
Adjusting the immune rheostat with 
radiation 

Dörthe Schaue, UCLA 
DoReMi Workshop, Budapest 2013 



Radiation can be an immune adjuvant & suppressant 

Circulating tumor-specific CD8+ T cells and Tregs in colorectal cancer patients rise toward 
completion of  chemo-radiation with 45Gy and continuous 5-fluorouacil infusion +/- celecoxib. 
(Schaue et al. 2008, Debucquoy et al. Radiother Oncol 2006, 2009)      
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Tumor growth delay and immunity correlate with radiation dose 

Irradiation of  s.c. tumors 
dose-dependently increases 
tumor-specific activated T 
cells in the spleen 7 days 
later and correlates with 
tumor growth delay.   

Schaue et al. 2012 
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A delicate immune balancing act treatment 
of  a lesion 

The immune system exists largely in “lock-down” mode to avoid autoimmunity,  
excessive inflammation and normal tissue damage. 
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Splenic Tregs 
2 days post WBI 
γ-irradiation   

…suggesting differences in radiation sensitivities. 

Radiation doses of  <50cGy - the kind of  doses that are clinically easily achieved 
outside the radiation field - can cause a systemic increase in Tregs numbers. 

Tregs increase after whole body irradiation even in the absence of  a tumor 



          “hard-wired”                                                                            “plastic” 
  Naturally-occurring Tregs                                                            induced Tregs 

            (self ?)                                             (others?) 
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TCR 
IL-2 

TGFβ 

Tregs make us tolerant of  our self  and of  others 

Immune-suppression 
IL-10, TGfβ, adenosine 

Chatila 2007,2008 

CD4 

CD73 

FOXP3 

FOXP3 mutation results in a lethal phenotype: scurfy mouse and the human IPEX syndrome 
(Immune dysregulation, polyendocrinopathy, enteropathy X-linked  
Syndrome). 
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male C57Bl/6 mice rescued with the 
adenosine receptor agonist CGS-21680  
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Driving the adenosine/Treg axis mitigates radiation damage  
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Mice are more radiation sensitive in the 
absence of  Tregs 



Radiation-induced ATP release 
in DC2.4 

baseline extracellular ATP levels 
higher in tumor cells than in DCs 
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Radiation induces rapid ATP release 
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!-Irradiation induces P2X7 receptor-dependent ATP release from B16 melanoma cells
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Background: Ionizing irradiation causes not only growth arrest and cell death, but also release of growth
factors or signal transmitters, which promote cancer malignancy. Extracellular ATP controls cancer growth
through activation of purinoceptors. However, there is no report of radiation-induced ATP release from
cancer cells. Here, we examined !-irradiation-induced ATP release and its mechanism in B16 melanoma.
Methods: Extracellular ATP was measured by luciferin–luciferase assay. To investigate mechanism of
radiation-induced ATP release, we pharmacologically inhibited the ATP release and established stable P2X7

receptor-knockdown B16 melanoma cells using two short hairpin RNAs targeting P2X7 receptor.
Results: Cells were exposed to 0.5–8 Gy of !-rays. Extracellular ATP was increased, peaking at 5 min after
0.5 Gy irradiation. A selective P2X7 receptor channel antagonist, but not anion transporter inhibitors, blocked
the release of ATP. Further, radiation-induced ATP release was signi!cantly decreased in P2X7 receptor-
knockdown cells. Our results indicate that !-irradiation evokes ATP release from melanoma cells, and P2X7

receptor channel plays a signi!cant role in mediating the ATP release.
General Signi!cance: We suggest that extracellular ATP could be a novel intercellular signaling molecule
released from cancer cells when cells are exposed to ionizing radiation.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The cytoplasm contains large amounts of ATP, which is released
into the extracellular space in response to stress stimuli, such as shear
stress, stretch, hypoxia, in"ammation, osmotic swelling, and cell
death [1]. Extracellular ATP interacts with and activates P2 receptors
in an autocrine/paracrine manner [1]. Although the mechanism of
ATP release is not yet fully understood, there have been several
studies of stress-induced ATP release. Themechanism is dependent on
cell type or the nature of the stress stimulus, and is mediated by
mechanisms, such as a maxi-anion channel [2], a volume-sensitive

outwardly rectifying chloride channel [3] or P2X7 receptor channel
[4]. The concentration of ATP in peri-plasmalemmal space after stress-
induced ATP release reaches the micromolar range, which is suf!cient
to activate P2 receptors [1]. P2 receptors are classi!ed into two major
subtypes, ionotropic P2X receptors and metabotropic P2Y receptors,
and their activation regulates many physiological functions [5]. In
addition, the released ATP is rapidly degraded to ADP, AMP and
adenosine by ecto-nucleotidases [1]. ADP is a ligand of P2Y1 receptor
and adenosine is a ligand of P1 receptors (A1, A2A A2B, A3) [1]. Thus,
cytosolic ATP release causes activation of various purinergic and
adenosinergic signaling pathways in an autocrine/paracrine manner.

The P2X7 receptor is the seventh member of the P2X receptor
subfamily, and its expression is increased in human melanoma [6]. It
has been revealed that activation of P2X7 receptor channel plays
important roles in various physiological functions, such as apoptotic
and/or necrotic cell death, production of pro-in"ammatory cytokines,
shedding of CD62L [7,8]. We have also studied the P2X7 receptor-
dependent functions including the mechanisms of cell death in
lymphocytes [9–11], regulation of both IL-1" release and autophago-
lysosome in microglia [12,13]. Activation of P2X7 receptor channel
induces an increase of cationic permeability, followed by plasma
membrane depolarization; intense or prolonged activation leads to
the opening of large non-selective pores, allowing the passage of

Biochimica et Biophysica Acta 1800 (2010) 40–46
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Less baseline 
extracellular ATPase on 
B16-OVA than on DC2.4 
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Radiation increases levels of  ATPase within 24h 

Key Name Parameter Gat

DC2.4 unstained.001 FL2-H G1

DC2.4 untreated.002 FL2-H G1

DC2.4 10Gy 24h.005 FL2-H G1

unstained 
0Gy 
10Gy 

The release of  ATP following radiation is rapid but the levels of  ectonucleotidases 
rise only after a lag time of  about 24hrs and only after high doses 

D. Schaue & J. Ratikan unpublished 
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Fig. 1

Cartoon showing waves of molecular and cellular pro-oxidant/anti-oxidant and pro-inflammatory/anti-

inflammatory events leading to cell death, proliferation, and more cell death with functional loss of

homeostasis in a tissue after irradiation.

Recurring waves of  immune-mediated radiation responses 
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Fig. 1

Cartoon showing waves of molecular and cellular pro-oxidant/anti-oxidant and pro-inflammatory/anti-

inflammatory events leading to cell death, proliferation, and more cell death with functional loss of

homeostasis in a tissue after irradiation.

Kim and McBride 2010 Self‐inflicted oxida3ve stress 



Is there a reservoir of  antioxidants with a threshold that determines whether 
responses are kicked off ?  (threshold dose)  

Can we amplify and measure radiation doses that fall below that threshold?  
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Radiation induces Nrf2 activity, but not immediately 

MCF7 cells – reporter gene assay 

Tumor and Stem Cell Biology

Ionizing Radiation Activates the Nrf2 Antioxidant Response

J. Tyson McDonald1,3, Kwanghee Kim1, Andrew J. Norris2, Erina Vlashi1, Tiffany M. Phillips1,
Chann Lagadec1, Lorenza Della Donna1, Josephine Ratikan1, Heather Szelag3,
Lynn Hlatky3, and William H. McBride1

Abstract
The transcription factor NF-E2-related factor 2 (Nrf2) binds the antioxidant DNA response element (ARE) to

activate important cellular cytoprotective defense systems. Recently several types of cancers have been shown
to overexpress Nrf2, but its role in the cellular response to radiation therapy has yet to be fully determined. In
this study, we report that single doses of ionizing radiation from 2 to 8 Gy activate ARE-dependent transcrip-
tion in breast cancer cells in a dose-dependent manner, but only after a delay of five days. Clinically relevant
daily dose fractions of radiation also increased ARE-dependent transcription, but again only after five days.
Downstream activation of Nrf2-ARE-dependent gene and protein markers, such as heme oxygenase-1, oc-
curred, whereas Nrf2-deficient fibroblasts were incapable of these responses. Compared with wild-type fibro-
blasts, Nrf2-deficient fibroblasts had relatively high basal levels of reactive oxygen species that increased
greatly five days after radiation exposure. Further, in vitro clonogenic survival assays and in vivo sublethal
whole body irradiation tests showed that Nrf2 deletion increased radiation sensitivity, whereas Nrf2-inducing
drugs did not increase radioresistance. Our results indicate that the Nrf2-ARE pathway is important to main-
tain resistance to irradiation, but that it operates as a second-tier antioxidant adaptive response system ac-
tivated by radiation only under specific circumstances, including those that may be highly relevant to tumor
response during standard clinical dose-fractionated radiation therapy. Cancer Res; 70(21); 8886–95. ©2010 AACR.

Introduction

Radiation therapy aims to eradicate clonogenic tumor
cells, and standard fractionated regimens exploit differ-
ences in the inherent radiation sensitivity of tumor cells
relative to dose-limiting normal tissues to derive a radio-
therapeutic benefit. Thus, a better understanding of the
molecular determinants of tumor and normal tissue radia-
tion sensitivity in radiation therapy is critical to improving
clinical outcomes.
Because ionizing radiation exerts its cytotoxicity in large

part through the generation of reactive oxygen species
(ROS), the natural antioxidant systems that cells use to main-
tain control of their redox balance are relevant for radiation
therapy. One major system that reacts to oxidative stress to

restore the redox balance involves genes coordinately regu-
lated by transcription through the antioxidant response ele-
ment (ARE). This is activated primarily by binding of the
transcription factor NF-E2-related factor 2 (Nrf2), which be-
longs to a subset of basic leucine-zipper genes with a con-
served cap “n” collar domain. Under resting conditions,
Nrf2 is sequestered in the cytoplasm by Keap1, an adaptor
for a Cul3-based E3 ligase that promotes constitutive protea-
some-mediated Nrf2 degradation (1, 2). Under oxidative
stress, Nrf2 is released from Keap1 and translocates to the
nucleus where it upregulates ARE-dependent cytoprotective
genes such as glutathione transferases (GST), UDP-glucuro-
nosyltransferases, !-glutamylcysteine synthetase (!-GCS),
glutathione peroxidase, heme oxygenase-1 (HO-1), catalase,
and NAD(P)H:quinone oxidoreductase-1 (NQO-1). This adap-
tive response protects cells against acute and chronic endog-
enous and exogenous environmental stresses such as diesel
exhaust particles, tobacco smoke, hyperoxia, inflammation,
chemical carcinogens, and pulmonary and neurodegenera-
tive diseases (3). Cancers, which are often in a continuous
state of oxidative stress, seem to have their Nrf2-ARE path-
way permanently activated, resulting in enhanced tumor cell
survival (4). By hijacking this pathway, tumor cells may also
resist standard chemotherapy treatment (5).
Currently, we are not aware of any reports showing that

the Nrf2-ARE pathway impacts the outcome of radiation
therapy, but this would seem likely because cytotoxicity
from exposure to ionizing radiation is known to depend up-
on the levels of expression of numerous antioxidant en-
zymes and irradiation increases endogenous expression of
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(Bio-Rad). PCR conditions were set to 95°C for 3 minutes fol-
lowed by 40 cycles of 95°C for 10 seconds, 60°C for 30 seconds,
and 72°C for 10 seconds. The Ct for each gene was determined
after normalization to GAPDH, and !!Ct was calculated rel-
ative to the designated reference sample. Gene expression va-
lues were then set equal to 2-!!Ct as described by the iQ5
Optical System Software (Bio-Rad). All PCR primers were syn-
thesized by Invitrogen and the sequences were as follows:
GAPDH forward 5!-AACTTTGGCATTGTGGAAGG-3!; GAPDH
reverse 5!-ACACATTGGGGGTAGGAACA-3!; HO-1 forward
5!-TGGGTCCTCACTCTCAGCTT-3! ; HO-1 reverse 5!-
GTCGTGGTCAGTCAACATGG-3!; GSTA-2 forward 5!-GTAT-
TATGTCCCCCAGACCAAAGAG-3 ! ; GSTA-2 reverse
5!-CTGTTGCCCACAAGGTAGTCTTGT-3!.

Western blotting
Cells were plated at 0.5 ! 106 cells in 10-cm culture dishes

and incubated overnight before treatment. After the stated
treatments, cells were rinsed with ice-cold PBS and har-
vested with a cell scraper followed by centrifugation. The
cell pellets were lysed for 10 minutes on ice followed by
centrifugation at maximal speed. After protein quantifica-
tion (Micro-BCA Protein Assay, Pierce), equal amounts of
protein plus loading dye were added per lane on a 12%

SDS-polyacrylamide gel, electrophoresed, and transferred
to polyvinylidene difluoride membranes (Bio-Rad). The
membranes were blocked and probed with commercial
antibodies for HO-1 (Stressgen), "-tubulin (CalbioChem)
or GAPDH (Ambion) with a secondary antimouse or anti-
rabbit horseradish peroxidase–conjugated IgG antibody
(GE Healthcare). Bands were visualized using ECL reagent
(Pierce) on autoradiography film (Denville Scientific).

Results

Ionizing radiation does not activate ARE-reporter
activity within 24 hours
The ARE-luciferase reporter cell line MCF7-AREc32 was

used to determine if exposure to varying doses of ionizing
radiation would activate the Nrf2-ARE pathway. The radia-
tion dose range was extended below that used in the clinic
because low doses have been reported to increase antioxi-
dant levels and to trigger adaptive radioresistance in human
lymphocytes (6). In spite of this, no increase in ARE-reporter
activity was observed after doses in the range 0.05 to 2
Gy at varying times from 0.5 to 24 hours after exposure
(Supplementary Fig. S1A and B). Even after doses of up to
10 Gy, no activation was observed within a 24-hour period

Figure 1. MCF7-AREc32 reporter
activity measured 3 hours after five
daily fractions of irradiation
(A), 5 days after single doses of
radiation (B), or multiple days after
a single dose of 4 or 8 Gy that
were passaged on days 8, 15,
21, and 26 (C). Data were
normalized to the control with
equal numbers of viable
cells. *, P < 0.05; **, P < 0.01;
***, P < 0.001, significantly
different compared with control.

McDonald et al.

Cancer Res; 70(21) November 1, 2010 Cancer Research8888



redox & immune (im)balance 

Nrf2-/- mice 

 Have more spontaneous and induced inflammation and autoimmunity. 

 Are more prone to chemically-induced carcinogenesis. 

 Are more radiation sensitive. 

 Nrf2-/- mice have more splenocytes at a higher CD4/CD8 ratio and less macrophages 
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TLR agonist, e.g. LPS 
mimicking acute 
inflamma4on 
(signal 2) 

Can we use the immune system to  
sense, amplify and measure radiation dose? 



Primary human T cells irradiated with 4 Gy 
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The Toll-Like Receptor Gene Family Is Integrated into
Human DNA Damage and p53 Networks
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Abstract

In recent years the functions that the p53 tumor suppressor plays in human biology have been greatly extended beyond
‘‘guardian of the genome.’’ Our studies of promoter response element sequences targeted by the p53 master regulatory
transcription factor suggest a general role for this DNA damage and stress-responsive regulator in the control of human
Toll-like receptor (TLR) gene expression. The TLR gene family mediates innate immunity to a wide variety of pathogenic
threats through recognition of conserved pathogen-associated molecular motifs. Using primary human immune cells, we
have examined expression of the entire TLR gene family following exposure to anti-cancer agents that induce the p53
network. Expression of all TLR genes, TLR1 to TLR10, in blood lymphocytes and alveolar macrophages from healthy
volunteers can be induced by DNA metabolic stressors. However, there is considerable inter-individual variability. Most of
the TLR genes respond to p53 via canonical as well as noncanonical promoter binding sites. Importantly, the integration of
the TLR gene family into the p53 network is unique to primates, a recurrent theme raised for other gene families in our
previous studies. Furthermore, a polymorphism in a TLR8 response element provides the first human example of a p53
target sequence specifically responsible for endogenous gene induction. These findings—demonstrating that the human
innate immune system, including downstream induction of cytokines, can be modulated by DNA metabolic stress—have
many implications for health and disease, as well as for understanding the evolution of damage and p53 responsive
networks.
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Introduction

The p53 master regulator is responsive to a variety of DNA
metabolic stresses resulting in induction or repression of over 200
genes as well as several LINC- and micro-RNAs [1,2]. In its role as
tumor suppressor and ‘‘guardian of the genome’’ many of the
target genes in humans influence cell cycle progression or
apoptosis. Over the past decade the p53 network has been
extended to transcriptional regulation of genes associated with a
wide variety of biological functions including DNA repair,
angiogenesis, cellular metabolism, autophagy, stem cell renewal,
fertility, differentiation and cellular reprogramming. To better
understand the broad role that p53 can play in human biology, we
have pursued ‘‘functionality rules’’ for identifying target response
element (REs) sequences where p53 can directly influence
transactivation. Using in vivo transactivation systems based in yeast
and human cells as well as binding in human cell extracts [3,4], we
recently found that functionality of the binding consensus
RRRCWWGYYYnRRRCWWGYYY (R, pyrimidine; Y, pyrim-
idine; W, A or T; n, spacer of 0 to 13 bases) is greatest when

there is at most a single base spacer and if ‘‘WW’’ is ‘‘AT.’’
Furthermore, we defined functionality for half-sites (RRRCWW-
GYYY) and found in cis synergy when another transcription factor,
estrogen receptor, was bound nearby (for a description of
noncanonical REs including half-sites see [3,5] and summary in
[6]). Based on these functionality rules, we found that the evolution
of p53 control of at least one gene family, DNA metabolism and
repair, is limited to primates [7]. Furthermore, we identified single
nucleotide polymorphisms in REs that are predicted to modify
responsiveness of genes to p53 mediated stress [8].
Our functionality studies of canonical and noncanonical

promoter p53 REs suggested that p53 may have a role in human
Toll-like receptor (TLR) expression. We had reported that a
single nucleotide polymorphism (ChrX:12923681, rs3761624 A/
G) in the promoter of the TLR8 gene creates an RE that can be
targeted by p53 in yeast and cell line reporter systems [8]
although we could not detect endogenous expression of the
TLR8 gene. In addition, the TLR3 gene in epithelial cancer cell
lines was found to be induced by p53 following exposure to 5-
fluorouracil (5FU) [9].
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Self-perpetuating ROS generation through inflammatory signaling loops ? 
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 “priming” of  inflammatory responses by radiation? 
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Dose and timing of  signal 1 and signal 2 may be crucial ! 

Amplifying the radiation signal with a 2nd signal  
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Radiation = signal 1  
LPS = signal 2  

TNF-α production by macrophages = readout 



1 + 2       ≠      2 + 1  
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Could this be why LPS is a known radiation protector but not a mitigator? 



E. Micewicz 

Inhibition of  HMGB1 increases survival of  whole body irradiated mice 

Do danger signals perpetuate radiation damage? 
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