be statistically significant.
RESULTS

C-Ion Upregulates FTS, the Notch
Signaling and g-Secretase Complex
Molecules
To determine the effect of C-ion on the Notch signaling, first, we
investigated the change in the expression level of the Notch
signaling molecules at three different doses of C-ion (0, 1, 2 and 4
Gy). In CaSki, the expression of Notch1, 2, 3, cleaved Notch1,
Hes1 and FTS was increased dose-dependently in response to C-
ion irradiation. In ME180, cleaved Notch1 and FTS expression
increased dose-dependently, while other molecules expression
didn’t change much in response to increased radiation doses
(Figure 1). Similarly, the protein expression level of g-secretase
complex molecules (presenilin1, presenilin2, nicastrin and
PEN2) was also elevated, in a dose and time-dependent
manner in both cell lines (Figures 2A, B). Changes in the
expression level of FTS, Notch and g-secretase complex
molecules in response to radiation doses were highly
significant when compared with unirradiated group
(Supplementary Figures S2, S3).
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FTS-Silencing Attenuates the Expression
of Notch Signaling Molecules
To study the role of FTS on Notch signaling, the FTS gene was
silenced using siRNA. Silencing of FTS reduced C-ion induced
upregulation of Notch1, 2, 3, cleavedNotch1 andHes1 significantly
(Figure 3A and Supplementary Figure S4), in addition to g-
secretase complex proteins (presenilin1, presenilin2, nicastrin and
PEN2) (Figure 3B and Supplementary Figure S4) in both cell
lines. Downregulation of these molecules was further augmented
when FTS silencing was combined with C-ion irradiation
(Figures 3A, B, and Supplementary Figure S4).

Interaction Between FTS and the Notch
Molecules Increases Upon C-Ion
Immunoprecipitation and immunofluorescence assay were
performed to demonstrate the interaction between FTS and the
Notch signaling molecules. Immunoprecipitation demonstrated
the physical interaction between FTS and Notch1/cleaved
Notch1/Hes1 (Figure 4A). Immunofluorescence showed the
increased co-localization of FTS with Notch1/cleaved Notch1/
Hes1 by C-ion irradiation, but the interaction and co-localization
were reduced substantially by FTS-silencing (Figures 4B–D).

The Combination of FTS-Silencing and
C-Ion Decreases Spheroid Formation,
Cancer Stem Cell Markers and Clonogenic
Cell Survival
The spheroid formation and the expression of stem cell marker
proteins (OCT4A, SOX2 and Nanog) in the two cell lines were not
changed by C-ion alone. However, they were decreased
dramatically when combined with FTS-silencing (Figures 5A–C
and Supplementary Figure S5). The number of spheroids and the
viable cells in the spheroids were also reduced significantly by
the combination of FTS-silencing and C-ion (Figures 5D, E). The
RBE value of C-ion to x-rays has been generally considered to be
about 2.5, hence we chose 1, 2 and 4 Gy of C-ion to compare the
radiation effects with 2.5, 5 and 10 Gy doses of x-ray. The survival
curves by C-ion or x-rays were significantly lowered when
combined with FTS silencing (Figure 6). Silencing of FTS was
seen to reduce the radiation dose by approximately 9.3% (x-rays)
and 11.8% (C-ion) in ME180 cells, whereas 17.2% (x-rays) and
9.5% (C-ion) in CaSki cells (Supplementary Table T1). Therefore,
the DMF at SF10 for ME180 cells was 1.093 (x-ray) and 1.118 (C-
ion), whereas it was 1.172 (x-rays) and 1.095 (C-ion) for CaSki
cells. We also calculated the RBE at SF10 for both the cell lines
which were 2.58 for ME180 and 2.66 for CaSki in FTS intact
group, while in the FTS silenced group it was 2.64 for ME180 and
2.49 for CaSki. We observed changes in the RBE value of C-ion by
approximately 15.52% in ME180 cells and 16.72% in CaSki cells
under the influence of FTS silencing (Supplementary Table T1).
DISCUSSION

In the current study, the expression of FTS and Notch signaling
molecules (Notch 1 2, 3, cleaved Notch1 and Hes1) was
FIGURE 1 | The expression of Notch signaling molecules (Notch1, 2, 3,
cleaved Notch1, Hes1) and FTS were increased by C-ion beam in cervical
cancer cells (ME180, CaSki). The cells were irradiated with 0, 1, 2 and 4 Gy
of C-ion and the protein expression was measured with immunoblot 24 h
post-irradiation. The images shown in this figure are the representatives of at
least three independent experiments.
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upregulated, dose dependently, in response to C-ion in CaSki
cells (Figure 1 and Supplementary Figure S2). Additionally,
upregulation of g-secretase complex molecules (presenilin1,
presenilin2, nicastrin and PEN2) was also observed in a
radiation dose and time dependent manner (Figure 2 and
Supplementary Figure S3). The notch signaling pathway is
well-known for its vital role in regulating cell division,
differentiation, survival and maintenance of the CSC
population in many human cancers, including cervical cancer
(25, 29–32). RT awakens CSCs to lead tumor relapse and
subsequent metastasis, although little is known about the
underlying mechanism (33). The radioresistance of CSCs is
governed by a few extrinsic factors (hypoxia, tumor
Frontiers in Oncology | www.frontiersin.org 5114
microenvironment, etc.) and intrinsic factors (reactive oxygen
species, DNA repair, apoptosis, autophagy, cell cycle status, etc.).
Activation of Notch signaling leads to treatment failure after RT.
Theys et al. reported that radiation induces upregulation of
Notch signaling in non-small cell lung cancer (NSCLC) in
vitro (34). Higher Notch signaling has been shown to
accelerate tumor growth and increased radioresistance in
NSCLC in vivo (35). Therefore, targeting the Notch signaling
pathway could be an effective therapeutic approach to overcome
radioresistance (11). The g-secretase complex is a multi-subunit
enzyme that plays an important role in the cleavage of
intramembrane substrates of Notch receptors. The cleaved
Notch1 is accountable for inducing the genomic functions of
A B

FIGURE 2 | The expression of g-secretase complex proteins was upregulated by C-ion. The cells were irradiated with 0, 1, 2 and 4 Gy of C-ion and the protein
expression was detected by western blotting 24 h post-irradiation (A) or the cells were irradiated with 0 and 1 Gy C-ion and the protein expression was measured
after 1, 6 and 24 h post-irradiation (B). The images shown are the representatives of at least three independent experiments.
A B

FIGURE 3 | FTS-silencing combined C-ion radiation targets the protein expression of Notch molecules (A) and g-secretase complex (B). ME180 and CaSki cells
were transfected with scrambled siRNA or FTS siRNA. Cells were irradiated with C-ion 1 Gy and the protein expression was measured with immunoblot 24 h post-
irradiation. The images shown in this figure are the representatives of at least three independent experiments.
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Notch signaling. Inhibition of g-secretase has been reported to
enhance radiosensitivity via blocking the Notch signaling
pathway (36). g-Secretase inhibitors (GSIs) in combination
with radiation may prevent up-regulation of the Notch
receptor, ligand and other family members and consequently
diminish the number of surviving CSCs (37). Therefore g-
secretase inhibitors are now being studied in many clinical
trials against colorectal cancer, breast cancer, melanoma,
glioma and lung cancer (37). This study observed that
silencing of FTS alone or in combination with C-ion
attenuated overexpression of Notch and g-secretase complex
molecules (Figure 3 and Supplementary Figure S4).

In adherent cervical cancer cells FTS co-precipitated with
Notch1/cleaved Notch1/Hes1, suggesting FTS molecular
interaction with Notch molecules (Figure 4A). IF assay
demonstrated FTS co-localization with Notch1/cleaved
Notch1/Hes1 in both the cell lines. FTS silencing not only
diminished their expression but also prominently reduced the
co-localization (Figures 4B–D). The co-localization of Notch1/
cleaved Notch/Hes1 and FTS spectacles the importance of FTS in
mediating the Notch signaling in cervical cancer cells. We have
previously identified putative residues involved in the interaction
between FTS and Notch by in silico molecular docking (10),
which further strengthens our IP and IF findings. CSCs are in a
quiescent state in most of the established tumors. Their innate
radioresistance helps them survive the radiation exposure more
Frontiers in Oncology | www.frontiersin.org 6115
easily as compared to differentiated cancer cells. Recent
evidences show that CSCs play a crucial role in recurrence and
metastasis in many cancers after radiotherapy (33). It has been
reported that following radiation, CSCs are enriched both in
vitro and in vivo, indicating towards the possibility of radiation-
induced generation of CSCs (38). Formation of spheroids is a
hallmark of cancer stem cells, therefore in the present study, we
evaluated spheroid formation in the cervical cancer cells and
compared expression levels of Notch and its target protein Hes1,
in addition to cancer stem cell markers. In this study, we report
that 1 Gy C-ion does not affect the spheroid formation ability of
ME180 and CaSki cells. Our finding is consistent with other
reports, where sphere-type cells were found to be resistant to
both x-rays and C-ion beams (39). Interestingly, FTS silencing
alone or in combination with 1 Gy C-ion inhibited spheroid
formation in both the cell lines; however, spheroid inhibition was
more remarkable in ME180 cells (Figures 5A, D). Similarly, the
cell viability of spheroids was unchanged with 1 Gy C-ion, but it
was reduced by FTS silencing alone or in combination with C-
ion (Figure 5E). Upregulation of SOX2 and OCT4A indicates
radiation resistance in cervical cancer cells (40). The stem cell
signaling molecules (Notch related) were overexpressed in
cervical cancer adherent cells as a result of 1 Gy C-ion
(Figure 1), but there was no change in the expression level of
these molecules along with other cancer stem cell markers
(Nanog, SOX2 and OCT4A) in the spheroid populations
A B

C D

FIGURE 4 | Immunoprecipitation assay and immunofluorescence show the interaction between FTS and Notch1/cleaved Notch1/Hes1 in ME180 and CaSki cells.
Cells were irradiated with 0 or 1 Gy C-ion and lysed after 24 h. Immunoprecipitation was performed with whole cell lysates using FTS antibody. IgG was used as
negative control (A). For immunofluorescence, the cells were grown in chamber slides. Cells were irradiated with 0 or 1 Gy C-ion. FTS was detected with Alexa Fluor
488 (green), whereas Notch1, cleaved Notch1 and Hes1 were detected using Alexa Fluor 594 (red), 24 h post-irradiation (B–D). The images shown in this figure are
the representatives of at least three independent experiments. White bar in each panel corresponds to 10 µm.
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A

B C

D E

FIGURE 5 | FTS silencing combined with C-ion reduces spheroid formation and cancer stem cell markers in cervical cancer cells. FTS intact or silenced ME180 and
CaSki cells were irradiated with 0 or 1 Gy of C-ion. Following irradiation, the cells were harvested and cultured in ultra-low attachment plates for seven days.
Spheroid formation assay (A). Western blots and immunofluorescence performed with the spheroids displaying the reduced expression of stem cell markers in the
FTS silenced group (B, C), white bar in each panel corresponds to 50 µm. (D) shows the mean number of spheroids from five randomly selected fields under the
microscope in each treatment group. Bars represent normalized values against control group, error bars represent ± SD. (E) shows the viability of the spheroid
forming cells in each treatment group. Bars represent normalized values against control group, error bars represent ± SD. P values of < 0.05 were considered
statistically significant. a p < 0.05; b p < 0.005; c p < 0.001; d p < 0.0001; ns, not significant.
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(Figures 5B, C and Supplementary Figure S5). Nonetheless, a
significant attenuation of Notch molecules and cancer stem cell
markers was observed upon FTS silencing, indicating a potential
role of FTS in the cancer stem cell signaling pathway
(Figures 5B, C and Supplementary Figure S5). We finally
compared DMF at SF10 after irradiation with C-ion and x-ray
in FTS intact and silenced cells. Both the cell lines exhibit
significantly increased radiation sensitivity upon FTS silencing
(ME180-x-ray: p value <0.0001, C-ion: p value <0.01; CaSki – x-
ray: p value <0.0001; C-ion: p value <0.05). At SF10 doses of C-
ion and x-ray (Figure 6 and Supplementary Figure S6,
Supplementary Table T1) a reduction of approximately 10%
radiation dose was observed in the FTS silenced group. These
findings suggest radiosensitization can be achieved both in C-ion
and x-ray by FTS-silencing.

Although few reports onC-ion therapy showeradicationofCSC
in glioma/cancer (41), data pertaining to the Notch signaling
pathway by C-ion therapy are not available. This is the first report
to show that FTS silencing combined with C-ion targets the Notch
signaling and reduces the spheroid formation, cancer stem cell
markers and clonogenic survival in cervical cancer cells.
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p53 Signaling and Inflammatory
Response Compared to low-LET
X-Rays in Human Peripheral
Blood Mononuclear Cells
Ellina Macaeva1,2,3, Kevin Tabury1,4, Arlette Michaux1, Ann Janssen1, Nicole Averbeck5,
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Biophysics, GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt, Germany, 6 Department of Veterinary Sciences,
University of Antwerp, Antwerp, Belgium

Understanding the differences in biological response to photon and particle radiation is
important for optimal exploitation of particle therapy for cancer patients, as well as for the
adequate application of radiation protection measures for astronauts. To address this
need, we compared the transcriptional profiles of isolated peripheral blood mononuclear
cells 8 h after exposure to 1 Gy of X-rays, carbon ions or iron ions with those of non-
irradiated cells using microarray technology. All genes that were found differentially
expressed in response to either radiation type were up-regulated and predominantly
controlled by p53. Quantitative PCR of selected genes revealed a significantly higher up-
regulation 24 h after exposure to heavy ions as compared to X-rays, indicating their
prolonged activation. This coincided with increased residual DNA damage as evidenced
by quantitative gH2AX foci analysis. Furthermore, despite the converging p53 signature
between radiation types, specific gene sets related to the immune response were
significantly enriched in up-regulated genes following irradiation with heavy ions. In
addition, irradiation, and in particular exposure to carbon ions, promoted transcript
variation. Differences in basal and iron ion exposure-induced expression of DNA repair
genes allowed the identification of a donor with distinct DNA repair profile. This suggests
that gene signatures may serve as a sensitive indicator of individual DNA damage repair
capacity. In conclusion, we have shown that photon and particle irradiation induce similar
transcriptional pathways, albeit with variable amplitude and timing, but also elicit radiation
type-specific responses that may have implications for cancer progression and treatment
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INTRODUCTION

The use of charged particles is a promising modality in cancer
therapy. Particle therapy, which uses focused beams of charged
particles such as protons and carbon ions, has become the
treatment of choice for targeting specific solid tumors (1, 2),
which plays an important role in tumor management
particularly in pediatric patients (3). The main advantage of
charged particle beams is the possibility to target the tumor more
precisely, while the surrounding healthy tissues receive a lower
dose as compared to conventional photon radiotherapy (4). This
reduces the chance of secondary cancer development (5) and
impairment of the immune system (6). However, high linear
energy transfer (LET) radiation, like for instance carbon ions, has
a higher relative biological effectiveness (RBE) compared to
conventional low-LET photon therapy (7), as particles deposit
their energy in a more focused manner and therefore result in
more complex clustered DNA damage which is more lethal to
the tumor cells (8) but may also affect the healthy tissue.
Moreover, high-LET radiation is also characterized by higher
RBE in terms of other endpoints, such as chromosome
aberrations, genetic alterations and normal tissue damage (9).
Normal tissue damage is a complex process, which is not solely
caused by cell death (10). Radiation-induced DNA damage also
triggers changes in chemokine and cytokine production, cell-cell
interactions, influx of inflammatory cells and the induction of
restorative processes in healthy tissues (11). Genes involved in
DNA damage repair, apoptosis, proliferation and inflammatory
processes therefore also play a role in the normal tissue response
to irradiation (12).

A second important field where charged particles are of
relevance is human space exploration. The more feasible and
realistic long-term and interplanetary space missions and
commercial space flights will become, the more concern they
will raise about possible health risks due to exposure to cosmic
radiation (13). Astronauts in deep space are subjected to galactic
cosmic rays (GCR) and solar particle events (SPE), which result in
levels of radiation hundreds of times higher than on Earth. The
GCR spectrum is composed of about 87% high energy protons,
12% alpha-particles and 1% of heavier ions up to iron (HZE
particles) (14) which are extremely penetrating and difficult to
shield (15). Though the HZE particles are less abundant, they
possess significantly higher ionizing power with a greater potential
for radiation induced damage and, consequently, health effects
(16). SPE consist of low to medium energy protons and alpha-
particles. Up to now, the assessment of radiation risk for
astronauts is almost completely based on extrapolation from
epidemiological data on low-LET exposures. Therefore,
comprehensive models and radiobiological studies comparing
the biological response to different radiation types are needed to
validate this approach (17).

The particles and energies which are most often used for
particle therapy partially overlap with the lower range of charge
and energies (Z=1-26 and approximately 100-1000 MeV/
nucleon) of the ions that constitute cosmic radiation. Although
the exposure conditions (low vs. high doses, low vs. high dose
rates, whole body vs. partial body exposure) and relevant
Frontiers in Oncology | www.frontiersin.org 2121
biological endpoints (cancer induction vs. tumor cell killing)
are different in space and during particle therapy treatment, it is
well accepted that a substantial overlap exists in several research
topics, e.g. individual radiosensitivity, late stochastic effects such
as cancer induction (18, 19) and modulation of the immune
system (20). Understanding the cellular radiation response and
the processes governing individual sensitivity to high-LET
radiation is of pivotal importance in rational choice of
radiotherapy treatment schemes. The same holds true for the
risk assessment of astronauts and the development of effective
protection measures.

Radiobiological transcriptional studies can offer valuable
insight in this regard, revealing the biological basis of the
cellular response to different radiation types (21, 22). Peripheral
blood is an easily-accessible biological sample which allows
minimally invasive testing. Furthermore, blood cells are
continuously exposed to radiation during radiotherapy and are
often used as a surrogate tissue for damage-based radiation
biodosimentry and normal tissue radiation sensitivity assessment
(23). However, to date, there have been only a limited number of
studies comparing gene expression profiles following exposure to
low- and high-LET radiation in human peripheral blood cells
exposed in vitro to a-particles and X-rays (24), neutrons and X-
rays (25), mixed-field neutron/X-rays (26, 27), or mouse blood
cells exposed in vivo to neutrons and X-rays (28).

To add to the knowledge of the cellular response to low- and
high-LET radiation, we compared in this study the
transcriptional profiles of peripheral blood mononuclear cells
(PBMCs) from healthy donors after the cells had been exposed to
X-rays, carbon ions or iron ions. We identified specific biological
processes that were induced by exposure to heavy ions or X-rays,
as well as processes shared by both types of radiation. Our results
provide an important basis for further detailed investigation of
the differential cellular and tissue response to high- and low-
LET radiation.
MATERIALS AND METHODS

In the present study two aspects of biological response to radiation
exposure were assessed: gene expression changes (using microarray
technology with further qRT-PCR validation) and DNA damage
repair (using gH2AX immunofluorescent staining). Irradiations
were performed at SCK CEN, Belgium (X-rays) and at GSI
Helmholtzzentrum für Schwerionenforschung (abbreviated GSI),
Germany (X-rays, iron and carbon ions). Blood samples were
collected on three different days, corresponding to three
microarray experiments: X-rays (10 donors), carbon (7 donors)
and iron ion irradiation (6 donors). The exact number of samples
used for every assay is indicated in Figure 1, not all the samples
could be used for all the assays due to insufficient RNA quality or
insufficient number of cells to run all the assays. Matched samples
were used for iron ion experiment only. Figure 1 gives an overview
of experimental conditions and number of samples used for every
assay. Detailed description of all experimental procedures is
given below.
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Blood Collection and PBMCs Isolation
Peripheral blood samples were collected from healthy donors in 9
ml EDTA vacutainer tubes. Blood collection was approved by the
local SCK CEN Ethics Committee and was carried out in
accordance with the ethical standards of the Helsinki Declaration
of 1975, as revised in 2000. Prior to blood donation all the donors
involved in the present study signed an informed consent form.
Within 30-60 min of blood drawing, PBMCs were isolated by
centrifugation on Histopaque-1077 density gradient (Sigma-
Aldrich, Bornem, Belgium) according to the manufacturer’s
instructions. Isolated cells were suspended at a density of 106

cells/ml in LGM-3 culture medium (Lonza, Walkersville, MD,
USA) and were allowed to equilibrate to culture conditions at 37°C
in a humidified 5% CO2 atmosphere.

Cell Cultures
Three human lymphoblastoid cell lines TK6, WTK1 and NH32
were used in this study. TK6 cell line was purchased from DSMZ,
Leibniz-Institute, Braunschweig, Germany, while WTK1 and
NH32 cells were a generous gift from the laboratory of Prof
Schwartz, University of Washington. All three cell lines have the
same progenitor, WIL2 cell line (29). The TK6 cells express wild-
type p53, while WTK1 cells overexpress a mutant form of p53 due
to methionine to isoleucine substitution at codon 237 and no wild-
type p53 protein (30). TheNH32 cell line is genetically homologous
to TK6, but its TP53 gene has been genetically inactivated by a
homozygous knockout (31). Cell lines were maintained as
exponentially growing stationary cultures in RPMI-1640 medium
supplemented with 10% heat-inactivated foetal bovine serum at
37°C in 5% CO2 at densities of 4–10 × 105 cells/ml. Cell line
irradiations were performed in three replicates (1 × 106 cells per
sample) as described below. Following irradiations cells were
incubated at standard conditions for 24 h prior to RNA extraction.

In Vitro Irradiation
X-ray, carbon and iron ion irradiations were performed
independently, on different days. X-ray irradiation experiments
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were performed at the irradiation facility at SCK CEN, Belgian
Nuclear Research Centre, Mol, Belgium (for microarrays) and at
GSI, Darmstadt, Germany (for qRT-PCR validation and gH2AX
staining). At SCKCEN, PBMCswere exposed to 1.00 Gy of X-rays,
using a Pantak HF420RX machine (250 kV, 15 mA, dose rate of
0.26 Gy/min). Cells were irradiated “free-in-air” at 21°C in a
horizontal position with single doses of 0.1 and 1.0 Gy of X-rays
from a Pantak HF420 RX generator at an air kerma (Kair) rate of
0.26 Gy/min or were sham-irradiated. The beam quality can be
approximated to H-250 (ISO4037): 250 kV, 15 mA, 1.2 mm Al
equivalent inherent filtration and 1 mm Cu additional filtration.
First HVL was 2.43 mmCu and the secondHVL was 3.52 mmCu.
The Kair at the reference position was measured using a NE2571
ionization chamber (SN309) connected to a Farmer 2500
electrometer. The chamber, together with the electrometer, was
calibrated in terms of Kair and the traceability to the international
standards was assured. The reference point of the ionization
chamber was placed at the same distance with the reference
position of the samples. The ionization chamber was always
placed in the beam, next to the samples, for a precise
measurement of the time integrated Kair. The stability of the X-
ray generator during the irradiation was verified in this way using a
monitor chamber. Cell line samples were exposed to 1.00 and 3.00
Gy at SCK CEN following the same procedures. For samples that
were irradiated at GSI, freshly isolated PBMCswere transported for
4 h by car to GSI using a transportable incubator. X-ray exposures
at GSI were performed using an IV320-13 X-ray tube (250 keV,
16mA, dose rate of 0.5 Gy/min; Seifert, Germany) at 0.25 and 1.00
Gy. Irradiationwith heavy ionswas performed atGSI on the heavy-
ion synchrotron SIS. Carbon ion exposure (0.25 and 1.00 Gy) was
performed in themiddle of a 25mm spread-out Bragg peak (center
depth 42.5 mm, realized with a PMMA bolus), obtained by active
energy variation of the beam in the range of 114.6 – 158.4 MeV/
nucleon. Accordingly, the dose averaged LET at the proximal and
distal part of the samples (5-ml plastic tube, inside diameter 10
mm) was 60-80 keV/µm. Irradiation with iron ions (0.25 and 1.00
Gy) was performed with a monoenergetic beam (1 GeV/nucleon;
FIGURE 1 | Experimental setup. Samples listed in the same blue box were irradiated in parallel.
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LET 155 keV/µm). The beam monitor calibration was performed
according to the procedure described by Luoni et al. (32). For
verification of the applied dose, additional absolute dosimetry was
performed by measuring the absorbed dose to water using a PTW
TM30013 Farmer ionization chamber positioned at the sample
depth. The dose-averaged LET was calculated using the TRiP98
treatment planning system (33). Sham-irradiated samples were
always subjected to the same procedures as the irradiated ones,
except for the radiation exposure itself. After in vitro irradiation,
cells were incubated at 37°C in a humidified 5% CO2 atmosphere
for the indicated time until further processing.

RNA Extraction
ForRNAisolation, acombinationof theTRIzol® reagent (Invitrogen,
Carlsbad, CA, USA) extraction method and the clean-up on Qiagen
RNeasy columns (Qiagen,Venlo,TheNetherlands)wasused.Briefly,
5 x 106 cells were lysed in 1 ml of TRIzol® reagent and further
processed following the manufacturer’s recommendations.
Following the RNA precipitation with isopropanol, the obtained
pellet was re-suspended in 1 ml of ethanol and transferred to the
RNeasy column. Further purification was done according to the
manufacturer’s instructions. RNA concentration was measured on
a NanoDrop-2000 spectrophotometer (Thermo Scientific,
Erembodegem, Belgium) and the quality of total RNA samples was
assessedusingAgilent 2100Bioanalyzer (AgilentTechnologies, Santa
Clara, CA, USA). Only samples with an RNA integrity number >7
were considered as suitable for further microarray hybridization.
RNA extraction from cell line samples was performed following the
same procedures.

Microarray Hybridization
Gene expression profiling was performed using the GeneChip®

Human Gene 1.0 ST Array (Affymetrix, Santa Clara, CA, USA)
which interrogates 28,536 well-annotated genes with 253,002
distinct probe sets, allowing expression analysis at both gene and
exon level. Ten µg of cRNA, synthesized and purified from 0.25 µg
of total RNA using the Ambion® WT Expression kit (Ambion,
USA) was used for cDNA synthesis, followed by cDNA
fragmentation and labeling with the GeneChip® Terminal
Labeling kit (Affymetrix). Fragmented and labeled cDNA was
hybridized to Human Gene 1.0 ST arrays (Affymetrix) using the
GeneChip® Hybridization, Wash and Stain kit (Affymetrix)
(hybridization module) and hybridization controls (Affymetrix)
with rotation at 45°C for 16 hours. After hybridization, arrays were
washed and stained using the GeneChip® Hybridization, Wash
and Stain kit (stain module) after which the arrays were
immediately scanned using an Affymetrix GeneChip® Scanner.
Raw data of X-ray and heavy ion experiments have been submitted
to the ArrayExpress database under accession numbers E-MTAB-
3463 and E-MTAB-5761, respectively.

Microarray Data Analysis
The obtained microarray data were imported into Partek
Genomics Suite, version 6.6 (Partek Inc., St Louis, MO, USA)
as.CEL-files. The probe summarization and probe set
normalization were done using the Robust Multichip Analysis
(RMA) algorithm (34) which includes background correction,
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quantile normalization and log2 transformation. Microarray
data were analyzed using ANOVA with dose, donor and time
point (whenever applicable) as factors. To correct for multiple
testing, we used the false discovery rate (FDR) as described by
Benjamini and Hochberg (35) to adjust p-values (FDR < 0.05).
Genes were considered significantly differentially expressed
between the two groups if adjusted p-values were < 0.05. In
some cases, a more stringent additional cut-off of fold-change ≥|
2| was used, as explained in the text.

We also performed Alternative Splicing ANOVA in Partek to
detect genes which were alternatively spliced in response to
different radiation types. An FDR-corrected p-value of < 0.05
was considered significant for alternative splicing events. To
further reduce the number of false positives, the probe sets with
log2 values below the noise level in all samples were excluded
from analysis, except for the cases where there was a significant
difference in expression of a single exon between the groups
(p < 0.05).

The Venny on-line tool (36) was used to compare gene lists
and create Venn diagrams: http://bioinfogp.cnb.csic.es/tools/
venny/index.html.

Reverse Transcription and qRT-PCR
The following genes were selected for qRT-PCR validation:
PCNA, GADD45A, RPS27L, ASTN2, NDUFAF6, FDXR,
MAMDC4. The same RNA samples as those used for
microarray hybridization plus two additional samples
irradiated on the same day but not selected for microarray
hybridization (n=6), were used for cDNA synthesis with the
GoScript™ Reverse Transcription System (Promega, Leiden, The
Netherlands) with random hexamer primers. For each gene,
qRT-PCR reactions were run in duplicate using the MESA
GREEN® qRT-PCR kit (Eurogentec, Seraing, Belgium) on an
Applied Biosystems® 7500 Real-Time PCR instrument following
the manufacturer’s instructions. To determine the efficiency and
specificity of the designed primers, a standard curve experiment
with melt curve was run for every primer pair. qRT-PCR data
were analyzed by 7500 Software v2.0.6 and Microsoft Excel using
the Pfaffl method (37). The relative amount of transcript of the
selected genes was normalized to PGK1 and HPRT1 using the
geometric mean of these reference genes (38). cDNA synthesis
and qRT-PCR of the cell line samples was performed following
identical procedures for the following genes: EDA2R, NDUFAF6,
PTPN14 and VWCE. All primer sequences can be found in
Supplementary Table 1.

Rank-Rank Hypergeometric Overlap
(RRHO) Analysis
The RRHO algorithm allows for the comparison of two
microarray datasets. Each dataset is processed as a ranked list
based on expression differences between two classes of samples
(0 Gy and 1 Gy, in our case). RRHO analysis (39) was performed
using the online tool (http://systems.crump.ucla.edu/rankrank/
index.php). As this algorithm only allows the comparison of two
gene lists at a time, the following comparisons were performed:
X-rays vs carbon ions, X-rays vs iron ions and carbon ions vs iron
ions using a step size of 100.
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Transcription Factor and Gene Ontology
Terms Enrichment Analysis
Transcription factor and Gene Ontology terms enrichment analysis
was performed using the Enrichr online tool (http://amp.pharm.
mssm.edu/Enrichr/) (40, 41) which uses input gene lists to calculate
enrichment of genes based on different databases of chromatin
immunoprecipitation experiments and Ontologies. We used the
“ENCODE and ChEA Consensus TFs from ChIP-X” and “GO
Biological Process 2015” databases to calculate enrichment of
transcription factor binding and biological processes, respectively,
in significantly differentially expressed genes. The same tool was
used to calculate enrichment of GO biological processes terms in
significantly alternatively spliced genes.

Gene Set Enrichment Analysis (GSEA)
Gene set enrichment analysis (42) was performed using default
settings: the significance of the normalized enrichment score for
each gene set was assessed through 1000 gene set permutations.
Gene sets with an FDR q-value < 0.25 were considered
significant, as suggested by the GSEA tutorial. For each
radiation type, 1-Gy and sham-irradiated samples analyzed at
8 h after exposure were used for comparison. To have a general
view of response to each radiation type, Hallmark Gene Sets
collection of the Molecular Signatures Database was used. This
collection consists of 50 gene sets representing specific well-
defined biological states and processes, which helps to reduce
noise and redundancy in different available databases and
provides a better delineated biological space for GSEA.

gH2AX Foci Detection Using
Fluorescent Microscopy
PBMCs from four donors were fixed in 4% paraformaldehyde
(Merck KGaA, Darmstadt, Germany) at several time points (see
Figure 1). Following the fixation step, cells were cytospun on glass
slides using Shandon™ EZ Double Cytofunnels™ and
permeabilized with 0.25% Triton X 100 (Sigma Aldrich, Belgium)
for 5 min, blocked with 3% bovine serum albumin (Sigma Aldrich,
Belgium) for 30min and incubated overnight at room temperature
with monoclonal mouse anti-gH2AX (phospho S139) antibody
[3F2] (ab22551, Abcam, Cambridge, MA, USA) at 4°C. Cells were
then incubated for 1 h with polyclonal goat anti-mouse secondary
antibody coupled to FITC (F2012, SigmaAldrich, Belgium) at 37°C
and then mounted in Vectashield mounting medium containing
DAPI (Vector Laboratories, Burlingame, CA, USA). Between each
of the previous steps, the slides were washed with phosphate-
buffered saline.

An automated inverted fluorescence microscope (Eclipse Ti,
Nikon, Tokyo, Japan), equipped with a motorized XYZ stage was
used for image acquisition of immunostained slides. Images were
acquired with a 40X Plan Fluor oil objective (Numerical aperture
1.3) and an Andor iXon3 camera (Andor Technology, South
Windsor, CT, USA), providing images with a lateral resolution of
0.2 µm/pixel. For each sample, 25 fields were acquired on 7 Z-
planes (separated by 1 mm). The obtained images were analyzed
with the CellBlocks.ijm script (43), written for FIJI image
analysis freeware (44), essentially as described before (45). In
brief, the image analysis workflow starts by segmenting each
Frontiers in Oncology | www.frontiersin.org 5124
nucleus in the DAPI channel, using an automatic thresholding
algorithm, after noise reduction and flat field correction.
Subsequently, gH2AX foci signals are selectively enhanced by
means of a multiscale Laplacian and segmented by means of
automatic thresholding. Within each nucleus, the intensity of the
gH2AX channel is measured along with the number of gH2AX
foci and the foci occupancy, i.e., the total projected area of the
nucleus that is occupied by spots (total spot area divided by the
nucleus area). On average, 500 nuclei were analyzed per sample.
RESULTS

Gene Level Transcriptome Analysis Shows a
Common p53-Regulated Gene Expression
Signature After Low- and High-LET Irradiation
To compare the effects of high- and low-LET radiation exposure on
gene expression in human PBMCs, microarray analysis was
performed at 8 h after exposure to 1 Gy of X-rays, carbon ions or
iron ions. This time point was chosen because we observed a
prominent gene expression response after 8 h in our previous
studies (46, 47), moreover we found that prolonged culturing
times trigger activation of apoptosis-related genes also in control
samples, which might complicate data interpretation (48). We also
observed dose-dependent gene expression up-regulation for doses
ranging from0.025 to2.00Gy, however, following2.00Gyexposure
a clear saturation of the effect was observed (48), therefore in this
study we opted for using 1 Gy for all PBMCs exposures. Following
the exposure toX-rays, carbon ionsor iron ions, 69, 95and78 genes,
respectively, were detected as differentially expressed (FDR-
corrected p < 0.05) compared to control samples (Figures 2A–E
and Supplementary Tables 2–4). Themajority of these genes were
induced after irradiation (Figures 2A–E), including 30 genes that
were differentially expressed in response to all radiation types. Of
these, 14 genes were up-regulated more than 2-fold (Figure 2E).
The lists of genes differentially expressed exclusively following the
exposure to X-rays, carbon or iron ions can be found in
Supplementary Tables 2–4, respectively.

When comparing two independent high-throughput gene
expression experiments with different sample numbers,
threshold-free methods outperform threshold-based ones in
providing reliable results (39). Thus, to obtain a better
impression of the similarity in gene expression after exposure to
different radiation types, the Rank-rank Hypergeometric Overlap
algorithm was used. This revealed a very significant degree of
overlap among the genes up-regulated in both conditions (shown
in the top right corner of the heatmap) for the comparisons
between X-rays and carbon ions (47 overlapping genes, lowest
p≈10-56) (Figure 2F) as well as X-rays and iron ions (59
overlapping genes, lowest p≈10-65) (Figure 2G). However, for
the comparison between the two high-LET ions (Figure 2H) the
degree of overlap was much more significant (1715 overlapping
genes, lowest p≈10-146). Together, our data show that irrespective
of the radiation type, the majority of the affected genes are up-
regulated after exposure, and that the identity of these genes is
highly similar, although some radiation type-specific genes do
seem to exist.
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Transcription factor enrichment analysis suggested that, for
all radiation types, the affected genes were transcriptionally
regulated by p53 (Figure 3, left panel), and they were enriched
in functions related to canonical p53-dependent pathways such
Frontiers in Oncology | www.frontiersin.org 6125
as response to (ultra violet) radiation, negative regulation of the
cell cycle, DNA repair and apoptosis (Figure 3, right panel).

The list of p53 targets is constantly growing and it remains
probably the most studied transcription factor. There are at least
A B

D E

C

F G H

FIGURE 2 | Changes in gene expression in PBMCs after exposure to X-rays, carbon ions and iron ions. (A–C) Volcano plots and heatmaps of gene expression
changes between controls and cells irradiated with X-rays (A), carbon ions (B) or iron ions (C) at 8 h after exposure. Red points on volcano plots indicate genes with
FDR <0.05, orange points indicate genes with |FC| >2 and green points indicate genes with FDR <0.05 and |FC| >2. Heatmaps show expression profiles of differentially
expressed genes with an FDR <0.05. (D, E) Venn diagrams showing overlap in differentially expressed genes with FDR <0.05 (D) or FDR <0.05 and |FC| >2 (E) between
the different radiation types. (F–H) Rank-rank hypergeometric overlap heatmaps indicating overlap in gene expression changes between X-rays and carbon ions (F),
between X-rays and iron ions (G), and between carbon ions and iron ions (H). Color scale bars indicate the log10-transformed hypergeometric p-values.
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350 confirmed p53 targets and over 3500 potential targets (49).
To confirm the p53-dependent activation of some of the
significantly up-regulated genes, three lymphoblastoid cell lines
with different p53 status were irradiated with different doses of
X-rays (0 Gy, 1 Gy and 3 Gy). qRT-PCR was performed to
measure gene expression of selected hits EDA2R, NDUFAF6,
PTPN14 and VWCE, all of which were induced after X-ray,
carbon and iron irradiation. EDA2R is a well-known bona fide
p53 target (50), while PTPN14 has been recently identified as
such (51). VWCE is often found in genome-wide data sets of
activated p53 targets (49). NDUFAF6 has not yet been validated
as a direct p53 target gene, but was identified to be radiation-
responsive in our previous study (47). In TK6 cells, which have
wild-type p53, we observed a significant, dose-dependent
induction of all four genes. In contrast, none of these genes
were induced after irradiation of WTK1 (p53 mutated) or NH32
(p53 null) cells (Figure S1).
Frontiers in Oncology | www.frontiersin.org 7126
Gene Set Enrichment Analysis (GSEA)
Reveals Stronger Enrichment of Immune
Response and Inflammation-Related Gene
Sets by High-LET Radiation
Next, to detect modest but coordinated changes, we performed
GSEA (52). A classical DNA damage response, with p53-pathway,
apoptosis and DNA damage repair-related gene sets being very
significantly enriched in up-regulated genes was observed after
exposure to 1 Gy of all radiation types (Figures 4 and 5A).
Interestingly, especially after exposure to heavy ions, also several
immune response and inflammation-related gene sets were
identified as significantly enriched in irradiated samples
(Figures 4 and 5B, C). For instance, genes related to the
inflammatory response showed no preferential enrichment in
either sham- or X-irradiated PBMCs. In contrast, exposure to
heavy ions, especially iron ions, resulted in a significant up-
regulation of these genes (Figure 5B). Similarly, the radiation
FIGURE 3 | Transcription factor enrichment and GO term enrichment. Left panel: transcription factor enrichment results following exposure to X-rays, carbon ions or
iron ions. Right panel: Biological processes that are mostly affected following exposure to X-rays, carbon ions or iron ions, based on gene level analysis.
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effect on genes involved in TNFa signaling via NF-kB was more
pronounced after heavy ion irradiation as compared to X-
irradiation (Figure 5C). Together, these results corroborate the
observation that exposure of PBMCs to heavy ion irradiation
induces similar pathways but with more pronounced changes in
gene expression when compared to X-rays, while certain pathways,
especially those related to inflammation are particularly triggered
by heavy ions.

qRT-PCR Analysis Shows Radiation
Type- and Time-Dependent Gene
Expression Response
Seven genes (PCNA, GADD45A, RPS27L, ASTN2, NDUFAF6,
FDXR, MAMDC4) were selected for qRT-PCR validation of
microarray data and temporal follow-up. The rationale of gene
selection for qRT-PCRvalidation is explainedbelow.PCNA,FDXR,
GADD45A and RPS27L were significantly up-regulated 8 h after
exposure to all radiation types, whileASTN2 showed significant up-
regulation after exposure to X-rays and iron ions, but not to carbon
ions according to the microarray data. NDUFAF6 and MAMDC4
were alternatively spliced (see next section for detailed description)
in response to exposure to all radiation types. To obtain better
insight in the dose- and time-dependence of expression of these
genes, a lower dose (0.25 Gy) as well as an additional time point (24
h) were included (Figure 6). All selected genes showed significant
up-regulation at 8 h after exposure to 1 Gy of all radiation types. In
many cases their induction was significant even at a lower dose of
0.25 Gy. FDXR showed the highest degree of induction following
the exposure to all radiation types. The expression of ASTN2, in
contrast to microarray results, was also significantly induced by
carbon ions. Importantly, while all genes, except MAMDC4,
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reduced in expression with time in X-irradiated cells, their up-
regulation was in general retained, or often even further induced in
cells exposed to heavy ions, especially in the case of carbon ions.

Transcript Variation Is Induced by
Low- and High-LET Radiation
Exposure to low-LET radiation not only changes gene expression
but also triggers the production of alternative transcripts (due to
alternative splicing or transcription) (47, 53–55). A core
signature of genes that become alternatively spliced in response
to all radiation types was identified (Figure 7A). The majority of
these genes were also differentially expressed at the gene level (36
out of 46), which aligned well with our previous results (47).
More overlap was observed between the iron- and carbon-ion
irradiated groups – 33% of the genes were in common, while
between the X-ray irradiated cells and heavy-ion irradiated cells
the overlap was only about 15%. We also compared the number
of differentially expressed exons between different radiation types
to assess the levels of induction of transcript variants. Exposure
to 1 Gy of X-rays resulted in significant (FDR < 0.05) up-
regulation of 724 exons, to carbon ions – of 511 exons and to
iron ions – of 708 exons (Supplementary Table 6). In this case,
more overlap was observed between iron ions and X-rays –
32.8% of exons were in common (Figure 7B). When comparing
the fold-changes in expression of the overlapping 246 exons
(Supplementary Table 6), the highest induction levels were
shown by carbon ions (Figure 7C). In addition, changes in
expression of the 20-exon signature identified earlier (47) were
compared between different radiation types (Supplementary
Table 6). These 20 exons are particularly responsive to X-rays
and important for the sample classification according to the
FIGURE 4 | GSEA based on Hallmark Gene Sets. Gene sets related to the immune system and inflammation are in bold. NES, normalized enrichment score;
FDR, false discovery rate q-value.
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exposure dose. The comparison revealed that most of the above-
mentioned 20 exons are in general less responsive to heavy ions
compared to X-irradiation (Figure 7D). The detailed results for
four genes overlapping for all radiation types (PCNA, VWCE,
FDXR and MAMDC4) are shown in Figures 7E–H. In this case,
the most pronounced alternative splicing response was observed
after carbon ions exposure. This was especially the case for
MAMDC4 and VWCE. The Gene Ontology Biological
Processes terms enriched in alternatively spliced genes
common for all radiation types were predominantly related to
apoptosis and DNA damage repair (Supplementary Table 5).
Carbon ion exposure resulted in alternative splicing of several
genes coding for classical HLA class I molecules (HLA-A, HLA-
B, and HLA-H) and class II molecules (HLA-DMB) and histone-
coding genes (HIST2H3A, HIST2H3PS2, HIST2H3C, and
HIST2H3D), which was not observed following the exposure
to iron ions or X-rays.

Heavy Ion Exposure Results in Clustered
DNA Damage and Slower DNA Damage
Repair as Compared to X-Rays
Next to a transcriptional profiling, we evaluated the genotoxic
impact of radiation exposure in the PBMCs over time for all
radiation types. While quantification of DNA damage is
commonly performed by counting the number of nuclear
gH2AX foci (56, 57), high-LET radiation induces strongly
clustered breaks along the track of the beam that may result in
few microscopic foci, but with large relative size when a cell is
visualized perpendicular to the orientation of the beam track
(Figure 8A). gH2AX foci nuclear occupancy may therefore be a
better measure for damage severity (45). Indeed, when calculated
as the number of foci per nucleus, the absolute number of
unrepaired breaks after 24 h was similar for all radiation types
(Figure 8B). However, when considering foci occupancy, the
amount of unrepaired DNA double-strand breaks (DSBs) 24 h
after irradiation was 23% for X-rays, 42% for carbon ions and
31% for iron ions. When considering the foci occupancy per
nucleus, the amount of damage still present 24 h after exposure
to iron ions was comparable to the amount of damage observed
in X-irradiated cells at 0.5 h (Figure 8C). For X-rays and iron
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ions the maximal foci occupancy was detected at 0.5 h post-
irradiation, while for carbon ions this peak was observed at 2 h
post-irradiation. The severity of DNA damage and kinetics of the
repair were therefore clearly LET-dependent.

Gene Expression May Serve as a Proxy for
DNA Damage Repair Efficiency
To compare the changes in gene expression with DNA repair
kinetics at the level of individual donors, samples of four
individuals that were irradiated with iron ions were used. All
four individuals showed a clear reduction in the number of DSBs
with time (Figure 9A). However, for Donor 1 the percentage of
unrepaired DNA DSBs after 24 h was 43.6% and the difference
between the damage detected at 0.5 h and 24 h time point was
not statistically significant. In contrast, for the other donors this
difference was significant, and the percentages of unrepaired
damage were lower, ranging between 25.2-28.7%.

Hierarchical clustering of the gene expression profiles of
DNA repair-related genes showed time- and subject-dependent
expression. This resulted in two major clusters of samples
depending on the time point, with 24-h samples segregating
from 8-h and 12-h samples (Figure 9B). Within each time
cluster, expression profiles of Donor 1 clustered separately
from those of the other three subjects (Figure 9B). Several
radiation-induced DNA repair genes (e.g., PCNA, DDB2,
RBM14) showed an enhanced radiation response in Donor 1
compared to other donors, especially after a high dose
(Figures 9C–E). This donor also showed elevated levels of
expression of several DNA damage response-related genes,
(e.g., ATM, ATR, RAD51D, MRE11A) independent of the
irradiation dose and time point (Figures 9F–I). This indicates
that individual differences in the overall and radiation-induced
expression levels of DNA repair genes exist, which may possibly
explain individual differences in DNA repair kinetics.
DISCUSSION

In the present study, we compared the genome-wide
transcriptional response of human PBMCs after acute exposure
A B C

FIGURE 5 | GSEA analysis. GSEA enrichment plots for three gene sets following exposure to X-rays, carbon or iron ions: (A) p53 pathway, (B) Inflammatory
response, (C) TNFa signaling via NF-kB. Gene sets with a distinct peak at the beginning or the end of the ranked list are generally the most relevant, indicating that
this specific gene set is enriched in up- or down-regulated genes, respectively.
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FIGURE 6 | qRT-PCR validation of the microarray results. qRT-PCR results for NDUFAF6, PCNA, FDXR, MAMDC4, GADD45A, RPS27L, and ASTN2 genes (shown
in rows) at 8 and 24 h after irradiation with 0.25 and 1.00 Gy of X-rays, carbon or iron ions (shown in columns). Graphs represent mean of six biological replicates +
standard deviation. Statistical comparison between samples irradiated with different doses at two different time points was performed using 2-way ANOVA with
Bonferroni post-hoc test (*p < 0.05, **p < 0.005, ***p < 0.0001).
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FIGURE 7 | Radiation-induced alternative splicing. (A) Venn diagram showing the number of alternatively spliced genes with FDR-corrected p-value < 0.05 at 8 h after
exposure to 1 Gy of X-rays, carbon or iron ions. (B) Venn diagram showing the number of differentially expressed exons with FDR-corrected p-value < 0.05 at 8 h after
exposure to 1 Gy of X-rays, carbon or iron ions. (C) Changes in exon expression induced at 8 hours after exposure to 1 Gy of different radiation types. Centerlines show
the median, boxes represent the range between the first and third quartiles and whiskers represent the highest and lowest values. Statistical comparison was performed
using Wilcoxon matched-pairs signed rank test (****p-value < 0.0001). (D) Heatmap showing fold-changes in the expression of the 20-exon signature (probe set numbers
are shown in brackets) 8 hours after exposure to 1 Gy of different radiation types. This 20-exon signature was identified as particularly responsive to X-ray exposure (47).
(E–H) Alternative transcription/splicing of VWCE, FDXR, MAMDC4 and PCNA genes at 8 h after exposure to 1 Gy of X-rays, carbon or iron ions. Genomic organization of
each gene is shown below the graph in purple; every box represents an exon of the gene, schematic representation of the exons does not correspond to their actual
size. Fold-changes to control values are shown for every probe set specific to each exon of the gene. Median fold-change to control value for each radiation type is
shown with the dotted line. Error bars represent SEM (n = 10 for X-rays, n = 4 for carbon and iron ions). Statistical comparison between irradiated and non-irradiated
samples was performed using repeated measures 2-way ANOVA with Sidak’s post-hoc test (*p < 0.05, **p < 0.005, ***p < 0.001, ****p < 0.0001).
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to three radiation types with different LET characteristics:
X-rays, carbon and iron ions. An equal dose of 1 Gy was
used, as our main goal was to identify the differences in
response caused by high- and low-LET radiation rather than to
compare RBE-weighted doses. It was also previously suggested
to compare equal rather than equitoxic doses of high- and
low-LET radiation in the context of gene expression analysis
(58). In addition, we analyzed the DNA repair kinetics after
exposure to the above-mentioned radiation types.

In our study, we found a very similar primary p53-dependent
response to all radiation types at 8 h after exposure. The identity of
differentially expressed genes was in good accordance with other
transcriptional radiobiological studies performed on human blood
samples (59). A similar result was obtained by Sokolov and co-
authorswho showed that geneexpressionprofiles innormal human
fibroblasts following g-radiation and decays of high-LET-like 125I
share the majority of genes, indicating activation of similar
pathways (60). A study by Kurpinski and co-authors showed that
most of the differentially expressed genes which were in common
after exposure to 1 Gy of X-rays and iron ions in human
mesenchymal stem cells were involved in cell cycle and DNA
damage response and repair, which is in accordance with our
observations (61). Study by Ding et al. on human bronchial
epithelial cells exposed to 0.5 and 1 Gy of g-rays, 1000 MeV/
nucleon iron and silicon ions (LET of 150 and 44 keV/µm
respectively) showed induction of common gene sets related to
cell death, cell cycle regulation,DNArepair and cellular growth and
proliferation as well as activation of several p53-regulated genes for
all radiation types (62).However, the expression profiles were LET-
dependent and distinct enough to classify the samples according to
radiation type with very high accuracy (62).

Even though we also found several genes “unique” to a
specific radiation type, it is likely that many of them would
also respond to the other radiation types in a different
experimental set-up (i.e. time-dose combination) due to the
Frontiers in Oncology | www.frontiersin.org 12131
differences in RBE and\or gene expression kinetics, but what is
already clear from our and other studies is that the magnitude of
gene expression changes and the number of differentially
expressed genes are consistently higher for high-LET particles
(22). Some of the observed differences may be explained by the
different nature of X-rays (photons) and heavy ions (particles).
The DNA damage caused by particles is more complex and
difficult to repair compared to X-rays, as confirmed by slower
DNA repair kinetics shown in our study, which may result in
different signaling responses. A similar observation was made
after exposure to accelerated nickel ions, which induced a
persistent DNA damage response in endothelial cells up to 24
h after treatment (63). Even though the LET of iron ions was
higher than that of carbon ions we observed a more pronounced
response after exposure to the latter, for example, in case of gene
expression induction, alternative splicing and slower DNA repair
kinetics. This observation might possibly be explained by the
higher fluence used for the carbon irradiation resulting in cells
being hit by more ions, thus other factors and not just the LET
value alone should be considered when interpreting the results.

Interestingly, GSEA identified several immune response-
related gene sets as significantly enriched specifically in
samples irradiated with heavy ions. Paradoxically, radiation
was reported to modulate immune responses in a complex
dose-dependent manner with possible pro- and anti-
inflammatory responses (64). NF-kB is the key transcription
factor which plays a central role in regulation of the expression of
pro-inflammatory cytokines and chemokines such as TNF-a, IL-
1, IL-2, IL-6 and MCP-1 (20, 65). Low-dose radiation is well
known to treat benign inflammatory or hypoproliferative
conditions (66), and this is thought to be due to inhibition of
NF-kB at doses below 2 Gy (67), however, different cell types
show different sensitivity toward NF-kB inhibition/activation by
ionizing radiation. The possible mechanisms responsible for NF-
kB inhibition are the decrease in p38 (an up-stream molecule of
A CB

FIGURE 8 | DNA repair kinetics after exposure to different types of radiation. (A) Representative examples of immunostained gH2AX foci in PBMCs 6 h following
(from top to bottom) sham-irradiation, exposure to 1 Gy of X-rays, iron ions or carbon ions. (B) The number of gH2AX foci per nucleus after exposure to 1 Gy of
X-rays, carbon and iron ions at different time points (median of three biological replicates for X-rays and carbon ions and four biological replicates for iron ions, error
bars represent standard deviations). (C) The occupancy of gH2AX foci per nucleus (average of three biological replicates for X-rays and carbon ions and four
biological replicates for iron ions, error bars represent standard deviations) after exposure to 1 Gy of X-rays, carbon and iron ions at different time points. Statistical
comparison between irradiated and sham-irradiated samples was performed using unpaired t-test (*p < 0.05, **p < 0.005, ***p < 0.001, ****p < 0.0001).
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FIGURE 9 | Individual differences in DNA damage repair kinetics and gene expression induced by exposure to iron ions. (A) Individual DNA repair kinetics of four
donors shown as percentage of gH2AX foci occupancy compared to 1 Gy-irradiated sample at 0.5 h time point (baseline damage subtracted). Error bars represent
SEM of 2 technical replicates. Statistical comparison between the amount of damage per donor detected at 0.5 h and 24 h following irradiation was performed using
repeated measures 2-way ANOVA with Sidak’s post hoc test (*p < 0.05, **p < 0.005, ns-not significant). (B) Hierarchical clustering of DNA repair genes (MsigDB
gene set DNA Repair) shows time- and subject-dependent expression. (C–E) Dose-dependent expression of selected DNA repair genes shows higher induction in
Donor 1 compared to other donors. Bars show the mean of three time points, error bars show SD. Statistical comparison was performed using repeated measures
2-way ANOVA with Tukey’s post-hoc test (*p < 0.05, **p < 0.005, ***p < 0.001, ****p < 0.0001). (F–I) Expression levels of selected DNA repair genes shows overall
higher expression in Donor 1 compared to other donors. Box plots show the mean of all samples (all doses and time points), whiskers show minimal and maximal
values. Statistical comparison was performed using unpaired t-test (***p < 0.001) ns - not significant.
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NF-kB) (68) and decrease in 26S proteasome activity resulting in
prevention of the IkB regulatory complex degradation leading to
reduced translocation of NF-kB complex to the nucleus (69).
Radiation doses above 2 Gy have conversely been demonstrated
to increase the activity of NF-kB (64). In a study by Baumstark-
Khan and co-authors high-LET argon ions (272 keV/µm, 95
MeV/nucleon) induced a stronger NF-kB-dependent reporter
gene expression compared to X-rays (70). A later study from the
same group showed that carbon ions (33 and 73 keV/µm) and
X-rays activate NF-kB-dependent gene expression in HEK293
cells 4 h after exposure. However, activation by carbon ions was
induced by 1.3 Gy while activation by X-rays required a higher
dose of 16 Gy (71). A further group reported NF-kB activation in
normal human monocytes exposed to 0.7 Gy of iron ions (72).
Ding and co-authors found more significant expression changes
in the pro-inflammatory acute phase response pathway in
bronchial epithelial cells following the exposure to iron and
silicon ions compared to low-LET g-rays when using equal doses
of 0.5 and 1 Gy, which is in accordance with our results (62). We
hypothesize that the activation of immune response and
inflammation-related gene sets particularly by heavy ions
observed in our study is mainly due to the use of equal doses
of different radiation types. This observation suggesting overall
increase of carcinogenic potential related to NF-kB activation
(73, 74) by heavy ions at doses as low as 1 Gy might have
implications for both radiotherapy patients and astronauts on
long-term space missions.

However, there are two sides of the coin. Currently, it is
accepted that radiotherapy not only stimulates but can also
activate the immune system turning the tumor into an in situ
personalized vaccine (75). Diegeler and Hellweg emphasize
the intercellular communication between tumor cells and
immune cells after exposure to different radiation types and
sustain our observation that the level of expression of
cytokines, which modulate the immune cell behavior, is
LET dependent (76). Carbon ions were also shown to induce
anti-tumor immune response in a murine model (77). Another
study examining five human cancer cell lines showed that
comparable levels of high mobility group box 1, which plays an
important role in activating anti-tumor immunity, were detected
after irradiation with equitoxic doses of X-rays and carbon ions,
meaning that a lower dose of carbon ionswas needed to achieve the
same effect (78). These results suggest that carbon ion therapy
might activate the immune system to a greater extent than
conventional radiotherapy, even when equivalent doses are used.
Accumulating evidence demonstrates positive modulation of
immune cells by radiation increasing their anti-tumor activity,
however, there have also been reports of opposite effect of
radiation inhibiting effective anti-tumor responses of immune
cells (67). Therefore, further understanding of the effect of
different radiation types on cytokine production by the immune
cells is crucial for designing new therapeutic approaches combining
radiation and immunotherapies.

Another important aspect of the transcriptional response to
ionizing radiation (47, 54, 79) and other genotoxic agents (80–
84) is alternative splicing and transcription. Exposure to low and
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moderate doses of low-LET ionizing radiation initiates
alternative splicing and transcription of a large number of
genes (47, 54, 79). In the present study, we also assessed the
induction of alternative transcription and splicing by high- and
low-LET radiation and observed a more pronounced response
after exposure to heavy ions, especially carbon ions. A proteome-
wide study in mouse embryonic fibroblasts exposed to carbon
ions revealed significant changes in RNA metabolic processes,
including RNA splicing (85). The exons most extensively
regulated in response to X-ray exposure were not the most
regulated after heavy ions exposure, suggesting specificity in
response. Although it is not possible to draw any definite
conclusions on the biological relevance of this observation
from the microarray data, it is tempting to further study the
role of alternatively transcribed/spliced genes in response to
different radiation types. In a recent study exposure to UV was
shown to trigger a shift from protein-coding mRNA of the
ASCC3 gene, which was alternatively spliced in response to
heavy ions exposure in our set up, to a shorter non-coding
isoform incorporating an alternative last exon. This RNA
isoform, rather than the encoded protein, is critical for the
eventual recovery of transcription (86). The non-coding
ASCC3 isoform, in fact, counteracts the function of the
protein-coding isoform and has an opposite effect on
transcription recovery after UV-induced DNA damage (86).

Defects in DNA repair mechanisms often result in increased
radiosensitivity of cells (87–91). Studies aiming at establishing an
assay for predicting radiosensitivity focused on colony-forming
assays (92, 93) or the measurement of DNADSBs repair efficiency
by means of the comet assay (94–96) or the gH2AX assay (96, 97).
However, no single DNAdamage-based assay proved to be capable
of discriminating the full range of cellular radiosensitivity (98). A
possible explanation is that radiosensitivity can also be associated
with differences in cell cycle and apoptosis pathways regulation (99,
100). In this regard, transcriptional changes, which allow focusing
on several instead of isolated cellular aspects, were suggested to be a
promisingpredictive parameter for radiosensitivity (96, 101).Greve
and co-authors identified a set of 67 differentially expressed genes in
peripheral blood lymphocytes exposed to 5 Gy of g-rays, which
allowed distinguishing between the group of severely radiosensitive
and non-radiosensitive breast, head and neck carcinoma patients
(96). Rieger and co-workers used microarray gene expression
profiling in lymphoblastoid cells derived from a diverse group of
cancer patients with acute radiation toxicity. A set of 24 genes
predicted radiation toxicity in 9 of 14patientswith no false positives
among 43 controls (102).

In our study, we integrated the two approaches mentioned
above, DNA DSB repair efficiency and transcriptional changes,
based on the data of four donors after exposure of PBMCs to iron
ions. It is important to mention that all the subjects involved in
this study were apparently healthy, without any known abnormal
variations in radiosensitivity. We aimed at exploring whether
differences in gene expression can reflect the efficiency and
kinetics of DSB repair measured by gH2AX assay. Although we
did not find any significant differences in the repair efficiency
between the four donors, the donor that showed the lowest repair
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rate, also displayed a distinct DNA damage repair gene
expression profile after radiation exposure. This might imply
that this individual is more radiosensitive compared to the other
three donors. Interestingly, a recent study comparing
transcriptional response of radiosensitive and radioresistant
immortalized B-lymphocytes also showed a greater and
prolonged response of p53-regulated genes in radiosensitive
cells after exposure to 2 Gy of g-rays (103). A similar approach
of combining gH2AX with transcriptomics data was used for
biodosimetry purposes in mice injected with 137Cs and proved to
be more efficient than any of these methods alone (104).

Our study has limitations. First, the number of samples used
for microarray experiments is limited to 4 to 10 per experimental
condition, which might not be sufficient to draw definite
conclusions at this stage. Moreover, gene expression changes in
response to irradiation are very dynamic, thus the choice of the
dose and time point is critically important for correct
interpretation of the results. Our microarray study included
only one time point and one dose, therefore direct translation
of our results to radiotherapy, where higher doses are used, or
space flights, during which the total doses and dose rates are
lower, should be done cautiously. Nevertheless, several studies
addressing the effect of dose rate on gene expression were
previously performed in total body irradiated mice (105) and
ex vivo irradiated human blood (3.1 mGy/min vs 1.03 Gy/min)
(106). Overall, these studies showed that a significant number of
genes responded similarly to low dose rate and acute exposures.
Transcriptional response observed in blood samples obtained
from radiotherapy patients undergoing total body irradiation
was also in good accordance with the results obtained in in vitro
studies (107, 108). Therefore, we believe that as our findings are
in line with previously published results in other experimental
models, they can serve as a solid basis for further studies. Second,
at this stage our study describes the response to different
radiation types only at transcriptional level, therefore the
biological importance of our observations remains to be
investigated. Finally, only 4 donors were considered. Although
this study is small in scale, our results could be of interest for
assessing the DNA repair efficiency and overall response to
radiation in long-term space missions crew members and,
potentially, radiotherapy patients. Moreover, gene expression
measurements are more straight-forward and are technically less
affected by such factors as radiation type compared to the gH2AX
assay. At the same time, measuring gene expression for
radiosensitivity assessment allows having a broader look at the
cause of radiosensitivity as virtually any gene can be included in the
assay. In conclusion, we have shown that both low- and high-LET
irradiation induce similar transcriptional pathways, albeit with
variable amplitude and timing, but that high-LET radiation also
elicits specific and more persistent transcriptional events that may
exacerbate the carcinogenic potential or, on the other hand, induce
immune response against tumor cells. Our results imply that more
detailed investigations of transcriptional response could bring new
insight into differential normal tissue responses to high- and low-
LET radiation andmight have implications for the development of
particle therapy treatment and radiation protection.
Frontiers in Oncology | www.frontiersin.org 15134
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by SCK CEN Ethics Committee. The patients/
participants provided their written informed consent to
participate in this study.
AUTHOR CONTRIBUTIONS

EM, KT, AJ, and AM performed experiments. NA directed heavy
ion irradiations at GSI. EM and RQ analyzed data. EM, KT, MM,
SB, and RQ designed the study. MM, WV, SB, and RQ directed
the work. EM and RQ wrote the manuscript. All authors
contributed to the article and approved the submitted version.
FUNDING

This work was supported by ESA PRODEX contracts (PEA
4000130301 and PEA 4000109861), the University of Antwerp
(BOF/29267), by the ESA IBER-10 program project
“GYMBRASS” (AO-10-IBER-26) and a grant from the Belgian
FPS Economy, S.M.E.s, Self-employed and Energy (Belgian Royal
Decree of February 23 2018, Article. 3. §4. 3° Project 19). EM is
the recipient of a joint SCK CEN/UGent PhD scholarship. WV is
member of the Research Excellence Consortium mNEURO at the
University of Antwerp.
ACKNOWLEDGMENTS

The authors wish to thank theGSI physicists involved in dosimetry,
as well as the beam operator team for their help during numerous
night shifts. We would also like to thank the SCK CEN medical
service stafffor thehelpwith blooddrawingand all the blooddonors
involved in this study for their invaluable contribution.
SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fonc.2021.768493/
full#supplementary-material
November 2021 | Volume 11 | Article 768493

https://www.frontiersin.org/articles/10.3389/fonc.2021.768493/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.768493/full#supplementary-material
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Macaeva et al. Transcriptional Response to Low- and High-LET Radiation
REFERENCES
1. Kim PJ, Shih HA. The Place of Ion Beams in Clinical Applications. In: Linz

U, editor. Ion Beam Therapy. Biological and Medical Physics, Biomedical
Engineering, vol 320. Springer, Berlin, Heidelberg (2012). doi: 10.1007/978-
3-642-21414-1_2

2. LaRiviere MJ, Santos PMG, Hill-Kayser CE, Metz JM. Proton Therapy.
Hematol Oncol Clin North Am (2019) 33(6):989–1009. doi: 10.1016/j.hoc.
2019.08.006

3. Thomas H, Timmermann B. Paediatric Proton Therapy. Br J Radiol (2020)
93(1107):20190601. doi: 10.1259/bjr.20190601

4. Baumann M, Krause M, Overgaard J, Debus J, Bentzen SM, Daartz J, et al.
Radiation Oncology in the Era of Precision Medicine.Nat Rev Cancer (2016)
16(4):234–49. doi: 10.1038/nrc.2016.18

5. Moteabbed M, Yock TI, Paganetti H. The Risk of Radiation-Induced Second
Cancers in the High to Medium Dose Region: A Comparison Between
Passive and Scanned Proton Therapy, IMRT and VMAT for Pediatric
Patients With Brain Tumors. Phys Med Biol (2014) 59(12):2883–99.
doi: 10.1088/0031-9155/59/12/2883

6. Durante M, Orecchia R, Loeffler JS. Charged-Particle Therapy in Cancer:
Clinical Uses and Future Perspectives. Nat Rev Clin Oncol (2017) 14(8):483–
95. doi: 10.1038/nrclinonc.2017.30

7. KramerM,WeyratherWK, ScholzM. The Increased Biological Effectiveness of
Heavy Charged Particles: From Radiobiology to Treatment Planning. Technol
Cancer Res Treat (2003) 2(5):427–36. doi: 10.1177/153303460300200507

8. Held KD, Kawamura H, Kaminuma T, Paz AE, Yoshida Y, Liu Q, et al.
Effects of Charged Particles on Human Tumor Cells. Front Oncol (2016)
6:23. doi: 10.3389/fonc.2016.00023

9. Ando K, Kase Y. Biological Characteristics of Carbon-Ion Therapy. Int J
Radiat Biol (2009) 85(9):715–28. doi: 10.1080/09553000903072470

10. De Ruysscher D, Niedermann G, Burnet NG, Siva S, Lee AWM, Hegi-
Johnson F. Radiotherapy Toxicity. Nat Rev Dis Primers (2019) 5(1):13.
doi: 10.1038/s41572-019-0064-5

11. Bentzen SM. Preventing or Reducing Late Side Effects of Radiation Therapy:
Radiobiology Meets Molecular Pathology. Nat Rev: Cancer (2006) 6(9):702–
13. doi: 10.1038/nrc1950

12. Barnett GC, West CM, Dunning AM, Elliott RM, Coles CE, Pharoah PD,
et al. Normal Tissue Reactions to Radiotherapy: Towards Tailoring
Treatment Dose by Genotype. Nat Rev: Cancer (2009) 9(2):134–42.
doi: 10.1038/nrc2587

13. Chancellor JC, Scott GB, Sutton JP. Space Radiation: The Number One Risk
to Astronaut Health Beyond Low Earth Orbit. Life (Basel) (2014) 4(3):491–
510. doi: 10.3390/life4030491

14. Simpson JA. Elemental and Isotopic Composition of the Galactic Cosmic-
Rays.Annu Rev Nucl Particle Sci (1983) 33:323–81. doi: 10.1146/annurev.ns.33.
120183.001543

15. Kim M, Cucinotta F, Chappell L. Evaluating Shielding Approaches to
Reduce Space Radiation Cancer Risks. In: Nasa. Houston: NASA (2012).

16. Durante M, Cucinotta FA. Heavy Ion Carcinogenesis and Human Space
Exploration. Nat Rev Cancer (2008) 8(6):465–72. doi: 10.1038/nrc2391

17. Cucinotta FK, M, Chappell L. Space Radiation Cancer Risk Projections and
Uncertainties - 2012. NASA Technical Publication, 2013-217375. Houston:
NASA (2013).

18. Blakely EA. New Measurements for Hadrontherapy and Space Radiation:
Biology. Phys Med (2001) 17 Suppl 1:50–8.

19. Durante M. Heavy Ion Radiobiology for Hadrontherapy and Space
Radiation Protection. Radiother Oncol (2004) 73(Suppl 2):S158–60. doi:
10.1016/S0167-8140(04)80040-9

20. Fernandez-Gonzalo R, Baatout S, Moreels M. Impact of Particle Irradiation
on the Immune System: From the Clinic to Mars. Front Immunol (2017)
8:177. doi: 10.3389/fimmu.2017.00177

21. Amundson SA, Bittner M, Fornace AJ Jr. Functional Genomics as a Window
on Radiation Stress Signaling. Oncogene (2003) 22(37):5828–33.
doi: 10.1038/sj.onc.1206681

22. Amundson SA. Gene Expression Studies for the Development of Particle
Therapy. Int J Part Ther (2018) 5(1):49–59. doi: 10.14338/IJPT-18-00010.1

23. Moertl S, Buschmann D, Azimzadeh O, Schneider M, Kell R, Winkler K,
et al. Radiation Exposure of Peripheral Mononuclear Blood Cells Alters the
Frontiers in Oncology | www.frontiersin.org 16135
Composition and Function of Secreted Extracellular Vesicles. Int J Mol Sci
(2020) 21(7):2336. doi: 10.3390/ijms21072336

24. Chauhan V, Howland M,Wilkins R. Identification of Gene-Based Responses
in Human Blood Cells Exposed to Alpha Particle Radiation. BMC Med
Genomics (2014) 7:43. doi: 10.1186/1755-8794-7-43

25. Broustas CG, Xu Y, Harken AD, Chowdhury M, Garty G, Amundson SA.
Impact of Neutron Exposure on Global Gene Expression in a Human
Peripheral Blood Model. Radiat Res (2017) 187(4):433–40. doi: 10.1667/
RR0005.1

26. Mukherjee S, Grilj V, Broustas CG, Ghandhi SA, Harken AD, Garty G, et al.
Human Transcriptomic Response to Mixed Neutron-Photon Exposures
Relevant to an Improvised Nuclear Device. Radiat Res (2019) 192(2):189–
99. doi: 10.1667/RR15281.1

27. Broustas CG, Andrew D. Harken AD, Garty G, Amundson SA.
Identification of Differentially Expressed Genes and Pathways in Mice
Exposed to Mixed Field Neutron/Photon Radiation. BMC Genomics
(2018) 19(504). doi: 10.1186/s12864-018-4884-6

28. Broustas CG, Xu Y, Harken AD, Garty G, Amundson SA. Comparison of
Gene Expression Response to Neutron and X-Ray Irradiation Using Mouse
Blood. BMC Genomics (2017) 18(1):2. doi: 10.1186/s12864-016-3436-1

29. Skopek TR, Liber HL, Penman BW, Thilly WG. Isolation of a Human
Lymphoblastoid Line Heterozygous at the Thymidine Kinase Locus:
Possibility for a Rapid Human Cell Mutation Assay. Biochem Biophys Res
Commun (1978) 84(2):411–6. doi: 10.1016/0006-291x(78)90185-7

30. Xia F, Wang X, Wang YH, Tsang NM, Yandell DW, Kelsey KT, et al. Altered
P53 Status Correlates With Differences in Sensitivity to Radiation-Induced
Mutation and Apoptosis in Two Closely Related Human Lymphoblast Lines.
Cancer Res (1995) 55(1):12–5.

31. Chuang YY, Chen Q, Brown JP, Sedivy JM, Liber HL. Radiation-Induced
Mutations at the Autosomal Thymidine Kinase Locus Are Not Elevated in
P53-Null Cells. Cancer Res (1999) 59(13):3073–6.

32. Luoni F, Weber U, Boscolo D, Durante M, Reidel C-A, Schuy C, et al. Beam
Monitor Calibration for Radiobiological Experiments With Scanned High
Energy Heavy Ion Beams at FAIR. Front Phys (2020) 8(397). doi: 10.3389/
fphy.2020.568145

33. Krämer M, Jäkel O, Haberer T, Kraft G, Schardt D, Weber U. Treatment
Planning for Heavy-Ion Radiotherapy: Physical Beam Model and Dose
Optimization. Phys Med Biol (2000) 45(11):3299–317. doi: 10.1088/0031-
9155/45/11/313

34. Wu Z, Irizarry RA. Preprocessing of Oligonucleotide Array Data. Nat
Biotechnol (2004) 22(6):656–8; author reply 658. doi: 10.1038/nbt0604-656b

35. Benjamini Y, Hochberg Y. Controlling the False Discovery Rate: A Practical
and Powerful Approach to Multiple Testing. J R Stat Soc (1995) 57(1):289–
300. doi: 10.1111/j.2517-6161.1995.tb02031.x

36. Oliveros JC. Venny. An Interactive Tool for Comparing Lists With Venn's
Diagrams. (2007–2015).

37. Pfaffl MW. A New Mathematical Model for Relative Quantification in
Real-Time RT-PCR. Nucleic Acids Res (2001) 29(9):e45. doi: 10.1093/nar/
29.9.e45

38. Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe A,
et al. Accurate Normalization of Real-Time Quantitative RT-PCR Data by
Geometric Averaging of Multiple Internal Control Genes. Genome Biol
(2002) 3(7):RESEARCH0034. doi: 10.1186/gb-2002-3-7-research0034

39. Plaisier SB, Taschereau R, Wong JA, Graeber TG. Rank-Rank
Hypergeometric Overlap: Identification of Statistically Significant Overlap
Between Gene-Expression Signatures. Nucleic Acids Res (2010) 38(17):e169.
doi: 10.1093/nar/gkq636

40. Chen EY, Tan CM, Kou Y, Duan Q, Wang Z, Meirelles GV, et al. Enrichr:
Interactive and Collaborative HTML5 Gene List Enrichment Analysis Tool.
BMC Bioinf (2013) 14:128. doi: 10.1186/1471-2105-14-128

41. Kuleshov MV, Jones MR, Rouillard AD, Fernandez NF, Duan Q, Wang Z,
et al. Enrichr: A Comprehensive Gene Set Enrichment Analysis Web Server
2016 Update. Nucleic Acids Res (2016) 44(W1):W90–7. doi: 10.1093/nar/
gkw377

42. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette
MA, et al. Gene Set Enrichment Analysis: A Knowledge-Based Approach for
Interpreting Genome-Wide Expression Profiles. Proc Natl Acad Sci USA
(2005) 102(43):15545–50. doi: 10.1073/pnas.0506580102
November 2021 | Volume 11 | Article 768493

https://doi.org/10.1016/j.hoc.2019.08.006
https://doi.org/10.1016/j.hoc.2019.08.006
https://doi.org/10.1259/bjr.20190601
https://doi.org/10.1038/nrc.2016.18
https://doi.org/10.1088/0031-9155/59/12/2883
https://doi.org/10.1038/nrclinonc.2017.30
https://doi.org/10.1177/153303460300200507
https://doi.org/10.3389/fonc.2016.00023
https://doi.org/10.1080/09553000903072470
https://doi.org/10.1038/s41572-019-0064-5
https://doi.org/10.1038/nrc1950
https://doi.org/10.1038/nrc2587
https://doi.org/10.3390/life4030491
https://doi.org/10.1146/annurev.ns.33.120183.001543
https://doi.org/10.1146/annurev.ns.33.120183.001543
https://doi.org/10.1038/nrc2391
https://doi.org/10.1016/S0167-8140(04)80040-9
https://doi.org/10.3389/fimmu.2017.00177
https://doi.org/10.1038/sj.onc.1206681
https://doi.org/10.14338/IJPT-18-00010.1
https://doi.org/10.3390/ijms21072336
https://doi.org/10.1186/1755-8794-7-43
https://doi.org/10.1667/RR0005.1
https://doi.org/10.1667/RR0005.1
https://doi.org/10.1667/RR15281.1
https://doi.org/10.1186/s12864-018-4884-6
https://doi.org/10.1186/s12864-016-3436-1
https://doi.org/10.1016/0006-291x(78)90185-7
https://doi.org/10.3389/fphy.2020.568145
https://doi.org/10.3389/fphy.2020.568145
https://doi.org/10.1088/0031-9155/45/11/313
https://doi.org/10.1088/0031-9155/45/11/313
https://doi.org/10.1038/nbt0604-656b
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1186/gb-2002-3-7-research0034
https://doi.org/10.1093/nar/gkq636
https://doi.org/10.1186/1471-2105-14-128
https://doi.org/10.1093/nar/gkw377
https://doi.org/10.1093/nar/gkw377
https://doi.org/10.1073/pnas.0506580102
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Macaeva et al. Transcriptional Response to Low- and High-LET Radiation
43. De Vos WH, Van Neste L, Dieriks B, Joss GH, Van Oostveldt P. High
Content Image Cytometry in the Context of Subnuclear Organization.
Cytomet A (2010) 77(1):64–75. doi: 10.1002/cyto.a.20807

44. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T,
et al. Fiji: An Open-Source Platform for Biological-Image Analysis. Nat
Methods (2012) 9(7):676–82. doi: 10.1038/nmeth.2019

45. Dieriks B, De Vos W, Meesen G, Van Oostveldt K, De Meyer T, Ghardi M,
et al. High Content Analysis of Human Fibroblast Cell Cultures After Exposure
to Space Radiation. Radiat Res (2009) 172(4):423–36. doi: 10.1667/RR1682.1

46. El-Saghire H, Thierens H, Monsieurs P, Michaux A, Vandevoorde C,
Baatout S. Gene Set Enrichment Analysis Highlights Different Gene
Expression Profiles in Whole Blood Samples X-Irradiated With Low and
High Doses. Int J Radiat Biol (2013) 89(8):628–38. doi: 10.3109/
09553002.2013.782448

47. Macaeva E, Saeys Y, Tabury K, Janssen A, Michaux A, Benotmane MA, et al.
Radiation-Induced Alternative Transcription and Splicing Events and Their
Applicability to Practical Biodosimetry. Sci Rep (2016) 6:19251. doi: 10.1038/
srep19251

48. Macaeva E, Mysara M, De Vos W, Baatout S, Quintens R. Gene Expression-
Based Biodosimetry for Radiological Incidents: Assessment of Dose and
Time After Radiation Exposure. Int J Radiat Biol (2019) 95(1):64–75. doi:
10.1080/09553002.2018.1511926

49. Fischer M. Census and Evaluation of P53 Target Genes. Oncogene (2017) 36
(28):3943–56. doi: 10.1038/onc.2016.502

50. Tanikawa C, Furukawa Y, Yoshida N, Arakawa H, Nakamura Y, Matsuda K.
XEDAR as a Putative Colorectal Tumor Suppressor That Mediates P53-
Regulated Anoikis Pathway. Oncogene (2009) 28(34):3081–92. doi: 10.1038/
onc.2009.154

51. Mello SS, Valente LJ, Raj N, Seoane JA, Flowers BM,McClendon J, et al. A P53
Super-Tumor Suppressor Reveals a Tumor Suppressive P53-Ptpn14-Yap Axis
in Pancreatic Cancer. Cancer Cell (2017) 32(4):460–73. doi: 10.1016/j.
ccell.2017.09.007

52. Mootha VK, Lindgren CM, Eriksson KF, Subramanian A, Sihag S, Lehar J,
et al. PGC-1alpha-Responsive Genes Involved in Oxidative Phosphorylation
Are Coordinately Downregulated in Human Diabetes. Nat Genet (2003) 34
(3):267–73. doi: 10.1038/ng1180

53. Forrester HB, Li J, Hovan D, Ivashkevich AN, Sprung CN. DNA Repair
Genes: Alternative Transcription and Gene Expression at the Exon Level in
Response to the DNA Damaging Agent, Ionizing Radiation. PloS One (2012)
7(12):e53358. doi: 10.1371/journal.pone.0053358

54. Sprung CN, Li J, Hovan D, McKay MJ, Forrester HB. Alternative Transcript
Initiation and Splicing as a Response to DNA Damage. PloS One (2011) 6
(10):e25758. doi: 10.1371/journal.pone.0025758

55. Wahba A, Ryan MC, Shankavaram UT, Camphausen K, Tofilon PJ.
Radiation-Induced Alternative Transcripts as Detected in Total and
Polysome-Bound Mrna. Oncotarget (2018) 9(1):691–705. doi: 10.18632/
oncotarget.21672

56. Dieriks B, De Vos W, Baatout S, Van Oostveldt P. Repeated Exposure of
Human Fibroblasts to Ionizing Radiation Reveals an Adaptive Response
That Is Not Mediated by Interleukin-6 or TGF-Beta. Mutat Research-
Fundamental Mol Mech Mutagene (2011) 715(1-2):19–24. doi: 10.1016/
j.mrfmmm.2011.07.002

57. Rombouts C, Aerts A, Beck M, De Vos WH, Van Oostveldt P, Benotmane
MA, et al. Differential Response to Acute Low Dose Radiation in Primary
and Immortalized Endothelial Cells. Int J Radiat Biol (2013) 89(10):841–50.
doi: 10.3109/09553002.2013.806831

58. Suetens A, Moreels M, Quintens R, Soors E, Buset J, Chiriotti S, et al. Dose-
and Time-Dependent Gene Expression Alterations in Prostate and Colon
Cancer Cells After In Vitro Exposure to Carbon Ion and X-Irradiation.
J Radiat Res (2015) 56(1):11–21. doi: 10.1093/jrr/rru070

59. Lacombe J, Sima C, Amundson SA, Zenhausern F. Candidate Gene
Biodosimetry Markers of Exposure to External Ionizing Radiation in
Human Blood: A Systematic Review. PloS One (2018) 13(6):e0198851.
doi: 10.1371/journal.pone.0198851

60. Sokolov M, Panyutin IG, Neumann R. Genome-Wide Gene Expression
Changes in Normal Human Fibroblasts in Response to Low-LET Gamma-
Radiation and High-LET-Like 125iudr Exposures. Radiat Prot Dosimet
(2006) 122(1-4):195–201. doi: 10.1093/rpd/ncl423
Frontiers in Oncology | www.frontiersin.org 17136
61. Kurpinski K, Jang DJ, Bhattacharya S, Rydberg B, Chu J, So J, et al.
Differential Effects of X-Rays and High-Energy Fe-56 Ions on Human
Mesenchymal Stem Cells. Int J Radiat Oncol Biol Phys (2009) 73(3):869–
77. doi: 10.1016/j.ijrobp.2008.10.002

62. Ding LH, Park S, Peyton M, Girard L, Xie Y, Minna JD, et al. Distinct
Transcriptome Profiles Identified in Normal Human Bronchial Epithelial
Cells After Exposure to Gamma-Rays and Different Elemental Particles of
High Z and Energy. BMC Genomics (2013) 14:372. doi: 10.1186/1471-2164-
14-372

63. Beck M, Rombouts C, Moreels M, Aerts A, Quintens R, Tabury K, et al.
Modulation of Gene Expression in Endothelial Cells in Response to High LET
Nickel Ion Irradiation. Int J Mol Med (2014) 34(4):1124–32. doi: 10.3892/
ijmm.2014.1893

64. Hellweg CE. The Nuclear Factor Kappab Pathway: A Link to the Immune
System in the Radiation Response. Cancer Lett (2015) 368(2):275–89.
doi: 10.1016/j.canlet.2015.02.019

65. Lin Y, Bai L, Chen WJ, Xu SL. The NF-Kappa B Activation Pathways,
Emerging Molecular Targets for Cancer Prevention and Therapy. Expert
Opin Ther Targets (2010) 14(1):45–55. doi: 10.1517/14728220903431069

66. Hildebrandt G, Seed MP, Freemantle CN, Alam CA, Colville-Nash PR,
Trott KR. Mechanisms of the Anti-Inflammatory Activity of Low-Dose
Radiation Therapy. Int J Radiat Biol (1998) 74(3):367–78. doi: 10.1080/
095530098141500

67. Kumari A, Simon SS, Moody TD, Garnett-Benson C. Immunomodulatory
Effects of Radiation: What Is Next for Cancer Therapy? Future Oncol
(London England) (2016) 12(2):239–56. doi: 10.2217/fon.15.300

68. Lodermann B, Wunderlich R, Frey S, Schorn C, Stangl S, Rodel F, et al. Low
Dose Ionising Radiation Leads to a NF-Kappab Dependent Decreased
Secretion of Active IL-1beta by Activated Macrophages With a
Discontinuous Dose-Dependency. Int J Radiat Biol (2012) 88(10):727–34.
doi: 10.3109/09553002.2012.689464

69. Pajonk F, McBrideWH. Ionizing Radiation Affects 26s Proteasome Function
and Associated Molecular Responses, Even at Low Doses. Radiother Oncol
(2001) 59(2):203–12. doi: 10.1016/S0167-8140(01)00311-5

70. Baumstark-Khan C, Hellweg CE, Arenz A, Meier MM. Cellular Monitoring
of the Nuclear Factor Kappa B Pathway for Assessment of Space
Environmental Radiation. Radiat Res (2005) 164(4):527–30. doi: 10.1667/
Rr3397.1

71. Hellweg CE, Baumstark-Khan C, Schmitz C, Lau P, Meier MM, Testard I,
et al. Carbon-Ion-Induced Activation of the NF-Kappa B Pathway. Radiat
Res (2011) 175(4):424–31. doi: 10.1667/Rr2423.1

72. Natarajan M, Aravindan N, Meltz ML, Herman TS. Post-Translational
Modification of I-Kappa B Alpha Activates NF-Kappa B in Human
Monocytes Exposed to 56Fe Ions. Radiat Environ Biophys (2002) 41
(2):139–44. doi: 10.1007/s00411-002-0143-x

73. Karin M. NF-Kappab as a Critical Link Between Inflammation and
Cancer. Cold Spring Harbor Perspect Biol (2009) 1(5):a000141. doi: 10.
1101/cshperspect.a000141

74. Multhoff G, Radons J. Radiation, Inflammation, and Immune Responses in
Cancer. Front Oncol (2012) 2:58. doi: 10.3389/fonc.2012.00058

75. Golden EB, Marciscano AE, Formenti SC. Radiation Therapy and the in Situ
Vaccination Approach. Int J Radiat Oncol Biol Phys (2020) 108(4):891–8.
doi: 10.1016/j.ijrobp.2020.08.023

76. Diegeler S, Hellweg CE. Intercellular Communication of Tumor Cells and
Immune Cells After Exposure to Different Ionizing Radiation Qualities.
Front Immunol (2017) 8:664. doi: 10.3389/fimmu.2017.00664

77. Matsunaga A, Ueda Y, Yamada S, Harada Y, Shimada H, Hasegawa M, et al.
Carbon-Ion Beam Treatment Induces Systemic Antitumor Immunity
Against Murine Squamous Cell Carcinoma. Cancer (2010) 116(15):3740–
8. doi: 10.1002/cncr.25134

78. Yoshimoto Y, Oike T, Okonogi N, Suzuki Y, Ando K, Sato H, et al. Carbon-
Ion Beams Induce Production of an Immune Mediator Protein, High
Mobility Group Box 1, at Levels Comparable With X-Ray Irradiation.
J Radiat Res (2015) 56(3):509–14. doi: 10.1093/jrr/rrv007

79. Quintens R, Verreet T, Janssen A, Neefs M, Leysen L, Michaux A, et al.
Identification of Novel Radiation-Induced P53-Dependent Transcripts
Extensively Regulated During Mouse Brain Development. Biol Open
(2015) 4(3):331–44. doi: 10.1242/bio.20149969
November 2021 | Volume 11 | Article 768493

https://doi.org/10.1002/cyto.a.20807
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1667/RR1682.1
https://doi.org/10.3109/09553002.2013.782448
https://doi.org/10.3109/09553002.2013.782448
https://doi.org/10.1038/srep19251
https://doi.org/10.1038/srep19251
https://doi.org/10.1080/09553002.2018.1511926
https://doi.org/10.1038/onc.2016.502
https://doi.org/10.1038/onc.2009.154
https://doi.org/10.1038/onc.2009.154
https://doi.org/10.1016/j.ccell.2017.09.007
https://doi.org/10.1016/j.ccell.2017.09.007
https://doi.org/10.1038/ng1180
https://doi.org/10.1371/journal.pone.0053358
https://doi.org/10.1371/journal.pone.0025758
https://doi.org/10.18632/oncotarget.21672
https://doi.org/10.18632/oncotarget.21672
https://doi.org/10.1016/j.mrfmmm.2011.07.002
https://doi.org/10.1016/j.mrfmmm.2011.07.002
https://doi.org/10.3109/09553002.2013.806831
https://doi.org/10.1093/jrr/rru070
https://doi.org/10.1371/journal.pone.0198851
https://doi.org/10.1093/rpd/ncl423
https://doi.org/10.1016/j.ijrobp.2008.10.002
https://doi.org/10.1186/1471-2164-14-372
https://doi.org/10.1186/1471-2164-14-372
https://doi.org/10.3892/ijmm.2014.1893
https://doi.org/10.3892/ijmm.2014.1893
https://doi.org/10.1016/j.canlet.2015.02.019
https://doi.org/10.1517/14728220903431069
https://doi.org/10.1080/095530098141500
https://doi.org/10.1080/095530098141500
https://doi.org/10.2217/fon.15.300
https://doi.org/10.3109/09553002.2012.689464
https://doi.org/10.1016/S0167-8140(01)00311-5
https://doi.org/10.1667/Rr3397.1
https://doi.org/10.1667/Rr3397.1
https://doi.org/10.1667/Rr2423.1
https://doi.org/10.1007/s00411-002-0143-x
https://doi.org/10.1101/cshperspect.a000141
https://doi.org/10.1101/cshperspect.a000141
https://doi.org/10.3389/fonc.2012.00058
https://doi.org/10.1016/j.ijrobp.2020.08.023
https://doi.org/10.3389/fimmu.2017.00664
https://doi.org/10.1002/cncr.25134
https://doi.org/10.1093/jrr/rrv007
https://doi.org/10.1242/bio.20149969
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Macaeva et al. Transcriptional Response to Low- and High-LET Radiation
80. Munoz MJ, Perez Santangelo MS, Paronetto MP, de la Mata M, Pelisch F,
Boireau S, et al. DNA Damage Regulates Alternative Splicing Through
Inhibition of RNA Polymerase II Elongation. Cell (2009) 137(4):708–20.
doi: 10.1016/j.cell.2009.03.010

81. Dutertre M, Sanchez G, De Cian MC, Barbier J, Dardenne E, Gratadou L,
et al. Cotranscriptional Exon Skipping in the Genotoxic Stress Response. Nat
Struct Mol Biol (2010) 17(11):1358–66. doi: 10.1038/nsmb.1912

82. Paronetto MP, Minana B, Valcarcel J. The Ewing Sarcoma Protein Regulates
DNA Damage-Induced Alternative Splicing. Mol Cell (2011) 43(3):353–68.
doi: 10.1016/j.molcel.2011.05.035

83. Tresini M, Warmerdam DO, Kolovos P, Snijder L, Vrouwe MG, Demmers
JAA, et al. The Core Spliceosome as Target and Effector of Non-Canonical
ATM Signalling. Nature (2015) 523(7558):53. doi: 10.1038/nature14512

84. Shkreta L, Toutant J, Durand M, Manley JL, Chabot B. SRSF10 Connects
DNA Damage to the Alternative Splicing of Transcripts Encoding
Apoptosis, Cell-Cycle Control, and DNA Repair Factors. Cell Rep (2016)
17(8):1990–2003. doi: 10.1016/j.celrep.2016.10.071

85. Wang Y, Guan H, Xie DF, Xie Y, Liu XD, Wang Q, et al. Proteomic
Analysis Implicates Dominant Alterations of RNA Metabolism and the
Proteasome Pathway in the Cellular Response to Carbon-Ion Irradiation.
PloS One (2016) 11(10):e0163896. doi: 10.1371/journal.pone.0163896

86. Williamson L, Saponaro M, Boeing S, East P, Mitter R, Kantidakis T, et al.
UV Irradiation Induces a Non-Coding RNA That Functionally Opposes the
Protein Encoded by the Same Gene. Cell (2017) 168(5):843–55.e13.
doi: 10.1016/j.cell.2017.01.019

87. Lavin LF, Khanna KK. Review: ATM: The Protein Encoded by the Gene
Mutated in the Radiosensitive Syndrome Ataxia-Telangiectasia. Int J Radiat
Biol (1999) 75(10):1201–14. doi: 10.1080/095530099139359

88. Taylor AMR, Groom A, Byrd PJ. Ataxia-Telangiectasia-Like Disorder
(ATLD) - Its Clinical Presentation and Molecular Basis. DNA Repair
(2004) 3(8-9):1219–25. doi: 10.1016/j.dnarep.2004.04.009

89. Dvorak CC, Cowan MJ. Radiosensitive Severe Combined Immunodeficiency
Disease. Immunol Allergy Clin N Am (2010) 30(1):125. doi: 10.1016/
j.iac.2009.10.004

90. Riballo E, Critchlow SE, Teo SH, Doherty AJ, Priestley A, Broughton B,
et al. Identification of a Defect in DNA Ligase IV in a Radiosensitive
Leukaemia Patient. Curr Biol (1999) 9(13):699–702. doi: 10.1016/S0960-
9822(99)80311-X

91. Digweed M, Sperling K. Nijmegen Breakage Syndrome: Clinical
Manifestation of Defective Response to DNA Double-Strand Breaks. DNA
Repair (2004) 3(8-9):1207–17. doi: 10.1016/j.dnarep.2004.03.004

92. Burnet NG, Nyman J, Turesson I, Wurm R, Yarnold JR, Peacock JH.
Prediction of Normal-Tissue Tolerance to Radiotherapy From in-Vitro
Cellular Radiation Sensitivity. Lancet (1992) 339(8809):1570–1. doi: 10.1016/
0140-6736(92)91833-T

93. Geara FB, Peters LJ, Ang KK, Wike JL, Brock WA. Prospective Comparison
of In Vitro Normal Cell Radiosensitivity and Normal Tissue Reactions in
Radiotherapy Patients. Int J Radiat Oncol Biol Phys (1993) 27(5):1173–9. doi:
10.1016/0360-3016(93)90540-C

94. Joubert A, Zimmerman KM, Bencokova Z, Gastaldo J, Chavaudra N,
Favaudon V, et al. DNA Double-Strand Break Repair Defects in
Syndromes Associated With Acute Radiation Response: At Least Two
Different Assays to Predict Intrinsic Radiosensitivity? Int J Radiat Biol
(2008) 84(2):107–25. doi: 10.1080/09553000701797039

95. Strasser H, Grabenbauer GG, Sprung CN, Sauer R, Distel LVR. DNA
Double-Strand Break Induction and Repair in Irradiated Lymphoblastoid,
Fibroblast Cell Lines and White Blood Cells From ATM, NBS and
Radiosensitive Patients. Strahlenther und Onkologie (2007) 183(8):447–53.
doi: 10.1007/s00066-007-1683-4

96. Greve B, Bolling T, Amler S, Rossler U, Gomolka M, Mayer C, et al.
Evaluation of Different Biomarkers to Predict Individual Radiosensitivity in
an Inter-Laboratory Comparison-Lessons for Future Studies. PloS One
(2012) 7(10). doi: 10.1371/journal.pone.0047185
Frontiers in Oncology | www.frontiersin.org 18137
97. Martin NT, Nahas SA, Tunuguntla R, Fike F, Gatti RA. Assessing
'Radiosensitivity' With Kinetic Profiles of Gamma-H2AX, 53BP1 and
BRCA1 Foci. Radiother Oncol (2011) 101(1):35–8. doi: 10.1016/j.radonc.
2011.05.065

98. Chua MLK, Rothkamm K. Biomarkers of Radiation Exposure: Can They
Predict Normal Tissue Radiosensitivity? Clin Oncol (2013) 25(10):610–6.
doi: 10.1016/j.clon.2013.06.010

99. Hornhardt S, Rossler U, Sauter W, Rosenberger A, Illig T, Bickeboller H,
et al. Genetic Factors in Individual Radiation Sensitivity. DNA Repair (Amst)
(2014) 16:54–65. doi: 10.1016/j.dnarep.2014.02.001

100. Snyder AR, Morgan WF. Gene Expression Profiling After Irradiation: Clues
to Understanding Acute and Persistent Responses? Cancer Metastasis Rev
(2004) 23(3-4):259–68. doi: 10.1023/B:CANC.0000031765.17886.fa

101. Svensson JP, Stalpers LJA, Esveldt-van Lange REE, Franken NAP, Haveman
J, Klein B, et al. Analysis of Gene Expression Using Gene Sets Discriminates
Cancer Patients With and Without Late Radiation Toxicity. PloS Med (2006)
3(10):1904–14. doi: 10.1371/journal.pmed.0030422

102. Rieger KE, Hong WJ, Tusher VG, Tang J, Tibshirani R, Chu G. Toxicity
From Radiation Therapy Associated With Abnormal Transcriptional
Responses to DNA Damage. Proc Natl Acad Sci USA (2004) 101(17):6635–
40. doi: 10.1073/pnas.0307761101

103. Borras-Fresneda M, Barquinero JF, Gomolka M, Hornhardt S, Rossler U,
Armengol G, et al. Differences in DNA Repair Capacity, Cell Death and
Transcriptional Response After Irradiation Between a Radiosensitive and a
Radioresistant Cell Line. Sci Rep (2016) 6:27043. doi: 10.1038/srep27043

104. Shuryak I, Ghandhi SA, Turner HC, Weber W, Melo D, Amundson SA, et al.
Dose and Dose-Rate Effects in a Mouse Model of Internal Exposure From
137Cs. Part 2: Integration of Gamma-H2AX and Gene Expression
Biomarkers for Retrospective Radiation Biodosimetry. Radiat Res (2020)
196(5):491–500. doi: 10.1667/RADE-20-00042.1

105. Paul S, Smilenov LB, Elliston CD, Amundson SA. Radiation Dose-Rate
Effects on Gene Expression in a Mouse Biodosimetry Model. Radiat Res
(2015) 184(1):24–32. doi: 10.1667/RR14044.1

106. Ghandhi SA, Smilenov LB, Elliston CD, Chowdhury M, Amundson SA.
Radiation Dose-Rate Effects on Gene Expression for Human Biodosimetry.
BMC Med Genomics (2015) 8(22). doi: 10.1186/s12920-015-0097-x

107. Paul S, Barker CA, Turner HC, McLane A, Wolden SL, Amundson SA.
Prediction of In Vivo Radiation Dose Status in Radiotherapy Patients Using
Ex Vivo and In Vivo Gene Expression Signatures. Radiat Res (2011) 175
(3):257–65. doi: 10.1667/RR2420.1

108. Abend M, Badie C, Quintens R, Kriehuber R, Manning G, Macaeva E, et al.
Examining Radiation-Induced In Vivo and In Vitro Gene Expression
Changes of the Peripheral Blood in Different Laboratories for
Biodosimetry Purposes: First RENEB Gene Expression Study. Radiat Res
(2016) 185(2):109–23. doi: 10.1667/RR14221.1

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.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Macaeva, Tabury, Michaux, Janssen, Averbeck, Moreels, De Vos,
Baatout and Quintens. 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.
November 2021 | Volume 11 | Article 768493

https://doi.org/10.1016/j.cell.2009.03.010
https://doi.org/10.1038/nsmb.1912
https://doi.org/10.1016/j.molcel.2011.05.035
https://doi.org/10.1038/nature14512
https://doi.org/10.1016/j.celrep.2016.10.071
https://doi.org/10.1371/journal.pone.0163896
https://doi.org/10.1016/j.cell.2017.01.019
https://doi.org/10.1080/095530099139359
https://doi.org/10.1016/j.dnarep.2004.04.009
https://doi.org/10.1016/j.iac.2009.10.004
https://doi.org/10.1016/j.iac.2009.10.004
https://doi.org/10.1016/S0960-9822(99)80311-X
https://doi.org/10.1016/S0960-9822(99)80311-X
https://doi.org/10.1016/j.dnarep.2004.03.004
https://doi.org/10.1016/0140-6736(92)91833-T
https://doi.org/10.1016/0140-6736(92)91833-T
https://doi.org/10.1016/0360-3016(93)90540-C
https://doi.org/10.1080/09553000701797039
https://doi.org/10.1007/s00066-007-1683-4
https://doi.org/10.1371/journal.pone.0047185
https://doi.org/10.1016/j.radonc.2011.05.065
https://doi.org/10.1016/j.radonc.2011.05.065
https://doi.org/10.1016/j.clon.2013.06.010
https://doi.org/10.1016/j.dnarep.2014.02.001
https://doi.org/10.1023/B:CANC.0000031765.17886.fa
https://doi.org/10.1371/journal.pmed.0030422
https://doi.org/10.1073/pnas.0307761101
https://doi.org/10.1038/srep27043
https://doi.org/10.1667/RADE-20-00042.1
https://doi.org/10.1667/RR14044.1
https://doi.org/10.1186/s12920-015-0097-x
https://doi.org/10.1667/RR2420.1
https://doi.org/10.1667/RR14221.1
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Macaeva et al. Transcriptional Response to Low- and High-LET Radiation
GLOSSARY

ASCC3 activating signal cointegrator 1 complex subunit 3
ASTN2 astrotactin 2
ATM ataxia telangiectasia mutated
ATR ataxia telangiectasia and Rad3-related
cDNA complementary deoxyribonucleic acid
cRNA complementary ribonucleic acid
DDB2 DNA damage binding protein 2
DNA deoxyribonucleic acid
DSB double-strand break
EDTA ethylenediaminetetraacetic acid
FC fold-change
FDR false discovery rate
FDXR ferredoxin reductase
FITC fluorescein isothiocyanate
GADD45A growth arrest and DNA damage inducible alpha
GCR galactic cosmic rays
GO gene ontology
GSEA gene set enrichment analysis
HIST2H3A histone cluster 2 H3a
HIST2H3PS2 histone cluster 2 H3 pseudogene 2
HIST2H3C histone cluster 2 H3c
HIST2H3D histone cluster 2 H3d
HLA-A major histocompatibility complex class I A
HLA-B major histocompatibility complex class I B
HLA-H major histocompatibility complex class I H (pseudogene)
HLA-DMB major histocompatibility complex class II DM beta
HPRT1 hypoxanthine phosphoribosyltransferase 1
HZE high (Z) atomic number and energy
IL-1 interleukin-1
IL-2 interleukin-2
IL-6 interleukin-6
JAK Janus kinase
LET linear energy transfer
MAMDC4 MAM domain containing 4
MCP-1 monocyte chemoattractant protein-1
MRE11A meiotic recombination 11 homolog A
mRNA messenger ribonucleic acid
mTORC1 mammalian target of rapamycin complex 1
NDUFAF6 NADH : Ubiquinone oxidoreductase complex assembly factor 6
NES normalized enrichment score
NF-kB nuclear factor kB
PBMC peripheral blood mononuclear cell
PCNA proliferating cell nuclear antigen
PGK1 phosphoglycerate kinase 1
qRT-PCR quantitative reverse transcription polymerase chain reaction
RAD51D DNA repair protein RAD51 homolog D
RBE relative biological effectiveness
RBM14 RNA binding motif protein 14
RMA robust multichip analysis
RNA ribonucleic acid
RPS27L ribosomal protein S27 like
RRHO rank-rank hypergeometric overlap
SPE solar particle event
STAT3 signal transducer and activator of transcription 3
STAT5 signal transducer and activator of transcription 5
TNF-a tumor necrosis factor alpha
TP53 tumor protein 53
UV ultra violet
VWCE Von Willebrand factor C and EGF domains
gH2AX phosphorylated histone subtype H2A isoform X.
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Interstitial brachytherapy (BT) is generally used for the treatment of well-confined solid
tumors. One example of this is in the treatment of prostate tumors by permanent
placement of radioactive seeds within the prostate gland, where low doses of radiation
are delivered for several months. However, successful implementation of this technique is
hampered due to several posttreatment adverse effects or symptoms and operational and
logistical complications associated with it. Recently, with the advancements in
nanotechnology, radioactive nanoparticles (radio-NPs) functionalized with tumor-
specific biomolecules, injected intratumorally, have been reported as an alternative to
seed-based BT. Successful treatment of solid tumors using radio-NPs has been reported
in several preclinical studies, on both mice and canine models. In this article, we review the
recent advancements in the synthesis and use of radio-NPs as a substitute to seed-based
BT. Here, we discuss the limitations of current seed-based BT and advantages of radio-
NPs for BT applications. Recent progress on the types of radio-NPs, their features,
synthesis methods, and delivery techniques are discussed. The last part of the review
focuses on the currently used dosimetry protocols and studies on the dosimetry of
nanobrachytherapy applications using radio-NPs. The current challenges and future
research directions on the role of radio-NPs in BT treatments are also discussed.

Keywords: interstitial brachytherapy, nanobrachytherapy, radioactive nanoparticles, intratumoral injection,
solid tumors
1 INTRODUCTION

Cancer is one of the main causes of human death worldwide (1). Along with chemotherapy and
surgery, radiotherapy (RT), also termed as radiation therapy, is a well-established method of
treating non-metastatic cancers (2–4). In current practice, more than half of the cancer patients
receive RT as primary mode of cancer therapy or adjuvant mode of treatment along with
November 2021 | Volume 11 | Article 7664071139
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chemotherapy, immunotherapy, or surgery (5). In RT, high
doses of ionizing radiation are delivered to ablate cancer cells
and suppress recurrence and progression of cancer cells. RT can
be broadly categorized into three types: external beam RT
(EBRT), systemic RT, and internal RT (6, 7). In EBRT, high-
energy photon or electron or ion beams are employed to deliver
radiation to the tumor volume by placing radiation source
outside the patient’s body (2). Systemic radiation therapies
such as targeted RT deliver radioisotopes labeled with carrier
molecules with high affinity towards receptors overexpressed by
the cancer cells, e.g., monoclonal antibodies (mAb), through
ingestion, infusion using catheter, or intravenous injection. In
internal RT, also known as brachytherapy (BT), minimal
invasive methods are used to place the radiation sources either
inside or in close proximity to the tumor volume. BT allows
delivery of high doses of radiation precisely to the tumor volume,
while minimizing radiation exposure to the healthy tissues and
organs at risk. Due to the precise and targeted dose delivery
characteristics of BT, it can be employed to effectively treat solid
tumors with minimum side effects and short treatment time at
low cost.

Clinical trials and preclinical studies using BT have reported
promising outcomes. However, the logistical and operational
difficulties associated with BT seed placement have impeded its
successful application. For instance, in patients with prostate tumor,
the transrectal ultrasound (TRUS)-based implantation approach is
used to implant radioactive seeds within the tumor (8, 9). The seed
implantation causes trauma and edema in the prostate gland. This
may consequently result in inaccurate or off-target placement of the
seeds. The placement of radioactive seeds outside the tumor volume
may result in undesired radiation exposure to the organs at risk, e.g.,
urinary bladder and rectum. Further, inaccurate seed placement
may produce non-uniform dose distribution and may consequently
result in mild to severe clinical side effects. Additionally, post-
implantation migration of seeds to the lungs has also been reported
and may require seed removal (8, 10).

Recently, several preclinical studies on localized delivery of
radioactive nanoparticles (radio-NPs) into the tumor, similar to
BT, have been reported in the literature, and this technique is
termed as nanobrachytherapy (11–13). In nanobrachytherapy,
radio-NPs are injected intratumorally as an alternative to the
implantation of radioactive seeds. One recent example of this
mode of treatment is the work by Salvanou et al. (14), who
reported the use of gold nanoparticles (AuNPs) radiolabeled with
225Ac (alpha emitter) as an unconventional BT procedure, involving
intratumoral injection of these radiolabeled AuNPs. Such
nanoparticle-based systems i) conserve the characteristics of BT,
i.e., precise and targeted dose delivery; ii) can be administered
through injection; and iii) have the ability to provide patient-specific
treatment, as radiation dose can be divided into several fractions.
Additionally, these radiopharmaceuticals do not need seed removal;
hence, they can be handled easily and can be extremely useful.
The nanometer size of these radiopharmaceuticals allows local
diffusion from the site of injection and may result in
homogeneous dose distribution within the tumor volume. Lastly,
these nanomaterials (particularly high Z nanoparticles) can be used
Frontiers in Oncology | www.frontiersin.org 2140
as multifunctional carriers to deliver radioisotopes to provide
imaging and RT capabilities. Such radioactive high-Z
nanoparticles may also enhance radiation dose through self-
sensitization and may require less radioactivity in comparison
with conventional BT.

In this article, we review the recent advancements in the
synthesis and use of radio-NPs as nanobrachytherapeutic agents.
The subsequent section presents a review and discussion on
different techniques involved in radiosynthesis of nanoparticles.
The particles emitted by radionuclides, present in the obtained
radionuclide–nanoparticle complex, must deposit their energy
locally and spare the surrounding normal tissues. Hence, in the
succeeding section, the essential characteristics of radionuclide–
nanoparticle complexes, which are vital to qualifying them as
nanobrachytherapeutic agents, are discussed. After intratumoral
injection, these radio-NPs diffuse 1–2 mm within the
extracellular medium, from the site of injection (15), and are
internalized by the tumor cells. Thus, different mechanisms
involved in the internalization of radio-NPs by tumor cells are
reviewed in the next section. Thereafter, we summarize and
review the most recently published preclinical studies on
nanobrachytherapy. Additionally, for any RT-based treatment,
dosimetry and treatment planning are the two crucial steps to
ensure and quantify its accuracy and efficacy. Hence, the
subsequent section reviews the recent dosimetric studies on use
of radio-NPs as nanobrachytherapeutic agents. Lastly, current
challenges and future research directions on the role of radio-
NPs in BT treatments are discussed.
2 METHODS OF RADIOSYNTHESIS OF
NANOPARTICLES

Although several advances in cancer treatment have been made
throughout the years, it is paramount to develop more precise
diagnostic and therapeutic regimens essential to achieve better
diagnostic and therapeutic outcomes. Tumor presents a
multifactorial etiology, which makes it an extremely complex
and heterogeneous disease, attributed to an almost unique
expression of biomarkers from patient to patient. To circumvent
this complexity, the development of so-called precision and
personalized medicine is pivotal towards the battle against
cancer (16). One of the major strategies is through the
combination of nuclear medicine modalities and nanotechnology
to offer unique opportunities to develop an effective single
chemical entity with diagnostic and therapeutic capabilities for
clinical applications in theranostic nanoradiopharmaceuticals.
This is achieved by designing architectural radiolabeled
nanoconstructs based on the amalgamation of four major
components for the intended in vivo pharmacokinetics (17):

1. Appropriate nanoparticles including inorganic, organic
polymers, and metallics

2. Targeting ligand (e.g., biomolecule, antibody, and peptide)—
allows for specific targeting of receptors overexpressed on
tumor cells or within the tumor microenvironment
November 2021 | Volume 11 | Article 766407
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3. Radionuclide selection (imaging and/or therapeutic)—
emission mode, decay half-life, and chemical properties,
availability, and radiolabeling reaction

4. Radiolabeling strategy to achieve the maximal radiochemical
purity and yield, which reflects specific activity of
nanoradiopharmaceuticals

Among the different types of nanoparticles, AuNPs and iron
oxide nanoparticles (IONPs) have gained more prominence due
to their superior biocompatibility, low toxicity, ease in surface
versatile functionalization and radiolabeling with a plethora of
imaging, and therapeutic radionuclides towards the development
of nanoradiopharmaceuticals for imaging and therapy of cancer.
Translational medicine that makes use of nanoradio-
pharmaceutical agents demonstrates excellent pharmacokinetics
in terms of radiochemical production, purity and stability
(nanoradioformulation integrity), biodistribution, dosimetry, low
off-target localization, and favorable renal clearance profiles,
which represent a versatile theranostic tool in cancer
management, ranging from nuclear medicine imaging and
image-guided surgery to alpha/beta-particle targeted therapy,
and most recently targeted nanobrachytherapy (18–21). The use
of targeted nanobrachytherapy through radiolabeled nanoparticles
Frontiers in Oncology | www.frontiersin.org 3141
affords intra- or peritumoral administration, thus allowing less
invasiveness and homogenizing the radiation dose deposition in
the tumor as compared with conventional BT (22).
2.1 Radiolabeling Nanoparticles
A plethora of orthogonal (radio)labeling strategies for
nanoparticles are available for the development of multimodal
nanoradiotherapeutics (23) as shown in Figure 1. The
radiolabeling of nanoparticles for medical imaging and therapy
has been discussed in-depth in reviews, which are highly
recommended for further reading (20). The most pertinent
consideration for radiolabeling nanoparticles is the
functionalization with suitable molecular entities to allow for
the coordination/conjugation of the radioisotopes achieved
through the use of chelators via coordination chemistry
approaches (19, 20, 24):

1. Bifunctional moieties that provide capping/stabilizing
capabilities with subsequent binding affinity to the
radioisotopes

2. Direct surface conjugation of amino/thiolated molecules
followed by ligand exchange
A

B

FIGURE 1 | Radiolabeling nanoparticle strategies include the following: (A) indirect radiolabeling by bifunctional chelator—compounds having reactive functional
groups that enable them to be covalently linked (conjugated) to biologically relevant vectors (e.g., protein and peptide). (B) Direct radiolabeling via i) chemisorption,
high binding affinity chemical bonding between nanoparticles and radionuclides; ii) cavity entrapment, entrapment of radionuclides in native cavities or core-shell/
layered nanoparticles; iii) isotopic exchange, exchanging stable and radioactive isotopes of an element in different chemical states; iv) particle beam activation,
hadronic bombardment to initiate a nuclear reaction that converts stable isotopes in the nanoparticle lattice into radioactive nanoparticles; v) radiochemical doping,
using a radionuclide as a surrogate during the synthesis, yielding inherently radioactive nanoparticles; vi) physisorption, physical bonding to the surface of
nanoparticles by Van der Waals forces; vii) cation exchange, cation exchange between the nanoparticle’s cation and a different cationic radionuclide [adapted with
permission from Lamb et al. (23)].
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3. Chemical modification of molecules already attached on the
surface of the nanoparticles

2.1.1 Indirect Radiolabeling
Indirect radiolabeling is attainable via exogenous coordination
chemistry moieties [bifunctional chelators (BFCs) and prosthetic
groups] through chemical linkers to aid complexation (25).

2.1.1.1 Bifunctional Chelators
BFCs are molecules consisting of a metal chelating unit that
binds to metallic radionuclides and a reactive functionality for
conjugation with surface of the nanoparticles. BFCs are highly
preferred due to in vivo radiolabel stability strongly dependent
on the coordination chemistry between the radionuclide and the
BFC. However, the drawback of radionuclide–BFC coordination
complexes is in vivo dissociation due to enzymatic and/or trans-
chelating interactions with proteins such as transferrin and
ferritin. A successful BFC allows for minimal in vivo
dissociation of the radionuclide from the chelator, dependent
on the kinetic inertness and thermodynamic stability of the BFC,
where polydentate ligands form stable complexes over their
monodentate ligands due to the “chelate effect” (19, 20). The
bioconjugation of BFC to nanoparticles is usually facilitated by
functional groups present on the surface of nanoparticles that
include amine conjugation (e.g., anhydride, NHS ester, and
isothiocyanate), carboxylic acid conjugation (e.g., carbodiimide
couplings), thiol conjugation (e.g., maleimide coupling), and
click chemistry conjugation (e.g., Cu-catalyzed azide-alkyne
cycloaddition and inverse electron demand Diels–Alder
cycloaddition) to ensure the in vivo inertness of the resulting
radiometal complex (20). The chelator selection is dependent on
Frontiers in Oncology | www.frontiersin.org 4142
the radionuclide and desired physicochemical properties and
pharmacokinetics of the radiolabeled nanoparticles.

Categories of BFCs (Figure 2):

1. Macrocyclic chelators—relatively rigid and pre-organized
structure allowing for high complexation stability due to
macrocyclic effect but suffer from slow complexation kinetics

2. Acyc l ic / l inear chelators—offer rapid radiometal
complexation due to their lack of rigidity

2.1.1.1.1 Radiolabeling via Dodecane Tetraacetic Acid-Based
Chelators. Macrocyclic multidentate chelator, dodecane
tetraacetic acid (DOTA), is the most commonly utilized BFC
owing to its high affinity to most metal radionuclides (64Cu,
177Lu, 68Ga, and 111ln). Among the radionuclides, 177Lu (t1/2 =
6.734 days) with both b emissions and g rays is of interest for
theranostics. 177Lu entrapping AuNPs inside the dendritic cavity
of a generation 4 (G4) polyamidoamine (PAMAM) dendrimer,
which had been pre-conjugated with p-SCN-benzyl-DOTA as
well as folate/bombesin for cancer targeting (26). Cancer
immunotherapy with mAb such as atezolizumab,
pembrolizumab, and trastuzumab has been conjugated to DOTA
and radiolabeled with 64Cu (64Cu-DOTA-mAb) for positron
emission tomography (PET) imaging utilized to estimate tumor
density, perfusion, and distribution in mice bearing MDA-
MB231 anti-programmed death-ligand 1 (PD-L1-positive)
xenograft and HER2-targeted antibodies for patients with met-
astatic HER2-positive breast cancer (BC) (27, 28). Poly-(isobu-
tylene-alt-maleic anhydride)-graft-dodecyl (PMA) is a polymer
shell, which was integrated with DOTA for 111ln loading, thus
resulting in 111ln-DOTA/198Au nanoparticles being classified as a
A

B

FIGURE 2 | Chemical structures of the chelators. (A) Acyclic chelators and (B) macrocyclic chelators and their respective radionuclides used for radiolabeling
nanomaterials [adapted from Pellico et al. (20)].
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post-formulation chelation (21). Hajiramezanali et al. (29)
developed 68GA-radiolabeled bombesin conjugated to trimethyl
chitosan-coated superparamagnetic nanoparticles (68Ga-DOTA-
BN-TMC-MNPs) with radiochemical purity >98%. Most
recently, AGuIX® represents gadolinium (67Gd)-DOTAGA
cyclic chelates covalently grafted to polysiloxane matrix to pro-
duce AGuIX nanoparticles (30, 31).

2.1.1.1.2 Radiolabeling via 1,4,7-Triazacyclononane-N,N′,N
″-Triacetic Acid-Based Chelators. A hexadentate N3O3 chela-
tor, 1,4,7-triazacyclononane-N,N′,N″-triacetic acid (NOTA), and
its derivative are commonly used for gallium and copper
radiopharmaceuticals (67Ga/68Ga and 64Cu) for radiolabeling
nanoparticles. The general approach for conjugating
nanoparticles with NOTAmoiety for 67/68Ga and 64Cu labeling is
through thiol-functionalized NOTA (NOTA-SH) for radiola-
beling and conjugation, additionally linkers/spacers such as
polyethylene glycol (PEG) and PEI to optimize in vivo phar-
macokinetics. NOTA-SH can be achieved by reacting p-SCN-Bn-
NOTA with 2-aminoethanethiol hydrochloride in the presence
of triethanolamine.

2.1.1.1.3 Radiolabeling via Diethylenetriaminepentaacetic Acid-
Based Chelators. A polydentate acyclic chelator, diethylenetria-
minepentaacetic acid (DTPA), is commonly used in the con-
struction of MRI and nuclear imaging agents (99mTc, 111ln, and
67/68Ga). However, the DTPA complex exhibits low in vivo
kinetic stability characterized by fast dissociation kinetics and
radiometal complexation, and the functionalization of
nanoparticles with polymers such as PAMAM and PEI improved
stability.

2.1.1.2 Prosthetic Groups
Indirect radiolabeling via chelators is susceptible to in vivo
radiometal trans-chelation with native biological chelators and
ions as well as metalloenzymes, transport, and storage proteins in
the body. This problem is evaded by radiolabeling with non-
metallic radionuclides covalently bound to nanoparticles
through prosthetic groups (11C, 14C, 18F, 123I, 124I, 125I, and
131I) (25). [18F]-Fluoro-2-deoxy-D-glucose (18F-FDG) is used for
the assessment of glycolysis as a non-invasive PET imaging
agent. In an archetypical example, radiolabeling nanoparticles
with 18F has been reported by first conjugating cysteamine to
mannose triflate (Man-CA) and then 18F labeling resulting to a
cysteamine-linked radiotracer (18F-FDG-CA). The 18F-FDG-CA
is mixed with gold chloride (HAuCl4) to obtain AuNPs (18F-
FDG-CA-AuNPs) (32).

2.1.1.3 Ionophore-Based
Ionophore-based radiolabeling is divided into subclasses: i)
ionophore-chelate binding and i i) remote loading
radiolabeling. Both ionophore-chelate binding and remote
loading radiolabeling use lipophilic radiotracers with passive
lipid membrane permeability properties (20). Radiolabeling
based on ionophore ligand binding to radionuclide metal ion
through lipophilic radio-ionophore complexation allows for
transport across lipid bilayers. Once internalized in the vesicle,
the radiometal dissociates from the radio-ionophore complex
Frontiers in Oncology | www.frontiersin.org 5143
and binds to chelating molecules (e.g., proteins/nucleic acids or
drugs) within the vesicle, which is preferentially relevant for
vesicle-based nanoparticles such as liposomes and exosomes/
extracellular vesicles containing lipid bilayer membranes.
Remote loading is similar to ionophore-based chelator with the
addition that the complex contains functional groups that can be
charged within the vesicle core. Aranda-Lara et al. (33) reviewed
the radiolabeling of l iposomes and lipoproteins as
lipidic nanoparticles.

2.1.2 Direct Radiolabeling
Indirect radiolabeling using chelator-based (bifunctional and
prosthetic group) has gained prevalence in nuclear medicine.
The negative impact on the biological activity of the overall
radiolabeled nanoparticles is attributed to changes in the size,
surface charge, and hydrophilicity of the nanoparticles. This
problem can be overcome through direct and chelator-free
radiolabeling strategies while maintaining the nanoparticle’s
native pharmacokinetic characteristics.

2.1.2.1 Chemisorption and Physisorption
Chemisorption is facilitated by mixing the radionuclides with
nanoparticles that exhibit high binding affinity towards the
radionuclides for direct chemical bond formation between the
surface of the nanoparticles and the radionuclide. This is
achieved through the oppositely charged moieties on the
surface of the nanoparticles and the radionuclide, thus
allowing for chemical adsorption. Likewise, physisorption
occurs when charged radionuclide ions interact with the
molecular surface of the nanoparticles via electrostatic
attraction or van der Waals interactions (23). Pei et al. (34)
designed a simple chelation between glutathione-modified gold
nanoclusters (AuNCs) and radionuclides (99mTc and 177Lu) to
produce 99mTc@AuNCs and 177Lu@AuNCs, respectively, as a
novel approach for tumor radio-immunotherapy.

2.1.2.2 Radiochemical Doping (Hot-Plus-Cold Precursors)
Radiochemical labeling involves incorporation of the
radionuclide as a surrogate during the synthesis of the
nanoparticles resulting in intrinsically radioactive nanoparticles
often carried out in automated closed lead-shielded unit due to
the increased radiation exposure (21, 32). This type of
radiolabeling is divided into two subcategories: hetero-
radionuclides, where nanoparticle core cation and the
radionuclide are different (e.g., doping AuNPs with 64Cu or
111ln), and homo-radionuclides, where a radioisotope of the
metal element to form the nanoparticle core is used (e.g.,
premixture of H198AuCl4 to HAuCl4 precursor for the
production of 198AuNPS) (10, 35, 36). Similar studies by
Laprise-Pelletier et al. (15) produced 103Pd : Pd@198Au : Au-
PEG nanoparticles by premixing 103PdCl2/PdCl2 and
H198AuCl4/HAuCl4; and Chakravarty et al. (37) produced
199Au nanoparticles conjugated with cyclic arginine-glycine-
aspartate peptide (199AuNP-RGD) by intrinsically radiolabeling
during synthesis of AuNPs through the use of H199AuCl4
precursor. Fach et al. (38) doped [103Pd]PdCl2 in a solution of
HAuCl4 for co-reduction to produce AuPdNPs intrinsically
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labeled with 103Pd ([103Pd]AuPdNPs) with ≈20 nm, and then
ethylenediaminetetraacetic acid (EDTA) was used to scavenge
free Pd2+ to avoid unspecific labeling of the nanoparticle surface
resulting in radiolabeling efficiencies of 79% to >99%.

2.1.2.3 Hadronic Bombardment (Particle Beam
Transmutation/Activation)
Formulated nanoparticles/nanocarriers contain stable precursors
of the desired radionuclide (21). Radiolabeling via hadronic
bombardment is performed by irradiating prefabricated
nanoparticles via bombardment with accelerated particles (i.e.,
neutrons, protons, or deuterons) using a high-energy particle
accelerator or nuclear reactor to induce a nuclear reaction to
convert the stable isotope in the nanoparticle lattice to
radioisotopes, resulting in radio-NPs. This radiolabeling is
controlled by the bombardment time, current, and beam-line
energy; the latter energies are often >10 MeV higher than for
nanoparticle stability. To overcome this, an effective heat
dissipation technique is a prerequisite for this method. Pérez-
Campaña et al. (39) produced [13N]Al2O3NPs by 16-MeV proton
irradiation of Al2O3NPs via the 16O(p,a) 13N nuclear reaction.

2.1.2.4 Encapsulation (Cavity Entrapment)
Encapsulation is through entrapping the radionuclide inside the
native cavity within the nanoparticles or within core-shell/
layered structured nanoparticles. Lee et al. (40) demonstrated
the encapsulation of 124I or 125I to produce 124/125I embedded
AuNPs. This was achieved by modifying the amine groups of the
adenine-rich oligonucleotides on the surface of the AuNPs with
sulfosuccimidyl-3-[4-hydroxyphenyl]propionate for 124I or 125I
radiolabeling, followed by reacting the nanoparticles with
HAuCl4 to form a Au shell to shield radionuclide dissociation,
thus resulting in 124/125I-Au@AuNPs this approach was further
used to produce 124I-labeled tannic acid gold core-shell
nanoparticles (124I-TA-Au@AuNPs) exhibit ing 98%
radiochemical yield. Laan et al. (41) reported a facile method
for 111ln-labeling polystyrene-b-poly (ethylene oxide) diblock
copolymer mice l l e s w i thout the necess i ty o f any
chemical modification.

2.2 Heterogeneous/Homogeneous
Radioisotopic Exchange or
Cation Exchange
2.2.1 Heterogeneous/Homogeneous
Radioisotopic Exchange
Isotope exchange is facilitated through chemical equivalent
exchange between the stable and radioactive isotopes of an
element in different chemical states resulting only in low
specific activity. For example, Freund et al. (42) produced 59Fe-
labeled IONPs by oleic acid-functionalized IONPs in
chloroform, and then the IONPs were incubated with 59FeCl3
which led to approximately 0.01%–0.5% 59Fe exchange with Fe3+

(homogenous) in the IONPs. The low isotope exchange of 59Fe/
Fe is attributed to Fe surface availability of the IONPs.
Heterogeneous radioisotopic exchange was demonstrated by
Tang et al. (43) chelator-free radiolabeling of zinc sulfide (ZnS)
quantum dots (QDs) with 68Ga or 64Cu through cation exchange.
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2.2.2 Cation Exchange (Radio-Halogenation)
Similar to isotope exchangeapproach, cationexchange is a relatively
new alternative that is more effective but still needs some
improvements. It is carried out by a cation exchange between the
cationwithin the nanoparticle and a different cationic radionuclide.
Gaikwad et al. (44) intrinsically radiolabeled chitosan nanoparticles
with 177Lu via ionic gelation technique to produce 177Lu-labeled
chitosan nanoparticles (177Lu-CH NP) with >98% radiochemical
purity. Zhang et al. (45) developed PEGylated covalent organic
frameworks (COFs) with strong affinity for Ag+ ions, followed by
125I radiolabeling at the Ag site to produce nanoscale 125I-labeled
PEG-COF-Ag with 94% radiolabeling yield in 30 s for BT.

In conclusion, beta emitters are preferred radionuclides over
their alpha counterparts during radiolabeling owing to the large
recoil energy (in the order of 100 keV) during decay of the latter
(46). However, targeted alpha therapy (TAT) has received
sufficient attention; therefore, effective radiolabeling strategies
have been developed. Recently, Yi et al. (47) developed X-ray-
optimized delivery of radiolabeled albumin for cancer
theranostics. The authors utilized the abundant tyrosine
existing in human serum albumin (HSA) nanoparticles for
125I/131I radiolabeling forming iodotyrosine for the production
of 125I/131I-HSANPs.
3 RADIONUCLIDES FOR
NANOBRACHYTHERAPY

The radionuclides to be used for internal RT must deliver high
doses of radiation locally and spare the surrounding normal
tissues (5, 13). Hence, radionuclides emitting radiation with
higher linear energy transfer (LET) are generally preferred.
LET is the amount of energy transferred, by the emitted
particles, to the medium traversed per unit distance. These
radionuclides are categorized into three groups based on the
emitted particle type (48). It includes a, b, and Auger particle-
emitting radionuclides, as reported in Table 1.

It is important to evaluate the suitability of these
radionuclides for nanobrachytherapy applications. The must-
have features for radionuclides can be classified into two main
groups: i) physical and ii) biochemical characteristics. The
physical characteristics to be considered are a) physical half-
life; b) emitted particle type—a, b, and Auger electrons or
photons; c) energy of the emitted particles; d) daughter
product(s) and their stability; e) radionuclide purity and length
of purification step; f) penetration depth of the emitted particles
in the biological tissues; g) LET of the emitted particle; and h)
size of the tumor to be treated (5, 13). Additionally, the
biochemical characteristics to be evaluated are a) approach
used to target tumor cells/tissues; b) retention of radio-NPs
within the tumor; c) in vivo stability of the radionuclide–
nanoparticle complex; and d) toxicity caused by the complex
(53–55).

The physical half-life of the radionuclide should match with
the in vivo pharmacokinetics of the radionuclide–nanoparticle
complex (55). The life span (T) of the radionuclide can be
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estimated from the physical half-life (Tp) of the radionuclide and
half-clearance time, also known as biological half-life (Tb), of the
radionuclide–nanoparticle complex using the relation 1/T = 1/Tp

+ 1/Tb (56). The physical half-life of the radionuclide can be
known from the published radionuclide data; and to estimate the
biological half-life of the radionuclide–nanoparticle complex,
knowledge on the spatial and temporal distribution of the
complex within the tumor and body is required. Tb depends
on the mode of delivery, uptake, and metabolism of the
radionuclide–nanoparticle complex by the tumor cells and its
excretion from the patient’s body (48, 53, 54).

The radionuclides with physical half-life of between 6 h and 7
days are preferred for therapeutic purposes. An extremely short
physical half-life hampers the flexibility in administration of the
radiotherapeutic agent and is impractical for clinical use. On the
contrary, the use of long-lived radionuclides may result in
retention of radiation dose in the patient for a longer period of
time. Furthermore, patients may be required to be isolated and
admitted in the hospital, in order to minimize the risk of
radiation exposure to the general public. Additionally, the
biological half-life of the radionuclide–nanoparticle complex is
dependent on the properties of the nanocarrier used. The
nanocarriers with long biological half-life should be used with
radionuclides having short physical half-life (13, 48). The radio-
NPs must be efficiently retained within the tumor volume so that
higher doses of radiation can be delivered to the tumor tissues.
The use of nanocarriers with short biological half-life may result
in excretion of radio-NPs with high activity and may need
extensive management of radioactive waste. Hence, for efficient
delivery of radiation dose, the radionuclide–nanoparticle
complex with optimal physical and biological half-life must be
selected (48, 54, 55).

a-Particle emitters such as 225Ac and 211At emit positively
charged helium nuclei, having high higher LET and short
penetration depths in biological tissues (5). For instance, 225Ac
emits alpha particles in an energy range of 5–9 MeV and has LET
value between 80 and 100 keV/mm and spatial penetration range
between 40 and 100 mm. Hence, it has a probability of depositing
Frontiers in Oncology | www.frontiersin.org 7145
most of the radiation within the tumor volume and can ablate
tumor cells efficiently. Thus, a-emitting radionuclides are
suitable in treating small or residual microscopic-size tumors.
The main limitation of a-emitting radionuclides is that they have
multiple daughter products with variable half-lives. Hence,
migration of these nanocarriers labeled with a emitters can
lead to significant damage to normal tissues (13, 14, 51, 57).

b-Emitting radionuclides are the most widely used
radionuclides for internal RT purposes. The emitted electrons
have lower LET and longer range (several millimeters) in
comparison with the a emitters (58, 59). For example, 90Y
emits electrons with LET of 0.2 keV/mm and mean range of
3,960 mm. Hence, it may result in less cytotoxicity in comparison
with the a-emitting radionuclides and radiation damage caused
by these long-range b-particles, far from its origin, which is
termed as “crossfire effect.” Thus, due to the long penetration
depth of the emitted electrons (≈0.05–12 mm), b emitters are
regarded as the most suitable for the treatment of large or bulky
tumors (7). b-Emitting radionuclides 198Au, 199Au, 131I, and
177Lu have been investigated as potential nanobrachytherapeutic
agents (17, 37, 49, 50). 198Au was used in the initial works of
radioactive collidal gold (60). It is because 198Au can be easily
integrated with AuNPs. Some b-emitting radionuclides also
decay with g-radiation. For nanocarriers composed of high-Z
materials, AuNP in particular, gamma radiation on interaction
with the material of the nanoparticles may result in the
enhancement of radiation dose deposition by the mechanism
of radiosensitization (13, 15). Photoelectric effect plays a vital
role in radiosensitization, and for Au, it is the strongest for
gamma radiation of energy below or equal to 200 keV. 198Au,
131I, and 177Lu emit gamma radiation with energy >200 keV.
Hence, the photoelectric effect for gold is the strongest for
photons with energy lower than 200 keV. The gamma
radiation emitted by these radionuclides does not provide
maximum radiosensitization effect (5). However, 199Au emits
gamma radiations with maximum energy ≈158 keV. Thus, dose
enhancement via radiosensitization effect can be expected. In this
regard, gold was used as a nanomaterial in preclinical studies,
TABLE 1 | Summary of radionuclides and radioactive nanocarriers investigated in preclinical studies on nanobrachytherapy.

Radioisotopes Half-life
[days]

Decay
mode

Emissions Energy [keV] Rangemax References

b 961 (99%), 285 (1%) 4 mm
Au-198 22.7 b (100%) g 412 (96%), 676 (<1%), 1088 (<1%) – (49)

b 462 (6.0%), 296 (71.6%), 250
(22.4%)

–

Au-199 23.1 b (100%) g 159 (37%) – (37)
b 497 (79%), 385 (9%) 1.6 mm

Lu-177 26.7 b (100%) g 208 (11%), 113 (6%) – (50)
b 248 (2%), 334 (7%), 606 (90%) 0.6 mm

I-131 28 b (100%) g 284 (6%), 365 (82%), 637 (7%) – (17)
Ac-225 10 a (100%) a 5800 (100%) 100 um (14)
At-211 0.3 a (100%) a 5870 (100%) – (51)
Pd-103 17 EC (100%) g 20 (64%), 23 (13%) – (38)
I-125 59.9 EC (100%) g 27 (114%), 31 (26%), 36 (7%) – (45)
In-111 2.8 EC (100%) g 245 (94%), 171 (90%) – (52)
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using AuNPs radiolabeled with b-emitting radionuclides, due to
its biocompatibility. Additionally, this gamma emission
associated with b-emitting radionuclides can be advantageous
in visualizing the spatial and temporal distribution of radio-NPs
within the patient with the help of gamma scintigraphy
techniques. Lastly, it should be considered that the long range
of emitted electrons may result in non-specific cytotoxicity by
depositing radiation dose to the surrounding normal cells/tissues
(48, 54, 55).

Radionuclides emitting Auger electrons are considered to be
beneficial in the treatment of small tumors or a cluster of tumor
cells. This is attributed to higher cytotoxicity caused by these
low-energy electrons (less than 500 eV or a few keV) with short
range in the biological tissues (a few nanometers) (5, 54, 55).
103Pd, 111In, and 125I have been used as nanobrachytherapeutic
agents in preclinical studies involving tumor-bearing xenograft
models (38, 45, 52). These radionuclides decay by internal
conversion (IC) and electron capture (EC) mode and emit
Auger electrons. The energy of the emitted Auger electrons
range from ≈500 eV to a few keV with a spatial penetration
depth of 2–500 nm. For effective ablation of tumor cells, these
radionuclides must be internalized as close as possible to the cell
nucleus. These radionuclides, 103Pd, 111In, and 125I, also emit
gamma radiation. 125I and 103Pd emit low-energy (30 keV)
photons and have been used for low-dose-rate BT applications
since the 1970s. The emitted photons deposit up to 98% of their
energy within ≈5–8 cm of soft tissue and can be used to treat
large and bulky tumors. 111In also emits photons with energy
greater than 200 keV and is not suitable for internal RT purposes
or radiation dose enhancement through radiosensitization (13).
In case of preclinical studies using xenograft models, the energy
deposited to the tumor models is mainly due to these emitted
Auger electrons and photoelectrons generated due to the
interaction of low-energy photons and gold (7, 61).

Hence, the choice of the radionuclide also depends on the size
of the tumor to be treated. It is because bulky tumors,
micrometastases, and a small cluster of tumor cells require
particles of specific energy for effective ablation of cancer cells.
Further, the mode of radiosynthesis of nanoparticles and the
length of the purification step (of radionuclides) must be selected
according to the half-life of the radionuclide (54, 55). In terms of
the spatial penetration depth and energy of the emitted particles,
Auger and b-emitting radionuclides are most suitable for the
treatment of solid tumors such as brain, breast, and prostate
tumors by using nanobrachytherapy procedures (5, 13, 61).

Considering biochemical properties, a clinically acceptable
radionuclide–nanoparticle complex must selectively concentrate
within the tumor and have a prolonged retention. Also, it should
have minimum or no uptake in the normal tissues or organs.
Furthermore, the ratio of retention of a nanobrachytherapy agent
should be high in the tumor volume in comparison with the
normal tissues (10), so that high radiation doses can be delivered
to the tumor volume and minimum or no radiation dose is
delivered to the normal tissues or organs. Additionally, the
radionuclide–nanoparticle complex should be stable enough at
the time of injection and should have prolonged retention in vivo
Frontiers in Oncology | www.frontiersin.org 8146
before it is excreted or metabolized (5, 13). Other biochemical
features to be taken care of are low toxicity, appropriate pH, and
optimal biological half-life. Furthermore, the radionuclide and
nanoparticle (to which a radionuclide is attached) must have a
high complexation yield and must form a stable complex in the
biological environment (48, 53).
4 MECHANISMS FOR NANOPARTICLE
INTERNALIZATION

The four main mechanisms of nanomaterial internalization by
cells are micropinocytosis, caveolae-mediated endocytosis,
clathrin-mediated endocytosis, and a mechanism independent
of caveolae or clathrin (Figure 3) (62). The differential profile of
AuNP internalization by different cell types depends on a large
extent to the differences in their biophysical mechanisms,
especially the cell membrane characteristics. Regarding the
nanoparticle characteristics, the uptake is influenced
significantly by the surface chemistry and the morphology of
different nanomaterials. Additionally, one should be aware of the
size of nanoparticle clusters that might be formed by aggregated
particles in contact with cells, and the consequence of this
aggregation in the internalization efficiency, as well as the
location of nanoparticles and nanoaggregates in terms of
organelles and intracellular vesicles (63, 64).

In 2008, Douglas and colleagues investigated the
internalization and cytotoxicity of alginate–chitosan
nanoparticles in 293T, COS7, and CHO cells. It was
demonstrated that trypsinization can prevent alginate–chitosan
nanoparticle internalization depending on the cell type. After
trypsinization in 293T and COS7 cells, 75–85% of the binding
efficiency to plasma membrane was lost, indicating that the
interaction of those nanoparticles with the cells was mediated
by chitosan and trypsin-sensitive proteins, but the same was not
observed in CHO cells (65).

In the same study, it was observed that the vectors were not
localized in lysosomes once they enter the cells, and the
endocytic mechanism is different among the studied cell lines.
For instance, clathrin-dependent endocytosis is important in
293T and COS7 cell lines, while caveolin-dependent
internalization is significant for COS7 and CHO cells.
Macropinocytosis was not relevant for any of the cell lines, but
another mechanism dependent on actin microfilaments plays an
important role for the internalization in 293T cells. This study
supported the assumption that many factors are important for
cell internalization and for the fate of nanomaterials in the cells,
i.e., cell physiology, complex size, composition, and endocytosis
mechanism. These parameters must be fully indicated in order to
increase the success rate in the designed treatment (65).

The mechanism of internalization of 200-nm-diameter
nanoparticles seems to be a combination of energy-dependent
phagocytosis and clathrin-mediated endocytosis. But in all cases,
the endocytoses were proven to be energy-dependent, while for
smaller particles, an actin-dependent mechanism seems to play
an important role. Caveolae-mediated endocytosis is the most
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important mechanism for 150- and 200-nm nanoparticles, but it
is worthy to mention that all internalization pathways contribute
to the internalization of 150-nm nanoparticles, and this might
explain the higher efficiency of endocytosis for those particles
(66). Positively charged nanoparticles were observed to be
significantly more internalized than negatively charged ones
(84% against 5%, respectively). It is clear that negatively
charged particles must rely on surface functionalization so that
receptor-mediated endocytosis can compensate for the lower
internalization rates.

Bannunah and collaborators published a thorough study
comparing negatively and positively charged particles, of different
sizes, in terms of their epithelial and cell uptake efficiency, as well as
their toxicity to CaCo-2 (human intestinal adenocarcinoma) and
Calu-3 (human airway epithelial) cells. According to their study,
positively charged nanoparticles cause higher levels of cytotoxicity
as compared with negatively charged ones, and it might be due to
the oxidative stress, mitochondrial damage, and cellular overall
toxicity observed for those kinds of particles. Negatively charged
particles are known to be less cytotoxic to epithelial cells, and this
might be explained by the fact that those cells present a net negative
charge in their extracellular portion of plasma membrane, enabling
a better interaction with positively charged nanoparticles. The
results obtained for other cell types are sometimes conflicting;
Frontiers in Oncology | www.frontiersin.org 9147
therefore, more studies might be necessary in order to understand
the mechanisms for each tissue (67).

When inhibitors of dynamin-dependent and clathrin-
dependent endocytoses are used, it seems that both negatively
and positively charged nanoparticles are not significantly
internalized via a dynamin-dependent mechanism, but the
inhibition of clathrin-mediated transport likely caused an
increase in the transport of negatively charged particles,
though with no effect on their cell uptake. Regarding positively
charged particles, clathrin inhibition reduced by 46% their cell
uptake and by 38% their transcellular transport, whereas
micropinocytosis inhibition reduced the internalization of the
same particles by 42%, and the transcellular transport by 38%,
similarly to micropinocytosis inhibition by methyl-b-
cyclodextrin (67). No effect on negatively charged
nanoparticles was observed after micropinocytosis inhibition.

The disruption of microtubules with nocodazole had no effect
on the internalization of any of the nanoparticles, but the
transport across the cells was significantly impaired. Genistein,
a tyrosine-kinase inhibitor, impaired both the internalization
(50%) and the intracellular transport (48%) of negatively charged
nanoparticles, leading to the assumption that caveolae-
dependent endocytosis plays an important role for those
nanoparticles (67).
FIGURE 3 | The four main mechanisms responsible for the cell internalization of nanoparticles.
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The protein corona is another key factor to be considered
when developing any nanomaterial with biomedical applications.
The protein corona is formed whenever a nanomaterial is
introduced into a complex protein aqueous system and
consists in the rapid adsorption of the most abundant proteins
onto the surface of the nanomaterial, followed by the exchange of
at least part of these proteins for others with higher affinity for
the nanomaterial. The result is a nanoparticle with a completely
different surface coating than that predicted in the design phase,
sometimes with tendency for aggregation or with higher stability,
with different internalization rates (enhanced or impaired), and
different pharmacokinetics (68, 69).

The composition of the protein corona is not universal, as it
depends on the nanomaterial and on the previous coating. It was
demonstrated, for instance, that citrate-coated IONPs were not
stable while in contact with fetal calf serum proteins but were
efficiently internalized by lymphoblastoid cells, while poly(acrylic
acid)-coated IONPs were quite stable, although were poorly
taken up, which can be a barrier to be faced by the
nanomaterials inside the blood (68).

Another barrier that the nanoparticles must overcome is the
reticuloendothelial system (RES), responsible for a rapid
clearance of the nanomaterials once they enter in the
bloodstream, decreasing their pharmacological action.
Strategies to avoid the clearance by RES include surface
modification with molecules that prevent opsonization and
increase the half-life in blood, such as PEG. However, as
described previously, many variables must be added, such as
surface charge. Harush-Frenkel and collaborators verified once
more the preferential internalization of positively charged
nanoparticles (twice the endocytosis of their negatively charged
counterparts) in HeLa cells, and after 45 min, the cells tend to
decrease the uptake rate, characterizing a saturation phase (70).

Another factor that contributes to the decreased circulating
time of nanoparticles in blood is the mononuclear phagocytic
system, in which the macrophages quickly scavenge
nanoparticles that are agglomerated or covered with the
protein corona, preventing their arrival at the target site.
Zhang and coworkers used the advantage of folic acid as a
functionalizing agent in PEGylated superparamagnetic
magnetite nanoparticles (circa 10 nm in diameter) in the
internalization efficiency by mouse macrophages (RAW 264.7
cells) and human breast tumor (BT-20 cells). PEG was
responsible in partially inhibiting the formation of the protein
corona in order to decrease the recognition of nanoparticles by
macrophages, whereas folic acid was added to the surface of
nanoparticles to specifically target cancer cells overexpressing
folate receptors in order to increase their uptake (71).
5 PRECLINICAL STUDIES ON
NANOBRACHYTHERAPY

The alpha-, beta-, and Auger-emitting radionuclides have been
investigated for nanobrachytherapy applications. A few
preclinical studies on nanobrachytherapy applications using
Frontiers in Oncology | www.frontiersin.org 10148
alpha, beta, and Auger emitters have been published in
literature. The most recent ones are briefly discussed in this
section, and a brief summary of these studies is also presented
in Table 2.

5.1 Alpha Emitters
Dziawer et al. (51) synthesized AuNPs at diameters of 5 and 15
nm. The nanoparticles were functionalized with Substance P(5-
11) [SP(5-11)] peptide fragment to actively target the NK1
receptors overexpressed by T98G glioma cells. The AuNP-S-
PEG-SP(5-11) bioconjugate was radiolabeled by adsorbing 211At
on the surface of AuNPs. The in vitro cytotoxicity of the obtained
211At-AuNP-S-PEG-SP (5-11) radiobioconjugate was evaluated
in human serum and cerebrospinal fluid. No study on
therapeutic efficacy and in vivo biodistribut ion of
radiobioconjugate has been reported. However, the authors
recommended the intratumoral injection of 211At-AuNP-S-
PEG-SP (5-11) radiopharmaceutical, instead of intravenous
injection due to its large size.

Recently, the same group synthesized 5-nm-sized AuNPs,
with 211At chemical ly adsorbed on its surface for
nanobrachytherapy purposes using alpha emitters [56]. The
nanoparticles were activated with PEG and trastuzumab
(antibody) to actively target HER-2 proteins overexpressed on
the surface of ovarian cancer-derived SKOV-3 cells. In the in
vitro study, the authors demonstrated that AuNP-S-PEG-
trastuzumab bioconjugate was effectively internalized by
SKOV-3 cells. Furthermore, an in vitro cell viability test
demonstrated that 211At-AuNP-trastuzumab radiobioconjugate
effectively reduced the metabolic activity of ovarian cancer cells
with a median lethal dose of 0.5 MBq/mL. In this case as well, no
biodistribution or therapeutic evaluation was reported.

Salvanou et al. (14) synthesized AuNPs radiolabeled with 225Ac
via DOTA-derivative (TADOTAGA) chelator. The chelator
TADOTAGA formed a strong bond with the AuNPs resulting
in the formation of a highly stable colloid in aqueous medium, and
the chelating characteristics of DOTA-derived macrocyclic
compound were exploited to radiolabel the Au@TADOTAGA
nanocarriers. The [225Ac]225Ac-Au@TADOTAGA nanoparticles
(5–9 nm) were synthesized with radiochemical yield of 86% and
radiochemical purity greater than 93%. The aim of the study was
to evaluate [225Ac]225Ac-Au@TADOTAGA nanoparticles as a
nanobrachytherapy agent. The radiolabeled nanoparticles were
evaluated in terms of i) its stability and in vitro cytotoxicity in U-
87 MG (human glioblastoma–astrocytoma) cancer cells and ii) in
vivo biodistribution by intravenous (i.v.) and intratumoral
injection of [225Ac]225Ac-Au@TADOTAGA nanoparticles to the
mice bearing U-87 tumor. Additionally, the tumor regression
studies were performed over a period of 22 days to evaluate the
therapeutic efficacy of intratumorally injected 225Ac radiolabeled
nanoparticles. For in vivo biodistribution studies, the mice (tumor
volume = 200–400 mm3) were divided into two groups, with three
to five mice in each group. The [225Ac]225Ac-Au@TADOTAGA
(100 m, ≈1 kBq per mouse) nanoparticles were injected
intravenously to the first group and intratumorally to the
second group. The mice were euthanized at 2, 4, 24, 72, 120,
and 288 h after injection; all the major tissues and organs were
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TABLE 2 | Summary of nanobrachytherapy-based preclinical studies.

Main
type of
emission

Nanoparticle Study (tumor
model) type

Target Main results Reference

a AuNPs (5 and 15
nm) functionalized
with a peptide from
Substance P(5-11)
and labeled with
211At.

In vitro (-). NK1 receptors
overexpressed in
T98G glioma cells.

The authors recommended the intratumoral injection of the NPs instead of
intravenous injection due to the their large size.

(51)

a AuNPs (5 nm) with
chemically adsorbed
211At and activated
with PEG and
trastuzumab.

In vitro (-). HER-2 proteins
overexpressed in
SKOV-3 cell ovarian
cancer cells.

AuNP-S-PEG-trastuzumab bioconjugate was effectively internalized by SKOV-
3 cells and reduced the metabolic activity of ovarian cancer cells with a
median lethal dose of 0.5 MBq/mL.

(57)

a AuNPs (5–9 nm)
radiolabeled with
225Ac using
TADOTAGA
chelator.

In vivo (U-87
MG tumor
xenograft).

Nanobrachytherapy
for xenograft
bearing U-87 MG
human
glioblastoma–
astrocytoma cells.

For mice (therapy group) injected with 100 mL/5 kBq of [225Ac]225Ac-
Au@TADOTAGA per mouse (on days 1, 3, and 5), the tumor volume was
reported to be ≈2.4 times lower after 8 days of radioactive injection and ≈4
times lower after 22 days of injection, in comparison with the control group.

(14)

Auger
electrons

AuNPs coated with
a layer of 103Pd (120
nm).

In vivo (PC-3
tumor

xenograft).

Nanobrachytherapy
for prostate cancer.

After 5 weeks of radioactive injection (1.5 mCi per mouse), the decrease in
tumor volume by about 75% for the 103Pd@Au-treated group was reported,
and over 95% of NPs still remained in the tumor.

(72)

Auger
electrons

AuNPs radiolabeled
with 111ln (30 nm)
using DTPA chelator
and functionalized
with PEG and
trastuzumab.

In vivo
(subcutaneous
HER2-
overexpressing
breast cancer
(BC)
xenografts).

HER-2-positive BC
cells.

Therapeutic effectiveness of trastuzumab-AuNP-111ln was assessed by
intratumorally injecting 10 MBq of radiopharmaceutical to the BC murine
model. Inhibition in growth of tumor was reported for the treated group,
whereas in the case of an untreated group, the tumors grew to eightfold of the
initial tumor size.

(52)

Auger
electrons

103Pd core coated
with Au or 198Au (5–
30 nm)
functionalized with
PEG.

In vivo (PC-3
tumor

xenograft).

PC-3 prostate
cancer cells.

4 weeks post radioactive injection (single dose of 1.6–1.7 mCi per mouse), a
delay in tumor growth by 56% and 75% was reported for 103Pd@AuNPs and
103Pd@198AuNPs, respectively, with respect to the controls. 75% of the
injected dose was detected in the tumor.

(15)

Auger
electrons

Covalent organic
frameworks (COF)-
Ag particles
conjugated with
PEG and
radiolabeled with
125I.

In vivo (PC-3
tumor

xenograft).

PC-3 prostate
cancer cells.

For the 125I-COF-treated group (injected with 1 mCi of PEG-COF-Ag-125I per
mouse), reduction in tumor volume by about 63% in comparison with the initial
size was reported.

(45)

Auger
electrons

Nanogel with 103Pd-
AuNPs coated with
poly(N-
isopropylacrylamide)
(37.3 nm).

In vivo (CT26
colorectal
tumor

xenograft).

CT26 colorectal
cancers.

The delay in the tumor growth for treated group (injected with 25 MBq of
radioactive LOIB : EtOH-[103Pd]AuPd nanogel) after day 10 p.i. was reported
in comparison with the control and cold nanogel groups. Further, the ex vivo
biodistribution studies elucidated that up to 95%ID/g of injected radioactive
nanogel was retained in the tumor post day 20 of injection.

(38)

b 198Au-poly
(amidoamine)
dendrimer
nanoparticles (10–50
nm)

In vivo (B16F10
melanoma

tumor model).

B16F10 tumor cells. Reduction in tumor growth by more than 45% was observed for Group B mice
(injected with 74 m of poly{198Au}) in comparison with the control and Group A
mice (injected with 35 mCi of poly{198Au}).

(11)

b 198AuNPs stabilized
with gum arabic (4–
10 nm).

In vitro (PC-3
tumor cell lines)

and in vivo
(PC-3 tumor
xenograft)

PC-3 prostate
cancer cells.

In vitro stability studies demonstrated excellent stability of GA-198AuNPs for
periods of over 6 months. The biodistribution studies performed in a murine
model demonstrated that more than 85% of GA-198AuNPs were contained in
the liver.

(73)

b 198AuNPs stabilized
with gum arabic
(12–18 nm).

In vivo (PC-3
tumor

xenograft).

PC-3 prostate
cancer cells.

After 3 weeks of radioactive injection (408 mCi of GA-198AuNP per mouse), the
tumor volumes of treated groups were found to be 82% smaller than those of
the control group. Furthermore, even after 30 days of injection, on ex vivo
analysis, radioactive nanoparticles were found in the tumor (20% ID), the liver
(1% ID), and the carcass (18.5% ID).

(35)
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TABLE 2 | Continued

Main
type of
emission

Nanoparticle Study (tumor
model) type

Target Main results Reference

b 198Au-EGCg
nanoparticles

In vivo (PC-3
tumor

xenograft).

Lam 67R receptors
in prostate cancer
cells.

After 24 h of radioactive injection (136 mCi of 198Au-EGCg nanoparticles per
mouse), approximately 72% of nanoparticles were retained in the tumor. After
28 days of injection, the tumor size of the treated group was found to be 80%
smaller than that of the control group.

(36)

b 198AuNPs stabilized
with gum arabic
(12–15 nm).

In vivo (dogs
diagnosed with

prostate
cancer).

Spontaneous
prostate cancer in
dogs.

The dogs were injected with activity in the range of 3 to 13.8 mCi of 198Au. A
decrease in tumor volume by 30%–50% was observed in two specimens; an
increase in tumor size by 12%–26% was observed in 2 dogs; and for the
remaining specimens, there was an increase or decrease of 3% in tumor
volume (probably due to limited retention in the tumor volume).

(74)

b Mangiferin-198Au
nanoparticles (35
nm)

In vivo (PC-3
tumor

xenograft).

PC-3 prostate
cancer cells.

Mice bearing prostate cancer were divided into three groups: Group A and
Group B were injected with 160 mCi/30 mL of MGF-198AuNPs, and Group C
was injected with 30 mL of saline. After 2 weeks of injection, a decrease in
tumor volume by 2 fold with respect to control was reported for the treated
groups. Three weeks post radioactive injection, there was an increase in tumor
volume by fivefold for Group C; Group A = 0.18 ± 0.17 cm3 and Group B =
0.22 ± 0.02 cm3 were reported. Furthermore, after 3 weeks, 69.70 ± 14.40%
ID was found to be retained in the tumor, 6.80 ± 5.9%ID in the carcass, and
1.44 ± 2.97%ID in the liver.

(10)

b 198AuNPs stabilized
with gum arabic (~2
nm).

In vivo (H460
tumor

xenograft).

H460 non-small cell
lung cancer cells.

Post 7 days of injection (103 mCi of 198AuNPs@GA per mouse), a decrease in
tumor volume by more than 90% was observed in the 198AuNPs@GA-treated
group in comparison with the controls and mice injected with non-radioactive
nanoparticles. Even after 2 weeks of radioactive injection, 50% of the
nanoparticles were found to be accumulated in the tumor and 8.9% in the
liver.

(49)

b AuNPs radiolabeled
with 177Lu via DOTA
chelator,
functionalized with
PEG and
panitumumab.

In vivo (MDA-
MB-468 human
breast cancer
mice model)

MDA-MB-468
human breast
cancer cells.

A single dose of 4.5 MBq of 177Lu-AuNP was intratumorally administered to
the mice carrying subcutaneous BC cells. No significant impact of active
targeting of 177Lu-AuNP was observed in retaining the AuNPs within the
tumors. Less than 3%ID/g radioactivity migrated to the liver and spleen, and its
value increased by two to fivefold post 48 h of injection, whereas the
radioactivity found in other organs was less than 0.5%ID/g. In the treated
groups, inhibition of tumor growth by a factor of ≈30 in comparison with the
untreated groups was reported.

(50)

b AuNPs radiolabeled
with 177Lu via DOTA
chelator,
functionalized with
PEG and
trastuzumab (30
nm).

In vivo (breast
cancer

xenografts).

BC tumor cells. 3 MBq of 177LuAuNPs was injected intratumorally to each mouse. The
targeted nanoparticles (trastuzumab-AuNP-177Lu) were reported to be 1.8
times more efficient in inhibiting tumor growth in comparison with the non-
targeted (AuNP-177Lu) and 2.2 times in comparison with the untreated group.

(75)

b 199AuNPs stabilized
with [f(RGDfK)]
peptide (11 nm).

In vivo
(melanoma

tumor
xenograft).

Integrin avb3
receptors in
melanoma cells.

Significant delay in tumor growth was observed in mice injected with 2, 5, or
10 MBq of 199Au-c(RGDfK) nanoparticles in comparison with the control.

(37)

b Melanin-silver
nanoparticles
radiolabeled with
131I cyan (6 nm).

In vivo (PC-3
tumor

xenograft).

PC-3 prostate
cancer cells.

The MNP-Ag-131I-treated group (injected with 500 mCi of 131I) had tumor
volume equal to initial volume, whereas the control and 131I-treated group had
tumor size 1.5 times larger in comparison with the initial volume.

(17)

b Mesoporous silica
nanoparticles
radiolabeled with
131I and activated
with anti-VEGFR2
antibodies and
bovine serum
albumin.

In vivo (thyroid
cancer-bearing

mice).

VEGFR2 in human
thyroid carcinoma
FRO cells.

The mice were intratumorally administered with a single dose of 74 MBq of
radioactive nanoparticles. Gradual increase in tumor volume was reported for
all the groups except 131I-BSA-MSNPs-anti-VEGFR2-treated group.

(76)

b AuNPs radiolabeled
with 131I and
activated with twin
arginine
translocation (TAT)
peptide (~8.36 nm).

In vivo (HCT-
116 colon
cancer

xenografts).

Human colon
cancer (HCT-116)
cells in vivo.

After 18 days of radioactive injection (500 mCi/mL per mouse), reduction in
tumor size by 79.95% was reported for the 131I-AuNPs-TAT-treated group,
whereas in the untreated group, the tumor grew to 8.08 times the original
tumor size.

(77)
Frontiers in
 Oncology | www.fronti
ersin.org
 November 2021 | Volume 11 | Ar12150
 ticle 766407

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


Seniwal et al. Brachytherapy Using Radioactive Nanoparticles
removed and weighted; and radioactivity was counted in terms of
% injected dose per gram (%ID/g). For the first group (i.v.
injection) at 2 h post injection (p.i.), the uptake of
radiopharmaceuticals in the kidney ≈28%ID/g decreased to ≈9%
ID/g at 120 h p.i., which showed the renal clearance of AuNPs,
whereas the uptake in the liver and spleen increased from 9.5%ID/
g and 7.2%ID/g at 2 h p.i. to 21.5%ID/g and 13.3%ID/g at 120 h
p.i. The maximum uptake in tumors (4%ID/g) occurred at 2 h p.i.
and decreased to 1%ID/g at 120 h p.i. On the other hand, for the
second group (intratumoral injection), the reported tumor uptake
was 60.67%ID at 2 h p.i. and decreased to 5.2%ID/g at 228 h p.i.
For therapeutic efficacy evaluation, mice with ≈300 mm3 of U-87
MG tumor xenograft were again divided into two groups. The first
group (control) was injected intratumorally with 100 mL of saline,
and the second group (therapy group) was injected with 100 mL/5
kBq of [225Ac]225Ac-Au@TADOTAGA on days 1, 3, and 5; and
the tumor volume was tracked over 22 days. The tumor volume of
therapy group was reported ≈2.4 times lower after 8 days of
radioactive injection and ≈4 times lower after 22 days of injection,
in comparison with the control group.

5.2 Auger Emitters
Moeendarbari et al. (72) reported the synthesis of nanoparticles
radiolabeled with 103Pd for nanobrachytherapy applications. A
monodispersed layer of 103Pd was coated on gold spherical shells,
hence synthesizing 103Pd@Au nanoseeds with a diameter of
approximately 120 nm. These nanoseeds were injected
intratumorally to mice bearing prostate cancer tumors to
evaluate their in vivo therapeutic efficacy and biodistribution.
The mice were randomized into three groups (n = 6), treated
with phosphate-buffered saline (PBS) solution, non-radioactive
(cold) Pd@Au nanoparticles in PBS suspension, and radioactive
103Pd@Au nanoparticles in PBS suspension. In order to achieve
uniform distribution of radiation dose in the whole tumor mass
(181.7 ± 62.1 mm3), the intratumoral injection was injected at six
to nine locations, and radioactivity of 1.5 mCi per tumor was
injected. The total injected volume of PBS, cold Pd@AuNPs, and
103Pd@AuNPs was kept below 40 mL. The evaluation of retention
of nanoseeds within the tumor volume and their migration to
other organs was performed ex vivo and with single-photon-
emission CT (SPECT)/CT. Upon SPECT/CT imaging, it was
reported that after day 1 of radioactive injection, 101.50 ± 23.72%
ID/g was retained within the tumor volume, and a negligible
amount of radioactivity (≈0.1%ID/g) was observed in the liver
and spleen. Furthermore, after 5 weeks of radioactive injection,
274.5 ± 77.6%ID/g was detected in the tumor volume, as the
tumor volume decreased over the course of the treatment. This
indicated the expected radiotherapeutic effect of the 103Pd@Au
nanoseeds. Furthermore, the ex vivo biodistribution investigation
(5 weeks p.i.) results showed that ≈95% of nanoseeds were retained
within the tumor, ≈3% migrated to the liver, and approximately
0.5%were found in the spleen. In terms of therapeutic efficacy, after
5 weeks of radioactive injection, the decrease in the tumor volume
by about 75% for the 103Pd@Au treated group was reported,
whereas the increase in the tumor volume for groups treated with
PBS and cold nanoparticles was reported.
Frontiers in Oncology | www.frontiersin.org 13151
Cai et al. (52) synthesized AuNPs radiolabeled with 111ln of 30-
nm diameter. The radionuclides (111ln) were attached to the
AuNPs using DTPA. The nanoparticles were also functionalized
with PEG chains linked to antibody trastuzumab. Consequently,
trastuzumab-AuNP-111ln radiopharmaceutical was obtained.
Trastuzumab was used to actively target HER2-positive BC cells.
The authors evaluated the in vitro cytotoxicity of synthesized
radiolabeled nanoparticles on HER2-positive BC cells.
Additionally, in vivo therapeutic effectiveness of trastuzumab-
AuNP-111ln was also assessed by intratumorally injecting 10
MBq (≈270 µCi) of radiopharmaceutical into subcutaneous
HER2-overexpressing BC xenografts. Tumor growth in the BC
murine model was monitored for more than 70 days post
radioactive injection. Inhibition in growth of tumor was reported
for the treated group, whereas in the case of the untreated group,
the tumors grew up to eightfold of the initial size. Tissue toxicity
was not observed. No information regarding the migration of
radiolabeled AuNPs to the liver and spleen was provided, as the
authors did not perform biodistribution evaluation.

Laprise-Pelletier et al. (15) synthesized two types of radio-NPs
composed of a nanoscopic core of radioactive palladium (103Pd :
Pd) coated with gold (Au)-103Pd : Pd@Au and 103Pd : Pd@198Au :
Au. These nanoparticles were synthesized using chemical
reduction technique, one-pot method. In 103Pd-Au
nanoparticles, the 103Pd : Pd radioactive core served the
purpose of low-energy photon source, and the outer gold (Au)
shell provided biocompatibility and protection and enhanced the
radiation dose delivered by the process of radiosensitization.
Additionally, 103Pd-Au nanoparticles were labeled with 198Au
(high-energy beta emitter). In order to minimize the absorption
of Auger and delta electrons by gold, the core size was kept at the
range of 5–30 nm. The nanoparticles were synthesized with
radiochemical yield of 87%. These nanoparticles were further
functionalized with PEG; 103Pd : Pd@Au-PEG and 103Pd :
Pd@198Au : Au-PEG nanoparticles were synthesized. In order
to assess the therapeutic efficacy of both types of nanoparticles, a
single dose of 1.6–1.7 mCi (2–4 mL) was intratumorally injected
to the mice with prostate cancer tumors (PC-3 cell lines). Four
weeks post radioactive injection, a delay in tumor growth by 56%
and 75% was reported for 103Pd : Pd@Au-PEG NPs and 103Pd :
Pd@198Au : Au-PEG NPs, respectively, with respect to the
controls. Through biodistribution evaluation, the authors
demonstrated that most of the nanoparticles were retained
within the tumor, as more than 75% of the total radioactivity
measured in the mice at the time of euthanasia was found there.
Additionally, up to 16% of nanoparticles were found in the liver,
3% in the spleen, and less than 1% in other organs.

Zhang et al. (45) used COFs to synthesize nanoparticles
radiolabeled with 125I. Initially, Ag+ ion was attached to the N
atom of the bipyridine group present on 2,2′-bipyridine-based
COF, and COF-Ag bioconjugate was formed. This bioconjugate
was functionalized with PEG and radiolabeled with 125I,
consequently resulting in the formation of PEG-COF-Ag-125I
nanoparticles with radiolabeling yield of 94% and stability of
more than 90% (after 7 days) in PBS and serum. The authors also
evaluated the in vitro radiotoxicity of PEG-COF-Ag-125I
November 2021 | Volume 11 | Article 766407
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nanoparticles on PC-3 cell lines with variable activity (0–200 Ci/
mL). The decrease in the survival of PC-3 cells by 25.8% was
reported. Furthermore, the therapeutic efficacy of the 125I
radiolabeled nanoparticles was also evaluated. To evaluate the
therapeutic efficacy, the mice were divided into three groups: i)
control, injected with 50 mL of PBS; ii) 125I group, injected with 1
mCi of 125I in 50 mL of PBS; and iii) 125I-COF group, treated with
1 mCi of PEG-COF-Ag-125I radiobioconjugate. The
radiopharmaceutical and PBS were injected intratumorally to
the mice. The activity retention time was studied through
SPECT/CT at 0.5, 10, 24, and 36 h p.i. The authors
demonstrated that at 0.5 h p.i., signal intensity was 3.2 times
higher at tumor site for 125I-COF group in comparison with 125I
group. On average, 61.67% of PEG-COF-Ag-125I nanoparticles
were retained in the tumor volume. Based on the data of time of
retention of nanoparticles in the tumor volume, all three groups
were reinjected with PBS, 1 mCi of 125I, and 1 mCi of PEG-COF-
Ag-125I after 4 days; and the mice were euthanized 9 days after
the first day of radioactive injection. For the 125I-COF group, the
reduction in the tumor volume by about 63% in comparison with
the initial size was reported. Additionally, an increase in the
tumor size by factor of 2 for control and 125I group with respect
to the initial tumor size was reported. The authors did not
perform the biodistribution evaluation of the radio-NPs.

Fach et al. (38) synthesized [103Pd]AuPd radio-NPs using
chelator-free radiolabeling technique. The [103Pd]Pd2+ was
reduced in the presence of Au3+ and citric acid to form [103Pd]
AuPd radio-NPs of 15-nm size and 23.5-nm hydrodynamic
diameter. The radio-NPs were coated with a biocompatible
polymer, poly (N-isopropylacrylamide) (PNIPAAm), resulting
in the formation of hydrophobic [103Pd]AuPd radio-NPs of 37.3-
nm diameter. The PNIPAAm-coated radio-NPs were further
mixed with sucrose acetate isobutyrate (SAIB) or lactose
octaisobutyrate (LOIB) in the presence of ethanol. A
biocompatible, low-viscosity, injectable LOIB : EtOH
radioactive “nanogel” containing [103Pd]AuPd was synthesized.
The therapeutic efficacy of the radioactive nanogel was assessed
on mice with syngeneic CT26 colorectal cancers. The mice were
divided into three groups: i) control group: the intratumoral
injection was mimicked by inserting a syringe needle into the
tumor, and nothing was injected. ii) “Cold nanogel” group: 50 mL
of LOIB : OH bioconjugate was injected into the tumor through
intratumoral injection. iii) Treated group: 0.675 mCi (25 MBq)
was injected into 50 mL of radioactive LOIB : EtOH-[103Pd]AuPd
nanogel. The delay in the tumor growth after day 10 p.i. was
reported in comparison with the control and cold nanogel
groups. Further, the ex vivo biodistribution studies elucidated
that up to 95%ID/g of injected radioactive nanogel was retained
in the tumor post day 20 of injection and less than 0.01%ID/g of
nanogel was found in the kidney, liver, spleen, and muscles of the
mice. Additionally, the authors found no evidence of release of
radioactivity from the LOIB : EtOH gel.

5.3 Beta Emitters
Khan et al. (11) synthesized radioactive polymerized gold-
dendrimer (poly{198Au}) nanoparticles using poly(amidoamine)
Frontiers in Oncology | www.frontiersin.org 14152
(PAMAM) dendrimers and chloroauric (HAuCl4) acid for
nanobrachytherapy applications. The steps involved in the
synthesis of gold-dendrimer nanoparticles were formation and
decomposition of dendrimer-amine[AuCl4] complex, followed by
reduction of Au3+ to Au. Consequently, positively charged poly
{197Au} nanoparticles of 10- to 50-nm size range were fabricated.
The positive charge of these nanocarriers was expected to enhance
the internalization of nanoparticles within the tumor cells.
Furthermore, the 10- to 50-nm size range was used to take
advantage of enhanced permeability and retention (EPR) effect.
EPR effect is increased in accumulation of nanoparticles within the
tumor due to the porosity and irregularity in the tumor
microvasculature. The aqueous solution of poly{197Au}
nanoparticles was irradiated with neutron beam, and poly
{198Au} was obtained. The therapeutic efficacy studies of poly
{198Au} were performed on C57BL/6J mice having B16F10
melanoma tumor model. At the time of treatment, mice were
approximately 8 weeks old and had tumor size of 440 to 530 mm3.
For therapeutic evaluation, the mice were divided into three
groups, with each group having seven mice: i) Group A was
administered 35 mCi of poly{198Au}, in PBS, intratumorally; ii)
Group B received 74 mCi of poly{198Au} in PBS through
intratumoral injection; and (iii) Group C was injected with 75
mL of PBS per mouse. The tumor size was monitored for 8 days
post radioactive injection. Group A mice (treated with 35 mCi of
poly{198Au}) showed a delay in tumor growth in comparison with
the control (Group C). However, the difference was not
statistically significant. Reduction in tumor growth by more
than 45% was observed for Group B mice (injected with 74 mCi
of poly{198Au}) in comparison with the control and Group A. The
authors did not perform biodistribution studies.

A research group from the University of Missouri used
phytochemicals to synthesize radioactive AuNPs through
chemical reduction techniques (35, 73). In their first research
work, they reported the production of AuNPs using gum arabic
(GA) solut ion. The GA-coated radioact ive AuNPs
(GA-198AuNPs), with a diameter of 4–10 nm, were synthesized
by adding tris hydroxymethyl phosphine-aniline (P(CH2NHCH
(CH3)-COOH)3 (a reducing agent) and GA to H198AuCl4 (73).
Here, GA was used as a stabilizing agent. In vitro stability studies
demonstrated excellent stability of GA-198AuNPs for periods of
over 6 months. The biodistribution studies performed in a
murine model demonstrated that more than 85% of
GA-198AuNPs were contained in the liver. Additionally, the
authors performed detailed in vivo therapeutic assessments,
where GA-198AuNPs (diameter 12–18 nm) were injected
intratumorally to the severely compromised immunodeficient
(SCID) mice bearing prostate tumor (PC3 cells) xenografts. Each
mouse was given an intratumoral injection of 408 mCi of
GA-198AuNPs (30 mL). The tumor volume was monitored over
a period of 30 days, and retardation in tumor growth for the
treated group in comparison with the untreated group was
reported. After 3 weeks of radioactive injection, the tumor
volumes of treated groups were found to be 82% smaller than
in the control group. Furthermore, even after 30 days of
injection, on ex vivo analysis, radio-NPs were found in the
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tumor (20%ID), the liver (1%ID), and the carcass (18.5%ID)
(78). In recent years, the researchers from the University of
Missouri have developed similar products and tested the radio-
NPs in vivo as potential nanobrachytherapeutic agents.

Shukla et al. (36) synthesized radioactive AuNPs
functionalized with epigallocatechin gallate (EGCg)-198Au-
EGCg. EGCg is a phytochemical extracted from green tea
leaves and can be used to actively target laminin receptors
(Lam 67R), which are overexpressed by the prostate cancer
cells. In this study, i) the synthesis and characterization of
198Au-EGCg nanoparticles were reported; ii) the affinity of
EGCg for laminin receptors and internalization of 198Au-EGCg
through endocytosis was demonstrated; (iii) in vivo therapeutic
assessment of 198Au-EGCg nanoparticles was performed. For in
vivo therapeutic assessment, 136 mCi (30 mL) of 198Au-EGCg
nanoparticles, with a diameter of 40–55 nm, were injected
intratumorally to the mice bearing prostate tumor. The
pharmacokinetic study results demonstrated that after 24 h of
injection, approximately 72% of 198Au-EGCg nanoparticles were
retained in the tumor. After 28 days of injection, the tumor size
of the treated group was found to be 80% smaller than of the
control group. The results of end-of-study biodistribution,
conducted on day 42 post radioactive injection, showed that
radio-NPs were retained in the tumor (34.7%ID), liver (2.5%ID),
and carcass (18%ID).

The therapeutic effectiveness of GA-coated AuNPs
(GA-198AuNPs) was also assessed in the canine model (74).
Nine dogs diagnosed with prostate cancer were injected with
GA-198AuNPs (diameter 12–15 nm) intratumorally. In order to
obtain homogeneous distribution of a radiotherapeutic agent
within the tumor volume, two to eight needles were inserted, and
several injections of 100–200 mL were administered. Activity to
be administered was selected as a function of tumor volume. The
dogs were injected with activity in the range of 3 to 13.8 mCi of
198Au. This activity range corresponded to the biological effective
dose of 50 (n = 2) and 150 Gy (n = 7). After 30 min of radioactive
injection, scintigraphy scans were performed. In six dogs, the
migration of nanoparticles to the bladder, urethra, and prostatic
extra region from the prostate was observed. After 30 min of
injection, only 53% of injected radio-NPs were retained in the
prostate. Four weeks posttreatment, CT scan was performed to
measure the tumor volume. The authors expressed the
effectiveness of the treatment in terms of decrease in the tumor
volume. A decrease in the tumor volume by 30%–50% was
observed in two specimens, an increase in tumor size by 12%–
26% was observed in two dogs, and for the remaining specimens,
there was an increase or decrease of 3% in the tumor volume. The
nanoparticles did not induce any sign of toxicity. The authors
concluded that the therapeutic effectiveness of GA-198AuNPs in
the canine model was compromised due to the limited retention
of radio-NPs within the tumor volume. Hence, the influence of
tumor vasculature and the lymphatic drainage on retention or
leakage of nanoparticles need to be investigated before
conducting clinical trials.

In the most recent publication from this group (10), they used
mangiferin (MGF), a phytochemical extracted from mango, to
Frontiers in Oncology | www.frontiersin.org 15153
fabricate 198Au nanoparticles. Mangiferin is a glucose-
functionalized xanthonoid and is capable of reducing 198Au
precursors to 198Au nanoparticles. The sugar-polyphenolic
groups present in mangiferin are capable of encapsulating and
binding on the surface of AuNPs and provide optimum stability
both in vitro and in vivo. Hence, MGF-encapsulated 198AuNP-
MGF-198AuNPs with 35 ± 2 nm of core size and 55 ± 0.9 nm of
hydrodynamics size were fabricated. Furthermore, due to the
presence of glucose functionality, MGF was used to effectively
target laminin receptors overexpressed by the prostate cancer
(PC-3) tumor cells. Hence, selective accumulation of
MGF-198AuNPs within the tumor volume was achieved. The
authors reported the following: i) the fabrication and
characterization of MGF-198AuNPs; (ii) studies on stability of
MGF-198AuNPs in vitro and in vivo and biodistribution studies;
and (iii) studies on the evaluation of therapeutic efficacy of
MGF-198AuNPs on mice bearing prostate tumors. In order to
evaluate the in vivo stability, normal mice (N = 25) were given
intravenous injection of 8.0 mCi/100 mL of MGF-198AuNPs and
were euthanized at 30 min, 1 h, 2 h, 4 h, and 24 h post radioactive
injection. All the important organs (liver, spleen, lungs, bladder,
etc.) were collected, and radioactivity accumulation in these
organs was estimated. MGF-198AuNPs predominantly
accumulated in the spleen and liver clearance through
hepatobiliary pathway, and almost no uptake occurred in the
blood and lungs. In order to evaluate the selective accumulation
of MGF-198AuNPs, due to the glucose functionality of MGF, the
au tho r s pe r f o rmed a s tudy on the r e t en t i on o f
radiopharmaceuticals within the tumor. Mice bearing PC-3
tumor (N = 5) were administered with a single dose of 4 mCi/
30 mL of MGF-198AuNPs for each tumor through intratumoral
injection. The mice were euthanized at an interval of 30 min, 1 h,
2 h, 4 h, and 24 h post radioactive injection; and tumors and the
organs of interest (liver, spleen, etc.) were excised. Radioactivity
accumulation in tumor and different organs was estimated in
terms of %ID/organ. At 30 min and 24 h p.i., 80.98% ± 13.39%
and 79.82% ± 10.55% of MGF-198AuNPs were respectively found
to be accumulated in the tumor, whereas liver increase from
4.05% ± 5.27% (at 30 min) to 10.65% ± 8.31% (at 24 h) was
reported. Additionally, low uptake of radio-NPs was also found
in feces (0% at 30 min and 2.2% ± 4.5% at 24 h) and the stomach
(0.10% at 30 min and 0.02% at 24 h), and no noticeable uptake
was found in the lungs, blood, and other organs. Lastly, the
authors also performed a detailed study to evaluate the
therapeutic efficacy of MGF-198AuNPs. Mice bearing PC-3
tumors were divided into three groups: i) Group A, tumor
volume ranging from 0.15 to 0.2 cm3; ii) Group B, mice with
tumor volume about 0.43 cm3 were injected with a single dose of
160 mCi/30 mL of MGF-198AuNPs per tumor through
intratumoral injection; and iii) Group C, mice with 0.15 to 0.2
cm3 of tumor size were injected with 30 mL of saline
intratumorally and served as control. The tumor volume was
monitored for 3 weeks. Post 7 days of injection, a decrease in the
tumor volume for Groups A and B was observed. After 2 weeks
of injection, a decrease in the tumor volume by twofold with
respect to control was reported for the treated groups. Three
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weeks post radioactive injection, there was an increase in the
tumor volume by fivefold for Group C; Group A = 0.18 ± 0.17
cm3 and Group B = 0.22 ± 0.02 were reported. Furthermore, after
3 weeks, 69.70 ± 14.40%ID was found to be retained in the
tumor, 6.80 ± 5.9%ID in the carcass, and 1.44 ± 2.97%ID in
the liver.

Lin et al. (49) fabricated AuNPs stabilized with GA-AuNPs@
GA of ≈2-nm size for nanobrachytherapy applications. The X-
ray irradiation of HAuCl4 and GA resulted in the formation of
AuNPs@GA. AuNPs@GA nanocarriers were made radioactive
through neutron activation, and 198AuNPs@GA were obtained.
Radiotherapeutic efficacy, biodistribution, and toxicity studies
were performed on mice bearing H460 tumor. Suspension of 103
mCi (injection volume = 100 mL) of 198AuNPs@GA nanoparticles
per mouse was administered intratumorally to the mice bearing
H460 tumors, and the tumor volume was monitored for 2 weeks.
Toxicity caused by administration of 198AuNPs@GA
nanocarriers was evaluated in terms of loss in body weight.
Less than 20% decrease in body weight was found post 4 days of
radioactive injection; and post 7 days of injection, the body
weight was recovered. Hence, the authors effectively showed that
198AuNPs@GA are safe for treatment. In order to perform
biodistribution studies, mice were euthanized, and important
organs (liver, spleen, kidney, carcass, etc.) were collected. The
authors also collected urine and feces. Post 7 days of injection, a
decrease in the tumor volume by more than 90% was observed in
the 198AuNPs@GA-treated group in comparison with the
controls and mice injected with non-radioactive nanoparticles.
Even after 2 weeks of radioactive injection, 50% of the
nanoparticles were found to be accumulated in the tumor and
8.9% in the liver. Furthermore, clearance of 198AuNPs@GA was
observed in urine and feces.

Yook et al. (50) evaluated the therapeutic efficacy of
radioactive AuNPs in a MDA-MB-468 human BC model. The
AuNPs were radiolabeled with 177Lu using a macrocyclic
complex: 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic
acid (DOTA) and NPs)were functionalized with PEG and
panitumumab (an antibody) to target the epidermal growth
factor receptors (EGFRs). The EGFRs are overexpressed by the
BC tumor cells. Radio-NPs were divided into two categories: i)
targeted—functionalized with PEG and panitumumab-177Lu-T-
AuNP; and ii) non-targeted—functionalized with PEG but not
panitumumab-177Lu-NT-AuNP. A single dose of 4.5 MBq of
both targeted and non-targeted nanoparticles in 30 mL of saline
was administered through intratumoral injection into the mice
carrying subcutaneous human BC cells. Both targeted and non-
targeted 177Lu radiolabeled AuNPs were found to be capable of
delaying tumor growth for more than 90 days, and no organ
toxicity caused by these nanoparticles was reported. In the
treated groups, inhibition of tumor growth by a factor of ≈30
in comparison with the untreated groups was reported. The
amount of nanoparticles that was retained within the tumor was
evaluated by performing SPECT/CT imaging at 1 and 48 h post
radioactive injection. Ex vivo analysis was also done to assess the
distribution of 177Lu-T-AuNP and 177Lu-NT-AuNP in different
organs. Post 1 h of injection, most of the radio-NPs were
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confined within the tumors, and migration of this radioactive
out of tumors was observed at 48 h. Furthermore, the authors
reported that high concentrations of both targeted and non-
targeted nanoparticles, >300%–400%ID/g, accumulated within
the tumors after 1 h of intratumoral administration. Hence, no
significant impact of active targeting of 177Lu-AuNP was
observed in retaining the AuNPs within the tumors. Less than
3%ID/g radioactivity migrated to the liver and spleen, and its
value increased by two- to fivefold post 48 h of injection, whereas
the radioactivity found in other organs was less than 0.5%ID/g.

Cai et al. (75) radiolabeled AuNPs with 177Lu-DOTA to
synthesize 177Lu-AuNPs. These nanoparticles were further
functionalized with trastuzumab antibodies using PEG.
Initially, the PEG chains were linked on the AuNPs, and the
trastuzumab molecules were attached on these chains. The
nanoparticles were categorized into two groups: i) targeted—
nanoparticles functionalized with trastuzumab (trastuzumab-
AuNP-177Lu); and ii) non-targeted—nanoparticles not
functionalized with trastuzumab (AuNP-177Lu). In order to
assess therapeutic effectiveness of these nanoparticles, 3 MBq
(≈81 mCi) was administered intratumorally in mice bearing BC
tumors. The tumor growth was monitored for 16 days. The
targeted nanoparticles (trastuzumab-AuNP-177Lu) were
reported to be 1.8 times more efficient in inhibiting tumor
growth in comparison with the non-targeted nanoparticles
(AuNP-177Lu) and 2.2 times in comparison with the untreated
group. No significant tissue toxicity was reported by the authors
for both targeted and non-targeted treatments. Additionally, the
authors provided no information on the amount of nanoparticles
that migrated to the liver and spleen.

Chakravarty et al. (37) synthesized neutron-activated 199Au
radio-NPs with an average particle size 11 nm and
hydrodynamic size of about 30.2 nm. Cyclic (arginine-glycine-
aspartate-phenylalanine-lysine) [f(RGDfK)] peptide was used as
both a stabilizing agent and a reducing agent for the synthesis of
199Au-c(RGDfK) nanoparticles to target integrin avb3 receptors
for nanobrachytherapy applications. Additionally, non-targeted
199Au nanoparticles were also synthesized by labeling 199Au
nanoparticles with scrambled sequence of RGD cyclic
(arginine-glycine-lysine-phenylalanine aspartic acid [c
(RGKfD)]. The non-targeted 199Au-c(RGKfD) nanoparticles
were used as control. The authors characterized the
nanoparticles using numerous analytical techniques to evaluate
the particle identity, size, in vitro stability, compatibility to
biological medium, and suitability for clinical use. The
biodistribution studies were conducted in C57BL/6 mice
bearing melanoma tumors after intratumoral administration of
199Au-c(RGDfK) nanoparticles. The non-targeted 199Au-c
(RGKfD) nanoparticles were also injected intratumorally to
another group of C57L/6 mice having melanoma tumors and
were used as control. The mice were euthanized at 24, 72, and
192 h post radioactive injection, and samples of normal tissues
and tumor were collected. At 24 h p.i., a high percentage of
administered radioactive 199Au nanoparticles (both targeted and
non-targeted) were retained within the tumor volume. The
uptake of targeted 199Au-c(RGDfK) nanoparticles (497 ± 56%
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ID/g) was reported to be higher than that of non-targeted (400 ±
67%ID/g). Between 24 and 192 h post intratumoral injection, a
gradual decrease in radioactivity, accumulated in the tumor, was
observed for both targeted and non-targeted 199Au
nanoparticles. Additionally, at 192 h p.i., twofold higher
retention of the targeted 199Au-c(RGDfK) nanoparticles (375 ±
78%ID/g) in comparison with non-targeted 199Au-c(RGDfK)
nanoparticles (182 ± 23%ID/g) was observed. Consequently,
higher radioactivity was found in the blood for non-targeted
nanoparticles in comparison with the targeted nanoparticles,
indicating their leakage from the tumor. Post 120 h of injection,
the uptake of targeted 199Au-c(RGDfK) (≈4%ID/g) in the liver
and kidney was found to be three times lower than of non-
targeted 199Au-c(RGKfD) (≈12%ID/g) nanoparticles. The uptake
in the spleen (≈2%ID/g) was nearly equal for both targeted and
non-targeted 199Au nanoparticles. The uptake of radio-NPs in
the remaining organs was less than 1%ID/g. The therapeutic
efficacy of these targeted and non-targeted 199Au nanoparticles
was evaluated on melanoma-bearing C57BL/6 mice. The mice
with tumor size approximately 150 mm3 were divided into five
sets (five mice per set). Each group was given a single
intratumoral injection of saline, non-radioactive Au-c(RGDfK),
2 MBq of 199Au-c(RGDfK), 5 MBq of 199Au-c(RGDfK)
nanoparticles, or 10 MBq of 199Au-c(RGDfK) nanoparticles.
The first two groups were used as control. Furthermore, the
tumor volume and body weight of the mice were monitored for
15 days. A significant delay in tumor growth was observed in
mice injected with 2, 5, or 10 MBq of 199Au-c(RGDfK)
nanoparticles in comparison with the control.

Sheng et al. (17) synthesized melanin nanoparticles (MNPs)
radiolabeled with 131I. The MNPs were radiolabeled with Ag-I
two-step method. First, Ag+ ions were chelated by MNPs, and 131I
ions were attached to Ag+ ions to formMNP-Ag-131I nanoparticles
(diameter = 6 nm, and hydrodynamic diameter = 11 nm) with 99%
radiolabeling yield. The authors further evaluated the solubility
and/or stability of MNP-Ag-131I in demineralized water (DI
water), PBS, and serum. Additionally, the in vitro
biocompatibility was tested in PC-3 prostate cancer cells, and no
cytotoxicity was observed. In order to evaluate the in vivo
therapeutic efficacy of MNP-Ag-131I nanoparticles, the mice were
divided into three groups: i) control, ii) 131I group, and iii) MNP-
Ag-131I-treated group. On day 1, the 131I group andMNP-Ag-131I-
treated group were injected with 1 mCi of 131I and MNP-Ag-131I
through intratumoral injection; and radiopharmaceutical retention
within the tumor was observed through SPECT and Cherenkov
radiation. On day 3, through intratumoral injections, control, 131I
group, and MNP-Ag-131I-treated group were injected with 20 mL
of PBS, 500 mCi of 131I in 20 mL of DI, and 500 mCi of MNP-
Ag-131I in 20 mL of PBS. The mice were euthanized after 7 days of
radioactive injection, and tumor and other important organs were
collected. The MNP-Ag-131I-treated group had a tumor volume
equal to the initial volume, whereas the control and 131I-treated
group had tumor size 1.5 times larger in comparison with the
initial volume.

Zhang et al. (76) synthesized mesoporous silica nanoparticles
(MSNPs), radiolabeled with 131I and activated with anti-vascular
Frontiers in Oncology | www.frontiersin.org 17155
endothelial growth factor receptor 2 (anti-VEGFR2) antibodies and
bovine serum albumin (BSA) for the treatment of anaplastic thyroid
cancers (APCs). The radiolabeling of the MSNPs was performed
using Chloramine-T method, resulting in the formation of 131I-
BSA-MSNPs-anti-VEGFR2 radioactive nanocarriers. In vitro
cellular uptake of 131I-BSA-MSNPs-anti-VEGFR2 in human
thyroid carcinoma FRO cell lines was evaluated through confocal
imaging, and time-dependent cellular uptake was evaluated by
measuring radioactivity using gamma counter. The therapeutic
efficacy of radioactive 131I-BSA-MSNPs-anti-VEGFR2 was tested
on mice bearing FRO tumor cells. The radiopharmaceutical
retention within the tumor was measured through SPECT/CT
imaging. The mice were divided into four groups: control,
injected with PBS; and 131I-BSA-MSNPs, Na131I, and 131I-BSA-
MSNPs-anti-VEGFR2-treated groups (n = 3). Each group was
administered with radioactivity of 74 MBq (50 mL) through
intratumoral injection. A gradual increase in the tumor volume
was reported for all the groups except 131I-BSA-MSNPs-anti-
VEGFR2-treated group.

Su et al. (77) synthesized AuNPs radiolabeled with 131I and
activated with twin arginine translocation (TAT) peptide. In order
to construct 131I-AuNPs-TAT radiopharmaceuticals, first, AuNPs
(diameter = ≈8.36 nm) were prepared. Later, AuNPs were
functionalized with amino-poly(ethylene glycol)-thiol (HS-
PEG2000-NH2) to prepare AuNPs-PEG, and they were
conjugated with TAT peptide to prepare AuNPs-TAT. Lastly,
through iodogen-catalyzed procedure, AuNPs-TAT was
radiolabeled with 131I to synthesize 131I-AuNPsTAT
radiopharmaceutical with radiolabeling yield of 96.5% and
radiochemical purity above 78%. In vitro experiments on
radiocytotoxicity, estimating the rate of apoptosis and suppression
of tumor cell proliferation, were performed using cell counting kit-8
(CCK-8) assay by exposing human colon cancer (HCT-116) cells to
131I-AuNPs-TAT radiopharmaceutical. The authors concluded
that, after the addition of TAT peptide and AuNPs, 131I-AuNPs-
TAT was internalized by the cell nuclei and caused short-term and
long-term damage to the tumor cells. From the results of in vitro
studies, the authors concluded that 500 mCi/mL of 131I-AuNPs-
TAT (composed of AuNPs = 100 mg/mL and TAT = 10 g/mL) is
appropriate for therapeutic studies. Mice bearing HCT166 tumors
were used to evaluate the therapeutic efficacy of 131I-AuNPs-TAT.
Prior to treatment, SPECT/CT imaging was used to monitor the
metabolic distribution of intratumorally administered 131I-AuNPs-
TAT. The authors reported that about 20.09% of 131I-AuNPs-TAT
was retained at the site of injection after 36 h. Post SPECT/CT
imaging, mice were administered with 500 mCi/mL (per mouse) of
131I-AuNPs-TAT through intratumoral injection. After 18 days of
radioactive injection, reduction in tumor size by 79.95% was
reported for the 131I-AuNPs-TAT-treated group, whereas in the
untreated group, the tumor grew to 8.08 times the original tumor
size. The authors concluded that the presence of TAT and AuNPs i)
internalized the radiopharmaceutical to the nuclei of the tumor
cells, which elevated the DNA damage; and ii) the high-energy beta
particles emitted from 131I on interaction with Au produced low-
energy X-rays—this further reduced the cold spots and induced a
strong immune response.
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From the data collected regarding alpha emitters in
preclinical studies, it is possible to observe that the most
commonly used radioisotope is 211At followed by 225Ac, mostly
radiolabeling AuNPs with small diameter (from 5 to 15 nm). The
most interesting finding among the collected studies was the fact
that intratumoral injection likely leads to a better outcome in
terms of cancer ablation compared with intravenous injection.
When it comes to Auger emitters, palladium comes into the
scene more often, either cold palladium combined with gold in
the core of nanoparticles or 103Pd as a radionuclide. Other Auger
emitters that are also used are 111ln and 125I, and the
intratumoral injection was the chosen route for administering
the nanoparticles in all studies recruited for this paper.
Interestingly, the tumor ablation appears to be higher than
alpha emitters, with tumors decreasing in size from 56% to
75% among the recruited studies. Finally, beta emitters are likely
the most effective in ablating solid tumors, with tumor size
decreasing more than 80% in various preclinical studies. The
most commonly used radionuclides are 198Au and 199Au
followed by 131I and 177Lu. Again, the administration route for
the nanoparticles was the intratumoral injection.

Among the studies recruited for this paper, most of the
authors synthesize the nanomaterials, making use of some sort
of targeting strategy in order to enhance the tumor localization of
the nanoparticles, apart from the intratumoral injection, which
also contributes in this regard. However, targeting strategies are
more utilized when the authors use beta emitters. Biodistribution
studies were performed more often with beta emitters than
alpha- or Auger-emitting radionuclides. In this matter, it is of
utmost importance to carefully follow the pharmacokinetics of
radioactive nanomaterials in order to avoid side effects and non-
specific radioactive damage to healthy cells; therefore,
researchers should work with novel strategies related to
theranostic radioactive nanomaterials. Targeting strategies, i.e.,
mAb and tissue-specific receptor ligands, are very useful for
concentrating therapeutic agents inside the tumor tissues; thus,
they should be taken into consideration by those working with
this kind of biomaterials. Figure 4 summarizes the main findings
from the preclinical studies.
6 NANOBRACHYTHERAPY WITH
INTRATUMORAL IMMUNOTHERAPY

Cancer treatment is a multipronged approach wherein the
combination of treatment regimens such as surgery,
chemotherapy, RT, and more recently immunotherapy is
adopted to achieve better therapeutic index. For example,
immunotherapy alone has occasional responses, and benefits
are limited to a minority of patients in limited disease sites due to
immune evasion properties of tumor cells (79). A rare
phenomenon called “abscopal effect” is observed with the local
radiation treatments where tumors outside the treatment fields
have been observed to shrink as a result of immune response
provoked by RT (80–82). The abscopal effect is rare with
radiation alone but profoundly observed in patients
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undergoing immune checkpoint blockade therapy (83–86).
Similarly, immunotherapy can enhance the efficacy of RT via
activation of the innate and adaptive immune system (79, 87).
With the development of tumor-specific antibodies, immune
checkpoint inhibitor antibodies, and chimeric antigen receptor
T-cell therapies, immunotherapy has revolutionized the
treatment of metastatic disease including melanoma, non-small
cell lung cancer, and renal cell carcinoma (88, 89). The unique
synergistic relationship between radiation and immunotherapy
provides the benefit of controlling systemic disease with local
delivery of treatment. Many clinical trials are ongoing, testing the
outcomes (safety, tumor response, immune response, and
toxicities) of the combination of immune checkpoint inhibitor
therapeutics and RT for prostate cancer (castrate resistant), soft
tissue sarcoma, BC, glioma, pancreatic cancer, and melanoma
(79, 88, 89). The RT techniques employed are mostly EBRT,
including highly conformal intensity modulated RT and
stereotactic body RT (SBRT) combined with high-precision
image guidance (IGRT). In many studies, immunotherapy was
administered intratumorally to envisage lesser immune-related
adverse events, better local immune response, and control of
systemic metastatic disease (90–96).

In one of the studies, Moreau et al. investigated the use of
multifunctional smart RT biomaterial (SRB) loaded with
immunoadjuvants to study the abscopal effect of local RT (93).
Lewis lung carcinoma (LLC) tumors were generated on both the
right and left flanks of the mice, and one tumor was implanted
with an SRB device loaded with CD40 antibody in PLGA matrix
followed by RT. The SRB device releases immunotherapeutic
drug intratumorally and provides image guidance for EBRT
using small animal radiation research platform (SARRP). The
treatment response was observed in both irradiated and un-
irradiated tumors owing to the radiation-mediated systemic
antitumor immune response.

There was one attempt to administer both radiation and an
immune stimulator directly to the tumor. Sodium alginate
formulation containing catalase was labeled with 131I and injected
intratumorally. This creates in situ gelation to confine 131I within
the tumor and alleviates tumor hypoxia (97). They also showed that
when 1 3 1 I was added wi th CpG o l i gonuc l eo t ide
(immunostimulator) administered intratumorally and combined
with systemic checkpoint blockade therapy (CTLA-4 antibodies),
it leads to local tumor eradication as well as increased systemic
immune response to inhibit distal metastasis and tumor recurrence.

Radiation in the form of nanoparticles is being investigated for
intratumoral administration to reduce the side effects to normal
tissues, and similarly, immunotherapeutic drugs are being
administered intratumorally to avoid immune-related adverse
events. The therapeutic combination of nanobrachytherapy and
intratumoral immunotherapy has great potential to achieve higher
therapeutic index in a synergistic manner. They may deliver larger
doses of therapeutics to the tumor, reduce normal tissue toxicities
of systemic delivery, eradicate distal malignant cells owing to the
enhanced abscopal effect, and enhance the efficacy of
immunotherapy as well as RT for multiple disease sites and
larger patient base.
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7 DOSIMETRIC STUDIES ON
NANOBRACHYTHERAPY APPLICATIONS
USING MONTE CARLO METHODS

Radio-NPs are emerging as promising radiotherapeutic agents
for cancer treatment and are being probed as a replacement to
seed-based BT. Prior to using radio-NPs for RT applications,
accurate dosimetric simulations are needed in order to determine
the dose distribution within the tumor volume and the
surrounding normal tissues. Monte Carlo simulation
techniques can be used efficiently to determine the energy or
dose distribution within the region of interest. As per our
knowledge, only three studies addressing the problem of
dosimetry for nanobrachytherapy using radio-NPs have been
published so far. The main highlights of these three studies are
briefly discussed below.

Laprise-Pelletier et al. (98) used both experimental and
theoretical approaches to estimate the dose distribution maps in
the tumor tissues. Initially, radio-NPs 103Pd : Pd@Au were
synthesized (15) and administered intratumorally to the mice
bearing prostate cancer tumors. At different time points (2 h, 24 h,
and 8 days), tumors were harvested and analyzed through optical
and transmission electron microscopy (TEM). A comprehensive
biodistribution study confirmed that more than 80% of radio-NPs
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were retained in the tumor volume and that a small percentage of
NPs migrated to the liver and spleen. The intracellular distribution
of 103Pd : Pd@AuNPs was quantified through optical and TEM
images. Maps and profiles of energy deposition at microscopic and
macroscopic levels were estimated using these data. At the
macroscopic level, the dose distribution, in terms of isodose
curves, obtained for 103Pd : Pd@AuNPs (also termed as “cloud”
of radio-NPs) was compared with the dose distribution obtained
for the conventional millimeter-sized, low-dose BT: 103Pd seed. A
sharper dose fall in the isodose curves estimated for a single
injection of radio-NPs was reported in comparison with the
conventional BT seed. This sharper dose fall was attributed to
the attenuation of photons by the gold atoms present in the
“cloud” of NPs. The authors stressed that this feature can be useful
in effectively sparing organs at risk and delivering high doses of
radiation to the tumor tissues, as NPs deposit very high doses of
radiation in their immediate vicinity. The TEM images of the
xenograft tumor cells were used to simulate the energy deposited
by 103Pd : Pd@AuNPs at the microscopic level. The Monte Carlo
simulation was conducted in three steps: i) the TEM images
representative of microdistribution of NPs were selected and
digitized. These digitized images were virtually placed in the
middle of 50-mm3 cubical phantom. ii) Nanoconstructs (r = 25
nm) with Pd core (r = 5 nm) coated with a thick layer of gold
FIGURE 4 | Summary of the main findings from the preclinical studies.
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(r = 20 nm) were simulated. These nanoconstructs were
positioned in the resampled TEM images, placed in the cubical
phantom. iii) Emitted photons and electrons produced in the
interactions were simulated, and energy deposition maps were
computed. From the computed dose distribution, it was found
that the highest dose deposition occurred in the immediate
vicinity of the NPs. That is, the electrons escaping from the NPs
lost most of their energy in a very short range, and almost no NPs
were found in the nuclei. The samemicrodosimetric approach was
used to quantify the radiosensitization effect induced by gold.
In this case, two simulations were performed, considering
i) 103Pd : Pd core coated with gold and ii) 103Pd : Pd not coated
with gold. The estimated energy deposition map was reported as a
ratio of energy-deposited values (energy deposited by radio-NPs
coated with gold/energy deposited by radio-NPs not coated with
gold). The ratio of energy-deposited value quantified the dose
enhancement effect due to the presence of gold. Enhancement in
dose by factor of 25, in the immediate vicinity of the NPs coated
with gold, was observed, whereas for regions 2 mm further from
the radio-NPs, no radiosensitization effect was observed. Hence,
the radiosensitization effect was found to be extremely localized
around the gold-coated radio-NPs. Based on the microdosimetric
results, the authors concluded that reactive oxygen species (ROS)
can be the main factor responsible for cell killing and observed
strong tumor control effect (15).

Al-Yasiri et al. (99) used MCNP6.1.1 Monte Carlo (MC) code
to construct a simple geometrical replica of a human prostate,
containing a tumor inside it, and estimated the dose distribution
due to the gold radio-NPs (198AuNPs or 199AuNPs)
homogeneously distributed within the tumor. This simple
model consisted of spheres representing the following: tumor
(radius (r) = 0.4 cm) located within the prostate (r = 2 cm),
prostate, bladder (r = 3.5 cm), and rectum (r = 1.5 cm). Dose
distribution was estimated for tumor and other organs at risk
(healthy prostate, bladder, and rectum), assuming that 10 mCi of
198AuNPs/199AuNPs was homogeneously distributed within the
tumor volume. The authors reported that for both 198AuNPs and
199AuNPs, the maximum dose was deposited at the center of the
tumor and decreased rapidly towards the tumor prostate
interface and other surrounding organs. Owing to the high-
energy beta emissions from 198Au, high dose rates were reported
for 198Au at a) center of the tumor, 12 Gy/h; b) prostate tumor
periphery, 1.46 Gy/h; c) prostate periphery, 0.1 Gy/h; d) center of
the bladder, 0.013 Gy; and e) center of the rectum, 0.026 Gy/h.
On the other hand, due to low-energy beta emissions for 199Au,
for the same locations, the dose rates were 1.6, 0.53, 0.26, 0.0013,
and 0.004 Gy/h. Based on these findings, the authors concluded
that 198AuNPs are suitable for the treatment of solid tumors and
that 199Au can be used for imaging purposes.

In one of our recent in silico dosimetry study (61), we
replicated the cell survival curves for three preclinical studies
(10, 15, 100), published in literature, on the use of radioactive
nanocarriers as nanobrachytherapeutic agents using a
mathematical model (101) and EGSnrc (102) MC code. The
mathematical model used took into account the doubling rate of
tumor cells, complete repair of sublethal damage, uptake rate, and
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washout rate of nanocarriers to and from tumor cell
monoexponential function of time. Furthermore, this study
anticipated several possibilities and evaluated the dosimetric
characteristics and therapeutic efficacy of nanoparticles
radiolabeled with 103Pd (Auger emitter), 153Sm (medium energy
beta emitter), and 198Au (high-energy beta emitter). Initially, the
dosimetric characteristics of 103Pd, 153Sm, and 198Au were
evaluated using single cell dosimetry (7). It was found that at
the cellular level, 153Sm deposited maximum dose, followed by
103Pd and 198Au. The least energy deposition for 198Au was
attributed to the emitted highly energetic beta particles. These
beta particles exit the cell volume (radius = 5 mm) without
depositing enough energy. Second, the estimated cell survival
curves were found to be in good agreement with the
experimental results published in literature. Lastly, we evaluated
the impact of i) tumor size, ii) tumor type, and iii) amount of
injected activity on the cell survival curves. We found that 153Sm
and 198Au effectively ablated tumor cells for all three cases with
minimum injected activity (≤20 MBq), whereas for 103Pd, higher
radioactivity was required to achieve a similar effect. Hence, we
concluded that for radioresistant, large size (≈1 cm3) and rapidly
growing tumors, 153Sm and 198Au can be conclusively used as
nanobrachytherapeutic agents, whereas 103Pd is only suitable for
small-size (≈0.3 cm3) tumors that have injected activity ≥60 MBq.
8 CONCLUSION, CURRENT
CHALLENGES, AND FUTURE PROSPECTS

The application of interstitial BT is impeded by several
posttreatment adverse effects or symptoms and the associated
operational and logistical complications. The emerging nano-
platforms can be used to efficiently deliver radiopharmaceuticals
to the tumor. In comparison with free radioisotopes or
radioisotopes functionalized with single tumor-specific
biomolecules, nanoparticles can be loaded with higher doses of
radioactivity, and multiple radioisotopes can be accommodated
within a single nanoparticle. Moreover, these nanocarriers can
also provide several additional functions, for instance: i)
photothermal effect, ii) load chemotherapeutic drug, iii)
radiosensitization in case of high-Z nanoparticles, and iv) real-
time tumor imaging. Hence, they can be helpful in improving the
efficacy or optimizing the therapeutic planning of internal RT or
systemic therapy. Radio-NPs, injected intratumorally, can
directly deliver radiation dose to the tumor like BT; and this
technique is termed as nanobrachytherapy.

In this article, we review the recent progress in the
radiosynthesis of the nanoparticles and their use for
nanobrachytherapy applications. Recent progress on the i)
radiosynthesis methods, ii) selection of a radionuclide for
nanobrachytherapy application, iii) modes of internalization of
nanocarriers, and iv) the most recent preclinical and dosimetric
studies on BT are discussed.

The intratumoral (i.t.) injection of radio-NPs for
nanobrachytherapy applications is associated with several
challenges and shortcomings. The two main obstacles that
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have impeded the clinical translation of radio-NPs are i) leakage
of fraction of injected radio-NPs from the tumor and ii)
inhomogeneous distribution of radioactivity within the tumor
post i.t. injection.

Intratumoral retention of radio-NPs is crucial for the
therapeutic effectiveness of nanobrachytherapy application and
must be maximized. It also reduces the risk of irradiating normal
tissues or healthy organs (especially the liver and spleen). Both
inhomogeneous intratumoral radioactivity distribution and
leakage of radio-NPs from the tumor post injection are caused
by irregular tumor vasculature, variable blood and lymph flow,
and pressure gradients. Since tumors are unique, the radio-NP
leakage ratio and distribution of NPs within the tumor may vary
frompatient topatient. Thiswill probablymake treatment planning
and dosimetric computations complicated and challenging. The
tumor retentionof radio-NPs can be improvedby i) functionalizing
surface of radio-NPs with tumor-specific biomolecules or ii) co-
injecting biocompatible polymers that sequester NPs within the
tumor, along with radio-NPs. The delivery systems, injected
intratumorally, that can homogeneously distribute radioactivity
throughout the tumor volume with minimal leakage have not
been developed yet.

Consequently, for clinical translation of intratumorally
injected radio-NPs for nanobrachytherapy applications, the
injected radio-NPs should i) have high intratumoral retention
and ii) homogeneously distribute radioactivity throughout the
tumor volume.

Hence, more comprehensive biodistribution studies are
required to understand and control the excretion routes of
radio-NPs. Furthermore, intratumoral distribution and
diffusion of NPs depend on i) tumor architecture and its
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density; ii) interstitial fluid pressure; iii) tumor vasculature,
blood flow, and lymph flow; and iv) specifics of extracellular
matrix of the tumor. These factors must be investigated in a wide
range of tumors in order to reduce the inhomogeneity in the
intratumoral radioactivity distribution. Lastly, for accurate
computation of dose distribution at the cellular and subcellular
levels within a tumor injected with radio-NPs, the computational
model should consider i) in vivo microscopic distribution of
radio-NPs, ii) complex cell geometry, and iii) distribution of
radio-NPs near and within the nucleus. The computational
model should also include all possible physics processes that
are susceptible to participate in radiation dose distribution at the
microscopic scale.
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Radiation therapy for abdominal tumors is challenging because the small intestine is
exquisitely radiosensitive. Unfortunately, there are no FDA-approved therapies to prevent
or mitigate GI radiotoxicity. The EGLN protein family are oxygen sensors that regulate cell
survival and metabolism through the degradation of hypoxia-inducible factors (HIFs). Our
group has previously shown that stabilization of HIF2 through genetic deletion or
pharmacologic inhibition of the EGLNs mitigates and protects against GI radiotoxicity in
mice by improving intestinal crypt stem cell survival. Here we aimed to elucidate the
molecular mechanisms by which HIF2 confers GI radioprotection. We developed
duodenal organoids from mice, transiently overexpressed non-degradable HIF2, and
performed bulk RNA sequencing. Interestingly, HIF2 upregulated known radiation
modulators and genes involved in GI homeostasis, including Wnt5a. Non-canonical
Wnt5a signaling has been shown by other groups to improve intestinal crypt
regeneration in response to injury. Here we show that HIF2 drives Wnt5a expression in
multiple duodenal organoid models. Luciferase reporter assays performed in human cells
showed that HIF2 directly activates theWNT5A promoter via a hypoxia response element.
We then evaluated crypt regeneration using spheroid formation assays. Duodenal
organoids that were pre-treated with recombinant Wnt5a had a higher cryptogenic
capacity after irradiation, compared to vehicle-treated organoids. Conversely, we found
thatWnt5a knockout decreased the cryptogenic potential of intestinal stem cells following
irradiation. Treatment with recombinant Wnt5a prior to irradiation rescued the cryptogenic
capacity of Wnt5a knockout organoids, indicating that Wnt5a is necessary and sufficient
for duodenal radioprotection. Taken together, our results suggest that HIF2 radioprotects
the GI tract by inducing Wnt5a expression.
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INTRODUCTION

Radiation is one of the four pillars of cancer care, with
approximately half of cancer patients receiving radiotherapy at
some point of their treatment regimen (1). Similar to
chemotherapy, the efficacy of radiotherapy is limited by
normal tissue toxicity. This toxicity is especially limiting in the
case of abdominal and pelvic cancers, which are surrounded by
the exquisitely radiosensitive gastrointestinal (GI) tract, and they
require high doses of radiation to achieve tumoricidal effects (2).
Multiple studies have highlighted how common GI radiotoxicity
is among cancer patients (3–5). Results from a Phase 3 clinical
trial showed that over a third of patients treated with 45 Gy or
50.4 Gy four-field pelvic radiotherapy or pelvic intensity-
modulated radiotherapy reported GI symptoms following
radiation treatment (6). Consequently, abdominal radiotherapy
for cancers of the hepatobiliary tract and pancreas are
administered at sub-curative doses to avoid GI radiotoxicity.
Recent clinical trials have shown that dose-escalated
radiotherapy using highly precise 3D conformal radiation
techniques, such as stereotactic body radiotherapy and
intensity-modulated radiotherapy, can improve outcomes (7–
9), but these techniques still cannot fully avoid the small
intestines (10). Furthermore, these sophisticated techniques are
not widely accessible, as they require specialized expertise that is
limited to some academic centers. Thus, an alternative to reduce
GI radiotoxicity in cancer patients is to use a radioprotector to
prevent radiation-induced damage and/or to improve GI repair
following radiotherapy (9).

There are currently no FDA-approved radioprotectors of the
GI tract. The intestine has a physiological hypoxia gradient that
arises due to its vascular anatomy, and the hypoxia-inducible
factors (HIFs) regulate various genes required for intestinal
barrier function (11). The HIFs are transcription factors which
are hydroxylated by the EGLN family of prolyl hydroxylases in
the presence of oxygen, iron, and 2-oxoglutarate, allowing the
von Hippel-Lindau E3 ubiquitin ligase complex to bind and tag
HIFs for proteasomal degradation (12–19). The stabilization of
HIFs through hypoxia or EGLN inhibition allows them to
regulate cell metabolism and survival (12), induce tissue
remodeling (20), increase epithelial integrity (21), and promote
stem cell survival (13). There are two main HIF isoforms: HIF1
and HIF2. Our group has previously shown that stabilization of
HIF2, but not HIF1, significantly reduces GI radiotoxicity
without sparing hypoxic pancreatic tumors (22, 23). However,
the mechanisms by which HIF2 confers radioprotection to the
small intestine remain unclear.

In the current study, we generated a 3D murine small
intest inal organoid model system (24), transient ly
overexpressed a non-degradable HIF2 allele (25), and
performed whole transcriptomic analysis to gain insight in this
regard. We found that HIF2 directly inducesWnt5a expression, a
non-canonical Wnt family glycoprotein, in both murine and
human cell lines, by activating its promoter. Like other Wnt
family members, Wnt5a plays an important role in the in the
embryonic development and subsequent homeostasis GI tract,
and enhances regeneration following injury (26, 27). Here, we
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show that Wnt5a is necessary for small intestinal crypt
regeneration following radiation and that addition of
exogenous Wnt5a to duodenal 3D organoid cultures improves
their cryptogenic capacity. Together, our data indicate that HIF2
radioprotects the small intestine, at least in part, by inducing
Wnt5a expression.
MATERIALS AND METHODS

Cell Lines and Reagents
L-WRN cells were obtained from the ATCC (CRL-3276).
HEK293-derived Adherent-293 (AD-293) cells were obtained
from Stratagene (240085). CBRLuc-mCherry reporter murine
duodenal organoids were a gift from Dr. Helen Piwnica-Worms
(28). Murine duodenal organoids were cultured at 37°C in 5%
CO2 and 5% O2, while all other cell lines were cultured at 37°C in
standard 5% CO2 incubators. All cell lines were authenticated by
short tandem repeat profiling and were confirmed to be
Mycoplasma free. Recombinant human/mouse Wnt5a was
purchased from R&D Biosystems (645-WN-010-CF).

Mice
All experimental mouse work adhered to the standards
articulated in the Animal Research: Reporting of In Vivo
Experiments guidelines. Additionally, all mouse work was
approved by the Institutional Animal Care and Use Committee
of The University of Texas MD Anderson Cancer Center. Mice
were maintained on a 12-hour light/dark cycle and were
provided with sterilized water and standard rodent chow
(Prolab Isopro RMH 3000 irradiated feed) ad libitum. C57BL/6
mice (RRID : IMSR_JAX:000664), Wnt5afl/fl mice (RRID :
IMSR_JAX:026626) (29), and R26-LSL-hHIF2adPA mice (RRID :
IMSR_JAX:009674) (25) were obtained from Jackson Laboratories.

Generation of 3D Small Intestinal
Organoids
L-WRN conditioned media was prepared as previously described
(24, 28). Briefly, L-WRN cells were maintained in DMEM high
glucose media (Sigma, D6429) supplemented with 10% (v/v) FBS
(Sigma, F4135, 1% (v/v) Penicillin/Streptomycin (Sigma, P4333),
500 mg/ml Hygromycin B Gold (In vivoGen, ant-hg-1), and 500
mg/ml G418 (Sigma, G8168). Once cells were confluent, the
media was replaced with Advanced DMEM/F12 media (Gibco,
12634010) supplemented with 10% (v/v) FBS, 1% (v/v)
Penicillin/Streptomycin, and 2 mM L-glutamine (Sigma,
G7513). Conditioned media was collected for six days,
centrifuged at 3,000 rpm for 5 minutes, vacuum filtered
through a 20 mM PES membrane (Thermo Scientific, 567-
0020), and stored at -80°C.

Duodenal crypts were isolated from C57BL/6 mice, R26-LSL-
hHIF2adPA mice, and Wnt5afl/fl mice, and 3D organoid cultures
were established as previously described (24, 28). For all steps in
this protocol, EDTA (Sigma-Aldrich, E7889) was added fresh to
both PBS (Cytiva, SH30256.LS) and HBSS without calcium and
magnesium (Gibco, 14025092) to a final concentration of 2 mM,
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and kept on ice. Mice were humanely euthanized by CO2

inhalation followed by cervical dislocation. The duodenum was
measured 1 cm below the pylorus, and 4 cm were resected and
flushed with PBS/EDTA, then incubated on fresh PBS/EDTA for
10 min on ice, and finally transferred to ice-cold HBSS/EDTA.
Duodenal samples were then serially vortexed at 1,600 rpm at 4°C,
in fresh HBSS each time, for 5 min, 3 min, and 8 min. Supernatants
from the second and third vortexes were combined and passed
through 70-mm strainers (Corning, 431751) to isolate crypts and
remove any villi that might remain after the washes. Duodenal
crypts were pelleted at 1,000 rpm at 4°C, then washed in Advanced
DMEM/F12 supplemented with 10% (v/v) FBS, 1% (v/v) Penicillin/
Streptomycin, and 2 mM L-glutamine, and re-centrifuged as before.
The pelleted crypts were resuspended in 50% (v/v) Matrigel
(Corning, 354234) diluted with the crypt washing media, and
then were seeded as domes into 24-well plates (Corning, 3524).
After Matrigel solidification at 37°C, the duodenal organoids were
cultured in 50% (v/v) L-WRN conditioned media supplemented
with 10 mM Y27632 (ROCK inhibitor; Sigma-Aldrich, Y0503) and
10 mM SB431542 (TGF-b RI Kinase Inhibitor VI; Sigma-Aldrich,
616461). The culture media was refreshed every other day and the
organoids were passaged every third day.

Adenoviral Transduction
Ad-GFP (VVC-U of Iowa-4, Ad5CMVeGFP), Ad-Cre (VVC-U
of Iowa-5, Ad5CMVCre), and Ad-Cre-GFP (VVC-U of Iowa-
1174, Ad5CMVCre-eGFP) viral vectors were provided by the
University of Iowa Viral Vector Core (http://www.medicine.
uiowa.edu/vectorcore). Ad-human HIF1 and Ad-human HIF2
viral vectors were previously produced (30) using hHIF1
(Addgene #18955) and hHIF2 plasmids (Addgene #18956) that
contain double proline-to-alanine substitutions which render
them nondegradable by VHL (31). Duodenal organoids were
transduced after at least three passages. First, organoids were
harvested by incubation with Cell Recovery Solution (Corning,
354253) for 30 min on ice, then centrifuged at 1,000 rpm for 5
min at 4°C, and then washed with cold PBS. Organoids were then
digested into single intestinal stem cells (ISCs) via mechanical
digestion while incubating in TrypLE (Gibco, 12605010)
supplemented with 10 mM Y27632 and 500 mM N-
acetylcysteine (Sigma-Aldrich, A0737) for 5 min at 37°C. To
neutralize TrypLE, cold Advanced DMEM/F12 media
s u p p l em e n t e d w i t h 1 0% ( v / v ) F B S , 1% ( v / v )
Penicillin/Streptomycin, 2 mM L-glutamine, 10 mM Y27632,
and 10 mM SB431542 was added and the ISC suspension was
centrifuged at 1,500 rpm for 5 min at 4°C. Single ISCs were
resuspended in Advanced DMEM/F12 supplemented as
described above and passed through a 35-mM strainer
(Corning, 352235). Single ISCs were stained with Trypan Blue
(Bio-Rad, 1450021) and counted on a TC20 Automated Cell
Counter (Bio-Rad). Duodenal ISCs were transduced with
adenoviral particles at MOI rates of 50 particles per cell for 1.5
h at 37°C. Afterwards, transduced ISCs and leftover adenoviral
particles were resuspended in 50% (v/v) Matrigel, seeded into 24-
well plates, and cultured in 50% (v/v) L-WRN conditioned media
supplemented with 10 mM Y27632, 10 mM SB431542, and 10
mM Nicotinamide (Sigma-Aldrich, N3376). RNA purification of
Frontiers in Oncology | www.frontiersin.org 3165
duodenal organoids was done approximately 72 hours
post-transduction.

Western Blotting
Duodenal organoids were released from Matrigel by incubation
with Cell Recovery Solution for 30 min on ice, then
centrifugation at 1,000 rpm for 5 min at 4°C, followed by
washing with cold PBS. Organoids were then lysed in M-PER
mammalian protein extraction reagent (Thermo Fisher
Scientific, 78501) supplemented with protease inhibitor (Roche
Life Science, 11836170001) and phosphatase inhibitor (Roche
Life Science, 4906837001), and then denatured with 4x Laemmli
sample buffer (Bio-Rad, 1610747). Equal cell protein lysate
amounts were resolved on SDS-PAGE gel (Bio-Rad, 4568034)
and transferred onto a nitrocellulose membrane (Bio-Rad,
1620215) using a Trans-Blot Turbo transfer system (Bio-Rad).
After blocking with 5% (w/v) skim milk powder (Bio-
Rad, 1706404XTU) in TBS-T for 1h at room temperature, the
membrane was probed with primary antibodies diluted in
Superblock T20 (ThermoFisher Scientific, 37536) at 4°C
overnight. Anti-HIF2a rabbit (Novus Biologicals, NB100-122)
was used at 1:500 and anti-b-actin rabbit (Cell Signaling
Technology, 4970S) was used at 1:1,000. The membrane was
then washed and incubated with HRP-conjugated secondary
antibody for 1h. The membrane was developed with Clarity
Western ECL Substrate kit (Bio-Rad, 1705061) and visualized
using a ChemiDoc imaging system (Bio-Rad). Relative protein
expression was quantified based on band intensity using ImageJ
software (RRID : SCR_003070) and normalized to control group.

RNA Purification and Quantitative Real
Time-PCR Analysis
Duodenal organoids were released from Matrigel as indicated
above, then homogenized by vortexing and vigorously pipetting,
and then RNA was purified using an RNeasy mini kit following
the manufacturer’s handbook (Qiagen, 74106). Reverse
transcription was performed with a mix of random primers
and oligos using an iScript cDNA Synthesis kit (Bio-Rad,
1708891). Next, qRT-PCR was performed using SYBR Green
Master mix (Bio-Rad, 1725124) and the primer assays listed on
Supplementary Table 1, on a CFX384 Real-time system (Bio-
Rad). Relative gene expression and fold change was calculated
using Hprt and Tbp as reference genes.

RNA Sequencing and Analysis
Duodenal organoids from C57BL/6 mice transduced with either
Ad-GFP, Ad-hHIF1, or Ad-hHIF2 were harvested and RNA was
purified using an RNeasy mini kit. RNA purity and
concentration were measured using an Epoch Microplate
Spectrophotometer with a Take3 Micro-Volume Plate, and
Gen5 software (v2), all from BioTek Instruments, Inc. Library
preparation and sequencing were performed in the Sequencing
and Microarray Facility at MD Anderson Cancer Center. The
raw sequencing data was downloaded from the core server and
low-quality reads were removed and Q20 and GC contents were
calculated. Transcript abundance was quantified using the RSEM
software package (RRID : SCR_013027) (32). Differential
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expression analysis was performed using EBSeq software package
(RRID : SCR_003526) (33). Supplementary Tables 2 and 3 show
the output differential expression gene matrix for Ad-HIF2 and
Ad-HIF1, respectively, compared to Ad-GFP.

WNT5A Promoter Analysis and Dual
Luciferase Assays
The human WNT5a promoter from −2000 to +200 nucleotides
from the +1 transcriptional start site (34) was synthesized
directly into the KpnI- and XhoI-flanked region of the pUC57
vector (Genscript, SD1176). All mutant promoters were
synthesized in a similar fashion. The specific sequences of the
mutations can be found in Supplementary Figure 2. The KpnI-
and XhoI-flanked fragments of each of the promoter constructs
were excised and then ligated into the compatible BglII- and
HindIII-flanked sites in the pGL4.10[luc2] vector (Promega,
E6651). AD-293 cells were cultured in DMEM supplemented
with 10% FBS and 2 mM L-Glutamine. Cells were transfected
using Xfect Transfection Reagent (TakaraBio, 631318) using the
manufacturer’s standard protocol. For instance, a 96-well opaque
plate was seeded with 9.5 x 103 cells/well and transfected with
0.08 mg of hHIF1 plasmid, hHIF2 plasmid, or control GFP
plasmid (Addgene #26822), 0.09 mg of WNT5A-luciferase
construct, and 9 ng of Renilla luciferase, along with Xfect
polymer. The transfected cells were incubated for 48 h in Opti-
MEM media (Gibco, 31985070). Dual luciferase assays were
performed using the Dual-Glo® Reagent (Promega, E2940) kit
according to manufacturer’s instructions. The luminescence data
was measured on a Cytation 3 luminometer (Biotek Instruments,
Inc.). Luciferase signal was normalized to Renilla signal, and then
WNT5A promotor transactivation was calculated as a fold
change over control GFP plasmid transfection.

Spheroid Formation Assays
Spheroid Formation Assays were performed as previously
described (28), using a murine duodenal Click Beetle Red
Luciferase-mCherry (CBRLuc-mCherry) reporter organoid line
and Wnt5afl/fl duodenal organoids. Briefly, duodenal organoid
cultures were exposed to the indicated pre-radiation treatments
and then irradiated using an X-Rad 320 cell irradiator (Precision
X-Ray). Immediately after irradiation, the duodenal organoids
were harvested using Cell Recovery Solution and then digested
into single ISCs using TrypLE supplemented with Y27632 and
N-Acetylcysteine, followed by filtering through a cell strainer as
detailed above for Adenoviral Transduction. Live cells were
quantified using ViaStain™ AO/PI Staining Solution
(Nexcelom, CS2-0106) in a Cellometer® Vision CBA Image
Cytometer (Nexcelom). Live duodenal ISCs were seeded in
Matrigel in 24-well culture plates at a density of 5,000 cells/
well. Organoids were maintained in 50% L-WRN conditioned
media supplemented with 10 mM Y27632 and 10 mM SB431542
for six days, then surviving cells were assessed via
bioluminescence or z-stack imaging. For quantification of
bioluminescence, organoids were incubated with 300 mg/ml of
D-Luciferin Firefly (Gold Biotechnology, L-123) in the media for
20 min at 37°C, and measurements were taken using a
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CLARIOstar plate reader (BMG Labtech). Sample wells were
first normalized to blank Matrigel wells, and then to unirradiated
controls. Z-stack images covering the entire Matrigel dome area
were taken using a Cytation 3 Cell Imaging Multi-Mode Reader
(Biotek Instruments, Inc.). Z-stack images were stitched using
Photoshop version 19.1.7 (RRID : SCR_014199) and viable
organoids measuring at least 150 mm were manually quantified
using ImageJ version 1.52q (RRID : SCR_003070). For organoids
analyzed via z-stack imaging, the surviving fraction was
calculated as described previously (35).

Statistical Methods
All statistical analyses were performed using GraphPad Prism®

V.8 (San Diego, CA; RRID : SCR_002798), with a significance
level of a = 0.05. Dunnett’s multiple comparisons test was used
to analyze Dual Luciferase Assays.
RESULTS

Transcriptomic Analysis of HIF2
Overexpression in Small Intestinal
Organoids by RNA Sequencing
To gain insight into how the HIFs regulate GI biology and to
understand the mechanisms by which HIF2 confers
radioprotection to the small intestine, we generated a 3D
murine small intestinal organoid model system. We harvested
duodenum crypts of wild-type C57BL/6 mice, seeded them in
basement membrane matrix (Matrigel), and cultured them in
conditioned media containing Wnt3a, R-spondin 3, and noggin
(Figure 1A) (24). These conditions enrich for intestinal stem
cells (ISCs), which self-assemble into crypt-like 3D structures
that are able to recapitulate the small intestinal crypt ex vivo (36).
We then transiently overexpressed a non-degradable HIF1 or
HIF2 allele (25), which contain mutations in the two key prolyl
residues that are hydroxylated by the EGLN proteins, rendering
them stable even under normoxic conditions, using adenoviral
particles (Figure 1A). We confirmed adenoviral-mediated HIF
overexpression by both western blot and qRT-PCR, and then
performed RNA sequencing (Figures 1A–C).

Among thousands of coding transcripts assessed, 1,113 genes
exhibited significant differential expression between control
GFP- and HIF2-overexpressing duodenal organoids
(Figure 2A and Supplementary Table 2). All the differentially
expressed genes with statistical significance were selected with
p < 0.05, False Discovery Rate (FDR) < 0.05, and at least 2-fold
change. Hierarchical clustering analysis revealed a total of 461
upregu la t ed genes and 652 downregu la t ed genes
(Supplementary Table 2). The entire set of differentially
expressed genes can be visualized in a volcano plot in
Figure 2B. To validate our RNA sequencing results, we
independently assessed the expression of 5 genes by qRT-PCR.
Our results confirmed that Stat6, Aqp8, and Nos2 were
upregulated and that Wnt4 and Egr1 were downregulated in
HIF2-overexpressing duodenal organoids compared to wild-type
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duodenal organoids, indicating that the RNA sequencing dataset
is reliable (Figure 2C).

We also examined the transcriptome of HIF1-overexpressing
organoids to gain more insight into how the HIFs regulate overall
ISC biology. Among the thousands of coding transcripts
assessed, only 55 genes exhibited significant differential
Frontiers in Oncology | www.frontiersin.org 5167
expression between control GFP- and HIF1-overexpressing
duodenal organoids, in which 25 genes were upregulated and
30 genes were downregulated (Supplementary Figure 1 and
Supplementary Table 3). Interestingly, the only genes
commonly upregulated by HIF1 and HIF2 in our dataset were
Nanp, Ppp1r3c, Rasgrf1, Klhl3, Mical2, and Nos2, and the only
A B

C

FIGURE 2 | Differentially expressed gene profile in HIF2-overexpressing duodenal organoids. (A) Heatmap shows all the differentially expressed genes in duodenal
organoids infected with Ad-hHIF2 or control Ad-GFP evaluated via RNA sequencing (n = 3 biological replicates/group). (B) Volcano plot of the differentially expressed
genes. (C) qRT-PCR validation of the sequencing data in (A). All error bars represent mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, by Student’s t test.
FIGURE 1 | HIF2 overexpression in ISC-enriched duodenal organoid cultures. (A) Experimental design to generate 3D murine small intestinal organoid model
system. Duodenal organoids were transduced with Adenovirus-human HIF1 (Ad-hHIF1), Ad-hHIF2, or Ad-GFP as control, and then RNA sequencing was performed.
(B) Validation of adenovirus-mediated gene transfer by Western blot (left) and its quantification (right). (C) Validation of adenovirus-mediated gene transfer by qRT-
PCR. All error bars represent mean ± SEM. ***P < 0.001, by Student’s t test.
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transcripts commonly downregulated by both HIFs were
Slc18a1, Gm37069, Hr, Gm12480, Gm13151, Gm21981, Klhl30,
Vcp-rs, Gm4204, AY512931, and Gm28037 (Supplementary
Tables 2 and 3). We then focused our attention on the HIF2
dataset, as HIF2 and not HIF1, has been shown to be the main
HIF isoform driving GI radioprotection (22).

HIF2 Induces Intestinal Non-Canonical
Wnt5a Expression
Interestingly, the HIF2-induced transcriptome included known
radiation modulators as well as genes involved in GI healing and
homeostasis, as highlighted in Figure 3A in blue and red,
respectively. We identified Wnt5a as a transcriptional target of
HIF2, but not HIF1 (Figure 3A and Supplementary Tables 2
and 3), and interestingly, Wnt5a has a known connection to non-
canonical intestinal crypt regeneration (26). Thus, we took a
candidate approach to further investigate its transcriptional
regulation by HIF2. We verified that Wnt5a was upregulated
by HIF2 using two approaches. First, we performed qRT-PCR to
independently evaluate duodenal organoids that transiently
overexpressed non-degradable HIF2 via Adeno-hHIF2
transduction (25), and found significantly increased Wnt5a
expression by almost 50-fold compared to organoids
transduced with Adeno-GFP (Figure 3B). Second, we
generated duodenal organoids from mice that conditionally
overexpressed non-degradable human HIF2 by knock-in into
the Rosa 26 locus (R26-LSL-hHIF2) (25), transduced them with
Frontiers in Oncology | www.frontiersin.org 6168
either Adeno-Cre or control Adeno-GFP vectors, and assessed
Wnt5a expression using qRT-PCR. Stable HIF2 overexpression
also resulted in significant upregulation of Wnt5a by 6-fold
(Figure 3C). Together, these results suggest that HIF2 induces
intestinal Wnt5a expression.

HIF2 Directly Activates the
WNT5A Promoter
The HIFs are transcription factors that recognize and bind
hypoxia response elements (HREs) in promoter or enhancer
regions to induce gene transcription (13). Thus, we analyzed the
WNT5A promoter sequence to determine whether it contained
putative HRE motifs and identified multiple low- and high-
stringency HRE consensus sequences (Figure 4A and
Supplemental Figure 2). To determine whether induction by
HIF2 occurs directly or indirectly, we designed luciferase
reporter constructs of the human WNT5A promoter spanning
from 2,000 nucleotides upstream of the transcriptional start site
(34) to 200 nucleotides downstream, containing five HRE
consensus sequences that are closely associated with HIF
ancillary sequences (HAS) and E-box motifs (Figure 4A and
Supplemental Figure 2). HAS and E-box motifs are cis-element
that are required for an HRE to be functionally active. Both
motifs play a role in the recruitment of transcriptional machinery
that together with HIF2 induce promoter activation (37–39).We
transfected this construct into human embryonic kidney-derived
Adherent 293 (AD-293) cells along with an expression vector
A

B C

FIGURE 3 | Candidate approach identifies Wnt5a as direct HIF2 target. (A) Post-Fold Change (PostFC) of 20 differentially expressed (DE) genes identified from the RNA
sequencing analysis. (B) qRT-PCR validation of HIF2-induced Wnt5a upregulation in wild-type duodenal organoids infected with Ad-GFP or Ad-hHIF2. Data represents 3
biological replicates (3 technical replicates/mouse). (C) qRT-PCR showing HIF2-induced upregulation of Wnt5a in LSL-hHIF2 duodenal organoids infected with Ad-GFP or Ad-
Cre. Data represents 3 biological replicates (3 technical replicates/mouse). All error bars represent mean ± SEM. *P < 0.05, **P < 0.01, by Student’s t test.
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encoding GFP or constitutively active human HIF1 or HIF2 (11)
and performed dual luciferase reporter assays (25). We found
that HIF2 significantly increased WNT5A promoter
transactivation by eight-fold over GFP controls (Figure 4B).
HIF1 only modestly affected promoter activity (Figure 4B).

To understand if any specific HRE motif of the WNT5A
promoter is required for its activation by HIF2, we performed
mutational analyses. We engineered transversion point
mutations on the guanine and cytosine nucleotides of three
distal and two proximal putative HRE sites within the
promoter, and transfected AD-293 cells with these constructs
to perform promoter activation studies (Figure 4C and
Supplementary Figure 2). We found that independently
mutating the two most distal HREs in the WNT5A promoter
had the most impact on HIF2-induced transactivation, and that
these two HREs are differentially regulated by HIF2. The point
mutation at the HRE in position -1548 significantly diminished
the previously observed HIF2-induced promoter activation,
suggesting that the -1548HRE is necessary for HIF2’s ability to
Frontiers in Oncology | www.frontiersin.org 7169
bind and positively regulate the WNT5A promoter (Figure 4C).
Importantly, this -1548HRE resides upstream of a HAS, which is
also in close proximity to an E-box (Figure 4A and
Supplementary Figure 2). Conversely, mutating the -1648HRE
resulted in an increased ability of HIF2 to transactivate the
WNT5A promoter, suggesting that it might be a repressive
HRE. Although the HRE at -1648 resides nearby E-box and
HAS motifs, HRE sites that are preceded by cytosine nucleotides
on 5’ form E-box binding sites of other basic helix-loop-helix
transcription factor families, and HIFs rarely recognize these
(38). Moreover, while HIF2-induced gene upregulation is largely
mediated by direct HIF2 binding to DNA motifs, HIF2-induced
gene repression tends to occur indirectly through transcriptional
co-repressors (37). Thus, we posit that direct binding of HIF2 to
the -1548HRE promotes WNT5A transcription, whereas HIF2
interaction with the -1648HRE promotes the recruitment of
repressive transcriptional machinery. The point mutations of
the HREs at positions -631, -296, and +82 did not alter the
activation of the WNT5A promoter by HIF2 (Figure 4C).
A
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C

FIGURE 4 | HIF2 directly activates the WNT5A promoter via HREs. (A) Human WNT5A promoter scheme showing distal (-1648, -1548, and -631) and proximal
(-296 and +82) HREs identified by sequence analysis. (B) Dual luciferase reporter assay in AD-293 cells with wild-type human WNT5A promoter-luciferase construct
and transactivation by HIF1, HIF2, or GFP control plasmids (n = 4 transfections/group). (C) Dual luciferase reporter assay in AD-293 cells with human WNT5A
promoter-luciferase construct containing wild-type sequence (-2000wt) or mutations of distal (-1648mut, -1548mut, -631mut) and proximal (-296mut and +82mut)
HREs with transactivation by HIF1, HIF2, or GFP control plasmids (n = 4 transfections/group). All error bars represent mean ± SEM. Asterisks indicate comparison of
HIF1 or HIF2 to their respective GFP controls. **P < 0.01, ***P < 0.001, ****P < 0.0001, by Student's t test with False Discovery Rate two-stage step-up approach. #
indicates comparison of construct transactivation in wild-type sequence to mutated sequences by HIF1 (red #) or by HIF2 (blue #); P < 0.05, by two-way ANOVA.
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Takenall together, our results indicate that HIF2 directly
activates the WNT5A promoter, possibly by binding
the -1548HRE.
Wnt5a Increases ISC Survival and
Cryptogenic Potential Following Radiation
Wnt5a is a non-canonical Wnt ligand that has been shown to
promote the formation of new intestinal crypts in order to re-
establish homeostasis after intestinal mucosal injury (26). To
evaluate whether Wnt5a mediates HIF2-afforded GI
radioprotection, we performed a spheroid formation assay,
which is an ex vivo microcolony assay that allows us to
evaluate potential radiation modulators in small intestinal
organoid cultures (28). We treated CBRLuc-mCherry, a
murine duodenal mCherry reporter organoid line (28), with
recombinant Wnt5a (rWnt5a) 10 hours prior to irradiation, then
exposed them to 0-8Gy of Xrays, and re-seeded single cells in
Matrigel (Figures 5A, B). CBRLuc-mCherry organoids that were
pre-treated with rWnt5a produced significantly higher relative
bioluminescence levels six days after irradiation, compared to
vehicle-treated organoids, indicating that rWnt5a increased the
number of regenerating crypts (Figure 5B). Pre-treatment with
rWnt5a significantly increased the cryptogenic capacity of
CBRLuc-mCherry organoids exposed to 2 Gy and 4 Gy by 2-
fold and 6-fold, respectively, and also increased the cryptogenic
capacity of organoids exposed to 6 Gy by 2.8-fold, but this was
not statistically significant (Figure 5B). Interestingly, CBRLuc-
mCherry organoids that continued receiving rWnt5a treatment
after irradiation did not display improved cryptogenic capacity
(Supplementary Figure 3A). Moreover, initiating rWnt5a
treatments only after irradiation also did not improve the
cryptogenic capacity of CBRLuc-mCherry organoids
(Supplementary Figure 3B). These results suggest that Wnt5a
could be radioprotective to small intestinal crypts but does not
mitigate radiation damage after it has occurred. A possible
explanation for these results is that Wnt5a suppresses
intestinal organoid proliferation by inducing TGF-b signaling
(26), which would protect cycling ISCs from radiation, but would
dampen their capacity to regenerate crypts if Wnt5a treatment
was continued after the radiation injury was incited.

To understand whether Wnt5a is necessary for intestinal
crypt regeneration following radiation injury, we generated
conditional Wnt5a knockout (Wnt5aCKO) duodenal organoids
fromWnt5afl/fl mice and transduced them with Adeno-Cre-GFP
or control Adeno-GFP vectors. In agreeance with published
work demonstrating that Wnt5a is dispensable for homeostasis
in the gut postnatally (40), deletion of Wnt5a did not affect
organoid growth or morphology (Figure 5C). We then
performed a modified spheroid formation assay using the
Wnt5aCKO duodenal organoids and z-stack imaging, rather
than bioluminescence, to quantify regenerating organoids
(Figure 5D). Loss of Wnt5a did not affect the cryptogenic
capacity of unirradiated duodenal organoids (Figure 5E and
Supplementary Figure 4), again confirming that Wnt5a is
dispensable for crypt homeostasis (Figure 5C) (40). On the
other hand, deletion of Wnt5a significantly reduced the
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fraction of surviving duodenal organoids after 6 Gy of
radiation (Figure 5E and Supplementary Figure 4), indicating
that Wnt5a is necessary for crypt regeneration following
radiation. Furthermore, treatment with recombinant Wnt5a
(rWnt5a) rescued Wnt5a-depleted duodenal organoids from
radiation-induced ISC death (Figure 6). Taken together, these
results suggest that Wnt5a increases ISC survival and is both
necessary and sufficient for ISC radioprotection.
DISCUSSION

Radiation therapy for abdominal and pelvic tumors is
challenging because the small intestine is exquisitely
A
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FIGURE 5 | Wnt5a mediates HIF2-associated radioprotection of the small
intestine. (A) Schematic representation illustrating how spheroid formation
assays were performed using murine duodenal CBRLuc-mCherry reporter
organoids to test whether rWnt5a radioprotects. (B) CBRLuc-mCherry
organoids treated with vehicle (PBS) or 1 mg/ml rWnt5a for 10h were exposed
to the indicated doses of ionizing radiation. Bioluminescence was measured 6
days post-radiation (n = 3 per group). (C) Wnt5afl/fl duodenal organoids were
transduced with Adeno-Cre-GFP or control Adeno-GFP to generate Wnt5a
knockouts. Representative bright field and GFP images are shown.
(D) Schematic representation illustrating how spheroid formation assays were
performed using Wnt5afl/fl duodenal organoids to test whether Wnt5a is
necessary for crypt regeneration following radiation. (E) Wnt5afl/fl duodenal
organoids infected with Adeno-Cre-GFP or Adeno-GFP were exposed to the
indicated doses of ionizing radiation. Z-stack images were stitched and
organoids larger than 150 mm in diameter were quantified 6 days post-
radiation and mean surviving fraction is plotted (n = 3 per group). All error
bars represent mean ± SEM. *P < 0.05, **P < 0.01, by Student’s t test.
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radiosensitive, which limits the dose that can be delivered to
tumors without major GI toxicity (2–6). Unfortunately, there are
no FDA-approved therapies to prevent GI radiotoxicities.
Multiple groups, including our own, have shown that HIF2
stabilization by pharmacological EGLN inhibition protects the
small intestine against radiation (22, 23, 41, 42). However, the
mechanism by which HIF2 radioprotects ISC and prevents GI
radiotoxicity remains unclear. The current study provides
mechanistic insight into how HIF2 reduces the radiosensitivity
of the intestinal crypt. Moreover, to the best of our knowledge,
this is the first study that evidences a convergence between non-
canonical Wnt signaling and hypoxia signaling.

Here we used ISC-enriched 3D duodenal organoid cultures to
mimic the small intestinal crypt and studied the mechanism of
HIF2 radioprotecion by both transient and stable HIF2
overexpression. Unsurprisingly, the HIF2-induced intestinal
transcriptome included many genes that are essential for
normal GI homeostasis and barrier function, and interestingly,
some of these genes have been implicated in cellular response to
radiation. We took a candidate approach and focused our
attention on Wnt5a, which has been shown to play roles in the
development of the intestinal tract, the proliferation of ISCs, and
Frontiers in Oncology | www.frontiersin.org 9171
their capacity to regenerate upon GI injury (26, 40, 43). In
zebrafish embryos, Wnt5a has also been shown to regulate
gastrulation and to ameliorate radiation-induced toxicity (43).
Here we provide evidence that Wnt5a is a direct HIF2 target. We
identified five major HRE sites within the human WNT5A
promoter and our experiments in human cells confirmed that
HIF2 directly activates the WNT5A promoter through a
functional HRE motif located 1548 nucleotides upstream of the
transcriptional start site. This -1548HRE site resides near HAS
and E-box sequences, which help recruit transcriptional co-
activators (38). Nevertheless, our promoter studies were
focused on 2,2000 nucleotides surrounding the WNT5A
transcriptional start site, thus, there could be additional distal
HRE sites that are regulated by HIF2.

Our study is the first to show that Wnt5a could be a potential
target to prevent GI radiotoxicity. We showed that Wnt5a is both
necessary and sufficient for ISC survival and crypt regeneration
after exposure to radiation. Deletion of Wnt5a completely
impaired the ability of ISCs to form crypt spheres after being
irradiated, and addition of rWnt5a rescued ISCs from radiation-
induced cell death. Importantly, our phenotype was only
reproducible when rWnt5a was administered before radiation
A

B

FIGURE 6 | rWnt5a treatment rescues crypt regeneration in irradiated Wnt5aCKO duodenal organoids. Wnt5afl/fl organoids were infected with Adeno-Cre-GFP or
control Adeno-GFP, treated with vehicle or rWnt5a (600 ng/ml), and then treated with the indicated doses of ionizing radiation. (A) Representative bright field images
with (B) quantification of viable organoids are shown 6 days after irradiation (n = 3 per group). All error bars represent mean ± SEM. *P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001, and ns = not significant, by Tukey’s multiple comparisons test" instead of "*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and ns, not
significant, by Tukey's multiple comparisons test.
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treatments. Wnt5a signaling has been shown to inhibit both
intestinal and hematopoietic stem cell proliferation (26, 44).
Because radiation is more toxic to rapidly proliferating cells,
suppression of cell proliferation prior to radiation would allow
ISCs to sustain the effects of radiation. Wnt5a binds to the
Frizzled (Fzd) family of cell surface receptors, including Fzd-1/2/
4/5/7/8 (45), and its canonical co-receptors Lrp5/6 or its non-
canonical co-receptors Ror1/2 and Ryk, and activates either the
canonical Wnt/Beta-catenin pathway, the non-canonical planar
cell polarity pathway, or the non-canonical Wnt/Ca2+ pathways
(34). In intestinal organoids, non-canonical Wnt5a signaling
through Ror2 induces TGF-b signaling and Smad3
phosphorylation with subsequent nuclear translocation, leading
to increased expression of multiple cyclin-dependent kinase
inhibitors, and ultimately arrest of cell proliferation (26). Thus,
activation of these downstream signaling pathways could be a
possible explanation for the relative success of Wnt5a as a
radioprotector while failing to mitigate radiation injury post-
exposure. It is important to note that our studies were limited to
ex vivo duodenal organoid models and that our observations
should be validated using in vivo GI radiation models.

Wnt5a has been implicated in tumor progression, raising
concerns about its potential use as a GI radioprotective agent in
cancer patients (46, 47). While this concern is warranted, HIF2
would only be activated for a short period only during radiation
to reduce normal tissue toxicity, which may reduce the
potential oncogenic effects of this molecule. Additional pre-
clinical studies using cancer models to assess this relative risk
are warranted before Wnt5a can be considered for clinical
translation. Furthermore, we note that our radiation model
employs conventional single fractions, whereas many GI
radiation oncology regimens employ fractionated radiation.
Ac co rd ing l y , t h e e x t en t o f Wnt5a - a ff o rd ed I SC
radioprotection would need to be evaluated in the setting of
fractionated regimens.

We note that HIF2 may have additional molecular
mechanisms by which it promotes ISC survival and intestinal
radioprotection. Prior studies have shown that HIF2 both
protects and mitigates GI radiation injury (22), yet our results
here suggest that Wnt5a does not mitigate intestinal crypt
radiation injury. Thus, future studies should assess which
HIF2 targets are potential GI radiation mitigators. For
example, the Neuroepithelial cell transforming 1 (Net1) gene,
which was significantly upregulated in our HIF2 dataset, has
been shown to play a role in DNA damage repair after ionizing
radiation (48, 49). Similarly, Ets1 and Klf4 are transcription
factors that are essential for stem cell self-renewal and can
regulate DNA damage repair (50, 51), and both were
significantly upregulated by HIF2.

Moreover, our study was limited to the ISC compartment of
the small intestine. However, other cellular compartments, such
as the intestinal stromal niche, gut macrophages and the
endothelial compartment have established roles in the
intestinal response to injury (52, 53). Further investigation
into these cellular compartments is required to fully dissect
Frontiers in Oncology | www.frontiersin.org 10172
the role of HIF2 in the radiation responses of the
intestinal tract.
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Supplementary Table 3 | Differentially Expressed Genes in HIF1-overexpessing
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Supplemental Figure 1 | Differentially expressed gene profile in HIF1-
overexpressing duodenal organoids. (A) Heatmap shows all the differentially
expressed genes in duodenal organoids infected with Adeno-hHIF1 or control
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Adeno-GFP evaluated via RNA sequencing (n = 3 biological replicates/group).
(B) Volcano plot of the differentially expressed genes.

Supplementary Figure 2 | Sequences of the Human WNT5A promoter WT and
HRE mutant constructs used for this study.

Supplementary Figure 3 | Wnt5a does not a mitigate radiation-induced
intestinal crypt cell death. (A) (CBRLuc-mCherry duodenal reporter organoids
treated with vehicle (PBS) or 1 mg/ml rWnt5a for 10h were exposed to the indicated
doses of ionizing radiation, and then were treated with rWnt5a again immediately
after the spheroid formation assay was seeded, and 48h later. Bioluminescence
was measured 6 days post-radiation (n = 3 per group). Continuous rWnt5a
treatment does not improve clonogenic capacity of CBRLuc-mCherry organoids
exposed to radiation. (B) CBRLuc-mCherry duodenal reporter organoids were
exposed to the indicated doses of ionizing radiation, and then were treated with
vehicle (PBS) or 1 mg/ml rWnt5a for 5h and 48h after irradiation. Bioluminescence
was measured 6 days post-radiation (n = 3 per group). Post-radiation rWnt5a
treatment does not improve clonogenic capacity of CBRLuc-mCherry organoids. All
error bars represent mean ± SEM. *P < 0.05, by Student’s t test.

Supplementary Figure 4 | Wnt5a is necessary for crypt regeneration in
response to radiation. Wnt5afl/fl duodenal organoids infected with Adeno-Cre-GFP
or Adeno-GFP and were then exposed to the indicated doses of ionizing radiation.
Z-stack images were stitched and organoids larger than 150 mm in diameter were
quantified 6 days post-radiation (see Figure 5E for mean surviving fraction values;
n = 3 per group). Representative bright field Z-stack images are shown.
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Tumors in a Preclinical 4T1
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The tyrosine kinase inhibitor Cabozantinib has been applied in clinical studies in
combination with radiotherapy. We investigated the effect of such combination on
triple-negative 4T1 cells as a metastatic breast cancer model in vitro and in vivo upon
inoculation in BALB/c mice. In vitro assays indicated a potential for improved effects using
the combination. Both Cabozantinib (2.5 µM) and 10 Gy of 250 kV x-rays were able to
cease the growth of 4T1 cells as revealed by growth curves. In a clonogenic survival
assay, the effect of Cabozantinib added on the effects of irradiation and the effectiveness
of inhibiting the clonogenic survival was found to be 2 (RBE10). Additionally, cell death
measurements of apoptosis plus necrosis revealed a synergistic effect when combining
irradiation with Cabozantinib. Surprisingly, however, in vivo tumor growth kinetics showed
no additional effect in growth control when irradiation was used together with
Cabozantinib. Since both ionizing radiation and Cabozantinib are acknowledged to
feature immunogenic effects, we additionally investigated the effect of the treatments on
lung metastases. No difference to the control groups was found here, neither for irradiation
nor Cabozantinib alone nor in combination. Yet, upon analysis of the mice’ livers, CD11b-
positive cells, indicating immune suppressive myeloid derived suppressor cells were found
diminished following treatment with Cabozantinib. In conclusion, despite promising in vitro
controls of the combination of Cabozantinib and irradiation, tumor growth control was not
increased by the combination, which was true also for the occurrence of lung metastases.
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INTRODUCTION

The combination of treatments including immunotherapy (1), small molecule pharmacology (2, 3)
and radiotherapy (4, 5) is a rapidly growing and promising field. Radiotherapy (RT) may induce
immunologically relevant molecular and cellular effects, including abscopal effects with shrinking or
vanishing tumors outside the radiation field (6) and is hence a match for combination therapies
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featuring immune responses. Cabozantinib, a tyrosine kinase
inhibitor, was shown to optimize anti tumor immunity, reducing
the prevalence of regulatory T cells (7) and myeloid-derived
suppressor cells (MDSCs) in mouse models (7, 8). Clinical trials
combining both have been set up for treatment of glioblastoma
(in combination with temozolomide) (9) or sarcomas of the
extremities (NCT04220229).

Triple-negative breast cancer (TNBC) represents a challenging
therapeutic target due to the highly invasive nature and relatively
low response to therapeutics. TNBC is managed with conventional
therapeutics, including RT, often leading to systemic relapse since
there is an absence of specific treatment strategies for this tumor
subgroup (10). In a Phase II study in TNBC patients, Cabozantinib
increased the number of circulating CD8+ T-Cells and decreased
the presence of CD14+ myeloid cells (11). RT administered in
stereotactic body radiation therapy (SBRT) character is held to
trigger a powerful immune activation (12). Combination of RT in
a SBRT-like character and Cabozantinib may be beneficial in the
treatment of TNBC. We investigated the potential of such a
combined therapy using the murine 4T1 model of metastatic
breast cancer.

Both Cabozantinib (2.5 µM) and 10 Gy of 250 kV x-rays were
able to cease the growth of 4T1 cells in vitro as measured by
reduced growth and reduced clonogenic survival. We observed
that the effect of Cabozantinib added on the effects of irradiation.
Additionally, cell death measurements revealed a slightly
synergistic effect. In contrast, in vivo tumor growth kinetics
showed, compared to Cabozantinib treatment alone, no
additional effect in growth control for combined treatment.
With respect to the occurrence of lung metastases, no
difference to the untreated control groups was found here. Yet,
upon analysis of the mice’ livers, CD11b-positive cells, indicating
immune suppressive myeloid derived suppressor cells (MDSC)
were found diminished following treatment with Cabozantinib.
In conclusion, despite promising in vitro results of the
combination of Cabozantinib and irradiation, tumor growth
controls was not increased by the combination, which was true
also for the occurrence of lung metastases.
MATERIAL AND METHODS

Animal and Cell Models
4T1 cells were from ATCC and maintained in RPMI culture
medium from Merck with 9.6% of fetal bovine serum (Biochrom
AG) and 1% penicillin/streptomycin solution from Invitrogen.
For in vitro experiments, Cabozantinib was used at 2.5 µM as in
Kwilas et al. (7) in the supplemented medium. Irradiation of cells
was furnished with 250 kV x-rays from the IV320-13 from Seifert
using a filter consisting of 7 mm Be, 1 mm Cu and 1 mm Al,
using a SN4 dosimeter from PTW at a dose rate of 2.5 Gy/min.

BALB/c mice were kept in accordance with federal policies on
animal research. The corresponding ethical approval code is 23
177-07/G 15-8-058. After a week of adapation, 1*105 4T1 cells in
20 µl PBS were injected into the second mammary fat pad under
ketamine/xylazine narcosis. Tumor size was measured every
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three days using vernier calipers. Tumor volume was calculated
using the formula V = (A*B2)/2, with A as the largest and B as the
smallest diameter of the tumor. Mice were sacrificed 26 days post
tumor inoculation, corresponding to 12 days after radiation
exposure. For the count of lung metastases, the lungs were
infused with blue ink upon resection, counting the superficially
visible metastases.

Irradiation was performed with a 320 kV x-ray tube from X-
RAD at a dose rate of 0.47 Gy/min at day 14 after tumor cell
inoculation, using lead collimation to shield non-tumor areas
under ketamine/xylazine narcosis, which was also applied to the
unexposed groups. Drugging with Cabozantinib started on day 5
after tumor inoculation and lasted 21 days, until the end of the
study. The drug was applied via mouse chow as a purified
ingredient diet prepared by Research Diets, New Brunswick,
NJ, containing 66.7 mg/kg Cabozantinib malate salt (LC Labs),
which was established to correspond to a daily dose of 10 mg/kg
(7). An untreated control group did not receive neither
irradiation nor Cabozantinib. The number if mice assigned to
the experimental groups were 8 (negative controls and 14 Gy)
and 12 (Cabozantinib and 14 Gy + Cabozantinib), respectively.

Masson Goldner Staining and
CD11b Staining
The liver samples were fixed in Histofix (Carl Roth) and stored in
70% Ethanol, transferred into paraffin blocks via ethanol/xylene
stages, and cut with a rotary microtome from Leica in slices of
about 5 µm. After deparaffination in xylene and rehydration, the
samples were stained according to the method of Masson and
Goldner. For immunohistological staining of CD11b, following
deparaffination and antigen retrieval in citrate buffer in a
household microwave oven for 20 minutes and washing in PBS
buffer, the samples were blocked with goat serum (Sigma) diluted
in PBS, supplemented with 1% of Triton X-100 for 30 minutes.
The rabbit primary antibody directed against CD11b (abcam
133357, clone EPR1344), was applied at a concentration of
1:4000 in PBS and incubated over night at 4°C in the dark.
After washing with PBS, the slides were incubated with blocking
reagent for 30 min. followed by 2 h of incubation with a HRP-
conjugated anti rabbit secondary antibody (abcam 6721,
polyclonal) at a dilution of 1:100 (also in PBS). The staining
was developed using the ImmPACT VIP substrate according to
manufacturer specifications, dehydrated over alcohol and xylene
stages and embedded in Eukitt (Sigma). Samples were captured
using a BX61 microsope from Olympus equipped with plan -
apochromatically corrected lenses.

Assessment of Cell Growth
Petri dishes were seeded with 1*104 4T1 cells one day prior to
treatment with irradiation and/or Cabozantinib as described
above. Cells were harvested and counted 24, 48, 72 and 96h
following treatment using an automated cell counter (Coulter).

Assessment of Clonogenic Survival
Clonogenic cell survival was assessed using the standard colony
forming assay as described elsewhere (13). Briefly, directly after
December 2021 | Volume 11 | Article 788182

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


Reppingen et al. Combined Treatment in Breast Cancer
exposure cells were trypsinized, counted and plated in triplicate
into 25 cm2 tissue culture flasks. The numbers of cells seeded
were estimated to result in a statistically significant formation of
at least 100 colonies. After seven days of incubation, cells were
fixed and stained with a methylene blue solution. Cell clusters
consisting of at least 50 cells were counted as a colony.

Assessment of Cell Death
In order to assess cell death, the supernatant of cells was collected
by decanting in 15 ml falcon tubes. The cells remaining in the
T25 culture flask were washed with PBS, and the PBS added to
the supernatant in the tube. 2 ml of Accumax cell dissociation
solution from PAN-Biotech was added and the T25 flask
incubated for 10 min. at 37 C. The liquid in the Falcon of the
respective tube was unified with the Accumax solution and
centrifuged at 300 g. The remaining pellet was stained using
100 µl of a staining solution consisting of propidium iodide (1
µg/ml), and Annexin-V Pacific Blue (ThermoFisher) according
to manufacturer instructions (5 µl per sample) in a Buffer
supplemented with Ca2+. After incubation for 20 min. at 4 C
in the dark, 700 µl staining buffer was added, following by
centrifugation for 5 minutes at 300 g. Using 300 µl of staining
buffer, the pellet was transferred to 5 ml polystyrene tubes and
subjected to flow cytometry analysis with a FACSCanto II
instrument. The data was analyzed using FlowJo Software,
version 10.5.3.

Gene Expression Analysis
At least 1.5 Million cells growing in T75 culture flasks were
deprived of medium and treated with 1 ml of TRIZol
(Thermofisher). Further workup occurred as per manufacturer
description, using 400 µl of chloroform (Alfa Aesar, Molecular
Biology Reagent, stabilized with 50 ppm amylene), Iso-Propanol
(Sigma, HPLC grade) and Ethanol (Roth, p.A.). The resulting
RNA was characterized with a colibri-nanodrop device from
Titertek Berthold and used for cDNA synthesis using the
RevertAid kit (Thermofisher). For the Q-PCR runs on a
StepOnePlus instrument from Applied Biosystems, 100 ng of
the resulting cDNA were used per sample using vinculin as a
housekeeping gene. The resulting probe volume was 25 µl, using
the Quantitect primer system from QIAGEN and evaGreen 5x
Q-PCRMastermix with ROX dye from Solis Biodyne. PCR plates
were from Saarstedt. The sample data was evaluated according to
the Ct method with the StepOne Software version 2.3.

Assessment of GM-CSF Release
GM-CSF release was quantified by ELISA (Thermofisher),
according to manufacturer specifications, and the obtained
values normalized to the cell number.

Statistical Analysis
Data are displayed as the mean values of independent
experiments plus/minus the standard error of the mean (SEM)
or the standard deviation (SD) unless indicated elsewise.
Significance tests were performed using GraphPad Prism
version 6, GraphPad Software, La Jolla California USA.
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RESULTS

Cabozantinib Adds on the Effects of
X-Rays in Terms of Cell Inactivation and
Growth Control In Vitro, but This Is Not
Reflected In Vivo
To determine the concentration of Cabozantinib and the
radiation dose resulting in cell growth control, we investigated
the growth of cells in vitro following different treatments. We
tested a concentration of 2.5 µM as applied by Kwilas and
colleagues (7), which resulted in control of the cell growth up
to 96h after beginning of treatment, while concentrations of 0.5
or 1 µM Cabozantinib were not sufficient to do so (Figure 1A).
As for x-rays alone, 10 Gy were found sufficient to control the
growth, whereas 2 and 5 Gy failed (Figure 1B). Consequently, a
combination of 10 Gy and 2.5 µM of Cabozantinib resulted in a
total growth control up to 96h after treatment (Figures 1B, C),
which significantly differed only partly, but not at 96h. Next, we
investigated clonogenic cell survival. When Cabozantinib (2.5
µM) was added, the clonogenic survival decreased and the
relative biological effectiveness (RBE) was found to be about 2
at an iso-survival level of 10% (Figure 2). The a/b-ratios
resulting from linear-quadratic fits for the curves were 1.4
(x-rays) and 7.4 (x-rays + Cabozantinib, Supplementary
Table 1). Comparing s values of a, the curves were found
to differ significantly (p<0.001, t-test). Additionally, cell death
measurements 72h after treatment revealed a significant
reduction in the amount of living cells (i.e. negative both
for propidium iodide and Annexin-V) following exposure
to irradiation from 91.9% for negative controls to 62.3%
(p<0.0001). Cabozantinib alone reduced, yet not significantly
the amount of living cells to 84.7%. This was found also when
Cabozantinib was added to irradiaton (56.5%, Figure 3).

These results prompted to investigate in a pilot-experiment
the effects in a syngeneic in vivo model (BALB/c mice), in which
tumors were injected in the flanks of the mice. Mice were
irradiated with 10 Gy and Cabozantinib was administered as
described above. However, the results revealed no differences
between the group administered with Cabozantinib only versus
combination with 10 Gy x-rays with respect to tumor growth
control and amount of superficial lung metastases (data not
shown). To account for the differences for tumor cell inactivation
in vivo as compared to our in vitro studies, we increased the dose
given to tumors to 14 Gy in a further experiment.

When tumors were irradiated with 14 Gy but mice were not
treated with Cabozantinib, tumor growth was only slightly
delayed and not significantly different from the untreated
controls (Figure 4). In contrast, the administration of
Cabozantinib to the mice starting from day 5 after tumor
inoculation resulted in a significantly reduced tumor volume
(p=0.002 and 0.006, Mann-Whitney U Test, without and with
irradiation, respectively), as compared to the untreated controls.
However, when the tumors of mice were treated with
Cabozantinib and additionally irradiated with 14 Gy, no
differences were found as compared to tumors in mice only
administered with Cabozantinib. In summary, while
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Cabozantinib added on the effects of tumor cell inactivation in
vitro, this was not reflected by the combined treatment in vivo
with respect to tumor growth control, since the combined
treatment regime did not show significant differences to the
group administered with Cabozantinib only. In order to screen
for systemic effects, we additionally investigated lungs and livers
of the mice.
Systemic Responses to the Combined
Treatment Indicate a Reduced
Recruitment of MDSCs to the Liver but No
Reduction of Metastases in the Lung
To investigate for the systemic anti-tumor immune response, we
assessed the number of superficially visible metastases on the
Frontiers in Oncology | www.frontiersin.org 4178
lungs of the animals upon staining. The results did not reveal
significant reduction of the number of lung metastases as
compared to the controls (Figure 5). While no macroscopically
visible tumors were found in the livers of the animals of all
groups, histology of the liver tissue of tumor bearing, untreated
mice did show patches of cell infiltrates along the vessels, which
were found to stain positive for the myeloid cell marker CD11b
(Figure 6). The prevalence of such cells was also seen in livers
from mice which received irradiation. However, in livers from
mice which were treated with Cabozantinib with and without
irradiation, this type of cells was reduced in prevalence or entirely
absent. Hence, despite no effect on the reduction of metastases
was found, the difference in recruitment of CD11b-positive cells,
indicating MDSCs, points to a systemic effect.

To support these findings, we conducted in vitro studies
assessing the expression and release of GM-CSF, which was
A

B

C

FIGURE 1 | In vitro cell growth following treatment with Cabozantinib (A) or x-rays and Cabozantinib (B). Cells were counted 24, 48, 72 and 96h following treatment
and results are derived from experiments carried out in triplicates (mean value ± SEM). Please note that curves for 10 Gy and 10 Gy + Cabozantinib cannot be
distinguished due to the scale in (B). Therefore, in (C), the same data as in (B) are displayed in a different scale. A Two-way ANOVA (at 96h, negative controls vs.
each other group) revealed significant differences to the negative controls only following irradiation (B, *p<0.05, **p<0.01). A comparison between 10 Gy and 10 Gy +
Cabozantinib revealed no significant differences at 96h (C).
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reported to play a major role in the recruitment and the immune-
suppressive capabilities of 4T1 cells (14). Irradiation with 10 Gy
alone resulted in a pronounced increase of both expression and
release (significant) of GM-CSF 24h upon irradiation as compared
to negative controls (Figure 7). Instead, when cells were treated
with Cabozantinib alone, expression and release were found to be
reduced and the combination of both treatments resulted in a
mitigation of the effects of irradiation alone.
DISCUSSION

Treatment of triple-negative breast cancer remains a challenge
since it is highly invasive and features a low response to
therapeutics, often leading to relapse (10). Combined therapies
may offer vast potential in treatment of metastatic disease in
general when systemic immune responses are triggered.
Radiotherapy has been shown to trigger such effects and it is
under discussion whether an SBRT-like dose administration may
be particularly efficient (12). Likewise, Cabozantinib increased
the number of circulating CD8+ T-cells and decreased the
presence of CD14+ myeloid cells in a Phase II study (11). In
an in vivo prostate cancer model, Cabozantinib was reported to
eradicate advanced tumors by activation of anti-tumor immunity
(15). We therefore hypothesized that a combination of RT in a
SBRT-like character and Cabozantinib may be beneficial in the
treatment of TNBC. We investigated the potential of such
therapy using the murine 4T1 model of metastatic breast cancer.

A combination of Cabozantinib in 2.5 µM with 10 Gy of x-
rays, both having demonstrated to cease the growth of 4T1 cells
(Figure 1), revealed a slightly synergistic effect as compared to
the single treatments when cell death was quantified (Figure 3).
Frontiers in Oncology | www.frontiersin.org 5179
However, irradiation mainly contributed to the reduction of
living cells in the cultures. Furthermore, the addition of
Cabozantinib to irradiation with x-rays resulted in an RBE
of about 2 with respect to clonogenic cell survival (Figure 2).
Hence, our data suggested a direct effect of drug regimen and
irradiation on 4T1 tumor cells. Given these promising results, we
investigated the effects on local tumor control and systemic
effects in lung and liver in a syngenic BALB/c mouse model.

Treatment with Cabozantinib beginning at day 5 after tumor
inoculation throughout the remaining 21 days of the study
resulted in a significant tumor growth reduction (p = 0.0002).
This is in line with the reported suppression of tumor growth in
4T1 tumor models upon inhibition of VEGFR-2 and c-Met (16),
which are kinase targets of Cabozantinib (17). However, x-ray
irradiation at a dose of 14 Gy applied to the 4T1 tumors did not
lead to a significant difference to the control group with respect
to tumor growth. This points to a high radioresistance in our in
vivo model, which is in contrast to former work reporting a
significantly reduced tumor growth in a similar model system,
already after 12 Gy exposure to the tumor (18).

Systemically, it was shown that irradiated 4T1 tumors can
attract mesenchymal stem cells (MSC) to the tumor (19), which
can give rise to immune suppressive fibroblasts, which attract
MDSC to the tumor and raise other features of treatment
resistance (20). In the work presented here, the combination of
both treatment measures did not result in further reduction of
tumor growth as compared to Cabozantinib alone (Figure 4),
showing that synergistic effects as seen in the in vitro studies were
not reflected in vivo.

We also aimed at investigating the potential of the combined
treatment with Cabozantinib and irradiation with respect to systemic
immune responses. For Cabozantinib, anti metastatic activity was
FIGURE 2 | Clonogenic cell survival after exposure to x-rays and Cabozantinib. A colony formation assay was performed as described following exposure to x-rays
or x-rays and 2.5 µM of Cabozantinib. Results are derived from two (x-rays + Cabozantinib) or three (x-rays) independent experiments (mean value ± SD). A t-test
comparing s-values of a revealed a significant difference (p<0.001).
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reported also in immune incompetent tumor models due to the
inhibitory effect on VEGF-R and c-Met (21). In our set-up, however,
despite the reported anti metastatic activity of Cabozantinib (21),
neither of the treatment methods nor the combination resulted in a
reduction of lung metastases count (Figure 5).

Instead, an indication for a systemic immune-related
response was found analyzing the livers of the animals. Liver
histology of tumor bearing, untreated mice revealed cell
infiltrates along the vessels, which were positive for the
myeloid cell marker CD11b (Figure 6), indicating presence of
MDSC (22). In the 4T1 and other tumor models, the patches of
Frontiers in Oncology | www.frontiersin.org 6180
cells visible along the liver vessels have been characterized as an
accumulation of immune suppressive MDSC (23). The
expansion of the immune suppressive MDSC was shown to be
possible with injection of GM-CSF in absence of a tumor, and
adoptively transferred MDSC were also shown to home to the
liver, where they closely resembled their presence in the spleen
(23). In the 4T1 model specifically, the immune suppressive
capability of these Cd11b+/Gr-1int MDSC was shown to be
steered exclusively by GM-CSF (14). Under influence of
Cabozantinib, there was no visible presence of these cells in
the liver. This is in line with the reported activity of Cabozantinib
A

B

FIGURE 3 | Cell death after treatment with x-rays and Cabozantinib. Cell death was assessed as described following exposure to 10 Gy of x-rays, 2.5 µM
Cabozantinib or both. Exemplary scatter plots resulting from flow cytometry analysis (A). Cells positive for propidium iodide and Annexin-V were excluded to obtain
living cells. The example is representative for the other biological replicates. Amount of living 4T1 cells 72h after treatments (B). Results are derived from three
independent experiments (mean value ± SD). A One-way ANOVA revealed significant differences for 10 Gy and Cabozantinib + 10 Gy as compared to the negative
control (p<0.0001), but not for Cabozantinib alone (p=0.0653) or between 10 Gy and Cabozantinib + 10 Gy (p=0.0917).
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in antagonizing MDSC presence and with our results for gene
expression and relsease of GM-CSF, which did show a reduced
expression and protein presence of GM-CSF in 4T1 cells and in
their supernatant, respectively (Figure 7).

Here, the prevalence of such cells was observed in livers from
mice that received irradiation. However, in livers from mice that
Frontiers in Oncology | www.frontiersin.org 7181
were treated with Cabozantinib with and without irradiation, this
type of cells was reduced in prevalence or entirely absent, in line with
the capability of Cabozantinib to antagonize MDSC as shown in
other models (7, 8). Moreover, enhanced release of GM-CSF
following irradiation of 4T1 tumors was shown to attract
circulating tumor cells into the tumor bed of irradiated tumors
FIGURE 4 | Tumor growth after treatment with x-rays and Cabozantinib. The tumor volume was measured with a caliper and the mean value (+SD, N=8-12) is
plotted against days after tumor inoculation. Mice assigned to irradiation with 14 Gy of x-rays were exposed on day 14 and those assigned to Cabozantinib
administration received treatment beginning on day 5. Significance was tested using a One-way ANOVA (p=0.068).
FIGURE 5 | Number of superficially visible lung metastases following the different treatment regimens. Mice were treated with 14 Gy, Cabozantinib or both. Upon
scarification on day 26 and resection, lungs were stained as described and the number of superficially visible metastases were counted (N=8-12). Significance was
tested using a One-way ANOVA (p=0.2771).
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and unirradiated secondary tumor sites, contributing to tumor re-
growth (24). Cabozantinib, on the other hand, resulted in a reduced
tumor growth (Figure 4), thus pointing to a role for GM-CSF and
MDSC recruitment in our model and an explanation for the
radioresistance of tumors treated with irradiation alone.
Frontiers in Oncology | www.frontiersin.org 8182
In conclusion, despite promising synergistic in vitro effects, the
combination of photon radiotherapy and Cabozantinib failed to
add on the effect of Cabozantinib alone with respect to tumor
growth control. Furthermore, none of the treatments, in
combination or alone revealed anti-metastatic effects. However,
A

B

C

E

D

FIGURE 6 | Liver histology. Masson Goldner staining of liver tissue from the different treatment groups after termination of the experiment at day 26. The white frames
on the left column of images indicate the image seen in higher magnification in the right column. Represented are examples from the respective treatment groups: Untreated
negative controls (A). Mice which received 14 Gy of x-ray irradiation localized to the tumor at day 14 (B). Mice which received Cabozantinib at 10 mg/kg per day beginning
with day 5 after tumor inoculation (C). Mice which received both 14 Gy irradiation to the tumor and the diet supplemented with Cabozantinib (D). White arrows indicate
the patches of CD11b-positive cells, indicating MDSC. (E) Representative CD11b staining of a liver sample from a untreated mouse 26 days after tumor inoculation. White
arrows are pointing to the patches of CD11b-positive cells adjacent to liver vessels.
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the ability of Cabozantinib to antagonize an increase in GM-CSF
in 4T1 cells following irradiation indicates a utility in
combination with radiotherapy, despite the lack of synergistic
effects in terms of tumor growth or metastases control in
our study.
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triplicates, which were each measured in technical duplicates. Results were found to be significant following an analysis using a One-way ANOVA (p<0.0001, for 24h
and 48h, both negative controls vs. 10 Gy and 10 Gy vs. 10 Gy + Cabozantinib).
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DNA double-strand breaks (DSBs) are the main factor behind carbon-ion radiation
therapy (CIRT)-induced cell death. Nuclear interactions along the beam path between
the primary carbon ions and targets result in nuclear fragmentation of carbon ions and
recoiled particles. These secondary particles travel further distances past the Bragg peak
to the tail region, leading to unwanted biological effects that may result in cytotoxicity in
critical organs and secondary induced tumors following CIRT. Here, we confirmed that the
density of the DSB distributions increases as the cell survival decreases at the Bragg peak
and demonstrated that by visualizing DSBs, the various LET fragmentation ions and
recoiled particles produced differences in their biological effects in the post-Bragg peak tail
regions. This suggests that the density of the DSBs within the high-LET track structures,
rather than only their presence, is important for inducing cell death. These results are
essential for CIRT treatment planning to limit the amount of healthy cell damage and
reducing both the late effect and the secondary tumor-associated risk.

Keywords: DNA damage, carbon ion radiotherapy, Bragg peak, gamma-H2AX, secondary particles
INTRODUCTION

The most consequential of the ionizing radiation-induced DNA damage lesions are DNA double-
strand breaks (DSBs). These DSBs are known to be the major factor responsible for radiation-
induced cell death when left unrepaired or misrepaired (1, 2). However, misrepair of DSBs may give
rise to genomic instability, thus increasing the risk of cancer development (3). High linear energy
transfer (LET) radiation includes alpha particles, carbon, and iron ions which deposit their energy
within densely ionizing tracks that are created by the particle’s traversal through the cell. This allows
for the formation of multiple close-proximity DNA damages including DSBs, single-strand breaks
(SSBs), and base damages following high LET irradiation. Such complex DNA damage has also been
demonstrated in prior studies using clusters of g-H2AX foci as a surrogate marker for DSBs by
horizontal irradiation and high-resolution microscopy (4–6). Additionally, these clustered DSBs are
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known to be very difficult for the cell to repair and may be a
strong contributor to genomic instability (7, 8).

Carbon ion radiotherapy (CIRT) has been effective for cancer
treatment due to its excellent dose distribution with maximized
dosage at the Bragg peak (9). As the carbon ions approach their
Bragg peak, their LET values increase, and the DNA damage
qualities become more complex. Carbon ions interact with matter
along their beam path, and this results in fragments and recoiled
particles, such as hydrogen, helium, lithium, beryllium, and
boron, that also provide doses on the beam path (10, 11).
Specifically at the Bragg peak, these secondary particles consist
of 50% of the doses (12). However, those secondary particles can
travel longer ranges than the primary carbon ions and provide
significant doses past the Bragg peak, thus producing a tail region
(12). CIRT provides more dose at the tail region than seen with
proton radiotherapy, as proton fragments that have lower energy
are thus limited in range as compared to CIRT. In previous
studies, we presented the cytotoxic effect in the post-Bragg peak
tail region of carbon ions in CHO and its DNA repair mutant cells
as well as in human cancer cells (13–15). Other recent reports,
using a horizontal irradiation and analysis system, also visually
demonstrated the cytotoxic effects following proton and carbon-
ion irradiation (15, 16). DNA damage responses in micrometer
order scale sensitivity have also revealed high LET like foci track
damage following proton irradiation (17). It is important to
address the cytotoxicity in the post-Bragg peak tail region as it
may cause unwanted side effects in CIRT through cellular loss or
accumulation of mutations. Currently, evidence of secondary
tumor production following CIRT has not been demonstrated
(18). However, if the post-Bragg peak region contains DNA
damage produced by high LET radiation, it may cause long-
term effects in CIRT patients. Thus, it is important to address the
biological effects within the carbon-ion post-Bragg peak tail
region as the current radiobiology information in this region
is limited.

To address these issues and appropriately observe the
biological effects from carbon-ion irradiation, we have
developed a method capable of observing the DSB distribution
within the full monoenergetic carbon-ion beam range including
the post-Bragg peak tail region in a single biological system using
g-H2AX foci as a marker for DSBs. One of the major advantages
of our method of irradiation, in which the beam source is parallel
to the cell culture flasks, is that it makes it possible to view the
DNA damage-induced foci along high-LET particle tracks,
which would not be readily observed if the incident particles
were perpendicular to the cell culture flask base to which the cells
are attached. To the best of the authors’ knowledge, this is the
first study in which the DSB distribution for the full carbon-ion
beam range including the tail region has been evaluated in a
single in vitro biological system. Here we not only demonstrate
that our system is capable of identifying the depths within the
beam range that show characteristics of high-LET radiation but
also demonstrate how the DSB distribution changes as the beam
approaches the Bragg peak and can observe the heterogeneity of
the DNA damage in the post-Bragg peak depths resulting from
the secondary particles.
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MATERIALS AND METHODS

Cell Culture and Irradiation Conditions
Chinese hamster ovary (CHO) cells were kindly supplied by Dr.
Joel Bedford (Colorado State University, Fort Collins, CO). Cells
were grown and maintained in a-MEM (Invitrogen, Carlsbad,
CA, USA) supplemented with 10% heat-inactivated fetal bovine
serum (Sigma, St Louis, MO, USA), supplemented with
antibiotics and antimycotics at 37°C in incubators at 5% CO2

and 100% humidity. Doubling times were approximately 12 h for
this cell line. Carbon ions and iron ions were accelerated to 290
and 500MeV/nucleon, respectively, using the Heavy Ion Medical
Accelerator in Chiba (HIMAC) synchrotron at the National
Institute of Radiological Sciences (NIRS), Chiba, Japan. Dose
rates for carbon ions and iron ions were set at 1 Gy/min. The
irradiation field is within 2.5% uniformity (19). Monoenergetic
290-MeV/nucleon carbon ions and 500-MeV/nucleon iron ions
have LET values of 13 and 200 keV/mm on entrance, respectively.
Cell culture flasks or chamber slides were set up in a horizontal
position (approximately 5°) to carbon-ion or iron-ion beam
source, respectively, prior to irradiation. X-ray irradiation was
performed at 200 kVp and 20 mA with aluminum (0.5 mm)–
copper (0.5 mm) filters (Shimadzu, TITAN-320, NIRS), and dose
rates were set at 0.5 Gy/min. Irradiations were carried out at
room temperature. The beam characteristics and dosimetry
using HIMAC have been described previously (20, 21). In
brief, dosimetry of the carbon ions was obtained using a
combination of an ionization chamber and a fluence
measurement by a gas flow-type multiwire proportional
counter. The dose-averaged LET values were calculated by
HIBRAC code.

Irradiation Procedure for Cell Survival
Assays
Cultured cells were trypsinized and resuspended into growth
medium. 60 ml of media containing 30,000 cells was placed into
a T-175 cell culture flask a few hours prior to irradiation, and
attachment was confirmed. Cells were irradiated at room
temperature with the dose rate of 1 Gy per minute. All flasks
were irradiated independently with an incident dosage of either
2, 3, 5, or 10 Gy directly at beam entry. The flasks rested flat on
the cell culture area, and the beam entry point was at the bottom
of the flask (non-capped end) (Figure 1A) (15). Immediately
following irradiation, all cells were incubated for a period of 7
days for colony formation. After this culturing period, each
culture flask was then washed with 0.9% NaCl, fixed in 100%
ethanol, and stained with 0.1% crystal violet.

Survival Fraction Calculation for Cell
Survival Assays
Survival fractions were calculated as described previously (15). In
short, to quantify the survival fraction at each of our evaluated
depths, they were scored for every millimeter along the width of
the flask either possessing a surviving colony, defined as a colony
containing >50 cells, or not possessing a surviving colony and the
average value was calculated. Therefore, the survival fraction was
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calculated as the number of colonies at the specific depth divided
by total millimeter along the width of the flask. This approach
was repeated for a minimum of three independent experiments
for each one of our initial dosages of 2 and 3 Gy with the
reference at the 0-Gy dose, and two independent experiments for
5 and 10 Gy. The post-Bragg peak narrow cell culture area near
the cap did not interfere with the survival fraction, as previously
reported (15, 17).

To evaluate the cytotoxicity of the post-Bragg peak area in
detail, a colony reappearance analysis was carried out as
described previously (15, 17). The reappearance of colony
formation following the Bragg peak was recorded with a ruler.
Colony reappearance was defined as the average distance from
the entrance for the first observable colonies after the Bragg peak.
Seven equally spaced locations were analyzed for each flask to
obtain a sensitive analysis of the extension of the cytotoxic range
after the Bragg peak.

Irradiation Procedure for g-H2AX Assays
For carbon-ion and X-ray irradiations: The top of each T-225 cell
culture flask, i.e., the portion of the flask opposite to the cellular
adherent side, was removed by a hot knife, and 6 poly-L-lysine-
coated glass microscope slides were placed inside each flask in a
sterilized manner and oriented, as indicated in Supplemental
Figure 2. The positions of the slides were chosen to maximize the
width and distance of the observable space within the flask. Tops
were then returned to their respective flask and sealed with
parafilm prior to addition of CHO cells. Cultured cells were
Frontiers in Oncology | www.frontiersin.org 3187
trypsinized and resuspended into the growth medium. 60 ml of
media containing 9 million cells was placed into T-225 cell
culture flasks a few hours prior to irradiation, and attachment
was confirmed. For iron-ion irradiations, 0.4 ml of media
containing 50,000 cells was placed into each well of an 8-well
Chamber Slide System (Thermo Fisher, Waltham, MA, USA) a
few hours prior to irradiation and attachment was confirmed.
Chamber slides were placed with 4 of the 8 wells (one side)
directly facing the iron-ion beam in a horizontal orientation
(approximately 5 degrees) relative to the iron-ion beam. Only
wells of the side directly facing the iron-ion beam were analyzed
to appropriately represent the incident iron ions (22). Carbon
ions were irradiated and analyzed by this method to address the
variations within the full carbon-ion beam range capable within
our system while iron ions utilized the method to address only
their ions upon the entrance region to maintain a high LET
positive control with their LET value being 200 keV/mm.

Immunofluorescence Staining
A DSB marker, g-H2AX foci formation assay was carried out as it
was previously (23). Briefly, each slide containing cells was taken out
of the flask following irradiation and was washed in cold PBS and
fixed for 15 min in 4% w/v paraformaldehyde in PBS and washed
again in PBS. Cells were then permeabilized for 5 min in 0.2% v/v
Triton X-100 (Sigma, St Louis MO, USA) in PBS and washed twice
in PBS. Slides were treated with 10% goat serum for 1 h at 37°C for
blocking. Antibodies were diluted with 10% v/v goat serum in PBS.
Cells were incubated with 1:300 diluted mouse anti-g-H2AX
A

B

D E
C

FIGURE 1 | Cell survival vs. depth of the full monoenergetic carbon-ion beam range at increasing initial doses in CHO cells. (A) An illustration of the horizontal
irradiation setup. (B) Dose and LET distribution of carbon-ion 290 MeV/n. (C) Images of T-175 cell culture flasks following irradiation of 2, 3, 5, or 10 Gy initial
dosage. (D) Survival fraction vs. depth following irradiation of each initial dosage. Statistical significances are illustrated in Supplemental figure 1. (E) Average
colony reappearance depth at each initial dosage for the detailed analysis of cytotoxicity after Bragg peak. * indicates p < 0.05. Error bars indicate standard errors of
the means from two or three independent experiments per each initial dosage.
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antibody (Millipore, Burlington, MA, USA) for 1 h at 37°C, washed
three times in PBS, and incubated with 1:500 diluted Alexa Fluor
488 goat anti-mouse IgG antibody (Abcam, Cambridge, MA, USA)
for 1 h at 37°C, and washed four times in PBS. DAPI (4′,6-
diamidino-2-phenylindole) (Roche, Indianapolis, IN, USA) in
SlowFade was then applied to stain the DNA.

g-H2AX Foci Analysis by Zeiss Axioplan
Microscopy With and Without MetaMorph
Deconvolution
Microscopic images were captured with a Zeiss Axioplan
microscope using a ×60 objective. 20 slices of images with every
0.5 mm were obtained to cover 2–3 mm of CHO thickness to
quantify g-H2AX foci within the 3-dimensional nucleus in a 2-
dimensional image. 20 deconvoluted or non-deconvoluted images
were stacked into a single-layer image to analyze g-H2AX foci. Non-
deconvoluted stacked images were analyzed for foci intensities.
Deconvoluted stacked images were analyzed for foci cluster sizes
and the number of individual foci. For this analysis, images taken by
the Zeiss Axioplan were deconvoluted and processed using
MetaMorph software (Molecular Devices, LLC, San Jose, CA,
USA) via 2D no-neighbor deconvolution.

g-H2AX Foci Scoring
Foci scoring was carried out blindly in each experiment with at least
50 cells/each depth analyzed or at least 50 cells/each control. Unless
stated otherwise, all foci analyses are reported followed by the mean
and standard error of the means from at least 3 independent
experiments. Foci cluster sizes within the cells at each depth or in
controls were scored as >2.4 µm in length and/or width. Foci length
was measured within MetaMorph software following image
processing. Foci of this size were chosen due to the largest
observed foci size in our negative control, unirradiated cells,
which were determined to be 0.8 mm, with a very low frequency
of occurrence, and very few clusters within the cells following our
high-dose low-LET control irradiation, 4-Gy X-ray, were observed
as >2.4 mm. In contrast, following our high-LET control, 2-Gy iron
ion, many clusters were observed as >2.4 mm. Additionally, a prior
study using a higher image resolution than that used in our study
demonstrated the presence of many individual g-H2AX foci within
each cluster following 2-Gy iron-ion beam irradiation (4). Thus,
with use of our conventional image resolution via a Zeiss Axioplan
microscope with deconvolution, we analyzed the individual foci
number per cell (Supplemental Figure 3). However, the manual
foci counting was difficult to reproduce due to highly clustered foci.
To eliminate possible counting bias, the intensity values of each cell
within each depth was obtained from the stacked image without
deconvolution. Apparent, clear-tracked foci were scored as a track.
Because depths lower than 90 mm possessed marginal track figures,
the data were not included. In addition, depths were also defined by
the relative depth percentage with respect to the physical dose peak
at 141.4 mm which we defined as the relative depth = 100%.

Statistical Analysis
All experimental data were derived from at least 3 independent
experiments with exception to 5- and 10-Gy cell survival, whose
Frontiers in Oncology | www.frontiersin.org 4188
data were derived from 2 independent experiments. For
experiments involving g-H2AX foci, at least 50 cells per each
depth or control per experiment were analyzed. Statistical
significance was determined by using one-way analysis of
variance (ANOVA) followed by the Bonferroni multiple-
comparison test by GraphPad Prism 8 software (GraphPad, La
Jolla, CA, USA). p < 0.05 was considered as statistical differences
for all tests. Analysis was carried out between entry depth (10
mm) versus others unless stated otherwise, as with post-Bragg
peak depths compared to the final depth (155 mm) versus others.
RESULTS

Physics Nature of Monoenergetic Carbon
Ions 290 MeV/n
All experimental flasks were irradiated in a horizontal
orientation with a carbon-ion beam source with 290 MeV/n
(Figure 1A), as it was conducted in our previous research (15).
The monoenergetic carbon ions have an initial LET value of 13.4
keV/µm and reaches 337 keV/µm at the depth of 142 mm
(Figure 1B). The Bragg peak is at 141.4 mm. When initial 2
Gy of monoenergetic carbon ions is irradiated, the dose at the
Bragg peak is approximately 9.6 Gy. The post-Bragg peak tail
region at 148.8 mm is estimated to have 0.7 Gy.

Cytotoxicity of the Full Range of
Monoenergetic Carbon Ions 290 MeV/n
Consistent with our prior work, we observed a decrease in
survival at our first evaluated depth with an increase in initial
beam entry irradiation dosage (15). Under initial beam
irradiation doses of 2, 3, 5, and 10 Gy at the entrance within
the flask, the distance of 140 mm presented a clear cytotoxicity
without colonies (Figure 1C) and the lowest relative survival
score (Figure 1D). The absorbed dose at this narrow area is more
than 4 times that at the entrance dose. A clear cytotoxicity near
the Bragg peak, 50% reduction of relative survival fraction
compared to the initial depth of 10 mm, was observed at 132
mm for 2 Gy, 115 mm for 3 Gy, 100 mm for 5 Gy, and 40 mm for
10 Gy. The post-Bragg peak cytotoxicity, defined as survival
score less than 0.9, was observed up to 142 mm for 2 Gy, 143 mm
for 3 Gy, 145 mm for 5 Gy, and 160 mm for 10 Gy (Figure 1D).

To clarify the potential cytotoxicity at the post-Bragg peak,
a detailed analysis of cytotoxicity after the Bragg peak was
carried out by the distance for the reappearance of colonies.
Our results also demonstrated that the average depth of colony
reappearance following no colonies at the Bragg peak at 140 mm
extended as the initial irradiation dosage increased (Figure 1E).
Reappearance of colony formation was observed for the initial
dosages of 2, 3, 5, and 10 Gy at the depths of 141.80 ± 0.22,
142.64 ± 0.19, 142.91 ± 0.04, and 143.69 ± 0.35 mm, respectively.
The depths of colony reappearance following the Bragg peak at
140 mm for 3, 5, and 10 Gy were all found to be significant as
compared to the initial dosage of 2 Gy (p < 0.05). These findings
demonstrate that the depth of maximum cytotoxicity is
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consistent throughout a wide range of initial dosages and suggest
that secondary particles of carbon ions may be responsible for
cell death at the post-Bragg peak region as these fragmented ions
and recoiled products are known to be capable of traveling
greater distances with relatively the same velocity (24).

g-H2AX Foci Distribution in the Full Range
of Monoenergetic Carbon Ions 290 MeV/n
To further investigate the biological effects on a molecular level
behind our results obtained in the clonogenic assays, we observed
the DSB distribution via the g-H2AX assay at increasing depths
within the carbon-ion beam range including the post-Bragg peak
tail region. For all g-H2AX assay experiments, we utilized an
exponentially growing CHO10B2 cell line as with our survival
experiments. Cells were analyzed for g-H2AX expression at 0.5 h
following their respective irradiation, as prior studies have
indicated that the strongest induction of g-H2AX foci was
observed at this time point (4, 25, 26). For experimental
controls, we used unirradiated cells as the negative control, 2
and 4 Gy X-ray irradiation for low-LET positive controls, and 2
Gy iron-ion irradiation for the high-LET positive control
(Figure 2A). We utilized 2-Gy carbon-ion irradiation to
address the DSB distribution within the full beam range
capable in our system (10–155 mm), as this initial beam
irradiation dosage demonstrated the largest survival fraction
ratio between its survival fraction at the entrance (10 mm) to
Frontiers in Oncology | www.frontiersin.org 5189
the Bragg peak depth (140 mm) in our clonogenic assays. For
each individual experiment, at least 50 cells were analyzed at each
depth as well as in each of our controls. As with our clonogenic
assay, the statistical significance of each depth in these
experiments and for controls was determined by comparison
to the first evaluated depth closest to the beam entry at 10 mm.

Representative images show that quantities and qualities of g-
H2AX foci changed on the path of carbon-ion irradiation
(Figure 2A). Foci analysis was carried out using three different
categories including signal intensity per cell without
deconvolution and the number of clusters of foci per cell, and
foci track number per cell after image processing with
deconvolution (Figure 2B). The signal intensity was a less
subjective analysis than manual counting of foci. An initial 2 Gy
of carbon-ion induced signal intensity of 7.9 × 105 AU (arbitrary
unit) at a 10-mm entrance from a background of 1.9 × 105 AU. It
was maximized at 142 mm (relative depth = 100.4%) with 24.5 ×
105 AU. At the post-Bragg peak region, signal intensity decreased
to 7.6 × 105 AU at 155 mm (relative depth = 110.7%); however, it
was statistically higher than the background and had a similar
value to the signal intensity at the entrance (Figure 2C).

For the qualitative analysis of foci, we used foci cluster size
and track analysis. Foci cluster size was initially analyzed to
determine high LET-specific cluster size. Cluster size was
measured using MetaMorph software following appropriate
image calibration. A cluster size smaller than 0.8 µm was
A

B
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E

C

FIGURE 2 | g-H2AX foci formation at each depth following 0.5 h post monoenergetic 290 MeV/n carbon-ion irradiation in CHO cells. (A) Representative images
of carbon-ion-induced foci at the different depth, control, X-ray, and iron-ion irradiation. Green indicates g-H2AX foci. Blue is DAPI-stained nuclei. Indicator bar
represents 10 µm. (B) Deconvolution process with MetaMorph software prior to analysis and method representation of foci cluster size scoring and foci counting in
each cell. Foci clusters were scored as greater than 0.8, 1.2, or 2.4 µm in width and/or length represented as yellow, pink, or red lines, respectively. Foci counting
was determined by differences in pixel intensity across each cluster. (C) Intensity analysis of foci at different depths. (D) Clustered (diameter > 2.4 µm) foci analysis at
the different depth. (E) Track foci analysis at the different depth. Bonferroni multiple-comparison test, * indicates p < 0.05. Error bars indicate the standard errors of
the means from a minimum of 50 cells analyzed per each depth per experiment and at least three independent experiments per each irradiation treatment.
February 2022 | Volume 12 | Article 788293

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


Buglewicz et al. DNA damage Carbon Bragg Peak
observed in all tested samples including unirradiated or low LET
X-ray-irradiated controls. Cluster sizes of more than 1.2 µm were
not observed for the unirradiated control but were in all
irradiated samples including low LET X-ray irradiation
(Supplemental Figure 4). However, the cluster size of more
than 2.4 µm was considered as a high LET signature in this
analysis as it was highly observed within our high LET control,
iron ion, as well as in the carbon-ion Bragg peak region, with very
few being observed within our low LET control, X-ray. There
were more than 0.25 clusters per cells between 130 and 145 mm
(relative depths = 91.9 and 102.5%, respectively) following
carbon-ion irradiation (Figure 2D). At 142 mm, the number
of clusters was peaked with 2.5 clusters per cell. These large
clusters were also observed at the post-Bragg peak region up to
155 mm with reduced numbers, but still greater than those
observed at the entrance depth of 10 mm.

Linear foci tracks were visually noticeable near the Bragg peak
or high LET iron-ion irradiation with the horizontal irradiation
method (Figure 2A). Track structures were observed following 2
Gy of carbon-ion irradiation between 115 and 155 mm and high
LET iron ion with strong confidence, but not in the cells of the
control, low LET X-ray irradiation, or carbon ion at the entrance
region. A distance of up to 90 mm and shorter presented non-
confident foci tracks, which may be a false positive of randomly
distributed foci. Therefore, the actual track count was conducted
beginning from 115 mm (relative depth = 81.3%). The average
number of tracks peaked at 142 mm with 1.9 tracks per cell
(Figure 2E). The average number of tracks above 0.5 was
Frontiers in Oncology | www.frontiersin.org 6190
observed from 135 to 145 mm. These quantitative and
qualitative analyses of foci distribution strongly suggested that
DNA damage is peaked at 142 mm. This value is similar to the
maximum cytotoxicity observed at 140 mm and matched well
with the physical dose and LET distribution of the Bragg peak.

Differentiating the High-LET Track
Structures Between Track-Positive Cells
of Post-Bragg Peak Depths
At the post-Bragg peak region following 2 Gy of carbon-ion
irradiation, the foci analysis showed a steep decrease, but we
observed a significantly higher signal intensity and high LET
signature compared to the unirradiated control (Figures 2C–E).
To further investigate the biological effects after the Bragg peak
tail region, an in-depth analysis was conducted by adding 10 Gy
of carbon-ion irradiation. While high-LET foci track structures
were detected in all post-Bragg peak depths (143–155 mm,
relative depth = 102.1%–110.7%) following either 2- or 10-Gy
carbon-ion irradiation (Figure 3A), track and cluster numbers
decreased by a further post-Bragg peak (Figures 3B, C).

Additionally, visible differences of the track structures were
distinctively observed after the Bragg peak up to 155 mm as
sparse and dense tracks. To characterize these foci tracks, tracks
containing a greater number of multiple cluster foci defined as
>2.4 mm cluster foci size were analyzed. Such tracks with cluster
foci were greatly observed at 143 mm, but they were dramatically
decreased after 145 mm (Figure 3C). The number of large
clusters in tracks between 2 and 10 Gy did not show
A

B DC

FIGURE 3 | Analysis of post-Bragg peak depths following 2- and 10-Gy carbon-ion irradiation. (A) Representative images of foci track structure variation (sparse or
dense) at the post-Bragg peak following either 2 or 10 Gy. (B) Percent of cells with 0, 1, 2, 3, or 4 foci tracks in the post-Bragg peak. (C) Average number of
clustered (diameter > 2.4 µm) foci in the post-Bragg peak. (D) Average number of clustered foci in the track in the post-Bragg peak. Error bars indicate standard
errors of the means from a minimum of 50 cells analyzed per depth per experiment and at least three independent experiments per irradiation treatment.
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statistically significant changes (Supplemental Figure 5). This
means that the high LET-induced damage fraction is higher near
the Bragg peak and lower after 145 mm, up to 155 mm in this
study, which is dominated by lower LET-induced damage. This
was likely due to the property differences between each of the
carbon-ion nuclear fragmentation ions and recoiled particles, as
it has been previously reported that heavy ions produce denser
foci distributions within in their tracks than the light ions (27).

DSB Distribution Correlation With
Cell Death
Firstly, for correlation against DNA damage complexity,
clustered foci and tracked foci were analyzed as a function of
signal intensity. Both clusters and tracks increased with signal
intensity in a quadratic manner (Figure 4A). X-ray-induced
clusters presented a much lower efficiency to produce clusters per
signal intensity. On the other hand, iron ions demonstrated a
much higher efficiency to produce clusters or tracks per signal
intensity. The efficiency to produce a greater number of clusters
or tracks was observed to be associated with the LET values of the
radiation. To address the importance of the g-H2AX foci
distribution for the cellular lethality at the post-Bragg peak,
cell survival scores were plotted against g-H2AX signal
intensity, cluster foci, and track-positive cells following either 2
or 10 Gy of carbon-ion irradiation (Figures 4B, C). Each tested
parameter matched well with the survival fraction, although this
Frontiers in Oncology | www.frontiersin.org 7191
was not a one-to-one ratio (Figure 4D). This was especially
observed when entrance and post-Bragg peak data were analyzed
separately. The signal intensity showed that the entrance region
had more efficiency to kill cells per signal intensity compared to
the post-Bragg peak region. Clusters and tracks in the post-Bragg
peak were less effective to inactivate cells, but the inactivation
ratio was similar between pre- and post-Bragg peak regions.
Therefore, all parameters matched well with the survival fraction
and initial DNA damage quantities and qualities are highly
associated with cell survival.
DISCUSSION

The biological effects in cytotoxicity and DNA damage of full-
range hadron beam were previously conducted utilizing a proton
beam with small flasks using a relatively low proton beam energy
(17). The current study utilizing the carbon-ion beam required
using a much larger flask to cover the longer penetration of
carbon ions. The irradiation system was developed from the
previously reported cytotoxicity and genotoxicity analysis with
the modifications of using multiple slides placed within each
experimental flask in order to observe the DNA damage
distribution in the full-range carbon-ion beam (15). Our cell
survival results were consistent with prior studies describing the
characteristic nature of carbon ions having a sharp increase in
A

B

D

C

FIGURE 4 | g-H2AX foci comparison with survival. (A) Number of clusters or tracks per intensity per cell. Black, red, and blue circles indicate carbon ions, iron ions, and
X-ray irradiation, respectively. (B) Gy carbon-ion irradiation showing full beam range comparison of survival with average intensity, percent of cells with clusters, or tracks.
(C) 10-Gy carbon-ion irradiation showing full beam range comparison of survival with average intensity, percent of cells with clusters, or tracks. (D) Correlation between
survival and intensity, clusters, and tracks. Up to Bragg peak 10–140 mm (●) and post Bragg peak 142–155 mm (○). Linear regression analysis was carried out with
GraphPad Prism 8 software. Error bars indicate standard errors of the means from a minimum of 50 individual cells analyzed per depth per experiment from at least three
independent experiments per irradiation treatment.
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the deposited dosage the closer the beam approaches to the Bragg
peak (13, 15). We observed a sharp decrease in survival fractions
the closer the depth was to the Bragg peak, with the lowest
survival fraction being observed at 140 mm in depth, regardless
of initial treatment dosage, and a slight difference of 2 mm with
physical dose distribution (Figures 1B, C). Following the Bragg
peak, a sharp increase in survival was observed, which suggested
that the majority of the dosage was deposited at the Bragg peak.
However, there was a notable decrease in survival in the post-
Bragg peak regions as the initial irradiation dosage increased
(Figure 1E). Cellular lethality was also extended after the Bragg
peak in a dose-dependent manner, as was previously observed
(Figure 1E) (15). Several potential reasons may explain this
extended cytotoxicity after the Bragg peak. One possibility is due
to the heterogeneity of beam quality, e.g., the monoenergetic
beam is not perfectly monoenergetic meaning that some fraction
of carbon ions may be of higher energy allowing for them to
travel further (12). Another possible reason explaining this
observation may be due to the secondary particles from
nuclear fragmentation of the initial carbon ions and recoiled
particles, as these fragmentation ions and recoiled particles are
known to be capable of traveling longer distances past the Bragg
peak (28). The studies presented that these fragment ions and
recoiled particles provide non-negligible doses after the Bragg
peak (10, 28). Importantly, prior studies have identified that
these secondary particles are composed of proton, helium,
lithium, beryllium, and boron. At the beam entrance, carbon
particles dominate the relative fluence of the beam particles but
the fragmentation reactions lead to an increase in the secondary
particles as the beam proceeds toward the Bragg peak. At the
Bragg peak, only around 50% of the primary carbon ions are
believed to remain. Following the Bragg peak, the number of
secondary proton and helium particles exceeds those of the
carbon particles and the other secondary particles are observed
to be less than 5% of the secondary proton and helium particles
(10, 11). To clarify whether the extended toxicity following the
Bragg peak is due to the secondary particles rather than beam
uniformity, DNA damage distribution was quantitatively and
qualitatively analyzed.

The main challenge of this study was the analysis of DNA
damage distribution in the full-range carbon-ion irradiation up
to 155 mm. To make this possible, flame-sterilized and poly-L-
lysine-coated glass microscope slides were tightly placed within
large T-175 flasks for cell culture. A DSB marker, g-H2AX foci
formation, was used to determine DNA damage quantities and
qualities based on the number and distribution in the cellular
nuclei. The number of g-H2AX foci, which is the quantitative
analysis of DNA damage, showed a sharp increase of DNA
damage near the Bragg peak and peaked at 142 mm (Figure 2C).
This may be associated with the fact that high-LET irradiation,
such as carbon ions near the Bragg peak, not only produce DSBs
but also are efficient at producing complex DSBs in addition to
causing cluster of DSBs over larger scales because of correlation
of events along the track. Moreover, as the LET of the particles
increases, there is an increase in the frequency and complexity of
complex DSBs produced. The complexity of DNA damage was
Frontiers in Oncology | www.frontiersin.org 8192
analyzed with two parameters of foci distribution including the
cluster of multiple foci at one location and foci track structure,
both of which are signatures of high LET radiation exposure (29,
30). The kinetics of foci disappearance after high LET radiation
exposure is known to be slower than that after low LET radiation.
The complexity of DNA damage was also peaked at 142 mm
(Figures 2D, E). Therefore, 2-mm differences between DNA
damage distribution and cellular lethality were observed in both
quantitative and qualitative analyses.

This difference could be explained by several reasons. The
first is the geometrical difference between flask of survival and
flask with cells on slides, as the slides may move during
transportation and irradiation within flasks. However, slides
were fixed on their location by melting the plastic with heat to
avoid potential movement. The second reason can be due to the
overkill effect from focused DNA damage to hit cells. LET values
increased at the Bragg peak between 140 and 142.5 mm as 91 to
337 keV/mm with a peak at 142 mm with 337 keV/mm
(Figure 1B). Ionizing radiation most efficiently produces DNA
damage and kills cells at around 100 keV/mm. The LET above
this value will result in overkill or, in other words, when a single
particle deposits much more energy than is required to kill a cell,
and this results in it killing less cells per absorbed dose.
Moreover, at very high LET values, the percentage of non-hit
cells has been observed to increase (31). In contrast to what was
observed, we expected the cluster number per cell within the
range of the carbon ion to be significantly higher than what was
observed at these depths if all of our observed tracks contributed,
as this would change the distribution of foci and tracks across the
irradiated cell population according to the equation, D = 0:16�
L� N

A , where D is the dose in Gy, L is LET in keV/mm, N is the
number of tracks per nucleus, and A is the nuclear area in square
micrometers perpendicular to the beam (32).

As observed in survival, cytotoxicity was maximized at 140
mm, where the LET values are near 100 keV/µm and DNA
damage was maximized at 142 mm with above 300 keV/µm.
Our previous study also showed that the RBE value of cell
survival was maximized at 200 keV/mm of iron ions with the
value of around 4 and decreased after 250 keV/mm of silicon
ions (33).

The last possibility is explained by the time of our analysis.
DNA damage analysis was carried out 0.5 h following irradiation.
g-H2AX foci can be maximized at this time point (34, 35), but the
lethality is strongly associated with repair capacity and residual
DNA damages (17). Typically, higher initial damages cause higher
residual damages. Clustered foci after Bragg peak may remain
longer than simple foci at the entrance region. Data from 24 h
following irradiation may answer this in the future studies as this
may be due to a combination of decreased repairability of complex
DSB at individual sites of DNA damage, in conjunction with the
overlap of multiple g-H2AX foci associated with the correlation of
breaks along the radiation track, requiring multiple sites of
damage to be repaired for the clustered foci to be lost. It would
also be beneficial in future studies to conduct the chromosomal
aberration assay within our system. Comparison between the types
of chromosomal aberrations at each depth with our present data
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may further answer this discrepancy as the proximity of the DSBs
along the high-LET tracks may increase the frequency of
chromosomal aberrations arising from misrepair between these
correlated breaks as well as in the complexity of chromosomal
rearrangements arising with non-symmetrical types typically
resulting in clonogenic cell death (36, 37).

The analysis of DNA damage at the post-Bragg peak provided
validation of our system. The cluster and track foci were observed at
the post-Bragg peak region. If the extended cell death or DNA
damage at the post-Bragg peak region came from heterogenic
energy of initial carbon ions or possible irradiation errors, the
complex type of DNA damage should be observed at any depth
analyzed randomly. However, both clustered foci or track foci
structures were observed up to 155 mm following 2 or 10 Gy of
carbon-ion irradiation (Figures 3B, C). When comparing 2 and 10
Gy data, we expected the number of cells with tracks and the
average number of clustered foci to increase by a factor of 5 which
was not the observed case and may indicate that we did not observe
all the tracks, meaning it may require more than the 150 cells per
depth analyzed to provide more accurate results in this case.
However, evaluating the quality of the track, not the dose, in
which we normalized the average number of clusters by track
allowed us to overcome this problem by evaluating per track not
per cell. Thus, we observed that the cluster positive foci tracks, the
clear signature of high LET radiation exposure, were gradually
decreased after Bragg peak (Figure 3D). This suggests that DNA
damage within the post-Bragg peak region is mainly from the
secondary particles including nuclear fragmentations and recoiled
particles rather than random carbon-ion beam artifact. Since the
complexity of DNA damage was observed in the post-Bragg peak
region, the lighter fragments travel further and potentially a few
centimeters after the Bragg peak and some of the secondary particles
have LET values more than 10 keV/mm (11, 12). This study
conducted up to 155 mm based on the limitation of slide
placement in the T175 flask size, but the secondary particles may
travel at more than 10% of the initial Bragg peak range of 140 mm.
Thus, the secondary particles from carbon ions were observed to
travel much longer than the secondary particles observed after
proton irradiation in our previous study (17). Furthermore,
simulation analysis also supports these findings (28, 38). Our
study clearly suggests that the post-Bragg peak of carbon ions
contains a small but significant amount of high LET radiation
fraction, which is enough to cause the cytotoxicity and potentially
genotoxicity (Figures 1E, 2A).

Lastly, we determine if the underlying factor between the foci
distribution correlation with cell death was due to the amount of
foci per cell (via average intensity per cell), the foci distribution
per cell (via percentage of cluster >2.4 µm positive cells), the
presence of a track structure (via percentage of track positive
cells), or a combination of these (Figure 4). All three factors
explained well for cell survival. While there was not a one-to-one
correlation between each of these factors and cell survival, the
importance of this analysis was that the relationship between g-
H2AX and survival was very similar between pre-Bragg peak and
post-Bragg peak regions (Figure 4). This suggests that the DNA
damage and cellular death after irradiation at the post-Bragg
Frontiers in Oncology | www.frontiersin.org 9193
peak occur by the same mechanisms, which depends on the DSB
quantities and qualities, as at the pre-Bragg peak regions.

In conclusion, the DSB distribution analysis of the full carbon-
ion beam range in a single biological system conducted in this study
clarified differences in the DNA damage distribution near the Bragg
peak, as the g-H2AX distribution is dramatically changed in their
number and character near the Bragg peak. The cellular lethality
was confirmed in the post-Bragg peak region, and this can be
explained by the DSBs produced by the various LET nuclear
fragments and recoiled particles as observed in the foci track
structures. The signature of DNA damage from secondary
particles was observed in the tail region far from the Bragg peak
at least up to a 10% distance of the initial Bragg peak. These results
are of great interest as the DSBs at the post-Bragg peak region may
contribute to cellular death and organ dysfunction and even genetic
instability, possibly resulting in cancer cell propagation. Results of
this study should be carefully considered during radiation treatment
planning to limit the amount of healthy cell damage in patients. As
our system of irradiation also demonstrated that the biological
response can dramatically change in millimeter differences, a
limitation to the current irradiation system is that the biological
response is critically dependent on both the dose delivered and
radiation quality (LET), both of which also vary significantly with
depth and therefore position on the flask. Thus, to further address
the variation in relative biological effectiveness in the post-Bragg
peak region and relate this to the spectrum of particles and
associated energies of the fragments, more detailed cell survival
studies with cells plated at a range of depth with the beam normal to
the plated cell population should also be performed at and beyond
the Bragg peak, backed up with detailed modeling of the carbon ion
and associated fragments as a function of the depth in future studies.
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Supplementary Figure 1 | Survival fraction vs depth following irradiation of each
initial dosage. Red and blue arrows indicate survival fraction at 142 and 143 mm,
respectively, to demonstrate how survival fraction decreases in the post Bragg peak
at increased initial irradiation treatment dosage. Areas highlighted in gray or green
represent a significant decrease (P<0.05) or significant increase (P<0.05) compared
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to the closest analyzed depth near beam entry at 1.0 cm, Bonferroni multiple
comparisons test.

Supplementary Figure 2 | Depiction of slide placement to determine beam
depth in flask following carbon-ion irradiation.

Supplementary Figure 3 | Foci number per cell after initial 2 Gy of carbon-ion
irradiation. Counting was conducted manually with deconvoluted images. Red dots
indicate data from individual cells. Mean and standard deviation are shown.

Supplementary Figure 4 | Number of clusters per cell after initial 2 Gy of carbon-
ion irradiation. Cluster sizes were divided into up to 0.8 µm, between 0.8-1.2 µm,
and larger than 2.4 µm. Depiction of slide placement to determine beam depth in
flask following carbon-ion irradiation.

Supplementary Figure 5 | Cluster size within tracks after initial 2 Gy or 10 Gy of
carbon-ion and 2 Gy of iron-ion irradiation. Cluster sizes were divided into up to 0.8
µm, between 0.8-1.2 µm, and larger than 2.4 µm. Depiction of slide placement to
determine beam depth in flask following carbon-ion irradiation.
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