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a b s t r a c t

Colorectal cancer is the second leading cause of death in developed countries. Tumor therapies should on
the one hand aim to stop the proliferation of tumor cells and to kill them, and on the other hand stimulate
a specific immune response against residual cancer cells. Dying cells are modulators of the immune sys-
tem contributing to anti-inflammatory or pro-inflammatory responses, depending on the respective cell
death form. The positive therapeutic effects of temperature-controlled hyperthermia (HT), when com-
bined with ionizing irradiation (X-ray), were the origin to examine whether combinations of X-ray with
HT can induce immune activating tumor cell death forms, also characterized by the release of the danger
signal HMGB1. Human colorectal tumor cells with differing radiosensitivities were treated with combi-
nations of HT (41.5 �C for 1 h) and X-ray (5 or 10 Gy). Necrotic cell death was prominent after X-ray
and could be further increased by HT. Apoptosis remained quite low in HCT 15 and SW480 cells. X-ray
and combinations with HT arrested the tumor cells in the radiosensitive G2 cell cycle phase. The amount
of released HMGB1 protein was significantly enhanced after combinatorial treatments in comparison to
single ones. We conclude that combining X-ray with HT may induce anti-tumor immunity as a result of
the predominant induction of inflammatory necrotic tumor cells and the release of HMGB1.

� 2009 Elsevier Inc. All rights reserved.
Introduction

Colorectal cancer is the second leading cause of death in devel-
oped countries, with an incidence of 50,000 new cases per year in
Germany. In early stages, radical surgery is the most important
curative treatment. Late stages require (neo-) adjuvant therapies.
Randomized clinical studies already proved positive effects of com-
bined treatments with radiotherapy (RT) and hyperthermia (HT)
for colorectal cancers [1]. Furthermore, no negative effects of HT
on the quality of life was observed, when HT was combined with
RT and chemotherapy (CT) [2]. The biological rationales of HT com-
prise direct cytotoxicity, systemic effects, chemosensitization, radi-
osensitization, and immune modulation. Many of the biological
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data available for HT are dealing with the proliferative behavior
of tumor cells. SW480 colorectal tumor cells display low and HCT
15 cells intermediate radiosensitivity, as determined by the clono-
genic assay [3]. This assay defines the ‘‘surviving fraction” of cells
treated with different radiation doses. However, it cannot give
information about the viability of the irradiated tumor cells or
the occurring type of cell death [4].

By now, little is known about the forms of tumor cell death and
the release of danger signals after combined treatment with ioniz-
ing irradiation (X-ray) and HT. First experiments performed by our
group have given a hint that the amount of intracellular HMGB1
decreases in colorectal HCT 15 tumor cells after treatment with
X-ray plus HT [5]. It is important to distinguish between pre-apop-
totic, apoptotic, and necrotic forms of cell death [6,7]. Besides the
massive disturbance of plasma membrane morphology, the plasma
membrane of apoptotic cells is known to remain ion selective for a
certain time. Apoptotic cells are known to exert non-inflammatory
or even anti-inflammatory effects. Necrosis, in contrast, is defined
by a loss of membrane integrity of the cells, leading to inflamma-
tion: various released cellular components act as damage-associ-
ated-molecular-patterns (DAMP) or danger signals [8]. The latter
foster the maturation and migration of DC and may lead to specific
T cell activation [9,10]. However, also very early or pre-apoptotic
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Fig. 1. Morphological changes and AxV/PI binding properties of colorectal tumor cells after treatment with ionizing irradiation and/or hyperthermia. HCT 15 colorectal tumor
cells were treated with ionizing irradiation (5 or 10 Gy), HT (41.5 �C for 1 h), or a combination of both. Seventy-two hours after treatment, the cells were stained with AxV-
FITC/PI, and cell death was analyzed by flow cytometry. Viable and dead cells were defined by their FSc/SSc (A) as well as by their AxV-FITC/PI binding properties (B). One
representative set of experiments out of four is displayed. 1�, primary; 2�, secondary, AxV, annexinV; Gy, Gray; HT, hyperthermia; PI, propidium iodide; w/o, mock treated
control.
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cells can lead to immune activation by exposing eat-me signals like
calreticulin for DC [11].

Hyperthermia leads to the induction of heat-shock proteins
(HSP). Inhibiting the expression of intracellular HSP may sensitize
tumor cells to HT [12]. The expression level of HSP can determine
the fate of cells in response to death stimuli [13]. When released,
HSP may induce cross-presentation of tumor antigens by DC and
lead to activation of natural killer cells [14]. HSP may therefore
be considered as danger signals, according to the theory that the
immune system is more concerned with entities that cause dam-
age than with those that are foreign [15]. The most prominent dan-
ger signal is the chromatin associated high-mobility group box1
(HMGB1) protein which is constitutively expressed in all cells. It
leaks from necrotic cells to alert the body that damage has oc-
curred. Necrotic cells deficient for HMGB1 were shown to have a
strongly reduced ability to activate antigen-presenting cells [16].

In the current study we focused on the effect of a half-weekly
dose (5 Gy) and a cumulative weekly dose (10 Gy) in tumor ther-
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Fig. 2. Apoptosis, necrosis, and cell cycle stop of colorectal tumor cells treated with ioniz
cells were treated with ionizing irradiation (5 or 10 Gy), HT (41.5 �C for 1 h), or a combin
FITC/PI, and cell death was analyzed by flow cytometry. The percentage of apoptotic and n
(A, D) and (B, E), respectively. The tumor cells were further stained 24 h after treatment
cytometry. The percent of HCT 15 cells (C) and SW480 cells (F) being in the G2-phase of
each performed in duplicates. *P < 0.05, **P < 0.01. HT, hyperthermia; Gy, Gray; w/o, mo
apy of ionizing irradiation applied alone or together with HT
(41.5 �C for 1 h) on the induction of colorectal tumor cell death,
on tumor cell cycle arrest, as well as on the release of HMGB1 by
SW480 and HCT 15 colorectal tumor cells. Our experiments aim
to establish insights how HT and X-ray may lead to the develop-
ment of long-lasting anti-tumor immunity as already shown for
certain chemotherapeutics like oxaliplatin [17].

Materials and methods

Cell culture. The cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM; PAN-Biotech GmbH, Aidenbach, Germany)
supplemented with 10% foetal bovine serum (FBS; Biochrom AG,
Berlin, Germany), 1% sodium pyruvate, 2 mM glutamine, 100 U/ml
of penicillin, and 100 lg/ml of streptomycin at 37 �C in 5% CO2 and
90% humidity. The human colorectal adenocarcinoma cell line
SW480 was obtained from the American Type Culture Collection
(ATCC; Wesel, Germany), and the human colorectal adenocarcinoma
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ing irradiation and/or hyperthermia. HCT 15 (A–C) or SW480 (D–F) colorectal tumor
ation of both. Seventy-two hours after irradiation, the cells were stained with AxV-
ecrotic (primary plus secondary necrotic) tumor cells after treatment is displayed in
with PI in presence of the detergent Triton and the cell cycle was analyzed by flow
the cell cycle is displayed. The data are obtained from 4 independent experiments,
ck treated control.
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Fig. 3. Release of the danger signal HMGB1 by colorectal tumor cells after
treatment with ionizing irradiation and/or hyperthermia. HCT 15 (A) or SW480
(B) colorectal tumor cells were treated with ionizing irradiation (5 or 10 Gy), HT
(41.5 �C for 1 h), or a combination of both. Twenty-four hours after irradiation, the
amount of extracellular HMGB1 was analyzed with anti-HMGB1 antibody in
concentrated cell culture supernatants using standard Western blot protocols. The
figure shows a representative blot from three independent experiments. HT,
hyperthermia; Gy, Gray; w/o, mock treated control.
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cell line HCT 15 from the German Collection of Microorganisms and
Cell Cultures (DSMZ; Braunschweig, Germany).

Induction and detection of cell death. Cells were irradiated with 5
or 10 Gy of X-ray (120 kV, 22.7 mA, variable time; GE Inspection
Technologies, Hürth, Germany). For hyperthermia, cells were trea-
ted in a home made HT chamber placed in a cell incubator. The
variations of the temperature to which the cells were exposed
were less than 0.2 �C. The cells remained at 41.5 �C for 1 h. For
combined applications, cells were stored at 37 �C for 4 h between
X-ray and HT treatment, as it is common in clinical application.

Flow cytometry was used to detect death of colorectal tumor
cells after X-ray and/or HT treatment. During cell death, character-
istic changes of the morphology can be detected by forward scatter
(FSc)/side scatter (SSc) properties of the cells [18]. To distinguish
apoptotic from primary and secondary necrotic cells, the exposure
of phosphatidylserine (PS) by apoptotic and necrotic cells was ana-
lyzed by binding of FITC-labeled AnnexinV (AxV), and necrosis was
differed from apoptosis by co-staining with propidiumiodide (PI)
as described previously [19]. PI is able to penetrate into cells which
have lost their membrane integrity and intercalates DNA. Primary
necrosis was differed from secondary necrosis by the intensity of
the PI staining [18]. The cell cycle was analyzed by staining with
PI in the presence of the detergent Triton X-100 [20]. Analyses by
flow cytometry were performed with an EPICS XL MCL (Coulter,
Fullerton, USA) apparatus.

Analysis of the extracellular amount of the danger signal HMGB1.
The presence and amount of HMGB1 was analyzed with an anti-
HMGB1 antibody (dilution 1:2000; Upstate, New York, USA) by
Western blot using standard protocols. To detect extracellular
HMGB1, cell culture medium was changed to medium with 0.1%
b-mercaptoethanol (50 mM) and without FBS before treatment
with X-ray and HT, since HMGB1 was shown to be sensitive to oxi-
dation [21] and to form complexes with various proteins [22]. After
one day of culture, the cell culture supernatants were concentrated
using Amicon Ultra 15 and Amicon Microcon YW-100 (Millipore,
Schwalbach/TS, Germany) centrifugal filter devices. Afterwards,
equal amounts of each filtrate were used for Western blot analysis.

Statistical analyses. Data are obtained from four independent
experiments, each performed in duplicates. Statistical analyses
were performed using the Student’s t-test. A P-value of <0.05
was considered as significant (�) and one of <0.01 as highly signi-
ficant (��).

Results

Necrosis is the prominent form of cell death after treatment of
colorectal tumor cells with X-ray alone or in combination with
hyperthermia

Primary data of the FSc/SSc properties of HCT 15 cells 72 h after
treatment with X-ray, HT, or a combination of both are displayed in
Fig. 1A. Two distinct cell populations can be defined: viable and
dead cells. During cell death, the morphology of dying cells
changes, resulting in decreased FSc and increased SSC properties.
Combinations of RT and HT significantly increased the dead cell
population in comparison to single treatments (Fig. 1A).

Representative dot plots of the AxV/PI binding properties of HCT
15 tumor cells 72 h after treatment with X-ray and/or HT are
shown in Fig. 1B. Living cells are negative for AxV and for PI bind-
ing. Apoptotic cells expose PS on their cell surface and are therefore
positive for AxV binding, but stain negative for the DNA intercalat-
ing PI. Primary necrotic cells with full DNA content are positive for
AxV binding and show high PI fluorescence. Late apoptotic/second-
ary necrotic cells have degraded DNA that was in part already
secreted with apoptotic blebs. Therefore, those cells show interme-
diate PI fluorescence and are positive for AxV binding. Treatment
with HT alone slightly increased the amount of secondary necrotic
cells compared to the mock treated control. Combinations of X-ray
with HT led to an increase of mainly secondary necrotic cells in
early stages of the apoptotic program.

Hyperthermia enhances the amount of necrotic colorectal tumor cells
induced by X-ray

We performed four independent experiments each in duplicates
and determined viable (AxV neg./PI neg.), apoptotic (AxV pos./Pi
neg.), and necrotic (AxV pos./PI intermediate and high pos.) HCT
15 or SW480 cells after single and combinatory treatments. As
shown in Fig. 2, X-ray alone led to a highly significant increase of
necrotic HCT 15 (Fig. 2B) and necrotic SW480 (Fig. 2E) cells in com-
parison to mock treated cells or cells treated with HT only. The per-
centage of necrotic cells was also highly significantly increased
when colorectal tumor cells were treated with a combination of
5 Gy and HT in comparison to X-ray alone. The same effect was
to be observed in HCT 15 cells applying 10 Gy, however, to a lesser
extent. The amount of apoptotic cells was significantly increased
after X-ray or after combination of X-ray plus HT (Fig. 2A and D).
However, the amount of apoptotic cells was generally low 24 h
(not shown), 48 h (not shown), and 72 h (Fig. 2) after the treatment
in comparison to that of necrotic cells. Notably, the less radiosen-
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sitive colorectal SW480 tumor cells and the intermediate radiosen-
sitive HCT 15 colorectal tumor cells behaved similar in regards to
cell death induction.

X-ray and combinations with hyperthermia arrest colorectal tumor
cells in the radiosensitive G2 cell cycle phase

Ionizing radiation is known to block cells in the G2-phase of the
cell cycle, in which cells are highly sensitive to further, fractionated
irradiation. Treatment of HCT 15 cells with 5 or 10 Gy led to a sig-
nificantly increased cell cycle arrest in the G2-phase after 24 h,
compared to the mock treated control cells (Fig. 2C). HT alone
did not influence the cell cycle. However, combinations of HT with
irradiation, 5 or 10 Gy, led to a slight, but significant increase of
cells in the G2-phase. This was not observed in SW480 cells where
combinations of HT with irradiation led to a similar G2 cell cycle
stop compared to irradiation only (Fig. 2F).

The amount of extracellular HMGB1 is increased after combinatory
treatment of colorectal tumor cells with X-ray and hyperthermia

The amount of HMGB1 in the extracellular space was deter-
mined with Western blot analysis of concentrated supernatants
(see Materials and methods) of colorectal tumor cells one day after
treatment with X-ray and/or HT. Combining irradiation with
hyperthermia led to a significant increase in the amount of HMGB1
in the supernatants of HCT 15 (Fig. 3A) and SW480 cells (Fig. 3B).
Hyperthermia treatment after irradiation led to a higher increase
Fig. 4. Immune activation by necrotic tumor cells. A scheme how therapy (RT with X-ray,
tumor immunity is displayed (modified from [33,34]). In brief, DAMP are released by nec
(middle) or the adaptive immune system (right). Apoptotic cells do not release DAMP a
which are capable to disturb the PS-dependent clearance by macrophages of dying tumor
chemotherapeutics; DAMP, damage-associated-molecular-pattern; DC, dendritic cell; HT
of HMGB1 compared to applications of HT before RT (not shown).
In HCT 15 cells, the basal level of HMGB1 in the supernatant of
mock treated cells was higher in comparison to SW480 cells.

Discussion

The immune system plays an important role in cell homeosta-
sis: dead, abnormal, or precancerous cells are recognized and re-
moved by phagocytes. Malignant tumor cells evade this immune
surveillance through immunoselection and immunosubversion
[23]. Combinatory tumor therapies should aim to stimulate a spe-
cific immune response against residual cancer cells. One possibility
to achieve this is based on the induction of immunogenic tumor
cell death forms. Even very early apoptotic cells can become
immunogenic when they expose eat-me signals for DC, like it
was demonstrated for calreticulin [6]. However, apoptotic cells
are often immune suppressive while necrotic cells stimulate the
immune system [7]. Necrotic tumor cells release various danger
signals (e.g. HMGB1, HSP, monosodium urate, ATP) which act as
inflammatory substances in the tumor microenvironment [8]. Re-
leased ATP by tumor cells was just recently shown to be a very po-
tent activator of the NLRP3 inflammasome in DC, finally leading to
adaptive immunity against tumors [24]. During apoptosis, dam-
age-associated-molecular-patterns (DAMP) stay hidden in the cells
because of an intact cellular membrane. We have shown that HT in
combination with X-ray leads to mainly necrotic cell death forms
of colorectal tumor cells. The latter release HMGB1, being a well
known DAMP. On the one hand, DAMP can be recognized by cells
CT, and HT)-induced necrotic tumor cells can contribute to the development of anti-
rotic cells and lead to immune activation, either through the innate immune system
nd are therefore mostly non- or even anti-inflammatory (left). Proteins like AnxA5,
cells, could further improve the anti-tumor immune response. AnxA5, annexinV; CT,
, hyperthermia; RT, radiotherapy; X-ray, ionizing irradiation.
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of the innate immune system. On the other hand, DAMP can inter-
act with receptors like the receptor for advanced glycation end
products on immature DC. HMGB1 then mediates cross-presenta-
tion of antigenic peptides of dying tumor cells by matured DC. To-
gether with co-stimulatory molecules, T- and B-cells are activated
starting a specific anti-tumor immune response (Fig. 4).

We have to understand how classical cancer therapies (CT, RT,
and HT) modulate the immune system. New technologies like
magnetic resonance (MR)-guided hyperthermia assure that tem-
peratures above 41 �C are achieved inside the tumor tissue. Hyper-
thermia has been shown feasible and well tolerated in rectal
cancers, either in combination with CT followed by RT [25], or in
combination with RT in patients with primarily locally advanced
tumors [1,26] as well as in pre-irradiated patients with local recur-
rence [27]. Milani and colleagues showed that pre-irradiated pa-
tients with recurrent rectal cancer can be treated with RCT in
combination with regional HT, showing high efficacy and accept-
able toxicity [28].

In the current study we demonstrated that the prominent form
of cell death of colorectal tumor cells after combinatory treatment
with RT and HT is necrosis, while the rates of apoptosis remain
quite low. We conclude that after the treatments, dying tumor cells
go rather fast into secondary necrosis instead of preceding their
apoptotic program. Furthermore, they may conduct a form of pro-
grammed necrosis, the so called necroptosis [29], since the expres-
sion of RIP1 kinase was upregulated after treatment with RT plus
HT (own unpublished data). In human colorectal tumors HMGB1
often is over expressed in the cytoplasm. The release of HMGB1
can on the one hand foster tumor progression [30], but on the
other hand also stimulate an anti-tumor immune response; even
in brain tumors [31]. In the current work we showed for the first
time that the amount of extracellular HMGB1 is increased when
treating colorectal tumor cells with combinations of HT and RT.

Cell lines with different radiosensitivities, reflecting the high
variability of one tumor entity, might vary in cell death induction.
As shown here, cells with low (SW480) and intermediate (HCT 15)
radiosensitivity are comparable in their forms of cell death after RT
and/or HT treatment. Our experiments further revealed that com-
binations of HT with RT lead to a cell cycle arrest of the tumor cells
in the radiosensitive G2-phase. Using a dose of 20 Gy of X-ray, the
G2 arrest was even prolonged for 24 h in colorectal tumor cells
treated additionally with HT (not shown). A precise understanding
of the impact of cell-cycle progression on drug or irradiation-in-
duced cell death might help to enhance the efficacy of chemother-
apeutics. Cisplatin led to a higher number of dead tumor cells
when applied in the G2 cell cycle phase in comparison to the G1
phase [32].

Taken together, therapy (X-ray plus HT)-induced necrotic cell
death of and HMGB1 release by colorectal tumor cells can contrib-
ute to the development of specific and long-lasting anti-tumor
immunity. Therefore, hyperthermia should be taken into account
in multimodal anti-cancer therapies in addition to RT and CT.
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