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Abstract The therapy of cancer emerged as multimodal
treatment strategy. The major mode of action of locally
applied radiotherapy (RT) is the induction of DNA damage
that triggers a network of events that finally leads to tumor
cell cycle arrest and cell death. Along with this, RT mod-
ifies the phenotype of the tumor cells and their microen-
vironment. Either may contribute to the induction of
specific and systemic antitumor immune responses. The
latter are boosted when additional immune therapy (IT) is
applied at distinct time points during RT. We will focus on
therapy-induced necrotic tumor cell death that is immu-
nogenic due to the release of damage-associated molecular
patterns. Immune-mediated distant bystander (abscopal)
effects of RT when combined with dendritic cell-based IT
and the role of fractionation of radiation in the induction of
immunogenic tumor cell death will be discussed. Autolo-
gous whole-tumor-cell-based vaccines generated by high
hydrostatic pressure technology will be introduced and the
influence of cytokines and the immune modulator Annex-
inA5 on the ex vivo generated or in situ therapy-induced
vaccine efficacy will be outlined. RT should be regarded as
immune adjuvant for metastatic disease and as a tool for
the generation of an in situ vaccine when applied at distinct
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fractionation doses or especially in combination with IT to
generate immune memory against the tumor. To identify
the most beneficial combination and chronology of RT
with IT is presumably one of the biggest challenges of
innovative tumor research and therapies.
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Introduction

During the last years, the therapy of cancer emerged as
multimodal treatment strategy. Surgery, radiotherapy (RT)
and chemotherapy (CT) are the main pillars of achieving
local and systemic tumor control. Since recurrent tumors
and metastases are still major causes of tumor-associated
death, a long-lasting and specific recognition of the tumor
cells should be aspired. Consequently, immune therapy
(IT) is an appropriate adjunct to standard tumor therapies
since it aims to activate the patient’s immune system
against malignant cells even outside the primary treatment
regions of, e.g., RT [1]. However, tumors manipulate the
myeloid system and thereby create an immune-suppressive
microenvironment by suppressing T cell functions [2].
Immune-suppressive cytokines such as transforming
growth factor beta (TGF-p), being the most prominent one,
get released by tumor cells. Tumor-based immune sup-
pression has therefore to be converted into immune acti-
vation by distinct combinations and chronologies of RT,
CT and IT, probably the biggest challenge in the fight
against most tumor entities.

This article focuses on how locally applied RT in com-
bination with further immune activation may induce
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systemic antitumor immune responses. It is well known that
the major mode of action of RT is the induction of DNA
damage that triggers a network of events that finally leads to
tumor cell cycle arrest or cell death. The modulation of the
tumor cell phenotype by RT might render the tumor visible to
the immune system and immunogenic [3], as already dem-
onstrated for certain chemotherapeutic agents [4].

RT is capable of inducing immunogenic tumor cell
death forms

The two main and best known forms of cell death are
apoptosis and necrosis. While apoptotic cells usually create
an immune-suppressive microenvironment [5] and con-
tribute to immune escape of tumors [6], necrotic ones
induce inflammatory events. However, it has become more
and more evident that the immunological consequences
emanating from dying and dead cells have to be regarded in
a more detailed manner and in strong dependence of the
individual phenotype of the cells after distinct stress and
death stimuli. Since RT induces DNA damage and con-
secutively alters the phenotype of tumor cells by cell death
induction, radiation bears the potential to foster dendritic
cell (DC)-mediated antitumor immunity in this way [7].

Dendritic cells are potent antigen-presenting cells (APCs)
critical in regulating immune responses. They present anti-
gens and expose the appropriate stimulatory molecules to
initiate an adaptive immune response. However, DCs may
also induce immune tolerance. Critical for the immune-
activating function of DCs is the presence of danger signals
such as adenosine-5'-triphosphate (ATP), heat shock protein
70 (HSP70) and high mobility group box 1 protein
(HMGB1). Endoplasmic reticulum (ER) stress and reactive
oxygen species (ROS) production are prerequisites for
therapy-induced immunogenic tumor cell death forms [8].
Since the major mode of action of RT is the production of
ROS, this classically applied cancer treatment for local
tumor control may also activate DCs by inducing the surface
exposure, release or secretion of such damage-associated
molecular patterns (DAMPs). In this way, stimulated DCs
may indeed release tumor-promoting pro-inflammatory
cytokines, but activation of toll like receptor 4 (TLR4) by
HMGBI1 on DCs also induces cross-presentation of tumor
antigens and the generation of antigen-specific T cells [9].
An increased expression of activation markers and homing
receptors on DCs was observed after contact of the immune
cells with HSP70 being released from human colorectal
tumor cells after RT plus further immune stimulation with
hyperthermia (HT, 41.5 °Cfor 1 h) [10]. Just recently, it was
demonstrated that DCs differentiate in an ATP-dependent
manner to immune-activating inflammatory ones after
migration into doxorubicin-treated tumors [11].
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The uptake of tumor cells by DCs is essential for a con-
secutive (cross-) presentation of tumor-derived antigens to T
cells. Since phosphatidylserine (PS)-exposing stressed cells
are swiftly recognized and cleared by macrophages in an
anti-inflammatory manner [12], the immunogenicity of
dying tumor cells can be increased by blocking this inter-
action, thereby indirectly fostering the uptake by DCs [13,
14]. AnnexinAS (AnxAS) is a naturally occurring ligand for
PS, and its sole injection around growing tumors comprising
dying cells resulted in tumor growth retardation in preclini-
cal ectopic mouse models. The combination of AnxAS5 with
RT further improved the strong tumor control effects of RT
[15]. Currently, we are testing in preclinical mouse models
combinations of fractionated irradiation being applied in the
clinics and AnxA5 with regard to its immune-stimulating
effects. First results indicate that RT induces an enhanced
migration of DCs and CD8+ T cells inside the tumor, but
also that of immune-suppressive myeloid-derived suppres-
sor cells (MDSCs). The addition of AnxAS5 does not affect
the infiltration of the tumor by DCs and T cells, but signifi-
cantly decreases the amount of MDSCs (own unpublished
data). Just recently, Shurin and colleagues reported that
certain chemotherapeutic agents such as paclitaxel in ultra-
low non-cytotoxic doses are capable of promoting the dif-
ferentiation of MDSCs into DCs [16]. Besides reducing the
amount of immune-suppressive cells in the tumor microen-
vironment by IT, the stimulation of their differentiation into
DCs by low-dose CT may contribute to improved tumor
defense. Since RT fosters the migration of cytotoxic CD8+ T
cells into the tumor, combinations of radiochemotherapy
(RCT) and IT are promising of inducing long-lasting anti-
tumor responses. Of note is that clinical trials have recently
been set up to analyze whether RT increases the number of
tumor infiltrating T cells in human tumors and thus poten-
tially enhance antitumor immune response [17]. Certainly,
each tumor treatment modality has its advantages and dis-
advantages when separately viewed: improved RT tech-
niques allow a maximum local tumor control by
concomitantly minimizing the normal tissue side actions, but
do not primarily result in systemic antitumor responses.
Chemotherapeutic agents act systemically and thereby target
the primary tumor and metastases, but are also cytotoxic for
most cells of the whole organism. Low dose CT is beneficial
for shifting the tumor microenvironment into an activating
one, but may not have the sufficient cytotoxicity to kill the
tumor cells. Immune therapies induce a long-lasting antitu-
mor response, but cannot deal with big tumor masses.
However, in a concerted action, the described single treat-
ments could synergistically contribute to killing of the tumor
cells and to the induction of systemic antitumor immune
responses. Figure 1 summarizes how induction of necrotic
tumor cell death by multimodal treatments finally leads to
antitumor immunity.
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Fig. 1 Immunogenicity of therapy-induced dying and dead tumor
cells. Cytotoxic agents such as chemotherapeutics (CT), ionizing
radiation administered by radiotherapy (RT), hyperthermia (HT)
when applied along with RT and/or CT as well as cell death modifiers
(CDM) such as the pan caspase inhibitor zZVAD-fmk already alter the
tumor cell phenotype very early after their application. Stress proteins
such as HSP70 (white circle) and recognition molecules for phago-
cytes such as phosphatidylserine (PS, black circle) get exposed. Later
on, the cells undergo cell death via apoptosis or necrosis. The latter
exists in an accidental and programmed form. While necrotic cells
lose their membrane integrity resulting in the release of immune-
activation-damage-associated molecular patterns (DAMPs) such as
HMGBI1 (triangle), ATP (rectangle), or HSP70 (white circle),
apoptotic ones maintain their integrity and DAMPS stay hidden.
Apoptotic cells get swiftly cleared and recognized via PS, and an
immune-suppressive microenvironment is created by the release of

Abscopal antitumor effects of RT

Of special interest in preclinical and clinical research and
in clinical practice is whether only the therapy-modified
tumors are attacked by the immune system or whether
tumor masses such as metastases outside the irradiation
field get then also recognized and killed by immune
cells. Just recently, Postow and colleagues reported about
regression of a metastatic lesion outside the irradiation
field of a patient with malignant melanoma who received
RT in combination with Ipilimumab, an antibody inhib-
iting an immune-suppressive checkpoint on T cells [18].
Since antibody responses against various antigens after
RT were found, as well as an increase in MHCII-positive
immune cells and a decrease in MDSCs were observed
in the peripheral blood, one can assume that the abscopal
effects (distant bystander effects) are, at least in part,
immune mediated. Adjuvant RT after breast-conserving
surgery resulted in significant prolonged long-term sur-
vival of the patients, also suggesting that systemic tumor
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anti-inflammatory cytokines by macrophages. In contrast, DAMPs
mature and activate DCs and foster the cross-presentation of tumor-
cell-derived antigens to T cells. A specific cellular antitumor immune
response is started. Additionally, DAMPs may also directly activate
cells of the innate immune systems such as natural killer (NK) cells.
The necrotic immunogenic form of tumor cell death can be fostered
by impairing the clearance of apoptotic cells by macrophages with
AnnexinA5 (AnxAS5) or by inducing massive amounts of apoptotic
cells in multimodal therapy settings. The latter can then be regarded
as inducers of an in situ vaccine. Immunogenic tumor cell death forms
can also be induced ex vivo, by killing biopsy-derived fresh tumor
cells with techniques that result in complete cell death of the tumor
cells by concomitantly increasing their immunogenicity. In such a
way prepared whole tumor cells by high hydrostatic pressure (HHP)
technology are currently tested as tumor vaccines in preclinical mouse
models

control of small tumor masses was induced by ionizing
radiation [19].

Preclinical models clearly demonstrated that irradiation
combined with IT that activates DCs result in tumor
shrinkage of tumors outside the irradiation field, but just in
immune-competent, and not in T cell-deficient mice [20].
We observed that adaptive and innate immune cells are
involved in tumor growth retardation in the irradiated
tumors themselves [21], suggesting that innovative radia-
tion protocols should take into account such immune
reactions and radiation-free days may be expanded to allow
the immune system to react [3]. Nevertheless, it is even
unclear whether immune cells in the tumor and in its
microenvironment are as radiosensitive as it is always
speculated. While murine CD8+ T cells are sensitive to a
high dose of 2Gy, NK cells are very resistant with regard to
apoptosis induction [22]. Macrophages are also not affec-
ted in their viability and phagocytic function by irradiation
with a single dose up to clinical relevant 2Gy [23]. Like
macrophages, DCs have been shown to be very resistant to
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cancer chemotherapy [24] and exposure to ROS that are
induced during RT [25].

RT in combination with immune therapy induces
antitumor immunity

The essential role of CD8+ T cells in radiation therapy and
of DCs in priming T cell-mediated specific antitumor
immune responses has been mainly proven in preclinical
models [4, 26, 27]. We observed in the CT26 colorectal
syngeneic Balb/c mouse tumor model that especially
CDS8+ T cells migrate into the tumors in a narrow time
slot, between days 3 and 5 after the last irradiation [28].
Regarding treatments with anthracyclines, an enhanced
CD8+ T cell infiltration into the tumor was observed after
7 days [29]. Such observations strongly suggest that IT has
to be administered in multimodal therapy settings with RT,
CT or RCT at clearly defined time points during or after the
classical treatments and in dependence of the death stimuli.

In contrast to certain classes of chemotherapeutic
agents, under most circumstances, RT alone is a poor
inducer of immune-mediated local and abscopal effects.
But combinations of RT with further immune stimulants
are more effective, since the immune-suppressive tumor
microenvironment can thereby be overcome. The combi-
nation of RT with T helper cell type 1 (Thl) therapy
resulted in the induction of CD8+ tumor-specific cytotoxic
T cells (CTLs), both at the tumor tissue and at the tumor-
draining lymph nodes [30]. Also high linear energy transfer
(LET) radiation, primarily aiming to increase local control
of primary tumors, has recently been shown to be capable
of inducing antitumor immunity. A significant reduction in
tumor formation after secondary tumor challenge was
observed in a murine squamous cell carcinoma model, and
the antitumor immune effects were again most beneficial
when combing radiation with DC treatment [31]. The latter
can be administrated from the outside, or DCs are directly
activated in situ. The strategy of whole tumor cell vaccines
is based on such an in vivo activation of DCs and con-
secutively of CTLs by providing not a single tumor-asso-
ciated antigen (TAA), but multiple ones.

We introduce high hydrostatic pressure technology as an
innovative method for the preparation of whole-tumor-cell-
based vaccines [1]. It is a well reproducible technology,
since pressure force vectors act orthogonal with equal
absolute value on the cell surface. Further, pressure prop-
agation is homogenous and quasi not delayed. Our own
work has demonstrated that high hydrostatic pressure
(HHP) totally inactivates tumor cells and induces immu-
nogenic forms of cell death characterized by the release of
danger signals such as HSP70 and HMGBI1 [32] (Fig. 1).
First in vivo experiments with the CT26 colorectal
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carcinoma mouse model give hints that HHP vaccination
harnesses the immunogenic features of RT since the most
beneficial tumor growth retardation was achieved when RT
was combined with HHP-generated autologous whole cell
tumor vaccine and additional application of IL-12. This
cytokine plays a central role in regulating both innate and
adaptive immune responses and can by itself induce potent
anticancer effects [33]. It favors the differentiation of naive
CD4+ T cells to Thl cells. The interaction of Thl cells
with DCs fosters the activation of naive CD8+ T cells by
DCs via CD40/CD40-ligand interaction. IL-12 further
sensitizes bone marrow-derived tumor stromal cells and
thereby enhances the effects of CD8+ T cells [34] and
leads in combination with further cytokines and irradiation
to the activation of NK cells [35]. Future studies are now
needed where vaccines prepared with HHP technology in
combination with IL-12 and clinically feasible RT schemes
are tested. The combination of tumor cell vaccines with RT
may help to overcome weak responses against poor
immunogenic tumor antigens, since RT can even promote
an antigenic cascade, meaning that T cell clones reactive
against different antigens than those used for vaccination
occur [36, 37]. Other innovative approaches combined RT
with HSP70-peptide complexes obtained from radioresistant
tumor cells and proved that specific immunity to radiore-
sistant populations of tumor cells can be induced [38].
Whole-tumor-cell-based vaccines have the great advantage
that the vaccination is not only designed for one TAA. Many
tumor antigens, non-immunogenic and immunogenic ones,
are delivered by the killed tumor cells. The latter can be
provided by vaccines or be in situ induced by RT alone or in
combination with IT. Therefore, even tumors located at
immune-privileged sites in the body may become beneficial
targets for immune-mediated tumor cell killing.

Immune reactions at immune-privileged sites after RT

The poor prognosis of patients with malignant brain tumors
is mainly caused by an extensive spread of tumor cells into
surrounding regions of the brain, by low immune surveil-
lance and an increased resistance to RT and/or CT. Since
glioblastoma multiforme (GBM), being the most malignant
and aggressive form of brain tumor, is a highly variable and
infiltrative tumor, a personalized and systemic treatment
approach should be promising. For this purpose, the immune
system becomes an ideal antitumor defense instrument. First
aspiring results from pilot studies and phase I and II trials are
currently coming up indicating that vaccination with DCs
improves immune functions and results in longer survival of
patients with malignant gliomas. The authors conclude that
DC vaccination in combination with RT and CT with tem-
ozolomide in patients with GBM is safe, feasible and is



Cancer Immunol Immunother (2014) 63:29-36

33

capable to induce tumor-specific immune responses [39, 40].
However, ex vivo differentiation of DCs is complex and
time-consuming. Our approach aims to complement the
current concepts and to reduce the complex ex vivo culti-
vation and differentiation of DCs by inducing in situ antigen
loading of stimulated DC. This should be achieved by
blocking the phagocytosis of RCT-induced dead tumor cells
with AnxAS5 [15], by co-stimulation of DCs with heat-
induced danger signals [10] and by delivering a plethora of
tumor antigens with HHP-killed autologous tumor cells [32].
Analyses of danger signals in biopsies of patients with GBM
before and after RT and cell culture assays revealed that
fractionated RT is the main trigger to induce the release of
the danger signal HSP70 by glioblastoma cells [41,42]. Even
immune responses in the peripheral blood do not always
correlate with success of cancer therapies, future research
should shed more light into whether immune monitoring of
the peripheral blood of tumor patients, which is easy and
closely meshed to perform, has added prognostic and pre-
dictive value to analyses of immune cells and danger signals
present in tumor biopsies. The latter are understandably
available at limited time points before, during, and after
therapy.

Fractionation of RT affects the tumor’s immunogenicity

The immunostimulatory potential of RT can basically be
classified as effects on the tumor cell surface and on the
tumor microenvironment (Fig. 2). The first make the tumor
cells more sensitive for cytotoxic T cell responses, due to
an increased expression of immunogenic surface molecules
like adhesion molecules, death receptors, stress-induced
ligands, and classical stimulatory molecules such as
MHC I and CD80 [37]. As concerns the tumor microen-
vironment, RT triggers the timely restricted release of
many pro-inflammatory molecules such as chemokines,
cytokines, and immune-activating danger signals (DAMPs)
as well as exosomes [43] (Fig. 2).

We originally suggested that combination of hypofrac-
tionated RT with IT is beneficial to give the immune system
time to act and react [3]. Hypofractionated RT schemes
(higher single dose, lower fraction numbers) have been
enormously extended due to highly improved radiation
devices and techniques [44]. However, the differences in
immune modulation by single high doses of RT compared to
distinct fractionation schemes are far away from being
revealed. In preclinical mouse models, Dewan and col-
leagues demonstrated that only fractionated and not RT with
a single high dose induces antitumor immunity when com-
bined with anti-CTLA-4 antibody immune therapy [45].
Fractionated RT with medium-size radiation doses resulted
in the B16 melanoma mouse model in the best tumor control

RT
tumor cell
microenvironment

tumor cell surface

chemokines

cytokines

danger signals, DAMPs
(HMGB1, ATP, HSP70)

exosomes

fostered by
additional IT

tumor cell

Fig. 2 Immune-activating properties of radiotherapy. The medical
use of ionizing radiation in radiotherapy (RT) primarily aims to
induce DNA damage in tumor cells (local tumor control), but
additionally alters the tumor cell surface and its microenvironment.
Via the generation of reactive oxygen species (ROS) and provoking
endoplasmic reticulum (ER) stress, immune-activating cytokines and
chemokines, exosomes as well as damage-associated molecular
patterns (DAMPs) get released. This is strongly fostered by additional
immune therapy (IT). On the tumor cell surface, molecules, ligands,
and receptors that promote lysis of the tumor cells by cytotoxic T
lymphocytes and contribute to immune stimulation get exposed after
RT. Therefore, RT acts both, targeted on the tumor cell and non-
targeted on the microenvironment perceived as the immune-mediated
distant bystander (abscopal) effects of this classical local tumor
treatment

and tumor immunity while maintaining the numbers of
immune-suppressive Treg low [46]. Other data based on
preclinical model systems suggest that especially RT with
higher single dose promotes the priming of antigen-specific
DCs [26]. We analyzed the influence of different fraction-
ation schemes on the activation of human monocyte-derived
DCs with preclinical in vitro assays and found that frac-
tionated and hypofractionated RT, compared to oligofrac-
tionation (high single-dose application), results in a
significant increased activation of human DCs, as monitored
by the expression of maturation markers, secretion of
immune-activating cytokines, and capacity to specifically
stimulate T cells ([47] and own unpublished data).

Future perspectives and needs for implementation
of optimized combinations of RT and immune therapies

A paradigm shift has taken place during the last years: local
irradiation delivered by RT does not only lead to DNA
damage in the tumor cells, but also modifies their pheno-
type by inducing distinct forms of tumor cell death. Non-
targeted and immune-mediated reactions result, mainly
when further immune stimulation with additional IT is
ensured [37]. Focus should be set on how conventional
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cytotoxic therapies in conjunction with targeted therapies
and IT modulate immune responses [48] and consecutively
contribute to the improvement of the patient’s survival and
quality of life. A big challenge in tumor therapy is to
identify the most beneficial combination and chronology of
multiple treatment options available today (Fig. 3). One
general ambition should be to generate immune-activating
forms of tumor cell death such as necroptosis [49]. Such
programmed forms of tumor necrosis could be induced by
application of death modifiers such as the pan caspase
inhibitor zVAD-fmk in adjunct to RCT and IT [50]
(Fig. 1).

In summary, the immune-suppressive mode of action
of RT being in the mind of many oncologists mainly
refers to the immune suppression when RT is applied as
whole body treatment for conditioning patients for bone
marrow transplantation. In contrast, locally applied RT in
the therapy of solid tumors can modify the tumor cells in
a way that they get immunogenic (Fig. 2). RT is most
beneficial in induction of antitumor immunity when
combined with IT to overcome the general immune-sup-
pressive microenvironment of most tumors. Radical
lymph node dissection should be reassessed in the light to
reduce toxicity [51] and to increase the tumors immuno-
genicity by allowing DCs to prime T cells in the draining
lymph nodes (LNs).

Norm-, hypo-, oligo-
fractionated RT?!

fff 1 {9

Norm-, hypo-, oligo-
fractionated RT?!

The following questions have still to be answered: what
is the best timing of combining RT with IT? How multi-
modal (RT, CT, IT, targeted therapies, and tumor cell death
modulations) radio-oncologists should design their thera-
pies to overcome the immune-suppressive properties of
tumors? Which fractionation strategy per se is the most
immunogenic without the need of further IT? How sensi-
tive are immune cells inside the tumor for re-irradiations?
Should we exclude some LNs from radiation for a distinct
time during multimodal therapy to allow the immune sys-
tem to react? Which cells of the innate and adaptive
immune system are primarily involved in therapy-induced
antitumor immune responses and how do they interact?

We conclude that numerous and convincing preclinical
data about the immunogenicity of certain chemotherapeutic
agents exist, while the most data about the immunogenicity
of RT are based on single high-radiation doses which are
mostly not used in clinical practice. Current and future
work should focus on the immunogenicity of distinct
fractionated RT schemes and result in the determination of
innovative combinatory treatments consisting of RCT and
IT (Fig. 3). Immune mechanisms leading to efficient anti-
tumor immune response after RT have to be examined in
detail, and the interplay between the innate (NK cells) and
adaptive immune system (CTLs) by radio(chemo)immu-
notherapy-induced specific and long-lasting antitumor

Break of
therapy

|

I Local tumor control

cell death induction
Alteration of tumor cell phenotype

Tumor shrinkage, proliferation stop of tumor cells,

Infiltration of immune cells into the tumor
Release of damage associated molecular patterns

Fig. 3 Crucial aims when combining distinct fractionation schemes
of radiotherapy (RT) with immune therapy (IT). The presumably
biggest challenge of innovative multimodal tumor therapies is to
identify the most beneficial combination and chronology of distinct
chemotherapeutic and radiation protocols with immune therapies (IT).
Besides local tumor control, systemic antitumor immunity should be
induced. To provide the immune cells time to act and react after
radiotherapy (RT), longer breaks between the single radiations might

@ Springer

Ayunwwi Jown-nue Bunsej-6uo

be beneficial and could be further utilized for application of IT that
converts the immune-suppressive tumor microenvironment into a
more activating one. Urgent need exists of further identifying the
immunogenic properties of RT alone given in norm-, hypo-, or oligo-
fractionated doses. To achieve long-lasting antitumor immunity,
characterized by immunological memory against the individual tumor
including its metastases, the immune system should be boosted again at
the end of the classical therapy after a yet-to-be defined time window
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immunity has to be revealed with immune-deficient mouse
models. Potential synergy between antigen-specific and
non-specific CD8+ T cell responses have already been
described [52]. RT should be in the mind of all oncologists
as immune adjuvant for metastatic disease and as a tool for
the generation of an in situ vaccine when applied at distinct
fractionation doses or especially in combination with IT to
generate immunological memory against the tumor.
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