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Abstract
Purpose: Preclinical and clinical data indicate that radiation therapy acts as an immune modifier, having both immune-stimulatory and
immunosuppressive effects on the tumor-immune microenvironment (TIME). 3.3’-diindolylmethane (DIM) sensitizes tumor cells to
radiation and protects mice from lethal doses of total body irradiation. We hypothesize that protecting nontumoral cells from the adverse
effects of radiation treatment (RT) may help to correct immunosuppression resulting from radiation.
Methods and Materials: We generated tumor graft models using immune-competent and immune-deficient mouse strains. Narrow-
beamed radiation was targeted to tumor sites using shielding. Tumor regression was monitored after DIM and RT versus RT alone. The
effects of DIM on the efficacy of RT were assessed using immunohistochemistry staining and gene expression profiling. Complete
blood counts, clonogenic cell survival assays, and global gene expression profiling of cultured cells were performed to study DIM’s
radioprotective effects on normal cells.
Results: DIM enhanced tumor regression after RT in immune-competent but not immune-deficient mice. Data indicated that DIM
increased intratumoral immune cells after RT, contributing to enhanced immunologic responses such as adhesion and antigen
processing. DIM protected normal cells from radiation-induced immediate injuries in vitro and in vivo. Transcriptomic profiling of
cultured cells showed that DIM treatment mildly increased expression of some genes that are normally induced after radiation, such
as genes involved in cell cycle arrest and apoptosis.
Conclusions: In this study, using cultured cells and preclinical breast cancer models, we show that DIM protects normal cells from
radiation-induced immediate cellular injury and combination treatment of DIM and radiation potentiates antitumor immune responses
and enhances the efficacy of RT.
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Introduction

3.3’-diindolylmethane (DIM) is one of the best char-
acterized bioactive compounds found in Cruciferae.1 The
acid-catalyzed dimer of the bioactive indole has long been
proposed for use as a cancer prevention agent.2 DIM has
been found to regulate cancer cell proliferation by acting
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as an AhR ligand, reducing oxidative stress, activating
interferon-g, and modulating estrogen signaling.1

Studies also suggest that DIM inhibits radiation ther-
apy and chemotherapy-induced toxicity in normal cells.3

DIM was found to protect cultured cells against
ionizing radiation in clonogenic survival assays by acti-
vating ataxia-telangiectasia mutated (ATM) signaling.4

DIM also protects mice against lethal doses of total
body irradiation (TBI) and ameliorates TBI-induced he-
matopoietic injury by inhibiting oxidative stress responses
and hematopoietic cell apoptosis.5 However, DIM does
not protect MDA-MB-231 human breast cancer xeno-
grafts in nude mice against fractionated radiation therapy
(RT).4 This preferential protection of normal cells makes
DIM an attractive adjuvant to radiation therapy, particu-
larly when high-dose RT results in delayed tissue and
organ toxicity.

Recently, the use of RT has been explored to enhance
immunotherapy.6,7 Radiation enhances major histocom-
patibility complex (MHC) class I expression in tumor
cells and increases cytotoxic T lymphocyte recognition of
irradiated cells.8 On the other hand, radiation exhibits
immunosuppressive effects on the tumor microenviron-
ment. RT induces expression of the immunosuppressive
cytokine TGF-b9,10 and increases infiltration of both
regulatory T cells11 and immunosuppressive myeloid
cells.12 Radiation also leads to higher expression of im-
mune checkpoint ligands, including PD-L1, in tumor
cells,13 as well as PD-1 in T cells.14

The importance of tumor immunity warrants an inves-
tigation of DIM’s effects on the tumor-immune microen-
vironment (TIME) in response to radiation. In this study,
we used a clinically relevant, syngeneic breast cancer
model in immunocompetent mice6 to characterize how
DIM influences the TIME and tumor regression after RT.

Methods and Materials

Cell cultures and chemical and in vitro treatment

Human breast cancer cell lines MDA-MB-231 and
HCC1937 were obtained from the Tissue Culture Shared
Resource. Murine breast cancer cell line E0771 and
hTERT-immortalized human mammary epithelial cell line
(HMEC-hTERT) were kindly provided by our collabo-
rators. HMEC-hTERT cells were cultured in keratinocyte
serum-free media (Gibco, Waltham, MA) containing 25
mg/mL of bovine pituitary extract and 5 ng/mL of human
recombinant epidermal growth factor. The other cells
were cultured in DMEM supplemented with 10% fetal
bovine serum. Cells were maintained at 37�C in a 5%
CO2 atmosphere. BR9001, a bioavailability enhancing,
self-emulsifying DIM formulation (BioResponse,
Boulder, CO) was a kind gift from Dr Michael Zeligs.
Subconfluent HMEC-hTERT cells were exposed to
ionizing radiation using a Precision X-RAD 320 irradiator
(320 kV, 25 mA) at a dose rate of 0.864 Gy/min. For DIM
treatment, the drug was administered 24 hours before
irradiation.

Tumor models and treatments

Immune-competent wild-type C57BL/6J female mice
were used as the syngeneic breast tumor model. Athymic
nude (Crl:NU(NCr)-Foxn1nu) and NSG (NOD.Cg-
Prkdcscid Il2rgtm1Wjl/SzJ) mice were purchased from
Charles River and the Jackson Laboratory, respectively,
and used as immunodeficient models. Tumor cells were
injected subcutaneously in the right dorsal flank. Mice
were randomized to 4 groups (n Z 5-8): (1) vehicle (SV);
(2) DIM (SD); (3) radiation þ vehicle (RV); and (4) ra-
diation þ DIM (RD). Anesthetized mice were subjected
to tumor site targeted radiation using narrow-beamed ra-
diation with a shield (Precision X-Ray Inc, North Bran-
ford, CT). DIM was administered intraperitoneally at the
concentration of 75 mg/kg. Mice were given 6 Gy per day
at 0.864 Gy/min on 4 consecutive days. DIM was
administered daily from 1 day before irradiation to 1 day
after the last fraction. These experiments have been
repeated 3 times using biological replicates. All animal
experiments were performed in accordance with the
Institutional Animal Care and Use Committee.

Immunohistochemistry (IHC)

Mice were sacrificed at 12 days after the date when the
last radiation fraction was delivered, and tumor tissues
were harvested. Harvested tumor tissues were subjected to
IHC. For each tumor section, 12 different random fields of
view were imaged at 400� magnification. Average inte-
grated density for each treatment group (n Z 8) was
measured using ImageJ software installed with the plugin
including color deconvolution function.

NanoString gene expression analysis

Total RNA was extracted from flash-frozen tumor
tissues. Tumor samples from 5 mice in each group were
used. RNA quality was assessed using an Agilent 2100
Bioanalyzer (Agilent, Santa Clara, CA). One hundred
nanograms of tumor tissue RNA was subjected to gene
expression profiling using the nCounter PanCancer Im-
mune Profiling Panel (NanoString Tech, Seattle, WA).
Sample labeling, hybridization, and scanning were per-
formed using the nCounter MAX Analysis System.
Quality control metrics were reported using the nSolver
Analysis Software v4.0. Raw read counts normalization,
differential expression, cell type profiling, and pathway
score analysis were performed using nCounter Advanced
Analysis Software v2.0.
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Microarray and data analysis

Microarray analysis was performed on 3 replicates of
each treatment. Detailed methods can be found in the
supplementary materials. Identification of differentially
expressed genes was performed by filtering the data set
using P < .05 and a treatment-to-control ratio greater than
1.7, as well as by 1-way analysis of variance (ANOVA)
statistical analysis followed by Benjamin-Hochberg mul-
tiple testing. Differential genes that met these statistical
criteria in any of the 3 analyses (sham vs 3 Gy, sham vs
DIM, and sham þ DIM vs 3 Gy þ DIM) were identified.
In total, there were 1885 genes. These genes were sub-
jected to 2-dimensional clustering visualized using Gen-
esis (genome.tugraz.at) and the Ingenuity Pathway
Analysis (Qiagen, Redwood City, CA).

Statistical analysis

The data are expressed as mean � standard error of the
mean (SEM). Significance was analyzed by 2-way
ANOVA and 1-way ANOVA. Multiple comparisons
were performed using GraphPad Prism 6 Software
(GraphPad Software, San Diego, CA). Values were
considered significant at P < .05, except in the Nano-
String cell type analysis, where the significant cutoff was
set at P < .1.

Results

DIM enhances tumor regression after radiation
treatment in wild-type but not immunodeficient
mice

Mouse models with engrafted tumors were used to test
the effect of DIM on the growth and radiosensitivity in
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Figure 1 Differing effects of DIM on grafted tumors after RT in i
geneic mammary cancer cells engrafted in C57BL/6 mice (n Z 8). Sta
RV and RD. (B), (C), (D) No significant difference seen in tumor vol
cells engrafted in Athymic nude mice (nZ 6). Abbreviations: DIMZ
þ vehicle; SD Z sham þ DIM; SV Z sham þ vehicle.
tumors. Wild-type C57BL/6J or immunodeficient mice
bearing subcutaneously engrafted breast cancer cells were
treated with localized radiation in the absence or presence
of DIM treatment. Assessment of growth of E0771 cells
in syngeneic C57BL/6J mice (Fig 1A) showed a signifi-
cant improvement in mice that received combined RD
treatment compared with radiation alone (RV). In
contrast, growth of E0771 tumors in athymic nude mice
showed no significant difference in the efficacy of RT
when combined with DIM (Fig 1B). For both models, the
SV and SD groups showed no significant difference in
tumor growth, suggesting that DIM treatment alone had
no influence on tumor growth.

The unexpected difference between wild-type and
athymic nude mice that received RD treatment suggests
that functional T cells are essential to the efficacy of DIM
when combined with RT. Similarly, RT and DIM com-
bination did not enhance efficacy of radiation treatment
on xenografts of 2 human breast cancer cell lines, MDA-
MB-231 and HCC1937, in another immunodeficient NSG
model (Fig E1A and E1B). Mouse body weight was
measured and is shown in Figure E2.

DIM increased intratumoral immune cells after RT

Because DIM showed no independent effect by itself
on tumor growth and enhanced the efficacy of RT only in
immunocompetent mice, we hypothesized that DIM
augments antitumor immunity after radiation. To evaluate
changes within discrete cellular populations, immune
gene expression profiling of tumors harvested from wild-
type C57BL/6J hosts was performed using the nCounter
PanCancer Immune Profiling Panel. The quality control
plot (Fig E3) indicates the validity of each cell type's
measurements. Log-scaled scores of cell types that meet
the quality control validity threshold (P < .1) are plotted
in Figure 2A. Abundance of macrophages, T cells, and
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3.3’-diindolylmethane; RDZ radiation þ DIM; RVZ radiation



Figure 2 Combination of 3.3’-diindolylmethane and radiation therapy increased the number of intratumoral immune cells in E0771
tumor in C57BL/6 mice. (A) Cell type profiling results of the NanoString PanCancer Immune Profiling assay. The log-scaled cell type
score (x-axis) indicates the abundance of various cell types. Red arrows indicate the 3 cell types with significantly different abundances
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neutrophils was significantly higher in RD compared with
RV (left panel). On the other hand, without RT, abun-
dance of these immune cells showed no significant dif-
ference regardless of DIM treatment (right panel). To
visualize these 4 groups side by side, a plot combining
both panels of Figure 2A is shown in Figure E4.

IHC was performed to confirm the above findings.
Figure 2B and 2C shows representative images (left
panels) and the integrated density of IHC staining (right
panels) of tumors with CD8aþ and CD68þ cells,
respectively. The results are consistent with the
PanCancer Immune Profiling data. Both CD8aþ and
CD68þ cells were more enriched in RD compared with
RV. RV treatment showed minor increases compared
with SV. DIM treatment alone (SD) had no observable
effect.
DIM combined with radiation treatment promotes
immunologic responses in tumors

To reveal effects of DIM on immunologic function in
tumors that received RT, the PanCancer Immune Profiling
data were subjected to Pathway Scoring and Gene Set
analyses. Pathway Scoring analysis condenses the gene
expression profile into scores of a set of key steps in an
effective antitumor immune response (Fig E5). There was
little change between SV and SD groups. However, when
combined with RT, DIM strongly promoted most of these
immunologic processes. Plots in Figure 3A present this
analysis by individual pathway. Pathways with signifi-
cantly different scores between RD and RV groups,
marked with red frames, cover key processes involved in
antitumor immune responses. The plot comparing the
pathway scores between RD and SD groups can be found
in Figure E6.

Figure 3B shows the relative mRNA levels of MHC
molecules and genes involved in antigen processing that
were significantly higher in RD compared with RV. All 5
MHC molecules shown belong to mouse MHC class II,
which is expressed exclusively in professional antigen-
presenting cells. The table includes the ratio of RD versus
RV, and the corresponding P value can be found in
Table E1. To validate these results, IHC was performed
using the MHC class II (I-A/I-E) antibody that specif-
ically reacts with mouse MHC class II molecules.
Consistent with the gene expression profiling data, IHC
shows that RD treatment significantly increased the level
of MHC class II-positive staining (Fig 3C). In addition to
MHC class II genes, expression of CD74 mRNA, a
chaperone and transport cofactor that assists MHC II
(P < .1). Immunohistochemical staining of (B) CD8D cells and (C)
nohistochemistry images are shown in the left panels. The right panel
using 1-way analysis of variance are denoted by asterisks.

)
P < .05.

doi.org/10.1016/j.adro.2020.10.014.)
molecules folding and presenting,15 also significantly
increased using RD treatment.

DIM combined with RT increased immune cell
adhesion

Elevated amounts of intratumoral immune cells and
immune activities, such as antigen presentation, suggest
increased immune cell trafficking to tumors when DIM is
combined with RT. To assess angiogenesis, the pan-
endothelial marker CD31 was used to detect vascular
density in tumor tissues (Fig 4A and 4B). The data show a
significant reduction of CD31-immunoreactive cells after
radiation. DIM combined with RT reversed this reduction
slightly but with no statistical significance.

Figure 4C shows the relative expression levels of
genes that are implicated in the processes of cell adhesion
and migration in tumor tissues. These genes showed
significantly higher expression in RD compared with RV.
Three of the 4 integrin genes, Itga4, Itgal, and Itgax,
which encode integrin a4, aL, and aX, respectively, are
expressed primarily in leukocytes. The exception, Itga1,
is expressed in not only immune cells but also in vascular
and fibroblast cells, as well as in cancer cells.16 Interest-
ingly, expression of Vcam1, which encodes the protein
ligand for integrin a4b1 on activated endothelial cells to
mediate the leukocyte-endothelial cell adhesion, also
increased significantly in the presence of DIM after RT.
The table includes the ratio of RD versus RV of these
adhesion genes, and the corresponding P value can be
found in Table E2. These results indicate that DIM
combined with RT increased levels of adhesion molecules
in immune cells and endothelial cells, which likely
contributed to more immune cells enriched in irradiated
tumor tissues.

DIM combined with radiation treatment protects
normal cells against the adverse effects of
radiation

To address the question of how DIM augments im-
mune cell infiltration and promotes immune activity in
irradiated tumor tissues, we first explored whether DIM
affects the number of leukocytes in peripheral blood.
Blood samples were taken from mice that received TBI of
3 Gy or 6 Gy and were subjected to a complete blood
count at 1 week postradiation. Mice that received 3 Gy
radiation combined with DIM treatment had a signifi-
cantly higher relative abundance of white blood cells, red
blood cells, and lymphocytes compared with mice that
CD68D cells in tumor tissues (n Z 8). Representative immu-
s show the integrated density in each treatment group. Statistics
))

P < .01. (A color version of this figure is available at https://

https://doi.org/10.1016/j.adro.2020.10.014
https://doi.org/10.1016/j.adro.2020.10.014


Figure 3 Combination of 3.3’-diindolylmethane and radiation therapy increased levels of MHC class II molecules and enhanced
antigen presentation in E0771 tumor in C57BL/6 mice. (A) Pathway score analysis of the NanoString PanCancer Immune Profiling
assay. Higher score can indicate higher pathway activity. Red frames indicate pathways that showed significantly different levels
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Figure 4 Combination of 3.3’-diindolylmethane and RT significantly increased expression of adhesion genes in in E0771 tumor in
C57BL/6 mice. (A) Representative immunostaining of CD31D, an endothelial marker. (B) The average integrated density of CD31D

staining. Data were analyzed by 1-way analysis of variance. Asterisks denote level of statistical significance. (C) Expression level of
selective genes involved in cell adhesion that were significantly different between RV and RD (P < .05). Abbreviations: RD Z ra-
diation þ DIM; RV Z radiation þ vehicle.

))
P < .01.

)))
P < .001.
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received RV treatment (Fig 5A). A similar trend was
observed in mice that received 6 Gy radiation, but without
statistical significance.

To investigate DIM’s radioprotective effects on other
normal cells, hTERT-immortalized human normal mam-
mary epithelial cells were pretreated with either the vehicle
control or 50 nMand 300 nMofDIM, followed by a dose of
3 Gy irradiation. The human breast cancer cell line MDA-
MD-231 was tested in the same condition. The colony
formation assay indicated that DIM treatment protected
normal cells but not cancerous cells from radiation-induced
cytotoxicity at both concentrations Fig 5B).

Microarray analysis was performed to examine DIM’s
effects on transcriptomics. The heatmap (Fig 5C) visual-
izes data from 1885 genes whose expression significantly
changed when treated with DIM or radiation. Pathway
(P < .05). (B) Expression levels of selective genes in antigen present
.05). (C) Representative immune staining of MHC class II molecules
group. Statistics using 1-way analysis of variance are denoted by aster
RDZ radiation þ DIM; RVZ radiation þ vehicle.

))
P < 0.01. (A c

adro.2020.10.014.)
analysis of these genes shows enriched cell cycle, TP53
network, DNA damage response, and oxidative stress
pathways (Table 1). Some of the inductions triggered by
DIM treatment alone were similar to those triggered by
radiation alone, although the degree of induction was
weaker. These gene subsets are highlighted with yellow
frames in Fig 5C. Interestingly, these genes were not
induced after radiation when cells were pretreated with
DIM, suggesting that DIM treatment conditioned cells so
that the typical gene induction triggered by radiation was
compromised.

Figure E7 shows how DIM pretreatment affects
radiation-induced DNA damage signaling. As expected,
radiation increased phosphorylation of BRCA1 at
Ser1524, p53 at Ser15, and H2AX at Ser139. DIM pre-
treatment reduced these phosphorylations, indicating that
ation that were significantly different between RV and RD (P <
. D. The integrated density of MHC class IID in each treatment
isks. Abbreviations: MHC Z major histocompatibility complex;
olor version of this figure is available at https://doi.org/10.1016/j.

https://doi.org/10.1016/j.adro.2020.10.014
https://doi.org/10.1016/j.adro.2020.10.014


Figure 5 DIM treatment protects normal cells against the adverse effects of radiation. (A) The relative cell abundance of circulating
white blood cells, red blood cells, and lymphocytes at 1 week post-TBI (n Z 6). The relative cell abundance was calculated using the
average cell number of the unirradiated mice as the baseline value. (B) Clonogenic cell survival assay of hTERT-HMEC and MDA-MB-
231 cells after exposure to radiation of a series of doses. DIM pretreatment at both concentrations showed a significant effect on
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Table 1 Ingenuity Pathway Analysis for 1885 genes whose
expression significantly changed in hTERT-HMEC cells in
any of these comparisons: 300 nM DIM treatment versus
vehicle control, ionizing radiation of 3 Gy versus sham control
in the absence or the presence of DIM pretreatment. P value
indicates the significance of enrichment of specified pathway.

Pathway P value Matched
entities

EGF-EGFR signaling pathway 4.15E-06 27
Cell cycle 5.56E-06 18
IL-3 signaling pathway 4.41E-05 12
Matrix metalloproteinases 7.19E-05 9
TGF beta receptor 2.96E-04 20
Interleukin 11 signaling pathway 3.65E-04 10
Serotonin receptor and signaling 8.80E-04 6
TP53 network .002 6
MAPK signaling pathway .002 17
Wnt pathway .002 15
IL-9 signaling pathway .003 5
Kit receptor signaling pathway .004 10
DNA damage response (only
ATM-dependent)

.004 8

Homologous recombination .007 4
IL-2 .009 9
AMP-activated protein kinase
signaling

.013 4

IL-1 .016 5
Oxidative stress .016 4
Mismatch repair .016 3
Signaling of hepatocyte growth
factor receptor

.019 6

p38 MAPK signaling pathway .019 6
BCR .027 15
MAPK cascade .035 5
IL-5 signaling pathway .040 6
TCR .048 13

Abbreviations: BCR Z B cell receptor; DIM Z 3.3’-diindolyl-
methane; EGF/EGFR Z epidermal growth factor/epidermal growth
factor receptor; MAPK Z mitogen-activated protein kinase; TCR Z
T cell receptor.
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the DNA damage signaling response was attenuated, a
result that is consistent with the finding that those genes
showed compromised induction after radiation in cells
pretreated with DIM.
Discussion

In this study, we demonstrate that DIM, when com-
bined with RT, enhances the TIME by increasing
radiation-induced cytotoxicity in hTERT-HMEC cells compared with
heatmap of differential genes in conditions of 3 Gy irradiation in the
HMEC cells. Yellow frames mark subsets of genes showing commo
DIM Z 3.3’-diindolylmethane; RDZ radiation þ DIM. (A color vers
0.10.014.)
intratumoral immune cells and promoting expression of
genes involved in key immune responses in tumors. As a
result, the efficacy of radiation treatment was enhanced
for tumors engrafted in immunocompetent but not
immunodeficient mice. The results indicate that DIM
treatment alone does not affect tumor growth, regardless
of the immune conditions, suggesting that DIM’s radio-
protective effect on normal cells plays a critical role in
promoting a TIME that favors antitumor immunity.

DIM has been shown to attenuate radiation-induced
injury by inhibiting oxidative stress and cell apoptosis.5 In
this study, DIM treatment was found to precondition
normal cells to become substantially less responsive to
radiation-induced gene expression modulation. On the
other hand, DIM treatment did not show radioprotection
of tumor cells as, in these cells, canonical DNA damage
response pathways are often malfunctional and/or the
disordered activation of survival pathways and constitu-
tive proliferation signaling override DNA-damage-
induced cell cycle arrest and apoptosis.

Lymphocytes are one of the most sensitive cell types to
radiation-induced cell death. In this study, lymphocyte
levels in the peripheral blood of mice that received 3 Gy
TBI dropped to less than 10% of corresponding levels in
the sham control 1 week after radiation. The relative
lymphocyte abundance increased around 50% in mice that
received TBI and DIM treatment compared with radiation
with the vehicle control, a finding that is consistent with
previous work.5,17

In addition to alleviating the cytotoxicity of circulating
lymphocytes, protection of locoregional normal cells may
also contribute to a better TIME. Radiation is known to
induce apoptosis of endothelial cells through persistent
p53 signaling and ceramide-mediated pathway activa-
tion.18,19 In our study, vascular density was found to be
reduced in irradiated tumors. Although there was no sta-
tistically significant difference, vascular density was
slightly higher in mice that received RD treatment
compared with RV treatment (Fig 4A, 4B), suggesting
less endothelial injury. Endothelial activation can result in
upregulation of adhesion molecules such as Vcam1 and
cytokines, which attract immune cells to the site.
Although the role of endothelial cells in tumor responses
to radiation therapy remains controversial,20 it is possible
that radioprotection of endothelial cells and other normal
cells facilitates the recruitment and infiltration of immune
cells in irradiated tumors.

Our results show enrichment of T cells, neutrophils, and
macrophages in irradiated tumors after RD treatment. Pre-
vious studies strongly suggest that a higher density of
the vehicle control (P < .05). (C) Two-dimensional clustering
absence or presence of 300 nM DIM pretreatment in hTERT-
n change patterns in response to RD treatment. Abbreviations:
ion of this figure is available at https://doi.org/10.1016/j.adro.202

https://doi.org/10.1016/j.adro.2020.10.014
https://doi.org/10.1016/j.adro.2020.10.014


10 L. Li et al Advances in Radiation Oncology: JanuaryeFebruary 2021
tumor-infiltrating lymphocytes (TILs) is a favorable prog-
nostic marker for a heightened response to radio-
chemotherapy and better survival rates.21-23 In some
patients, radiochemotherapy turns “cold” tumors, which
contain few TILs, to “hot” ones, with rich infiltration of T
cells. Patients with tumors that remain or become “hot”
after treatment show lower risk of relapse.21 In the tumor
model used in this study, RT alone did not significantly
increase the density of infiltrated T cells, suggesting that RT
by itself was not capable of effectively converting the
“cold” TIME. In the presence of DIM, however, TIL den-
sity was significantly elevated after radiation (Fig 2B), and
tumor regression was significantly improved (Fig 1A).

At this point, the roles of tumor-associated neutrophils
(TANs) and macrophages (TAMs) remain controversial.
Both pro- and antitumor roles have been reported for
TANs. For example, TANs have been suggested to play a
role in supporting tumor vascularization by promoting
highly angiogenic MMP-9.24 On the other hand, increased
levels of TANs have been shown to promote higher levels
of proinflammatory cytokines that are cytotoxic to tumor
cells.25

Similarly, although M1-like TAMs generally exhibit
antitumor activity, high infiltration of TAMs has been
associated with poor clinical prognosis in patients with
breast cancer.26-28 In this study, IHC staining with CD68,
a pan-macrophage marker, indicated that RD treatment
increased TAMs but not SD treatment (Fig 2C), sug-
gesting that these macrophages were recruited in tumors
after radiation. It has been shown that the TIME usually
tends to skew recruited monocytes toward the M2-like
phenotype.29 Our previous work demonstrated that dif-
ferentiation of helper T cells to Th1 is impaired after ra-
diation, leading to imbalanced Th1/Th2 function.30 This
imbalance may also contribute to macrophage polariza-
tion toward the M2-like phenotype. Considering the po-
tential adverse effects of TAMs on the TIME,
concomitant pharmacologic depletion of TAMs such as
CSF1R signaling blockade31,32 may boost DIM’s effects
in TIME modulation.

Radiation therapy is an effective treatment for cancer.
Radiation eliminates cancer cells mostly by direct cyto-
toxicity. Preclinical and clinical data have suggested that
RT acts as an immune modifier,33 having both immu-
nostimulatory and immunosuppressive effects. Radiation
causes immunogenic cell death and releases autologous
neoantigens to the immune system.34,35 It also generates
danger signals that activate stimulator of interferon genes-
mediated36 or Toll-like receptor37,38 pathways. Given
many lines of evidence supporting the notion that radia-
tion may enrich tumor-specific effector lymphocytes and
elicit priming of systemic antitumor T cell responses, it is
expected that radiation treatment can be used to enhance
both local and systemic antitumor immunity. It is of in-
terest to note that abscopal effects did emerge more
frequently in patients who received radiation combined
with immunotherapy.39 However, these effects are often
unpredictable and not seen in most patients. These puz-
zling findings are likely the consequence of the complex
immunosuppressive effects of radiation on the TIME.

Conclusions

In this study, using both cultured cells and preclinical
breast cancer models, we show that DIM protects normal
cells from cytotoxicity resulting from radiation-induced
immediate DNA damage and that the combination treat-
ment of DIM and radiation potentiates antitumor immune
responses and enhances the efficacy of radiation treatment
in immunocompetent mice. Our hypothesis is that the
radioprotective effects of DIM on immune cells and other
normal cells in the irradiated area may correct the
immunosuppressive microenvironment caused by radia-
tion. This supports the goal of developing DIM as a
clinical radioprotector in cancer treatment not only by
improving the therapeutic index through reducing late
dose-limiting normal tissue toxicity from radiation but
also by enhancing antitumor immunity.

Supplementary Materials

Supplementary material for this article can be found at
https://doi.org/10.1016/j.adro.2020.10.014.
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