
Abscopal Gene Expression in Response to Synchrotron
Radiation Indicates a Role for Immunological and DNA
Damage Response Genes

Authors: Forrester, Helen B., Lobachevsky, Pavel N., Stevenson,
Andrew W., Hall, Christopher J., Martin, Olga A., et al.

Source: Radiation Research, 194(6) : 678-687

Published By: Radiation Research Society

URL: https://doi.org/10.1667/RADE-19-00014.1

BioOne Complete (complete.BioOne.org) is a full-text database of 200 subscribed and open-access titles
in the biological, ecological, and environmental sciences published by nonprofit societies, associations,
museums, institutions, and presses.

Your use of this PDF, the BioOne Complete website, and all posted and associated content indicates your
acceptance of BioOne’s Terms of Use, available at www.bioone.org/terms-of-use.

Usage of BioOne Complete content is strictly limited to personal, educational, and non - commercial use.
Commercial inquiries or rights and permissions requests should be directed to the individual publisher as
copyright holder.

BioOne sees sustainable scholarly publishing as an inherently collaborative enterprise connecting authors, nonprofit
publishers, academic institutions, research libraries, and research funders in the common goal of maximizing access to
critical research.

Downloaded From: https://bioone.org/journals/Radiation-Research on 21 Jul 2024
Terms of Use: https://bioone.org/terms-of-use



RADIATION RESEARCH 194, 678–687 (2020)
0033-7587/20 $15.00
�2020 by Radiation Research Society.
All rights of reproduction in any form reserved.
DOI: 10.1667/RADE-19-00014.1

Abscopal Gene Expression in Response to Synchrotron Radiation
Indicates a Role for Immunological and DNA Damage Response Genes

Helen B. Forrester,a,b,c,1 Pavel N. Lobachevsky,d,f,g Andrew W. Stevenson,h,i Christopher J. Hall,h Olga A. Martine,f,2

and Carl N. Sprunga,b,2

a Centre for Innate Immunity and Infectious Diseases, Hudson Institute of Medical Research, Clayton, Australia; b Monash University, Clayton, Australia;
c School of Science, RMIT University, Melbourne, Australia; d Research Division and e Division of Radiation Oncology, Peter MacCallum Cancer Centre,

Melbourne, Australia; f Sir Peter MacCallum Department of Oncology, The University of Melbourne, Melbourne, Australia; g Advanced Analytical
Technologies, Melbourne, Australia; h Australian Synchrotron, ANSTO, Clayton, Australia; and i CSIRO Manufacturing, Clayton, Australia

Forrester, H. B., Lobachevsky, P. N., Stevenson, A. W., Hall,
C. J., Martin, O. A. and Sprung, C. N. Abscopal Gene
Expression in Response to Synchrotron Radiation Indicates a
Role for Immunological and DNA Damage Response Genes.
Radiat. Res. 194, 678–687 (2020).

Abscopal effects are an important aspect of targeted
radiation therapy due to their implication in normal tissue
toxicity from chronic inflammatory responses and mutagene-
sis. Gene expression can be used to determine abscopal effects
at the molecular level. Synchrotron microbeam radiation
therapy utilizing high-intensity X rays collimated into planar
microbeams is a promising cancer treatment due to its
reported ability to ablate tumors with less damage to normal
tissues compared to conventional broadbeam radiation ther-
apy techniques. The low scatter of synchrotron radiation
enables microbeams to be delivered to tissue effectively, and is
also advantageous for out-of-field studies because there is
minimal interference from scatter. Mouse legs were irradiated
at a dose rate of 49 Gy/s and skin samples in the out-of-field
areas were collected. The out-of-field skin showed an increase
in Tnf expression and a decrease in Mdm2 expression, genes
associated with inflammation and DNA damage. These
expression effects from microbeam exposure were similar to
those found with broadbeam exposure. In immune-deficient
Ccl2 knockout mice, we identified a different gene expression
profile which showed an early increase in Mdm2, Tgfb1, Tnf
and Ccl22 expression in out-of-field skin that was not observed
in the immune-proficient mice. Our results suggest that the
innate immune system is involved in out-of-field tissue
responses and alterations in the immune response may not
eliminate abscopal effects, but could change them. � 2020 by

Radiation Research Society

INTRODUCTION

Radiation therapy is one of the main targeted treatment
strategies for cancer control. Approximately 50% of all
cancer patients receive radiation therapy as part of their
treatment (1). One aspect of radiation therapy is that damage
can occur in cells and tissue not directly hit by radiation,
referred to as non-targeted effects. Not only are non-targeted
effects found in the environment near the irradiated cells
(‘‘radiation-induced bystander effect’’, RIBE), but these
effects can occur at distant sites manifesting as the
‘‘radiation-induced abscopal effect’’ (RIAE) (2–4). RIBE
mechanisms are relatively well characterized in vitro and in
vivo (5, 6), but RIAE mechanisms which are complicated by
systemic influences, complex tissue and cellular environ-
ments, are still not well understood. In addition, multiple
signal transduction pathways are probably involved in
RIAE (7). Early published studies demonstrated that tumors
could be induced in nonirradiated animals with plasma from
irradiated rats (8), and chromosomal damage could be
induced in lymphocytes with plasma from irradiated
patients (9). RIAE is implicated in induction of out-of-field
normal tissue toxicity, including secondary cancers (10, 11).
It has been suggested that radiation therapy outcomes could
be improved by inhibiting non-targeted effects and reducing
the possibility of secondary cancers (12, 13), which would
be particularly advantageous in children (12). However,
RIAE can also be advantageous for reducing distant out-of-
field tumors (14).

It has been hypothesized that the immune system plays an
important role in mediation of RIAE, in part through signal
transduction (3, 15). Molecules associated with the cellular
response to radiation include both p53-responsive and
immunomodulatory factors (16–18). Little is known about
the expression levels of these factors in tissues distant from
the irradiated zone. Factors of particular interest include
chemokine (C-C motif) ligand 2 (CCL2), also referred to as
monocyte chemoattractant protein 1 (MCP1), which is
known to recruit a number of immune cells, including
memory T cells, monocytes and macrophages, to sites of
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tissue injury (19). The induction of reactive oxygen and
nitrogen species (ROS and RNS) is important for this effect
and can result in alteration of gene expression, DNA

damage, genome instability and mutagenesis (5). In the
grafted nonirradiated tumor model, CCL2 plasma levels
were high, and there was tumor-induced DNA damage in
the wild-type (WT) mice. However, a mouse knockout

(KO) model of CCL2 did not show DNA damage in tissue
distant from the tumor, implicating this cytokine as an
important factor in the abscopal effect (20). C-C motif
chemokine 22 (CCL22), also known as macrophage-derived

chemokine (MDC), is another important cytokine, which
activates chemotactic activity involving the attraction of
monocytes, natural killer cells and dendritic cells, and
activates T lymphocytes. The plasma level of this cytokine

is induced with infection or injuries, including radiation-
induced injuries, and is associated with RIAE (21). Other
chemokines, such as C-C motif chemokine 11 (CCL11)
attracts eosinophils, another immune cell type that stimu-

lates the release of ROS and RNS that can also lead to
oxidative stress and DNA damage (22). Transforming
growth factor beta (TGF-b) is also of interest as it is
involved in many cellular processes, including those in the

response to radiation, involvement in tumorigenesis, and
anti-tumor immune responses (23). TGF-b can act through
the SMAD signaling pathway, which induces a set of
transcription factors and has a complex regulation (24).

Previously published studies have demonstrated RIAE in
the form of tumor regression or reduced growth rate (23,
25–29), cellular or DNA damage (21, 30–32), or gene
expression levels of out-of-field tissue after low-dose-rate

broadbeam exposure (33). These studies have indicated that
the immune system is involved in the observed RIAE (21,
25, 27, 29), or more specifically, through the NF-kappa B
pathway (33), p53 (28, 31) or TGF-b (23).

Radiation therapy is an effective cancer treatment, but has

the potential for improvement through the use of novel
configurations including alteration of physical and spatial
factors. Microbeam radiation therapy (MRT) is a promising
preclinical radiotherapy technique that effectively ablates
tumors and is relatively well tolerated by normal tissues in

animal models (37–41). MRT utilizes high-intensity
synchrotron-generated X rays spatially fractionated into
planar microbeams with various dimensions. In the current
study, 25-lm-wide beams were spaced 200 lm apart. The

underlying mechanisms pertaining to MRT advantages are
currently under investigation. Due to the defined geometry
of the synchrotron X-ray beam and its low scatter, both
MRT and broadbeam modes of synchrotron radiation are

convenient experimental tools to conduct studies on out-of-
field effects of radiation. In previously published studies,
abscopal effects from synchrotron radiation, including
MRT, were examined by analysis of clonogenic survival

and calcium signaling potential (34–36). The use of both
MRT and broadbeam configurations may provide insight

into the mechanisms of MRT and how abscopal effects
compare between the two modalities.

Here, we report changes in gene expression in mice
locally irradiated on their hind leg with synchrotron MRT or
conventional broadbeam configurations. We investigated
the influence of irradiated target size, dose and beam
modality on gene expression in the irradiated area and in
out-of-field skin samples to better elucidate the factors
involved in the induction and propagation of RIAE incurred
by synchrotron radiation. We also compared the out-of-field
tissue effects in C57BL/6 WT mice and immune-deficient
Ccl2 KO mice, thus revealing a role of the signal
transduction mediator, Ccl2, in RIAE. In this study, we
examined levels of gene expression in the out-of-field
tissue, and plasma cytokines. In parallel studies, performed
utilizing the same mice, DNA damage, immune cell
infiltration in distant tissues and additional plasma cytokines
were analyzed (30, 42).

MATERIALS AND METHODS

Mice

Ethics approval for this study was obtained from the Monash
University Animal Ethics Committee (approval no. MMCA/2012/01)
and the Australian Synchrotron Animal Ethics Committee (approval
no. AS-2012-01). Six-week-old C57BL/6 female mice were purchased
from the Monash animal research platform and housed at the
Australian Synchrotron (both in Clayton, Australia). Animals were
monitored by members of the Monash animal research platform and
given standard chow and Milli-Qt water. Immune-deficient Ccl2 KO
mice on the C57BL/6J background were purchased from Jackson
Laboratory (Bar Harbor, ME).

Irradiation and Tissue Collection

Just prior to irradiation, the mice were anesthetized with an
intraperitoneal injection of 0.01 ml anesthesia mix per 1 g mouse
weight from a stock made of 1 ml (100 mg/ml) ketamine, 0.1 ml
xylazine (100 mg/ml) and 8.9 ml phosphate buffered saline (PBS).
The right hind legs of the mice were shaved and the anesthetized mice
were mounted on a custom jig that allowed the right hind leg to be
irradiated as described elsewhere (27). Mice were irradiated at a dose
rate of 49 Gy/s for 203 ms (10 Gy) or 810 ms (40 Gy) in an area of 8 3
8 mm2 [or 2 3 2 mm2; Supplementary Information (https://doi.org/10.
1667/RADE-19-00014.1.S1)] on the right hind leg with an X-ray
beam generated by the Australian Synchrotron at the Imaging and
Medical Beam Line operating with a constant current of 200 mA. For
MRT a collimator produced beam widths of 25 lm and microbeam
center-to-center spaces of 200 lm.

Prior to irradiation, the site was marked and dose and location were
confirmed with Gafchromice films EBT3 (dose range 1 cGy–40 Gy)
and XRQA2 (dose range 1 mGy–20 cGy) (Ashland Inc., Bridgewater,
NJ) taped to the outside of the leg. Control mice (n¼ 25) control mice
received sham irradiation (0 Gy). In the initial experiment, skin
samples from the backs of five C57BL/6 mice were collected 24 h
after sham irradiation. In the subsequent experiment, tissue from 10
C57BL/6 and 10 Ccl2 KO mice were collected 72 and 144 h after
sham irradiation (five mice in each group).

Dosimetry studies, presented elsewhere (30, 42, 43), indicated that
203 ms of MRT (‘‘10 Gy’’) resulted in a peak dose of approximately
7.5 Gy (dose rate of 37 Gy/s) and valley dose of approximately 0.094
Gy (dose rate of 0.5 Gy/s). Likewise, with MRT for 810 ms (‘‘40
Gy’’), peak dose was approximately 30 Gy and valley dose was
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approximately 0.38 Gy. The integrated dose for 10 and 40 Gy MRT
was approximately 1.2 and 4.6 Gy, respectively. The peak-to-valley
dose ratio (PVDR) was approximately 80 6 12 for an area of 8 3 8
mm2 of 10 Gy MRT.

Whole skin samples from C57BL/6 mice were collected 24 and 96
h postirradiation in the initial experiment; and for the subsequent
experiment, samples from C57BL/6 and Ccl2 KO mice were collected
at 24, 72 and 144 h (five mice in each group). Each skin sample was
taken from an out-of-field region (not irradiated) located approxi-
mately 35 mm from the irradiated site on the back of the mice. It was
estimated that skin samples collected 35 mm from the irradiated site
receiving a dose rate of 49 Gy/s for 203 ms would receive ultra-low
doses of approximately 7.0 mGy and 0.8 mGy for broadbeam and
MRT, respectively. After a dose rate of 49 Gy/s for 810 ms the same
out-of-field skin site would receive 27.9 mGy and 3.26 mGy for
broadbeam and MRT, respectively (43). Irradiated skin was also taken
from the outside of the right hind leg using ink marks for orientation.
The samples were immediately frozen on dry ice in cryovials and
stored at –808C.

RNA Isolation Procedure

RNA was extracted from the skin (epidermis and dermis layers)
using RNeasy Fibrous Tissue Kit (QIAGEN, Hilden, Germany). The
skin tissue samples were suspended in 0.3 ml of RLT buffer
(QIAGEN) containing 10 ll of beta-mercaptoethanol (Sigma-Aldrich,
Darmstadt, Germany) per 1 ml of RLT buffer, homogenized with a
Precellyst homogenizer using 2.8-mm ceramic beads, sheared with
18g needle, added to 0.6 ml of water containing proteinase K and
incubated at 558C for 10 min. Tissue debris was removed by
centrifugation for 3 min at 10,000g and the supernatant was collected.
The RNA was precipitated with 100% ethanol and further purified on
an RNeasy column (Qiagen, Venlo, Netherlands) using the RNAeasy
method as per manufacturer’s recommendation with the addition of a
DNase1 digestion step. RNA concentration was determined using a
NanoDrop ND-1000 spectrophotometer (Thermo Scientifice, Wil-
mington, DE).

Transcriptional Validation

Primers were designed to candidate exons or genes using ‘‘primer
3’’ or Primer-BLAST on-line software (National Center for Biotech-
nology Information, Bethesda, MD) (Supplementary Table S1; https://
doi.org/10.1667/RADE-19-00014.1.S1). cDNA was made from 500
ng RNA using SuperScriptt III First-Strand Synthesis System for RT-
PCR (Invitrogene, Carlsbad, CA) according to manufacturer’s
recommendations and as described elsewhere (44, 45). Real-time
PCR was performed using these primers under the following
conditions: SYBRt Green Master Mix (Applied Biosystems, UK)
with 200 nM of each primer was mixed with 5 ng of cDNA. The
cycling steps were as follows: 958C for 10 min; (958C for 15 s; 608C
for 60 s) 3 40, with a melting temperature ramp following
amplification. A robotic system was used to load a 384-well plate,
which was then run on the ABI 7900 quantitative real time PCR
machine. All samples were tested in triplicate. The expression levels
[2^(reference CT-sample CT)] were calculated relative to the
housekeeping gene 18s ribosomal RNA (Qm18s primers). The
individual values for the RT-PCR experiment were multiplied by
the same factor to give an average of 1 for the associated control. The
control samples were collected at different times after sham irradiation
for both mouse types. Although there was no significant difference
between the gene expressions for different times after sham irradiation
for either mouse types (data not shown), the corresponding time points
(24, 72 or 144 h) were used for comparison in the qPCR. The
expression results are the average of three separate PCR runs. Change
in expression after irradiation was determined by comparing the
relative gene expression of the skin from irradiated mice with the skin
of nonirradiated mice collected at the corresponding locations. This

included the cytokines, Tgfb1, Ccl22, Ccl2 and Tnf, and DNA
damage-responsive genes Trp53 and Mdm2.

Plasma Cytokine Measurement

Blood samples were obtained by cardiac puncture and placed in
ethylenediaminetetraacetic acid (EDTA)-containing tubes (Sarstedt
AG & Co., Nümbrecht, Germany), centrifuged at 2,000 rpm for 10
min and then at 4,000 rpm for 10 min. The upper 90% of the plasma
(total up to 200 ll) was transferred into 2-ml cryovials and stored at
–808C. Cytokines (TGF-b1, MDC/CCL22) in the 200-ll plasma
samples were measured at RayBiotech Inc. (Norcross, GA) using the
Quantibodyt custom platform (a glass-chip-based multiplexed
sandwich ELISA array) as described elsewhere (42). Control mouse
plasma was collected from C57BL/6 and Ccl2 KO mice at 72 h after
sham irradiation (five mice in each experimental group). Plasma from
C57BL/6 mice were collected at 72 and 144 h postirradiation, and
from Ccl2 KO mice at 24, 72 and 144 h postirradiation (five mice in
each experimental group).

Statistical Analysis

Two-way analysis of variance (ANOVA) was used to analyze
differences between doses, areas, radiation modalities and mouse
strains. A two-tailed, unpaired Student’s t test was used to determine
the differences between irradiated and sham-irradiated skin. A P value
of less than 0.05 was considered statistically significant.

RESULTS

Gene Expression Changes in Out-of-field Skin

A challenge with studying RIAE in animal models is the
scatter radiation that causes low-dose irradiation to distant
tissue. The advantage of using synchrotron radiation with a
low energy and high dose rate (49 Gy/s) is the inherent low
amount of scatter radiation (42). Cell signaling due to
abscopal effect can cause gene expression changes in the
tissue and can be used to monitor abscopal effect (46). We
selected genes that have previously been associated with
RIAE, such as tumor protein p53 (Trp53) (28, 31) and
transforming growth factor beta 1 (Tgfb1) (23), as well as a
gene that would indicate DNA damage such as mouse
double minute 2 (Mdm2) homolog (16, 47). We also
included genes that indicate an inflammatory response and/
or activation of macrophages such as tumor necrosis factor
(Tnf) (48), C-C motif chemokine ligand 22 (Ccl22) (21) and
Ccl2 (19, 20). A skin area of 8 3 8 mm2 was irradiated on
the mouse’s leg and RNA was extracted from out-of-field
skin collected from the mouse’s back, approximately 35 mm
from the site of irradiation. Gene expression changes that
occurred in out-of-field skin samples are shown in Fig. 1.
Samples from control mice were collected at 24 h after sham
irradiation. Gene expression levels of Tnf and Tgfb1
increased in the out-of-field skin. The increase in Tnf gene
expression was significant 24 h after 40 Gy MRT (P ¼
0.037). The increase in Tgfb1 gene expression was
significant 96 h after 10 Gy MRT (P ¼ 0.035). Ccl22
expression levels decreased 24 h after 10 Gy broadbeam
exposure (P ¼ 0.024) and 96 h after 10 Gy MRT (P ¼
0.047). This indicates a systemic inflammatory response.
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In the out-of-field skin there was a decrease in Ccl2,

Mdm2 and Trp53 gene expression. There was a statistically

significant decrease in Ccl2 expression levels at 24 h after

10 Gy broadbeam exposure (P ¼ 0.037). This decrease in

Ccl2 expression levels was not present 96 h postirradiation.

Mdm2 expression levels decreased 24 h after 10 Gy MRT

(P¼ 0.003), 40 Gy MRT (P¼ 0.016) and 40 Gy broadbeam

exposure (P¼ 0.003), and at 96 h after 40 Gy broadbeam (P
¼ 0.01) and 10 Gy broadbeam (P¼ 0.004) irradiation. The

decrease in Mdm2 expression levels correspond with a

decrease in Trp53 gene expression levels at 24 h (P¼0.046)

and 96 h (P ¼ 0.046) after 40 Gy MRT.

The level of modulation was similar for the different

modalities, MRT and broadbeam exposure. However, there

was a statistically significant difference between 10 and 40

Gy at 24 h postirradiation with a greater decrease in Trp53

gene expressions in out-of-field skin for MRT and broad-

beam (P¼ 0.0069 and 0.0063, respectively). Similar results

were observed when a smaller area of skin (2 3 2 mm2) was

irradiated (Supplementary Fig S1; https://doi.org/10.1667/

RADE-19-00014.1.S1), indicating that the observed absco-

pal changes are also independent of the irradiated region

size. Corresponding skin samples at the site of irradiation

were also analyzed (Supplementary Fig. S2; https://doi.org/

10.1667/RADE-19-00014.1.S1) to demonstrate the similar-

ities and differences with out-of-field tissues. The expres-

sion of cytokine genes Tnf, Tgfb1 and Ccl22 increased,

indicating an ongoing inflammatory response at the site of

irradiation.

FIG. 1. Differential gene expression in out-of-field skin of C57BL/6 mice after broadbeam exposure or MRT.
Relative gene expression levels were determined using qRT-PCR of RNA isolated from mouse skin at 24 h
(solid) and 96 h (patterned) after 10 or 40 Gy broadbeam exposure and MRT from out-of-field skin for the
inflammatory genes Tgfb1, Ccl22, Tnf and Ccl2, and stress-related genes Mdm2 and Trp53. Controls were from
samples collected 24 h after sham irradiation (black). Significant differences compared to controls are indicated
at *P , 0.05 and **P , 0.01. n � 4. Error bars represent SEM.
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Ccl2 KO Mice

Previously published studies implicated the CCL2

cytokine as an important factor in the tumor-induced

abscopal effect by demonstrating that Ccl2 KO mice do

not show DNA damage in tissue distant from the tumor,

whereas the presence of the tumor-induced DNA damage in

the WT mice (20). To study the effects of CCL2 on

radiation-induced abscopal effects, we irradiated Ccl2 KO

mice and compared them to the C57BL/6 WT mice. In a

parallel study (42), abscopal DSB, oxidative DNA damage

and apoptosis were inhibited in Ccl2 KO mice, while

present in C57BL/6 WT mice. Here we found that in the

out-of-field skin of Ccl2 KO mice there was a dramatic
increase in expression levels of Tnf, Tgfb, Ccl22, Ccl2 and
Mdm2 at 24 h after 10 Gy MRT compared to the control
mice (Fig. 2). The increase in Tnf expression of approxi-
mately 15-fold (P¼0.0005) was significantly different from
the increase detected in the out-of-field skin of the C57BL/6
WT mice 24 h postirradiation (P ¼ 0.003); but at 72 h
postirradiation, the Tnf expression levels were similar to the
expression levels in C57BL/6 mice. Similar to the data
found in the immunocompetent mice, the Tgfb1 expression
increased approximately threefold (P ¼ 0.006) in the Ccl2
KO mice 24 h postirradiation. This increase in Tgfb1
expression was significantly higher in the Ccl2 KO mice

FIG. 2. Differential gene expression in out-of-field skin after 10 Gy MRT in immune-deficient Ccl2 KO and
C57BL/6 WT mice. Relative gene expression levels were determined using qRT-PCR of RNA isolated from
mouse skin at 24, 72 and 144 h after 10 Gy MRT in C57BL/6 mice (black patterned) or Ccl2 KO mice (gray
patterned) compared to relevant sham-irradiated control (solid black for C57BL/6 mice and solid gray for Ccl2
KO mice) for the inflammatory genes Tnf, Tgfb1, Ccl22, Ccl2, Mdm2 and Trp53. Control samples were collected
24, 72 or 144 h after sham irradiation and the relevant controls used are represented in the bar graph next to the
gene expression of the irradiated samples. Asterisks (*) indicate significant differences compared to the time-
appropriate sham-irradiated controls (24, 72, and 144 h after sham irradiation) and asterisks above a line indicate
significant differences between the C57BL/6 and Ccl2 KO mice (*P , 0.05 and **P , 0.01). n � 4. Error bars
represent SEM.
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compared with the C57BL/6 mice (P ¼ 0.0043). This is

associated with a corresponding increase in TGF-b in the

plasma of Ccl2 KO mice (Fig. 3) where there is a significant

increase in TGF-b between 24 h and 144 h (P ¼ 0.0029).

Furthermore, there is significantly more TGF-b protein in

the plasma of Ccl2 KO mice compared to the C57BL/6

immunocompetent mice at 144 h postirradiation (P¼ 0.049)

(Fig. 3).

Ccl22 expression increased approximately ninefold in the

out-of-field skin of Ccl2 KO mice 24 h postirradiation (P¼
0.002) and there was still approximately a twofold increase

at 72 h postirradiation (P¼ 0.036). This was higher than the

expression level detected in the C57BL/6 mice at both 24 h

(P ¼ 0.0021) and 72 h (P ¼ 0.0182) postirradiation.

However, no significant increase in MDC/CCL22 protein

levels was detected in the plasma of the Ccl2 KO mice (Fig.

3). There was a decrease in MDC/CCL22 plasma protein
from 24 h to 72h in the Ccl2 KO mice.

Although the Ccl2 KO mouse does not produce the
functional MCP-1 protein, it does produce an altered Ccl2
mRNA (49), which enabled the measurement of transcrip-

tion expression levels of Ccl2 in the Ccl2 KO mouse. There
was an approximately threefold increase in Ccl2 expression
in the out-of-field skin from Ccl2 KO mice 24 h after 10 Gy
MRT (P ¼ 0.004), which was significantly different from
the levels for the out-of-field skin from the C57BL/6 mice

(P¼0.0006) where no increase was detected. An increase in
Ccl2 transcripts for the out-of-field skin of the Ccl2 KO
mice 24 h postirradiation suggests an attempt to provide a
functional CCL2 protein due to a lack of required functional
protein.

The change in Mdm2 expression level in the out-of-field
skin for the Ccl2 KO mice increased more than threefold (P
¼ 0.003). This was significantly different from the C57BL/6
mice (P ¼ 0.0005), which had a decrease in the Mdm2
expression level 24 h postirradiation. There was no
significant difference in the Trp53 gene expression in the
out-of-field skin of the mice. In the targeted skin that

received 10 Gy MRT, there was no expression difference
between Ccl2 KO mice and C57BL/6 mice for Tnf, Tgfb,
Ccl22, Ccl2 or Trp53 (Supplementary Fig. S3; https://doi.
org/10.1667/RADE-19-00014.1.S1). However, the amount
of change in Mdm2 gene expression was different between

the irradiated skin of Ccl2 KO mice and the C57BL/6 mice
at 24 and 72 h postirradiation (P ¼ 0.0245 and 0.0396,
respectively). The dramatic increases in gene expression
levels of the out-of-field skin of Ccl2 KO mice did not occur
in the irradiated skin.

DISCUSSION

To our knowledge, this is the first published study in

which gene expression levels in out-of-field skin are
compared between immune-deficient Ccl2 KO mice with
C57BL/6 WT mice using synchrotron radiation. We have
also demonstrated that gene expression is a useful tool to
examine radiation-induced abscopal effects. In this study,
six key genes were selected which included genes

implicated in RIAE, Tgfb (23) and Tp53 (28, 31), an
indicator of M1 macrophage activation, Tnf (48), immune
cell attractants, Ccl2 (19) and Ccl22 (21), and an indicator
of DNA damage and stress, Mdm2 (16, 47). We detected
gene expression changes for all six of these genes in out-of-

field skin 24 h after MRT and broadbeam exposure in
C57BL/6 mice, and all showed a degree of independence
from dose and radiation modality. In previously published
work, we noted many differences in gene expression levels
in targeted tumors between MRT and broadbeam modali-

ties, but interestingly, even though Mdm2 expression levels
increased after irradiation there was no difference in the
level between the modalities (17).

FIG. 3. Plasma cytokine levels after 10 Gy MRT in immune-
deficient Ccl2 KO and C57BL/6 WT mice. TGF-b and MDC/CCL22
protein levels in the plasma from mouse skin in control mice (black) at
24 (black patterned; Ccl2 KO only), 72 (gray patterned) and 144 h
(gray horizontal lines) after 10 Gy MRT in C57BL/6 mice or Ccl2 KO
mice. Asterisks (*) indicate significant differences compared to sham
irradiated controls (72 h after sham irradiation) and asterisks above a
line indicate significant differences between the C57BL/6 and Ccl2
KO mice (*P , 0.05 and **P , 0.01). n � 4. Error bars represent
SEM.
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Mouse skin is a complex organ consisting of various
layers and cell types: a surface epithelium (epidermis), a
connective tissue layer (dermis), an adipose tissue layer

(hypodermis), as well as hair follicles and blood vessels.
The RNA was obtained from the epidermis and dermis
layers. Therefore, the types of cells responsible for the gene
expression changes within the skin were not identified. In

addition, changes to the gene expression could be a result of
an increase or decrease in infiltrating cells or activation of
immune cells within the skin. In our parallel studies
utilizing the same mice as used in this study, increases in

DNA damage were detected in the out-of-field duodenum
but not in the skin epidermis of C57BL/6 mice (30, 42).
Similar to the gene expression findings, the systemic
genotoxic events, namely oxidative stress, complex DNA

damage and apoptosis, were induced at comparable levels in
out-of-field tissues of C57BL/6 mice irradiated with various
doses for both radiation modalities, MRT and broadbeam
(30).

We were interested in the gene expression of Ccl2 due to

its possible involvement in abscopal effects (20) since it is
known to attract monocytes (19). Aravindan et al. detected
activation of the NFjB pathway in out-of-field heart tissue
of C57BL/6 mice 24 h after 2 Gy and 10 Gy broadbeam

exposure of the lower abdomen, and used a panel of 88
NFjB signaling pathway genes, which included both Ccl2
and Tnf, to detect gene expression changes (33). Similar to
our findings, Tnf gene expression levels increased after

receiving 2 Gy They also observed an increase in Ccl2 after
receiving both 2 Gy and 10 Gy, which was different from
our findings. It is interesting to note that many of the genes
with expression that increased after receiving both 2 Gy and
10 Gy, including Ccl2, also showed dose-independent

upregulation. In contrast to this study, we found no
significant change in Ccl2 gene expression levels in the
out-of-field skin of C57BL/6 mice after receiving either
MRT or broadbeam, and a significant decrease 24 h after 10

Gy broadbeam exposure. The differences in observation of
Ccl2 gene responses could be due to variations in target
(abdomen vs. leg) and/or out-of-field (heart vs. skin) tissue
types. It is likely that RIAE elicit responses in a tissue-

specific manner and probably involve variations in the
resultant pathways towards producing abscopal end points
(7, 34). Additionally, dose rate could be a factor; we used a
dose rate of 49 Gy/s, whereas Aravindan et al. used a

considerably lower dose rate of 0.81 Gy/min (33). The dose-
rate influence is not without precedence, as there is evidence
that dose rates influence RIAE (7). This could be an
important aspect for synchrotron radiation therapy and

warrants further investigation. Recently published studies
indicate that the higher MRT doses (approximately 400 Gy
peak dose compared to our 10 and 40 Gy peak dose) and
broadbeam modalities induce different immunological

responses in targeted tissue (50, 51) which may produce
varied abscopal effects. This includes a higher level of

CCL2 protein in the targeted tumor after broadbeam
exposure compared to MRT (51).

Previously published studies have indicated that the
immune system is involved in the observed RIAE (21, 25,
27, 29). Therefore, the presence of immune cells within the
out-of-field tissue is important. Changes have been found in
out-of-field skin epidermis and hair follicles after MRT and
broadbeam exposure (30), with increases in frequencies of
F4/80þ macrophages, Ly-6Gþ neutrophils and CD3þ T cells.
Activation of these immune cells can increase the gene
expression of Tnf (as seen 24 h after 40 Gy MRT), and
indicates an inflammatory environment (48), which can
cause cell damage and death (52). The DNA damage
detected in RIAE has been attributed to ROS and RNS
produced by activated M1 macrophages; however, M2
macrophages do not produce ROS and RNS (53). Mdm2
gene expression level is an indicator of DNA damage and is
induced by stress (54) and radiation (16, 47), but MDM2
protein is also implicated in the inflammatory process and
may be involved in M2 macrophage polarization (55). An
increase of Mdm2 expression is associated with ubiquitina-
tion of p53 protein leading to a decrease in p53. This can
result in an increase in cell survival due to limiting of the
apoptotic effects of p53 and shortening of cell cycle arrest
time (56). Downregulation of Mdm2 stabilizes p53 protein
and results in increased apoptosis (57). Interestingly,
abscopal tumor shrinkage is found to be absent in p53-
null tumors in a mouse model, suggesting that p53 protein is
important for anti-tumor RIAE (58). An increase of p53 also
controls M2 macrophage polarization and results in a
decrease in the anti-inflammatory M2 genes (55). In the
current studies, we observed a decrease in Mdm2 and an
increase in Tnf in the out-of-field skin of the C57BL/6 mice
24 h postirradiation, indicating an environment that
promotes the activation of ROS and RNS producing M1
macrophages. This may contribute to the increase in
abscopal DNA damage detected in our parallel studies
(30, 42).

In contrast to the C57BL/6 WT mice, there was a higher
level of M2 macrophage-associated genes such as Tgfb1,
Ccl22 and Mdm2 (55, 59) in the out-of-field skin of the
Ccl2 KO mice 24 h postirradiation. Although Ccl2 KO mice
lack functional CCL2 protein, which would normally recruit
macrophages, the level of residential macrophages in these
mice is similar to C57BL/6 WT mice (49). A significant
increase in the TGF-b protein plasma level from 24 to 144 h
postirradiation was consistent with the increase in Tgfb1
expression level (Fig. 3). The TGF-b plasma levels were
also higher in Ccl2 KO mice compared to the C57BL/6 WT
mice at 144 h postirradiation. We could speculate that the
high levels of TGF-b in the plasma at 144 h postirradiation
may originate from out-of-field tissue rather than the site of
irradiation, but the regulation of the protein expression is
complex. TGF-b has an anti-inflammatory effect and
inhibits T-cell-induced immunity effects in tumors (23), so
differences in TGF-b plasma levels may influence RIAE.
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The Ccl2 KO mice have a lower level of MDC/CCL22
plasma protein at 72 h compared to 24 h postirradiation, but
neither plasma levels at 24 or 72 h are significantly higher
than in the control animals. This was not consistent with the
gene expression data where there was a significant increase

in Ccl22 expression levels at both 24 and 72 h
postirradiation. There are a number of possible explanations
for this, including that the sensitivity of gene expression
may be better than protein expression, protein regulation
downstream, or systemic transport may affect plasma MDC/
CCL22. We hypothesize that there was an anti-inflamma-
tory environment in the out-of-field skin of the Ccl2 KO

mice, resulting in M2 macrophage polarization and a
reduction of the M1/M2 macrophage ratio. Thus, the
production of DNA-damaging ROS and RNS was lower
in the Ccl2 KO mice compared to the C57BL/6 WT mice
producing less DNA damage as observed in the parallel
study (42). Generally, no significant increase in DNA base
damage was detected in the tissue of Ccl2 KO mice with

only a small increase detected in the tongue 144 h
postirradiation (42). Additionally, an increase in c-H2AX
foci detected in the out-of-field duodenum of C57BL/6 WT
mice was absent in the Ccl2 KO mice (42). However, the
increase in Tnf gene expression levels in the out-of-field
skin of the Ccl2 KO mice, which indicates an inflammatory
environment, is in disagreement with the notion that there is

an anti-inflammatory environment in the out-of-field skin.
This suggests that it might not just be an increase in M2
macrophages but a problem with M1 polarization. TNF
induces the Ccl2 gene (60) and CCL2 protein is involved in
M1 macrophage polarization (61). The lack of functional
CCL2 protein in the Ccl2 KO mice may affect the M1
macrophage polarization that would normally occur due to

radiation-induced abscopal effects.

In conclusion, gene expression has proved to be an

effective means to detect RIAE from exceedingly low-
scatter synchrotron radiation, and different signal trans-
duction pathways were indicated. Future studies are
required to determine which factors may be beneficial to
inhibit, and which to enhance for improved cancer
radiation therapy treatment. However, inhibition of factors
such as CCL2 may change RIAE but may not eliminate all

systemic effects. As the DNA damage in distant tissue has
been attributed to ROS and RNS produced by M1
macrophages, the signal transduction pathways involved
in polarization of M1 or M2 macrophages may provide a
key to the control of RIAE.
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of C57BL/6 mice after broadbeam or MRT.
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Fig. S3. Differential gene expression in targeted skin after
10 Gy MRT in immune-deficient Ccl2 KO and C57BL/6
WT mice.
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