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For long, high dose ionizing
radiation was considered as a
net immune suppressing agent,
as shown, among others, by the
exquisite radiosensitivity of the
lymphoid system to radiation-
induced cell killing. However,
recent advances in radiobiology

and immunology have made

this picture more complex. For

example, the recognition that

1 radiation-induced ~ bystander

A effects, share common mediators
with various immunological

signalling processes, suggests that

they are at least partly immune
The double-sided effect of ionizing radiation on the antitumor mediated. Another milestone

immune system. Besides inducing direct tumor cell kill, ionizin . .
TIUNE 5y 8 . HzIng was the finding, in the field of
radiation influences the phenotype of the tumor microenvironment, .

L S onco-immunology, that local
as well, which in turn substantially impacts the outcome of the i radiati dJul
antitumor immune response. Both immune stimulating and immune tumc')r 1rra 1at101:1 can modu ate
suppressing processes are simultaneously activated by radiation the immunogenicity of tumor

within the tumor. The outcome of the antitumor immune response cellsand the anti-tumor immune
depends on which of the above processes become preponderant. responsiveness both locally, in
The figure illustrates the balance between stimulatory and inhibitory the tumor microenvironment,
effects of ionizing radiation on the immune system. The various and at systemic level. These
cellular and soluble components (lymphocytes with their diverse cell observations paved the way
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and immunotherapy in order to achieve a synergistic effect to eradicate tumors. However, not
all interactions between radiation and the immune system are beneficial, as it was recognized
that many of radiation-induced late side effects are also of immune and inflammatory nature.
Currently perhaps the most studied field of research in radiation biology is focused around the
biological effects of low doses, where many of the observed pathophysiological endpoints are
due to mechanisms other than direct radiation-induced cell killing and are immune-related.
Finally, it must not be forgotten that the interactions between the ionizing radiations and the
immune system are bi-directional, and activation of the immune system also influences the
outcome of radiation exposure.

This Research Topic brings together 23 articles and aims to give an overview of the complex and
very often contradictory nature of the interactions between ionizing radiation and the immune
system. Due to its increasing penetrance in the population both through medical diagnostic or
environmental sources or during cosmic travel low dose ionizing radiation exposure is becoming
a major epidemiological concern world-wide. Several of the articles within the Research Topic
specifically address potential long-term health consequences and the underlying mechanisms of
low dose radiation exposure. A major intention of the Editors was also to draw the attention of
the non-radiobiological scientific community on the fact that ionizing radiation is by far more
than purely an immune suppressing agent.

Citation: Lumniczky, K., Candéias, S. M., Gaipl, U. S., Frey, B., eds. (2018). Radiation and the Immune
System: Current Knowledge and Future Perspectives. Lausanne: Frontiers Media. doi: 10.3389/978-2-
88945-474-7
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Editorial on the Research Topic

Radiation and the Immune System: Current Knowledge and Future Perspectives

At present, the opinions about the interaction between ionizing radiation and the immune system
are largely controversial. For long, high-dose ionizing radiation was considered as net immune sup-
pressing mainly due to the exquisite radiosensitivity of the lymphoid system. While this increased
radiosensitivity cannot be contested, a rapidly growing number of scientific publications have
demonstrated a very heterogeneous quantitative and functional response of the different com-
ponents of the immune system to radiation (1-3). A major milestone was achieved in the field
of onco-immunology, where it has been shown that local tumor irradiation could modulate the
immunogenicity of tumor cells and also the antitumor immune responsiveness both locally in the
tumor microenvironment and at a systemic level (4-6). This latter observation opened the gate
for studies exploring optimal combinations of radiotherapy (RT) and immunotherapy in order to
achieve a synergistic effect.

It was additionally recognized that some of the radiation-induced late side effects are of immune
and inflammatory nature. At present, one of the most studied fields of research in radiation biol-
ogy is focused around the biological effects of low doses, where the observed pathophysiological
endpoints are due to mechanisms other than radiation-induced direct cell killing. Such mechanisms
are for example radiation-induced bystander effects or abscopal effects, which by sharing common
mediators with various immunological signaling processes, are most probably immune-mediated.

The multitude of studies investigating the interactions between ionizing radiation and the
immune system lead to the emergence of a new, highly interdisciplinary scientific field called radio-
immunobiology, with the potential to induce a paradigm change in this area and to achieve direct
clinical applications within a relatively short term. Scientific primary and overview papers collected
in the present Research Topic aim to give an up-to-date state of the art of the complex interactions
between the immune system and ionizing radiation while highlighting future perspectives as well.
This paradigm change is nicely illustrated in the review by Schaue, who gives a comprehensive
historical overview regarding the interaction between ionizing radiation in general and RT, in
particular, and the immune system.

Although the cell autonomous effects of ionizing radiation are well established, there is nowadays
growing evidence that intercellular communication plays a major role in the outcome of radiation
exposure at the tissue level. This is especially true in cancer therapy. Radiation exposure aims at
killing tumor cells, but efficient tumor control/eradication also requires the activation of the
immune system. The tumor microenvironment indeed contains various subsets of immune cells,
both myeloid cells and lymphocytes. Among the myeloid cells, myeloid-derived suppressor cells
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Immunological Aspects of Radiation Response

and tumor-associated macrophages provide a supportive envi-
ronment for tumor growth, in part by suppressing the activity of
cytotoxic T cells. Wennerberg et al. summarize further immune
suppressive properties of radiation on the cellular and molecular
level besides the impact of radiation on expression of inhibitory
immune checkpoint molecules such as PD-L1. The impact of RT
and radiochemotherapy (RCT) on the latter on tumor cells of dif-
ferent tumor entities is the focus of the research article by Derer
et al. They show that, in particular, RCT increases the expression
of PD-L1 on melanoma and glioblastoma cells. This demands
radioimmunotherapies (RIT) to counteract radiation-induced
immune suppression. For the design of beneficial RIT, many
additional parameters have to be taken into account. What is the
best radiation dose and radiation quality? Ebner et al. review the
unique biological and physical benefits of particle irradiation that
may be superior in some aspects for the generation of systemic
radiation-induced immune-mediated effects. Besides the radia-
tion quality, the dose and the chronological sequence of immune
cell infiltration into the tumor has to be kept in mind. Frey et al.
present data on timely restricted immune cell infiltration fol-
lowing hypofractionated radiation. Cytotoxic T cells follow the
antigen-presenting cells and are present for only 2 days. Here, re-
irradiation of the tumor should be revisited to spare the immune
cells, and boosting of the immune system at this time point could
be particularly effective. Since the inflamed microenvironment
of tumors impacts on growth and progression, several articles
deal with modulation of inflammation by radiation. Rodel et al.
review radiation-induced mechanisms contributing to a modula-
tion of proliferative and inflammatory processes. They focus on
summarizing innovative concepts of treating hyperproliferative
diseases by low and moderate doses of ionizing radiation. Since
inflammatory events and bone metabolism are interconnected,
radiation also impacts on bone turnover. Cucu et al. demonstrate
in serum samples of patients who were exposed to very low doses
of alpha-irradiation in radon spa that collagen fragments (in
particular CTX-I) are decreased after radiation exposure. This
suggests a reduced bone resorption by osteoclasts. The interleu-
kin IL-33 has been described as an intracellular alarmin being
involved in many inflammatory processes. Kurow et al. revealed
that the release of full length IL33 in the damaged tissue does
exacerbate radiation-induced skin reactions.

Thus, radiation acts and modulates immune reactions, includ-
ing inflammation, at various levels and in all tissues. Immune cells
and, in particular, lymphocytes are key players in the response
against radiation-modified tumor cells. In order to highlight
transcriptionally responsive genes, which play a role in the
inflammation response, Manning et al. monitored the expression
of about 250 genes associated with the inflammation response
over the course of the RT in blood of patients with endometrial
or head and neck cancer. Some of these inflammation-related
genes could be promising biomarkers of radiation exposure
and susceptibility to radiation-induced toxicity. Radiation-
induced inflammatory reactions are also heavily involved in the
development of radiation-related side effects in various tissues.
Several papers within this research topic specifically focus on
this aspect. Wirsdorfer and Jendrossek summarize radiation-
dependent mechanism of acute and chronic environmental lung

changes following thoracic irradiation. Acheva et al. present new
data regarding the mechanism of RT-induced skin side effects
focusing on the role of NFkB and Cox-2 in the generation of
pro-inflammatory signals. Morini et al. investigate the impact of
ionizing radiation on the permeability of the intestinal barrier
in the context of colorectal cancer and show that several of the
involved mechanisms are immune- and inflammation-related.
Lumniczky et al. review radiation-induced immune and inflam-
matory reactions in the brain, highlighting potential mechanisms
how these interactions can lead to long-lasting functional altera-
tions and the development of cognitive impairment. Amelioration
of chronic inflammation, induction of acute damage (e.g., tumor
cell necrosis/danger), and counter-balancing the tumor- and
radiation-derived immune suppression can in sum result not
only in specific and long-lasting antitumor immunity but also in
less frequent or less severe side effects and lead to an increased
resistance toward radiation. This is highlighted in the paper by
Singh et al. who show that the radioprotective effect of two well-
characterized antioxidant compounds (podophyllin and rutin) is
mainly immune-mediated.

Therefore, one of the beneficial effects of RT is, in some
instance, to shift the equilibrium toward immune activation. For
this, additional immunotherapy is mostly needed.

As discussed in their review by Wu et al,, in addition to the
direct effects of radiation on the different immune cell subsets,
a key event in the (re)-activation of tumor-associated immune
cells is the type of tumor cell death induced by radiation, as
apoptosis, necrosis, autophagic cell death, and mitotic catas-
trophe differ in their ability to reverse immunosuppression and
elicit these tumor-specific immune responses. As the release of
metabolites such as inosine by dying or dead tumor cells can on
the opposite stimulate the outgrowth of rare spared tumor cells
(Chen et al.), the net outcome of radiation-therapy will depend
on the competition between immunogenic and pro-tumorigenic
events. Vaupel and Multhoff in particularly focus in their com-
mentary on the role of adenosine as a consequence of hypoxia as
metabolic immune checkpoint in the tumor microenvironment.
Furthermore, the outcome of radiation exposure depends not
only on the type of tumor and its microenvironment but also
on the dose and quality of radiation and the irradiation scheme
used. Even if more studies are required, especially on the effects
of protons and carbon ions exposure (summarized by Ebner
et al.), it is clear that these parameters can modulate the differ-
ent aspects of the intercellular communication in the irradiated
tumor microenvironment (reviewed by Diegeler and Hellweg).
In addition to their direct effects on mature lymphocytes and
T lymphocyte response to irradiation-induced bystander signals,
ionizing radiation also affects T lymphocyte development. This
aspect of the interactions between radiation and the immune
system is addressed by Calvo-Asensio et al. in a research article
where they analyze the response of thymic epithelial cells (TECs)
to radiation exposure in vitro and ex vivo. TEC represent less than
1% of the cells found in the thymus, but these highly specialized
cells are essential for the generation of mature, functional T lym-
phocytes. Although they are quite radio-resistant, the expression
of many genes essential for proper T lymphocyte development
is de-regulated after exposure. These effects probably contribute
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to the profound T cell deficiency observed in patient exposed to
radiation in the frame of the conditioning regime before bone-
marrow transplantation.

Last but not least, a special focus is placed on the investiga-
tion of low-dose radiation-induced immune mechanisms and
inflammatory reactions. Szatmari et al. demonstrate in an in vivo
experimental setup that extracellular vesicles are responsible
for mediating certain radiation-induced bystander effects in
the bone marrow. Erbeldinger et al. present a new method by
which the effect of ionizing radiation on endothelial cells can
be investigated in vitro where hemodynamical parameters are
much closer to physiological conditions than using conventional
cell cultures. In this system, they show that both low energy and
heavily charged particles induce altered adhesion of peripheral
blood lymphocytes and activation of the NFkB pathway. With
the perspective of space travel and a Mars mission in a reason-
ably near future, the impact of cosmic radiation becomes a
particularly important health problem, and the potential effects
of charged heavy particles on the immune system and their long-
lasting health consequences will need to be addressed. Since
heavy particles are increasingly used in therapeutic radiation as
well, their interaction with the immune system, in the view of a
potential combination with immunotherapy should be carefully
studied. These issues are dealt with in detail in the mini-review
by Fernandez-Gonzalo et al.
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Thus, the editors of the Research Topic hope that this collec-
tion of articles is able to give a good overview of the complex
and often contradictory nature of the interactions between
ionizing radiation and the immune system. Our intention was
also to draw the attention of the non-radiobiological scientific
community on these complex interactions and to highlight the
fact that ionizing radiation is by far more than purely an immune
suppressing agent. The increasing penetrance of low-dose ioniz-
ing radiation both through medical diagnostic or environmental
sources or during cosmic travel in the population is becoming a
major epidemiological concern world-wide and the mechanisms
how low-dose radiation act and the potential long-term health
consequences need to be thoroughly investigated.
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A Century of Radiation Therapy
and Adaptive Immunity

Dérthe Schaue*

Department of Radliation Oncology, David Geffen School of Medicine, University of California at Los Angeles, Los Angeles,
CA, USA

The coming of age for immunotherapy (IT) as a genuine treatment option for cancer
patients through the development of new and effective agents, in particular immune
checkpoint inhibitors, has led to a huge renaissance of an old idea, namely to harness the
power of the immune system to that of radiation therapy (RT). It is not an overstatement
to say that the combination of RT with IT has provided a new conceptual platform that
has re-energized the field of radiation oncology as a whole. One only has to look at the
immense rise in sessions at professional conferences and in grant applications dealing
with this topic to see its emergence as a force, while the number of published reviews on
the topic is staggering. At the time of writing, over 97 clinical trials have been registered
using checkpoint inhibitors with RT to treat almost 7,000 patients, driven in part by
strong competition between pharmaceutical products eager to find their market niche.
Yet, for the most part, this enthusiasm is based on relatively limited recent data, and on
the clinical success of immune checkpoint inhibitors as single agents. A few preclinical
studies on RT-IT combinations have added real value to our understanding of these
complex interactions, but many assumptions remain. It seems therefore appropriate to
go back in time and pull together what actually has been a long history of investigations
into radiation and the immune system (Figure 1) in an effort to provide context for this
interesting combination of cancer therapies.

Keywords: radiation, tumor immunity, inflammation, lymphocytes, tolerance

Abbreviations: AdV-tk, adenovirus-mediated herpes simplex virus thymidine kinase; AP1, activator protein 1; BCG, bacillus
Calmette-Guérin; CARs, chimeric antigen receptors; CLS, capillary leak syndrome; CRS, cytokine release syndrome; CTLA-4,
cytotoxic T-lymphocyte-associated protein 4; CRC, colorectal carcinoma; CSE, colony-stimulating factor; CV, cardiovascular;
DAMPs, damage-associated molecular patterns; DCs, dendritic cells; EBRT, external beam radiotherapy; GBM, glioblastoma
multiforme; Gy, radiation unit; HPV, human papilloma virus; HSV-1, herpes simplex virus type 1; MHC, major histocompat-
ibility complex; IDO, indoleamine 2,3-dioxygenase; irAEs, immune-related adverse events; IFN-y, interferon gamma; IL-2,
interleukin-2; IMRT, intensity-modulated radiotherapy; IRFs, interferon regulatory factors; IT, immunotherapy; LAG-3,
lymphocyte-activation gene 3; mCRC, metastatic colorectal carcinoma; mNSCLC, metastatic non-small cell lung carcinoma;
mRCC, metastatic renal cell carcinoma; NF-kB, nuclear factor kappa B; NKT, natural killer T cells; NSCLC, non-small cell lung
carcinoma; OX-40, tumor necrosis factor receptor superfamily, member 4; PAMPs, pathogen-associated molecular patterns;
PD-1, programmed cell death 1; PD-L1, programmed death-ligand 1; Poly-ICLC, polyinosinic-polycytidylic acid, poly-L-lysine
double-stranded RNA; rhuFLT3L, recombinant human FMS-like tyrosine kinase 3 ligand; rhuGM-CSEF, recombinant human
granulocyte-macrophage colony-stimulating factor; RT, radiation therapy; SABR, stereotactic ablative body radiation therapy;
SCCHN, head and neck squamous cell carcinoma; SCLC, small cell lung carcinoma; SBRT, stereotactic body radiation therapy;
SRS, stereotactic radiosurgery; TCD50, 50% tumor control dose (Gy); TCGE T cell growth factor; TD50, 50% tumor take
(number of cells injected); Teff, T effector cells; TGFp, transforming growth factor beta; Th, T helper cells; TIM-3, T-cell
immunoglobulin mucin-3; TLI, total lymphoid irradiation; TLR7, toll-like receptor 7; TNF-a, tumor necrosis factor alpha; T,
T regulatory (suppressor) cells (Ts); WBI, whole body irradiation; Y90 SIRT, yttrium Y-90 selective internal radiation therapy.
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Those who cannot remember the past are condemned
to repeat it.
George Santayana

DEDICATION

A scientific journey dedicated to William H. McBride for his
contributions to the field.

RADIATION IS HANDED OUT, IMMUNE
CELLS COME IN

On December 29th in 1917 in a speech to the American
Association for the Advancement of Science, Dr. James Ewing
described in detail the effects of radium therapy in cancer (1).
Using cervical cancer as an example, he noted an exudation of
polymorphonuclear leukocytes and lymphocytes within 3-5 days
of treatment, only to be followed later by plasma cell development
and the formation of granulation tissue. Importantly, he suggested
that it might be exactly this immune involvement that is essential
for both tumor eradication and tissue healing (1).

One of the first scientists to firmly recognize that radiation
modulatesimmunity was James Bumgardner Murphy (1884-1950).

His large body of work performed at the Rockefeller Institute about
100 years ago focused on the role of lymphocytes in graft and
tumor rejection and led to some truly innovative concepts and dis-
coveries that have not received worthy recognition (2) (Forsduke).!
Murphy’s observations in mouse models led him to suggest that,
“in the lymphoid elements we have an important link in the
process of so-called cancer immunity.” He proposed that radiation
can achieve immune stimulation and tumor protection in mice,
depending on the radiation dose (extent of erythema), volume and
site, and the time between exposure and tumor challenge (3-5).
Russ et al. (6) looked into the effect of small doses of X-rays on
blood white cell counts and on the resistance of rats to transplanted
tumors. Their data and Murphy’s data concluded that X-rays, apart
from their direct action on tissue cells have two indirect actions:
“(a) large doses of X-rays, by destroying the immune conditions,
will favour the growth of tumours, and (b) small doses, by pro-
ducing immune conditions, will help to overcome the tumour” A
critical conclusion at that time was that “the therapeutic action of
X-ray in cancer depended on the cellular reaction induced in the
normal tissues surrounding the growth,” in particular the fact that
radiation had the ability to switch a predominantly polymorphic

'http://post.queensu.ca/~forsdyke/murphy01.htm.
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FIGURE 1 | Milestones in immunology (top) and radiation science (bottom).
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infiltrate to a lymphoid one within a matter of days and that this
was necessary for tumor rejection (7). Murphy further commented
that “the lymphocyte is greatly affected by X-rays, since it is pos-
sible either to stimulate by small doses the production of these cells
or by larger ones practically to destroy all the lymphoid tissues of
the body” and by extension prevent tumor immune rejection. The
cut-off was estimated to be around a mild erythema dose, which
was the way dosimetry was performed in those days, i.e., around
the time when orthovoltage machines were being introduced and
dose delivery was limited to superficial depth. This is about 6-8 Gy,
remarkably close to what is now widely (perhaps not incidentally)
being considered as the preferred dose for hypofractionated
radiotherapy either when used alone or in combination with
immune intervention strategies (8-10). To put this in a broader
context, this was also the time of the discovery of induced muta-
tions and radiation carcinogenesis, generally ascribed to Muller
in 1927 (11), which provided the impetus for the development of
inbred mouse strains and a hugely important point of divergence
of models for cancer immunology from those of graft rejection
and the discovery of major histocompatibility complex (MHC)
antigens. In fact, the Jackson Laboratories (Bar Harbor, ME,

USA)?was founded as an institution for “research in cancer and the
effects of radiation” in 1929 by a geneticist named Clarence Cook
Little (1888-1971) who aimed to develop genetically inbred mice
that also paved the way for the radiation genetics “mega-mouse
project” at Oak Ridge National Laboratories in Tennessee by
Russell (12). Murphy’s studies took place largely before that and
the models that he used, i.e., the white mice, were not completely
syngeneic and as such not ideal for tumor transplantation because
of graft rejection issues (13). He did however look into spontane-
ous as well as transplanted tumors and the thought processes still
have great relevance for the field of Radiation Oncology today.

EARLY ATTEMPTS AT COMBINING
RADIATION THERAPY (RT) WITH
IMMUNOTHERAPY (IT)

The first attempts at combining IT and RT in mice and rats were
probably from Cohen and Cohen in 1956/1960, followed by Sir
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Alexander Haddow and Sir Peter Alexander in 1964 (14-16)
(Figure 1). Haddow contributed massively to the field of chemi-
cal carcinogenesis, while Alexander was the first immunologist
to head a radiobiology lab and has published a popular book
on “Atomic Radiation and Life” (17). Essentially, the Cohens,
Haddow, and Alexander were able to show that the success of
RT delivered to a murine mammary carcinoma (probably virus-
induced) or a chemically induced (benzpyrene) fibrosarcoma
could be substantially enhanced if it was preceded by a personal-
ized vaccine. This involved taking tumor biopsies, irradiating
them ex vivo, and injecting them back into the same animal prior
to delivering in vivo radiation to the primary tumor. This basi-
cally acknowledged that tumor antigens were largely unique to
each tumor. Vaccination before RT seemed more effective than
the alternative sequence and better than vaccination alone as
had been attempted in humans 40 years previously by Kellock
et al. (18). Post-surgery, they had placed 2 rads-irradiated,
minced autografts into 2 abdominal wall pockets of 30 late-stage
cancer patients, mostly women with breast cancer, in an attempt
to immunize them. Considering that they were dealing with
late-stage disease, that the immunogenicity of the tumors was
unknown and the absence of additional treatment (apart from
one case who got RT), it is not surprising that the results were not
as inspiring as the animal data mentioned above. More encourag-
ing in this regard was a study on 101 patients also with advanced
cancers, unfavorable prognosis and mostly of gynecologic origin
where vaccination with autologous tumor cells in Freund’s adju-
vant seemed able to improve responses to subsequent RT, at least
in some patients (19).

The end of the 1960 and into the 1970s saw a resurgence
of interest in IT led by the French and Scots. The approach
was based on using bacteria in the hope to boost the immune
system. Originally pioneered by Coley in 1891 (20), “Coley’s
toxins” were utilized up until the early 1960s as a form of IT for
cancer. Halpern and Woodruft chose Corynebacterium parvum
(now P. acnes) or bacillus Calmette-Guérin (BCG) for the same
purpose (21-23) and radiation biologists started to interrogate
the potential of this form of IT as an adjuvant to RT (24-26).
The conclusions were that C. parvum was especially beneficial
to RT outcome (a) when given before rather than after local
RT, (b) when radiation doses were small, and (c¢) when the
tumor was intrinsically immunogenic. The tumor regression
seen in the context C. parvum was largely based on the intense
proliferation in lymphoreticuloendothelial tissues (spleen, liver,
and lungs) and enhanced T cell activation, although stimula-
tion of cytotoxic/cytostatic macrophages also contributed (27).
Whether these C. parvum-primed T cells and macrophages were
at play in a cooperative or rather a mutually exclusive fashion
may have depended on the context (tumor or healthy) and the
route of administration (28). BCG also appeared to boost the
response of preclinical mammary tumors to RT (29), but the lack
of cures seen following monotherapy with BCG or C. parvum
in the clinic led to the demise of this form of IT. Nonetheless,
to this day BCG remains the main intravesical IT for treating
early-stage bladder cancer. Attempts to develop cancer vaccines
continued throughout the rest of the twentieth century, with
sporadic successes in individual patients, but without generating

much overall enthusiasm for IT as a cancer therapy, and with few
serious attempts to combine IT and RT.

LYMPHOCYTE RESPONSES IN THE
IRRADIATED HOST—DUALISM AT ITS
BEST

One can't help but feeling that the field of natural immunity,
as discovered by Ilya Mechnikov® at the end of the nineteenth
century, was somewhat overshadowed by the study of adaptive,
antigen-specific immunity. For instance, the 1960s and 1970s
was clearly the age of the lymphocyte. Along with the distinc-
tion between B and T lymphocyte lineages came the definition
of MHC antigens and their role in directing T cell and B cell
responses, and the role of the thymus in T cell development and
tolerance (30, 31). This was further aided by improvements in
lymphocyte culture and assays detecting their anti-cancer func-
tion both in vitro and in vivo. It is perhaps not surprising then
that studies on radiation effects and immunity mirrored those in
emphasis and more evidence as to the confusing duality of radia-
tion effects started to accumulate. For instance, in 1964, Taliaferro
etal. produced a monograph summarizing findings on radiation-
induced modification of the antibody response (32). They noted
that radiation can inhibit or enhance antibody formation and
increase or decrease susceptibility to infections, depending on its
nature. The authors pointed to evidence collected prior to 1950
that an antibody response tends to be much more effectively
suppressed if the antigen is given affer whole body irradiation
(WBI) rather than if given before. This timing issue is of relevance
today and it seems that an activated or memory immune system is
more radioresistant than a naive one. Importantly, they noted that
“enhanced antibody production can be elicited in a radiation-
damaged host provided the antigen is introduced at critical times”
or if doses are small (about 100-200 rad WBI), echoing the early
findings in cancer models mentioned earlier.

The early 1970s were marked by a focus on RT-induced lym-
phopenia in patients with breast, cervical, and bladder cancer
(33-36). This was linked to various preclinical studies showing
WBI or wide-field RT could enhance metastasis and the growth of
immunogenic tumors outside the radiation field (37). Similarly,
Kaplan and Murphy had reported in 1949 that suboptimal
(400-1,000 rad) local tumor irradiation of a spontaneous mam-
mary carcinoma in C57Bl/6 mice enhanced metastasis fourfold
(38). On the other hand, as Essen pointed out in his review
“virtually every modality employed in the treatment of cancer
has demonstrated an adverse effect upon metastasis under some
conditions,” so radiation was not unique in this respect (39). In
fact, in most cases there was little evidence for immune involve-
ment in causing this. Non-curative RT may be an exception, but
in general distant metastases and radiocurability of the primary
tumor do not seem linked (40).

The concept that prolonged RT-induced lymphocyte
nadirs are generally associated with poor outcome is however

*https://www.nobelprize.org/nobel_prizes/medicine/laureates/1908/mechnikov-
lecture.html.
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valid—something that has recently gained renewed attention
by Radiation Oncologists. In the 1970s, it was already apparent
that the tissue, the size of the field, the delivery schedule, and
the dose were important factors in determining the extent of
lymphodepletion (41). Even today, in spite of superior computer-
aided delivery systems and smaller high dose fields, a significant
drop in circulating lymphocytes remains a reality for most irra-
diated patients. Since lymphocytes are very radiosensitive, dose
is of less importance than field volume and hypofractionation
generally spares these cells by limiting time, i.e., volume blood
passing through, compared to a conventional 6-week delivery.
On the other hand, intensity-modulated radiotherapy (IMRT)
may on occasion have the opposite effect because the whole body
dose can be large. Our current picture is made somewhat more
sophisticated by consideration of the balance in the remaining
immune cell subsets that have a wide spectrum of radiation
sensitivities depending on their (1) lineage, (2) maturity, and (3)
activation status (42). In brief, B cells and naive T helper (Th)
cells are considered quite radiation sensitive whereas T memory
cells, natural killer T cells, and Tregs are more on the resistant
end of the spectrum (43-45). This relates in large part to a cell’s
propensity to undergo apoptosis, which can drastically change
as a result of activation (46, 47). Lineage recovery will also play
its part in determining how the immune balance evolves in the
aftermath of radiation treatment.

Remarkably, despite this layer of added sophistication, rela-
tively crude values like the ratio of lymphocytes to granulocytes
and/or monocytes can correlate with outcome. This may simply be
a reflection of the general immune fitness of the patient, but may
be more than that. In extreme cases, soaring granulocyte levels
can be taken as a sign of bad prognosis, associated with enhanced
metastasis and immune suppression through the development
of myeloid-associated suppressor cells (48), which can readily
be induced following either WBI or local RT. Radiation-induced
myeloid cell activation can occur in the absence of tumor, but
tumors can also release large amounts of myeloid growth factors,
with or without RT (49-54). Such an induction of myeloid cells,
post-RT is therefore an alternative mechanism to lymphodepletion
as a cause of enhanced tumor growth and metastasis and targeting
this can improve response to RT in preclinical models, although
there is little evidence that this can result in regression and cure.
Infections are another possible reason for a switch in immune
balance from a lymphoid to more of a myeloid composition.

An optimist might look at this picture and suggest that within
a certain immune context antitumor immune responses are ongo-
ing, and that RT to the primary could enhance them, whereas
a pessimist might point to the lack of clinical evidence for the
immune system contributing to tumor cures in RT patients. It
may turn out that both are correct, and that lymphocyte and
myeloid cell involvement are simply two sides of the same coin.

DOES SUCCESSFUL RT DRAW FROM
THE IMMUNE SYSTEM AND VICE VERSA?

In the 1970s, investigators at the MD Anderson Cancer Center
performed a series of elegant experiments on an immunogenic

3-methylcholanthrene-induced fibrosarcoma model in C3H mice
and illustrated that the curative success of local RT could clearly
benefit from a healthy host immune status (55-57). For instance,
the (local) radiation dose required to control 50% of irradiated
tumors (TCD50) was increased about twofold if mice had pre-
viously been rendered incapable of mounting a T cell immune
response through the classical depletion approach of adult
thymectomy followed by lethal WBI and bone marrow rescue (58).
This difference in dose is huge and the effect is made all the more
dramatic by the finding that this normally non-metastatic tumor
formed metastasis in 66% of the T cell-depleted mice, indicating
the power of immunity in their elimination. Finally, in this study,
only immune competent mice were able to develop immunologi-
cal memory after radiation-induced tumor cure, demonstrating
a lasting ability to reject subsequent tumor inocula. The authors
reported considerable extra heterogeneity suggesting variability
in the immune involvement in RT-induced cures in the form of a
flatter probit curve for cure in intact mice compared with T-cell-
depleted mice. It is worth noting that this model of T cell depletion
by thymectomy has a natural tendency to develop autoimmunity
due to preferential depletion of natural Treg. For example, in 1973,
Penhale et al. reported that adult thymectomy of normal rats fol-
lowed by five rounds of biweekly sublethal WBI (5 rad x 200 rad)
produced autoimmune thyroiditis and type 1 diabetes (59). The
importance of the Treg axis will be discussed below.

Experiments of the nature described above raise questions as
to why immunogenic tumors grow in the first place. In fact, over
45 years ago, evidence was mounting that many human tumors
contain tumor-specific antigens that can elicit host responses, but
by and large clinically relevant immunity failed to surface (60).
Many tumor escape mechanisms have been postulated, but one of
the most powerful may simply be progressive tumor growth that
overwhelms the response to even highly immunogenic tumors
(56, 57). It may therefore be, in part, a numbers game and we
know that RT is able to slow tumor growth and decrease the tumor
burden, perhaps to immunologically manageable proportions,
which raises the question as to what is manageable. According
to Kaplan (61), immune eradication of 1% of a tumor may
already translate into long-term survival benefits assuming that
RT has taken care of the other 99%. The effectiveness of immune
involvement in preclinical models can be estimated in terms of
radiation dose. For example, for an immunogenic murine tumor,
Suit and Kastelan (55) approximated that the immune system
contributed a radiation dose to the equivalent of killing a few
100 cells, though, that doesn’t seem like much. However, one has
to remember, first that the potency of the immune system can
vary hugely and, second that dramatic immune-mediated regres-
sions do occasionally occur. Immunity can also work against us
when a multitude of suppressor mechanisms are engaged. In the
immunogenic fibrosarcoma model used by Stone et al. (58), for
instance, immunity is generated soon after tumor cell injection
but is rapidly and strongly suppressed, initially by tumor-specific
T cells and later by non-specific myeloid suppressor cells that
finally shut down the whole immune system (62). What is clear is
that RT, in the complexity of the irradiated host-tumor relation-
ship, is more than a killer in a numbers game as suggested by
classical target theory.
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Another question raised by these experiments is whether RT
induces a special form of “immunogenic cell death,” and if so,
does this bestow RT with properties that sets it apart from other
treatment options when it comes to complementing IT. Not sur-
prisingly, forimmunogenic tumors, removal of the primary tumor
burden, by any means, is likely to lead to resurgence of a demon-
strable tumor immune state and in that sense surgical removal of
tumor can have a similar effect as “curative” RT. Photodynamic
therapy seems to be especially powerful in this regard. There are
not many examples where direct comparisons have been made
between modalities, but Crile and Deodhar reported that RT of
a Lewis fibrosarcoma in the footpad resulted in better control
of metastasis than amputation (63). In any case, removal of the
primary may do more than decrease the tumor burden. It may
liberate the immune system. This is, in part, because innate or
“natural” immune mechanisms differ from adaptive ones in pos-
sessing little by way of immunological memory, and natural Treg
cells actually seem to fall into this category (64). Therefore, the
removal of a tumor is likely to get rid oft most if not all suppressor
mechanisms while tumor-specific memory will remain, i.e., tilt-
ing the immune balance toward immunity. The timing of tumor
removal relative to the state of the immune system will influence
the outcome of such interventions, irrespective of the modality.
There are other factors that may come into play, such as the rate of
loss and/or prolonged release of tumor antigens, changes in tumor
immunogenicity possibly associated with oxidative stress and the
involvement of draining nodes, all of which are likely modality-
specific and possibly give RT an edge over other therapies.

Like RT, surgery has been shown to both enhance and inhibit
the number and the growth rate of secondary lesions. In their
exceptional review on the subject, Demicheli et al. (65) noted that
effects of primary tumors on those at distant sites were observed
by Ehrlich and Apolant over a century ago. Apparently, a second
inoculum of a rat sarcoma grew more slowly than the primary,
a phenomenon for which Bashford and colleagues, in 1907,
coined the term “concomitant immunity;” assuming involvement
of the immune system (66). This idea, though, fell out of favor
in the 1980s when Gorelik et al. showed that it could happen
in immune-deprived animals and concluded that the mecha-
nisms were different for immunogenic and non-immunogenic
tumors (67). Prehn (68) postulated that a tumor behaved like
an integrated organ liberating systemic growth-inhibiting and
growth-facilitating factors, some of which were later identified
by Folkman as angiogenesis inhibitors (69).

In the field of radiobiology, Mole (70) had introduced the term
abscopal to describe effects “at a distance from the irradiated
volume but within the same organism.” Mole in fact was discuss-
ing the interdependency of normal tissue systems responding to
WBI, with no reference to cancer or immunity, but its use has
since been extended to include RT of cancer and is often assumed
to have an immune mechanism. Given that there are several
excellent recent reviews dealing with abscopal effects in RT (71,
72), we will not go into the topic here, only to note that there
seems to be more than one mechanism at play—depending on
the system. Adaptive immunity may be involved, or not. To that
end, Demaria et al. elegantly showed a tumor-specific immune
abscopal effect of RT, whereas Camphausen’s team demonstrated

abscopal effects that were not tumor-antigen specific (73, 74). Of
interest in this context is a study by Hoch-Ligeti (75) where skin
irradiation with soft X-rays decreased the incidence of chemically
induced liver tumors. Whether it is normal tissue or tumors that
are being exposed, there is no question as to RTs ability to drive
many systemic forces, including cytokines, chemokines, acute
phase reactants, and innate immune cells. These will influence
events locally as well as at a distance and potentially engage anti-
tumor immunity, angiogenic networks, hormones, or any other
factors that can affect the growth of metastases. Clearly, tumor
growth can wax and wane over time, as can the mechanisms that
are involved, and our understanding of these processes are of
tremendous value for the progress of combined RT and IT.

DIFFICULTIES IN MODELING HUMAN
TUMOR IMMUNITY

As described, most of the experimentation done in the 1970s used
immunogenic transplantable tumors. It rapidly became obvious
that often a relatively high number of tumor cells (10°~10°) had
to be injected to get growth in 50% of mice (TD50). Nowadays,
this is commonly explained by the low frequency of cancer stem
cells, but at that time possible involvement of the immune system
was considered and is still possible. In 1966, Klein had observed
a tumor immune escape mechanism that was the opposite of that
due to large tumor inocula (76). “Sneaking through” was defined
as preferential take of small tumor inocula that exceeded what was
seen in medium sized inocula, and more similar to large inocula.
This was regarded as a possibly important mechanism by which
tumors might subvert host defenses early in the development of
the cancer. “Sneaking through” appeared to be a T-cell dependent
phenomenon (77), analogous to the process of low-zone tolerance
induction (78, 79) mediated by suppressor T cells (Ts) (80). In fact,
both low and high inocula were found to induce immunological
tolerance mediated by Ts cells, with the high inocula additionally
inducing non-specific myeloid suppressor cells (81). Ironically,
most investigators to this day utilize intermediate sizes of inocula
that generate the best level of immunity to begin with. This, of
course, will have implications for the responses that emerge after
tumor RT because they relate to the state of immunity that exists
at that point in time, transitioning rapidly to suppression as the
tumor grows. We know of no studies that have looked at how
existing tolerance affects the tumor response to RT.

In the mid-1970s, the relevance of chemically and virus-
induced murine cancer models to the human condition was
heavily criticized on the basis of their high immunogenicity.
Perhaps one of the most vocal opponents was H. B. Hewitt from
the Graylab (UK), who performed “isotransplants of 27 different
tumours (leukaemias, sarcomata, carcinomata), all of strictly
spontaneous origin in low cancer mouse strains... (showing that
they) ... revealed no evidence of tumour immunogenicity, and
concluded that “practically all animal data ... entail artefactual
immunity associated with viral or chemical induction” (82). This
was a damning indictment of the field and, sadly, basically stalled
further research. As far as RT is concerned, if the lack of immu-
nogenicity was true, the immune system might end up not adding
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much efficacy (83). However, it should be noted in Hewitt’s study,
that “for 7 randomly selected tumours, prior ‘immunization’ of
recipients with homologous, lethally irradiated cells increased”
tumor take. Since the generation of tumor immunity is highly
dependent on the number of tumor cells injected (81), and
because immunity can be a two-edged sword capable of both
enhancing and suppressing tumor growth, it seems possible that
tumor-specific responses did exist but could not be demonstrated
in Hewitt’s model and under those conditions.

HUMAN TUMOR IMMUNOGENICITY

The concept that human tumors had poor immunogenicity and
little effect on the response to RT lingered until very recently even
though it had become possible long ago to isolate leukocytes from
cancer patients and clearly show they responded specifically to
their own tumor in vitro (84-86).

Remarkably, DNA deep sequencing of human tumors has now
revealed mutational signatures that can be linked to smoking and
other harmful chemical exposures, UV radiation, viruses, and age.
In many cases, these mutations may even be predicted to result in
MHC-restricted neoantigens (87, 88). Formerly, “immunogenic”
tumors used to be defined by a low but detectable tendency for
spontaneous regression, as in melanoma. Then they were defined
by activity when used as an irradiated vaccine, then by responding
to high dose interleukin-2 (IL-2), as in kidney cancer. Now, the
response to checkpoint inhibition has extended the list of human
immunogenic tumors to include Merkel cell, esophageal, Hodgkinss,
and lung cancer. In fact, chemical cancer induction following
harmful exposures goes back to observations of skin cancer of the
scrotum among British chimney sweeps in 1775, viral induction by
Rous in 1911, UV radiation induction by Findlay in 1928, and ion-
izing radiation by Muller in 1927 (11, 89-91). In a sense, we have
come full circle, back to known causes of cancer and the spectrum
of genetic mutations that are involved. These may drive the disease
but may also hold the key for an immunological cure. In many cases,
for chemically induced tumors the neoantigens may be unique.
However, the fact that virus-induced cancers have actually a low
mutational load but still respond to checkpoint inhibitor therapy
similar to chemically induced forms (88) suggests that the number
of mutations is not the be all and end all. Certainly, it is tempting to
think that the reason why human papilloma virus+ head and neck
tumors respond well to RT lies in their immunogenicity.

ARE TUMOR-INFILTRATING T CELLS
EXHAUSTED?

In toto, the literature indicates that in most immunogenic tumor
models, CD8+ T cells are an absolute requirement for regres-
sion, with varying “help” from CD4+ T cells, macrophages, and
other immune compartments. Although not all tumor models
behave the same way, this general finding is in keeping with the
observations that in many human tumors the presence of CD8+
lymphocytes is associated with better prognosis. Many studies
have attempted to correlate immune infiltrates with outcome with
variable degrees of success.

The idea that intratumoral T cells might be exhausted became
a school of thought in the 1980s when it was shown that potency
could be restored by a few days of in vitro culture (85, 86). In
fact, “exhausted” T cells probably mark many chronic conditions,
including chronic infection. In cancer, they express high levels of
inhibitory receptors, including programmed cell death 1 (PD-1),
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), T-cell
immunoglobulin mucin-3, and lymphocyte-activation gene 3, as
well as showing impaired production of effector cytokines, such
as IL-2, tumor necrosis factor alpha (TNF-a), and interferon
gamma (92). They are void of effector functions, but these can
be restored. This is reminiscent of the temporary loss of effector
T cells seen in the spleen and organs from fibrosarcoma-bearing
mice that had been successfully treated with C. parvum (93). In
fact, tumor-specific T cell memory was retained in these mice,
which became apparent when these cells effectively caused tumor
regression in an adoptive transfer model, even though they had
previously lost effector activity—a phenomenon that was called
immunologic amnesia. Effector cell activity could also be restored
during in vitro culture in T cell growth factor (IL-2). It seems rea-
sonable to suggest that the immune system attempts to dampen
chronic inflammatory states, including cancer, either through
T regulatory cells or through directly blocking effector T cell
function, and that the latter can be a result of the dialog between
M2 macrophages and T cells as well as altered metabolism (94).
The good news is that these roadblocks can be lifted, for example
by targeting CTLA-4 or PD-1/programmed death-ligand 1 (PD-
L1), respectively, allowing T cell memory to restore functional
antitumor activity.

DANGER AND THE CHANCE TO ADD
INSULT TO INJURY

The logic for the use of radiation as an adjuvant to enhance anti-
tumor immune responses is rather clearer now than it was in the
1900s, as fundamental immunological theories came together.
The original self/non-self paradigm (95)* and the concept of
recognition of pathogen-associated molecular patterns (PAMPs)
(96) explain how we detect a pathogenic threat, but fall short on
explaining responses originating from within our own (damaged)
tissues. The missing piece of the puzzle emerged in 1994 when
Matzinger introduced the Danger theory that accommodated
immune responses to damaged tissues through recognition of
damage-associated molecular patterns, much as we can respond
to PAMPs (97). Binding to common pattern recognition receptors
culminates in inflammation with activation of signaling pathways
such as nuclear factor kappa B, activator protein 1, and interferon
regulatory factors, with type I interferon activation emerging as a
possibly critical path toward radiation-induced tumor immunity
(98-101). The possibility that radiation-damaged cells and tissues
send out such danger signals to the immune system was outlined
by McBride in the Failla Memorial Lecture at the International

*https://www.nobelprize.org/nobel_prizes/medicine/laureates/1960/burnet-
lecture.pdf.
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Congress of Radiation Research in 2003 (47). There is now
considerable evidence supporting the idea that tissue irradia-
tion feeds into down-stream immune effector pathways, even if
involvement of specific toll-like receptors remains uncertain
(102). Ultimately, one would expect increased immune recogni-
tion—autoimmunity or tumor immunity. Our ability to detect a
rise in tumor-specific T cells in cancer patients as they go through
RT certainly adds validity to this concept (103).

RADIATION, INFLAMMATION,
AND AUTOIMMUNITY

There is a large body of work on radiation and autoimmunity,
starting in the late 1990’ and earlier. The details of these studies are
discussed elsewhere (42, 104) but for the purpose of this historical
journey and considering the relevance to tumor immunology it
is worth outlining the main findings and concepts here: perhaps
the most striking of which is that tissue irradiation is able to both
cause autoimmunity as well as suppress it.

In their most basic form tissue responses to RT can be
described as bona fide inflammatory reactions that are driven
by the extent of cell death and tissue damage. The release of
danger signals, chemokines, and cytokines are doing their part to
translate the situation to the immune system and attract inflam-
matory infiltrates to come into the irradiated area (98, 105-110).
RT drives all of these steps, including a rise in MHC expression
and costimulatory molecules that would—at least in theory—aid
immune recognition and reactivity (111-116).

Indeed, radiation-induced immune responses to self within
the context of normal tissues, ie., autoimmunity, have been
extensively reported. Anti-thyroid autoantibodies and thyroiditis
following thyroid exposure (117, 118), multi-organ immune
disease following total lymphoid irradiation (TLI) in mice (119),
neoantigen formation, and morphea in the skin of irradiated
breast cancer patients (120) are all strong indications for radi-
ation-induced autoimmune disease, as are the T cell infiltrates
seen in normal tissues of cancer patients and transplant recipients
following irradiation and the local inflammatory reactions that
ensue such as sialadenitis, interstitial pneumonitis, and alveolitis
(121-125).

Ironically, this equation changes completely when the patient
already has ongoing inflammation and/or autoimmune disease,
i.e., when the immune balance has shifted in time and space to
reach a new equilibrium. In such cases, WBI or TLI followed
by autologous stem cell transplantation can rebalance T cell
networks (126, 127) and alleviate for instance systemic lupus
erythematosus and rheumatoid arthritis in humans or allergic
encephalitis in mice (128-130). A similar case in point is the
successful treatment of chronic, benign inflammatory conditions
with local, low-dose radiation treatments (131-133).

RADIATION, INFLAMMATION,
AND TUMOR IMMUNITY

Inflammation is a major component of human tumors and
chronic inflammation tends to portend a bad prognosis. In fact,

about 150 years ago, Virchow postulated that inflammation
predisposes to cancer based on his observation that it often arose
at sites of chronic inflammation and noted that inflammatory
cells were often present in resected tumors. The involvement of
infections and associated chronic inflammation as a common
contributor to genetic instability, in addition to direct damage
caused by chemicals, viruses, and radiation, is being resurrected
as various forms of cancer are becoming closely associated with
various microbes.

Apart from the pro-inflammatory effects mentioned above,
RT has additional qualities that would feed into an inflamma-
tory-tumor immunity axis. RTs ability to enhance the expression
of the death receptor Fas on tumor cells is one such example,
potentially sensitizing them to antigen-specific cytotoxic T cells
and, ultimately, tumor rejection (134, 135). On the other hand,
Fas is likely to play a role in radiation-induced lymphocyte
death, and hence tolerance within the radiation field (136).
RT can mature dendritic cells (DCs) so they can cross-present
tumor antigens (137) and for a time at least RT can generate
an immunologically permissive environment, something that
seems to be especially amplified by hypofractionated doses (8).
It is reasonable to suggest that hierarchical antigenic presenta-
tion by the tumor and by the DCs, may be affected during RT
(138) making the case for altered T cell repertoires post-RT
(115). The evidence that local RT dramatically alters the tumor-
associated antigens that are released remains relatively limited,
as is any proof that irradiated human tumors induce strong
immunity, but there is growing evidence that “epitope spread-
ing” is important for tumor rejection (139). What RT certainly
can do, is improve the conditions for tumor immunity to occur,
at least for immunogenic tumors.

While cancer RT is a pro-inflammatory stimulus, the term
“inflammation” is totally inadequate to describe what is essen-
tially a very complex set of pathological states that shift in time
while progressing from what is blithely called “acute” to “chronic”
states. Conditions that might help antitumor immunity can easily
morph into ones that promote carcinogenesis, suppress immunity,
and promote healing. And it may require drastic interventions to
rebalance T cell networks, as in the likes of RT of autoimmune
diseases (see above). One “natural” immune rebalancing act
involves shifting the T cell equilibrium toward suppressor cells,
i.e., Tregs, and this can happen following RT (45, 140-148). This
concept that RT can drive the Treg lineage is discussed elsewhere
(149) but one important point has to be emphasized here as it
relates to a paradoxical observation made decades ago, namely
that sublethal WBI can destroy Ts and as a result allow better
tumor regression, presumably through an immune-mediated
mechanism (46, 150-154). The obvious conclusion at the time
was that Ts must be very sensitive to radiation. Though not
wrong, it doesn’t mean that all Tregs are radiosensitive all the
time. In fact, the WBI was only effective when given within a
short time frame after tumor inoculation. Today we know that
at any given time there are different subtypes of Tregs operating,
each with the ability to alter their proliferative and/or activation
status in response to a challenge and it is not difficult to see how
that leads to fluctuations in radiation sensitivities (155). Given
the focus on manipulating this T cell subset, it seems that there
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may be a use for RT in this context providing the correct timing
can be found.

In a broader context, the outcome of RT with IT will heav-
ily depend on the timing of exposures to these agents, i.e., the
state of the immune system when radiation hits. This includes
microenvironmental factors, especially the cytokine milieu that
dictates trafficking, proliferation, activation, and differentiation
of immune cells and tumor responses. Cytokine responses in the
context of radiation damage have been extensively documented
since the 1990s but to understand them in their full complexity
can be daunting (156). Generally speaking, the cytokine picture
that emerges after RT is one of dichotomy that reflects the two
opposing forces of the immune system. In other words, RT affects
not only the Tregs:Teffs immune balance but also shapes the
ratios of Th1/Th2, M1/M2, and effector and suppressor cells of
other lineages (157) making for an interesting future.

ADVERSE EVENTS

The normal tissue toxicities associated with conventional cancer
radiotherapy are well-known, although the introduction of IMRT
to deliver larger than normal dose per fraction has made treat-
ment volume of growing importance, which is a change in the
way radiobiological constraints are generally considered. IT is
generally thought to be well tolerated in comparison with con-
ventional cancer therapies (158), but the history of this also has
changed. Cooley’s toxins, introduced at the end of the nineteenth
century give expected “flu-like” symptoms similar to those of
bacterial infections, as did C. parvum and BCG, that were used
as immunological adjuvant cancer treatments since the 1960s.

By contrast, high dose IL-2 that was used for treatment of
melanoma and kidney cancer is associated with significant mor-
bidity. Common to many treatments, the incidence and severity
of toxicities have decreased with the gain in experience that comes
with use. IL-2 toxicity can manifest as multiple organ syndrome,
most significantly involving the heart, lungs, kidneys, and central
nervous system in capillary leak syndrome (CLS). As with most I'T
protocols, pharmacological intervention effectively manages the
majority of adverse events, but fatalities have occurred. Treatment
typically consists of supportive care with intravenous fluid, non-
steroidal anti-inflammatory drugs, vasopressors (if needed), and
other measures while awaiting spontaneous recovery. Since RT
also causes CLS, the combination of these treatments would be
expected to interact in at least a cumulative manner. Localization
of the RT may minimize the consequences of the combination,
but too few patients have been treated so far with this way for
conclusions to be drawn and caution is advised. It should be noted
that the dosage requirements for efficacy of IL-2 in the context of
RT are also unknown and may have to be changed.

Toxicities associated with the combination of RT with adop-
tive T cell transfer are also currently unknown, but this topic is
a likely one for future concern, especially when delivered with
concurrent IL-2 administration. Currently, in the clinic, this IT
approach most often employs in vitro expanded, tumor-specific
T cells, or genetically modified populations that express tumor-
directed TCRs or chimeric antigen receptors (CARs). The latter
have an extracellular antigen-binding domain from the heavy

and light chains of a monoclonal antibody that recognizes cell
surface antigens linked to an intracellular signaling domain
derived from the TCR complex, and can include one or more
costimulatory molecules to enhance antitumor activity. On- and
off-target toxicities are uncommon, but CARs treatment was fatal
for several patients in a trial that ascribed the excessive toxicity,
in this case cerebral edema, to the addition of fludarabine to the
preconditioning regime (NCT02535364) (159). The concerns
seem universal in that they revolve around the cytokine release
syndrome that is observed shortly after T cell administration and
additional symptoms similar to sepsis, with fever, tachycardia,
vascular leak, oliguria, hypotension, neurotoxicity, and multi-
organ failure (158). The mediators of the hemodynamic toxicities
in these cytokine storms have yet to be fully identified but IL-6
and TNF-a may be the prime culprits, both of which can be
generated by RT.

The advent of checkpoint blockade IT has unveiled a
slightly different spectrum of toxicities. These have been called
“immunerelated adverse events” (irAEs) and have focused atten-
tion on opportunistic autoimmune disorders (160). Depending
on the target, the toxicities associated with checkpoint inhibition
may vary, but there are elements in common. CTLA-4 counter-
acts CD28-mediated costimulation and induces an inhibitory
program that stops T cell proliferation while driving Treg cells. As
CTLA-4 playsapivotal role in regulating tolerance to self-antigens,
CTLA-4 blockade with ipilimumab or tremelimumab, can be
understood as a lowering of the threshold for T cell activation and
hence results in autoimmune damage of various organ systems.
PD-1 is another member of the family of coinhibitory receptors
(checkpoints) expressed on activated T cells. Interaction with its
ligands PD-L1/B7-H1 and PD-L2/B7-DC on other cells delivers
inhibitory signals to T cells. In general, over half of patients receiv-
ing approved checkpoint inhibitors experience a low grade irAE;
serious adverse reactions are relatively rare, with <1% mortality
(160), but the combination of checkpoint inhibitors is more toxic
and RT would be expected to increase their incidence. Any organ
system may be involved, but the most common are enterocolitis,
hepatitis, dermatitis, thyroiditis, uveitis, neuropathy, pneumoni-
tis, and endocrinopathy. A bitter lesson as to the power of the
immunological synapse was learned from the disastrously trial
of TGN1412, an anti-CD28 superagonist antibody that caused
catastrophic organ failures in all subjects (161).

Cytotoxic T-lymphocyte-associated protein 4 blockade tends
to compromise mucosal immunity in particular and overall drives
a more severe toxicity profile than inhibitors of the PD-1/L1 axis.
Dataon PD-L1 targeting areless developed but 9% grades 3-4 toxic
side effects have been reported (162). Though rare, cardiovascular
toxicity has been reported and can lead to significant morbidity
and mortality especially in cases of pre-existing pathologies (163,
164). Among the immune-related cardiac syndromes reported
after anti-CTLA-4 and anti-PD-1 therapies are autoimmune
myocarditis, cardiomyopathy, heart failure, cardiac fibrosis, and
cardiac arrest, even more so if the agents are combined. Certainly,
pharmacologic or genetic targeting of PD-1 in animal myocarditis
models tell a cautionary tale. It seems that PD-1 is very impor-
tant in protecting the heart against T cell-mediated toxicity that
otherwise would translates into enhanced disease severity, rising
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troponin levels as well as infiltrating lymphocytes, macrophages,
and neutrophils (165). PD-L1 suppression may not always be as
devastating but the take-home message is that the PD-1-PD-L1/
L2 axis is an important checkpoint for myocyte damage and
cardiac pathologies (166-170). Increased atherosclerotic lesion
development and inflammation are additional concerns (171).
Interestingly, pneumonitis may not be as much of a problem dur-
ing PD-L1 targeting as it is during PD-1 blockade as protection
via PD-L2 remains intact in the former therapy (160).

Radiation therapy is pro-inflammatory and this is especially
true at high dose per fraction. It is likely to increase the incidence

of autoimmune reactions and, when combined with checkpoint
inhibitors, more severe toxicities are to be expected. While it
is reasonable to suggest that the toxicities may be greatest in
the organs that receive substantial doses of RT, this may not
be always the case as systemic responses are triggered. Apart
from a few of studies on RT and IT of melanoma brain metas-
tasis, with no obvious excess toxicity (172-174), the incidence
of treatment toxicities to IT combinations remains largely
unknown but with over 800 combined checkpoint inhibitor trials
in the pipeline, and 100 in the context of RT (Table 1), it will
be soon.

TABLE 1 | Radiotherapy-immunotherapy (IT) combination trials currently open.?

Immune axis Drug Radiotherapy Indication Number
of
patients
Cytotoxic T-lymphocyte-  Ipilimumab, tremelimumab Hypofractionated stereotactic Metastatic melanoma, advanced malignancies (liver, lung, 400
associated protein 4 body radiation therapy (SBRT), cervix)
(CTLA-4) stereotactic ablative body radiation
therapy (SABR)
Programmed cell death Pembrolizumab, nivolumab Mostly hypofractionated SBRT, Metastatic melanoma, liver, head and neck squamous cell 4,253
1 (PD-1) some SABR, chemoradiation, carcinoma (SCCHN), metastatic breast cancer, small cell
intensity-modulated radiotherapy lung carcinoma (SCLC), non-small cell lung carcinoma
(IMRT), stereotactic radiosurgery (NSCLG), metastatic renal cell carcinoma (mMRCC),
glioblastoma multiforme, metastatic colorectal carcinoma
(mCRC), pancreatic cancer, follicular non-Hodgkin’s
lymphoma, bladder, endometrial cancer
Programmed death- Durvalumab, atezolizumab, Hypofractionated SBRT, some Metastatic non-small cell lung carcinoma (MNSCLC), 1,273
ligand 1 (PD-L1) or avelumab SABR, chemoradiation, IMRT SCCHN, metastatic Merkel cell, glioma, metastatic
pancreatic cancer, esophogeal cancer
PD-1/PD-L1 + CTLA-4 Nivolumab + ipilimumab or Hypofractionated external beam Metastatic melanoma, SCLC, mNSCLC, mCRC, pancreatic 1,017
durvalumab + tremelimumab  radiotherapy (EBRT), some SBRT, cancer, liver mets, brain mets
chemoradiation, yttrium Y-90
selective internal radiation therapy
Interleukin-2, toll-like Proleukin, imiquimod, CDX- Hypofractionated SBRT, SABR, Metastatic melanoma, mRCC, metastatic breast cancer, 462
receptor 7, recombinant 301, hiltonol, MEDI6469, chemoradiation, low-dose radiation advanced NSCLC, hepatocellular cancer, lymphoma, rectal
human FMS-like sargramostim, galunisertib, therapy (RT) cancer, pediatric brain tumors
tyrosine kinase 3 ligand,  indoximod
Poly-ICLC, OX-40,
recombinant human
granulocyte-macrophage
colony-stimulating
factor, transforming
growth factor beta, IDO,
fibronectin
Therapeutic cancer Autologous dendritic cell Chemoradiation, IMRT, SABR, i.v. Glioma, locally advanced esophageal cancer, NSCLC, 774
vaccines vaccine, peptide vaccine, radium-223, standard of care RT metastatic castrate-resistant prostate cancer, high-risk
sipuleucel-T, nelipepimut-S before IT breast cancer, pediatric glioma
Adoptive T cell transfer Autologous T-cells EBRT or chemoradiation Esophageal cancer, nasopharyngeal cancer, glioma 223
Oncolytic virus and Adenovirus-mediated herpes  Chemoradiation, EBRT, Pancreatic adenocarcinoma, localized prostate cancer, 857

antibody tumor targeting

simplex virus thymidine
kinase + valacyclovir,
herpes simplex virus type
1 G207, bavituximab
(phosphatidylserine),
oregovomab (CA125)

hypofractionated SBRT

pediatric brain tumor, hepatocellular carcinoma

aSource: https://clinicaltrials.gov/, date searched: January 31, 2017, search terms: radiation, PD-1, PD-L1, CTLA-4, radiotherapy, and immunotherapy.
Trials using immunotherapy that directly follows standard of care radiation treatment were included. Excluded were any trials that used radiation as a preconditioning regime prior
to bone marrow transplantation or if radiotherapy was offered solely as a best supportive care option and not as a definite treatment option. Salvage radiotherapy after failed
immunotherapy or vice versa was not included, neither was targeting CD20/CD19 nor EGFR in the context of radiation treatment.
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CONCLUSION

It is easy to appreciate how RT can be a double-edge sword in
the case of immune reactivity being a potential major benefit
but increasing the risk of normal tissue complications. Such is
the fundamental nature of this dilemma that it embodies one
of the most challenging aspects of cancer therapy, namely how
to affect cure while minimizing side effects. However, the other
side of this argument is that a tumor is already a site of ongo-
ing immune involvement, and hence, something that RT might
alter in analogy to the radiation-induced suppression of already
existing autoimmune diseases or chronic inflammation. An inter-
esting and perhaps philosophical take on this comes from Drs.
Prehn who suggested tumor and host evolve along a bell-shaped
immune response curve reaching a perfect equilibrium at the
top when immunity is most conducive to tumor growth and that
basically any attempt at shifting this balance, be it through IT, RT,
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Elena Garcia-Martinez'?, Nils-Petter Rudqvist, Silvia C. Formenti' and Sandra Demaria’*

 Department of Radiation Oncology, Weill Cornell Medicine, New York, NY, USA, 2Department of Hematology and Medical
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The immunostimulatory properties of radiation therapy (RT) have recently generated
widespread interest due to preclinical and clinical evidence that tumor-localized RT
can sometimes induce antitumor immune responses mediating regression of non-
irradiated metastases (abscopal effect). The ability of RT to activate antitumor T cells
explains the synergy of RT with immune checkpoint inhibitors, which has been well
documented in mouse tumor models and is supported by observations of more
frequent abscopal responses in patients refractory to immunotherapy who receive RT
during immunotherapy. However, abscopal responses following RT remain relatively
rare in the clinic, and antitumor immune responses are not effectively induced by RT
against poorly immunogenic mouse tumors. This suggests that in order to improve the
pro-immunogenic effects of RT, it is necessary to identify and overcome the barriers
that pre-exist and/or are induced by RT in the tumor microenvironment. On the one
hand, RT induces an immunogenic death of cancer cells associated with release of
powerful danger signals that are essential to recruit and activate dendritic cells (DCs)
and initiate antitumor immune responses. On the other hand, RT can promote the
generation of immunosuppressive mediators that hinder DCs activation and impair the
function of effector T cells. In this review, we discuss current evidence that several
inhibitory pathways are induced and modulated in irradiated tumors. In particular, we
will focus on factors that regulate and limit radiation-induced immunogenicity and
emphasize current research on actionable targets that could increase the effectiveness
of radiation-induced in situ tumor vaccination.

Keywords: abscopal effect, adenosine, hypoxia, immunotherapy, macrophages, radiation therapy, transforming
growth factor-f, tumor microenvironment

INTRODUCTION

Immune checkpoint blockade with antibodies targeting cytotoxic T lymphocyte-associated pro-
tein 4 (CTLA-4) and programmed cell death protein-1 (PD-1) has shown durable responses in
a significant portion of patients with metastatic cancer. However, patients that lack pre-existing
antitumor immunity are generally unresponsive to these therapies (1). In these patients, treatment
with immune checkpoint inhibitors needs to be combined with a strategy to induce de novo tumor-
specific T cells. Recent findings have shed light on the potential of radiation therapy (RT) to induce
such responses (2).
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Exposure of tumor cells to ionizing radiation (or certain
cytotoxic chemotherapy agents) can result in immunogenic
cell death (ICD) whereby upregulation or release of danger-
associated molecular patterns (DAMPs) including calreticulin,
high-mobility group protein Bl, and adenosine triphosphate
(ATP) alerts the immune system of a potential threat (3, 4).

The release of DAMPs associated with RT-induced cancer cell
death occurs in a dose-dependent fashion and has been shown
to both recruit and activate dendritic cells (DCs) to uptake
tumor antigens and cross-present them to naive T cells thus
initiating antitumor immune responses (Figure 1) (5-9). RT can
also facilitate the recruitment of effector T-cells to the tumor
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FIGURE 1 | Imnmunosuppressive pathways enhanced by RT in the TME that limit RT-induced in situ vaccination. (A) DCs are recruited to the tumor and
activated following RT-mediated induction of ICD and subsequent release of DAMPs in the TME [including ATP, depicted in (E)]. After uptake of TAAs that are
released from dying tumor cells DCs become activated and migrate to tumor-draining lymph nodes where they cross-present the antigens to naive T cells. The
activated TAA-specific CD8* T cells proliferate, acquire effector function, and infiltrate the irradiated tumor and abscopal sites where they eliminate tumor cells.
However, RT promotes not only immune stimulation but also contributes to a suppressive TME that counteracts the newly initiated immune response. (B) Hypoxic
regions within tumors have reduced sensitivity to RT and a suppressive TME that can be exacerbated following RT. RT upregulates transcription of HIF-1a resulting
in expression of a series of genes that promote immunosuppression, by inducing Treg proliferation, M2 polarization of TAMs, and MDSC activation. (C) C-C
chemokine receptor type 2 (CCR2)-expressing monocytes are recruited to the tumor due to increased CCL2 levels following RT. In the tumor, monocytes then
differentiate to TAMs. RT can also directly modulate TAMs through induction of CSF1 causing mobilization, proliferation, and polarization of TAMs to an M2
phenotype. (D) RT activates latent TGFp within the tumor that causes conversion of CD4+ T cells to Tregs, and polarization of TAMs and TANs to an M2 and N2
phenotype, respectively. (E) Tumor cells undergoing radiation-induced ICD release ATP, which is rapidly catabolized into adenosine in the TME by ectoenzymes
CD39 and CD73 expressed on tumor cells, stromal cells, and immune cells. Local accumulation of extracellular adenosine suppresses DCs and effector T cells
while promoting proliferation of Tregs and a more suppressive phenotype in TAMs. DC, dendritic cell; ICD, immunogenic cell death; RT, radiation therapy; DAMPs,
danger-associated molecular patterns; TAA, tumor-associated antigens; TME, tumor microenvironment; pMHC-1, peptide-loaded major histocompatibility class |
complex; TCR, T cell receptor; HIF-1a, hypoxia-inducible factor-1a; VEGFA, vascular endothelial growth factor A; CTLA-4, cytotoxic T lymphocyte-associated
protein 4; PD-1, programmed cell death protein-1; TIM-3, T-cell immunoglobulin and mucin-domain containing-3; LAG-3, lymphocyte-activation gene 3; Treg,
regulatory T cell; TGF, transforming growth factor p; TAM, tumor-associated macrophage; MDSC, myeloid-derived suppressor cell; CSF1, colony-stimulating factor
1; TAN, tumor-associated neutrophil; ATP, adenosine triphosphate.
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by inducing the secretion of CXC motif chemokine ligand
(CXCL)9, CXCL10, and CXCL16 by tumor cells (10-12). In
addition, RT-induced upregulation of major histocompatibility
complex class I molecules, FAS/CD95, and stress-induced natu-
ral killer group 2D-ligands on tumor cells enhance recognition
and killing of cancer cells by cytotoxic T cells (CTLs) (10,
13-15). Overall, these RT-induced signals have been shown
to mediate, at least in part, the powerful synergy between RT
and a variety of immune therapeutic agents, including immune
checkpoint inhibitors and DC growth factors, in experimental
settings where these treatments by themselves were ineffective.
The most important result of this synergy is immune-mediated
tumor regression in non-irradiated metastases, known as
abscopal effect, which has been seen in preclinical models
as well as patients and supports the interpretation that the
irradiated tumor acts as an in situ vaccine generating a systemic
antitumor response (16-21). However, abscopal effects remain
rare, highlighting the need to better understand and address
the obstacles to effective in situ vaccination by RT.

Once tumors are established, they have evolved multiple ways
to escape immune-mediated control and elimination, often by
creating an increasingly immunosuppressive microenvironment
(22). Myeloid cells in the tumor microenvironment (TME) are
polarized toward an immunosuppressive phenotype, and DCs
acquire a tolerogenic function or are excluded altogether from
the tumor (23). If effector T cells are present, they are unable to
function due to inhibitory molecules expressed on tumor and
stromal cells and/or a suppressive cytokine milieu (22). There
are multitudes of signaling pathways that govern the suppressive
nature of the TME, and the modulation of these pathways by RT
is an active area of study.

Tumors, which often behave like non-healing wounds, are
rich in tumor-associated macrophages (TAMs), whose sup-
pressive properties are largely regulated by colony-stimulating
factor 1 (CSF1), a growth factor that is upregulated in irradi-
ated tumors (24). TAMs secrete transforming growth factor-f
(TGFp) and other cytokines that suppress effector T cells and
stimulate regulatory T cells (Tregs). The TME contains large
amounts of inactive TGFp, which can be converted to its active
form by RT, as discussed below. In addition to its stimula-
tory effect on tumor angiogenesis, fibrosis, and cell growth,
TGFp has direct inhibitory effects on the antitumor immune
response. Under conditions of hypoxic stress, which occurs
commonly in growing tumors and can be further exacerbated
following RT, tumor cells utilize hypoxia-inducible factors
(HIFs) to induce expression of genes that help them cope
metabolically with the low oxygen levels and vascularize the
tumor tissue, including vascular endothelial growth factor A
(VEGE-A). Moreover, the hypoxic TME contains high levels
of adenosine, a pleiotropic immunosuppressive mediator that
can be actively secreted from intracellular stores or generated
by extracellular catabolism of ATP released following cellular
stress including RT-induced ICD (5, 25). In this review, we
will discuss how RT regulates these fundamental immunosup-
pressive pathways, how they interact and affect each other and
importantly, how they modulate the ability of RT to induce
antitumor immunity.

REGULATION OF TAMs IN THE
IRRADIATED TUMOR

TAMs comprise a major component of the inflammatory
infiltrate in many solid tumors and for the most part promote
a tolerogenic and immunosuppressive milieu. Their presence
in ovarian, prostate, cervical, and breast malignancies is cor-
related with poor prognosis (26). TAMs can acquire functional
properties that span the spectrum from M1 to M2-type tissue
macrophages. Classically activated (M1) macrophages are highly
phagocytic toward tumor cells, present antigens effectively and
secrete pro-inflammatory cytokines essential for the recruitment
and activation of T and natural killer (NK) cells (27). In contrast,
under the influence of a Th2-type cytokine environment, mac-
rophages become alternatively activated (M2) and perform tissue
remodeling and immunosuppressive functions promoting tumor
progression. In most tumor studies, TAMs have been shown
to promote tumor invasion and metastasis (28, 29). This pro-
tumorigenic phenotype is highly influenced by the progressively
growing tumor and by soluble factors secreted by both cancer
cells and other infiltrating immune cells (30).

TAMs produce high levels of immunosuppressive IL-10 and
stimulate angiogenesis that further supports tumor growth (31).
However, in some malignancies such as lung and gastric cancer,
the presence of TAMs correlated with a more favorable patient
outcome, suggesting a high functional plasticity of TAMs, which
may acquire M1-like properties in some tumors. Importantly,
radiation can profoundly modulate TAM populations in several
ways (a) it depletes TAM as well as immature myeloid cells, (b)
it increases their recruitment, (c) it causes their re-distribution
between areas of necrosis and hypoxia elicited by RT, (d) it
changes their polarization toward either M1 or M2 phenotype,
and (e) it improves the ability of macrophages to present tumor
antigens (32, 33).

Although the molecular mechanisms that underlie the ability
of radiation to provoke these effects remain incompletely defined,
the activation of the signaling pathway mediated by the growth
factor CSF1 plays a critical role. Binding of CSF1 to its cognate
receptor tyrosine kinase colony-stimulating factor 1 receptor
(CSF1R) rapidly initiates the proliferation, differentiation, and
migration of tissue-resident macrophages (Figure 1) (34, 35).
The CSF1/CSFIR pathway is critical in recruiting TAMs and
promoting tumor growth. In patients with breast, prostate, and
ovarian cancer, high CSF1 levels have been shown to correlate
with poor prognosis (36-38). Furthermore, the prognostic value
of a CSF1-responsive gene signature was validated in a subset
of breast cancer patients, where it was shown to predict risk of
recurrence and invasiveness (39, 40). The expression of CSF1 in a
broad array of human and murine tumor cell lines was increased
after irradiation in vitro as well as in vivo in implanted tumors
(24). An increase in the levels of serum CSF1 was observed in
prostate cancer patients receiving radiotherapy, suggesting that
the radiation-induced CSF1 upregulation is clinically relevant.
The molecular mechanism of RT-induced CSF1 upregulation
was recently described in a mouse prostate carcinoma. The non-
receptor tyrosine kinase ABL1, which mediates apoptosis and
cell cycle arrest and is activated following radiation, was shown
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to translocate to the nucleus and bind to the CSF1 promoter
region. Importantly, blocking the CSF1/CSF1R signaling pathway
using either a selective inhibitor (GW2580) or a highly potent
small molecule inhibitor of CSF1R kinase (PLX3397) resulted in
significant reduction in TAM infiltration and improved tumor
control by RT in a mouse model (24), suggesting that the CSF1/
CSFR1 axis is an important therapeutic target.

Another chemokine implicated in the RT-induced myeloid
cell recruitment to the tumor is C-C motif ligand 2 (CCL2). In a
mouse tumor model of pancreatic adenocarcinoma (PDAC), local
delivery of a single 20 Gy dose markedly augmented the release
of CCL2 by tumor cells, which was consequently accompanied
by the infiltration of inflammatory macrophages expressing C-C
chemokine receptor type 2 (CCR2, the cognate receptor for CCL2)
(Figure 1) (41). The mobilization of inflammatory monocytes via
CCL2/CCR2 axis has been described as a negative prognosticator
in breast, pancreatic, and hepatocellular cancer, and its activation
may further play a key role in mediating resistance of PDAC to
ablative radiotherapy (28, 42, 43). These findings suggest that
CCL2/CCR2 antagonists currently under clinical evaluation may
have a new role in the context of radiotherapy, where they could
be used to improve patient responses (Table 1) (44-46).

HYPOXIA IN RT-TREATED TUMORS
AND IMMUNE REGULATION BY HIF-1ax
AND VEGF-A

Perturbation in oxygen homeostasis is a common feature of solid
tumors, in which hypoxic regions are more resistant to RT. Indeed,
ionizing radiation creates free radicals that are highly reactive due
to their unpaired electrons and can therefore react with molecular
oxygen leading to the production of reactive oxygen species
(ROS). High concentrations of ROS, such as superoxide anion
radical or hydrogen peroxide, can initiate harmful chemical
reactions within the cells, including DNA damage. Thus, well-
oxygenated cancer cells are more sensitive to cytocidal effects of
RT than hypoxic cells.

Hypoxia-inducible factor-la (HIF-1a) is a key transcription
factor induced by hypoxia that has been reported to correlate
with a poor prognosis, local tumor recurrence, and distant tumor
metastases after RT (47, 48). Upregulation of HIF-1a in response
to RT enhances endothelial cell radioresistance (49). Irradiation
induces the stabilization of HIF-1a protein in glioma cells, thereby
promoting angiogenesis and malignant progression (50). HIF-1a
regulates multiple genes and signaling pathways including cancer

TABLE 1 | Comprehensive summary of clinical trials associated with immunosuppressive pathways regulated by radiation therapy (RT).

Pathway Immunotherapy RT regimen Condition Status and phase Identifier
targeted
TGFp-mediated  Galunisertib (LY2157299)—TGFp antagonist Stereotactic body Hepatocellular Not yet recruiting NCT02906397
inhibition radiotherapy carcinoma (Phase 1)
Galunisertib (LY2157299)—TGFp antagonist 7.5 Gy x 3 fractions Breast cancer Recruiting (Phase 2) NCT02538471
Fresolimumab (GC1008)—TGFp antagonist 7.5 Gy x 3 fractions Breast cancer Ongoing (Phase 2) NCT01401062
Galunisertib (LY2157299)—TGFp antagonist 1.8-2.0 Gy x 30 fractions ~ Malignant glioma Ongoing (Phase 1-2) NCT01220271
Fresolimumab (GC1008)—TGFp antagonist Stereotactic ablative Non-small cell lung Recruiting (Phase 1-2) NCT02581787
radiotherapy carcinoma
Tumor- Pexidartinib (PLX3397)—CSF1R inhibitor Yes (dose not determined)  Prostate cancer Recruiting (Phase 1) NCT02472275
associated
macrophages- Pexidartinib (PLX3397)—CSF1R inhibitor 60 Gy (5 days/week for Glioblastoma Ongoing (Phase 1-2) NCT01790503
recruitment and 6 weeks)
polarization Pexidartinib (PLX3397)—CSF1R inhibitor No RT Tenosynovial giant cell  Ongoing (Phase 3) NCT02371369
tumor
Carlumab (CNTO 888)—anti-CCL2 monoclonal No RT Prostate cancer Completed (Phase 2) NCT00992186
antibody
Adenosine- MEDI9447 —CD73 inhibitor No RT Advanced solid Recruiting (Phase 1) NCT02503774
mediated tumors
inhibition ; ; ;
Tozadenant (SYN115)—A2AR antagonist No RT Parkinson’s disease Completed (Phase 2-3)  NCT01283594
VEGF-A/HIF- Bevacizumab —anti-VEGF monoclonal antibody Yes (dose not determined)  Glioblastoma Ongoing (Phase 0) NCT01091792
1a-mediated multiforme
inhibition
Sorafenib—protein kinase inhibitor targeting 1.8 Gy daily for 5 weeks Pancreatic cancer Completed (Phase 1) NCT00375310
VEGF receptor
Bevacizumab —anti-VEGF monoclonal antibody, 60 Gy (5 days/week for Glioblastoma Ongoing (Phase 3) NCT00884741
Temozolomid 6 weeks)
Bevacizumab —anti-VEGF monoclonal antibody, No RT Metastatic melanoma  Ongoing (Phase 1) NCT00790010

Ipilimumab —anti-CTLA-4 monoclonal antibody
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cell survival, tumor neovascularization, and metabolism, which
directly and indirectly impact antitumor immunity. Hypoxia can
interfere with T cell effector function by selectively upregulat-
ing programmed death-ligand 1 (PD-L1) expression on both
tumor cells and myeloid-derived suppressor cells (MDSCs) in a
HIF-1a-dependent manner. Blockade of PD-L1 under hypoxia
prevents T cell apoptosis and abrogates MDSC-mediated T cell
suppression by modulating MDSCs cytokine production (51, 52).

Accumulating evidence indicates that hypoxia can also con-
tribute to immune tolerance by regulating immunosuppressive
cell populations. Facciabene et al. have demonstrated that hypoxic
tumors promote the recruitment of Tregs via CCL28, which, in
turn, dampen effector T cell function and promote angiogenesis
(53). TAMs have been shown to inhibit T-cell proliferation under
hypoxia in a HIF-1a-dependent manner in the murine MMTV-
PyMT model of breast cancer. Furthermore, targeted deletion of
HIF-1a in myeloid cells resulted in reduced tumor growth (54).
Although tumor hypoxia does not influence the differentiation
and/or polarization of TAMs, it does fine-tune the phenotype of
the M2-like macrophage population (55). HIF-1a also regulates
MDSCs differentiation and function in the TME (51, 56). Sceneay
et al. have also reported that factors secreted by hypoxic tumors
(driven by HIF-1a signaling) condition the establishment of the
premetastatic niche by recruiting granulocytic MDSCs and sup-
pressing NK cell cytotoxicity (57).

As mentioned above, one important role of HIF-1a is the
stimulation of angiogenesis (58-60). In the absence of oxygen,
HIF-1a binds to hypoxia-response elements, thereby activating
the expression of multiple hypoxia-response genes, including
VEGF-A, which is produced by a majority of tumor cells, is
present in the serum of cancer patients and whose expres-
sion is increased by RT (Figure 1) (61, 62). In addition to
its direct pro-angiogenic properties, VEGF-A is also a potent
immunosuppressive mediator in the TME. VEGFR?2, one of its
two key receptors, is selectively expressed by Foxp3hsh CD4*
Tregs and VEGF-A has been shown to induce Treg proliferation
in a VEGFR2-dependent manner in tumor-bearing mice and
metastatic colorectal cancer patients (63, 64). VEGF-A arrests
the differentiation of myeloid cells, resulting in the accumula-
tion of MDSCs (65, 66). Horikawa et al. have shown recently that
the VEGF-A/VEGFR2 pathway increases intratumoral MDSCs
and promotes tumor progression in a mouse ovarian cancer
model. They also showed that VEGF expression correlated with
MDSCs infiltration in human samples from the peritoneum of
ovarian cancer patients with disseminated disease (67). Besides
these effects on immunoregulatory cells, a direct inhibition
of conventional T cells by VEGF-A has been reported (68).
VEGEF-A also enhances the expression of inhibitory receptors
by CD8* T cells (Tim-3, CTLA-4, PD-1, Lag-3) in a VEGFR2-
NFAT-dependent manner. Treatment of CT26 tumor-bearing
mice with VEGF-A antibody decreases the expression of these
inhibitory receptors on CD8" T cells isolated from the tumor
and from hepatic metastases (69). Recently, Motz et al. have
demonstrated that VEGF-A together with IL-10 and PGE2 in
hypoxic regions can induce Fas ligand expression on tumor
endothelial cells, leading to the apoptosis of effector CD8*
T cells (70).

Altogether, these data suggest that VEGF-targeted therapies
could reverse immunosuppression and increase antitumor
immunity. Notably, inhibiting VEGF-A pathway by neutralizing
antibodies has been shown to increase the antitumor effects of
ionizing radiation (71, 72). Currently, the most prominent VEGF
pathway-targeting drug is bevacizumab; a recombinant human-
ized monoclonal antibody that binds to human VEGF-A. A
combinatorial therapy targeting tumor hypoxia by using HIF-1a
or VEGF-A inhibitors along with RT and immunotherapy (PD-
L1 or other immune checkpoint inhibitor) may be beneficial for
enhancing antitumor immunity in cancer patients.

DUAL ROLE OF ADENOSINERGIC
SIGNALING IN TUMORS FOLLOWING RT

Adenosine accumulation in the TME has been identified as a
central immunosuppressive factor (73, 74). ATP is the universal
carrier of chemical energy and is present in all metabolically
active cells. When released into the extracellular space follow-
ing ICD, ATP triggers recruitment of DCs, and other antigen-
presenting cells through P2Y2 receptor-dependent chemotaxis
(75). In addition, ATP constitutes an important activation signal
for DCs by activating the NLRP3 inflammasome through ligation
with the P2RX7 receptor (76). DCs are stimulated to produce
pro-inflammatory cytokines IL-1f and IL-18, and they start to
differentiate, allowing them to process engulfed tumor antigens,
and migrate to the draining lymph nodes to cross-present the
antigens to naive T cells (6, 77, 78).

RT has been shown to trigger release of ATP from tumor
cells in a dose-dependent manner suggesting that ATP is a key
mediator of radiation-induced antitumor immunity (5). However,
ATP is rapidly catabolized in the TME by the action of ectonu-
cleotidases CD39 (ecto-nucleoside triphosphate diphosphohy-
drolase 1) that catalyzes the hydrolysis of ATP into adenosine
diphosphate (ADP) and ADP into adenosine monophosphate
(AMP). AMP is then converted into adenosine by irreversible
hydrolysis catalyzed by CD73 (ecto-5"-nucleotidase), the rate-
limiting enzyme for adenosine generation (79). Adenosine is
a pleiotropic anti-inflammatory mediator that directly inhibits
the activity of antigen-presenting cells and effector lymphocytes,
primarily through uptake via adenosine receptor 2A (A2AR), and
also indirectly by promoting proliferation of Tregs and skewing
the polarization of TAMs from an M1 to an M2 phenotype
(Figure 1) (80-82). Moreover, the expression of A2AR is
upregulated under hypoxic conditions (83).

CD73 is expressed in a multitude of cancers and its sig-
nificance in tumor progression is supported by studies showing
that CD73 expression levels correlated with worse prognosis in
triple-negative breast cancer as well as in gastric, colorectal, and
gallbladder cancer (84-87). Moreover, preclinical studies have
revealed that CD73-deficient mice have a suppressed growth
of implanted tumors and are protected from experimental
metastases (88). Although the expression of CD39 has not yet
been correlated with tumor behavior or stage in patients, CD39
is overexpressed in some human tumor cells and co-culture
of CD39* tumor cells with activated CD4* and CD8* T cells
suppressed T cell proliferation, which was abrogated in the
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presence of CD39-blocking antibody or A2AR inhibitor (89).
Interestingly, CD39 and CD73 are also expressed by effector
T cells, and their expression is regulated by the concentration of
ATP metabolites in the extracellular milieu (90). Expression of
CD39 and CD73 in Tregs correlates with their suppressive capac-
ity, highlighting the plasticity and importance of adenosinergic
signaling in regulating immune activation (91-94). Moreover,
MDSCs express CD39 and CD73 and are sensitive to adenosine
signaling, which affects their function and migration (95, 96).
The suppressive activity of granulocytic MDSCs is increased in
presence of AMP in vitro (97).

Stagg and colleagues have shown that pharmacological
blockade of adenosine generation or uptake, by inhibition of
CD73 or A2AR, respectively, promotes antitumor immune
responses and synergizes with anti-PD-1 and anti-CTLA-4
(98-100). To date, little is known of the interplay between radia-
tion and adenosine-mediated immunosuppression. However,
our data suggest that the dose-dependent release of ATP fol-
lowing tumor irradiation along with a high ectonucleotidase
expression in the TME may lead to increased adenosine levels
following RT and limit the efficacy of radiation-induced in situ
tumor vaccination (101).

TGFp AS A CENTRAL REGULATOR OF
RT-INDUCED TUMOR IMMUNOGENICITY

TGEp is a multipotent cytokine involved in the regulation of
cellular differentiation, survival, and function of many, if not
all, immune-cell types (102-106). For instance, approximately
25 years ago, Shull and colleagues reported a massive activation
and expansion of T cells in TGFp1-deficient mice, indicating
that one of the major roles of TGFp is the regulation of T cell
differentiation and function (107). Since then, TGFp has been
demonstrated to inhibit the functional differentiation of CD8*
T cells into CTLs and to actively contribute to the conversion of
naive CD4* T cells into Tregs upon TCR cross-linking (108-110).
TGEp has also been reported to induce expression of CD73, and
to a lesser extend CD39 in both CD4* and CD8* T cells (111).
Chalmin and colleagues have corroborated these findings by
showing that the expression of CD39 and CD73 is under TGFf
transcriptional control in in vitro generated Th17 cells via Stat3
activation (112).

Immune regulation mediated by TGFp extends far beyond the
T cell compartment with TGFp playing a key role in subverting
adaptive immunity by inhibiting DCs activation and skewing the
phenotypeofmacrophagesfromM1toM2(113-116).Importantly,
aside from their well-described role in host defenses, accumulat-
ing evidence indicate that neutrophils exhibit a high phenotypic
and functional plasticity depending upon TGEFp available in the
TME (117). Indeed, similar to macrophages, TGEp has been
shown to drive the phenotype change of a more tumor cytotoxic
and pro-inflammatory phenotype (N1) into a tumor supportive
phenotype (N2) (113). Radiation activates latent TGFf through a
conformational change of the latency-associated peptide-TGFp
complex releasing active TGFp (Figure 1) (118, 119).

The role of TGFP as a master regulator of RT-induced
antitumor T cell responses was demonstrated in two mouse

tumor models of breast cancer. Antibody-mediated neutraliza-
tion of TGFp was required to achieve RT-induced priming
of CD8 T cells to multiple endogenous tumor antigens.
Importantly, complete regression of the irradiated 4T1 tumor
and inhibition of spontaneous lung metastases was seen only
in mice treated with RT in the presence of TGFf neutraliza-
tion and was mediated by T cells. Likewise, effective growth
inhibition of non-irradiated synchronous subcutaneous TSA
tumors required TGFp neutralization together with RT to
the contralateral TSA tumor, demonstrating an abscopal
effect (120). These data highlight the importance of TGFf-
mediated immunosuppression in the context of the irradiated
tumor. While concurrent blockade of TGFf with RT-achieved
therapeutically effective antitumor immune responses able to
extend mice survival, upregulation of PD-L1 in the irradi-
ated tumor, detected on both carcinoma cells and infiltrating
myeloid cells, was found to limit tumor rejection, leading
to early tumor recurrence. Upregulation of PD-L1-following
RT has been reported in several preclinical studies and is
mediated via at least two distinct mechanisms. In relatively
immunogenic tumors, RT alone was able to elicit antitumor
T cells that infiltrated the tumor and produced interferon-y
(IFNy), which in turn induced PD-L1 expression on tumor
cells (120, 121). Similarly, PD-L1 upregulation was driven by
effector T cell infiltration in a poorly immunogenic tumor
after RT plus TGFp blockade (120).

These data suggest that when RT alone or in combination with
an immune modulator elicits T cell responses that are insufficient
to reject the tumor, the upregulation of immune checkpoint mol-
ecules in response to immune attack limits tumor rejection (122).
As discussed above, another mechanism of PD-L1 upregulation
is mediated by RT-induced HIF-1a (51, 123). Thus, PD-1/PD-L1
axis may represent an important obstacle to RT-induced tumor
rejection, a hypothesis currently being tested in several clinical
studies (124).

USING RADIOTHERAPY TO ENHANCE
RESPONSES TO IMMUNOTHERAPY IN
THE CLINIC

Several therapeutics designed to counteract the accumulation or
action of immunosuppressive mediators are undergoing testing
in cancer patients, in some cases in combination with RT. Table 1
provides examples of clinical trials that investigate drugs targeting
the suppressive pathways discussed above. We have not included
trials testing RT with anti-PD-1 or anti-PD-L1 since the latter
were discussed in several recent reviews (124-126).
Antiangiogenic therapy in the form of the anti-VEGF-A
antibody bevacizumab has been tested in combination with the
anti-CTLA-4 antibody ipilimumab in patients with metastatic
melanoma demonstrating favorable clinical outcomes and
was associated with improved tumor T cell infiltration (127,
128). Preclinical studies in colorectal cancer xenografts have
demonstrated that inhibition of the VEGF receptor (VEGFR)
with concomitant fractionated RT resulted in normalization
of vasculature and improved tumor control compared to RT
or VEGFR-inhibition alone (129). Hyperfractionated RT is
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currently being combined with bevacizumab in glioblastoma
patients and with sorafenib (a protein kinase inhibitor targeting
VEGEFR) in patients with pancreatic cancer (NCT00884741,
NCT00375310).

The central role of TGFp in modulation of RT-induced
tumor immunogenicity has prompted the combined use of RT
and TGFf-inhibitors in clinical cancer trials. Following the
development of the small molecule inhibitor of TGFp-receptor
I galunisertib (LY2157299), its safety profile has been tested in
clinical trials, where intermittent administration was shown to
be safe in patients with advanced cancer (130, 131). TGFp neu-
tralization by the monoclonal antibody Fresolimumab (GC1008)
was also shown to be without dose-limiting toxicity up to 15 mg/
kg in malignant melanoma and renal cell carcinoma (132).
Fresolimumab is currently being tested in combination with
hypofractionated RT in patients with metastatic breast cancer
and lung cancer (NCT01401062, NCT02538471).

Inhibition of TAM recruitment or activation in solid tumors
as a measure to reduce immune suppression and favor immune-
mediated antitumor activity is a promising therapeutic concept
(36, 133). A phase I-II study of the CSFIR inhibitor PLX3397,
which included 23 patients with advanced tenosynovial giant-cell
tumors in the extension phase II part, showed promising results,
with 12 patients having a partial response and 7 patients with
stable disease. The median duration of responses was 8 months
at the time of data cutoff (134). The CSF1R inhibitor PLX3397
is currently under investigation in patients with prostate cancer
and glioblastoma in combination with RT (NCT02472275,
NCT01790503). Moreover, safety and tolerability of an anti-CCL2
monoclonal antibody (carlumab, CNTO 888) as single therapy is
under investigation in metastatic and castrate resistant prostate
cancer (NCT00992186).

Although adenosine blockade has not been clinically tested
in patients receiving RT, inhibitors of both adenosine conver-
sion (anti-CD73 monoclonal antibodies) and adenosine uptake
(A2AR-inhibitors) have been tested for safety and tolerability
in patients with cancer and Parkinson’s disease, respectively
(NCT02503774, NCT01283594). Also in development for poten-
tial use in cancer patients are antibodies targeting CD39, which
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Benjamin Frey' and Udo S. Gaipl™*

" Department of Radliation Oncology, Universitétsklinikum Erlangen, Friedrich-Alexander-Universitat Erlangen-Nirnberg,
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Immunotherapy approaches currently make their way into the clinics to improve the
outcome of standard radiochemotherapy (RCT). The programed cell death receptor
ligand 1 (PD-L1) is one possible target that, upon blockade, allows T cell-dependent
antitumor immune responses to be executed. To date, it is unclear which RCT protocol
and which fractionation scheme leads to increased PD-L1 expression and thereby ren-
ders blockade of this immune suppressive pathway reasonable. We therefore investi-
gated the impact of radiotherapy (RT), chemotherapy (CT), and RCT on PD-L1 surface
expression on tumor cells of tumor entities with differing somatic mutation prevalence.
Murine melanoma (B16-F10), glioblastoma (GL261-luc2), and colorectal (CT26) tumor
cells were treated with dacarbazine, temozolomide, and a combination of irinotecan,
oxaliplatin, and fluorouracil, respectively. Additionally, they were irradiated with a single
dose [10 Gray (Gy)] or hypo-fractionated (2 x 5 Gy), respectively, norm-fractionated
(5 x 2 Gy) radiation protocols were used. PD-L1 surface and intracellular interferon
(IFN)-gamma expression was measured by flow cytometry, and IL-6 release was
determined by ELISA. Furthermore, tumor cell death was monitored by AnnexinV-
FITC/7-AAD staining. For first in vivo analyses, the B16-F10 mouse melanoma model
was chosen. In B16-F10 and GL261-luc2 cells, particularly norm-fractionated and
hypo-fractionated radiation led to a significant increase of surface PD-L1, which could
not be observed in CT26 cells. Furthermore, PD-L1 expression is more pronounced on
vital tumor cells and goes along with increased levels of IFN-gamma in the tumor cells.
In melanoma cells CT was the main trigger for IL-6 release, while in glioblastoma cells
it was norm-fractionated RT. In vivo, fractionated RT only in combination with dacar-
bazine induced PD-L1 expression on melanoma cells. Our results suggest a tumor
cell-mediated upregulation of PD-L1 expression following in particular chemoradiation
that is not only dependent on the somatic mutation prevalence of the tumor entity.

Keywords: fractionated radiotherapy, immunotherapy, checkpoint inhibitor, PD-L1, IFN-gamma, IL-6, melanoma,
glioblastoma
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INTRODUCTION

A promising new cancer treatment strategy is combining classical
radiochemotherapy (RCT, chemoradiation) withimmunotherapy
(IT). Even it is known since long time that RCT does not induce
complete immune suppression and that besides temporarily
restricted leukopenia and granulocytopenia, the remaining
immune cells preserve their function (1), only in the recent
years preclinical and clinical research focused on combination
of RCT with IT (2). As certain chemotherapeutic agents such as
anthracyclines (3), also ionizing radiation is capable of rendering
the tumor cell and its microenvironment immunogenic by induc-
ing the upregulation of activation markers for immune cells and
death receptors on tumor cells and by further inducing the release
of danger signals and cytokines (4-6).

However, besides these immune-stimulating properties of
radiation, it can also induce the upregulation of immune sup-
pressive molecules. The programed cell death receptor ligand 1
(PD-L1, CD274, or B7-H1) is one prominent example for this.
Under normal physiological conditions, PD-L1 is constitutively
expressed on immune cells, including dendritic cells (DCs),
as well as on non-hematopoietic cells (7) and helps to main-
tain self-tolerance. Upon binding to its inhibitory receptor,
programed death receptor 1 (PD-1) (8), T cells are impaired
(9). Many tumor entities show a constant PD-L1 surface
expression and thereby evade immune surveillance (7, 10). The
pro-inflammatory cytokine interferon (IFN)-gamma has been
shown to induce upregulation of PD-L1 on the surface of tumor
cells (11).

Therefore, blocking either the immune checkpoint protein
PD-1 or its ligands PD-L1 and/or PD-L2 are new anticancer
treatment strategies that have already been shown to be success-
ful (12). Durable responses occurred in 30-35% of patients with
advanced melanoma (13-15), and consecutively many clinical
and preclinical studies for other tumor entities such as lung (16),
breast (17, 18), and bladder (19) were initiated.

In particular, to exploit the radiation-induced increased
endogenous antitumor immune responses, the increased expres-
sion of PD-L1 on tumor cells or infiltrating immune cells has to
be counteracted by blocking the PD-1/PD-L1 pathway (20). For
this, knowledge about expression of PD-L1 on tumor cells after in
particular RCT is mandatory to adapt multimodal therapies for
the most beneficial induction of antitumor immunity.

Of note is that targeting PD-L1 is not equally successful in
every patient and should have PD-L1 surface expression on
the tumor cells as prerequisite (21). Studies examining PD-L1
expression in murine tumor models have already shown that
radiation can induce an upregulation of PD-L1 on tumor cells
as unwanted side effect. It is mostly mediated by IFN-gamma-
producing T cells (22). Furthermore, chemoradiation led to
increased PD-1 expression on CD4+ T cells in the peripheral
blood of patients with human papillomavirus-related oro-
pharyngeal cancer (23).

However, only little is known which RCT protocol induces
immunogenic tumor cell death and further leads to increased
PD-L1 expression on tumor cells of a distinct tumor entity and
thereby renders blockade of the PD-1/PD-L1 pathway reasonable.

We therefore investigated the effect of tumor entity-related RCT
schemes on the induction of cell death and concomitant PD-L1
expression on viable and apoptotic tumor cells. The latter are
immune suppressive since they expose phosphatidylserine (24).
This could be further enhanced by additional expression of
PD-L1, which is again counterproductive for antitumor immune
responses.

The somatic mutation prevalence of tumor cells is highly
connected with the tumor cells immunogenicity. Mutations
might lead to the generation of neoantigens against which an
immune response is started (25). Radiotherapy (RT) further
contributes to the generation of neoantigens, and neoantigen-
specific CD8+ T cell responses have been shown to go along
with tumor regression (26). Since melanoma has the highest
somatic mutation prevalence it does respond very well to I'T. We
therefore focused in our preclinical examinations on this tumor
entity and compared it with one displaying only intermediate
somatic mutation prevalence, namely colorectal cancer (27).
Additionally, glioblastoma cells were included to get hints about
RCT-induced modulation of the immunological tumor cell
phenotype of a tumor entity located at an immune-privileged
organ, namely the brain.

MATERIALS AND METHODS

Cell Culture and Reagents

Established murine melanoma (B16-F10, ATCC, USA), glio-
blastoma (GL261-luc2, Caliper, USA), and colorectal carcinoma
(CT26, ATCC, USA) cell lines were used. B16-F10 and CT26
cells were maintained in RPMI 1640 medium (Sigma, USA), sup-
plemented with 10% heat-inactivated FCS, 100 U/ml penicillin,
and 100 pug/ml streptomycin (Gibco, USA). GL261-luc2 cells were
cultured in high glucose Dulbecco’s Modified Eagle’s Medium
(Gibco, USA) supplemented with heat-inactivated 10% FCS
(Biochrom, Germany) and 0.5% geneticin (Gibco, USA). Cells
were grown in cell culture flasks (Greiner BioOne, Germany) in
a humidified chamber at 37°C and 5% CO,. All cell lines were
tested to be free of mycoplasma contamination. Irinotecan,
oxaliplatin, and fluorouracil were purchased as ready-to-use
infusions. Temozolomide (TMZ, Sigma-Aldrich, USA) was dis-
solved at a stock concentration of 100mM in dimethylsulfoxide
(Roth, Germany) and stored at —20°C. Dacarbazine (DTIC,
Sigma-Aldrich, USA) was dissolved in culture medium before
use. Chemotherapeutics were diluted in the respective medium
before cell treatment. As a positive control for PD-L1 induction
(0.5 ng/ml), recombinant murine interferon-gamma (rmIFN-y,
R&D Systems, USA) was administered to otherwise non-treated
cell cultures.

Treatment of Tumor Cell Lines

Cells were seeded at a density of 20,000-25,000 B16-F10 cells,
30,000 CT26 cells, and 100,000 GL261-luc2 cells per 25 cm?. After
resting overnight, tumor cells were subjected to chemotherapeutic
treatments and radiation. In brief, B16-F10 cells were treated with
a single dose of 250uM DTIC on day 1, GL261-luc2 cells were
treated with 20uM TMZ every other day for 5 days, and CT26
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cells were incubated with single doses of 10 ug/ml irinotecan,
10 ug/ml oxaliplatin, and 400 ng/ml 5-fluorouracil for 4 h, before
chemotherapy (CT) was washed off using Dulbecco’s phosphate-
buffered saline (Gibco, Germany) and cells were cultured in fresh
medium.

After CT, cells were irradiated using an X-ray generator
(120 kV, 22.7 mA, variable time; GE Inspection Technologies,
Germany) with either a single dose of 10 Gray (Gy) on day 5,
hypo-fractionated 2 X 5 Gy on days 3 and 5 or norm-fractionated
5 % 2 Gy RT (Figure 1).

Cell Death Determination and PD-L1

Surface Expression of Tumor Cells

About 24 and 48 h after the last irradiation, tumor cells were
harvested for analyses by flow cytometry. For cell death detection
and analysis of PD-L1 or PD-L2 surface expression, 0.5-1 X 10°
tumor cells were blocked with Fc Block (anti-CD16/32 antibodies,
Aftymetrix, USA), stained with 7-Aminoactinomycin D (7-AAD
Biolegend, USA), AnnexinV-FITC (AxV, Life Technologies
and Sigma-Aldrich, USA), and anti-PD-L1-PE-Cyanine7
(Affymetrix, USA) or anti-PD-L2-APC (Biolegend, USA) for
30 min at 4°C in the dark and analyzed using flow cytometry
(Gallios, Beckman Coulter, USA). Before use, the anti-PD-L1
(clone MIHS5, dilution 125 ng/ml) and anti-PD-L2-APC (clone
TY25, 1/100, Biolegend, USA) antibodies were titrated, and the
isotype control for every condition was subtracted from the
measured PD-L1 or PD-L2 mean fluorescence intensity. Cells
negative for AnnexinV-FITC and 7-AAD (AxV~/7-AAD") were

identified as vital, cells positive for AxV but negative for 7-AAD
(AxV*/7-AAD™) as apoptotic and cells positive for 7-AAD
(7-AAD") as necrotic.

Measurement of Intracellular IFN-Gamma
For intracellular analysis of IFN-gamma, the Cytofix/Cytoperm-
Kit (BD Biosciences, USA) protocol was followed. In brief, cells
were incubated with the protein transport inhibitor brefeldin
A for 4 h at 37°C and 5% CO; to support intracellular cytokine
accumulation, and they were then trypsinized and counted.
A total of 2 X 10° cells were afterward fixed and permeabilized.
Subsequently, cells were stained with an anti-IFN-gamma-
PE-Cyanine7 antibody (XMG1.2, BD Biosciences, USA) and
analyzed by flow cytometry.

Measurement of Extracellular IL-6

IL-6 was determined in the supernatants of the tumor cells by
ELISA according to the manufacturer’s instructions (IL-6 ELISA
kit from BioLegend, USA).

C57BL/6-B16-F10 Mouse

Melanoma Model

C57BL/6 mice (Janvier, Germany) were maintained in a SPF
facility under sterile atmosphere at the animal facility of the
Friedrich-Alexander-Universitdt Erlangen-Niirnberg (Franz-
Penzoldt-Center). Here, the animals can also be kept after
chemoradiation. The animal procedures have been approved by

A B (o]
B16-F10 GL261-luc2 CT26
5x2Gy 5x2Gy 5x2Gy
Da T T T 11 Da T T T T°1 l l Day # l l
yg;234524h48h yg;ii;:mmah ?;234524h48h
Seeding DTIC Seeding TMZ Seeding 5-FU, Oxaliplatin Irinotecan
2x5Gy 2x5Gy 2x5Gy
T T T T1 l T T I B |
g 12345 2an4eh 0123 45 24n4gh 0 123 %5 24hqsn
Seeding DTIC Seeding TMZ Seeding 5-FU, Oxaliplatin Irinotecan
1x10Gy 1x10Gy 1x10Gy
1T 17T T T l l 1T T 1T 171 l I T T T 1771 l l
‘?;234524h48h ?;::;:2%4% ?;234524h48h
Seeding DTIC Seeding TMZ Seeding 5-FU, Oxaliplatin Irinotecan

FIGURE 1 | Radiation and chemotherapy (CT) treatment scheme for the cell lines B16-F10 (A), GL261-luc2 (B), and CT26 (C). After seeding, cells rested
overnight. B16-F10 cells were treated with a single dose of 250uM DTIC on day 1, GL261-luc2 cells with 20uM temozolomide every other day for 5 days, and CT26
cells with single doses of 10 pg/ml irinotecan, 10 pg/ml oxaliplatin, and 400 ng/ml 5-fluorouracil. After CT, cells of all cell lines were irradiated with either a single
dose of 10 Gray (Gy) on day 5, 2 x 5 Gy on days 3 and 5 or 5 x 2 Gy. Cells were analyzed 24 or 48 h after the last treatment.
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the “Regierung of Mittelfranken” and were conducted in accord-
ance with the guidelines of Federation of European Laboratory
Animal Science Associations (FELASA).

About 8- to 10-week-old female C57BL/6 mice were used
for the B16-F10 melanoma model: 1 X 10° B16-F10 cells
(ATCC, USA) were re-suspended in 200 pl Ringer’s solution and
injected subcutaneously into the right flank of the mice on day 0.
The tumor volume was monitored using a digital caliper at the
given time points and calculated using the following formula:
volume (mm?®) = 0.5 X width? (mm?) X length (mm) (28).

The tumor-bearing mice were then randomly assigned to
the different treatment groups (group 1: untreated controls,
group 2: fractionated RT, and group 3: fractionated RT plus
DTIC). Local irradiation of the mice was done as established
and published before by our group (28). At day 8, 9, and 10
after tumor induction, local RT with 2 Gy was performed. At
day 8 and 10, DTIC (2 mg/mouse) was injected i.p., 2 h after
irradiation.

For investigation of PD-L1 expression on B16-F10 tumor
cells, the tumors were dissected on day 13 after tumor induc-
tion, and single cell suspensions were prepared using a tumor
dissociation kit (Miltenyi Biotec, Germany). For separation of
dead cells and cell debris, an easycoll-solution based (Biochrom,
Germany) density gradient centrifugation was performed.
Unspecific binding sites were blocked using anti-CD16/32
(eBioscience, USA) antibodies, and cells were then stained for
30 min at 4°C with fluorescence labeled antibodies: CD45-FITC
(eBioScience, USA), PD-L1-PE-Cy7 (eBioscience, USA), and
PD-L1-BV421 (BioLegend, USA). Afterward, multicolor flow
cytometry was performed using the Gallios Flow Cytometer
(Beckman Coulter Inc.).

Statistical Analyses

The arithmetic mean of replicates, as calculated by flow analysis
software Kaluza 1.2 and 1.3 (Beckman Coulter, USA), is depicted.
The software Prism 5 (graph pad, USA) was used for statistics. For
all analyses, one-tailed Mann-Whitney U test was used, unless
stated otherwise. Results were considered statistically significant
for *p < 0.05, **p < 0.01, and ***p < 0.001.

RESULTS

In Particular Fractionated RT Increases
PD-L1 Surface Expression on Vital

B16-F10 Melanoma Cells

The B16-F10 melanoma cells proved to be highly resistant against
radiation, since 24 h after the respective treatments only few
tumor cells died via apoptosis or necrosis. After 48 h, in particular
DTIC plus fractionated RT with 2 X 5 Gy or 5 X 2 Gy induced
apoptosis and necrosis, but still over 50% of the melanoma cells
were vital (Figure 2A).

To determine whether PD-L1 expression is dependent on
the induction of cell death, its surface expression on vital and
apoptotic tumor cells (Figures 2B,C) was compared. All tumor
cells do express PD-L1 and in particular on vital B16-F10 cells,

norm-fractionated and hypo-fractionated RT resulted in the
highest increase of surface expression of PD-L1.

Although to alesser extent but still significant when compared
to mock-treated cells, single dose irradiation with 10 Gy or DTIC
treatment also led to an increase in PD-L1 surface expression
(Figures 2B,C). Combination of DTIC and RT resulted in
similar expression levels of PD-L1 compared to only RT-treated
cells at an early time point (24 h) after treatment (Figure 2B).
Representative histograms of the increased surface expression
of PD-L1 of B16-F10 melanoma cells after chemoradiation
(RCT) are shown in the Figure S1A in Supplementary Material.
Furthermore, a significant increase of PD-L1 expression was also
observed on already dying tumor cells after radiation or chemo-
radiation (Figure 2C).

In Particular Fractionated RT and TMZ
Increase PD-L1 Surface Expression on
Vital Glioblastoma GL261-luc2 Cells

The percentage of apoptotic as well as necrotic murine glio-
blastoma cells (GL261-luc2) was increased by fractionated RT
(2 X 5 Gy and 5 X 2 Gy) or the combination of a single 10 Gy
irradiation with TMZ 48 h after the treatments (Figure 3A).
Furthermore, a slight, but not significant enhancement of dying
or dead cells could be observed when combining TMZ with
fractionated RT.

Regarding PD-L1 surface expression, similar to B16-F10
cells, vital tumor cells displayed the highest level, in particular
after fractionated RT and/or treatment with TMZ (Figure 3B).
Representative histograms of the increased surface expression
of PD-L1 of GL261-luc2 cells after chemoradiation (RCT) are
shown in the Figure S1B in Supplementary Material. Dying,
namely apoptotic, glioblastoma cells displayed a slight, but sig-
nificant upregulation of PD-L1 expression 48 h after treatment
with fractionated RT or chemoradiation (Figure 3C).

RT and CT Have No Significant Impact on
PD-L1 Surface Expression on Colorectal
CT26 Tumor Cells

The murine colorectal tumor cells (CT26) were more sensitive to
RT and/or CT, and higher percentages of apoptotic and necrotic
tumor cells were induced compared to melanoma and glioblas-
toma cells (Figure 4A). While PD-L1 expression was inducible
with recombinant IFN-gamma on the tumor cell surface, neither
CT nor the tested RT protocols did significantly increase PD-L1
surface expression on vital and apoptotic colorectal tumor cells,
respectively (Figures 4B,C).

Increased Intracellular IFN-Gamma
Expression and Increased Release of IL-6
by Tumor Cells after Fractionated RT and

Chemoradiation

The increased surface expression of PD-L1 on melanoma
(Figure 2) and glioblastoma cells (Figure 3), particularly after
fractionated RT, was independent of contact of the tumor cells
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FIGURE 2 | Cell death and programed cell death receptor ligand 1 (PD-L1) surface expression of B16-F10 melanoma cells after radiation and/or
chemotherapy. The analyses were performed 24 and 48 h after single and multimodal treatments with the chemotherapeutic agent DTIC, differently fractionated
radiotherapy, or radiochemotherapy. Cell death was determined by flow cytometry; vital cells (white) are defined as AxV-/7-AAD-, apoptotic cells (gray) as
AXV-/7-AAD*, and necrotic ones (dark gray) as 7-AAD* (A). PD-L1 surface expression was determined on vital (B) and apoptotic (C) cells by staining with
anti-PD-L1 antibody and consecutive analysis by flow cytometry. DTIC was used at a concentration of 250 pM and recombinant murine interferon-gamma (0.5 ng/
ml) served as a positive control (A=C). Joint data of three independent experiments, each performed in triplicates, are presented as mean + SEM and analyzed by
one-tailed Mann-Whitney U test as calculated via Graph Pad Prism. Each treatment was compared to the control (*p < 0.05; *p < 0.01; **p < 0.001).

with IFN-gamma-producing T cells and may therefore be
induced by a tumor cell-dependent mechanism. We therefore
analyzed the intracellular IFN-gamma expression as well as
the release of IL-6 by B16-F10 and GL261-luc2 cells after
norm-fractionated radiation, chemotherapeutic treatment, and
chemoradiation.

An increased expression of IFN-gamma in melanoma cells
after in particular radiation and chemoradiation was observed.
In glioblastoma cells, IFN-gamma was increased after treatment
with TMZ, fractionated RT, and chemoradiation (Figure 5).
This parallels with the observed PD-L1 surface expression
(Figure 3). Representative histograms of the increased
expression of IFN-gamma of B16-F10 and GL261-luc2 cells
after radiation and/or CT are displayed in the Figure S2 in
Supplementary Material.

In melanoma cells DTIC was the main trigger to induce release
of IL-6, in particular 48 h after treatment (Figure 6A). In contrast,
in glioblastoma cells norm-fractionated radiation resulted in the
highest extracellular concentration of IL-6 (Figure 6B).

Fractionated RT Plus DTIC Treatment
Induces PD-L1 Surface Expression on

Melanoma Cells In Vivo

For first clues, whether an upregulation of PD-L1 expression
does also occur in vivo, the syngenic B16-F10-C57/BL7 ectopic
mouse model was chosen (28). For this, B16-F10 tumor-bearing
mice were treated with fractionated RT with a clinically relevant
dose of 2 Gy or in combination with DTIC administration.
Fractionated RT as well as fractionated RT in combination with
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FIGURE 3 | Cell death and programed cell death receptor ligand 1 (PD-L1) surface expression of GL261-luc2 glioblastoma cells after radiation and/or
chemotherapy. The analyses were performed 24 and 48 h after single and multimodal treatments with the chemotherapeutic agent temozolomide (TM2), differently
fractionated radiotherapy, or radiochemotherapy. Cell death was determined by flow cytometry; vital cells (white) are defined as AxV-/7-AAD-, apoptotic cells (gray)
as AxV-/7-AAD*, and necrotic ones (dark gray) as 7-AAD* (A). PD-L1 surface expression was determined on vital (B) and apoptotic (C) cells by staining with
anti-PD-L1 antibody and consecutive analysis by flow cytometry. TMZ was used at a concentration of 20pM and recombinant murine interferon-gamma (0.5 ng/ml)
served as a positive control (A-=C). Joint data of three independent experiments, each performed in triplicates, are presented as mean + SEM and analyzed by
one-tailed Mann-Whitney U test as calculated via Graph Pad Prism. Each treatment was compared to the control (*p < 0.05; *p < 0.01; ***p < 0.001).

DTIC did reduce tumor growth on a short term (Figure 7A). To
investigate the PD-L1 expression on the melanoma cell surface,
single cell suspensions of the tumor cells were prepared and
B16-F10 cells were determined as CD45~ cells to distinguish
them from infiltrating immune cells (CD45* cells). Analyses by
flow cytometry revealed that fractionated RT did not lead to an
increased PD-L1 expression, but combination of fractionated RT
and DTIC resulted in significant increased expression of PD-L1
in vivo (Figure 7B).

DISCUSSION

Several studies have shown a relation between positive response
to therapy with immune checkpoint inhibitors and PD-L1
expression (13, 29-31). As such, the PD-1/PD-L1 axis has
been regarded as a potential target in tumor tissues. Therefore,
identifying whether and how RT or, clinically more relevant,

chemoradiation directly results in increased PD-L1 expression
is mandatory for optimized multimodal therapies (32). Current
data indicate that in particular IFN-gamma, which is secreted by
tumor-infiltrating T cells, is responsible for increased expression
of PD-L1 on tumor cells (11, 22, 33). The knowledge about direct
tumor cell-dependent upregulation of PD-L1 expression upon
exposure to RT and/or CT is scarce.

Furthermore, data considering the effect of different fractiona-
tion protocols of RT on induction or attenuation of antitumor
immune responses are controversial. On the one hand, high sin-
gle doses were shown to result in improved immunological tumor
control compared to hyper-fractionated RT (34, 35). On the other
hand, e.g., anti-CTLA-4-mediated immune responses were only
observed when combined with fractionated RT (5 X 6 Gy) in
murine tumor models (36). We therefore examined the impact of
single dose (1 X 10 Gy), hypo-fractionated (2 X 5 Gy), and norm-
fractionated (5 X 2 Gy) RT on PD-L1 expression of melanoma,
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glioblastoma, and colorectal cancer cells. Since in the clinics CT
is given in addition to RT, we further focused on single and com-
bined treatment with the respective chemotherapeutic agents. We
here show for the first time that CT, namely DTIC and TMZ,
significantly enhanced PD-L1 cell surface expression on B16-F10
and GL261-luc2, respectively, albeit the upregulation occurred on
a low level (Figures 2 and 3).

Notably, norm-fractionated (5 X 2 Gy) and hypo-fractionated
(2 X 5 Gy) irradiation induced the highest PD-L1 expression
levels. It has to be stressed that this is primarily an undesired
immunosuppressive side effect of RT and therefore should entail
addition of IT with anti-PD-L1 antibodies. Of note is that the
increased expression of PD-L1 on the tumor cell surface was solely
dependent on the tumor cells alone and therefore calls for a tumor
cell-dependent effect, since all in vitro analyses were carried out
in the absence of any immune cells. We revealed an increased
expression of intracellular IFN-gamma following in particular

chemoradiation in melanoma cells and after TMZ treatment,
RT, or RCT in glioblastoma cells, respectively (Figure 5). Just
recently, it has been demonstrated that an increased IL-6 expres-
sion is in particular observed in PD-L1-expressing human CD68*
macrophages compared to PD-L1 low expressing ones (37). We
therefore also analyzed IL-6 as possible further intrinsic tumor
cell trigger for regulating the expression of PD-L1 after radiation
and chemoradiation. The data indicate that in melanoma IL-6 is
mainly induced by CT and in glioblastoma by norm-fractionated
RT. Detailed pathway analyses on the tumor cell intrinsic triggers
for increased expression of immune checkpoints are currently on
the way in our lab.

One has to further stress that in preclinical model systems
a concerted view is mandatory. While in cell culture RT was
sufficient to induce PD-L1 upregulation, the in vivo melanoma
model showed no significant induction of PD-L1 expression
after fractionated RT. However, additional treatment with DTIC
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fractionated radiation and/or chemotherapy (CT). B16-F10 melanoma
(A) and GL261-luc2 glioblastoma cells (B) were analyzed for intracellular
IFN-gamma expression after treatment with either CT with DTIC or
temozolom@e, 5x2Gy norm—fract\onated rad|otherapyl, orlchemorad|at|on. which melanoma develops is a relevant immunological barrier.
Data of two independent experiments, each performed in triplicates, are Theref 1-d d hani ind d ¢
presented as mean + SEM and analyzed by one-tailed Mann-Whitney U test erefore, tumor cell-dependent mechanisms, independent o
as calculated in Graph Pad Prism. Each treatment was compared to the immune cells, might be predominant in these cases.
control (*p < 0.05; **p < 0.01). The observed increased PD-L1 expression on apoptotic

enhanced the PD-LI surface level significantly (Figure 7).
Thus, we strongly suggest careful in vivo investigations on the
matter of different RT schemes and PD-L1 induction to define
most beneficial combinations of radioimmunotherapy for the
clinics (32).

We further showed that PD-L1 upregulation especially occurs
on vital tumor cells and that it was dependent on the tumor entity
(Figures 2-4). CT26 colorectal tumor cells did not respond to
irradiation with increased PD-L1 expression, even though PD-L1
was inducible upon stimulation with IFN-gamma (Figure 4). This
suggests that in distinct tumor entities immune cell-mediated
upregulation of PD-L1 expression on tumor cells is predominant,
while in others such as melanoma and glioblastoma self-regula-
tory mechanisms could be dominant. The tumor cell lines used
in this study are originated from different tissues, especially with
regard to CT26, derived from a mucosal, immunological tissue
(38). Here, immune cells might be responsible for upregulation
of PD-L1 on the tumor cells. In contrast, glioblastoma is found
in a rather immune-privileged area, whereas the skin tissue from

melanoma and apoptotic glioblastoma cells after chemoradiation
additionally calls for combination with agents targeting the PD-1/
PD-L1 pathway to overcome the strong immune suppressive
effects exerted by apoptotic cells per se. They inhibit antitumor
immune responses in manifold ways (39).

Moreover, a tumor can only develop by accumulation of many
mutations, and it therefore seems reasonable that every tumor
entity and every individual tumor will have different mutations
that may result in different cell signaling events (27). Especially,
melanoma is at high risk of developing mutations due to its
exposure to sun-derived UV-light, which has been suggested to
play a key role in the susceptibility to anti-PD-1 or anti-PD-L1
treatment (40). Furthermore, among the three examined tumor
entities, melanoma is the one with the highest mutational load
with a median of 13.2 mutations per Mb, followed by approxi-
mately 3.2 in colorectal cancer, and 0.9 in GBM (27). Targeting of
PD-1 might be even more efficient than PD-L1, since PD-L2 also
binds to PD-1 and in some tumor types PD-L2 expression is more
closely linked to IFN-gamma expression and PD-1 signaling than
PD-L1 (41). We therefore also checked for the impact of RT, CT,
or RCT on increased PD-L2 expression but did not observe it in
B16-F10 and GL261-luc2 tumor cells (data not shown).
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FIGURE 7 | In vivo growth and PD-L1 surface expression of B16-F10 tumors after fractionated irradiation and in combination with DTIC treatment.
Growth (A) and PD-L1 surface expression (B) of B16-F10 tumors in wild-type C57BL/6 mice are displayed. The tumors were initiated on day O, left untreated or
were locally irradiated on day 8, 9, and 10 with the clinically relevant dose of 2 Gray using a linear accelerator. An additional group of mice received DTIC (2 mg/
mouse) 2 h after the irradiation at day 8 and 10. For determination of tumor growth (A) an electronic caliper was used (n > 8 mice/group; data are presented as
mean + SEM). PD-L1 surface expression on the tumor cells (each dot represents the values obtained from an individual tumor of a single mouse; the mean value is
displayed as line) (B) was analyzed by flow cytometry at day 13. Statistics was analyzed by one-tailed Mann-Whitney U test as calculated via Graph Pad Prism.

To summarize, the induction of PD-L1 expression by ion-
izing irradiation or chemoradiation is dependent on multiple
factors such as the individual genetic background, signaling
cascades, environment of the tumor, general somatic mutation
prevalence, and therefore cannot be generalized. From this, it
can be concluded that an anti-PD-L1 therapy concurrent to the
classical RT or chemoradiation might not be beneficial in every
case, since PD-L1 expression is not the cause of immunosuppres-
sion and consecutive tumor cell immune escape in all patients
and/or tumor entities. It additionally remains unclear which
time point is best for adding immune checkpoint blockade to
RCT (4). Our data depict that in dependence on the tumor
entity and time after treatment, the surface expression of PD-L1
differs (Figures 2-4) and is partially linked with IFN-gamma
expression and IL-6 release (Figures 5 and 6). The key aim of
the presented study was to analyze for the first time the impact
of in particular chemoradiation on increase of PD-L1 surface
expression on tumor cells in the absence of further immune
cells. This will presumably give strong hints for the designing of
multimodal therapies consisting of RCT with immune check-
point inhibitors in the future (42).

In a preclinical tumor mouse model, Dovedi et al. sug-
gested an antibody application on the first or last day of RT,
but not as late as 7 days after the last treatment (22). Due to
the hypothesis that immune cells need some time after therapy
to get activated in the periphery and infiltrate into the tumor
tissue (43) and the fact that PD-L1 expression needs to be
induced in tumor cells first, it can be assumed that application
of an anti-PD-L1 treatment can be slightly delayed to classical
therapy start within a small timeframe. This assumption and
its consequence for CD8" T cell responses needs to be further
explored in clinical trials and side effects such as autoimmune
reactions will additionally require closely matched monitoring
of the treated patients (44).
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FIGURE S1 | Programed cell death receptor ligand 1 (PD-L1) surface
expression of B16-F10 melanoma and GL261-luc2 glioblastoma cells
after chemoradiation. The analyses of the increase of PD-L1 surface
expression on B16-F10 melanoma (A) and GL261-luc2 glioblastoma cells
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(B) were performed 24 h after chemoradiation (RCT) with 10 Gray (Gy),

5x 2 Gy, or 2 x 5 Gy and DTIC at a concentration of 250 yM. PD-L1 surface
expression was determined on vital cells by staining with anti-PD-L1
antibody and consecutive analysis by flow cytometry. Representative

histograms of one out of three experiments each performed in triplicates

FIGURE S2 | Interferon (IFN)-gamma expression after norm-fractionated
radiation and/or chemotherapy (CT). The analyses by flow cytometry of the
increase of intracellular IFN-gamma expression in B16-F10 melanoma (A) and
GL261-luc2 glioblastoma cells (B) were performed 24 h after norm-fractionated
radiation and/or CT treatment. Representative histograms of one out of two

are displayed.
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Hypofractionated Irradiation Has
Immune Stimulatory Potential and
Induces a Timely Restricted
Infiltration of Immune Cells in
Colon Cancer Tumors

Benjamin Frey', Michael Riickert, Julia Weber', Xaver Mayr’, Anja Derer', Michael Lotter?,
Christoph Bert', Franz Rédel?, Rainer Fietkau' and Udo S. Gaipl™*

" Department of Radliation Oncology, Universitétsklinikum Erlangen, Friedrich-Alexander-Universitat Erlangen-Nirnberg,
Erlangen, Germany, ? Department of Radiotherapy and Oncology, University Hospital of Frankfurt, Johann Wolfgang-Goethe
Universitét, Frankfurt am Main, Germany

In addition to locally controlling the tumor, hypofractionated radiotherapy (RT) particu-
larly aims to activate immune cells in the RT-modified microenvironment. Therefore, we
examined whether hypofractionated RT can activate dendritic cells (DCs), induce immune
cell infiltration in tumors, and how the chronology of immune cell migration into tumors
occurs to gain knowledge for future definition of radiation breaks and inclusion of immu-
notherapy. Colorectal cancer treatments offer only limited survival benefit, and immuno-
biological principles for additional therapies need to be explored with preclinical models.
The impact of hypofractionated RT on CT26 colon cancer tumor cell death, migration of
DCs toward supernatants (SN) of tumor cells, and activation of DCs by SN were analyzed.
The subcutaneous tumor of a BALB/c-CT26 mouse model was locally irradiated with
2 x 5 Gy, the tumor volume was monitored, and the infiltration of immune cells in the
tumor was determined by flow cytometry daily. Hypofractionated RT induced a mixture of
apoptotic and necrotic CT26 cells, which is known to be in particular immunogenic. DCs
that migrated toward SN of CT26 cells particularly upregulated the activation markers
CD80 and CD86 when in contact with SN of irradiated tumor cells. After hypofraction-
ated RT, the tumor outgrowth was significantly retarded and in the irradiated tumors an
increased infiltration of macrophages (CD11b""/F4-80*) and DCs (MHC-II*), but only
between day 5 and 10 after the first irradiation, takes place. While CD4* T cells migrated
into non-irradiated and irradiated tumors, CD8* T cells were only found in tumors that
had been irradiated and they were highly increased at day 8 after the first irradiation.
Myeloid-derived suppressor cells and regulatory T cells show regular turnover in irradiated
and non-irradiated tumors. Tumor cell-specific anti-lgM antibodies were enhanced in the
serum of animals with irradiated tumors. We conclude that hypofractionated RT suffices
to activate DCs and to induce infiltration of innate and adaptive immune cells into solid
colorectal tumors. However, the presence of immune cells in the tumor which are beneficial
for antitumor immune responses is timely restricted. These findings should be considered
when innovative multimodal tumor treatment protocols of distinct RT with immune thera-
pies are designed and clinically implemented.

Keywords: hypofractionated radiotherapy, colorectal cancer, tumor-infiltrating immune cells, macrophages,
antigen-presenting cells, CD8* T cell, tumor cell-specific IgM, immunogenic radiotherapy
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Frey et al.

Tumor Irradiation Activates Immune Cells

INTRODUCTION

A promising treatment strategy for solid tumorsis the combination
of classical tumor therapies namely surgery, radiotherapy (RT),
and chemotherapy (CT) with immunotherapy (IT) (1). Thereis a
strong need for rational and well-deliberated approaches of RT-
drug combinations on the basis of the molecular understanding
of radiobiology and immunology (2-4) since knowledge about
the most beneficial time point for radiation breaks and inclusion
of IT is scarce.

In high-income countries, more than 50% of cancer patients
receive RT as part of their tumor treatment (5). RT induces
DNA damage that results in tumor cell cycle arrest and ideally in
tumor cell death. The applied amount of radiation is measured
in gray (Gy) and aside from the total irradiation dose, the dose
fractionation has a substantial impact on therapy outcome. A
conventional fractionation scheme comprises 1.8-2.2 Gy per
day, five times a week. Although different variations of RT
have been clinically evaluated and are now standard options.
While hyperfractionated regimens deliver a high number of
small treatment doses (0.5-2.2 Gy per day), hypofractiona-
tion consists of less fractions with increased doses (3-20 Gy
per day) (6) and the latter is considered as being particularly
immunogenic (7).

Aside from the effect of RT on DNA, it can also influence
immunological responses (8). This can help to fight the tumor
locally and at distant, metastasized sites. The regression of tumors
distant from the radiation field was named abscopal effect by Mole
(9). With the advanced understanding of the immune system’s
role in radiation biology, it is hypothesized that such effects are
due to a systemic antitumor immune response. One fact among
many others who support this hypothesis is that abscopal effects
cannot be observed for mice deficient in functional adaptive
immune cells (10).

Generally, radiation might change the tumor cell phenotype
and/or the tumor microenvironment. Tumor cells increase the
surface expression of immunogenic molecules, including adhe-
sion molecules, death receptors, stress-induced ligands, cryptic
antigens, and stimulatory molecules, such as MHC-I and CD80,
thereby becoming more sensitive to T cell-mediated cytotoxicity.
Additionally, in the tumor microenvironment, pro-inflammatory
molecules and danger signals increase (11-13). Immune cells
are recruited into the tumor and should be stimulated by
additional immune modulation (14). Radiation regimens have
to be improved and adjusted to maximize immunostimulatory
functions for successful combination with other treatments,
including IT.

Colorectal cancer is the third most commonly diagnosed
malignancy and the fourth leading cause of cancer-related deaths
worldwide and forms malignant cells in the tissues of the colon or
rectum (15). Extensive efforts to improve the clinical management
of patients with colorectal cancer have been made, but approved
treatments only offer limited survival benefit. Therefore, alterna-
tive therapeutic strategies such as radioimmunotherapy need
to be explored with preclinical animal models (16, 17). It has
already become evident that the immune infiltrate including type,

density, and location of immune cells within human colorectal
tumors predict clinical outcome such that individuals with higher
infiltrations of T cells have increased survival independent of the
disease stage (18).

We investigated the dynamics of immune cell infiltration
into colorectal tumors after local hypofractionated irradiation
to define optimal time points for additional immune modula-
tions and radiation breaks to protect the infiltrating immune
cells. We used the carcinogen-induced murine colon carcinoma
CT26 colon adenocarcinoma model for our examinations (19)
as responses to immune modulations are similar to those in
humans (20).

MATERIALS AND METHODS

Cell Culture

Mouse colon adenocarcinoma cell line CT26.WT (CT26 cells)
was cultured in RPMI 1640 (with stabile glutamine) supple-
mented with 10% fetal bovine serum (FBS), 100 U/ml penicillin,
and 100 pg/ml streptomycin (subsequently referred to as R10).
CT26 cells tested negatively for mycoplasma contamination were
maintained in a 5% CO, atmosphere at 37°C and 95% relative
humidity to achieve optimal cell growth. All cell culture methods
were performed in laminar flow hoods to avoid microbiological
contamination.

Treatment of CT26 Cells and Cell Death

Analyses

The 3 X 10° CT26 cells were seeded in 75 cm?* culture flasks,
supplied with R10, and after achieving adherence, treated with
ionizing radiation with a single dose of 5 Gy (120 kV, 22.7 mA;
Isovolt Titan, GE Inspection Technologies, Hiirth, Germany).
Mock treated CT26 cells served as controls. After 24 h of
incubation, the supernatants (SN) were collected, centrifuged
(350 g, 5 min, room temperature) to remove remaining cells and
stored at —80°C. Subsequent adherent cells were washed with
PBS and detached with accutase (Sigma-Aldrich, Steinheim,
Germany). Afterward, the cells were centrifuged (350 g, 5 min,
room temperature) and the cell pellet (together with the pellet
from the SN centrifugation) was resuspended in R10. For analy-
sis of cell death, 1 X 10° cells were transferred in 400-pl Ringer
solution containing 0.2 mg AnxA5-FITC (Life Technologies,
GeneArt, Regensburg, Germany) and 0.4 mg PI (Sigma-Aldrich,
Munich, Germany). After 30 min incubation at 4°C in the dark,
flow cytometry was conducted. Double negative (AnxA5~/PI")
cells were defined as viable, AnxA5*/PI~ cells were defined as
apoptotic, and double positive (AnxA5*/PI*) cells were defined
as necrotic.

Colony Formation Assay

CT26 tumor cells were plated in triplicates in 60-mm dishes
(Nunc Thermo Fisher, Waltham, MA, USA) at concentrations
estimated to yield approximately 100 colonies/dish. Then, the
cells were treated with irradiation of 1 X 5 Gy or 2 X 5 Gy.
After incubation for approximately 2 weeks, the cells were fixed
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and adherent cells were stained with methylene blue (Sigma-
Aldrich, Munich, Germany) for 30 min. Colonies with >50 cells
were scored.

Generation of Dendritic Cells (DCs) from
Mouse Bone Marrow

Generation of DCs from mouse bone marrow was performed
according to Lutz et al. (21). At day 0, femurs and tibiae of 8- to
10-week-old female BALB/c mice were removed and purified
from surrounding skin and muscle tissue. For disinfection,
intact bones were left in 70% ethanol for 5 min and were
washed with RPMI 1640 afterward. Subsequently, the articular
heads of each bone were cut off and the bone marrow was
flushed out. After cell clusters had been disintegrated, the cell
suspension was centrifuged (350 g, 5 min, room temperature).
Then, the cell pellet was resuspended in R10 supplemented
with p-mercaptoethanol (0.05mM) and freshly added 200 U/
ml mouse GM-CSF (referred to as DC medium). Cells were
counted and 2 X 10° bone marrow leukocytes were seeded per
100 mm PS bacteriological Petri dish (Falcon®, Corning, NY,
USA) containing 10 ml DC medium. At day 3, 10 ml fresh DC
medium was added per plate. At days 6 and 8, half of the SN per
plate was collected and centrifuged. Thereafter, the cell pellet
was resuspended in 10 ml fresh DC medium and returned to the
plate. At day 10, DCs were harvested.

Transwell Migration Assay and Analyses

of Activation of DCs

At day 10 of DC cultivation, DCs were harvested, counted,
and adjusted to 1.25 X 10° DCs/ml DC medium. SN from the
irradiated CT26 cells were thawed on ice and, afterward, 1.5 ml
SN per approach was placed in the bottom of a well of a six-
well plate (Greiner Bio-One, Frickenhausen, Germany). A cell
permeable membrane (with 3.0-pm pore size; Greiner Bio-One,
Frickenhausen, Germany) was attached to each well and 800-pl
DC cell suspension (containing 1 X 10° cells) was transferred on
the upper side of the membrane. The six-well plates were stored
in a cell incubator at 37°C overnight (14 h).

For analysis by flow cytometry, migrated cells had to be
collected. Therefore, each membrane was carefully lifted with
tweezers, and the bottom side was washed with cell suspen-
sion of the respective well to collect these cells. Then, the cell
suspension was collected from each well and strongly adherent
cells were removed by rinsing the well with cold PBS. After
centrifugation, each cell pellet was resuspended in Fc block
solution [PBS, 10% inactivated FBS, 0.001% Fc-Block, CD16/32
(ebioscience, Frankfurt, Germany)] and incubated for 10 min at
4°C in the dark to prevent non-specific binding of antibodies to
Fc receptors.

Cell suspension was distributed to three 1.4 ml PP tubes
(Micronic, AR Lelystad, The Netherlands) and antibody solution
[MHCII-e450 (0.4 pg/ml, eBioscience, Frankfurt, Germany),
CD80-PE (0.4 pg/ml, BD Pharmingen, New York, NY, USA), and
CD86-Alexa® Fluor700 (0.4 pg/ml, BD Pharmingen. New York,
NY, USA) diluted in FACS buffer (PBS, 2% inactivated FBS)] was

added. After incubation for 30 min at 4°C in the dark, cells were
washed with FACS buffer and resuspended in it. Further, SN
were also directly added to DCs and the expression of the activa-
tion markers CD80 and CD86 was analyzed similarly 24 and
48 h afterward. Cells were analyzed by flow cytometry (Gallios,
BeckmanCoulter Inc., Krefeld, Germany), and the number
of MHCII* cells was defined as the number of migrated DCs.
Gating on MHCII* cells was performed for analysis of the mean
fluorescence intensity of cells stained with maturation markers
CD80 and CD86.

Animal Studies

The animal studies were approved by the “Regierung von
Mittelfranken” and conducted according to the guidelines of the
Federation of European Laboratory Animal Science Associations
and the “Gesellschaft fuer Versuchstierkunde” The BALB/c mice
(Janvier Labs, Le Genest-Saint-Isle, France) were kept under
controlled SPF conditions of humidity (55 + 5%), temperature
(22 + 2°C), 12/12-h light-dark cycles and received a special diet
and water ad libitum.

Injection of CT26 Cells and Measurement

of Tumor Growth

Before injection of CT26 cells in BALB/c mice, the colon
adenocarcinoma cells were harvested and washed twice with
Ringer solution. Thereafter, CT26 cells were counted with the
Neubauer-improved counting chamber and percentage of dead
cells was determined using trypan blue staining. Concentration
was adjusted to 4 X 10° viable CT26 cells/ml Ringer solution. Mice
were anesthetized with isoflurane, and injection of 1.2 X 10° CT26
cells in 300-pl Ringer solution was administered subcutaneously
in the shaved, disinfected right flank. Tumor width and length
were measured using a digital caliper with a measurement
accuracy of 0.1 mm and tumor volume was calculated accord-
ing to the following formula (22): volume (mm?) = 0.5 X width?
(mm?) X length (mm).

Treatment of CT26 Tumors with RT

At days 8 and 12 after tumor cell injection, local irradiation of
the tumor was performed. For this, three mice that had been
anesthetized with isoflurane were placed into a purpose-built
Plexiglas® (Evonik Industries AG, Darmstadt, Germany) box at a
time and inhalation anesthesia was maintained during the whole
process to prevent movement of the mice. Tumors were irradiated
with a dose of 5 Gy each day using a linear accelerator unit with
6 MV and a focus-skin distance of 1,000 mm. In order to protect
healthy tissue, the gantry of the linear accelerator was rotated to
340° as previously described by our group (23).

Tumor Resection and Blood Samples

For tumor resection, terminal isoflurane anesthesia of mice was
applied. At each indicated time point, tumors of three animals
were independently analyzed. Blood samples were taken by
cardiac puncture and were transferred into heparinized micro-
tainer tubes (BD Microtainer, New York, NY, USA) immediately
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thereafter. Following centrifugation (12,000 g, 10 min, room
temperature), to separate serum from cellular components, mice
sera were transferred into reaction tubes and stored at —20°C
until further usage.

Tumor Dissociation Procedure

Tumor dissociation was conducted with the mouse tumor dis-
sociation kit (Miltenyi Biotec, Bergisch Gladbach, Germany)
according to manufacturer’s instructions with minor modifica-
tions. In brief, following removal, tumors were cut into 2-4 mm
pieces and transferred immediately into tubes containing
the enzymatic mix. Tubes were placed on the gentleMACS™
Dissociator (Miltenyi Biotec, Bergisch Gladbach, Germany)
and the predissociation program was run. After incubation for
40 min at 37°C, the final dissociation program was executed.
Cell suspension was then pipetted through a 70-um cell strainer
into a 50 ml tube. Subsequent to centrifugation (300 g, 7 min,
room temperature), the cell pellet was resuspended in RPMI
1640, and cells were counted using the Neubauer improved
hemocytometer.

Measurement of Tumor-Infiltrating

Immune Cells

After centrifugation (300 g, 7 min, room temperature), cells
were resuspended in Fc block buffer and incubated for 10 min
at 4°C. Cell suspensions were distributed into 1.4 ml PP tubes
and for panel 1 [CD4-FITC (0.5 pg/ml, BD Pharmigen, New
York, NY, USA), CD8a-PE (1:500, Miltenyi Biotec, Bergisch
Gladbach, Germany), NK 1.1-APC (1:500, Miltenyi Biotec,
Bergisch Gladbach, Germany)], panel 2 [CD11b-FITC (0.5 pg/
ml, BD Pharmigen, New York, NY, USA), F4/80-Alexa Fluor®647
(1:500, Invitrogen, Darmstadt, Germany), LY-6G(GRI1)/
LY-6C-V450 0.4 ug/ml, BD Horizo, New York, NY, USA], and
panel 3 [MHC class II(I-A/I-E)-eFluor®450 (0.4 pg/ml, eBio-
science, Frankfurt, Germany)], staining solutions were added.
After incubation for 30 min at 4°C in the dark, cells were washed
with FACS buffer and resuspended in FACS buffer [containing
7-AAD (BioLegend, San Diego, CA, USA, 1:500) for exclu-
sion of necrotic cells]. After staining, infiltrated immune cells
were detected using flow cytometry. Gating was performed
on 7-AAD negative (non-necrotic) cells. The percentage of
positive cells was determined for each cell marker or for com-
binations of various markers. Detection of regulatory T cells
(Tregs) (panel 4) was performed as follows: cell suspension was
incubated with CD4-VioBlue® (1:40, Miltenyi Biotec, Bergisch
Gladbach, Germany) and CD25-Alexa Fluor®488 (2.5 pg/ml;
eBioscience, Frankfurt, Germany) for 10 min at 4°C in the dark.
Thereafter, 500 ul FACS buffer (PBS containing 2% FCS) was
added and cells were centrifuged (350 g, 5 min, 4°C). The cell
pellet was resuspended in fixation/permeabilization solution
and incubated for 30 min at 4°C in the dark. Cells were washed
with FACS buffer and then with permeabilization solution.
Afterward, cells were resuspended in permeabilization buffer.
Following incubation for 5 min at 4°C, FoxP3-APC antibody
(1:40, Miltenyi Biotec, Bergisch Gladbach, Germany) was added
and incubated for 30 min at 4°C in the dark. Finally, cells were

washed with permeabilization buffer and the cell pellet was
resuspended in FACS buffer.

Analysis of Tumor Cell-Specific IgM
Antibodies in Sera of CT26 Colon

Tumor-Bearing Mice

For determination of tumor cell-specific IgM antibodies,
indirect immunofluorescence analysis was used. Mice sera
were thawed on ice and 1 pl of the respective serum sample
was co-incubated with 1 X 10° viable CT26 cells for 1 h at 4°C.
Thereafter, cells were washed with PBS/10% FBS. The amount
of bound antibodies was analyzed by adding staining solution
[5.8 pg/ml FITC-conjugated goat anti-mouse IgM (Invitrogen,
Darmstadt, Germany)] for 1 h at 4°C in the dark. After washing,
cells were resuspended in PBS/10% FBS. Using flow cytometry,
the mean fluorescence intensity of CT26 cells per sample was
analyzed and equated with the tumor cell-specific IgM antibody
level in the serum.

Flow Cytometry

For cell death analysis, analysis of migrated cells in the transwell
migration assays, detection of IgM antibodies, and for investi-
gation of immune cell infiltration in CT26 colon tumors, flow
cytometry using GalliosTM and Epics XL MCL was conducted.
Both flow cytometers were equipped with a multi-carousel
loader unit that made it possible to analyze up to 32 samples
automatically in a row. Coulter® Isoton® II diluent functioned
as sheath fluid in all experiments. Flow cytometry data were
acquired as LMD files, which were analyzed using Kaluza 1.2
software.

RESULTS

Hypofractionated RT Reduces Colony
Formation and Generates Apoptotic and
Necrotic CT26 Tumor Cells

We first tested in vitro whether irradiation with a single dose
of 5 Gy and repeated irradiation with 2 X 5 Gy (hypofraction-
ated RT) succeeds to reduce the colony formation of colorectal
cancer cells and also induces immunogenic cell death forms.
Both a single irradiation dose with 5 Gy and a hypofractionated
irradiation dose significantly reduced the colony formation of
CT26 cells (Figure 1A). However, a second irradiation dose of
5 Gy is needed to significantly increase the percentage of apop-
totic and necrotic tumor cells as early as 1 day after treatment
(Figure 1B).

SN of Tumor Cells Induce Migration and
SN of Irradiated Tumor Cells Increase
Activation of DCs In Vitro

To further characterize the immunostimulatory potential of the
irradiated tumor cells, a transwell migration assay was performed
with murine DCs (mDCs) (Figure 2). The transmigration as well
as the activation status of the migrated DCs was analyzed. SN

Frontiers in Immunology | www.frontiersin.org

March 2017 | Volume 8 | Article 231


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Frey et al. Tumor Irradiation Activates Immune Cells
AT 10% A MHCII positive cells
g ] migration index (MI)
= 1 2.0 - ) n.s. ,
E o 0 i I 1
e o T, 4
< o A
= *% . 1T ———— A== A
£ 10 — 8 1 AR —C AR
o E o 15 4
8 ] o ]
£ *% z ]
> 1 5 40 ]
& S 1
K=
© 100 g'g i
2X ' : :
OGy 5Gy 5Gy mock 2x5Gy
B *% treated irradiated
30 I necrotic
- [0 apoptotic B CD80 positive cells
S - = 20
n 4 T A ] b *%* :
= 20 2 ] sk
O | ® ] P
S S 45 —*
© ] o 1 -
N g ] A g A
104 1 -
o 8 10 1 AAA
I a 1 A A-
] S .
] - g
0- [-% 5
0Gy 5Gy 2x5Gy 5
I ]
= 0 T T T
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and induces apoptosis and necrosis of CT26 cells. The colony formation control treated irradiated
was determined by standard colony formation assay (A). After incubation for
approximately 2 weeks, the cells were fixed and colonies with >50 cells were .
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irradiation of CT26 colorectal tumor cells with 5 Gy. Cell death was —_ *k
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of tumor cells attracted mDCs resulting in over 1.5X more cells I3 1
migrating through the insert compared to the medium control. g 10 1
However, this was independent of whether the cells were irradi- e ]
ated or not (Figure 2A). However, only SN of the irradiated tumor ‘i’ ]
cells induced a significant higher increase in the percentage of =0 X J J
migrated mDCs showing enhanced expression of the activation medium mock _ 2x5Gy
control treated irradiated

markers CD80 and CD86 compared to mock treated and medium
controls (Figures 2B,C). To test whether mDCs are activated
through the process of (trans)migration or by the SN per se,
mDCs were also directly incubated with SN of mock treated and
irradiated tumor cells, respectively. As shown in Figure 3, SN of
irradiated CT26 cells induced a significant increased expression
of the activation markers CD80 and CD86 on mDCs compared
to SN of the mock treated control. This was observed 24 and
48 h after incubation with the SN (Figures 3A,B). However, the
increased expression of CD80 and C86 on mDCS induced by SN
of irradiated CT26 cells was weaker compared to that induced by
lipopolysaccharide (Figure 3).

FIGURE 2 | Dendritic cells (DCs) migrate toward supernatants (SN) of
CT26 cells and are particularly activated by SN of irradiated CT26
cells. Bone marrow-derived DCs from BALB/c mice (mDCs) were harvested
and seeded to the upper chamber of a transmigration system (3.0 pm pore
size). The lower chamber was filled with cell culture SN obtained from CT26
tumor cells 24 h after irradiation with 2 x 5 Gy on consecutive days or with
SN of mock-treated cells. After 14 h of incubation at 37°C, the transmigration
index (M), reflecting the migration of mDCs toward SN of the tumor cells
versus the medium only control, was determined (A) and the expression of
CD80 (B) and CD86 (C) on the MHCII* transmigrated cells was determined
by flow cytometry. Joint data of three independent experiments are presented
as mean + SEM and analyzed by Student’s t-test; **p < 0.01.
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FIGURE 3 | The activation of dendritic cells (DCs) by supernatants
(SN) of irradiated CT26 cells is independent of the migration. Bone
marrow-derived DCs from BALB/c mice (mDCs) were incubated at 37°C in
SN obtained from CT26 tumor cells 24 h after irradiation with 2 x 5 Gy on
consecutive days, in SN of non-irradiated mock treated CT26 cells, or in
medium containing lipopolysaccharide (LPS). The expression of CD80 (A)
and CD86 (B) on mDCs was analyzed after 24 and 48 h via flow cytometry.
Representative data of one out of three independent experiments each
performed in triplicates are presented as mean + SEM and analyzed by
Student’s t-test; **p < 0.01.

Local Tumor Control of CT26 Tumors
in BALB/c Mice Can Be Achieved with
2 x 5 Gy Hypofractionated Irradiation

To irradiate the tumor-bearing BALB/c mice, we manufactured
a Plexiglas® box, which allows the irradiation of three mice at
once (Figure 4A). The tumors were locally irradiated (colored
dose distribution area; Figure 4A) and treatment planning was
conducted using a computer tomography image of the Plexiglas
irradiation box and tumor-bearing mice with Philips pinnacle
software (Best, Netherlands). To protect normal tissue (body of
the mouse 1, 2, and 3), the gantry of the linear accelerator was
rotated to 340° and the tumor area was then irradiated with
a dose of 5 Gy with 6-MV photons and a focus-skin distance
of 1,000 mm. The mice were anesthetized before placing them

in the box and during the whole irradiation procedure. On
day 8 after the injection of CT26 tumor cells in BALB/c mice,
the mice were irradiated with 2 X 5 Gy in a 4-day interval.
Beginning with the day of the first irradiation, the tumor vol-
ume was measured daily for 14 days (Figure 4B). The treatment
of tumor-bearing mice with hypofractionated RT delayed the
tumor growth significantly and resulted in good local tumor
control (Figure 4C).

Infiltration of Immune Cells into the
Irradiated Tumor Occurs in a Narrow

Time Frame

Next, we were interested whether hypofractionated irra-
diation induces immune cell infiltration into the tumor and,
in particular, the chronology of this process. Each day of the
observation period three mice per group were sacrificed for
the analysis of tumor-infiltrating leukocytes. Elevated numbers
of tumor-infiltrating macrophages (CD11b high/F4-80*) and
antigen-presenting cells (MHC-II*) between day 5 and 10 after
the first irradiation were observed in tumors of irradiated mice
compared to mock treated tumors (Figures 5A,B). The amount
of CD8* T cells in irradiated tumors did not differ from that of
mock-treated tumors, except at day 8, where significantly more
cytotoxic T cells were present in irradiated tumors (Figure 5C).
CD4* T cells migrated into non-irradiated and irradiated tumors
in a similar manner (data not shown). The percentage of Treg
(CD4*/CD25*%/FoxP3") in the tumor was low and irradiation
with 2 x5 Gyinduced no higher amounts of Treg when compared
to the normal turnover in non-irradiated tumors (Figure 5D).
The same was observed for myeloid-derived suppressor cells,
defined as CD11b*/Gr-1* cells (Figure 5E). Starting at day 9
after the first irradiation, the amount of immune cells did not
differ any more between irradiated compared to mock-treated
tumors (Figure 5).

Hypofractionated Irradiation Induces
Tumor Cell-Specific IgM Antibodies

To test whether irradiation also affects humoral immune response,
tumor cell-specific IgM antibodies were analyzed. For this, blood
samples of tumor-bearing mice were taken and the gained
serum was co-incubated with CT26 tumor cells. The amount of
bound antibodies was analyzed by adding FITC-conjugated goat
anti-mouse IgM F(ab’), fragments (Figure 6A). The analyses by
flow cytometry showed that the titer of tumor cell-specific IgM
antibodies was significantly higher compared to mock-treated
animals only in serum of mice whose tumor had been irradiated
(Figure 6B).

DISCUSSION

Neoadjuvant chemoradiation has been shown to alter the in situ
immune cell population in rectal cancer. A high CD8* T cell
density in the stroma after RCT was associated with a favorable
clinical outcome (24). In colorectal cancer, the density of infiltra-
tion of lymphocytes is associated with better overall survival and
the immune status has emerged as a beneficial tool to improve
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FIGURE 4 | Hypofractionated radiotherapy (RT) results in local control of CT26 colon cancer tumors in BALB/c mice. The planning of the irradiation was
conducted using a computer tomography image of the irradiation box and tumor-bearing mice with Philips pinnacle software to obtain an optimal target volume.
Afterward, the dosimetry of the irradiation was performed manually with a calibrated ionization chamber. To further protect the normal tissue, the gantry of the 6-MV
linear accelerator was rotated to 340°. Tumors of three anesthetized mice can be irradiated locally at once and the dose distribution (colored areas) shows that only
the tumor and not the rest of the mouse is exposed to radiation (A). The tumor volumes were determined daily. Up to day 4 after the first irradiation with 5 Gy, the
infiltration of immune cells in the tumors was monitored in tumors of three mice from each group (B). Hypofractionated irradiation with 2 x 5 Gy resulted in good
tumor control (C); *p < 0.05, **p < 0.01; n: variable: at the starting point n = 40, with three mice less each following day per treatment group.

the management of patients (25). Immunological biomarkers are,
therefore, being used more frequently as a tool for the prediction
of prognosis and response to therapy in addition to traditional
tumor staging (26). However, it is important to consider the spati-
otemporal dynamics of different immune cell types that infiltrate
into tumors (27).

Currently, several combinations of RT with IT, such as
monoclonal antibodies blocking immune checkpoints are
being tested in clinical trials, since it is still unknown how to
bring these treatment modalities together chronologically to
achieve the most beneficial outcome for the patient (28). As a
prerequisite to coordinate both treatments, it is mandatory to
know the RT-induced immune profile, which can be boosted
and harnessed by IT. Therefore, we investigated the infiltra-
tion of immune cells into irradiated colorectal cancer tumors
(Figure 5).

Hypofractionated irradiation with 2 X 5 Gy induced a signifi-
cant increased infiltration of cells of the innate immune compart-
ment. Enhanced APCs (macrophages and MHC class II positive
cells referred to as DCs) as early as 1 day after the last irradiation
were observed. Of note is that the amount of APCs was increased
in the CT26 colorectal cancer tumor only after about 3 days.

Our in vitro experiments revealed that irradiation of the colo-
rectal tumor cells with 2 X 5 Gy results in a mixture of apoptotic
and necrotic tumor cells and in recruitment and activation of
DCs (Figures 1-3). Danger signals released by tumor cells might
be central for the recruitment of myeloid cells in the tumor (29).

While DCs did migrate in vitro similarly toward SN of mock
treated and irradiated tumor cells, in particular SN of irradiated
tumor cells induced an increased expression of the activation
markers CD80 and CD86 on DCs. One could speculate that
low amounts of danger signals being present under tumor cell
culture conditions suffice to recruit DCs and that higher amounts
of them being present after irradiation are mandatory to induce
an increased expression of activation markers on DCs. High
amounts of the danger signal Hsp70 in the extracellular milieu
have already been demonstrated to induce an increased expres-
sion of CD80 and CCR7 on DCs (30).

In vivo, when the APCs dropped again, CD8* T cells were
enhanced in the tumor, but stayed there only for around 1 day
(Figure 5). This might indicate that the cytotoxic T cells were
recruited by the activated APCs. Klug and colleagues have previ-
ously demonstrated that gamma irradiation causes normaliza-
tion of aberrant vasculature in tumors and fosters infiltration
of immune cells. This was dependent on reprogramming of
macrophages (31). Since normalization of the tumor vasculature
seems to be a key factor for enhanced immune cell infiltration,
these effects can only be observed in vivo and not with in vitro
model systems. We also did not observe any differences in the
migration index of DCs toward SN of non-irradiated compared
to SN of irradiated CT26 cells in our in vitro migration assay
(Figure 2).

Recently, it was shown that hypofractionated irradiation
of B16 melanoma tumors with 2 X 12 Gy on consecutive days
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induced a high infiltration of CD8* T cells at day 5 after the last
irradiation. Later on, the amount of the cytotoxic T cells dropped
again (32). Our data also reveal that CD8" T cells do migrate in
solid tumors that have been irradiated with a hypofractionated
protocol. It must be emphasized that the immune cell infiltration
takes place in a narrow time window (Figure 5). This knowledge is

indispensable for designing strategies for inclusion of additional
IT to classical tumor therapies, namely RT, CT, or RCT.

It has become clear that RT and RCT do have the potential
to change the tumor and its microenvironment (33) and that
radiation exposure is reflected locally and systemically (34).
Innovative IT approaches should consider the dynamics of
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last day of the observation period (see Figure 3). These sera were then
co-incubated with viable CT26 cells. IgM antibodies bound to the tumor cells
were stained with FITC-conjugated anti-mouse IgM F(ab’), fragments and
analyzed via flow cytometry (A). Data of three independent tumor-bearing
mice are presented as mean + SEM (B) and analyzed by Student’s t-test;
**p < 0.01.

radiation-induced immune cell infiltration into tumors since
the immune cells should be activated in the modified environ-
ment. Further, hypofractionated radiation might be of advan-
tage in radioimmunotherapy since wide intervals between the
single irradiations do exist that might allow the immune cells
to act and react (35). In particular, cytotoxic T cells and B cells
do have a radiation sensitive phenotype and might be affected
when being present in the tumor during re-irradiation (36).
The infiltration of immune suppressive cells such as Treg and
MDSC was not significantly influenced by hypofractionated RT
(Figure 5). However, a slight increase of Treg was seen at days
8-10 after the first irradiation and, therefore, mainly following
the infiltration of CD8* T cells. An optimal re-irradiation of the
tumor would in this case be at day 9-10 where the cytotoxic
T cells have already left and immune suppressive Treg cells are
still inside the tumor.

While in many cases it has been demonstrated that the
cellular component of the adaptive immune system and,
in particular, CD8* T cells is key for radioimmunotherapy-
induced antitumor immune responses, much less is known
about the humoral part (37). We found tumor cell-specific IgM
antibodies to be enhanced in the serum of mice whose tumors
had been irradiated with 2 X 5 Gy (Figure 6). Splenocytes of

mice whose renal cancer tumor was treated with radioim-
munotherapy secreted higher amounts of tumor cell-specific
IgM antibodies, indicating that a systemic antitumor immune
response was triggered (38). We show for the first time that
hypofractionated RT per se might be sufficient to provoke
such humoral antitumor responses. However, the latter are not
necessarily involved in abscopal radiation responses, as it has
recently been demonstrated with the 67NR mammary carci-
noma model and hypofractionated irradiation with 3 x 8 Gy.
However, increased IgM was also observed in the irradiated
primary tumor (39).

We conclude that hypofractionated RT in vivo attracts immune
cells into colorectal cancer tumors and is capable of inducing a
tumor cell microenvironment that activates DCs. The infiltration
of the immune cells is dynamic and, therefore, timely restricted.
Cytotoxic CD8" T cells follow the APCs. This knowledge is
valuable for designing multimodal radioimmunotherapies: at
days of high infiltration of immune cells being involved in anti-
tumor immune responses, RT should be paused and IT should
be applied. Consequently, at days of low infiltration of these
immune cells and high infiltration of immune suppressive cells,
re-irradiation without IT should be performed. Knowledge of
how immune cells in the periphery correlate with the observed
processes in the tumor will further facilitate the optimization of
multimodal radioimmunotherapies (40). The potential syner-
gies of RCT with IT should be exploited to improve the clinical
outcome for each patient (41), and the preclinical data presented
here on the chronology of immune cell infiltration into tumors
after local irradiation should help to optimize of clinical radioim-
munotherapy protocols.
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Cancer treatment, today, consists of surgery, chemotherapy, radiation, and most recently
immunotherapy. Combination immunotherapy-radiotherapy (CIR) has experienced a
surge in public attention due to numerous clinical publications outlining the reduction
or elimination of metastatic disease, following treatment with specifically ipilimumab
and radiotherapy. The mechanism behind CIR, however, remains unclear, though it is
hypothesized that radiation transforms the tumor into an in situ vaccine which immu-
notherapy modulates into a larger immune response. To date, the majority of attention
has focused on rotating out immunotherapeutics with conventional radiation; however,
the unique biological and physical benefits of particle irradiation may prove superior in
generation of systemic effect. Here, we review recent advances in CIR, with a particular
focus on the usage of charged particles to induce or enhance response to cancerous
disease.

Keywords: immunotherapy, particle therapy, proton, carbon, abscopal

INTRODUCTION

The traditional approach to cancer treatment has primarily consisted of three central modalities:
surgery, radiation, and chemotherapy, the first two indicated for management of gross, macroscopic
disease and the latter to target microscopic and systemic disease. Advances in biomolecular under-
standing of cancer has lead to enhanced focus on the role of the immune system in clearing disease,
and today, modulation and enhancement of the immune system, immunotherapy, has emerged as
the fourth pillar of cancer management.

Combination immunotherapy-radiotherapy (CIR) experienced a surge in public attention with
publication of numerous clinical accounts of metastatic disease remission following combina-
tion treatment with radiotherapy and ipilimumab, a cytotoxic T-lymphocyte antigen 4 (CTLA-4)
inhibitor (1-3). Preclinical and clinical investigations exploded soon thereafter; a search for “radia-
tion + immunotherapy” on http://ClinicalTrials.gov in December 2016 yielded 323 results. The
mechanism behind CIR remains unclear, though consensus may be building for radiation potentiat-
ing an immune response to a tumor, forming an in situ vaccine that, with proper immune checkpoint
modulation, can amplify the immune response systemically through blood and lymph, overcoming
tumor microenvironment immunosuppression (4). As such, CIR is increasingly considered one of
the most promising strategies to defeat cancer.
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Here, we review recent advances in CIR, with a particular
focus on the usage of charged particles to induce or enhance
response to cancerous disease.

RADIOTHERAPY

Though innumerable immunotherapeutics are in testing, radia-
tion therapy worldwide has largely used a single type, X-ray
irradiation. This consists of an external beam of radiation
delivered directly to target tumor tissue, producing a generally
uniform dose that decreases slightly from body entrance to
exit, irradiating target tumor and healthy tissue equivalently. To
avoid unnecessary healthy-tissue damage, dose is delivered in
multiple fractions, with healthy tissue self-repairing while DNA
damage accumulates in the generally repair-deficient tumor.
Further, the beam is often delivered from multiple angles or in
an arc, collating dose in the tumor while minimizing total radia-
tion exposure to healthy tissue. Conventional X-radiotherapy
operates under a twofold mechanism. The first involves direct
DNA damage, with energy delivered causing single-strand
breaks and occasionally double-strand breaks in DNA; if the
cell is unable to repair, it will undergo apoptosis or necrosis.
Second, radiation has an indirect effect through creation of
oxygen free-radicals in the target beam path, which lead to
further local damage. The principle challenge of radiotherapy
thus hinges on the inherent radioresistence of target tissue in
relation to the radiosensitivity of surrounding normal tissue,
and so the ability to deliver maximal target dose with minimal
surrounding is paramount.

Particle radiotherapy (PRT) has been in various stages of
research and development for 70 years, and today, clinical treat-
ment is available in the form of either proton or carbon-ion
radiotherapy. PRT operates by accelerating single particles to
high velocities and directing them toward target tissue, with
distance traveled in tissue a function of particle energy. As
the particle slows, the number of ionization events with its
surrounding environment increases, resulting in a dose-release
spike known as the Bragg Peak (Figure 1A). This results in a
comparatively low entry dose and little-to-no exit dose com-
pared with X-ray irradiation. Smaller particles, such as proton,
have a sharper distal dose edge but generate a slight penumbra
due to scattering in tissue; heavier ions have a slightly higher
exit dose due to nuclear fragmentations, with sharper lateral
margins. To deliver target dose to the entire body of the tumor,
the Bragg peaks are overlapped to form a spread-out Bragg
peak (Figure 1B).

Originally, this was performed using a series of collimators
and range filters to spread the beam, generating an excess neutron
dose to the overall body of the target. However, recent advances
allowed first proton and now heavy-ion beams to be actively
scanned point-by-point across the target, eliminating excess dose
and allowing improved dose delivery (5).

Inaddition to the dose-distributive benefits afforded by particle
beams, heavy-ion beams have a high linear energy transfer (LET),
that is, a higher amount of energy per particle transferred per unit
distance. This increased number of ionization events delivered
in a shorter distance interval yields an enhanced probability for
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FIGURE 1 | Comparison of the dose distribution for carbon ion and
X-rays. Panel (A) shows the physical profile of a single peak compared to a
typical photon irradiation; in panel (B), the resulting profile of a biologically
effective dose obtained with a Spread-Out Bragg Peak. Courtesy of Dr. Scifoni,
Trento Institute for Fundamental Physics and Applications (TIFPA-INFN).

double strand DNA breaks among other effects within a tumor
cell; this is related to the biological damage delivered per unit
dose by calculated comparison to an equivalent photon dose,
and is termed the relative biological effectiveness (RBE). Original
research in this area consisted of usage of neutron irradiation from
the 1950s to 1970s, which demonstrated high LET but poor dose
distribution; this lead to employment of proton, which offered
superior dose distribution but little LET benefit. Principally
from the 1990s, carbon-ions have been employed in Japan and
Germany, offering both dose-distributive and LET benefits (6).
The combination of dose-distribution benefit with an enhanced
RBE 2 to 3X that of photon has lead to evidence that carbon-
ions, owing to the direct DNA damage mechanism they employ,
are relatively cell-cycle and oxygenation independent, and can
be used to treat hypoxic and radioresistant disease (7). As the
LET value of the carbon-ion and other heavy-ion beams varies
throughout the beam path, future developments may involve
“painting” high-LET values to target areas, further enhancing the
biological effect (7, 8).
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To date, radiotherapy has been thought of as a predominantly
local treatment, with no systemic effect. However, X-irradiation
has demonstrated involvement in both immunostimulation and
immunosuppression (9, 10). Preclinical work has revealed that
PRT appears to induce an identical or broader immunogenic
response versus X-irradiation (11, 12), as well as evidence that
carbon-ion beams induce anti-metastatic and anti-angiogenic
effects.

CANCER IMMUNOSURVEILLANCE

In addition to the direct effects of radiation, surgery, and chemo-
therapy, the immune system plays a distinct role in recognizing
and destroying cancer cells, as well as in clearing and repairing
the damage caused by the first three methods. Burdet and Thomas
first hypothesized that the immune system can recognize and
eliminate transformed cells when they first occur, thus strongly
decreasing cancer incidence than may be seen in immuno-
incompetent individuals; though this hypothesis was abandoned,
today evidence clearly supports it (13). Immunodeficient HIV
patients have a noted increase in cancer incidence (14); cancer
incidence appears to return toward baseline with fast adminis-
tration of therapy (15). Choy et al. suggested that highly active
antiretroviral therapy (HAART) improved glioblastoma survival
in HIV+ patients, suggesting that HAART-enabled repopulation
of the immune system’s white blood cell population improved
outcomes, even in glioblastoma, which is largely protected from
immune system interaction due to the blood-brain barrier (16).

This initial immunosurveillance hypothesis has come to be
embodied by the “three Es” of cancer development. The first is
elimination. Cancer cells present new surface antigens that are
recognized by the immune system as exogenous or “not-self,”
leading to cancer cell recognition by antigen-presenting cells
(APCs), immune activation, and facilitation of cancer cell elimi-
nation by CD8* cytotoxic T-lymphocytes (CTLs). This generates
a microevolutionary pressure in which only those cells able to
avoid non-self antigen presentation, or to suppress the immune
response in their environment, survive. The immune system
thus shapes tumor progression, and this process is termed
immunoediting (17). Avoidance of self-reporting to CTLs
involves downregulation or inactivation of major histocompat-
ibility complex I (MHC-I) antigen processing and presentation.
Tolerogenic factors are further released by the cell to diminish
surrounding CTL activity, modifying intratumoral dendritic
cells (DCs), and recruiting and enhancing activity of regulatory
DCs and T-cells (Treg), in addition to myeloid-derived sup-
pressor cells (MDSCs) and tumor-associated macrophages. The
result is an environment of diminished T-cell activity. This point
is termed equilibrium, and occurs when elimination and replica-
tion of cancer cells is held in check, with the tumor unable to
expand freely; the cells further accumulate mutations to enhance
growth, immunosuppress the local environment, and to achieve
metastatic potential. Finally, escape occurs, in which the growth
of the cancer outpaces, through suppression and evasion, the
immune system (18).

Treg cells may otherwise be termed suppressor T-cells, and are
a subpopulation that serve to maintain self-tolerance and prevent

autoimmune disease through suppression of active T-cells. They
are formed in response to TGFp expression, which further serves
to maintain them. However, Treg immunosuppressive activity
can be co-opted by tumors to contribute to their evolution toward
escape; patients with a high Treg infiltration are known to have a
poor prognosis (19). As these cells are considered to be contribu-
tory in the development of cancer, they form distinct targets in
the tumor microenvironment. However, they are radioresistant,
attenuating response and contributing to increased radioresist-
ance following irradiation, while also increasing in number.

Myeloid-derived suppressor cells are further immunosup-
pressive, reducing the activation of other white cell populations.
They serve to release the inflammatory cytokine prostaglandin
E2 (PGE2), supporting tumor growth and cancer repopulation,
while protecting tumor cells from apoptosis. PGE2 increases
following irradiation, and its release is tied to the LET of the
radiation employed, as well as oxygen concentration (20).

Radiation has been demonstrated as both
stimulating as well as immune-suppressive. This balance can be
shifted using immunotherapeutics. Long-term clinical results,
principally of melanoma remission following administration
of radiotherapy and ipilimumab (3), have demonstrated the
potential for this combination in a clinical setting. Subtotal
responses reveal that further work is needed to overcome exist-
ing disease resistance, as well as to prevent disease adaptation
to the blockade.

immune-

RADIATION AND IMMUNOACTIVATION

Radiation has a unique effect on tumor tissue, serving as a means
by which to generate immunogenic cell death (ICD) within a
tumor (Figure 2). Upon exposure to radiation, tumor cells present
damage-associated molecular patterns (DAMPs), which enable
the cell to be engulfed by APCs. These are in turn presented to
CTLs, leading to tumor destruction. This pathway is facilitated by
IRE1, PERK, and ATF6, which in low-stress conditions are inac-
tivated by BiP/GRP78. Following irradiation, this inactivation
diminishes, leading to DAMP trafficking to the surface. DAMP
response to radiation appears to be dose dependent and varies
significantly with tumor histology and genetics.

Within the DAMPs, calreticulin (CRT), ATP, high mobility
group box-1 (HMGBI), and type I interferons appear to play the
major role (21, 22). When a cancer cell is undergoing ICD, 6X
normal concentration levels of CRT are found on the surface. This
is dependent on PERK-mediated phosphorylation of EIF2a or
inhibition of Eif2a-specific phosphatase complex PP1/GADD34.
With radiation, this process appears to be mediated by Erp57.
CRT interacts with SNAREs on the cell surface, interacts with
the TNF family, and may activate complement Clq; essentially, it
serves as a potent dendritic cell “eat me” signal. This signal may be
counteracted by the antiphagocytic molecule CD47, considered
the “do not eat me” signal (23), which is ubiquitously expressed
in human cells and overexpressed in numerous tumors. Radiation
seems to reduce the amount of CD47, increasing the rate of cell
phagocytosis.

High mobility group box-1 is a highly conserved nuclear pro-
tein involved with replication, and is expressed in nearly all cells.
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FIGURE 2 | Radiation increases major histocompatibility complex |
and enhances calreticulin (CRT) translocation and ATP-high mobility
group box-1 (HMGB1) release. Those signals are fundamental to activate
dendritic cells (DC). Activated DC increase their mobility and move to the
lymph nodes where they activate T-cells. The increase of prostaglandin E2
(PGE2) and TGFp could yet be counterproductive, increasing the population
of myeloid-derived suppressor cells (MDSC) and Treg cells responsible for
immunosuppression.

It serves as an immunoactivating cytokine and DAMP when
released by necrotic cells following ablative radiotherapy, acti-
vating DCs through toll-like receptor 4 (TLR4) (24). Inhibition
of HMGB1-TLR4 interaction leads to earlier relapse in breast
cancer patients, while HMGBI levels following chemo-irradia-
tion were predictive for survival, perhaps due to their effects on
the proliferation of CTLs. Similarly, ATP and Interferon y are
released following irradiation in cells consequently undergoing
ICD; ATP binds to P,Y, and P,X; purinergic receptor on mac-
rophages and DCs, leading to activation of the DC inflamma-
some, secretion of IL-1p, and leading to inflammatory cytokine
production. Meanwhile IFNYy increases following irradiation
and enhances the level of APM-components, ultimately pro-
ducing an increase of the MHC-I complex. Other mechanisms
for immunoactivation secondary to radiation therapy include
MHC-I activation via the CERAMIDE pathway, with VEGEF-
induced damage triggered by ASMase responsible for MHC-I
enhancement (25). Less directly, blockage of type-I interferons
or modification of TLR3 signaling stopped ICD in target tumors,
suggesting a mechanism at work. Heat shock proteins 70 and 90
(Hsp70, Hsp90) are both directed to the cell surface during ICD,

with released Hsp70 serving as a DAMP. Further, any DAMPs
produced during ICD, regardless of radiation, also play a role in
the downstream effects of ablative irradiation.

RADIATION AND IMMUNOSUPPRESSION

However, radiation is a two-sided coin, comprising not only
immune activation but also suppression. The effect of radiation
on the immune system itself is not well understood, with local
dendritic and T-cells also being exposed to irradiation during
treatment. Merrick et al. found that human myeloid DCs were
very resistant to radiation-induced apoptosis and maintained
their migratory and phagocytic capacities following radiation
(26). However, irradiated DCs were less effective at activating
lymphocytes and, when mature, were less able to produce immu-
noactivating IL-12 compared to control. As such, DC irradiation
in vitro and, potentially, in vivo, may diminish immunoactivation
and comparatively suppress immune response overall. This is in
addition to any innate local immunosuppression caused by the
naive tumor; Merrick et al. thus suggested that irradiation of DC
could shift the delicate balance from tumor regression to one of
tumor expansion and escape. Patients exhibiting immunosup-
pression have been found to require higher radiation dose for
local control (27).

More directly, upregulation of PD-L1 in tumor cells has been
seen following irradiation, which Park and colleagues demon-
strated can limit generation of an abscopal effect, in which distant
disease regression is noted (28). Melanoma was injected into the
hindlimbs of PD-1-deficient C57BL/6 mice and compared to
wild-type following treatment of one limb with SABR; mice defi-
cient in PD-1 saw a fivefold reduction in their untreated tumor.
This suggests activity of PD-1 as an anti-abscopal marker. PD-1
operates by downregulating the immune system and promoting
self-tolerance, inducing apoptosis in T-cells and overall con-
tributing to generation of an immunosuppressive environment.
Blockade of PD-1 allows systemic expansion of T-cells, increasing
tumor infiltration. Consequently, blockade of PD-1 may allow for
better triggering of the abscopal effect.

Further, radiation increases the amount of PGE2 cytokine
(20), which not only contributes to the Phoenix Rising effect, in
which surviving distant disease becomes more aggressive and fast
growing following local treatment, but also increases the popula-
tion of MDSCs and contributes to a shift of T-cells to Treg cells.
This contributes to the immunosuppressive environment.

TGFp is also released following irradiation, leading to
immune suppression by increasing the ratio of Treg cells. It
is unclear precisely what role TGFp serves, though in mice it
appears to be age-related. Co-activation with IL-6 produced
by mature DCs appears to be an important parameter to shift
TGEFp to immunoactivation over suppression (29). TGF-f is also
implicated in B-lymphocyte proliferation and NF-«B inhibition.
It increases the apoptosis of immature B-lymphocytes.

The decision to refrain from or to undergo ICD plays a major
role in development of immunosuppression or immunoactiva-
tion. Following damage, cells may attempt self-repair or become
apoptotic. Langerhans cells in the skin, following UV irradiation,
are able to induce Treg cells and avoid immune self-destruction
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even if they are expressing foreign “non-self” antigens. This is
thought to prevent autoimmune reactions in the skin, but the
exact mechanism is unclear (30). However, this may be co-opted
by tumors, facilitating escape from immune detection. Similar
mechanisms exist: inhibition of macrophages, DCs, or T-cells can
further be accomplished through the release of cytokines. IL-10,
for instance, interferes with DC maturation by blocking T-cell
activation.

ICD AND RADIOTHERAPY

The irradiation and destruction of local immune system cells in
theory may contribute to immunosuppressive shift. In this vein,
particle irradiation may be beneficial due to a reduced integral
dose and overall reduced irradiated volume compared with pro-
ton, limiting unnecessary destruction of lymphocytes (31, 32).
Photon radiotherapy induces ICD in a dose-dependent manner
via CRT translocation, and HMGBI1 and ATP release (33), which
are necessary for radiation treatment success (34). Depending
in part on dose and type of radiation delivered, varying types of
induced cell death may result: apoptosis, necrosis, mitotic catas-
trophe, necroptosis, or autophagy. When these processes occur
with the translocation of CRT, HMGBI, and ATP release, or the
dispersion/release/translocation of other immune-stimulating
antigens from dying cells into the surrounding milieu, this leads
to immune system activation and may be termed immunogenic
cell death (35).

Traditionally, cell killing is ascribed to four basic prin-
ciples, termed the “4 R’s of Radiobiology”: reassortment,
reoxygenation, repair, and repopulation. Recent discussion has
lead to the suggestion that ICD may be considered the fifth
radiobiological principle, due to induction of immune system
activation and potential generation of a systemic antitumor
effect (36). Though the local consequences of irradiation in
a tumor are readily apparent, with development of ICD due
to direct irradiation effects, as well as induction of immune
system response in the local environment, recent attention has
turned to what role ICD may play in the generation of systemic
effects. It is proposed that immunoactivation may extend
beyond the local tumor, facilitating a system-wide antitumor
response. Circulating levels of cytokines have been found fol-
lowing radiotherapy, with prostate adenocarcinoma patients
and head and neck cancer patients both having detectable
levels of inflammatory and/or fibrogenic factors in circulation
following radiotherapy (37).

COMBINATION IMMUNOTHERAPY AND
RADIOTHERAPY

Usage of CIR to induce systemic regression of cancerous
disease is hoped to revolutionize cancer treatment, allowing
generation of bystander or abscopal effects, signifying regional
or distant antitumor effect, respectively. Though the precise
mechanism remains unknown, radiotherapy is thought to
convert an individual tumor into an in situ vaccine, after
which it serves as a way station for immune system activa-
tion, amplification, and proliferation in targeting systemic

disease (34). This vaccination effect has been seen in colon
cancer (38). The abscopal effect has been known for decades
to occur with radiotherapy alone, although it was notably rare
(39, 40). Clinical abscopal effects remained mechanistically
elusive, until in 2004 when Demaria and colleagues suggested
that it is immune-moderated (41). With the advent of modern
immunotherapeutics, which can be administered to preserve,
amplify, and regionosystemically expand these responses, the
possibility of inducing a controlled abscopal effect is nearing
reality. Mechanistically, the existence of radiotherapy-only
abscopal effects suggest that the driving agent of the effect
either occurs spontaneously or is secondary to radiation in
a small proportion of patients, respectively. Inmunotherapy
thus aims to extend the potential for abscopal effect generation
to a wider population.

Case reports have been seen in a variety of tumor histologies,
though the most replicable thus far appear to focus on combina-
tion radiotherapy and CTLA-4 inhibition (via ipilimumab) in
melanoma (1-3, 42). Melanomas (30-40%) have NY-ESO-1
and may thus be susceptible to ipilimumab. In one case, a
patient was treated with ipilimumab and kept on maintenance.
Palliative radiotherapy was applied to a paraspinal mass, with
ipilimumab again delivered a month following. Two months
thereafter, widespread disease regression was noted, with mini-
mal stable disease 6 months later. Post-radiotherapy showed a
30-fold increase in antibodies against NY-ESO-1 protein (3).
Addition of PD-1 blockade has yielded a similar abscopal effect
against melanoma and RCC (37). A phase I trial of combina-
tion therapy in melanoma found increased PD-L1 expression
following treatment, with less than 20% of patients developing
abscopal-like reactions; blocking PD-L1 was suggested. DCs
treated ex vivo with different activators and modifiers and then
delivered intravascularly or intratumorly, in combination with
radiation, have also demonstrated good results in multiple
studies, and may be promising as a treatment amplification
option. As DCs serve as the primary activators of the local
immune response, direct DC injection is thought to improve
the likelihood of overcoming environmental immunosuppres-
sive effects.

Unfortunately, the precise mechanism behind clinical induc-
tion of CIR-mediated disease remission has yet to be under-
stood and thus is difficult to replicate on a population basis,
forming the central challenge behind clinical treatment with
immunoradiotherapy. Due to the microevolutionary nature of
cancer treatment and heterogeneity of tumors, any individual’s
tumor ideally will be targeted with disease-, histology-, and
perhaps genetic-level precision, as cells surviving initial treat-
ment can expand unheeded. Mechanistic understanding of CIR
is needed.

PARTICLE COMBINATION THERAPY

Particles have been theorized to increase the advantages and
utility of CIR. Particles appear to demonstrate higher antitumor
effects versus photon irradiation, with reports that they are more
effective in reducing metastasis (43), while reducing or prevent-
ing local recurrence (44, 45).
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The immunogenicity of radiation may correlate to the density
ofirradiation, with enhanced efficacy seen with high-LET, densely
ionizing radiation in cell cultures (12, 46). Among other pathways,
high LET radiation appears to increase the CERAMIDE pathway
more efficiently than low LET X-ray (47). Across multiple tumor
cell lines, protons mediated CRT translocation to the cell surface,
increasing cross-priming and sensitivity to CTLs (11). This may
be enhanced with more densely ionizing heavy ions, such as
oxygen or carbon.

In mouse studies, in combination with DC injection, the
carbon-ion beam correlated with a greater amount of immune
activation (48). Though DC injection has been found promising
with photon trials, as carbon-ions are generally used to treat
deep-seated tumors, intratumoral dendritic cell injection may
not be feasible with many carbon patients. Alternate delivery
methods and/or alternate in situ DC amplification methods
may be necessary (48, 49). Animal studies involving immuno-
therapeutic agents combined with carbon-ion irradiation are
underway.

Carbon-ions have been linked to induction of an abscopal
effect in combination with immunotherapy (48). There has
been a theoretical response to carbon seen with pancreatic
cancer patients, as well as abscopal-like effects seen with the
carbon-ion beam. An 85-year-old patient received 50.4 Gy
(RBE) in 12 fractions for an ascending colon carcinoma, with
mediastinal lymph node metastases resolving 6 months follow-
ing carbon-ion radiotherapy. Whether this is due to ablative
dose delivery afforded by the carbon-beam, or an immunogenic
effect secondary to the usage of high-LET radiation, remains
to be elucidated.

UNKNOWNS AND THE FUTURE

To this end, numerous avenues of radiotherapy and their effect
on the systemic immune system remain to be clarified. Though
combination reactions have been clinically demonstrated, they
remain rare, with clinical trials commonly reporting maximal
systemic disease regression rates of 20% or less. Tumors are
now known to be heterogeneous, and so therapy that eliminates
disease, and does not simply select for resistant disease, must
be employed. Which combinations of immunotherapeutics
are indicated in what diseases and histologies, the (epi)genetic
profiles of those diseases, as well as variables such as whether
surgery or chemotherapy are performed, timing and dose,
as well as radiation usage, radiation type, dose, fractionation,
and more, all may play a role in the delicate balance between
immunoactivation and immunosuppression (50). Conventional
fractionation regimens tend to settle at 2 Gy per fraction;
hypofractionated fractions can deliver 204+ Gy per fraction, and
appear to lead to greater immunoactivation. The reasoning for
this may lie in the effect of fractionation on local lymphocytes:
notably radiosensitive, lymphocytes invade the damaged tumor
space, only to be repeatedly irradiated over the treatment period.
Following classical irradiation protocols, the level of circulating
lymphocytes in peripheral blood is notably low (51). Reduced
fractionation may result in less peripheral lymphocyte death,

and thus may serve to diminish systemic response in comparison
with hypofractionation. Increasing dose would increase local
CRT translocation, as well as HMGB1 and ATP release.

Nonetheless, in vitro studies suggest conventional fractiona-
tion is superior to hypofractionation in terms of activating the
immune system. Rubner and colleagues found that fractionated
radiation was better able to induce release of Hsp70, leading to
DC maturation (52). Kulzer and colleagues similarly found that
classical RT may better enable the tumor to serve as immuno-
activation point, leading to a stronger immune response. They
compared classical RT with single-dose protocols, finding
elevated levels of immunoactivating cytokines IL-12p70, IL-8,
IL-6, and TNF-a (53).

It has been demonstrated that different types of radiation are
differentially efficient on differing tumor types, with some studies
indicating cases where particle irradiation was less effective or
equal to photon (54, 55). Modulation of dose and fractiona-
tion remain unclear: in an animal model, stereotactic ablative
body radiotherapy was demonstrated to be superior to classic
RT fractionation, while in vitro evaluation suggested that for
immune activation, classical fractionation was superior. Tsai and
colleagues found differences in gene expression between classical
and single-dose protocols, with robust gene induction found in
the fractionated protocol (56). These unknowns will require study
in the future.

Technological availability is reaching the point where different
tumor types can be targeted with different ions, depending on
their suitability. Heavy-ion facilities are being built rapidly in
the world, with 2 in Europe, 6+ in Asia, and plans to construct
2+ in North America. Switching from one ion to another takes
only minutes, and preliminary evidence suggests unique benefits
offered by proton (sharp distal dose), as well as carbon and oxygen
(sharp lateral doses and high LET) (57). Helium and lithium may
soon be employed; it is possible immunoactivation may respond
differently with ion type, and so comprehensive studies of these
combinations will be needed.

Combination immunotherapy and radiotherapy offers a
powerful modality for the treatment of cancer, and for the first
time in cancer treatment, a potential therapy resulting in total
remission of stage IV, distant disease, may be mechanistically
understood. Innumerable factors play a role: the specific targets
of immunotherapeutics, ex vivo modulation and reimplantation
of immunoactivating cells, surgery, chemotherapy, radiation,
and the dose, type, and timing of all these treatments. It is hoped
that with careful understanding of the mechanisms involved, for
the first time the clinical view of distant, stage IV illness may be
shifted from “palliative” to “curative.”
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Radiation therapy is one of the cornerstones of cancer treatment. In tumor cells, expo-
sure to ionizing radiation (IR) provokes DNA damages that trigger various forms of cell
death such as apoptosis, necrosis, autophagic cell death, and mitotic catastrophe. IR
can also induce cellular senescence that could serve as an additional antitumor barrier in
a context-dependent manner. Moreover, accumulating evidence has demonstrated that
IR interacts profoundly with tumor-infiltrating immune cells, which cooperatively drive
treatment outcomes. Recent preclinical and clinical successes due to the combination
of radiation therapy and immune checkpoint blockade have underscored the need
for a better understanding of the interplay between radiation therapy and the immune
system. In this review, we will present an overview of cell death modalities induced by
IR, summarize the immunogenic properties of irradiated cancer cells, and discuss the
biological consequences of IR on innate immune cell functions, with a particular attention
on dendritic cells, macrophages, and NK cells. Finally, we will discuss their potential
applications in cancer treatment.

Keywords: ionizing radiation, tumor cell death, innate immunity, immunotherapy, cancer treatment

INTRODUCTION

Radiation therapy has been used in cancer treatment for over a century and represents one of the
most efficient treatment modalities in the oncology field. Over 50% of all cancer patients receive
radiation therapy during the course of their disease. Radiation therapy is widely used in many local-
ized solid tumors, ranging from brain tumors, head and neck cancer, lung cancer, esophageal cancer,
breast cancer, rectal cancer, and cervical cancer to prostate cancer among others. Radiation therapy
is also used for the management of metastatic diseases such as brain or bone metastasis (1). Despite
the fact that radiation therapy contributes to approximately 40% of all cancer cures (2), treatment
failure is frequently observed due to local recurrence and distal metastasis (3).

Antitumor effects of radiation therapyare mainly due to theinduction ofan important cellular stress
that triggers cell cycle arrest and leads eventually to either cellular senescence or cell death depending
on the doses and the irradiation schedules used. Today it is also established that these local biological
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effects stimulate both innate and adaptive immune cells present
in the tumor microenvironment and elicit an antitumor response
at distance of the irradiated tumor sites. This biological process is
also known as “abscopal” effect. The antitumor response elicited
by radiation therapy can be enhanced by unleashing immune
resistance mechanisms through the use of immune checkpoint
blockers [such as anti-cytotoxic T-lymphocyte-associated
protein-4 (anti-CTLA-4) or anti-PD-L1 antibodies], revealing
that the modulation of the cross-talk between the biological
effects of radiation therapy and the immune system is central for
optimal tumor growth inhibition (4). The identification of rational
approaches to design therapeutic strategies for the combination
of radiation therapy with immunotherapy is still an unmet need.
A better understanding of the molecular and cellular components
of the emerging field of radio-oncoimmunology is central for the
development of novel therapeutic approaches aiming at improv-
ing the effectiveness of radiotherapy.

In this review, we first highlight the diversity of cell death
modalities elicited by ionizing radiation (IR) and focus on their
immunogenic potentials. Next, we will briefly describe the roles
of main innate immune cells in tumor microenvironment and
then discuss the impacts of IR on various innate cells functions.
We will also discuss how the modulation of innate immune cell
functions by IR impacts on cancer treatment. A particular atten-
tion will be paid to dendritic cells (DCs), macrophages, natural
killer (NK) cells, and myeloid-derived suppressor cells (MDSCs),
since currently much more is known about these specific cell

types.

IONIZING RADIATION DICTATES THE
DEATH AND THE IMMUNOGENICITY
OF CANCER CELLS

Despite the fact that radiation therapy plays a central role in
cancer treatment, the biological processes that are involved in the
effectiveness of radiotherapy are poorly understood. Even though
various forms of cell death, including apoptosis, autophagic cell
death, mitotic catastrophe, and cellular senescence, have been
detected after IR (5, 6), the precise contribution of these lethal
events to the biological effects of IR remains elusive.

lonizing Radiation Can Eliminate Cancer
Cells through Distinct Cell Death
Modalities

After exposure to IR, cancer cells may die through distinct
modalities (Figure 1). Apoptosis, autophagic cell death, necrosis,
and necroptosis are cell death modalities that have been exten-
sively studied and characterized. A nomenclature mainly based
on morphological, biochemical, and enzymatic criteria has been
proposed and ordered lethal processes in three types, with apop-
tosis as the type I cell death modality, the autophagic cell death as
the type II cell death, and necrosis or necroptosis as type III cell
modalities (7).

Apoptosis, which is the principal death modality detected after
IR, is described as a programmed cell death (PCD) with specific
morphological alterations such as the chromatin condensation

(also known as pyknosis), the nuclear fragmentation (also known
as karyorhexis), the plasma membrane blebbing, and the forma-
tion of apoptotic bodies that could be engulfed by phagocytes (7).
Apoptosis can be triggered by two distinct interlinked signaling
pathways, namely the intrinsic pathway driven by intracellular
cues (such as DNA damage or metabolic alterations) and the
extrinsic pathway driven by extracellular signals such as death
ligands. In both pathways, apoptotic signals lead to the activation
of initiator caspases (CASP) (such as CASP-9 for the intrinsic
pathway and CASP-8 and -10 for the extrinsic pathway), through
proteolytic cleavages. Once activated, these initiator proteases
trigger a cascade of CASP activation by cleaving and activating
downstream effector CASP (including CASP-3, -6, and -7). Con-
sequently, the proteolytic processing of numerous cytoplasmic
or nuclear substrates of CASP triggers the typical morphology
of apoptotic cells. Initially associated with the induction of
apoptosis, the biological activities of CASP may also participate
to cellular processes that are independent of cell death modali-
ties (such as macrophage activation or differentiation of skeletal
myoblasts and keratinocytes) (8), indicating that the detection
of the enzymatic activity of caspases in response to IR may not
always be indicative of the execution of an apoptotic death.

Irradiated cells may also die through type a II cell death
modality that is known as autophagic cell death (9). Initially,
misnamed as autophagy (10), the autophagic cell death is a
biological process distinct from autophagy. Autophagy is an
evolutionarily conserved lysosomal pathway that participates
in the maintenance of the cellular homeostasis by preventing
the accumulation of misfolded and aggregated proteins as well
as damaged organelles (11). This process, which starts with the
nucleation of phagophore forms, produces, through lipid incor-
poration, the autophagosomes that will fuse with lysosomes to
become autolysosomes that orchestrate the degradation of the
sequestered content. This autophagic flux that is tightly regulated
by autophagy-related (ATG) proteins (12) may either favor tumor
growth by favoring the survival of cancer cells under unfavorable
conditions (such as hypoxia and nutriment deprivation) or con-
tribute to tumor suppression by triggering the death of cancer
cells when they are resistant to apoptosis (13). The autophagic
cell death is defined as a cell death process that occurs after the
induction of autophagy and is blocked by inhibitors of autophagy
function and/or genetic inactivation of autophagic modulators
(14). The autophagic protein ATG5 was recently implicated in the
induction of IR-induced autophagic cell death (15). This process
is distinct from the induction of autophagy after IR where the
inhibition of the mammalian target of Rapamycin (mTOR) or
the kinase AKT increases cytotoxicity of IR (13), confirming that
autophagy may also contribute to the resistance of cancer cells
to IR. We recently revealed that autophagy may also be involved
in the enhancement of radiation therapy effects in immune-
competent mice (16), highlighting the fact that the autophagic
machinery can contribute to the regulation of cancer cell fate
during cancer treatment.

Necrosis and necroptosis are stereotypical forms of type III
cell death modalities that are also detected after IR. Necrosis was
initially described as an unordered cell death mode associated
with an organelle swelling, the rupture of their plasma membrane
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FIGURE 1 | The intracellular signaling pathways associated with IR-induced cell death modalities. IR induces cellular apoptosis by activating both the
intrinsic apoptotic pathway (through proapoptotic proteins-mitochondrial outer membrane permeabilization (MOMP)-Cytochrome ¢/SMAC/DIABLO release-caspase
activation) and the extrinsic apoptotic pathway (through the upregulation of death receptors and the activation of downstream caspases). p53 also induces the
expression of p53-inducible death domain (PIDD) protein in response to ionizing radiation, which acts as an effector of p53-dependent apoptosis. In addition,
activated ATM following IR may activate the NF-kB pathway that in turn induces apoptosis. IR also leads to persistent DNA damages, which induce to p53
activation and p21 upregulation. p21 mediates cell cycle arrest and cellular senescence. Following IR, both activated ATM and p53 may trigger autophagic cell
death to cells. ATM can activate AMPK and PTEN that suppress mTOR complex and induce autophagy. In addition, p53 upregulates the expression of autophagy-
initiating kinase ULK1 and ULK2 and the damage-regulated autophagy modulator (DRAM) that subsequently induce autophagy. Note that it is still not certain
whether this IR-induced autophagy would systematically lead to autophagic cell death. How IR induces necroptosis is still not fully understood. Some studies
suggest that, in absence of caspase 8 activation, activated ATM following DNA damages (such as those induced by alkylating agent treatment) might mediate
necroptosis by activating RIPK1 and RIPK3. See the main text for details. Abbreviations: AMPK, adenosine 5’-monophosphate (AMP)-activated protein kinase; ATM,
ataxia-telangiectasia mutated; BAK, BCL-2 homologous antagonist/killer; BAX, BCL-2-associated X protein; IR, ionizing radiation; mTOR, mammalian target of
rapamycin; NEMO, NF-kappa-B essential modulator; NF-kB, nuclear factor kappa B; PTEN, phosphatase and tensin homolog; PUMA, p53 upregulated modulator
of apoptosis; RIPK, receptor-interacting protein kinase; TRAIL, TNF-related apoptosis-inducing ligand; TSC, tuberous sclerosis complex; ULK, UNC-51-like kinase.
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and the cell lysis. This “accidental” death leads to the passive
release of intracellular components such as adenosine triphos-
phate (ATP) or high mobility group box 1 (HMGB1) protein
and causes an intense inflammatory response. Low doses of IR
generally eliminate cancer cells through apoptosis, whereas high
doses of IR can lead to necrosis (17). The characterization of the
molecular mechanisms of necroptosis (18) revealed the ability of

IR to induce a programmed necrosis in anaplastic thyroid and
adrenocortical cancer cells (19). Necroptosis and necrosis share
morphological characteristics (such as plasma membrane rupture,
cell swelling, and the release of intracellular components to extra-
cellular milieu), but in contrast to necrotic process, necroptosis
is a regulated process that can be induced in response to death
receptor activation or after apoptosis inhibition and regulated by
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receptor-interacting protein kinases 1 and 3 (RIPK-1 and -3) or
mixed lineage kinase domain-like (18).

Ionizing radiation has also been associated with cell death
modalities that do not or partially exhibit the morphological
features, the biochemical alterations and the enzymatic activities
above described. These less studied cell death processes have been
defined as atypical cell death modalities. The mitotic catastrophe
is one of these processes that can be induced after radiotherapy.
In response to IR, tumor cells carrying mutated or inactivated
p53 cannot efficiently activate cell cycle checkpoints (in particular
G2/M checkpoint) to initiate cell cycle arrest and carry out DNA
repair. Consequently, cancer cells containing unrepaired DNA
enter prematurely into mitosis and undergo mitotic catastrophe
(5). In addition, the irradiation of human keratinocytes with
doses ranging from 0.005 to 0.5 Gy induces early apoptosis and
necrosis with a substantial population of cells that undergo G2/M
arrest and ultimately die through mitotic cell death (20), indi-
cating that non-tumoral cells may also undergo a mitotic death
after IR. Alternatively, mitotic catastrophe may result from the
hyper-amplification of centrosomes as a result of failure to repair
the DNA damages induced by IR, and lead to multipolar mitotic
spindles and abnormal chromosomal segregation (21).

In addition to canonical cell death modalities, cellular senes-
cence can also be induced in dose-dependent and cell type-
dependent manners and contribute to the elimination of cancer
cells after IR (22, 23). Cellular senescence is a state during which
cells undergo irreversible growth arrest in response to various
stimuli including oncogene or tumor suppressor gene activation,
epigenetic disruption, oxidative stress, as well as DNA damage
elicited by IR or several chemotherapeutic agents (24). This
cellular process, which is activated and maintained by p53/p21-
or pl6™**“/RB-dependent pathways, is considered as an antitu-
mor barrier that halts the proliferation of cancer cells (24, 25).
Senescent cells remain metabolically active and can secrete
numerous proinflammatory cytokines, chemokines, growth
factors, and proteases that collectively are known as senescence-
associated secretory phenotype (SASP). Once released, SASP
can act in an autocrine and/or paracrine manner to induce
numerous either beneficial or noxious activities including induc-
tion of angiogenesis, modulation of cell proliferation and stem
cell activity, stimulation of epithelial-mesenchymal transition,
promotion of chronic inflammation, depending on the specific
pathophysiological context (24). Thus, while cellular senescence
represents a cell-autonomous tumor suppressor mechanism,
radiation-induced senescence could impact on the neighboring
cancer cells and favor tumor survival and growth.

The Central Role of the Kinase
Ataxia-Telangiectasia Mutated and
the Tumor Suppressive Protein p53
in IR-Mediated Cell Killing

The kinase ataxia-telangiectasia mutated (ATM) and the tumor
suppressive protein p53 play critical roles in coordinating DNA
repair and cell fate determination when DNA damages are not
repaired. Following sublethal doses of IR, DNA double-strand
breaks are sensed by the MRE11-RAD50-NSB1 (MRN) complex,

which in turn recruits and activates the apical kinases ATM
mainly by favoring its autophosphorylation at serine 1981. ATM
phosphorylates MRN complex, and other substrates including
checkpoint kinase 2 (CHK2), p53-binding protein 1, and breast
cancer gene 1 protein, which participate in sustaining DNA dam-
age response signaling and in inducing S and G2/M arrest. ATM
and CHK?2 further phosphorylate p53, leading to its stabilization
and activation of its transcription factor function. P53 upregulates
the expression of p21 that induces the cell cycle arrest in G1. The
initiation of DNA damage response by ATM and the induction
of cell cycle arrest by p53 allow an efficient DNA repair process
to restore genome integrity (26). However, when damages are not
repaired efficiently, cell death programs are initiated.

The Kinase ATM Regulates Cell Death Modalities
Elicited by IR
Upon IR-induced DNA DSBs, the kinase ATM and its down-
stream effector CHK2 kinase are phosphorylated and activate the
tumor suppressive protein p53. The tumor suppressive protein
p53 regulates through transcription-dependent or independ-
ent mechanisms the activation of both intrinsic and extrinsic
apoptotic signaling pathways (27). Furthermore, the kinase ATM
may also phosphorylate the NF-kB essential modulator (NEMO/
IKK-y) thus, leading to NF-xB activation and subsequent proa-
poptotic CASP-8 activation (28). The kinase ATM may also
regulate autophagy and control the induction of cell death.
Although in some cases, the induction of autophagy via
ATM-adenosine monophosphate-activated protein kinase
(AMPK)-UNC-51-like kinase (ULK1) pathways was described
to confer cytoprotective effect in Temozolomide-treated glioma
cells (29), the regulation of autophagy through ATM-AMPK-
tuberous sclerosis complex 2 (TSC2)-mediated suppression
of mTORCI by reactive nitrogen species lead to the loss of cell
viability in breast cancer cells (30). In response to DNA dam-
age induced by Topotecan, ATM phosphorylates phosphatase
and tensin homolog and promotes its nuclear translocation and
induces autophagy (31). Whether IR induces autophagy via
similar signaling pathways should be further clarified. Instead,
it is shown that ATM mediated IR-induced autophagy through
activation of p38 mitogen-activated protein kinase (MAPK) and
inhibition of mTOR pathway in human cervical cancer Hela
cells. Pharmacological and genetic inactivation of ATM lead to
decreased autophagy and hypersensitivity of Hela cells to IR (32).
The role of ATM in IR-induced necroptosis has not been clearly
demonstrated. ATM regulates alkylating DNA-damage agent-
induced necroptosis through phosphorylation of histone protein
H2AX (33). It is suggested that in response to DNA DSBs and in
absence of CASP-8 activation, ATM might activate RIPK1 and
RIPK3, which form necrosome and trigger necroptosis. However,
this remains yet to be verified and clarified (28).

The Tumor Suppressive Protein p53 Contributes

to IR-Induced Cell Death

The tumor suppressor p53 plays a center role in the regulation of
numerous IR-induced cell death pathways. Following IR and DNA
damages, the tumor suppressive protein 53 is phosphorylated at
serine 15 and serine 20 by the kinases ATM and ATR and their
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downstream mediators CHK2 and CHK1. Once phosphorylated,
p53 is dissociated from its negative regulator, the E3 ubiquitin
ligase MDM2 and stabilized (34). Radiation can induce cell apop-
tosis via both intrinsic and extrinsic pathways. In the IR-induced
intrinsic pathway, p53 induces the transcription of a number of
proapoptotic proteins, including members of B-cell leukemia 2
(BCL-2) family such as the proapoptotic BCL-2-associated X pro-
tein (BAX) (35). Apart from its prominent role as a transcription
factor, p53 also functions in the cytoplasm to induce apoptosis
by directly activating the proapoptotic BAX and BAK (36). BH3-
only proteins including p53 upregulated modulator of apoptosis
(PUMA), NOXA and Bcl-2 interacting mediator of cell death
(BIM) are also key initiators of apoptosis induced by IR (37-40).
The protein p53 also induces the expression of p53-inducible
death domain protein in response to IR, which acts as an effec-
tor of p53-dependent apoptosis (41). In addition, a number of
antiapoptotic proteins are repressed, which further enhances
IR-induced apoptosis. For instance, p53 negatively regulates Bcl-
2 gene expression (42). P53 also transcriptionally represses the
expression of antiapoptotic survivin gene (43). Both activation of
proapoptotic proteins and repression of ant-apoptotic proteins by
IR subsequently lead to the formation of BAX-BAK pores in the
mitochondrial outer membrane, triggering mitochondrial outer
membrane permeabilization (MOMP). MOMP facilitates the
release of toxic proteins such as cytochrome c and the proapop-
totic SMAC/DIABLO into the cytosol, leading to the activation of
the intrinsic apoptotic pathway by activating the initiator CASP-9
(28). IR triggers also extrinsic apoptotic pathways by upregulat-
ing death receptors. IR upregulates Fas expression in tumor cells
in a wild type p53-dependent manner (44, 45). IR also induces
the expression of the TNF-related apoptosis-inducing ligand
(TRAIL) receptors Killer/DR5 (46, 47). Other TRAIL receptors
including DCR1, DCR2 and DR4 can also be induced by IR
and are regulated by the wild-type p53 (48). The upregulation
of these death receptors by IR may facilitate extrinsic apoptosis.
The death receptors assemble into a multiprotein complex called
death-inducing signaling complex (DISC) which in turn serves
as a scaffold for the recruitment and activation of the initiator
CASP-8 and CASP-10, leading to the activation of extrinsic apop-
tosis pathway. In addition to the upregulation of death receptors,
IR also generated ceramides via acid sphingomyelinase, which
in turn acts on the mitochondrion or activates the proapoptotic
stress-activated protein kinase/c-Jun N-terminal kinase pathway
and initiates apoptosis (49, 50).

Like its pleiotropic roles in regulating IR-induced apoptosis,
p53 also modulates autophagy at multiple levels in IR-exposed
cells. The transcription factor p53 upregulates the expression of
human autophagy-initiating kinase ULK1 and ULK2 and induces
autophagy in response to DNA damage. This p53-regulated
autophagy ultimately leads to DNA-damage-induced cell death.
Interestingly, p53 also induces the expression of the damage-
regulated autophagy modulator (DRAM), a lysosomal protein
that induces autophagy, leading to p53-dependent apoptosis,
linking autophagy to p53 and damage-induced apoptosis (51).

The cellular senescence induced by IR is mainly mediated
by p53. Persistent DNA damage activates p53 that induces p21
expression and cell cycle arrest (24). It is also shown that reactive

oxygen species (ROS) are essential for P53-mediated cellular
senescence after IR (52). Alteration of p53-dependent activity
affects IR-induced cellular senescence. For example, activation
of P53 with Nutlin-3a sensitized lung cancer cells to IR through
induction of premature senescence (53). The nerve injury-
induced protein 1 (Ninjurinl, Ninjl) is a P53 target following
IR that in turn suppresses the expression of P53. Accordingly,
inactivation of Ninjl suppresses cell proliferation but enhances
P53-mediated apoptosis and cellular senescence (54).

IONIZING RADIATION OF TUMOR CELLS
ALSO FAVORS THE DEVELOPMENT OF
ANTICANCER IMMUNE RESPONSE

Apart from its direct genotoxic activity and tumor cell killing
capacity, IR also enhances immune response via immunogenic
properties of IR-induced cell death, upregulation of major his-
tocompatibility complex (MHC) class I molecules and de novo
tumor antigen production that collectively and coordinately
prime and activate innate and adaptive immune systems to gener-
ate tumor-specific immune response.

lonizing Radiation Induces Immunogenic
Cell Death

Immunogenic cell death (ICD) consists of a functionally peculiar
type of apoptotic demise triggered by various specific stimuli
that is able to activate an adaptive immune response against
dead cell-associated antigens. ICD involves the emission of a
series of immunostimulatory damage-associated molecular pat-
terns (DAMPs) including cell surface exposure of endoplasmic
reticulum chaperone calreticulin (CRT), secretion of ATP, and
release of HMGBI1 protein, occurring in a defined spatiotem-
poral sequence. These ICD-associated DAMPs bind to specific
receptors, recruits antigen-presenting cells (APCs) that process
and present the dead cell-associated antigens to CD8* cytotoxic
T cells. Activated adaptive immune responses mediate direct
antitumor effects and may acquire a memory phenotype that
contributes to long-term tumor control (55).

Ionizing radiation is shown to effectively promote tumor ICD
(56). For example, in a mouse B16F10 melanoma model, irradia-
tion of cutaneous tumor prior to resection is shown to induce
a specific antitumor immune response and significantly reduces
lung metastasis after systemic challenge with untreated mela-
noma cells. Radiation induces CRT exposure on melanoma cell
surface leading to increased DC phagocytosis of tumor cells (57).
Radiation also induces the secretion of ATP and HMBGI in both
dying and live tumor cells, leading to increased antigen-specific
cytotoxic T lymphocytes (CTL)-mediated tumor cell lysis (58).
The combination of IR and hyperthermia treatment on colorectal
cells induces cell surface expression as well as extracellular release
of the chaperon molecule heat shock protein 70 (HSP70). HSP70
is able to promote DC maturation as revealed by an upregula-
tion of the co-stimulatory molecule CD80 and the chemokine
receptor CCR7. In addition, this combined treatment enhances
phagocytic activities of macrophages and DCs along with an
augmentation of proinflammatory cytokines [such as interleukin
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(IL)-8 and IL-12] secretion (59). Importantly, radiation-induced
ICD has also been observed in clinical settings. In patients with
esophageal squamous cell carcinoma receiving chemo-radiation
therapy, tumor antigen-specific T cell response and elevated
serum HMGBI are detected in 38% of patients. HMGB1, which is
significantly upregulated in the chemoradiation-treated tumors,
is associated with better survival (60).

lonizing Radiation Induces Tumor Antigen

Expression

In addition, IR upregulates tumor associated-antigens and
MHC class I complex that increase the recruitment of tumor
antigen-specific T cells and activate T cell-mediated tumor
killing (61-63). Early studies indicate that high-dose (from 25
to 100 Gy) gamma-irradiation induces the upregulation of the
tumor rejection antigen (HSP gp96) on human cervical cancer
cells that may increase immunogenicity of tumor cells (64). Other
tumor-associated antigens such as carcinoembryonic antigen,
colon-specific antigen, mucin-1 and MHC class I are upregulated
by irradiation, which enhances antigen-specific T cell response
(62, 65). Moreover, irradiation may also enhance FAS expres-
sion in tumor cells and sensitizes tumor cells to antigen-specific
CTL killing via FAS/FAS ligand pathway. The combination of
irradiation and CTL yields enhanced antitumor response (66).
Therefore, irradiation may induce an “in situ vaccination” to
improve antitumor immune response and also immunotherapy
efficacy (61). These properties of IR are important as they con-
tribute to the increased immunotherapy effects even in poorly
immunogenic tumors (67).

lonizing Radiation Modulates Mutational

Burden during Anticancer Treatment

In tumor cells, IR provokes massive DNA damages. However,
a small part of tumor cells eventually develop resistance to
IR-mediated killing and accumulate incorrectly repaired/unre-
paired DNA damages. This adds to tumor mutational burden
and might enhance tumor aggressiveness. On the other hand,
IR-induced mutations might provide a pool of tumor neoantigens
that can be recognized and targeted by immune system (68).
Indeed, it is shown that IR induces novel peptide synthesis in
tumor cells and enhances antigen presentation by MHC class I
molecules (63). Consequently, the specific expression of tumor
neoantigens driven by tumor-specific mutations could be used as
biomarkers of radiation therapy efficacy and could contribute to
the development of novel therapeutic approaches (69).

THE TUMOR MICROENVIRONMENT
IRRADIATION DICTATES ANTITUMOR
INNATE IMMUNE RESPONSE

Tumors are composed of tumor cells and tumor stroma. Tumor
stroma contains cellular components (such as fibroblasts,
endothelial cells, myeloid-derived cells, and lymphocytes), vas-
cular and lymphatic vessels, non-cellular supporting structures,
cytokine, and chemokine milieu. Innate immune cells such as

DCs (DCs), macrophages, natural killer (NK) cells, neutrophils,
and other myeloid-derived cells such as MDSCs have been found
in various tumors (70).

Tumor-infiltrating DCs are found in many different types
of cancers and are reported to be associated with both good
and poor prognosis depending on the types of studied tumor.
Although DCs represent the most important APCs to cross-
present tumor antigens to effector T cells and to activate anti-
tumor T cell response, these essential capacities are paralyzed
by tumor-derived inhibitory factors including IL-10, TGF-p,
vascular endothelial growth factor A (VEGF-A), and arginase
(71). In many cases, tumor-infiltrating DCs gradually develop an
immunosuppressive phenotype characterized by lower expres-
sion of co-stimulatory molecules, decreased antigen-presenting
activity and upregulation of regulatory molecules and receptors
such as PD-1 and TIM-3 within tumor-microenvironment, as the
tumor grow from early stages to advanced diseases (71, 72). Thus,
restoring immunostimulatory capacities of tumor-infiltrating
DCs and administration of antigen-loaded autologous DC vac-
cines may have important implications in the development of
more efficient antitumor therapies (73, 74).

Tumor-infiltrating macrophages or tumor-associated mac-
rophages (TAMs) are the major myeloid cells found in the tumor
area. TAMs are derived from peripheral blood monocytes and are
recruited to the tumor area by various tumor-derived chemokines
and cytokines such as colony stimulating factor-1 (CSF-1), C-C
motif chemokine ligand 2 (CCL2), stromal cell-derived factor-1
(SDE-1), and VEGF-A. Other factors such as hypoxia and tumor
cell metabolites also contribute to TAMs infiltration. TAMs are
differentiated and skewed toward protumorigenic phenotype
within distinct tumor microenvironment such as hypoxia, acidity,
and immunosuppressive cytokine milieu (75). TAMs contribute
to tumor growth, angiogenesis, invasiveness, and metastasis.
TAM:s also express high level of ligands for PD-1 and CTLA-4
that exert immunosuppressive functions on T cells. In addition
TAM:s interfere with T cells activation by depleting L-arginine
in the milieu that is important for T cell receptor { chain expres-
sion. Other inhibitory mechanisms include induction of T cell
apoptosis and production of anti-inflammatory cytokines such
as IL-10 and TGF-p. In addition, TAMs induce the recruitment
of immunosuppressive regulatory T cells through the expression
of chemokines such CCL5, CCL20, and CCL22 (76). Thus, TAMs
infiltration was associated with poor clinical outcomes in the
majority of cancers (77). Reversing these adversary roles of TAMs
will be important in improving anticancer therapy efficacies.

NK cells also play important roles in antitumor immunity.
This is not only due to their direct tumor cell-killing function
via granzyme B/perforin pathway and other death-receptor path-
ways, but also due to their ability to secrete a plethora of proin-
flammatory cytokines and chemokines that regulate and promote
innate and adaptive immune response (78). However, as in the
cases of DCs and macrophages, cytotoxic functions of NK cells
are often impaired within tumor microenvironment. Various
factors including cytokines and tumor metabolites directly
inhibit maturation, proliferation, and functions of NK cells. In
addition, other tumor-infiltrating cells such as MDSCs, TAMs,
and regulatory T cells also inhibit the functions of NK cells (78).
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Accordingly, several NK cell-based in vivo approaches including
the activation of NK cells with stimulatory cytokines, the induc-
tion of antibody-dependent cell-mediated cytotoxicity and IFN-y
production with tumor antigen-specific monoclonal antibodies,
and the enhancement of the cytolytic activity of NK cells with
blocking antibodies against inhibitory signals, may increase the
chances for successful cancer treatment (79).

Myeloid-derived suppressor cells are a group of heterogeneous
immature myeloid cells with suppressive activities on both innate
and adaptive immunity. MDSCs differentiate from common
myeloid progenitors and are often composed of cells at varied
differentiation stages. MDSCs may be grouped into monocytic
MDSCs and granulocytic MDSCs. Tumor-derived cytokines and
growth factors such as VEGE, IL-6, granulocyte CSF, granulocyte-
macrophage CSF, and other proinflammatory mediators such as
IL-1p, IL-17, HMGBI, cyclooxygenase 2 (COX,), and prosta-
glandin E2 (PGE,) induce MDSCs accumulation, differentiation,
proliferation, and acquisition of immunosuppressive functions
(80, 81). MDSCs exert their immunosuppressive roles on T cells
through multiple mechanisms, including secretion of anti-
inflammatory IL-10 and transforming growth factor-p (TGF-f)
that inhibit functions of T cells and NK cells, generation of ROS
and nitric oxide (NO) that interfere with T cell proliferation and
activation, and interaction with other immune cells such as TAMs
that together create a protumorigenic microenvironment (80).
Like TAMs, MDSCs express high levels of PD-L1 that induces
T cell exhaustion and arginase I that depletes L-arginine that is
essential for T cell activation. MDSCs induce also regulatory T cell
accumulation and impair NK cell cytotoxicity (80). Therefore,
MDSCs are prominent players that can support tumor growth
and inhibit antitumor immunity and thus represent another
major obstacle to overcome for effective antitumor therapies.

Other tumor-infiltrating innate immune cell such as neutro-
phils, Langerhans cells, and eosinophils that have emerged as
potential players in tumor development are also promising targets
to improve the efficacy of cancer treatment (82-85). For example,
tumor-associated eosinophils have been revealed to play essential
roles in orchestrating effective antitumor response. Eosinophils
were shown to produce chemo-attractants that recruit effector
T cells into the tumor. Eosinophils induce also macrophage acti-
vation and tumor vascular normalization that together contribute
to tumor suppression (85). Currently, the role of eosinophils in
tumor immunity is under more in depth investigation and the
impact of radiation therapy on the functions of tumor-associated
eosinophils remains largely unknown.

lonizing Radiation Modifies Innate

Immune Cell Migration and Homing

Tumor irradiation facilitates tumor antigen capturing and
enhances tumor antigen presentation by DCs (86). Irradiation
down regulates DC chemoattractant CCL21 expression in tumor
tissue, which reduces the retention of DCs in tumor area after
irradiation (86). On the other hand, irradiation also upregulates
the expression of CCL21 on lymphatic vessels (87). These together
may facilitate DCs homing to lymph nodes. These effects promote
the ability of DCs to cross-prime and activate T cells (86). In

contrast, another study demonstrated that gamma-irradiation
(2Gy-8Gy) inhibited the migration murine DCs both in vitro and
in vivo, in part due to a decreased expression of CCR7 and an
increased apoptosis induced by irradiation in DCs (88).

Similarly, IR impacts profoundly on macrophage migration.
A total of 10 Gy cranial y-irradiation induces the expression of
inflammatory mediators that serve as chemoattractant to promote
the influx of peripheral blood-derived CCR2* macrophages into
the mouse brain (89). In the context of tumors, IR also induces
macrophage recruitment. Tumor hypoxia due to a radiation-
induced disruption of tumor vessels creates a transient hypoxic
microenvironment and increases the expression of tumor-
derived CSF-1, SDF-1 that together induces recruitment as well
as anti-inflammatory activation of TAMs after radiation therapy
(90-92). In addition, IR upregulates M-CSF expression by pan-
creatic ductal adenocarcinoma cells, which induces macrophage
recruitment and differentiation toward M2-like phenotype (93).
Of note, clinical studies also revealed that radiation therapy
induced CSF-1 augmentation as well as the protumoral activation
of macrophages, which were both associated with an impaired
radiation therapy efficacy in prostate cancer (94). Combined
radiation therapy with a anti-CSF-1 antibody or CSE-1R inhibi-
tor treatment showed an improved antitumor effect (95) and will
be significant to be further evaluated in clinical trials. Another
important monocyte-chemoattractant CCL2 is also upregulated
by IR and mediates macrophage recruitment into non-small cell
lung cancer (96).

Irradiation-induced apoptosis increased neutrophils infiltra-
tion to the thymus (97). These recruited neutrophils were impor-
tant in thymus regeneration after whole-body X-irradiation
through their expression of SDF-1 (98, 99). Further characteriza-
tion of the neutrophil infiltrating the tumors and the functional
impact of irradiation on tumor-associated neutrophils should
help for the development of novel therapeutic strategies.

Single high-dose (30 Gy) irradiation of the skin induced
significant accumulation of eosinophils and the production of
eosinophil-related cytokines such as IL4, IL-5, IL-13, IL-33, and
CCL11 (100). A recent study showed that although synchroton
microbean radiation treatment did not induce a significant dif-
ference in eosinophils infiltration pattern in murine mammary
tumors as compared to synchroton broad-beam treatment,
they did differentially regulate a subset of genes (Earll, Ccl24,
Ccl6, Ccl9) that were related to eosinophil functions and recruit-
ment (101).

Phagocytosis and Antigen Presentation
Are Altered after IR

The effect of in vitro direct irradiation on DCs depends on
irradiation doses and DCs maturation states. For example,
5 Gy gamma-irradiation downregulated the expression of
costimulatory receptors CD80/CD86 on immature monocyte-
derived DCs but did not affect these receptors on mature DCs
or their ability to stimulate autologous T cells (102). Another
study showed that when irradiated at 30 Gy, CD86 expression
was increased on immature DCs and decreased on mature
DCs, while other markers remained unaffected by irradiation.
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However, in this study, irradiation impaired the stimulatory
effects of both immature and mature DCs on the proliferation of
allogenic T cells (103). Irradiation also affected DCs functions
differentially in that it inhibited DCs response to endogenous
antigens but enhanced DCs response to exogenous antigens
(104). The divergent effects of irradiation on DCs were not due
to defect in maturation or in presenting endogenous antigens,
but were rather a result of the inhibition of proteasome func-
tion by irradiation. This in part accounted for the decreased
endogenous antigen processing and possibly enhanced MHC
class I molecules recycling and exogenous antigen presentation.
Accordingly, irradiation abrogated DCs-induced endogenous
antigen-specific T cell response and tumor suppression. On the
contrary, irradiation enhanced the ability of DCs to activate
T cell response to exogenous antigens and inhibited the growth
of exogenous antigen-expressing tumors (104). Therefore, dif-
ferent irradiation doses, DCs maturation states and different
types of antigens influence the outcomes of DCs activation
following direct irradiation.

Like DCs, Langerhans cells residing in the skin and mucosa
are endowed with potent antigen-presenting capacities at the
first line of immune defense (105). An early study examining
the prognostic role of Langerhans cell infiltration in uterine
cervical squamous cell carcinoma patients treated with radiation
therapy, showed that Langerhans cell infiltration was signifi-
cantly associated with higher 5-year overall survival, suggesting
that Langerhans cell infiltration after radiation therapy might
mediate the immune response through their antigen presenting
capacity and enhance the antitumor effect (106). Indeed, it was
demonstrated that Langerhans cell infiltration after radiation
therapy was associated with increased T cell infiltration and
with improved local tumor control in cervical cancer (107, 108).
However, in other settings, Langerhans cells may also limit the
effect of radiation therapy. Epidermal Langerhans cells are more
radioresistant than dermal DCs due to an overexpression of p21
and the capacity of the rapid repair of DNA damages induced
by irradiation. Following radiation, Langerhans cells migrate to
skin-draining lymph nodes in a CCR7-dependent manner. It is
shown that Langerhans cell induced immunosuppressive regula-
tory T cell accumulation in the tumor is in part due to an upregu-
lation of MHC class II expression on migratory Langerhans cells
after irradiation. Consequently, Treg cells accumulation mediates
immune suppression and tumor resistance to radiation therapy
(105). Therefore, it appears that the in vivo impacts of IR on
Langerhans cells might depend on the tumor types as well as the
induction of different types of T cell infiltration (effector T cells
or regulatory T cells).

The Differentiation and the Activation of

Innate Immune Cells Is Modulated by IR

Radiation induces tumor cells death that leads to the release of
tumor antigens, HSPs and other danger signals. These products
then stimulate DC maturation. Although some in vitro studies
arguing that IR compromises the stimulatory activities of DCs,
in vivo models demonstrate that IR enhances the ability of DCs
to capture tumor antigens (86) and promotes DC migration to

draining lymph nodes in a way that is dependent on toll-like
receptor signaling pathway, where they present tumor antigens
to T cells and induce antigen-specific T cell response (109).

Various factors determine the impacts of IR on macrophage
functions. One prominent factor is irradiation doses. For
example, it was reported in many studies that low-dose (<1 Gy)
irradiation inhibited the proinflammatory activation of mac-
rophages (110). Low-dose irradiation also inhibited oxidative
burst in activated macrophages (111). On the contrary, high-dose
(>1 Gy) irradiation tends to induce a proinflammatory pheno-
type on macrophages with increased production of proinflam-
matory cytokines such as IL-1p and expression of induced nitric
oxide synthase (iNOS) (112-114). Another important factor
lies in macrophages. Macrophages from different mouse strains
show variant intrinsic radiosensitivity. For example, irradiation
enhanced anti-inflammatory characteristics of macrophages
from C57BL/6 mice that are supposed to be more radioresistant,
whereas macrophages from CBA/Ca mice that are more radio-
sensitive retain a proinflammatory feature after irradiation (115).
Irradiation also differentially affected functions of macrophages
from BALB/c and C57BL/6 mice (116).

In the tumor context, to date IR has been shown to either
enhance the protumorigenic properties of TAMs or reprogram
them toward antitumoral phenotypes in different experimental
settings. For examples, IR induces M2-like protumorigenic
TAMs that contribute to tumor recurrence and treatment failure.
This is due to CSF-1 expression in murine prostate tumor cells
that induced the recruitment of TAMs and MDSCs. Combined
treatment with irradiation and CSF-1R inhibitor markedly
improved antitumor efficacy (94). Macrophages from irradiated
tumors show increased expression of arginase 1 (Argl), COX,,
and iNOS that promote tumor growth (117, 118). Macrophages
also increased the expression of VEGF that led to tumor neo-
vasculogenesis (119). However, there were also studies showing
that radiation therapy could redirect TAMs from protumorigenic
to antitumoral cells. For example, low-dose (2 Gy) whole-body
irradiation induced iNOS expression and the production of
proinflammatory cytokines such as tumor necrosis factor-alpha
(TNF-a), IL-12 (p70), and IFN-y in peritoneal macrophages
and TAMs (120). A recent study on murine insulinoma
demonstrated that low-dose (2 Gy) irradiation induced iNOS
expression in macrophages both in vitro and in vivo. This repro-
graming of proinflammatory macrophages by irradiation led to
tumor vascular normalization and increased the effect of T cell
immunotherapy (121). Furthermore, irradiation combined with
2-deoxy-D-glucose or hyperthermia also activated macrophages
toward proinflammatory phenotype (122). These results suggest
that depending on studied tumor models and the specificity of the
used treatment regimen, irradiation may have different effects on
TAM:s functions that can in turn impact on tumor response and
treatment outcomes.

The roles of neutrophils in tumor immunobiology are just
emerging and little is known at the moment about the impact
of IR on tumor-associated neutrophils. For instance, low-dose
(0.512 Gy) irradiation suppressed myeloperoxidase activity and
reactive nitrogen species generation in neutrophils from guinea
pig (123). On the other hand, high-dose (20 Gy) irradiation
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induced oxygen free radicals in rat neutrophils (124). However,
the effects of irradiation on human neutrophils are less known.

lonizing Radiation Changes Cytokine

Secretion Profiles

Different doses of irradiation yield different functional modula-
tions to DCs. Low-dose irradiation seems to have divergent effects
on DCs in many reports, possibly due to different experiment
designs. For instance, low-dose at 0.05 Gy of gamma-irradiation
of murine DCs significantly induced IL-2, IL-12, and interferon-y
(IFN-y) production in DCs that promote T cells proliferation
(125). At a dose of 0.2 Gy, gamma irradiation increases the sur-
face expression of CD80, CD86, MHC class I and II molecules
in murine DCs but inhibits their capacity of antigen uptake. In
addition, this low-dose irradiation suppresses IL-12 produc-
tion in DCs, but increases IL-10 production, implying a shift to
immune tolerance (126). However, low-dose irradiation (from
0.05 to 1.0 Gy) did not affect surface markers or cytokine produc-
tion in neither immature nor mature human DCs, and had no
influence on the capacity of DCs to stimulate T cell proliferation
(127), suggesting that the impact of low-dose irradiation on DCs
function might be different from mouse to human.

High dose of irradiation also impacts on DCs differently.
Irradiation at 30 Gy did not impact on DCs endocytic, phagocytic
and migratory capacity but significantly inhibited IL-12 produc-
tion by mature DCs while IL-10 production was unaffected
(103). Inhibition of IL-12 expression in DCs by irradiation was
in part mediated by an increase of IL-6 and activation of down
stream signal transducer and activator of transcription 3, which
led to inhibition of ¢-REL transcription factor (128). In addition,
irradiated peptide-pulsed mature DCs showed impaired ability
to prime naive CTL (103). Likewise, gamma-irradiated (30 Gy)
DCs derived from peripheral blood mononuclear cell of multiple
sclerosis patients showed significantly reduced surface expression
of costimulatory CD86 and had lower capacity to promote T cell
proliferation as compared to non-irradiated DCs. These irradi-
ated DCs also upregulated IL-2 and IL-4 secretion by T cells (129).
Although high-dose irradiation might directly inhibit functions
of DCs, another study showed that irradiation (3 X 5 Gy) induced
tumor cell death that triggers DC maturation and production of
proinflammatory cytokines such as IL-6, IL-8, IL-12p70, and
TNF-a (130). Irradiation from 10 to 60 Gy also upregulates CD70
expression on mature DCs, an event that is correlated with the
ability of these cells to stimulate T cell proliferation and IFN-y
production (131).

Although, in many in vitro studies, irradiation was shown
to inhibit the antigen presentation capacity and the production
of proinflammatory cytokines in DCs, in vivo studies seems to
reflect opposite effects, possibly due to the complexity of the
microenvironment that cooperatively influences the maturation
and the activation of DCs. It might also be possible that combined
direct and indirect effects of in vivo irradiation promote distinct
DC functions in a context that significantly differed from in vitro
irradiations. For example, although X-ray irradiation at 6 Gy
significantly suppressed IL-23 secretion and slightly inhibited
IL-12p70 production in DCs, irradiated fibroblast still interacted

with and stimulated DCs to maintain IL-23/Th17 response (132).
Thus, direct and indirect impacts of high-dose irradiation on
DC activation could be quite different even opposite. This may
explain why in many preclinical models, additive or synergic
effects of DCs administration and radiation therapy were often
documented.

As mentioned above, IR can directly modulate macrophage
activation phenotype and their cytokine expression profiles. In
addition, IR impacts on macrophage functions indirectly through
the interaction of IR-induced cell death with macrophages.
Irradiation-induced tumor cell death, in particular apoptosis, has
previously been regarded as non-immunogenic (133). Apoptotic
cells induced the secretion of anti-inflammatory cytokine IL-10
in macrophages (134). However, accumulating studies have also
pointed out that apoptosis triggered by a subset of antitumor
treatments may have immunogenic effects (133, 135). In addi-
tion, while the engulfment of apoptotic cells by non-stimulated
or M2 macrophages induced the expression of anti-inflammatory
macrophage markers such as TGF-f, such engulfment by M1
macrophages enhanced proinflammatory properties as indicated
by an increased production of iNOS, superoxide, IL-6, and TNF-a
(136). ICD induced by irradiation leads to the release of HMGB1
and the secretion of ATP (56). Upon ligation with TLR4, HMGB1
triggers NF-kB activation (137). ATP binds to P2X7 purinergic
receptor and activates the NLRP3 inflammasome (138). NF-xB
and NLRP3 inflammasome activation are both involved in the
expression and maturation of proinflammatory cytokines such
as IL-1B (139).

Innate Immune Cell-Mediated Cytotoxicity
Is Affected by IR

Interestingly, apart from the enhancement of antigen-presenting
capacity of DCs, irradiated tumor cells can induce the expression
of granzyme B and perforin in DCs and directly stimulate DCs
cytotoxicity to kill tumor cells (140). Although gamma-irradiation
induces DCs accumulation in the tumor area that further acti-
vates tumor-specific T cell (141), it is noteworthy that radiation
therapy induced upregulation of tumor antigens may also confer
suppressive effects on DCs. For example, radiation-induced
breast tumor-derived gamma-synuclein was shown to inhibit
the expression of costimulatory molecules CD40 and CD86, and
decrease the expression of proinflammatory cytokines in DCs.
Gamma-synuclein-treated DCs also inhibit T cell proliferation
but induce TGF-p production in T cells and increase the popula-
tion of immunosuppressive regulatory T cells (142).

It was also demonstrated that in irradiated tumors, while
the expression of costimulatory molecules is upregulated, the
expression of PD-L1 and PD-L2 on DCs (140), which are known
to inhibit antitumor immunity (143), are significantly reduced.
Contradictorily, some other studies show that IR upregulate the
expression of PD-L1 on tumor cells, DCs and TAMs that limit
the antitumor effect of radiotherapy. The combined therapy of
irradiation and anti-PD-L1 treatment resulted in activation of
cytotoxic T cells and synergistic elimination of MDSCs by T cell-
generated TNF, which is associated with delayed tumor growth
(4, 144).
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Irradiation can directly affect NK cell functions. In vitro
studies showed that X-ray irradiation at 5 to 15 Gy could tran-
siently increase human NK cell activity to lyse tumor cells that
could be maintained in the presence of interferon (145). It was
reported that the cytotoxic activity of human peripheral blood
NK cells augmented following an irradiation dose at 1 Gy that
peaked at 6 Gy and then decreased gradually when irradiation
dose reached 16 Gy. Similarly other studies showed that human
NK cells activity was enhanced following irradiation at 5-20 Gy
(146, 147). In addition, low-dose gamma irradiation at <0.2 Gy
induced expansion of NK cells, augmented NK cell cytotoxicity
(148) and the expression of Fas ligands and perforin, and signifi-
cantly increased the expression of IFN-y and TNF-o in NK cells
in a p38MAPK-dependent manner (149). Irradiation can also
affect NK cell functions through the modulation of interaction
between tumor cells and NK cells. For example, irradiation
upregulated the expression of natural-killer group 2, member D
(NKG2D) ligand and HSP70 in tumor cells that may increase
susceptibilities of tumor cells to NK cell-mediated cytolytic attack

(150, 151). Combined treatment of radiation therapy and histone
deacetylase inhibitor was shown to increase the expression of
NKG2D ligand expression and enhance the susceptibilities of
lung cancer cells to NK cell cytotoxic activities (152). IR also
triggers the release of second mitochondria-derived activator of
caspase (Smac) from mitochondria that competes with X-linked
inhibitor of apoptosis protein and enhances NK cell-mediated
apoptosis of tumor cells (153).

lonizing Radiation May Also Trigger the

Elimination of Innate Immune Cells

Radiation therapy is a prominent source of myelosuppression
during cancer treatment, especially when combined with chemo-
therapy. This is in particular the case when radiation therapy is
delivered to pelvis such as for cervical cancer, rectal cancer and
prostate cancer, during which a large proportion of bone marrow
is affected (154). Neutrophils are the major innate immune cells
that are decreased by radiation therapy. Up to 90 and 80% of
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FIGURE 2 | The effects of IR on immune cells. IR induces immunogenic cell death in tumor cells, leading to the release of tumor antigens and damage-
associated molecular patterns (DAMPs), which in turn prime and activate antigen-presenting cells (APCs) such as dendritic cells. APCs stimulate and activate T cells
in the lymph nodes and lead to the generation as well as the proliferation of tumor antigen-specific cytotoxic T cells (CTLs), which then migrate into the tumor to
exert antitumor functions and mount the antitumor immune response. IR also has profound impacts on tumor-associated macrophages (TAMs). For example, IR
induces macrophage infiltration and differentiation in the tumor. In some cases, IR promotes proinflammatory macrophage activation and enhances their
immunostimulatory and tumoricidal activities. In addition, accumulating studies revealed that IR might modulate functions of other innate immune cells, such as
myeloid-derived suppressor cells, NK cells, tumor-associated neutrophils, and probably other types of cells. See the main text for details. Abbreviations: CAF,
cancer-associated fibroblast; CCL-2, chemokine (C-C moitif) ligand-2; CTL, cytotoxic T lymphocyte; DC, dendritic cell; IL, interleukin; IR, ionizing radiation; M-CSF,
macrophage colony-stimulating factor; MDSC, myeloid-derived suppressor cell; NK cell, natural killer cell; PD-1, programmed cell death protein 1; PD-L1,
programmed cell death ligand 1; SDF-1, stromal cell-derived factor-1; TAN, tumor-associated neutrophil; TGF-p, transforming growth factor .
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cervical cancer patients underwent a grade II or worse neutro-
penia during 3D conformal radiotherapy and intense-modulated
radiation therapy, respectively (155).

Myeloid-derived suppressor cells have been shown to accu-
mulate in many cancer patients. In hepatocellular carcinoma,
the basal level of CD14"HLA"DR~" MDSCs is higher than
that in healthy controls. Radiotherapy significantly reduced the
frequency of CDI4"HLA"DR™"" MDSCs that was negatively
correlated to patient overall survival, indicating that a reduction
of MDSC:s after radiotherapy could be used as a prognostic factor
in hepatocellular carcinoma patients (156). Radiation therapy of
tumors also leads to a decrease of peripheral MDSCs that re-
expand upon tumor recurrence. Declined MDSCs population
was associated with increased T cells proliferation and T cells
response to tumor-associated antigens (157). In patients with oli-
gometastases, stereotactic body radiotherapy (SBRT) when com-
bined with the multitargeted tyrosine kinase inhibitor Sunitinib,
induced a decrease of peripheral blood CD33*CD14*CD16*
monocytic MDSCs as well as Tregs and B cells, along with an
increase of Tbet expression in primary CD4* and CD8" T cells,
which was associated with improved progression-free survival. A
reduction of monocytic MDSC in this setting thus may be consid-
ered a valuable biomarker for predicting clinical outcomes (158).

Early studies have shown that gamma-ray or X-ray irra-
diation also decreases the number of epidermal Langerhans
cell in human skin (159, 160). Similarly, in a dose-dependent
manner, irradiation depleted mouse epidermal Langerhans
cells population that was recovered after the stop of irradiation
(161-163).

Effective DNA damage sensing followed by efficient and
faithful DNA repair to restore genome integrity is vital for cell
functions and cell survival, as reflected by the fact that germline
mutation of ATM and TP53 caused hereditary defects in DNA
damage signaling and repair pathway lead to predisposition
of cancer and many other diseases such as immune deficiency
(164).

Dysfunction in ATM (murine analog of human ATM) results
in the accumulation of unrepaired DNA in the cytoplasm upon
DNA damage. These free DNA fragments are sensed by STING
(stimulator of interferon genes)-mediated pathway, which
activates the expression of Toll-like receptors (TLRs), RIG-I-like
receptors and promotes induction of type I interferons, leading
to enhanced antiviral and antibacterial response in Atm™" mice
(165). DNA DSBs also activate the transcription factor interferon
regulatory factor 3 (IRF-3) in a manner dependent on ATM-
IKKa/f, leading to cell-autonomous production of interferon
B (166). Further, persistent ROS are shown to induce chronic
activation of ATM that triggers a continuous activation of NF-xB
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CONCLUDING REMARKS

While interventions aiming at improving the efficacy of IR by
the combination T cell directed approaches (such as PD-1/PD-L1
blockades) and IR are growing in the clinic, there is mounting evi-
dence that IR also primes and induces the activation of an adaptive
antitumor immunity through the induction of ICD, the release of
tumor antigen, the stimulation of inflammatory response, and
the modulation of immune cell functions, which can facilitate
and enhance immunotherapy effects and potentially reduce
immunotherapy-related adverse events (Figure 2). However, the
impact of radiation on innate immune cells may be tumor type
dependent and vary in relation with the specificity of the used
treatment protocol. On the other hand, many reports indicate
that in certain cases radiation therapy creates a more immuno-
suppressive microenvironment due to the upregulation of PD-L1,
a transient potentiation of tumor hypoxia, or an alternative acti-
vation of TAMs, indicating that the addition of immunotherapy
to the treatment protocol can overcome these obstacles, increase
radiosensitivity and may lead to an enhanced systemic effect of
radiation therapy. For these reasons, there is a strong rationality
for combining radiation with immunotherapy for cancer treat-
ment. A deeper understanding of the molecular mechanisms that
are involved in the modulation of innate immune cell functions,
particularly in the context of tumor microenvironment, is thus
fundamental for the development of new therapeutic strategies
targeting the inhibitory effects of tumor-infiltrating cells and for
the restoration of their antitumor activities.
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The interleukin (IL)-1 family member IL-33 has been described as intracellular alarmin
with broad roles in wound healing, skin inflammation but also autoimmunity. Its dichot-
omy between full length (fl) IL-33 and the mature (m) form of IL-33 and its release by
necrosis is still not fully understood. Here, we compare functional consequences of
both forms in the skin in vivo, and therefore generated two lines of transgenic mice
which selectively overexpress mmlL-33 and flmIL-33 in basal keratinocytes. Transgene
MRNA was expressed at high level in skin of both lines but not in organs due to the
specific K14 promoter. We could demonstrate that transgenic overexpression of
mmIL-33 in murine keratinocytes leads to a spontaneous skin inflammation as opposed
to fimIL-33. K14-mmlL-33 mice synthesize and secrete high amounts of mmlIL-33 along
with massive cutaneous manifestations, like increased epidermis and dermis thickness,
infiltration of mast cells in the epidermis and dermis layers and marked hyperkeratosis.
Using skin inflammation models such as IL-23 administration, imiquimod treatment, or
mechanical irritation did not lead to exacerbated inflammation in the K14-flmIL-33 strain.
As radiation induces a strong dermatitis due to apoptosis and necrosis, we determined
the effect of fractionated radiation (12 Gy, 4 times). In comparison to wild-type mice,
an increase in ear thickness in fimIL-33 transgenic mice was observed 25 days after
irradiation. Macroscopic examination showed more severe skin symptoms in irradiated
ears compared to controls. In summary, secreted mmlL-33 itself has a potent capacity in
skin inflammation whereas fl IL-33 is limited due to its intracellular retention. During tissue
damage, Tl IL-33 exacerbated radiation-induced skin reaction.

Keywords: skin inflammation, interleukin-33, dermatitis, radiation, necrosis

INTRODUCTION

The cytokine interleukin 33 (IL-33) is a member of the IL-1 family contributing to pathogenesis
in allergic lung diseases (1, 2), atopic dermatitis (3), sepsis (4), inflammatory tendinopathy (5) but
also to rheumatoid arthritis (6) and psoriasis (7). IL-33 is constitutively expressed in epithelial cells
from tissues with a barrier function, as well as in endothelial cells and fibroblasts (8). Upon various
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types of endothelial or epithelial cell damage, IL-33 is released
and binds to the heterodimeric receptor complex ST2L/IL1-
RacP expressed on Th2 and diverse types of innate immune cells
(9-11). IL-33 functions via two ways: firstly, IL-33 is a nuclear
cytokine with restricted nuclear localization (12). In the nucleus,
due to a helix turn helix like motif, IL-33 condenses chromatin
(13) and has been suggested to suppress pro-inflammatory gene
transcription (14). Secondly, as alarmin, released during cell
damage, IL-33 activates the immune system (12, 15). Apoptosis
deactivates IL-33 whereas necrosis provides IL-33 as a bioactive
protein. During apoptosis, IL-33 will be cleaved by activated
caspase 3 and 7 in the IL-1-like cytokine domain. This short form
of IL-33 has an attenuated biological activity and no capacity
to activate the immune system (16). Upon necrotic cell death
or mechanical injury, the full length form of IL-33 (fl IL-33)
is released in the extracellular space (15, 16). The inflamma-
tory proteases (neutrophil serine proteases, cathepsin G, and
elastase) play an important role in the maturation process of fl
IL-33 leading to a shorter mature form with increased biological
activity (17). Interestingly, active externalization of IL-33 has
been described by stimulation with proinflammatory cytokines
such as tumor necrosis factor-alpha (TNF-a) (18).

So far, effector function of IL-33 is still under discussion, and
multiple models of diseases have been described to be influenced
by IL-33 signaling. In this notion, stimulation with IL-33 has
been demonstrated to activate T-helper (Th)1l, Th17, or Th2
immune response (19). In models of lung inflammation, IL-33
induced Th2 cytokines such as IL-5 and IL-13, as well as elevated
levels of IL-1, IL-4, IL-6, IL-10 (20, 21). A mouse model with
local overexpression of IL-33 in keratinocytes led to Th2 induced
dermatitis (3). In contrary, under defined conditions, IL-33 can
induce a Thl immune response thereby producing Thl-type
cytokines by natural killer and NKT cells (19, 22). Moreover, in
Th1- and Th17-driven models of arthritis or psoriasis, IL-33 plays
a proinflammatory role (7, 13, 21, 23).

In humans, IL-33 has been implicated in allergic inflammation
such as asthma (24, 25) and atopic dermatitis (3, 26). In psoriatic
skin increased IL-33 expression was detected on transcriptional
(mRNA) and protein level but not in atopic dermatitis lesions
or normal human skin (7, 18). Additionally, anti-TNF-a therapy
downregulated IL-33 mRNA expression in skin of psoriatic
patients (18).

Here, we wanted to elucidate the role of IL-33 in skin inflamma-
tion using different IL-33 expression models. Our work revealed
a high skin inflammatory potential of IL-33 with an “alarmin”
function during radiation.

MATERIALS AND METHODS

Mice

C57Bl/6 wild-type (WT) mice were obtained from Charles River
Laboratories Sulzfeld, Germany. hK14mIL33tg were generated on
aC57Bl/6 background (see below). KRT14-cre (CD1 background)
mice were obtained from Jackson Laboratory (Bar Harbor, ME,
USA). The mmIL-33-GFP-CRE mice (C57Bl/6 background) were
kindly provided by Dr. S. Wirtz (27).

Construction of the K14-IL-33 Transgene
The transgene is expressed in a K14 expression vector (28).
It consists of a 2-kb human keratin 14 promoter (Gen-Bank
accession no. DQ343282.1), a 0.66-kb rabbit-beta globin intron
followed by a 0.8-kb full-coding sequence of mouse IL-33 cDNA
(Gen-Bank accession no. NM_133775.2) and a 0.35 kb human
keratin 14 poly(A) signal DNA fragment. For generation of the
vector encoding a secreted version of IL-33 (mmIL-33) controlled
by skin-specific regulatory elements, we inserted mouse mature
IL-33 cDNA into the K14 vector (27).

Transient Transfection

The human keratinocyte cell line HaCaT (#300493, CLS Cell
Lines Service, Germany) and the murine keratinocyte cell line
PDV were cultured in Dulbeccos modified Eagle’s medium
supplemented with 10% heat-inactivated fetal bovine serum
(Invitrogen, Carlsbad, CA, USA), 100 U/ml penicillin and
100 mg/ml streptomycin. Cells were maintained at 37°C and
5% CO,. The K14 expression vector was transiently transfected
into HaCaT cells using Lipofectamine 2000 transfection reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer’s instructions. Murine keratinocytes were transfected using
FuGENE® HD Transfection Reagent according to the manufac-
turer’s instruction (Promega, Madison, W1, USA).

Western Blot

After collecting the supernatant, all cells were pelleted, washed
with cold phosphate-buffered saline (PBS), and lysed in RIPA
buffer. Before denaturation with Laemmli buffer, protein con-
centration adjustment was conducted. Supernatants were resus-
pended in 6X Laemmli and boiled at 98°C for 10 min. Cell pellets
and supernatants were separated on a 10% SDS-polyacrylamide
gel. Membranes were blocked with 5% non-fat dry milk (Roth,
Karlsruhe, Germany), probed with mouse anti-human IL-33
antibody (1:1,000; Nessy-1, Enzo Life Sciences, Lorrach,
Germany), and peroxidase-labeled anti-mouse as secondary
antibody (Dako, Denmark). Membranes were developed using
the enhanced chemiluminescence method.

Purification of Plasmid for Pronuclear

Injection

Linear transgene K14-IL-33 DNA fragment was separated from
vector backbone by gel electrophoresis. The K14-IL-33 fragment
was cut out, transferred in a dialysis bag (Spectra/Por MWCO
3500, Spectrumlabs, DG Breda, The Netherlands), filled with
running buffer (1x TAE), and closed with clamps. After electro-
phoresis for 1 h at 80 V, 90% of the DNA was eluted. The DNA
was purified by Elutip-D minicolumns from Schleicher & Schuell
(Dassel, Germany).

Generation of Transgenic Mouse Lines

The generation of transgenic mice by pronuclear injection
of K14-IL-33 transgene was performed by the Transgenic
Mouse Facility, Friedrich-Alexander-Universitit Erlangen-
Niirnberg, Germany. Of 16 pups born, 2 mice were positive
for the transgene. The transgenic founders were identified
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by PCR for expression of the K14 promoter (IL-33-seq7fw
5 CAGTTGATCCCAGGAAGAGC 3’ and IL-33-seq6rev
GCAGGCTACACTTTCCCATC) and KI14-IL-33 transgene
(IL-33-seq7fw CAGTTGATCCCAGGAAGAGC and IL-33-
seq2rev GTTGCAGCTCTCATCTTTCTCC) and by quantitative
real-time PCR for the expression of mouse IL-33 using the primer
pair: K14IL-33int/ex fw CTGCAAGTCAATCAGGCGAC and
K14IL-33 int/ex rv TGCAGCCAGATGTCTGTGTC. A mouse
line that highly overexpressed IL-33 was generated from these
mice by breeding with littermates. To establish K14-CreER™/
GFPmmIL33 mice, homozygous K14-CRE™ mice were crossed
with heterozygous tamoxifen inducible mmlIL-33-GFP-CRE
mouse. The offspring were tested for mmlIL-33 expression
using flow cytometric analysis of blood for GFP expression
(Figure 3B) thus using negative littermate animals as control
mice for all experiments.

All protocols used in these studies were in compliance with
federal guidelines and the Amgen Institutional Animal Care and
Use Committee. All mice were maintained in a SPF facility. All
animal experiments were approved by the animal welfare com-
mittee and approved by the “Regierung Unter-/Mittelfranken.”

In Vivo Imiquimod (IMQ) Treatment

The right ears of both WT and hK14mIL33tg mice at 8-10 weeks
of age were topically treated with an IMQ-containing cream
(Aldara, MEDA Pharma) for 7 consecutive days. Control ears
were treated similarly with a vehicle cream. Ear swelling was
measured daily before treatment. On day 7, after sacrificing the
mice, ears were collected for H&E, immunohistochemistry (IHC)
and analyzed for epidermal thickness.

Acute Barrier Disruption Procedures

Barrier disruption due to removement of corneocytes was
induced by skin stripping as reported previously (29). On day
3 after treatment, back skin of WT and hK14mIL33tg (Tg) were
collected for immunohistochemical staining for IL-33, H&E and
analyzed for epidermal thickness (mm).

IL-23-Dependent Skin Inflammation Model
500 ng IL-23 (R&D Systems, Minneapolis, MN, USA) in a total
volume of 20 pL was intradermally injected in the ears from WT
and hK14mIL33tg (Tg) every other day. Sterile PBS was used as
a vehicle control. Ear thickness was monitored before each injec-
tion. On day 15, ears were analyzed for epidermal thickness and
collected for immunostaining.

In Vivo Radiation

Dermatitis was induced by locally and fractionated irradiation
of the right ear similar to a procedure used for mouse tumor
irradiation with slight modifications (30). For irradiation, mice
were anesthetized by isoflurane inhalation and placed in a special
manufactured plexiglas® box. During the irradiation procedure,
the mice were kept under isoflurane inhalation anesthesia to
avoid movement of the mice. The mice were locally irradiated
with four single fractions of 12 Gy (cumulative dose of 48 Gy)
only at the right ear. The irradiation field of the 6 MV linear accel-
erator (PRIMART, Siemens, Munich, Germany) was minimized,

and irradiation was performed tangentially to preserve the head
of the mice. This procedure was performed at days 1, 3, 5, and 7.
Starting on day 2 and every second day thereafter, animals were
scored in a blinded manner for ear thickness and dermatitis.
Dermatitis scoring of all animals was performed analog to the
Cancer Therapy Evaluation Program scale (31, 32). Briefly, der-
matitis scoring ranged from: 0 = normal, no changes; 1 = mild
erythema; 2 = moderate to severe erythema, slight desquamation;
3 = desquamation of 25-50% of irradiated area; 4 = desquama-
tion of >50% of irradiated area; to 5 = frank ulcer.

In Vitro Irradiation

K14 fl IL-33 transfected murine keratinocytes (PDV) were incu-
bated at 37°C, 5% CO; in humidified air in 24 well, flat-bottom
plates. Ionizing irradiation was performed with an X-ray genera-
tor (120 kV; GE Inspection Technologies, Hirth, Germany). The
dose rate was 8 Gy/min. Irradiated and control keratinocytes
monolayer cultures were immediately returned to the incubator
at 37°C in a humidified environment and cultured for 6-48 h.
Supernatant and cells were analyzed by ELISA and western blot
to assess the presence of the IL-33 cytokine.

Tamoxifen Preparation and Administration
Tamoxifen (Cayman Chemical, Ann Harbor, MI, USA) was
dissolved in an ethanol/DMSO mixture (equal parts) solutions
at 100 mg/ml. Tamoxifen solution was freshly prepared the day
prior to each administration and placed on a rolling device to dis-
solve overnight at room temperature. Before treatment, excess fur
was shaved from the backs of recipient mice, which were topically
treated with 20 mg Tamoxifen (200 ul volume).

Histology and IHC

Mouse skin and ear samples were fixed in 4% formaldehyde
and stained with hematoxylin and eosin. Epithelial hyperplasia
was assessed using a Zeiss Axio Lab.A1 light microscope (Zeiss,
Oberkochen, Germany) and quantified by measuring the mean
distance from the stratum basale to the bottom of the stratum
corneum in a blinded manner. Mast cells were stained by toluidine
blue, numbers counted per full skin section and standardizing for
the tissue area of different sections [using image analysis system
(OsteoMeasure; OsteoMetrics, Decatur, GA, USA)].

For THC, 8-pm paraffin sections were incubated with anti-
mouse IL-33 antibody (Enzo Life Sciences, Lorrach) overnight
at 4°C. Tissues were subsequently labeled with biotinylated goat
anti-mouse IgG antibody (Vector Laboratories, Burlingame, CA,
USA) at room temperature for 1 h, following streptavidin-HRP
(Dako, Denmark) and DAB Chromogen (Dako, Denmark) incu-
bation. Positive staining developed as a brown reaction.

Quantitative Real-time PCR Analysis

Total RNA was isolated using peqGold TriFast from Peqlab
(Erlangen, Germany). RNA was reverse transcribed using the
MultiScribe™MuLV reverse transcriptase (Invitrogen, Thermo
Fisher Scientific Inc., Waltham, MA, USA). Relative gene expres-
sion was measured with Sybr Green RT mix by quantitative
real-time PCR using f-actin as endogenous control accord-
ing to the manufacturer’s manual (Applied Biosystems 7500
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fast-real-time-PCR System or Quant StudioTM 6 Flex Real-Time
PCR systems). For evaluation of target gene expression, the ACt
as well as the AACt method was used (all Applied Biosystems,
Carlsbad, CA, USA).

The following primers were used: mIL-33 (fw 5'CTGCA
AGTCAATCAGGCGAC 3, rv 5" TGCAGCCAGATGTCTGT
GTC 3') B-Actin (fw 5° TGTCCACCTTCCAGCAGATGT 3/,
rv5' AGCTCAGTAACAGTCCGCCTAGA 3 )mIL-1B(fw5'CAG
GCAGGCAGTATCACTCA 3/, rv 5 AGGTGCTCATGTCCTC
ATCC 3’) mIL-6 (fw 5 TCCATCCAGTTGCCTTCTTG 3/, rv
5" TTCCACGATTTCCCAGAGAAC 3’) mIL-19 (fw 5° GCCA
ACTCTTTCCTCTGCGT 3/, rv 5 GGTGGCTTCCTGACTGC
AGT 3') mIL-5 (fw 5 AGCACAGTGGTGAAAGAGACCTT
3', rv 5 TCCAATGCATAGCTGGTGATTT 3') mIL-10 (fw 5’
ACTGCACCCACTTCCCAGT 3, rv 5 TTGTCCAGCTGGTC
CTTTGT3')mIL-4(fw5' AGATGGATGTGCCAAACGTCCTCA
3',1v5' AATATGCGAAGCACCTTGGAAGCC3') mIL-13 (fw 5’
TGAGGAGCTGAGCAACATCACACA 3/, rv 5" TGCGGTTA
CAGAGGCCATGCAATA 3’') mCCR6 (fw 5 CTGCAGTTC
GAAGTCATC 3’, rv 5 GTCATCACCACCATAATGTTG 3’)
mINFa (fw 5 GCTGAGCTCAAACCCTGGTA 3/, rv 5
CGGACTCCGCAAAGTCTAAG 3') BD4 (fw 5° GGCTTCAG
TCATGAGGATCCAT 3', rv 5 TTTGGGTAAAGGCTGCA
AGTG 3') BD14 (fw 5 GTGGCCGGTGTGCTGTACT 3', rv 5’
CGCTATTAGAACATCGACCTATTTGT3’)mLCN2(fw5' TGG
AAGAACCAAGGAGCTGT 3/, rv 5" GGTGGGGACAGAGAA
GATGA 3').

ELISA

ELISA was performed with ELISA Kits (eBioscience, San
Diego, CA, USA), according to the manufacturer’s instructions.
Absorbance was measured at A450/540 nm with SpectraMax
190 ELISA-Reader and analyzed with Softmax Pro Version
3.0 (Molecular Devices) software. IL-33 ELISA detects mature
recombinant IL-33 (rIL-33) and processed forms of full length
1L-33 (16).

Statistical Analysis

Differences between groups were evaluated by unpaired two-
tailed t-test. We applied the Bonferroni correction for multiple
testing. For in vivo radiation experiments, differences were
evaluated using two 2 X 2 ANOVAs, each incorporating time as a
within-subjects characteristic (difference between first measure-
ment at day 2 and the last measurement at day 25) and group
assignment as a between-subjects characteristic (control mice vs.
K14 IL33 mice). p < 0.05 was considered to be significant.

RESULTS

Inflammatory Skin Phenotype Induced by
Overexpression of Mature IL-33 in K14-
CreER™/GFPmMmIL33 Mice

To test, if mature IL-33 exclusively linked to keratinocytes induce
spontaneous inflammation we used an inducible K14-IL-33-CRE™/
GFPmmIL33 mouse (iTG). This mouse contains a transgene
DNA with loxP-flanked GFP and stop codon, which prevents

transcription of the mature form of mouse IL-33 (mmIL-33)
cDNA and was crossed with a tamoxifen inducible K14-CreER™
mouse (Figures 1A,B). For the Cre-mediated recombination and
K14-specific overexpression of the mmlIL-33, tamoxifen (TM)
was administrated for 6 days topical on the shaved back skin
(Figure 1C). Five days after the last TM administration, adult iTG
mice developed thickening and scaling of the skin as well as weight
loss (Figures 1D,E). In induced skin, IL-33 expression increased
about 160-fold (Figure 1F). Histological analysis of skin biopsies by
hematoxylin and eosin staining revealed an increase in epidermis
and dermis thickness in iTG compared to WT mouse (Figure 1G).
Abundant infiltrates of mast cells were detected by toluidine blue
staining (Figure 1H). Furthermore, IL-33 overexpression in skin,
lead to high production of the cytokines IL-6, IL-1f, IL-13, IL-10,
IL-19, CCR6, and LCN2 (Figure 2).

Generation and Characterization of
Transgenic Mice with Skin-Specific
Expression of Full Length IL-33

In order to assess the role of IL-33 in skin inflammation, we
developed transgenic mice that expressed the full-length mouse
IL-33 under the control of a human K14 promoter via pronuclear
injection of K14-IL-33 construct (hK14mIL33tg, Figure 3A).
To test the functionality of this construct, HaCaT cells were
transfected with the plasmid containing hK14mIL33tg or mock
control. Lysates and supernatants were tested for IL-33 expression
using Western blot analysis (Figure 3B) and IHC (Figure 3C).
IL-33 (30 kDa) was strongly expressed in cell lysates after 48 h and
72 h (Figure 3B). IHC showed nuclear expression in transfected
HaCaT cells compared to the mock control (Figure 3C). The
transgenic mouse line expressing the hK14mIL33tg was gener-
ated as described above. Two founder mice were tested positive
for the transgene and used as hK14mIL33tg mouse line, all of
which had a similar IL-33 expression in the skin. The studies
reported in this work were performed in hK14mIL33tg with at
least eightfold higher mRNA levels in skin relative to the endog-
enous IL-33 mRNA level (Figure 3F). To generate littermates,
female heterozygous hK14mIL33tg mice were crossed with male
WT C57BL/6 mice. The hK14mIL33tg mice grew normally and
did not develop phenotypic abnormalities (Figure 3D), treat-
ment with topic tamoxifen did not result in skin changes (data not
shown). Skin IHC staining for IL-33 revealed higher expression
in transgenic compared to WT mice; however, no skin pathology
was observed (Figures 3D,E).

No Spontaneous or Triggered Cutaneous
Inflammation due to Skin-Specific
Overexpression of Full Length IL-33

The obvious lack of a spontaneous skin phenotype in hK14m-
IL33tg mice showed that a mere increase in intracellular IL-33
levels was not sufficient to induce local inflammation. This
observation in turn indicated that additional signals and events
such as an inflammatory trigger or tissue damage are necessary
to allow secretion and/or action of full-length IL-33. We there-
fore aimed to elucidate whether a local inflammatory stimulus
was sufficient to release and activate full-length IL-33 in the
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FIGURE 1 | Generation and characterization of the skin-specific K14-CreERTM/GFPmmIL33 mouse overexpressing mature IL-33. (A) Schematic illustration of the
generation of skin-specific mouse mature (mm) IL-33 expression constructs. Mouse-containing transgene DNA with loxP-flanked GFP and STOP codon which
prevents transcription of the mature form of mouse IL-33 cDNA was crossed with tamoxifen (TM) inducible K14-CreERTM mouse. (B) The genotyping was
performed using flow cytometric analysis of blood for GFP expression. MFI, mean fluorescence intensity. (C) Topical administration every day with 20 mg tamoxifen
in a total volume of 200 pl (“induced”) results in Cre-mediated recombination with the deletion of the loxP-flanked GFP and STOP codon and strong induction of
IL-33 expression under the K14 promoter in keratinocytes. (D) Cutaneous manifestations of induced K14-CreERTM/GFPmmIL33 (ilL-33) mice compared to control
induced K14-CreERTM/WT (\WT). (E) Reduction of weight of ilL-33 mice compared to iWT after the administration of tamoxifen. (F) Expression of the mmiIL-33 gene
in ilL-33 mice relative to iIWT mice and fold skin expression of the mmIL-33 gene in ilL-33 mice (Tg/WT; transgene compared to wild-type). Total RNA from skin of
mice was used as template for quantitative real-time PCR. On day 15, after the tamoxifen administration, (G) the skin was analyzed for epidermal, dermal thickness
(rm), and collected for H&E (4x magnification) and (H) toluidine blue staining (10x magnification). Toluidine blue-positive mast cells were increased in the lesional skin
of iTg compared to iIWT after the administration of tamoxifen and results shown of n = 9 (WT) and n = 12 (Tg). *p < 0.05, *p < 0.01, **p < 0.0001 (Mann-Whitney).

hK14mIL33tg mouse and performed different skin inflamma-
tion models including rIL-23 ear injection, topical IMQ, and
barrier disruption using skin tape stripping. The morphology of
IL-23-injected skin is similar to lesional skin of human psoriasis
(33, 34); therefore, we used an IL-23 ear injection model to esti-
mate the effect of IL-33 overexpression during skin inflammation.
rIL-23 was intradermally injected in the ear of hK14mIL33tg
and WT mice every other day. Ear thickness and histological
analysis such as epidermal thickness were used as readout
(Figures 4A-C). Measurement of ear and epidermal thickness
did not reveal any difference between hK14mIL33tg and WT

mice. IHC and HE staining of ear sections showed that trans-
genic mice express more nuclear IL-33 compared to WT mice
(Figure 4C), but showed no difference in epidermal hyperplasia.
To assess whether overexpression of IL-33 in mice keratinocytes
worsens the development of IMQ-induced psoriasiform derma-
titis, we applied IMQ cream on the right ear of hK14mIL33tg
and WT mice for 7 consecutive days. Daily measurements of
ear thickness but also histological analysis did also not show any
difference in inflammation comparing hK14mIL33tg to WT mice
(Figures 4D-F). Furthermore, no difference was observed using
a barrier disruption method (Figures 4G-I). In comparison to
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FIGURE 2 | Changes in cytokine profiles of lesional skin of iTg. cDNA
isolated from the lesional skin of iTg compared to IWT after the administration
of tamoxifen was analyzed for the expression of the respective genes by
quantitative real-time PCR. All data are given as mean + SEM. *p < 0.05,

**p < 0.01, and **p < 0.001 (Mann-Whitney). Three independent
experiments.

the iTG mice, we also treated hK14mIL33tg mice with tamoxifen;
similar to iWT mice (Figure 1D), no effect was observed (data
not shown). Thus, despite different immunological provocations
no phenotype of full length (fl) IL-33 overexpression could be
observed, which showed that skin inflammation per se does not
promote action of IL-33.

Induced Dermatitis in hK14mlIL33tg Mice

after Fractionated Radiation

In the here reported mouse models, only secreted mmIL-33 led to
a clinically relevant phenotype. In serum analysis, IL-33 was also
only clearly expressed in the induced K14-mmIL-33-CRE-TM
(Figure S1 in Supplementary Material). Fl IL-33 has been

demonstrated to be released from damaged cells (15). As
radiation induces a strong dermatitis due to apoptosis and
necrosis, we next determined the effect of fractionated radiation
(single fraction 12 Gy, 4 fractions within 7 days) in hK14mIL33tg
and WT mice (Figures 5A,B). In comparison to WT mice, an
increase in ear thickness in hK14mIL33tg was observed 25 days
after irradiation (Figure 5B). Macroscopic examination of irradi-
ated ears indicated that transgenic mice have more severe skin
symptoms compared to WT mice (Figure 5A). To confirm that
IL-33 is affected in irradiated keratinocytes in vitro, we used the
murine keratinocyte cell line PDV and the HaCaT transfected
with the K14-flIL-33 vector and irradiated the cells. Radiation
with 20 Gy induced an intracellular decrease of IL-33 in both
cell lines (Figure 6). In conclusion, IL-33 contributed to a skin
radiation-induced phenotype.

DISCUSSION

Various members of the IL-1 cytokine family have been impli-
cated in inflammation in a variety of tissues and diseases (11).
Here, we demonstrated that IL-33 has the potential to induce skin
inflammation with high potency if present in its mature form.
Full length expression of IL-33, in turn, was not able to induce
spontaneous inflammation or boost an ongoing inflammatory
reaction, but rather sensitized the tissue for radiation damage.
With induction of maturated IL-33 in the skin of K14-mmIL-33
mice, cytokines responsible for skin inflammation were upregu-
lated. These included pro-inflammatory cytokines such as IL-6
and TNF but also Th2 cytokines. As initial responder tissue
resident innate lymphoid cells 2 and mast cells, both expressing
ST2, may be crucial for inflammation initiation (35-40). Also
LCN2, which is induced in DCs by IL-33 and involved in the
Th2 polarization process has been upregulated (41). But also
hematopoietic cells such as regulatory T cell (Tregs), Th2 cells,
eosinophils, basophils that also constitutively express high levels
of ST2 could account for a systemic inflammation. The systemic
phenotype was supported by detection of serum IL-33 and overall
inflammation-mediated disease with pronounced weight loss of
affected mice.

As full length, but not mature IL-33 is predominant in
healthy skin, we additionally studied the phenotype of K14-
mflIL-33 Tg mice. The resulting data provided in vivo evidence
that overexpression of keratinocyte-derived fl IL-33 is by itself
not sufficient for cutaneous inflammation. The epidermis and
dermis of these mice were unremarkable even after stimula-
tion with different skin inflammation models such as IL-23
injection, mechanical tissue disruption, and IMQ treatment.
Interestingly, a similar generated mouse by Imai et al. was
reported to develop spontaneous dermatitis-like inflamma-
tion (3). Transgene integration by Imai et al. occurred in 12
mice with increased IL-33 expression in 6 mice. Only two of
these developed skin disorders. In comparison, our generation
yielded only one high expressing mouse line with no overt
phenotype (Figure 3). Fold expression differed from 8-fold
(mouse line presented here) to ~24-fold (mouse by Imai et al.).
Phenotype differences might be due to different threshold levels
of cytokine expression, insertion of the DNA, or disruption of
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FIGURE 3 | Overexpression of the IL-33 gene in cultured keratinocytes and the skin selective hK14mIL33tg mouse. (A) Schematic representation of the transgene
DNA. An active full-length form of mouse IL-33 cDNA was placed downstream of the human keratin 14 promoter. The transgene construct also contained a rabbit
B-globin intron sequence and a keratin 14 polyadenylation signal for the stable processing of the transcripts. (B) Transfection of the human keratinocyte cell line
HaCaT with mock (M) or hK14mIL-33 (Tg). After 48 h or 72 h, supernatant (S) and cell pellets were stained for IL-33. (C) Immunhistochemistry of hK14miL-33 or
mock transfected HaCaTs. Nuclear staining in the lower panel (DAB, brown dye 40x). (D) No cutaneous manifestations of hK14mlIL33tg mice up to 6 months.

(E) Immunhistochemistry of IL-33 in the epidermis of wild-type (WT) and hK14mIL33tg (Tg) back skins. (F) The skin-selective expression of the IL-33 gene in
hK14mIL33tg mice. Total RNAs from various organs of mice were used as templates for quantitative real-time PCR. Each bar shows the expression of the IL-33
gene in hK14mIL33tg mice relative to WT mice, data represent mean and SEM of n = 3 (except liver and stomach; n = 1). Other data are representative of three

secretion properties. Since in our described model, no IL-33-
dependent exacerbation of skin inflammation was observed,
we hypothesized that an additional signal is necessary for
externalization and action of fl IL-33. A peripheral blood and
skin work up during steady state was not performed due to
the missing phenotype. However, when massively overexpress-
ing IL-33 (mature form), we demonstrate that mmIL-33 not
only induces the Th2 cytokine axis with IL-5 and IL-13 but
also Th1/17 cytokines such as IL-6, IL-1, and CCR6 (Figure 2).
This could reflect the different properties of IL-33 in regard
to reported capacity to influence allergy associated models
in comparison to Th1/Th17 dependent arthritis models (42).

In the contrary to the high expression, this could be also an
effect due to the mature vs. full length form.

Furthermore, comparing the here presented >150-fold
upregulation in the K14-mmlIL-33-CRE-TM mouse with the
eightfold hK14mlIL33tg mouse, it is not clear if the skin effect
arises from the mature form in contrast to the high expression.
Tamoxifen induced mmIL-33 was detected in the serum of mice
(Figure S1 in Supplementary Material), whereas IL-33 from fl
IL-33 overexpressing mice was not detectable in the serum. Also,
the fl IL-33 expressing mouse from Imai et al. (~24-fold) did
not show systemic IL-33 in the serum. Thus, it is unclear if the
high concentration or the structural form of IL-33 leads to the
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FIGURE 4 | Local skin overexpression of the full length IL-33 does not worsen triggered skin inflammation. Ears from wild-type (WT) and hK14mIL33tg (Tg) were
injected intradermally every other day with 500 ng IL-23 in a total volume of 20 pL. (A) Ear thickness was measured before each injection. On day 15, ears were

(B) analyzed for epidermal thickness (um) and (C) collected for immunostaining and results shown are representative of two independent experiments.
Overexpression of IL-33 in mice keratinocytes does not worsen the development of IMQ-induced psoriasiform dermatitis. Ears of both WT and Tg mice (n > 4 per
group) were topically treated with an IMQ-containing cream (Aldara, MEDA Pharma) for 7 consecutive days. (D) Ear swelling was measured daily before treatment.
On day 7, ears were collected and analyzed for (E) epidermal thickness (um) and (F) inflammation by H&E staining (4x magnification). (G) Skin barrier disruption in
WT and Tg back skins by tape stripping. On day 3 after treatment, back skin of WT and Tg were collected for (H) H&E and (I) analyzed for epidermal thickness (um).

phenotype in the secreted K14-mmlIL-33-CRE-TM. Further
work is needed, comparing both forms with similar expression
patterns.

A limitation of this work is that we could not differenti-
ate between apoptotic and/or necrotic influences of different
challenges in the K14-mflIL-33 mouse. Fl IL-33 is released by
necrosis and proposed to function as an “alarmin” (12). Ionizing
radiation induces cellular DNA damage leading to a release of
“danger signals” and pro-inflammatory cytokines including IL-33
in various tissues such as mouse bone marrow, intestinal cells,
spleen, and thymus (43, 44). Also, IL-33 was induced after single
dose skin irradiation (45). Radiation of HUVECs (an endothelial
cell line) led to IL-33 release in the supernatant (45). Here, using
two keratinocyte cell lines transfected with fl IL-33, we observed
a decrease of cellular IL-33 after radiation with 20 Gy. PDV
cells showed also reduced cellular IL-33 expression post 8 Gy

(Figure 6). Furthermore, in our inflammation models, we do not
know if different stimuli such as IL-23 trigger endogenous IL-33
expression.

Accordingly, local repeated irradiation of skin in K14-mfIIL-33
transgenic mice led to increased thickness and dermatitis. In
human skin fibroblasts, radiation-induced IL-33 expression in
cell lysates 1 and 4-h postradiation, whereas no IL-33 in super-
natant could be measured (46). Interestingly, also bystander cells
increased IL-33 protein expression. In comparison, our data
suggest that intracellular IL-33 expression decreases after 24 h.
Although in vitro effects at early time points have been demon-
strated by Ivanov et al., in vivo irradiation in the K14-mflIL-33
mice only showed clinically long-term changes after 3 weeks
(Figure 5). In this notion, cutaneous injection of IL-33 into the
skin induced fibrosis and inflammation after 1 week (7, 47).
Thus, although a fast local response with IL-33 release and other
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measurement at day 25) and group assignment as a between-subjects
characteristic (control mice vs. K14 IL33 mice) suggested a significant
interaction of time and group assignment for ear thickness (p = 0.016) and a AUTHOR Co NTRIBUTIONS
near significant result in view of the clinical score (o = 0.056). These results
were retrieved besides the significant single effect of time in both models OK: performed most of the practical work together with BE, LS,
(0 <0.002). VS, SA, and MH and wrote the manuscript together with SF and

danger signals occurs, these effects most likely influence later
endogenous accumulation of extracellular matrix components.
The limitation of our study is the lack of fibrosis work up in the
used radiation model.

Interleukin-33-dependent radiation response could poten-
tially be compared with an early tissue insult in tendinopathy.
In this disease, a mechanical damage induces release of IL-33 by
tenocytes (fibroblasts of tendons) (5). IL-33 drives rapid repair,
however, with different regulation of collagen and subsequent
decrease in biomechanical quality/strength of the tendon. In
cutaneous wound healing, IL-33/ST2 supports cell recruitment
as early as 24 h after wounding (48). Transferring these observa-
tions IL-33 might lead to early repair/healing effects in irradiated
tissue. This is accompanied with recruitment of inflammatory
cells, polarized immune responses contributing to skin disease
and following fibrotic changes.
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and Radiohygiene, Budapest, Hungary

Radiation-induced late brain injury consisting of vascular abnormalities, demyelination,
white matter necrosis, and cognitive impairment has been described in patients subjected
to cranial radiotherapy for brain tumors. Accumulating evidence suggests that various
degrees of cognitive deficit can develop after much lower doses of ionizing radiation, as
well. The pathophysiological mechanisms underlying these alterations are not elucidated
so far. A permanent deficit in neurogenesis, chronic microvascular alterations, and
blood-brain barrier dysfunctionality are considered among the main causative factors.
Chronic neuroinflammation and altered immune reactions in the brain, which are inherent
complications of brain irradiation, have also been directly implicated in the development
of cognitive decline after radiation. This review aims to give a comprehensive overview
on radiation-induced immune alterations and inflammatory reactions in the brain and
summarizes how these processes can influence cognitive performance. The available
data on the risk of low-dose radiation exposure in the development of cognitive impair-
ment and the underlying mechanisms are also discussed.

Keywords: ionizing radiation, cognitive effects, neuroinflammation, immune reactions, low-dose radiation

INTRODUCTION

Cellular and molecular mechanisms leading to radiation-induced brain injury are far from being
understood. Currently, the concomitant involvement of multiple processes is thought to contribute
to the development of several pathologies. Such processes are damage at the level of microvessels
leading to blood-brain barrier (BBB) leakage, increased neuronal stem, and progenitor cell death as
a consequence of direct cytotoxic effect of radiation, perturbations in the energy production due to
mitochondrial damage, as well as direct (activation of microglia cells) and consequential (increased
infiltration of immune and inflammatory cells through the damaged BBB) inflammatory and
immune reactions. Although these processes are often discussed separately for didactic purposes,
they are tightly interrelated where inflammation constitutes a major link. This review will focus on
the role of inflammatory and immune reactions in the development of radiation-induced cognitive
deficits (Figure 1).

THE IMMUNE STATUS OF THE HEALTHY BRAIN

Physiologically inflammation and subsequent immune reactions are protective mechanisms
of the body by which foreign pathogens and damaged cells are eliminated and homeostasis is
restored. During an inflammatory reaction, cellular and tissue damage of various extents takes
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FIGURE 1 | Immune signaling in the healthy and irradiated brain. In the healthy brain (left panel), intact neurons express and secrete molecules (CD47, CD55,
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induced direct cellular damage affects neurons and microglia. Neuronal

une activation (mechanism e).

place, which in the case of a tissue with a good regenerative
capacity does not normally lead to functional deficit. Brain,
however, is an organ with a very poor regenerative capacity.
Thus, in order to minimize inflammation-induced neuronal
damage, the interaction between the central nervous system
(CNS) and the immune system is in several aspects different
from other organs. This leads to a privileged immune status
of the brain maintained by certain structural and functional
features: (1) the BBB and the blood-cerebrospinal fluid bar-
rier (BCSFB) are well-structured barrier systems that tightly
control the free penetration of immune cells into the brain
parenchyma. (2) Antigen presentation within the brain and at
the regional lymph nodes is restricted due to (i) the absence of
constitutive expression of major histocompatibility I molecules
on neurons of the adult brain (1); (ii) the low number of profes-
sional antigen-presenting cells (APCs)—mainly dendritic cells
(DCs)—and resident T cells in the brain parenchyma (2); and
(iii) the lack of lymphatic vessels in the brain parenchyma,
which would drain CNS-related antigens and APCs directly to
the regional lymph nodes (3).

Microglial cells resident in the brain parenchyma are the
main cellular components involved in the innate immune
response. These cells possess professional antigen-presenting like

characteristics, and as such show multiple similarities with DCs
and macrophages. By expressing MHC molecules, microglial
cells are capable of antigen presentation. Physiologically these are
self-antigens and induce tolerance. Microglial cells also express
danger-associated molecular pattern (DAMP) receptors able to
sense various danger signals from their environment, such as
infectious agents, molecular toxins, and cellular damage and by
which they can trigger innate immune processes (4, 5). Microglia
are inactive under normal circumstances which is partly due to
a panel of anti-inflammatory factors (such as CD200, CX3CLlI,
CD47, and CD55) secreted by healthy neurons. However, they
become activated by various chemokines, cytokines, and purine
metabolites released by damaged neurons (6). The interaction
between the microglia and neurons highlights the pivotal role
of microglial cells in the immune surveillance of normal brain.
However, microglial cells are relatively weak antigen presenters,
and at present it is thought that contrary to DCs they can-
not migrate to peripheral lymphoid organs to induce specific
immune response (2). Thus, DCs are indispensable for a success-
ful immune surveillance.

Conventional DCs are also present in certain well-defined
brain regions in varying numbers. These are the juxtavascular
spaces of the brain parenchyma, brain regions that physiologically
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lack an intact BBB, brain parenchyma in close contact with the
cerebrospinal fluid (CSF) (along the ventricles) and the choroid
plexus (CP) (7). A possible way for brain-residing DCs to become
activated is through danger signals released by neuronal or other
cellular damage in the brain parenchyma. Extracellular vesicles
(exosomes and microvesicles) secreted by various cellular com-
ponents of the brain parenchyma can also transmit inflammatory
and activating signals toward DCs and other professional APCs
situated around the microvessels and in the CSF (8). These signals
are carried most probably by the interstitial fluid circulating in
the direction of brain microvessels (9).

The presence of lymphocytes in the healthy brain is very
scarce and mostly consists of CD4" T cells and rare CD8* T cells.
A significant fraction of these lymphocytes are CD4* memory
cells. They can be found in the CSE in the meningeal spaces,
and in the stroma of the CP (the space between the blood ves-
sel endothelium and the epithelial layer of the CP) where they
continuously screen APCs presenting their cognate antigens
(3). Entry of T cells at the level of the epithelial layer of the CP
is facilitated by the expression of adhesion molecules such as
intercellular adhesion molecule 1 (ICAM-1) and vascular cell
adhesion molecule 1 (VCAM-1) by the CP epithelial cells (10).
Baruch et al. have demonstrated significant enrichment of CNS-
specific T cell receptor clones within the CD4* T cells residing
in the CP stroma (11). This means that CP-residing CD4" T cells
are continuously challenged by CNS-related antigens. This phe-
nomenon was termed as “neuroprotective autoimmunity” (12),
and at present it is widely accepted that it has a fundamental
role in brain regenerative processes and thus it is indispensable
for the maintenance of a healthy brain homeostasis (13, 14). A
tightly regulated cytokine milieu within the CP is responsible
for keeping the equilibrium between protective and pathological
autoimmunity. This cytokine milieu mainly consists of IFN-y
and low levels of IL-4 (11, 15, 16), indicating the presence of both
Th1 and Th2 lymphocytes in the CP. Wolf et al. showed in an
organotypic in vitro model using hippocampal slice cultures that
both Th1 and Th2 lymphocytes could prevent neuronal damage
but the neuroprotective effect of Th2 cells was superior (17).
Accumulating evidence indicates that the lack of this protective
autoimmunity leads to impaired hippocampal neurogenesis,
cognitive deficit, and the development of neurodegenerative
disorders (18, 19).

THE CONCEPT OF
NEUROINFLAMMATION: NEUROLOGICAL
PATHOLOGIES WITH AN

INFLAMMATORY COMPONENT

Neuroinflammation can be caused by exogenous (various infec-
tious agents capable of invading the brain) and by endogenous
factors (cellular damage within the brain parenchyma). Ionizing
radiation, by causing various extent of cellular damage in the brain,
isanimportantendogenousfactor ininducing neuroinflammation.

The first step in mounting an acute inflammatory reaction
within the brain consists of microglia and astrocyte activation,
which sense neuronal damage in their environment. It has been

already mentioned that neurons express soluble factors that
inhibit microglia activation (Figure 1). It is most likely that a
CNS insult leading to neuronal damage and/or death reduces/
eliminates this suppression. Microglial cells remove cellular
debris through phagocytosis, upregulate their MHC molecules
(enhancing antigen presentation), and together with the astro-
cytes secrete a panel of pro-inflammatory cytokines (among
others: TNFa, IL-1p, and IL-6), chemokines (CX3CL1 or
fractalkine, CCL3 or macrophage inhibitory factor 1), reactive
oxygen, and nitrogen species (ROS and RNS), which activate the
brain-resident APCs (20, 21). It should be mentioned that while
there is a certain level of immune cell trafficking through the
BCSFB under physiological conditions (as detailed above), the
BBB is physiologically impermeable to immune cells. However,
these same cytokines can lead to endothelial cell activation
and a subsequent increase in BBB permeability, as well as an
increased penetrability of the BCSFB (22).

Once activated, brain-residing DCs migrate to the regional
lymph nodes by the lymphatic drainage of the CSF (23), where
they interact with T cells and immune activation takes place.
Activated T cells reach the CNS and penetrate into the brain
parenchyma via the altered barrier systems. A certain level of
lymphocyte infiltration within the brain parenchyma during the
acute phase of a neuroinflammation is needed for a quick resolu-
tion of the inflammatory process and for rapid neuroregeneration.
The immunological profile of the immune cells penetrating the
brain parenchyma is an immune suppressive one, consisting of
Th2 lymphocytes, regulatory T cells, and M2 macrophages, which
produce IL-10 and TGFp (24, 25). Their main role is microglia
suppression.

A persistent activation of the microglia and astrocytes is the
hallmark of a chronic neuroinflammation. This is believed to
develop when the rate of leukocyte infiltration during an acute
inflammatory process is not sufficiently abundant to halt the
process. A prolonged activation of microglia leads to a vicious
circle, where secretion of pro-inflammatory cytokines and other
neurotoxic agents (ROS and RNS) leads to further neuronal
damage and cell death, which maintains microglial cells in their
activated status. Interestingly, systemic immune suppressive
strategies for resolving neuroinflammation are often counter-
productive because they inhibit CD4* T cell activation, which is
needed for these cells to enter brain parenchyma and resolve the
inflammatory process as described above (14).

Chronic neuroinflammation has been shown in the aging
brain. In many aspects, this process is driven by and resembles
systemic immune senescence, which is also an accompanying
process of aging. During aging, the equilibrium between systemic
immune-stimulating and -suppressive mechanisms is shifted
toward immune suppression with an increase in the systemic
ratio of regulatory T cells and CD4" cells with a Th2 phenotype
and elevated T cell anergy (26). These systemic changes impede
an eflicient resolution of neuroinflammation. A similar process
resembling systemic immune senescence takes place within the
CP as well. The level of IFNYy production by the CP epithelial cells
and residing immune cells decreases and is replaced by IFNI pro-
duction, while IL-4 secretion increases. This drives an increase in
the production of the CCL11 chemokine by the epithelial cells,
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which in turn negatively regulates neurogenesis and induces
cognitive decline (27).

An inflammatory component has long been known in the
pathophysiology of several neurodegenerative diseases (28)
and increasing evidence suggests that inflammation is involved
in the pathophysiology of neurovascular and certain psychi-
atric disorders, as well (29, 30). The inflammation-related
mechanistic link between these different diseases has been
recently reviewed by several research groups. They show that
DAMP-associated activation of inflammasomes in various cell
types within the brain (mainly microglia, astrocytes, neurons,
and endothelial cells) constitute a common mechanism in the
development of different types of neurological and psychiatric
disorders (31, 32). In Alzheimer’s disease, for example, where
extracellular deposition of the B-amyloid (Af) peptide, forming
the typical neuritic plaque is a major hallmark of the disease, it
seems that Ap represents a DAMP for microglial cells and causes
their continuous activation through their toll-like receptors 2,
4,9 (TLR-2, -4, -9) (33). Increased ROS levels, as activators of
inflammasomes have been recognized in certain cerebrovascu-
lar diseases, whereas animal data and limited human studies
indicate TLR-triggered activation of the inflammasomes in
depression, bipolar disorders, and other psychological diseases
(34-36). It has not been yet clarified whether inflammatory
reactions are the cause or the consequence of these diseases.
However, several research groups showed that in the case of
Alzheimer’s disease inflammatory reactions were present
already at an early stage of the disease before the appearance of
the neurofibrillary pathology, suggesting a causative effect for
inflammation (37, 38).

RADIATION-INDUCED LATE BRAIN
INJURIES

Therapeutic and diagnostic medical interventions represent the
main source of radiation exposure for the brain. Radiotherapy
constitutes a first-line treatment option for various primary or
metastatic brain tumors, as well as head and neck cancers, where
a high dose (on average 50-60 Gy) is delivered in multiple frac-
tions of approximately 1.8-2 Gy either to the whole brain or to
restricted brain regions. Despite the fact that treatment schedules
are planned in a way to avoid or minimize toxic side effects in
healthy tissues, they still occur in a certain number of sensitive
patients.

Classically, radiation-induced brain damage can be divided
into acute, early delayed, and late injury based on the time of
onset and includes both morphologic and functional deficits (39).
Acute damage manifests itself as headache and drowsiness within
hours to days after radiotherapy and is caused by brain edema. It
is a fully reversible condition, and it appears rarely with modern
radiation techniques. Early delayed injury is characterized by
somnolence, short-term memory loss, and attention deficits and
morphologically by transient demyelination. These are transient
symptoms, which resolve in approximately 3 weeks without lead-
ing to long-lasting cognitive disturbances. The so-called radiation
somnolence syndrome has been described mainly in children
receiving whole brain radiotherapy for brain tumor treatment or

prophylactic irradiation for acute lymphoid leukemia. Although
it has been attributed to a transient demyelination process, recent
evidence supports the inflammatory nature of this condition,
where various pro-inflammatory cytokines (most notably IL-1f)
play an important role. This is further supported by the fact that
steroid administration can improve the symptoms (40, 41).

Radiation-induced late brain injuries develop more than
6 months after irradiation and are mostly irreversible changes.
Morphological damage consists of vascular abnormalities,
demyelination, gliosis, and in extreme cases white matter
necrosis. Functionally, it is associated with two main alterations:
endocrinopathy and cognitive impairment. Endocrinopathy
develops mainly after higher radiation doses delivered to the
hypothalamic-pituitary axis. Its most frequent manifestations are
hypothyroidism (due to direct radiation damage on the thyroid
or to decreased production of the thyroid-stimulating hormone
or TSH as a consequence of radiation damage to the hypophysis),
growth retardation (due to growth hormone deficiency), and
gonadal dysfunction (due to gonadotropin deficiency). Several
comprehensive reviews have been published in this topic (42-45).
Sinceitis out of the scope of this review to detail radiation-induced
endocrine dysfunctions, we recommend all interested readers to
consult these. Cognitive deficit manifests itself in various degrees
of memory impairment, learning difficulties, declined flexibility
in thinking and IQ performance, and, in extreme cases, full
dementia. Radiation-induced cognitive impairment is the most
debilitating late sequel of brain irradiation, and it has a great
impact on the quality of life of the individuals. Importantly, it
often develops even in the absence of detectable morphological
abnormalities (46).

Certain patient cohorts can be used to study radiation-induced
cognitive impairment. Long-term survivors of glioma constitute
an important group; however, in this case, a number of confound-
ing factors (such as short follow-up period due to limited survival
rates, neuropsychological symptoms attributable to the malignant
disease, the impact of chemotherapy) make the correct evaluation
of radiotherapy effects on the cognitive performance more dif-
ficult. Within this group, low-grade glioma patients’ follow-up is
of particular interest due to their much better prognosis in terms
of overall survival. Most studies agree that radiotherapy poses
a significant risk of late cognitive impairment in adult patients
with low-grade gliomas (47, 48), but conclusions are contradic-
tory whether focal radiotherapy with fractional doses less than
2 Gy is associated with an increased risk of cognitive deficit
(49, 50). In long-term survivors of childhood brain tumors, on
the other hand, there is an agreement in the literature that the
most important risk factor for impaired intellectual outcome is
radiotherapy, especially in children irradiated before the age of 15
(51-53), indicating the higher vulnerability of pediatric patients
to brain irradiation.

The brain can be exposed to substantial doses of irradiation
during the radiotherapy of various head and neck tumors as
well. However, in these cases, radiation exposure is restricted
to certain brain regions only. Various trials demonstrated an
increased risk of cognitive impairment in these patients (54).
Meyers et al. studied the cognitive performance of patients who
received paranasal sinus irradiation, where the mean delivered

Frontiers in Immunology | www.frontiersin.org

May 2017 | Volume 8 | Article 517


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Lumniczky et al.

lonizing Radiation Effects on the Brain

dose was 60 Gy in fractions of 1.8-2 Gy. They found memory
impairment in 80%, learning difficulties in more than 50%, dif-
ficulty with visual-motor speed, frontal lobe executive functions,
and fine motor coordination in more than 30% of the patients.
Cognitive performance could be correlated with total dose
delivered to the brain but not with the volume of the irradiated
brain or chemotherapy treatment (55). Severe cognitive deficit
was reported also in children treated with radiotherapy for head
and neck rhabdomyosarcoma with symptoms manifesting within
10 years after radiotherapy (56).

Lung cancer patients receiving prophylactic brain irradiation
to reduce the rate of brain metastasis are also at risk for devel-
oping late cognitive alterations (57, 58). Children with acute
lymphoid leukemia constitute another important study group
who, for prophylactic reasons, received cranial irradiation. In
a study conducted at the Children’s Hospital in Philadelphia in
the early 80s, an average total dose of 24 Gy cranial irradiation,
combined with intrathecal methotrexate were applied to these
children. The authors demonstrated significant reduction in the
overall IQ score for the majority of children, younger patients
being more affected. Notably, even in those patients who did not
have any IQ decline, learning deficit was still present. However,
cognitive deficits were absent in children treated with intrathecal
chemotherapy only (59), indicating that chemotherapy per se was
not a toxic agent for cognitive outcome. Waber et al. reported
slightly different findings in a study conducted 15 years later at
the Dana Farber Cancer Institute. In this study, cranial irradiation
could not be directly linked with cognitive damage, most prob-
ably because the applied average total dose was much lower
(18 Gy) (60).

It is very important to note that all of these cohorts were
treated with conventional X-ray or gamma ray techniques. While
major technical improvements were done to reduce irradiation
of healthy tissues (such as the development of different intensity-
modulated radiotherapy techniques), due to the energy deposi-
tion characteristics of these radiation types it is impossible to
completely spare non-tumorous tissues. Proton radiation therapy
has emerged as a novel therapeutic modality that is beginning
to be largely applied for the treatment of various brain tumors.
Protons are charged particles, which deposit their energy over a
narrow range, and have little lateral scatters in the tissues. Due
to these properties, the proton beam focuses on the tumor and
doses delivered to surrounding normal tissues are much lower
than in the case of X-ray-based techniques. While proton beam
therapy (PBT) is a relatively new technology, and there are no
large patient cohorts yet which allow a thorough evaluation of
the developing side effects in the brain, the already available data
indicate its suitability to reduce late toxicities. This is especially
important in children whose brain is very sensitive to irradiation
(as discussed above). An essential dose reduction by using PBT
compared to conformal radiotherapy was shown particularly in
contralaterally located critical neuronal structures (61). Different
clinical studies measured superior quality of life, physical, and
IQ scores in children with brain tumors receiving PBT compared
to those treated with X-rays (62-65). However, all of these stud-
ies agree that additional long-term data and larger cohorts are
needed to correctly evaluate the impact of PBT on neurocognitive

performance and to determine whether PBT is associated with a
clinically relevant cognitive sparing compared to X-ray protocols.

All the abovementioned clinical studies demonstrate that
cognitive impairment is a relatively frequent consequence of
high-dose therapeutic brain irradiation. While the severity of
the damage is influenced by multiple factors, the most important
ones are the young age at irradiation and the irradiated brain
region. The exquisite sensitivity of the hippocampus to irradia-
tion, where the neuronal stem cells are located has been shown
by numerous animal experiments (66-69) and clinical studies
(67,70,71), and it is evidenced also by the fact that the most com-
mon neurological alterations are hippocampal-related memory
deficits. On the other hand, as stated by Greene-Schloesser et al.
in a recent review (39), hippocampal sparing radiotherapy might
not be sufficient to avoid cognitive impairment since brain regions
other than hippocampus are also involved in cognitive processes.
Furthermore, neuronal stem cell death is only one component in
the mechanism of radiation-induced brain injury.

INFLAMMATION-MEDIATED
MECHANISMS IN RADIATION-INDUCED
BRAIN INJURY

Radiation-Induced Activation of the
Microglia

It is well established that ionizing radiation induces inflamma-
tory reactions in the brain mainly via microglia and endothelial
cell activation (72) (Figure 1). A possible mechanism on how
microglia are activated is by IR-induced double-strand breaks,
which trigger the NFkB pathway-mediated production of inflam-
matory proteins (73). Microglial cells in their activated state
secrete a panel of pro-inflammatory cytokines, which inhibit
neurogenesis in the hippocampus by disrupting neurogenic sign-
aling pathways. It was shown that neuroinflammation induced a
long-term disruption of hippocampal network activity and had
a significant impact on the recruitment of adult-born neurons
into hippocampal networks encoding spatial information.
Increased levels of cyclooxygenase-2, IL-1, IL-6, IL-18, TNFa,
and interferon-gamma-inducible protein-10, as well as several
chemokines such as monocyte chemoattractant protein (MCP-1/
CCL2) and macrophage inflammatory protein 2 (MIP-2/CXCL2)
were measured in microglial cells after radiation doses higher
than 7 Gy both in vitro and in vivo (72, 74-77). Microglia activa-
tion was detected even months after irradiation indicating the
persistence of the neuroinflammatory process (78). Selective
inhibition of microglia-mediated neuroinflammation was able
to ameliorate radiation-induced late cognitive impairment (79).
Schindler et al. investigated radiation-induced neuronal loss
and microglial activation in young, adult, and aged rats. They
found that in younger animals 10 Gy whole brain irradiation
induced a more pronounced and persistent reduction in the
number of immature neurons than in aged rats. On the other
hand, microglial activation was more prevalent in older animals,
where 10 weeks after irradiation the proportion of activated/rest-
ing microglial cells was 60%, compared to a rate of 20% found
in young animals (80). Furthermore, irradiation induced an
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RNA expression profile resembling to the transcriptome of the
aging microglia (81). These findings are very important in our
opinion since they highlight that the mechanisms responsible
for radiation-induced cognitive impairment might be different
in young and aged individuals. While at young age radiation-
induced direct alteration in neurogenesis is the major factor, at
older ages the preponderant mechanism for the development of
radiation-induced cognitive deficit is neuroinflammation, which
in turn impacts neurogenesis. These findings are in concordance
with other reports indicating that radiation induces a premature
aging process in the brain and accelerates and/or aggravates
the onset of chronic degenerative disorders characteristic for
elderly (82, 83).

Chemokine receptors, due to their central role in attracting
immune cells to the site of inflammation, are considered as
key components in mediating neuroinflammation. A panel of
chemokine receptors and their ligands such as CCL7, CCLS,
CCL12, CXCL4, CCR1, and CCR2 were shown to be upregu-
lated as a result of brain irradiation (84). Among these, CCR2
has a prominent role in enhancing macrophage infiltration at
the sites of injury in the brain (85) and in modulating several
neurodegenerative disorders (86). It was postulated that irradia-
tion influenced neurogenesis and cognitive functions by altering
CCR2 signaling pathways in the brain. Recently, Belarbi et al.
proved the direct involvement of CCR2 expression in the devel-
opment of radiation-induced cognitive alterations. Using CCR2
knockout mice, they showed that CCR2 deficiency prevented
cranial irradiation-induced neuronal damage and cognitive
impairment (84). The protective effect of CCR2 deficiency against
radiation-induced neuronal damage was identified after low-dose
irradiation, as well (doses below 2 Gy) (87).

Since the phenotype of activated microglia is difficult to
discern from brain-infiltrating activated macrophages (88), it is
possible that the main inflammatory cells within the brain paren-
chyma are originating from blood-derived macrophages pene-
trating into the brain parenchyma, which becomes permissive for
them in an inflamed state. Several lines of evidence support this
hypothesis. Burrell et al. demonstrated that bone marrow-derived
cells were recruited specifically to the site of cranial irradiation in
a dose-dependent manner and differentiated predominantly into
inflammatory cells and microglia (89). Mildner et al. conducted a
very elegant experiment in which they proved the role of cranial
irradiation in the engraftment of blood-derived macrophages
into the brain parenchyma. They identified a specific monocyte
subpopulation (Ly-6C"Gr-1 + CCR2 + CX3CRI1P" cells), as the
precursor of adult murine microglia in the peripheral blood and
showed that microglia engraftment during postnatal life was
enhanced by various degenerative brain disorders. However,
these monocytes were preferentially recruited to the brain and
differentiated into microglia only ifthe brain was “preconditioned”
by irradiation. The authors explained this enhanced cell engraft-
ment primarily by a radiation-induced production of CCL2
in the brain, which attracted blood-derived CCR2-expressing
monocytes and by an inactivation of the repository signals and
to a lesser extent by a radiation-induced damage in BBB integrity,
although they admitted that subtle BBB alterations might have
been present (90). Similar findings were reported by Lampron

et al., who induced myeloablation either by chemotherapy or
by total body irradiation and followed the repopulation of the
hematopoietic niche, as well as the entry of bone marrow-derived
cells into the brain. While repopulation was equally efficient
after both chemo- and radioablation, brain penetration of bone
marrow cells was only observed after irradiation (91). Morganti
et al. showed that a single dose of cranial irradiation with 10 Gy
induced a significant decrease in brain-residing microglia, while
significantly increasing the penetration of blood-derived CCR2*
macrophages. They also proved that penetrating macrophages
adopted a microglia-like phenotype. Similar to Mildner et al,,
they also did not detect BBB damage, which could be responsible
for the increased penetration of monocytes, but demonstrated a
radiation-induced increase in the secretion of a panel of chemoat-
tractant molecules implicated in the recruitment, adhesion, and
migration of monocytes (92). On the other hand, it seems that
repopulation of brain parenchyma with peripheral microglia
progenitors does not necessarily happen under physiological
conditions, since these bone marrow-residing progenitors do
not mobilize spontaneously to the peripheral blood and can only
reach the CNS if artificially delivered into the circulation (93).
The way a cell is dying greatly impacts the immune and inflam-
matory response of the host. The characteristics of an immuno-
genic cell death have been initially described for cancer cells
(94). One of the most important features of an immunogenic cell
death is that dying cells expose so-called “eat-me” signals sensed
by nearby tissue-residing phagocytes (95) and the physiologically
present phagocytic barrier is lost. CD47 is considered a typical
phagocytic barrier or “don’t eat me” signal, which in the context
of cellular apoptosis is frequently lost and this phenomenon is
paralleled with the cell surface exposure of the endoplasmatic
reticulum-associated calreticulin (CRT) (96). Cell surface bound
CRT is the most important “eat-me” signal for surrounding
phagocytes. It seems that “eat-me” and “don’t eat me” signaling
molecules are present in neurons as well, indicating that interac-
tions between neurons and activated microglia are in multiple
aspects similar to those seen outside the brain (97). Although the
presence of cell surface CRT is usually characteristic for dying
cells, it has been shown that neurons constitutively express it (98).
Resting microglia do not react with CRT-expressing neurons.
However, as shown by Fricker et al., microglia activation via
ligands binding to their TLR4 receptor hasled to the phagocytosis
of CRT-expressing both viable and apoptotic neurons, signifi-
cantly contributing to the amplification of a neurodegenerative
condition (98). Irradiation can impact this process in multiple
ways. Radiation induces apoptosis among neuronal stem and
progenitor cells (99). Whether IR-induced apoptosis is de facto
accompanied by increased cell surface CRT levels on neurons
has not been reported yet, but it has been shown in carcinoma
cells (100), and this phenomenon was directly linked with the
induction of an immunogenic type of apoptotic cell death (101).
Experiments related to CD47 changes in apoptotic cells after
ionizing radiation are also lacking. However, it was shown that
UV-induced apoptosis induced CD47 redistribution on the cell
surface associated with a significant reduction in the binding
efficiency of CD47 toits naturalligand on phagocytes. This resulted
in facilitating the clearance of apoptotic cells by phagocytes (102).
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We have previously discussed that IR can directly activate
microglial cells. It is very probable that IR can contribute to micro-
glia activation via their TLR4 receptor as well. The prototypic
TLR4 ligand is lipopolysaccharide (LPS), which is an endotoxin
released by bacterial cells during an infection. On the other hand,
the endogenous LPS-like molecule high-mobility group protein
1 (HMGBI) is a danger signal (or alarmin), which is released in
the extracellular medium under cellular stress. It was shown that
HMGBI by binding to the TLR4 receptor could promote micro-
glia activation under stress conditions associated with neuronal
damage such as traumatic brain injury, ischemic injury, and
methamphetamine treatment (103-105). Studies investigating
the direct effect of IR on HMGBI release and TLR4 activation
in the brain are not available yet. However, given the fact that IR
is a strong cellular stressor, it is plausible to hypothesize that it
induces similar stress-related pathways than other stressors.

Radiation Effects on Brain Endothelial
Cells, BBB Integrity, and Immune Cell
Infiltration in the Brain

Blood-brain barrier is a major route for the systemic supply of
immune and inflammatory cells during neuroinflammation.
There are not too many in vivo studies referring to the impact
of acute cranial irradiation on BBB integrity. The previously
mentioned studies reported no significant BBB damage after
high-dose irradiation (around 10 Gy), though they did not
exclude the possibility of minor BBB alterations (90, 92). On the
other hand, other studies detected significant alterations in BBB
damage with or without alterations in endothelial tight junctions
after high-dose irradiation, albeit this damage was transient, and
its severity varied in the different brain regions (106-108). In
vitro models also demonstrated that alterations in BBB integrity
were detected after much lower doses (4 Gy). These alterations
were relatively long lasting and were accompanied by increased
permeability for both low- and high-molecular weight proteins.
Morphologically, a rarefaction of the endothelial layer was seen,
which could lead to the opening of the endothelial tight junc-
tions, despite the fact that no gross alterations were observed in
the immunolabelling of a panel of tight junction proteins (ZO-1,
claudin-5, and occludin) (109).

Endothelial cells are among the most radiosensitive cellular
structures in the brain. Direct IR induces endothelial cell death
by various mechanisms. Several in vitro and in vivo studies dem-
onstrated endothelial cell apoptosis as an early event after irradia-
tion. However, it was induced only by high doses of irradiation
and was accompanied by strong inhibition of endothelial cell
proliferation capacity (110, 111). The rate of apoptotic endothelial
cells was estimated to be around 15% within 24 h after irradiation
with high doses (112, 113). Li et al. demonstrated a direct link
between radiation-induced endothelial cell apoptosis and acute
increase in BBB permeability (110).

Recently, it has been shown that senescence is another major
cell death mechanism developing at a later time point in the sur-
viving endothelial cells. Irradiation doses in the range of 2-8 Gy
led to increased DNA damage and a reduced repair efficiency
in rat primary cerebrovascular endothelial cells, which were

accompanied by increased yields of endothelial cells showing
premature senescence and acquiring a senescence-associated
secretory profile. Endothelial senescence could be a consequence
of pro-inflammatory cytokines secreted by activated glial cells
and astrocytes such as TNFa or IL-6 (114, 115). These senescent
cells acquired certain phenotypical features resembling activated
endothelial cells. Senescent endothelial cells significantly con-
tributed to the onset and progression of neuroinflammation by
secreting a panel of pro-inflammatory molecules (IL-1a, IL-6,
and MCP1), upregulating adhesion molecules on their surface,
and increasing their ROS production (116, 117).

Changes in the activation status of microvascular brain
endothelial cells can facilitate immune cell transmigration even
in the absence of an overt BBB damage. Several studies reported
that high doses of IR could directly activate brain microvascular
endothelial cells by increasing ICAM-1, VCAM-1, and P-selectin
expression (118-120). ICAM-1 induction on brain endothelial
cells is a rapid but persistent process, appearing as soon as 4 h after
irradiation and being detectable even 6 months later (119, 121).
Since ICAM-1 expression has a major role in facilitating leuko-
cyte trafficking into the brain parenchyma, its persistent presence
contributes to the slow resolution of the neuroinflammatory
process. Another important molecule regulating monocyte and
leukocyte transmigration through the BBB is CD47 expressed on
endothelial cells. CD47 plays an active role in immune cell diape-
desis by interacting with the signal-regulatory protein alpha on
monocytes, activating signaling pathways that induce cytoskel-
eton remodeling and cadherin redistribution. CD47 activation
was shown to occur after ischemic neurovascular injury, and its
overexpression on brain endothelial cells significantly enhanced
monocyte transmigration and contributed to BBB injury and
edema (122-124). It remains to be determined whether radiation
injury to the brain induces similar CD47 changes.

Moravan et al. performed a systematic longitudinal analysis
of brain-infiltrating immune cells after irradiation. According
to this study, neutrophil penetration in the irradiated brain was
a transient effect, which could be detected only in the first 12 h
after irradiation. CD3* T cells penetrated the brain as early as
day 7 after irradiation and persisted even 12 months later. DC
penetration was also seen, and similar to T cells, it was a rather
late process persisting up to 6 months after irradiation. Several of
the penetrating DCs acquired an activated phenotype and often
colocalized with T cells suggesting a possible interaction between
the two cell types. Penetration of myeloid cells in the brain was
dose dependent within the range of 5-35 Gy radiation dose and
was dependent on CCR2 signaling (121, 125).

LOW-DOSE RADIATION EFFECTS
ON THE BRAIN

The vast majority of radiation exposures delivered to the brain
in the population are for diagnostic purposes, where absorbed
doses are in the low-dose range (below 100 mGy). Recent epi-
demiological data pose serious concerns regarding long-term
health consequences of these low doses. It was shown by several
epidemiological studies that cranial CT exposure increased the
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risk of brain tumors in children (126-128). Similar conclusions
were drawn after interventional radiology exposures to the brain
(127) as well as in hemangioma cohorts subjected to head irradia-
tion for hemangioma treatment (129). A recent report indicated
a twofold increased risk of brain cancer mortality among tech-
nologists who performed fluoroscopically guided interventional
procedures (130). These observations raise the possibility that
low-dose radiation might cause cognitive alterations as well. We
found one report in the literature about the risk of late cogni-
tive deficit in humans subjected to low-dose cranial irradiation.
A population-based cohort study was performed in Sweden
involving 3,030 boys who were treated with IR for cutaneous
hemangioma before the age of 18. The study could not show any
difference regarding logical, spatial, and technical test scores
between IR-treated subjects and controls, but verbal test scores
displayed a significant trend for decreasing scores with increas-
ing doses to the hippocampus. The authors also concluded that
hippocampal dose was a better predictor of late cognitive side
effects than doses delivered to other brain regions (131). While
human epidemiological data are almost absent, several animal
experiments indicate cognitive damage as a potential long-term
risk of low-dose cranial irradiation. Altered adult spontaneous
behavior and impaired habituation capacity was found in mice
exposed to low doses (500 mGy) total-body irradiation at a very
young age (postnatal day 3 and 10) but not later, indicating an
exquisite sensitivity of the young brain to IR. The same group
showed significantly higher alterations in the behavior of these
mice if they were coexposed to IR and nicotine (132, 133). Gene
expression studies performed in the brain or various brain
structures repeatedly report mRNA expression profiles charac-
teristic for low-dose exposure. Low-dose exposures (100 mGy)
induced genes that were not affected by high doses (2 Gy), and
low-dose genes were associated with unique pathways and func-
tions similar to those seen in the aging brain and in the brain
tissue from patients with Alzheimer’s disease (134). Yin et al.
also showed qualitatively different gene expression profiles after
0.1 and 2 Gy, where low-dose-regulated genes were involved
in protective and reparative functions such as stress response,
cell cycle control, and DNA repair as well as in neural signal-
ing activity (135). Dose-dependent changes in gene expression
profiles were seen in human neuronal progenitor cells, where
very low-dose chronic irradiation (31 mGy/72 h) induced altera-
tions in inflammatory pathways related to interferon signaling,
while higher doses induced different signaling pathways (136). It
was reported that low-dose chronic irradiation stimulated leptin
production in mice (137, 138). Leptin is a member of the cytokine
superfamily, resembling IL-6 also known as the “saturation
hormone” produced mainly by adipocytes. It acts on receptors
in the hypothalamus to inhibit hunger and thus has major role in
maintaining a metabolic balance. It has important effects on the
immune system as well, by shifting the Th1/Th2 balance in favor
of Thl cells, by regulating monocyte-macrophage activation,
by inducing T cell proliferation, and by suppressing apoptosis
(139). Since leptin levels were directly correlated with cognitive
performance and higher leptin levels could even ameliorate
cognitive deterioration seen in Alzheimer’s disease (140-142),
low-dose radiation-induced increase in circulating leptins

might be a favorable parameter in the risk of radiation-induced
cognitive alterations.

Very interesting data start to emerge regarding the impact of
low-dose or low-dose rate irradiation on endothelial cell integrity.
A premature senescence was observed in human umbilical vein
endothelial cells exposed to low-dose rate irradiation delivered
by 2.4 or 4.1 mGy/h dose rates. Transcriptomic and proteomic
studies revealed the activation of signaling pathways related to
cell-cell communication, adhesion, and inflammation in these
cells with a special involvement of the insulin-like growth factor-
binding protein 5 in this process (143, 144). Endothelial damage
in the brain was reflected in a rarefaction of capillary density
after low-dose (0.1 Gy) whole brain irradiation (66). These data
indicate that doses well below those considered damaging for
various brain structures lead to microvascular disturbances and
endothelial dysfunction promoting the onset of a neuroinflam-
matory process.

Exposition of astronauts to cosmic rays during deep space
flights represents another source of low-dose irradiation to the
brain. Cosmic rays are mainly composed of high-atomic number
and energy charged particles (high-energy protons and fully ion-
ized atomic nuclei). These are densely ionizing radiations, which
differ from main terrestrial radiation types (X and y-rays) in
terms of biological damage. The density of ionizing events depos-
ited in tissues by charged particles produces a track of biological
damage (mostly complex DNA double-strand breaks), which is
very difficult to be repaired through the cellular repair processes.
Exposure to heavy ion irradiation as low as 0.5 Gy was supposed
to induce impaired neurogenesis with a very poor or no recovery
(145). A long-lasting functional damage induced by low-dose
heavy particles was shown in the hippocampus, leading to cell
type-specific alterations in both the excitatory and inhibitory
synaptic microcircuits (146). Significant dose-dependent and
long-lasting reductions in dendritic complexity, spine density,
and morphology (147) as well as altered neurogenesis (148) were
observed in hippocampal neurons after low-dose total-body
proton irradiation. At molecular level, long-term changes in
DNA methylation patterns (149), distinctive miRNA signatures
(150) were described in the brain following proton irradiation.
Similar to y-rays, heavy ion exposure also increased circulating
leptin levels (151). It was reported by Baluchamy et al. that high-
energy protons induced a dose-dependent increase in reactive
oxygen species and lipid peroxidation as well as a reduction in
antioxidant levels in the brain, mainly in the neural stem cells,
followed by apoptotic cell death (152-155).

Very few studies investigated the effect of low doses of proton
and heavy ion irradiation on inflammatory and immune param-
eters in the brain. Vlkolinsky et al. showed that LPS treatment of
mice in the absence of (56)Fe-particle irradiation induced a reduc-
tion in the hippocampal long-term potentiation capacity, while
this inhibition was abolished and a reversal effect was registered
after irradiation of the brain with (56)Fe ions. This phenomenon
persisted for months, indicating that heavy ion irradiation stably
altered hippocampal reactivity to immunological stressors (156).
Regarding the direct effect of protons or heavy ions on brain
inflammation existing reports are contradictory. Raber et al.
demonstrated microglia activation in the hippocampus of mice
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exposed to low-dose proton, heavy ion, or combined irradiation,
which correlated well with deterioration in novel object recogni-
tion, suggesting a role for neuroinflammation in the development
of cognitive impairment (157). On the other hand, Sweet et al.,
investigating low-dose effects of high-energy proton particles on
inflammatory reactions in the hippocampus, could not detect
significant astrocyte and microglia activation indicating lack
of neuroinflammation. They also found significantly reduced
ICAM-1 levels selectively in the hippocampus, pointing to a lack
of endothelial activation and/or to a capillary rarefaction and
endothelial cell loss (148).

CONCLUSION

In this review, we presented data proving a direct link between
ionizing radiation-induced neuroinflammation and the develop-
ment of late neurodegenerative disorders and cognitive deficit.
It has been shown that the most common radiation-related
alterations after brain irradiation are various forms of cognitive
deficit. Some of the most representative epidemiological cohorts
presenting an elevated risk for late cognitive sequela have been
reviewed highlighting the increased sensitivity of the developing
brain (and thus children) for radiation damage. The second part
of the review focused on the description of the mechanisms on
how IR can induce inflammatory reactions and can perturb brain
immune homeostasis. IR-induced neuroinflammation develops
as a result of a complex signaling between various cellular com-
ponents residing in the brain (neurons, microglia, astrocytes,
and endothelial cells) as well as the peripheral immune system.
These data clearly prove that immune reactions in the brain are
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The Role of Lymphocytes in
Radiotherapy-Induced Adverse
Late Effects in the Lung

Florian Wirsdérfer and Verena Jendrossek*

Institute of Cell Biology (Cancer Research), University Hospital Essen, Essen, Germany

Radiation-induced pneumonitis and fibrosis are dose-limiting side effects of thoracic
irradiation. Thoracic irradiation triggers acute and chronic environmental lung changes
that are shaped by the damage response of resident cells, by the resulting reaction of
the immune system, and by repair processes. Although considerable progress has been
made during the last decade in defining involved effector cells and soluble mediators,
the network of pathophysiological events and the cellular cross talk linking acute tissue
damage to chronic inflammation and fibrosis still require further definition. Infiltration of
cells from the innate and adaptive immune systems is a commmon response of normal
tissues to ionizing radiation. Herein, lymphocytes represent a versatile and wide-ranged
group of cells of the immune system that can react under specific conditions in various
ways and participate in modulating the lung environment by adopting pro-inflammatory,
anti-inflamsmatory, or even pro- or anti-fibrotic phenotypes. The present review provides
an overview on published data about the role of lymphocytes in radiation-induced
lung disease and related damage-associated pulmonary diseases with a focus on T
lymphocytes and B lymphocytes. We also discuss the suspected dual role of specific
lymphocyte subsets during the pneumonitic phase and fibrotic phase that is shaped by
the environmental conditions as well as the interaction and the intercellular cross talk
between cells from the innate and adaptive immune systems and (damaged) resident
epithelial cells and stromal cells (e.g., endothelial cells, mesenchymal stem cells, and
fioroblasts). Finally, we highlight potential therapeutic targets suited to counteract
pathological lymphocyte responses to prevent or treat radiation-induced lung disease.

Keywords: lymphocytes, radiotherapy, lung, pneumonitis, fibrosis

INTRODUCTION

About 60% of all cancer patients receive radiotherapy (RT) at some point during the course of
their disease, and good results in terms of long-term survival and tumor cure are achieved in
a variety of tumors by multimodal combinations of surgery, RT, and chemotherapy. Concurrent
radiochemotherapy could improve the prognosis of glioma, lung, head and neck, esophageal,
cervical, anal, and rectal cancer (1-8) and is part of standard therapy for locally advanced tumors
of these entities. Yet, treatment outcome is still unsatisfactory for common forms of cancer with
high loco-regional failure rates or frequent development of metastases. Although patient-specific
clinical factors may explain some of these failures, it is commonly assumed that biological factors
adversely affecting the response of tumor cells to treatment, such as intrinsic radioresistance, tumor
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promoting mutations, unfavorable gene expression profiles,
heterogeneity in radiation responses, or a resistance-promoting
microenvironment, significantly contribute to treatment failures
(9-14). Acute and late toxicity to normal tissues also limits the
radiation dose that can be applied to the tumor, and tolerable
doses are often linked to suboptimal tumor control—even
accepting side effects that lead to decreased quality of life (15).
Normal tissue toxicity also precludes therapy intensification
efforts for many locally advanced tumors by the combination
with cytotoxic chemotherapy (16-18). As a consequence, there
is high interest in improving the therapeutic ratio either by
technical and physical innovations in treatment delivery, e.g.,
intensity-modulated radiation therapy or particle therapy, or by
developing effective strategies to prevent or treat the toxic effects
of ionizing radiation (IR) in normal tissues without protect-
ing the tumor cells, or to increase intrinsic radiosensitivity of
cancer cells without increasing sensitivity of normal tissue cells,
respectively.

Dose-limiting side effects in the lung tissue after RT of the tho-
racic region or total body irradiation in conditioning regimens
for hematopoietic stem cell transplantation include inflamma-
tory (pneumonitis) and fibrotic changes (pulmonary fibrosis)
(19-21). Radiation-induced damage to the lung tissue leads,
like infectious, thermal, or physical damage, to the activation
of the immune system. This inflammatory response is needed
to orchestrate tissue repair and regeneration in order to restore
tissue homeostasis. Depending on the degree of the resulting
aseptic inflammation, patients can present with pneumonitis.
Radiation-induced pneumonitis can develop at 4-12 weeks after
RT with symptoms like fever, chest pain, dry cough, and dyspnea
or even respiratory failure in severe cases and occurs in 5-20%
of patients with lung or breast cancer (22-24). The pneumonitic
phase is characterized by the recruitment of diverse immune
cells of myeloid and lymphoid origin and a perpetual cascade
of cytokines/chemokines resulting in various degrees of lung
inflammation and the described symptoms (Figure 1).
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FIGURE 1 | Schematic representation showing the phases of radiation-induced lung injury over time with a view on the dual role of lymphocytes
during radiation-induced pneumopathy. Damage to the lung results in an initial response (acute radiation response) due to DNA damage, ROS induction, and
apoptosis. Release of damage-associated molecular patterns (DAMPs) and secretion of cytokines and chemokines activate the immune system. This phase
passes over into an acute inflammatory phase (pneumonitis) that is characterized by an enhanced pro-inflammatory response and vascular leakage. In this phase,
diverse lymphocyte subpopulations like Ty1, Ty17, and potentially innate lymphoid cells (ILC) can contribute to inflammation, whereas it is believed that the
lymphocyte subpopulations T, are needed to control harmful, excessive pro-inflammatory responses. Resolution of inflammation and repair induction is paralleled
by late mitotic cell death subsequent, hypoxia, release of DAMP, cytokines, and growth factors. These alterations in the lung micromilieu are described for the
chronic phase of radiation-induced pneumopathy. These environmental changes can contribute to immunomodulation; here, it is believed that lymphocytes (T2,
TH9, Tweg, and potentially ILC) show an anti-inflammatory or even pro-fibrotic phenotype, thereby having the potential to further alter the environment in the lung
toward the induction of disease-promoting myofibroblasts and fibrosis development.
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Development of radiation-induced lung fibrosis is mostly
observed 6-24 months after RT and may become chronic in
patients with a large irradiated lung volume (24). Major symp-
toms of lung fibrosis are breathing difficulties and subsequent
volume loss of the lung (25). Studies from various groups using
rodent models and patient samples helped to reveal a complex
response of the lung tissue toward irradiation with multiple
interactions between resident lung cells including lung-resident
mesenchymal stem cells (MSC), locally generated or recruited
fibroblasts, and infiltrating immune cells, respectively (26-37).
We speculate that a sophisticated network between damaged
resident cells (epithelial cells, endothelial cells, and lung-
resident MSC), recruited immune cells, and soluble mediators
(cytokines, chemokines, growth factors, and proteases) and
the resulting environmental changes participate in shaping the
observed inflammatory and fibrotic alterations of the lung tissue
(Figures 1 and 2).

Among other molecular markers there is evidence from
preclinical and clinical studies that T lymphocytes infiltrate the
lung to a considerable extent, particularly during the pneumo-
nitic phase at 3-12 weeks post-irradiation, although lymphocyte
infiltration was also observed at later time points during the
chronic inflammatory/fibrotic phase at 16-30 weeks post-irra-
diation (30, 35, 38-40). Interestingly, earlier studies described
a correlation between the presence of CD4" T cells in the bron-
choalveolar lavage of irradiated breast or lung cancer patients

and the development of pneumonitis (39, 41, 42). Furthermore,
depletion of CD4* T cells during the pneumonitic phase attenu-
ated the development of lung fibrosis upon thoracic irradiation
in a murine model (43). These findings suggest a complex role
of CD4* T cells in the pathogenesis of radiation-induced lung
disease. Antibody-mediated inhibition of the accumulation of
CD3* lymphocytes or depletion of CD4 and CD8 T lymphocytes
also reduced fibrosis levels in the murine model of pulmonary
fibrosis induced by the radiomimetic and DNA-damaging drug
bleomycin (BLM) (44, 45). In contrast, the lack of mature T
and B lymphocytes in recombination-activating gene 2 (RAG2)-
deficient mice exacerbated radiation-induced fibrosis (46).
Altogether, these findings highlight that lymphocytes play a
complex role in DNA damage-induced lung disease and sug-
gest that depending on the disease stage and the environmental
conditions, shaped by the tissue response to the damage, specific
lymphocyte subpopulations exert either beneficial or adverse
effects (Figure 1). We propose that a disturbed balance between
tissue inflammation and repair processes participates in the
development of radiation-induced pulmonary fibrosis as it has
been described for other fibrotic diseases and that lymphocytes
are involved in these processes (47). Nevertheless, it remains
to be demonstrated whether lymphocytes directly contribute
to radiation-induced lung disease or only modulate disease
progression. Furthermore, it remains to be explored whether,
besides the myeloid compartment, innate lymphoid cells (ILC)
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might contribute to radiation-induced fibrosis. Finally, the
mechanisms driving radiation-induced lymphocyte deviation
remain to be defined.

LYMPHOCYTES: EFFECTOR CELLS
OF THE IMMUNE SYSTEM

Lymphocytes are characterized as white blood cells that are
homogeneous in appearance but that have various functions.
They include T cells, B cells, and ILC among them conventional
natural killer (NK) cells. T cells, ILC, and B cells are responsible
for the production of cytokines and antibodies (B cells), whereas
NK cells can induce direct cell-mediated killing of virus-infected
cells and tumor cells. Here, we will focus on a potential role of B
and T lymphocytes as well as ILC.

The different major subpopulations of T lymphocytes include
CD8*, CD4* T cells, NK T cells, and y8T cells. CD8* T cells
comprise cytotoxic T cells or cytolytic T cells. They control and
eliminate intracellular pathogens and tumor cells and can further
differentiate into CD8* memory cells (48). y8T cells expressa T cell
receptor differing from the conventional apT cells. The function
of y8T cells is poorly understood, but current knowledge implies
a role in immunoregulation in pathogen and allergen responses
(49). NK T cells are a unique subpopulation of lymphocytes that
are mainly involved in innate immunity and will not be further
discussed in the present review.

CD4* T cells comprise Tyl and T2 subpopulations. Further-
more, advances in immunology have led to the characterization
of newly appreciated CD4* T cell effector populations that regu-
late the immune response such as interleukin (IL)-17-producing
T cells (Tul7 cells), T cells with regulatory function [regulatory
T cells (Twg)], IL-9-secreting Tu9 cells, IL-22-dominant Ty22
cells, and B cell-interacting follicular helper T cells (Teu), thus
revising established paradigms (50-58).

The secretion of interferon (IFN)-y and the directed elimina-
tion of intracellular pathogens characterize a Tul response. In
contrast, Tu2 responses are shaped by the cytokines IL-4 and
IL-13, supporting the defense against parasites, and moreover
contribute to the generation of antibodies (59).

Tul7 cells preferentially produce IL-17A-F and play a role in
inflammatory processes such as autoimmune diseases and the
defense against extracellular pathogens. Tul7 cells further pro-
duce the cytokines IL-21, IL-22, and IL-23, which exert strong
pro-inflammatory effects (60). Tul7 cells are induced by IL-6,
IL-21, and transforming growth factor beta (TGF-f), a potent
regulator of lung homeostasis as well as in pathologies (61, 62).

Another important subpopulation of T cells are Tiey. Tieg show
a suppressive capacity, control immune reactions, and inhibit
exaggerated inflammation (60, 63). T, exist as natural occurring
Ties (0T) and induced Tieg (iTveg). Murine thymus-derived nT,
are CD4%/CD25% and express the transcription factor FoxP3
(murine cell marker), whereas in humans not all T, express
FoxP3. Therefore, T.; in humans are mainly characterized via the
marker profile CD4/CD25"/CD127"" (64). Treg show their sup-
pressive capacity by secreting anti-inflammatory cytokines like
IL-10 and TGEF-p, which can induce cell cycle arrest or apoptosis
in T effector cells.

Recent studies also revealed a small population of CD8*
Twg at steady state; these CD8* Ty, are present in the human
and the murine system, and they express the marker CD25 as
well as FoxP3. Churlaud et al. showed that CD8* T, are highly
suppressive and responsive to IL-2 (65), but further studies are
needed to uncover the origin and the role of CD8" T, in health
and pathologies.

B lymphocytes represent the second heterogeneous group of
lymphocytic cells. B cells originate from the bone marrow, mature
in the spleen, and differentiate in the lymph nodes into germinal
center cells after contact with antigens and T cells (66, 67). Besides
their capacity for antibody secretion, they have functions in
antigen presentation and secretion of diverse cytokines (68, 69).

The newly identified group of the lymphoid cells, namely
ILC, plays an important junction between innate and adaptive
immunity. Like other lymphoid cells, they originate from a com-
mon lymphoid progenitor in the bone marrow. But in contrast
to their relatives, they lack (RAG)-dependent rearrangement of
antigen receptors as well as phenotypical markers of myeloid
and dendritic cells (70, 71). ILC have been characterized by
their expression pattern of the master transcription factors
(T-bet, GATA3, and RORyt) and specific cytokines that usually
define T cell subpopulations. Based on this categorization, three
different subpopulations (ILC1, ILC2, and ILC3) have been
defined as follows: (i) ILC1 cells include conventional NK cells
and T-bet*/IFN-y-producing cells; (ii) ILC2 cells show GATA3
expression, and they secrete Th2 cytokines, IL-4, IL-5, IL-9, and
IL-13 in response to IL-25 and IL-33; and (iii) ILC3 cells express
the transcription factor RORyt, and they release the cytokines
IL-17, IL-22, granulocyte-macrophage colony-stimulating factor
(GM-CSF) as well as lymphotoxins. ILC act on tissue homeostasis
and tissue remodeling; moreover, they participate in regulating
immune responses to inflammation and infection in tissues like
liver, lymph nodes, and mucosal barriers like gut and lung (72,
73). These characteristics make it highly likely that ILC also
modulate the progression of radiation-induced lung inflamma-
tion and fibrosis (see Role of Lymphocytes in the Defense of the
Lung Tissue).

ROLE OF LYMPHOCYTES IN THE
DEFENSE OF THE LUNG TISSUE

In the lung, T cells are found in relatively high numbers in the
mucosa, in the intraepithelial part, in the underlying lamina
propria, and also in the lung parenchyma. T cells of the intraepi-
thelial region express CD8, while CD4 is the dominant surface
marker of T cells in the lamina propria. Furthermore, it has been
described that CD45RO is expressed on both, CD4 and CD8
T cell subsets, indicating their role as effector and/or memory
cells (74). For CD8* T cells it is known that they protect the lung
against influenza infection. Nevertheless, there it is believed that
CD8" T cells also contribute to lung injury, e.g., during influenza
infection due to their cytotoxic effects and the massive produc-
tion of the pro-inflammatory cytokines IFN-y and tumor necrose
factor (TNF)-a (75), respectively.

Among the CD4* T cells, lung Tu17 cells may not only play a
role in neutrophil recruitment and pathogen clearance but also
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be highly relevant in respiratory inflammatory diseases (76).
Moreover, a recent study demonstrated that Ty17 cells also play a
role in lung cancer progression: here, the authors analyzed blood
samples from patients and described that Ti17 as well as Tr sub-
setsare involved in theimmunopathology of NSCLC (77).In other
studies, T.; were found to counteract the inflammation-induced
injury to the airways associated with lung infections as well as the
development of atopic diseases. Tr; also play a role in mediating
inhalation tolerance and in controlling allergen-specific T cells
from activation (74, 78). Interestingly, there is evidence from
some studies that T, contribute to fibrotic diseases in the lung
by promoting a pro-fibrotic microenvironment (79-81).

Also, y8 T cells show functions in the airways. For the lungs it
is described that y3 T cells reside in the subepithelium of alveolar
and non-alveolar regions (82). Here, they modulate immune
responses against allergens and pathogens (49, 83). A study from
Simonian et al. also revealed a role in inflammation (hyper-
sensitivity pneumonitis)-induced lung fibrosis. Here, yd T cells
diminished CD4* cell recruitment by the secretion of regulatory
IL-22 thereby protecting the lung from fibrosis (84).

However, the role of Tn9, Tu22, and Ty cells in lung patholo-
gies is still underexplored. So far, current studies hint to a role for
Tu22 and Ty cells in host defense against viruses and bacteria
in the lung, whereas Tu9 cells seem to play an important role in
asthma (85-87).

Similar to T cell populations, B cells are also present in the
parenchymal lung as well as in the conducting airways. In the
lamina propria, they act as antibody-secreting plasma cells
producing immunoglobulin (Ig)A but may also contribute to
local antigen presentation (74, 88). In the lung, B cells can act, for
example, as memory B cells producing IgA and IgG neutralizing
antibodies that have the ability to protect against pulmonary viral
reinfections (89).

The group of ILC is in the focus of current research. ILC have
been implicated in immunity of the mucosal barrier in the lung,
e.g., in allergic asthma, hyper responsiveness, and viral infection
(90-93). The present knowledge on ILC has nicely been sum-
marized in two recent reviews with a focus on their roles in the
lung tissue (94, 95). Though these reviews emphasize that the role
of ILC in the lung is still poorly characterized, we will highlight
some important observations at this point. Among the three ILC
subsets defined so far, ILC2 present the main ILC in the murine
lung, but with 2-3 X 10* cells per lung and thus 0.4-1% of total
lung cells, these ILC seem to be a relatively rare population, at least
under physiological conditions (91). But, pathological conditions
in the lung are associated with changes in the ILC population
(96). In this context, ILC2 and ILC3 seem to play more imported
roles than ILC1 during chronic lung disease in both, mice and
men (94, 97, 98). For example, in patients with chronic obstruc-
tive pulmonary disease (COPD) ILC3 constitute the major
population with 60% of all ILC, whereas ILC2 amount to 30% and
ILC1 to 10% of the ILC (98). Of note, depletion of ILC2 reduced
epithelial integrity, induced epithelial degeneration, and impaired
lung functions during influenza virus infection highlighting a
protective role of ILC2 for these processes (91).

First reports suggest that ILC may also play an important role
during acute pulmonary inflammation. In this context, ILC3

have recently been identified as a major source of IL-17A thereby
inducing neutrophil recruitment in a murine model of LPS-
induced acute respiratory distress syndrome (99). Furthermore,
in eosinophilic crystalline pneumonia, a murine idiopathic type
2 lung inflammation, IL-2 was shown to function as an impor-
tant activator of ILC2 functions; the authors further highlight
a potential cross talk between ILC2 and ILC3 as well as T cells
and T, during disease pathogenesis (100). Even more important,
in a murine model for allergic asthma, pulmonary epithelial
cell-derived TGF-p1 and IL-33 contributed to ILC2-mediated
responses (101).

Besides their effects on acute pulmonary responses, ILC also
impact the development of pulmonary fibrosis [for a recent
review, refer to Ref. (102)]. In this context, an interplay between
ILC, macrophages, and cells of the adaptive immune system was
shown to participate—together with IL-13, IL-25, and IL-33—in
the pathogenesis of BLM-induced pulmonary fibrosis in mice
(103-105). Moreover, Hams et al. also found elevated levels of
IL-25 and ILC2 in the lungs of patients with idiopathic pulmo-
nary fibrosis (IPF) (105, 106), whereas others described a role for
ILC2 and ILC3 in fibroblast activation providing a mechanistic
link between ILC and fibrotic diseases (102).

Since work from our own laboratory and others implicate
Tul7 cells and Ty, in the pathogenesis of radiation-induced lung
disease, these observations strongly suggest that ILC, particularly
ILC2 and ILC3, might also participate in the cross talk between
damaged resident cells, recruited immune cells, and activated
fibroblasts and thus modulate the extent of lung inflammation
and progression of radiation-induced fibrosis. But, an involve-
ment of ILC in radiation-induced pneumopathy remains to be
demonstrated, and potential beneficial or disease-promoting
effects during the different disease stages (inflammation, fibrosis)
have to be explored.

IMPACT OF IONIZING RADIATION
ON LYMPHOCYTES

Radiation therapy is an essential and common approach in cancer
treatment. So far, the use of IR in cancer treatment is based on its
high potential to induce tumor cell death and to abrogate survival
of clonogenic tumor cells. The toxic effects of IR result from the
deposition of energy from IR in tumor and normal tissue cells
including immune cells. Energy deposition results in damage to
cellular macromolecules, particularly cellular DNA, e.g., by direct
breakage of chemical bonds within the DNA as well as by the
generation of free radicals (107, 108). Among the diverse damag-
ing effects of IR, the induction of DNA double strand breaks is
considered as the most toxic lesion in cells.

The hematopoietic compartment is particularly sensitive to
IR, for example, blood sample analysis revealed the rapid devel-
opment of a hematopoietic syndrome in patients exposed to a
total body irradiation of 1-2 Gray (Gy), which was characterized
by a decline of the hematopoietic compartment (109). Similar to
other hematopoietic cells, lymphocytes are particularly sensitive
to radiation-induced cell death. Nevertheless, the various lym-
phocyte subtypes differ in their radiosensitivity: up to now it has
been demonstrated that B cells, naive T cells, and NK cells are
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highly radiosensitive, whereas T memory cells, NK T cells, and
T cells are more resistant to the toxic effects of IR (110-114).
Moreover, a study from 1995 revealed a higher radiosensitivity of
IL-4-producing Tu2 cells compared to Tyl cells (115). Based on
their high radiosensitivity and easy accessibility, blood lympho-
cytes are frequently used in biodosimetry (116-119).

Further direct effects described in irradiated lymphocytes
concentrate on the transcriptional response of these cells to IR,
e.g., by gene expression profiling. These studies revealed that a
majority of the strongly activated genes are p53 targets, like DNA
damage-binding protein 2, the BCL-2-associated gene BAX,
and tumor necrosis factor receptor superfamily, member 10b
(TNFRSF10B) that are involved in DNA repair and apoptosis
regulation (120-122).

However, in addition to these direct or “targeted” effects of IR
on lymphocytes such as the induction of cellular stress responses
and cell death in lymphocytes within the radiation field, lympho-
cytes can also mount an indirect response to radiation-induced
tissue damage. In this context, “danger signals” released from
damaged or dying cells in irradiated tissues result in lymphocyte
activation, infiltration into the damaged tissue, and the release of
inflammatory mediators (Figure 2).

Of note, high-dose irradiation also efficiently triggers direct
tumor cell death and augments innate immune responses and
tumor-specific immunity thereby enhancing the local and distant
antitumor effects of RT. This was nicely summarized by one of
the pioneers in the filed of radioimmunotherpy, Silvia Formenti
(123). Accordingly, high numbers of tumor-infiltrating cytotoxic
lymphocytes may predict the response of certain tumors to treat-
ments involving RT (105, 124). This is a hot topic in the field
of radiation biology and oncology highlighted in other reviews;
here, we will concentrate on the contribution of radiation-induced
modulation of the lymphocyte compartment to the adverse late
effects of IR in the lung.

ROLE OF LYMPHOCYTES IN THE
IRRADIATED LUNG

As nicely highlighted in a recent review on the general effects of
IR on T lymphocytes and normal tissue responses, our under-
standing of the interaction between lymphocytes and radiation-
induced tissue damage is still rudimentary (125). Because of the
complexity of the involved cellular systems and soluble factors,
investigations about the mechanisms underlying radiation-
induced adverse late effects, for example, in the lung can only be
performed in patients as well as animal models in vivo, particu-
larly rodent models.

Importance of the Experimental Model

Experimental models that use a single high-dose whole thorax
or hemithorax irradiation of fibrosis-sensitive mice (C57BL/6)
mimic human disease with respect to the time course and
major symptoms of the disease (pneumonitis, fibrosis) and are
therefore frequently used to study the underlying mechanisms,
to define disease biomarkers and novel therapeutic targets,
and to explore potential toxic effects of new combination

strategies using IR in combination with molecularly targeted
drugs (26, 126-130).

In this context, it is important to consider that mice with
different backgrounds differ in their sensitivity to acute and
chronic responses (pneumonitis, fibrosis), and these differences
seem to be associated with differences in immune response in
fibrosis-sensitive (C57BL/6, C57BL/6]) and fibrosis-resistant
mice (e.g., BALB/c, C3Hf, and A/]) (131-133). In support of this
assumption, a comparison of the transcriptome of lung tissue of
fibrosis-prone C57BL/6] or fibrosis-resistant C3Hf/KAM mice
upon BLM treatment revealed that the differences between the
mouse strains included genes important for apoptosis, oxidative
stress, and immune regulation (134).

On the other hand, due to the long latency of radiation-
induced adverse side effects, researchers frequently use local
or systemic administration of the DNA-damaging drug BLM
as a radiomimetic drug that rapidly provokes a pronounced
lung fibrosis in rodent models (135). However, work from our
own group and from others suggests that the impact of the
immune system on disease outcome may play different roles
in the BLM and RT model, particularly when the acute model
of intratracheal application of BLM is used (35, 136, 137).
Since the C57BL/6 model is suited for the analysis of both,
pneumonitis and fibrosis, we focus particularly on this model
in the subsequent paragraphs. But, we are aware of the fact that
future studies are needed in a more clinically relevant setting
with fractionated irradiation.

Investigations in rodent models using experimental whole
thorax or hemithorax irradiation are still underrepresented.
Thus, preclinical studies about the contribution of RT-induced
immunomodulation in normal tissues to radiation-induced lung
disease are rare particularly with respect to lymphocyte responses.
We therefore included data about lymphocytes responses
from studies in other models of chronic respiratory disease or
pulmonary fibrosis, where appropriate. We are aware that the
described models are different with respect to the initial injury,
the time course, and some of the involved mediators. However,
from an immunological point of view, the different models of
(chronic) inflammation/fibrosis share a sterile inflammation/
repair/remodeling response to an initial damage/trauma and will
therefore help to understand lymphocyte responses in the lung in
response to radiation-induced tissue damage.

Early Effects of Thoracic Irradiation on
Lymphocytes in the Lung

Early immune suppression with subsequent lymphocyte infiltra-
tion are common responses of irradiated tissues during the acute
and chronic phase after irradiation, including the lung tissue (40,
42,138, 139). Preclinical studies in mice corroborated the infiltra-
tion and reconstitution of lymphocytes observed in patients (for
more details, see Table 1). For example, Paun et al. analyzed
the primary radiation injury response of the lung at 6 h, 1, and
7 days after 18 Gy whole thorax irradiation in different mouse
strains and characterized infiltrating T cell populations and their
cytokine profile in the lung tissue and in the bronchoalveolar
lavage fluid (BALF). The authors reveal lower T cell levels in
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TABLE 1 | Lymphocytes in the irradiated lung.

Background Cell type in the lung [days Disease stage Reference
(d) post-irradiation]

Murine model Tu1 (CD4* IFN-y*) 1 (d1, d7) Acute radiation response (140)

Thorax XRT Tu2 (CD4* IL-13%) 1 (d1, d7)

18 Gy Tul17 (CD4* IL-17%) | (d1, d7)

Rat model CD4+ 1 (d28) Pneumonitis (43)

Thorax XRT

Unilateral

20 Gy

Murine model Ty17 associated 1 Pneumonitis (46)

Thorax XRT (IL-17, IL-283, IL-27) (d21)

15 Gy Teeg 1 (d21)

Murine model Treg 1 (d21) Pneumonitis (142)

Thorax XRT CD4+ 1 (d42, d84)

15 Gy

Murine model Tweg 1 (d30, d90, d180) Pneumonitis (185)

Thorax XRT Fibrosis

20 Gy

Murine model CD3* 1 (BALF) (d56, d112, d168) Pneumonitis (38)

Thorax XRT Fibrosis

15 Gy

Murine model Teeg 1 (d14, d30, d90, d180) Pneumonitis 81)

Thorax XRT Fibrosis

20 Gy

Murine model Tweg 1 (d210) Fibrosis (35)

Thorax XRT

15 Gy

Patient study CD4+ 1 (BALF) (d30-d90) Pneumonitis (40)

2 Gy/day, 5 days/week, total 45-50 Gy

Patient study CD4+ 1 (BALF) (d14) Pneumonitis (42)

2 Gy/day, 5 days/week, total 50-60 Gy CD8* 1 (BALF) (d14)

Patient study CD4+ 1 (BALF) (d15) Pneumonitis (39)

1.8-2 Gy/day, 5 days/week, total 45-50 Gy CD8* 1 (BALF) (d15)

Murine (C57BL/6), rat, and patient studlies revealing the presence of T lymphocytes during radiation-induced early and late adverse effects in the lung.

the BALF and increased numbers of infiltrating Tl and T2
cells in the lung at day 1 and 7 (140). Another murine study
from Zheng et al. uncovered a more delayed reconstitution of
CD4*+ T cells compared to that of CD8* T cells upon low dose
total body irradiation (2.5 Gy); furthermore, Tyl reconstitution
was also impaired, whereas Tyl7 and T, cells were elevated
(141). In an own study, we showed that a 15 Gy whole thorax
irradiation in mice led to a slight decrease in the percentage
of CD3* T cells in the lung at day 10 and 21 post-irradiation.
In line with these findings, we found significant decreased levels
of CD3* T cells, including CD4* and CD8* T cells, at these time
points in peripheral lymphoid organs like cervical lymph nodes
and the spleen (142).

Altogether, these studies highlight that lymphocyte subsets
differ in their rates of radiosensitivity, recovery, and infiltration
during different disease stages suggesting that they may have a
distinct contribution to the dynamic changes in the environment
in the irradiated lung tissue.

Lymphocyte Responses to Signals from

the Irradiated Lung

Damage-Associated Molecular Patterns (DAMPSs)

In the past decade, several studies revealed how the immune
system recognizes sterile tissue damage. Bianchi demonstrated
how sterile tissue stress and damage in general led to the release
of DAMPs (143). These endogenous “danger signals” induce and
dictate an immune response to orchestrate repair, growth, and
tissue homeostasis after damage (144, 145).

Besides this direct effect of IR, the response of the damaged
resident tissue cells toward irradiation, e.g., epithelial cells,
endothelial cells, or smooth muscle cells, involves a systemic
“danger signal” that orchestrates immune cell recruitment and
tissue repair (34). The radiation-induced oxidative injury in the
lung and the release of DAMPs induce resident cells to secrete
inflammatory and chemotactic cytokines. Human and murine
studies revealed that DAMPs in the injured lung include among
others extracellular heat shock proteins, S100 proteins, defensins,
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high-mobility group box-1 (146), extracellular nucleotides and
nucleosides (35), as well as extracellular matrix (ECM) com-
ponents like fibronectin, hyaluronan, uric acid, and surfactant
proteins (37, 147). This is in line with findings from other studies
dealing with lung injury, induced, for example, by smoke (148) or
mechanical ventilation (149). Furthermore, animal studies with
BLM-induced alveolitis revealed elevated levels of hyaluronan
in the BALF and lung tissue on day 5 and was paralleled by an
increased influx of polymorphonuclear leukocytes in the BALF
and an interstitial-alveolar edema (150, 151).

For radiation-induced lung injury it has been described
that the released DAMPs act through signaling via P2X, P2Y
receptors, toll-like receptors (TLR-2 and TLR-4), receptor for
advanced glycation end-products, and NOD-like receptors
(NLRP3), respectively (152). Consistent with a role of TLR
signaling in radiation-induced lung disease, Myd88 knockout
mice displayed increased as well decreased fibrosis development
depending on the type of injury induced. In a BLM-induced lung
injury model, Myd88 knockout mice showed attenuated fibrosis
and reduced cell infiltration in contrast to WT mice (136).
In contrast, a study from Brickey et al. revealed that Myd88 was
protective in irradiated lungs and that irradiated Myd88~'~ mice
had increased pro-fibrogenic factors and Tu2 cytokines and dis-
played enhanced fibrosis levels at 24-27 weeks post-irradiation
compared to WT mice (137).

Thus, the release of DAMPs, activators of an inflammatory
cascade, leads to recruitment of inflammatory cells, leading
to tissue inflammation, the so-called radiation-induced acute
phase.

Cytokines/Chemokines with Impact on

Lymphocyte Recruitment or Function

Moreover, thoracic irradiation triggers a rapid upregulation of
the transcriptional regulator NF«kB resulting in the production
of pro-inflammatory cytokines (e.g., IL-6, IL-1a, IL-1p, TNF-a,
and IFN-y) within minutes to hours post-irradiation, at least at
the mRNA level (34, 133, 153-155). However, as highlighted
above, mouse strains differ in their cytokine profile after lung
irradiation. Radiation induced distinct temporal changes in
diverse cytokines in the pulmonary fibrosis-sensitive C57BL/6
mice compared to C3H mice (133). Riibe and colleagues
demonstrated in a murine study that cells from the bronchiolar
epithelium are a source for IL-6, TNF-a, and IL-1a in irradiated
lungs (31). In line with these observations, Ao et al. described
elevated IL-6 levels in the lungs of C57BL/6 model at 6 h post
thorax irradiation with 12 Gy. In contrast, Paun et al. did not
detect an increase in IL-6, IL-1f, IL-13, IL-17, and IFN-y after
6 h post thorax irradiation with 18 Gy. These conflicting data
highlight that the early stress response of the irradiated lung
tissue requires further definition.

It is assumed that secreted mediators recruit immune cells,
including neutrophils, granulocytes, macrophages, and lympho-
cytes, into the damaged tissue. In this context, a recent murine
study described that the radiation-induced early lung inflamma-
tion was accelerated by induction of the inflammasome (Nlrp3,
caspase 1, IL-1a, and IL-1p), highlighting the contribution of
an early innate response (156). Exposure of lung tissue to IR

triggered an increased influx of lymphocytes (30, 39, 140, 157).
One of the driving forces of lymphocyte infiltration into the
lung is the chemokine (C-C motif) ligand 18 (CCL18). Patients
suffering from different lung diseases displayed elevated levels
of CCL18, and these were associated with T cell recruitment
(158-160). CCL18 is also known as pulmonary and activation-
regulated chemokine; overexpression of CCL18 by intratracheal
instillation of adenoviral vector AdV-CCL18 and subsequent
overexpression of CCL18 in a murine BLM-induced injury
model uncovered that CCL18 is highly selective for T cells and
attracts these cells into the injured lung (161). Other potent
chemoattractants that have been described to induce lymphocyte
recruitment to a damaged lung tissue include the monocyte che-
moattractant protein 1, IL-16, thymus and activation-regulated
chemokine, macrophage-derived chemokine, CCL1 (I-309),
CCL5 (RANTES), and stromal cell-derived factor 1 (46, 154,
162-164). In the injured tissue, the infiltrating lymphocytes get
activated, start secreting diverse mediators, and finally contribute
to a complex inflammatory milieu characteristic for pneumonitis.

As described above, various factors in the changing microen-
vironment of the irradiated lung have an impact on the response
of recruited T lymphocytes that can act either in a pro- or in an
anti-inflammatory way. For example, Paun et al. investigated
pulmonary T helper cell populations during the acute radiation
response of the lung after 18 Gy whole thorax irradiation in
C57BL/6 mice and uncovered that Tyl (CD4" IFN-y*) and Ty2
(CD4* IL-13%) cells were increased at 1 and 7 days, but not at
6 h post-irradiation. Furthermore, they found a decrease in Ty17
(CD4* IL-177) cells at 6 h, 1, and 7 day post-irradiation (140).
Own investigations revealed the appearance of IL-17-expressing
CD4* T cells and CD4*FoxP3* T-lymphocytes in the lung tissue
of C57BL/6 mice at 21 days after whole thorax irradiation with a
single high dose of 15 Gy (46).

During the early pneumonitic phase between 3 and 12 weeks
post-irradiation (127) recruited T lymphocytes secrete Tul-like,
pro-inflammatory TNF-a, IFN-y, IL-2, and lymphotactin to
attract and activate more immune cells to the site of damage
(165). IFN-y, for example, activates “classically activated” mac-
rophages (M1) with high nitric-oxide synthase 2 expression but,
on the other hand, shows suppressive effects on myofibroblasts
and inhibits the production of ECM proteins (166, 167). Besides
this classical Tul response, a pro-inflammatory Ty17-dominant
response was observed after thoracic irradiation in mice. Cytokine
levels of IL-16, IL-17, IL-23, and IL-27 were elevated 3 weeks
post-irradiation where they might promote chronic inflamma-
tion and tissue damage (46).

The observed findings reveal that besides the early induction
of cytokines like IL-1, IL-6, and TNF-« primarily lymphoid Tul
and Tyul7 responses contribute to the pro-inflammatory, pneu-
monitic phase.

Reconstitution of Lymphocytes

in the Irradiated Lung

Of course, the imbalance in the hematopoietic compartment after
exposure to IR needs to be restored. Interestingly, the overall
recovery rate of different lymphocyte subsets varies in different
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organs and is chemokine dependent (168). For example, Santin
et al. analyzed blood samples from irradiated patients with squa-
mous cervical cancer: in this study CD8* cells recovered in the
blood faster than CD4" cells over a time period of 40 days after a
5-week radiation treatment (169). This is consistent with earlier
studies suggesting a prolonged reduction in lymphocyte prolif-
eration, a persistent reduction in cell counts, or even an inversion
of the CD4*/CD8* ratio after whole body irradiation and thorax
irradiation in breast cancer patients (170-173). Furthermore, in
a recent study with 1,423 lung cancer patients, Yan et al. found
significantly increased levels in blood CD3* T-cells, especially
CD8* T cells, compared to CD4* T cells in the patients 3 months
after RT of the lung (174). Analysis of total lymphocytes in
limited-stage small cell lung cancer (LS-SCLC) patients revealed
a decrease in total lymphocytes during RT followed by recovery
after the end of treatment; interestingly, the authors correlated the
severity of radiation-related lymphopenia to treatment outcome
revealing a potential use of radiation-related lymphopenia for
prediction of poor survival in LS-SCLC (175).

Chronic Effects of Thoracic Irradiation

on Lymphocytes in the Lung

Tw Subsets

Substantial changes in the lung environment are observed dur-
ing the chronic inflammatory and fibrotic phase in the irradi-
ated lung. It is thought that in this context the shift from a Tyl
cytokine profile toward a Tu2 cytokine profile could be a key
event. The signature of Tu2 cytokines IL-4, IL-5, IL-10, and IL-13
is known to convey strong anti-inflammatory and pro-fibrotic
effects, to mediate fibroblast activation, and activate “alternatively
activated” macrophages (M2) with high arginase-1 expression
(43,166, 176, 177). Of further interest is a recent study from 2016
showing that radiation-induced lung fibrosis in a tumor-bearing
mouse model was associated with enhanced type 2 immunity
(178). In this study, the authors revealed that GATA3 expression
in tumors appeared to affect the response to the normal lung tis-
sue to radiation-induced damage. Lung fibrosis was more severe
in tumor-bearing mice than in normal mice post-irradiation,
highlighting that the enhanced type 2 immunity in tumors
appeared to influence the outcome of radiation damage.

Despite the known pro-fibrotic actions of the IL-4/IL-13
axis, a recent study suggested a potential protective role for the
IL-13Ral in a murine model of BLM-induced fibrosis; here,
the authors speculated that IL-4 and/or IL-13 may act through
the type 2 IL-4 receptor to regulate epithelial cell healing and
immune responses to lung damage and further protection against
pulmonary fibrosis (179). In line with this study, Han et al. also
identified increased expression of the type 2 key transcription
factor GATA3 in C57BL/6 mice that had received 12 Gy thorax
irradiation (176).

Interestingly, first data about the role of the subset of Tu9
cells have been obtained in a model of pneumonitis and fibrosis
induced by silica particles; these suggest that IL-9 expression may
reduce lung fibrosis and type 2 immune polarization (180). Taken
together, until now the impact of the cytokine production of Ty,
Tu2, Tu9, and Tul7 subsets in radiation-induced pneumopathy

has not been fully described and understood, but it is highly likely
that Tu2-driven responses are a key event of radiation-induced
fibrosis development.

Up to now, there is only limited information available about
the impact of the B cell compartment on the outcome of radiation-
induced pneumopathy and other models of fibrotic lung disease.
A recent transcriptome analysis of irradiated mouse lungs at
24 weeks after exposure to IR revealed that genes associated with
B cell proliferation and activation were significantly induced in
irradiated lungs of fibrosis-prone C57BL/6 mice suggesting a
possible role of B cells in radiation-induced pneumopathy (181).
Interestingly, deficiency in the B cell surface molecule CD19 in
mice reduced the susceptibility to BLM-induced fibrosis, whereas
CD19 overexpression in mice aggravated BLM-induced fibrosis
(182). In contrast, B cells under the influence of IL-9 participated
in the protection against lung fibrosis in a murine model of silica
particle-induced lung fibrosis, and their protective effect was
associated with the overexpression of prostaglandin-E2 (PGE2)
in macrophages (183). Interestingly, PGE2 itself is thought to be
anti-fibrotic due to its suppressing effects on fibroblast prolifera-
tion and its ability to reduce the expression of collagen mRNA
(184). These controversial findings highlight the need for further
studies to clarify the protective or destructive role of B cells in
radiation-induced pneumopathy and the involved mediators.

TGF- and Trq

Besides the influx of T helper lymphocytes, the T, subset also
infiltrates the irradiated lung tissue, where it is thought to suppress
an exaggerated inflammation (80, 81, 142, 185). T, can be gener-
ally induced by TGF-p (186). This cytokine is released early after
tissue injury by type II pneumocytes, fibroblasts, and immune
cells (187, 188), but the latent form can also be activated by
radiation in vitro (189). During this early phase TGF-p is thought
to function mainly as a pro-inflammatory mediator to attract
neutrophils but may also provide signals for limitation of tissue
inflammation, e.g., by inducing T, (190, 191). During the later
remodeling phase (24-30 weeks), macrophages can be a source
for TGF-p; during this phase TGF-f is known to promote repair
processes and to favor fibrosis. This might explain the observed
biphasic appearance of T, in the acute and in the chronic phase
of radiation-induced lung injury described recently (35, 142,
185). Vice versa, Ty can also produce TGF-p as well as IL-10,
revealing their suppressive capacity and suggesting an additional
pro-fibrotic action (79, 192). In this context, it is discussed that
besides TGF-p epithelial cell-derived IL-18 and IL-33—released
after tissue damage—might be also important for the induction
and maintenance of T, The activation of T, via IL-33 and its
receptor suppression of tumorigenicity 2 (ST2, also known as
IL33R, IL-1RL1) lead to a Ty2-like character, expressing GATA3
and secreting T2 cytokines IL-5 and IL-13. Furthermore, IL-18-
and IL-33-activated T, showed higher suppressive capacity by
enhanced activation and secretion of the anti-inflammatory and
pro-fibrotic cytokines IL-10 and TGEF-p as well as amphiregulin
(AREG) (193-195). Thus, we speculate that IL-18/IL-33-driven
T.g-activation contributes to tissue repair and a pro-fibrotic
actions in the lung. Further studies are needed to confirm this in
a radiation-induced lung injury model.
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It has been shown that Te, contribute to fibrotic diseases in the
lung such as radiation-induced, BLM-induced lung injury and
IPF by modulating the microenvironment through mechanisms
involving among others induction of Th17 responses, shifting the
IFN-gamma, IL-12/IL-4, IL-5 balance, and promoting endothe-
lial to mesenchymal transition (79-81, 196, 197).

Nevertheless, the role of Tr; in pneumopathy remains to be
further elucidated as these cells play distinct roles in different
disease stages and disease models (79, 80, 192, 196, 198, 199).
While depletion of CD4*CD25" T cells with an anti-CD25
antibody during an early stage of BLM-induced lung disease
reduced the levels of inflammatory cells, collagen deposition,
TGEF-B, and lung fibrosis in mice, Ty depletion during later
stages in this model led to a more pronounced infiltration of
inflammatory cells and increased fibrosis scores (196). This
highlights a disease-promoting effect of CD4*CD25" T cells
during the acute phase of BLM-induced lung disease and
a protective role of these cells during the fibrotic phase. By
contrast, abrogation of the long-lasting (6 months) increase in
CD4*CD25* Ty, observed in irradiated lungs of C57BL/6 mice
by long-term CD4*CD25* T cell depletion with an anti-CD25
antibody reduced the increase in fibrocytes and attenuated
radiation-induced lung fibrosis (80). In this model, deple-
tion of CD4*CD25* T cells covered both, the pneumonitic
and the fibrotic phase so that the two publications are not
directly comparable. Nevertheless, the latter report implicates
that a disease-promoting effect of CD4*CD25* T cells is pre-
dominant in radiation-induced lung disease. To our present
view, the suppressive properties of T, are needed during the
pneumonitic phase to dampen an overwhelming and excessive
pro-inflammatory response that is however initially needed to
induce repair and regeneration. Yet, during the chronic disease
stage under the influence of a changing environment, T,
seem to adopt a pathologic character, secreting mediators like
IL-10, TGF-B, and AREG, thereby contributing to a fibrosis-
promoting intercellular cross talk. Our current hypothesis of
the underling mechanisms is summarized in Figure 2; depend-
ing on the cell type the persistent damage caused by irradiation
of resident cells will result either in a delayed partial cell loss
(e.g., endothelial cells, alveolar epithelial cells) or in a chronic
cell activation (e.g., MSC, fibroblasts) thereby driving chronic
environmental changes (e.g., chronic increase in tissue hypoxia,
adenosine, hyaluronan, macrophage-derived IL-10 and TGF-f,
and epithelial-derived IL-18/IL-33) that promote among others
the generation and a phenotypic adaptation of T;. Under such
conditions, the phenotype of ILC—like that of T., cells and
myeloid cells—may shift toward a disease-promoting phenotype
supporting chronic lung inflammation and pulmonary fibrosis
in irradiated lung tissue. It is therefore highly likely that the
distinct roles of lymphocytes and T.; in BLM-induced versus
radiation-induced pulmonary fibrosis may be due to differences
in impact of an acute but reversible damage by the drug BLM
and a chronic, persistent impact of IR on the environmental
changes and associated immune changes.

The findings reported so far highlight the need for more
detailed mechanistic analyses about the role of T, for adverse
late effects of IR in the lung.

THERAPEUTIC APPROACHES FOR
RADIATION-INDUCED PNEUMOPATHY

There is increasing evidence that lymphocytes play a role in
RT-induced adverse late effects in the lung. Thus, these cells
or the mediators associated with their pro- or anti-fibrotic
function may constitute valuable targets for the prevention or
treatment of radiation-induced lung disease. However, so far
there is only little knowledge about the use of specific lympho-
cyte subpopulations or their mediators as potential diagnostic
or predictive biomarkers for early or late adverse effects of IR
in the lung. Consequently, so far treatment strategies targeting
immune cells or associated mediators suspected to participate
in disease pathogenesis are only tested in preclinical investiga-
tions in mice.

Instead, current treatment options for patients suffering from
radiation-induced pneumonitis are limited to the symptomatic
administration of anti-inflammatory drugs such as glucocorti-
coids thought tolimit the toxic effects of the overwhelming inflam-
mation by reducing the levels of pro-inflammatory cytokines,
chemokines, and growth factors. But, these anti-inflammatory
therapies may also indirectly impact on lymphocyte responses,
their activation state, or both.

Current Treatment with an Impact

on Lymphocyte Responses

Experimental studies in patients mostly aim or address either
the impact of the treatment on radiation-induced pneumonitis
or on radiation-induced lung fibrosis, respectively. However,
immunomodulatory strategies will mostly influence both,
early and late disease stages. For example, treatment of patients
developing pneumonitis with anti-inflammatory drugs such as
glucocorticoids and pentoxifylline (PTX) will also impact on the
chronic radiation-induced immune changes thereby potentially
influencing progression to lung fibrosis.

Due to their anti-inflammatory and immunosuppressive prop-
erties, glucocorticoids such as dexamethasone and prednisone are
widely used after lung irradiation in symptomatic patients. Both
drugs affect the expression of inflammation-associated genes by
interaction with the steroid receptor. For example, glucocorticoid
treatment involves the inhibition of the NF-«kB pathway (200) as
well as inhibition of the expression of IL-17A, TGF-p, IL-6, and
TNF-a, thereby reducing radiation-related inflammation (201).
Furthermore, dexamethasone also reduced the deposition of col-
lagen in the lung tissue of irradiated mice (201, 202).

Pentoxifylline and alpha-tocopherol (vitamin E; Vit E) also
exert anti-inflammatory actions and have already been used
in patients. PTX is a xanthine derivative that acts by inhibit-
ing TNF-q, IL-1, fibroblast growth factor, TGF-p as well as the
SMAD pathway, whereas Vit E is known to counteract TGF-f
and the SMAD signaling (203). In a study with 40 patients PTX
was shown to provide significant protection against the early and
late adverse late effects of RT in the lung (204). Furthermore,
in another randomized trial study radiation-induced adverse
effects were more frequent for all disease stages in the untreated
control group of patients receiving irradiation alone compared
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to the groups where irradiation was combined with PTX and Vit
E (205).

Another interesting approach that is already being explored
since 1990 is the use of angiotensin-converting enzyme (ACE)
inhibitors to treat radiation-induced adverse late effects in the
lung (206). Interestingly, these inhibitors also interfere with
immune responses, e.g., in T lymphocytes (207, 208). The
membrane-bound ACE hydrolyzes a spectrum of substrates
with physiologic relevance like angiotensin, bradykinin, or
neurotensin (209) and is expressed in human CD4* and CD8*
T-lymphocytes but not in B cells (210). Investigations with
ACE inhibitors like captopril and ramipril in patients revealed a
potential benefit in decreasing the incidence of radiation-induced
pneumonitis (211-214). Unfortunately, a recent clinical study
from 2016 validating the protective effect of the ACE inhibitor
captopril in radiation-induced lung toxicity failed due to low
accrual and a high number of patients who had to be excluded
from the analysis. Nevertheless, the study confirmed safety of
the ACE inhibitor treatment; the authors suggest that the use of
newer ACE inhibitors (e.g., enalapril or lisinopril) during RT may
be suited to solve the problems identified in their trial (215).

Other immunosuppressive agents that have been tested ear-
lier preferentially in single case reports are cyclosporin and aza-
thioprine. Cyclosporin is a common immunosuppressive agent
that acts on CD4" T lymphocytes by inhibiting the transcription
of the interleukin-2 gene (216). Cyclosporin has already been
described in 1991 as a treatment option in interstitial lung dis-
ease (217). Moreover, treatment with cyclosporine successfully
reduced the symptoms of radiation-induced pneumonitis in a
case study (218). Instead, case studies testing the use of azathio-
prine, a drug with suspected inhibitory effects on T lymphocyte
formation and B lymphocyte proliferation (219, 220), revealed
either a beneficial effect (221) or no effect in radiation-induced
pneumonitis (222).

So far, current treatment options are limited and focus on the
control of overwhelming pro-inflammatory responses during
the pneumonitic phase. Furthermore, risk factors are not well
understood, and predictive biomarkers are lacking. This high-
lights the urgent need for further preclinical and clinical studies
to gain a more comprehensive understanding of the underlying
mechanisms as well as the complex cellular cross talk and the
mediators driving disease pathogenesis, if we aim to define pre-
dictive biomarkers and novel therapeutic approaches.

Current Research and Future Perspectives
Anti-inflammatory drugs are effectively reducing the symptoms
of radiation-induced pneumonitis, and most patients completely
recover from pneumonitis. However, many patients suffering
from thorax-associated neoplasms, particularly lung cancer, or
patients with chronic respiratory disease have an increased risk to
develop lethal pneumonitis. Therefore, it is important to uncover
diagnostic and prognostic biomarkers for radiation-induced
lung disease, particularly lethal pneumonitis. Several patient-
associated factors have been described to be associated with an
increased risk to develop (severe) radiation pneumonitis such as
the patientage and fitness, additional disease (e.g., tumor, COPD),
as well as treatment (e.g., XRT fractions, drug administration)

(223-225). Furthermore, several potential biomarkers such
as pulmonary function, dose-volume histogram, end/pre-RT
plasma levels of TGF-f1, IL1a, and IL6 have been described that
may be suited to predict a higher risk for radiation-induced lung
toxicity (226, 227). A promising novel approach to predict and
understand genetic risk factors for radiation-induced toxicity
may be the use of radiogenomics (228).

Despite the high efficacy of anti-inflammatory drugs in reduc-
ing the symptoms of radiation-induced pneumonitis, patients
recovering from pneumonitis still have the risk of developing
subsequent pulmonary complications. However, effective mech-
anism-based options for the treatment of pulmonary fibrosis are
still limited (229). Therefore, another important topic of current
research is to develop effective therapeutic strategies to prevent
or treat radiation-induced lung fibrosis (223, 230); experimental
approaches mostly target radiation-induced formation of free
radicals, cell death, or specific cytokines or growth factors,
respectively.

Importantly, a review from 2010 highlighting patient data as
well as experimental studies mentioned already that “One last
target that may need further investigation is that of the immune
system, more specifically the alteration in immune responses...”
(231). As shown in Table 1, the majority of studies in public
databases identified CD4" T cells and T., as key populations
among lymphocytes infiltrating lungs during radiation-induced
pneumonitis and fibrosis. Though molecular approaches to
reduce radiation-induced lung fibrosis by inhibiting pro-fibrotic
mediators (e.g., TGF-f) are known to modulate lymphocyte
induction/activation (232), 6 years later, our knowledge about
the role of diverse lymphocytes during fibrosis is still limited.
Targeted approaches to modulate lymphocyte recruitment,
activation, or signaling are rare and still limited to preclinical
studies in various murine models of chronic respiratory disease
or fibrosis-associated disease, respectively.

One promising approach is to target the cytokine IL-17A
as it has been suggested that the protective effects of anti-
inflammatory drugs such as dexamethasone involve the reduc-
tion of IL-17A (233). In this context, treatment with an antibody
against IL-17A reduced IL-17A, TGF-f, and IL-6 concentrations
and alleviated radiation-induced pneumonitis and subsequent
fibrosis in mice (233). Another interesting approach to target
IL-17 might be the use of phosphodiesterase-4 inhibitors such
as roflumilast that prevent the breakdown of cAMP thereby
inhibiting fibroblast activation and TGF-p induction (234). In a
murine model of chronic asthma, treatment with roflumilast
reduced the expression of IL-17A, TNF-a, GM-CSEF, and IL-6
to a similar extent as dexamethasone implying a potential use of
roflumilast for the treatment of adverse events in the irradiated
lung (235).

Another potential target currently in the focus of research
of other diseases including cancer are T, As mentioned above,
T can be induced by TGF-f and also secrete or bind TGF-f
(236, 237). This suggests that targeting T., might be suited to
counteract radiation-induced adverse late effects in the lung and
other diseases rich in tissue TGF-p-levels such as, skin, liver, and
kidney (238-240). In support of this assumption, abrogation of
the long-lasting (6 months) increase in T, by depletion with an
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anti-CD25 antibody counteracted the development of radiation-
induced fibrosis in mice (80) thereby corroborating findings
in other fibrotic diseases (79). Still, further studies are needed
to strengthen these results with respect to radiation-induced
(pulmonary) fibrosis. The above findings of Xiong et al. are of
particular interest because several studies highlight the potential
importance of T, depletion in enhancing antitumor immunity
during RT (241, 242). One major challenge in targeting T, will
be defining the optimal treatment schedule, since T.; might also
be beneficial in counteracting exaggerated inflammation during
the pneumonitic phase (142).

In this context, we recently showed that the CD73/adenosine
axis is a potential target in radiation-induced lung fibrosis.
Lymphocytes, especially T, showed high CD73 expression
after irradiation, and a CD73 deficiency in mice led to reduced
expression of pro-fibrotic mediators like TGF-f and osteopontin
during the fibrotic phase (35). Further unpublished data reveal
that genetic deficiency of CD73 also precludes the accumulation
of alternatively activated macrophages in prefibrotic macrophage
clusters in the irradiated lung tissue (deLeve and Wirsdorfer,
unpublished observations). The contribution of the CD73/
adenosine pathway in fibrosis has already been described for
BLM-induced pneumopathy and in other fibrotic diseases
(243-245). Adenosine can bind to four different adenosine
receptors to induce anti-inflammatory and pro-fibrotic actions.
It is known that it inhibits lymphocyte proliferation, activation,
and cytokine secretion. Furthermore, it promotes the induction
and activation of T, highlighting its role in immunomodula-
tion (246). In our hands, therapeutic targeting of the CD73/
adenosine pathway by either enzymatic inhibition of adenosine
accumulation or antibody blockade of adenosine-converting
CD73 attenuated fibrosis development upon a single high-dose
(15 Gy) whole thorax irradiation of C57BL/6 mice (35). The
complex mechanism of the adenosine action in the pathogenesis
of fibrotic diseases is not fully understood and is under current
investigation. Importantly, the CD73/adenosine pathway has
recently emerged as a novel immune checkpoint that tumor cells
use to dampen intratumoral immune responses (247). Therefore,
pharmacologic strategies for modulating CD73 or adenosine may
limit radiation-induced adverse late effects presumably without
increasing or even decreasing radiation resistance of tumor cells
(35).

A novel potential candidate for future treatment options might
be the group of ILC. ILC seem to play a critical role in lung inflam-
mation, tissue remodeling, and fibrosis development thereby
revealing a therapeutic potential of modulating ILC responses in
the lung. Although it is highly likely that ILC may also impact
radiation-induced lung disease, their role has not yet been inves-
tigated. Further studies are needed to clarify their contribution to
acute and chronic disease stages after irradiation and to uncover
a therapeutic potential in the context of ILC signaling, e.g., by
targeting IL-33 or ST2. The cytokine IL-33 is important in innate
and adaptive immunity and contributes to tissue homeostasis
and is induced under environmental stress. IL-33 can be released
by epithelial cells after tissue damage and is a trigger of tissue repair
induced by ILC2 and T, (193). Regarding lung fibrosis, it was
revealed that IL-33 enhanced BLM-induced fibrosis by increasing

the levels of the Tu2 cytokines IL-4, IL-5, or IL-13 (103), leading
to the assumption that ILC2 or T2 cells are induced. Moreover, it
was shown that treatment with an anti-IL-33 antibody attenuated
BLM-induced lung inflammation and fibrosis (104). A current
review nicely summarizes the role of IL-33 and ST2 in health and
disease highlighting its potential for therapeutic intervention also
in fibrotic lung disease (193). The observations on IL-33 activity in
the lung with an impact on T2 responses and tissue repair make
it highly likely that IL-33/ST2 signaling may also impact on radi-
ation-induced lung fibrosis. Further studies are needed to clarify
the role of this signaling axis in radiation-induced pneumopathy.

Another interesting and novel therapeutic option to treat
radiation-induced adverse effects in the lung with a potential
interaction with lymphocytes is the therapeutic application
of MSC or of microvesicles/exosomes secreted by MSC (36,
248-252). This approach is based on the initial observation that
healthy resident MSC are important to lung homeostasis and
protect the lungs after injury among others by immunomodula-
tion mostly through paracrine mechanisms (253-256). However,
when resident-specific endogenous MSC are damaged or lost,
e.g., by differentiation into myofibroblasts, this cell population
contributes to TGF-f production, tissue remodeling, and fibrosis
in various models, including thoracic irradiation, exposure to
BLM, and IPF (37, 257-262). In this context, impaired regulation
of effector T cell proliferation upon loss of resident pulmonary
MSC has been implicated in the development of BLM-induced
fibrosis (257).

Instead exogenously applied MSC may exert tissue protec-
tive effects by differentiating into an epithelium-like phenotype
and replacing damaged cells, although our own data hint to a
minor contribution of this effect to their protective effects (36,
263). Interestingly, recent findings highlight the ability of MSC
to transfer (healthy) organelles or molecules by direct cell-to-
cell contact through tunneling nanotubes or by the release of
exosomes or microvesicles, respectively (255).

Several reports including own studies revealed that MSC
show anti-fibrotic and protective effects in the irradiated lung,
and current reviews highlight a potential therapeutic benefit of
MSC therapy for the treatment of radiation-induced and BLM-
induced tissue damage (36, 37, 248, 263). In our hands, adoptively
transferred MSC normalized certain aspects of radiation-induced
immune deviation in the lung tissue, normalized vascular func-
tion, and attenuated radiation-induced pulmonary fibrosis (36,
37). We and others showed that the anti-inflammatory and anti-
fibrotic action of MSC is mediated by the inhibition of TNF-a,
IL-lalpha, and interleukin 1 receptor antagonist (249, 251),
stimulating the secretion of hepatocyte growth factor (HGF) and
PGE2 (250, 252) and restoration of the superoxide dismutase 1
expression (37).

Generally, MSC might also exert protective effects during
pneumonitis and fibrosis development due to their antiprolif-
erative effects (253) and their suppressive capacity on innate and
adaptive immune responses (254). The suppressive capacity on
lymphocytes is mediated by the secretion of soluble factors like
HGE PGE2, truncated CCL-2, IL-10, and PD-1 ligation thereby
inhibiting CD4* T cell proliferation and the polarization toward
a Tul and Tu17 phenotype (254). Due to a potential inhibition of
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Tul and Tul7 cells during radiation-induced pneumonitis, MSC
might dampen an excessive immune response. This effect may
be complemented by the ability of MSC to favor the develop-
ment of a Ty2 phenotype and Ty, (254, 264). This effect could be
beneficial during the pneumonitic phase but may be disadvanta-
geous during the fibrotic phase. We speculate that by dampening
tissue inflammation and remodeling and restoration of resident
cell function, MSC limit resident cell loss/dysfunction, chronic
inflammation, and fibrosis-promoting environmental changes.
In this context, others and we described that MSC treatment has
protective effects in the lung due to a transdifferentiation into
an epithelium-like phenotype (263) and by the protection from
endothelial cell loss (37), respectively.

Finally, another experimental approach to reduce DNA
damage-induced late effects in the lung with an impact on lym-
phocytes is the use of the lysophosphatidic acid receptor (LPA;)
antagonist AM966: treatment with AM966 revealed reduced lung
injury, vascular leakage, lymphocyte recruitment, and fibrosis
development at 14 days after BLM treatment (265). However, this
drug has not yet been tested in radiation-induced lung disease.

Nevertheless, current studies investigating the role of lympho-
cytes and their inducers and mediators as therapeutic targets in
radiation-induced adverse effects in the lung are still rare. This
might be due to insufficient knowledge on the beneficial and
adverse role of specific lymphocytes subsets in different stages of
disease pathogenesis.

FINAL REMARKS

Up to now, mechanistic knowledge about the role of lympho-
cytes in radiation-induced pneumopathy is still limited, and no
reliable diagnostic or predictive biomarkers for beneficial and
adverse effects of specific lymphocyte subsets are available to
date. Nevertheless, preclinical and clinical investigations indicate
that radiation-induced immune changes are important to the
outcome of RT and that lymphocytes contribute to the beneficial
and adverse effects of IR in tumors and normal tissues, including
the lung.

We hypothesize that radiation-induced acute damage to resi-
dent cells including progenitor cells of mesenchymal origin and a
perpetual cascade of cytokines/chemokines triggers immune cell
recruitment and activation to promote tissue repair. However, in
cases where the immune response cannot be controlled by anti-
inflammatory cells such as T, or M2-like macrophages, patients
may develop pneumonitis. If this initial damage response is not
sufficient to repair the radiation-induced damage, the persistent
damage results in chronic inflammation and delayed changes
of resident cells, such as epithelial-mesenchymal-transition,
endothelial-mesenchymal-transition, activation of MSC, or
even chronic (mitotic) cell death of endothelial cells and alveolar
epithelial cells. The resulting delayed environmental changes
involve among others tissue hypoxia (by chronic endothelial cell
loss), chronic inflammation, and chronic increase in fibroblasts
and fibrosis-promoting mediators such as adenosine, hyaluronic
acid, and TGFf. These changes act together in the generation/
activation of disease-promoting cell phenotypes such as activated
myofibroblasts, pathologic T, or M2-like macrophages thereby

promoting exaggerated ECM deposition and fibrosis develop-
ment (Figure 2).

Here, we want to stress that radiation-induced immune
changes can be either pro-inflammatory (acute phase) or anti-
inflammatory/pro-fibrotic (chronic phase), and that lymphocytes
exert distinct functions during radiation-induced pneumopathy
(see Figure 1). We speculate that T, might be beneficial during
radiation-induced pneumonitis due to their suppressive action on
pro-inflammatory cells as seen in hypersensitivity pneumonitis
(266). In contrast, as outlined above current preclinical studies in
diverse murine fibrosis models highlight a potential contribution
of T, in fibrosis development, and own work supports such a
disease-promoting role also for radiation-induced pulmonary
fibrosis (35). We therefore assume that these immunosuppressive
cells or the environmental factors promoting their recruitment/
expansion may constitute promising therapeutic targets to pre-
vent or treat radiation-induced fibrosis. We are aware that the
use of specific lymphocyte populations or associated signaling
molecules as therapeutic targets is complicated by the fact these
cells exert either beneficial or harmful roles. This depends on
the disease stage, and potentially patient-specific genetic factors.
Consequently this requires the careful definition of optimal treat-
ment schedules to avoid immune cell-associated complications
during both, pneumonitis and fibrosis. We also want to point
out that recently discovered lymphocyte subsets like ILC as well
as signaling pathways like IL-33/ST2 are of interest due to their
potential contribution to RT-induced pneumopathy highlighting
the need of related studies.

Further important issues that also need to be addressed are
(i) the potential high intrinsic radioresistance of thorax-asso-
ciated solid tumors treated by thoracic RT and (ii) a potential
tumor immune escape. Therefore, it is important to consider
that any inflammation-modulating or immune cell-targeting
strategy for the treatment of radiation-induced pneumopathy
may alter the antitumor effect of RT or combined treatment
strategies involving immunomodulation or immunoboost;
unfortunately, this issue is mostly not addressed by preclinical
studies investigating the mechanisms of radiation-induced
normal tissue toxicity. Vice versa, a potential increased normal
tissue toxicity of such antitumor treatments is not analyzed
when studying new combination treatments in preclinical
models. Therefore, there is a high need to develop appropriate
preclinical models if we want to identify treatment strategies
balancing radiation-induced tumor cell clearance and normal
tissue protection. Nevertheless, we are convinced that a better
understanding of radiation-induced immunomodulation in
tumors and normal tissues will offer novel opportunities for
widening the therapeutic window by targeting immune cells
or immune-associated mediators that promote both, tumor
growth/resistance and normal tissue toxicity—of these, TGF-f
and adenosine constitute perfect examples.

Taken together, it is important to deepen our knowledge about
radiation-induced immune changes, including the modulation of
lymphocyte recruitment, proliferation, and/or function of spe-
cific lymphocyte subsets during the different stages of radiation-
induced lung disease. Further studies are needed to optimize
therapeutic strategies for the prevention or treatment of adverse
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late effects of IR to normal tissues that also take into account the
immune repertoire of the respective malignant disease before
and after RT, if we aim at protecting the normal tissue without
promoting tumor growth and vice versa.
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For decades, low- and moderate-dose radiation therapy (RT) has been shown to exert
a beneficial therapeutic effect in a multitude of non-malignant conditions including
painful degenerative muscoloskeletal and hyperproliferative disorders. Dupuytren and
Ledderhose diseases are benign fibroproliferative diseases of the hand/foot with fibrotic
nodules and fascial cords, which determine debilitating contractures and deformities
of fingers/toes, while keloids are exuberant scar formations following burn damage,
surgery, and trauma. Although RT has become an established and effective option in the
management of these diseases, experimental studies to illustrate cellular composites
and factors involved remain to be elucidated. More recent findings, however, indicate
the involvement of radiation-sensitive targets like mitotic fibroblasts/myofibroblasts as
well as inflammatory cells. Radiation-related molecular mechanisms affecting these
target cells include the production of free radicals to hamper proliferative activity and
interference with growth factors and cytokines. Moreover, an impairment of activated
immune cells involved in both myofibroblast proliferative and inflammatory processes
may further contribute to the clinical effects. We here aim at briefly describing mecha-
nisms contributing to a modulation of proliferative and inflammatory processes and to
summarize current concepts of treating hyperproliferative diseases by low and moderate
doses of ionizing radiation.

Keywords: low-dose radiation therapy, hyperproliferative diseases, fibroblasts/myofibroblast, cytokines,
antiproliferative effect, anti-inflammatory effect

INTRODUCTION

The capacity of ionizing radiation to inhibit proliferation of malignant cancer cells are well explored
(1-3) and widely used in clinical practice. By contrast, application of radiation therapy (RT) for
non-malignant conditions is not a fully accepted practice in medicine. In line with that, the use of
RT in the management of hyperproliferative non-cancerous disorders is controversially discussed
and inadequately recognized by doctors from disciplines others than RT. However, long-term
experiences impressively indicated a clinical benefit for patients (4, 5). Accordingly, treatment with
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irradiation concepts not exceeding a single dose of 5 Gy and
total doses of 30 Gy [low- or intermediate-dose RT (LD-RT)]
is an established and effective modality in the management of a
variety of non-cancerous inflammatory, degenerative, and hyper-
proliferative/fibroproliferative disorders (4-6). The latter include,
among others, heterotopic ossifications, symptomatic vertebral
hemangiomas, Gorham-Stout syndrome, prophylaxis of keloid
relapse after surgical excision (7), and, most prominent, palmar
and plantar fibromatosis also known as Dupuytren disease (DD)
and Ledderhose disease (LD) (8). The most effective treatment
schedule, the radiobiological basis, and molecular/cellular
mechanisms contributing to the modulation by ionizing radiation
of these benign hyperproliferative disorders are far from being
fully explored. Consequently, this review aims at summarizing
current clinical concepts and antiproliferative as well as immune
modulating properties of low- and moderate-dose irradiation
focusing on DD, LD, and keloids. This may display a prerequisite
for future systematic investigations to enhance clinical irradiation
protocols.

USE OF RT TO TREAT BENIGN
DISORDERS

Non-malignant indications for LD-RT comprise about 10-30%
of all patient cases treated in most academic, public, and private
RT facilities in Germany (4, 9). In total, more than 50,000 patients
per year are treated by LD-RT with the largest group suffering
from painful degenerative musculoskeletal diseases, followed by
symptomatic functional and hyperproliferative disorders with
the latter to increase in numbers by 28.8% from 1999 to 2004 (8).

In 1831, Baron Guillaume Dupuytren described for the first
time a fibrotic contracture of the palmar fascia of the hand, while
fibrotic contractures of the plantar fascia of the foot were initially
described by the German physician Georg Ledderhose in 1897
(4). DD is a prevalent disease with incidences varying between
populations with up to 29% in the Western countries (10). Men
are affected more often and earlier in life as women with a gender
ratio from 3:1 to 6:1 (11) and with an onset of symptoms usually
in the third to fourth decade of life (12). Concerning the etiol-
ogy and pathogenesis of DD, several studies report on a strong
genetic background (13, 14) apart from environmental risk
factors including alcohol, smoking, hand trauma, and manual
work (15-17).

In spite of a documented occurrence of 1.75 cases per 100,000
hospital admissions, the precise incidence of LD remains not
exactly specified (18). It is known that men are affected twice as
often as women, and in 25% of patients, both feet are involved. In
9-25% of patients, concomitant DD has been described (19, 20),
while a coincidence with knuckle pads or Peyronies’s disease has
been observed in 4% of cases (21).

Another clinically relevant example of benign hyperprolifera-
tive diseases are keloids, which are considered as dermal disorders
in predisposed individuals caused by injuries to the deep dermis,
including burn damage, surgery, and trauma. The classic descrip-
tion of a keloid is “an exuberant scar formation that extends
beyond the borders of the original wound.” Keloids are relatively

common diseases occurring in 5-15% of wounds (22) and tend
to affect both sexes equally. The frequency of keloid occurrence in
persons with highly pigmented skin is 15 times elevated compared
to those with less pigmented skins (23). Surgical resection is the
standard in treating keloid patients, but excision alone results in
unacceptably high recurrence rates of 45-100% (24).

According to a recent guideline from the German Society
of Radiation Therapy and Oncology (DEGRO), single doses of
0.5-1.0 Gy (total doses of 3.0-6.0 Gy) and two or three fractions
per week are recommended in patients with painful degenerative
and inflammatory diseases (6, 8). By contrast, different sched-
ules are advised when treating hyperproliferative diseases like
DD, LD, and keloids (5, 25). So far, total doses exceeding 20 Gy
applied in single fractions of 3 Gy have been shown to comprise
the most clinically relevant schedules. However, at present, only a
few controlled studies have reported on alternative fractionation
concepts. Against this background, a randomized study compar-
ing no treatment versus either 21 or 30 Gy applied in 3-Gy single
fractions over 2 weeks (7 Gy X 3 Gy) or by repeated 5 Gy X 3 Gy
at intervals of 12 weeks has been conducted in patients with DD.
After a median follow-up of 8 years, both regimes were signifi-
cantly superior regarding disease progression and avoidance of
preceding surgery compared to the control group (9). In a huge
retrospective cohort, Betz et al. further analyzed a total of 135
DD patients (208 hands) treated with a total dose of 30 Gy, in two
intervals of 5 daily fractions of 3.0 Gy, separated by 6-8 weeks.
At a median follow-up of 13 years, early-stage disease was more
likely to respond to treatment in terms of prevention of progres-
sion (26), and 66% of the patients showed a long-term relief of
symptoms, while RT was not associated with increased complica-
tions following salvage surgery in case of progression and late
skin toxicity (atrophy, dry desquamation).

In contrast to DD, only a few clinical investigations have
been published concerning RT of LD. After a median follow-up
of 22 months, Heyd et al. reported a complete remission of the
nodes in 33.3% of cases and a decrease or numerical reduction in
54.5% of the cases following weekly fractions of 3.0 Gy (15 Gy),
repeated after 6 weeks. About 70% of the patients indicated a
reduction of pain and an improvement of their gait pattern (18).

As mentioned before, keloid scars tend to display high recur-
rence rates of 45-100% following surgical debulking or resection
(24). By contrast, adjuvant RT has been shown to result in the
avoidance of renewed excessive scar formation and good cosmetic
outcome with a 60-90% success rate (22, 27, 28). There is conclu-
sive evidence that single doses of 2.0-5.0 Gy and total doses of
16-20 Gy/series with five fractions per week are effective for the
prevention of local relapses after surgical excision of keloids (5).
RT can be applied with low-energy X-rays (150-200 kV), low-
energy electrons (4-10 MeV), or brachytherapy (29). To obtain
the optimal antiproliferative effect, radiation should be initiated
immediately after the surgical excision, preferably within the
first 24 h.

In conclusion, the clinical/empirical experience of different
dose requirements and treatment schedules to treat degenerative
and hyperproliferative benign diseases may indicate distinctive
cellular components and mechanisms to be affected in response
to ionizing radiation. In case of hyperproliferative disorders, both
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antiproliferative and anti-inflammatory effects may account for
elevated dose requirements that will be reviewed below.

BASIC MECHANISMS OF RADIATION
EXPOSURE AND CANCER RISK
ASSESSMENT AFTER RT OF BENIGN
DISEASES

In the last decades, there has been increasing interest in the
physical and molecular cellular response following exposure to
ionizing radiation. Initial events cover damage to DNA by direct
hits of photons or electrons or generation of radicals, e.g., reactive
oxygen species (ROS), that indirectly cause DNA double-strand
beaks (DSBs), the most severe kind of damage (30, 31). Induction
of these lesions promptly results in the activation of DSB damage
repair processes, most importantly non-homologous end joining
or homologous recombination, and subsequently triggers execu-
tion of a multitude of cellular signaling pathways referred to as
the DNA damage response (DDR) (2, 32). These responses cover
posttranslational modifications and/or altered gene expression of
proteins to initiate cell cycle alterations (e.g., radiation-induced
arrest) or execute cell death by mitotic catastrophy, apoptosis,
autophagy, or induction of senescence (2, 3, 32). Importantly,
the classical paradigm in radiobiology on (nuclear) targeted
effects, indicating that DNA DSBs are solely responsible for
the biological consequences of radiation exposure, is now chal-
lenged by reports on non-(DNA) targeted effects. These effects
cover, among others, bystander or abscopal effects and adaptive
responses and are considered to be involved in the regulation of
intercellular communication and modulation of the activity of a
multitude of immune components by low- or intermediate-dose
ionizing radiation [reviewed in Ref. (33)]. Accordingly, although
not proven experimentally at present, one may assume that RT
of hyperproliferative disorders may include both targeted (cell
proliferation/death) and non-targeted effects of ionizing radia-
tion (modulation of immune components).

Due to reports from the sixties of the last century on
increased mortality from leukemia and anemia (34), LD-RT is
still considered unfashionable in some countries. However, risk
assessment of carcinogenesis after low-dose radiation treatment
of benign diseases is challenging due to a relatively small number
of patients treated worldwide, latency of carcinogenesis, which
requires a long-term follow-up, and different treatment regimes
and techniques that are not directly comparable with the present
advanced methodology (35, 36). In general, the risk to develop
radiation-induced cancer can be estimated by calculation of the
equivalent dose of a specific tissue or organ using the effective
dose (E) concept as proposed by the International Commission
of Radiological Protection (37). These estimations, however, are
controversially discussed and problematic in cases where organs
receive heterogenous exposure, and calculation of the effective
dose might overestimate the true probability in some cases and
underestimate it in others (38). An alternative and more accurate
approach for the estimation of the risk to develop malignancies
is a direct assessment from epidemiological data of patients
who have undergone radiotherapy for benign diseases (35, 38).

However, these data are still scarcely available, and follow-up
times are often too short. In summary, estimation of cancer risk
after radiation treatment for benign diseases is challenging, but
for current clinical protocols regarded to be small especially for
older patients (36). By contrast, the balance of risk and benefit
has to be considered carefully for younger patients, and children
should not be subjected to LD-RT at all.

CELLULAR AND MOLECULAR BASIS OF
HYPERPROLIFERATIVE DISEASES

Dupuytren disease and LD are among the best-described dis-
eases with proliferation of fibrous tissue to form two structurally
distinct elements, nodules and cords, which have features in
common with benign fibromatosis (39, 40). Aberrant cellular
proliferation is involved in the formation of these elements, which
are induced by a genuine unknown reason, injury, or a variety
of trigger mechanisms (41). Histologically, nodules present a
highly vascularized tissue with a high percentage of fibroblasts
and myofibroblasts, while cords are more avascular, acellular, and
collagen-rich tissues. As mentioned before, the prominent cel-
lular components in the nodules are fibroblasts/myofibroblasts.
The latter comprise differentiated cells that share characteristics
of fibroblasts and, by the expression of a-smooth muscle actin,
contractile properties similar to those of smooth muscle cells
(15, 42, 43). These myofibroblasts originate from several sources
including quiescent tissue fibroblasts, circulating cluster of dif-
ferentiation (CD)34+ fibrocytes, and a phenotypic conversion of
various cell types including epithelial and endothelial cells.

Several studies further indicated infiltration of multiple
immune cells in Dupuytren’s contractures. These cover different
lineages of lymphocytes including CD3, CD4, CD8, CD45RA+
naive and CD45RO+ activated cells, CD68- and S100-positive
macrophages (44), and Langerhans cells. Further, compared to
peripheral blood detection, transcription factor FOXP3-positive
regulatory T-cells were more abundant in fibrotic tissue. Notably,
immunoscope analysis indicated a restricted T-cell receptor
af} repertoire, indicating an (auto)antigen-driven expansion of
intralesional T-cell clones with Thl-/Th17-weighted immune
responses (44). Finally, in favor of a causal involvement of inflam-
matory processes in DD, elevated levels of the pro-inflammatory
cytokines interleukin (IL)-6 and an abundant expression of trans-
forming growth factor-p1 (TGF-p1) have been reported (44).

In contrast, keloids present reddish tumor-like lesions extend-
ing beyond a surgical scar (28), which do not respect the borders
of the original wound area. Functionally, keloids arise from either
insufficient degradation and remodeling of extracellular matrix
(ECM) components due to an imbalance in expression of matrix
metalloproteinases or excessive ECM deposition by an increased
activity of fibroblasts and myofibroblasts (45). Furthermore,
keloid stem cells have been described, which share characteris-
tics with skin progenitor cells and are transformed from dermal
progenitor cells in a pathological niche of keloid tissues. These
keloid stem cells are self-renewal and, by asynchronous divisions,
continually generate new keloid cells, thus leading to overgrowth
of keloid tissue and posttherapy recurrences (46).
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Recently, to assess characteristics of cellular composition, tis-
sue specimens from 28 keloid patients were subjected to immuno-
histochemical analyses (47). An increased number of CD20- and
CD3-positive lymphocytes, CD68-positive macrophages, and
CDla+ Langerhans cells were recorded, indicating character-
istics in keloid tissue similar to autoimmune diseases (47). This
notion was further strengthen by the detection of elevated levels
of TGF-B1; vascular endothelial growth factor (VEGF); platelet-
derived growth factor-a in line with inflammatory cytokines IL-6,
IL-8, and IL-18; and chemokine-like factor 1 (48, 49).

PROLIFERATING MITOTIC FIBROBLASTS/
MYOFIBROBLASTS ARE RADIOSENSITIVE
CELLS

Concerning radiation responsiveness, the course of DD and LD
comprises three consecutive phases. These include a radiosensi-
tive initial hyperproliferative period characterized by increased
numbers of fibroblasts/myofibroblasts in line with an excessive
deposition of ECM components, especially collagen, fibronectin,
elastin, and proteoglycans (50, 51). Theinitial period is followed by
an involutional phase with decreased radiation sensitivity in line
with the formation of fiber bundles causing contractures. Finally,
this phase is followed by a non-RT responsive residual phase with
a predominant establishment of collagen filaments in the connec-
tive tissue (4, 42). Thus, the clinical implementation and clinical
efficacy of RT to treat hyperproliferative DD and LD are strictly
stage dependent, with a clinical efficacy most pronounced in the
early nodular stage. With regard to target cells, the proliferative
phase is characterized by the presence of radiation-responsive
fibroblasts and/or myofibroblasts preceding the formation of
nodular contractures (52, 53). These myofibroblasts differentiate
from fibroblasts triggered by activation with fibrogenic cytokines
secreted by macrophages or other cellular compounds (15, 51).
This differentiation/activation process results in proliferation and
excessive production of ECM components as mentioned before
(54). The cellular source(s) of these myofibroblasts are still not
entirely clear; however, they may be multiple (55). In addition
to resident mesenchymal cells, myofibroblasts are derived from
epithelial or endothelial cells in a process termed epithelial-mes-
enchymal transition or endothelial-mesenchymal transition
(56-58). Moreover, a unique circulating fibroblast-like cell
derived from bone marrow stem cells (59, 60) further accounts
for myofibroblast development. These blood-born mesenchymal
progenitors have a fibroblast/myofibroblast-like phenotype as
they express CD34, CD45, and type I collagen and are commonly
called fibrocytes.

Notably, in the field of radiation biology, an alternative defini-
tion of fibrocytes exists that differs from the immunological one
given above that may cause some confusion. In their reports,
Bayreuther and Rodemann indicated fibrocytes to constitute ter-
minally differentiated postmitotic fibroblasts (PMF) with down-
regulation of transcription factor c-fos and a specific capacity for
the synthesis of collagen types I, III, and V and proteoglycans
(39, 61, 62). Taking this definition into account, single-dose irra-
diation in the range of 1-8 Gy has been shown to induce terminal

differentiation of these cells into senescent fibrocytes at a high
percentage level. By contrast, irradiation of long-term cultures
with repeated doses of 10 times 0.6 Gy or 10 times 1.0 Gy revealed
a marked reduction of their proliferative capacity (63, 64). This
has even been demonstrated for densely ionizing irradiation
(65). In line with that, the life span of non-proliferating PMF is
limited and shortened by more than 40% following irradiation
in comparison to physiological conditions (66). Moreover, these
populations require a permanent renewal from a mitotically
active progenitor fibroblast pool (67). Consequently, interference
with the differentiation processes in line with eradicating mitotic
precursor fibroblasts may display a substantial fundament for the
clinical effects of antiproliferative low-dose irradiation.

From a mechanistic point of view, RT results in reduction of
fibroblast proliferation, cell cycle arrest, and induction of cellular
senescence as has been shown in irradiated long-term cultures
of healthy human fibroblasts. Following an immediate cell cycle
arrest, a period of a few weeks with premature differentiation and
senescence was observed (68). Inhibition of cell proliferation and
induction of cellular senescence were mediated by interruption
of the cell cycle with an extended GO/GI phase, in line with
upregulation of cell cycle regulators TP53 and CDKNIA (p21)
and senescence-associated genes pl6 and p27 at protein levels
(68, 69). Notably, concerning radiation-induced cell death,
primary lung fibroblasts were able to prevent radiation-induced
apoptosis by activation of protein kinase C (PKC), while PKC
inhibition or attenuation results in downregulation of prosurvival
and antiapoptotic signaling proteins and apoptosis induction (70).

Another study investigated the effect of irradiation on pri-
mary keloid fibroblasts (KFb) (71). X-ray exposure inhibited
KFb proliferation and induced cell senescence in a dose- and
time-dependent manner. On a molecular basis, mRNA and
protein expression of senescence-associated genes pl6, p2l,
and p27 increased after 4 Gy irradiation in a time-dependent
manner. Responsible for this is considered a dynamic feedback-
loop, triggered by activation of p21, followed by mitochondrial
dysfunction and increased levels of ROS, resulting in elevated
DNA damage and ongoing DDR (72). However, the fate of the
fibroblast after irradiation-induced cell cycle arrest is not only
determined by persistent DNA damage and p21 levels but also
essentially depends on cellular Cdk2/p21 ratio (73).

IMPAIRMENT OF PROLIFERATIVE
ACTIVITY OF FIBROBLASTS/
MYOFIBROBLASTS BY FREE RADICALS

It is a well-established fact that levels of ROS including superox-
ide (O*), hydrogen peroxide (H,0O.), and hydroxyl radical (-OH)
dramatically increase following exposure to ionizing radiation,
resulting in damage to macromolecules and DNA in line with
disturbance of a multitude of signal transduction pathways
(74-77). These pathways, in a direct way, stimulate production of
inflammatory and fibrogenic mediators that include chemotactic
cytokines, mitogens, and mediators to modulate differentiation of
the fibroblast/myofibroblast/fibrocyte axis (78, 79). Accordingly,
the microenvironment in contracture tissue is characterized by
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the presence of a multilevel network of inflammatory/fibrogenic
cytokines, ROS, and antioxidants that in sum may interfere with
the clinical effectiveness of LD-RT. A close connection between
ROS production and local ischemia was further confirmed in
an early study showing elevated quantities of hypoxanthine and
xanthine oxidase activity to catalyze elevated levels of O* and
HO, in palmar fascia of patients with DD (80). Besides this,
addition of free oxygen radicals to cultures of fibroblasts derived
from DD palmar fascia dose dependently increases collagen type
IIT expression at low concentrations or inhibits proliferation at
higher doses (81). This possibly may indicate that ionizing radia-
tion induces a level of ROS production that exceed a threshold to
inhibit proliferation of fibroblasts and/or myofibroblasts.

CYTOKINES AND GROWTH FACTORS
COMPRISE TARGETS OF RADIATION IN
HYPERPROLIFERATIVE DISEASES

Analogous to inflammatory diseases and fibrotic disorders, levels
of cytokines and growth factors secreted by a multitude of cell
types including platelets and macrophages have extensively been
analyzed in DD, LD, and keloid specimens (82-84). These mol-
ecules cover fibroblast growth factor, PDGF, epidermal growth
factor, connective tissue growth factor, TGF-p1,1L-1,1L-6, VEGE
and tumor necrosis factor-a (TNF-o) (41, 83, 85-87). TGF-p1
is well documented to constitute a key player (84, 88), which is
undoubtedly among the cytokines most implicated in both the
process of fibrosis induction and radiation response. TGF-f1,
which is produced by a wide range of inflammatory, mesenchy-
mal, and epithelial cells, is critical in many facets of the fibrogenic
process, such as ROS generation and conversion of fibroblasts
into myofibroblasts (43, 86, 89). The factor transduces its signal
by a heteromeric complex formation of related type I and type II
transmembrane receptors, resulting in phosphorylation and
activation of receptor-regulated mother against decapentaplegic
homolog 2 (Smad2) and Smad3 molecules (R-Smads). These
R-Smads in turn associate with Smad4 (Co-Smad) to form a
heteromeric Smad transcription factor complex that regulates
expression of alarge array of target genes (90). All of these compo-
nents were reported to have increased expression patterns in DD,
resulting in accelerated TGF- signaling (88, 91). Importantly,
Wong and Mudera further reported on a negative feedback inhi-
bition of TGF-p1 in Dupuytren’s fibroblasts. In their study, the
group reported on lower doses (1-10 ng/ml) to increase myofi-
broblast activation in an experimental collagen model, whereas
higher concentrations (20-30 ng/ml) impaired contraction in
DD fibroblasts (92). Accordingly, it is convincible to assume
that increased TGF-f1 transcription and secretion triggered by
ionizing radiation in endothelial cells and fibroblasts/fibrocytes
(18, 63, 64) may result in inhibition of fibroblast/myofibroblast
proliferation and ECM deposition in irradiated tissue.

More recently, TNF-a was identified as an additional key
regulator involved in the fibrotic process and differentiation of
fibroblasts into myofibroblasts in the palm of patients affected by
DD, via activation of Wnt signaling pathway (13, 87). Moreover,
TNF-a directly regulates TGF-f1 expression, as shown in lung
fibroblasts (93). Finally, targeting TNF-a by the use of neutralizing

antibodies diminished the contractile activity of myofibroblasts
derived from DD patients, reduced the expression of a-SMA, and
mediated disassembly of the contractile apparatus, thus qualify-
ing the cytokine as a therapeutic target in DD.

IMPACT OF MACROPHAGE ACTIVITY
AND ENDOTHELIAL CELLS ON
PROLIFERATION OF MYOFIBROBLASTS

While factors affecting the beginning and development of DD
and LD as well as keloids have been extensively studied (15, 25,
82, 94), the mechanistic basis for the regulation of proliferative
elements remains not entirely resolved. These processes, however,
may include several prominent elements: a fibrogenic/angio-
genic element associated with proliferation and an immune cell
component. Indeed, histological studies identified the presence
of clusters of macrophages and T-lymphocytes in early DD and
keloids and a correlation between the numbers of macrophages
and the quantity of myofibroblasts (87, 95, 96).

Notably, with regard to cytokine production, a hampered
pro-inflammatory TNF-« and IL-1 secretion from human RAW
264.7 or murine macrophages stimulated by lipopolysaccharides
has been reported following LD-RT (97-99). Mechanistically, the
hampered cytokine production was correlated to a diminished
nuclear translocation of the immune relevant transcription factor
nuclear factor kappaB (NF-kB) subunit RelA (p65) in line with
a lowered induction of NF-kB upstream p38 mitogen-activated
protein kinase and downstream protein kinase B (Akt) (99, 100).
In addition, inflammatory macrophages revealed a reduction in
their capacity to perform an oxidative burst and a diminished
activity of the enzyme inducible nitric oxide synthase upon low-
dose irradiation, resulting in lower levels of ROS and nitric oxide
(NO) induction (101, 102). Considering the pivotal function of
macrophages in inflammatory and fibrogenic cascades, a lowered
production of cytokines, ROS, and NO may essentially contribute
to a hampered myofibroblast proliferation and to the clinical
benefit of low- and intermediate-dose irradiation in hyperprolif-
erative disorders (Figure 1).

It further has been shown that a clinically therapeutic effect
of steroids if given in an early phase of DD, results from a reduc-
tion in leukocyte adhesion/diapedesis (103) as well as increased
apoptosis of macrophages and fibroblasts (104). In a mechanistic
manner, endothelial cells are critically implicated in the regula-
tion of (pro-)inflammatory cascades, which are mediated by
a locally restricted adhesion of immune components from the
peripheral blood and secretion of an array of cytokines/growth
factors including TGF-P1 and IL-6 (105-107). In that context, our
group and others have shown a diminished leukocyte adhesion to
40-50% of the level of non-irradiated cells most pronounced at a
4- and 24-h period following LD-RT. This effect is mainly medi-
ated and functionally attributed to the expression of TGF-f1 from
endothelial cells (106, 108, 109). Accordingly, it is reasonable
to speculate that a hampered recruitment of monocytes/mac-
rophages from peripheral blood may promote antiproliferative/
inflammatory properties of low- and intermediate-dose ionizing
radiation and thus contributes to beneficial effects of LD-RT in
DD, LD, and keloids.
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FIGURE 1 | Model of modulation of cellular components and factors
by low-dose radiotherapy for the treatment of hyperproliferative/
fibrotic benign diseases. Progenitor mitotic fibroblasts are activated by
transforming growth factor-p1 (TGF-p1) and additional factors to differentiate
into myofibroblasts/fibrocytes, resulting in increased extracellular matrix
(ECM) synthesis and deposition. In contrast, irradiation might interfere with
these processes by increasing free radicals, inactivating radiosensitive mitotic
fibroblasts/myofibroblasts, and promoting terminal differentiation into
senescent fibrocytes. Further, low-dose irradiation modulates inflammatory
components in modulating cytokine expression, macrophage, and
endothelial cell activity. Abbreviations and details are given in the text.
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CONCLUSION AND FUTURE
PERSPECTIVES

The pathogenesis of hyperproliferative/fibrogenic disorders is
complex, considered to evolve from system biology diseases based
on a multitude of (patho)physiological networks (110), and still
remains elusive despite extensive investigation. Accordingly, one
may assume that the empirically proven beneficial efficacy of (low
dose) RT is mediated by the modulation of a variety of pathways
and cellular targets involved (Figure 1). Among these targets,
the fibroblast/myofibroblast system originating from several
sources comprises a characteristic connector, linking DD, LD,
and keloid diseases. Radiation-related molecular mechanisms
affecting these cellular components include a direct influence on
cell cycle regulation, production of oxygen radicals to diminish
their proliferative capacity, and interference with growth factor
and cytokine expression (15). Moreover, reduced numbers of
activated immune cells implicated in concomitant inflamma-
tory processes, and proliferation of fibroblasts/myofibroblasts
(111, 112) may further contribute to the therapeutic effects of
radiation. Consequently, the use of low- or moderate-dose RT for
early-stage DD and LD and postsurgical keloids not only covers
a robust radiobiological rationale but also has been proven as
low-cost and effective treatment with clinically acceptable acute
and long-term toxicity (8). Even though remarkable progress

has been achieved during the last years in the knowledge of
radiobiological mechanisms most prominent after a low-dose
exposure (33, 113), a therapeutic efficacy in hyperproliferative
disorders may originate from an overlap of antiproliferative and
immune-modulatory effects as documented by different dose
requirements in daily clinical applications.

As stated before, the number of patients annually treated
with low- and intermediate-dose irradiation at least in Germany
continuously increases in line with a growing acceptance from
other medical disciplines. Moreover, based on preclinical radio-
biological considerations (113), recent trials confirmed a clinical
isoeffect of single dose of 0.5 and 1 Gy irradiation (total dose 3
or 6 Gy) in terms of pain relief and long-term response at least
in degenerative skeletal disorders (114, 115). Consequently, for
radiation protection purposes and decreasing putative radiation
risk, standard use of 0.5 Gy/3 Gy schedules is now recommended
for the treatment of these diseases (6). Although comparable opti-
mization studies are still lacking in hyperproliferative disorders,
one may draw the conclusion by analogy that a dose reduction
may further increase acceptance of RT in the clinical manage-
ment of DD, LD, and keloids and increase numbers of patients
treated for these indications worldwide. Moreover, in terms of a
decrease in single and total doses, combined modality treatment
with, e.g., anti-inflammatory drugs should be addressed in future
clinical investigations to boost treatment routines including RT.

Very recently, a modular assay for detailed immunopheno-
typing of peripheral whole blood samples of patients following
low-dose radon spa therapy (RAD-ONO1 study) (116, 117) and
low-dose X-irradiation (IMMO-LDRTOI1: http://ClinicalTrials.
gov identifier: NCT02653079) have been developed. These mul-
ticolor flow cytometry approaches may be well adapted for a
detailed monitoring of immunological properties in patients
with DD, LD, and keloids. Accordingly, to the author’s point of
view, future research activities should concentrate on basic, trans-
lational, and clinical efforts (dose optimization studies, patient’s
immunophenotyping, and combined modality treatment) and on
the development of suitable preclinical models for hyperprolif-
erative disorders to further characterize additional factors and
mechanisms contributing to the clinical effects of LD-RT.
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